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Abstract

:

The process of skin carcinogenesis is still not fully understood. Both experimental and epidemiological evidence indicate that chronic inflammation is one of the hallmarks of microenvironmental-agent-mediated skin cancers and contributes to its development. Maintaining an inflammatory microenvironment is a condition leading to tumor formation. Multiple studies focus on the molecular pathways activating tumorigenesis by inflammation and indicate several biomarkers and factors that can improve diagnostic and prognostic processes in oncology and dermatology. Reactive oxygen species produced by ultraviolet radiation, oxidizers, or metabolic processes can damage cells and initiate pro-inflammatory cascades. Considering the potential role of inflammation in cancer development and metastasis, the identification of early mechanisms involved in carcinogenesis is crucial for clinical practice and scientific research. Moreover, it could lead to the progress of advanced skin cancer therapies. We focus on a comprehensive analysis of available evidence and on understanding how chronic inflammation and ultraviolet radiation can result in skin carcinogenesis. We present the inflammatory environment as complex molecular networks triggering tumorigenesis and constituting therapeutic targets.
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1. Introduction


The skin is the largest organ of the body with a strategic location, being a barrier between internal tissues and an external environment. The skin maintains an organism’s homeostasis and ultimately the organism’s survival. It protects the organism from radiation, protects the body from mechanical stress, and forms the main wall against pathogens [1]. Undoubtedly, the disturbances of skin may induce inflammation, which is described by the infiltration of leukocytes and plasma into tissue undergoing disrupted homeostasis [2]. However, acute inflammation responds to the induced changes by removing the cause of the impairment and restoring homeostasis to the affected tissue. Chronic inflammation may promote malignant cells’ transformation and can further initiate tumor formation [3,4]. Ultraviolet radiation (UVR) from sunlight causes the most harmful effects on human health [5]. The link between URV and skin carcinogenesis has been presented within multiple epidemiological research studies. UV light influences the homeostasis of cells and tissue because of its damaging effect on DNA integrity, its modification of the expression of many genes, and its generation of reactive oxygen species (ROS). The DNA repair system protects cells from damage caused by UVR. Under normal conditions, ROS mediate crucial valuable responses, such as destroying microorganisms [6] and managing cellular growth, differentiation, and migration, which regulate cellular adhesion and vascular tone. When their production is prolonged or elevated, ROS stimulate tissue inflammation and induce intracellular protein complexes, such as inflammasomes activation [7]. Excessive levels of ROS result in oxidative stress [6,8], which is a disproportion between the ROS’ systemic manifestation and the organism’s capability to detoxify the reactive intermediates and to repair the consequential damage.



Activated keratinocytes with resident dendritic cells (DCs), melanocytes, and Langerhans cells (LCs) produce pro-inflammatory cytokines that are involved in the upregulation of inflammatory reactions and that modulate adaptive and innate immune responses [9,10]. All the immune related bioactive molecules such as cytokines, growth factors, and chemokines infiltrating the tumor microenvironment have an autocrine as well as a paracrine effect that deregulates a local milieu, initiating uncontrolled inflammation and therefore favoring the tumorigenesis process. Various lymphoid and myeloid cells penetrate the tumor microenvironment and have contradictory effects on tumor progression [11,12]. Chronic inflammation is governed by regulatory T cells, T helper (Th)2 cells that secrete tumorigenic factors including transforming growth factor beta (TGF)-β and interleukin-4 (IL-4), IL-6, IL-10, and IL-13, while acute inflammation is connected with Th1-polarized T lymphocytes activated by innate immune cells, producing mostly antitumor molecules such as interferon (IFN) γ or IL 2. Inflammatory mediators, such as tumor necrosis factor (TNF)-α, IL-6, IL-10, and TGF-β, participate in tumor initiation and progression [13]. Chronic inflammation maintains the pro-tumoral environment [14,15]. Skin that interacts with various environmental factors and is exposed to chronic inflammation triggers various processes underlying tumorigenesis. A specific inflammatory microenvironment within skin cancer also inhibits natural antitumor immunity and reduces the effectiveness of therapy.



