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FRONT COVER: Double immunofluorescence staining of healthy skin 
shows that ichthyin (red) is expressed throughout the viable epidermis and 
FATP4 (green) is expressed in the granular layer. Nuclei are stained with 
DAPI (blue).    
 
BACK COVER: A co-localization between FATP4 and ichthyin (red) is 
found in the stratum corneum of healthy epidermis, whereas TGM1 (green) 
is found in the stratum granulosum. Nuclei are stained with DAPI (blue).  
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Ct Cycle threshold 
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Introduction 

The skin  
As a shield against the external environment, the skin covers the entire sur-
face of human body. The skin functions as an external/internal barrier, pro-
tecting us from mechanical damage, microbial and chemical insults, and 
ultraviolet radiation. The skin also helps regulate body temperature and fluid 
balance, provides sensation, metabolizes vitamin D, stores water and fat, and 
plays important roles in the innate immune system and psychosexual com-
munication. 

The skin can be divided into three distinct layers: the subcutis, dermis, 
and epidermis. The deepest layer, the subcutis, consists of massive fat tis-
sues; it functions as energy source, insulator, and shock absorber to protect 
inner organs.   

Above the subcutis is the dermis, the fibrous connective tissue compart-
ment of the skin. Collagen and elastic fibres are its major components, pro-
viding the skin with tensile strength and structural flexibility. The dermis is 
innervated and contains blood vessels and sweat glands, which help regulate 
body temperature. Fibroblasts, the main cell type in dermis, are responsible 
for synthesizing and degrading connective tissue matrix proteins and for 
secreting signal factors. 

The epidermis is the outermost layer of the skin. It is a non-vascularized, 
stratified keratinizing squamous epithelium consisting of 90–95% keratino-
cytes. The interfollicular epidermis is approximately 75–150 µm thick, and 
constantly regenerates with a transit time of 5–10 weeks. 1 

The keratinocytes of the stratum basale, the bottom layer of the epidermis, 
are cuboidal or columnar shaped; they are readily proliferative and have 
stem cell properties. The melanocytes are another important cell type, which 
produce melanin and protect us from UV radiation. As keratinocytes migrate 
upwards, their shapes become enlarged and they start to lose proliferative 
capacity in the stratum spinosum 1. Langerhans’ cells that present antigens in 
T lymphocyte-mediated immune response also appear here. 
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Keratins 
As the name keratinocyte suggests, these cells produce keratins. As shown in 
Fig. 1, various keratins are produced depending on the differentiation grade 
2. Keratins are divided into two subtypes: low-molecular-weight acidic type I 
(40–64 kDa) and high-molecular-weight neutral–basic type II (52–70 kDa) 
keratins 3. Keratins are obligate heterodimers, one keratin of each type being 
paired and forming a heterodimer. Two heterodimers form a tetramer and 
four tetramers are needed to form a protofibril; protofibrils in turn form lar-
ger units to build up keratin intermediate filaments 4. Keratin filaments are 
one of the three building blocks of the cytoskeleton, the other two being 
actin filaments and microtubules. The 10-nm keratin intermediate filaments 
extend from the desmosomes towards the nuclear lamina and, along with 
microtubules and actin filaments, form the cytoskeleton of epithelial cells. 
They are the key to cytoskeletal structural integrity, cell shape, and cell or-
ganelle motility. They also enable epithelia cells to withstand mechanical 
stress 5.  

Keratins K5 and K14 are the main structural proteins in proliferating 
keratinocytes in the stratum basale. As keratinocytes migrate upwards in the 
epidermis, their protein expression changes, and keratins K1 and K10 are 
among the first proteins expressed during the early differentiation pro-
gramme in suprabasal cells and thus replace the existing K5 and K14 keratin 
intermediate filament network. Other keratins are expressed at specific loca-
tions, such as K2 in thickened areas and K9 in palms and soles. 2  
 

Fig. 1. Keratin 
expression in epi-
dermal keratino-
cytes.  

 
To investigate and identify pharmacological compounds to treat the con-

dition of interest, a previously established in vitro disease model was used in 
which heat-stressed keratinocyte cultures derived from EI patients were 
monitored 6-9. These cells display a typical aggregation of the keratin inter-
mediate filament, which normal keratinocytes rarely exhibit 6-9. 
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The skin barrier 
In the stratum granulosum, a process of terminal differentiation, also known 
as cornification, is initiated. This process is crucial for the barrier function of 
the skin and involves several important proteins including filaggrin, trans-
glutaminase-1 (TGM1), and involucrin. Profilaggrin is stored in keratohyalin 
granules visible in the stratum granulosum under light microscope. As profi-
laggrin is released, it is hydrolyzed into filaggrin, which holds keratin fila-
ments in tight bundles and collapses the filament network of keratinocytes, 
resulting in flattened corneocytes, the main building block of the stratum 
corneum 2. Filaggrin is later degraded into free amino acids, acting as natural 
moisturizing factors in the stratum corneum 10.  

Transglutaminase-1 crosslinks structural proteins including involucrin, lo-
ricrin, trichohyalin, and the class of small proline-rich proteins at a specific 
Lys residue to form stable isopeptide bonds. The cross-linked proteins build 
up the cornified cell envelope, which has insoluble characteristics 2. Kerati-
nocytes also synthesize lipids and precursor lipids, which are stored in la-
mellar bodies and released into the extra cellular space in the granular layer 
during cornification 11. Most of the lipids are ceramides, cholesterol, choles-
terol esters, and fatty acids that form lamellae between the corneocytes. A 
number of complex lipids are also synthesized, which are covalently at-
tached by TGM1 to the proteins of the cornified envelope 12-14. This ar-
rangement of extracellular lipids in the stratum corneum is essential for pre-
venting transepidermal water loss (Fig. 2). The lipids produced by the seba-
ceous glands of the skin have other functions, including serving as antioxi-
dants, antimicrobial agents, or pheromones (reviewed in Smith and 
Thiboutot 15) are not discussed in this thesis.  
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Fig. 2. A schematic of the skin barrier components; after Elias and Barry. 
Reprinted by permission from Macmillan Publishers Ltd: [Journal of Inves-
tigative Dermatology],Vol 73, Elias PM, Brown BE, Fritsch P et al., Locali-
zation and composition of lipids in neonatal mouse stratum granulosum and 
stratum corneum, 339-48, copyright (1979) and Journal of Controlled Re-
lease, Vol 15, Barry BW, Lipid-Protein-Partitioning Theory of Skin Penetra-
tion Enhancement, 237-48, copyright (1991), with permission from Elsevier.   
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Lipids in the skin 
Ceramides are synthesized from serine and palmitoyl-CoA by serine palmi-
toyltransferase 16 and converted to glucosylceramides and sphingomyelin by 
UDP-glucosylceramide synthase and sphingomyelin synthase, respectively, 
to be incorporated into lamellar bodies 11,17. Cholesterol is synthesized by 
HMG-CoA synthase and reductase with acetyl-CoA as substrate. The polar 
lipids released in the stratum granulosum are processed into non-polar lipids, 
such as glucosylceramides and sphingomyelins, which are processed to ce-
ramides by β-glucocerebrosidase and sphingomyelinase, respectively. Fur-
thermore, cholesterol sulphate is processed into cholesterol by steroid sulfa-
tase and glycerophospholipids into free fatty acids (FFAs) by phospholipases 
(reviewed in Uchida and Holleran 18). 

