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Abstract

:

Simple Summary


In the present work, we developed an experimental preclinical model of skin with cutaneous field cancerization after chronic UV-B light exposure in an immunologically intact mouse model (SKH1 aged mice). We observed impairments in the transepidermal water loss, stratum corneum hydration, and surface pH. We also detected a marked hyperkeratotic hyperplasia of the epidermis, induction of keratinocyte hyperproliferation, incidental actinic keratosis, and in situ squamous cell carcinomas in the UV-B light-irradiated groups. In this context, the association between the permeability barrier impairment and keratinocyte hyperproliferation might be considered a new target in the management of skin with cutaneous field cancerization. As current therapeutic approaches to actinic keratosis and cutaneous field cancerization only focus on the direct antineoplastic, immunomodulatory, or photodynamic effects of approved topical drugs, this mouse model of skin with cutaneous field cancerization might be helpful for both the identification and screening of potentially new preventive strategies or treatments (e.g., skin barrier therapies).




Abstract


Chronic ultraviolet B (UV-B) irradiation is known to be one of the most important hazards acting on the skin and poses a risk of developing photoaging, skin with cutaneous field cancerization (CFC), actinic keratosis (AKs), and squamous cell carcinomas (SCCs). Most of the UV-B light is absorbed in the epidermis, affecting the outermost cell layers, the stratum corneum, and the stratum granulosum, which protects against this radiation and tries to maintain the permeability barrier. In the present work, we show an impairment in the transepidermal water loss, stratum corneum hydration, and surface pH after chronic UV-B light exposure in an immunologically intact mouse model (SKH1 aged mice) of skin with CFC. Macroscopic lesions of AKs and SCCs may develop synchronically or over time on the same cutaneous surface due to both the presence of subclinical AKs and in situ SCC, but also the accumulation of different mutations in keratinocytes. Focusing on skin with CFC, yet without the pathological criteria of AKs or SCC, the presence of p53 immunopositive patches (PIPs) within the epidermis is associated with these UV-B-induced mutations. Reactive epidermis to chronic UV-B exposure correlated with a marked hyperkeratotic hyperplasia, hypergranulosis, and induction of keratinocyte hyperproliferation, while expressing an upregulation of filaggrin, loricrin, and involucrin immunostaining. However, incidental AKs and in situ SCC might show neither hypergranulosis nor upregulation of differentiation markers in the upper epidermis. Despite the overexpression of filaggrin, loricrin, involucrin, lipid enzymes, and ATP-binding cassette subfamily A member 12 (ABCA12) after chronic UV-B irradiation, the permeability barrier, stratum corneum hydration, and surface pH were severely compromised in the skin with CFC. We interpret these results as an attempt to restore the permeability barrier homeostasis by the reactive epidermis, which fails due to ultrastructural losses in stratum corneum integrity, higher pH on skin surface, abundant mast cells in the dermis, and the common presence of incidental AKs and in situ SCC. As far as we know, this is the first time that the permeability barrier has been studied in the skin with CFC in a murine model of SCC induced after chronic UV-B irradiation at high doses. The impairment in the permeability barrier and the consequent keratinocyte hyperproliferation in the skin of CFC might play a role in the physiopathology of AKs and SCCs.
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1. Introduction


The skin is constantly exposed to external damage, such as ultraviolet A (UV-A) and ultraviolet B (UV-B) radiation. Due to their different wavelength ranges, UV-A (320–400 nm) and UV-B (280–320 nm) light act on two different levels of the skin, predominantly damaging different tissue layers. UV-A light mainly affects the dermis, whereas UV-B light acts more superficially in the epidermis [1]. Hence, the epidermis protects the body from UV-B radiation, but also from other outside hazards such as pathogenic microorganisms [2], toxic chemicals [3], allergens [4], mechanical insults [5], etc. In addition to this antimicrobial, chemical, and physical barrier, the skin must also prevent both water and electrolyte loss from the internal milieu, which is defined as the permeability barrier. In fact, the regulation of water release from the organism into the atmosphere, known as transepidermal water loss (TEWL), is the main skin function because it is crucial to maintaining the homeostasis of the internal milieu [6,7,8]. This permeability barrier is constituted by extracellular lipid membranes (extracellular lamellar bilayers), containing cholesterol, free fatty acids, and ceramides [7], and structural proteins, such as filaggrin, loricrin, and involucrin [9], located at the stratum corneum. Hence, TEWL and surface pH are widely used as indicators of the functional integrity of the stratum corneum, which is the most external part of the epidermis [6,10]. On the other hand, chronic UV-B light exposure is the main modifiable factor for skin aging [11,12]. Interestingly, both conditions, age [10,13] and chronic UV-B light exposure [14,15], show permeability barrier derangements.