Cutaneous keratinocyte cancers including basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the head and neck currently represent the most common form of neoplasm in Caucasians. The rapid increase is based on UVR exposure, accounting for almost 90% of non-melanoma skin cancer cases. BCC is more connected with intermittent sun exposure in childhood, accounting in some populations for up to 80% of all carcinomas, while SCC development is more related to exposure to chronic UVR [16,17,18]. Taking into consideration that skin cancer is one of the most common malignancies, whose incidence is rapidly increasing worldwide, analysis of inflammatory background of cutaneous keratinocyte cancers and melanomas and their complex molecular networks could act as triggers of tumorigenesis or therapeutic targets. In this review, we aim to review and conclude the current data of inflammatory signaling and its role in skin carcinogenesis, with a detailed analysis of the role of inflammation in the development of different skin cancers.




2. Ultraviolet Radiation and Skin Components Involved in Inflammation


All living organisms on our planet are exposed to solar radiation, which includes ultraviolet radiation. UVR can affect the human system both positively and negatively. The advantages of exposure to UVR are primarily the synthesis of vitamin D [19,20]. The harmful properties of ultraviolet radiation include mainly the effects of this factor on the skin in the form of sunburn, photodermatosis, photoaging, and the formation of precancerous and neoplastic skin lesions. To respectively discuss the relationship between chronic inflammation induced by UVR and skin carcinogenesis, it is first crucial to present the functions of the skin and details about its role and structure, which determine UVR characteristics.



UVR is one of the strongest causal risk factors for skin cancer development. Nitrogen and oxygen molecules present in the earth’s atmosphere absorb UVC radiation almost completely and 90% of the UVB radiation, which means that only a small part of the UVR reaching the earth’s surface is composed predominantly of 95% UVA radiation, with only 5% UVB radiation [21]. UVA radiation causes erythema very quickly and is irritating to the conjunctiva and the cornea of the eye. UVA and UVB can cause DNA damage and inflammation that over time may lead to skin cancer development [22,23]. Defective DNA is usually restored by a nucleotide excision repair pathway, while a faulty repair mechanism for broken DNA may lead to cancer development [24]. UV radiation acts as a connection between inflammation and skin cancer, as its exposure affects immunological functions in skin [25]. The data in the available literature in most cases do not distinguish between UVA and UVB radiation [26]. However, recent studies have shown inconsistent and varying results, some of which have found that UVB radiation is much more cytotoxic and mutagenic to skin tissue [27,28]. It is recognized that UVA radiation is over 1000 times less mutagenic than UVB radiation [29]. It penetrates deeply into the skin from all ranges of UV radiation and increases the harmful effects of UVB emission. Additionally, it affects fibroblasts, dendritic cells of the skin, vascular endothelial cells, T-lymphocytes, mast cells, and granulocytes [30]. UVA causes photoallergic and phototoxic reactions. It contributes to the formation of free radicals, and due to its destructive effect on DNA, it also has mutagenic and carcinogenic properties [31]. More than 50% of UVA radiation penetrates the reticulate and papillary layers of the skin, while 90% of UVB radiation is retained by the horny layer of the epidermis. UVB radiation acts on the superficial layers of the skin down to the level of the basal layer. By affecting mainly keratinocytes, melanocytes, and Langerhans cells, it causes burns and skin erythema and contributes to DNA structure damage.



UVA radiation leads to the destruction of the genetic material of the cell, under the influence of the produced ROS. As a result of the action of these forms, oxidative products are formed that have mutagenic properties, and as a result, the process of carcinogenesis within epidermal cells is initiated [31,32]. The cytotoxic effect of exposure to UVA radiation is less marked than UVB radiation since DNA is not a UVA chromophore [33] and its genotoxic effect is mediated through an indirect mechanism. The production of ROS in skin exposed to UVA causes oxidative stress in keratinocytes, which results in irreversible damage to keratinocyte stem cells, which are then transferred to “daughter cells” [34].