Of the various ceramide species, which account for 50% of the total lipid 
content of the human epidermis, acylceramides (acylCer) are unique to the 
epidermis and vital to the skin barrier function. AcylCer is found in the stra-
tum corneum and consists of a fatty acid (FA) amide-linked to a sphingol 
base and of ω-O-esterified very-long-chain fatty acids (VLCFAs).  

The first step required for acylCer synthesis is FA elongation (Fig. 3). 
FAs with carbon chains below C16 are synthesized by FA synthase; FA 
elongation requires an activation step involving acyl-CoA synthetase, which 
is an ATP- and magnesium-dependent enzymatic step that putatively re-
quires a magnesium transporter. The activated FA is processed through 
cycles of condensation (3-ketoacyl-CoA synthase), reduction (3-ketoacyl-
CoA reductase), dehydration (3-hydroxyl-CoA hydrolase), and reduction 
(2,3-enoyl-CoA reductase), the carbon chain being extended by two carbons 
each cycle. VLCFAs of different lengths are elongated by the enzymatic 
elongation of very long chain fatty acids, i.e., ELOVL 1–6 (reviewed in Ja-
kobsson et al 19).      

The VLCFA is then amide-linked to a sphingol base by serine palmitoyl-
transferase, which in turn forms ceramide through N-acylation by ceramide 
synthetase. AcylCer formation also requires ω-hydroxylation of the VLCFA, 
which is catalyzed by a cytochrome P450-type 4 enzyme 20. An essential 
fatty acid is then ω-O-esterified on the VLCFA, and the synthesized acylCer 
is glucosylated by glucosylceramide synthase. In humans, >95% of the ω-O-
esterified FA consists of linoleic acid. To date, it has not been determined 
whether this ω-hydroxylation followed by ω-O-esterification occurs before 
or after the N-acylation of VLCFA 18. Next, the glucosylated acylCer is hy-
drolyzed to release the glucose and the linoleic acid side chain by 12R-
lipoxygenase (12R-LOX) and epidermis-type lipoxygenase 3 (eLOX-3) 12. 
This nucleophilic attack results in a release of linoleic acid; the remaining 
acylCer is covalently bound to the cornified cell envelope in a TGM1-
mediated process 12-14, after which the sphingol is removed. It is worth men-
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tioning that already synthesized acylCer can also be hydrolyzed to form 
sphingol and FFA by ceramidases 21. 
 

Inherited skin disorders investigated 
Epidermolytic ichthyosis 
Autosomal dominant epidermolytic ichthyosis (EI) is a rare skin disease 
(prevalence 1:250,000) characterized by skin blisters in the upper viable 
epidermis when exposed to mechanical or thermal stress 22. The disease is 
caused by mutations in the KRT1 and KRT10 genes 23, resulting in the pro-
duction of abnormal K1 and K10; this leads to a fragile cytoskeleton in the 
differentiated cell layers, which are therefore more susceptible to trauma. In 
addition to blistering, EI patients typically display barrier failure, which is 
coupled with abnormal lamellar body secretion 24. Mutations in KRT2 cause 
ichthyosis bullosa of siemens 25. Another keratinopathy, epidermolysis bul-
losa simplex (EBS), is caused by mutations in KRT5 and KRT14, giving rise 
to blisters in the lower part of the viable epidermis 23. Therefore, mutations 
in keratins lead to specific diseases depending on the epidermal expression 
of each particular keratin.     
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Autosomal recessive congenital ichthyosis 
Autosomal recessive congenital ichthyosis (ARCI) is a group of rare diseas-
es affecting the cornification of epidermis (prevalence 1:200,000-300,000). 
The clinical features include large, thick dark grey or brownish scales cover-
ing the entire skin surface with different degrees of erythroderma 26. Patients 
are often born as collodion babies, a condition that may be self-improving 27. 
ARCI is related to mutations in several genes, including ABCA12, TGM1, 
ALOX12B, ALOXE3, CYP4F22, SLC27A4, and NIPAL4 28-32. A truncating 
mutation of ABCA12 leads to Harlequin Ichthyosis, a rare form of ARCI 
resulting in defective lamellar body formation 30,33 and a decreased content 
of ceramide linoleic esters in the epidermis 34. Mutations in TGM1, 
ALOX12B, ALOXE3, CYP4F22, and NIPAL4 genes lead to lamellar ichthyo-
sis, congenital ichthyosiform erythroderma, and a group of milder diseases 
called pleomorphic ichthyosis because they spontaneously improve in early 
childhood 35. The latter group of ARCI includes ichthyosis prematurity syn-
drome (IPS), caused by mutations in SLC27A4 and characterized by the 
premature birth of a child with thick desquamating epidermis, respiratory 
complications, and transient eosinophilia. In lamellar ichthyosis patients, a 
reduced concentration of certain acylCer species have been found suggesting 
an impaired lipid processing 36. 

Several functions of ichthyin, 12R-LOX, eLOX-3, and CYP4F22 have 
been proposed, for example, as enzymes in the hepoxilin pathway converting 
membrane arachidonic acid into specific epoxy alcohols. Later in this path-
way, CYP4F22 was suggested to oxygenate the product into trioxilins 31,37 
with ichthyin (a gene product of NIPAL4) acting as the trioxilin receptor 32. 
This function of ichthyin was proposed because its transmembrane domains 
display homologies to G-protein-coupled receptors 32. Furthermore, products 
of 12R-LOX and eLOX-3 were shown to be agonists of PPARα 38. However, 
with respect to the similar phenotype of patients with mutations in ALOX12B 
and ALOXE3 genes, it is more likely that 12R-LOX and eLOX-3 are in-
volved in the acylCer-processing pathway as described above.    

SLC27A4, solute carrier family 27 (fatty acid transporter), member 4 28, 
encoding a fatty acid transport protein (FATP4) is proposed to be important 
for the uptake of exogenous long-chain and very-long-chain fatty acids into 
cells and for the generation of CoA-activated fatty acids 39,40, which are re-
quired in the process of VLCFA elongation 41-44.    

Mutations in either gene lead to a similar skin phenotype, suggesting that 
these enzymes operate in the same metabolism/signalling pathway important 
for barrier homeostasis. However, the exact mechanisms of the enzyme inte-
ractions are largely elusive. 

