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Abstract 16 

The ichthyoses are a large, heterogeneous group of skin cornification disorders. They can be 17 

inherited or acquired, and result in defective keratinocyte differentiation and abnormal epidermal 18 

barrier formation. The resultant skin barrier dysfunction leads to increased transepidermal water loss 19 

and inflammation. Disordered cornification is clinically characterized by skin scaling with different 20 

degrees of thickening, desquamation (peeling), and erythema (redness). Regardless of the type of 21 

ichthyosis, many patients suffer from itching, recurrent infections, sweating impairment 22 

(hypohidrosis) with heat intolerance, and diverse ocular, hearing and nutritional complications that 23 

should be monitored periodically. The characteristic clinical features are considered to be a 24 

homeostatic attempt to repair the skin barrier, but heterogeneous clinical presentation and imperfect 25 

phenotype–genotype correlation hinders diagnosis. An accurate molecular diagnosis is, however, 26 

crucial for predicting prognosis and providing appropriate genetic counseling. Most ichthyoses 27 

severely affect patient quality of life and, in severe forms, may cause considerable disability and even 28 

death. So far, treatment only provides symptomatic relief. It is life-long, expensive, time-consuming, 29 

and often provides disappointing results. A better understanding of the molecular mechanisms 30 

underlying these conditions is essential for designing pathogenesis-driven and patient-tailored 31 

innovative therapeutic solutions.  32 



 

Introduction 33 

Ichthyosis is a broad term used to group dermatological disorders characterized by generalized 34 

scaly, erythematous skin, accompanied by epidermal barrier function disruptions1,2. Disruption of this 35 

barrier, localized to the upper epidermis (the outermost layer of the skin)1, interferes with its functions 36 

in protecting the patient from chemical and biological injuries, restricting liquid and solute absorption, 37 

and preventing desiccation by limiting water loss to the environment3. 38 

At the cellular level, the epidermis is mostly comprised of keratinocytes4. Generated by division of 39 

basal stem cells in the innermost layer of the epidermis, keratinocytes migrate towards the skin 40 

surface as they differentiate, transitioning through different phenotypes that give rise to the distinct 41 

epidermal layers (FIG. 1)5,6. These phenotypical changes lead to reorganization of the keratinocyte 42 

cytoskeleton, secretion of lipids into the extracellular space, establishment of intercellular junctions 43 

and, ultimately, to the terminal differentiation of keratinocytes into corneocytes7,8. This 44 

differentiation culminates in the formation of the stratum corneum, a layered structure formed by a 45 

lipidic extracellular matrix composed of ceramides, cholesterol and fatty acids, an inner ceramide-rich 46 

lipidic envelope (the corneocyte lipid envelope) cross-linked to the cornified envelope (a protein layer 47 

that gradually replaces the cell membrane of terminally differentiating keratinocytes9), and the 48 

protein-rich corneocytes10. Together, these changes lay the groundwork for epidermal barrier 49 

formation8, and their disruption leads to the ichthyotic condition. 50 

Ichthyoses can be either acquired or inherited. Acquired forms can be caused by different 51 

underlying factors, such as malignancies, autoimmune diseases, nutritional disorders or medication11 52 

(BOX 1). By contrast, inherited ichthyoses follow patterns of Mendelian inheritance and each form is 53 

associated with a mutation in a specific gene that encodes a protein involved in synthesis or 54 

metabolism of proteins or lipids that are important in keratinocyte terminal differentiation, leading to 55 

the observed phenotypic, histological and molecular abnormalities12. These phenotypic abnormalities 56 

manifest as scales of variable thickness often accompanied by erythema (redness)12 and psychological 57 

issues due to the visibility of affected skin and the associated stigma13,14. In severe cases, the thickened 58 

skin is taut, leading to exposure of the inner surface of eyelids and lips (ectropium and eclabium, 59 

respectively) and fissures that increase the risk of infection12. Excess skin is desquamated (peeling) 60 

and can block sweat glands, tear ducts, and the ear canal, leading to difficulty sweating (hypohidrosis) 61 

with heat intolerance, dry eyes (xerophtalmia), and potentially irreversible loss of hearing12–14. At the 62 

same time, barrier disruption increases transepidermal water loss with a concomitant caloric drain 63 

leading to failure to thrive13–15. Affectation of the nails (onychodystrophy) is also common12. In some 64 

forms of ichthyosis (called syndromic ichthyosis) the causal gene has functions outside the skin, 65 



 

leading to diverse extracutaneous manifestations in the hair, genitourinary system, gastrointestinal 66 

tract, and nervous system12. 67 

The study of defective genes not only enables appropriate genetic counseling and prenatal 68 

diagnosis for families at risk of disease16 but has also been instrumental in the delineation of 69 

fundamental aspects of skin biology, making ichthyoses a key set of disorders for understanding the 70 

epidermal barrier. 71 

In this Primer, we discuss those diseases that fall under the definition of ichthyosis, including their 72 

epidemiology, their underlying genetic causes and their relationship to the clinical phenotype. We also 73 

discuss disease classification and diagnosis, management, effects on patients' quality of life, and the 74 

development of new approaches to the management of these conditions. 75 

Epidemiology 76 

Inherited ichthyoses 77 

Several factors make it difficult to estimate the prevalence of ichthyosis. First, ichthyoses form a 78 

heterogeneous group of diseases and each of them has a different prevalence rate, so an overall 79 

estimate would bias data towards the most common forms. Second, there are >50 different 80 

ichthyoses, most of which are considered rare (<1 patient per 2,000 people17); hence, accurate and 81 

thorough epidemiological reports are scarce. Furthermore, most of the available data have been 82 

collected in specific populations and it is unclear to what extent they are generalizable. 83 

Ichthyosis vulgaris, the most common form of inherited ichthyosis, has variable estimates of 84 

prevalence across studies. Its prevalence was as high as 10 in 792 a study of English schoolchildren18. 85 

By contrast, a prevalence of 1 in 5,025 (n = 497,460) was reported in a West Russian cohort19 and a 86 

prevalence of 1 in 17,372 was estimated based on hospital records of the Jewish population in Israel20. 87 

Ichthyosis vulgaris is the most common form of ichthyosis in Asia as well. The combined carrier 88 

rate of ten ichthyosis vulgaris-causative null mutations in the filaggrin gene (FLG) was reported to be 89 

11.1% in Japan21. Interestingly, the prevalence of different FLG mutations differs greatly between 90 

Asian and European populations. In Europe, two extremely prevalent founder mutations (p.R501X and 91 

c.2282del4) account for 80% of the FLG mutation spectrum22, whereas in Asian populations >30 low 92 

prevalence FLG mutations have been found, varying greatly among different Asian ethnic groups, 93 

including Chinese, Japanese, Taiwanese, Korean, Malay and Indian populations22–25. 94 

The second most common form of inherited ichthyosis is recessive X-linked ichthyosis (RXLI), which 95 

almost exclusively affects males26. Its prevalence was 1 in 1,500 males (n=777,088) in a US cohort27, 1 96 



 

in 5,034 males (n=75,653) in a South Italian cohort28 and 1 in 6,190 males in an English cohort29. A 97 

prevalence of 1 in 4,152 males was estimated based on hospital records of a Spanish province30, 1 in 98 

5,250 males was estimated based on hospital records of the Jewish population in Israel20 and 1 in 99 

9,855 was estimated based on hospital records of a Japanese province31. No racial differences in 100 

disease prevalence were found among patients in the US study27. 101 

The remaining ichthyoses are extremely rare (with prevalences under 1 in 100,000). A combined 102 

prevalence for all remaining ichthyoses was estimated at 6.7 in 100,000 based on health insurance 103 

records in the USA32, 1.62 in 100,000 based on hospital records in Spain33, 1.3 in 100,000 based on 104 

hospital records in France34, and 0.17 in 100,000 in Japan35. Table 1 shows the prevalences of several 105 

rare forms of ichthyosis. 106 

In Saudi Arabia, 6.7 in 1,000 patients who visited one large dermatology center were affected by 107 

some form of ichthyosis (half of which were classified as ichthyosis vulgaris)36. The molecular 108 

epidemiology of ichthyoses  might differ in the Middle East as well: in a cohort of 62 patients with 109 

autosomal recessive congenital ichthyosis (ARCI), CYP4F22 and ABCA12 were the most commonly 110 

affected genes, whereas TGM1 and NIPAL4 are the most frequent causal genes in Western countries37. 111 

However, in a cohort of 19 patients with ARCI from Saudi Arabia and Pakistan, TGM1 and NIPAL4 112 

mutations were the most abundant38. In a series of Iranian patients with ichthyosis vulgaris, no 113 

mutations in FLG were identified39. Further complicating interpretation of these data, one study 114 

demonstrated wide variability in pathogenic variant allele frequency in various Middle Eastern 115 

subgroups40. Some variants were highly associated with specific ethnic backgrounds, which may 116 

facilitate molecular diagnostics40,41  117 

Patients with inherited ichthyosis, especially those with severe ichthyosis, have various associated 118 

conditions and complications, whose prevalence is not well known13,14. Pruritus (itchy skin), a 119 

characteristic feature of several specific subtypes of inherited ichthyosis, including Netherton 120 

syndrome, is one of the most frequent and important complications13,14. Recurrent cutaneous 121 

bacterial and fungal infections are commonly observed, especially in Netherton syndrome and 122 

keratitis-ichthyosis-deafness syndrome (KID) 13,14,42,43. Heat intolerance due to hypohidrosis is also 123 

frequently observed both in severe and mild forms of inherited ichthyosis44 124 

 125 

Acquired ichthyoses 126 

Acquired ichthyosis is a rare condition. Data regarding its relative prevalence are unreliable due to 127 

the varying definitions of acquired ichthyosis in different studies and the fact that it is often confused 128 



 

with xerosis (dry skin)45. Its prevalence seems to be etiology-specific: it affects ~30% of individuals with 129 

AIDS46, ~22% of patients with diabetes mellitus47, and up to 50% of HTLV-1-positive individuals48. It is 130 

extremely rare among patients with cancer; however, when it is observed, it is mostly in patients with 131 

Hodgkin's lymphoma49. 132 

Mechanisms/pathophysiology 133 

Cutaneous mechanisms 134 

All ichthyoses are characterized by disruptions of the epidermal barrier, a unique structure 135 

established by the differentiating keratinocytes. This structure is organized as a set of concentric layers 136 

formed by the terminally differentiated corneocytes at its center and the extracellular space 137 

surrounding them, in what is sometimes called the bricks and mortar model10 (FIG. 1)50. According to 138 

this model, the filaggrin-rich and keratin-rich corneocyte cytoplasm and loricrin-rich cornified 139 

envelope resembles the protein bricks that lend the barrier its mechanical resilience10. The lipids, 140 

which are covalently bound to the cornified envelope to form the corneocyte lipid envelope and the 141 

intercellular lamellar lipids, form the mortar that seals the barrier, preventing solute and liquid 142 

diffusion across it10. 143 

Most of the genes associated with inherited ichthyoses encode proteins that are involved in the 144 

synthesis or metabolism of other proteins and lipids that form the epidermal barrier (Supplementary 145 

Table 1). When these genes are mutated, the normal epithelial function is disrupted. Thus, ichthyoses 146 

can be classified not only phenotypically but also based on gene variant51. 147 

Some of these encoded proteins are involved in maintaining the intracellular structural protein 148 

network that confers keratinocytes and corneocytes their mechanical resilience52. Keratins are a 149 

family of >54 proteins with very well regulated expression patterns, which are specific to the tissue 150 

and differentiation stage52. Keratins 1, 2 and 10 (encoded by KRT1, KRT2 and KRT10) are the main 151 

components of the keratinocyte intermediate filament cytoskeleton53,54. Filaggrin (encoded by FLG55) 152 

is initially translated as a preprotein56 and then processed by proteases caspase 14 (encoded by 153 

CASP1457), matriptase (encoded by ST1458), and aspartic peptidase (ASPRV159) to aggregate the keratin 154 

filaments. Filaggrin is eventually degraded by the proteasome (assembled by chaperones such as the 155 

protein encoded by POMP60) into amino acids that act as moisturizing factors for maintaining skin 156 

hydration56. Loricrin (encoded by LORICRIN) is the major component of the cornified envelope9. 157 

Crosslinking enzymes like transglutaminases 1 and 5 (encoded by TGM1 and TGM5) link both the 158 

various proteins of the cornified envelope and the keratin intermediate filaments with the cornified 159 

envelope61. 160 



 

Other genes are involved in the biosynthesis, metabolism, and transport of the lipids which 161 

establish the impermeability of the skin barrier (FIG. 2). Ceramides, which are composed of a 162 

sphingosine molecule and one or two long-chain fatty acids62, are crosslinked to the cornified 163 

envelope, forming the corneocyte lipid envelope, and are also a component of the lamellar lipids of 164 

the extracellular space63. The protein encoded by ALDH3A2 oxidizes fatty aldehydes and alcohols to 165 

fatty acids64. The proteins encoded by ELOVL165 and ELOVL466 are enzymes involved in ultra-long-chain 166 

(ULC) fatty acid synthesis67. The product of CYP4F2268,69 catalyzes -hydroxylation of ULC-fatty acids. 167 

SLC27A470,71 encodes the acyl-CoA synthetase which synthesizes -hydroxy-ULC-fatty acid-CoA70; 168 

PHYH72,73 and PEX774 encode proteins with poorly-defined functions in peroxisomal fatty acid 169 

synthesis67,75. Furthermore, the enzymes encoded by PHGDH, PSAT1 and PSPH catalyze de novo serine 170 

biosynthesis76–78, which is used for dihydrosphingosine biosynthesis by 3-ketodihydrosphingosine 171 

(KDS) reductase (encoded by KDSR)79. Then, -hydroxy-ULC-ceramide is formed from -hydroxy-ULC-172 

fatty acid-CoA and dihydrosphingosine by the product of CERS380–82. The function of protein products 173 

from, NIPAL483,84 and LIPN85 are not yet completely clear. ABHD586 encodes an accessory protein 174 

responsible for recruiting a transacylase encoded by PNPLA187,88, which uses linoleic acid to catalyze 175 

the conversion of ω-hydroxy-ULC-ceramides to ULC-acylceramides67. ULC-acylceramides are 176 

glycosylated into ULC-acyl-glucosylceramides by ceramide glucosyltransferase (encoded by UGCG)89, 177 

and transported into specialized secretory vesicles, called lamellar bodies, by a special transporter 178 

encoded by ABCA1290. At this stage, glucocerebrosidase (encoded by GBA191) cleaves the link to the 179 

glucosidic residue, enabling their secretion as free lipids92. Alternatively, ALOX12B93, ALOXE393, and 180 

SDR9C794 encode a number of enzymes that esterify the ULC-acyl-glucosylceramides before their 181 

crosslinking to the cornified envelope proteins to form the corneocyte lipid envelope92, a poorly-182 

understood process that might involve TGM195–98. 183 

Cholesterol is another lipid component of the epidermal barrier found in the extracellular space63 184 

(FIG. 3). MBTPS2 encodes a zinc metalloprotease that activates signal proteins involved in cholesterol 185 

and dolichol synthesis99. SREBF1 encodes a transcription factor that regulates proteins involved in 186 

cholesterol and dolichol synthesis100. NSDHL and EBP encode enzymes involved in cholesterol 187 

synthesis101,102. SULT2B1103 encodes a cholesterol sulfotransferase, which sulfonates cholesterol to 188 

cholesterol sulfate and has been shown to inhibit transglutaminase 1-catalyzed ceramide 189 

crosslinking104 and protease-mediated degradation of intercellular junctions51. STS105 encodes a 190 

sulfatase that converts cholesterol sulfate to cholesterol and is activated by sulfatase modifying factor 191 

(encoded by SUMF1)106,107. These lipids are secreted into the extracellular space by lamellar bodies. 192 

Unsurprisingly, mutations in genes whose products are involved in lamellar body fusion events 193 



 

(SNAP29108, VIPAS39109 and VPS33B110), which are critical to lamellar body function, also result in forms 194 

of ichthyosis. 195 

Other lipids function as intermediates in the post-translational modification of proteins. Dolichols, 196 

a group of unsaturated and long-chain lipids, are necessary for protein N-glycosylation and O-197 

mannosylation, as well as for the formation of glycosylphosphatidylinositol (GPI) anchors111. Dolichols 198 

share the beginning of their biosynthetic pathway with cholesterol and diverge with the synthesis of 199 

polyprenol instead of squalene111. SRD5A3112, DOLK113 and MPDU1114 encode a series of enzymes that 200 

sequentially catalyze the steps that lead to the formation of dolichol phosphate mannose, which is 201 

then used as a mannose donor in N-glycosylation, O-mannosylation and GPI anchor synthesis. N-202 

acetylglucosaminyl-phosphatidylinositol de-N-acetylase (encoded by PIGL)115 is also required for GPI 203 

anchor synthesis.  204 

Intercellular junctions connect keratinocytes and corneocytes (FIG 1), ensuring intercellular 205 

adhesion, facilitating intercellular communication and restricting extracellular solute diffusion116. 206 

Claudins encoded by CLDN1117 and CLDN10118 are components of tight junctions, controlling 207 

paracellular permeability in the stratum granulosum118. GJA1119, GJB2120, GJB3121, GJB4122, and GJB6123 208 

encode connexins 43, 26, 31, 30.3 and 30, which form gap junctions that enable intercellular 209 

communication123. Desmoglein 1 and desmoplakin (encoded by DSG1 and DSP) are components of 210 

desmosomes and mediate intercellular adhesion124,125. Corneodesmosin (encoded by CDSN126) is 211 

present only in corneodesmosomes, the highly-specialized junctions connecting corneocytes, and the 212 

p53 apoptosis effector related to PMP-22 (encoded by PERP) is both a component in desmosomes and 213 

an apoptosis mediator127. Junctions are degraded by proteases as part of the desquamation process. 214 

ST14 encodes a serine protease, which has been associated with the degradation of 215 

corneodesmosomes, as well as filaggrin128. SERPINB8129 and SPINK5130,131 encode serine protease 216 

inhibitors, and CAST132 and CSTA133 encode cysteine protease inhibitors. Filaggrin 2 (encoded by 217 

FLG2134) is necessary to prevent corneodesmosin degradation and, thereby, maintain intercellular 218 

adhesion in the upper epidermal layers135. 219 

Finally, gene mutations in individuals with ichthyosis affect gene transcription and translation. 220 

ERCC2136, ERCC3137 and GTF2H5138 encode different elements of the TFIIH protein complex, which  221 

regulates DNA polymerase II binding to DNA and thus is associated with both nucleotide excision DNA 222 

repair and regulation of gene transcription138. GTF2E2 encodes a part of the TFIIE complex that recruits 223 

TFIIH139 and also regulates DNA polymerase II binding to RNF113A140 encodes a ring finger protein 224 

involved in pre-mRNA splicing141 and, additionally, acts as an E3 ubiquitin ligase142. AARS1143, MARS1143 225 

and TARS1144 encode, respectively, alanyl-, methyonyl- and threonyl-tRNA synthetases involved in 226 



 

translation. This group of genes are widely expressed and play roles in pathways crucial to all tissues. 227 

Given that some of them can cause other diseases as well as ichthyosis145–147, the phenotype might be 228 

mutation-specific, but their exact mechanism in skin is unknown 229 

AP1B1 and AP1S1 encode components of the AP1 adaptor complex of clathrin-coated 230 

vesicles148,149. TRPM4 encodes a protein which has been associated with the regulation of 231 

proliferation150 and M-phase-specific PLK1-interacting protein (encoded by MPLKIP)151 is believed to 232 

interact with cyclin-dependent kinase 1 and polo-like kinase 1, maintaining cell cycle integrity152.  233 

Defects in these genes lead to the scaly skin phenotype that characterizes ichthyosis primarily 234 

through two mechanisms51: altered cell-to-cell adhesion and desquamation (of relevance mainly to 235 

ichthyoses caused by genes involved in intercellular junctions and their proteases)51; and keratinocyte 236 

hyperproliferation, corneocyte accumulation and enhanced lipid biosynthesis as a physiological 237 

response aimed at mitigating the consequences of defective epidermal barrier function153. These two 238 

mechanisms can explain the development of most forms of ichthyosis, and the wide range of 239 

ichthyosis-causing genetic defects account for their heterogeneity and complicate the interpretations 240 

of genotype-phenotype correlations. 241 

Extracutaneous mechanisms 242 

The phenotypic heterogeneity is exacerbated in syndromic forms that present certain 243 

extracutaneous manifestations, depending on the affected genes. Cholesterol metabolism is 244 

important in the retina (where it has been linked to rod function)154 and embryonal development155; 245 

consequently, defects in its synthesis lead to epithelial disturbance that causes ulcers, increased 246 

vascularization, progressive corneal scarring and photophobia99, as well as defects in skeletal structure 247 

and organ formation101,102. Ceramides are another lipid family with functions outside the epidermis, 248 

where they act as sphingomyelin precursors156. Thus, most genes whose products are involved in 249 

ceramide synthesis cause neurologic symptoms such as seizures66, spastic paraplegia65, neuropathy73, 250 

and intellectual disability66. Some of these genes encode proteins involved in especially sensitive steps 251 

in this process, such as L-serine synthesis77 and ceramide secretion91, and their mutations lead to fetal 252 

death91. Some gene products use lipids, especially dolichol, as mediators in glycosylation and GPI 253 

anchor synthesis. Mutations in these genes lead to disorders of glycosylation characterized by 254 

excessive muscle tone (hypertonia)114 or defective muscle tone (hypotonia)113 and intellectual 255 

disability112. 256 

Junctions and their proteases can also have extracutaneous functions and, thus, lead to syndromic 257 

forms of ichthyosis. Desmosomes are integral in maintaining cardiac muscle integrity157 and, 258 

therefore, their mutation can lead to cardiomiopathy158. Tight junctions control paracellular 259 



 

permeability in secretory ducts, leading to inflammation and scarring of the bile ducts (sclerosing 260 

cholangitis)117, dry mouth (xerostomia)118, dry eyes (xerophtalmia)118, and renal electrolyte loss118. All 261 

of the above mentioned genes, as well as those coding for proteases and their inhibitors, are involved 262 

in hair follicle integrity159, with their defects leading to sparse hair (hypotrichosis)117,124,128,130. Gap 263 

junctions form networks enabling sound transduction in the cochlea160 and their alteration leads to 264 

sensorineural deafness120. Clathrin-coated vesicles mediate endocytosis in most tissues, including in 265 

the cochlea161 and in neuronal myelination162, so mutations in their adaptor complex lead to 266 

sensorineural deafness148 and peripheral neuropathy148. Genes involved in transcription and 267 

translation are crucial in a variety of tissues, with mutations that lead to fragile hair and nails, 268 

photosensitivity, progressive neuropathy, and accelerated aging143. 269 

Additionally, most patients with ichthyosis show a hyperactive inflammatory response 270 

characterized by a Th17 immunophenotype163,164, likely in response to the barrier impairment and 271 

altered cutaneous microbiome. These microbial alterations are characterized by notable increases in 272 

Staphylococcus aureus and, in response, Staphylococcus capitis and corynebacteria, but reductions in 273 

cutibacteria and Malassezia species, which are lipid-dependent colonizers that cannot survive in a dry 274 

skin milieu165. Th17/IL-23 driven inflammation, however, likely has a pathogenic role in some forms of 275 

ichthyosis, given responses to biologics that target this pathway. 276 

Diagnosis, screening and prevention 277 

Classification 278 

The wide range of genes with ichthyosis-causing variants and the well-known clinical heterogeneity 279 

characterizing these conditions render their diagnosis challenging (FIG. 4). Although the presence of 280 

generalized skin scaling, typically congenital or appearing shortly after birth85, is clearly indicative of 281 

ichthyosis, narrowing down the specific subtype is difficult, given the many genes associated with the 282 

ichthyoses, and often requires in-depth phenotypic characterization and genetic testing51. An accurate 283 

diagnosis is, however, crucial for predicting prognosis, optimizing treatments and follow-up 284 

appointments, and family planning through genetic counseling and prenatal diagnosis. 285 

Genetic variants, together with the clinical characteristics of each disease subtype, can be used to 286 

group the inherited ichthyoses. The currently accepted clinical classification was generated at the 287 

2009 “First Ichthyosis Consensus” Sorèze international conference1. This classification has been 288 

adjusted in this Primer to add the genetic discoveries of the recent years, as well as disease subtypes 289 

that are not as well characterized. 290 



 

All patients with ichthyosis show variable involvement and degrees of scaling, thickening of the 291 

skin and erythema, which may be different in individuals with the same genotype and even vary in the 292 

course of their own disease. Of note, phenotypes on darker skin may have slightly different findings. 293 

