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General introduction

This chapter is an updated version of a previously published review:
Fred van Ruissen, Peter CM. van de Kerkhof and Joost Schalkwijk, Signal transduction pathways in
epidermal proliferation and cutaneous inflammation, 1995, Clinics in Dermatology, 13 (2), 161-190
Reproduced by copyright permission of Elsevier Science Ltd.
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Cenerai Introduction

Aim of this thesis
Epidermis is a dynamic tissue in which highly co-ordinated mechanisms exist to control cell proliferation and differentiation. During the last two decades, culture systems have been developed to study
growth and differentiation of human keratinocytes. These studies have provided fundamental insights
in keratinocyte cell biology and could be useful to study human skin diseases such as psoriasis. Early
methods for culturing keratinocytes were not very convenient because of problems with mechanical
dissociation of epidermal tissue, the need for very high inoculation densities, overgrowth by fibroblasts and a short life span of normal keratinocytes. These problems were largely overcome by the
system introduced by Rheinwald and Green, which allowed multiple passages and suppressed fibroblast growth'. Methods have also been developed which eliminate the need for a feeder layer or the
use of conditioned medium2"5. The next step was the development and modification of serum-free
culture media in order to obtain confluent and stratified cultures6'10.
Taking the commercially available culture system that used Keratinocyte Growth Medium (KGM) as
serum-free medium as a starting point, we wanted to develop a culture system that would enable us
to study the changes in growth and differentiation that occurred when cells switched from the phenotype seen in normal skin to the phenotype seen under conditions of epidermal activation like in psoriasis or skin injury. Our goal was to create an in vitro system that would allow us to investigate basic
cell biological processes on the one hand, and on the other hand to use the same system for screening
of drugs that could interfere with these processes. Ideally such a culture system should meet the following requirements:
1. establishment of a stratified culture with low proliferative activity and expression of the markers
for terminal differentiation, such as cytokeratins 1 and 10, transglutaminase and involucrin.
2. a controlled switch to a stratified culture with high proliferative activity and expression of markers
typical for psoriasis and injured skin, such as cytokeratin 6 and 16, SKALP/elafin and psoriasin.
3. to downscale the methodology with respect to cell culture and read-out of the relevant markers,
that would allow high-throughput screening as required for drug testing in vitro or in vitro toxicology·
These considerations formed the background of the project and led to the following specific aims:
I. Development and cell biological characterisation of submerged keratinocyte culture models that
exhibited normal and psoriatic/disturbed growth and differentiation (chapter 2).
II. Application of these models to test the expression and functional significance of differentiationrelated genes (chapter 3).
III. Application of these models to investigate the effects of selected growth factors, cytokines and
cellular stress factors on keratinocyte growth and differentiation (chapter 4).
IV. Application of these models to investigate possible differences in regulation of gene expression between keratinocytes derived from healthy controls and psoriatic patients (chapter 5).
V. Application of a novel screen (SAGE) for differential gene expression in keratinocytes cultured under varying conditions as specified above (chapter 6).
Application and interpretation of these models requires the knowledge of normal keratinocyte growth
and differentiation, disturbances seen in psoriatic differentiation, and the relevant signal transduction pathways that are involved in these processes. The differentiation of normal and psoriatic keratinocytes has been well documented during the years and we like to refer to relevant review articles11"
M
. Since the aim of this thesis was the development of keratinocyte culture models to study the
3
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pathogenesis and pharmacological modulation of psoriasis we will provide a general background of
the current views on this disease, and we will review in depth the known signalling pathways involved
in keratinocyte growth and differentiation.
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General aspects of psoriasis
Psoriasis is a world wide occurring common inflammatory disease of the skin. The prevalence of
psoriasis varies with race and geographical area. Approximately 2% of the Western population is in
volved (e.g. Sweden 1.4%, Denmark 2.B%, Germany 1.3%, Netherlands 1.4%, and United Kingdom
1.6%). However, psoriasis is virtually absent in certain West-African communities, China (0.4%), Es
kimo and native American populations15,16. Males and females seem to be equally affected with an
earlier onset in females.
Although the pathogenesis of psoriasis remains unknown, genetic and environmental factors
are causative. Hereditary factors play an important role in the aetiology of the disease. Several re
ports indicate that there is a strong genetic background and diverse patterns of inheritance in fami
lies17. Psoriasis is supposed to be a polygenic and multifactorial disease. In addition, several psoriasissusceptibility alleles at HLA and complement loa' have been identified18. Inheritance does not directly
imply that psoriasis will develop. There are a significant number of family members carrying potential
psoriatic haplotypes that remain disease free. Additional environmental factors (i.e. stress, medica
tion, focal infections, chemical and physical injuries) also play a crucial role.
Clinically psoriasis is considered as a disease of the entire skin marked by hyperproliferation
and well-circumscribed erythematous lesions with silvery scaling plaques that may be symmetrically
distributed1'. The severity may range from a relatively minor disease consisting of pinpoint lesions to
a life-threatening disease covering nearly the entire body-surface (erythrodermic psoriasis).
There are several histological abnormalities of acute/chronic lesions including: marked epi
dermal keratinocyte hyperplasia with altered differentiation also termed regenerative maturation20;
elongated rete pegs; tissue inflammation with neutrophils in the stratum corneum; influx of immunocytes including both CD4 and CD8 positive lymphocytes and dendritic antigen presenting cells (APCs);
and endothelial cell activation21.
It has been a mater of debate whether the primary cause of the disorder is due to abnormali
ties of epidermal keratinocytes or, rather, from a disorder of recruited inflammatory cells. Obviously,
these possibilities are not mutually exclusive. Many investigators have focused their research on po
tential abnormalities in the keratinocyte due to the dramatic increase in epidermal proliferation that
occurs in psoriasis. Indirect experimental evidence supporting a primary defect in human keratino
cytes comes from the defects that have been described in second messengers, polyamines, proteases,
cytokines, and arachidonic metabolism.
Lesionai psoriatic epidermis displays a number of phenotypic changes that are distinct from
normal interfollicular epidermis. In lesionai psoriatic epidermis the number of cycling cells is dramati
cally increased22, and a number of molecules that are absent in normal skin are strongly expressed
(e.g. Cytokeratin (CK) 6, CK16, and CK172325, and the epidermal proteinase inhibitor SKALP which we
and others have recently described2629). In addition, several molecules have a restricted expression
pattern in normal skin, but are highly upregulated in psoriatic skin. These include psoriasis-associated
fatty acid binding protein (PA-FABP30), involucrin31,32, transglutaminase33,34, psoriasin35, transforming
growth factor α (TGF-α36,37), amphiregulin38, epidermal growth factor receptor (EGF-R39), calgranulins
A and В (reviewed in30), interleukin 1ra* interleukin 1p41, interleukin 6 and 8 4 2 Л GRÒ α/β/γ45, and
fibronectin31. Involucrin, transglutaminase, and E-FABP are expressed in the stratum spinosum while
they normally are restricted to the stratum granulosum*6. Another abnormality is the altered expres
sion of integrins. In psoriasis we see a suprabasal expression of integrins normally restricted to the ba
sal layer47"50. A few molecules are reported to be downregulated in psoriatic epidermis compared to
normal epidermis (e.g. interleukin 1a51). At present it is not clear whether the altered expression lev5
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els of these molecules are causally involved in the pathogenesis of psoriasis, or are mere epiphenomena not directly related to the disease process. The expression patterns of these molecules are not
psoriasis-specific and can be found in keratinocytes form normal individuals during pathological condi
tions (e.g. wound healing and inflammation52,53 or in cell culture as we described before2').
Recently, several lines of evidence have postulated the involvement of the immune system.
It was demonstrated that if one can eliminate the activated T-lymphocyte54,55 in psoriatic plaques,
keratinocyte proliferation and differentiation return to normal both clinically and histologically.
Many agents that are effective in the treatment of psoriasis are immunosuppressive, e.g. metho
trexate (MTX), ultraviolet-B radiation, psoralen phototherapy, corticosteroids, cyclosporin A56'58,
anthralin, FK5065''40, IL-2 diptheria toxin fusion protein61 and anti-CD3/CD46Z66 all inhibit aspects of
the immune system thereby attacking the T-lymphocytes. The presence of CD4+ and CD8+ lympho
cytes at sites of the psoriatic plaques led to the hypothesis that psoriasis is a T-lymphocytemediated disease directed against unknown (auto)antigens67. Other reports support the role for
bacterial superanti gens68 and/or cross-reactivity between bacterial antigens and keratinocyte pro
teins, such as keratins. In recent reports, fairly direct evidence for T-cell involvement in the patho
genesis of psoriasis has been reported, i.e. administration of a fusion protein combining fragments
of diphteria toxin and human IL-26' to psoriatic patients led to a marked improvement in the ma
jority of persons treated. The agent triggers/targets activated T-cells expressing IL-2 receptors.
However, these data do not completely rule out the possibility that an abnormality or a de
fect at the keratinocyte level plays a role in the development of psoriasis. These results also do not
conclusively establish that the disease is caused by autoimmunity (or that the response represents
autoimmunity).
Although it is very likely that the psoriatic phenotype of the epidermis is caused by activated
T-cells or cytokines derived thereof, polymorphisms in signal transduction pathways could render pso
riatic keratinocytes more prone to overreact towards certain stimuli. In order to investigate whether
psoriatic keratinocytes have a lower threshold towards Τ cell derived cytokines better keratinocyte
culture models are needed to address this possibility, which is the major aim of this thesis.
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Signal transduction in human keratinocytes
Psoriasis represents an inflammatory skin disorder that is characterised by loss of normal cellular homeostasis, resulting in epidermal hyperproliferation, defective differentiation, and inflammation. The
aetiology of psoriasis can be discussed from two points of view: (1 ) psoriasis is primarily caused by an
immunological defect or (2) there is a defect in growth regulation of keratinocytes resulting in hyperproliferation. Both views are supported by evidence in the literature. Recently, these views have
been reconciled in the hypothesis that psoriasis evolves from T-cell activation (auto-antigens, superantigens) and an increased sensitivity for psoriatic keratinocytes to T-cell-derived cytokines.
In normal epidermis the keratinocyte plays a central role in maintaining a finely tuned balance between cell proliferation and terminal differentiation and yet must be able to greatly increase
its proliferative rate in response to injury. To accomplish these tasks, the keratinocyte must respond
to extracellular mediators. These factors may be produced by keratinocytes themselves, by dendritic
cells such as melanocytes and Langerhans cells normally present in the epidermis, by infiltrating
mononuclear and polymorphonuclear leukocytes under conditions of inflammation, by dermal fibroblasts or endothelial cells, or by systemic mediators from other organs of the body. A precise understanding of the interactions between keratinocytes, dendritic cells, and immune/inflammatory cells
will require definition of the mechanisms by which extracellular mediators trigger intracellular signals
for keratinocyte proliferation and differentiation. This chapter will review the cellular signal transduction mechanisms known in skin and the differences in signal transduction of epidermis derived
from healthy volunteers, from lesionai and symptomless skin of psoriatic patients, and of keratinocytes in culture.

7

Chapter 1

Signal transduction through common pathways
Cyclic adenosine monophosphate-dependent protein kinase
Cyclic adenosine monophosphate (cAMP)-dependent protein kinase (cAPK or PKA) (reviewed in"), the
second protein kinase to be purified70, is one of the simplest members of the protein kinase family
based on its mechanism of activation71. Like most non-oncogenic protein kinases, it is maintained in
an inactive state in the absence of the appropriate signal. The signal for PKA is cAMP, a ubiquitous
second messenger present in all cell types. The formation of cAMP is a result of a trimeric G-protein
linked signal transduction pathway. In this signalling pathway the interaction between the receptor
and the enzyme is mediated by a third protein called a guanidine trisphosphate (GTP)-binding regulatory protein (G-protein72). G-proteins may exert a stimulating or inhibiting influence on the enzyme.
On the one hand, the stimulating G-protein (Gs) activates the enzyme adenylate cyclase (AC) resulting
in the intracellular accumulation of cAMP. On the other hand, the inhibiting G-protein (G,) inhibits the
enzyme cyclic nucleotide phosphodiesterase resulting in a decrease in the intracellular level of cAMP.
Various external mediators modulate activation of AC. Activation of the Gs protein can be induced by mediators, e.g. ß-catecholamines, histamine, Prostaglandines, thyroid-stimulating hormone,
adrenocorticotropic hormone, luteinizing hormone, parathormone, vasopressin, glucagon, and adenine nucleotides (reviewed in73). Mediators that bind to a2-adrenergic receptors activated G|.
In eukaryotic cells, the primary receptor for cAMP is the regulatory sub unit of PKA. The inactive holoenzyme is a tetramer containing both regulatory (R) and catalytic (C) sub units. Binding of
cAMP causes the complex to dissociate as follows: R2C2 + 4cAMP --> R2(cAMP)4 + 2C. The free C-sub
units can now phosphorylate substrate proteins in the cytoplasm that have the general minimum consensus sequence, RRXSY, where X is any amino acid and Y is a hydrophobic residue. In addition, the
free C-sub unit can migrate into the nucleus, where it presumably mediates the expression of a variety of cAMP-responsive genes74'76.
In dermatology PKA attracted attention with the first report about decreased cAMP levels in
psoriatic epidermis compared with normal epidermis77. At that time, cAMP was thought to act as a
suppressor of proliferation; this lead to the hypothesis that hyperproliferation of keratinocytes was
due to a decrease of cAMP in psoriatic epidermis. Other reports seemed to favour this hypothesis78,79.
However, studies that were subsequently conducted demonstrated that high levels of cAMP increased
proliferation of cultured keratinocytes80,81. It was later recognised, however, that cAMP levels change
extraordinarily rapidly in response to procedures such as biopsy. Subsequent re-evaluation by several
groups indicate that the cAMP content of lesionai psoriatic epidermis is in fact probably normal, although the catecholamine induced cAMP accumulation is decreased82"3. Despite some disagreement,
intrinsic abnormality of the AC-cAMP cascade has been established. Evain-Brion et al.M demonstrated
a deficiency in the PKA signal transduction system in psoriasis. This enzyme defect was observed in
fibroblasts and in erythrocytes isolated from psoriatic patients. It was shown, for the first time, that
in psoriasis a biochemical defect expressed in erythrocytes correlated with the severity of the disease
as well as its clinical evolution85. Treatment with retinoids (acitretin and etretinate85,86) can correct
the binding defect of PKA in psoriatic patients resulting in a clinical improvement of the disease. The
effect of acitretin was dose-dependent, with a maximal response at 40 mg acitretin per day. This
finding still awaits confirmation by other investigators.
As described above, the physiological role of cyclic AMP in keratinocytes is not clear. However, it has become clear that PKA phosphorylates various epidermal proteins and is a potentially significant regulator of signal transduction87'89.
8
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Phospholipase С
Phospholipase С (PLC) isoenzymes play an essential role in the mechanism of signal transduction
across the cell surface. Activation of PLC occurs within seconds of agonist-receptor occupancy. The
stimulation of PLC is one of the earliest events associated with cell activation. PLC is a family of iso
enzymes, soluble and membrane bound, that are able to hydrolyse phosphatidylinositol-4,5bisphosphate (PIP2) to 1,2-diacylglycerol (DAG) and inositol trisphosphate (IP3) after stimulation'0'*.
PIP2 is formed through the sequential phosphorylation of PI by phosphatidylinositol (PI) kinase and
phosphatidyl-inositol-4-monophosphokinase". The PLC isoenzymes are present in most mammalian
cells as well as in plants and various micro-organisms". The first PLC purified to homogeneity was de
rived from rat liver97.
There are three major PLC family members (PLC-ß, PLC-γ, and PLC-δ'3·98). An earlier report of
a cDNA coding for a PLC-α", which showed no sequence identity to the other PLC enzymes, may not
be a PLC but is probably a thiol-protein disulphide oxidoreductase100. From a fifth member of the PLC
family, PLC-ε, no sequence data are available". The mode of action of PLC-δ is unknown. PLC-ß, is
coupled to G-proteins, whereas PLC-γι interacts with tyrosine kinase-linked receptors (e.g. EGFreceptor and PDGF-receptor) as well as cytoplasmic receptor-activated tyrosine kinases, which phosphorylate the enzyme on at least 3 tyrosines (residue 771, 783 and 1254). The interaction of PLC-γ,
with the receptor-linked tyrosine kinases is directed by a sarc homology 2 [SH2] domain that is pres
ent only in PLC-γ,101,102. Protein kinase С (PKC) and protein kinase A (PKA) are able to phosphorylate
serine residue 1248 of PLC-γ,, which may be responsible for inhibiting signal transduction'3. PLC iso
enzymes have a tissue-specific distribution and are activated by a variety of mediators. Many external
signals have been reported to enhance the formation of IP3 and DAG in various cell types via PLC-ß,
and PLC-γ, (reviewed in101), including epidermal growth factor (EGF) and transforming growth factor α
(TGF-α) which are important in skin.
As mentioned earlier, stimulation of PLC-γ results in the hydrolysis of PIP2, yielding two second
messengers: DAG that directly activates PKC,0J, and IP3 which induces the release of calcium into the
cytosol from the calcium-sequestering compartments in the cell 93,104 ' 106 . Activation of PKC and ele
vated levels of calcium initiate an orchestrated cascade of biochemical reactions that lead to cellular
responses such as proliferation, differentiation, and secretion.
Histamine, bradykinin, platelet activating factor (PAF), and thrombin have been identified as
stimulators of PIP2 turnover in skin. In vitro experiments with cultured keratinocytes revealed a 2-4
fold elevation of inositol phosphates within 5 minutes after addition of the above mentioned agonists.
These agonist-induced increases were accompanied by significant elevations of cellular DAG con
tent 107,108 . These agonists participate in the vascular and cellular events that accompany the process
of inflammation, and may therefore partly mediate the activation of keratinocytes that occurs during
wound healing and inflammatory diseases. Increasing extracellular calcium and the addition of TGF-a
also resulted in an increased PIP2 turnover107'109. Culturing basal keratinocytes in low calcium results in
a predominant expression of PLC-γ,, whereas no PLC-δ, and only traces of PLC-ß, were detectable. Increasing the calcium concentration, thereby inducing differentiation, results in upregulation of PLC-γ,
and PLC-δ, proteins in a dose-dependent manner. This increase is not associated with an increase in
PLC-γ, and PLC-δ, mRNA, suggesting that post-transcriptional mechanisms are responsible for changes
in protein content109. In vitro studies show that exposure of cultured keratinocytes to EGF rapidly in
creased the concentration of IP3 and DAG110.
Under hyperproliferative skin conditions, immunoreactive PLC-γι was detectable in both basal
9
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and suprabasal epidermal compartment. In addition, immunoreactive PLC-yi co-localises with immunoreactive EGF-receptor in both normal and hyperproliferative epidermis. This suggests that PLC-γ, is
activated by EGF-receptor tyrosine kinases in proliferating cells'".
In vivo, early studies on membrane-bound PLC and cytosolic PLC revealed that both PLC ac
tivities were increased in psoriatic lesionai epidermis111 'm. In addition, cytosolic and membraneassociated phospholipase С catalysed PIP2 hydrolysis was increased 4 and 3 times in psoriatic involved
epidermis compared to uninvolved and normal epidermis. The DAG content was also significantly ele
vated (3 times) in psoriatic versus uninvolved and normal epidermis. There were no significant differ
ences between uninvolved and normal epidermis in either PLC catalysed PIP2 hydrolysis or DAG con
tent 112 . In lesionai psoriatic epidermis, the phosphatidylinositol (Pl)-kinase activity was increased 6.7
fold when compared to normal epidermis. The Pl-kinase activity from non-lesional psoriatic epidermis
was not significantly different from normal epidermis. Both normal and psoriatic Pl-kinase require
Mg2* and are inhibited by Ca2*. The polyamine spermine, a known activator of Pl-kinase, stimulated
normal but not psoriatic epidermal Pl-kinase. Growth factors like EGF are able to stimulate Pl-kinase
directly, resulting in an increased level of PIP2, resulting in an increase of substrate for PLC-yt in
growth factor-mediated signal transduction95.
Protein kinase С
The protein kinase С (PKC) enzyme was first found in 1977115 as a proteolytically activated protein ki
nase, present in many tissues. At that time it had no obvious role in signal transduction. PKC116 is a
family of ubiquitous (mostly) Ca2*- and phospholipid-dependent serine/threonine protein kinases that
transduce extracellular signals across the cell surface116"118. The PKC isoenzymes play an important
role in growth control, gene expression, terminal differentiation, and neoplastic transformation. PKC
is expressed in almost every cell, but the PKC isoenzymes show distinct enzymological characteristics
and differential tissue expression with specific intracellular localisation119. To date, nine mammalian
genes have been identified encoding ten PKC isoenzymes (a, ft, Pu, γ, δ, e, ζ, η (L), θ, and λ) 1 2 0 1 2 2 . An
integrated nomenclature (reviewed in123) has been developed to categorise the PKC isoenzymes.
Group A consists of four classical or conventional PKCs (cPKC) that are calcium-dependent and
emerged from initial screenings: a, ft, fti, and γ119. Group В consists of four new PKCs (nPKC): δ, ε, η
(L), and θ119·1Μ"127. Group С consists of two atypical PKCs (aPKC) that are calcium-independent like the
nPKCs: ζ and λ 128 . Most PKC isoforms are located in the cytoplasm and are translocated to the plasma
membrane or intracellular compartments upon activation. It is believed that PKCs are degraded soon
after activation. PKCs are activated by two groups of molecules: (1) physiological activators, EGF,
platelet-derived growth factor (PDGF), TGF-a, histamine, bradykinin, and (2) pharmacological activa
tors, such as phorbol esters. On the one hand, the action of growth factors through their cell surface
receptors is transient, because of the rapid metabolism of receptor and ligand complex. On the other
hand, the effect of phorbol esters on PKCs is persistent and long lasting, because phorbol esters are
not readily metabolised. This persistent action has a biphasic effect: (1) acute treatment strongly ac
tivates PKC and (2) chronic treatment results in down-regulation of PKC (reviewed in 123,129 ).
Accumulating evidence indicates that certain PKC isoenzymes display distinct substrate speci
ficities, requirements for activation, and subcellular distribution suggesting that they may posses
functional specificity112,130'133. The profile of PKC isoenzymes expressed in a particular cell is likely to
be an important determinant in PKC-mediated signalling122. Calcium, phosphatidyl serine (PS), and
DAG, or phorbol esters activate the cPKC isoenzymes, and cis-unsaturated fatty acids and lysophosphatidylcholine enhance this activation. The nPKC isoenzymes do not require Ca2* and are activated
by micelles composed of PS and DAG or phorbol esters. The mechanism of aPKC activation is unclear,
10
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the enzymes are dependent on PS but are not affected by DAG, phorbol esters, or Ca2* (reviewed
in121,122). Members of the PKC family probably respond differently to various combinations of Ca2\ PS,
DAG, and other phospholipid degradation products. Thus, the patterns of activation of the enzyme
may vary in extent, duration, and intracellular localisation. It was first suggested that PKC activated
by DAG mediated one arm of the cellular signal transduction system involving hydrolysis of PIP2 to
generate DAG and IP3. Recently, it has been recognised that DAG is the lipophilic second messenger
generated in several signalling pathways (via PLD and PLC, reviewed in122). Besides DAG, several cisunsaturated fatty acids activate PKC to various degrees, and a potential role of free fatty acids (FFA)
as second messengers has been suggested12'134. It has been discovered that cis-unsaturated fatty acids
including oleic, linoleic, linolenic, arachidonic, and decosahexanoic acids, all produced from phos
pholipids by the action of a non-selective type of phospholipase A2| enhance the DAG-dependent acti
vation of PKC135·"7.
In 1982 it was discovered that tumour-promoting phorbol esters, such as 12-o-tetradecanoylphorbol-13-acetate (TPA) which has a diacylglycerol (DAG)-like structure'38, activate PKC directly
without taking part in the degradation of phosphatidylinositol-4,5-bisphosphate (PIP2)M. Furthermore,
it was revealed that PKC itself is the receptor of phorbol esters89. Because phorbol esters have
marked effects on proliferation, differentiation and oncogenesis, it is possible that PKC is concerned
with these long-term reactions. Both DAG and TPA increase the affinity of PKC with Ca2* resulting in a
full activation of PKC at micromolar concentrations of calcium'" 138 .
As described above, PKC can be directly activated by TPA, DAG, and Ca2* indicating that PKC
isoenzymes play a central role in signal transduction. Recent evidence revealed that UVB radiation in
creased both cytosolic and membrane-associated levels of PKC'39. The activation of PKC gives rise to
the phosphorylation of several proteins depending on the cell type, resulting in cell proliferation and
differentiation. Activation of PKC may also result in the inhibition of several enzymes. It is known that
activation of PKC results in the phosphorylation of serine residues 1248 of phospholipase C-γι (PLC-yO,
887 of phospholipase C-ß (PLC-ß), and 654 of the EGF-receptor. The phosphorylation of serine 654 of
EGF-receptor lowers the protein tyrosine kinase activity of the EGF-receptor and phosphorylation of
PLC-у) and PLC-ß results in a decreased production of PIP2. The authors mention that this inhibitory
effect on agonist-induced PIP2 hydrolysis may be a possible feedback mechanism to regulate signal
transduction134.
The first studies on human epidermal keratinocytes were performed using the method developed by Yuspa for culturing proliferative mouse keratinocytes under low calcium conditions140. Experiments revealed that addition of TPA, synthetic diacylglycerol (s-DG), and PLC activated PKC and
induced differentiation. The morphological changes induced by TPA, s-DG, and PLC were identical138,141'144. Addition of Ca2* to cultured keratinocytes under low calcium condition resulted in an increase in DAG production. The morphological changes induced by PKC-activating agents such as TPA,
s-DG and PLC were not consistent with the morphological changes, called stratification, induced by
Ca2*. This indicates that the induction of differentiation by Ca2* is not only due to activation of PKC
but requires other mechanisms such as the mobilisation of Ca2* in the cell129. In addition, the process
of proliferation and differentiation down-regulation of PKC isoenzymes may also play an important
role.
In vitro experiments with normal human epidermal keratinocytes showed that the PKC activity after phorbol esters treatment in proliferating (low calcium; 0.15 mM) keratinocytes was extremely low compared to differentiating (high calcium; 1.6 mM) keratinocytes. In correlation with the
PKC activity, the phorbol-binding sites increased 5 fold after 24 hours exposure to high calcium. In
conclusion, PKC in normal human epidermal keratinocytes appears to be upregulated under condi11
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tions of Ca2*-induced growth arrest and differentiation145,146. In cultured mammalian keratinocytes,
raising extracellular calcium decreases total cellular PLC-α and induces PLC-ε, PLC-γ, PLC-δ, and PLCη 1 0 9 , 1 4 7 and increases the level of iPj146'4»"", intracellular calcium'50 and DAG146·151. Calcium also in
duces qualitative changes in keratinocyte PKC152 and alters the subcellular distribution of PKC activ
ity 153 . Addition of TPA to cultured keratinocytes induces transglutaminase and cornified envelope
formation, markers for the final stage of keratinocyte differentiation141,154; in contrast, induction of
the early markers keratins K1 and K10 is inhibited by TPA155, this is also seen in vivo156158. Activation
of PKC by addition of TPA and 1 -oleyl-2-acetylglycerol to cultured mouse keratinocytes blocked the
Ca2*-mediated induction of spinous cell markers, keratins K1 and K10 at both the protein and mRNA
level. In contrast to the dramatic inhibition of mRNA expression typical for spinous cell differentia
tion, activation of PKC concuaently enhances the expression of mRNAs and protein for the granular
cell markers loricrin and filaggrin159. Hegeman et al. (1994) shows that PKC (the classical pathway)
plays a critical role in the regulation of keratinocyte proliferation rather than in calcium-induced dif
ferentiation. They demonstrate that three PKC inhibitors (staurosporine, tiflucarbine, and CP46'665)
inhibited cell proliferation as a PKC-dependent response, but they did not inhibit spontaneous (Ca2*)
or ionophore induced cell differentiation160. Experiments with cultured keratinocytes revealed that
the activation of PKC does not mediate but rather inhibits the EGF-induced keratinocyte migration.
The inhibitory effect of PKC on keratinocyte migration was not restricted to EGF-induced migration;
PKC activation also inhibited migration induced by bovine pituitary extract (ΒΡΕ), insulin, insulin-like
growth factor-1 (IGF-1) and keratinocyte growth factor (KGF). The inhibition is suggested to be regu
lated at the post-receptor level161.
Comparing normal epidermis, psoriatic involved and uninvolved epidermis162, showed that pso
riatic involved and uninvolved epidermis had a significantly lower PKC activity than normal epidermis,
whereas no significant difference was found between psoriatic involved and uninvolved epidermis.
Fisher ef. a/.161 demonstrated the presence of the calcium-dependent PKC isoenzymes, РКС-α and
PKC-p, but not PKC-γ, in normal and psoriatic epidermis. РКС-α was expressed predominantly in the
lower epidermis, whereas PKC-ß was localised in the upper layers with very intense staining of CD1a+
Langerhans cells. PKC-ß was more prominent and constituted two thirds of the total calciumdependent PKC activity. In addition to РКС-α and PKC-ß, the authors revealed the expression of four
calcium-independent PKC isoenzymes, PKC-δ, PKC-ε, PKC-ζ, and PKC-η in normal and psoriatic epi
dermis. There were no significant differences in the mRNA levels of РКС-α, β, δ, ε, ζ and η between
normal and psoriatic epidermis. In psoriatic lesions, the expression of both РКС-α and PKC-ß was decreased. The expression of PKC-ß was preferentially reduced by 80%. In psoriasis, РКС-α was present
in the lower epidermis, whereas PKC-ß was essentially absent, with the exception of some positive inflammatory cells. In psoriasis, a two-fold increase of the soluble PKC-ζ protein compared to normal
skin was found. In contrast with the finding that the activities of phosphatidyl inositol (Pl)-kinase and
PLC-γ! are increased in psoriatic epidermis, the activity of PKC is decreased. The decrease in PKC ac
tivity may be due to down-regulation. As discussed above the PLC/PKC signal transduction system ap
pears to be hyper-activated in psoriatic epidermis, and it has been proposed that this may be a sig
nificant factor in the pathophysiology of this disease.

Arachidonic add and metabolites produced by phospholipase A2
Phospholipase A2 (PLA2; EC. 3.1.1.4) is a group of enzymes that hydrolyse the ester bond of fatty acids
from the sn-2-position of phospholipids. The release of arachidonic acid (AA) from membranes by PLA2
and its subsequent conversion into leukotrienes and other eicosanoids is an important catalytic event
in the process leading to inflammation. Additionally, PLA2 enzymes are involved in the biosynthesis of
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PAF. Based on amino acid sequence data, PLA2 enzymes have been divided into three groups (reviewed in'64'166). Extracellular PLA2 enzymes, which are regarded to be involved in inflammation, have
been found to belong to group II and are the major PLA2 enzymes found in skin. AA and its metabolites are well-established mediators of inflammation of the skin167"169. Arachidonic acid, prostaglandins
and peptodileukotrienes (LTC<, LTD4) are strongly vasoactive. AA, LTB< and 12-hydroxyeicosatetraenoic acid (12-HETE) have a potent chemotactic effect on polymorphonuclear leukocytes (PMNs) and
monocytes. LTB4, LTC4 and LTD4 have been shown to stimulate epidermal proliferation'70. The clinically uninvolved and involved lesionai skin of patients with psoriasis is characterised by increased release of AA metabolites, which implies that there is an increased PLA2 activity in vivo. Several groups
have demonstrated that the PLA2 activity is indeed increased in both uninvolved and lesionai psoriatic
skin (reviewed in171).
Glucocorticoids proved to be good anti-inflammatory agents, because they interfere with the
AA metabolism by blocking either prostaglandin or leukotriene production. A group of structurally related calcium-dependent phospholipid-binding proteins (reviewed in172), which are inducible by glucocorticoids, are able to inhibit PLA2 activity in vitro (reviewed in17J). Based on these observations, the
hypothesis was postulated that the inhibition of PLA2 by this group of proteins is the mechanism of
anti-inflammatory action of glucocorticoids. This group of proteins was originally termed lipocortins,
because of the suggested mode of action, was later called annexins (reviewed in174). This hypothesis
has been challenged in the last few years by several controversial observations: (1 ) not only PLA2, but
also PLC and PLD are inhibited by "lipocortin" (later shown to be dependent on the assay conditions);
and (2) the link between synthesis of lipocortins and glucocorticoids could not be demonstrated by all
investigators (reviewed in175). The inhibitory effect of annexins on PLA2 of human skin occurs only at
high annexin/phospholipid ratios. Ahn eí al. (1988) showed that annexin does not bind to PLA2, but to
the substrate176. From these observations, the so-called 'substrate depletion mode' has been derived177. According to this model, annexin binds to the phospholipid substrate, forming a substrateinhibitor complex (dependent on the presence of calcium ions). By this substrate-inhibitor interaction, the access of PLA2 to its substrate is diminished and a competition of PLA2 and annexin for the
substrate results. The inhibitory effect becomes apparent only when the substrate concentration is
sufficiently low relative to the amount of annexin. This situation will only occur under in vitro conditions and not in vivo (reviewed in175). Several lipocortins have been isolated from human skin, and it is
mentioned that the localisation in psoriatic skin is different from normal skin178. Lipocortin I, also
known as annexin I, p35 or calpactin II, is localised in the cytoplasm of basal and suprabasal keratinocytes studied in vitro and in vivo. Keratinocytes cultured in serum-free medium without hydrocortisone also showed expression of lipocortin I17'.
Eicosanoids represent a large and heterogeneous family of oxygenated C20 fatty acid metabolites mostly derived from AA. They are biologically potent agents acting at or near the site of their
synthesis and are involved in inflammation, wound repair and cellular proliferation in various tissues
including skin180. Eicosanoid formation seems to be a common response of the skin to all kinds of skin
irritants and injury. Dysregulation of epidermal eicosanoid biosynthesis has been observed in inflammatory and hyperproliferative skin disorders167.
In keratinocytes, the concentration of free AA is found to be below the K„, for enzymes catalysing eicosanoid biosynthesis. This indicates that liberation of AA is a rate-limiting step in the production of eicosanoids. In keratinocytes, a range of different stimuli including, growth factors, cytokines, pro-inflammatory mediators, phorbol esters, calcium ionophores and also physical stress181186
mediates increased production of free AA. The release of AA from membrane phospholipids can be
regulated by several pathways, including hydrolysis of DAG, production via phosphatidic acid (subii

Chapter 1

strates created by PLC-γ, PLD, and PLA2) or stimulation of PKC by phorbol esters. Kast eí ai, (1991)
describe two pathways by which epidermal PLA2 activity can be stimulated via a ßrreceptor-Gprotein-dependent pathway (Bradykinin) and a PKC-dependent pathway (TPA)187. In a recent study
Kast eí al. (1993) demonstrate that a cytosolic PLA2 (cPLA2) is responsible for the release of AA by
both pathways'86.
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Signal transduction by proto-oncogenes
The elucidation of the signalling pathways featuring proto-oncogenes, especially the Ras proteins (Re
viewed in168"1'2) came through the discovery of oncogenes. These genes were initially discovered as
the source of cancer-causing ability of many RNA tumour viruses (Retroviruses). Later they were
found in many non-virally induced tumours including those in humans. Oncogenes were suspected to
encode abnormal functioning members of the cellular signalling cascades dedicated to the transmis
sion of growth-regulating signals. In 1980, two ras genes were known: the first, now known as V-H-ros
is the transforming gene of Harvey, BALB and Rasheed sarcoma viruses; the second, known as V-K-ras
is the transforming gene of the Kirsten sarcoma virus193. By 1990, 40-50 distinct Ras-like proteins have
been detected (for review see1").
The proteins encoded by the cellular ras genes were presumed to play a central role in one of
the signalling cascades. The normal products of the ras gene are members of a large family of
GTPases, which includes proteins involved in protein synthesis and signal transduction. Like other
members, Ras protein functions like a binary switch. In its OFF position, Ras binds the nucleoside guanidine diphosphate (GDP) and waits at the inner surface of the cell membrane for an incoming, acti
vating signal. After receiving such a signal, GDP is released and GTP is bound. In this situation, Ras
exists for a short period in the ON state giving a growth-stimulatory signal into the cell. After binding
of a growth factor to its receptor, many different effector proteins are activated through interaction
with the auto-phosphorylated tail of the receptor. In the Ras pathway Grb2/Sem5 are connectors
binding to the specific phosphoproteins by their SH2 domains. After binding they recruit exchange
factors, such as Sos containing a SH3 binding site, which bind to the Grb2/Sem5 SH3 domain. The re
cruitment of Sos triggers the activation of Ras leading to the activation of downstream signals finally
leading to the phosphorylation of transcription factors in the nucleus (reviewed in" 4 ). In figure 1 we
have presented an overview of the signal transduction pathways thus far discussed.
In vivo studies showed that TGF-fb, p53 and c-myc transcripts were clearly detectable in the
lesionai epidermis of psoriatic patients. The expression levels were comparable in lesionai and nonlesionai skin41. The c-fos proto-oncogene is highly expressed in normal human adult skin. The expres
sion of the proto-oncogenes c-fos and c-jun was significantly decreased in plaque-type psoriasis, but
not guttate-type psoriasis195. Tadini et al. (1989) reported a remarkable reactivity of p53, Η-ras and cmyc in psoriatic plaques, but in contrast, c-fos expression does not show differences compared to
normal skin196. In lesionai psoriatic epidermis, an enhanced expression of raf2i has been reported.
However, this enhanced expression is not accompanied by a ras mutation197.
In vitro studies have revealed that stimulation of cultured keratinocytes with TPA leads to a
transient induction of c-fos followed by a rapid down regulation of the proto-oncogene c-myc and the
epidermal growth factor receptor. Within hours after TPA stimulation, mRNA levels for three well
characterised keratinocyte differentiation products, involucrin, interleukin 1ß (IL-1ß) and fibronectin
were induced. Besides these products a growth arrest and DNA damage-inducible (GADD153) gene and
a small proline-rich (SPR1 ) gene, both known to be associated with differentiation are induced198. Exposure of cultured human keratinocytes to ethanol induces the expression of the c-jun protooncogene. Similar findings were obtained for the jun-B and c-fos early response genes. The induction
of c-jun expression is mediated probably by PKC, because the induction can be inhibited by a PKC inhibitor (H7) and by down-regulation of PKC by prolonged exposure to TPA199. Treatment of keratinocyte cultures with ultraviolet radiation (UVR) leads to an increased expression of c-myc. This increase
may indicate that the proto-oncogene c-myc is involved in the recovery from acute DNA-damage200. It
has further been demonstrated that treatment of cultured keratinocytes with TGF-ß results in growth
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inhibition and rapid induction of c-myc expression201. When cultured human keratinocytes are treated
with calcium and ionophore there is a rapid elevation of c-Src tyrosine kinase activity. Immunohistochemistry on human epidermis revealed an increase in c-Src expression and tyrosine phosphorylation
in cells undergoing differentiation202.
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Fisure 1. Overview of the major si$nal transduction pathways involving PKC, PKA, and Ras and finally leadins to
transcription, resulation of differentiation and proliferation depicted from ^3-20*. Abbreviations: Ree, receptor;
7TM Ree, seven-transmembrane spanning receptor; Cs, stimulatory guanine nucleotide-binding protein; AC,
adenylate cyclase; ATP, adenosine trisphosphate; cAMP, cyclic 3',5''-adenosine monophosphate; PKA; protein ki
nase A; R, regulatory sub units of PKA; C, catalytic sub units of PKA; PTK, protein tyrosine kinases; ERK, extraceltutar-signal-regulated kinase; PLC, phosphotipase C; PtP2, phosphatidylinositol-1,4,5-bisphosphate; IP3, inosi
tol-1,4,5-trisphosphate; DAG, diacy¡glycerol; PKC, protein kinase C; CaM, calmodulin; CoMK, CaM-dependent
protein kinases; CaN, calcineurin; NF-κΒ, nuclear transcription factor KB; ATF, activating transcription factor;
CREB, cAMP-responsive element-binding protein; NF-AT, nuclear factor of activated T-cells; MEK, MAP or extra
cellular signal-related kinase; МАРК, mitogen activated protein kinases; AA, arachidonic acid; cPLA2, cytosolic
phosphotipase A2.
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Protein tyrosine kinases in sigiai transduction
In addition to the serine/threonine kinases, PKA and PKC, the presence of protein tyrosine kinases
(PTKs) was demonstrated over the past 10 years205,206. Many oncogene products and various growth
factor receptors showed PTK activity206'20e, implicating that PTK might be closely related to prolifera
tion and differentiation. It was even implicated that tyrosine phosphorylation is an early and specific
event involved in the differentiation of keratinocytes20*.
Growth factor receptors (as reviewed in210) with protein tyrosine kinase (PTK) activity, or re
ceptor tyrosine kinases all possess a basic structure consisting of a large glycosylated extracellular ligand binding domain, a single hydrophobic transmembrane region, and a cytoplasmic domain that
contains a tyrosine kinase catalytic domain2"'214. When we look at the receptor configuration we can
say that receptor tyrosine kinases can be envisioned as membrane-associated allosteric enzymes. In
contrast to water-soluble allosteric enzymes, receptor tyrosine kinases have a topology dictating that
the ligand binding domain and protein kinase activity are separated by the plasma membrane. Due to
this topology, receptor activation after ligand binding must be translated across the membrane bar
rier to activate intracellular functions. The receptors with PTK activity (e.g. EGF-receptor, PDGFreceptor, insulin like growth factor 1 (IGF-l)-receptor, fibroblast growth factor (FGF) receptor, colony
stimulating factor 1 (CSF-1) receptor) can be divided into four subclasses on the basis of sequence
similarity and distinct structural characteristics (reviewed in210). The ligand-induced activation of the
kinase domain and its signalling potential are mediated by a universal phenomenon called receptor
oligomerisation213'214. Binding of the ligand leads to a conformational change of the extracellular do
mains resulting in receptor oligomerisation. Receptor oligomerisation stabilises the interactions be
tween two adjacent cytoplasmic domains and leads to the activation of the kinase function. Oligomerized receptors have elevated protein kinase activities and they possess an enhanced ligand
binding affinity. Receptor oligomerisation may be induced by monomelic ligands (e.g. EGF, and
TGF-a) that induce conformational changes215 resulting in receptor-receptor interactions, or bivalent
ligands (e.g. PDGF, and CSF-1) that mediate dimerisation of neighbouring receptors216'218. The above
described theme is not applicable for the heterotetrameric receptors of subclass II (e.g. Insulin, and
IGF-1) (see for review210). It has to be mentioned that growth factors (e.g. IGF-1) can work via syner
gistic interactions with other growth factors (e.g. EGF and FGF)219'221.
Receptor tyrosine kinases are able to catalyse the phosphorylation of exogenous substrates
(e.g. serine\threonine kinases such as mitogen activated protein (MAP) kinase, cdc2 kinase, PI-3kinase, raf kinase and S6 kinase, PKC activating agents such as PLC-γ and Ras GTPase activating pro
teins (GAPs), cell-to-cell contact-related proteins such as vinculin, talin and connexin, and other pro
teins like lipocortin I and II73·208) as well as intrinsic residues resulting in autophosphorylation. Because
many of these substrates are kinases themselves or have enzymatic activities on the pathway to acti
vating kinases, it seems likely, that signal transduction may involve a cascade of protein kinases.
During the evolution the tyrosine kinase domain is highly conserved and activation of the kinase after
binding of a growth factor may result in one of the following reactions: calcium influx, activation of
PLC-γ and PLA2, inositol phosphate and prostaglandin E2 (PGE2) formation, Na*/H*-exchange, c-/os and
c-myc expression, stimulation of glucose and amino acid transport, 56ribosomalprotein phosphoryla
tion, DNA synthesis, and transformation.
Recent evidence for the involvement of PTK in proliferation came from studies with
tyrphostins. Tyrphostins, inhibitors of PTKs, suppress proliferation of cultured human keratinocytes,
and guinea pig keratinocytes induced by EGF222. Suppression of the EGF-dependent proliferation in
duces growth arrest, which is completely reversible after removal of the tyrphostins. In addition to
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the growth inhibition in culture tyrphostins are able to inhibit growth of human and guinea pig epi
dermal keratinocytes, but not dermal cells, in skin organ cultures222. It has also been described that
TPA increases phosphorylation of tyrosine residues in cultured mouse keratinocytes21". This indicates
that it is possible that PKC is indirectly involved in tyrosine phosphorylation223,224, since PKC is the
major phorbol ester receptor. PKC further has a negative feedback on the EGF receptor through the
phosphorylation of threonine residue 654 (thr654). This action of PKC is also established by factors
other than EGF. For instance, PDGF and bombesin are able to increase the PI turnover by binding to
their receptors and subsequently activate PKC through the production of DAG. By phosphorylation of
thr654, the kinase activity is inhibited, and there is a reduction of high affinity receptors. Taken to
gether it is possible that serine/threonine kinases (mainly PKC) and protein tyrosine kinases play a
central role in the regulation of proliferation, differentiation, and tumorigenesis of keratinocytes.
Studies in human epidermis concerning growth factor receptors have revealed that the EGF
receptor is increased 2-4-fold in psoriatic epidermis. Looking at the DNA sequence and mRNA levels of
the EGF receptor there are no striking differences between normal and psoriatic epidermis. This sug
gests that the production of EGF receptors may not be increased, but rather the turnover may be de
creased208. In a recent study there has been found that the IGF-1 receptor is overexpressed as meas
ured by protein tyrosine kinase assays of biopsy extracts and by immunohistochemical staining with an
IGF-1 receptor-specific monoclonal antibody. The IGF-1 receptor kinase activity is increased 5-20-fold
in psoriatic lesionai epidermis compared to psoriatic uninvolved epidermis. This increase is in agree
ment with the increased size of the keratinocyte proliferative compartment in psoriatic epidermis225.
Biochemical agents that diminish the EGF receptor ligand binding (phorbol esters or calcium ionophore treatment) produce opposite effects on the IGF-1 receptor. The cellular expression and differ
ential regulation of both growth factor receptors may control critical aspects of epidermal prolifera
tion or function21'"221. The expression of EGF and IGF-1 receptors is differentially regulated, indicating
that these receptor have different functions225.
Other studies have revealed a 3.5- and 2.5-fold increase respectively in protein tyrosine ki
nase and protein phosphotyrosine phosphatase specific activities in psoriatic lesionai epidermis226.
These results correspond well with the reported increased mitotic index in psoriatic tissue (epider
mis)226. It seems that these enzymes are of great importance during cell proliferation. The reported
increases may be due to the increased stimulation of the EGF receptor by TGF-a, which uses the
same receptor. It has been shown that TGF-a is increased in psoriatic lesionai epidermis36. An in
crease of 4-, 6-, and 7-fold in respectively TGF-a mRNA and protein has been found. Furthermore, it
has been described that TGF-a is able to stimulate its own production via an autocrine pathway.
Evidence that PTK is involved in keratinocyte differentiation came from studies in which pri
mary mouse keratinocytes were induced to differentiate under high calcium concentrations227. These
studies showed that Ras GTPase associates with tyrosine-phosphoproteins and translocates to the
membrane within 10 minutes after calcium addition. In addition, a GAP-associated protein p62 be
comes rapidly and heavily tyrosine phosphorylated in both membrane and cytosolic fractions (within 5
min.). p62 phosphorylation was not observed after exposure of cells to EGF, phorbol ester, or trans
forming growth factor β (TGF-ß). In contrast, PLC-γ and PI-3-kinase were tyrosine phosphorylated af
ter EGF addition, but not after calcium-induced differentiation. The changes of GAP and p62 occur
early and are specific events in keratinocyte differentiation and appear to involve a calcium-induced
tyrosine kinase. Zhao et al. (1992) showed that the induction of differentiation in cultured human
epidermal keratinocytes by Ca2* and ionophore treatment resulted in a rapid elevation of c-Src tyro
sine kinase activity and inactivation of the c-yes tyrosine kinase. Activation of c-Src kinase was ac
companied by increased tyrosine dephosphorylation, which might be explained by a rapid increase in
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intracellular protein-tyrosine phosphatase (PTPase) activity. Ca 4nduced differentiation was also associated with altered phosphorylation of other cellular proteins and correlated well with a marked
redistribution of intracellular phosphotyrosine from membrane and adhesion sites to the nucleus202.
Taken together it is possible that serine/threonine kinases (mainly PKC) and protein tyrosine
kinases are relevant in the control of cell proliferation, cell differentiation, and tumorigenesis of keratinocytes.
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Cytokines in signal transduction
In skin, there appears to be a complex network of cytokines, which are involved in the homeostatic
control mechanism. This network consists of interactions between keratirvocytes, T-cells, fibroblasts
and dendritic cells (outlined in figure 2). In inflammatory dermatoses, such as psoriasis, there appears
to be a dysregulation of the cytokine expression in keratinocytes, resulting in keratinocyte hyperproliferation associated with vascular expansion, fibroblast activation, leukocyte infiltration, alterations
in eicosanoid metabolism and cytokine production.
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Figure 2. Keratinocyte as a centrai key in skin inflammation (Adapted f rom 22S2M

At present, it is unclear whether these changes are due to an immune disorder or a defect in
the growth regulation of keratinocytes. However, it is clear that more than one mechanism is respon
sible for the induction of psoriatic lesions23'"2. Cytokines are a large family of extracellular protein
mediators that include interleukins (lb), colony-stimulating factors (CSFs), interferons (IFNs), tumour
necrosis factors (TNFs), chemokines and growth factors. They play a pivotal role in various types of
intracellular communication233. Cytokines are pleiotropic and have a variety of biological effects de
pending on the type of cells they are acting on. The effects can be either stimulatory or inhibitory
234
and are involved in the regulation of cell proliferation, differentiation and function . It has also been
235
revealed that there are only one or two types of receptors for each cytokine . These receptors are
classified into several groups based on their structural similarity (reviewed in235·236). Class I cytokine
receptors include receptors for most interleukins (IL-2 to IL-7, and IL-9), granulocyte colony stimu
lating factor (G-CSF), erythropoetin (EPO), leukaemia inhibiting factor (LIF), oncostatin M (OSM), cili
ary neurotrophic factor (CNTF), growth hormone (GH), and prolactin236. Class II cytokine receptors in
clude receptors for interferons, IL-8 and IL-10. In contrast to class II receptors class I receptors do not
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possess any intrinsic enzymatic activity, such as a kinase or a phosphatase activity. In addition to the
class I and II receptor families there are several other structurally distinct receptor families such as
the TNF receptor family, transforming growth factor receptor (TGF) family237,23', immunoglobulin receptor (Ig) suDei-famil/39,240, the chemokine receptor241 and the tyrosine kinase receptors (242 as described in previous section).
As mentioned in the previous section many cytokines are involved in signal transduction in
human skin (see also Chapter 4,5 and226,234,243""5). In this section, we will focus on the role of cytokines
in epidermal signal transduction and their effects on proliferation, differentiation, and inflammation
and we will review the differences between normal and psoriatic involved and uninvolved epidermis.
The cytokines will be discussed divided into four main groups: interleukins (ILs), interferons (IFNs),
tumour necrosis factor, growth factors, and chemokines.

