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Abstract

:

Deimination, also known as citrullination, corresponds to the conversion of the amino acid arginine, within a peptide sequence, into the non-standard amino acid citrulline. This post-translational modification is catalyzed by a family of calcium-dependent enzymes called peptidylarginine deiminases (PADs). Deimination is implicated in a growing number of physiological processes (innate and adaptive immunity, gene regulation, embryonic development, etc.) and concerns several human diseases (rheumatoid arthritis, neurodegenerative diseases, female infertility, cancer, etc.). Here, we update the involvement of PADs in both the homeostasis of skin and skin diseases. We particularly focus on keratinocyte differentiation and the epidermal barrier function, and on hair follicles. Indeed, alteration of PAD activity in the hair shaft is responsible for two hair disorders, the uncombable hair syndrome and a particular form of inflammatory scarring alopecia, mainly affecting women of African ancestry.
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1. Introduction


Deimination or citrullination corresponds to the conversion of the amino acid arginine within a peptide sequence into the non-standard amino acid citrulline. Deimination is distinct from the formation of free citrulline through the action of nitric oxide synthases on free arginine. Instead, it is a post-translational modification of proteins, catalyzed by a family of calcium-dependent enzymes, called peptidylarginine deiminases or protein-arginine deiminases (PADs, EC3.5.3.15). The number of PAD isotypes increases during evolution from one in fishes and amphibians, three in reptiles and chicken, to five in mammals, including human (called PAD1, 2, 3, 4 and 6, encoded by the corresponding PADI1-4 and 6 genes) [1,2,3]. The paralogous PADI genes are clustered on a single chromosome, for example on chromosome 1 in a 355 kb-long locus in position p36.1 in human. PADs replace the primary ketimine group of arginine (=NH) by a ketone one (=O) and yield ammonia as a side-product (Figure 1a). Since arginine is positively charged at a neutral pH, whereas, citrulline is not, deimination induces a decreased net charge of targeted proteins; this can change their hydrophobicity, folding, and intra- or inter-molecular ionic interactions, leading to changes in their function and their fate.



Deimination is involved in a growing number of physiological processes (innate and adaptive immunity, control of gene expression, embryonic development, etc.) and has been associated with several human diseases (cancer, rheumatoid arthritis, neurodegenerative diseases, etc.) [4,5,6,7,8].



PADs are 663–665 amino acids long proteins with a molecular mass of ~74 kDa, except PAD6 that contains 694 amino acids [1]. The three-dimensional structure of PAD1–4 has been obtained using X ray crystallography [9,10,11,12] or in silico modeling [13]. They are formed by two immunoglobulin-like N-terminal subdomains from Met1 to Pro300 fused to a highly conserved C-terminal domain that contains the active site cleft (Figure 1b,c). One histidine, two aspartic acids and one cysteine are necessary for the enzymatic activity (Figure 1b,c). PAD2–4 were shown to form head-to-tail homodimers whereas PAD1 seemed to be monomeric (Figure 1d). [9,10,11,12]. In addition, PAD activity and substrate recognition requests four (PAD1) to six (PAD2) calcium-binding sites, located along the amino acid sequence (Figure 1c,d). Calcium binding is required for the enzymatic effectiveness and leads to structural changes that generate the active site [9,14]. During the deimination reaction, an essential cysteine (Cys645 in PAD1 and PAD4, Cys647 in PAD2, Cys646 in PAD3; UniProtKB accession numbers Q9ULC6, Q9Y2J8, Q9ULW8, and Q9UM07, respectively) reacts with the guanidino group of the targeted arginine. A covalent tetrahedral intermediate is formed with release of ammonia. Finally, following adduct hydrolysis, the cysteine is regenerated and the keto-group formed [9,13]. PAD4 was also shown to act on mono-methyl-arginyl residues of histones, yielding to citrullyl residues and methylamine [15].



The expression and activity of PADs are regulated at multiple levels, including transcriptional, translational and post-translational levels (for a review see [13]). For example, 1-α, 25-dihydroxyvitamin D3 induces the expression of PAD mRNA in keratinocytes [16,17], and auto-deimination of PADs changes their tertiary structure and interferes with their enzymatic activity or protein-protein interactions [16,18,19]. The first and so far only biological regulator of PAD, namely the tyrosine-protein phosphatase non-receptor type 22 (PTPN22), was recently characterized as a non-enzymatic inhibitor of PAD4 [20]. Mouse Pad3 was demonstrated to be S-palmitoylated on five cysteines (Figure 1c,d), palmitoylation being critical for the protein stability [21]. Whether PAD3 palmitoylation is involved in its localization or is major to control its activity remains to be tested. Since three out of the five cysteines, shown to be palmitoylated in mouse Pad3, are conserved in the other human isotypes, except PAD6 and orthologous enzymes, we speculate that they could be modified as well.



PADs display unique patterns of tissue expression and substrate specificity, and thus of function. For more than twenty years, we are interested in the role of PADs in the skin. We have identified several substrates in the epidermis and hair follicles, including keratins and S100-fused type proteins, and have characterized the effects of their deimination. We also identified two hair disorders due to mutations in the PAD3 encoding gene: A rare hair shaft dysplasia called uncombable hair syndrome (UHS; OMIM#191480, #617251, and #617252) [22], and a particular form of alopecia, the Central Centrifugal Cicatricial Alopecia (CCCA, OMIM%618352), affecting up to 5% of women of African ancestry and the most common type of primary scarring alopecia [23].




2. Expression and Role of PADs in Normal Skin


The expression of PADs in the skin has been investigated using RT-PCR analysis and isotype specific antibodies: only PAD1, PAD2, and PAD3 were detected, mainly in the epidermis and some skin appendages [1,24,25,26,27]. In addition, expression of Pad4 has been detected in rat epidermis [28]. In parallel, deiminated proteins have only been immune-detected in the stratum corneum, the most upper layer of the epidermis, and in hair follicles [24,25,26,27].



2.1. PADs and Deiminated Proteins in the Epidermis


PAD1 is present in all layers of the epidermis from the basal layer to the superficial stratum corneum with an increasing expression from the basal to the granular keratinocytes. It is located in the cytoplasm of keratinocytes and in the intracellular filamentous matrix of corneocytes. In the granular keratinocytes it is particularly found in keratohyalin granules and on keratin intermediate filaments (Figure 2a–c). PAD2 is expressed by all keratinocytes, from a very low level in the basal cells to a high level in granular cells where it is located at the cell periphery. PAD3 is specifically expressed by granular keratinocytes where it is located in keratohyalin granules (Figure 2d,e), and persists in the filamentous matrix of only the lower corneocytes. The fact that deiminated proteins are only detected in the stratum corneum (Figure 2f) suggests that PADs are activated in the last step of keratinocyte differentiation, at the transition between granular to cornified layers, where the calcium concentration is the highest. Another possibility is that, lightly deiminated proteins or deiminated proteins, expressed at a low level, remain to be discovered.