Accelerated barrier repair is thought to be a common pathogenic mechan-
ism in ARCI, irrespective of which culprit gene underlies the compensatory 
hyperkeratosis that represents the ichthyosis problem 45.     
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Vitamin A and retinoids 
Retinoids are frequently used as treatment for ARCI and EI patients but the 
exact mechanism of treatment remains elusive. Retinoids are defined as na-
turally occurring and synthetic compounds that elicit specific biologic res-
ponses characteristic for vitamin A 46. Retinoids regulate the proliferation, 
differentiation, and apoptosis of human cells 47,48 and are especially impor-
tant for vision, reproduction, and act as morphogenic agents during embryo-
nic development.    

Since the body is incapable of synthesizing retinol, it must be ingested, ei-
ther as retinyl esters from animal sources or as β-carotene from vegetables 49. 
Retinyl esters are hydrolyzed into retinol in the intestinal lumen and ab-
sorbed as free retinol, while β-carotene diffuses directly into enterocytes and 
is converted into retinal 49,50. After conversion of retinol into retinyl esters by 
lecithin:retinol acyltransferase (LRAT), vitamin A is transported to the liver 
for storage 51. Retinol is subsequently released from the liver bound to serum 
retinol-binding protein (s-RBP) and transported to the target tissues. The 
retinol absorbed in target tissues is oxidized by alcohol dehydrogenases 
(ADHs) and retinol dehydrogenases (RDHs) 52 into retinal, which can be 
oxidized further by retinal dehydrogenases (RALDHs) into all-trans retinoic 
acid (ATRA), the most potent endogenous metabolite of vitamin A 51.  

The catabolism of ATRA is one mechanism for regulating the retinoic ac-
id level in tissues. Three enzymes of the cytochrome P450 family, i.e., 
CYP26A1, CYP26B1, and CYP26C1, are responsible for the oxidation 
process of ATRA 53-55. It has been suggested that each CYP26 family mem-
ber has an individual role in the process 56, while others believe that coopera-
tion between the enzymes is needed 57.    

Retinoid signalling in the skin 
Retinoids have important roles in the skin, including the regulation of kerati-
nocyte proliferation and differentiation and of skin barrier homeostasis. Re-
tinoid signalling involves retinoic acid receptors (RARs) and retinoid X re-
ceptors (RXRs), two distinct protein families both of which belong to the 
superfamily of nuclear hormone receptors 58. The retinoid receptors exist as 
either homodimers (RXR:RXR) or heterodimers (RXR:RAR). Normally, the 
RAR-RXR complex is bound to retinoid-response elements upstream from 
target genes together with co-repressor molecules, meaning that it is in an 
inactivate state 59. Upon activation by retinoid agonists, the conformation of 
RAR changes; this results in the dissociation of co-repressors and allows the 
recruitment of co-activators to the receptor complex. It also enables the bind-
ing of ligands to RXR, further enhancing the RAR-mediated transcription of 
target genes 60,61. Three subtypes of RAR receptors have been identified, i.e., 
RARα, β, and γ. In the epidermis, 90% of the total RAR proteins consist of 
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RARγ, the rest being RARα 62. The dominant form of RXR is the α-subtype, 
which constitutes 90% of all RXR proteins 62. RARα is expressed mostly in 
the basal layer of epidermis, whereas RARγ and RXRα are mainly expressed 
in the suprabasal epidermis layers 63-65.  

Retinoids also possess an anti-activator protein (AP)-1 effect 66. AP-1 
consists of homo- and heterodimers of Jun and Fos proteins, and is involved 
in the transcription of genes important for growth, differentiation, and in-
flammation 67. Similar to the RAR-RXR complex, AP-1 activates gene tran-
scription by binding to specific promoter elements. It has also been demon-
strated that AP-1 can inhibit transcription activity of RAR and RXR 68.  Over 
the last 20 years, several retinoids have been synthesized, for example, re-
ceptor-specific agonists and retinoid-like compounds that possess anti-AP-1 
activity but lack RAR activation 69. 

Retinoic acid metabolism blocking agents (RAMBAs) 
Retinoic acid metabolism blocking agents, a new class of molecules, block 
the CYP26-mediated oxidation of ATRA into its metabolites 70,71. Therefore, 
unlike exogenous retinoids, RAMBAs modulate the endogenous production 
of ATRA to achieve the same therapeutic effects. The first molecule identi-
fied as having CYP26-inhibiting properties was ketoconazole, which besides 
its antifungal function was proven to inhibit the metabolism of ATRA 72. 
Later, liarozole, a more specific CYP26 inhibitor, was described 73. In the 
third generation of RAMBAs, talarozole was found to be more specific and 
potent than liarozole 74. Liarozole has displayed good therapeutic effect on 
certain subtypes of ichthyosis 75-77 whereas the effect of talarozole has only 
been studied on healthy volunteers 78. Once treatment is discontinued, 
RAMBAs are quickly eliminated from the body and ATRA metabolism re-
turns to normal, unlike synthetic retinoids, which may stay in the body for 
longer periods, giving rise to side effects even after the discontinuation of 
therapy.   
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Aim of the project 

The objective of this study was to investigate pathophysiological mechan-
isms and treatment options in two types of ichthyoses, i.e., autosomal domi-
nant epidermolytic ichthyosis (EI) and autosomal recessive congenital ich-
thyosis (ARCI), using in vitro models and patient skin biopsies. 

Specific aims: 
• to examine the effect of ATRA and other retinoids in an in vitro mod-

el of epidermolytic ichthyosis, and try to explain their mechanism of 
action; 

• to study the involvement of CYP26 isoforms in the metabolism of 
ATRA in epidermal keratinocytes; 

• to study the epidermal expression and co-localization of 12R-LOX, 
eLOX-3, ichthyin, and TGM1 in biopsies from healthy volunteers and 
ARCI patients, as well as the effect of treatment with the CYP26 inhi-
bitor liarozole on these parameters in the patients; and 

• to study the epidermal expression and co-localization of FATP4 and 
ichthyin in healthy control skin, ichthyosis prematurity syndrome 
(IPS), and other ARCI patient biopsies, with the aim of finding a un-
ifying pathogenesis of ARCI.     
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Patients and methods 

Patients 
The study was approved by the local ethics committee and conducted in 
conformity with the Declaration of Helsinki Principles. After obtaining in-
formed consent and after infiltrating the skin with lidocaine-adrenalin, 3-mm 
punch biopsies were obtained from lesional skin on the trunks of EI and 
ARCI patients (see Table I for details). All patients were otherwise healthy 
and used only emollients at the site of skin biopsy. Biopsies were also ob-
tained from four healthy volunteers. 

 

Table I. Patient characteristics. 