Although chronic exposure to both UV-A and UV-B radiation induces a variety of harmful effects on human skin, such as epidermal thickening, collagen damage, photoaging, and skin cancer, UV-B light is considered the main cause of nonmelanoma skin cancer [12,15]. High doses of UV-B light may cause cell death (apoptosis) or induce cyclobutene pyrimidine dimers and pyrimidine(6-4)pyrimidone photoproducts in the DNA of keratinocytes, leading to mutations that may eventually result in nonmelanoma skin cancer when nucleotide excision repair fails [11,12]. As UV-B radiation acts over large areas of the skin surface, such as the scalp or the face, clinically, it is common to find patients with several lesions in those areas, such as actinic keratoses (AKs) and/or squamous cell carcinomas (SCCs) [16,17]. These lesions may be developed concomitantly or over time on the same skin surface [12,16,17]. Moreover, novel diagnostic tools such as reflectance confocal microscopy [18], optical coherence tomography [19], or in vivo fluorescent diagnosis based on protoporphyrin IX accumulation [20] may detect subclinical AKs in the same area, which are considered precursor lesions in the continuum of SCC. According to these clinical and histopathological features, the concept of cutaneous field cancerization (CFC) has been proposed to explain not only AKs within the same skin surface but also, thanks to previous diagnostic techniques, the presence of incidental AKs on the same sun-exposed skin [16,18]. This is supported by molecular changes, mainly p53 immunopositive patches (PIPs), which are detected within the epidermis in the cutaneous areas exposed to chronic UV-B radiation [11,12]. In this work, using immunocompetent mice, we established an in vivo model of chronic UV-B radiation to characterize the permeability barrier, keratinocyte hyperproliferation, and PIPs. The animals developed lesions in the continuum of photodamaged skin-AK-SCC, according to the naked eye and dermoscopic examination by a dermatologist, and displayed histopathological criteria of skin with CFC, defined as clinical and subclinical lesions (microscopic AKs, microscopic in situ SCCs, or PIPs without histopathological criteria of previous lesions within the epidermis). The main histopathological features in the epidermal architecture, such as keratinocyte hyperproliferation (acanthosis) and altered differentiation (hyperkeratosis), keratinocyte atypia, and, finally, molecular changes, such as an overexpression in the proliferating cell nuclear antigen (PCNA) and PIPs within the epidermis, were investigated by a pathologist. As PIPs in sun-exposed skin show p53 mutations in 29–64% of individual studies [21,22,23], and similar mutations have been described in normal sun/UV-B-irradiated skin and SCCs in human and murine models, it is widely accepted that PIPs may represent early precursors of SCC [22,23,24]. However, it is accepted that only a small proportion of these patches may progress to SCCs [24]. On the other hand, since keratinocyte differentiation plays a key role in epidermis homeostasis to form the stratum corneum and maintain the permeability barrier, lipid enzymes, the lipid transporter ATP-binding cassette subfamily A member 12 (ABCA12), and structural proteins linked to the skin barrier function (filaggrin, loricrin, and involucrin) were also studied for in vivo mRNA and protein expression by qPCR and Western blotting (WB). Finally, phenotypic changes, such as skin thickening, a scaly appearance, cutaneous dryness, and erythema, which characterized the cutaneous surface in our mouse model of skin with CFC, were correlated with Nile red and immunohistochemical staining for lipid and differentiation markers (filaggrin, loricrin, and involucrin), respectively, in the outermost layers of the epidermis.




2. Results


2.1. Chronic UV-B Irradiation Produced an Impairment in the Permeability Barrier in Skin with CFC


After the development of a few macroscopic AKs and/or SCCs, the back skin of the mice in both UV-B-irradiated groups showed quite homogeneous changes in appearance. A total of 21 tumors were identified as SCCs in 10 mice and 39 macroscopic AKs in 10 mice, and six tumors and 24 AKs (100 mJ/cm2, n = 5) and 15 tumors and 15 AKs (150 mJ/cm2, n = 5), were found in the irradiated skin (Table A1). In addition to macroscopic AKs and SCCs, the irradiated skin was mainly characterized by marked thickening, which masked the typical milia cysts in aged mouse skin, erythema, dryness, and scaly surface in comparison to nonirradiated skin (Figure 1A). The macroscopic features of the skin with CFC, excluding incidental AKs and in situ SCC patches (Figure A1 and Table A1), were mainly correlated with: (1) hypergranulosis with orthokeratotic acanthosis (cutaneous thickness); (2) hyperkeratosis (scaly appearance); (3) increased vascularity consisting of ectatic blood vessels in the upper dermis; and (4) abundant mast cells in the dermis (erythematous skin) (Figure A2 and Table A1). Upon examination with the naked eye, there were no clear differences between the animals in the two groups exposed to different energies of UV-B light. However, TM300 m and corneometer probes were more sensitive to changes between the groups exposed to different doses of UV-B radiation. While TEWL significantly increased in both groups exposed to chronic UV-B light (26.78 ± 1.28 g/m2/h, 100 mJ/cm2, p < 0.001; 29.9 ± 1.55 g/m2/h, 150 mJ/cm2, p < 0.001) with respect to the nonirradiated group (9.39 ± 0.38 g/m2/h) (Figure 1B), there was a significant decrease in stratum corneum hydration level (25.19 ± 1.24, 100 mJ/cm2, p < 0.001; 18.86 ± 1.39, 150 mJ/cm2, p < 0.001) in a dose-dependent manner with respect to the control group (43.59 ± 1.43) (Figure 1C), which correlated with the scaly surface and dryness. Moreover, the surface pH also significantly increased from its physiological acidic value (5.11 ± 0.07) to higher levels (6.00 ± 0.13, 100 mJ/cm2, p < 0.001; 6.02 ± 0.09, 150 mJ/cm2, p < 0.001) (Figure 1D). The intensity of keratinocyte atypia (keratinocyte pleomorphism and atypical mitosis), its extension within the epidermis (architectural disruption), from the basal layer to upper layers, and the number of patches of microscopic AKs and in situ SCCs increased in the UV-B-irradiated group at 150 mJ/cm2 in comparison to the UV-B-irradiated group at 100 mJ/cm2 (Table A1). Mast cell infiltrates were detected in the upper and deep dermis of the UV-B-irradiated skin, increasing in a dose-dependent manner with respect to the control group (Figure A2).




2.2. Chronic UV-B Irradiation Caused Epidermal Hyperplasia, PCNA Overexpression, and PIPs, Linked to the Skin with CFC


To investigate whether chronically UV-B-irradiated skin exhibited epidermal changes with CFC according to a pathologist, homogeneous skin samples from the mouse backs were taken by a dermatologist to check the presence of patches of subclinical AKs or in situ SCCs within an epidermis with orthokeratotic acanthosis and hypergranulosis (Figure 2A, Table A1), and an overexpression in PCNA and PIPs (Figure 2A,B). AKs and in situ SCCs were characterized by parakeratotic acanthosis and the extension of the keratinocyte atypia into the upper epidermis, indicating the presence of inflammatory infiltrates in the upper dermis. The skin with CFC was defined by the presence of epidermal hyperplasia (hypergranulosis with orthokeratotic acanthosis) together with molecular markers, such as an increase in PCNA immunostaining and PIPs restricted to the lower levels of the epidermis, in the absence of keratinocyte atypia and inflammatory infiltrates. The epidermal thickness significantly increased in both UV-B-exposed groups (100 mJ/cm2, p < 0.001; 150 mJ/cm2, p < 0.001) in comparison to the control group, while PCNA immunostaining and PIPs also led to an increase in both UV-B-exposed groups, with significant changes in the 150 mJ/cm2 group (p < 0.001), in sharp contrast to the nonirradiated group (Figure 2A,B).