After chemical modification of citrullines in strong acidic conditions in the presence of diacetyl monoxime and antipyrine, and using the AMC antibody, an antibody specifically directed against deiminated proteins, four PAD targets have been identified by immuno-blotting: Keratins KRT1, and KRT10, and two members of the S100-fused protein family named filaggrin and hornerin [29,30,31,32]. A third member of the family, filaggrin-2, has also been strongly suspected to be deiminated [33]. All these proteins are covalently cross-linked by transglutaminases (TGases) to the cornified envelope [34], a singular resistant structure that replaces the plasma membrane at the periphery of differentiated keratinocytes. We demonstrated that cornified envelopes indeed contain deiminated proteins, suggesting they are cross-linked after their deimination [32]. We therefore asked whether deimination may favor their binding. We showed that deimination of a recombinant form of hornerin improved intra- and inter-chain cross-linking by both TGases 1 and 3 in in vitro assays [32]. We also analyzed by mass-spectrometry cornified envelopes purified from plantar epidermis obtained from two healthy volunteers [35], using deimination of arginine residues and deamidation of glutamine and asparagine as possible post-translational modifications. Detection of peptides containing only arginine(s) as potentially modified amino acid(s) allowed us to confirm without any ambiguity that the cornified envelopes contain deiminated KRT1, filaggrin, hornerin, and filaggrin-2, and to map some of the citrulline positions (unpublished data; Table 1). In addition, we identified additional deiminated cross-linked keratins, namely KRT2, KRT14, and the hyperproliferation-related keratins KRT6, KRT16, and KRT17. The deiminated arginines in human keratins, as suggested in mouse keratins [36], are located in the non-helicoidal head (V1 subdomain) and tail (V2) domains. The functional importance of this observation is unknown. The data also pointed out the deimination of other proteins that were not previously shown to be deiminated, including the keratinocyte proline-rich protein (Table 1).



Besides their role as cornified envelope components, filaggrin and filaggrin-2 are two key proteins for the epidermal barrier function, and deimination is a major step in their similar complex metabolism [34,37,38,39]. Indeed, filaggrin and filaggrin-2 are two basic proteins that interact with and promote the aggregation of keratin intermediate filaments leading to the formation of the intracellular corneocyte matrix. Then, filaggrin and filaggrin-2 are deiminated by PAD1 and/or PAD3. This reduces their positive charge, decreases their affinity for keratins and induces their dissociation from the matrix. Subsequently, a small amount of filaggrin and the amino-terminal part of filaggrin-2 (including the S100-like, the spacer and the A-type repeat domains) are covalently bound to cornified envelopes, deimination increasing the efficacy of cross-linking. The major part of filaggrin and the carboxy-terminal part of filaggrin-2 (the B-type repeat domain) are fully degraded to generate free amino acids. Deimination improves the efficacy of proteolysis, at least in vitro, by bleomycin hydrolase and calpain 1 [33,40]. These amino acids and some of their derivatives, including urocanic acid, that is derived from histidine, and pyroglumate, which is derived from glutamine, participate to the formation of the Natural Moisturizing Factor, a pool of hygroscopic molecules that collectively retain water in the upper stratum corneum. In addition, trans-urocanic acid absorbs part of ultraviolet B-radiations, acting as a natural sun screen [41]. PAD1 expression and activity appears to be a master regulator of filaggrin degradation. Indeed, when reconstructed 3D human epidermis is produced at low relative humidity (~30%; dry conditions), expression of PAD1 is largely induced, and filaggrin deimination is up-regulated in the lower stratum corneum (Figure 3a,b). This leads to higher amount of urocanic acid and pyroglutamate [42]. Fifty percent inhibition of PADs using chloro-amidine, a pan-PAD inhibitor non-toxic for keratinocytes, partly reversed this consequence of dryness on keratinocyte metabolism [42]. Similarly, inhibition of PADs in an organotypic model, derived from rat palate keratinocytes reduced the breakdown of FLG and increased its association with keratins [43]. In this experimental model, activation of PADs with acefylline, a PAD1 and PAD3 activator [44], had the opposite effects. Accordingly, deimination and degradation of filaggrin occur immediately after birth of newborn rodents, whereas, the application of occlusive patches onto the skin or keeping the animals in a water-saturated environment, prevents this effect due to passage from amniotic liquid to air [45,46].



To understand whether PADs play a wider role in keratinocyte biology and epidermal homeostasis, the phenotype of reconstructed human epidermis produced with normal keratinocytes and treated with chloro-amidine was analyzed in more details [47]. Cornification, the transformation of keratinocytes to corneocytes, was shown to be attenuated, and the associated autophagy process to be altered with an increased number of transitional cells and a corresponding reduced number of corneocyte layers, and with ultrastructural alterations in the cytoplasm of granular keratinocytes, including clustering of mitochondria, the presence of autophagosomes, and the accumulation of heterogeneous vesicles, sometimes close to the nucleus [47] (Figure 3c,h). In agreement, markers of autophagy such as LC3B, sestrin-2 and sequestosome-1 were detected in higher amount. In addition, LC3B was shown to partly colocalised with PAD1 and PAD3. These data strongly suggest that deimination of proteins regulates autophagy in keratinocytes. In agreement with this hypothesis, PAD4 is known to be associated with autophagy in various cell types. For examples, the autophagy flux in a human osteosarcoma cell line has been found to be regulated by the PAD4-specific inhibitor YW3–56 [48], and the rapamycin-mediated induction of autophagy in fibroblasts leads to PAD4 activation [49]. Deciphering the respective role of PAD1 and PAD3 in the cornification-related autophagy process remains to be done.



The specific role of PAD2, if any, in the epidermis is not known. When the skin of mice which Padi2 gene has been inactivated were analyzed, no phenotype was observed. There was neither any effect on skin wounding [50]. The fact that PAD2 is located at the periphery of granular keratinocytes [25], where cornified envelopes are formed, suggests an involvement of this isotype in the deimination of cornified envelope components, but this has not yet been investigated.




2.2. PADs and Deiminated Proteins in Hair Follicles


PAD1, PAD2, and PAD3 were also immune-detected in most skin appendages, except sebaceous glands [26,27]. PAD1 is present in secretory and myoepithelial cells of sweat glands, in arrector pili muscular cells and in hair follicle keratinocytes. In the hair follicles, the anti-PAD1 antibody stained the Huxley layer, part of the inner root sheath, as well as the companion layer. PAD2 is only expressed in secretory and myoepithelial cells of sweat glands, and in the muscle cells of arrector pili, but it was not detected in the hair follicles. However, PAD3 is detected in the hair follicles, in particular, the three epithelial layers of the inner root sheath (i.e., the Henle layer, the Huxley layer, and the cuticle), and both the cuticle and medulla of the hair shaft, but not in any other appendages (Figure 4a). Using an antibody directed against deiminated proteins, no signals were detected in skin appendages except the three layers of the inner root sheath and both the medulla and cuticle of hair follicles (Figure 4b) [26,27].



