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Abstract  Cancer is an environmental disease and skin cancer (melanoma and 
non-melanoma) is the most common of all cancers. Epidemiological and experi-
mental evidence suggest “chronic inflammation” to be one of the hallmarks in 
solar ultraviolet radiation and several other environmental agent-mediated skin 
cancers. The identification of transcription factors, mainly nuclear factor-kappa 
B (NF-κB), signal transducer and activator of transcription 3 (STAT3), hypoxia-
inducible factor-1 alpha (HIF-1α) and their gene products i.e. prostaglandins, 
cyclooxygenase-2 (COX-2), cytokines [tumor necrosis factor- alpha (TNF-α)], 
chemokines [CXC-chemokine ligand (CXCL)] and chemokine receptors suggest 
critical role of inflammation in skin carcinogenesis. Considering the potential role 
of inflammation in tumor initiation and its major role in promotion/progression, as 
well as tumor angiogenesis and metastasis; inflammatory pathways may become 
attractive targets for skin cancer prevention. Hence this review focuses on compil-
ing available evidence and understanding the role of chronic inflammation in the 
development of skin cancer.

17.1 � Introduction

Exposure to a wide variety of natural and/or man-made agents/substances in the 
environment accounts for majority of cases of cancer. These environmental factors 
include lifestyle choices such as use of tobacco, alcohol, poor diet, and excessive 
sunlight exposure. Other factors include exposure to certain drugs, hormones, radi-
ation, specific viruses/bacteria, and environmental chemicals that may be present 
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in the air, water, food, and workplace. The chance that an individual will develop 
cancer in response to exposure to a specific environmental agent depends on com-
plex interactions between environmental and host factors (genetic/acquired sus-
ceptibility/protective), how long and how often a person is exposed to a particular 
substance, exposure to other agents, genetic factors, diet, lifestyle, health, age and 
gender, etc.

The environmental agent(s)-mediated cancers have been observed to share 
ten common traits that govern the transformation of normal cells to cancer cells 
(Hanahan and Weinberg 2011). Accumulating evidence has resulted in the accept-
ance of “chronic inflammation” to be one of the ten hallmarks of cancer. Cancers 
caused by environmental agents frequently occur in tissues with the greatest sur-
face exposure to the agent(s), e.g., lungs, gastrointestinal tract, and skin (Loeb 
and Harris 2008). Skin cancer is the most common of all cancers. Therefore, this 
review focuses mainly on compiling available evidence and understanding the role 
of chronic inflammation in the development of skin cancer. Before presenting the 
available evidence on (a) the role of inflammatory molecules in the development 
of skin cancer in vitro and in vivo, and (b) observations on inhibitors of inflam-
mation for the prevention and treatment of skin cancer, brief description of skin 
structure, function, types and prevalence of skin cancer, causative agents and risk 
factors, treatment modalities and survival, etc., has been included for enhancing 
the understanding and clarity of the presentation.

17.1.1 � Skin Structure and Function

The skin is the largest and dynamic organ of the body, making up 16  % of body 
weight, with a surface area of 1.8 m2 and situated at the interface between the body 
and environment. Skin serves as the armors for the body against mechanical, thermal, 
and physical injury and hazardous substances (Proksch et al. 2008). There are three 
structural layers of the skin: epidermis, dermis, and subcutaneous layer (Fig. 17.1).

Epidermis is an external and continually regenerative, stratified epithelium 
devoid of blood or nerve supplies of approximately 5–100  μm thickness. It is 
composed of several distinct cell populations, keratinocytes and melanocytes 
being the main constituents. Keratinocytes, which comprise 95  % of the epider-
mis, are arranged in four layers. The inner layer is the stratum germinativum 
(stratum basale, basal layer), from which columnar-shaped keratinocytes divide 
to migrate to the next layer. The stratum spinosum (spinous layer) is composed 
of polygonal keratinocytes that become eventually more condensed. Further dif-
ferentiation of the cells leads to the stratum granulosum (granular layer), which 
contains basophilic granules. In thick skin areas, such as the soles of feet or the 
palms of hands, there is a clear layer of flattened cells called the stratum lucidum. 
The outermost layer is the stratum corneum (horny layer), which contains keratin 
and dead cells that confer to the skin its barrier function. Melanocytes are cells of 
neural crest embryogenic origin whose primary function is to produce melanin, 
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the pigment that determines skin and hair color. They are located in the basal layer 
of the epidermis, which comprise from 5 to 10 % of the cells and in hair follicles, 
and are also found in other anatomical areas such as the inner ear, the eye, and the 
meninges (Costin and Hearing 2007).

Dermis, the middle layer of the skin found below the epidermis, is composed 
of a tough, supportive cell matrix. The dermis contains fibroblasts, which produce 
collagen, elastin, and structural proteoglycans, together with immune-competent 
mast cells and macrophages. Collagen fibers, which make up 70 % of the dermis, 
give skin its strength, elasticity, and toughness. Dermis contains hair follicles, 
sweat glands, blood vessels, and nerves that are held in place by collagen.

Subcutis or subcutaneous layer consists of loose connective tissue and fat. It 
helps the body conserve heat and has a shock-absorbing effect that helps protect 
the body’s organs from injury.

Skin has several functions, the most important being to form a physical bar-
rier to the environment, allowing and limiting the inward and outward passage 
of water, electrolytes, and various substances while providing protection against 
microorganisms, ultraviolet radiation (UVR), toxic agents, and mechanical insults. 
Its other functions are insulation, temperature regulation, sensation, and synthesis 
of vitamin D and the protection of vitamin B folates.

17.1.2 � Types of Skin Cancer

There are four different types of skin cancer: basal cell carcinoma (BCC) and squa-
mous cell carcinoma (SCC) collectively referred to as non-melanoma skin cancers 
(NMSC) or keratinocyte carcinoma; melanoma and other non-epithelial skin cancer. 
BCC and SCC account for approximately 80 and 16 % of all NMSC, respectively. 

Fig. 17.1   Schematic presentation of skin structure, cell types, causes, and risk factors associated 
with skin cancer



440 G. B. Maru et al.

Melanoma accounts for only 10 % of skin cancer cases, but it is the most serious 
type, which can also occur in other body organs (Ibanez et al. 2011). Along with 
melanoma and keratinocyte cancers, there are some other less common types of 
skin cancer, e.g., Merkel cell carcinoma, Kaposi’s sarcoma, cutaneous (skin) lym-
phoma, skin adnexal tumors, dermatofibrosarcoma protuberans, and angiosarcoma.

17.1.3 � Prevalence

Skin cancer is the most common malignancy in the USA, Australia, and  
New Zealand with substantially associated morbidity and cost, as well as relatively 
smaller but significant mortality (Rogers et al. 2010). Australia and New Zealand 
have the highest rates of skin cancer incidence in the world, almost four times the 
rates registered in the USA, the UK, and Canada. Skin cancer is 10  times more 
common in whites than in African Americans. It is estimated that one American 
dies every hour from skin cancer, whereas the incidence of UV-induced NMSC 
has increased dramatically worldwide accounting for more than 40 % of all human 
cancers in the USA, with about 1.3 million new cases being diagnosed annually of 
which roughly 20–30 % is of SCC (Madan et al. 2010).

17.1.4 � Causative Agents and Risk Factors

UVR from sun exposure is the main cause of skin cancer, accounting for at least 
65 % of melanomas worldwide. The geographic variation and risk of development 
of NMSC are associated with ambient sun irradiance, genotypic, phenotypic, and 
environmental factors. Risk is greatest in residents of high ambient solar irradiance 
who have markers of UV susceptibility, such as light skin, eye and hair color, or an 
inability to tan, and those with benign sunlight-related skin disorders, e.g., actinic 
keratosis (AK) and solar lentigines. Incidence within countries is associated with 
increasing proximity to the equator. The thinner ozone layer and shorter distance 
traversed by UVB at lower latitudes than at high latitudes make residents of these 
regions most vulnerable to the effects of this radiation (Madan et al. 2010).

Individuals with familial genetic syndromes, viral infections such as human 
immunodeficiency virus (HIV), human herpesvirus 8 (HHV8), and human papil-
loma virus (HPV) or exposed to artificial UVR (tanning beds and lamps), aging, 
diet, and smoking are attributed risks. Some treatment modalities, including radi-
otherapy, phototherapy, psoralen, long-wave ultraviolet radiation (PUVA), and 
immunosuppressant drugs (cyclosporin A, methotrexate) besides work-related 
exposures such as arsenic, tar product, and chemical carcinogens (petroleum refin-
ing, pesticide manufacturing, etc.), also predispose individuals to skin cancers 
(Fig. 17.1) (IARC 1987; Boffetta et al. 2001). Skin cancers are also attributed to 
chronically injured or non-healing wounds and scars or ulcers that occur at sites of 
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previous burns, sinuses, trauma, osteomyelitis, prolonged heat (Kangri cancer) and 
chronic friction (Saree/Dhoti cancer) (Aziz et al.  1998; Patil et al.  2005; Saladi 
and Persaud 2005). The incidence of malignancy in scar tissues is 0.1–2.5 %.

