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Editorial on the Research Topic 


Environment and Skin Cancer


The incidence of melanoma and non-melanoma skin cancer (NMSC) has been steadily increasing over the past decades (1). With millions of people affected worldwide, skin cancer poses a global threat for the health of the general population and a tremendous economic burden to health care systems (2). The major risk factor for the development of the vast majority of skin cancers, including basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and melanoma, is a repetitive exposure to ultraviolet (UV) radiation. Second to polyomavirus infection, UV exposure is also major risk factor for the development of Merkel cell carcinoma (MCC), a rare but highly aggressive type of skin cancer (3). Whereas UVB radiation is absorbed by the DNA resulting in the formation of mutagenic DNA photoproducts, UVA rays interact with endogenous photosensitizers to induce oxidative stress and oxidative damage of DNA, proteins, and lipids (4). DNA damage-dependent and -independent responses stimulate pro-inflammatory, anti-apoptotic and immunosuppressive effects thereby facilitating the accumulation of damaged cells which may give rise to skin cancer. Accordingly, parameters such as the depletion of the ozone layer, the demographic development, and recreational behavior (sun bathing, tanning beds) sign responsible for the increasing numbers of skin cancers. However, next to UV radiation, exposure to various environmental chemicals, including arsenic compounds and combustion-derived polycyclic aromatic hydrocarbons (PAH), and even to therapeutic agents, such as sulfonamide-based protein kinase inhibitors, may induce skin carcinogenesis, by either directly damaging the DNA, causing oxidative stress, or interacting with signal transduction networks and transcription factors (5).

The identification of risk factors across the skin exposome and their mutual interaction, the elucidation of pathomechanisms and the identification of biomarkers is key to the development of novel preventive and therapeutic strategies for skin cancer. In this Research Topic of Frontiers in Oncology the authors shed light on different levels and facets of skin cancer development and biology which hopefully stimulates the field to enforce and improve the fight against this devastating disease.

Starting in the stratosphere, Umar and Tasduq focus on the depletion of the ozone layer, its impact on the UV index and the resulting consequences for human health. The authors also address potential adverse health effects of skin photoprotection, i.e. a vitamin D deficiency and associated disorders. The authors also contributed to another work emphasizing that autophagy positively regulates skin homeostasis by enhancing DNA damage recognition. Specifically, exposure of human dermal fibroblasts to UVB radiation impaired the autophagy response in a time- and intensity-independent manner, which was reversed after treatment with pharmacological activators, thus protecting against UVB radiation-induced photodamage [Umar et al.].

The occurrence of NMSC with advanced age and UVB exposure is specifically linked to diminished insulin-like growth factor-1 (IGF-1) signaling from senescent dermal fibroblasts in geriatric skin. Frommeyer et al. found that wounding therapies, such as dermabrasion, microneedling, chemical peeling, and fractionated laser resurfacing, restore IGF-1/IGF-1R signaling in geriatric skin. Wondrak and co-workers report about another potential therapeutic approach involving hypochlorous acid (HOCl), an agent that has emerged as an important component of the skin exposome. While exploring the interaction between solar UV exposure and environmental HOCl exposure, they identified an unrecognized photo-chemopreventive activity of topical HOCl and associated chlorination stress that blocked tumorigenic inflammatory progression in UV-induced high-risk mouse skin [Snell et al.].

Nurzat et al. investigate the functional role of different integrin alpha/beta (ITGA/ITGB) subunits in cutaneous melanoma. Bioinformatic analysis tools were used to identify abnormally-expressed genes and gene regulatory networks associated with melanoma, which may improve our understanding of the melanoma pathogenesis. Specifically, they found that the expression level of various ITGA and ITGB subunits was associated with immune cell infiltration, metastasis, and disease-free and overall survival. Vogeley et al. focus on environmental and occupational risk factors, in particular UV radiation and PAHs, which initiate the development of cutaneous SCC, at least in part, by activating the aryl hydrocarbon receptor and impairing defense mechanisms, such as DNA repair, apoptosis and anti-tumor immune responses. Apart from environmental and occupational stressors, certain therapeutic drugs induce the development of cutaneous SCC as an off-target effect. The BRAF inhibitor vemurafenib, approved for treating patients with BRAF V600E-mutant melanomas, for instance, causes various cutaneous adverse events, including hyperkeratotic skin lesions and cutaneous SCCs. Tham et al. report that both cutaneous adverse events are under direct control of vemurafenib-dependent MEK-ERK hyperactivation and confirm the dependence on preexisting genetic alterations in epidermal keratinocytes that predispose to carcinogenesis.

Another protein involved in carcinogenesis, in particular in the pathogenesis of melanoma, is the plasminogen activating inhibitor-1 (PAI-1). Several reports indicate pro-tumorigenic functions of PAI-1 in cancer progression and metastasis, for instance controlling PD-L1 expression. Moreover, baseline serum levels of PAI-1 were significantly decreased in therapy responders compared to non-responders. These results suggest that baseline serum levels of PAI-1 may be useful as a biomarker for identifying patients who would respond to anti-melanoma immunotherapy [Ohuchi et al.]. Irrespective of molecular pathomechanisms, Chang et al. assess whether and to which extent comorbidities and stages may influence the prognosis of melanoma patients. In a retrospective cohort study by using the national health insurance research database in Taiwan, a higher risk of mortality was found in patients who had localized tumors, regional metastases, or distant metastases with more comorbidity scores.

Wijaya et al. conducted a systematic review and meta-analysis to assess the association between MCC polyoma virus (MCPyV) infection and MCC, non-MCC skin lesions, and healthy skin. MCPyV infection significantly increased the risk for MCC. However, the low prevalence of MCPyV in non-MCC skin lesions did not exclude a pathogenic association of this virus with the development of non-MCC skin lesions. Staying in the MCC context, Nakamura et al. investigated the prognostic value of tertiary lymphoid structures (TLSs) in patients suffering from MCPyV-positive and MCPyV-negative MCC. They found that TLSs can indeed serve as prognostic biomarker for MCC patients, even in cohorts encompassing MCPyV-negative, thus UV-induced cases. Furthermore, the assessment of TLS-associated chemokine profiles may enable a better understanding of the tumor microenvironment in patients with MCPyV-positive or MCPyV-negative MCC.
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Ultraviolet (UV) exposure to the skin causes photo-damage and acts as the primary etiological agent in photo-carcinogenesis. UV-B exposure induces cellular damage and is the major factor challenging skin homeostasis. Autophagy allows the fundamental adaptation of cells to metabolic and oxidative stress. Cellular dysfunction has been observed in aged tissues and in toxic insults to cells undergoing stress. Conversely, promising anti-aging strategies aimed at inhibiting the mTOR pathway have been found to significantly improve the aging-related disorders. Recently, autophagy has been found to positively regulate skin homeostasis by enhancing DNA damage recognition. Here, we investigated the geno-protective roles of autophagy in UV-B-exposed primary human dermal fibroblasts (HDFs). We found that UV-B irradiation to HDFs impairs the autophagy response in a time- and intensity-independent manner. However, improving autophagy levels in HDFs with pharmacological activators regulates the UV-B-induced cellular stress by decreasing the induction of DNA photo-adducts, promoting the DNA repair process, alleviating oxidative and ER stress responses, and regulating the expression levels of key cell cycle regulatory proteins. Autophagy also prevents HDFs from UV-B-induced nuclear damage as is evident in TUNEL assay and Acridine Orange/Ethidium Bromide co-staining. Salubrinal (an eIF2α phosphatase inhibitor) relieves ER stress response in cells and also significantly alleviates DNA damage and promotes the repair process in UV-B-exposed HDFs. P62-silenced HDFs show enhanced DNA damage response and also disturb the tumor suppressor PTEN/pAKT signaling axis in UV-B-exposed HDFs whereas Atg7-silenced HDFs reveal an unexpected consequence by decreasing the UV-B-induced DNA damage. Taken together, these results suggest that interventional autophagy offers significant protection against UV-B radiation-induced photo-damage and holds great promise in devising it as a suitable therapeutic strategy against skin pathological disorders.




Keywords: ultraviolet radiation (UV-B), oxidative stress, endoplasmic reticulum stress, autophagy, DNA damage response, genotoxicity



Introduction

Skin being the external covering of the body protects internal organs from outside environmental insults including the adverse effects of ultraviolet (UV) irradiation (1). Solar radiation is essential for survival to different life forms on earth, but excessive exposure leads to skin photoaging and malignancies constituting photo-damage and photo-carcinogenesis (2). Macro-autophagy (hereafter referred to as autophagy) at basal levels protects cells from stress and nutrient deprivation during starvation conditions and thereby maintains tissue homeostasis (3). Cellular autophagy levels can be improved chemically in order to restore tissue homeostasis in response to diverse physiological and pathological stresses, including from solar UV-B irradiation (4–6). Dysfunctional autophagy has been associated to multiple human pathologies, such as metabolic diseases, cardiovascular diseases, aging, neuro-degeneration, infectious diseases, and cancer, and attempts are being made to use autophagy as a selective therapeutic intervention in different disease conditions based on the differential roles it performs in maintaining tissue homeostasis (7, 8). The role of autophagy is context dependent and performs both oncogenic and tumor-suppressive functions (9), promoting or suppressing tumorigenesis and thereby regulates inflammation, cell proliferation, and migration (10, 11). Autophagy removes cellular debris to prevent genomic damage or promotes DNA repair in response to ionizing radiation-induced DNA double-strand breaks in mammalian cells (11, 12). In either way, the role of autophagy is to protect cells from external insults that disturb the integrity of cells. Recently, it has been observed that autophagy regulates nucleotide excision repair (NER) and eliminates DNA base lesions, including cyclobutane pyrimidine dimers (CPD) and pyrimidine-(6-4)-pyrimidone photoproducts (6-4PP) induced by solar UV-B radiation (13–15). It has also been found that recruitment of DDB2 to UV-induced CPD sites is significantly impaired in autophagy-deficient cells. In mice, Rapamycin has been found to decrease the UV-B-induced tumorigenesis while the inhibitor Spautin-1 augments it (16, 17). These findings cite the critical role of autophagy in maintaining proper NER activity and suggest a new tumor-suppressive mechanism of autophagy in tumor initiation and regulation. Previously, we have reported from our own lab that UV-B-induced Ca2+ deficit within ER lumen is mediated by immediate oxidative stress induced upon UV-B irradiation to skin cells. Insufficient Ca2+ reserves within ER lumen develops ER stress leading to Unfolded Protein Response (UPR) in skin cells that ultimately disturb the cellular homeostasis (18). We have also reported in another study that the natural anti-oxidant bio-active molecule Glycyrrhizic acid (GA) alleviates oxidative stress-induced DNA damage response (DDR) by improving cellular autophagy signaling in UV-B-irradiated primary HDFs (19). Despite these preliminary findings, the role of autophagy in UV-B-induced photo-damage response is unclear and warrants further studies to unravel the facts. In line with these previous findings, we hypothesized the possible integration of DDR and autophagy signaling axis as a positive association in protecting skin cells against genotoxic stress response (20). Here, in this study, we attempted to investigate the roles of autophagy in regulating skin homeostasis notably under genotoxic stress on UV-B radiation exposure to HDFs. We found that UV-B irradiation to HDFs induce impaired autophagic flux at a lethal dose of UV-B irradiation (30 mJ/cm2). However, improving autophagy response with pharmacological activator Rapamycin significantly alleviates the induction of oxidatively induced DNA photo-adducts and enhances the DNA repair mechanism, alleviates the TUNEL-positive cells, and reduces early and late apoptotic cells and prevents ER calcium leakage in HDFs in 6 h UV-B post-irradiation. Furthermore, we found that relieving ER stress response with Salubrinal prevents oxidative DNA damage by improving autophagy response in UV-B-exposed HDFs. The GFP-RFP-LC3B puncta assay depicts appreciable red puncta dots in Rapamycin- and Salubrinal-treated cells showing enhanced autophagic flux upon UV-B exposure to HDFs compared to those exposed only to UV-B. Rapamycin treatment also significantly decreases the expression profile of key cell cycle regulatory proteins P21 and P27 and DDR pathway proteins DDB2 and p-P53, indicating that autophagy has cell protective roles in UV-B-induced photo-damage. Decreasing autophagic flux by silencing P62 confirmed our preliminary findings as the p-χH2AX foci are significantly augmented in P62-silenced cells but not in Atg7-silenced HDFs citing differential roles of autophagy-related genes in regulating UV-B-induced genotoxic stress response. Together, the above findings suggest that pharmacological activation of autophagy significantly alleviates the DNA damage and promotes the DNA repair process in UV-B-exposed HDFs and is critical in restoring cellular homeostasis. Furthermore, these results suggest that interventional autophagy holds great promise to be devised as a suitable therapeutic strategy against radiation-induced skin photo-damage disorders.



Materials and Methods


Chemicals

Human primary dermal fibroblast cell line from juvenile foreskin (HDF) and primary fibroblast expansion media was obtained from HiMedia, Mumbai, India. Fetal bovine serum (FBS), penicillin–streptomycin, trypsin–EDTA, 3-(4, 5-dimetylthiazol-yl)-diphenyl tetrazolium bromide (MTT), phosphatase-protease cocktail, RIPA buffer, and H2DCFDA dye were purchased from Sigma–Aldrich Chemicals (St. Louis, MO). Antibodies against P62, BECN1, phospho-ATM, phospho-ATR, phospho-mTOR, phospho-p53, phospho-Chk1, phospho-Chk2, Bcl-2, phospho-eIF2α, eIF2α, LC3B, phospho-AMPKα, AMPK, and phospho-χH2AX were purchased from Cell Signaling Technology, Danvers, MA. Antibodies against GRP78, PTEN, CHOP/GAD153, DDB2, phospho-AKT, and siRNA P62/Atg7 and secondary antibodies were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Fura 3 AM, DAPI, ER tracker, Acridine Orange, Ethidium Bromide, Salubrinal, Rapamycin, Chloroquine, Bafilomycin A1, Everolimus, and GFP-RFP-LC3B puncta assay kit were purchased from Thermo Scientific. Antibodies against P21 and P27, TUNEL assay, and CPD ELISA kits were procured from Abcam. Bradford reagent was obtained from Sigma-Aldrich. PVDF membrane was purchased from Bio-Rad, Hercules, CA. Antibody against β-actin was purchased from Sigma-Aldrich.



Cell Culture and UV-B Exposure to HDFs

HDFs were maintained in primary fibroblast expansion media from HiMedia supplemented with all the essentials including antibiotics, L-Glutamine, glucose (3.5 g/L), Hepes (15 mM), Penicillin (120 mg/L), Streptomycin (270 mg/L), and FBS (10% v/v) at 37°C in a humidified atmosphere of 5% CO2. Cells were exposed to UV-B using DAAVLIN UVA/UVB Research Irradiation Unit (Bryan, OH, USA) having digital control. The lamps were maintained at a fixed distance of 24 cm from the surface of cell culture dishes. Majority of the resulting wavelengths (>90%) were in the UV-B range (280–320 nm). UV-B irradiation of 10, 20, and 30 mJ/cm2 was used for initial standardization and dose optimization and 30 mJ/cm2 dose was then selected and used for further experiments for mechanistic studies based on the analysis of cell toxicity induced by UV-B exposure to HDFs. Though 10 mJ/cm2 is considered as the physiological dose mimicking the environmental dosage of UV-B in the solar radiation spectrum (21), it induces less cytotoxicity (10%–20%) and shows least molecular changes to be selected for mechanistic studies. Before UV-B exposure, cells were first sensitized with chemical mediators like Rapamycin, Chloroquine, Salubrinal, Bafilomycin, and siRNA P62/Atg7 for a specified time period as per the particular experimental requirements to induce or inhibit autophagy. Cell monolayers were then first washed with Dulbecco’s phosphate buffered saline (DPBS) and then UV-B-irradiated under a thin layer of pre-warmed DPBS. After irradiation, cells were again washed with DPBS twice and incubated in fresh medium with or without chemical mediators as per the experimental protocol requirements for 1, 3, 6, or 24 h UV-B post-irradiation.



Cell Viability Analysis

Colorimetric-based MTT assay was employed for cell viability analysis as described earlier (22). Briefly, cells were seeded and incubated overnight in a humidified chamber. After treatment with autophagy modulators or UV-B or both, the cells were further incubated for 24 h. Cell viability was evaluated by assaying for the ability of functional mitochondria to catalyze the reduction of MTT to formazan salt by an enzyme mitochondrial dehydrogenase that appears as crystals at the bottom of culture wells/dishes and was quantified by a MULTISKAN SPECTRUM plate reader (Thermo Electron Corporation) at 570 nm using DMSO as solvent. The mean of three independent readings was taken for final quantification of data for result analysis.



Determination of Reactive Oxygen Species

Dichlorofluorescin Diacetate (H2DCF-DA) staining was employed for the measurement of immediate ROS generated upon UV-B exposure to HDFs (1 h) post-UV-B irradiation, as described previously (21). Briefly, HDFs were seeded in six-well plates and allowed to attach overnight. Cell monolayers were pre-treated with Salubrinal (25 µM) and Everolimus (200 nM) for 2 h. Cells were washed three times with DPBS and then exposed to UV-B 30 mJ/cm2. After UV-B irradiation, cells were then again washed with DPBS twice and incubated with fresh media with Salubrinal (25 µM) and Everolimus (200 nM) for 1 h UV-B post-irradiation. After treatment, the cells were stained with 5 μM H2DCF-DA for 30 min at 37°C. The cells were then washed with DPBS thrice and observed immediately under a fluorescent microscope (EVOS FL Color Imaging System from Life Technologies, B2014-155G-054). Five random microscopic fields were selected and the intensity of fluorescence was quantified using the ImageJ software, as mentioned previously (23).



Confocal Microscopy Imaging Of Intracellular Ca2+ Release

Ca2+ levels were determined by the Ca2+ indicator Fura 3 AM (Thermo Scientific) using confocal microscopy imaging as described previously. Briefly, the cells were seeded to sterile coverslips and incubated overnight in a humidified chamber to adhere. Cells were or were not treated with Salubrinal (25 µM), Rapamycin (100 nM), and Bafilomycin A1 (100 nM) for 2 h. Cells were then thrice washed with DPBS and exposed to UV-B treatment at 30 mJ/cm2 as described earlier and supplemented with fresh DMEM media with indicated concentrations of Salubrinal, Rapamycin, and Bafilomycin as required and incubated further for 6 h post-UV-B irradiation. HDFs were loaded with fluorescent Ca2+ indicator dye Fura 3 AM at 5 µM for 45 min before imaging post 6 h UV-B irradiation. Cells were washed three times with live cell imaging solution for imaging using a laser scanning confocal microscope (OLYMPUS FUOVIEW FV1000) by using a 40× objective lens. Five random microscopic fields were selected, and the intensity of fluorescence was quantified using the ImageJ software.



siRNA-Mediated Knockdown of P62/Atg7

Validated siRNA P62/Atg7 were purchased from Santa Cruz Biotechnology. siRNA and Lipofectamine (Invitrogen) were diluted in Opti-MEM I reduced serum medium (Invitrogen) per the manufacturer’s instructions. HDFs were incubated for 16 h with transfection mixture at a final siRNA concentration of 50 pmol as described previously (24) and then exposed to UV-B (30 mJ/cm2) and were finally supplemented with fresh medium for further 6 h UV-B post-irradiation.



Protein Isolation and Western Blotting

Cells were trypsinized, harvested in PBS (pH 7.4), centrifuged, and resuspended in RIPA buffer (Sigma-Aldrich). After incubation for 45 min at 4°C, cell lysates were centrifuged at 17,530g for 30 min at 4°C to remove cellular debris. Protein concentrations were determined by Bradford reagent. For Western blotting, 30–80 μg protein loads were denatured at 100°C for 3 min in Laemmli buffer. Protein samples were resolved on 4%–15% SDS gels at 70–80 V. Proteins were electro-transferred to PVDF membrane using a BIO-RAD Mini Transblot Electrophoretic Transfer unit. Membranes were blocked in 5% fat-free dry milk/3% BSA in 50 mM Tris, pH 8.0, with 150 mM sodium chloride, 2.6 mM KCl, and 0.05% Tween20 for 2 h. Primary antibodies were used either in fat-free milk or BSA and incubated overnight at 4°C. Anti-GRP78, anti-SQSTM1/p62, anti-Bcl2, anti-p-mTOR, anti-mTOR, anti-CHOP/GAD153, anti-p-elf2α, anti-elf2α, anti-BECN1, anti-p-ATM, anti-p-ATR, anti-p-P53, anti-p-Chk1, anti-LC3B, anti-p-AMPKα, anti-AMPKα, anti-p-χH2AX, anti-PTEN, anti-p-AKT, and anti-Atg7 were from Cell Signaling Technology, Danvers, MA, and mouse and anti-actin were from Sigma-Aldrich. Goat anti-rabbit and goat anti-mouse immunoglobulin G antibodies conjugated with HRP (Santa Cruz Biotechnologies) were used as secondary antibodies. Chemiluminescence was detected by Immobilon chemiluminescent HRP substrate (EMD-Millipore, Billerica, MA) and visualized by Molecular Image ChemiDocTM XRS+ (BIO-RAD), Universal Hood II, Serial No 721BR04356. Densitometric measurement of the bands was performed using Image LabTM software (version 3.0; Bio-Rad).



TUNEL Assay

TUNEL assay was performed with an In Situ Direct DNA Fragmentation (TUNEL) Assay Kit (ab66108) from (Abcam) according to the manufacturer’s instructions as described previously (19). Briefly, the cells were seeded in dishes and incubated overnight in a humidified chamber to adhere. Cells were or were not treated with Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) for 2 h. Cell monolayers were then washed thrice with DPBS and exposed to UV-B (20 and 30 mJ/cm2). Again, the cells were washed thrice with DPBS and supplemented with fresh DMEM media with or without the indicated concentrations of Salubrinal, Rapamycin, and Chloroquine as required and incubated further for 6 h post-UV-B irradiation. Cell smears after fixation, blocking, and permeabilization were incubated with TUNEL reaction mixture for 1 h and wrapped in aluminum foil to avoid light exposure at 37°C and counterstained with RNase/PI solution for an additional 20 min. Substrate solution was added, and cells were imaged by a fluorescent microscope (EVOS FL Colour Imaging System) for the detection of TUNEL-positive cells, and the intensity of fluorescence was quantified using the ImageJ software.



ELISA-Based Detection of DNA Photo-Adducts

UV-B-induced CPD/6,4 PP photo-adducts were quantified with an in situ OxiSelect UV-Induced DNA Damage staining kit (CPD/6,4PP quantification kit from Cell Bio Labs, Inc., San Diego, CA, USA) according to the manufacturer’s instruction. Briefly, the cells were seeded and allowed to adhere overnight. Cells were or were not treated with Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) for 2 h or were silenced for P62 using siRNA. After the corresponding treatments to HDFs, cell monolayers were exposed to UV-B at (10, 20 and 30 mJ/cm2) and supplemented with fresh DMEM media with or without the indicated concentrations of Salubrinal, Rapamycin, and Chloroquine for further 6 h post-UV-B irradiation. DNA was isolated and incubated with the anti-CPD antibody overnight on an orbital shaker at room temperature. Then, the cells were washed and incubated with Secondary Antibody-HRP Conjugate for 2 h. The absorbance was measured at 450 nM using the MULTISKAN SPECTRUM plate reader (Thermo Electron Corporation). A mean of three independent readings was used to quantify the data for final result analysis.



Dual Acridine Orange/Ethidium Bromide Fluorescent Staining for Detection of Apoptotic Cells

Briefly, the cells were seeded in six-well plates and allowed to adhere overnight in an incubator. Cells were left untreated or treated with Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) for 2 h and washed thrice with DPBS. Cells were then exposed to UV-B at 30 mJ/cm2 and again washed thrice with DPBS. Cells were then supplemented with fresh DMEM media with or without indicated concentrations of Salubrinal, Rapamycin, and Chloroquine as explained for an additional 6 h post-UV-B irradiation. Dual fluorescent staining solution (1 μl) containing 100 μg/ml AO and 100 μg/ml EtBr was added to cell monolayers for 5 min at RT and then covered with coverslip and were fixed as described previously (25). The morphology of HDFs into early and late apoptotic cells was examined within 20 min using a fluorescent microscope (EVOS FL Colour Imaging System). AO/EtBr staining method was repeated at least three times for quantification and the data are presented by the classification of cells to live cells, early apoptotic, late apoptotic, and necrotic cells as reported previously (26).



Immunostaining

Cultured cells were seeded on coverslips in six-well plates and incubated in the presence or absence of indicated concentrations of Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) for 2 h. Cells were then exposed to UV-B (30 mJ/cm2) and again washed thrice with DPBS and supplemented with fresh DMEM media with indicated concentrations of Salubrinal, Rapamycin, and Chloroquine for required post UV-B time intervals of 1, 6, and 24 h and were fixed in 4% paraformaldehyde for 15 min at room temperature. Cells were permeabilized in PBS containing 0.1%Triton X-100 at room temperature for 10 min. Non-specific binding sites were blocked by incubating the cells with 1% BSA and 22.52 mg/ml Glycine in PBST (PBS+0.1% Tween 20) at room temperature for 30 min. Cells were incubated with P62, LC3B, p-P53, p-χH2AX, PTEN, p-AKT, DDB2, Atg7, p-AMPKα, P21, and P27 antibodies at a dilution of 1:100 in 1% BSA and 22.52 mg/ml Glycine in PBST (PBS+0.1% Tween 20) overnight at 4°C. Cells were later on washed and incubated with Alexa Fluor 488/594-conjugated antimouse/antirabbit secondary antibody as required at a dilution of 1:500 in 1% BSA and 22.52 mg/ml Glycine in PBST (PBS+0.1% Tween 20) for 2 h at room temperature in dark conditions. Cells were then washed three times with PBS and stained with DAPI 1 μg/ml in PBS. The coverslips were mounted on glass slides, and cells were imaged by a laser scanning confocal microscope (OLYMPUS FUOVIEW FV1000) by using a ×40 objective lens. Five random microscopic fields were selected, and the intensity of fluorescence was quantified using the ImageJ software.



GFP-RFP-LC3B Puncta Assay for the Detection of Autophagic Flux

For analysis of autophagosomes, the cells were seeded in dishes and allowed to adhere overnight in an incubator. BacMam 2.0 RFP-GFP-LC3B reagent was added to HDFs and incubated overnight to ensure maximum protein expression. The cells were thrice washed with DPBS. Then, the cells were or were not treated with Rapamycin (100 nM), Salubrinal (25 µM), and Bafilomycin (100 nM) for 2 h. The cells were then exposed to UV-B (30 mJ/cm2) and again washed thrice with DPBS and supplemented with fresh DMEM media with indicated concentrations of Rapamycin, Salubrinal, and Bafilomycin for an additional 6 h post UV-B irradiation. Cells were then again washed with DPBS thrice and visualized using standard GFP (green fluorescent protein) and RFP (red fluorescent protein) settings. The punctae dots were imaged by a laser scanning confocal microscope (OLYMPUS FUOVIEW FV1000) by using a ×40 objective lens. Five random microscopic fields were selected, and quantification of punctae dots was done as reported previously (27).



Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). INSTAT statistical software was used to perform statistical analysis. Data are presented as mean ± SE from three independent experiments. Comparison between two groups was performed by Student’s t-test and that among groups was carried out by one-way ANOVA for statistical significance. p ≤ 0.05, p < 0.01, and p < 0.001 were considered as statistically significant.




Results


UV-B Exposure to HDFs Induce Impaired Autophagy Response

UV-B irradiation induces impaired autophagy response in a dose-independent manner as is evident from the Western blotting analysis of key autophagy marker proteins. UV-B exposure to HDFs increases the expression levels of LC3BII at 24 h but not at 3 and 6 h, downregulates P62 expression initially in an insignificant manner but not at 24 h, and increases the expression of BECN1 in an altered fashion, which increases immediately after UV-B exposure, but the expression is blocked in delayed post-exposure, which does not correspond to induction of autophagy response. Similarly, the expression levels of p-AMPKα increases in 3 and 6 h UV-B exposure but starts decreasing in 24 h post-UV-B irradiation. The expression of p-mTOR also increases dose dependently at 3 and 6 h UV-B post-irradiation but not at 24 h, indicating induction of impaired autophagy response upon UV-B exposure to HDFs, because the expression status of different autophagy proteins is modulated in an altered fashion not corresponding to normal autophagy response (Figures 1A–E). We confirmed the induction of impaired autophagic flux response upon UV-B 30 mJ/cm2 exposure to HDFs through GFP-RFP-LC3B puncta assay in confocal microscopy depicting appreciable red puncta dots, indicative of autolysosomes compared to yellow puncta dots indicative of autophagosomes in Rapamycin- and Salubrinal-treated cells showing enhanced autophagy flux upon UV-B exposure to HDFs compared to those exposed only to UV-B. Bafilomycin A1 treatment to UV-B-exposed HDFs was used as a positive control (Figures 1F, G).




Figure 1 | UV-B exposure to HDFs induce impaired autophagy response. (A–E) Western blotting analysis of key autophagy marker proteins showing impaired autophagy response in a time- and intensity-independent manner in UV-B 10, 20, and 30 mJ/cm2 exposed HDFs. (F, G) GFP-RFP-LC3B puncta assay depicting yellow and red punctae dots representative of autophagosomes and autolysosomes in UV-B 30 mJ/cm2 exposed HDFs and effect of Rapamycin (100 nM), Salubrinal (25 µM), and Bafilomycin A1 (100 nM) on autophagic flux in 6 h UV-B post-irradiation to HDFs (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.





Improving Autophagy and Relieving ER Stress Response Alleviates DNA Photo-Adducts (CPD and 6,4PP) in UV-B-Exposed HDFs

UV-B irradiation to HDFs leads to induction of DNA photo-adducts (CPD and 6, 4PP) in an intensity-dependent manner in 6 h UV-B post-irradiation. Improving autophagy in HDFs with Rapamycin (100 nM) and upon relieving ER stress response with Salubrinal (25 µM) in UV-B-irradiated HDFs significantly alleviates the induction of both CPD and 6,4PP photo-adducts by 0.65- and 0.5-fold, respectively. Inhibition of autophagy response with Chloroquine (50 µM) increases the formation of CPD by 0.2-fold, whereas it increases the formation of 6,4PP by about 0.35-fold compared to UV-B-treated HDFs (Figure 2A). To confirm our findings whether pharmacological activation of autophagy improves the UV-B-induced photo-damage response in HDFs, we silenced key autophagy cargo protein P62 and found that it significantly impacts the induction of photo-adducts, CPD, compared to that of 6,4PP and augments the induction of CPD by 0.5-fold and 6,4PP by 0.22-fold. siRNA P62 only treated cells had negligible effect on the induction of DNA photo-adducts compared to both control and UV-B-treated cells (Figure 2B). We confirmed ELISA-based findings through immunofluorescence and found that the expression levels of CPD are significantly increased in UV-B-exposed HDFs in an intensity-dependent manner in 6 h UV-B post-irradiation. Inhibiting autophagy response with Chloroquine increases the expression of CPD in immunofluorescence (Figures 2D, E). To check whether increasing the autophagy level in HDFs has any effect on the cellular viability in UV-B-irradiated HDFs, we found that UV-B 30 mJ/cm2 decreases the cell viability by 25% compared to control. Rapamycin treatment has no significant effect on restoring the cellular viability in UV-B-irradiated HDFs at UV-B 30 mJ/cm2 acute dose whereas Chloroquine treatment significantly reduces the cell viability by 0.8-fold compared to those exposed only to UV-B (Figure 2C).




Figure 2 | Improving autophagy and relieving ER stress response alleviates DNA photo-adducts in UV-B-exposed HDFs. (A) ELISA based quantification of CPD and 6,4PP in UV-B 20–30 mJ/cm2 exposed HDFs in 6 h UV-B post-irradiation and effect of Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) on UV-B-induced CPD and 6,4PP levels. (B) ELISA-based quantification of CPD and 6,4PP in siRNA P62-treated HDFs. (C) Cell viability analysis of UV-B 30 mJ/cm2 exposed HDFs treated with Rapamycin (100 nM) and Chloroquine (50 µM). (D, E) Immunofluorescence analysis of CPD protein levels in microscopy in UV-B 30 mJ/cm2 exposed HDFs treated with Chloroquine (50 µM) (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software. ns. non-significant.





Pharmacological Activation of Autophagy Alleviates Apoptosis and Nuclear Damage in UV-B-Exposed HDFs

Oxidatively induced DDR is the hallmark of UV-B-induced skin pathologies. To check whether improving autophagy levels in UV-B-irradiated HDFs could alleviate the nuclear alterations by alleviating apoptotic like events in cells, we performed TUNEL assay and Acridine Orange/Ethidium Bromide co-staining. We found that UV-B treatment of HDFs induces TUNEL-positive cells in an intensity-dependent manner in 6 h UV-B post-irradiation. Rapamycin treatment (100 nM) significantly alleviates the fluorescence of TUNEL-positive cells in UV-B 30 mJ exposed HDFs by threefold, whereas Chloroquine treatment (50 µM) of HDFs increases the fluorescence of TUNEL-positive cells by 0.2-fold compared to those exposed only to UV-B 30 mJ (Figures 3A, B). In AO/EtBr co-staining, we found that UV-B 30 mJ/cm2 irradiation increases early as well as late apoptotic cells in microscopic studies, indicating induction of nuclear damage. Salubrinal 25 µM treatment significantly increases live cells and decreases apoptotic cells by 0.4-fold compared to those irradiated only to UV-B. Similarly, Rapamycin treatment also significantly decreases apoptotic cells in fluorescent microscopy by half compared to those exposed only to UV-B. On the other hand, Chloroquine treatment of HDFs significantly increases early apoptotic and late apoptotic cells by twofold but not necrotic cells compared to those irradiated only to UV-B (Figures 3C, D). ROS is the main oxidative damage-causing agent in UV-B-exposed HDFs. To check the effect of autophagy inducer Everolimus (200 nM) and Salubrinal (25 µM) on generation of primary ROS species in 1 h UV-B post-irradiation to HDFs, we found that oxidative stress is the immediate event following UV-B 30 mJ/cm2 exposure to HDFs (1 h) by increasing ROS species. Salubrinal and Everolimus treatment to UV-B-exposed HDFs significantly alleviate the production of ROS species by half compared to those exposed only to UV-B and offers significant photo-protection to HDFs by regulating oxidative stress-mediated ER stress response (Figures 3E, F).




Figure 3 | Improving autophagy alleviates apoptotic cells in UV-B-exposed HDFs in fluorescent microscopy. (A, B) Fluorescent microscopic analysis of TUNEL (+) cells in UV-B 30 mJ/cm2 exposed HDFs showing nuclear damage in 6 h UV-B post-irradiation and effect of Rapamycin (100 nM) and Chloroquine (50 µM) on UV-B-induced TUNEL (+) cells. (C, D) Acridine orange and Ethidium Bromide (AO-EtBr) co-staining depicting early and late apoptotic (+) cells in UV-B 30 mJ/cm2 exposed HDFs in 6 h UV-B post-irradiation and effect of Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) on UV-B-induced apoptosis. (E, F) Reactive Oxygen Species (ROS) estimation in UV-B 30 mJ/cm2 exposed HDFs treated with Salubrinal (25 µM) and Everolimus (200 nM) in 1 h UV-B post-irradiation (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Micrographs were analyzed using ImageJ.exe 1.8.0_172 software.





Improving Cellular Autophagy Response in UV-B-Exposed HDFs Alleviates DNA Damage Whereas Blockage of Autophagy Augments It

DDR is the natural defense response system activated in cells against any genotoxic stimulus and is attributed at repairing the damaged state to prevent tumorigenesis. Here, we found that UV-B exposure at 10, 20, and 30 mJ/cm2 induces DDR in HDFs in an intensity- and time-dependent manner, which is more aberrant in 30 mJ/cm2 exposed HDFs as is evident from the Western blotting analysis of key DDR proteins (Figures 4A, B). The expression profile of key damage responsive proteins in DNA damage pathway p-χH2AX, p-ATM, and p-ATR is significantly modulated in UV-B-exposed HDFs, indicating induction of damage response upon UV-B exposure to HDFs. Moreover, the expression level of p-AKT, which has a crucial role in pro-survival signaling and also inhibits apoptosis in UV-B response is also significantly increased, and the increase is more profound in UV-B 30 mJ/cm2 exposed HDFs (Figures 4A, C). We confirmed our Western blotting results through immunofluorescence in 6 h UV-B post-irradiation to HDFs in confocal microscopy by imaging for the UV-B-induced p-χH2AX foci, which directly reflect the intensity of damage response. In microscopic analysis, we found that UV-B 30 mJ exposure to HDFs induces the expression of p-χH2AX foci. Treatment of Rapamycin (100 nM) and Salubrinal (25 µM) to UV-B-exposed HDFs significantly rescue damage response in HDFs as is evident from the decreased expression of p-χH2AX in confocal microscopy. Bafilomycin A1 (100 nM) treatment significantly potentiates the expression levels of p-χH2AX nuclei in UV-B-exposed HDFs (Figures 4D, E). We further carried out the immunofluorescence of DNA damage pathway protein DDB2 in confocal microscopy and found that DDB2 protein expression levels are also significantly upregulated by threefold in UV-B-exposed HDFs compared to control levels. Rapamycin (100 nM) significantly brings the DDB2 level to half whereas Chloroquine (50 µM) treatment drastically increases the expression level of DDB2 protein by 0.2-fold compared to those exposed only to UV-B (Figures 4F, G).




Figure 4 | Improving autophagy response alleviates DNA damage in UV-B-exposed HDFs. (A, B) Western blotting analysis of DNA damage response proteins showing time- and intensity-dependent effect of UV-B irradiation on DNA damage response proteins in UV-B 10, 20, and 30 mJ/cm2 exposed HDFs. (A, C) Western blotting analysis of p-AKT protein levels showing the effect of UV-B irradiation on the expression levels of p-AKT decreasing in 3 and 6 h but again augments in 24 h UV-B 10, 20, and 30 mJ/cm2 exposed HDFs. (D, E) Immunofluorescence analysis of damage sensor protein p-χH2AX foci in UV-B 30 mJ/cm2 exposed HDFs in 6 h UV-B post-irradiation and effect of Salubrinal (25 µM), Rapamycin (100 nM), and Bafilomycin A1 (100 nM) on p-χH2AX expression levels under UV-B exposure to HDFs. (F, G) Immunofluorescence analysis of DDB2 protein expression levels in UV-B 30 mJ/cm2 exposed HDFs and effect of Rapamycin (100 nM) and Chloroquine (50 µM) on the expression levels of DDB2 (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.





Salubrinal Alleviates DNA Damage and Prevents Immediate ER Calcium Leakage by Improving Cellular Autophagy Levels in UV-B-Exposed HDFs

ER stress response is the immediate manifestation of oxidative stress in UV-B exposure to HDFs. Here, we used Salubrinal, an eIF2α phosphatase inhibitor that relieves ER stress response upon UV-B exposure to cells. We first performed the cell viability assay of Salubrinal in UV-B-exposed HDFs and found it cytoprotective in nature. UV-B exposure decreases the cellular viability in HDFs in an intensity-dependent manner in 24 h MTT assay by 20%, 27%, and 35% at 10, 20, and 30 mJ/cm2 exposure, respectively (Figure 5A). Salubrinal treatment at 10, 20, and 30 µM improves the cellular viability by 1-fold, 0.5-fold, and 0.5-fold in UVB 10 mJ+SAL 10 µM-, 20 mJ+SAL 20 µM-, and UVB 30 mJ+SAL 30 µM-treated HDFs respectively. Furthermore, we checked the expression of autophagy, ER stress, and DDR p-χH2AX protein levels in UV-B-exposed HDFs in Western blotting in 24 h upon Salubrinal treatment. UV-B exposure to HDFs induces ER stress response as evident from the expression levels of p-eIF2α and upregulates expression of DNA damage sensor protein p-χH2AX in Western blotting, but Salubrinal (20 µM) fails to significantly improve the ER stress and damage response events in UV-B-exposed HDFs in 24 h UV-B post-irradiation (Supplementary Figure S1). We reduced the UV-B post-exposure time interval to 6 h, because both autophagy and ER stress responses are the initial molecular events following UV-B exposure to HDFs as already reported in our previous study (19). We found that Salubrinal 25 µM improves autophagy response in UV-B-exposed HDFs in 6 h UV-B post-irradiation as is evident from expression levels of LC3B II, P62, and BECN1 in Western blotting (Figures 5B, C) as well as augments the punctae dots in GFP-RFP-LC3B puncta assay in confocal microscopy (Figures 1F, G). We further found that ER stress is induced upon UV-B exposure to HDFs in an intensity-dependent manner in 6 h UV-B post-irradiation and is significantly alleviated by treatment with Salubrinal 25 µM as evident from the expression of key ER stress response proteins, p-eIF2α, GRP78, and CHOP/GAD153. Rapamycin (100 nM) treatment also significantly relieves the UV-B-induced ER stress response whereas Chloroquine (50 µM) fails to rescue the cells from ER stress response in UV-B-exposed HDFs (Figures 5D, E). Furthermore, to check whether relieving ER stress response with Salubrinal and improving cellular autophagy response with Rapamycin have any impact on rescuing the UV-B-exposed HDFs from aberrant DDR, we looked for the expression of DNA damage sensor protein p-χH2AX and p-Chk1 and found that Salubrinal (25 µM) and Rapamycin (100 nM) significantly alleviate the expression of both p-χH2AX and p-Chk1 in Western blotting (Figures 5D, E). Salubrinal (25 µM) and Rapamycin (100 nM) treatment also significantly restores the expression levels of anti-apoptotic protein Bcl2, whose expression is dwindled upon UV-B 30 mJ/cm2 exposure to HDFs, whereas Chloroquine (50 µM) augments the expression of Bcl2 compared to those exposed only to UV-B (Figures 5D, E). ER calcium depletion is the immediate molecular event following UV-B exposure to HDFs. Rapamycin (100 nM) and Salubrinal (25 µM) treatment significantly prevents the ER Calcium leakage in UV-B-exposed HDFs; Bafilomycin A1 (100 nM) potentiates the ER calcium depletion from UV-B-exposed HDFs as is evident from confocal microcopy analysis in calcium staining (Figures 5F, G).




Figure 5 | Salubrinal alleviates DNA damage and prevents immediate ER calcium leakage in UV-B-exposed HDFs. (A) Cell viability analysis of UV-B 10, 20, and 30 mJ/cm2 exposed HDFs in the presence of Salubrinal (10, 20, and 30 µM) in 24 h UV-B post-irradiation. (B, C) Western blotting analysis of autophagy marker proteins in Salubrinal (25 µM)-treated HDFs exposed to UV-B. (D, E) Western blotting analysis of ER stress and DNA damage response proteins in 20 and 30 mJ/cm2 exposed HDFs in the presence of Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) in 6 h UV-B post-irradiation. (F, G) Confocal microscopy analysis of ER calcium depletion in 30 mJ/cm2 exposed HDFs in 6 h UV-B post-irradiation in the presence of Rapamycin (100 nM), Salubrinal (25 µM), and Bafilomycin A1 (100 nM) (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.





Autophagy Blockage via P62 Silencing Augments the DDR in UV-B-Exposed HDFs

Autophagy is the main cellular pathway that is activated during stress response in order to restore the normal homeostasis in cells subjected to genotoxic stress. We blocked autophagy response in UV-B-exposed HDFs through silencing autophagy cargo protein P62 to find the impact of autophagy blockage on DDR in 6 h UV-B post-irradiation to HDFs. Western blotting analysis confirmed the silencing of P62 and depicts 95% silencing efficiency. UVB 30 mJ exposure to HDFs shows mild autophagy induction as evident from the downregulation of P62 protein levels by 0.25-fold in Western blotting analysis (Figures 6A, B). Furthermore, we found that P62-silenced HDFs reveal enhanced DDR upon UV-B 30 mJ exposure in 6 h post-irradiation as is clear from augmented expression levels of DDR proteins p-χH2AX, p-ATR, p-Chk2, and p-P53 in Western blotting analysis (Figures 6A, B). P62 siRNA-only-treated cells show negligible effect on the change in expression of DDR proteins in Western blotting analysis compared to control levels. We confirmed our Western blotting results through immunofluorescence in confocal microscopy by looking for the p-χH2AX foci and found that UV-B 30 mJ exposure significantly induces the expression of p-χH2AX foci in P62-silenced cells compared to those exposed only to UV-B. Rapamycin (100 nM) treatment to P62-silenced HDFs upon UV-B exposure decreases the p-χH2AX foci by twofold in immunofluorescence. Chloroquine (50 µM) treatment to P62-silenced cells upon UV-B exposure fails to alleviate the DDR in HDFs as is evident in immunofluorescence (Figures 6C, D).




Figure 6 | P62 silencing enhances the DNA damage response in UV-B-exposed HDFs. (A, B) Western blotting analysis of DNA damage response proteins in siRNA P62-treated HDFs in 6 h UV-B 30 mJ/cm2 post-irradiation. (C, D) Immunofluorescence analysis of DNA damage sensor protein p-χH2AX in siRNA P62-treated HDFs in 6 h UV-B post-irradiation in the presence of Rapamycin (100 nM) and Chloroquine (50 µM) (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.





Autophagy Blockage via P62 Silencing Dwindles the Tumor Suppressor PTEN/AKT Pathway in UV-B-Exposed HDFs

The PTEN/AKT pathway is the main tumor suppressor pathway that promotes cell survival and reduces tumorigenesis in UV-B-induced photo-damage. Here we checked whether blockage of autophagy has any substantial impact on the PTEN/AKT pathway in UV-B 30 mJ exposed HDFs in 6 h UV-B post-irradiation. We found that UV-B irradiation to HDFs significantly downregulates the expression level of PTEN by 0.2-fold and increases the expression of p-AKT protein by 0.25-fold in Western blotting analysis (Figures 7A, B). Autophagy blockage via P62 silencing significantly downregulates the expression of PTEN by twofold in UV-B+P62-treated HDFs compared to those exposed only to UV-B. We got very interesting results for p-AKT, and the protein expression level of p-AKT is upregulated by 0.4-fold in P62-silenced HDFs compared to those exposed only to UV-B. Similar results were obtained for PTEN and p-AKT in immunofluorescence in confocal microscopy analysis. PTEN protein expression levels are significantly downregulated upon UV-B exposure to HDFs in immunofluorescence. Autophagy activator Rapamycin (100 nM) significantly restores the PTEN expression level by twofold whereas inhibitor of autophagy, Chloroquine (50 µM), could not restore the PTEN expression but adversely augments the expression level of PTEN by onefold compared to those exposed only to UV-B as is evident from immunofluorescence (Figures 7C, D). p-AKT expression level in UV-B-exposed HDFs on the other hand is upregulated by twofold in immunofluorescence compared to control levels. Rapamycin (100 nM) treatment significantly brings the expression of p-AKT close to control levels whereas Chloroquine (50 µM) drastically increases the expression of p-AKT in UV-B-exposed HDFs by 0.35-fold compared to those exposed only to UV-B (Figures 7E, F).




Figure 7 | P62 silencing dwindles the PTEN/AKT tumor suppressor signaling axis in UV-B-exposed HDFs. (A, B) Western blotting analysis of PTEN/p-AKT protein expression levels in siRNA P62-treated HDFs in 6 h UV-B 30 mJ/cm2 post-irradiation. (C, D) Immunofluorescence analysis of PTEN protein expression levels in UV-B 30 mJ/cm2 exposed HDFs in 6 h UV-B post-irradiation in the presence of Rapamycin (100 nM) and Chloroquine (50 µM). (E, F) Immunofluorescence analysis of p-AKT protein expression levels in UV-B 30 mJ/cm2 exposed HDFs in 6 h UV-B post-irradiation in the presence of Rapamycin (100 nM) and Chloroquine (50 µM) (*p ≤ 0.05, **p ≤ 0.01 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.





Pharmacological Activation of Autophagy Improves the Expression of Cell Cycle Regulatory Proteins in UV-B-Exposed HDFs

Cell cycle regulatory proteins play an important role in quality control mechanism and respond to any genotoxic insult and prevent cancer development in cells. In line with this, we checked the effect of pharmacologically stimulated autophagy response on main cell cycle regulator proteins in immunofluorescence through confocal microscopy in 24 h UV-B post-irradiation to HDFs. We found that the expression of P21 protein upregulates in UV-B-exposed HDFs by threefold compared to control levels. Rapamycin (100 nM) treatment significantly improves the expression level of P21 compared to those exposed only to UV-B. Chloroquine (50 µM) on the other hand, drastically increases the expression of P21 in immunofluorescence by 1.5-fold compared to those exposed only to UV-B (Figures 8A, B). Similarly, we got augmented expression in the protein levels of P27 in UV-B 30 mJ exposed HDFs by threefold compared to control levels. Salubrinal (25 µM) and Rapamycin (100 nM) treatment brought the expression of P27 to that of control levels, whereas Chloroquine (50 µM) significantly increased the expression of p27 by 0.2-fold compared to UV-B levels in immunofluorescence (Figures 8C, D). Similar results were obtained in Western blotting as well wherein UV-B exposure to HDFs increases the expression of P21 and P27 whereas Salubrinal (25 µM) and Rapamycin (100 nM) alleviate the expression of both P21 and P27 whereas Chloroquine (50 µM) augments the UV-B-induced expression of P21 and P27 in Western blotting analysis (Figures 8E, F).




Figure 8 | Pharmacological activation of autophagy regulates the expression of cell cycle regulatory proteins in UV-B-exposed HDFs. (A, B) Immunofluorescence analysis of P21 protein expression levels in UV-B 30 mJ/cm2 exposed HDFs in 24 h UV-B post-irradiation in the presence of Rapamycin (100 nM) and Chloroquine (50 µM). (C, D) Immunofluorescence analysis of P27 protein expression levels in UV-B 30 mJ/cm2 exposed HDFs in 24 h UV-B post-irradiation in the presence of Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM). (E, F) Western blotting analysis of P21 and P27 protein expression levels in UV-B 30 mJ/cm2 exposed HDFs in 24 h UV-B post-irradiation in the presence of Salubrinal (25 µM), Rapamycin (100 nM), and Chloroquine (50 µM) (*p ≤ 0.05, **p ≤ 0.01 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.





Atg7 Silencing in an Unexpected Consequence Alleviates the DDR in UV-B-Exposed HDFs

Autophagy-related genes play an important role in the initiation and execution process of autophagy response. Recently, autophagy-related Atg7 gene deletion has been found to be involved in the suppression of UV-B-induced inflammation and tumorigenesis. To check the specific role of autophagy-related proteins particularly the role of Atg7 in UV-B-induced photo-damage, we subjected HDFs to Atg7 silencing in 6 h UV-B post-irradiation. Western blotting analysis confirmed the silencing of Atg7 with 95% efficiency compared to control levels. UV-B 30 mJ exposure to HDFs increases the protein expression of Atg7 and BECN1 by 1- and 1.25-fold, respectively, and decreases the protein expression of P62 by 0.5-fold compared to control levels. UV-B exposure to HDFs also induces the expression of key DDR proteins p-χH2AX and p-P53 by 5- and 4.5-fold, respectively. Atg7 silencing in UV-B-exposed HDFs significantly alleviates the DDR as is evident from decrease in the protein expression levels of DDR proteins p-χH2AX and p-P53 in Western blotting by 2.5- and 2-fold, respectively. Atg7-only silenced HDFs show negligible effect on the modulation in expression level of autophagy and DNA damage marker proteins in Western blotting analysis. Everolimus (200 nM) treatment to Atg7-silenced HDFs upon UV-B exposure also decreases the expression levels of DDR proteins compared to those exposed only to UV-B but not compared to Atg7+UV-B-exposed cells (Figures 9A, B). We confirmed our Western blotting results through immunofluorescence by looking out for p-χH2AX foci and found that UV-B exposure to HDFs significantly induces the p-χH2AX damage foci by 3-fold compared to control levels but are significantly alleviated in Atg7-silenced UV-B-exposed HDFs by 0.35-fold compared to that of those exposed only to UV-B (Figures 9C, D). Furthermore, confocal microscopy analysis of p-AMPKα protein expression levels in 6 h UV-B post–irradiation to HDFs show that autophagy protein Atg7 silencing significantly enhances the p-AMPKα expression levels in UV-B-irradiated HDFs compared to those exposed only to UV-B (Figures 9E, F).




Figure 9 | Atg7 silencing in an unexpected consequence alleviates the DNA damage response in UV-B-exposed HDFs. (A, B) Western blotting analysis of autophagy and DNA damage response proteins in siRNA Atg7-treated HDFs in 6 h UV-B post-irradiation in the presence of Everolimus (200 nM). (C, D) Immunofluorescence analysis of DNA damage sensor protein p-χH2AX in siRNA Atg7-treated HDFs in 6 h UV-B post-irradiation. (E, F) Immunofluorescence analysis of p-AMPKα expression levels in siRNA Atg7-treated HDFs in 6 h UV-B post-irradiation (*p ≤ 0.05, **p ≤ 0.01, #p ≤ 0.001 were considered as statistically significant). Western blots were analyzed using Image Lab.exe 3.0.0.39529 and micrographs with ImageJ.exe 1.8.0_172 software.