Patient Gen-
der 

Age 
(yrs) 

Affected 
gene 

Mutations Diagnosis Reference Paper 

1 M 19 KRT10* p.Arg156Gly EI 7 I 
2 F 59 NIPAL4 p.Ala176Asp/ 

Ala176Asp 
LI 79 III, IV 

3 F 66 NIPAL4 p.Ala176Asp/ 
Ala176Asp 

LI 79 III, IV 

4 F 71 NIPAL4 p.Ala176Asp/ 
Ala176Asp 

LI 79 III, IV 

5 M 26 ALOX12B p.Gly462Asp/ 
Gly462Asp 

LI 27 III, IV 

6 F 39 ALOX12B p. Pro422Leu/ 
Tyr521Cys 

LI 27 III, IV 

7 M 32 ALOXE3 p.Arg234X/ 
Pro630Leu 

LI 27 III, IV 

8 M 40 ALOXE3 c.1305+1G>T/ 
c.1305+2A>T 

LI Pigg et al., 
unpublished 
observation 

III, IV 

9 F 30 TGM1 p.Ser358Arg/ 
Val379Leu 

LI Pigg et al., 
unpublished 
observation 

III, IV 

10 F 53 TGM1 c.877-2A>G/ 
p.Val379Leu 

LI Pigg et al., 
unpublished 
observation 

III, IV 

11 M 60 SLC27A4 p.Cys168X/ 
Cys168X 

IPS 28 IV 

EI = epidermolytic ichthyosis, LI = lamellar ichthyosis, IPS = ichthyosis prematurity syn-
drome. *In the present study we used immortalized keratinocytes generated from this patient 7. 
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Two of the patients with NIPAL4 mutations were included in a previous 
clinical study examining the effects of liarozole on retinoid-induced bio-
markers 75. Both patients received an oral dose of 75 mg/day. Skin biopsies 
were obtained at baseline and after one month of treatment. 

The polyclonal keratinocyte cell line EH21 7, derived from a male with 
epidermolytic ichthyosis (EI), presenting a moderate phenotype due to a 
point mutation at p.Arg156Gly in KRT10, was used as an in vitro model of 
epidermolytic ichthyosis in this study.   

Methods 
Table II summarizes the methods used, which are described in greater detail 
below. 

Table II. Methods used in the present studies.  

 Paper 

Method I II III IV 

Cell culture X X  X 

Heat stress assay X    

RT-PCR X X X X 

siRNA transfection  X  X 

HPLC  X   

Organotypic epidermis generation    X 

Immunohistochemistry/Immunocytochemistry X X X X 

In situ proximity ligation assay (PLA) X  X X 

Immunoprecipitation   X  

Cell culture of immortalized epidermolytic ichthyosis 
keratinocytes  
The keratinocyte cell line EH21, derived from a male patient presenting a 
moderate phenotype due to a point mutation at p.Arg156Gly in KRT10, has 
been described elsewhere 7. The cells were cultured as earlier described 7. To 
induce differentiation and the expression of keratins K1 and K10, the cells 
were cultured for five days in EpiLife medium (without growth factor sup-
plements) containing 1.5 mM CaCl2.  
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Heat stress assay and pre-treatment with retinoic acid receptor 
agonists  
Cells seeded on glass cover slips were induced to differentiate. RAR 
agonists and antagonists, obtained from Sigma-Aldrich (pan-RAR agonist 
all-trans retinoic acid (ATRA)) or  from Galderma R&D, Sophia Antipolis, 
France (RARα-agonists CD336 (Am580) and CD2081, RARβ-agonist 
CD2314, RARγ-agonist CD437), pan-RAR-antagonist (CD3106), RARα-
antagonist (CD2503) and a retinoid-like compound exhibiting only anti-AP-
1 effect (CD2409), were dissolved in DMSO and added to the cells for 24 h. 
Subsequently keratinocytes were subjected to a heat stress assay. In brief, the 
culture plates containing the cover slips were placed at 43°C for 30 min and 
subsequently allowed to recover in the CO2 incubator for 15 min.  

RNA isolation, cDNA synthesis, and reverse transcription-qPCR 
Total RNA was isolated from cells and biopsies and first-strand cDNA syn-
thesis was performed as previously described 80,81. The amounts of tran-
scripts were examined using reverse-transcription quantitative PCR (reverse 
transcription-qPCR) using cDNA as a template 80.  

Analysis of allele-specific mRNA expression  
Allele-specific expression was analyzed in cDNA from retinoid-exposed 
cells by means of kinetic PCR. Two parallel PCR reactions with primer pairs 
amplifying the wild-type and mutated alleles were performed using SYBR 
detection as described elsewhere 7. The cycle threshold (Ct) was set to simi-
lar values for the two parallel reactions and the difference in Ct values be-
tween the reactions is proportional to the difference in frequency between 
the two alleles. The relative frequency of the mutated allele was determined 
on the basis of the ΔCt using the equation: frequency of allele1 = 1⁄(2ΔCt + 1). 

siRNA transfection  
Adult and neonatal human epidermal keratinocytes (Invitrogen, Carlsbad, 
CA) were cultured in EpiLife serum-free medium containing human kerati-
nocyte growth supplement and gentamicin/amphotericin B (all from Invitro-
gen) as described elsewhere 82. After reaching the desired confluency, the 
cells were transfected with siRNA, recognizing CYP26A1, CYP26B1, and 
SLC27A4 transcripts, or with a negative control siRNA (Invitrogen). The 
siRNA duplexes and the transfection agent Lipofectamine were prepared in 
OptiMEM medium (both from Invitrogen) and combined according to the 
manufacturer’s instructions. The siRNA–Lipofectamine complex was added 
to the cells and the flasks were gently mixed and incubated for 24 h with 



 

 22 

siRNA. Cells transfected with CYP26 siRNAs and SLC27A4 siRNA were 
used for the retinoid metabolism assay and organotypic epidermis genera-
tion, respectively. 

High-performance liquid chromatography 
Cell cultures received [3H]retinoic acid ([3H]RA) (1.5 µCi) for 24 h after 
siRNA transfection. The cell pellet and medium were separately subjected to 
alkaline hydrolysis followed by acidification and hexane extraction of lipids. 
The organic phase was injected in an ODS column and eluted with acetoni-
trile/water/acetic acid (80:20:0.05) at a flow rate of 0.8 ml/min. Tritium ac-
tivity co-eluting with authentic retinoid standards is expressed in relation to 
the protein content of the extract 83.  

Organotypic epidermis generation 
For organotypic epidermis generation, the siRNA-transfected cells were 
trypsinized and suspended in serum-free medium. Cell numbers were calcu-
lated in a Bürker’s chamber, pelleted, and then suspended in complete me-
dium containing 1.5 mM CaCl2. Subsequently, 300,000 cells were seeded on 
cell culture inserts and placed in six-well plates containing 1.6 ml of medium 
per well as previously described 84. The inserts were incubated at 37°C in 5% 
CO2 in air. The medium in the inserts was removed 24 h after seeding and 
the medium in the wells was replaced with 1.6 ml of complete serum-free 
medium containing 1.5 mM CaCl2, 50 µg/ml L-ascorbic acid and 5 ng/ml 
recombinant human keratinocyte growth factor. Starting on this day, inserts 
were cultured at the air–liquid interface and the medium was replaced every 
second day until harvesting. 

