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Malignant melanoma has a high incidence of mortality due to its resistance to 

chemotherapy and tendency to metastasize, and in the past 60 years has seen an increase 

in industrialized nations. HYPOTHESIS:  We propose that activation of the aryl 

hydrocarbon receptor (AhR) by environmental chemicals contributes to melanoma 

invasion through enhancing expression and activity of the matrix metalloproteinases 

(MMPs).  Further, we hypothesize that AhR interactions with other signaling pathways 

are critical for AhR-induced MMP expression in these cells. The AhR, originally 

identified as the receptor for the polycyclic aromatic hydrocarbon (PAH) family of 

environmental contaminants, is activated by endogenous and exogenous compounds, 

including: flavonoids, UV photoproducts of tryptophan, as well as some synthetic 

retinoids.  We have previously shown that TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin)-

activation of the AhR results in increased expression and activity of MMPs -1, -2 and -9.  
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MMPs are a family of zinc- and calcium-dependent proteinases that degrade extracellular 

matrix (ECM) substrates that are involved in melanoma progression and metastasis.  In 

this thesis we show that maximal TCDD-induced MMP-1 activation in A2058 melanoma 

cells requires 3 cis-acting response elements in the distal portion of the MMP-1 promoter, 

the NFκB, CCAAT and MITF sites.  These elements are known to be downstream targets 

of the Ras/Raf signaling pathway, and our data also show that Ras/Raf activation is 

critical for AhR-induced MMP-1, -2 and -9 expression.  Our data further suggest that 

AhR-Ras/Raf interactions result in deregulation of ECM metabolism, through alterations 

in expression of MMPs and their endogenous inhibitors, TIMP-1/-2 (tissue inhibitor of 

metalloproteinases).  Lastly we demonstrate crosstalk between Ras/Raf signaling and the 

AhR pathway, and show that loss of AhR results in a reduction in Ras/Raf-mediated 

phosphorylation of ERK.  Crosstalk is also demonstrated by a reduction of AhR 

expression and activity observed following Ras/Raf inhibition.  Interestingly, 60% of all 

melanomas contain an activating mutation, V600EBRAF, in the Ras/Raf pathway, 

suggesting that melanomas may be more sensitive to AhR-activation.  These data 

demonstrate that AhR-activated expression of MMPs in A2058 melanoma cells requires 

Ras/Raf signaling and that these pathways are directly involved in the regulation of 

enzymes vital to melanoma progression. 
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1.0. GENERAL INTRODUCTION 

1.1. Melanoma 

1.1.1. Skin Structure and Function 

The integumentary organ system, which consists of the nails, sweat glands, hairs 

and skin, serves primarily as a physical barrier between an organism and its environment 

(Champion, 1970). The most expansive portion of the integumentary organ system is the 

skin, which facilitates various functions such as protection, temperature control, adaptive 

immune response, sensation, absorption, respiration and secretion.  Human skin consists 

of two distinct layers, the epidermis and dermis.  These layers serve structural and 

functional purposes and consist of a characterized compliment of cellular and 

extracellular components. 

During development mesenchymal cells within the mesoderm of an embryo give 

rise to most of the cells of the dermis, such as the mast cells, fibroblasts and also the 

adipose cells of the hypodermis (Champion, 1970).  The most abundant dermal fibrillar 

collagen, type I collagen accounts for over 80% of all the collagenous proteins in the 

dermis (van Kempen et al., 2008).  The developed dermal layer is divided into two 

sections, the papillary region adjacent to the epidermis and the deeper reticular region 

(Figure 1.1.A.).  The two regions differ in their connective tissue composition in that the 

papillary region contains a finely woven meshwork of collagen I fibers while the reticular 

region contains a distinctive pattern of thick collagen bundles (van Kempen et al., 2007).   

A sheet of extracellular matrices called the basement membrane exists between 

the basal layer of the epidermis and the papillary region of the dermis (Amano et al., 

2001).  The basement membrane serves as structural support, linking the epidermal to the 
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dermal layer but also facilitates keratinocytes polarity for growth and differentiation (De 

Arcangelis et al., 1996).  The basement membrane between the dermis and the epidermis 

contains mainly collagens type IV and VII, laminins, nidogen and perlecan and provides 

a physical barrier against epidermal cell invasion and hence metastasis (Marinkovich et 

al., 1993).  

The epidermal layer resides above the basement membrane and consists 

predominantly of keratinocytes in contact with melanocytes, Langerhans' and Merkel 

cells.  This layer of the skin consists of multiple strata defined by various stages of 

differentiated keratinocytes and is under constant renewal.  The melanocytes are dendritic 

cells derived from the neural-crest and are located at the basal layer of the epidermis 

(Sulaimon and Kitchell, 2003).  One melanocyte will contact approximately 36 proximal 

keratinocytes and this grouping is referred to as an epidermal unit (Fitzpatrick, 1971).  

The melanocyte within the epidermal unit interacts with surrounding keratinocytes in a 

biochemical and physical fashion through dendritic processes.  The primary role of 

melanocytes is to deliver a photoprotective, pigment producing molecule called melanin 

to the surrounding keratinocytes.  Melanin is synthesized and transported to the 

keratinocytes in a membrane bound organelle called the melanosome (Schallreuter, 

2007).  

1.1.2 Melanoma Incidence and Stages 

Melanoma is a malignant tumor arising from normal human melanocytes.  

Melanoma related mortalities in the United States have risen 34% from 1973 to 1992 

and are still on the rise in countries world wide  (Greenlee et al., 2000; Hoffmann et al., 

1998; Parkin et al., 2005; Rigel et al., 1996).  Melanomas can be ocular, mucosal, 
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genitourinary, gastrointestinal, leptomeninges, as well as metastasize to lymph nodes 

however, 95% of melanomas originate in the skin. The incidence of cutaneous 

melanoma is rising in several European countries (Karim-Kos et al., 2008; Pellacani et 

al., 2008) and the age-adjusted incidence is 68 and 29.3 of every 100,000 persons in 

Australia and  the United States respectively (Parkin et al., 2005).  Due to both 

increasing trends in incidence world-wide, and the lack of many successful treatment 

options, the characterization of malignant melanoma pathology needs further research 

and understanding (Rigel et al., 1996). 

Melanocyte growth control and proliferation is normally suppressed by 

neighboring epithelial cells through homodimer interactions involving the cell surface 

receptor E-cadherin. The change in expression from E-cadherin to N-cadherin by 

melanoma cells results in release from growth suppression and formation of small 

clusters of melanocytes called benign nevi (Li et al., 2001; Sanders et al., 1999; Silye et 

al., 1998).  The formation of benign melanocytic nevi is a preliminary step in the 

development of melanoma and is characterized by local proliferation without dermal 

invasion (Figure 1.1.B.).  The transition from benign nevi to malignant melanoma 

requires invasion and is categorized into distinct phases based on invasion Figure 

1.1.B.).  Cutaneous melanomas initiate in the epidermal layer of the skin as a 

pigmented cluster of melanocytes that grow in a radial fashion called the radial growth 

phase (RGP).   This phase of growth does not require extravasion from the epidermis 

into the dermis (Elder, 2006). The vertical growth phase of melanoma is defined by 

invasion into the papillary and reticular dermis and requires deposition of the basement 
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membrane consisting of mostly collagen type IV as well as macromolecules such as 

laminins, proteoglycans, entactin and other collagens (Elder, 2006; Pasco et al., 2004).   

   

1.1.3. Causes of Melanoma 

The main etiological risk factor for acquiring cutaneous melanoma is related to 

sporadic, intense sun exposure, especially in adolescence (Breitbart et al., 1997; 

Gandini et al., 2005; Walter et al., 1999).  However, pyrimidine dimer formation, a 

typical signature of UV-mediated DNA damage, is lacking in melanomas. This 

observation is consistent with the resistance to UV-induced cell death  of melanocytes 

compared to keratinocytes and suggests that pathways other than UV radiation may 

contribute to melanoma initiation and progression  (de Leeuw et al., 1994).  

Epidemiological and environmental evidence demonstrate that environmental 

carcinogens contribute to melanoma initiation and progression (Beane Freeman et al., 

2004; Broome Powell et al., 1999; Kennedy et al., 2005; Wolfe et al., 1990).   Previous 

finding from the White laboratory at Rutgers University show that exposure of 

melanoma cells to an environmental carcinogen, 2,3,7,8-tetrachlorodibenzo-p-dioxin, 

and resultant activation of the aryl hydrocarbon (AhR) pathway resulted in increased 

expression of matrix metalloproteinases (MMPs) which are essential to matrix 

catabolism and metastasis (Villano et al., 2005).  These data are consistent with the 

possibility that environmental carcinogens are not only able to affect melanoma 

incidence, but can also facilitate enhanced progression through the AhR pathway. 

  Mutations in members of the Ras/Raf/MEK/ERK signaling pathway are 

commonly found in melanomas and the most frequent mutation occurs in an isoform of 
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Raf, BRaf (Davies et al., 2002).  BRaf is a serine/threonine protein kinase that resides 

down stream of Ras in the Ras/Raf kinase signaling pathway.  Somatic mutations of 

BRaf occur in approximately 7% of all cancers indicating that BRaf may have an 

important role in cancer maintenance (as reviewed (Dhomen and Marais, 2007).  The 

most common activating mutation, accounting for approximately 90% of all BRaf 

mutations in melanomas, involves the substitution of valine for a glutamic acid residue 

at position 600 (BRaf V600E), which was previously thought to be position 599 (Davies 

et al., 2002).  BRaf V600E is considered an oncogene due to the ability of melan-a cells 

expressing BRaf V600E to form tumors capable of growth in nude mice verses no growth 

for the same cells expressing wild-type BRaf (Wellbrock et al., 2004).  In addition, the 

suppression of BRaf V600E resulted in slower growth of melanoma tumors in mice 

(Hoeflich et al., 2006).   Interestingly, BRaf V600E is not sufficient for cancer 

progression due to 80% of benign skin lesion containing the mutation as well as reports 

of transgenic zebrafish expressing BRaf V600E resulting in only nevi formation (Patton et 

al., 2005; Pollock et al., 2003; Yazdi et al., 2003).  Together these data suggest that 

BRaf V600E may play an important role in melanoma initiation however, other signals 

are also necessary for tumor progression.  The A2058 melanoma cells utilized 

previously by the White laboratory and throughout this thesis harbor the BRaf V600E 

mutation making the Ras/Raf pathway of particular interest in studying the regulation 

of TCDD-induced MMP expression.  
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1.2.1. Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of zinc and calcium dependent 

proteinases that together are able to degrade all the components of the ECM.  Family 

members contain a cysteine switch motif in the prodomain, a zinc binding motif and have 

sequence homology to MMP-1, with the exception of MMP-23 which lacks a cysteine 

switch motif.  There are currently 23 MMPs characterized in humans that are classified 

based upon their substrate specificity, sequence similarity and domain organization 

(Visse and Nagase, 2003) (Table 1.1.).  MMP classifications are as follows: collagenases, 

which degrade connective tissue collagens; gelatinases that degrade denatured collagens 

and gelatins, stromelysins, which have a broad substrate specificity for proteoglycans, 

laminins, fibronectins and gelatins and also contain MMP-3, a known activator of pro-

MMP-1 (Suzuki et al., 1990); matrilysins that lack a hemopexin domain; membrane-type 

MMPs (MT-MMP) of which there are two types, the type I transmembrane proteins and 

the glycosylphosphatidylinositol anchored proteins with varying substrate specificities; 

and a group of  “other” MMPs consisting of seven MMPs that do not fit specific 

classifications of the other five groups. 

MMPs are mainly regulated at the level of transcription or activity and are 

essential for tissue remodeling events such as wound healing and embryogenesis and  

loss of control of MMPs can result in cancer, arthritis, atherosclerosis, aneurysms, 

nephritis ulceration and fibrosis (Chakraborti et al., 2003; Visse and Nagase, 2003).  

MMP transcription is induced by various growth factors and cytokines.  Inflammatory 

cytokines interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α) are two well studied 

stimulators of MMP production and IL-1-induced MMP-1 expression was recently seen 
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to require both ERK and NFkB signaling (Chakraborti et al., 2003; Fan et al., 2006).  

Other factors such as retinoic acid and glucocorticoids are known to inhibit MMP 

expression (Chakraborti et al., 2003).  The effect of a particular cytokine or growth factor 

is sometimes cell type specific as is seen with transforming growth factor-β (TGF-β) and 

retinoic acid.  In keratinocytes, TGF-β activates MMP-1 expression, however it represses 

MMP-1 expression in fibroblasts (Pilcher et al., 1997b), while retinoic acid, which has 

been demonstrated to suppress MMP-1 in breast cancer cells (Benbow et al., 1999c), 

results in MMP-1 induction in keratinocytes (Murphy et al., 2004). 

MMP gene expression has been shown to be mediated through many cis- and 

trans-acting factors.  Fos and Jun transcription factor family members have been shown 

to bind to two activator protein-1 (AP-1) sites located in the proximal promoter of MMP-

1 and activate expression (Benbow and Brinckerhoff, 1997).  These AP-1 sites are also 

required for TCDD-induced MMP-1 expression in normal human keratinocytes (Murphy 

et al., 2004).  There are also PAE-3 elements located in the MMP-1 promoter that are 

known to mediate binding of the ETS family of transcription factors.  A PEA-3 site in the 

MMP-1 promoter located at -80bp of the MMP-1 promoter regulates TPA (PMA) 

induction (White and Brinckerhoff, 1995).  Another site at -3108 has been implicated in 

the suppression of MMP-1 due to retinoic acid treatment (Benbow et al., 1999a).  Recent 

data suggest that MEKK1 overexpression of MMP-1 is mediated by NFκB-p65 and 

C/EBPβ heterodimer binding to -2008 and -1972bp, respectively. 

MMPs are produced as pro-enzymes and require cleavage of the propeptide for 

activation.  proMMP activation occurs in a two-step fashion generating cleavage 

intermediates (Nagase, 1997).  The first step generally involves a proteolytic attack upon 
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an exposed loop region between the first and second helix of the pro-peptide.  After this 

cleavage, it is thought that destabilization of the pro-peptide occurs, which allows the 

remaining pro-peptides removal by other MMPs resulting in an active MMP molecule.  

Plasmin is also a known activator of MMPs.  The precursor of plasmin, plasminogen is 

cleaved by urokinase plasminogen activator to generate plasmin.  Plasmin has been 

reported to activate proMMP-1, proMMP-3, proMMP-7, proMMP-9, proMMP-10 and 

proMMP-13 (Lijnen, 2001).    

Aside from degrading extracellular matrix components, MMPs are also known to 

cleave non-matrix substrates including signaling molecules, receptors, and adhesion 

molecules.  Precise processing of these non-matrix molecules expand the biological role 

of MMPs beyond that of matrix turnover (Overall, 2004).  Apolioprotein E (apoE) 

suppresses growth factor-induced cell migration and proliferation in smooth muscle cells 

and is a substrate for MT1-MMP.  Cleavage of apoE by MT1-MMP abrogates 

suppression of cell proliferation (Aoki et al., 2005).  Further, extracellular matrix 

metalloproteinase inducer (EMMPRIN) is cleaved in an MMP-dependent manner to 

produce soluble EMMPRIN molecules (Tang et al., 2004).  Other molecules cleaved by 

MMPs are syndecan-1, ADAMTS4 and cyclophilin B (De Ceuninck et al., 2003; Endo et 

al., 2003; Gao et al., 2004).  The recent findings that have revealed MMPs increased 

substrate repertoire, termed the substrate degradome, have spurred researchers to alter 

their experimental methods to encompass the complete change of cleavage products 

produced within a cell or tissue to understand changes in the cellular microenvironment 

resulting from MMP activity (Lopez-Otin and Overall, 2002). 
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1.2.2. Regulation of Matrix Metalloproteinase Activity 

The primary inhibitor of MMP activity in plasma is the α2-macroglobulin, while 

in tissue the primary inhibitors are the tissue inhibitors of metalloproteinases (TIMPs).  

TIMPs are specific endogenous inhibitors of MMPs that regulate them through 1:1 

stoichiometric interactions (Nagase and Woessner, 1999).  There are four known TIMPs 

(1-4) and they function by binding the catalytic domain of MMPs rendering them unable 

to metabolize ECM substrates (Gomez et al., 1997).  The inhibition of TIMPs can be 

facilitated by the N-terminal region of the TIMPs (Murphy et al., 1991).  TIMPs can 

inhibit all MMPs excluding MT1-MMP, which TIMP-1 fails to inhibit (Will et al., 1996).  

Some examples of specific TIMP/MMP interactions are known, such as TIMP-1 

inhibiting proMMP-9 (Airola et al., 1999; Goldberg et al., 1992).  ProMMP-2 is not 

easily activated by general proteases and TIMP-2 for its activation.  Studies show that  

TIMP-2 and proMMP-2 form a tight complex through their C-terminal domains and that 

TIMP-2’s N-terminal domain binds to MT1-MMP (Butler et al., 1998; Strongin et al., 

1995).  proMMP-2 is activated by MT1-MMP and is freed from TIMP-2 (Visse and 

Nagase, 2003).  The ratio between TIMP:MMP expression is most likely crucial for 

controlled matrix degradation by MMPs. 

 

1.2.3. Matrix Metalloproteinase in Melanoma 

MMP expression and activity during vertical invasion is essential to the 

melanoma cells’ ability to traverse the basement membrane and extracellular matrix.  

Therefore, MMP expression correlates with the invasive potential of melanoma and are 

markers of an unfavorable clinical prognosis (Parsons et al., 1997).  The most common 
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MMPs associated with melanoma progression are the gelatinase, MMP-2 and the 

collagenase, MMP-1.  MMP-2 is involved in degradation of fibrillar collagens after 

partial degradation by collagenases, indicating that  MMP-2 aids in invasion through the 

dermal layer and upregulation of MMP-2 increases both tumor growth and metastasis 

(Luca et al., 1997).  Collagenases are essential to remodeling, because they are the only 

enzymes capable of initiating degradation of interstitial collagens at neutral pH and it has 

been shown that MMP-1 reduction by antisense RNA and also by RNA interference that 

MMP-1 is crucial to both basement membrane type IV collagen degradation as well as 

reducing angiogenesis, respectively (Blackburn et al., 2007; Durko et al., 1997).  

Immunolocalization studies of human melanoma tissue show the presence of  MMP-1, 

MMP-2, and MMP-3 both within melanoma and in host tissue cells, but not in distant 

normal tissue (Walker and Woolley, 1999).  The role of MMP-3 in melanoma 

progression may be in the activation of proMMP-1.  The expression of MMP-1 and 

MMP-3 have also been seen to correlate with invasive stage melanomas (Airola et al., 

1999) indicating that MMPs are a good indicator of invasiveness.  

Degradation of the ECM by MMPs can lead to the production of cleavage 

products or the release of previously sequestered macromolecules and are called 

matrikines. Some released products are defined as biologically active protein domains 

derived from ECM macromolecules (Pasco et al., 2004).   Studies have shown that 

basement membrane molecules released during degradation influence melanoma 

progression.  Laminin-5 enhances melanoma cell motility through α3β1 or α6β4 

integrin signaling by up-regulating MMP-9 secretion (Tsuji et al., 2002). Other 

matrikines are implicated in the suppression of melanoma such as endostatin.   
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Endostatin is released from collagen XVIII degradation and implicated as a possible 

anti-angiogenic factor.  The mode of action of endostatin seems multifaceted in that it 

has been seen to compete FGF-1 or VEGF for heparin sulfate chain binding resulting in 

decreased angiogenesis, while it also binds to the catalytic domain of MMP-2 and 

suppresses its activation as well as actication of MT1-MMP (Egeblad and Werb, 2002; 

Kim et al., 2000; Lee et al., 2002; Marneros and Olsen, 2001).  This indicates that the 

role of MMPs in melanoma progression isn’t limited solely to disruption of physical 

barriers, but also results in the creation of many biologically active molecules with 

various activities [as reviewed (Egeblad and Werb, 2002; Pasco et al., 2004)]. 

1.3.1. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a polycyclic aromatic 

hydrocarbon (PAH) (Figure 1.2.) and is one of many unintentional by-products of 

chlorinated waste incineration and industrial combustion (Travis and Hattemer-Frey, 

1991).  Due to its lipophilicity and resistance to biological degradation, TCDD 

accumulates in adipose tissue and body burdens generally increase over time.  In 1997, 

the International Agency for Research on Cancer (IARC) changed TCDDs status from 

a group 2 (possible) human carcinogen to a group 1 carcinogen (Steenland et al., 2004).  

TCDD’s effectiveness as tumor promoter is seen in the rodent model where it is one of 

the strongest tumor promoters, promoting at 1/100 the dose of the tumor promoter 12-

o-tetradecanoylphorbol-13-acetate (PMA) (Pitot et al., 1980).  These findings are 

supported in human cohort studies showing that factory workers exposed to elevated 

levels of TCDD displayed a higher incidence of cancer related mortalities (Hooiveld et 

al., 1998; Steenland et al., 1999).   Further, data from individuals exposed to TCDD in 
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an industrial accident in Seveso, Italy in 1976 reports that there are increases in 

mortality due to lymphatic and hematopoietic cancers in the area of highest 

contamination while mortality from rectum and lung cancer existed in lower 

contaminated areas as compared to a proximal reference site in Seregno, Italy (Cope et 

al., 2003).  Support for TCDDs classification as a carcinogen regarding melanoma 

comes from a Ranch Hand cohort study of Air Force personnel who sprayed TCDD 

contaminated Agent Orange in Vietnam.  This study has recently shown a significant 

increase in melanoma incidence in TCDD-exposed Air Force personnel as compared to 

the general population or other Air Force personnel in Southeast Asia who did not 

spray Agent Orange (Akhtar et al., 2004).  These data indicate that TCDD exposure 

correlates to an increase in a variety of cancers including melanoma. 

1.3.2. Aryl Hydrocarbon Receptor (AhR) Pathway  

AhR, and its dimerization partner, the AhR Nuclear Translocator (Arnt), are 

members of the basic helix–loop–helix Per/Arnt/Sim (bHLH-PAS) domain family of 

transcription factors.  This is a family of proteins with diverse biological roles ranging 

from regulation of development, to hypoxia signaling and circadian rhythms (Crews and 

Fan, 1999).  The AhR is a ligand activated transcription factor that resides inactive in the 

cytoplasm while bound to accessory proteins including two heat shock protein 90 

molecules, a HSP-90-interacting co-chaperone p23, and an immunophilin-like protein, 

ARA9/XAP2/AIP (Carver et al., 1998; Denis et al., 1988; Kazlauskas et al., 2001; Nair et 

al., 1996; Schmidt and Bradfield, 1996) (Figure 1.3.).  Binding to the ligand binding 

domain of AhR results in exposure of the nuclear localization sequence through 

alterations of XAP2 binding (Kashuba et al., 2006; Ramadoss and Perdew, 2005).  After 
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nuclear localization and dissociation from HSP-90 and ARA9, the AhR forms a 

heterodimer with heterodimeric binding partner, Arnt (Heid et al., 2000).  The AhR/Arnt 

heterodimer functions as a transcriptional activator by binding to specific DNA enhancer 

element sequences in the 5’ regions of AhR-responsive genes termed xenobiotic response 

elements (XRE: 5V-GCGTG-3V) (Matsushita et al., 1993; Reyes et al., 1992; Sogawa et 

al., 1995; Watson and Hankinson, 1992).   

A common theme of the PAS family of proteins is the production of repressor 

molecules to terminate signal transduction (Haarmann-Stemmann and Abel, 2006).  The 

Aryl Hydrocarbon Repressor (AhRR) is similar to both AhR and Arnt in that they all 

have a bHLH region that facilitates DNA binding and a PAS domain.  Like Arnt 

however, the AhRR does not bind ligand and the AhR has a carboxy-terminal that differs 

greatly from AhRR (Mimura et al., 1999).  The AhRR is involved in negative feedback 

inhibition of activated AhR/Arnt signal transduction through its increased expression 

mediated by XREs in its promoter (Evans et al., 2005) (Mimura et al., 1999).  Possible 

mechanisms of AhRRs repression consist of AhRR sequestering of Anrt or direct 

competition for XRE binding which both would affect the AhR pathway’s ability to 

activate XRE-mediated transcription.  The current theory is that AhRR is involved in 

transrepression through protein-protein interactions at the site of promoter activation 

(Evans et al., 2008).  A role for AhRR in human cancer has recently been realized 

through a report demonstrating that AhRR expression is suppressed in a variety of human 

malignant tissues from various regions including the colon, breast, lung, stomach, cervix 

and ovary (Zudaire et al., 2008).  This report suggests that the AhRR may be a tumor 

suppressor and also implies that AhR signaling is critical to such malignancies. 
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1.3.3. Endogenous Role of the AhR Pathway 

 The role of the AhR in carcinogenic progression has focused on chemical-

induced activation; however recent studies have shown that the AhR signaling pathway 

has functions other than response to exogenous chemicals.  AhR knockout mice and 

cell culture experiments demonstrate that without ligand binding, the AhR promotes 

cell proliferation [see (Marlowe and Puga, 2005)].  A role for the AhR in controlling 

cell proliferation is further supported by results showing that TCDD exposure causes a 

decrease in cell cycle progression and proliferation (Huang and Elferink, 2005; Jin et 

al., 2004; Ray and Swanson, 2004).  These data suggest that the AhR may play the role 

of an environmental/cellular stress sensor and inhibit cell cycle progression when the 

cell is stressed and that activation of the AhR by chemicals such as TCDD result in 

dysregulation of AhR’s normal role. 

The AhR has also been implicated in malignant progression involving direct 

interactions with other pathways and potential regulation of AhR and AhRR 

expression.  AhR has been shown to physically interact with the known cell cycle 

control protein, retinoblastoma (RB) and this interaction represses cell cycle 

progression and E2F-dependent gene expression (Puga et al., 2000).  Recent data also 

demonstrate an enhanced expression of AhR in both DMBA-induced pre-malignant 

mammary tissue and malignant mammary cells (Yang et al., 2007).  These data 

combined with previous data showing higher expression of AhR in breast carcinoma 

cell lines as compared to immortalized, non-tumor-derived cell lines suggest a role for 

the AhR pathway in mammary tumorigenesis (Spink et al., 1998).  Up-regulation of 

AhR in DMBA-induced mammary tissue results in increased expression of xenobiotic 
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metabolizing enzyme CYP1B1, which could facilitate the production of carcinogenic 

metabolites ultimately enhancing progression (Buters et al., 1999).  Furthermore, the 

AhRR,  has been implicated as an tumor suppressor due to its consistent down-

regulation in malignant colon, breast, lung, stomach, cervix and ovary tissue (Zudaire et 

al., 2008).  The presence of AhRR in normal tissue may be required to control AhR-

dependent repression of cell cycle progression through interactions with the RB protein 

while the inverse expression of AhR and AhRR in breast cancer also suggests that AhR 

pathway modulation is a critical step in tumorigenesis.  These current findings involve 

endogenous roles of the AhR pathway suggest that the AhR and the AhRR may be 

involved in mediating non-chemical as well as chemical induced tumorigenesis.      

