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ABSTRACT 

Virtanen, M. 2001. On Keratin Mutations in Epidermolytic Hyperkeratosis and the Regulation of
Keratin Expression by Retinoids. Acta Universitatis Upsaliensis. Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1051. 45 pp. Uppsala. ISBN 91-554-5058-X

Epidermolytic hyperkeratosis is a rare inherited disease of the skin caused by a dominant-negative
mutation in keratin 1 (K1) or 10 (K10). Keratins are the major structural protein in epidermis and
mutations causes instability of intermediate filament and keratinocyte fragility. No curative
treatment is available, but some patients benefit from retinoid therapy. More knowledge is needed
about the genotype/phenotype correlation in epidermolytic hyperkeratosis and the mechanism of
action of retinoids including regulation of keratin expression. 
  Fifteen patients were identified in Scandinavia, 13 with a generalised disease and 2 with localised
lesions. Different types of mutation were identified such as point, splice site, deletion, and deletion-
insertion mutations. An association was found between mutation in K1 and the appearance of
palmoplantar keratoderma. Only the patients with K10 mutation benefited from the treatment,
although no differences in the mRNA levels for K1 and K10 were detected. However, retinoids
caused a pronounce down-regulation of K2e in upper epidermis and upregulation of K4 not
normally present in the skin. This was further investigated in normal healthy skin and in
keratinocytes grown in a reconstructed skin model. By adding retinoids with different affinity for
the nuclear receptors RAR and RXR to the culture, the most potent retinoids were found to be
RARα agonist, the effect of which could be inhibited by addition of a pan RAR antagonist. 
  In conclusion, several novel keratin mutations have been shown to cause epidermolytic
hyperkeratosis, and genotype/phenotype correlations have been found. Treatment with retinoids is
only useful for patients with a K10 mutation, possibly because they are less vulnerable too the
pronounce down-regulation of K2e also seen in normal skin. This effect and the upregulation of K4
seem to be mediated through RARα, expressed in the keratinocytes.
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ABBREVIATIONS 

EHK Epidermolytic hyperkeratosis

EBS  Epidermolysis bullosa simplex

IBS Ichthyosis bullosa of Siemens

PPKD Palmoplantar keratoderma

CE Cornified envelop

K Keratin

KRT Keratin gene

IF Intermediate filaments

EM Electron microscopy

AP-1, -2 Activator protein  -1 and –2

RA Retinoic acid

RARE Retinoic acid response element

RAR Retinoic acid receptor

RXR Retinoid X receptor

CRABP II Cellular retinoic acid binding protein II

PPAR Peroxisome proliferator-activated receptors



Introduction

The skin

Human skin consists of epidermis and dermis, with subcutaneous fat beneath. The main function of

epidermis is protection from desiccation, mechanical injury, UV damage, and microbial insults. The

epidermis is a stratified epithelium, which can be divided into four different compartments, each of

which is different with respect to cell morphology and biochemical characteristics (Fig.1). In

epidermis, the predominant cell is the keratinocyte, but others cells like melanocytes, Langerhans

cell, and Merkel´s cells are also present. The cytoskeleton of the keratinocytes consists of keratin

proteins, which confer resistance to mechanical stress.

The basal layer in epidermis is located above the basement membrane, which is the junction

between dermis and epidermis. In the basal cell layer, the keratinocytes proliferate and in this layer

the stem cells and the transient amplifying keratinocytes are located. Keratinocytes committed to

differentiation enter the stratum spinosum in which the cells have large numbers of desmosomes

important for cell adhesion. A different set of keratin proteins is expressed in the cell and

involucrin, an important precursor of the cornified envelope (Eckert et al, 1993), is synthesised in

the upper parts of the stratum spinosum. The lamellar bodies that contain specialised lipids are

essential for barrier formation in the stratum corneum and are synthesised in the uppermost part of

the stratum spinosum. Then follows the stratum granulosum, a layer characterised by the expression

of loricrin and keratohyalin granules in the cells. The granules contain profilaggrin, a precursor to

filaggrin, and are together with loricrin important to the barrier function (Mehrel et al, 1990, Hohl

et al, 1991, Simon et al, 1996). In stratum granulosum, the cornified envelope forms beneath the

plasma membrane by covalent cross-linking of several proteins, inter alia, involucrin, loricrin and

small proline rich proteins (Steinert and Marekov, 1995). Transglutaminases 1 and 3, catalyse this

cross-linking reaction (Ishida-Yamamoto and Iizuka, 1998). The stratum corneum is the outermost

layer of the epidermis and where the most important barrier is found (Elias, 1983). Here the cells

(now called corneocytes) are flat and desiccated. At this stage the corneocytes are anucleated (all

organelles are disintegrated) and consist mainly of tightly packed keratin filaments that are bound

together by disulphide bounds under the influence of filaggrin (Lynley and Dale, 1983). 

The life span of a keratinocyte end with its desquamation, a process that is homoestatically

controlled. Several proteolytic enzymes have been incriminated in the desquamation process

(Bissett et al, 1987, Lundstrom and Egelrud, 1988, Ekholm et al, 2000)
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Fig.1 The distribution of the keratins expressed in normal skin. 

Normal keratinisation demands a delicate balance between proliferation, differentiation, and

desquamation of keratinocytes. This balance is controlled by several agents, e.g. growth factors,

cytokines, vitamin A and D, steroids and calcium, which are able to reduce or enhance proliferation

and differentiation of the keratinocytes (Eckert et al, 1997). These agents can affect different

transcription factors that will regulate keratinocyte gene expression. Among these are AP-1 and AP-

2, two of several groups of transcription factors, that seem to play an important role in the

regulation of epidermal proliferation and differentiation (Leask et al, 1991, Rossi et al, 1998, Sinha

et al, 2000). There are identified response elements for these and other transcription factors in many

of the genes expressed in epidermis e.g. different keratin genes (Eckert and Welter, 1996)
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Keratins

Keratins are the major structural proteins in epidermis. They are present in all epithelial cells. The

keratin gene clusters are located on chromosome 12 and 17 (Rosenberg et al, 1991, Rosenberg et al,

1988). They belong to the group of intermediate filaments (IF) which form the cytoskeleton in the

keratinocytes. Immunohistochemical staining of keratinocytes, with antibodies specific for keratins

shows a three-dimensional network surrounding the nucleus and linking to the desmosomes. 

In 1982, Moll et al showed that the keratins could be divided into two groups, type I keratin (K9-

20) and type II (K1-K8), based on isoelectric point and size (Moll et al, 1982). In humans there

exist more than 30 different keratins, including those expressed in hair and nails. Table I lists the

various keratins and where they are expressed in human tissues (Bowden, 1993).

TABLE I: Human keratin proteins (except hair keratins) and their tissue locations.

TYPE 1 (basic) TYPE II (acid) TISSUE LOCALISATION

K10, K9 (57, 65 kDa) K1, K2e (68, 65 kDa) Suprabasal epidermis

K14, K15 (50 kDa) K5 (58kDa) Basal epidermis, mucous membrane and hairfollicel 

K13 (51 kDa) K4 (59 kDa) Suprabasal mucous membrane

K12 ( 55 kDa) K3 (64 kDa) Cornea

K16, 17 (49kDa) K6 (58 kDa) Hyperproliferativ epidermis and hairfollicel

K19 (44 kDa) K7 (54 kDa) Sweat glands

K18 (46 kDa) K8 (52kDa) Simple epithelia (liver)

Each keratin molecule has a central and evolutionary conserved α-helical rod domain, 310 –315

amino acids long. The α-helical domain can be divided into subdomains, 1A, 1B, 2A, and 2B,

which are separated by a non-helical region (Bowden, 1993). The amino acid sequence of keratins

that belong to the same group show a high degree of homology (50-99 %) while keratins of the

opposite groups show only 30% homology in their α-helical rod domain (Steinert and Roop, 1988).

The central rod domain consists of the heptad repeat, a seven amino acid motif that promotes

heterodimerisation between equimolar amounts of keratin type 1 and II. Amino acids number one

and four of this motif are typically hydrophobic and interchain hydrophobic interactions result in a

coiled-coil structure (Stewart, 1993). The filament polymerisation starts by heterodimers are

staggered together to form tetradimers. The tetradimers then associate to each other, and in the end,

a 10 nm intermediate filament is formed (Fig.2) (Fuchs, 1996). 
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Fig. 2: A model of intermediate filament construction. 
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The promiscuity of the keratins has been discussed, i.e. whether a keratin can form a heterodimer

with any of the keratins in the opposite group. Fuchs and coworkers have shown that K18 can form

dimers with K5 but the filaments did not withstand mechanical stress to the same extent as K5-K14

heterodimers (Hutton et al, 1998). The highly diverse amino-terminal head and carboxyl-terminal

tail of the molecule may account for the tissue and functional differences between keratins.

Expression of the keratins is in a tissue-and differentiation-specific manner (Table I). In normal

epidermis keratin 5 (K5) and 14 (K14) are expressed in the basal layer but when differentiation

starts and keratinocytes enter the stratum spinosum they are replaced by K1 and K10 (Fig.1) (Fuchs

and Green, 1980, Nelson and Sun, 1983). Later during differentiation, expression of K2e

presumably results in heterodimers with K10 (Collin et al, 1992, Reichelt et al, 1997). In the

mucosal epithelium, there is a basal distribution of K5 and K14, as in epidermis, but in the

suprabasal part, K4 and K13 are expressed instead (Bloor et al, 1998). The analysis of different

keratins, mRNA or protein is useful as markers of cell differentiation.

The regulation of keratin expression is not well understood. As mentioned above the AP-1 and AP-

2 response elements have been identified in several keratin genes and these elements seem to play

important part in keratin gene regulation (Eckert  and Welter, 1996). However, studies suggests the

regulation of K14 gene activity needs other transcription factors as well (Leasket al, 1991).