Immunohistochemistry/immunocytochemistry 
Epidermolytic ichthyosis keratinocytes cultured on cover slips were washed 
and fixed in ice-cold methanol/acetone 1:1. Unspecific binding epitopes 
were blocked with Background Sniper (Biocare Medical, Concord, CA). The 
specimens were incubated with primary antibodies at 37°C for 1 h.  

Skin biopsies were frozen and 6-µm sections were acquired by cryosec-
tioning. Tissue sections were fixed in ice-cold acetone and unspecific epi-
topes were blocked with Background Sniper. The specimens were incubated 
with primary antibodies at 4°C over night. 

After washing, the sections or cells were incubated with Alexa Fluor® 
(Invitrogen)-conjugated secondary antibodies at 37°C for 1 h. The slides 
were mounted and then examined with an AxioImager Z1 microscope (Carl 
Zeiss AB, Stockholm, Sweden). For EH21 cells grown on cover slips, the 
total number of cells expressing K10 together with the number of cells 
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showing keratin aggregates were quantified in 30 viewing fields (40× 
magnification) 7,85. 

In situ proximity ligation assay 
Using the in situ proximity ligation assay, we analyzed whether eLOX-3, 
12R-LOX, ichthyin, FATP4, and TGM1 co-localized in the epidermis of 
healthy controls and in ARCI patients. Briefly described, 6-µm tissue sec-
tions were acetone fixed and exposed to a blocking solution. Combinations 
of two primary antibodies were added to the sections followed by incubation 
overnight at 4°C. Next, the sections were incubated with probes PLUS and 
MINUS (Olink AB, Uppsala, Sweden) for each species. The signals are 
formed by the ligation and circulation of the proximity-bound probes. The 
maximum distance between determinants should be less than 30 nm for the 
probes to be ligated. Next, the DNA is synthesized by rolling circle amplifi-
cation of the circular DNA template followed by hybridization of fluores-
cence-labelled oligonucleotides with the amplified DNA 86,87. The amplifica-
tion and detection steps were performed according to the manufacturer’s 
instructions. Slides were mounted with mounting medium before being ex-
amined.   

Two sections from each patient were examined and five consequent mi-
crophotographs were obtained from each section. Duolink Image Tool soft-
ware (Olink) was used for the semi-quantitative analysis of the signals, ap-
pearing as “blobs” in the images. The entire epidermis was included in the 
analysis.   

Immunoprecipitation, SDS-PAGE, and Western blot  
12R-lipoxygenase was immunoprecipitated by incubating a protein lysate 
from healthy skin with rabbit anti-12R-LOX antibody, followed by incuba-
tion with protein A agarose. Proteins were separated on a 12.5% SDS-PAGE 
gel, transferred to a nitrocellulose membrane, and detected using eLOX-3 
and 12R-LOX antibodies as described elsewhere 88.     

Statistical analysis 
The data were analysed using a one-way ANOVA with Bonferroni’s mul-
tiple comparison test or Dunnett’s post test using GraphPad Prism 5 (Graph-
Pad Software Inc., La Jolla, CA). Results are expressed as mean ±S.D. Sta-
tistical significance was denoted * if P < 0.05, ** if P < 0.01, and *** if P < 
0.001.   
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Results 

I) Epidermolytic ichthyosis: Retinoid inhibition of heat-
induced keratin aggregates 
Keratin 10 aggregate formation and heat stress 
Differentiation of keratinocytes by exposure to CaCl2 resulted in increased 
expression of K10. In contrast to keratinocytes from healthy volunteers, in 
cells from a patient with KRT10 mutation keratin aggregates form and the 
peripheral K10 network is destroyed both before and after heat stress. EI 
keratinocytes stained by a K10 antibody normally show aggregates in 2–5% 
of the cells, a proportion increasing to approximately 25% in heat-stressed 
cells. Keratin aggregates are typically found at the borders of cells and cell 
colonies (Fig. 4).   
 

 
Fig. 4. Keratin intermediate filament appearance after heat stress in immor-
talized keratinocytes from (a) a healthy control and (b) a patient with muta-
tion in KRT10 (p.Arg156Gly). Scale bars denote 20 µm.  
 
Effect of ATRA (+ AP-1 inhibition and pan-RAR antagonists)  
Two concentrations of ATRA were tested for possible effects on keratin 
aggregation. ATRA at 0.1 and 1 µM reduced aggregate-presenting cells. A 
pan-RAR antagonist CD3106 was added to compete with ATRA, to explore 
whether the effect was mediated by RAR activation. Unfortunately, no dif-
ference was found between ATRA alone and ATRA + CD3106. Further-
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more, a retinoid with anti-AP-1 activity had minimal effect on the formation 
of keratin aggregates.     
 
Effect of retinoic acid receptor agonists (+ its inhibition by retinoic 
acid receptor antagonists) 
In another attempt to identify whether the effect of retinoids was RAR me-
diated, we used various synthetic retinoids targeting RARα, β, and γ. In an 
initial experiment, a RARα agonist, CD336, reduced keratin aggregation by 
37% versus in vehicle-exposed cells. Another RARα agonist, CD2081, had 
effects similar to those of CD336. The RARβ and γ agonists had no effect. 
We therefore went on to study the effect of the RARα agonist CD336 in 
combination with a selective RARα antagonist, CD2503. CD336 in combi-
nation with CD2503 reduced the keratin aggregate exhibition by 15% in the 
vehicle-exposed cells, reducing the cytoskeletal-protective effect of CD336, 
although the difference was not statistically significant.   
 
Allele-specific expression of KRT10 
In a pilot study of allele-specific KRT10 expression, we noticed that the mu-
tant KRT10 allele expression was decreased in ATRA- and CD336-exposed 
EI keratinocytes. Vehicle-exposed EI cells had 41% expression of the mutant 
KRT10 allele, while the expression was 35% in ATRA-exposed EI cells. The 
overall KRT10 expression was lower in retinoid-treated cells. 
 
Elimination of keratin aggregates 
The elimination of keratin aggregates in other cells is proposed to involve 
proteasome-mediated degradation 89,90, but whether differentiation-specific 
keratins are degraded by the same mechanism has not been studied. When EI 
cells were pre-exposed to MG132, a proteasome inhibitor, a greater number 
of cells exhibited K10 aggregates and each cell exhibited more aggregates. 
However, when studying the putative interactions between keratin aggre-
gates and the proteins associated with the ubiquitin–proteasome pathway, 
i.e., ubiquitin, pp38, HSP70, HSP27, and CHIP, co-localization could not be 
detected using the present method.     