Desquamation in patients with dark phototypes is slightly darker than the rest of the skin. Although 294 

this may also be the case in Caucasian patients with X-linked ichthyosis and lamellar ichthyosis (two 295 

typical forms of ichthyosis showing retention hyperkeratosis), it is more pronounced in patients of 296 

African origin than in those with lighter phototypes. Also, erythema can be harder to observe in a 297 

darker background. The broadest groups into which ichthyoses can be classified are non-syndromic, if 298 

the phenotypic expression of the underlying genetic defect exclusively affects the skin, and syndromic, 299 

if it affects both the skin and other organs1.  300 

Non-syndromic ichthyoses can be further subdivided into common ichthyosis (ichthyosis vulgaris 301 

and recessive X-linked ichthyosis, RXLI), autosomal recessive congenital ichthyosis (ARCI), and 302 

keratinopathic ichthyoses. Common ichthyoses have a markedly higher incidence than the rest of the 303 

ichthyoses and are usually milder; despite being congenital, desquamation frequently develops weeks 304 

to months after birth in these patients55. ARCI patients are often born as collodion babies, encased in 305 

a shiny, tight, translucent membrane166 before developing generalized scaling with pronounced 306 

underlying erythema (congenital ichthyosiform erythroderma, CIE)167 or large polygonal scales 307 

(lamellar ichthyosis)90. Harlequin ichthyosis is a particularly severe, sometimes lethal form of ARCI 308 

(overall survival rate ranging from 56% to  81.3%)168,169. Keratinopathic ichthyoses are characterized 309 

by extensive blistering and erosions at birth (epidermolytic ichthyosis) that heal and give way to a 310 

diffuse thickening of the skin (hyperkeratosis) and a variable degree of skin fragility (tendency to erode 311 

easily with minor trauma) throughout life53. 312 

Syndromic ichthyoses are grouped according to their mode of inheritance. X-linked syndromes 313 

affect genes in the X chromosome, mainly affecting the retina and skeletal structures due to defects 314 

in cholesterol synthesis170. Autosomal syndromes are divided further into those with hair 315 

abnormalities, such as Netherton syndrome (which is also associated with allergic conditions)130 and 316 

trichothiodystrophy136; those with neurologic symptoms, such as Refsum disease72 and Sjögren-317 

Larsson syndrome64; and those with a variety of systemic findings such as ocular or liver function 318 

anomalies115. 319 

While the original Sorèze primarily clinical classification divides the ichthyoses according to the 320 

manifestations with which patients present in clinical practice, Supplementary Tables 2 & 3 summarize 321 

a proposed classification of non-syndromic and syndromic ichthyoses, respectively. Table 2 provides 322 

another alternative classification focusing on the molecular mechanisms underlying each disease may 323 



 

also be of equal clinical relevance as it may guide targeted treatment choices. Although the molecular 324 

characterization is undoubtedly useful, genetic testing is not widely available and it does not allow for 325 

a definite diagnosis in all cases, failing to detect the molecular basis in some 15-20% of patients 326 

worldwide37,44,171–173. Indeed, the clinical and molecular classifications are complementary and allow 327 

establishing associations between phenotypes and genotypes, helping both clinicians and patients 328 

with diagnosis and development of future precision therapies 329 

Diagnostic work-up 330 

Inherited ichthyoses 331 

The generalized cutaneous barrier impairment in patients with inherited ichthyoses is present since 332 

birth or early in life, making it easy to diagnose the condition clinically. However, the imperfect 333 

correlation between phenotype and genotype precludes a straightforward diagnosis in many cases. 334 

Nevertheless, collodion babies most often have ARCI, which is extremely unusual in Netherton 335 

syndrome or RXLI1. Similarly, the lamellar ichthyosis phenotype of ARCI is most often caused by 336 

mutations in TGM1171 and epidermolytic ichthyoses caused by mutations in KRT10 lack keratoderma 337 

(thickening) of the palms and soles, unlike those caused by KRT1 mutations1. 338 

If inherited ichthyosis is suspected, it is necessary to obtain a detailed family history of the disease, 339 

including potential parental consanguinity, and to perform a thorough physical examination beyond 340 

the cutaneous evaluation (FIG. 5). Special attention should be paid to the presence of blisters and 341 

erosions (breakdowns of the outer layer of the epidermis that leave a denuded surface), hair and 342 

dental anomalies, and signs of systemic involvement, such as developmental delay, liver dysfunction, 343 

sensorineural deafness or pulmonary involvement, as well as potential complications (for example, 344 

hypernatremic dehydration, failure to thrive or recurrent sepsis) that may even lead to death. All these 345 

findings are important not only to guide clinical diagnosis but also to detect early treatment 346 

complications.  347 

Laboratory assessment, including blood cell count, hepatic and renal function, blood electrolyte 348 

levels, serum immunoglobulins levels, and a blood smear may be helpful to exclude syndromic forms 349 

of ichthyosis with associated anomalies174. For example, Netherton syndrome and desmosomal 350 

disorders have an associated risk of hypernatremic dehydration in babies14,124, Chanarin-Dorfman 351 

syndrome shows lipid droplets within the granulocytes and monocytes in the peripheral blood smear 352 

(the so-called Jordan´s anomaly)175, and arthrogryposis–renal dysfunction–cholestasis (ARC) 353 

syndrome diagnosis can be supported by the plasmatic metabolic disturbances176. In addition, 354 

immunoglobulin serum levels can be useful in the differential diagnosis with hereditary 355 



 

immunodeficiencies, which may also show cutaneous redness and desquamation. Referral to other 356 

specialists must be considered depending on the findings174. 357 

Biopsy for routine histology, immunohistochemistry or, rarely, electron microscopy may be helpful, 358 

since they can be used for differential diagnosis and can reveal hypogranulosis (ichthyosis vulgaris), 359 

epidermolytic changes or binucleated keratinocytes (epidermolytic ichthyosis), retained nuclei with 360 

granular inclusions (loricrin keratoderma), acantholysis (desmosomal disorders), and many other 361 

diagnostically useful findings177 (FIG. 6). Negative immunostaining for LEKTI (encoded by SPINK5) can 362 

confirm a diagnosis of Netherton syndrome178 and is of special importance if genetic testing is 363 

unavailable177. Microscopic examination of the hair by light microscopy is an inexpensive, non-invasive 364 

investigation that provides extremely useful information in ichthyosis associated with specific hair 365 

shaft anomalies, such as trichorrhexis invaginata in Netherton syndrome and 'tiger tail' appearance 366 

under polarized light in trichothiodystrophy179. Although the clinical diagnosis of ichthyosis can be 367 

made easily, genotype-phenotype correlation is often difficult to establish. Genetic testing by next 368 

generation sequencing is now widely available in developed countries to confirm the diagnosis but 369 

fails to detect a genetic abnormality in 15–20% of patients with ichthyosis phenotype37,44,171–173. This 370 

can be due to either undetectable or unknown pathogenic variants, with the latter usually showing 371 

unique phenotypic features that enable further genetic discovery in ichthyosis. 372 

Acquired ichthyoses 373 

There are no clinical or pathological features that are pathognomonic for acquired ichthyosis, 374 

which is therefore a diagnosis usually posed by exclusion. Late onset, the existence of an inciting factor 375 

and the absence of family history and of personal or familial atopic diathesis, all support the diagnosis 376 

of acquired ichthyosis. Clinically and histopathologically, many cases have been reported to resemble 377 

ichthyosis vulgaris, but exceptions have been described45.  378 

Screening 379 

Inherited ichthyoses respond to known hereditary patterns, enabling genetic counseling, in which 380 

information is provided to affected families (patients and relatives) on the molecular mechanisms that 381 

cause their specific disease and the possibility of transmission to descendants. However, the risk 382 

perception of having an affected child varies greatly depending on each type of ichthyosis, and a 383 

pregnancy may not be considered high-risk by couples who already have a mildly affected child. By 384 

contrast, patients with severe forms or with an important quality of life impairment may request 385 

genetic counseling to avoid risk in future pregnancies180. Regional, cultural and socioeconomic 386 

particularities may also play a role in genetic counselling access. Although genetic counselling 387 

outcomes have not been systematically studied in ichthyosis, there are some anecdotal reports of 388 



 

interrupted pregnancies in cases of harlequin ichthyosis, the most severe form of ichthyosis181,182, and 389 

of RXLI183. Formerly prenatal diagnosis of harlequin ichthyosis was performed by ultrastructural 390 

investigations of fetal skin biopsies184,but it is nowadays DNA-based. 391 

Prenatal diagnosis requires obtaining embryonic tissue or, in some cases, can be performed using 392 

imaging techniques, such as ultrasonography185. This can help with prognosis of neonatal 393 

complications associated with some forms of ichthyosis and let parents decide whether to terminate 394 

the pregnancy185. Decreased levels of unconjugated estriol and the copy-number variation on 395 

maternal serological screening (that detects deletions in the maternal sex chromosomes)  are closely 396 

related to the higher risk of XLI in male fetuses and can be used, in addition to other molecular 397 

techniques, for prenatal diagnosis183,186. Nevertheless, the method of choice for prenatal diagnosis is 398 

molecular genetic testing for pathogenic variants known in the family. Preimplantation diagnosis can 399 

be used by at-risk couples to choose non-affected embryos before in vitro fertilization, though in many 400 

countries it is not considered appropriate for ichthyosis187. 401 

Management 402 

Ichthyosis are genetic, non-curable diseases for which available therapy is needed throughout life 403 

and only offers symptomatic relief. Topical therapy involves using greasy products, is time-consuming 404 

and often has suboptimal results, reducing compliance. Systemic therapy with oral retinoids can 405 

provide further improvement, particularly in forms of ichthyosis with pronounced skin thickening, but 406 

may also increase skin fragility and have potential adverse effects. Other treatment strategies, 407 

including targeted therapy with biologics to tackle inflammation or those focused on enzyme 408 

replacement and substitution therapies with the defective gene products, are promising alternatives 409 

that still need to be validated. Management of systemic findings specific to syndromic forms as well 410 

as ocular, auditory and nutritional issues common to all types of ichthyosis should be tailored to each 411 

patient16. Most patients require daily life-long therapy, so treatment must be not only effective but 412 

also well tolerated and safe. However, evidence levels for the long-term treatment safety profile in 413 

ichthyoses are low188. Furthermore, care guidelines are based mainly on expert recommendations, 414 

patient and caregiver experience, and exchanges with patient organizations13,14. 415 

Topical treatment 416 

Topical treatment is a fundamental pillar in all types of ichthyosis. Its objective is to restore the 417 

epidermal barrier function and facilitate peeling of thickened skin to improve skin appearance and 418 

relieve symptoms, such as tightness and itching189. Given that efficacy and tolerance are subgroup-419 



 

specific and individual-specific, treatment choice depends on personal preferences, physician 420 

experience and availability. 421 

Emollients 422 

Emollients moisturize the skin barrier and prevent transepidermal water loss by sealing the stratum 423 

corneum. They provide different degrees of hydration, lubrication and occlusion depending upon their 424 

formulation and water-to-lipid content. Petrolatum and paraffin are safe and inexpensive lubricating 425 

agents, but their occlusive effect can interfere with sweating and be cosmetically intolerable, so 426 

patients often prefer less greasy emollient creams, such as glycerol, urea (<5%), propylenglycol (<20%) 427 

or dexpanthenol13. The frequency of application of moisturizers depends on the severity of the 428 

ichthyosis and the patient's habits, with most people needing topical therapy at least twice a day13. 429 

Keratolytics 430 

Keratolytics (such as alpha-hydroxy and beta-hydroxy acids and urea) reduce scaling and skin 431 

thickness by diminishing the stratum corneum through proteolytic cleavage of keratins or promoting 432 

cell-to-cell disruption190. The age of the patient, as well as type, severity, extent and location of lesions, 433 

guides selection of the keratolytic agent. Application frequency is variable and can be reduced 434 

according to clinical response. Adverse effects are usually mild and include itching, burning, and 435 

irritation13. Systemic toxicity from skin absorption of salicylic and lactic acid is a rare but worrisome 436 

event191. Specifically, salicylic acid can cause life-threatening toxic effects, called salycilism, which is 437 

characterized by nausea, vomiting, fever, tachypnea, irritability, comatose state, and death. Although 438 

newborns are particularly at risk, it may also happen in children beyond infancy and in adult patients, 439 

even at low concentrations.192 Hence, its use other than for localized areas is contraindicated in 440 

children <2 years of age and is better avoided in older children13. In adults, systemic absorption of 441 

topical salicylate is rare but can occur and it should be used with caution, especially when it is applied 442 

to more than 20% of the body surface or in patients with abnormal hepatic or renal function193. 443 

Retinoids 444 

Retinoids are synthetic derivatives of vitamin A that decrease skin thickness, normalize 445 

keratinocyte proliferation and differentiation, and can decrease inflammation189. They are available 446 

for topical use in some jurisdictions (for example, in the USA) through repurposing of acne medications 447 

(especially tazarotene, trifaroten, adapalene and tretinoin for body and scalp use)194,195. Thus, they 448 

can only be prescribed off-label after adequate informed consent. For patients with recessive X-linked 449 

ichthyosis and mild-to-moderate lamellar ichthyosis, topical tazarotene may be sufficient for an 450 

excellent clinical result196. In a unilaterally-treated-areas trial, 8 of the 12 patients with different types 451 

of ichthyosis who were treated with 0.05% tazarotene gel showed good to excellent reduction in 452 



 

roughness and scaling within 1–3 weeks of starting therapy, and for up to 2 months. The main adverse 453 

effect was dose-related local irritation 196. In another study, daily use of tazarotene for one month in 454 

up to 20% of the body surface was not associated with systemic absorption197. Topical tazarotene has 455 

been helpful as an adjunctive agent for treating contractures and other tight skin of neonates with 456 

harlequin ichthyosis and severely affected collodion babies, and is the treatment of choice for treating 457 

ectropion (exposure of the inside surface of the eyelids)194. Unfortunately, tazarotene is not available 458 

worldwide (that is., Spain, France, Japan,Israel, Brasil, Chile, Bulgaria, Switzerland, Austria, and The 459 

Netherlands). Adapalene, another topical retinoid marketed for acne, has been efficacious in one 14-460 

year-old patient with epidermolytic ichthyosis195. Additional topical retinoids specifically aimed at 461 

ichthyosis patients are in development198. Although they would be an excellent alternative for patients 462 

in whom oral retinoids are contraindicated or not well accepted (that is, those willing to become 463 

pregnant and patients fearing oral retinoid adverse effects), their use is limited not only by their 464 

efficacy but also by the secondary skin irritation and potential absorption if applied on large areas. 465 

Daily baths and mechanical exfoliation 466 

Bathing softens the stratum corneum, helping to mechanically remove scales and reduce subjective 467 

discomfort but is time-consuming. Patients need to bathe at least once daily for 30–60 minutes, but 468 

some prefer showers (which are also acceptable as long as they enable mechanical exfoliation)2. Scales 469 

can be removed by gently rubbing with the hand or by using sponges, emery boards, microfiber cloths 470 

or pumice stone. Careful use of scissors for partially adherent large scales and sharp debridement with 471 

scalpels of thickened palms and soles may also be needed. Salts, oils, or baking soda can be added to 472 

provide additional hydration and promote exfoliation199 Highly diluted sodium hypochlorite (bleach) 473 

has also been added to reduce odor due to microbial colonization in some patients13. 474 

Hair care  475 

Scalp scaling is a common and difficult problem, varying from fine, unattached scales to thick, 476 

adherent scales and even crusts and erosions that may eventually lead to alopecia200,201. Mechanical 477 

removal of scales with brushes and combs (including nit combs) is recommended to avoid 478 

accumulation of crusts and potential microbial superinfection13. Keratolytics and emollients may also 479 

be helpful2, but should be used sparingly, given the increased absorption through the scalp202. 480 

Brushing and scalp care should be particularly gentle in patients with ichthyosis that causes brittle 481 

hair, such as Netherton syndrome and trichothiodystrophy. 482 

Systemic treatment 483 

Some patients with moderate-to-severe involvement or seeking to reduce the burden of skin care 484 

benefit from systemic treatment with oral retinoids. Different oral retinoids are available for 485 



 

treatment of ichthyosis. Acitretin, alitretinoin, and isotretinoin are most widely used13. In Japan, 486 

etretinate is the only oral retinoid approved on the market203. Retinoid acid metabolism blocking 487 

agents (RAMBAs), another class of retinoids, seemed efficacious in some clinical studies204,205, but did 488 

not progress to market 204,205. Oral retinoid therapy markedly benefits most ichthyosis patients, 489 

particularly those suffering from lamellar forms of ARCI, due to greater scaling. Patients with 490 

epidermolytic ichthyosis and Netherton syndrome may respond poorly to oral retinoids, with 491 

increased skin fragility and exacerbated tendency towards blistering and erythema. Some conditions, 492 

such as erythrokeratodermia variabilis et progressiva206, are particularly responsive to oral retinoid 493 

therapy, though the cause is not known. 494 

Unfortunately, there are no clinical trials that evaluate the best agent, efficacy, minimum age of 495 

initiation, optimal dose or long-term adverse effects188. In general, daily acitretin can adequately 496 

control the disease and reduced dosing for maintenance therapy is often sufficient. Some patients 497 

may benefit from discontinuous therapy13. For further information on this topic, the European clinical 498 

guidelines13,14 and the North American consensus recommendations for its use in children and 499 

adolescents207 can be consulted.  500 

Oral retinoids have been associated with numerous potential adverse effects. Despite lacking 501 

controlled trials188, many decades of treatment experience with oral retinoids exist, and their adverse 502 

effects are well-known208,209. They vary in frequency and severity and are usually dose-dependent. 503 

Common acute reversible adverse effects include cheilitis (inflammation of the lips), nasal dryness, 504 

xerosis (dry skin), hair loss, conjunctival irritation, and lipid and liver anomalies207–209. Chronic toxic 505 

effects primarily affect the skeletal system and consist of diffuse skeletal hyperostosis, that is, spurs 506 

and calcifications along the spine (usually anterior spinal ligament) and at tendon and ligament 507 

attachments around joints in adult patients, especially those undergoing long-term treatment210. In 508 

children, premature closure of the epiphysis has been reported, but only at very high cumulative 509 

dosages207. Oral retinoids are teratogenic, mandating thorough counselling and adequate 510 

contraception in individuals who can become pregnant. Effects on sperm or teratogenic potential has 511 

not been reported. Oral retinoids are lipophilic drugs that are slowly eliminated from the body; in 512 

particular, acitretin has the potential to persist in the body for a long time (especially with alcohol 513 

consumption)211; thus, pregnancy should be avoided during treatment and for at least 3 years after 514 

discontinuation13. Isotretinoin and alitretinoin have a shorter teratogenicity half-life than acitretin, 515 

with a one-month wash-out period required before pregnancy and are good therapeutic alternatives 516 

for those considering pregnancy212,213. Patients who receive oral retinoids need periodic laboratory 517 

tests, at a minimum liver enzymes and fasting lipid profile, and pregnancy testing in those of 518 

childbearing age13,207. The optimal periodicity of skeletal radiographic surveys in children is not well 519 



 

established and should be tailored according to each patient207. The relationship between use of 520 

systemic retinoids and development of psychiatric symptoms is controversial and has not been 521 

examined in ichthyosis patients under therapy. Ichthyoses are chronic disorders, which in itself can 522 

contribute to psychiatric symptoms. It is wise, though, to monitor the development of such symptoms 523 

in these patients, particularly in those with depression, anxiety or other affective disorders and even 524 

provide co-management with a mental health provider207. 525 

  526 

Pathogenesis-based therapies 527 

The cutaneous immunological profile in inherited ichthyosis has been described with polarization 528 

towards the Th17/IL-23 immunophenotype in all of the most common orphan forms of ichthyosis163. 529 

In addition, the same polarization to the Th17/IL23 pathway has been demonstrated by flow 530 

cytometry in blood cells, suggesting systemic immune activation214. As a result, biological drugs for 531 

psoriasis that block Th17/IL23 signaling have been repurposed as a therapeutic alternative215. The 532 

demonstrated value of ustekinumab for erythrokeratodermia with cardiomyopathy (EKC) syndrome, 533 

resulting from DSP variants and deficiency of functional desmoplakin, has led to dramatic 534 

improvement in the erythema, scaling, and pruritus of the disorder, as well as reversal of the 535 

cardiomyopathy216,217. Similarly, use of secukinumab218 or ustekinumab219 has been described in many 536 

patients with severe dermatitis-multiple allergies-metabolic wasting (SAM) syndrome, resulting from 537 

DSG variants and deficiency of functional desmoglein 1, to reverse the failure to thrive and recurrent 538 

infections, as well as improve the skin phenotype218. Although these biologics also improve scaling, 539 

the Th17/IL-23 polarization correlates best with skin erythema; thus, not surprisingly, biologics 540 

targeting Th17/IL-23 are most effective for erythrodermic forms, Netherton syndrome and forms of 541 

CIE (especially NIPAL4 and harlequin ichthyosis220), with dramatic anecdotal results shown in many 542 

affected individuals. However, a double-blind, randomized, placebo-controlled trial of secukinumab 543 

demonstrated responses in some, but not all, with Netherton syndrome and CIE, limited response in 544 

EI, and no responses for LI221.  545 

In general, Th2 signaling pathways are not activated in the ichthyoses; however, a subset of 546 

patients with the ichthyosis linearis circumflexa form of Netherton syndrome have shown increases in 547 

IL-4+ or IL-13+ memory CD4+ T cells and Th2 cytokines222, perhaps explaining the response of some 548 

patients with ichthyosis to dupilumab223, which inhibits the IL-4 receptor and, therefore, IL-4/IL-13 549 

signaling of type 2 immunity. 550 



 

Special aspects of treatment 551 

Regardless of the type of ichthyosis, many patients suffer from itching, recurrent infections, 552 

sweating impairment (hypohidrosis) with heat intolerance, and various ocular, auditory, and 553 

nutritional complications that should be periodically monitored. Evidence-based recommendations 554 

about the ideal timeframe for monitoring are lacking, so timing of visits should be tailored on an 555 

individual basis. 556 

Pruritus 557 

Pruritus is present in up to 93% of patients with ichthyosis and considerably affects patients' daily 558 

life224. Weather changes, a hot environment, and stressful situations exacerbate itch and its effects, 559 

including scratching, insomnia, moodiness, and loss of concentration. Although not formally assessed 560 

in clinical trials188, antihistamines and antidepressants are of little value14.The specific pathophysiology 561 

of pruritus in ichthyosis has not been systematically studied but might be related to skin 562 

inflammation163. Interestingly, therapy with several biologics, such as dupilumab224,225, 563 

ustekinumab216,226 and secukinumab218, was efficacious in was efficacious in managing pruritus in 564 

different types of ichthyosis, but these findings remain to be validated in controlled trials. 565 

Hypohidrosis 566 

Hypohidrosis is a major problem, even in patients with mild disease. Sweating impairment 567 

increases patients' risk of heat stroke, so it is necessary to limit physical activity, particularly in warm 568 

weather. Patients should stay in a cool environment using air conditioning, fans, or other cooling 569 

devices. Sun exposure can improve some types of ichthyosis (IV and RXLI) but can worsen others. 570 

Although UV can lower inflammation, as observed in common chronic inflammatory disorders such as 571 

atopic dermatitis or psoriasis, it may also negatively affect the epidermal barrier227. Heat, heat-572 

induced sweating and heat intolerance are poorly tolerated and sun protection creams difficult to 573 

apply, so the net effect of sun exposure may vary from case to case. 574 

Ocular complications 575 

Ocular complications are common in all types of ichthyosis. Desquamation and tightness of the 576 

eyelids, conjunctivitis and eyelash anomalies can eventually lead to corneal damage228. The primary 577 

goal of eye care with frequent prophylactic ocular lubrication is to maintain the integrity of the ocular 578 

surface, particularly at night when ectropion prevents the eyelids from fully closing, leading to ocular 579 

exposure. Topical tazarotene 194 and hyaluronic acid injections229 have been successfully used to treat 580 

ectropion in ichthyosis patients. Surgical management of eyelid ectropion is often disappointing, and 581 

recurrences are common230.  582 



 

Auditory complications 583 

Excessive desquamation within the external auditory canal promotes plugging of the ears and 584 

predisposes patients to conductive hearing loss and recurrent infections of the external and middle 585 

ear that may lead to permanent eardrum damage231. Hearing loss may have implications early on in 586 

communication, auditory processing, language development, educational progress and achievement, 587 

and psychosocial and cognitive development232. Thus, early intervention and regular follow-up by an 588 

otolaryngologist is needed. Ear pruritus and pain are also important complaints of ichthyosis in all age 589 

groups. The causes vary from mere desquamation of the external ear canal to different degrees of 590 

otitis (middle ear infection) and should be managed on an individualized basis. 591 