Discussion

Skin aging is a dynamic process and depends on both intrinsic factors such as genetics and hormones, as well as extrinsic factors including UV radiation and environmental pollutants (28). UV radiation in particular is considered the most crucial factor for skin aging due to the process known as photoaging (29). Incidences of skin cancer have increased in recent years, possibly due to increased exposure to solar UV radiation because of the depletion of ozone layer in the stratosphere (30). UV-B irradiation to skin stimulates diverse cellular and molecular responses like inflammation, reactive oxygen species (ROS) formation, and endoplasmic reticulum (ER) stress response that ultimately leads to autophagy induction in skin cells aimed at restoring the cellular homeostasis upon encountering insult. Acute and chronic exposure of UV-B to skin lead to various perturbations that leads to aging-related signal transduction amplification, ultimately resulting in skin damage and photoaging (31). UV-B radiation is considered as the most mutagenic component of UV spectrum reaching the earth’s surface and causes DNA damage in the form of cyclobutane pyrimidine dimers (CPD) and pyrimidine-(6-4)-pyrimidone photoproducts (6,4PP) affecting DNA integrity and tissue homeostasis, and causes mutations in oncogenes and in tumor suppressor genes (32). Cells have, in defense, a natural, inbuilt, and well-established molecular response system known as DDR that checks any mutagenic insult to genome and repairs it immediately through the Nucleotide Excision Repair system, to prevent tumor development and cancer progression in cells. Any unrepaired part can lead to abnormal cell growth, increasing the risk of cancer (33). Autophagy is a cellular catabolic process that has roles in sensing nutrient stress during starvation conditions and cleanses cellular debris generated as a metabolic by-product (34). Dysfunction of the autophagic process is known to have a role in the development of human chronic pathologies, such as metabolic, cardiovascular, and neurodegenerative diseases, and in cancer as well. Comprehensive research is ongoing to discover new therapeutic strategies and agents able to modulate the autophagic process. Special attention is given in particular to understand the complex role of autophagy in disease pathogenesis. Research efforts are now focused on understanding the context-dependent roles of autophagy and on the evaluation of the pharmacological effects of autophagy signaling in a more in-depth and mechanistic way (35). Furthermore, the development of skin aging is associated with several molecular changes including the accumulation of DNA damage, genome instability, epigenetic dysregulation, mitochondrial dysfunction, inflammation, extracellular matrix degradation, loss of proteostasis, ER stress, and autophagy dysfunction (36). Many of these genome alterations are directly associated with cellular damage and senescence, which is one of the hallmarks of skin aging. Recent evidence from autophagy research in UV-B-induced skin DNA damage has provided novel insights and has been found to play a positive and pivotal role in DNA damage recognition by nucleotide excision repair and also controls p38 activation to promote cell survival under genotoxic stress conditions (5, 37). In another similar study, it has been found that autophagic UVRAG promotes UV-induced photolesion repair by activation of the CRL4 (DDB2) E3 Ligase (38) citing the positive role of autophagy in regulating UV-B-induced damage response in skin. We have recently reported that a natural product-based anti-oxidant molecule, Glycyrrhizic acid, alleviates oxidatively induced DNA damage through improving cellular autophagy levels in primary human dermal fibroblasts (19). Furthermore, recent works have revealed that genotoxic stress is a trigger for autophagy and autophagy regulates repair of UV-induced DNA damage. Previously, it has been revealed that knockdown of autophagy genes such as AMPK, Atg5, Atg7, Atg12, and Atg14 impairs the repair of UVB-induced DNA damage (39). Despite these preliminary studies conducted so far in demystifying the role of autophagy in UV-B-induced DDR, the precise role of autophagy in regulating UV-B-induced genotoxic stress is yet to be ascertained and warrants further studies to unravel the facts. In line with these findings, we planned the current study and hypothesized that autophagy might be playing a very crucial role in regulating UV-B-induced DDR. Our results suggest that UV-B irradiation induces impaired autophagy response in a dose-independent manner as is evident from the Western blotting analysis of key autophagy marker proteins not corresponding to induction of healthy autophagy response in cells (Figures 1A–E). Induction of impaired autophagic flux response upon UV-B 30 mJ/cm2 exposure to HDFs was confirmed through GFP-RFP-LC3B puncta assay in confocal microscopy where we obtained appreciable red puncta dots, indicative of autolysosomes compared to yellow puncta dots indicative of autophagosomes in Rapamycin- and Salubrinal-treated cells showing enhanced autophagy flux upon UV-B exposure to HDFs compared to those exposed only to UV-B (Figures 1F, G). ELISA-based results reveal that DNA photo-adducts (CPD and 6,4PP) are the immediate by-products of oxidative damage in UV-B-exposed HDFs in 6 h UV-B post-irradiation. Improving autophagic flux with Rapamycin (100 nM) and relieving UV-B-induced ER stress response with Salubrinal (25 µM) significantly alleviate the induction of both CPD and 6,4PP in UV-B-exposed HDFs. Autophagy inhibitor [Chloroquine (25 µM)] treatment of HDFs on the other hand augments the induction of both CPD and 6,4PP in UV-B-treated HDFs (Figure 2A), indicating that autophagy induction positively regulates the formation of DNA photo-adducts in UV-B-induced photo-damage. We confirmed these findings by silencing the autophagy cargo protein P62 and found that it significantly increases the induction of photo-adducts, indicating that autophagy plays a very critical role in regulating the UV-B-induced photo-damage response (Figure 2B). Similar effects were obtained in immunofluorescence on checking the effect of improving cellular autophagy levels on CPD induction, further revealing that pharmacological activation of autophagy positively regulates the DDR in UV-B exposure to HDFs (Figures 2D, E). Our results further reveal that Rapamycin (100 nM) treatment of HDFs has no significant effect on improving the cellular viability in acute dose (UV-B 30 mJ/cm2) exposed HDFs whereas Chloroquine 50 µM treatment significantly reduces the cell viability from 65% in UV-B 30 mJ/cm2 only exposed to 60% in UV-B 30+CQ (50 µM) treated, indicating that inhibition of autophagy potentiates the cell death effect in UV-B-exposed HDFs (Figure 2C). It is a fact that UV-induced skin damage triggers cascade of response signaling pathways, including cell cycle arrest, DNA repair, and, if left unrepaired, can lead to apoptotic events (40). Oxidatively induced DDR is the hallmark of UV-B-induced skin photo damage that ultimately leads to genotoxic stress response in skin (41). We found that UV-B treatment of HDFs induces TUNEL-positive cells in an intensity-dependent manner in 6 h UV-B post-irradiation. Rapamycin treatment (100 nM) significantly alleviates TUNEL-positive cells in UV-B 30 mJ/cm2 exposed HDFs whereas Chloroquine treatment (50 µM) of HDFs increases TUNEL-positive cells compared to those exposed only to UV-B (Figures 3A, B). AO/EtBr co-staining also reveals increased ratio in early to late apoptotic nuclei in UV-B-exposed HDFs indicating nuclear damage upon UV-B exposure. Salubrinal (25 µM) and Rapamycin (100 nM) treatment significantly alleviates the fluorescence of apoptotic nuclei to that of control levels whereas Chloroquine (50 µM) treatment increases the apoptotic nuclei compared to UV-B levels, indicating that Salubrinal and Rapamycin have a positive role in regulating the UV-B-induced apoptosis whereas Chloroquine potentiates the damage by increasing the late apoptotic cells, but not necrotic cells. These results clearly indicate that oxidative stress, ER stress, and autophagy are intricately interconnected and autophagy has a very critical role in alleviating stress response in UV-B-exposed HDFs (Figures 3C, D). Moreover, oxidative stress induced upon UV-B exposure to skin cells also induces autophagy and ROS is the main oxidative damage-causing agent in UV-B-exposed cells (42). We found that treatment with Salubrinal and Everolimus significantly alleviates the ROS levels produced in response to UV-B exposure to skin cells, indicating that improving autophagy has a role to play in regulating oxidative stress response and that ER stress and oxidative stress are mutually related to each other, disturbing the cellular homeostasis (Figures 3E, F). Intense UV-B exposure to HDFs induces genomic damage and cell cycle arrest, which is critical at providing ample time gap for DNA damage recognition and subsequent execution of repair process. UV-induced DNA damage activates the sensors ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) to trigger cell cycle arrest via p53 stabilization (43) and also phosphorylates checkpoint kinase 1 (Chk1) to activate checkpoints at the G1, S, and G2/M phases. Damage-related protein DDB2 has been shown to facilitate the recruitment of ATM and ATR to sites of DNA damage and promote the activation of cell cycle arrest pathways (44–46). We found that UV-B exposure to skin cells induces DDR and is both a time- and intensity-dependent event as is evident from the Western blotting analysis of DDR proteins (Figures 4A, B). The expression levels of p-AKT, which has a crucial role in pro-survival signaling and also inhibits apoptosis in UV-B response, are significantly downregulated initially at low UV-B intensity but increase in 24 h UV-B post-irradiation exposure to HDFs (Figures 4A, C). p-χH2AX foci are immediately induced upon DNA damage in cells, sensing damage and facilitating repair process. Here, we found that UV-B 30 mJ/cm2 exposure to HDFs induces the expression of p-χH2AX foci in immunofluorescence. Rapamycin (100 nM) and Salubrinal (25 µM) treatment rescues the DNA damage and accelerates the repair process in UV-B-exposed HDFs as is evident from the decreased expression of p-χH2AX, whereas Bafilomycin A1 (100 nM) treatment shows enhanced expression levels of p-χH2AX nuclei in UV-B 30 mJ/cm2 exposed HDFs, indicating that autophagy positively regulates the damage response and repair process in UV-B exposure to skin (Figures 4D, E). Immunofluorescence of DDB2 also reveals upregulated levels of expression in UV-B 30 mJ exposed HDFs. Here, Rapamycin (100 nM) also significantly brings the DDB2 level to that of control levels whereas Chloroquine (50 µM) treatment drastically increases the expression level of DDB2 protein compared to UV-B-exposed HDFs (Figures 4F, G), indicating that DDR dwindles and subsequent repair processes are accelerated if autophagy levels are improved in UV-B-exposed HDFs and the pro-survival capacity of cells is enhanced due to clearing of damage incurred due to UV-B exposure to HDFs.

Previously, we have reported that oxidative stress-mediated Ca2+ release manifests ER stress leading to unfolded protein response in UV-B-irradiated human skin cells (18). In another study, it was reported that Salubrinal, an eIF2α phosphatase inhibitor, protects human skin fibroblasts against UVB-induced cell death by blocking ER stress and regulating calcium homeostasis (47). Many other studies reported the diverse roles of Salubrinal on autophagy in different pathological conditions (48, 49) but not in skin photo-damage response. Here, we found that Salubrinal (10–30 µM) significantly improves the cellular viability in MTT assay in UV-B 10–30 mJ/cm2 exposed HDFs (Figure 5A). Salubrinal (25 µM) also improves cellular autophagy levels in 6 h UV-B post-irradiation to HDFs (Figures 5B, C, Figures 1F, G). Furthermore, Salubrinal significantly alleviates ER stress response as well as DNA damage and accelerates repair process in 6 h UV-B post exposure to HDFs (Figures 5D, E) but not in 24 h UV-B post-irradiation (Supplementary Figure S1). ER calcium leakage is the immediate post-event following UV-B exposure to HDFs as reported earlier (18). We found that UV-B-mediated ER calcium leakage is significantly prevented by Rapamycin (100 nM) and Salubrinal (25 µM) treatment to UV-B-exposed HDFs in 6 h UV-B post-irradiation, whereas Bafilomycin A1 (100 nM) fails to prevent the ER calcium depletion in calcium staining in microscopic analysis (Figures 5F, G).

Previous studies have reported that P62 modulates the intrinsic signaling in UVB-induced apoptosis (50) and that autophagy performs a crucial role in promoting cell survival under genototoxic stress and helps in preventing tumorigenesis. Degradation of P62 has been found to mediate an important tumor-suppressive function of autophagy, and autophagy-deficient conditions have shown enhanced P62 accumulation and act as a signaling hub by forming interactions with a number of pro-tumorigenic proteins, thereby promoting tumorigenesis (51). Here, we found that autophagy blockage via P62 silencing shows enhanced DNA damage and defective repair in 6 h UV-B 30 mJ post-irradiation as is clear in Western blotting analysis of DDR proteins (Figures 6A, B) and similar results were obtained in immunofluorescence of p-χH2AX foci in confocal microscopy, which significantly increase in P62-silenced cells compared to those exposed only to UV-B. Rapamycin (100 nM) decreases the expression of damage sensor p-χH2AX to that of control levels whereas Chloroquine (50 µM) significantly increases the expression of p-χH2AX in immunofluorescence than in UV-B alone and P62-silenced HDFs irradiated with UV-B, indicating that autophagy induction regulates the UV-B-induced damage and also impacts upon repair process and imparts pro-survival capability to UV-B-exposed HDFs, thereby reducing chances of cancer development (Figures 6C, D). Earlier, it has been reported that PTEN, which otherwise activates autophagy, is inhibited by Sestrin 287 and, in response to UV-B exposure, impairs the GG-NER by downregulating XPC transcription. However, it is still elusive to conclude whether downregulation of autophagy has a significant role in PTEN-regulated DNA damage repair in response to UV-B exposure to skin cells (52, 53). The PTEN/AKT pathway is the crucial tumor suppressor pathway that promotes cell survival under genotoxic stress, and earlier studies have found that ERK/AKT-dependent PTEN suppression promotes survival of epidermal keratinocytes under UV-B exposure. Our results are in complete agreement with these initial findings as P62 silencing disturbs the PTEN/p-AKT pathway in UV-B-exposed HDFs in 6 h UV-B post-irradiation by decreasing the PTEN protein expression level but increases the p-AKT levels compared to UV-B (Figures 7A, B). Similar results were obtained in immunofluorescence of PTEN and p-AKT (Figures 7C–F, respectively), which indicate that autophagy also regulates tumor suppressor pathway under UV-B-induced genotoxic stress. Furthermore, Rapamycin (100 nM) improves the PTEN/p-AKT-mediated tumor suppressor pathway whereas Chloroquine (50 µM) potentiates the UV-B response to the PTEN/p-AKT pathway in UV-B-exposed HDFs in microscopy backing our silencing results. Furthermore, the massive accumulation of DNA lesions within the cells under different genotoxic stimuli interferes with the replication process, prompting cells to stop division and to repair damaged DNA (54). Cell cycle regulator proteins play a very important part in the quality control of cells and in sensing any external insult and preventing mutations. We found that Salubrinal (25 µM) and Rapamycin (100 nM) improve the fate of cell cycle regulator proteins P21 (Figures 8A, B) and P27 (Figures 8C, D) in immunofluorescence as well as in Western blotting (Figures 8E, F) in 24 h UV-B post-irradiation by regulating autophagy response whereas Chloroquine (50 µM) further worsens the damage regulation by increasing the expression of P21 and P27, which indicates that autophagy also plays its part in regulating cell cycle under genotoxic stress conditions.

Earlier studies have revealed an unexpected consequence of Atg7 gene deletion in the suppression of UVB-induced inflammation, and tumorigenesis and epidermis-specific deletion of Atg7 have been found to protect against UVB-induced sunburn, vascular permeability, and skin tumorigenesis. Moreover, Atg7 deletion has been found to regulate UVB-induced skin tumorigenesis by regulating the AMPK and ER pathways (55). Our results are in complete agreement with these previous findings because Atg7 silencing in UV-B-exposed HDFs alleviates the DDR and accelerates the repair process induced in 6 h UV-B post-irradiation to HDFs as is evident from the Western blotting analysis of key DNA damage marker proteins. Everolimus (200 nM) also rescues the HDFs from UV-B-induced DNA damage under Atg7 silencing conditions but not as in UV-B+Atg7-silenced cells exposed to UV-B (Figures 9A, B). Similar results were obtained in immunofluorescence by looking for p-χH2AX expression levels that are significantly alleviated in Atg7-silenced HDFs compared to those exposed only to UV-B (Figures 9C, D) demonstrating an unexpected consequence of Atg7 silencing and its role in the suppression of UVB-induced DNA damage and in augmenting the repair process. Furthermore, the expression levels of p-AMPKα in Atg7-silenced HDFs irradiated with UV-B also increase significantly (Figures 9E, F), which is in complete agreement to what the role of Atg7 has been stated previously, and this activation of p-AMPKα is likely an adaptive response to multiple stresses caused by autophagy deficiency mediated by Atg7 silencing leading to ER accumulation and subsequent reduction in ER stress, but warrants further studies to clearly understand the role of the autophagy process, particularly the contrasting role of Atg7 in the regulation of UV-B-induced genotoxic stress response in skin.



Conclusion

The above findings provide critical insights that indicate the regulatory and functional role of pharmacological activation of autophagy in the regulation of UV-B-induced skin photo-damage and subsequent repair process. These findings further reveal that cellular autophagy levels are critical in sensing and repairing UV-B-induced DNA damage and are crucially involved in DDR under UV-B-induced photo-damage conditions. Oxidative stress–ER stress and DDR mechanisms are tightly regulated, and autophagy is involved in the regulation of all the three pathways and promotes pro-survival capacity of cells under genotoxic stress conditions notably under UV-B-induced DNA damage. Moreover, our findings support the potential role of the autophagy pathway to be explored as a promising therapeutic strategy against UV-B-mediated photo-damage disorders but warrant further studies to clearly demystify the molecular association existing between autophagy and DDR and repair process under genotoxic stress conditions.
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The roles of different integrin alpha/beta (ITGA/ITGB) subunits in skin cutaneous melanoma (SKCM) and their underlying mechanisms of action remain unclear. Oncomine, UALCAN, GEPIA, STRING, GeneMANIA, cBioPortal, TIMER, TRRUST, and Webgestalt analysis tools were used. The expression levels of ITGA3, ITGA4, ITGA6, ITGA10, ITGB1, ITGB2, ITGB3, ITGB4, and ITGB7 were significantly increased in SKCM tissues. The expression levels of ITGA1, ITGA4, ITGA5, ITGA8, ITGA9, ITGA10, ITGB1, ITGB2, ITGB3, ITGB5, ITGB6 and ITGB7 were closely associated with SKCM metastasis. The expression levels of ITGA1, ITGA4, ITGB1, ITGB2, ITGB6, and ITGB7 were closely associated with the pathological stage of SKCM. The expression levels of ITGA6 and ITGB7 were closely associated with disease-free survival time in SKCM, and the expression levels of ITGA6, ITGA10, ITGB2, ITGB3, ITGB6, ITGB7, and ITGB8 were markedly associated with overall survival in SKCM. We also found significant correlations between the expression of integrin subunits and the infiltration of six types of immune cells (B cells, CD8+ T cells, CD4+T cells, macrophages, neutrophils, and dendritic cells). Finally, Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed, and protein-protein interaction (PPI) networks were constructed. We have identified abnormally-expressed genes and gene regulatory networks associated with SKCM, improving understanding of the underlying pathogenesis of SKCM.
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Introduction

Skin cutaneous melanoma (SKCM) is one of the most aggressive and lethal skin cancers (1). In the past decade, incidence of SKCM has increased rapidly worldwide (1). Hence, SKCM poses a major global threat to human health. Recently, associations between molecular biological biomarkers and tumor prognosis during the development of SKCM have elicited great interest. However, our understanding of the etiology and pathogenesis of SKCM could be improved, and more effective prognostic biomarkers are required.

Integrins are glycosylated heterodimers composed of non-covalently bound α and β subunits (2). Specific integrin subunits are known to be closely associated with various tumors, including gallbladder cancer and breast cancer, etc. (3–5). The diversity of integrin function in tumors may be related to differences in the integrin domains. Therefore, we speculate that different integrin subunits may play a role in several biological processes underlying SKCM.

Several comprehensive scientific reviews of the molecular factors underlying SKCM biology, SKCM drug target mechanisms (6), and SKCM prognosis have been published. However, studies clarifying the role of integrins in SKCM are relatively scarce. In the present study, we evaluate the utility of abnormally-expressed integrin subunits as biomarkers in SKCM. In addition, we employ bioinformatics tools for analyzing the underlying mechanisms by which different integrin subunits affect SKCM. Our overall aim is to identify potential biological targets in the integrin subunit family which can be used as biomarkers in SKCM.



Materials and Methods


ONCOMINE

The ONCOMINE Database is a multi-functional website based on the Cancer Genome Atlas (TCGA) tumor database (7). Here, we used ONCOMINE to analyze the differentially expressed integrins subunits using a threshold limited by P value<0.05, Fold change ≥2. The specific referencing steps are as follows: the filter of Analysis Type: Cancer vs. Normal Analysis; the filter of Cancer Type: Cutaneous Melanoma; the filter of Data Type: mRNA. The data was order by: over-expression: Gene Rank.



UALCAN

UALCAN (http://ualcan.path.uab.edu/index.html) is an integrated data-mining platform facilitating comprehensive analyses of the cancer transcriptome (8). The functionalities of UALCAN including identifying biomarkers, analyzing expression profile, analyzing gene correlation, and survival analysis (9). In this study, UALCAN database was used to analyze the expression of target genes in primary SKCM, metastasis SKCM and normal samples. The sample information of UALCAN was derived from the TCGA database, and it used the TCGA-Assembler (10) to download the RNA-Seq data of 31 tumors in the TCGA database. RNA-Seq data were obtained for ‘Primary Solid Tumor’ and ‘Solid Tissue Normal’ for each cancer, and the tumor staging in UALCAN was based on the pathological tumor staging data of the American Joint Committee on Cancer (AJCC), which divided the samples into different stages (8). Data visualization was conducted by Highcharts (Highsoft AS Highcharts, http://www.highcharts.com/), a JavaScript library from Highsoft AS (8).



GEPIA

Developed by Gepia Zefang Tang, is a website that analyzes RNA sequence expression databases based on the TCGA and GTEX projects. Using a deconvolution strategy, it can present cell type information combined with clinical data to help us explore the relationship between cell proportion and prognosis (11). The cancer data of GEPIA was collected from TCGA or GTEx, and the tumor staging definition in GEPIA was based on the pathological tumor staging data of the American Joint Committee on Cancer (AJCC) (12, 13). For the calculation methods of survival analysis, the python package lifeline (https://github.com/CamDavidsonPilon/lifelines) was used for the survival analysis (11). Here, we mainly used the Multiple Gene Analysis module for analyzing the expression of integrins in SKCM at different pathological stages, and correlations between integrin subunit expression and overall survival and disease-free survival.



STRING

String is a website that can analyze the interaction relationship between genes. In order to understand the interaction relationship between integrin genes in this study, we used STRING website to build a PPI network. Each gene is represented by nodes in the network, and the strength and connections in the network are represented by the color and thickness of the lines.



GeneMANIA

GeneMANIA is a website for reprocessing PPI network maps (14). GeneMANIA can perform cluster analysis on nodes in the PPI network graph by collecting hundreds of data sets from GEO, Biogrid, Pathway Commons and I2D, so as to provide biological function analysis of each gene in the PPI network graph (14).



CBioPortal

CBioPortal (http://www.cbioportal.org) is a website used to analyze and visualize cancer genomics data (15). Cbioportal collected the data of 126 tumor genomic studies from TCGA data, based on which cBioPortal can detect the genetic variation, gene network and co-expression of target genes in SKCM (9). Here, we analyzed the gene variation of integrins in SKCM using cBioPortal.



TIMER

TIMER is a website that analyzes the relationship between tumor purity and immune cell infiltration. Specifically, TIMER can explore the correlation between the degree of infiltration of immune cells in tumor microenvironment and clinical results, somatic mutations, gene expression and somatic copy number changes (16). By collecting the gene expression information of different tumors in the TCGA database, TIMER inferred the abundance of tumor-infiltrated immune cells in the gene expression profile using deconvolution method (17). In this study, the relationship between immune cell infiltration and integrin subunit in SKCM was investigated by using the “gene” module in TIMER.



Trrust

TRRUST (https://www.grnpedia.org/trrust/) is a curated database of human and mouse transcriptional regulatory networks. TRRUST is useful as a tool in predicting these transcriptional regulatory networks (18). Here, TRRUST was used to identify the relationships between selected integrin subunit genes and other target genes.



Webgestalt

WebGestalt is a website for gene enrichment analysis based on David database. Through the use of WebGestalt, we can quickly visualize the results of the enrichment analysis of DAVID, and at the same time, we can also visualize the results of KEGG pathway (19, 20).




Results


1. Aberrant Expression of Integrin Subunits in SKCM Patients

Firstly, we used the ONCOMINE database to compare the expression profiles of integrin subunits in cutaneous melanoma patients and control groups (Figure 1 and Table 1). The results reveal that the transcription levels of ITGA3, ITGA4, ITGA6, ITGA10, ITGB1, ITGB2, ITGB3, ITGB4, and ITGB7 in Cutaneous Melanoma samples were significantly increased (compared with normal control samples). These results were compiled from several sources. According to Riker et al., the transcription levels of ITGA4, ITGA10, ITGB1, ITGB2, and ITGB7 in SKCM patients were significantly increased (compared with normal skin tissue), with fold changes of 3.224, 2.074, 3.525, 3.968, and 2.84 respectively (21). Haqq et al. reported that the transcription level of ITGB3 in melanoma patients was significantly increased (compared with normal skin tissue), with a fold change of 3.147 (22). Talatov et al. reported that the transcription levels of ITGA3, ITGA6, and ITGB4 in cutaneous melanoma were significantly increased (compared with normal tissue), with fold changes of 14.807, 16.226, and 10.644 (23). The significant differences in the expression levels of other integrin subunits were not observed between SKCM patients and normal patients. For specific sample information, please refer to the references mentioned in Table 1.




Figure 1 | The mRNA expression levels of different integrin subunits in cutaneous melanoma/melanoma/benign melanocytic skin nevus and normal skin tissue (N). The t-test statistic provided in ONCOMINE reflects the magnitude of the difference between the groups. Each bar represents the gene expression of one sample. The p value was set at 0.05.




Table 1 | Aberrant expression of integrin subunits in SKCM patients.



To further validate the above results, we assessed the expression levels of different integrin subunits in primary SKCM samples and metastatic SKCM samples with UALCAN. Our analysis revealed that the transcriptional levels of ITGA1 (p = 6.89×10-7), ITGA4 (p = 6.27×10-8), ITGA5 (p = 6.30×10-5), ITGA8 (p = 6.40×10-4), ITGA9 (p = 3.24×10-3), ITGA10 (p =1.06×10-3), ITGB1 (p = 1.22×10-6), ITGB2 (p < 1×10-12), ITGB3 (p = 5.61×10-4), ITGB5 (p = 1.74×10-3), and ITGB7 (p = 3.15×10-11) in metastatic SKCM tissues were significantly increased compared with primary SKCM tissues (Figure 2). Whereas, the expression level of ITGB6 (p = 1.18×10-2) in metastatic SKCM tissue was decreased compared with primary SKCM tissue (Figure 2). All other comparisons do not meet our threshold by p value<0.05 and fold change ≥ 2.




Figure 2 | The expression levels of different integrin subunits in primary SKCM samples and metastatic SKCM samples (UALCAN). Student’s t test was used to generate a p value. The p value was set at 0.05.



Lastly, to clarify the clinical significance of the observed changes in integrin subunit expression, we analyzed the correlations between integrin subunit expression and the pathological stage of SKCM using GEPIA. The analysis revealed that ITGA1 (p = 0.000326), ITGA4 (p = 1.1×10-5), ITGB1 (p = 0.0213), ITGB2 (p = 5.78×10-5), ITGB6 (p = 0.00257), and ITGB7 (p = 0.00017) were notably associated with the pathological stage of SKCM (Figure 3). To clarify the gene expression rank of integrin subunit gene expression, we analyzed the expression levels of these genes in SKCM tissue using the GEPIA website (Figure 4). The results reveal that the expression level of ITGB1 in SKCM patients was highest among the integrin genes of interest.




Figure 3 | Correlation between different expressed integrin subunits and the pathological stage of SKCM patients (GEPIA). A P value less than 0.05 was used to determine statistical difference. Student’s t test was used to generate a p value for expression or pathological stage analysis.






Figure 4 | The relative expression levels of integrin subunits in SKCM.





2. The Prognostic Value of Integrin Subunits in SKCM Patients

We next investigated correlations between integrin subunit expression levels and patient prognosis using GEPIA. The results of this analysis reveal that integrin subunit expression and disease-free survival time in SKCM patients are related. Two of these correlations — those involving ITGA6 and ITGB7 — were statistically significant (Figure 5). We next analyzed the associations between integrin subunit expression levels and overall survival in SKCM patients. The results reveal that the expression levels of ITGA6, ITGA10, ITGB2, ITGB3, ITGB6, ITGB7, and ITGB8 were remarkably correlated with overall survival in SKCM patients (Figure 6).




Figure 5 | The prognostic value of differentially-expressed integrin subunits in the disease-free survival curve (GEPIA) for SKCM patients. Prognostic analysis was performed using a Kaplan–Meier curve. The p value was set at 0.05.






Figure 6 | The prognostic value of differentially-expressed integrin subunits in the overall survival curve (GEPIA) for SKCM patients. Prognostic analysis was performed using a Kaplan–Meier curve. The p value was set at 0.05.





3. Relationship Between Integrin Subunit Expression and Immune Cell Infiltration

Tumor immune microenvironment (TIME) refers to the mutual environment composed of tumor cells and their surrounding immune cells. Evidence is accumulating to suggest that immune cell infiltration is closely related with cancer occurrence and resistance, and the degree of immune cell infiltration can evaluate the effectiveness of clinical tumor immunotherapy (16, 24). If the expression of the gene in SKCM TIME is related to the infiltration of immune cells and tumor purity, it is suggested that the gene may become a target of tumor immunotherapy. To further explore the function of integrin subunits in SKCM, the immune effects of integrin subunits were analyzed using the TIMER website (Figures 7 and 8).




Figure 7 | Immune infiltration associated with ITGA1 – ITGA10 in SKCM patients (TIMER). Spearman correlation coefficient was used for statistical analysis. A P value less than 0.05 was used to determine statistical difference.






Figure 8 | Immune infiltration associated with ITGB1 – ITGB8 in SKCM patients (TIMER). Spearman correlation coefficient was used for statistical analysis. A P value less than 0.05 was used to determine statistical difference.



The expression of ITGA4, ITGA8, ITGB2, ITGB7 and ITGB8 was correlated with the infiltration of all types immune cell and tumor purity in the SKCM TIME. ITGA5 was related with tumor purity, B cell, Macrophage cell, Neutrophil cell, and Dendritic cell invasion in SKCM TIME. The expression of ITGA1 and ITGA9 was correlated with the infiltration of all types immune cell in the SKCM TIME, but not tumor purity. The expression of ITGA2 was correlated with the infiltration of CD8+/CD4+ T cell, Macrophage cell, Neutrophil cell and Dendritic cell in SKCM patients. ITGA6, ITGB1 and ITGB3 was correlated with B cell, CD8+ T cell, Macrophage cell, Neutrophil cell and Dendritic cell infiltration. ITGA10 was associated with CD4+/CD8+ T cell, Macrophage cell and Neutrophil cell infiltration. ITGB5 was related with the invasion of CD4+ T cell, Macrophage cell, Neutrophil cell and Dendritic cell. ITGB8 was correlated with CD8+ T cell, B cell and Neutrophil cell invasion.



4. Integrin Subunit Genetic Alteration and Protein Interaction Network in 1SKCM Patients

Firstly, we explored genetic alterations in the integrin subunit family in SKCM using the cBioportal website. The results of this analysis reveal that ITGA1, ITGA2, ITGA3, ITGA4, ITGA5, ITGA6, ITGA7, ITGA8, ITGA9, ITGA10, ITGB1, ITGB2, ITGB3, ITGB4, ITGB5, ITGB6, ITGB7, and ITGB8 were changed in 6%, 3%, 3%, 8%, 5%, 3%, 5%, 7%, 4%, 7%, 1.6%, 3%, 4%, 8%, 2.1%, 4%, 1.9%, and 6% of the queried SKCM samples, respectively (Figure 9A). Next a PPI network of the integrin subunit family was constructed to explore possible interactions. A PPI network with 18 nodes and 152 edges was constructed using STRING (Figure 9B). According to the statistical results reported by the String website, the P-value of PPI enrichment was <1.0e-16. Further analysis using GeneMANIA revealed that the above-mentioned integrin subunits were mainly involved in extracellular matrix organization, extracellular structure organization, integrin complex, receptor complex, and leukocyte migration (Figure 9C). To further corroborate these observations, we used STRING to analyze the top 48 most interacting neighboring genes associated with 18 integrin subunits. The results demonstrate that ALB, CBL, CBY1, CD247, CDC25C, CTGF, EGF, EGFR, ERBB2, ERBB3, ERBB4, FBN1, FLNA, FN1, GRB2, ICAM1, ICAM3, ICAM5, ILK,IRS1, ITGA1, ITGA10, ITGA2, ITGA2B, ITGA3, ITGA4, ITGA5, ITGA6, ITGA7, ITGA8, ITGA9, ITGAL, ITGAM, ITGAV, ITGAX, ITGB1, ITGB1BP1, ITGB2, ITGB3, ITGB4, ITGB5, ITGB6, ITGB7, ITGB8, NPNT, NTRK1, NTRK2, PCSK9, PIK3R1, PIK3R2, PLEC, PXN, RAF1, SHC1, SMAD2, SOS1, SRC, TGFB1, TGFBR1, TGFBR2, TLN1, VEGFA, VTN, VWF, YWHAB, YWHAG, YWHAH, and YWHAZ are all involved in either the regulation or function of integrin subunit family members in SKCM patients (Figure 9D).




Figure 9 | (A) Summary of genetic alterations in different integrin subunits in SKCM. (B, C) Protein-protein interaction network of different integrin subunits. (D) Gene-gene interaction network of different integrin subunits and 48 most frequently altered neighboring genes. (E, F) Enrichment analysis of different integrin subunits and 48 most frequently altered neighboring genes in SKCM (Webgestalt). (E) Bar plot of KEGG enriched terms. (F) Bar plot of GO enrichment in biological process terms, cellular component terms, and molecular function terms.





5. Gene Ontology and KEGG Pathway Analysis of Integrin Subunits in SKCM Patients

Go and KEGG pathway analysis for 18 integrin subunits and top 48 most interacting neighboring genes was performed using the Webgestalt website (Figures 9E, F). In the KEGG pathway analysis, the top 5 pathways identified were ECM-receptor interaction, arrhythmogenic right ventricular cardiomyopathy, hypertrophic cardiomyopathy, dilated cardiomyopathy, and focal adhesion. In the GO enrichment analysis, the results pertaining to biological processes were response to stimulus, biological regulation, and cell communication. For the results pertaining to the analysis of cellular components, the top five cellular components were membrane, protein-containing complex, vesicle, extracellular space, and endomembrane system. For the results pertaining to the analysis of molecular function, the top 5 molecular functions were protein binding, ion binding, molecular transducer activity, transferase activity, and nucleic acid binding.




Discussion

Recent studies indicate that ITGA1 is associated with melanoma proliferation via the regulation of miR-3065-5p (25). In addition, as a mediator of cell-cell and cell-matrix adhesion, ITGA1 was differentially expressed in melanoma samples (26). In the present study, we found that ITGA1 expression levels in SKCM tissues are correlated with different stages of SKCM and with migration in SKCM. ITGA1 protein mediate the adhesion of extracellular matrix proteins (27). We hypothesized that ITGA1 protein in SKCM promote the adhesion of melanocytes to the epidermal basement membrane (28), thus affecting the metastasis of SKCM. Besides, we found a positive correlation between the expression of ITGA1 and infiltration of all types of immune cell, but not tumor purity (Figure 7). Therefore, the effect of ITGA1 in tumor immune therapy may need further verification.

ITGA2 plays a role in melanoma by regulating the expression GTSE1, thereby restoring the epithelial-to-mesenchymal transition in SKCM (29). However, according to our results, the increased expression of ITGA2 may only be related to the infiltration of some immune cells, and this infiltration of immune cells does not lead to the reduction of tumor purity in SKCM TIME, suggesting that the infiltration of immune cells may not play a decisive role in SKCM.

Schumacher et al. reported that flocculating material observed around melanoma cells or nests contains basal membrane protein components, particularly ITGA3 (30). In line with previous research, we found that ITGA3 expression in SKCM tissues was significantly increased (in comparison with non-tumor tissue). Moreover, it is worth mentioning that ITGA3 has most biological functions compared with other integrin subunits, suggesting that it may play a central role in integrin subunits gene clusters (Figure 9C).

ITGA4 is closely related to the occurrence and development of melanoma, and ITGA4 can promote the metastasis of melanoma by promoting the aggregation of melanoma cells in the lymphatic system (31). J. Zhao et al. reported that ITGA4 down-regulation inhibits the adhesion and migration of melanoma cells in vitro and in vivo (32). The immunomodulatory mechanism of ITGA4 in melanoma has also been reported in previous studies. Geherin et al. reported that IL-10+ B1 cells are part of the skin immune system and require α4β1 integrin for homing into the skin (33). In addition, Kobayashi et al. reported that IL-10+ B1a B cells suppress melanoma tumor immunity by inhibiting Th1 cytokine production in tumor-infiltrating CD8+ T cells (34). According to our results, we speculated that the differentially expressed ITGA4 may recruit immune cells by effecting leukocyte migration, reduce the percentage of melanoma cells in SKCM TIME by affecting cell matrix adhesion in SKCM TIME, and ultimately affect the metastasis and tumor stage of SKCM (Figures 7 and 9C).

ITGA5 forms a receptor for extracellular fibronectin, which known to be involved in the formation of malignant tumor cells and tumor vascular systems (35). ITGA5 is known to play a role in melanoma by regulating miR-148b (36). Combined with our results, we hypothesized that ITGA5 may affect the infiltration of immune cells and tumor purity in SKCM TIME by regulating leukocyte migration (Figures 7 and 9C).

Specific ITGA6 variants were reported to be associated with a decreased risk of melanoma, and Luo et al. reported that ITGA6 can be considered a prognostic gene for uveal melanoma (37, 38). We also found that abnormally expressed ITGA6 is a potential prognostic biomarker in SKCM, and we speculate that missense mutation is one of the main reasons for the abnormal expression of ITGA6 (Figure 9A).

ITGA8 is a transmembrane cell surface receptor belonging to the alpha integrin family (39). To date, several studies have linked ITGA8 and tumorigenesis (40, 41). In addition, anti-ITGA8 therapies have been reported to play a role in the treatment of lupus and other glomerular diseases (42). Tumor cells express antigens that mediate recognition by CD8+ T cells and the infiltration of CD8+ T cells in SKCM TIME is a very important part of immunotherapy (43). Combined with our results, we speculated that interference against ITGA8 expression could effectively increase the infiltration of CD8+ T cells in SKCM TIME and reduce the percentage of tumor cells in SKCM, which is a potential target of SKCM targeted therapy (Figure 7).

Several studies have reported a close association between ITGA9 and cell adhesion, proliferation, and migration (44). Changes in ITGA9 expression levels affect the interaction between tumor cells and the extracellular matrix (45). ITGA9 is a host gene for various long non-coding RNAs, including LncCCAT1 and HOXA11-AS. Therefore, proliferation, apoptosis, metastasis of melanoma cells may be modulated via regulation of ITGA9-related non-coding RNAs (46, 47). In the present study ITGA9 was positively correlated with the invasion of several immune cells in SKCM TIME, but not tumor purity (Figure 7). Combined with our results and previous reports, we suggest that ITGA9 in SKCM may mediate cell-cell communication between cancer cells and their microenvironment by influencing the formation of integrin and receptor complexes, and ultimately effect SKCM metastasis and progression (Figure 9C) (48).

ITGA10 is a transmembrane glycoprotein involved in cell adhesion and integrin-mediated signaling pathways (49). ITGA10 is associated with various cancers development and metastasis, and variants in ITGA10 are associated with changes of melanoma risks (50). In the present study, we found that ITGA10 expression was up-regulated in SKCM tissues (in comparison with control tissues), and this abnormal expression of ITGA10 may be the results of amplification mutations or the missense mutations (Figure 9A).

Previous studies have confirmed the correlation between ITGB1 expression and SKCM metastasis (51). In line with previous studies, we report aberrant ITGB1 expression in SKCM, and we reveal that ITGB1 expression is closely associated with SKCM metastasis by effecting cell migration (Figure 2) (52).

According to a bioanalysis conducted by Jun Zhu et al., ITGB2 was one of the top hub genes in malignant melanoma, and its expression was related to overall survival and disease-free survival (53). Combined with our results, we believe that ITGB2 is one of the integrin subunits most closely related to SKCM. ITGB2 plays a variety of roles in integrin complex, including extracellular matrix formation, Integrin complex formation, leukocyte migration, etc. Through the above functions, the highly expressed ITGB2 can effectively recruit T cells in SKCM TIME and reduce the purity of tumor cells in SKCM, so the overexpression of ITGB2 may effectively improve the effectiveness of immunotherapy against SKCM and improve the overall survival rate.

ITGB3 may play a vital role in the treatment of melanoma. Inhibition of ITGB3-SRC-STAT3 pathway activation can sensitize tumor-repopulating cells to the effects of IFN-α, and enhance the overall efficacy of melanoma treatment (54). In addition, the ADAR1-ITGB3 network may also play a central role in acquisition of an invasive phenotype in metastatic melanoma (55, 56). Transcription of ITGB3 gene induces the expression of NME1, a metastatic suppressor, in melanoma (57). According to our results, we hypothesized that the abnormal expression of ITGB3 in SKCM suggesting its value as a prognostic marker.

ITGB4 and ITGA6 are heterodimeric cambium adhesin receptors. ITGB4 has a long cytoplasmic domain and has unique cytoskeleton and signaling functions (58, 59). In addition, a mutation in ITGB4 has been identified in a metastasis sample taken from acral melanoma patients (60). The findings presented here are consistent with this previous research. In particular, ITGB4 expression was significantly increased in SKCM tissues compared with non-tumor tissues (Figure 1).

ITGB5, which is located between 13:133161078 and 13:139609422 in the SSC13Q41 region, encodes the integrin β5 subunit, and this coordinates with the αV subunit to produce the integrin αVβ5 (61). Reports concerning the role of ITGB5 in melanoma are scarce.

ITGB6 is extensively involved in wound healing and the pathogenesis of a variety of diseases, including fibrosis and cancer (62). Previous studies have identified abnormal expression of ITGB6 in SK-Mel-28 human melanoma cells (63). In line with previous findings, we demonstrate here that ITGB6 expression was positively associated with SKCM tumor stage (Figure 3).

There are only a few reports concerning ITGB7 expression in melanoma and its potential role. However, we found that ITGB7 was not only abnormally expressed in SKCM, but also correlated with the prognosis of SKCM. The expression of ITGB7 in SKCM TIME was positively correlated with immune cell infiltration and negatively correlated with tumor purity. integrin subunits target therapy such as etrolizumab may play a role in the treatment of SKCM by mediated the infiltration of immune cells, of course, this needs further trial verification.

As for ITGA7 and ITGB8, there have been few reports confirming their connection to SKCM, and we did not find meaningful results in our study, we prefer to leave this question open.

Integrins form a heterodimer with α subunit and β subunit, and there is an intimate connection between integrin α subunits and β subunits (Figure 9B). Considering the biological functions of integrin subunits family and the results of our gene enrichment analysis (Figures 9E, F), we believe that integrin subunits family, which are mainly distributed in cell membrane and protein-containing complex, may affect protein-binding in SKCM by participating in biological processes such as cell communication, cellular component organization and response to stimulus and other biological processes. Further, these biological functions of the integrin family may also be inseparable from 48 genes (Figure 9D) that interact with them.



Conclusion

In conclusion, ITGA4, ITGB2 and ITGB7 was identified as novel biomarkers which may assist in the design of new immunotherapeutic drugs and server as diagnostic biomarkers. However, there are several limitations with our research. Firstly, in vivo and in vitro research should be conducted to verify our results. Secondly, this research was conducted mainly based on public databases. As we have not explained all the statistics and code information used in these databases in detail, this may cause some confusion in non-specialist readers.
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Plasminogen activating inhibitor-1 (PAI-1) plays crucial roles in the development of various cancers, including melanomas. Indeed, various pro-tumorigenic functions of PAI-1 in cancer progression and metastasis have been widely reported. Among them, PAI-1 is also reported as a key regulator of PD-L1 expression on melanoma cells through endocytosis, leading to abrogating the efficacy of anti-PD1 antibodies (Abs). These findings suggested that PAI-1 expression might predict the efficacy of anti-PD1 Abs. In this report, the expression and production of PAI-1 in melanoma patients were evaluated, and the immunomodulatory effects of PAI-1 on tumor-associated macrophages were investigated in vitro. Immunohistochemical staining of PAI-1 showed that PAI-1 expression on melanoma cells was significantly decreased in responders compared to non-responders. Moreover, baseline serum levels of PAI-1 were significantly decreased in responders compared to non-responders. Notably, PAI-1 decreased the production of various chemokines from monocyte-derived M2 macrophages in vitro, suggesting that PAI-1 might decrease tumor-infiltrating lymphocytes to hamper the anti-tumor effects of anti-PD1 Abs. These results suggest that baseline serum levels of PAI-1 may be useful as a biomarker for identifying patients with advanced cutaneous melanoma most likely to benefit from anti-melanoma immunotherapy.
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Introduction

Plasminogen activating inhibitor-1 (PAI-1) is a serine protease that plays crucial roles in the development of various cancers, including melanomas (1–3). PAI-1 inhibits urokinase-type plasminogen activator and tissue type plasminogen activator, leading to attenuation of plasminogen activation and the development of thrombosis formation at tumor sites. PAI-1 increases the expression of focal adhesion kinase on tumor-associated macrophages (TAMs) to facilitate the migration of macrophages into tumor sites in a melanoma model (1). More recently, PAI-1 was found to facilitate PD-L1 endocytosis of melanoma cells to abrogate the efficacy of anti-PD-L1 antibodies (Abs) in mouse melanoma models (2). In addition, PAI-1 was found to induce resistance to chemotherapy in mouse B16F10 melanoma (3). These reports suggested that PAI-1 could play a significant role in maintaining the immunosuppressive microenvironment in melanoma through TAMs. In this study, the expression and production of PAI-1 were evaluated in melanoma patients, and the immunomodulatory effects of PAI-1 on TAMs were investigated in vitro.



Patients and Methods


Ethics Statement for Human Experiments

The protocol for this human study was approved by the ethics committee of Tohoku University Graduate School of Medicine, Sendai, Japan (permit no. 2020-1-759). All methods were performed in accordance with the relevant guidelines and regulations. All patients provided written, informed consent prior to enrolment in the study.



Patients

Patients were eligible if they had unresectable stage III melanoma or if they had stage IV melanoma with accessible cutaneous, subcutaneous, and/or nodal lesions (staging was performed according to the AJCC Staging Manual, 8th edition, 2018). All patients received 2 mg/kg of nivolumab every three weeks, 3 mg/kg of nivolumab every two weeks, 240 mg of nivolumab every two weeks, 480 mg of nivolumab every four weeks, or 200 mg of pembrolizumab every three weeks. Serum was obtained from patients before the administration of anti-PD1 Abs. The response to anti-PD1 Abs was assessed according to the Response Evaluation Criteria In Solid Tumors.



Tissue Samples and Immunohistochemical Staining

Polyclonal rabbit Abs for human PAI-1 (Abcam, Tokyo, Japan) were used for immunohistochemical (IHC) staining. Archival formalin-fixed paraffin-embedded skin specimens were collected at the initial visit from 30 advanced melanoma patients who were treated with anti-PD1 Abs in the Department of Dermatology at Tohoku University Graduate School of Medicine. The patients’ characteristics are summarized in Table 1.


Table 1 | Characteristics and PAI-1 expression levels of 31 patients with advanced melanomas.





Quantitative and Semiquantitative Analyses of Immunohistochemical (IHC) Staining

For semiquantitative analysis of IHC staining, PAI-1 expression on tumor cells was examined in more than 3 random, representative fields from each section. The expression levels were determined independently by two dermatologists. The expression level of PAI-1 was determined as follows: - (negative: Figure 1A), 1+ (weakly positive: Figure 1B), and 2+ (intensely positive): Figure 1C.




Figure 1 | PAI-1-expressing cells in melanoma patients. Representative paraffin-embedded tissue samples from lesional skin of patients with melanoma. Sections were deparaffinized and stained with anti-PAI-1, then developed with liquid permanent red. PAI-1 negative (-) (A), weakly positive (+) (B), and intensely positive (++) (C). Scale bar, 100 µm. Pearson’s correlation coefficient was used to investigate the correlation between therapeutic effect and PAI-1 expression level (D). Sections of melanoma from an anti-PD1 Abs in a high PAI-1 expression patient (E) and a low PAI-1 expression patient (F) were deparaffinized and stained using anti-PD-L1 antibodies. Sections were developed with liquid permanent red. The percentages of PD-L1+ cells per all melanoma cells were automatically counted by BZ-X800 (G). Scale bar, 100 µm.



To quantify the IHC staining of each sample, the positive cells were counted using a BZ-X800 (KEYENCE, Tokyo, Japan). The percentage of IHC-positive cells per all tumor-infiltrating cells or melanoma cells was automatically counted.



Serum PAI-1 Levels

The baseline serum PAI levels were evaluated in 49 patients with advanced melanoma. The serum PAI-1 levels were determined by an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s protocol (R&D Systems, Minneapolis, MN). Data from each donor were obtained as the mean of duplicate assays. The protocol for this human study was approved by the ethics committee of Tohoku University Graduate School of Medicine, Sendai, Japan (approval no. 2020-1-759).



Culturing of M2 Macrophages From Human Peripheral Blood Monocytes

CD14+ monocytes were isolated from the peripheral blood mononuclear cells of healthy donors using MACS beads (CD14 microbeads, Miltenyi Biotec Inc., Sunnyvale, CA) according to the manufacturer’s protocol. The CD14+ monocytes (2 × 105 cells/ml) were cultured in complete medium containing 100 ng/ml of recombinant human macrophage colony-stimulating factor for 5 days, as previously reported (4). On the fifth day, monocyte-derived macrophages were treated with or without PAI-1 (0.1 µg/ml) (5) for 48 hours, and the culture supernatant was harvested. Each chemokine level was determined by an ELISA. This study was approved by the ethics committee of Tohoku University Graduate School of Medicine, Sendai, Japan (2019–1–925).



Statistical Methods

Pearson’s correlation coefficient was used to investigate the correlation between the therapeutic effect and PAI-1 expression levels. Receiver operating characteristic (ROC) curves were used to calculate cut-off values for serum levels of PAI-1 and areas under the curve (AUCs). Cut-offs were determined using Youden’s index (sensitivity + specificity -1) to determine the maximum index value. ROC curves were established to evaluate serum levels of PAI-1 in patients administered nivolumab. For a single comparison between two groups, the Mann-Whitney U-test was used. All statistical analyses were performed using JMP version 16.1 software (SAS Institute, Tokyo, Japan). The level of significance was set at p<0.05.




Results


Demographic Data

Patients’ demographic data of cohort 1 (IHC staining) and cohort 2 (serum PAI-1) are shown in Tables 1, 2, respectively.


Table 2 | Characteristics and serum levels of PAI-1 in 49 patients with advanced melanomas.





PAI-1 Expression on Melanoma Correlated With the Efficacies of Anti-PD1 Abs

Since PAI-1 is associated with a poor prognosis in various cancers, and since PAI-1 possesses immunomodulatory effects to polarize TAMs toward proinflammatory and immunosuppressive M2 phenotypes (6, 7), we hypothesized that PAI-1 expression correlates with the efficacies of anti-PD1 Abs for advanced melanoma patients. To test this hypothesis, IHC staining for PAI-1 and semiquantitative analysis of IHC staining of PAI-1 were used. The expression levels of PAI-1 and the best response to anti-PD1 Abs in each patient in cohort 1 are presented in Table 1. Pearson’s correlation coefficient showed a significant correlation between the PAI-1 expression level on tumor cells and the best response to anti-PD1 Abs (p=0.0029) (Figure 1).



PD-L1 Expression on Melanoma Correlated With the PAI-1 Expression

As previous report suggested, PAI-1 facilitates PD-L1 endocytosis of melanoma cells to abrogate the efficacy of anti-PD-L1Abs (2), next we evaluated the PD-L1 expression on melanoma cells in each patient in cohort 1. IHC staining for PD-L1 was performed, and the percentage of PD-L1+ cells per all melanoma cells was automatically counted and quantitatively analyzed by BZ-X800. Percentage of PD-L1 expression on melanoma cells was significantly higher in the low PAI-1 expression group (Figure 1E) compared to that of the high PAI-1 expression group (Figure 1F) (p=0.0168) (Figure 1).