Until now, few deiminated proteins have been identified in the hair follicles. The first one was trichohyalin, another member of the S100-fused type protein family, 1943 amino-acids long, which is abundant in the inner root sheath and medulla [34,41]. Trichohyalin plays an essential role in hair morphology. Indeed, a genome-wide association study for genetic polymorphisms, associated with the shape of the hair (stiff, wavy or curly), was carried out using three cohorts of Australians of European origin, showed a strong link (p = 3.2 × 10−31) between the probability of having straight hair and a polymorphism of the TCHH gene encoding trichohyalin (rs11803731; c.2368T>A/p.Leu790Met) [51]. These results were confirmed by a second study with two European cohorts [52]. A mass spectrometry analysis of mouse coat also showed the importance of trichohyalin for follicle architecture [53]. Deimination of trichohyalin induces changes in the protein structural organization, and allows the solubilization of cytoplasmic granules where it is aggregated. The future of the protein is then site-dependent: In the inner root sheath it interacts with keratin filaments and is cross-linked by TGase 3 to itself, to keratins, and to other cornified envelope proteins of fully differentiated keratinocytes, providing mechanical strength to the hair follicle sheath and supporting the hair shaft growth; in the medulla, it forms TGase 3 mediated cross-linked homo-oligomers and vacuolated aggregates that appears to entrap air, being important for thermal insulation [31,41,54]. The only PAD isotype, expressed in the medulla and the Henle’s layer, is PAD3. Therefore, it is this isotype that is responsible for the deimination of trichohyalin, at least in this part of the hair. In agreement, PAD3 and trichohyalin were shown to co-localize there (Figure 4c) [26].



Several keratins of the hair follicles are also substrate of PADs, including KRT25, KRT2, KRT28 and KRT71 [31,54]. Finally, S100A3, a small (11 kDa) calcium- and zinc-binding protein highly expressed in the hair cuticle and supposed to reinforce the cuticle is deiminated by PAD3. S100A3, a protein predicted to form a dimer, contains only four arginine residues, and it is mainly modified on arginine 51. In vitro PAD3-catalyzed deimination of S100A3 results in its assembly as a homotetramer, and improved its calcium binding ability [27,55,56]. Intriguingly, the genes encoding S100A3 and PAD3 seem to have co-evolved during evolution of mammals, since, for example, there is co-loss-of-function in cetaceans mostly lacking hair follicles [3].





3. PAD Defects and Skin Diseases


Although, more data show the importance of PADs in skin physiology, few data are available concerning their direct implication in skin diseases, except for two hair disorders [22,23].



Lower deimination of keratins, in particular KRT1, was reported in the lesional skin of psoriatic and atopic dermatitis patients, as well as in the epidermis of patients with bullous congenital ichthyosiform erythroderma [57,58,59]. The expression of PADs appeared to be normal in the epidermis of the former patients, suggesting altered activity. In skin carcinomas and extra-mammary Paget’s disease, ectopic expression of PAD4 was reported [60,61]. This suggest the involvement of PAD4 in skin tumorigenesis, since the inhibition of PAD4 results in cell cycle arrest and apoptosis [62], and given PAD4 is involved in the repression of p53 target genes [63]. In a genome-wide study of two cohorts of patients with basal cell carcinoma, the most common cancer among Europeans, a single nucleotide polymorphism in PADI6 gene was highlighted, with an estimated risk of 2.68 [64]. It is most likely that alteration in the expression and activity of PADs, in the epidermis of patients with inflammatory and other skin diseases, will be explored in a near future.



In 2016, in an international collaborative work, we discovered that nine children affected by a condition known as UHS, coming from nine different families, carry homozygous or compound heterozygous mutations in the PADI3 gene (c.881C>T/p.Ala294Val; c.335T>A/p.Leu112His; c.1813C>A/p.Pro605Thr) (Figure 5a–e, i) [22]. UHS, also known as ‘pili trianguli and canaliculi’, is a rare hair shaft dysplasia that appears in young children and generally improves with age. This hair disorder is characterized by dry, curly, and shiny hair, with so tousled follicles that grow in multiple directions and are impossible to flatten on the scalp (Figure 5a). In some cases this hair anomaly has been described in association with other diseases, such as ectodermal dysplasia. The analysis of the hairs by scanning electron microscopy, the best diagnostic test, reveals a longitudinal groove along the length of the hair shaft with a triangular- or kidney-shaped section (Figure 5b). UHS is mostly inherited in an autosomal recessive manner, although cases inherited in an autosomal dominant fashion, with partial penetrance, have been reported.



Functional studies, including the expression of recombinant forms of wildtype and mutated PAD3 (produced after site directed mutagenesis) in bacteria and cultured human keratinocytes, as well as in silico modeling of the enzyme structure, showed that UHS-responsible mutations induce structural changes and a marked decrease in the activity of the corresponding enzyme. In addition, characterization of 7-weeks-old Padi3 knockout mice revealed alteration in the morphology of mouse hair coat and whiskers, with a rough and irregular surface that appears hammered (Figure 5c,d) [22]. In an additional Turkish family, we showed UHS to be caused by a homozygous non-sense mutation (c.1351C>T/p.Gln451X) in the TGM3 gene encoding TGase 3. Similar functional experiments showed that the mutation led to a shorter protein with a reduced enzymatic activity. Finally, a loss-of-function mutation of the trichohyalin encoding gene (c.991C>T/p.Gln331X) was identified in an 11th family [22]. This mutation results in the synthesis, if it takes place, of a very short form of trichohyalin, probably unable to both interact with keratins and form cross-linked complexes, necessary for its normal function in the inner root sheath, and hair shaft, respectively. Accordingly, mice with an inactivated Tgm3 gene have twisted vibrissae and a wavy coat, with fragile follicles related to major changes in cuticle cells [65].