The destructive effect of UVB radiation results from the fact that the DNA covering the aromatic rings is a chromophore absorbing UVB radiation, which results in photoproducts such as the 6,4-pyrimidone (6,4-PP) photoproduct and cyclobutanol pyrimidine dimers (CPDs) [35,36]. What is more, the destructive effect of UVB radiation consists of breaking the bonds between the pyrimidine bases, resulting in the formation of cyclobutane pyrimidine or dipyrimidine dimers, which show mutagenic properties by disrupting the elongation of transcription processes. Failure to repair damaged DNA contributes to the formation of permanent mutations. In addition, like UVA radiation, exposure to UVB radiation may generate ROS that could damage DNA and protein molecules as well as lipids [37,38,39,40]. ROS cause oxidative stress, inducing epidermal inflammation, which results in the development of skin cancer [39,40]. Importantly, under the influence of UVB rays, ROS are formed at a much lower rate in comparison with UVA radiation [39,41].



The role of the aryl hydrocarbon receptor (AHR) for filaggrin production and its contribution to the skin barrier has already been discovered [42,43]. Moreover, the UV damage response by keratinocytes has been reported as well [44]. AHR signaling is critical for healthy skin, as it is involved in immunity and DNA damage response [45]. It is also involved in skin pathogenesis, especially in overshooting inflammation, UV skin damage, and the induction of Treg cells by UVR and skin cancer. AHR-mediated resistance to UVB radiation-induced apoptosis could be most related to skin photocarcinogenesis [46]. AHR can desensitize keratinocytes to UVB-induced apoptosis signaling [47]. Furthermore, it was revealed that the AHR suppresses pyrimidine dimer repair in vitro and in vivo and blocks the formation of double strand breaks that lead to apoptosis [45]. Remarkably, AHR knockout mice exhibited 50% fewer UVB-induced cutaneous squamous cell carcinomas than wild-type mice. Thus, AHR impacts DNA damage-dependent responses in UVB-irradiated keratinocyte carcinoma and critically contributes to skin photocarcinogenesis in mice [45].



Various external factors, mainly UVR, may activate keratinocytes, the main cellular components of the skin, and other components minor in number, such as melanocytes and skin resident LCs and DCs. Afterward, cell stimulation secretes immune-related molecules such as growth factors, cytokines, and chemokines, which alter the local microenvironment, predisposing one to inflammation and subsequent tumorigenesis [48]. Stimulated keratinocytes may play two roles in activating T cells. On the one hand, the upregulation of T cell functions is connected with the secretion of granulocyte-macrophage colony stimulating factor (GM-CSF), IL-1, IL-6, IL-7, IL-12, IL-15, IL-18, and TNF-α by these skin cells. In turn, bioactive molecules such as IL-1Rα, IL-10, chemokine (CXC motif) ligand 10 (CXCL10), α-melanocytes stimulating hormone (α-MSH), prostaglandin E2 (PGE2), and anti-IL-1 secreted by keratinocytes can lower T cell functions [49].



In addition to keratinocytes, recent studies have indicated that human sebocytes are not only passive during skin inflammation, which was previously believed, but are active modulators of immune system cell responses via cytokine and chemokine secretion [50,51,52]. The main role of sebocytes is the production and secretion of lipids that moisturize skin. Nevertheless, it was stated recently that CD4+ IL-17+ T cells are connected in acne lesions with sebocytes and secrete chemokines, such as CXCL8, which interact with neutrophils, T lymphocytes, and monocytes. Furthermore, other cytokines such as IL-1β, TGF-β, and IL-6, also secreted by sebocytes, activate the differentiation of CD4+ CD45RA+ naive T cells to Th17 cells without disturbing memory T cells. For the first time, a direct correlation between the sebaceous cells of the skin and the activation of chronic inflammatory processes has been demonstrated, leading to a pro-carcinogenic process [50].



Fibroblasts are another skin cell population connecting tumorigenesis and inflammation in cutaneous tissue. These cells are involved in wound healing by producing and depositing collagen, which causes fibrosis. Fibrous connective tissue is the microenvironment of pro-carcinogenesis [53].