Serum PAI-1 Levels in Melanoma Patients Treated With Anti-PD1 Abs

Next, to determine whether baseline serum levels of PAI-1 might be associated with early response in melanoma patients treated with anti-PD1 Abs, PAI-1 levels were evaluated in 49 patients (cohort 2) with advanced melanoma treated with anti-PD1 Abs. The baseline serum levels of PAI-1 and the best response to anti-PD1 Abs in each patient in cohort 2 are presented in Table 2. The threshold value of PAI-1 at baseline to distinguish responders from non-responders was 2.860 ng/ml. The sensitivity and specificity of the baseline serum PAI-1 in advanced melanoma were 71.4% and 76.5%, respectively (p=0.0016; Figure 2). High baseline serum levels of PAI-1 were significantly correlated with resistance to nivolumab in patients with advanced melanoma (p=0.0020) (Figure 2).




Figure 2 | Serum levels of PAI-1 and the ROC curve in melanoma. Mean serum levels of PAI-1 in non-responders (n=34) and responders (n=14) at day 0. The ROC curve was used to calculate cut-offs for PAI-1 serum levels and the AUC. Cut-offs were determined to distinguish responders from non-responders using Youden’s index.





CD163+ Tumor-Associated Macrophages (TAMs) and the Efficacies of Anti-PD1 Abs in Melanoma

Since PAI-1 polarized TAMs toward proinflammatory and M2 phenotypes (6), the correlation between the ratio of TAMs among tumor-infiltrating lymphocytes (TILs) and the efficacies of anti-PD1 Abs were evaluated in melanoma patients. IHC staining for CD163, which is a commonly used marker for M2 macrophages (8), was performed, and the percentage of CD163+ TAMs in melanoma was quantitatively analyzed (Supplementary Figure 1). There was no significant correlation between the ratio of CD163+ macrophages among tumour-infiltrating cells and the efficacy of anti-PD1 Abs for melanoma (p=0.4288).



Immunomodulatory Effects of PAI-1 on CD163+ Macrophages In Vitro

Since the ratio of CD163+ TAMs was not different between the responder group and the non-responder group, to further examine the immunomodulatory roles of PAI-1 on TAMs in the tumor microenvironment, CD163+ M2 macrophages were generated from CD14+ monocytes and stimulated by recombinant PAI-1 in vitro (4). PAI-1 decreased the production of CXCL10 and CCL22 (Figure 3), suggesting that PAI-1 might decrease the TILs in melanoma. In contrast, PAI-1 increased the production of CXCL5, suggesting that PAI-1 might increase the tumor infiltrating CXCR2+ myeloid-derived suppressor cells (MDSCs) and tumor-associated neutrophils (TANs) (Figure 3), both of which are known to be immunosuppressive cells 12. There was no significant difference of the production of CCL20, suggesting that PAI-1 might not effect on the production of CCL20 from TAMs (Figure 3).




Figure 3 | Production of CXCL5, CXCL10, CCL20, and CCL22 by M2 macrophages treated with PAI-1. Culture supernatant from M2 macrophages was harvested as described in Materials and Methods and measured by ELISA (n=3). Data from each donor were obtained from triplicate assays, and mean ± SD values were calculated. Representative data from at least three independent experiments are shown. **p < 0.01, Mann-Whitney U-test; n.s., not significant.





TILs Were Decreased in PAI-1 Highly Expressing Melanoma

To further confirm immunomodulatory effects of PAI-1 on TAMs in melanoma patients, we employed IHC staining for CD8 in each patient in cohort 1. The percentage of CD8+ cells per all tumor-infiltrating leukocytes was automatically counted and quantitatively analyzed by BZ-X800. The absolute number of CD8+ cells per mm2 was automatically counted by BZ-X800. The absolute number of CD8+ cells per mm2 was significantly increased in a low PAI-1 expression group than that of a high PAI-1 expression group (Figure 4).




Figure 4 | Percentage of CD8+ cells per TILs in melanoma patients. Sections of melanoma from an anti-PD1 Abs in a high PAI-1 expression patient (A) and a low PAI-1 expression patient (B) were deparaffinized and stained using anti-CD8 antibodies. Sections were developed with liquid permanent red. The percentages of CD8+ cells per TILs were automatically counted by BZ-X800 (C).






Discussion

Plasminogen activator inhibitor-1 (PAI-1) is highly expressed in various types of tumors including melanoma (9), and various pro-tumorigenic functions of PAI-1 in cancer progression and metastasis have been widely reported (9). Among them, tumor-associated inflammation is one of the key pro-tumorigenic functions of PAI-1 (10). Indeed, PAI-1 stimulates the recruitment of fibrosis-inducing cells and macrophages. For example, tumor-derived PAI-1 promotes the migration of monocytes and polarizes tumor-associated macrophages (TAMs) towards proinflammatory phenotypes (7), leading to the production of proinflammatory and angiogenesis-promoting factors such as IL-1, IL-8, CCL2, CCL3, CCL5, and VEGF (11). Via an autocrine loop, IL-6 activates signal transduction and activator of transcription (STAT) 3 in monocytes, leading to an increase in the expression of arginase, IL-10, and CD163. Moreover, the expression of these M2-associated markers increases in parallel with immune checkpoints such as B7-homolog superfamily, including B7-H1 (PD-L1) (8). These reports suggested that PAI-1 promotes pro-tumorigenic, immunosuppressive functions through TAMs.

TAMs play various immunosuppressive roles in melanoma (8). For example, TAMs express immune checkpoint modulators that directly suppress activated T cells (12). In addition, TAMs produce various chemokines that attract other immunosuppressive cells such as Tregs and precursors of TAMs to maintain the immunosuppressive tumor microenvironment (8, 13, 14). Notably, TAM-related chemokines, such as CXCL5, CXCL10, and CCL22, as well as a TAM-activation marker, soluble (s)CD163, could be predictive markers for efficacy and immune-related adverse events (irAEs) in anti-PD1 Abs-treated advanced melanoma patients (15–17). In aggregate, TAMs and TAM-related factors could be important biomarkers to predict the efficacies of anti-PD1 Abs in advanced melanoma patients.

From the above findings, we hypothesized that PAI-1 expression on melanoma cells is correlated with the efficacy of anti-PD1 Abs for unresectable melanoma patients. Indeed, the present data suggested that both the expression levels of PAI-1 on melanoma cells and serum PAI-1 levels were significantly correlated with the efficacy of anti-PD1 Abs in advanced melanoma patients. Since the efficacy of anti-PD1 Abs correlates with the number of TILs at the tumor site in various cancers (5), the decreased chemokine production from TAMs might abrogate the anti-tumor immune response against melanoma. In addition, PAI-1 also increased CXCL5 production, suggesting that PAI-1 might increase the immunosuppressive CXCR2+ MDSCs and TANs. Moreover, as a previous report suggested, PAI-1 decreases PD-L1 expression on melanoma cells to abrogate the efficacy of anti-PD-L1 Abs in mouse melanoma models, suggesting another mechanism of inducing tolerance to anti-PD1 Abs (2). Indeed, The PD-L1 expression in a low PAI-1 expression group is significantly higher than that in a high PAI-1 expression group. Furthermore, the number of CD8+ cells in a low PAI-1 expression group was significantly increased than that in a high PAI-1 expression group. In aggregate, PAI-1 induces resistance to anti-PD1 Abs in melanoma, and co-administration of PAI-1 inhibitors might improve the anti-melanoma effects of anti-PD1 Abs. To prove this hypothesis, from September 2021, we have started a phase II study investigating the safety and efficacy of TM5614, a novel PAI-1 inhibitor with better oral bioavailability that selectively inhibits PAI-1 activity (18), in combination with nivolumab in the treatment of unresectable malignant melanoma (jRCT2021210029).
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The occurrence of non-melanoma skin cancer (NMSC) is closely linked with advanced age and ultraviolet-B (UVB) exposure. More specifically, the development of NMSC is linked to diminished insulin-like growth factor-1 (IGF-1) signaling from senescent dermal fibroblasts in geriatric skin. Consequently, keratinocyte IGF-1 receptor (IGF-1R) remains inactive, resulting in failure to induce appropriate protective responses including DNA repair and cell cycle checkpoint signaling. This allows UVB-induced DNA damage to proliferate unchecked, which increases the likelihood of malignant transformation. NMSC is estimated to occur in 3.3 million individuals annually. The rising incidence results in increased morbidity and significant healthcare costs, which necessitate identification of effective treatment modalities. In this review, we highlight the pathogenesis of NMSC and discuss the potential of novel preventative therapies. In particular, wounding therapies such as dermabrasion, microneedling, chemical peeling, and fractionated laser resurfacing have been shown to restore IGF-1/IGF-1R signaling in geriatric skin and suppress the propagation of UVB-damaged keratinocytes. This wounding response effectively rejuvenates geriatric skin and decreases the incidence of age-associated NMSC.




Keywords: non-melanoma skin cancer (NMSC), squamous cell carcinoma, ultraviolet light (UVB), insulin-like growth factor-1 (IGF- I), actinic keratosis (AK), laser resurfacing, chemical peel



Introduction

Skin is the largest and most-exposed organ of the body. It functions as a barrier against environmental pressures, such as ultraviolet (UV) radiation (1). Prolonged and extensive exposure may result in major transformations in skin structure and function, leading to the development of cutaneous pathology (2–4). The American Cancer Society reports that skin cancer is the most commonly diagnosed cancer in the United States (5, 6). Comprised primarily of basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), the exact rates of non-melanoma skin cancer (NMSC) are unknown because most cancer registries do not collect their incidence and mortality data (5). However, it is estimated that 3.3 million are diagnosed each year, resulting in increased healthcare costs for disease management as well as significant morbidity, and rarely, mortality (5, 7). This necessitates exhaustive translational research for innovative treatments and preventative dermo-oncological therapies (8).

The epidemiological link between NMSC, sunlight, and advanced age is well-established, given that at least one in five Americans will develop skin cancer by the age of 70 (9). Moreover, over 80% of individuals with NMSC are older than 60 years of age (10). For some time, the direct causal link between the three observations was unknown, which spurred basic science exploration into photocarcinogenesis. Recent novel findings from our group has implicated the significance of the insulin-like growth factor-1/insulin-like growth factor-1 receptor (IGF-1/IGF-1R) pathway in the development of NMSC (11–13). It has been found that the intensity of UVB exposure directly correlates with the extent of DNA damage. Additionally the regulation between IGF-1/IGF-1R is vital in the protective response and indicative of the tendency for photocarcinogenesis (12, 14–18). Adequate IGF-1 production in dermal fibroblasts is necessary for the appropriate epidermal keratinocyte response to UVB-damaged DNA (11, 12, 19). Geriatric skin exhibits suppressed IGF-1 signaling due to an increased cellular senescence profile of fibroblasts (11, 12, 19). This has severe consequences in the protective response to UVB radiation whereby keratinocytes may have different destinies depending on the extent of DNA damage and state of IGF-1/IGF-1R signaling (11, 12, 19). Activation of keratinocyte IGF-1R induces favorable stress-induced cellular senescence or DNA damage repair such that malignancy prone mutations are arrested without compromising epidermal barrier function (11, 12, 19). However, if IGF-1R is inactive due to diminished IGF-1, keratinocytes may continue to propagate its procarcinogenic DNA damage to its daughter cells (11, 12, 19). This increases the likelihood for development of NMSC (20).

The IGF-1/IGF-1R signaling pathway may be exploited for therapy. In recent years, novel treatments aimed for geriatric patients both predisposed and exposed to NMSC have been developed. One such modality is wounding therapy, which attempts to reverse the geriatric fibroblast senescence phenotype by inducing a “wounding response” (19–23). This effectively serves to rejuvenate geriatric skin to a more youthful phenotypic and constitutive expression. In this review, the therapies of dermabrasion, microneedling, chemical peeling, and fractionated laser resurfacing will be discussed in the context of prevention of photocarcinogenesis.



Background of Non-Melanoma Skin Cancer

It is estimated that more people are diagnosed with skin cancer than all other types of cancer combined (5). In addition, between 1976-1984 and 2000-2010, epidemiologic research reveals an increasing overall incidence of 145% and 263% for BCC and SCC, respectively (24). Consequently, skin cancer is a major public health concern as the associative healthcare costs are extensive and rising (25). The increasing prevalence and economic burden underscore the need to understand the risks factors and etiology of NMSC.

As with other neoplastic pathologies, NMSC is of multifactorial origin. The exact mechanism of development is not well defined, but is likely due to the interplay of environmental, genetic, and phenotypical factors (26). NMSC is characterized by multiple risk factors that are both endogenous and exogenous in nature. The endogenous risk factors include patients with light-colored skin and blue eyes, Fitzpatrick Skin Phototypes I-III, presence of dysplastic nevi, evidence of family history, and genetic conditions such as oculocutaneous albinism and xeroderma pigmentosum (27). Furthermore, exogenous factors include infection by human papilloma viruses (HPV), sun protection behavior, history of sunburns, and magnitude of UV exposure (27). Lastly, individuals who are of advanced age, immunosuppressed, and demonstrate a chronic inflammatory state are also at risk for development of NMSC. Among the aforementioned risk factors, environmental exposure to UV light as well as advanced age are the most commonly acquired and will be the focus of this review.


Sunlight and Advanced Age

There is considerable evidence that substantiates sunlight and advanced aging as a likely cause of NMSC (16, 28–30). These studies include increased incidence in sunnier cities and those exhibiting a lifestyle of prolonged sunlight exposure, lower prevalence in darker skin phototypes, and a majority of cases occurring over sun-exposed skin and in those older than 60 (10, 31–33). In addition, skin cancer exhibits a strong correlation with age, such that nearly 80% of cases occurs in patients over the age of 60 (10). For a while, the epidemiological link between NMSC, sunlight exposure, and advanced age lacked direct causality, prompting basic science research to discover viable connections. UV exposure is known to induce the formation of reactive oxygen species (ROS) and cyclobutane pyrimidine dimers, often resulting in DNA mutations (34). Epidemiological evidence suggests that excessive sun exposure in the first two decades of life can lead to UVB-induced mutations in keratinocytes (35–38). It was thought that this DNA damage persists in the epidermis, eventually obtaining a growth advantage supporting skin carcinogenesis over many decades. However, recent literature suggests that almost 80% of lifetime exposure to sunlight occurs after the age of 18 (10). In addition, it is well-known that sunscreen use is protective against photocarcinogenesis, which suggests that the acquisition of skin cancer is an ongoing process (39–41). Since aging is also associated with a diminished ability to repair DNA, it is reasonable to assume that this component of aging contributes to skin carcinogenesis (11, 42, 43). Overall, studies ultimately support the association between UVB injury, advanced age, and NMSC.



Dermal Microenvironment

Human skin consists of an outer epidermal layer and inner dermal layer connected by a basement membrane as well as underlying subcutaneous fat (27, 44). Keratinocytes are the predominant cell in the epidermis, which is made up of four sub-layers (27, 44, 45). These cells proliferate in the basal layer while attached to the basement membrane. Once detached, keratinocytes stop dividing and undergo a final differentiation known as cornification (44, 45). Each epidermal sub-layer represents a different stage of keratinocyte maturity, whereby they function to strengthen the cytoskeleton as well as establish an epidermal protective barrier (27, 44, 45). The underlying dermis provides support and nutrients for the epidermis (27, 44). It is characterized by a lower cellular density and extensive extracellular matrix. In addition, the dermis is divided into two layers: the more superficial papillary layer and the deeper reticular layer (44). The papillary layer is densely populated by fibroblasts, which are the dominant dermal cell (44). The fibroblast cells of the adult dermis are specialized, post-mitotic, and non-proliferative, while epidermal keratinocytes are highly active and continuously dividing to renew the outer skin barrier (44–46). Since dermal fibroblasts are a long-lived cell population, they experience unceasing damage accumulation and adaptation processes that are associated with aging (44–46). Conversely, the epidermis experiences the direct effects of environmental exposure, which adds to senescent processes (44–46). Thus, cell aging and senescence of epidermal keratinocytes and dermal fibroblasts are largely implicated in skin aging.

Multiple studies have shown that the pathogenesis of photoaging is also associated with supportive tissue stroma, effectors of the immune system, diminished melanogenesis, inappropriate fibroblast deposition, and cytokines and growth factors (47, 48). Tumor growth and progression is dependent on its permissive microenvironment (49). One factor lending to the development of photocarcinogenesis is the senescence-associated secretory phenotype (SASP) (49–51). Senescent cells demonstrate not only an arrest of cell proliferation, but also high metabolic activity marked by widespread changes in protein expression and secretion (49, 50). This can lead to increased transcription of cytokines such as IL-1, IL-6, IL-8, MMP-1, and MMP-3, resulting in chronic low-level inflammation and disruption of normal physiologic processes (19, 49–51). Thus, the molecular profile of the senescent dermal microenvironment plays a major role in skin carcinogenesis. Importantly, the IGF-1/IGF-1R signal transduction pathway has been recently established as a major mechanism in the development of NMSC in the elderly (11, 12, 18). These findings highlight the complexity of NMSC and suggest its development is a gradual and sun-induced process (39–41).




Pathogenesis of Non-Melanoma Skin Cancer

Aging and excessive UV exposure are two of the main drivers in the development of NMSC. For a while, the exact mechanisms underpinning how a lifetime of excessive sunlight exposure and advanced age lead to the development of skin cancer were not well understood. However, data from our laboratory suggested a new paradigm for the role of aging in photocarcinogenesis involving the IGF-1/IGF-1R signaling pathway, which regulates the cellular response of keratinocytes to UVB exposure (52). These studies propose a mechanism where geriatric skin deficient in IGF-1 expression is unable to activate the IGF-1R in keratinocytes, resulting in an aberrant response to UVB irradiation (11, 12). This leads to epidermal keratinocytes passing its UVB-induced DNA damage onto daughter cells, likening the formation of NMSC (11, 12, 18, 52).


UVB-Exposure and the Epidermis

Sunlight is composed of multiple types of light including infrared, visible, and ultraviolet (UV) (14). UV light is further classified into UV-A, UV-B, and UV-C. Wavelengths of light within the UV-A range are known to penetrate the atmosphere; although, its impact is indirect and facilitated by free radical formation (38, 53, 54). Conversely, most light in the UV-C range is absorbed in the atmosphere, limiting its dissemination to the earth’s surface (14). UV-B comprises only 0.3% of the total light that reaches the surface of the earth; however, its wavelengths penetrate the outermost layer of the skin (15). Though limited to the epidermis, UV-B can directly damage keratinocyte DNA through induction of pyrimidine dimers and other DNA photoproducts that are potentially mutagenic (14, 53, 55–57). These mutagenic changes have the potential to be propagated to subsequent cellular populations, raising the possibility of pro-carcinogenic changes (58–60). The human body has repair mechanisms that respond to UV-B radiation; however, the extent of the epidermal response is largely dependent on the dose and duration of UV-B (53, 61, 62). Short-lived and low dose exposures spur DNA repair by temporarily halting the cell cycle of keratinocytes (11, 56). High doses of UVB cause extensive DNA damage, which results in apoptosis of keratinocytes (11, 56). In contrast, prolonged and intermediate doses of UV-B radiation results in enhanced DNA damage that may escape DNA repair and lead to pro-carcinogenic cellular proliferation (11, 56).

Humans possess a system for removing UV photoproducts from mutated DNA known as nucleotide excision repair (NER) (63). This repair system functions through removal of damaged DNA bases and repair of the gaps by the actions of DNA polymerase and ligase (63). Supplementary to NER, cells possess additional systems such as DNA damage checkpoints that detect the presence of UV photoproducts and control DNA replication and cell cycle progression (63). In particular, the ATR-CHK1 signaling network acts to transiently suppress DNA synthesis in UVB-damaged cells through the suppression of DNA synthesis and cell cycle progression by the G1-S DNA damage checkpoint (63). However, keratinocytes can sometimes escape the appropriate DNA repair. For those basal keratinocytes that experience intermediate doses of UVB-damage, several outcomes can occur: (1) apoptosis of the damaged cell, (2) pro-carcinogenic cellular proliferation, or (3) keratinocyte senescence as a tumor evasion mechanism (11, 12, 18, 19). The first outcome has the benefit of removing the potential pro-carcinogenic agent, though at the expense of damaging the epidermal barrier function. It should be noted that all three outcomes can be modulated by the activation status of the IGF-1/IGF-1R signaling pathway. The keratinocyte response serves as a protective mechanism.



Aging, Fibroblast Senescence, and Photocarcinogenesis

The IGF-1/IGF-IR mechanism is compartmentalized within dermal-epidermal interactions, wherein dermal fibroblasts regulate basal keratinocyte differentiation (11, 12, 19). IGF-1R is a tyrosine kinase receptor expressed on epidermal keratinocytes that is activated by IGF-1, which is produced and secreted by papillary dermal fibroblasts (64). This signaling pathway is maintained throughout one’s lifetime to allow the maintenance and growth of healthy skin (11, 12, 19). Among normal cellular upkeep, IGF-1R activation by IGF-1 plays an integral role in DNA replication and repair, checkpoint control, and induction of keratinocyte senescence (11, 63, 65, 66). Yet, stromal changes in aging skin can impair these processes. Aging causes a number of changes to skin morphology and physiology, including a decrease in epidermal thickness and cell turnover (63). More importantly, the aging process considerably alters IGF-1 synthesis and secretion from dermal fibroblasts (11, 12, 19). Consequently, the paucity of IGF-1 ligand in aged skin results in diminished activation of IGF-1R on keratinocytes (11, 12, 19). Outlined in Figure 1, four important components of the cellular DNA damage response are debilitated by the aging process in keratinocytes, including UV photoproduct removal by NER, checkpoint signaling through ATR-CHK1, the replication of damaged DNA by translesion synthesis (TLS), and the induction of gene products regulated by the tumor suppressor protein p53 (Figure 1) (18, 52, 65–68). Together, this altered DNA damage response results in keratinocytes that fail to undergo senescence and instead continue to proliferate (11, 12, 65, 66).




Figure 1 | Mechanisms by which IGF-1R activation results in keratinocyte protection from UVB-irradiation.



The ATR-CHK1 kinase signaling pathway acts to transiently suppress DNA synthesis and cell cycle progression when UVB-irradiation damages cellular DNA (63, 65). This signaling cascade works through various mechanisms including halting the progression from G1 to S phase of the cell cycle, decelerating the rate of ongoing replication fork progression, and hindering the initiation of DNA replication at new origins (63, 65). Our group studied that IGF-1R activation affects ATR-CHK1 signaling through introduction of small-molecule inhibitors or IGF-1 withdrawal (65). We found that disturbing the IGF-1/IGF-1R signaling pathway resulted in redaction of the ATR-CHK1 activation cascade and consequent failure to inhibit chromosomal DNA synthesis in UVB-damaged keratinocytes (65). This indicates that geriatric skin carcinogenesis in lieu of deficient IGF-1 signaling may be caused by defects in cellular responses to UVB-damaged DNA such as suppression of DNA synthesis and cell-cycle progression (65). Similarly, our group studied whether DNA damage tolerance systems including TLS are altered in geriatric individuals (66). The TLS pathway is known to recruit specialized DNA polymerases to damaged DNA, which can introduce nucleotides opposite to damaged template DNA in an error-prone manner (63, 65). Monoubiquitination of the replicative DNA polymerase clamp protein PCNA (proliferating cell nuclear antigen) was used as a biomarker of TLS pathway activation (66). UVB-exposure on geriatric (age >65) skin resulted in a higher level of PCNA monoubiquitination than that found in younger skin (66). Notably, both pharmacological inhibition of IGF-1R as well as IGF-1 deprivation potentiated UVB-induced PCNA monoubiquitination (66). Though the TLS polymerase pol eta can accurately replicate UV photoproducts, we found that its induction by UVB exposure is partially abrogated by the loss of IGF-1 signaling in keratinocytes and human skin explants (68). This suggests that altered IGF-1/IGF-1R signaling in aged skin may predispose keratinocytes to undergo a more mutagenic form of DNA synthesis after UVB-exposure (66).

Appropriate IGF-1/IGF-1R signaling is critical in the dermal response to sun-damaged skin (8). As mentioned before, intermediate doses of UVB can result in keratinocytes escaping effective DNA repair (11, 56). Keratinocytes in this scenario can either undergo apoptosis, cell proliferation with UVB-damaged DNA, or survive through cellular senescence (11). The last option yields the best outcome such that the epidermal skin barrier maintains its function and potentially mutagenic cellular proliferation is halted. However, this signaling pathway loses its viability in geriatric skin, so that the reduced IGF-1 expression results in an inappropriate response to UVB-damage (11, 12). Since keratinocyte IGF-1R activation is dependent on its ligand, the paucity of IGF-1 in aged dermis results in pro-carcinogenic replication of UVB-damaged DNA (11, 12). In younger skin, IGF-1 synthesis and secretion is sufficient to uphold normal physiological activity of IGF-1R (11, 12). Thus, if UVB-damaged DNA of young keratinocytes is not fully repaired, then keratinocyte senescence stands as a tumor evasion mechanism (8, 11, 12). Unfortunately, when geriatric skin experiences UVB-irradiation, a portion of the epidermal keratinocytes respond inappropriately by allowing mutagenic DNA to replicate and potentially initiate neoplastic cells (8, 19). Consistent with this notion, recent studies by our group xenografted human skin onto immunodeficient mice, and the human skin grafts underwent a chronic UVB carcinogenesis protocol with/without treatment with a topical IGF-1R inhibitor. A 20 week UVB treatment of the skin treated with IGF-1R inhibitor, which would mimic geriatric skin, resulted in formation of actinic neoplastic (AKs/early SCC) lesions, findings not seen in vehicle irradiated skin (20). The data from these studies suggests that defective IGF-1/IGF-1R signaling due to senescent dermal fibroblasts is an important cause of geriatric NMSC.




Current Treatment Modalities

Treatment options for NMSC depends on risk stratification of the tumor and its characteristics, availability of services, and patient preference and suitability (26, 69). There is a lack of high-quality and evidence-based studies with a 5-year follow-up for NMSC management (26). Additionally, the risk of recurrence after treatment is high, though these cancers seldom metastasize (26, 70). Thus, systemic treatments are not regularly of importance (70). Surgery has traditionally been the “gold standard” treatment due to its excellent cure rates and desirable cosmetic results (70, 71). Specifically, Mohs micrographic surgery (MMS) is the benchmark for high-risk lesions and locations (69). There are other non-surgical treatment modalities such as physical destruction (cryotherapy, radiotherapy, and curettage and cautery), chemical destruction (photodynamic therapy), local therapies (topical 5-fluorouracil, imiquimod, ingenol mebutate, and diclofenac), and novel hedgehog pathway inhibitors (HPI) (vismodegib and sonidegib) (71, 72). The recent development of HPI may antecede a shift towards medical management of NMSC (71).

The annual healthcare cost of treating NMSC in the United States is estimated at nearly $5 billion, which has encouraged exploration to identify and develop effective therapies (25). Most of the current therapies are appropriate only after tumors are clinically manifested and fail to attenuate the rising economic burden (8). However, therapies focused on prevention are successful in preventing pre-malignant transformation. Such is the case in treatments for actinic keratoses (AK), which are pre-cancerous lesions that may evolve into SCC (73). Successful therapies include cryotherapy, photodynamic therapy, 5-fluorouracil with or without topical calcipotriol, topical imiquimod, electrosurgery, and curettage (74–76). These modalities have revealed that early treatment of AK prevents the progression to SCC (74–76). More recently, the combination therapy of calcipotriol and 5-fluorouracil was effective in preventing SCC development within 3 years after treatment (76). Despite the success of AK treatment modalities, these therapies only focus on averting transformation of already established pre-cancerous lesions. Early treatment of AK is essential in preventing progression to SCC (77). As a result, untreated and histologically unaffected skin remains vulnerable to malignant transformation in at-risk individuals (8). This has oriented novel treatments towards skin rejuvenation and dermal IGF-1 restoration strategies, such as wounding therapy (8).



Wounding Therapies for Rejuvenation

The critical observations implicating deficient IGF-1/IGF-1R signaling in NMSC have led to the development of new potential targeted therapies. These treatments act by wounding the skin, which effectively restores IGF-1/IGF-1R signaling by reversing geriatric fibroblast senescence (21–23, 52, 77). Thus, wounding therapy has the potential to achieve an efficacious and long-term chemo-preventative effect, which allays the rising healthcare burden and morbidity associated with NMSC (21–23, 52, 77). In addition, these skin rejuvenation modalities are able to attain both cosmetic and cancer prophylactic effects (8, 78). Our group has identified four viable wounding therapies: dermabrasion, fractionated laser resurfacing (FLR), microneedling, and chemical peeling (19, 21–23, 63). However, the exact mechanism as to how wounding strategies are able to rejuvenate geriatric skin and prevent malignant transformation is unknown (77). Further translational research is needed to explicate the direct pathways.


Dermabrasion

Dermabrasion is a resurfacing technique that has been in use for over 100 years to treat a variety of dermatological conditions, such as scar revision, facial skin resurfacing, wound healing, and correction of pigmentary abnormalities (79–81). The technique is performed using a portable hand-held dermabrader with either wire brushes, diamond fraises, or serrated wheels attached for precise treatment (80). Additionally, sterilized sandpaper or sterile electrocautery scratch pads have been used to manually abrade the skin (79). Dermabrasion intentionally and selectively damages skin to promote reepithelialization and the production of dermal collagen fibrils (8, 19, 79, 81).

Accordingly, our group assessed if dermabrasion was a viable modality to upregulate IGF-1 expression and restore the appropriate UVB response (19). We recruited geriatric volunteers (age > 65 years) and dermabraded discrete areas of their skin, with complete removal of all epidermis and superficial dermis (2, 19). Three months later, the treated loci were irradiated with UVB; and a punch biopsy was performed on the irradiated site as well as adjacent unirradiated skin for histological and biochemical analysis (19). Our group discovered that dermabrasion produced scarce senescent fibroblasts and fully restored levels of dermal IGF-1 mRNA in geriatric skin (19). Moreover, we found histological features characteristic of younger skin including elliptical fibroblast-replicating nuclei, denser distribution of fibroblasts, restoration of dermal collagen, recovery of the undulating dermal-epidermal basal membrane, and increased number of proliferative keratinocytes (19). Significantly, IGF-1 levels were restored to a profile comparable to skin found in young adults (age < 30) and there was no evidence of UVB-damaged basal keratinocytes (19). As a result, our group was first to demonstrate that dermabrasion restores a more youthful phenotype and induces a reversible molecular signature that can suppress the typical geriatric pro-carcinogenic UVB response (19). Although a promising therapy, the outcomes of dermabrasion are largely dependent on the appropriate technique and skill of the operator; and may produce potentially unfavorable cosmetic outcomes (79–82). For this reason, our group investigated whether other effective but less aggressive wounding modalities, such as FLR and microneedling, could restore an appropriate geriatric UVB response.



Fractionated Laser Resurfacing

FLR has been used over the past two decades for photoaging, acne scarring, and dyschromia (83, 84). The fractionation allows for deeper tissue penetration, and results in tissue remodeling and collagen production (83). FLR delivers infrared light to tissue where it is absorbed by water in the dermis (8). This causes skin heating at non ablative wavelengths such as 1470 nm, 1540 nm, 1550 nm, and 1927 nm and vaporization of tissue layers at ablative wavelengths including 2940 nm and 10,600 nm, which induces skin wounds (8, 85). By thermally altering a distinct area of the skin, the adjacent and untouched skin is able to quickly repopulate the ablated columns of tissue through increased fibroblast and epidermal stem cell activity (85). In addition to requiring less technical skill than dermabrasion, FLR results in more favorable cosmetic outcomes and rapid wound healing (79, 80, 84).

Our group explored whether a FLR-induced wounding response would correct the inappropriate UVB response in geriatric skin (21). Geriatric volunteers (age > 65) received FLR on either sun-protected skin or chronically sun-exposed skin (21). After three months, the FLR-treated skin was irradiated with UVB, and biopsies were taken from irradiated and unirradiated adjacent skin (21). Independent of skin sun exposure, we found increases in collagen expression, amplified numbers of fibroblasts, upregulation of dermal IGF-1 expression, and restoration of the normal UVB response (21). In addition, there was a reduction of photodamaged keratinocytes in chronically sun-exposed skin (21). These results were similar to that of dermabrasion, but with much more desirable cosmetic effects and procedural ease (79, 80). This suggests that FLR could also be used to help protect against future actinic neoplasia (77). Therefore, our group explored the use of single ablative FLR as a modality to treat AK (23). Subjects (age > 60) with at least five AKs on the forearm or wrist received FLR treatment (23). At three and six months, the treated sites were photographed and had the AK lesions counted and mapped in a blinded fashion (23). When compared to pre-treatment, we found that the numbers of AKs on treated locations were significantly lower at both three months and six months (23). Additionally, the average total numbers of AKs on the untreated arm at six months increased by 167%, while the average percentage decrease of AKs on the treated arm was 60% (23).

The results demonstrate the utility of a single FLR treatment as a field therapy to treat precancerous AKs on sun-exposed skin, given its upregulation of dermal IGF-1 and removal of senescent fibroblasts (21, 23). However, these studies only examined responses within a short time frame post-wounding. In addition, the safety, efficacy, and durability of single ablative FLR in high-risk geriatric patients is unknown. Thus, our group assessed the long-term effects of FLR on geriatric skin through a randomized prospective clinical trial. We recruited 48 patients (age > 60) who had at least five AKs that were 3 mm or smaller. Patients underwent a single treatment of FLR on the upper extremity of aged skin. They were examined at three month post-wounding and every six months thereafter for a current 36-month follow-up period (20). To determine the effectiveness of FLR in reducing the occurrence of AKs, the ratio of the number of AKs on FLR-treated arms to untreated arms was tracked. At three months post-FLR treatment, the ratio of AKs on treated versus untreated arms was reduced four-fold. This ratio was maintained throughout the current 36-month period, demonstrating a lack of significant difference in the ratios at 3, 6, 12, 18, 24, 30, or 36 months. Moreover, additional analyses were conducted to model the initiation of new AK lesions. We found that untreated arms continue to accumulate increasing numbers of AKs, while treated arms demonstrated a reduction in the occurrence of new AK lesions with time. In fact, the number of AKs on untreated arms accumulated at a much faster rate than that found on treated arms. The results not only indicate that FLR is an effective treatment for existing AKs, but also prevent the development of new AK lesions. Importantly, the numbers of NMSC on the untreated arms of this population (26 NMSC) was much greater than the arm that underwent FLR (2 NMSC). Moreover, with efficacy lasting for at least two years following treatment, we validate that FLR is a durable treatment for rectifying the inappropriate UVB response in elderly skin. This data suggests that a single treatment of FLR can provide lasting prevention of NMSC in high-risk geriatric patients (20).



Microneedling

Microneedling is a reasonably new treatment modality within the field of dermatology, largely being used for aesthetic purposes (86, 87). It has a broad range of uses including acne and surgical scarring, melasma, rhytides, dyschromia, transdermal drug delivery, and skin rejuvenation (86, 88). Microneedles are reported to be both effective and versatile devices due to its relatively painless penetration, affordability, and ability to deliver transdermal medicinal applications (88). The basic theory behind its mechanism of action is percutaneous collagen induction (78, 87). Histological studies exhibit increased collagen and elastin after use of a microneedling device, which introduces small zones of dermal injury and subsequent wound healing processes (87). Previous studies by our group have exhibited photorejuvenation through wounding therapies such as dermabrasion and FLR (19, 21, 23). Given its rising popularity for skin rejuvenation, our group tested if controlled microneedling could achieve a similar protective wounding response as exhibited by upregulation of dermal IGF-1 levels (22).

Nine geriatric volunteers (age > 65) with Fitzpatrick Types I and II underwent wounding on the upper buttocks using a commercially available microneedling device (22). After 90 days, a localized area of either microneedle-treated skin or untreated skin was irradiated with a dose of UVB (22). Photographs and punch biopsies of the skin were acquired twenty-four hours post-UVB irradiation (22). At three months after microneedling application, mRNA levels of both collagen 1 and IGF-1 were increased in previously wounded skin (22). These results were similar to that found after application of dermabrasion (19, 22). When comparing UVB irradiated wounded skin versus UVB irradiated normal control skin, we found a statically significant decrease in the numbers of Ki67+/TD+ basal keratinocytes in wounded skin (22). This paralleled the responses exhibited following dermabrasion and FLR wounding of elderly skin (12, 19, 21). Furthermore, this response to UVB irradiation was similar to the “normal” responses documented in young (age < 30) skin (12, 19, 21, 22). This study indicates that wounding of geriatric skin by use of a microneedling device results in increased dermal collagen 1 and IGF-1 levels as well as normalizes the protective response to UVB irradiation. These findings are promising, but are limited to a short time-frame and small sample size.



Chemical Peels

Chemical Peeling, also known as chemexfoliation, has been used for centuries to attenuate photoaging and holds promise as another skin resurfacing option (89, 90). This modality utilizes a chemical application to the skin that causes controlled wounding of the epidermis and dermis, resulting in skin regeneration (89). The extent of wounding depends on the depth of skin penetration, thus it is characterized as superficial, medium-depth, or deep chemical peels (91). Superficial peels produce wounding limited only to the epidermis, while medium-depth peels penetrate into the papillary dermis. Moreover, deep peels generate injury into the reticular dermis (89, 91). These peels are indicated for a number of skin conditions, including acne, melasma, actinic keratosis, lentigines, photodamaging, and scarring. Additionally, a number of chemicals are used for peeling, such as tretinoin, salicylic acid, trichloroacetic acid (TCA), Jessner’s solution (JS), glycolic acid (GA), pyruvic acid and phenol (89, 91). The use of superficial and medium-depth chemical peels has increased in recent years due to its relative procedural ease, minimal side effects, and cost efficiency (92). Thus, an investigation into its potential as a wounding therapy for prevention of photocarcinogenesis is warranted.

There are a number of human studies that suggest chemical resurfacing may be a viable skin cancer prophylaxis (93–98). Using a human keratinocyte cell line, Ahn et al. demonstrated the ability of GA to inhibit UV-induced cytotoxicity and apoptosis, which suggests GA may exert a repressive effect on skin cancer development (93). Kaminaka et al. investigated the efficacy of phenol peels in patients with AK and Bowen disease. They found that 100% pure phenol resulted in a 84.8% complete response after one to eight treatment sessions, with only 4.3% recurrence over a period of one year (94). Lawrence et al. found that a medium-depth peel using JS and 35% TCA reduced the number of visible AK by 75% (95). Similarly, Hantash et al. found that 30% TCA resulted in a 89% clearance of AKs when measured at three months post therapy. Furthermore, this application demonstrated a reduced incidence of NMSC compared to the control as well as a longer timespan until the development of new skin cancer (96). Lastly, two recent studies compared TCA peeling (35% and 50%) and photodynamic therapy with topical 5-aminolevulinic acid (PDT-ALA) for the treatment of AK (97, 98). Although TCA was less painful and less expensive, both studies found that PDT-ALA performed better than TCA. Yet, Di Nuzzo et al. found that 50% TCA had an AK clearance rate of 66.1% at three and six months (97). In addition, Holzer et al. demonstrated that 35% TCA had a 78.6% and 48.8% AK clearance at three and twelve months, respectively (98). This suggests TCA peels have clinical utility in treating AKs. Our group is currently exploring TCA peels in this regard, and our preliminary studies indicate that a 10% TCA peel on geriatric skin upregulates IGF-1 mRNA levels approximately two-fold at 90 days (unpublished data). As presented, chemical peeling holds promise as a therapeutic and preventative modality for skin carcinogenesis. More research is needed with this area to elucidate the precise mechanize of skin rejuvenation. Chemical peeling offers a safe, cost-effective and flexible alternative wounding therapy for the prevention of photocarcinogenesis.




Conclusion

The IGF-1/IGF-1R signaling pathway stands as a major factor in the development of photocarcinogenesis. Over a lifetime, advanced age and UVB exposure result in diminished dermal IGF-1 and increased keratinocyte mutagenesis. This results in defective DNA repair, checkpoint signaling, and appropriate keratinocyte senescence, which increases the likelihood of neoplastic transformation. NMSC remains a significant driver of increased healthcare costs and morbidity annually, necessitating the identification of effective treatments. With this new model outlined in Figure 2, wounding therapies hold promise as evidenced by their ability to restore appropriate IGF-1/IGF-1R signaling to levels found in younger skin. These studies are exciting as they exhibit desirable cosmetic outcomes, efficacious photorejuvation, and protection against skin carcinogenesis. As a commercially available device, microneedling holds promise as a less expensive and more widely available wounding therapy. Chemical peeling offers a beneficial alternative treatment, yet more research is needed to explicate its exact mechanism. Importantly, FLR exhibits both regenerative and long-term protective effects against pre-cancerous lesions. The concept of restoring youth and combating malignancy through wounding therapies holds potential as a major dermatological treatment modality.




Figure 2 | Model demonstrating young versus aged skin and the impact of wounding therapies on the response of geriatric skin to UVB-irradiation.



The insights leading to this new paradigm of actinic neoplasia began as pioneering in vitro studies in which Dr. Dan Spandau discovered that keratinocyte responses to UVB were dependent upon the presence/absence of IGF-1 (99). Subsequently, Drs. Spandau and Travers devised a strategy to ascertain the importance of IGF-1R activation in the response of geriatric skin to UVB irradiation. These studies led to further collaborations with clinicians (e.g., Drs. Rohan, Tanzi, Wanner) to define the role of IGF-1 and fibroblast senescence in humans. Basic scientist Dr. Kemp has further characterized the exact mechanisms by which IGF-1R activation of the keratinocyte are protective. This new paradigm is clearly an example of a “bench-to-bedside” highly collaborative project with tremendous clinical implications.
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The BRAF inhibitor vemurafenib, approved for treating patients with BRAF V600E-mutant and unresectable or metastatic melanomas, rapidly induces cutaneous adverse events, including hyperkeratotic skin lesions and cutaneous squamous cell carcinomas (cSCC). To determine, how vemurafenib would provoke these adverse events, we utilized long-term in vitro skin equivalents (SEs) comprising epidermal keratinocytes and dermal fibroblasts in their physiological environment. We inserted keratinocytes with different genetic background [normal keratinocytes: NHEK, HaCaT (p53/mut), and HrasA5 (p53/mut+Hras/mut)] to analyze effects depending on the stage of carcinogenesis. We now show that vemurafenib activates MEK-ERK signaling in both, keratinocytes, and fibroblasts in vitro and in the in vivo-like SEs. As a consequence, vemurafenib does not provide a growth advantage but leads to a differentiation phenotype, causing accelerated differentiation and hyperkeratosis in the NHEK and normalized stratification and cornification in the transformed keratinocytes. Although all keratinocytes responded very similarly to vemurafenib in their expression profile, particularly with a significant induction of MMP1 and MMP3, only the HrasA5 cells revealed a vemurafenib-dependent pathophysiological shift to tumor progression, i.e., the initiation of invasive growth. This was shown by increased proteolytic activity allowing for penetration of the basement membrane and invasion into the disrupted underlying matrix. Blocking MMP activity, by the addition of ilomastat, prevented invasion with all corresponding degradative activities, thus substantiating that the RAS-RAF-MEK-ERK/MMP axis is the most important molecular basis for the rapid switch towards tumorigenic conversion of the HrasA5 keratinocytes upon vemurafenib treatment. Finally, cotreatment with vemurafenib and the MEK inhibitor cobimetinib prevented MEK-ERK hyperactivation and with that abolished both, the epidermal differentiation and the tumor invasion phenotype. This suggests that both cutaneous adverse events are under direct control of vemurafenib-dependent MEK-ERK hyperactivation and confirms the dependence on preexisting genetic alterations of the skin keratinocytes that determine the basis towards induction of tumorigenic progression.
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Introduction

Targeted therapy has revolutionized the field of medical oncology. Despite being highly successful in treating the specific malignancy, dermatologic toxicities (DT) are among adverse reactions of a variety of targeted therapies. Besides inflammatory dermatoses, i.e., papulopustular eruption, dermal hypersensitivity reaction (DHR), and photoreactivity, also hyperkeratosis and squamoproliferative lesions including actinic keratosis (AK), keratoacanthoma (KA), and cutaneous squamous cell carcinoma (cSCC) were described (for review, see 1 and references therein). Noteworthy, cutaneous epithelial proliferation, i.e., tumor formation, was particularly frequent with the BRAF inhibitors sorafenib and vemurafenib while substantially less frequent with EGFRi, MEKi, PI3Ki, or AKTi.

The oncogenic mutation V600E in BRAF protein accounts for 50%–60% of the somatic mutations in melanoma leading to constitutive activation of the protein kinase BRAF and downstream induction of the MAP kinase/ERK-signaling pathway with correlated melanomagenesis. Vemurafenib, a second-generation selective small molecule inhibitor of RAF, is highly potent in inhibiting the activation of this pathway in BRAF V600E-mutant melanoma cells and thereby is highly effective in combating the growth of metastases in the melanoma patients (for review, see 2). Unfortunately, acquired resistance and a high frequency of cutaneous adverse events, including the rapid development of cSCCs, impeded this treatment strategy. Accordingly, treatment was combined with a MEK inhibitor, with cobimetinib in case of clinical trials with vemurafenib. Concurrent administration of BRAFi and MEKi is now an established therapeutic protocol for the treatment of BRAF V600E-mutant metastatic melanoma and an adjuvant treatment in routine clinical practice. It is noteworthy, that cutaneous adverse events, including “keratinocytic proliferations” such as keratosis pilaris, i.e., small hyperkeratotic follicular papules (in up to 7% of patients), as well as actinic keratoses (AK), keratoacanthomas (KA), skin papillomas, and cSCCs emerged in 1%–2% of the patients (3). Thus, keratinocyte proliferation is still observed as a cutaneous adverse event even when treated with BRAFi+MEKi combination therapy, though at a much lower rate than in vemurafenib monotherapy which causes 6% hyperkeratosis, 8% KA, and 12% cSCC (4).

Generally, the development of cSCC is a multistep process with a latency period of several decades and therefore, cSCCs are frequent in elderly patients. cSCC are among the most common malignancies and characterized by a high load of UV-indicative mutations (5), as well as a high frequency of chromosomal aberrations with only few recurrent chromosomal aberrations (6, 7). Together, this makes these tumors genetically highly heterogeneous. The most frequent recurrent mutations and thus, implicated as driver genes in cSCCs, include NOTCH1/2, TP53, and CDKN2A while oncogenic ras, i.e., mutations in HRAS, Kras, or Nras are infrequent [3%–20% or less; (8) and references therein].

Sequencing of normal human eyelid skin (9) demonstrated a high frequency of mutations with a predominance of UV-indicative mutations (C>T mutations and high rates of CC>TT dinucleotide substitutions). We and others recently showed that normal sun-exposed skin contains numerous epidermal patches that stain positive for p53 protein and contain critically short, dysfunctional telomeres and which may be potential early precursors of skin cancer (7, 10). Cells of these patches contain mutations in multiple genes that are mutated also in cSCC with many of the mutations being subclonal in those lesions. Thus, various genetically altered cells exist in normal human skin, and it is tempting to propose that preexisting subpopulations contribute to the rapid development of skin cancer upon vemurafenib treatment.

Since vemurafenib is still an important component of targeted therapy for melanoma (11), there is a medical need for more extensive analysis of the pathogenesis of vemurafenib-dependent cutaneous adverse events. Considering their rapid appearance in the vemurafenib-treated melanoma patients, we expected to recapitulate the vemurafenib-specific phenotypes in long-term in vivo-like skin equivalents and to investigate the underlying regulatory switch responsible for the cutaneous adverse events. By utilizing keratinocytes representing different stages in the multistep process of skin carcinogenesis, we report that vemurafenib-associated MEK-ERK hyperactivation accelerates epidermal differentiation in different keratinocytes correlating with the vemurafenib-dependent adverse event of hyperkeratosis. In addition, we show a vemurafenib-dependent regulation of the degradome that is responsible for immediate initiation of invasive growth by the preneoplastic HrasA5 cells. This substantiates the hypothesis of a causal relationship of the tumorigenic shift observed in vitro and the rapid SCC development in Vemurafenib-treated melanoma patients.



Results


Vemurafenib Causes MEK-ERK Pathway Activation in Normal and Transformed Human Skin Keratinocytes

Vemurafenib abrogates RAF-MEK-ERK signaling in melanoma cells that harbor BRAF V600E mutations while causing pathway hyperactivation in wildtype melanoma cells (12, 13). MEK-ERK hyperactivation is also seen in epithelial BRAF wildtype cells, e.g., the human HaCaT keratinocytes and different human cSCC cells (14).

Thus, we asked how different human keratinocytes would respond to vemurafenib. For this, we investigated normal human epidermal keratinocytes (NHEK) as well as keratinocytes from our isogenic human skin cancer model (15); the HaCaT cells as well as their Hras-containing tumorigenic variants, the benign tumorigenic HrasA5 cells and the malignant tumorigenic HrasII4 cells. Using a phosphorylation-specific Western blot analysis, we investigated the time-dependent pathway activation upon treatment with 1 µM vemurafenib.

In BRAF V600E-positive A375 melanoma cells, which we included as control, vemurafenib rapidly (within 30 min) abolished the high basic levels of phosphorylated MEK1/2 and ERK1/2 (Figure 1A). In contrast, two different strains of the BRAF wildtype NHEKs showed similar results to the different HaCaT variants, HrasA5 and HrasII4 cells, as vemurafenib caused activation of the MEK-ERK pathway, indicated by an increase in P-MEK1/2 and even more so in P-ERK1/2 (Figures 1B–E). Interestingly, activation appeared transient in the NHEK, while being long lasting in the HaCaT cells (p53 mut) and the Hras oncogene-containing variants (p53mut/Hras+).




Figure 1 | Vemurafenib-dependent pathway regulation and proliferation. A375 (BRAF mutant) melanoma cells (A) and BRAF wildtype keratinocytes, represented by normal human keratinocytes (NHEK) (B), HaCaT (C), the premalignant HrasA5 (D), and the malignant HrasII4 cells (E), were incubated with either DMSO (solvent control) or vemurafenib (1 µM) for a period of up to 6 h, and protein expression of MEK/P-MEK, ERK/P-ERK, p38/P-p38, and Akt/PAkt was examined. Opposing effects were seen for P-MEK and P-ERK when comparing the A375 melanoma cells (BRAF-V600E mut) and the human keratinocytes. P-p38 and P-Akt were inhibited transiently in the A375 cells, both in control and vemurafenib-treated cells, but did not seem to be regulated in the human keratinocytes. GAPDH was used as loading control in all immunoblots. To study the effects on proliferation, NHEK (F), HaCaT (G), and HrasA5 cells (H) were treated with different concentrations of vemurafenib (0.01–5 μM) for a period of up to 72 h, and proliferation was determined at 24, 48, and 72 h by measuring fluorescence intensity (SyBr green proliferation assay). Statistical significance was calculated by two-way ANOVA and Bonferroni posttest (n = 2, mean ± SD, two-way ANOVA + Bonferroni posttest; ns, not significant).



To confirm whether vemurafenib would activate also additional signaling cascades, we analyzed for coactivation of the MAPK-p38 as well as PI3K-PTEN-Akt pathway. In the melanoma cells, Pp38 and P-Akt were temporarily reduced (30 min to 3 h post treatment) (see Figure 1A). As reduction was seen in the untreated and vemurafenib-treated cultures, a vemurafenib-specific regulation was unlikely. In the keratinocytes, the level of Pp38 remained largely unaffected except for HrasA5 where P-p38 was temporarily lowered (first 30 min). Likewise, P-Akt showed no major regulation; if at all, there was a slight increased over control.

Together, this shows that vemurafenib causes rapid activation of the MEK-ERK pathway while having little effect on the p38 and Pi3K-PTEN-Akt pathways, thereby making MEK-ERK hyperactivation the major vemurafenib-dependent regulatory consequence in the human skin keratinocytes irrespective of their state of transformation.



Vemurafenib Does Not Increase Proliferation in Cultivated Human Skin Keratinocytes

Commonly, MEK-ERK activation is linked to growth (16) and hyperactivation of the MEK-ERK cascade was supposed to be a major signaling pathway triggering proliferation (17). Increased proliferation was suggested also for HaCaT cells treated with a “low” vemurafenib concentration (2 µM) (18). To address how vemurafenib would affect growth of our different keratinocyte variants, we exposed NHEK, HaCaT, and HrasA5 cells to 0.1 up to 5 µM vemurafenib and determined their growth kinetics over the following 3 days (Figures 1F–H). Instead of increased proliferation, vemurafenib-treated NHEK showed the same growth rate as the nontreated control cells at low concentrations (0.1 and 0.01 µM). At higher concentrations (1 and 5 µM), vemurafenib induced significant growth inhibition. HaCaT and HaCaT-rasA5 (HrasA5) cells appeared less sensitive. Even the highest concentration of vemurafenib (5 µM) did not affect short-term growth in conventional cultures. Only upon long-term treatment (>1 week) with 5 µM of vemurafenib, a 50% growth reduction was seen for the HaCaT cells while the HrasA5 cells were not affected at all (data not shown).