II) Expression and function of CYP26 in cultured 
keratinocytes  
Expression of retinoic acid-metabolizing enzymes 
Calcium-induced differentiation of keratinocytes increased the mRNA ex-
pression of LRAT, RDH16, and RALDH2, while CYP26B1 was reduced, and 
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CYP26A1 and CYP26S1 were unaffected. Exposure to ATRA increased the 
expression of CYP26A1, CYP26B1, CYP2S1, and LRAT, but the transcripts 
peaked at different times. 
 
Metabolism of [3H]retinoic acid in cells transfected with siRNA re-
cognizing CYP26 isoforms 
To further explore the importance of CYP26 isoforms to ATRA catabolism, 
keratinocytes were transfected with siRNA recognizing CYP26A1 and B1 
and subsequently incubated with [3H]retinoic acid ([3H]RA). Cells trans-
fected with CYP26B1 siRNA showed increased cellular retention of [3H]RA, 
while CYP26A1 siRNA-transfected cells had low mRNA expression of 
CYP26A1 both before and after transfection and therefore did not affect the 
retention level of [3H]RA. When the cells were treated with two different 
RAMBAs, cellular retention of [3H]RA rose, talarozole being the most effec-
tive RAMBA. 

III and IV) Expression of ARCI-causing genes in 
healthy controls and ARCI patients 
Immunostaining of 12R-lipoxygenase, epidermis-type lipoxygenase 3, 
transglutaminase-1, ichthyin, and fatty acid transporter protein 4 in 
normal vs. diseased skin 

12R-lipoxygenase protein was predominantly expressed in the basal and 
granular layers of healthy skin. In patients with ALOX12B mutations, the 
expression was markedly decreased. In contrast, 12R-LOX was expressed 
throughout the epidermis of patients with ALOXE3, NIPAL4, and TGM1 
mutations, and the protein was localized to the cell nucleus in these patients. 

Epidermis-type lipoxygenase 3 was uniformly expressed throughout the 
epidermis, especially in the viable layers. A staining along the cell borders 
implies that eLOX-3 is a component of cell membranes in human keratino-
cytes. Slightly increased staining of eLOX-3 was found in patients with 
ALOX12B and ALOXE3 mutations. In patients with the NIPAL4 mutation, 
eLOX-3 expression extended throughout the epidermis with a clear staining 
also noticed in the stratum corneum. The level of eLOX-3 was slightly in-
creased in patients with TGM1 mutations.   

In healthy control skin, as in the skin of patients with TGM1 and ALOXE3 
mutations, transglutaminase-1 was expressed in the granular layers and pro-
tein was localized to the cell borders. In patients with ALOX12B or NIPAL4 
mutations, the expression of TGM1 was increased and the localization ex-
tended into the stratum corneum. The expression was also found in several 
layers with nucleated keratinocytes in all patients. 



 

 27 

Ichthyin was expressed throughout the viable epidermis and was localized 
to the cell borders in a honeycomb pattern in healthy control skin and in the 
skin of patients with TGM1 mutations. In patients with ALOX12B and 
ALOXE3 mutations, the ichthyin expression showed a similar distribution 
but was slightly increased. In contrast, in patients homozygous for the NIP-
AL4 mutation, staining revealed either a zone of reduced expression in the 
stratum granulosum or a redistribution of the protein from the keratinocyte 
cell peripheries to the cytoplasm. A patient with SLC27A4 mutation had 
decreased expression of ichthyin. 

FATP4 was expressed in the granular layer of healthy epidermis. The ex-
pression was decreased in patients with SLC27A4 and ALOX12B mutations, 
but increased in patients with NIPAL4, ALOXE3, and TGM1 mutations, es-
pecially in nucleated keratinocytes, and the expression also extended into the 
stratum corneum in patients with NIPAL4 mutations. 
    
Co-localization of 12R-lipoxygenase, epidermis-type lipoxygenase 3, 
transglutaminase-1, ichthyin, and fatty acid transporter protein 4 in 
healthy control and ARCI epidermis 
Using in situ proximity ligation assay, we found co-localization of 12R-LOX 
and eLOX-3 in the stratum granulosum of healthy controls, although some 
positive signals were also found in the lower stratum spinosum. Very similar 
signal levels were detected in patients with ALOX12B, ALOXE3, and TGM1 
mutations, whereas in patients with NIPAL4 mutations, a remarkable differ-
ence in signal distribution was noticed. Signals were found throughout the 
viable epidermis, with tightly packed and intense signals in the stratum cor-
neum as well. When determining the signal intensity, we found a three-fold 
increase in the signals compared with healthy controls. Co-localization of 
eLOX-3 and TGM1 was also found, mainly in the stratum granulosum in 
healthy epidermis. Increased interaction was seen in patients with ALOX12B, 
ALOXE3, and NIPAL4 mutations, whereas decreased interaction was seen in 
patients with TGM1 mutations. Co-localization of ichthyin and FATP4 could 
also be identified in the stratum granulosum in healthy epidermis and in pa-
tients with ALOX12B and ALOXE3 mutations, but this co-localization was 
decreased in patients with TGM1 mutations and missing in patients with 
NIPAL4 and SLC27A4 mutations. 

 
Immunoprecipitation of 12R-lipoxygenase and epidermis-type lipox-
ygenase 3 in extracts from normal human skin             
Normal skin protein extracts were immunoprecipitated using a 12R-LOX 
antibody. When performing immunoblotting of the precipitate, both eLOX-3 
and 12R-LOX were detected as 80-kDa bands, confirming physical interac-
tion between the two proteins. 
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Regulation of 12R-lipoxygenase and epidermis-type lipoxygenase 3 
expressions by retinoic acid metabolism blocking agent 
When examining the expression of 12R-LOX and eLOX-3 in patients with 
NIPAL4 mutations treated with liarozole, a normalized immunofluorescence 
staining was found for both proteins in the stratum corneum as compared 
with pre-treatment. Furthermore, the increased co-localization signal of 12R-
LOX and eLOX-3 in patients with NIPAL4 mutations at baseline was norma-
lized upon liarozole treatment. In line with this, the mRNA expression of 
ALOX12B, which was increased at baseline in the two patients with NIPAL4 
mutations compared with healthy controls, was normalized upon liarozole 
treatment. In contrast, the ALOXE3 mRNA expression was similar in healthy 
controls and in patients with NIPAL4 mutation, and was unaffected by liaro-
zole treatment, implying that the aberrant co-localization signals of 12R-
LOX and eLOX-3 before and after liarozole therapy were entirely due to 
changes in ALOX12B expression.    
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General discussion and future perspectives 

Paper I 
In the first paper, we studied the effect of retinoids in an in vitro model of 
epidermolytic ichthyosis using immortalized patient cells 7. We found that 
ATRA and RARα agonists reduced the aggregation of K10. ATRA also 
reduced the mRNA expression of KRT10, which in turn could affect the 
concentration of mutant protein, possibly explaining why some EI patients 
benefit from retinoids. Our results are important since they open up the pos-
sibility of new putative treatments for EI. Possible candidates include syn-
thetic retinoids, which are more stable than ATRA and may possess fewer 
side effects 91,92. The use of CYP26 inhibitors (e.g., liarozole) should also be 
reconsidered 76,77,93. Furthermore, siRNA targeting the mutant KRT10 allele 
mRNA might be administered topically to reduce the expression of the mu-
tant protein. The latter, however, demands tailored siRNA for each patient 
due to the variability in keratin mutations between patients 94,95. We also 
tried to explore the mechanism by which keratin aggregates were eliminated 
from the keratinocytes. 
 
