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ABSTRACT 

The ultraviolet (UV) component of sunlight has been identified as a major 

etiological factor in the development of non-melanoma skin cancer (NMSC). 

Upregulation of Activator Protein-1 (AP-1) and Cyclooxygenase-2 (COX-2) have clearly 

demonstrated a functional role in skin tumor promotion. The goal of this work was to 

contribute to the growing knowledge of UVA and UVB induced signaling events leading 

to increases in AP-1 and COX-2. 

We show that UVA induces COX-2 expression in the human keratinocyte cell 

line, HaCaT through a post-transcriptional mechanism involving the 3' untranslated 

region (3'UTR). Use of a pharmacological inhibitor of p38 MAPK, SB202190, 

decreased UVA-induced COX-2 steady-state mRNA and protein levels. The stability of 

COX-2 mRNA is increased in UVA-irradiated cells and dependent upon p38 MAPK 

activity. 

We further explored the role of UVA-induced p38 MAPK activity in apoptosis in 

both HaCaT cells and primary keratinocytes. Dramatic increases in apoptosis were 

observed in UVA-irradiated cells treated with SB202190 or through the use of a 

dominant-negative construct. UVA induced expression of BC1-XL with abrogation of 

expression using SB202190. Overexpression of BC1-XL prevented PARP (Poly ADP-

ribose Polymerase) cleavage induced by the combination of UVA and p38 MAPK 

inhibition. We further demonstrated that UVA enhanced the stability of BC1-XL mRNA 

through increases in p38 MAPK activity mediated through the 3' UTR. p38 MAPK and 

BC1-XL expression play critical roles in the survival of UV A-irradiated keratinocytes. 
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Previous investigations from the laboratory identified p38 MAPK and PI3-Kinase 

as the major mediators of UVB-induced AP-1 and COX-2 in the HaCaT cell line. To 

further validate p38 MAPK and PI3-Kinase as potential molecular targets we investigated 

whether an acute UVB dose activated the p38 MAPK and PI3-Kinase pathways in vivo. 

We observed rapid increases in both p38 MAPK and PI3-Kinase signaling in mouse 

epidermis. Activation of these pathways resulted in the phosphorylation of cyclic AMP 

response element binding protein (CREB). Topical treatment with SB202190 or 

LY294002 (a specific inhibitor of PD-Kinase) significantly decreased UVB-induced 

COX-2 expression and AP-1 activation in vivo. Our data suggest that p38 MAPK and 

PI3-Kinase may serve as significant molecular targets for the chemoprevention of UVB-

induced NMSC. 
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CHAPTER I. BACKGROUND 

Epidemiology of NMSC 

Observations were first made in the 19**' century indicating that components of 

sunlight were capable of inducing bums on the skin (Fry and Ley, 1989). Individuals 

with occupations causing them to be in sunlight for extended periods of time, such as 

fisherman and gardeners, were found to be at a higher risk for developing skin cancer on 

sun-exposed areas of the body. An association among Caucasians living closer to the 

equator and increased rates of skin cancer was also observed (Boring et at, 1993). In 

addition to associations with occupational exposure and geographic location, skin 

pigmentation was noted to have an inverse relationship to the incidence of skin cancer as 

it relates to increased sun exposure. These initial observations have led to well-defined 

risk factors for the development of NMSC. NMSC positively correlates with individuals 

with light hair, eyes and skin, geographic factors (individuals living close to the equator 

or in high elevations) and occupation (outdoor laborers are three times more likely to 

develop skin cancer than individuals working indoors) (Diffcy, 1991). These factors, in 

addition to the observation that skin cancers occur on sun-exposed regions of the body, 

implicate a component of sunlight responsible for the incidence of NMSC. 

The ultraviolet component of sunlight has since been identified as a major 

etiological factor in the development of NMSC, the most commonly diagnosed 

malignancy in the United States (de Gruijl, 2000; Matsui and DeLeo, 1991). With over 

1,000,000 cases of NM SC diagnosed annually, the incidence of NMSC is equivalent to 

all other malignancies combined (Black et al, 1997). Basal cell carcinoma (BCC) and 
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squamous cell carcinoma (SCC) are two types of NMSC, comprising 80% and 20% of 

skin cancers diagnosed, respectively. BCCs are slow growing and rarely metastasize, 

whereas SCCs grow rapidly and can be highly metastatic (Einspahr et ai, 2002). Both 

BCC and SCC arise from keratinocytes, however each remains clinically and 

histologically distinct. SCCs are diagnosed clinically when atypical cells invade the 

underlying epidermis. Mortality associated with BCC and SCC is low (^proximately 

2,200 deaths annually) however these tumors display significant morbidity (Guzman et 

ai, 2003). Patients that have been diagnosed with SCC have a high probability of 

developing a second primary skin cancer within five years (Frankel et ai, 1992; Karagas 

etai, 1992). 

Actinic keratoses (AKs) (or solar keratoses) are benign precursor lesions of SCC. 

AKs display risk factors as well as the genetic changes associated with SCC (Einspahr et 

al, 2002). AKs are characterized histologically by the appearance of dysplstic 

keratinocytes with changes in cell polarity and atypical nuclei (Einspahr et ai, 2003). 

Not all AKs develop into SCCs, however, as the number of AKs in the population is 

much higher than the number of SCCs reported. Dodson et al. reported that 

approximately 60% of SCCs arise from preexisting AKs and approximately 6-10% of 

diagnosed AKs will develop into SCC (Dodson et al, 1991). AKs are surrounded by 

histologically similar areas of the skin, suggesting that AKs develop from a background 

of sun-damaged skin (Einspahr et al, 2003). 
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Multi-Step Model of Mouse Skin Carcinogenesis 

The multi-step model of skin carcinogenesis has been widely used to study the 

molecular mechanisms of tumor development induced by chemical and physical 

carcinogens. The formation of skin tumors is operationally defined by three stages: 

tumor initiation, tumor promotion and tumor progression. Initiation is defined as an 

irreversible process in which a mutation becomes fixed in a proto-oncogene or tumor 

suppressor (DiGiovanni, 1992). An initiating dose of a carcinogen alone does not lead to 

tumor formation, but instead requires extended and repeated application of a tumor-

promoting agent. This repeated treatment induces hyperplasia and the clonal expansion 

of an initiated cell population (DiGiovanni, 1992). Application of a tumor-promoting 

agent alone does not usually lead to tumor formation in uninitiated skin. The effects of 

initiation however are long-lived as application of a tumor promoting agent up to one 

year after initiation produce tumors similar in number when a tumor promoting agent is 

applied 7-10 days following initiation (DiGiovanni, 1992). 

The promotion step is a reversible process in early stages but becomes irreversible 

through the course of tumor promotion (Cascinelli and Marchesini, 1989). The 

application of an initiating agent followed by a tumor-promoting agent results in the 

formation of benign papillomas in mouse skin. Less than 10% of the papillomas that 

develop will progress into carcinomas, a few will regress, and others may remain benign 

(Armstrong, 1988). The phorbol ester, TP A (12-0-tetradecanylphorbol-13-acetate), is a 

well described tumor promoter used in the multi-step model of mouse skin 

carcinogenesis. Application of TPA to mouse epidermis results in hyperplasia and 
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altered terminal differentiation (Barrett, 1993). Induction of ornithine decarboxylase 

(ODC) activity and the resulting increases in putrescine are important components of the 

tumor promoting capacity of TPA (O'Brien et al, 1975). Putrescine, the precursor of the 

polyamines, spermidine and spermine, has been suggested to be essential for cell 

proliferation in mouse skin. The role of disregulated ODC activity in epidermial tumors 

is supported by the observation that these tumors displayed highly elevated levels of 

ODC (Koza et al, 1991). 

The repeated application of a subcarcinogenic dose of a tumor promoting agent 

results in the irreversible conversion of papillomas to malignant SCCs, referred to as 

progression. The operational definition of progression refers to phenotypic changes 

including changes in differentiaion (from well differentiated to less differentiated), 

biochemical changes (such as modulation of metabolic enzymes) and chromosomal 

changes (Barrett, 1993). 

Role of UVA and UVB in the development of NMSC 

UVA vs. UVB in Skin Carcinogenesis 

The UV spectrum can be divided into three ranges-UVA, UVB, and UVC. The 

longest wavelength is that of UVA (320-400nm), followed by UVB (280-320nm) and 

finally UVC (200-280nm) (de Gruijl, 2000). UV radiation is highly photo-chemically 

reactive, posing a threat to the stability of unprotected organic molecules such as DNA. 

The presence of oxygen in the outer atmosphere confers some protection by absorbing 
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the most energetic UV radiation (wavelengths < 240 nm), forming ozone in the process. 

Portions of UVB and much of UVA radiation however still reach the surface of the Earth 

and therefore remain of primary interest to the development of NMSC. It is estimated 

that UVA comprises 90-99% of the solar radiation reaching the Earth's surface while 

UVB comprises 1-10% (Matsui and DeLeo, 1991). While organisms have developed 

UV-absorbing surfaces (skin), antioxidant defenses, and DNA repair mechanisms, these 

defenses are imperfect and deteriorate over time, increasing the likelihood of developing 

skin cancer (de Gruijl 2000). 

Both UVA and UVB can act as complete carcinogens (Figure 1), however UVB is 

1000-10000 more carcinogenic per J/m^ than UVA (Berg et al., 1993; Sterenborg and van 

der Leun, 1990). Chronic exposure of UVB results in the formation of SCCs with AKs 

as precursors. In contrast, chronic exposure to UVA has been shown to induce 

photoaging and lead to the formation of benign papillomas in mice, thought to be a result 

of increased reactive oxygen species (ROS) (de Gruijl, 2000). It has been demonstrated 

in chemical carcinogenesis studies that repeated application of a tumor initiating agent 

results in the formation of SCCs whereas the repeated application of a tumor promoter 

after a single application of an initiating agent results in the formation ofbenign 

papillomas (de Gruijl, 2000). Comparing the effects observed in chemical carcinogenesis 

studies to that observed with UV-irradiation suggest that UVB acts primarily as an 

initiating agent whereas UVA acts primarily as a tumor promoter. The role of UVA and 

UVB in each stage (initiation, promotion and progression) of skin carcinogenesis is 

discussed below. 
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Initiation: UVA and UVB-induced genetic changes 

Distinct differences exist among the UV spectrum and their effects on tumor 

development. Photocarcinogenesis is thought to be due to DNA damage and subsequent 

mutations. UVB causes direct excitation of DNA, inducing photoproducts such as DNA 

cyclobutane dimers, 6-4 photoproducts, cytosine photohydrates, DNA strand breaks, 

DNA crosslinks and DNA-proJein crosslinks (Elmets, 1992; Matsui MS, 1995). 

Cyclobutane dimers account for 85% of lesions in UV-irradiated DNA (Grossman and 

Leffell, 1997). The second most common UV-induced photoproduct is 6-4 pyrimidine-

pyrimidone photoproduct, accounting for 10-30% of UV-induced lesions (Grossman and 

Leffell, 1997). Cyclobutane dimers that are not repaired through nucleotide excision 

repair (NER) lead to signature mutations upon DNA replication (CC to TT or C to T 

mutations) (Figure 1). According to the "A-rule", adenine is inserted by DNA 

polymerase when a base cannot be interpreted (Tessman et al., 1992). Subsequently, CC 

to TT or C to T mutations are created during DNA replication of strands containing the 

misincorporated adenine. The result is a C*^T transition that serves as "molecular 

fingerprint" for UVB-induced damage. Such mutations have been observed in the tumor 

suppressor gene, p53, in sun-damaged skin, AELs and SCCs (Soehnge et al., 1997). 

The most compelling evidence for the role of DNA damage in UVB-induced skin 

carcinogenesis is demonstrated by the frequency of skin cancer in Xeroderma 

Pigmentosum (XP) patients. XP patients are genetically deficient in DNA repair 

enzymes necessary for excision repair (Cleaver and Bootsma, 1975). The genetic 

deficiencies are divided into seven complementation groups, XPA through XPG. The 
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incidence of skin cancer in XP patients occurs early in child with the majority of XP 

patients dying before reaching adulthood due to bone metastases (Norgauer et al, 2003). 

Interestingly, a recombinant liposomal encapsulated T4 endonuclease V, which repairs 

UV-induced cyclobutane dimmers, can efficiently diminish cyclobutane dimer formation 

in XP patients (Wolf et al., 1995; Wolf et al., 1993). 

In contrast to UVB, the carcinogenic properties of UVA are believed to be the 

indirect result of oxidative damage rather than direct damage to DNA. DNA base 

modifications form as a result of the generation of ROS upon absorption through cellular 

photosensitizers such as porphyrins and NADH (Grether-Beck et al., 2000; Runger, 1999; 

Silvers and Bowden, 2002). The primary ROS -generated by UVA is singlet oxygen 

(Applegate et al., 1991; Darr and Fridovich, 1994; Grether-Beck et al., 2000; Runger, 

1997; Runger, 1999). Singlet oxygen reacts with the guanine nucleotide generating 8-

hydroxy-deoxyguanosine, a miscoding lesion, resulting in a G to T or T to G transversion 

(Cheng et al., 1992; Epe, 1991; Maki and Sekiguchi, 1992). Therefore, it has been 

suggested that aT-^G transversion may represent a "molecular fingerprint" for UVA-

induced damage (Grossman and Leffell, 1997). 



22 

Sugar-Phosphate Backbone of DNA 

A. 
p' / ^ r^p' 

v-^ 

C«S I OHs I CHf I OH, I 
Thymine thymine XhjTiiine Dimer 

c. 

r/ 

Is „ 4 
CMi i 

0 
CH. ii O 

Cytosine Thymine (6-4) Photoproduct 

! 

S-hydroxy-guanosine 

Figure 2. Structure of UVA and UVB-Induced Photoproducts 

(A) Formation of cyclobutane dimer induced by UVB. (B) Formation of (6-4) 

Photoproduct by UVB (C) Formation of 8-hydroxy-guanosine by UVA-Induced ROS 

(Adapted from (Matsumura and Ananthaswamy, 2002)) 
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Promotion: UVA and UVB-lnduced Epigenetic Changes 

The epigenetic changes associated with UV-induced promotion result in increases 

in cell proliferation and the clonal expansion of initiated cells within the epidermis 

(Matsui, 1995). The UVA and UVB spectra have been thought to act primarily in 

separate stages of UV-induced skin carcinogenesis with UVA acting as a tumor promoter 

and UVB as an initiating agent. As noted previously, UVA induces DNA damage 

through ROS intermediates, however the number of DNA lesions induced by UVB is 

orders of magnitude larger than those induced by UVA. Conversely, UVB induces ROS 

(such as H2O2), although the effects on direct DNA damage have largely been the focus 

of investigations as they relate to initiating events (Masaki et al, 1995). Both UVA and 

UVB, however, induce significant epigenetic events including increased eicosonoid 

formation and inhibition of Epidermal Growth Factor (EGF) binding (De Leo et al., 

1984; Djavaheri-Mergny et al., 1994; Matsui et al., 1989; Maziere et al., 2003; Miller et 

al., 1994; Punnonen et al., 1987). These effects are mediated through the production of 

ROS resulting in damage to the cell membrane and modulation of cell proliferation 

signaling pathways. Studies have also demonstrated that UVA and UVB irradiation 

increase the levels of diacyl glycerol (DAG) involved in Protein Kinase C (PKC) 

signaling (Hanson and DeLeo, 1990; Punnonen and Yuspa, 1992). 

UVA and UVB have also been shown to increase the activity of kinases 

belonging to the Mitogen Activated Protein Kinase (MAPK) Family. The increase in 

transcriptional activity mediated through UV irradiation has been termed the "UV 

response." Two transcription factors, AP-1 and NF-KB, have been reported to mediate 
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this increase in transcription (Woodgett et al ,  1994). During the clonal expansion of 

initiated cells (promotion), signaling pathways leading to tlie activation of AP-1 

activation is increased. The MAPKs mediating UVA and UVB induced AP-1 activation 

will be discussed in detail later. 

Progression: Conversion to Malignancy 

The final stage in the multistage carcinogenesis model is the conversion of benign 

papillomas to malignant SCCs. SCCs are characterized by a highly invasive phenotype 

and have been reported to overexpress AP-1, COX-2 and have increased genetic 

instability (Bowden, 2004). Balmain et al. reported trisomy of chromosome 7 in SCCs 

along with the loss of the wild type ras"^ allele and amplification of the mutant ras"" 

allele (Bremner and Balmain, 1990). Alterations in cell adhesion molecules have also 

been reported including the downregulation of E-cadherin and an increase in the 

expression of the a6p4 integrin (Navarro et al., 1991; Tennenbaum et al, 1993). As 

might be expected from a highly invasive tumor, SCCs overexpress two proteases 

necessary for invasion through the basal lamina-stromelysin and urokinase plasminogen 

activator (uPA) (Matrisian et al, 1986; Ostrowski et al, 1988). Interestingly, these genes 

are regulated in part by AP-1, a transcription factor known to be constitutively activated 

in SCCs. 
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Effects of UVA and UVB on DNA damage, oncogene activation and tumor suppressor 

inactivation 

The unique "molecular signature" of UV-induced mutations has led to the 

investigation of alterations in oncogenes and tumor suppressors in skin cancers. 

Mutations in the ras oncogene have been observed in approximately 25-40% of human 

NMSCs (Pierceall et al., 1991; van der Schroeff et al., 1990). UVB-induced signature 

mutations have been observed in the ras"" gene in BCCs, keratoacanthomasm and SCCs 

(van der Schroeff et al, 1990) (de Gruijl, 2000; Grossman and Leffell, 1997). The ras 

proto-oncogene is a G protein that hydrolyzes guanosine 5'-triphosphate, mediating 

signaHng for many growth factor receptors. Amino acid changes at codons 12,13, or 61 

of H-, K-, or N-ra5 leads to a constitutively active ras signal and activation of nuclear 

transcription factors (Zoumpourlis et al., 2003). The ras"^ oncogene is thought to play a 

critical role in the early events of skin carcinogenesis. Keratinocytes in which the ras"® 

has been introduced produce an initiated phenotype. This initiated phenotype appears to 

involve inhibition of terminal differentiation (Yuspa et al, 1983). Mutation of ras alone 

however is not sufficient to produce malignant tumors (Roop et al, 1986). Additional 

mutations including inactivation of tumor suppressor genes are necessary for malignant 

tumors to develop. 

p53 is a tumor suppressor that has been found to be mutated in nearly 50% of all 

human cancers (Brash, 1997). Mutations in p53 have been reported in a high percentage 

of SCCs, inactivated through the UVB-induced signature mutations, C-^T and CC^TT 

transitions (Brash et al, 1991) (Giglia-Mari and Sarasin, 2003). These mutations cluster 
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in p53 "hot" spots, representing sites of inefficient repair of pyrimidine dimers. 

Approximately 50% of BCC contain p53 mutations in both alleles, whereas most SCC 

tumors have lost one p53 allele with mutations in the other (Basset-Seguin et al., 1994; 

Giglia-Mari and Sarasin, 2003; Park et al., 2004; Ziegler et al., 1993). Mutations have 

also been reported in premalignant skin lesions, AKs (Einspahr et al., 1999; Ziegler et al., 

1994). p53 is increased in the skin following UV radiation, induced by its release from 

mdm-2 and and resulting in increases in transcription and stabilization of the protein 

(Guzman et al., 2003; Latonen et al., 2001; Lee et aL, 2003a). Activation of p53 serves a 

two-fold purpose. First, activation of p53 induces cell cycle arrest, thereby allowing time 

for the repair of photoproducts. Second, p53-mediated apoptosis eliminates keratinocytes 

from the skin that have the potential for acquiring further mutations and undergoing 

clonal expansion (Grossman and Leffell, 1997). Impairment of p53 activity in either of 

these processes through mutation could potentially increase UV-induced skin tumor 

formation. 

Role of AP -1 in Skin Carcinogenesis 

The AP-1 Complex 

AP-1 is a transcription factor that is involved in cell proliferation, differentiation 

and cell death (Karin et al., 1997a). The AP-1 proteins are composed of basic region-

leucine zipper proteins (bZIP) belonging to either the Jun (c-Jun, JunB and JunD) or Fos 

(c-Fos, FosB, Fra-1 and Fra-2) families (Shaulian and Karin, 2001). Members of the 

ATF (Activating Transcription Factor) family of proteins may also homodimerize or 
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heterodimerize with Jun proteins. Jun homodimers and Jun-Fos heterodimers 

preferentially bind to the TP A response element (TRE), consisting of the pallandromic 

sequence 5' -TGAG/CTCA-3'. Jun -ATF heterodimers and ATF homodimers 

preferentially bind to the cAMP response element (CRE), consisting of the pallandromic 

base sequence 5'-TGACGTCA-3') (Karin etal, 1997b). 

Regulation of AP-1 activity 

AP-1 activity can be increased through a variety of stimuli, including tumor 

promoters, growth factors, serum, and UV radiation (Angel and Karin, 1991). Increases 

in AP-1 are regulated through several mechanisms. First, extracellular stimuli regulate 

the differential expression of AP-1 proteins. The most common mechanism of regulating 

AP-l proteins in response to extracellular stimuli is through transcription. The 

abundance of these proteins can also be regulated through a post-transcriptional 

mechanism that affects the stability of the mRNA (Karin et al, 1997a). Second, AP-1 

family member proteins are also phosphorylated in response to extracellular stimuli, 

further regulating the activity of AP-1. Third, AP-1 has been shown to be regulated 

through protein-protein interactions, without the need for DNA binding. Specifically, the 

transcription of AP-1 target genes can be regulated by the interaction of AP-1 with 

nuclear receptors, including the glucocorticoid receptor (GR) and the retinoic-acid 

receptors (RAR and RXR) (Chinenov and Kerppola, 2001; Eferl and Wagner, 2003). 

The composition of the AP-1 complex may determine whether the interaction with the 

GR results in a positive or negative effect in the transcription of AP-1 responsive genes. 
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Leukemia cells treated with glucocorticoids have been reported to undergo apoptosis as a 

result of the transrepression of genes through AP-1 and NF-KB interactions (Herrlich, 

2001). A similar inhibition of AP-1 target gene transcription has been reported in 

reponse to retinoic acid (the ligands of RARs and RXRs) treatment of chemically induced 

skin tumors (Altucci and Gronemeyer, 2001). Oxidation-reduction is another potential 

point of AP-1 regulation. Cysteine residues within the DNA binding domain of specific 

proteins, such as c-Jun or c-Fos, decrease their binding capacity (Abate et al, 1990). In 

addition to the aforementioned mechanisms of regulation, the individual AP-1 family 

members that comprise the AP-1 complex may affect AP-1 transactivation. Thus, there 

are many points at which the activity of AP-1 may be regulated 

Components of the AP-1 complex are activated in response to stimulation of the 

MAPKs. The MAPK family is composed of three classes of serine/threonine kinases 

activated upon phosphorylation at tyrosine and threonine residues: the extracellular-

signal-regulated protein kinases (ERKs), c-Jun N-terminal kinases/stress-activated 

protein kinases (JNKs) and p38 kinases. The ERK family has two members, p44 and 

p42, while p38 has five isofonns, including p38a, p38 pi, p38 p2, p38y and stress-

activated protein kinase 4 (SAPK4) (Bowden, 2004). The activity of these kinases may 

alter the activity of AP-1 through both phosphorylation and general abundance through 

transcription. 
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AP-1 in skin tumor development 

AP-1 is involved in both skin tumor promotion and progression. Initial studies 

demonstrated the role of AP-1 activation in skin using chemical carcinogenesis protocols. 

Experiments using epidermal JB6 promotion-sensitive cells demonstrated an elevation in 

AP-1 activity with TP A treatment in comparison to JB6 promotion resistant cells 

(Bernstein and Colbum, 1989). In promotion-sensitive JB6 cells stably expressing a 

dominant-negative c-Jun (TAM-67), both TP A and EGF-induced AP-1 activity was 

blocked (Dong et al, 1994). TPA-induced transformation was also inhibited in these 

cells, implicating AP-1 in tumor-promoter induced transformation. Using a two-stage 

skin carcinogenesis model (D MB A/TP A), expression of TAM-67 to the epidermis of 

mice inhibited AP-1 activation and papilloma formation (Young et al, 1999). Significant 

reductions in AP-1 activation and tumor multiplicity have also been reported using 

another chemical tumor promoting agent, okadaic acid, a phosphatase inhibitor, 

following initiation with DMBA (Thompson et al, 2002). AP-1 is constitutively active 

in malignant cells when compared to benign tumors (Domann et al, 1994a). Epidermal 

cells stably expressing a mutant c-j un displayed inhibition of AP-1 activation as well as a 

decrease in their ability to form subcutaneous tumors in nude mice (Domann et al, 

1994b). 

Both UVA and UVB increase AP-1 activation in the spontaneously immortalized 

keratinocyte cell line, HaCaT (Chen et al, 1998; Silvers and Bowden, 2002). Previous 

reports from our laboratory established that UVA induces AP-1 activation and the 

expression of c-Fos, the major component of the UVA-induced AP-1 complex. Both 
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UVA-induced p38 and INK activity regulate UVA-induced AP-1 activity in HaCaT cells 

(Silvers et al, 2003). UVB also increases AP-1 activation which is regulated by 

increases in p38 MAPK and P13-Kinase (Chen and Bowden, 2000; Gonzales and 

Bowden, 2002a). More recently, these studies have been extended into an in vivo system 

to demonstrate a functional role of AP-I in the promotion of UVB-induced skin tumors. 

SKH-1 mice expressing TAM-67 directed toward expression in the epidermis showed a 

58% reduction in the number of tumors per mouse and a 79% reduction in the size of the 

tumors resulting from UVB (lOkxW) exposure (Cooper et al, 2003). Investigations 

further validating UVB-induced activation of p38 and PI-3 Kinase in AP-1 activation in 

vivo will be discussed later. 

