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ABSTRACT
Karlsson, T. 2002. Studies on vitamin A signaling in psoriasis: A comparison between normal
and psoriatic keratinocytes. Acta Universitatis Upsaliensis. Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1155. 63 pp. Uppsala. ISBN 91-554-
5317-1.

Vitamin A and metabolites (retinoids) are crucial for normal epidermal maturation.
Physiological effects are mediated by retinoic acid (RA) that activates nuclear retinoic acid
receptors (RARs) in complexes with retinoid X receptors (RXRs), resulting in altered gene
transcription.

Psoriasis is a common disease with unknown etiology. Lesions display inflammation,
hyperproliferation, and disturbed epidermal maturation. Treatments include topical or oral
synthetic retinoids that allegedly bind to and activate the RARs.

The mRNA expression of retinoid receptors RARα/γ and RXRα was studied in normal and
psoriatic skin samples. RARα  and RXRα were significantly reduced in psoriatic plaques as
compared to non-lesional and normal skin. In situ immunofluorescence detection revealed
altered distribution patterns of the receptor proteins in lesional skin. All three receptor
proteins were more intensely detected in the lower half of the epidermis but were significantly
reduced in the superficial epidermis compared to both normal and non-lesional skin.

In order to evaluate the retinoid signaling system in psoriatic lesions, we compared the
effect of topical RA on the expression of the cellular RA-binding protein II (CRABPII) in
psoriatic and normal skin. CRABPII was induced by RA on mRNA and protein level in non-
lesional and normal skin but not in lesional skin, where the basal expression of CRABPII was
already up-regulated.

Changes in retinoid signaling during keratinocyte differentiation in vitro were studied by
measuring retinoid receptor and RAR-ligand levels. Exposure to differentiation-inducing
levels of calcium, phorbol myristate acetate (PMA) or interferon-γ (IFNγ) led to increased
RAR-ligand levels but PMA and IFNγ caused receptor protein loss due to increased
proteasomal degradation. Since an increased IFNγ level is a hallmark of psoriatic
inflammation, this might be a cause of altered retinoid signaling in lesional epidermis.

Conclusion: Keratinocyte differentiation is accompanied by alterations in the retinoid
signaling system. In psoriatic lesions, this system appears to be dysfunctioning due to reduced
retinoid receptor levels, which might be an important event in the pathogenesis of the disease.
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To my mother.

   ‘Forty-two!’ yelled Loonquawl. ‘Is that all

you have to show for seven and a half million

years’ work?’

   ‘I’ve checked things very thoroughly,’ said

the computer, ‘and that quite definitely is the

answer. I think the problem, to be quite honest

with you, is that you’ve never actually known

what the question is.’

Douglas Adams – “The Hitchhiker’s Guide to the

Galaxy”
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ABBREVIATIONS

ADH alcohol dehydrogenase

AP-1 activator protein-1

CRABP cellular retinoic acid-binding protein

CRBP cellular retinol-binding protein

CYP cytochrome p450

GAPDH glyceraldehyde-3-phosphate dehydrogenase

IFNγ interferon-γ

LXR liver X receptor

NF-κB nuclear factor-κB

NR nuclear receptor

PCR polymerase chain-reaction

PMA phorbol 12-myristate 13-acetate

PPAR peroxisome proliferator-activated receptor

RA retinoic acid

Ral retinal

RAR retinoic acid receptor

RARE retinoic acid response element

RE retinyl ester

RoDH retinoldehydrogenase

ROH retinol

RXR retinoid X receptor

TGase 1 transglutaminase type 1

TR thyroid hormone receptor

VDR vitamin D receptor
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INTRODUCTION

The skin

The skin is the largest organ of the human body, constituting a physical barrier

between the organism and its environment. Two major tissue layers are

conventionally recognized as constituting human skin. The outer layer is the

epidermis, a stratified cornified epithelium that varies relatively little in thickness

(75−150 µm) and provides protection against dehydration and all the mechanical,

chemical and microbial variables without. Underlying the epidermis is a dense

connective tissue called the dermis, which constitutes the principle mass of the skin.

The dermis supports extensive vascular and nerve networks and encloses sweat

glands and keratinized appendage structures, such as hair and sebaceous glands.

Subcutaneous fat is found beneath the dermis.

The major cell type of the epidermis is the keratinocyte that undergoes the process of

terminal differentiation while migrating upwards to form the outermost, protective

barrier (reviewed in [1]). Subpopulations of immigrant dendritic cell types are also

found: melanocytes, which synthesize melanin and give skin its color, residing in the

basal layer of the epidermis, and Langerhans cells, assumed to be specialized

monocytes derived from the bone marrow and found in suprabasal layers where

they are involved in capturing antigens and present them to the immune system.

The epidermis is conventionally subdivided into four keratinocyte compartments,

each of which is different with respect to cell morphology and biochemical

characteristics (Figure 1). Stratum basale is the basal layer and contains stem cells

and transient amplifying keratinocytes. Keratinocytes in this layer express the

structural proteins keratin 5 (K5) and 14 (K14) that form the cytoskeleton. Cells that

are committed to differentiation enter the overlying stratum spinosum, which

comprises several layers of polyhedral cells that express early differentiation markers

keratin 1 (K1) and 10 (K10). Also, involucrin (a precursor protein of the cornified cell

envelope [2]) and transglutaminase (TGase) 1 are synthesized in this layer. Stratum

granulosum is a layer of flattened cells expressing loricrin and containing distinctive

cytoplasmic inclusions, keratohyalin granules, which comprise profilaggrin. Loricrin

is crosslinked with involucrin and small proline-rich protein by enzymes TGase 1

and 3 to form the cornified envelope beneath the cell membrane. The outermost
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compartment is stratum corneum, layers of anucleate thin, flat squames that are

terminally differentiated keratinocytes and that are continuously shed from the

surface as they are replaced from below. The time of transit for a keratinocyte from

the basal layer to its desquamation averages one month.

Normal epidermal homeostasis is dependent on a balance between proliferation,

differentiation and desquamation. Multiple agents such as cytokines, growth factors,

calcium, vitamins A and D, and steroids are important in controlling the balance, as

they act to either enhance or suppress keratinocyte proliferation or differentiation [1].

Figure 1. Epidermal keratinocyte differentiation. TGase 1, transglutaminase 1; K, keratin.

Psoriasis

Etiology and definition

Psoriasis is a chronic, complex disease that affects about 2% of the population in

Europe and North America. Although the etiology is still unclear, the evidence for a

genetic susceptibility is compelling with a strong association to certain HLA markers

[3]. Approximately one third of all patients show a family history of psoriasis, but

there is no apparent simple pattern of dominant or recessive inheritance [4-6].

Accumulating data indicate that psoriasis is a multifactorial disorder where
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polygenetic factors predispose to the development of the disease when triggered by

environmental factors such as trauma, stress, drugs and infections [7]. Psoriasis

varies in severity from the trivial to the life-threatening, including plaque, guttate,

generalized pustular and localized clinical presentation patterns with or without

arthritis and nail involvement. Plaque psoriasis is the most common form and is

readily recognized by well-defined lesions on elbows, knees, scalp, or sacrum.

Lesional skin is red, thickened, and scaly and normal skin barrier function is

impaired, resulting in abnormal trans-epidermal water loss [8, 9].

Pathogenesis

On the histological level, lesional psoriatic skin displays characteristic pathological

features: disturbed keratinocyte proliferation and differentiation, dermal

neovascularization and dilatation of dermal capillaries, and infiltration of

inflammatory cells into the skin (Figure 2).

Figure 2. Histopathology of psoriatic skin.

The epidermis is hyperplastic and thickened due to keratinocyte hyperproliferation

and abnormal differentiation. The cell cycle of a proliferating keratinocyte is

abnormally short, and the maturation and shedding phase lasts for four instead of 28

days [10] and, in addition, the number of dividing cells is increased. The cornified

layer becomes thicker and disorganized, with corneocytes retaining their nuclei
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(parakeratosis). Stratum granulosum is lost while keratinocytes express other

proteins similar to those seen during wound healing, e.g., keratins 6 and 16 [11].

Dilatation and “leakiness” of the dermal capillaries leads to the infiltration of T-

lymphocytes in dermal papillae as well as epidermal layers, and neutrophils

accumulate in micro-abscesses in stratum corneum.

The initiating event or target cell of the primary defect in psoriasis is not known. A

complex mixture of growth factors and cytokines produced by inflammatory cells,

keratinocytes, and fibroblasts is induced in psoriatic lesions [11, 12] and inflammation

appears to be a key component. Reciprocal interactions between epidermal

keratinocytes and inflammatory cells is a commonly accepted model, where T-cell-

derived cytokines stimulate keratinocyte mitogenesis and the release of keratinocyte-

derived cytokines, which, in turn, act in an autocrine or paracrine manner or activate

T-cells to release additional cytokines, etc. [7]. The contribution from dermal

fibroblasts is likely significant in this complex cellular interplay and the pathogenesis

of psoriasis. Psoriatic fibroblasts (as well as psoriatic keratinocytes) hyperproduce

growth factors that stimulate endothelial mitogenesis [12] and the proliferation of

keratinocytes [13, 14].

Therapies

Psoriasis therapy is usually designed individually according to the severity of the

disease, which is related both to the percentage of body surface involved and the

intensity and location of the lesions. Milder forms may be successfully treated with

topical corticosteroids, synthetic vitamin D3-analogs (calcipotriol), and synthetic

vitamin A derivatives (tazarotene) [11, 15, 16]. In more severe cases, UV irradiation

and/or systemic or oral therapies are required. Retinoids (acitretin), methotrexate,

and powerful immunosuppressive agents such as cyclosporine are efficient in this

respect.

The various treatments aim at either correcting the aberrant keratinocyte

proliferation and differentiation or suppressing inflammation, or both. Methotrexate

and cyclosporine are both potent immunosuppressants. Glucocorticoids exhibit

potent anti-inflammatory activity [17], probably by inhibition of activator protein 1

(AP-1) and nuclear factor-κB (NF-κB). Vitamin D derivatives and retinoids have

beneficial effects on all three major skin manifestations in psoriasis, i.e., they inhibit

keratinocyte proliferation, normalize differentiation, and suppress inflammation [11].
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The actions of retinoids, in particular, are likely the result of negative regulation of

many genes that are aberrantly expressed in psoriatic lesions [15, 18].

Vitamin A – a vital vitamin

Historical background

Vitamin A (retinol) and its metabolites are lipid-soluble molecules that serve as

physiological regulators of the growth and differentiation of many types of cells. The

importance of these substances is demonstrated by the manifestations of vitamin A

deficiency, a multisystem condition leading to growth arrest, increased susceptibility

to infections, infertility and night blindness. In addition, animals deprived of

adequate vitamin A develop skin abnormalities, such as hyperkeratosis, resembling

the manifestations of many dermatological disorders [19].