Nutritional problems and growth 592 

The impaired epidermal barrier and skin inflammation increase caloric need, and growth 593 

retardation is commonly associated with children suffering from congenital forms of ichthyosis14. A 594 

prospective observational study in 50 children with ichthyosis emphasized the risk of malnutrition in 595 

this age group, particularly in the most severely affected and younger patients233. Rickets have been 596 

described in many patients and incidental observations suggest that high doses of vitamin D may 597 

improve clinical presentation, though these data remain to be validated234. Regular monitoring of 598 

clinical, biochemical, hormonal, and nutritional parameters is recommended to provide adequate 599 

vitamin D and micronutrient supplementation according to the degree of deficiency. 600 

Recurrent skin infections 601 

Impaired epidermal barrier promotes bacterial, viral and fungal colonization and infection. Despite 602 

the lack of systematic microbiome studies in this group of patients, microbial colonization is often 603 

recognized by a characteristic (and often unpleasant) smell in patients with a prominent thickening of 604 

the skin (hyperkeratosis) similar to epidermolytic ichthyosis. Although the exact incidence of infections 605 

in ichthyosis patients is unknown, some forms such as epidermolytic ichthyosis, Netherton syndrome, 606 

and keratitis-ichthyosis-deafness syndrome are particularly prone to recurrent infections that can be 607 

easily overlooked in the context of an ichthyotic skin14. In cases of suspicion, microbiological culture 608 

and antibiogram should be routinely performed to provide adequate topical or systemic therapy. 609 

Recurrent episodes of sepsis are particularly common in babies with Netherton syndrome or 610 

desmosomal disorders due their severe skin barrier impairment, putting these patients at risk of 611 

death. 612 



 

Quality of life 613 

Quality of life (QoL) varies greatly due to the heterogeneity of ichthyosis subtypes, with severe 614 

phenotypes correlating with decreased QoL42,43. Further analysis using the Dermatology Life Quality 615 

Index (DLQI) questionnaire on six areas of patients’ lives (“symptoms and feelings”, “daily activities”, 616 

“leisure”, “work”, “personal relationships” and “treatment”) in France found DLQI scores of >10 (a 617 

severe or very severe effect) in 31% of patients235. This QoL decrease is associated with patient disease 618 

burden due to heat intolerance, pruritus, recurrent skin infections and mobility-limiting palmoplantar 619 

keratoderma, which is invariably  present in patients with KRT1 pathogenic variants173. The factors 620 

that most affect QoL are cutaneous pain, pruritus, and scaling, in that order235. In addition, 621 

multivariate analysis revealed that females scored higher on average in their DLQI scores235. Although 622 

gender differences have not been studied in depth, women may suffer a greater decrease in QoL due 623 

to exigent societal beauty standards236. A cross-sectional questionnaire survey of ichthyosis patients 624 

revealed that 93% had pruritus, and itching was often or always present in 63%224. Pruritus is, 625 

therefore, one of the most important concerns for ichthyosis patients, and was most severe in patients 626 

with Netherton syndrome224. 627 

Additionally, in a French national survey on the disease burden of ichthyosis, patients and parents 628 

of affected children reported a major effect on their domestic life due to time spent on additional 629 

housework, such as vacuuming, changing bed sheets, and skin care237, especially for those with severe 630 

forms237. The patients also reported financial burdens, with substantial out-of-pocket expenses, 631 

mainly due to the cost of emollients237. Younger patients reported a feeling of rejection from 632 

classmates at school, and adult patients reported workplace discrimination that had affected their 633 

career decisions237. Furthermore, more than one-third of patients reported considerable restrictions 634 

on sports and leisure, especially swimming pool activities237. 635 

A final, but important effect of ichthyosis on QoL is psychological. Patients reported that the 636 

disease affects both their self-image and interpersonal relationships, largely due to the high visibility 637 

of the affected skin238. Specifically, patients reported various reactions from others, including staring, 638 

tactlessness and inquisitiveness. Concerning intimate relations, patients were afraid of reactions of 639 

repulsion and the disease burden posed an obstacle to the continuation of relationships238. Regarding 640 

self-image, patients reported various negative feelings, such as sadness, discouragement, loneliness 641 

and anger238, which can lead to an increased risk of anxiety and depression239. Thus, ideally, 642 

psychological support should be provided not only by a psychologist, but also by other healthcare 643 

providers including dermatologists and specialist nurses, throughout life, for children, adults and 644 

family members13,14. During the neonatal and infantile periods, close parent-child physical contact is 645 



 

important13,14. For the psychological management, family therapy, patient or family group interviews, 646 

and educational intervention such as 'ichthyosis school' (self-management programs focused on 647 

providing patients with the knowledge and skills to solve problems they may encounter) are 648 

helpful13,14. Patients and their family members should be given sufficient information about the 649 

activities of national patient support groups, which exist in many countries13,14. Testimonials from 650 

patients and caregivers are provided in Box 2 and Box3. 651 

Outlook 652 

 In the short term of ichthyosis management, there is a critical need for multidisciplinary teams to 653 

provide adequate care. Ophthalmologists, ear, nose and throat specialists, and nutritionists are 654 

particularly important in children with both syndromic and non-syndromic ichthyoses. Patients with 655 

extracutaneous manifestations need specialists according to the organs involved (neurologists, 656 

gastroenterologists, nutritionists in those with diseases affecting lipid metabolism, such as neutral 657 

lipid storage disease with ichthyosis, as well as those that need diet supplementation). Certain 658 

neurometabolic disorders, such as X-linked ichthyosis, commonly present with attention deficit 659 

disorder and hyperactivity, requiring psychologists240. Finally, some studies have shown that 660 

physiotherapy decreases symptom severity and improves overall quality of life241. 661 

Long term management involves the development of new, curative treatments for ichthyosis 662 

patients. The past decades have witnessed dramatic advances in our understanding of the 663 

pathobiology and clinical manifestations of ichthyoses, with exciting implications for the development 664 

of innovative approaches to the treatment of these conditions. However, outstanding questions 665 

remain. 666 

Despite great progress made thanks to the advent of new technologies (such as exome sequencing) 667 

in the deciphering of the molecular etiology of inherited ichthyoses, the genetic basis remains elusive 668 

in some patients171,242–249. It is likely that atypical cases may result from complex interactions with 669 

modifier traits that alter the phenotypic manifestations. These effects may aggravate250 (as shown 670 

with the combination of mutations in both STS (recessive X-linked ichthyosis) and FLG (ichthyosis 671 

vulgaris))250 or attenuate251 (combination of variants in ALOX3E, leading to mild CIE suppressing the 672 

effect of the TGM5 variant/acral peeling skin syndrome)251 the observed phenotype. Novel 673 

technologies and bioinformatics tools may be needed to identify other genetic defects causing 674 

disorders of cornification, which may occasionally be localized in non-coding regions of the genome252 675 

or result from epigenetic changes253. 676 



 

In addition, understanding the mechanism of disease is leading to pathogenesis-based therapy, 677 

both curative and pharmacologic gene therapy, and therapies targeting pathways that lead to the 678 

increased scaling and inflammation related to the primary barrier impairment215. Replacement 679 

therapy, which has the aim of supplying exogenous proteins or lipids to correct the metabolic 680 

deficiencies in some ichthyoses, is being assessed to replenish transglutaminase 1 in lamellar 681 

ichthyosis254. Lipid replacement therapy with topically applied cholesterol in disorders of cholesterol 682 

biosynthesis (forms of porokeratosis, congenital hemidysplasia with ichthyosis and limb defects/CHILD 683 

syndrome) did not repair the defect. However, the topically applied combination of a statin and 684 

cholesterol (typically 2% lovastatin/2% cholesterol) to both replenish cholesterol and block the 685 

accumulation of toxic metabolites has led to marked improvement in patients with CHILD 686 

syndrome255,256 and porokeratoses257. Lipid replacement therapy is also being considered for the many 687 

forms of CIE that alter ceramide biosynthesis.  688 

Treatment strategies targeting the underlying genetic mutations that cause ichthyoses are still few 689 

and experimental. To date, a few somatic gene therapy approaches, aimed at correcting the causal 690 

genetic defect in the skin, have been tested in clinical trials258 These clinical trials include one based 691 

on topical delivery of an inactivated herpes simplex virus 1 transduced with copies of TGM1 for 692 

treatment of lamellar ichthyosis259, and another using autologous epidermal sheets produced from 693 

genetically modified keratinocytes for treatment of Netherton syndrome260. A number of other 694 

treatments are in in vitro and in vivo stages: retroviral systems for transglutaminase 1 (ARCI) and 695 

steroid sulfatase (X-linked ichthyosis) expression258, non-viral systems for ABCA12 (ARCI) and 696 

ALDH3A2 (Sjögren-Larsson syndrome) delivery258, nucleases for mutant KRT1 and KRT10 697 

(keratinopathic ichthyoses) mRNA degradation258, and gene therapy aimed at correcting TGM1 (ARCI) 698 

defects in the embryo using modified CRPISPR/Cas9 prime editing. Additional targeted therapies 699 

include transglutaminase 1 enzyme replacement therapy for treating ARCI261,262 and corneodesmosin 700 

protein replacement therapy for treating peeling skin syndrome263.  701 

Also in development are inhibitors of downstream effects of the genetic changes, patterned after 702 

the topical blockade of cholesterol biosynthesis with statins and replenishment of cholesterol as a way 703 

to treat disorders of cornification that result from deficiency of enzymes of cholesterol synthesis, as 704 

occurs in CHILD syndrome256 and porokeratosis257. Specifically, several companies are developing new 705 

therapeutics to inhibit the increase in kallikreins that are implicated in the features of Netherton 706 

syndrome264,265 and efforts are ongoing to supplement the deficient esterified omega-hydroxy 707 

ceramides of CIE266. Additionally, retinoic acid metabolism blocking agents, which inhibit endogenous 708 

CYP450-mediated retinoid degradation, are being developed as an alternative to oral retinoids205,267. 709 

These new developments in the understanding of ichthyosis highlight the crucial importance of a close 710 



 

and bilateral dialogue between molecular genetics and clinical practice for accurate diagnosis, 711 

prevention and treatment of inherited ichthyoses. The ever-expanding knowledge of the molecular 712 

causes will likely be most beneficial in the management of this disease. Some new therapies are being 713 

tested, but the next challenge will be to use our knowledge of ichthyosis and the constant 714 

improvement of genome editing technology to develop therapeutics targeted at the underlying 715 

molecular defects and curative treatments that go beyond managing symptoms.  716 



 

References 717 

1. Oji, V. et al. Revised nomenclature and classification of inherited ichthyoses: Results of the First 718 

Ichthyosis Consensus Conference in Sorze 2009. J. Am. Acad. Dermatol. 63, 607–641 (2010). 719 

2. Oji, V. & Traupe, H. Ichthyosis: clinical manifestations and practical treatment options. Am. J. 720 

Clin. Dermatol. 10, 351–364 (2009). 721 

3. Madison, K. C. Barrier Function of the Skin: “La Raison d’Être” of the Epidermis. J. Invest. 722 

Dermatol. 121, 231–241 (2003). 723 

4. Kolarsick, P. A., Ann Kolarsick, M. & Goodwin, C. Anatomy and Physiology of the Skin. (2006). 724 

5. Ramadon, D., McCrudden, M. T. C., Courtenay, A. J. & Donnelly, R. F. Enhancement strategies 725 

for transdermal drug delivery systems: current trends and applications. Drug Deliv. Transl. Res. 726 

12, 758 (2022). 727 

6. Watt, F. M. The stem cell compartment in human interfollicular epidermis. J. Dermatol. Sci. 28, 728 

173–180 (2002). 729 

7. Fuchs, E. Epidermal differentiation and keratin gene expression. J. o f Cell Sci. S upplem ent 17, 730 

197–208 (1993). 731 

8. Moreci, R. S. & Lechler, T. Epidermal structure and differentiation. Curr. Biol. 30, R144–R149 732 

(2020). 733 

9. Maestrini, E. et al. A molecular defect in loricrin, the major component of the cornified cell 734 

envelope, underlies Vohwinkel’s syndrome. Nat. Genet. 1996 131 13, 70–77 (1996). 735 

10. Nemes, Z. & Steinert, P. M. Bricks and mortar of the epidermal barrier. Exp. Mol. Med. 31, 5–736 

19 (1999). 737 

11. Patel, N., Spencer, L. A., English, J. C. & Zirwas, M. J. Acquired ichthyosis. J. Am. Acad. Dermatol. 738 

55, 647–656 (2006). 739 

12. Schmuth, M. et al. Inherited ichthyoses/generalized Mendelian disorders of cornification. Eur. 740 

J. Hum. Genet. 2013 212 21, 123–133 (2012). 741 

13. Mazereeuw-Hautier, J. et al. Management of congenital ichthyoses: European guidelines of 742 

care, part one. Br. J. Dermatol. 180, 272–281 (2019). 743 

14. Mazereeuw-Hautier, J. et al. Management of congenital ichthyoses: European guidelines of 744 

care, part two. Br. J. Dermatol. 180, 484–495 (2019). 745 

15. Moskowitz, D. G. et al. Pathophysiologic basis for growth failure in children with ichthyosis: an 746 

evaluation of cutaneous ultrastructure, epidermal permeability barrier function, and energy 747 

expenditure. J. Pediatr. 145, 82–92 (2004). 748 

16. DiGiovanna, J. J. & Robinson-Bostom, L. Ichthyosis: etiology, diagnosis, and management. Am. 749 

J. Clin. Dermatol. 4, 81–95 (2003). 750 

17. Selected Government Definitions of Orphan or Rare Diseases KEI Briefing Note 2020:4 Table 1: 751 

Country Definitions of Orphan or Rare Diseases. Available at: https://www.keionline.org/wp-752 

content/uploads/KEI-Briefing-Note-2020-4-Defining-Rare-Diseases.pdf. (Accessed: 19th 753 

March 2022) 754 

18. Brown, S. J. et al. Filaggrin haploinsufficiency is highly penetrant and is associated with 755 

increased severity of eczema: further delineation of the skin phenotype in a prospective 756 

epidemiological study of 792 school children. Br. J. Dermatol. 161, 884 (2009). 757 

19. Amelina, S. S. et al. Prevalence of ichthyosis vulgaris and frequency of FLG R501X and 2282DEL4 758 

mutations in the population of the Rostov Region. Bull. Russ. State Med. Univ. 7, 51–55 (2018). 759 

20. ZIPRKOWSKI, L. & FEINSTEIN, A. A survey of ichthyosis vulgaris in Israel. Br. J. Dermatol. 86, 1–760 

8 (1972). 761 

21. Kono, M. et al. Comprehensive screening for a complete set of Japanese-population-specific 762 

filaggrin gene mutations. Allergy 69, 537–540 (2014). 763 

22. Chen, H. et al. Wide spectrum of filaggrin-null mutations in atopic dermatitis highlights 764 

differences between Singaporean Chinese and European populations. Br. J. Dermatol. 165, 765 

106–114 (2011). 766 



 

23. Hsu, C. K. et al. Analysis of Taiwanese ichthyosis vulgaris families further demonstrates 767 

differences in FLG mutations between European and Asian populations. Br. J. Dermatol. 161, 768 

448–451 (2009). 769 

24. Akiyama, M. FLG mutations in ichthyosis vulgaris and atopic eczema: spectrum of mutations 770 

and population genetics. Br. J. Dermatol. 162, 472–477 (2010). 771 

25. Wong, X. F. C. C. et al. Array-based sequencing of filaggrin gene for comprehensive detection 772 

of disease-associated variants. J. Allergy Clin. Immunol. 141, 814 (2018). 773 

26. Afzal, S. et al. A novel nonsense mutation in the STS gene in a Pakistani family with X-linked 774 

recessive ichthyosis: including a very rare case of two homozygous female patients. BMC Med. 775 

Genet. 21, (2020). 776 

27. Craig, W. Y. et al. Prevalence of steroid sulfatase deficiency in California according to race and 777 

ethnicity. Prenat. Diagn. 30, 893–898 (2010). 778 

28. Ingordo, V. et al. Frequency of X-linked ichthyosis in coastal southern Italy: a study on a 779 

representative sample of a young male population. Dermatology 207, 148–150 (2003). 780 

29. Wells, R. S., Kerr, C. B. & Kerr, C. B. Clinical Features of Autosomal Dominant and Sex-linked 781 

Ichthyosis in an English Population. Br. Med. J. 1, 947 (1966). 782 

30. de Unamuno, P., Martin‐Pascual, A. & Garcia‐Perez, A. X‐linked ichthyosis. Br. J. Dermatol. 97, 783 

53–58 (1977). 784 

31. Sakura, N., Nishimura, S. I., Matsumoto, T. & Ohsaki, M. Frequency of steroid sulfatase 785 

deficiency in Hiroshima. Pediatr. Int. 40, 63–64 (1998). 786 

32. Milstone, L. M., Miller, K., Haberman, M. & Dickens, J. Incidence of Moderate to Severe 787 

Ichthyosis in the United States. Arch. Dermatol. 148, 1080–1081 (2012). 788 

33. Hernández-Martín, A. et al. Prevalence of autosomal recessive congenital ichthyosis: a 789 

population-based study using the capture-recapture method in Spain. J. Am. Acad. Dermatol. 790 

67, 240–244 (2012). 791 

34. Dreyfus, I. et al. Prevalence of inherited ichthyosis in France: a study using capture-recapture 792 

method. Orphanet J. Rare Dis. 9, 1 (2014). 793 

35. Kurosawa, M. et al. Results of a nationwide epidemiologic survey of autosomal recessive 794 

congenital ichthyosis and ichthyosis syndromes in Japan. J. Am. Acad. Dermatol. 81, 1086-795 

1092.e1 (2019). 796 

36. Al-Zayir, A. A. & Al-Amro Al-Alakloby, O. M. Clinico-epidemiological features of primary 797 

hereditary ichthyoses in the Eastern province of Saudi Arabia. Int. J. Dermatol. 45, 257–264 798 

(2006). 799 

37. Mohamad, J. et al. Molecular epidemiology of non-syndromic autosomal recessive congenital 800 

ichthyosis in a Middle-Eastern population. Exp. Dermatol. 30, 1290–1297 (2021). 801 

38. Lima Cunha, D. et al. Unknown mutations and genotype/phenotype correlations of autosomal 802 

recessive congenital ichthyosis in patients from Saudi Arabia and Pakistan. Mol. Genet. 803 

Genomic Med. 7, 539 (2019). 804 

39. Hassani, B. et al. Filaggrin gene polymorphisms in Iranian ichthyosis vulgaris and atopic 805 

dermatitis patients. Int. J. Dermatol. 57, 1485–1491 (2018). 806 

40. Koshy, R., Ranawat, A. & Scaria, V. al mena: a comprehensive resource of human genetic 807 

variants integrating genomes and exomes from Arab, Middle Eastern and North African 808 

populations. J. Hum. Genet. 62, 889–894 (2017). 809 

41. Israeli, S. et al. Molecular analysis of a series of Israeli families with Comèl-Netherton 810 

syndrome. Dermatology 228, 183–188 (2014). 811 

42. Kamalpour, L. et al. Resource utilization and quality of life associated with congenital 812 

ichthyoses. Pediatr. Dermatol. 28, 512–518 (2011). 813 

43. Murase, C. et al. Cross-sectional survey on disease severity in Japanese patients with harlequin 814 

ichthyosis/ichthyosis: Syndromic forms and quality-of-life analysis in a subgroup. J. Dermatol. 815 

Sci. 92, 127–133 (2018). 816 

44. Hellström Pigg, M. et al. Spectrum of Autosomal Recessive Congenital Ichthyosis in 817 



 

Scandinavia: Clinical Characteristics and Novel and Recurrent Mutations in 132 Patients. Acta 818 

Derm. Venereol. 96, 932–937 (2016). 819 

45. Park, J. S. et al. Acquired ichthyosis, asteatotic dermatitis or xerosis? An update on 820 

pathoetiology and drug-induced associations. J. Eur. Acad. Dermatology Venereol. (2022). 821 

doi:10.1111/JDV.18608 822 

46. DS, G. et al. Prevalence of cutaneous disease in patients with acquired immunodeficiency 823 

syndrome (AIDS) or AIDS-related complex. J. Am. Acad. Dermatol. 17, 210–220 (1987). 824 

47. Pavlović, M. D. et al. The prevalence of cutaneous manifestations in young patients with type 825 

1 diabetes. Diabetes Care 30, 1964–1967 (2007). 826 

48. Okajima, R., Oliveira, A. C. P., Smid, J., Casseb, J. & Sanches, J. A. High prevalence of skin 827 

disorders among HTLV-1 infected individuals independent of clinical status. PLoS Negl. Trop. 828 

Dis. 7, (2013). 829 

49. Moore, R. L. & Devere, T. S. Epidermal manifestations of internal malignancy. Dermatol. Clin. 830 

26, 17–29 (2008). 831 

50. Voegeli, D. Topical steroids and emollients in atopic eczema – which should be applied first? 832 

Pract. Nurs. 28, 14–20 (2017). 833 

51. Vahlquist, A., Fischer, J. & Törmä, H. Inherited Nonsyndromic Ichthyoses: An Update on 834 

Pathophysiology, Diagnosis and Treatment. Am. J. Clin. Dermatol. 19, 51 (2018). 835 

52. Chu, P. G. & Weiss, L. M. Keratin expression in human tissues and neoplasms. Histopathology 836 

40, 403–439 (2002). 837 

53. Rothnagel, J. A. et al. Mutations in the Rod Domains of Keratins 1 and 10 in Epidermolytic 838 

Hyperkeratosis. Science (80-. ). 257, 1128–1130 (1992). 839 

54. Rothnagel, J. A. et al. Mutations in the rod domain of keratin 2e in patients with ichthyosis 840 

bullosa of Siemens. Nat. Genet. 1994 74 7, 485–490 (1994). 841 

55. Sybert, V. P., Dale, B. A. & Holbrook, K. A. Ichthyosis vulgaris: identification of a defect in 842 

synthesis of filaggrin correlated with an absence of keratohyaline granules. J. Invest. Dermatol. 843 

84, 191–194 (1985). 844 

56. Brown, S. J. & McLean, W. H. I. One Remarkable Molecule: Filaggrin. J. Invest. Dermatol. 132, 845 

751–762 (2012). 846 

57. Kirchmeier, P., Zimmer, A., Bouadjar, B., Rösler, B. & Fischer, J. Whole-exome-sequencing 847 

reveals small deletions in CASP14 in patients with autosomal recessive inherited ichthyosis. 848 

Acta Derm. Venereol. 97, 102–104 (2017). 849 

58. Alef, T. et al. Ichthyosis, follicular atrophoderma, and hypotrichosis caused by mutations in 850 

ST14 is associated with impaired profilaggrin processing. J. Invest. Dermatol. 129, 862–869 851 

(2009). 852 

59. Boyden, L. M. et al. Mutations in ASPRV1 Cause Dominantly Inherited Ichthyosis. Am. J. Hum. 853 

Genet. 107, 158 (2020). 854 

60. Dahlqvist, J. et al. A single-nucleotide deletion in the POMP 5’ UTR causes a transcriptional 855 

switch and altered epidermal proteasome distribution in KLICK genodermatosis. Am. J. Hum. 856 

Genet. 86, 596–603 (2010). 857 

61. Cassidy, A. J. et al. A homozygous missense mutation in TGM5 abolishes epidermal 858 

transglutaminase 5 activity and causes acral peeling skin syndrome. Am. J. Hum. Genet. 77, 859 

909–917 (2005). 860 

62. Akiyama, M. Acylceramide is a key player in skin barrier function: insight into the molecular 861 

mechanisms of skin barrier formation and ichthyosis pathogenesis. FEBS J. 288, 2119–2130 862 

(2021). 863 

63. Pappas, A. Epidermal surface lipids. Dermatoendocrinol. 1, 72 (2009). 864 

64. De Laurenzi, V. et al. Sjögren-Larsson syndrome is caused by mutations in the fatty aldehyde 865 

dehydrogenase gene. Nat. Genet. 12, 52–57 (1996). 866 

65. Mueller, N. et al. De novo mutation in ELOVL1 causes ichthyosis, acanthosis nigricans, 867 

hypomyelination, spastic paraplegia, high frequency deafness and optic atrophy. J. Med. Genet. 868 



 