2.3. Chronic UV-B Exposure of Skin with CFC Upregulated the mRNA Expression and Protein Synthesis of Several Biomarkers Linked to the Permeability Barrier


Epidermal differentiation and lipid production largely determine the formation of the epidermal permeability barrier in the stratum corneum. Because there was an increase in TEWL in the apparently homogeneous skin with CFC of both groups exposed to UV-B light with respect to the nonirradiated skin in the control group (Figure 1B), we next aimed to assess whether the skin barrier disruption could be attributable to the downregulation of epidermal differentiation markers and lipid production in the outermost cell layers of the epidermis. First, immunostaining showed a significant overexpression for all three differentiation markers in the stratum corneum in both UV-B-irradiated groups compared to the nonirradiated group: filaggrin (p = 0.032, 100 mJ/cm2; p = 0.002, 150 mJ/cm2), loricrin (p < 0.001, 100 mJ/cm2; p < 0.001, 150 mJ/cm2), and involucrin (p < 0.001, 100 mJ/cm2; p < 0.001, 150 mJ/cm2) (Figure 3A,B).



The immunohistochemistry results were further confirmed through the evaluation of protein levels by WB (Figure 4A and Figure S1). Similarly, the expression of the three proteins was found to be more marked in the UV-B-irradiated groups in comparison to the control group. However, these differences at the protein level were not fully matched when the mRNA expression of the genes coding for these differentiation markers was assessed by qPCR, where only filaggrin at 150 mJ/cm2 showed a significant higher level (Figure 4B).



Next, lipid production was also investigated in the epidermis. In a first step, Nile red staining showed more lipids in the outermost layers of the hyperplastic epidermis in the irradiated skin of both UV-B-exposed groups with respect to the nonirradiated group (Figure A3). Then, we decided to evaluate the mRNA expression of key lipid enzymes (3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, HMGCoA reductase; fatty acid 2-hydroxylase, FA2H; and elongation of very long chain fatty acids protein 4, ELOVL4) and a lipid transporter (ABCA12), comparing the nonirradiated group with the UV-B-irradiated groups. The in vivo mRNA expression for the lipid enzyme FA2H was significantly upregulated (p = 0.015) in the UV-B-irradiated group (150 mJ/cm2) in comparison to the nonirradiated skin (Figure A3).





3. Discussion


The permeability barrier depends on both the structure and chemical composition of the stratum corneum, which consists of a cell component (corneocytes) surrounded by a neutral lipid-enriched extracellular matrix (extracellular lamellar bilayers), providing a hydrophobic barrier against the movement of water and electrolytes [6,7,9]. At the ultrastructural level, this permeability barrier depends on the integrity and cohesion of both corneocytes and the extracellular lamellar bilayers of the stratum corneum. Lamellar bodies are located in the stratum granulosum, where they supply the lipids for the cornified envelopes as well as the components to form the extracellular lamellar bilayers of the stratum corneum. Several in vivo studies have investigated the UV-B-induced abnormal lamellar structures in the stratum corneum [25,26,27]. Following a single dose of UV-B light (150 mJ/cm2), defective lamellar bilayers were observed in the presence of an altered calcium gradient in murine epidermis. Because this altered calcium gradient may affect the secretion of lamellar body-derived lipids and enzymes to stratum corneum intercellular space, this might be an explanation for the abnormal lamellar bilayers [28].



SKH1 mice were used to establish a disease model of skin with CFC. Due to the proviral insertion of the murine leukemia virus at Hr locus, which leads to a recessive hypomorphic mutation, these mice do not develop fur but, contrary to nude mice, they are still immunocompetent [29]. According to Pillon et al., as most AKs and SCCs arise in elderly individuals who show structural differences in the skin with respect to younger individuals, SKH1 aged mice might be used to optimize their mouse model of AK [30]. Another reason to use SKH1 aged mice was because the skin barrier differs depending on age, showing an impairment in the elderly [13]. Following a previous murine model of nonmelanoma skin cancer [31], we decided to perform a chronic UV-B irradiation three times per week during the first 2 weeks. Then, we irradiated five times per week until the development of the first macroscopic lesions of SCC and AKs to accelerate the process. As soon as the first lesions were observed, we stopped irradiations and took skin samples with a homogeneous aspect: thicker, scaly, and erythematous skin. The doses of UV-B irradiation were chosen according to previous papers of chronic UV-B irradiation and carcinogenesis [32,33]. We characterized different physiological parameters of skin barrier and histopathological features of the skin with CFC (epidermal thickness, PCNA immunostaining, and PIPs overexpression). The epidermal hyperplasia and hypergranulosis were observed in the skin with CFC, which were compatible with a reactive epidermis to chronic UV-B irradiation at high doses. Pathological examination also demonstrated incidental AKs and in situ SCC surrounded by this reactive epidermis. Interestingly, in human skin with AKs and photodamage, in vivo reflectance confocal microscopy images have shown stratum corneum disruption and dermal inflammatory cells, which have been correlated with hyperkeratosis, keratinocyte atypia, and architectural disruption within the epidermis. Photodamaged skin also displayed keratinocyte atypia and architectural disruption, although this was generally less severe than in AKs, supporting the view that photodamaged skin and AKs are part of a disease continuum and photodamaged skin corresponds to CFC [34].



The skin with CFC showed different macroscopic characteristics such as erythema, scaliness, and dryness, which correlated with an increase in TEWL, lower stratum corneum hydration, and higher values of surface pH. Concurrently, most of the biomarkers linked to the permeability barrier, such as differentiation markers (filaggrin, loricrin, and involucrin), ABCA12, and two epidermal lipid enzymes (i.e., FA2H and ELOVL4), were upregulated in the epidermis of the irradiated groups. However, considering the immunostaining of differentiation markers in the upper epidermis, both incidental AKs and in situ SCC showed lower or null staining for these proteins. These immunohistopathological features were confirmed at the molecular level by WB, where an increase was observed for most of the conditions, reaching statistical significance for filaggrin and involucrin (100 mJ/cm2). Moreover, a significant increase in filaggrin mRNA levels at the 150 mJ/cm2 dose was found, a result also in line with the increase observed at the protein level in the histological studies. No significant differences were found for the rest of the conditions. One explanation for these outcomes might be the selection of areas with reactive epidermis (i.e., epidermal hyperplasia with hypergranulosis) to quantify immunostaining, while excluding skin with incidental AKs and in situ SCC according to pathological examination. However, skin samples for WB and qPCR were whole extracted (including incidental AKs and in situ SCC). In line with our histological examination, a recent study also showed a downregulation of filaggrin and other differentiation markers in AKs even at early stages [35]. On the other hand, previous studies with chronic UV-B irradiation in SKH1 mice have shown that changes in mRNA expression of other genes linked to permeability barrier depend on the moment that samples were collected [36].