Recent studies have shown that gender plays an important role in inflammation and predisposition to skin cancer development. Qing-Yuan et al. [54] revealed that both ROS production and IL-6 and TNF-α protein expressions in skin exposed to UVR were more elevated in male mouse models compared with females. Sex hormones could be modulators of skin carcinogenesis, as there are gender differences in tumor development in skin exposed to UVR. It was observed that estrogen could play a protective role in skin physiology [55]. The anti-inflammatory activity of estrogen was attributed to the interference of nuclear factor kappa B (NF-κB) transcriptional activity [56,57].



It is worth emphasizing that exposure to UVB radiation causes immunologic deviations that inhibit the host immune system from recognizing the tumor and lead to immunologic tolerance. UVR-induced immune suppression is a crucial risk factor for the development of skin cancer. It has been confirmed in multiple studies that UVR-induced by tolerance involves the appearance of regulatory T cells within the tumor-bearing hosts, which inhibit immunologic recognition of the tumor. UVR stimulates keratinocytes to release immunosuppressive soluble mediators, including IL-10. These mediators may then enter the circulation and may suppress the immune system in a systemic manner. The immunosuppressive effects of IL-10 could be factors by which these tumors escape immunologic control [58]. Antigen-presenting cells (APCs) are prevented from performing their normal function by cytokines, most notably IL-10 and TNF-α, released by keratinocytes and mast cells.



UV-induced DNA damage, predominantly in the form of CPDs, has been recognized as a crucial molecular trigger for the suppression of immune responses and the initiation of UV-induced carcinogenesis [59]. Moreover, it is a significant event in the migration of antigen-presenting cells (such as Langerhans cells in the epidermis) from the skin to the draining lymph nodes. DNA damage in antigen-presenting cells impairs their capacity to present antigen, which in turn results in a lack of sensitization [60]. CPD-containing antigen-presenting cells were observed in the draining lymph nodes of UV-exposed mice [61]. These antigen-presenting cells were determined to be of epidermal origin and to exhibit an impaired ability to present antigen. Thus, UV-induced DNA damage is one of the earliest molecular events in the development of immune suppression.



The immunoregulatory cytokine IL-12 may remove or repair UV-induced DNA damage in the skin [62]. Depending on the severity of the DNA damage following UV exposure of the skin, keratinocytes in the skin can progress to either apoptosis or DNA repair pathways. If the DNA damage is irreparable, the cell cycle is arrested and the keratinocyte is transformed into a sunburn cell, which is an early morphologic indicator of epidermal cell apoptosis. It was revealed that the endogenous DNA repair mechanism requires the presence of IL-12 in mice, which supports the concept that IL-12 could repair UVB-induced DNA damage [62].




3. Signaling Pathways Connected with Skin Cancer and Inflammation


Inflammation is involved in almost all phases of cancer development, including initiation, malignant conversion, promotion, tissue invasion, progression, and metastasis [63]. Inflammatory responses are responsible for almost 20% of the global cancer burden worldwide [14,64,65]. Thus, tumor-related inflammation represents one of the seven hallmarks of cancer that are required for tumor development [66]. Biochemical studies and genetic knockout mice models have indicated that two transcription factors, signal transducer and activator of transcription 3 (STAT3) and NF-κB, are the major factors associated with inflammation related to cancer [63]. The tumor inflammatory microenvironment plays an important role in carcinogenesis by enhancing the proliferation of mutated cells. Inflammatory cells can enhance mutation rates by inducing DNA damage and genomic instability through ROS and reactive nitrogen intermediates [63]. Hypoxic conditions in a cancer microenvironment stimulate the angiogenesis required for tumor growth by inducing the expression of hypoxia-inducible factor-1 alpha (HIF-1α) [63].