Interleukins
Interleukins are a group of cytokines that mediate normal physiological differentiation and inflammation. Interleukins have a variety of biological activities in various cell types (reviewed in244). Interleukins act by receptor-ligand interactions. After stimulation of the receptor expression, the receptor
may be induced. Receptors that are normally present in low numbers can thus be induced following
stimulation to increase in number and then return to a normal resting level when the stimulation disappears. After binding of the ligand to its receptor a cascade of events can take place, including synthesis of cyclic nucleotides, hydrolysis of phosphatidylinositol bisphosphate, activation of protein kinase C, and elevation of cytoplasmic calcium. Currently more than 18 interleukins have been isolated
of which IL-1, IL-3, IL-6, IL-7, IL-8, IL-10 and IL-12 are expressed by keratinocytes.
lnterleukin-1
lnterleukin-1 (IL-1) (for review see246) was originally described by its biological activity, such as a
monocyte-macrophage-derived cytokine that had co-stimulatory activity in cultures of murine thymocytes244. IL-1 is predominantly secreted by macrophages but also by other cells including keratinocytes, fibroblasts, endothelial cells, Langerhans cells, B-lymphocytes, some T-lymphocytes, and neutrophils247.
The interleukin-1 family of cytokines consists of three homologous molecules: two agonists
(IL-1a, and IL-1ß) and the IL-1 receptor antagonist (IL-Ira)248,249. IL-1ct and IL-1ß both bind to the same
type of receptors (types I and II) and induce similar biologic responses in target cells. These specific
receptors (IL-1 RI, IL-1R2) differ in their binding affinities, signal transduction and cell surface expression. IL-1 α is the primary agonist produced by keratinocytes, which remains intracellular in the bio
logically active form250. IL-1 β is abo produced by keratinocytes, but it is biologically inactive, and ke
ratinocytes do not have the IL-1 β converting enzyme (ICE)251. The a- and the ß-forms diverge in protein structure but they bind to the same receptors252. Besides the originally described monocyte IL1ra, keratinocytes produce a structural variant that lacks a signal peptide and also remains intracellular40,253255. IL-1ra binds to both types of human IL-1 receptors, not transducing any signal, functioning as a competitive inhibitor for both IL-1 α and IL-1 β249,256. The degree of differentiation of ke
ratinocytes has been shown to modulate the levels of keratinocyte IL-1ra and IL-1a production254. IL-1
shares many (if not all) of its systemic properties with tumour necrosis factor α (TNF-α). They are also
called primary cytokines, which are able to stimulate their own production and the production of a
large number of secondary cytokines. IL-1 has a wide range of biological actions, which seem to be
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involved in the control of immune and inflammatory responses. This control involves the induction of
lymphocytotropic cytokines (e.g. IL-1 itself, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, TNF-α, TNF-ß, GMCSF and IL-2R) which are involved in the proliferation and differentiation of B- and T-cells and by activation of vascular endothelial cells and connective tissue (reviewed in234,244).
In human skin, the levels of IL-1 are 100-1000 times greater than in most other tissues. In the
epidermis, IL-1 is constitutively expressed by keratinocytes (reviewed in257). IL-1 is produced by keratinocytes and high amounts are sequestrated inside the keratinocytes to be used as a first protection against trauma and other stimuli. In normal epidermis keratinocytes express only a few highaffinity receptors for IL-1. The expression can be triggered in response to trauma, UVB, and IFN-γ.
Regulation of the expression of IL-1 receptors may be a very important mechanism for the control of
immune and inflammatory responses in skin (reviewed in234). IL-1a, IL-1ß, and IL-1ra are produced by
keratinocytes but are not secreted.
In vitro experiments have revealed that there exists a specific epithelial form of the IL-1 га
(iclL-1ra) expressed predominantly intracellular253. Under culture conditions that promote differentia
tion of keratinocytes, the production of IL-1ra is increased253,255. On the other hand, IL-1a production
is decreased (4-fold) under these conditions. The competitive inhibitory action of IL-1ra may be an
important mechanism to control the initiation of inflammation by IL-1a. IL-1ra is distributed through
out (areas where the pro-inflammatory cytokine IL-1 α is distributed) the living layers of the epidermis
in normal skin, and is associated with sebaceous glands and eccrine sweat glands. This gives evidence
for a cytokine regulatory system in normal skin. IL-1 га is further localised to the prominent network
of dermal dendritic cells, and upper dermal blood vessels. There is a consistent reduction of IL-1ra in
lesionai versus uninvolved psoriatic skin258. Immunofluorescence studies have revealed that IL-1ra is
concentrated in the stratum granufosum of normal epidermis and basal-midbasal layers of psoriatic
epidermis. IL-1ra is increased in psoriatic epidermis this is in contrast to the findings of Kristenesen et
о/. (1992). Hammerberg et al. (1992) find that the ratio of IL-1ra/IL-1a protein is significantly in
creased in involved psoriatic skin versus normal skin. The maintenance of a balance between IL-1 га
and IL-1a may have an important influence on keratinocyte growth and/or differentiation, as well as
on the inflammatory potential of IL-1 in injured skin40. Messenger RNA detection revealed a weak sig
nal in some normal healthy epidermis specimen and a stronger signal in all the peri-lesional unin
volved psoriatic epidermis specimen. In the transition zone there is also a signal visible but there is no
expression found in the lesionai skin. Recently, a new isoform of the interleukin 1 receptor antago
nist, iclL-1ra type II, has been isolated. The ability of this new form of iclL-1ra to inhibit IL-1 activity,
in terms of induction of E- selectin and human immunodeficiency virus replication, was comparable to
that of classical icIL-Ira259. The regulation of the IL-1 cytokine network in human keratinocytes in
volves modulation of iclL-1a rather than iclL-1ra levels. TGF-ß, TGF-α, IFN-γ and TNF-α stimulated
the induction of iclL-1 α without changing the iclL-1Ra levels260.
In psoriatic lesionai epidermis, the levels of IL-1a are reduced compared to normal skin51. Le
sionai skin biopsies showed overexpression of IL-1 β mRNAs41. IL-1 β was strongly expressed in a small
number of cells localised predominantly in the dermal papillae and in the suprapapillary epidermis.
IL-1 release depends on external stimuli that induce its release and the expression of its re
ceptor. These stimuli may include TGF-α, IL-1a, tumour necrosis factor α (TNF-α), CSF, IFN-γ257,261'263.
Addition of IL-1 in combination with TNF-α to cultured keratinocytes stimulated the release of GMCSF264. Furthermore, addition of IL-Ια to cultured keratinocytes results in a dose-dependent produc
tion of IL-1 α and TGF-α. These findings document an autocrine mechanism by which IL-1 α can stimu
late the proliferation of keratinocytes in skin265. IL-1 β is a potent inducer of IL-6 in fibroblasts, endo
thelial cells, and keratinocytes but not in monocytes266. Exposure of keratinocytes to UV results in an
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increased production of IL-1, IL-3, IL-6, TNF-a, and GM-CSF production .
Since the discovery that epidermal cell-derived thymocyte- activating factor was identical to
IL-1a and IL-1 β in 1986, these molecules have been implicated in the pathogenesis of skin diseases. In
1995, it has become clear that a group of gene products function to regulate the activity of IL- 1. IL1a and mature 17-kDa IL-1ß (cleaved from precursor by IL-1ß-converting enzyme (ICE)) bind to the
type 1 IL-1 receptor to transduce a signal. This process can be antagonised at the level of the receptor by two distinct forms of the IL-1 receptor antagonist, which bind to the type I receptor but do not
transduce a signal. Trie process can also be antagonised at the level of the ligand by either cell-bound
or soluble type 2 IL-1 receptor. This type 2 IL-1 receptor binds ligand but does not transduce a signal.
Keratinocytes are able to produce both variables in vitro, and the balance between agonists and antagonists dictates the biologic outcome of a putative IL-1-mediated event. Transgenic mice that overexpress each of these factors individually in epidermis will be useful for enhancing our understanding
of the cutaneous biology of IL-126*"270. The ratio of IL-1ra to IL-1 production and secretion by keratinocytes depends on the degree of maturation. This might play a role in the control of growth and differentiation of human skin271. IL-1 production is upregulated by ultraviolet light and it increases the
proliferative potential, and stimulates keratinocyte migration on matrices of collagen types I and
IV272.
To further define the role of IL-1 in cutaneous biology, two lines of transgenic mice (TglL-1.1
and TglL-1.2) were generated which overexpress IL-1 alpha in basal keratinocytes. There was highlevel tissue-specific expression of transgene mRNA and protein and large quantities of IL-1 alpha were
liberated into the circulation from epidermis in both lines. TglL-1.1 mice, that had the highest level
of transgene expression, developed a spontaneous skin disease characterised by hair loss, scaling, and
focal inflammatory skin lesions. Histologically, hyperkeratosis and a dermal mononuclear cell infiltrate of macrophage/monocyte lineage characterised nonlesional skin of these animals. Inflammatory
lesions were marked by a mixed cellular infiltrate, acanthosis, and, in some cases, parakeratosis.
These findings confirm the concept of IL-1 as a primary cytokine, release of that is able to initiate and
localise an inflammatory reaction. Furthermore, these mice provide the first definitive evidence that
inflammatory mediators can be released from the epidermis to enter the systemic circulation and
thereby influence, in a paracrine or endocrine fashion, a wide variety of other cell types273.
lnterleukin-3
lnterleukin-3 (IL-3, also called multi-CSF) is a member of a group of haematopoetic colony stimulating
factors (reviewed in244,274). IL-3 supports growth and differentiation of pluripotent stem cells leading
to different types of blood cells. It is synthesised by T-lymphocytes, myeloid cell lines and keratinocytes275. In epidermal cells (ECs) IL-3 was first identified in conditioned medium of PAM212 cells, a
murine cell line276,277. Specific mRNA transcripts or biological activities of IL-3 have been detected in
cultured keratinocytes274. IL-3 (and IL-1, IL-6 and granulocyte-macrophage colony stimulating factor
(GM-CSF)) has been shown to stimulate proliferation of keratinocytes278. IL-3 binds to its high-affinity
receptors in competition with IL-5 and GM-CSF (reviewed in236). IL-3 is also produced by normal murine keratinocytes (cell line FI5.12) as determined by PCR in which mRNA for IL-3 was detected279. IL-3
mRNA could be identified in freshly isolated neonatal mouse epidermis but not dermis. This indicates
that IL-3 is produced by keratinocytes in skin of normal neonatal mice, but not adult mice. At present
it is not clear if IL-3 is produced by human keratinocytes (it is more an assumption), and its production may be age dependent as shown in mouse skin. As indicated, there is controversy about the
presence of IL-3 mRNA in human keratinocytes. Using highly sensitive reverse transcription polymerase chain reaction and enzyme-linked immunosorbent assay techniques IL-3 mRNA or IL-3 protein in
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human keratinocytes were not detectable . Gallo eí al. have demonstrated that the production of
IL-3 and GM-CSF is increased within 1 hour of UVR in subconfluent rapidly dividing PAM212 cells. Cells
grown to confluence responded differently to UVR treatment, resulting in a decrease in bioactivity.
Removal of extracellular calcium or sodium during UVR treatment resulted in a different effect on the
release of IL-3 and GM-CSF. UVR influences the release of GM-CSF and IL-3 from keratinocytes and
suggests that the state of cell growth and conditions of membrane ion transport influence the mechanisms regulating the secretion of those factors.
lnterleukin-6
lnterleukin-6 (IL-6) was first cloned in 1980 under the name of interferon-p2, which was identical to
the following cytokines: B-cell activating factor 2, hybridoma growth factor (HGF), epidermal cell
natural killer cell augmenting factor (ENKAF) (reviewed in244,282). Many different cell types including
keratinocytes, fibroblasts, endothelial cells, monocytes, and various cell lines produce IL-6. IL-6, like
IL-1, is a ubiquitous pro-inflammatory cytokine, which is released immediately after injury. IL-6 can
be induced in a variety of cell types by multiple agents including IL-1, TNF-a, interferon, PDGF, viruses, tumour promotors and bacterial toxins283. IL-6 binds to its receptor, which is present on a variety of cells, and exerts multiple biological activities on their target cells. IL-6 shares structural and
functional similarities with leukaemia inhibiting factor (LIF), oncostatin M (OSM), IL-11 and ciliary
neurotrophic factor (CNTF). Like the IL-3 family, these receptors share a common sub-unit, gp130,
which is essential for the signal transduction284.
In vitro experiments have revealed that cultured normal human keratinocytes (not stimulated) usually express only low amounts of IL-6 specific mRNA and produce minimal levels of IL-6. Addition of stimulants such as IL-1a, IL-1ß, IL-4, TNF-a, GM-CSF, IL-13, TGF-ß, TPA, lipopolysaccharides
(LPS), mitogens, or UVB irradiation significantly increases the IL-6 production by keratinocytes283,285"
289
. Ultraviolet В radiation stabilises IL-6 mRNA suggesting the UVB radiation upregulates IL-6 mRNA
levels in human keratinocytes by increasing the stability of the IL-6 transcript. These results indicate
that UVB radiation affects gene expression in human keratinocytes at a post-transcriptional level290.
Grossman et al. (1989)42 and Ohta et al. (1991 )2'1 showed via immunological studies that IL-6
mRNA and protein levels are increased in psoriatic lesionai skin and in the plasma of these patients.
They further report that IL-6 stimulates the proliferation of human keratinocytes in culture. These re
sults were supported by Neuner P. et al (1991 )M2 who describes that mononuclear cells and keratino
cytes in skin from patients with psoriasis release significantly increased levels of IL-6 compared to
normal skin. Immunohistochemical IL-6 receptor expression was demonstrated on monolayers of ke
ratinocytes and deeper cells of stratified keratinocytes in culture. On the other hand, differentiated
cells in the upper layers did not express IL-6 receptors on their cell surface. These results suggest that
IL-6 may be involved in the regulation of keratinocyte growth2*3.
Overexpression of IL-6 in transgenic mice suprisingly did not lead to enhanced epidermal pro
liferation, but resulted in the formation of a thicker stratum corneum. IL-6 expression did not lead to
leukocytic infiltration, making it unlikely that it has direct pro-inflammatory activity in skin294.
lnterleukin-7
lnterleukin-7 (IL-7) was originally discovered as a factor that was capable of inducing proliferation of
murine pre-B-cells in long-term bone marrow culture systems295. Recent studies have resulted in the
cloning of the murine factor which has been termed IL-7 because of its variety of biological activities
and influences on both Τ and pre-B-cells295. IL-7 is produced by murine and human keratinocytes in
biologically relevant amount296. Recent studies revealed that mouse keratinocytes and PAM212 cells in
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culture are capable of producing IL-7 after addition of IFN-γ. Induction of IL-7 by IFN-γ resulted in
preferential expression of 2.6- and 1.5-kb IL-7 mRNAs, and in addition to the 2.9- and 1.7-kb mRNAs
that are expressed constitutively. The former ones are produced using alternative transcription initia
tion sites297. IFN-γ appears to promote this conversion through the IFN-stimulated response element
(ISRE), which is located 270 bp upstream from the coding sequence. ISRE is followed by the initiator,
a non-TATA-type transcription control element. Functional relevance of the ISRE/initiator complex
was suggested by the observations that IFN^-dependent transcription was initiated from immediately
downstream of this complex, and that its deletion resulted in an abrogated IFN-γ responsiveness in
transcriptional regulation. These results document a novel mechanism by which IL-7 gene expression
is regulated in keratinocytes by a cytokine produced by Τ cells (IFN-γ)298. Further studies revealed that
keratinocyte-derived IL-7 supported dendritic epidermal Τ cell proliferation and prevented apoptosis299. IL-7 binds to its receptor, which belongs to the IL-2 subfamily236. The physiological or pathologi
cal relevance of keratinocyte-derived IL-7 is presently unknown.
Inter leukin-10
lnterleukin-10 (IL-10) was initially termed cytokine synthesis inhibitory factor (CSIF)300. Enk and Katz
(1992)30' reported that murine keratinocytes are capable of producing IL-10 mRNA and protein. IL-10
can be produced by T-cells, B-cells, macrophages/monocytes and activated keratinocytes. IL-10 pro
foundly alters the morphology, the expression of MHC class II antigens and the production of cytokines
by monocytes. IL-10 further directly influences the function and growth of T-cells, B-cells and mast
cells. IL-10 has strong anti-inflammatory activities and may act as a general suppressor factor of im
mune reactions302. IL-10 mRNA expression was enhanced in UV-irradiated keratinocytes and suggests
that the release of IL-10 by UV-irradiated keratinocytes may play an essential role in the induction of
systemic immunosuppression303305. IL-10 has the ability to suppress the production of cytokines in
cluding IL-2, IFN-γ and IL-1ct and upregulates IL-1ra234. It has been demonstrated that IL-10, TNF-a, IL8, IFN-γ, ICAM-1, TGF-a and TGF-ß were induced 6 hours after tape stripping306,307. Furthermore, IL-10
levels are decreased in psoriatic lesionai skin as compared to the psoriatic lesion-free and normal skin
suction blister fluids308. The decreased levels of IL-10 in psoriatic lesions combined with its antiinflammatory activity might indicate that IL-10 could be a potential target for treatment of psoriasis
and other inflammatory dermatoses.
lnterleukin-12
IL-12 was originally described as a natural killer (NK) cell stimulatory factor, but recently found to induce IFN-γ production and to be required for optimal TW-type T-cell development. Recent evidence
indicates that human keratinocytes are capable of expressing and releasing IL-12. Two types of tran
script are detectable, i.e. p35 and P40309311. It has been postulated that keratinocytes may influence
the fate of the Th-mediated immune responses, favouring Th1 response by enhanced production of IL12 or Th2 response by reduced IL-12 release312,313. These data provide evidence for the functional sig
nificance of IL-12 in primary immune responses in skin.
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Interferons
The interferons (IFNs) are a family of glycoproteins, which were initially identified because of their
antiviral activity, but also have been found capable of modulating cellular proliferation and immuno
245
logical reactions (reviewed in ). IFNs were originally classified based on the different cell types that
produced them, and their chemical properties. There are essentially three major types of IFNs: α, β,
and γ, and there are three broad actions that IFNs have on cellular metabolism (1) antiviral effects,
(2) antiproliferative effects, and (3) immunomodulatory effects. Each of the different IFNs may have
different capacities to influence the three cellular parameters. All the effects of IFNs begin with the
binding to their respective cell surface receptor3'4. In general, all cell types contain receptors for IFNγ except erythrocytes. However, the receptor distribution varies between the different cell types. In
human skin, nerve tissue, and placenta the expression is 10-100 fold higher than in the other body tis
sues. The action is also species specific such that only human and not murine IFN-γ will have biologi
cal effect on human keratinocytes, and the specificity resides at the level of the cell surface receptor
(reviewed in 245 ). On keratinocytes, IFNs have several specific and sometimes antagonistic effects. IFNα and IFN-γ showed direct antiproliferative effects on rapidly growing normal human keratinocytes315
(see also chapter 5.2) and they also induce keratinocyte differentiation and a variety of new proteins
within the cytoplasm of keratinocytes316"320. IFN-ß can inhibit growth of normal human keratinocytes316.
Unlike the Ras signalling pathway, which results in the translocation of activated protein kinases (-- phosphorylation and activation of nuclear transcription factors --) into the nucleus, IFNs induce tyrosine phosphorylation and activation of transcription factor sub-units in the cytoplasm, which
then translocate to the nucleus and induce transcription321. The lack of recognisable protein tyrosine
kinase domains in the cloned IFN-ct/ß and IFN-γ binding sub-units of the IFN receptors implies that ad
ditional receptor or non-receptor proteins must provide the tyrosine kinase function(s) in this path
way.
The IFN-γ receptor
The IFN-γ receptor has a species specific ligand binding (reviewed in245). It belongs to a receptor fam
322
323
ily, called class II receptor family , including tissue factor , 2 chains of the IFN-a and IFN-ß recep324,325
326
tor
, the IL-10 receptor , and the receptor-like molecule CRF2-4325. The IFN-γ receptor interacts
with a homodimer of IFN-γ327, and an additional factor, called accessory factor-1 (AF-1) or a second
chain of the IFN-γ receptor are necessary to induce a intracellular signal328,329. Scheynius et at. (1992)
reported expression of IFN-γ receptors on keratinocytes throughout the epidermal layers except the
stratum comeum in normal and uninvolved psoriatic skin. In psoriatic lesionai skin only the lower part
of the epidermis showed IFN-γ receptor expression530. Recent evidence shows that there is an in
creased production/expression of IFN-γ in psoriasis, and there is a disturbed receptor distribution. In
normal skin, the IFN-γ receptor has a restricted distribution confined to the germinative cell layer. In
psoriasis, there is a suprabasal distribution of the IFN-γ receptor331,332.
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Interferon signal transduction
The signal transduction begins with the binding of the IFNs to their specific receptors. After binding of
IFN-a/p to the IFN-a receptor, it induces phosphorylation of ΤΎΚ2 (a receptor related PTK) and JAK1
(Janus kinase family: a non-receptor PTK). IFN-γ on the other hand induces the phosphorylation of
JAK1 and JAK2 (a non-receptor PTK). Activation of JAK1 and JAK2 after binding of IFN-γ, leads to the
phosphorylation of cytoplasmic proteins p84 and p91 (Stat84 and Stat91/STAT1a) (reviewed in333).
p91 forms dimers, also called GAF (IFN-γ activated factor), that migrate into the nucleus where they
bind to GAS (IFN-γ activation site) response elements and induce transcription of GAS associated
genes. Activation of JAK1 and TYK2, after binding of IFN-α/β, leads to the phosphorylation of cyto
plasmic proteins p48, p84, p91 and p113 (STAT113). p84, p91 and p113 migrate into the nucleus
where they assemble into a complex together with p48. p48 (also derived from the cytoplasm) is a
sequence specific DNA-binding protein whose affinity for the IFN-a-response element (ISRE) is in
creased after complex formation. This complex is also called ISGF-3 and induces the transcription of
ISRE associated genes (for review see321,333). In general, IFN-a and IFN-p have a greater effect as anti
viral and antiproliferative agents, whereas IFN-γ is primarily recognised for its immunomodulatory ef
fects (reviewed in245). In figure 3, we summarised the signal transduction pathways for IFNs.
In vitro studies revealed that IFN-γ influences keratinocyte metabolism by increasing the
amount of PGE2 production334 and vitamin D production335. 1,25-dihydroxyvitamin D3 inhibits prolifera
tion of cultured keratinocytes336. The authors mention that it may be possible that IFN-γ will regulate
keratinocyte growth and differentiation by an altered vitamin D metabolism. IFN- decreases the
amount (by 50%) of high affinity EGF receptors on keratinocytes337. On the other hand EGF and TGF-a
decrease the amount of IFN-γ receptors and induce intracellular adhesion molecules (ICAM-1) on cul
tured keratinocytes338. HLA-DR expression on keratinocytes and keratinocyte differentiation is in
duced by IFN-γ, whereas normal human keratinocytes and in PAM212 cells the proliferation is inhib
ited 339,340 . Antiproliferative response to IFN-γ was reduced in psoriatic lesionai keratinocytes. Addition
of IFN to cultured human keratinocytes induces the expression of nitric oxide synthetase (iNOS) mRNA
that was differentiation dependent341. In culture, IFN-γ induced TGF-a to a lesser extent in psoriatic
lesionai keratinocytes compared to normal keratinocytes. Induction of HLA-DR and ICAM-1 molecules
was similar in psoriatic lesionai keratinocytes and normal keratinocytes340.
Using the keratinocyte HaCaT cell line it was demonstrated that cytokeratin 17 is induced by
IFN-γ. These data suggest that aberrant K17 expression observed in psoriatic lesions may be a conse
quence of IFN-γ overexpression342.
IFNs may play an important role in the pathogenesis of psoriasis. This hypothesis is based on
the findings that IFN-γ and IFN-a are present in the psoriatic lesion343. The increased hyperproliferation in psoriasis may be due to a functional inactivation of the growth inhibitory pathway mediated by
high affinity IFN-γ receptors on the lesionai keratinocytes43.
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Figure 3. Diagram of proteins identified in IFN-a/ß- and iFHy-dependent signal
transduction and sene activation. The Jak kinases are phosphorylated on tyrosine in
response to lisand, but the sites and the requirement for such modification are not
yet established.
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Tumor Necrosis Factor α
Tumour necrosis factor α (TMF-α), also known as cachectin, was initially isolated as a factor produc
ing haemorrhagic necrosis of tumours, but has subsequently been shown to have a wide range of ef
fects on immune and connective tissue cells234. TNF-α belongs to a unique family of ligands which cur
rently includes the following nine members: TNF-α, LT-a, Fas ligand (L), OX40L, CD40L, CD27L,
CD30L, 4-1BBL, and TL-ß344'346. TNF-α has, as already described, many actions similar to IL-1. Unlike
IL-1, the immunostimulatory effects of TNF-α are species specific.
TNF-α is a cytokine produced by a variety of cell types including, activated keratinocytes,
monocytes, dermal macrophages, lymphocytes and endothelial cells. The production of TNF-α by ke
ratinocytes is stimulated by endotoxins, irritants (like SDS), LPS, IL-6, UV, PMA and TNF-α itself 147349
and UVB radiation. TNF-α secreted by activated keratinocytes and dermal macrophages may contrib
ute to the induction of signs of skin inflammation. Secreted TNF-α is capable of activating keratino
cytes, lymphocytes, neutrophils, eosinophils and macrophages and plays an important role in the
chemotactic response. At low concentration, TNF-α increases growth of fibroblasts and production of
collagenases, thereby being an essential factor for the remodelling of the extra cellular matrix. At
these low concentrations, TNF-α plays an important protective role in stimulating Chemotaxis and an
timicrobial activity of neutrophils, macrophages and eosinophils. TNF-α together with IL-1 and GMCSF may function as an essential signal for Langerhans cells350. TNF-α further enhances the immune
response by inducing the expression of HLA-DR and adhesion molecules ICAM-1 and ELAM on keratino
cytes and fibroblasts, permitting the binding of T-cells, neutrophils and other immune cells. In vitro,
the expression of IL-8, MCAF/MCP-1 and ICAM-1 is synergised by IFN-γ35'.
Using histology, Kolde ef. al (1992) showed that epidermal keratinocytes had intracellular
plasma membrane and cytoplasmic labelling for TNF-α. No labelling was seen in Langerhans cells,
melanocytes and Merkel cells. Large amounts of TNF-α were found in sebaceous glands352. In normal
skin TNF-α was predominantly localised to the basal cell layers of the epidermis. It was associated
with eccrine ducts and sebaceous glands. In lesionai psoriatic skin and to a lesser extent in uninvolved
psoriatic skin, TNF-α was distributed throughout the epidermis and was localised in the upper dermal
blood vessels353. In vitro experiments have revealed that TNF-α is capable of enhancing the IL-7induced dendritic epidermal T-cells (DETC) proliferation, but it inhibits the IL-2-induced prolifera
tion 354 . Kono et at. (1990) demonstrated that TNF-α markedly suppressed keratinocyte growth, indi
cating that TNF-α has very potent anti-proliferative effects on keratinocytes. However, this depends
on the culture model that has been used (see chapter 5.2). The growth-inhibitory effect was reversi
ble and cytostatic at low concentrations and appeared to be irreversible and cytocidal at high con
centrations. It was further demonstrated that the effect of TNF-α was dependent on the confluence
of the culture355. TNF-α is furthermore capable of inducing IL-6, IL-8, ICAM-1, MCP-1, MGSA, SKALP,
SLPI, IP-10, GM-CSF351'35u56-35,andChapter5·2.
The TNF-receptor
The TNF family of receptors is characterised by homology in the extracellular domains and they are
non-catalytic like the IFN-γ receptor (for review see360). Some of these receptors initiate apoptosis,
some initiate cell proliferation and some initiate both. Signalling by this family requires clustering of
the receptors by trimeric ligand and subsequent association of proteins with the cytoplasmic region of
the receptors. Following ligand binding and growth factor receptor multimerisation, protein phospho29
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rylation induces a cascade of events from plasma membrane to the nucleus. This leads to transcrip
tional activation and repression of gene expression. Almost every cell type contains receptors for
TNF-a. The TNF receptors are part of a superfamily including nine family members: TNFRI, TNFRII,
TNFRIII (TNF-RD), CD27, CD30, 0X40, CD40, 4-1BB and p75 NGFR345'346·361'364. These receptors do not
possess intrinsic tyrosine or serine/threonine kinase domains, signalling occurs through a different
mechanism. For TNF there are two receptors encoded by two distinct genes, i.e. the TNF-RI (55 kDa)
and the TNF-RII (75 kDa)365. TNFR1 signals both the initiation of apoptosis and the activation of the
transcription factor NFKB. TNFRII does not initiate apoptosis but only activates NFKB. In normal skin
and uninvolved and lesionai skin from psoriatic patients the p55 TNF-receptor is associated with the
epidermal keratinocytes and a network of upper dermal dendritic cells. In lesionai psoriatic skin,
there was staining of the parakeratotic stratum corneum and increased expression of p55-TNFreceptor was associated with the upper dermal blood vessels. Staining of the p75-TNF-receptor in
normal skin was restricted to the eccrine sweat ducts and dermal dendritic cells, and was absent
from the epidermis. In lesionai skin, there was staining for p75-TNF-receptor in association with upper
dermal blood vessels and perivascular infiltrating cells353.
After binding of TNF-a (a trimer) to its receptor (TNFRI), it induces aggregation of three of
these receptors. In the cytoplasm, the cytosolic part of the receptors associate with TNFR associating
factors (TRAFs) and death domain (DD) proteins, which is responsible for the generation of cytotoxic
death signals, antiviral responses, and the activation of sphingomyelinase (SMase)361,366. The first fam
ily of association molecules is called death domain proteins, and this family consists of three mem
bers: TRADD (TNFRI associated protein), FADD/MORT-1367·368 (mediators of Fas signal transduction),
and RIP (receptor interacting protein). TRADD is a 34 kDa protein first identified as a TNFRI associa
tion molecule. FADD is a 23 kDa protein that interacts with Fas which is involved in apoptosis. The last
protein, RIP is a 74 kDa protein also known from its interaction with Fas, but it can also interact with
the DD of TNFRI369'371. The second family of association molecules is called TRAFs. This family was the
first family containing TNFR superfamily associated proteins. This family consists of three members:
TRAF-1 (45 kDa), TRAF-2 (56 kDa), and TRAF-3 (62 kDa). TRAF-1 and TRAF-2 are proteins that associ
ate with TNFRII, whereas TRAF-2 associates with TNFRI, and TRAF-3 is involved in CD40-mediated ac
tivation of NFKB 3 7 2 ' 3 7 \ Recently, it has been described that TRADD associates with TNFRI and subse
quently with TRAF-2 and FADD375. Activation of this TRADD/TRAF-2 signalling route finally leads to the
activation of NFKB. Activation of the TRADD/FADD pathway induces apoptosis. Activation of NFKB
takes place by degradation of ΙκΒ or as recently described, kB can be disconnected from NFKB. After
activation of NFKB it translocates to the nucleus where it binds specific DNA sequences377. It seems
that TNFRI like its relative Fas has multiple associated proteins and that these proteins may function
(either alone or in conjunction with each other) to mediate the numerous activities associated with
TNFRI activation.
In the past years, many studies have been performed on TNF-a signalling, because it has a
broad range of biological activity. The understanding of TNF-a signalling may provide more insight to
develop new therapies. Several different signal transduction pathways for TNF-a have been proposed
as outlined in the following paragraphs and figure 4.
Signalling through G-coupled proteins
Treatment of cells with pertussis toxin showed a disturbed TNF-α signal transduction379'38'. Its has also
been demonstrated that TNF-α induces GTP binding to the cell membrane accompanied by a parallel
increase in GTPase activity. These findings indicate that TNF-α signalling may occur through Gcoupled proteins. In general, G-proteins are activated by monomeric transmembrane receptors with a
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transmembrane spanning segment containing 7 domains . This is not true for TNF-a, which consists
of a single transmembrane domain. However, a 7 transmembrane receptor is not universal, as indi
cated by the insuline and insuline-like growth factor receptor381. Activation of the G-proteins by TNFα leads to the following downstream signals: release of arachidonic acid and the production of pros
taglandin E2 and cyclo-oxygenase. This cascade is mediated through phospholipase A2M1.
Signalling through phospholipase activation
As already mentioned TNF-α is capable of activating PLA2· In addition, PLC, PLD and neutral sphingo
myelinase (nSMase) are activated. The activation of nSMase leads to the breakdown of sphingomyelin
to ceramide384. Ceramide seems to be a very important signal transduction molecule in the TNF-α sig
nalling. It plays an important role in the cellular differentiation induced by TNF-α.
Besides activation of nSMase, TNFRI also activates acidic sphingomyelinase (aSMase385·386).
Acidic Smase is activated through PLC and DAG. Both nSMase and aSMase initiate the production of
ceramide and lead to downstream activation of MAPKinases and translocation of NFKB to the nucleus.
Signalling through protein activation
It has become evident that TNF-α induces phosphorylation of several proteins including Ser
ine/Threonine protein kinases and mitogen associated protein kinases (МАРК). The role of МАРК has
extensively been studied in several cell lines. Activation of МАРК in human keratinocytes has not ex
tensively been studied. Recent evidence indicates that besides МАРК other protein kinases are acti
vated. Stimulation of keratinocytes with TNF-α leads to the formation of ceramide, which in turn ac
tivates Ser/Thr ceramide activated protein kinase (CAPK)387'390. It has been demonstrated that CAPK is
involved in the activation of Raf-1391, which subsequently activates MEK and ERK kinases392394. In addi
tion to the activation of CAPK, TNF-α is responsible for the activation of stress activated protein ki
nase (SAPK)/Jun kinase (JNK), and p38. As the name indicates, these proteins are activated as a re
sponse to stress signals including: DNA-damage, UV-light395^01, cytokines as TNF-α and IL-1, osmotic
stress etc. A central role in these pathways has been devoted to ceramide*2,403. The activation of
these pathways can lead to translocation of NF-κΒ to the nucleus404,405, activation of the transcription
factor ATF2396,406, Elk-1407·408 and finally the transcription of c-jun596,406 and activation of transcription
factor AP-1409. The final response of these pathways depends on the type of the signals, cell type, and
other environmental factors and can finally lead to (1 ) survival of the cells including proliferation and
differentiation; (2) growth arrest; (3) apoptosis410.
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Figure 4. Schematic presentation of sisnal transduction pathways proposed for TNF-a, which involve the activation of CAPK, Raf, MEK and MAPkinase pathways; adapted from 4 .(SM; Sphingomyelinase, CAPK; Ceramideactivated protein kinase, Raf;, MEK; MAP or extracellular sisnal-resulated kinase, NFKB, Nuclear transcription
factor KB, IKB; Inhibitor protein of NFKB, CPLA2; cytosolic phospholipase A2, EOF; Epidermal growth factor, THF;
Tumour necrosis factor, SKALP; Skin derived anti-leucoproteinase, МАРК; Mitogen activated protein kinase)

32

Generat Introduction

Growth factors
Growth factors play an essential role in keratinocyte regeneration. Growth factors are termed compe
tence or progression factors according to the stage of the cell cycle they influence. Factors that act
on the (G0) resting stage are called competence factors, e.g. PDGF and FGF, and factors that modu
late DNA synthesis in d and 5 stages are called progression factors, e.g. IGF-1 and IGF-2. Besides ke
ratinocyte regeneration, growth factors also regulate cell differentiation. Growth factors may either
function as autocrine or paracrine factors.
Transforming growth factor α and epidermal growth factor
Transforming growth factor alpha (TGF-a) originally named because of its ability to induce anchorageindependent growth in rat kidney cells in culture412. TGF-a is present in normal epidermis", human
keratinocytes in vitro™, activated macrophages, some tumour cells, and platelets. TGF-a shows high
homology with EGF and they share the same receptor (EGF-receptor). The receptor has a higher af
finity for TGF-a than for EGF. It has also been reported that TGF-a is a more potent mitogen than
EGF in inducing keratinocyte colony expansion. Epidermal growth factor (EGF) (reviewed in208) finds
its origin in multiple cell types and stimulates growth and differentiation""1 of many cell types. EGF
stimulates growth and migration of keratinocytes in culture. In normal epidermis, EGF receptors are
present in the highest concentration in the basal layer and decreases during differentiation. On the
other hand, EGF receptors are present in all layers of the epidermis in psoriatic lesionai skin415.
Primary cultures of normal human keratinocytes synthesise TGF-a. Addition of EGF or TGF-a
to these cultures induces TGF-a gene expression, suggesting that a mechanism of auto-induction ex
ists. TGF-a mRNA and protein are present in vivo in normal stratified epidermis as demonstrated us
ing in situ hybridisation and immunohistochemistr/13. TGF-a protein and mRNA are present in both
normal and psoriatic epidermis. The levels in psoriatic plaques are elevated3*. Overexpression of
TGF-a mRNA was observed in all suprabasal keratinocytes37,416. Elevated levels of TGF-a protein were
seen in both basal and supra-basal layers of involved psoriatic skin compared to uninvolved and nor
mal control skin37. The level of TGF-a in psoriatic involved epidermis was approximately 5 fold higher
than that of normal epidermis417. Lesionai skin biopsies showed over-expression of TGF-a mRNA41.
Cultured keratinocytes between passage number 2-5 from psoriatic lesionai skin produce more TGF-a
compared to keratinocytes from psoriatic uninvolved skin or normal skin340. It was also shown that ke
ratinocytes from lesionai psoriatic epidermis were less responsive to IFN-γ than keratinocytes derived
from normal epidermis. Stimulation of cultured normal human keratinocytes with IFN-γ resulted in a
2-3 fold increase in TGF-a production, paralleled by a 3.7 fold increase in TGF-a mRNA340. In human
keratinocytes, the increase in steady-state TGF-a mRNA following administration of TGF-a/EGF is due
to stabilisation of the 4.8 Kb TGF-a transcript. Both basal and TGF-a stimulated TGF-a expression is
mediated, at least in part, through a PKC-dependent pathway. Furthermore, the basal TGF-a expres
sion is mediated through an EGF-dependent pathway418. It has been demonstrated that the EGFreceptor and PKC stimulate TGF-a gene expression by different pathways, and suggest that PKC is not
required for TGF-a autoinduction4". Activation of PKC by DAG or active phorbol esters is responsible,
at least in part, for the TGF-a gene expression420. TGF-a and EGF induce a rapid increase in tyrosine
phosphorylation of the EGF-receptor in keratinocytes, but failed to induce tyrosine phosphorylation of
PLC-γι or detectable phosphoinositide hydrolysis. In keratinocytes, there was no detectable PC hy
drolysis or elevation of DAG in response to EGF or TGF-a. TGF-a and EGF induced only a modest in-
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crease in myristoylated alanine-rich C-kinase substrate (MARCKS, a specific cellular substrate for PKC)
protein phosphorylation. The authors mention that this modest PKC activation may have been medi
421
ated by arachidonic acid (AA), which is released from the keratinocyte in response to TGF-α . The
release of AA in response to TGF-α was observed in HEL-30 keratinocytes. The release was dose- and
2
time-dependent and was due to the activation of a Ca *-dependent cytosolic phospholipase A2
(cPLA2). Activation was not dependent on PLC-mediated increases in cellular DAG and IP3 concentra
422
tions and PKC activation . TGF-α functions as a auto/paracrine growth factor in that it can stimulate
its own production in the same cell but it is also capable of inducing the expression of TGF-α and
other cytokines (IL-1) on adjacent cells.
Stimulation of cultured keratinocytes with tumour promotors, IL-1, TGF-α or IFN-γ induces the
production of TGF-α420. TNF-α and IFN-γ have been shown to enhance TGF-α transcription and to
upregulate TGF-α receptor expression423. IL-8 has also been shown to enhance TGF-α transcription424.
It has been demonstrated that TGF-α and EGF decrease the number of high affinity IFN-γ receptors
and induce ICAM-1 on cultured keratinocytes338. Migration of keratinocytes in culture is inhibited by
the addition of TGF-ß,, while TGF-α (and also aFGF, bFGF, KGF, heparin growth factor (HGF), IGF-1)
stimulated the migration of keratinocytes425,426. Migration of keratinocytes cultured on collagen type I
is stimulated by EGF and TGF-α by increasing the a2-integrin sub unit on the keratinocyte surface427.
In vitro addition of TGF-α to cultured human keratinocytes results in induction of keratinocyte
stromelysin-2428, induction of keratins K6, K16 and K84M,43°, suppression of the K1 expression430 and in
creased production of urokinase type plasminogen activator (uPA)43'. Addition of EGF to Balb/MK ke
ratinocytes leads to the induction of ornithine decarboxylase (ODC)432. Recent evidence revealed that
exogenous TGF-α and EGF are required for the initiation of colonies of human keratinocytes. Once
small colonies (10-15 cells) have been formed they become self-perpetuating in culture (no longer
exogenous TGF-a/EGF required). The authors conclude that these results demonstrate that normal
epithelial cells in culture exhibit autocrine/paracrine-mediated proliferation433.
Transforming growth factor p
Transforming growth factor-p (TGF-p) is not structurally related to TGF-α and today five closely re
lated proteins are discovered (TGF-p,.5) (reviewed in238). TGF-ß belongs to a large family of proteins
known to be important for normal development. This family includes the other TGF-p isoforms (Рг and
Рз in mammals), the activins, inhibins, bone morphogenetic proteins, and Mullerian inhibiting sub
434,435
stance
. TGF-p, is mainly synthesised in human platelets and keratinocytes. TGF-p is secreted in
an inactive form but after exposure to acid it binds to its specific receptor. TGF-ß has a wide range of
biological activities, some of which are synergistic for or inhibitory to the activities of other growth
factors. The biological activities include inhibition of differentiation of certain cells of mesodermal
origin, induction of differentiation of other mesodermal cells, the ability to inhibit proliferation of
various types of cells, increases the synthesis of proteins such as collagen, fibronectins and cell surface integrins, and decreases the synthesis of enzymes such as collagenase and transin/stromelysin
that catalyse degradation of extracellular matrix components, increases the levels of inhibitors of degradative enzymes, such as plasminogen-activator inhibitor 1 (reviewed in436). These biological activities indicate that TGF-p may have a central role in the degradation and remodelling of extracellular
matrix which is crucial for cell-to-cell interactions that regulate proliferation and differentiation.
Conflicting findings on the localisation, expression, and distribution of TGF-p, in human skin,
have been published. Kane et al. (1990) describe the localisation of TGF-p, in normal and psoriatic
epidermal keratinocytes by immunohistochemistry with two specific polyclonal antibodies. They find
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different expression of TGF-pi in normal, psoriatic involved and uninvolved cells. The authors describe that there are different forms of TGF-ß,, and that different epitopes of TGF-ß, apparently react with different anti-TGF-ß, antibodies. They suggest that the conformation or structure of TGF-ßi
varies in keratinocytes with distinct differentiation phenotypes. Besides the intracellular localisation
of TGF-ßi in normal, psoriatic involved and uninvolved keratinocytes, there is a unique extracellular
form of TGF-ß, detectable in psoriatic involved keratinocytes437. Falanga et al. (1992) reported that
neither TGF-ß, nor TGF-P2 were detectable, using immunostaining with 3 different antibodies, in epidermis or epithelial structures. The dermal matrix contained minimally detectable amounts of both
forms458.
In vitro experiments with keratinocytes have revealed that TGF-ßi is capable of inhibiting
proliferation of keratinocytes in culture. TGF-ß, interrupts the cell cycle in mid-to-late d-phase, preventing induction of DNA synthesis and progression into S-phase439. The growth arrest of human keratinocytes induced by TGF-ß, is probably regulated via the retinoblastoma gene (Rb) resulting in the
suppression of c-myc transcription. This hypothesis is further supported by the fact that the Rb protein product (pRb) is as effective as TGF-ß, in repressing the transcription of the human c-myc promotor«o-«2 i^g mechanism 0 f growth inhibition has been related to its ability to prevent the hyperphosphorylation of pRb. TGF-ß, has profound effects on the expression of genes encoding certain G,
cyclins and their associated kinases, which could be responsible for the hyper-phosphorylation of
pRb443. Growth arrest of human keratinocytes in vitro involves the acute activation of protein phosphatase 1. The activation of protein tyrosine phosphatases may represent an additional mechanism
for maintaining cells in a growth-arrested state4*1. Addition of TGF-ß, to cultured keratinocytes results
in the production of thrombospondin, fibronectin, plasminogen activator activity, the induction of cjun mRNA expression, and the up-regulation of type IV and VII collagenases445"452. It further upregulates mRNA levels of beta 4 integrins, and bullous and pemphigoid antigens (BPAG1 and BPAG2).
The effect was more pronounced when keratinocytes were cultured under low calcium conditions453.
Treatment of normal undifferentiated keratinocytes in vitro caused a 10- to 15-fold increase
in the activity of soluble transglutaminase (Type II)454. In rapidly growing Balb/MK keratinocytes, cmyc and КС gene expression was decreased by the addition of TGF-ß,. TGF-ß, further reduced the
EGF-mediated induction of c-myc and КС gene expression in a quiescent population of cells455. Treat
ment of cultured keratinocytes under low calcium conditions (0.15 mM) resulted in a decreased ex
pression of involucrin. Culture conditions with high calcium (1.8 mM) resulted in increased expression
of involucrin. The growth inhibitory actions were the same under the two culture conditions456. Ex
pression of latent TGF-ßi in cultured mouse keratinocytes is enhanced by vitamin D3 and calcipotriol,
partly explaining the vitamin D3 mediated growth inhibition. Retinoic acid gives a dose-dependent induction (average 2-5 fold) of latent TGF-ß, in cultured human keratinocytes457,458. Both active and latent TGF-ß, were induced by the addition of 1,25-dihydroxyvitamin D3 to cultures of human keratinocytes45'.

Keratinocyte growth factor
Keratinocyte growth factor (KGF), also known as fibroblast growth factor-7 (FGF-7), is a recently discovered paracrine epithelial-cell-specific growth factor221,460,461. It is a 28 Kd member of the fibroblast
growth factor (FGF) family462. KGF is secreted by mesenchymal cells and exhibits potent mitogenic
activity for a variety of epithelial cell types, including keratinocytes within the epidermis and dermal
adnexa462. However, KGF is distinct from other known FGFs in that it is not mitogenic for fibroblasts
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or endothelial cells · KGF signalling occurs via the KGF receptor which is an alternatively spliced
tyrosine kinase isoform of the FGF receptor-2 gene*5.
KGF is as potent as epidermal growth factor (EGF) in stimulating proliferation of primary or
secondary human keratinocytes in tissue culture. Immunologic analysis of early and late markers of
terminal differentiation, cytokeratin 1 (CK1 ) and filaggrin, respectively revealed striking differences
in keratinocytes cultured in the presence of EGF or KGF. Stimulation with EGF resulted in a differentiation response associated with the expression of CK1 and filaggrin. The appearance of these markers
was blocked or retarded by EGF. These findings functionally distinguish EGF from KGF and support the
role of KGF in normal proliferation and differentiation of human keratinocytes*6. In contrast to these
findings, KGF does not influence keratin gene expression after transfection of keratinocytes with different keratin promotor constructs. KGF in combination with EGF, TGF-ß, or IFN-γ had no significant
effect on keratin gene expression. KGF lacks the ability to directly regulate keratin gene expression
and this suggests that KGF influences keratinocyte growth and differentiation through a pathway in
dependent of keratin gene regulation*3. Addition of KGF to human keratinocyte cultures leads to the
induction of TGF-a mRNA and protein, coupled to activation and down-regulation of the EGF recep
tor. This suggests that TGF-a might be a proximal effector of KGF action for some aspects of epider
mal growth and differentiation*7. Cultures of normal human keratinocytes must attain confluence be
fore KGF increases the cell number relative to untreated controls. Treatment of post-confluent cul
tures resulted in tight packing of keratinocytes with small basal cell morphology. Cultures treated
with KGF produced fewer cross-linked envelopes, exhibited a reduced membrane-associated transglu
taminase activity and showed a reduced nucleosomal fragmentation. Modulation of some aspects of
keratinocyte terminal differentiation by KGF share features with programmed cell death*8. KGF also
seems to play an important role in human skin reepithelialisation. KGF mRNA levels increased rapidly
by 8-10 fold and remained elevated for several days. In contrast, the level of the KGF receptor tran
script decreased in the early stages but was significantly elevated by days 8 and 9*'. The skin of a
dominant-negative KGF receptor transgene expressed in the basal keratinocytes was characterised by
epidermal atrophy, abnormalities in the hair follicles, and dermal hyperthickening. Inhibition of the
KGF receptor signalling upon injury of the skin resulted in reduced proliferation of epidermal kerati
nocytes at the wound edge, finally resulting in a substantially delayed reepithelialisation of the
wound470. Incubation of normal human keratinocytes in serum free media with KGF significantly
stimulated cell migration and plasminogen activator (PA) activity. The stimulation of migration was
dose dependent and a neutralising antibody against KGF could counteract the effect. These in vitro
data suggest that KGF may play an important role in stimulating reepithelialisation during the process
of wound healing471.
Recently reported transforming growth factor α (TGF-α) and FGF-5 knockouts showed defects
in the follicle outer root sheath and the hair growth cycle. However, the hair defect in the KGF
knockouts seemed to be restricted to the cells giving rise to the hair shaft development. These results
uncovered a third and at least a partially non-overlapping growth factor pathway involved in the or
chestration of hair follicle growth and/or differentiation. However, the absence of KGF did not result
in abnormalities in epidermal growth or wound healing472. Transgenic mice expressing human KGF
cDNA in the stratified squamous epithelia under control of the K14 promotor, typically appeared frail
and weak and often had grossly wrinkled skin. These mice exhibited a gross increase in epidermal
thickness accompanied by alterations in epidermal growth and differentiation. These animals also
showed several striking and unexpected changes, including marked suppression of hair follicle mor
phogenesis and suppression of adipogenesis473.
Using differential display reverse transcription polymerase chain reaction (PCR) technology a
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gene was identified which was strongly induced by cells stimulated with KGF but not with serum
growth factors or pro-inflammatory cytokines. This newly identified gene seems to be part of a multi gene family, and the full-length cDNA showed strong homology with the yeast CHL1 gene. Furthermore, the two protein products were identical in size, indicating that the novel KGF-related gene is
the human homologue of the yeast CHL1 gene. This gene encodes a putative helicase, involved in correct chromosome transmission and cell cycle progression. Based on these findings KGF might play a
role in correct chromosome segregation and/or cell cycle progression47'.
All these data implicate that KGF is a multifactorial growth factor involved in normal proliferation, differentiation, programmed cell death, hair development, reepithelialisation and wound
healing.
Platelet derived growth factor
Platelet derived growth factor (PDGF) has been implicated by stimulating growth of connective tissue, during chronic inflammation as one of the principal mitogens involved in cutaneous wound healing475. Two separate genes encode the PDGF receptors. At least 3 PDGF subtypes are able to bind to
these receptors474. Ansel et al. (1993) reported the production of PDGF by cultured human keratinocytes. Both types of PDGF chains (A and B) mRNA were detectable. In keratinocytes, there is no evidence for the expression of a PDGF receptor477. Recently, it was demonstrated that PDGF is involved
in the activation of S-6-kinase (p70/p85) which is involved in the control of mRNA translation (see for
review478).