17.1.5 � Treatment for Skin Cancer

A variety of modalities for the treatment of skin cancer is available, including sur-
gery, radiation therapy, chemotherapy, photodynamic therapy (PDT), and biologi-
cal therapy. Surgical options, including curettage with electrodessication, Mohs 
micrographic surgery, and surgical excision, are the most frequently used treat-
ments, providing a high control rate and satisfactory cosmetic results. Radiation 
therapy, including brachytherapy techniques and external beam radiations such as 
superficial/orthovoltage X-rays, megavoltage photons, and electron beam radia-
tion, has been used as primary and post-surgical adjuvant therapy for skin cancers. 
Chemotherapy includes the topical agents (in the form of ointment) such as fluo-
rouracil, diclofenac sodium, and imiquimod. In PDT, a photosensitive drug and 
a certain type of laser light are used to kill cancer cells. However, in biological 
therapy (biotherapy or immunotherapy), substances such as interferon and imiqui-
mod (made by the body or in a laboratory) are used to boost, direct, or restore the 
body’s natural defenses against cancer.

17.1.6 � Survival

Although the incidence of skin cancer is increasing, it is curable especially if it is 
detected or treated early and considered one of the most preventable types of can-
cer. The 5- and 10-year relative survival rates for persons with melanoma which 
is more likely than other skin tumors to spread to other parts of the body, are 91 
and 89 %, respectively. For localized melanoma (84 % of cases), the 5-year sur-
vival rate is 98 %; survival declines to 62 and 15 % for regional- and distant-stage 
disease, respectively. BCC and SCC are highly treatable, and survival rates for 
NMSC are very high. The mortality rate of NMSC is around 0.3 %, causing 2,000 
deaths per year in USA (American Cancer Society 2013).

17.1.7 � Inflammation and Skin Cancer

Inflammation is a signal-mediated response to cellular insult by infectious agents, 
toxins, and physical stresses. Inflammation is caused by physical agents (e.g., UVR), 
mechanical injuries, chemical agents (tar products, arsenic, immunomodulatory 
drugs, toxins), biological agents (bacteria, viruses, fungi, parasites), immunologic 
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disorders (hypersensitivity reactions, autoimmunity, immunodeficiency states), etc. 
Inflammation can be acute or chronic with distinct characteristics (see Table 17.1) 
(Mueller 2006; Aggarwal et al.  2009). Acute inflammation is a rapid, self-limiting 
process, maybe prolonged and transformed to chronic inflammation. Chronic 
inflammation being more insidious lies at the basis of various diseases, including 
cardiovascular diseases, cancer, diabetes, arthritis, Alzheimer’s disease, pulmonary 
diseases, and autoimmune diseases (Aggarwal et al. 2009).

As early as 1863, Virchow noted leukocytes in neoplastic tissues and made a 
connection between inflammation and cancer. He suggested that the “lympho-
reticular infiltrate” reflected the origin of cancer at sites of chronic inflammation 
(Mantovani et al.  2008). The correlation between cancer and inflammation has 
been recognized for decades, but only in recent years, evidence begun to suggest 
that the inflammation is a prerequisite rather than a consequence of tumorigen-
esis (Balkwill and Coussens 2004). It is estimated that underlying infections and 
inflammatory responses are linked to 15–20 % of all deaths from cancer worldwide 
(Lu et al. 2006; Parkin  2006; Mantovani et al.  2008). Several clinical conditions 
such as discoid lupus erythematosus, dystrophic epidermolysis bullosa, and chronic 
wound sites are associated with cutaneous inflammation and appear to predispose 
the individual to increased susceptibility for skin cancer (Nickoloff et al. 2005).

Injury to the skin initiates a cascade of events including inflammation, new tissue 
formation, and tissue remodeling which leads to wound repair. In chronic inflam-
mation, active inflammation, tissue destruction, and attempts at repair proceed 
simultaneously. The inflammatory response involves three major stages: dilation 
of capillaries to increase blood flow; microvascular structural changes and escape 
of plasma proteins from the bloodstream; and leukocyte transmigration through 
endothelium and accumulation at the site of injury (http://bme.virginia.edu/ley/). 
In addition to the defense functions [production of proteinase and reactive oxygen 
species (ROS)], inflammatory cells are also an important source of growth factors 
and cytokines such as interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-
α) that are necessary for cell recruitment, activation, and proliferation (Nickoloff  
et al.  2005; Mueller  2006). However, while normal inflammation, e.g., during 
wound healing, is a rapid self-limiting process, deregulation of the profile and level 
of any of cytokines/chemokines that persists at sites of inflammation result in the 
development of various pathologies including cancer. The mechanisms include 

Table 17.1   Characteristics of inflammation

Characteristics Acute inflammation Chronic inflammation

Duration Short Relatively long
Pattern Stereotyped Varied
Predominant cell Neutrophils, leukocytes Lymphocytes, macrophages,  

plasma cells, giant cells, fibroblasts
Tissue destruction Mild to moderate Marked
Fibrosis Absent Present
Inflammatory reaction Exudative Productive

http://bme.virginia.edu/ley/
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induction of genomic instability, alterations in epigenetic events and subsequent 
inappropriate gene expression, enhanced proliferation of initiated cells, resistance to 
apoptosis, unlimited replicative potential, sustained angiogenesis (tumor neovascu-
larization), tissue invasion, and metastasis (Colotta et al. 2009).

17.2 � Inflammatory Signaling Pathways Associated  
with Skin Cancer

Inflammation is associated with different stages of tumor development, including  
initiation, promotion, malignant conversion, invasion, and metastasis (Fan et al. 2013). 
Cancer-related inflammation, which has been suggested to represent the seventh hall-
mark of cancer (Hanahan and Weinberg  2011), affects all the important aspects of 
cancer such as proliferation and survival of cancer cells, tumor response to chemo-
therapeutic drugs and hormones, metastasis and angiogenesis similar to that seen in 
chronic inflammatory responses, and tissue remodeling/repair (Kamp et al.  2011; 
Mantovani et al. 2008).

Two pathways connect cancer and inflammation: the intrinsic and extrinsic 
pathways (Fig.  17.2). The intrinsic pathway is activated by genetic events that 
cause neoplasia, including the activation of oncogenes (H-ras, N-ras, BRAF, 
c-MYC, human counterpart of MDM2 [HDM2], C-erbB) by mutation, chromo-
somal rearrangement or amplification, and inactivation of tumor suppressor genes 
(p16/INKA4 [cyclin-dependent kinase inhibitor 2A], p14/ARF [ADP ribosylation 
factor]) (Soehnge et al. 1997; Hocker et al. 2008; Hanahan and Weinberg 2011). 
Cells, which are transformed in this manner, produce inflammatory mediators, 
thereby generating an inflammatory microenvironment in tumors. Moreover, there 
are other gene products frequently observed in skin cancer (mainly melanoma 
and NMSC) such as protein-patched homolog 1 (PTCH1), PTCH2, sonic hedge-
hog (Shh), cyclin-dependent kinase 4 (CDK4) and CDK6, melanocortin 1 recep-
tor (MC1R), microphthalmia-associated transcription factor (MITF), cytochrome 
p450 (CYP), glutathione S-transferase theta 1 (GSTT1), Ras, xeroderma pigmen-
tosum, complementation group C (XPC), and tumor protein 53 (TP53). Genes 
involved in UVR-induced skin cancer include the tumor suppressor gene p53, 
PTCH, and the ras oncogenes (Hocker et al. 2008; Madan et al. 2010).

In contrast, the extrinsic pathway represents inflammatory leukocytes and 
soluble mediators leading to conditions, which increase cancer risk (Fig. 17.2). 
The chronic inflammation related to malignancy is induced by infections with 
pathogens (HHV), mechanical, radiation, and chemical insults, which results 
in the production of oxidative stress (Del Prete et al. 2011). The two pathways 
unite, resulting in the activation of transcription factors, mainly nuclear factor 
kappa B (NF-κB), signal transducer and activator of transcription 3 (STAT3) 
and hypoxia-inducible factor-1 alpha (HIF-1α) in tumor cells. These transcrip-
tion factors coordinate the production of pro-inflammatory mediators, includ-
ing cytokines (TNF-α, IL-6, IL-1), chemokines (chemokine [C-C motif] ligand 
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2 [CCL2], CXC chemokine ligand 8 [CXCL8]), as well as the production of 
cyclooxygenase-2 (COX-2) (which, in turn, results in the production of prosta-
glandins [PG]) (Mantovani et al. 2008; Del Prete et al. 2011). Pro-inflammatory 
cytokines, the important mediators of inflammation, have distinguished roles 
in skin cancer development and along with nitric oxide (NO) act as cell-to-cell 
messenger as well as help in the activation of NF-κB (Kundu and Surh 2008). 
The cytokines activate the same key transcription factors in inflammatory cells, 
stromal cells, and tumor cells, resulting in more mediators’ production and can-
cer-related inflammatory microenvironment being generated.

Fig. 17.2   Signaling pathways associated with inflammation and skin cancer
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In extrinsic pathway, exposure of skin to various physical, chemical, or biological 
agents induces infiltration of neutrophils at site of tissue injury which are key produc-
ers of ROS and reactive nitrogen species (RNS). ROS, an inherent part of the anabo-
lism and catabolism of various body tissues, including skin, play important roles in 
the stimulation of molecules for metabolism, cell cycle, and intercellular transduction 
pathways (Ibanez et al. 2011) and are involved in all the three stages of carcinogen-
esis, viz. initiation, promotion, and progression. Furthermore, transient levels of ROS 
can activate cellular proliferation or survival signaling pathways, such as the NF-κB, 
activator protein-1 (AP-1), extracellular signal-regulated kinase-/mitogen-activated 
protein kinase (ERK/MAPK), and phosphoinositide 3-kinase/Akt8 virus oncogene 
cellular homolog (PI3K/Akt) pathways. In addition, ROS induce both the activation 
and synthesis of AP-1, a regulator of cell growth, proliferation, and apoptosis, and 
transcription factors such as STAT3, HIF-1α, and p53 (Reuter et al. 2010).