Taken together, vemurafenib-induced MEK-ERK hyperactivation did not improve growth in any of the keratinocytes. Instead, we found acute growth inhibition for 1 and 5 µM vemurafenib for the NHEK and delayed growth restraints for the HaCaT keratinocytes. The premalignant HrasA5 cells remained unperturbed, indicating a transformation stage-specific loss of sensitivity for vemurafenib-induced growth restraints in the human keratinocytes.



Vemurafenib Does Not Confer Chromosomal Instability But Rather Promotes a Genetic Drift

The rapid development of cSCC in vemurafenib-treated melanoma patients and the evidence that BRAF inactivation drives aneuploidy (19) may suggest vemurafenib-dependent genomic instability. Alternatively, vemurafenib may select for and promote preexisting subpopulations. To address the role of vemurafenib in genomic instability, we utilized the nontumorigenic HaCaT cells. Like numerous cells present in sun-exposed skin, they carry UV-type-specific p53 mutations, thus suffering from lack of the property of p53 to induce DNA repair and cell cycle arrest. Nevertheless, they are stably nontumorigenic and remain as a superficial epidermis-like epithelium upon long-term propagation as skin equivalents in 3D organotypic cultures or xenotransplants in mice (20, 21).

To determine whether and how vemurafenib would contribute to chromosomal instability, we performed multiplex fluorescence in situ hybridization (M-FISH) of HaCaT cells treated with 1 or 5 µM vemurafenib for 5 weeks. We show that neither dose resulted in gross chromosomal changes. Comparison of numerical aberrations for individual chromosomes demonstrated a very similar profile with only few changes (Supplementary Figure S1A). However, when comparing the aberration profile of control and vemurafenib-treated HaCaT cells for the distribution of subpopulations, vemurafenib provoked a shift in the dominance of preexisting subpopulations (Supplementary Figure S1B). In particular, we detected dominance for a dose-dependent gain of i(1q), carrying genes such as S100 genes, RASSF5, MAPKAPK2, TP53BP, WNT3A, and WNT9A, and dose-dependent loss of i(17p), containing genes such as TP53, MAP2K4, MAPK7, or RASD1. We also found a selection for an unbalanced translocation chromosome der(2)t(2;8), leading to copy number gain of 8q harboring the cMYC gene—a cytogenetic aberration frequently associated with cSCCs (6, 22).

Together, this genetic analysis suggests that vemurafenib is not a potent inducer of genetic alterations. Instead, vemurafenib may provide a selective advantage for specific subpopulations and those with, e.g., excessive cMyc that are also able to respond with tumorigenic/invasive growth.



Vemurafenib Alters Gene Expression of Keratinocytes

To determine whether vemurafenib would also affect the expression profile of the skin keratinocytes, we performed RNA expression analyses for NHEK, HaCaT, and HrasA5 cells by selecting a panel of genes, including epidermal differentiation markers, pathway-indicative, and invasion-related genes. For this, the different keratinocytes were treated with 1 and 5 µM vemurafenib and expression was analyzed by qRT-PCR after 8 and 24 h.

Concerning epidermal differentiation, a minor induction of involucrin was seen in NHEK after 8 h, which increased considerably after 24 h. Likewise, keratin 10 (KRT10) and filaggrin (FLG) were upregulated after 24 h and the degree of regulation appeared dose-dependent (Figure 2A). None of those genes were regulated in HaCaT or HrasA5 cells during the first 24 h (Figures 2B, C). Only upon long-term treatment of the HaCaT cells with 5 µM vemurafenib for 4 and 8 weeks we saw an increase in the transcription of KRT10 and FLG (data not shown). This suggests that induction of differentiation is rapid and direct in NHEK while delayed and potentially indirect in the transformed keratinocytes.




Figure 2 | Vemurafenib preferentially targets the degradome. Vemurafenib-altered expression profile of NHEK (A), HaCaT (B), and HrasA5 cells (C) after 8 and 24 h of vemurafenib treatment. All human keratinocytes show upregulation of IL1A and IL1B, with HaCaT cells being the least regulated, as well as a strong induction of MMP1 and MMP3 while MMP9 and MMP14 remain largely unaffected. In addition, epidermal differentiation markers become upregulated in NHEK only. Normalization was performed using GAPDH as house-keeping gene and foldchanges were expressed by comparing 1 or 5 µM vemurafenib treatment of NHDF to DMSO stimulation, respectively. n = 2, mean ± SD.



In addition, we found a 2- to 3-fold induction of the interleukins IL-1α and IL-1β (Figure 2A), factors known to act on the dermal fibroblasts in a paracrine stimulatory loop by inducing, e.g., keratinocyte growth factor (KGF alias FGF7) and granulocyte macrophage colony-stimulatory factor (GM-CSF alias CSF2). These in turn support epidermal growth and differentiation (23, 24). Transforming growth factor alpha (TGF-α) reached a 2-fold increase in NHEK and HrasA5 cells while transforming growth factors TGF-β1 and TGF-ß3 remained largely unaffected. Likewise, AXIN2 (Wnt/ß-catenin pathway), CDKN1A (p21 pathway), EGFR, or SNAI2 (EMT marker) did not appear to be regulated by vemurafenib.

Invasion of the epidermal cells requires proteolytic activity for degradation of, e.g., the basement membrane and dermal collagen. We, therefore, investigated also for the expression of the matrix metalloproteases MMP1, MMP3, MMP9, and MMP14, all associated with cSCCs (reviewed in 25). As shown in Figure 2 and particularly striking, MMP1 and MMP3 were induced immediately and strongly in all three keratinocyte variants, suggestive of being direct targets of the MEK-ERK hyperactivation. Interestingly, induction was most prominent in NHEK (>10-fold), again pointing to their high sensitivity to vemurafenib treatment (Figure 2A). MMP9 expression (~2-fold after 24 h) was restricted to the HrasA5 cells (Figure 2C). MMP14 did not seem to be regulated by vemurafenib treatment in any of the keratinocytes (Figures 2A–C).

Together, vemurafenib contributes to keratinocyte regulation by directly inducing epidermal differentiation in NHEK and strongly upregulating the expression of components of the degradome, MMP1 and MMP3, in all keratinocytes irrespective of their transformation state and genetic composition.



Vemurafenib Improves Tissue Organization

To determine the role of vemurafenib on tissue regulation, we established skin equivalents (SEs) with NHEK, HaCaT, and HrasA5 cells. For this, dermal equivalents (DEs) were prepared by allowing the fibroblasts to establish their own dermal matrix which after 4 weeks of maturation were supplemented with the keratinocytes. By propagating the cocultures at the air-liquid interphase for 2 weeks, skin equivalents (SEs) develop that are composed of a stratified and differentiated epidermis connected to the dermal matrix through a basement membrane. Such 2-week-old SEs were then treated with vemurafenib or solvent control and histological comparison was performed after 1, 3, or 5 weeks of treatment.

NHEKs start with a wound-like hyperplastic epidermis (first 4 to 5 weeks), which is reduced by reaching tissue homeostasis and long-term regeneration is maintained by an equilibrium of proliferation and differentiation (>week 5). As it is not shed, the stratum corneum continuously expands (Figure 3A; 20). Exposure to 1 µM vemurafenib interfered little with tissue morphology, though the epidermis appeared more compact with a slightly reduced number of cell layers and a tendency for an increased stratum corneum. Exposure to 5 µM vemurafenib, however, caused accelerated differentiation leading to significant reduction in living cell layers and hyperkeratosis after only 1 week of treatment (Figure 3A).




Figure 3 | Characterization of the effects of vemurafenib on epithelial differentiation and proliferation in SEs. SEs from NHEK and HrasA5 cells were treated with vemurafenib (VEM) (1 and 5 µM) for up to 5 weeks and histology and immunostaining were performed at the indicated time points. (A) H&E staining of SEs from NHEK demonstrates accelerated cornification, particularly evident upon 5 µM VEM (left). Also, HrasA5 epithelia showed a time-dependent increase in cornification. In addition, invasion was seen after 3 (1 µM VEM) and 1 week (5 µM VEM), respectively (right). (B) Improved differentiation is confirmed by immunostaining for the early, KRT10, and the late differentiation markers FLG and KRT2 in the epithelium of the NHEKs (left) and the HrasA5 cells (right). The BM components COLVII (green), COLIV (red), and LAM (red) are expressed as contiguous lines in NHEK SEs at all time points and all conditions. Note that COLIV is expressed continuously and present throughout the DE; though enriched in the BM zone (left). In HrasA5 SEs, COLVII is generally reduced and lost at the invasive front. COLIV and LAM rather appear “bloated” with the tumor cells pushing through small gaps (right). (C) Same SEs stained for the proliferation marker H3S10ph (red), demonstrating very similar proliferation for all NHEK SEs (left). In HrasA5 SEs, proliferation is present throughout the epithelium (control). Under VEM, proliferation gets restricted to the basal compartment (right). All SEs are counterstained for the early differentiation marker transglutaminase 1 (TGM). (D) For quantification of proliferation SEs from NHEK and HrasA5 cells were costained with COLVII and KI67 and the number of proliferating cells (KI67+) correlated with BM (COLVII) length. Neither NHEKs nor HrasA5 cells showed a significant regulation in proliferation (n = 2, mean + SEM, one-way ANOVA + Dunnett’s multiple comparison test; ns, not significant). For all conditions, nuclei were counterstained with DAPI (blue). Treatment with the DMSO was used as control. Time specifications relate to time after starting the scale bar = 300 µm [for (A, C)]; scale bar = 150 µm [for (B)].



HaCaT cells form a multilayered parakeratotic epithelium that, in contrast to NHEKs, becomes atrophic upon long-term regeneration (7 weeks) with only few remaining basal cells that are unable to properly connect the epidermis with the underlying dermal equivalent (Supplementary Figure S2A). Upon vemurafenib treatment, the epithelium reorganized with a tendency for improved epidermal morphogenesis and differentiation as indicated by the formation of a stratum granulosum and an extended and regularly structured parakeratotic stratum corneum. Importantly, upon long-term treatment a vital epithelium was maintained, suggesting that Vemurafenib induced a differentiation-dependent tissue normalization being connected with longevity of the HaCaT cells in the in vivo-like environment.

Likewise, the premalignant HrasA5 cells form a hyperplastic, moderately differentiated surface epithelium with an undulated BM zone. Of note, also these epithelia become atrophic during long-term propagation (see control of Figure 3A). Upon vemurafenib treatment, differentiation was strongly increased, indicated by a steadily growing parakeratotic stratum corneum and occasional horn-pearls within the epithelium (Figure 3A). With the shift to increased differentiation, also these epithelia gained longevity. In addition, and unique for the HrasA5 cells, vemurafenib induced rapid and extended invasion. Already after 1 week of treatment with 5 µM vemurafenib, the HrasA5 cells had broken through the BM and invaded the underlying dermal matrix. With 1 µM vemurafenib, invasion was only seen after 3 weeks, arguing for a dose-dependent regulation (Figure 3A).

To confirm and extend the histological findings, we next analyzed the expression and distribution of the early (KRT10) and terminal epidermal differentiation markers keratin 2 (KRT2) and FLG. In NHEK SEs, KRT10 was expressed in all suprabasal layers. KRT2 and FLG, on the other hand, were increased with vemurafenib and in addition, KRT2 expression became more restricted and thus, more similar to the distribution in normal human skin (Figure 3B). Also, HaCaT (Supplementary Figure S2B) and HrasA5 epithelia (Figure 3B) were characterized by increased expression and more regular localization of the differentiation markers (for HrasA5 for 5 µM vemurafenib). Together, this confirms the vemurafenib-dependent advancement in epidermal differentiation and shows that an epidermal normalization also occurs to the transformed keratinocytes.



Vemurafenib Induces Invasion in HrasA5 Cells

In addition to the induction of differentiation, vemurafenib promoted invasive growth exclusively for the HrasA5 cells. While NHEK (Figure 3A) and HaCaT cells (Supplementary Figure S2A) remained as surface epithelia throughout the 5-week treatment period with vemurafenib, HrasA5 cells invaded the underlying dermal matrix within 3 weeks when treated with 1 µM vemurafenib and even more rapidly (within the first week) when 5 µM vemurafenib was applied (Figure 3A).



Vemurafenib Does Not Accelerate In Vivo Proliferation

In general, tumor growth correlates with increased proliferation. Although in our in vitro analyses vemurafenib was rather growth restrictive for NHEKs and did not seem to confer a growth advantage to the HrasA5 cells, we nevertheless determined whether in the context of invasion, vemurafenib might trigger proliferation. First, we performed staining for the proliferation marker PHH3 [phosphorylated Histone H3-H3s10ph (serine 10 phosphorylated)] on SEs treated with 1 or 5 µM vemurafenib for 3 weeks (Figure 3C) and found similar low proliferation for control and vemurafenib-treated NHEKs. In HaCaT SEs, vemurafenib rather reduced proliferation and mediated improved tissue organization by restricting the proliferating cells to the basal compartment. The same result was observed for the HrasA5 SEs. We additionally quantified proliferation by performing staining with the commonly established proliferation marker Ki67 (Figure 3D). Thereby, we found the same low proliferation rate in untreated and vemurafenib-treated NHEK SEs, suggesting that different from conventional cultures, vemurafenib does not constrain keratinocyte growth in the tissue context (see Figure 1). For HrasA5 cells, we find an increasing variance between different SEs, with a trend (not statistically significant) towards enhanced proliferation upon vemurafenib treatment (Figure 3D). Together, this suggests that the role of vemurafenib on keratinocyte growth is dependent on the respective environment, and we conclude that proliferation is not a major driving force for the invasive growth of the HrasA5 cells.



Vemurafenib Mediates Sustained pERK Activation in SEs

To obtain more insight into the mechanism of vemurafenib-induced invasion, we first investigated vemurafenib-dependent MEK-ERK hyperactivation in the SEs. Using pERK1/2 as a marker for active ERK signaling, we show that pERK1/2 is absent in untreated epidermis but expressed in the suprabasal layers of the epidermis of vemurafenib-treated NHEK (Supplementary Figure S3). In HaCaT epithelia, the MEK-ERK kinase pathway appeared constitutively active as indicated by some minor pERK1/2 staining within the epithelium. Upon vemurafenib (5 µM) treatment, however, staining for pERK1/2 strongly increased throughout the living part of the epithelium (Supplementary Figure S2C). Similarly, in HrasA5 epithelia, pERK1/2 was already increased upon treatment with 1 µM vemurafenib, and expression became strongly upregulated with 5 µM vemurafenib where it was particularly prominent at the invasive front and in the invasive nodules (Supplementary Figure S3). As proof for the presence of ERK, nonphosphorylated ERK1/2 was shown to be expressed rather evenly throughout the epithelium. Thus, corresponding to the expression in conventional (2D) cultures (see Figure 1), vemurafenib induced and sustained hyperactivation of the MEK-ERK pathway also in the epithelia of the SEs.



Vemurafenib Does Not Regulate Basement Membrane Integrity

To determine the conditions for invasive growth, we asked whether the basement membrane (BM) structure may be modulated by vemurafenib in order to precondition the environment for rapid tumor cell invasion. We, therefore, analyzed expression and deposition of three different BM components, i.e., collagen type IV (Col IV), collagen type VII (Col VII), and laminin 332 (LAM). This study demonstrated regular expression and continuous linear deposition between epithelium and dermal equivalent for all three BM components at all time points and both vemurafenib concentrations in the NHEK-SEs (Figure 3B). Similarly, HaCaT SEs showed a regular distribution of the BM components also under vemurafenib treatment (Supplementary Figure S2B). This was, different for HrasA5 cells (Figure 3B). While HrasA5 control SEs exhibited a regular distribution of the BM components, treatment with vemurafenib caused changes that were however, strictly linked to invasion of the keratinocytes. Accordingly, Col VII became degraded at the invasive front and remained discontinuous further on. Col IV and LAM were rather pushed aside by the invasive front. Thus, our data suggest that the BM is not a general target of vemurafenib, instead, it gets altered/degraded only in concert with the invasive process initiated by activating the HrasA5 keratinocytes.



Invasion Is Regulated by Vemurafenib-Dependent Induction of Epidermal MMP1 and MMP3

The in vitro expression analyses have shown that MMP1 and MMP3 represented the genes with the strongest upregulation upon vemurafenib treatment and irrespective of the transformation state of the keratinocytes. Nevertheless, only HrasA5 cells showed BM degradation and active invasion into the underlying dermal matrix when grown in SEs. To address this discrepancy, we first investigated MMP expression in the SEs (Figures 4A, B). Staining of the different SEs for MMP1 and MMP3 showed that both MMPs were expressed upon vemurafenib treatment (5 µM) in all epithelia of NHEK, HaCaT, and HrasA5 cells (Figures 4A, B). However, and as compared with NHEK SEs, there appeared to be increased expression of MMP1 in the HaCaT and HrasA5 epithelia (Figure 4A) and a particular increase in the HrasA5 epithelia for MMP3 (Figure 4B). It is noteworthy that MMP1 and MMP3 were expressed also by the dermal fibroblasts (Figures 4A, B).




Figure 4 | Vemurafenib-dependent degradome. SEs from NHEK, HaCaT cells, and HrasA5 cells were treated with vemurafenib (VEM) (5 µM) for 3 weeks and sections of control (DMSO) and VEM-treated SEs were stained for MMP1 and vimentin (A) and MMP3 (B). Nuclei were counterstained with DAPI. All VEM-treated samples show a clear upregulation of both MMPs scale bar = 150 µm. (C) ELISA for HaCaT and HrasA5 SEs treated with DMSO (control), cobimetinib (COBI), VEM, and the combination of COBI and VEM with the indicated concentrations. Secretion of MMP1, MMP3, and MMP9 were quantified (n = 3, mean ± SD, one-way ANOVA + Dunnett’s multiple comparison test; ns, not significant). (D) Gelatinase assay confirms a strong proteolytic activity (green) in the VEM-treated (5 µM) HrasA5 SEs compared with the untreated controls. Scale bar = 300 μm.



To determine whether the differences in staining intensity may point to quantitative differences in the expression of MMP1 and MMP3 in HrasA5 versus HaCaT SEs, we next performed ELISA for secreted MMP1 and MMP3. As MMP9 mRNA has shown a slight upregulation in the cultured cells, particularly in HrasA5 cells (see Figure 2A), we also included MMP9 in this analysis. While HaCaT SEs only secreted significantly increased levels of pro-MMP1, HrasA5 SEs demonstrated significant levels of both MMP1 and MMP3 upon vemurafenib treatment (5 µM) for 3 weeks (Figure 4C). MMP9 was present at similar levels with and without vemurafenib, suggesting that MMP9 is not induced by MEK-ERK hyperactivation and thus, not of major relevance for HrasA5 invasion in this scenario.

In line with the increased MMP secretion, proteolytic activity, as assessed by the gelatinase assay, was only seen in HrasA5 SEs (Figure 4D), suggesting that MMP3 either alone or in combination with MMP1 is mainly responsible for invasion of HrasA5.



Inhibition of MMP Causes Reversion of the Invasive Phenotype

To substantiate the role of the MMPs for vemurafenib-dependent invasion, we established SEs with HrasA5 cells and selectively interfered with MMP activity by cotreatment with vemurafenib (5 µM) and the broad band MMP inhibitor ilomastat (10 µM). SEs treated with vemurafenib only, revealed the typical induction of differentiation and invasion (Figure 5A). Upon cotreatment with ilomastat, the vemurafenib-specific differentiation phenotype was maintained, i.e., the cells continued to build a surface epithelium with a massive stratum corneum. However, the invasive phenotype was clearly suppressed. The early phase of vemurafenib-induced invasion is characterized by a smooth borderline of the invasive front extending into the stroma (Figure 5A) and degradation of the BM components LAM and most extensively Col VII (Figure 5B). In addition, dermal collagen fibers were affected. By picrosirius red staining, that allows a quantitative morphometric evaluation of the collagen bundles under polarized light, we could confirm the degradation of collagen fibers below the epithelium and at the invasive front of vemurafenib-treated SEs (Figure 5C). The entire process was halted upon the addition of ilomastat as shown by a sharp demarcation zone (Figure 5A) with a continuous linear deposition of LAM and Col VII (Figure 5B) as well as preservation of the collagen fiber network (Figure 5C). A confirmative quantification of fibrillar collagen was performed by means of image analysis of those picrosirius red-stained sections and normalized to the level of control SEs (100%, standard deviation (SD) 18.80%). Vemurafenib-treated SEs showed a reduction to 48.80% (SD 13.18%) that was fully outweighed to 100.85% (SD 17.04%) by cotreatment with ilomastat. Together, these data support our hypothesis that vemurafenib-dependent induction of MMP1 and MMP3 is in charge of the rapid tumor cell invasion seen in SEs with the HrasA5 cells.




Figure 5 | Inhibition of the vemurafenib-dependent degradome in HrasA5 SEs by suppressing MMP activity. (A) H&E-stained HrasA5-SEs under vemurafenib (5 µM) exhibit an invasive phenotype with signs of subepithelial disintegration under the invading pegs (left, arrow), a physiological state not seen in SEs treated in addition with the MMP inhibitor ilomastat (10 µM) (right). (B) Staining for the BM-components LAM (red, above) and ColVII (green, bottom) points to a pronounced degradation upon vemurafenib (middle) when compared with untreated control SEs (left). Additional application of ilomastat prevents proteolysis and allows for an uninterrupted BM (right). Likewise, delayed onset of KRT10 expression (green, middle, above) is widely renormalized by ilomastat (right, above). (C) Beyond the BM, also the subepithelial extracellular matrix is affected by the increased proteolytic activity. Picrosirius red staining visualizes semiquantitatively the amount of stromal collagen in bright field microscopy (above) and even more clearly in circular polarization microscopy that specifically highlights organized collagen bundles (bottom). Whereas under vemurafenib the density of collagen fibers is drastically reduced to 48.80% (middle), cotreatment with ilomastat completely preserves the control state (100.85% vs. 100%, right vs. left). Scale bar = 300 µM.





MEK Inhibitor Cobimetinib Abrogates the MEK-ERK Hyperactivation of Vemurafenib

It is suggested that combination therapy of vemurafenib with the MEK inhibitor cobimetinib is not only more effective in combating resistance of melanoma cells but also in preventing cutaneous adverse events, including the formation of cSCCs [for review, see, e.g., (26)]. Cobimetinib is inhibiting MEK1 (and partially also MEK2) and thereby hinders ERK1/2 phosphorylation and abrogates vemurafenib-dependent MEK-ERK hyperactivation (27). Therefore, we asked how cobimetinib would affect epithelial tissue regulation and whether it would be able to counteract the vemurafenib-induced cutaneous adverse events.

As the RAS-MEK-ERK pathway is involved in many important cellular functions, we were concerned about possible toxicity when completely blocking MEK function in cells or tissues. We therefore first applied 0.1 and 1 µM cobimetinib alone for 3 weeks to HrasA5 SEs. While 0.1 µM cobimetinib already caused some tissue atrophy, strong toxicity was seen with 1 µM, as only remnants of epithelial islands remained, and the number of dermal fibroblasts was reduced as well (Supplementary Figure S4A).

We next sought for the cobimetinib concentration which would be sufficient to counteract vemurafenib-induced MEK-ERK hyperactivation by establishing a dose-response profile for the HrasA5 cells. Cultures of HrasA5 cells were treated with either 1 or 5 µM vemuarafenib in combination with increasing doses of cobimetinib (0.01, 0.1, and 1 µM). We found a concentration-dependent increase in P-MEK—due to inhibition of active, phosphorylated MEK [e.g., (12)]—and a blockade of ERK1/2 phosphorylation because of inhibited MEK activity (Supplementary Figure S4B). As little as 0.01 µM cobimetinib was sufficient to block ERK1/2 phosphorylation in combination with 1 µM vemurafenib, while 0.1 µM was required to block ERK1/2 phosphorylation induced by 5 µM vemurafenib. Thus, by combining the data from the toxicity assay with the inhibitory capacity of the vemurafenib-induced hyperactivation by cobimetinib, 0.1 µM was chosen as concentration for further assays.

To determine the molecular consequence accompanying abrogation of ERK signaling, we treated HrasA5 cells with vemurafenib (5 µM) alone or in combination with cobimetinib (0.1 µM) and analyzed transcription of those genes that were regulated by vemurafenib (Supplementary Figure S4C; see Figure 2A). Accordingly, expression of TGF-α, IL-1A, IL-1B, IL-8, MMP1, MMP3, and MMP9, was inhibited upon cotreatment with cobimetinib. MMP-14 remained unaffected and unexpectedly, the differentiation-specific genes, KRT10 and FLG, were stimulated upon cotreatment, corroborating that the epidermal differentiation markers are not regulated directly by MEK-ERK signaling in the transformed HrasA5 cells.



Cobimetinib Cotreatment Impedes Vemurafenib-Induced Differentiation and Invasive Growth

To determine the physiological relevance of vemurafenib-cobimetinib cotreatment, we next performed SEs with HrasA5 cells treated with vemurafenib (5 µM) or cobimetinib (0.1 µM) applied for 3 weeks either individually or in combination and investigated for their functional consequences.

As demonstrated in Figure 6, the treatment of HrasA5 SEs with cobimetinib (0.1 µM) largely abolished pERK1/2 expression, and as expected from the previous experiments (see Supplementary Figure S4), this correlated with signs of epithelial atrophy. Vemurafenib (5 µM), on the other hand, caused the characteristic MEK-ERK hyperactivation, as indicated by strong and extended pERK1/2 staining, particularly also at the invading front. This increased ERK activation correlated with pronounced differentiation, recognized by a distinct parakeratotic stratum corneum, and with rapid and ongoing tumor cell invasion. Importantly, cotreatment with cobimetinib strongly reduced the level of pERK1/2, and this was sufficient to hinder atrophy but also to impede both, induction of accelerated differentiation and tumor cell invasion. It is also important to note, that pERK1/2 was not completely abolished but reduced to a similar level as in controls, likely owing to the active Hras oncogene, what might be the reason that epithelial atrophy was counteracted (Figure 6A). Repeating a similar set of experiments with the HaCaT cells demonstrated an even more pronounced inhibition of pERK 1/2 upon treatment with cobimetinib alone or in combination with vemurafenib, with the consequence of increased epithelial atrophy (data not shown).




Figure 6 | Cotreatment of HrasA5-SEs with vemurafenib and cobimetinib. (A) HrasA5 SEs were treated with vemurafenib (VEM) alone (5 µM), cobimetinib (COBI) (0.1 µM) alone, or the combination of both inhibitors for 3 weeks. The histologic H&E stainings demonstrate the respective phenotypes. (B) Immunohistochemistry for pERK1/2 of corresponding sections confirms the vemurafenib-dependent increase in pERK and its suppression down to control level by cobimetinib. (C) Proteolytic activity in situ, visualized by the fluorescent gelatinase assay, results in an intense labeling in vemurafenib-treated SEs (middle) as opposed to a weak labeling in vemurafenib + cobimetinib-treated SEs (bottom), thus providing functional proof for the drop in MMP-expression caused by cobimetinib. (D) Immunostaining for COLVII (green) as indicator for BM integrity demonstrates the effectivity of cobimetinib in blocking degradation and invasion in HrasA5-SEs (right column). The noninvasive HaCaT-SEs have an undisturbed BM under all conditions tested (left column). (E) Quantification of proliferating cells in whole mounts of HaCaT- and HrasA5-SEs (BrDU positive cells/µm of Col IV) does not show significantly diverse proliferation rates under the different conditions (n = 3, mean, one-way ANOVA + Dunnett’s multiple comparison test; ns, not significant). (F) GM-CSF is only faintly detectable by immunofluorescence analysis (red) in normal skin (4th from top) and in HrasA5-SE controls (top) while clearly visible in the epithelium and dermal fibroblasts of vemurafenib-treated SEs (2nd from top). Cotreatment with cobimetinib largely abrogates the GM-CSF signals (3rd from top). Scale bar = 300 µm [for (A–D)] Scale bar = 150 µm [for (F)].



With the halted expression of the MMP RNAs upon cotreatment of vemurafenib and cobimetinib (see Supplementary Figure S4) also secretion of the MMPs was inhibited as quantified by enzyme-linked immunosorbent assay (ELISA) (see Figure 4C). As a consequence of this, proteolytic activity was strongly reduced in the epithelia of the HrasA5 SEs (Figure 6C) and BM integrity was maintained, as demonstrated for the most critical BM component, COL VII, in both the HaCaT and HrasA5 SEs (Figure 6D).

Finally, we labeled untreated, vemurafenib-treated, and vemurafenib+cobimetinib cotreated SEs of HaCaT and HrasA5 cells with BrdU to detect S-phase cells in epidermal whole mounts (28). As epidermal proliferation is generally focal, we used this third and most unbiased approach for ensuring precise enumeration (Figure 6E). Also, the analysis of large tissue areas demonstrated that vemurafenib did not induce proliferation, particularly not in HrasA5 epithelia, and that the combination treatment did not affect proliferation as well.

Together, this indicates that cobimetinib efficiently blocks the vemurafenib-dependent MEK-ERK hyperactivation. It thereby clearly demonstrates that both, the vemurafenib-specific differentiation and the invasion phenotype, are under direct control of MEK-ERK hyperactivation. Furthermore, our multistep skin carcinogenesis model revealed the ras-oncogene as decisive element provoking immediate tumor cell invasion.



Vemurafenib Also Modulates the Microenvironment: Vemurafenib Causes a Differential Expression Profile in Dermal Fibroblasts in Conventional Cultures Versus Dermal Equivalents

As tissue regulation is controlled by an extensive communication and interaction between epidermis and dermis, we hypothesized that vemurafenib may similarly affect the microenvironment, i.e., the dermal fibroblasts. To address this, we first determined whether normal human dermal fibroblasts (NHDFs) are activated by vemurafenib in a similar manner as the human skin keratinocytes. Two fibroblast strains derived from adult trunk skin were treated with 1 and 5 µM vemurafenib in conventional culture (Figure 7A). This caused sustained activation of pMEK and pERK and temporary activation of p38 (at 30 min), demonstrating that vemurafenib-dependent MEK-ERK hyperactivation also arises in the BRAF wildtype dermal fibroblasts.




Figure 7 | The impact on vemurafenib (VEM) the dermal microenvironment. (A) Western blot analysis of vemurafenib-treated fibroblasts (1 µM in monolayer cultures) demonstrates a quick rise in pMEK, pERK, and pp38 alluding to a pathway activation. (B) RNA expression analysis of fibroblast monolayer cultures for genes that are relevant for epidermal-stromal interaction demonstrates only little gene regulation upon vemurafenib. (C) RNA expression analysis for the same genes in 3D-cultivated fibroblasts (DEs), treated for 3 weeks with vemurafenib, shows enhanced expression of GM-CSF, interleukins, and MMPs. For (B, C), normalization was performed using GAPDH as a house-keeping gene and foldchanges were expressed by comparing 1 or 5 µM vemurafenib treatment of NHDF to DMSO stimulation. n = 2, mean ± SD. (D) Vemurafenib-pretreated DEs are able to convey the vemurafenib effect when combined with HrasA5 keratinocytes: H&E stainings of HrasA5-SEs demonstrate invasion and differentiation of HrasA5 cells (top, right) as compared with untreated controls (top, left). Immunofluorescence staining for COL IV (red) presents a regular continuous BM in controls (middle left) while being reduced under the invading epithelial pegs on pretreated DEs (middle right). In the latter, boosted differentiation is indicated by enhanced KRT2 (green). In control SEs, pERK is not detectable (red, bottom left), instead a continuous BM is demarcated by COL VII (green). On pretreated DEs, HrasA5 epithelia show intense pERK staining, being particularly enriched in the invading epithelial pegs. COL VII is degraded, leaving only small patches between the invading fronts (bottom, right). Scale bar = 300 µm.



We next established an expression profile for different growth factors, cytokines, MMPs, indicators for the Wnt (AXIN2) and p21 (CDKN1A) pathway, and myofibroblast transformation [alpha smooth muscle actin (αSMA)] (Figure 7B). Different from the distinct regulatory activity seen in the keratinocytes, only little gene regulation occurred in the fibroblasts and none of the selected genes reached 2-fold regulation. CXCL12, CXCL10, FGF7 (KGF), FGF10, and CSF2 (GM-CSF) as well as MMP3 and MMP9 were upregulated approximately 1.5-fold.

In conventional cultures, fibroblasts are permanently activated and highly proliferative while in situ, i.e., in intact skin or in DEs, they are largely growth arrested. To determine how this physiological difference would influence the expression response to vemurafenib, we investigated the expression of the same genes in fibroblasts from DEs. To exclude any epidermal impact, “naked” DEs without keratinocytes were treated with vemurafenib (1 and 5 µM) for 3 weeks and further analyzed. Interestingly, we saw an increase in the number and intensity of genes regulated by vemurafenib. Specifically, we found a >1.5-fold induction of IL-1A and IL-1B (both also regulated in the keratinocytes), IL-6, IL-8, and CXCL10. CSF2 (GM-CSF), an important regulator of epidermal growth and differentiation (29, 30) even reached a 2-fold increase. MMP3 and MMP9 were upregulated (1.75-fold) and to a very minor degree also MMP1. MMP14 remained unaffected also in the fibroblasts, pointing again to a specific set of MMPs as being direct targets of MEK-ERK hyperactivation (Figure 7C).



Vemurafenib-Pretreated DEs Contribute to the Vemurafenib-Specific Epidermal Phenotype

To determine whether and how this regulation might contribute to the vemurafenib-dependent skin phenotype, we added HrasA5 cells onto vemurafenib-pretreated DEs and maintained them as cocultures (SEs) for 3 weeks without further addition of vemurafenib. Most excitingly, histology of these SEs indicated that an epidermal phenotype was established (Figure 7D). Vemurafenib-dependent preconditioning of the DEs contributed to epidermal differentiation, as demonstrated by an increase in KRT2-positive cells and the appearance of horn-pearls within the epithelium. In addition, the keratinocytes formed large protrusions advancing into the dermal equivalent. While LAM was still present as a contiguous line, though strongly diminished at the invasive sites, Col VII was largely absent at the basal pole of the protrusions (Figure 7D), suggesting an incipient BM degradation. Staining for pERK1/2 clearly demonstrated ERK activation in the dermal fibroblasts (Figure 7D). Interestingly, pERK1/2 was also evident in the epidermal protrusions. Although some pretreatment-dependent storage of vemurafenib cannot be excluded, it is tempting to suggest this is the result of a paracrine ERK activation through the vemurafenib-stimulated microenvironment.

Based on the fact that CSF2 (GM-CSF) was the most upregulated gene in the vemurafenib-treated DEs, we hypothesized that the increase in GM-CSF would contribute to the epidermal phenotype, i.e., would support accelerated epidermal differentiation upon vemurafenib treatment. Accordingly, we show a strong increase in GM-CSF in vemurafenib-treated SEs (Figure 6F) and demonstrate that cotreatment with cobimetinib abolished the overexpression of GM-CSF (Figure 6F) as it prevented increased differentiation.

Together, these data demonstrate that dermal fibroblasts are also activated by vemurafenib and contribute with their specific expression profile to the epidermal phenotype. This highlights the importance of the interplay of epidermal and dermal regulation on the skin phenotype upon vemurafenib treatment.



Perilesional Skin and cSCCs of Vemurafenib-Treated Melanoma Patients Exhibit a Similar Expression Profile as SEs

Finally, to establish the connection of our experimental findings to clinical cases, we investigated biopsies from vemurafenib-treated melanoma patients. Samples of perilesional skin and different skin tumors (viral warts and different stages of cSCC) were analyzed for hyperactivation of the MEK-ERK pathway by staining for pERK1/2, activation of epidermal MMP1 and MMP3 expression, as well as stromal upregulation of GM-CSF.

Comparing normal skin from healthy donors to perilesional skin from the melanoma patients, we found a slight increase of pERK1/2 as well as an even more extensive increase in pERK1/2 expression in warts and tumor samples (Figure 8A), thereby confirming vemurafenib-dependent MEK-ERK activation also in skin keratinocytes in situ. Similarly, we found expression of MMP1 and MMP3 with a rise in staining intensity from perilesional skin to cSCC (Figures 8B, C). As staining for both MMPs was particularly prominent in the epithelium, it is tempting to suggested that the keratinocytes are the primary target for the vemurafenib-stimulus inducing MMP expression. In addition, staining for the tissue inhibitor of metalloproteinases, TIMP-1, as one of the endogenous MMP inhibitors, showed reduction in perilesional skin as well as tumor samples as compared with normal healthy skin (Figure 8D), which may support an increasing imbalance in favor of the degradative phenotype with vemurafenib treatment. GM-CSF was hardly detected in normal human skin but expressed by fibroblasts of perilesional skin and strongly enhanced in the fibroblasts of the tumor microenvironment (Figure 8E), suggestive of a role for GM-CSF in the paracrine regulation of epidermal growth and differentiation also in situ.




Figure 8 | Activation of the MEK-ERK pathway in cutaneous lesions of patients under vemurafenib treatment. Components and targets of the pathway are detected by immunofluorescence microscopy in normal skin (first column) compared with perilesional skin (second column), early invasive SCCs (third column), and well-differentiated SCCs (fourth column). (A) Under vemurafenib, pERK (red) is upregulated in the nuclei of basal epidermal cells; KRT2 (green) demarcates terminally differentiated upper epidermal cells. (B) The intensity of MMP1 staining (red) significantly increases under vemurafenib treatment and shows enrichment in the invading epithelia. (C) MMP3 displays a moderate epithelial staining (red) in normal skin that gains intensity under treatment and progression towards SCC. Also dermal cells stain positive for MMP3. No signs of myofibroblast differentiation; αSMA (green) staining is restricted to vascular structures. (D) Decreased intensity of TIMP-1 (red) correlates with an acquired invasive phenotype under vemurafenib; CD3ζ-positive T-cells (green) do not show any significant accumulation. (E) Faint epithelial GM-CSF signals (red) are accompanied by a well-detectable staining of stromal cells under vemurafenib, particularly in SCCs. The epidermal basal layer is defined by staining for KRT15 (green). Scale bar = 150 µm.



Activated fibroblasts, such as cancer-associated fibroblasts (CAFs), are believed to have a strong tumor-modulating potential also for cSCC (31, 32). In agreement with our experimental analysis which did not provide evidence for a vemurafenib-dependent regulation of TGF-β or αSMA in fibroblasts (see Figure 7C), we found αSMA-positive blood vessels for all tissue samples but rarely identified αSMA-positive fibroblasts suggesting that myofibroblasts/CAFs may not be a major player in vemurafenib-induced cSCC development (Figure 8C).

In recent years, the role of immune cells in controlling tumor growth and progression has also gained considerable interest. Accordingly, immunosuppressive regulatory T cells (Tregs) were shown to be present in the immune infiltrate of cSCCs, and it was suggested that they may contribute to an ineffective antitumor immune response and promote SCC development, aggressiveness, and metastasis (33, 34). Utilizing a CD3ζ antibody, we stained all tumor samples for the T-cell receptor. Being aware of the fact that CD3ζ is not all-embracing for immunoregulatory T cells, our stainings indicate that with the exception of one tumor, showing some accumulation of T cells in the stroma and within the tumor, all others only showed few T cells scattered throughout the stroma (Figure 8D).

Taken together, we find a similar regulation in perilesional skin and cSCCs of the vemurafenib-treated melanoma patients as we did in our skin and skin cancer models. This directly links vemurafenib-induced MEK-ERK hyperactivation to increased differentiation and hyperkeratotic lesions, as well as to MMP-dependent tumor cell invasion, which culminates in rapid onset of cSCCs. In addition, we demonstrate a role for a tight interaction of the epidermal keratinocytes and the stromal fibroblasts in the development of the vemurafenib-specific phenotype while carcinoma-associated fibroblasts (CAFs) and/or regulatory T cells may not be of major relevance for this process.




Discussion

In this study, we demonstrate that vemurafenib hyperactivates MEK-ERK signaling in two major cell types of the skin, the epidermal keratinocytes and the dermal fibroblasts, and highlight the importance of this activation for the underlying pathogenesis. We utilized long-term skin equivalents to allow for the investigation of both cell types in their physiological environment. In addition, we used keratinocytes of different genetic background (NHEK, HaCaT [p53 mut], and HrasA5 [p53 mut + Hras mut]. Thereby, we confirm vemurafenib-dependent hyperactivation of the MEK-ERK pathway in the epithelia of all keratinocyte variants and confirmed a similar regulation as seen in monolayer cultures of dermal fibroblasts and keratinocytes. These findings are in line with the observed hyperactivation in several BRAF wildtype cell lines that can be explained by dimerization and downstream activation of RAF proteins due to sterical properties of vemurafenib (12, 13, 35). Accordingly, Poulikakos et al. (35) had shown that binding of vemurafenib to the ATP-binding site of one kinase of the RAF dimers (either as CRAF homodimers or CRAF-BRAF heterodimers) causes transactivation of the drug-free protomer and that this transactivation was required for hyperactivating ERK signaling. Thereby, they demonstrated that inhibitor-dependent sterical transactivation was the reason for the paradoxical activation of the CRAF enzyme (35).

Alternatively, MAP3K8, the gene encoding COT/Tpl2, was identified as a MAPK pathway agonist that activates ERK primarily through MEK-dependent mechanisms that do not require RAF signaling (36). Furthermore, TPL2 downstream signaling mediated cell transformation in immortalized human keratinocytes and tumorigenesis in mice and was shown to be overexpressed in metastatic cSCC and KAs (37), Vemurafenib-dependent ERK activation via release and activation of COT/TPL2 may also be considered for the human keratinocytes.

Regardless of pathway initiation, we show that vemurafenib-dependent MEK-ERK hyperactivation is associated with accelerated differentiation and hyperkeratosis in the normal keratinocytes and normalized stratification and cornification in the transformed keratinocytes. Vemurafenib-dependent pathophysiological changes, i.e., the initiation of invasive growth, as part of tumorigenic conversion, is exclusive for the ras oncogene-expressing keratinocytes, suggesting a combined mechanism of MEK-ERK activation and the intersecting ras oncogenic network. This is also in line with investigations on the mode of action by vemurafenib in BRAF wildtype cells, suggesting the requirement for an upstream Ras activity for the induction of pathway hyperactivation (12).

This interpretation is based on the fact that neither HaCaT cells with vemurafenib-induced hyperactivation of MEK-ERK signaling nor Hras oncogene expressing cells with intrinsic RAS-MEK-ERK activation gain a tumorigenic phenotype. Only the combination of vemurafenib-induced MEK-ERK hyperativation with Hras oncogene expression in the HrasA5 cells, leads to the rapid onset of a proteolytic phenotype with secretion and activation of MMP1 and MMP3. This prepares the path for the keratinocytes to degrade and penetrate the BM and to invade into the degraded underlying collagen matrix. Thus, the MEK-ERK/MMP axis represents the most important molecular basis for the switch towards tumorigenic conversion upon vemurafenib treatment.

The MEK-ERK-signaling pathway as an integral part of the cellular regulatory network is classically induced through epidermal growth factor receptor (EGFR) or constitutively active in ras oncogene-containing cells and is involved in cell proliferation, migration, and inhibition of apoptosis (16). In agreement with previous studies, we show that the BRAF inhibitor vemurafenib causes MEK-ERK hyperactivation in human skin keratinocytes and dermal fibroblasts, and thereby induces a variety of physiological consequences. Accordingly, it was shown earlier, that vemurafenib stimulated growth in HaCaT cells (18) and mouse skin (14). Interestingly, for two different normal keratinocyte strains (NHEK) as well as the p53-mutant HaCaT cells and its ras-containing variant HrasA5, we could not confirm vemurafenib-dependent growth stimulation. On the contrary, NHEK (2D cultures) were growth inhibited when exposed to 1 and 5 µM vemurafenib and HaCaT cells showed delayed growth reduction upon 5 µM vemurafenib. However, this in vitro growth response is not maintained under in vivo-like conditions in the skin equivalents. When we analyzed cellular proliferation by three different methods, we realized that vemurafenib neither exerts a reduction nor a distinct increase in cell growth, and so, did not provide a significant growth advantage for any of the keratinocytes. Thus, we must conclude, that control of proliferation is not a major factor driving vemurafenib-dependent pathogenesis in our culture models.

Instead, we show that the most obvious and reproducible physiological consequence of vemurafenib is the induction of epidermal differentiation, correlating well with the clinical picture of hyperkeratotic lesions frequently encountered as adverse events in vemurafenib-treated patients with melanoma (38). It is noteworthy that the sensitivity for induction of differentiation appears reduced in the transformed keratinocytes. While NHEK show vemurafenib-dependent expression of several epidermal differentiation markers (KRT10, INV, FLG), increased expression of these genes was not seen by short-term stimulation of HaCaT or HrasA5 cells, but rather upon continuous treatment of HaCaT cells with 5 µm vemurafenib for 4–8 weeks (KRT10 and FLG). Whether this points to an indirect regulation, remains to be seen.

Induction of differentiation was most obvious in NHEK when grown as SEs. At the expense of a hyperplastic epidermis (as in controls), accelerated cornification resulted in the formation of a massive stratum corneum and reduction of the number of vital cell layers especially within the stratum spinosum. Induction of differentiation was also conspicuous for the transformed keratinocytes (HaCaT and HrasA5) in the in vivo-like SEs, with a similar consequence of a reduced vital epithelium with increased and more normally distributed epidermal differentiation markers and an expanded parakeratotic stratum corneum. Together, this suggests that induction of epidermal differentiation is an unequivocal part of the action profile of vemurafenib in the human skin keratinocyte. In good agreement with this is the high frequency of hyperkeratoticlesions in vemurafenib-treated melanoma patients, as well as the well-differentiated and keratoacanthoma-type cSCC as the most prevalent skin carcinoma type in these patients (3, 39).

In addition to the activation of the keratinocytes, we also identified vemurafenib-dependent activation in the dermal fibroblasts and propose a distinct role for the microenvironment in the vemurafenib-dependent scenario. As previously described as a double paracrine loop (23, 24), epidermal IL-1A and IL-1B act on the dermal fibroblasts by inducing the expression of KGF (FGF7) and GM-CSF (CSF2), which in turn act on the keratinocytes to stimulate growth, and in the case of GM-CSF, support epidermal differentiation. First, we not only find a vemurafenib-dependent increase in the expression of IL-1A and IL-1B in monolayer-cultured keratinocytes but we also find a vemurafenib-specific increase in the expression of GM-CSF in dermal equivalents, i.e., without keratinocyte interaction. In agreement with that, we find expression of GM-CSF also in the stromal fibroblasts of perilesional skin and in the microenvironment of cSCC from vemurafenib-treated melanoma patients, suggesting that the fibroblast-derived GM-CSF supports keratinocyte differentiation also in situ. Therefore, we hypothesize that vemurafenib-dependent upregulation of GM-CSF is a further activity contributing to the formation of hyperkeratotic lesions and well-differentiated KAs and cSCCs in the melanoma patients (40–42).

Another relevant pathophysiological consequence of vemurafenib-treatment is the rapid transition from a surface epithelium to an invasively growing tumor epithelium. To determine the genetic requirements for the vemurafenib-dependent tumorigenic switch, we utilized keratinocytes with different genetic make-up, i.e., wildtype cells (NHEK), cells with UV-indicative p53 mutations, and cSCC-characteristic chromosomal aberrations (HaCaT), as well as variants of the HaCaT cells with an additional Hras oncogene (HrasA5). Despite the induction of similar MEK-ERK hyperactivation and gene expression of a similar degradome, only the Hras oncogene-carrying variant became invasive upon vemurafenib treatment. Hras by itself is not a dominant tumor driver in the keratinocyte model. We had shown previously that introduction of Hras oncogene into HaCaT cells resulted in a variety of clones with different pathogenic phenotype from nontumorigenic to malignant tumorigenic clones (15). As the level of ras oncogene was similar in benign and malignant tumorigenic clones this is unlikely to be a determinant of the pathogenic phenotype on its own. However, in combination with vemurafenib-induced MEK-ERK hyperactivation, invasion was induced almost immediately. Besides activating the MAPK pathway, Hras can also boost signaling pathways such as the PIK3CA-AKT-mTOR axis (for review, see 43). However, our Western blot analyses have not pointed to a differential regulation in the Hras-containing versus non-ras oncogene-containing cells.

Instead, we see very similar transcriptional regulation of a selected gene panel in NHEK, HaCaT, and HrasA5 cells with vemurafenib. Particularly striking is the strong and almost identical regulation of members of the degradome. In all three keratinocyte types, MMP1 and MMP3 were rapidly induced, while MMP9 and MMP14 remained largely unaffected. Immunostaining further verified expression of MMP1 and MMP3 in all types of epithelia in the in vivo-like SEs. Appreciable levels of secreted pro-MMP1 and MMP3 were however only detected in HrasA5 SEs while in HaCaT SEs only the secreted pro-MMP1 level was increased. In agreement with that, proteolytic activity was restricted to HrasA5 SEs as was degradation of the BM components Col IV, Col VII, laminin, and the underlying dermal collagens. It was suggested that vemurafenib increased MMP-2 and MMP-9 in HaCaT cells (18). Our expression analysis did not confirm this but identified MMP-1 and MMP-3 as major targets of MEK-ERK activation. While MMP1 can digest Col I and III, as well as Col VII, MMP3 is supposed to digest laminin and Col IV, as well as Col III. In addition, MMP3 is essential for the activation of pro-MMP1 (for review, see 44, 45). This prompts us to hypothesize that MMP1 and MMP3 together pave the way for HrasA5 keratinocytes permitting them to invade. Accordingly, when inhibiting MMP activity by cotreatment of HrasA5 SEs with vemurafenib and the MMP inhibitor ilomastat, proteolytic activity was prohibited, BM components and dermal collagen remained intact, and invasion was prevented, thus, revealing the causal relationship of the rapid tumorigenic conversion to vemurafenib-dependent epidermal MMP1 and MMP3 expression.

Acquired resistance to vemurafenib monotherapy due to reactivation of the MAPK pathway occurs in about two-thirds of the melanoma patients (27, 46 and references therein), opening the way for new treatment modalities. Combined inhibition of MEK and BRAF V600E turned out as a successful strategy for melanoma patients and in addition, reduce the cutaneous adverse events of developing cSCCs very efficiently (47). Cotreatment of HaCaT and HrasA5 SEs with vemurafenib (5 µM) and cobimetinib (0.1 µM) prevented P-ERK1/2 expression in HaCaT epithelia, resulting in increasing atrophy. In HrasA5 SEs, P-ERK1/2 level was reduced to that of untreated controls, and this was sufficient to hinder the vemurafenib-induced accelerated differentiation, activation of the degradome, and accordingly induction of the tumorigenic switch. In particular, secretion of MMP1, MMP3, and MMP9 levels was significantly reduced by HrasA5 keratinocytes and the invasive phenotype was prevented upon addition of cobimetinib to vemurafenib treatment, thus, once more highlighting that the invasion of HrasA5 is a direct effect of MEK-ERK hyperactivation.

In essence, we here show that the primarily unexpected side effect of Vemurafenib, namely the induction of MEK-ERK, is a strong molecular driver for those phenotypic changes leading to adverse events such as hyperkeratotic lesions, KAs, and cSCC. However, for rapid tumor conversion cofactors are required such as the ras oncogene that prime the keratinocytes to become susceptible for the accelerated tumorigenesis that is fueled by vemurafenib. While the ras oncogene seems to account for not more than 30% to 60% of the cSCCs in melanoma patients (41, 48–50) also other genetic factors should be involved in keratinocyte susceptibility to vemurafenib-dependent tumorigenic conversion. Accordingly, a role for the human papilloma virus or polyomavirus is discussed (51, 52), as is the inactivation of the TGF-β pathway by TGFβR mutations (53). In addition, our genetic analysis with the HaCaT cells treated with vemurafenib for several weeks provokes the idea that the cMYC oncogene may be involved in the vemurafenib-triggered events. Of note, we hardly found new chromosomal aberrations, making vemurafenib-dependent genomic toxicity largely neglectable. Instead, the data point to a selective shift in the cell population that is promoted by vemurafenib and provides an advantage for preexisting subpopulations that, in the case of HaCaT cells, contain increased copy numbers of cMYC. Thus, further analysis is required to establish this connection and leaving the field open for the search for additional factors, other than the ras oncogene, that contribute in the establishment of vemurafenib-induced KAs and cSCCs.



Material and Methods


Tissue Samples

Formalin-fixed tissue sections from 13 biopsies from 9 different patients were contributed by Catherine Harwood, Centre for Cell Biology and Cutaneous Research, Blizard Institute, Barts and the London School of Medicine and Dentistry, Queen Mary University of London, London, UK. These included 1 perilesional skin, 2 viral warts, 2 benign acanthomas, and 8 cSCC. The patient material was part of a study described by Purdie et al. (52). This study was carried out in accordance with the recommendations of East London and City Health Authority local ethics committee. The protocol was approved by the East London and City Health Authority local ethics committee. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

For each of the proteins of interest, up to 6 different specimens were analyzed by immunofluorescence.