Role of COX-2 in Skin Carcinogenesis 

Role of COX enzymes in Arachidonic Acid metabolism 

The COX enzymes, or Prostaglandin H Synthases, catalyze the production of 

prostaglandins from arachidonic acid. Prostaglandins are important lipid signaling 

mediators responsible for a broad range of physiological processes including 

inflammation, reproduction, nocioception and gastrointestinal protection (Mamett et al, 

1999). Arachidonic acid is released from membrane-bound phospholipids upon 

activation of phospholipase hi. The release of arachidonic acid allows the conversion to 

Prostaglandin G2 by the cyclooxygenase activity of the COX enzyme followed by 

peroxidation to Prostaglandin Ha. Prostaglandin H2 is the precursor to all prostaglandins, 

thromboxane A2, prostaglandin D2, prostaglandin E2, prostaglandin F2a and prostaglandin 
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h. The conversion of prostaglandin H2 to each of these prostaglandins occurs through 

different prostaglandin synthase enzymes. These prostaglandins play a concertive role in 

regulating muscle cell contractility, pain and fever, blood pressure and platelet 

aggregation (Lee et al, 2003b). 

There are two isoforms of the COX enzyme, COX-1 and COX-2. COX-1, 

originally identified in 1988, is located on chromosome 9 and is constitutively expressed 

at low basal levels in most tissues (Merlie et al, 1988). COX-1 activity is responsible for 

protecting the gastric mucosa, platelet aggregation, renal blood flow and vascular 

homeostasis. In 1989, another isoform of the COX enzyme was identified, sharing 60% 

homology with COX-1 and appropriately named, COX-2 (Rosen et al, 1989; Simmons 

et al, 1999). The COX-2 enzyme is generally accepted to be the inducible form of the 

enzyme and is not normally expressed in most tissues. It is induced by a variety of 

stimuli, however, including growth factors, cytokines, tumor promoters, carcinogens and 

endotoxins (Jones et al, 1993). 

The COX enzymes have been described to play a role in the differentiation of 

keratinocytes. In COX-2 knockout mice, abnormal epidermal differentiation was 

observed with an accelerated transit of keratinocytes from the basal to more differentiated 

layers of the skin (Tiano et al, 2002). Both keratins 1 and 10, early markers of epidermal 

differentiation, were increased in the knockout mice as compared to nontransgenic 

littermates. Loricrin, a marker of late differentiation, remained unaltered in these mice, 

suggesting that COX-2 plays a role only in the early stages of differentiation. 

Conversely, mice that overexpress COX-2 in the epidermis (driven by a K5 promoter) 
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exhibit hyperplasia, invaginations into the dermis and formation of horn pearls (Neufang 

efa/.,2001). 

The major prostaglandin found in keratinocytes is prostaglandin Ei (Thompson et 

ai, 2001). Watabe et al. 1993 have demonstrated that increases in COX-2 metabolism 

and PGEa production mediate its effects on keratinocyte differentiation through the PGE2 

receptor, EPj (Watabe et al, 1993). When keratinocytes are exposed to calcium 

concentrations above 0.1 OmM (high levels of calcium induce differentiation in 

keratinocytes), COX-2 and PGE2 levels become elevated causing differentiation, 

observed by the induction of comified envelope formation (Evans et al, 1993). These 

effects were shown to be dependent upon COX enzyme activity using the non-steroidal 

anti-inflammatory drug (NSAID) indomethacin, an inhibitor of both the COX-1 and 

COX-2 enzymes. 

Role of Prostaglandins in Skin Tumor Promotion 

COX-2 is thought to play a role in multistage carcinogenesis, particularly in 

tumor promotion. COX-2 is overexpressed in a variety of epithelial tumors including 

colon (Eberhart et al, 1994), breast (Hwang et al, 1998), stomach (van Rees et al, 

2002), prostate (Gupta et al, 2000), uterine (Tong et al, 2000), carcinoma of the cervix 

(Gaffiiey et al, 2001), and lung (Takahashi et al, 2002). Both in vitro data and animal 

models also suggest a role for COX-2 in bladder (Grubbs et al, 2000) and skin cancer 

(An et al., 2002; Buckman et al., 1998; Denkert et al., 2001). Epidemiological studies 

have demonstrated that NSAIDs decrease the incidence of colon, breast and lung cancer. 
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demonstrating that inhibition of COX activity decreases tumor incidence (Harris et al., 

2002; Harris et al., 1999; Schapira et al, 1999; Smalley et al., 1999). 

COX-2 has been shown to be upregulated following acute UVB exposure in both 

mouse models and human skin and has also been reported in the premalignant skin 

lesions, AKs, as well as SCCs in human skin (An et al, 2002; Athar et al, 2001; 

Buckman et al, 1998). Increased COX-2 expression is also observed in benign 

papillomas and SCCs in mice (An et al., 2002; Athar et al., 2001). Interestingly, COX-2 

expression has been reported to be low or not present in BCCs (An et al., 2002; Athar et 

al., 2001). 

Murine COX-2 transgenic and knockout models have provided evidence for 

COX-2 in skin carcinogenesis in response to chemical carcinogens. Tiano et al. 

demonstrated that mice deficient in COX-1 or COX-2 developed 75% fewer tumors as 

compared to nontransgenic littermates in response to a two-stage DMBA/TPA chemical 

carcinogenesis protocol (Tiano et al, 2002). The COX-1 and COX-2 knockout mice in 

these studies displayed premature keratinocyte terminal differentiation. Transgenic mice 

overexpressing COX-2 under a keratin 5 promoter exhibited enhanced sensitivity to 

genotoxic carcinogens, developing skin tumors with a single dose of DMB A. The ratio 

of SCCs to papillomas was also greater in mice overexpressing COX-2 treated with a 

single dose of DMBA as compared to nontransgenic littermates treated with DMBA 

followed by TP A (Muller-Decker et al, 2002). COX-2 overexpression was not sufficient 

for the development of skin tumors in COX-2 overexpressing mice, however they did 

display a "preneoplastic phenotype", including epidermal hyperplasia, dysplasia and 
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increased vascularization (Neufang et al, 2001). Bol et al. reported results contradictory 

to the concept that COX-2 overexpression contributes to skin tumorigenesis. In these 

studies, mice that overexpress COX-2 under the control of a human keratin 14 promoter 

were protected from skin tumor development as compared to wild type mice in an 

initiation/promotion protocol (Bol et al., 2002). Mice fed a diet containing a COX-2 

inhibitor in utero and as weanlings up to application of TP A also showed a significant 

resistance to tumor development. These studies suggest that subtle changes in COX-2 

expression in the epidermis can have dramatic effects on tumor development (Lee et al, 

2003b). 

The expression of prostaglandin receptors, and their subsequent link to signaling 

events is cell-type specific (Bol et al., 2002). As prostaglandins promote cell growth in 

both an autocrine and paracrine manner, overexpression of COX-2 within the epidermis 

can have varied effects depending upon the target cell (Cao and Prescott, 2002). Our 

laboratory has recently demonstrated that the growth of malignant keratinocytes is 

dependent upon signaling events mediated through the PGEi receptor, EPl (Thompson et 

al., 2001). Receptors for PGE2 include EPl, EP2, EP3 and EP4. EP2 and EP3 were not 

found to be expressed in keratinocytes and EP4 did not appear to play a role in the 

growth regulation of these cells. The EPl receptor belongs to the G-protein coupled 

family of prostanoid receptors and induces signaling through increases in intracellular 

free Ca^" (Narumiya et al, 1999). Cell lines derived from either LD90 doses of y rays 

(6R90) or from a particularly invasive 6R90 tumor secreted higher levels of PGE2 than 

the parental 308 mouse keratinocytes cell line. Growth of these malignant cells was 
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decreased in the presence of indomethacin. The inhibitory effects on growth with 

indomethacin treatment were reversed using an EPl agonist, demonstrating the role of 

EPl in malignant keratinocyte cell growth. 

Ultraviolet Light and Apoptosis 

Apoptosis, first described by John Kerr in 1972, is a well-coordinated event, 

whereby cells undergo physiological cell death (Kerr et al, 1972). This process occurs in 

several situations including (1) development and homeostasis (2) as a defense mechanism 

and (3) in aging (Vaux and Strasser, 1996). Abnormalities in this process are found in 

various disease states, including various types of cancer, which will be discussed in depth 

later. Discrete morphological changes occur during apoptosis including chromatin 

condensation, cytoplasmic shrinkage, and plasma membrane blebbing (Strasser et al, 

2000). Molecular changes such as intemucleosomal DNA cleavage and redistribution of 

phosphatidylserine (PS) from the outer to inner leaflets of the plasma membrane have 

also been described (Fadok and Henson, 1998; Wyllie, 1980). Cleavage of the DNA 

occurs at multiples of 1 SObp, corresponding to intemeucleosomal spacing and is 

commonly referred to as "DNA laddering". This degradation of the cell's total DNA 

content below 2N is indicative of cell death induced by an apoptotic response (Vaux and 

Strasser, 1996). 
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Extrinsic vs. Intrinsic Induction of Apoptosis 

The initial signaling event leading to apoptosis may be triggered through an 

intrinsic death effector pathway leading to apoptosis due to perturbation of the 

mitochondria (intrinsic pathway) or through clustering and activation of membrane death 

receptors (extrinsic pathway) (Kraemer, 1997; Sitailo et al, 2002a). Damage to the 

mitochrondria results in release of cytochrome c, which then forms the apoptosome, a 

complex of apoptotic protease activating factor-1 (APAF-1), dATP and the initiator 

caspase-9 (Renatus et al., 2001; Saleh et al., 2000; Stennicke et al., 1999; Zou et al., 

1999). Formation of the apoptosome catalyzes the cleavage of caspase-9, an initiator 

caspase. Upon activation of apoptosome-bound caspase-9 , cleavage of effector caspases 

(caspase-3) lead to the cleavage of cellular substrates (Lawen, 2003). 

Death receptors are cell surface receptors that transmit apoptotic signals in 

response to the binding of specific "death ligands" (Ashkenazi and Dixit, 1998). Death 

receptors belong to the tumor necrosis factor (TNF) receptor superfamily, characterized 

by cysteine-rich repeated subdomains, a transmembrane domain, and a cytoplasmic 

domain essential for mediating an apoptotic response (referred to as the death domain). 

(Ashkenazi and Dixit, 1998; Hansen and Braithwaite, 1996; Ohlsson et al., 1989; Yin et 

al., 1997)). Death domains mediate the initiation of the apoptotic machinery in response 

to binding of the death ligand to the death receptor. The Fas receptor, (also known as 

CD95 or APO-1) is activated in response to binding of Fas ligand (FasL or CD95L) 

causing trimerization of the receptor. This clustering recruits the Fas-associated death 

domain (FADD), essential for protein-protein interactions (Wehrli et al, 2000). FADD 
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contains a death effector domain that is found in the zymogen form of caspse-8. FADD 

acts to recruit caspase-8 through this death effector domain causing caspase-8 to become 

activated through self-cleavage. Caspase-8 cleavage results in the cleavage of effector 

caspases, caspase-9 and caspase-3, and finally of apoptotic substrates, such as poly-ADP 

ribose polymerase (PARP) (Ashkenazi and Dixit, 1998; Franklin and McCubrey, 2000). 

Caspase Activation 

Caspases exist in the cell as inactive proenzymes that become activated by 

cleavage at specific aspartate cleavage sites. To date, at least fourteen caspases have 

been identified in mammals, twelve of which have been identified in humans (Strasser et 

al, 2000). Caspases are composed of three domains, (1) NHa-terminal domain, (2) a 

large subunit, and (3) a small subunit (Thomberry and Lazebnik, 1998). Cleavage of the 

caspase results in the release of an N-terminal pro-domain allowing the large (p20) and 

small subunit (plO) to heterodimerize. There is an absolute requirement among caspases 

for cleavage after aspartic acid, rendering caspases some of the most specific proteases 

found in the cell (Thomberry and Lazebnik, 1998). Specificity among caspases is also 

governed by the necessity for recognition of at least four amino acids NHi-terminal to the 

cleavage site for efficient catalysis to occur (Thomberry and Lazebnik, 1998). 

Subfamilies of caspases have been classified based on substrate preference, sequence 

identity and structural similarities (Hengartner, 2000). 

Three mechanisms for caspase activation have been suggested including (1) 

activation by an upstream caspase, (2) induced proximity, and (3 ) association with a 
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regulatory subunit (Hcngartner, 2000). Cleavage of an effector caspase by an initiator 

caspase is perhaps the most straightforward mechanism of caspase activation. This 

cascade of activation results in the activation of caspases-3, -6 and -7. As described 

above, procaspase-8 is recruited to death receptors upon activation through adaptor 

proteins. The notion of caspase activation through induced proximity suggests that the 

availability of procaspase-8 molecules and their intrinsic protease activity result in the 

mutual cleavage of nearby procaspase-8 molecules. Finally, caspases, such as caspase-9, 

may be regulated through association with another subunit. Whereas cleavage of the pro 

domain of caspase-9 is initially necessary for activity, association with the regulatory 

protein, Apaf-1, is necessary for full activation. This final mechanism of caspase 

activation differs from others in that cleavage of the pro-domain is only a minor 

component resulting in full activation. 

Approximately 100 substrates of caspases have been identified (Hengartner, 

2000). Many of the morphological features characteristic of an apoptotic cell are 

mediated through caspase activity. The laddering of DNA in apoptotic cells occurs as a 

result of caspase activity. Caspase-activated DNase (C AD) is present in cells in an 

inactive form in complex with an inhibitory subunit (ICAD) (Nagata, 2000). Activation 

of caspase-3 results in the release of the inhibitory subunit and subsequent cleavage of 

DNA (Enari et al., 1998; Liu et al., 1997; Sakahira et al., 1998). Other hallmarks of 

apoptosis, including nuclear shrinking and blebbing occur as a result of caspase-mediated 

cleavage of nuclear lamins (Buendia et al., 1999; Hengartner, 2000; Rao et al., 1996) and 

caspase-mediated cleavage of PAK2 (p21 -activated kinase) (Rudel and Bokoch, 1997). 
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Bcl-2 Family of Proteins 

The Bcl-2 protein family plays a central role in mediating intracellular apoptotic 

signaling. Bcl-2 was initially found to be overexpressed in B-cell lymphoma. The Bcl-2 

gene was found at a breakpoint between chromosome 18 and chromosome 14, placing the 

gene under the control of the immunoglobin heavy chain (Antonsson and Martinou, 

2000; Tsujimoto et al., 1985). The Bcl-2 family of proteins share sequence homology in 

four specific regions referred to as the Bcl-2 homology (BH) domains mediating protein 

interactions (Bomer et al., 1994; Farrow and Brown, 1996; Yin et al., 1994). Bcl-2 and 

BC1-XL interact with Bax through BHl and BH2 domains to suppress apoptosis (Bomer 

et al, 1994). In contrast, the BH3 domain of proapoptotic proteins is sufficient but not 

required for binding to Bcl-2 or Bcl-Xi, to promote apoptosis (Chittenden et al, 1995). 

Finally, the BH4 is found only in the N-terminal region of antiapoptotic proteins 

(Antonsson and Martinou, 2000). 

Regulation of Apoptosis by Bcl-2 Family Members 

Bcl-2 family members exert their effects on apoptosis at the level of the 

mitochondria. Pro-apoptotic family members (Bid, Bax, Bak, Bok, Bik, Bnip3, Bad, 

Bim, Bmf, Noxa, Puma) heterodimerize with anti-apoptotic family members (Bcl-2, Bcl-

XL, Bcl-w, Mcl-l, Boo, Bcl-B) through BH regions (Adams and Cory, 2001; Gross et al., 

1999a; Puthalakath and Strasser, 2002). The BH3 a-helix of the pro-apoptotic Bcl-2 

family member interacts with the hydrophobic groove on the anti-apoptotic family 

members created by the a helices in the BHl, BH2 and BH3 regions (van Loo et al. 
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2002). Many Bcl-2 family members also contain a carboxy-terminal domain, allowing 

these proteins to be anchored in intracellular membranes (Martinou and Green, 2001). 

The response of mitochondria to apoptotic stimuli is governed by the Bcl-2 family 

of proteins. While the precise mechanism is still unclear at the molecular level, several 

models have been proposed that attempt to suggest the mechanism by which the 

mitochrondria is permeabilized, causing the release of mitochondrial proteins. The oldest 

model proposed involves the regulation of the permeability transition pore complex 

(PTPC) (Zamzami and Kroemer, 2001). The PTPC is found at the point of contact 

between the inner mitochrondrial membrane (IMM) and the outer mitochrondrial 

membrane (OMM) and is composed of the adenine nucleotide translocator (ANT, located 

in IMM) and the voltage-dependent anion channel (VDAC, located in OMM) (Zamzami 

and Kroemer, 2001). The result of the opening the PTPC is the loss of mitochondrial 

membrane potential, swelling of the mitochrondrial matrix and rupturing of the outer 

membrane, leading to the release of mitochrondrial proteins. Bcl-2 proteins have been 

reported to interact with the PTPC through ANT or VDAC, thereby influencing its 

opening and closing (Martinou and Green, 2001; Zamzami and Kroemer, 2001). Both 

Bax and Bak are believed to promote the release of cytochrome c through opening of the 

PTPC. Bcl-2 and Bcl-Xj,, on the other hand, prevent the release of cytochrome c by 

maintaining the PTPC in a closed state (Shimizu et al, 1999). 

Another proposed model for the regulation of mitochrondrial permeabilization is 

referred to as the "rheostat" hypothesis (Korsmeyer, 1995). In this proposed model, it is 

believed that it is the balance of pro- to antiapoptotic Bcl-2 family members that 
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determines the fate of the cell (Oltvai and Korsmeyer, 1994). Proapoptotic Bcl-2 

members are believed to have the capability of forming pores (through oligomerization) 

in the membranes, thereby allowing the release of cytochrome c when the balance of pro-

outweigh those of the anti- apoptotic factors . Conversely, when anti-apoptotic family 

members predominate pro- apoptotic family members would be bound to anti apoptotic 

family members, preventing the ability of the pro- family members to form pores. This 

hypothesis is substantiated through overexpression of both pro- and antiapoptotic family 

members. Concurrent with this model, overexpression of proapoptotic members results 

in the release of cytochrome c, whereas the overexpression of antiapoptotic members 

inhibits it (Kluck et al., 1997; Liu et al., 1996; Yang et al., 1997). 

One final proposed hypothesis for regulating mitochrondrial permeability 

involves altering the conformation of Bcl-2 proteins through interactions with BH3-only 

members. Once activated, the BH3 only proteins are released from an inactivating 

complex and then able to interact with Bcl-2 members (Puthalakath and Strasser, 2002). 

The altered conformation causes the anti-apoptotic factors to resemble pro-apoptotic 

factors, thereby stimulating the aggregation of pro-apoptotic members, forming a lattice

like network. Appropriately, the conversion of function of Bcl-2 family members 

induced by conformational changes and the resulting lattice is described as occurring in a 

'prion'-like manner (Puthalakath and Strasser, 2002). Evidence supporting this 

hypothesis include the observation that some BH3-only members (Bim, Bad, NOXA) 

interact solely with antiapoptotic family members (Huang and Strasser, 2000). It is 

difficult to resolve at the molecular level whether one of these proposed models acts 
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exclusively to regulate mitochrondrial permeability. It is possible and perhaps more 

plausible that several of the proposed mechanisms could act concurrently or sequentially 

to induce apoptosis. Possibilities for tissue-specific regulation also exist as different cell 

types may induce an apoptotic stimulus in a tissue- specific manner (Martinou and Green, 

2001). 

Role of Apoptosis in the Epidermis 

The epidermis is a self-renewing tissue, necessitating the need for a discrete 

balance between keratinocyte differentiation and cell death (Nickoloff et al, 2002). 

Apoptosis of comeocytes (individual cells with the stratum comeum providing a barrier 

function) must be delayed until terminal differentiation is completed (Weil et al, 1999). 

This balance of survival and cell death within the epidermis is critical for maintaining 

proper honieostatic thickness (Nickoloff et al, 2002). The regulation of keratinocyte 

survival is both complex and redundant to prevent apoptosis prior to terminal 

differentiation but preventing prolonged survival of keratinocytes that would prohibit 

formation of the stratum comeum (Eckert et al., 1997; Ishida-Yamamoto et al., 1999; 

Rosenthal et al., 1998). 

Many investigations have begun to explore the molecular determinants of 

apoptosis in both normal and diseased epidermis. Several proteins involved in the 

apoptotic process have been isolated in discrete layers of the epidermis. Using a Percoll 

gradient, the expression pattern of these proteins has been examined in various fractions 
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of the skin. Isolated fractions of skin were correlated with differentiation status using 

cytological examination and verified using markers of epidermal differentiation, such as 

keratin-1, loricrin and p4 integrin (Rennecke et al, 1999). Some proteins such as TRAIL 

death receptor 4 (DR-4) are present in all fractions but increase in fractions isolated from 

the upper layers of the skin. Other proteins such as tumor necrosis factor receptor 1 

(TNF-Rl) are detectable in the basal layers and mid-epidermal layers but decrease in 

fractions of the upper cell layers. Decoy receptor-2 (DR-2) is highest in fractions near 

the surface of the skin where levels of TRAIL (a ligand for DR-2) have been reported to 

be elevated. Finally, proteins such as Bcl-Xi_ are expressed rather ubiquitously 

throughout the various layers of the skin (Nickoloff et al, 2002). The brief description 

above of the potential spatial regulation of apoptotic proteins in the skin displays the 

complexity of apoptosis in maintaining the integrity of the epidermis without comprising 

its barrier function. 

Skin cancer is one disease state in which the deregulation of apoptotic pathways 

may manifest itself where alterations in proteins mediating apoptosis have been reported. 

While Bcl-2 expression is limited to keratinocytes in the basal layer, BCCs have been 

reported to express high levels (Delehedde et al, 1999). Expression of Bcl-x and Bak 

were detected in both SCC and BCC and correlated with squamous differentiation 

(Delehedde et al, 1999). Transgenic mice overexpressing Bcl-x or Bcl-2 under the 

control of a keratin-14 or keratin-1 promoter, respectively, have been shown to be more 

susceptible to developing skin tumors induced by initiation with DMBA and promotion 

with TP A. Overexpression of survivin (an inhibitor of caspase-9) has also been reported 
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to correlate with aggressive skin SCCs (Lo Muzio et ai, 2001). Additionally, survivin 

has been suggested to play role in the conversion of papillomas in mice using a 

DMBA/TPA tumor initiation/promotion protocol (Allen et al., 2003). These 

investigations clearly point out the complexity of alterations that may occur in apoptotic 

pathways leading to skin carcinogenesis. 

Response of Keratinocytes to Ultraviolet Light 

The sunburn cell (SBC) is characteristic of the mammalian epidermis following 

UVB, UVC and PUVA (UVA plus psoralen) irradiation (Sheehan and Young, 2002). 

The wavelength range between 260-290 has been shown to be the most effective in 

inducing SBC formation (Woodcock and Magnus, 1976) in mouse skin. SBCs are 

generally regarded as keratinocytes that have undergone apoptosis in response to genetic 

damage and are described histologically as having a pyknotic nucleus and eosiniphylic 

cytoplasm (Daniels et ai, 1961; Pourzand et ai, 1997). The selective removal of these 

damaged keratinocytes is a protective mechanism whereby those cells that have sustained 

genetic damage and subsequently have tumorigenic potential are removed from the skin 

(Sheehan and Young, 2002). 

As mutations in p53 are an early event in UV'-Induced skin carcinogenesis, it is of 

interest to point out the role of p53 in UV-lnduced apoptosis. In normal epidennis, p53 

induces cell cycle arrest in response to UVB irradiation in order to repair DNA 

photoproducts (Ponten et al, 1995). Interestingly, Li and Ho have demonstrated that 
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with higher doses of UVB, p53 acts to switch the response of the cell from repair to an 

apoptotic pathway (Li and Ho, 1998). In these studies, a dose of 50 J/m^ of UVB induced 

p21 and subsequent nucleotide excision repair, however this response was not observed 

with 200J/m . Induction of Bax was also observed with a high dose of UVB correlating 

to the induction of apoptosis. This investigation suggests that p53 acts to induce 

apoptosis when the sustained genetic damage is beyond repair. p53-independent 

mechanisms of apoptosis induced by UVB have also been reported using mutant p53-

transgenic mice . These mice displayed decreased DNA repair but a normal apoptotic 

response (Li et al, 1996). It has been suggested that the apoptotic response induced by 

UVB also involves death receptors, including IL-1, EGF and TNF (Rosette and Karin, 

1996). 