In 2019, we reported in the New Englang Journal of Medicine [23] results of a genetic study of a condition known as CCCA, which implicates variants in PADI3. CCCA is a common and progressive type of scarring inflammatory alopecia affecting predominantly female of African ancestry, with an estimated prevalence of 2.7 in women of South Africa and 5.6% in Afro-American women in the USA [66,67,68]. Hair-breakage and thinning at the vertex scalp progress centrifugally. Histopathological examinations of skin biopsies reveal perifollicular lymphocyte infiltration and fibrosis [69], and follicular degeneration (Figure 5f,g). The disease is associated with traction-inducing hair-grooming practices and usage of hair-irritant chemicals. As several members of the same family can be affected, some without any history of hair trauma, the primary pathologic event has been implicated as a genetic defect, with environmental stressors considered as exacerbation factors [66,67,68]. Exome sequencing of 16 women with CCCA yielded one splice-site mutation (c.832-2A>G; skipping of exon 8, which in turn leads to a frameshift-predicted mutation expected to replace amino acids 278–664 by 38 unrelated amino acids due to the frameshift) and three heterozygous missense mutations in PADI3 (c.856A>G/p.Thr286Ala; c.1669C>T/p.Arg557Trp; c.1744G>A/p.Ala582Thr; Figure 5h,i) for five patients [23]. Protein modeling suggested that these mutations result in protein mis-folding. Functional experiments, similar to those described for UHS mutation analysis, revealed reduced stability and induced aggregation of the mutated proteins. RNA sequencing data and RT-qPCR experiments showed a reduction in the mRNA level of many proteins, known to be involved in hair formation, including trichohyalin and S100A3, in the scalps of affected patients. Replication of the genetic analysis in a cohort of additional 42 patients with CCCA identified PADI3 mutations, including two new mutations (c.1955G>A/p.Arg652Lys; c.628C>T/p.Arg210Trp), in 9 of them (Figure 5h,i). Altogether, six different heterozygous mutations of PADI3 were identified in 14 out of 58 patients (24%) with CCCA [23]. Interestingly but curiously, these mutations are distinct from those mutations responsible for UHS (Figure 5i), suggesting different pathogenic consequences. However, PADI3 mutations in children with UHS occur in either a homozygous or a compound heterozygous pattern, whereas in patients with CCCA mutations are heterozygous. In addition, the CCCA mutations but not the UHS mutations may change the location of the encoded enzyme or its substrate selectivity. Finally, it is not unique that different mutations of one particular gene induce two different clinical skin phenotypes. For example, different non-sense mutations of the CDSN gene, encoding corneodesmosin, are responsible for either, peeling skin syndrome type 1 (OMIM#270300) [70] or hypotrichosis simplex of the scalp (OMIM#146520) [71].



As a result of these findings, growing evidence is demonstrated for the essential role of the trichohyalin-PAD3-TGase 3 pathway in the physiology of the hair follicle and hair shaft formation.




4. Conclusions


In conclusion, PADs are increasingly important enzymes in many aspects of skin physiology and in human diseases, particularly in the epidermal barrier function, hair shaft formation and hair diseases, as summarized below in five points:




	
In skin, PADs are regulated at multiple levels, including gene expression, mRNA translation, and post-translational modifications, such as autodeimination and S-palmitoylation;



	
Cornified envelopes contain deiminated proteins, including filaggrin, hornerin, and the newly identified keratinocyte proline rich protein, deimination improving the efficacy of cross-linking by transglutaminases;



	
PAD inhibition using chloro-amidine slows down cornification and alters the associated autophagy process in the granular keratinocytes, showing the importance of these enzymes in the last steps of keratinocyte differentiation;



	
As demonstrated by the comparison of reconstructed human epidermis produced in dry versus humid atmospheric conditions, keratinocyte external environment modifies PAD1 expression and deimination, and the subsequent filaggrin proteolysis;



	
The direct implication of PAD3 gene mutations has been demonstrated in two human hair disorders, a rare hair shaft dysplasia and a common scarring inflammatory alopecia.












Author Contributions


Writing—original draft preparation, M.-C.M. and M.S.; writing—review and editing, M.-C.M., H.T., and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


Investigation of PADs in M.S. team has been or is supported by the CNRS, the University of Toulouse III, the INSERM, the French Society for Dermatology (SFD), the Society for Dermatological Research (SRD), SILAB and Pierre Fabre Dermo-Cosmétique. The authors acknowledge all their previous collaborators involved in their work about PADs, the patients and their families, and the Genotoul proteomic facility (Toulouse) staff. They warmly thank, Professor Eli Sprecher, Professor Regina Betz and their co-workers. We are indebted to Professor Amy McMichael for pictures of CCCA patients.




Conflicts of Interest


H.T. declares no conflict of interest. M.-C.M. and M.S. are co-inventors of a patent (n°WO2012140095A1) concerning acefylline use in cosmetics.




Abbreviations




	CCCA
	Central Centrifugal Cicatricial Alopecia



	NMF
	Natural Moisturizing Factor



	PAD
	peptidylarginine deiminase



	TGase
	transglutaminase



	UHS
	Uncombable Hair Syndrome







References


	



Chavanas, S.; Méchin, M.C.; Takahara, H.; Kawada, A.; Nachat, R.; Serre, G.; Simon, M. Comparative analysis of the mouse and human peptidylarginine deiminase gene clusters reveals highly conserved non-coding segments and a new human gene, PADI6. Gene 2004, 330, 19–27. [Google Scholar] [CrossRef]

	



Shimizu, A.; Handa, K.; Honda, T.; Abe, N.; Kojima, T.; Takahara, H. Three isozymes of peptidylarginine deiminase in the chicken: Molecular cloning, characterization, and tissue distribution. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2014, 167, 65–73. [Google Scholar] [CrossRef]

	



Minato, T.; Unno, M.; Kitano, T. Evolution of S100A3 and PAD3, two important genes for mammalian hair. Gene 2019, 713, 143975. [Google Scholar] [CrossRef]

	



Wang, S.; Wang, Y. Peptidylarginine deiminases in citrullination, gene regulation, health and pathogenesis. Biochim. Biophys. Acta 2013, 1829, 1126–1135. [Google Scholar] [CrossRef]

	



Christophorou, M.A.; Castelo-Branco, G.; Halley-Stott, R.P.; Oliveira, C.S.; Loos, R.; Radzisheuskaya, A.; Mowen, K.A.; Bertone, P.; Silva, J.C.; Zernicka-Goetz, M.; et al. Citrullination regulates pluripotency and histone H1 binding to chromatin. Nature 2014, 507, 104–108. [Google Scholar] [CrossRef]

	



Witalison, E.E.; Thompson, P.R.; Hofseth, L.J. Protein Arginine Deiminases and Associated Citrullination: Physiological Functions and Diseases Associated with Dysregulation. Curr. Drug Targets 2015, 16, 700–710. [Google Scholar] [CrossRef] [PubMed]

	



Sørensen, O.E.; Borregaard, N. Neutrophil extracellular traps—The dark side of neutrophils. J. Clin. Invest. 2016, 126, 1612–1620. [Google Scholar] [CrossRef]

	



Yang, L.; Tan, D.; Piao, H. Myelin Basic Protein Citrullination in Multiple Sclerosis: A Potential Therapeutic Target for the Pathology. Neurochem. Res. 2016, 41, 1845–1856. [Google Scholar] [CrossRef] [PubMed]

	



Arita, K.; Hashimoto, H.; Shimizu, T.; Nakashima, K.; Yamada, M.; Sato, M. Structural basis for Ca2+-induced activation of human PAD4. Nat. Struct. Mol. Biol. 2004, 11, 777–783. [Google Scholar] [CrossRef] [PubMed]

	



Slade, D.J.; Fang, P.; Dreyton, C.J.; Zhang, Y.; Fuhrmann, J.; Rempel, D.; Bax, B.D.; Coonrod, S.A.; Lewis, H.D.; Guo, M.; et al. Protein arginine deiminase 2 binds calcium in an ordered fashion: Implications for inhibitor design. ACS Chem. Biol. 2015, 10, 1043–1053. [Google Scholar] [CrossRef]