Cell Culture

NHEK and NHDF were isolated as described previously (54). NHEK, NHDF, HaCaT, HrasA5, and HaCat-rasII4 (HrasII4) were propagated as previously described (20). NHEK were grown in DermaLife K medium, complete; HaCaT HrasA5, HrasII4, and A375 were cultivated in DMEM plus 10% FCS and 1% (v/v) Penicillin/ Streptomycin at 37°C, 5% CO2, and 20% O2. Human dermal fibroblasts were cultivated in DMEM plus 10% FCS and 1% (v/v) Penicillin/ Streptomycin at 37°C, 5% CO2, and 5% O2. Mycoplasma and virus contamination was excluded for all cell types by the Multiplex Cell Contamination Test (Multiplexion, Heidelberg, Germany), and HaCaT cells and its variants were authenticated by short tandem repeat (STR) profiling (CLS, Heidelberg, Germany).



Generation of Fibroblast-Derived Matrix-Based Skin Equivalents

Skin equivalents (SEs) were established as described in detail previously (20). In brief, NHDF cells were seeded onto a filter insert at 2-day intervals in three successive steps. During submerged cultivation for 4 weeks, the fibroblasts develop an ECM-rich dermal equivalent (DE). Keratinocytes were seeded onto the DE and after 1 day of submersed growth were cultivated at the air-liquid interface. During a cultivation period of 2 weeks, the keratinocytes develop a stratified and differentiated epithelium and thereafter, the SEs were treated with vemurafenib, vemurafenib plus ilomastat, cobimetinib, or vemurafenib plus cobimetinib, with concentrations indicated in the different experiments. In all experiments, the control cultures were treated with DMSO in a concentration used as solvent for vemurafenib and cobimetinib.



Proliferation Assay


SYBR Green Proliferation Assay

Cells were seeded in 24-well plates at a density of 104 cells in 500 µl medium (NHEK: DermaLife K medium complete/HaCaT and HrasA5 cells: DMEM plus 10% FCS) and incubated for 24 h before treatment. To determine the total cell number per well, plates were incubated with SYBR Green (1:2,500, Life Technologies, Carlsbad, CA, USA) in 0.1% (v/v) Triton X-100 diluted in PBS for 1 h. Fluorescence was measured at 485 nm with Fluoroskan Ascent (Thermo Fischer Scientific, Waltham, MA, USA) and fluorescence intensity correlated to a defined cell number by using the standard plate as a reference. Each experiment was repeated at least twice, and the mean was plotted. The two-way ANOVA + Bonferroni posttest, comparing each condition to the control-treated cells over time, was used to determine statistically significant differences.



BrdU Incorporation and Whole Mount Analysis

To assay for proliferation in whole mounts, SE were incubated with BrdU for 6 h, a quarter of the SE was transferred into PBS and fixed in 3.7% formadehyde/PBS for 2 h at room temperature (RT). After 3 washing steps in PBS, the tissue was stored at 4°C in PBS containing 0.02% sodium azide until further use. To quantify proliferation, samples were treated with 2 M HCl for 25 min followed by washing and further treatment as described (55). The whole mounts were embedded in fluorescent mounting medium and analyzed using a Cell Observer fluorescence microscope equipped with an AxioCam MRm and ZEN software (Zeiss, Jena, Germany). Each whole mount was entirely imaged, and the number of all cells (Hoechst positive) and BrdU-positive cells was determined with Fiji software to calculate the percentage of proliferation. The mean proliferation of 5,000 cells per data point and SE was plotted. Statistical significance was calculated by one-way ANOVA + Dunnett’s multiple comparison test.




Histological Processing

Specimens were fixed in 3.7% buffered formaldehyde for at least 24 h before dehydrating in graded alcohol and embedding in paraffin. A total of 4 µm sections were mounted to glass slides, dried o/n at 45°C and deparaffinized by two washes in xylene (8 min) followed by stepwise incubation in ethanol [96%, 80%, 70% (4 min each)] and finally in demineralized water. Routinely, they underwent a standard staining procedure with hematoxylin and eosin afterwards.



Immunofluorescence and Immunohistochemistry

Immunofluorescence detection of antigens on cryosections. In total, 6-µm sections of the frozen specimens were fixed in 80% methanol at 4°C for 5 min followed by absolute acetone at −20°C for 2 min. The air-dried sections were incubated in 12% BSA in PBS at RT for 30 min, before primary antibodies diluted in PBS with 3% BSA were applied for an overnight incubation at 4°C. The mono- and polyclonal antibodies utilized are listed in Supplementary Tables S1 and S2. After intermediate washing, appropriate combinations of fluorochrome-conjugated secondary antibodies were added together with 0.2 µg 4′,6-diamidino-2-phenylindole (DAPI) per ml for nuclear staining. After 1 h incubation at RT, the sections were washed and mounted in fluorescent mounting medium (Dako, Glostrup, Denmark). Fluorescent images were recorded at an Olympus AX-70 microscope equipped with epifluorescence illumination, an OSIS F-View CCD camera and the accompanying cell˄R software (Olympus, Shinjuku, Japan).

Immunohistochemical analyses on histological sections and whole mount specimens of fdmSE. For staining of whole mount specimens, the tissue was fixed in 2% formaldehyde for 2 h, permeabilized in 0.2% Triton-X in phosphate-buffered saline (PBS) for 15 min, and blocked in blocking buffer (5% donkey serum (Dianova, Hamburg, Germany), 5% goat serum (Dianova), 5% BSA in PBS) for 1 h. Primary antibodies were incubated overnight at 4°C in blocking buffer followed by fluorophore-conjugated secondary donkey antibodies and 2 µg/ml DAPI (Sigma-Aldrich, Taufkirchen, Germany) incubation for 2 h at RT. The whole mounts were mounted in fluorescent mounting medium (Dako). Images were taken with the confocal Leica TCS SP5 II (Leica, Wetzlar, Germany). Samples were analyzed at ×40 magnification and images of 1,024 × 1,024 pixels with a pixel size of 0.4 µm generated. Z-stacks were imaged at intervals of 0.7 µm.

Immunohistochemistry histological sections were processed as described for cryosections. For detection of color substrate in transmitting light microscopy, however, the secondary antibodies were conjugated to peroxidase (EnVision HRP Rabbit/Mouse, Dako) and an incubation step with DAB was included. Thereafter, the sections were counterstained with hematoxylin and dehydrated and mounted in Eukitt mounting medium (Sigma-Aldrich, St. Louis, MO, USA). Images were taken using an Olympus-AX-51 microscope equipped with OSIS-Color-View CCD camera and cell˄D software (Olympus).



Picrosirius Red Staining for Collagen

For the presentation of collagen fibers, histological sections were stained with Picrosirius red according to the protocol of the manufacturer (MORPHISTO, Frankfurt, Germany) and as described in detail previously (20). Sections were examined at a Zeiss-Axiophot-microscope equipped with modules generating circular polarized light. Images were taken using a Zeiss-AxioCam MRc camera and Zeiss AxioVision 4.8.2 software. In order to quantify the amount of fibrillar collagen micrographs of the different specimens (n = 3 for the different treatment modalities) were recorded with identical settings during polarization microscopy. The resulting image files were evaluated using NIH ImageJ for integrated signal density in the entire stromal area of the sections. Correction was performed by subtraction of integral background intensity in each individual section. Data are presented as means with standard deviation.



Gelatinase Assay (In Situ Zymography)

MMP-activity in situ was visualized in unfixed cryosections using DQ-gelatin (EnzCheck Gelatinase/Collagenase Assay Kit, Live Technologies) as substrate. By proteolytic cleavage, quenched fluorescence is released and becomes detectable. After 1 h incubation at RT with 50 µg/ml DQ-gelatin together with 5 µg/ml Hoechst 33258, the sections were washed and methanol/acetone fixed before mounting in Dako fluorescent mounting medium. The sections were immediately examined using an Olympus AX-70 fluorescence microscope equipped with a OSIS F View CCD camera and the accompanying cell^R software (Olympus). Fluorescence was documented using equal exposure times for all sections.



Enzyme-Linked Immunosorbent Assay

Matrix metalloproteinase (MMP) secretion was quantified by R&D Quantikine ELISA according to the manufacturer’s protocol. The Pro-MMP-1 ELISA is specific for the Pro-MMP-1 only, whereas the MMP-3 and MMP-9 ELISA detect both the pro- and active forms. All assays were performed with a 48-h conditioned culture medium from 2- or 4-week-old SEs. Duplicate cultures were analyzed with technical replica.



Western Blot

Cells were lysed with RIPA buffer for 30 min on ice. After centrifugation for 30 min at 14,000 rpm, the protein content of the supernatant was determined using the Pierce BCA Protein assay (Thermo Fischer Scientific). Proteins were separated on a 10% SDS gel and blotted onto a nitrocellulose membrane. After blocking with 5% skim milk in 0.1% PBS-T (blocking buffer) for 1 h, proteins were detected with the respective primary antibody (diluted in PBS-T) overnight at 4°C, the respective HRP-coupled secondary antibody (in blocking buffer) for 1 h at RT and subsequently identified by luminometric detection with ECL (GE, Buckinghamshire, UK).



Real-Time/Quantitative RT-PCR

For quantitative RT-PCR (qRT-PCR), the Universal Probe Library (UPL) system (Roche, Basel, Switzerland) was used and qRT-PCR was performed in a 96-well plate-based LightCycler 480 Instrument II (Roche) according to the manufacturer’s instructions. The UPL tool (www.universalprobelibrary.com) was used for primer design. For each reaction, a 15-µl mix in nuclease-free water containing 10 µl LightCycler master (2×), 0.4 µM forward and reverse primers (stock: 10 µM), and 0.1 µM UPL probe (stock: 10 µM) were used and 50 ng cDNA in 5 µl RNase-free water was added per well. A negative control (water) was run with each primer pair. Each qRT-PCR was carried out in technical duplicates. The reaction was performed in PCR 96-well TW-MT Plate white (Biozym, Hessisch Oldendorf, Germany) and sealed with Adhesive Clear qPCR Seals (Biozym) with the following protocol: preincubation for 10 min at 95°C, 45 cycles of 10 s at 95°C (ramp rate 4.4°C/s), 30 s at 60°C (ramp rate 2.2°C/s), and 1 s at 72°C (ramp rate 4.4°C/s). Fluorescence was measured after each cycle. Standard curves were performed for each primer pair using a dilution series of 100, 20, 4, 0.80, and 0.16 ng pooled cDNA for each target cell type.

For relative quantification, the gene of interest (target) and the housekeeping gene GAPDH (reference) were compared for each control and stimulated sample. For this calculation, the crossing point value (CP) of each gene in a given sample, identifying the cycle number when fluorescence signals rise above threshold fluorescence, was obtained using the Second Derivative Maximum method of the LightCycler 480 Software (Roche). With these CP values, the ratio of relative gene expression of control vs. treated sample, normalized to GAPDH, was calculated as described (56). Data were displayed using linear or logarithmic scales, whereas the corresponding control was always set to one.

For primers and probes, see Supplementary Table S3.



Multiplex Fluorescence In Situ Hybridization

M-FISH was performed as described by Geigl etal. (57). Briefly, seven pools of flow-sorted human chromosome painting probes were amplified and directly labeled using seven different fluorochromes (DEAC, FITC, Cy3, Cy3.5, Cy5, Cy5.5, and Cy7) by degenerative oligonucleotide-primed PCR (DOP-PCR). Metaphase spreads immobilized on glass slides were denatured in 70% formamide/2xSSC pH 7.0 at 72°C for 2 min followed by dehydration in a degraded ethanol series. Hybridization mixture containing combinatorically labeled painting probes, an excess of unlabeled cot1 DNA, 50% formamide, 2xSSC, and 15% dextran sulfate were denatured for 7 min at 75°C, preannealed at 37°C for 20 min, and hybridized at 37°C to the denaturated metaphase preparations. After 48 h, the slides were washed in 2xSSC at room temperature for 3 × 5 min followed by two washes in 0.2xSSC/0.2% Tween-20 at 56°C for 7 min, each. Metaphase spreads were counterstained with DAPI and covered with antifade solution. Metaphase spreads were recorded using a DM RXA epifluorescence microscope (Leica Microsystems, Bensheim, Germany) equipped with a Sensys CCD camera (Photometrics, Tucson, AZ, USA). Camera and microscope were controlled by the Leica Q-FISH software, and images were processed based on the Leica MCK software and presented as multicolor karyograms (Leica Microsystems Imaging solutions, Cambridge, UK).



Statistical Analysis

Statistical significance was calculated by performing a one-way ANOVA + Dunnett’s multiple comparison test or two-way ANOVA + Bonferroni posttest, which both compare each treatment modality to the corresponding controls. The p-values as well as the used test are indicated within the figure or legend, respectively. The analyses were performed by GraphPad Prism 4 software.
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Supplementary Figure S1 | Vemurafenib does not cause major chromosomal instability. HaCaT cells were treated with either DMSO or Vemurafenib (1μM or 5μM) for 5 weeks and analyzed by M-FISH for their chromosomal status. (A) examples of M-FISH karyograms of control HaCaT cells and HaCaT cells treated with 5 µM Vemurafenib for 5 weeks. (B) The comparison of subpopulation distribution showed a shift in superiority of pre-existing populations. Graph indicates pre-existing subpopulations and their shifts in low (1μM, yellow) or high (5μM, green) concentration of Vemurafenib.

Supplementary Figure S2 | Characterization of Vemurafenib’s effects on epithelial differentiation in HaCaT SEs. SEs from HaCaT cells were treated with Vemurafenib (1 µM and 5 µM) for up to 5 weeks and histology and immunostaining was performed at the indicated time points. (A) H&E staining of SEs demonstrate improved tissue organization with an epidermis-like stratification and improved parakeratotic str. corneum, particularly evident upon 5µM Vemurafenib. In addition, Vemurafenib-treated HaCaT SEs show extended vitality, as evidenced by an increased number of vital basal cells and improved attachment of the epithelium to the DE. (B) Improved and more normal differentiation in HaCaT SEs treated with Vemurafenib for 3 weeks. Immunostaining for the early KRT10 and particularly the late differentiation markers FLG and KRT2, point to improved differentiation including a more structured str. granulosum. The BM components COLVII (green), COLIV (red), and LAM (red) are concentrated in the continuous BMs. Note that COLIV is continuously expressed by the fibroblasts and present throughout the DE, though enriched in the BM zone (left panel). LAM, that appears “bloated” in the control SEs, becomes more concentrated upon Vemurafenib treatment. (C) Immunohistochemical analysis of the SEs demonstrate a strong increase of pERK1/2 in the vital cell layers of the Vemurafenib-treated (5 µM for 3 weeks, right) SEs, as compared to the control SEs (left). Scale bar = 300 µm in (A, C) and 150 µm in (B).

Supplementary Figure S3 | pERK1/2 expression in Vemurafenib (5 µM)-treated SEs. In NHEK SEs pERK1/2 is expressed in the epidermis and prominently also in the dermal fibroblasts. COLVII is expressed all along the BM (upper panel). In HrasA5 SEs, expression of pERK1/2 is increased in the entire epithelium and particularly dominant in the invasive strands. COLVII is lost at the invasive sites (middle panel). Unphosphorylated ERK1/2 (control) is expressed throughout the epithelium in control and Vemurafenib-treated SEs. The dermal fibroblasts are depicted by counterstaining for Vimentin. (lower panel). Scale bar = 300 μm.

Supplementary Figure S4 | Action profile of Cobimetinib in HrasA5-SEs. (A) H&E staining of HrasA5-SEs treated for 3 weeks with the MEK-inhibitor Cobimetinib illustrates a toxic effect with dose-dependent tissue atrophy. 0.1 µM Cobimetinib causes an only mild structural impairment (middle) while 1.0 µM leads to strong atrophy (lower). Scale bar = 300 µm. (B) Western Blot analysis of a competition experiment with cultured HrasA5-cells treated with Vemurafenib in combination with Cobimetinib reveals a dose-dependent pMEK 1/2 accumulation and complete pERK 1/2 inhibition. (C) Vemurafenib- and Vemurafenib + Cobimetinib-treated HrasA5-monolayer cultures were subjected to mRNA expression analysis of a panel of genes that had been identified as Vemurafenib-responsive. All genes, including the main players in the degradome, MMP1 and MMP3, were strongly repressed in the presence of Cobimetinib. Normalization was performed using GAPDH and fold-changes were expressed by comparing each treatment to the DMSO control set to one.; n=2, mean ± SD, log 2-scale.
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Tertiary lymphoid structures (TLSs) are used as biomarkers in many cancers for predicting the prognosis and assessing the response to immunotherapy. In Merkel cell carcinoma (MCC), TLSs have only been examined in MCPyV-positive cases. Here, we examined the prognostic value of the presence or absence of TLSs in 61 patients with MCC, including MCPyV-positive and MCPyV-negative cases. TLS-positive samples had a significantly better prognosis than TLS-negative samples. MCPyV-positive samples had a good prognosis with or without TLSs, and MCPyV-negative/TLS-positive samples had a similarly good prognosis as MCPyV-positive samples. Only MCPyV-negative/TLS-negative samples had a significantly poor prognosis. All cases with spontaneous regression were MCPyV-positive/TLS-positive. We also performed a comprehensive analysis of the chemokines associated with TLS formation using next-generation sequencing (NGS). The RNA sequencing results revealed 5 chemokine genes, CCL5, CCR2, CCR7, CXCL9, and CXCL13, with significantly high expression in TLS-positive samples compared with TLS-negative samples in both MCPyV-positive and MCPyV-negative samples. Only 2 chemokine genes, CXCL10 and CX3CR1, had significantly different expression levels in the presence or absence of MCPyV infection in TLS-negative samples. Patients with high CXCL13 or CCL5 expression have a significantly better prognosis than those with low expression. In conclusion, the presence of TLSs can be a potential prognostic marker even in cohorts that include MCPyV-negative cases. Chemokine profiles may help us understand the tumor microenvironment in patients with MCPyV-positive or MCPyV-negative MCC and may be a useful prognostic marker in their own right.
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Introduction

Merkel cell carcinoma (MCC) is a rare malignant skin cancer with potentially high immune activity (1).MCC is treated with immune checkpoint inhibitors (ICIs), but the response rate is only about 30% (2), and many patients exhibit no benefit. Useful biomarkers with practical application are waiting to be discovered. The presence or absence of Merkel cell polyoma virus (MCPyV) infection is reported to be closely related to the tumor mutation burden and amount of neoantigens (3, 4). MCPyV-negative, i.e., ultraviolet-induced, MCCs have a higher tumor mutation burden and more neoantigens than MCPyV-positive MCC. Ultraviolet-induced MCCs, however, are not more responsive to ICIs than virus-induced MCCs (5). The presence of tertiary lymphoid structures (TLSs) in the tumor tissue of many cancers is considered to indicate a better prognosis and a good response to ICIs (6, 7). TLSs are ectopic lymphoid tissues found in inflamed, infected, or tumor tissues. TLSs in solid tumors often activate anti-tumor immunity and contribute to the formation of a favorable immune microenvironment against the tumor (8). A previous study reported that the presence of TLSs correlates with a good prognosis in MCC, but the 21 cases examined in that study were all MCPyV-positive cases (9). Here we examined the correlation between the presence or absence of TLSs and prognosis in 61 MCC cases, including both MCPyV-positive and MCPyV-negative cases. In addition, we performed a comprehensive analysis of immunologic factors, including chemokines, associated with TLS formation using next-generation sequencing (NGS). The involvement of TLSs and chemokines in the cancer microenvironment was investigated in patients with MCPyV-positive or MCPyV-negative MCC.



Materials and Methods


Cohort Profile

To examine the relationship between TLSs and prognosis in both MCPyV-positive and MCPyV-negative MCC, we examined 71 samples from 61 Japanese patients with MCC diagnosed histologically on the basis of biopsy or surgical resection samples obtained in 9 facilities (see Supplementary Table 1). Among the 71 samples, 61 were primary lesions and 10 were metastatic skin lesions. Metastatic lymph nodes and specimens from other organs were excluded. The patients were predominantly female (63.9%) with a mean age of 77.3 years. Primary tumor sites were the head and neck (67.6%), followed by the limbs (27.9%) and trunk (1.6%). Spontaneous regression occurred after biopsy in 5 cases (8.2%). Primary lesions of other cases were surgically removed, treated with radiation therapy, or both. Chemotherapy, e.g., combined treatment with carboplatin and etoposide, was administered in a few cases with distant metastasis. Two cases were treated with the ICI avelumab. Patient characteristics and treatments are summarized in Table 1. This cohort mostly overlaps with the cohort in our previous reports (10, 11), and the 41 cases for which RNA sequencing was performed are the same.


Table 1 | Patient characteristics.





Immunohistochemistry

The presence of MCPyV infection was determined by immunostaining formalin-fixed paraffin-embedded tissue samples obtained by biopsy or surgical resection using the large T-antigen antibody (CM2B4, Santa Cruz Biotechnology, Dallas, TX, USA). For visualization of tumor-infiltrating cells and measurement of PD-L1 expression, indirect immunofluorescence staining was performed using primary antibodies: anti-PD-1 antibody (ab137132, Abcam, Cambridge, UK), anti-PD-L1 antibody (ab205921, Abcam), anti-CD3 antibody (ab17143, Abcam), anti-CD8 antibody (ab17147, Abcam), anti-CD20 antibody (ab78237, Abcam), and anti-CD21 antibody (ab75985, Abcam). Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 594, and Alexa Fluor 647 (Invitrogen, Waltham, MA, USA) were used as secondary antibodies. The nuclei were stained with 4’,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA). Fluorescence was observed and captured using a fluorescence microscope BZ-X800 (Keyence, Osaka, Japan). TLSs were typically identified as clusters of CD20-positive cells surrounded by CD3-positive cells. Including immature TLSs, in which only a few CD3-positive cells surround a CD20-positive cell cluster, if a lesion had at least one TLS, it was counted as TLS-positive, as previously described (12). The fluorescence intensities of PD-L1 were calculated from 10 randomly selected fields using ImageJ Software (NIH, Bethesda, MD, USA) as previously described (11). After evaluating entire specimens, CD8-positive cells and PD-1-positive cells were counted in several locations having a high density of infiltrating cells, and the mean value was calculated.



RNA Extraction and Sequencing

RNA extraction and sequencing were performed for 41 randomly selected samples as previously described (11). Tumor tissue was carefully dissected from 3 to 5 undyed formalin-fixed paraffin-embedded tissue sections (4-µm thick) using a scalpel blade and deparaffinized in 640 µl deparaffinization solution (Qiagen, Hilden, Germany). Total RNA was extracted using an AllPrep DNA/RNA FFPE Kit (Qiagen) according to the supplier’s instructions. The RNA integrity number and DV200 values were measured using a Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) to evaluate the quality of the extracted RNA. RNA samples confirmed to be of sufficient quality were reverse-transcribed to cDNA using a SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) after assessing the density using a Qubit 4 Fluorometer (Thermo Fisher Scientific). cDNA samples were amplified and applied to the NGS using a PTC-100 thermal cycler (MJ Research, Watertown, MA, USA) and Ampliseq for the Illumina Immune Response Panel (Illumina, San Diego, CA, USA). After quantifying the library using a Bioanalyzer, NGS analysis was performed using the MiniSeq System (Illumina). Data were uploaded and analyzed on the cloud-based software application BaseSpace Sequence Hub (Illumina). All data were uploaded to the National Center for Biotechnology Information Gene Expression Omnibus database (GSE154938).



Data Analysis

NGS data were analyzed on the cloud-based software BaseSpace Sequence Hub (Illumina) using the RNA Amplicon application. A clustered heatmap of all samples was generated using the online tool iDEP.91 (http://bioinformatics.sdstate.edu/idep/). Disease-specific survival was calculated as the time that elapsed from sample collection to death from MCC and analyzed using the Kaplan-Meier method. Statistical analyses were performed using Graph Pad Prism 9 (Graph Pad Software, San Diego, CA, USA) and Pharmaco Analyst Software (Humanlife, Tokyo, Japan). Probability values of less than 0.05 were considered statistically significant.




Results


Virus-Negative MCC Without TLSs Has a Poor Prognosis

The positive rate of MCPyV infection was 62.3% in our Japanese cohort. 48 samples were TLS-positive and 23 samples were TLS-negative. A weak magnification image of a typical tumor is shown in Figures 1A, B shows the MCPyV large T antigen staining of the same tumor. This tumor was MCPyV positive. Like this tumor, in many samples, TLSs were observed in the stroma inside the tumor, but not in the surrounding area. Most of the TLSs were immature; mature TLSs with CD3-positive cells circumferentially surrounding a cluster of CD20-positive cells were observed only in a few samples (Figure 1C). Only in mature TLSs, CD21-positive follicular dendritic cells (FDCs) were observed within a cluster of CD20-positive cells (Figure 1D). TLS-positive samples had a significantly better prognosis than TLS-negative samples (Gehan-Breslow-Wilcoxon test, p=0.0468; Figure 2A). When further divided by the presence of MCPyV infection, MCPyV-positive samples had a good prognosis with or without TLSs, and the MCPyV-negative/TLS-positive samples had a similarly good prognosis as MCPyV-positive samples. Only MCPyV-negative/TLS-negative samples had a significantly poor prognosis (Logrank test for trend, p=0.0497; Figure 2B). Notably, all samples that showed spontaneous regression were MCPyV-positive/TLS-positive. There was no significant difference between samples with 1 or 2 TLSs and TLS-negative samples (Gehan-Breslow-Wilcoxon test, p=0.249), but samples with more than 3 TLSs showed a significantly better prognosis than TLS-negative samples (Gehan-Breslow-Wilcoxon test, p=0.0413, Figure 2C). There was no correlation between the presence of TLS and MCPyV infection (p=0.60, Fisher’s exact test, 2-tailed), and there was no correlation between the number of TLSs and MCPyV infection (student T test, Figure 2D).




Figure 1 | Images of immunohistochemical and immunofluorescent analysis. (A) TLSs in Merkel cell carcinoma. Triple immunofluorescence staining for CD20 (green), CD3 (red), and DAPI (blue). Broken line indicates tumor border. Scale bar, 1 mm. (B) Immunohistochemical staining for MCPyV large T antigen (CM2B4, brown). Scale bar, 1 mm. TLSs were observed in the stroma inside the tumor, but not in the surrounding area. (C) Representative high magnification image of the mature TLS. CD20 (green), CD3 (red), Scale bar, 100 µm. A cluster of CD20-positive cells is surrounded by CD3-positive cells. (D) Representative high magnification image of the same mature TLS. CD20 (green), CD21 (red), DAPI (blue). Scale bar, 100 µm. CD21-positive follicular dendritic cells (FDCs) were observed within a cluster of CD20-positive cells.






Figure 2 | Statistical analyses of immunohistochemical and immunofluorescent analysis. (A) Kaplan-Meier curves for the samples with or without TLSs. Gehan-Breslow-Wilcoxon test, p=0.0468. (B) Kaplan-Meier curves for the samples with or without TLSs and MCPyV infection. Logrank test for trend, p=0.0497. (C) Kaplan-Meier curves for the samples with 0 TLS, 1 or 2 TLSs, and 3 or more TLSs. Logrank test for trend, p=0.0663. (D) Violin plots of the number of TLSs with or without MCPyV. There was no significant difference (student T test). (E–G) Violin plots of infiltrating lymphocytes and PD-L1 expression. There was no significant difference (one-way ANOVA). N.S., not significant.



The number6 of infiltrating CD8-positive cells and PD-1-positive cells did not differ significantly between samples with and without TLS or MCPyV infection (one-way ANOVA, Figures 2E, F). The intensity of PD-L1 expression in the tumors also did not differ significantly between samples with and without TLS or MCPyV infection (one-way ANOVA, Figure 2G).



Comprehensive RNA Sequencing

Comprehensive RNA sequencing of 395 immune-related genes revealed high expression of some genes, such as PTPRC, IDO1, and CD52, and some chemokine genes, including CXCL13, CCL5, and CXCR3, in the TLS-positive samples (Figure 3A). Comparison of MCPyV-negative/TLS-negative samples with others revealed that several genes, such as MYC, PTGS2, KREMEN1, G6PD, DEACAM1, and BAGE, were highly expressed in the MCPyV-negative/TLS-negative samples. In other samples with a good prognosis, including TLS-positive samples and TLS-negative/MCPyV-positive samples, we observed upregulated expression of IDO1, IDO2, and CD27, and some chemokine genes, including CCR2, CXCR3, and CX3CR1, as well as PTPRC (encoding CD45) and MS4A1 (encoding CD20), which encode cell surface proteins of tumor-infiltrating lymphocytes (Figure 3B).




Figure 3 | Results of the RNA sequencing. (A) Volcano plots comparing TLS-positive and TLS-negative cases. Vertical dotted lines indicate logFC=+/-1. Horizontal dotted line indicates -log10 (p.value)=2. (B) Volcano plots comparing MCPyV-negative, TLS=negative cases and others. (C) RNA expression heatmap of 27 chemokine and chemokine receptor genes. The chemokines shown in red are elevated in the TLS-positive samples.





Chemokine Landscape in TLS Formation in Virus-Positive or Virus-Negative MCC

A total of 27 chemokine and chemokine receptor genes included in the Illumina Immune Response Panel were analyzed. Hierarchical cluster analysis revealed that 11 chemokine genes (5 ligands and 6 receptors), including CXCL13 and CCR7, were highly expressed in TLS-positive samples (Figure 3C). The details of each as violin plots and results of statistical analyses are shown in Figure 4. The details of 16 other chemokine genes are shown in Supplementary Figure 1. In the TLS-positive samples, 5 chemokine genes, CCL5, CCR2, CCR7, CXCL9, and CXCL13, were significantly upregulated compared with TLS-negative samples in both MCPyV-positive and MCPyV-negative samples. Only two of them, CXCL13 and CCL5, were barely affected by the presence or absence of MCPyV, but only by the presence or absence of TLSs. On the other hand, 2 chemokine genes, CXCL10 and CX3CR1, had significantly different levels of expression in the presence or absence of MCPyV infection in TLS-negative samples.




Figure 4 | (A–K) Violin plots of 11 chemokine genes that were highly expressed in TLS-positive samples. *p ≤ 0.05, **p ≤ 0.01, N.S., not significant; Steel-Dwass test.





Chemokines May Be a Useful Prognostic Marker in Their Own Right

The expression values of CXCL13 and CCL5 were separated by the presence or absence of TLSs, and the receiver operating characteristic (ROC) curves were drawn and the cutoff values were set at 142 count per million (CPM) for CXCL13 and 547.5 CPM for CCL5. CXCL13-high samples showed significantly better prognosis than CXCL13-low samples (Gehan-Breslow-Wilcoxon test, p=0.0116, Figure 5A). CCL5-high samples also showed significantly better prognosis than CCL5-low samples (Gehan-Breslow-Wilcoxon test, p=0.0202, Figure 5B). These analyses were performed on 40 samples, excluding one case of unknown prognosis, from the 41 samples that underwent RNA extraction.




Figure 5 | (A) Kaplan-Meier curves for the samples of high or low CXCL13 expression. Gehan-Breslow-Wilcoxon test, p=0.0116. (B) Kaplan-Meier curves for the samples of high or low CCL5 expression. Gehan-Breslow-Wilcoxon test, p=0.0202. These analyses were performed on 40 samples, excluding one case of unknown prognosis, from the 41 samples that underwent RNA extraction.






Discussion

Our findings indicate that the presence of TLSs is a potential prognostic marker, even for MCPyV-negative cases. To our knowledge, this study is the first to analyze the relationship between the presence of TLSs, MCPyV infection, and prognosis in MCC. A previous study indicated that MCPyV-positive MCC has a better prognosis than MCPyV-negative MCC (13). In the present study, MCPyV-positive patients had a good prognosis with or without TLSs. On the other hand, MCPyV-negative cases had a similar prognosis to MCPyV-positive cases if TLSs were present, but a significantly worse prognosis if TLSs were not present.

TLSs are small lymphoid follicle-like structures that appear around various types of inflammation and cancer, apart from the primary lymph nodes of the thymus and bone marrow, and secondary lymph nodes such as lymph nodes, tonsils, and Peyer’s plate. It serves as a front base for antigen presentation and lymphocyte activation, reflecting an active immune response in the local microenvironment. When TLSs form inside or around tumors, they activate anti-tumor immunity, and make immunotherapy more effective (6). According to a report by Hiraoka et al. in pancreatic cancer, TLS formed within the tumor has a more favorable prognosis than those formed around it (14). The presence or absence of TLS in MCC is important not only as a prognostic marker, but also as a predictive marker of response to ICIs. The relationship between TLSs and the presence or absence of MCPyV infection, which is a unique and immunologically interesting factor in MCC, has not been studied before. MCPyV-positive MCC shows active tumor immunity and comparable responsiveness to immunotherapy, despite having lower TMB and fewer neoantigens than UV-induced MCCs (3–5). The present study also revealed that the prognosis of MCPyV-positive MCC is not affected by the presence or absence of TLSs. It deserves further investigation and a prospective study should be conducted to investigate the correlation with the actual effect of ICIs.

The present study also suggested associations between many immunological factors and TLSs or MCPyV. For example, based on the RNA sequencing results, G6PD was significantly upregulated in MCPyV-negative/TLS-negative samples. Glucose-6-phosphate dehydrogenase (G6PD) is a factor that we previously reported as a promising prognostic and immune activity biomarker in MCC (15). Thus, in the present study using the same cohort, G6PD was highly expressed, indicating a poor prognosis as well as low immune activity in this group. On the other hand, expression of IDO1, IDO2, and CD27 is significantly upregulated in TLS-positive samples. Indoleamine 2,3-dioxygenase (IDO) is an immune checkpoint that induces regulatory T cells and suppresses tumor immunity (16, 17), and its high expression correlates with a poor prognosis in several cancers (18, 19). This paradoxical upregulation of IDO in the group with a good prognosis may be a response to increased tumor immune activity as well as PD-L1 expression in MCC (10). CD27 is a member of the tumor necrosis factor receptor superfamily that plays an important role in T cell activation. Its agonistic antibody in combination with ICI therapy is expected to be effective against MCC (20).

A variety of chemokines are involved in the formation of TLSs (21, 22). In particular, CXCL13 is expressed on PD-1–positive lymphocytes and FDCs present in B-cell follicles plays a key role in the formation of TLSs by inducing the migration of B cells having CXCR5 as a receptor (23–25). CXCR5 is also expressed on T cells and CXCL13 mediates T cell recruitment to TLSs (26). Our results revealed that CXCL13 was expressed with high specificity in TLS-positive samples. Although there was no significant difference in the expression of CXCR5, clustering analysis showed a similar trend. The significant difference observed only in CXCL13 expression and not in CXCR5 may be due to the immaturity of many of the TLSs observed in MCCs. On the other hand, in the CCL21/CCL19-CCR7 axis, which is considered to be as important for the formation of TLSs as the CXCL13-CXCR5 axis, high expression of CCR7 was only observed in TLS-positive cases, and no increase in expression of CCL21 was observed (CCL19 was not measured because it was not included in the panel used). These findings support previous reports that CCL21 expression is restricted to lymphatic vessels and does not contribute to TLS formation in the skin (27, 28).

Contrary to the sharply enhanced chemokine expression in TLS-positive samples, the numbers of infiltrating CD8-positive cells and PD-1-positive cells, and PD-L1 expression in tumors did not differ significantly between patients with and without TLSs. In addition, as mentioned above, the presence or absence of TLSs was not associated with the prognosis in MCPyV-positive cases. This finding suggests that MCPyV-positive MCC has a mechanism to activate tumor immunity that does not require TLSs. The chemokines having significantly upregulated expression in the presence or absence of MCPyV may provide a clue. In this study, CX3CR1 and CXCL10 were significantly upregulated in MCPyV-positive/TLS-negative samples compared with MCPyV-negative/TLS-negative samples. CX3CR1 and its ligand CX3CL1 play both a role in activating anti-tumor immunity and in promoting tumor formation and progression (29). High expression of CX3CL1-CX3CR1 enhances the recruitment of CD8+ cytotoxic T cells, natural killer cells, and dendritic cells, and results in a better prognosis (30, 31). On the other hand, the CX3CL1-CX3CR1 axis induces angiogenesis and assists in cancer growth (32). In skin cancer (basal cell carcinoma, squamous cell carcinoma), it is expressed in tumor-associated macrophages and is deeply involved in carcinogenesis (33). CXCL10 binds to CXCR3 (it is also upregulated in TLS-positive samples), which is abundantly expressed on cytotoxic T cells and natural killer cells (34). CXCL10 activates anti-tumor immunity by inducing interferon gamma (35), and inhibits angiogenesis and prevents tumor growth (36). Tumor cell lines with high expression of CXCL10 exhibit suppressed growth (37). Although the roles of these chemokines in MCPyV-positive MCC remain unclear, they may contribute to improve the anti-tumor immune environment and a favorable prognosis even without the formation of TLSs.

In MCPyV-negative MCC, which is ultraviolet-induced and has many genetic mutations and neoantigens, the presence or absence of TLS formation is directly related to patient prognosis. On the other hand, MCPyV-positive MCCs seem to have a different mechanism of tumor immune activation. Elucidation of this mechanism will help us understand tumor immunity in MCC, which is strange compared to other tumors.
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Cutaneous squamous cell carcinoma (SCC) is one of the most frequent malignancies in humans and academia as well as public authorities expect a further increase of its incidence in the next years. The major risk factor for the development of SCC of the general population is the repeated and unprotected exposure to ultraviolet (UV) radiation. Another important risk factor, in particular with regards to occupational settings, is the chronic exposure to polycyclic aromatic hydrocarbons (PAH) which are formed during incomplete combustion of organic material and thus can be found in coal tar, creosote, bitumen and related working materials. Importantly, both exposomal factors unleash their carcinogenic potential, at least to some extent, by activating the aryl hydrocarbon receptor (AHR). The AHR is a ligand-dependent transcription factor and key regulator in xenobiotic metabolism and immunity. The AHR is expressed in all cutaneous cell-types investigated so far and maintains skin integrity. We and others have reported that in response to a chronic exposure to environmental stressors, in particular UV radiation and PAHs, an activation of AHR and downstream signaling pathways critically contributes to the development of SCC. Here, we summarize the current knowledge about AHR’s role in skin carcinogenesis and focus on its impact on defense mechanisms, such as DNA repair, apoptosis and anti-tumor immune responses. In addition, we discuss the possible consequences of a simultaneous exposure to different AHR-stimulating environmental factors for the development of cutaneous SCC.
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Introduction

Non-melanoma skin cancers, in particular basal cell carcinoma and SCC, are among the most frequent malignancies in humans (1–3). Cutaneous SCC primarily develop on sun-exposed areas of the body. Accordingly, a chronic exposure to artificial (tanning beds) or solar UVB radiation and the associated accumulation of damaged keratinocytes is the most important risk factor for SCC (1–3). Due to the continuously growing number of elderly individuals in the general population as well as the unbroken popularity of tanned skin among younger generations, the incidence of SCC is predicted to further increase (1–3). This trend might be exacerbated by environmental, occupational and life style-related exposure to carcinogenic chemicals, especially combustion-derived PAHs, alone or in combination with UV exposure (3). In addition, the climate change and associated global weather shifts may have an impact on human health and will probably increase the incidence of skin cancers and other malignancies (4, 5). Because SCC is not only a growing medical problem but also a substantial economic burden to health care systems (3, 6), there is an urgent need for the development of novel preventive and therapeutic measures. In this context, the AHR, a ligand-activated transcription factor and key regulator in xenobiotic metabolism and immunity, seems to be a promising molecular target. This notion is strengthened by the outcome of a two-stage genome-wide association study identifying the AHR as a novel susceptibility locus for cutaneous SCC in humans (7).

In this review article, we focus on the critical functions of AHR for DNA damage-dependent processes and immune responses which may contribute to the development of SCC in chronically UV- and/or PAH-exposed skin. Please note that while we are focusing on the mentioned aspects other functions of the AHR system might fall short, which may be also relevant for the process of skin cancer development.



AHR in Xenobiotic Metabolism and Chemical Carcinogenesis

The multistage model of carcinogenesis, defining the process of tumor development as a strict sequence of initiation, promotion and progression, was established more than 70 years ago (8, 9). In these studies, the researchers induced skin tumorigenesis in mice by applying 7,12-dimethylbenz[a]anthracene (DMBA) as tumor-initiator and phorbol ester-containing croton oil as tumor-promoting agent. Sequencing of the tumor DNA as well as further mechanistic studies provided evidence that PAHs initiate carcinogenesis by inducing mutations primarily in the Ha-Ras oncogene and that this process requires a metabolic conversion of the per se non-toxic chemicals to highly reactive metabolites, a process which is primarily carried out by AHR-regulated cytochrome P450 (CYP) monooxygenases (10–12).


AHR Ligands and Signaling Pathways

The AHR belongs to the basic helix-loop-helix Per-ARNT-Sim superfamily of transcription factors whose members translate developmental, physiological and environmental signals into biochemical processes and cell biological responses (13). Within this protein superfamily, the AHR is the only member which is activated by binding of small molecular weight compounds (ligands). AHR ligands can be divided into exogenous and endogenous compounds (14–17). The list of exogenous AHR ligands encompasses environmental pollutants, such as PAHs and dioxins, plant- and microbiota-derived indoles and polyphenols, and pharmaceutical drugs. Indole derivatives, such as indolo[3,2-b]carbazole, 6-formylindolo[3,2-b]carbazole (FICZ) and 2-(1’H-Indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester as well as tryptophan metabolites, such as kynurenic acid and xanthurenic acid, are considered as relevant endogenous agonists of AHR (14–17).

In its inactive state, the AHR is trapped in a cytosolic multiprotein complex, composed of two heat-shock protein 90 (HSP90) molecules, the AHR-interacting protein, the co-chaperone p23 and the soluble tyrosine kinase c-Src (18) (Figure 1). Upon ligand binding, the cytosolic multiprotein complex dissociates, the AHR translocates into the nucleus, and dimerizes with its binding partner AHR nuclear translocator (ARNT). This heterodimer binds to xenobiotic-responsive elements (XRE) in the enhancer region of target genes to induce their expression (14–16). Typical AHR target genes encode for xenobiotic-metabolizing enzymes, such as CYP1A1, CYP1A2 and CYP1B1 (14–16). Another XRE-regulated gene codes for the AHR repressor, an AHR-related protein that lacks a transactivation domain and represses AHR signaling by competing for ARNT- and XRE-binding (19). Next to this so-called canonical AHR signaling pathway, the dissociation of the multiprotein complex leads to the release of c-Src, which subsequently may activate the epidermal growth factor receptor (EGFR) and downstream mitogen-activated protein kinase signal transduction (20–22) (Figure 1). Furthermore, AHR interacts with other transcription factors, including nuclear factor-κB (NF-κB) (23, 24), hypoxia-inducible factor-1α (25, 26), estrogen receptor-α (27, 28), and nuclear factor erythroid 2-related factor 2 (29, 30). These non-canonical functions may explain the frequently observed tissue- and cell-specific effects of AHR signaling and probably contribute to the pathogenesis of inflammatory and malignant diseases.




Figure 1 | AHR-dependent signaling pathways. Inactive AHR is part of a cytosolic multiprotein. complex consisting of a HSP90 dimer, other chaperone molecules and tyrosine kinase c-Src. Upon ligand binding, the multiprotein complex dissociates and AHR translocates into the nucleus. Nuclear AHR heterodimerizes with ARNT and binds to the enhancer region of target genes, for instance encoding CYP1A1, CYP1B1, and AHRR, to enhance their expression. In addition to this canonical pathway, the AHR ligand-driven release of c-Src from the cytosolic multiportion complex may stimulate EGFR and downstream mitogen-activated protein kinases, resulting in the transcriptional induction of another set of genes.





AHR and Metabolic Activation of Polycyclic Aromatic Hydrocarbons

Exposure to environmental, occupational and life-style related organic pollutants is considered to be involved in the onset of cutaneous SCC (3). Especially a long-lasting occupational exposure to PAHs present in soot and various working materials, such as coal tar, bitumen and petroleum, may facilitate skin carcinogenesis (3, 31). In addition, the elevated risk of smokers to develop cutaneous SCC is largely attributed to the PAH fraction present in tobacco smoke (32–34). The genotoxic potential of PAHs is primarily unleashed by their activation through AHR-dependent CYP1 isoforms (10–12) (Figure 2). For instance, CYP1A1 and microsomal epoxide hydrolase 1 (EPHX1) sequentially metabolize benzo[a]pyrene (B[a]P) to B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE), a highly carcinogenic compound which forms bulky DNA adducts by binding to guanine at the N2 position (10–12). Since CYP1A1 expression is regulated by the AHR, AHR-deficient mice as well as mice bearing an epidermis-specific ARNT-deletion were resistant towards B[a]P induced skin carcinogenesis (35, 36). In contrast to B[a]P, DMBA is metabolized by CYP1A1, CYP1B1 and EPHX1. Whereas CYP1A1 leads to the detoxification of DMBA, the CYP1B1-mediated oxidation results in an accumulation of highly carcinogenic DMBA-3,4-diol-1,2-epoxide (37, 38). CYP1-specific alterations in the detoxification and metabolic activation was also reported for other PAHs, such as dibenzo[a,l]pyrene (39) and dibenzo[def,p]chrysene (40). Thus, the carcinogenic potential of PAHs is determined by the CYP1 isoform predominantly expressed in the exposed cell population. Interestingly, the expression of CYP1B1 is not exclusively regulated by AHR (41–43) and, accordingly, AHR-deficient mice still express sufficient amounts of CYP1B1 to toxify DMBA and initiate skin carcinogenesis (44). Another carcinogenesis study revealed that AHR-deficiency protects mice against the skin carcinogenicity of PAH-rich airborne particulate matter (PM) (45).




Figure 2 | AHR-dependent metabolic activation of PAHs by CYP1 isoforms. Lipophilic PAHs can easily pass the plasma membrane and activate the canonical AHR signaling pathway. The resulting induction of CYP1 isoform expression and enzyme activity accelerates the oxidative metabolism of the invading chemicals. In case a proper detoxification of the resulting reactive PAH metabolites by the conjugating enzyme system (not shown) fails, reactive PAH-diol epoxides may covalently bind to the DNA and form highly mutagenic bulky DNA adducts.



At this point, we should mention that the CYP1-derived reactive PAH metabolites are efficiently detoxified through conjugation to glutathione, glucuronic acid or other hydrophilic molecules by phase 2 enzymes (11). However, in case the capacity of the conjugating enzyme system is exhausted, relevant amounts of reactive phase 1 metabolites may react with the DNA. Depending on the efficacy of other defense mechanisms, such as DNA repair and apoptosis, these DNA lesions may give rise to mutations (11, 46, 47).

The same is true for oxidative DNA damage that may occur during PAH metabolism. Specifically, CYP1-derived PAH dihydrodiols may serve as substrate for aldo-keto reductases (AKR), a family of cytosolic NADPH-dependent oxidoreductases (48). Several AKR1 isoforms, including AKR1C3, are capable of converting PAH dihydrodiols to the respective catechols which in the presence of oxygen can undergo redox-cycling. This results in the generation of reactive oxygen species (ROS), such as hydrogen peroxide and superoxide, which may contribute to skin carcinogenesis by oxidatively damaging DNA and other macromolecules (49, 50). In addition, AKR1C3 reduces prostaglandin (PG) D2 to 9α,11β-PGF2, a process which may fuel type 2 T helper (Th2) cell-related inflammatory responses in the skin (51, 52). Noteworthy, this AKR1C3-catalyzed reaction reduces the spontaneous dehydration of PGD2 to 15Δ-PGJ2, an eicosanoid that acts anti-inflammatory by inducing peroxisome proliferator-activated receptor-γ signaling and inhibiting pro-inflammatory NF-κB signaling pathways (51). Importantly, AKR1C3 is highly expressed in human SCC (53) and, moreover, we found that a PAH exposure of human keratinocytes results in an AHR-dependent upregulation of this enzyme (22). Taken together, these findings suggest that an AHR/AKR1C3-dependent modulation of PGD2 metabolism may foster the growth and apoptosis-resistance of initiated keratinocytes and SCC cells.



AHR and PAH-Induced Immune Reactions

An epicutaneous sensitization with PAHs, more precisely AHR/CYP1-derived reactive PAH metabolites, results in the development of an early inflammatory response which is responsible for contact hypersensitivity of the skin (54–56). This acute inflammation is triggered by antigen-specific CD8+ cytotoxic T cells and CD4+ type 1 T helper (Th1) cells which may prevent skin tumor development by secreting respective cytokines, such as interleukin (IL)-2 and interferon-γ (54–56). In its extent, this response is controlled by Th2 cells and immunosuppressive FoxP3+ regulatory T cells (Tregs). The induction of keratinocyte apoptosis by cytotoxic T cells leads to the release of further mediators which may stimulate other immune cells to infiltrate the inflamed skin. In case the damage is not resolved, chronic inflammatory condition facilitates the growth and progression of skin tumors (57). In experimental carcinogenesis studies, the application of phorbol ester fosters the expansion of IL-17-producing T cells which further promote tumor growth (58). Recently, various studies reported that by inhibiting the function of immunosuppressive Tregs (59–61) and promoting the polarization of Th2 and Th17 cells (Figure 3), an exposure to PAHs or PAH-rich particulate matter facilitates the worsening of chronic inflammatory diseases, including asthma and atopic dermatitis, in an AHR-dependent manner (61–67). Given that Th2 as well as Th17 responses are well recognized for their tumor-promoting capabilities (57), it is tempting to speculate that a chronic exposure of the skin to genotoxic PAH or PAH-rich materials may not only initiate the development of tumors but also promote their growth by creating an inflammatory micromilieu.




Figure 3 | Activation of epidermal AHR signaling and AHR-dependent effects which may contribute to skin carcinogenesis. a) UVB irradiation of epidermal cells results in the formation of tryptophan photoproducts, such as FICZ and NFK. While FICZ is a high-affinity ligand for AHR, NFK is considered as a pro-ligand. Specifically, aryl formamidase converts NFK to kynurenine (kyn) which in subsequent metabolic reactions is metabolized to the AHR agonists kynurenic acid (KYNA) and xanthurenic acid (XA). b) Inhibition of AHR was shown to increase p27KIP1 protein content which improves NER of UVB radiation-induced DNA photoproducts by a yet enigmatic mechanism. c) Inhibition of AHR was shown to increase p27KIP1 protein content resulting in an inhibition of CDK2 and a time-dependent decline of the CHK1 level. The reduction of CHK1 is associated with a reduced performance of the HRR system and an elevated rate of keratinocyte apoptosis. d) AHR activation affects T cell polarization in a ligand-dependent manner. The upregulation of IL-2, IL-10 and IDO in DC may lead to an expansion of Tregs and inhibit the proliferation of effector T cells via tryptophan depletion. In contrast to the pro-ligand KYN, PAHs seem to interfere with differentiation and function of immunosuppressive Tregs.






Ultraviolet Radiation and Skin Photocarcinogenesis

Ultraviolet (UV) radiation is part of the electromagnetic spectrum of sunlight and can be subdivided into UVA, UVB and UVC radiation (68, 69). The latter (100 nm – 280 nm) is almost completely absorbed by the stratospheric ozone layer and thus does not reach our skin in sufficient amounts to cause biological effects. High-energy UVB photons (280 nm – 315 nm) are nearly completely absorbed by the DNA and other macromolecules of epidermal cells, i.e. keratinocytes and melanocytes. In contrast, UVA radiation (315 nm – 400 nm) can penetrate deep into our skin and even reach dermal fibroblasts (68, 69). UVA radiation induces oxidative stress and associated macromolecular damage by excitation of endogenous chromophores, such riboflavin and protoporphyrin IX (70). Importantly, the vast majority of skin cancers, i.e. basal cell carcinoma, SCC and malignant melanoma, originate from epidermal cells. Hence, in the context of skin photocarcinogenesis, UVB radiation can be considered as the most dangerous part of the UV spectrum.