Vitamin A was first identified in 1913 by nutrition pioneer E. V. McCollum, as a fat-

soluble component in lipid-rich food that could reconstitute the growth-arrest

developing in rats put on a fat-free diet. In 1931, this vitamin A activity (so denoted

to distinguish it from water-soluble “vitamin B activity”) was attributed to a single

molecular species now known as retinol. In 1937, the Nobel Prize in Chemistry was

awarded to Paul Karrer for determining the chemical structure of vitamin A. Further

studies by Wald during the 1930s demonstrated that vitamin A was involved in

phototransduction; for his extensive work in this area, Wald was awarded the Nobel

Prize in Physiology or Medicine in 1967. It soon became obvious that the biology of

vitamin A activity involves metabolic conversion; the chromophore of vertebrate

visual pigment was identified as retinaldehyde (11-cis-retinal) in 1944. Furthermore,

retinoic acid (RA), the acid derivative of vitamin A, was synthesized in the 1940s and

demonstrated to be more potent than retinol in reversing most manifestations of

vitamin A-deficiency, including the cutaneous abnormalities, which suggested that

retinoic acid was active in this tissue. This finding, in combination with the observed

similarities between the cutaneous vitamin A-deficiency symptoms and several

dermatological disorders, promoted the initiation of extensive clinical testings that

have led to the use of retinoids as powerful therapeutic agents in dermatological

health care [20].

The discovery of the nuclear retinoid receptor (RAR) in the 1980s was an important

breakthrough in the field of vitamin A signaling, since it provided a mechanism
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behind the biological effects of retinoids [21, 22]. It was found that the receptor is

activated upon binding of retinoic acid and then binds to DNA, thus acting as a

ligand-dependent transcription factor to alter the expression of many genes. This was

analogous to the regulation by many other lipid-soluble hormones, e. g., vitamin D,

glucocorticoids, estrogen, and thyroid hormone.

What is a retinoid?

The early definition of a “retinoid” was based on chemical structure in a very

orthodox manner, which included only a limited range of natural compounds. Soon

enough, it became obvious that one could synthesize substances that did not fit this

conventional definition yet displayed higher bio-activity than any naturally

occurring retinoid in a variety of assays. Today, the term “retinoid” has been

redefined as a compound that can elicit specific biologic responses by binding to and

activating a specific receptor or set of receptors, with the program for the biologic

response residing in the receptor rather than in the retinoid ligand itself [23]. This

includes a variety of both natural and synthetic compounds, some of which are

strikingly heterologous in structure. The structures of some retinoids that will be

mentioned in this thesis are displayed in Figure 3.

Uptake, metabolism, and transport

Since animal cells are incapable of synthesizing retinol, the required retinol is

supplied with the diet, either as the precursor β-carotene found in vegetables or

retinyl esters present in animal food. Retinyl esters are hydrolyzed to retinol and free

fatty acids in the intestinal lumen before absorption, while β-carotene readily diffuses

directly into the intestinal epithelial cells. The subsequent oxidation of β-carotene by

a specific dioxygenase is a key control point and regulates the overall production of

retinol. Oxidation of β-carotene generates two molecules of retinal that are

immediately reduced into retinol by a retinal reductase [24]. A cytosolic binding

protein (cellular retinol-binding protein-II, CRBPII) that binds both retinal and

retinol is important in this enzymatic process, and also serves to stabilize the retinol

molecule from spontaneous inactivation in the aqueous surroundings [25]. CRBPII is

abundantly and almost exclusively expressed in cells of the small intestine [26, 27].

The CRBP II-retinol complex serves as a substrate for the conversion of retinol into

retinyl esters, catalyzed by the enzyme lecitin-retinol acyl transferase (LRAT) [28].

The retinyl esters are subsequently incorporated into chylomicrons, which enter the
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systemic circulation, are partially degraded and ultimately cleared by the liver.

Hepatic lysosomal hydrolases convert the retinyl esters into free retinol that

associates with the highly specific cellular retinol-binding protein (CRBPI), which is

abundantly expressed in hepatocytes and shares homology with the intestinal

CRBPII.

Figure 3. Structures of some natural and synthetic retinoids.

The fate of the retinol-CRBP complex in the liver depends on the nutritional status of

the animal. Under normal conditions, the retinol is esterified by hepatic LRAT and

added to the hepatic retinyl ester stores in stellate cells [29]. At times of diminished

supply of dietary retinol, these stores are utilized to generate free retinol by

hydrolysis, and the molecule is transferred to a plasma retinol-binding protein (RBP)

and released into the circulation (reviewed in [30]). In human plasma, the

concentration of retinol-RBP ranges between 2 and 3 µM [31] and this complex is the

primary source for peripheral retinoid metabolism. Human plasma also contains

considerably lower levels (4-14 nM) of RA [29], primarily bound to serum albumin

[30, 32].
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Retinoid metabolism in target tissues

It is generally accepted that RA and other biologically active retinoids are generated

in the target cell by metabolism of retinol delivered from the circulation. For instance,

it has been demonstrated that retinol must be converted to RA in order to exhibit

biological activity in human keratinocytes [33]. The target cell is also the place for

metabolic inactivation of RA. Thus, it is likely that the extent and efficacy of the local

metabolism dictate the outcome of retinoid action in a particular target cell. The

metabolism and actions of retinoids in embryonal development and the visual cycle

are separate issues and have been the subject of many excellent reviews (e.g., [34-36]).

This and the following chapter will focus mainly on the epidermal keratinocyte as a

retinoid target cell and the metabolic and signaling processes that take place there

(also depicted in Figure 4). Although most events are general for retinoid responsive

tissues, others are specific, as will be pointed out.

Retinoic acid biosynthesis

The mechanism for peripheral retinol uptake is not well known, but might involve

unspecific, transmembrane diffusion [37] or a specific, cell-surface receptor for RBP

[38]. There is evidence suggesting that at least the in vitro uptake of retinol from the

dermal capillary blood supply by human keratinocytes is mediated by an RBP-

binding cell-surface receptor [39]. Once inside, retinol binds to CRBPI and is either

esterified by LRAT and utilized for local storage (if the need for active retinoids is

little) or rapidly oxidized to generate RA. In the human epidermis, LRAT activity is

highest in basal keratinocytes [40], implying a greater storage capacity of retinoids in

these cells. Still, basal LRAT activity is low but is induced by exogenous retinoids in

vitro [40] and in vivo [41].

The synthesis of RA is a tightly controlled two-step oxidative process, starting with

the reversible and, presumably, rate-limiting conversion of retinol to retinal.

Considerable research has focused on this metabolic reaction and has raised

controversy over the enzymatic species involved (reviewed in [42] or [43]). Most cells

contain nonspecific cytosolic alcohol dehydrogenases (ADHs) that are potential

candidates. Human class IV ADHs readily convert retinol to retinal in vitro [44] and

the mouse class IV ADH has been localized in the skin [45]. However, since this

enzyme does not utilize CRBP-bound retinol, which is the major form of retinol in

the cell, its physiological significance as a retinol dehydrogenase is debatable. In
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addition, genetic studies on Adh4 knock-out mice did not reveal any abnormalities

under normal conditions [46]. The short-chain dehydrogenases/reductases (SDRs)

are a family of highly divergent microsomal enzymes [47] that include several

members that recognize CRBP-retinol as a substrate [42]. One of these, RoDH4/h-

RDH-E, has been identified in the human epidermis [48]. In addition, some

cytochrome-p450 enzymes (CYPs) also convert retinol into retinal but do so with

kinetics that are unlikely to be of physiological relevance [42].

The second step − the oxidation of retinal to RA by cytosolic retinal dehydrogenases

− is irreversible, which explains why the administration of RA to vitamin A-deficient

animals results in neither retinal and retinol production for storage nor in reversal of

visual defects (since 11-cis-retinal cannot be generated). The retinal dehydrogenases

that have been studied most include human ALDH1 and RALDH2 [42], and the

latter, at least, is expressed in the epidermis [49]. Since CRBP does not bind RA, the

final oxidation step causes dissociation of the retinal-CRBP complex and RA is

transferred to cytosolic RA-binding proteins, CRABPs.

Figure 4. Retinoid metabolism in the epidermal keratinocyte. Local synthesis and degradation of RA is outlined,

including potential enzymes and interactions with retinoid binding proteins (see text for details). LRAT, lecitein

acyl-transferase; REH, retinylster hydrolase; RoDH, retinoldehydrogenase; RalDH, retinaldehydrogenase;

CYP26, cytochrome-p450 26; CRBP, cellular retinol-binding protein; CRABP, cellular RA-binding protein.
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Cellular retinoic acid-binding proteins

The CRABPs (type I and type II) bind RA and some of its metabolites but reject

retinol and retinal. Initially, CRABP was assigned a role in sequestering RA in the

cytosol to protect it, acting as a buffer and controlling the delivery of RA to the

nucleus [50, 51]. This has been partially revised since the discovery that CRABPI and

II are highly homologous but separate protein species with apparently divergent

functions, but the unveiling of the CRABPs true physiological functions have likely

only begun.

Clues to the divergent functions of the two CRABPs might be found in their different

expression patterns and different binding affinities for RA. Generally, tissues that do

not synthesize but might respond to RA (RA sensitive cells) express CRABPI [42].

During embryogenesis, for instance, CRABPI and CRBP (which promotes RA

synthesis by presenting retinol to retinol dehydrogenase) tend to show mutually

exclusive expression patterns, particularly in areas of the developing CNS that are

vulnerable to retinoid teratogenicity [35]. The affinity of RA is higher for CRABPI

versus CRABPII [52] and binding to CRABPI does not protect RA from elimination

[53] but rather promotes its enzymatic degradation (see below) [54]. In fact, over-

expression of CRABPI in vitro is associated with decreased sensitivity to RA [55].

Thus, CRABPI might indeed serve a protective role in certain cells to limit the actions

of RA by buffering and/or inducing catabolism.

In contrast, CRABPII is associated with cells with active RA synthesis since CRBP

and CRABPII expressions tend to co-localize, both in the embryo and in the restricted

cell types that express CRABPII in the adult [35, 42]. The human epidermis is an

excellent illustration of this. The level of CRABPI is comparatively low in the

epidermal keratinocyte [56, 57], whereas this cell is the predominant source of

CRABPII in the adult human [25] and also expresses CRBPI [58, 59]. CRABPII is also

expressed in epithelia and other cells of the reproductive organs, where it coincides

with the production of RA [60, 61] as it does in the epidermis. An interesting feature

of CRABPII and CRBPI is their transcriptional up-regulation by retinoids in the skin

[41, 62-64] and elsewhere. This might be part of some autoregulatory mechanism,

and will be discussed later.

The joint results from a number of recent studies unequivocally establish a novel role

for CRABPII that further distinguishes it from CRABPI. Several groups have

demonstrated that over-expression of the CRABPII protein enhances RA-mediated

transcriptional activation [65-67] and, conversely, that ablation of CRABPII
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expression results in down-regulation of RA responsive genes [68]. This feature was

not shared by CRABPI [65, 67, 69], although nuclear detection of both the CRABPII

and CRABPI proteins had been demonstrated in many cell types [70]. Dong et al.

suggested that the differences between the two CRABPs lie in the way they deliver

RA to the nuclear retinoid receptors: CRABPII uses direct protein-protein

interactions, while RA first has to be released from CRABPI before binding to the

RAR, which is less efficient [65]. This was recently confirmed in a study

demonstrating that upon RA-binding, the cytosolic CRABPII undergoes massive

nuclear localization and directly channels RA to the receptor complex, thereby

augmenting transcriptional activity [71].