The final effect of UV-B exposure in the epidermis might depend on both intensity and duration. For example, a single UV-B exposure was able to induce hyperproliferation and downregulation of filaggrin, involucrin, and loricrin expression in normal human skin grafted on to nude mice, recovering completely within 2 weeks after UV-B irradiation [37]. However, low doses of UV-B irradiation accelerated the skin barrier recovery, while increasing the expression of filaggrin and involucrin in SKH1 mice [38]. In humans, UV-B irradiation also promoted epidermal proliferation and upregulation of filaggrin, loricrin, and involucrin by immunostaining, increasing linearly according to dose and repetition [39]. Similarly to our study, chronic UV-B irradiation of SKH1 mice has been linked to an upregulation of filaggrin, loricrin, and involucrin in the upper epidermis together with an increase of TEWL in a murine model of photoaging [40,41]. To our knowledge, this is the first time that both permeability barrier and epidermal differentiation markers (filaggrin, loricrin, and involucrin) have been studied in the skin with CFC after chronic UV-B irradiation at high doses.



On the other hand, despite the impairment in the permeability barrier, a qualitative increase in the epidermal lipids in the outermost cell layers of the epidermis was observed with Nile red staining in both UV-B-irradiated groups. This feature correlated with an upregulation in the mRNA levels of ABCA12, a lipid transporter located in the lamellar bodies, and two key lipid enzymes, FA2H and ELOVL4, in the epidermis of the UV-B-irradiated groups. These two lipid enzymes are linked to the synthesis of ceramides in the stratum granulosum, which are involved in the formation of the lipid-enriched lamellar bilayers of the stratum corneum [7]. Dalmau et al., using in vitro studies, also showed an increase in involucrin and phospholipids, one of the main sources of free fatty acids in the stratum corneum, following chronic UV-B irradiation [42]. Interestingly, Löwenau et al. demonstrated that reconstructed human epidermis from UV-B-irradiated keratinocytes presented altered differentiation and impaired barrier function leading to increased permeability [43]. Although this reconstructed human epidermis from UV-B-irradiated keratinocytes displayed a thinner stratum corneum compared to normal reconstructed human epidermis, a reactive epidermis to chronic UV-B irradiation, characterized by orthokeratotic hyperplasia with hypergranulosis and PCNA and PIPs overexpression, together with several patches of incidental AKs or in situ SCCs associated with hypogranulosis were the main features in our murine model of skin with CFC. These differences in the epidermal architecture can be explained if we consider that, similarly to other published murine models of AKs and NMSC [22,30,31], our model in SKH1 mice represents a better approach to the complexity of the skin with CFC than in vitro models, including reconstructed human epidermis.



There are alternative explanations for the impairment of the permeability barrier despite an increase in several biomarkers linked to the skin barrier. Abnormal keratinocyte differentiation affects the cohesion of the stratum corneum, desquamation, permeability barrier homeostasis, and inflammation in the skin [8,44]. During normal desquamation, corneocytes detach individually from the stratum corneum in an invisible process, which involves proteolytic degradation of corneodesmosomes, disorganization of extracellular lamellar bilayers, and stratum corneum hydration [45]. The scaly appearance and dryness of the skin with CFC, including incidental AKs and in situ SCCs, which correlated with hyperkeratosis, indicate an abnormal desquamation. In fact, previous ultrastructural studies demonstrated loss in the stratum corneum integrity with respect to both of its components: corneocytes and extracellular lamellar bilayers [25,26,27]. These losses in stratum corneum integrity, which are mainly linked to the lipid structures (lamellar bilayers), might explain both the increase in TEWL and the concurrent decrease in stratum corneum hydration despite the upregulation of several biomarkers of the permeability barrier in the reactive epidermis (skin with CFC). On the other hand, higher values in surface pH might also affect the stratum corneum integrity through an increased activity of serine proteases, which degrade the corneodesmosomes, while impairing the formation of extracellular lamellar bilayers by diminishing the activity of lipid processing enzymes (β-glucocerobrosidase, sphingomyelinase, and phospholipase A2) [46,47,48]. Finally, although we did not study the changes in tight junctions in the stratum granulosum, these structures also play an important role in maintaining the permeability barrier after UV-B irradiation [49].



Like previous studies in chronically UV-B-irradiated skin in mice and humans, abundant mast cells were found in the dermis of the skin with CFC of our murine model [50,51]. Degranulation of dermal mast cells might explain why ectatic blood vessels were a common feature in the skin with CFC, correlated with its erythematous appearance [52]. Moreover, mast cells are also believed to play important roles in UV-induced immunosuppression and the development of SCCs [53,54]. Interestingly, histamine H1 and H2 receptor antagonists, topically applied, accelerate permeability barrier recovery after tape stripping and prevent epidermal hyperplasia with skin barrier disruption by acetone in murine models [55].



Hyperkeratosis, epidermal hyperplasia, and hypergranulosis due to keratinocyte hyperproliferation were the main histopathological features after chronic UV-B irradiation at high doses. Although hypogranulosis and parakeratotic acanthosis were found in incidental AKs and in situ SCCs, the most common changes in the skin with CFC were orthokeratotic acanthosis and hypergranulosis. Those features might be considered as a reactive epidermis after chronic UV-B exposure. Albibas et al. have recently reported that normal sun-exposed skin with PIPs contains multiple mutations in cancer-related genes, indicating that the clonal evolution of mutations that are detected within AKs and SCCs can also occur in PIPs within normal sun-exposed skin [56]. Because permeability barrier disruption also activates keratinocyte proliferation through epidermis-derived growth factors (amphiregulin and NGF) in an autocrine manner, this should be considered in the context of extended photodamaged areas with histopathological and molecular criteria (PCNA and PIP overexpression) of skin with CFC and incidental AKs, where clonal populations of atypical keratinocytes carrying multiple mutations in SCC-related genes might be additionally stimulated to expand within the epidermis [57,58,59]. Even though our results could potentially link permeability barrier disarrangements observed in the skin with CFC with keratinocyte hyperproliferation and mast cell infiltrates, it is important to emphasize that sustained barrier disruption alone does not suffice to produce SCC. The development of SCC requires UV-B-induced mutations in keratinocytes, its accumulation in key genes, and dysfunction of the immune system [11,12].