DNA Damage, DNA Repair, and Apoptosis

Skin photocarcinogenesis is a multistep process, involving initiating and promoting events (71, 72). These include DNA damage and failure of appropriate cell rescue (DNA repair) or cell death (apoptosis) responses, the suppression of anti-tumor immune responses, and the clonal expansion of malignant cells (71–74). To provoke effects at a cellular level, UVB radiation needs to be absorbed by chromophores to convert its physical into chemical energy. The most important chromophore for UVB radiation is the DNA (75). In addition, other cellular components, in particular aromatic amino acids, such as tryptophan (76), can absorb UVB photons and contribute to the generation of the UVB stress response in the epidermal compartment (21, 77). The DNA damage-dependent part of this response is initiated by the UVB radiation-induced formation of two photoproducts between adjacent pyrimidine bases: cyclobutene pyrimidine dimers (CPD) and pyrimidine (6–4) pyrimidone photoproducts (75, 78, 79). Although both DNA photoproducts are highly mutagenic, CPDs and the resulting signature mutations, in particular C>T and CC>TT transitions, are considered as being mainly responsible for skin photocarcinogenesis (78, 80, 81). Numerous of these signature mutations are present in the p53 gene, a tumor suppressor gene that is inactivated or compromised by respective mutations in nearly 100% of UV radiation-associated skin cancers (78, 79). In placental mammals, UVB radiation-induced DNA photoproducts (as well as bulky PAH-DNA adducts) are removed by nucleotide excision repair (NER) which consists of four steps: Damage recognition, incision, gap filling and ligation (46, 82). NER is divided into two distinct sub-pathways that differ in their way of damage recognition: Transcription-coupled repair (TCR), which quickly removes DNA adducts in actively transcribed genes, and global genome repair (GGR), which removes DNA lesions in the entire genome. In case of TCR, a stalled RNA polymerase II which then is recognized by Cockayne Syndrome (CS) A and CSB proteins serves as damage sensor. In GGR, a complex of xeroderma pigmentosum (XP) C, centrin-2, RAD23B and DNA damage-binding proteins recognizes the DNA damage. DNA unwinding is performed by the DNA helicases XPB and XPD, which are part of the general transcription factor IIH (TFIIH). Excision of the DNA damage is performed by the endonucleases XPG and XPF-ERCC1 and, subsequently, the gap of 25 to 30 nucleotides is filled and sealed by DNA polymerases and DNA ligases, respectively (46, 82).

In case NER fails, the remaining DNA photoproducts will cause DNA double-strand breaks (DSB), which have been denominated as lethal DNA lesions (83). In fact, DSBs are not a direct consequence of UVB irradiation but occur when CPD-positive cells enter mitosis. During S phase, these helix-distorting DNA lesions cause a collapse of the replication fork leading to breakage (enzymatic cleavage) of both DNA strands (84–86). Subsequently, the DNA damage response, amongst others encompassing the activation of ataxia telangiectasia mutated (ATM) kinase and downstream checkpoint kinase 1 (CHK1), is induced to halt the cell-cycle and initiate homologous recombination repair (HRR) (87, 88), which is primarily in charge of fixing replication fork-associated DSBs (89). When HRR fails, apoptosis is initiated by ATM (or related ATR) kinase in both p53-dependent and p53–independent manners (47). Importantly, an elevation of keratinocyte apoptosis may effectively restrain UVB radiation-induced skin carcinogenesis (90–93).



UV Radiation-Induced Immunosuppression

As indicated above, UV radiation suppresses the immune system in an antigen-specific manner by inducing Tregs thereby promoting skin carcinogenesis (73, 74). Using mouse models of contact hypersensitivity, the induction of DNA photoproducts, especially CPDs, has been identified to be the major molecular trigger for the UV radiation-induced suppression of the immune system (94, 95). This result has been confirmed in human volunteers treated with UVB light alone or in combination with photolyase-containing liposomes and photo-reactivating light exposure (96). The Tregs induced by UVB irradiation are CD4+ and CD25+, express FoxP3 and secrete IL-10. Although bearing lymph node-homing receptors, Tregs may switch to skin-homing receptors upon contact with epidermal Langerhans cells, migrate into the skin and suppress cancer cell-killing effector T cells (74, 97). Given that an enforced removal of UVB radiation-induced DNA photoproducts does not completely abrogate immunosuppression (94), other chromophores might also be involved. Besides trans-urocanic acid which upon UVB irradiation may isomerize to immunosuppressive cis-urocanic acid in the stratum corneum (74), tryptophan is another candidate compound. Indeed, as discussed below in more detail (see AHR and Immunosuppression), AHR has been identified to contribute to the suppression of immune responses in UVB-irradiated mice (97) suggesting an involvement of tryptophan photoproducts. FICZ, however, has been reported to enforce the generation of Th17 cells and thereby exacerbate experimental autoimmunity in mice (98, 99).




Role of AHR in Skin Photocarcinogenesis


AHR Activation by UVB Irradiation

In the epidermis, UVB rays are absorbed by the aromatic amino acid tryptophan, resulting in the formation of photoproducts, such as FICZ and 1-(1H-indol-3-yl)-9H-pyrido(3,4-b)indole, which serve as high-affinity AHR ligands (21, 76, 100–102). FICZ is detectable in human skin in vivo (103), and FICZ metabolites, i.e. sulfoconjugates of hydroxylated FICZ molecules, are present in human urine samples. Accordingly, an exposure to UVB radiation enhances cutaneous and hepatic CYP1 enzyme activities in rodents (104, 105), and induces the expression of AHR target genes in the skin of human volunteers (106, 107). FICZ is a very good substrate for CYP1 isoforms and their induction by FICZ-stimulated AHR signaling thus ensures a transient activation of the AHR system in response to acute UVB exposure (108, 109). Even though experimental evidence is lacking, it is tempting to speculate that epidermal AHR activity is also fueled by N-formylkynurenine (NFK), another tryptophan photoproduct formed in UVB-irradiated cells (110–112). Subsequently, arylformamidase (kynurenine formamidase) may convert NFK to kynurenine which is further metabolized to endogenous AHR ligands, such as kynurenic acid and xanthurenic acid (113, 114). As discussed later on, this process bypasses the first and rate limiting step of tryptophan catabolism, i.e. the tryptophan 2,3-dioxygenase (TDO)- or indoleamine 2,3-dioxygenase (IDO)-mediated oxidation of tryptophan to NFK, and thus may be relevant for a modulation of UVB radiation-induced immunosuppressive effects by the AHR system. Other genes whose expression is upregulated via non-canonical AHR signaling pathways in UVB-irradiated keratinocytes and human skin ex vivo and which might be relevant concerning skin carcinogenesis encode for cyclooxygenase-2 and matrix metalloproeinase-1 (21, 106).

Under chronic UVB irradiation, overactivation of AHR signaling pathways may have detrimental consequences (Figure 3). In fact, in a photocarcinogenesis study AHR-deficient SKH-1 hairless mice developed approximately 50% less cutaneous SCC than their AHR-proficient littermates, providing evidence that AHR signaling critically contributes to UVB radiation-induced skin carcinogenesis (115). Further analyses of the skin lesions did not reveal any obvious genotype-specific differences in tumor histology/biochemistry (115), indicating that, in the context of photocarcinogenesis, AHR activity mainly affects the tumor initiation phase. However, given that UVB irradiation enhances the expression of inflammatory mediators (e.g. chemokine (C-X-C motif) ligand 5, cyclooxygenase-2) in murine and human skin in an AHR-dependent manner (106, 116), and that a transgenic overexpression of a constitutively active AHR in mice is associated with inflammatory skin lesions (117), it seems to be likely that cutaneous AHR signaling also exhibits tumor-promoting effects.



AHR and Nucleotide Excision Repair

Given that skin photocarcinogenesis depends on the formation and repair of UVB-induced DNA photoproducts, in particular CPDs, our group has elucidated whether AHR activation affects CPD removal via NER. In fact, chemical inhibition and genetic targeting of AHR in human epidermal keratinocytes accelerates CPD removal at early time points (4 hrs) after UVB exposure (115). Treatment of keratinocytes with a pan-caspase inhibitor and subsequent CPD quantification excluded an early clearance of CPD-positive cells through apoptosis. Transient RNAi experiments in which the expression of either XPC, the damage recognition factor of GGR, or CSB, an initiator of TCR, was silenced, revealed that AHR attenuated CPD repair by specifically repressing the GGR sub-pathway (115) (Figure 3). The clinical relevance of GGR is illustrated by the fact that patients with GGR-inactivating mutations, but not patients suffering from TCR-deficiency, have a 1,000-fold increased risk to develop cutaneous SCC (118, 119). Further RNAi-based mechanistic studies revealed that AHR inhibits GGR by activating EGFR and downstream PI3K/AKT signal transduction, resulting in the phosphorylation and subsequent proteasomal degradation of the cyclin-dependent kinase (CDK) inhibitor and tumor suppressor protein p27KIP1 (115, 120). Accordingly, AHR inhibition results in a stabilization of the p27KIP1 protein level in keratinocytes in vitro and mouse skin in vivo (115, 121, 122). This stabilizing effect of AHR inhibition on p27KIP1 is not restricted to epidermal keratinocytes but also present in DAYO medulloblastoma (123) and A549 lung adenocarcinoma cells (124). Ectopic overexpression of p27KIP1 accelerates CPD repair in UVB radiation-exposed keratinocytes, whereas chemical inhibitors targeting CDK7, mimicked high levels of p27KIP1, i.e. inhibited CPD repair. CDK7 is the catalytically active subunit of the CDK-activating kinase, a component of the general transcription factor and NER complex TFIIH (125). In fact, a chemical inhibition of CDK7 has been previously shown to specifically stimulate GGR activity (126). Elevated p27KIP1 protein levels were present in the skin of AHR-deficient mice and associated with a faster removal of UVB radiation-induced CPDs (115). These data indicate that by repressing the repair of UVB radiation-induced DNA photoproducts, AHR may critically contribute to skin photocarcinogenesis. Recently, this concept was challenged by a study reporting that an activation of AHR signaling by keratinocyte growth factor-2 (KGF2) stimulates CPD clearance as early as one hour after UVB exposure (127). However, it is not clear whether this effect depended on alterations in NER activity or apoptosis. Given that peptide growth factors do probably not bind to the ligand-binding site of the AHR protein, the mode of AHR activation by KGF2 remains quite enigmatic. KGF2 serves as a ligand for the fibroblast growth factor receptor-2, which acts mitogenic and thereby may reduce apoptotic cell death (128). Hence, it is tempting to speculate that a cross-talk between the receptor tyrosine kinase and AHR signaling may be causative for the described discrepancy in UVB radiation-induced keratinocyte apoptosis.



AHR, Homologues Recombination Repair and Apoptosis

As outlined above, an abrogation of AHR signaling accelerates the removal of mutagenic CPDs through the NER sub-pathway GGR and thus should decrease UVB radiation-induced keratinocyte apoptosis (129). However, it has been previously shown that AHR serves an anti-apoptotic function in UVB-irradiated keratinocytes and mouse skin (115, 121). Interestingly, this anti-apoptotic effect also seems to depend on the AHR-mediated reduction of the p27KIP1 protein level. Accordingly, an inhibition of AHR enhances the apoptosis susceptibility of UVB-irradiated keratinocytes by upregulating p27KIP1 levels (121). Subsequently, p27KIP1 inhibits the activity of its substrate CDK2 and thereby abolishes the downstream phosphorylation of the retinoblastoma protein (RB). RB phosphorylation is necessary to activate E2F1, which controls the expression of CHK1 (121), a stress kinase critically involved in initiating cell-cycle arrest upon DNA damage (88). In UVB-irradiated keratinocytes, DNA double-strand breaks (DSBs) mainly occur when CPD-positive cells start to divide (84–86). Results from Comet assays and γH2AX quantification indicated that the enhanced apoptosis susceptibility of AHR-compromised keratinocytes is indeed due to an elevated formation of DSBs (115). Accordingly, at later time points after UVB exposure (18 h), AHR-compromised keratinocytes exhibited an elevated amount of DSBs as compared to respective control cells. Given that CHK1 is also essential for the initiation of HRR (87), AHR-compromised keratinocytes, exhibiting reduced CHK1 levels, are prone to DSB-induced apoptosis (115). These data indicate that AHR is a positive regulator of the HRR (Figure 3) and the associated fixation of DSBs and confirm previously published observations in 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-treated Chinese hamster ovary cells (130, 131). However, in contrast to the described anti-apoptotic role of cutaneous AHR in the context of UVB irradiation, it has been reported that in the absence of DNA damage AHR activation may sensitize keratinocytes to cytokine-/death receptor-induced apoptosis (132).



AHR and Immunosuppression

UVB radiation-induced immunosuppression largely depends on the occurrence of DNA photoproducts (see UV Radiation-Induced Immunosuppression). An inhibition of both GGR and apoptotic clearance probably results in an accumulation of CPDs and thus may represent one mechanism through which active AHR maintains the UVB radiation-induced suppression of the immune system. Studies on a mouse model of contact hypersensitivity confirmed this hypothesis by demonstrating that a chemical or genetic inhibition of AHR attenuates the UV radiation-induced expansion of Tregs and associated immunosuppressive effects (97). Further mechanistic studies using 4-n-nonylphenol to induce AHR-dependent immunosuppression, however, showed that AHR activation switches antigen-presenting dendritic cells (DC) from a stimulatory into a regulatory phenotype thereby leading to an induction of Tregs independently from DNA damage (97, 133). The underlying mechanism involves an AHR-dependent induction of IL-2 (133, 134) which subsequently induces IL-10 while repressing the expression of the negative regulatory protein B7-H4, a co-inhibitory molecule of the B7 family (133). In addition, AHR activation by 4-n-nonylphenol induced the expression of IDO in bone marrow-derived DC, thus confirming a previous study reporting that AHR is required for proper IDO induction (135). The enforced degradation of tryptophan and the associated formation of tryptophan metabolites may inhibit T cell proliferation and thereby suppresses antitumor immune responses (114, 136, 137). In fact, the derived tryptophan metabolites may activate AHR to generate regulatory DC which foster the expansion of Tregs while inhibiting T cell polarization towards Th17 cells (114). Noteworthy, kynurenine was found to induce the generation of immunosuppressive Tregs in mice and certain tumor entities in patients in an AHR-dependent manner (136, 138–141). Along the same line, activation of AHR by its prototypic ligand TCDD promotes the expansion of CD4+ CD25+ and FoxP3+ Tregs to suppress experimental autoimmune disease (encephalomyelitis, uveoretinitis) (99, 142, 143). This, however, stands in stark contrast to an activation of AHR signaling by either FICZ (see UV Radiation-Induced Immunosuppression) or airborne PAHs and PAH-rich PM (see AHR and PAH-Induced Immune Reactions) which stimulate the generation of Th17 cells and exacerbate autoimmune disorders. This discrepancy clearly points to a ligand-specific effect of the AHR system on fate and function of T lymphocytes. Interestingly, results from a study conducted by the Kerkvliet laboratory suggest that this ligand-specific effect is due to differences in the metabolic half-life of the respective AHR ligand and associated dose-dependent effects (144). However, in the context of UVB irradiation, a very interesting facet is that an absorption of UVB rays by tryptophan results in the formation of NFK (110–112), a photochemical reaction which bypasses the first and so-called rate-limiting IDO/TDO-catalyzed step of tryptophan degradation. At biologically relevant doses of UVB radiation and simulated sunlight, approximately 20% of the free tryptophan contained in cell culture medium is converted into the AHR pro-ligand NFK (112). In general, tryptophan is highly susceptible to many oxidizing agents and NFK is one of its major oxidation products (145). Although probably less relevant for the therapy of cutaneous SCC, this observation provides a potential mechanism through which other epidermal cancers, in particular advanced melanomas, may overcome a pharmacological inhibition of IDO/TDO. In fact, a phase III trial (ECHO-301) testing pembrolizumab, an antibody targeting the immune checkpoint protein PD-L1, in combination with the IDO blocker epacadostat revealed that the co-treatment has no benefit for patients suffering from advanced melanoma as compared to the patients treated with pembrolizumab alone (114, 146). The failure of IDO1 inhibitors for melanoma therapy might be related to an enhanced TDO activity or an elevated expression of IL-4-induced gene 1, another tryptophan-metabolizing enzyme that induces immunosuppression by producing AHR ligands (147, 148). Nevertheless, it is tempting to speculate that the UV radiation-induced formation of NFK in the skin and its further catabolism to kynurenic acid and other AHR-agonistic metabolites may, at least partially, contribute to the expansion of Tregs and the suppression of appropriate anti-tumor immune responses. As indicated by studies on patients with lung cancer or oral SCC, the activated AHR may not only enhance the expression of IDO but also attenuate the response to immune checkpoint inhibition by inducing PD-L1 (141, 149). In addition, tumor repopulating melanoma cells may produce kynurenine and associated AHR ligands to activate AHR and induce the expression of the PD-L1 receptor PD-1 in CD8+ T cells (150). Hence, a combination of small molecules inhibiting AHR activity with PD-1 checkpoint inhibitors might be a suitable approach to combat immunotherapy-resistant tumors (151).

Although experimental evidence is yet lacking, it is conceivable that at least in advanced stages of cutaneous SCC, the AHR may play a comparable role in modulating tumor immunity.




Co-Carcinogenicity of UV Radiation and PAHs?

Given that environmentally ubiquitous PAHs as well as UV radiation are capable of modulating AHR activity in keratinocytes and other epidermal cell populations, a simultaneous exposure to these factors may cause co-carcinogenic effects. However, as specified below, the data published so far on this topic produce a heterogenous and sometimes even contradictory picture. For instance, some early carcinogenesis studies reported an increased skin tumor formation upon UV irradiation of coal tar-treated mice (152, 153), whereas in another study on albino mice alternately exposed to UV radiation and PAHs, namely 3-methylcholanthrene, DMBA and B[a]P, no additive skin cancer formation was observed (154). A major factor that may contribute to this discrepancy is the pronounced sensitizing property of various PAHs toward UVA radiation. The resulting generation of ROS may on the one hand facilitate carcinogenesis by inducing oxidative DNA damage and inhibiting the function of DNA repair enzymes and other proteins (155–162). On the other hand, strong or longer lasting phototoxic stress may cause ROS-mediated cytotoxicity and necrotic cell death not only in normal epidermal cells but also in initiated keratinocytes and malignant cells. Interestingly, several UVB radiation-induced photoproducts of tryptophan, including NFK and FICZ, have been identified as potent UVA photosensitizers (110, 163, 164), and a combinatorial treatment with FICZ and UVA radiation was proposed as a novel therapeutic approach for skin cancer (165). Notably, other investigators regard the oxidative stress resulting from the FICZ/UVA exposure and the associated inhibition of DNA repair enzymes as a pro-carcinogenic event (166). In general, this process, i.e. the application of a photosensitizing agent and its subsequent irradiation with light of a certain wavelength, has been successfully implemented into the clinical routine for the treatment of certain solid tumors (167), including melanoma and non-melanoma skin cancers (168), and is known as photodynamic therapy. Other studies have shown that UV irradiation enhances the skin permeation rates of simultaneously applied PAHs (161, 169, 170) and may affect their metabolic activation (105, 155, 171, 172). UVB radiation was proven to sensitize epidermal keratinocytes to PAH-DNA adduct formation and subsequent mutagenesis (105, 171). The laboratory of David Bickers applied the Goeckerman regimen, i.e. a sequential treatment of the skin with PAH-rich crude coal tar and UVB radiation, to neonatal rats and observed an enhanced metabolic activation of B[a]P and associated DNA adduct formation in subsequent ex vivo experiments (105). An enhanced amount of PAH metabolites and markers for DNA damage were also observed in the blood and urine of psoriasis patients that underwent the Goeckerman regimen (161). Interestingly, Bickers and co-workers were able to show that the opposite application sequence, i.e. UVB exposure first followed by coal tar treatment, did not cause any significant differences in metabolic activation and BPDE-DNA adduct formation as compared to the samples of the coal tar-only treated animals (105). In contrast, Nair and colleagues reported that a treatment of HaCaT keratinocytes with either UVB radiation, photooxidized tryptophan or FICZ prior to B[a]P application significantly enhanced the expression of CYP1 isoforms and the associated formation of bulky DNA adducts (171). As expected a co-treatment with either α-naphthoflavone, an AHR antagonist, or the HSP90 blocker 17-AAG attenuated CYP1 induction and DNA adduct formation, thus confirming AHR dependency (171). Thierry Douki and co-workers, however, reported that a sequential treatment of keratinocytes and human skin explants with B[a]P or a mixture of PAHs and stimulated sunlight, reduced the expression of CYP1 isoforms, the generation of PAH metabolites and BPDE-DNA adduct formation (155, 170, 172). Given that the applied irradiation device emits UVB and UVA light (wavelengths from 290 nm - 400 nm), it is possible that the resulting generation of ROS is responsible for the observed downregulation of the expression of the CYP1 monooxygenases (173, 174). In addition, the spectrum of cytokines released by the irradiated epidermal cells may depend on the UV wavelength (175, 176). Tumor necrosis factor-α, for instance, is rather produced upon irradiation with UVA than with UVB light, and this cytokine is capable to suppress CYP1 gene expression via NF-κB-mediated trans-repression, i.e. a competition for common transcriptional co-activators (24, 177). However, as outlined in this article, PAHs and UV radiation may differently affect the expansion and function of immunosuppressive Tregs, which may be also an important factor that has to be considered in the context of a simultaneous exposure.

In summary, the current data concerning the simultaneous exposure of the skin to UV radiation and PAHs are not coherent and illustrate the need for further studies to ensure a proper risk assessment, in particular for roofers, roadmen, and other occupational groups that are frequently exposed to high doses of both, PAHs and sunlight. Chronic exposure studies on rodents, for instance, using the same irradiation device for single and simultaneous exposure to UVA and UVB light in combination with a pre- and post-treatment with environmentally-relevant PAH mixtures may shed light on a potential interaction of both risk factors in skin carcinogenesis. 



Conclusion

Proper AHR signaling is indispensable for the development and physiology of the skin (178, 179). However, as outlined in this article, an overactivation of this signaling pathway in skin chronically exposed to one or more environmental stressors may have detrimental consequences (Figure 3). By modulating xenobiotic metabolism, different DNA repair systems, apoptosis, various functions of the immune system, and other processes, AHR-dependent signaling pathways may significantly contribute to the development of PAH- and UV radiation-induced skin carcinogenesis. Interestingly, both environmental factors seem to interact on the level of enzyme activity and DNA damage and repair, thus illustrating the critical role of the AHR in either restraining or facilitating the development of skin cancer. Even though, the published data on the potential co-carcinogenic action of UV radiation and PAHs do not produce a clear picture, a transient inhibition of cutaneous AHR signaling probably protects the skin of individuals exposed to UV radiation and PAHs alone or in combination. In the context of a co-exposure, it is tempting to speculate that the application of sunscreen does not only prevent the UV radiation-induced activation of AHR signaling but also the photoactivation of PAHs potentially present on the skin. Given that sun blockers do not protect against the genotoxicity of PAHs, the integration of transient AHR antagonists in sunscreens might be beneficial in order to protect the skin against both environmental/occupational stressors. Notably, it is widely accepted that the integration of antioxidants into sunscreens provides additional skin protection by neutralizing radiation- and pollution-induced ROS (180, 181) and, interestingly, several plant-derived polyphenols combine both properties, i.e. antagonizing AHR signaling and exhibiting antioxidative effects (182, 183). However, further research on the potential interaction of PAHs and UV radiation in the pathogenesis of SCCs is urgently needed in order to improve the risk assessment as well as the preventive strategies depending thereon.
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Background

Comorbidities and stages may influence the prognosis of melanoma patients in Taiwan and need to be determined.



Methods

We performed a retrospective cohort study by using the national health insurance research database in Taiwan. Patients with a primary diagnosis of melanoma by the Taiwan Cancer Registry from 2009 to 2017 were recruited as the study population. The comparison group was never diagnosed with melanoma from 2000 to 2018. The Charlson comorbidity index was conducted to calculate the subjects’ disease severity. The Cox proportional hazards model analysis was used to estimate the hazard ratio of death.



Results

We selected 476 patients, 55.5% of whom had comorbidity. A higher prevalence of comorbidity was associated with a more advanced cancer stage. The mortality rate increased with an increasing level of comorbidity in both cohorts and was higher among melanoma patients. The interaction between melanoma and comorbidity resulted in an increased mortality rate.



Conclusion

An association between poorer survival and comorbidity was verified in this study. We found that the level of comorbidity was strongly associated with mortality. A higher risk of mortality was found in patients who had localized tumors, regional metastases, or distant metastases with more comorbidity scores. Advanced stage of melanoma patients with more comorbidities was significantly associated with the higher risk of mortality rate.
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Introduction

Cutaneous melanoma is now regarded as the fifth most common cancer in the United States. It was estimated that there were approximately 96,480 new cases, and 7,230 deaths due to melanoma of the skin will be newly diagnosed in 2019 (1). Despite being the deadliest form of skin cancer with a high mortality rate, many melanoma patients are cured after surgical excision of their primary tumor at an early stage; however, some still relapse after surgical excision. It is locally invasive and frequently spread out to regional lymph nodes and remote organs, including lung, liver, bone, and brain (2). The most common risk factors for malignant melanoma include family history, multiple moles, ultraviolet radiation, fair skin, and immunosuppression (3, 4). The incidence rate of melanoma has been increasing by between 3% and 7% per year globally for Caucasians (5). The incidence rate (less than 1/100,000) was lower in residents of Asia, including China, India, Singapore, and Japan (6). In Taiwan, the age-adjusted rate in 2006 for aggressive melanoma was 0.65/100,000 (0.71/100,000 for men, and 0.58/100,000 for women). The age distribution plot showed a peak among melanoma patients aged 70–79 years. According to the investigation of the incidence of melanoma from 1997 to 2008 by year and sex, the yearly incidence ranged from 0.66 to 1.24 (mean: 0.9) cases per 100,000 people in Taiwan (7). Excessive exposure to ultraviolet radiation is not the risk factor for most Taiwanese melanoma cases. In addition, 58% of cutaneous melanoma belongs to acral lentiginous melanoma. Advanced disease is found in 50% of cases (8).

Studies on various prognostic factors affecting melanoma survival have been reported frequently. Age has been proven to be a very strong and independent predictor of survival outcome after accounting for all the dominant prognostic factors (9). Sentinel node biopsy is an important prognostic factor in melanoma (10). Lower socioeconomic status (SES) was associated with a decreased median survival time in a statistically significant amount for all stages of melanoma (11). Men have a greater risk of having advanced disease with a poorer outcome (12). Studies have shown that the presence of a melanoma on an axial site conferred a worse prognosis than an extremity site (9). Older age and advanced stage have significant negative effects on the survival of mucosal melanoma (13). The mitotic rate is a continuous prognostic variable. It is a strong independent predictor of outcome and should be assessed and recorded in all primary melanomas including in both initial and excision biopsies (14). Level of invasion has prognostic significance in univariate analysis and remains an independent predictor of outcome in more contemporary analyses. Clinical parameters such as age, sex, skin color, pigmentation status of the tumor, and site of the primary tumor play an important role for the outcome of patients. Ulceration is an adverse prognostic factor of melanoma (15). Stage and anatomic site, but not thickness (i.e., Breslow depth), race, or ethnicity, determine prognosis of mucosal melanomas (16). Stage, male gender, and age are associated with overall survival, along with SES and the presence of multiple comorbidities (17–19). Taken together, various prognostic factors affecting melanoma survival interact mostly synergistically. The prognostic influence of comorbidity and stage on melanoma has also caused many scientists to make many valuable reports. The prevalence of chronic disease in patients with melanoma varies from 19% to 80% (20). The presence of chronic conditions prevents physicians from aggressive treatment for melanoma patients, thereby increasing the mortality rate (20). The prevalence of multiple chronic conditions increased with age (21). The majority of studies from a systematic review reported decreased chemotherapy use (75%) and inferior survival (69%) for patients with comorbidities compared to those without comorbidities (22). Patient comorbidity has a substantial effect on the cancer stage at diagnosis (23). In a cohort study conducted using Danish registry data of 23,476 melanoma patients, Grann et al. (20) reported a higher prevalence of comorbidity associated with more advanced cancer stages. Similar results were acquired by Gonzalez et al. (24) using data from the Florida State Tumor Registry (N = 32,074) in 1994 on colorectal, melanoma, breast, and prostate cancers. Comorbidity was associated with late-stage diagnosis in all four cancers, with the odds of 62% for late-stage melanoma (24). In Taiwan, just a few reports paid attention to malignant melanoma (25–27). Our current study aims at clarifying how comorbidity and stage may affect the prognosis of Taiwan melanoma patients from 2009 to 2017.



Materials and Methods


Data Source

This study used the data from the National Health Insurance Research Database (NHIRD) and Taiwan Cancer Registry (TCR) that was constructed by the Health and Welfare Data Science Center (HWDSC). The NHIRD covered more than 99.99% of Taiwan’s population of 23 million people in Taiwan. Two million beneficiaries were randomly sampled from the NHIRD in 2000. To protect patients’ privacy, according to the “Personal Information Protection Act” and “Non-disclosure agreement of NHIRD,” the original identification numbers were not disclosed. Data benefits include disease diagnosis of outpatient, inpatient, emergency medical claims, and cancer staging. The longitudinal characteristic of NHIRD allows researchers to identify a cohort based upon diagnoses and drug utilization, to trace the medical history, and to disclose clinical outcomes and related complications (28). TCR (29) is a nationwide population-based cancer registry system that provides detailed information on all cancer patients in Taiwan. Hospitals with more than 50-bed capacity that could supply outpatient and hospitalized cancer care are required to join in informing all newly diagnosed malignant neoplasms to the registry. In order to measure cancer care methods and treatment outcomes in Taiwan, the TCR constructed a long-form database with cancer staging and detailed treatment and recurrence information. Moreover, the long-form database included detailed information regarding cancer site-specific factors, such as laboratory values, tumor markers, and other clinical data related to patient care (30). The study had been approved by the ethical review board of the Chung Shan Medical University Hospital (CS1-20201) in Taiwan.



Study Design and Outcome

This study used a retrospective cohort study design. The study population was the primary site of melanoma (ICD-O-3=C44) from 2009 to 2017 in the TCR. The index date was admitted with the first diagnosis date of melanoma. The comparison group was defined as never diagnosis of melanoma (ICD-9-CM=172, ICD-10-CM=C439) from 2000 to 2018 (Figure 1). Due to the consistent index date between the melanoma group and the non-melanoma group, a 1:10 age and sex matching was conducted. The outcome variable was all-cause mortality. Both groups were followed up until the onset of death, or December 31, 2018, whichever occurred first.




Figure 1 | Identified Melanoma and Non-melanoma groups.



The demographic variables included age, sex, monthly income, and residential region. We classified diagnoses of chronic diseases into 17 categories based on a modified version of the Charlson comorbidity index (CCI) (31). The 1 score of weight included myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, connective tissue disease, peptic ulcer disease, mild liver disease, and diabetes without chronic complication. The 2 scores of weight included diabetes with chronic complication, hemiplegia or paraplegia, and renal disease. The 3 scores of weight included any malignancy, including lymphoma and leukemia, except malignant neoplasm of skin, and severe liver disease. The 6 scores of weight included metastatic solid tumor and AIDS/HIV (Supplementary Table 1). The higher CCI-weighted total score represented the higher severity of the disease. The baseline characteristics also included age, sex, hypertension (ICD-9-CM=401-405, ICD-10-CM=I10-I15), and hyperlipidemia (ICD-9-CM=272, ICD-10-CM=E78). Those comorbidities were defined 1 year before the index date and at least two outpatient visits or once hospitalization.



Statistical Analyses

The comparison of continuous and categorical variables was done using Student’s t-test, chi-square test, or Fisher’s exact test as appropriate between melanoma and non-melanoma groups. Kaplan–Meier analysis was conducted to calculate the all-cause mortality among the two groups. The log-rank test was used to test the significance. The multivariate Cox proportional hazards model was used to estimate the hazard ratios (HRs) of death. We used a time-dependent variable to assess the proportional hazards assumption. The p value was 0.2805 that it did not violate the proportional hazards assumption. For the unmeasured confounding factor, we performed E-value to define the minimum strength of the association for an unmeasured confounding effect between melanoma and non-melanoma groups (32, 33). The statistical software was SAS version 9.4 (SAS Institute Inc., NC, USA).




Results


Study Population

We identified 476 melanoma patients and 4,760 members of the matched comparison cohort. The majority were men (56.7%), and more than half (85%) were older than 55 years. According to tumor stage, 52 (10.9%) in situ, 398 (83.6%) had a localized tumor, 8 (1.7%) had regional metastases, and 18 (3.8%) had distant metastases (Table 1).


Table 1 | Demographic characteristics of melanoma and non-melanoma.





Prevalence of Comorbidities

Measurement of comorbidity resulted in 212 (44.5%) melanoma patients with comorbidity score 0, 126 patients (26.5%) with comorbidity score 1, and 54 (11.3%) with comorbidity score 2. In the more severe comorbidity categories, 45 (9.5%) had a comorbidity score 3, and 39 (8.2%) had a comorbidity score ≥4. Diabetes without chronic complication was the most prevalent comorbidity, diagnosed in 83 patients (17.4%) (Table 1). Chronic pulmonary disease was diagnosed in 63 patients (13.2%), followed by peptic ulcer disease (58 patients, 12.2%). The majority of melanoma patients were diagnosed with the localized stage (Table 1).



All-Cause Mortality

The mortality rate of the melanoma group in the Kaplan–Meier plot was significantly higher than that in the non-melanoma group (Figure 2). The mortality rate increased with increasing comorbidity in both cohorts and was higher among melanoma patients (Figure 3). The mortality rate for melanoma patients with comorbid score 1 was 57.42 per 1,000 person-years after diagnosis compared with 50.50 in the comparison cohort. In the most severe comorbidity group (≥4), the mortality rate was 147.21 per 1,000 person-years in the melanoma cohort compared with 149.43 in the comparison cohort. The mortality rate ratio (MRR) was 1.59 (95% CI: 1.28–1.98). The number of melanoma patients at stages 0, I, II, III, and IV was 52 (10.9%), 292 (61.3%), 106 (22.3%), 8 (1.7%), and 18 (3.8%), respectively (Table 1). In the univariate analysis, old age was associated with a significantly increased risk of death (p < 0.0001). Patients greater than and equal to 70 years of age (HR = 18.64, 95% CI: 10.96–31.72) had a worse prognosis than patients less than and equal to 54 years of age. The risk of death for people with comorbidity scores 1, 2, 3, and ≥4 was 2.65, 4.88, 5.48, and 7.77, respectively (Table 2). Table 3 demonstrated the subgroup analysis of the risk of death between melanoma and non-melanoma groups. The risk of death for patients aged ≤54 between melanoma and non-melanoma group was the highest (HR = 13.08, 95% CI = 4.41–38.77, p < 0.0001) among the three age groups. For patients between melanoma and non-melanoma groups with comorbidity score 0, the HR risk of death was 2.40 (95% CI: 1.56–3.68, p < 0.0001). Table 4 demonstrated the higher risk of mortality for people with comorbidity score 3 (HR = 2.79, 95% CI: 1.46–5.30, p = 0.002) and score ≥4 (HR = 2.75, 95% CI: 1.39–5.44, p = 0.004). Increased comorbidity was related to the advanced cancer stage at diagnosis. The HR risk of mortality in melanoma patients with comorbidity scores 1, ≥2 at stages 0 and I was 2.61 (95% CI: 1.01–6.78) and 2.62 (95% CI: 1.12–6.13), respectively. For patients with comorbidity scores 1, ≥2 at stage II, the HR of risk of mortality was 3.26 (95% CI: 1.20–8.84). The E-values for patients with comorbidity scores 1, ≥2 at stages 0 and I and comorbidity score ≥2 at stage II were 4.66, 4.68, and 5.97, respectively. We found in this study that the advanced stage of melanoma patients with more comorbidities was significantly associated with the higher risk of mortality rate.




Figure 2 | Kaplan-Meier plot for the mortality rate in melanoma group and non-melanoma group.






Figure 3 | Forest plot of mortality rate according to CCI subgroups.




Table 2 | Cox proportional hazards model analysis for risk of death.




Table 3 | Subgroup analysis of risk of death between melanoma and non-melanoma group.




Table 4 | Cox proportional hazards model analysis for risk of mortality in melanoma patients.






Discussion

In this nationwide registry-based cohort study, we included 476 men and women diagnosed with melanoma. According to tumor stage, 52 (10.9%) in situ, 398 (83.6%) had a localized tumor, 8 (1.7%) had regional metastases, 18 (3.8%) had distant metastases, and 364 (55.5%) suffered from one or more comorbidities (Table 1). Our study unraveled an association between a higher prevalence of comorbidities and a higher risk of death. The more comorbidity, the higher the risk of mortality. Comorbidity commonly is associated with poorer survival. Old age was associated with a significantly increased risk of death. In our study, patients greater than and equal to 70 years of age (HR = 18.64, 95% CI: 10.96–31.72) had a worse risk of death than patients 55–69 years of age (Table 2). There was an association between older age and more advanced tumors at diagnosis, leading to higher mortality among elderly people (34, 35). In Taiwan, malignant melanoma is an uncommon but fatal disease. One possible reason for low survival was that farmers delayed the diagnosis to old age. The comorbidities, or neglecting consciousness of melanoma, adverse effects of their treatment, or disguising the symptoms of the disease by the patient or doctor could be another possibility for late detection in people with comorbid conditions (36).

Gonzalez et al. (24) demonstrated that having comorbidity and cancer (colorectal, melanoma, breast, prostate) has resulted in late diagnosis of cancer. A previous study from Grann et al. (20) showed that comorbidity initiated a higher risk of complications and worse functional status, decreased quality of life, and poorer survival—especially in older patients. Houterman et al. (37) reported that increased levels of severe comorbidity led to less aggressive treatment that negatively influenced the survival of elderly patients aged 60–79 years. Comorbidities could worsen comorbid diseases and lower the functional status of metastatic melanoma patients receiving curative treatment (20). Research from Taiwan reported that a worse prognosis with great differences was mostly found in histologic subtypes, advanced stages, and acral lentiginous melanoma. Melanoma patients had a poorer prognosis when they were diagnosed with more advanced stage (26). Some studies suggested that coexistent disease was associated with worse survival and increased the possibility of being diagnosed with distant metastasis (8, 23, 38–43). Our study revealed the association between comorbidity and stage that may influence the prognosis of melanoma patients in Taiwan. Table 4 showed that for people with comorbidity scores 3 and ≥4, HR of the risk of mortality was relatively higher than scores 1 and 2. The risk of mortality for patients with comorbidity score ≥2 at stages 0, I was a little higher than those with comorbidity score 1. The risk of mortality for patients with comorbidity score ≥2 at stage II was significantly higher than those with comorbidity score 1. Though the risk of mortality for patients with comorbidity score ≥2 at stages III, IV was lower than those with comorbidity score 1, no major differences were found because of too small a patient population.

Comorbidity might reduce survival because curative treatment is used less frequently in older patients. Consequently, survival of patients older than 70 years was not significantly influenced by comorbidity (44). Bradley et al. (45) reported that men with more comorbid conditions were less likely to receive treatment than those without comorbidities. The decision to receive treatment was determined mainly by the patient’s age, disease stage, tumor characteristics, and experience of the urologist (44, 46). Fowler et al. (47) revealed that associations between age and comorbidity were highly significant (p < 0.0001), as the age-adjusted risk of comorbid death was 5.7 times greater in men with severe compared to those without comorbidities. Two previous studies showed that less aggressive treatment for melanoma among patients with comorbidity may affect the mortality rate because of some of the interactions between melanoma and comorbidity. Decreased function of the immune system in older patients with more comorbidities may result in higher mortality because of the interaction between comorbidity and melanoma (48, 49). Koppie et al. (50) also reported that the conditions required for treatment, such as a history of comorbidities, age, performance status, and other related factors, are important for melanoma patients when they plan to receive necessary treatment. Generally, elderly patients with more comorbidities are less likely to receive the most aggressive chemotherapy combinations for avoiding a high risk of significant morbidity (50).

The minority of melanoma patients (44.5%) had none of the selected comorbidities since their melanoma was diagnosed. In the remaining 55.5% of the melanoma cohort with some prevalent comorbidity, the most common comorbid diseases were diabetes without chronic complication, chronic pulmonary disease, peptic ulcer disease, and cerebrovascular (Table 1). Among melanoma and non-melanoma groups, the proportion diagnosed with severe comorbidity increased with an increasing mortality rate, and the level of comorbidity was strongly associated with mortality (Figure 3).

However, the weight of the association differs by specific comorbid disease, patient age, cancer characteristics, and overall comorbidity burden (23, 34, 35). Comorbidity can be measured by counting the number of coexisting illnesses diagnosed in a cancer patient or by using a comorbidity index that integrates the number and severity of the comorbidity (51). Nowadays, the CCI is the most commonly applied index for comorbidities in cancer patients. The CCI score is the sum of weights of a patient’s coexisting conditions based on 19 disease categories. The weights originated from relative risk assessment acquired from a regression model. They are usually assigned from 1 to 6 points and then collapsed into categories of 0 point, 1 to 2 points, 3 to 4 points, and 5 or more points, respectively. The CCI has been previously verified as a prognostic method of comorbidity for some index cancers (31).

A study previously showed that both the survival and treatment of patients were affected by age and the extent of comorbidity. Racial differences in survival were greatest for patients without comorbidities and less pronounced at higher levels of comorbidity. Comorbidity elicited differential impact for prognosis, treatment, and survival (52). However, the outcomes of this study by using the CCI score were similar with many reports in Western countries (24, 39). Comorbidities that influence prognosis seriously may differ between Eastern and Western countries. We expect that future research can focus on which of these comorbidities may most seriously affect the prognosis of melanoma patients.

There is a limitation in this study. From Taiwan’s NHIRD, we selected random samples of 2 million from 23 million beneficiaries. Because melanoma is an unusual illness in Taiwan, the sample size of melanoma patients was relatively small in our research. However, NHIRD is a randomly selected representative sample of Taiwan’s general population. This may avoid sampling deviation or selection bias and provide more nationwide information in this study.

In conclusion, melanoma patients in Taiwan with comorbidity were associated with poorer survival. The level of comorbidity was robustly associated with the mortality rate. The presence of severe comorbidity was associated with an advanced stage of melanoma. The mortality rate was higher among patients with more comorbidities, and the influence of comorbidity varied by stage. Old age was associated with a significantly increased risk of death. A higher risk of mortality was found in patients who had localized tumors, regional metastases, or distant metastases with more comorbidity scores. Our study demonstrated that comorbidity and stage had an impact on the prognosis of Taiwan melanoma patients.
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Solar ultraviolet (UV) radiation exposure is the primary etiological agent responsible for developing cutaneous malignancies. Avoiding excessive radiation exposure, especially by high-risk groups, is recommended to prevent UV-induced photo-pathologies. However, optimal sun exposure is essential for the healthy synthesis of about 90% of vitamin D levels in the body. Insufficient exposure to UV-B is linked to vitamin D deficiency in humans. Therefore, optimal sun exposure is necessary for maintaining a normal state of homeostasis in the skin. Humans worldwide face a major existential threat because of climate change which has already shown its effects in several ways. Over the last 4 to 5 decades, increased incidences in skin cancer cases have led international health organizations to develop strong sun protection measures. However, at the same time, a growing concern about vitamin D deficiency is creating a kind of exposure dilemma. Current knowledge of UV exposure to skin outweighs the adverse effects than the beneficial roles it offers to the body, necessitating a correct public health recommendation on optimal sun exposure. Following an appropriate recommendation on optimal sun exposure will lead to positive outcomes in protecting humans against the adverse effects of strict recommendations on sun protection measures. In this short review, we spotlight the ambivalent health effects of UV exposure and how ozone layer depletion has influenced these effects of UVR. Further, our aim remains to explore how to lead towards a balanced recommendation on sun protection measures to prevent the spurt of diseases due to inadequate exposure to UV-B.
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Introduction

Ultraviolet radiation, the main component of sunlight, is divided into three categories, UV-A, UV-B and UV-C based on the wavelength and energy status (1, 2). UV-B has high energy and potential than UV-A to cause the biological damage (3). In contrast, UV-C is retained by the ozone layer and never reaches the lower atmosphere (4). The average UV dose across the globe varies with geographical location and on daily to seasonal timescales. The total ozone is generally lowest at the equator and highest in mid-latitude and Polar regions. This way, the global distributional pattern of UV index varies with the latitude, altitude, cloud cover and haze and is further complicated amid the ozone layer depletion scenario. Therefore, no definite UV dose can be attributed to a particular region across the globe (3). However, substantial UV index changes have happened over the last few decades due to ozone layer depletion that has significantly increased the global burden of skin cancer incidences. The recovery of the ozone layer will depend on how countries abide by the Montreal Protocol treaty terms by the participating countries in times to come and if they take the treaty terms very seriously (5). The impact of future climate change on the ozone layer will vary between the tropics, mid-latitudes and Polar regions and strongly depends on future emissions of ozone-depleting substances. During the long recovery period, volcanic eruptions could temporarily reduce the global ozone levels for several years. Together, these all things will be playing pivotal roles in controlling the global UV changes and the after-effects that ozone layer depletion can have on the different life forms across the globe (6–10).

Likely, fair-skinned individuals are at the highest risk of developing the UV mediated photodamage responses differentially varying with different skin types (11). Yet, most skin types are prone to sun damage with ever-increasing exposure to UV radiation (12). UV radiation not only affects humans but the animal, plant and marine life is also significantly impacted (13). There is a growing concern that ozone layer depletion may lead to the loss of many threatened plant species and disrupt the global food security (14). However, plants have built the ability to respond and adapt to high UV levels; they can be affected directly due to high UV radiations (15), affecting most plant species’ survival (16). The adverse effects of ozone depletion on marine ecosystems can be many, including reducing the population of tiny marine organisms due to small increases in UV, significantly disrupting the marine ecosystem (17). An increase in UV-B radiations reaching the earth’s surface may also disrupt and change the natural pattern of biogeochemical cycles and contribute to biosphere-atmosphere feedback, which could have even more deleterious effects on different life forms (18). Although the risks of UV radiation overexposure are known and many (Table 1), the general public have been made to think about the ill effects of UV and not to weigh the merits of UV radiation exposure being essentially crucial for Vitamin D synthesis. The production of 10μg (400 IU) of vitamin D per day takes approximately 1/3 of the time needed to reach the Minimal Erythemal Dose (MED) for an effective skin area of 600cm2 for skin phototype III. It indicates that UV exposure has strict bodily requirements to synthesize these required amounts of Vitamin D for proper bone formation and function (19). The optimal UV dose for vitamin D production varies significantly depending on the physiological and pathological condition of every individual. The best assessment of these personal attributes can allow people to find their unique “Goldilock” zones of exposure time. This mini-review highlights the ambivalent biological effects of UVR and how these effects can further modulate if the overhead ozone cover continues to change negatively in the future. It further highlights how to lead towards a suitable public health recommendation on optimal sun exposure amid the climate change triggered ozone layer depletion.


Table 1 | Classification of skin types/skin color types and burns/tans in the skin after sun exposure.





Health Promoting Effects Of Ultraviolet Radiation Exposure To Skin

Despite the numerous health concerns that UV radiation exposure comes with. It has several health promoting advantages that make sun exposure a kind of necessary evil having ambivalent effects to human body. Some of the prominent health promoting effects of UV exposure is summarized below.


UV Induced Melanogenesis Acts as a Natural Sunscreen 

Melanin is a coloring pigment that is synthesized by the melanocytes in skin and its synthesis is promoted during sunlight exposure due to its UV portion. This is the same pigment that is responsible for giving colour to skin. It is also involved in primary natural defenses against UV-induced DNA damage (20). Special cells synthesize melanosomes under the skin, which produce, store and transport melanin and are absorbed by skin keratinocytes forming a protective, UV-blocking shell around the cells’ nuclei. In the cytosol of keratinocytes, melanosomes form a critical shield of DNA by forming perinuclear caps exhibiting photoprotection (21). These responses against UV depend on different parameters including the production, distribution, quantity and type of melanin synthesized in melanocytes and the content transferred to keratinocytes (22). The photoprotective effect of melanin is achieved in part by acting as a physical barrier and as an absorbent filter that reduces the penetration of UV through the epidermis (23). Some persons however, suffering from diseases albinism and vitiligo have a faulty melanin production and are highly susceptible to the effects of UV exposure (24). Epidemiological data strongly suggest and support the protective role of melanin in skin against the UV exposure induced cellular damage as there exists an inverse correlation between skin pigmentation and the incidence of sun-induced skin cancers. Research has suggested that subjects with White skin including albino’s, are more likely to develop skin cancer by about 70 times than subjects with Black skin (25). Other important properties of melanin, especially eumelanin are its functions acting as a free radical scavenger and superoxide dismutase that reduce oxidative stress in skin cells (26).



UV Phototherapy in Treatment of Numerous Cutaneous Disorders

UV light-based phototherapy is the most frequently used method and has a long, successful history in the management of numerous cutaneous disorders. UV-based phototherapy works by regulating the inflammatory component and inducing apoptosis of pathogenic cells, quickly transforming the microenvironment of UV-exposed skin (27). Phototherapy effects include proapoptotic, anti-fibrotic, pro-pigmentary, immunomodulatory, anti-pruritic and pro-prebiotic that promotes clinical prognosis and outcomes in various skin diseases such as psoriasis, atopic dermatitis, vitiligo, scleroderma, and cutaneous T-cell lymphoma (CTCL) (28). This therapy works by reacting with many elements essentially, chromospheres, metabolic byproducts, innate immune receptors, neurotransmitters and mediators such as chemokines, antimicrobial peptides, and platelet activating factor (PAF) that simultaneously shape the immunomodulatory effects of UV and their interplay with the microbiota of the skin. Most of the positive effects of solar radiation are mediated via ultraviolet-B (UVB) induced production of vitamin D in skin.


Psoriasis

UVB phototherapy is used in the treatment of psoriasis, which is an inflammatory skin disease, characterized by keratinocyte hyper proliferation. Even though UVB phototherapy is a standard treatment for psoriasis, however, the underlying molecular mechanisms of its efficacy are not completely understood. It is speculated that the therapeutic effectiveness of phototherapy is mainly due to its antiproliferative properties (29).



Vitiligo

Vitiligo is a de-pigmentation skin disorder and appears to be a combination of genetic effects in both the immune system and in the melanocytes, resulting in melanocyte destruction (30). Multiple treatments are recommended in the treatment of vitiligo, especially phototherapy with narrowband UVB radiation and excimer laser (308 nm) with/without the topical application of calcineurin antagonists (31). Role of phototherapy in treating vitiligo is supported by the fact that sun-exposed lesions tend to show follicular repigmentation during the summer months in many patients and the effect is transient but repeatable (32). The protective effect of phototherapy in patients with vitiligo is not completely elucidated. It is thought that re-pigmentation after phototherapy may be due to activation, proliferation, and migration of these affected melanocytes to the epidermis, where they form perifollicular pigmentation islands. Furthermore, UV light works as an immunosuppressant in skin that may also be playing a role in initiating re-pigmentation in melanocytes (33).



Atopic Dermatitis

UV light-based phototherapy is also used in the treatment of Atopic dermatitis which is a chronic inflammatory skin disease. Narrowband UVB und UVA-1 is the frequently used treatment setting in atopic dermatitis and in other T cell mediated inflammatory skin diseases. UV light exposure has direct phototoxic effects on T-lymphocytes causing gradual reduction of the inflammatory infiltrate and a concomitant improvement of patients’ skin affected with Atopic dermatitis (34).



Multiple Sclerosis

UV-B phototherapy is also used in the treatment of Multiple Sclerosis and has been found to prevent multiple sclerosis like symptoms in a mouse model regardless of the presence of vitamin D or the vitamin D receptor (35). People who are exposed to medium-to-high levels of ultraviolet-B radiation have a lower risk of developing Multiple Sclerosis. Given that UV-B exposure triggers the synthesis of vitamin D in the skin, many researchers have linked MS to a lack of vitamin D due to low sunlight exposure. However, researchers using a mouse model for MS have showed that exposure to UV-B prevent MS-like symptoms without increasing the vitamin D levels challenging a direct link between vitamin D and MS (36).




UV Exposure Induced Nitric Oxide (NO) Reduces Blood Pressure and Mitigates Cardiovascular Disorders

Nitric oxide (NO) is a gaseous lipophilic free radical cellular messenger and plays an important role in the protection against cardiovascular diseases. Research has suggested that reduced bioavailability of NO is one of the central and critical factors common to cardiovascular diseases, although it is unclear whether this is a cause or results due to endothelial dysfunction (37). Low concentrations of NO• has been found to protect cultured keratinocytes from oxidative stress and apoptosis. However, the underlying mechanisms are still unknown. A study demonstrated that UVA –irradiation to healthy individuals lead to a sustained reduction in blood pressure and these effects may be mediated by mechanisms that are independent of vitamin D and exposure to UV alone, but through UVA-induced NO• and nitrite (32). NO2- is not only known dilating the blood vessels, but also protect organs against ischemia/reperfusion damage and can be externally delivered to the systemic circulation to exert coronary vasodilator, cardio protective as well as antihypertensive effects. It is also proposed that UVA-induced NO• have antimicrobial effects and is involved in cutaneous wound healing and has antitumor activity as well (38). However, despite its numerous health benefits, NO• has with it toxic effects and that is why it is also known as a Janus molecule. UV exposure-produced NO• can promote many local and systemic UV-induced responses including erythema, edema, inflammation, premature aging and immunosuppression. However, its role in the development and progression of skin cancer remains unclear.