NF-κB and STAT3 are two most important transcription factors in inflamma-
tory pathways that play major roles in tumorigenesis because they are constitu-
tively active in most cancers, including skin (melanoma, SCC, Kaposi’s sarcoma). 
Moreover, most gene products linked to inflammation, survival, proliferation, inva-
sion, angiogenesis, and metastasis are regulated by NF-κB and STAT3, and most 
chemopreventive agents mediate their effects through inhibition of NF-κB and 
STAT3 activation pathways (Aggarwal et al. 2009; Zhu et al. 2011).

Many stimuli can induce NF-κB activity, such as TNF-α, IL-1β, bacterial 
lipopolysaccharides (LPS), UV, ionizing radiation, ROS, several skin-related micro-
organisms such as Borrelia burgdorferi, Neisseria gonorrhoeae, Staphylococcus 
aureus, herpes simplex virus (HSV), measles virus, and HIV-1 (Pahl  1999; Bell 
et al. 2003). NF-κB activation as core transcriptional mediator of inflammation is 
a central component of pro-carcinogenic innate immune responses. Functional 
nuclear NF-κB is necessary for the growth inhibition control during upward cellular 
migration and differentiation of epidermal cells, which have central role in skin car-
cinogenesis (Bell et al. 2003). Several NF-κB-dependent genes present in the skin 
are essential to the initiation of cutaneous inflammation, including genes for differ-
ent chemokines (IL-1, IL-6, TNF) and cytokines, intercellular adhesion molecule-1 
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), urokinase plasminogen 
activator (uPA), and E-selectin (Pahl 1999; Bell et al. 2003). NF-κB also regulates 
pro-inflammatory enzymes, such as inducible nitric oxidase synthase (iNOS) and 
COX-2, which are involved in chronic inflammation of the skin and later in skin 
carcinogenesis. Additionally, NF-κB controls the expression of the genes linked 
with apoptosis (cellular inhibitor of apoptosis [c-IAP], XIAP, B cell lymphoma 2 
[Bcl-2], Bcl-xL, cellular FLICE-like inhibitory protein [c-FLIP], survivin), prolif-
eration (cyclins, c-Myc), invasion, angiogenesis, and metastasis (e.g., matrix metal-
loproteinase [MMP], vascular endothelial growth factor [VEGF], CXCL12, C-X-C 
chemokine receptor type 4 [CXCR4]) of cancer. Based on these evidences, NF-κB 
is believed to be closely associated with the whole process of tumorigenesis (Prasad 
et al. 2010; Zhu et al. 2011).

STATs are proteins that are activated by extracellular signaling proteins, growth 
factors such as epidermal growth factor receptor (EGFR), cytokines (IL-6, IL-17, 
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IL-22), and various peptides (Zhu et al. 2011). STAT3 regulates the expression of 
genes that mediate survival (survivin, Bcl-xl, myeloid cell leukemia sequence 1 
[mcl-1], c-FLIP), proliferation (c-fos, c-myc, cyclin D1), invasion (MMP-2), and 
angiogenesis (VEGF) (Aggarwal et al. 2009). Along with NF-κB, STAT3 is a point 
of convergence for numerous oncogenic signaling pathways. Maintenance of NF-κB 
activation in tumors requires STAT3 which is constitutively activated both in tumors 
and in immune cells and plays a role in carcinogenesis (Colotta et al. 2009).

17.3 � Role of Inflammatory Molecules in the Development  
of Skin Cancer: Evidence from In Vitro Studies

17.3.1 � Role of Inflammatory Molecules in the Transformation  
of Skin Cells

Causal association between environmental (chemical/physical/biological) agent(s) 
in cancer development has been well established, while understanding and accept-
ance of the role of inflammation in cancer development are relatively recent. Due 
to this, evidence from available in vitro and/or in vivo experimental model sys-
tems pertaining to the role of inflammation in initiation of carcinogen-induced 
tumorigenicity is not clearly and conclusively addressed. One of the main reasons 
being non-inclusion of this aspect in the scope and planning of the experiments to 
address the question and/or complexity of experimental/real-life systems, wherein 
role of inflammation among multiple factors cannot easily be identified. Most of 
the environmental skin cancer-causing agents have been shown to induce spec-
trum of changes such as genotoxicity, cytotoxicity, and inflammation in cells 
exposed in vitro, and hence, biological significance and criticality of exact role 
of inflammation in the initiation of carcinogenesis are not established. Available 
evidence suggests the role of inflammatory molecules in the promotion of car-
cinogenesis in cells which have been initiated, wherein some products generated 
during inflammation do possess ability to damage/modify DNA, proteins, and 
lipids (Lu et al. 2006).

Several studies support the hypothesis that regulation of chemokines in certain 
cells in the presence of persistent autocrine and paracrine stimulation with spe-
cific CXC chemokine ligands can promote preneoplastic to neoplastic cellular 
transformation. Over-expression of CXCL1 (melanoma growth stimulatory activ-
ity/growth-regulated protein α) induced by IL-1, LPS, and TNF-α in immortal-
ized melanocytes resulted in the transformation of these cells that had capability to 
form tumors in nude/SCID mice (Dhawan and Richmond 2002).

RAS-mediated tumor formation is commonly associated with up-regulation of 
cytokines and chemokines that mediate an inflammatory response relevant to onco-
genesis (Cataisson et al. 2012). Over-expression of any of three normal Ras genes, 
N-Ras, H-Ras, or K-Ras, leads to in vitro transformation (Crespo and Leon 2000; 
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Dhawan and Richmond  2002). Studies using in vitro transformation assay have 
demonstrated that N-Ras could induce cellular transformation in a manner similar to 
CXCL1 in controlling melanocyte cells (Dhawan and Richmond 2002), indicating 
that CXCL1-mediated transformation requires Ras activation in melanocytes. Using 
both genetic and pharmacological approaches, it has been observed that the differen-
tiation and pro-inflammatory effects of oncogenic RAS in keratinocytes require the 
establishment of an autocrine loop through IL-1α, IL-1R, and myeloid differentia-
tion primary response gene (88) (MyD88), leading to the phosphorylation of IκBα 
(inhibitor of κBα) and NF-κB activation. Thus, MyD88 exerts a cell-intrinsic func-
tion in RAS-mediated transformation of keratinocytes (Cataisson et al. 2012).

The modulation of IL-1α production in the HaCaT keratinocyte cell line, wherein 
UVR induces keratinocytes to secrete other pro-inflammatory and immunomodula-
tory mediators, promotes inflammation and skin tumor development (Magcwebeba 
et al.  2012). Maximal production of these mediators appears to be due to over-
expression of the slug (snail homolog 2 or zinc finger 2 [Snai2]) transcription fac-
tor in keratinocytes and normal human melanocytes, thereby stimulating growth 
and migration (Shirley et al. 2012). UVB exposure led to significant increase in the 
production of IL-1α in a dose-dependent manner with minimal necrotic and apop-
totic effects. Moreover, induction of IL-6 production following short-wave UVR in 
normal human epidermal keratinocytes and epidermoid carcinoma cell line is medi-
ated by DNA damage and that IL-6 release has been shown to be associated with 
enhanced levels of IL-6 mRNA transcripts (Petit-Frere et al. 1998).

In primary mouse keratinocyte cultures, prostaglandin E2 (PGE2) activated the 
EGFR and its downstream signaling pathways as well as increased cAMP produc-
tion and activated the cAMP response element binding protein (CREB). Inhibitors 
of ERK1/2 and PI3K pathway attenuated the PGE2-induced proliferation, NF-
κB, AP-1, and CREB binding to the promoter regions of the cyclin D1 and VEGF 
genes and expression of cyclin D1 and VEGF in primary mouse keratinocytes 
(Ansari et al. 2008).

Nuclear factor of activated T cells (NFAT), known to be expressed in both 
immune and non-immune cells, plays an essential role in inflammatory responses 
by regulating the expression of a wide range of pro-inflammatory cytokines.  
It has been demonstrated that NFAT transcriptional activity is preferentially 
induced by UVB wavelengths in HaCaT keratinocytes and retroviral Phoenix 
amphotropic (RPA) cells. Inhibiting UV-induced NFAT activation in keratinocytes 
led to reduced COX-2 protein induction and an increase in UV-induced apoptosis 
(Flockhart et al. 2008).

Pro-inflammatory cytokines have been shown to activate NF-κB by activating 
an NF-κB-inducing kinase (NIK)/MEKK–IκB kinase (IKK)–IκB signaling path-
way in many cell types. Studies have reported that the suppression of phosphoryla-
tion of NF-κB/p65 on Ser536 reduced the activation and nuclear translocation of 
NF-κB and functionally led to the resistance of JB6 cells to TNF-α-induced trans-
formation (Hu et al. 2005; Lu et al. 2006).