4. Materials and Methods


4.1. Animals


Hairless mice (Crl:SKH1-Hrrh/Hrrh) were obtained from Charles River Laboratories (Saint Germain-sur-L’Arbresle, France) and raised in a pathogen-free (SPF) facility with controlled temperature and humidity conditions at the Translational Research Unit of University General Hospital (Ciudad Real, Spain), until the age of 8 months and then used for all in vivo experiments. All mice were fed a standard rodent diet (Safe, Augy, France) and given tap water ad libitum. This study was reviewed and approved by the Animal Care Committee of the abovementioned hospital (Procedure ES130340000192). Animals were handled and cared for in strict accordance with the European Council and Spanish Directives (2010/63/EU, RD 53/2013), under the supervision of authorized investigators.




4.2. Assessment of Chronic UV-B Irradiation and Development of CFC


Hairless male SKH1 mice were kept at a 12 h light/dark cycle in the animal facility. SKH1 mice were placed in common housing (maximum: 5 mice/cage) and divided into three different experimental groups: nonirradiated control (n = 7), exposed to UV-B light (302 nm) at 100 mJ/cm2 (n = 5), and exposed to UV-B light (302 nm) at 150 mJ/cm2 (n = 5). The UV-B exposed groups were irradiated 3 times per week (Monday, Wednesday, and Friday) for 2 weeks, and then, every day for another 12 weeks. Eight-month-old SKH1 mice display phenotypic changes of aging (pale, thin, and dry skin with milia cysts), which is the reason why they can be considered as aged mice. After chronic UV-B irradiation, mice were 11.5 months old (normal life expectancy of hairless mice is up to 24 months).



Mice were irradiated using an Ultraviolet Crosslinker (CL-1000 model) supplied by UVP (Upland, CA, USA). The crosslinkers are designed to measure and control UV radiation within the exposure chamber. A UV sensor continually measured the UV energy and automatically adjusted to variations in UV intensity that occur when the UV tubes age. The same UV sensor was used to set UV mice exposure; it automatically deactivates the UV sources when the set UV energy dose has been achieved.



Each mouse in the UV-B-irradiated groups was examined once a week for the appearance of macroscopic AKs and/or SCCs. Growths that were >1 mm in diameter, persisted for at least 2 weeks, and showed dermoscopic features, such as hyperkeratosis, pink bumps, polypoid or verrucous growths, crusts, and atypical blood vessels, were defined as SCCs and recorded per individual and group. Macroscopic AKs were defined as tiny (less than 5 mm in size) pink, scaly lesions without atypical blood vessels during a dermoscopy assessment. The endpoint of this experiment was the development of several macroscopic AKs and/or a few SCCs (<8 mm in diameter) on the irradiated mouse back of both groups, which was defined as skin with CFC, after its evaluation with both the naked eye and dermoscopy (Heine Delta 20®T, Gilching, Germany) by a dermatologist. Later, these lesions were characterized by an experienced pathologist in nonmelanoma skin cancer, who also identified incidental (microscopic) AKs, in situ SCCs, and PIPs within the hyperplastic epidermis.




4.3. Measurement of the Skin Barrier Parameters in Skin with CFC


Transepidermal water loss (TEWL) rates, stratum corneum hydration, and surface pH on the irradiated skin of the mouse back were measured with TM300m, corneometer, and surface pH meter probes, attached to a Courage + Khazaka MPA5 system (Courage + Khazaka, Cologne, Germany). All the measurements were performed under controlled atmospheric conditions (23 °C; 60% relative humidity) after the mice developed several AKs and a few SCCs (<8 mm in diameter), which was defined as skin with CFC after UV-B irradiation (n = 5, 100 mJ/cm2; n = 5, 150 mJ/cm2). Probes were placed on four different areas on the irradiated skin of each mouse by a dermatologist, who excluded lesions of AKs and SCCs visible to the naked eye/dermoscopic examination. All skin barrier parameters were also determined in the mouse back of nonirradiated SKH1 aged mice (n = 7) of the same age as the two UV-B-irradiated groups when the endpoint of the postradiation skin with CFC was achieved (11.5 months old), under the same controlled atmospheric conditions, which were used as the control group.




4.4. Histological and Immunohistochemical Analyses


After the measurement of skin barrier parameters in the skin with CFC, UV-B-irradiated SKH1 mice were sacrificed. Biopsies (n = 5 per group; total = 15), 1.5 cm2, were excised from the irradiated skin of the mouse back (UV-B irradiated groups) or the same skin area in nonirradiated mice (control group), paraformaldehyde-fixed (24 h), and paraffin-embedded. Four-micrometer-thick sections were processed. Hematoxylin/eosin staining (DakoCytomation, Milan, Italy) was performed to measure the epidermal thickness (acanthosis with ortho- or parakeratosis) and to check keratinocyte atypia by an experienced pathologist. Giemsa staining (Merck, Darmstadt, Germany) was used to detect mast cells in the dermis. For immunohistochemistry, dewaxing and antigen retrieval were performed by immersing the slides in EnVision™ Flex Target Retrieval Solution and heating in the PT module, according to the manufacturer’s instructions. After pretreatment, the slides were incubated with the following primary antibodies for 30 min: filaggrin 1:500 (Biolegend, San Diego, CA, USA), loricrin 1:1800 (Abcam, Cambridge, UK), involucrin 1:500 (Biolegend), PCNA 1:150 (Agilent, Madrid, Spain), and p53 1:750 (CM5, Leica Pleasanton, CA, USA). The reactions were detected using the EnVision™ Flex/HRP Detection Reagent (Cat. no K8000; DakoCytomation) standard polymer technique. In addition, the signal intensity was amplified using EnVision™ Flex+ Rabbit linker (Cat. no. K8009; DakoCytomation). Finally, sections were counterstained with hematoxylin and mounted with DePex (VWR, Poole, UK). Negative controls were obtained by omitting the primary antibody. For immunostaining quantification for area expression, samples were first scanned by a computer-assisted image system (Leica Microsystems, Wetzlar, Germany) and later analyzed to quantify staining and compare samples of the two groups exposed to UV-B light with respect to the nonirradiated group using ImageJ software version 1.52a (NIH, Bethesda, MD, USA).