Chemokines
This is a new cytokine family characterised by cysteine residues and they are separated into two
groups depending on the presence (C-X-C family) or absence (C-C family) of an intervening amino acid
between cysteine residues479. The C-C family includes MCP-1, MIP-1, and RANTES, while the C-X-C
family includes IL-8 and MGSA/GRO. In human skin several factors that are responsible for the Chemotaxis of neutrophils, macrophages, leukocytes and monocytes also known as chemokines play a central role in signalling processes associated with inflammation. These factors can be induced by several
cytokines and are produced by keratinocytes. Some of them are overexpressed in psoriasis.
lnterleukin-8
lnterleukin-8 (IL-8) previously termed NAP-1 (Neutrophil activating peptide) is a member of a superfamily of host defence and chemotactic cytokines, characterised by several investigators (reviewed
in2"·480,481). IL-8 is produced by monocytes, T-cells, endothelial cells, dermal fibroblasts, neutrophils
and keratinocytes. Keratinocytes do not produce IL-8 constitutively, but the production is stimulated
by other cytokines, e.g. IL-1a, IL-1ß, TNF-a, TNF-a and IFN-γ, LPS, and tumour promotors (like
ΤΡΑ243,482,483). The IL-8 gene located at chromosome Λ4* contains potential binding sites for known nu
clear factors; including NF-κΒ, NF-IL6, AP-1. IL-8 is chemotactic for PMNs, T-cells, basophils, and lym
phocytes. It increases cytosolic free calcium, activates a respiratory burst, and induces granule exocytosis. IL-8 is a potent pro-inflammatory cytokine present in prodigious amounts in scales of psoriatic
lesions but not in uninvolved psoriatic and normal skin43,5'·485. It may contribute to the neutrophil and
Τ lymphocyte infiltration and keratinocyte hyperproliferation characteristic for this disease. It was
demonstrated that IL-8 is present in low amounts on the outside of a psoriatic plaque, but that there
are very high amounts within the plaque (reviewed in214). In addition lesionai skin biopsies showed
overexpression of IL-8 mRNA4' that was restricted to clusters of suprabasal keratinocytes. These re
sults were confirmed by Gillitzer et al. (19911486, who showed by in situ hybridisation with a NAP-1/IL37
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8 anti-sense RNA probe, strong and specific keratinocyte associated signals exclusively in the upper
layers of the lesionai psoriatic epidermis. In uninvolved psoriatic skin and normal skin, no IL-8 was de
tectable. In contrast to Gillitzer et о/. (1991), immunoreactivity was detected in both normal and
psoriatic skin. The immunoreactivity correlated well with the inflammatory tissue reaction43·485.
Northern blot analysis revealed IL-8 mRNA in psoriatic epidermis, whereas it was not detected in
normal skin. One must keep in mind that there are also IL-8 stores in human skin, which gives rise to
positive signals when detecting protein. Using in situ hybridisation only new synthesised mRNA is de
tectable. These techniques can lead to different results. These studies suggest that IL-8 levels are not
only elevated in psoriatic skin but that keratinocytes in situ are capable of synthesising IL-8. In con
trast, IL-8 is not found in normal skin, nor is it constitutively expressed in unstimulated keratinocyte
cultures.
Recent evidence indicates that IL-8 is both a potent chemoattractant and a mitogen for epi
dermal keratinocytes. Cultured human keratinocytes activated by TNF-α, IL-1ß, or TPA are capable of
producing biologically active IL-8. These results give evidence that keratinocytes can play an essential
role in mediating the influx of T-cells and neutrophils into the skin487. IL-1 is capable of inducing the
production of IL-8 protein and IL-8 mRNA in cultured keratinocytes. This IL-1a induced production
could be inhibited by 1,25-dihydroxyvitamin D3m. Constitutive expression of IL-8 mRNA was seen in
normal cultured keratinocytes. A rapid increase in IL-8 mRNA is seen after UVB irradiation within 1
hour. After 24 hours, IL-8 mRNA levels are elevated 11-13 fold. These results give a possible role for
IL-8 in UVB-induced skin inflammation and diseases185.
It has been demonstrated that IL-8 is chemotactic for normal human keratinocytes. Under
physiological conditions, IL-8 seems to be present in equilibrium between monomelic and dimeric
forms. Chemotaxis is probably mediated by receptors specific for IL-8 dimers489. It has been shown
that IL-8 influences several functions of keratinocytes by binding to its receptor, including human
lymphocyte antigen DR (HLA-DR) expression, Chemotaxis, and proliferation. Reverse transcription
polymerase chain reaction (RT-PCR) revealed that IL-8 mRNA was only detected in lesionai psoriatic
epidermis and not in normal epidermis. IL-8 receptor specific mRNA is increased 10-fold in lesionai
psoriatic epidermis. The effects of IL-8 are mediated by binding to two types of specific high-affinity
receptors that contain seven transmembrane domains typical of G protein-coupled receptors490.
Binding of IL-8, NAP-2 and GRO-a, to the IL-8 receptor using normal human keratinocytes in vitro
leads to activation of PLC finally leading to an increase of the cytosolic free calcium concentration.
IL-8 further promoted epidermal cell proliferation424. The experimental immunosuppressive drug
FK506, dose dependently inhibited IL-8 receptor expression and function. In addition, it has been
demonstrated that FK506 had no effect in on either spontaneous or cytokine-stimulated keratinocyte
IL-8 production5'. Elevated levels of IL-8 and IL-8 receptor may act in concert to induce the characteristics of psoriasis4".
Using cultured human keratinocytes in vitro it could be demonstrated that IL-8 and GRO-alpha
were induced after UVB radiation and cycloheximide treatment492,493. Furthermore, addition of IL-1 a,
TNF-a, and PMA lead to an increased production of IL-8494. Stimulation of human keratinocytes with
contact sensitisers and SDS resulted in a marked induction of IL-8, not detectable using Northern blots
analyses in unstimulated cultures495,496. Cultured keratinocytes derived from psoriatic patients exhibited a 10- to 20-fold increase in IL-8 production and a 7-fold reduction in thrombospondin-1 production306. In addition to the previously mentioned activation of PLC, it has been demonstrated that IL-8
production maybe either positively or negatively regulated by protein kinase С depending on the
stimulus497. Cyclosporin, calcitriol, calcipotriol or dithranol caused a dose-dependent decrease in interleukin-8 binding to cultured human keratinocytes. In addition, the interleukin-8-induced human
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leukocyte antigen-DR (HLA-DR) expression of keratinocytes was nearly completely blocked by treat
ment of the cells with these substances. The inhibition of the keratinocyte interleukin-8 receptor and
its function by antipsoriatic drugs may contribute to their therapeutic action4'8.
MGSA-GRO
Melanoma growth stimulatory activity (MGSA/GRO), a cytokine originally characterised as an auto
crine growth factor for melanoma cells, is highly chemotactic for neutrophils and triggers the release
of neutrophil elastase as well as other matrix degrading proteins. At the moment three types of
MGSA/GRO have been identified. GRO-a is like IL-8 a member of the intercrine-a family of chemotaxins known to be present in biologically active form in psoriatic lesions. In psoriatic lesionai epider
mis gro-α is selectively overexpressed in psoriatic lesionai epidermis (α>β>γ; 24:4:1) and is markedly
reduced by cyclosporin A (CsA) treatment. Psoriatic lesionai skin showed greater MGSA/GRO immunoreactivity in the more differentiating suprabasal keratinocytes of the stratum spinosum and stra
tum granulosum than in the stratum basalis. The levels correlated with the inflammatory response
and degree of keratinocyte differentiation49'.
In cultured human keratinocytes, all three forms of GRO were increased after stimulation with
IL-1a, TNF-ot, UV or IFN-γ in combination with TNF-α492. CsA had no inhibitory effect on cytokinestimulated gro expression in cultured keratinocytes500.
Monocyte chemotactic protein 1 and activating factor (MCP-1/MCAF)
Psoriasis is not only characterised by a hyperproliferation of keratinocytes, but there is also a pro
nounced leukocytic infiltration. In contrast to the epidermal localisation of neutrophils and Tlymphocytes, macrophages are almost exclusively restricted to the dermal compartment. They are
mainly encountered in the papillary dermis and are arranged along the rete ridges in close proximity
to proliferating basal keratinocytes. Keratinocytes are capable of secreting MCP-1 (Monocyte chemo
tactic protein 1; monocyte chemotactic and activating factor (MCAF) or human JE protein) upon
stimulation with IFN-γ, or IFN-γ and TNF-α50'. In psoriatic lesionai skin, MCP-1 is abundantly expressed
above the proliferating basal keratinocytes of the tips of the rete ridges, and to a lesser extent in
cells in the dermal papillae502.
Interferon-inducible protein 10
Activated keratinocytes, T-cells, monocytes and endothelial cells secrete human cytokine interferoninducible protein 10 (IP-10). IP-10 is structurally related to a family of chemotactic cytokines called
chemokines. IP-10 can be induced in keratinocytes by TNF-α or IFN-γ493. In addition, IP-10 is induced
in vivo after topical application of contact sensitisers or irritants503. Thus far, the biological activity of
IP-10 remains unknown. Taub et al. (1993)504 demonstrate that IP-10 is an inflammatory mediator that
specifically stimulates the directional migration of T-cells and monocytes and it potentiates T-cell
adhesion to endothelium.
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Extracellular matrix molecules
Extracellular matrix (ECM) molecules as found in connective tissues and basal membranes contribute
to the mechanical properties of tissues and they have regulatory functions with respect to growth,
differentiation, migration and attachment of cells505. Most ECM molecules bind to the cell surface via
receptors of the integrin family. The nature of the signal transduction pathways between integrin
binding and cellular functions is not clear at the moment. However, recent data support the hypothe
sis that integrins transduce signals co-operatively with other classes of adhesion receptors or with
growth factor receptors506.
In vitro studies have shown that many ECM molecules (including collagens, laminin, fibronectin, vitronectin, thrombospondin, and entactin) can induce cell attachment and spreading in cultured
human keratinocytes507. Laminin was shown to inhibit keratinocyte motility and migration508. Fibronectin was found to inhibit terminal differentiation in keratinocytes cultured in suspension509. Corre
spondingly, a number of integrin type receptors have been demonstrated in cultured keratinocytes
such as the α2β1 (VLA-2), α3β1 (VLA-3), α5β1 (VLA-5), ανβ5 and α6β4. However, one has to remind
that, in vivo, keratinocytes will not be normally exposed to ECM molecules, except for those residing
in the basal membrane such as laminin and heparansulfate proteoglycan. Only in conditions such as
wound healing and invasive growth of tumour cells, cell matrix interactions as described in cell cul
ture can be found.
In lesionai psoriatic skin, a number of abnormalities with respect to ECM molecules and inte
grin expression have been found. In the dermis of lesionai psoriatic skin, an increase in fibronectin
(which is also expressed in normal skin) was found in the dermal papillae510. The expression of tenascin, a recently discovered extracellular matrix protein which is virtually absent in normal skin, was
strongly increased in lesionai psoriatic skin51'. Whether these molecules interact with the epidermal
keratinocytes or exert immunomodulatory effects in psoriasis remains to be investigated5'2,511. Altera
tions in the pattern of integrin receptors in lesionai psoriatic epidermis were found. VLA-3 and VLA-6
were overexpressed in the spinous cells, and VLA-5, which is not expressed in normal skin, was focally
induced514. Whether these aberrations simply reflect the disturbed cellular differentiation in psoriasis,
or directly contribute to the pathogenesis, is not known.

40

General Introduction

Interference of anti-psoriatic therapies with signal transduction
The modes of action of most anti-psoriatic treatments include immunomodulation, interference with
epidermal growth and differentiation, and modulation of cutaneous inflammation. In vitro studies
have revealed a plethora of mechanisms. However, it remains to be elucidated to what extent these
in vitro processes are relevant for the in vivo situation. So far, our knowledge is only fragmentary in
this respect.
Based on the observation that most antipsoriatic treatments have immunomodulating capacities and based on observation that in some cases anti CD4 treatment may result in an improvement of psoriasis515, one may conclude that immunosuppression is an important therapeutic mechanism. On the other hand, substantial improvement up to clearing is possible with treatments without any significant changes of immune markers, as shown during treatment of psoriatic plaques
with hydrocolloid dressings516. Extracorporal photophoresis resulted only in some clinical improvement of psoriatic lesions, despite impressive immunosuppression517. Therefore, the interference
with epidermal growth and inflammation should be considered an important antipsoriatic strategy.
The next section will give an overview of what is known about anti-psoriatic treatments and their interference with signal transduction, growth regulation, and differentiation in keratinocytes.

Coaltar
Coal tar therapy is probably the oldest anti-psoriatic treatment. Coal tar is a mixture of aromatic hydrocarbons manufactured by primary condensation during the carbonisation of coal518. Very little is
known about its mechanism of action. Only one publication gives an indication that coal tar, containing the preparation of Berniter, interferes with in vitro keratinocyte proliferation. Treatment of cultured keratinocytes with coal tar results in the inhibition of DNA synthesis519.
Anthralin
Anthralin, also known as cignolin or dithranol (1,8-dihydroxy-9-anthrone) has proved to be an effective topical treatment for active psoriasis. Although anthralin has been used to treat plaque-type psoriasis for many years, its mechanism of action is incompletely understood. Several in vitro effects of
anthralin have been reported including the inhibition of calmodulin activity520, and inhibition of keratinocyte oxygen metabolism resulting in a decreased ATP content521. Anthralin reacts with redox
components in different biologic membranes thereby altering the subcellular/cellular redox status
and energy metabolism. These changes might significantly contribute to its antiproliferative activity521. In contrast to Tucker er al (1986)520, Wollina et al (1989)522 report results that argue against
calmodulin inhibition of psoriatic epidermal keratinocytes as the primary event in the anti-psoriatic
action of anthralin.
Thus far, it is unknown how anthralin treatment affects the growth factor/cytokine pathways
that might regulate epidermal hyperplasia in psoriatic plaques. Gottlieb et al. (1992) examined the
effects of anthralin on human keratinocyte growth in vitro. Anthralin is capable of inhibiting keratinocyte proliferation by 98% (using 10 ng/ml anthralin). During treatment, no cell-cycle-specific
growth arrest was observed. Treatment further resulted in a marked decrease in TGF-a mRNA expression, a decreased binding of 125I-EGF/125MGF-1 to their receptors (EGF receptor binding was inhibited
to a greater extend), a decrease in ligand-binding affinity and a decrease in the number of cell surface EGF-receptors. These results indicate that anthralin alters components of the EGF/EGF-receptor
and IGF-1/IGF-1-receptor pathway in vitrom.
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Corticosteroids
Topical corticosteroids are frequently used as a treatment for psoriasis. Corticosteroids have several
advantages e.g. ease of application, lack of irritancy and absence of staining of skin or clothing. How
ever, prolonged exposure to potent corticoids can lead to topical and systemic side effects.
Marcello and Tomich (1983) reported that glucocorticoids were able to inhibit neonatal mouse
keratinocyte proliferation in vitro™. Corticosteroids have an anti-inflammatory action because they
interfere with arachidonic acid metabolism as described in a previous section.
Vitamin D3
Vitamin D3 and its active metabolites can be generated within the skin. Their physiological activities
encompass the regulation of calcium homeostasis, proto-oncogene expression and the production of a
number of intracellular and secretory molecules from cells in various organs, including keratinocytes,
fibroblasts, and leukocytes. The major outcome of these activities is a decreased cellular prolifera
tion and the modulation of inflammation and immunity525.
Vitamin D3 is effective in treatment of psoriasis although it could lead to hyper-calciaemic
conditions. Due to recent drug development programs, new vitamin D3 analogues, including calcipotriol (MC903), and tacalcitol (TV-02), were introduced (see for review526). Two basic principles are re
sponsible for the action of vitamin D3 derivatives: (1 ) a nuclear mechanism in which active vitamin D3
binds to a nuclear vitamin D3 receptor (VDR) resulting in modulation of transcription of target genes,
and (2) a non-nuclear mechanism which involves trans-membrane signalling527532. Active vitamin D3
induces an increased influx of calcium into the cell via a non-nuclear mechanism and further inhibited
proliferation and enhanced differentiation of cultured keratinocytes (reviewed in526).
Matsumoto er al (1990) showed the presence of a specific receptor for 1,25-dihydroxyvitamin
D3 in both cultured human and murine epidermal keratinocytes533. They further showed that vitamin
D3 facilitates terminal differentiation of murine keratinocytes and enhances the morphologic differen
tiation of human keratinocytes in vitro. Cell growth was completely inhibited at a concentration of
Ю^М. The inhibition of growth was accompanied by changes which are related to cell proliferation:
(1 ) inhibition of DNA synthesis, (2) decrease in the number of high-affinity receptors for EGF (there is
no change in total receptor number), (3) rapid decrease in c-myc mRNA level, and (4) the cell cycle
time is not extended as a result of treatment533,534. Abe er al. (1989) showed that keratinocytes iso
lated from both involved and uninvolved psoriatic epidermis were resistant to 1,25-dihydroxyvitamin
D3 treatment. A 100 fold higher concentration of 1,25-dihydroxyvitamin D3 was required to inhibit
their DNA synthesis compared to normal keratinocytes535. This report is not in agreement with the re
sults published by Smith et al. (1988) 536. Keratinocyte differentiation can be induced by 1,24(R)dihydroxyvitamin D3 in a time- and dose-dependent manner537 comparable to 1,25-dihydroxyvitamin
D3 but causes less hypercalcemia53*.
It is of interest that new vitamin D3 analogues have been developed with low binding affinity
to the nuclear receptor, which inhibit epidermal growth profoundly531,532. It is attractive to speculate
that the increase of calcium influx might be the leading principle.
Retinoids
Retinoids have been extensively used as a treatment in psoriasis and like Vitamin D3 analogues and
corticosteroids they belong to the steroid receptor superfamily. These compounds bind to a specific
nuclear retinoic acid receptor (RAR). The complex of the nuclear receptor and ligand bind to specific
DNA binding domains resulting in the modulation of transcription of various genes. The exact mecha
nisms of action are still incompletely understood.
42

General Introduction

Vitamin A analogues, including acitretin (Ro 10-1670) and etretinate, also known as Tigason
(Europe) or Tegison (USA) (Ro 10-9359), inhibited neonatal mouse keratinocyte proliferation and spe
cific differentiation events in vitro. It is suggested that etretinate works by interfering with the ter
minal differentiation of keratinocytes524,539. Retinoic acid (RA) may either stimulate or decrease ke
ratinocyte proliferation in vitro depending on the cell source and culture conditions. The ODC activity
is suppressed, although no strict correlation between ODC levels and proliferation has been demon
strated540. Exposure of keratinocyte cultures to a variety of different retinoids resulted in a dosedependent decrease in K16 with a subsequent increase in K14/K16 ratio, and a decrease in cornified
envelope formation. In vivo analysis revealed, that etretinate caused a reduction in K16 and an in
crease in K14/K16 ratio. The magnitude of these changes and the correlation with the clinical im
provement was variable5*1. Others have reported that treatment of cultured human keratinocytes
with RA resulted in a diminished expression epidermal keratins, K5, K6, K14 and K16542. In contrast to
the former authors, in vivo and in vitro, expression of the "hyperproliferative" keratins K6 and K16,
which are also expressed in psoriatic skin, was induced by treatment with RA according to Eicher et
al. (1992). The expression of filaggrin, transglutaminase and loricrin was reduced after exposure to
RA. These results suggest that RA works via interference with terminal differentiation543. The suppres
sion of the expression of the plasma membrane associated enzyme transglutaminase is regulated at
the pretranslational level544.
Treatment of cultured murine keratinocytes with etretinate, acitretin, all-trans RA or 13-cis
RA, increased the IL-1 bioactivity in culture supernatants and cell extracts. The augmentative effect
of the retinoids was enhanced by prolongation of the culture period545. Cultured human keratinocytes,
under low calcium/serum free conditions, incubated with all-trans RA, 13-cis RA or arotinoid (Ro 150778) showed a dose-dependent decrease of ODC mRNA levels544. All-trans RA greatly enhanced the
growth stimulatory effect of EGF on mouse epidermal keratinocytes. Furthermore, all-trans RA
greatly enhanced the growth inhibitory action of TGF-B, on EGF-induced DNA synthesis547. All-trans RA
inhibited proliferation of rapidly growing human epidermal keratinocytes in keratinocyte growth me
dium (KGM; serum-free) (0.15 mM and 1.4 mM calcium). However, All-trans RA treatment of kerati
nocytes cultured in keratinocyte basal medium (KBM) stimulated growth. Under all these conditions,
keratinocyte adhesion and production of thrombospondin and fibronectin were inhibited548. Treat
ment of psoriatic patients with acitretin as well as etretinate85,86 can correct the presumed binding
defect of PKA resulting in a clinical improvement of the disease. The effect of acitretin was dosedependent, with a maximal response at 40 mg acitretin/day.
Retinoic acids seem to work via their receptor (RARs and RXRs). The RARs are believed to
function in a manner analogous to other members of the steroid/thyroid hormone receptor family
with which they have high sequence similarity. RAR-γ is reported to be the type expressed in exclu
sively in skin, however their regulation mechanism is unclear86. RAR-γ mRNA was detected in normal
as well as in cultures of neonatal keratinocytes. RAR-γ, mRNA was localised to all layers of the epi
dermis549. In RNA extracted from normal skin specimen expression of RAR-a and RAR-γ transcripts, as
well as the expression of RXR-a, could be detected. Both isoforms of RAR-γ, RAR-γ, and RAR^2, were
detectable, with RAR-γ, being more strongly expressed. Besides expression of RARs and RXRs, the
presence of cellular retinoic add binding proteins (CRABPs) could be demonstrated, with CRABP-II
more strongly expressed at the level of steady-state mRNA. CRABP-II was also expressed in cultures of
human keratinocytes. Agents that induce differentiation up-regulate the expression of CRABP-II. The
expression of CRABP-II was inhibited by prolonged exposure to high concentrations of RA550.
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Cyclosporin A
Cyclosporin A (CsA) is a cyclic undecapeptide of fungal origin endowed with immunosuppressive prop
erties. It is effective in treatment of recalcitrant psoriasis. Because CsA appears to be a relatively
specific immunosuppressive agent (by inhibiting the activation of T-cells), its action leads to the hy
pothesis that there is a central role of immune system activation in the pathogenesis of this disease.
CsA also has significant antiproliferative effects on cultured human and murine keratinocytes. There
fore, in addition to its immunosuppressive actions, CsA might act directly on keratinocytes by inhib
iting their proliferation.
Treatment of cultured adult human keratinocytes (cultured with serum and on collagen) with
cyclosporin for 2-6 days (0.1-30 ng/ml; 0.4-13 fold higher than during treatment) had no effect on the
rate of thymidine incorporation into DNA. However, CsA (1-10 ng/ml) did not inhibit growth of kerati
nocytes cultured on plastic551. CsA specifically inhibited keratinocyte cell-cycle progression in the Gr
phase without causing keratinocytes to terminally differentiate. CsA did not decrease the expression
of epidermal growth factor receptors or TGF-a. These results indicate that CsA has no direct effect
on autocrine growth regulation of keratinocytes via TGF-a production or EGF-receptor modulation552.
CsA inhibited the growth of human keratinocytes at 6 - 8 μΜ (identical to cis-platin a cytotoxic drug).
There are no direct membrane related effects involved (short-term treatment has no effect on epi
dermal cell growth). CsA had no effect on differentiation in vitro553. CsA reduces the amount of gro-a
mRNA, which is selectively overexpressed in psoriasis in vivo. However, CsA had no inhibitory effect
on cytokine-induced GRO-a expression of keratinocytes treated with IL-1a or IFN-γ with TNF-a500.
CsA binds to cyclophilins, which are expressed by keratinocytes554. Binding of CsA to cyclophilin might result in inhibition of serine/threonine specific phosphatase activity, yielding an in
creased degree of phosphorylation at these residues555. There is no significant difference in cyclophilin content when comparing keratome biopsies of normal, uninvolved, involved, and cultured ke
ratinocytes556.
Systemic treatment of psoriatic patients with cyclosporin at dosages resulting in clearing of
the lesions, failed to inhibit epidermal proliferation induced at test-sites of the uninvolved skin by
tape stripping557,55". Therefore, it remains unsubstantiated that cyclosporin directly interferes with
epidermal growth and inflammation.
Phototherapy
Treatment of human keratinocyte cultures with 3-methoxypsoralen and ultraviolet light (PUVA) re
sulted in a direct effect on DNA and RNA synthesis, which were inhibited in a dose-dependent man
ner. Protein synthesis was only slightly inhibited. After 24 hours, RNA synthesis recovered whereas
DNA synthesis was more severely inhibited - suggesting that other cell components may be damaged
by PUVA. In vivo, DNA and RNA synthesis immediately decreased after PUVA sessions. During all ses
sions, until the psoriatic plaque had cleared, a diminished DNA synthesis was observed in comparison
with involved and uninvolved psoriatic skin before treatment559. UVB induces dramatic increased con
centrations of 25-hydroxyvitamin D and 24,25-dihydroxyvitamin D in psoriatic patients, as well as con
trols. In psoriatic patients, 1,25-dihydroxyvitamin D was significantly increased560. In skin, keratino
cytes are the natural target of UVB in humans, and upon UVB exposure they have been shown to re
lease increasing amounts of immunologic and proinflammatory cytokines (reviewed in 263 e.g. IL-1, IL6, and TNF-a250,561'563). Nuclear factor KB (NFKB) has been recognised to be a transacting factor in
volved in the regulation of IL-6 expression5". This factor was previously shown to be the target of
other lymphognes565 and is thought to be involved in the immediate early response to DNA damage
(reviewed in566). Recently, it has been shown that low-dose UVB treatment results in a dose44
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dependent induction of NficB-like binding activity . It is not clear at the moment how the induction
of inflammatory cytokines eventually leads to clearing of the lesion.
Methotrexate
Perhaps a classical example of a treatment that inhibits epidermal growth and modulates inflamma
tion is methotrexate (MTX). MTX, an anti-folate drug, is capable of inducing differentiation in human
keratinocytes in vitro. MTX inhibits proliferation of cultured human keratinocytes and induces several
markers of differentiation: (1 ) a change in cell morphology, (2) a marked increase in cell size, (3) an
increase in the proportion of cells expressing involucrin and (4) an increase in the amount of cornified
envelope protein. The effects are dose-dependent, irreversible after 24 hours, and not cytotoxic. Ad
dition of thymidine can completely inhibit the effects of MTX (MTX causes a depletion of thymine deoxyribonucleotides)568. MTX further inhibits cells in S-phase and inhibits PMN accumulation into the
epidermis569.
Concluding remarks
In this chapter we have reviewed the major signal transduction pathways that are currently known,
and their possible significance in human epidermis. Many of the findings relate to in vitro experiments
using cultured keratinocytes; their in vivo relevance awaits further investigation. For a number of
agonists, receptors and intracellular pathways, changes have been found in the lesionai psoriatic skin.
For most of these, it is at present not clear whether they are centrally involved in the disease proc
ess, or are mere epiphenomena. In this respect, deviations found in the uninvolved psoriatic skin are
more likely to contribute to the elucidation of the disease cause.
It is clear that the two phenomena that characterise psoriasis (inflammation and epidermal
hyperproliferation) cannot be separated. Many inflammatory mediators act on epidermal growth con
trol pathways, and vice versa, many cytokines involved in cellular activation (proliferation, adhesion,
migration) have (pro)inflammatory properties. Paradoxically, many antipsoriatic treatments (dithranol, UVB, PUVA) induce a moderate degree of inflammation. The mode of action of these treatments
is not clear at the moment. Speculatively they could exert their effect via the keratinocytes by sup
pression of inflammatory pathways, or via suppression of the local immune response. Continuous low
grade irritancy by these therapeutic agents might downmodulate protein kinase С activity, and hence
suppress inflammation and epidermal proliferation. Whatever mechanism is involved, it is clear that
insight in common pathways for cutaneous inflammation and epidermal proliferation will contribute
to the elucidation of the aetiology and pathogenesis of psoriasis.
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Summary
In this study we have performed a cell kinetic characterisation of growth and growth arrest of keratinocytes derived from normal human skin. Proliferative activity of the cell cultures was analysed with a
flow cytometric technique, measuring relative DNA content and iododeoxyuridine (IdUrd) incorporation
simultaneously. Normal human keratinocytes were grown in keratinocyte growth medium (KGM) and
growth arrest was induced by using either keratinocyte basal medium (KBM) or KGM supplemented with
TGF-ßi. It was found that human keratinocytes grown in KGM plus TGF-ß, were growth arrested within
52 hours. The rate of IdUrd incorporation into DNA decreased by more than 95% after 52 hours and paralleled the decrease of cells in the S-phase. Within 52 hours, after addition of TGF-ft, 79% of the
growth-arrested cells were in the G0/Grphase of the cell cycle, a situation that approaches the normal
epidermis. Growth arrest of human keratinocytes in KBM showed a similar decrease in the rate of IdUrd
incorporation. However, the decrease in IdUrd incorporation was not reflected in a decrease of cells in
S-phase, suggesting that the cells were blocked in GO/GÎ, S or G2/M-phase rather than selectively in the
physiological growth arrest state of G0/Gi. Secondly, we investigated the kinetics of the cells when
they were restimulated after growth arrest. We found that after termination of the growth arrest in
KGM supplemented with TGF-^ the cells require 6 to 8 hours to initiate DNA synthesis, with a continued decrease of the G0/Gi-population, suggesting that the cells are recruited as a cohort. After growth
arrest induced by KBM, cells also require 6 to 8 hours in KGM to initiate DNA synthesis, but the cells are
not recruited as a cohort. We conclude that growth arrest induced by TGF-ßt is the preferred system in
which to study induction of keratinocyte proliferation, since it induces a state of quiescence that approaches that of normal human epidermis.
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Introduction
Epidermis is a dynamic tissue in which highly co-ordinated mechanisms exist to control cell proliferation and differentiation. When this balance is disturbed (e.g. following trauma), human epidermis responds with an increased production of cells in order to restore its integrity as quickly as possible. We
have previously advocated the concept of a G0 population in normal human skin, and we have provided
experimental evidence that recruitment from this pool is the mechanism used to restore homeostasis
after epidermal injury1. The importance of the G0/Grphase of the cell cycle in the control of normal
human keratinocyte proliferation is illustrated by the fact that 96% of the keratinocytes exist in Go/Gi
in vivo, and are not cycling2. One of the growth abnormalities in psoriasis is that most, if not all, basal
cells appear to be cycling, i.e. the total G0 population has been recruited.
Experiments on cultured human keratinocytes are potentially useful in the study of growth arrest and recruitment from G0 in vitro. Many culture systems have been developed to study the control
of cell proliferation and differentiation of human keratinocytes in vitro. Early methods for culturing keratinocytes were not very convenient because of problems with mechanical dissociation of epidermal
tissue, the need for very high inoculation densities, overgrowth by fibroblasts and a short lifespan of
normal keratinocytes. The problem of fibroblast overgrowth has been overcome through the use of a
feeder layer of lethally irradiated 3T3 cells1. The multiplication of keratinocytes has been promoted
using conventional Dulbecco's modified Eagle's medium (DMEM) supplemented with 0.4 mg/l hydrocortisone and 20% foetal bovine serum1. Methods have also been developed that eliminate the need for a
feeder layer or the use of conditioned medium4"7. The next step was the development and modification
of serum-free culture media in order to obtain confluent and stratified cultures8 '2. The culture systems
that use serum-free media allow growth of keratinocytes to high density. The cells can be maintained
in an undifferentiated state from which they can be induced to differentiate by several techniques.
Human keratinocytes can be growth-arrested in a reversible and an irreversible manner. Keratinocyte basal medium (KBM) is currently the most widely used method to induce reversible growth arrest in keratinocytes13"1'. In addition three types of treatment cause keratinocytes to arrest growth in a
reversible manner: firstly, treatment of cells with medium lacking isoleucine20; secondly, exposure of
the cells to lymphocyte conditioned medium (LCM)20; and thirdly, treatment of cultures with purified
transforming growth factor p\ (TGF-ßO isolated from human platelets21. All of these methods cause the
majority of cells in the population to arrest growth in the G0/Grphase of the cell cycle with a small but
significant population of G2/M-phase cells22. Irreversible growth arrest can be induced in keratinocyte
cultures by at least five different methods22.
To get a better understanding of cell proliferation we studied the reversible G0/Gt growth arrest of normal human keratinocytes. In order to establish a model for studying growth arrest and Go recruitment of human keratinocytes, we evaluated two of these models. Using bivariate flow cytometric
analysis we measured cell cycle kinetics of cultures that were growth-arrested either by the addition of
a cytokine (TGF-ß,), or by the deprivation of growth-promoting substances (KBM instead of KGM). The
results show that there are considerable differences between the two systems.
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Materials & Methods
Biopsies
Biopsies (0.2 mm thickness) from healthy volunteers were taken with a keratotome as previously de
scribed23 and used for primary keratinocyte cultures.
Keratinocyte primary culture
Human epidermal Keratinocytes were initially cultured according to the Rheinwald-Green system3.
Primary cultures of keratinocytes were seeded on lethally irradiated (3000 rad, 3 min.) Swiss mouse
3T3 fibroblasts in DMEM/F12 (3:1, v/v, Row Laboratories, Irvine, Scotland) supplemented with 0.4
μβ/ml hydrocortisone (Collaborative Research Inc. Lexington, MA, USA), isoproterenol (10"6 M; Sigma,
St. Louis, MO, USA), 100 i.u./ml penicillin plus 100 μg/ml streptomycin (Gibco, Breda, The Nether
lands), 6% foetal calf serum (FCS; Seralab, Nistelrode, The Netherlands), and 10 ng/ml epidermal
growth factor (EGF; Sigma, St. Louis, MO, USA). Cells were grown at 37°C, 95% relative humidity and 8%
C02 in air. EDTA-treated, trypsinised and liquid nitrogen-stored keratinocytes from the primary culture
were used in further experiments.
Keratinocyte secondary culture
For the experiments the human keratinocytes were seeded at 105 cells in KGM in 60 mm culture dishes.
KGM was composed of KBM (Clonetics, San Diego, CA, USA; 0.15 mM Calcium) supplemented with ethanolamine (0.1 mM; Sigma, St. Louis, MO, USA), phosphoethanolamine (0.1 mM; Sigma, St. Louis, MO,
USA), bovine pituitary extract (ΒΡΕ; 0.4%, v/v; Clonetics, San Diego, CA, USA), epidermal growth factor
(EGF; 10 ng/ml; Sigma, St. Louis, MO, USA), insulin (5 μg/ml; Sigma, St. Louis, MO, USA), hydrocorti
sone (0.5 μg/ml; Collaborative Research Inc. Lexington, MA, USA) , penicillin (100 i.u./ml; Gibco,
Breda, The Netherlands) and streptomycin (100 μg/ml; Gibco, Breda, The Netherlands).
Keratinocyte growth arrest
For experiments in which cells were required in the quiescent state, the medium was removed at 2030% confluence (usually about 5 days), the culture was washed briefly with phosphate buffered saline
(PBS) supplemented with calcium (120 μΜ; Merck, Darmstadt, Germany), and maintenance medium
was added. During the experiments we used two types of maintenance medium (a) KBM and (b) KGM
supplemented with TGF-ft (10 ng/ml; British Biotechnology Products Ltd., Oxon., UK). All cultures
were grown at 37°C , 95% relative humidity and 5% CO2 in air.
Keratinocyte growth stimulation
Growth-arrested keratinocyte cultures were washed briefly with PBS supplemented with calcium (120
μΜ), and new growth medium (KGM) was added.
IdUrd labelling
Cultured keratinocytes were either pulse-labelled (30 minutes) or continuously labelled with IdUrd
(Sigma, St. Louis, MO, USA), in either case at a final concentration of 10 μτηοΐ/ί. After pulse labelling,
the cultures were washed twice with PBS supplemented with calcium (120 μΜ) and refed with fresh
medium. Experiments were terminated by washing the cultures twice with 3 ml PBS followed by one
wash with 1.5 ml 0.25% trypsin (DIFCO Laboratories, Detroit, Michigan, USA), 0.02% EDTA, and 0.1%
glucose. After a 15 minute incubation with 0.5 ml of the same solution (to allow complete detachment
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of cells), the cells were collected in PBS containing 5% FCS. After centrifugation the keratinocytes were
fixed by resuspending the pellet in 70% ethanol (-20°C), and the suspension was stored at -20°C until
further use.
Inhibition of TGF-ßi with neutralising antibody
To determine if TGF-ß, is effectively washed away from the cultures dishes before restimulation we
performed the growth restimulation experiment in the presence of anti-TGF-ß, polyclonal chicken antibody (1mg/ml) (RaD Systems Europe Ltd, Abingdon, UK). To neutralise 1.3 ng/ml TGF-ß, 10 μΐ anti
TGF-ßi antibody was needed (W. van Rotterdam, Department of Cell Biology, University of Nijmegen,
The Netherlands, personal communication). As a control normal chicken IgG (NcIgG; 1 mg/ml) (Nordic,
Tilburg, The Netherlands) was used. Human keratinocytes were growth arrested and restimulated as
previously described. Anti TGF-ß, antibody and NcIgG were added during the restimulation. The cultures were continuously labelled with IdUrd. The effect of antibody addition on restimulation was expressed relative to the percentage of IdUrd-positive cells measured in an exponentially growing culture
of normal human keratinocytes.
Measurement of cell viability
Cell viability was determined by staining cell suspensions or cells on coverslips with a 0.4% trypan blue
solution". After 1-2 minutes the cells were counted using either a haemo-cytometer for cell suspensions or a special grid for cells on coverslips.
Immunocytochemical staining of IdUrd and DNA labelling
Staining was basically as previously described25,26. In brief, about 105 ethanol-fixed cells were washed
once with PBS. The cells were hydrolysed for 30 minutes at room temperature with 0.2 mg/ml pepsin
in 2 M HCl. Hydrolysis was terminated with excess 1 M TRIZMA base (Sigma, St. Louis, MO, USA). The
cells were pelleted and washed with PBS containing 0.1% Nonidet P40 (BDH Chemicals Ltd., Poole,
England). After sedimentation the cells were incubated with a 1:50 dilution of the monoclonal antibody
DAKO-BrdUrd (Dakopatts, Copenhagen, Denmark) for 30 minutes. This monoclonal antibody specifically
detects BrdUrd and IdUrd. After washing the cells with PBS a second incubation step (15 minutes, 4°C)
using a 1:50 dilution of fluorescein isothiocyanate-conjugated rabbit anti-mouse immunoglobulins
(RAM-FITC) (Dakopatts, Copenhagen, Denmark) containing 3% normal rabbit serum (NRS) was carried
out to visualize the IdUrd incorporation. Following a final wash with PBS, the cells were resuspended in
300 μΐ PBS containing 40 цд/ті propidium iodide (PI) (Calbiochem, San Diego, CA, USA) and incubated
for 15 minutes with 50 μΐ of 1% (w/v) RNAse A (Sigma, St. Louis, MO, USA).
Immunocytochemical staining of involucrin and DNA labelling
Staining was basically as described earlier27. In brief, about 105 ethanol-fixed cells were washed once
with PBS containing 1% newborn heat-inactivated calf serum (NHICS). After sedimentation the cells
were incubated with a 1:20 dilution of MON-150, a monoclonal antibody against human involucrin27 for
30 minutes. After washing the cells with PBS/NHICS a second incubation step (15 minutes, 4°C) using a
1:50 dilution of RAM-FITC containing 3% NRS was carried out to visualise the anti-involucrin. Following a
final wash with PBS/NHICS , the cells were resuspended in 300 μΐ PBS containing 40 μg/ml PI and incu
bated for 15 minutes with 50 μΐ of 1% (w/v) RNAse A.
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Flow cytometry
Cells stained with propidium iodide (PI) and fluoresceine isothiocyanate (FITC) were analysed on the
Epics* Elite flow cytometer (Coulter Corporation, Hialeah, Rorida, USA) equipped with a 40 mW aircooled argon-ion laser set at 15 mW and tuned at a wavelength of 488 nm. A 580 nm dichroic mirror
separated FITC and PI signals. The FITC signals (greenfluorescence)were detected through a 525 nm
band-pass filter, and the PI signals (red fluorescence) were detected through a 630 nm long-pass filter.
Usually 104 cells were measured at a flow rate of approximately 50 cells per second. The data were re
corded in listmode and analysed on the Epics® Elite workstation. The ratio area/peak of the red fluo
rescence is an excellent discriminator between artefacts due to doublets of diploid cells and real single
tetraploid (or late S) cells when intact cells are used28. The data were further analysed on the Epics®
Elite workstation with the program Multicycle (Version 2.5; Phoenix Row Systems, Sorrento Valley Rd.,
San Diego, CA, USA) to determine the percentages of G0/Gb S and G2/M. The results were presented in
two-dimensional graphs in which error bars are drawn. Unless stated otherwise, these error bars indi
cate the standard error of the mean (s.e.m). In case no error bars are visible the bar is smaller than the
graphic symbol used.
Calculations of cell cycle time and duration of S-phase
Two-parameter flow cytometry of DNA versus IdUrd allows assessment of the number of cells in Sphase (N5) and the duration of the S-phase (ts) even from one single sample2'. The calculation of t s is
based on the assumption that there is a linear increase in mean relative DNA content of the IdUrd(abelled S-phase cells in time. At time zero after IdUrd pulse-labelling, the mean DNA content of the
IdUrd-labelled S-phase cells is in the middle of the interval between the unlabelled diploid G0/Gi cell
population and the unlabelled tetraploid G2/M cell population. As the IdUrd-labelled cells move
through the S-phase, the mean DNA content of the population will approach the DNA content of the
G2/M population. The IdUrd-labelled cells that had divided and appeared in the (labelled) diploid G, re
gion were excluded from the calculation of mean DNA content. Movement of IdUrd-labelled S-phase
cells relative to the position of G0/Gi and G2/M is expressed as relative movement (RM) and is calcu
lated as follows:
RM =

(FldUcd — Fat I Ci)

(Fan м — FGUIC,\)

where F«*,) is the mean DNA content of the IdUrd-labelled cell (IdUrd-labelled Go/Gt cells were ex
cluded), FGO/GI is the mean DNA content of the unlabelled diploid GO/GÍ population (will also contain
the differentiated cell population, if present) and FG2/M is the mean DNA content of the G2/M cells.
RM will increase in time from RM=0.5 at time zero (IdUrd-labelled cells halfway between the
Go/Gi cells and the G2/M cells) to RM=1 when all IdUrd-labelled cells have reached tetraploid DNA content. The time needed for labelled cells to reach tetraploid DNA content is equal to ts. ts is calculated
from one single sample using the formula:
ts =

0-5

*Δ/

(RM -0.5)
where At is the time between pulse-labelling and sampling.
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Calculation of the absolute cell cycle time (t c ) depends on the assumption that cells are ran
domly distributed through the various phases of the cycle. Although this assumption has been ques
tioned, it has been used by various investigators in this field (for example by30). It follows that:

tc =

*U

Ν,
where Ns is the number of cells in S-phase, Nc is the number of cycling cells (growth fraction, GF), rs is
the duration of the S-phase and t c is the cell cycle time.
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Results
Although the KGM system is widely used, it is so far poorly documented with respect to cell cycle ki
netics. Since we used KGM as the growth medium in this study we first characterised exponentially
growing keratinocytes using Divariate flow cytometric analysis. Normal human keratinocytes from the
first passage were seeded at 105 cells per 60 mm dish and were grown in KGM. At day 8 the cells were
either pulse-labelled or continuously labelled with IdUrd and were harvested at different times. Row
cytometric analysis of the continuously labelled cells revealed a growth fraction (GF or Nc) of 92% after
43 hours as shown in Fig. 1. Fig. 2 represents the fraction of cells in the middle of the S-phase during
normal growth. In Fig. 2 it can be seen that the cells re-enter S-phase after approximately 20 hours,
representing the length of the cell cycle. From the Divariate flow cytometric IdUrd/DNA analysis we
calculated that the duration of the S-phase (fs> with At=4 hours, /?/W=0.80) was 7 hours. With this result
we calculated the cell cycle time (t c , with ts=6.6, Nc=91.9% and Ns=22.8%) that resulted in an t c of 27
hours. These values are in agreement with those found for the Rheinwald and Green system and in
vivo.
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Figure 1. Flow cytometric analysis of IdUrd-positive cells during normal growth. Kerati
nocytes cultured in КОМ until 20-30% confluence were continuously labelled with IdUrd
during a period of 48 hours, fixed and processed for IdUrd immunostaining, and counterstained with PI. Flow cytometric analysis revealed the population of IdUrd-positive cells af
ter treatment and the different cell cycle stages. At least 10000 cells were analysed. At the
Indicated times samples were taken and the IdUrd-positive cells were measured. (Bars in
the figure indicate the data range of two dishes per time-point).
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Fisure 2. Flow cytometric analysis of IdUrd-positive cells durins normal growth. Keratinocytes
cultured in КОМ until 20-30% confluence were pulse labelled for 30 minutes with IdUrd at several
time points durins a period of 48 hours. The cells were fixed and processed for IdUrd immunostainins, and counterstained with PI. Flow cytometric analysis revealed the population of IdUrdpositive cells after treatment and the different cell cycle stases. At least 1OOO0 cells were ana
lysed. At the indicated times samples were taken and the IdUrd-positive cells in the middle of the
S-phase was estimated. From this experiment, we can follow the cells during the cell cycle. In this
figure we can see that the population of cells starting In mid-S reach this point again after ap
proximately 20 hours (the second peak). This indicates that the cells need about 20 hours to com
plete one celt cycle. (Bars in the figure indicate the data range of two dishes per time-point).

Kinetics of TGF-ßi and KBM induced growth arrest
The morphology of exponentially growing human keratinocytes cultured in KGM is shown in Fig. 3a. The
keratinocytes grow in colonies, forming a monolayer and continue to grow to full confluence. When
normal human keratinocytes were growth-arrested in KGM supplemented with TGF-ßi, a diffuse monolayer of keratinocytes was formed (Fig. 3b). Treatment with KBM also induced growth arrest; however,
the morphology was distinctly different from keratinocytes treated with TGF-ft. Growth arrest induced
by KBM resulted in colonies of tightly packed keratinocytes (Fig. 3c). Normal first-passage human keratinocytes were grown in vitro in KGM until they reached about 25-30% confluence (day 5-6). From
this point the cultures were switched to KGM supplemented with 10 ng/ml TGF-ßi to induce growth arrest. TGF-ßi was shown to induce a dose-dependent decrease of IdUrd-positive cells. Fig. 4 shows that
saturation is reached at 5 to 10 ng/ml TGF-ß,.
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Figure 3. Light microscopic visualisation of normal
human keratinocytes during growth under different
culture con-ditions. (a) Growth of normal human
keratinocytes in KGM; (b) growth arrest in KGM
supplemented with TGF-ß, (56 hours); (c) growth
arrest in KBM f56 hours).

TGFIÌ1 (ng/ml)

Figure 4. The effect of different concentrations of TGF-ß, on the growth of normal human keratinocytes. Normal human keratinocytes cultured in KGM until 20-30% confluence
were growth arrested with the indicated concentrations of TGF-ß,. After 48 hours of
treatment the cells were pulse labelled with Idilrd for 30 min., fixed and processed for
IdUrd immunostaining, and counterstained with PI. Flow cytometric analysis revealed the
population of Idilrd-positive celts after treatment and the different cell cycle stages. At
least 10000 cells were analysed. (Bars in the figure indicate the data range of two dishes
per time-point).
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The cultures were analysed using bivariate flow cytometric analysis of DNA synthesis (IdUrd incorpora
tion) and DNA content (PI). We measured the DNA synthesis and DNA content at different times during
a period of 52 hours of growth arrest. As an example the flow cytometric data of 0 and 52 hours are
depicted in Fig. 5.
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Figure 5. Example of a flow cytometric analysis of IdUrd-positive cells and their DNA
content. Comparison of: (a,b) exponentially srowin$ human keratinocytes ft=0 hours); and
(c,d) keratinocytes after 52 hours of TCF-ß, treatment. At the times indicated, celts were
fixed and processed for IdUrd immunostaining with FITC and DNA content with PI. The
IdUrd-positive cells can be calculated f rom the gate placed in the diagram, which represents
the DNA content (red fluorescence (RFL)) versus the IdUrd positive cells (Logarithm of the
green fluorescence (Log-CFl)). The gate, which represents alt the IdUrd-positive cells, has
been determined by using a sample without a specific antibody against IdUrd resulting in 0-1%
IdUrd-positive cells. In (b) and (d) plots are shown from the DNA distribution versus cell number.

In Fig. 6 the cell cycle parameters of exponentially growing cells are shown, indicating that these remain constant over a 52 hour period. From the flow cytometric data we calculated the number of
IdUrd-positive cells and the distribution throughout the cell cycle. Fig. 7 summarises the kinetics of
growth arrest of keratinocytes in KGM supplemented with 10 ng/ml TGF-ß, during the time course of 52
hours. This figure demonstrates that cells treated with TGF-fy stop growing within 52 hours, as illustrated by a 96% decrease of IdUrd-positive cells. The figure furthermore characterises the distribution
of cells over the cell cycle stages and shows that: (a) after 52 hours of exposure to TGF-ßt, only 1% of
the cells displayed evidence of DNA synthesis; and (b) 79% of the growth-arrested cells were in the
Go/Grphase of the ceti cycle. The decrease in IdUrd incorporation is paralleled by the decrease of cells
76

Cell Kinetic Characterìsation of Growth Arrest in Cultured Human Keratmocytes

in S-phase of the cell cycle. This situation approaches the state in normal epidermis in which we find
92% of the cells in G 0 /G b 1% in S, 7% in G2/M, and 3% IdUrd incorporation (as determined by in vivo
IdUrd labelling (van Erp et al/ 1 )).
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Figure 6. A control ¡roup of normal human keratmocytes was cultured in KGM and startins at 2030% confluence the cells were pulse-labelled with IdUrd for 30 minutes at several intervals during
a period of 52 hours. Cells were fixed and processed for IdUrd and involucnn immunostaimng, and
counterstamed with PI The percentages of cells m the different cell cycle stages (G0/C, (A), S (О)
and C2/M ( Щ, and IdUrd positive (Ф) cells were determined by counting at least 10000 cells Note
that the percentages remain constant in time during the 52 hour period (Bars in the figure indi
cate the data range of two dishes per time point)
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Figure 7. Kinetics during growth arrest induced by TGF-ß,. Exponentially growing human keratinocytes were growth-arrested at day 5 by adding 10 ng/ml of TGF-ß, to the culture medium. At different times, as indicated, cells were pulse labelled with IdUrd for 30 mm , fixed
and processed for IdUrd and involucrin immunostaimng, and counterstamed with PI The percentages of cells m the different cell cycle stages (G0IG, (A), S (О) and G2IM (Щ, IdUrd {*•)
and involucnn positive (D) cells were determined by counting at least 10000 cells Note that
the population of G0/Gf cells is increasing m time, and that the decrease in IdUrd-positive cells
is paralleled by a decrease of cells in the S-phase (4 dishes per time-point).
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In Fig. 8. we present DNA histograms of normal human epidermis {in vivo (a)), normal human keratinocytes in culture (b), and normal human keratinocytes growth-arrested with TGF- ι (c).
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Figure 8. Representation of the DNA distribution of: (a) normal human epidermis (In vivo;; (b) cultured normal human ke
ratinocytes; and (c) normal human keratinocytes growth arrested with TGF-β, for 52 hours. Normal epidermis was de
rived from a healthy volunteer. The keratinocytes were brought into suspension and stained with PI. The keratinocytes in cul
ture were pulse-labelled with IdUrd for 30 min., fixed and stained with PI. The percentages of cells in the different cell cycle
stages (G0/Gu S and C2/M) were determined by counting at least 10000 cells. Analysis of the DNA histograms revealed that: (1)
normal human epidemis (in vtoo) consists of 92% Go/0,, 2% S, and 7% G2/M; (2) normal cells in culture consists of 49% G0/G,,
37% S, and 14% G2/M; and (3) normal cells in culture growth arrested with TGF-ß, consists of 79% G0/G,, 10% S, and 11% G2/M.

Growth arrest of normal human keratinocytes can also be induced by KBM. Fig. 9 shows that KBM inhibits cell proliferation and induces a 90% reduction of DNA synthesis within 52 hours as determined by
the measurement of IdUrd incorporation into DNA. In contrast to growth arrest with KGM supplemented
with TGF-ß,, we see that the decrease in IdUrd incorporation into DNA is not paralleled by a decrease
of cells in the S-phase of the cell cycle. The population of cells in S remains on a permanent level of
35% during growth arrest. We also see that the population of G2/M cells is increasing in time and that
the Go/G,-population is stable. These results indicate that the cells are growth-arrested at random either in G0/Gi, 5 or G2/M. During these experiments we analysed the number of differentiating cells using bivariate flow cytometric analysis of anti-involucrin and DNA content. The results, as shown in Figs
7 and 9, demonstrate that the cells are not induced to differentiate during growth arrest.
Treatment of cells during 52 hours with KBM causes a decrease in cell number. About 30% of the
cells detach from the culture dishes and are floating in the medium. The cells remaining in the culture
are all viable at the start of restimulation experiments. Treatment of the cultures with 10 ng/ml TGFPi does not result in a decline in cell number and has no effect on the viability.
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Figure 9. Kinetics during growth arrest induced by KBM. Exponentially growing human ke
ratinocytes cultured in КОМ were growth-arrested by switching to KBM at day 5. At different
times, as indicated, cells were pulse-labelled with IdUrd for 30 min., fixed and processed for
IdUrd and involucrin immunostaining and counterstained with PI. The percentages of cells in
the different cell cycle stages (G0/C, (Л), S (О) and G2IM (V)), IdUrd (+) and involucrinpositive (U) cells were determined by counting at least 10000 cells. Note that the population
of G0IG, cells is relatively constant in time, and that the decrease in IdUrd-positive cells is
not paralleled by a decrease of cells in the S-phase. (4 dishes per time-point).