The use of immortalized EI cells in organotypic cultures 
Immortalized EI cells are able to differentiate upon the modulation of growth 
conditions, forming a stratified, although not fully differentiated, epidermis 
in organotypic cultures. Upon heat stress, a disease phenotype, i.e., supra-
basal cytolysis and blisters, is formed in the organotypic epidermis (Fig. 5). 
Although the preliminary results are promising, it is difficult to generate the 
disease phenotype in organotypic cultures with high reproducibility. 



 

 30 

 
Fig. 5. Blisters (arrows) are formed after heat stress in the organotypic epi-
dermis constructed using immortalized EI cells. Scale bar denotes 20 µm.   

Paper II 
Retinoic acid metabolism is complex, and in this paper we elucidated the 
importance of CYP26B1 in the process of retinoic acid metabolism in human 
keratinocytes in vitro. Our results suggest that CYP26 inhibitors used in 
treating skin disorders, for example, EI and ARCI, should preferably target 
CYP26B1.  

Paper III 
In this paper, we studied the epidermal expression and co-localization of 
ichthyin, 12R-LOX, eLOX-3, and TGM1 in ARCI patients and volunteers. 
We found alternate expression patterns of these proteins in ARCI patients. 
12R-LOX, eLOX-3, and TGM1 were also found to co-localize in healthy 
epidermis. Overall, our results speak in favour of the hypothesis that many 
ARCI-causing genes encode for proteins that are involved in the acylCer-
processing pathway, with 12R-LOX and eLOX-3 working as oxygenases to 
remove the linoleic acid side chain and to prepare the acylCer for TGM1-
mediated esterification in the cell envelope.   

A putative treatment option for ARCI is to include acylCer in topical 
formulations to compensate for their reduced lipid-processing capacity. In 
theory, all patients except those with TGM1 mutations would benefit from 
this treatment, since the latter patients lack or have a reduced ability to in-
corporate acylCer into the lipid envelope. For patients with TGM1 muta-
tions, moisturizers containing recombinant TGM1 might be an option. 
Another possible treatment avenue includes CYP26 inhibitors. In the present 
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study, we found that liarozole normalized the elevated expression and co-
localization of 12R-LOX and eLOX-3 in patients with NIPAL4 mutations. 
This raises the question of whether liarozole’s effect is due to a disease-
specific mechanism or represents a general effect of retinoids. Retinoids 
have been used in treating ARCI for many years but with variable results 45. 
It is possible that retinoids regulate the expression of enzymes with activities 
similar to those malfunctioning in ARCI patients. For example, increased 
expression of TGM3 and TGM5, which have functions somewhat similar to 
that of TGM1 96-98, might reduce symptoms in patients with TGM1 muta-
tions.    

Paper IV 
To date, two functions of FATP4 have been proposed, i.e., acting as either 
acyl-CoA synthetase or fatty acid transporter. In this work, we have found 
the co-localization of FATP4 with ichthyin in human epidermis, suggesting 
that FATP4 and ichthyin work in tandem. The fatty acid activating process 
essential for VLCFA elongation is catalyzed by an acyl-CoA synthetase, and 
the process itself is magnesium and ATP dependent. Ichthyin with yet un-
known functions displays sequence homology to magnesium transporters 
and transmembrane receptors, and one might speculate that ichthyin pro-
vides magnesium for acyl-CoA synthetase since it co-localizes with FATP4. 
FATP4 and ichthyin might be involved in the elongation of VLCFA and thus 
be part of acylCer biosynthesis. Our findings suggest that the functions of 
FATP4 and ichthyin are coupled and connected to those of other enzymes, 
i.e., 12R-LOX, eLOX-3, and TGM1, involved in acylCer processing. This 
would explain why mutations in these genes produce similar symptoms and 
thus unify the pathogenesis of ARCI.      

Future perspectives 
An interesting feature of retinoids is their effect on KRT10 expression in 
cultured keratinocytes and in vivo in EI patients. We have demonstrated that 
ATRA slightly reduced the expression of mutant KRT10 transcripts in pa-
tient-derived cells, suggesting that the cytoprotective effect of ATRA might 
come from its modulation of keratin expression. As other mutated keratins 
have previously been demonstrated to be degraded through the proteasome-
mediated degradation involving MAP kinase p38, Hsp70, and the ubiquitin 
ligase CHIP 89,90, it would be of interest to study these proteins’ responses to 
heat stress and/or ATRA exposure in EI cells. However, we were unable to 
find evidence of proteasome-mediated degradation in K10 aggregates. We 
will continue to study the elimination mechanism of keratin aggregates. 
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We have already mapped the epidermal localization of most proteins 
causing ARCI, many of which are putatively involved in the acylCer-
processing pathway. A missing link is CYP4F22, which is a rare cause of 
ARCI. It is therefore necessary to study the localization of this enzyme in 
normal and diseased skin and to examine putative interactions with other 
ARCI-causing proteins. This could offer a way of exploring whether 
CYP4F22 is involved in the same lipid-processing pathway. Since it has 
already been proposed that ω-hydroxylation of the VLCFA is catalyzed by a 
cytochrome P450-type 4 enzyme 20, it is tempting to speculate that this en-
zymatic step is performed by CYP4F22, because it both belongs to the cy-
tochrome P450-type 4 family and possesses ω-hydroxylase activity 37,99. 

In vitro models in which the expression of ARCI-causing genes is re-
duced by the transfection of relevant siRNAs could be applied in future stud-
ies, especially when material from patients is limited or lacking. Preliminary 
results indicate that the models have distinct layers of epidermis, express 
differentiation markers similar to those of normal and patients’ epidermis, 
and exhibit disturbed barrier function. In these models, it is possible to ex-
amine the effects of ATRA, synthetic retinoids, and liarozole, and compare 
the results with parallel results generated using skin biopsies from ARCI 
patients. 
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Summary in Swedish 

Epidermis är det yttersta lagret av huden som till största del består av celler, 
s.k. keratinocyter, som formar en barriär mot omgivningen och förhindrar 
vattenförlust. I keratinocyter utgörs cytoskeletet av keratiner. Beroende på 
utmognadsnivå produceras olika keratiner. Keratin 1 och 10 uttrycks i den 
övre delen av den viabla epidermis och mutationer i dessa keratiner ger upp-
hov till epidermolytisk iktyos (EI). Dessa patienter drabbas ofta av blåsor 
och fissurer som bildas när huden utsätts för olika former av lättare trauma.  