Regardless of the exact biological functions of the CRABPs, one thing is for certain:

neither of them is indispensable for embryonic development and survival. Knock-out

mice lacking either CRABPI or CRABPII are essentially normal [72, 73], whereas loss

of both CRABPs does cause an increased death-rate, but the surviving mice display

no obvious defects apart from a minor limb malformation [73]. It is possible that the

role of the CRABPs becomes obvious only under conditions of low (or high) dietary

vitamin A supply. Of course, the possibility of additional RA-binding proteins

cannot be ruled out.

Retinoic acid breakdown

With a few exceptions, RA has a short elimination half-life in vivo and in cultured

cells (6-7 h) [42]. Two alternative pathways exist: glucuronidation or hydroxylation.

Although retinoyl-β-glucuronide is promptly detected in animals following

administration of pharmacological amounts of RA [29], the significance of this

pathway under physiological conditions (or in keratinocytes) is unclear. In human

skin, RA is readily metabolized into 4-hydroxy-RA (4-OH-RA) and subsequently 4-

oxo-RA by microsomal enzymes of the cytochrome-p450 (CYP) family [74]. This 4-

hydroxylating activity is increased by exogenous RA [74, 75]. Interestingly, both 4-

OH- and 4-oxo-RA exhibit biological activity in human keratinocytes although this is

significantly lower than that of RA [76].

A CYP enzyme, CYP26, that metabolizes RA has recently been cloned in zebrafish,

mouse, and human [77-80]. This enzyme is induced by exposure to RA in vivo, hence

the additional denomination p450RAI (R A  Inducible). However, since CYP26

expression in epidermal keratinocytes is very low [81, 82] and is not unequivocally
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RA-inducible [81], it is likely that additional CYPs are involved in RA-catabolism in

the skin.

Autoregulatory mechanisms

RA is minimally detected in untreated and retinol-treated human skin [41],

suggesting that 1) very low levels of RA are normally required for retinoid

bioactivity in this tissue, and 2) a tight enzymatic regulation of the conversion of

retinol and retinal to RA is present. Several of the enzymes and proteins involved in

vitamin A homeostasis are regulated by retinoids, which indicates important

feedback auto-regulatory mechanisms. LRAT, CRBPI, CRABPII, and RA 4-

hydroxylase are all transcriptionally induced by exogenous RA in human skin, as

discussed above. Maximal expression of CRBPI and LRAT serves to “soak up”

retinol and channel it into retinylesters for storage instead of RA-synthesis. For

example, Kurlandsky et al. demonstrated that RA-mediated induction of LRAT

decreased RA production from retinol by 50% in cultured keratinocytes [40]. Up-

regulation of 4-hydroxylase further limits the actions of RA in times of retinoid

excess by increasing its turnover. The role of CRABPII-induction is not obvious; for

instance, RA-degradation proceeds in the absence of the RA-binding proteins [42].

Perhaps CRABPII is needed to sequester excess RA, thereby limiting the conversion

of RA to other active retinoids or inhibiting the enzymes that generate RA from

retinol.

Additional endogenous retinoids

By “retinol” and “RA” one generally means the all-trans-form of these compounds.

Natural retinoids occur predominantly in this configuration, and are thought to exert

most of the biological actions of retinoids in the skin and elsewhere (except for in the

eye). However, several additional isoforms or derivatives exist and probably exert

specific functions. The postulated biosynthesis pathways of some of these are

outlined in Figure 5.

3,4-didehydroretinol or vitamin A2 was first detected in human skin by studies of

psoriatic epidermis [83]. Remarkably, 3,4-didehydroretinoids make up about 30% of

the retinoid content of human epidermis [84] and cultured keratinocytes [85] but

appear to be excluded from most other mammalian tissues, albeit they are abundant

in chick embryos and certain fish and amphibians (see below). 3,4-Didehydroretinol

is a major metabolite of retinol in keratinocytes in vivo but the conversion is
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apparently irreversible [86]. The corresponding acidic compound, 3,4-

didehydroretinoic acid (ddRA), might be derived from 3,4-didehydroretinol in

analogy with the metabolism of retinol to RA. Molecular docking studies on human

ADH4, for instance, suggest that this enzyme utilizes 3,4-didehydroretinol as a

substrate for oxidation [87], but ddRA might also be converted directly from RA ([88]

and Törmä et al, unpublished observations) or retinal as outlined in Figure 5.

Figure 5. Postulated biosynthesis pathways of ddRA, 9-cis-RA and 13-cis-RA in the keratinocyte. Bold type

indicates the retinoid compounds/pathways that are likely of greatest physiological significance.

In the chick and Xenopus embryo, ddRA is generated in situ from retinol (via 3,4-

didehydroretinol) and acts as an important morphogen [89-91]. In the gecko eye lens,

3,4-didehydroretinol is the major ultraviolet radiation filter [92, 93] and 3,4-

didehydroretinal is a component of the visual pigment in certain fish [36]. So far, no

unique role for the didehydroretinoids has been demonstrated in mammalian cells.

Since ddRA is equipotent to RA in binding to the CRABPs and in activating RARs

[76, 94, 95] and also has similar biological effects on human keratinocytes [76, 95], its

function in human skin remains an enigma. A clue might lie in the finding that

epidermal 3,4-didehydroretinol resists UV-light degradation better than retinol [96,

97]; perhaps this more stable retinoid is needed only in the sun-exposed skin to

maintain adequate retinoid signaling.
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Other potentially significant retinoids in the skin include 9-cis-RA (9cRA) and 13-cis-

RA (13cRA), the former of which is a ligand for the retinoid receptors and is thus

involved in transactivation. 9cRA appears to have potential as an anti-tumor agent

whereas 13cRA is unequaled in its efficiency in acne therapy (more on this subject

later). Their natural role in the skin, if any, is not established, and measurable levels

of these compounds only occur in skin after exogenous retinoid administration [98].

The pathways of synthesis of the c is-compounds are not fully understood.

Hypothetically, they might be derived from enzymatic oxidation of 9-cis or 13-cis

precursors that arise from the cleavage of dietary 9-cis-β-carotene [99] or from

isomerization of retinol (see Figure 5). Several of the known retinol and retinal

dehydrogenases utilize 9-cis isomers as substrates (reviewed in [100] and [42]) and

the retinoldehydrogenase found in the skin (RoDH4/h-RDH-E) converts 13-cis-

retinol to 13-cis-retinal in vitro [101]. Alternatively, the cis-retinoic acids arise from

direct isomerization. 13cRA is found in low levels in human plasma [102] and might

be derived from 9cRA via a 9,13-di-cis-RA intermediate; isomerization of 9cRA into

9,13-di-cis-RA has been demonstrated in the plasma of certain mammals [103-106]. It

has been postulated that circulating 13cRA serves as a depot of a less toxic derivative

of RA that can be delivered to target tissues and there converted to RA in times of

need. Indeed, evidence suggests that in epidermal keratinocytes, the isomerization

process occurs preferentially in a cis to trans direction [75, 107, 108].

Other retinoids with reported bioactivity but as yet undefined roles in human skin,

are 13,14-dihydroxyretinol [109], retroretinoids [110, 111], and the previously

mentioned 9,13-di-cis-RA [108].

Retinoid signaling: A complex matter

The fact that the relatively small and simple RA molecule can generate such complex

and diverse results in various tissues is due to the presence of two distinct protein

families: the retinoic acid receptors (RARs) and the retinoid X receptors (RXRs).

These receptors appear to mediate the biological effects of all active retinoids, both

natural and synthetic1.

                                                  
1 One interesting exception is N-(4-hydroxyphenyl) retinamide (4-HPR), a synthetic retinoid with anti-

cancer properties. This retinoid induces apoptosis in tumor-cells by a potentially unique, receptor-

independent mechanism [112].
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The nuclear hormone receptor superfamily

RARs and RXRs belong to a large and evolutionarily well-conserved family of

transcription factors known as nuclear hormone receptors, NRs. The NR superfamily

is comprised of more than 150 different proteins that mediate the diverse biological

effects of steroid and non-steroid hormones by regulating the expression of

numerous genes. Some of the NR and their ligands are listed in Table 1, below. A

few of these receptors act as monomers while others function as hetero- and/or

homodimers; RXR holds a special position in this respect since it functions as a

common heterodimerization partner for many NRs (see below).

Table 1. Examples of mammalian nuclear receptors.

Classa Receptor Denomination Ligand
Homodimer (D) or

heterodimer (H)

I RAR Retinoic acid receptor Retinoic acid (RA) Hb

TR Thyroid hormone receptor Thyroid hormone
(T3)

Hb

VDR Vitamin D receptor Vitamin D3 Hb

PPAR Peroxisome proliferator
activated receptor

Eicosanoids,
prostaglandins
polyunsaturated
fatty acids (a o)

Hb

LXR Liver X receptor Oxysterols Hb

FXR Farnesoid X receptor Bile acids Hb

II RXR Retinoid X receptor 9-cis-retinoic acid,
phytanic acid

D

COUP-TF Chicken ovalbumine upstream
promoter transcription factor

Unknown D, Hb

III GR Glucocorticoid receptor Glucocorticoids D
AR Androgen receptor Androgens D
ER Estrogen receptor Estradiol D
PR Progesterone receptor Progestins D

aClassification is based on evolutionary analysis [113]; classes IV-VI are omitted.
bHeterodimerizes with RXR.

Classic NRs are ligand-activated: the binding of a specific ligand (e.g., RA, vitamin

D3, thyroid hormone, estrogen) confers conformational changes in thereceptor that

allow it to induce transcription by interactions with specific DNA-sequences in

regulatory regions of target genes (see Figure 6). The DNA sequences or hormone

response elements (HREs) are arranged as one or two half sites of six nucleotides of a

consensus sequence. The composition of the HRE (i.e., sequence, orientation of, and
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spacing between half-sites) depends on the receptor. In addition to the classic NRs,

several so-called orphan receptors with no known natural ligands and unclear

functions have been identified [114].

Figure 6. Ligand activation of nuclear

receptors. The ligand can be either

synthesized elsewhere and transported to the

target cell by the blood (�; e.g., thyroid

hormone); generated in the cell from an

exogenous precursor molecule (�; e.g., RA);

or de novo synthesized in the target cell (�;

e.g., prostaglandins). NR, nucear receptor;

HRE, hormone response element. (Modified

from Mata de Urquiza, 2001)

The members of the NR family all share a common structure of five functionally

separable domains (Figure 7). The amino terminal end, the A/B region, is the most

variable in both size and sequence and encodes a segment of the receptor that seems

to be primarily involved in transcriptional activation. This is where the ligand-

independent activation function (AF-1) resides. AF-1 has been shown to be important

in basal transcription by some receptors [114]. Adjacent to the A/B region is the C

region that comprises the DNA-binding domain, or DBD. The DBD is the most

conserved region of nuclear receptors and confers the ability to recognize the specific

target DNA sequences by means of two “zinc fingers” that interact with nucleotides

of the HREs. Furthermore, this region is involved in receptor dimerization. The D

region is not well conserved and serves as a flexible hinge that allows rotation of the

DBD with respect to the LBD, the ligand-binding domain, which is found in the E/F

region. This region is highly conserved among receptors that bind similar ligands

(e.g., RA receptors). In addition to mediating the binding of a specific ligand, this

domain is essential for receptor dimerization and ligand-dependent transcriptional

activity. The C-terminal activation function (AF-2) is responsible for the latter.