UV Exposure Improves Mood

Sun exposure in non-erythemic doses is considered as a pleasant one. Exposure to sunlight has been linked to improved energy and elevates the mood (39). People feeling better and relaxed after tanning partly support this phenomenon. UV radiation leads to production of an opioid β-endorphin via stimulation of the POMC promoter (Pro-opiomelanocortin) in keratinocytes and when released into the bloodstream may reach the brain in sufficient concentrations to elevate mood (32). However, only few studies have demonstrated the mood improving roles of increased β-endorphin levels in blood in healthy volunteers. Furthermore, both sunlight and darkness are involved in triggering the release of hormones in brain. Exposure to sunlight increases the release of serotonin from the brain, associated with boosting mood and helps a person feel calm. However, at night, dark light triggers the synthesis of melatonin in brain, responsible for sleep. Inadequate exposure to sun light can cause dip in the levels of serotonin associated with a risk of major depression with seasonal pattern (formerly seasonal affective disorder). This is a form of depression triggered by the changing seasons (40). Additionally, sunbathing or tanning beds have a potential to reduce pain in patients with fibromyalgia. A study has reported that patients experienced a greater short-term decrease in chronic pain after exposure to UV compared with non-UV radiation exposure (32).




Impact Of Ozone Layer Depletion On The Effects Of Uv Exposure


Disruption in the Evolutionarily Mediated Adaptation of Life Forms to Atmospheric UVR Changes

Living organisms have significantly evolved with time as the atmosphere they habituate changes continuously. The development of skin pigmentation responses in humans are likely due to selection pressures related to ambient ultraviolet radiation exposure. It has significantly influenced the migration of people from areas of high UVR index to regions of low UVR (41). Variation in the global distributional pattern of ultraviolet radiation poses diverse and differential effects based on latitude and altitude. There is always a debate going on among the researchers weighing out the adverse effects of UV exposure, despite the several benefits to different life forms, including humans, animals and vegetation. Ultraviolet radiation exposure requirements promoting healthy vitamin D synthesis in skin meant that people developed darker skin pigmentation at places of low latitude with high ambient UVR intensity, offering them protection from the effects of UVR. In contrast, those at higher latitudes have fairer skin as an evolutionarily developed trait to potentiate the vitamin D production from low ambient exposure (42). This contrasting requirement of latitudinal orientation set by humans throughout evolution for the healthy synthesis of vitamin D levels have changed as people adopted multiple sun protection measures and avoided sunlight exposure in pursuit of escaping the sun damage. These factors challenged the natural setup system and have adversely manifested into the development of various related skin and skeleton pathologies that requires regular ambient doses of radiation to function normally (43). In the last several decades, intensive human migration has interfered with the natural skin pigmentation patterns suited to the environment humans are born, grow, and evolve. The migration of people who are dark-skinned to areas of high latitude increases their chances of developing rickets and osteomalacia later in their life due to unhealthy/sub-optimal vitamin D synthesis (44). Fair-skinned populations at the other end are experiencing a steep rise in the number of melanoma and non-melanoma skin cancers migrating to low latitude areas from their natural habitats. Additionally, lifestyle changes combined with behavioural and cultural changes meant that humans were exposed to UV radiation than ever before, further compounding the problems the body responds to these changes (45). Increased incidences in skin cancer-related cases, cataracts, particularly in high-risk cataract belts of the world, improper vitamin D levels, skeletal and other cardiovascular diseases in the last 4-5 decades have gained considerable attention of the world scientific community on how to curb this sharp rise associated with the inappropriate exposure to sunlight. It has also led to a search for a viable solution based on one health approach, in addition to strict sun protection measures and vitamin D complementation from external sources (46).




Ozone Layer Depletion And Global Burden Of Increase In The Uv Exposure Mediated Disease Incidences

The ozone layer acts as a natural filter, absorbing most of the sun’s ultraviolet rays coming towards the earth’s atmosphere. Changes to the ozone layer starting in the latter part of the 20th century led to an increase in the proportion of UV-B radiations reaching the earth’s surface. It potentially disrupts the biological life and processes, including damaging several non-life entities, including polymer-based materials, such as thermoplastics, thermosets and composites used as replacements for traditional building materials, through a phenomenon known as chalking (10, 47). Ozone layer depletion resulted from rapid industrialization, high consumption of chlorofluorocarbons (CFCs) and halons, and global warming have further worsened the problem towards more destruction (48). This loss of ozone is associated with increased levels of radiation reaching the earth’s surface. Still, lower atmospheric pollution makes it difficult to assess changes in UVR patterns using ground-based measurements. Further, there are mainly three ways climate changes and their after-effects have shown their adverse effects on different life forms; stratospheric ozone depletion, increase in surface temperature due to global warming, and air pollution. Research suggests that globally and especially among the fair-skinned populations, melanoma rates are increasing by 4% to 5% annually. Further, increased temperatures/heat also has an impact on carcinogenesis. Past research has shown that non-melanoma skin cancer risk increases for every one-degree rise of temperature, suggesting that as the planet continues to warm, there’s the possibility that rising temperatures could further drive and amplify the induction of skin cancer cases due to UV radiation over exposure (49). Although this temporal trend in the increased incidence of non-melanoma skin cancers is difficult to determine, the increase is not simply a result of increased epidemiological surveillance and detection. Specific studies carried out in Australia, Canada and the US indicate that between the 1960-1980s, the prevalence of non-melanoma skin cancers increased by a factor of more than two when examined concerning personal UV exposure. It indicates a positive correlation between climate change mediated high UV exposure to increased skin cancer cases. The increase in skin cancers is most frequent in some parts of the body commonly exposed to the sun, such as the face and hands, implying that long-term, repeated UV radiation exposure is a major causal factor. Also, there exist a clear relationship between increased incidence of non-melanoma skin cancers with decreasing latitude within some countries, i.e. where there are high UV radiation levels (50). It also suggests that this increase in skin cancer incidences is not simply a result of increased epidemiological surveillance and detection (51). Further, studies in the Antarctic have shown that UV-B can double during the yearly ozone hole process measured at the earth’s surface (52). Other research studies found that in areas with little or no atmospheric pollution, UVR levels reaching the earth can be even more than observed before the ozone layer depletion started. Similarly, lower ambient levels of UV radiation are detected in areas with intense atmospheric pollution, and highly dense smog remaining through most part of the year (53). Also, studies in experimental animals have shown that elevated temperatures enhance the UV-induced skin cancer compared to that at room temperature. In an intriguing analysis, assuming that ambient temperature would have a similar effect in humans, speculates that long-term elevation of temperature by two °C as a consequence of global warming coupled climate change would increase the carcinogenic effects of solar UV by 10% (54). Further, experimental mouse models have shown that the carcinogenic effects of UV radiation increase by 5% per °C rise in temperature (55). However, research is still going on, and there is no clear evidence of how the increase in surface temperature can increase the carcinogenic effects of UV radiation. Increased incidences in the diseases associated with insufficient vitamin D levels have also been noticed in the past many decades, probably due to avoiding UV-B exposure or using sun protection gears at occupational places despite the increase in UVR index. These ambivalent and emerging health effects of UVR on net loss or gain will thus depend on various parameters, including the migratory pattern of people influencing their exposure leading to an imbalance in optimal exposure to what is required naturally (56) (Figure 1). The social cost of these diseases due to indecent exposure to UVR and the financial burden it entails is overwhelming as human sufferings continue to increase. Further, ozone depletion has come with a dichotomous nature for humans to avoid sun exposure to prevent skin-related pathological conditions or keep taking sunbaths for healthy vitamin D synthesis (57). To further clarify this ambiguity, a comprehensive report by United Nations Environment Programme estimated an additional burden of 4500 melanoma cases and 300,000 non-melanoma cases if there is a 10% decrease in the ozone layer, and these figures are in addition to those cases that happen under normal circumstances. WHO has also made it clear that among the total cataract cases that occur annually the world over, an estimated 3 million cases per year, accounting for 20% of total cases, could be due to UV exposure. Also, for each 1% sustained decrease in ozone, a 0.5% increase in the number of cataracts could be due to UV exposure alone (9, 58–60). These statistics ask for a strategic global action plan as total avoidance of UV exposure is already ruled out due to other problems manifested in the absence of sun exposure. Further, human evolution at low latitudes where sunlight is more intense and their migration towards high latitude areas have been driven by competing for folate deficiency and vitamin D, both of which are phenomena driven by UV exposure (61). In addition to the concerns due to ozone layer depletion, anthropogenic impacts that are more intense than ever can magnify the effects of UV on both humans and the rest of the environment (62). The Montreal Protocol, though, resulted in a considerate reduction in the emissions of CFCs and halons responsible for damaging the ozone layer that has already started to replete itself. There is still an estimated additional burden of 33,000 melanoma/non-melanoma cancer cases attributed to ozone layer depletion (63, 64). Climate change due to global warming is another factor that could play a role in potentiating or magnifying the cancer-causing potential of UV. Although, significant improvements were made by countries in reducing the global consumption of ozone-depleting substance by some 98% under the Montreal Protocol treaty, the full recovery of ozone is not possible for some decades as the depleting substances continue to stay in the atmosphere for years together. Future outcomes will therefore depend on how countries abide by the treaty terms and conditions, thereby preventing the further loss (65).




Figure 1 | (A) Evolutionarily mediated adaptation of life forms to differential atmospheric UVR levels. UV radiation exposure requirements promoting healthy vitamin D synthesis in skin meant that people developed darker skin pigmentation at places of low latitude with high ambient UVR intensity, offering them protection from the effects of UVR. While, those at higher latitude have fairer skin as an evolutionarily developed trait to potentiate the insufficient vitamin D production from low ambient exposure of UV to skin. (B) Ambivalent effects of UVR exposure to skin. Schematic diagram showing relationship between benefits of optimum UVR exposure, ill effects of inadequate exposure and the global burden of diseases due to inappropriate UV exposure. A represents insufficient UVR exposure responsible for the improper vitamin D levels in the body leading to skeletal abnormalities and other indirect effects of low ambient UV exposure. B represents optimal UVR exposure required for the essential and healthy synthesis of vitamin D in the body and also stimulates the opioidogenic system in the brain. C shows high UVR exposure leading to skin and ocular malignancies especially, in fair-skinned individuals. Both A & C are related to inappropriate exposure of UVR to the skin.





Vitamin D Deficiency And Optimization Of Appropriate Public Health Recommendation On Uvr Exposure

Although the ambivalent effects of UV radiation exposure are known, we are yet to understand which particular dose of UV is adequate and the one that is excessive to different life forms (66). This standardization of dose is further complicated amid the ozone layer depletion scenario combined with global warming that has significantly impacted the optimization of optimal, suboptimal and above optimal exposure levels of UVR and its post-effects (7). These factors necessitate a suitable public health policy in the wake of these distribution pattern changes of global UV exposure to life on earth. There are specific solutions to these problems, but the outcome is subjective. If we can maintain sufficient vitamin D levels from outside sources, UVR exposure can be optimized, and excessive exposure can be avoided accordingly. Before doing that, we have to rule out any other important function of UV exposure-related biological role in humans and requires further research to deconstruct the hidden facts (67, 68). For this, research has to define what vitamin D sufficiency to the body means and how much vitamin we have to take from the outside sources. This requirement will further depend on age, type of skin, area of location and typical dietary patterns. Only then a counterfactual exposure be defined, which can be a kind of minimum theoretical risk. This way, we can determine the limit of radiation exposure without significantly altering or impacting the vitamin D status in the body (69–71).

Further new structural model-based studies can be used to calculate the burden of diseases due to excessive UVR exposure. Inclusions on human skin pigmentation, physical inactivity, diet patterns, quality of healthcare system, behavioural sun exposure and latitude need to be considered to figure out a near accurate correlation of UVR exposure and its diverse effects. Earlier assessments on quantification of the global burden of diseases due to UVR have pointed out gaps in our current knowledge and understanding of UVR and warrant further research across the interdisciplinary fields to improve precision and broaden the scope of assessment for enduring results. More research is required to clarify the other beneficial effects of sun exposure and if total exposure avoidance with vitamin D supplementation from outside sources could be feasible. Further, strict sun protection measures are being followed, especially by skin types I-IV to prevent the UV–B–induced skin damage by avoiding excessive sun exposure (72). The use of sunscreens is also recommended, especially for fair-skinned individuals, but not a general rule. However, clinical dermatologists and researchers must understand the balancing effects of UV exposure and provide a shred of convincing evidence by weighing the mutagenic effect of less intense UV than its protective effects on different life forms (73, 74). This information also needs to be translated into public-friendly outcomes and could prolong many lives through positive recommendations on strict sun protection measures which require further moderation. Also, researchers need to deconstruct what it means by adequate vitamin D status when sun exposure is seriously curtailed and recommended, taking into account the associated ill effects of low sun exposure.



Vitamin D Fortification Of Foods: A Novel Biotechnological Strategy To Curb Vitamin D Deficiency In Humans

Optimum Vitamin D in body is essential for healthy bone and organ function (75). Exposure to sunlight (ultraviolet-B) is the primary natural source of vitamin D in the skin. At the same time, only a tiny portion of the necessary amount can be acquired through diet (76). There are six factors to be considered on the optimal amount of UV exposure depending on the latitude for healthy vitamin D levels, i.e., location, time of day, outdoor weather, skin colour, total sun exposure and age. Based on these factors, every individual has their sunlight exposure requirements based on specific elements that are both intrinsic and extrinsic to the body. However, to maintain healthy blood levels of vitamin D, one should aim to get 10–30 minutes of midday sunlight several times per week, and people with darker skin may require a little more. Exposure of face and arms to the sunlight for 15–30 minutes, between 11 am–3 pm daily, should be enough to maintain adequate vitamin D status. However, geographical location remains the most important determinant of vitamin D status in the body (77). Although Vitamin D has many health benefits, it might even help lower the risk of some cancers (78). However, researchers aren’t sure what the optimal level of vitamin D is, and a lot of research is already going on to understand the intricate relationship clearly.

Further, the optimal level of UV exposure for healthy vitamin D production may increase the cancer risk. As such, the risk-benefit may vary widely due to individual susceptibility, genetic and lifestyle factors (79, 80). The fact is that it doesn’t take so much sun exposure for the body to produce required amounts of vitamin D and exposure time less than 10 to 15 minutes, two to three times a week, followed by good sun protection can make all the vitamin D on which a body can muster (81). After the required levels are achieved, the body automatically starts disposing of the excess vitamin D to avoid vitamin overload. At this point, persistent sun exposure gives nothing but sun damage without any of the presumed benefits. Research has shown that this 10-15 minute exposure to the body is enough to cause DNA damage, and every bit of it adds up throughout one’s life, producing genetic mutations that keep increasing the lifetime risk of skin cancer (82). The exact UVB wavelength that makes the body synthesize vitamin D also produces sunburn and genetic mutations that can lead to skin cancer. A study has recently found that UVA damage can start in less than a minute. This damage to the skin’s pigment cells keeps developing hours after the sun exposure ends, increasing the chances of melanoma (83). This rapid onset of DNA damage is also why researchers recommend more sun protection, not less. That is why this complex set of risks and benefits vary widely, and that guidance that addresses all of these factors is difficult to articulate.

Vitamin D deficiency has emerged as a new public health concern in recent years due to lifestyle changes and strict recommendations on avoiding excessive sun exposure. It has thus received increased attention due to its association with the increased risk of severe acute and chronic illnesses, including rickets, childhood caries, osteoporosis, infections, autoimmune diseases, cardiovascular diseases, cancer, type 2 diabetes and neurological disorders (84). On the other hand, a healthy and balanced diet is not enough to prevent vitamin D insufficiency in the body if it is not accompanied by UV exposure. However, specific approaches such as increased dietary and supplemental intakes and encouraging outdoor activities could guarantee vitamin D sufficiency. However, more recently, biotechnological processes were used to produce novel vitamin D rich or vitamin D fortified foods, which can improve vitamin D status and prevent vitamin D deficiency in high-risk individuals. Various foods were fortified during the early 20th century, including milk, other dairy products, margarine, and even beer. Initially, and since the 1940s, cow’s milk became the primary delivery vehicle for vitamin D fortification in the United States and Canada, and a carefully planned fortification policy was introduced to eliminate vitamin D deficiency and as a public health issue (85). Voluntary and mandatory fortification approaches are applied in USA and Canada, respectively. Both are entrusted to provide fortified foods with proven efficacy. Current estimates suggest that ~60% of vitamin D intake from foods in the US and Canada are attributed to fortified foods (85). Further, research has shown higher 25(OH)D serum levels in Canadians ingesting fortified milk than those not consuming it (86). In another prospective controlled trial study, 713 healthy school children aged 10-14 years were randomized to receive unfortified or milk fortified with 600 IU (15ug) and 1000 IU (25ug) of vitamin D per day for 12 weeks. The percentage of subjects having serum 25(OH)D levels >20 ng/ml (50 nmol/L) following supplementation was found 5.9%, 69.95% and 81.11% in comparison to 6.32%, 4.9% and 12%, respectively, at baseline (87), suggesting the success of the fortification policy. Some population groups do not consume fortified milk due to lactose intolerance. Prospective studies have shown that foods of plant origin such as orange juice and bread can also be used as suitable vehicles for vitamin D fortification. Although traditional fortification practices serve as an essential strategy, the introduction of novel biotechnology-based vitamin D fortification approaches will continue to attract attention. Also, fortification approaches need to be tailored to the nutritional habits of each country. In India, it is proposed that the fortification of widely consumed foods such as maida, wheat flour and rice could serve the purpose locally with fewer costs (88).



Conclusion

UVR exposure has both positive as well as negative health effects on humans. An increase in skin cancer cases over the last 4 to 5 decades has raised various public health concerns among the scientific community and led international health organizations to develop strong sun protection measures to curb this sharp increase. However, at the same time, a growing concern about vitamin D deficiency, mostly in high-risk groups, is creating a kind of exposure dilemma. Current knowledge and understanding of the ambivalent effects of UV exposure necessitates a correct public health recommendation on optimal sun exposure based on the scientific facts and reasoning. Also, Vitamin D deficiency that has emerged as a significant public health issue can be overcome with biotechnology-based approaches like food fortification. Vitamin D fortification of foods is technically a feasible method that can address the vitamin deficiency in large population segments without modifications in lifestyle and consumption patterns. Further, biotechnology can offer viable solutions in producing new and novel vitamin D fortified foods. This can somehow lead to positive outcomes in protecting humans against the adverse effects of strict recommendations on sun protection measures.
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The prevalence of Merkel cell polyomavirus(MCPyV) in Merkel cell carcinoma(MCC) and non-MCC skin lesions and its possible role in the etiology of other skin diseases remain controversial. To systematically assess the association between MCPyV infection and MCC, non-MCC skin lesions, and normal skin. For this systematic review and meta-analysis, a comprehensive search for eligible studies was conducted using Medline Ovid, Pubmed, Web of Science, and the Cochrane CENTRAL databases until August 2021; references were searched to identify additional studies. Observational studies that investigated the association between MCPyV infection and MCC, non-MCC skin lesions, and normal skin using polymerase chain reaction(PCR) as a detection method and provided sufficient data to calculate the prevalence of MCPyV positivity. A total of 50 articles were included in the study after exclusion criteria were applied. Two reviewers independently reviewed and assessed the eligibility of the studies, and all disagreements were resolved by consensus. To determine the association between MCPyV and MCC, overall odds ratio (OR) were calculated with 95% CI using a random-effects model. Single-arm meta-analyses were performed to examine the prevalence rate of MCPyV+ in MCC, non-MCC skin lesions, and normal skin. The primary analysis was the prevalence rate of MCPyV+ in MCC. Secondary outcomes included the prevalence rate of MCPyV+ in non-MCC skin lesions and normal skin. A total of 50 studies involving 5428 patients were reviewed based on our inclusion and exclusion criteria. Compared with the control group, MCPyV infection was significantly associated with MCC (OR = 3.51, 95% CI = 2.96 - 4.05). The global prevalence of MCPyV+ in MCC, melanoma, squamous cell carcinoma, basal cell carcinoma, Bowen’s disease, actinic keratosis, keratoacanthoma, seborrheic keratosis, and normal skin was 80%, 4%, 15%, 15%, 21%, 6%, 20%, 10%, and 11%, respectively. The current results suggest that MCPyV infection is significantly associated with an increased risk of MCC. However, the low prevalence rate of MCPyV+ in non-MCC skin lesions does not exclude a pathogenic association of this virus with the development of non-MCC skin lesions.
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Introduction

Merkel cell carcinoma(MCC) is a rare, high-grade, aggressive cutaneous neuroendocrine tumor originally discovered in 1972 (1–3). MCC is prone to recurrence, regional metastases that frequently recur in lymph nodes, and distant metastases. Advanced age(> 50 years), demographic characteristics(predominantly European) and sun-exposed skin(ultraviolet radiation) are established risk factors for MCC (4, 5). In recent decades, the incidence of MCC has increased, as has the mortality rate (6).

Polyomaviruses(PyVs) are small, double-stranded DNA-based viruses that are usually non- oncogenic for their hosts but may be oncogenic to some species under certain circumstances (7). PyVs have three major genomic regions: an early region encoding large T antigen (LTA) and small T antigen (STA), both viral oncoproteins with replicative functions; a late region encoding viral structural proteins such as VP1, VP2, and VP3; and a noncoding control region(NCCR) that controls viral replication (8, 9). The identification of Merkel cell polyomavirus(MCPyV) by digital transcriptome analysis was a significant leap in the knowledge of the pathogenesis of MCC (8). According to molecular epidemiological studies, MCPyV has a wide range of prevalences in MCC. The prevalence of MCPyV varies widely worldwide, ranging from approximately 25% in Australian MCC patients to 100% in a French study (10, 11). In addition, MCPyV DNA has also been detected in non-MCC skin lesions and normal skin (12, 13). However, the mechanism of MCPyV infection and the prevalence of MCPyV in non-MCC skin lesions and its potential role in the pathogenesis of other malignant skin diseases are still unknown. To better understand this problem, we performed a systematic review and meta-analysis to examine the relationship between MCPyV and MCC, non-MCC skin lesions, and normal skin.



Methods


Literature Search

This article complies with the Declaration of Helsinki. Preferred Reporting Items for Systematic Reviews and Meta-analyses(PRISMA) guideline was used to conduct the study. Two of us(WAW and LY) comprehensively searched Medline Ovid, Pubmed, Web of Science, and the Cochrane CENTRAL databases from inception to August 1, 2021. Search terms were “merkel cell polyomavirus” and “skin neoplasms,” “skin malignancy,” “skin cancer,” “merkel cell carcinoma,” “squamous cell carcinoma,” “basal cell carcinoma,” “melanoma,” “bowen disease,” “actinic keratosis,” “keratoacanthoma,” “seborrheic keratosis” “non-lesional skin” or “normal skin.” Searches were limited to human participants and English-language publications. We also conducted manual searches of the reference lists of the extracted articles to identify additional relevant publications. Only studies meeting the eligibility criteria outlined below were included in the meta-analysis.



Eligibility Criteria

The extracted data were required to meet the following criteria: (1) designed as a cohort, case-control study, or cross-sectional study; (2) confirmed the presence of MCPyV by polymerase chain reaction(PCR); (3) reported the detection of MCPyV in MCC, squamous cell carcinoma(SCC), basal cell carcinoma(BCC), melanoma, Bowen’s disease, actinic keratosis, keratoacanthoma, seborrheic keratosis or normal skin; (4) full text available.

Studies that met more than one of the following criteria were excluded: (1) insufficient raw data to estimate the outcome; (2) animal study, in vitro study, case report, review, editorial, or commentary; (2) the available data could not be extracted from the article by calculation or by contacting the authors; and (3) multiple studies with overlapping samples. The studies with a more significant number of patients were selected when overlapping study samples were identified. Two reviewers(WAW and LY) independently performed the study selection process, and consensus resolved disagreements.



Data Extraction and Quality Assessment

Data were extracted by the two independent reviewers (WAW and LY) using a structured Excel(Microsoft Corp., Redmond, Washington) data collection spreadsheet as a priori. Discrepancies were discussed and resolved within the research team. The following data were retrieved for the included studies: first author, publication year, country, study design, number of patients in each group (MCC, SCC, BCC, melanoma, Bowen’s disease, actinic keratosis, keratoacanthoma, seborrheic keratosis, and normal skin), number of patients in each group above with MCPyV+, sample types [frozen section(FR) or formalin-fixed paraffin-embedded (FFPE)], PCR primers, and immune status. Eligible studies were further divided into two different analyses: primary and secondary. The primary analysis was the prevalence rate of MCPyV in MCC. Secondary outcomes included the prevalence rate of MCPyV in non-MCC skin lesions(melanoma, SCC, BCC, Bowen’s disease, actinic keratosis, keratoacanthoma, and seborrheic keratosis) and normal skin.

Quality assessment of included studies was performed using the Newcastle-Ottawa scale for cohort and case-control studies (14). The Newcastle-Ottawa scale consists of selection, comparability, and outcome(or exposure for case-control studies). A study can receive one score in each of the domains of selection and outcome and two scores in the domain of comparability. Studies with a low risk of bias had a score of less than 4, those with a score of 4 to 6 had an intermediate risk of bias, and those with a score of 7 or higher had a low risk of bias.



Statistical Analysis

Stata 15.1(StataCorp, College Station, TX USA, 2018) was used to analyze the data after it had been checked for consistency. The “metaprop” command was used to generate pooled effect size(ES) for noncomparative binary outcomes. The 95% confidence interval (CI) was generated using the DerSimonian-Laird random-effects model with FreemanTukey double arcsine transformation and evaluated using the Wilson score technique. The Cochran Q and I2 statistics were used to test for heterogeneity among the chosen studies. Mild, moderate, and severe heterogeneity were defined as I2 statistics of 25% - 50%, 50% - 75%, and >75%, respectively. A random-effects model was used to produce the pooled estimate and 95% CI if heterogeneity was more than 50%. The Mantel-Haenszel method was used to evaluate dichotomous variables, and the results are presented as ORs. Subgroup analysis and meta-regression were employed when heterogeneity was evident based on important variables(country, continent, sample type). Sensitivity analysis was performed to estimate the influence of a single study on the pooled ORs. Statistical significance is defined as a two-tailed P-value of less than 0.05. The visual estimation of a funnel pot, Egger’s test, Begg’s test, and the trim & fill method were used to determine and correct publication bias (P =0.05 was considered significant).




Results


Search Results and Included Trials

A total of 1308 studies were identified through the literature search. After adjustment for duplicates, 623 articles remained. Of these, 421 articles were removed after reviewing the titles and abstracts. After a full-text review of the remaining 108 articles, 58 articles were further excluded based on the following criteria: 3 studies were not in the field of interest, 21 studies were review articles, 14 studies were duplicates, 12 were conference abstracts, and eight studies had insufficient data. Finally, 50 studies consisting of 31 case-control studies (1812 participants) and 19 cross-sectional studies (3616 participants) were included in the meta-analysis. The flowchart for the selection process and detailed identification is shown in Figure 1. The 50 included studies were published between 2008 and 2021 in 15 different countries. Thirty five studies reported the prevalence of MCPyV+ in MCC patients, 13 studies in normal skin, 11 studies in cutaneous melanoma patients, 23 studies in SCC patients, 17 studies in BCC patients, seven studies in keratoacanthoma patients, six studies in Bowen’s disease and actinic keratosis patients, and five studies in patients with seborrheic keratosis. Thirty studies (8, 10, 11, 13, 15–40) received a score of 7 on the NOS score, while 1 study (41) received a score of 6. All were classified as low risk of bias after quality assessment. However, 19 studies (42–60) had a intermediate risk of bias. Table 1 summarizes the characteristics of the included articles, and the quality of the papers is assessed in Table S1.




Figure 1 | Flow diagram of studies selection.




Table 1 | Main characteristics of included studies.





Primary Meta-Analysis: Merkel Cell Polyomavirus Prevalence in MCC

In the pooled analysis, the association between MCPyV and MCC was significant with an adjusted pooled OR of 3.51 (95% CI = 2.96 - 4.05, P<0.05) in the random-effects model due to significant heterogeneity between studies (I2 = 58.02%)(Figure 2). The meta-regression analysis revealed that country (P=0.474), continent (P=0.220) and sample type (P=0.675) did not influence the heterogeneity between studies. The sensitivity analysis showed that no single study influenced the recalculated pooled ORs (Figure S1). Visual inspection of the funnel plot showed evidence of publication bias (Figure S2), which was confirmed by Egger’s test(P= 0.0006) and Begg’s test(P= 0.0037). We then applied the trim and fill method to correct the asymmetry of the funnel plot (Figure S3). Pooled analysis included the imputed studies continued to indicate a statistically significant association between MCPyV and MCC. The result showed that the effect of publication bias was not significant and the conclusion was relatively stable.




Figure 2 | Forest plot illustrating the odd ratio for the association between MCPyV and MCC.



The overall pooled prevalence rate of MCPyV+ in MCC was 80% (95% CI = 71% - 88%, I2 = 89.93%, P<0.05)(Figure 3). We then performed a subgroup analysis based on country, continent, and sample type (frozen section or formalin-fixed paraffin-embedded material). This pooled rate remained consistent in the subgroup analysis, with statistically significant heterogeneity between subgroups (Table 2 and Figures S4–6). There was no obvious source of heterogeneity in the meta-regression analysis(P=0.587). The funnel plot, Egger’s test (P = 0.284) and Begg’s test (P = 0.173) did not indicate publication bias.




Figure 3 | Forest plot illustrating the pooled prevalence rate of the MCPyV positivity in MCC.




Table 2 | Subgroup results for MCC.





Secondary Meta-Analyses: Non-MCC Skin Lesions and Normal Skin


Melanoma

Eleven studies (11, 18, 19, 21, 22, 26, 39, 41, 46, 51, 60)investigated the prevalence rate of MCPyV+ in melanoma, the overall prevalence rate was 4% (95% CI = 1% - 9%, I2 = 0%, P = 0.473)(Figure 4A). In addition, subgroup analysis by country, continent, and sample type still showed significant heterogeneity (Table 2 and Figures S10–12). The funnel plot, Egger’s test (P = 0.150), and Begg’s test (P = 0.080) detected no publication bias.




Figure 4 | Forest plot illustrating the pooled prevalence rate of the MCPyV positivity in non-MCC skin lesions and normal skin. (A) melanoma; (B) squamous cell carcinoma; (C) basal cell carcinoma; (D) Bowen’s disease; (E) actinic keratosis; (F) keratoacanthoma; (G) seborrheic keratosis; (H) normal skin.





Squamous Cell Carcinoma

Twenty three studies (10, 13, 19, 21, 25, 29, 30, 35, 40–45, 47–49, 51–54, 56, 60) reported the prevalence rate of MCPyV+ in squamous cell carcinoma samples, with the overall prevalence rate was 15%(95% CI = 9% - 22%, I2 = 77.3%, P<0.05)(Figure 4B). The pooled prevalence rate remained similar in the stratified analysis, with statistically significant heterogeneity across all subgroups(Table 2 and Figures S13-15). We discovered a significant difference in pooled MCPyV+ prevalence in squamous cell carcinoma in American studies 22%(95% CI = 9% - 39%) when compared to Asian studies 6%(95% CI = 0% - 17%), but not when compared to prevalence in Europe 18%(95% CI = 9% - 27%). The point estimates for the prevalence of MCPyV+ in squamous cell carcinoma in frozen section sample 36%(95% CI = 28% - 44%) was twice of the formalin-fixed paraffin-embedded sample. There was no evidence of publication bias as indicated by funnel plot analysis, Egger’s test(P = 0.133), and Begg’s test(P = 0.065).



Basal Cell Carcinoma

The 18 included studies (11, 16, 19, 21, 22, 29, 30, 40, 42, 44–46, 48, 51, 52, 54, 59, 60) reported the prevalence rate of the MCPyV+ in basal cell carcinoma, with the overall prevalence rate was 14%(95% CI = 7% - 22%, I2 = 82.58%, P<0.05)(Figure 4C). Stratification analysis showed increasing trends for American studies 24%(95% CI = 13% - 38%) and stable trends for European 19%(95% CI = 8% - 32%) and Asian studies 5%(95% CI = 1% - 12%). Frozen section samples 31%(95% CI = 22% - 40%) showed a higher prevalence rate than FFPE samples 14%(95% CI = 5% - 26%). While stratification analysis still showed significant heterogeneity(Table 2 and Figures S16-18). According to the funnel plot, Egger’s test(P = 0.059), and Begg’s test(P = 0.075), there was no significant publication bias across the studies for either analysis.



Bowen’s Disease

Several studies (21, 42, 44, 46, 48, 54) investigated the prevalence rate of MCPyV+ in Bowen’s disease, with the pooled prevalence rate was 21%(95% CI = 2% - 48%, I2 = 81.53%, P<0.05)(Figure 4D). All subgroup analysis still showed significant heterogeneity (Table 2 and Figures S19-21). In addition, there was an apparent lower prevalence in Asia than Americas(0% vs 50%). The funnel plot, Egger’s test(P = 0.257), and Begg’s test(P = 0.388) revealed no substantial publication bias.



Actinic Keratosis

The pooled analysis of six studies (21, 29, 44, 46, 48, 54) reporting the prevalence of MCPyV+ in actinic keratosis showed a prevalence rate of 6%(95% CI = 0% - 17%, I2 = 38.69%, P = 0.15)(Figure 4E). Results of the stratification analysis are shown in Table 2 and Figures S22-24. Visual inspection of the funnel plot, Egger’s test(P = 0.899), and Begg’s test(P = 0.274), there was no evidence of significant publication bias.



Keratoacanthoma

According to seven publications (21, 44, 48, 49, 54, 55, 57) that examined the prevalence rate of MCPyV+ in keratoacanthoma, the pooled prevalence rate was 20%(95% CI = 0% - 51%), I2 = 91.58%, P<0.05)(Figure 4F). Stratified analysis showed statistically significant heterogeneity in all subgroups, although the pooled prevalence rate remained identical (Table 2 and Figures S25–27). There was no evidence of substantial publication bias, as determined by visual inspection of the funnel plot, Egger’s test(P = 0.126), and Begg’s test(P = 0.301).



Seborrheic Keratosis

Five studies (22, 29, 37, 44, 46) were included in the analysis of the prevalence rate of MCPyV+ in seborrheic keratosis, with the overall prevalence rate was 10% (95% CI = 1% - 24%, I2 = 19.98%, P = 0.29)(Figure 4G). This pooled rate remained consistent in subgroup analysis, with statistically significant heterogeneity between subgroups (Table 2 and Figures S28-30). According to the funnel plot analysis, Egger’s test(P = 0.105), and Begg’s test(P = 0.072) there was no evidence of publication bias.



Normal Skin

Based on data from 13 publications (10, 11, 13, 21, 24, 25, 34, 35, 37, 43, 52, 53, 56) the overall pooled estimate of the prevalence of MCPyV+ in normal skin was 11% (95% CI = 4% - 20%, I2 = 71.2%, P<0.05)(Figure 4H). Further stratification by country, continent, and sample type are shown in Table 2 and Figures S7-9. In the USA, the American continent, and the FFPE study subgroups, heterogeneity remained significant. No publication bias was detected by funnel plot, Egger’s test (P = 0.967), or Begg’s test (P = 0.802).





Discussion

Numerous factors contribute to the aetiology of non-MCC skin lesions, including UV exposure, immunosuppression, and ageing, which are also risk factors for the development of MCC (45, 53). Feng et al. (8) first discovered MCPyV as a human polyomavirus that reveals clonal integration in MCC. MCPyV showed that the viral genome was integrated into the host genome, disrupting the late region. In addition, a C-terminal truncated LT was expressed. The helicase activity of LT, which is required for viral DNA replication, was removed by this deletion (16). MCPyV infects the majority of people and, according to seroepidemiological studies, causes lifelong harmless chronic infection in healthy people (61–63). MCPyV is also regularly shed from the skin of healthy people, proving that it is a component of the human skin microbiome (64). Dermal fibroblast cells could be the natural host cell for replication of MCPyV in the human body, as the virus could be propagated in human dermal fibroblast cell cultures (65). The role of MCPyV in the development of MCC and the wide distribution of the virus in the body prompted researchers to investigate the prevalence of MCPyV in non-MCC skin lesions. Several studies have shown clonal integration of MCPyV in the non-MCC skin lesions. However, the prevalence of MCPyV in the MCC and non-MCC skin lesions is still controversial. Our study aimed to shed light on this matter.

To the best of our knowledge, this is the first systematic review and meta-analysis to provide comprehensive, up-to-date estimates of the association of MCPyV in MCC and non-MCC skin lesions. We identified a global pooled prevalence of 80% MCPyV+ among 1112 patients with MCC. This finding is consistent with a previous meta-analysis by Santos-Juanes et al. (66) which reported a prevalence of 79%. A geographic and sample type variation of MCPyV+ MCC has well been documented in a previous study. Data from the Americas and Europe show that nearly 80% of MCC cases are MCPyV+ (10, 67), while studies from Australia found that only 24% of cases are MCPyV+ (67). The lower prevalence of MCPyV+ in Australian studies compared to other continents may be due to the increased sun exposure in Australia, making a possible viral contribution less common and the possibility that a different and unknown strain of MCPyV is undetectable (10). In Asia, MCPyV+ is found in 76.9% to 88.5% of Japanese (29, 41, 45, 46, 48), 81.2% to 85.71% of Korean (29, 57), and 25% of Indian MCC patients (58). Several studies have shown that the MCPyV detection rate of DNA was greater in frozen samples than in FFPE tissue samples (12, 27). On the contrary, through subgroup analyses, we found no significant differences in the prevalence rate of MCPyV+ MCC among countries, continents, and different sample types (Table 2).

The discovery of MCPyV DNA in non-melanoma skin cancers(NMSCs) from immunocompromised people was the first observation linking MCPyV to non-MCC (15). MCPyV was later found in various non-MCC skin lesions and normal skin (Table 1). Recent studies showed that non-MCC skin lesions significantly have lower MCPyV DNA viral loads than in MCC. MCPyV DNA was significantly positive in non-melanoma skin cancer in immunosuppressed patients compared with non-immunosuppressed patients (38, 48, 68). Our meta-analytic study showed that the pooled prevalence rate of MCPyV+ in melanoma, SCC, BCC, Bowen’s disease, actinic keratosis, keratoacanthoma, seborrheic keratosis, and normal skin was 4%, 15%, 14%, 21%, 6%, 20%, 10%, and 11%, respectively (Table 2). The low prevalence rate of MCPyV in non-MCC skin lesions, which is similar or even lower to that in normal skin, suggests that MCPyV probably plays a minor role in the development of non-MCC skin lesions. Subgroup analysis by continent showed that trends were higher in the Americas for SCC, BCC, Bowen’s disease, actinic keratosis, and keratoacanthomas, with the corresponding rates being lower or relatively similar to the overall pooled prevalence in the Asian and European continents, respectively. In addition, we found that the detection rate for DNA extracted from frozen section samples was higher than for DNA extracted from FFPE samples, suggesting that degradation of DNA in FFPE tissues caused by formalin fixation makes PCR less sensitive (12, 20, 24, 27). The presence of MCPyV DNA in the skin and non-MCC skin lesions might not be a surprising phenomenon, as one would expect, because it is due to the ability of HPyVs to infect the skin and remain in a latent form that can be reactivated in states of profound immunosuppression (69, 70). MCPyV is a cutaneous microbe that is generally acquired in early childhood when it has the opportunity to integrate into the host genome of dermal fibroblast cells (65, 71). Regardless of these findings, it is apparent that the presence of MCPyV DNA alone is not sufficient to cause malignancy (38). Therefore, the oncogenic significance of MCPyV in non-MCC skin lesions is still debatable.

The limitations of our article also warrant considerations. First, because randomized trials are neither currently available nor likely to be conducted in the future, this meta-analysis relies on observational data. As a result, unmeasured biases in individual studies must be taken into consideration. Second, further assessment revealed that there were several sources of heterogeneity among the included studies: (1) heterogeneity of study population(age, gender, immune status, smoking and drinking habits, geographic differences, sun exposure, etc.), (2) the relatively small number of specimens examined may give a wrong view of the prevalence of MCPyV in specific samples, (3) methods performed to detect MCPyV viral load(i.e., primers selection, viral DNA copy number, etc.), and (4) PCR screening method (i.e., the quality of the samples, viral gene target selection, DNA extraction method, primer selection, PCR technique, false-positivity due to PCR contamination, etc.). To overcome these problems and convincingly determine MCPyV positivity, several multimodal approaches have recently been proposed, such as immunohistochemistry and PCR assay (IHC + PCR), fluorescence in situ hybridization(FISH) coupled with DNA hybridization chain reaction(HCR-DNA FISH), etc., which have been shown to be a highly sensitive approach to detect the viral genome in tissue samples (72, 73). Third, MCPyV may contribute to cancer onset through a “hit-and-run” mechanism (74, 75). Therefore, tumor samples from different stages should be examined because the virus has only transient effects in cellular transformation, as it can be silenced or its genome lost during cancer progression (76).



Conclusion

Our results suggest a ubiquitous distribution of MCPyV in the skin with higher MCPyV positivity in MCC tumors, closely linking MCPyV as a putative etiologic agent to the carcinogenesis of MCC. However, the significantly lower prevalence rate of MCPyV+ in non-MCC skin lesions does not exclude a pathogenic association of this virus with the development of non-MCC skin lesions. Further large-scale studies using uniform viral genome detection methods are needed to determine the precise role of MCPyV in MCC pathogenesis and to define the significance of detecting viral DNA in non-MCC skin lesions.
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A multitude of extrinsic environmental factors (referred to in their entirety as the ‘skin exposome’) impact structure and function of skin and its corresponding cellular components. The complex (i.e. additive, antagonistic, or synergistic) interactions between multiple extrinsic (exposome) and intrinsic (biological) factors are important determinants of skin health outcomes. Here, we review the role of hypochlorous acid (HOCl) as an emerging component of the skin exposome serving molecular functions as an innate immune factor, environmental toxicant, and topical chemopreventive agent targeting solar UV-induced skin cancer. HOCl [and its corresponding anion (OCl-; hypochlorite)], a weak halogen-based acid and powerful oxidant, serves two seemingly unrelated molecular roles: (i) as an innate immune factor [acting as a myeloperoxidase (MPO)-derived microbicidal factor] and (ii) as a chemical disinfectant used in freshwater processing on a global scale, both in the context of drinking water safety and recreational freshwater use. Physicochemical properties (including redox potential and photon absorptivity) determine chemical reactivity of HOCl towards select biochemical targets [i.e. proteins (e.g. IKK, GRP78, HSA, Keap1/NRF2), lipids, and nucleic acids], essential to its role in innate immunity, antimicrobial disinfection, and therapeutic anti-inflammatory use. Recent studies have explored the interaction between solar UV and HOCl-related environmental co-exposures identifying a heretofore unrecognized photo-chemopreventive activity of topical HOCl and chlorination stress that blocks tumorigenic inflammatory progression in UV-induced high-risk SKH-1 mouse skin, a finding with potential implications for the prevention of human nonmelanoma skin photocarcinogenesis.
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Introduction: Environmental Exposure and Skin Health: Focus on Solar Ultraviolet Radiation and Co-Exposure to Environmental Toxicants

Skin, the largest part of the human integumentary system constituting about 15% of the total adult body mass, is positioned at the interface between environment and the body’s internal organs (1). The skin is a crucial and dynamic barrier against the constantly changing environment, autonomously maintaining organ-level and systemic homeostasis. As one of the key barriers of defense against physical, chemical, and microbial stressors, the skin is a complex organ functioning in tissue regeneration and wound healing, hydro-, osmo-, and thermoregulation, endocrine and sensory functions, biosynthesis, metabolism, innate and adaptive immunity, circadian rhythmicity, and neuro-psychosocial communication (1–8). Among various environmental factors relevant to human health, solar exposure is known to impact tissue homeostasis modulating many of these cutaneous functions. Indeed, skin barrier dysfunction is a hallmark of numerous cutaneous pathologies including allergic reactions, microbial infection, photoaging, and photocarcinogenesis.

As an outer surface organ, human skin is ubiquitously exposed to solar ultraviolet (UV) radiation. UV exposure has both positive and negative effects on human health (9). It is responsible for the biosynthesis of vitamin D3, can stimulate the production of photoprotective melanin, and is used therapeutically to treat inflammatory skin diseases (such as psoriasis, vitiligo, localized scleroderma, and atopic dermatitis). At the same time, solar UV is a potent environmental human carcinogen (10–12). The mechanisms by which solar UV-radiation causes skin photodamage are wavelength-dependent (11). UVB (290-320 nm) is thought to cause direct structural damage to DNA in the form of epidermal cyclobutane pyrimidine dimers (CPDs) and other photoproducts. Most of the solar UV energy incident on human skin derives from the deeply penetrating UVA region (≥ 95%, 320-400 nm) not directly absorbed by DNA, and UVA-induced photodamage occurs by oxidative mechanisms mediated by reactive oxygen species (ROS). Contributing to the adverse effects of solar UV exposure is its known action as a systemic immunosuppressant, compromising an individual’s immune response with mechanistic implications for photocarcinogenesis (13).

UV and other environmental toxicants can be conceptualized as components of the overall skin exposome (Figure 1), a term integrating all environmental cutaneous exposures and consequent biological effects including antagonism and potentiation that may result from co-exposures (14): (i) physical (such as thermal and mechanical trauma), (ii) chemical/xenobiotic [such as industrial pollutants, topical and systemic drugs, disinfectants, pharmaceuticals and personal care products (PPCPs)], (iii) microbiomic (originating from commensal and pathogenic microbes), (iv) allergenic (either of chemical or biological nature), and (v) life style-associated (such as tobacco product use, dietary choices, circadian rhythmicity, sleep pattern etc.) factors. Importantly, the complete skin exposome is subject to cross-talk with intrinsic factors (i.e. an individual’s primary biological determinants of skin structure and function) including: (i) genetics (as associated with ethnicity, sex as a biological variable (SABV), disease vulnerabilities etc.), (ii) pathobiological occurrences [such as infections, metabolic dysregulation (including diabetes), and autoimmune disturbances], and (iii) chronological aging (7, 15–20). Certain aspects and subcategories of the skin exposome have been expertly reviewed including the skin microbiome and the skin redoxome (7, 8).




Figure 1 | The Skin Exposome. A multitude of extrinsic environmental factors (referred to in their entirety as the ‘skin exposome’) impact structure and function of skin and its corresponding cellular components. The complex (i.e. additive, antagonistic, or synergistic) interactions between multiple extrinsic (exposome) and intrinsic (biological) factors are important determinants of skin health outcomes. Unfolding skin pathology can potentiate (+) the cutaneous vulnerability to further environmental exposures or intrinsic factors (fueling a positive feedback loop). (PPCP, pharmaceuticals and personal care products; SABV, sex as a biological variable). Image was created using free imaging software: smart.servier.com.



Molecular crosstalk and mechanistic overlap between various components of the extrinsic skin exposome is well substantiated at the molecular level. For example, potentiation of solar UV-induced cutaneous and systemic injury by co-exposure to other environmental toxicants/pollutants has attracted much attention due to its negative impact on public health worldwide. Indeed, common environmental toxicants such as heavy metals (e.g. cadmium), metalloids (e.g. arsenic), and organic xenobiotics (e.g. benzo[a]pyrene, TCDD) are established potentiators of solar UV damage and skin carcinogenesis (21–23). Co-carcinogenicity of various exposome factors potentiating solar UV-induced skin photocarcinogenicity is firmly documented, as applicable to: (i) pollutants such as polyaromatic hydrocarbons including benz[a]pyrene (from cigarette smoke and combustion engines), (ii) arsenic (from drinking water), (iii) hypercaloric dietary intake/metabolic dysregulation, (iv) molecular therapeutics [acting as photosensitizers or immunosuppressants], (v) and microbial infection (HPV, Merkel cell polyoma virus, Malassezia spp.) (21–28). To the contrary, dietary intake of specific phytochemicals representing an extrinsic exposome-related factor might enhance skin barrier function and antagonize photo-carcinogenesis, acting through modulation of specific molecular pathways associated with enhancement of antioxidant stress response (with involvement of the Keap1/NRF2 pathway) and suppression of inflammatory signaling (NFκB and AP-1) (9, 29).

Likewise, impairment of skin barrier function and health can result from the overlap of extrinsic (exposome-related) and intrinsic factors that interact and potentially synergize in complex ways. For example, it is well documented that smoking (an external exposomal factor) accelerates skin aging (intrinsic factor) (30). Likewise, human skin photoaging represents the overlap of intrinsic factors (such as cellular senescence as a function of chronological age) and structural/functional alterations due to environmental solar exposure (31). In the context of co-carcinogenicity, it has long been known that intrinsic genetic alterations that impair DNA repair capacity are associated with an increased UV-induced skin cancer incidence as substantiated paradigmatically by xeroderma pigmentosum patients with excision repair deficiencies underlying a pronounced increase in skin cancer risk (32, 33).

Recently, hypochlorous acid (HOCl) has been identified as an environmental toxicant relevant to cutaneous exposures (34–36). Here, given the ubiquitous use of topical HOCl-based disinfection strategies combined with its established biological role as an essential determinant of neutrophil-related innate immunity, we review the role of this powerful electrophile as an understudied chemical component of the skin exposome with special emphasis on novel data that substantiate HOCl-dependent modulation of solar UV-induced skin carcinogenesis.



Hypochlorous Acid and its Conjugated Anion: Innate and Environmental Mediators of Oxidant Chlorination Stress


HOCl in Innate Immunity

Basic physicochemical properties of HOCl are relevant to its endogenous physiological function including its role as an innate immune factor, topical antimicrobial, and environmental toxicant (Figure 2) (37, 38).




Figure 2 | HOCl/OCl-: Physicochemical Properties, Innate and Environmental Origin, and Formation of HOCl-Derived Secondary Oxidants Under Physiological Conditions (A) pH-dependent speciation (HOCl versus OCl-). At physiological pH, HOCl and OCl- occur at near equimolar ratios (B) Photon Absorptivity. HOCl and its corresponding anion differ with regard to photo-absorptive properties: HOCl (λmax = 235 nm; є = 101); OCl- (λmax = 292 nm; є = 365). OCl- absorptivity covers the solar UVB (290-320 nm) and UVA-II (320-340 nm) regions. (C) Biological and environmental sources of HOCl formation and HOCl-derived secondary oxidants. Left panel: Innate immune activation causes HOCl production by specific myeloid cells under conditions of inflammation and respiratory burst via the myeloperoxidase (MPO)-catalyzed chlorination cycle that consumes H2O2 for Cl- oxidation. Environmental exposure to HOCl occurs in the context of freshwater disinfection (e.g. drinking water, recreational use, etc.) and topical antimicrobial intervention. Right panel: HOCl-derived secondary oxidants. Apart from acting as potent oxidizing species, HOCl/OCl- may be involved in a number of biochemically relevant reactions producing secondary oxidants including: (a) chloramine formation; (b) hydroxyl radical formation downstream of (i) Fe(II)-dependent Fenton or (ii) superoxide chemistry; (c) singlet oxygen formation downstream of (i) peroxide or (ii) superoxide chemistry; (d) molecular chlorine formation with involvement of Cl- at low pH; (e) formation of nitryl chloride and chlorine nitrite upon reaction with nitrite; and (f) formation of hydroxyl and chlorine radicals as a result of UV-driven photolysis.



Importantly, multiple chemical parameters dictate the biological function of HOCl serving as an important component of the skin exposome. In this context it should also be mentioned that HOCl-dependent chlorination stress is dictated by both thermodynamic and kinetic parameters that ultimately determine susceptibility of various biochemical targets (39–43).

First, HOCl is (i) a weak acid, (ii) a powerful chlorination agent, and (iii) direct- or indirect-acting oxidant. HOCl contains one labile proton (pKa = 7.46) dictating the co-existence between acid and conjugated base under physiological conditions at near equimolar ratio (Figure 2A). Another important physico-chemical feature of HOCl and its corresponding anion [OCl- (hypochlorite)], relevant to environmental co-exposure scenarios, is its ability to absorb solar UVB (290-320 nm) photons and, as a consequence, undergo photolysis (Figure 2B). HOCl maximally absorbs at 237 nm and 289 nm with molar extinction coefficients of 102 and 36.1, respectively; OCl- maximally absorbs at 292 nm with a molar extinction coefficient of 378. Consequently, photolysis of HOCl by environmentally relevant UVB is a function of pH. Indeed, environmental UV exposure might cause photolysis reactions with formation of various reactive species including the hydroxyl and chlorine free radicals, among others. However, the specific role of photolysis in the mediation of biological HOCl-based chlorination stress remains to be explored, given the opposing effects of a short reactivity-limited lifetime and sustained HOCl-release from photostable organic precursors including chloramines (such as the swimming pool disinfectant trichloroisocyanuric acid; see Figure 5A, structure 5) (44, 45).