Kinetics of restimulation after growth arrest with TGF-Pi and KBM
Restimulation of KBM growth arrested cultures results in a morphological change of the keratinocytes
on the edge of the colony (Fig. 10a) and after 52 hours of restimulation the cultures grow to full con
fluence (data not shown). Restimulation of TGF-ßi growth-arrested cultures shows that after 52 hours
the cultures have grown to full confluence (Fig. 10b), comparable to restimulation of KBM growtharrested cultures.
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Figure 10. Light microscopic visualisation of normal human keratinocytes during growth under different cul
ture conditions, (a) restimulation after growth arrest induced by KBM (24 hours) and (b) restimulation after TGFβ,-induced growth arrest (52 hours).
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Figure 11. Kinetics during restimulation of TGF-ß, growth-arrested keratinocytes. At day 5 exponentially growing human keratinocytes were growth-arrested
by adding 10 ng/ml of TGF-ß, to the culture medium. After 48 hours of treatment
with TGF-ß, the cultures were washed with PBS/Calcium (120 μΜ) and refed with
KGM (t=0 h). At different times, as indicated, cells were pulse-labelled with IdUrd
for 30 min., fixed and processed for IdUrd and invotucrin immunostaining and
counterstained with PI. The percentages of cells in the different cell cycle stages
(GQIG, (A), S (О) and Gj/AI (V)), IdUrd (Ф) and invotucrìn-positive (D) cells were
determined by counting at least 10000 cells. Note that the population of G0/G,
cells is decreasing followed by an increase in IdUrd-positive cells and cells in the Sphase. This indicates that the cells are recruited as a cohort. (4 dishes per timepoint).

On the basis of the reversibility of the TGF-ß( growth arrest, we investigated the kinetics of restimulation after growth arrest with TGF-ft and KBM by switching these cultures to KGM. Before feeding new
medium the cultures were washed to remove all of the previously added TGF-pi and KBM. Fig. 11 gives
the results of a typical experiment showing that in TGF-ßi-arrested cells initiation of DNA synthesis occurs within 6 to 8 hours. This figure also demonstrates a decrease of the G0/G, population paralleled by
an increase of the S-phase population and the incorporation of IdUrd into DNA. This means that the
growth-arrested cells are recruited as a cohort from the G0/Gi population.
Restimulation of KBM growth-arrested cells results in initiation of DNA synthesis within 6 to 8
hours as shown in Fig. 12, which also makes it clear that the cells are not recruited in a cohort, but
that they are recruited from within the G0/Gi, S and G2/M-phase. Maximum DNA synthesis occurred 16
hours after growth restimulation for either KBM orTGF-ft growth-arrested cultures as shown in Fig. 13.
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Figure 12 Kinetics during restimulation of KBM growth-arrested keratmocytes At day
5 normal human keratmocytes were growth arrested by switching to KBM After 48 hours of
treatment with KBM the cultures were refed with KGM At different times, as indicated,
cells were pulse labelled with IdUrd for 30 mm , fixed and processed for IdUrd and involucnn immunostaining and counterstained with PI The percentages of cells in the different
cell cycle stages (C0IC, (A), S (О) and G,/M {Щ, IdUrd (Ф) and т Ыиспп positive (D)
celts were determined by counting at least 10000 celts The population of G0/G, cells and
the population of cells m the S phase are increasing during the first 8 hours The increase
of both populations means that the cells are recruited from both the M phase and the
CalCrphase indicating that the cells are not recruited as a cohort (4 dishes per time
point)

During these experiments we also analysed the number of differentiating cells using Divariate flow cy
tometric analysis of anti-involucnn and DNA content The results, as shown in Figs 11 and 12, demon
strate that the cells are not induced to differentiate during restimulation.
To get an estimate of the number of cells capable of restarting proliferation we continuously
labelled KBM and TGF-ß, growth-arrested cultures during restimulation. Using this continuous labelling
procedure, all cells that start to enter the cell cyclus are capable of incorporating IdUrd. When keratinocytes are growth arrested with TGF-ßb we see that after 32 hours of restimulation only 65% of the
cells are cycling, which means that TGF-ßt reduces the number of cells that can restart proliferating
(Fig. 14). On the other hand, when KBM growth-arrested cells are restimulated we see that after 32
hours about 85% of the cells are cycling (Fig. 14). This percentage is similar to the findings with keratinocytes maintained in KGM where we see that about 90% (Fig. 1 ) of the cells are cycling.
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Figure 13. Composite figure of the kinetics of appearance of IdUrd-positive cells during
restimulation of KBM (Φ) and TGF-ß, (О) growth-arrested cultures. At different times,
as indicated, cells were pulse-labelled with IdUrd for 30 min., fixed and processed for IdUrd
immunostaining and counterstained with ft. Results from three different experiments were
normalised relative to the maximum value, which is at 16 hours of restimulation. The per
centage of IdUrd-positive cells was determined by counting at least 10000 cells. (Bars in the
figure indicate the data range of two dishes per time-point).

A possible explanation for the relatively small percentage of TGF-ß( growth-arrested cells that enter
the cell cycle could be the persistence of TGF-ß, in the culture dishes3'. To investigate if TGF-ßt was
effectively washed away from the cultures before restimulation, we determined the effect of a neutralising anti-TGF-ß, antibody on restimulation. The effect of the anti-TGF-ß, antibody was compared
with the effect of NcIgG (normal chicken IgG). The growth fraction of normal growing keratinocytes
was taken as a reference. From Fig. 15 we can see that addition of anti TGF-ß, antibody during restimulation results in an increase in the growth fraction of approximately 30% compared to the addition
of NcIgG during restimulation.
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Figure 14. Determination of the growth fraction of restimulated keratinocytes after
growth arrest induced by either KBM (Φ) or KGM supplemented with TGF-ß, (O).
Growth-arrested keratinocytes were refed with KGM at the indicated times, and cells were
continuously labelled with IdUrd, fixed, processed for Idllrd immunostaining and counterstained with PI. The percentage of IdUrd-positive cells was determined by counting at least
10000 cells. The indicated bars represent the range of the obtained values. (Bars in the figure indicate the data range for KBM treatment (two dishes per time-point) and the standard deviation for the TGF-ß, treatment (4 dishes per time-point)).

48h (NdgG)
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Normal Growth

Figure 15. Effect of anti-TGF-ß, antibody on restimulation of TGF-ß, growth-arrested
cultures. Normal human keratinocytes cultured in KGM until 20-30% confluence were
growth-arrested with TGF-ß,. Subsequently the cultures were restimulated with KGM in the
presence of anti-TGF-ß, antibody and NclgG. Normal untreated keratinocytes were used as
a reference value (100%). Note that there is a 30% increase in IdUrd-positive cells in the
presence of anti-TGF-ß, antibody compared to NclgG. (Bars in the figure indicate the data
range of two dishes per time-point).
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Discussion
In this study we have determined cell cycle parameters of the KGM/KBM culture system during exponential growth, growth arrest and restimulation, using Divariate now cytometric determination of DNA
synthesis and DNA content. We compared TGF-ß, and KBM-induced growth arrest and we conclude that
the former method is the preferred system, since it comes closest to the in vivo situation. This process
is crucial in epidermal growth control in vivo.
The cell cycle time of exponentially growing keratinocytes in KGM measured in this study is very
similar to values obtained in previous studies for the cell cycle time in the Rheinwald-Green system and
values obtained by in vivo labelling with IdUrd32'33. This finding supports the notion that cell cycle times
of human keratinocytes are relatively constant regardless of the system used, and that cell production
is controlled by the number of recruited (cycling) cells rather than by variation in cell cycle time, as
suggested by others34,35. Row cytometric analysis of exponentially growing keratinocytes further revealed that the distribution over the different cell cycle compartments is constant in time. These results support the assumption of Begg et al. (1985) that cells are randomly distributed through the cell
cycle.
Previously, other groups have studied TGF-ßrinduced growth arrest using [3H]thymidine incorporation and/or flow cytometry21,34"*. We were able to confirm the findings of these studies with respect to the kinetics of growth arrest and restimulation. We have extended these findings by comparing TGF-pyinduced growth arrest with KBM-induced growth arrest. The latter method is currently often
used to bring keratinocytes to quiescence before stimulating them with growth factors or cytokines'3"".
In our study we have used IdUrd incorporation followed by immunocytochemical staining and
flow cytometric analysis, rather than [3H]thymidine incorporation. IdUrd measurement is a more dynamic measurement and has advantages over [3H]thymidine incorporation. Apart from the potential
hazards of radioactive material, [3H]thymidine is not detectable with flow cytometry, and the analysis
is restricted to the total cell population. IdUrd measurement is fast compared to [3H]-thymidine autoradiography and single cells can be analysed using bivariate measurement of DNA content and IdUrd incorporation. Using IdUrd incorporation we found that DNA synthesis decreases during KBM-induced
growth arrest, and is not paralleled by a decrease of cells in S-phase in contrast to TGF-β)-induced
growth arrest.
Apart from the flow cytometric data, we also noted morphological differences between KBMand TGF-ßrinduced growth arrest. We see that TGF-ß, growth-arrested cultures form a diffuse monolayer of keratinocytes. The formation of a diffuse monolayer could be due to the increased motility of
the keratinocytes which is caused by TGF-ß!15. In KBM the growth-arrested cultures seem to become
more compact.
In conclusion, KBM-induced growth arrest results from a deprivation of essential growth factors,
and blocks the cells in the various cell cycle stages. However, a high percentage of the cells (85%) can
be stimulated to resume growth, starting from random positions in the cell cycle. TGF-β,-induced
growth arrest blocks the cells in G0/Gi and appears to result in a state of quiescence that approaches
the situation in normal epidermis. The cells can be stimulated to re-enter the cell cycle in a cohort-like
fashion; however, only 65% of the cells are recruitable. It should be noted that the degree of conflu
ence at the time of restimulation influences the percentage of IdUrd-positive cells at 32 hours; when
restimulated TGF-ß, treated cultures become confluent before 32 hours, the percentage of IdUrdpositive cells drops below 65% (probably due to contact inhibition, data not shown). In the KBM
growth-arrested cultures we found that restimulation is strongly affected by the degree of confluence
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in the culture. When cell density in the dish is too low at the start of restimulation (less than 20% confluency) cells die, probably due to low levels of autocrine factors. During our experiments the densities
of KBM-treated cultures were 20-30%, which resulted in a growth fraction of 85% after restimulation.
The experiment with the neutralising antibody suggests that TGF-ft can not effectively be
washed away from the cultures before restimulation. The presence of TGF-ft explains the difference in
growth fractions after 32 hours of restimulation between cells restimulated from KBM and cells restimulated from TGF-ßi. To inhibit TGF-ft activity from the cultures, large amounts of neutralising antibodies or trypsinisation of the cells should be used. Both methods have their restrictions, since large
amounts of anti-TGF-ßi antibody are needed, and replating of the cells introduces additional variables.
In conclusion, both models for bringing keratinocytes to quiescence are useful in studying the
effects of external stimuli on proliferation. However, one should bear in mind the limitations of these
models when interpreting the results.
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Summary
Lesionai psoriatic epidermis displays a number of phenotypic changes that are distinct from the differentiation program found in normal interfollicular epidermis. In psoriatic epidermis, keratinocytes are
hyperproliferative and several differentiation-associated molecules are expressed that are absent in
normal skin (e.g. cytokeratins (CK) 6, 16 and 17, and the epidermal proteinase inhibitor SKALP/elafin).
In addition several molecules which are normally restricted to the stratum granulosum are strongly
upregulated in the stratum spinosum (e.g. psoriasis-associated fatty acid binding protein (PA-FABP),
psoriasin, involucrin and transglutaminase). The aim of this study was to develop in vitro culture systems that (a) would allow to study the induction of normal and psoriatic differentiation pathways and
(b) would be amenable for screening of antipsoriatic drugs. Here we have investigated several models
for induction of differentiation with respect to the expression of markers for the normal and psoriatic
phenotype. Cell cycle parameters and expression levels of CK1, CK10, CK16, SKALP/elafin, transglutaminase, involucrin, psoriasin, and PA-FABP were assessed in these models using flow cytometry, immunocytochemistry and northern blot analysis. We observed that induction of differentiation with fetal
calf serum resembled the psoriatic phenotype (sustained hyperproliferation; high levels of CK16,
SKALP/elafin, transglutaminase and involucrin; moderate psoriasin expression), whereas differentiation
induced by growth factor depletion in a confluent culture resembled the normal differentiation phenotype (low proliferative rate; high expression levels of CK1 and 10; moderate expression of involucrin
and transglutaminase; low expression levels of SKALP/elafin and CK16; absence of psoriasin). We propose that these models can be used to study expression and pharmacological modulation of selected
differentiation genes and the coordinated expression of sets of genes associated with epidermal differentiation programs.
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Introduction
Human epidermis is a stratified squamous epithelium with keratinocytes as the main cell type. To
maintain normal epidermal integrity, keratinocytes must proliferate at an appropriate rate and differ
entiate according to an orderly sequence of events, the program of terminal differentiation (reviewed
in'·2). This program is characterised by an outward migration of keratinocytes from the proliferating
basement-membrane-anchored basal layer to the spinous, granular, and finally comified layers. During
their movement through the epidermis, keratinocytes undergo a complex program of terminal differen
tiation, also known as keratinisation. As part of this maturational program basal keratinocytes express
cytokeratins (CK) 5 and CK14. During their movement to the suprabasal spinous layer keratinocytes
start to express differentiation-specific proteins such as CK1 and CK10. Finally, keratinocytes reach the
granular layer, where a new set of genes, including involucrin, filaggrin and loricrin is expressed. The
differentiating cells become permeable and transglutaminase is activated by the influx of calcium ions
into the cells resulting in biochemically cross-linking the envelope proteins. This highly coordinated
process finally leads to a layer of dead cells that form the protective covering of the skin1.
Lesionai psoriatic epidermis displays a number of phenotypic changes that are distinct from
normal interfollicular epidermis. In lesionai psoriatic epidermis the number of cycling cells is dramati
cally increased', and a number of molecules that are absent in normal skin are strongly expressed (e.g.
CK 6, CK 16,and CK17**, and the epidermal proteinase inhibitor SKALP/elafin which we and others
have recently described710. In addition, several molecules have a restricted expression pattern in nor
mal skin, but are highly upregulated in psoriatic skin. These include psoriasis-associated fatty acid
binding protein (PA-FABP)11, involucrin12,13, transglutaminase"·15, psoriasin16, transforming growth fac
tor α (TGF-α)17'18, amphiregulin19, epidermal growth factor receptor (EGF-R)20, calgranulins A and В (re
viewed in 11 ), interleukin 1ra21, interleukin 1β22, interleukin 6 and 823,24, GRO α/β/γ25, and fibronectin12.
Recently it has been described that a.tfy integrins show a sustained expression in psoriatic epider
mis26,27. A few molecules are reported to be downregulated in psoriatic epidermis compared to normal
epidermis (e.g. interleukin 1a M ). At present it is not clear whether the altered expression levels of
these molecules are causally involved in the pathogenesis of psoriasis, or are mere epiphenomena not
directly related to the disease process. The expression patterns of these molecules are not psoriasisspecific and can be found in keratinocytes form normal individuals during pathological conditions (e.g.
wound healing and inflammation29,30) or in cell culture as we described before10.
In order to study cell biological processes involved in the transition from normal to psoriatic dif
ferentiation (as seen in disease processes) and Wee versa (as seen during healing of a psoriatic plaque)
we have investigated the profile of differentiation markers in several submerged keratinocyte culture
systems. The aim of this study was to develop models that would resemble either the normal or the
psoriatic pathway, as defined by the expression of the markers sets described above. In earlier experi
ments we observed that the addition of fetal calf serum (FCS) to keratinocytes cultured in keratinocyte
growth medium (KGM) resulted in the induction of SKALP/elafin expression10. Recently, it was demon
strated that KGM depleted of growth factors induces the expression of CK 1 and CK 10 in confluent cul
tures31. On the basis of these observations we considered the possibility that distinct keratinocyte cul
ture systems might be used as models for normal and psoriatic differentiation. We therefore investi
gated the effect of four culture media on confluent monolayers: KGM alone (KGM), KGM with FCS
(KGM/FCS), KGM depleted of growth factors (KGM/-GF), and KGM with 1.8 mM calcium (KGM/Ca). Our
findings indicate that in these submerged culture systems it is possible to approach the normal and pso
riatic differentiation pathway.
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Materials 6t methods
Biopsies
Biopsies (0.2 mm thickness) from healthy volunteers were taken with a keratome as previously de
scribed8 and used for primary keratinocyte cultures.
Keratinocyte primary culture
Human epidermal keratinocytes were initially cultured according to the Rheinwald-Green system32.
Primary cultures of keratinocytes were seeded on lethally irradiated (3000 rad, 3 min. ) Swiss mouse
3T3 fibroblasts in DMEM/F12 (3:1) (v/v) (Flow Laboratories, Irvine, Scotland) supplemented with 0.4
цд/ті hydrocortisone (Collaborative Research Inc. Lexington, MA, USA), isoproterenol (106 M) (Sigma,
St. Louis, MO, USA), 100 U/ml penicillin plus 100 μg/ml streptomycin (Gibco, Breda, The Netherlands),
Ь% fetal calf serum (FCS) (Seralab, Nistelrode, The Netherlands), and 10 ng/ml recombinant mouse
epidermal growth factor (EGF) (Sigma, St. Louis, MO, USA). Cells were grown at 37°C, 95% relative hu
midity and B% C02 in air. EDTA-treated, trypsinised and liquid nitrogen stored keratinocytes from the
primary culture were used in further experiments.
First passage and induction of keratinocyte differentiation
For the experiments, the human keratinocytes were seeded at 105 cells in KGM in 60 mm culture dishes
as described before33. KGM was composed of KBM (Clonetics, San Diego, CA, USA; 0.15 mM Calcium)
supplemented with ethanolamine (0.1 mM) (Sigma, St. Louis, MO, USA), phosphoethanolamine (0.1
mM) (Sigma, St. Louis, MO, USA), bovine pituitary extract (ΒΡΕ; 0.4% v/v) (Clonetics, San Diego, CA,
USA), epidermal growth factor (EGF; 10 ng/ml) (Sigma, St. Louis, MO, USA), insulin (5 μg/ml) (Sigma,
St. Louis, MO, USA), hydrocortisone (0.5 μg/ml) (Collaborative Research Inc. Lexington, MA, USA) ,
penicillin (100 U/ml) (Gibco, Breda, The Netherlands) and streptomycin (100 μg/ml) (Gibco, Breda,
The Netherlands).
Keratinocyte differentiation was induced by switching confluent keratinocyte cultures for 48
hours to KGM supplemented with FCS (KGM/FCS), KGM depleted with growth factors (ΒΡΕ, EGF, hydro
cortisone, and insulin; KGM/-GF), and KGM containing high calcium (1.8 mM; KGM/Ca). As control we
switched confluent keratinocyte cultures to KGM alone (KGM) for another 48 hours.
Northern blotting
Total RNA was isolated from cultured human keratinocytes and frozen keratome biopsies derived from
normal healthy epidermis and psoriatic lesionai epidermis. The normal volunteers had no personal or
family history of psoriasis. The isolation was performed using RNAzol™, as suggested by the manufactor
(Cinna/Biotex Laboratories, Inc., Houston, TX, USA). RNAzol™ was added to either harvested and fro
zen (-80°C) keratinocyte cultures, viable keratinocyte cultures or frozen keratome biopsies.
RNA concentrations were determined from the absorbance at 260 and 280 nm and equal quanti
ties (10 μg) of total RNA were electrophoretically separated in a 1% agarose gel (dissolved in 10 mM so
dium phosphate buffer; pH=7.0), as described in Maniatis3". Gels were run submerged in 10 mM sodium
phosphate buffer. The pH of the electrophoresis buffer was kept within acceptable limits by constant
circulation of the buffer. The gels were blotted using 10x SSC (1.5 M Sodium chloride, 0.15 M Sodium
citrate). After transfer, membranes were washed in 2x SSC and RNA was cross-linked using ultraviolet
irradiation (312 nm, 0.2 J/cm2). Membranes were incubated with ethidiurnbromide (1 μg/ml) for 15
minutes prior to photography.
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Filters were (pre)-hybridised at 65°C according to Church and Gilbert . Hybridisations were performed
overnight, filters were washed for 30 min. using 125 mM sodium phosphate buffer and 40 mM sodium
phosphate buffer. Autoradiography was performed on X-Omat S films (Kodak) at -80° С with intensifying
32
screens. Filters were hybridised with P-labelled random primed probes for SKALP, psoriasin, CK1,
PA-FABP, and 28S ribosomal RNA. Processing of the autoradiographs was performed using the Image1
master ** data image system (Pharmacia LKB Biotechnology AB, Uppsala, Sweden).
Immunocytochemical staining of human keratinocytes cultured on coverslips
Immunocytochemical stainings were performed using the Vectastain ABC kits for monoclonal and poly
clonal antibodies purchased from Vector (Vector Laboratories Inc., Burlingame, CA, USA). For these
stainings we used the following polyclonal antibodies; anti-SKALP (SSK-9201), anti-human involucrin
(BT-601 ; Biomedical Technologies Inc. Stoughton, MA, USA), and monoclonal antiobodies; anti-keratin
10 (RKSE-60), anti-keratin 16 (LL025), and anti-human keratinocyte transglutaminase (BT-621, Bio
medical Technologies Inc.). In brief, human keratinocytes were cultured on tissue culture coverslips
(Thermanox, LAB-ТЕК Division, Miles Laboratories Inc., Naperville, IL, USA) using different culture con
ditions. Cells were fixed using either ^% formaldehyde (freshly prepared from paraformaldehyde) or
aceton/methanol (50/50) as determined by previous experiments. Cells were stored at -20°С Before
usage the cells were transferred to 4°С for 30 min. and then dried in air at room temperature. Para
formaldehyde fixed cells were incubated for 15 min. in 50 mM NH4CI (in PBS, pH=7.5), and ace
ton/methanol fixed cells were incubated for 15 min. in PBS. Immunocytochemical stainings were per
formed according to the description of the manufactor (Vector Laboratories Inc., Burlingame, CA,
USA).
Immunocytochemical staining for flow cytometry
SKALP

About 105 formaldehyde (Щ fixed cells were washed once with PBS containing 1% newborn heat inac
tivated calf serum (NHICS). After sedimentation the cells were incubated with a polyclonal antibody
against SKALP (1:500) for 30 min. at room temperature. After washing the cells with PBS/NHICS cells
were incubated for 30 min. at 37°С with goat-anti-rabbit-biotinylated antibody (GARBIO; 1:200). Fol
lowing this incubation cells were washed and incubated with a complex of avidine and biotinylated
phycoerythrin (PE) (1:100) (Vectastain ABC-Phycoerythrin kit. Vector Laboratories Inc., Burlingame, CA,
USA) for 30 min. at room temperature. Finally, cells were resuspended in 300 μΐ PBS containing 10*M
TO-PRO-3 (as previously described by36) and incubated for 15 min. with 50 μΐ of 1% (w/v) RNAse A.
Transglutaminase
The staining for transglutaminase was performed as described above with the exception that we used a
monoclonal antibody against transglutaminase (1:15) and a rabbit anti mouse fluoresceine isothiocyanate (RAM-FITC) antibody to visualise transglutaminase. The DNA content was determined with
propidium iodide (PI) instead of TO-PRO-3.
Flow cytometry
Cells stained with propidium iodide or TO-PRO-3 and fluoresceine isothiocyanate (FITC) or phyco
erythrin (PE) were analysed on the Epics" Elite flow cytometer (Coulter Corporation, Hialeah, Florida,
USA) equipped with a 25 mW argon-ion laser set at 15 mW and a 10 mW Не/Ne laser. A 550 nm dichroic
mirror separated FITC and PI signals. The FITC signals (green fluorescence) were detected through a
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525 nm band pass filter, and the PI signals (red fluorescence) were detected through a 630 nm long
pass filter PE and T0-PR0-3 signals were separated by a 625 nm dichroic mirror. The PE signals (orange
fluorescence) were detected through a 575 nm band pass filter, and the TO-PRO-3 signals (pink/deep
red fluorescence) were detected through a 675 nm band pass filter.
Usually 104 cells were measured at a flow rate of approximately 50 cells per second. The data
were recorded in listmode and analysed on the Epics* Elite workstation. The ratio area/peak of the red
fluorescence is an excellent discriminator between artifacts due to doublets of diploid cells and real
single tetraploid (or late S) cells when intact cells are used37.
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Results
First passage normal human keratinocytes were cultured using serum-free KGM. When cultures reached
confluence they were switched to KGM/ FCS, KGM/-GF, or KGM/Ca and cultured for another 48 hours.
For comparison, confluent cultures were kept in KGM alone for 48 hours, which does not allow a significant degree of keratinocyte differentiation. Expression of SKALP/elafin, CK10, involucrin, transglutaminase and CK 16 was studied by immunocytochemistry. SKALP/elafin, CK1, psoriasin and PA-FABP
were studied on northern blots. Row cytometry was used to measure cell cycle parameters, and to
quantify and further characterize the SKALP/elafin-positive cell population.
Immunocytochemistry
In the differentiated compartment of normal human epidermis involucrin, CK10, and transglutaminase
are expressed whereas SKALP/elafin and CK16 are absent. In lesionai psoriatic epidermis there is an increased expression of involucrin and transglutaminase due to a premature expression in the spinous
layers. In contrast to normal epidermis, SKALP and CK16 are expressed at high levels in the suprabasal
layers of lesionai psoriatic epidermis, as shown previously. When confluent keratinocyte cultures grown
in KGM were maintained in KGM for another 48 hours, only a limited amount of cells is induced to differentiate. In this system CK10 expression is absent (fig. 1a), while involucrin and SKALP are expressed
only by a few scattered cells (fig. 2a and 3a). CK16 and tranglutaminase are expressed by a small
population of cells that show a rather intense staining (fig. 4a and 5a).
Switching confluent keratinocyte cultures to KGM/FCS for 48 hours results in a strong upregulation of SKALP and involucrin expression (fig. 2b and 3b) in a distinct population of large polygonal cells
on top of the basal cell layer. Also the number of cells expressing transglutaminase and CK16 is strongly
increased (fig. 4b and 5b), although the staining intensity in the positive cells is less than in the small
population of transglutaminase or CK16 positive cells in KGM alone (compare figures 4a-b and 5a-b).
Addition of FCS does not induce expression of CK10 (fig. 1b).
When confluent cultures were switched to KGM/-GF only a few cells are expressing SKALP (fig.
2c). The expression of SKALP in this system is comparable to cultures switched to KGM alone, but is
strongly decreased compared to cultures switched to KGM/FCS. The number of cells that express involucrin is far lower than in KGM/FCS, and is only slightly higher than in KGM alone (fig. 3c). It was noted
that the intensity of involucrin staining increased in cultures switched to KGM/-GF compared to
KGM/FCS, and that cells differ morphologically from cells cultured in KGM alone. Growth factor depletion results in striking differences compared to the other culture systems. After 48 h a population of
cells expresses CK10 (fig. 1c) and after 72 h nearly all suprabasal cells are CK10 positive (not shown).
Cytokeratin 16 is expressed by a somewhat larger population of cells compared to KGM alone (fig. 5c).
Although the number of CK16-positive cells in KGM/-GF is smaller than in KGM/FCS, the intensity of
CK16 staining in the positive population is markedly higher (compare fig 5b-c)
The expression level of involucrin and transglutaminase in keratinocytes cultured in KGM/Ca
was strongly increased compared to KGM alone and was comparable to cultures switched to KGM/FCS
(fig. 3d and 4d). The number of cells expressing SKALP, however, was low and is comparable to culture
conditions with KGM alone. The expression of CK16 (fig. 5d) is increased compared to cultures switched
to KGM and very few cells are expressing CK10 (fig. 1d). Results from the immunocytochemical stagings are summarised in table 1. Data on expression levels in vivo are taken from the literature, but
were independently confirmed by us (not shown).
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Figure 1. Immunocytochemical staining for CK10 on human keratinocytes cultured on coverslips under
four different culture conditions. KGM (a), KGM/FCS (b), KCM/-CF (c), and KGM/Ca (d). Only in KGM/-GF a
significant number of СКЮ positive colonies were found at 48 h. At 72 h the entire suprabasal layer was
positive for CK10 (not shown).

Figure 2. Immunocytochemical staining for SKALP on human keratinocytes cultured on coverslips under
four different culture conditions. KGM (a), KGM/FCS (b), KGMI-GF (c), and KGM/Ca (d). Note the strong
staining for SKALP in the large polygonal cell population cultured in KGM/FCS.
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Figure 3. Immunocytochemical staining for involucrin on human keratinocytes cultured on coverslips
under four different culture conditions. KGM (a), KCM/FCS (b), KGM/-GF (c), and KGM/Ca (d). Involucrinpositive cells were found in all three models for differentiation, whereas only a few scattered involucrinpositive cells were found in KGM alone.
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Figure 4. Immunocytochemical staining for transglutaminase on human keratinocytes cultured on cov
erslips under four different culture conditions. KGM (a), KGM/FCS (b), KGM/-GF (c), and KGM/Ca (d).
Note that transglutaminase is abundantly expressed in all three differentiation models, whereas in KGM
alone only a few cells express are positive.
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Figure 5. Immunocytochemical staining for CK16 on human keratinocytes cultured on coverslips under
four different culture conditions. KGM (a), KGM/FCS (b), KOM/-GF (c), and KGM/Ca (d). Note that in
KGM/FCS and KGM/Ca nearly the entire plate is covered by moderately CK16-positive cells, whereas in KGM
and KGM/-GF the number of cells is much smaller but the staining is more intense.
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Table 1. Summary of the immunocytochemical staininss performed on human keratinocytes cultured on coverslips. The results are semiquantitative on a 4-point scale indicating
absence of positive cells (·), few positive celts (+), many positive cells (++), nearly complete covering of the plate with positive cells (+++).
KGM

SKALP
Involucrin
CK10
CK16
Transglutaminase

KGM/FCS

KGM/-GF

KGM/Ca

Normal
epidermis*

Lesionai
psoriatic
epidermis*

+/-

++

+/--

+/-

-

+/-

++

+

++

+

++

-

-

+
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+

+
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+++
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+++

-

+

+'

+++
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++

+
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++

Data taken from the literature and confirmed by us
/f

m these cultures a relatively small population of Intensely stained cells is present

Table 2. Summary of the Northern blots analysis performed on total RNA isolated from
keratinocytes cultured under the various conditions.
KGM

SKALP
CK1
Psoriasin
PA-FABP
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+
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-
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Northern blot analysis
in order to confirm and extend these immunocytochemical observations, Northern blots were hybridised using probes for SKALP, CK1, psoriasin and PA-FABP (results are summarised in table 2). Using
these different markers it is clear that in normal epidermis (fig. 6, lane 1) expression of SKALP, PAFABP, and psoriasin is low to undetectable, and CK1 is present. In contrast to normal epidermis, psoriatic lesionai epidermis (fig. 6, lane 2) shows a strong expression of SKALP, PA-FABP, and psoriasin.
1 2
Figure 6. Northern blot analysis of cultured human
keratinocytes compared to normal epidermis and lesionai psoriatic epidermis. Total RNA was isolated from
normal epidermis (lane 1), lesionai psoriatic epidermis
(lane Ï), keratinocytes cultured in KGM (lane 3), keratinocytes cultured in KCM/FCS (lane A), keratinocytes
cultured in KGM/-GF, and keratinocytes cultured in
KGM/-Ca. Hybridisations were performed using probes
for PA-FABP, CK1, SKALP, Psoriasin, and 285 ribosomal
RNA to check for equal loading.
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Switching confluent human keratinocyte cultures to KGM for another 48 hours (fig. 6, lane 3) shows
moderate expression of SKALP. The expression of SKALP is partly dependent on the confluency of the
culture, since subconfluent cultures are negative for SKALP (data not shown). These cultures show a
faint expression of PA-FABP and do not allow the expression of psoriasin or CK1.
In KGM/FCS (fig. 6, lane 4) a strong upregulation of SKALP expression is seen. Using this system
a weak expression of PA-FABP and psoriasin is detectable. Under these culture conditions CK1 is not
expressed.
In contrast to keratinocytes cultured in KGM or KGM/FCS, CK1 expression is strongly induced
when confluent cultures were switched to KGM/-GF for 48 hours (fig. 6, lane 5). This system further re
sults in the downregulation of SKALP expression to nearly undetectable levels when compared to KGM
alone. Furthermore, we see a strong upregulation of PA-FABP in cultures depleted of growth factors.
The high expression level of PA-FABP in KGM/-GF is the only marker that does not match the pattern
found in vivo.
Using culture conditions with high calcium (fig. 6, lane 6) there is moderate expression of
SKALP, which is comparable to the expression of SKALP in cultures switched to KGM. In this system a
very weak expression of CK1 and PA-FABP is detectable.
Flow cytometry
In addition to immunocytochemical stainings and Northern blot analysis we applied flow cytometry to
study cell cycle parameters under these four culture conditions. Keratinocytes in KGM, KGM/FCS and
KGM/Ca had similar relative DNA distributions as determined by propidium iodide staining. The per
centages of cells in S-phase were 20.9%, 18.1% and 24.2% respectively, indicating that these cultures
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were still hyperproliferative. However, when using KGM/-GF the percentage of cells in S-phase dropped
to 11.2% indicating that these cultures were relatively quiescent compared to the other models.
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F/gure 7. Flow cytometric characterisation of SKALP positive keratinocytes. Human keratinocytes
were cultured in KCM/FCS, trypsinised, fixed in paraformaldehyde and immunocytochemically stained
for SKALP. The control staining (panel a) was used to discriminate between negative (window R3) and
positive cells (window R2) in the peculation stained for SKALP (panel b). On the Y-axis: fluorescence of
the phycoerythrin signal, on the X-axis: the right angle scatter which is an indicator for cell size. Note
that the SKALP-positìve population is slightly shifted to the right compared to the negative cells, indicating that the SKALP positive celts are on average bigger than the SKALP negative cells.

The immunocytochemical data presented in figures 1-5 only provide semi-quantitative data on expression of the selected antigens. In order to obtain quantitative data we performed flow cytometric
measurements of SKALP and transglutaminase. Fig. 7b shows a dot plot of SKALP positive cells (phycoerythrin fluorescence on the Y-axis) against the right angle scatter (X-axis) which is a measure for cell
size. From this figure it can been seen that the mean right angle scatter of the SKALP-positive cells
(window R3) is shifted to the right compared to the negative cells (window R2) indicating that the
SKALP positive cells are on average bigger than the SKALP negative cells. The SKALP positive population
(window R3) comprises about 22% of the total population (windows R2 + R3). Figure 8 demonstrates the
transglutaminase expression under our culture conditions. These figures show that when subconfluent
cultures were cultured to post confluence their transglutaminase expression increased from 1.3% to
6.5%. Switching confluent cultures to KGM/-GF or KGM/Ca results in a population of transglutaminase
positive cells of 8.6% and 12.4% respectively. The largest increase in transglutaminase expression was
obtained when confluent cultures were switched to KGM/FCS. In this system we see a population of
transglutaminase positive cells that comprises 28.4% of the total cell population. The quantitative data
are in accordance with the immunocytochemical results.
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Figure 8. Flow cytometric characterization of transglutaminase positive keratinocytes.
Human keratinocytes were cultured in KGM/FCS, trypsinized, fixed in acetone/methanol and immunocytochemicatly stained for Transglutaminase. The control staining (panel a) was used to discriminate
between negative (window R2) and positive cells (upper window) in the population stained for trans
glutaminase. ). On the Y-axis: fluorescence of the FITC signal, on the X-axis: the right angle scatter
which is an indicator for cell size. The percentage of transglutaminase positive cells was determined in
the following cultures: (a) subconfluent culture in KGM (control panel), (b) subconfluent culture in
KGM; the following panels represent confluent cultures switched to (c) KGM for another 48 hours, (d)
KGM/FCS for another 48 hours, (e) KGM/-GF, and (f) KGM/Ca.
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Discussion
Culture systems for human keratinocytes have provided useful models to study cellular control of epidermal growth and differentiation in vitro. However, none of the systems that are commonly used, either submerged or air-exposed, exactly matches the phenotype found in normal human epidermis.
Submerged cultures such as the Rheinwald-Green system or the serum-free KGM system allow exponential growth, but only a limited amount of normal differentiation. Air-exposed cultures, although they
provide a stratified morphology which resembles normal epidermis, are phenotypically abnormal in
that they are characterised by the expression of cytokeratin 6/16, SKALP/elafin and presence of involucrin and transglutaminase in the spinous layers as we and others have previously shown10,38. The airexposed models are therefore more similar to hyperproliferative epidermis (as found in psoriasis and
injured skin) than to normal epidermis. Although the air-exposed systems are elegant models for reconstructing the tissue in vitro, a serious drawback is that they are not suitable for large scale screening
purposes and for experimental manipulation such as transient transfection.
The aim of our study was to obtain keratinocyte culture models that could be used to study the
normal and the psoriatic differentiation pathway. Since we intended to use these models for largescale cell biological and pharmacological studies we opted for submerged culture conditions in the KGM
system. Using 3 models for induction of differentiation (addition of FCS, depletion of growth factors,
and high Ca2*) we have studied proliferative rates and the expression levels of differentiation-related
molecules associated with the normal and the psoriatic phenotype. All three models share a number of
differentiation characteristics as assessed by morphological criteria (appearance of a suprabasal layer
of large polygonal cells) and the expression of involucrin and transglutaminase type 1. However, we
found that none of the models exactly follows the normal or the psoriatic profile of differentiation
markers, and each model displayed a distinct combination of differentiation-related molecules. However, two models stand out that appear to be suitable for further study as they closely follow the expression of markers that are typical for either differentiation pathway. Cytokeratin 16, SKALP/elafin
and psoriasin are molecules that are not expressed in normal epidermis, but are highly expressed in
psoriatic epidermis. As shown in table I, induction of differentiation by the addition of FCS is characterised by high expression levels of these molecules compared to undifferentiated cultures (KGM alone)
and compared to the other differentiation models. We therefore suggest that induction of differentiation by FCS could be a useful model for the psoriatic phenotype. When differentiation is induced by
depletion of growth factors, a model which was recently described by Poumay and Pittelkow", SKALP
expression is very low, psoriasin expression is undetectable, whereas cytokeratin 1 and 10 are expressed. The marker profile of these cells is similar to that found in normal epidermis, and we suggest
that this could be a useful model to study the normal differentiation pathway. In addition to the profile
of differentiation markers, the proliferative status of these two models also resembles the in vivo
situation. In KGM/FCS a high proliferative rate is maintained, whereas in KGM/-GF cells appear to be
quiescent. Quiescence in this model, however, has to be interpreted with some caution since a number
of cells do not accumulate in G0 but are scattered randomly over the cell cycle phases, as we have
shown before". The third model, using a high Ca2* concentration, is the least specific and displays a
marker profile, which is intermediate between the other two models. In addition to the aforementioned markers we also studied the expression of PA-FABP, which is a lipid transport molecule expressed in the stratum granulosum of normal epidermis, and throughout the suprabasal layers of psoriatic epidermis. PA-FABP expression does not follow the pattern found for most other markers, as it is
highly expressed in the growth factor depleted cultures and expressed at low levels in the FCS treated
cultures. A possible explanation for the induction of PA-FABP could be that the growth factor depleted
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cultures have no lipid source in the medium, whereas the other two media have lipids or lipid precur
sors present (FCS and/or ΒΡΕ). Previous studies by others have documented the relationships between
epidermal differentiation and lipid metabolism39"42. As shown in figure V and table I a considerable
number of cytokeratin 16 positive cells was present in confluent cultures in KGM alone and in all 3 dif
ferentiation models. Expression of cytokeratin 16 appears to be a function of cell density rather than
being under control of the culture media used (not shown). It was recently described by others that
control of keratinocyte commitment to terminal differentiation, and the expression of selected differ
entiation genes are mediated by cell confluence and by specific culture factors. It also shows that in
duction of differentiation was independent of the calcium concentration, and the presence of growth
factors inhibited keratin 1 and 10 gene expression31. In this study we could confirm these findings.
The finding that addition of serum could induce expression of psoriasis associated markers
could very well be relevant for the in vivo situation. We and others have found that during inflamma
tion (wound healing, psoriasis) the epidermis becomes more permeable to plasma derived proteins43,M.
Speculatively, epidermal hyperproliferation and abnormal differentiation as seen in psoriasis could be
induced by the presence of growth factors and cytokines from the interstitial fluid and plasma. In this
study we have used FCS for induction of psoriatic differentiation; we have found, however, that human
serum, is equally effective in inducing SKALP expression both at the protein and mRNA level (data not
shown).
In vitro systems for keratinocyte culture can be used to study the cell biology of epidermal dif
ferentiation and to characterise the factors that regulate expression levels of individual genes or co
ordinated expression of sets of genes. Alternatively these systems can be used for large scale screening
of drugs. We are currently using the models on a smaller scale (96-well plates) to test the effect of
drugs on selected differentiation genes. Preliminary results indicate that in this system the effect of
retinoids and retinoid-like compounds can be easily screened using down-regulation of SKALP and
transglutaminase as a read-out in a direct cell-ELISA as described by others45. Ideally, we would like to
obtain culture systems with predictive power concerning the effects of drugs on keratinocyte differen
tiation in vivo. Future studies will be aimed at further refining of the models by adjusting the cell den
sity and the lipid availability in order to match the marker profiles of the in vitro system more closely
to the in vivo differentiation pathways.
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Summary
In this chapter we describe the application of the model systems outline in chapter 2 to study expres
sion of three differentiation related proteins in cultured keratinocytes: two proteinase inhibitors
(SKALP and SLPI) and one transcription factor (C/EBP-a). We also used the models to investigate the
functional significance of SKALP expression in the context of inflammation.
SKALP is in vivo constitutively expressed in several epithelia that are continuously subjected
to inflammatory stimuli. In general, stratified squamous epithelia are positive, whereas pseudo strati
fied epithelia, simple/glandular epithelia, and normal epidermis are not. Here we found that expres
sion of the endogenous SKALP gene provided protection against cell detachment caused by purified
elastase or activated PMNs. Addition of exogenous recombinant SKALP fully protected the keratino
cytes against PMN-dependent detachment whereas superoxide dismutase and catalase were only
marginally effective. These findings strongly suggest that the constitutive expression of SKALP in
squamous epithelia, and the inducible expression in epidermis participate in the control of epithelial
integrity, by inhibiting PMN derived proteinases.
We have recently shown that Secretory Leukocyte Proteinase Inhibitor (SLPI), a proteinase in
hibitor with antimicrobial properties is induced in human epidermis during inflammation. A weak ex
pression of SLPI was found in the stratum granulosum of adult normal human epidermis, however in
lesionai psoriatic epidermis and in migrating keratinocytes of healing wounds, a strong cytoplasmic
staining was seen in the suprabasal keratinocytes. Using keratinocyte cultures, SLPI was not expressed
in monolayers of proliferating keratinocytes. Differentiating cultures with a phenotype of normal skin
expressed low levels, whereas cultures with a regenerative/psoriatic phenotype expressed high levels
of SLPI. Addition of tumour necrosis factor-α (TNF-ct) induced upregulation of SLPI expression,
whereas other proinflammatory cytokines such as interferon-γ, IL-1, IL-6 and IL-8 did not. We would
speculate that TNF-a mediated signalling is involved in the induction of an epidermal stress response
comprising the expression of proteins with anti-microbial and anti-proteinase activity.
In addition to the expression of proteinase inhibitors SKALP and SLPI we studied the expression
the CCAAT/enhancer binding protein alpha (C/EBP-a). Here, we demonstrate with immunohistochemical analysis that C/EBP-a is expressed in the nuclei of differentiating human keratinocytes. In
vitro experiments using keratinocytes cultures also demonstrate that the number of C/EBP-a nuclei
apparently increase upon the addition of serum. The associated mRNA levels do not appear to
change. These data suggest that the expression of C/EBP-a is related to the state of differentiation
both in vivo, as in vitro.
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Introduction
Keratinocyte culture models have widely been used to study keratinocyte growth and differentiation.
Recently, we developed culture models that have the ability to maintain keratinocytes in a differen
tiation state comparable to that seen in normal epidermis. In addition, we are able to induce hyper
proliferative differentiation as seen in psoriatic epidermis1. In this study we have investigated 3 pro
teins, which have an expression pattern that is related to the state of differentiation in vivo. Using
the previously described culture models we investigated the expression patterns of two proteinase in
hibitors that are known to be upregluated in psoriasis and a transcription factor which is expressed in
suprabasal cells of normal skin.
Systemic regulation of proteinase activity is performed by numerous plasma-derived inhibitors
that are involved in regulation of complement activation, clotting and fibrinolysis. In addition to
these systemic antiproteinases a number of locally acting inhibitors is known. These include inhibitors
of cysteine proteinases such as the cystatins2, and tissue inhibitors of metallo-proteinases3. Previous
studies have described the structure and function of two low molecular weight cationic proteinase in
hibitors which share a highly homologous C-terminal domain: Skin-derived antileukoproteinase
(SKALP), otherwise known as elafin or ESI4"7 and Secretory Leukocyte Protein Inhibitor (SLPI), other
wise known as Antileukoproteinase (ALP) or HUSI-18'10. Although the vast majority of the serine pro
teinase inhibitors is found in the circulation, a limited number of this class (including SKALP and SLPI)
is locally active at the tissue level'·11. Skin-derived antileukoproteinase (SKALP), a member of the
Trappin gene family", is absent in normal epidermis but is highly expressed in psoriatic epidermis and
in some epithelial cell lines4'*·13,14. SKALP inhibits PMN-derived elastase and proteinase 3 and is there
fore putatively involved in regulation of cutaneous inflam-mation15·16. We have previously character
ised SKALP in biochemical and cell biological studies6,17. The cDNA and gene of SKALP have been
cloned and sequenced, and the chromosomal localisation was assigned to chromosome region 20q12ql 36,1e, 19 д р а г 1 f r o m t n e c-terminal domain that harbours the proteinase inhibiting properties, the
SKALP molecule also contains a domain with putative transglutaminase substrate motifs that enable
cross-linking to the cornified envelope proteins6,20. Previous studies in epidermis, cultured keratino
cytes, and human epidermal tumours showed that SKALP expression patterns appear to be similar to
that of cytokeratin 16, which is known to be expressed in the context of hyperproliferation (see21,22
for reviews on epidermal differentiation). We have recently obtained evidence that decreased levels
of SKALP could be implicated in the patho-genesis of pustular forms of psoriasis23. Apart form its pres
ence in inflamed epidermis, SKALP has been reported in tracheal tissue24 and in bronchial secretions,
although the exact cellular source of sputum-derived SKALP in vivo is unclear13. It is not known to
what extent SKALP is expressed in normal adult human epithelia, and no functional studies have been
performed sofar. SKALP is constitutively expressed in many adult epithelia that are exposed to envi
ronmental stimuli. In these tissues the presence of inflammatory cells is physiological, suggesting that
SKALP provides protection against excessive proteolysis. In functional assays using cultured keratino
cytes we observed a protective effect of serum induced SKALP expression against the action of leuko
cytic proteinases, suggesting that SKALP is involved in the maintenance of epithelial integrity.
Secretory leukocyte proteinase inhibitor (SLPI), an inhibitor of the polymorphonuclear leuko
cyte derived proteinases elastase and cathepsin Ga, is produced by cells of mucosal surfaces and is
found in the corresponding epithelial lining fluid' 2 5 2 7 . It was previously shown that in lung tissue SLPI
is likely to play an important role in the protection of elastin fibres against the action of leukocytic
proteinases25,28. In the airways SLPI is produced by Clara cells, goblet cells and serous cells of the
submucosal glands, and is associated with elastic fibres of human pulmonary connective tissue29'31. In
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addition to its antiproteinase activity SLPI was shown to inhibit infection of T-cells and monocytes by
Human Immunodeficiency Virus 1 (HIV-1) in vitro12. The presence of SLPI in human saliva would ex
plain the low HIV transmission rate by oral route. We have found that SLPI also displays a marked an
tibacterial activity in vitro against gram negative and gram positive bacteria such as Escherichia coli
(E.coli) and Staphylococcus aureus (S.aureus)33. Recently, it was shown that SLPI antagonises the bio
logical effects of lipopolysaccharide (LPS), and that it can act as a signalling molecule 305 . SLPI activ
ity has been demonstrated in psoriatic scales using biochemical techniques, although the exact cellu
lar source of SLPI was not identified36. Previously we have shown that SKALP is expressed by human
epidermal keratinocytes in vivo and in vitro, and that it was induced in human epidermis during in
flammation17,37, thereby providing protection against two of the major PMN serine proteinases (elastase and proteinase 3). Analysis of stratum corneum extracts revealed additional anti-proteinase ac
tivity, distinct from SKALP, and we found that psoriatic scales contained large amounts of antimicro
bial activity. In this study we have investigated whether epidermal keratinocytes could also express
SLPI upon triggering by inflammatory stimuli, thereby overlapping and complementing the inhibitory
spectrum of SKALP by inhibiting elastase and cathepsin G. Previously we demonstrated that SLPI is
expressed at low levels in normal skin, but is grossly upregulated in psoriatic skin and healing wounds
M
. In addition we demonstrated the induction of SLPI by keratinocytes after addition of cytokines in
cluding TNF-ct. We conclude that TNF-α is an important mediator in providing protection against ex
cessive proteolysis.
In addition to the above described proteinase inhibitors, we studied the expression of the
CCAAT/enhancer binding protein alpha (C/EBP-a) in human keratinocytes and human skin. C/EBP-a
was among the first cell/tissue specific transcription factors to be cloned, not in the least because of
its abundance in liver nuclei and its DNA-binding specificities (virtually unrelated CCAAT-box elements
of cellular promoters and viral enhancer sequences3''''0). It appeared to be the first member of a sub
group of "bZip" transcription factors. The "bZip" motif consists of a dimerisation domain, the leucine
zipper, which is N-terminally preceded by a stretch of basic amino acids mediating sequence specific
DNA-binding41. Members of the C/EBP subgroup form functional homo- and heterodimers, which is a
prerequisite for interaction with the DNA target site (consensus C /TTNNNGNAA C / T ) 4 2 , 4 3 . High levels of
C/EBP-a expression are restricted to selected cells and tissues (particularly hepatocytes and adipo
cytes, liver and fat tissue) and related to differentiation and growth arrest44,45. C/EBP-a was proposed
to act as the "central regulator of energy metabolism" on the basis that this transcription factor was
involved in controlling the expression of a number of genes encoding proteins critical for specific
metabolic processes in the liver and adipose tissue46. This proposal was recently confirmed since
C/EBP-a knockout mice died soon after birth because of an impaired energy homeostasis47. Other
members of the C/EBP subgroup (e.g. C/EBP-ß/NF-ILo48) are hardly detectable in normal tissues but
rather ubiquitously inducible by inflammatory stimuli. By immunohistochemical analysis we showed
that C/EBP-a is expressed in human epidermis. Here we have examined the C/EBP-a expression at
the protein and mRNA level in cultured keratinocytes.
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Materials & Methods
Skin biopsies
Shave biopsies (0.2 mm thickness) from the skin of healthy volunteers were taken with a keratome
and used for primary keratinocyte cultures or RNA extraction. Punch biopsies (4 mm diameter) were
taken for immunohistochemistry on cryosections.
Keratinocyte primary culture
Human epidermal keratinocytes were initially cultured according to the Rheinwald-Green system49.
Primary cultures of keratinocytes were seeded on lethally irradiated (3000 rad, 3 min) Swiss mouse
3T3 fibroblasts in DMEM/F12 (3:1) (v/v) (Flow Laboratories, Irvine, Scotland) supplemented with 0.4
цд/ml hydrocortisone (Collaborative Research Inc. Lexington, MA, USA), isoproterenol (10* M) (Sigma,
St. Louis, MO, USA), 100 U/ml penicillin plus 100 μg/ml streptomycin (Gibco, Breda, The Nether
lands), b% foetal calf serum (FCS) (Seralab, Nistelrode, The Netherlands), and 10 ng/ml recombinant
mouse epidermal growth factor (EGF) (Sigma, St. Louis, MO, USA). Cells were grown at 37°C, 95%
relative humidity and 8% C02 in air. Liquid nitrogen stored keratinocytes from the primary culture
were used in further experiments.
First passage
Keratinocytes were seeded at 105 cells in keratinocyte growth medium (KGM) as described before50.
KGM was composed of keratinocyte basal medium (KBM, Biowhittaker, Walkersville, MD, USA, 0.15
mM Calcium) supplemented with ethanolamine (0.1 mM) (Sigma, St. Louis, MO, USA), phosphoethanolamine (0.1 mM) (Sigma, St. Louis, MO, USA), bovine pituitary extract (ΒΡΕ; 0.4% v/v) (Biowhit
taker, Walkersville, MD, USA), epidermal growth factor (EGF; 10 ng/ml) (Sigma, St. Louis, MO, USA),
insulin (5 Hg/ml) (Sigma, St. Louis, MO, USA), hydrocortisone (0.5 μg/ml) (Collaborative Research Inc.
Lexington, MA, USA) , penicillin (100 U/ml) (Gibco, Breda, The Netherlands) and streptomycin (100
μg/ml) (Gibco, Breda, The Netherlands).
Induction of keratinocyte differentiation
Induction of differentiation was accomplished by switching confluent cultures to medium containing
either KGM supplemented with 5% FCS or KGM depleted of growth factors (EGF, ΒΡΕ, insulin) and hy
drocortisone17'51. We have previously shown that treatment with foetal calf serum induces a psoriasi
form differentiation of the keratinocytes, which is independent of the calcium concentration1,7.
Forty-eight hours after induction of differentiation, the cultures were harvested for RNA extraction.
Non-differentiated keratinocytes, present as a confluent monolayer, were obtained by keeping the
cells in KGM alone. Cultures were harvested for RNA extraction 48 hours after addition of 5% FCS. For
immunohistochemical examination, cells were cultured on tissue culture coverslips (Thermanox,
LAB-ТЕК Division, Miles Laboratories Inc., Naperville, IL, USA). After forty-eight hours, the cultures
were harvested either from 60 mm dishes (for RNA extraction) or from 24 well plates in which the
cells were cultured on coverslips for immunocytochemistry.
Enzyme-linked immunosorbent assay (ELISA) for measurement of SKALP/elafin levels
SKALP/elafin concentrations were measured in culture supernatants using a sandwich-type ELISA.
In brief, samples were diluted (1:40, 1:60, 1:80) in 0.1 M Tris, O.U Tween-20, \% BSA (ICN Bio116
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medicals, Aurora, Ohio, USA). Microtiter plates (96 flat bottom wells) (Greiner #655092) were
coated overnight with goat anti-SKALP/elafin antiserum. After washing of the plate with
PBS/0.05% Tween-20, microtiter plates were blocked and probed with the test samples for 2 hrs at
37°C. Subsequently, rabbit anti-SKALP/elafin antiserum with 2.5% normal goat serum (Vector
Laboratories, Burlingame, USA) was added and the plates were incubated during 60 minutes at
37°С Subsequently the microtiterplates were incubated with peroxidase-conjugated swine-antirabbit IgG (DAKO, Glostrup, Danmark) with 2.5% normal goat serum during 60 minutes, at 37°C.
Finally o-phenylenediamine dihydrochloride (OPD) (Pierce, Rockford, Illinois, USA) was added as
chromogenic substrate for 15 minutes at RT. This enzyme reaction was stopped by the addition of
4 M H2SO4. Absorbances were measured at 492 nm and at 655 nm. Human recombinant
SKALP/elafin in PBS with 0.1% BSA was used as a standard: a calibration curve was made, using re
combinant SKALP/ELAFIN/elafin in the range of 0.5 - 120 ng/ml. The SKALP/elafin concentrations
in the test samples were read from this curve. The SKALP/elafin concentrations given in ng se
creted SKALP/elafin/ml culture medium.
Purification of PMN elastase and determination of anti-elastase activity
Human PMN elastase was purified from cells of a patient with chronic myeloid leukaemia and cali
brated as previously described4. Elastase activity and anti-elastase activity was measured using the
fluorigenic substrate methoxy-succinyl-ala-ala-ala-pro-val-aminomethylcoumarin (Bachern, Buben
dorf, Switzerland), as described previously52. The amount of inhibitor which reduces the activity of 1
nmol elastase with 50% under the given assay conditions, is defined as 1 unit of anti-elastase activity.
Cell detachment assays
Keratinocyte cultures on coverslips that were allowed to differentiate for 48 h, were extensively
washed with PBS to remove all traces of the induction media. In order to investigate whether SKALP
was secreted under these conditions, culture media (serum-free KGM with 1.8 mM Ca2*) were subse
quently collected over a 6 h time period. The amount of SKALP was determined by a sandwich-type
enzyme-linked immunosorbent assay (ELISA) using a rabbit and a goat antiserum against recombinant
SKALP. In addition the amount of anti-elastase activity in the medium was determined by a functional
assay. PMN were isolated from peripheral blood according to standard procedures involving dextrane
sedimentation, separation on a Ficoll-paque gradient and hypotonic lysis. This yielded a suspension of
>95% pure PMN. Subsequently, the keratinocytes were exposed to PMN (2.106 per ml) activated with
Ca-ionophore (1 μΜ), or to purified PMN elastase (10-25 μg/ml) in KGM supplemented with 1.8 mM
Ca2*. PMN from two different donors were used. When keratinocytes were exposed to activated PMN,
the effect of excess recombinant SKALP (50 μg/ml) or the addition of superoxide dismutase (500
U/ml) plus catalase (1000 U/ml) was tested. At regular intervals the coverslips were washed with PBS
and fixed in ethanol for histological examination. The degree of cell detachment from the coverslips
was quantitated by image analysis using the Vidas 2.1 system (Kontron, Germany), and expressed as a
percentage of the total surface of the coverslips.
SLPI Antisera
A polyclonal rabbit serum and 2 mouse monoclonal antibodies (clones 5 and 31 ) against SLPI were ob
tained as described previously29. Immunocytochernical stainings were performed using the Vectastain
ABC kits for monoclonal and polyclonal antibodies purchased from Vector (Vector Laboratories Inc.,
Burlingame, CA, USA). Recombinant SLPI were kindly donated by Dr R.C. Thompson, Synergen, Boul
der, CO, USA and dr G.Steffens (Grünenthal GmbH, Aachen, Germany). Cyanogen bromide activated
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Sepharose 4B used for coupling of recombinant SLPI and immunoadsorption, was obtained from Phar
macia, Uppsala, Sweden.
Characterisation of the SLPI antisera
The monospecificity of the polyclonal antiserum has been determined previously'. In immunoprecipitation studies the antiserum produced a single precipitation line with sputum, and no reactivity with
serum. In subsequent studies27 it was demonstrated that when the polyclonal antibody was used for
affinity chromatography, only a singly component was bound and eluted from sputum, which was
identical to SLPI as determined by amino acid analysis. The specificity of the monoclonal antibodies
was determined by immunohistochemistry, EUSA and immunoblotting analysis of purulent sputum29.
All monoclonal antibodies were of the lgG1 class. For the present study, additional experiments were
performed to exclude any possible cross-reactivity of the anti-SLPI antibodies with SKALP, and viceversa. However, it has to be reminded that the homology between SLPI and SKALP is not very high, at
least at the protein level. Only one linear epitope of 6 identical amino acids in the second domain
(MLNPPN, one-letter amino acid code) is shared between the two molecules. In ELISA experiments
using recombinant SKALP (a kind gift of Dr Norman Russell, Zeneca Ine, UK) no significant signal was
obtained with the monoclonal or polyclonal antisera raised against SLPI. To further check the SLPIspecificity of the polyclonal antiserum, recombinant SLPI was coupled to cyanogen bromide activated
sepharose 4B according to standard protocols. The reactivity of the anti-SLPI antiserum in the immunohistochemical stainings could be totally abolished by pre-treatment of the serum on the SLPI affin
ity column. When the anti-SLPI serum was absorbed on a sepharose 4B column coupled with recombi
nant SKALP, no change in reactivity of the antiserum was noted.
Induction of SLPI in Keratinocyte cultures
For the experiments, the human keratinocytes were seeded at 105 cells in keratinocyte growth me
dium (KGM) in 60 mm culture dishes or in 6-well plates as described before50. For induction of differ
entiation, at confluence the culture medium was switched to KGM supplemented with 5% FCS17. We
have previously shown that treatment with foetal calf serum induces a psoriasiform differentiation of
the keratinocytes, which is independent of the Ca2* concentration1,7. Depletion of growth factors
(KGM/-GF) induces terminal differentiation with a phenotype of normal skin as we have previously
shown 1 . In KGM/-GF keratinocytes make very little SLPI, and this medium was chosen as the basal
medium to test the effect of selected cytokines on SLPI expression. A dose range of the following hu
man cytokines and growth factors were tested: interleukin (IL)-1<x (1.25-5-20 ng/ml), IL-6 (25-100-400
U/ml), IL-8 (31-125-500 ng/ml), tumour necrosis factor (TNF-a) (5-20-80 ng/ml), interferon -γ (IFN-γ)
(62-250-1000 U/ml), transforming growth factor-α (TGF-a) (0.6-2.5-10 ng/ml). TNF-a was obtained
from Boehringer Mannheim, Germany). IL-8, TGF-a and interferon-γ were from R&D systems, Abing
don, UK). IL-6 was a kind gift from dr L. Aerden, Central Laboratory for Blood Transfusion, Amster
dam, The Netherlands. IL-1a was a kind gift of dr L. Joosten, University of Nijmegen, The Nether
lands. Forty eight hours after the addition of FCS, cytokines or growth factors, the cultures were har
vested for RNA extraction. The culture supematants were used for determination of SLPI by enzyme
linked immunoadsorbent assay (ELISA). In some experiments, the cells were cultured on coverslips
(Thermanox, LAB-ТЕК Division, Miles Laboratories Inc., Naperville, IL, USA) in 24-well plates for immunocytochemistry.