Moreover, there are identified calcium response element containing an AP-1 site and two hormone

response elements in the 3´end of the K1 gene. It has been proposed that calcium promotes K1 gene

transcriptions through upregulation of AP-1, whereas vitamin A and D regulate the transcription

level of K1 by an antagonistic action (Lu et al, 1994). 

In 1991, the significance of keratin for the mechanical integrity of keratinocytes was demonstrated.

Mutations in K5 and K14 were identified that caused epidermolysis bullosa simplex (EBS) (Bonifas

et al, 1991, Coulombe et al, 1991), a disease characterised by blistering of the skin and mucosae

particularly after mechanical stress. There are now mutations in 17 different keratin genes that are

known to cause a variety of inherited disorders (Irvine and McLean, 1999), among them

epidermolytic hyperkeratosis (EHK) also known as bullous ichthyosis. 
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Inherited disorders of keratinisation

Inherited skin disorders of keratinisation comprise several diseases in which the differentiation of

the keratinocyte is disturbed in one way or another. The diseases include for example psoriasis,

ichthyosis, Dariers´s disease and various keratodermas. Psoriasis is an example of a polygenetic

disorder, whereas ichthyosis is a monogenetic disorder. The monogenetic diseases of the skin are

also known as genodermatoses.  The ichthyoses embrace at least four different diseases (Table II)

(Goldsmith, 1976). The inheritance can be autosomal recessive, X-linked recessive, or, as for EHK,

autosomal dominant .

Table II: The four major groups of ichthyosis, including epidermolytic hyperkeratosis.

Epidermolytic

hyperkeratosis 

Lamellar ichthyosis X-linked ichthyosis Ichthyosis

vulgaris

Incidence 1/300 000 1/100 000 1/3000 1/300

Etiology Mutation in keratin genes Mutation in TGM1 Steroid sulphatase

deficiency

Defects in

filaggrin

Inheritance Autosomal dominant Autosomal recessive Recessive X-linked Autosomal

dominant

Symptoms Blisters, erythema and

hyperkeratosis

Thick, generalised

scaling 

Brown scales,

sometimes

extensive

Hyperkeratosis

on extremities.
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Epidermolytic Hyperkeratosis

Clinical features

In 1902, Brocq described a bullous variant of congenital ichthyosis known as bullous congenital

ichthyotic erythroderma of Brocq (BCIE) or epidermolytic hyperkeratosis (EHK). For simplicity,

the latter term is increasingly used today, although the histological picture of epidermolytic

hyperkeratosis can also be found in a few other skin diseases. 

EHK is a rare autosomal dominant inherited disease with a reported prevalence of 1:300 000. In

about 50 % of the cases, there is sporadic mutations i.e. there is no previous family history of EHK

(Bale et al, 1993). The disease is evident at birth with generalised erythema, scaling, erosions and

blisters, i.e. findings that can be hard to distinguish from a severe form of epidermolysis bullosa or

certain bacterial infections. Within a few weeks, the erythema and blistering diminish and a thick

verrucous scaling appears instead particularly over flexural regions (Fig.3) (DiGiovanna and Bale,

1994). The blisters mainly cause problems during the first couple of years, but even in adulthood

blisters can cause problems, especially in connection with trauma, heat or bacterial infections. Some

of the patients also have an associated palmoplantar keratoderma (PPKD) (DiGiovanna andBale,

1994). EHK may vary from a mild disease to a severe disease that is socially disabling for the

patients. The hyperkeratotic skin is often colonised with bacteria causing a foul body odour. In

some patients, the symptoms improve with age. The nails, teeth, or hair are not involved in EHK

(Bale et al, 1993).

Histopathology

Histology shows a pronounced hyperkeratosis and epidermolysis of the cells in stratum spinosum

and granulosum, but this is also found in other skin disorders. A more exact diagnosis is to examine

a skin biopsy by electronmicroscopy (EM). EM shows a shell-like aggregation of filaments around

the nucleus together with clumps of filaments in the cell periphery (Anton-Lamprecht, 1983,

Holbrook et al, 1983). Prenatal diagnosis has been done in the past by EM of an intrauterine skin

biopsy (Anton-Lamprecht, 1983).
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Fig. 3: The clinical features of Epidermolytic Hyperkeratosis.

Pathogenesis

The discovery of keratin mutation (K5 or K14) in EBS suggested that EHK might also be a keratin

disease, especially since the tonofilament clumping in the suprabasal cells was specifically stained

with K1 and K10 antibodies (Ishida-Yamamoto et al, 1992). Similar findings in the basal cells had

previously been made in an EBS patient when staining for K5 and K14 (Ishida-Yamamoto et al,

1991). We know today that the etiology of EHK correlates with a mutation in either K1 or K10.

This has been confirmed by linkage studies (Compton et al, 1992), transgenic mouse models

(Vassar et al, 1991, Fuchs et al, 1992, Rothnagel et al, 1993), and identification of mutations in K1

or K10 in patients with EHK (Chipev et al, 1992, Rothnagel et al, 1992, Chipev et al, 1994). Today

there are around 50 different types of mutations reported in either K1 or K10. The mutations are

mainly point mutations causing an amino acid change, however, dinucleotide mutations are also

detected (Joh et al, 1997, McLean et al, 1999). The mutations are usually located in two of the

conserved domains of the α-helix, 1A and 2B. Mutation is also found in one of the non-helical

linker regions (Kremer et al, 1998). Dominant negative mutations cause destabilisation of the

cytoskeleton since the mutant keratin forms a defective heterodimer with its keratin partner. This

may cause fragile cells that are less resistant to mechanical stress and heat, and in the case for EHK,

induce epidermolysis in the suprabasal part of epidermis. 
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How keratin mutations cause the hyperkeratosis seen in EHK is unclear. Early studies showed

increased epidermal proliferation (Frost et al, 1966) and there is a change in the expression in of K6

and K16 (Ishida-Yamamotoet al, 1992, Porter et al, 1996), i.e. keratins that have been associated

with hyperproliferation and altered differentiation (Weiss et al, 1984, Korge et al, 1990). However,

later studies have not found any significant increase in proliferation rate in patients with EHK

(Fisher and Wells, 1968, Kanitakis et al, 1993, Porter et al, 1998). Thus, other mechanisms may

contribute to the hyperkeratosis, such as a diminished desquamation. Furthermore, cell lysis in the

suprabasal layers of epidermis may release cytokines e.g. TGF-α that is over-expressed in EHK

(McKay and Leigh, 1991, Leigh et al, 1995). There is also a permeability barrier dysfunction in

EHK (Frost et al, 1968). Although the mechanism behind this abnormality is not known,

microvesiculation, altered assembling of CE, a change of the lipid composition (Reichelt et al,

1999) or altered differentiation have been postulated (Reichelt et al, 1997). A vicious circle may

ensue, since after chronic barrier disruption, an increase expression of K1 and K10 is observed

which may be deleterious if either protein is mutated (Ekanayake-Mudiyanselage et al, 1998).

Attempts have been made to correlate genotypes and phenotypes in EHK (DiGiovanna and Bale,

1994). So far, the only correlation found is an association of PPKD to mutations in K1. Patients

with K10 mutation usually lack PPKD, but recently a few exceptions to the rule have been reported

(Arin et al, 1999, McLeanet al, 1999).

Nevoid form of EHK

Linear epidermolytic hyperkeratosis (LEH) is a localised form of EHK that appears gradually after

birth with verrucous nevoid lesions that follow Blaschko´s lines. The lesions can be unilateral or

bilateral and are sometimes widespread, and easily mistaken for generalised EHK. However, these

patients, with LEH, seldom have problems with blisters. The etiology of LEH is explained by

somatic mutations in K1 or K10 occurring early during embryogenesis thus generating genetic

mosaicism (Paller et al, 1994, Moss, 1999). There are a few reports of children born with

generalised EHK where one of the parents had LEH i.e. there must also have been a gonadal

mosaicism (Nazzaro et al, 1990).
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Ichthyosis bullosa of Siemens

Ichthyosis bullosa of Siemens (IBS) is considered by some authors as a distinctive disease and by

others as a mild form of EHK. The symptoms resemble those of mild to moderate EHK without

PPKD. The German dermatologist Siemens, was the first to make a distinction between IBS and

EHK in 1937. He described superficially denuded areas called Mauserung in these patients. IBS is

caused by mutations in K2e i.e. a keratin expressed late during differentiation (Jones et al, 1997,

Basarab et al, 1999), hence the skin symptoms are superficial and mild.

Treatment

Today we do not have any curative treatment for patients with EHK. For the newborn child, the

neonatal care directed at preventing desiccation and bacterial infection is of great importance.

Emollients, keratolytic substances, and baths are treatments used by many patients but there is no

fully satisfactory therapy, particularly for the moderate to severe forms. Antibiotics, local or

systemic, frequently used because of skin erosions that easily get infected thus aggravating the

disease.