 

1.3.4. TCDD and the AhR Pathway 

Studies involving the activation of the AhR pathway by TCDD have focused on 

the heterodimer’s ability to activate transcription of phase I  xenobiotic metabolizing 

genes including members of the cytochrome p450 (CYP450) family of monooxygenase 

enzymes (Fujii-Kuriyama et al., 1992; Swanson, 2004; Watson and Hankinson, 1992) 

and phase II xenobiotic metabolizing enzymes, including UGT1A1, GST-Ya subunit and 

NADPH-quinone-oxido-reductase [reviewed in (Mimura and Fujii-Kuriyama, 2003)].  

TCDD also activates genes unrelated to xenobiotic metabolism. These include genes 

encoding proteins involved in growth control, such as transforming growth factor-α 

(Hankinson, 1995), transforming growth factor-β2 (Hankinson, 1995), Bax (Matikainen 

et al., 2001) and p27kip1 (Kolluri et al., 1999); cytokines interleukin-1β and interleukin-2 

(Jeon and Esser, 2000; Sutter et al., 1991; Yin et al., 1994), and  nuclear transcription 
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factors such as c-fos, Jun-B, c-Jun and Jun-D (Hoffer et al., 1996; Marlowe and Puga, 

2005; Puga et al., 1992). 

  Exposure to TCDD results in a number of pathological lesions involving matrix 

remodeling.  For example, in utero exposure to TCDD in rats results in reduced 

postnatal seminal vesicle branching and differentiation (Hamm et al., 2000).  In 

addition to rats, C57BL/6 mice exposed to TCDD either in utero or through lactation 

exposure to TCDD, as well as a mice containing a null mutation of the AhR develop 

altered seminal vesicles and prostrates (Lin et al., 2002).  Furthermore, studies of 

mammary gland development reveal that weanling rats exposed to TCDD display 

aberrant mammary gland development characterized by decreased mammary tubule 

branching (Brown and Lamartiniere, 1995).  Malformations of the palatal shelves 

resulting in cleft palate are also seen in mice exposed to TCDD in utero (Abbott and 

Birnbaum, 1989).  The effects of TCDD and the AhR pathway upon ECM remodeling 

are also seen in the teleost, Danio rerio (zebrafish).  The common cardinal vein delivers 

blood to the heart of the zebrafish and undergoes remodeling as it regresses dorsally 

during development.  This regression is decreased by TCDD treatment in an AhR-

dependent fashion (Bello et al., 2004).  Zebrafish caudal fin regeneration coincides with 

MT1-MMP, MMP-1 and TIMP-2 expression and TCDD treatment results in an AhR-

dependent inhibition of regeneration (Bai et al., 2005; Zodrow and Tanguay, 2003).  

These data show that TCDD activation of the AhR can result in aberrant ECM 

remodeling events in a wide variety of physiological processes.   

Data from the White laboratory have demonstrated that activation of the AhR 

by TCDD results in alterations in expression and activity of matrix metalloproteinases 
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(MMP) in melanoma and normal human keratinocytes cells (Murphy et al., 2004; 

Villano et al., 2005).  Over-expression and increased activity of MMPs in cancerous or 

proximal stromal cells can result in aberrant ECM deposition and cell motility (Benbow 

et al., 1999b; Blackburn et al., 2007; Hofmann et al., 1999).  The White laboratory has 

specifically shown that TCDD can induce MMP-1, MMP-2 and MMP-9 expression and 

activity in A2058 melanoma cells and that this is mediated by the AhR signaling 

pathway and requires de novo protein synthesis (Villano et al., 2005).  Furthermore, it 

was demonstrated that TCDD-induced activation of MMP-1 is not mediated through 

any known AhR-responsive elements in the MMP-1 promoter.  Further studies are 

needed to elucidate the mechanisms and/or signaling pathways required for TCDD-

induced MMP-1 expression in melanoma cells. 

 

1.4. Objective and Hypothesis 

 The objectives of this thesis are to elucidate the pathways and molecular 

mechanisms involved in mediating AhR-dependent TCDD induction of MMP-1, MMP-2 

and MMP-9 in A2058 melanoma cells.  It is expected that this knowledge will help 

develop a better understanding of how AhR signaling mediates MMP production as it 

relates to malignant melanoma.  It is hoped that such an understanding will lead to the 

elucidation of a novel participating pathway or molecule that could be targeted for 

inhibition and utilized in treatment.  It is  hypothesized here that: (1) TCDD-induction of 

MMP-1 expression is mediated, in part, by novel transcription factor binding site(s) in the 

distal MMP-1 promoter and that these binding sites require AhR-mediated signaling; (2) 

additional second messenger signaling is required for TCDD-mediated induction of 
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MMP-1, MMP-2 and MMP-9 expression; and (3) the AhR signaling pathway will 

modulate the second messenger signal required for TCDD-mediated induction of MMPs.  

A2058 melanoma cells containing an activating BRaf mutation (BRaf V600E)  

 Data presented here demonstrate that TCDD induction of MMP-1 promoter 

activity in A2058 melanoma cells is mediated by AhR and that maximal activation 

involves binding of NFκB, CCAAT and MITF regulatory elements to 5’ proximal 

regions of the MMP-1 promoter, as well as by histone acetylation.  Inhibition of either 

the Ras/Raf MAP kinase pathway or the p38 MAP kinase pathway results in reduction of 

MMP-1, MMP-2 and MMP-9 TCDD-induced MMP expression demonstrating a need for 

second messenger signaling for TCDD induction of MMPs.  Either p38 inhibition or AhR 

inhibition resulted in decreased phosphorylation of the Ras/Raf signaling pathway 

component, ERK.  This decrease in phosphorylation together with effects of Ras/Raf 

signaling inhibition on MMPs demonstrate the necessity of ERK phosphorylation for 

maximal TCDD-induced MMP expression.  Ras/Raf signaling inhibition also results in a 

decrease of AhR expression and a concomitant increase in AhRR expression, suggesting 

that the Ras/Raf inhibitor is altering AhR responsiveness by changing AhR:AhRR 

balance.  Less expression of AhR and more of AhRR would result in an overall 

repression of the AhR signaling pathway and data here show that normal human 

melanocytes express a much greater amount of AhRR compared to AhR.  In comparison, 

the BRaf V600E containing A2058 melanoma cells express a high amount of AhR 

compared to AhRR, however after Ras/Raf inhibition A2058 cells express less AhR and 

more AhRR.  This change in expression due to Ras/Raf inhibition causes A2058 cells 

expression levels of AhR and AhRR to resemble that of normal human melanocytes.  
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These data demonstrate that Ras/Raf signaling pathway has a direct effect on the 

expression of AhR and AhRR, indicating that melanoma progression may involve 

regulation of the AhR pathway through AhR and AhRR intracellular concentrations.  
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Figure 1.1. Continued on next page 
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Figure 1.1. Depiction of human skin and melanoma progression 

(A) Human skin consists of two distinct layers, the epidermis and the dermis.  The 
layers are separated by a basement membrane consists mainly of collagens type 
IV and VII and provides a physical barrier to epidermal cell invasion to the 
dermis.  Melanocytes are pigment producing cell of neural crest origin and reside 
in the basal layer of the epidermis in contact with approximately 36 keratinocytes 
and together these cells form what’s termed the epidermal unit. (B) Benign nevi 
transition to malignant melanoma initially growing within the epidermis in 
circular fashion (radial growth phase) where increased expression of MMPs are 
observed.  Further progression involves degradation of the basement membrane 
by MMPs and results in dermal invasion (vertical growth phase). 
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Subfamily Name ECM substrates 

Collagenase-1/MMP-1 Collagen I, II, III,VII,VIII,X,XI; 
gelatin, entactin/nidogen, fibronectin, 
laminin, vitronectin, aggrecan 

Collagenase-2/MMP-8 Collagen I, II, III; gelatin, entactin, 
aggrecan, tenescin 

Collagenases 

Collegenase-3/MMP-13 Collagen I, II, III,VI,VIII,IX,X, XIV; 
gelatin, fibronectin, vitronectin, 
aggrecan, osteonectin 

Gelatinase-A/MMP-2 Collagen I,  III, IV, V,VII,X,XI; 
gelatin, fibronectin, fibrillin, elastin, 
laminin-5, vitronectin, aggrecan, 
osteonectin, tenescin 

Gelatinases 

Gelatinase-B/MMP-9 Collagen IV, V, XI, XIV; gelatin, 
decorin, fibrillin, elastin, laminin, 
vitronectin, aggrecan 

Stromelysin-1/MMP-3 Collagen  III, IV, V,VII,IX, X, XI; 
gelatin, decorin, elastin, 
entactin/nidogen, fibronectin, fibrillin, 
laminin, vitronectin, aggrecan, 
osteonectin 

Stromelysins 

Stromelysin-2/MMP-10 Collagen  III, IV, V; gelatin, elastin, 
fibronectin, aggrecan 

MT-MMP-1/MMP-14 Collagen I, II, III;  gelatin, fibronectin, 
vitronectin, aggrecan 

MT-MMP-2/MMP-15 Proteoglycan 
MT-MMP-3/MMP-16 Collagen III; fibronectin 
MT-MMP-4/MMP-17 Gelatin, fibronectin/fibrin 
MT-MMP-5/MMP-24 Fibronectin, proteoglycans, gelatin 

Membrane-Type  

MT-MMP-6/MMP-25 Collagen IV, gelatin, laminin-1, 
fibronectin, proteoglycans, 
fibrin/fibrinogen 

Matrilysin-1/MMP-7 Collagen I, IV; decorin, elastin, 
fibrillin, fibronectin, laminin, 
vitronectin, aggrecan, osteonectin 

Matrilysin 

Matrilysin-2/ MMP-26 Collagen IV, gelatin, fibronectin, 
fibrin/fibrinogen 

Stromelysin-3/MMP-11 Fibronectin, laminin, aggrecan 
Elastase/MMP-12 Fibronectin, elastin, laminin, 

proteoglycans, fibrin/fibrinogens 
RASI-1/MMP-19 Collagen IV; gelatin, laminin, 

fibronectin, fibrin/fibrinogen 
Enamelysin/MMP-20 Ameologenin, aggrecan 
CA-MMP/MMP-23 &  
MMP-24 

Gelatin 

Other MMPs 

Epilysin/MMP-28  
Table 1.1.  Matrix metalloproteinases and substrate specificity  
Table of matrix metalloproteinases with their corresponding substrate specificities         
reproduced from (Hillegass et al., 2006). 
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Figure 1.2. Chemical structure of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 



24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AhRRAhRR

 

Figure 1.3. The aryl hydrocarbon signaling pathway 
The aryl hydrocarbon receptor (AhR) is a receptor for many polycyclic aromatic 
hydrocarbons, such as TCDD.  The AhR resides inactive in the cytoplasm associated with 
accessory proteins HSP90, p23 and XAP2.  TCDD binding to AhR results in nuclear 
translocation where AhR forms a heterodimer with the Aryl Hydrocarbon Nuclear 
Translocator (Arnt).  The AhR/Arnt heterodimer functions as a transcription factor able 
to bind to xenobiotic response elements of target genes and induce transcription.  The 
AhR Repressor (AhRR) is an endogenous repressor of the AhR/Arnt heterodimer and can 
inhibit AhR/Arnt-mediated transcription. 
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2.0. MATERIALS AND METHODS 

 

2.1. Cell Culture 

A2058 melanoma cells were purchased from ATCC, and cultured in Dulbecco's 

Modification of Eagle's Medium (DMEM), 1X with 4.5g/L, L-glutamine, & sodium 

pyruvate (Mediatech) with Pen/Strep (Mediatech) and Fetal Clone II (HyClone).  

Normal Human Melanocyte (NHM) lightly pigmented primary cultures were purchased 

from Cascade Biologics and cultured in Media 154 (Cascade Biologics) supplemented 

with Human Melanocyte Growth Supplement (Cascade Biologics).  Cultures were 

incubated at 37oC, in a humidified, 5% CO2 incubator.   

 

2.2. Treatments 

Confluent A2058 and NHM cultures were washed three times in Ca2+/Mg2+ free 

PBS and serum starved for 24h in serum and additive-free media.  Pretreatments 

containing chemical inhibitors alone were applied for 30min. prior to co-treatments.  

Treatments were performed at the following concentrations: TCDD (10nM; 

UltraScientific), α-naphthoflavone (αnap) (1μM; Sigma), U0126 (1.25-10μM; 

Calbiochem), SB203580 (4-15μM; Biosource), LY294002 (10μM; Cell Signaling 

Tech) and PP2 (10μM; Biomol), Scriptaid (5uM; Calbiochem), Nullscript (5uM; 

Biomol), Trichostatin A (Calbiochem; 12.5-25nM). 
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2.3. Quantitative Real Time- PCR (qRT-PCR) 

For Real Time-PCR analysis, total RNA was isolated using Trizol Reagent 

(Invitrogen) per manufacturer’s instructions.  DNA contamination was removed by 

DNA-free treatment (Ambion) and cDNA was generated using the iScript cDNA 

Synthesis kit (BioRad).  Primer sets for quantitative PCR and standard curves are 

described previously (Villano et al., 2005) except for BRaf primers obtained from Kim et 

al (Kim et al., 2006). Fluorescent PCR products were detected using a Bio-Rad iCyclerQ 

real-time PCR detection system using iQ SYBR green supermix (BioRad) and all results 

were normalized to GAPDH levels.  Melt curves were generated for each sample after 

amplification for determination of primer dimers. 

 

2.4. Transient Transfections and Luciferase Assays 

MMP-1 promoter constructs 4400bp and 1500bp cloned into the pGL3-basic 

luciferase vector (Promega) was the kind gift of Dr. C. E. Brinckerhoff (Rutter et al., 

1997).  A 2011, 1989, 1949, 1909, 1787, 1610 and 1500bp MMP-1 luciferase constructs 

were PCR amplified, cloned into and sequenced from TOPO pCRII (Invitrogen).  The 

proximal promoter region was either cloned into the Hind III or XhoI site of pGL3-basic 

luciferase vector and the distal region at Xho I or SacI, depending on its orientation in 

TOPO pCRII.  The CYP1A1 luciferase plasmid (pRNH3/235) was the kind gift of Dr. M. 

Denison and Dr. Ron Hines and is described previously (Rushing and Denison, 2002).    

A2058 melanoma cells were transfected with the pGL3 constructs using 

Lipofectamine 2000 (Invitrogen) in serum and additive-free medium (0.55μg DNA : 

10μl Lipofectamine).  Cultures were co-transfected with the renilla luciferase vector 
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phRL-TK (Promega) at a ratio of 1:100 phRL-TK: pGL3 MMP-1 constructs to control 

for variations in transfection efficiency.  A2058s were plated onto 35mm plates at 90 

percent confluence.  One day post-plating, cells were transfected as stated above, and at 

two days post-plating the cells were pretreated with inhibitors following co-treatment 

with vehicle (DMSO) or TCDD and co-treated with inhibitors U0126, SB203580, 

LY294002 or PP2 at indicated concentrations.  Cellular lysates were harvested 24h 

following treatment using the Dual Luciferase Kit (Promega) and luciferase activities 

determined using a Dynex Multiplate Luminometer.  Results were normalized to total 

protein concentrations using a modified Lowry assay (BioRad).  Luciferase activity was 

normalized for transfection efficiency using phRL-TK (Promega). Treatments and 

transfections were performed in triplicate and statistical analysis was performed using 

SigmaStat version 1.0 for Windows statistical analysis program (Jandel Scientific).   

 

2.5. siRNA Transient Transfections 

A2058s were plated to 90 percent confluence on a 6 well plate one day prior to 

transient transfections of siRNA molecules.  A2058 cells were washed three times in 

Ca2+/Mg2+ free PBS and cells were transiently transfected with TriFECTa Kit Dicer 

Substrate RNAi duplexes (IDT) specific to BRaf (siBraf) or AhR (siAhR) at 10nM 

concentration per well using Lipofectamine 2000 (Invitrogen) at 15μL per well.  In 

experiments cotransfected with the 2011bp luciferase construct and either siAhR or 

siBRaf, 0.55μg luciferase + 10nM siRNA : 15:l Lipofectamine ratio was used for a 

24hr transfection.  After transfection, the cells were washed three times in Ca2+/Mg2+ 

free PBS and treatments were applied for indicated times.  Treated cells were harvested 
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24h following treatment using the Dual Luciferase Kit (Promega) and luciferase 

activities determined using a Dynex Multiplate Luminometer.  Results were normalized 

to total protein concentrations using a modified Lowry assay (BioRad).  Luciferase 

activity was normalized for transfection efficiency using phRL-TK (Promega). 

Treatments and transfections were performed in triplicate and statistical analysis was 

performed using SigmaStat version 1.0 for Windows statistical analysis program 

(Jandel Scientific).     

siBraf Duplex:  

5’GGAACAUAUAGAGGCCCUAUUGGAC 3’ 

5’GUCCAAUAGGGCCUCUAUAUGUUCCUG 3’ 

siAhR Duplex: 

5’UCUGUAUUAAGUCGGUCUCUAUGCCGC 3’ 

5’GGCAUAGAGACCGACUUAAUACAGA 3’ 

 

2.6. Preparation of Nuclear Extracts and Electrophoretic Mobility Shift Assays 

Oligonucleotides for mobility shifts were prepared by Integrated DNA 

Technologies and sequences can be seen in figure 3.3.  The following sequences 

represent -2012 through -1945bp of the human MMP-1 promoter as wild-type (2012 

wt) or containing bold, italic and underlined base-pair mutation of specified binding 

sites.   

 

(2012 wt)          agggtgacgtcttaggcaatttcctgtccaatcacagatggtcacatgctgctttcctgagttaacctat  

(2012 NFkB)      agggtgacgtcttagggtacctcctgtccaatcacagatggtcacatgctgctttcctgagttaacctat 
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(2012 CCAAT)agggtgacgtcttaggcaatttcctgtggtaccacagatggtcacatgctgctttcctgagttaacctat 

(2012 Mitf)      agggtgacgtcttaggcaatttcctgtggtaccacagatggtctcgagctgctttcctgagttaacctat 

2012 (N/C)       agggtgacgtcttagggtacctcctgtggtaccacagatggtcacatgctgctttcctgagttaacctat 

2012 (N/C/M)  agggtgacgtcttagggtacctcctgtggtaccacagatggtctcgagctgctttcctgagttaacctat 

 

Nuclear extracts were prepared from A2058 monolayers cultures grown to 90% 

confluence, serum-starved for 24h and treated with TCDD or DMSO or cotreated with 

U0126 inhibitor.  After treatment for indicated times, cells were washed two times with 

ice cold Ca2+/Mg2+ free PBS and transferred in PBS to microcentrifuge tubes where 

they were centrifuged in a refrigerated centrifuge (4oC) at 1,850*g for 5mins.  Cells 

were resuspended in buffer A: 10mM HEPES,pH 7.9; 1.5mM MgCl2; 10 mM KCl; 

0.5mMDTT; 0.5mM PMSF and lysed using a 25 gauge needle.  The samples were 

centrifuged in a refrigerated centrifuge (4oC) at 3,300*g for 5mins and resuspended in 

buffer C: 20mM HEPES, pH 7.9; 25 % glycerol; 0.42M KCl; 1.5mM MgCl2; 0.2mM 

EDTA; 0.5mM DTT; 0.5mM PMSF.  Cells were centrifuged in a refrigerated 

centrifuge (4oC) at 14,000*g for 30mins and supernatants were stored in 20μL volumes 

at -80oC.  Protein content of the extracts was determined using the Modified Lowry 

assay with a bovine serum albumin standard curve (Pierce).  For electrophoretic 

mobility shift assays, 10μg of nuclear protein combined with buffer C and 1μg poly 

dIdC totaling 10μL were incubated with 30,000cpm of [α-32P]dCTP (GE Healthcare, 

PERKin-Elmer) double-stranded probes for 30mins at room temperature.  After 

incubation, binding reactions were electrophoresed on a 7% acrylamide gel in 0.5 X 
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Tris borate/EDTA at 125 V. Gels were dried, exposed on a phosphorimager screen, and 

scanned using a PhosphorImager. 

2.7. In vitro Zymography 

Media from A2058 cultures were concentrated at 4oC using YM-30 Microcon 

Centrifugal Concentrator size exclusion spin columns (Millipore).  Concentrated 

sample protein concentrations were determined using a modified Lowry assay (BioRad) 

and 15 μg of sample was analyzed for collagenase activity using EnzChek 

Gelatinase/Collagenase Assay Kit (Molecular Probes) with collagenase type I substrate.  

After incubation, samples were read in an HT-Soft fluorescence plate reader at 492nm 

excitation / 535nm emission.  Samples were plated in quadruplicate and statistical 

analysis was performed using SigmaStat version 1.0 for Windows statistical analysis 

program (Jandel Scientific). 

 

2.8. Western Analysis 

Whole cell protein was isolated from A2058s using RIPA lysis buffer and 50 μg 

of sample were separated on a NuPAGE 4-12% Bis-Tris acrylamide gel (Invitrogen) 

under reducing conditions. Separated proteins were transferred to a Hybond membrane 

(Amersham) and transfer was confirmed by Ponceau-S staining.  Western blots were 

blocked in TBST containing 5% milk and probed in TBST containing 3% milk with the 

following antibodies; p44/42 , phospho-p44/42, p38, phospho-p38 (Cell Signaling), β-

actin (Sigma).  Secondary HRP conjugated antibodies specific to rabbit and mouse were 

diluted in TBST containing 5% milk and were detected using an ECL Plus Kit 

(Amersham) and exposed to Kodak X-ray film or read on a Storm 860 Molecular Imager 
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(GMI).  Blots of whole cell protein were stripped and re-probed using an antibody 

specific to human β-actin as a loading control. 

Table 2.1. Primers for quantitative real-time PCR 

Name Sequence Size Reference 
GAPDH F: 5’- CGCCAGCCGAGCCACAT-3’ 

R: 5’- TCGCCCCACTTGATTTTG-3’ 
295 bp (Murphy et al., 

2004) 
MMP-1 F: 5’-CCACAAACCCCAAAAGCGTG-3’ 

R: 5’-CGTGTAGCACATTCTGTTGAA-3’ 
262 bp (Nagata et al., 

2003) 
MMP-2 F: 5’-GTGCTGGGCTGCTGCTTTCGT-3’ 

R:5’-GTCGCCCCTCAAAGGTTTGGAAAT-3’ 
487 bp (Villano et al., 

2005) 
MMP-9 F: 5’-CCACGTGACAAGCCCATGGGGCCCC-3’ 

R: 5’-GCAGCCTAGCCCAGTCGGATTTGATG-3’ 
303 bp (Villano et al., 

2005) 
TIMP-1 F: 5’-AATTCCGACCTCGTCATCA-3’ 

R: 5’-TGCAGTTTTCCAGCAATGA-3’ 
230 bp (Paek et al., 2006) 

TIMP-2 F: 5’-AAAGCGGTCAGTGAGAAGG-3’ 
R: 5’-CTTCTTTCCTCCAACGTCC-3’ 

183 bp (Paek et al., 2006) 

CYP1A1 F: 5’-TAACACTGATCTGGCTGCAG-3’ 
R: 5’-GGGAAGGCTCCATCAGCATC-3’ 

420 bp (Abbott et al., 
1999) 

AhR F: 5’-GGACTTGGGTCCAGTCTAATGCAC-3’ 
R: 5’-AGCCAGGAGGGAACTAGGATTGAG-3’ 

296 bp (Abbott et al., 
1999) 

AhRR F: 5’-ACCGCGGATGCAAAAGTAAAA-3’ 
R: 5’-GCTCCTTCCTGGTGAGTAATTGG-3’ 

71 bp  

BRAF F: 5’-CCTCAGAGTAAAAATAGGTG-3’ 
R: 5’-ATAGCCTCAATTCTTACCA-3’ 

315 bp (Kim et al., 2006) 
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3.0. AHR-DEPENDENT MATRIX METALLOPROTEINASE-1 (MMP-1) 

EXPRESSION IS MEDIATED BY MULTIPLE BINDING SITES IN THE DISTAL 

PROMOTER IN A2058 MELANOMA CELLS 

 

3.1. Abstract 

The aryl hydrocarbon receptor (AhR) is a ligand-activated basic helix-loop-helix 

transcription factor involved in regulation of circadian rhythm, drug metabolism and 

immunosupression. Originally identified as the receptor for environmental 

contaminants, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the AhR is now 

known to be activated by a variety of exogenous and endogenous compounds.    

Previous data from the White laboratory demonstrate that TCDD-induced AhR 

activation alters expression and activity of MMPs in human melanoma cells and in 

normal human keratinocytes.  MMP expression and activity are essential for tissue 

remodeling and cellular migration, and are inappropriately expressed in a variety of 

pathologies that involve extracellular matrix (ECM) remodeling, such as rheumatoid 

arthritis and tumor metastasis.  In this study we use siRNA specific to AhR to confirm 

previous findings indicating that the AhR is necessary for TCDD-induced MMP 

expression. Although these data indicate TCDD-activation of MMP-1 is AhR-

dependent, it also showed that AhR-activation of MMP-1 expression is not mediated 

through typical AhR-binding sites.  Using electrophoretic mobility shift and MMP-1 

promoter assay analysis, we identified the binding sites required for TCDD-induced 

MMP-1 expression, including an NFkB-like and a CCAAT binding site.  
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3.2. Introduction 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a polycyclic aromatic 

hydrocarbon (PAH) and is one of many unintentional by-products of chlorinated waste 

incineration and industrial combustion (Travis and Hattemer-Frey, 1991).  Due to its 

resistance to biological and chemical degradation, TCDD accumulates in adipose tissue 

and body burdens increase over time.  Although TCDD appears non-mutagenic, it is 

believed to act by promoting neoplastic transformation in cells that have been initiated 

(Safe, 2001).  Health risks have been demonstrated in human cohort studies showing that 

factory workers exposed to elevated levels of TCDD displayed a higher incidence of 

cancer related mortalities (Hooiveld et al., 1998; Steenland et al., 1999).    The molecular 

mechanism of tumor promotion by TCDD is not clearly understood; however, it is 

accepted that TCDD exerts its effects through activation of the AhR pathway (Poellinger, 

2000).   