	



Saijo, S.; Nagai, A.; Kinjo, S.; Mashimo, R.; Akimoto, M.; Kizawa, K.; Yabe-Wada, T.; Shimizu, N.; Takahara, H.; Unno, M. Monomeric Form of Peptidylarginine Deiminase Type I Revealed by X-ray Crystallography and Small-Angle X-ray Scattering. J. Mol. Biol. 2016, 428, 3058–3073. [Google Scholar] [CrossRef] [PubMed]

	



Alghamdi, M.; Al Ghamdi, K.A.; Khan, R.H.; Uversky, V.N.; Redwan, E.M. An interplay of structure and intrinsic disorder in the functionality of peptidylarginine deiminases, a family of key autoimmunity-related enzymes. Cell. Mol. Life Sci. 2019, 76, 4635–4662. [Google Scholar] [CrossRef]

	



Méchin, M.-C.; Sebbag, M.; Arnaud, J.; Nachat, R.; Foulquier, C.; Adoue, V.; Coudane, F.; Duplan, H.; Schmitt, A.-M.; Chavanas, S.; et al. Update on peptidylarginine deiminases and deimination in skin physiology and severe human diseases. Int. J. Cosmet. Sci. 2007, 29, 147–168. [Google Scholar] [CrossRef]

	



Liu, Y.L.; Lee, C.Y.; Huang, Y.N.; Chen, H.Y.; Liu, G.Y.; Hung, H.C. Probing the Roles of Calcium-Binding Sites during the Folding of Human Peptidylarginine Deiminase 4. Sci. Rep. 2017, 7, 2429. [Google Scholar] [CrossRef] [PubMed]

	



Cuthbert, G.L.; Daujat, S.; Snowden, A.W.; Erdjument-Bromage, H.; Hagiwara, T.; Yamada, M.; Schneider, R.; Gregory, P.D.; Tempst, P.; Bannister, A.J.; et al. Histone deimination antagonizes arginine methylation. Cell 2004, 118, 545–553. [Google Scholar] [CrossRef]

	



Méchin, M.C.; Coudane, F.; Adoue, V.; Arnaud, J.; Duplan, H.; Charveron, M.; Schmitt, A.M.; Takahara, H.; Serre, G.; Simon, M. Deimination is regulated at multiple levels including auto-deimination of peptidylarginine deiminases. Cell. Mol. Life Sci. 2010, 67, 1491–1503. [Google Scholar] [CrossRef]

	



Agraz-Cibrian, J.M.; Giraldo, D.M.; Urcuqui-Inchima, S. 1,25-Dihydroxyvitamin D3 induces formation of neutrophil extracellular trap-like structures and modulates the transcription of genes whose products are neutrophil extracellular trap-associated proteins: A pilot study. Steroids 2019, 141, 14–22. [Google Scholar] [CrossRef] [PubMed]

	



Andrade, F.; Darrah, E.; Gucek, M.; Cole, R.N.; Rosen, A.; Zhu, X. Autocitrullination of human peptidyl arginine deiminase type 4 regulates protein citrullination during cell activation. Arthritis Rheum. 2010, 62, 1630–1640. [Google Scholar] [CrossRef]

	



Slack, J.L.; Jones, L.E., Jr.; Bhatia, M.M.; Thompson, P.R. Autodeimination of protein arginine deiminase 4 alters protein-protein interactions but not activity. Biochemistry 2011, 50, 3997–4010. [Google Scholar] [CrossRef]

	



Chang, H.H.; Dwivedi, N.; Nicholas, A.P.; Ho, I.C. The W620 Polymorphism in PTPN22 Disrupts Its Interaction With Peptidylarginine Deiminase Type 4 and Enhances Citrullination and NETosis. Arthritis Rheumatol. 2015, 67, 2323–2334. [Google Scholar] [CrossRef]

	



Chen, L.Y.; Lin, K.R.; Chen, Y.J.; Chiang, Y.J.; Ho, K.C.; Shen, L.F.; Song, I.W.; Liu, K.M.; Yang-Yen, H.F.; Chen, Y.J.; et al. Palmitoyl acyltransferase activity of ZDHHC13 regulates skin barrier development partly by controlling PADi3 and TGM1 protein stability. J. Invest. Dermatol. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Basmanav, Ü.F.B.; Cau, L.; Tafazzoli, A.; Méchin, M.C.; Wolf, S.; Romano, M.T.; Valentin, F.; Wiegmann, H.; Huchenq, A.; Kandil, R.; et al. Mutations in Three Genes Encoding Proteins Involved in Hair Shaft Formation Cause Uncombable Hair Syndrome. Am. J. Hum. Genet. 2016, 99, 1292–1304. [Google Scholar] [CrossRef] [PubMed]

	



Malki, L.; Sarig, O.; Romano, M.T.; Méchin, M.C.; Peled, A.; Pavlovsky, M.; Warshauer, E.; Samuelov, L.; Uwakwe, L.; Briskin, V.; et al. Variant PADI3 in Central Centrifugal Cicatricial Alopecia. N. Engl. J. Med. 2019, 380, 833–841. [Google Scholar] [CrossRef] [PubMed]

	



Guerrin, M.; Ishigami, A.; Méchin, M.C.; Nachat, R.; Valmary, S.; Sebbag, M.; Simon, M.; Senshu, T.; Serre, G. cDNA cloning, gene organization and expression analysis of human peptidylarginine deiminase type I. Biochem. J. 2003, 370, 167–174. [Google Scholar] [CrossRef] [PubMed]

	



Nachat, R.; Méchin, M.-C.; Takahara, H.; Chavanas, S.; Charveron, M.; Serre, G.; Simon, M. peptidylarginine deiminase isoforms 1–3 are expressed in the epidermis and involved in the deimination of K1 and filaggrin. J. Invest. Dermatol. 2005, 124, 384–393. [Google Scholar] [CrossRef] [PubMed]

	



Nachat, R.; Méchin, M.C.; Charveron, M.; Serre, G.; Constans, J.; Simon, M. Peptidylarginine deiminase isoforms are differentially expressed in the anagen hair follicles and other human skin appendages. J. Invest. Dermatol. 2005, 125, 34–41. [Google Scholar] [CrossRef]

	



Kizawa, K.; Takahara, H.; Unno, M.; Heizmann, C.W. S100 and S100 fused-type protein families in epidermal maturation with special focus on S100A3 in mammalian hair cuticles. Biochimie 2011, 93, 2038–2047. [Google Scholar] [CrossRef]

	



Yamakoshi, A.; Ono, H.; Nishijyo, T.; Shiraiwa, M.; Takahara, H. Cloning of cDNA encoding a novel isoform (type IV) of peptidylarginine deiminase from rat epidermis. Biochim. Biophys. Acta 1998, 1386, 227–232. [Google Scholar] [CrossRef]

	