Inflammatory signaling pathways connected with tumors consist of an intrinsic and extrinsic part. As presented in the previous part of the review, chronic inflammation leading to malignancy is induced by the production of oxidative stress in response to radiation such as UVR, mechanical and chemical factors, or pathogens. These factor-promoting conditions, which increase the risk of cancer, constitute the extrinsic pathway. Skin exposure to various provocative agents induces the infiltration of neutrophils, which are key producers of reactive nitrogen species and ROS involved in all phases of carcinogenesis. Elevated levels of ROS can activate nuclear factor kappa B (NF-κB), phosphoinositide 3-kinase/Akt8 virus oncogene cellular homolog (PI3K/Akt) pathways, activator protein-1 (AP-1), and extracellular signal-regulated kinase-/mitogen-activated protein kinase (ERK/MAPK).



The intrinsic pathway is connected with genetic changes that predispose one to neoplasia, such as mutation activation in oncogenes (BRAF, N-ras, H-ras, and c-MYC), the inactivation of tumor suppressor genes, or chromosomal amplification or rearrangement. As a result of these genetic transformations, there is an increased production of pro-inflammatory cytokines, thereby producing an inflammatory environment in cancers.



The activation of these two pathways results in the stimulation of STAT3, transcription factors, mainly NF-κB, and signal transducer in cancer cells. NF-κB and STAT3 regulate the inflammation, survival, proliferation, invasion, angiogenesis, and metastatic potential of cancers cells. Therefore, understanding the molecular mechanism of STAT3 and NF-κB linked with tumors can enable proposals for new chemotherapeutic as well as chemo-preventive approaches. The constitutive activities of NF-κB have been confirmed in many human tumors [67]. Cutaneous SCC cells are stated to constitutively express activated NF-κB [68].



NF-κB signaling promotes cancer development in two ways: first through its activity in cancer cells and second through its effect on the immune cells [69]. NF-κB activation upregulates main inflammatory factors, including IL-1, IL-6, IL-8, and TNF-α. Inflammatory factors, on the other hand, are also activators of NF-κB. The activation of NF-κB in immune cells leads to the expression and then creation of several pro-inflammatory cytokines [69,70,71,72,73] and the upregulation of the c-FLIP. Moreover, NF-κB boosts skin tumor cell survival and confers its resistance to RAF inhibitor treatment [72,74]. Furthermore, the activation of NF-κB in tumor cells increases their survival due to the increased activity of anti-apoptotic genes including c-FLIP, c-IAP2, Bcl-2, Bcl-xL, and A1 [69,75,76]. In the skin, there are many genes involved in the initiation of inflammation, the activation of which depends on NF-κB, e.g., genes for vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), E-selectin, and urokinase plasminogen activator (uPA) [77]. Recent data indicate that the function supporting the survival of NF-κB observed in tumors is associated with its functional interaction with the PI3K-AKT-mTOR signaling pathway, which is the crucial element in promoting cell proliferation and cell growth. Additionally, certain key cell cycle regulating genes such as cyclin D1, D2, D3, E1, c-myc, CDK2, CDK4, and CDK6 are also controlled by NF-κB [78]. Thus, NF-κB is closely connected to the whole process of carcinogenesis [79,80]. Signaling inflammation pathways inducted by UVR associated with the development of skin cancer are presented in Figure 1. Table 1 presents cytokines involved in different processes of carcinogenesis.



The STAT family of proteins has a well-established function in inducing and maintaining the pro-carcinogenic inflammatory microenvironment. IL-6 signaling induces and activates STAT3, supporting cancer cell survival and proliferation by upregulating expression of the anti-apoptotic protein, Bcl-2, in various tumor cell lines, such as melanoma cells. Disruption of STAT3 signaling has been shown to block the transformation of fibroblasts by the SRC oncoprotein [81,82]. This discovery confirmed the key role of the STAT3 protein in the development of oncogenesis. Noteworthy, activating mutations were not found in the genes encoding NF-κB and STAT3 in solid tumors. Disturbances in their activity are caused by mutation that occurs either in genes encoding negative regulators or in upstream mediators.