The AhR resides inactive in the cytoplasm while bound to accessory proteins 

including two heat shock protein 90 molecules, a HSP-90-interacting co-chaperone p23, 

and an immunophilin-like protein, ARA9/XAP2/AIP (Carver et al., 1998; Denis et al., 

1988; Kazlauskas et al., 2001; Nair et al., 1996).  Ligand binding results in activation of 

AhR and nuclear localization (Reyes et al., 1992).  In the nucleus, the AhR forms an 

active transcription factor through heterodimerization with the aryl hydrocarbon nuclear 

translocator (Arnt) and this heterodimer can bind  to specific DNA sequences in the 5’ 

regions of AhR responsive genes termed xenobiotic response elements (XRE: 5’-

GCGTG-3’) (Matsushita et al., 1993; Reyes et al., 1992; Sogawa et al., 1995; Watson and 

Hankinson, 1992).  Studies of AhR/Arnt and TCDD have focused on the heterodimer’s 
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ability to activate transcription of xenobiotic metabolizing genes including members of 

the cytochrome p450 (CYP450) family of monooxygenase enzymes (Fujii-Kuriyama et 

al., 1992; Swanson, 2004; Watson and Hankinson, 1992), as well as genes unrelated to 

xenobiotic metabolism. These include genes encoding proteins involved in growth 

control, cytokines, nuclear transcription factors and regulators of extracellular matrix 

(ECM) proteolysis (Marlowe and Puga, 2005; Murphy et al., 2004; Sutter et al., 1991; 

Villano et al., 2005; Yin et al., 1994). 

 Matrix metalloproteinases (MMPs) are a family of calcium- and zinc-dependent 

endopeptidases which are categorized into six groups based on substrate specificity, 

sequence and domain similarities; collagenases, gelatinases, stromelysins, matrilysins, 

membrane-type MMPs and other MMPs (Visse and Nagase, 2003).  Tumor invasion 

and metastasis relies on the expression of MMPs to degrade ECM and the basement 

membrane resulting in cell invasion (Brinckerhoff et al., 2000).  Malignant melanoma 

is a disease of normal human melanocytes and relies on ECM remodeling to invade 

through the basement membrane and interstitial ECM.  Once in the dermal layer 

degradation of the most abundant protein found in the human dermis, fibrillar type I 

collagen, is required and the most effective MMP known to accomplish this is MMP-1 

(Kerkela and Saarialho-Kere, 2003; Pilcher et al., 1997a; Weber et al., 1984).  

Immunohistochemical and in situ hybridization experiments have revealed that MMP-1 

expression correlates with invasiveness of melanomas (Airola et al., 1999; Walker and 

Woolley, 1999) and  recently RNA interference inhibition of MMP-1 prevent 

angiogenesis in a mouse model (Blackburn et al., 2007). 
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  Acetylation and deacetylation of particular lysine residues of histones alters 

nucleosome structure allowing or denying transcription factors to access the DNA (as 

reviewed (Wolffe and Guschin, 2000)).  Recent data have implicated acetylation in 

control over MMP expression.  In one report a retinoid X ligand, LG268, was shown to 

increase MMP-1 transcript levels through histone H4 acetylation (Burrage et al., 2007).  

Another report demonstrated that histone deacetylase inhibition resulted in reduced 

MMP-1 expression (Young et al., 2005).  Furthermore, histone deacetylases show anti-

cancer effects and are already in use in clinical trials (davRasheed et al., 2007).  In 

addition to control of histones, acetylation has been shown to alter the activation or 

availability of transcription factors (Musri et al., 2007; Quivy and Van Lint, 2004).   

 Previous data from the White laboratory demonstrates that TCDD induces 

MMP-1 expression in A2058 melanoma cells and that this induction requires de novo 

protein synthesis (Villano et al., 2005).  Further these data indicate, using a chemical 

antagonist of AhR (α-naphthoflavone), that this induction is most likely dependant on 

TCDD-AhR activation.  The data presented here confirm that MMP-1 expression is 

specifically regulated through the AhR pathway through use of short inhibitory RNA 

(siRNA) specific to AhR.  Furthermore, these data show that TCDD/AhR activation of 

MMP-1 is mediated through multiple cis-acting elements in the distal portion of the 

MMP-1 promoter, including a NFκB-like, CCAAT and a MITF site.  These findings 

also indicate that histone acetylation is modified upon TCDD-activation of AHR and 

this also contributes to MMP-1 activation. 

  

 



36 

3.3. Results 

 

3.3.1. Effect of TCDD on distal deletions of MMP-1 promoter 

 It has been previously demonstrated that a luciferase construct containing 

4400bp of proximal MMP-1 promoter sequence (4400-pGL3) was induced in response 

to TCDD and that this response is lost in luciferase constructs containing 1500bp or 

less of MMP-1 proximal promoter sequence, indicating that proximal AP-1 sites that 

were TCDD-responsive in normal human keratinocytes were not responsive in A2058 

melanoma cells (Villano et al., 2005).  To refine the TCDD/AhR responsive region of 

the MMP-1 promoter, I generated six new luciferase deletional constructs containing 

2011, 1989, 1949, 1909, 1787 or 1610bp of proximal MMP-1 promoter.  Additionally, 

the MMP-1 promoter was analyzed using a transcription factor binding site database 

(MatInspector,Genomatix) and five elements of interest were identified in this region; a 

microphthalmia-associated transcription factor (MITF) element, a CCAAT/enhancer 

binding protein elements (CCAAT), a NFkB-like element (NFkB), a polyoma 

enhancing activity-3/E26 virus (ETS) element, and an activator protein-1 (AP-1) site.  

The 2011bp construct contains all five potential responsive elements, while the 1989bp 

construct lacks the NFkB-like element, and the remaining constructs only contain AP-1 

and ETS elements (Figure 3.1.A).  A2058 melanoma cells were transiently transfected 

with the luciferase constructs containing the luciferase gene (pGL3: Promega) under 

the transcriptional control of 4400, 2011, 1989, 1949, 1909, 1787, 1610 and 1500bp of 

the MMP-1, 5’ regulatory region.  Cells were exposed to TPA (12-O-tetracanoyl 

phorbol-13-acetate) as a positive control for activation of the MMP-1 promoter 
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sequences.  All sequences tested maintained TPA responsiveness as seen previously 

(Murphy et al., 2004; White and Brinckerhoff, 1995).  The 2011bp construct was 

induced 4 fold over control levels while loss of the 22bps between -2011 and -1989 

resulted in loss of all significant TCDD-responsiveness (Figure 3.1.B). These data 

demonstrate that TCDD-induced MMP-1 promoter activity requires sequences located 

between -2011bp and -1989bp for maximal activation. 

 

3.3.2. Nuclear protein binding to the minimal MMP-1 promoter region 

 To assess the potential binding of transacting factors to the MMP-1 promoter, 

overlapping oligonucleotides approximately 70bp in length were generated spanning 

from 2011bp through 1592bp of the MMP-1 promoter for electrophoretic mobility shift 

assays (EMSA).  Seven oligonucleotides designed for gel shift analysis divide potential 

MMP-1 promoter transacting binding elements such that a 2012-1942bp 

oligonucleotide contains the NFκB-like, CCAAT and MITF putative binding elements 

and the 1792-1722bp oligonucleotide containing an AP-1 site (Figure 3.2.).  Nuclear 

proteins from DMSO (vehicle) or TCDD treated A2058s were incubated with 32P-

labeled oligonucleotides in the presence and absence of specific or non-specific 

unlabeled competitor and DNA•Protein complexes are electrophoresed on a 

polyacrylamide TBE gel.   Nuclear protein binding was observed in five of the seven 

oligonucleotides, -2011 to -1941bp, -1951 to -1882bp, -1892 to -1822bp, -1838 to -

1769bp and -1792 to -1722bp (Figure 3.3.A., B., C.) while -1733 to -1658bp (Figure 

3.3.C) and -1668 to -1593bp (Figure 3.3.D.) did not demonstrate binding of nuclear 

proteins.  Binding to the -1951 to -1882bp (Figure 3.3.A.) and the -1792 to -1722bp 
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(Figure 3.3.C). oligonucleotides was unable to be competed by addition of 100-fold 

excess of unlabelled specific (S) oligonucleotide hence binding is considered not 

specific.  Oligonucleotides spanning -1892 to -1822bp and -1838 to -1769bp (Figure 

3.3.B.) displayed weak binding of both DMSO and TCDD nuclear extracts and this 

binding was lost when competition applied by either unlabeled specific (S) or non-

specific (NS) oligonucleotides demonstrating that these bands are non-specific.  

Specific binding was only observed in the oligonucleotide spanning -2012 to -1942bp 

(Figure 3.3.A.).  This region of the MMP-1 promoter contains three putative TCDD-

responsive elements consisting of a NFkB-like, CCAAT and MITF sites (Figure 3.2.).  

Nuclear protein binding results observed here demonstrate that specific binding only 

occurs in the -2012 to -1942bp oligonucleotide which contains distal segments of the 

minimally TCDD-responsive 2011bp MMP-1 luciferase promoter and this binding does 

not increase due to TCDD treatment.  

3.3.3. MMP-1 promoter binding involves multiple response elements 

 To elucidate elements responsible for specific binding of nuclear proteins in the 

proximal region of the MMP-1 promoter spanning 2012-1942bp, oligonucleotides of the 

same length were synthesized containing specific mutations in the cis-elements of interest 

and used in EMSA.  Although all statistically significant responsiveness in luciferase 

assays is lost at 1989bp, two mutations involving potential TCDD-responsive elements 

CCAAT and MITF, residing 5 and 20bp respectively from the end of the 1989bp 

luciferase construct,  were made to determine whether they also may contribute to 

TCDD-binding.  The wild-type oligonucleotide (2012 wt) showed strong binding with 

both the DMSO control (C) and TCDD (TD) treatment (Figure 3.4.).  Single site 
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mutation of the NFkB, CCAAT or MITF elements each resulted in a decrease in binding 

of the 2012-1942bp oligonucleotide.  In a double NFkB and CCAAT mutant 

oligonucleotide binding was also reduced, however both specific and non-specific 

oligonucleotides were both able to successfully compete binding, suggesting that the 

affinity for the nuclear proteins for this oligonucleotide was diminished by the mutation 

of these elements. When the NFkB, CCAAT and MITF sites were all mutated in the same 

oligonucleotide, all binding was lost.  These results demonstrate that multiple binding 

sites in the region of the MMP-1 promoter between -2012 to -1942bp are capable of 

binding nuclear proteins and that mutations of either NFkB, CCAAT or MITF elements 

result in a decrease of nuclear protein binding. 

3.3.4. NFkB and CCAAT sites are required for minimal MMP-1 reporter 

transactivation by TCDD 

In order to determine whether differences in promoter binding result in alterations 

of transactivation, 2011bp mutant MMP-1 luciferase constructs were synthesized 

containing the same mutations in the NFkB, CCAAT, MITF, NFkB/CCAAT and 

NFkB/CCAAT/MITF that were used in EMSA (Fig.  3.4.A.).  A2058 cells were 

transiently transfected with one of the following 2011bp length MMP-1 pGL3 constructs; 

wild-type promoter (2011wt), NFkB-like mutant (NFkB), CCAAT/Enhancer Binding 

Protein site mutant (CCAAT), MITF site mutant (MITF), NFkB-like-CCAAT/Enhancer 

Binding Protein double mutant (N/C), and NFkB-like-CCAAT/Enhancer Binding 

Protein-MITF triple mutant (N/C/M).  Mutation of NFkB, CCAAT and MITF binding 

sites alone all retained significant TCDD-responsiveness, albeit reduced in comparison to 

the wild-type construct (Figure 3.5.A).  The data also suggest a role for the NFkB and 
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MITF binding sites, at -1997 and -1970bp respectively, to be involved in basal level 

production of MMP-1 as is seen in the significant reduction of basal level as compared to 

wild-type.  Mutation of the NFkB site results in a 52% fold reduction of TCDD-induction 

as compared to the wild-type promoter (Figure 3.5.B.).  Similarly, mutation of the 

CCAAT site at -1985bp yielded a 60% fold reduction.  MITF mutation also alters MMP-

1 induction by TCDD, but to a lesser extent, 21% fold reduction.  In addition, both N/C 

and N/C/M mutations resulted in a loss of induction of promoter activity (Fig. 3.5.A.).  

These data indicate that both the NFkB-like and CCAAT binding sites are involved in 

TCDD-induced transactivation of the MMP-1 promoter and that MITF may also 

contribute to maximal TCDD-induction. 

3.3.5 siAhr reduces TCDD-induced MMP-1 and CYP1A1 promoter activation  

  It has been previously shown that TCDD-induced MMP-1 expression in A2058 

cells relies upon the AhR signaling pathway by using the chemical AhR antagonist, α-

naphthoflavone (Villano et al., 2005).  To confirm these findings and determine whether 

A2058 cells were transiently transfected with the minimal responsive 2011bp MMP-1 

reporter construct alone or cotransfected with siRNA specific to AhR (siAhR) or a non-

specific siRNA (Scrambled).  Cells were treated with DMSO or TCDD for 24h and 

luciferase activity was analyzed.  Cotransfection with siAhR resulted in an average 

reduction in TCDD-induced MMP-1 promoter activity of 3 fold.  Scrambled control 

siRNA had no effect on TCDD-induction of the MMP-1 promoter (Figure 3.6.A.).  

Quantitative real-time PCR (qRTPCR) was used to confirm that siAhR knocked down 

transcript levels of AhR.  AhR transcript levels were reduced by 64% in siAhR treated 



41 

cells as compared to non-treated cells confirming that siAhR is effective at lowering AhR 

transcript levels (Figure 3.6.B.).   

 To confirm that knock down of AhR transcript levels inhibits TCDD-dependent 

induction of the MMP-1 promoter, A2058 cells were cotransfected with siAhR and a 

known AhR-dependent, TCDD-inducible reporter construct, cytochrome P4501A1 

(CYP1A1)  promoter.  CYP1A1 luciferase levels are induced approximately 9.2 fold by 

TCDD as compared to only 3 fold when co-transfected with siAhR and treated with 

TCDD (Figure 3.6.C).  This 3 fold repression by siAhR matches the 3 fold repression of 

MMP-1 induction by TCDD supporting the argument that the reduction is result of 

inhibiting TCDD’s effects upon the AhR signaling pathway.  Taken together, these data 

show that TCDD-induced MMP-1 expression is dependent on the AhR signaling pathway 

in A2058 melanoma cells. 

3.3.6 TCDD-induced MMP-1 expression requires changes in acetylation 

 Recent findings suggest that MMP gene expression can be mediated, at least in 

part, to changes in histone acetylation (Young et al., 2005).  To investigate the role of 

chromatin remodeling on TCDD-induced MMP-1 gene expression A2058 cells were 

cotreated with histone deacetylase (HDAC) inhibitors, Trichostatin A (TSA) and 

Scriptaid for 24h.  Total RNA was harvested and qRTPCR was performed using primers 

specific to MMP-1 and CYP1A1 (Table 2.1.).  Cotreatment with Scriptaid resulted in a 

loss of TCDD-induced MMP-1 expression while a structurally similar, inactive negative 

control (Nullscript) retained significant induction (Figure 3.7.A.).  TSA did not result in 

complete loss of MMP-1 induction, however it was significantly reduced (Figure 3.7.B.).  

TCDD induction of CYP1A1 was also inhibited by both Scriptaid (Figure 3.7.C.) and 
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TSA (Figure 3.7.D.)  Both MMP-1 and CYP1A1 TCDD-induced expressions are affected 

by inhibition of histone deacetylation suggesting that transcription of theses genes relies 

not only upon transactivation of their promoters by direct binding of transcription factors, 

but may also require either recruitment of HDACs or histone acetyltransferases (HAT) 

resulting in changes in chromatin structure or acetylation status of transcription factors. 

 

3.4. Discussion 

Data presented here demonstrate that TCDD induction of MMP-1 is dependent on 

the AhR signaling pathway and multiple response elements in the MMP-1 promoter 

including; CCAAT, MITF and NFκB are involved in mediating TCDD induction.  The 

data also show that acetylation events are required for both TCDD-induced MMP-1 and 

CYP1A1 expression suggesting that either epigenetic or transcription factor modification 

is required for AhR-dependent TCDD induction.   

Previous data from the White laboratory demonstrated that MMP-1 expression 

could be inhibited through the use of a chemical antagonist of the AhR, α-

naphthoflavone (Villano et al., 2005).  Current opinions of the use of chemical inhibitors 

for specific targeting of singular pathway components lead to the utilization of siRNA 

technology to validate the above findings with α-naphthoflavone.  Cotransfection of 

siRNA targeted to the AhR (siAhR) and the 2011bp MMP-1 luciferase promoter revealed 

that siAhR could suppress TCDD induction of MMP-1.   Data presented here using 

siAhR agree with the previous published data from the White lab and further show that 

AhR signaling is required for TCDD-induced MMP-1 expression. 
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Nuclear protein binding and TCDD-induced MMP-1 promoter activity were both 

hindered by mutation of the CCAAT/enhancer binding protein (CCAAT) site located at -

1985bp.  CCAAT/enhancer binding proteins and peroxisome proliferator-activated 

receptors (PPAR) are important transcription factors involved in adipocyte differentiation 

which TCDD and the AhR pathway has been shown to affect.  The conversion of 

fibroblasts to adipocytes can be stimulated in the absence of PPAR inducers when 

CEBPα was co-transfected indicating that CEBPα is sufficient for differentiation 

(Tontonoz et al., 1994).    More recently, ERK signaling was found to promote 

adipogenesis by enhancing expression of both PPARγ and CEBPα in preadipocyte cells 

(Prusty et al., 2002).  It has also been demonstrated that TCDD exposure mediates 

suppression of adipocyte differentiation through inhibition of the CCAAT/ enhancer 

binding protein-α (CEBPα) isoform (Liu et al., 1996) as well as through suppression of 

PPAR-γ1 (Hanlon et al., 2003).  Hanlon et al. (2003) also showed that the suppression of 

PPAR-γ1 required synergistic activation of AhR as well as ERK kinase.  Together, these 

data provide evidence that AhR activation by TCDD can modulate CEBP transcription 

factor protein binding resulting in profound biological effects.  These studies lead us to 

speculate that TCDD activation of AhR in A2058 melanoma cells may result in alteration 

of CEBP binding ability to the MMP-1 promoter since mutation of the putative CCAAT 

binding site in the MMP-1 promoter did result in both a reduction of nuclear protein 

binding as well as a reduction of TCDD-induced MMP-1 promoter activity. 

NFκB has been shown to be involved in many disease states that involve 

inappropriate activity of MMPs including; arthritis, neurodegenerative diseases and 

cancers (Tian et al., 2002).  NFκB regulates cytokine, growth factor and oxidative stress 
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signals resulting in MMP expression and can be seen when cytokine, interleukin-1 (IL-1) 

induces MMP-1 through the use of NFκB and AP-1 elements (Barchowsky et al., 2000; 

Vincenti et al., 1998).  Furthermore, Interleukin-1β  induces MMP-1 expression in a 

NFkB- and ERK kinase-dependent fashion in human articular chondrocytes (Fan et al., 

2006).  In addition to regulating chondrocytes, responsiveness to MEKK1 overexpression 

in human synovial fibroblasts relies upon a NFkB and a CCAAT element located at -

1997 and -1985bp of the MMP-1 promoter respectively where p65 and C/EBPβ are 

found to bind (Faour et al., 2006).  There have also been reports of p65 and AhR physical 

interactions demonstrated by co-immunoprecipitation of a p65 homodimer with activated 

AhR (Tian et al., 1999) indicating that NFκB signaling may be involved in TCDD-

mediated induction of MMP-1 in A2058 melanoma cells. 

A MITF binding site located at -1970bp is also of interest due to its role as a 

master regulator of melanocyte differentiation (Levy et al., 2006).  It’s also known that 

reduced expression of  MITF occurs during melanoma progression (Zhuang et al., 2007) 

suggesting that MITF may play a role in melanoma progression through the control of 

ECM degradation.  Mutations in the MITF binding site resulted in reduced nuclear 

protein binding in EMSA; while in luciferase assays the MITF binding site contributes 

more to basal level production, retaining most of its TCDD-responsiveness when 

mutated. These data indicate that although MITF does affect nuclear protein binding, it’s 

minimally involved in TCDD-induction of MMP-1.  Although the MITF mutation does 

not drastically alter TCDD-induction of MMP-1 expression, it does significantly reduce    

the basal level of expression suggesting that MITF is involved in the basal expression of 

MMP-1 in malignant melanoma.  
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 Epigenetic regulation of gene transcription involving alterations in chromatin 

structure via histone deactylation has been recently realized as a potential target for anti-

tumor therapy (as reviewed (Boyle et al., 2005; Glozak and Seto, 2007).  In regards to 

ECM deposition, histone deacetylase (HDAC) inhibitors have been shown to alter in-

vitro invasion through a Matrigel substrate in A2058 cells (Kim et al., 2004b) and alter 

MMP-2 activity in CL-1 lung cancer cells (Liu et al., 2003).  Another study has shown 

that increased MMP-1 expression and activity due to interleukin-1 α and Oncostatin M 

cotreatement in human chondrosarcoma cells and bovine nasal cartilage explants are 

affected by HDAC inhibitors.  Furthermore, evidence of direct acetylation involving the 

transactivation potential of NFκB family members p65 and p50 (Quivy and Van Lint, 

2004) and C/EBPβ (Musri et al., 2007) suggest that acetylation events may also be 

necessary for transcriptional activation at the NFκB and CCAAT sites of the MMP-1 

promoter. Recent data revealed that CYP1A1 activation by the AhR/Arnt transcription 

factor complex requires the release of a histone deacetylase (HDAC1) (Schnekenburger 

et al., 2007).  Acetylation events are also seen to affect AhR pathway members AhRR 

and Arnt through control of expression and trophpblast differentiation, respectively 

(Maltepe et al., 2005; Oshima et al., 2007).  Data presented here indicate that HDAC 

inhibitors reduce TCDD-induced MMP-1 and the AhR-dependent CYP1A1 gene 

expression indicating that there is epigenetic or modification-dependent regulation of 

AhR-dependent MMP transcription. 

 In summary, data presented here demonstrate that a minimal TCDD-responsive 

promoter consisting of -2011bp contains an NFκB-like, a CCAAT and a MITF site that 

are all involved in maximal induction.  Furthermore, nuclear protein binding is also 
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reduced when any of the three sites above are mutated in an oligonucleotide spanning -

2012 to -1942bp of MMP-1 promoter.  Inhibition of the minimal responsive MMP-1 

promoter by small inhibitory RNA confirmed previous reports of AhR pathway inhibition 

upon MMP expression utilizing α–naphthoflavone.  Lastly, AhR-dependent TCDD 

induction of MMP-1 and CYP1A1 expression were reduced after co-treatment with 

histone deacetylase inhibitors, TSA and Scriptaid, indicating involvement of acetylation 

for AhR-dependent MMP-1 expression.  Taken together these data suggest a role for both 

NFκB and C/EBP transcription factors in mediating AhR-dependent MMP-1 expression 

and that acetylation is crucial either to MMP-1 availability or transcription factor 

activation. 
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Figure 3.1. Continued on next page 
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Figure 3.1. Schematic representation of the human MMP-1 promoter 
The human MMP-1 promoter contains multiple putative TCDD-responsive elements in 
portions ranging from -4400 to -1500bp in length.  Some known TCDD-responsive 
elements and their locations in MMP-1 luciferase reporter constructs are depicted above. 
(A) Nuclear Factor kappa B (NFkB), CCAAT Enhancer Binding Protein (CEBP), 
Microphthalmia-associated Transcription Factor (Mitf), Activator Protein-1 (AP-1) and 
polyoma enhancing activity-3/E26 virus (ETS) have been highlighted.  B) A2058 cells 
were transiently cotransfected with proximal MMP-1 promoter containing luciferase 
constructs and phRL-TK renilla luciferase for 24hrs.  Cells were treated with DMSO or 
TCDD (10 -8M) for 24h.  Cell lysates were harvested 24 h after treatment and luciferase 
assays performed using the Promega Dual Luciferase Kit and detected on a Dynex 
luminometer plate reader. Data are presented as RLU (relative light units). All treatments 
and transfections were performed in sextuplet, and normalized to total protein as well as 
an internal transfection control (phRL-TK: Promega). Data shown are representative of 
three separate transfections.  (* and # indicate significance using t-test (p < 0.05) 
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Figure 3.2. Diagram of EMSA probes (A) Overlapping diagram of EMSA probes used to span 2012-1593bp of the MMP-1 
promoter (B) Oligonucleotides sequences for EMSA and with putative binding sites underlined and bold.

MMP-1 Promoter 
Location 

Oligonucleotide Sequence/Response Element Location Length  
(base pairs)

 
-2012 to -1942bp 

 
agggtgacgtcttaggcaatttcctgtccaatcacagatggtcacatgctgctttcctgagttaacctat  
                        NFkB c-ETS  CCAAT                 Mitf 

 
70 

 
-1951 to -1882bp 

 

 
Ttaacctattaactcacccttgtttcccaggcctcagtggagctaggcttgtcacgtcttcacagtgac 

 
69 

 
-1892 to -1822bp 

 

 
Tcacagtgactagattccctcacagtcgagtatatctgccactccttgacttttaaaacatagtctatgt 

 
70 

 
-1838 to -1769bp 

 

 
Aaaacatagtctatgttcaccctctaatatgaagagcccctttcactattttctttgtctgtgctggag 

 
69 

 
-1792 to -1722bp 

 

 
tattttctttgtctgtgctggagtcacttcagtggcaagtgttctttggtctctgccgcaccctccctct 
                                AP-1 

 
70 

 
-1733 to -1658bp 

 

 
accctccctctgatgcctctgagaagaggatttccttttcgtgagaatgtcttcccattcttcttaccctcttga 

 
75 

 
-1668 to -1593bp 

 

 
accctcttgaactcacatgttatgccacttagatgaggaaattgtagttaaataattagaaagatatgacttatc 
                                                                                                              AP-1         

 
75 
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D. 
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Figure 3.3. Nuclear proteins specifically bind to 2012-1942bp of the MMP-1 
promoter  Random labeled α-32P dCTP oligonucleotides representing regions of the 
human MMP-1 promoter (figure 3.2.) were incubated in binding reactions with 10μg of 
nuclear extracts prepared from A2058 cells treated with DMSO or TCDD (10-8M).  
Extracts were electrophoresed on a non-denaturing polyacrylamide TBE gel and exposed 
to a phosphorimager screen, and scanned using a PhosphorImager.  Specific binding 
occurred only in the 2012bp oligonucleotide, indicated by an arrow.  (--) α-32P dCTP 
oligonucleotide; (S) α-32P dCTP oligonucleotide + 100-fold excess of a non-radiolabeled 
“self” oligonucleotide; (NS) α-32P dCTP oligonucleotide + 100-fold excess of a non-
radiolableled “non-self” oligonucleotide. 
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A. 