Senshu, T.; Kan, S.; Ogawa, H.; Manabe, M.; Asaga, H. Preferential Deimination of Keratin K1 and Filaggrin during the Terminal Differentiation of Human Epidermis. Biochem. Biophys. Res. Commun. 1996, 225, 712–719. [Google Scholar] [CrossRef]

	



Harding, C.R.; Scott, I.R. Histidine-rich proteins (filaggrins): Structural and functional heterogeneity during epidermal differentiation. J. Mol. Biol. 1983, 170, 651–673. [Google Scholar] [CrossRef]

	



Tarcsa, E.; Marekov, L.N.; Mei, G.; Melino, G.; Lee, S.-C.; Steinert, P.M. Protein unfolding by peptidylarginine deiminase substrate specificity and structural relationships of the natural substrates trichohyalin and filaggrin. J. Biol. Chem. 1996, 271, 30709–30716. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.-Y.; Gasc, G.; Raymond, A.-A.; Burlet-Schiltz, O.; Takahara, H.; Serre, G.; Mechin, M.-C.; Simon, M. Deimination of human hornerin enhances its processing by calpain-1 and its cross-linking by transglutaminases. J. Invest. Dermatol 2017, 137, 422–429. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.-Y.; Henry, J.; Raymond, A.-A.; Méchin, M.-C.; Pendaries, V.; Nassar, D.; Hansmann, B.; Balica, S.; Burlet-Schiltz, O.; Schmitt, A.M.; et al. Deimination of human filaggrin-2 promotes its proteolysis by calpain 1. J. Biol. Chem. 2011, 286, 23222–23233. [Google Scholar] [CrossRef]

	



Henry, J.; Toulza, E.; Hsu, C.Y.; Pellerin, L.; Balica, S.; Mazereeuw-Hautier, J.; Paul, C.; Serre, G.; Jonca, N.; Simon, M. Update on the epidermal differentiation complex. Front. Biosci. (Landmark Ed.) 2012, 17, 1517–1532. [Google Scholar] [CrossRef] [PubMed]

	



Albérola, G.; Schröder, J.M.; Froment, C.; Simon, M. The Amino-Terminal Part of Human FLG2 Is a Component of Cornified Envelopes. J. Invest. Dermatol. 2019, 139, 1395–1397. [Google Scholar] [CrossRef] [PubMed]

	



Senshu, T.; Akiyama, K.; Nomura, K. Identification of citrulline residues in the V subdomains of keratin K1 derived from the cornified layer of newborn mouse epidermis. Exp. Dermatol. 1999, 8, 392–401. [Google Scholar] [CrossRef] [PubMed]

	



Pendaries, V.; Malaisse, J.; Pellerin, L.; Le Lamer, M.; Nachat, R.; Kezic, S.; Schmitt, A.M.; Paul, C.; Poumay, Y.; Serre, G.; et al. Knockdown of filaggrin in a three-dimensional reconstructed human epidermis impairs keratinocyte differentiation. J. Invest. Dermatol. 2014, 134, 2938–2946. [Google Scholar] [CrossRef]

	



Le Lamer, M.; Pellerin, L.; Reynier, M.; Cau, L.; Pendaries, V.; Leprince, C.; Méchin, M.C.; Serre, G.; Paul, C.; Simon, M. Defects of corneocyte structural proteins and epidermal barrier in atopic dermatitis. Biol. Chem. 2015, 396, 1163–1179. [Google Scholar] [CrossRef]

	



Pendaries, V.; Le Lamer, M.; Cau, L.; Hansmann, B.; Malaisse, J.; Kezic, S.; Serre, G.; Simon, M. In a three-dimensional reconstructed human epidermis filaggrin-2 is essential for proper cornification. Cell Death Dis. 2015, 6, e1656. [Google Scholar] [CrossRef]

	



Kamata, Y.; Taniguchi, A.; Yamamoto, M.; Nomura, J.; Ishihara, K.; Takahara, H.; Hibino, T.; Takeda, A. Neutral cysteine protease bleomycin hydrolase is essential for the breakdown of deiminated filaggrin into amino acids. J. Biol. Chem. 2009, 284, 12829–12836. [Google Scholar] [CrossRef]

	



Cau, L.; Méchin, M.C.; Simon, M. Peptidylarginine deiminases and deiminated proteins at the epidermal barrier. Exp. Dermatol. 2018, 27, 852–858. [Google Scholar] [CrossRef] [PubMed]

	



Cau, L.; Pendaries, V.; Lhuillier, E.; Thompson, P.R.; Serre, G.; Takahara, H.; Méchin, M.-C.; Simon, M. Lowering relative humidity level increases epidermal protein deimination and drives human filaggrin breakdown. J. Dermatol. Sci. 2017, 86, 106–113. [Google Scholar] [CrossRef] [PubMed]

	



Arita, S.; Hatta, M.; Uchida, K.; Kita, T.; Okamura, K.; Ryu, T.; Murakami, H.; Sakagami, R.; Yamazaki, J. Peptidylarginine deiminase is involved in maintaining the cornified oral mucosa of rats. J. Periodontal Res. 2018, 53, 750–761. [Google Scholar] [CrossRef] [PubMed]

	



Méchin, M.-C.; Cau, L.; Galliano, M.F.; Daunes-Marion, S.; Poigny, S.; Vidaluc, J.L.; Bessou-Touya, S.; Takahara, H.; Serre, G.; Duplan, H.; et al. Acefylline activates filaggrin deimination by peptidylarginine deiminases in the upper epidermis. J. Dermatol. Sci. 2016, 81, 101–106. [Google Scholar] [CrossRef]

	



Akiyama, K.; Senshu, T. Dynamic aspects of protein deimination in developing mouse epidermis. Exp. Dermatol. 1999, 8, 177–186. [Google Scholar] [CrossRef]

	



Scott, I.R.; Harding, C.R. Filaggrin breakdown to water binding compounds during development of the rat stratum corneum is controlled by the water activity of the environment. Dev. Biol. 1986, 115, 84–92. [Google Scholar] [CrossRef]

	



Cau, L.; Takahara, H.; Thompson, P.R.; Serre, G.; Méchin, M.-C.; Simon, M. Peptidylarginine deiminase inhibitor cl-amidine attenuates cornification and interferes with the regulation of autophagy in reconstructed human epidermis. J. Invest. Dermatol. 2019, 139, 1889–1897.e4. [Google Scholar] [CrossRef]

	



Wang, S.; Chen, X.A.; Hu, J.; Jiang, J.; Li, Y.; Chan-Salis, K.Y.; Gu, Y.; Chen, G.; Thomas, C.; Pugh, B.F.; et al. ATF4 Gene Network Mediates Cellular Response to the Anticancer PAD Inhibitor YW3-56 in Triple-Negative Breast Cancer Cells. Mol. Cancer Ther. 1995, 14, 877–888. [Google Scholar] [CrossRef]

	