Different proteases also play important role in the transformation of skin 
cancer cells. Serpins constitute the most broadly distributed super family of 
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protease inhibitors described in humans. Expression profiling of normal epidermal 
keratinocytes and transformed SCC cell lines revealed up-regulation of SerpinA1 
in the latter and that the level of SerpinA1 mRNA has shown marked up- 
regulation as analyzed by quantitative RT-PCR. SerpinA1 production by SCC cells 
appears to be dependent on p38 MAPK activity and up-regulated by EGF, TNF-
α, interferon-gamma (IFN-γ), and IL-1β (Farshchian et al. 2011). Other important 
protease is stromelysin-2 (MMP-10), which is known to be involved in the growth 
of skin tumors. The level of MMP-10 was up-regulated in a cutaneous SCC cell 
line (UT-SCC-7) by TNF-α and keratinocyte growth factor and by IFN-γ in com-
bination with transforming growth factor (TGF)-β1 and TNF-α both in UT-SCC-7 
and in HaCaT cells (Kerkela et al. 2001).

HPV are known to be additional cofactors in the development of cutaneous 
SCC. Several studies have evaluated the ability of the E6 and E7 proteins of HPV 
to transform cells in vitro. HPV 10 and HPV 20 E7 proteins do not display in 
vitro transforming activities. Moreover, E6 and E7 of HPV 38 have been shown 
to immortalize primary human keratinocytes, suggesting a role of HPV 38 infec-
tion in skin carcinogenesis. High-risk HPV E5 is considered tumorigenic because 
it transforms murine fibroblasts and keratinocytes in tissue culture, enhances the 
immortalization potential of E6 and E7, and, in cooperation with E7, stimulates 
the proliferation of human and mouse primary cells (IARC 2007).

17.3.2 � Role of Inflammatory Molecules in the Survival  
and Proliferation of Skin Cancer Cells

Available experimental evidence suggests that the inflammatory response plays 
a role in providing survival and proliferative signals to initiated cells, thereby 
leading to tumor promotion (Balkwill and Coussens 2004). While NF-κB pro-
tein is a key player in inflammation, other molecular targets comprise cytokines, 
chemokines, ROS, oncogenes, inflammatory enzymes (COX-2, 5-lipoxygenase 
[5-LOX], MMP), anti-apoptotic proteins, transcription factors (STAT3, AP-1, 
CREB, nuclear factor erythroid 2-related factor 2 [Nrf2]) that regulate tumor cell 
proliferation, transformation, and survival (Shanmugam et al. 2012).

Expression of NF-κB has been shown to promote cell proliferation and con-
tribute to cell survival mechanism. Cell lines from SCC are reported to constitu-
tively express activated NF-κB (Balkwill and Coussens 2004). Definitive evidence 
that STAT3 (which is inducible by IL-6 signaling) contributes to oncogenesis has 
shown that interrupting STAT3 signaling blocks the transformation of fibroblasts 
by SRC oncoprotein (Yu et al. 2007; Hanahan and Weinberg 2011). Constitutively 
activated STAT3 is known to support tumor cell survival and proliferation by up-
regulating expression of the anti-apoptotic protein, Bcl-2, in diverse human can-
cer cell lines, including melanoma cells. STAT3 also controls expression of cyclins 
D1, D2, and B, as well as the proto-oncogene c-Myc, and through them, it may 
stimulate cell proliferation (Yu et al. 2007).
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The tumor- and progression-promoting effect of inflammatory cytokines is 
substantiated by the enhanced tumor growth of IL-6-transfected human BCC 
as well as by the malignant progression that is associated with the expression 
of G-colony-stimulating factor (G-CSF) and granulocyte/macrophage colony- 
stimulating factor (GM-CSF) in HaCaT keratinocyte cells (Mueller 2006). Studies 
on TNF-α signaling, the most extensively studied pro-inflammatory cytokines in 
skin carcinogenesis, revealed an involvement of both TNF-α receptor subtypes, as 
well as of protein kinase C-alpha (PKC-α) and transcription factors of the AP-1 
family in tumor promotion-mediated inflammation and proliferation as well as 
angiogenesis and invasion (Balkwill and Coussens 2004; Mueller 2006; Mantovani 
et al.  2008). Cytokines also control the inflammatory milieu to either favor anti-
tumor immunity (IL-12, TNF-related apoptosis-inducing ligand [TRAIL], IFN-γ) 
or enhance tumor progression (IL-6, IL-17, IL-23) and also have direct effects on 
cancer cell growth and survival (TRAIL, FasL, TNF-α, EGFR ligands, TGF-β, 
IL-6) as in the case of melanoma cells (Haghnegahdar et al. 2000).

Tumor progression locus 2 (Tpl2) is a MAP3 kinase at the crossroad of various 
pro-inflammatory and oncogenic signals with a major role in promoting cell pro-
liferation and transformation through activation of the ERK MAPK. Studies have 
reported a link between naturally occurring high levels of Tpl2 expression and 
ERK phosphorylation in melanoma cell lines. The over-expression of Tpl2 in mel-
anoma cells carrying mutated B-Raf is associated with resistance to the Raf kinase 
inhibitor PLX4720. Tpl2 can also stimulate the activation of JNK and to a lesser 
extent p38c and ERK5 by directly phosphorylating their upstream kinases MKK4, 
MKK6, and MEK5 (Vougioukalaki et al. 2011). Ras, which is mutated in approxi-
mately 25 % of all malignancies, promotes cell proliferation and tumor growth of 
malignant cells. During inflammatory stimuli, Ras induces the expression of vari-
ous inflammatory gene products, including the pro-inflammatory cytokines IL-1, 
IL-6, and IL-11, and the chemokine IL-8. ROS have been reported to be tumori-
genic by virtue of their ability to increase cell proliferation, survival, and cellular 
migration through the activation and synthesis of AP-1, a regulator of cell growth, 
proliferation, and apoptosis (Reuter et al. 2010).

PGE2, which plays a key role in normal skin homeostasis, has been shown to 
be a critical player mediating the contribution of the COX-2 pathway to cancer 
development and acts as a tumor promoter, controlling many of the behaviors typi-
cal of cancer cells. Studies have shown increased E prostanoid 1 (EP) receptor lev-
els in murine skin tumor cells and that this receptor is critical for the mitogenic 
effects of PGE2 on these cells in vitro, a finding that has also been demonstrated 
in NIH-3T3 cells (Tober et al. 2006).

In vitro studies have implicated Bmx (bone marrow tyrosine kinase gene in 
chromosome X) gene signaling in cell migration and survival. Bmx over-expres-
sion accelerates keratinocyte proliferation and wound re-epithelialization and also 
induces chronic inflammation in the skin and that this occurs via cytokine-medi-
ated recruitment of inflammatory cells (Paavonen et al. 2004).

Cylindromatosis (CYLD), which encodes a 956  amino acid enzyme that is 
ubiquitously expressed, contains a deubiquitinating domain at the C-terminus. 
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Mutations that inactivate the carboxyl-terminal-deubiquitinating domain of CYLD 
deregulate the NF-κB activity, underlying the development of skin appendage 
tumors in humans (Brummelkamp et al. 2003; Trompouki et al. 2003). It was dem-
onstrated that the expression in tumorigenic epidermal cells of a catalytically inac-
tive form of CYLD (CYLDC/S) that mimics the identified mutations of cyld in 
human tumors and competes with the endogenous CYLD results in enhanced cell 
proliferation and inhibition of apoptosis. These indicate an increased oncogenicity 
of the tumorigenic epidermal CYLDC/S mutant cells in vitro. The loss of CYLD 
in keratinocytes has been linked to hyperproliferation and elevation in cyclin D1 
levels because of increased nuclear activity of Bcl-3-associated NF-κB p50 and 
p52 (Massoumi et al. 2006). A decrease in CYLD function results in an increase 
in the malignant behavior of the tumor epidermal cells and progression of skin 
carcinomas, as seen by an enhancement in proliferation and survival of the cells 
expressing the mutant CYLDC/S. Tumor epidermal cells expressing CYLDC/S 
also show an important increase in the nuclear localization of Bcl-3, p52, and 
β-catenin.

Tumor formation involves epigenetic modifications and microenvironmental 
changes as well as cumulative genetic alterations encompassing somatic mutations, 
loss of heterozygosity, and aneuploidy. The role of NF-κB in epidermal hyperpro-
liferation arising from p120 loss appears rooted in its impact on epidermal micro-
environment because p120-null keratinocytes display a growth-arrested phenotype 
in culture due to mitotic alterations and chronic inflammatory responses, resulting 
in unstable, binucleated cells in vitro (Perez-Moreno et al. 2008).

17.3.3 � Role of Inflammatory Molecules in the Invasion, 
Metastasis, and Angiogenesis of Skin Cancer Cells

Several clinical observations and experimental findings indicate that the process of 
metastasis is non-random and involves a sequence of multistep events targeted for 
therapy. Metastatic cancer cells exploit the mechanisms of the inflammation pro-
cess, which successfully migrate into distant organs. This implies a pivotal role for 
specific adhesive interactions between cancer cells and vascular endothelial cells 
and activation of migratory pathways in the cancer cells (Laferriere et al. 2002). 
The tumor cells follow the extravasation strategy of leukocytes in their migration 
toward inflammatory sites (Witz 2006). For instance, VCAM-1, an integrin recep-
tor located on an endothelial cell, binds to the integrin α4 β1 (VLA-4—very late 
antigen-4), which are normally expressed on leukocyte plasma membranes, but 
they do not adhere to their appropriate ligands until the leukocytes are activated by 
chemotactic agents or other stimuli (Schadendorf et al. 1995).