      NFkB        CCAAT              Mitf 
(2012 wt)          agggtgacgtcttaggcaatttcctgtccaatcacagatggtcacatgctgctttcctgagttaacctat  

(2012 NFkB)      agggtgacgtcttagggtacctcctgtccaatcacagatggtcacatgctgctttcctgagttaacctat 

(2012 CCAAT) agggtgacgtcttaggcaatttcctgtggtaccacagatggtcacatgctgctttcctgagttaacctat 

(2012 Mitf)        agggtgacgtcttaggcaatttcctgtggtaccacagatggtctcgagctgctttcctgagttaacctat 

2012 (N/C)        agggtgacgtcttagggtacctcctgtggtaccacagatggtcacatgctgctttcctgagttaacctat 

2012 (N/C/M)   agggtgacgtcttagggtacctcctgtggtaccacagatggtctcgagctgctttcctgagttaacctat 

 

 

 

 

 

 

 

 

Figure 3.4. Continued on next page
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Figure 3.4. Mutational analysis of nuclear binding on 2012-1942bp promoter region    
(A) Sequence alterations in the single, double and triple mutants of 2012-1942bp of the 
MMP-1 promoter consisting of  single mutated NFkB-like, CCAAT, and Mitf binding 
sites, and (C) double mutant N/C (NFkB/CCAAT) and triple N/C/M 
(NFkB/CCAAT/Mitf). Binding sites are underlined and in bold print in the wild-type 
while altered base pairs in these sites are underlined and in bold and italicized print in the 
mutants. Wild-type and mutated oligonucleotides involving a random labeled α-32P dCTP 
oligonucleotide were prepared and analyzed as in figure 3.3.  (B) Single mutant 
oligonucleotides display reduced binding compared to wild-type.  (C) The N/C double 
mutant binding was reduced and was no longer specific while the N/C/M triple mutant 
binding is reduced even more.  Specific binding is indicated by an arrow.  (--) α-32P 
dCTP oligonucleotide; (S) α-32P dCTP oligonucleotide + 100-fold excess of a non-
radiolabeled “self” oligonucleotide; (NS) α-32P dCTP oligonucleotide + 100-fold excess 
of a non-radiolableled “non-self” oligonucleotide. 
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Figure 3.5. Mutational analysis of the MMP-1 minimal promoter  Mutations in the 
2011bp human MMP-1 promoter luciferase construct were synthesized identically to 
mutations used in electrophoretic mobility shift assays (figure 3.4.A.).  A2058 cells were 
transiently cotransfected with proximal MMP-1 promoter containing luciferase constructs 
and phRL-TK renilla luciferase for 24hrs.  Cells were treated with DMSO or TCDD (10 -

8M) for 24h.  Cell lysates were harvested 24 h after treatment and luciferase assays 
performed using the Promega Dual Luciferase Kit and detected on a Dynex luminometer 
plate reader. Data are presented as RLU (relative light units). All treatments and 
transfections were performed in sextuplet, and normalized to total protein as well as an 
internal transfection control (phRL-TK: Promega).  (A) #, *, a, and b were marked 
significance between DMSO and TCDD treated samples while c designates significance 
between basal levels of various construct lengths using t-test (p < 0.05).  (B) 2011bp wilt-
type and mutant luciferase constructs from figure 3.5.A. are expressed in fold of TCDD-
induction over DMSO levels.   
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Figure 3.6. siAhR inhibits TCDD-induced promoter activation  A2058 cells were 
transiently cotransfected for 24h with luciferase reporter constructs, alone and with 
siRNA specific to AhR (siAhR), or with a non-specific siRNA (Scram).  Cells were 
treated with DMSO or TCDD (10 -8M) for 24h.  Cell lysates were harvested 24 h after 
treatment and luciferase assays performed using the Promega Dual Luciferase Kit and 
detected on a Dynex luminometer plate reader. (A) 2011bp MMP-1 luciferase promoter 
data is presented as the average fold of TCDD over control of three separate experiments.  
(B)  A2058 cells were transiently transfected with siAhR for 24h and treated with DMSO 
or TCDD (10 -8M) for 24h.  Total RNA was harvested and expression levels of AhR were 
analyzed using q-RT-PCR.  (C) CYP1A1 luciferase promoter was cotransfected with 
siAhR as in (A) and data is presented as fold of TCDD over control. 
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Figure 3.7. Histone deacetylase inhibitors alter TCDD-induced expression  A2058 
cells were cotreated with histone deacetylase inhibitors Scriptaid (5μM) and negative 
control Nullscript (5μM) for 24h, total RNA was harvested and (A) MMP-1 and (B) 
CYP1A1 transcript levels were analyzed via q-RT-PCR.  A2058 cells were also cotreated 
with another histone deactylase inhibitor, trichostatin A (TSA, 25nM) for 24 and 
transcript levels of (C) MMP-1 and (D) CYP1A1 were analyzed as above. ( ∗, # ,a denote 
statistical significance between like-marked treatments (p<0.05)).  
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4.0 THE RAS/RAF SIGNALING PATHWAY IS REQUIRED FOR AHR- 

INDUCED EXPRESSION OF MATRIX METALLOPROTEINASES (MMP) IN 

MELANOMA CELLS 

 

4.1. Abstract 

 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a potent ligand of the aryl 

hydrocarbon receptor (AhR) in humans.  TCDD exposure results in many pathological 

lesions including wasting syndrome, inflammation chloracne and cancer.  In addition to 

its effect on AhR, TCDD exposure is known to result in the activation of various other 

signaling pathways such as PI3 kinase, Src kinase, as well as p38 and ERK MAP 

kinase pathways.  Data from the White laboratory demonstrates that activation of the 

AhR pathway by TCDD results in increased expression and activity of several matrix 

metalloproteinases (MMPs).  Matrix metalloproteinase (MMP) expression and activity 

are essential for tissue remodeling and cellular migration, and are inappropriately 

expressed in diseases such as tumor metastasis. The goal of these studies is to 

determine whether other signaling pathways are involved in modulating AhR-induced 

MMP expression.  To investigate contributions of intracellular signaling pathways on 

TCDD/AhR-induced MMP-1 expression, we utilized chemical inhibitors specific to 

PI3, Src, p38 and ERK kinase pathways.  The data presented here demonstrate that 

Ras/Raf signaling and potentially the p38 signaling pathways are involved in TCDD-

induced mRNA expression of MMP-1, -2, and -9.  These data also examine the effect 

of Ras/Raf signaling inhibition on the expression of the endogenous MMP inhibitors, 

tissue inhibitors of metalloproteinase TIMP -1 and -2. 
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4.1. Introduction 

The aryl hydrocarbon receptor (AhR) is member of the basic Helix-Loop-Helix 

Per-Arnt-Sim (bHLH PAS) domain family of transcription factors, and was originally 

identified as the receptor for polycyclic aromatic hydrocarbons such as 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) (Legraverend et al., 1982).  Recently data has 

shown that the AhR can also be activated by alternative ligands (Bohonowych et al., 

2008; Denison et al., 2002; Helferich and Denison, 1991; Peters et al., 2006).  AhR 

activation by TCDD can activate the transcription of many types of down-stream target 

genes such as: members of phase I  xenobiotic metabolism (CYP450), cytokines, growth 

factors, transcription factors, as well as matrix metalloproteinases (Fujii-Kuriyama et al., 

1992; Murphy et al., 2004; Sutter et al., 1991; Villano et al., 2005; Watson and 

Hankinson, 1992; Yin et al., 1994).   

In addition to activation of AhR, TCDD exposure also alters the activation of a 

variety of other second messenger pathways in mammalian cells.  The src tyrosine kinase 

family member c-src has been shown to associate with the cytosolic AhR complex and  is 

activated upon TCDD binding to the AhR in both guinea pig and mouse models and  

(Enan and Matsumura, 1996; Kohle et al., 1999).  Src knockout mice were also recently 

used to prove that TCDD-induced wasting syndrome is Src-dependent (Vogel et al., 

2003).  In humans, increased Src kinase activity is also seen in mammary cells following 

TCDD treatment (Park et al., 2007; Park et al., 2004).  TCDD is also known to affect the 

PI3 kinase pathway.  One example is seen when the suppression of PI3 kinase by 

LY294002 results in inhibition of TCDD-induced CYP1A1 levels as well as preventing 

TCDD-induced growth of human mammary cells (Guo et al., 2000; Tannheimer et al., 
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1998).  Indications of requirements of TCDD-induced CYP1A1 expression appeared to 

be blocked by use of a p38 inhibitor and results in cytoplasmic localization of the AhR 

(Shibazaki et al., 2004a; Shibazaki et al., 2004b).  Lastly, the ERK MAP kinase pathway 

has also been shown to be involved in modulation of AhR nuclear localization and 

inhibition of ERK kinase results in ligand-independent AhR nuclear translocation and 

stabilization while not resulting in CYP1A1 transactivation (Chen et al., 2005). 

Intracellular signaling resulting in ERK phosphorylation has an effect on AhR 

function in many cell types (Hanlon et al., 2003; Tan et al., 2004), but is of great 

interest in melanoma where NRas and BRaf mutations are prevalent and result in 

constitutive signaling via the Ras/Raf MAP kinase signaling pathway (Davies et al., 

2002; Pollock et al., 2003; Satyamoorthy et al., 2003; Yazdi et al., 2003).  The most 

common activating mutation involves the substitution of a glutamic acid for a valine at 

position 600 in the kinase domain of BRaf (BRaf V600E) (Davies et al., 2002).  Although 

this mutation alone is not sufficient to induce invasion, invasive melanoma cell lines 

containing this mutation do exhibit elevated expression levels of MMP-1 under the 

control of the ERK pathway (Brauchle et al., 2000; Huntington et al., 2004; Yazdi et 

al., 2003).   

Most of the mortalities caused by melanoma are a result of distant metastases 

which require extracellular matrix remodeling (Hofmann et al., 2005) and previous 

studies indicate that polycyclic and halogenated hydrocarbons (PAH/HAH), may 

stimulate melanoma progression by altering matrix remodeling enzyme expression 

levels and activities (Villano et al., 2005).  In order for melanoma cells to gain motility 

and traverse the basement membrane, they must degrade extracellular membrane 
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(ECM) components. Matrix metalloproteinases (MMPs) are a family of zinc and 

calcium dependent endopeptidases classified by ECM substrate specificity.  MMPs are 

expressed as latent and inactive proenzymes whos cleavage and activation enable 

normal tissue remodeling events such as wound healing and embryogenesis; however, 

inappropriate expression is involved in disease states such as arthritis and cancer 

progression (Chakraborti et al., 2003; Visse and Nagase, 2003; Wernicke et al., 2006).   

Degradation of ECM components also can lead to release or activation of latent 

extracellular signaling molecules contained within the intact matrix (as reviewed, 

(McCawley and Matrisian, 2000)).  MMP expression has been shown to correlate with 

the invasive potential of melanoma and is a  marker for unfavorable clinical prognosis 

(MacDougall et al., 1995; Vaisanen et al., 1996).  The collagenase, MMP-1 and 

gelatinases, MMP-2 and MMP-9 are essential proteases that enable migration in vitro 

through specified substrates (Durko et al., 1997) (Villano et al., 2005) and are also 

expressed in the tumor microenvironment (Hofmann et al., 1999; Itoh et al., 1999; 

Nikkola et al., 2002). MMP activity can be regulated by stoichiometric interactions 

with the physiological protein inhibitors called tissue inhibitors of matrix 

metalloproteinases (TIMPs).  There are four known TIMPs (1-4) and they function by 

binding the catalytic domain of MMPs rending them unable to metabolize ECM 

substrates (Gomez et al., 1997).  TIMP regulation of MMP activity has been 

demonstrated by TIMP-1 inhibition of the activation of latent pro form of MMP-9 (pro-

MMP-9) as well as MMP-1 (Airola et al., 1999; Goldberg et al., 1992).  Further, studies 

involving TIMP-2 and MMP-2 have revealed that TIMP-2 along with MT1-MMP play 

a pivotal role in pro-MMP-2 activation (Butler et al., 1998; Strongin et al., 1995).  The 
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balance between TIMP and MMP expression is therefore critical in controlling ECM 

degradation.   

In this report it’s demonstrated that Ras/Raf signaling is required for TCDD-

mediated expression of MMPs and TIMPs.  Ras/Raf signaling is essential for TCDD-

induced mRNA expression of MMP-1, -2 and -9 as well as activity of MMP-1. TIMP-2 

was also affected by Ras/Raf inhibition resulting in an overall increased expression.   

Furthermore, a decrease of ERK phosphorylation indicates that reduction of AhR-

induced MMP expression by inhibition of the p38 pathway is also dependent upon 

Ras/Raf signaling. 

 

4.3. Results 

4.3.1. Role of various signaling pathways on MMP-1 promoter induction 

Previous data show that TCDD-induced MMP-1 expression is AhR-dependent, 

however recent data suggest that other signaling pathway may be involved in 

TCDD/AhR activation.  To investigate the impact of kinase signaling pathways on 

TCDD/AhR activation of MMP-1 expression we cotreated BRaf V600E mutated A2058 

melanoma cells with specific pathway inhibitors (Figure 4.1.A.) and examined their 

effects on TCDD/AhR activation of MMP-1 promoter activity.  Inhibition of the Src 

signaling pathway by chemical inhibitor PP2 did not reduce TCDD-induced MMP-1 

promoter activity, while inhibition of both PI3 (LY294002) and p38 (SB203580) kinase 

pathways resulted in a 2.3 and 2.7 fold decrease in TCDD-induced MMP-1 promoter 

activity (Figure 4.1.B.).  The only complete inhibition of TCDD-induced MMP-1 

promoter activity occurred when A2058 cells were co-treated with the MEK 1/2 
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inhibitor, U0126.  These data indicate that TCDD-induced MMP-1 expression is 

dependent on Ras/Raf/MEK/ERK signaling inhibitor.  Further, as SB203580 and 

LY294002 inhibitors both partially inhibited MMP-1 promoter activation, these data 

suggest that maximal TCDD/AhR-activation of MMP-1 promoter activity also involves 

the PI3 and p38 MAP kinase signaling pathways. 

 

4.3.2. Inhibition of TCDD-induced MMP-1 mRNA expression by inhibition of 

Ras/Raf or p38 MAP kinase pathways 

To demonstrate that the effects of the inhibitors on MMP-1 promoter activation 

lead to similar effects on mRNA production, we examined TCDD-induced MMP-1 

mRNA expression in the presence of the Ras/Raf and the p38 MAPK pathway inhibitors.  

I focused on these two pathways and not the PI3 kinase pathway because data in chapter 

5 showed that PI3 inhibition is not AhR-dependent (Figure 5.2.A.).  Inhibition of Ras/Raf 

signaling with U0126 resulted in a marked reduction of MMP-1 expression at all 

concentrations tested, as well as a reduction of TCDD-responsiveness (Figure 4.2.A.).  

Co-treatment with TCDD and the p38 MAP kinase inhibitor SB203580 did reduce 

TCDD/AhR induced MMP-1 expression, although there is still a statistically significant 

increase (Figure 4.2.B.). These data indicate that Ras/Raf signaling is essential for 

TCDD-induced expression of MMP-1 and suggest that p38 MAP kinase may play a less 

significant role. 
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4.3.3. Collagenase activity is repressed by both Ras/Raf and p38 inhibition 

The above data indicate that TCDD-induced MMP-1 mRNA expression and 

promoter induction are modulated by Ras/Raf signaling and that to a certain extent, 

promoter induction is also influenced by the p38 MAPK pathway (Figure 4.1., 4.2.A, 

4.2.B).  To determine whether the inhibition seen at the level of gene expression 

corresponds to changes in MMP enzymatic activity, we performed an in vitro 

zymography assay for collagenase activity.  Conditioned media was collected from 

samples 24h post-treatment with TCDD, control or co-treated with U0126 or SB203580.  

These data show a 2.5 fold increase in collagen type I degradation due to TCDD 

treatment (Figure 4.2.C.).  Co-treatment of cells with TCDD plus U0126 or SB203580 

abrogated TCDD-induced collagenase activity in A2058s.  Therefore, inhibition of the 

Ras/Raf and p38 MAP kinase pathways also results in reduction of TCDD/AhR-induced 

collagenase activity. 

 

4.3.4 siRNA inhibition of  BRaf 

Approximately seventy percent of all human melanoma tumors have a mutation in 

BRaf (V600E) that results in a constitutively active Ras/Raf signaling pathway (Davies et 

al., 2002).  The A2058 melanoma cells contain this mutation, and other laboratories have 

demonstrated that  basal expression of MMP-1 is a target of the increased Ras/Raf 

pathway activity (Huntington et al., 2004; Tower et al., 2002).  To specifically investigate 

the role of BRaf in TCDD-induced signaling we used siRNA to selectively knock-down 

BRaf levels in A2058 cells.  Transient transfection of A2058 cells with siRNA targeted to 

Braf significantly reduced levels of Braf mRNA while a negative control consisting of 
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random siRNA not homologous to any known human sequence (scrambled) had no 

significant effect (Figure 5A).  A2058 cells were transiently co-transfected with  2011bp 

of MMP-1 promoter and siRNA to BRaf (siBRaf) or a negative control (scrambled).  

TCDD-induced MMP-1 promoter induction was reduced 2-fold (5 vs 2.5 fold) when 

siRNA targeted to BRaf was co-transfected into the cells along with the MMP-1 

luciferase construct (Fig 5B).  These data confirm the U0126 inhibitor data indicating that 

inhibition of Ras/Raf kinase activation, through down-regulation of the BRaf (V600E) 

kinase, reduces TCDD-induced MMP-1 expression and activity. 

 

4.3.5 Alterations in TCDD-induced MMP-2 and -9 expression due to Ras/Raf or 

p38 pathway inhibition 

In order to examine whether TCDD-induction of other MMPs is also dependent 

on Ras/Raf signaling, we utilized the MEK1/2 inhibitor (U0126) and the p38 inhibitor 

(SB203580) and examined expression of MMP-2 and MMP-9.  Previous data from the 

White lab indicate that MMP-2 and -9 are known to be induced by TCDD in A2058 

cells (Villano et al., 2005).  The multifunctional gelatinases are often over-expressed in 

melanomas(Hofmann et al., 2000a).  Cells were pre-treated with MAPK inhibitors 

30min prior to co-treatment with vehicle control or TCDD and total RNA was used as 

template for qRTPCR using primers specific for MMP-2 and MMP-9 (Table 2.1.). 

Inhibition of both Ras/Raf (U0126) and p38 signaling (SB203580) lead to a 

statistically significant increase in MMP-2 basal expression, indicating an inhibitory 

role for these pathways in MMP-2 expression (Figure 4.4.A.).   However, there is no 

significant alteration in TCDD-induced MMP-2 expression between co-treated samples 
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with inhibitor and TCDD, or samples treated with TCDD alone. Therefore, neither 

Ras/Raf nor p38 are required TCDD induced MMP-2 expression.   

The modulation of MMP-9 expression by Ras/Raf and p38 signaling is 

dissimilar to that observed for MMP-2 expression.  TCDD treatment results in a three-

fold induction of MMP-9 expression compared to solvent control (Figure 4.4B.) When 

either the Ras/Raf or p38 kinase pathways are inhibited, there is no significant TCDD-

induced expression of MMP-9, similar to our findings with MMP-1.  MMP-9 basal 

levels are not altered by inhibition of either pathway indicating that kinase signaling 

effects TCDD-induced MMP-2 and -9 expression differently in A2058 cells.  

4.3.6. Tissue inhibitors of matrix metalloproteinases (TIMPs) are affected by 

inhibition of Ras/Raf signaling 

Tissue inhibitors of matrix metalloproteinases (TIMPs) are endogenous 

inhibitors of MMP enzymatic function and are essential for controlled matrix 

remodeling (as reviewed (Hofmann et al., 2000a)).  Dysregulation of MMP/TIMP ratio 

can lead to enhanced matrix degradation by uninhibited MMPs or conversely lead to its 

inhibition through high levels of TIMPs as compared to MMPs.  I therefore analyzed 

TIMP expression in response to TCDD treatment in the presence and absence of 

Ras/Raf inhibitor, U0126. 

Data show for the first time that expression of TIMP-1 and TIMP-2 are induced 

by TCDD treatment in A2058 melanoma cells (Figures 4.4.C. and 4.4.D.).  TIMP-1 is 

significantly induced 2.3 fold by TCDD and is still remains induced upon co-treatment 

with the MEK1/2 inhibitor, U0126 (Figure 4.4.C.).  There isn’t a statistically significant 

difference between basal levels or TCDD treated levels with or without U0126, 
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indicating that Ras/Raf inhibition has no effect on TCDD-induced TIMP-1 expression.  

TIMP-2 was significantly induced by TCDD treatment (Figure 4.4.D.)  Although 

inhibition of MEK1/2 did not alter TCDD-mediated induction of TIMP-2, it did have 

an effect on overall expression.  The basal level of TIMP-2 significantly increased upon 

treatment with U0126 as did the level of TCDD-induced expression.  These data 

suggests that Ras/Raf signaling may be involved in repression of TIMP-2 expression 

and that upon treatment with U0126 that repression is released.  Interestingly a similar 

increase in basal expression is observed with MMP-2 after U0126 treatment of cells 

suggests that repression of expression may be similarly regulated (Figure 4.4.A.)  

Taken together TCDD-induction of two gelatinases, MMP-2 and MMP-9 depends on 

both Ras/Raf and p38 signaling.  Conversely, TIMP-1 and TIMP-2 TCDD-induced 

expression are both unaffected by Ras/Raf inhibition. 

 

4.3.7. ERK and p38 levels of phosphorylation in response to TCDD treatment 

To determine the effect of TCDD on Ras/Raf and p38 MAPK signaling in 

A2058s, the phosphorylation status of two terminal proteins in these signaling pathways, 

ERK and p38, respectively, was investigated.  TCDD treatment did not result in any 

change in ERK phosphorylation (pERK) (Figure. 4.5.A.).  To ensure that ERK 

phosphorylation was the result of Ras/Raf signaling in the A2058 melanoma cells, pERK 

levels were determined following co-treatment with U0126, which resulted in complete 

loss of pERK.  Interestingly, inhibition of p38 MAPK pathway by SB203580 also 

partially inhibited pERK levels, suggesting that there is cross talk between these MAP 

kinase pathways as previously seen in human umbilical vein endothelial cells at the level 
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of MEK activation (Houliston et al., 2001).  Phosphorylated p38 levels were undetectable 

in control or TCDD-treated samples at all time point tested (Figure 4.5.B.),  This is 

supported by prior reports of low levels of p38 phosphorylation in A2058 cells (Benbow 

et al., 2002).   Lack of discernable phosphorylation suggests that activation of the p38 

MAPK is not the primary mode of action affected when p38 inhibitor, SB203580, 

modulates TCDD-induced MMP production. 

 

4.4. Discussion 

These data demonstrate that the AhR- and Ras/Raf signaling pathways 

cooperate to mediate TCDD-induced expression of MMPs and their physiological 

inhibitors, TIMPs, in melanoma cells.  Furthermore, these data show that although AhR 

activation by TCDD does not alter ERK phosphorylation, ERK inhibition through the 

use of either a MEK1/2 or p38 inhibitor results in a reduction in phosphorylated ERK.  

This suggests that p38 signaling influences the Ras/Raf signaling pathway.  However, 

data presented here show no evidence of p38 phosphorylation (pp38) and therefore no 

visible evidence supporting a role for p38 kinase repression.  Due to a lack of pp38 in 

A2058 melanoma cells, the resulting inhibition of MMP-1 expression by the p38 

inhibitor, SB203580, is proposed to result from SB203580 acting upon a Ras/Raf 

signaling pathway constituent directly. 

Over 70 percent of all human melanomas  contain an activating mutation in the 

BRaf molecule (BRaf V600E) resulting in elevated kinase activity (Davies et al., 2002), and 

this mutation affects the basal levels of MMP-1 in other melanoma cell lines (Benbow et 

al., 2002; Huntington et al., 2004; Tower et al., 2002). Interestingly, this mutation is not 
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limited to skin cancers, and is also found in ovarian (30%), thyroid (30%), and colorectal 

cancers (15%) (Frasca et al., 2008; Preto et al., 2008; Ueda et al., 2007).  Data generated 

here extend these findings to not only include increased basal levels of MMP-1 in BRaf 

V600E containing melanoma cells, but also shows that TCDD-mediated expression and 

activity of  MMP-1 as well as induction of other ECM remodeling proteins require 

Ras/Raf signaling.  The Ras/Raf signaling pathways therefore may influence melanoma 

progression in the presence of environmental contaminants. 

Previous findings from the White laboratory demonstrate that TCDD-induced 

MMP-1 expression in melanoma cells is restricted to the most invasive cell line used in 

the study, the A2058 line (Villano et al., 2005).  Although, normal human melanocytes 

and less invasive melanoma cell lines were responsive to TCDD/AhR, as demonstrated 

by activation of CYP1A1 and CYP1B1, no induction of MMPs was observed.  

Interestingly, a similar situation has been observed in breast cancer cell lines, where AhR 

expression correlates with invasive characteristics (Schlezinger et al., 2006).  One 

difference between the A2058 melanoma cells and the normal melanocytes, is that the 

A2058 cells contain an activating mutation in the BRaf gene that changes a valine residue 

to a glutamate (BRaf V600E) and this mutation has been shown to cause elevated Ras/Raf 

signaling as well as increased expression of MMPs (Benbow et al., 2002; Huntington et 

al., 2004).  The current data show that activated Ras/Raf signaling is critical for AhR-

mediated changes and occur at the level of transactivation as seen using the 2011bp 

minimal-responsive MMP-1-luciferase promoter (Figure 4.1.).  Inhibition of the Ras/Raf 

pathway by MEK 1/2 inhibitor, U0126, results in a complete loss of TCDD induction of 

the 2011bp MMP-1 construct while both p38 inhibitor and PI3 kinase inhibitor partially 
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reduced TCDD-induced 2011bp promoter activity.  The inhibition of the MMP-1 

promoter induction observed with PI3 inhibitor LY294002 (Figure 4.1.) may not involve 

the AhR pathway due to a lack of similar inhibition of the CYP1A1 promoter (See 

Chapter 5, Figure 5.2.A.).  Furthermore, PI3 pathway inhibition of CYP1A1 promoter 

(Figure 5.2.A.) with LY294002 resulted in the same fold response as Src inhibition 

(PP2), which showed no affect on MMP-1 responsiveness (Figure 4.1.).  This indicates 

that only two pathways are likely to play a role in AhR-mediated, TCDD-induction of 

MMP-1, the p38 and Ras/Raf kinase signaling pathways. 