A more disease-specific therapy is retinoids, used either topically or systemically (Marks et al,

1981, Happle et al, 1987, Ruiz-Maldonado et al, 1998). In some patients, hyperkeratosis diminishes

when a low dose of oral acitretin or isotretinoin is used. However, the therapeutic effects of

retinoids in EHK are at best moderate and certainly not curative. Not all patients benefit from

retinoids; in some patients blistering and erythema may be aggravated. Why some patients benefit

from the treatment and others do not is not known. Interestingly there are a few reports showing

good therapeutic effects of oral retinoids in IBS (Steijlen et al, 1991, Hofmann et al, 1999). This

implies that there may be a difference in response depending on which keratin is mutated, K1, K10

or K2e. 
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Retinoids

Vitamin A and its natural and synthetic derivatives (retinoids) are implicated in various biological

processes like embryogenesis, vision, spermatogenesis, bone formation and the homeostasis of

epidermis and other epithelia tissues. Already in the 1920´s vitamin A deficiency was known to

elicit cutaneous follicular hyperkeratosis (Wollbach and Howe, 1925, Frazier and Hu, 1931). Later

it was found that embryonic chicken skin exposed to medium with high concentrations of vitamin A

was converted into mucosal epithelium (Peck et al, 1977). The conclusion was that vitamin A is

required to maintain a normal epidermis and that the concentration of endogenous vitamin A is

critical. Since the 1970´s synthetic retinoids are frequently used as dermatotherapeutic agents for

diseases such as acne, psoriasis, photoaged skin and disorders of keratinisation. The side effects of

retinoids include hypertriglyceridemia, mucocutaneous dryness, skeletal abnormalities, and

teratogenic effects. Recently, retinoids have become powerful agents in the in treatment of certain

cancers and leukaemia (Love and Gudas, 1994, Nagpal and Chandraratna, 1996).

Retinoids exhibit many pleiotropic effects in epidermis e.g. anti-proliferative, anti-keratinizing, and

anti-inflammatory effects (Vahlquist, 1994). These effects are observed e.g. when retinoid treatment

of hyperplastic epithelia. However, when normal epidermis is treated with 0.1% all-trans retinoic

acid (RA), an increased proliferation, increased number of cell layers, and increased epidermal

thickness are observed (Griffiths et al, 1993, Kang et al, 1995). Clearly, the effect of retinoids

depends on which stage of cell proliferation and differentiation exists when the application starts

(Fig. 4).

Fig. 4: Simplification of the effects of retinoids on differentiation and proliferation (modified from

Vahlquist and Törmä, 1988)
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Retinoid receptors

The most active metabolite of retinol is retinoic acid (RA), but whether the supply of RA to 

epidermis is met by transport from the plasma or from local retinol metabolism in the keratinocytes

has not been solved. The biological activity of RA is mediated through nuclear receptors, i.e.

retinoic acid receptors (RAR) and retinoid X receptors (RXR) (Giguere et al, 1987, Petkovich et al,

1987). The receptors belong to the steroid hormone receptor superfamily, which also includes

steroid hormone, vitamin D, thyroid hormone, and PPAR receptors. There are three different

isoforms of each receptor (RAR α, β, γ, and RXR α, β, γ) (Chambon, 1996, Giguere, 1994).

Retinoids bind to these receptors and the heterodimer acts as a nuclear transcription factor by

binding to specific DNA sequences called retinoid response element (RARE) located in the

promoter region of the target gene (Nagpal and Chandraratna, 1996). The ligand for RAR is all-

trans RA or 9-cis RA while 9-cis RA is the only known ligand so far that binds to RXR (Levin et al,

1992, Allenby et al, 1993). The RXR also forms homodimers or heterodimers with thyroid

hormone receptors (TR) and vitamin D receptors (VDR) (Kliewer et al, 1992, Leid et al, 1992). The

retinoid receptors in human skin are RARγ, RARα, RXRα and RXRβ (Törmä et al,1993, Fisher et

al, 1994). The amounts as estimated by Western blot analysis are 1790 RAR and 9400 RXR per cell

respectively. For RAR, 87 % consists of the RARγ isoform and for RXR, 90 % consists of RXRα

(Fisheret al, 1994). This indicates that retinoid activity is mainly mediated through the RARγ

receptor. The design of novel syntethic retinoids that are receptor specific in their action is an

intensive field of research. The aim is to develop retinoids that display fewer side effects and higher

therapeutic index (Bernard et al, 1992, Martin et al, 1992). 

The mechanisms behind the pleiotropic actions of retinoids on several biological processes are

poorly understood. Several mechanisms whereby retinoid receptors regulate transcription of the

target gene has been proposed, e.g. direct binding to RARE and stimulating transcription,

antagonistic interaction with AP-1, and competition for the RXR receptor, which can form dimers

with other nuclear receptors (Pfahl, 1993, Giguere, 1994, Chen et al, 1995). The AP-1 transcription

factor is a heterodimer composed of one member from each of the Jun and Fos families and induces

gene expression of several epidermal genes (Takahashi and Iizuka, 1993, Luet al, 1994, DiSepio et

al, 1995, Navarro et al, 1995). Activity of AP-1 can be modulated by different factors e.g.

cytokines, growth factors and calcium. Interaction between the ligand-activated RAR and the AP-1

complex inhibits AP-1 induced gene expression. Besides regulation of transcription, retinoids exert

effects on mRNA stability i.e. post-transcription regulation (Crowe, 1993).
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Retinoid and keratin

The effect of retinoid on keratins in vivo and in vitro is paradoxical. In vitro, retinoids reduces the

expression of K5, K14, K6, K1, and K10 (Fuchs and Green, 1981, Gilfix and Eckert, 1985). In vivo

no effects are observed on K5, K14 K1, and K10 but K6 expression is induced (Rosenthal et al,

1992). Not only keratins display these paradoxical effects but tranglutaminase, loricrin and CRABP

II all respond in a similar manner (Astrom et al, 1991, Rosenthalet al, 1992). The regulation of

keratin genes by retinoids is complex and not necessarily mediated through the RAREs; regulation

can also be indirect through other co-repressing and/or co-activating factors important for

transcription of the gene (Lu et al, 1994, Tomic-Canic et al, 1996, Tomie-Canic et al, 1996). 

Genes have been identified in epidermis that are regulated by retinoids via RARE in their

regulatory region. The most common RAREs are two hexamer DNA sequences (direct repeats) that

are spaced with either two (DR-2) or five (DR-5) nucleotides (Nagpal and Chandraratna, 1996).

The gene for the cellular retinoic acid binding protein II (CRABP II) is induced by retinoids and

contains a DR-5 RARE at the 5`end (Di et al, 1998). Other epidermal genes that carry RAREs,

either positive or negative, are K5, K6, K14, K17 and CRBP II (DR-2) (Tomic-Canic et al, 1992,

Navarro et al, 1995, Radoja et al, 1997). 

The mechanism of action of retinoids in the treatment of skin diseases with disturbed keratinisation

is not well understood. A leading hypothesis in this thesis is that retinoids act through the regulation

of keratins e.g. when used in treatment of EHK. Other possible mechanisms could be a down-

regulation of desmosomal proteins, an anti-proliferative effect, or a regulation of growth factors and

cytokines by retinoids (Gatto et al, 1993, Humphries et al, 1998, Xiao et al, 1999)
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Aims of this study

- To investigate patients with Epidermolytic Hyperkeratosis in Scandinavia in order to find

causative keratin mutations and possible genotype/phenotype correlations (I, II)

- To study the variable response of patients with Epidermolytic Hyperkeratosis to retinoid therapy

and its possible connection with specific changes in keratin expression (II)

- To study keratin expression in normal skin with special reference to its regulation by receptor

specific retinoids (III, IV)
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Material and Methods

Patients (paper I-II)

The patients with EHK were identified through the National Association of Ichthyosis and trough

colleagues at other Departments of dermatology in Sweden and Norway. All patients gave their

informed consent to participate in the study. They were all examined using a standard protocol. For

identification of the mutations, blood samples were taken from patients with generalised EHK.

Shave biopsies were taken from patients with localised EHK with a razor. The biopsy typically

consisted of 1-2 cm2 of ≈ 80% pure epidermis (Vahlquist, 1982). Thirteen patients 11 with

generalised and two with localised EHK were treated with retinoids. The patients were treated with

retinoids, either topical or systemically, for at least 4 weeks before repeated examination.  From

nine patients treated with retinoids a shave biopsy was obtained before and after therapy. 

The methods in this thesis are all described in detail in papers I-IV. If not described below they

represent commonly used molecular biology and immunohistochemistry methods.

DNA sequencing (paper I)

Both manual and automatic methods were used. The automatic sequencing method used was ABI

PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit. This method is based on

amplification of the template by using a mutated AmpliTaq DNA polymerase followed by detection

by fluorescence on an ABI Prism 377 DNA Sequencer.

The manual method used is based on dideoxy chain termination method and is analysed on 6%

polyacrylamide gels.

Immunohistochemistry (paper II-IV)

The immunohistochemistry staining was performed using PAP (peroxidase-antiperoxidas complex)

and ABC (avidin-biotin complex) methods. The antibodies used were monoclonal, and are either

commercially available or kind gifts from Professor Irene Leigh, U.K.
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Real-time quantitative polymerase chain reaction (paper II-IV)

This method was developed by Heid et al in 1996 and uses the Taq polymerase 5´nuclease activity

and dual-labeled fluorogenic probe (TaqMan probe) (Heid et al, 1996). The probe is labeled at its

5´end with a reporter fluorescent dye (FAM) and at its 3´ end with a quencher dye (TAMRA). The

first step in the reaction is the annealing of primers and probe to the template (Fig.5). The reporter

fluorophore is too close to the quencher fluorophore at this stage and no fluoroscence can be

detected. The Taq polymerase starts the polymerisation of the reverse strand in the 5´-3´direction

and when the polymerase reaches the hybridised probe, the 5´nuclease activity starts to degrade the

probe. The degradation of the probe releases the reporter fluorophore and the emission is detected at

another wavelength than the quencher. Reporter fluorescence is detected after each amplification

cycle. Thus, the reaction is analysed in real time.

One major advantage with the real-time PCR is that the amplification is measured after each cycle

compared to only one point for regular PCR. By using fluorescence detection, both the PCR

reaction and the subsequent analysis is performed simultaneously. The analysis is therefore more

accurate, and saves time compared to electrophoretic analysis. 

Fig 5. The real-time polymerase chain reaction procedure
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One critical step in real-time PCR is the design of primers and probes. This is especially important

for target genes such as keratins. High sequence homology between various keratins conveys a risk

of detecting the wrong keratin. To avoid this, the amplified fragment of some of the keratins are

cloned and sequenced. 