Induction of differentiation related proteins in human keratinocytes
Northern blot analysis
Total RNA was isolated from cultured human keratinocytes and frozen keratome biopsies derived
from normal healthy epidermis and psoriatic lesionai epidermis. The isolation was performed using
RNAzol™, as suggested by the manufacturer (Cinna/Biotex Laboratories, Inc., Houston, TX, USA).
RNAzol was added to either harvested and frozen (-80°C) keratinocyte cultures, viable keratinocyte
cultures or frozen keratome biopsies. Cells and biopsies were homogenised and 0.1 volume of chloro
form was added and vigorously mixed. Homogenates were centrifuged and the water phase was
brought to a new vial. Samples were mixed and kept on ice after the addition of one volume of isopropanol. After centrifugation, the RNA pellet was washed once with 75% ethanol and dried. The RNA
pellet was resuspended in 1x SSE (1.5 M Sodium acetate/10% SDS/0.25 M EDTA). To this solution 4
volumes of 100% ethanol were added, and the precipitated RNA was stored at -80° С Ten μg total
RNA was denatured by glyoxal and DMSO, and fractionated on a 1% agarose gel in 10 mM sodium
phosphate buffer, pH 7.0 5 \ After blotting by capillary transfer on nylon membrane, RNA was fixed to
the membrane by ultraviolet irradiation (312 nm, 0.2 J/cm2). Hybridisations were performed in phos
phate buffer as previously described using a probe for C/EBP-a and a SLPI cDNA probe5*, which was
kindly donated by Dr R.Heinzel-Wieland (Grünenthal GmbH, Aachen, Germany). Hybridisations for
equal loading were performed using a probe for human acidic ribosomal phosphoprotein P0 (hARP)55
or with 18S/28SribosomalRNA probes. All probes were labelled with Î2P by random priming following
standard procedures56. Autoradiography was done on X-Omat S film (Kodak, France) at -80° С with an
intensifying screen. Quantification of mRNA levels on northern blots was performed with a Biorad GS525 Phosphor imaging system.
Quantitative determination of SLPI in culture supernatants by ELISA
A sandwich type ELISA was used to determine SLPI levels in supernatants of cultured keratinocytes.
Briefly, microtiter plates (Greiner #655092) were coated with monoclonal anti-SLPI (clone 31) over
night. After blocking with bovine serum albumin (BSA), samples and standards were incubated in se
rial dilutions. As a second antibody we used a polyclonal rabbit anti-SLPI serum. Finally, peroxidase
conjugated swine-anti-rabbit Ig (DAKO, Glostrup, Denmark) was used for detection with orthophenylene diamine (Pierce, USA) as the chromogenic substrate. The SLPI concentrations were read from a
calibration curve of recombinant ALP/SLPI.
Immunocytochemistry of C/EBP-a in cultured keratinocytes
Cells cultured on coverslips were fixed using aceton/methanol (1:1 v/v)) and stored at -20°C. Before
usage the coverslips were transferred to 4°C for 30 min. and then dried by air exposure at room tem
perature. C/EBP-a specific rabbit antisera, generously provided by S. McKnight and co-workers, were
directed against a synthetic 14-mer peptide of rat C/EBP-a or the recombinant C-terminal 4/5 of rat
C/EBP-aN. Immunocytochemical stainings were performed using the Vectastain ABC kit for polyclonal
antibodies purchased from Vector (Vector Laboratories Inc., Burlingame, CA, USA). After incubation
with primary and secondary antibodies the sections and coverslips were incubated with diaminobenzidine tetrahydrochloride (DAB) substrate (metal enhanced DAB substrate Kit; Pierce, Rockford, Illi
nois, USA), and incubating the coverslips in demineralised water terminated the reaction. Cells were
mounted in Permount (Fisher Scientific, New Jersey, USA) without counter-staining.
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Results
Expression of SKALP protects against PMN-elastase mediated cell detachment
The specificity of SKALP for the PMN-derived proteinases elastase and proteinase 3, and its constitu
tive expression in epithelia that are subjected to inflammatory stimuli suggests a role in the control
of inflammation. We therefore investigated whether SKALP expression could protect against elastasedependent cell damage in an in vitro system. Human epidermal keratinocytes were cultured in KGM
to form a confluent monolayer. At this stage, no differentiation is induced and SKALP is not ex
pressed. Differentiation was induced either by growth factor depletion51 or by the addition of foetal
calf serum17. KGM depleted of growth factors (KGM/-GF) induces a differentiated phenotype, as as
sessed by type 1 TGase expression, and resembles normal skin as witnessed by the expression of CK
1/10 and the absence of SKALP1. KGM with foetal calf serum (KGM/FCS) induces differentiation, as
assessed by the expression of type 1 TGase, with a psoriasiform phenotype such as sustained hyperproliferation and expression of SKALP1. Figure 1 shows the expression of SKALP in these culture sys
tems at the mRNA level.
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Figure 1. Northern blot analysis of SKALP
expression in cultured keratinocytes. Human
epidermal keratinocytes were induced to
differen-tiate either in KGM depleted of
srowth factors (КОШ-OF) or in КОМ with
foetal calf serum (KGM/FCS). In KGM/-GF (lane
1) SKALP is not expressed, whereas a strong
signal is seen in KGM/FCS (lane 2). In the upper
panel control hybridisation with 28S ribosomal
RNA is shown to check for equal loading.

SKALP
After induction of differentiation, these cultures were washed extensively to remove the induction
media and were placed in the culture medium that was used in subsequent experiments for coculture with PMN (KGM with 1.8 mM Ca2*, without serum). The secretion of SKALP in the medium was
measured by ELISA and in a functional assay as anti-elastase activity.
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Figure 2. Secretion of SKALP in the medium of cultured keratinocytes. Af
ter induction of diferentiation in KGM/FCS or in КОШ-OF, the cells were ex
tensively washed, and incubated in КОМ supplemented with 1.8 mM Ca",
which is the medium used for detachment assays (see below). Dunns a 6 h
time course, secretion of SKALP in the medium was measured at the protein
level by EUSA (left-hand Y-axis, open circles and triangles) or measured
functionally and expresssed as units anti-elastase activity per ml (right-hand
Y-axis, closed circles and triangles). Under these conditions the keratinocytes
cultured in KGM/FCS (triangles) continued to secrete SKALP whereas the ke
ratinocytes cultured in KGM/-CF (circles) remained negative.

Figure 2 shows that during a 6 h time-course SKALP is secreted in the medium by cells that were al
lowed to differentiate in KGM/FCS, whereas the cells differentiated in KGM/-GF were negative. Hav
ing established that the culture models differed in SKALP expression, the keratinocytes were exposed
to purified human PMN elastase. During a 4 h time course, cell detachment from the coverslips was
visualised by HUE staining and quantitated by image analysis (figure 3 and 4).
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Figure 3. Time course of cell detachment by purified PMN elastase.
Human epidermal keratinocytes cultured on coverslips in KOM/-GF or in
KGM/FCS, were extensively washed, and subsequently exposed to PMN
elastase (10 ug/ml) in KGM with 1.8 mM Ca++. After 2 and A h cells were
washed, fixed and stained with H&E. Cell detachment was quantitated
by image analysis.

121

Chapter 3

Figure 4. H&E staining of keratinocyte cultures exposed to PMN elastase. Human epidermal keratinocytes cultured on
coverslips in KCM/-CF or in KCM/FCS, were extensively washed, and subsequently exposed to PMN elastase (10 /.¡glml) in
KCM with 1.8 mM Ca++. Cells were washed, fixed and stained with H&E. After 4 hours, cell detachment and retraction was
seen in keratinocytes cultured in KGM/-GF (fig 4a) whereas no signs of cell detachment were visible in cells cultured in
KGM/FCS (fig 4b). Magnification 45x

Keratinocytes cultured in KGM/FCS (positive for SKALP synthesis and secretion) were found to be protected against elastase-dependent detachment, whereas cells cultured in KGM/-GF (negative for
SKALP synthesis and secretion) were fully detached from the tissue culture dish. Elastase-dependent
loss of adhesion was concentration dependent (not shown). Next, we investigated whether activated
PMN could also induce the effects seen with the purified enzyme. Differentiated cultures of keratinocytes were extensively washed and exposed to calcium-ionophore activated PMN.
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Figure 5. Time course of cell detachment by activated PMN. Human
epidermal keratinocytes cultured on coverslips in KGM/-GF or in
KGM/FCS, were extensively washed, and subsequently exposed to PMN
(2.1(flml) activated by Ca-ionophore (1 μ/Α). Experiments were per
formed in duplicate with PMN from two different donors. The coverslips
were washed, fixed and stained with H&E. Cell detachment was quantitated by image analysis. Between 6 and 12 h incubation, cells detached
from the cultures that did not express SKALP (keratinocytes cultured in
KGMI-GF, open circles), whereas the SKALP expressing culture (keratino
cytes cultured in KGM/FCS, closed circles) was fully protected.

Experiments were performed in duplicate with PMN from two different donors. Within 12 hours, acti
vated PMN caused cell detachment in keratinocyte cultures grown in KGM/-GF, although to a lesser
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extent than observed in the concentration range of purified elastase (approximately 10-15 % detach
ment after 12 hours). The SKALP-expressing keratinocytes (grown in KGM/FCS) were fully protected
against cell detachment (figures 5 and 6). Addition of recombinant SKALP (50 μg/ml) to keratinocytes
cultured in KGM/-GF gave complete protection against PMN-mediated damage (figure 6e), whereas
addition of SOD (500 U/ml) plus catalase (1000 U/ml) was only marginally effective (figure 6d).
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the control value. No detachment was seen in these
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cultures; this was also found for the КСМ/-CF cultures
•· "»'·-'isst*..t Ли».- * '. -.'· .·*' ' . (not shown). SKALP-expressing cultures (KGM/-FCS) ex
posed to activated PMNs did not show significant detachment of cells (figure 6b), whereas in the cultures that
lacked SKALP-expression (KCM/-GF) considerable cell detachment was noted. Recombinant SKALP (50 μglml)
could completely prevent cell detachment in the KGM/-CF cultures (figure be) whereas addition of SOD (500
U/ml) and catalase (1000 U/ml) had only a marginal protective effect (figure 6d).

SLPI is expressed by differentiating keratinocytes and is upregulated by TNF-a
SLPI is expressed at low levels in the stratum granulosum of normal skin and is highly upregulated in
psoriatic skin38. Here we investigated expression in cultured keratinocytes. When human epidermal
keratinocytes are cultured in KGM, a confluent monolayer of cells is obtained with only a few differ
entiated cells as assessed with staining for involucrin and transglutaminase1. When these cells are
immunostained for SLPI, very few positive cells were found (figure 7a). Addition of foetal calf serum
induces a psoriasiform differentiation within 48 hour, and the large suprabasal polygonal cells are
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positive for SLPI as determined by immunocytochemistry (figure 7b). Under these culture conditions,
also the expression of involucrin and transglutaminase, which are associated with normal differentia
tion, is induced (not shown). With Northern blot analysis a strong signal for SLPI was found in the
cultures stimulated with foetal calf serum (figure 8).
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Figure 7. Imrnunoperoxidase staining for SLPI in keratinocytes cultured in KGM (a) and KGM with FCS (b). Using KGM a
monolayer of proliferating keratinocytes is present, with only few differentiated cells. No significant staining for SLPI was
noted. Nuclear staining is caused by H&E counterstaining. Addition of FCS allows the cells to differentiate, and large polygo
nal cells show positive cytoplasmic staining for SLPI (Bar=50 μη).

Figure 8. Induction of SLPI in cultured keratinocytes by
TNF-a. Ten μ% of total RNA was loaded and probed with cDNA
of SLPI or the constitutively expressed hARP gene, which is
used to check for equal loading. Lane 4: basal medium without
TNF-a, lane 1 to 3: 25, 5 and 1 ng TNF-alml respectively. Lane
5: keratinocytes cultured in KGM with FCS

SLPI

hARP

This finding was confirmed at the protein level as determined by ELISA. In KGM the concentration of
SLPI in the supernatant of a confluent culture after a 48 hour period is 179 + 52 ng/ ml. In the pres
ence of FCS 645 +_167 ng/ml ml is found in the conditioned medium at 48 hours after induction of dif
ferentiation (data represent mean and standard deviation of 6 measurements).
As foetal calf serum is a relatively non-specific stimulus, we also investigated the ability of
selected cytokines and growth factors to induce SLPI expression. Because SLPI was highly expressed in
psoriatic epidermis and during wound healing we choose to investigate the effect of cytokines and
growth factors that are known to be present in lesionai psoriatic skin and healing skin wounds. These
factors could be derived from activated T-cells, the keratinocytes themselves or from dermal cells
such as endothelial cells and fibroblasts. We investigated a dose range of the cytokines IL-1oc, IL-6, IL8, TNF-a, interferon-γ and TGF-a. Keratinocytes were cultured in KGM to confluency, and subse
quently the medium was switched to KGM depleted of growth factors (KGM/-GF) which induces the
normal keratinocyte differentiation pathway as witnessed by the expression of cytokeratin 1/10,
transglutaminase and involucrin, and the absence of SKALP1. The above mentioned cytokines and
growth factors were added to this medium and the culture supernatants were analysed for SLPI pro
duction. Of all these factors only TNF-a was found to induce significant stimulation of SLPI protein se124
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cretion in the culture medium, concomitant with an increase of SLPI mRNA as shown in figure 8. In
duction of SLPI mRNA by TNF-oc was quantitated by phosphorimaging analysis as depicted in figure 9,
that shows a dose-dependent increase of SLPI mRNA in keratinocyte cultures from 9 different donors.
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Figure 9. Quantification of relative SLPI levels in cultured keratinocytes by phosphorimaging analysis. On the X-axis the TNF-a concentration (пд/mt) and on the Y-axis
the ratio of the SLPI and the hARP signo/ is given. Bars represent mean and standard de
viation of nine different cultures.

Expression of hC/EBP-a in human epidermal keratinocytes
We found that C/EBP-a is expressed in differentiated keratinocytes of normal and psoriatic skin. Here
we investigated its expression in cultured cells using an antiserum directed to rat C/EBP-a. First pas
sage keratinocytes from healthy individuals were cultured in KGM (keratinocyte growth medium) with
or without foetal calf serum. The limited degree of differentiation observed under serum-free condi
tions was confirmed by the absence of the markers involucrin and SKALP1. Under these conditions
C/EBP-a expression at the protein level was only detectable in a few scattered cells (figure 10a). The
number of nuclei positively staining for C/EBP-a was significantly increased 48 hours after addition of
FCS to confluent cultures (figure 10b). The induction of differentiation was assessed by the simulta
neous upregulation of involucrin, transglutaminase, SKALP and cytokeratin 16\

¿**0^

Figure 10. Immunohistochemical analysis of keratinocyte cultures with C/EBPa antibody cultured in KGM without (10a) or with 5% FCS (10b).
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Total RNA from human skin and cultured keratlnocytes was analysed for hC/EBP-a expression using
the newly isolated autologous probe. Figure 11 illustrates the expression of the 2.7 kb transcript for
C/EBP-cc in a series of 0.2 mm shave biopsies of normal (lanes 3,4) and lesionai psoriatic (lanes 5-7)
human skin and in cultured human keratinocytes (lanes 1,2). The findings at the mRNA level are dif
ferent from the immunohistochemical staining, as all cultures were found to be positive for C/EBP-a.
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Figure 11. Northern blot analysis of cultured keratinocytes and skin samples. The fol
lowing total RNA samples (10μ g) were loaded on the blots: keratinocytes cultured in KCM
without (lane 1) or with 5% FCS (lane 2), and shave biopsies from control skin (lanes 3 and 4)
or psoriatic skin (lanes 5,6 and 7)
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Discussion
Here we have tested a system for keratinocyte culture for the induction of differentiation-related
proteins known to be expressed in vivo. It is shown that the expression patterns of SKALP, SLPI, and
C/EBP-a in the in vitro models for normal and psoriatic epidermis follow the pattern observed in vivo.
In addition, we show that the culture systems can be used to investigate the functional significance of
an expressed protein, as expression of SKALP provides protection against activated PMNs.
Expression of SKALP
The proteinase inhibitor SKALP was first discovered at the biochemical level in psoriatic skin, which is
reflected in the original acronym SKALP4, as a specific inhibitor of leukocyte elastase which is reflected in the name elafin5. Retrospectively, both these names are unfortunate, since we now know,
firstly, that SKALP is not normally present in epidermis but is constitutively expressed in other epithelia, and secondly that the inhibitory profile of SKALP also includes leukocyte proteinase-315. In
view of its specificity for leukocytic proteinases, it was hypothesised that SKALP is involved in the
regulation of cutaneous inflammation either by interfering with PMN migration or by providing protection against excessive proteolysis of extracellular matrix components by PMN derived proteases. In
previous studies we have documented the expression of SKALP in psoriatic epidermis, in injured skin
and in cell culture17.
Continuous trafficking of PMNs and mononuclear cells to epithelia could expose these tissues
to breakdown of extracellular matrix proteins as is known from various pathological conditions52,57.
Experiments have demonstrated that PMN derived neutral proteinases can degrade a broad range of
extracellular matrix proteins including elastin, proteoglycans and basal membrane constituents58,59,
and they have been implicated in various pathological processes60. In addition, it has been shown that
PMN can in vitro degrade extracellular matrices and cause cell detachment by distinct mechanisms
involving proteolytic enzymes or oxidative molecules61"64. Recently it was shown that activated PMN
can express cell-surface bound elastase and cathepsin G which provides a potent mechanism to egress
from the vasculature, penetrate tissues and migrate to sites of inflammation62. In vitro studies have
provided evidence that during PMN migration in connective tissue matrices, elastase is involved in
degradation of connective tissue components such as elastin and fibronectin65. In healing wounds, the
neo-epidermis is migrating in and over the woundbed that is filled with PMN and debris. Therefore,
the cells have to be protected against this hostile environment which contains free proteinase activity
both from metalloproteinases and serine proteinases66,67. Expression and secretion of SLPI and SKALP
would provide protection against the 3 major neutral serine proteinases from PMN. The inhibitory
spectrum of these two molecules is overlapping (both inhibit PMN elastase) and complementary (inhibition of proteinase 3 and cathepsin G by SKALP and SLPI, respectively). Interestingly, also with respect to their localisation at the tissue level, SKALP and SLPI are complementary. We have previously
shown that the N-terminus of SKALP contains multiple transglutaminase substrate motifs that enable
cross-linking to stratum corneum proteins5,12. It was recently shown by others that isodipeptide crosslinks between SKALP and loricrin can be found in the cornified cell envelopes20. Via this mechanism
SKALP is targeted to the stratum comeum and can protect against excessive proteolysis. Here we
show that cultured keratinocytes exposed to purified PMN elastase or to activated PMN express
SKALP, which provides protection against elastase-mediated detachment in vitro. In this model system we used calcium-ionophore activation of PMN which is a powerful stimulator of lysosomal enzyme
secretion (up to 30% of the total elastase content) and gives a moderate superoxide production. After
9 h of exposure to activated PMN a cytopathic effect was seen on keratinocytes that lacked SKALP
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expression. The cell damage during this period was clearly elastase/proteinase 3 dependent since the
addition of recombinant SKALP provided protection. In contrast, a high concentration of SOD and
catalase did not protect against cell detachment and retraction. SKALP could protect against elastase
mediated damage in two ways. On the one hand, the presence of a signal peptide and its presence in
secretory vesicles and lamellar bodies suggests that SKALP is secreted in the extracellular space,
where it can neutralise its target proteinases. On the other hand, the TGase substrate motifs of
SKALP enable cross-linking to the pericellular matrix and the comified envelope. SKALP/elafin was
recently found to be cross-linked to loricrin, a component of the comified envelope20, suggesting that
SKALP is cross-linked to intracellular proteins, and can also act as an anchored proteinase inhibitor.
We have recently obtained indirect evidence that SKALP is involved in protection of epidermal integ
rity in pustular forms of psoriasis23. It was shown that in forms of pustular psoriasis, which are charac
terised by a massive influx of PAAN, the amount of epidermal SKALP is much lower than in plaque type
psoriasis. It remains to be established whether this phenomenon is caused by an intrinsic (genetic) de
fect in these patients, or by inactivation/clearance of SKALP.
Based on the pattern of SKALP expression, one would surmise that inflammatory cells such as
PMN induce SKALP expression. Interestingly, Sallenave et al. demonstrated induction of SKALP ex
pression in tumor cell lines by the cytokines, interleukin 1 (IL-1) and tumour necrosis factor alpha
(TNF-a), but also by the PMN-derived proteinases human leukocyte elastase and cathepsin GM. This
finding is in line with that of Perlmutter et al. who reported that neutrophil elastase regulates the
synthesis of its inhibitor <x1 -proteinase inhibitor in human monocytes and bronchoalveolar macro
phages69. Using cultures of normal human keratinocytes, we could confirm the findings of Sallenave et
al. that SKALP expression can be induced by TNF-a n. The cytokines IL-1 and TNF-a are considered to
be initiating cytokines in inflammatory processes in cutaneous tissues57. In normal tissues where con
tinuous monitoring of the tissue by inflammatory cells is desired for reasons of host defense, this con
trol mechanism might explain SKALP presence in epithelia such as esophagus, pharynx, tongue and
vagina. The difference in SKALP expression in the various epithelia could be related to differences in
inflammatory stimuli to which the tissues are subjected. However, ultimate proof for its supposed
relevance in control of epithelial inflammation has to come from studies using transgenic mice lacking
a functional SKALP gene, which will be the direction for future research.
Expression of SLPI
The physiological mechanisms controlling SLPI expression are not completely understood, and have
been studied only in airway epithelial cells. In vitro, SLPI expression is increased in airway epithelial
cell lines by a variety of substances, including phorbol ester71, the (pro)inflammatory cytokines tu
mour necrosis factor-α (TNF-a) and interleukin-1 β (IL-1 β)61, PMN elastase68·72 and steroids73. Here we
have found that SLPI expression in skin is stimulated by osmotic stress (tape stripping) and inflamma
tion (psoriasis, wound healing), and in vitro by TNF-a. We have recently found that TNF-a induces ac
tivation of JNK/SAPK-1 activity in cultured keratinocytesn, that is followed by an increase of expres
sion levels of genes that are putatively regulated by members of the AP-1 family. We would therefore
speculate that induction of SLPI gene expression in keratinocytes is the result of activation of the
cellular stress response pathway. We have no direct evidence that phosphorylation of c-jun and sub
sequent transactivation by AP-1 is implicated in SLPI gene expression. However, the induction in air
way epithelium cells by phorbol ester and the presence of AP-1 sites7' in the SLPI promoter would
support this contention. In view of the multiple functions of SLPI, we propose that it acts as an impor
tant first line defence mechanism in cutaneous injury.
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Expresson of C/EBP-a
The functions and distribution of C/EBP-a has extensively been studied in rodent cells and organs
since its identification. C/EBP-a was purified from rat liver nuclei followed by subsequent cloning of
the encoding cDNA and gene some ten years ago39. Highest expression levels were found in fat tissue,
liver and placenta*'45. In general, C/EBP-a has been characterised as a central regulator of energy
homeostasis in mammals and its presence is usually related with differentiation and growth arrest of
involved cells, notably adipocytes and hepatocytes. Although C/EBP-a is not completely restricted to
the mentioned tissues, its expression elsewhere is detected only in specific subsets of cells.
We now report significant transcript levels of C/EBP-a in the epidermal compartment of hu
man skin. Human epidermis, a stratified keratinising epithelium (for review see ref. 74 ), consists of a
basal, single cell layer with stem cells, and several suprabasal layers with terminally differentiating
cells. The remnants of these cells consist of highly cross-linked protein structures embedded in lipids
and form the stratum corneum, which functions as a main protective barrier at the surface of the or
ganism. C/EBP-a expression in the epidermis fits well with the active lipid metabolism of keratino
cytes, especially in the stratum granulosum where the final enzymatic modifications take place to en
sure a waterproof barrier. In addition to the epidermal keratinocytes, we noted a particularly strong
C/EBP-a staining in the cells of sebaceous glands, which are also terminally differentiating cells de
voted to lipid production. Inspection of the promoter regions of a number of genes coding for struc
tural proteins expressed in suprabasal cells of normal and psoriatic epidermis reveals consensus С/EBP
binding sites in the genes for several cytokeratins (CK1, CK6, CK10 and CK16), involucrin, and SKALP.
Further studies are required to substantiate the suggested role of C/EBP-a in epidermal lipid metabo
lism and to address a potentially broader involvement in terminal differentiation of keratinocytes.
These issues have not been addressed in a recent report describing C/EBP-a knockout mice, who died
within 8 hours after birth because of an impaired energy homeostasis primarily affecting adipocytes
and hepatocytes47. No abnormalities were reported in the epidermis and sebaceous glands of these
mice, but their early death may have veiled an effect of C/EBP-a deficiency on normal air exposed
mouse skin.
Although the mRNA quantities in psoriatic and normal human skin are simitar, the immunohistochemical data suggest that C/EBP-a protein levels are higher in psoriatic epidermis. This could be
compatible with the finding that other differentiation related genes are upregulated in psoriatic ke
ratinocytes, including the expression of epidermal fatty acid binding protein (E-FABP) which is proba
bly involved in lipid traffic75. Several studies of C/EBP-a distribution have shown that the transcript
levels and the protein levels or transcription factor activity do not necessarily correlate with each
other. Thus, regulation of C/EBP-a levels must be in part post-transcriptional. During in vitro differ
entiation (that is, upon the addition of serum) the number of keratinocytes with C/EBP-a positive nu
clei apparently increases, while C/EBP-a mRNA levels do not appear to change. The biological reason
for this apparent discrepancy may be very interesting. Conceivably, differential C/EBP-a translation,
protein degradation, or nuclear translocation may account for these observations. It is clear that ke
ratinocytes may provide an interesting model for studying the role of C/EBP-a in terminal differentia
tion, but the validation of this model will require a detailed analysis of the expression of the different
C/EBP-a polypeptide isoforms. In general, we can conclude that we are able to induce the expression
of differentiation related proteins, including SKALP, SLPI, and C/EBP-a using the keratinocyte culture
models described in chapter 2. We conclude that these models can be useful to study cell biological
processes involved in epidermal growth and differentiation, and we speculate that when downscaled
to microtiter plate formats, these systems are amenable for high throughput drug screening.
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Summary
Keratinocytes of inflamed epidermis (psoriasis, wound healing) are hyperproliferative and display an
abnormal differentiation program. This regenerative differentiation pathway is characterised by the
induction of a set of genes that are not expressed by keratinocytes in normal skin, such as the cytokeratins CK6 and CK16, and the proteinase inhibitor SKALP/elafin. Here we have studied the induction
and regulation of SKALP/elafin gene expression in epidermal keratinocytes as a paradigm for the re
generative differentiation program. We have constructed deletion mutants of the SKALP/elafin pro
moter region that conferred keratinocyte-specific expression upon transient transfection. Deletion of
a region that contained two potential AP-1 binding sites and several potential NF-IL6 binding sites re
sulted in a 90% reduction of promoter activity. Using SKALP/elafin expression at the mRNA and pro
tein level as a readout, various cytokines and growth factors, that are found in elevated levels psori
atic lesions and healing skin wounds, were tested in an in vitro model on their ability to induce
SKALP/elafin gene expression in cultured human keratinocytes. Tumour Necrosis Factor-alpha (TNF-a)
was by far the most potent inducer of SKALP/elafin gene expression; Transforming Growth Factoralpha (TGF-a) and Interferon-gamma (IFN-γ) gave a moderate induction of SKALP/elafin gene expres
sion. Induction of SKALP/elafin expression by TNF-a was preceded by activation of the mitogen acti
vated protein (MAP) kinase family member c-jun N-terminal kinase 1 (JNK-1). On the basis of our in
vitro findings, we speculate that induction of SKALP/elafin expression in vivo is part of an epidermal
stress response pathway, that leads to the regenerative differentiation program, which is characteris
tic for psoriatic epidermis and healing skin wounds.
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Introduction
In normal skin the epidermis follows a highly co ordinateci pathway of proliferation and differentiation leading to the formation of a horny layer which consists of mature corneocytes In several skin
conditions however (psoriasis and wound healing) homeostasis is disturbed and an alternative differentiation program (named 'regenerative maturation') is switched on1. This differentiation pathway,
characteristic for the lesionai psoriatic epidermis and in healing skin wounds differs in many ways
from the epidermal differentiation pathway found in normal, healthy human skin A number of proteins normally found in epidermis are over-expressed. These include proteins involved in the formation of the corneocyte such as involucnn, transglutaminase-1 (TGasel) and epidermal fatty acid binding protein (E-FABP) which are now expressed in the stratum spinosum while they are normally restricted to the stratum çranulosum2 Another abnormality is the suprabasal expression of integnns
that are usually restricted to the basal layer3. Finally there are a few proteins which are not expressed during the normal keratinocyte differentiation program but which can be found at high levels
during regenerative differentiation This group of proteins may form the key in understanding the
regulatory processes and the external stimuli that underlie the differentiation pathway in disturbed,
hyperproliferative epidermis. Proteins that belong to this group are the cytokeratms (CK) 6, 16 and
17,4 and the epithelial proteinase inhibitor SKALP/elafin, which is a member of the novel Trappm
gene family that we have recently described5 Structural and functional properties of SKALP/elafin
have been described in detail before69. Although cytokeratms CK6/CK16/CK17 and SKALP/elafin are
inducible and transiently expressed in epidermis, they are not specific for psoriatic or injured skin,
because they are constitutively expressed in some high-turnover epithelia that are continuously exposed to inflammatory stimuli1011. The function of CK6/16/17 expression in the context of this differentiation pathway is not known. The functional significance of SKALP/elafin expression in this context
is related to the ongoing inflammatory process and the concomitant load of proteinases derived from
inflammatory cells, which are present m psoriasis, healing skin wounds, but also in normal epithelia
that show constitutive SKALP/elafin expression10.
The cellular infiltrate in lesionai psoriatic skin and in healing skin wounds consists of activated
polymorphonuclear leukocytes (PMNs) and T-lymphocytes12. Both the keratinocytes and the infiltrating inflammatory cells produce a large number of immune- and growth-modulatory factors, including
several cytokines like interleukin-1 (IL-1), interleukin-6 (IL 6), interleukin-8 (IL-8), interferon-γ (IFN-γ)
and tumour necrosis factor-α (TNF-ct), and growth factors like transforming growth factor-α (TGF-a)
and keratinocyte growth factor (KGF)13 , s . Because SKALP/elafin expression in wvo is correlated with
the presence of inflammatory cells, we hypothesised that cytokines and growth factors derived from
these cells could be responsible for induction of SKALP/elafin gene expression In this study we have
investigated regulation of SKALP/elafin gene expression by keratinocytes as a paradigm for the ab
normal regenerative differentiation program. We have analysed the promoter region of the
SKALP/elafin gene and we have investigated induction of SKALP/elafin gene expression by cytokines
and growth factors Our findings suggest that components of the cellular stress response pathway,
which involves TNF-a mediated c-Jun N-terminal kinase (JNK) signalling could be relevant mediators
in the transition from normal to regenerative epidermal differentiation.
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Materials & Methods
Materials
All chemicals were obtained from Merck (Merck, Darmstadt, Germany) unless specified differently.
Boehringer (Boehringer, Mannheim, Germany) provided restriction enzymes. Primers were provided
by Isogen (Isogen, Amsterdam, the Netherlands).
Isolation and cloning of the human SKALP/elafin gene promoter region in/construction of reporter gene constructs
This clone was designated pSKAG. From this clone an EcoRI/Xbal fragment containing approximately 1
kb promoter region in addition to a small part of the first exon was cloned in pBluescript KS* resulting
in clone pSPR029.
pSPLlOOOV

-1012 GAATTCCCTG GTTCATATAT ATCACCTTTT CCAGAAGAAG GAACCCCCGT TTTCCCCTTT
-952 CATTACTCAT TCAAATAAAA TATGTTAATA GACCAGACCA AGTCTCACAC ACAACACACA
-892 CACACACACT CACACACACA CACACACACA CACACCCCTA CCTGTGGTCA GGGGTCAGGC
-832 TTTCATGATT AGCAGTCCCC ATTAGACTCA CAAGTTGATG GTTCAAAGAG ACAACAATTC
-772 TTCACAAGAA ACAGGGTGCT GTTCAAAGAA GTGGGGAGGC ATGCTGGACA CACACACTGT
-712 AGATGTCCAA TGTATACATG ATACATGTTT TCTACTACTT TCTGATTATT TTCTCCCTAC
-652 CACTGTGATT TCAAGGGCAT CATCCCTCTT CAGACCTAGA ATTCCACCTT CCAATTACTT
AP-1
-592 TCTTGATGCA TCTGAAAGGC CGTCTCTGAA ACAGCAAAGT GCAATAATTA GTCATTATGT
-532 ATTCAAGGCA AATTTGTCTT ACAGAGTTTT TTGCAGGACC AGGGAAGAAG GAAGGAAATG
PSPH40V

-472 CCCAGTTTGA TGCTGGGAGT GGTAAAATGA TAAAGTAGAT CTGGGTGGGG TTTGTAGCAC
NF-IL6
NF -IL6
-412 CAGAGCATAA TGGAGAAACA CCTTGGTTTT GTAATCAAGA CTGGATCTAC CAGTGACTTG
NF -IL6
NF-IL6/AP-1
-352 CTGAATAACC TTCGGTGATT CCTTTCTCTT CTTGGGTCTC ACTGTATTTC AAAACATGAA
5PLZ90V

-292 GAATTTCATT GTAATGTTAC CTAATAAGTG AGCCAGCACT TCTACTCTGT GAGAAAGTAG
NF-IL6
pspuioU AP-1
-232 GAAAACTCTT GGGACAATCA GAGATGATGT GATGTAATGT CCATTAGTTC TTCCTGTGAA
NF-IL6
NFKB
AP-1
pSPL ,„U
-172 TAATCCTGAG GGAAAGCCCC CAGGTCCCTC CCAGAATGGG GTGGATATTT CCCAATACAG
SPI
-112 CTAAGGAATT ATCCCTTGTA AATACCACAG ACCCGCCCCT GGAGCCAGGC CAAGCTGGAC
-52 TGCATAAAGA J1GGTATGGC CTTAGCTCTT AGCCAAACAC CTTCCTGACA CCATG
+1
Figure 1. Nucleotide sequence of the human SKALP зепе promoter region. Numbering is relative to the
first base of the АТС translation codon (printed in bold). The borders of the fragments used for the luciferase transfection constructs are indicated with arrows (U). The putative "CCAAV and "TATA" boxes are
double underlined. The region of multiple transcription start sites is underlined with a dotted line, the
preferential transcription start sites are printed m italics and bold. Consensus binding sequences for known
transcription factors are indicated by name and underlined.

We have previously reported the cloning of a 9 kb Hfndlll genomic fragment in pBluescript (Stratagene, USA) which was characterised as containing the human SKALP/elafin gene16, Construct pSPR029
was used as template in a PCR reaction synthesising the 1 kb promoter fragment (pos. -10Ί2/+13; all
nucleotide positions in this paper are given relative to the start site of translation (see figure 1 )). Two
primers (forward: 5'-GAATTCCCGGGTTCATATAT-3· (pos.-1012/-993, (mutated nucleotide is under139
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lined)), reverse: 5'-TGCTGGCCCCCATGGTGTCA (pos. -7/+13)) were used to introduce a Smal site and
a Ncoi at the 5' and the 3' site of the PCR product respectively. The PCR-product was cloned in the
pGEM-4 T-vector (Promega, Madison, USA) and sequenced for verification. From this clone a 1 kb
Sma\/Nco\ fragment (pos. -1004/+3) was directionally sub-cloned in frame with the firefly luciferase
gene in pSla4, a modified pSla3 vector17, directly fused to the ATG of the luciferase gene through the
Ncoi site. The resulting clone was designated pSPLIOOO. From this clone deletion mutants were derived, designated pSPL440, pSPL290, pSPL170 and pSPL130. All these constructs were prepared according to standard cloning techniques using available restriction sites, except clone pSPL130. To
generate this clone we used a mutagenic forward primer (5'-GTGGATATÇTCCCAATAC-3' (pos. -132/115)) in a PCR reaction with the previously mentioned reverse primer to introduce an EcoRV site at
position -126. From the resulting PCR product an EcoRV/Ncoi fragment was cloned in a Sma\/Nco\ digested pSLA4 vector. The largest transfection construct pSPL.4500 was constructed via directional
cloning of an approximately 4 kb Hindlll/B¡?/ll promoter fragment (pos. -4500/-435) in a Smal/ßs/ll digested pSPLIOOO construct. The two promoter constructs pSPL1000int+ and pSPUOOOint- contain the
entire genomic sequence of the SKALP/elafin gene in the correct and reverse orientation respectively. Both constructs containing the genomic SKALP/elafin sequence were constructed by directional cloning of a PCR product containing the entire gene sequence (pos. +3/+1631) in the Kpn\ site
of construct pSPLIOOO between the stop codon and the first polyadenylation signal of the luciferase
gene. Finally a construct containing the insert from clone pSPLIOOO in the reverse orientation, designated pSPLIOOOrev was generated. To obtain this clone, the previously mentioned 1 kb Smal/Ncol
fragment was used. A blunt end was generated at the Ncoi site, and the complete fragment was subcloned in the Smal site from pSla4, thus maintaining the original translation start codon from the
luciferase gene. Figure 2 gives a schematically representation of these 9 constructs.
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Figure 2. Schematic representation of the luciferase constructs containing deletion fragments from
the (promoter region) of the SKALP jene. Nucleotide positions are given relative to the translation start
codon and indicate the orientation of the deletion fragment.