To localize and perform a qualitative evaluation of the lipids in the epidermis, 0.001% Nile red (Sigma-Aldrich, Darmstadt, Germany) in acetone plus 75% glycerol in deionized water was used in frozen tissue sections and then examined under an epifluorescence microscope (Nikon Eclipse 90i, Tokyo, Japan), after 5 min, 530/25 nm excitation, at 590/35 nm emission.




4.5. Western Immunoblotting


After skin excision and the removal of subcutaneous fat with a scalpel, samples were chosen after excluding areas with macroscopic AKs or SCCs and deposited in a Petri dish with phosphate-buffered saline. After that, the Petri dishes were placed in a water bath at 60 °C for 1 min in order to facilitate the epidermis removal from the subjacent dermis using a scalpel. Then, the epidermal fractions (n = 5 for each group) were processed for Western blotting. After mechanical and enzymatic disaggregation in ice-cold RIPA lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin) for 30 min, samples were centrifuged at 10,000× g for 10 min to remove the insoluble material and purify the extract. Then, the protein concentration was determined using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). After the addition of a loading buffer (5× Thermo Fisher Scientific) and protein denaturalization, 50 µg of the total protein lysate was used to perform 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, the proteins in gels were transferred to polyvinylidene difluoride membranes (Millipore Corporation, Bedford, MA, USA). Then, membranes were blocked (1 h) with 5% skimmed milk in Tween-Tris-buffered saline (T-TBS) (100 mM Tris (pH 7.5), 150 mM NaCl, 0.05% Tween 20). Primary human monoclonal/polyclonal antibodies against loricrin (1:500, Abcam, Cambridge, UK), filaggrin (1:500, Abcam), involucrin (1:500, Abcam), and alpha-tubulin (1:2000, Santa Cruz Biotechnology, Dallas, TX, USA) were used to incubate the membranes overnight at 4 °C. Then, after extensive washing with T-TBS, membranes were incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies for 1 h at room temperature, and protein bands were visualized by chemiluminescence using the ECL Plus Western Blotting Detection System (GE Healthcare, Amersham, UK) and a LAS-4000 developer (Fujifilm, Tokyo, Japan). The images obtained were quantified by performing a densitometric analysis of the different bands, using ImageJ software. The values (given as arbitrary units) were normalized by considering the total protein levels of each sample. In all cases, alpha-tubulin was used as a loading control.




4.6. qPCR for mRNA Expression


Total RNA was isolated from the skin of the mouse back of the UV-B-irradiated groups (100 and 150 mJ/cm2) and from the back of the nonirradiated group (n = 5 for each group) using TRI Reagent (Applied Biosystems, Madrid, Spain). RNA concentrations and purities were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). First strand cDNA was synthesized from 1 µg of total RNA using the Kit Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific), in a thermocycler (Bio-Rad, Hercules, CA, USA), under the following reaction conditions: 37 °C for 2 min, 25 °C for 10 min, 50 °C for 15 min and 85 °C for 5 min. The resulting cDNAs were subjected to quantitative real-time PCR analysis using a Fast SYBR Green Master Mix (Thermo Fisher Scientific) in a LightCycler® 480 Instrument II Real-Time PCR system (Roche, Basel, Switzerland). The conditions used included an initial step at 94 °C for 2 min, followed by 40 cycles at 94 °C for 30 s, 60 °C for 45 s, and 72 °C for 60 s. Each sample was analyzed in triplicate, and the cycle threshold (Ct) values of transcripts were determined using LightCycler® 480 software version 1.5. Ct values were calculated using 18S RNA as a reference. The quantification was performed by analysis of relative gene expression data using the 2-ΔΔCt method [60], with 18S RNA expression level as housekeeping gene. Primer sequences are listed in Table A2. The relative expression of the mRNAs in the UV-B-irradiated groups (100 and 150 mJ/cm2) were compared to the control mRNA of nonirradiated mice of the same age. Data are expressed as the fold increases over the controls.




4.7. Statistics


All the data are expressed as mean ± SEM and were analyzed using the SPSS software (version 24.0 for Windows, IBM, Armonk, NY, USA) and represented in plots using R 3.6.1116 (R Statistics, Vienna, Austria). A normality analysis was performed using the Shapiro–Wilk test. In all the experiments, a Kruskal–Wallis test with a Scheffe post hoc test was used to evaluate the differences between three groups. Significance was established at p < 0.05.





5. Conclusions


In the present work, we characterized the permeability barrier with respect to its physiological, histopathological, and molecular changes in an immunocompetent mouse model of skin with CFC induced upon chronic UV-B irradiation. Although changes in skin with CFC included upregulation in differentiation markers and the lipid enzymes FA2H and ELOVL4, these were unable to restore the permeability barrier. This fact might be explained by permanent losses in stratum corneum integrity at the ultrastructural level (lamellar bilayers and lamellar body secretion), which are induced by UV-B irradiation. A higher pH on the skin surface and abundant mast cells in the dermis, which also affect the stratum corneum lipids, might contribute to a global detrimental effect on the permeability barrier despite the attempt of the reactive epidermis to restore both lipids and proteins in the upper epidermis. As current therapeutic approaches to AKs and CFC only focus on direct antineoplastic, immunomodulatory, or photodynamic effects of approved topical drugs, this mouse model of skin with CFC might be helpful for the identification and screening of potential new preventive strategies or treatments (e.g., skin barrier therapies).
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	ABCA12
	ATP-binding cassette subfamily A member 12