Selectins have been involved in the progression of cancer. In fact, several 
types of tumor cells express functional ligands of selectins and contact selec-
tins expressed on blood vessel walls (Laferriere et al.  2002; Witz 2006; Barthel 
et al.  2007). Keratinocyte cell lines—A431, HaCaT, SVK14—express selectin 
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ligands including sialyl Lewis X and S-Le(a) expression, whereas normal human 
keratinocytes do not. These findings suggest a potential role for selectin-mediated 
events in the early and late metastasis (Groves et al. 1993). To this end, the study 
of the role of selectins in leukocyte and tumor cell extravasation merits particu-
lar attention in understanding the pathophysiology of inflammation and cancer and 
is substantiated by a number of recent studies (Witz  2006; Barthel et al.  2007). 
There is also growing awareness that platelets and leukocytes may potentiate 
and even enhance the hematogenous dissemination of cancer cells, suggesting a 
link between inflammation and cancer progression. Indeed, the tumor microenvi-
ronment often contains infiltrates of platelets, macrophages, dendritic cells, and 
lymphocytes (Mantovani et al. 2008). These cells may be critical sources of pro-
inflammatory cytokines, including TGF-β, TNF-α, IL-1β, and IL-6, all of which 
may promote the up-regulation of selectin expression on the vascular wall and 
synergize with chemokines, such as IL-8, secreted by tumor cells.

Tumor invasion and metastasis represent a multistep process that depends on 
the activity of many proteins (Hua et al. 2011; Shanmugam et al. 2012; Ravi and 
Piva 2013). Several classes of proteases, including MMPs, serine proteases like 
furin, and cysteine proteases such as cathepsin have been implicated in the tumor 
cell-invasive process. Of these, MMPs appear to be primarily responsible for 
extracellular matrix (ECM) degradation observed during invasive processes (Hua 
et al. 2011; Pytliak et al.  2012; Ravi and Piva  2013). They contribute to tumor 
growth by degradation of the ECM as well as by the release of sequestered growth 
factors such as VEGF, b-fibroblast growth factor (b-FGF), or TGFβ, the suppres-
sion of tumor cell apoptosis and the destruction of immune-modulating chemokine 
gradients (Ravi and Piva  2013). In normal skin, MMPs are not constitutively 
expressed but can be induced temporarily in response to exogenous signals such 
as UVR. UVR is known to elevate the expression of MMP-1, MMP-3 (stromely-
sin-1), and MMP-9 in human skin. MMP-2 and MMP-9 have been frequently 
associated with the invasive and metastatic potential of tumor cells (Ramos 
et al. 2004; Dong et al. 2008; Ravi and Piva 2013).

Furin is a serine protease that is frequently over-expressed in several cancer cell 
lines and malignancies, including several murine cell lines derived from chemically 
induced skin tumors (Fu et al.  2012). Its activity results in proteolytic cleavage 
of substrates, leading to the activation of many cancer-related proteins including 
important growth factors and receptors such as insulin growth factor-1 (IGF-1) and 
its receptor IGF-1R, TGF-β, and VEGF. (Siegfried et al. 2003; Ravi and Piva 2013). 
Furin is also involved in the maturation of both TNF-alpha-converting enzyme 
(TACE) and MMP within skin cells and mainly activate MT1-MMP, which directly 
contributes to the motility and invasiveness of the tumor cell, thereby indicating 
that furin activity has an influence on the inflammation seen in the skin, follow-
ing exposure to UVR (Ravi and Piva 2013). It has been shown that furin mRNA, 
protein, and enzyme activity increase immediately after UVA and UVB treatment 
in human epidermal keratinocytes (HaCaT cells). Furin/PC processing of substrates 
has been shown to contribute to tumor progression, aggressiveness, metastasis, and 
angiogenesis (Arsenault et al. 2012; Fu et al. 2012; Ravi and Piva 2013).
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Cytokines play a crucial role in tumor progression. Pro-inflammatory cytokine, 
TNF-α, stimulates the secretion of active MMP-2, an enzyme that degrades type IV 
collagenase, in organ-cultured full-thickness human skin. TNF-α also induces MMP-2 
activation in human skin and thus induces angiogenesis with the MMPs involved in 
wound healing or cancer cell invasion. As basement membrane components, type IV 
collagen and laminin are potential substrates for MMP-2, and activation of a type IV 
collagenase by this cytokine may provide a mechanistic explanation for the role of 
TNF-α during metastasis and angiogenesis (Han et al.  2001). TNF-α up-regulates 
malignant melanoma invasion and migration in vitro. In melanoma, TNF-α may 
exert its pro-invasive effect on human cutaneous melanoma cell line via an integrin- 
dependent mechanism as well as a modest up-regulation of degradative enzyme activ-
ity not readily detected in general protease assays (Katerinaki et al. 2003).

IL-6 is also one of the pro-inflammatory cytokines induced by UVR in keratino-
cytes (Schwarz and Luger 1989; Chung et al. 1996). IL-6 induced angiogenesis in 
human BCC cell line by up-regulation of bFGF via both Janus kinase (JAK)/STAT3 
and PI3-kinase/Akt pathways. Blockage of COX-2 by siRNA reduced angiogenic 
activity in IL-6 over-expressing BCC cells, suggesting that COX-2 also plays a 
role in IL-6-induced angiogenesis (Jee et al. 2004). IL-6 also plays important role 
in tumor progression from benign to malignant, in invasive tumors in the HaCaT 
model of human skin carcinoma by activating STAT3, and directly stimulates pro-
liferation and migration of the benign non-invasive HaCaT-ras A-5 cells in vitro. 
Furthermore, IL-6 induces inflammatory and angiogenic factors such as IL-8, 
GM-CSF, and CSF as well as VEGF and monocyte chemotactic protein-1 (MCP-
1) in the tumor cells, leading to tumor cell invasion in organotypic cultures in vitro. 
Tumor invasion is supported by the IL-6 induced over-expression of MMP-1 in vitro 
and in vivo, thus demonstrating a key function of IL-6 in the progression of skin 
SCC by regulating a complex cytokine and protease network (Lederle et al. 2011).

A majority of cancers over-express COX-2, an enzyme responsible for the bio-
synthesis of PG metabolites. Enhanced production of PGs, and particularly PGE2, 
has been linked with tumor progression, invasion, and metastasis. Human epider-
mis actively synthesizes PGs, and previous studies have demonstrated that PGE2 
generation can regulate epidermal cell proliferation in vitro. Elevated levels of 
PGE2 observed in SCC and BCC of the skin may correlate with an increased pro-
pensity for metastatic and invasive behavior (Singh and Katiyar 2011).

VEGF is known to be a key regulator of cutaneous angiogenesis and as such 
plays a role in several physiological and disease processes in the skin, including 
hair growth, cancer development, and psoriasis as well as wound healing. It has 
been shown that VEGF is essential for tumor development in multistage models 
of skin carcinogenesis, and the mechanism of action has been primarily attrib-
uted to the induction of angiogenesis (Johnson and Wilgus  2012). VEGFR-1, 
expressed in mouse and human skin tumor cells and in SCC cell lines, suggests 
that VEGF could affect tumor cells directly. UV up-regulates VEGF production in 
keratinocyte-derived cell lines both directly through transcription factor activation 
and indirectly through cytokine release. VEGF has also been shown to induce the 
migration of primary keratinocytes in vitro (Zhu et al. 2013).
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17.4 � Role of Inflammatory Molecules in the Development  
of Skin Cancer: Evidence from In Vivo Studies

Chemically induced mouse skin tumors using inflammatory agent, 
12-O-tetradecanoylphorbol-13-acetate (TPA), for tumor promotion greatly contrib-
uted to our understanding of multistage carcinogenesis and have given important 
insights into the functional interaction between inflammatory microenvironment and 
epithelial tumor, especially when used in combination with transgenic animals. Data 
from these and additional new model systems clearly emphasize that the tumor- 
promoting microenvironment is indispensable for tumor formation and progression.

The two-stage mouse skin carcinogenesis and UV-induced photocarcino-
genesis are well established in vivo models for the understanding of the mul-
tistage nature of tumor development to design novel therapeutic concepts for 
human epithelial neoplasia. In two-stage mouse skin model, tumor initiation 
is accomplished through a single topical application of a carcinogen, typically 
7,12-dimethylbenz(a)anthracene (DMBA) that results in an initiated state of the 
epidermal keratinocytes, which frequently harbor one single genetic mutation 
(e.g., ras activation) and are more susceptible to subsequent genetic alterations 
(Mueller  2006). Tumor promotion achieved by repeated treatment with phor-
bol esters, such as TPA, resulted in benign papillomas, some of which spontane-
ously progress into malignant SCC. TPA activates a series of PKC isoenzymes and 
induces a pleiotropic tissue response, resulting in a strong inflammatory reaction 
(Rundhaug and Fischer 2010).

Tumor promoters, whether UV, chemicals, or endogenous factors, usually 
interact at the cell surfaces with specific receptors or other cell components that 
elicit several processes/responses, including enhanced DNA synthesis, increased 
production of eicosanoids, cytokines and growth factors, a pro-oxidant state, and 
alterations in cell surface properties, leading to changes in cell adhesion and cell-
to-cell communication (Rundhaug and Fischer 2010).