Sorice, M.; Iannuccelli, C.; Manganelli, V.; Capozzi, A.; Alessandri, C.; Lococo, E.; Garofalo, T.; Di Franco, M.; Bombardieri, M.; Nerviani, A.; et al. Autophagy generates citrullinated peptides in human synoviocytes: A possible trigger for anti-citrullinated peptide antibodies. Rheumatology (Oxford) 2016, 55, 1374–1385. [Google Scholar] [CrossRef]

	



Coudane, F.; Méchin, M.-C.; Huchenq, A.; Henry, J.; Nachat, R.; Ishigami, A.; Adoue, V.; Sebbag, M.; Serre, G.; Simon, M. Deimination and expression of peptidylarginine deiminases during cutaneous wound healing in mice. Eur. J. Dermatol. 2011, 21, 376–384. [Google Scholar] [CrossRef]

	



Medland, S.E.; Nyholt, D.R.; Painter, J.N.; McEvoy, B.P.; McRae, A.F.; Zhu, G.; Gordon, S.D.; Ferreira, M.A.R.; Wright, M.J.; Henders, A.K.; et al. Common Variants in the Trichohyalin Gene Are Associated with Straight Hair in Europeans. Am. J. Hum. Genet. 2009, 85, 750–755. [Google Scholar] [CrossRef] [PubMed]

	



Pośpiech, E.; Karłowska-Pik, J.; Marcińska, M.; Abidi, S.; Andersen, J.D.; Berge, M.V.D.; Carracedo, Á.; Eduardoff, M.; Freire-Aradas, A.; Morling, N.; et al. Evaluation of the predictive capacity of DNA variants associated with straight hair in Europeans. Forensic Sci. Int. Genet. 2015, 19, 280–288. [Google Scholar] [CrossRef] [PubMed]

	



Rice, R.H.; Rocke, D.M.; Tsai, H.S.; Silva, K.A.; Lee, Y.J.; Sundberg, J.P. Distinguishing mouse strains by proteomic analysis of pelage hair. J. Invest. Dermatol. 2009, 129, 2120–2125. [Google Scholar] [CrossRef] [PubMed]

	



Steinert, P.M.; Parry, D.A.D.; Marekov, L.N. Trichohyalin mechanically strengthens the hair follicle: Multiple cross-bridging roles in the inner root sheath. J. Biol. Chem. 2003, 278, 41409–41419. [Google Scholar] [CrossRef] [PubMed]

	



Kizawa, K.; Fujimori, T.; Kawai, T. Arachidonate 12-Lipoxygenase Inhibitors Promote S100A3 Citrullination in Cultured SW480 Cells and Isolated Hair Follicles. Biol. Pharm. Bull. 2017, 40, 516–523. [Google Scholar] [CrossRef] [PubMed]

	



Unno, M.; Kawasaki, T.; Takahara, H.; Heizmann, C.W.; Kizawa, K. Refined crystal structures of human Ca2+/Zn2+-binding S100A3 protein characterized by two disulfide bridges. J. Mol. Biol. 2011, 408, 477–490. [Google Scholar] [CrossRef]

	



Ishida-Yamamoto, A.; Senshu, T.; Takahashi, H.; Akiyama, K.; Nomura, K.; Iizuka, H. Decreased deiminated keratin K1 in psoriatic hyperproliferative epidermis. J. Invest. Dermatol. 2000, 114, 701–705. [Google Scholar] [CrossRef]

	



Ishida-Yamamoto, A.; Senshu, T.; Eady, R.A.; Takahashi, H.; Shimizu, H.; Akiyama, M.; Iizuka, H. Sequential reorganization of cornified cell keratin filaments involving filaggrin-mediated compaction and keratin 1 deimination. J. Invest. Dermatol. 2002, 118, 282–287. [Google Scholar] [CrossRef]

	



Daunes-Marion, S.; Duplan, H.; Méchin, M.-C.; Poigny, S.; Serre, G.; Simon, M. Peptidylarginine Deiminase 1 and/or 3 Activator Compounds in the Epidermis and Uses Thereof. U.S. Patent 9566222, 14 February 2011. [Google Scholar]

	



Urano, Y.; Watanabe, K.; Sakaki, A.; Arase, S.; Watanabe, Y.; Shigemi, F.; Takeda, K.; Akiyama, K.; Senshu, T. Immunohistochemical demonstration of peptidylarginine deiminase in human sweat glands. Am. J. Dermatopathol. 1990, 12, 249–255. [Google Scholar] [CrossRef]

	



Chang, X.; Han, J.; Pang, L.; Zhao, Y.; Yang, Y.; Shen, Z. Increased PADI4 expression in blood and tissues of patients with malignant tumors. BMC Cancer 2009, 9, 40. [Google Scholar] [CrossRef]

	



Li, P.; Wang, D.; Yao, H.; Doret, P.; Hao, G.; Shen, Q.; Qiu, H.; Zhang, X.; Wang, Y.; Chen, G.; et al. Coordination of PAD4 and HDAC2 in the regulation of p53-target gene expression. Oncogene 2010, 29, 3153–3162. [Google Scholar] [CrossRef] [PubMed]

	



Yao, H.; Li, P.; Venters, B.J.; Zheng, S.; Thompson, P.R.; Pugh, B.F.; Wang, Y. Histone Arg modifications and p53 regulate the expression of OKL38, a mediator of apoptosis. J. Biol. Chem. 2008, 283, 20060–20068. [Google Scholar] [CrossRef] [PubMed]

	



Stacey, S.N.; Gudbjartsson, D.F.; Sulem, P.; Bergthorsson, J.T.; Kumar, R.; Thorleifsson, G.; Sigurdsson, A.; Jakobsdottir, M.; Sigurgeirsson, B.; Benediktsdottir, K.R.; et al. Common variants on 1p36 and 1q42 are associated with cutaneous basal cell carcinoma but not with melanoma or pigmentation traits. Nat. Genet. 2008, 40, 1313–1318. [Google Scholar] [CrossRef] [PubMed]

	



Bognar, P.; Nemeth, I.; Mayer, B.; Haluszka, D.; Wikonkal, N.; Ostorhazi, E.; John, S.; Paulsson, M.; Smyth, N.; Pasztoi, M.; et al. Reduced inflammatory threshold indicates skin barrier defect in transglutaminase 3 knockout mice. J. Invest. Dermatol. 2014, 134, 105–111. [Google Scholar] [CrossRef]

	



Ogunleye, T.A.; McMichael, A.; Olsen, E.A. Central centrifugal cicatricial alopecia: What has been achieved, current clues for future research. Dermatol. Clin. 2014, 32, 173–181. [Google Scholar] [CrossRef]

	



Dlova, N.C.; Salkey, K.S.; Callender, V.D.; McMichael, A.J. Central Centrifugal Cicatricial Alopecia: New Insights and a Call for Action. J. Investig. Dermatol. Symp. Proc. 2017, 18, S54–S56. [Google Scholar] [CrossRef]

	



Subash, J.; Alexander, T.; Beamer, V.; McMichael, A. A proposed mechanism for central centrifugal cicatricial alopecia. Exp. Dermatol. 2018. [Google Scholar] [CrossRef]