56, 164–175 (2019). 869 

66. Aldahmesh, M. A. et al. Recessive Mutations in ELOVL4 Cause Ichthyosis, Intellectual Disability, 870 

and Spastic Quadriplegia. Am. J. Hum. Genet. 89, 745–750 (2011). 871 

67. Mauldin, E. A. et al. Cellular and Metabolic Basis for the Ichthyotic Phenotype in NIPAL4 872 

(Ichthyin)–Deficient Canines. Am. J. Pathol. 188, 1419–1429 (2018). 873 

68. Lefèvre, C. et al. Mutations in a new cytochrome P450 gene in lamellar ichthyosis type 3. Hum. 874 

Mol. Genet. 15, 767–776 (2006). 875 

69. Ohno, Y. et al. Essential role of the cytochrome P450 CYP4F22 in the production of 876 

acylceramide, the key lipid for skin permeability barrier formation. Proc. Natl. Acad. Sci. U. S. 877 

A. 112, 7707–7712 (2015). 878 

70. Klar, J. et al. Mutations in the Fatty Acid Transport Protein 4 Gene Cause the Ichthyosis 879 

Prematurity Syndrome. Am. J. Hum. Genet. 85, 248–253 (2009). 880 

71. Yamamoto, H., Hattori, M., Chamulitrat, W., Ohno, Y. & Kihara, A. Skin permeability barrier 881 

formation by the ichthyosis-causative gene FATP4 through formation of the barrier lipid ω-O-882 

acylceramide. Proc. Natl. Acad. Sci. U. S. A. 117, 2914–2922 (2020). 883 

72. Jansen, G. A. et al. Refsum disease is caused by mutations in the phytanoyl–CoA hydroxylase 884 

gene. Nat. Genet. 1997 172 17, 190–193 (1997). 885 

73. Mihalik1, S. J. et al. Identification of PAHX, a Refsum disease gene. Nat. Genet. 1997 172 17, 886 

185–189 (1997). 887 

74. Van Den Brink, D. M. et al. Identification of PEX7 as the Second Gene Involved in Refsum 888 

Disease. Am. J. Hum. Genet. 72, 471–477 (2003). 889 

75. Rivier, M., Castiel, I., Safonova, I., Ailhaud, G. & Michel, S. Peroxisome Proliferator-Activated 890 

Receptor-α Enhances Lipid Metabolism in a Skin Equivalent Model. J. Invest. Dermatol. 114, 891 

681–687 (2000). 892 

76. Acuna-Hidalgo, R. et al. Neu-Laxova syndrome is a heterogeneous metabolic disorder caused 893 

by defects in enzymes of the L-serine biosynthesis pathway. Am. J. Hum. Genet. 95, 285–293 894 

(2014). 895 

77. Shaheen, R. et al. Neu-Laxova syndrome, an inborn error of serine metabolism, is caused by 896 

mutations in PHGDH. Am. J. Hum. Genet. 94, 898–904 (2014). 897 

78. Hart, C. E. et al. Phosphoserine Aminotransferase Deficiency: A Novel Disorder of the Serine 898 

Biosynthesis Pathway. Am. J. Hum. Genet. 80, 931 (2007). 899 

79. Boyden, L. M. et al. Mutations in KDSR Cause Recessive Progressive Symmetric 900 

Erythrokeratoderma. Am. J. Hum. Genet. 100, 978–984 (2017). 901 

80. Rabionet, M., Gorgas, K. & Sandhoff, R. Ceramide synthesis in the epidermis. Biochim. Biophys. 902 

Acta - Mol. Cell Biol. Lipids 1841, 422–434 (2014). 903 

81. Linn, S. C. et al. Regulation of de novo sphingolipid biosynthesis and the toxic consequences of 904 

its disruption. Biochem. Soc. Trans. 29, 831 (2001). 905 

82. Radner, F. P. W. et al. Mutations in CERS3 Cause Autosomal Recessive Congenital Ichthyosis in 906 

Humans. PLOS Genet. 9, e1003536 (2013). 907 

83. Lefèvre, C. et al. Mutations in ichthyin a new gene on chromosome 5q33 in a new form of 908 

autosomal recessive congenital ichthyosis. Hum. Mol. Genet. 13, 2473–2482 (2004). 909 

84. Honda, Y. et al. Decreased Skin Barrier Lipid Acylceramide and Differentiation-Dependent Gene 910 

Expression in Ichthyosis Gene Nipal4-Knockout Mice. J. Invest. Dermatol. 138, 741–749 (2018). 911 

85. Israeli, S. et al. A Mutation in LIPN, Encoding Epidermal Lipase N, Causes a Late-Onset Form of 912 

Autosomal-Recessive Congenital Ichthyosis. Am. J. Hum. Genet. 88, 482 (2011). 913 

86. Lefèvre, C. et al. Mutations in CGI-58, the gene encoding a new protein of the 914 

esterase/lipase/thioesterase subfamily, in Chanarin-Dorfman syndrome. Am. J. Hum. Genet. 915 

69, 1002–1012 (2001). 916 

87. Grall, A. et al. PNPLA1 mutations cause autosomal recessive congenital ichthyosis in golden 917 

retriever dogs and humans. Nat. Genet. 2012 442 44, 140–147 (2012). 918 

88. Kien, B. et al. ABHD5 stimulates PNPLA1-mediated ω- O-acylceramide biosynthesis essential 919 



 

for a functional skin permeability barrier. J. Lipid Res. 59, 2360–2367 (2018). 920 

89. Monies, D. et al. Identification of a novel lethal form of autosomal recessive ichthyosis caused 921 

by UDP-glucose ceramide glucosyltransferase deficiency. Clin. Genet. 93, 1252–1253 (2018). 922 

90. Lefèvre, C. et al. Mutations in the transporter ABCA12 are associated with lamellar ichthyosis 923 

type 2. Hum. Mol. Genet. 12, 2369–2378 (2003). 924 

91. Sidransky, E. et al. The clinical, molecular, and pathological characterisation of a family with 925 

two cases of lethal perinatal type 2 Gaucher disease. J Med Genet 33, 132–136 (1996). 926 

92. Hirabayashi, T., Murakami, M. & Kihara, A. The role of PNPLA1 in ω-O-acylceramide synthesis 927 

and skin barrier function. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1864, 869–879 (2019). 928 

93. Jobard, F. et al. Lipoxygenase-3 (ALOXE3) and 12(R)-lipoxygenase (ALOX12B) are mutated in 929 

non-bullous congenital ichthyosiform erythroderma (NCIE) linked to chromosome 17p13.1. 930 

Hum. Mol. Genet. 11, 107–113 (2002). 931 

94. Shigehara, Y. et al. Mutations in SDR9C7 gene encoding an enzyme for vitamin A metabolism 932 

underlie autosomal recessive congenital ichthyosis. Hum. Mol. Genet. 25, 4484–4493 (2016). 933 

95. Huber, M. et al. Mutations of Keratinocyte Transglutaminase in Lamellar Ichthyosis. Science 934 

(80-. ). 267, 525–528 (1995). 935 

96. Nemes, Z., Marekov, L. N., Fésüs, L. & Steinert, P. M. A novel function for transglutaminase 1: 936 

Attachment of long-chain ω-hydroxyceramides to involucrin by ester bond formation. Proc. 937 

Natl. Acad. Sci. U. S. A. 96, 8402–8407 (1999). 938 

97. Elias, P. M. et al. Basis for the permeability barrier abnormality in lamellar ichthyosis. Exp. 939 

Dermatol. 11, 248–256 (2002). 940 

98. Kuramoto, N. et al. Development of ichthyosiform skin compensates for defective permeability 941 

barrier function in mice lacking transglutaminase 1. J. Clin. Invest. 109, 243–250 (2002). 942 

99. Oeffner, F. et al. IFAP syndrome is caused by deficiency in MBTPS2, an intramembrane zinc 943 

metalloprotease essential for cholesterol homeostasis and ER stress response. Am. J. Hum. 944 

Genet. 84, 459–467 (2009). 945 

100. Wang, H. et al. Mutations in SREBF1, Encoding Sterol Regulatory Element Binding Transcription 946 

Factor 1, Cause Autosomal-Dominant IFAP Syndrome. Am. J. Hum. Genet. 107, 34–45 (2020). 947 

101. Kö, A., Happle, R., Bornholdt, D., Engel, H. & Grzeschik, K.-H. Mutations in the NSDHL Gene, 948 

Encoding a 3-Hydroxysteroid Dehydrogenase, Cause CHILD Syndrome. J. Med. Genet 90, 339–949 

346 (2000). 950 

102. Derry, J. M. J. et al. Mutations in a delta 8-delta 7 sterol isomerase in the tattered mouse and 951 

X-linked dominant chondrodysplasia punctata. Nat. Genet. 22, 286–290 (1999). 952 

103. Heinz, L. et al. Mutations in SULT2B1 Cause Autosomal-Recessive Congenital Ichthyosis in 953 

Humans. Am. J. Hum. Genet. 100, 926–939 (2017). 954 

104. Nemes, Z., Demény, M., Marekov, L. N., Fésüs, L. & Steinert, P. M. Cholesterol 3-sulfate 955 

interferes with cornified envelope assembly by diverting transglutaminase 1 activity from the 956 

formation of cross-links and esters to the hydrolysis of glutamine. J. Biol. Chem. 275, 2636–957 

2646 (2000). 958 

105. Mohandas, T., Shapiro, L. J., Sparkes, R. S. & Sparkes, M. C. Regional assignment of the steroid 959 

sulfatase—X-linked ichthyosis locus: Implications for a noninactivated region on the short arm 960 

of human X chromosome. Proc. Natl. Acad. Sci. 76, 5779–5783 (1979). 961 

106. Dierks, T. et al. Multiple Sulfatase Deficiency Is Caused by Mutations in the Gene Encoding the 962 

Human Cα-Formylglycine Generating Enzyme. Cell 113, 435–444 (2003). 963 

107. Cosma, M. P. et al. The Multiple Sulfatase Deficiency Gene Encodes an Essential and Limiting 964 

Factor for the Activity of Sulfatases. Cell 113, 445–456 (2003). 965 

108. Sprecher, E. et al. A mutation in SNAP29, coding for a SNARE protein involved in intracellular 966 

trafficking, causes a novel neurocutaneous syndrome characterized by cerebral dysgenesis, 967 

neuropathy, ichthyosis, and palmoplantar keratoderma. Am. J. Hum. Genet. 77, 242–251 968 

(2005). 969 

109. Cullinane, A. R. et al. Mutations in VIPAR cause an arthrogryposis, renal dysfunction and 970 



 

cholestasis syndrome phenotype with defects in epithelial polarization. Nat. Genet. 2010 424 971 

42, 303–312 (2010). 972 

110. Gissen, P. et al. Mutations in VPS33B, encoding a regulator of SNARE-dependent membrane 973 

fusion, cause arthrogryposis–renal dysfunction–cholestasis (ARC) syndrome. Nat. Genet. 2004 974 

364 36, 400–404 (2004). 975 

111. Cantagrel, V. & Lefeber, D. J. From glycosylation disorders to dolichol biosynthesis defects: a 976 

new class of metabolic diseases. J. Inherit. Metab. Dis. 34, 859 (2011). 977 

112. Al-Gazali, L., Hertecant, J., Algawi, K., El Teraifi, H. & Dattani, M. A new autosomal recessive 978 

syndrome of ocular colobomas, ichthyosis, brain malformations and endocrine abnormalities 979 

in an inbred Emirati family. Am. J. Med. Genet. Part A 146A, 813–819 (2008). 980 

113. Kranz, C. et al. A Defect in Dolichol Phosphate Biosynthesis Causes a New Inherited Disorder 981 

with Death in Early Infancy. Am. J. Hum. Genet. 80, 433 (2007). 982 

114. Schenk, B. et al. MPDU1 mutations underlie a novel human congenital disorder of 983 

glycosylation, designated type If. J. Clin. Invest. 108, 1687–1695 (2001). 984 

115. Ng, B. G. et al. Mutations in the Glycosylphosphatidylinositol Gene PIGL Cause CHIME 985 

Syndrome. Am. J. Hum. Genet. 90, 685–688 (2012). 986 

116. Brandner, J. M., Haftek, M. & Niessen, C. M. Adherens Junctions, Desmosomes and Tight 987 

Junctions in Epidermal Barrier Function. Open Dermatol. J. 4, 14–20 (2010). 988 

117. Baala, L. et al. Homozygosity mapping of a locus for a novel syndromic ichthyosis to 989 

chromosome 3q27-q28. J. Invest. Dermatol. 119, 70–76 (2002). 990 

118. Hadj-Rabia, S. et al. Multiplex epithelium dysfunction due to CLDN10 mutation: the HELIX 991 

syndrome. Genet. Med. 2018 202 20, 190–201 (2017). 992 

119. Boyden, L. M. et al. Dominant De Novo Mutations in GJA1 Cause Erythrokeratodermia Variabilis 993 

et Progressiva, without Features of Oculodentodigital Dysplasia. J. Invest. Dermatol. 135, 1540–994 

1547 (2015). 995 

120. Richard, G. et al. Missense mutations in GJB2 encoding connexin-26 cause the ectodermal 996 

dysplasia keratitis-ichthyosis-deafness syndrome. Am. J. Hum. Genet. 70, 1341–1348 (2002). 997 

121. Richard, G. et al. Mutations in the human connexin gene GJB3 cause erythrokeratodermia 998 

variabilis. Nat. Genet. 20, 366–369 (1998). 999 

122. Macari, F. et al. Mutation in the Gene for Connexin 30.3 in a Family with Erythrokeratodermia 1000 

Variabilis. Am. J. Hum. Genet. 67, 1296–1301 (2000). 1001 

123. Jan, A. Y., Amin, S., Ratajczak, P., Richard, G. & Sybert, V. P. Genetic heterogeneity of KID 1002 

syndrome: identification of a Cx30 gene (GJB6) mutation in a patient with KID syndrome and 1003 

congenital atrichia. J. Invest. Dermatol. 122, 1108–1113 (2004). 1004 

124. Samuelov, L. et al. Desmoglein 1 deficiency results in severe dermatitis, multiple allergies and 1005 

metabolic wasting. Nat. Genet. 2013 4510 45, 1244–1248 (2013). 1006 

125. McAleer, M. A. et al. Severe dermatitis, multiple allergies, and metabolic wasting syndrome 1007 

caused by a novel mutation in the N-terminal plakin domain of desmoplakin. J. Allergy Clin. 1008 

Immunol. 136, 1268 (2015). 1009 

126. Oji, V. et al. Loss of Corneodesmosin Leads to Severe Skin Barrier Defect, Pruritus, and Atopy: 1010 

Unraveling the Peeling Skin Disease. Am. J. Hum. Genet. 87, 274–281 (2010). 1011 

127. Duchatelet, S. et al. Mutations in PERP Cause Dominant and Recessive Keratoderma. J. Invest. 1012 

Dermatol. 139, 380–390 (2019). 1013 

128. Basel-Vanagaite, L. et al. Autosomal Recessive Ichthyosis with Hypotrichosis Caused by a 1014 

Mutation in ST14, Encoding Type II Transmembrane Serine Protease Matriptase. Am. J. Hum. 1015 

Genet. 80, 467 (2007). 1016 

129. Pigors, M. et al. Loss-of-Function Mutations in SERPINB8 Linked to Exfoliative Ichthyosis with 1017 

Impaired Mechanical Stability of Intercellular Adhesions. Am. J. Hum. Genet. 99, 430–436 1018 

(2016). 1019 

130. Chavanas, S. et al. Mutations in SPINK5, encoding a serine protease inhibitor, cause Netherton 1020 

syndrome. Nat. Genet. 2000 252 25, 141–142 (2000). 1021 



 

131. Deraison, C. et al. LEKTI Fragments Specifically Inhibit KLK5, KLK7, and KLK14 and Control 1022 

Desquamation through a pH-dependent Interaction. Mol. Biol. Cell 18, 3607 (2007). 1023 

132. Lin, Z. et al. Loss-of-function mutations in CAST cause peeling skin, leukonychia, acral punctate 1024 

keratoses, cheilitis, and knuckle pads. Am. J. Hum. Genet. 96, 440–447 (2015). 1025 

133. Blaydon, D. C. et al. Mutations in CSTA, encoding Cystatin A, underlie exfoliative ichthyosis and 1026 

reveal a role for this protease inhibitor in cell-cell adhesion. Am. J. Hum. Genet. 89, 564–571 1027 

(2011). 1028 

134. Alfares, A. et al. Peeling skin syndrome associated with novel variant in FLG2 gene. Am. J. Med. 1029 

Genet. Part A 173, 3201–3204 (2017). 1030 

135. Mohamad, J. et al. Filaggrin 2 Deficiency Results in Abnormal Cell-Cell Adhesion in the Cornified 1031 

Cell Layers and Causes Peeling Skin Syndrome Type A. J. Invest. Dermatol. 138, 1736–1743 1032 

(2018). 1033 

136. K. Takayama, D. M. Danks, E. P. Salazar, J. E. Cleaver, C. A. W. DNA repair characteristics and 1034 

mutations in the ERCC2 DNA repair and transcription gene in a trichothiodystrophy patient. 1035 

Hum. Mutat. 9, 519–25 (1997). 1036 

137. Weeda, G. et al. A mutation in the XPB/ERCC3 DNA repair transcription gene, associated with 1037 

trichothiodystrophy. Am. J. Hum. Genet. 60, 320 (1997). 1038 

138. Giglia-Mari, G. et al. A new, tenth subunit of TFIIH is responsible for the DNA repair syndrome 1039 

trichothiodystrophy group A. Nat. Genet. 2004 367 36, 714–719 (2004). 1040 

139. Kuschal, C. et al. GTF2E2 Mutations Destabilize the General Transcription Factor Complex TFIIE 1041 

in Individuals with DNA Repair-Proficient Trichothiodystrophy. Am. J. Hum. Genet. 98, 627–642 1042 

(2016). 1043 

140. Corbett, M. A. et al. A novel X-linked trichothiodystrophy associated with a nonsense mutation 1044 

in RNF113A. J. Med. Genet. 52, 269–274 (2015). 1045 

141. Haselbach, D. et al. Structure and Conformational Dynamics of the Human Spliceosomal Bact 1046 

Complex. Cell 172, 454-464.e11 (2018). 1047 

142. Lear, T. et al. RING finger protein 113A regulates C-X-C chemokine receptor type 4 stability and 1048 

signaling. Am. J. Physiol. - Cell Physiol. 313, C584–C592 (2017). 1049 

143. Botta, E. et al. Protein instability associated with AARS1 and MARS1 mutations causes 1050 

trichothiodystrophy. Hum. Mol. Genet. 30, 1711–1720 (2021). 1051 

144. Theil, A. F. et al. Bi-allelic TARS Mutations Are Associated with Brittle Hair Phenotype. Am. J. 1052 

Hum. Genet. 105, 434–440 (2019). 1053 

145. Agolini, E. et al. Expansion of the clinical and molecular spectrum of an XPD-related disorder 1054 

linked to biallelic mutations in ERCC2 gene. Clin. Genet. 99, 842–848 (2021). 1055 

146. Helman, G. et al. Expanded phenotype of AARS1-related white matter disease. Genet. Med. 1056 

2021 2312 23, 2352–2359 (2021). 1057 

147. La Fay, C. et al. Deep phenotyping of MARS1 (interstitial lung and liver disease) and LARS1 1058 

(infantile liver failure syndrome 1) recessive multisystemic disease using Human Phenotype 1059 

Ontology annotation: Overlap and differences. Case report and review of literature. Eur. J. 1060 

Med. Genet. 64, (2021). 1061 

148. Montpetit, A. et al. Disruption of AP1S1, Causing a Novel Neurocutaneous Syndrome, Perturbs 1062 

Development of the Skin and Spinal Cord. PLOS Genet. 4, e1000296 (2008). 1063 

149. Alsaif, H. S. et al. Homozygous Loss-of-Function Mutations in AP1B1, Encoding Beta-1 Subunit 1064 

of Adaptor-Related Protein Complex 1, Cause MEDNIK-like Syndrome. Am. J. Hum. Genet. 105, 1065 

1016–1022 (2019). 1066 

150. Wang, H. et al. Gain-of-Function Mutations in TRPM4 Activation Gate Cause Progressive 1067 

Symmetric Erythrokeratodermia. J. Invest. Dermatol. 139, 1089–1097 (2019). 1068 

151. Nakabayashi, K. et al. Identification of C7orf11 (TTDN1) Gene Mutations and Genetic 1069 

Heterogeneity in Nonphotosensitive Trichothiodystrophy. Am. J. Hum. Genet. 76, 510 (2005). 1070 

152. Zhang, Y. et al. TTDN1 is a Plk1-interacting protein involved in maintenance of cell cycle 1071 

integrity. Cell. Mol. Life Sci. 64, 632–640 (2007). 1072 



 

153. Schmuth, M., Gruber, R., Elias, P. M. & Williams, M. L. Ichthyosis Update: Towards a Function-1073 

Driven Model of Pathogenesis of the Disorders of Cornification and the Role of Corneocyte 1074 

Proteins in These Disorders. Adv. Dermatol. 23, 231 (2007). 1075 

154. Albert, A., Alexander, D. & Boesze-Battaglia, K. Cholesterol in the rod outer segment: A complex 1076 

role in a ‘simple’ system. Chem. Phys. Lipids 199, 94–105 (2016). 1077 

155. Cortes, V. A. et al. Physiological and pathological implications of cholesterol. Front. Biosci. 1078 

(Landmark Ed. 19, 416–428 (2014). 1079 

156. Gault, C. R., Obeid, L. M. & Hannun, Y. A. An overview of sphingolipid metabolism: from 1080 

synthesis to breakdown. Adv. Exp. Med. Biol. 688, 1–23 (2010). 1081 

157. Delmar, M. & McKenna, W. J. The Cardiac Desmosome and Arrhythmogenic Cardiomyopathies. 1082 

Circ. Res. 107, 700–714 (2010). 1083 

158. Boyden, L. M. et al. Dominant de novo DSP mutations cause erythrokeratodermia-1084 

cardiomyopathy syndrome. Hum. Mol. Genet. 25, 348 (2016). 1085 

159. Kurzen, H. et al. Compositionally different desmosomes in the various compartments of the 1086 

human hair follicle. Differentiation. 63, 295–304 (1998). 1087 

160. Martínez, A. D., Acuña, R., Figueroa, V., Maripillan, J. & Nicholson, B. Gap-Junction Channels 1088 

Dysfunction in Deafness and Hearing Loss. Antioxid. Redox Signal. 11, 309 (2009). 1089 

161. Duncker, S. V. et al. Otoferlin couples to clathrin-mediated endocytosis in mature cochlear 1090 

inner hair cells. J. Neurosci. 33, 9508–9519 (2013). 1091 

162. Sidiropoulos, P. N. M. et al. Dynamin 2 mutations in Charcot-Marie-Tooth neuropathy highlight 1092 

the importance of clathrin-mediated endocytosis in myelination. Brain 135, 1395–1411 (2012). 1093 

163. Malik, K. et al. Ichthyosis molecular fingerprinting shows profound T H 17 skewing and a unique 1094 

barrier genomic signature. J. Allergy Clin. Immunol. 143, 604–618 (2019). 1095 

164. Paller, A. S. et al. An IL-17–dominant immune profile is shared across the major orphan forms 1096 

of ichthyosis. J. Allergy Clin. Immunol. 139, 152–165 (2017). 1097 

165. Tham, K. C. et al. Distinct skin microbiome community structures in congenital ichthyosis. Br. J. 1098 

Dermatol. 187, (2022). 1099 

166. Traupe, H., Fischer, J. & Oji, V. Nonsyndromic types of ichthyoses - an update. J. Dtsch. 1100 

Dermatol. Ges. 12, 109–121 (2014). 1101 

167. Akiyama, M. ABCA12 mutations and autosomal recessive congenital ichthyosis: A review of 1102 

genotype/phenotype correlations and of pathogenetic concepts. Hum. Mutat. 31, 1090–1096 1103 

(2010). 1104 

168. Rajpopat, S. et al. Harlequin ichthyosis: a review of clinical and molecular findings in 45 cases. 1105 

Arch. Dermatol. 147, 681–686 (2011). 1106 

169. Shibata, A. & Akiyama, M. Epidemiology, medical genetics, diagnosis and treatment of 1107 

harlequin ichthyosis in Japan. Pediatr. Int. 57, 516–522 (2015). 1108 

170. Elias, P. M. et al. Basis For Abnormal Desquamation And Permeability Barrier Dysfunction in 1109 

RXLI. J. Invest. Dermatol. 122, 314–319 (2004). 1110 

171. Simpson, J. K. et al. Genotype–phenotype correlation in a large English cohort of patients with 1111 

autosomal recessive ichthyosis. Br. J. Dermatol. 182, 729–737 (2020). 1112 

172. Chiramel, M. J. et al. Genotype of autosomal recessive congenital ichthyosis from a tertiary 1113 

care center in India. Pediatr. Dermatol. (2022). doi:10.1111/PDE.14944 1114 

173. Sun, Q. et al. The Genomic and Phenotypic Landscape of Ichthyosis: An Analysis of 1000 1115 

Kindreds. JAMA dermatology 158, 16–25 (2022). 1116 

174. Cuperus, E. et al. Proposal for a 6-step approach for differential diagnosis of neonatal 1117 

erythroderma. J. Eur. Acad. Dermatol. Venereol. (2022). doi:10.1111/JDV.18043 1118 