Chronic exposure to UV leads to the up-regulation of COX-2 expression and 
chronic inflammation along with the accumulation of DNA damage and muta-
tions, all of which combine to induce malignant changes in epidermal keratino-
cytes and skin cancers (Rundhaug and Fischer  2010). Topical application of 
a prototype tumor promoter, TPA, induces expression of COX-2 and its mRNA 
transcript in mouse skin in vivo by activating eukaryotic transcription factors such 
as NF-κB and AP-1. These in turn are regulated by a series of upstream kinases 
collectively known as MAP kinases such as ERK, p38 MAPK, and JUN amino-
terminal kinase (JNK) (Chun et al. 2006; Kundu et al. 2006), thereby contributing 
to the inflammatory responses mediated by TPA and in arachidonic acid metab-
olite production (Kundu et al. 2006). Inappropriate up-regulation of COX-2 also 
prolongs the survival of malignant or transformed cells and leads to phenotypic 
changes associated with metastatic potential (Surh et al. 2001). COX-2 also has 
roles in keratinocyte differentiation, and the absence of COX-2 causes premature 
terminal differentiation of initiated keratinocytes and reduced tumor formation 
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in DMBA/TPA-induced mouse skin carcinogenesis (Tiano et al.  2002). Increase 
in COX-2 results in a subsequent increase in the level of PGs, which inappropri-
ately up-regulated in various premalignant and malignant tissues. Elevated levels 
of some PGs, especially PGE2 and PGF2-α, are functionally related to mouse 
skin tumor promotion (Furstenberger et al. 1989). Even topical application of a 
COX-2 product, 15-deoxy-D12,14-prostaglandin J2, has been shown to potenti-
ate DMBA/TPA-induced mouse skin tumorigenesis (Millan et al.  2006), which 
indicated the important role of COX-2 in tumor promotion in vivo (Kundu et 
al. 2006). This was also evident by using transgenic mouse model, wherein COX-2 
over-expressing transgenic mice (Muller-Decker et al. 2002) are highly susceptible to 
spontaneous skin tumor formation, while COX-2 knockout animals (Tiano et al. 2002) 
are less prone to experimentally induced tumorigenesis.

TGFβ1 and TNF-α, which play crucial role in the inflammatory process during 
wound healing, are the most comprehensively studied pro-inflammatory cytokines 
in skin carcinogenesis (Urban et al. 1986). TGFβ1 up-regulates PG generation and 
COX-1 and COX-2 expressions of mast cells and significantly affects skin tumor 
promotion by paradoxically enhancing epidermal proliferation, besides stimulat-
ing inflammation within a developing tumor (Perez-Lorenzo et al.  2010). This 
was evident by abrogation of TGF-β signaling by knocking out Smad3 (mothers 
against decapentaplegic homolog 3), which results in resistance to chemical car-
cinogenesis (Li et al. 2004; Mueller 2006).

TNF-α has been shown to activate neutrophils and mediate the cytotoxic effects 
of activated macrophages (Urban et al.  1986). The pro-inflammatory effect of 
TNF-α seems to be important for early stages of tumor promotion. This is evident 
from the observations, wherein TNF-α-deficient mouse is resistant to the develop-
ment of benign and malignant skin tumors induced by repeated DMBA exposure 
or initiation with DMBA and promotion with TPA/okadaic acid. The resistance 
was associated with a clearly decreased inflammatory response in the dermis of 
the transgenic animals. Later stages of carcinogenesis were not affected by TNF-α 
as tumors in wild-type and TNF-α-deficient mice showed similar rates of malig-
nant progression (Scott et al. 2004; Mueller 2006). TNF-α initiates the activation 
of NF-κB signaling through its receptor, TNFR1, by recruiting the IKK complex 
and through PKCζ and PI3K/Akt phosphorylation (Martin et al. 2001; Rundhaug 
and Fischer  2010). NF-κB signaling leads to the induction of a variety of anti-
apoptotic factors. Another TNFR1-mediated signaling pathway is the activation of 
the JNK cascade. The activated JNK phosphorylates the AP-1 transcription fac-
tor, leading to transcriptional up-regulation of AP-1-responsive genes, such as 
GM-CSF, MMP-3, and MMP-9, which are involved in proliferation, differentia-
tion, and apoptosis and promote inflammation and angiogenesis as well as inva-
sion of tumor keratinocytes (Scott et al. 2004; Rundhaug and Fischer 2010).

IL-1 is another important cytokine secreted by monocytes and macrophages, 
which drive the acute phase of inflammation. Many cell types produce IL-1 after 
stimulation by microorganisms, cytokines, or other environmental insults. IL-1α 
activates adjacent cells (or IL-1β on distant cells) to induce the expression of addi-
tional pro-inflammatory genes, including IL-6, COX-2, and iNOS (Apte et al. 2006). 
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Various skin tumor promoters induce IL-1α mRNA and protein expression in the 
epidermis in vivo (Oberyszyn et al. 1993; Lee et al. 1994). Blocking the activity of 
IL-1α with intradermal injections of a neutralizing antibody inhibits TPA-induced 
vascular permeability, inflammatory cell infiltration, and epidermal hyperplasia, 
which demonstrates the central role of IL-1α in mediating these tumor promoter-
related events (Lee et al.  1994). Transgenic mice over-expressing IL-1α in basal 
keratinocytes (K14 promoter) develop spontaneous inflammatory skin lesions, as 
well as dermal neutrophil infiltration even in non-lesional skin (Groves et al. 1995). 
Moreover, stable over-expression of antagonist of IL-1 (IL-1Ra) in mouse skin car-
cinoma cell line results in down-regulated COX-2 expression and slower in vitro 
and in vivo growth. These results indicate that IL-1 is contributing to malignant 
cell proliferation (Rundhaug and Fischer 2010). IL-12 and IL-23 also play role in 
skin tumorigenesis, wherein IL-12 acts as a tumor suppressor by inducing immune 
surveillance and IL-23 promotes skin tumorigenesis by driving inflammation and 
reducing immune surveillance. While IL-12p35-null mice develop papillomas ear-
lier and more frequently than wild-type mice, IL-23p19-null mice, as well as p40-
null mice, are resistant to DMBA/TPA induction of skin tumorigenesis (Langowski 
et al.  2006). In addition, IL-12p35- and IL-12p40-null mice are more sensitive to 
UV-induced skin carcinogenesis, with reduced repair of UV-induced DNA damage, 
increased number of tumors per mouse, more rapid growth, and greater malignant 
potential than wild-type mice. UV-induced tumors from IL-12p35-null mice also 
have increased angiogenesis and up-regulated expression of pro-inflammatory IL-6 
and IL-23 (Meeran et al. 2007). Thus, IL-12 counteracts UV-induced immunosup-
pression, inflammation, and skin carcinogenesis.

Proteinases such as MMP-2 and MMP-9, provided by mast cells as well as 
granulocyte neutrophils in inflammatory microenvironment, play important roles 
as regulators of development, angiogenesis, and tumor progression. The essential 
role of stromal MMP-9 for tumor development in K14-HPV16 transgenic mice 
showed that mice deficient for MMP-9 resulted in decreased tumor incidence 
(Coussens et al. 1996). In addition, lack of MMP-9 was associated with delayed 
activation of angiogenesis in the stroma of the lesions (Mueller 2006). In another 
study, it has been shown that MMP-9 expressed by inflammatory cells is function-
ally involved in distinct processes of epithelial carcinogenesis such as regulation 
of oncogene-induced keratinocyte hyperproliferation, progression to invasive can-
cer, and end-stage malignancy (Coussens et al. 2000).

17.5 � Evidence from Patients for the Role of Inflammation 
in Skin Cancer

The association between chronic inflammation and cancer including epithelial 
skin tumors was illustrated by epidemiologic and clinical studies for years (Lu 
et al. 2006). One of the earliest descriptions for the relationship between chronic 
inflammation and epithelial skin tumors is Marjolin’s ulcer, which describes a 
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relatively uncommon ulcerative condition associated with a thermal injury in 
which malignant transformation occurs within a chronic inflammatory focus. 
Various other similar associations have been observed for lupus erythematosus, leg 
ulcerations, osteomyelitis, perineal inflammatory disease, ulcerative lichen planus, 
and epidermolysis bullosa, where SCC development with inflammatory disorders 
had been seen in non-healing wounds. Inflammation also plays an important role 
in skin cancer progression. It is evident in a study, where progression of AK to 
SCC preceded by a short inflammatory phase in the AK. This is paralleled by an 
increase in the number of cells expressing detectable levels of p53 and Bcl-2 and a 
decrease in the number of cells expressing FasL, suggesting increasing resistance 
to cell cycle arrest and apoptosis (Mueller 2006).

It is established knowledge that there may be a mild-to-moderate chronic inflam-
matory cell infiltrate at the periphery of the tumors. In the cohort study of patients 
with head and neck cutaneous SCC, a dense infiltrate of lymphocytes was found 
in the dermis in 84/315 index tumors. Notably, the proportion of the presence of 
this infiltrate was significantly higher in those tumors that recurred (Kyrgidis et 
al.  2010). Moreover, peri-neoplastic inflammation in intraepithelial SCC is pro-
nounced both in immune-competent patients and in organ transplant recipients 
(OTRs). Inflammation increases further in invasive SCC. OTRs show reduced pro-
portions of regulatory T cells and CD123+ plasmacytoid dendritic cells. This dis-
tinct inflammatory infiltrate may result in the increased cutaneous carcinogenesis 
and more aggressive behavior of SCC in OTRs (Muhleisen et al. 2009).