Similarly to regular PCR and Northern analysis, we used a housekeeping gene to correlate our

measurements. The reason for using housekeeping gene is to control the RNA extraction procedure

and the reverse transcription (RT). Commonly used housekeeping genes are β-actin, glyceraldehyde

–3-phosphate dehydrogenase (GAPDH) and cyclophilin. The choice is not always obvious because

these genes can also change during treatments or, may be expressed differently in different diseases

(Wu et al, 2000, Törmä et al, 2000). In paper III we used β-actin which from our experience is the

most stable in vivo. In paper IV, cyclophilin was chosen since it was expressed more stabled in this

in vitro system. 

Reconstructed epidermal skin model

Skin equivalent models have been developed and are used for in vitro studies of different drugs

(Regnier et al, 1990) There are various ways of preparing these skin models, and commercially

reconstructed skin models are available (Boelsma et al, 2000). 

Reconstructed skin models are prepared by seeding keratinocytes on the substrate. The substrates

commonly used are a mixture of collagen and fibroblast or de-epidermised dermis (DED), where all

dermal cells have been killed (Prunieras et al, 1983). The DEDs has an intact basement membrane

on which the keratinocytes will grow. Some researchers choose to submerge the cell culture for a

couple of days before they culture the cells in the air-liquid interface. However, cultures can also be

placed at the air-liquid interface from day 1 (Rikimaru et al, 1997). At the air-liquid interface,

keratinocytes commit to differentiation and cornification will occur. Regular cell media can be used

with varying concentrations of fetal bovine calf serum and with or without additional growth factors

(Schon and Rheinwald, 1996, Rikimaruet al, 1997).

In the skin model we used, keratinocytes are grown on DED and placed at the air-liquid interface

from day 1. The culture medium used contained 0.5% FCS. Neonatal human keratinocytes were

used between passage 2-6. The level of serum vitamin A in the medium was critical to the

homeostasis of the epithelium, but a multi-layer epithelium with stratum corneum was obtained

even when the low serum medium was used. A full layer cornified epithelium was obtained

between day 8-12, and by day 16, a few layers of epithelia with a thick stratum corneum had

developed.
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Present studies and Results

Paper I

Novel Spontaneous Point, Deletion and Splice Site Keratin Mutations (KRT1 and KRT10) causing

Epidermolytic Hyperkeratosis in Scandinavia 

We have identified eight novel mutations in K1 or K10 protein in patients with EHK. Various types

of DNA mutations were found: (i) point mutations, two in K1 and one in K10, (ii) two splice site

mutations in K1, (iii) two deletion mutations, one in each keratin, and (iiii) a complex mutation in

K1, with a deletion together with a insertion (Table III). 

The two point mutations in K1 were both in the 1A domain, but there was a difference in

phenotype. The most severe phenotype was caused by a substitution of amino acid no. 191,

phenylalanine to cysteine (F191C). The other point mutation in K1 caused a mild phenotype and the

mutation caused a change in amino acid no. 177, a positively charge lysine to a neutral aspargine

(K177N). This change in the overall charge may disturb the filament formation. Point mutation in

2B domain of K10 was identified, and this patient exhibits a PPKD, not commonly seen together

with a K10 mutation. Amino acid no. 453, a leucine, was substituted by a proline residue (L453P),

both being hydrophobic. This mutation can be detected with RFLP using the enzyme Bfa I. 

A 5´splice site in intron 1 had mutated in two patients, and a cryptic splice site, further upstream,

was used. This mutation caused a large deletion, ∆ 173-194, at the end of H1 domain and at the

beginning of the 1A, a highly conserved region in the keratin protein. However, both patients had

mild to moderate phenotype, which was a bit unexpected, considering the size and location of the

deletion. When we examined the expression of the two alleles with RT-PCR, we found that less of

the mutant allele was expressed.

In-frame deletions were found in both K1 and K10. The deletion in K1 consisted of a 12 base pair

deletion (∆170-173) in the HI domain. In K10 the deletion consisted of a 6 base pair deletion (∆161

– 162) in beginning of the 1A domain of K10. We found one complex mutation with a deletion

together with an insertion of unknown origin, in the 2B region of K1. This mutation affects the

3´splice site of intron 5 and abolishes whole exon 6 for K1.
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Table III: The patients’ signs and symptoms, and the locations of the mutation that cause

Epidermolytic Hyperkeratosis. The symptoms are graded (+) to ++++, with ++++

being most severe.

Degree of hyperkeratosis

Patient Keratin

mutation

Global disease

score

Associated PPKD

PaA K1: F191C          ++(+)           ++++

AS K1: K177N          +(+)           +

VL K10: L453P          ++           ++

OH K1: ∆176-197         (+)            ++

EK K1: ∆176-197          +            +

PA K1: ∆170-173          +++            ++++

TA K1: ∆377-418          +            ++++

FJ K10: ∆161-162          +++            -
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Paper II

Phenotypic/Genotypic Correlation in Patients with Epidermolytic Hyperkeratosis and the Effects of

Retinoid Therapy

Scandinavian patients with EHK were examined both clinically and genetically and the majority of

them were treated with retinoids for ≥ 4 weeks. The symptoms and retinoid response of each patient

were correlated to the type of mutation. Thirteen patients with the generalised form and two with

localised EHK were identified. The mutations in eight of these patients have been described earlier

(paper I). The mutations in the remainder, except one with localised disease, were common hotspot

mutations. There were six patients with K1 mutation and all had associated PPKD. In seven patients

with a K10 mutation, only one had associated PPKD. A more severe phenotype was observed in the

patients with the K10 mutation. Another clinically interesting observation was that four patients had

fungal infection in the nails and /or palms.

Topical and /or systemic treatment with retinoids was performed in five patients with K1 mutation

and in seven patients with K10 mutation, but only patients with the latter type of mutations seemed

to benefit from retinoid therapy. In four patients in each group, the mRNA expression level for K1,

K2e, K4 and K10, were examined, before and after treatment. Analysis of keratin 1 and 10 showed

that mRNA expression was not affected by retinoid treatment. However, a significant down-

regulation of K2e and upregulation of K4 mRNA expression after retinoid treatment was observed.

On immunohistochemistry, the only keratin change observed during retinoid therapy was an

upregulation of K4. No difference was observed in the keratin expression between nonresponders

(K1 mutation) and responders (K10 mutation)
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Paper III

Keratin 4 Upregulation by Retinoic Acid in vivo: A Sensitive Marker for Retinoid Bioactivity in

Human Epidermis

In this study, we examined the mRNA and protein expression of K1, K2e, K4, K10, K13, and

CRABP II in normal healthy skin treated with all-trans retinoic acid or tazarotene. The analysis was

performed by real-time quantitative PCR and immunohistochemistry in skin biopsies from 3-4

healthy volunteers.

The upregulation of K4 mRNA expression measured more than 100 fold after only 20 hours of

topical application of 0,025% RA under occlusion. After 50 hours, the induction reached the

maximum level with a 10000-fold upregulation of K4 expression. CRABP II, used as a retinoid

marker, was upregulated only 15-fold. Conversely, the expression of K2e was down-regulated

almost 100-fold after 20 hours of retinoid treatment and after 50 hours more than 1000-fold. A dose

curve showed a linear upregulation of K4 and down-regulation of K2e in the concentration range

0,00025-0,025% all- trans RA. The mRNA expression of K1 and K10 showed very little change

after retinoid treatment. The expression of K13 was slightly upregulated compared to the K4

expression; i.e. less than a 10-fold increase of mRNA after 20 hours. K13 and K4 are partners that

are normally expressed in mucosal epithelium and only during embryogenesis in epidermis.

Presumably K13 should be expressed in similar proportions to K4 because of the 1:1 ratio during

formation of the heterodimer. 

A strong upregulation of K4 was also seen at the protein level. Immunohistochemistry showed a

distinct staining in stratum granulosum, just below the stratum corneum. The staining was strong at

48 hours but already after 20 hours, a faint staining was noticed. No change in protein expression

could be seen for the K2e protein after retinoid therapy. 
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Paper IV

Keratin 2e and 4 in Reconstituted Human Skin are Reciprocally Regulated by Retinoids, Acting via

the Nuclear Receptor RARα. 

The down-regulation of K2e and upregulation of K4 by retinoids (paper III) were further studied in

vitro by using a reconstructed skin model. Serum was added at a high (5%) or a low (0,5%)

concentration. Morphology and keratin expression of the keratinocytes was similar to that observed

in vivo, except for the high K4 expression in cells grown in the presence of 5% serum. Retinoids

increased also the K13 mRNA levels at both concentrations of serum, unlike the findings in vivo. 

The cell cultures grown at low serum concentration were used for studying retinoid regulation of

keratins. For this purpose, we used several retinoids with different affinity for RAR or RXR nuclear

receptors. The most potent substances to down-regulate K2e and increase K4 and K13 were CD366

/ CD2081 (RARα.), CD367 (a pan-RAR-agonist) and tazarotene (RARγ/β). A study of the time

course showed a reduction of K2e after 8 hours, leveling off at 48 hours in cells incubated with 10-7

M CD336. Induction of K4 was apparent at 24 hours, with a maximum at 48 hours. A dose-

response study of cells incubated for 48 h with CD336 showed a significant change of expression

for K2e and K13 even at the lowest concentration 10-9 M. To generate a change of K4 expression, a

concentration of 10-8 M was needed, whereas 10-7 M was needed to produce a down-regulation of

K1 and K10.