Induction of SKALP/elafin gene expression in cultured human keratinocytes by proinflammatory cytokines
Determination of SKALP/elafin mRNA transcription start-site using S1 -nuclease mapping
S1 nuclease mapping using a single stranded DNA probe was used to determine the start site of transcription of the SKALP/elafin gene. To obtain a suitable DNA probe we cloned a 8s/ll/Xbal fragment
(pos. -435 to +62) in a Xbal/öamHI digested pBluescript KS* vector. This subclone was used for transformation of XL1-Blue cells (Stratagene, USA). From a single XL1-Blue colony containing the appropriate clone 2 ml of TYP/Amp broth (16 g Bacto-tryptone, 16 g Bacto-yeast extract, 5 g NaCl and 2.5 g
K2HPG\, per liter with ampicillin (50 mg/ml)) was inoculated and cultured for 16 h (37 °C, 250 rpm).
The next day 100 μΐ of this culture was used to inoculate 5 ml TYP/Amp broth. After 30 minutes 40 μΐ
of a M13K07 helper phage stock (5x1010 plaque forming units) was added, and the culture was grown
overnight. The following day single stranded DNA was isolated using standard procedures. To prepare
the radiolabeled probe, T7 primer (Promega, Madison, USA) was annealed to 250 ng single stranded
DNA, and primer extension was performed with 5 U of T7 DNA polymerase (Pharmacia, Upsala, Swe
den). The primer extension was performed in a 30 μΐ reaction containing 0.5 μΜ [a-32P]-dCTP (3000
Ci/mmol, (Amersham, Buckinghamshire, England)), 0.4 mM dATP, 0.4 mM dTTP, 0.4 mM dGTP and
1.3 μΜ dCTP (Pharmacia, Upsala, Sweden). After 15 minutes incubation at 37 °C, 2 μΐ 10 mM dCTP
and 5 U T7 DNA polymerase were added. The reaction was terminated by incubation at 65 °C for 10
minutes. This inactivation was followed by digestion with FcoRI for 2h at 37 °C in order to remove the
insert. After digestion the DNA was denatured and separated on a 4% Polyacrylamide gel. The radiolabelled probe was isolated from this gel.
Total RNA isolated from keratinocytes grown in the presence of 5 % FCS was used as a source
for SKALP/elafin mRNA. Fifty μg of this total RNA was mixed with 8x10s cpm single stranded probe
DNA, precipitated, and washed once with 70 % ethanol. As a negative control Yeast tRNA (Boehringer,
Mannheim, Germany) was used. The pellets were dissolved in 30 μΐ hybridisation buffer (40 mM PIPES
(piperazine-N,N,-bis[2-ethanesulfonic add]) pH8.0, 0.5 M NaCl, and 80 % formamide) and incubated
for 10 minutes at 85 °C followed by an incubation for 16 h at 50 °C. After this probe hybridisation, 300
μΐ nuclease S1 reaction mix (280 mM NaCl, 5 mM NaAc pH4.5, 4.5 mM ZnS04, 20 μg/ml herring sperm
DNA (Boehringer, Mannheim, Germany) and 1000 U/ml Nuclease S1 (Pharmacia, Upsala, Sweden)) was
added and the reaction was incubated at 37 °C for 60 minutes. As a control reaction to check for suf
ficient nuclease S1 activity, free radio-labelled probe was subjected to nuclease S1 digestion. The nu
clease S1 reactions were terminated by addition of 80 μΐ stop buffer (4M NaAc, 50 mM EDTA pH8.0
and 50 μg/ml yeast tRNA), followed by ethanol precipitation. The pellets were washed with 70 %
ethanol, dried, resuspended in 3 μΐ H20 and incubated at 65 °C for 5 minutes. After this incubation 4
μΐ formamide loading dye (95 % Formamide, 10 mM EDTA, 0.1 % brome phenol blue and 0.1 % xylene
cyanol) was added, and the samples were boiled for 4 minutes and chilled on ice to denature the
DNA. The samples were separated on a 8 % Polyacrylamide gel, and autoradiography was performed
using Kodak X-Omat 100 X-ray film.
Determination of SKALP/elafin mRNA transcription start site using 5'-RACE
Rapid amplification of cDNA ends (RACE) was used to reconfirm transcription start sites found with
S1-nuclease mapping. Using the 573'-RACE kit (Boehringer, Mannheim, Germany) we performed 5'
RACE on 10 μg of total RNA isolated from keratinocytes grown in KGM/FCS, as suggested by the manu
facturer. In the RACE reaction the SKALP/elafin specific primers (SP) used were the primers SP1
(+1013/+1037), SP2 (+942/+966) and SP3 (+30/+48). The produced RACE fragment was purified on an
agarose gel and cloned into the pGEM-T vector (Promega, Madison, USA). The RACE clones obtained
were sequenced by means of the dideoxy chain termination method.
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RNA-isolation and Northern blot analysis
Cells from which total RNA was to be isolated were lysed in 1 ml RNase-AU (2.1 M Guanidinethiocyanate (Research Organics Inc., Cleveland USA), 8.5 mM N-lauroylsarcosine (Sigma, St. Louis,
USA), 12.5 mM NaAc pH5.2, 0.35 %7V ß-mercapto-ethanol (Merck, Darmstadt, Germany) and 50 %7»
Tris-saturated biophenol pH8.0 (Biosolve, Amsterdam, the Netherlands)), after lysis 100 μΐ chloroform
was added. The samples were centrifuged for 15 minutes (13000 rpm, 4°C), and the aqueous phase
was precipitated with 500 μΐ isopropanol on ice for 45 minutes, and centrifuged at 4 °C for 15 min
utes. The pellet was washed with 70 % ethanol and dried at room temperature for 5 minutes. This
RNA pellet was resuspended in 150 μΐ NSE (50 mM NaAc, 0.2 % SDS and 2 mM EDTA) and 562.5 μΐ 100%
ethanol was added. For quantification 62.5 μΐ of this RNA suspension was pelleted, resuspended in
0.625 ml H20 and spectrophotometically analysed at 260/280 nm. Equal quantities of this total RNA
(10 μg) were loaded on a 1 96 agarose gel and electrophoretically separated in 10 mM sodium phos
phate buffer. The pH of the electrophoresis buffer was kept within acceptable limits by constant cir
culation of the buffer. The gels were blotted on positively charged nylon membranes (Boehringer,
Mannheim, Germany) using 10 χ SSC (1.5 M NaCl, 0.15 M Sodiumcitrate). After RNA transfer, mem
branes were washed in 2 χ SSC, and RNA was cross-linked to the membrane using ultraviolet irradia
tion (312 nm, 0.2 J/cm2). The blots were (pre)hybridised overnight at 65 °C. Probes were used against
SKALP/elafin, CK1 and for normalisation of the amount of RNA loaded on the gel a probe against the
ribosomal protein human Acidic Ribosomal Phosphoprotein (hARP) was used18. Autoradiography was
performed using Kodak X-Omat X-ray films and Kodak BiomaxMS X-ray films.
Cell cultures
Keratinocytes were seeded in 6 well culture dishes and cultured until confluence in keratinocyte
growth medium (KGM) as described before2. KGM was composed of keratinocyte basal medium (KBM
(Biowhittaker, Walkersville, Maryland, USA); 0.15 mM Calcium), supplemented with ethanolamine
(0.1 mM) (Sigma, St. Louis, USA), phosphoethanolamine (0.1 mM) (Sigma, St. Louis, USA), bovine pitui
tary extract (ΒΡΕ; 0.4 %7V) (Biowhittaker, Walkersville, Maryland, USA), insulin (5 μg/ml), (Sigma, St.
Louis, USA), hydrocortisone (o.5 μ§/πιΙ) (Collaborative Research Inc.), Recombinant Mouse Epidermal
Growth Factor (EGF; 10 ng/ml) (Sigma, St. Louis, USA), penicillin (100 U/ml) (Gibco, Breda, the Neth
erlands) and streptomycin (100 μg/ml) (Gibco, Breda, the Netherlands). At confluence the cells were
either transfected or switched to one of the test media, subsequently the growth factors or cytokines
that were to be tested were added in different concentrations. Induction of keratinocyte differentia
tion was established by switching the cells at confluence either to KGM supplemented with 5 %"/y FCS
(KGM/FCS) (FCS from Seralab, Nistelrode, the Netherlands) or to KGM depleted of growth factors
(ΒΡΕ, Insulin and EGF) and hydrocortison (KGM-GF)19. The cytokines and growth factors that were
tested were IL-1a, IL-2, and IL-10 (a kind gift from Dr. L. Joosten, Dept. of Rheumatology, University
Hospital Nijmegen), IL-4 (Schering & Plough, Amstelveen, The Netherlands, for research purposes
only), IL-6 (a kind gift from Dr. L. Aarden, Central Laboratory for Bloodtransfusion, Amsterdam), IL-8,
TGF-ct, TGF-ß, and IFN-γ (R&D systems, Abingdon, United Kingdom), PDGF, KGF, and TNF-a (Boe
hringer Mannheim, Mannheim, Germany). Human skin fibroblasts derived from healthy volunteers,
glioblastoma cells and A431 cells were seeded and cultured in 6 well culture dishes in A1 medium
(DMEM/F12 (Flow Laboratories, Irvine, Scotland) in a ratio of 3:1 supplemented with 100 U/ml peni
cillin, 100 μg/ml streptomycin and 10 X7» FCS). At 50-70 % confluence the cells were transfected.
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Transfections
Keratinocytes were transfected at confluence. Prior to transfection the cells were washed twice with
1 ml KBM and 900 μΐ KBM was added. Transfection mixes were made containing 0.75 pmol transfec
tion construct 0.5 pmol EF2-ßGAL normalisation construct (a kind gift from Dr. G.Swart, department
of Biochemistry, University of Nijmegen) and 25 μΐ lipidfection reagent (lipidfection reagent consisted
of 0.8 mM DDAB (di-methyldioctadecylammonium bromide(Sigma, St. Louis, USA), and 1.7 mM PtdEtn
(dioleoyl-L-a-phosphatidylethanolamine(Sigma, St. Louis, USA), prepared according to20) in a final
volume of 100 μΐ KBM. These mixes were incubated for 20 minutes at room temperature, and added
dropwise to the cells, resulting in a final transfection volume of 1 ml. After 6 h of incubation 1 ml
KGM was added to the cells. Twenty-four hours after transfection the medium was aspirated and the
cells were switched either to KGM/FCS or to KGM-GF, and incubated for another 24 h. after which the
cells were harvested.
The human fibroblasts, glioblastoma cells and A431 cells were transfected at 50-70% conflu
ence. Prior to transfection the cells were washed twice with 1 ml DMEM/F12 (ratio 3:1) and 900 μΐ
DMEM/F12 was added. Transfection mixes were made containing 1.3 pmol transfection construct, 0.5
pmol EF2-pGAL and 25 μΐ DOSPER (Boehringer, Mannheim, Germany) in a final volume of 100 μΐ
DMEM/F12. These mixes were incubated for 20 minutes at room temperature and added dropwise to
the cells. After 6 h of incubation 1 ml A1 medium was added to the cells. Twenty-four hours after
transfection the medium was aspirated and 2 ml A1 was added. After a final incubation of 24 h the
cells were harvested.
Cell harvesting and Luciferase and ß-Galactosidase assays
Transfected cells were washed twice with PBS (NPBI, Emmer-Compascuum, the Netherlands) and
lysed in 150 μΐ reporter lysis buffer (Promega, Madison, USA). Luciferase enzyme assay was performed
with the Luciferase Assay System (Promega, Madison, US) as suggested by the manufacturer using 10
μΐ cell lysate and 50 μΐ assay reagent. Beta-galactosidase enzyme assay was performed with the "Galacto-Light Plus" chemiluminescent reporter assay for the detection of ß-galactosidase (Tropix, Bedford Massachusetts, USA) as suggested by the manufacturer using 20 μΐ cell lysate. Promoter activities
were measured as the ratio between the luciferase activity and ß-galactosidase activity per sample.
Enzyme-linked immunosorbent assay (ELISA) for measurement of SKALP/elafin levels
SKALP/elafin concentrations were measured in culture supernatants using a sandwich-type ELISA.
In brief, samples were diluted (1:40, 1:60, 1:80) in 0.1 M Tris, 0.1% Tween-20, U BSA (ICN Biomedicals, Aurora, Ohio, USA). Microtiter plates (96 flat bottom wells) (Greiner #655092) were
coated overnight with goat anti-SKALP/elafin antiserum. After washing of the plate with
PB5/0.05% Tween-20, microtiter plates were blocked and probed with the test samples for 2 hrs at
37°C. Subsequently, rabbit anti-SKALP/elafin antiserum with 2.5% normal goat serum (Vector
Laboratories, Burlingame, USA) was added and the plates were incubated during 60 minutes at
37°C. Subsequently the microtiterplates were incubated with peroxidase-conjugated swine-antirabbit IgG (DAKO, Glostrup, Danmark) with 2.5% normal goat serum during 60 minutes, at 37"C.
Finally o-phenylenediamine dihydrochloride (OPD) (Pierce, Rockford, Illinois, USA) was added as
chromogenic substrate for 15 minutes at RT. This enzyme reaction was stopped by the addition of
4 M H2SGv Absorbances were measured at 492 nm and at 655 nm. Human recombinant
SKALP/elafin in PBS with 0.1% BSA was used as a standard: a calibration curve was made, using recombinant SKALP/ELAFIN/elafin in the range of 0.5 - 120 ng/ml. The SKALP/elafin concentrations
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in the test samples were read from this curve. The SKALP/elafin concentrations given in ng se
creted SKALP/elafin/ml culture medium.
JNK assay
After different periods of TNF-a (25 ng/ml) treatment approximately 5x106 keratinocytes cultured in
either KGM/-GF or in KGM supplemented with 1.65 mM of Ca2* ((KGM/Ca") final concentration 1.8
mM Ca2*) were washed twice with PBS and lysed in 1 ml lysis buffer (20 mM HEPES pH7.4, 2 mM EGTA,
50 mM glycerophosphate, 1 mM DTT, 1 mM Na3V04, 1% Triton X100, 10 % glycerol, 10 μg/ml SBT1
(Sigma, St. Louis, USA), 10 μg/ml Leupeptin (Sigma, St. Louis, USA), and 0.4 mM PMSF (Sigma, St.
Louis, USA)). The cells lysates were kept on ice for 15 minutes and centrifuged at 3000 rpm for 10
minutes. The protein concentration of the supernatant was determined using the DC-protein assay kit
(Biorad, Hercules, Ca, USA), and the samples were normalised for protein content. Four μΐ of
SAPK/JUN-kinase antibody (Santa-Cruz, Santa-Cruz, Ca, USA) was added to 400 μΐ of cell lysate and
rotated at 4 °C for 30 minutes. Five μΐ protein-Α Sepharose beads was centrifuged and washed three
times with 100 μΐ lysis buffer and resuspended in 50 μΐ lysis buffer. This Sepharose A suspension was
added to the lysate/antibody mix and rotated overnight at 4 °C. The Antibody-beads-conjugate mix
was centrifuged for 20 sec. at 13.000 rpm. The beads were washed three times with lysis buffer, two
times with LiCl buffer (500 mM LiCl, 100 mM Tris pH 7.6, 0.1 % Triton X100 and 1 mM DTT), three
times with assay buffer (20 mM MOPS pH 7.2, 2 mM EGTA, 10 mM MgCl2, 1 mM DTT and 0.1 % Triton
X100) and were finally resuspended in 43.5 μΐ assay buffer. After resuspension 1 μΐ MgCl2 (1M), 2.5μΙ
ATP (0.5 mM), 2 μΐ GST-c-jun-1-135 (3.5 mg/ml) and 1 μΐ [32Ρ]-γΑΤΡ (10 mCi/ml) were added to start
the kinase reaction. This reaction mix was incubated for 20 minutes at 30 °C and terminated by the
addition of 15 μΐ sample buffer. The samples were boiled for 5 minutes and electrophoretically sepa
rated on a 10 % SDS-PAGE gel. After electrophoresis the gel was washed in water for 15 minutes, two
times in 5 % TCA/ 1 % sodiumpyrophosphate for 2h and subsequently for 15 minutes in water. The gel
was dried and autoradiography was performed using Kodak X-Omat 100 films. Bands were quantita
tively analysed using the Image Master 1D software (Pharmacia, Upsala, Sweden).
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Results
The human SKALP/elafin gene contains multiple transcription start sites
The cloning and partial structural characterisation of the SKALP/elafin gene and cDNA has been de
scribed previously7·8·16. Based upon the presence of consensus sequences for a TATA and CCAAT box,
the region directly 5' of the translation start site was assigned as the putative promoter, but was
never established as such. In order to verify this region as being the SKALP/elafin promoter, the S1nuclease mapping technique was used to determine the transcription start site of the SKALP/elafin
gene. Using this technique, multiple transcription start sites were found 13 to 24 basepairs 5' of the
translation start site of the SKALP/elafin gene (not shown). Identical results were found at different
hybridisation temperatures. Since these positions would result in an unusually short 3' untranslated
region (3'UTR), an independent method was used to confirm this region as being the region where
SKALP/elafin transcription can start. Using the 5' RACE technique we found identical results (see fig
ure 3). Figure 3 shows that although multiple transcription start sites have been identified there
seems to be a preference for the positions -16, -17, and -18. Sixty percent of the RACE clones that
were analysed started at one of these nucleotides (see figure 3).
Distribution of transcription startsites in the SKALP promoter

35.00.

-24 Τ

-23 Τ

-22 A

-21 G
-20 С
-19 С
Base residue (number)

-18 А

-17 А

-16 А

Fisure 3. Relative distribution of transcription start sites in the SKALP sene promoter de
termined by 5'-RACE. Nucleotide positions are indicated on the X-axis. In the promoter region
between -16 and -24 transcription can initiate at several positions. However there seems to be a
preference for the position -16/-17/-18. These results confirm re$ion found using nuclease S1
mapping.
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The region between -290 and -440 basepairs 5' of the translation startsite of the SKALP7elafin gene is important for promoter activity in human keratinocytes
In order to scan the SKALP/elafin promoter for sequences relevant for transcriptional activity in hu
man keratinocytes, a set of 9 reporter constructs was designed covering approximately 4500 basepairs
of upstream and approximately 1600 basepairs of downstream gene sequences for testing in tran
siently transfected human keratinocytes. Because of previous reports describing side effects of lipid2
fection on keratinocytes ' we verified that the transfection procedure as such did not induce any en
dogenous SKALP/elafin expression in cultured human keratinocytes. Stepwise deletion of the region
between -4500 and -440 did not influence SKALP/elafin promoter activity, as can be seen by the rela
tive luciferase activity of the transfection clones pSPL4500, pSPL1000, and pSPL440. Based on the
relative luciferase activity of the transfection clones pSPL1000int+ and pSPL1000int-, containing the
intron sequences of the SKALP/elafin gene in both orientations, it appears that the intron sequences
do not have any effect on promoter activity in either orientation. However deletion of the region -440
and -290 (clone pSPL290) resulted in a dramatic decrease of SKALP/elafin promoter activity in human
keratinocytes of about 7Ъ%. Further deletion of promoter sequences down to 170 basepairs 5' of the
translation start site (pSPL170) resulted in a further decrease of promoter activity down to 10%.
Transfection clone pSPL130, containing only minimal promoter consensus binding sequences showed
almost no promoter activity in keratinocytes. Clone pSPL1000rev, in which the upstream sequence of
the SKALP/elafin gene is cloned in reverse orientation, resulted in a luciferase activity comparable to
the empty luciferase gene vector pSLA4 (results are shown in figure 4). Figure 4 shows the activity of
the various promoter constructs transfected in keratinocytes that were subsequently induced to dif
ferentiate in KGM with fetal calf serum (KGM/FCS). FCS also induces expression of the endogenous
SKALP/elafin gene2. When the transfected cells were induced to differentiate by growth factor deple
tion (KGM/-GF), under which condition the endogenous SKALP/elafin gene is only expressed at low
levels, also high levels of the luciferase constructs were found, although at somewhat lower levels
than in KGM/FCS (not shown). These findings suggest additional regulatory mechanisms for expression
of the endogenous gene compared to the promoter region used in this study, as will be discussed be
low.
The SKALP/elafin promoter confers keratinocyte specific gene expression
To investigate whether the promoter region that was used in this study could confer cell-type specific
expression, reporter constructs were transfected in human fibroblasts, glioblastoma cells, and A431
cells. Figure 5 shows the relative activity of the transfection clone pSPL1000 in the different cell
types, compared to the relative activity of the empty luciferase gene vector pSLA4. As can be seen in
figure 5, the SKALP/elafin promoter was highly active in keratinocytes, cultured in KGM/FCS.
Whereas in fibroblasts, glioblastoma cells, and in A431 cells the SKALP/elafin promoter showed hardly
any transcriptional activity. This effect was also observed with other transfection constructs (data not
shown).
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Figure 4. Relative promoter activity of the various SKALP promoter reporter constructs, defined as the relative luciferase activity. The bars represent the relative
luciferase activity found in cell lysates of transfected keratinocytes cultured in
KOM/FCS. The error tars indicate the standard error of the mean of three independent transfection experiments. Deletion of the sequence re$ion between -4500 and 440 (pSPL4500/pSPL1000/pSPL440) does not affect promoter activity. Intron sequences have virtually no effect in either orientation (pSPLint+lpSPLint-). Deletion of
the region between -440 and -290 (pSPL290) results in a dramatic loss of promoter activity of 75%. Upon further deletion of promoter sequences (pSPL170/pSPL130), the
promoter loses al activity. The negative construct pSPLrev has no significant promoter
activity.

20..

Keratinocytes
Cell type

Figure 5. SKALP promoter activity in different cell types. The bars represent
the promoter activity of transfection clone pSPLIOOO compared to the empty reporter construct pSLM (assigned a value of 1). In keratinocytes cultured in
KGM/FCS, the SKALP promoter shows high promoter activity. However in the glioblastomas, the fibroblasts, or in the A431 cells the promoter shows almost no activity.
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Tumour Necrosis Factor-α stronlgy induces SKALP/elafin expression in human keratinocytes
In hyperproliferative skin (psoriatic plaques, healing skin wounds) many growth- and immunemodulatory factors to which keratinocytes can respond are present in high amounts, derived either
from inflammatory cells or from the keratinocytes themselves. A selection of these cytokines and
growth factors (listed in material and methods, section "cell cultures") was tested for their ability to
induce SKALP expression in normal human keratinocytes in vitro. These induction studies were per
formed under different culture conditions as described above. Of all the tested cytokines/growth fac
tors, only IFN-γ, TGF-a and TNF-a were capable of inducing SKALP/elafin expression in a concentra
tion dependent way, as assessed by Northern blot analysis. Compared to the induction of SKALP/elafin expression seen after the addition of FCS, addition of TGF-a and IFN-γ resulted in a modest in
duction of SKALP/elafin expression (see figure 6B and 6C).
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Fisure 6. Northern blot analysis of SKALP expression by cultured human keratino
cytes incubated with different concentrations of TNF-a (panel A), TGF-a (panel B) or
IFN-y (panel C). The concentrations of TNF-a (hg/ml), TGF-a (pglml) and IFN-y (Units/mt)
are indicated above the lanes. Keratinocytes were induced to differentiate in KGM de
pleted of growth factors and different concentration of TGF-a, IFN-y, or TNF-a were
added. Addition of TGF-a or INF-y results in a moderate concentration dependent induc
tion of SKALP expression, whereas addition of TNF-a results in a massive concentration
dependent expression of the SKALP gene. The human Acidic Ribosomal Phosphoprotein P0
(hARP) was used for control hybridisation to check for equal RNA loading (lower row in
each panel).
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Whereas TNF-α induced SKALP/elafin expression to levels comparable to FCS stimulated keratinocyte
cultures (see figure 6A). Furthermore the inducible effect of TNF-a, TGF-a, and IFN-γ was influenced
by the concentration of calcium in the culture medium. At high calcium levels (1.8 mM), similar ef
fects can be achieved at lower concentrations of TNF-a, TGF-a, or IFN-γ, compared to media which
contains low levels of calcium (0.15 mM; data not shown).
In a time course experiment TNF-α rapidly induces SKALP/elafin expression both at the mRNA
and protein level. Already 4 hours after stimulation the mRNA signal was higher than the background,
and the peak of mRNA accumulation in keratinocytes could be observed at 48 hrs after TNF-α stimula
tion (data not shown), whereas SKALP/elafin protein accumulation in the cultured medium continued
even until 96 h of TNF-α stimulation (see figure 7). For comparison, keratinocyte cultures that were
induced with 5% FCS had a peak in SKALP/elafin mRNA and protein accumulation after 48 h After 48 h
both the SKALP/elafin mRNA (not shown) and protein (see figure 7) levels decreased.
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Figure 7. Time course of SKALP secretion by cultured human keratinocytes after induc
tion by TNF-a or FCS. Keratinocytes were grown to confluence in KCM. Differentiation was
induced by the addition of 1.65 mM Ca" and 25 ng/ml TNF-a or 5 % FCS was added. At
regular time intervals (X-axis) the culture medium was collected and the cells were har
vested. The SKALP concentration in the collected culture media was measured by means of
a sandwich ELISA. RNA isolated f rom the harvested cells was used in a Northern blot analy
sis (not shown). Approximately eight hours after the addition of TNF-a, massive induction
of SKALP expression can be measured (closed circles). SKALP secretion continues even after
96 hours, whereas keratinocytes that were not subjected to TNF-α have very low expression
levels of SKALP (open circles). After induction by FCS the keratinocytes express SKALP with
a peak expression after 48 hours (closed triangles).
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Induction of SKALP/etafin gene expression by TNF-a is preceded by activation of the MAP ki
nase family member JNK/SAPK.
TNF-a is known to affect various cellular processes including gene transcription via the activation of
cellular stress response pathways that include the mitogen activated kinases (MAPkinases). In other
cell systems it has been shown that TNF-a signalling causes activation or nuclear translocation of
transcription factors such as AP-1, NFkB and members of the NFIL6 family. Since potential binding
sites for these factors were present in a promoter region that confers high transcription rates of the
reporter constructs, we were interested to know whether TNF-α stimulation of keratinocytes would
activate the MAPkinase cascade. We therefore measured the activation of the MAP kinase family
member JNK-1 (also known as 5APK-1) upon TNF-α stimulation. JNK-1 activity was measured in ex
tracts of cultured keratinocytes by means of a c-jun-GST fusion protein phosphorylation assay. The
levels of JNK-1 activation by TNF-α depended on the cell culture conditions that were used to induce
keratinocyte differentiation. When keratinocytes were induced to differentiate in KGM by the addi
tion of calcium (increasing the calcium concentration from 0.15 mM to 1.8 mM), addition of TNF-α re
sulted in a five fold increase of JNK-1 kinase activity within 20 minutes, and this activity decreased to
normal levels within 60 minutes (data not shown). However, when keratinocyte differentiation was
induced in KGM by the depletion of growth factors at an intermediate calcium level of 0.15 mM, addi
tion of TNF-α resulted in a three fold increase of JNK-1 kinase activity within 20 minutes (see figure 8
lane 2) and this increase persisted for at least 60 minutes (figure 8, lane 3). After 6 h the JNK-1 ac
tivity levels were decreased to baseline levels in all the samples (figure 8, lane 4).
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Figure 8 Induction of JNK-1 activity in keratinocytes by TNF-α. Keratino
cytes were grown to confluence in KGM. Differentiation was induced by the
depletion of growth factors (calcium concentration was 0.15 mM), and 25
ng/ml TNF-a was added. At regular time intervals the cells were extensively
washed and harvested in lysis buffer. In these cell lysates the JNK-1 activity
was measured. In unstimulated keratinocytes the activity of JNK-1 is very low
(lanel). Twenty minutes after the addition of TNF-a JNK-1 is activated (lane
2). This JNK-1 activity remains for at least one hour (lane 3). Six hours after
the addition of TNF-a the activity levels of JNK-1 are back to the initial level
(lane A).
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Discussion
A distinct feature of abnormal epidermal differentiation (as seen in psoriasis, wound healing and
some tumours) is the de novo synthesis of a set of proteins which are absent in normal epidermis.
These include the cytoskeletal proteins CK6, CK16 and CK17 and the proteinase inhibitor
SKALP/elafin2,4,22'23. Although these proteins are not relevant for the pathogenesis of these skin condi
tions per se, elucidation of their gene regulation could give a clue to understand what induces the
switch from normal to regenerative maturation. For CK17, several papers suggest the involvement of
IFN-γ in the induction of its gene expression24,25. Jiang et. о/, identified lnterferon-γ responsive ele
ments (GAS) in the promoter of the CK17 gene. Furthermore they showed that after stimulation of
keratinocytes with IFN-γ, a sub-unit of the IFN-γ responsive transcription factor STAT91 translocates to
the nucleus where it can bind to this GAS. These results suggest involvement of the Janus proteintyrosine kinase (JAK) signal transduction pathway in the regulation of CK17 gene expression. These
observations correlate well with the fact that one of the early events of skin irritation is the release
of IFN-γ26. However, IFN-γ has also been implicated as one of the major regulators of normal keratinocyte differentiation (reviewed in27). Our data show that IFN-γ also induces transcription of the
SKALP/elafin gene, although TNF-a appears to be a far more potent stimulus. These findings are
compatible with the notion that in lesionai psoriatic skin the infiltrating T-lymphocytes are of the Thi
phenotype (high levels of IL-2, IFN-γ and TNF-a). Interestingly, IFN-γ and TNF-a both have a growth
inhibitory effect on keratinocytes rather than promoting hyperproliferation which is characteristic for
psoriasis28,2'. These results imply that the mere exposure of keratinocytes to IFN-γ or TNF-a can not
be the sole trigger to induce the complete phenotype of keratinocytes found in hyperproliferative
epidermis. TGF-a was also found to give a mild induction of SKALP expression. Previous studies by
others have implicated a TGF-a autocrine loop in the pathogenesis of psoriasis30. TGF-a is therefore
an interesting mediator because it can apparently induce two major aspects of the psoriatic lesion:
hyperproliferation and abnormal differentiation.
The cytokeratins CK6 and CK16 follow an expression pattern in vivo, which is very similar to
that of SKALP/elafin. They are not expressed in normal skin but are induced in the epidermis under
hyperproliferative and inflammatory conditions, and they are constitutively expressed in a few
epithelial tissues (e.g. oral epithelia, oesophagus). Since the expression of these genes co-localises
with SKALP/elafin we assume that they share common regulatory mechanisms for gene expression.
The CK6 and CK16 genes have been investigated at the molecular level. Several studies have identi
fied a number of functional transcription factor binding sites in the promoters of CK6 and CK16 using
gel retardation assays31,32. These sites include binding motifs for activator protein 1 (AP-1), activator
protein 2 (AP-2) and Sp-1, suggesting involvement of these transcription factors in regulating expres
sion of these genes in the context of abnormal epidermal differentiation and inflammation23,31,33.
However, all these transcription factors have been reported to be involved in the regulation of normal
epidermal differentiation as well34,35. Immunohistochemical data have shown that members of the cfos and c-jun family are mainly expressed in the stratum sranulosumlb, suggesting that under normal
conditions only a subset of late differentiation markers is regulated by AP-1.
SKALP/elafin promoter activity has been studied before in mammary epithelial cell lines,
which suggests that SKALP gene expression is differentially regulated between these cells and epi
dermal keratinocytes37. Deletion of a region containing an AP-1 site at position -544, abolished most
of the reporter activity in mammary epithelial cells whereas in our study this region was not impor
tant to drive reporter gene expression in keratinocytes. Here we found that deletion of the region be151
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tween -440 and -290 causes a dramatic decrease of reporter gene activity. Interestingly, this region
contains binding sites for members of the C/EBP family of transcription factors, and a potential AP-1
binding site. We have recently shown that C/EBP-a is expressed exclusively in differentiated cells,
and is therefore potentially involved in regulation of the differentiated phenotype38. Alternatively,
these sites could be used by NF-IL6, which is an other member of the C/EBP family, that could be activated during inflammatory processes. Deletion of the region between -290 and -170 causes further
reduction of reporter construct activity. This region contains a potential AP-1 site, 2 NF-IL6 sites and
a NFkB site. Because TNF-a mediated singling events can all lead to activation or nuclear translocation of these transcription factors via activation of the MAPkinase pathways, we investigated whether
we could demonstrate MAPkinase activation following TNF-a stimulation of keratinocytes. It is demonstrated that TNF-a causes a rapid, transient induction of JNK-1/SAPK-1 activity, which demonstrates that the stress activated pathway is operational in keratinocytes. It remains to be investigated
whether downstream actions of stress activated MAPkinases, such as phosphorylation of c-jun and NFIL6 family members or nuclear translocation of NFkB are functionally involved in SKALP gene expression. It is in this respect interesting to note that recent in vivo experiments revealed that
SKALP/elafin expression is induced after mild ultraviolet B-irradiation (Pfundt et ai unpublished results), a stimulus known to activate the MAP kinase signalling cascade. This further supports the hypothesis of involvement of the stress activated signalling pathways in the regulation of the regenerative maturation pathway in the keratinocyte. Identification of (pro)-inflammatory cytokines and their
signalling routes that modulate keratinocyte growth and differentiation will provide a mechanistic
link between the well established role of proinflammatory mediators and the cell biological changes
found in the epidermal compartment.
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Summary
We have studied the effect of various detergents on keratinocyte gene expression in vitro, using an
anionic detergent (SDS), a cationic detergent cetyltrimethylammoniumbromide (СТАВ), and two nonionic detergents: Nonidet P-40 and Tween-20. We measured the effect of these detergents on direct
cellular toxicity (lactate dehydrogenase release), on the expression of markers for normal differentia
tion (cytokeratin (CK) 1 and involucrin expression), and disturbed keratinocyte differentiation (SKALP)
by nothern blot analysis. As known from other studies, large differences were noted in direct cellular
toxicity. In a culture model that mimics normal epidermal differentiation, we found that low concen
trations of SDS could induce the expression of SKALP/elafin, a proteinase inhibitor that is not nor
mally expressed in human epidermis but is found in hyperproliferative skin. SDS caused upregulation
of involucrin and downregulation of CK1 expression, which is associated with the hyperproliferative/inflammatory epidermal phenotype found in psoriasis, wound healing and skin irritation. These
changes were not induced after treatment of cultures with СТАВ, Triton X-100, and Nonidet-P40. This
effect appeared to be specific for the class of anionic detergents because sodium dodecyl benzene
sulphonate (SDBS) and sodium laurate (SL) also induced SKALP expression. These in vitro findings
showed only a partial correlation with the potential of different detergents to induce clinical, bio
physical and cell biological changes in vivo in human skin. Both SDS and СТАВ were found to cause in
duction and upregulation of SKALP and involucrin at low doses following a 24-hour patch test,
whereas high concentrations of Triton X-100 did not. SDS induced higher rates of transepidermal wa
ter loss (TEWL) whereas СТАВ treated skin showed more signs of cellular toxicity. We conclude that
the action of anionic detergents on epidermal keratinocytes is qualitatively different from the other
detergents tested, which might have implications for in vitro toxicology studies that use cell biologi
cal parameters as a read-out. We would hypothesise that detergents cause skin injury by several
mechanisms that include direct cellular toxicity, disruption of barrier function, and by detergentspecific effects on cellular differentiation, as demonstrated here for SDS, SDBS and SL.
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Introduction
Exposure of the skin to irritants can induce various physiological and cell biological changes''3. Appli
cation of irritants disrupts the barrier function of the homy layer that leads to activation of the keratinocyte. High concentrations of irritants may lead to direct cytotoxicity or necrosis as assessed by
morphological and biochemical criteria for cell death. Furthermore, application of irritants may lead
to an inflammatory process and a cellular infiltrate of polymorphonuclear leucocytes (PMNs) and
mononuclear cells4,5 depending on strength of the detergent stimulus1. These actions can not be
strictly separated from a mechanistic point of view because they are interdependent. Disruption of
the barrier function is associated with loss of cohesion of corneocytes and desquamation, with in
creasing transepidermal water loss (TEWL) and consequently dehydration of the skin. The skin reacts
through changes that are aimed at restoration of the epidermal barrier function. These changes in
clude upregulation of differentiation-associated proteins (e.g. involucrin6), increased keratinocyte
proliferation in the basal layer7, increased lipid synthesis7 and a strong upregulation of epidermal
fatty acid binding protein (E-FABP6). This sequence of events finally leads to a new steady state of the
cutaneous barrier. Several mediator systems have been implicated in the process of epidermal
changes and inflammation. The release of cytokines by activated keratinocytes could be considered
as a potential marker for irritation. Upon irritation and/or barrier disruption (e.g. by SDS, acetone, or
tape stripping) but also under pathological conditions (e.g. psoriasis) enhanced production of pro
inflammatory cytokines on both protein and mRNA levels have been reported8'10. Other investigations
have focussed on the expression of integrins and intercellular adhesion molecule-1 (ICAM-1). Under
inflammatory conditions with involvement of the epidermis, and in wound healing models, upregula
tion and suprabasal expression of α2β1, α3β1, α6β4, ανβ5 and induction of α5β1 has been demon
strated11. In line with these findings ICAM-1, a specific ligand for β2 integrins is expressed by kerati
nocytes in vivo in irritant contact dermatitis2,1214. This effect may be secondary, induced by the re
lease of TNF-α2. It has also been demonstrated that the plasminogen activator (PA) system is locally
activated in vivo at the site of SDS-induced skin irritation. The PA system (active plasmin) is thought
to exert pro-inflammatory capacity via activation of further enzyme systems, and/or via generation
of chemotactic peptides and non-specific tissue destruction15. In vitro SDS/alkyl sulphates are capable
of strongly activating keratinocyte-derived plasminogen.
Irritancy tests in general are based on the concept of keratinocyte activation, i.e. that kerati
nocytes provide a signalling interface which transforms non-specific harmful stimuli from the envi
ronment into endogenous signals, thereby activating local and systemic repair and defence mecha
nisms. These mechanisms include both hyperproliferative and inflammatory events12,16,17. Keratino
cyte activation is thought to initiate a humoral cascade originating from immediate release of pre
formed key mediators such as arachidonic add and its metabolites and IL-1a. These mediators in
term trigger the biosynthesis and release of other cytokines and proinflammatory mediators13,16,18,1'.
The different effects of irritants on keratinocytes are difficult to disentangle in vivo, and we
have therefore applied an in vitro culture model to study the direct effects of irritants on keratino
cytes without the involvement of inflammatory cells, and without the effects secondary to barrier
disruption. Furthermore, in vitro irritants do not have to pass the skin barrier and bioavailability is
not variable. An in vitro model allows discrimination between keratinocyte gene expression and cyto
toxicity. Finally, environmental conditions can be controlled, a high degree of reproducibility can be
obtained, and a wide range of concentrations of various test agents can be applied. In the present
study, we compared the potential of different detergents to induce the hyperprolifertive/inflammatory differentiation phenotype (as described by van Ruissen et σί.20). Using keratinocyte cultures,
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three different classes of detergents were evaluated: e.g. anionic detergents - Sodium dodecyl sul
phate (SDS), Sodium dodecyl benzene sulphonate (SDBS) and Sodium laurate (SL); cationic detergents
- cetyltrimethyl-ammoniumbromide (СТАВ); and non-ionic detergents: sorbitan mono-oleate (Tween20), nonylphenyl-polyethylene glycol (Nonidet-P40) and polyethylene glycol tert-octylphenyl ether
(Triton Χ-10Ό). The in vitro effects of these detergents were measured on direct cellular toxicity (lac
tate dehydrogenase (LDH) release) and on the expression of several markers for normal differentia
tion (Cytokeratin 1 (CK1) and involucrin). As an inducible marker for disturbed differentiation we used
the expression of the protease inhibitor SKALP/elafin, that has recently been renamed to SKALP ac
cording to a new nomenclature for this gene family21. Furthermore, induction of inflammation in vivo
was evaluated by the assessment of erythema and TEWL. In addition, expression of involucrin and
SKALP was evaluated immunohistochemically. Our results reveal differential effects of detergents on
cell biological markers, which stresses the complexity of irritant reactions in vivo.
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Materials & Methods
Keratinocyte cultures
Keratinocytes were seeded in 6 well culture dishes and cultured until confluence in keratinocyte
growth medium (KGM) as described before20. KGM was composed of keratinocyte basal medium (KBM)
(Biowhittaker, Walkersville, MD, USA; 0.15 mM Calcium), supplemented with ethanolamine (0.1 mM)
(Sigma, St.Louis, USA), phosphoethanolamine (0.1 mM) (Sigma, St.Louis, USA), bovine pituitary ex
tract (ΒΡΕ; 0.4 %"*/*) (Biowhittaker, Walkersville, MD, USA), insulin (5 μg/ml), (Sigma, St. Louis,
USA), hydrocortisone (Collaborative Research Inc.), mouse Epidermal Growth Factor (EGF; 10 ng/ml)
(Sigma, St. Louis, USA), penicillin (100 U/ml) (Gibco, Breda, the Netherlands) and streptomycin (100
g/ml) (Gibco, Breda, the Netherlands).
Keratinocyte detergent treatment
At confluence keratinocyte differentiation was established by switching the cells to KGM supple
mented with 5 X^/yoi FCS (Seralab, Nistelrode, the Netherlands) (KGM/FCS) or to KGM depleted of
growth factors (ΒΡΕ, Insulin and EGF) and hydrocortisone (KGM/-GF). Addition of KGM/FCS induced a
hyperproliferative/inflammatory differentation marked by strong expresssion of SKALP, involucrin,
and transglutaminase and absence of CK1 expression. Cultures grown in KGM/-GF exhibited a normal
differentiation characterised by expression of CK1, involucrin and transglutaminase and the absence
of SKALP expression20. Detergents were added at different concentrations to KGM/-GF. After 48 hours
of incubation media were collected, cultures were washed twice with phosphate buffered saline
(PBS) and total RNA was isolated. The following detergents were applied SDS, Triton X-100, Tween-20
(Biorad Laboratories, Richmond, CA, USA), Nonidet P40 (BDH Chemicals Ltd, Poole, England), СТАВ,
SDBS, and LS (Sigma, St. Louis, MO, USA).
Cytotoxicity measurement using lactate dehydrogenase (LDH) release
The lactate dehydrogenase (LDH) release was measured in media of cultured human keratinocytes
treated with detergents. Aliqouts of 100 μΐ media were transferred to a 96 microtiter plate (MTP)
(Greiner #655092) and mixed with 100 μΐ reaction mixture (Boehringer Mannheim, Germany). After 30
min. incubation, performed in the dark at room temperature, the absorbance of the formazan salt
(red) was measured at 495 nm. As a reference wavelength we used 655 nm. LDH release was meas
ured at different time points during treatment (0, 3, 6 and 24 hours after treatment). To exclude er
rors due to the substances, we performed both a control for LDH activity contained within the test
substance and a control whether the substance itself interfered with the LDH activity. Cytotoxicity
measurements were perfomed in triplicate, the values were calculated as suggested by the manufac
turer including a background control for LDH activity in the media, a control for untreated cells (0%
lysis of the cells), and a control for maximum LDH release (100% lysis of the cells).
RNA-isolation and Northern blot analysis
Cells were lysed in 1 ml RNase-All (2.1 M Guanidine-thiocyanate (Research Organics Inc., Cleveland
USA), 8.5 mM N-lauroylsarcosine (Sigma, St. Louis, USA), 12.5 mM NaAc pH5.2, 0.35 %**/«* ßmercaptoethanol (Merck, Darmstadt, Germany) and 50 Я»™1/«* Tris-saturated biophenol pH8.0 (Biosolve, Amsterdam, the Netherlands). After lysis 100 ul chloroform was added. The samples were centrifuged for 15 minutes (13000 rpm, 4°C), and the aqueous phase was precipitated with 500 μΐ isopropanol on ice for 45 minutes, and subsequently centrifuged at 4 °C for 15 minutes. The pellet was
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washed with 70 % ethanol and dried at room temperature for 5 minutes. This RNA pellet was resuspended in 150 μΐ NSE (50 mM NaAc, 0.2 % SDS and 2 mM EDTA) and 562.5 μΐ 100% ethanol was added.
For quantification 62.5 μΐ of this RNA suspension was pelleted, resuspended in 1 ml sterile H20 and
spectrophotometrically analysed at 260/280 nm. Equal quantities of this total RNA (10 μ§) were
loaded on a 1 % agarose gel and electrophoretically separated in 10 mM sodium phosphate buffer22.
The pH of the electrophoresis buffer was kept within acceptable limits by constant circulation of the
buffer. The gels were blotted on positively charged nylon membranes (Boehringer, Mannheim, Ger
many) using 10 χ SSC (1.5 M NaCl, 0.15 M NaCitrate). After RNA transfer, the membranes were
washed in 2 χ SSC, and the RNA was cross-linked to the membrane using ultraviolet irradiation (312
nm, 0.2 J/cm2). Subsequently, blots were stained with ethidiumbromide dissolved in sterile water to
visualise the RNA. The blots were (pre)-hybridised overnight at 65 °C as described by Church and
Gilbert23 using random labelled probes for CK1, SKALP, involucrin and human acidic ribosomal phosphoprotein PO (hARP), that functions as a control to quantify the amount of total RNA loaded in each
lane2\ Autoradiography was performed using Kodak X-Omat X-ray films and Kodak Biomax MS films.
Subjects
A group of 6 healthy volunteers with no past or present history of skin disease, participated in the
study. Their age ranged from 21 to 27 years, and all subjects gave written informed consent.
Detergent application
Detergents were applied (day 0) for 24 hours using a patch test. Aliquots of 200 μΐ detergent solutions
were pipetted on to several patches as previously described6. Patches were applied to the skin of the
upper back parallel to the vertebral column. The detergents were applied at the following concentra
tions; SDS: 1%; СТАВ: 2% and Triton-X100 10%.
Clinical grading and TEWL measurement
Visual examination and TEWL measurements were performed at 1 h (day1) and 24 h (day2) after re
moval of the patches. The erythema was graded using the following visual scoring; 1. mild patchy ery
thema; 2. diffuse mild erythema; 3. moderate erythema; 4. intense erythema; and 5. intense ery
thema with oedema. TEWL measurements were performed using a Tewameter TM 210 (Courage 6
Khazaka, Germany), according to the standard guidelines25. Before the actual assessments, a delay
period of 15 minutes was introduced to reduce the effects of sweating26. During the measurements
the room temperature was kept at a constant temperature of 20 °C. Relative humidity varied from
35% to 49% (mean 39.3%).
Biopsy procedure
Punch biopsies (3 mm in diameter) were taken from each of the patch test. A maximum of 2 biopsies
per volunteer was taken and a total of 12 biopsies were obtained per time-point. After 4h of fixation
in formalin the samples were embedded in paraffin, sectioned at 6 μπη and prepared for immunohistochemistry.
Immunohistochemical stainings
Sections were deparaffinised in xylene for 20 minutes, followed by rehydration through an ethanol se
ries ranging from 100% to 50%, and a final wash in phosphate buffered saline (PBS) during 10 minutes.
Sections stained for anti-involucrin received a pretreatment with citrate buffer and needed antigen
retrieval in the microwave oven. Additionally, sections were preincubated for 15 minutes with 20%
normal rabbit serum for anti-involucrin (MON-150) or 20% normal swine serum for anti-SKALP staining.
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Sections were incubated for 60 minutes with the following primary antibodies: anti-involucrin (MON150; 1:15) and anti-SKALP (SSK-9201; 1:500) diluted in PBS/azide containing 1% bovine serum albumin
(BSA). Finally, sections were incubated for 30 minutes with either peroxidase-conjugated rabbit antimouse (RAMPO) or peroxidase-conjugated swine anti-rabbit (SWARPO) immunoglobulins diluted in PBS
containing 5% human serum. All sections were developed using З-атіпо-9-ethylcarbazol (AEC) as
chromogenic substrate for 10 minutes at 37°C. Stained sections were washed twice with demineralised water and mounted in glycerol-gelatine.
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Results and Discussion
Keratinocyte gene expression is induced in vitro after application of detergents
Detergents were tested during a period of 48 hours on confluent keratinocyte cultures in a protein
free medium (KGM/-GF). Using northern blot analysis we evaluated the effect of detergents on ke
ratinocyte gene expression as described previously20. The concentrations of detergents ranged from 0
μg/ml to 50 μg/ml for SDS, 0 μg/ml to 3 μg/ml for СТАВ, Nonidet-P40 and Triton X-100, and from 0
mg/ml to 3 mg/ml for Tween-20. We used gene expression induced by KGM/FCS (hyperproliferative
phenotype), and KGM/-GF (normal phenotype) as a positive and negative control respectively. North
ern blot analyses of keratinocyte cultures treated with five different detergents are summarised in
figure 1.
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Figure 1. Keratinocyte sene expression in cultured human keratinocytes after treatment with dif
ferent detergents. Human keratinocytes were grown to confluence and normal keratinocyte differen
tiation was established by switching the cultures to KGM/-GF. Subsequently, detergents were added at
different concentrations to KGM/-GF and after 48 hours of incubation, total RNA was isolated. Induction
of the hyperproliferative I inflammatory phenotype by the addition of 5% FCS served as a positive control
(lane 1). Northern blots were hybridised using the following probes: CK1, involucrin, SKALP and hARP.
Human acidic ribosomal phosphoprotein PO (hARP) probe was used for normalisation of the amount of
total RNA that was used. The following detergents were applied: (А) СТАВ, (В) Nonidet-P40, and (C) Tri
ton X-100 respectively at concentrations ranging from 3 fig/ml to 0 fig/ml; (D) SDS at concentrations
ranging from 50 fig/ml to 0 figlml; and (E) Tween-20 at concentrations ranging from 3 mg/ml to 0
mg/ml. Note the difference in concentration range between Tween-20 and the other detergents.
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Addition of SDS leads to a strong induction of SKALP expression, upregulation of involucrin expression
and downregulation of CK1 as illustrated in Fig. 1D. The induction of SKALP expression was found in a
narrow concentration range between 3.13 and 6.25 μg/ml. At concentrations of 12 μg/ml and higher,
cytotoxicity was induced and RNA isolated from these cultures was totally degraded as shown by the
absence of any positive signal of the control household gene (hARP). The strong induction of SKALP
and downregulation of CK1 appears to be coupled. This demonstrates the switch from a normal dif
ferentiation program where SKALP is absent and CK1 is highly expressed, to a hyperproliferative/inflammatory differentiation where CK1 expression is downregulated and SKALP expression is
strongly upregulated. The strong induction of SKALP expression and the changes in involucrin and CK1
expression are similar to those found under conditions of regenerative maturation as described by
Mansbridge er о/27. Examination of the northern blots demonstrates that СТАВ, Triton X-100, NonidetP40 and Tween-20 do not induce changes in SKALP, involucrin or CK1 expression, compared to the
control medium without detergent.
To investigate if the induction of the hyperproliferative/inflammatory gene expression is due
to the physicochemical properties of anionic detergents we examined the induction of SKALP expres
sion by other anionic detergents, e.g. Sodium Dodecyl Benzene Sulphonate (SDBS) and Sodium
Laurate (SL). Figure 2 illustrates the induction of SKALP expression by SDBS. SDBS and LS induce
SKALP expression in a similar concentration range as found for SDS. SKALP expression is induced at
concentrations ranging from 3.13 μg/ml to 6.25 μg/ml. In addition, involucrin expression showed the
same expression pattern as described by SDS. Using SDBS we see involucrin expression at concentra
tions ranging from 1.56 μg/ml to 6.25 μg/ml. Also the toxicity profile was similar as judged by degra
dation of RNA.

* m *

SKALP
hARP

Figure 2. SKALP expression is induced in cultured human keratinocytes
after treatment with SDBS. Human keratinocytes were grown to confluence
and normal keratinocyte differentiation was established by switching the
cultures to KOMI-OF. Subsequently, SDBS was added at different concentra
tions to KCM/-CF and after 48 hours of incubation, total RNA was isolated.
Induction of the hyperproliferative /inflammatory phenotype by 5% FCS
served as a positive control (last lane). Northern blot analysis was performed
using the SKALP and hARP as probes. SDBS was applied at concentrations
ranging from 100μglml toOμglml.

From these data we conclude that anionic detergents like SDS, SDBS and SL are able to induce the hyperproliferative/inflammatory differentiation program, whereas the other do not show any signs of
aberrant gene expression. It was previously shown in two other studies that anionic detergents like
SDS could affect cellular gene expression'5,28. Reinartz et al. reported differential effects of chain
length of anionic detergents. Differential action of detergents on cellular metabolism could be caused
by differences in interaction with the signal transduction components15. Alternatively, differences in
subcellular distribution, degradation and kinetics of gene expression could play a role.
The possible involvement of primary cytokines in the induction of SKALP expression has re
cently become evident19. From preliminary experiments we obtained evidence that SKALP expression
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could be induced by addition of TNF-a, IFN-y and TGF-ß. It has been reported that TNF-a expression
is upregulated during irritant reaction to SLS'8. Furthermore, it has been demonstrated that TNF-a,
IFN-γ and GAA-CSF are upregulated after non-specific stimuli, and that other cytokines like IL-1a, IL1P, MIP-2, IP-10 or l-Aa were upregulated by specific contact sensitisers*. The data provided by Enk S
Katz (1992) and Luger Ь Schwarz (1990)9'2 indicate that the induction of irritation is probably not
caused a single cytokine but a complex array of signals that determines which process is initiated.
The cytokine profile induced by in vitro exposure to anionic detergents in our model requires further
investigations, to, define in more detail the concentration of different inflammatory cytokines.
Cytotoxicity Is differentially induced by various concentrations of detergents
Morphological examination of the cultures showed signs of cell damage at high concentrations of de
tergent, which was reflected in the inability to isolate intact RNA (see above). To check if equal
amounts of RNA were loaded on the gel we hybridised the blots using hARP as control probe2'1. Com
parison of northern blots after hybridisation with hARP showed that СТАВ, Nonidet-P40, and Triton X100 induced cell damage at concentrations equal or greater than 1 μg/ml as indicated by the empty
lanes on the northern blots. Cell damage induced by Tween-20 occurred at concentrations above 0.3
mg/ml, whereas SDS, and SDBS induced cell damage at concentrations higher than 12 μg/ml. These
results suggest that detergents have a direct cytotoxic effect on human keratinocytes. From these
data we can conclude that cytotoxicity of the detergents based on the ability to isolate intact RNA
can be graded as follows: СТАВ, Triton X-100, Nonidet-P40> moderate cytotoxic (SDS, SDBS, SL)> and
non-cytotoxic (Tween-20). Although the quality of the isolated RNA from the cultures is probably a
good reflection of cellular integrity, it is not a quantitative measure for cellular damage. In order to
quantify the detergent-induced effects we evaluated cytotoxicity using the release of lactate dehy
drogenase (LDH) by keratinocyte cultures as marker for cell damage. LDH is a stable cytoplasmic en
zyme present in all cells. It is rapidly released into the cell culture supernatant upon damage of the
plasma membrane. Therefore, measurement of LDH is an easy and rapid method to assess cytotoxic
ity. Keratinocyte cultures were grown to confluence and treated with the previously described deter
gents at different concentrations. Figure 3 illustrates the percentages of viable cells after treatment
with SDS, СТАВ and Tween-20. SDS, СТАВ and Tween-20 all have a different range in which they are
cytotoxic. For the different detergents we can express the cytotoxic effect as 2 4 h Ld M (lowest concen
tration leading to a 50% reduction of viable cells after 24h of treatment). Based on these values the
cytotoxicity of the detergents can be arranged in the following order СТАВ (2<hLdw=3 ng/ml), SDS
(2*Ld5o=18 μg/ml) and Tween-20 (24hLdso=125 μg/ml). Surprisingly the cytotoxicity data of Triton X100, Nonidet-P40 and LS based on the LDH release did not correlate well with the cytotoxicity data as
reflected by isolation of intact RNA. At low doses of these detergents RNA was totally degraded.
However, no significant LDH release could be measured. Morphological examination of the cultures
revealed blebbing and vesicle formation that might have encapsulated LDH.
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Figure. 3. Differential cytotoxicity by detergents. Human keratinocytes were grown to confluence and normal
keratinocyte differentiation was established by switching the cultures to KGM/-GF. Subsequently, detergents
were added at different concentrations to KCM/-CF. Culture supernatants were collected at 3, 6 and 24 hours af
ter addition of the detergents and LDH release was measured. The following detergents were applied: (A) SDS,
and (В) СТАВ respectively at concentrations ranging from 30 t^lml to 0 ¡jglml; and (C) Tween-20 at concentrations ranging from 1 mg/ml to 0 mg/ml. Error bars indicate S.E.M. of three experiments.