4. Myeloid and Lymphoid Cells Involved in Inflammation


Myeloid and lymphoid cells infiltrating the tumor stroma include dendritic cells (DCs), natural killer cells (NK cells), Th1, Th17, CTL, and Treg lymphocytes, monocytes, and macrophages [83]. These cells are the main source of cytokine production, and they support or limit carcinogenesis. Among the cytokines that promote the emergence and development of tumors caused by inflammation and the activation of the survival and proliferation mechanisms in neoplastic cells, we can distinguish TNFα, IL-1, IL-6, IL-17, and IL-23, which are secreted by the monocytes, macrophages, and Th17 lymphocytes infiltrating tumors [11,12,14,84]. Among the cells infiltrating the tumor stroma, there are also immune cells such as Th1 lymphocytes and NK cells that recognize tumor-specific surface patterns and eliminate tumor cells [85,86,87]. IFN-γ and IL-12 prevent the development of skin cancer.




5. Inflammatory Molecules Involved in Skin Carcinogenesis


Available data indicate that inflammatory molecules are involved in carcinogenesis, while some products created during inflammation can modify or even damage DNA, lipids, and proteins [65]. Inflammations are involved in providing proliferative and survival signals to activate initiated cells, leading to cancer development [68]. In addition to the previously mentioned crucial role of the NF-κB protein in inflammation, other molecular inflammatory molecules such as cytokines, chemokines, inflammatory enzymes (cyclooxygenase (COX)-2, matrix metalloproteinases), anti-apoptotic proteins, oncogenes, and transcription factors (CREB, AP-1, STAT3) are involved in the regulation of tumor cell proliferation, transformation, and survival [88].



RAS genes, which are mutated in 25% of all malignancies and which have mediated tumor formations, are usually connected to the upregulation of chemokines and cytokines, initiating an inflammatory response related to tumorigenesis [89]. RAS genes contribute to the promotion of tumor growth in malignant cells and cell proliferation. Throughout inflammatory stimuli, RAS genes induce the expression of several inflammatory gene products, such as pro-inflammatory cytokines (IL-1, IL-6, IL-8, and IL-11). BCC growth is observed under the influence of the pro-inflammatory cytokine IL-6, which is induced by UVR in keratinocytes [90,91]. IL-6 activates angiogenesis in the human BCC cell line by elevating bFGF levels through both the PI3/Akt kinase and Janus kinase (JAK)/STAT3 pathways. Furthermore, IL-6 plays a crucial role in cancer progression by activating STAT3 and stimulating the proliferation and migration cancer cells. Jee et al. [92] presented that COX-2 blockage by siRNA reduces angiogenic activity in IL-6 overexpressing BCC cells. Angiogenic factors including GM-CSF, IL-8, CSF, VEGF, and monocyte chemotactic protein-1 (MCP-1) induced by IL-6 lead to cancer cell invasion in in vitro conditions. IL-6 is shown to have a key function in SCC progression by regulating a complex network of cytokines and proteases, and the tumor invasion induced by it is supported by MMP-1 overexpression [93].



The MMP family is mainly responsible for extracellular matrix (ECM) modification and degradation seen during invasive processes [94,95,96]. In normal skin conditions, MMPs are not constitutively expressed but can be secreted in response to exogenous factors such as UVR. As we have shown in our previous research, exposure to UVR leads to enhanced expression of MMP-1, -3, and -9 in irradiated skin [97]. Furthermore, MMP-2 and -9 have been linked with the metastatic and invasive potential of cancer cells [96,98,99]. MMPs not only contribute to cancer development by degrading the ECM but also by releasing sequestered growth factors, e.g., suppressing tumor cell apoptosis, b-fibroblast growth factor (b-FGF), VEGF, or TGF-β [96].



MMP-2 is an enzyme-degrading type IV collagenase that stimulates the secretion of active MMP-2 by TNF-α and activates processes involved in wound healing and cancer cell invasion. Type IV collagen and laminin contained in basement membrane components are potential substrates for MMP-2, so the activation of MMP-2 by TNF-α in human skin is particularly important in inducing angiogenesis and metastasis [100].