175. Cakmak, E. & Bagci, G. Chanarin-Dorfman Syndrome: A comprehensive review. Liver Int. 41, 1119 

905–914 (2021). 1120 

176. Zhou, Y. & Zhang, J. Arthrogryposis–renal dysfunction–cholestasis (ARC) syndrome: from 1121 

molecular genetics to clinical features. Ital. J. Pediatr. 40, (2014). 1122 

177. Metze, D., Traupe, H. & Süßmuth, K. Ichthyoses—A Clinical and Pathological Spectrum from 1123 



 

Heterogeneous Cornification Disorders to Inflammation. Dermatopathology 8, 107 (2021). 1124 

178. Ong, C. et al. LEKTI demonstrable by immunohistochemistry of the skin: a potential diagnostic 1125 

skin test for Netherton syndrome. Br. J. Dermatol. 151, 1253–1257 (2004). 1126 

179. Smith, V. V., Anderson, G., Malone, M. & Sebire, N. J. Light microscopic examination of scalp 1127 

hair samples as an aid in the diagnosis of paediatric disorders: retrospective review of more 1128 

than 300 cases from a single centre. J. Clin. Pathol. 58, 1294–1298 (2005). 1129 

180. Rodríguez-Pazos, L., Ginarte, M., Vega, A. & Toribio, J. Autosomal Recessive Congenital 1130 

Ichthyosis. Actas Dermosifiliogr. 104, 270–284 (2017). 1131 

181. Liu, J. et al. Case Report: Prenatal Diagnosis of a Fetus With Harlequin Ichthyosis Identifies 1132 

Novel Compound Heterozygous Variants: A Case Report. Front. Genet. 11, 1756 (2021). 1133 

182. Jian, W. et al. Prenatal diagnose of a fetus with Harlequin ichthyosis in a Chinese family. Taiwan. 1134 

J. Obstet. Gynecol. 57, 452–455 (2018). 1135 

183. Hongyan, L. et al. [Early warning of low maternal unconjugated estriol level by prenatal 1136 

screening for fetus with X-linked ichthyosis]. Zhonghua Fu Chan Ke Za Zhi 57, 407–412 (2022). 1137 

184. Shimizu, A. et al. Prenatal exclusion of harlequin ichthyosis; potential pitfalls in the timing of 1138 

the fetal skin biopsy. Br. J. Dermatol. 153, 811–814 (2005). 1139 

185. Rathore, S., David, L. S., Beck, M. M., Bindra, M. S. & Arunachal, G. Harlequin Ichthyosis: 1140 

Prenatal Diagnosis of a Rare Yet Severe Genetic Dermatosis. J. Clin. Diagn. Res. 9, QD04 (2015). 1141 

186. Tang, X. et al. Maternal Xp22.31 copy-number variations detected in non-invasive prenatal 1142 

screening effectively guide the prenatal diagnosis of X-linked ichthyosis. Front. Genet. 13, 1143 

(2022). 1144 

187. Parikh, F. et al. Evolution and Utility of Preimplantation Genetic Testing for Monogenic 1145 

Disorders in Assisted Reproduction - A Narrative Review. J. Hum. Reprod. Sci. 14, 329 (2021). 1146 

188. Hernández-Martin, A., Aranegui, B., Martin-Santiago, A. & Garcia-Doval, I. A systematic review 1147 

of clinical trials of treatments for the congenital ichthyoses, excluding ichthyosis vulgaris. J. Am. 1148 

Acad. Dermatol. 69, (2013). 1149 

189. Vahlquist, A., Gånemo, A. & Virtanen, M. Congenital ichthyosis: an overview of current and 1150 

emerging therapies. Acta Derm. Venereol. 88, 4–14 (2008). 1151 

190. Wohlrab, J. Influence of keratolytics on cutaneous pharmacokinetics of glucocorticoids. J. 1152 

Dtsch. Dermatol. Ges. 19, 554–561 (2021). 1153 

191. Ramírez, M. E. et al. Acute percutaneous lactic acid poisoning in a child. Pediatr. Dermatol. 23, 1154 

282–285 (2006). 1155 

192. Madan, R. K. & Levitt, J. A review of toxicity from topical salicylic acid preparations. J. Am. Acad. 1156 

Dermatol. 70, 788–792 (2014). 1157 

193. Menter, A. et al. Guidelines of care for the management of psoriasis and psoriatic arthritis. 1158 

Section 3. Guidelines of care for the management and treatment of psoriasis with topical 1159 

therapies. J. Am. Acad. Dermatol. 60, 643–659 (2009). 1160 

194. Hanson, B. et al. Ectropion Improvement with Topical Tazarotene in Children with Lamellar 1161 

Ichthyosis. Pediatr. Dermatol. 34, 584–589 (2017). 1162 

195. Ogawa, M. & Akiyama, M. Successful topical adapalene treatment for the facial lesions of an 1163 

adolescent case of epidermolytic ichthyosis. J. Am. Acad. Dermatol. 71, e103–e105 (2014). 1164 

196. Hofmann, B., Stege, H., Ruzicka, T. & Lehmann, P. Effect of topical tazarotene in the treatment 1165 

of congenital ichthyoses. Br. J. Dermatol. 141, 642–646 (1999). 1166 

197. Nguyen, V., Cunningham, B. B., Eichenfield, L. F., Alió, A. B. & Buka, R. L. Treatment of 1167 

ichthyosiform diseases with topically applied tazarotene: risk of systemic absorption. J. Am. 1168 

Acad. Dermatol. 57, (2007). 1169 

198. Teng, J. M. C. et al. The CONTROL study: A randomized, double-blind vehicle-controlled Phase 1170 

2b study of novel topical isotretinoin formulation demonstrates improvement in recessive X-1171 

linked and autosomal recessive lamellar congenital ichthyosis. J. Am. Acad. Dermatol. (2022). 1172 

doi:10.1016/J.JAAD.2022.07.028 1173 

199. Milstone, L. M. Scaly skin and bath pH: rediscovering baking soda. J. Am. Acad. Dermatol. 62, 1174 



 

885–886 (2010). 1175 

200. Traupe, H. & Happle, R. Alopecia ichthyotica. A characteristic feature of congenital ichthyosis. 1176 

Dermatologica 167, 225–30 (1983). 1177 

201. Mazereeuw-Hautier, J. et al. Chronic Ulceration of the Scalp Associated with Genetically 1178 

Different Types of Congenital Ichthyosis: A Series of Four Cases. Acta Derm. Venereol. 101, 1179 

(2021). 1180 

202. Ogiso, T. et al. Transfollicular drug delivery: penetration of drugs through human scalp skin and 1181 

comparison of penetration between scalp and abdominal skins in vitro. J. Drug Target. 10, 369–1182 

378 (2002). 1183 

203. Tada, Y. et al. Treatment patterns, healthcare resource utilization, and costs in patients with 1184 

moderate-to-severe psoriasis treated with systemic therapy in Japan: A retrospective claims 1185 

database study. J. Dermatol. 00, 1–12 (2022). 1186 

204. Verfaille, C. J., Vanhoutte, F. P., Blanchet-Bardon, C., Van Steensel, M. A. & Steijlen, P. M. Oral 1187 

liarozole vs. acitretin in the treatment of ichthyosis: a phase II/III multicentre, double-blind, 1188 

randomized, active-controlled study. Br. J. Dermatol. 156, 965–973 (2007). 1189 

205. Vahlquist, A. et al. Oral liarozole in the treatment of patients with moderate/severe lamellar 1190 

ichthyosis: results of a randomized, double-blind, multinational, placebo-controlled phase II/III 1191 

trial. Br. J. Dermatol. 170, 173–181 (2014). 1192 

206. Common, J. E. A. et al. Clinical and genetic heterogeneity of erythrokeratoderma variabilis. J. 1193 

Invest. Dermatol. 125, 920–927 (2005). 1194 

207. Zaenglein, A. L. et al. Consensus recommendations for the use of retinoids in ichthyosis and 1195 

other disorders of cornification in children and adolescents. Pediatr. Dermatol. 38, 164 (2021). 1196 

208. Katugampola, R. P. & Finlay, A. Y. Oral retinoid therapy for disorders of keratinization: single-1197 

centre retrospective 25 years’ experience on 23 patients. Br. J. Dermatol. 154, 267–276 (2006). 1198 

209. Stern, R. S. et al. The safety of etretinate as long-term therapy for psoriasis: results of the 1199 

etretinate follow-up study. J. Am. Acad. Dermatol. 33, 44–52 (1995). 1200 

210. Digiovanna, J. J., Mauro, T., Milstone, L. M., Schmuth, M. & Toro, J. R. Systemic retinoids in the 1201 

management of ichthyoses and related skin types. Dermatol. Ther. 26, 26–38 (2013). 1202 

211. Larsen, F. G. et al. Acitretin is converted to etretinate only during concomitant alcohol intake. 1203 

Br. J. Dermatol. 143, 1164–1169 (2000). 1204 

212. Baden, H. P., Buxman, M. M., Weinstein, G. D. & Yoder, F. W. Treatment of ichthyosis with 1205 

isotretinoin. J. Am. Acad. Dermatol. 6, 716–720 (1982). 1206 

213. Onnis, G. et al. Alitretinoin reduces erythema in inherited ichthyosis. Orphanet J. Rare Dis. 13, 1207 

1–6 (2018). 1208 

214. Czarnowicki, T. et al. The Major Orphan Forms of Ichthyosis Are Characterized by Systemic T-1209 

Cell Activation and Th-17/Tc-17/Th-22/Tc-22 Polarization in Blood. J. Invest. Dermatol. 138, 1210 

2157–2167 (2018). 1211 

215. Paller, A. S. Profiling Immune Expression to Consider Repurposing Therapeutics for the 1212 

Ichthyoses. J. Invest. Dermatol. 139, 535–540 (2019). 1213 

216. Paller, A. S. et al. The spectrum of manifestations in desmoplakin gene (DSP) spectrin repeat 6 1214 

domain mutations: Immunophenotyping and response to ustekinumab. J. Am. Acad. Dermatol. 1215 

78, 498-505.e2 (2018). 1216 

217. Sun, Q., Wine Lee, L., Hall, E. K., Choate, K. A. & Elder, R. W. Hair and skin predict 1217 

cardiomyopathies: Carvajal and erythrokeratodermia cardiomyopathy syndromes. Pediatr. 1218 

Dermatol. 38, 31–38 (2021). 1219 

218. Hernández-Martín, A. et al. Imbalance in T-Helper 17 Cells and Targeted Therapy in an Infant 1220 

with SAM-like Syndrome. N. Engl. J. Med. 381, 2176–2178 (2019). 1221 

219. Godsel, L. M. et al. Translational implications of Th17-skewed inflammation due to genetic 1222 

deficiency of a cadherin stress sensor. J. Clin. Invest. 132, (2022). 1223 

220. Yogarajah, J. et al. Efficacy and safety of secukinumab for the treatment of severe ABCA12 1224 

deficiency-related ichthyosis in a child. Ski. Heal. Dis. 1, e25 (2021). 1225 



 

221. Lefferdink, R. et al. Secukinumab responses vary across the spectrum of congenital ichthyosis 1226 

in adults. Arch. Dermatol. Res. (2022). doi:10.1007/S00403-022-02325-3 1227 

222. Barbieux, C. et al. Netherton syndrome subtypes share IL-17/IL-36 signature with distinct IFN-1228 

α and allergic responses. J. Allergy Clin. Immunol. 149, 1358–1372 (2022). 1229 

223. Wang, J. et al. Successful treatment of Netherton syndrome with dupilumab: A case report and 1230 

review of the literature. J. Dermatol. 49, 165–167 (2022). 1231 

224. De Palma, A. M. et al. Burden of itch in ichthyosis: a multicentre study in 94 patients. J. Eur. 1232 

Acad. Dermatol. Venereol. 33, 2095–2100 (2019). 1233 

225. Süßmuth, K. et al. Response to dupilumab in two children with Netherton syndrome: 1234 

Improvement of pruritus and scaling. J. Eur. Acad. Dermatol. Venereol. 35, e152–e155 (2021). 1235 

226. Volc, S., Maier, L., Gritsch, A., Aichelburg, M. C. & Volc-Platzer, B. Successful treatment of 1236 

Netherton syndrome with ustekinumab in a 15-year-old girl. Br. J. Dermatol. 183, 165–167 1237 

(2020). 1238 

227. Markó, L. et al. Keratinocyte ATP binding cassette transporter expression is regulated by 1239 

ultraviolet light. J. Photochem. Photobiol. B. 116, 79–88 (2012). 1240 

228. Malhotra, R., Hernández-Martln, A. & Oji, V. Ocular manifestations, complications and 1241 

management of congenital ichthyoses: a new look. Br. J. Ophthalmol. 102, 586–592 (2018). 1242 

229. Litwin, A. S. et al. Nonsurgical treatment of congenital ichthyosis cicatricial ectropion and eyelid 1243 

retraction using Restylane hyaluronic acid. Br. J. Dermatol. 173, 601–603 (2015). 1244 

230. Zachara, M. G., Drozdowski, P. H. & Łatkowski, I. T. Surgical management of ichtyosis-related 1245 

ectropion. Description of four cases and a literature review. J. Plast. Surg. Hand Surg. 48, 179–1246 

182 (2014). 1247 

231. Martín-Santiago, A., Rodríguez-Pascual, M., Knöpfel, N. & Hernández-Martín. Otologic 1248 

Manifestations of Autosomal Recessive Congenital Ichthyosis in Children. Actas Dermosifiliogr. 1249 

106, 733–739 (2015). 1250 

232. Jamal, A., Alsabea, A. & Tarakmeh, M. Effect of Ear Infections on Hearing Ability: A Narrative 1251 

Review on the Complications of Otitis Media. Cureus 14, (2022). 1252 

233. Rodríguez-Manchón, S., Pedrón-Giner, C., Cañedo-Villarroya, E., Muñoz-Codoceo, R. A. & 1253 

Hernández-Martín, Á. Malnutrition in children with ichthyosis: Recommendations for 1254 

monitoring from a multidisciplinary clinic experience. J. Am. Acad. Dermatol. 85, 144–151 1255 

(2021). 1256 

234. Sethuraman, G. et al. Vitamin D: A New Promising Therapy for Congenital Ichthyosis. Pediatrics 1257 

137, (2016). 1258 

235. Dreyfus, I. et al. Factors associated with impaired quality of life in adult patients suffering from 1259 

ichthyosis. Acta Derm. Venereol. 94, 344–346 (2014). 1260 

236. Quittkat, H. L., Hartmann, A. S., Düsing, R., Buhlmann, U. & Vocks, S. Body Dissatisfaction, 1261 

Importance of Appearance, and Body Appreciation in Men and Women Over the Lifespan. 1262 

Front. Psychiatry 10, (2019). 1263 

237. Dreyfus, I. et al. Burden of inherited ichthyosis: a French national survey. Acta Derm. Venereol. 1264 

95, 326–328 (2015). 1265 

238. Mazereeuw-Hautier, J. et al. Factors influencing quality of life in patients with inherited 1266 

ichthyosis: A qualitative study in adults using focus groups. Br. J. Dermatol. 166, 646–648 1267 

(2012). 1268 

239. Cortés, H. et al. Increased risk of depression and impairment in quality of life in patients with 1269 

lamellar ichthyosis. Dermatol. Ther. 34, e14628 (2021). 1270 

240. Cannon Homaei, S. et al. ADHD symptoms in neurometabolic diseases: Underlying mechanisms 1271 

and clinical implications. Neurosci. Biobehav. Rev. 132, 838–856 (2022). 1272 

241. Bodemer, C. et al. Short- and medium-term efficacy of specific hydrotherapy in inherited 1273 

ichthyosis. Br. J. Dermatol. 165, 1087–1094 (2011). 1274 

242. Young, I. D. & HUGHES, H. E. Sex-linked mental retardation, short stature, obesity and 1275 

hypogonadism: report of a family. J. Ment. Defic. Res. 26, 153–162 (1982). 1276 



 

243. Amano, R., Ohtsuka, Y. & Ohtahara, S. Monozygotic twin patients with congenital ichthyosis, 1277 

microcephalus, spastic quadriplegia, myoclonus, and EEG abnormalities. Pediatr. Neurol. 12, 1278 

255–259 (1995). 1279 

244. Jagell, S. F., Holmgren, G. & Hofer, P. Congenital ichthyosis with alopecia, eclabion, ectropion 1280 

and mental retardation--a new genetic syndrome. Clin. Genet. 31, 102–108 (1987). 1281 

245. Harper, P. S., Marks, R., Dykes, P. J. & Young, I. D. Ichthyosis, hepatosplenomegaly, and 1282 

cerebellar degeneration in a sibship. J. Med. Genet. 17, 212–215 (1980). 1283 

246. Passwell, J. H., Goodman, R. M., Ziprkowski, M. & Cohen, B. E. Congenital ichthyosis, mental 1284 

retardation, dwarfism and renal impairment: A new syndrome. Clin. Genet. 8, 59–65 (1975). 1285 

247. Clayton-Smith, J. & Donnai, D. A new recessive syndrome of unusual facies, digital 1286 

abnormalities, and ichthyosis. J. Med. Genet. 26, 339–342 (1989). 1287 

248. Capra, R. et al. Two sisters with multiple sclerosis, lamellar ichthyosis, beta thalassaemia minor 1288 

and a deficiency of factor VIII. J. Neurol. 240, 336–338 (1993). 1289 

249. Gunal, I., Taymaz, A., Karatosun, V., Toylu, A. & Degirmenci, B. Mixed sclerosing dysplasia of 1290 

the bone associated with ovarian and skin problems. Clin. Orthop. Relat. Res. 436, 270–276 1291 

(2005). 1292 

250. Liao, H. et al. Filaggrin mutations are genetic modifying factors exacerbating X-linked 1293 

ichthyosis. J. Invest. Dermatol. 127, 2795–2798 (2007). 1294 

251. Mohamad, J. et al. Phenotypic suppression of acral peeling skin syndrome in a patient with 1295 

autosomal recessive congenital ichthyosis. Exp. Dermatol. 29, 742–748 (2020). 1296 

252. Ngcungcu, T. et al. Duplicated Enhancer Region Increases Expression of CTSB and Segregates 1297 

with Keratolytic Winter Erythema in South African and Norwegian Families. Am. J. Hum. Genet. 1298 

100, 737–750 (2017). 1299 

253. Bochner, R. et al. Calpain 12 Function Revealed through the Study of an Atypical Case of 1300 

Autosomal Recessive Congenital Ichthyosis. J. Invest. Dermatol. 137, 385–393 (2017). 1301 

254. Joosten, M. D. W., Clabbers, J. M. K., Jonca, N., Mazereeuw-Hautier, J. & Gostyński, A. H. New 1302 

developments in the molecular treatment of ichthyosis: review of the literature. Orphanet J. 1303 

Rare Dis. 2022 171 17, 1–15 (2022). 1304 

255. Kallis, P., Bisbee, E., Garganta, C. & Schoch, J. J. Rapid improvement of skin lesions in CHILD 1305 

syndrome with topical 5% simvastatin ointment. Pediatr. Dermatol. 39, 151–152 (2022). 1306 

256. Paller, A. S. et al. Pathogenesis-based therapy reverses cutaneous abnormalities in an inherited 1307 

disorder of distal cholesterol metabolism. J. Invest. Dermatol. 131, 2242–2248 (2011). 1308 

257. Atzmony, L. et al. Topical cholesterol/lovastatin for the treatment of porokeratosis: A 1309 

pathogenesis-directed therapy. J. Am. Acad. Dermatol. 82, 123–131 (2020). 1310 

258. Chulpanova, D. S. et al. Current Strategies for the Gene Therapy of Autosomal Recessive 1311 

Congenital Ichthyosis and Other Types of Inherited Ichthyosis. Int. J. Mol. Sci. 23, 2506 (2022). 1312 

259. U.S. National Library of Medicine. ClinicalTrials.gov. Available at: 1313 

https://clinicaltrials.gov/ct2/show/NCT04047732. (Accessed: 27th March 2022) 1314 

260. U.S. National Library of Medicine. ClinicalTrials.gov. Available at: 1315 

https://clinicaltrials.gov/ct2/show/NCT01545323. (Accessed: 27th March 2022) 1316 

261. Plank, R. et al. Transglutaminase 1 Replacement Therapy Successfully Mitigates the Autosomal 1317 

Recessive Congenital Ichthyosis Phenotype in Full-Thickness Skin Disease Equivalents. J. Invest. 1318 

Dermatol. 139, 1191–1195 (2019). 1319 

262. Aufenvenne, K. et al. Topical enzyme-replacement therapy restores transglutaminase 1 activity 1320 

and corrects architecture of transglutaminase-1-deficient skin grafts. Am. J. Hum. Genet. 93, 1321 

620–630 (2013). 1322 

263. Valentin, F. et al. Development of a pathogenesis-based therapy for peeling skin syndrome type 1323 

1. Br. J. Dermatol. 184, 1123–1131 (2021). 1324 

264. Zani, M. B., Sant’Ana, A. M., Tognato, R. C., Chagas, J. R. & Puzer, L. Human Tissue Kallikreins-1325 

Related Peptidases Are Targets for the Treatment of Skin Desquamation Diseases. Front. Med. 1326 

8, (2022). 1327 



 

265. Liddle, J. et al. A Potent and Selective Kallikrein-5 Inhibitor Delivers High Pharmacological 1328 

Activity in Skin from Patients with Netherton Syndrome. J. Invest. Dermatol. 141, 2272–2279 1329 

(2021). 1330 

266. Crumrine, D. et al. Mutations in Recessive Congenital Ichthyoses Illuminate the Origin and 1331 

Functions of the Corneocyte Lipid Envelope. J. Invest. Dermatol. 139, 760–768 (2019). 1332 

267. Veit, J. G. S. et al. Characterization of CYP26B1-Selective Inhibitor, DX314, as a Potential 1333 

Therapeutic for Keratinization Disorders. J. Invest. Dermatol. 141, 72-83.e6 (2021). 1334 

268. Kurosawa, M. et al. Epidemiology and clinical characteristics of bullous congenital 1335 

ichthyosiform erythroderma (keratinolytic ichthyosis) in Japan: results from a nationwide 1336 

survey. J. Am. Acad. Dermatol. 68, 278–283 (2013). 1337 

269. Müller, F. B. et al. A human keratin 10 knockout causes recessive epidermolytic hyperkeratosis. 1338 

Hum. Mol. Genet. 15, 1133–1141 (2006). 1339 

270. Sybert, V. P. et al. Cyclic ichthyosis with epidermolytic hyperkeratosis: A phenotype conferred 1340 

by mutations in the 2B domain of keratin K1. Am. J. Hum. Genet. 64, 732 (1999). 1341 

271. Joh, G. Y. et al. A Novel Dinucleotide Mutation in Keratin 10 in the Annular Epidermolytic 1342 

Ichthyosis Variant of Bullous Congenital Ichthyosiform Erythroderma. J. Invest. Dermatol. 108, 1343 

357–361 (1997). 1344 

272. Tsubota, A. et al. Keratin 1 Gene Mutation Detected in Epidermal Nevus with Epidermolytic 1345 

Hyperkeratosis. J. Invest. Dermatol. 127, 1371–1374 (2007). 1346 

273. Paller, A. S. et al. Genetic and Clinical Mosaicism in a Type of Epidermal Nevus. 1347 

http://dx.doi.org/10.1056/NEJM199411243312103 331, 1408–1415 (1994). 1348 

274. Diociaiuti, A. et al. First Case of KRT2 Epidermolytic Nevus and Novel Clinical and Genetic 1349 

Findings in 26 Italian Patients with Keratinopathic Ichthyoses. Int. J. Mol. Sci. 2020, Vol. 21, 1350 

Page 7707 21, 7707 (2020). 1351 

275. Sprecher, E. et al. Evidence for Novel Functions of the Keratin Tail Emerging from a Mutation 1352 

Causing Ichthyosis Hystrix. J. Invest. Dermatol. 116, 511–519 (2001). 1353 

276. Choate, K. A. et al. Frequent somatic reversion of KRT1 mutations in ichthyosis with confetti. J. 1354 

Clin. Invest. 125, 1703–1707 (2015). 1355 

277. Choate, K. A. et al. Mitotic Recombination in Patients with Ichthyosis Causes Reversion of 1356 

Dominant Mutations in KRT10. Science 330, 94 (2010). 1357 

278. Lesueur, F. et al. Novel mutations in ALOX12B in patients with autosomal recessive congenital 1358 

ichthyosis and evidence for genetic heterogeneity on chromosome 17p13. J. Invest. Dermatol. 1359 