These data suggest that the ability to isolate intact RNA from keratinocyte cultures provides more accurate information about cell damage than measurement of LDH release, at least for some of the detergents studied.
Clinical, biophysical and cell biological alterations are induced in human skin following application of different detergents
In view of the differential effects of various types of detergents on cultured human keratinocytes with
respect to gene expression and cytotoxicity, we have examined the in vivo effects of application of
SDS, СТАВ, Triton X-100 and Tween-20 on human skin. In a dose-finding pilot study we found that
following a 24 patch test, only SDS and СТАВ induced severe redness and an increase of TEWL. Triton
X-100 induced moderate TEWL and erythema at high concentrations (10%) and Tween-20 was without
effect even at concentrations higher than 10% (data not shown).
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Figure. 4a. In vivo induction of erythema af
ter application of detergents^ Determents
were applied on normal human skin during a
24 hour patch-test. We compared the effects
of 1% SDS, 2% СТАВ, and 10% Triton X-100.
Erythema scores were obtained 1 hour and 24
hours after removal of the patch.

The cell biological impact of detergent application on human skin and the resulting clinical effect
(erythema) is likely to result from the combined effects of barrier disruption (as measured with
TEWL), cytotoxic effects, and direct effects on keratinocyte cellular metabolism. On the basis of the
dose-finding study we have chosen concentrations of SDS and СТАВ that induced similar clinical ef
fects (erythema), and we have investigated the cell biological alterations and disruption of barrier
function. Figure 4a shows that application of 1% SDS or 2% СТАВ respectively give similar effects on
erythema, both on day 1 and day 2 after application. The effect on barrier disruption, however, was
different because 1% SDS induced a higher increase of TEWL than 2% СТАВ (figure 4b). Histopathological examination revealed that only in the biopsies from CTAB-treated skin overt cellular toxicity
was present, ranging from cells with pycnotic nuclei to intra-epidermal blister formation.
Figure 4b. In vivo TEWL can be measured af
ter application of detergents. Detergents, SDS
(1%), СТАВ (2%), and Triton X-100 (10%) were
applied on normal human skin during a 24-hour
patch test. TEWL scores were measured as de
scribed in M&M. Note that 1% SDS and 2% СТАВ
induced similar degrees of erythema, whereas a
high concen-tration of the non-ionic detergent
Triton X-100 only induces moderate erythema
at day 1. A marked difference in TEWL between
SDS and СТАВ was found despite the fact that
similar erythema scores were induced. For com
parison TEWL values of Triton X-100 are given.
No significant increase in TEWL was found at
any time. Error bars indicated S.E.M. of six vol
unteers.

Immunohistochemical evaluation for the induction of markers associated with the regenerative/inflammatory differentiation program of the epidermis such as induction of SKALP expression, or an
increase in involucrin expression, revealed no gross differences between SDS and СТАВ. Figure 5
shows that SKALP is induced in the stratum granulosum and upper stratum spinosum in SDS treated
skin at 24 hours after application. Skin treated with СТАВ show similar results, and skin treated with
10% Triton X-100 does not show induction of SKALP or upregulation of involucrin.
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F/g. 5. SKALP expression in normal and SDS-treated skin. SDS was applied on normal human skin during a 24-hour patch
test. Biopsies were taken 24 hours after removal of the patch and sections were immuno-stained with a polyclonal antiSKALP antiserum. SKALP, which is absent in normal skin (5a), is induced in the stratum ¡ranulosum of SDS (1%) treated skin
(5b). Note that the apparent sisnal in the basal layer does not represent SKALP immuno-stainins, but is caused by melanin
sranules.

In a separate study, we compared very low doses of SDS and СТАВ, that induced a similar rate of
TEWL comparable to that of 10% Triton X-100. Here we found a very mild expression of SKALP and
upregulation of involucrin with both SDS and СТАВ, and no effect of Triton X-100 (not shown). These
findings basically show two things: first, a similar clinical outcome, as assessed by erythema, is not
necessarily accompanied by similar findings in TEWL and cellular toxicity, and second, similar rates of
TEWL are not necessarily accompanied by similar cell biological changes, depending on the deter
gents studied.
Disruption of the barrier results in activation of keratinocytes within hours7,8,10. This results in
upregulation of CK16 and keratinocyte proliferation accompanied by the production of a specific cy
tokine and adhesion molecule profile. It has been demonstrated that the dermal cytokine response is
delayed in comparison to the epidermal cytokine response. In addition, the dermal response was de
ficient in several cytokines and was quantitatively distinctive from the epidermal response. These re
sults indicate that keratinocytes can be directly activated within hours after addition of exogenous
stimuli and thereby influence the underlying dermal compartment8. In previous studies, we have
shown that disruption of barrier function by tape-stripping leads to upregulation of dermal tenascin
expression that is probably the result from keratinocyte signalling to the dermal cells29. Furthermore,
direct action of detergents on keratinocytes with respect to the cytokine release depends on the type
of detergent/stimuli used. As described by Enk and Katz9,30 detergents/stimuli cause a selective
change in the signal strength of the mRNAs of several cytokines. The upregulation or induction of cy
tokines takes place over a short period ranging from 15 minutes to 6 hours. Here we use a 24-hour
patch test and evaluated changes 24 hours after removal of the patch. In this model, it is not possible
to distinguish between barrier disruption, direct action on keratinocytes or inflammatory changes.
Because the extent of barrier disruption and the regenerative responses following cell damage also in
fluence the cell biological alterations, it is very difficult to draw conclusions on the contribution of di
rect actions of detergents on keratinocyte metabolism in vivo. In vitro models using human keratino
cytes, as described here, enable us to study the direct interactions between irritant and cells, which
are difficult to dissect in vivo. Further investigations are required to assess whether the information
derived from these in vitro systems, together with the physicochemical properties of the deter
gent/irritant, can be used to predict the response of human skin exposed to these stimuli.
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Summary
Psoriasis is a chronic skin disease characterised by epidermal hyperproliferation, disturbed differentiation, and inflammation. It is still a matter of debate whether the pathogenesis of psoriasis is based on
immunological mechanisms, on defective growth control mechanisms, or possibly on a combination of
both. Several in vivo cell biological differences between psoriatic lesionai epidermis and normal epidermis have been reported. However, it is not clear whether these changes are causal or consequential. In case that keratinocytes from psoriatic patients have genetically determined deficiencies or
polymorphisms with respect to autocrine growth regulation and the response to inflammatory cytokines, we hypothesize that these differences should be maintained in culture. Here we have started a
systematic comparison of first passage keratinocytes cultured from normal skin and uninvolved psoriatic skin to address the question whether there are intrinsic differences in basic cell cycle parameters.
In an established, defined culture system using keratinocyte growth medium (KGM) we have determined (i) cell cycle parameters of exponentially growing keratinocytes, (ii) induction of quiescence by
transforming growth factor ft (TGF-ft) and (iii) restimulation from the G0-phase of the cell cycle. Bivariate analysis of lodo-deoxyuridine incorporation and relative DNA content was performed by flow
cytometry. Within the limitations of this model no gross differences were found between normal and
psoriatic keratinocytes with respect to 5-phase duration (Ts), total cell cycle duration (Tc), responsiveness to TGF-ft and the kinetics for recruitment from G0. In psoriatic keratinocytes, we found a lower
amount of cells in S-phase and a shorter duration of G,, compared to normal keratinocytes. The methodology developed here provides us with a model for further studies on differences between normal
and psoriatic keratinocytes in their response to immunological and inflammatory mediators.

175

Chapter 5.1

Introduction
Psoriasis is a polygenic, chronic skin disease of unknown etiology, affecting approximately 2-49Ó of the
world population1. The disease is characterised by a marked increase in keratinocyte proliferation2,
abnormal patterns of keratinocyte differentiation1, prominent alterations in dermal capillary vasculature4, and the presence of dermal and epidermal T-cells, monocytes, macrophages, and polymorphonuclear leukocytes (PMNs5,6). Many in vivo cell biological differences between psoriatic lesionai epidermis and normal epidermis have been reported. In psoriatic epidermis, a number of molecules that
are absent in normal skin are strongly expressed (e.g. cytokeratins (CK) 6,16, and 17 7 ', and the epidermal proteinase inhibitor SKALP which we have recently described10,11). In addition, several molecules have a restricted expression pattern in normal skin, but are highly upregulated in psoriatic skin
(e.g. psoriasis-associated fatty acid binding protein (PA-FABP)12, psoriasin13, transforming growth factor
α (TGF-a)H15, amphiregulin16, epidermal growth factor receptor (EGF-R17), interleukin 1raie, interleukin 1β19, interleukin 6 and 820,21, GRO α/β/γ72, and fibronectin3), or show a sustained expression (e.g.
the aißs integrin23,24), or are prematurely expressed (e.g. involucrin3 and transglutaminase25). It is not
clear whether these differences are involved in the pathogenetic process or are a mere consequence of
the disease process.
Two main views exist on the etiology of psoriasis. Psoriasis could be based on immunological
mechanisms19·20,24,27 or, alternatively, psoriasis may be caused by defective growth control mechanisms14,28,2'. Because of the presumed polygenic nature of the disease these views cannot be strictly
separated30, and psoriasis could very well be caused by a combination of genetic polymorphisms affecting the immune response and an increased sensitivity of psoriatic keratinocytes to T-cell derived
cytokines31"33). We hypothesised that if keratinocytes from psoriatic patients harbor genetically determined deficiencies or polymorphisms with respect to autocrine growth regulation and their response to
inflammatory cytokines, these differences are maintained in culture, and we should be able to quantify the abnormalities keratinocytes cultured from the clinically unaffected skin. In order to address
these questions we have started a systematic comparison of first passage cultured human keratinocytes derived from normal healthy epidermis and uninvolved psoriatic epidermis. Using bivariate flow
cytometry a method which allows accurate quantitative characterisation of cell populations we have
determined cell cycle parameters of exponentially growing keratinocytes, induction of quiescence by
addition of transforming growth factor β,, and restimulation from the G0-phase (quiescence) of the cell
cycle.
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Materials & Methods
Biopsies
Biopsies (0.2 mm thickness) from healthy volunteers and volunteers with psoriasis were taken with a
keratome as previously described M and used for primary keratinocyte cultures.
Keratinocyte primary culture
Human epidermal Keratinocytes were initially cultured according to the Rheinwald-Green system35.
Primary cultures of keratinocytes were seeded on lethally irradiated (3000 rad, 3 min.) Swiss mouse
3T3 fibroblasts in DMEM/F12 (3:1) (v/v) (Row Laboratories, Irvine, Scotland) supplemented with 0.4
цд/ті hydrocortisone (Collaborative Research Inc. Lexington, MA, USA), isoproterenol (10"6 M) (Sigma,
St. Louis, MO, USA), 100 U/ml penicillin plus 100 μg/ml streptomycin (Gibco, Breda, The Netherlands),
6% fetal calf serum (FCS) (Seralab, Nistelrode, The Netherlands), and 10 ng/ml mouse epidermal
growth factor (EGF) (Sigma, St. Louis, MO, USA). Cells were grown at 37°C, 95% relative humidity and
8% C02 in air. EDTA-treated, trypsinised and liquid nitrogen stored keratinocytes from the primary cul
ture were used in further experiments.
Keratinocyte secondary culture
For the experiments the human keratinocytes were seeded at 10s cells in KGM in 60 mm culture dishes.
KGM was composed of KBM (Clonetics, San Diego, CA, USA; 0.15 mM Calcium) supplemented with
ethanolamine (0.1 mM) (Sigma, St. Louis, MO, USA), phosphoethanolamine (0.1 mM) (Sigma, St. Louis,
MO, USA), bovine pituitary extract (ΒΡΕ; 0.4% v/v) (Clonetics, San Diego, CA, USA), mouse epidermal
growth factor (EGF; 10 ng/ml) (Sigma, St. Louis, MO, USA), insulin (5 μg/ml) (Sigma, St. Louis, MO,
USA), hydrocortisone (0.5 μg/ml) (Collaborative Research Inc. Lexington, MA, USA), penicillin (100
U/ml) (Gibco, Breda, The Netherlands) and streptomycin (100 μg/ml) (Gibco, Breda, The Netherlands).
Cultures were grown at 37°C, 95% relative humidity and 5% C02 in air.
Keratinocyte growth arrest
For experiments in which cells were required in the quiescent state, the medium was removed at 2030% confluence (usually about 5 days), the culture washed briefly with phosphate buffered saline (PBS)
supplemented with calcium (120 μΜ) (Merck, Darmstadt, Germany), and growth-arrest medium was
added as we have described previously3*. During the experiments we used KGM supplemented with
TGF-ßt (10 ng/ml) (R&D systems Europe Ltd. Abingdon, UK) as growth-arrest medium. All cultures were
grown at 37°C , 95% relative humidity and 5% C02 in air.
Keratinocyte growth stimulation
Growth arrested keratinocyte cultures were washed briefly with PBS supplemented with calcium (120
μΜ) to remove TGF-ß,, and new growth medium (KGM) was added.
IdUrd labelling
Cultured keratinocytes were either pulse labelled (30 min.) or continuously labelled with IdUrd (Sigma,
St. Louis, MO, U5A), in either case at a final concentration of 10 μΜ. After pulse labelling the cultures
were washed twice with PBS supplemented with calcium (120 μΜ) and refed with fresh medium. Ex
periments were terminated by washing the cultures twice with PBS followed by one wash with 0.25%
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trypsin (DIFCO Laboratories, Detroit, Michigan, USA), 0.02% EDTA, and 0.1% glucose . After 15 min. in
cubation with of the same solution (to allow complete detachment of cells), the cells were collected in
PBS containing 5% FCS. After centrifugation the keratinocytes were fixed by resuspending the pellet in
70% ethanol (-20°C), and the suspension was stored at -20°C until further use.
Immunocytochemical staining of IdUrd and DNA labeling
Staining wasperformed as previously described37. In brief, about 105 ethanol-fixed cells were washed
once with phosphate buffered saline supplemented with 1% heat inactivated normal calf's serum
(PBS/HINCS). The cells were hydrolysed for 30 min. at room temperature with 0.1 mg/ml pepsin in 2 N
HCl. Hydrolysis was terminated with excess 1 M TRIZMA base (Sigma, St. Louis, MO, USA). The cells
were pelleted and washed with PBS containing 0.1% Nonidet P40 (BDH Chemicals Ltd., Poole, England).
After sedimentation, the cells were incubated with a 1:50 dilution of the monoclonal antibody DAKOBrdUrd (Dakopatts, Copenhagen, Denmark) for 30 min. This monoclonal antibody specifically detects
BrdUrd and IdUrd. After washing the cells with PBS/HINCS a second incubation step (15 min., 4°C) us
ing a 1:50 dilution of fluorescein isothiocyanate-conjugated rabbit anti-mouse immunoglobulins (RAMFITC) (Dakopatts, Copenhagen, Denmark) containing 3% normal rabbit serum (NRS) was carried out to
visualize the IdUrd incorporation. Following a final wash with PBS/HINCS, the cells were resuspended
in 300 μΐ PBS containing 40 μg/ml propidium iodide (PI) (Calbiochem, San Diego, CA, USA) and incu
bated for 15 min. with 50 μΐ of 1% (w/v) RNAse A (Sigma, St. Louis, MO, USA).
Flow cytometry
Cells stained with propidium iodide (PI) and fluoresceine isothiocyanate (FITC) were analyzed on the
Epics® Elite flow cytometer (Coulter Corporation, Hialeah, Rorida, USA) equipped with a 40 mW aircooled argon-ion laser set at 15 mW and tuned at a wavelength of 488 nm. A 550 nm dichroic mirror
separated FITC and PI signals. The FITC signals (green fluorescence) were detected through a 525 nm
band pass filter, and the PI signals (red fluorescence) were detected through a 630 nm long pass filter.
Usually 10" cells were measured at a flow rate of approximately 50 cells per second. The data
were recorded in listmode and analysed on the Epics® Elite workstation. The ratio area/peak of the red
fluorescence is an excellent discriminator between artifacts due to doublets of diploid cells and real
single tetraploid (or late S) cells when intact cells are used38. The data were further analyzed on the
Epics® Elite workstation with the program Multicycle (Version 2.5; Phoenix Row Systems, Sorrento
Valley Rd., San Diego, CA, USA) to determine the percentages of Go/G,, S and G2/M.
Calculations of cell cycle time and duration of S-phase
Two parameter flow cytometry of DNA versus IdUrd allows assessment of the number of cells in Sphase (Ns) and the duration of the S-phase (Ts) even from one single sample N . The calculation of T5 is
based on the assumption that there is a linear increase in mean relative DNA content of the IdUrdlabelled S-phase cells in time. At time zero after IdUrd pulse-labelling, the mean DNA content of the
IdUrd-labelled S-phase cells is in the middle of the interval between the unlabelled diploid G0/Gi cell
population and the unlabelled tetraploid G2/M cell population. As the IdUrd-labelled cells move
through the S-phase, the mean DNA content of the population will approach the DNA content of the
G2/M population. The IdUrd-labelled cells, which have divided and appeared in the (labelled) diploid
G, region, were excluded from the calculation of mean DNA content. In Fig. 1. two examples are given
for the movement of IdUrd positive cells through the cell cycle. Movement of IdUrd-labelled S-phase
cells relative to the position of G0/Gi and G2/M is expressed as relative movement (RM) and is calcu
lated as follows:
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(Fldl/rd — FGO/GÌ)

Individuals

[1]

(FGI/M — FGO/G\)

where F ^ (R4) is the mean DNA content of the IdUrd-labelled cell (IdUrd-labelled G0/G, (R3)
cells were excluded), FGWGI (R2) is the mean DNA content of the unlabelled diploid CVG, population
(will also contain the differentiated cell population, if present) and FG2/M (R5) is the mean DNA content
of the Gz/M cells.
PI area

PI area

vs IdUrd log

R3

R3

R4

R4

™·Ж-

R2

Ь

I-

·,

-.«

f I'

~¿a№'

ШФ
XP*

?

'•

,ν/

*V

vs IdUrd log

•'·*

R2

R5

I i

1023

ь

ш

*П'

~

і

R5

1023

Figure 1. Dot plot of IdUrd positive cells after 0 hours and 4 hours of pulse labelling. The windows R2,
R3, R4 and R5 represent the following population of cells: (R2) the unlabelled diploid G0IG, population
(which will also contain the differentiated cell population, if present), (R3) the IdUrd-labelled G0IG,, (R4)
the IdUrd-labelled cells from 5 and G¡M, and (R5) the unlabelled cells in G2/M. These regions are necessary to calculate the relative movement. At t=0h the figure demonstrates that the mean of the IdUrdlabelled cells lies in the middle of G0/G, and G2/M, and att=4h the figure shows the movement of cells
from the Go/G, position into the S-G2/M position. Using formula 1,2 and 3 T5 and Tc are calculated.

RM will increase in time from RM=0.5 at time zero (IdUrd-labelled cells halfway between the G0/G|
cells and the G2/M cells) to RM=1 when all IdUrd-labelled cells have reached tetraploid DNA content.
The time needed for labelled cells to reach tetraploid DNA content is equal to Ts. Ts is calculated from
one single sample using the formula:
0.5
T, = (RM-05)

χΔ/

[2]

where At is the time between pulse-labelling and sampling.
The absolute cell cycle time (Tc) can be calculated if the cells have a uniform distribution
through the various phases of the cycle. It follows that:

T-T

^

[3]
179

Chapter 5.1
where Ns is the number of cells in S-phase, Nc is the number of cycling cells (Growth fraction, GF), Ts is
the duration of the S-phase and Tc is the cell cycle time.
Johansson et al.*0 recently described a refinement of the method to improve the determination of Ts
values by correcting for the non-linearity of the Begg approach. We have compared the values of Tc
calculated both according to Begg et al. and Johansson er al. with our data. The Tc is also measured
directly as we monitored the movement of IdUrd positive cells through the cell cycle after pulse label
ling. To make use of all our measured data for each specimen, we postulate a function that could ap
proximate the movement of IdUrd positive cells through the middle of the S-phase. The pattern of
IdUrd positive cells passing through the window in the middle of the S-phase can be approximated with
a damped oscillation:

y(t)~ein*Sm(2n^)

[4]

where Τ is the period of the sine function (the cell cycle time)
If necessary, this formula can be adjusted to calculate the cell cycle time for the passing wave
of IdUrd positive cells.
Statistical Analysis
Statistical analysis was performed using the statistical analysis software from the SAS Institute BV, Hil
versum, in the Netherlands. To estimate the cell cycle times, the measured IdUrd percentages were
fitted to formula 4. For comparison of the different cell cycle times and growth restimulation between
normal and psoriatic uninvolved keratinocytes we used a two-way ANOVA with diagnosis (psoriasis and
normal) and methods (Begg, Johansson and our model) as factors followed by a Duncan's multiple
range test. To test significance between normal and psoriatic cell cycle parameters we used the Stu
dent t-test.
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Results
Cell cycle analysis
To determine cell cycle parameters, first passage human keratmocytes were cultured in KGM When
cultures reached about 30-40% confluence they were either pulse-labelled or continuously labelled
with IdUrd. Pulse-labelled cultures were harvested at intervals of 4 hour, during a period of 48 hours.
Continuously labelled cultures were harvested after 48 hours. From the pulse-labelled cultures the
percentage of cells in the middle of the S-phase was determined. In figure 2 a typical experiment is
shown for the movement of cells in time after pulse labelling with IdUrd.
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Figure 2 Demonstration of the movement of IdUrd positive cells through the cell cycle From top to bottom
and left to right we have arranged the plots of Creen fluorescence (IdUrd) versus Red fluorescence (PI, DNA
content) at t=0, 4, 8, 12, 16, 20, 24, 28 and 32 hours after pulse labellins With this figure, it is demonstrated
that the cells move through the cell cycle At 0 hours after pulse labelling the IdUrd positive cells are posi
boned between the G0/G, phase and the G2/M phase At 4 hours the cells move m towards the C,/M phase and
at 8 hours a population of cells returned into the G0/G, phase and a population resides m the C2/M phase (the
S phase is almost empty) Twelve hours after labelling almost all IdUrd positive cells have returned to the
G0/G, phase, and at 16 hours cells are entering the S phase This movement continues during the culture period
but is damped at later time points, because the IdUrd positive signal will be dispersed over the daughters cells
and finally acquires a random distribution over the cell cycle
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This pattern is identical for normal and psoriatic keratinocytes. Figure 3 represents an example of the
fraction of IdUrd labelled cells in the middle of the S-phase during normal growth in KGM of keratino
cytes from normal healthy epidermis. The movement of IdUrd positive cells through the cell cycle is
similar for psoriatic keratinocytes. The fitted curve represents the approximation of the movement of
IdUrd positive cells through the middle of the S-phase by our proposed model (see section Materials
and Methods).
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Figure 3 Representation of the IdUrd positive cells in the middle of the 5phase After pulse labelling (30 mm ) and washing, medium was refreshed and
cells were harvested over a period of 48 hours, at intervals of A hours The per
centages of cells in the middle of the S phase were measured using flow cy
tometry The data are represented in this figure showing the movement of
IdUrd positive cells through the S phase Note that the percentage of cells m
the middle of the S phase declines and after a while again reaches a maximum
The distance between the maxima represents the duration of one celt cycle The
fitted curve represents the function approaching the movement of IdUrd post
tive cells through the middle of the S phase as proposed by our model

We have determined the percentages of actively cycling cells (Nc), also known as the growth fraction
(GF), using a continuous labelling with IdUrd. As previously demonstrated36 a 48 hour continuous label
of IdUrd is long enough to ensure that all cycling cells incorporate IdUrd into the DNA. Growth fractions
were in a range of respectively 78.8%-91.9% and 71.2%-94 9% for normal human keratinocytes and pso
riatic keratinocytes.
In table 1 we have summarised the cell kinetic parameters calculated according to Begg er al.
For the same cultures, we calculated the cell cycle time according to formula 4. In this model we
make use of all the data collected during a 48 hour time period, yielding a calculated cell cycle time
based on 13 timepomts measured in duplicate. In table II we present our calculated cell cycle times for
normal keratinocytes and psoriatic keratinocytes. Furthermore, we have summarised our data ob
tained from the DNA content analysis and the cell cycle parameters calculated from these data.
To compare our data with data derived from Begg et al. and Johansson et al. we performed a
two-way ANOVA with methods (Begg, Johansson and formula 4) and diagnosis (normal or psoriasis) as
factors followed by a Duncans' multiple range test. From this test we could conclude that the diagnosis
was not significant, but that the methods were significantly different. We could not detect a signifi
cant difference between our calculated Tc and the Tc calculated according to Begg et al. Using the
calculations proposed by Johansson et al. (data not shown) we find significantly higher Tc values.
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Statistical analysis of cell kinetic data from normal and umnvolved psoriatic keratinocytes did
not reveal significant differences in cell cycle times and the duration of S-phase. This was found either
using the method of Begg et al. or our own model calculated according to our model) between normal
and psoriatic umnvolved keratinocytes in culture. We observed significant differences between the
number of cells in the S-phase during normal growth and the duration of the G,-phase, see table 2.

Table 1. Summary of cell kinetic data calculated according to Bess et

U

Mean
Sd
Sem

0 244
0 379
0 378
0 329
0 286
0 32
006
0 03

N.
22 40
34 05
29 75
30 55
26 30
28 61
4 43
198

Normal
Nc(GF)
9190
89 75
78 80
92 75
91 90
89 02
5 82
2 60

al·39·

Psoriatic (Uninvolved)
T,
6 62
5 75
6 83
534
7 38
6 38
0 82
0 37

Te
27 14
1516
18 08
16 22
25 78
20 48
5 58
2 50

U
0 261
0 259
0 207
0 233

N,
21 75
2105
19 70
16 60

Nc(GF)
83 20
8135
94 95
7120

T,
7 58

0 24
0 03

19 78
2 28
102

82 68

6 39
1 11
0 50

0 01

9 74
4 35

7 08
5 62
5 29

Table 2. Comparison of cell kinetic data derived from keratinocytes cultured in
serum-free medium.
Normal

χ
'с

T.
Ngo
Ng,

1")
,J

>

™

Ngj/m

m

Ν.Π
тдіП

<"

Тдг/rn
Τ,

"'
«

и

Mean
2193
717
10 98
50 83
12 59
25 63
1173
3 01
5 74

Sem
315
142
2 60
2 46
2 29
1 86
1 53
0 82
0 41

Psoriasis
(Uninvolved)
Mean
Sem
20 77
1 82
4 92
0 20
17 33
4 35
3 52
5166
1506
0 81
1604
1 05
16 53
0 69
4 87
0 41
517
0 39

* - significant difference
0 » determined from direct measurement
1 - determined from the DNA histogram analysis wth multicycle and formula [5]
2 - determined with the multicycle parameters and the calculated Tc and CF
3 - determined from the measured Tc

Tc

29 01
27 36
27 09
22 71
26 54
2 69
120
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Growth restimulation
Removal of TGF-ßi after 48 hours and addition of fresh growth medium restimulated human cultured
keratinocytes. At successive time points 0, 8, 16, and 24 hours after restimulation the cells were harvested for flow cytometric analysis. In the 8 hours prior to each sample point cells were labelled with
IdUrd. The number of labelled cells is indicative for the number of cells in the cohort and the appearance of labelled cells represents the kinetics as they move through the cell cycle (illustrated by fig. 4).

Ι
g
3
3

Τ
50..

40..

Τ

-08 - 00 h
00 - 08 h
08-16 h
16 - 24 h

τ

30..

τ

ta.

• •"νί
Normal

1

Psoriasis

Figure 4. Growth restimulation of human keratinocytes after induction of quies
cence with TGF-fì. Keratinocyte cultures of normal and uninvolved psoriatic keratinocytes were growth arrested with TOF-ß,, cultures were washed and restimulated with
fresh growth medium. Cultures were harvested after an В hour pulse label, at 0, 8, 16,
and 24 hours following growth restimulation and analysed using flow cytometry. The
percentages of IdUrd positive cells (y-axis) were normalised according to formula 6. The
kinetics of growth restimulation of normal and psoriatic keratinocytes was not signifi
cantly different.

We have to realise that TS) Tc and the labelling duration T ^ of 8 hours influence the fraction of la
belled cells. The maximum fraction of labelled cells in an asynchronously growing culture can be ex
pressed by
Niabeled

(Ts + T/mix)

Ne

Tc

[ ]

As Ts and T c differ for psoriatic and normal keratinocytes, the maxima are 51% and 60% respectively
and the measured data are normalised in this respect.
Statistical analysis, using a two-way ANOVA (with diagnosis and IdUrd percentages as factors)
followed by a Duncans' multiple range test (with different sample periods as factors) showed no sig
nificant difference in the kinetics of growth restimulation of psoriatic uninvolved and normal keratino
cytes.
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Discussion
Early studies on keratinocyte proliferation have suggested that basal epidermal cells were equipotent
with similar cell cycle times and probabilities of cell division. However, in later studies it became clear
that the basal cell population is heterogeneous (reviewed in41). The main attempt in studies with respect to keratinocyte proliferation was to demonstrate the presence and localisation of stem cells in
the epidermis. With reference to the epidermis, stem cells are defined as keratinocytes with the capacity for unlimited self-renewal and whose daughters may either be stem cells or else be committed
to undergo terminal differentiation and (ultimately) become a squame42. At present there is no direct
evidence for a stem cell population in the basal layer of the epidermis. Several publications describe
the existence of epidermal stem cells in the hair follicle (reviewed in41), based on the idea that the
epidermis may be re-epithelialised after injury by migration of keratinocytes from the hair follicle.
Other reports describe the existence of epidermal stem cells based on different surface expression of
pVintegrins, adhesion to collagen, and colony forming efficiency43,44. A recent report describes the existence of a ßt-integrin positive, cytokeratin 1, cytokeratin 10 and PCNA negative epidermal subpopulation (containing stem cells), and a pyintegrin, cytokeratin 1, and cytokeratin 10 positive subpopulation, (transit amplifying cells)33,45. From these observations, it is evident that the basal layer of
normal epidermis consists of a heterogeneous population of keratinocytes containing progenitor cells
that are responsible for continued local renewal of the epidermis. Some of these basal cells become
committed to differentiation (expressing involucrin) and have the ability to undergo several rounds of
amplification (transit amplifying cells)45,46.
Previously it was believed that the turnover of epidermis was regulated by variations in the cell
cycle time of the stem cell population and that the growth fraction (GF) was unity. In 1976, Gelfant
presented the first argument that germinative cells could reside in a non-cycling state47. He introduced
the existence of non-cycling (G0) cells. Several investigators48,49 confirmed this hypothesis. We have
previously shown that between 36 and 52 hours after tape stripping, 23% of the viable epidermal cells
moved as a cohort through the cell cycle50. Such a well-defined cohort only results from a population
of diploid cells simultaneously entering the cell cycle, meaning that these cells have the same starting
point in the cell cycle. These results indicated that these recruited cells have a static position somewhere in the Gt phase of the cell cycle, termed the G0 phase. It is clear that the epidermal cell population comprises two distinct sub-populations termed 'cycling' and 'quiescent'. The rate of cell production is determined by the ratio of these two populations, called the growth fraction (GF). In normal
epidermis the growth fraction is around 10%45,51, following injury there is a transient increase, and in
lesions of psoriatic epidermis the growth fraction remains permanently increased it the range of 50100%. This concept is supported by a number of studies using bivariate flow cytometric analysis (iododesoxyuridine (IdUrd) incorporation and DNA content) or the monoclonal antibody Ki-6752,53.
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Chapter 5.1

During the past decade, many investigators have studied cell cycle parameters of human keratinocytes. Most of these papers give only ratiometric information (i.e. mitotic index and/or labelling in
dex). The data given in the literature (see table 3) show a great deviation in the observed cell cycle
times ranging from 12-316h for normal keratinocytes (epidermis), 28-279h for psoriatic involved keratinocytes (epidermis) and 28-149h for psoriatic uninvolved keratinocytes (epidermis). The S-phase dura
tions show less variation between the various observations, ranging from 6-16h and 6-20h for respec
tively normal and psoriatic (uninvolved) epidermis. On the one hand, the differences might be ex
plained by clinical variations between patients, methodological errors, or statistical problems due to
low numbers of labelled cells. On the other hand, there are discrepancies in the definition of the
growth fraction. Some authors interpret their calculations on the assumption that the germinative pool
is identical to the actively cycling pool. In other words, the growth fraction is unity. In psoriatic epi
dermis and in cultures this might be the case, but in normal epidermis, it certainly is not. Further
more, we have to keep in mind that passaged keratinocytes differ from the in vivo situation in their
expression of cytoskeletal proteins, membrane composition, cytokine production and cell surface integrins33. They also differ in the composition of cells from the proliferative compartment, because cell
cycle quiescent (G0) cells are undenrepresented and highly cycling clonogenic stem cells and transit
amplifying cells are overrepresented". It has also been demonstrated that cultures enriched in cells
isolated from the suprabasal stratum spinosum can be cultured in serum-free medium46. The colonyforming efficiency of these cultures was at least comparable with cultures enriched with basal cells. It
was even demonstrated that involucrin-containing cells (committed to differentiation) were able to
proliferate in vitro. Studying cell cycle parameters in vitro means that we measure the parameters of
a population containing basal cell and suprabasal cells, these include 'stem cells' and 'transit amplify
ing cells'. These cells may differ in their growth characteristics, but the analysis finally leads to the
expression of average cell cycle parameters.
The cell kinetic analysis that we made for normal and psoriatic keratinocytes uses flow cytome
try combined with IdUrd labeling using time courses with many sampling points. This methodology al
lows a very accurate determination of cell cycle parameters for each cell line. Obviously, this study
also suffers from a number of limitations. Firstly, the cells that are obtained from the primary cultures
reflect the clonogenic population in vitro and is not necessarily representative for the populations in
normal or psoriatic skin in vivo. Secondly, although the methodology used allows a very accurate de
termination of the cell cycle parameters for each cell line, we found that the inter-individual variation
of the cell cycle parameters found in the 5 normal cell lines and the 4 psoriatic cell lines is consider
able (see table I). From our cell kinetic analysis, we conclude that there are no gross differences be
tween normal and uninvolved psoriatic keratinocytes with respect to the S-phase duration and total
cell cycle duration. According to the statistical analysis we could not detect a significant difference
between the data calculated according to Begg et al. and the data calculated according to our model.
However, we prefer to use the data generated using our model since these are based on many time
points, without making the assumptions as has been done by Begg et at. When we examine the other
cell cycle parameters, we can conclude that there are significant differences between normal and un
involved psoriatic keratinocytes with respect to the percentage of cells performing DNA synthesis and
the duration of the Gi-phase. Psoriatic keratinocytes display a longer duration of the d-phase of the
cell cycle and have a smaller percentage of cells in S-phase. This apparent difference is only found
when our model for calculation of cell cycle parameters as used, and not when the method of Begg et
al is applied. This apparent difference requires further examination using a larger series of cell lines.
Our findings are in contrast with the data of Kragballe et о/.99 who observed an increased DNA synthe
sis that is maintained in vitro, when using primary keratinocyte cultures cultivated on lethally irradi
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ated 3T3 cells. Furthermore, they measured DNA synthesis by the incorporation of 3[H]-thymidine after
the addition of 10% normal human serum. Our cell cycle data of normal keratinocytes are in agreement
with previous investigations using different methodology in the same serum-free culture medium34,101,
whereas we provide new data on psoriatic keratinocytes.
It has been described that TGF-ß, has potent antiproliferative effects on a variety of epithelial
cell types in vitro, including keratinocytes104"108. The inhibition of human keratinocyte proliferation in
vitro by the addition of TGF-ft to the culture medium is reversible, and results in growth-arrest predominantly in the Go/Gi-phase of the cell cycle106,1™. This growth-arrest state is comparable to the
situation in normal skin, where approximately 90% of the cells are in the G0/G,-phase of the cell cycle36. On the basis of these investigations it has been hypothesised that TGF-ßi could function as a
negative growth regulator in normal skin 1< м м . it might be possible that keratinocytes derived from
psoriatic epidermis could be deficient in either the production of TGF-ß, or the responsiveness to TGFß, resulting in the characteristic hyperproliferation in psoriasis. Investigation of the induction of quiescence showed that both normal and uninvolved psoriatic keratinocytes can be growth arrested within
56 hours after the addition of TGF-ß,. We therefore conclude that epidermal hyperproliferation in psoriasis is not caused by a decreased responsiveness of the keratinocytes to TGF-ß,. These results are in
agreement with the data from by Elder et al.m. They have shown that TGF-ß, mRNA expression was
similar in normal epidermis and psoriatic lesionai epidermis. They further report that keratinocytes derived from normal and psoriatic lesionai epidermis do not differ in antiproliferative responsiveness to
TGF-ß, and that the number of TGF-ß, receptors per cell and binding constants are comparable110.
Quiescent keratinocyte cultures can be restimulated by removal of TGF-ß, and addition of fresh
growth medium. To investigate if there were differences in growth restimulation between normal and
uninvolved psoriatic keratinocytes we compared 3 cultures of each type. Analysis of the data suggested
a difference in IdUrd positive cells after 8 to 16 hours and 16 to 24 hours of growth restimulation between normal and uninvolved psoriatic keratinocytes and not between -8 to 0 hours and 0 to 8 hours.
Statistical analysis did not show a significant difference in the kinetics of growth restimulation between normal and uninvolved psoriatic keratinocytes.
From this study, we can conclude that the hyperproliferation seen in psoriasis is not due to intrinsic differences in cell cycle duration or growth fraction between normal and psoriatic keratinocytes. In addition, normal and psoriatic keratinocytes are equally responsive to TGF-ß,. If the hyperproliferative response found in vivo is based on mechanisms inherent to the keratinocyte, it is likely to
be due to factors that affect responsiveness to external factors (growth factor receptors, signal tranduction pathways) rather than the 'setting' of cell cycle times. Recent studies by Bata Csorgo et al. indeed suggest that epidermal β,-integrin positive subpopulations are hyperresponsive to Τ cell derived
cytokines33. The culture model and the methodology for analysis of proliferation, induction of quies
cence, and recruitment from Go will be used for further studies on the involvement of T-cell derived
factors in the hyperproliferative process seen psoriasis.
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Summary
Here we addressed the hypothesis that epidermal keratinocytes derived from psoriasis patients (pKC)
are intrinsically different from keratinocytes of normal controls (nKC). We compared the response of
cultured pKC and nKC to external stimuli such as inflammatory cytokines and serum. The a priori assumption was that pKC would have a lower threshold for stimulation/inhibition of cellular proliferation and expression of genes associated with abnormal differentiation. Firstly, we studied the effect
of transforming growth factor-ß1 (TGF-p1), tumor necrosis factor α (TNF-α), and interferon-γ (IFN-γ)
on proliferation of nKC and pKC. Growth inhibition is clearly established for both nKC and pKC by
TGF-pi and IFN-γ, and no differences were observed. TNF-α induces slight growth inhibition using
pKC, nKC do not seem to respond to TNF-α addition. We also observed that pKC have a smaller num
ber of cycling cells, both under basal and stimulated conditions. Secondly, we investigated the differ
entiation phenotype induced by TNF-α and foetal calf serum (FCS). We investigated whether there
are differences between nKC and pKC in their response to TNF-α and FCS. The induction of the dif
ferentiation phenotype was monitored using SKALP, CK1, CK16, involucrin, and SLPI as markers. In
contrast to the proliferation experiments, we find significant differences in gene expression between
nKC and pKC after stimulation with TNF-α and FCS. Addition of TNF-α and FCS induced differences in
SLPI and SKALP expression. On the basis of these preliminary studies, we can conclude nKC and pKC
behave the same with respect to cell proliferation. However, differentiating nKC and pKC have a dif
ferent threshold for serum and TNF-α.
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Introduction
Psoriasis represents a common, chronic inflammatory skin disorder characterised by hyperproliferation, abnormal differentiation, and inflammation. The epidermis in normal skin follows a highly co
ordinated differentiation pathway finally leading to the formation of the horny layer consisting of ma
ture corneocytes. However, keratinocyte differentiation in psoriatic skin is disturbed and results in
the formation of a homy layer of immature corneocytes that tend to stick together rather than to fall
off, thereby producing a scaly appearance of the psoriatic skin1.
It has been debated whether the primary cause of the disease is due to abnormalities of epi
dermal keratinocytes, or rather, is caused by immunological mechanisms. Obviously, these possi
bilities are not mutually exclusive. Many investigators have focused their research on potential ab
normalities in the keratinocyte due to the dramatic increase in epidermal proliferation that occurs
in psoriasis. Indirect experimental evidence supporting a primary defect in human keratinocytes
comes from the defects that have been described in second messengers, polyamines, proteases, cy
tokines, and arachidonic metabolism. Lesionai psoriatic epidermis displays a number of phenotypic
changes that are distinct from normal interfollicular epidermis. In lesionai psoriatic epidermis the
number of cycling cells is dramatically increased2, and a number of molecules that are absent in nor
mal skin are strongly expressed, e.g. CK 6, CK 16,and CK173"5, and the epidermal proteinase inhibitor
SKALP, a member of the Trappin gene family, which we and others have recently described6"10. In ad
dition, several molecules have a restricted expression pattern in normal skin, but are highly upregulated in psoriatic skin. These include psoriasis-associated fatty acid binding protein (PA-FABP11), involucrin12,13, transglutaminase14,15, psoriasin16, transforming growth factor α (TGF-α)17,18, amphiregulin 1 ', epidermal growth factor receptor (EGF-R)20, calgranulins A and В (reviewed in " ) , interleukin
1ra21, interleukin Iß22, interleukin 6 and 823'25, GRO α/β/γ26, and fibronectin12. Involucrin, transgluta
minase, and E-FABP are now expressed in the stratum spinosum while they normally are restricted to
the stratum çranulosum27. Another abnormality is the altered expression of integrins. In psoriasis
there is a suprabasal expression of integrins normally restricted to the basal layer28,28'x. A few molecules are reported to be downregulated in psoriatic epidermis compared to normal epidermis (e.g. interleukin 1a31). At present it is not clear whether the altered expression levels of these molecules are
causally involved in the pathogenesis of psoriasis, or are mere epiphenomena not directly related to
the disease process. The expression patterns of these molecules are not psoriasis-specific and can be
found in keratinocytes from normal individuals during pathological conditions (e.g. wound healing and
inflammation32,33) or in cell culture as we described before10. However, whether such abnormalities
are primary or secondary have never been established.
Recently, several lines of evidence have postulated the involvement of the immune system.
It was demonstrated that if one can eliminate the activated T-lymphocyte34,35 in psoriatic plaques,
keratinocyte proliferation and differentiation return to normal both clinically and histologically.
Many agents that are effective in the treatment of psoriasis are immunosuppressive, e.g. methotrexate (MTX), ultraviolet-B radiation, psoralen phototherapy, corticosteroids, cyclosporine A 36"38,
anthralin, FK506 3,,4 °, IL-2 diptheria toxin fusion protein41 and anti-CD3/CD44246 all inhibit aspects of
the immune system thereby attacking the T-lymphocytes. The presence of CD4+ and CD8+ lymphocytes at sites of the psoriatic plaques led to the hypothesis that psoriasis is a T-lymphocytemediated disease directed against unknown (auto)antigens47. Other reports support the role for
bacterial superantigens48,49 and/or cross-reactivity between bacterial antigens and a keratinocyte
protein, such as keratins. In recent reports, fairly direct evidence for T-cell involvement in the
pathogenesis of psoriasis has been reported, i.e. administration of a fusion protein combining frag198
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merits of diptheria toxin and human IL-24' to psoriatic patients ted to a marked improvement in the
majority of persons treated. This agent targets activated T-cells expressing IL-2 receptors. Finally,
very recent findings demonstrate that immune components are involved in the pathogenesis of pso
riasis50. These findings complement and confirm the earlier data.
As already mentioned, psoriasis is characterised by a cellular infiltrate consisting of activated
polymorphonuclear leukocytes (PMNs) and T-lymphocytes51. These inflammatory cells and the epi
dermal keratinocytes produce a large number of immune- and growth-modulatory factors present at
high concentrations in the psoriatic 'lesionai' epidermis. Among these immune- and growth modula
tory factors are several cytokines (i.e. interleukin-1 (IL-1), IL-6, IL-8, interferon-γ (IFN-γ) and tumour
necrosis factor-α (TNF-ct)) and growth factors (i.e. transforming growth factor-α (TGF-a), keratinocyte growth factor (KGF))52'56. These factors might be involved in the disturbed differentiation of
psoriatic keratinocytes.
As mentioned above there is a specific group of proteins normally not present in human skin
but highly upregulated in psoriatic skin. This group of proteins, including CK6, CK16, CK17, SKALP and
SLPI, might form the key in the understanding of regulatory processes and the environmental condi
tions that underlie this alternative route of differentiation. The expression of CK6, CK16, CK17,
SKALP, and SLPI is not specific for psoriasis and are also found in epithelia with a high turnover (e.g.
oral epithelia)57,58, and they are expressed in epidermis upon trauma10,5'. Recently, we hypothesised
that insight in the mechanism leading to continuous expression of this hyperproliferative/regenerative60,61 phenotype as seen in psoriasis, could unveil information on the pathogenesis of this
disease. SKALP expression in cultured keratinocytes was investigated as a paradigm for psoriatic gene
expression. These experiments suggest that components of the cellular stress response pathway, in
volving TNF-a mediated c-Jun N-terminal kinase (JNK) signalling, could be relevant/important media
tors in the transition from normal to psoriatic differentiation62.
The hypothesis addressed in this study is that expression of the psoriatic phenotype is caused
by a combination of an ongoing T-cell dependent immune response and a predisposition of the "psori
atic uninvolved" keratinocytes (pKC) to respond more strongly than normal keratinocytes (nKC) to
factors mentioned above. In this study we compared the growth and differentiation of nKC and pKC
under the influence of several cytokines, growth factors and different culture conditions. Firstly, we
studied the effects of several cytokines and growth factors on the keratinocyte proliferation. Based
on previous findings6346 we compared growth inhibition of nKC and pKC, induced by TGF-ß1, IFN-γ,
and TNF-a. Growth inhibition was measured using the incorporation of iododesoxyuridine (IdUrd).
These data show that TNF-α has no effect on keratinocyte growth. Addition of TGF-ß1 and IFN-γ
showed a dose-dependent inhibition of keratinocyte growth, but there were no differences between
nKC and pKC. Secondly, we investigated whether nKC and pKC have a different threshold for TNF-a
and serum thereby inducing a different hyperproliferative/regenerative differentiation. Differentia
tion was monitored using markers that are upregulated under hyperproliferative/-regenerative differ
entiation as seen in psoriasis. These markers include SKALP, SLPI, involucrin, and CK16. Analysis of
keratinocyte gene expression showed that there are significant differences between nKC and pKC af
ter TNF-α and serum stimulation. These data further suggest that these differences are subtle in vi
tro, and that the appearance of these differences depends on the type of stimulation.