Several of the receptor regions are targets for activation-modifying phosphorylation

[114]. The AF-1, AF-2, and DNA-binding domains of RARs are phosphorylated by

cyclin-dependent kinases [115], protein kinase A [116], and protein kinase C [117],

respectively, which affects heterodimerization and transcriptional activity.
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Figure 7. Schematic representation of a nuclear receptor and its five functional domains.

Retinoid receptors

The cloning and characterization of the nuclear retinoid receptors were pivotal to

understanding the importance and actions of vitamin A, as they provided a

mechanistic pathway for the latter’s effects. In 1987, Petkovich et al. and Giguère et al.

independently isolated a novel human nuclear receptor cDNA and were able to show

that it encoded the first known RA-activated transcription factor, RAR [21, 22].

Subsequently, additional RAR-related genes were isolated in human [118-121] and

today, three different subtypes of RARs are known to exist: RARα, RARβ, and RARγ.

These subtypes are encoded by distinct genes on different chromosomes but have

highly conserved ligand-binding domains (> 75% amino-acid identity), suggesting

that they all arose from a common ancestral gene [122]. In 1990, the first member of a

second family of retinoid-responsive receptors, the retinoid X receptors (RXRs), was

identified [123]. The RXRs (RXRα, RXRβ, and RXRγ) are encoded by different genes

and, as with the RARs, each receptor exists in multiple isoforms produced by

alternative splicing or differential promoter use [122, 124]. Surprisingly enough, the

RXR is less similar to the RARs than the thyroid hormone receptor (TR) [122], which

might be explained by their different ligand preferences. In 1992, 9cRA was found to

be a high-affinity ligand for the RXRs [125, 126] whereas the RARs bind both 9cRA

and RA (as well as ddRA) with similar affinities. A non-retinoid RXR ligand,

phytanic acid, has also been identified [127], but this pathway is less explored.

The retinoid receptors exist as either homodimers (RAR-RAR or RXR-RXR) or

heterodimers (RAR-RXR). RXR is absolutely essential for the binding of RAR to DNA

[128, 129]. Thus, it is generally accepted that the heterodimeric complex is the most

important functional form that mediates retinoid signaling whereas the importance

of the homodimers is less characterized. The RAR-RXR heterodimers are non-
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permissive in that their activation by RAR ligands is a requirement for them to

become responsive to the RXR ligand [130, 131]. In its non-activated form, the RAR-

RXR complex binds to the retinoid response element (RARE) in association with co-

repressor molecules [114]. The binding of RA allegedly induces a conformational

change in RAR which allows dissociation of co-repressors and recruitment and

binding of co-activators (e.g., CBP/p300 and SRC-1), but also enables RXR to bind its

ligand, which further enhances RAR-mediated transcription of the target gene [132,

133]. However, the physiological significance of ligand binding to the RXR in this

scenario is disputable as RAR-mediated transcriptional activation proceeds without

it. Instead, high levels of 9cRA promotes formation of RXR-homodimers in vitro [134]

and it is possible that the relative levels of RA and 9cRA in a given cell influences

which receptor pathway will be activated (see below). In contrast, other

heterodimeric complexes where RXR participates (e.g., PPAR-RXR) are permissive.

In this case, the heterodimer is activated by the binding of either ligand alone and is

synergistically activated in the presence of both.

Retinoid response elements

The strongest gene activation by both RAR, RXR and other non-steroid receptors is

implemented through response elements that are two direct repeats (DR) of the core

DNA sequence AGGTCA, spaced by a defined number of nucleotides. Each of the

half-sites interacts with one member of the receptor dimer. The length of the spacer

region is apparently an important determinant of the specificity of the hormonal

response, as stipulated by the 1-2-3-4-5 rule. Thus, DRs separated by 1, 2, or 5

nucleotides (i.e., DR1, DR2, or DR5) mediate preferential regulation by retinoids,

while DR3 and DR4 are transactivated by vitamin D and thyroid hormone,

respectively [114, 122].

Because the DRs are inherently asymmetric, heterodimeric receptor complexes can

bind to them with different polarities, which may be of importance for the resulting

signal (see Figure 8). The DR2 and DR5 are classic RAREs and are transactivated by

RAR-RXR heterodimers that bind to the DNA with RXR occupying the upstream

half-site [135]. The DR1 is a promiscuous binding site for heterodimers and

homodimers formed among RAR, RXR, PPAR, COUP-TF, and other NRs [136, 137].

In retinoid signaling, the DR1 is an RXRE that is transactivated by RXR-RXR

homodimers. However, RAR-RXR heterodimers can also bind to the DR1 element

but with reversed polarity. In this case, RXR occupies the downstream half-site [131].
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DR1 RAREs can either confer non-responsiveness (i.e., basal repression) [138] or

transactivation [139] of the RAR-RXR heterodimer to RA by a mechanism that is not

well understood. Some genes with known retinoid response elements are shown in

Figure 8.

Figure 8. The binding polarity of RAR-RXR heterodimers to response elements may direct the outcome of

signaling. RXR occupies the upstream half-site in DR2 and DR5 RAREs leading to transactivation (a and b),

but the downstream half-site in the DR1 RARE leading to either transcriptional repression or activation (c).

RXR homodimers only transactivates at the DR1 RXRE (d). Examples of target genes with known retinoid

response elements are also shown (for references, see  [122] and [139] and refernces therein). ApoA,

apolipoprotein A; h, human; m, mouse; r, rat.

Mechanisms of action: transactivation and transrepression

The ligand-mediated induction of gene transcription, transactivation, described

above represents the “classic” pathway of RAR signaling and has been the focus of

attention for a long time. In contrast to this positive effect, retinoid receptors (as well

as other NRs) can also inhibit gene expression in a ligand-dependent manner by

transrepression. This phenomenon is less well characterized and involves several

potential mechanisms. One is the presence of “negative HREs” that bind the
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receptors and mediate negative regulation by the ligand. Some elements have been

identified for glucocorticoids [140, 141] and thyroid hormone [142, 143] but they do

not appear to be common, and at present no known negative RARE is known.

In addition to ligand-dependent gene activation (and repression), RARs can repress

basal transcription in the absence of ligand when bound to positive RAREs in vitro

[114]. The hypothesis is that the unliganded receptors are associated with co-

repressor molecules (e.g., NCoR, SMRT, and RIP-13) and that these are released upon

ligand binding, which allows for transcription to proceed. However, there is no

definite proof for this model in vivo.

Retinoid receptors can also modulate gene expression by mechanisms that do not

involve DNA binding. They can alter the expression of genes that do not contain

RAREs by interfering with the activity of other transcription factors, a mechanism

often referred to as “transcriptional cross-talk”. In fact, it is becoming increasingly

evident that the negative effects on gene expression by retinoids are due to inhibition

of the AP-1 complex [144-146]. This AP-1 antagonism of RAR is ligand-dependent

but separable from its transactivation function [147, 148]. AP-1 consists of homo- and

heterodimers of Jun and Fos proteins and regulates transcription of many genes that

participate in the regulation of growth, differentiation, inflammation and cellular

responses to stress (reviewed in [149]). Like NRs, AP-1 activates gene transcription

by binding to specific promoter elements, TREs (TPA-responsive elements). TPA (12-

O-tetra-decanoyl-phorbol-13-acetate; also PMA, phorbol 12-myristate 13-acetate) is a

tumor promoter that activates protein kinase C (PKC), which in turn induces AP-1

signaling [149]. RAR/RXR heterodimers or homodimers of either can inhibit AP-1

transactivation of several AP-1-responsive genes (e.g., collagenase [144, 150] and

stromelysin [151]). The inhibition is mutual: AP-1 has been shown to inhibit

transcriptional activity of RAR and/or RXR [150]. The molecular bases of these

interactions are not clear, but they do not seem to involve direct protein-protein

interactions. Several models have been proposed for RAR-mediated AP-1 repression:

competition of common co-factors like p300/CBP (CREB-binding protein) [152],

inhibition of kinases that phosphorylate and thus activate AP-1 [153], and disruption

of Jun/Fos dimerization [154].

Finally, competition for limiting concentrations of RXR may also represent a

mechanism for RARs to modulate transcriptional responses. As mentioned earlier,

RXR holds a unique position as a common heterodimeric partner for many nuclear

receptors other than RARs. These include VDR, TRs, PPARs, LXR, and COUP-TF
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[128, 129, 155-160]. Thus, by sequestering RXR, RARs might suppress transactivation

by any of the above receptors or vice versa [161].

Retinoid signaling in the skin

Receptor expression in epidermal keratinocytes

Several of the retinoid receptors known so far have been recognized in human

epidermal keratinocytes [162-166]. Functional quantitation of receptor protein levels

in the epidermis has demonstrated that total RXR proteins are fivefold greater than

total RAR protein levels [163]. Nearly 90% of RXR proteins are RXRα whereas RARγ

and RARα comprise 90% and 10% of RAR proteins, respectively [163]. Even with the

striking abundance of RXRα over RARs, the RARγ-RXRα heterodimer appears to be

the functional unit in retinoid signaling in keratinocytes [167] with little or no

influence of homodimers of RARs or RXRα. Thus, in human skin and keratinocytes,

transactivation by retinoids occurs at DR1, DR2, and DR5 RAREs but not at DR1

RXREs [139, 168]. The very low level of 9cRA in human skin does not promote RXR-

homodimer formation, nor does it support the binding of 9cRA as a ligand to RXRα

or the RARs. Indeed, RARγ in human skin nuclear extracts and intact epidermal cells

displays a strong preference for RA vs. 9cRA [168] and evidence suggests that RXRα

acts as a silent partner (i.e., without binding its ligand) to RARs in the skin [168-170].

The amount of ddRA is likely significantly higher than 9cRA in the human epidermis

and in all probability, ddRA serves as a physiological RAR ligand and gene

regulator, along with RA.

In the context of retinoid receptor expression in keratinocytes, their breakdown

should also be mentioned, since this is an additional mechanism by which the

signaling potential can be modulated. The ubiquitin-proteasomal pathway was

recently demonstrated to be the major degradation mechanism for RARγ and RXRα

in human keratinocytes [171, 172]. Interestingly, this degradation is ligand-induced

and apparently represents an autoregulatory mechanism whereby RA can attenuate

its own signal [171].

Physiological functions

Retinoids are critically important to skin physiology and their effects are mediated

via the retinoid receptors. Since the rate of formation of (endogenous) active ligands
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and the expression level of nuclear receptors are the two major control points in the

retinoid signaling system, alterations in one or both of these parameters will likely

confer changes in cellular responsiveness. Conceivably, cells that have a high

responsiveness to retinoids exhibit higher levels of these parameters compared to

cells with less active retinoid signaling.

Almost all information on retinoid-responsiveness of epidermal keratinocytes is

derived from in vitro studies. Differentiated keratinocytes have been shown to exhibit

an increased production of RA and ddRA [85, 173-175] and an increased expression

of the RA-responsive CRABPII [56, 175-177]. Information regarding the correlation

between retinoid receptor levels and the differentiation status of keratinocytes in

vitro is sparse but point towards increased levels of RARγ [178] and RXRα [179, 180]

in differentiated keratinocytes. Immunohistochemical and hybridization studies on

human skin have suggested that RARα, RARγ, and RXRα  are mainly expressed by

the differentiating suprabasal epidermal layers [164, 166]. These combined data

suggest that RA, via the retinoid receptors, is somehow involved in controlling the

process of terminal differentiation.