127, 829–834 (2007). 1360 

279. Sugiura, K. & Akiyama, M. Lamellar ichthyosis caused by a previously unreported homozygous 1361 

ALOXE3 mutation in East Asia. Acta Derm. Venereol. 95, 858–859 (2015). 1362 

280. Laiho, E. et al. Transglutaminase 1 mutations in autosomal recessive congenital ichthyosis: 1363 

private and recurrent mutations in an isolated population. Am. J. Hum. Genet. 61, 529–538 1364 

(1997). 1365 

281. Kelsell, D. P. et al. Mutations in ABCA12 Underlie the Severe Congenital Skin Disease Harlequin 1366 

Ichthyosis. Am. J. Hum. Genet. 76, 794–803 (2005). 1367 

282. Harting, M. et al. Self-Healing Collodion Membrane and Mild Nonbullous Congenital 1368 

Ichthyosiform Erythroderma Due to 2 Novel Mutations in the ALOX12B Gene. Arch. Dermatol. 1369 

144, 351–356 (2008). 1370 

283. Vahlquist, A. et al. Genotypic and clinical spectrum of self-improving collodion ichthyosis: 1371 

ALOX12B, ALOXE3, and TGM1 mutations in Scandinavian patients. J. Invest. Dermatol. 130, 1372 

438–443 (2010). 1373 

284. Noguera-Morel, L. et al. Two cases of autosomal recessive congenital ichthyosis due to 1374 

CYP4F22 mutations: Expanding the genotype of self-healing collodion baby. Pediatr. Dermatol. 1375 

33, e48–e51 (2016). 1376 

285. Raghunath, M. et al. Self-healing collodion baby: a dynamic phenotype explained by a 1377 

particular transglutaminase-1 mutation. J. Invest. Dermatol. 120, 224–228 (2003). 1378 



 

286. Mazereeuw-Hautier, J. et al. Acral self-healing collodion baby: report of a new clinical 1379 

phenotype caused by a novel TGM1 mutation. Br. J. Dermatol. 161, 456–463 (2009). 1380 

287. Oji, V. et al. Bathing suit ichthyosis is caused by transglutaminase-1 deficiency: evidence for a 1381 

temperature-sensitive phenotype. Hum. Mol. Genet. 15, 3083–3097 (2006). 1382 

288. Takeichi, T. et al. Biallelic Mutations in KDSR Disrupt Ceramide Synthesis and Result in 1383 

a Spectrum of Keratinization Disorders Associated with Thrombocytopenia. J. Invest. Dermatol. 1384 

137, 2344 (2017). 1385 

289. Ma, W. et al. Novel Microdeletion in the X Chromosome Leads to Kallmann Syndrome, 1386 

Ichthyosis, Obesity, and Strabismus. Front. Genet. 11, 596 (2020). 1387 

290. Milunsky, J. M., Maher, T. A. & Metzenberg, A. B. Molecular, biochemical, and phenotypic 1388 

analysis of a hemizygous male with a severe atypical phenotype for X-linked dominant Conradi-1389 

Hunermann-Happle syndrome and a mutation in EBP. Am. J. Med. Genet. Part A 116A, 249–1390 

254 (2003). 1391 

291. Gruber, R. et al. Autosomal Recessive Keratoderma-Ichthyosis-Deafness (ARKID) Syndrome 1392 

Is Caused by VPS33B Mutations Affecting Rab Protein Interaction and Collagen Modification. J. 1393 

Invest. Dermatol. 137, 845–854 (2017). 1394 

292. Norgett, E. E. et al. Recessive mutation in desmoplakin disrupts desmoplakin–intermediate 1395 

filament interactions and causes dilated cardiomyopathy, woolly hair and keratoderma. Hum. 1396 

Mol. Genet. 9, 2761–2766 (2000). 1397 

293. Muttardi, K., Nitoiu, D., Kelsell, D. P., O’Toole, E. A. & Batta, K. Acral peeling skin syndrome 1398 

associated with a novel CSTA gene mutation. Clin. Exp. Dermatol. 41, 394–398 (2016). 1399 

294. Titeux, M. et al. Keratitis-ichthyosis-deafness syndrome caused by GJB2 maternal mosaicism. 1400 

J. Invest. Dermatol. 129, 776–779 (2009). 1401 

295. Boyden, L. M. et al. Recessive Mutations in AP1B1 Cause Ichthyosis, Deafness, and 1402 

Photophobia. Am. J. Hum. Genet. 105, 1023 (2019). 1403 

296. Wick, M. R. & Patterson, J. W. Cutaneous paraneoplastic syndromes. Semin. Diagn. Pathol. 36, 1404 

211–228 (2019). 1405 

297. López Aventín, D., Gallardo, F., Yébenes, M., Lloreta, J. & Pujol, R. M. Acquired ichthyosis 1406 

associated with primary cutaneous CD30+ lymphoproliferative disorders. Eur. J. Dermatol. 24, 1407 

105–106 (2014). 1408 

298. Badawy, E. et al. Ichthyosiform mycosis fungoides. Eur. J. Dermatol. 12, 594–6 1409 

299. Ramos-e-Silva, M., Carvalho, J. C. & Carneiro, S. C. Cutaneous paraneoplasia. Clin. Dermatol. 1410 

29, 541–547 (2011). 1411 

300. Lee, H. W. et al. Acquired ichthyosis associated with an overlap syndrome of systemic sclerosis 1412 

and systemic lupus erythematosus. J. Dermatol. 33, 52–54 (2006). 1413 

301. Valle, S. L. Dermatologic findings related to human immunodeficiency virus infection in high-1414 

risk individuals. J. Am. Acad. Dermatol. 17, 951–961 (1987). 1415 

302. Holzman, S. B. & Durso, S. C. Nutritional Deficiency and Acquired Ichthyosis. J. Gen. Intern. Med. 1416 

32, 1161 (2017). 1417 

303. Menni, S., Boccardi, D. & Brusasco, A. Ichthyosis revealing coeliac disease. Eur. J. Dermatol. 10, 1418 

398–9 1419 

304. Sparsa, A. et al. Acquired ichthyosis with pravastatin. J. Eur. Acad. Dermatol. Venereol. 21, 549–1420 

550 (2007). 1421 

305. Errichetti, E., Stinco, G., Pegolo, E. & Patrone, P. Acquired ichthyosis during acitretin therapy 1422 

for psoriasis vulgaris. J. Eur. Acad. Dermatol. Venereol. 30, 181–182 (2016). 1423 

306. Christopher A. Riley; Talel Badri; Wissem Hafsi. Pityriasis Rotunda - StatPearls - NCBI Bookshelf. 1424 

Available at: https://www.ncbi.nlm.nih.gov/books/NBK459240/. (Accessed: 14th August 2022) 1425 

307. BERKOWITZ, I., HODKINSON, H. J., KEW, M. C. & DiBISCEGLIE, A. M. Pityriasis rotunda as a 1426 

cutaneous marker of hepatocellular carcinoma: a comparison with its prevalence in other 1427 

diseases. Br. J. Dermatol. 120, 545–549 (1989). 1428 

308. Mizrachi-Koren, M. et al. Identification of a Novel Locus Associated with Congenital Recessive 1429 



 

Ichthyosis on 12p11.2–q13. J. Invest. Dermatol. 125, 456–462 (2005). 1430 

309. Mohamad, J., Malchin, N., Shalev, S., Sarig, O. & Sprecher, E. ARCI7 Revisited and Repositioned. 1431 

J. Invest. Dermatol. 137, 970–972 (2017). 1432 

310. Van Steensel, M. A. M., Oranje, A. P., Van der Schroeff, J. G., Wagner, A. & Van Geel, M. The 1433 

missense mutation G12D in connexin30.3 can cause both erythrokeratodermia variabilis of 1434 

Mendes da Costa and progressive symmetric erythrokeratodermia of Gottron. Am. J. Med. 1435 

Genet. Part A 149A, 657–661 (2009). 1436 

311. Boyden, L. M. et al. Phenotypic spectrum of autosomal recessive congenital ichthyosis due to 1437 

PNPLA1 mutation. Br. J. Dermatol. 177, 319–322 (2017). 1438 

312. Schlotawa, L. et al. A systematic review and meta-analysis of published cases reveals the 1439 

natural disease history in multiple sulfatase deficiency. J. Inherit. Metab. Dis. 43, 1288–1297 1440 

(2020). 1441 

Highlighted references 1442 

"Revised nomenclature and classification of inherited ichthyoses: Results of the First Ichthyosis 1443 

Consensus Conference in Sorze 2009"1.  1444 

This publication delivers a general overview of the disease and the first classification of the 1445 

many forms of ichthyosis that remains the basis upon which all proposed classifications are 1446 

built. 1447 

"Anatomy and Physiology of the Skin"4.  1448 

This publication describes an overview of the skin structure 1449 

"Epidermal structure and differentiation"8.  1450 

This paper provides an in depth view of keratinocyte differentiation and its critical role in 1451 

epidermal formation. 1452 

"Prevalence of inherited ichthyosis in France: a study using capture-recapture method"34.  1453 

This paper presents an in-depth epidemiological studies on the rare forms of ichthyosis. 1454 

"Bricks and mortar of the epidermal barrier"10.  1455 

This publication describes th brick and mortar molecular model of the stratum corneum. 1456 

"Cellular and Metabolic Basis for the Ichthyotic Phenotype in NIPAL4 (Ichthyin)–Deficient Canines"67.  1457 

This paper presents research into the metabolic causes of ichthyosis, its supplementary figures 1458 

provide a clear overview of the ceramide pathway that became the basis for FIG. 2. 1459 

"From glycosylation disorders to dolichol biosynthesis defects: a new class of metabolic diseases"111.  1460 

This paper presents an overview of the disorders of glycosylation, the dolichol pathway and its 1461 

connection to cholesterol synthesis, which became the basis for FIG. 3. 1462 

"Proposal for a 6-step approach for differential diagnosis of neonatal erythroderma"174.  1463 

This publication provides a diagnostic approach to ichthyosis in newborns. 1464 

"Current Strategies for the Gene Therapy of Autosomal Recessive Congenital Ichthyosis and Other 1465 

Types of Inherited Ichthyosis"258.  1466 

This review discusses the treatment of ichthyosis with an emphasis on novel gene therapy 1467 

studies. 1468 



 

"Factors Associated with Impaired Quality of Life in Adult Patients Suffering from Ichthyosis"235.  1469 

This publication reports statistical analysis of the factors affecting quality of life in ichthyosis 1470 

patients.  1471 



 

Acknowledgements 1472 

The authors thank the anonymous patients for their contribution in Box 2 and Box 3, and the 1473 

Spanish Association of Ichthyosis Patients (ASIC) for their support  1474 

Competing interests 1475 

The authors declare the following competing interests: 1476 

- Carlos Gutiérrez-Cerrajero, Eli Sprecher, Masashi Akiyama, and Rogelio González-Sarmiento have 1477 

no competing interests. 1478 

- Amy Paller: AbbVie, AnaptysBio, Eli Lilly, Incyte, Janssen, Krystal Biotech, Regeneron 1479 

Pharmaceuticals Inc., UCB – investigator; AbbVie, Acrotech, Almirall, Amgen, Amryt Pharma, Arcutis 1480 

Biotherapeutics, Arena Pharmaceuticals, Azitra, BioCryst, BiomX, BMS, BridgeBio, Castle Creek 1481 

Biosciences, Catawba Research, Eli Lilly, Exicure, Gilead, Incyte, Janssen, Johnson & Johnson, Kamari 1482 

Pharma, LEO Pharma, Novartis, OM Pharma, Pfizer, Pierre Fabre, RAPT Therapeutics, Regeneron 1483 

Pharmaceuticals Inc., Sanofi, Seanergy, UCB – consultant with honorarium; AbbVie, Abeona 1484 

Therapeutics, Bausch Health, Galderma, Novan – data and safety monitoring board 1485 

- Juliette Mazweerew-Hautier, investigator for Sanofi, Mayne Pharma, and Timber Pharmaceuticals 1486 

- Angela Hernández-Martín: investigator for Mayne Pharma and Celgene 1487 

Author contributions 1488 

Introduction (AH-M, CG-C, RG-S); Epidemiology (AH-M, CG-C, ES, RG-S); Mechanisms/pathophysiology 1489 

(CG-C, ES, MA, RG-S); Diagnosis/screening/prevention (AH-M, CG-C, ES, AP, RG-S); Management (AH-1490 

M, ES, AP, MA, JM-H); Quality of life (AH-M, CG-C, ES, AP); Outlook (AH-M, CG-C, RG-S); Overview of 1491 

the Primer (A-M). 1492 

  1493 



 

Tables 1494 

Table 1. Incidence of the rare forms of ichthyosis 1495 

Disease 
Incidence (per million) 

Spain France Japan 

Non-syndromic ichthyoses 

Lamellar ichthyosis (LI) 4.4733 4.5034 0.2335 

Congenital ichthyosiform erythroderma (CIE) 2.1833 1.9034 0.7535 

Harlequin ichthyosis (HI) 0.0533 NA 0.1235 

Bathing suit ichthyosis (BSI) 0.1033 0.4634 NA 

Self-healing collodion baby (SHCB) 0.3033 0.1134 NA 

Acral self-healing collodion baby (acral SHCB) 0.0533 NA NA 

Keratinopathic ichthyoses NA 1.134 0.43268 

Erythrokeratodermia variabilis et progressiva (EKVP) NA 0.4634 NA 

Peeling skin syndrome (PSS) NA 0.1134 NA 

Keratosis linearis-ichthyosis congenita-sclerosing 

keratoderma syndrome (KLICK) 

NA 0.2334 NA 

Syndromic ichthyoses 

Total NA 1.934 0.6735 

Syndromic recessive x-linked ichthyosis (syndromic RXLI) NA 0.1134 NA 

Chondrodysplasia punctata type 2 (CDPX2) NA 0.2334 NA 

Netherton syndrome (NS) NA 0.8034 NA 

Trichothiodystrophy (TTD) NA 0.2334 NA 

Sjögren-Larsson syndrome (SLS) NA 0.1134 NA 

Keratitis-ichthyosis-deafness syndrome (KID) NA 0.3434 NA 

Neutral lipid storage disease with ichthyosis (NLSDI) NA 0.1134 NA 

NA, not available.  1496 



 

Table 2. Molecular classification of the ichthyoses  1497 

Affected 

component 
Disease Genes 

Intracellular protein network 

Keratins 

Autosomal dominant epidermolytic ichthyosis 

(EI, ORPHA: 312) 
KRT153 (AD, MIM: 113800), KRT1053 (AD, MIM: 113800) 

Autosomal recessive epidermolytic ichthyosis 

(AREI, ORPHA: 512103) 
KRT10269 (AR, MIM: 113800)) 

Superficial epidermolytic ichthyosis (SEI, 

ORPHA: 455) 
KRT254 (AD, MIM: 146800) 

Annular epidermolytic ichthyosis (AEI, ORPHA: 

281139) 
KRT1270 (AD, MIM: 607602), KRT10271 (AD, MIM: 607602) 

Epidermolytic nevus (EN, ORPHA: 497737) KRT1272 (M, MIM: -), KRT10273 (M, MIM: -), KRT2274 (M, MIM: -) 

Ichthyosis Curth-Macklin (ICM, ORPHA: 79503) KRT1275 (AD, MIM: 146590) 

Ichthyosis with confetti (IWC, ORPHA: 281190) KRT1276 (AD, MIM: 609165), KRT10277 (AD, MIM: 609165) 

Filaggrin 

Ichthyosis vulgaris (IV, ORPHA: -) 
FLG55 (SD, MIM: 146700), CASP1457 (AR, MIM: 617320), ASPRV159 

(AD, MIM: 146750) 

Keratosis linearis-ichthyosis congenita-

sclerosing keratoderma syndrome (KLICK, 

ORPHA: 281201) 

POMP60 (AR, MIM: 601952) 

Cornified 

envelope 
Loricrin keratoderma (LK, ORPHA: 79395) LORICRIN9 (AD, MIM: 604117) 

Lipid metabolism 

Ceramides 

Lamellar ichthyosis (LI, ORPHA: 313) 

ABCA1290 (AR, MIM: 601277), ALOX12B278 (AR, MIM: 242100), 

ALOXE3279 (AR, MIM: 606545), CYP4F2268 (AR, MIM: 604777), 

LIPN85 (AR, MIM: 613943), NIPAL483 (AR, MIM: 612281), SDR9C794 

(AR, MIM: 617574), SULT2B1103 (AR, MIM: 617571), TGM195 (AR, 

MIM: 242300) 

Congenital non-bullous ichthyosiform 

erythroderma (CIE, ORPHA: 79394) 

ABCA12167 (AR, MIM: 601277), ALOX12B93 (AR, MIM: 242100), 

ALOXE393 (AR, MIM: 606545), CERS382 (AR, MIM: 615023), 

CYP4F2244 (AR, MIM: 604777), NIPAL483 (AR, MIM: 612281), 

PNPLA187 (AR, MIM: 615024), TGM1280 (AR, MIM: 242300) 

Harlequin ichthyosis (HI, ORPHA: 457) ABCA12281 (AR, MIM: 242500) 

Self-healing collodion baby (SHCB, ORPHA: 

281122) 

ALOX12B282 (AR, MIM: 242100), ALOXE3283 (AR, MIM: 606545), 

CYP4F22284 (AR, MIM: 604777), TGM1285 (AR, MIM: 242300) 

Acral self-healing collodion baby (ASHCB, 

ORPHA: 281127) 
TGM1286 (AR, MIM: 242300) 

Bathing suit ichthyosis (BSI, ORPHA: 100976) TGM1287 (AR, MIM: 242300) 

Sjögren-Larsson syndrome (SLS, ORPHA: 816) ALDH3A264 (AR, MIM: 270200) 

Refsum disease (ORPHA: 773) PEX774 (AR, MIM: 308100), PHYH72,73 (AR, MIM: 266500) 

Ichthyotic keratoderma-spastic paraplegia-

hypomyelination-dysmorphic facies (ORPHA: -) 
ELOVL165 (AD, MIM: 618527) 

Congenital ichthyosis-intellectual disability-

spastic quadriplegia syndrome (ORPHA: 

352333) 

ELOVL466 (AR, MIM: 614457) 

Fetal Gaucher disease (FGD, ORPHA: 85212) GBA191 (AR, MIM: 608013) 

Neu-Laxova syndrome (NLS, ORPHA: 2671) 
PHGDH77 (AR, MIM: 256520), PSAT178 (AR, MIM: 616038), PSPH76 

(AR, MIM: -) 

Deficiency of UDP-glucose ceramide 

glycosyltransferase (ORPHA: -) 
UGCG89 (AR, MIM: -) 

Neutral lipid storage disease with ichthyosis 

(NLSDI, ORPHA: 98907) 
ABHD586 (AR, MIM: 275630) 



 

Ichthyosis-prematurity syndrome (IPS, ORPHA: 

88621) 
SLC27A470 (AR, MIM: 608649) 

Ichthyosis-short stature-brachydactyly-

microspherophakia syndrome (ORPHA: 

363992) 

CERS382 + ADAMTS1782 (HD, MIM: -)  

Palmoplantar and perianal 

keratoderma/harlequin ichthyosis-like 

ichthyosis with thrombocytopenia (ORPHA: -) 

KDSR288 (MIM: -) 

Cholesterol 

Recessive X-linked ichthyosis (RXLI, ORPHA: 

461) 
STS105 (AR, MIM: 308100) 

Syndromic recessive X-linked ichthyosis 

(Syndromic RXLI, ORPHA: 281090 and ORPHA: 

1643289) 

STS170 (HD, MIM: 308100) + contiguous genes 

Ichthyosis follicularis-alopecia-photophobia 

syndrome (IFAP, ORPHA: 2273) 
MBTPS299 (XR, MIM: 308205), SREBF1100 (XD, MIM: 619016) 

Chondrodysplasia punctata type 2 (CDPX2, 

ORPHA: 35173) 
EBP102 (XD, MIM: 302960) 

Male EBP disorder with neurological defects 

(MEND, ORPHA: 401973) 
EBP290 (XR, MIM: 300960) 

Congenital hemidysplasia with ichthyosiform 

nevus and limb defects (CHILD, ORPHA: 139) 
NSDHL101 (XD, MIM: 308050) 

Multiple sulfatase deficiency (MSD, ORPHA: 

585) 
SUMF1106 (AR, MIM: 272200) 

Lamellar 

bodies 

Autosomal recessive keratoderma-ichthyosis-

deafness (ARKID, ORPHA: -) 
VPS33B291 (AR, -) 

Cerebral dysgenesis-neuropathy-ichthyosis-

palmoplantar keratoderma syndrome (CEDNIK, 

ORPHA: 66631) 

SNAP29108 (AR, MIM: 609528 

Arthrogryposis-renal dysfunction-cholestasis 

syndrome (ARC, ORPHA: 2697) 
VIPAS39109 (AR, MIM: 613404), VPS33B110 (AR, MIM: 208085) 

Dolichol 

Congenital disorder of glycosylation type 1F 

(CDG-1F, ORPHA: 79323) 
MPDU1114 (AR, MIM: 609180) 

Congenital disorder of glycosylation type 1M 

(CDG-1M, ORPHA: 91131) 
DOLK113 (AR, MIM: 610768) 

Congenital disorder of glycosylation type 1Q 

(CDG-1Q, ORPHA: 324737) 
SRD5A3112 (AR, MIM: 612379) 

Coloboma, congenital heart disease, 

ichthyosiform dermatosis, mental retardation, 

and ear anomalies syndrome (CHIME, ORPHA: 

3474) 

PIGL115 (AR, MIM: 280000) 

Intercellular junctions 

Tight  

junctions 

Ichthyosis, leukocyte vacuoles, alopecia, and 

sclerosing cholangitis (ILVASC, ORPHA: 59303) 
CLDN1117 (AR, MIM: 607626) 

Hypohidrosis-electrolyte imbalance-lacrimal 

gland dysfunction-ichthyosis-xerostomia 

syndrome (HELIX, ORPHA: 528105) 

CLDN10118 (AR, MIM: 617671) 

Desmosomes 

Severe dermatitis-multiple allergies-metabolic 

wasting syndrome (SAM, ORPHA: 369992) 
DSG1124 (AR, MIM: 615508), DSP125 (AD, MIM: -) 

Erythrokeratodermia-cardiomyopathy 

syndrome (EKC, ORPHA: 476096) 
DSP (AD158 or AR292, MIM: 605676) 

Generalized peeling skin syndrome 

(generalized PSS, ORPHA: 263543) 
CDSN126 (AR, MIM: 270300), FLG2134 (AR, MIM: 618084) 

Proteases Netherton syndrome (NS, ORPHA: 634) SPINK5130 (AR, MIM: 256500) 



 

Peeling skin-leukonychia-acral punctate 

keratoses-cheilitis-knuckle pads syndrome 

(PLACK, ORPHA: 289586) 

CAST132 (AR, MIM: 616295) 

Exfoliative ichthyosis (ORPHA: 289586) CSTA133 (AR, MIM: 607936), SERPINB8129 (AR, MIM: 617115) 

Others 

 

Trichothiodystrophy (TTD, ORPHA: 33364) 

DNA damage repair, transcription, and translation: AARS1143 (AR, 

MIM: 619691), ERCC2136 (AR, MIM: 601675), ERCC3137 (AR, MIM: 

616390), GTF2E2139 (AR, MIM: 616943), GTF2H5138 (AR, MIM: 

616395), MAARS1143 (AR, MIM: 619692), MPLKIP151 (AR, MIM: 

234050), RNF113A140 (XR, MIM: 300953), TARS1144 (AR, MIM: 

618546) 

Mental disability-enteropathy-deafness-

peripheral neuropathy-ichthyosis-

keratodermia syndrome (MEDNIK, ORPHA: 

171851) 

Clathrin-coated vesicle adaptor complex: AP1S1148 (AR, MIM: 

609313) 

Keratitis-ichthyosis-deafness- autosomal 

recessive syndrome (KIDAR, ORPHA: -) 

Clathrin-coated vesicle adaptor complex: AP1B1149 (AR, MIM: 

242150) 

Multiple functions 

 

Ichthyosis-hypotrichosis syndrome (IHS, 

ORPHA: 91132) 

Filaggrin maturation and corneodesmosome degradation: ST14128 

(AR, MIM: 602400) 