	



Jordan, C.S.; Chapman, C.; Kolivras, A.; Roberts, J.L.; Thompson, N.B.; Thompson, C.T. Clinicopathologic and immunophenotypic characterization of lichen planopilaris and central centrifugal cicatricial alopecia: A comparative study of 51 cases. J. Cutan. Pathol. 2019. [Google Scholar] [CrossRef]

	



Mallet, A.; Kypriotou, M.; George, K.; Leclerc, E.; Rivero, D.; Mazereeuw-Hautier, J.; Serre, G.; Huber, M.; Jonca, N.; Hohl, D. Identification of the first nonsense CDSN mutation with expression of a truncated protein and causing Peeling skin syndrome type B. Br. J. Dermatol. 2013, 169, 1322–1325. [Google Scholar] [CrossRef]

	



Caubet, C.; Bousset, L.; Clemmensen, O.; Sourigues, Y.; Bygum, A.; Chavanas, S.; Coudane, F.; Hsu, C.Y.; Betz, R.C.; Melki, R.; et al. A new amyloidosis caused by fibrillar aggregates of mutated corneodesmosin. FASEB J. 2010, 24, 3416–3426. [Google Scholar] [CrossRef]








[image: Ijms 21 00566 g001 550] 





Figure 1. Reaction of deimination and structure of PADs. (a) Schematic representation of the reaction catalyzed by PADs: Deimination or citrullination. (b) Schematic representation of the sub-domains of PADs. (c) Illustration of an in silico three-dimensional (3D) model of the active PAD3. The white arrowheads indicate the five putatively palmitoylated cysteines (by similarities to mouse Pad3). The small white dots indicate the five conserved calcium binding sites. The four gathered major amino-acids of the active site are highlighted by a red oval (Asp350, His470, Asp472 and Cys646 by similarities to PAD4). (d) Summary of the structural data for each human (PAD) and mouse (mPad) isotypes. Positions of the calcium binding sites are indicated by black dots on each sub-domain representation. * As observed after a multiple sequence alignment (MultAlin), the amino-acids involved in the five calcium binding sites are highly conserved, especially between PAD4 and PAD3 [13]. / means that the information is not known. 
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Figure 2. PADs and deiminated proteins in normal human abdominal epidermis. (a) Immunofluorescence detection of PAD1 (red). (b and c) Immuno-electron microscopy detection of PAD1. White arrowheads point gold beads on intermediate filaments in a granular keratinocyte (b) and on the intracorneocyte matrix (c). (d) Immunofluorescence detection of PAD3 (red). (e) Double labelling of PAD3 (small gold beads) and filaggrin (large beads) on keratohyalin granules (arrowheads) in a granular keratinocyte. (f) Immunofluorescence detection of deiminated proteins using the AMC antibody specific for chemically modified citrullines, as previously described [29]. The dermo-epidermal junction is indicated by a doted white line (a and d). Bar = 50 µm (a, d and f) and 200 nm (b, c, and e). Nuclei are stained in blue (Dapi) (a and d). 
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Figure 3. Production of 3D reconstructed human epidermis (RHE) in a dry atmosphere induces deimination while inhibition of deimination by Cl-amidine alters autophagy at the transition stratum granulosum / stratum corneum. (a) Schematic representation of the RHE produced in a humid (relative humidity = 95–100%) versus dry (relative humidity around 30%) atmosphere, with hematoxylin-eosin staining of a representative RHE section in each condition. (b) Immunofluorescence detection of deiminated proteins with the AMC antibody in RHE produced in a humid or dry atmosphere. Bar = 20 µm. (c–h) Transmission electron microscopy observations of control RHE (Ctrl), and RHE treated with Cl-amidine (Cl-a). The corneocytes and transitional cells are delineated by vertical full or dotted line, respectively (c–e). Clustered mitochondria are shown (f) and heterogeneous small vesicles are pointed by asterisks (g). A large vesicle (V) close to a nucleus (N) with a non-ovoid irregular shape is also illustrated (h). Bar = 1 µm. SB: stratum basale, SC: stratum corneum, SG: stratum granulosum, TC: transitional cells. 
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Figure 4. PADs and deiminated proteins in the hair follicles. (a) Schematic representation of a hair follicle section and detection of both PADs and deiminated proteins, as reported in [26,27]. IRS, inner root sheath; ORS, outer root sheath. (b) Immunodetection of deiminated proteins (red) with the anti-modified citrulline antibody in the medulla (M) and the inner root sheath (large black line) of a normal human hair follicle. The outer root sheath is indicated with a large white line. (c) Immunofluorescence detection of PAD3 (green) and trichohyalin (TCHH, red). A yellow staining (yellow arrows) corresponds to colocation of the two proteins. Bar = 50 µm (b) and 100 µm (c). 
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Figure 5. PADs and deimination in hair follicle disorders. (a) Illustration of the macroscopic hair phenotype of an UHS patient. (b-d) Representative scanning electron microscopy observations of the abnormal longitudinal UHS hair shape (b), hair follicles of Padi3 wild type mice; (c) and hair follicles of Padi3 knockout mice (d). Bar = 150 µm. White arrowheads point the abnormalities of the hair shape. (e) Localization of PAD3 amino-acids that are mutated in UHS patients. (f and g) Hair phenotype of a Central Centrifugal Cicatricial Alopecia (CCCA) patient and histological observation. Black and red arrowheads point to inflammatory infiltrate, and fibrosis, respectively. Bar = 200 µm. (h) Localization of PAD3 amino-acids that are mutated in CCCA patients. (i) Position of the pathological mutations on a linear representation of PAD3. Mutations responsible for UHS (top) or CCCA (bottom). The in silico 3D model of PAD3 (e,h) was produced by similarity from the crystallographic data of PAD4 (PDB ID: 1WDA), as previously published [9,16,22]. 
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Table 1. Deiminated proteins identified by mass-spectrometry analysis of purified human plantar cornified envelopes.
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	Protein Identifier 1
	Protein Name (Abbreviation)
	Deiminated Arg Number





	P04264
	Keratin 1 (KRT1)
	R65, R82



	P35908
	Keratin 2 (KRT2)
	R603



	P04259
	Keratin 6B (KRT6B)
	R59, R86



	O43290
	Keratin 14 (KRT14)
	R510



	P08779
	Keratin 16 (KRT16)
	R41



	Q04695
	Keratin 17 (KRT17)
	R41, R191



	P20930
	Filaggrin (FLG)
	R1026 or R3295, R1567



	Q5D862
	Filaggrin-2 (FLG2)
	R637 or R789



	Q86YZ3
	Hornerin (HRNR)
	R1953



	Q5T749
	Keratinocyte proline-rich protein (KPRP)
	R409



	P53611
	Geranylgeranyltransferase (GGT)
	R184



	Q7Z4L5
	Tetratricopeptide repeat protein 21B (TTC21B)
	R297, R301







1 UniProtKB/SwissProt accession number.
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