TNF-α may upregulate malignant melanoma invasion as well as migration in vitro [101]. Thus, TNF-α signaling is mainly studied in pro-inflammatory cytokines in skin carcinogenesis. It was discovered that not only TNF-α receptor subtypes but also transcription factors of the AP-1 family as well as protein kinase C-alpha (PKC-α) are involved in the cancer promotion-mediated inflammation, proliferation, invasion, and angiogenesis of tumors [14,68,102].



The pro-inflammatory action of TNF-α plays an important role in the early stages of carcinogenesis. It was revealed that TNF-α-deficient mice were resistant to the development of benign and malignant skin cancers triggered by repeated exposure to dimethylbenz(a)anthracene (DMBA). The observed resistance was connected to a markedly reduced inflammatory response in the dermis of mice. Interestingly, in the subsequent steps of carcinogenesis, TNF-α had no effect since the induced cancer in both TNF-α-deficient and wild-type animals presented comparable rates of malignancy progression. TNF-α initiates the activation of NF-κB signaling, leading to the initiation of various antiapoptotic factors [102,103]. TNF-α and TGFβ1 upregulate cyclooxygenase-1 (COX-1) and COX-2 expressions of mast cells and PG generation, which substantially affects skin carcinogenesis development by enhancing epidermal proliferation and stimulating inflammation within a cancer [104]. Increased TGF-β is usually connected with poor prognosis [63].



COX-2 is usually expressed in tumor cells, exerting a multifaceted role in promotion of carcinogenesis and inducing cancer cell resistance to radio- and chemotherapy. The upregulation of COX-2 expression is frequently caused by chronic exposure to UVR. Moreover, it is observed that most skin cancers overexpress COX-2. COX-2 is an enzyme that increases the production of PG, including PGE2, which is associated with tumor invasion, progression, and metastasis. Increased levels of PGE2 are especially noticed in BCC and SCC. Moreover, PGE2 may correlate with an enhanced propensity for invasive and metastatic behavior [105]. It was proved in a mouse model that COX-2-overexpressing transgenic animals [106] are highly vulnerable to skin cancer development, while COX-2 knockout mice are less susceptible to induced oncogenesis [107].



The IL-17/IL-23 axis of inflammation plays a crucial role in the development of skin cancers [71,108,109]. IL-23 and IL-12 belong to the family of heterodimeric cytokines that shares the 40 kD subunit. Interestingly, the deletion of IL-23a results in a marked reduction in DMBA/TPA-induced skin carcinogenesis, while the deletion of IL-12 results in a marked increase in skin tumorigenesis. Animals with a deletion of the common p40 subunit, which is shared by both IL-12 and IL-23, also did not develop skin cancer [110]. IL-23 is crucial for IL-17 expression.



IL-17 and IL-22 produced by Th17 cells enhance skin cancer promotion by activating STAT3 in stromal cells and tumors and by increasing the infiltration of myeloid cells in skin cancer environments [111,112,113]. Moreover, IL-11 and IL-6 drive the malignant development of tumor cells by the activation of STAT3 as well as by the upregulation of angiogenic and inflammatory factors [99,114].




6. Anti-Tumor Immune Molecules


Anti-tumor immune molecules IL-12 as well as interferon-gamma (IFN-γ) play crucial roles in preventing the development of skin cancers. IL-12 is a heterodimeric cytokine consisting of two subunits: p40 and p35. The p40 subunit is shared with IL-23, which is believed to be a cancer-promoting molecule. Mice with IL-12 ablation (knocked out p35 subunit) showed rapid tumor growth, suggesting that IL-12 has an anti-tumor function [110].



Similarly, in mice models, skin cancer presented a major role for IFN-γ in anti-tumor immunity [92,115]. It was observed that mice lacking an IFN-γ receptor or its downstream signaling STAT1 mediator were susceptible to the chemical carcinogen induction of sarcoma [116,117].



Immunomodulatory cytokines play a dual but sometimes controversial role in the process of carcinogenesis and inflammation. TGF-β and IL 10 produced mainly by T lymphocytes (Treg), dendritic cells (DC), macrophages, epithelial cells, and other immune and stromal cells belong to major immune-modulating cytokines in skin cancer.