Valuable insight into the physiological functions of the retinoid receptors in vivo has

been obtained using targeted disruption of the RARs and RXRα in transgenic mice.

Surprisingly, a study by Lohnes et al. demonstrated that RARα  and RARγ double

mutant mice do not exhibit significantly altered epidermal morphology [181]. In

contrast, targeted ablation of all RAR-mediated signaling in the basal layer by a

dominant-negative RAR leads to abnormal epidermal maturation and barrier

function [182]. Selective disruption of RARα expression in suprabasal keratinocytes

resulted in abnormal lipid composition of stratum corneum, resulting in impaired

skin barrier function [183, 184]. Although this indicates RAR involvement in normal

skin development and function, the dominant mutant RARs that were used might

still heterodimerize with RXRα and thus also interfere with the functions of other

nuclear receptors by sheer RXRα sequestration (see below). The role of RXRα  as

common heterodimer partner should also be kept in mind when interpreting the

phenotype of epidermal RXRα knock-out mice (several skin abnormalities such as

hyperproliferation and thickened stratum corneum) [185, 186].

Judging from its abundance in the skin relative to RARα, RARγ is indicated as the

main candidate in retinoid signaling [163]. Nevertheless, the data from transgenic

mice are indications of specific functions of RARα  and RARγ in keratinocyte

differentiation in vivo, as has been demonstrated in vitro [187].



30

Molecular mechanisms

How, then, do retinoids and retinoid receptors regulate epidermal growth and

differentiation? Clearly, they must alter gene expression by any or all of the

mechanisms mentioned earlier. Firstly, direct transactivation of RARE-containing

genes is likely to be important, and several such genes (e.g., CRBPI, CRABPII,

p450RAI, profilaggrin) are expressed in the skin. Secondly, the mechanism of AP-1

transrepression must be considered. AP-1 has been put forward as a key

transcriptional regulator in the expression of many marker genes of keratinocyte

differentiation (e.g., K1, TGase 1, loricrin, and involucrin) (reviewed in [188]) and

also regulates the expression of many growth factors and proliferation genes. Many

of these genes are repressed by RA under pharmacological conditions. RA signaling

(see above) and AP-1 activity [189-192] both appear to increase in differentiating

keratinocytes, at least in vitro. Hypothetically, a balance between RAR and AP-1 is

necessary for normal epidermal maturation. Probably, NF-κB is also involved; this

factor has been implied as a regulator of epidermal differentiation [193] and NF-κB

and AP-1 proteins allegedly interplay to regulate epidermal gene expression [194].

Thirdly, RARs might regulate gene expression by competing for heterodimerization

with RXRα  with other nuclear receptors such as PPARs, VDR, and TRs that are

expressed in human skin [165, 195]. PPAR activators [196, 197] and vitamin D [198,

199] are potent stimulators of epidermal cell differentiation and vitamin D inhibits

keratinocyte proliferation [198, 199]. Thyroid hormone might also be important for

keratinocyte differentiation [200, 201].

Biological effects in vivo and in vitro – why do they differ?

There are many major and sometimes paradoxical differences in the way that

keratinocytes in culture and in vivo respond to retinoids. In cultured keratinocytes,

RA inhibits expression of the differentiated phenotype [202, 203]. In contrast,

retinoids stimulate keratinocyte proliferation in vivo [204, 205], which leads to an

increased number of differentiated cell layers and an increased epidermal thickness

[41, 206, 207]. Furthermore, genes that are readily induceable by retinoids in the skin

are sometimes difficult to induce in vitro (reviewed in [168]). One such striking

example is CRABPII, which is massively up-regulated in normal human skin by

topical RA [62, 208], retinol [41], and retinal [64]. Di et al. demonstrated that the much

lesser lower response in keratinocytes in vitro was due to culture-induced

suppression of retinoid receptor levels, since transfecting the cells with RARγ and
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RXRα resulted in an increased activity of a reporter gene driven by the human

CRABPII promoter [139]. Thus, reduced receptor expression might be one

explanation to the limited or different retinoid response in vitro vs. in vivo. A second

explanation might lie in the absence of a dermal influence (i.e., fibroblasts) in vitro

[209]. It is well-known that co-culture of keratinocytes with fibroblasts influences

their growth and differentiation, probably due to the release of fibroblast-derived

growth factors [210]. Finally, the prevailing context of other signals may affect the

responses of keratinocytes to retinoids, as proposed by Fisher and Voorhees [168].

For instance, under conditions of AP-1 activation, the predominant effect may be

transrepression, whereas under basal AP-1 conditions, transactivation of retinoid-

responsive genes may predominate.

Retinoid signaling in diseased skin

Indications of aberrant retinoid signaling in epidermal dysplasia

A number of epidermal disorders, including photo-damage, malignancies, acne, and

psoriasis and other disorders of keratinization, can be successfully treated with RA

and its synthetic analogs [20]. Since the epidermal changes in some benign

dermatoses like psoriasis share common features with those seen in vitamin A

deficiency, a local abnormal retinoid metabolism has been incriminated in the

pathogenesis [211]. Heavily increased concentrations of endogeneous retinoids have

been implicated in psoriatic lesions; increased activity of a cytosolic enzyme

catalyzing the formation of RA from retinol has been demonstrated in extracts from

psoriatic skin [212] and 3,4-didehydroretinol (a precursor of ddRA) is increased in

psoriatic lesions [211] as well as in squamous cell carcinoma and keratoacanthoma

[213]. Whether this reflects a blockage of 3,4-didehydroretinol metabolism or an

increased biosynthesis of ddRA is presently unknown.

The mechanisms of action of the different therapeutic retinoids are not established,

but it is likely that they all converge on the retinoid receptors in one way or another.

The link between retinoid receptor expression and keratinocyte phenotype has only

recently earned appreciation. Reduced expression or aberrant function of retinoid

receptors is associated with abnormal growth and differentiation of keratinocytes in

vitro [187, 214] and with epidermal dysplasia in vivo. UV irradiation, the major cause

of skin cancer and photo-aging, leads to a functional vitamin A deficiency of the skin
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due to reduced amounts of RARγ and RXRα [215]. Reduced retinoid receptor levels

are found in skin exposed to tumor promoters [216, 217] and frequently also in

squamous cell carcinomas [214, 218, 219]. Furthermore, a recent study reported

progressive suppression of RARs/RXRs from normal skin to premalignant actinic

keratosis to invasive squamous cell carcinoma [166]. Notably, AP-1 and/or NF-κB

activity show an inverse correlation to retinoid receptor levels and are increased in

all of the events mentioned above (i.e., UV irradiation [220], exposure to tumor

promoters [221, 222], squamous cell carcinoma [223]).

The phenotypes of epidermal RAR and RXR knock-out mice display interesting

similarities to the psoriatic phenotype, such as disturbed epidermal differentiation

and barrier function (RARαγ knock-outs), increased trans-epidermal water loss due

to an abnormal lipid component of stratum corneum (RARα  knock-outs), and

hyperproliferation, thickened stratum corneum, and inflammatory infiltrates (RXRα

knock-outs). In view of this, aberrant retinoid receptor expression might be

incriminated in the pathogenesis of psoriasis. Although some studies have already

shown slightly reduced levels of RXRα  in psoriatic lesions [224], the attempts to

address this matter are few and have resulted in inconclusive and partly

contradictory data [162, 177, 225, 226].

Therapeutic retinoids and why they work

Initial studies of cutaneous disorders using either topical or oral RA were not very

promising, due to unacceptable side effects that outweighed its efficacy [20]. Today,

topical RA is mainly used for treatment of mild acne and sun-damaged skin. The

second generation of aromatic retinoids, etretinate and acitretin, are effective as

systemic therapies of psoriasis and other keratinization disorders. They are less toxic

than RA, but may still cause serious side effects, such as the risk of teratogenicity in

women [20, 227]. Acitretin transactivates all RARs without measurable receptor

binding; a paradox that remains unexplained [228].  Perhaps these substances act by

interfering with endogenous retinoid metabolism [228].

13cRA (isotretinoin; Roaccutane) is an outstanding oral therapy in severe acne, but is

also effective in certain disorders of keratinization (e.g., ichthyosis and Darier’s

disease), excluding psoriasis. Since 13cRA does not bind efficiently to CRABPs or

RARs [52, 229, 230], its mechanism of action was an enigma until recently. Work by

Zouboulis et al. has provided evidence that the apparently specific sebo- suppressive

effect of 13cRA is likely to be due to a selective intracellular isomerization of 13cRA
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into RA in human sebocytes (less so in keratinocytes), with subsequent binding of

RA to and activation of RARs [107, 231]. Presumably, deliverance of 13cRA to the

sebaceous gland is more efficient via the blood than by topical application.

When possible, topical retinoid administration is preferred since the systemic

absorption is limited, which lessens the risk of severe side effects. Recently, a quest

for RAR subtype selective retinoids to be used topically has begun and appears to

hold great promise for the future. Tazarotene (AGN190168) is a new topical retinoid

for the treatment of mild to moderate plaque psoriasis with fewer side effects than

RA [15]. Tazarotene is a relatively selective ligand for RARγ and β  as far as

transactivation is concerned, indicating that RARγ and not RARα, signaling is most

important for the therapeutic effect. On the other hand, tazarotene transrepresses

AP-1 gene expression through all three RAR isoforms [148]. Many AP-1 regulated

genes that are involved in inflammation, proliferation, and keratinocyte

differentiation are induced in psoriatic lesions and inhibited by tazarotene (reviewed

in [11]). Possibly, this AP-1 antagonism is the main component in the beneficial effect

of most therapeutic retinoids in psoriasis and other skin diseases where

hyperproliferation and/or inflammation is a typical feature. The recently developed

retinoids with selective anti-AP-1 activity may hold great promise as future therapies

[232].

An alternative approach to administering retinoids with reduced toxicity has

recently emerged, i.e., treatment with inhibitors of RA metabolism to enhance

endogenous levels of RA in the skin. For instance, similar clinical effects of liarozole

(a CYP26 inhibitor) and acitretin have been demonstrated in psoriatic plaques [233]

although their primary mechanisms of action differ fundamentally.
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AIMS OF THE STUDY

The general aim of this study was to investigate retinoid signaling in relation to

epidermal differentiation, both in normal keratinocytes and in psoriatic skin where

the differentiation process is disturbed.

The specific aims were:

•  to compare the mRNA and protein expression of the retinoid receptors (RARα ,

RARγ, RXRα) in normal skin and non-lesional and lesional psoriatic skin (I, II).

•  to study the mRNA expression of the vitamin D and thyroid hormone receptors

(VDR and TR) that heterodimerize with RXRα, in normal and psoriatic skin (I).

•  to examine the response of psoriatic vs. normal skin to exogenous RA-treatment

by studying the mRNA expression of the retinoid-responsive genes CRBPI,

CRABPI, and CRABPII (III).

•  to characterize novel CRABPI and CRABPII antibodies on human keratinocytes

(III) and to use these antibodies to examine the response of psoriatic vs. normal

skin to RA by in situ detection of the CRABPI and CRABPII proteins (III).