Keratinocyter producerar även lipider som är en annan viktig komponent i 
hudbarriären. Av den totala mängden lipider, består 50% av ceramider, res-
ten cholesterol och fria fettsyror. En specifik typ av ceramider, acylcerami-
der, återfinns endast i yttersta lagren av epidermis där de binds till keratino-
cyternas membranhölje. Flera enzymer, bl.a. 12R-lipoxygenas, epidermalt 
lipoxygenas 3 samt transglutaminas-1, är involverade i denna process. Muta-
tioner i dessa enzymer ger upphov till autosomalt reccessiv kongenital iktyos 
(ARCI), som karaktäriseras av att patienterna får grov fjällning och varie-
rande grad av rodnad över hela kroppen redan från födseln. Vissa EI och 
ARCI patienter svarar bra på behandling med retinoider, men den bakomlig-
gande mekanism är inte fullständigt fastställd. 

I det första arbetet har vi studerat effekterna av retinoider i hudceller, s.k. 
keratinocyter, från en EI patient med mutation i keratin 10. Vi har i denna in 
vitro modell kunnat visa att celler som utsätts för värme bildar aggregat av 
muterat keratin och att all-trans-vitamin A syra (ATRA) och andra syntetis-
ka vitamin A-liknande ämnen minskar bildningen av aggregat. Vi har även 
kunnat visa att ATRA minskar mRNA uttryck av den normal och muterad 
keratin 10. Våra fynd ger upphov till ideér om nya behandlingsmöjligheter, 
bland annat syntetiska retinoider som aktiverar en speciell vitamin A-
receptor i cellkärnan (RARα). Eftersom patienter troligen gynnas av lägre 
koncentrationer av det mutanta proteinet är det även möjligt att nedreglera 
uttrycket av mutant mRNA med hjälp av RNA interferens.    

I det andra arbetet har vi kartlagt vilka enzymer som är betydelsefulla vid 
katabolismen av ATRA i humana keratinocyter, och CYP26B1 visade sig 
vara mest betydelsefullt. Vid jämförelse av två typer av vitamin A syra me-
tabolism blockerande medel (RAMBAs) i samma in vitro system, uppvisade 
Talarozole, den senaste generation av CYP26 inhibitorer, högst aktivitet i 
keratinocyter. Dessa resultat kan bidra till utvecklingen av nya RAMBAs 
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som inhiberar CYP26B1 och därmed är skräddarsydda för användning vid 
olika hudsjukdomar.  

I arbete tre och fyra har vi studerat uttryck och co-lokalisation av olika 
proteiner som om de muteras leder till autosomal reccessive kongenital ikty-
os (ARCI). Funktioner för flertal av dessa proteiner är omdiskuterade. Vi har 
i studierna visat indikationer på att samtliga proteiner är involverade i bio-
syntesen av acylceramider i huden och detta skulle kunna medverka till att 
förklara att fenotypen i denna grupp av iktyoser är relativt lika. Våra resultat 
har öppnat för en ny dimension av behandlingsmöjligheter för ARCI patien-
ter, möjligen i form av topikala mjukgörande krämer innehållande lipider för 
att kompensera den bristen på acylceramider hos dessa patienter.  
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Summary in Chinese 

遗传性皮肤病对细胞骨架完整性及人体表皮内脂质代谢影响的 

体外研究 
——鱼鳞病致病机制与维 A 酸治疗效果的研究 

 
        常染色体显性表皮松解性角化过度型鱼鳞病 (EI) 是一种罕见的皮肤疾病，

其主要症状为表皮内水疱化。该病系由基底层以上角质细胞内 KRT1 或 KRT10
基因的突变所引发。常染色体隐性先天性鱼鳞病 (ARCI) 则以无水疱和上皮过

度角化为临床特征，是由 ABCA12，ALOX12B，ALOXE3，TGM1，CYP4F22，
NIPAL4 和 SLC27A4 基因中的某个基因突变所致。这些基因对维持皮肤屏障的

稳定性至关重要。维 A 酸对以上两种疾病通常有良好的治疗效果，但其作用

机制尚未明确。本论文旨在研究 EI 和 ARCI 的致病机制，并揭示维 A 酸对 EI
和 ARCI 的作用机理。 
        体外实验表明，从 EI 患者体内获得的永生角质细胞受热应激刺激后会发

生异常角蛋白聚合。经全反式维 A 酸（ATRA）或维 A 酸α-受体激动剂预处

理可部分抑制异常角蛋白聚合。与对照组相比，全反式维 A 酸抑制了突变基

因 KRT10 在 EI 患者角质细胞内的表达。ATRA 在人类角质细胞中通常由

CYP26B1 酶降解。 
        本研究对 ARCI 患者皮肤活检组织中 12R-LOX, eLOX-3, TGM1, ichthyin
和 FATP4 的蛋白表达进行了免疫荧光分析。结果显示，不仅突变基因的蛋白

表达有所变化，而且其它基因的蛋白表达也发生改变。这些发现进一步验证了

机体的反馈调节机制——即某种蛋白的缺失会导致其它蛋白的表达量上调。此

外，形态学研究还发现 12R-LOX, eLOX-3 和 TGM1; ichthyin 和 FATP4 在上皮

角质层细胞内紧密共存，这表明这些蛋白可能参与一个相同的代谢途径。同时，

这些蛋白之间的相互作用也经免疫沉淀检测得以证实。有文献报道，CYP26
抑制剂具有增加皮肤中内源性 ATRA 的作用，本研究中两位携带 NIPAL4 突变

基因的患者被发现 12R-LOX 和 eLOX-3 的共存数量增加，经 CYP26 抑制剂治

疗后，其 12R-LOX 和 eLOX-3 的共存数量及脂肪氧化酶的表达恢复正常，患

者的临床症状也得到改善。 
        综上所述，本研究认为维 A 酸对 EI 和 ARCI 的治疗作用可能是通过维 A
酸缓解 EI 患者病理性角蛋白聚合或阻止 ARCI 患者表皮蛋白缺失来完成。实

验中观察到的 ARCI 患者组织内各种蛋白质之间的紧密关联提示我们，这些酶

是在皮肤角质细胞的同一个代谢途径中发挥作用，它对上皮角质层中屏障脂肪

的形成至关重要。这条代谢通路的任何一个环节出现问题都可能造成屏障功能

的丧失，从而导致以代偿性过度角化为特征的先天性鱼鳞病。   
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