Mutations in p53 (as occurs in the early stages of UV-Induced skin 

carcinogenesis) increase the incidence of SCCs in UVB-irradiated p53 wild-type 

deficient (-/-) mice (Li et al, 1998). p53 heterozygous mice also display increased SCC 

incidence, providing further evidence for a role of p53 in UVB-induced apoptosis. (Jiang 

et al, 1999). Again using p53" " mice, it was reported that few sunburn cells were present 

in UVB irradiated mice, whereas p53*^ " mice exhibited a higher frequency of apoptotic 

cells (Ziegler et al, 1994). The authors termed p53 as "the guardian of the tissue" 

through its ability to induce apoptosis in UV-damaged keratinocytes. As p53 is clearly 

involved in eliminating initiated cells from the skin through apoptosis, these mutations 

result in a resistance to the apoptotic program. Further mutations in p53 due to repeated 

UV exposure favor the accumulation of additional genetic mutations with continued cell 
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division. The cells that contain mutations in p53 therefore have a selective growth 

advantage, allowing for clonal expansion and ultimately the formation of AKs (Jonason 

et al., 1996; Ziegler et al., 1994). Cells within the skin that are resistant to apoptosis are 

then subject to additional mutations, enabling the progression to carcinomas. One can 

see, in the case of p53, how UVB acts to produce an initiated cell phenotype through 

mutation of p53 and also as a tumor promoter through the differential selection of cells 

harboring a selective growth advantage. 
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Statement of the problem and Specific Alms 

The incidence of NMSC is greater than all other malignancies combined. While 

primary prevention (reducing exposure to solar radiation) is the most effective means of 

prevention, this mode of action has not significantly impacted the number of diagnosed 

skin cancer cases. With an average increase in the incidence ofNMSC of 3-8% per year 

since the 1960s (Diepgen and Mahler, 2002), there is a clear need for the development of 

secondary prevention-to specifically target the molecular changes leading to the 

development of UV-Induced skin tumors. In this case, secondary prevention refers to the 

interruption of signaling events induced by UVA and UVB affecting tumor promotion. 

Both the UVA and UVB spectra have been identified as major etiological factors 

in the development ofNMSC. We have chosen to study UVA and UVB induced 

signaling events independently in order to identify potential differences in the 

mechanisms of gene regulation. As will be demonstrated in the course of this 

dissertation, UVA and UVB appear to mediate effects on gene expression differently at 

both the transcriptional and post-transcriptional level, a phenomenon that would not be 

discernible if studying the effects of solar-simulated light. The goal of this work was to 

further elucidate the signal transduction events leading to the expression of genes that 

may be important for the development of skin tumors. Three specific aims were 

generated to address these issues. We hypothesize that by identifying these signaling 

events, we can begin to identify potential molecular targets that can be used for 

chemoprevention ofNMSC. 
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Specific Aim 1: Determine if UVA increases COX-2 expression in human keratinocytes 

and if so, by what mechanism. 

Previous investigations from our laboratory have elucidated UVB-induced signaling in 

human keratinytes leading to increases in COX-2 expression. UVA-mediated effects on 

COX-2 expression in keratinocytes has however remained largely unexplored. These 

studies sought to determine ifUVA could also modulate COX-2 expression and to 

determine UVA-induced signaling events that modulate its expression. 

Specific Aim 2: To identifiy the role of p38 MAPK in protecting cells from UVA-

induced apoptosis. 

Our laboratory observed that a biologically relevant dose of UVA (250kJ/m') did not 

induce apoptosis in human keratinocytes. However, inhibition of p38 MAPK resulted in 

a marked increase in apoptosis in combination with UVA irradiation. The goal of this 

work was to identify gene(s) modulating apoptosis through increases in UVA-induced 

p38 MAPK activity. 

Specific Aim 3: To determine whether the topical application of pharmacological 

inhibitors of p38 MAPK (SB202190) and P13-Kinase (LY294002) decreased UVB-

induced AP-1 activation and COX-2 expression in mouse epidermis. 
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As mentioned previously, AP-1 and COX-2 play a major role in skin carcinogenesis. 

Recent studies from our laboratory identified that UVB induced AP-1 and COX-2 

expression is mediated in part through p38 MAPK and PI3-Kinase in human 

keratinocytes. Our laboratory has also demonstrated a functional role for AP-1 in UVB 

induced skin carcinogenesis. The goal of this work was to validate UVB-induced p38 

MAPK and PD-Kinase signaling leading to AP-1 activation and COX-2 expression in 

mouse epidermis. 
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CHAPTER II. ROLE OF P38 MAPK IN UVA-INDUCED COX-2 EXPRESSION 
IN THE HUMAN KERATINOCYTES CELL LINE, HACAT 

Introduction 

Each year between 900,000 and 1,200,000 cases of NMSCs (BCCs and SCCs) are 

diagnosed in the United States (Buckman et al, 1998). The major risk factor for skin 

cancer is excessive exposure to the UV component of sunlight which can be divided into 

three ranges: UVA (320-400nm), UVB (280-320nm) and UVC (200-280nm) (de Gruijl, 

2000; Matsui and DeLeo, 1991). Since UVC and the majority of UVB radiation is 

absorbed by the ozone layer, most solar radiation (90-99%) reaching the Earth's surface 

is UVA radiation (Matsui and DeLeo, 1991). 

UVA regulates the expression of various genes including heme oxygenase-1, 

matrix metalloproteinase-1, IL-la/p, IL-6, intracellular adhesion molecule, STATS, AP-1 

and AP-2 (Basu-Modak and Tyrrell, 1993; Grether-Beck et al., 1996; Klotz et al., 1999; 

Maziere et al., 2001; Scharffetter-Kochanek et al., 1993; Silvers and Bowden, 2002; 

Wlaschek et al., 1997; Zhang et al., 2001c). Considerable work is currently underway to 

elucidate the signal transduction mechanisms that are induced by UVA. UVA has been 

shown to activate signal transduction cascades such as MAPKs (p38, ERK, JNK) and 

downstream kinases p90^®^/MAPKAP-Kl, and p70^®(Zhang et al, 2001b; Zhang et al, 

200 le). Signaling cascades involving cell survival proteins, including acid 

sphingomeylinase and ataxia telangiectasia mutated (ATM) kinase have also been 

investigated recently (Zhang et al., 2002; Zhang et al., 200Id). 

Alterations in gene expression associated with UV exposure play an important 
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role in tumor promotion and progression. One example of such alterations involves the 

COX-2 enzyme. p38 is activated by phosphorylation at threonine and tyrosine residues 

by upstream kinases. The phosphorylation of p38 is then able to activate various 

substrates, including MAPK-activated protein kinase-2 (MAPKAPK-2). p38 MAPK has 

been shown to regulate COX-2 at both the transcriptional and post-transcriptional level. 

UVB-induced COX-2 expression was regulated by p38 at the transcriptional level in the 

human keratinocyte cell line, HaCaT (Chen et al, 2001; Tang et al, 2001a). In IL-1-

treated HeLa cells and lipopolysaccharide-treated primary human monocytes, inhibition 

of p38 activity resulted in destabilization of COX-2 message, demonstrating the role of 

the p38 signaling cascade in the regulation of COX-2 stability (Dean et al., 1999; Lasa et 

al., 2000; Ridley et al., 1998). Stability of COX-2 mRNA is regulated by adenylate and 

uridylate-rich elements (AREs) present in the 3' UTR of the COX-2 message, and consist 

of 22 copies of the AUUUA sequence (Newton et al., 1997). AREs in the 3'UTR 

normally target the transcript for rapid degradation. However, binding of RNA stability 

factors can extend the half-life of the message (Brennan and Steitz, 2001). HuR, a 

member of the EL A V (embryonic lethal abnormal vision) family of proteins, has been 

shown to bind to AREs present in the 3' UTR of COX-2, regulating stability of the 

mRNA transcript and subsequent COX-2 expression (Dixon et al., 2001; Nabors et al., 

2001). Thus, it appears that both the p38 signaling cascade and AREs that are present in 

the 3' UTR act to mediate the post-transcriptional regulation of COX-2. 

Little is known about the expression of COX-2 and the mechanism by which it is 

regulated in response to UVA irradiation. Soriani et al. previously showed that UVA-
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induced COX-2 mRNA expression was decreased by epigallocatechin in the human oral 

carcinoma cell line KB but not in the human skin fibroblast cell line FEK4 (Soriani et ai, 

1998). Induction of COX-2 mRNA was also reported in response to solar simulated 

irradiation of human skin (Isoherranen et ai, 1999). At this time, however, no study has 

addressed the role of the UVA spectrum alone in the expression of COX-2 in a model of 

NMSC. In this study, we examined the effects of UVA irradiation on COX-2 expression 

in the spontaneously immortalized human keratinocyte cell line, HaCaT. The HaCaT cell 

line contains a p53 mutational spectrum typical of UV-induced mutations and therefore 

serves as a particularly relevant model of NMSC (Lehman et. al. 1993). We investigated 

message stabilization as one mechanism by which UVA regulates COX-2 expression and 

examined the role that the MAPK p38 plays in this process. From these studies, we 

conclude that p38 plays a critical role in the UVA-induced expression of COX-2 through 

message stabilization in these human keratinocytes. 

Materials and Methods 

Cells and UVA Treatment. 

HaCaT cells, a spontaneously immortalized human keratinocyte cell line, were cultured 

in DMEM supplemented with 10% fetal bovine serum and 1 OOU/mL of 

penicillin/streptomycin. They were grown to 90% confluence and placed in serum free 

DMEM for 24 hours. Cells were placed in PBS supplemented with 0.01% MgCh and 

0.01% CaCli for the duration of irradiation. Control cells were mock-irradiated in 

supplemented PBS in a separate tissue culture hood. A bank of four F20T12/BL/HO 
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PUVA bulbs (National Biological Corporation, Twinsburg, Ohio), providing a peak 

emission at 365nm, was used. For experiments with SB202190 treatment, cells were 

treated for Ihour prior to irradiation and treated after UVA irradiation until the cells were 

harvested. In experiments analyzing COX-2 message half-life, transcription was 

inhibited by treatment with Actinomycin D (l|ig/mL) for 1 hour after irradiation in 

serum-free DMEM. 

Liiciferase Reporter Construction. 

The 3' UTR of COX-2 was inserted into the Xbal site of the expression vector pRL-TK 

Renilla luciferase (Promega, Madison, WI), the region adjacent to the coding sequence, 

to yield pRL-TK+3 'UTR. The original 3'UTR region of COX-2 was obtained from a 

plasmid received from Dr. Stephen Frescott (Hunstman Cancer Institute, Universitry of 

Utah, Salt Lake City, UT). The portion of the 3' UTR cloned into the pRL-TK vector 

correspond to base pairs 1913-3387 of COX-2 (GenBank Accession Number M90100). 

The DNA construct was analyzed by restriction mapping and DNA sequencing. 

The p38 DNM construct was obtained from Dr. Zigang Dong (Hormel Institute, 

University of Minnesota, Austin, MN). The plasmid expresses a dominant-negative form 

of p38 MAPK containing a double point mutation of Thr-Gly-Tyr to Ala-Gly-Phe at the 

sites of activating phosphorylation (Threonine 180 and Tyrosine 182). A control vector 

(PCMV5) was generated through a Clal/Xhal digest to remove the p38 dominant 

negative insert. The overhangs generated were filled in using the large fragment of DN A 

Polymerase I (Invitrogen, Carlsbad, CA) and ligated using T4 ligase (Invitrogen, 
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Carlsbad, CA). 

Transient transfections. 

HaCaT cells were transiently transfected using Lipofectamine PLUS (Invitrogen, 

Carlsbad, CA) according to the manufacturer's protocol. Briefly, cells were plated in 

35mm dishes the day before transfection and grown to 95% confluence. Plasmid DNA 

was prepared in 100(0.1 serum free DMEM and incubated with 3p,l of PLUS reagent at 

room temperature for 15 minutes, followed by 2.5jil of Lipofectamine in an additional 

100}j,l DMEM. The mixture was incubated for another 15 minutes and then added to the 

well containing ImL of serum free DMEM. Transfections were allowed to proceed for 

six hours. A total of 0.4|xg of DNA was used for transfection into each well (0.2{ig of 

pRL-TK or pRL-TK+3'UTR and 0.2|.ig of PCMV5 or 0.2ixg of p38 DNM). The cells 

were then washed two times with serum free DMEM and incubated for an additional 18 

hours in DMEM before UVA treatment. 

Luciferase Assay. 

After treatments, cells were washed two times with PBS and total protein was extracted 

in lysis buffer (15mM MgS04, 25mM glycylglycine, 4mM ethylene glycol-bis(P-

aminoethyl ether)-.V, N,N',N '-tetraacetic acid [EGTA], 1% vol/vol Triton X-100, ImM 

dithiothreitol [DTT]). All treatments were done in triplicate for each experiment. The 

luciferase activity of 20ug total cellular protein was measured using the TD-20/20 

luminometer (Turner Designs, Sunnydale, CA). 
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Total Cellular Protein Extraction and western analysis. 

Cells were lysed in 20mM Tris-HCl (pH=7.5), ISOmM NaCl, ImM EDTA, IniM EGTA, 

1% Triton X-100,2.5mM Na4P207, ImM P-glycerophosphate, ImM Na3V04, and 

l)j,g/mL leupeptin. Cells were scraped and centrifuged at 14,000 rpm for five minutes. 

Protein concentration was determined using Bio-Rad Dc reagent (Bio-Rad Laboratories, 

Hercules, CA). For Western analysis, 40 ji,g of protein were resolved on a 12.5% SDS-

polyacrylamide gel. The protein was then transferred to a poljwinylidene difluoride 

membrane overnight at 4°C. The membrane was then blocked with 5% milk in TBST at 

room temperature for Ihour. Primary antibodies for COX-2 (Santa Cruz Biotechnology, 

Santa Cruz, CA) and total p38 (New England Biolabs, Inc., Beverly, MA) were used at 

1:3500 dilution and 1:1000 dilution, respectively, and incubated in 5% milk at room 

temperature for 2 hours. Primary antibody for phospho-p38 (New England Biolabs, Inc., 

Beverly, MA) was used at 1:1000 dilution and incubated at 4°C overnight. The 

membrane was incubated with the appropriate horseradish-peroxidase secondary 

antibody in 5% milk/TBST for 1 hour at room temperature. Bovine anti-goat secondary 

(Santa Cruz Biotechnology, Santa Cruz, CA) was used at a 1:3500 dilution for COX-2 

westerns and anti-rabbit secondary (New England Biolabs, Inc., Beverly, MA) was used 

for phospho-p38 and total p38 at a dilution of 1:2000. Membranes were washed three 

times for 10 minutes each in TBST between antibody incubations and were detected 

using ECL western blotting detection reagents (Amersham Pharmacia Biotech, 

Piscataway, NJ). 
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In vivo p38 activity assay. 

The in vivo p38 activity assay was performed as previously described (Chen and Bowden, 

1999). 10|j,g of total cell lysate was resolved on a 12.5% SDS-polyacrylamide gel 

overnight at 4°C. Protein was transferred to a polyvinylidene difluoride membrane for 6 

hours at 4°C. The membrane was blocked in 5% BSA in TEST for Ihour at room 

temperature and incubated with MAPKAPK2 antibody at 1:1000 dilution (Santa Cruz 

Biotechnology, Santa Cruz, CA) overnight at 4°C in 5% BSA in TBST. Horseradish-

peroxidase conjugated secondary antibody was added at 1:100,000 dilution for 1 hour at 

room temperature. Membranes were washed three times for 10 minutes each in TBST 

between antibody incubations and were detected using ECL Western blotting detection 

reagents (Amersham Pharmacia Biotech, Piscataway, NJ). This assay allowed the 

phosphorylated and unphosphorylated forms of MAPKAPK2 to be detected. 

Northern analysis. 

Total RNA was isolated using the RNeasy Mini kit from Qiagen (Valencia, CA). 30-40 

|ig of total RNA were electrophoresed on a 1.2% agarose gel containing formaldehyde. 

RNA was then transferred to GeneScreen nylon membrane from NEN (Boston, MA) 

using PosiBlot 30-30 Pressure Blotter from Stratagene (Cedar Creek, TX). Membranes 

were hybridized with a [^^P]-a-dCTP labeled human COX-2 cDNA probe overnight at 

42°C (Oxford Biomedical Research, Oxford, MI). A GAPDH probe, which was 

generated from a 0.75 kb Pst-Xbal fragment of human GAPDH cDNA from the PTZ-

GAP plasmid, was used as a loading control. Membranes were washed twice with 2X 
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SSC/0.1% SDS at room temperature, twice at 42°C with 2X SSC/0.1% SDS and twice at 

65°C with .IX SSC/0.1% SDS. Northern blots were visualized and quantitated using a 

phosphorimager (Molecular Dynamics, Sunnyvale, CA). 

Semi-Quantitative RT-PCR. 

Total RNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA). Total RNA 

(2|ig) was reverse transcribed into cDNA using the Omni script Reverse Transcriptase kit 

(Qiagen, Valencia, CA). The primers for PCR were end-labeled with [^^P] y-ATP using 

T4 polynucleotide kinase from Invitrogen (Carlsbad, CA) according to the 

manufacturer's protocol. The cDNA was amplified for twenty-five cycles of PCR (94°C 

for 45sec, 55°C for 30sec, 72°C for 90sec, and extension for 10 min at 72°C). COX-2 

primers used were 5'-CGA GGT GTA TGT ATG AGT GTG-3' and 5'-TCT AGC CAG 

AGT TTC ACC GTA-3' (Hla and Neilson, 1992; Subbarayan et al, 2001), which 

generated a 590 bp product. GAPDH primers used were 5'-CTC ATG ACC ACA GTC 

CAT GC-3' and 5'-TGA CAA AGT GGT CGT TGA GG-3', which generated a 405 bp 

product. PCR products were electrophoresed on an 8% Acrylamide/Urea gel (50% Urea, 

5X TBE) and visualized using a phosphorimager (Molecular Dynamics, Sunnyvale, CA). 

Quantification of the products was performed using the ImageQuant program from 

Molecular Dynamics. 
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Results 

UVA caused a dose-dependent increase in COX-2 expression at both the protein and 

RNA levels 

HaCaT cells were irradiated with increasing doses of UVA ranging from 

9 9 
200kJ/m to 400kJ/m . Total cell protein was isolated and western analysis was 

performed using a COX-2 specific antibody. As shown in Figure 3, UVA caused an 

increase in COX-2 protein beginning at a dose of 250 kJ/m' and increasing with higher 

doses of UVA. No significant changes in COX-2 expression were observed in the mock-

irradiated cells. Two COX-2 bands were detected in the western analysis. Since COX-2 

has previously been reported to be post-translationally modified by a tyrosine 

phosphatase, the upper band could be a phosphorylated form of the enzyme (Parfenova et 

ai, 1998). 

Northern analyses were also performed following UVA-irradiation using a [ P]-

a-dCTP labeled human COX-2 cDNA probe (Oxford Biomedical Research). COX-2 

message levels were also induced in a dose-dependent manner (from 200-400kJ/m^) in 

'J 
response to UVA (Figure 4). HaCaT cells irradiated with 200kJ/m UVA demonstrated a 

1.3 fold induction of COX-2 mRN A over basal levels as compared to a 3.5 fold induction 

with 400 kJ/m^ UVA. A dose of 250 kJ/m~ UVA was used for the remainder of these 

studies as it induces COX-2 expression in the HaCaT cell line. 

As shown in Figure 5,250 kJ/m~ UVA induced detectable COX-2 protein 

between two and eight hours post-irradiation, with peak expression at four hours post-

irradiation. No significant changes were observed in mock-irradiated cells throughout the 
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time course, with basal levels of COX-2 at very low expression levels. Figure 6 shows 

the expression patterns of COX-2 at the RNA level in response to 250kJ/m' UVA. 

Increased COX-2 RNA levels were detectable at one and two hours post-irradiation. At 

time points beyond 2 hours, COX-2 message was no longer detectable by Northern 

analyses. Two major transcripts of COX-2 (2.7 and 4.1 kb) have been reported and are 

the result of alternative polyadenylation sites (Appleby et al., 1994; Gou et al., 1998; 

Newton et al., 1997). Induction of the 4.1 kb transcript was observed in response to UVA 

irradiation. No changes were observed in the 2.7 kb transcript in mock-irradiated or in 

UVA-irradiated cells. In repeated experiments, COX-2 expression levels were examined 

up to 8 hours with no changes between mock-irradiated and irradiated cells. 
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Figure 3. UVA-induced dose dependent increase in COX-2 protein. 

HaCaT cells were grown to 90% confluence, serum-starved for 24 hours, and then 

irradiated with 200-400kJ/m^ UVA. Control cells were mock-irradiated. Total cellular 

protein was collected 4 hours post-irradiation, and western analysis was performed using 

a COX-2 specific antibody (Santa Cruz). -, mock-irradiated; +, UVA-irradiated 
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Figure 4. UVA-induced dose dependent increase in COX-2 RNA levels. 

Total RNA was isolated 1-hour post-irradiation using the RNeasy kit (Qiagen, Carlsbad, 

CA) and Northern analyses performed using [^'P]-a-dCTP labeled cDNA probes. 
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Figure 5. UVA-induction of COX-2 protein. 

HaCaT cells were grown to 90% confluence in complete DMEM, serum-starved for 24 
'J 

hours, and then irradiated with 250kJ/m . Control cells were mock-irradiated. Total 

protein was collected at various times following 250kJ/m UVA-irradiation. Western 

analysis was performed with a COX-2 specific antibody (Santa Cruz). mock-

irradiated; +, UVA-irradiated 
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Figure 6. UVA-induction of COX-2 RNA. 

HaCaT cells were grown to 90% confluence in complete DMEM, serum-starved for 24 

hours, and then irradiated with 250kJ/m^. Control cells were mock-irradiated. Total 

RNA was isolated at 1, 2, 3 and 4 hours following 250kJ/m^ UVA-irradiation and 

Northern analysis was performed using ["^'P]-a-dCTP labeled cDNA probes. mock-

irradiated; +, UVA-irradiated 
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UVA-inducedp38 activity 

Previous studies have reported that p38 is activated in response to UVA 

irradiation in NCTC 2544 human keratinocytes and in human skin fibroblasts from 

foreskin biopsies (Klotz et al, 1999; Maziere et ai, 2001). As shown in Figure 7, 

phosphorylated p38 levels were also induced by UVA in the HaCaT cell line between 30 

minutes and 90 minutes post-irradiation. Total levels of p38 were detected as a loading 

control. A specific inhibitor of p38, SB202190, was used to inhibit p38 phosphoiylation 

of a downstream target, MAPKAPK2. SB202190 acts by binding reversibly to the ATP-

binding pocket of p38, preventing phosphorylation and subsequent activation of 

downstream substrates. Figure 8 shows an in vivo activity assay to demonstrate that the 

SB202190 compound was indeed inhibiting p38 activity. As expected, at time points 

where p38 is strongly activated (30 minutes and 45 minutes post-irradiation), 

MAPKAPK2 is predominantly phosphorylated (upper band). In mock-irradiated cells 

both phosphoryated and unphosphorylated (lower band) forms were detectable. In UVA-

irradiated samples with SB202190 treatment, an increase in the unphosphorylated form of 

MAPKAPK2 was observed. This confirms that p38 was indeed active in response to 

UVA and that its activity was effectively inhibited with SB202190 treatment. 



65 

15' 30' 45' 90' 

+ - + - + - + UVA 

Phospho-p38 

p38 

Figure 7. Activation of p38 MAPK by 250kJ/m2 UVA. 

HaCaT cells were grown to 90% confluence in complete DMEM, serum-starved for 24 

hours, and then irradiated with 250kjW. Control cells were mock-irradiated. Total cell 

protein was isolated at various time points following irradiation. Westem analysis was 

performed using phosho-specific antibodies to p38 (New England Biolabs, Inc.). Total 

levels of p38 were also detected as a loading control (New England Biolabs, Inc.). 

HaCaT cells were treated with 2pM SB202190 for Ihour prior to UVA irradiation (250 

kJ/m2). Cells were then placed in serum-free DMEM containing SB202190 and 

collected at 15, 30 45, 60 and 90 minutes post-irradiation and westem analysis was 

performed using a MAPKAPK-2 antibody (Santa Cruz). -, mock-irradiated; +, UVA-

irradiated, SB202190, p38 inhibitor 
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Figure 8. SB202190 inhibits p38 MAPK activity. 

HaCaT cells were treated with 2|iM SB202190 for Ihour prior to UVA irradiation (250 

kJ/m2). Cells were then placed in serum-free DMEM containing SB202190 and 

collected at 15, 30 45, 60 and 90 minutes post-irradiation and western analysis was 

performed using a MAPKAPK-2 antibody (Santa Cruz). mock-irradiated; +, UVA-

irradiated, SB202190, p38 inhibitor 
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Inhibition of p38 by SB202190 decreased both UVA-induced COX-2protein and RNA 

levels 

To determine if p38 plays a role in UVA-induced COX-2 expression, we used 

SB202190 in varying concentrations and examined COX-2 RNA and protein levels. 

Figure 9A shows that with increasing concentrations of SB202190 (l.OJIM to 2.0|JM), 

COX-2 message levels decreased in a dose-dependent manner. Quantitation of the 

expression level of COX-2 normalized to GAPDH expression is presented in Figure 9B. 

A dose of 2fiM SB202190 decreased COX-2 message levels to 54% that of irradiated 

cells with no treatment. Treatment of the HaCaT cells with SB202190 also abrogated 

COX-2 at the protein level (Figure 10). A small change in basal levels is observed in 

mock-irradiated cells with SB202190 treatment; however this effect was not reproduced 

in repeated experiments. 

COX-2 niRNA is stabilized by p38 in response to UVA 

Semi-quantitative RT-PCR was used to determine the half- life of the COX-2 

message in UVA-irradiated and mock-irradiated cells. Basal levels of COX-2 were 

below detectable levels in mock-irradiated cells and therefore could not be accurately 

quantified by Northern blot analysis. Figure 11 shows that in mock-irradiated cells, 

COX-2 message was decreased between 30 minutes and 2 hours. The half-life of the 

message was determined to be between thirty and sixty minutes through quantitation. In 

contrast, UVA-irradiated cells had an extended COX-2 message half-life between four 
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Figure 9. Effect of SB202190 on COX-2 RNA expression. 