The skin under the influence of UV radiation produces and activates Treg, which inhibits Th1-induced immunity against skin cancer through the production of IL-10 [118,119]. In addition, IL-10 knockout animals have been shown to be resistant to UVR-induced skin carcinogenesis, demonstrating the pro-tumor role of IL-10. However, the adoptive transfer of UVR-induced regulatory T cells from IL-10-deficient mice failed to suppress Th1 responses to skin cancer [120], suggesting that IL-10 merely limits anti-tumor adaptive immunity during skin cancer development.



TGF-β signaling was suggested to be critical for an early wave of Treg generation [120,121]. TGF-β also promotes the differentiation of naive T lymphocytes into peripheral Treg cells, which causes the effect of prolonged inflammation in animals and humans [122]. However, the role of TGF-β in the process of carcinogenesis is not so clear. This cytokine reduces both inflammation, which prevents neoplasms, and reduces the body’s anti-neoplastic resistance; hence, the final resultant effect of its action depends on the individual’s immune response in the cancer microenvironment [123]. Since TGF-β inhibits keratinocyte proliferation, its inactivation causes a rapid increase in keratinocyte count and skin thickening in a mouse model [124]. Moreover, papilloma development was enhanced in mice lacking TGF-β signaling and progressed to SCC with a predisposition to metastasis and angiogenesis [125]. Furthermore, the skin-specific ablation of TGF-β receptor 2 (TGF-β R-2) resulted in enhanced skin carcinogenesis induced by K-Ras activation or action of DMBA [126]. Therefore, on the one hand, TGF-β inhibits the development of primary skin tumors by limiting the inflammatory pathways that promote cancer development and by acting directly on transformed epithelial cells. However, once a tumor develops, TGF-β promotes the metastasis of many cancers, including skin malignances [127,128], by activating the epithelial–mesenchymal transition (EMT) process and by increasing cell mobility and tissue invasion [128,129]. Therefore, depending on the stage of tumor development, blocking TGF-β signaling and other immune modulating cells and cytokines in skin cancer may or may not be beneficial and circumstance-specific.




7. Conclusions


There is evidence suggesting that chronic inflammation is one of the major hallmarks of solar UVR and agent-mediated skin cancers. HIF-1α, STAT3, NF-κB, and their gene products, such as cytokines, COX-2, chemokines, and chemokine receptors, play a critical role in skin inflammation and carcinogenesis. Understanding the pathways of carcinogenesis seems crucial to understanding the potential role of inflammation in the initiation, promotion, and progression of skin cancer and its metastasis. Inflammatory pathways could be attractive targets for skin cancer prevention. Considering the potential role of inflammation in carcinogenesis, the reduced exposure to known skin carcinogens, and the ongoing studies evaluating the role of various pro-inflammatory mediators in carcinogenesis, their assessment as potential targets for the chemoprevention of skin cancers needs to be enhanced.
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Figure 1. Signaling inflammation pathways inducted by ultraviolet radiation (UVR) associated with skin cancer development. 
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Table 1. Inflammation molecules involved in different processes of carcinogenesis.
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	Stage:
	Initiation
	Promotion
	Angiogenesis
	Progression
	Metastasis
	Antitumor





	IL-1
	
	X
	
	
	
	



	IL-6
	X
	X
	X
	X
	
	



	IL-8
	
	X
	X
	
	
	



	IL-10
	X
	
	
	X
	
	



	IL-11
	
	X
	
	
	
	



	IL-12
	
	
	
	
	
	X



	IL-17
	
	X
	
	
	
	



	IL-23
	
	X
	
	
	
	



	TGF-β
	X
	
	
	X
	
	



	TNF-α
	X
	X
	X
	X
	X
	



	IFN-γ
	
	
	
	
	
	X



	HIF-1α
	X
	
	
	
	
	



	GM-CSF
	
	
	X
	
	
	



	CSF VEGF
	
	
	X
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