The data presented here further demonstrate that Ras/Raf pathway inhibition not 

only results in a reduction of TCDD-induced MMP-1 promoter activity, but also results 

in reduced TCDD/AhR-mediated mRNA induction (Figure 4.2.A.).  The specificity of 

the MEK 1/2 chemical inhibitor’s mode of repression is supported by siRNA knockdown 

of BRaf transcript levels, which also leads to a reduction in MMP-1 promoter inductions 

(Figures 4.3.B.).  This was not the case when the p38 inhibitor was used to analyze 

TCDD-induced MMP-1 transcript levels induction.  p38 inhibition did not alter the 

ability of TCDD to induce MMP-1 transcripts, however the basal levels of transcripts 

were significantly reduced (Figure 4.2.B.).   

ECM degradation and basement membrane infiltration are facilitated by the 

expression and activity of MMPs (as reviewed (McCawley and Matrisian, 2000; Pasco et 

al., 2004) .  In particular elevated levels of MMP-1 and MMP-2 expression are found in 

invasive melanoma samples (Vaisanen et al., 1996; Walker and Woolley, 1999) while the 

importance of MMP-9 and MMP-2 is displayed by lack of invasiveness in MMP-9-

deficient mice (Itoh et al., 1999; Itoh et al., 1998).   Previous data from the White 
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laboratory indicate that MMP-1, MMP-2 and MMP-9 expression are all induced by 

TCDD in an AhR-dependent fashion (Villano et al., 2005).  Current data demonstrate that 

intracellular mitogen activated kinase pathways, Ras/Raf/ERK and p38, are also required 

for TCDD induced expression of other MMPs, but they differ in regulation.  For 

example, MMP-1 basal levels are significantly reduced following both Ras/Raf and p38 

kinase inhibition, while MMP-2 basal expression is increased due to Ras/Raf and p38 

kinase inhibition.  This suggests that serine/threonine phosphorylation not only plays a 

role in TCDD induction, but also in control of basal expression.  These data further 

suggests that melanomas containing the BRaf V600E mutation may contain elevated basal 

expression of both MMP-1 and MMP-9 due to constitutive activation of the Ras/Raf 

signaling pathway and that inhibition of this pathway will result in reduction of both 

MMPs.  However, MMP-2 expression is repressed by constitutive Ras/Raf signaling and 

released by MEK 1/2 inhibition which could potentially offset MMP-9 basal inhibition by 

MEK 1/2 inhibition.  Furthermore, TCDD induction of MMP-1 and MMP-9 is dependent 

on Ras/Raf signaling while MMP-2 induction in not affected by Ras/Raf inhibition, 

indicating that AhR-dependent TCDD induction of MMP-2 involves different regulatory 

pathways than MMP-1 and MMP-9.   

MMPs are secreted as inactive, pro-enzymes and their ability to degrade ECM 

substrates depends upon their activation as well as expression.  An in vitro collagenase 

type I assay was used to determine whether Ras/Raf or p38 inhibition had any effect on 

MMP-1 activity.  Both Ras/Raf and p38 inhibition greatly reduced TCDD-induced 

collagenase activity further implicating both pathways requirement in TCDD-induction 

(Figure 4.2.C.).  Since there are no reports of MMP-13 or MMP-8 activity in human skin, 
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it is assumed that the prevalent protease, MMP-1 mediates the degradation of type I 

collagen.   

Inhibition of MMP activity can be facilitated by a family of reversible 

endogenous inhibitors called tissue inhibitors of matrix metalloproteinases (TIMPs) 

Typically inhibition of specific MMPs are performed by one of four TIMPs resulting in 

1:1 stoichiometric inhibition by direct binding.  TIMP-1 binds and inhibits pro-MMP-9 

(Airola et al., 1999; Goldberg et al., 1992) and TIMP-2 along with MT1-MMP are 

involved in pro-MMP-2 sequestering (Butler et al., 1998; Strongin et al., 1995)   

Expression of TIMP-1 correlates with more invasive melanoma while and TIMP-2 

expression can be seen in less invasive melanomas (Airola et al., 1999; Hofmann et al., 

2000b).   These data show that both TIMP-1 and TIMP-2 are induced by TCDD in 

A2058 melanoma cells and that induction is not affected by Ras/Raf inhibition, while 

MMP-1 and -9 expression do require Ras/Raf signaling.  Both basal and TCDD-induced 

TIMP-2 expression is increased upon U0126 treatment similarly to that of MMP-2 

expression.  Further studies involving gelatinase activity are required to determine if the 

effect of overall increases in both TIMP-2 and MMP-2 expression due to Ras/Raf 

inhibition will result in enhanced activation of MMP-2 or simply offset one another.  

The decrease of MMP-1 promoter responsiveness and activity, as well as MMP-2 

and MMP-9 expression, due to p38 inhibition may have resulted from cross talk between 

p38 and Ras/Raf pathways.  Data here demonstrate that p38 inhibition down-regulated 

ERK phosphorylation (Fig 4.5.A.).  Recent evidence supporting agonist-specific cross 

talk involving p38 and Ras/Raf signaling has been shown in control of prostacyclin 

production in human umbilical vein endothelial cells where p38 activation positively 
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regulates the Ras/Raf pathway (Houliston et al., 2001).  p38 phosphorylation was not 

evident in data produced in this report (Figure 4.5.B.), however low levels of p38 

phosphorylation have been previously reported in A2058 cells indicating that 

undetectable p38 kinase signaling may exist in this current study as well (Benbow et al., 

2002).  It therefore remains possible that p38 inhibition may still affect ERK 

phosphorylation via a similar unidirectional cross talk, however it is also possible that 

p38 kinase signaling is directly required for maximal AhR-mediated TCDD induction.  

Yet a third and most likely possibility involves non-specific inhibition of the p38 

chemical inhibitor, SB203580, resulting in decreased ERK phosphorylation.  Which ever 

the case is, the data show that the p38 signaling pathway is required for maximal TCDD-

induction of the known AhR responsive CYP1A1 gene (Figure 5.2.C.) as indicated by a 

significant decrease from 18 fold responsiveness to less than 3 fold.  This however is 

unlike the strict requirement for Ras/Raf signaling (Figure 4.3.A.) which when inhibited 

results in total loss of TCDD-induced MMP-1 expression. 

In summary, data presented here demonstrate the involvement of the Ras/Raf 

pathway in TCDD-enhanced expression of MMP-1, MMP-2 and MMP-9 as well as 

TIMP-2 in A2058 melanoma cells. Therefore, activation of the AhR pathway in 

melanoma cells with a constitutively active BRaf mutation may enhance the metastatic 

potential of those cells by altering the MMP:TIMP ratio and could have a negative impact 

on disease progression. It is interesting to note that ERK signaling is required for MMP-1 

induction by cigarette smoke (Kim et al., 2004a) and that a known AhR ligand is a 

constituent of  cigarette smoke (Alam et al., 2008).  Given the recent findings that the 

AhR pathway can be activated by a variety of endogenous and exogenous ligands, 
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including UV-photoproducts (Fritsche et al., 2007), the data presented here suggest that 

the combination of BRaf activation and the AhR pathway may contribute to the 

progression of melanoma and perhaps to other tumor types as well. 
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Figure 4.1. Continued on next page 
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Figure 4.1.  Effects of various MAPK inhibitors on 2011bp MMP-1  (A) Depiction of kinase signaling 
pathways and inhibitor used.  (B)TCDD-induced 2011bp minimal MMP-1 promoter activity was analyzed 
in the presence of U=U0126 (MEK1/2 inhibitor), SB=SB203580 (p38 MAPK inhibitor), LY=LY294002 
(PI3 kinase inhibitor), PP2 (Scr tyrosine kinase inhibitor).  Cells were pretreated in serum and additive-free 
media with each inhibitor for 30min.  Cells were co-treated with inhibitors and DMSO (vehicle) or 10nM 
TCDD for 24h. Data are representative of three separate experiments and error bars represent standard 
deviations.  The inset represents fold TCDD responsiveness over vehicle control.  (∗,#,a, b, p<0.05 using t-
test for Control vs TCDD).  Data are representative of three separate experiments. 
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Figure 4.2.  Inhibition of TCDD-mediated expression and activity of MMP-1  The 
effect of Ras/Raf and p38 pathway inhibition on TCDD-induced MMP-1 gene expression 
levels were analyzed by qRT-PCR.  Confluent A2058 cultures were washed three times 
in PBS and cultured in serum and additive-free media.  Cells were pretreated in serum 
and additive-free media with each inhibitor for 30min followed by 24h with DMSO 
(vehicle) or 10nM TCDD alone and also co-treated for 24h with serial dilutions of U0126 
ranging from 10-1.25µM (A) or serial dilutions of SB203580 ranging from 12µM-4µM 
(B).  Treated cultures were harvested for total RNA and qRT-PCR was performed.  
Results were normalized to GAPDH expression and MMP-1 expression levels are 
expressed as pg of MMP-1/100ng of total RNA.  Data are representative of three separate 
experiments and error bars represent standard deviations.  C=DMSO, TD=TCDD  (* 
p<0.05 using t-test for Control vs TCDD).  (C) Conditioned media was collected and 
concentrated by nominal molecular weight filtration and total protein concentrations were 
determined using a modified Lowry assay.  15μg of total protein was used in a 
fluorescent labeled collagen type I assay.  Wells were loaded in quadruplicate and data is 
expressed as fold TCDD induction over control (DMSO).  Data are representative of 
three separate experiments.  (∗,#,a, b, c denote significance p<0.05 using t-test). 
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Figure 4.3.  Inhibition with siRNA reduces TCDD-induced MMP-1 transactivation  (A) 
A2058 cells were transiently transfected with siRNA targeted to the Braf  molecule (siBraf) and 
a negative control consisting of random siRNA not homologous to any known human sequence 
(scrambled) to show specificity.  Total RNA was harvested from A2058 cells (control), siBRaf 
transfected cells and scrambled transfected cells.  Relative Braf RNA levels were analyzed by 
real-time PCR.  A2058 cells were transiently co-transfected with the 2011bp minimal MMP-1 
luciferase-promoter construct (B) promoter along with siRNA to BRaf.  Cells were treated with 
DMSO (vehicle) or 10nM TCDD for 24h, harvested and luciferase assays were performed as 
described.  Treatments were performed in quadruplicate.  Data are representative of three 
separate experiments and error bars represent standard deviation (* p<0.05 for t-test using 
Control vs TCDD). 
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Figure 4.4. Involvement of Ras/Raf signaling upon TCDD-induced expression of 
MMP-2, MMP-9, TIMP-1 and TIMP-2 
The level of TCDD-induced (A) MMP-2, (B) MMP-9, (C) TIMP-1, and (D) TIMP-2 
mRNA expression were analyzed by qPCR in the presence of U=U0126 (MEK1/2 
inhibitor) and SB=SB203580 (p38 MAPK inhibitor).  The inset represents fold TCDD 
responsiveness over vehicle control.  Confluent A2058 cells were washed three times in 
PBS, pretreated in serum and additive-free media with each inhibitor for 30mins, then 
treated for 24h with DMSO (vehicle) or 10nM TCDD alone and also co-treated above 
indicated inhibitors.  Treated cultures were harvested for total RNA and quantitative 
PCR was performed.  Results were normalized to GAPDH expression and MMP-2 and 
-9 expression levels are expressed as pg expression mRNA /100ng of total RNA.  Data 
are representative of three separate experiments and error bars represent standard 
deviations.  C=DMSO, TD=TCDD (*, a, b, c, #, p<0.05 using t-test for marked 
comparisons). 
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Figure 4.5.  ERK phosphorylation levels change with inhibition of MEK and p38 
inhibition  Confluent A2058 cells were washed three times in Ca2+/Mg2+ free PBS and 
cultured in serum and additive-free media for 24h.  Cells were pretreated in serum and 
additive-free media with either SB203589 (S) or U0126 (U) inhibitors for 30min.  
Following pretreatment, cultures were co-treated with inhibitors and DMSO (vehicle) or 
10nM TCDD for 5, 10, 30 and 60min.  Treated cells were washed with ice cold PBS and 
harvested in fresh RIPA buffer.  Protein concentration was determined using a modified 
Lowry assay.  Samples were electrophoresis on a 4-12% Bis-Tris gel and transferred to 
nitrocellulose for western blot analysis.  Blots were probed with primary antibodies to 
detect (A) total ERK levels and phosphorylated ERK levels as well as (B) total p38 and 
phosphorylated p38 levels.  β-actin was used as a loading control.  Blots were scanned 
using a Storm 860 Molecular Imager.  Blots are representative of three independent 
experiments. 
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5.0. CROSS-TALK BETWEEN THE RAS/RAF/MEK/ERK AND ARYL 

HYDROCARBON RECEPTOR (AHR) PATHWAYS IN A2058 MELANOMA 

CELLS 

 

5.1. Abstract 

The aryl hydrocarbon receptor (AhR) is a member of the basic Helix-loop-Helix 

Per-Arnt-Sim (bHLH-PAS) domain family of transcription factors and was identified as 

the receptor for polycyclic aromatic hydrocarbons and related compounds.  Recently, 

studies indicate that the AhR binds to a variety of endogenous and exogenous 

compounds including UV photoproducts of tryptophan.  The AhR pathway and the 

Ras/Raf signaling pathway have been shown to interact resulting in AhR stabilization 

and reduced AhR DNA binding ability and transactivation.  ERK kinase signaling has 

been shown to be involved with AhR nuclear localization and activation.  It has been 

shown that 70% of melanomas contain a constitutively activating mutation in the BRaf 

molecule (BRafV600E) of the Ras/Raf/ERK signaling pathway resulting in 

hyperphosphorylation of ERK.  Furthermore, acute sun expose correlates to melanomas 

possessing the BRaf activating mutation and UV radiation has been shown to cause 

AhR activation suggesting that there may be a tie between AhR and Ras/Raf signaling 

in melanomas.  We have shown that AhR-dependent MMP induction requires Ras/Raf 

signaling resulting in ERK phosphorylation in A2058 melanoma cells, however the 

exact role of ERK phosphorylation is not known.  It is demonstrated here that Ras/Raf 

signaling alters the expression of AhR and aryl hydrocarbon receptor repressor (AHRR) 

and that cotreatment with an AhR antagonist α-napthoflavone results in a decrease in 
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ERK phosphorylation.  We also show that Ras/Raf but not p38 signaling can abrogate 

AhR-mediated expression of CYP1A1. 

 

5.2. Introduction 

The AhR and Arnt are members of the basic Helix-loop-Helix Per-Arnt-Sim 

(bHLH-PAS) domain family of transcription factors and were originally identified as  

receptors for 2,3,7,8-tetrachloldibenzo-p-dioxin (TCDD) and other related  polycyclic 

aromatic hydrocarbons (PAH) (Hoffman et al., 1991; Poland et al., 1976).  AhR resides 

inactive the cytoplasm complexed to two heat shock protein 90 (HSP90) molecules, co-

chaperone p23, and an immunophilin-like protein XAP2 (Carver et al., 1998; 

Kazlauskas et al., 2001).  Upon ligand binding, the AhR dissociates from XAP2 and the 

HSP90-ligand bound AhR complex translocates to the nucleus where it bind Arnt 

(Reyes et al., 1992; Sogawa et al., 1995).  Together AhR and Arnt form an active 

transcription factor that can bind to and facilitate transcription from xenobiotic response 

elements (Matsushita et al., 1993; Watson and Hankinson, 1992).  Recent data indicate 

that the AhR binds and is activated by a variety of endogenous and exogenous 

compounds including flavonoids, UV photoproducts of tryptophan as well as synthetic 

retinoids  (Carver and Bradfield, 1997; Denison et al., 2002; Oberg et al., 2005; Song et 

al., 2002; Soprano et al., 2001; Soprano and Soprano, 2003).  The aryl hydrocarbon 

receptor repressor (AhRR) is also a member of the bHLH-PAS family and is an 

endogenous inhibitor of AhR signaling (Haarmann-Stemmann and Abel, 2006).  The 

AhRR functions as a negative regulator of the AhR pathway by inhibiting 
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transactivation events initiated by the AhR/Arnt transcription factor (Evans et al., 

2008).   

Recent studies indicate that there is an interaction of Ras/Raf and AhR signaling 

pathways, and demonstrate that activation of the Ras/Raf pathway stabilizes the AhR, 

reduces AhR DNA binding ability and is essential for AhR complex activity (Chen et 

al., 2005; Tan et al., 2002; Tan et al., 2004; Yim et al., 2004).   Data also show that 

transiently transfected, constitutively active MEK1, a down-stream target of Raf, can 

elevate the level of AhR-dependent luciferase activity (Tan et al., 2004). This indicates 

the need for Ras/Raf signaling for AhR-dependent activation and downstream effects 

demonstrating that Ras/Raf signaling can mediate an AhR-dependent response.  

Malignant melanoma is an aggressive disease that develops from the 

transformation of normal human melanocytes and 70% of all melanomas contain a 

constitutively activating mutation of the serine/threonine kinase BRaf molecule (BRaf 

V600E) of the Ras/Raf/ERK signaling pathway resulting in hyperphosphorylation of ERK 

(Davies et al., 2002; Pollock et al., 2003; Satyamoorthy et al., 2003).  The main 

etiological risk factor for acquiring cutaneous melanoma is related to sporadic, intense 

sun exposure, especially in adolescence (Breitbart et al., 1997; Gandini et al., 2005; 

Walter et al., 1999) and Braf activating mutations have been found to correlate with 

melanocytic lesions resulting from acute sun exposure rather than chronic exposure 

(Dhomen and Marais, 2007).  In addition, UV radiation has been shown to induce AhR-

mediated gene transcription of CYP1A1 though oxidation of tryptophan (Sindhu and 

Kikkawa, 1999).  Recent studies also indicate that UVB radiation results in the 

formation of and AhR ligand, 6-formylindolo[3,2-b]carbazole, and results in epidermal 
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growth factor receptor internalization and activation of ERK (Fritsche et al., 2007).  

These studies suggest that there is constant relation between ERK kinase pathway and 

AhR activation and that the main risk factors associated with melanoma initiation also 

results in AhR activation.  Data from the White laboratory have shown that activated 

AhR is necessary for increased in vitro invasion of BRaf V600E containing A2058 

melanoma cells through increased expression and activity of matrix metalloproteinase.  

A2058 melanoma cells were also shown to express the most AhR when compared to 

less aggressive melanoma cell lines as well as normal human melanocytes, suggesting 

that increased AhR expression and constitutive Ras/Raf signaling result in increased 

TCDD-induced MMP expression (Villano et al., 2005). 

Data produced here demonstrate that Ras/Raf inhibition results in alteration in 

basal levels of two AhR pathway constituents, the AhR and the AhRR.  Additionally, 

data presented here show that the AhR antagonist, α-naphthoflavone, affects ERK 

phosphorylation in A2058 cells.  AhR-mediated induction of CYP1A1, a known AhR-

responsive gene, was abrogated by Ras/Raf inhibition while only partial inhibition was 

seen by p38 kinase inhibition.  Taken together these data suggest that constitutive 

activation of BRaf is required for AhR-mediated MMP response.  Furthermore, BRaf 

constitutive activation results in alterations of the AhR pathway expression and 

therefore may enable TCDD-mediated responses.  

 

5.3. Results 

5.3.1. A comparison between normal human melanocytes and A2058 AhR and 

AhRR expression 
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Recent data indicate that AhRR is a tumor suppressor in a variety of cancers 

demonstrating the importance of AhR mediated signaling in cancer progression 

(Zudaire et al., 2008).  Interestingly, AhR is expressed at high levels in immortalized 

and malignant mammary gland cell lines but not in normal, finite life-span cells (Yang 

et al., 2007).  The above data correspond to what was previously seen in the White lab 

in that normal human melanocytes (NHMs) do not produce a large amount of AhR 

mRNA as compared to A2058 melanoma cells and correlated increased TCDD-

responsiveness (Villano et al., 2005).  AhRR expression was analyzed to determine if 

there is any correlation between AhRR expression and the previously seen increases in 

AhR expression in A2058 melanoma cells.  Results from qRTPCR revealed that NHMs 

produce three orders of magnitude more AhRR mRNA than A2058 cells do (Figure 

5.1.).  This is the exact opposite expression profile for AhR in A2058s and NHMs and 

indicates an inverse relationship for the expression of AhR and AhRR that depends on 

the status of the cells, “normal” verses malignant.   

 

5.3.2. AhR and AhRR expression levels in response to inhibition of the Ras/Raf 

pathway 

 One difference between the A2058s and NHMs is that the A2058s contain the 

BRaf V600E constitutively active mutation that results in hyperactive BRaf signaling.  To 

determine whether the BRaf V600E mutation contributes to AhR and AhRR expression in 

A2058s, we examined AhR and AhRR expression following treatment with the down-

stream target of Ras/Raf signaling, MEK1/2 inhibitor, U0126.  Exposure of A2058 

melanoma cells to U0126 resulted in a significant decrease in overall AhR expression 
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(Figure 5.1.B.).  These data demonstrate that Ras/Raf signaling directly effects AhR 

expression levels in A2058 cells indicating that Ras/Raf signaling is necessary to 

maintain levels of AhR and therefore may affect AhR signaling in A2058 cells.   

To examine if AhRR expression levels are affected by Ras/Raf signaling 

inhibition, A2058 cells were co-treated with the MEK1/2 inhibitor, U0126 and DMSO 

or TCDD.  qRTPCR analysis revealed that AhRR expression does not show induction 

by TCDD treatment, but significantly increases in the presence of U0126 co-treatment 

approximately 3 fold compared to uninhibited (Figure 5.1.C.).  Taken together these 

data show that the expression of AhR and AhRR in A2058 melanoma cells is 

modulated by Ras/Raf signaling such that when Ras/Raf signaling is elevated, AhR 

expression will be increased and AhRR expression will be decreased.  

 

5.3.3. Inhibition of Ras/Raf and p38 kinase pathways inhibit CYP1A1 promoter 

activity and mRNA expression 

The Ras/Raf signaling pathway is only one pathway that TCDD/AhR is known to 

interact with.  To assess if other signaling pathways can also modulate AhR-dependent 

expression the well characterized AhR-dependent, monooxygenase gene, Cytochrome 

P4501A1 (CYP1A1) was used as a reporter of AhR activation.  A human CYP1A1 

luciferase construct (pRNH3/235, described previously) (Fujisawa-Sehara et al., 1986) 

containing four dioxin response elements (XREs) through the 5’ region (-1140 to +59bp) 

was transiently transfected into A2058 cells.  TCDD-induced CYP1A1 promoter activity 

was reduced 2.4 fold following co-treatment with the chemical inhibitors for PI3 kinase 

and Src (Figure 5.2.A.).  Ras/Raf inhibition resulted in a complete loss of TCDD-
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mediated induction of CYP1A1 while p38 kinase inhibition resulted in over 5 fold 

reduction in TCDD-mediated CYP1A1 promoter activity (Figure 5.2.A.)  Cotreatment 

with PI3, Src and P38 pathway inhibitors showed induction due to TCDD treatment, 

while Ras/Raf inhibition resulted in complete inhibition of CYP1A1 promoter activity.  

These data indicate that only the Ras/Raf pathway is essential for AhR-mediated TCDD-

responses.  

Due to previous data suggesting that p38 signaling could affect AhR-dependent 

MMP expression, CYP1A1 mRNA expression was analyzed following cotreatment 

with both the Ras/Raf inhibitor (U0126) as well as the p38 inhibitor (SB203580) and 

TCDD.  Ras/Raf pathway inhibition resulted in a complete loss of TCDD-mediated 

CYP1A1 expression at all concentrations used (Figure 5.2.B.).  p38 inhibition inhibited 

TCDD-induced CYP1A1 expression, lowering induction 6.8 fold, similarly to CYP1A1 

reporter levels above; however, there was still significant TCDD-induced increase in 

CYP1A1 mRNA expression even at the highest concentration, 12µM (Figure 5.2.C.).  

The effects of Ras/Raf pathway inhibition on CYP1A1 expression using the chemical 

inhibitor, U0126 were verified through the use of small inhibitory RNA specific to 

BRaf (siBRaf).  A2058s were transiently cotransfected with pRNH3/235 and siBRaf 

and were harvested after 24h of TCDD treatment. There was a significant reduction in 

CYP1A1 promoter activity when cells were co-transfected with siBRaf that was 

recovered in cells co-transfected with a negative control siRNA (scrambled) (Figure 

5.2.D.). Taken together, CYP1A1 promoter responsiveness and expression levels 

suggest that Ras/Raf signaling is required for AhR-mediated TCDD induction and also 

suggest p38 signaling is necessary for a maximal response.  
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5.3.4. Inhibition of AhR signaling, inhibits ERK phosphorylation 

 The constitutive BRaf mutation, Braf V600E, in A2058 melanoma cells results in 

phosphorylation of down stream MAPK target, ERK (Mercer and Pritchard, 2003).  

Data from Chapter 4 indicate that the Ras/Raf pathway alters AhR signaling however, 

little is known about the effects of AhR upon Ras/Raf signaling.  In order to examine 

potential effects of AhR signaling upon the Ras/Raf pathway, whole cell protein lysates 

prepared from A2058 cells co-treated with α-naphthoflavone and either TCDD or 

DMSO were electrophoresised on a 4-12% TBE gel.  After separation the proteins were 

transferred to a nitrocellulose membrane and probed for ERK, phosphorylated ERK and 

β- actin.  Phosphorylated ERK (pERK) levels were unchanged at 5min of TCDD and 

α-naphthoflavone cotreatment (Figure 5.3.).  Levels of pERK decreased when co-

treated with α-naphthoflavone at 10 and 30min followed by a partial recovery at 60min.  

These data provide evidence that regulation between the Ras/Raf and AhR signaling 

pathways is not unidirectional and suggests that cross-talk may occur at the level of 

ERK phosphorylation.  