In response to systemic inflammation, and in particular to elevated IL-6 levels, 
the liver produces C-reactive protein (CRP) used as a marker of systemic inflamma-
tion, which binds to dead or dying cells to activate the complement system. Elevated 
CRP concentration increases the risk for “all-cause” mortality compared to other 
subjects (Marsik et al.  2008). Cancer patients with highly elevated CRP showed 
increased mortality by a factor of 28, which confirms correlation between cancer 
progression and inflammation. Mikirova et al. (2012) observed that twenty-eight out 
of forty-five subjects had sharply elevated CRP levels in cancer patients, suggest-
ing that inflammation is a prevalent problem for cancer patients. This is especially 
important since other reports indicate that inflammation, particularly elevated CRP, 
is a marker of a poor prognosis (St Sauver et al. 2009). They also observed higher 
level of pro-inflammatory cytokines IL-1α, IL-2, IL-8, TNF-α, chemokine eotaxin, 
which were reduced after treatment for vitamin C (Mikirova et al. 2012).

Prostaglandins generated by the arachidonic acid cascade particularly PGE2 
have been involved in various models for tumorigenesis (Vanderveen et al. 1986). 
Squamous cell skin cancer appears to link with chronic activation of the PG bio-
synthetic pathway resulting from recurrent UVB exposure. In the series of tumor 
biopsies evaluated, COX-2 was highly expressed in SCC within the overlying sun-
exposed epidermis as well as within the tumor nests. Positive staining was also 
observed within the endothelium and smooth muscle layers of the blood vessels 
and infiltrative macrophages of SCC biopsies (Buckman et al. 1998).

Taken together, the association of inflammation with enhanced tumor formation 
and tumor progression has been supported by a large number of clinical studies; 



45717  The Role of Inflammation in Skin Cancer

however, these studies do not allow any insight in the cellular and molecular 
mechanisms that lie at the basis of the tumor and progression-promoting effect of 
inflammation in epithelial skin cancers.

17.6 � Inhibitors of Inflammation for the Prevention  
and Treatment of Skin Cancer

Evidence suggests that inflammation is causally linked to carcinogenesis (Balkwill 
and Coussens 2004). COX-2, the rate-limiting enzyme in arachidonic acid metab-
olism leading to PG synthesis, is up-regulated in murine and human NMSC. 
Inhibition of COX-2 by biochemical inhibitors or genetic deletion decreases 
chemical- or UV-induced skin tumor development (Wright et al. 2006). A number 
of animal models have shown that inhibition of COX-2 helps prevent skin cancer, 
including UVR-induced skin carcinogenesis and two-stage skin carcinogenesis 
model in mice.

17.6.1 � Non-steroidal Anti-inflammatory Drugs (NSAIDs)

Drugs of this class include celecoxib, diclofenac, indomethacin, sulindac, aspi-
rin, and ibuprofen. They act by repressing prostaglandin biosynthesis through 
inhibition of COX (Bode and Dong 2000). The expression of COX-2 is linked to 
excessive activation of intracellular signal transduction pathways comprising pro-
line-directed serine/threonine kinases and their downstream transcription factors. 
There is an important relation between MAPK signaling and COX-2 expression, 
which further supports the idea that agents modulating MAPK signaling pathways 
can be effective in chemoprevention of skin cancer (Shrotriya et al. 2010).

Celecoxib, a COX-2 inhibitor, decreases macrophage and neutrophil infiltra-
tion into skin tumors, as well as inflammation induced by 50 Gy radiation (Liang 
et al.  2003). Celecoxib at the doses, determined to be equivalent to twice-daily 
doses in humans, was effective at increasing tumor latency and decreasing mul-
tiplicity in hairless mice exposed to UVR. This study showed a decrease in PG 
synthesis in the epidermis, as well as a statistically significant decrease in tumor 
yield (Fischer et al. 1999). Oral or topical administration of celecoxib has been 
reported to prevent new tumor formation after the onset of UV-induced photocar-
cinogenesis in hairless mice (Wilgus et al. 2003), while also suppressing PGE2 
production induced by UVB. Such sensitization appears to be mediated through 
inhibition of AP-1, JNK, and p38 signaling pathways. In DMBA-initiated/TPA-
promoted female ICR mouse skin, application of celecoxib also significantly 
reduced the multiplicity of papillomas, which was associated with decreased 
expression of COX-2 and VEGF, as well as inhibition of CCAAT (cytidine–
cytidine–adenosine–adenosine–thymidine)/C/EBP (enhancer binding protein) 
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activation (Chun et al. 2006). Oral administration of celecoxib is also effective in 
the prevention of SCC and BCC in individuals who have extensive actinic dam-
age and are at high risk for the development of NMSC (Elmets et al. 2010).

Topical application of etodolac one week prior to and after the tumor initiation 
resulted in a significant delay of the tumor induction and inhibition of the tumor 
burden as well as multiplicity in the DMBA/TPA-induced skin tumorigenesis in 
ICR mouse. Treatment with oxyphenbutazone in drinking water increased the 
tumor latency period and decreased the tumor incidence as well as tumor burden 
in the peroxynitrite-induced/TPA-promoted skin tumors in the HOS-HR-1-specific 
pathogen-free mice (Kapadia et al. 2010).

The prototypical COX inhibitor, aspirin, blocks enzymatic activity covalently 
through the acetylation of Ser-530 in COX-1 and Ser-516 in COX-2 (Wennogle 
et al. 1995). Aspirin inhibits both UVC- and UVB-induced AP-1 activity in a dose-
dependent manner, when the cells are treated with aspirin or before exposure to 
UVR. The inhibition of UVB-induced AP-1 activity appears to mediate through 
their ability to block the activation of ERKs, JNKs, and P38 kinases, whereas 
the inhibitory effect on UVC-induced AP-1 activity seems to be mediated only 
through the inhibition of JNKs. In the skin of AP-1/luciferase transgenic mice, 
topical pretreatment of mouse skin with aspirin blocked the UVB-induced AP-1 
transactivation in vivo (Huang et al. 1997).

Topical application of indomethacin reduced skin tumor development by 
~30 % in the DMBA/TPA-induced mouse skin tumorigenesis (Slaga et al. 1977). 
Indomethacin has also been shown to reduce photocarcinogenesis in mice and 
when administered through diet led to the decrease in tumor yield by 78  % in 
UV-induced skin tumor development in SKH:HR-1 hairless mice and also blocked 
PG synthesis in the epidermis (Fischer et al. 1999).

Diclofenac, a non-selective NSAID, is widely used in the treatment of AK. In 
a study of 32 organ transplant recipients with 3 or more AK, patients randomized 
to twice-daily treatment with 3 % diclofenac showed decrease in lesions and no 
patients in the diclofenac group had developed SCC in the treated areas. Thus, 
diclofenac may prevent the cancerous transformation of AK (Ulrich et al. 2010).

Sulindac is NO-releasing NSAIDs, which when synthesized reduces gastro-
intestinal and cardiovascular toxicities of NSAIDs and possess anti-proliferative, 
pro-apoptotic, and anti-cancer activities. In the skin, topical application of sulin-
dac reduces UVB-induced cutaneous phototoxicity and significantly decreased 
the development of UVB-induced skin tumor in SKH-1 hairless mice, as indi-
cated by a substantial reduction in tumor number and tumor volume. The inhibi-
tory effect was corroborated by increase in Bax:Bcl-2 ratio and the expression of 
pro-apoptotic BCL-2-associated X protein (Bax), decrease in anti-apoptotic Bcl-2 
expression indicating increased apoptosis, and reduced cell proliferation as evident 
by decreased expression of proliferating cell nuclear antigen (PCNA) and cyclin 
D1. Sulindac diminished UVB-induced inflammatory responses as observed by 
a remarkable reduction in the levels of phosphorylated MAPK such as ERK1/2, 
p38, and JNK1/2. It also inhibited NF-κB by enhancing IκBα as evidenced by the 
reduced expression of iNOS and COX-2, the direct NF-κB transcription target 
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proteins. Moreover, sulindac also significantly reduced the progression of benign 
lesions to invasive carcinomas by suppressing the tumor aggressiveness and 
retarding epithelial–mesenchymal transition. Thus, sulindac is a potent inhibitor of 
UVB-induced and chemically induced skin carcinogenesis and acts by targeting 
proliferation regulatory pathways (Kim et al. 2006; Chaudhary et al. 2013).

17.6.2 � Naturally Occurring Plant Products

Dietary polyphenols which are widely present in fruits, vegetables, dry legumes, 
and beverages (such as tea, coffee, juice, wine, beer) have gained considerable 
attention for the prevention of UV-induced skin photodamage including the risk of 
skin cancer. Experimental and epidemiologic studies have suggested that polyphe-
nols protect the skin from the adverse effects of UV radiation. Polyphenols have 
been shown to (a) scavenge radical species such as ROS/RNS, e.g., O2

−, H2O2, 
OH•, ONOO−; (b) suppress ROS/RNS formation by inhibiting some enzymes or 
chelating trace metals involved in free radical production; and (c) up-regulate or 
protect antioxidant defense (Patel et al. 2007).