HaCaT cells were grown to 90% confluence, serum-starved for 24 hours, and irradiated 

with 250kJ/m^. Control cells were mock-irradiated. (A) Cells were treated with doses of 

SB202190 ranging from 1.0-2.0)aM for 1 hour prior to 250kJ/m" UVA irradiation, post-

treated with SB202190 for Ihour and then harvested for Northern analysis. (B) 

Quantification of COX-2 expression was normalized to GAPDH for each treatment using 

ImageQuant from Molecular Dynamics. 
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Figure 10. Effect of SB202190 on COX-2 protein expression. 

Cells were pre-treated with 2|iM SB202190 for 1 hour prior to UVA-irradiation. Cells 

were also treated with SB202190 following irradiation and total protein collected at 2 and 

4 hours for western analysis using a COX-2 antibody (Santa Cruz). 
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and eight hours post-UVA irradiation. In UVA-irradiated samples, levels of COX-2 

message were induced and had a half-life more than four times that observed in mock-

irradiated cells. To show that p38 was responsible for the stabilization of the COX-2 

message in UVA-irradiated cells, we again treated the HaCaT cells with SB202190. By 

inhibiting p38 activity in UVA-irradiated cells, the half-life of the COX-2 message was 

reduced to that observed in mock-irradiated cells. 

Dominant-negative p38 inhibited luciferase expression through the 3 'UTR of COX-2 

A luciferase expression vector was generated to examine the effects of COX-2 

expression mediated through the 3'UTR. The 3' UTR of COX-2 was inserted 

immediately downstream of the Renilla reporter coding sequence. Figure 12 shows a 

significant increase (* denotes p < 0.05) in luciferase activity in UVA-irradiated cells 

(250kJ/m") transfected with the 3'UTR of COX-2 (pRL-TK+3 'UTR) compared to the 

parental vector (pRL-TK). No significant change was observed in mock-irradiated cells 

transfected with the parental vector or 3' UTR of COX-2. In UVA-irradiated cells 

transfected with the 3'UTR of COX-2, however, the level of luciferase activity is 

approximately 1.5 fold greater than that of the mock-irradiated cells. 

When a dominant-negative p38 construct is co-transfected with the 3'UTR 

reporter construct, no difference is observed between mock-irradiated and UVA-

irradiated samples. The dominant-negative form of p38 MAPK expressed by this 

construct contains a double point mutation of Thr-Gly-Tyr to Ala-Gly-Phe at the sites of 

activating phosphorylation (Threonine 180 and Tyrosine 182). These data demonstrate 
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that blocking p38 signaling using a dominant-negative construct completely abrogated 

increases in luciferase activity mediated through the 3'UTR in UVA-irradiated cells. We 

conclude, therefore, that p38 plays a role in the post-transcriptional regulation of COX-2 

through the 3' UTR. Additionally, these studies confirm the message half-life studies 

presented in Figure 11 using a p38 dominant-negative construct. 
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Figure 11. Half-Life of COX-2 message following UVA-irradiation. 

HaCaT cells were grown to 90% confluence, serum-starved for 24 hours, and irradiated 

with 250kJ/m'. Control cells were mock-irradiated. Cells treated with 2iiM SB202190 

were pre- and post-treated as described previously. Following UVA-irradiation, cells 

were treated with Actinomycin D (l|ig/mL) for 1 hour. Total RNA was isolated and 

reverse transcribed into cDNA using Omni script (Qiagen). COX-2 and GAPDH cDNAs 

were co-amplified by PCR within a pre-determined linear range to allow a quantifiable 

analysis of the products. mock-irradiated; +, UVA-irradiated; SB202190, p38 

inhibitor 
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Figure 12. Effect of p38 MAPK signaling and the 3' UTR of COX-2 on luciferase 
expression. 

HaCaT cells were grown to 95% confluence and transfected with the pRL-TK Renilla or 

pRL-TK+3'UTR of COX-2 with pCMV5 (the empty vector of p38 DNM construct) or 

with a p38 DNM construct. The transfection was performed for 6 hours in serum free 

DMEM, followed by an additional 18 hour incubation in serum free DMEM prior to 

UVA irradiation (250kJ/m"). Total cellular protein was collected 4 hours post-irradiation 

and luciferase activity was measured, n = 3; * indicates p < 0.05 compared to the mock-

irradiated group transfected with pRL-TK+3' UTR 
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Discussion 

In this study, we show that UVA induced COX-2 expression in the human 

keratinocyte cell line, HaCaT, and provide evidence for regulation at the post-

transcriptional level. COX-2 expression was upregulated in response to UVA at both the 

protein and mRNA levels. In addition, p38 activity was shown to be necessary for this 

UVA-induced upregulation. Using the specific inhibitor SB202190, we demonstrated 

that p38 activity mediates the stabilization of COX-2 mRNA in response to UVA 

irradiation. 

Other investigations have described similar mechanisms of COX-2 message 

stabilization mediated by p38 in response to other stimuli, such as Lipopolysaccharide, 

IL-1 and oncogenic Ras (Dean et al., 1999; Lasa et al, 2000; Ridley et al, 1998; Zhang 

et al., 2000). p38 activity has been shown to be involved in the stabilization of other 

genes as well, including IL-8 and IL-6 (Winzen et al, 1999). Modulation of RNA 

degradation through AREs present in the 3' UTR is an important means of regulating 

gene expression, especially for those genes involved in inflammation, as it can provide a 

very rapid response to stimuli without the need for transcriptional activity (Chen and 

Shyu, 1995). It has been clearly demonstrated that a 116-nucleotide region of the COX-2 

3' UTR (containing the majority of the AREs present in the transcript) are responsible for 

mRNA degradation (Cok et. al., 2001; Dixon et. al., 2000). AU-rich elements normally 

mediate a rapid turnover of RNA, acting as a destabilizing element and decreasing 

translational efficiency. TraBs-acting factors, such as HuR, have been shown to bind and 

stabilize COX-2 RNA, resulting in elevated expression in other model systems (Dixon et 
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al, 2001; Nabors et al, 2001). The two transcript sizes of COX-2 are the result of 

alternative polyadenylation (Appleby et al., 1994; Gou et al., 1998; Newton et al,, 1997). 

Larger transcripts contain a greater number of AREs and, therefore, may be regulated at 

the post-transcriptional level. In the Northern analysis of COX-2 expression in response 

to UVA, induction of the 4.1 kb transcript can be seen. However, no change was 

observed in the 2.7 kb transcript between irradiated and mock-irradiated cells. This 

provides further support for the data presented here that COX-2 is regulated at the post-

transcriptional level in response to UVA irradiation. Finally, luciferase reporter 

constructs containing the 3'UTR of COX-2 directly address the involvement of the 

3'UTR and the role of p38 in UVA-induced COX-2 expression. 

The primary focus of previous investigations concerning UV light and COX-2 

expression has been the UVB spectrum and its effect upon gene expression. Tang et al. 

showed that UVB induced COX-2 expression in HaCaT cells through p38 activation 

(Tang et al, 2001a). While message stabilization was not investigated as the primary 

mechanism of regulation in the study, the cyclic-AMP response element (CRE) was 

shown to be a critical component of COX-2 regulation at the transcriptional level. 

Treatment with SB202190 significantly decreased message and protein levels of COX-2 

in response to UVB (Tang et al, 2001a). Hanson and DeLeo showed that UVA induces 

Phospholipase Ai activity in human epidermal keratinocytes (Hanson and DeLeo, 1990), 

and increases cyclooxygenase activity in human fibroblasts (Hanson and DeLeo, 1989; 

Soriani et al, 1998). Since UVA is the primary component of solar radiation reaching 

the surface of the Earth, its effects on gene expression, particularly those involved in 
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tumor progression like COX-2, remain of particular interest. 

Several investigators have addressed the importance of COX-2 in skin tumor 

promotion. A selective inhibitor of COX-2, Celecoxib, reduced the tumor yield by 89% 

in a dose-dependent manner in UVB-irradiated hairless mice (Fischer et ai, 1999; 

Thompson et al, 2001). In the same study, Indomethacin, a non-specific COX-2 

inhibitor, also showed a significant reduction (78%) in tumor number in UVB-irradiated 

mice (Fischer et al, 1999). PGE2 has been shown to regulate the growth of human 

keratinocytes in vitro (Pentland and Needleman, 1986). Increased levels of PGE2 have 

been described in BCCs with an aggressive growth pattern (Vanderveen et al, 1986). 

Inhibitors of prostaglandin production and their ability to inhibit tumor growth and 

metastasis provide evidence for the role of prostaglandins in tumorigenesis (Buckman et 

al., 1998; Hial et al., 1976; Lynch et al., 1978; Snyderman et al., 1995). These studies 

demonstrate the possible role that COX-2 plays in the promotion of skin tumors and 

illustrate the need for inhibitors of COX-2. 

In conclusion, we have shown for the first time that UVA-induced expression of 

COX-2 is post-transcriptionally regulated by p38 through message stabilization. 

Modulation of p38, therefore is a potential molecular target for the chemoprevention of 

skin cancer and may serve as an alternative to specific COX-2 inhibitors. 
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CHAPTER HI. UVA-INDUCED MODULATION OF BCL-XL BY P38 MAPK IN 
HUMAN KERATINOCYTES: POST-TRANSCRIPTIONAL REGULATION 

THROUGH THE 3' UNTRANSLATED REGION 

Introduction 

Programmed cell death, commonly referred to as apoptosis, is an essential process 

in the development of an organism, tissue remodeling and immune system development 

(Zhuang et al, 2000). An imbalance between the processes of cell proliferation and death 

has been proposed to be a critical step in the pathogenesis of human tumors (Oltvai and 

Korsmeyer, 1994; Taylor et al, 1999). The process of apoptosis has also been described 

to play an important role in human epidermis, including controlling the size of its major 

cell population, the epidermal keratinocytes, maintaining epidermal barrier function and 

aging (Polakowska et al, 1994; Zhuang et al, 2000). Ultraviolet radiation has been 

shown to trigger apoptosis in epidermal cells. With excessive UVB exposure, "sunburn 

cells" can be observed within the epidermis (Casciola-Rosen et al ,  1994; Schwarz et al ,  

1995). These cells are thought to be keratinocytes that have undergone apoptosis, 

selectively removing those cells that have sustained irreversible damage and which may 

pose a risk for malignant transformation (Ziegler et al, 1994). 

UV-light has been described to directly affect the apoptotic response of 

keratinocytes, however UVA-induced signaling leading to apoptotic susceptibility 

remains to be fully elucidated. In this report, we focus upon the effects of UVA (320-

400nm), which comprises the largest portion of solar radiation reaching the surface of the 

Earth. It is estimated that 90-99% of solar radiation reaching the Earth's surface is 

comprised of UVA, with the remaining portion consisting of portions of UVB not filtered 
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by the ozone layer (de Gruijl, 2000; Matsui and DeLeo, 1991). 

The p38 MAPKs and JNKs are stress-regulated protein kinases belonging to the 

superfamily of MAPKs in addition to ERKs (Obata et al, 2000). Induction of p38 MAPK 

activity has a variety of effects, including changes in transcription, protein synthesis, cell 

surface receptor expression, and cytoskeletal structure with the result ultimately leading 

to either cell survival or programmed cell death (Obata et al, 2000). Various extracellular 

stimuli have been shown to activate stress-regulated kinase cascades, including p38 

MAPK. Our laboratory has shown that both UVA and UVB can activate p38 MAPK in 

the HaCaT cell line (Bachelor et al., 2002; Chen and Bowden, 1999). The role of p38 

MAPK in apoptosis is controversial, appearing to be dependent upon cell type and 

stimuli. In some systems, activation of p38 MAPK results in apoptosis. Overexpression 

of MEKKs, specific for p38 MAPK activation, result in apoptosis in T cells and 

fibroblasts (Huang et al, 1997). In contrast, inhibition of p38 MAPK in Jurkat cells 

inhibited Fas and UV-induced apoptosis (Nemoto et al, 1998). Another complication of 

the role of p38 MAPK as it relates to the induction of apoptosis is that the induction or 

inhibition of apoptosis maybe sensitive to the nature of p38 MAPK activation, i.e., the 

duration of activation. For example, a transient early activation of p38 MAPK in TNF-a-

treated neutrophils prevents apoptosis whereas late-phase activation contributes to it 

(Roulston et al, 1998). The opposite effect has also been reported in mouse 

erythroleukemia SKT6 cells exposed to osmotic shock, where early activation of p38 

MAPK inhibits apoptosis and prolonged activation results in apoptosis (Nagata and 

Todokoro, 1999). 
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UVA-induced p38 MAPK activity and its role in UVA-induced apoptosis has not 

been addressed in previous studies. In the studies described here, we demonstrate that 

UVA-induced p38 MAPK activity plays a dramatic role in the survival of keratinocytes. 

We observed that inhibition of p38 MAPK decreases expression of BC1-XL and results in 

the mitochondrial permeabilization through release of cytochrome c, cleavage of initiator 

caspases (caspase 8 and caspase 9) and the effector caspase (caspase-3) as well as the 

apoptotic substrate PARP. Morphological analysis revealed typical features of apoptosis 

in UVA-irradiated keratinocytes with inhibited p38 MAPK activity including nuclear 

condensation and formation of apoptotic bodies. Apoptosis observed in these cells was 

determined to be caspase-dependent. We further demonstrate that UVA results in 

increases in the anti-apoptotic Bcl-2 family member, BC1-XL, through a post-

transcriptional mechanism involving the 3' untranslated region (3'UTR). Overexpression 

of BC1-XL demonstrates its functional role in preventing PARP cleavage in UVA-

irradiated HaCaTs where p38 MAPK activity has been inhibited. UVA-induced p38 

MAPK activity and the subsequent increase in BC1-XL resulted in a resistance to UVA-

induced apoptosis. 

Materials and Methods 

Cells, UVA and UVB Treatment. 

HaCaT cells, a spontaneously immortalized human keratinoc>te cell line, were cultured 

in DMEM supplemented with 10% fetal bovine serum and 1 OOU/mL of 

penicillin/streptomycin. They were grown to 90% confluence and placed in serum free 
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DM EM for 24 hours prior to irradiation. During irradiation, cells were placed in PBS 

supplemented with 0.01% MgCli and 0.01% CaCl2. Control cells were mock-irradiated 

in supplemented PBS in a separate tissue culture hood. Four F20T12/BL/HO PUVA 

bulbs (National Biological Corporation, Twinsburg, Ohio), providing a peak emission at 

365nm, were used. Plates were irradiated under 4mm plate glass to filter wavelengths 

below 320nm (described in (Silvers and Bowden, 2002)). Irradiation doses were 

determined using a UVX radiometer and UVX-36 sensor (UVP, Inc., Upland, CA). Cells 

were treated for one hour prior to irradiation with the p38 MAPK inhibitor, SB202190, or 

its inactive analogue, SB202474. SB202190 or SB202474 was placed in medium 

following irradiation until the cells were harvested. Cells were treated with zVAD-FMK 

(lOOfiM) (Calbiochem, San Diego, CA) for thirty minutes prior to UVA irradiation and 

were placed in serum free medium containing zVAD-FMK following irradiation until the 

time of harvest. For message half-life studies, cells were pretreated for one hour prior to 

irradiation with Actinomycin D (Ijig/mL) (Sigma, St. Louis, MO) and again immediately 

following UVA irradiation. For UVB studies, a bank of two SF20 UVB lamps (National 

Biological Corporation, Twinsburg, OH, USA) providing a peak emission of 313 nm was 

used. 

HaCaT cells stably transfected with a tetracycline controlled BC1-XL construct 

were a kind gift from Dr. Ulrich Rodeck (Thomas Jefferson University, Philadelphia, PA) 

(lost et at, 2001). Mock-transfected HaCaTs were used as controls in these experiments. 

Cells grown in the presence of tetracycline (l)xg/mL) repressed expression of BC1-XL 

(Tet-Off). For experiments described here, cells were seeded at 4 X 10"^ cells/cm', grown 
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for 48 hours and serum starved for an additional 24 hours prior to irradiation. 

Normal Human Epidermal Keratinocytes (NHEKs) were obtained from individual 

adult donors (Cambrex, Walkersville, MD) and used between passages 2-4. Cells were 

maintained according to manufacturer's protocols. Briefly, NHEKs were grown in 

KGM®-2 Bullet Kit® (containing bovine pituitary extract, hEGF, insulin, 

hydrocortisone, OA-1000 (Gentamicin,Amphotericin-B), epinephrine and transferrin) to 

80% confluency and subcultured at 3500 cells/cm^. 

Total Cellular Protein Extraction and western analysis. 

Cells were lysed in 20mM Tris-HCl (pH=7.5), 150mM NaCl, ImM EDTA, ImM EGTA, 

1% Triton X-100, 2.5mM NatPaOy, ImM p-glycerophosphate, ImM Na3V04, and 

l^g/mL leupeptin. Cells were scraped and centrifuged at 14,000 rpm for five minutes at 

4°C. Bio-Rad Dc reagent (Bio-Rad Laboratories, Hercules, CA) was used to determine 

protein concentration. For western analysis, 40/ig of protein were resolved on a 12.5% 

SDS-polyacrylamide gel. The protein was then transferred to a polyvinylidene difluoride 

membrane overnight at 4°C. The membrane was then blocked with 5% milk in TBST at 

room temperature for Ihour. Primary antibodies for caspase-8, caspase-9, caspase-3, 

PARP, Bid, Bcl-Xi , MAPKAPK-2 (Thr 222) (Cell Signaling, Beverly, MA), AlF 

(Biomol, Plymouth Meeting, PA) and cytochrome c (BD Pharmingen, San Diego, CA) 

were used at 1:1000 dilution and incubated at 4°C overnight. The primary antibody for 

a-tubulin (Oncogene, LaJolla, CA) was used at 1:5000 and incubated at room 

temperature for 2 hours. Membranes were incubated with the appropriate horseradish-
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peroxidase secondary antibody in 5% milk/TBST for 1 hour at room temperature. Goat 

anti-mouse secondaiy (Santa Cruz Biotechnology, Santa Cruz, CA) was used for 

cytochrome c and a-tubulin westerns at 1:5000 and anti-rabbit (Cell Signaling, Beverly, 

MA) was used at a 1:2000 dilution for all other antibodies previously mentioned. 

Membranes were washed three times for 10 minutes each in TBST between antibody 

incubations and were detected using ECL Western blotting detection reagents 

(Amersham Pharmacia Biotech, Piscataway, NJ). 

Isolation of Cytoplasmic and Mitochondrial Fractions. 

Cells were treated as indicated, harvested and resuspended in cytosolic extraction buffer 

(250mM sucrose, lOmM KCL, ImM EDTA, 20mM Tris-HCL pH 7.2, ImM DTT, 

1.5mM MgCh, lOOjuM PMSF, 10/itg/mL leupeptin, 2/Lig/mL aprotinin). Cells were 

incubated on ice for five minutes and centrifuged for ten minutes at 4°C at 14000 rpm. 

Supernatant was saved as cytosolic fraction. The remaining pellet was resuspended in 

mitochondrial extraction buffer (50mM Tris-HCL pH 7.4, 150mM NaCl, 2mM EDTA, 

2mM EGTA, 0.2% Triton X-100, 0.3% NP-40, lOO/xM PMSF, 10j[ig/mL leupeptin, 

2/ig/mL aprotinin), placed on ice for five minutes and centrifuged at 12,500 rpm for ten 

minutes at 4°C. The supernatant was saved as the mitochondrial extract. 

Real-Time PCR. 

Total RNA was isolated from HaCaT cells using the RNeasy Mini Kit (Qiagen, Carlsbad, 

CA). 1 jig of total RNA was used to generate random primed hexamer cDNA using 
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Oirmiscript Reverse Transcription Kit (Qiagen, Carlsbad, CA). Primers and Taqman ® 

probes for BC1-XL and human GAPDH were purchased from Assay-on-Demand (Applied 

Biosystems, Foster City, CA). The real-time PCR was performed using the Taqman ® 

Universal PCR Master Mix and the ABI PRISM® 7700 Sequence Detection System 

(Applied Biosystems, Foster City, CA). The PCR conditions were as follows: 50°C for 2 

minutes, 95 °C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 

1 minute. The relative Cj Method was used to calculate mRNA levels of BC1-XL 

normalized to GAPDH in each sample as described in User Bulletin #2; ABI PRISM ® 

7700 Sequence Detection system. 

Flow Cytometry. 

Apoptosis was measured by determining DNA content of cells by propidium iodide 

staining and flow cytometry. Cells were trypsinized and stained with Modified Krishan 

Buffer (0.1 % sodium citrate, 0.2 mg/mL RNase, 0.3% NP-40 and 0.05 mg/mL Propidium 

Iodide; pH=7.4) before being analyzed. Cells with DNA content less than the G1 amount 

of untreated cells were considered apoptotic as determined using the ModFit LT software 

program. 

Morphological Analysis. 

After treatment, cells were collected (adherent and floating) from each condition. 

Cytospins were prepared using a Shandon Cytospin 2. Slides were fixed in 100% 

methanol for 3 minutes and then stained with a modified Giemsa stain (1:10 dilution of 
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0.4% w/v [ph=6.9]) in methanol (Sigma Diagnostics, St. Louis, MO). Cells were 

examined under lOOX oil immersion lens and evaluated for apoptotic features (condensed 

chromatin, nuclear fragmentation, cell shrinkage and apoptotic body formation). 

Generation of p38 MAPK Dominant-Negative HaCaT Cell Line. 

A p38 DNM construct was obtained from Dr. Zigang Dong (Hormel Institute, 

University of Minnesota, Austin, MN). The plasmid expresses a dominant-negative form 

of p38 MAPK containing a double point mutation of Thr-Gly-Tyr to Ala-Gly-Phe at the 

activating sites of phosphorylation (Threonine 180 and Tyrosine 182). The p38 MAPK 

dominant-negative construct described above was cloned into to Hpal and BamHI 

restriction sites within the multiple cloning site of pLXSN (pLXSN-p38DNM). PT67 

packaging cells were stably transfected with pLXSN-p3 8DNM or pLXSN alone and 

selected for antibiotic resistance using SOOjxg/mL G418. Colonies were selected and viral 

titer determined using NIH3T3 cells per manufacturer's recommendations. HaCaT cells 

were infected with pLXSN (HaCaT-empty vector) or pLXSN-p38 (HaCaT-p38 DNM) 

and stable clones selected using 800/ig/mL G418. 

Luciferase Reporter Construction. 

The 3' untranslated region of Bcl-Xi. was cloned from genomic DNA isolated from 

HaCaT cells using the DNeasy Tissue Kit (Qiagen, Valencia, CA). An EagI site was 

inserted into the PCR primers to facilitate cloning downstream of the luciferase gene in 

the pRL-TK vector (Promega, Madison, WI). A nested PCR was performed using the 
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following primers in the first amplification: 5' -T CGGCGGCCGCC AG AC ACT G A 

CCATCCACT-3' and 5 '-GAACTGCACTTTCACCTTCACA-3'. A second round of 

PGR was performed using the following primers {EagI restriction site underlined) 5'-

GGGGCGGCCGCATCAGGCCGTCCAATCT-3'. The 3' UTR ofBcl-Xj. was inserted 

into the EagI site of the expression vector pRL-TK Renilla luciferase (Promega, 

Madison, WI), the region adjacent to the coding sequence. The portion of the BC1-XL 

3'UTR cloned into the pRL-TK vector correspond to base pairs 1130-2396 of Bcl-Xi, 

(GenBank Accession Number NM 138578). The DNA construct was analyzed by 

restriction mapping and DNA sequencing. 

Generation of Bcl-Xi 3' UTR ARE mutants. 

Each AUUUA pentamer within the 3'UTR of BC1-XL was individually mutated using 

Quikchange (Stratagene, LaJolla, CA) to ACCCA following the manufacturer's protocol. 

Primers used to generate the mutation in the first ARE 2428bp-2432bp of pRL-TK Bcl-

XL 3'UTR plasmid) were 5'-CTTGCAGCTAGTTTTCTAGAACCCATCACACTTC 

TGTGAGACCC-3' and 5'- GGGTCTCACAGAAGTGTGATGGGTTCTAGAAAACT 

AGCTGC AAG-3'. Primers used to generate a mutation in the second ARE (2428bp-

2432bp ofpRL-TK Bcl-X,. 3'UTR plasmid) were 5'- CCCCCTAAGAGCCACCCA 

GGGGCCACTTTTGACT and 5'- AGTCAAAAGTGGCCCCTGGGTGGCTCTTA 

GGGGG-3'. Primers used to generate a mutation in the third ARE (3167bp-3171bp of 

pRL-TK BC1-XL 3'UTR plasmid) were 5'-TTTTGTTAAGCGTGTCTGTACCCATGT 

GTG AGG AGCTGCTGG-3' and 5 '-CAGCAGCTCCTCACACATGGGTACAGAC 
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ACGCTTAAC AAAA-3'. 

Transient transfections. 

HaCaT cells were transiently transfected using Lipofectamine PLUS (Invitrogen, 

Carlsbad, CA) according to the manufacturer's protocol. Briefly, cells were plated in 6-

well plates one day prior to transfection and grown to 95% confluence. Plasmid DNA 

was prepared in lOOjil serum free DMEM and incubated with 3p,l of PLUS reagent at 

room temperature for 15 minutes, followed by 2.5jxl of Lipofectamine in an additional 

lOOjil DMEM. The mixture was incubated for another 15 minutes and then added to the 

well containing ImL of serum free DMEM. Transfections were allowed to proceed for 

six hours. A pGL2 firefly luciferase construct was co-transfected along with the renilla 

luciferase reporter to control for transfection efficiency. The cells were then washed two 

times with serum free DMEM and incubated for an additional 18 hours in DMEM before 

UVA treatment. 

Luciferase Assay. 