To examine further the retinoid regulation of K2e, K4 and K13, a pan-RAR-antagonist  (CD3106)

was used to block the retinoid effect. When added in a ratio 1:1, there was a marked inhibition of

K4, K13 and CRABP II expression by CD3106. The CD336-induced depression of K2e was less

affected by the antagonist, although a 50 % inhibition was noticed when CD3106 was added in a

ratio 1:10.
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Discussion

Genotype/ phenotype correlation 

Epidermolytic hyperkeratosis is due to a mutation in either K1 or K10; this has been established

previously both in patients and in transgenic mouse experiments. We have reason to believe that we

have identified almost all patients with moderate to severe EHK in Sweden and Norway. In paper I,

we describe novel K1 and K10 mutations identified in Scandinavian patients. Mutation analysis can

be used to examine the correlation between the genotype and the phenotype. For example, one

patient with a point mutation in the 1A domain of K1 (F191C) had a severe form of EHK. When the

same residue is mutated in K5 and K6a, respectively, severe forms of EBS (Stephens et al, 1997)

and pachyonychia congenita type I develop (Smith et al, 1999), emphasising the importance of this

residue for keratin stability and/or assembly. In two other patients, a splice site mutation caused a

large deletion in the 1A domain of K1, but the phenotype was mild to moderate with notable

differences between patients. The same mutation has been reported in K5 resulting in a mild form

of EBS (Rugg et al, 1999). In both our patients, RT-PCR gave two fragments of different intensity,

implying weaker expression of the mutant allele. This may explain the milder than expected

phenotype. The phenotypic difference between the patients also indicates that the clinical

expression of the genotype is influenced by other factors. Another possibility is that the disruption

of the keratin protein caused by the mutation is so severe that it partially obstructs the filament

polymerisation. A similar explanation may be proposed for the third patient with a large deletion in

a part of the 2B region of K1 where no previous mutations have been identified.

The only strong genotype/phenotype correlation that we observed was  between K1 mutations and

PPKD. However, as in previous studies, this is not an absolute correlation (Arin et al, 1999,

McLean et al, 1999). The rationale for the absence of PPKD in most patients with K10 mutations is

that palmoplantar skin expresses keratin 9 (K9) which can substitute for K10, and thereby reduce

the symptoms. In contrast, there is no known substitution for K1. Since some patients with K10

mutation develop PPKD anyway, it is possible that a certain type of mutation in K10 causes such a

grave disturbance of the filament polymerisation that a normal K9 protein is not sufficient for a

substitution. However in our study, the K10 patient with the most severed phenotype did not have

PPKD. Perhaps inter-individual differences are important here too.

The phenotype of patients with K10 mutations is generally more severe than that of the patients

with K1 mutation. We infer that the K2e protein is able to compensate partially for a K1mutation.
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Alternatively, the K10 protein has a more important structural function than the K1 protein.

However, there are too few patients in this study to be sure that the difference in severity is real.

Retinoid response in EHK

Retinoid therapy is a symptomatic treatment for EHK. We have found that there is a different

response depending on the type of mutation, but this is not related to changes in K1 or K10 mRNA

expression levels (paper II). However, there was a clear difference in retinoid response between the

two groups of patients, which may be related to a down-regulation of K2e. In papers III and IV, we

have shown that even a low retinoid concentration causes a strong down-regulation of K2e mRNA

expression in normal skin both in vivo and in vitro (reconstructed skin model). Since K2e protein is

a probably partner to K10, it might partially be able to replace the mutant K1. The same argument

as for the differences in phenotype would then apply.  However, the difference in retinoid response

is even more clear- cut. By decreasing the amount of K10´s normal type II partners , retinoid

therapy may aggravate the disease leading to increased skin fragility. In the case of K10 mutation,

the down-regulation of K2e is not so critical because of the remaining normal K1 alleles and

explains the reports that IBS patients respond well to retinoids (Steijlen et al, 1991, Hofmann et al,

1999). It would be interesting to examine patients with IBS to see if the response to retinoids

correlates with the degree of down-regulation of K2e. Perhaps, a down -regulation of K2e is also

explains the skin fragility commonly seen as a side-effect of retinoids. 

Keratin regulation by retinoid

At present, it is not clear how retinoids regulate keratin gene expression.  Admittedly, the change in

mRNA expression for K2e and K4 that we reported both in vivo (paper III) and in vitro (paper IV)

may be secondary to changes in epidermal differentiation caused by retinoids. However, it may also

indicate a more direct interaction with retinoid receptors and response element in the keratin genes.

Keratin gene regulation is difficult to study in vivo. Considering the sometimes paradoxical

response to retinoids in vitro, we used a reconstructed skin model to simulate the in vivo situation

(paper IV). 

The retinoids that we studied in this skin model have different affinities for the three isoforms of

RAR (α, β, γ) and RXR. The most potent retinoids were the ones with specificity for RARα

(CD336, CD2081), a pan-agonist (CD367) and a β/γ- agonist (tazarotene). This implies that retinoid

regulation of K2e, K4, and K13 expression is mediated via RARα. It should be pointed out that

tazarotene, which is very potent both in vivo and in vitro, displays an affinity for RARα which is 15
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times less than for RAR γ and β. This and the differences in tissue penetrability might explain why

tazarotene exhibits such an unexpected high potency in our model. 

Further support for the hypotheses that the keratins are regulated by retinoids in a more direct way

is inferred from our findings that an RAR antagonist (CD3106) could inhibit the changes of K2e,

K4, K13 and CRABP II mRNAs levels. Previously, a RARE has been identified in the promoter

region of the CRABP II gene. Although, our data implies that the expression of K2e, K4, and K13

may be regulated by retinoids via RARα, the functional RAREs remains to be identified.

Nevertheless, we find (paper III) that K4 is a sensitive marker for retinoid activity in the skin even

when compared to CRABP II (Elder et al, 1993).

A comparison with recent studies in other tissues underlines the complexity of retinoid regulation of

keratins. When tracheal cells from rabbit were exposed to CD366, the expression of K4 and K13

was down-regulated, i.e. opposite to our results (Boisvieux-Ulrich et al, 2000). Since mucosal cells

express K4 and K13 physiologically, the results indicate that the retinoid response is tissue specific.

Another puzzling finding is the difference between in vivo and in vitro expression of K13 (compare

paper III and IV). One would assume that K13 and K4 respond similarly to retinoids independent of

the prevailing conditions.

In addition to the activation via RARs, retinoids can regulate gene expression by inhibiting the

expression of AP-1 regulated genes. Members of AP-1 family have been shown to be distributed

differently in epidermis (Briata et al, 1993, Rossiet al, 1998). This may explain for discrepancy in

retinoid response. However, when retinoids with capacity to reduce the AP-1 activity were used in

this skin model, no change of K2e, K4, and K13 expression were observed.

The potent effects of RARα - agonists on keratin expression provide new approaches for the

treatment of disorders with disturbed keratinisation, especially since the irritative effects of

retinoids are not mediated through RARα (Chen et al, 1995, Standeven et al, 1997). However, in

patients with EHK the down-regulation of K2e may be a disadvantage.

Plans for the future

 

In the future, gene therapy will presumably provide a novel treatment of patients with EHK. A

major challenge in this context is the dominant negative effects of K1 and K10 mutations, requiring

silencing of the mutant allele. However, repression of both alleles may aggravate the disease (Chan

et al, 1994). The expression of a mutant protein via interference on the mRNA transcription or on

the posttranscription level, may be shut down by such agents as (I) anti sense RNA (Meath et al,

2000), (ii) ribozymes (Gibson and Shillitoe, 1997), and (iii) RNA interference (RNAi) (Carthew,
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2001). Another approach would be to substitute defects in the cell skeleton by other means.

Attempts have been made to transfect cells from EBS patients with desmin in vitro (Magin et al,

2000). Desmin belongs to the group of IFs and could possibly replace the keratin network.

However, we do not know how resistant this cytoskeleton will be. One advantage of this method is

that one would be able to use the same treatment for all patients without knowing their specific

mutation. 
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 Conclusions 

Several novel mutations in KRT1 or KRT10 causing epidermolytic hyperkeratosis have been

identified. The finding contributes to our understanding of the pathogenesis in this disease

A correlation, although not a strict one, has been demonstrated between mutations in KRT1 and

the appearance of palmoplantar keratoderma.

Only patients with a mutation in KRT10 seem to benefit from retinoid therapy. An undesirable

down-regulation of K2e is a possible explanation for a poor response to retinoid therapy in

patients with K1 mutations.

The upregulation of K4 mRNA and protein expression in keratinocytes in human epidermis is a

sensitive marker for retinoid bioactivity 

The regulation of K2e, K4 and K13 expression by retinoids is mainly mediated through the

nuclear receptor RARα, acting on the keratin genes.

33



Acknowledgement

This work has been carried out at the Department of Medical Sciences, Dermatology and

Venereology at Uppsala University, Sweden. I would like to express my sincere gratitude to:

Anders Vahlquist, my supervisor, for his encouragement, guidance and never ending enthusiasm. It

has been exciting to participate in the establishment of the centre for genodermatoses in Sweden.

Hans Törmä, my co-supervisor, for guidance in the complex world of retinoids and computers,

always in a friendly way.

Paul E. Bowden, for learning me about keratins, sequencing and birds. The visit in your laboratory

was an important step in this thesis,

Gerd Michaelsson and Magnus Lindberg, for letting me start in the field of dermatology and

encouraged my to do research,

Tobias Gedde-Dahl, for sharing your incredible knowledge about genodermatoses,

Ola Rollman, for chairing his knowledge about DEDs,

Inger Pihl-Lundin, for skilful technical assistance, advises and the important moments of small talk,

Eva Hagforsen, for teaching me about immunohistochemistry and introducing me to the field of

dogs,

“The lab. group”(Eva, Inger, Teresa, Tanja, Gerd, Hans, Anders, Ola and Mats) everyone as

important for the nice atmosphere in the lab and in the coffee-room.