Acral peeling skin syndrome (acral PSS, ORPHA: 

263534) 

Protease inhibitor: CSTA293 (AR, MIM: 607936) 

Cornified envelope cross-linking: TGM561 (AR, MIM: 609796) 

Erythrokeratoderma variabilis et progressiva 

(EKVP, ORPHA: 308166) 

Gap junctions: GJA1119 (AD, MIM: 617525), GJB3121 (AD or AR, 

MIM: 133200), GJB4122 (AD, MIM: 617524) 

Desmosomes: PERP127 (AR, MIM: 619209) 

Ceramides: KDSR79 (AR, MIM: 617526) 

Ca2+ channels: TRPM4150 (AD, MIM: 618531) 

Keratitis-ichthyosis-deafness syndrome (KID, 

ORPHA: 477) 

Gap junctions: GJB2 (AD120 or M294, MIM: 148210), GJB6123 (AD, 

MIM: -) 

Clathrin-coated vesicle adaptor complex: AP1B1295 (AR, MIM: 

242150) 

ORPHA, disease code in the ORPHANET database; MIM, phenotype code in the OMIM database; AD, autosomal dominant 1498 

inheritance; AR, autosomal recessive inheritance; XD, X-linked dominant inheritance; XR, X-linked recessive inheritance; HD, 1499 

homozygous deletion; M, mosaicism.  1500 



 

Figures 1501 

Figure 1. Structure of the epidermis 1502 

The epidermis is divided into layers that reflect the stages of keratinocyte differentiation; keratinocytes are 1503 

the most common cell type found in the epidermis. The stem cells of the stratum basale (called basal cells divide 1504 

asymmetrically and some of the daughter cells migrate towards the skin surface, passing through the stratum 1505 

spinosum and stratum granulosum, differentiating along the way. The end product of this process is the stratum 1506 

corneum, a layer comprising the terminally differentiated and enucleated keratinocytes (called corneocytes) 1507 

embedded in a lipidic extracellular matrix. Most of these layers are constant throughout the skin but the stratum 1508 

lucidum is exclusive to areas of thickened skin, such as the ones found in the palms of the hands and soles of the 1509 

feet. Melanin-producing melanocytes and tissue-resident macrophages (Langerhans cells) contribute to 1510 

protection from ultraviolet light and infections, respectively. In the stratum corneum, most of the corneocyte 1511 

cytoplasm is occupied by keratin macrofibrils and filaggrin. These 'bricks' are encased by the cornified envelope, 1512 

with its covalently-bound lipid layer (the corneocyte lipid envelope). The whole structure is embedded into the 1513 

intercellular lamellar lipids, the ‘mortar’ of the structure. Desmosomes maintain epithelial cohesion, gap 1514 

junctions facilitate intercellular communication, and tight junctions restrict extracellular solute diffusion. 1515 

Corneodesmosomes are specialized desmosomes exclusive to the stratum corneum that confer its increased 1516 

mechanical resilience. Mutations in the genes annotated lead to specific forms of ichthyosis.  1517 



 

 1518 

Figure 2. Ceramide pathway in the epidermis 1519 

Ceramides are important in forming the corneocyte lipid envelope in the upper layer of the epidermis and 1520 

as free lipids in the extracellular space. A series of reactions leads from ceramide synthesis from a sphingoid 1521 

base (blue) and a fatty acid (green) to ceramide fate as a free (grey) or protein-bound lipid (green). Defects in 1522 

the depicted genes lead to ichthyosis (the genes in red cause symptoms outside the skin). 1523 

  1524 



 

 1525 

Figure 3. Cholesterol and dolichol synthesis pathways in the epidermis 1526 

Cholesterol and dolichol are synthesized from a common precursor (grey) before diverging into cholesterol-1527 

specific (green) and dolichol-specific (blue) reactions. Free cholesterol is an important component of the 1528 

extracellular space in the uppermost layer of the epidermis, whereas cholesterol sulfate inhibits ceramide 1529 

crosslinking to the corneocyte lipid envelope. Dolichol is necessary for protein N-glycosylation, O-mannosylation 1530 

and synthesis of glycosylphosphatidylinositol anchors to the plasma membrane (orange). Defects in the depicted 1531 

genes lead to ichthyosis (the genes in red cause defects outside the skin). 1532 

  1533 



 

 1534 

Figure 4. Symptomatic presentation of the ichthyoses 1535 

(A) Recessive X-linked ichthyosis presenting with dark polygonal scales on the extensor aspects of the legs. (B) 1536 

Autosomal recessive congenital ichthyosis (ARCI) (Lamellar ichthyosis) patient of North African origin presenting 1537 

with a darker brownish tone of the coarse and large (plate-like) scales on the anterior trunk. (C) ARCI (Congenital 1538 

ichthyosiform erythroderma) presenting with generalized fine scaling on the upper extremities and anterior 1539 

trunk over a moderate underlying erythema. (D) Self-improving ARCI with thickness on the dorsal hands as the 1540 

only visible sign of congenital ichthyosis. (E) KRT10-related epidermolytic ichthyosis displaying pronounced 1541 

hyperkeratosis on the upper and lower limbs sparing palms. (F) Ichthyosis with confetti, a severe ichthyosiform 1542 

displaying erythroderma with patchy areas of normal skin on the upper posterior trunk. (G) Loricrin keratoderma 1543 

showing diffuse palmar keratoderma with honeycomb pattern. (H) Peeling skin type B presenting with diffuse 1544 

erythroderma with patchy areas of superficial desquamation on the left upper limb. (I) Netherton syndrome 1545 

with double-edged scales (ichthyosis linearis circumflexa) on the buttock and thigh. 1546 

  1547 



 

 1548 

Figure 5. Decision tree for the diagnosis of ichthyosis 1549 

Schematic representation of the workflow used for differential diagnosis of ichthyosis in a patient. The 1550 

colored boxes represent the information gleaned from the diagnostic tests and clinical characteristics: red boxes 1551 

are not conclusive (they discard a few diseases or point to a large group of diseases), green boxes are mostly 1552 

conclusive (they point towards a small group of diseases), and blue boxes point towards a single disease. WES, 1553 

whole exome sequencing; MLPA, multiplex ligation dependent probe amplification. 1554 

  1555 



 

 1556 

Figure 6. Histological characteristics of the ichthyoses 1557 

(A) Autosomal recessive congenital ichthyosis; orthohyperkeratosis (compact thickening of the stratum 1558 

corneum), acanthosis (thickening of the epidermis) and absent inflammatory infiltrate within the dermis; 1559 

hematoxylin & eosin (H&E) staining (10x magnification). (B) Harlequin ichthyosis; dense and thick 1560 

orthohyperkeratosis, irregular acanthosis and dilated blood vessels in the otherwise normal underlying dermis; 1561 

H&E staining (20x magnification). (C) Epidermolytic ichthyosis; orthokeratotic hyperkeratosis and vacuolated 1562 

keratinocytes in the upper and mid layers of the epidermis; conspicuous keratohyalin granules (blue dots); H&E 1563 

staining (40x magnification). (D) Chanarin-Dorfman syndrome; peripheral blood smear showing lipid droplets 1564 

within granulocytes (Jordan´s anomaly) (black arrow). (E) Netherton syndrome; psoriasiform epidermal 1565 

hyperplasia with moderate inflammatory infiltrate within the dermis and dilated blood vessels; H&E staining 1566 

(10x magnification). (F) Netherton syndrome; lack of LEKTI staining in the stratum corneum of a patient (20x 1567 

magnification). (G) Skin sample from a healthy patient showing normal LEKTI immunostaining on the stratum 1568 

corneum (10x magnification). (H) Netherton syndrome; trichorrexis invaginata or “bamboo hair”, invagination 1569 

of the distal hair shaft into the proximal hair shaft on electron microscopy. (I) Desmosomal disorder; 1570 

erythrokeratodermia with cardiomyopathy due to heterozygous DSP variant; parakeratotic hyperkeratosis, 1571 

psoriasiform epidermal hyperplasia and widening of the intercellular spaces with clefts in the suprabasal layers 1572 

of the epidermis (acantholysis) (black arrow); H&E staining (20x magnification). (J) Trichothiodystrophy; 1573 

alternating dark and light banding pattern under polarized light (“tiger tail” appearance). 1574 

(A, I) Courtesy of Dr Isabel Colmenero, Department of Pathology, Hospital Infantil Niño Jesús, Madrid, Spain 1575 

(B) Courtesy of Dr Takenori Yoshikawa, Department of Dermatology, Nagoya University Graduate School of 1576 

Medicine, Japan 1577 

(C) Courtesy of Kana Tanahashi Department of Dermatology, Nagoya University Graduate School of Medicine, 1578 

Japan 1579 



 

(E, F, G) Courtesy of Dr Stephanie Leclerc-Mercier, Department of Dermatopathologie, Hôpital Necker Enfants 1580 

Malades Paris, France  1581 



 

Boxes 1582 

BOX 1. Acquired ichthyosis 1583 

Acquired ichthyosis is usually characterized by a late onset and often clinically resembles ichthyosis 1584 

vulgaris, although a wide variety of manifestations have been observed ranging from mild xerosis up 1585 

to severe scaling11. Acquired ichthyosis can result from different and unrelated causes including 1586 

neoplasia, infectious diseases and nutritional deficiencies.  1587 

Among the cancers most often found in association with ichthyosis, lymphoproliferative disorders 1588 

including Hodgkin’s disease and multiple myeloma, are most common296,297. Ichthyosis in the context 1589 

of lymphomas can occur as a paraneoplastic sign or be a manifestation of cutaneous T cell 1590 

lymphoma298. Acquired ichthyosis can be observed in the presence of solid tumors and even with 1591 

Kaposi's sarcoma. Successful treatment of the malignancy usually leads to improvement of the 1592 

ichthyosis, and recurrence can forecast tumor recurrence299.  1593 

Acquired ichthyosis  has also been described in association with endocrine conditions, such as renal 1594 

failure, diabetes, and hyperparathyroidism, as well as inflammatory disorders, such as lupus 1595 

erythematosus and dermatomyositis300. Acquired ichthyosis  has been described in a wide range of 1596 

infectious diseases, such as leprosy, other mycobacterial diseases, and HIV301.  1597 

Finally, nutritional deficiencies most often associated with abnormal lipid metabolism and vitamin 1598 

levels can also cause acquired ichthyosis 302. Nutritional deficiencies can result from malabsorption 1599 

due to gastrointestinal diseases, such as Crohn’s disease and celiac disease303 or be secondary to 1600 

medication, including cholesterol-lowering agents304, allopurinol, EGFR and BRAF inhibitors, and 1601 

acitretin305.  1602 

A special pattern of acquired ichthyosis , known as pityriasis rotunda306, features a sharply defined, 1603 

circular patch of ichthyosiform scaling with no inflammatory changes. This subtype is relatively 1604 

common in the Far East, especially Japan, where it accounts for ~0.2% of all dermatological conditions. 1605 

In South Africa, it was observed in 16% of a series of patients with hepatocellular carcinoma and in 1606 

nearly 5% of those with tuberculosis307.  1607 



 

BOX 2. Patient testimonial 1608 

“Living with lamellar ichthyosis is not easy. I wake up to the light hurting my eyes. They are very 1609 

sensitive because of wounds and scars inside them. While I shower, I try to clean my skin using an 1610 

exfoliating glove, which is exhausting since I have to scratch my whole body. I often take my electric 1611 

and abrasive file to carefully fight against the bigger scales on my soles. After the shower I put on 1612 

creams, which are not reimbursed by the national health system, all over my body. After that I rub my 1613 

scalp with a special comb; I sometimes hurt myself while doing so. No matter the pain, I have to put 1614 

on another layer of cream and, finally, fifty minutes later, I have breakfast. I get dressed and before 1615 

going out I check my clothes, carefully removing visible pieces of skin. 1616 

Getting to work is not easy because my eyes do not adjust well and I have to cope with the sun and 1617 

traffic lights, or even wind and rain some days. At work, I switch on my humidifier and I do my job. To 1618 

relieve the itch, pain and stiffness, I keep putting on creams every few hours during the whole day. 1619 

When I get home, I take another shower and do the routine exfoliation and hydration. After dinner 1620 

I take my daily drugs and then I lay down, exhausted, on my bed. I fall asleep thinking about all the 1621 

things I could not do because of my ichthyosis.  1622 

And I do this every day, over and over and over and over again” 1623 

This testimonial was provided by an anonymous patient with lamellar ichthyosis. 1624 

  1625 



 

BOX 3. Caregiver testimonial 1626 

When our child with ichthyosis was born, we were also born to a new life. We not only began to 1627 

see the world in a different way, but the world in which we lived suddenly seemed very different to 1628 

us. We felt like the foundations of our reality were shaking. We were newly born into a situation with 1629 

a new environment to adapt to (hospitals and health care centers), a new language to learn (the 1630 

medical language), more baggage to carry (the fears, the guilt, the loneliness, the uncertainty). We 1631 

advanced along a path that was not only unknown to us, but we did not know anyone who had 1632 

traveled it before. 1633 

Ichthyosis is a disease that greatly impacts the quality of life of our child and our family. It is a very 1634 

visible disease that causes rejecting stares, difficulty integrating and self-esteem issues. It is a disease 1635 

that requires extensive care (baths, careful exfoliation, cures, continuous hydration), taking a lot out 1636 

of our time and budget. It is a disease that does not allow us or our child to simply walk down the 1637 

street due to the photophobia, propensity to heat stroke, and mobility problems, or even rest at night 1638 

because of the itching and painful skin cracks. 1639 

Life with ichthyosis is tough. 1640 

This testimonial was provided by an anonymous caregiver of a patient with ichthyosis 1641 

 1642 



 

Supplementary Information 

Supplementary Table 1 | Genes and proteins involved in ichthyosis pathogenesis 

Gene Name Function 

Structural proteins  

Keratins 

KRT1 Keratin 1 Contributes to the intermediate filament cell cytoskeleton in suprabasal epidermal cells53,54. 

KRT10 Keratin 10 
Contributes to the intermediate filament cell cytoskeleton in suprabasal epidermal cells, less important in 
palmoplantar skin53,54. 

KRT2 Keratin 2 Contributes to the intermediate filament cell cytoskeleton in the uppermost suprabasal epidermal cells53,54. 

 

Filaggrin 

ASPRV1 Aspartic Peptidase Retroviral Like 1  Protease involved in filaggrin processing, due to phenotype it probably targets additional proteins59. 

CASP14 Caspase 14 Protease involved in filaggrin processing57. 

FLG Filaggrin 
Protein that aggregates keratin intermediate filaments through promotion of disulfide-bond formation and 
liquid-liquid phase separation, is part of the cornified cell envelope and upon proteolysis contributes to the 
formation of the epidermal natural moisturizing factor55. 

POMP Proteasome Maturation Protein 
Molecular chaperone responsible for promoting proteasome formation and thereby for the maturation of 
proteins critical for epidermal differentiation such as filaggrin60. 

 

Cornified envelope   

LORICRIN Loricrin Cornified Envelope Precursor Protein Precursor protein of the CE9. 

TGM5 Transglutaminase 5 Enzyme that crosslinks precursor proteins of and to the CE61. 

 

Lipid metabolism 

Ceramides 

ABCA12 ATP Binding Cassette Subfamily A Member 12 Enzyme involved in ceramide loading to the lamellar bodies90. 

ABHD5 Abhydrolase Domain Containing 5 Functions as an acyltransferase and as a coactivator of adipocyte triglyceride lipase86. 

ALDH3A2 Aldehyde Dehydrogenase 3 Family Member A2 Enzyme involved in fatty acid synthesis, which some studies suggest are used as ceramide precursors64. 

ALOX12B Arachidonate 12-Lipoxygenase Enzyme involved in ceramide crosslinking to the CE to form the CLE93. 

ALOXE3 Arachidonate Lipoxygenase 3 Enzyme involved in ceramide crosslinking to the CE to form the CLE93. 

CERS3 Ceramide Synthase 3 Synthesizes ceramide from modified ULC-fatty acid and dihydrosphingosine80–82. 

CYP4F22 Cytochrome P450 Family 4 Subfamily F Member 22 -hydroxylation of ULC-fatty acids for acylceramide synthesis68,69. 

ELOVL1 ELOVL Fatty Acid Elongase 1  Fatty acid elongase involved in ULC-fatty acid synthesis, which are ceramide precursors65. 

ELOVL4 ELOVL Fatty Acid Elongase 4 Fatty acid elongase involved in ULC-fatty acid synthesis, which are ceramide precursors66. 

GBA1 Acid beta-glucoderebrosidase Catalyzes the breakdown of the glycolipid glucosylceramide to ceramide and glucose91. 

KDSR 3-Ketodihydrosphingosine Reductase Synthesizes ceramide precursor dihydrosphingosine from serine79. 



 

LIPN Lipase Family Member N Unclear role in ceramide synthesis85. 

NIPAL4 NIPA Like Domain Containing 4 Unclear role in ceramide synthesis83,84. 

PEX7 Peroxisomal Biogenesis Factor 7 Plays an essential role in peroxisomal protein import (including phytanoyl-CoA hydroxylase)74. 

PHGDH Phosphoglycerate Dehydrogenase Enzyme involved in serine synthesis, which is used as a ceramide precursor76–78. 

PHYH Phytanoyl-CoA 2-Hydroxylase Enzyme involved in synthesis of peroxisomal fatty acids, which are used as ceramide precursors72,73. 

PNPLA1 Patatin Like Phospholipase Domain Containing 1 Catalyzes ω-O-esterification with linoleic acid to form acylceramides87,88. 

PSAT1 Phosphoserine Aminotransferase 1 Enzyme involved in serine synthesis, which is used as a ceramide precursor76–78. 

PSPH Phosphoserine Phosphatase Enzyme involved in serine synthesis, which is used as a ceramide precursor76–78. 

SDR9C7 Short Chain Dehydrogenase/Reductase Family 9C Member 7 Enzyme involved in ceramide crosslinking to the CE to form the CLE94. 

SLC27A4 Solute Carrier Family 27 Member 4 Adds coenzyme A (CoA) to ULC-fatty acids for ceramide synthesis70,71. 

TGM1 Transglutaminase 1 Enzyme with poorly understood functions  in ceramide crosslinking to the CE to form the CLE95. 

UGCG UDP-Glucose Ceramide Glucosyltransferase Glycosylates acyl-ceramide89. 

 

Cholesterol 

EBP EBP Cholestenol Delta-Isomerase Enzyme involved in cholesterol synthesis101,102. 

MBTPS2 Membrane Bound Transcription Factor Peptidase, Site 2 
Membrane metalloprotease involved in activation of transcription factors involved in cholesterol enzyme 
transcription99. 

NSDHL NAD(P) Dependent Steroid Dehydrogenase-Like Enzyme involved in cholesterol synthesis101,102. 

SREBF1 Sterol Regulatory Element Binding Transcription Factor 1 Transcription factor involved in cholesterol enzyme transcription100. 

STS Steroid Sulfatase Synthesizes cholesterol from cholesterol sulfate105. 

SULT2B1 Sulfotransferase Family 2B Member 1 
Responsible for cholesterol sulfation, which plays a major role in the regulation of epidermal 
differentiation103. 

SUMF1 Sulfatase Modifying Factor 1 Responsible for modifying various sulfatases106,107. 

 

Lamellar bodies   

SNAP29 Synaptosome Associated Protein 29 Mediates lamellar body fusion events108. 

VIPAS39 
VPS33B Interacting Protein, Apical-Basolateral Polarity Regulator, Spe-39 
Homolog 

Mediates lamellar body fusion events109. 

VPS33B VPS33B Late Endosome And Lysosome Associated Mediates lamellar body fusion events110. 

 

Dolichol 

DOLK Dolichol Kinase Phosphates dolichol113. 

MPDU1 Mannose-P-Dolichol Utilization Defect 1 Adds mannose to dolichols as preparation for protein O-glycosylation and N-mannosylation114. 

PIGL Phosphatidylinositol Glycan Anchor Biosynthesis Class L Involved in GPI anchor synthesis115. 

SRD5A3 Steroid 5 Alpha-Reductase 3 Involved in dolichol synthesis112. 

 

Intercellular junctions 

Tight junctions 



 

CLDN1 Claudin 1 Tight junction protein, controls paracellular permeability117. 

CLDN10 Claudin 10 Tight junction protein, controls paracellular permeability118. 

 

Gap junctions 

GJA1 Gap Junction Protein Alpha 1 (Connexin 43) Gap junction protein, controls intercellular communication119. 

GJB2 Gap Junction Protein Beta 2 (Connexin 26) Gap junction protein, controls intercellular communication120. 

GJB3 Gap Junction Protein Beta 3 (Connexin 31) Gap junction protein, controls intercellular communication121. 

GJB4 Gap Junction Protein Beta 4 (Connexin 30.3) Gap junction protein, controls intercellular communication122. 

GJB6 Gap Junction Protein Beta 6 (Connexin 30) Gap junction protein, controls intercellular communication123. 

 

Desmosomes 

CDSN Corneodesmosin Component of corneodesmosomes in the SC, increases mechanical resistance126. 

DSG1 Desmoglein 1 Desmosome protein, ensures intercellular adhesion124,125. 

DSP Desmoplakin Desmosome protein, ensures intercellular adhesion124,125. 

FLG2 Filaggrin 2 Ensures cell-cell adhesion in the upper epidermal layers in a corneodesmosin-dependent fashion134. 

PERP P53 Apoptosis Effector Related To PMP22 Promotes desmosome assembly127. 

 

Proteases and inhibitors 

SPINK5 Serine Peptidase Inhibitor Kazal Type 5 Serine protease inhibitor, prevents junction degradation130,131. 

CAST Calpastatin Cysteine protease inhibitor, prevents junction degradation132. 

CSTA Cystatin A Cysteine protease inhibitor, prevents junction degradation133. 

SERPINB8 Serpin Family B Member 8 Serine protease inhibitor, prevents junction degradation129. 

ST14 ST14 Transmembrane Serine Protease Matriptase 
Functions as an epithelial membrane activator for other proteases and plays a role in profilaggrin processing 
and hair follicle growth128. 

 

Transcription / translation 

AARS1 Alanyl-TRNA Synthetase 1 Alanyl-tRNA synthetase143. 

ERCC2 ERCC Excision Repair 2, TFIIH Core Complex Helicase Subunit Component of the TFIIH complex involved in nucleotide excision repair and type 2 gene transcription136. 

ERCC3 ERCC Excision Repair 3, TFIIH Core Complex Helicase Subunit Component of the TFIIH complex involved in nucleotide excision repair and type 2 gene transcription137. 

GTF2E2 General Transcription Factor IIE Subunit 2 Component of the TFIIE complex involved in type 2 gene transcription139. 

GTF2H5 General Transcription Factor IIH Subunit 5 Component of the TFIIH complex involved in nucleotide excision repair and type 2 gene transcription138. 

MARS1 Methionyl-TRNA Synthetase 1 Methionyl-tRNA synthetase143. 

RNF113A Ring Finger Protein 113A Ring finger protein involved in pre-mRNA splicing140. 

TARS1 Threonyl-TRNA Synthetase 1 Threonyl-tRNA synthetase144. 

 

Miscellaneous 

AP1B1 Adaptor Related Protein Complex 1 Subunit Beta 1 Part of clathrin-coated vesicle adaptor complex148,149. 

AP1S1 Adaptor Related Protein Complex 1 Subunit Sigma 1 Part of clathrin-coated vesicle adaptor complex148,149. 



 

MPLKIP M-Phase Specific PLK1 Interacting Protein Interacts with cyclin dependent and polo kinases, maintains cell cycle integrity151. 

TRPM4 Transient Receptor Potential Cation Channel Subfamily M Member 4 Calcium activated-ion channel, associated with proliferation regulation150. 

  



 

Supplementary Table 2 | Proposed classification of the non-syndromic ichthyoses 

Group Causal genes Main characteristics 

Common ichthyoses High prevalence relative to the other ichthyoses. 

Ichthyosis vulgaris (IV, ORPHA: -) 
FLG55 (SD, MIM: 146700), CASP1457 (AR, 
MIM: 617320), ASPRV159 (AD, MIM: 
146750) 

Characterized by a delayed onset (of up to six months) of light brown scaling of the skin that often spares the antecubital 
and popliteal regions, as well as the face2. Scaling on the legs is most prominent and hyperlinear palms are characteristic. 
While FLG is the most-commonly affected gene, other forms of ichthyosis that affect filaggrin expression are autosomal 
recessive in inheritance and rare, but mechanistically should be considered with IV. CASP14 (MIM: 617320) leads to fine 
white scales and no collodion membrane at birth57. 
ASPRV1 (MIM: 146750), causes ichthyosis that resembles lamellar ichthyosis (see below), but has hyperlinear palms and no 
collodion membrane at birth59. 