After treatments, cells were washed two times with PBS and lysed in passive lysis buffer 

(Dual Luciferase Assay, Promega, Carlsbad, CA). All treatments were done in triplicate 

for each experiment. Luciferase activity was measured using the Dual Luciferase 

Reporter Assay System (Promega, Madison, WI) and a TD-20/20 luminometer (Turner 

Designs, Sunnydale, CA). Luciferase activity is expressed as the ratio of renilla/firefly. 

RNA-EMSA. 
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The region of the BCI-XL 3' UTR corresponding to base pairs 1258-1419 were cloned 

into pBluescript and used in in vitro transcription incorporating [^^P]ATP (50/iCi) into 

sense RNAs using Riboprobe® system-T7 (Promega, Madison, WI). Unlabeled RNA 

transcripts were used for cold competition controls. Following mock or UVA irradiation 

with or without SB202190 treatment, cells were washed twice with cold phosphate-

buffered saline and lysed (25mM Tris-HCL (pH=7.5), 0.5% TritonX-100). Cells were 

scraped and centrifuged at 14,000 x g for 10 minutes at 4°C. Protein concentration was 

determined using Bio-Rad Dc reagent (Bio-Rad Laboratories, Hercules, CA). RNA-

EMSAs were performed as previously reported by Dixon et al. (Dixon et ai, 2000). 

Briefly, lOjug of protein was incubated with radiolabeled RNA in binding buffer (20mM 

HEPES (pH=7.5), 3mM MgCla, 30mM KCl, ImM dithiothreitol, 5% glycerol) in a total 

volume of 20/il for 20 minutes. Heparin was added at 5mg/mL and incubated for an 

additional 20 minutes. The samples were resolved on 4% polyacrylamide gels (60:1 

acrylamide/bisacrylamide) in IX TBE. The gel was dried and visualized using a 

phosphorimager (Molecular Dynamics, Sunnyvale, CA). 

Results 

UVA in combination with SB202190 induces caspase cleavage and PARP cleavage 

HaCaT cells were UVA-irradiated (250kJ/m ) or mock-irradiated with or without 

treatment with SB202190, a specific inhibitor of p38a and p38pl, and collected at 

various time points. Our laboratory has previously shown SB202190 to inhibit p38 

MAPK activity at 0.5 and 2.0iiM by demonstrating inhibition of phosphorylation of a 
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downstream target, MAPKAPK-2 (Bachelor et al, 2002; Silvers et al, 2003). Caspase 

activation resulting from a cleavage of the inactive pro- form to the active cleaved form 

was analyzed by western analysis. Beginning at one hour post-irradiation, increases in 

the cleaved forms of caspase-9 and caspase-8 were observed in UVA-irradiated HaCaTs 

treated with SB202190 at 2)JIM (Figure 13). By two hours, post-irradiation the pro forms 

of caspases -9, -8, -3 and PARP were converted to the active cleaved forms. Increases in 

caspase-3 and the apoptotic substrate PARP were also observed under these conditions. 

Lower doses of the p38 MAPK inhibitor (0.5|IM) in combination with UVA showed 

cleavage of caspases- 9, -8, -3, and PARP at 6 hours post-irradiation. The observed 



89 

30' Ihr 2hr 4hr 6hr 
SB202190 V 0.5 2.0 V 0.5 2.0 V 0.5 2.0 V 0.5 2.0 V 0.5 2.0 

UVA 
- + - + - + - + + - + . +  - + .  +  . - h . +  -  +  - + -  +  

Caspase-9 
• 

Caspase-8 
*i(k #,-v V* ^ ^ ^ 

" •• -

 ̂ mm 1 

a! 

Caspase-3 
<10 

m 

PARP 
fc om mrnrnmiimii* 

1 mm 

m 'm<m m «*» m —• •• 
m 

-PRO 

<—CLEAVED 

•«—CLEAVED 

-PRO 

•«—CLEAVED 

•«—CLEAVED 

Figure 13. Caspase cleavage induced by UVA and SB202190 treatment. 

HaCaT cells were grown to 95% confluency and serum starved for 24 hours prior to 

UVA irradiation (250kJ/m^). Cells were treated with SB202190 (0.5 or 2.0[J,M) 

(Calbiochem, San Diego, CA) or vehicle control (DMSO) for one hour prior to 

irradiation. Whole cell lysates were collected at various time points post-irradiation. 

Proteins were resolved by SDS-PAGE and western analysis performed for caspase-9, 

caspase-8, caspase-3 and PARP cleavage (Cell Signaling, Beverly, MA). The antibodies 

used recognized both the inactive pro- form and active cleaved forms of the caspase and 

PARP. UVA alone (250kJ/m^) had no effect on caspases-8, -9, -3 or PARP cleavage at 

any time point. 
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effects of caspase activation were dose dependent, with an increase in cleavage occurring 

with increasing dose of p38 MAPK inhibitor in combination with UVA. 

UVA in combination with SB202190 induces cleavage of Bid 

HaCaT cells were UVA-irradiated (250kJ/ra^) or mock-irradiated with or without 

treatment with SB202190 and collected at 1, 2 and 4 hours post-irradiation. Bid is known 

to be cleaved by active caspase-8, resulting in translocation of the truncated form to the 

mitochrondria and promoting the release of cytochrome c (Gross et al, 1999b). As we 

had shown that caspase-8 was cleaved in UVA-irradiated cells treated with SB202190 

(Figure 13), we analyzed effects on Bid cleavage by western analysis. At 2 hours post-

irradiation increases in the cleaved form of Bid were observed (Figure 14). The observed 

response was dose-dependent as further decreases in the pro- form of Bid were observed 

at 4 hours post-irradiation in UVA-irradiated cells treated with SB202190. Increases in 

the cleaved form of Bid were observed at 4 hours post-irradiation but the majority of the 

pro- form still remained in UVA-irradiated cells treated with 0.5{iM as compared to those 

treated with the higher dose of SB202190 (2.0 }iM). 
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Figure 14. Bid cleavage induced by UVA and SB202190 treatment. 

HaCaT cells were grown to 95% confluency and serum starved for 24 hours prior to 

UVA irradiation (250kJ/m^). Cells were treated with SB202190 (0.5 or 2.0{iM) 

(Calbiochem, San Diego, CA) or vehicle control (DMSO) for one hour prior to 

irradiation. Whole cell lysates were collected at various time points post-irradiation. 

Proteins were resolved by SDS-PAGE and western analysis performed for Bid cleavage 

(Cell Signaling, Beverly, MA). The antibodies used recognized both the inactive pro-

form and active cleaved forms of Bid. 
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Our laboratory has previously published data showing that inhibition of UVA-

induced p38 MAPK by SB202190 is specific and does not alter ERK or JNK 

phosphorylation (Silvers et al, 2003). To further confirm the specificity of the apoptotic 

effects we observed with the combination of UVA and p38 MAPK inhibition using 

SB202190, we examined effects of PARP cleavage using an inactive analogue of 

SB202190, SB202474. As shown in Figure 15, PARP cleavage was only observed in 

combination with UVA in cells treated with the active p38 MAPK inhibitor, SB202190. 

Treatment with UVA alone or in combination with SB202474 had no effect on PARP 

cleavage indicating the effects on apoptosis observed with UVA irradiation and p38 

MAPK inhibition are specific. 

Using a retroviral vector, we established a HaCaT cell line that expressed a 

dominant-negative p38 MAPK to confirm the results obtained fi-om pharmacological 

inhibition of p38 MAPK using SB202190. The dominant-negative p38 MAPK construct 

used contains double point mutations at the activating sites of phosphorylation, Thr-Gly-

Tyr to Ala-Gly-Phe. To establish that the expression of the dominant-negative p38 

MAPK was decreasing endogenous p38 MAPK activity, we examined the 

phosphorylation of one of its downstream targets, MAPKAPK-2 (Thr 222). In cells 

containing the vector control, UVA induced phosphorylation of MAPKAPK-2 as 

expected from previously published work from our laboratory (Bachelor et al, 2002; 

Silvers et al, 2003). A significant decrease in MAPKAPK-2 phosphorylation was 

observed in cells containing the dominant-negative p38 MAPK, indicating that cells 

containing the dominant-negative p38 MAPK have lower levels of p38 MAPK activity 
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when exposed to UVA (Figure 16A). Significant increases in PARP cleavage were 

observed in UYA-irradiated HaCaT cells expressing a dominant-negative p38 MAPK, 

whereas UVA irradiation alone had no effect on PARP cleavage in vector control HaCaT 

cells (Figure 16B). These data further confirm our findings that inhibition of p38 MAPK 

leads to increases in PARP cleavage and subsequently apoptosis. 
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Figure 15. SB202474, an inactive analogue of SB202190, does not induce PARP 
cleavage in combination with UVA irradiation. 

HaCaT cells were grown to 95% con fluency and serum starved for 24 hours prior to 

UVA irradiation. Cells were treated with the active p38 MAPK inhibitor, SB202190 

(Calbiochem, San Diego, CA), an inactive analogue, SB202474 (Calbiochem, San Diego, 

CA) or with vehicle (DMSO) for one hour prior to irradiation. Cells were UVA-

irradiated, placed in medium containing SB202190 or SB202474, and collected at one 

hour post-irradiation. Protein was resolved by SDS-PAGE and western analysis 

performed using a PARP antibody (Cell Signaling, Beverly, MA). 
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Figure 16. Expression of a dominant-negative p38 MAPK induced PARP cleavage 
in combination with UVA irradiation. 

HaCaT cells were infected with a retroviral vector containing a dominant-negative p38 

MAPK with mutations at the activating sites of phosphorylation. A stable clone was 

generated for cells infected with the dominant-negative p38 MAPK or vector only. (A) 

Activity levels of p38 MAPK were determined by examining phosphorylation of a 

downstream target of p38 MAPK, MAPKAPK-2 in UVA-irradiated cells. HaCaT-Empty 

Vector and HaCaT +p38 DNM were grown to 95% con fluency and serum starved for 24 
•J 

hours prior to irradiation. Cells were UVA-irradiated (250kJ/m ) and collected at 30 

minutes post-UVA irradiation. Proteins were resolved by SDS-PAGE and western 

analysis performed for active MAPiCAPK-2 (Thr 222) (Cell Signaling, Beverly, MA). 

(B) HaCaT-Empty Vector and HaCaT +p38 DNM cells were grown and treated and 
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described above. Cells were collected at 1 and 2 hours post-UVA irradiation and PARP 

cleavage analyzed by western. 

UVA plus SB202J 90 induces release of cytochrome c 

Apoptosis mediated through mitochondrial permeabilization results in the release 

of c34;ochrome c from the mitochondria where it is able to form the apoptosome in 

combination with APAF-1, dATP and procaspase-9. Cells that were UVA-irradiated in 

combination with p38 MAPK inhibitor showed an increase in release of cytochrome c 

into the cytosol (Figure 17). These changes were only observed in cells that were UVA-

irradiated in combination with SB202190 and did not result from UVA-irradiation alone. 

SB202190 increases caspase-3 and PARP cleavage in UVB-irradiated HaCaTs 

UVB has previously been reported to induce apoptosis in keratinocytes which we 

confirmed by examining caspase-3 and PARP cleavage (Baba et ai, 1996) (Figure 18). 

It is interesting to note the difference between the effects on PARP cleavage between 

cells irradiated with UVA alone or UVB alone. More interesting is the effects observed 

with UVB-irradiated cells treated with SB202190. In HaCaT cells treated with UVB 

(250J/m^) and SB202190 (5.0 jiM and 10.0 [iM), a dose-dependent increase in caspase-3 

(Figure ISA) and PARP (Figure 18B) was observed at 8 hours post-irradiation. The 

doses of SB202190 used in these experiments were higher than that used for experiments 

with UVA but have been previously shown to inhibit UVB-induced p38 activity (Chen 

and Bowden, 1999). These data suggest that p38 MAPK may also play a protective role 

in preventing cells from undergoing apoptosis in response to UVB-irradiation. The 
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effects of PARP cleavage in cells irradiated with UVB alone may be a result of the direct 

effects of UVB on the DNA. 
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Figure 17. UVA in combination with SB202190 induced release of cytochrome c 
from the mitochondria. 

HaCaT cells were grown to 95% con fluency, serum starved for 24 hours and UVA-

irradiated. Cells were treated for one hour prior to and immediately following irradiation 

with SB202190 (2|iM). Cytoplasmic and mitochondrial fractions were isolated as 

described in Materials and Methods. Release of cytochrome c into the cytosol was 

analyzed by western analysis, a-tubulin (Oncogene, LaJolla, CA) is shown as a loading 

control. 
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Figure 18. PARP cleavage is enhanced in UVB-lrradiated cells treated with 
SB202190. 

HaCaT cells were grown to 95% confluency, serum starved for 24 hours and UVB-

irradiated. Cells were treated for one hour prior to and immediately following irradiation 

with SB202190 (5.0{iM or 10.0 fiM). Lysates were collected at 8 hours post-irradiation 

and analyzed for cleaved caspase-3 (A) and cleaved PARP (B) (Cell Signaling, Beverly, 

MA). 
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UVA plus SB202190 induces morphological changes typical of apoptosis with increases 

in sub Go DNA content 

The morphology of cells were examined under lOOX oil immersion lens and 

evaluated for apoptotic features (condensed chromatin, nuclear fragmentation, cell 

shrinkage and apoptotic body formation) (Figure 19). These hallmarks of apoptosis were 

observed only in UVA-irradiated cells treated with SB202190. The effects were again 

shown to be dose-dependent with increases in the number of cells undergoing apoptosis 

with increasing amounts of SB202190. Arrows indicate the appearance of apoptotic 

bodies in Figure 19. We analyzed SubGo DNA content in cells to quantitate the levels of 

apoptosis that occurred. Approximately 4.2% of cells showed increases in SubGo DNA 

content at 6 hours post-irradiation whereas higher doses of SB202190 in UVA-irradiated 

cells showed 70.3% SubGo DNA content (Figure 20). It is important to note that no 

morphological change or increase in Sub Go content was observed in cells receiving 

UVA irradiation alone. These observed increases in SubGo DNA are consistent with the 

pattern of caspase activation and morphological analysis shown in Figure 13 and Figure 

20. 
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Figure 19. Apoptosis induced by UVA and p38 MAPK inhibition is caspase 
dependent 

HaCaT cells were grown and treated as previously described. Cells were treated with 

SB202190 (0.5 or l.OjJiM) for one hour prior to and immediately following irradiation 

with or without the general caspase inhibitor, zVAD-FMK (lOOfxM) (Calbiochem, San 

Diego, CA). Cells were collected at 4 hours post-UVA irradiation following 1 hour pre-

treatment with various concentrations of SB202190 and cytospins were prepared to 

evaluate morphological features of apoptosis. Shown are images obtained under a lOOX 

oil immersion lens. 
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Figure 20. zVAD-FMK inhibits increases in Sub Go DNA content in UVA-
irradiated HaCaT cells treated with SB202190. 

HaCaT cells were grown and treated as previously described. HaCaT cells were UVA 

irradiated with vehicle control, SB202190 treatment with or without zVAD-FMK 

pretreatraent. SB202190 with or without zVAD-FMK was added to medium following 

UVA-irradiation. Cells were collected at 6-hour post-UVA irradiation, stained with a 

modified Krishan Buffer and analyzed for increases in Sub Go DNA content using 

ModFitLT. 
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Apoptosis induced by UFA and SB202190 treatment is caspase dependent 

Both caspase-dependent and independent pathways leading to apoptosis have 

been described. We investigated whether the apoptotic effects induced by UVA in 

combination with SB202190 was dependent upon caspase activity. Using the general 

caspase inhibitor zVAD-FMK, we showed that PARP cleavage is completely inhibited 

with UVA and SB202190 treatment (Figure 21). We further showed that characteristic 

features of apoptosis are not observed in UVA-irradiated cells treated with SB202190 and 

zVAD-FMK. SubGo DNA content analysis revealed a complete reversal of observed 

subGo DNA content with zVAD-FMK treatment as well (Figure 20). The primary 

caspase-independent mechanism described leading to apoptosis involves the release of 

A IF (Apoptosis Inducing Factor) from the mitochondria resulting in DNA fragmentation 

and chromosomal condensation (van Loo et al, 2002). In addition to the aforementioned 

experiments, we observed no release of AIF from the mitochondria in cells treated with 

UVA alone or with SB202190 treatment (Figure 22). We conclude from these 

experiments that the apoptosis induced by the combination of UVA and p38 MARK 

inhibition requires the activity of caspases. 
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Figure 21. zVAD-FMK inhibits increases PARP cleavage in UVA-irradiated 
HaCaT cells treated with SB202190. 

HaCaT cells were grown and treated as previously described. HaCaT cells were UVA 

irradiated with vehicle control, SB202190 treatment with or without zVAD-FMK 

pretreatment. SB202190 with or without zVAD-FMK was added to medium following 

UVA-irradiation and harvested at Ihour post-UVA irradiation. Western analysis was 

performed for PARP cleavage. 
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Figure 22. UVA or combination of UVA plus SB202190 does not induce release of 
AIF from the mitochondria. 

HaCaT cells were grown to 95% confluency, serum starved for 24 hours and UVA-

irradiated. Cells were treated for one hour prior to and immediately following irradiation 

with SB202190 (2pM). Cytoplasmic and mitochondrial fractions were isolated at 5 

minutes and 60 minutes post-irradiation as described in Materials and Methods. Proteins 

were resolved by SDS-PAGE and analyzed for AIF expression using western analysis 

(Biomol, Plymouth Meeting, PA). 
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Effects of UVA and p38 MAPK inhibition on PARP cleavage in NHEKs 

As an extension of the studies performed in HaCaT cells, we investigated whether 

inhibition of p38 MAPK induced apoptosis in UVA-irradiated NHEKs as observed 

through PARP cleavage. Inhibition of p38 MAPK caused a dose-dependent increase in 

PARP cleavage in UVA-irradiated cells (Figure 23A). No effect on PARP cleavage was 

observed in cells that received UVA-irradiation alone, consistent with those observations 

made in HaCaT cells. We determined that the PARP cleavage induced by UVA in 

combination with p38 MAPK inhibition was caspase-dependent using the pan-caspase 

inhibitor, z-VAD-FMK (Figure 23B). Treatment with zVAD-FMK completely reversed 

the observed cleavage of PARP induced by UVA and SB202190 treatment. Figures 

24A&B is representative of the observations made from three independent experiments. 

Both morphological analysis and Sub Go DNA content were performed concomitantly. 

The results shown with PARP cleavage were in accordance with observed Sub Go DNA 

content (Figure 24). The experiment was performed with NHEKs from three individual 

donors. 
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Figure 23. UVA and SB202190 treatment induces caspase-dependent apoptosis in 

NHEK. 

(A) NHEKs were cultured to 95% confluency in KGM®-2 Bullet Kit® (Cambrex, 

Walkersville, MD). NHEKs were serum starved in KGM®-2 without supplementation of 

growth factors for 24 hours prior to UVA irradiation. Cells were pretreated with 

SB202190 (0.5 or 2.0|iM) or vehicle (DMSO) for one hour prior to irradiation. Cells 

were UVA irradiated (250kjW), placed in KGM®-2 with SB202190, and collected at 

various time points. Protein was resolved by SDS-PAGE and western analysis performed 

using a PARP antibody (Cell Signaling, Beverly, MA). (B) NHEKs were treated as 

described above. zVAD-FMK was added one hour prior to and immediately following 

irradiation in addition to SB202190. Cells were UVA irradiated (250kjW) and collected 

at 4 hours post irradiation. Protein was resolved by SDS-PAGE and western analysis 

performed using a PARP antibody (Cell Signaling, Beverly, MA). 
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Figure 24. zVAD-FMK inhibits increases in Sub Go DNA content in UVA-
irradiated NHEKs treated with SB202190. 

NHEK cells were grown and treated as previously described. NHEKs were UVA 

irradiated with vehicle control, SB202190 treatment with or without zVAD-FMK 

pretreatment. SB202190 with or without zVAD-FMK was added to medium following 

UVA-irradiation. Cells were collected at 6-hour post-UVA irradiation, stained with a 

modified Krishan Buffer and analyzed for increases in Sub Go DNA content using 

ModFitLT. 
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Bcl-2 does not modulate the apoptotic effects of UVA in combination with p38 MAPK 
inhibition 

The Bcl-2 family of proteins are known to regulate mitochrondrial integrity. We 

investigated whether UVA induced Bcl-2 expression and the effects on Bcl-2 expression 

in UVA-irradiated cells treated with SB202190. As can be seen in Figure 25, UVA 

irradiation (250kJ/m^) did not increase the expression of Bcl-2 in HaCaT cells. The 

combination of UVA and SB202190 did however decrease expression in a dose-

dependent manner. Bcl-2 expression was not detected in UVA-irradiated cells treated 

with 2.0^M SB202190. To test whether overexpression of Bcl-2 would inhibit apoptosis 

we used HaCaT cells stably transfected with a vector overexpressing Bcl-2 (HaCaT #6) 

(a kind gift from Dr. Renata Polakowska, Inserm, Lille Cedex, France). Figure 26 shows 

that levels of Bcl-2 in the HaCaT #6 cell line is much greater than basal levels in the 

parental HaCaT cell line. Using these two cell lines, we investigated whether 

overexpression of Bcl-2 would inhibit PARP cleavage induced by the combination of 

UVA (250kJ/m^) and SB202190. Parental HaCaT cells and HaCaT #6 were UVA-

irradiated or mock-irradiated with or without SB202190 treatment (O.S^M or 2.0 fiM). 

Cells were harvested at 1 hour post-irradiation and analyzed for PARP cleavage. 

Consistent with the data in Figure 13, the combination of UVA and SB202190 induced a 

dose-dependent cleavage of PARP. HaCaT cells overexpressing Bcl-2 (HaCaT #6) 

however did not decrease PARP cleavage (Figure 26). These data demonstrate that Bcl-2 

does not play a functional role in the apoptosis observed with UVA and SB202190 

treatment as UVA alone does not increase its expression nor does overexpression inhibit 

PARP cleavage in UVA-irradiated cells treated with SB202190. 
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Figure 25. UVA does not increase BcI-2 expression. 

HaCaT cells were grown to 95% confluency, serum starved for 24 hours and UVA-

irradiated. Cells were treated for one hour prior to and immediately following irradiation 

with SB202190 (0.5 }iM or 2.0nM). Following UVA irradiation, lysates were collected 

at 1 hour post irradiation and protein resolved by SDS-PAGE. Western analysis was 

performed for Bcl-2 expression (Santa Cruz Biotechnology, Santa Cruz, C A). 
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Figure 26. Overexpression of Bcl-2 does not inhibit PARP cleavage induced by 
UVA and SB202190. 

(A) HaCaT or HaCaT #6 cells were grown to 95% confluency and serum starved for 24 

hours. Lysates were collected and Bcl-2 expression analyzed by western analysis (Santa 

Cruz Biotechnology, Santa Cruz, CA). (B) HaCaT or HaCaT #6 cells were treated with 

UVA and/or SB202190 as previously described in Figure 26. Lysates were collected at 1 

hour post-irradiation and analyzed for PARP cleavage by western analysis (Cell 

Signaling, Beverly, MA). 
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Bcl-Xi expression modulates the apoptotic effects of UVA in combination with SB202190 

In Figure 27A, we demonstrate that UVA (250kJ/m ) increases expression of Bcl-

XL at the protein level. Interestingly, inhibition of p38 MAPK resulted in decreased Bcl-

XL expression in UVA-irradiated HaCaTs. We also confirmed UVA induced steady-state 

levels using real time PGR for BCI-XL. Statistically significant increases in Bcl-XI were 

observed at both thirty minutes (p=0.04) and 2 hours (p=0.02) post-UVA irradiation 

(Figure 27B) as compared to mock-irradiated cells. To establish that modulations in 

BC1-XL expression played a functional role in the observed apoptosis, we used HaCaT 

cells that over-expressed BC1-XL in a Tet-Off System (HaCaT-Bcl-XL) (Jost et al., 2001). 

•y 
Cells were plated 72 hours prior to irradiation at 40,000 cells/cm in tetracycline-free 

medium. After 48 hours, the medium was changed to serum free media and cultured for 

an additional 24 hours. Under these conditions, BC1-XL was significantly over-expressed 

as observed by western analysis (Figure 28). HaCaT-MOCK cells were treated in a 

similar manner and used as the control cell line for these experiments. Overexpression of 

BC1-XL inhibited PARP cleavage induced by UVA and SB202190 treatment indicating a 

functional role of BC1-XL expression in the observed apoptotic response (Figure 28B). 
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Figure 27. UVA induced BC1-XL mediates apoptosis induced by UVA and p38 
MAPK inhibition. 

HaCaT ceils were cultured as described previously. Following UVA irradiation, 

cytosolic and mitochondrial fractions were collected at 30 minutes post irradiation as 

described in Materials and Methods. Protein was resolved by SDS-PAGE and 

western analysis performed for BC1-XL (Cell Signaling, Beverly, MA). (B) HaCaT 

cells were cultured as previously described. Following UVA irradiation, total RNA 

was harvested at 30 minutes and 2 hours post-UVA irradiation using RNeasy 

(Qiagen, Carlsbad, CA). cDNA was generated using Omniscript Reverse 

Transcription Kit (Qiagen, Carlsbad, CA) using random primers. Real-Time PCR 

was performed using BC1-XL and GAPDH primers and Taqman® probes (Applied 

Biosystems, Foster City, CA). The relative Ci Method was used to calculate mRNA 

levels of Bcl-Xi normalized to GAPDH. 
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Figure 28. Overexpression of Bci-Xt inhibits PARP cleavage induced by UVA and 
SB202190. 