Agneta Gånemo, for contributing to the contacts with the patients and nice friendship,

Agneta Andersson, for skilful help with the layout of the manuscripts,

The entire staff at the Department of Dermatology and Venereology, for their friendship,

professional guidance and assistance,

34



My dear parents, always there with support and a helping hand,

Anders, my husband and friend, and our sons Johan and Anton, for their love and patience,

All patients, without your contribution this would not have been possible, 

I also would to thank the Uppsala University Hospital and the Medical faculty at Uppsala

University for making it possible to study full-time during three years.

The studies were supported by grants from the Welander and Finsen Foundation, the Einar Jarl

Foundation, Glaxo Wellcome and Förenade Liv Mutual Group Life Insurance Company.

 

35



References

Allenby G, Bocquel MT, Saunders M, et al.: Retinoic acid receptors and retinoid X receptors:

interactions with endogenous retinoic acids. Proc Natl Acad Sci U S A  90: 30-34., 1993

Anton-Lamprecht I: Genetically induced abnormalities of epidermal differentiation and

ultrastructure in ichthyoses and epidermolyses: pathogenesis, heterogeneity, fetal

manifestation, and prenatal diagnosis. J Invest Dermatol  81: 149s-156s, 1983

Arin MJ, Longley MA, Anton-Lamprecht I, et al.: A novel substitution in keratin 10 in

epidermolytic hyperkeratosis. J Invest Dermatol  112: 506-508, 1999

Astrom A, Tavakkol A, Pettersson U, Cromie M, Elder JT, Voorhees JJ: Molecular cloning of two

human cellular retinoic acid-binding proteins (CRABP). Retinoic acid-induced expression of

CRABP-II but not CRABP-I in adult human skin in vivo and in skin fibroblasts in vitro. J

Biol Chem  266: 17662-17666., 1991

Bale SJ, Compton JG, DiGiovanna JJ: Epidermolytic hyperkeratosis. Semin Dermatol  12: 202-209,

1993

Basarab T, Smith FJ, Jolliffe VM, et al.: Ichthyosis bullosa of Siemens: report of a family with

evidence of a keratin 2e mutation, and a review of the literature. Br J Dermatol  140: 689-

695, 1999

Bernard BA, Bernardon JM, Delescluse C, et al.: Identification of synthetic retinoids with

selectivity for human nuclear retinoic acid receptor gamma. Biochem Biophys Res Commun

186: 977-983., 1992

Bissett DL, McBride JF, Patrick LF: Role of protein and calcium in stratum corneum cell cohesion.

Arch Dermatol Res  279: 184-189, 1987

Bloor BK, Su L, Shirlaw PJ, Morgan PR: Gene expression of differentiation-specific keratins (4/13

and 1/10) in normal human buccal mucosa. Lab Invest  78: 787-795, 1998

Boelsma E, Gibbs S, Faller C, Ponec M: Characterization and comparison of reconstructed skin

models: morphological and immunohistochemical evaluation. Acta Derm Venereol  80: 82-

88., 2000

Boisvieux-Ulrich E, Le Pechon-Vallee C, Million K, et al.: Differential effects of several retinoid

receptor-selective ligands on squamous differentiation and apoptosis in airway epithelial cells.

Cell Tissue Res  300: 67-81., 2000

Bonifas JM, Rothman AL, Epstein EH, Jr.: Epidermolysis bullosa simplex: evidence in two

families for keratin gene abnormalities. Science  254: 1202-1205., 1991

36



Bowden PE: Keratins and Other Epidermal Proteins. In: (Priestley GC eds). Molecular Aspects of

Dermatology. John Wiley &Sons Ltd, 1993, pp 19-54

Briata P, D'Anna F, Franzi AT, Gherzi R: AP-1 activity during normal human keratinocyte

differentiation: evidence for a cytosolic modulator of AP-1/DNA binding. Exp Cell Res  204:

136-146., 1993

Carthew RW: Gene silencing by double-stranded RNA. Curr Opin Cell Biol  13: 244-248., 2001

Chambon P: A decade of molecular biology of retinoic acid receptors. Faseb J  10: 940-954., 1996

Chan Y, Anton-Lamprecht I, Yu QC, et al.: A human keratin 14 "knockout": the absence of K14

leads to severe epidermolysis bullosa simplex and a function for an intermediate filament

protein. Genes Dev  8: 2574-2587, 1994

Chen JY, Penco S, Ostrowski J, et al.: RAR-specific agonist/antagonists which dissociate

transactivation and AP1 transrepression inhibit anchorage-independent cell proliferation.

Embo J  14: 1187-1197., 1995

Chen S, Ostrowski J, Whiting G, et al.: Retinoic acid receptor gamma mediates topical retinoid

efficacy and irritation in animal models. J Invest Dermatol  104: 779-783., 1995

Chipev CC, Korge BP, Markova N, et al.: A leucine----proline mutation in the H1 subdomain of

keratin 1 causes epidermolytic hyperkeratosis. Cell  70: 821-828, 1992

Chipev CC, Yang JM, DiGiovanna JJ, et al.: Preferential sites in keratin 10 that are mutated in

epidermolytic hyperkeratosis. Am J Hum Genet  54: 179-190, 1994

Collin C, Moll R, Kubicka S, Ouhayoun JP, Franke WW: Characterization of human cytokeratin 2,

an epidermal cytoskeletal protein synthesized late during differentiation. Exp Cell Res  202:

132-141., 1992

Compton JG, DiGiovanna JJ, Santucci SK, et al.: Linkage of epidermolytic hyperkeratosis to the

type II keratin gene cluster on chromosome 12q. Nat Genet  1: 301-305., 1992

Coulombe PA, Hutton ME, Letai A, Hebert A, Paller AS, Fuchs E: Point mutations in human

keratin 14 genes of epidermolysis bullosa simplex patients: genetic and functional analyses.

Cell  66: 1301-1311., 1991

Crowe DL: Retinoic acid mediates post-transcriptional regulation of keratin 19 mRNA levels. J

Cell Sci  106: 183-188, 1993

Di W, Li XY, Datta S, et al.: Keratinocyte-specific retinoid regulation of human cellular retinoic

acid binding protein-II (hCRABPII) gene promoter requires an evolutionarily conserved DR1

retinoic acid-responsive element. J Invest Dermatol  111: 1109-1115, 1998

DiGiovanna JJ, Bale SJ: Clinical heterogeneity in epidermolytic hyperkeratosis. Arch Dermatol

130: 1026-1035, 1994

37



DiSepio D, Jones A, Longley MA, Bundman D, Rothnagel JA, Roop DR: The proximal promoter

of the mouse loricrin gene contains a functional AP-1 element and directs keratinocyte-

specific but not differentiation- specific expression. J Biol Chem  270: 10792-10799., 1995

Eckert RL, Crish JF, Robinson NA: The epidermal keratinocyte as a model for the study of gene

regulation and cell differentiation. Physiol Rev  77: 397-424., 1997

Eckert RL, Welter JF: Transcription factor regulation of epidermal keratinocyte gene expression.

Mol Biol Rep  23: 59-70, 1996

Eckert RL, Yaffe MB, Crish JF, Murthy S, Rorke EA, Welter JF: Involucrin--structure and role in

envelope assembly. J Invest Dermatol  100: 613-617., 1993

Ekanayake-Mudiyanselage S, Aschauer H, Schmook FP, Jensen JM, Meingassner JG, Proksch E:

Expression of epidermal keratins and the cornified envelope protein involucrin is influenced

by permeability barrier disruption. J Invest Dermatol  111: 517-523, 1998

Ekholm IE, Brattsand M, Egelrud T: Stratum corneum tryptic enzyme in normal epidermis: a

missing link in the desquamation process? J Invest Dermatol  114: 56-63., 2000

Elder JT, Cromie MA, Griffiths CE, Chambon P, Voorhees JJ: Stimulus-selective induction of

CRABP-II mRNA: a marker for retinoic acid action in human skin. J Invest Dermatol  100:

356-359, 1993

Elias PM: Epidermal lipids, barrier function, and desquamation. J Invest Dermatol  80 Suppl: 44s-

49s., 1983

Fisher G, Talwar H, Xiao J-H, et al.: Immunological identification and functional quantitation of

retinoic acid and retinoid X receptor proteins in human skin. Journal of Biological Chemistry

269: 20629-20635, 1994

Fisher LB, Wells GC: The mitotic rate and duration in lesions of psoriasis and ichthyosis. Br J

Dermatol  80: 235-240., 1968

Frazier CN, Hu CK: Cutaneous lesions associated with a deficiency  in vitamin A in man. Arch

Intern Med 48:50-514  1931

Frost P, Weinstein GD, Bothwell JW, Wildnauer R: Ichthyosiform dermatoses. 3. Studies of

transepidermal water loss. Arch Dermatol  98: 230-233., 1968

Frost P, Weinstein GD, Van Scott EJ: The ichthyosiform dermatoses. II. Autoradiographic studies

of epidermal proliferation. J Invest Dermatol  47: 561-567., 1966

Fuchs E: The cytoskeleton and disease: genetic disorders of intermediate filaments. Annu Rev Genet

30: 197-231, 1996

Fuchs E, Esteves RA, Coulombe PA: Transgenic mice expressing a mutant keratin 10 gene reveal

the likely genetic basis for epidermolytic hyperkeratosis. Proc Natl Acad Sci U S A  89: 6906-

6910, 1992

38



Fuchs E, Green H: Changes in keratin gene expression during terminal differentiation of the

keratinocyte. Cell  19: 1033-1042., 1980

Fuchs E, Green H: Regulation of terminal differentiation of cultured human keratinocytes by

vitamin A. Cell  25: 617-625., 1981

Gatto H, Richard MH, Viac J, Charveron M, Schmitt D: Effects of retinoic acid on interleukin-1

alpha and -1 beta expression by normal human keratinocytes cultured in defined medium.