 

5.4. Discussion 

Findings presented in this chapter demonstrate that the AhR and Ras/Raf 

signaling pathways interact and this interaction can modulate AhR and AhRR expression 

as well as ERK phosphorylation.  Previous data indicate that normal human 

melanonocyte (NHM) cells express low levels of AhR and melanoma cell lines express 

AhR in direct correlation to invasiveness with A2058 cells being the most invasive and 

highest AhR expressing cell line (Villano et al., 2005).  Data from experiments conducted 
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with “normal”, immortalized and malignant mammary cell lines show a similar 

expression pattern for AhR in that higher levels of AhR are found in malignant human 

mammary cells lines as compared to immortalized or limited life-span “normal” cells 

suggesting that increased AhR expression/signaling may be a common step in the 

progression of both melanoma and breast cancer (Yang et al., 2007).  These data also 

show the resultant activation of CYP1B1 by over-expressed AhR in immortalized MCF-

10F mammary cells is able to be reversed by expression of AhRR suggesting that these 

cells are overexpressing an active form of AhR and that AhR-mediated events in 

immortalized cells can be reversed by AhRR expression.  Increased expression of AhR 

and reduced expression of AhRR in A2058 melanoma cells may also alter AhR-mediated 

activation of downstream target expression as it did in mammary cells.  Further support 

of a role for increased AhR expression in cancer, AhRR was just proposed as a tumor 

supressor due to its reduced expression in malignant tissue from human colon, breast, 

lung, stomach, cervix and ovary (Zudaire et al., 2008).  Furthermore, the down-regulation 

of AhRR expression in a human lung cancer cell line conferred resistance to apoptosis 

and enhanced invasion indicating that AhRR modulation in melanoma cells may have a 

similar effect through the regulation of MMPs (Zudaire et al., 2008).  

A2058 melanoma cells contain an activating mutation in the Ras/Raf signaling 

pathway molecule, BRaf (BRaf V600E) which results in phosphorylation of MEK 1/2 and 

ERK(Mercer and Pritchard, 2003).  Data presented here suggest that elevated Ras 

signaling, a common alteration in a variety of cancers, confers increased sensitivity to 

AhR ligands, and reduced expression of AhRR, a putative tumor suppressor.  These data 

are supported by findings in other cell types demonstrating that the Ras/Raf MAP kinase 
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pathway has an impact on the AhR signaling pathway.  In Hepa-1 cells, ERK is activated 

by TCDD in an AhR-independent manner and pERK is critical to AhR-dependent gene 

transcription (Tan et al., 2002).  Further,  Ras/Raf signaling is required for AhR-

dependent inhibition of adipocyte differentiation (Hanlon et al., 2003).  Ras/Raf signaling 

has also been shown to regulate the AhR pathway in mouse Hepa-1 cells (Tan et al., 

2004). Data presented here show that inhibition of constitutively active Ras/Raf signaling 

in A2058 melanoma cells results in a decrease in AhR expression (Figure 5.1.B.) and an 

increase in AhRR expression (Figure 5.1.C).  This change in AhR pathway mediators 

causes A2058 expression profile of AhR and AhRR to completely reverse making their 

expression profile appear more like NHM cells and this change in A2058 expression 

profile could have profound effects on the AhR signaling. 

The data presented here indicate that the interaction between AhR and Ras has 

affected the level of promoter activation.  In order to analyze the effects that pathway 

signaling inhibition has on AhR-dependent gene transcription we utilized a CYP1A1 

luciferase reporter.  TCDD-induced, AhR-dependent CYP1A1 promoter activation shows 

that Ras/Raf signaling is essential in mediating AhR transactivation and that this also 

extends to increased CYP1A1 mRNA expression.  These data are supported by finding 

that wild-type mouse Hepa-1c1c7 cells over-expressing a dominant negative form of 

ERK resulted in suppression of TCDD-dependent transcription of a XRE-driven reporter 

(Yim et al., 2004). Similar requirements of Ras/Raf signaling for AhR mediated CYP1A1 

production are seen in mouse hepatoma (Hepa-1) cells, however the inhibition of ERK 

phosphorylation leads to decreases in Arnt and not AhR (Tan et al., 2004).  On the other 

hand, some data show that inhibition of the Ras/Raf pathway can lead to AhR nuclear 
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localization and is able to induce CYP1A1 expression (Chen et al., 2005).  Such results 

may be explained if Ras/Raf signaling affected ligand activated AhR differently from 

unliganded AhR.  However, our data do not demonstrated an increase in  CYP1A1 basal 

level expression with increasing amount of U0126 inhibitor in A2058 melanoma cells , as 

observed in hepa1c1c7 cells (Chen et al., 2005).   To confirm that the effect of the U0126 

on CYP1A1 was primarily through down regulation of BRAF,  BRAF expression was 

reduced using siBRaf and showed a similar reduction in TCDD- induced CYP1A1 

promoter activity (Figure 5.2.D.). 

   Preliminary data from the White lab suggests that the p38 MAPK pathway may 

also have an impact on AhR signaling in the A2058 melanoma cells (Figure 4.1.B.).  The 

data presented in this chapter demonstrate that inhibition of the p38 MAPK pathway 

reduces CYP1A1 mRNA expression and promoter activity, but does not completely 

abrogate it.  These data indicate, p38 signaling may also be required for a maximal AhR-

mediated response.  This is similar to a situation where both ERK and JNK MAP kinase 

pathways are required for TCDD-induction of CYP1A1, however, cell type specificity 

may account for the use of JNK kinase signaling in mouse hepatoma cells over p38 in 

human melanoma cells (Tan et al., 2004).  However, it is unclear as to the importance of 

p38 MAPK in A2058 melanoma cells.  Data presented in Chapter 4 indicate that the p38 

MAPK inhibitor also reduces ERK phosphorylation, suggesting that the down regulation 

observed may be via ERK 1/2 phosphorylation. Furthermore, in chapter 4, results have 

also shown that A2058 melanoma cells have no observable activity of p38MAPK, which 

would not support this pathway as being critical for AhR-mediated gene expression n this 

cell type.  
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In addition to demonstrating that the Ras/Raf pathway has an impact on AhR 

signaling in A2058 melanoma cells, the data presented here also supports the hypothesis 

that the AhR pathway modulates Ras/Raf phosphorylation in this cell type. The data 

show that inhibition of the AhR signaling pathway using the AhR antagonist α-

naphthoflavone causes a reduction in ERK phosphorylation after ten minutes of treatment 

with DMSO or TCDD and lasted up to 60 min indicating that AhR signaling is necessary 

for ERK phosphorylation.  This is the first evidence seen that indicates that the AhR may 

regulate the ability of the MAP kinase pathway to phosphorylate down stream effector 

molecules such as ERK.  This indicates that AhR and the Ras/Raf pathway are co-

regulated through cross-talk involving both the activation of AhR and the ultimate 

phosphorylation of ERK.  

In summary, data presented here demonstrate that the AhR and Ras/Raf 

signaling pathways modulate each others effecter molecules in A2058 melanoma cells.  

This is seen in changes of AhR and AhRR expression due to Ras/Raf inhibition as well 

as the resulting decrease in activation of a known AhR-responsive gene, CYP1A1.  On 

the other hand, AhR inhibition is able to decrease ERK phosphorylation indicating that 

the two pathways cross-talk and potentially interact with one another.  This suggests 

that the elevation of these two pathways in invasive cell type may results from 

synergistic positive regulation.  
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Figure 5.1. Continued on next page 
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Figure 5.1. Differential expression of aryl hydrocarbon receptor and aryl 
hydrocarbon receptor repressor levels between normal human melanocytes and 
A2058 melanoma cells 
Gene expression levels of AhR and AhRR were analyzed by qRT-PCR.  Confluent 
A2058 cultures were washed three times in PBS and cultured in serum and additive-
free media.  A2058 cells and normal human melanocytes expression levels of AhRR 
(A) were treated with DMSO for 24h and analyzed via qRT-PCR.  A2058 cells were 
pretreated in serum and additive-free media with each inhibitor for 30min followed by 
24h with DMSO (vehicle) or 10nM TCDD alone and also co-treated for 24h with 
10µM U0126 inhibitor. Treated cultures were harvested for total RNA and qRT-PCR 
was performed for AhR (B) and AhRR (C) expression levels.  Results were normalized 
to GAPDH expression and MMP-1 expression levels are expressed as pg of MMP-
1/100ng of total RNA.  Data are representative of three separate experiments and error 
bars represent standard deviations.  C=DMSO, TD=TCDD  (∗, a, denote significance 
p<0.05 using t-test ). 
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Figure 5.2. Inhibition of TCDD-mediated CYP1A1 promoter induction and gene 
expression 
(A) The level of TCDD-induced CYP1A1 promoter driving luciferase expression was 
analyzed in the presence of U=U0126 (MEK1/2 inhibitor), SB=SB203580 (p38 MAPK 
inhibitor), LY=LY294002 (PI3 kinase inhibitor), PP2 (Scr tyrosine kinase inhibitor).  
Cells were pretreated in serum and additive-free media with each inhibitor for 30min and 
co-treated with inhibitors and DMSO (vehicle) or 10nM TCDD for 24h. The inset 
represents fold TCDD responsiveness over vehicle control.  TCDD-induced expression 
levels of CYP1A1 were examined after co-treatment with (B) U0126 or (C) SB203580.  
Confluent A2058 cells were washed three times in PBS, pretreated in serum and additive-
free media with each inhibitor for 30mins, then treated for 24h with DMSO (vehicle) or 
10nM TCDD alone and also co-treated for 24h with serial dilutions of U0126 ranging 
from 10-1.25µM (B) or serial dilutions of SB203580 ranging from 12µM-4µM (C).  
Treated cultures were harvested for total RNA and quantitative PCR was performed.  
Results were normalized to GAPDH expression and CYP1A1 expression levels are 
expressed as pg of CYP1A1/100ng of total RNA.  Data are representative of three 
separate experiments and error bars represent standard deviations.  C=DMSO, 
TD=TCDD (∗, a, #, b denote significance p<0.05 using t-test). 
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Figure 5.3. Treatment with AhR antagonist alters ERK phosphorylation status 
Confluent A2058 cells were washed three times in Ca2+/Mg2+ free PBS and cultured in 
serum and additive-free media for 24h.  Cells were pretreated in serum and additive-free 
media with AhR antagonist, α-naphthoflavone (α) for 30min.  Following pretreatment, 
cultures were co-treated with inhibitors and DMSO (vehicle) or 10nM TCDD for 5, 10, 
30 and 60min.  Treated cells were washed with ice cold PBS and harvested in fresh RIPA 
buffer.  Protein concentration was determined using a modified Lowry assay.  Samples 
were electrophoresis on a 4-12% Bis-Tris gel and transferred to nitrocellulose for western 
blot analysis.  Blots were probed with primary antibodies to detect (A) total ERK levels 
and phosphorylated ERK levels as well as (B) total p38 and phosphorylated p38 levels.  
β-actin was used as a loading control.  Blots were scanned using a Storm 860 Molecular 
Imager.  Blots are representative of three independent experiments. 
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6.0. General Discussion  

 The data presented in this thesis contribute to our understanding of the 

interactions between the Ras/Raf and AhR signaling pathways.  Furthermore, these data 

also suggest that the interaction between these pathways may be important for melanoma 

progression through dysregulation of matrix metabolism in invasion and metastasis.  

Given that a large proportion of melanocytic tumors contain mutations resulting in an 

overactive Ras/Raf signaling pathway, these data may also add to our knowledge of 

pathway interactions involved in Ras/Raf mediated events in melanoma, and provide 

potential targets for chemotherapy or diagnosis.   

 Previous findings from the White laboratory demonstrated that MMP expression 

and activity is enhanced by exposure to TCDD and activation of the AhR pathway 

(Murphy et al., 2004; Villano et al., 2005).  The data presented in this thesis build upon 

these findings by identifying novel responsive elements in the distal portion of the MMP-

1 promoter that are involved in AhR mediated TCDD induction, including NFκB, 

CCAAT and MITF cis-acting elements.  Interactions between the NFκB and AhR 

pathways have been demonstrated in a variety of cell types (Camacho et al., 2005; Ruby 

et al., 2002; Singh et al., 2007).  The CCAAT site has also been shown to have roles in 

AhR signaling as seen in adipocyte differentiation (Hanlon et al., 2003; Liu et al., 1996).  

Although the final element, the MITF site, may have less of an effect than the NFκB or 

CCAAT elements in TCDD induction, its gene amplification has been found in 10% of 

primary and 20% of metastatic melanomas suggesting it active involvement in melanoma 

progression (Fecher et al., 2007).   
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Interestingly, the identified cis-acting elements in the MMP-1 promoter support 

other data indicating that the interactions between the Ras/Raf signaling pathway and the 

AhR signaling pathway modulate matrix metabolism.  The cell line used in these studies, 

the A2058 melanoma cells, contain a mutation in the BRaf gene that is common in 

human melanomas (Davies et al., 2002).  This mutation results in constitutive activation 

of the Ras/Raf signaling and the data presented here suggest that Ras/Raf activation 

modulates AhR signaling.  There is direct evidence linking transcription factors of the 

binding sites found to facilitate MMP-1 responsiveness to Ras/Raf signaling.  

Ras/Raf/Mek/ERK signaling,  has been shown to induce NκB signaling (Liu et al., 2007) 

suggesting a possible reasoning for elevated MMP-1 production in A2058s compared to 

normal human melanocytes.  A possible option for TCDD-increased MMP-1 signaling 

due to the NκB site located in its promoter comes from the formation of a heterodimer of 

NκB family member, RelB and AhR that is able mediate interleukin-8 transcription 

(Vogel et al., 2007). The CCAAT element transcription factor, C/EBPβ, is also effected 

by oncogenic Ras signaling.  Oncogenic Ras stimulated C/EBPβ activation of a C/EBP-

responsive promoter and this activation required ERK phosphorylation (Zhu et al., 2002).  

Lastly it was seen that both of these sites are involved in MEKK1-induced MMP-1 

expression in synovial fibroblasts through NFkB p65 and C/EBPβ binding (Faour et al., 

2006).  Taking all the above data into consideration it is probable that both an NFκB and 

C/EBP family member are binding to these sites and regulating TCDD-induced MMP-1 

expression.  The role of AhR in mediating this activation requires further investigation. 

 Data resulting from this thesis also show that interactions between the Ras/Raf 

and AhR signaling pathways alter expression of other MMPs besides MMP-1 and that 
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differential effects of MMPs and their endogenous inhibitors may result in dysregulated 

matrix metabolism.  TCDD-induced expression of both MMP-2 and MMP-9 are reduced 

by Ras/Raf inhibition.  MMP-2 and MMP-9 are members of the gelatinase family of 

MMPs and have been implicated in tumor invasion through mediating degradation of 

basement membrane and extracellular matrix components (Hofmann et al., 1999; Itoh et 

al., 1999; Walker and Woolley, 1999).  I further show that TCDD-induced MMP-9 

expression levels are completely lost upon Ras/Raf inhibition, similar to that seen with 

MMP-1.  TCDD-induced MMP-2 expression is reduced by Ras/Raf signaling inhibition, 

but this may be mechanistically different from that observed with MMP-1 and MMP-9, 

as there was a significant increase in MMP-2 basal expression following Ras/Raf 

inhibition.  This indicates that that Ras/Raf signaling may be responsible for repression of 

MMP-2 and when this pathway is inhibited the repression is released.  Interestingly, the 

MMP-2 inhibitor, TIMP-2, also shows a similar increase in basal level expression upon 

Ras/Raf inhibition.  Since TIMP-2 expression also increases in coordination with MMP-2 

it is likely that this potential increase in MMP-2 activity would be offset by TIMP-2 

inhibition.   

Data presented in this thesis also suggest that the effect of Ras/Raf signaling may, 

in part, be due to alterations in the major constituents of the AhR pathway, the AhR and 

the AhRR.  Previous data from the White laboratory, along with data presented in this 

thesis, demonstrate that the A2058 cells express relative high levels of AhR compared to 

AhRR and this expression profile favors TCDD-induced AhR signaling.  Inhibition of 

Ras/Raf signaling changes this expression profile such that AhR levels decrease in the 

A2058 cells while AhRR levels increase and this alteration in expression may cause a 
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decrease in AhR signaling due to increased AhRR repression.  These data are the first 

indication that Ras/Raf signaling can affect AhR signaling pathway constituents and 

further studies on protein levels are necessary to see if these expression changes correlate 

to changes in receptor and repressor levels.  It is interesting to note that a very recent 

publication implicates AhRR as a putative tumor suppressor due to reduced expression in 

malignant tissues of the lung, colon, breast, stomach cervix and ovary (Zudaire et al., 

2008).  Data presented in this thesis show that compared to normal human melanocytes, 

A2058 melanoma cells also have reduced AhRR expression.  Therefore, Ras/Raf 

signaling inhibition is able to lower levels of AhR and increase levels of AhRR, 

indicating that Ras/Raf may facilitate inhibition of TCDD through modulation of the AhR 

signaling pathway mediators.  This inhibition of AhR may ultimately result in decreased 

MMP-1 and MMP-9 AhR-dependent production. 

For the first time, it has been demonstrated that inhibition of AhR signaling can 

result in alterations of Ras/Raf signaling.  Treatment of A2058 cells with an AhR 

antagonist, α-naphthoflavone, resulted in decreased ERK phosphorylation, indicating that 

the AhR signaling pathway is also able to mediate Ras/Raf-dependent signaling.  

Physical interactions between the AhR and ERK have been noted in hepa1c1c7 cells and 

it is possible that if there were such a complex in A2058 cells, inhibition of the AhR 

could result in decreases of ERK phosphorylation (Chen et al., 2005). 

In conclusion the results presented here demonstrate that Ras/Raf signaling is 

essential for AhR-mediated TCDD induction of MMPs (Figure 6.1.).  Furthermore, cross-

talk between the Ras/Raf and the AhR signaling pathways has been demonstrated through 

effects of inhibition of each pathway on the alternate endpoints, such as AhR/AhRR 
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expression and ERK phosphorylation.  Taken to together these data suggest that tumor 

cells containing alterations in the Ras/Raf signaling pathway may be more susceptible to 

AhR-ligands, and exposure to such ligands may favor a more invasive phenotype.  

Furthermore, these data also suggest that the AhR pathway is in some way modulating 

Ras/Raf signaling, by contributing to its overactivity.  This suggests that the AhR 

pathway may be an ideal target for chemotherapies, as it would have a low impact on 

normal cells, but may disrupt the overactive Ras/Raf signaling that contributes to tumor 

growth and progression (DeLuca et al., 2008).   
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Figure 6.1. Schematic of potential AhR-Ras/Raf signaling pathway interactions  
The data in this report indicate that the AhR pathway and the Ras/Raf signaling pathway 
intersect in A2058 melanoma cells: 1) The AhR is required for maximal Erk 
phosphorylation and is therefore either inhibiting up-stream activation of the Ras/Raf 
pathway or directly inhibiting Erk phosphorylation (Fig 6A).  2)  Inhibition of Mek1/2 of 
the Ras/Raf signaling pathway by U0126 results in decreased AhR and increased AhRR 
expression indicating a role for Ras/Raf signaling in the regulation of AhR signaling 
pathway (Fig 7).  3) Inhibition of p38 by SB203580 results in a reduction of Erk 
phosphorylation suggesting that p38 signaling may be required for maximal Ras/Raf 
signaling or that SB203580 has an effect on Erk phosphorylation (Fig 6A).  Data 
presented here reveal a requirement for Ras/Raf and AhR signaling for TCDD-induced 
MMP and TIMP expression. 



123 

References 
 
Abbott BD, Birnbaum LS. 1989. TCDD alters medial epithelial cell differentiation during palatogenesis. 

Toxicol Appl Pharmacol 99(2):276-286. 
Abbott BD, Schmid JE, Brown JG, Wood CR, White RD, Buckalew AR, Held GA. 1999. RT-PCR 

quantification of AHR, ARNT, GR, and CYP1A1 mRNA in craniofacial tissues of embryonic 
mice exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin and hydrocortisone. Toxicol Sci 47(1):76-85. 

Airola K, Karonen T, Vaalamo M, Lehti K, Lohi J, Kariniemi AL, Keski-Oja J, Saarialho-Kere UK. 1999. 
Expression of collagenases-1 and -3 and their inhibitors TIMP-1 and -3 correlates with the level of 
invasion in malignant melanomas. Br J Cancer 80(5-6):733-743. 

Akhtar FZ, Garabrant DH, Ketchum NS, Michalek JE. 2004. Cancer in US Air Force veterans of the 
Vietnam War. J Occup Environ Med 46(2):123-136. 

Alam S, Conway MJ, Chen HS, Meyers C. 2008. The cigarette smoke carcinogen benzo[a]pyrene enhances 
human papillomavirus synthesis. J Virol 82(2):1053-1058. 

Amano S, Akutsu N, Matsunaga Y, Nishiyama T, Champliaud MF, Burgeson RE, Adachi E. 2001. 
Importance of balance between extracellular matrix synthesis and degradation in basement 
membrane formation. Exp Cell Res 271(2):249-262. 

Aoki T, Sato D, Li Y, Takino T, Miyamori H, Sato H. 2005. Cleavage of apolipoprotein E by membrane-
type matrix metalloproteinase-1 abrogates suppression of cell proliferation. J Biochem (Tokyo) 
137(1):95-99. 

Bai S, Thummel R, Godwin AR, Nagase H, Itoh Y, Li L, Evans R, McDermott J, Seiki M, Sarras MP, Jr. 
2005. Matrix metalloproteinase expression and function during fin regeneration in zebrafish: 
analysis of MT1-MMP, MMP2 and TIMP2. Matrix Biol 24(4):247-260. 

Barchowsky A, Frleta D, Vincenti MP. 2000. Integration of the NF-kappaB and mitogen-activated protein 
kinase/AP-1 pathways at the collagenase-1 promoter: divergence of IL-1 and TNF-dependent 
signal transduction in rabbit primary synovial fibroblasts. Cytokine 12(10):1469-1479. 

Beane Freeman LE, Dennis LK, Lynch CF, Thorne PS, Just CL. 2004. Toenail arsenic content and 
cutaneous melanoma in Iowa. Am J Epidemiol 160(7):679-687. 

Bello SM, Heideman W, Peterson RE. 2004. 2,3,7,8-Tetrachlorodibenzo-p-dioxin inhibits regression of the 
common cardinal vein in developing zebrafish. Toxicol Sci 78(2):258-266. 

Benbow U, Brinckerhoff CE. 1997. The AP-1 site and MMP gene regulation: what is all the fuss about? 
Matrix Biol 15(8-9):519-526. 

Benbow U, Rutter JL, Lowrey CH, Brinckerhoff CE. 1999a. Transcriptional repression of the human 
collagenase-1 (MMP-1) gene in MDA231 breast cancer cells by all-trans-retinoic acid requires 
distal regions of the promoter. Br J Cancer 79(2):221-228. 

Benbow U, Schoenermark MP, Mitchell TI, Rutter JL, Shimokawa K, Nagase H, Brinckerhoff CE. 1999b. 
A novel host/tumor cell interaction activates matrix metalloproteinase 1 and mediates invasion 
through type I collagen. J Biol Chem 274(36):25371-25378. 

Benbow U, Schoenermark MP, Orndorff KA, Givan AL, Brinckerhoff CE. 1999c. Human breast cancer 
cells activate procollagenase-1 and invade type I collagen: invasion is inhibited by all-trans 
retinoic acid. Clin Exp Metastasis 17(3):231-238. 

Benbow U, Tower GB, Wyatt CA, Buttice G, Brinckerhoff CE. 2002. High levels of MMP-1 expression in 
the absence of the 2G single nucleotide polymorphism is mediated by p38 and ERK1/2 mitogen-
activated protein kinases in VMM5 melanoma cells. J Cell Biochem 86(2):307-319. 

Blackburn JS, Rhodes CH, Coon CI, Brinckerhoff CE. 2007. RNA interference inhibition of matrix 
metalloproteinase-1 prevents melanoma metastasis by reducing tumor collagenase activity and 
angiogenesis. Cancer Res 67(22):10849-10858. 

Bohonowych JE, Zhao B, Timme-Laragy A, Jung D, Di Giulio RT, Denison MS. 2008. Newspapers and 
newspaper ink contain agonists for the ah receptor. Toxicol Sci 102(2):278-290. 

Boyle GM, Martyn AC, Parsons PG. 2005. Histone deacetylase inhibitors and malignant melanoma. 
Pigment Cell Res 18(3):160-166. 

Brauchle M, Gluck D, Di Padova F, Han J, Gram H. 2000. Independent role of p38 and ERK1/2 mitogen-
activated kinases in the upregulation of matrix metalloproteinase-1. Exp Cell Res 258(1):135-144. 

Breitbart M, Garbe C, Buttner P, Weiss J, Soyer HP, Stocker U, Kruger S, Breitbart EW, Weckbecker J, 
Panizzon R, Bahmer F, Tilgen W, Guggenmoos-Holzmann I, Orfanos CE. 1997. Ultraviolet light 



124 

exposure, pigmentary traits and the development of melanocytic naevi and cutaneous melanoma. 
A case-control study of the German Central Malignant Melanoma Registry. Acta Derm Venereol 
77(5):374-378. 

Brinckerhoff CE, Rutter JL, Benbow U. 2000. Interstitial collagenases as markers of tumor progression. 
Clin Cancer Res 6(12):4823-4830. 

Broome Powell M, Gause PR, Hyman P, Gregus J, Lluria-Prevatt M, Nagle R, Bowden GT. 1999. 
Induction of melanoma in TPras transgenic mice. Carcinogenesis 20(9):1747-1753. 

Brown NM, Lamartiniere CA. 1995. Xenoestrogens alter mammary gland differentiation and cell 
proliferation in the rat. Environ Health Perspect 103(7-8):708-713. 

Burrage PS, Huntington JT, Sporn MB, Brinckerhoff CE. 2007. Regulation of matrix metalloproteinase 
gene expression by a retinoid X receptor-specific ligand. Arthritis Rheum 56(3):892-904. 

Buters JT, Sakai S, Richter T, Pineau T, Alexander DL, Savas U, Doehmer J, Ward JM, Jefcoate CR, 
Gonzalez FJ. 1999. Cytochrome P450 CYP1B1 determines susceptibility to 7, 12-
dimethylbenz[a]anthracene-induced lymphomas. Proc Natl Acad Sci U S A 96(5):1977-1982. 

Butler GS, Butler MJ, Atkinson SJ, Will H, Tamura T, Schade van Westrum S, Crabbe T, Clements J, 
d'Ortho MP, Murphy G. 1998. The TIMP2 membrane type 1 metalloproteinase "receptor" 
regulates the concentration and efficient activation of progelatinase A. A kinetic study. J Biol 
Chem 273(2):871-880. 