HaCaT cells overexpressing BC1-XL or control vector in a Tet-Off system were cultured 

as described in Materials and Methods. After removing tetracycline from the medium for 

48 hours, cells were serum starved for an additional 24 hours. BC1-XL expression was 

assessed in both mock-transfected HaCaT cells (HaCaT-MOCK) and HaCaT cells 

overexpressing BC1-XL (HaCaT-Bcl-Xi ). Cells were pretreated with SB202190 (O.SfiM 

or 2.0^M) or vehicle control (DMSO) for one hour prior to irradiation. Cells were UVA-

irradiated (250kJ/m^), placed in medium containing vehicle or SB202190 and harvested 

at one-hour post irradiation. Protein was resolved by SDS-PAGE and analyzed for PAR? 

cleavage by western analysis. 
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UVA-induced BCI-XL expression is post-transcriptionalfy regulated 

To investigate the possibility that BC1-XL was post-transcriptionally regulated, we 

performed mRNA half-life studies. UVA-irradiated or mock-irradiated HaCaT cells 

were treated with Actinomycin D. Analysis by real-time PCR indicated a significant 

increase in message half-life in UVA-irradiated cells (tm = 8.3 hours) (Figure 29). Those 

cells treated with UVA in combination with SB202190 had a significant decrease in 

message half-life (ti/2 - 4.6 hours), near that of mock-irradiated controls {tm = 3.7 hours). 

These data indicate that UVA acts to stabilize Bcl-Xi_ mRNA through increases in p38 

MAPK activity. 
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Figure 29. UVA induces stabilization of Bcl-Xj mRNA. 

HaCaT cells were cultured as previously described. Cells were pretreated with 

SB202190 and Actinomycin D (Ifig/mL) for one hour prior to irradiation. Following 

UVA irradiation, cells were placed in medium containing SB202190 or vehicle with 

Actinomycin D. Total RNA was collected at various time points following irradiation. 

Total RNA was reverse transcribed using Omniscript Reverse Transcription Kit (Qiagen, 

Carlsbad, CA) using random primers. Real time PCR was performed using BC1-XL and 

GAPDH primers and Taqman® probes and expression analyzed by relative Cj method. 

(•/ — = -UVA, • / +UVA, A / — — = +UVA/+SB202190) 
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Regulation of UVA-induced Bcl-Xi expression through the 3' untranslated region 

We investigated the post-transcriptional regulation of BC1-XL mediated through 

the 3' UTR by cloning the 3'UTR of BC1-XL downstream of the coding region of renilla 

luciferase. In Figure 30A, we demonstrate that UVA-irradiation increases luciferase 

activity in cells transiently transfected with the pRL-TK Bcl-XT 3'UTR construct (p<0.05 

at all time points). To implicate p38 MAPK signaling in the post-transcriptional 

regulation of UVA-induced BC1-XL expression, we transiently transfected the pRL-TK 

BC1-XL construct into cells stably expressing a dominant-negative p38 MAPK. In HaCaT 

cells containing empty vector as a control, UVA induced a significant increase in 

luciferase activity, similar to the induction observed in parental HaCaT cells (p=0.03) 

(Figure 3OB). In contrast, HaCaT cells expressing a dominant-negative p38 MAPK 

significantly inhibited UVA-mediated increases in luciferase activity mediated through 

the 3'UTR of Bcl-Xt (p=0.01). p-values were calculated as compared to mock-irradiated 

controls in Figure 30A. In Figure 30B, t represents p < 0.05 compared to mock-

irradiated cells and * represents p< 0.05 compared to UVA-irradiated cells. These data 

demonstrate that the 3 'UTR of BC1-XL, plays a major role in the regulation of UVA-

induced Bcl-XI, expression. Furthermore, p38 MAPK activity is a necessary component 

of post-transcriptional regulation of Bcl-XI.. 

AREs within the BCI-XL 3 'UTR are fimctional 

The BC1-XL 3' UTR contains three AU-rich elements containing the core 

pentamer AUUUA over 990 base pairs. To determine if each of these AREs were 
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functional and might play a role in the stabilization of Bcl-Xi. mRNA by RNA, each of 

the pentamers were individually mutated to ACCCA using a Quikchange protocol 

(Stratagene, LaJolla, CA). In Figure 31, we demonstrate that UVA-irradiation increases 

luciferase activity in cells transiently transfected with the pRL-TK Bcl-X[ 3'UTR WT 

construct. In Figure 31, * represents p < 0.05 compared to mock-irradiated cells whereas 

all other p-values represent p < 0.05 compared to UVA-irradiated cells. Mutation of any 

of the three AREs (ARE mutl-ARE mut3) present within the 3' UTR of Bcl-Xi, reduces 

the luciferase activity to that observed in mock-irradiated cells. These data demonstrate 

that each ARE is functional, acting to play a role in the stabilization of the luciferase 

mRNA and resulting in increased luciferase activity. 
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Figure 30. UVA induces stabilization of BC1-Xl mRNA through the 3' UTR. 

(A) The 3' UTR of BC1-XL was cloned downstream of the coding region of luciferase in 

the pRL-TK vector. Transient transfection of the BC1-XL 3' UTR and an empty pGL2 

construct was allowed to proceed for 6 hours. Cells were serum starved for an additional 
"i 

18 hours and UVA-irradiated (250kJ/m ). Cells were harvested in passive lysis buffer 

(Promega, Madison, WI) and analyzed for luciferase activity using the Dual Luciferase 

Reporter Assay System (Promega, Madison, Wl). Luciferase activity is expressed as 

renilla activity (pRL-TK Bcl-Xi. 3' UTR) normalized to firefly (pGL2). (B) pRL-TK 

BC1-XL 3' UTR and pGL2 were transiently transfected into HaCaT cells stably expressing 

a p38 MAPK dominant-negative construct or vector only. Cells were UVA-irradiated 

(250kJ/m2) and collected at 2 hours post-irradiation in passive lysis buffer (Promega, 

Madison, WI). Luciferase activity was determined as described above, p-values were 

calculated using the student's t-test. 



120 

S3 200 

WT AREmutl AREinut2 AREmutS 

WT 
ARE IRNUL 

ARE jnn(-
ARE imit3 

Tini 
TKHI 

"Ti^l 

* 

a-uvA 
l+UVA 

p=0.03 
t p=0 J2 
t p=0.02 
+ p=0J2 

Figure 31. AU-rich elements (AREs) within the BCI-XL 3'UTR are functional. 

The AUUUA pentamers present within the wild-type (WT) Bcl-XL 3' UTR were 

individually mutated to ACCCA using Quickchange (Stratagene, LaJolla, CA). Transient 

transfection of the WT, ARE mutl, ARE mut2, or ARE mut3 and an empty pGL2 

construct was allowed to proceed for 6 hours. Cells were serum starved for an additional 

18 hours and UVA-irradiated (250kJ/m ). Cells were harvested in passive lysis buffer 

(Promega, Madison, WI) and analyzed for luciferase activity using the Dual Luciferase 

Reporter Assay System (Promega, Madison, WI). Luciferase activity is expressed as 

renilla activity normalized to firefly. 
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Several genes have been described to be regulated at the post-transcriptional level 

through binding of RNA-binding proteins. We investigated whether UVA induced 

binding to an in vitro transcribed Bcl-XI. 3' UTR RNA transcript using a RNA-EMSA. 

As shown in Figure 32, UVA induced an increase in binding to the 3' UTR of BC1-XL. 

Treatment with SB202190 decreased the binding of proteins to the 3'UTR to levels 

observed in mock-irradiated cells. Specificity ofbinding was confirmed through 

competition with an unlabeled 3'UTR transcript. Adding unlabeled transcript to the 

binding reaction containing labeled BC1-XL 3' UTR transcript and lysate from UVA-

irradiated cells completely inhibited binding, confirming the speci ficity of the interaction. 

These data demonstrate that UVA induces binding of proteins that may mediate 

stabilization of Bcl-Xj. mRNA in UVA-irradiated cells. 
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Figure 32. UVA increases binding to the 3' UTR of BC1-XL. 

A portion of the 3' UTR of BC1-XL was cloned into pBluescript and in vitro transcribed 

using Riboprobe Kit-T7 (Promega, Madison Wl). HaCaT cells were pretreated with 

SB202190 or vehicle for one hour and UVA-irradiated (250kJ/m2). Lysate was collected 

30 minutes post-irradiation. Lysates were incubated with "^P-labeled BC1-XL 3' UTR or 

cold Bcl-Xi. 3' UTR for twenty minutes at room temperature followed by an additional 

20 minute incubation at room temperature after addition of heparin (5mg/mL). 

Complexes were resolved on IX TBE-agarose gel and visualized using a 

phosphorimager. 
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Figure 33. Proposed Signaling Pathway through p38 MAPK leading to BC1-XL 

expression and resistance to UVA-induced apoptosis. 

UVA-induced increases in p38 MAPK activity lead to increases in expression of Bcl-Xi.. 

Inhibition of p38 MAPK decreases BC1-XL expression and leads to mitochondria as 

observed through release of cytochrome c, caspase-9 and caspase-3 activation and finally 

PARP cleavage. Cleaved caspase-3 has been reported to activate caspase-8 (Sitailo et al., 

2002b), which can then cleave Bid, a known substrate of caspase-8, and lead to further 

increases in caspase-3 cleavage. 



124 

Discussion 

In these studies, we describe a role for p38 MAPK in the survival of UVA-

irradiated human keratinocytes through the post-transcriptional regulation of the anti-

apoptotic Bcl-2 family member, BCI-XL. In Figure 33, we propose a signaling pathway 

induced by UVA leading to increases in BC1-XL expression. We demonstrate that p38 

MAPK activity is critical in the survival of UVA-irradiated keratinocytes using both a 

pharmacological inhibitor (SB202190) and a dominant-negative p38 MAPK containing 

point mutations at the activating sites of phosphorylation. UVA-induced increases in p38 

MAPK activity result in elevated expression of BC1-XL. Through overexpression of Bcl-

XL, we are able to show that this anti-apoptotic bcl-2 family member plays a functional 

role in UV A-irradiated cells treated with SB202190. Inhibition of p38 MAPK in 

combination with UVA leads to increases in the perturbation of the mitochondria, as 

observed through increases in the release of cytochrome c, activation of caspase-9 and 

caspase-3. Previous investigations have reported that expression of a dominant-negative 

caspase 3 blocked activation of caspase-8 (Sitailo et al, 2002b). As reported in this study 

by Sitailo et al., caspase-8 contains a potential cleavage site at DEAD^^^i, which is in 

agreement with the size of known caspase-8 cleavage products (Sitailo et al, 2002b). In 

our studies, we explored potential modulation of death receptor expression and ligands 

but did not find evidence of modulation by UVA. Thus, we propose that caspase-8 is 

cleaved by active caspase-3 mediated through changes occurring at the level of the 

mitochondria. As shown in Figure 13, the kinetics of caspase-8 activation are delayed in 
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comparison with cleavage of caspase-9 and caspase-3 in UVA-irradiated cells treated 

with SB202190, which are in agreement with this proposed model. 

Bcl-Xi, belongs to the subfamily of anti-apoptotic Bcl-2 family members sharing 

sequence homology within four regions, BH1-BH4 (Bcl-2 homology domains). The ratio 

between anti-apoptotic and pro-apoptotic Bcl-2 family members has been described as a 

primary event in determining the susceptibility to apoptosis through maintaining the 

integrity of the mitochondria and inhibiting activation of the caspase cascade (Sevilla et 

al, 2001; Tsujimoto, 1998). BC1-XL is highly expressed in the upper layers of the skin 

(spinous and granular layers) with lower levels in the comified and basal cell layers 

(Krajewski et al, 1994; Taylor et al, 1999). The expression of anti-apoptotic proteins 

such as BC1-XL in the skin suggests that they play a protective role. Pena et al 

demonstrated that epidermal overexpression ofBcl-Xt using a K14 promoter in mice 

caused a dramatic increase in the resistance to UVB radiation (Pena et al, 1997). 

Epidermal overexpression of BC1-XL in these mice also increased the conversion rate of 

benign tumors to malignant tumors. 

Both Bcl-2 and BC1-XL have been described to be involved in apoptotic resistance. 

Overexpression of Bcl-2 has been observed in BCCs, whereas overexpression of Bcl-XI 

has been reported in SCCs of the skin (Cerroni and Kerl, 1994; Morales-Ducret et al., 

1995; Nickoloff et al., 2002; Rodriguez-Vi 1 lanueva et al., 1998; Wrone-Smith et al., 

1999). We investigated whether overexpression of Bcl-2 would demonstrate a similar 

effect as that observed with BC1-XL over-expression. Overexpression of Bcl-2 did not 

however decrease PARP cleavage induced by the combination of UVA and p38 MAPK 
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inhibition. Previous studies have shown that keratinocytes express low levels of Bcl-2 

(Taylor et al, 1999). While Bcl-2 was detected at the protein level in HaCaTs and 

NHEKs, its expression was not increased with UVA-irradiation (Figure 25). It appears 

that Bcl-2 does not play a critical role in the observed apoptotic effect induced by UVA 

and p38 MAPK inhibition, as overexpression did not seem to modulate PARP cleavage 

(Figure 26). 

BC1-XL is an alternatively spliced variant of hcl-x. Other splice variants of hcl-x 

include bcl-xs, bclATM and bcl-P (Sevilla et al, 2001). Different promoter regions have 

been described to regulate the expression of the pro-apoptotic splice variant, bcl-xs and 

the anti-apoptotic splice variant, bcl-xt (Grillot et al, 1997). Differences in the use of 

promoter regions leading to increased expression of Bcl-Xi and Bcl-Xs are attributed to 

cell type and differentitation status of the cell (Sevilla et al, 2001). However, the 

functions of the other mRNA splice variants, bclATM and bcl-P, have not been 

thoroughly investigated. We investigated the potential transcriptional regulation of bcl-xi 

using a -900 kB human promoter construct. While we were able to demonstrate 

increases in promoter activity using other tumor promoters such as TP A, UVA did not 

increase promoter activity. 

Several genes have been reported to be regulated at the post-transcriptional level 

through the 3' untranslated region, including c-fos, COX-2, GM-CSF, IL-3, P-EFN, c-jun, 

junB, and c-myc (Chen and Shyu, 1994; Cok and Morrison, 2001; Dixon et al., 2000; 

Dixon et al, 2001; Jones and Cole, 1987; Lasa et al., 2000; Peppel et al., 1991; Shaw and 

Kamen, 1986; Stoecklin et al., 1994; Treisman, 1985). One mechanism by which 
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stabilization of mRNA can occur is through adenylate/uridylate-rich elements (AREs) 

within the 3' untranslated region, consisting of the pentamer core AUUUA (Chen and 

Shyu, 1995). We identified three previously unidentified AREs within the 3' UTR of 

BC1-XL. RNA binding proteins belonging to the ELA V family of proteins have remained 

of interest as rra«5-acting factors regulating mRNA turnover. Other RNA binding 

protein families shown to bind to AREs include AUFl (ARE/poly-(U)-

binding/degradation factor 1, TIA-1 (t-cell restricted intracellular antigen and TIAR 

(TIA-related protein), FBP (Far Upstream Sequence element binding protein), TTP 

(tristetraprolin), hnRNP (heterogeneous nuclear ribonucleoprotein) AO and Poly-(A)-

binding protein. In our investigation, we report increases in binding of proteins to the 3' 

UTR in UVA-irradiated cells with a subsequent decrease through inhibition of p38 

MAPK activity. We observed a twenty-percent inhibition of overall binding to the Bcl-

Xl 3'UTR in cells treated with UVA and SB202190 compared to UVA-irradiated cells 

alone. RNA binding proteins have been reported to act as both positive and negative 

regulators of message stability (Dean et al, 2004). The observed change could be a 

result of a change in the composition of the complex itself or a change in its ability to 

regulate message stability through post-translational modifications as a result of 

decreased p38 signaling as demonstrated in previous investigations (Mahtani et al, 2001; 

Rousseau et al, 2002). It will be of interest to identify those proteins that bind to the 

3'UTR of BC1-XL in response to UVA-irradiation. 

Inhibition of apoptosis is of interest because of the connection between this 

process and skin carcinogenesis (Kamb, 1994; Sevilla et al, 2001). UVB has been 
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shown to induce apoptosis in keratinocytes, while the role of UVA in modulating 

expression of mitochondrial proteins has remained largely unexplored. Decreases in Bcl-

XL through antisense treatment has been shown to sensitize cells to UVB induced 

apoptosis (Taylor et al, 1999). These studies, however, did not demonstrate that UVB 

induced BC1-XL expression but more directly implicated BC1-XL in mediating resistance to 

UVB-induced apoptosis. p53 also plays a role in UVB-induced apoptosis through 

phosphorylation on Serl5 by p38 MAPK (Chouinard et al, 2002). Phosphorylation of 

p53 by p38 MAPK stabilizes cytoplasmic p53 in normal keratinocytes (Chouinard et al, 

2002). UVB irradiation and p38 MAPK activity did not alter distribution or expression 

of p53 in HaCaT cells, presumably due the fact that it contains two mutant p53 alleles. 

While these experiments suggest a role for p53 in UVB-induced apoptosis, our data 

suggest that apoptosis induced by UVA and p38 MAPK inhibition is p53-independent as 

our findings of UVA-induced protection through increased p38 MAPK activity were 

consistent in both normal keratinocytes and HaCaT cells. 

Interestingly, UVA irradiation alone did not induce apoptosis in HaCaT cells or 

NHEKs as determined biochemically through caspase and PARP cleavage, Sub Go 

analysis and morphological status. Contradictory reports have been published regarding 

UVA-induced apoptosis, described as both inducing apoptosis and having no significant 

effect (Didier et al, 1999; He et al, 2003a; He et al, 2003b) in human keratinocytes 

using various UVA sources. In our experiments, any contaminating UVB emission was 

removed through filtering. Published UVA spectra with and without filtering have 

previously been published by our laboratory (Silvers and Bowden, 2002). It is of interest 
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to note that UVA is of lower energy than UVB, thus penetrating into deeper layers of 

skin. Pourzand et al. reported UVA induced apoptosis through antioxidant properties of 

Bcl-2 in Rat 6 fibroblasts (Pourzand et al, 1997). Studies by Bemerd et al. demonstrate 

that UVA induces apoptosis of fibroblasts in the dermis without significant effects on 

kertinocytes residing in the epidermis using an in vitro reconstructed skin model (Bemerd 

and Asselineau, 1998). These data suggest a differential effect of UVA on sensitivity to 

apoptosis depending upon cell type. Our data confirm the findings that UVA does not 

induce apoptosis of keratinocytes at a physiologically relevant dose and further extends 

these observations to suggest a mechanism by which these cells become resistant to 

apoptosis through modulation of Bcl-X(_. 

In this study, we report several novel findings. First, UVA-induced p38 MAPK 

activity regulates BCI-XL expression and susceptibility to apoptosis in UVA-irradiated 

keratinocytes. Previous findings have not demonstrated a role for p38 MAPK in Bcl-Xi, 

expression. Second, p38 MAPK regulates BC1-XL expression at the post-transcriptional 

level. While previous investigations have elucidated transcriptional regulation of BC1-XL, 

this is the first report, to our knowledge, that demonstrates post-transcriptional regulation 

of BC1-XL. Finally, the post-transcriptional regulation of Bcl-XI. is mediated through the 

3' UTR and is dependent upon p38 MAPK activity. As Bcl-X[. is overexpressed in SCC 

(Nickoloff et al, 2002) and potentially other cancer types, new insights into mechanisms 

regulating its expression are of great interest. In summary, we demonstrate modulation 

of BC1-XL expression by UVA-induced p38 MAPK activity providing protection from 

apoptosis. 
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CHAPTER IV. INHIBITION OF P38 MAPK AND PI3-KINASE DECREASE 
UVB-INDUCED AP I AND COX-2 IN A SKH-1 HAIRLESS MOUSE MODEL 

Introduction 

NMSCs, comprised of SCC and BCC, are the most frequently diagnosed cancers 

in the United States, with over 1,000,000 cases reported annually (Buckman et al, 1998). 

The major etiological factor in the development of NMSC is solar radiation as SCCs and 

BCCs occur primarily on sun-exposed regions of the body (Einspahr et al, 2002). More 

specifically, the UVB (280-320nm) spectrum of light and to a lesser extent UVA (320-

400mn) have been implicated in the development of NMSC (de Gruijl, 2000; Matsui and 

DeLeo, 1991). UVB acts as a complete carcinogen, capable of acting in the three phases 

of tumor development- initiation, promotion and progression. Despite increased use of 

sunscreens and sunblocks, the incidence of NMSC has not decreased in the United States 

due to an aging population and increases in solar radiation reaching the Earth's surface 

due to ozone depletion (Bowden, 2004). These factors necessitate the development of 

new-targeted approaches for the chemoprevention of NMSC. 

In the studies performed herein, we describe UVB-induced signaling events 

leading to AP-1 activation and COX-2 expression in vivo. AP-1 is composed of 

heterodimers of Fos and Jun family members and homodimers or heterodimers of Jun 

family members. The AP-1 family of transcription factors has been shown to play a role 

in a variety of cellular processes including cell proliferation, differentiation, apoptosis 

and tumorigenesis (Angel and Karin, 1991). Several lines of evidence suggest a role of 

AP-1 in skin tumor formation induced by UVB. Inhibition of AP-1 activation in 
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malignant mouse SCC lines inhibits the ability of these malignant cells to form tumors 

upon subcutaneous injection into athymic nude mice (Domann et al, 1994b). Decreases 

in UVB-induced AP-1 by sodium salicylate or perillyl alcohol have also been correlated 

with inhibition of skin tumor formation (Bair et al., 2002; Barthelman et al., 1998). More 

recently, work from our laboratory has demonstrated that AP-1 plays a functional role in 

the development of UVB-induced SCC in SKH-1 mice. Epidermal expression of a 

dominant-negative c-jun (TAM67) mutant under the control of a human keratin K14 

promoter showed a significant decrease in AP-1 activity in response to an acute UVB 

exposure. Expression of TAM67 also reduced the number of tumors per mouse by 58% 

and tumor sizes by 79% as compared to nontransgenic littermates in UVB skin 

carcinogenesis studies (Cooper et al, 2003). 

COX-2 is the rate-limiting enzyme in arachidonic acid metabolism leading to 

prostaglandin synthesis. Currently, two isoforms of the COX-2 enzyme have been 

identified, COX-1 and COX-2. COX-1 is a constitutively expressed enzyme in most 

tissues, whereas COX-2 is considered to be the inducible form of the enzyme stimulated 

by growth factors, cytokines and tumor promoting agents (Prescott and Fitzpatrick, 

2000). UVB has been shown to increase COX-2 expression in human skin and in 

cultured keratinocytes (Buckman et al, 1998). Increased expression of COX-2 has also 

been reported in SCC biopsies when compared to non sun-exposed skin (Buckman et al, 

1998). Studies using selective COX-2 inhibitors have demonstrated a significant 

decrease of UVB-induced skin tumors in hairless mice (Fischer et al, 1999; Pentland et 

al, 1999). UV is capable of inducing PLA2 activation, allowing release of arachidonic 
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acid from membrane-bound phospholipids, and producing Prostaglandin G2 which is then 

further reduced to Prostaglandin Hi. Increases in prostaglandins have a variety of effects, 

including increases in cell proliferation and angiogenesis, common events in 

tumorigenesis (Marks and Furstenberger, 2000). 

Previous work from our laboratory has established a role for p38 MAPK and PI3-

Kinase in UVB-Induced AP-1 activation and COX-2 expression in the immortalized 

human keratinocyte cell line, HaCaT. p38 MAPK is one of three ser/thr kinases 

comprising the MAPK family, in addition to ERK and JNK. There are five i so forms of 

p38 MAPK, including a, pi, P2,Y, and SAPK4. MAPK signaling is stimulated by various 

stimuli, including growth factors, cytokines and stressful stimuli, including UVB (Chen 

and Bowden, 1999; Thomson et al, 1999). These kinases play an important role in the 

signaling events leading to proto-oncogene activation (Chen and Bowden, 1999; 

Thomson et al, 1999). P13-Kinase is a heterodimeric protein composed of a catalytic 

subunit (pi 10) and a regulatory subunit (p85), the signaling of which is frequently 

deregulated in carcinogenesis (Carpenter et al, 1990; Roymans and Siegers, 2001). 

Upon stimulation, the catalytic subunit phosphorylates phosphatidylinositol Ptdlns (4)P 

or Ptdlns(4,5) biphosphate to produce Ptdlns(3)P, Ptdlns (3,4)P2 and Ptdlns (3,4,5)P3 

(Stephens et al., 1997; Stoyanov et al., 1995; Toker and Cantley, 1997). AKT is a ser/thr 

kinase activated downstream of PI3-Kinase with a well established role in promoting cell 

survival (Franke et al, 2003). 

Published work has established a role for p38 MAPK and PI3-Kinase signaling in 

UVB-induced AP-1 activation and COX-2 expression in cultured human keratinocytes. 
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Additionally, both COX-2 and AP-1 appear to play a functional role in UVB-induced 

epidermal skin tumor formation. In this study, we evaluate the potential of p38 MAPK 

and PI3-Kinase as molecular targets for the chemoprevention of NMSC through 

modulation of AP-1 activity and COX-2 expression in vivo. 

Materials and Methods 

Breeding of AP-1 luciferase reporter mice. 

AP-1 luciferase mice were obtained from Dr. Nancy Colbum (NCI, Frederick, MD) on a 

DBA/2 Background. These mice were subsequently bred onto a SKH-1 genetic 

background with mice obtained from Charles River Laboratories (Kingston, NY). Mice 

carrying the AP-1 Luciferase transgene (after generation N5) were identified by PCR 

analysis of tail DNA. Luciferase primers used for identification were 5'-

gcggaatacttcgaaatgtcc-3' and 5' -ccttaggtaacccagtagatcc-3' (Young 1999). 