•  to examine how the retinoid signaling system (i.e., the synthesis of active ligands

and retinoid receptor levels) is altered during terminal differentiation of cultured

keratinocytes (IV).
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MATERIAL AND METHODS

Material

Skin biopsies (Papers I-III)

Patients with stable plaque psoriasis (20-81 years of age) were identified via the

Clinic of Dermatology at Uppsala University Hospital. No systemic or topical

psoriasis therapy (excluding emollients) was allowed for at least three weeks prior to

the studies. Except for the skin disease, the patients were in good health. All patients

and and healthy volunteers (25-83 years of age) gave written approval in a protocol

approved by the Ethics Committee of Uppsala University.

After infiltrating the skin with lidocain, shave biopsies were obtained from normal

skin (healthy volunteers) (II, III) and from non-lesional and lesional skin in psoriasis

patients (I, III) (n = 6 for each). The shave biopsies typically consist of the entire

epidermis and a minor proportion (≤20%) of the papillary dermis [234]. In addition, 3

mm punch biopsies were taken from each skin type (II, III) (n = 9 for each).

Samples were also obtained from normal skin and psoriatic non-lesional and lesional

skin exposed to RA (0.025% in ethanol/propylene glycol solution [70/30 by vol.]) or

vehicle (I, III) (n = 6 for normal and lesional skin, n = 5 for non-lesional) and from

lesional skin exposed to Daivonex™ cream (calcipotriol 50 µg/g) or its vehicle (I) (n

= 3). The compounds were applied under plastic occlusion for four days [207]. These

patients had never received Daivonex™, Tigason/Neotigason™ or topical retinoids

previously.

Cell culture (Papers III, IV)

Human foreskin epidermal keratinocytes were cultured in serum-free keratinocyte

growth medium with a calcium concentration of 0.06 mM.

Paper III: Keratinocytes were differentiated by various cell culture conditions.

Keratinocytes were exposed to high (1.5 mM) extracellular calcium for 48 hours at

80% confluence. Elevated extracellular calcium is routinely used to trigger squamous

differentiation in keratinocytes in vitro, as it appears to mimic the physiological

events in the epidermis [235]. Keratinocytes cultured under high calcium conditions

stratify and assume a mature, “differentiated” phenotype due to the accumulation of
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several differentiation markers, e.g., TGase 1 and cornified envelope precursors [236].

Alternatively, cultures grown in low extracellular calcium were either allowed to

become 60% confluent or were grown seven days post-confluence. Post-confluence is

one of the most powerful ways to induce terminal differentiation in keratinocytes

[237, 238].

Paper IV: All incubations were performed with proliferating keratinocytes

(approximately 70% confluency) at passage 4-6. Cells were exposed to CaCl2, PMA,

or IFNγ (final concentrations: 1.5 mM, 100 nM or 200 U/ml, respectively) for 3–48 h

to achieve differentiation. PMA and the cytokine IFNγ are both powerful inducers of

keratinocyte differentiation in vitro, although their mechanisms of action appear to be

different [239-241]. PMA was used from a dimethyl sulfoxide (DMSO) stock solution

and the final vehicle concentration did not exceed 0.04%. The proteasome inhibitor

MG132 (in DMSO; final concentration 200 nM) was used in combination with PMA

or IFNγ for 16 h.

For inhibition studies, pre-confluent keratinocytes were incubated with the synthetic

retinoids CD3106 (RAR antagonist) [242] or CD2409 (a retinoid exhibiting strong

anti-AP-1 activity but weak transactivation) [243], or NF-κB inhibitor PDTC [244] one

hour prior to the addition of calcium or PMA (100 nM). Final vehicle concentration

(DMSO) did not exceed 0.13%.

Methods

A list of the methods used in this thesis is presented in Table 2. These methods and

techniques are all described in detail in the Material and Methods section of the

individual papers.

Statistical analysis (Papers I-III)

One–way ANOVA t-test (I), non-parametric Kruskal-Wallis one-way analysis and

Dunn’s post-test (where applicable) (II), and non-parametric Mann-Whitney test or

paired Wilcoxon test (III) were performed. All p-values were two-tailed.
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Table 2.

Method Paper

RNA preparation I, III, IV

cDNA synthesis I, III, IV

Real-time quantitative PCR (TaqMan) I, III, IV

Preparation of total protein extracts III, IV

Preparation of nuclear protein extracts III, IV

High pressure liquid chromatography (HPLC) IV

Western blotting III, IV

Immunohistochemistry III

Immunofluorescence and visual scoring analysis II
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RESULTS

Paper I

Decreased mRNA levels of retinoic acid receptor α, retinoid X receptor α , and

thyroid hormone receptor α in lesional psoriatic skin.

In this study we examined the mRNA expression of nuclear receptors RARα, RARγ,

RXRα, TRα , TRβ, and VDR in lesional and non-lesional psoriatic skin. The analysis

was performed using quantitative real-time PCR on shave biopsies from six psoriasis

patients. We found that the mRNA expression of RARα , RXRα, and TRα  was

significantly lower in lesional psoriatic skin as compared to non-lesional skin.

However, this was only after normalization to any of three housekeeping genes

(GAPDH, cyclophilin and β-actin) since the mRNA expressions of all of these were

significantly higher (2.7-4.3 times) in lesional skin. When the β-actin expression was

used to normalize the receptor mRNA values, the RARα, RXRα, and TRα  transcript

levels were found to be 58, 63, and 75% lower in lesional vs. non-lesional skin,

respectively (p < 0.001).

We also examined the effects of short-term (four-day) topical exposure of lesional

skin to RA (six patients) or calcipotriol/vitamin D3 (three patients). We did not detect

any normalization of the reduced mRNA levels of RARα, RXRα, and TRα in lesional

skin by either substance.

Paper II

Altered expression pattern of retinoid receptors RARα, RARγ and RXRα in psoriatic

lesions versus non-lesional and normal skin

In this study, our aim was to expand the data on retinoid receptor mRNA expression

in psoriasis (Paper I) to include protein expression. We investigated the distribution

of RARα, RARβ, RARγ, and RXRα proteins in punch biopsies of normal skin (n = 9)

and non-lesional and lesional psoriatic skin (n = 9 for both) using in situ

immunofluorescence detection and a visual scoring system.
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Expression patterns in normal skin

Epidermal keratinocytes displayed nuclear labeling for RARα, RARγ, and RXRα but

not for RARβ. In cells of epidermal appendages (hair follicle keratinocytes and

sebocytes), nuclear immunoreactivity was strong mainly for RXRα and RARα .

Nuclear RARα labeling was strong in dermal fibroblasts, endothelial cells, and cells

of the sweat gland but these cells were all negative for RARβ and RARγ and weakly

labeled for RXRα. RARα-staining was prominent in keratinocytes of the basal layer,

where all nuclei were positive, but the number of labeled cells decreased in

suprabasal direction. RARγ showed the opposite pattern with more intense staining

in suprabasal layers. RXRα was more uniformly labeled in the entire epidermis but

was slightly higher in suprabasal keratinocytes, where almost all nuclei were

positive.

Expression patterns in lesional psoriatic skin and comparisons with non-lesional and normal

skin

Non-lesional skin displayed a very similar staining pattern to normal skin and we

could not detect any significant differences for any receptor or epidermal layer.

In lesional psoriatic skin, all three receptor proteins displayed a similar distribution

pattern and were more intensely detected in the lower half of the epidermis. This

was especially conspicuous for RARγ and RXRα, which both displayed a reversed

distribution pattern than in the other skin types. Keratinocytes of the granular layer

displayed only weak labeling of the receptors; in particular, RARα labeling was low

or absent in this epidermal layer. All receptors were significantly suppressed in the

superficial epidermis compared to normal and non-lesional skin (p < 0.05, 0.01, or

0.001).

Paper III

Topical retinoic acid alters the expression of cellular retinoic acid-binding protein-I

and cellular retinoic acid-binding protein-II in non-lesional but not lesional

psoriatic skin.

In this study, we examined the expression of the retinoid-binding proteins CRBPI,

CRABPI, and CRABPII in normal and psoriatic keratinocytes.
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Characterization of CRABP antibodies on human keratinocytes in culture and in vivo

Since the CRABPI and CRABPII antibodies used in the study had not previously

been applied on human keratinocytes or epidermis, we first characterized them on

these cells. Cultured keratinocytes exhibited cytoplasmic and nuclear staining for

both CRABPI and CRABPII by in situ detection. In human epidermis, weak

immunohistochemical staining for CRABPI was found mainly in basal cells, whereas

CRABPII protein expression was restricted to suprabasal keratinocytes. The antibody

against CRABPII also recognized a protein of the expected size by Western blot of

both cytoplasmic and nuclear protein cell extracts. Furthermore, the amount of

CRABPII in total extracts was higher in keratinocytes induced to differentiate either

by post-confluence or by exposure to high calcium concentrations. In contrast, the

antibody against CRABPI did not detect any antigen of the expected size in any of

the extracts. We do not know the reason for this.

Effects of short-term RA application on retinoid-binding protein expression in normal and

psoriatic skin

Previous studies have shown that the expression of CRABPI is down-regulated in

psoriatic lesions whereas CRABPII is up-regulated. Also, CRBPI and CRABPII can be

transcriptionally induced in skin by short-term topical RA-treatment, but this test

model has only been applied on normal, healthy skin. Given our previous results

showing decreased retinoid receptor levels in psoriatic lesions (Papers I and II), we

also wanted to examine the RA-effects on psoriatic skin. We used quantitative real-

time PCR to study the mRNA expression of CRBPI, CRABPI, and CRABPII in

untreated normal and psoriatic non-lesional and lesional skin samples (n = 6 for

each) and after RA or vehicle treatment of these skin types (n = 6 for normal and

lesional skin, n = 5 for non-lesional skin). We also used the antibodies mentioned

above for the first immunohistochemical detection of CRABPI and CRABPII in

psoriatic skin.

mRNA expression in untreated skin. In untreated lesional psoriatic skin, the mRNA

levels of CRABPI were significantly lower than in both normal and non-lesional

psoriatic skin (Table 3). The basal mRNA expression of CRABPII in lesional psoriatic

skin was 15 and 8 times higher than in normal and non-lesional skin, respectively (p

< 0.05 for both). Also, a marginally increased expression (+75%) was noted in non-
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lesional skin as compared to normal skin. CRBPI was significantly lower in both non-

lesional and lesional psoriatic vs. normal skin (-35 and -48%, respectively).

Table 3. Abnormalities in mRNA expression of the various

retinoid-binding proteins in psoriatic skin.

Change vs. normal skin

Non-lesional Lesional

CRBPI Lower (p < 0.05) Lower (p < 0.05)

CRABPI NSa Lower (p < 0.05)

CRABPII NS Higher (p < 0.05)

aNS, not significantly different from normal skin

mRNA expression after topical RA-exposure. Normal and non-lesional psoriatic

skin responded to topical RA-exposure similarly (Table 4).  CRABPI mRNA was

reduced in all but one of the available samples. The mean CRABPII mRNA level after

RA-exposure of normal and non-lesional skin was sixfold higher than in vehicle-

treated skin of either type. The response of CRBPI mRNA expression was variable

and inconclusive, with no significant changes. In contrast, lesional skin responded to

RA-exposure in a markedly different manner. Five out of six samples displayed an

increase in CRBPI mRNA, ranging from 1.6- to 3.4-fold, although this was not

statistically significant. CRABPI remained practically unchanged. The mRNA

expression of CRABPII decreased after RA treatment in the majority of patients (4/6),

although this change was not statistically significant. A reduction of inflammatory

markers indicated an improvement of psoriasis by RA-exposure.