Oral administration of green tea polyphenols (GTPs) to SKH-1 hairless mice 
resulted in significant inhibition of UVR-induced cutaneous edema, erythema, 
and bifold skin thickness (a biomarker of inflammation). Administration of GTPs 
in drinking water decreased COX-2, PGE2, PCNA, and cyclin D1 and also sig-
nificantly reduced the levels of various pro-inflammatory cytokines in chronically 
UVB-exposed skin/skin tumors of mice (Meeran et al. 2009). Topical treatment 
with GTPs prior to UV exposure reduced the UV-induced hyperplastic response, 
myeloperoxidase (MPO) activity, and the numbers of infiltrating inflammatory 
leukocytes in the skin (Afaq et al.  2003). Moreover, similar administration of 
both agents in the untanned backs of humans resulted in significantly less devel-
opment of erythema as compared to the UV-irradiated skin that was not treated 
with GTPs (Katiyar et al. 2001). Topical application of EGCG, an active constitu-
ent of green tea, in mice and humans, resulted in the inhibition of UVB-induced 
production of PG metabolites (PGE2, PGF2-α, and PGD2), which play a critical 
role in inflammatory disorders, free radical generation, proliferative skin diseases, 
and skin tumor promotion (Katiyar et al. 2001; Katiyar and Mukhtar 2001). The 
inhibitory effects of GTPs on these biomarkers of inflammation in UV-exposed 
skin provide mechanistic evidence of the anti-carcinogenic effects of GTPs. 
Studies have also shown that topical pretreatment with polymeric black tea poly-
phenols in Swiss bare mouse skin decreased TPA-induced inflammatory pro-
tein (COX-2) and cellular proliferation through decreasing activation of cellular 
kinases (JNK, ERK, p38, and Akt) and transcription factors (AP-1 and NF-κB) 
as well as apoptosis (Patel et al. 2008). The above in vivo observations generated 
using both animal and human systems provide insights into the possible protec-
tive mechanisms involved in the anti-initiating and/or anti-inflammatory effects 
of tea polyphenols.
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Dietary intake or topical treatment of silymarin as well as resveratrol in UVR-
exposed mice also resulted in similar inhibitory effects in terms of inflammation-
related biomarkers as observed with GTPs (Gu et al. 2007). These products also 
inhibited the expression of ornithine decarboxylase (ODC), an enzyme required 
for polyamine biosynthesis, which has a role in tumor promotion in UVB-
exposed skin. Moreover, topical pretreatment with resveratrol in mouse skin is 
reported to inhibit the TPA-induced (a) AP-1 (c-jun and c-fos) via modulation 
of p38 and JNK; (b) nuclear translocation of p65 and subsequent DNA binding 
of NF-κB by blocking the degradation of IκBα; (c) phosphorylation of p65 and 
its interaction with CREB-binding protein (CBP)/p300, rendering NF-κB tran-
scriptionally inactive; and (d) mRNA levels of COX-1, COX-2, c-myc, c-fos, 
c-Jun, TGF-β1, and TNF-α and protein levels of COX-2 (Jang and Pezzuto 1999; 
Kundu et al.  2006). Topical application of rosemary was observed to decrease 
TPA-induced tumor promotion through inhibition of hyperplasia, ODC activity, 
and inflammatory responses (Osakabe et al. 2004).

Bromelain derived from pineapple, when applied topically, resulted in delay in 
onset and thereby inhibition of tumor development in DMBA-initiated/TPA-promoted 
skin tumors in female Swiss albino mice. The mechanism involved in anti-carcino-
genic activity is underlined by induction of p53, shift in Bax/Bcl-2 ratio, induction of 
caspases, decrease in COX-2 expression, and inhibition of NF-κB pathway by regu-
lating MAPK and Akt/PKB pathways (Bhui et al. 2009). Pretreatment with oligonol 
has been shown to significantly inhibit the expression of COX-2 in skin papillomas 
and carcinomas in DMBA/TPA-induced skin carcinogenesis (Kundu et al. 2009).

Administration of polyphenol fraction from dried fruits of Crataegus pinnatifida  
(CF-TP), diallyl trisulfide (DATS), organosulfur compounds from garlic, and 
D-limonene exhibited an inhibitory effect on DMBA/TPA-mediated mouse skin 
tumorigenesis. These effects are evidenced by reduction in TPA-mediated inflamma-
tory responses (edema, hyperplasia, COX-2, iNOS expression), activation of ODC, 
and oxidative stress, which were attributed to the inhibition of Ras/Raf/ERK1/2 
signaling pathway, blockade of AP-1 activation via downregulation of upstream Akt 
and JNK signaling pathways, and promotion to pro-apoptotic state (Chaudhary et 
al. 2012; Shrotriya et al. 2010). Moreover, CF-TP inhibited the activation of NF-κB 
and AP-1 induced by TPA in JB6 P+ cells as well as benzo[a]pyrene (B[a]P)/TPA-
induced skin tumor formation and decreased the incidence of tumor. CF-TP also 
suppressed TPA-induced MPO activation, which is used as a marker to quantitate the 
extent to which leukocytes that have infiltrated into the dermis produce reactive oxy-
gen intermediates in response to topical stimuli (Kao et al. 2007). Apigenin exerts 
chemopreventive effects on UVB-induced COX-2 and skin inflammation in JB6 P+ 
mouse epidermal cells and SKH-1 hairless mice by directly suppressing Src kinase 
activity (Byun et al. 2013).

Topical application of euphol isolated from the roots of Euphorbia kan-
sui markedly inhibited TPA-induced ear edema and skin inflammation in 
DMBA/TPA-treated male CD 1 mice (Yasukawa et al. 2000). Euphol also inhib-
ited activation of downstream signaling proteins, namely PKC and MAPKs, which 
in turn decreased the levels of CXC chemokines and COX-2, following topical 
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application of TPA. Thus, euphol exhibits strong topical anti-inflammatory actions 
on mouse ear through a mechanism that involves its ability to regulate PKC 
and ERK activation, resulting in reduced COX-2, MIP-2, and CXCL1/KC up- 
regulation and leukocyte infiltration (Passos et al. 2013).

Female Swiss albino mice pretreated topically with geraniol (GOH) prior to 
TPA administration significantly inhibited TPA-induced lipid peroxidation (LPO), 
inflammatory responses, pro-inflammatory cytokine release, reduced glutathione 
(GSH) content, and the activity of different antioxidant enzymes. GOH attenuated 
early tumor promotional changes through TPA-induced altered expression of NF-
κB (p65) and COX-2 and inhibited TPA-induced altered activity of p38 MAPK. 
GOH also effectively suppresses the production of the TNF-α, IL-1β, and IL-6 
cytokines (Khan et al. 2013).

Topical treatment of UVB-induced mice with honokiol, magnolol, or silib-
inin decreased tumor multiplicity and volume. These effects are corroborated by 
decrease in the UVB-induced expression of markers of inflammation and prolif-
eration, e.g., COX-2, PGE2, PCNA, cyclins, Cdc25B, and associated Cdks (2, 4, 
6) besides phosphorylation and nuclear translocation of STAT3 (Tyr 705, Ser536) 
and NF-κB/its DNA-binding activity, which are potential upstream regulators 
of iNOS and COX-2 in the skin/skin tumors of mice. Moreover, these products 
increased the levels of CDK-interacting protein 1 (Cip)/p21, Kip/p27, cleavage of 
caspase-8, and poly-ADP-ribose polymerase (PARP) by inhibiting the levels of 
PI3K and the phosphorylation of Akt (Mallikarjuna et al. 2004; Vaid et al. 2010; 
Chilampalli et al. 2011). Treatment with honokiol also significantly inhibited 
UVB-induced expression of pro-inflammatory cytokines, such as TNF-α, IL-1β, 
and IL-6, in the mouse skin/skin tumors and that may have contributed in the inhi-
bition of tumor development (Vaid et al. 2010). Topical pretreatment with delphi-
nidin inhibits the UVB-induced MAPKK and PI3K activity directly to suppress 
COX-2 over-expression in mouse skin (Kwon et al. 2009).

Caffeine is effective in inhibiting the UVB-induced AKT/COX-2 pathway inde-
pendent of ATR in human HaCaT keratinocyte, which results in the induction of 
UVB-induced apoptosis. Blocking the AKT/COX-2 signaling by caffeine spe-
cifically eliminates UVB-damaged keratinocytes without complete DNA repair 
through apoptosis (Han et al. 2011).

Benzene fraction of Selaginella bryopteris inhibited the expression of the 
inflammatory cytokines IL-8, IL-1β, and TNF-α in methyl isocyanate-stimulated 
HEK-293 cells. In a parallel study involving a two-stage protocol of DMBA/ 
croton oil-induced skin carcinogenesis, oral administration of the flavonoid-rich 
benzene fraction of S. bryopteris prior to croton oil application caused signifi-
cant reduction in tumor incidence and multiplicity with significant delay in the 
latency period, providing evidence to the effect of polyphenolic flavonoids as anti- 
carcinogenic and/or anti-tumor-promoting agents (Mishra et al. 2011).

Collectively, the results concerning the inhibitory effects of these natu-
rally occurring plant products on UV- and phorbol ester-induced inflammatory 
responses revealed that anti-carcinogenic activity of naturally occurring plant 
products is mediated in part through their anti-inflammatory effects.
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17.7 � Conclusions and Future Directions

Melanoma and non-melanoma skin cancers are among the most prevalent cancers 
in human. Epidemiological and experimental evidence suggests “chronic inflam-
mation” to be one of the hallmarks in solar UVR and several other environmen-
tal agent-mediated skin cancers. The identification of transcription factors, i.e., 
NF-κB, STAT3, and HIF-1α, and their gene products, i.e., COX-2, cytokines, 
chemokines, and chemokine receptors, suggests critical role of inflammation 
in skin carcinogenesis. Considering the potential role of inflammation in initia-
tion and its major as well as convincing role in promotion, progression as well as 
tumor angiogenesis and metastasis, inflammatory pathways may become attractive 
targets for skin cancer prevention. Efforts to prevent or minimize the exposure to 
known skin carcinogens and ongoing studies on evaluating the role of various pro-
inflammatory mediators in carcinogenesis and assessing them as potential targets 
for chemoprevention of skin cancers need to be enhanced/encouraged.
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