Analysis of AP-1 Luciferase Activity. 

Three 1.5mm skin punches were obtained from the right ear prior to irradiation for each 

mouse to serve as a control. These samples were snap frozen in liquid nitrogen and 

stored at -80°C until the luciferase assay was performed. Three 1.5mm skin punches 

were obtained from the left ear at 48 hours post-irradiation and stored as previously 

described. In drug-treated mice, the right ear was treated with SB202190, LY294002 or 

acetone for one hour prior to irradiation and immediately following irradiation to assess 

the effects of drug or vehicle on UVB-induced AP-1 luciferase activity. A BCA protein 
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assay (Pierce, Rockford, IL) was performed for protein quantification and luciferase 

activity was determined using the TD-20/20 luminometer (Turner Designs, Sunnydale, 

CA) 

UVB Irradiation and treatment with pharmamcological inhibitors. 

Westinghouse FS-40 UVB lamps were purchased from National Biological Corporation 

and used for irradiation of mice. Fluence was determined using a UVX radiometer 

(Ultraviolet Products, San Gabrial, CA). SB202190 and LY294002 (LC Laboratories, 

Wobum, MA) were dissolved in acetone and used at Sjimol in these experiments. The 

inhibitors were reconstituted immediately prior to use and applied in a volume of 200{xl 

to the dorsal skin for one hour prior to irradiation. Control mice were treated with 

acetone to serve as a vehicle control. Mice were treated with corresponding drugs post-

irradiation and samples collected at various times. 

Preparation of Epidermal Protein and western Analysis. 

At various time points following UVB irradiation, mice were sacrificed. The dorsal skin 

was removed and snap frozen in liquid nitrogen and stored at -80°C. The epidermis was 

removed by scraping on dry ice. Histological analysis determined that only epidermal 

layers were removed by this method. The samples were immediately placed in lysis 

buffer (1% Triton X-100, 10% glycerol, 137mM NaCl, 20mM Tris-HCL pH=7.5, 

l^g/mL aprotinin, Ijig/mL leupeptin, ImM phenylmethylsulfonylfluoride, 20mM NaF, 

ImM disodium pyrophosphate and ImM Na3V04) as previously described (Santos et al.  
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2002). Protein was determined using Bio-Rad Dc Protein Assay (Hercules, CA) and 

resolved on 12.5% SDS-PAGE gels. Following transfer to PVDF membranes, blots were 

blocked in 5% milk in TBST for 1 hour. Antibodies for phospho-specific proteins were 

incubated overnight at 4°C and the antibodies were used at room temperature for 2 hours. 

Antibodies for phospho-p38, total p38, phospho-MAPKAPK-2, total MAPKAPK-2, 

phospho-AKT, total AKT, phospho-GSK 3p, total GSK-3P, phospho-CREB, total CREB, 

Phospho-EGFR (Tyr 1068) (Cell Signaling, Beverly, MA), COX-2 (Cayman Chemical, 

Ann Arbor MI) and c-Fos (Santa Cruz Biotechnology, Santa Cruz, CA) were used at 

1:1000 and P-actin (Sigma, St. Louis MO) was used at 1:5000. The appropriate HRP-

conjugated secondary was incubated for 1 hour following washing with 3 X lOmin wash 

with TBST. The membrane was again washed with TBST following incubation with 

secondary and exposed to ECL (Amersham, Piscataway, NJ). 

Results 

UVB induces p38 MAPK and AKT Signaling Pathways in vivo 

Mice were exposed to a single dose of UVB (6kJ/m~) and dorsal epidermal 

protein isolated at various time points following irradiation. Four mice were used for 

each time point. Increases in p38 phosphorylation were detected using an antibody 

recognizing the activating sites of phosphorylation of p38, Tyr 180 and Thr 182. Blots 

were stripped and reprobed with an antibody specific for total levels of p38 MAPK. 

Densitometric analysis was performed and is shown as levels of phosphorlyated p38 

MAPK normalized to total p38 MAPK. The average of the relative densitometric units 
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from western blots probed with phospho-specific normalized to total p38 MAPK is 

shown in Figure 34A. A statistically significant increase in normalized phosphorylated 

p38 MAPK levels was observed at 0.25, 0.5 and I hour post-irradiation (Figure 34A). 

Increases in p38 MAPK phosphorylation can be observed in mice (labeled individually as 

A, B, C and D) at 0.25 and 0.5 hours is shown in Figure 34B. UVB irradiation did not 

affect total levels of p38 MAPK. Afaq et al. demonstrated that UVB induced p38 MAPK 

phosphorylation with multiple doses, however we are able to show that a single acute 

dose is sufficient for p38 activation (Afaq et al, 2003). To confirm that increases in 

observed p38 phosphorylation induced by UVB also caused increases in p38 activity, we 

looked downstream at MAPKAPK-2 phosphorylation. Western analysis was performed 

for MAPKAPK-2 phosphorylation at Thr 222 as well as total levels of MAPKAPK-2. 

Using densitometric analysis, a statistically significant increase in MAPKAPK-2 

phosphorylation was detected at 0.25, 0.5, 2 and 12 hours (Figure 35A). The pattern of 

MAPKAPK-2 phosphorylation follows UVB-induced activation of p38 MAPK, albeit 

prolonged. In probing for total levels of MAPKAPK-2 a shift in migration can be 

observed consistent with the pattern of MAPKAPK-2 phosphorylation. Our laboratory 

has previously demonstrated that the retardation in migration in MAPKAPK-2 is due to 

increases in phosphorylation (Chen and Bowden, 1999). 
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Figure 34. Activation of p38 MAPK by UVB in SKH-1 mouse epidermis. 

Mice were UVB-irradiated (6kJ/m^) and epidermal protein was harvested at various time 

points post-irradiation. Four mice were treated per time point. Protein was resolved by 

SDS-PAGE and western analysis performed. Blots were probed with phospho-specific 

antibodies for p38 MAPK and total p38 MAPK (Cell Signaling, Beverly, MA). 

Densitometric analysis was performed normalizing phosphorylated p38 MAPK to total 

levels of p38 MAPK. Data are presented as the average the densitometric analysis for 

four mice per time point ± S.E.M. (Figure 1 A). A Student's t-test was used to determine 

statistical significance (* denotes p < 0.05 compared to Ohr). UVB-induced activation of 

p38 MAPK is shown in four individual mice (A-D) in Figure IB along with total levels 

of p38 MAPK. 
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Figure 35. UVB-induced MAPKAPK-2 phosphorylation in SKH-1 mouse 
epidermis. 

Four mice per group were UVB-irradiated (6kjW) and collected at various time points 

post irradiation. Proteins were resolved by SDS-PAGE and western analysis performed 

for phosphorylated MAPKAPK-2 (Thr 222). Blots were stripped and reprobed for total 

MAPKAPK-2. Densitometric analysis was performed for each group normalizing 

phosphorylated MAPKAPK-2 levels to total MAPKAPK-2. Data are presented as the 

average ± S.E.M. (Figure 2A). Statistically significant increases in MAPKAPK-2 

phoshorylation were observed at 0.25, 0.5 (Figure 2B), 2 and 12 hours post-irradiation (* 

denotes p < 0.05 using student's t-test compared to Ohr). 
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We observed a statistically significant increase in AKT phosphorylation following 

UVB (6kJ/ni^) at 0.5 and 1 hour post-irradiation (Figure 36A). Blots were stripped and 

reprobed with total AKT for densitometric analysis, with no changes in total AKT 

observed with UVB irradiation. Western blots showing increases in AKT 

phosphorylation are shown in Figure 36B at 0.5 and 1 hour post-irradiation. GSK-3P is 

phosphorylated at Ser 9 by activated AKT, thereby inactivating its activity. This 

inhibition of activity prevents the phosphorylation of CREB at Ser 129, an inactivating 

site of phosphorylation. We therefore sought to determine if AKT induced by UVB also 

activated GSK-3p in vivo. An increase in phosphorylation of GSK-3P at serine 9 was 

observed following UVB-irradiation at 0.25, 0.5 and 1 hour post-irradiation (Figure 37A 

and 37B). p38 MAPK signaling and P13-Kinase signaling work cooperatively to increase 

the activity of cyclic AMP-response element binding protein (CREB). Increases in 

CREB activity were observed 0.25, 0.5 and 1 hour post-irradiation at Ser 133, an 

activating site of phosphorylation induced by p38 signaling (Figure 38 A and 38B). 
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Figure 36. Effects of UVB on AKT in SKH-1 mouse epidermis. 

Mice were UVB-irradiated (6kJ/m^) and epidermal protein harvested at various time 

points and resolved by SDS-PAGE. Blots were probed with antibodies specific for 

phosphorylated AKT (Ser 473) and total AKT. Westerns for phosphorylated AKT were 

normalized to total levels of AKT by densitometric analysis (Figure 2A). A student's t-

test was used to determine statistical significance (* denotes p < 0.05 compared to Ohr). 

Activation of UVB-induced AKT (Ser 473) is shown in individual mice in Figure 2B at 

0.5 and 1 hour post-irradiation. 
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Figure 37. UVB-induced activation of GSK-3 p in SKH-1 mouse epidermis. 

Four mice per time point were UVB-irradiated (6kJ/m ) and epidermal protein harvested 

at various time points. Proteins were resolved by SDS-PAGE. Blots were probed with 

antibodies specific for GSK-3 p (Ser 9) and total GSK-3 p. Densitometric analysis of 

activated GSK-3 p normalized to total GSK-3 P levels for four mice per time points ± 

S.E.M. are shown in Figure 4A. A student's t-test was used to determine statistical 

significance (*denotes p < 0.05 compared to Ohr). Statistically significant increases in 

UVB-induced GSK-3 p were observed at 0.5 and 1 hour post-irradiation, shown in Figure 

4B. 
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Figure 38. UVB-induced phosphorylation of CREB in SKH-1 mouse epidermis. 

Four SKH-1 were UVB-irradiated (6kJ/m^) and epidermal protein harvested from 0-48 

hours. Proteins were resolved by SDS-PAGE. Western analysis was performed using 

phospho-specific antibodies for CREB (Ser 133) and total CREB. Densitometric analysis 

of phosphorylated CREB normalized to total CREB revealed a statistically significant 

increase at 0.25 and 0.5 hours post UVB-irradiation using a student's t-test (* denotes p < 

0.05 compared to Ohr). 
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UVB induces COX-2 and c-Fos expression 

We analyzed the expression of c-Fos (Figure 39A and 39B) and COX-2 (Figure 

40A and 40B) from 0-48 hours post-irradiation following a single dose of UVB (6kJ/m ). 

Basal levels of c-Fos were detected at 0 hour with marginally significant increases at 0.25 

and 24 hours post-irradiation (p=0.10). As expected low basal expression of COX-2 was 

detected at 0 hour but significant increases were apparent at 12 hours post-irradiation 

with maximal induction detected at 48 hours post-irradiation. As previously observed in 

vitro (Chen and Bowden, 1999; Chen et al, 2001), UVB increased the expression of c-

Fos and COX-2 in SKH-1 hairless mice. 
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Figure 39. UV'B-induced expression of c-Fos in SKH-1 mouse epidermis. 

SKH-1 were UVB-irradiated and epidermal protein was resolved by SDS-PAGE. Blots 

were probed with c-Fos (Santa Cruz Biotechnology, Santa, Cruz, CA) (Figure 6A). Four 

mice were UVB-irradiated per time point. Blots were stripped and reprobed for P-actin 

to serve as a loading control. Densitometric analysis of c-Fos normalized to p-actin 

revealed a marginally significant increase at 0.25 and 24 hours post UVB-irradiation 

using a student's t-test (* denotes p = 0.10 compared to Ohr). 
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Figure 40. UVB-induced expression of COX-2 in SKH-1 mouse epidermis. 

SKH-1 were UVB-iiradiated and epidermal protein was resolved by SDS-PAGE. Blots 

were probed with COX-2 (Cayman Chemical, Ann Arbor, MI). Four mice were UVB-

irradiated per time point. Blots were stripped and reprobed for P-actin to serve as a 

loading control. Densitometric analysis of COX-2 normalized to P-actin revealed a 

statistically significant increase at 6,12 , 24 and 48 hours post UVB-irradiation using a 

student's t-test (* denotes p < 0.05 compared to Ohr). 
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Topical treatment with SB202I90 inhibits p38 activity 

SB202190 (2-(4-Morpholinyl)-8-phenyl-4H-l-benzopyran-4-one) is a reversible 

inhibitor of two isoforms of p38, p38a and p38pi. SB202190 acts by binding to the 

ATP-binding pocket of the kinase, preventing phosphorylation of downstream targets. 

Following pretreatment with 5}xmol SB202190 or acetone for one hour, mice were UVB-

irradiated (6kjW). Immediately following irradiation, SB202190 or acetone was 

reapplied. We evaluated inhibition of p38 activity by looking at inhibition of its 

downstream target, MAPKAPK-2 (Figure 41). At 6 hours post-irradiation, MAPKAPK-

2 phosphorylation was again observed in all acetone-treated mice as seen in Figure 35. A 

significant decrease in the phosphorylation of MAPKAPK-2 (Thr 222) was observed in 

mice treated with SB202190, confirming that topical treatment was effective in inhibition 

of p38 activity. 
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Figure 41. Effects of SB202190 and MAPKAPK-2 phosphorylation. 

Mice were pretreated for one hour with SB202190 (5|j.mol) and UVB-irradiated (6kJ/m ). 

SB202190 was reapplied immediately following UVB exposure. Inhibition of p38 

activity with topical treatment of SB202190 was observed by western analysis of 

MAPKAPK-2 phosphorylation at Thr 222. Epidermal protein was isolated at 6 hours 

post-irradiation, where the greatest MAPKAPK-2 phosphorylation was previously 

observed, and western analysis performed. Blots were stripped and reprobed with p-actin 

to serve as a loading control. 
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Topical Treatment with LY294002 inhibits AKT activation 

LY294002 (4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)lH-imidazole) 

is a reversible inhibitor of PB-Kinase that binds to the ATP-binding pocket, preventing 

activation of downstream kinases. As with SB202190, mice were pretreated for 1 hour 

prior to irradiation with LY294002 (5p,mol) or with acetone (vehicle control). LY294002 

or acetone was reapplied immediately following UVB-irradiation. Epidermal protein was 

harvested and evaluated for AKT phosphorylation, a downstream target of PI-3 Kinase. 

UVB-induced activation of AKT (Ser 473) at one hour post-irradiation in mice treated 

with vehicle as seen in Figure 36. All three mice treated with LY294002 had significant 

decreases in AKT phosphorylation as compared to vehicle controls (Figure 42). UVB 

irradiation with LY294002 or acetone did not affect total levels of AKT. 
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Figure 42. Effects of LY294002 and AKT phosphorylation. 

Mice were treated for one hour prior to irradiation with LY294002 (S^mol). Mice were 

UVB-irradiated (6kJ/m^), LY294002 was reapplied and epidermal protein harvested at 

one hour. To ensure that topical treatment with LY294002 inhibited PI3-Kinase activity, 

AKT phosphorylation was examined. Epidermal protein isolated at 1 hour post-

irradiation (maximal AKT induction) was resolved by SDS-PAGE and western analysis 

performed with a phospho-specific antibody for AKT (Ser 473) (Cell Signaling, Beverly, 

MA). Blots were stripped and reprobed with total AKT to ensure that UVB had no effect 

on total levels of AKT and also as a loading control. 
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SB202/90 andLY294002 inhibit AP-1 activation and COX-2 expression 

AP-I luciferase SKH-I transgenic reporter mice were used to assess the effects of 

p38 MAPK inhibition and PI3-Kinase inhibition in UVB-irradiated mice. Mice were 

pretreated with SB202190 (5p.mol), LY294002 (Spmol), or acetone for one hour prior to 

irradiation. Mice were also treated with drug or acetone following UVB-irradiation. A 

total of ten AP-1 luciferase reporter mice were used for each treatment group. Samples 

were collected prior to irradiation to serve as controls for individual mice. At forty-eight 

hours post-irradiation, samples were collected and assayed for luciferase activity. 

Treatment with SB202190 showed an 84% reduction in luciferase activity as compared to 

AP-1 luciferase activity in UVB-irradiated mice treated with acetone (pO.OOOl) (Figure 

43A). LY294002 also demonstrated a significant reduction in UVB-induced AP-1 

activation (p<0.003), 68% less than UVB-irradiated mice (Figure 43B). AP-1 basal 

activity was not significantly altered at 0 and 48 hours post-irradiation. 
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Figure 43. Effects of SB202190 and LY294002 on UVB-induced AP-1 activation. 

To determine the effects of SB202190 and LY294002 on AP-1 activation, AP-1 

luciferase reporter mice were pretreated with SB202190 (A), LY294002 (B), or acetone 

prior to and immediately following UVB irradiation. Ears were pre-punched to serve as a 

control for each group. Mice were UVB-irradiated (6kJ/m^) and ear punch biopsies taken 

at 48 hours post-irradiation. Luciferase activity was determined and normalized to total 

protein. Significant inhibition of UVB-induced AP-1 activation was observed with 

SB202190 (A) (p < 0.0001) and LY294002 treatment (B) (p <0.003). 
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We decided to assess the effects of SB202190 and LY294002 on COX-2 

expression at forty-eight hours post-irradiation as this was determined to be the point at 

which a signiiicant increase was previously observed (Figure 40). Mice were treated as 

described above with SB202190, LY294002, or acetone one hour prior to irradiation and 

immediately following UVB. Basal COX-2 expression was not detected in non-

irradiated mice with or without drug treatment. Blots were stripped and reprobed with P-

actin as a loading control. Inhibitory effects of SB202190 and LY294002 on UVB-

induced COX-2 expression were also observed at 48 hours post-irradiation (Figure 44). 
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Figure 44. Effects of SB202190 and LY294002 on UVB-induced COX-2 expression. 
'y 

SKH-1 mice were pretreated for one hour prior to UVB irradiation (6kJ/m ) with 

SB202190, LY294002 or acetone (vehicle control). Drug or vehicle was immediately 

reapplied following UVB exposure. Epidermal protein was isolated and pooled as 

described in Materials and Methods and resolved by SDS-PAGE. COX-2 expression was 

analyzed by western analysis (Cayman Chemical, Ann Arbor, MI). Blots were stripped 

and reprobed with p-actin as a loading control. 
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Figure 45. UVB-induced EGFR phosphorylation in vivo. 

SKH-1 were UVB-irradiated (9 kjW) and epidermal protein was resolved by SDS-

PAGE. Blots were probed with an antibody specific for EGFR phosphorylation at Tyr 

1068 (Cell Signaling, Beverly, MA). Three mice were UVB-irradiated per time point. 

Blots were stripped and reprobed for P-actin to serve as a loading control. 
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Discussion 

UVB (280-320nm) is clearly established as a major etiological factor in the 

development of NMSC (Hall et at, 1988). The development of UVB-induced skin 

tumors occurs as a result of changes at both the genetic and epigenetic level. UVB-

induced DNA damage is a critical event in skin tumor initiation (Ananthaswamy and 

Pierceall, 1990; Chen et al, 1997), whereas skin tumor promotion and progression are 

dependent upon alterations in gene expression due to epigenetic events (Barthelman et 

al., 1998; Huang et al., 1996). 

Increases in AP-1 and COX-2 have clearly been associated with skin tumor 

development primarily with chemical carcinogenesis protocols but more recently with 

studies involving UVB irradiation. Young et al. previously demonstrated that epidermal 

expression of a dominant negative c-jun (TAM67) decreased papilloma induction in a 

two-stage chemical carcinogenesis protocol using DMBA as an initiator and TP A as the 

promoting agent (Young et al, 1999). Significant inhibition of okadaic-acid promoted 

tumor formation was also observed using TAM67 transgenic mice (Thompson et al, 

2002). Our laboratory has extended these observations in a model more relevant for 

UVB-induced human skin cancer by showing that decreasing AP-1 activation in TAM67 

transgenic mice also significantly inhibits UVB-induced SCC development (Cooper et 

al, 2003). Two-stage chemical carcinogenesis studies using COX knockout mice have 

also implicated COX-2 metabolism in skin tumorigenesis. Deficiency of either COX-1 or 

COX-2 reduced skin tumor formation in these mice by 75% (Tiano et al, 2002). 

Additionally, the use of celecoxib (a selective COX-2 inhibitor) or indomethacin (a 
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nonspecific NSAID) blocked UVB-induced skin tumor development in SKH-1 mice. We 

also confirmed previous findings that a single acute dose of UVB significantly induces 

COX-2 expression in mouse skin (Fischer et al, 1999). More importantly, we 

provide evidence that p38 MAPK and PI3-Kinase play an important role in increasing 

both AP-1 and COX-2. 

SB202190 and LY294002 were used in these studies to implicate p38 MAPK and 

PI3-Kinase in UVB-induced AP-1 activation and COX-2 expression in vivo. Our 

laboratory has previously reported that UVB mediates increases in AP-1 activation and 

COX-2 through p38 MAPK and PI3-Kinase in the human keratinocyte cell line, HaCaT 

(Chen and Bowden, 1999; Chen and Bowden, 2000; Gonzales and Bowden, 2002a; Tang 

et al., 2001c). Therefore, we wanted to extend these studies into an in vivo system to 

specifically validate p38 MAPK and P13-Kinase as potential molecular targets for the 

chemoprevention ofNMSC. Both p38 MAPK and PI3-Kinase signaling events are 

involved in UVB-induced c-fos expression (Chen and Bowden, 1999). The use of a 

dominant-negative AKT or wild-type GSK-3p inhibited UVB-induced c-fos and COX-2 

promoter activity in vitro (Gonzales and Bowden, 2002b; Tang et al., 2001c). Further 

analysis revealed that UVB induced the binding of CREB to the CRE and FAPl (c-fos 

activator protein-1 site) cis elements within the c-fos promoter (Gonzales and Bowden, 

2002b). Similar in vitro studies with the COX-2 promoter revealed that CREB and ATF-1 

were present on the COX-2 promoter in UVB-irradiated HaCaT cells (Tang et al, 

2001b). SB202190 decreased UVB-induced CREB/ATF-1 phosphorylation and COX-2 
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promoter activity in vitro. LY294002 also decreased UVB-induced COX-2 promoter 

activity. 

p38 MAPK signaling results in the phosphorylation of CREB at Ser 133 whereas 

activation of the PI3-Kinase pathway results in dephosphorylation at Ser 129. 

Phosphorylation at Ser 133 is an activating site of phosphorylation enhancing its ability 

to bind to cis promoter elements whereas phosphorylation at Ser 129 is inhibitory. 

Activation of the PI3-Kinase pathway serves to reduce phosphorylation at this inhibitory 

site of phosphorylation, allowing it to interact with CREB Binding Protein (CBP), a 

coactivator that regulates transcription through its interaction with basal transcription 

machinery (Lee and Masson, 1993). PI3-Kinase activation results in the phosphorylation 

of AKT and subsequently GSK-3p (Ser9), inactivating its ability to phosphorylate CREB 

at Ser 129 (Tang et al, 2001b). We observed both phosphorylation of AKT (Ser 473) and 

GSK-3P (Ser 9) in UVB-irradiated SKH-1 mice, again confirming previously generated 

in vitro observations. Phosphorylated CREB binds to the FAPl and CRE of c-fos and the 

CRE of COX-2 in UVB-irradiated HaCaTs (and not in mock-irradiated controls). In this 

study, we are able to demonstrate that UVB increases the activity of p38 MAPK and PI3-

Kinase as observed through increases in their downstream targets, MAPKAPK-2 and 

AKT, respectively. UVB-induced activation of these pathways results in an increase in 

CREB phosphorylation at Ser 133. Based upon our findings in vitro, this increase in 

CREB may play a role in the observed increase in AP-1 activation and COX-2 

expression. 

We observed increases in CREB phosphorylation between 0.25, 0.5, and 1 hour 
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post-UVB irradiation. Although UVB-induced increases in COX-2 protein were observed 

as early as 6 hours post-irradiation, maximal UVB-induced expression of COX-2 and c-

Fos was not observed until 24 and 48 hours, respectively post-irradiation. CREB Binding 

Protein (CBP)/p300 acts as a transcriptional adaptor, bridging phosphorylated CREB and 

basal transcriptional machinery such as TFIID, TFIIB, and the RNA polymerase II 

holoenzyme (RNAPII) (McManus and Hendzel, 2001; Vo and Goodman, 2001). These 

interactions are critical events allowing efficient transcription to occur. As p300 contains 

a histone acetyltransferase (HAT) domain, chromatin remodeling may be another 

component that enhances UVB-induced COX-2 and c-Fos expression (McManus and 

Hendzel, 2001; Vo and Goodman, 2001). 

While treatment with SB202190 and LY294002 inhibit UVB-induced AP-1 

activation and COX-2 expression, long-term UVB carcinogenesis studies need to be 

conducted to address their efficacy in decreasing tumor incidence. In addition, the effects 

of inhibiting p38 MAPK and PI3-Kinase in the epidermis require further study. In a 

recent report by Hildesheim et al., C57BL6/129 mice treated with SB202190 exhibited 

reduced apoptosis, inflammation and hyperproliferation in response to UVR . As p38 

MAPK may mediate effects on p53 activation and subsequent activation of DNA damage 

response genes such as GADD45, inhibiting p38 MAPK activity may hinder the removal 

of damaged keratinocytes from the epidermis through increases in apoptosis (Hildesheim 

et al, 2002). Effects upon the G2/M checkpoint must also be given consideration as 

inhibition of p38 MAPK has been shown to decrease serine 309 phosphorylation of 

Cdc25B, reducing its interaction with 14-3-3 proteins and decreasing progression through 
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the checkpoint (Bulavin et al., 2001). Long-term effects of PI3-Kinase inhibitors in vivo 

on these downstream events in UVB-irradiated epidermis also require further study. PI-3 

Kinase is however well established to play a role in cell survival in response to various 

stimuli through phosphorylation of Bad, FKHR, mTOR and NF-KB (Mitsiades et al., 

2004). Thus, the use of PI3-Kinase inhibitors may prove beneficial by inhibiting the 

protection from apoptosis normally conferred by activation of this pathway. Several 

studies have suggested that inhibition of UVB-induced PI3-Kinase increases apoptosis in 

cultured cells and in mouse epidermis (Ibuki and Goto, 2000; Nomura et al., 2001; 

Umeda et al., 2003). The studies presented herein examine the effects of SB202190 and 

LY294002 on UVB treated SKH- 1 mice using a single acute dose. Using a UVB 

carcinogenesis protocol, the long term effects of these inhibitors on apoptosis, 

inflammation and cell cycle will be addressed at a later time. 