Camacho IA, Singh N, Hegde VL, Nagarkatti M, Nagarkatti PS. 2005. Treatment of mice with 2,3,7,8-
tetrachlorodibenzo-p-dioxin leads to aryl hydrocarbon receptor-dependent nuclear translocation of 
NF-kappaB and expression of Fas ligand in thymic stromal cells and consequent apoptosis in T 
cells. J Immunol 175(1):90-103. 

Carver LA, Bradfield CA. 1997. Ligand-dependent interaction of the aryl hydrocarbon receptor with a 
novel immunophilin homolog in vivo. J Biol Chem 272(17):11452-11456. 

Carver LA, LaPres JJ, Jain S, Dunham EE, Bradfield CA. 1998. Characterization of the Ah receptor-
associated protein, ARA9. J Biol Chem 273(50):33580-33587. 

Chakraborti S, Mandal M, Das S, Mandal A, Chakraborti T. 2003. Regulation of matrix metalloproteinases: 
an overview. Mol Cell Biochem 253(1-2):269-285. 

Champion RH. 1970. An introduction to the biology of the skin. Oxford,: Blackwell Scientific. x, 450 , 455 
plates. p. 

Chen S, Operana T, Bonzo J, Nguyen N, Tukey RH. 2005. ERK kinase inhibition stabilizes the aryl 
hydrocarbon receptor: implications for transcriptional activation and protein degradation. J Biol 
Chem 280(6):4350-4359. 

Cope RB, Imsilp K, Morrow CK, Hartman J, Schaeffer DJ, Hansen LG. 2003. Exposure to soil 
contaminated with an environmental PCB/PCDD/PCDF mixture modulates ultraviolet radiation-
induced non-melanoma skin carcinogenesis in the Crl:SKH1-hrBR hairless mouse. Cancer Lett 
191(2):145-154. 

Crews ST, Fan CM. 1999. Remembrance of things PAS: regulation of development by bHLH-PAS 
proteins. Curr Opin Genet Dev 9(5):580-587. 

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J, Woffendin H, Garnett MJ, 
Bottomley W, Davis N, Dicks E, Ewing R, Floyd Y, Gray K, Hall S, Hawes R, Hughes J, 
Kosmidou V, Menzies A, Mould C, Parker A, Stevens C, Watt S, Hooper S, Wilson R, Jayatilake 
H, Gusterson BA, Cooper C, Shipley J, Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-
Trench G, Riggins GJ, Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicholson A, Ho JW, Leung 
SY, Yuen ST, Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R, Marshall CJ, Wooster R, 
Stratton MR, Futreal PA. 2002. Mutations of the BRAF gene in human cancer. Nature 
417(6892):949-954. 

davRasheed WK, Johnstone RW, Prince HM. 2007. Histone deacetylase inhibitors in cancer therapy. 
Expert Opin Investig Drugs 16(5):659-678. 

De Arcangelis A, Neuville P, Boukamel R, Lefebvre O, Kedinger M, Simon-Assmann P. 1996. Inhibition 
of laminin alpha 1-chain expression leads to alteration of basement membrane assembly and cell 
differentiation. J Cell Biol 133(2):417-430. 

De Ceuninck F, Allain F, Caliez A, Spik G, Vanhoutte PM. 2003. High binding capacity of cyclophilin B 
to chondrocyte heparan sulfate proteoglycans and its release from the cell surface by matrix 
metalloproteinases: possible role as a proinflammatory mediator in arthritis. Arthritis Rheum 
48(8):2197-2206. 



125 

de Leeuw SM, Janssen S, Simons JW, Lohman PH, Vermeer BJ, Schothorst AA. 1994. The UV action 
spectra for the clone-forming ability of cultured human melanocytes and keratinocytes. Photochem 
Photobiol 59(4):430-436. 

DeLuca AM, Srinivas A, Alani RM. 2008. BRAF kinase in melanoma development and progression. 
Expert Rev Mol Med 10:e6. 

Denis M, Cuthill S, Wikstrom AC, Poellinger L, Gustafsson JA. 1988. Association of the dioxin receptor 
with the Mr 90,000 heat shock protein: a structural kinship with the glucocorticoid receptor. 
Biochem Biophys Res Commun 155(2):801-807. 

Denison MS, Pandini A, Nagy SR, Baldwin EP, Bonati L. 2002. Ligand binding and activation of the Ah 
receptor. Chem Biol Interact 141(1-2):3-24. 

Dhomen N, Marais R. 2007. New insight into BRAF mutations in cancer. Curr Opin Genet Dev 17(1):31-
39. 

Durko M, Navab R, Shibata HR, Brodt P. 1997. Suppression of basement membrane type IV collagen 
degradation and cell invasion in human melanoma cells expressing an antisense RNA for MMP-1. 
Biochim Biophys Acta 1356(3):271-280. 

Egeblad M, Werb Z. 2002. New functions for the matrix metalloproteinases in cancer progression. Nat Rev 
Cancer 2(3):161-174. 

Elder DE. 2006. Pathology of melanoma. Clin Cancer Res 12(7 Pt 2):2308s-2311s. 
Enan E, Matsumura F. 1996. Identification of c-Src as the integral component of the cytosolic Ah receptor 

complex, transducing the signal of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) through the 
protein phosphorylation pathway. Biochem Pharmacol 52(10):1599-1612. 

Endo K, Takino T, Miyamori H, Kinsen H, Yoshizaki T, Furukawa M, Sato H. 2003. Cleavage of 
syndecan-1 by membrane type matrix metalloproteinase-1 stimulates cell migration. J Biol Chem 
278(42):40764-40770. 

Evans BR, Karchner SI, Allan LL, Pollenz RS, Tanguay RL, Jenny MJ, Sherr DH, Hahn ME. 2008. 
Repression of aryl hydrocarbon receptor (AHR) signaling by AHR repressor: role of DNA binding 
and competition for AHR nuclear translocator. Mol Pharmacol 73(2):387-398. 

Evans BR, Karchner SI, Franks DG, Hahn ME. 2005. Duplicate aryl hydrocarbon receptor repressor genes 
(ahrr1 and ahrr2) in the zebrafish Danio rerio: structure, function, evolution, and AHR-dependent 
regulation in vivo. Arch Biochem Biophys 441(2):151-167. 

Fan Z, Yang H, Bau B, Soder S, Aigner T. 2006. Role of mitogen-activated protein kinases and NFkappaB 
on IL-1beta-induced effects on collagen type II, MMP-1 and 13 mRNA expression in normal 
articular human chondrocytes. Rheumatol Int 26(10):900-903. 

Faour WH, He Q, Mancini A, Jovanovic D, Antoniou J, Di Battista JA. 2006. Prostaglandin E2 stimulates 
p53 transactivational activity through specific serine 15 phosphorylation in human synovial 
fibroblasts. Role in suppression of c/EBP/NF-kappaB-mediated MEKK1-induced MMP-1 
expression. J Biol Chem 281(29):19849-19860. 

Fecher LA, Cummings SD, Keefe MJ, Alani RM. 2007. Toward a molecular classification of melanoma. J 
Clin Oncol 25(12):1606-1620. 

Fitzpatrick TB. 1971. Dermatology in general medicine. New York,: McGraw-Hill. xix, 2048 p. p. 
Frasca F, Nucera C, Pellegriti G, Gangemi P, Attard M, Stella M, Loda M, Vella V, Giordano C, Trimarchi 

F, Mazzon E, Belfiore A, Vigneri R. 2008. BRAF(V600E) mutation and the biology of papillary 
thyroid cancer. Endocr Relat Cancer 15(1):191-205. 

Fritsche E, Schafer C, Calles C, Bernsmann T, Bernshausen T, Wurm M, Hubenthal U, Cline JE, 
Hajimiragha H, Schroeder P, Klotz LO, Rannug A, Furst P, Hanenberg H, Abel J, Krutmann J. 
2007. Lightening up the UV response by identification of the arylhydrocarbon receptor as a 
cytoplasmatic target for ultraviolet B radiation. Proc Natl Acad Sci U S A 104(21):8851-8856. 

Fujii-Kuriyama Y, Imataka H, Sogawa K, Yasumoto K, Kikuchi Y. 1992. Regulation of CYP1A1 
expression. Faseb J 6(2):706-710. 

Fujisawa-Sehara A, Sogawa K, Nishi C, Fujii-Kuriyama Y. 1986. Regulatory DNA elements localized 
remotely upstream from the drug-metabolizing cytochrome P-450c gene. Nucleic Acids Res 
14(3):1465-1477. 

Gandini S, Sera F, Cattaruzza MS, Pasquini P, Picconi O, Boyle P, Melchi CF. 2005. Meta-analysis of risk 
factors for cutaneous melanoma: II. Sun exposure. Eur J Cancer 41(1):45-60. 

Gao G, Plaas A, Thompson VP, Jin S, Zuo F, Sandy JD. 2004. ADAMTS4 (aggrecanase-1) activation on 
the cell surface involves C-terminal cleavage by glycosylphosphatidyl inositol-anchored 



126 

membrane type 4-matrix metalloproteinase and binding of the activated proteinase to chondroitin 
sulfate and heparan sulfate on syndecan-1. J Biol Chem 279(11):10042-10051. 

Glozak MA, Seto E. 2007. Histone deacetylases and cancer. Oncogene 26(37):5420-5432. 
Goldberg GI, Strongin A, Collier IE, Genrich LT, Marmer BL. 1992. Interaction of 92-kDa type IV 

collagenase with the tissue inhibitor of metalloproteinases prevents dimerization, complex 
formation with interstitial collagenase, and activation of the proenzyme with stromelysin. J Biol 
Chem 267(7):4583-4591. 

Gomez DE, Alonso DF, Yoshiji H, Thorgeirsson UP. 1997. Tissue inhibitors of metalloproteinases: 
structure, regulation and biological functions. Eur J Cell Biol 74(2):111-122. 

Greenlee RT, Murray T, Bolden S, Wingo PA. 2000. Cancer statistics, 2000. CA Cancer J Clin 50(1):7-33. 
Guo M, Joiakim A, Reiners JJ, Jr. 2000. Suppression of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-

mediated aryl hydrocarbon receptor transformation and CYP1A1 induction by the 
phosphatidylinositol 3-kinase inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1- benzopyran-4-one 
(LY294002). Biochem Pharmacol 60(5):635-642. 

Haarmann-Stemmann T, Abel J. 2006. The arylhydrocarbon receptor repressor (AhRR): structure, 
expression, and function. Biol Chem 387(9):1195-1199. 

Hamm JT, Sparrow BR, Wolf D, Birnbaum LS. 2000. In utero and lactational exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin alters postnatal development of seminal vesicle epithelium. Toxicol 
Sci 54(2):424-430. 

Hankinson O. 1995. The aryl hydrocarbon receptor complex. Annu Rev Pharmacol Toxicol 35:307-340. 
Hanlon PR, Ganem LG, Cho YC, Yamamoto M, Jefcoate CR. 2003. AhR- and ERK-dependent pathways 

function synergistically to mediate 2,3,7,8-tetrachlorodibenzo-p-dioxin suppression of peroxisome 
proliferator-activated receptor-gamma1 expression and subsequent adipocyte differentiation. 
Toxicol Appl Pharmacol 189(1):11-27. 

Heid SE, Pollenz RS, Swanson HI. 2000. Role of heat shock protein 90 dissociation in mediating agonist-
induced activation of the aryl hydrocarbon receptor. Mol Pharmacol 57(1):82-92. 

Helferich WG, Denison MS. 1991. Ultraviolet photoproducts of tryptophan can act as dioxin agonists. Mol 
Pharmacol 40(5):674-678. 

Hillegass JM, Murphy KA, Villano CM, White LA. 2006. The impact of aryl hydrocarbon receptor 
signaling on matrix metabolism: implications for development and disease. Biol Chem 
387(9):1159-1173. 

Hoeflich KP, Gray DC, Eby MT, Tien JY, Wong L, Bower J, Gogineni A, Zha J, Cole MJ, Stern HM, 
Murray LJ, Davis DP, Seshagiri S. 2006. Oncogenic BRAF is required for tumor growth and 
maintenance in melanoma models. Cancer Res 66(2):999-1006. 

Hoffer A, Chang CY, Puga A. 1996. Dioxin induces transcription of fos and jun genes by Ah receptor-
dependent and -independent pathways. Toxicol Appl Pharmacol 141(1):238-247. 

Hoffman EC, Reyes H, Chu FF, Sander F, Conley LH, Brooks BA, Hankinson O. 1991. Cloning of a factor 
required for activity of the Ah (dioxin) receptor. Science 252(5008):954-958. 

Hoffmann R, Muller I, Neuber K, Lassmann S, Buer J, Probst M, Oevermann K, Franzke A, Kirchner H, 
Ganser A, Atzpodien J. 1998. Risk and outcome in metastatic malignant melanoma patients 
receiving DTIC, cisplatin, BCNU and tamoxifen followed by immunotherapy with interleukin 2 
and interferon alpha2a. Br J Cancer 78(8):1076-1080. 

Hofmann UB, Houben R, Brocker EB, Becker JC. 2005. Role of matrix metalloproteinases in melanoma 
cell invasion. Biochimie 87(3-4):307-314. 

Hofmann UB, Westphal JR, Van Muijen GN, Ruiter DJ. 2000a. Matrix metalloproteinases in human 
melanoma. J Invest Dermatol 115(3):337-344. 

Hofmann UB, Westphal JR, Waas ET, Zendman AJ, Cornelissen IM, Ruiter DJ, van Muijen GN. 1999. 
Matrix metalloproteinases in human melanoma cell lines and xenografts: increased expression of 
activated matrix metalloproteinase-2 (MMP-2) correlates with melanoma progression. Br J Cancer 
81(5):774-782. 

Hofmann UB, Westphal JR, Zendman AJ, Becker JC, Ruiter DJ, van Muijen GN. 2000b. Expression and 
activation of matrix metalloproteinase-2 (MMP-2) and its co-localization with membrane-type 1 
matrix metalloproteinase (MT1-MMP) correlate with melanoma progression. J Pathol 191(3):245-
256. 



127 

Hooiveld M, Heederik DJ, Kogevinas M, Boffetta P, Needham LL, Patterson DG, Jr., Bueno-de-Mesquita 
HB. 1998. Second follow-up of a Dutch cohort occupationally exposed to phenoxy herbicides, 
chlorophenols, and contaminants. Am J Epidemiol 147(9):891-901. 

Houliston RA, Pearson JD, Wheeler-Jones CP. 2001. Agonist-specific cross talk between ERKs and 
p38(mapk) regulates PGI(2) synthesis in endothelium. Am J Physiol Cell Physiol 281(4):C1266-
1276. 

Huang G, Elferink CJ. 2005. Multiple mechanisms are involved in Ah receptor-mediated cell cycle arrest. 
Mol Pharmacol 67(1):88-96. 

Huntington JT, Shields JM, Der CJ, Wyatt CA, Benbow U, Slingluff CL, Jr., Brinckerhoff CE. 2004. 
Overexpression of collagenase 1 (MMP-1) is mediated by the ERK pathway in invasive melanoma 
cells: role of BRAF mutation and fibroblast growth factor signaling. J Biol Chem 279(32):33168-
33176. 

Itoh T, Tanioka M, Matsuda H, Nishimoto H, Yoshioka T, Suzuki R, Uehira M. 1999. Experimental 
metastasis is suppressed in MMP-9-deficient mice. Clin Exp Metastasis 17(2):177-181. 

Itoh T, Tanioka M, Yoshida H, Yoshioka T, Nishimoto H, Itohara S. 1998. Reduced angiogenesis and 
tumor progression in gelatinase A-deficient mice. Cancer Res 58(5):1048-1051. 

Jeon MS, Esser C. 2000. The murine IL-2 promoter contains distal regulatory elements responsive to the 
Ah receptor, a member of the evolutionarily conserved bHLH-PAS transcription factor family. J 
Immunol 165(12):6975-6983. 

Jin DQ, Jung JW, Lee YS, Kim JA. 2004. 2,3,7,8-Tetrachlorodibenzo-p-dioxin inhibits cell proliferation 
through arylhydrocarbon receptor-mediated G1 arrest in SK-N-SH human neuronal cells. Neurosci 
Lett 363(1):69-72. 

Karim-Kos HE, de Vries E, Soerjomataram I, Lemmens V, Siesling S, Coebergh JW. 2008. Recent trends 
of cancer in Europe: A combined approach of incidence, survival and mortality for 17 cancer sites 
since the 1990s. Eur J Cancer. 

Kashuba EV, Gradin K, Isaguliants M, Szekely L, Poellinger L, Klein G, Kazlauskas A. 2006. Regulation 
of transactivation function of the aryl hydrocarbon receptor by the Epstein-Barr virus-encoded 
EBNA-3 protein. J Biol Chem 281(2):1215-1223. 

Kazlauskas A, Sundstrom S, Poellinger L, Pongratz I. 2001. The hsp90 chaperone complex regulates 
intracellular localization of the dioxin receptor. Mol Cell Biol 21(7):2594-2607. 

Kennedy C, Bajdik CD, Willemze R, Bouwes Bavinck JN. 2005. Chemical exposures other than arsenic 
are probably not important risk factors for squamous cell carcinoma, basal cell carcinoma and 
malignant melanoma of the skin. Br J Dermatol 152(1):194-197. 

Kerkela E, Saarialho-Kere U. 2003. Matrix metalloproteinases in tumor progression: focus on basal and 
squamous cell skin cancer. Exp Dermatol 12(2):109-125. 

Kim H, Liu X, Kohyama T, Kobayashi T, Conner H, Abe S, Fang Q, Wen FQ, Rennard SI. 2004a. 
Cigarette smoke stimulates MMP-1 production by human lung fibroblasts through the ERK1/2 
pathway. Copd 1(1):13-23. 

Kim J, Giuliano AE, Turner RR, Gaffney RE, Umetani N, Kitago M, Elashoff D, Hoon DS. 2006. 
Lymphatic mapping establishes the role of BRAF gene mutation in papillary thyroid carcinoma. 
Ann Surg 244(5):799-804. 

Kim SH, Ahn S, Han JW, Lee HW, Lee HY, Lee YW, Kim MR, Kim KW, Kim WB, Hong S. 2004b. 
Apicidin is a histone deacetylase inhibitor with anti-invasive and anti-angiogenic potentials. 
Biochem Biophys Res Commun 315(4):964-970. 

Kim YM, Jang JW, Lee OH, Yeon J, Choi EY, Kim KW, Lee ST, Kwon YG. 2000. Endostatin inhibits 
endothelial and tumor cellular invasion by blocking the activation and catalytic activity of matrix 
metalloproteinase. Cancer Res 60(19):5410-5413. 

Kohle C, Gschaidmeier H, Lauth D, Topell S, Zitzer H, Bock KW. 1999. 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD)-mediated membrane translocation of c-Src protein kinase in liver WB-F344 cells. 
Arch Toxicol 73(3):152-158. 

Kolluri SK, Weiss C, Koff A, Gottlicher M. 1999. p27(Kip1) induction and inhibition of proliferation by 
the intracellular Ah receptor in developing thymus and hepatoma cells. Genes Dev 13(13):1742-
1753. 

Lee SJ, Jang JW, Kim YM, Lee HI, Jeon JY, Kwon YG, Lee ST. 2002. Endostatin binds to the catalytic 
domain of matrix metalloproteinase-2. FEBS Lett 519(1-3):147-152. 



128 

Legraverend C, Hannah RR, Eisen HJ, Owens IS, Nebert DW, Hankinson O. 1982. Regulatory gene 
product of the Ah locus. Characterization of receptor mutants among mouse hepatoma clones. J 
Biol Chem 257(11):6402-6407. 

Levy C, Khaled M, Fisher DE. 2006. MITF: master regulator of melanocyte development and melanoma 
oncogene. Trends Mol Med 12(9):406-414. 

Li G, Satyamoorthy K, Herlyn M. 2001. N-cadherin-mediated intercellular interactions promote survival 
and migration of melanoma cells. Cancer Res 61(9):3819-3825. 

Lijnen HR. 2001. Plasmin and matrix metalloproteinases in vascular remodeling. Thromb Haemost 
86(1):324-333. 

Lin TM, Ko K, Moore RW, Simanainen U, Oberley TD, Peterson RE. 2002. Effects of aryl hydrocarbon 
receptor null mutation and in utero and lactational 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure 
on prostate and seminal vesicle development in C57BL/6 mice. Toxicol Sci 68(2):479-487. 

Liu J, Suresh Kumar KG, Yu D, Molton SA, McMahon M, Herlyn M, Thomas-Tikhonenko A, Fuchs SY. 
2007. Oncogenic BRAF regulates beta-Trcp expression and NF-kappaB activity in human 
melanoma cells. Oncogene 26(13):1954-1958. 

Liu LT, Chang HC, Chiang LC, Hung WC. 2003. Histone deacetylase inhibitor up-regulates RECK to 
inhibit MMP-2 activation and cancer cell invasion. Cancer Res 63(12):3069-3072. 

Liu PC, Phillips MA, Matsumura F. 1996. Alteration by 2,3,7,8-Tetrachlorodibenzo-p-dioxin of 
CCAAT/enhancer binding protein correlates with suppression of adipocyte differentiation in 3T3-
L1 cells. Mol Pharmacol 49(6):989-997. 

Lopez-Otin C, Overall CM. 2002. Protease degradomics: a new challenge for proteomics. Nat Rev Mol 
Cell Biol 3(7):509-519. 

Luca M, Huang S, Gershenwald JE, Singh RK, Reich R, Bar-Eli M. 1997. Expression of interleukin-8 by 
human melanoma cells up-regulates MMP-2 activity and increases tumor growth and metastasis. 
Am J Pathol 151(4):1105-1113. 

MacDougall JR, Bani MR, Lin Y, Rak J, Kerbel RS. 1995. The 92-kDa gelatinase B is expressed by 
advanced stage melanoma cells: suppression by somatic cell hybridization with early stage 
melanoma cells. Cancer Res 55(18):4174-4181. 

Maltepe E, Krampitz GW, Okazaki KM, Red-Horse K, Mak W, Simon MC, Fisher SJ. 2005. Hypoxia-
inducible factor-dependent histone deacetylase activity determines stem cell fate in the placenta. 
Development 132(15):3393-3403. 

Marinkovich MP, Keene DR, Rimberg CS, Burgeson RE. 1993. Cellular origin of the dermal-epidermal 
basement membrane. Dev Dyn 197(4):255-267. 

Marlowe JL, Puga A. 2005. Aryl hydrocarbon receptor, cell cycle regulation, toxicity, and tumorigenesis. J 
Cell Biochem 96(6):1174-1184. 

Marneros AG, Olsen BR. 2001. The role of collagen-derived proteolytic fragments in angiogenesis. Matrix 
Biol 20(5-6):337-345. 

Matikainen T, Perez GI, Jurisicova A, Pru JK, Schlezinger JJ, Ryu HY, Laine J, Sakai T, Korsmeyer SJ, 
Casper RF, Sherr DH, Tilly JL. 2001. Aromatic hydrocarbon receptor-driven Bax gene expression 
is required for premature ovarian failure caused by biohazardous environmental chemicals. Nat 
Genet 28(4):355-360. 

Matsushita N, Sogawa K, Ema M, Yoshida A, Fujii-Kuriyama Y. 1993. A factor binding to the xenobiotic 
responsive element (XRE) of P-4501A1 gene consists of at least two helix-loop-helix proteins, Ah 
receptor and Arnt. J Biol Chem 268(28):21002-21006. 

McCawley LJ, Matrisian LM. 2000. Matrix metalloproteinases: multifunctional contributors to tumor 
progression. Mol Med Today 6(4):149-156. 

Mercer KE, Pritchard CA. 2003. Raf proteins and cancer: B-Raf is identified as a mutational target. 
Biochim Biophys Acta 1653(1):25-40. 

Mimura J, Ema M, Sogawa K, Fujii-Kuriyama Y. 1999. Identification of a novel mechanism of regulation 
of Ah (dioxin) receptor function. Genes Dev 13(1):20-25. 

Mimura J, Fujii-Kuriyama Y. 2003. Functional role of AhR in the expression of toxic effects by TCDD. 
Biochim Biophys Acta 1619(3):263-268. 

Murphy G, Houbrechts A, Cockett MI, Williamson RA, O'Shea M, Docherty AJ. 1991. The N-terminal 
domain of tissue inhibitor of metalloproteinases retains metalloproteinase inhibitory activity. 
Biochemistry 30(33):8097-8102. 



129 

Murphy KA, Villano CM, Dorn R, White LA. 2004. Interaction between the aryl hydrocarbon receptor and 
retinoic acid pathways increases matrix metalloproteinase-1 expression in keratinocytes. J Biol 
Chem 279(24):25284-25293. 

Musri MM, Gomis R, Parrizas M. 2007. Chromatin and chromatin-modifying proteins in adipogenesis. 
Biochem Cell Biol 85(4):397-410. 

Nagase H. 1997. Activation mechanisms of matrix metalloproteinases. Biol Chem 378(3-4):151-160. 
Nagase H, Woessner JF, Jr. 1999. Matrix metalloproteinases. J Biol Chem 274(31):21491-21494. 
Nagata M, Fujita H, Ida H, Hoshina H, Inoue T, Seki Y, Ohnishi M, Ohyama T, Shingaki S, Kaji M, Saku 

T, Takagi R. 2003. Identification of potential biomarkers of lymph node metastasis in oral 
squamous cell carcinoma by cDNA microarray analysis. Int J Cancer 106(5):683-689. 

Nair SC, Toran EJ, Rimerman RA, Hjermstad S, Smithgall TE, Smith DF. 1996. A pathway of multi-
chaperone interactions common to diverse regulatory proteins: estrogen receptor, Fes tyrosine 
kinase, heat shock transcription factor Hsf1, and the aryl hydrocarbon receptor. Cell Stress 
Chaperones 1(4):237-250. 

Nikkola J, Vihinen P, Vlaykova T, Hahka-Kemppinen M, Kahari VM, Pyrhonen S. 2002. High expression 
levels of collagenase-1 and stromelysin-1 correlate with shorter disease-free survival in human 
metastatic melanoma. Int J Cancer 97(4):432-438. 

Oberg M, Bergander L, Hakansson H, Rannug U, Rannug A. 2005. Identification of the tryptophan 
photoproduct 6-formylindolo[3,2-b]carbazole, in cell culture medium, as a factor that controls the 
background aryl hydrocarbon receptor activity. Toxicol Sci 85(2):935-943. 