	AK
	Actinic keratosis



	CFC
	Cutaneous field cancerization



	DNA
	Deoxyribonucleic acid



	ELOVL4
	Elongation of very long chain fatty acids protein 4



	FA2H
	Fatty acid 2-hydroxylase



	HMGCoA reductase
	3-hydroxy-3-methyl-glutaryl-coenzyme A reductase



	mRNA
	Messenger RNA



	PCNA
	Proliferating cell nuclear antigen



	PI3K
	Phosphoinositide 3-kinase



	PIP
	p53 immunopositive patch



	p53
	Tumor suppressor p53



	qPCR
	Quantitative polymerase chain reaction



	SCC
	Squamous cell carcinoma



	SEM
	Standard error of the mean



	TEWL
	Transepidermal water loss



	UV-A light
	Ultraviolet A light



	UV-B light
	Ultraviolet B light



	WB
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Figure A1. Immunostaining of incidental AKs (*) surrounded by reactive epidermis in the skin of CFC. The upregulation of filaggrin, loricrin, and involucrin is observed in the reactive epidermis (upper layers) after chronic UV-B irradiation, while incidental AKs showed lower or null immunostaining for these differentiation markers. The scale bar represents 200 µm. 
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Figure A2. Giemsa staining to detect mast cell infiltrates in the dermis. In the bottom line, there is a zoomed-in view of the mast cells with their cytoplasm containing metachromatic granules composed of heparin and histamine. The scale bar represents 100 μm (A). Below, we give the quantities of mast cells in the UV-B-irradiated groups, 100 and 150 mJ/cm2, with respect to the nonirradiated group (B). Data are expressed as means ± SD of at least 10 measurements of a number of mast cells in histological samples of skin with CFC in each group with UV-B irradiated skin with respect to the nonirradiated group. * p-values are indicated in the figure and marked with an asterisk when significant, p < 0.05 (Kruskal–Wallis test with Scheffe post hoc test). 
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Figure A3. Comparative Nile red staining of skin samples from nonirradiated skin with respect to the UV-B-irradiated skin with CFC of the mouse back at the end of the experiment (14 weeks after initiating UV-B irradiation), showing more fluorescent dye uptake within the epidermis and, especially, in the outermost layers of the epidermis. SC = stratum corneum. The scale bar represents 100 μm (A). Below, we give the mRNA expression levels of lipid enzymes HMGCoA reductase, FA2H, ELOVL4, and lipid transporter ABCA12, linked to the permeability barrier in UV-B-irradiated skin, 100 and 150 mJ/cm2, with respect to the nonirradiated group (B). Data are expressed as means ± SD of five experiments in each group. * p-values are indicated in the figure and marked with an asterisk when significant, p < 0.05 (Kruskal–Wallis test with Scheffe post hoc test). 
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Table A1. Naked eye, dermoscopic, and histopathological features in the UV-B-irradiated groups compared to the nonirradiated group.
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Group

	
n

	
Skin Appearance

	
Number of Macroscopic AKs/SCCs

	
Dermoscopy

	
Histopathology (Skin with CFC)






	
Control group

	
1

	
Aged mouse skin: thin pale skin with milia cysts.

	
None

	
Thin pale skin. Milia cysts.

	
Thin (normal) epidermis without keratinocyte atypia. Milia cysts in the dermis.




	
2

	
Aged mouse skin: thin pale skin with milia cysts.

	
None

	
Thin pale skin. Milia cysts.

	
Thin (normal) epidermis without keratinocyte atypia. Milia cysts in the dermis.




	
3

	
Aged mouse skin: thin pale skin with milia cysts.

	
None

	
Thin pale skin. Milia cysts.

	
Thin (normal) epidermis without keratinocyte atypia. Milia cysts in the dermis.




	
4

	
Aged mouse skin: thin pale skin with milia cysts.

	
None

	
Thin pale skin. Milia cysts.

	
Thin (normal) epidermis without keratinocyte atypia. Milia cysts in the dermis.




	
5

	
Aged mouse skin: thin pale skin with milia cysts.

	
None

	
Thin pale skin. Milia cysts.

	
Thin (normal) epidermis without keratinocyte atypia. Milia cysts in the dermis.




	
UV-B

Irradiated Skin 100 mJ/cm2

	
1

	
Thicker erythematous scaly skin. Cutaneous dryness. Few hyperkeratotic verrucous lesions.

	
Nº AKs: 5

Nº SCCs: 0

	
AKs: Pink scaly structures without vessels.

	
Orthokeratotic hyperplasia of the epidermis with few patches of parakeratosis corresponding to microscopic AKs. Hypergranulosis. Keratinocyte atypia. Mast cells in the dermis. Milia cysts in the dermis.




	
2

	
Thicker erythematous scaly skin. Cutaneous dryness. Few hyperkeratotic verrucous lesions.

	
Nº AKs: 3

Nº SCCs: 2

	
AKs: Pink scaly structures without vessels. SCCs: Scaly crusted lesions with polymorphic vessels.

	
Orthokeratotic hyperplasia of the epidermis with few patches of microscopic AKs. Hypergranulosis. Keratinocyte atypia. Few inflammatory infiltrates in AKs. Mast cells in the dermis. Milia cysts in the dermis.




	
3

	
Thicker erythematous scaly skin. Cutaneous dryness. Few hyperkeratotic lesions.

	
Nº AKs: 5

Nº SCCs: 0

	
AKs: Pink scaly structures without vessels.

	
Orthokeratotic hyperplasia of the epidermis with few patches of microscopic AKs and in situ SCC. Hypergranulosis. Keratinocyte atypia. Few inflammatory infiltrates in AKs or in situ SCC. Mast cells in the dermis. Milia cysts in the dermis.




	
4

	
Thicker erythematous scaly skin. Cutaneous dryness.

	
Nº AKs: 2

Nº SCCs: 0

	
AKs: Pink scaly structures without vessels.

	
Orthokeratotic hyperplasia of the epidermis with few patches of microscopic AKs. Hypergranulosis. Keratinocyte atypia. Few inflammatory infiltrates in AKs. Mast cells in the dermis. Ectatic blood vessels in the dermis. Milia cysts in the dermis.




	
5

	
Thicker erythematous scaly skin. Cutaneous dryness. Few hyperkeratotic verrucous lesions.

	
Nº AKs: 9

Nº SCCs: 4

	
AKs: Pink scaly structures without vessels. SCCs: Whitish structures with polymorphic vessels.