In the study presented here, a one time acute UVB dose was used to validate p38 

MAPK and PI3-Kinase signaling and downstream AP-1 activation and COX-2 

expression. Previously, several groups have demonstrated that multiple doses ofUVB 

also result in increased AP-1 activation as well as COX-2 expression. Our laboratory has 

recently reported that AP-1 plays a functional role in skin carcinogenesis with chronic 

UVB exposure, utilizing SKH-1 mice expressing a dominant-negative c-jun mutant 

(TAM67) in the epidermis under the control of a human K14 promoter. Hong et al. have 

reported increases in c-Fos and AP-1 binding in chronically UVB-irradiated SKH-1 mice 

(Hong et al., 2001). With similar chronic UVB exposure, COX-2 expression has been 

reported in UVB-irradiated mice compared to unirradiated control mice (12). Athar et al. 
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have also demonstrated increases in COX-2 expression in benign tumors and SCCs using 

SKH-1 mice (Athar et al., 2001). In this study, we show that a single acute dose of UVB 

is also able to induce AP-1 activation and COX-2 expression. We believe that the 

observed effects on p38 and P13-Kinase signaling using a single acute dose of UVB are 

applicable to long-term UVB skin carcinogenesis studies. 

While there is a general understanding of the signaling events leading from p38 

MAPK and PI3-Kinase activation to AP-1 activation and COX-2 expression, upstream 

signaling events are less understood. It has been suggested that p38 MAPK and PI3 

Kinase activation are mediated in part through ligand independent activation of the 

EGFR, which is dependent upon generation of ROS (Peus et al., 1999a; Peus et al, 2000; 

Wan et al, 2001). Activation of the EGFR by UVB in this ligand-independent manner 

leads to Ras and RAC activation, which in turn induces ROS through the activation of 

NADPH oxidase by RAC. These events are thought to lead to downstream signaling and 

the activation of p38 MAPK and PI3-Kinase. We have preliminary data showing that 

EGFR is activated by UVB in vivo in an SKH-1 model (Figure 45). The involvement of 

EGFR in signaling leading to p38 and PD-Kinase activation and in UVB-induced AP-1 

and COX-2 expression will be pursued in future studies. 

In conclusion, topical application of SB202190 and LY294002 resulted in a 

significant decrease in p38 MAPK and PI3-Kinase activity and subsequent AP-1 

activation and COX-2 expression. Since AP-1 and COX-2 have been clearly established 

to play a role in UVB-induced skin tumorigenesis, these findings are particularly 

significant as pharmacological inhibitors of p38 and PI3-Kinase maybe effective in 
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preventing the development ofNMSC. Future studies will address 

whether inhibition of p38 and PI3-Kinase by SB202190 and LY294002 can inhibit tumor 

formation in a UVB-induced skin carcinogenesis model. 
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CHAPTER V. CONCLUSIONS 

Both UVA and UVB are involved in altering molecular events, albeit through 

different mechanisms, resulting in skin tumorigenesis. In these studies, the goal was to 

further elucidate signal transduction pathways leading to alterations in the expression of 

genes that play a role in this process. AP-1 and COX-2 are well-described mediators of 

skin tumorigenesis. Previously published work in our laboratory has demonstrated that 

UVA leads to increases in AP-1 activation in the HaCaT cell line (Silvers and Bowden, 

2002). UVA-induced increases in AP-1 are mediated through both p38 MAPK and JNK 

as demonstrated using specific pharmacological inhibitors (SB202190 and SP600125, 

respectively) (Silvers et al, 2003). In addition to these previously published 

observations, the investigations presented herein describe signaling events mediated by 

p38 MAPK leading to increases in the expression of COX-2 in UVA-irradiated HaCaT 

cells. UVA mediates its effects through stabilization of mRNA, specifically through the 

3' UTR of the transcript. We further demonstrate that p38 MAPK signaling is involved 

in mediating the stabilization of UVA-induced COX-2 expression through the 3' UTR. 

As p38 MAPK and JNK play a role in mediating UVA-induced AP-1 activation and 

COX-2 expression, two genes that are known to be involved in skin tumorigenesis, they 

serve as strong candidates for the chemoprevention of NMSC (Figure 46A). Future work 

will evaluate their efficacy in inhibiting UVA-induced AP-1 and COX-2 expression in 

vivo (using an SKH-1 mouse model) as well as in long-term UVA skin carcinogenesis 

studies. 
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Previous work in the laboratory demonstrated that UVB-induced AP-1 activation 

and COX-2 expression were mediated through p38 MAPK and PI3-Kinase using the 

HaCaT cell line (Chen and Bowden, 1999; Chen et al., 2001; Gonzales and Bowden, 

2002a; Gonzales and Bowden, 2002b; Tang et al., 2001c) (Figure 46B). We sought to 

extend the observations in HaCaT cells to an in vivo system to validate both p38 MAPK 

and PD-Kinase as potential molecular targets for the chemoprevention ofNMSC. 

Using an SKH-1 mouse model, we verified that an acute dose of UVB induced 

both p38 MAPK and PI3-Kinase signaling in the mouse epidermis. Topical treatment 

with the p38 MAPK inhibitor, SB202190, and the PI3-Kinase inhibitor, LY294002, 

decreased the activity of each of these kinases, respectively, in UVB-irradiated mouse 

epidermis. Using this topical treatment, we demonstrate that decreases in p38 MAPK 

and P13-Kinase activity inhibit AP-1 activation and COX-2 expression in mouse 

epidermis, validating these kinases as potential molecular targets for chemoprevention 

(Figure 46B). 

Future studies aim to further validate p38 MAPK and PI3-Kinase as molecular 

targets for chemoprevention using SKH-1 mice expressing a dominant-negative p38 

MAPK or p85 (the catalytic subunit of PI3-Kinase) under the control of a keratin 14 

promoter to direct expression to the epidermis. Based upon our findings that the p38 

MAPK inhibitor and PI3-Kinase inhibitor are effective in inhibiting AP-1 activation and 

COX-2 expression in response to an acute dose of UVB, we anticipate a similar outcome 

using the dominant-negative p38 MAPK and PB-Kinase SKH-1 dominant-negative mice. 

UVA-induced signaling leading to AP-1 activation and COX-2 expression in vivo is 
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currently being investigated in collaboration with Dr. Zigang Dong (Hormel Institute, 

University of Minnesota). A similar genetic approach will also be taken to further 

validate p38 MAPK and JNK in UVA-induced AP-1 activation and COX-2 expression, 

again using SKH-1 mice expressing a dominant-negative p38 MAPK or JNK targeted to 

the epidermis through the use of a K14 promoter. Based upon our in vitro data, we 

anticipate that decreasing p38 MAPK and JNK signaling will lead to decreases in UVA-

induced AP-1 activation and COX-2 expression in vivo. 

Previously published investigations from our laboratory combined with the 

studies described here has led to a general understanding of downstream signaling events 

from UVB-induced p38 MAPK and PI3-Kinase activation and UVA-induced p38 MAPK 

and JNK activation leading to AP-1 activation and COX-2 expression. However, many 

questions remain regarding upstream events mediating the activation of these kinases. It 

is evident, however, that ROS play a role in mediating signaling events induced by both 

UVA and UVB. Studies by Peus et al. have suggested that UVB activates the EGFR 

receptor in a ligand-independent manner through increases in H2O2 (Peus et al, 1998). 

This activation of the EGFR has been suggested to occur as a result of the inactivation of 

a tyrosine phosphatase leading to EGFR phosphorylation (Knebel et al, 1996). UVB-

induced activation of the EGFR also leads to Ras and Rac activation and the generation 

of ROS (specifically, H2O2) through Rac-mediated activation of NADPH (Wan et al, 

2000). In this way, H2O2 may act to initially activate the EGFR and subsequently 

produce further ROS through its activation of NADPH oxidase. UVB-induced increases 

in H2O2 have been reported to be responsible for the activation of both UVB-induced p38 
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MAPK and PD-Kinase in keratinocytes (Peus et al, 1999b; Wan et al, 2001), 

implicating the observed increases in H2O2 production, EGFR activation and subsequent 

activation of downstream kinases. 

The major ROS mediating signaling in UVB irradiated keratinocytes is H2O2, 

whereas singlet oxygen appears to mediate UVA-induced signaling events, and more 

specifically MAPK activation. Activation of these kinases results from the generation of 

singlet oxygen generated by UVA as determined by using singlet oxygen quenchers, 

sodium azide and imidazole. No decreases in p38 and JNK activation were reported with 

hydroxyl radical scavengers, mannitol and dimethylsulfoxide, suggesting that singlet 

oxygen is the major ROS species responsible for the activation of these kinases (Klotz et 

al, 1999). Singlet oxygen is also thought to be responsible for the inactivation of a 

phosphatase through oxidation of a cyteine resisue within the active moiety (Klotz et al., 

1999). UVA and the resulting production of singlet oxygen are known to deplete thiols 

and may affect M APK through inactivation of a corresponding phosphatase (Basu-

Modak and Tyrrell, 1993; Wagner et al., 1993). It is plausible that effects on the EGFR 

may also mediate UVA-induced MAPK and P13-Kinase signaling, although direct effects 

of singlet oxygen on EGFR activation have yet to be elucidated. Zhang et al. have 

demonstrated, however, that UVA induced PI3-Kinase activity is dependet upon EGFR 

activation using both pharmacological inhibitors as well as EGFR''' cells (Zhang et al., 

2001a). While the specific upstream events mediating UVA and UVB induced MAPK 

and PI3-Kinase activation need to be addressed further, several studies have provided 
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insights into the role that ROS play in mediating events at the cell membrane, including 

the EGFR. 
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Interestingly, we have demonstrated that p38 plays a role in mediating the 

apoptotic response of keratinocytes to UVA irradiation through the modulation of the 

anti-apoptotic Bcl-2 family member, Bcl-Xj, (Bachelor and Bowden, 2004). Increases in 

p38 activity were found to increase BC1-XL expression in the HaCaT cell line. 

Additionally, inhibition of p38 using the pharmacological inhibitor, SB202190 as well as 

the stable expression of ap38 dominant-negative construct inhibited BC1-XL expression 

and dramatically increased apoptosis in UVA-irradiated cells. These studies demonstrate 

that p38 MAPK plays a role in the survival of keratinocytes through the modulation of 

BCI-XL expression (Figure 47). While we believe the use of a pharmacological inhibitor 

of p38 MAPK may be efficacious as a chemopreventive agent for use in NMSC for its 

ability to decrease UVA and UVB induced AP-1 activation and COX-2 expression, it will 

also be of interest of evaluate its effects on apoptosis in light of these data. It is 

anticipated that a decrease in UVA-induced AP-1 activation and COX-2 expression 

(using pharmacological inhibitors of p38 MAPK and JNK) will decrease the incidence of 

see development, however an increase in apoptosis through the use of the combination 

of UVA and SB202190 may also play a role in the elimination of keratinocytes that have 

sustained genetic damage and have the potential to progress into skin tumors. 

Although we have established a post-transcriptional mechanism of regulation for 

BC1-XL in UVA-irradiated cells has been established, several intriguing questions remain. 

We have identified three putative AREs within the 3'UTR that we hypothesized would 

mediate the effects of mRNA stabilization. Mutation of any one of these three sites 

decreases activity of a luciferase reporter in response to UVA. These data provide 
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evidence that each of these three AREs are functional and acting to regulate BC1-XL at the 

post-transcriptional level. Binding of RNA binding proteins to the 3'UTR of BC1-XL was 

observed in UVA-irradiated cells. Several families of RNA binding proteins, acting in 

both a positive and negative manner, may be binding to these AREs and modulating the 

stability of BC1-XL mRNA. In addition to the actual binding of proteins to the ARE, post-

translational modifications may alter its effects on mRNA stabilization. Previous 

investigations have implicated p38 MAPK signaling in the post-translational 

modifications of RNA binding proteins ultimately leading to effects on message stability 

(Mahtani et al, 2001; Rousseau et ai, 2002). It will be of interest to characterize the 

RNA binding proteins that are binding as well as any potential post-translational 

modifications that may be involved in altering message stability. 

In addition to the binding of proteins to the 3' UTR in regulating message 

stability, it is of interest to mention the potential regulation of translation through 

interactions between the 3' UTR and 5' UTR. Both the 3' poly(A) tail and 5' GpppG 

cap are important in determining translational efficiency (Wilkie et al, 2003). AREs 

within the 3' UTR of various genes are thought to regulate message stability through 

deadenylation, so one can see how their presence might affect interactions with the 5' 

UTR and possibly translation efficiency. A suspect protein that might mediate such an 

interaction is Poly(A) Binding Protein (PABP), known to regulate message stability, 

mRNA processing and translation (Wilkie et al, 2003). Differences in message stability 

through the presence of AREs could potentially affect the formation of the PABP 

complex itself PABP has been shown to interact with eIF4G, a factor known to interact 
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with the cap binding protein, eIF4E, bringing the 5' and 3' ends of the mRNA into close 

proximity (Gallie, 1998; Gray and Wickens, 1998). This idea is supported by the 

observation of circular polysomes by electron microscopy in various ceil types, 

suggesting the ends can be in physical proximity (Christensen et al, 1987). Other 

interactions of PABP with translation factors include eIF4B, an initiation factor known to 

aid in the processivity of the eIF4A RNA helicase, as unwinding of the RNA is necessary 

for efficient translation (Dever, 2002). Compounding the complexity of this regulatory 

process is the potential regulation of these translational factors through phosphorylation, 

possibly affecting their activity and resulting translation. Previous studies have 

demonstrated effects on translation where overexpression of these factors lacking 

phosphorylation sites results in decreased translational efficiency (Sonenberg, 1993). As 

we have determined in this work that UVA regulates both COX-2 and Bcl-X| through 

mechanisms involving the 3' UTR, future studies might include investigating potential 

interactions between the 3' and 5' UTR in mediating gene expression. 
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It is of interest to point out differences in UVA and UVB induced p38 MAPK 

activation and COX-2 expression. We initially explored the possibility of a 

transcriptional mechanism for the regulation of COX-2 by UVA using COX-2 luciferase 

reporter constructs containing 1492bp of the proximal COX-2 promoter. UVA, however, 

did not increase COX-2 promoter activity. The mechanism of UVA induced COX-2 

expression differs from that of UVB where our laboratory has shown increases in 

promoter activity with UVB irradiation. Our studies demonstrate that the primary 

mechanism by which UVA regulates COX-2 expression is through effects on message 

stability. We cannot however rule out the possibility that UVA regulates COX-2 

transcriptionally at some level, utilizing promoter elements not contained within our 

reporter constructs. Effects on UVB-induced COX-2 identified the cyclic AMP response 

element as the critical element responsible for UVB-induced COX-2 promoter activity. 

However, the potential role of p38 MAPK in stabilizing UVB-induced COX-2 mRNA 

still exists. The investigations so far have demonstrated that p38 acts to increase levels of 

COX-2 differently in response to UVA and UVB irradiation. 

At the present time, we have identified several signaling pathways induced by 

UVA and UVB irradiation leading to AP-1 activation and increases in COX-2 

expression. While we are currently investigating these targets individually for their 

effectiveness in inhibiting UVA and UVB induced skin carcinogenesis, a combinatorial 

approach may also prove beneficial. From in vitro studies we know that multiple 

pathways (including p38 MAPK and PI3-Kinase) may be involved in AP-1 activation, for 

example. While a significant reduction was observed with the use of individual 
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pharmacological inhibitors in response to an acute UVB exposure, the combined 

application of these inhibitors may prove more effective in a UVB carcinogenesis 

protocol. The effects of these inhibitors in response to UVA exposure in vivo are 

currently under investigation. We expect, however from in vitro data that these inhibitors 

will prove effective in an in vivo setting. 

In conclusion, these studies contribute to a better understanding of UVA and 

UVB induced signaling events leading to the expression of genes involved in tumor 

promotion. As primary prevention has proven ineffective in reducing the incidence of 

NMSC, it is our hope that the identification of molecular targets, such as those presented 

here, can significantly impact the number of skin cancer cases. 



APPENDIX A: PERMISSION TO USE COPYRIGHTED MATERIALS 

/iRiZC»4A. 
61^7^ FAX 

CmcitCmm. !'\0. •aJ5 2«ia'4 

Augist 5,2004 

Editor, Tlie .'oittaal of Biological Chmistiy 
9650 R«to'Uie Pike 
B0ttissda,MD2O8J4 

Dear .Editor, 

i am submitting my disssmtion to the Cirsdaatc- Coiiege at Oe Uah'arslly o.f Ariaoiia in 
partial felfiitoieiit of fee «<|«irane.nSs £»r the degress of Doctor of Mttksophy. 1 intern! to 
inctada text EECI ail figures from a recently acccpied '.aianascriiit in fee Journal of 
Biological Qwmktty (Maoascript #: M,4:06626). 

The liiiiviasiSy of Arizoaa recjuires a letter wMch permits me to isjclude piiWished data in 
my fissercation. fmmmon i$ also reqassed for taiaoiicEiitig aed pttb&aiioa of the 
ilissetiaiion hy UnK'«ity Microfifen iBeorjxMtcd. 

Tiauk yoa in advacce for your Sielp in fbis maittT. 

Mkbsel A. Bsdselof 

Cancer BioJogy IfflerdiseipKnai^' Program 
Tlie University o!%%iz<vna Cancer Cejiier 
i 5! 5 .N. CanipSwll .Ave. 
Rm 4»9 
Tacwn, A/ 85724 

Fas; C520)<52«^5T9 

Siacereiy, 

O.KC.iP'.Cf'-srf-R 
a Siiikiful Cxm&r imimi.: • coinpTchK:rM^'c K ^0!"sy;:^v 0:E5U'I 



175 

Tw Jomm. ot maoacM. Oimtsm 
S«h®», «Omi4-3Wa 

l»A 
@6$ i^Sidi SStsSiys^hMy 

HbssbtTASC* 
gSjf^f 

Augw 0#, 2004 

a. MidjseiWKi'to 
Cesw Bi<^ogy IsteSsisiplasiy fxgcmt 
TH® of ANROIIA Csaosr Caite 
1515 N. CM^RN MMM> RM. AM 
•TAC»FT,A2 85724 

Ikm th. B»cl!eter 

Fkass wta year leceat s«i|isM for copyai^st psmiMoa |5«'»« 
<iiMised for fte Mlowtag: 

Michael A, Bacbeior & G. Tiiiwfiiy Bmim 
(Augwt 04,2004) J. Biol. Chem, iCI.W74/Jbs.M4066262«) 
Fw kii/m reqswte, w® can iis oan-tssaad &>• »-«nsi a^jijagMfemijias^ofg, ii ^-ou him stty 
liumSkitfit, jslaas® conttsi as ®351-534-7150. 
Stwoly yours, 

PB^IISSIO^- SftSKTEO 

Page yetr 

Icr ths ooiiyrSghtcviffser 
TOE AIHERCAM SXETY for SWCHBiiSTRY 
ms MOiECULW glOiOGY 

%.l:'.3O^'4S4"7t50 ** 



176 

Arizoma, 
Cijnct^r SsjijfHjv l^strrdWijtslmf v -• ' Avis:. 5^; 
(52(?)S5<>.-^45^5 • CANUiRi^U^ 

Aug'.Bi 5,2004 

NaftiTS PuMisfe-ing Graip 
Tlie Macmtllan BiiiUiiig 
4 Crinaa Street 
London 
N1 9XW 
UK 

Dear Ms. Hooker, 

1 SKI ssibmitting tsiy disijertatioii to tSie G'ra<iaate College at t!» Unwiasity of Arizona in 
pailial fulflUment of dse rsquireBseais for the degree efDoocr of Pbiiosophy. I iuteEd to 
includ® text ami ai! figiirss ftom ourpuWssiied manescripf in Oncogemr. 

BacWor MA «sd B{t«d«n GT. The role of p3g in UVA-inducad cy«ioo«ygei»e-2 
exprasssoR in the human keratmocyfe cell line. HaC'aT. Oncogene. 2tX)2 Oct 
l{f;21(46):7092-9, 

lite University of Arizoss requrrc's« tetter which pcraits mc to include piibMslicd data ia 
lay dissertation, i'ennissioa is also reqiiestati for microfilmiag asid puMscafion of the 
dissertation !y/ 'University Msoroiibr. Incorporated. 

Thaalc ycu ia ath-aiscs for your lielp ia ths.s' matter. 

Siiicej^fy, 

i|. 

l"<<Cc!iael A. Bachaior 

Cancer Biology titerdisdisUniiry Program 
Tlsc Umvcrsitj' of Aiizona Caricer Center 
1515 ><:. Caatpbsii A vs. 
Sm4<J» 
Tucsois, AZ 85724 
USA 

CAKCU Oihwi^ 
:s 'HAlw'fi.'i In?• ck-y.5,?,^utci» cus' at? a; 'Ibc o: Ariv.u'-ii Si'srjX'.'r; 'CtfJiC'-



177 

DsS^; 
rrofT?- <a,p,!:fm^ss',crs^'r * 

To: '••badi'-Sr05,;^4sn)fir,,a--,^0fi£i.c^du" ' 
Sub'i&rA: Rc" to use Ccpyri-^'^.Jed ' \ ' js 

X-Spam-LeveJ; 

:;>Ka^ I;r 

"iCAi h.:svs -s.:>keo fcr |V--rfa:.-o r-rpsi.nt ycv.r •jci!cy.:ii r^ap-r ir. .-r; s 
•;>:t v'5j:k. ; f.rs to ':«..]^- you ::Xut yc i; cro ri;-->c o.;r v^exv;,! •: 
v'.C^ '-liis. 

. a s  f o x :  t c c c J i  c - y  ,  a \ :  h c . , V 4 .  • : ; . ,  
'«L:> lo v^i 
w^c'iral.s.t^-c: ct ~'i.:- C;:»pyri.cn'.t; .^g,"v.;*?7-;-„.:"r. ., 

Vcu <':'"ir! :: •''••r; ri.ill c'QX.ii-lj v'-.n .//r::;>G. •^.•. t-.•.^•r.,.-

Kjnc .--b;igf,r;1r-

'.o 
,. o!; T n .'i': r f •. ;s. Sr i o n % 



178 

APPENDIX B: ABSTRACTS AND PUBLISHED MANUSCRIPTS 

Bachelor MA, Cooper SJ, Sikorski E and Bowden GT. "Modulation of p38 and PI-3 
Kinase Following Acute UVB Exposure in SKH-1 Mouse Epidermis" American 
Association for Cancer Research International Conference in Cancer Prevention Research 
2003, Phoenix, AZ. 

Bachelor MA and GT Bowden. "Inhibition of p38 MAPK induces caspase cleavage in 
UVA-irradiation HaCaT cells" American Association for Cancer Research 2003, 
Washington, D.C. 

Bachelor MA and GT Bowden. "Regulation of COX-2 by UVA in the human 
keratinocyte cell line, HaCaT" American Association for Cancer Research 2002, San 
Francisco, CA. 

Bachelor MA, Silvers AL, Bowden GT. The role of p38 in UVA-induced 
cyclooxygenase-2 expression in the human keratinocyte cell line, HaCaT. Oncogene. 
2002 Oct 10;21(46):7092-9. 

Bachelor MA and Bowden GT. UVA-Mediated Activation of Signaling Pathways 
Involved in Skin Tumor Promotion and Progression. Seminars in Cancer Biology. 2004 
April 14(2);131-138. 

Bachelor MA and Bowden GT. UVA-induced modulation of Bcl-XL by p38 MAPK in 
human keratinocytes: post-transcriptional regulation through the 3' untranslated region. 
J Biol Chem. 2004 Aug 2 [Epub ahead of print] 

Silvers AL, Bachelor MA, Bowden GT. The role of JNK and p38 activation in UVA-
Induced Signaling Pathways leading to AP-1 activation. Neoplasia. 2003 Jul-
Aug;5(4):319-29. 



179 

APPENDIX C: ANIMAL PROTOCOL REVIEW 

•mEUMWESsmor 

InsflBittoMl Anfasd Cars Arizcs^ ® RO, Bm saiffit 
m^VBeCommrn nmmAmmm 

Veri&aak® of Risview 
By Hie tafitttairf AaimM Ca» aad Use CmmMm 0 ACStliC) 

HiS Asawaaca No. •A-324W)1 - VStiA Ko. S6-3 

I t e  Un lve r fo f  A r t one  l ACOC res f i ews  eit sejaions of pm^sals lelaii® » aafeaal«» and»«. 
The fiiikiwing listed pre^sM has be« grantei fl&Mf ̂ jSWWwl accoidt̂  to flje reittsw {xtikiies rf Jibe 
lACUC: 

PROtOCOL COOTWJl, WUMaSRmn :̂ 

- "Cftcmopreu'eHtiffls af Pfaoteotrî e^esis to the Mawe - faach Biopsy Sjasam" 
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