Table 4. RA-induced differences in mRNA expression of the various retinoid-binding

proteins in various types of skin.

Change vs. vehicle-treated skin

Normal Non-lesional Lesional

CRBPI NS NS NS (Increased?)

CRABPI Reduced? Reduced (p=0.062) NS

CRABPII Increased (p <0.05) Increased (p=0.062) NS (Decreased?)

aNS, not significantly different from vehicle-treated skin skin
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Immunohistochemical data. Immunohistochemical staining for CRABPI did not lead to

any clear-cut results. CRABPI protein expression was generally depressed in

untreated psoriasis lesions, but RA exposure did not cause any obvious changes in

this or the other skin types. We detected CRABPII with similar staining patterns and

intensities in vehicle-treated non-lesional psoriatic and normal skin. Following RA

exposure, a huge induction of the CRABPII protein was apparent in both skin types.

An even higher expression was noted in suprabasal keratinocytes of untreated

psoriasis lesions. This massive, basal CRABPII expression in lesional skin remained

practically unchanged after RA exposure, thus paralleling the mRNA data.

Paper IV

Keratinocyte differentiation induced by calcium, phorbol myristate acetate, or

interferon-γ elicits distinct changes in the retinoid signaling system.

In this in vitro study we examined how the process of differentiation affects the

cellular retinoid signaling system. To this end, we stimulated keratinocytes to

differentiate by exposure to high extracellular calcium, PMA, or IFNγ. We then

studied the mRNA and nuclear protein expression of retinoid receptors RARα,

RARγ, och RXRα  (using real-time quantitative PCR and Western blot) and synthesis

of active RAR ligands after incubation with [3H]retinol (as detected by HPLC).

Furthermore, we attempted to correlate our findings to the endogenous retinoid

bioactivity in the cells, as assessed by transcriptional induction of the retinoid-

responsive CRABPII gene, and examined the nature of this induction in respect to

retinoid receptor and AP-1 activity.

Stimulation with calcium, PMA and IFNγ induced similar changes in culture

morphology at the early time-points (up to 6 h). The cells increased in size and

became flattened with “diffuse” cell membranes. After this, the cells assumed

different morphologies depending on which substance they were exposed to. Under

high (1.5 mM) calcium conditions, a time-dependent, gradual accumulation of the

differentiation marker (TGase 1 mRNA) was evident (approximately 8 times higher

after 48 h), thus confirming the onset of differentiation. Both PMA and IFNγ caused

an induction of TGase 1 mRNA that was stronger and more rapid compared to the

effect of calcium. PMA was particularly potent in this respect, with approximately a
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60-fold induction at 16 h, whereas the more transient IFNγ-mediated induction

started and peaked later.

Quantitative PCR and Western blot revealed that calcium-differentiated cells

expressed more RARγ mRNA/protein and more RXRα  protein than controls. These

cells also produced more of the active RAR-ligand ddRA from retinol (as detected by

HPLC after addition of [3H]retinol to the cell cultures). This was accompanied by a

massive induction of CRABPII mRNA (16-fold) and protein, which is indicative of

high retinoid activity.

PMA caused a transient reduction (-64-80% after 6 h) of all receptor transcripts but

RARγ and RXRα mRNA levels resumed after 16 h of treatment and even increased

(RARγ about 4-fold) before returning to normal at 48 h. On the protein level, PMA

caused approximately an 80% reduction of RARγ and RXRα after 48 h. Similarly,

IFNγ suppressed the mRNA levels of all retinoid receptors (-70%) and caused a

nearly complete loss of RARγ and RXRα proteins after 48 h. The effect on protein

levels by both PMA and IFNγ could be reversed by the proteasome inhibitor MG132,

suggesting that they both induce protein degradation. Both PMA and IFNγ increased

the formation of RA from ROH and IFNγ increased the accumulation of ddRA.

However, in contrast to PMA, which up-regulated the expression of CRABPII on

both mRNA (up to 27-fold) and protein level, IFNγ had a suppressing effect.

We also tested whether or not the effects of calcium and PMA on CRABPII mRNA

expression could be suppressed by inhibitors of some relevant cellular signaling

pathways. Simultaneous exposure to an AP-1 antagonist did not inhibit the effect of

either calcium or PMA. An inverse RAR agonist had a slightly negative effect,

reducing the PMA-mediated increase by 20%. An inhibitor of NF-κB signaling

abolished the induction caused by PMA alone and reduced calcium-induced

CRABPII expression by 25%.

.
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DISCUSSION

Retinoid signaling in normal keratinocytes

Our data clearly demonstrate distinct expression patterns of the retinoid receptors

RARα, RARγ, and RXRα in normal keratinocytes in vivo and in culture. Our results

from in situ detection of RARγ and RXRα proteins in normal epidermis support

previous findings suggesting that they are primarily expressed by cells of the upper,

more differentiated layers of normal epidermis (II). Also, protein expression of RARγ

and RXRα is increased in cultured keratinocytes induced to differentiate by calcium

(IV). Conversely, we found the immunostaining of RARα to be prominent in basal

keratinocytes and to decrease in suprabasal direction (II). This finding is further

supported by our demonstration of reduced RARα  expression in cultured

keratinocytes induced to differentiate (IV). This suggests that RARγ is linked to a

more differentiated phenotype and RARα to a proliferating one. By extrapolating to

the in vivo situation, RARα-RXRα heterodimers should predominate in basal layers

of the epidermis while RARγ-RXRα should predominate suprabasally. Conceivably,

a certain subset of genes could be activated at a certain maturation stage depending

on what isoform predominates at that point. Although the importance of RARα in

retinoid signaling in proliferating cells in vivo remains disputable, some specific

functions of RARα  and RARγ in the differentiation of keratinocytes have been

suggested [187, 214]. If RARα is indeed redundant in function, it is difficult to

explain why the loss of this receptor causes an abnormal epidermal phenotype in

transgenic mice [183, 184].

Retinoid signaling in psoriatic keratinocytes

Reduced receptor levels and altered distribution patterns in psoriatic lesions

We have systematically compared retinoid signaling in normal and non-lesional and

lesional psoriatic skin and found striking alterations in psoriatic lesions. First, we

detected a reduction of more than 50% in RARα  and RXRα mRNA expression in

lesional vs. non-lesional psoriatic skin (I). Secondly, on the protein level, all three
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receptor proteins were suppressed in suprabasal layers of psoriatic lesional

epidermis (II). This reduced or even absent expression was particularly conspicuous

for RARγ and RXRα since these receptors were intensely labeled in the upper

epidermis of normal and non-lesional skin. Jointly, these findings indicate

inadequate retinoid signaling in psoriatic lesions, which is further strengthened by

our finding of dysregulation of CRABPII expression in psoriatic lesions (III). Unlike

normal and psoriatic non-lesional skin, lesional psoriatic skin did not respond to

topical RA-exposure by strong transcriptional up-regulation of CRABPII.

Dysregulation of CRABPII expression?   
The most obvious explanation for the lack of CRABPII-induction in psoriatic lesional

skin is the reduced retinoid receptor levels. The importance of the receptor levels for

CRABPII induction has previously been studied in cultured cells that do not respond

to RA with an increased expression of CRABPII due to low levels of RARγ and RXRα

[139]. Extrapolating these findings to the in vivo situation, one may hypothesize that

the expression of RARs and RXRs is too low in psoriatic keratinocytes to allow for a

proper induction of RA responsive genes. In keeping with this, RA-mediated

induction of CRABPII is reportedly abolished both in UV-irradiated epidermis

(where RARγ and RXRα levels are severely reduced) [215] and in epidermis

expressing a dominant-negative RARα mutant [183].

An alternative hypothesis that might explain the different behavior of lesional

psoriatic skin is that the pre-existing, 6-fold increased expression of CRABPII in

lesional skin (III) is already maximally induced due to heavily increased

concentrations of endogenous retinoids and thus unresponsive to exogenous RA.

Admittedly, the evidence is circumstantial as long as the presence of elevated

RA/ddRA levels has not been directly demonstrated in psoriatic lesions. For

example, accumulation of 3,4-didehydroretinol might instead indicate impaired

synthesis of ddRA. Since increased synthesis of RA/ddRA appears to accompany

differentiation (IV, [85, 173-175]) and this process is aberrant in psoriatic lesions, this

would incriminate reduced RAR-ligand levels.

Regarding the different behavior of normal and psoriatic lesional skin, the role of

dermal factors should also be taken into account. Fibroblast-keratinocyte interactions

are allegedly abnormal in psoriatic lesions and psoriatic fibroblasts appear to induce

hyperproliferation of keratinocytes [13, 14]. Since the presence of fibroblasts can

modulate the effect of a retinoid on epidermal growth [245], it appears conceivable
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that CRABPII expression is also subjected to a complex regulation by multiple

epidermal and dermal factors in psoriatic skin, and that this could be one of the

reasons for the apparent lack of RA-effect on this skin type.

Implications of reduced retinoid receptor levels in psoriatic lesions

The fact that psoriasis can be successfully treated with topical or oral synthetic

retinoids (RAR ligands) does indeed indicate that the endogenous retinoid signaling

might be deficient in psoriatic epidermis, which would then directly incriminate

altered retinoid receptor expression in development of the psoriatic phenotype. But

even so, this does not explain all the various features of psoriasis, nor does it explain

the reason for the decreased receptor levels in the upper layers of psoriatic

epidermis.

Signaling via RXRα heterodimerization partners TRα, VDR, and PPAR

Along with RARα and RXRα, the mRNA level of TRα was decreased in psoriatic

lesions (I). This suggests that not only retinoid but also thyroid hormone signaling is

abnormal in psoriasis. Although the significance of the latter finding is difficult to

predict, it cannot be dismissed, since thyroid hormone is known to be important

during epidermal barrier ontogenesis [201] and regulates the expression of several

keratins [200]. Also, since RXRα serves as a heterodimerization partner for other

nuclear receptors like VDR and PPARs, the signaling via these receptors might be

indirectly affected if the decreased amounts of RXRα in psoriatic epidermis (I, II) are

low enough to be limiting. Interestingly, treatment with PPARα ligands normalizes

keratinocyte hyperproliferation and promotes epidermal differentiation in mouse

[246], much like retinoids or vitamin D analogs in psoriasis. It appears that PPARα

activators hold potential as therapeutic agents in epidermal disorders.

AP-1/NF-kappaB activity

One way of incriminating the reduced RAR/RXRα expression in the pathogenesis of

psoriasis involves the AP-1 signaling pathway. Interference with this transcription

factor explains a significant part of the biological effects of retinoids and a correct

balance between AP-1 and RAR/RXR signaling is probably crucial for normal

keratinocyte differentiation. Thus, it is conceivable that our present finding of low
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expression of retinoid receptors in untreated psoriatic epidermis (II) might allow for

excessive AP-1 signaling, leading to disturbed keratinocyte maturation. Although no

quantitative increases in AP-1 components c-jun and c-fos have been found in

psoriatic lesions [247, 248], this does not necessarily contradict qualitative changes in

AP-1 transcriptional activity, or the contribution of increased NF-κB signaling.