	
Orthokeratotic hyperplasia of the epidermis with few patches of microscopic AKs. Hypergranulosis. Keratinocyte atypia. Few inflammatory infiltrates in some of the AKs. Ectatic blood vessels in the dermis. Milia cysts in the dermis.




	
UV-B

Irradiated Skin 150 mJ/cm2

	
1

	
Thicker scaly erythematous skin. Cutaneous dryness. Hyperkeratotic verrucous lesions.

	
Nº AKs: 2

Nº SCCs: 6

	
AKs: Pink scaly structures without vessels. SCCs: Verrucous hyperkeratotic lesions, central crust, and atypical vessels. Polypoid whitish lesions with polymorphic vessels.

	
Orthokeratotic hyperplasia of the epidermis. Hypergranulosis. Microscopic AKs (more common). Marked keratinocyte atypia. Few inflammatory infiltrates in some of the AKs. Ectatic blood vessels in the dermis. Mast cells in the dermis. Milia cysts in the dermis.




	
2

	
Thicker erythematous scaly skin. Cutaneous dryness. Few hyperkeratotic verrucous lesions.

	
Nº AKs: 3

Nº SCCs: 3

	
AKs: Pink scaly structures without vessels. SCCs: Crusted and whitish structures with polymorphic vessels.

	
Orthokeratotic hyperplasia of the epidermis. Hypergranulosis. Microscopic AKs (more common) and in situ SCC. Marked keratinocyte atypia. Few inflammatory infiltrates in some of the AKs. Mast cells in the dermis. Milia cysts in the dermis.




	
3

	
Thicker erythematous scaly skin. Cutaneous dryness. Hyperkeratotic verrucous lesions.

	
Nº AKs: 5

Nº SCCs: 6

	
AKs: Pink scaly structures without vessels. SCCs: Hyperkeratotic whitish structures, central crust, and looped vessels. Polypoid whitish lesions with polymorphic vessels.

	
Orthokeratotic hyperplasia of the epidermis. Hypergranulosis. Microscopic AKs. Keratinocyte atypia. Few inflammatory infiltrates in AKs. Mast cells in the dermis. Milia cysts in the dermis.




	
4

	
Thicker erythematous scaly skin. Cutaneous dryness.

	
Nº AKs: 3

Nº SCCs: 0

	
AKs: Pink scaly structures without vessels.

	
Orthokeratotic hyperplasia of the epidermis. Hypergranulosis. Microscopic AKs. Marked keratinocyte atypia. Few inflammatory infiltrates in AKs. Mast cells in the dermis. Ectatic blood vessels in the dermis. Milia cysts in the dermis.




	
5

	
Thicker erythematous scaly skin. Cutaneous dryness.

	
Nº AKs: 2

Nº SCCs: 0

	
AKs: Pink scaly structures without vessels.

	
Orthokeratotic hyperplasia of the epidermis. Hypergranulosis. Microscopic AKs and in situ SCC. Marked keratinocyte atypia. Mast cells in the dermis. Ectatic blood vessels in the dermis. Milia cysts in the dermis.











[image: Table] 





Table A2. Primers for qRT-PCR.
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	Gene
	Forward Primer (5′–3′)
	Reverse Primer (5′–3′)





	18S RNA
	GTAACCCGTTGAACCCCATT
	CCATCCAATCGGTAGTAGTAGCG



	mFilaggrin
	ATGTCCGCTCTCCTGGAAAG
	TGGATTCTTCAAGACTGCCTGTA



	mLoricrin
	GTGGAAAGACCTCTGGTGGA
	TGGAACCACCTCCATAGGAA



	mInvolucrin
	AAGGGCTTTCCCAAACATGA
	TGCTGGTGCTCACACTTTTGA



	mHMGCoA reductase
	CTTGTGGAATGCCTTGTGAT
	CCGAAGCAGCACATGATC



	mFA2H
	CGCTGGCTGGAGCAGTACTAT
	TGCAGAGGCTACAGCACCATT



	mELOVL4
	CGATAAGCATAAGCACGCTCTATC
	AACGGCTCGCGGTCTTTC



	mABCA12
	AGGATGGCTTCCCAGTTTCA
	TGGCCATAAGATCAAGACAAGTGT
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Figure 1. Skin appearance of two mice per group after UV-B irradiation, twice daily, 3 times per week, for 2 weeks, and then every day for another 12 weeks, from left to right: nonirradiated mice (control group), irradiated mice with 100 mJ/cm2 (middle), and irradiated mice with 150 mJ/cm2 (right). Macroscopic AKs and SCC, marked with an asterisk, were excluded from permeability, stratum corneum hydration, and surface pH measurements. The scale bar represents 200 µm (A). Plots with the three physiological parameters linked to the permeability barrier in nonirradiated mice (control group) and UV-B-irradiated groups with CFC (excluding skin areas with macroscopic AKs and/or SCC): TEWL values (B), stratum corneum hydration (C), and surface pH (D). * p < 0.05. 
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Figure 2. Comparative histology of nonirradiated skin with respect to UV-B-irradiated skin with CFC of the mouse back at the end of the experiment (14 weeks after initiating UV-B irradiation). The scale bar represents 100 µm (A). Below the histopathological images, plots represent the epidermal thickness and quantification of PCNA immunostaining and PIPs using ImageJ software and are expressed in arbitrary units (a.u.) (B). * p < 0.05. 
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Figure 3. Comparative histology of nonirradiated skin with respect to UV-B-irradiated skin with CFC of the mouse back at the end of the experiment (14 weeks after initiating UV-B irradiation). From left to right, filaggrin, loricrin, and involucrin immunostaining in the upper epidermis. The scale bar represents 100 µm (A). Below, there is a quantitative analysis of the immunostaining for each differentiation marker using ImageJ software and expressed in arbitrary units (a.u.) (B). * p < 0.05. 
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Figure 4. Comparative protein expression of the main differentiation markers linked to the permeability barrier (filaggrin, loricrin, and involucrin) of two groups exposed to UV-B irradiation, 100 mJ/cm2 and 150 mJ/cm2, with respect to the nonirradiated group (A). Below, comparative mRNA relative expression levels of these three genes in UV-B-irradiated skin, 100 mJ/cm2 and 150 mJ/cm2, with respect to the nonirradiated group (B). * p < 0.05. 
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