Skin Pharmacol  6: 10-19, 1993

Gibson SA, Shillitoe EJ: Ribozymes. Their functions and strategies for their use. Mol Biotechnol  7:

125-137., 1997

Giguere V: Retinoic acid receptors and cellular retinoid binding proteins: complex interplay in

retinoid signaling. Endocr Rev  15: 61-79, 1994

Giguere V, Ong ES, Segui P, Evans RM: Identification of a receptor for the morphogen retinoic

acid. Nature  330: 624-629., 1987

Gilfix BM, Eckert RL: Coordinate control by vitamin A of keratin gene expression in human

keratinocytes. J Biol Chem  260: 14026-14029, 1985

Goldsmith LA: The ichthyoses. Prog Med Genet  1: 185-210, 1976

Griffiths CE, Finkel LJ, Tranfaglia MG, Hamilton TA, Voorhees JJ: An in vivo experimental model

for effects of topical retinoic acid in human skin. Br J Dermatol  129: 389-394, 1993

Happle R, van de Kerkhof PC, Traupe H: Retinoids in disorders of keratinization: their use in

adults. Dermatologica  175: 107-124, 1987

Heid CA, Stevens J, Livak KJ, Williams PM: Real time quantitative PCR. Genome Res  6: 986-994,

1996

Hofmann B, Stege H, Ruzicka T, Lehmann P: Effect of topical tazarotene in the treatment of

congenital ichthyoses. Br J Dermatol  141: 642-646, 1999

Hohl D, Mehrel T, Lichti U, Turner ML, Roop DR, Steinert PM: Characterization of human

loricrin. Structure and function of a new class of epidermal cell envelope proteins. J Biol

Chem  266: 6626-6636., 1991

Holbrook KA, Dale BA, Sybert VP, Sagebiel RW: Epidermolytic hyperkeratosis: ultrastructure and

biochemistry of skin and amniotic fluid cells from two affected fetuses and a newborn infant.

J Invest Dermatol  80: 222-227, 1983

Humphries JD, Parry EJ, Watson RE, Garrod DR, Griffiths CE: All-trans retinoic acid

compromises desmosome expression in human epidermis. Br J Dermatol  139: 577-584.,

1998

Hutton E, Paladini RD, Yu QC, Yen M, Coulombe PA, Fuchs E: Functional differences between

keratins of stratified and simple epithelia. J Cell Biol  143: 487-499, 1998

39



Irvine AD, McLean WH: Human keratin diseases: the increasing spectrum of disease and subtlety

of the phenotype-genotype correlation. Br J Dermatol  140: 815-828, 1999

Ishida-Yamamoto A, Iizuka H: Structural organization of cornified cell envelopes and alterations in

inherited skin disorders. Exp Dermatol  7: 1-10., 1998

Ishida-Yamamoto A, McGrath JA, Chapman SJ, Leigh IM, Lane EB, Eady RA: Epidermolysis

bullosa simplex (Dowling-Meara type) is a genetic disease characterized by an abnormal

keratin-filament network involving keratins K5 and K14. J Invest Dermatol  97: 959-968.,

1991

Ishida-Yamamoto A, McGrath JA, Judge MR, Leigh IM, Lane EB, Eady RA: Selective

involvement of keratins K1 and K10 in the cytoskeletal abnormality of epidermolytic

hyperkeratosis (bullous congenital ichthyosiform erythroderma). J Invest Dermatol  99: 19-

26, 1992

Joh GY, Traupe H, Metze D, et al.: A novel dinucleotide mutation in keratin 10 in the annular

epidermolytic ichthyosis variant of bullous congenital ichthyosiform erythroderma. J Invest

Dermatol  108: 357-361, 1997

Jones DO, Watts C, Mills C, Sharpe G, Marks R, Bowden PE: A new keratin 2e mutation in

ichthyosis bullosa of Siemens. J Invest Dermatol  108: 354-356, 1997

Kang SW, Duell EA, Fisher GJ, et al.: Application of retinol to human skin in vivo induces

epidermal hyperplasia and cellular retinoid binding proteins characteristic of retinoic acid but

without measurable retinoic acid levels or irritation. J Invest Dermatol  105: 549-556, 1995

Kanitakis J, Hoyo E, Chouvet B, Thivolet J, Faure M, Claudy A: Keratinocyte proliferation in

epidermal keratinocyte disorders evaluated through PCNA/cyclin immunolabelling and

AgNOR counting. Acta Derm Venereol  73: 370-375., 1993

Kliewer SA, Umesono K, Mangelsdorf DJ, Evans RM: Retinoid X receptor interacts with nuclear

receptors in retinoic acid, thyroid hormone and vitamin D3 signalling. Nature  355: 446-449.,

1992

Korger B, Stadler R, Mischke D: Effects of retinoids on Hyperproliferation-Associated Keratins K6

and K16 in Cultured Human Keratinocytes: A Quantitative Analysis. J Invest Dermatol

95:450-455, 1990

Kremer H, Lavrijsen AP, McLean WH, et al.: An atypical form of bullous congenital ichthyosiform

erythroderma is caused by a mutation in the L12 linker region of keratin 1. J Invest Dermatol

111: 1224-1226, 1998

Leask A, Byrne C, Fuchs E: Transcription factor AP2 and its role in epidermal-specific gene

expression. Proc Natl Acad Sci U S A  88: 7948-7952, 1991

40



Leid M, Kastner P, Lyons R, et al.: Purification, cloning, and RXR identity of the HeLa cell factor

with which RAR or TR heterodimerizes to bind target sequences efficiently. Cell  68: 377-

395., 1992

Leigh IM, Navsaria H, Purkis PE, McKay IA, Bowden PE, Riddle PN: Keratins (K16 and K17) as

markers of keratinocyte hyperproliferation in psoriasis in vivo and in vitro. Br J Dermatol

133: 501-511., 1995

Levin AA, Sturznbecker LJ, Kazmer S, Boskowski T, Huselton C, Allenby G, Speck J, Kratzeisen,

Rosenberger M, Lovey A, Grippo J: 9-cis retnoic acid stereoisomer binds and activates the

nuclear receptor RXRα. Nature 355: 359-361, 1992

Love JM , Gudas LJ: Vitamin A, diffefentiation and cancer. Current Opinion in Cell Biology  6:

825-831, 1994

Lu B, Rothnagel JA, Longley MA, Tsai SY, Roop DR: Differentiation-specific expression of

human keratin 1 is mediated by a composite AP-1/steroid hormone element. J Biol Chem

269: 7443-7449, 1994

Lundstrom A, Egelrud T: Cell shedding from human plantar skin in vitro: evidence of its

dependence on endogenous proteolysis. J Invest Dermatol  91: 340-343., 1988

Lynley AM, Dale BA: The characterization of human epidermal filaggrin. A histidine-rich, keratin

filament-aggregating protein. Biochim Biophys Acta  744: 28-35., 1983

Magin TM, Kaiser HW, Leitgeb S, et al.: Supplementation of a mutant keratin by stable expression

of desmin in cultured human EBS keratinocytes. J Cell Sci  113 Pt 23: 4231-4239., 2000

Marks R, Finlay AY, Holt PJ: Severe disorders of keratinization: effects of treatment with Tigason

(etretinate). Br J Dermatol  104: 667-673, 1981

Martin B, Bernardon JM, Cavey MT, et al.: Selective synthetic ligands for human nuclear retinoic

acid receptors. Skin Pharmacol  5: 57-65, 1992

McKay IA, Leigh IM: Epidermal cytokines and their roles in cutaneous wound healing. Br J

Dermatol  124: 513-518., 1991

McLean WH, Morley SM, Higgins C, et al.: Novel and recurrent mutations in keratin 10 causing

bullous congenital ichthyosiform erythroderma. Exp Dermatol  8: 120-123, 1999

Mehrel T, Hohl D, Rothnagel JA, et al.: Identification of a major keratinocyte cell envelope protein,

loricrin. Cell  61: 1103-1112., 1990

Mehta RC, Stecker KK, Cooper SR, et al.: Intercellular adhesion molecule-1 suppression in skin by

topical delivery of anti-sense oligonucleotides. J Invest Dermatol  115: 805-812., 2000

Moll R, Franke WW, Volc-Platzer B, Krepler R: Different keratin polypeptides in epidermis and

other epithelia of human skin: a specific cytokeratin of molecular weight 46,000 in epithelia

of the pilosebaceous tract and basal cell epitheliomas. J Cell Biol  95: 285-295., 1982

41



Moss C: Cytogenetic and molecular evidence for cutaneous mosaicism: the ectodermal origin of

Blaschko lines. Am J Med Genet  85: 330-333, 1999

Nagpal S, Chandraratna R: Retinoids as anti-cancer agents. Current Pharmaceutical Design  2:

295-316, 1996

Navarro JM, Casatorres J, Jorcano JL: Elements controlling the expression and induction of the skin

hyperproliferation-associated keratin K6. J Biol Chem  270: 21362-21367, 1995

Nazzaro V, Ermacora E, Santucci B, Caputo R: Epidermolytic hyperkeratosis: generalized form in

children from parents with systematized linear form. Br J Dermatol  122: 417-422, 1990

Nelson WG, Sun TT: The 50- and 58-kdalton keratin classes as molecular markers for stratified

squamous epithelia: cell culture studies. J Cell Biol  97: 244-251., 1983

Paller AS, Syder AJ, Chan YM, et al.: Genetic and clinical mosaicism in a type of epidermal nevus.