IFNγ-induced retinoid receptor degradation

Even if the endogenous retinoid signaling is deficient in psoriatic epidermis, this

does not explain the reason for the decreased retinoid receptor levels. Our in vitro

study of keratinocyte differentiation provides some clues to this (IV). We have

demonstrated that exposure to IFNγ results in a severe loss of RARγ and RXRα

protein (but not mRNA) expression in keratinocytes in vitro, and that this effect can

be blocked by proteasome inhibitors. IFNγ is known to induce proteasomal

degradation of another nuclear receptor, PPAR [249]. The ubiquitin-proteasomal

pathway is the major degradation mechanism for retinoid receptors in human

keratinocytes [171, 172]. Thus, it is possible that the suppression of retinoid receptors

in the upper epidermis in psoriatic lesions is not only due to reduced synthesis of the

receptor proteins but also a result of increased degradation due to the high IFNγ

levels which are hallmarks of psoriatic lesional skin. Since virtually all antipsoriatic

therapies target the inflammatory manifestations, the resulting reductions in IFNγ

levels might lead to normalization of retinoid receptor levels and subsequent

improvement of the aberrant differentiation in the epidermis.

CRABPII – complex regulation and complex function?   

A final aspect of aberrant retinoid signaling in psoriatic epidermis again involves

CRABPII, but not merely as a marker of retinoid activity. Mouse epidermis

expressing a dominant-negative RARα reportedly shows a paradoxical twofold

induction of the basal mRNA expression of CRABPII [183], thus resembling the

situation in psoriatic epidermis reported by us (III) and others [250]. Also, CRABPII

is increased in squamous cell carcinoma and keratoacanthoma [213], where the

retinoid receptor levels are significantly reduced [166]. Although this appears

difficult to harmonize with reduced retinoid receptor levels, Attar et al. proposed an

interesting scenario in which RAR-deficient cells “sense” their insensitivity for RA

and compensate for this by up-regulating CRABPII expression by some unknown

mechanism. This seems plausible, considering that CRABPII appears to be directly
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involved in enhancing RAR-mediated transcription but only at low, physiological

ligand concentrations [71].

The regulation of CRABPII expression appears to involve far more complex

mechanisms than purely RARE-mediated transcription. PMA, an activator of AP-1

and NF-κB signaling, increases the formation of active RAR-ligands and massively

up-regulates CRABPII expression in cultured keratinocytes, which would indicate

elevated retinoid activity (IV). Surprisingly, we could completely block PMA-

mediated up-regulation of CRABPII only with an NF-κB inhibitor. It is possible that

increased NF-κB activity in psoriatic lesional skin is the reason for the increase in

basal CRABPII mRNA levels in this location. This would circumvent the apparent

paradox of increased CRABPII expression and reduced retinoid receptor levels in

psoriatic lesions. It might not be the sole explanation, though; for instance, IFNγ also

activates NF-κB in human keratinocytes in vitro [221, 251], while inhibiting rather than

inducing CRABPII expression (IV). Reduced retinoid receptor levels by IFNγ do not

suffice to explain the latter phenomenon since RARγ and RXRα protein degradation

was a considerably later event than CRABPII mRNA repression. Other possible

mechanisms include IFNγ-mediated inactivation of receptor transactivation due to

phosphorylation or titration of common co-activators, which must also be taken into

account in psoriatic lesions.
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CONCLUSION

In conclusion, our results demonstrate that keratinocyte differentiation leads to

alterations in the retinoid signaling system. This system appears to be dysfunctioning

in psoriatic lesions, which, compared to both normal and psoriatic non-lesional skin,

display 1) decreased mRNA levels of retinoid receptors RARα and RXRα ; 2) an

altered distribution pattern of RARα , RARγ and RXRα  proteins, with suppressed

levels in the superficial epidermis; and 3) the inability to up-regulate the expression

of the RA-inducible CRABPII after exposure to topical RA. This suggests that the

dysregulation of differentiation in psoriatic epidermis is at least partially due to

insufficient expression of retinoid receptors, leading to aberrant retinoid signaling

and a different response to retinoid treatment compared to normal-appearing skin.
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SUMMARY IN SWEDISH

Bakgrund

Hudens normala funktion påverkas av vitamin A (retinol). Den aktiva formen är

vitamin A-syra (eller retinsyra, RA) som bildas lokalt i huden från vitamin A från

kosten. Vitamin A-brist leder bl a till nattblindhet och abnormaliteter i slemhinnor

och hud. Vissa hudsjukdomar, t ex psoriasis, uppvisar typiska hudsymptom som

liknar dessa abnormaliteter. I psoriasislesioner är överhuden (epidermis) förtjockad

och fjällig p g a onormalt många hudceller (keratinocyter) som delar sig snabbare än

vanligt, och cellernas utmognadsprocess är också störd. Inflammation och

utvidgning av blodkärlen i underhuden är också vanligt förekommande. Psoriasis

kan med stor framgång behandlas med naturliga men framför allt syntetiska vitamin

A-preparat trots att patienten de facto inte lider av brist på vitamin A.

Retinoider är ett samlingsnamn för vitamin A och dess naturliga och syntetiska

derivat. Retinoidernas biologiska effekter sker via specifika bindar-proteiner

(retinoidreceptorer) som finns i cellkärnan. Två familjer av receptorer är kända: (1)

retinsyrareceptorer (RARs) och (2) retinoid X receptorer (RXRs). I varje familj ingår

flera undergrupper av receptorer, t ex finns RARα , RARγ och RXRα  i huden. En

receptor från varje familj bildar tillsammans komplex som aktiveras av RA och leder

till förändringar av genaktivitet. Resultatet blir påverkan på flera cellulära processer,

bl a utmognad och tillväxt av keratinocyter. Nyligen har det visats att sänkta nivåer

av retinoidreceptorer är kopplat till olika hudförändringar där dessa processer är

störda och där retinoidbehandling har gynnsam effekt. Detta gäller bl a

skivepitelcancer och hud som exponerats för UV-ljus eller tumörframkallande

substanser. Dock har kopplingen mellan retinoidreceptorernas uttryck och psoriasis

endast undersökts i begränsad omfattning tidigare. Intressant nog så uppvisar möss

som saknar någon eller flera av retinoidreceptorerna p g a genetisk manipulering

hudförändringar som påminner mycket om psoriasis.

Huvudsyftet med projektet har varit att studera retinoidsignalering i relation till

epidermal utmognad, både i normala keratinocyter och i psoriasishud där denna

process är störd.
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Delarbetenas resultat

I två av de fyra arbetena som avhandlingen omfattar (I, II)  har vi jämfört nivåer av

retinoidreceptorer i hudprover från friska kontrollpersoner och psoriasispatienter.

Hos patienterna undersökte vi prover både från deras psoriasislesioner (lesionell

hud) och från deras ”friska” hud (icke-lesionell hud). I delarbete I använde vi oss av

en vid tillfället ny kvantitativ PCR-metod (TaqMan) som gör det möjligt att detektera

även små skillnader i mRNA-nivåer mellan olika prov. Vi fann att nivåerna av RARα

och RXRα var signifikant lägre (58-75%) i lesionell psoriasishud jämfört med icke-

lesionell hud.

I delarbete II undersöktes retinoidreceptorernas proteinnivåer och lokalisation i

lesionell psoriasishud jämfört med normal och icke-lesionell hud. Vi använde därför

antikroppar mot RARα , RARγ och RXRα  för att detektera dessa i mikroskopiska

preparat, d v s tunna snitt, av hudproverna. På så vis får man en bild av hur

fördelningsmönstret av receptorerna ser ut i de olika strukturerna och cell-lagren i

huden. Vi fann att RARα, RARγ och RXRα men inte RARβ kunde detekteras i kärnan

i epidermala keratinocyter. I epidermis från kontrollpersoner detekterades RARα

starkast i keratinocyter i det understa cell-lagret men avtog mot hudytan. RARγ

visade motsatt mönster och var mer intensivt inmärkt i övre epidermis, medan RXRα

var homogent uttryckt i hela epidermis. Icke-lesionell psoriasishud uppvisade nästan

identiskt mönster som kontrollhud I epidermis från psoriasislesioner visade alla tre

receptorerna liknande fördelningsmönster och detekterades intensivt i undre halvan

av epidermis medan deras uttryck var signifikant lägre i övre epidermis, jämfört med

normal och icke-lesionell hud. Framför allt var RARα-inmärkningen mycket svag i

epidermis övre lager.

I delarbete III undersökte vi vad de lägre nivåerna av retinoidreceptorer i

psoriasislesioner kan tänkas ha för biologiska effekter. Tidigare studier har visat att

retinsyra-behandlad hud producerar förändrade mängder av tre andra bindar-

proteiner, CRBPI, CRABPI och CRABPII, troligen p g a ökad retinoidsignalering via

retinoidreceptorerna. Denna testmodell har dock tidigare bara använts på normal,

frisk hud. Vi ville även undersöka effekterna av retinsyra på icke-lesionell och

lesionell psoriasishud med denna modell, eftersom som våra tidigare resultat visat

på minskade receptornivåer i psoriasislesioner. Vi använde därför hudprover från

frisk kontrollhud, icke-lesionell och lesionell psoriasishud som hade behandlats med

retinsyra och studerade nivåerna av de tre bindar-proteinerna. Vi fann att

kontrollhud och icke-lesionell psoriasishud reagerade likadant på retinsyra-
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behandling: minskning (med 80%) av CRABPI men ökning (ca 5 ggr) av CRABPII.

Lesionell hud skilde sig dock markant: CRBPI ökade (90%) medan CRABPI/II var

oförändrade.

Delarbete IV är en studie över hur utmognadsprocessen (differentieringen) hos

odlade keratinocyter påverkar cellens egna retinoidsignalering. Två viktiga

kontrollsteg i retinoidsignalsystemet är nivåerna av retinoidreceptorerna RARα,

RARγ och RXRα samt bildningen av aktiva vitamin A-former (retinsyror) som kan

binda till dessa. Förändras dessa parametrar under keratinocytens utmognad?

Vi använde oss av olika metoder för att stimulera differentiering, nämligen

behandling med 1) högt kalcium (liknar normal differentiering), 2) PMA, en substans

som kan medverka till tumörutveckling i mushud, eller 3) interferon-γ (IFNγ; en

inflammatorisk substans som finns förhöjt i psoriasislesioner). Vi fann att

differentierade keratinocyter producerade mer av retinsyror, men medan kalcium-

differentierade celler hade högre nivåer av retinoidreceptorer så orsakade PMA och

IFNγ mycket kraftig förlust av RARγ och RXRα protein p g a ökad nedbrytning.

Närvaron av IFNγ i psoriasislesioner skulle kunna vara en orsak till att

retinoidreceptorerna bryts ned.

Sammanfattning

Avhandlingen beskriver hur retinoidsignalsystemet i hudcellen förändras under

utmognadsprocesser och ger en koppling till hudsjukdomen psoriasis, där denna

process är störd. Resultaten tyder starkt på onormal retinoidsignalering i

psoriasishud p g a minskade nivåer av retinoidreceptorer i denna hud jämfört med

normal hud och icke-lesionell psoriasishud. Detta skulle kunna vara en viktig

mekanism i sjukdomsförloppet men kräver vidare studier för att slutgiltigt fastslå

detta.
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