Remarkably, HOCl, a weak halogen-based acid and powerful oxidant, serves two seemingly unrelated molecular roles: (i) as an innate immune factor [acting as a myeloperoxidase (MPO)-derived microbicidal factor] and (ii) as a chemical disinfectant used in freshwater processing, both in the context of drinking water safety and recreational use (e.g. swimming pool/hot tub disinfection) (37, 38). Importantly, HOCl and its conjugated base represent a potent oxidizing redox system [E0’ = +0.9 (OCl-); E0’ = +1.48 V (HOCl)] under physiological conditions. In this context, it is important to notice that the major anti-microbially active species is thought to be HOCl (compared to the hypochlorite anion), consistent with the half-cell oxidation-reduction potentials and an increased ability of the uncharged HOCl species to penetrate cell walls and membranes of pathogens. Involvement of MPO in antimicrobial response and host pathogen interaction have been covered elsewhere and will not be the topic of this review (46). The potent oxidant HOCl/OCl− serves as an endogenous microbicidal agent, generated by myeloid lineage-derived effector cells (including neutrophils). Indeed, during the respiratory burst, MPO-dependent oxidation of chloride anions (using NADPH oxidase-derived superoxide/hydrogen peroxide) produces HOCl and other hypohalous acids such as HOBr (hypobromous acid), HOI (hypoiodous acid), and HOSCN (hypothiocyanous acid)] as an essential component of antimicrobial innate immunity (Figure 2C) (47, 48). The ‘chlorination cycle’ catalyzed by MPO involves the hydrogen peroxide-dependent oxidation of reactive site ferric iron [Fe (III)] forming a highly reactive oxy-ferryl [Fe(IV)=O] radical cation capable of oxidizing chloride anions leading to the formation of HOCl and regeneration of the ferric iron MPO. Importantly, endogenous hypohalous acids, even though serving innate host defense functions, may also induce tissue damage at sites of inflammation, an area of active research in the context of neurodegenerative disease (M. Alzheimer; M. Parkinson), metabolic and cardiovascular dysfunction (atherosclerosis; diabetes), autoimmune dysregulation, cancer, and chronological aging, among others (47, 49, 50). Importantly, beyond a role in cutaneous innate immunity, the MPO system has also been involved in various skin pathologies, either serving as a causative factor or biomarker in inflammation, contact hypersensitivity and irritation, psoriasis, UV-damage, photoaging, and carcinogenesis (51–59).



HOCl in Freshwater Disinfection: From Human Consumption to Recreational Use

The disinfection of drinking water supply by HOCl-dependent chlorination may well be regarded as the most important public health milestone in human history. Among the sustainable development goals adopted by members of the United Nations in 2015 is goal 6, which aims to provide all people with equal access to safe and affordable drinking water, sanitation and hygiene as consistent with the 2010 proclamation of the general assembly that such encompasses a human right. Despite substantial progress, it is currently estimated that more than 2 billion people lack access to safely managed drinking water and basic hygiene, while nearly half of the human population lacks sanitation. Indeed, according to global population projections and climate change models, supply problems surrounding safe water will be of utmost importance for this century. Considering these trends, continual optimization of the methods for drinking water sanitation, distribution, safe storage and wastewater treatment will be necessary to reduce water related health disparities on a global scale (60).



HOCl-Based Swimming Pool Disinfectants: Oxidative Potentiators of Cutaneous Solar UV Damage as an Unexplored Environmental Exposure of Global Importance

HOCl is the active microbicidal principle released by standard swimming pool disinfectants employed abundantly worldwide. According to CDC, there are 10.4 million residential and 309,000 public swimming pools and over 7.3 million hot tubs in the United States alone (https://www.cdc.gov/healthywater/swimming/fast-facts.html). Even though HOCl, commonly referred to as ‘swimming pool chlorine’, is the most frequently used halogen-based oxidizing pool disinfectant, little research has addressed toxicological implications and damage potentiation resulting from combined exposure to HOCl-based swimming pool disinfectants and solar UV as it occurs on a global scale in the context of recreational swimming pool use (34). Pool disinfection is an essential barrier to the spread of germs. To ensure a non-infectious healthy pool environment, operators try to maintain a desired range (1.0-1.5 ppm free HOCl; for outdoor swimming pools and indoor pools smaller than 20 m2, the recommended maximum level is 5 ppm). In recent years, use of sodium dichloroisocyanurate, an organic HOCl-precursor, has gained frequent use, but HOCl/OCl- is the predominantly active microbicidal agent (34, 61).

Human skin is extensively exposed to HOCl-based pool disinfectants causing oxidation and chlorination of specific molecular targets; however, little molecular research exploring the potentially adverse cutaneous and systemic effects resulting from exposure to HOCl-disinfectants during recreational swimming pool use has been conducted. Given the important role of photo-oxidative mechanisms underlying adverse cutaneous effects of solar UV exposure and the largely oxidative nature of chlorination-induced damage, it seems reasonable to expect synergistic molecular interactions that drive HOCl-potentiation of sun damage in exposed individuals. Indeed, according to the recent WHO Guidelines for Safe Recreational Water Environments, epidemiological evidence indicates that risk of sunburn and cutaneous photodamage is increased in swimming pool environments.

In addition to direct target chlorination and oxidation, HOCl-dependent reactions of biological relevance in inflammation and antimicrobial defense (-also observed in the context of topical disinfectant use-), might be mediated through the formation of numerous HOCl-derived electrophilic species (Figure 2C; right portion). Chloramine formation involves the HOCl-dependent derivatization of primary and secondary biological amines as contained in small biochemicals (such as histamine and taurine) and macromolecules (proteins etc.) (62–64). Moreover, hydroxyl radical formation may occur downstream of either Fe(II)-dependent Fenton chemistry, scenarios observable under conditions of MPO-facilitated heme degradation as a consequence of excess HOCl formation or pathological elevation of labile iron (65–67). Likewise, hydroxyl radicals can form upon reaction of HOCl with superoxide free radicals (68). Interestingly, HOCl-dependent formation of highly reactive photoexcited molecular oxygen [1O2 (singlet oxygen)] has been documented without mechanistic involvement of photons downstream of peroxide (including linoleic acid hydroperoxide), superoxide, or chloramine chemistry involving the chemical formation of photo-excited states (commonly referred to as ‘chemiexcitation’) (69–71). Molecular chlorine (Cl2) is another species formed downstream of MPO-dependent transformation of Cl- anions and hydrogen peroxide at low pH, relevant to cholesterol chlorination in atherosclerotic pathology (72–74). Furthermore, upon reaction with nitrite, formation of nitryl chloride and chlorine nitrite might occur, reactions relevant to inflammatory protein nitration (75). Lastly, as a result of UV-driven photolysis generation of hydroxyl and chlorine radicals has been documented, a reaction of potential relevance to environmental co-exposure scenarios where solar photons in the UVB range might cause HOCl/OCl- degradation with formation of reactive free radical species consistent with the extensive UVB absorptivity of OCl- (38).




Biomolecular Targets of Chlorination Stress: From Chemical Modification to Pathophysiological Consequences

Chlorination stress that occurs under physiological or environmental exposure-relevant conditions impacts structure and function of numerous classes of biomolecules, either through covalent introduction of chlorine (and chlorine-derived substituents) or through indirect oxidative insult. HOCl, in equilibrium at physiological pH with its anionic form [hypochlorite (OCl−)], may also induce tissue damage at sites of inflammation involving the oxidation and chlorination of biomolecules targeting peptides (e.g. glutathione), proteins, lipids, and nucleic acids (39, 42, 43, 47, 76, 77).

Previous research has identified key molecular modifications downstream of chlorination stress targeting amino acids, peptides, and proteins as dominant targets of biologically-relevant chlorination stress (Figure 3A). For illustration, a hypothetical heptapeptide [H2N-Tyr-Trp-His-Lys-Met-Cys-Arg-COOH] has been envisioned that exemplifies the range of possible amino acid modifications induced by HOCl exposure including dichloro-tyrosine, hydroxy-tryptophan, histidine chloramine, lysine mono- or dichloramine, methionine sulfoxide, cysteine sulfenic/sulfinic/sulfonic acid, and arginine chloramine (78). Protein chlorination has been associated with structural changes of target proteins including fragmentation, crosslinking, aggregation, unfolding, and modulation of specific functions such as immunogenicity, enzymatic activity and ligand-receptor interaction (48, 79). Numerous proteins are subject to chlorination stress-induced modulation through chemical changes under physiological conditions, including plasma proteins [e.g. HSA, alpha2M], histones, heat shock/ER stress response mediators and calcium signaling components (e.g. GRP78, SERCA), inflammatory signaling molecules (e.g. IL-6, IKK) and mediators of tissue remodeling (e.g. MMP7, TIMP-1), causing effects that are mostly consistent with modulation, attenuation, and resolution of inflammatory tissue responses (35, 80–89). Specifically, inactivation of IKK (inhibitor of IκB kinase) through oxidation (Cys114/115) is thought to cause the hypochlorite-dependent attenuation of psoriasis observable upon topical application (35). Similarly, GRP78 (glucose-regulated protein 78, HSPA5) modification through chloramine adduction (Lys 353) has been suggested to modulate autophagy and apoptosis in A549 lung cancer cells, and N-chlorination of HSA (human serum albumin) converts plasma proteins into efficient activators of the phagocytic respiratory burst (46, 86). In addition, biogenic amines, mostly through chloramine formation, have been demonstrated to serve as biomolecular targets of chlorination stress including histamine, serotonin, melatonin, and taurine among others (90, 91).




Figure 3 | Biomolecular Targets of Chlorination Stress (A) Amino acids, peptides, and protein targets of chlorination stress. Theoretical heptapeptide [H2N-Tyr-Trp-His-Lys-Met-Cys-Arg-COOH (1)] illustrating the range of possible amino acid modifications (2) induced by HOCl (from amino- to carboxyterminus): Dichloro-tyrosine, hydroxy-tryptophan, histidine chloramine, lysine mono- or dichloramine, methionine sulfoxide, cysteine sulfenic/sulfinic/sulfonic acid, arginine chloramine. (B) Fatty acids, lipids, and lipoproteins as targets of chlorination stress. HOCl-mediated modification of cholesterol (3) forms a number of cholesterol chlorohydrin stereoisomers: 5,6-dichloro cholesterol (4); (5R,6R)-5-chloro-6-hydroxy cholesterol (5); (5R,6R)-6-chloro-5-hydroxy cholesterol (6); (5S,6S)-6-chloro-5-hydroxy cholesterol (7), among others. For phospholipids, HOCl may either exert its effects near the head group, or at sites of unsaturation: HOCl-mediated modification of phosphatidylserine (6) results in phosphatidylserine chloramine (7), with further oxidation/decarboxylation to phosphatidyl glycoaldehyde (8). HOCl-mediated modification of phosphatidylethanolamine (9) results in the respective dichloramine (10) subsequently forming N-centered radicals acting as long-lived mediators. For simplicity, for both phospholipids each lipid moiety is stearate. Fatty acids possessing greater degrees of unsaturation are more prone to modification by HOCl: HOCl-mediated modification of arachidonic acid (12) results in the formation of arachidonic acid chlorhydrins such as 8,14-dichloro-9,15 dihydroxy arachidonic acid bis-chlorohydrin (13). (C) Nucleic acids as targets of chlorination stress. HOCl may modify DNA, RNA, and free nucleobases. (For simplicity, only HOCl-mediated modification of deoxyribosides is shown.) HOCl-modification of deoxyadenosine (14) forms 8-chlorodeoxyadenosine (15). HOCl-modification of deoxyguanosine (16) forms 8-chlorodeoxyguanosine (17). HOCl-modification of deoxycytidine (18) forms 5-chlorodeoxycytidine (19), followed by spontaneous deamination forming 5-chlorodeoxyuridine (20).



Consistent with chlorination-associated electrophilic stress, unsaturated lipids serve as major HOCl-targets under physiological conditions (Figure 3B) (92–99). Indeed, free fatty acids, triglycerides, phospholipids, as well as cholesterol and its derivatives, have all been validated as being susceptible to chemical modification under conditions of physiological or environmental chlorination stress conditions (Figure 3B). For example, HOCl-mediated modification of cholesterol forms a number of cholesterol-chlorohydrin stereoisomers as depicted; in addition, phospholipids may undergo derivatization at nitrogen-containing head groups (forming the respective chloramine) or at sites of unsaturation, followed by further oxidation/decarboxylation and N-centered free radical formation. In addition, other biochemical lipid mediators including plasmalogens, prostaglandins, and leucotrienes, involved in tissue remodeling and inflammatory signaling, have been shown to be subject to HOCl-dependent adduction with consequent alteration of signaling properties (98).

Nucleic acids are important targets of chlorination stress with possible mutagenic, genotoxic, and cytotoxic outcomes downstream of chemical modification (Figure 3C) (39, 100–102). Specifically, it is well documented that HOCl exposure causes chemical modification of DNA and RNA (and their respective nucleotides, nucleoside, and free nucleobases, irrespective of ribose- or deoxyribose- substitution). For example, HOCl-modification of deoxyadenosine forms 8-chlorodeoxyadenosine, and HOCl-modification of deoxyguanosine forms 8-chlorodeoxyguanosine. Interestingly, HOCl-modification of deoxycytidine forms a 5-chlorodeoxycytidine-intermediate, followed by spontaneous deamination forming stable 5-chlorodeoxyuridine causing miscoding damage downstream of chlorination stress. Indeed, chloro-derivatives of nucleic acids and their constitutive bases, apart from their functional involvement in mutagenic events, may also play an important yet underappreciated role as biomarkers of chlorination stress characteristic of specific pathological conditions.



Endogenous, Phytochemical, and Synthetic HOCl-Antagonists: Antioxidants and Quenchers

Numerous molecular entities of endogenous or phytochemical origin have been shown to antagonize chlorination stress that occurs as a consequence of exposure to HOCl including amino acid derivatives (taurine, glutathione, serotonin, serotonin, carnosine, ovothiol, ergothioneine), phenolics (gallic acid, nordihydroguaiaretic acid, quercetin), and B6 vitamers (pyridoxal, pyridoxine, and pridoxamine), attributed mostly to chemical reactivity (i.e. sacrificial quenching) (Figure 4A). In addition, antagonists of MPO enzymatic activity (such as the synthetic MPO inhibitor verdiperstat or the endogenous metabolite uric acid) blocking HOCl formation have been explored for pharmacological control of pathophysiological chlorination stress (47, 62, 91, 103–109).




Figure 4 | Biochemical, Natural Product, and Synthetic Hocl Scavengers and MPO Antagonists. (A) Endogenous chemical entities: 1. Taurine, 2. Glutathione, vitamins: 3. Vitamin B6, 4. Pyridoxamine; neurotransmitters: 6. Serotonin, 7. Melatonin 8. Carnosine; 9. Ergothioneine. Natural products: 10. Ovothiol, 11. Gallic acid, 12. Nordihydroguaiaretic acid, 13. Quercetin. Endogenous and synthetic MPO antagonists: 5. Uric acid, 7. Melatonin, 14. AZD3241 (Verdiperstat). (B) Endogenous production of taurine as a possible sink for HOCl. First, L-cysteine is oxidized by cysteine dioxygenase (CDO1) to form L-cysteine sulfinic acid, which in turn is decarboxylated by the enzyme cysteine sulfinic acid decarboxylase (CSAD) forming hypotaurine. Hypotaurine may undergo spontaneous oxidation to form taurine, acting as a sacrificial quencher of HOCl/OCl- forming taurine chloramine as a moderately active chloramine with attenuated chlorination reactivity. Interestingly, taurine chloramine has been demonstrated to exert control over downstream signaling pathways including downregulation of NFκB, and upregulation of KEAP1-NRF2. As such, it has been hypothesized that taurine chloramine acts through posttranslational modification of distinct amino acid residues on transcription factors, among other effects.



Among these biomolecules, B6-vitamers deserve special recognition since they have been shown to exert protection against chlorination stress as assessed using in vivo disease models, an effect attributed to formation of stabilized chloramine derivatives (110). Likewise, imidazole-derivatives (e.g. L-histidine, carnosine, carcinine) and thio-imidazole-derivatives (ergothioneine and sea urchin-derived ovothiol) have been identified as potent chlorination stress inhibitors (111–113).

Moreover, the cysteine-derived metabolite taurine (2-amino-ethane-sulfonic acid) has now been identified as a major endogenous HOCl-directed scavenger and antioxidant, attenuating physiologically relevant chlorination stress (Figure 4B). Strikingly, neutrophils represent a large reservoir of free taurine compromising approximately 50% of the cellular amino acid/amino acid-derivative pool thought to be involved in direct chemical protection against cytotoxic consequences of the respiratory burst associated with microbicidal HOCl formation (114). Taurine formation occurs as the result of enzyme-catalyzed cysteine transformation through intermediate generation of L-cysteine sulfinic acid and hypotaurine (Figure 4B). The consequent formation of N-chlorotaurine, representing a chlorinated adduct with attenuated reactivity, has also been interpreted as an intermediate step facilitating the extension of the phagocytic activity range, enabling enhanced stability and diffusion, spatially amplifying the range of oxidative antimicrobial effects. Indeed, attenuated chlorination reactivity of N-Chlorotaurine has been attributed to sulfonic acid-dependent electrostatic anionic shielding of the adjacent chloramine function that is amenable to chloro-transfer if attacked by biomolecular nucleophiles (115).

Importantly, N-chlorotaurine formation may cause the negative regulation of inflammatory processes by multiple distinct molecular mechanisms attenuating NF-kB and related cytokine signaling (88, 116). Interestingly, taurine might not only attenuate direct chemical reactivity of HOCl through sacrificial quenching, but chloro-taurine may then act as a redox-directed signaling modulator of major inflammatory targets and pathways. Indeed, it has been shown that N-chlorotaurine modulates inflammatory pathologies attributed to chemical modification of inflammatory factors, such as IL-6 and NFkB. Indeed, N-chlorotaurine exposure of IL-6 causes oxidation of residues relevant to IL6R receptor-binding (Met161 and Trp157) (88). Negative modulation of NF-κB by N-chlorotaurine (and other chloramines such as glycine chloramine) is thought to originate from oxidation of Met45 in IκB (preventing its ubiquitination and proteasomal degradation) (116, 117). Importantly, NRF2, the master transcriptional regulator of cellular antioxidant responses, has also been shown to be responsive to N-chlorotaurine-mediated chlorination stress, an effect attributed to electrophilic adduction and inactivation of Keap-1, the redox-sensitive negative regulator of this transcription factor (118).



Molecular Mediators, Signaling Pathways, and Human Target Organs of Chlorination Stress

Molecular chlorination stress relevant to human health originates from HOCl (among other endogenous hypohalous acids including HOI and HOBr, formed mostly in the context of innate immunity) and is complemented by exposure to HOCl (and related derivatives) originating from exogenous sources. Specifically, environmental exposure-relevant chlorination agents include hypochlorous acid (and its corresponding anion) as well as diverse chloramines (e.g. monochloramine, dichloramine, nitrogen trichloride, chlorinated isocyanuric acid-derivatives) formed as a result of freshwater chlorination (Figure 5A) (119, 120). Interestingly, trichloroisocyanuric acid as well as its di-chloro-analogue are EPA-approved under FIFRA (Federal Insecticide, Fungicide, and Rodenticide Act) regulations, used globally for drinking water and freshwater disinfection (such as in swimming pools), offering increased photostability and sustained HOCl release (44, 121). Importantly, chlorination byproducts (CBPs) including organohaloacetic acids and trihalomethanes (formed due to the presence of dissolved organic matter) and chlorite are subject to strict EPA regulation due to potential adverse health effects (122, 123). Strikingly, out of more than six hundred halogenation byproducts identified as of to date, only eleven are currently subject to strict EPA regulation (124). For example, mutagen X (3-chloro-4-(dichloromethyl)-5-hydroxy-5H-furan-2-one) is a disinfection byproduct derived from humic acids, not regulated by EPA, with suspected involvement in cancer risk elevation associated with consumption of chlorinated drinking water, an effect attributed to genotoxicity surpassing that of currently regulated CBPs (including chloroform and bromodichloromethane) (125). Additionally, PPCPs introduced into the water supply are subject to HOCl-mediated chlorination and subsequent formation of CBPs. For example, common drugs including metformin, diclofenac, and tamoxifen entering freshwater sources are subject to direct chlorination causing drinking water contamination associated with largely unexplored implications for human health (126–129). Likewise, chlorination of PPCPs including sunscreen ingredients such as the common UVA-sunscreen avobenzone are associated with formation of a dichloro-species, and cosmetics are equally subject to chlorination with unexplored effects on human health (16, 130–135).




Figure 5 | Chlorination Stress: Molecular Inducers, Signaling Pathways, Human Target Organs and Therapeutic Opportunities In Skin. (A) Direct and indirect chlorination stress inducers. 1. Hypochlorous acid, 2. Monochloramine, 3. Dichloramine, 4. Nitrogen Trichloride, 5. Trichloroisocyanuric acid. Upon chlorination of fresh water, chlorination byproducts (CBPs) are formed due to the presence of dissolved organic matter: Haloacetic acids: 6. Chloroacetic acid, 7. Dichloroacetic acid, 8. Trichloroacetic acid; Trihalomethanes: 9. Trichloromethane, 10. Bromodichloromethane, 11. Chlorodibromomethane, 12. Chlorite, all of which are subject to governmental regulation. Remarkably, numerous major chlorinated byproducts remain largely unexplored (and unregulated) such 3-chloro-4-(dichloromethyl)-5-hydroxy-5H-furan-2-one (13, commonly referred to as ‘mutagen X’). Additionally, pharmaceuticals and personal care products (PPCPs) introduced into the water supply are subject to HOCl mediated chlorination. As shown, the common UVA-sunscreen avobenzone (14) is chlorinated to produce a dichloro-species (15). (B) Chlorination stress signaling pathways. It has been demonstrated that chlorination stress may impact genotoxic, proteotoxic, inflammation and redox responses including p53, Keap1/NRF2, IKK/NFκB, and AP-1. (C) Human target organs of chlorination stress. Chlorination stress impacts multiple organ systems causing specific functional outcomes as discussed. (D) HOCl: Therapeutic opportunities in skin. HOCl may be used as a topical agent for therapeutic induction of chlorination stress in the context of antimicrobial intervention, impaired barrier function, wound healing, pruritus, atopic dermatitis, psoriasis, skin cancer, and prevention of photocarcinogenesis.




Human Target Organs of Environmental Chlorination Stress

Importantly, human organ dysfunction may occur as a result of chlorination stress originating from exogenous (environmental) and endogenous (innate) sources (47, 49). Indeed, these pathophysiological outcomes have been attributed to the molecular consequences of chlorination stress (mediated through HOCl/OCl- and HOCl-derived organic chloramines) impacting genotoxic, proteotoxic, inflammatory, and redox stress responses involving modulation of crucial transcription factor systems including p53, Keap1/NRF2, HSF1, IKK/NFκB, and AP-1 (Figure 5B) (35, 36, 118, 136–138). Likewise, signaling cascades including MAPKs (p38, ERK1/2) are sensitive to HOCl exposure attributed in part to tyrosine phosphatase modulation through cysteine-oxidation (139, 140). Also, in the context of balancing HOCl-related organ toxicity and therapeutic effects, it should be mentioned that the indiscriminate HOCl-dependent induction of chlorination stress might be associated with adverse irritant effects (51, 141–144).

Here, we will briefly focus on organ-specific toxicity of environmental exposure-induced chlorination stress (Figure 5C). In the lung, exposure to chlorination stressors has long been associated with a role in chronic inflammatory diseases of the respiratory system (137, 144–148). For example, competitive swimmers have been shown to suffer from high rates of asthma and airway hyperresponsiveness attributed to HOCl and volative DBP exposure (149, 150). In the context of pulmonary exposure, it is noteworthy that inhalational HOCl formulations are now undergoing clinical trials for prophylaxis and treatment of COVID-related respiratory infectious illness (ClinicalTrials.gov Identifier: NCT04684550). Moreover, there are concerns that innate or environmental chlorination stress might be related to the occurrence of lung malignancy related to genotoxic effects (86, 151, 152). Likewise, in the gastrointestinal tract, chlorination-associated changes have been substantiated, potentially impacting microbiome and barrier function, occurrence and severity of inflammatory pathology, and malignant progression (153–157). Hepatic toxicity related to chlorination stress, particularly in the context of environmental exposure to chlorination byproducts, has been documented extensively. Hepatic metabolism, biotransformation of drugs and xenobiotics have been investigated, and liver injury as well as malignancy have been substantiated as pathological outcomes resulting from chronic and dysregulated chlorination stress that might be potentiated by synergistic co-exposure involving multiple chlorinated chemical entities (158–161). Nephrotoxity and urogenital tract dysfunction are established pathological outcomes of chlorination stress. Among other pathologies, acute kidney injury, glomerulonephritis, diabetic nephropathy, and bladder cancer have been associated with exposure to pathological chlorination stress (110, 162–166).



Potential Therapeutic and Chemopreventive Opportunities of Topical HOCl With a Focus on Solar UV-Induced Skin Carcinogenesis

Remarkably, in addition to endogenous and environmental sources, skin HOCl exposure also occurs through application of topical disinfectants employed worldwide as clinical and consumer products (167–171). In human skin (as a function of concentration, pH, and exposure time), irritation and disruption of barrier function, alteration of the commensal microbiome, allergy, and contact hypersensitivity are expected outcomes of inappropriate topical HOCl product use not compliant with standard of care (Figure 5D) (142, 143). Also, it has been hypothesized that DBPs in drinking water correlate with risk of skin cancer (172). Importantly, HOCl-based therapeutics optimized for topical delivery are now serving as pharmaceutical formulations for wound management, scar prevention, diabetic ulcers, atopic dermatitis, pruritus, psoriasis, and seborrheic dermatitis (84, 168, 173, 174). Suppression of inflammatory gene expression with downregulation of iNOS and COX-2 downstream of HOCl-dependent IKK inactivation represents the crucial mechanistic basis underlying HOCl-dependent therapeutic efficacy targeting psoriasis and radiation dermatitis (35). The same mechanism has also been substantiated attenuating experimental melanoma progression as a result of myeloid cell-derived HOCl (175). In addition, HOCl-hydrogel formulations have shown immunotherapeutic efficacy against experimental murine melanoma (176). Consistent with these observations, a suppressive role of HOCl in the control of cancer cell viability and tumor progression has been envisioned and further substantiated (71, 177, 178).

More recently, we have investigated the molecular consequences of solar simulated ultraviolet (UV) radiation and HOCl combinations, a procedure mimicking co-exposure experienced for example by recreational swimmers exposed to both HOCl (pool disinfectant) and UV (solar radiation). First, we have profiled the HOCl-induced stress response in reconstructed human epidermis and SKH-1 hairless mouse skin (36). In AP-1 transgenic SKH-1 luciferase-reporter mice, topical HOCl suppressed UV-induced inflammatory signaling assessed by bioluminescent imaging and gene expression analysis documenting HOCl-antagonism of solar UV-induced AP-1 activation. Co-exposure studies (combining topical HOCl and UV) performed in SKH-1 hairless mouse skin revealed that the HOCl-induced cutaneous stress response blocks redox and inflammatory gene expression elicited by subsequent acute solar UV exposure. Remarkably, in the SKH-1 high-risk mouse model of UV-induced human keratinocytic skin cancer, relevant to actinic keratosis and subsequent malignant progression, topical HOCl blocked tumorigenic progression and inflammatory gene expression (Ptgs2, Il19, Tlr4), confirmed by immunohistochemical analysis including 3-chloro-tyrosine-epitopes.

These data illuminate the molecular consequences of HOCl-exposure in cutaneous organotypic and murine models assessing inflammatory gene expression and modulation of UV-induced carcinogenesis. However, the specific mechanistic involvement of NFκB and AP-1 in the HOCl-induced attenuation of UV-induced skin inflammatory gene expression and carcinogenesis remains to be elucidated. With relevance to cancer-directed preventive and potentially therapeutic activity, an HOCl-induced increased immunogenicity of proteins and enhanced uptake by dendritic cells have been observed (179). Likewise, activity as a natural adjuvant (through induction of adaptive immunity by HOCl-dependent oxidation of N-linked carbohydrates in glycoprotein), subsequently enhancing scavenger receptor uptake by antigen presenting cells, has been demonstrated, linking HOCl-potentiation of innate and adaptive immunity (180).

If translatable to photodamaged human skin, these observations provide novel insights on molecular consequences of chlorination stress not only relevant to environmental exposure but indicative of a potential photo-chemopreventive utility for topical intervention targeting early (actinic keratosis) and advanced stages of nonmelanoma skin cancer.




Future Directions

Chlorination stress associated with HOCl/OCl- exposure originating from innate and environmental sources has now been identified as a double-edged molecular sword, mediating essential functions in the context of innate immunity towards microbial attack and exerting effects that are either detrimental or therapeutic to human health, particularly in the context of skin anti-inflammatory and cancer photochemopreventive topical intervention. Harnessing HOCl-dependent preventive and therapeutic effects that might benefit human patients will depend on the development of novel chemical entities and advanced formulations allowing a more controlled and targeted modulation of chlorination stress (70, 181). Indeed, additional research must carefully explore dose regimens and extended release formulations that achieve anti-inflammatory and photo-chemopreventive effects while avoiding potential HOCl-induced tissue damage and irritation. In the same way, availability of specific biocompatible molecular fluorescent probes with diagnostic utility in vitro and in vivo (allowing imaging and quantitative analysis of physiological and therapeutic chlorination stress conditions) will expand our understanding of these multi-faceted versatile biochemical actors and processes as key determinants of health and disease (182).
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Low
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uvi
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2-5
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Skin Type classification

\
* Naturally black skin
* High Eumelanin and low
Phaeomelanin
* Melano- protected
Vv
* Naturally brown skin
* High Eumelanin and low
Phaeomelanin)
* Melano- protected
v
 Light skin
* High phaeomelanin and low
eumelanin
* Melano- competent
1}
* Light skin and Freckles
* High phaeomelanin and low
eumelanin)
* Melano- competent

* Pale

* None or very little eumelanin or
phaeomelanin (albinism)

* Melano-compromised

Burns/Tans after
sun exposure

* No
*No

* Negligible
* Negligible

* Sometimes
seldom
* Always usually

* Sometimes
seldom
* Always usually

* Always usually
* Sometimes
seldom

Diseases due to
inadequate UVR exposure/
vitamin D levels in body

Cancers:

* Prostate

* Breast cancer

* Colorectal cancer

* Ovary cancer

* Non-Hodgkin lymphoma
Autoimmune diseases:

* Multiple sclerosis

* Type 1 diabetes

* Rheumatoid arthritis
Psychiatric disorders:

* Seasonal affective
disorder

* Mood disorders

* Schizophrenia

* Insufficient vitamin D
levels

* Rickets

* Osteomalacia

* Osteoporosis

Diseases due to excessive UVR
exposure

Effects on the skin
Acute
 Sunburn
* Photodermatoses
Chronic
* Cutaneous malignant melanoma
* Cancer of the lip
* Basal cell carcinoma
* Squamous cell carcinoma
® Chronic sun damage/solar
keratoses
Effects on the Eyes
Acute
* Acute photokeratitis and
conjunctivitis
* Acute solar retinopathy
Chronic
* Climatic droplet keratopathy
* Pterygium
* Pinguecula
* Squamous cell carcinoma of the
comea
 conjunctiva
* Cataract
 Ocular melanoma
* Macular degeneration
Other effects
* Suppression of cell-mediated
immunity
* Increased susceptibility to
infection
* Impairment of prophylactic
immunization
Indirect effects
* Effect on climate, food supply, disease
vectors, atmospheric chemistry

UV radiation exposure categories, UV index range and diseases due to inadequate/excessive exposure to UVR.
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ﬁ Chlorination stress inducers
HOCI, chloramines & HOCI precursors: o
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B Chlorination stress pathways

genotoxic / proteotoxic/ inflammatory/ redox
stress response factors:

* p53 * Keap1/ NRF2

* IKK * HSF1

* NFxB * MAPK (p38, ERK1/2)
* AP-1 * others

¢ Environmental chlorination stress targets

D

_—

lung
* allergy
—._ * asthma

@D * malignancy

t
|

| skin

barrier function
* microbiome

(| * allergy

= * malignancy

Gl-tract

* microbiome

* barrier function
¢ Inflammation

* malignancy

liver

* metabolism

* biotransformation
* liver injury

* malignancy

kldney & bladder
acute kidney injury

* glomerulonephritis

* diabetic nephropathy

* malignancy

therapeutic modulation of:

« antimicrobial protection
« barrier function

» wound healing
targ.etbd chlorination stres's =====p|* pruritus

« atopic dermatitis

* psoriasis

« photocarcinogenesis

» skin cancer






OPS/images/fonc.2022.887220/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.887220/fonc-12-887220-g001.jpg
AP

\Nlz

e 2 5

T~ B = g
7\ =

=
|

. . . physical pollutants/ drugs/ 7 diet/
microbiome microbes  allergens trauma solarUV . obiotics tobacco ppcp disinfectants lifestyle
extrinsic
factors

skin
exposome

Langerhans cell
keratinocyte

1
[
1
1
1
1
1
1
1
1
1
1
1
1
[
1
[
1
1
1
1
1
1
1
[
1
1
1
1
1
1
i
melanocyte [
1
1
1
1
1
[
1
1
1
[
1
1
1
[
1
1
1
I
1
1
1
1
1
1
1
1
1
1
[
1
-

skin health
outcomes
intrinsic ‘
factors
I—I—| skin barrier dysfunction
infection
genetics immune dysregulation
SABV + inflammation 2
ethnicity <---------- impaired wound healing | -------=------
health statys photodamage
chronological age

photoaging
cancer
others






OPS/images/fonc.2022.887220/fonc-12-887220-g002.jpg
—_
. 2
O 80 >
o g
0=
35S 60 S
[ne] @
2
o o s
> = 40 e
3 :
20
I £
w

5 6 7 8 9 10
pH [aqueous]

o
innate immunity
myeloid lineage (neutrophils, MPO
monocytes, macrophages etc.): 1 cr
* inflammation H,0

* respiratory burst

H,0,
chlorination
stress HOCI
Ny
= | || —= environmental exposure
/ \ | / disinfection
VU * drinking water

W/ * recreational water exposure [pools etc.]
L * topical antimicrobials

)\.[nm]
R-NH, , R-NHCI/ R-NCI, (a)
(i) Fe?*
(ii) Oy" OH (b)
(i) H,0,/ RQOH ¢
BHOIRIH 10, (o)
Cl"
[low pH] CIZ (d)
NO; , CI-NO,/ CI-ONO ()
uv

‘OH + CI- (f)





OPS/images/fonc.2022.887220/fonc-12-887220-g003.jpg
Biomolecular targets of chlorination stress

A Amino acids/peptides/proteins

membrane
cholesterol
cholesteryl esters
triglycerides

Apo-B100

HO'

phospholipids
cholesterol

LDL <

) (] o [} [} o [o]

PN ’E\o/\HLOH Hoc! HaC(H:0) Ao o"»"o/\ekou HaC(HC A

HiC(HChe 0748 = H3C(HzC)s6 o 5C(H2C)1g” O
0.0 NH; 0.0 _NH - =

6 ﬁc CH: 7 (\in CH: '

(CH2)16CHy 2 H3C(H,Chie

i Hocl X, 2 i

o o
P, NH; 8 P N,
HaCtHzmu*o/Y\% o2 HyC(H;C)r¢ s N mcmzcns)\o/\ﬂ%" o~ N
o O [}

9 (CHaucHy 11 CHaecHs

other protein targets:

IL-6, MMP7, SERCA, TIMP-1, a2M, etc. ”1°3 -

C Nucleic acids NH, NH, 9 ! NH, NH, o
N~ N N~ N N NH N NH N= N= HN
¢ f\ o~ rl L o~ A o< ) oA )Y °
NSy Hocl N N) NTON NHz yocr N N)\NHz N HOCI_ N~ +H,0 04N Y
o o (o} (¢} o [o} - NH; [o]
HO. HO. HO. HO HO HO

16 °" OH 18 OH 190 20 °






OPS/images/fonc.2022.868781/table2.jpg
Merkel cell carcinoma

Normal skin

Melanoma

Squamous cell carcinoma

Basal cell carcinoma

Bowen'’s disease

Actinic keratosis

Keratoacanthoma

Seborrheic keratosis

Stratification criterion

Overall

Country

- USA

- Germany

- USA/Australia

- Finland

- Hungary

- France

- Switzerland

- Korea

- Japan

- Brazil

- Spain

- Italy

- India

Continent

- America

- Europe

- Asia

Sample types

- Frozen section (Fr)
- Formalin-fixed paraffin-embedded (FFPE)
- Formalin-fixed paraffin-embedded / Frozen section (FFPE/Fr)
- Not reported (NR)
Overall

Country

- USA

- Germany

- USA/Australia

- France

- Switzerland

- Italy

- Iran

Continent

- America

- Europe

- Asia

Sample type

- Formalin-fixed paraffin-embedded (FFPE)
- Formalin-fixed paraffin-embedded / Frozen section (FFPE/Fr)
- Not reported (NR)
Overall

Country

- Finland

- Hungary

- Germany

- France

- Korea

- Japan

- Brazil

Continent

- America

- Europe

- Asia

Sample type

- Formalin-fixed paraffin-embedded (FFPE)
- Formalin-fixed paraffin-embedded / Frozen section (FFPE/Fr)
- Not reported (NR)
Overall

Country

- USA

- Germany

- USA/Australia

- Hungary

- Switzerland

- Italy

- Iran

- Korea

- Japan

- Brazil

Continent

- America

- Europe

- Asia

Sample type

- Frozen section (Fr)
- Formalin-fixed paraffin-embedded (FFPE)
- Formalin-fixed paraffin-embedded / Frozen section (FFPE/Fr)
- Not reported (NR)
Overall

Country

- Germany

- Hungary

- France

- Switzerland

- Japan

- Korea

- Brazil

- Iran

Continent

- America

- Europe

- Asia

Sample type

- Frozen section (Fr)
- Formalin-fixed paraffin-embedded (FFPE)
- Formalin-fixed paraffin-embedded / Frozen section (FFPE/Fr)
- Not reported (NR)
Overall

Country

- Germany

- Switzerland

- Japan

- Brazil

Continent

- America

- Europe

- Asia

Sample type

- Frozen section (Fr)
- Formalin-fixed paraffin-embedded (FFPE)
- Not reported (NR)
Overall

Country

- Germany

- Switzerland

- Japan

- Korea

- Brazil

Continent

- America

- Europe

- Asia

Sample type

- Frozen section (Fr)
- Formalin-fixed paraffin-embedded (FFPE)
- Not reported (NR)
Overall

Country

- Germany

- Switzerland

- Brazil

- Sweden

- Korea

Continent

- America

- Europe

- Asia

Sample type

- Frozen section (Fr)
- Formalin-fixed paraffin-embedded (FFPE)
- Not reported (NR)
Overall

Country

- Germany

- Switzerland

- Japan

- Korea

Continent

- Europe

- Asia

Sample type

- Formalin-fixed paraffin-embedded (FFPE)

Number of studies
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Pooled results
(95% ClI)

80% (71% - 88%)

83% (53% - 100%)
83% (75% - 90%
43% (29% - 59%
80% (72% - 86%
75% (49% - 95%)
75% (36% - 99%)
67% (49% - 81%
84% (61% - 98%
86% (76% - 93%
80% (21% - 100%)
91% (7% - 97%)
67% (39% - 86%)
67% (39% - 86%)

78% (54% - 96%)
78% (65% - 89%)
84% (76% - 90%)

85% (46% - 100%)
79% (67% - 89%)
85% (74% - 94%)
67% (55% - 77%)
11% (4% - 20%)

19% (1%- 48%)
22% (1% - 35%)
0% (0-20%)
7% (0%-37%)
15% (6% - 26%)
10% (2% - 40%)
2% (0% - 10%)

13% (0% - 36%)
15% (9% - 23%)
2% (0% - 10%)

8% (3% - 16%)

30% (0% - 84%)

13% (6% - 25%)
4% (1% - 9%)

0%(0% - 35%)
2% (0% - 10%)
13% (1% - 32%)
0% (0% - 23%)
0% (0% - 24%)
8% (0% - 22%)
7% (1% - 31%)

7% (1% - 31%)
3% (0% - 9%)
2% (0% - 18%)

4% (0% - 9%)
0% (0% - 23%)
17% (6% - 45%)
15% (9% - 22%)

35% (15% - 57%)
29% (22% - 37%)
13% (4% - 38%)
0% (0% - 23%)
8% (0% - 35%)
12% (5% - 27%)
9% (3% - 18%)
0%(0% - 32%)
10% (1% - 25%)
3%(0% -14%)

22% (9% - 39%)
18% (9% - 27%)
6% (0% - 17%)

36%(28% - 44%)
16% (9% - 23%)
9% (0% - 26%)
5% (0% - 24%)
14% (7% - 22%)

26% (14% - 40%)
0% (0% -28%)
0% (0% - 23%)

38% (27% - 49%)
4% (0% - 15%)
0% (0% - 32%)

24% (13% - 38%)
10% (6% - 20%)

24% (13% - 38%)
19% (8% - 32%)
5% (1% - 12%)

31% (22% - 40%)
14% (5% - 26%)
0% (0% - 8%)
11% (6% - 19%)
21% (2% - 48%)

329% (18% - 48%)
25% (7% - 59%)
0% (0% - 10%)

50% (15% - 85%)

50% (15% - 85%)
31% (18% - 45%)
0%(0% - 10%)

50%(15% - 85%)
17% (0% - 49%)
25% (5% - 70%)
6% (0% - 17%)

13% (3% - 27%)
0% (0% - 49%)
6% (2% - 16%)
0% (0% -32%)

40% (12% - 77%)

40% (12% - 77%)
8% (0% - 25%)
3% (0% - 11%)

40% (12% - 77%)
6% (0% - 16%)
0% (0% - 35%)
20% (0% - 51%)

29%(20% - 39%)
0% (0% - 56%)
100% (21% - 100%)
36% (20% - 57%)
0% (0% - 51%)

100% (21% - 100%)
28%(20% - 38%)
0% (0% - 4%)

100% (21% - 100%)
15% (0% - 44%)
43% (16% - 75%)
10% (1% - 24%)

23% (10% - 39%)
0% (0% - 56%)
0% (0% - 43%)
0% (0% - 32%)

18%(6% - 34%)
0%(0% - 14%)

10% (1% - 24%)

2

89.93%

91.5%
65.9%

96.8%

34.8%

89.9%
93.1%
13.3%

92.2%
59.8%

71.2%

84.2%

83.5%
3.3%

57.9%

0%

0%
36.8%

0%

77.3%

91.5%
0%

88.1%
66%
61.7%

74.9%

82.6%

71.2%

66.2%

79.4%
48.8%

84.8%

81.5%

0%

87.6%

38.7%

32%

91.6%

0%

93.6%

20%

20%

P-value for
difference

<0.056

<0.05
<0.05

<0.056

<0.05
<0.05
0.33

<0.05
0.40

0.02

0478

<0.05
<0.05
0.02

<0.05
0.08

<0.05

0.93

<0.05

0.148

0.22

<0.05

0.64

<0.05

0.287

0.29





OPS/images/fonc.2022.811586/fonc-12-811586-g004.jpg
Count per million

Count per million

Count per million

60000

40000

20000

-20000

1000

500

CCL5 B

* %

ok o E

Count per million

TLS- TLS+ TLS- TLS+
MCPyV-  MCPyV+

F
CXCR5
NS.

2000
5 1500
E 1000

[

Q
! £ 500

S
0

TLS- TLS+ TLS- TLS+
MCPyV-  MCPyV+

CXCL11
- % 00
— %
30000
=
S
20000
€
]
210000
&=
>
| o
(o]

CCR2 c CCR7 e CXCR3
*% % _
8000 * —EE 400
=3 c
£ 6000 £ 300
€ €
%5 4000 5 200
Q Q
S 2000 5 100
S S
TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+
MCPyV- MCPyV+ MCPyV-  MCPyV+ MCPyV-  MCPyV+

G H

CXCR6 CXCL9 CXCL10

* %k * % %k %
* 80000 . Tk 260007 %

60000 C2000(}
o o
= =15000
540000 | =
320000 $10000

é % o =2 (). 2 D % 5000 &
o o X

-40000 -5000
TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+
MCPyV-  MCPyV+ MCPyV-  MCPyV+ MCPyV-  MCPyV+
K
CXCL13 CX3CR1
— k¥ 0000 —  kk 00
_kk 600 —r

Count per million
N
o
o

TLS- TLS+ TLS- TLS+

MCPYV-  MCPyV+

TLS- TLS+ TLS- TLS+ TLS- TLS+ TLS- TLS+
MCPYW-  MCPyV+ MCPYV-  MCPyV+





OPS/images/fonc.2022.811586/fonc-12-811586-g005.jpg
Disease-specific survival(%)

100

50

—— CXCL13:high(n=30)
—— CXCL13:low(n=10)
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Characteristics Value

cases 61
samples 71
Age(range) 77.30 (40-98)
Sex
Male 22 (36.1%)
Female 39 (63.9%)
Race
Asian(Japanese) 61 (100%)
MCPyV Cases (n=61)
Positive 38 (62.3%)
Negative 23 (37.7%)
Primary Site Cases (n=61)
Head&Neck 43 (67.6%)
Trunk 1(1.6%)
Limbs 17 (27.9%)
Lesion Samples (N=71)
Primary 60 (84.5%)
Skin Meta 11 (15.5%)
Stage at collection Samples (n=71)
| 24 (33.8%)
1 23 (32.4%)
1l 16 (22.5%)
v 8 (11.3%)
Treatment Cases (n=61)
Surgery 15 (24.6%)
RT 3 (4.9%)
Surgery+RT 30 (49.2%)
Surgery+Chemo 2 (3.3%)
Surgery+RT+Chemo 4 (6.6%)
Surgery+RT+Cl 2 (3.3%)
Spontaneous Regression 5 (8.2%)

RT, radiation therapy; Chemo, chemotherapy; ICI, immune checkpoint inhibitor.
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Age
<54
55-69
=70
Mean + SD
Sex
Female
Male
Monthly income (NT$)
<20,000
20,001-40,000
>40,000
Residential region
Northern
Central
Southern
Others
Stage of melanoma
0
|
I
n
\%
Hypertension
Hyperlipidemia

Categories of Charlson comorbidity index score

Myocardial infarction
Congestive heart failure
Peripheral vascular disease
Cerebrovascular
Dementia
Chronic pulmonary disease
Connective tissue disease
Peptic ulcer disease
Mid liver disease
Diabetes without chronic complication
Diabetes with chronic complication
Hemiplegia or paraplegia
Renal disease
Any malignancy

Charlson comorbidity index score
0
1

VoW N

4

YFisher’s exact test.

Non-melanoma (N = 4,760)

Melanoma (N = 476)

n

710
1,430
2,620

2,060
2,700

1,527
2,349
884

1,089

1,116

1,212
443

1,997
986

44
197
56
444
175
484
2
473
187
820
244
19
310
50

2,663
1,024
478
280
315

69.91 + 15.66

%

14.9
30.0
55.1

433
56.7

321
49.3
18.6

41.8
23.4
255
9.3

42.0
20.7

0.9
4.1
12
9.3
3.7
10.2
05
9.9
39
17.2
5.1
0.4
6.5
11

55.95

21.51
10.04
5.88

6.62

4l
143
262

206
270

144
235
97

242
87

M
36

52
292
106

18
242
108

212
126
54
45
39

69.91 + 15.67

%

14.9
30.0
55.1

43.3
56.7
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Age (y) Sex Location Clark’s classification Bastian’s classification Efficacy PAI-1
1 81-90 F cheek NM Csb PR 2+
2 71-80 F toe ALM Acral CR 2+
3 71-80 M shoulder NM non-CSD PD =
4 71-80 M heel ALM Acral PD =
5 81-90 F toe ALM Acral PR 2+
6 81-90 M sole ALM Acral PD =
7 51-60 M back NM non-CSD PD 1+
8 71-80 M toe ALM Acral PD =
9 81-90 F sole ALM Acral PD 2+
10 71-80 F femor SSM non-CSD PD =
1 71-80 F toe ALM Acral PD 2+
12 81-90 F back SSM non-CSD PD N
13 61-70 M toe ALM Acral PR 2+
14 71-80 M sole ALM Acral PR 2+
15 91-100 M sole ALM Acral PD 2+
16 81-90 M lower leg NM non-CSD SD 2+
17 51-60 F lip LMM [eih] PD =
18 31-40 M cervical NM CsDb PD 2+
19 31-40 F lower leg SSM non-CSD PR 1+
20 31-40 M lower leg NM non-CSD PD -
21 71-80 F sole ALM Acral PD 2+
22 61-70 F head NM CSD CR 2+
23 61-70 M back NM non-CSD PR 2+
24 71-80 M ear NM CSsD PD =
25 71-80 F toe ALM Acral PR 2+
26 41-50 M head NM CsDb PD 1+
27 71-80 F heel ALM Acral PD -
28 61-70 M sole ALM Acral PR 1+
29 61-70 F back NM non-CSD PR 2+
30 31-40 M cheek NM CSD PD =
31 41-50 M lower leg NM non-CSD PD -

ALM, acral lentiginous melanoma; NM, nodular melanoma; SSM, superficial spreading melanoma; LMM, lentigo maligna melanoma; CSD, cumulative sun damage.
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Age (y) Sex Location Clark’s classification Bastian’s classification Efficacy Serum PAI-1 (pg/ml)

1 81-90 F cheek NM CSD PD 2.506
2 61-70 M sole ALM Acral PR 6.285
3 81-90 F toe ALM Acral PD 4.892
4 71-80 M lower leg SsM non-CSD SD 3.159
5 81-90 M head NM CSD PR 2178
6 51-60 F upper lip NM CSsD PD 2.534
7 31-40 F lower leg SSM non-CSD SD 6.372
8 71-80 M groin NM non-CSD PR 2.86
9 71-80 F vulva mucosal mucosal PD 3.101
10 31-40 M cheek LMM CSb PD 8.999
1 71-80 F sole ALM Acral PD 5.034
12 51-60 F chest NM non-CSD PD 3.781
13 61-70 M auricle SSM Ccsb PD 3.288
14 41-50 M lower leg SsMm non-CSD PD 6.657
15 31-40 M lower leg NM non-CSD PD 2.676
16 71-80 E toe ALM Acral PR 0.1261
17 59-60 M femur NM non-CSD PR 2.395
18 41-50 M sole ALM Acral PD 1.041
19 71-80 F lower leg SSM non-CSD PR 3.825
20 81-90 M sole ALM Acral PR 2.486
21 81-90 F vagina mucosal mucosal PD 2.887
22 61-70 F back SsMm non-CSD PR 2.142
23 41-50 F vulva mucosal mucosal PR 1.546
24 51-60 F vagina mucosal mucosal PD 7.166
25 71-80 E sole ALM Acral PD 3.812
26 71-80 M sole ALM Acral PR 5.854
27 61-70 F upper arm SSM non-CSD SD 4.015
28 71-80 M sole ALM Acral PD 4.402
29 51-60 F anus mucosal mucosal PD 2.957
30 61-70 M back NM non-CSD PD 4.647
31 81-90 F cheek LMM CSsb PD 2.8

32 81-90 M nasal cavity mucosal mucosal PR 2.332
33 41-50 M cheek LMM CSD PD 3.586
34 71-80 M sole ALM Acral PD 2715
35 71-80 M sole ALM Acral PD 7.636
36 71-80 F toe ALM Acral PR 3.124
37 61-70 M penis NM non-CSD PD 4.981
38 81-90 M sole ALM Acral PD 2.598
39 61-70 M sole ALM Acral PD 8.59
40 71-80 M sole ALM Acral PD 5313
41 41-50 F sole ALM Acral PD 3.706
42 61-70 F femur SsM non-CSD SD 5.647
43 41-50 M shoulder NM non-CSD SD 14.77
44 81-90 E lower leg SSM non-CSD PR 1.207
45 71-80 M abdomen SSM non-CsD PD 2222
46 31-40 F back NM non-CSD PD 3.938
47 81-90 M eyelid NM CSD PR 1.539
48 41-50 M abdomen SsMm non-CSD PD 13.97
49 61-70 M palm ALM Acral PD 2.628
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GENE CANCER TYPE FOLD CHANGE p-value t-test Reference PMID

ITGA3 Cutaneous Melanoma vs. Normal 14.807 9.58E-05 7.105 Talantov Melanoma PMID: 162437983
TGA4 Cutaneous Melanoma vs. Normal 3.224 0.013 275 Riker Melanoma PMID: 18442402
TGAB Benign Melanocytic Skin Nevus vs. Normal 16.226 1.71E-05 5.491 Talantov Melanoma PMID: 16243793
ITGA10 Cutaneous Melanoma vs. Normal 2074 0.015 2.55 Riker Melanoma PMID: 18442402
TGB1 Cutaneous Melanoma vs. Normal 3525 0.011 2.983 Riker Melanoma PMID: 18442402
TGB2 Cutaneous Melanoma vs. Normal 3.968 3.61E-04 4.213 Riker Melanoma PMID: 18442402
ITGB3 Melanoma vs. Normal 3.147 0.006 3.681 Hagq Melanoma PMID: 15833814
TGB4 Benign Melanocytic Skin Nevus vs. Normal 10.644 2.76E-03 7.278 Talantov Melanoma PMID: 16243793
TGB7 Cutaneous Melanoma vs. Normal 2.84 0.043 221 Riker Melanoma PMID: 18442402
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