Oshima M, Mimura J, Yamamoto M, Fujii-Kuriyama Y. 2007. Molecular mechanism of transcriptional 
repression of AhR repressor involving ANKRA2, HDAC4, and HDAC5. Biochem Biophys Res 
Commun 364(2):276-282. 

Overall CM. 2004. Dilating the degradome: matrix metalloproteinase 2 (MMP-2) cuts to the heart of the 
matter. Biochem J 383(Pt. 3):e5-7. 

Paek SH, Kim DG, Park CK, Phi JH, Kim YY, Im SY, Kim JE, Park SH, Jung HW. 2006. The role of 
matrix metalloproteinases and tissue inhibitors of matrix metalloproteinase in microcystic 
meningiomas. Oncol Rep 16(1):49-56. 

Park S, Dong B, Matsumura F. 2007. Rapid activation of c-Src kinase by dioxin is mediated by the Cdc37-
HSP90 complex as part of Ah receptor signaling in MCF10A cells. Biochemistry 46(3):899-908. 

Park S, Mazina O, Kitagawa A, Wong P, Matsumura F. 2004. TCDD causes suppression of growth and 
differentiation of MCF10A, human mammary epithelial cells by interfering with their insulin 
receptor signaling through c-Src kinase and ERK activation. J Biochem Mol Toxicol 18(6):322-
331. 

Parkin DM, Bray F, Ferlay J, Pisani P. 2005. Global cancer statistics, 2002. CA Cancer J Clin 55(2):74-
108. 

Parsons SL, Watson SA, Brown PD, Collins HM, Steele RJ. 1997. Matrix metalloproteinases. Br J Surg 
84(2):160-166. 

Pasco S, Ramont L, Maquart FX, Monboisse JC. 2004. Control of melanoma progression by various 
matrikines from basement membrane macromolecules. Crit Rev Oncol Hematol 49(3):221-233. 

Patton EE, Widlund HR, Kutok JL, Kopani KR, Amatruda JF, Murphey RD, Berghmans S, Mayhall EA, 
Traver D, Fletcher CD, Aster JC, Granter SR, Look AT, Lee C, Fisher DE, Zon LI. 2005. BRAF 
mutations are sufficient to promote nevi formation and cooperate with p53 in the genesis of 
melanoma. Curr Biol 15(3):249-254. 

Pellacani G, Lo Scocco G, Vinceti M, Albertini G, Raccagni AA, Baldassari L, Catrani S, Donelli S, Ghetti 
P, Lanzoni A, Leardini M, Reggiani M, Santini M, Stanganelli I, Virgili A, Seidenari S. 2008. 
Melanoma epidemic across the millennium: time trends of cutaneous melanoma in Emilia-
Romagna (Italy) from 1997 to 2004. J Eur Acad Dermatol Venereol 22(2):213-218. 

Peters AK, Nijmeijer S, Gradin K, Backlund M, Bergman A, Poellinger L, Denison MS, Van den Berg M. 
2006. Interactions of polybrominated diphenyl ethers with the aryl hydrocarbon receptor pathway. 
Toxicol Sci 92(1):133-142. 

Pilcher BK, Dumin JA, Sudbeck BD, Krane SM, Welgus HG, Parks WC. 1997a. The activity of 
collagenase-1 is required for keratinocyte migration on a type I collagen matrix. J Cell Biol 
137(6):1445-1457. 



130 

Pilcher BK, Gaither-Ganim J, Parks WC, Welgus HG. 1997b. Cell type-specific inhibition of keratinocyte 
collagenase-1 expression by basic fibroblast growth factor and keratinocyte growth factor. A 
common receptor pathway. J Biol Chem 272(29):18147-18154. 

Pitot HC, Goldsworthy T, Campbell HA, Poland A. 1980. Quantitative evaluation of the promotion by 
2,3,7,8-tetrachlorodibenzo-p-dioxin of hepatocarcinogenesis from diethylnitrosamine. Cancer Res 
40(10):3616-3620. 

Poellinger L. 2000. Mechanistic aspects--the dioxin (aryl hydrocarbon) receptor. Food Addit Contam 
17(4):261-266. 

Poland A, Glover E, Kende AS. 1976. Stereospecific, high affinity binding of 2,3,7,8-tetrachlorodibenzo-p-
dioxin by hepatic cytosol. Evidence that the binding species is receptor for induction of aryl 
hydrocarbon hydroxylase. J Biol Chem 251(16):4936-4946. 

Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins CM, Moses TY, Hostetter G, Wagner U, 
Kakareka J, Salem G, Pohida T, Heenan P, Duray P, Kallioniemi O, Hayward NK, Trent JM, 
Meltzer PS. 2003. High frequency of BRAF mutations in nevi. Nat Genet 33(1):19-20. 

Preto A, Figueiredo J, Velho S, Ribeiro AS, Soares P, Oliveira C, Seruca R. 2008. BRAF provides 
proliferation and survival signals in MSI colorectal carcinoma cells displaying BRAF(V600E) but 
not KRAS mutations. J Pathol 214(3):320-327. 

Prusty D, Park BH, Davis KE, Farmer SR. 2002. Activation of MEK/ERK signaling promotes adipogenesis 
by enhancing peroxisome proliferator-activated receptor gamma (PPARgamma ) and C/EBPalpha 
gene expression during the differentiation of 3T3-L1 preadipocytes. J Biol Chem 277(48):46226-
46232. 

Puga A, Barnes SJ, Dalton TP, Chang C, Knudsen ES, Maier MA. 2000. Aromatic hydrocarbon receptor 
interaction with the retinoblastoma protein potentiates repression of E2F-dependent transcription 
and cell cycle arrest. J Biol Chem 275(4):2943-2950. 

Puga A, Nebert DW, Carrier F. 1992. Dioxin induces expression of c-fos and c-jun proto-oncogenes and a 
large increase in transcription factor AP-1. DNA Cell Biol 11(4):269-281. 

Quivy V, Van Lint C. 2004. Regulation at multiple levels of NF-kappaB-mediated transactivation by 
protein acetylation. Biochem Pharmacol 68(6):1221-1229. 

Ramadoss P, Perdew GH. 2005. The transactivation domain of the Ah receptor is a key determinant of 
cellular localization and ligand-independent nucleocytoplasmic shuttling properties. Biochemistry 
44(33):11148-11159. 

Ray SS, Swanson HI. 2004. Dioxin-induced immortalization of normal human keratinocytes and silencing 
of p53 and p16INK4a. J Biol Chem 279(26):27187-27193. 

Reyes H, Reisz-Porszasz S, Hankinson O. 1992. Identification of the Ah receptor nuclear translocator 
protein (Arnt) as a component of the DNA binding form of the Ah receptor. Science 
256(5060):1193-1195. 

Rigel DS, Friedman RJ, Kopf AW. 1996. The incidence of malignant melanoma in the United States: 
issues as we approach the 21st century. J Am Acad Dermatol 34(5 Pt 1):839-847. 

Ruby CE, Leid M, Kerkvliet NI. 2002. 2,3,7,8-Tetrachlorodibenzo-p-dioxin suppresses tumor necrosis 
factor-alpha and anti-CD40-induced activation of NF-kappaB/Rel in dendritic cells: p50 
homodimer activation is not affected. Mol Pharmacol 62(3):722-728. 

Rushing SR, Denison MS. 2002. The silencing mediator of retinoic acid and thyroid hormone receptors can 
interact with the aryl hydrocarbon (Ah) receptor but fails to repress Ah receptor-dependent gene 
expression. Arch Biochem Biophys 403(2):189-201. 

Rutter JL, Benbow U, Coon CI, Brinckerhoff CE. 1997. Cell-type specific regulation of human interstitial 
collagenase-1 gene expression by interleukin-1 beta (IL-1 beta) in human fibroblasts and BC-8701 
breast cancer cells. J Cell Biochem 66(3):322-336. 

Safe S. 2001. Molecular biology of the Ah receptor and its role in carcinogenesis. Toxicol Lett 120(1-3):1-
7. 

Sanders DS, Blessing K, Hassan GA, Bruton R, Marsden JR, Jankowski J. 1999. Alterations in cadherin 
and catenin expression during the biological progression of melanocytic tumours. Mol Pathol 
52(3):151-157. 

Satyamoorthy K, Li G, Gerrero MR, Brose MS, Volpe P, Weber BL, Van Belle P, Elder DE, Herlyn M. 
2003. Constitutive mitogen-activated protein kinase activation in melanoma is mediated by both 
BRAF mutations and autocrine growth factor stimulation. Cancer Res 63(4):756-759. 

Schallreuter KU. 2007. Advances in melanocyte basic science research. Dermatol Clin 25(3):283-291, vii. 



131 

Schlezinger JJ, Liu D, Farago M, Seldin DC, Belguise K, Sonenshein GE, Sherr DH. 2006. A role for the 
aryl hydrocarbon receptor in mammary gland tumorigenesis. Biol Chem 387(9):1175-1187. 

Schmidt JV, Bradfield CA. 1996. Ah receptor signaling pathways. Annu Rev Cell Dev Biol 12:55-89. 
Schnekenburger M, Peng L, Puga A. 2007. HDAC1 bound to the Cyp1a1 promoter blocks histone 

acetylation associated with Ah receptor-mediated trans-activation. Biochim Biophys Acta 1769(9-
10):569-578. 

Shibazaki M, Takeuchi T, Ahmed S, Kikuchi H. 2004a. Suppression by p38 MAP kinase inhibitors 
(pyridinyl imidazole compounds) of Ah receptor target gene activation by 2,3,7,8-
tetrachlorodibenzo-p-dioxin and the possible mechanism. J Biol Chem 279(5):3869-3876. 

Shibazaki M, Takeuchi T, Ahmed S, Kikuchia H. 2004b. Blockade by SB203580 of Cyp1a1 induction by 
2,3,7,8-tetrachlorodibenzo-p-dioxin, and the possible mechanism: possible involvement of the p38 
mitogen-activated protein kinase pathway in shuttling of Ah receptor overexpressed in COS-7 
cells. Ann N Y Acad Sci 1030:275-281. 

Silye R, Karayiannakis AJ, Syrigos KN, Poole S, van Noorden S, Batchelor W, Regele H, Sega W, 
Boesmueller H, Krausz T, Pignatelli M. 1998. E-cadherin/catenin complex in benign and 
malignant melanocytic lesions. J Pathol 186(4):350-355. 

Sindhu RK, Kikkawa Y. 1999. Superinduction of Oxidized Tryptophan-Inducible Cytochrome P450 1A1 
by Cycloheximide in Hepa lclc7 Cells. In Vitr Mol Toxicol 12(3):149-162. 

Singh NP, Nagarkatti M, Nagarkatti PS. 2007. Role of dioxin response element and nuclear factor-kappaB 
motifs in 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated regulation of Fas and Fas ligand 
expression. Mol Pharmacol 71(1):145-157. 

Sogawa K, Iwabuchi K, Abe H, Fujii-Kuriyama Y. 1995. Transcriptional activation domains of the Ah 
receptor and Ah receptor nuclear translocator. J Cancer Res Clin Oncol 121(9-10):612-620. 

Song J, Clagett-Dame M, Peterson RE, Hahn ME, Westler WM, Sicinski RR, DeLuca HF. 2002. A ligand 
for the aryl hydrocarbon receptor isolated from lung. Proc Natl Acad Sci U S A 99(23):14694-
14699. 

Soprano DR, Gambone CJ, Sheikh SN, Gabriel JL, Chandraratna RA, Soprano KJ, Kochhar DM. 2001. 
The synthetic retinoid AGN 193109 but not retinoic acid elevates CYP1A1 levels in mouse 
embryos and Hepa-1c1c7 cells. Toxicol Appl Pharmacol 174(2):153-159. 

Soprano DR, Soprano KJ. 2003. Pharmacological doses of some synthetic retinoids can modulate both the 
aryl hydrocarbon receptor and retinoid receptor pathways. J Nutr 133(1):277S-281S. 

Spink DC, Spink BC, Cao JQ, DePasquale JA, Pentecost BT, Fasco MJ, Li Y, Sutter TR. 1998. Differential 
expression of CYP1A1 and CYP1B1 in human breast epithelial cells and breast tumor cells. 
Carcinogenesis 19(2):291-298. 

Steenland K, Bertazzi P, Baccarelli A, Kogevinas M. 2004. Dioxin revisited: developments since the 1997 
IARC classification of dioxin as a human carcinogen. Environ Health Perspect 112(13):1265-
1268. 

Steenland K, Piacitelli L, Deddens J, Fingerhut M, Chang LI. 1999. Cancer, heart disease, and diabetes in 
workers exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin. J Natl Cancer Inst 91(9):779-786. 

Strongin AY, Collier I, Bannikov G, Marmer BL, Grant GA, Goldberg GI. 1995. Mechanism of cell 
surface activation of 72-kDa type IV collagenase. Isolation of the activated form of the membrane 
metalloprotease. J Biol Chem 270(10):5331-5338. 

Sulaimon SS, Kitchell BE. 2003. The biology of melanocytes. Vet Dermatol 14(2):57-65. 
Sutter TR, Guzman K, Dold KM, Greenlee WF. 1991. Targets for dioxin: genes for plasminogen activator 

inhibitor-2 and interleukin-1 beta. Science 254(5030):415-418. 
Suzuki K, Enghild JJ, Morodomi T, Salvesen G, Nagase H. 1990. Mechanisms of activation of tissue 

procollagenase by matrix metalloproteinase 3 (stromelysin). Biochemistry 29(44):10261-10270. 
Swanson HI. 2004. Cytochrome P450 expression in human keratinocytes: an aryl hydrocarbon receptor 

perspective. Chem Biol Interact 149(2-3):69-79. 
Tan Z, Chang X, Puga A, Xia Y. 2002. Activation of mitogen-activated protein kinases (MAPKs) by 

aromatic hydrocarbons: role in the regulation of aryl hydrocarbon receptor (AHR) function. 
Biochem Pharmacol 64(5-6):771-780. 

Tan Z, Huang M, Puga A, Xia Y. 2004. A critical role for MAP kinases in the control of Ah receptor 
complex activity. Toxicol Sci 82(1):80-87. 



132 

Tang Y, Kesavan P, Nakada MT, Yan L. 2004. Tumor-stroma interaction: positive feedback regulation of 
extracellular matrix metalloproteinase inducer (EMMPRIN) expression and matrix 
metalloproteinase-dependent generation of soluble EMMPRIN. Mol Cancer Res 2(2):73-80. 

Tannheimer SL, Ethier SP, Caldwell KK, Burchiel SW. 1998. Benzo[a]pyrene- and TCDD-induced 
alterations in tyrosine phosphorylation and insulin-like growth factor signaling pathways in the 
MCF-10A human mammary epithelial cell line. Carcinogenesis 19(7):1291-1297. 

Tian Y, Ke S, Denison MS, Rabson AB, Gallo MA. 1999. Ah receptor and NF-kappaB interactions, a 
potential mechanism for dioxin toxicity. J Biol Chem 274(1):510-515. 

Tian Y, Rabson AB, Gallo MA. 2002. Ah receptor and NF-kappaB interactions: mechanisms and 
physiological implications. Chem Biol Interact 141(1-2):97-115. 

Tontonoz P, Hu E, Spiegelman BM. 1994. Stimulation of adipogenesis in fibroblasts by PPAR gamma 2, a 
lipid-activated transcription factor. Cell 79(7):1147-1156. 

Tower GB, Coon CC, Benbow U, Vincenti MP, Brinckerhoff CE. 2002. Erk 1/2 differentially regulates the 
expression from the 1G/2G single nucleotide polymorphism in the MMP-1 promoter in melanoma 
cells. Biochim Biophys Acta 1586(3):265-274. 

Travis CC, Hattemer-Frey HA. 1991. Human exposure to dioxin. Sci Total Environ 104(1-2):97-127. 
Tsuji T, Kawada Y, Kai-Murozono M, Komatsu S, Han SA, Takeuchi K, Mizushima H, Miyazaki K, 

Irimura T. 2002. Regulation of melanoma cell migration and invasion by laminin-5 and 
alpha3beta1 integrin (VLA-3). Clin Exp Metastasis 19(2):127-134. 

Ueda M, Toji E, Noda S. 2007. Germ line and somatic mutations of BRAF V599E in ovarian carcinoma. 
Int J Gynecol Cancer 17(4):794-797. 

Vaisanen A, Tuominen H, Kallioinen M, Turpeenniemi-Hujanen T. 1996. Matrix metalloproteinase-2 (72 
kD type IV collagenase) expression occurs in the early stage of human melanocytic tumour 
progression and may have prognostic value. J Pathol 180(3):283-289. 

van Kempen LC, Rijntjes J, Mamor-Cornelissen I, Vincent-Naulleau S, Gerritsen MJ, Ruiter DJ, van Dijk 
MC, Geffrotin C, van Muijen GN. 2008. Type I collagen expression contributes to angiogenesis 
and the development of deeply invasive cutaneous melanoma. Int J Cancer 122(5):1019-1029. 

van Kempen LC, van Muijen GN, Ruiter DJ. 2007. Melanoma progression in a changing environment. Eur 
J Cell Biol 86(2):65-67. 

Villano CM, Murphy KA, Akintobi A, White LA. 2005. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
induces matrix metalloproteinase (MMP) expression and invasion in A2058 melanoma cells. 
Toxicol Appl Pharmacol. 

Vincenti MP, Coon CI, Brinckerhoff CE. 1998. Nuclear factor kappaB/p50 activates an element in the 
distal matrix metalloproteinase 1 promoter in interleukin-1beta-stimulated synovial fibroblasts. 
Arthritis Rheum 41(11):1987-1994. 

Visse R, Nagase H. 2003. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure, 
function, and biochemistry. Circ Res 92(8):827-839. 

Vogel CF, Sciullo E, Li W, Wong P, Lazennec G, Matsumura F. 2007. RelB, a new partner of aryl 
hydrocarbon receptor-mediated transcription. Mol Endocrinol 21(12):2941-2955. 

Vogel CF, Zhao Y, Wong P, Young NF, Matsumura F. 2003. The use of c-src knockout mice for the 
identification of the main toxic signaling pathway of TCDD to induce wasting syndrome. J 
Biochem Mol Toxicol 17(6):305-315. 

Walker RA, Woolley DE. 1999. Immunolocalisation studies of matrix metalloproteinases-1, -2 and -3 in 
human melanoma. Virchows Arch 435(6):574-579. 

Walter SD, King WD, Marrett LD. 1999. Association of cutaneous malignant melanoma with intermittent 
exposure to ultraviolet radiation: results of a case-control study in Ontario, Canada. Int J 
Epidemiol 28(3):418-427. 

Watson AJ, Hankinson O. 1992. Dioxin- and Ah receptor-dependent protein binding to xenobiotic 
responsive elements and G-rich DNA studied by in vivo footprinting. J Biol Chem 267(10):6874-
6878. 

Weber L, Kirsch E, Muller P, Krieg T. 1984. Collagen type distribution and macromolecular organization 
of connective tissue in different layers of human skin. J Invest Dermatol 82(2):156-160. 

Wellbrock C, Ogilvie L, Hedley D, Karasarides M, Martin J, Niculescu-Duvaz D, Springer CJ, Marais R. 
2004. V599EB-RAF is an oncogene in melanocytes. Cancer Res 64(7):2338-2342. 



133 

Wernicke D, Seyfert C, Gromnica-Ihle E, Stiehl P. 2006. The expression of collagenase 3 (MMP-13) 
mRNA in the synovial tissue is associated with histopathologic type II synovitis in rheumatoid 
arthritis. Autoimmunity 39(4):307-313. 

White LA, Brinckerhoff CE. 1995. Two activator protein-1 elements in the matrix metalloproteinase-1 
promoter have different effects on transcription and bind Jun D, c-Fos, and Fra-2. Matrix Biol 
14(9):715-725. 

Will H, Atkinson SJ, Butler GS, Smith B, Murphy G. 1996. The soluble catalytic domain of membrane 
type 1 matrix metalloproteinase cleaves the propeptide of progelatinase A and initiates 
autoproteolytic activation. Regulation by TIMP-2 and TIMP-3. J Biol Chem 271(29):17119-
17123. 

Wolfe WH, Michalek JE, Miner JC, Rahe A, Silva J, Thomas WF, Grubbs WD, Lustik MB, Karrison TG, 
Roegner RH, et al. 1990. Health status of Air Force veterans occupationally exposed to herbicides 
in Vietnam. I. Physical health. Jama 264(14):1824-1831. 

Wolffe AP, Guschin D. 2000. Review: chromatin structural features and targets that regulate transcription. 
J Struct Biol 129(2-3):102-122. 

Yang X, Solomon S, Fraser LR, Trombino AF, Liu D, Sonenshein GE, Hestermann EV, Sherr DH. 2007. 
Constitutive regulation of CYP1B1 by the aryl hydrocarbon receptor (AhR) in pre-malignant and 
malignant mammary tissue. J Cell Biochem. 

Yazdi AS, Palmedo G, Flaig MJ, Puchta U, Reckwerth A, Rutten A, Mentzel T, Hugel H, Hantschke M, 
Schmid-Wendtner MH, Kutzner H, Sander CA. 2003. Mutations of the BRAF gene in benign and 
malignant melanocytic lesions. J Invest Dermatol 121(5):1160-1162. 

Yim S, Oh M, Choi SM, Park H. 2004. Inhibition of the MEK-1/p42 MAP kinase reduces aryl hydrocarbon 
receptor-DNA interactions. Biochem Biophys Res Commun 322(1):9-16. 

Yin H, Li Y, Sutter TR. 1994. Dioxin-enhanced expression of interleukin-1 beta in human epidermal 
keratinocytes: potential role in the modulation of immune and inflammatory responses. Exp Clin 
Immunogenet 11(2-3):128-135. 

Young DA, Lakey RL, Pennington CJ, Jones D, Kevorkian L, Edwards DR, Cawston TE, Clark IM. 2005. 
Histone deacetylase inhibitors modulate metalloproteinase gene expression in chondrocytes and 
block cartilage resorption. Arthritis Res Ther 7(3):R503-512. 

Zhu S, Yoon K, Sterneck E, Johnson PF, Smart RC. 2002. CCAAT/enhancer binding protein-beta is a 
mediator of keratinocyte survival and skin tumorigenesis involving oncogenic Ras signaling. Proc 
Natl Acad Sci U S A 99(1):207-212. 

Zhuang L, Lee CS, Scolyer RA, McCarthy SW, Zhang XD, Thompson JF, Hersey P. 2007. Mcl-1, Bcl-XL 
and Stat3 expression are associated with progression of melanoma whereas Bcl-2, AP-2 and MITF 
levels decrease during progression of melanoma. Mod Pathol 20(4):416-426. 

Zodrow JM, Tanguay RL. 2003. 2,3,7,8-tetrachlorodibenzo-p-dioxin inhibits zebrafish caudal fin 
regeneration. Toxicol Sci 76(1):151-161. 

Zudaire E, Cuesta N, Murty V, Woodson K, Adams L, Gonzalez N, Martinez A, Narayan G, Kirsch I, 
Franklin W, Hirsch F, Birrer M, Cuttitta F. 2008. The aryl hydrocarbon receptor repressor is a 
putative tumor suppressor gene in multiple human cancers. J Clin Invest 118(2):640-650. 

 
 
 
 
 
 
 
 
 
 
 
 
 



134 

Cirriculum Vitae 

 
 

EDUCATION 
 

Ph.D. (Biochemistry) May 2008 
Joint Program of Biochemistry 
Rutgers-The State University of New Jersey / University of Medicine and Dentistry 
(UMDNJ), New Brunswick, New Jersey  

 
B.S. (Biochemistry) January 2001 
Rutgers-The State University of New Jersey 
University College, New Brunswick, New Jersey 
 
 

 
RESEARCH EXPERIENCE 

 
2002-2007 Graduate Assistant 
 
2001-2002 Laboratory Technician  
 
 
PUBLICATIONS 
 
Murphy KA, White LA.  The aryl hydrocarbon receptor (AhR) and the Ras/Raf 

signaling pathways are required for AhR- induced expression of matrix 
metalloproteinase-1(MMP-1) in melanoma cells. J Cell Physiol (submitted) 

 
Hillegass JM, Murphy KA, Villano CM, White LA. 2006. The impact of aryl 

hydrocarbon receptor signaling on matrix metabolism: implications for 
development and disease. Biol Chem 387(9):1159-1173. 

 
Murphy KA, Quadro L, White LA. 2007. The Intersection Between the Aryl 

Hydrocarbon Receptor (AhR)- and Retinoic Acid-Signaling Pathways. Vitam 
Horm 75:33-67. 

 
Villano CM, Murphy KA, Akintobi A, White LA. 2006. 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) induces matrix metalloproteinase (MMP) expression and invasion 
in A2058 melanoma cells. Toxicol. Appl. Pharmacol. 210(3):212-24 

 
Murphy KA, Villano CM, Dorn R, White LA. 2004. Interaction between the aryl 

hydrocarbon receptor and retinoic acid pathways increases matrix 
metalloproteinase-1 expression in keratinocytes. J Biol Chem 279(24):25284-
25293. 

 



135 

 
PRESENTATIONS 

 
SEMINARS 
2007 Department of Biochemistry and Microbiology Seminar Series  
The Effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin on matrix metalloproteinases. 
  
POSTERS 
Murphy, K.A. and White, L. A. (2008) Interaction between the aryl hydrocarbon 
receptor (AhR) and the Ras/Raf signaling pathways is required for AhR- induced 
expression of matrix metalloproteinases. Society of Toxicology 47th Annual 
Meeting 

 
Murphy, K.A. and White, L. A. (2007) 2,3,7,8-tetrachlorodibenzo-p-dioxin 
induced matrix metalloproteinase-1 expression in A2058 melanoma cells 
requires the AhR and Erk pathways. Society of Toxicology 46th Annual Meeting 
 
Murphy, K.A. and White, L.A. (Nov 30th 2006) 2,3,7,8-tetrachlorodibenzo-p-
dioxin induced matrix metalloproteinase expression in A2058 melanoma cells. 
Frontiers of Biopharmaceutical Sciences Symposium, Rutgers University, 
Piscataway, NJ 
 
Murphy, K.A. and White, L.A. (2006) 2,3,7,8-tetrachlorodibenzo-p-dioxin 
induced matrix metalloproteinase expression in A2058 melanoma cells.  Society 
of Toxicology 45th Annual Meeting 
 
Murphy, K.A. and White, L.A. (2005) 2,3,7,8-tetrachlorodibenzo-p-dioxin alters 
expression of retinoic acid receptors in normal human keratinocytes.  Society of 
Toxicology 44th Annual Meeting 
 
 
 
  
 