Recessive X-linked ichthyosis (RXLI, 
ORPHA: 461) 

STS105 (XR, MIM: 308100) 

Presents with firmly-attached dark brown or grey polygonal scales that usually spare the antecubital and popliteal regions, 
as well as the face, soles and palms2,166. The scalp and neck are often most severely affected. It affects mostly males, with 
female carriers showing no clinical phenotype because STS localizes to a region of the X-chromosome that escapes X-
inactivation2,166. 

 

Autosomal recessive congenital ichthyosis (ARCI, ORPHA: 281097) 
This heterogeneous subgroup often presents at birth1 as a collodion baby, characterized by encasement in a shiny 
membrane that peels off within a few weeks after birth166 and transitions to a more specific ichthyotic phenotype within the 
subsequent 3-6 months. In most cases, the defective gene products are involved in ceramide metabolism. 

Lamellar ichthyosis (LI, ORPHA: 313) 

ABCA1290 (AR, MIM: 601277), 
ALOX12B278 (AR, MIM: 242100), 
ALOXE3279 (AR, MIM: 606545), CYP4F2268 
(AR, MIM: 604777), LIPN85 (AR, MIM: 
613943), NIPAL483 (AR, MIM: 612281), 
SDR9C794 (AR, MIM: 617574), SULT2B1103 
(AR, MIM: 617571), TGM195 (AR, MIM: 
242300) 

Classically present with large polygonal scales with coloration ranging from light brown in fair-skinned patients to dark 
brown in those with skin of color and involvement of the joint flexures1.  

Congenital ichthyosiform erythroderma 
(CIE, ORPHA: 79394) 

ABCA12167 (AR, MIM: 601277), 
ALOX12B93 (AR, MIM: 242100), ALOXE393 
(AR, MIM: 606545), CERS382 (AR, MIM: 
615023), CYP4F2244 (AR, MIM: 604777), 
NIPAL483 (AR, MIM: 612281), PNPLA187 
(AR, MIM: 615024), TGM1280 (AR, MIM: 
242300) 

Patients may be born with a less-severe collodion membrane before transitioning to generalized fine white scaling with 
pronounced erythroderma (red, inflamed skin) and involvement of the joint flexures1. While homozygosity mapping 
identified an additional causative locus at 12p11.2-q13.1 (MIM: 615022)308, it has later been revealed that SDR9C7 and 
ALOX12B were the genes responsible for those cases309. 

Harlequin ichthyosis (HI, ORPHA: 457) ABCA12281 (AR, MIM: 242500) 

The most severe form of ARCI. Babies are born with thickened, rigid skin that impairs movement sucking and breathing and 
present with deep cutaneous fissures (that can resemble the diamond-shaped patterns of a harlequin costume)166. They 
usually display ectropion and eclabium (exposure of the eyelid and lip inner surfaces) and those patients who survive the 
first weeks of life develop a severe form of CIE166. 



 

Self-healing collodion baby (SHCB, 
ORPHA: 281122) 

ALOX12B282 (AR, MIM: 242100), 
ALOXE3283 (AR, MIM: 606545), 
CYP4F22284 (AR, MIM: 604777), TGM1285 
(AR, MIM: 242300) 

Also known as self-improving congenital ichthyosis, it is a rare variant in which patients are born with a collodion membrane 
that peels spontaneously leaving very mild or no scaling2. While the mechanism remains unclear, it is possible that this 
unusual presentation reflects the sensitivity of the gene products to hydrostatic and ambient atmospheric pressure285. 

Acral self-healing collodion baby (ASHCB, 
ORPHA: 281127) 

TGM1286 (AR, MIM: 242300) A very rare variant similar to the SHCB, but the collodion membrane affects only the extremities1 

Bathing suit ichthyosis (BSI, ORPHA: 
100976) 

TGM1287 (AR, MIM: 242300) 
Another variant of LI in which patients are born with a collodion membrane that recedes spontaneously on the face and 
extremities, but persists on the trunk and scalp2 because of temperature-sensitive pathogenic variants that affect warmer 
body areas. 

 

Keratinopathic ichthyoses (KPI, ORPHA: 281103) 

Autosomal dominant epidermolytic 
ichthyosis (EI, ORPHA: 312) 

KRT153 (AD, MIM: 113800), KRT1053 (AD, 
MIM: 113800) 

Also known as epidermolytic ichthyosis. Affected individuals often have blistering at birth, which may be confused with 
epidermolysis bullosa, but with time develop epidermal thickening and scaling, accentuated in joint areas. The intensity of 
erythroderma is variable, but can be severe53.  
Given that keratin 1 is a key protein in palmar and plantar skin, whereas keratin 10 is substituted with keratin 9 in these 
regions, variants in KRT1 often manifest with particularly severe palmoplantar keratoderma (which is usually mild in those 
with KRT10 mutations)53 

Autosomal recessive epidermolytic 
ichthyosis (AREI, ORPHA: 512103) 

KRT10269 (AR, MIM: 113800) Shows similar symptoms to EI269. 

Superficial epidermolytic ichthyosis (SEI, 
ORPHA: 455) 

KRT254 (AD, MIM: 146800) 
Formerly called ichthyosis bullosa of Siemens, it has a milder phenotype than EI, without erythroderma at birth. It is 
characterized by areas of skin peeling, prominent involvement of the flexures and patches of normal skin (called the molting 
or mauserung phenomenon)1. 

Annular epidermolytic ichthyosis (AEI, 
ORPHA: 281139) 

KRT1270 (AD, MIM: 607602), KRT10271 
(AD, MIM: 607602) 

Characterized by erythroderma and skin blistering at birth, similar to EI, which then give way to patches of annular erythema 
and skin thickening that cyclically flare to affect most of the body surface before receding270. 

Ichthyosis Curth-Macklin (ICM, ORPHA: 
79503) 

KRT1275 (AD, MIM: 146590) 
Also known as ichthyosis hystrix of Curth-Macklin, it is characterized  by mutilating palmoplantar thickening of the skin 
leading to auto-amputation (pseudoainhum), accompanied by a histology of spiky hyperkeratosis with bi-nucleated 
keratinocytes275. 

Epidermolytic nevus (EN, ORPHA: 
497737) 

KRT1272 (M, MIM: -), KRT10273 (M, MIM: -
), KRT2274 (M, MIM: -) 

Although they do not blister, epidermal nevi with epidermolytic hyperkeratosis manifest as hyperpigmented keratotic 
epidermal papules that track curvilinearly along the Blaschko lines with the same epidermolytic histological pattern of EI1,2. 
While epidermal nevi can form a single streak or many, they do not involve most of the integument, thus not fulfilling that 
criterion for ichthyosis; nonetheless individuals with multiple nevi are more likely to have both somatic and gonadal mosaic 
involvement and are thus at risk for an offspring with generalized EI273 

Ichthyosis with confetti (IWC, ORPHA: 
281190) 

KRT1276 (AD, MIM: 609165), KRT10277 
(AD, MIM: 609165) 

Sometimes called congenital reticular ichthyosiform erythroderma or ichthyosis variegata, it is characterized by 
erythroderma and skin thickening, with the appearance of spots of healthy skin that increase in number and size with age276. 
This “confetti” patches of normal skin result from loss of heterozygosity of the disease-causing allele by mitotic 
recombination276. IWC is often mistaken for CIE until the mosaic patches appear. 

 

Others 

Peeling skin syndromes (PSS, ORPHA: 817) 
Characterized by desquamation of the upper layer of the epidermis134 . They are further subdivided depending on the 
affected areas 



 

Generalized peeling skin syndrome 
(generalized PSS, ORPHA: 263543) 

CDSN126 (AR, MIM: 270300), FLG2134 (AR, 
MIM: 618084) 

Peeling involves the entire surface of the skin134 and includes two subtypes: 
subtype A (non-inflammatory, ORPHA: 263548), caused by FLG2 
subtype B (inflammatory, ORPHA: 263553), caused by CDSN 

Acral peeling skin syndrome (acral PSS, 
ORPHA: 263534) 

CSTA293 (AR, MIM: 607936), TGM561 (AR, 
MIM: 609796) 

The shedding affects primarily the plantar and dorsal surfaces of the hands and feet134. 

Exfoliative ichthyosis (ORPHA: 289586) 
CSTA133 (AR, MIM: 607936), SERPINB8129 
(AR, MIM: 617115) 

Characterized by shedding of the skin and generalized dry, scaling skin133. It is not typically classified as a PSS, but exfoliative 
ichthyosis shares signs and underlying molecular basis with acral PSS133. 

Peeling skin-leukonychia-acral punctate 
keratoses-cheilitis-knuckle pads 
syndrome (PLACK, ORPHA: 44138) 

CAST132 (AR, MIM: 616295) 
Characterized by generalized peeling skin with leukonychia (white discoloration of nails), acral punctate keratoses (keratotic 
patches on the extremities), cheilitis, and knuckle pads. 

Others 
 

 

Loricrin keratoderma (LK, ORPHA: 79395) LORICRIN9 (AD, MIM: 604117) 
Also known as keratoderma hereditarium mutilans with ichthyosis, Camisa disease, or Vohwinkel syndrome with ichthyosis. 
It is characterized by generalized ichthyosis with honeycomb palmoplantar hyperkeratosis and often constricting bands 
around the fifth fingers9 

Erythrokeratoderma variabilis et 
progressiva (EKVP, ORPHA: 308166) 

GJA1119 (AD, MIM: 617525), GJB3121 (AD 
or AR, MIM: 133200), GJB4122 (AD, MIM: 
617524), KDSR79 (AR, MIM: 617526), 
PERP127 (AR, MIM: 619209), TRPM4150 
(AD, MIM: 618531) 

An umbrella term that includes patients with similar clinical findings: migratory erythema and hyperkeratotic lesions, which 
change size over time310 (sometimes called erythrokeratoderma variabilis (EKV)) and/or fixed brown-red hyperkeratotic 
plaques122 (sometimes called progressive symmetric erythrokeratoderma (PSEK)). Individuals and families may show both 
fixed and migratory plaques caused by mutations in different genes, some of which encode proteins with no apparent 
functional relationship. EKVP features have also been described in occasional patients with NIPAL4311 or ABCA12173 
mutations 

Keratosis linearis-ichthyosis congenita-
sclerosing keratoderma syndrome (KLICK, 
ORPHA: 281201) 

POMP60 (AR, MIM: 601952) 
Characterized by congenital ichthyosis, discrete papules on the flexural aspects of large joints, palmoplantar keratoderma, 
constricting bands around the fingers, and flexural deformities60. 

ORPHA, disease code in the ORPHANET database; MIM, phenotype code in the OMIM database; AD, autosomal dominant inheritance; SD, autosomal semi-dominant inheritance; AR, 

autosomal recessive inheritance; XR, X-linked recessive inheritance; M, mosaicism. 

  



 

Supplementary Table 3 | Proposed classification of the syndromic ichthyoses 

Disease Causal genes Main characteristics 
X-linked ichthyosis syndromes (ORPHA: 281210) 

Syndromic recessive X-linked ichthyosis 
(Syndromic RXLI, ORPHA: 281090) 

STS170 (HD, MIM: 308100) + 
contiguous genes 

Results from X-chromosomal deletions that include STS, which is responsible for the ichthyotic phenotype, and contiguous 
genes170. Clinical manifestations will depend on the spectrum of genes deleted along with STS170, but often includes anosmia 
and delayed development (Kallman syndrome). 
Xp22.3 microdeletion syndrome (ORPHA: 1643) is another manifestation of syndromic RXLI, since it includes the STS locus289 
with other manifestations. 

Ichthyosis follicularis-alopecia-photophobia 
syndrome (IFAP, ORPHA: 2273) 

MBTPS299 (XR, MIM: 308205), 
SREBF1100 (AD, MIM: 619016)  

Characterized by generalized skin thickening and erythema, with follicular-based accentuation, palmoplantar keratoderma, 
usually total baldness (alopecia) and light sensitivity (photophobia)99. It is caused by variants in MBTPS2. 
A phenotypically similar autosomal dominant disorder was shown to be caused by variants in SREBF1. 

Chondrodysplasia punctata type 2 (CDPX2, 
ORPHA: 35173) 

EBP102 (XD, MIM: 302960) 

Also known as chondrodystrophia calcificans congenita, X-linked dominant chondrodysplasia punctata, or Conradi-
Hünermann-Happle syndrome. It is characterized by male lethality, ichthyotic changes along the Blaschko lines and in fold 
areas (ptychotropism), skeletal abnormalities with short stature and shortening of the limbs (chondrodysplasia punctata), 
and cataracts102. 

Male EBP disorder with neurological defects 
(MEND, ORPHA:) 401973 

EBP290 (XR, MIM: 300960) 
Characterized by ichthyosis, neurological symptoms (delayed development and seizures), and craniofacial dysmorphism, 
with possible involvement of other organs290. 

Congenital hemidysplasia with ichthyosiform 
nevus and limb defects (CHILD, ORPHA: 139) 

NSDHL101 (XD, MIM: 308050) 
Characterized by a largely ipsilateral (affecting strictly half of the body along the sagittal plane) nevus with hypoplasia of the 
skeletal structures (shortness or absence of limbs) and, in some patients, brain and viscera (lungs, heart, and kidneys)101. 

 

Autosomal ichthyosis syndromes (with)  

Prominent hair abnormalities (ORPHA: 281222) 

Netherton syndrome (NS, ORPHA: 634) SPINK5130 (AR, MIM: 256500) 

Also known as bamboo hair syndrome, or Comèl-Netherton syndrome. It is characterized by congenital erythroderma and 
scaling, with frequent prematurity and hypernatremic dehydration in the neonatal period130. With advancing age, affected 
individuals may have a persistent erythroderma, but often have more localized disease with a typical pattern of scaling 
called ichthyosis linearis circumflexa, in which lesions are surround be a wall of scaling130. Most affected individuals have 
distinct hair shaft defects (trichorrhexis invaginate or bamboo hair), which leads to easy breakage. Patients have a tendency 
towards atopic disorders (atopic diathesis)130 and verrucous lesions. 

Severe dermatitis-multiple allergies-metabolic 
wasting syndrome (SAM, ORPHA: 369992) 

DSG1124 (AR, MIM: 615508), 
DSP125 (AD, MIM: -) 

Also known as congenital erythroderma-hypotrichosis-recurrent infections-multiple food allergies syndrome, features 
erythroderma with superficial desquamation and skin thickening and hypotrichosis, accompanied by recurrent infections 
and multiple food allergies, leading to a failure to thrive and developmental delay124. 

Ichthyosis-hypotrichosis syndrome (IHS, ORPHA: 
91132) 

ST14128 (AR, MIM: 602400) 
Also known as ichthyosis - follicular atrophoderma - hypotrichosis - hypohidrosis syndrome. It is characterized by diffuse 
congenital ichthyosis, follicular atrophoderma, sparse hair (hypotrichosis) and hypohidrosis128. 

Ichthyosis, leukocyte vacuoles, alopecia, and 
sclerosing cholangitis; (ILVASC, ORPHA: 59303) 

CLDN1117 (AR, MIM: 607626) 
Also known as neonatal ichthyosis-sclerosing cholangitis syndrome. It is associated  with ichthyosis, scalp hypotrichosis, 
scarring alopecia, dental anomalies, ichthyosis, and inflammation of the bile ducts117. 

Trichothiodystrophy (TTD, ORPHA: 33364) 
AARS1143 (AR, MIM: 619691), 
ERCC2136 (AR, MIM: 601675), 
ERCC3137 (AR, MIM: 616390), 

Characterized by sulfur deficiency leading to ichthyosis and brittle hair and nails143. 
Some forms of this disease are photosensitive, with progressive neuropathy and accelerated aging, associated with defects 
in DNA repair143. This subgroup is caused by variants in ERCC2, ERCC3, and GTF2H5. 



 

GTF2E2139 (AR, MIM: 616943), 
GTF2H5138 (AR, MIM: 616395), 
MAARS1143 (AR, MIM: 619692), 
MPLKIP151 (AR, MIM: 234050), 
RNF113A140 (XR, MIM: 300953), 
TARS1144 (AR, MIM: 618546) 

In contrast, the non-photosensitive forms are caused by variants in AARS1, GTF2E2, MARS1, MPLKIP, RNF113A, and TARS1. 

Prominent neurologic signs (ORPHA: 281238 and ORPHA: 281241) 

Sjögren-Larsson syndrome (SLS, ORPHA: 816) ALDH3A264 (AR, MIM: 270200) 
Also known as fatty acid alcohol oxidoreductase deficiency. It  is characterized by intellectual disability, spasticity and skin 
thickening64. 

Refsum disease (ORPHA: 773) 
PEX774 (AR, MIM: 308100), 
PHYH72,73 (AR, MIM: 266500) 

Also known as hereditary motor and sensory neuropathy type 4, heredopathia atactica polyneuritiformis, or phytanic-CoA 
hydroxylase deficiency. It is characterized by progressive loss of retinal function (retinitis pigmentosa), peripheral 
neuropathy, lack of sense of smell (anosmia), lack of movement coordination (cerebellar ataxia) and ichthyosis74. 

Cerebral dysgenesis-neuropathy-ichthyosis-
palmoplantar keratoderma syndrome (CEDNIK, 
ORPHA: 66631) 

SNAP29108 (AR, MIM: 609528) Typically leads to early death from aspiration pneumonia108. 

Mental disability-enteropathy-deafness-peripheral 
neuropathy-ichthyosis-keratoderma syndrome 
(MEDNIK, ORPHA: 171851) 

AP1S1148 (AR, MIM: 609313), 
AP1B1149 (AR, MIM: 242150) 

Caused by recessive pathogenic variants in AP1S1. 
A phenotypically similar, MEDNIK-like syndrome, also known as keratitis-ichthyosis-deafness- autosomal recessive 
syndrome (KIDAR, ORPHA: -), was shown to be caused by recessive variants in AP1B1. 

Ichthyotic keratoderma-spastic paraplegia-
hypomyelination-dysmorphic facies (ORPHA: -) 

ELOVL165 (AD, MIM: 618527) Ichthyotic keratoderma, spastic paraplegia - hypomyelination - dysmorphic facies 

Congenital ichthyosis-intellectual disability-spastic 
quadriplegia syndrome (ORPHA: 352333) 

ELOVL466 (AR, MIM: 614457) Also known as ELOVL4-related neuro-ichthyosis, this disease also features seizures. 

Arthrogryposis-renal dysfunction-cholestasis 
syndrome (ARC, ORPHA: 2697) 

VIPAS39109 (AR, MIM: 613404), 
VPS33B110 (AR, MIM: 208085) 

Characterized by neurogenic arthrogryposis, renal tubular dysfunction, bile production defects (cholestasis), ichthyosis and 
death within the first year of life110. 
This disease is allelic to autosomal recessive-keratoderma-ichthyosis-deafness (ARKID, ORPHA: -), also caused by recessive 
pathogenic variants in VPS33B291. 

Fetal Gaucher disease (FGD, ORPHA: 85212) GBA191 (AR, MIM: 608013) 
Also called type II or perinatal lethal Gaucher disease. It is characterized by decreased fetal movement, joint contractures 
(arthrogryposis), facial dysmorphism, sometimes thrombocytopenia, ichthyosis and death in utero or shortly after birth91. 
These neonates and infants experience progressive neurologic deterioration. 

Multiple sulfatase deficiency (MSD, ORPHA: 585) SUMF1106 (AR, MIM: 272200) 
Also known as Austin type juvenile sulfatidosis. It is characterized by ichthyosis that resembles RXLI, developmental delay, 
the neurological and skeletal abnormalities of storage disorders, and early death due to respiratory complications312. 

Neu-Laxova syndrome (NLS, ORPHA: 2671) 
PHGDH77 (AR, MIM: 256520), 
PSAT178 (AR, MIM: 616038), 
PSPH76 (AR, MIM: -) 

Characterized by collodion membrane, severe malformations, microcephaly, and intra uterine growth retardation that lead 
to death in utero or shortly after birth76. 

Disorders of glycosylation 

Deficiency of UDP-glucose ceramide 
glycosyltransferase (ORPHA: -) 

UGCG89 (AR, MIM: -) 
Manifests as a collodion baby with congenital joint contractures89. This newly described condition has largely been lethal 
during the first months of life, but would be expected to cause severe neurologic effects89 

Congenital disorder of glycosylation type 1F (CDG-
1F, ORPHA: 79323) 

MPDU1114 (AR, MIM: 609180) Characterized by excess muscle tone (hypertonia), psychomotor retardation and ichthyosis114. 



 

Congenital disorder of glycosylation type 1M (CDG-
1M, ORPHA: 91131) 

DOLK113 (AR, MIM: 610768) 
Also known as dolichol kinase deficiency or hypotonia and ichthyosis due to dolichol phosphate deficiency. It is 
characterized by reduced muscle strength (hypotonia), inflammation, frequent cardiomyopathy, and ichthyosis113. 

Congenital disorder of glycosylation type 1Q (CDG-
1Q, ORPHA: 324737) 

SRD5A3112 (AR, MIM: 612379) 
Features ocular colobomas, brain malformations leading to mental retardation, hyperplasia of the pituitary gland, and 
ichthyosis112. 

Coloboma, congenital heart disease, ichthyosiform 
dermatosis, mental retardation, and ear anomalies 
syndrome (CHIME, ORPHA: 3474) 

PIGL115 (AR, MIM: 280000) Coloboma, congenital heart disease, ichthyosiform dermatosis, mental retardation, and ear anomalies115 

Other associated signs (ORPHA: 281244) 

Keratitis-ichthyosis-deafness syndrome (KID, 
ORPHA: 477) 

GJB2 (AD120 or M294, MIM: 
148210), GJB6123 (AD, MIM: -), 
AP1B1295 (AR, MIM: 242150) 

Also known as Ichthyosis hystrix Rheydt type or Senter syndrome. It is characterized by corneal inflammation (keratitis), 
spiky hyperkeratosis with palmoplantar keratoderma, and hearing loss123. 
Gene mosaicism for GJB2 has been associated with keratotic lesions in a blaschkoid distribution and, if more extensive, can 
be passed to an offspring as KID syndrome294. 

Neutral lipid storage disease with ichthyosis 
(NLSDI, ORPHA: 98907) 

ABHD586 (AR, MIM: 275630) 
Also known as Chanarin-Dorfman disease. It is characterized by ichthyosis with an ARCI phenotype, enlarged liver and 
spleen (hepatosplenomegaly), muscle weakness (myopathy), hearing loss and cataracts86. Histologically, patients show lipid 
vacuole accumulation in most tissues86. 

Ichthyosis-prematurity syndrome (IPS, ORPHA: 
88621) 

SLC27A470 (AR, MIM: 608649) 
Characterized by premature birth, neonatal asphyxia, and cobblestone-like plaques of ichthyosis with extensive 
desquamative scaling that can resemble vernix70 and tends to improve drastically during the neonatal period to near-normal 
skin. 

Erythrokeratodermia-cardiomyopathy syndrome 
(EKC, ORPHA: 476096) 

DSP (AD158 or AR292, MIM: 
605676) 

Characterized by early failure to thrive, wooly hair, erythema with fine scaling, and dilated cardiomyopathy292. 

Hypohidrosis-electrolyte imbalance-lacrimal gland 
dysfunction-ichthyosis-xerostomia syndrome 
(HELIX, ORPHA: 528105) 

CLDN10118 (AR, MIM: 617671) 
Characterized by hypohidrosis, renal loss of Na+ and Cl- ions leading to electrolyte imbalance, dry eyes (xerophtalmia), and 
mouth (xerostomia) and ichthyosis118. 

Ichthyosis-short stature-brachydactyly-
microspherophakia syndrome (ORPHA: 363992) 

CERS382 + ADAMTS1782 (HD, 
MIM: -) 

Also known as 15q26.3 microdeletion syndrome. It is characterized by short stature, short fingers (brachydactyly), lens 
abnormalities (microspherophakia) and myopia, all hallmarks of Weill-Marchesani syndrome (associated with ADAMTS17), 
as well as ichthyosis with CIE phenotype (associated with CERS3)82. 

Palmoplantar and perianal keratoderma/harlequin 
ichthyosis-like ichthyosis with thrombocytopenia 
(ORPHA: -) 

KDSR288 (MIM: -) 
Patients presented thrombocytopenia with, either, hyperkeratosis confined to palms, soles, and anogenital skin or harlequin 
ichthyosis-like cutaneous symptoms. 

ORPHA, disease code in the ORPHANET database; MIM, phenotype code in the OMIM database; AD, autosomal dominant inheritance; AR, autosomal recessive inheritance; XD, X-linked 

dominant inheritance; XR, X-linked recessive inheritance; HD, homozygous deletion; M, mosaicism. 