N Engl J Med  331: 1408-1415., 1994

Peck GL, Elias PM, Wetzel B: Effects of retinoic acid on embryonic chick skin. J Invest Dermatol

69: 463-476., 1977

Petkovich M, Brand NJ, Krust A, Chambon P: A human retinoic acid receptor which belongs to the

family of nuclear receptors. Nature  330: 444-450., 1987

Pfahl M: Nuclear receptor/AP-1 interaction. Endocr Rev  14: 651-658., 1993

Porter RM, Leitgeb S, Melton DW, Swensson O, Eady RA, Magin TM: Gene targeting at the

mouse cytokeratin 10 locus: severe skin fragility and changes of cytokeratin expression in the

epidermis. J Cell Biol  132: 925-936, 1996

Porter RM, Reichelt J, Lunny DP, Magin TM, Lane EB: The relationship between

hyperproliferation and epidermal thickening in a mouse model for BCIE. J Invest Dermatol

110: 951-957, 1998

Prunieras M, Regnier M, Woodley D: Methods for cultivation of keratinocytes with an air-liquid

interface. J Invest Dermatol  81: 28s-33s., 1983

Radoja N, Diaz DV, Minars TJ, Freedberg IM, Blumenberg M, Tomic-Canic M: Specific

organization of the negative response elements for retinoic acid and thyroid hormone

receptors in keratin gene family. J Invest Dermatol  109: 566-572., 1997

Raisher BD, Gulick T, Zhang Z, Strauss AW, Moore DD, Kelly DP: Identification of a novel

retinoid-responsive element in the promoter region of the medium chain acyl-coenzyme A

dehydrogenase gene. J Biol Chem  267: 20264-20269., 1992

Regnier M, Asselineau D, Lenoir MC: Human epidermis reconstructed on dermal substrates in

vitro: an alternative to animals in skin pharmacology. Skin Pharmacol  3: 70-85, 1990

Reichelt J, Bauer C, Porter R, Lane E, Magin V: Out of balance: consequences of a partial keratin

10 knockout. J Cell Sci  110: 2175-2186, 1997

42



Reichelt J, Doering T, Schnetz E, Fartasch M, Sandhoff K, Magin AM: Normal ultrastructure, but

altered stratum corneum lipid and protein composition in a mouse model for epidermolytic

hyperkeratosis. J Invest Dermatol  113: 329-334, 1999

Rikimaru K, Moles JP, Watt FM: Correlation between hyperproliferation and suprabasal integrin

expression in human epidermis reconstituted in culture. Exp Dermatol  6: 214-221., 1997

Rosenberg M, Fuchs E, Le Beau MM, Eddy RL, Shows TB: Three epidermal and one simple

epithelial type II keratin genes map to human chromosome 12. Cytogenet Cell Genet  57: 33-

38, 1991

Rosenberg M, RayChaudhury A, Shows TB, Le Beau MM, Fuchs E: A group of type I keratin

genes on human chromosome 17: characterization and expression. Mol Cell Biol  8: 722-736.,

1988

Rosenthal DS, Griffiths CE, Yuspa SH, Roop DR, Voorhees JJ: Acute or chronic topical retinoic

acid treatment of human skin in vivo alters the expression of epidermal transglutaminase,

loricrin, involucrin, filaggrin, and keratins 6 and 13 but not keratins 1, 10, and 14 [published

erratum appears in J Invest Dermatol;99:145]. J Invest Dermatol  98: 343-350, 1992

Rossi A, Jang SI, Ceci R, Steinert PM, Markova NG: Effect of AP1 transcription factors on the

regulation of transcription in normal human epidermal keratinocytes. J Invest Dermatol  110:

34-40., 1998

Rothnagel JA, Dominey AM, Dempsey LD, et al.: Mutations in the rod domains of keratins 1 and

10 in epidermolytic hyperkeratosis. Science  257: 1128-1130, 1992

Rothnagel JA, Greenhalgh DA, Wang XJ, et al.: Transgenic models of skin diseases. Arch

Dermatol  129: 1430-1436, 1993

Rugg EL, Rachet-Prehu MO, Rochat A, et al.: Donor splice site mutation in keratin 5 causes in-

frame removal of 22 amino acids of H1 and 1A rod domains in Dowling-Meara epidermolysis

bullosa simplex. Eur J Hum Genet  7: 293-300, 1999

Ruiz-Maldonado R, Tamayo-Sanchez L, Orozco-Covarrubias ML: The use of retinoids in the

pediatric patient. Dermatol Clin  16: 553-569, 1998

Schon M, Rheinwald JG: A limited role for retinoic acid and retinoic acid receptors RAR alpha and

RAR beta in regulating keratin 19 expression and keratinization in oral and epidermal

keratinocytes. J Invest Dermatol  107: 428-438, 1996

Simon M, Haftek M, Sebbag M, et al.: Evidence that filaggrin is a component of cornified cell

envelopes in human plantar epidermis. Biochem J  317: 173-177., 1996

Sinha S, Degenstein L, Copenhaver C, Fuchs E: Defining the regulatory factors required for

epidermal gene expression. Mol Cell Biol  20: 2543-2555., 2000

43



Smith FJ, McKenna KE, Irvine AD, et al.: A mutation detection strategy for the human keratin 6A

gene and novel missense mutations in two cases of pachyonychia congenita type 1. Exp

Dermatol  8: 109-114., 1999

Standeven AM, Teng M, Chandraratna RA: Lack of involvement of retinoic acid receptor alpha in

retinoid-induced skin irritation in hairless mice. Toxicol Lett  92: 231-240., 1997

Steijlen PM, van Dooren-Greebe RJ, Happle R, Van de Kerkhof PC: Ichthyosis bullosa of Siemens

responds well to low-dosage oral retinoids. Br J Dermatol  125: 469-471, 1991

Steinert PM, Marekov LN: The proteins elafin, filaggrin, keratin intermediate filaments, loricrin,

and small proline-rich proteins 1 and 2 are isodipeptide cross-linked components of the

human epidermal cornified cell envelope. J Biol Chem  270: 17702-17711., 1995

Steinert PM, Roop DR: Molecular and cellular biology of intermediate filaments. Annu Rev

Biochem  57: 593-625, 1988

Stephens K, Ehrlich P, Weaver M, Le R, Spencer A, Sybert VP: Primers for exon-specific

amplification of the KRT5 gene: identification of novel and recurrent mutations in

epidermolysis bullosa simplex patients. J Invest Dermatol  108: 349-353, 1997

Stewart M: Intermediate filament structure and assembly. Curr Opin Cell Biol  5: 3-11., 1993

Takahashi H, Iizuka H: Analysis of the 5'-upstream promoter region of human involucrin gene:

activation by 12-O-tetradecanoylphorbol-13-acetate. J Invest Dermatol  100: 10-15., 1993

Tomic-Canic M, Freedberg IM, Blumenberg M: Codominant regulation of keratin gene expression

by cell surface receptors and nuclear receptors. Exp Cell Res  224: 96-102., 1996

Tomic-Canic M, Sunjevaric I, Freedberg IM, Blumenberg M: Identification of the retinoic acid and

thyroid hormone receptor responsive element in the human k14 keratin gene. J Invest

Dermatol  99: 842-847, 1992

Tomie-Canic M, Day D, Samuels HH, Freedberg IM, Blumenberg M: Novel regulation of keratin

gene expression by thyroid hormone and retinoid receptors. J Biol Chem  271: 1416-1423,

1996

Törmä H, Karlsson T, Michaelsson G, Rollman O, Vahlquist A: Decreased mRNA levels of

retinoic acid receptor alpha, retinoid X receptor alpha and thyroid hormone receptor alpha in

lesional psoriatic skin [see comments]. Acta Derm Venereol  80: 4-9, 2000

Törmä H, Rollman O, Vahlquist A: Detection of mRNA transcripts for retinoic acid, vitamin D3,

and thyroid hormone (c-erb-A) nuclear receptors in human skin using reverse transcription

and polymerase chain reaction. Acta Derm Venereol  73: 102-107, 1993

Vahlquist A: Role of retinoids in normal and diseased skin. In: (R.Blomhoff eds). Vitamin A in

health and in disease. Marcel Dekker, 1994, pp 365-424

Vahlquist A, Törmä H: Retinoids and Keratinization. International J of Dermatol 27:81-95, 1988

44



Vahlquist A: Vitamin A in human skin: I. Detection and identification of retinoids in normal

epidermis. J Invest Dermatol  79: 89-93, 1982

Vassar R, Coulombe PA, Degenstein L, Albers K, Fuchs E: Mutant keratin expression in transgenic

mice causes marked abnormalities resembling a human genetic skin disease. Cell  64: 365-

380., 1991

Weiss RA, Eichner R, Sun TT: Monoclonal antibody analysis of keratin expression in epidermal

diseases: a 48- and 56-kdalton keratin as molecular markers for hyperproliferative

keratinocytes. J Cell Biol  98: 1397-1406., 1984

Wollbach SB, Howe PR: Tissue change following deprivation of fat soluble A vitamin. J Exp Med

42:753-777  1925

Wu Y, Rees J: Variation in Epidermal Housekeeping Gene Expression in Different Pathological

States. Acta derm Venereol 80: 2-3, 2000

Xiao JH, Feng X, Di W, et al.: Identification of heparin-binding EGF-like growth factor as a target

in intercellular regulation of epidermal basal cell growth by suprabasal retinoic acid receptors.

Embo J  18: 1539-1548., 1999

45


	ABSTRACT
	Papers:
	Contents
	ABBREVIATIONS
	Introduction
	The skin
	Keratins
	Inherited disorders of keratinisation
	Epidermolytic Hyperkeratosis
	Retinoids

	Aims of this study
	Material and Methods
	Patients (paper I-II)
	DNA sequencing (paper I)
	Immunohistochemistry (paper II-IV)
	Real-time quantitative polymerase chain reaction (paper II-IV)
	Reconstructed epidermal skin model

	Present studies and Results
	Paper I
	Paper II
	Paper III
	Paper IV

	Discussion
	Conclusions
	Acknowledgement
	References