Í99

Chapter 5.2

Materials & Methods
Biopsies
Biopsies (0.2 mm thickness) from healthy volunteers and psoriatic patients (uninvolved skin) were
taken using a keratome as previously described * and used for primary keratinocyte cultures.
Keratinocyte primary culture
Human epidermal keratinocytes were initially cultured according to the Rheinwald-Green system67.
Primary cultures of keratinocytes were seeded on lethally irradiated (3000 rad, 3 min.) Swiss mouse
3T3 fibroblasts in DMEM/F12 (3:1) (v/v) (Row Laboratories, Irvine, Scotland) supplemented with 0.4
μg/ml hydrocortisone (Collaborative Research Inc. Lexington, MA, USA), isoproterenol (106M) (Sigma,
St. Louis, MO, USA), 100 U/ml penicillin plus 100 μg/ml streptomycin (Gibco, Breda, The Nether
lands), 6% foetal calf serum (FCS) (Seralab, Nistelrode, The Netherlands), and 10 ng/ml mouse epi
dermal growth factor (EGF) (Sigma, St. Louis, MO, USA). Cells were grown at 37°C, 95% relative hu
midity and 8% C02 in air. EDTA-treated, trypsinised and liquid nitrogen stored keratinocytes from the
primary culture were used in further experiments.
First passage of human keratinocytes
For the experiments, the human keratinocytes were seeded at 105 cells in KGM in 60-mm culture
dishes as described before". KGM was composed of KBM (Biowhittaker, Walkersville, MD, USA; 0.15
mM Calcium) supplemented with ethanolamine (0.1 mM) (Sigma, St. Louis, MO, USA), phosphoethanolamine (0.1 mM) (Sigma, St. Louis, MO, USA), bovine pituitary extract (ΒΡΕ; 0.4% v/v) (Biowhit
taker, Walkersville, MD, USA), mouse epidermal growth factor (EGF; 10 ng/ml) (Sigma, St. Louis, MO,
USA), insulin (5 μg/ml) (Sigma, St. Louis, MO, USA), hydrocortisone (0.5 μg/ml) (Collaborative Re
search Inc. Lexington, MA, USA), penicillin (100 U/ml) (Gibco, Breda, The Netherlands) and strepto
mycin (100 μg/ml) (Gibco, Breda, The Netherlands).
Keratinocyte differentiation using different culture media
Keratinocyte differentiation was induced by switching confluent keratinocyte cultures for 48 hours to
KGM supplemented with FCS (KGM/FCS), KGM depleted with growth factors (ΒΡΕ, EGF, hydrocorti
sone, and insulin; KGM/-GF), and KGM containing high calcium (1.8 mM; KGM/Ca). As control we
switched confluent keratinocyte cultures to KGM alone (KGM) for another 48 hours.
Keratinocyte growth arrest
Keratinocytes were cultured in 96 wells microtiter plates until 20-30% confluence and subsequently
switched to different doses of TNF-a (Boehringer Mannheim GmbH, Germany), IFN-γ (R&D Systems
Europe Ltd., Abingdon, UK) or TGF-ß1 (R&D Systems Europe Ltd., Abingdon, UK). Based on previous
experiments these cytokine were able to induce growth arrest. Control cultures without cytokines
were used to determine normal growth. After 48 hours incubation with cytokines cells were pulse labelled with iododesoxyuridine (IdUrd, Sigma, St. Louis, MO, USA) for 30 minutes, washed with PBS and
fixation was performed using 70% ethanol (-20°C). To determine the maximal growth fraction of the
cultured keratinocytes, we added IdUrd to normal growing keratinocytes during a period of 48 hours.
Iododesoxyuridine incorporation was determined using an ELISA for IdUrd.
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Keratinocyte differentiation under influence of different cytokines
From previous experiments" we could conclude that keratinocytes are able to produce SKALP after
the addition of TNF-a, IFN-γ, or TGF-a. These factors serve as a replacement for FCS to give an im
proved defined medium. Furthermore, these cytokines might be involved in the development of pso
riasis. To determine differences in SKALP expression (a different threshold) between normal and pso
riatic keratinocytes we stimulated keratinocyte cultures with TNF-a (dose response 25-5-1 -0-FCS
ng/ml) and determined the SKALP expression using northern blot analysis. For these experiments we
adapted our previously described culture models. In brief, keratinocytes were cultured until conflu
ence, switched to KGM/-GF for 48 hours and subsequently switched to medium containing different
doses of TNF-a for 48 hours. As control cultures we used cultures switched to KGM/-GF (SKALP ex
pression is absent) and KGM/FCS (SKALP expression is strongly induced).
Northern blotting
Total RNA was isolated from cultured human keratinocytes and frozen keratome biopsies derived
from normal healthy epidermis and psoriatic lesionai epidermis. The normal volunteers had no per
sonal or family history of psoriasis. The isolation was performed using RNAzol™, as suggested by the
manufacturer (Cinna/Biotex Laboratories, Inc., Houston, TX, USA). RNAzol™ was added to either har
vested and frozen (-80°C) keratinocyte cultures, viable keratinocyte cultures or frozen keratome bi
opsies. RNA concentrations were determined from the absorbance at 260 and 280 nm and equal quan
tities (10 μg) of total RNA were electrophoretically separated in a 1% agarose gel (dissolved in 10 mM
sodium phosphate buffer; pH=7.0), as described in Maniatis a. Gels were run submerged in 10 mM so
dium phosphate buffer. The pH of the electrophoresis buffer was kept within acceptable limits by
constant circulation of the buffer. The gels were blotted using 10xSSC (1.5 M Sodium chloride, 0.15M
Sodium citrate). After transfer, membranes were washed in 2x SSC and RNA was cross-linked using ul
traviolet irradiation (312 nm, 0.2 J/cm2). After removal of glyoxal, membranes were stained in
methyleen blue prior to photography. Filters were (pre)hybridised at 65CC according to Church and
Gilbert69. Hybridisations were performed overnight, filters were washed for 30 min. using 125 mM so
dium phosphate buffer and 40 mM sodium phosphate buffer. Autoradiography was performed on XOmat S films (Kodak) at -80°C with intensifying screens. Filters were hybridised with 32P-labelled ran
dom primed probes for SKALP, CK1, CK16, involucrin, and the human acidicribosomalphosphoprotein
PO (hARP) was used to correct for equal loading of the samples70. Processing of the autoradiographs
was performed using the ImagemasterTM data image system (Pharmacia LKB Biotechnology AB,
Uppsala, Sweden). In addition, autoradiographs were analysed using a phosphor Imager GS-505 (Biorad laboratories, CA, USA) and statistical analysis was performed using Statistica™.
Enzyme-linked immunosorbent assay (ELISA) for measurement of IdUrd incorporation in cul
tured keratinocytes
Microtiter plates (MTPs) containing fixed cells were removed from -20°C, thawn at room temperature,
and washed with PBS/Tween-20 (1:2000). The staining procedure was adapted from the staining pro
tocol used for flow cytometry 7 '. In brief, MTPs are incubated for 20-25 minutes at 37°C with pepsine/HCl (0.1 mg/mi pepsine and 2 N HCl) to enable the penetration of the primary and secondary an
tibodies into the nucleus. The reaction was stopped by addition of 1M Tris (pH 8.0). Subsequently,
MTPs were washed 3 times with PBS/Tween-20 and blocked during 1 hour at 37°C using bovine serum
albumin (BSA; 10 mg/ml in PBS) (ICN Biomedicals Ine, Aurora, Ohio, USA). After blocking the MTPs, to
prevent aspecific binding of primary and secondary antibodies, plates were incubated during 30 min
utes at 37°C with mouse anti-bodies raised against iododesoxyuridine (IdUrd) (1:1250 diluted in
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PBS/BSA(10 mg/ml) /Tween-20 (1:1000); Dakopatts, Copenhagen, Denmark). MTPs were washed 3
times with PBS/Tween-20 and incubated 30 minutes at 37°C with biotinylated horse anti-mouse anti
bodies (1:100 diluted in PBS/BSA/Tween-20 and supplemented with 1:50 normal horse serum) (Vecta
Stain ABC kit, Vector Laboratories Ine, Burlingame, UK). During this incubation a complex of avidine
and a biotinylated peroxidase was prepared as described by the manufacturar (Vecta Stain ABC kit,
Vector, Laboratories Ine, Burlingame, UK). This complex is added after washing the MTPs 3 times with
PBS/Tween-20 and incubated for 30 minutes at room temperature. Subsequently, MTPs were washed
3 times with PBS/Tween-20 and the incorporation of IdUrd is visualised using o-phenylenediamine dihydrochloride (OPD; 0.5 mg/ml) (Immunopure OPD tablets; Pierce, Rockford, IL, USA) chromogenic
substrate. After color development reactions were stopped by adding 4N H2S04. Absorbances were
read at 492nrn with 655 nm as a reference wavelength using a Biorad microplate reader (model 450).
Finally, MTPs were washed 3 times with PBS/Tween-20 and used for Pl-measurement to determine
cell numbers.
Determination of cell counts using the measurement of propidium-iodide (PI)
The determination of cell numbers is based on a publication by Dengler et al. 72 . In all experiments we
used propidiumiodide (PI) (Calbiochem-Novabiochem International, Cambridge, MA, USA) as the
staining dye. PI was solubilised in water to a final concentration of 12.5 μg/ml. Stainings were per
formed by adding 100 μΐ PI to each well of previously used MTPs (IdUrd ELISA). If MTPs are not previ
ously used they were frozen at -20°C for 24 hours including PI solution and then thaw at room tem
perature before measurement. After an incubation period of 30 minutes in the dark at room tempera
ture, PI was removed and replaced by PBS. Replacement of PI with PBS resulted in a better signal to
noise ratio. Fluorescence was determined using a multi-well plate reader (CytoFluor II, Perspective
Biosystems, MA, USA). Fluorescence was detected at an emission wavelength of 620 nm (bandwith: 40
nm) after excitation at a wavelength of 530 nm (bandwidth: 25 nm). Using this method only dead
cells are stained and measured, since PI penetrates only leaky or lysed cell membranes. To measure
the population of viable cells we needed to perform two subsequent measurements. Firstly, we
measured the DNA fluorescence of the population of dead cells before membrane permeabilisation
(cells that have died during culture conditions). Secondly, we permeabilised all cells by freezing the
plates, containing a PI solution, at -20°C for 24 hours and then thawed the plates at room tempera
ture and measured the total DNA fluorescence. The population of viable cells can be obtained from
the difference between these two measurements.
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Enzyme-linked immunosorbent assay (ELISA) for measurement of SKALP levels in cultures
supematants
SKALP concentrations were measured in culture supematants using a sandwich-type ELISA. Supernatants were measured directly. In brief, samples were diluted in 0.1 M Tris, 0.1% Tween-20, 1% BSA
(1:40; 1:60; 1:80). Microtiter plates (MTP) (96 flat bottom wells) (Greiner #655092) were coated overnight at 4°C with goat anti-SKALP antiserum. After washing the plates with PBS/0.05% Tween-20 (Biorad Immunowash, Model 1250), microtiter plates were blocked with BSA (10 mg/ml in PBS) during 1
hour at 37°C, washed with PBS/0.05% Tween-20, and test samples were added and incubated during 2
hours at 37°C. Subsequently, rabbit anti-SKALP antiserum (1: 200) with normal goat serum (1:40) was
added and incubated during 1 hour at 37°C. Microtiter plates were washed and incubated with peroxidase-conjugated swine-anti-rabbit Ig (SWARPO; 1:100, Dakopatts, Copenhagen, Denmark) with
normal goat serum (1:20) during 1 hour at 37°C. Finally, o-phenylenediamine dihydrochloride (OPD;
0.5 mg/ml) (Immunopure OPD tablets; Pierce, Rockford, IL, USA) was added as a chromogenic substrate and microtiter plates were incubated for 15 min, at room temperature. The enzyme reaction
was stopped by addition of 4N H2S04. Absorbances were read at 492 nm with 655 nm as a reference
wavelength using a Biorad microplate reader (model 450). The data were processed using a spread
sheet program (Excel, Microsoft Corporation). Human recombinant SKALP/elafin in PBS with 0.1% BSA
was used as a standard: a calibration curve was made, using recombinant SKALP/elafin in the range of
0.5-120 ng/ml. The SKALP concentrations in the test samples were read from this curve. SKALP concentrations were expressed in ng SKALP/ml medium. The EUSA that was used in this study is specific
for SKALP and does not recognise SLPI (not shown).
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Results and Discussion
Growth Inhibition of normal and psoriatic keratinocytes by TGF-p1 and IFN-y, but not TNF-ct
In order to analyse the effects of cytokines on keratinocyte proliferation in large numbers, we adap
ted the iododesoxyuridine (IdUrd) measurement used for flow cytometry to 96 wells plates71. To ob
tain exact percentages of cell proliferation, we wanted to correct the IdUrd data for cell numbers. To
obtain an exact figure for S-phase cells we optimised the propidium iodide measurement previously
72
described by Dengler et al. for keratinocyte cultures. To use propidium iodide (PI) for counting of
cell numbers the optimum PI concentration was determined. In figure 1 we show that at a concentra
tion of 12.5 μg/ml a plateau in DNA staining is obtained.
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Figure 1. Determination of the optimal concentration of PI for cell number measurements. The
optimum concentration of PI was determined in cultured human keratinocytes. A total of 20000 cells
were plated per well and after membrane permeabilisation PI was added immediately in 10 concentrations ranging from 0 to 100 ^lml.
The incubation time was varied from 10 to 90 minutes, which
gave similar results. The concentration of 12.5 μglml yielded a plateau in DNA staining which was
therefore used in all subsequent studies.

In addition to the optimal PI concentration we determined the minimum incubation time needed to
detect optimal fluorescence intensity. Figure 2 represents thefluorescenceintensity at different time
points with different cell densities and a PI concentration of 12.5 μg/ml.
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Figure 2. Determination of the minimum incubation time of PI staining. The effect of
incubation time on fluorescence intensity was evaluated using cultured human keratino
cytes plated at densities ranging from IOOOO0 to 400 cells per well. The staining of
freeze-thawed cultures with 12.5 ^lml PI was required for only a 30 minutes at room
temperature. A plateau was reached within .30 minutes irrespective of cell number. A
prolonged incubation time had no additional effects on the fluorescence level. Therefore,
we have chosen an incubation period of 30 minutes for further investigations.

From the data obtained in figure 2 we could demonstrate that cell numbers versus fluorescence in
tensity was linear over a range from 1000 to 100000 cells per well (fig. 3).
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Figure 3. Fluorescence intensity versus cell numbers. Fluorescence intensity was evaluated
using cultured human keratinocytes plated at densities ranging from 100000 to 400 celts per
well. The staining of freeze-thawed cultures with 12.5 ^lml PI was required for only a 30
minutes at room temperature.

These data show that the PI fluorescence is a good estimate for cell numbers. During the IdUrd stain
ing some cells will detach from the plate due to the treatment with pepsine/HCl. Determination of PI
fluorescence gives an exact estimation of cell numbers currently present in the mircotiter plate. Us
ing the PIfluorescencewe could correct our ELISA data for cell numbers by dividing the ELISA signals
for cell proliferation by the PI fluorescence signals, finally leading to a ratio between proliferative ac
tivity versus cell numbers.
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Cell proliferation was determined using IdUrd incorporation measured with an IdUrd ELISA. This ELISA
was adapted from the IdUrd staining used with flow cytometry. Figure 4, and 5 shows that the IdUrd
ELISA is a effective tool to determine cell proliferation. Figure 4 shows the immunohistochemical
staining of IdUrd positive cells after different treatments.
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Figure 4. Immunohistochemical examination of
cultures stained for IdUrd. Keratinocytes were
cultured until 30-40% confluence, subsequently
treated with TGF-ßl (40) and IFH-γ (4E) for 48 hours.
After this incubation period the cultures were pulse
labelled with IdUrd for 30 minutes. As control
cultures we labelled cells for 48 hours to get an
indication of the total growth fraction (4C), and we
labelled cells for 30 minutes to determine the
proliferation under normal growth conditions (4B).
Furthermore, we have included a control for possible
background staining (4A).
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Figure 5. Celt proliferation measured using an IdUrd EUSA after addition of IFH-y and TGF-ß1. Human keratinocytes
were cultured in KGM until they reached 30-40% confluency. Subsequently, cytokines were added at different concentrations
and incubated durìn$ a period of 48 hours. Finally, celts were putse labelled with IdUrd for 1 hour and fixed with 70% ethanol Control wells were include for maximum {growth fraction; OF - 48 hours of IdUrd incorporation) and minimum (no IdUrd
incorporation) proliferation. Plates were stained for IdUrd. (Bars indicate SEM of triplicate experiments).

Using the ELISA for IdUrd incorporation, figure 5 illustrates the growth inhibition of human keratinocytes. Human keratinocytes are dose-dependently inhibited in their growth by both TGF-ß1 and IFN-y.
The data presented in figure 5 represent relative percentages and not absolute percentages of absorbances determined after IdUrd incorporation. The given percentages are calculated using the absorbances after 48h IdUrd incorporation as a maximum value of 100%. Normal growing cultures have a
207

Chapter 5.2
50% IdUrd incorporation, indicating that 50% of the cells were in S-phase. These values are in contrast
to what we found using flow cytometry (Chapter 2.1), where we found 30-35% of IdUrd positive cells.
This indicates that the ELISA data give an overestimation of IdUrd incorporation, which might be due
to a more efficient staining of nuclei after a pulse-labelling with IdUrd compared to a continuous la
belling with IdUrd. There might be variation in IdUrd incorporation resulting in variation in nuclear
staining, reflecting higher absorbance signals after pulse-labelling, finally leading to higher percent
ages of IdUrd incorporation. Overall, we conclude that the figures show a clear effect of the TGF-p1
and IFN-γ on IdUrd incorporation.
To compare growth inhibition between nKC and pKC they were cultured in microtiter plates
until 30-40% confluence and cytokines were added to determine their effect on cell proliferation. We
compared 11 nKC versus 8 pKC cultures after the addition of TGF-pi, IFN-γ, and TNF-a. Figure 6 rep
resents the percentages of proliferation after cytokine treatment calculated according to their suc
cessive maximum and minimum IdUrd incorporation. Figure 5 and 6 demonstrate that both TGF-ß1
and IFN-γ are able to induce inhibition of growth in a dose-dependent manner. Normal and psoriatic
keratinocytes seem to have the same reaction pattern. Addition of TNF-α does not seem to have an
effect on normal keratinocytes. On psoriatic uninvolved keratinocytes TNF-α has a slight growth in
hibiting effect. The effect measured using the IdUrd EUSA after TGF-ß1 and IFN-γ addition, is similar
to the proliferation measured using [3H] incorporation (data not shown). We can conclude that pKC
have a smaller number of proliferating cells.
These data show that it is possible to determine cell proliferation in cultured human keratino
cytes using IdUrd measurement in microtiter plates. In addition, determination of PI fluorescence as
an estimate for cell numbers, we are able to express the proliferation as a ratio of proliferation over
cell numbers. We further demonstrate that the IdUrd data are comparable to [3H]-incorporation with
the advantages that the IdUrd data can be corrected for cell numbers and it is a non-radioactive
measurement.
The comparison between nKC and pKC revealed that TNF-α, in our hands, has a slight/or no
effect on cell proliferation, which is in contrast to results published in 73,74 . However, these studies de
scribe the effect of TNF-α over a longer period than 48 hours. In Kono et al. it has been described
that the effect of TNF-α after addition at day 4 (comparable to our experiments) results in a slight
decline in cell number. Over a longer period TNF-α has a more profound effect on cell proliferation.
The authors even demonstrate that the effect of TNF-α depends on the confluency of the cultures.
Furthermore, we demonstrate that pKC have a smaller number of proliferation cells, which is in
agreement with our previous data75. In addition, we show that pKC do not differ from nKC in their re
sponse to TGF-ß1, which is also in agreement with previous data64,75. We also do not find a different
response towards IFN-γ treatment. This is in contrast to data described by Baker et α/.65. However,
these data were based on [3H]-incorporation after a 7-day period of incubation with IFN-γ, and are not
comparable to our experimental approach. One should keep in mind that the available data are diffi
cult to compare due to the huge variation in culture systems used and the comparison of types of ke
ratinocytes. In our experiment we have a clear comparison of normal and uninvolved psoriatic kerati
nocytes, in contrast to Baker et oí.65 and Malkani et α/.73 who used keratinocytes derived from le
sionai, non-lesional, and normal keratinocytes, which include samples from human foreskin, which in
our hand have a different growth behaviour compared to normal epidermal keratinocytes. Overall,
we can conclude that nKC and pKC do not differ in their response to TNF-α, TGF-ß1, and IFN-γ, indi
cating that nKC and pKC do not have different thresholds towards these cytokines and growth factors,
when using the proliferative capacity as a read-out.
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Figure 6. Growth inhibition of cultured normal (closed bars) and psoriatic uninvolved (open bars) keratinocytes by
TGF-ßl, TNF-a and IFH-y. Human and psoriatic keratinocytes were cultured in KGM until they reached 30-40% confluency.
Subsequently, cytokines were added at different concentrations and incubated during a period of 48 hours. Finally, cells
were pulse labelled with IdUrd for 1 hour and fixed with 70% ethanol. Control wells were include for maximum (growth fraction; GF - 48 hours of IdUrd incorporation) and minimum (no IdUrd incorporation) proliferation. Plates were stained for
IdUrd and И measurements were performed. Figures represent the relative percentages of proliferation. (Bars indicate SEM
of 9 individuals measured in triplicate).
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Differences in gene expression between normal and psoriatic keratinocytes induced by TNFα and serum
In a previous study we demonstrated that the expression of SKALP might be part of a stress response
pathway possibly involved in the induction of the hyperproliferative/regenerative differentiation seen
in psoriasis "(described in Chapter 4). This pathway involves activation of keratinocytes by cytokines
(TNF-a, IL-1a), detergents (SDS), ultraviolet irradiation, stress and environmental stimuli leading to
the activation of MAP kinases. Depending on the stimuli or combination of stimuli, cells respond with
proliferation, differentiation, survival, growth arrest or apoptosis. Based on these findings we investi
gated if nKC and pKC had a different threshold for TNF-a or serum. The induction of SKALP and SLPI
expression in combination with other differentiation-related genes was used as a read out. Using the
expression of SKALP and SLPI relative to the expression of hARP a house hold gene not subject to
variation in expression levels, we found a dose-dependent induction of mRNA, as quantitated by
phosphorimaging, after treatment with TNF-a (Figure 8a and 8b, respectively) in nKC. The dosedependent increase in SKALP expression was in agreement with the previously published data62 (de
scribed in Chapter 4).

TNF-a (ng/ni)
25
5
Figure 8. Dose dependent increase in SKALP (black bars)
|ИИР1ЕВ|Т - Itrifrii
and SLPI (hatched bars) expression by TNF-a. Human
keratinocytes were cultured until confluence, switched to
Srowth factor depleted medium for 48 hours and sub
sequently TNF-a was added at concentrations of 25-5- 1 and
0 nj/mi. Addition of serum served as a positive control. The
upper panel represents the expression of SLPI and SKALP
relative to the expression of hARP after quantification of
the Northern blots by phosphorimasins. The right panel
$ives an example of one of the northern blots after
hybridisation with SLPI, SKALP and hARP.
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Addition of TNF-a leads to the induction of SKALP and SLPI expression in both nKC and pKC (Figure
9a,b). SKALP and SLPI gene expression is induced 3.5 and 2 fold respectively in normal keratinocytes
and 4 and 2 fold respectively in psoriatic keratinocytes. Although the stimulation index (i.e. the ratio
of SKALP or SLPI expression between TNF-a cultures and control cultures) was not significantly different, in two independent experiments we found a significant difference in absolute levels of SLPI
mRNA between nKC and pKC. In both experiments SLPI expression by nKC was significantly higher
(p<0.0136 and p<0.0295). The expression of SKALP was significantly higher in one experiment
(P<0.0056) and not significant in the second experiment (p=0.193). The observed induction of SKALP
gene expression could also be confirmed on the protein level in two separate experiments using an
ELISA to measure SKALP secreted protein in culture supematants (Figure 10). Addition of TNF-a leads
to a 3 fold increase in SKALP secretion in the culture supematants. Again the stimulation index of
TNF-a stimulated nKC and pKC is similar (3-fold). However, the absolute amount of SKALP secreted in
the medium is significantly higher in nKC than in pKC. In contrast to TNF-a, serum-stimulation of nKC
and pKC showed opposite effects compared to TNF stimulation. Addition of FCS induces a 12 fold induction of SKALP gene expression and a 6 fold induction of SLPI expression in psoriatic keratinocytes,
compared to 3.5 fold and 2 fold in normal keratinocytes. Cytokeratin 1 gene expression is downregulated by FCS (Figure 9c), which is in agreement with previous findings27. At the mRNA level (Fig.
9) both the absolute and relative levels of SKALP and SLPI are higher in pKC than in nKC (p<0.0022
and p<0.0082 respectively). Also the expression of other markers such as involucrin and CK16 was increased in pKC (p<0.0208 and p<0.0179 respectively), as measured by phosphorimaging of northern
blots (data not shown). As can be seen in figure 10 these absolute differences are not found at the
protein level, although the stimulation index is still increased in pKC.

Figure 10. Secreted SKALP protein levels in culture supematants of nKC andpKC. Keratinocytes were cultured until confluence, subsequently switched to medium depleted with growth
factors for 48 hours and finally TNF-a was added diluted in medium depleted with growth factors. This figure represents cultures stimulated without and with TNF-a (25 nglml).

Alhough these data are preliminary and some variation between experiments was noted, these experiments clearly show a tendency in that pKC are less susceptible to TNF-a stimulation, and on the
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other hand pKC are more susceptible to serum-stimulation. The susceptibility towards TNF-a could be
visualised using SKALP and SLPI as a read out, whereas the susceptibility towards serum-components
was visible in 4 out of 5 markers that were tested. We would speculate that differences exist in the
intracellular signalling pathways involved in serum and TNF-a stimulation. Therefore it would be interesting to measure the levels of cytokine/growth factor receptors, signalling intermediates and
transcription factors present in nKC and pKC.
In the near future, samples of mRNA from TNF-α, serum-stimulated, and control nKC and pKC
will be analysed using Gene-Chip technology76"1". Chips are available that allow simultaneous quantifi
cation of over 200 different cytokines, receptors and transcription factors. These data will probably
reveal more subtle differences in gene expression between nKC and pKC, thereby demonstrating
more profound differences between nKC and pKC. These data could further shed light on which set of
genes is abnormally regulated due to TNF-α or serum stimulation, and are probably involved in the
development of the hyperproliferative/regenerative differentiation phenotype seen in psoriasis.
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Summary
The temporal and topographical pattern in which a gene is expressed provides clues to its role in
normal biological processes and its contribution to the pathogenesis of a disease. To determine the
gene expression pattern of human keratinocytes we used a method, called serial analysis of gene expression (SAGE). This method allows the quantitative and simultaneous analysis of a large number of
transcripts at a specified time. This method has advantages over differential display, expressed sequence tag (EST) approach, RNA blotting,ribonuclease(RNase) protection, and reverse transcriptasepolymerase chain reaction (RT-PCR) because these methods only evaluate a limited number of genes
at a time and give no information about abundances. SAGE allows rapid, detailed analysis of thousands of transcripts at a specified time and gives information about abundances. The method is based
on two principles. First, a short nucleotide sequence [9 to 10 base pairs (bp)], also called a tag, contains sufficiënt information to uniquely identify a transcript. Second, concatenation of these short sequence tags allows the efficient analysis of transcripts in a serial manner by the sequencing of multiple tags within one single clone. Using in vitro models we intend to analyse changes in gene expression patterns following induction of psoriatic differentiation by cytokines that we have identified as
key mediators in psoriasis (TNF-a and γ-interferon), and the changes in gene expression patterns in
duced by pharmacological intervention. Here, we describe a modification of the original SAGE proto
col that would in principle allow us to downscale the technique for application on small amounts of
mRNA. Preliminary data from a limited SAGE analysis suggests that in the near future SAGE can be
applied to RNA samples derived from human biopsy tissue.
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Introduction
The temporal and topographical pattern of gene expression clues to its role in normal biological processes and its distribution to the pathogenesis of a disease. Techniques based on complementary DNA
(cDNA) substraction or differential display have been used succesfully to identify genes that are differentially expressed between two-cell types or tissues1"'. Another valuable tool for gene discovery is
the expressed sequence tag (EST) approach'"", but like RNA blotting,ribonuclease(Rnase) protection,
and reverse transcriptase-polymerase chain reaction (RT-PCR) analysis12'u it evaluates only a limited
number of gene at a time. These described techniques provide information on genetic complexity at
only one level; static genomic sequences or differences in gene expression. However, the ordered and
timely expression of genetic information represents another level of complexity that is equally important to the definition and biology of the organism.
It is now clear and obvious that the genes that are expressed within it an organism largely determine its phenotype. The identity and abundance of each expressed gene for a defined population
can be defined by the term, transcriptome15. This transcriptome can be modulated by both external
and internal factors. This is in contrast to the organisation of the genome that is essentially a static
entity. Identification of the transcriptome provides a dynamic link between the genome of an organism and its physical characteristics. Recently, novel techniques were described which allow the high
through put, quantitative and simultaneous analysis of large numbers of expressed genes: the Serial
Analysis of Gene Expression (SAGE), quantitative hybridisation of arrayed cDNA clones, and the Complementary DNA Microarray technique16'18. The SAGE technique allows a rapid, detailed analysis of
thousands of transcripts. SAGE is based on two principles. First, a short nucleotide sequence tag [9 to
10 base pairs (bp)] contains sufficient information to uniquely identify a transcript. The tag is unique
if it is isolated from a defined position within the transcript. If the distribution is random at the tag
site, the 9 bp sequence could then distinguish 262.144 (4') transcripts, whereas, based on recent
findings, the human genome encodes only about 80.000 transcript". Second, concatenation of short
sequence tags allows efficient analysis of transcripts in a serial manner. Multiple tags can be sequenced within one single clone. It is obvious that the development of this technique can be applied
to make a quantitative analysis of differential gene expression in any given cell or tissue. This could
potentially yield a wealth of information on gene function in normal and (pre)-malignant cells and
could give clues to the mechanisms that lead to differences in cellular behaviour.
The original method as described by Velculescu et al." used tissue (pancreas) or cells (yeast)
where the amount of mRNA was not a limiting factor. For application on small amounts of material
(e.g. biopsies) a 10-fold downscaling is required. Here we describe a modification of the SAGE technology for the application on small amounts of mRNA, in order to make this technique applicable to
study altered gene expression in psoriasis patients and during induced changes in vivo and in vitro.
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Materials 6t Methods
Keratinocyte cultures
Keratinocytes were seeded in 6 well culture dishes and cultured until confluence in keratinocyte
20
growth medium (KGM) as described before . KGM was composed of keratinocyte basal medium (KBM;
Biotwhitakker, Walkersville, MD, USA); 0.15 mM Calcium), supplemented with ethanolamine (0.1 mM)
(Sigma, St.Louis, USA), phosphoethanolamine (0.1 mM) (Sigma, St.Louis, USA), bovine pituitary ex
yot
tract (ΒΡΕ; 0.4 % /voi) (Clonetics, San Diego, USA), insulin (5 μg/ml), (Sigma, St. Louis, USA), hydro
cortisone (Collaborative Research Inc.), mouse Epidermal Growth Factor (EGF; 10 ng/ml) (Sigma, St.
Louis, USA), penicillin (100 U/ml) (Gibco, Breda, the Netherlands) and streptomycin (100 μg/ml)
(Gibco, Breda, the Netherlands).
Total RNA isolation and Poly A+ isolation
Cells were lysed in 1 ml RNase-AU (2.1 M Guanidine-thiocyanate (Research Organics Inc., Cleveland
USA), 8.5 mM N-lauroylsarcosine (Sigma, St. Louis, USA), 12.5 mM NaAc pH5.2, 0.35 W*/^ ßmercaptœthanol (Merck, Darmstadt, Germany) and 50 %vol/voi Tris-saturated biophenol pH8.0 (Biosolve, Amsterdam, the Netherlands). After lysation 100 ul chloroform was added. The samples were
centrifuged for 15 minutes (13000 rpm, 4°C), and the aqueous phase was precipitated with 500 μΐ isopropanol on ice for 45 minutes, and centrifuged at 4 °C for 15 minutes. The pellet was washed with
70 % ethanol and dried at room temperature for 5 minutes. This RNA pellet was resuspended in 150 μΐ
NSE (50 mM Sodium Acetate, 0.2 % SDS and 2 mM EDTA) and 562.5 μΐ 100% ethanol was added. For
quantification 62,5 μΐ of this RNA suspension was pelleted, resuspended in 1 ml H20 and spectrophotometrically analysed at 260/280 nm. Subsequently, poly A+ mRNA was isolated using the QuickPrep®
Micro mRNA Purification Kit (Pharmacia Biotech).
Original SAGE Protocol
Poly A+ RNA was converted to double-stranded cDNA with BRL synthesis Kit using the manufacter pro
tocol except for the inclusion of a biotinylated oligo-dT18 primer. The cDNA was then cleaved with a
restriction endonuclease (anchoring enzyme) that would be expected to cleave most transcripts at
least once, here we used Nlalll (New England Biolabs) as the anchoring enzyme.
•AAAAAAA

•TTTTTTTT4»

cleavage with Nlalll,
cuts on average 256 bp
GTACcapture of cDNA with
steptavidin beads
GTAC-

•

I

•AAAAAAA
-TTTTTTTT-

vjm

•AAAAAAA
•ТПТТПТІ

Figure 1. Cleavage of cDNA with anchoring
enzyme Nlall and subsequent capture of the
most 3' portion of the cloved cDNA using
streptavidine beads.
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Typically, restriction endonucleases with 4-bp recognition sites were used for this purpose because
they cleave every 256 bp (44) on average, whereas most transcripts are considerably larger. Binding to
streptavidin beads (Dynal) then isolated the most 3' portion of the cleaved cDNA (Figure 1). This process provides a unique site on each transcript that corresponds to the restriction site located closest
to the polyadenylate [poly(A)] tail.
-AAAAAAA
"TTTTTTTT-

GTAC

divide cDNA into
two pools and
lígate linkers A or В

/

-AAAAAAA
•TTTTTTTT-

CATG
¡3TAC

I

4

(Л Шл

ATG
TAC

-AAAAAAA
•ТТТПТГГТ-

Φ

3' block
Figure 2. Division of the captured cDHA in half an ligation of the linkers A and B.

The cDNA was then divided in half and ligated via the anchoring restriction site to one of two linkers
(Figure 2):
Linker 1, 5'TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATAGGGACATG-3',
5'TCCCTATTAAGCCTAGTTGTACTGCACCAGCAAATCC[Amino mod. C7]-3';
Linker 2, 5'TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACATG-3·,
5'TCCCCGTACATCGTTAGAAGCTTGAATTCGAGCAG[Amino mod. C7]-3' (Eurogentec).
These linkers contain a type IIS restriction site (tagging enzyme, here BsmFI (New England Biolabs)).
Type IIS restriction endo-nucleases cleave at a defined distance up to 20 bp away from their asym
metric recognition sites 21. After extensive washing to remove unligated linkers, the linkers and adja
cent tags were released by cleavage with BsmFI. The linkers are designed so that cleavage of the liga
tion products with the tagging enzyme BsmFI results in release of the linker with a short piece of the
cDNA. Since BsmFI cleaves 14 bp away from its recognition site, and the Nlalll site overlaps the BsmFI
site by 1 bp, a 15 bp SAGE tag was released with BsmFI.

I

_
Primer А

GGATGCATGXXXXXXXXX-3 '

ч

CCTACGTACXXXXXXXXX-5'

Primer В

ÎGATGCATGOOOOOOOOO-3'
:CTACGTACOOOOOOOOO-5'
Tag
TE
AE

Figure 3. Filling in the restriction fragments created with the tagging enzyme BsmR using T4 MA
ploymerase to created blunt-ends.
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The resulting digestion products were blunt-ended using T4 DNA polymerase (Gibco BRL) (Figure 3).
After blunt ends were created, the two pools of released tags were ligated to each other. The desired
ligation product (104 bp) was diluted and then amplified for 25 cycles with 5'GGATTTGCTGGTGCAGTACA-3· and S'-CTGCTCGAATTCAAGCTTCT-B' as primers (Eurogentec). The
PCR product was analysed by Polyacrylamide gel electrophoresis (PAGE; Boehringer Mannheim) as illustrated in figure 4, and the PCR product containing two tags ligated tail to tail (ditag) was excised.
An additional 15 cycles of PCR were then performed to generate sufficient product for ligation and
cloning. This step served several purposes in addition to allowing amplification of the tag sequences.

G6ATGCATGXXXXXXXXXOCXXXXX)OOCATGCATCC
CCTACGTACXXXXXXXXXOOOOOOOOOGTACGTAGG

104 bp

figure 4. PCR Amplification of the desired ligation product (104 bp).
First, it provided for orientation and punctuation of the tag sequence in a very compact manner. The
resulting amplification products contained two tags (one ditag) linked tail to tail, flanked by sites for
the anchoring enzyme. In the final sequencing template, this resulted in 4 bp of punctuation per ditag
(CATG). Second and most importantly, the analysis of ditags, formed before any amplification steps,
provided a means to eliminate potential distortions introduced by PCR. Because the probability of any
two tags being coupled in the same ditag is small, even for abundant transcripts, repeated ditags potentially produced by biased PCR could be excluded from analysis without substantially altering the
results. After isolation of the PCR product (104 bp) from the PAGE gel and subsequent digestion with
Nlatll resulted in release of the ditags running at 24-28 bp, illustrated in figure 5. From this figure, we
can conclude that we had a partial digest of the PCR product resulting in small amounts of ditags. Finally, the ditags were isolated from the gel and self-ligated in order to form long concatemers of ditags. Concatemeric ditags were analysed using PAGE (Figure 6) and concatemers ranging from 500 bp
to 2 kb were excised and cloned in the Sphl site of pZero-1 (In vitrogen).

225

Chapter 6

XXXXXXXXXOOOOOOOOOCATG
GTACXXXXXXXXXOOOOOOCXX)

104 bp
<ΐ

24-28 bp

Figure 5. Analysis of ditags on PACE sel and subsequent isolation of ditags from the sel.

-CATG XXXXXXXXX OOOOOOOOO CATG XXXXXXXXX OOOOOOOOO CATG—--GTAC XXXXXXXXX OOOOOOOOO CATG XXXXXXXXX OOOOOOOOO GTAC—AE

TAG1

TAG 2

AE

TAG3

TAG 4

AE

Figure 6. Analysis of formed concatemers after ligation of the ditags. Concatemers were excised from gel, puri
fied and cloned into the Sphl site of olerò· 1.

Colonies were screened for the right insert using T7 and SP6 sequences as primers and were subsequently sequenced either manually (Figure 7) or automatic (using the Amersham kit and the AlfExpress DNA sequencer (Pharmacia Biotech) automated sequencer following the manufacter's protocol).
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Our aim was to use this technique to compare differences in gene expression between normal and
diseased skin, or to analyse the changes that are induced after treatment of diseased skin with drugs.
For these purposes, we have to make use of skin biopsies. The original protocol makes use of 5 μg of
poly A* mRNA. It is impossible to isolate these amounts from skin biopsies. Therefore, we had to
modify the original protocol to make it applicable for skin biopsies. In the next section, we describe
the alternative protocol.
Alternative SAGE Protocol
17
The SAGE method was performed as previously described , with exceptions indicated below. Poly A*
RNA was converted to double-stranded cDNA with BRL synthesis kit using the manufacturer's protocol
except for the inclusion of primer biotin-5'-T18-3'. The cDNA was cleaved with Nlalll (Anchoring En
zyme) and binding to magnetic streptavidin beads (Dynal) captured the 3' -restriction fragments. The
bound cDNA was divided into two pools, and one of the following linkers containing recognition sites
for BsmFI (Tagging Enzyme) was ligated to each pool:
Linker 1,5'TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATAGGGACATG-3',
S'TCCCTATTAAGCCTAGTTGTACTGCACCAGCAMTCCtAmino mod. C7]-3';
Linker 2,5'-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACATG-3·,
5TCCCCGTACATCGTTAGAAGCTTGAATTCGAGCAG[Amino mod. C7]-3'.
After extensive washing to remove unligated linkers, each pool of bound cDNA was amplified during
15 cycles (Figure 8) using one of the following sequences with 5'-TTTGGATCCGGATTTGCTGGTGCAG
TACA-3' and S'-TTTTCTAGACTGCTCGMTTC^GCTTCT-S' and biotinylated oligo-dT as primers. These
primers differ from the original protocol by the presence of an additional BamHI and Xbal restriction
site at the 5'-end. This step will increase the amount of cDNA, which is the starting material for gen
eration of sequence tags.
TTTTTTTT-OligodT

¡CATG

AAAA AAA

JGTAC

TTTTTTT

kJfc

3'-TTTGGATCC-

BamHI

ATG
ÏTAC

TTTTTTTT-OligodT
AAAAAAA
T T T T T T T

V^É

З'-TTTTCTAGA
Xbal
Figure 8. Additional PCR amplification usins the newly developed primers and a oliso-dTprimer.

The resulting PCR products will lack the З'-blocking nucleotide that is used in the original protocol
that is necessary to prevent blunting and elongation of the 3'-end.
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The linkers and adjacent tags were released by cleavage with BsmFI. Since BsmFI cleaves 14 bp away
from its recognition site, and the Nlalll site overlaps the BsmFI site by 1 bp, a 15 bp SAGE tag was re
leased with BsmFI. The resulting overhangs were filled in with T4 DNA polymerase (Figure 9) and be
cause the 3-blocking nucleotide is lacking both ends will be blunt.

GGATGCATGXXXXXXXXX-3 '

5'-TTTGGATCC..
З'-AAACCTAGG. .

CCTACGTAÇXXXXXXXXX-5 '
Tag

5'-TTTTCTAGA..

Primer В

З'-AAAAGATCT..

IGGATGCATGOOOOOOOOO-3'
CCTACGTACOOOOOOOOO-5'
Tag

Figure 9. Filling in the restriction fragments created with the tagging enzyme BsmFI using T4 DNA ploymerase to created blunt-ends.

The two pools were then digested with either BamHI or Xbal to introduce a sticky linker (Figure 10),
normally this site is protected by means of a Amino mod. C7.

5'-GATCC..
3'G. .

5'-CTAGA..
3'T..

—

GGATGCATGXXXXXXXXX-3'
CCTACGTACXXXXXXXXX-5'
Tag
TE
AE

Primer В

GGATGCATÖDOOOOOOOO-3'
CCTACGTACOOOOOOOOO-5'
Tag

Figure 10. The blunt ended fragments were subsequently digested with either BamHI or Xbal to generate sticky linker (normally protected by means of a amino modification C7) to favour the blunt end
ligation of ditags.

The pools were then combined and self-ligated in the presence BamHI and Xbal to prevent unwanted
products and make the blunt-end ligation more favourable than the sticky-end ligation of BamHIBamHI and Xbal-Xbal (Figure 11).
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5'-GATCC
3'G

GGATGCATGXXXXXXXXXOOOOOOOOOCATGCATCC
CCTACGTACXXXXXXXXXOOOOOOOOOGTACGTAGG

AGATC-5'
Τ
-3'

Instead of ligation of BamHI or Xbal sites
5' -OOOOOOOOOCATGCATCC
3' -OOOOOOOOOGTACGTAGG

GGATGCATGOOOOOOOOO- 3 '
CCTACGTACOOOOOOOOO-5 '

5' -XXXXXXXXXCATGCATCC
3' -XXXXXXXXXGTACGTAGG

GGATGCATGXXXXXXXXX- 3 '
CCTACGTACXXXXXXXXX-5 '

Unwanted products
Figure I 1 . Formation of dita$s in the presence of BamHI and Xbal to favour the ligation of blunt end fragments.

The following steps were performed as indicated by the original protocol. The desired ligation prod
uct (104 bp) was diluted and then amplified for 25 cycles with 5'-GGATTTGCTGGTGCAGTACA-3' and
S'-CTGCTCGAATTCAAGCTTCT-B' as primers. The PCR product was analysed by Polyacrylamide gel
electrophoresis (PAGE), and the PCR product containing two tags ligated tail to tail (ditag) was ex
cised. An additional 15 cycles of PCR were then performed to generate sufficient product for ligation
and cloning. The PCR product was then cleaved with Nlalll, and the band containing the ditags was
excised and self-ligated. Concatenated products were separated using PAGE and products between
500 bp and 2 kb were excised. These products were then cloned into the Sphl site of pZero-1 (Invitrogen). Colonies were screened for inserts by colony PCR with T7 and SP6 sequences located outside the
as primers.
PCR products from selected clones were either manually of sequenced using the Amersham
sequencing kit and analysed on the AlfExpress (Pharmacia) automated sequencer, following the
manufacturer's protocol.
SAGE Data Analysis
Sequence files were analysed by means of the SAGE program group'7, which identifies the anchoring
enzyme site with the proper spacing, extracts the two intervening tags, and records them in a data
base. After complete analysis, the program compares the derived tags with a sequence file containing
only mammalian mRNA sequences and produces a frequency list with isolated tags and the corre
sponding description of the mRNA (Gene). To make use of the Genbank Flat file derived from NCBI we
had to convert this file using as program written in Pascal, before SAGE program group could identify
the mammalian sequences. During the analysis of the sequences, tags possibly derived from linker
dimers were excluded (i.e. CATGTCCTATTAA, CATGTCCCGTAC and CATGTCCCTATTA) and the data
were corrected for duplicate ditags produced during PRC amplification.
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Results and Discussion
Our aim was to make the SAGE methodology as described by Velculescu et al." operational for application on small amounts of mRNA as derived from skin biopsies. We used mRNA derived from cultured
cells to explore an alternative SAGE protocol as outlined above, and to compare the outcome with
the original protocol. Because the SAGE methodology is still in its infancy, and the original protocol is
still subject to modifications by its inventors15,17,22, we encountered various problems in setting up the
methods. These problems varied from inefficient cDNA capture, poor PCR reactions, low amounts of
ditags, limited digestion by the tagging enzyme and poor cloning efficiency of the concatemers.
These problems are largely solved by application of the updated SAGE protocols as issued by Velculescu et ai", and, if necessary, rigorous optimisation of the various steps. The yield of ditags after
Nlalll digestion of the 104 bp PCR fragment is still far lower than expected (see figure 5) however,
this appears to be inherent to the method, and will not give problems provided that 100-500 ng of ditags is obtained for concatemer formation.
When SAGE is applied to the analysis of skin biopsies less than 500 pg of mRNA is available. We
therefore, introduced a PCR amplification step early in the protocol. We have chosen a 15-cycle PCR
step, without further optimisation. In principle this procedure has the risk of distorting the frequencies of the various transcripts due to non-linear and skewed amplification of certain cDNA fragments
by the oligo dT and the linker primer. However, our data show that the method in principle works.
The PCR amplification was performed on approximately 100 ng of cDNA, and yielded enough material
to generate ditags that could be used for the subsequent PCR amplification. As described above, the
additional PCR step eliminated the blocked 3-ends of the linkers. Therefore, the ligation of the tags
to ditags was performed in the presence of restriction enzymes BamHI and Xbal to ensure exclusive
head to head ligation of the blunt-ended tags and prevent ligation of the Bam HI and Xbal ends. After
this step the original protocol was followed. A limited number of clones were sequenced and the tag
frequencies obtained via the original and the alternative protocol are listed in tables 1 and 2. Table 3
gives the tags identified by both methods. Obviously only for the high scoring tags a meaningful comparison of the tag frequencies can be performed. A striking observation is the fact that the highest
scoring tags are the same in both protocols, strongly suggesting that the original and the alternative
protocol will generate similar data. Statistical analysis of tag frequencies of the high scoring tags did
not reveal significant differences, except for one (Chi-square test). Interestingly, the highest scoring
tags appear to be new genes, since they are not found in the mRNA databases (Genbank release 87).
Although very limited, this SAGE analysis demonstrates the power of the methodology. Apart from the
analysis of relative abundances of mRNAs, it can identify new genes. A practical problem that arises
is the fact that only a 12-14 bp sequence is obtained. To verify that the tag is actually expressed in
keratinocytes, and is not an artifact, its presence should be checked by northern analysis. Subsequently, a partial cDNA sequence can be obtained by PCR using the 14 base pair tag and an oligo dT
primer, using the original cDNA as a template. Obviously, this approach is open to generation of unwanted products, because of the poor specificity of the primers used. Alternatively, the 14 bp tag can
be used for oligo-hybridisation of cDNA libraries17. The first high scoring tag that could be identified in
the public databases is cystatin M, a new cystatin that was recently described, and was shown to be
highly expressed in epidermis23.
The analysis presented here also reveals a few problems associated with the technique. Occasionally
a tag cannot be unambiguously identified, because multiple mRNAs conform to the tag sequence. For
instance, tag #9 in table 3 identifies 5 different genes, that are apparently homologous in their 3' sequences. The specificity of SAGE could be improved by using a tagging enzyme that will cut more
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than 14 bp downstream of its recognition site, as is the case with BsmFl, used here. Another problem
is the number of duplicate ditags that had to be rejected, especially in the alternative protocol, a
large number had to be rejected, and this needs further optimisation. This will further increase the
enormous demand for sequencing facilities that is required to perform an exhaustive and reliable
analysis of SAGE libraries. The number of tags to be sequenced obviously depends on the question to
be answered, and on the number of genes that are expressed in a particular tissue or cell population.
Construction of a trancriptome of yeast cells, i.e. the total set of expressed genes under a defined
condition, required sequencing of over 60.000 tags15. Assuming that in human skin about 4000 genes
are expressed, 50.000 to 100.000 tags would need to be analysed to obtain a human skin transcriptome. This will obviously require a large input of manpower and financing. When a standard automated sequencer can handle 100 clones per week, this would yield 4000 tags per weeks, assuming
that 600 bp can be read, with a 90% efficiency of the tag-identification. The costs of analysing one
clone are estimated to be about $12, therefore the construction and analysis of a human skin trancriptome will cost at least $16.000. When SAGE is used to compare differences between cell populations, smaller numbers of tags could be sufficient. When used for the discovery of new genes, only a
limited analysis is sufficient to produce a wealth of new information as shown in tables 1 and 2, although identification and cloning of the corresponding cDNAs or genes is far from straightforward.
Our prediction would be that SAGE will be an extremely useful and powerful technique for at
least the coming 5 years. However, when gene-chip technology will be available for large scale gene
expression analysis, this will be the method of choice because it is cheaper and faster than SAGE,
which relies on serial conventional sequencing rather than parallel analysis of DNA sequences via microarrays. Obviously, SAGE will lose its power as a tool for gene discovery, when the human genome
project will be finished, as to be expected within 5 years time. Until then, SAGE will have its place as
an innovative technique.
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Table 1. Keratinocyte SAGE tags analysed using the original SAGE protocol. Tag indicates the 9-bp sequence
identifying each tag, adjacent to the 4-bp anchoring Nla III site. N and Percent indicate the number of times the
tag was identified and its frequency, respectively. Gene indicates the description of the GenBank release 87 en
try found to exactly match the indicated tag when the SAGE software group was used, with the following excep
tions.
Tag

Description

Ν

CTCATAAGG

Unknown

16

TCACCCACA

Unknown

9

11.39

AGTTGTATA

Unknown

i

7.59

TCGTACCAG

Unknown

i

6.33

САССТААТТ

Unknown

*

5.06

GTGGAGGGC

Human cystatm M (CST6) mRNA, complete cds.

-

5.06

CCCATCGTC

Human mitochondrial mRNA for cytochrome с oxidase

Î

2.53

CTAAGACTT

Unknown

Î

2.53

GATGTGCAC

Unknown

't

2.53

GTGAAACCC

H.sapiens mRNA for lammm.

Î

2.53

X
20.25

Human epidermal growth factor receptor (EGFR) precursor
Human fibroblast growth factor recepta (FGFr) transcnpt
Human mRNA for granulocyte-macrophage colony-stimulating faaor
Human mRNA for platelet-activating factor
GTGACCACG

Unknown

AAGACAGTG

H.sapiens mRNA for rjbosomal protein U 7 a .

1.27

AATTGTATA

H.sapiens mRNA for subunlt С of vacuolar proton-AT

1.27

ACTGGGTCT

Human putative NDP kinase (nm23-H2S) mRNA, complete cds

1.27

2

2.5}

Homo sapiens c-myc transcription factor (puf) mRNA
AGGGCTTCC

Human HepG2 У region Mbol cDNA. clone hmd5h09m3.

1.27

Human novel gene mRNA, complete cds.
Human Wllm's tumor-related protein (GW mRNA, comp
lamlnln receptor homotog [human, mRNA
AGTGGGACC

Unknown

1.27

AGTGGGGAC

Unknown

1 27

AGTGTGCGA

Unknown

1.27

CCCTGTTGA

Human stratum comeum chymotryptic enzyme mRNA, complete cds.

1.27

CGCCGCCGG

Human nbosomal protem L35 mRNA, complete cds.

1.27

CTCATAAGC

Unknown

1.27

CTGAGAAAC

Unknown

1.27

CTTCCAGCT

Human Itpocortffl II mRNA, complete cds.

1.27

GATGCGCTT

Unknown

1.27

GGACCACCG

Unknown

1.27

GTGGAGGM

H.sapiens mRNA for cytokeratin 9.

1 27

GTGGAGGCA

Unknown

1.27

GTGGAGGGA

Unknown

1.27

GTGGCACGT

Human done A2A1 Alu repeat sequence.

1.27

TCAGACGCA

Human prothymosin alpha mRNA, complete cds.

1 27

TCTCATAAG

Unknown

1.27

TGAGGCACT

Unknown

1.27

TGCCTGTAG

Hum ORF (CFJ5) mRNA, 3 flanking..

1.27

TGTTCATCA

Unknown

1.27

TTCACCCAC

Unknown

1.27

TTCCTGTGG

Unknown

1 27
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Table 2. Keratinocyte SAGE tags analysed using the alternative SAGE protocol. Tag indicates the 9-bp sequence
identifying each tag, adjacent to the 4-bp anchoring Nla III site. N and Percent indicate the number of times the
tag was identified and its frequency, respectively. Gene indicates the description of the GenBank release 87 en
try found to exactly match the indicated tag when the SAGE software group was used, with the following excep
tions.
Tags

Description

Ν

X

CTCATAAGO

Unknown

21

22.34

TCACCCACA

Unknown

6

6.38

GTGGAGGGC

Human cystatln M (CST6) mRNA, complete cds.

4

4.16

Human putative NDP kinase (nm23-H2S) mRNA, complete cds

3

3.19

3

3.19

3
3
2
2
2

3.19

ACTGGGTCT

Homo sapiens c-myc transcription factor (puf) mRNA
GTGAAACCC

H.sapiens mRNA for laminin.
Human epidermal growth factor receptor (EGFR) precursor
Human fibroblast growth factor receptor (FGFr) transcript
Human mRNA for granulocyte-macrophage colony-stimulating factor
Human mRNA for platelet-activating factor

TCGTCCCAG

Unknown

TTCTTGTGG

Unknown

CTAAGACTT

Unknown

CTGAGAAAC

Unknown

CTTCCTTGC

H.sapiens mRNA for keratin-related protein.

3.19
2.13
2.13
2.13

Homo sapiens semenogelin II mRNA, complete cds.
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TCACCCCAC

Unknown

TTAGGGCCC

Unknown

AAGAACAGT

Unknown

AATCCTGTG

H.sapiens mRNA for nbosomal protein L3.

ACCTGTATC

Human 1-6U gene from interferon-Inducible gene fam

ACGCAGGGA

Unknown

ACTCCCCCC

Unknown

ACTGGGGTC

Unknown

AGAGCCAAG

Unknown

AGCTGTATA

Unknown

AGTGGGCGA

Unknown

AGTGGGGAC

Unknown

AGTTGTATA

Unknown

CACCCTAAT

Unknown

CCAAACGTG

Human HepG2 3' region Mbol cDNA, clone hmd1c<2m3.

CCCACGGCG

Unknown

CCCATCGTC

H.sapiens mitochondnal сахН mRNA for cytochrome

CCCTGTTGA

Human stratum comeum chymotryptK enzyme mRNA, complete cds.

CCCTTGAGG

Human small proline neh protein (spri) mRNA, don

CGTGTAATC

Unknown

CTCATAAGC

Unknown

CTCATCGTC

Unknown

GACTCAGTT

Unknown

GAGGGAGGA

Unknown

GATGGCACG

Unknown

GATGTGCAC

Unknown

GATGTTGCA

Unknown

GCCTCAGTT

Unknown

GCGGAGGGC

Unknown

GCTGCATAA

Unknown

GCTGTTGCG

Unknown

GGCCCCTCA

Human Insulin-like growth factor binding protein 6

GGGCAGGAC

Unknown

GGTGTGCAC

Unknown

GTAGAGGGC

Unknown

GTGGAGGGA

Unknown

GTGGTGGGC

H.sapiens mRNA for acetylcholine receptor delti

GTGTCGGCT

Unknown

TAAGGCTTA

Unknown

TCTACCCAC

Unknown

TGAATGTCA

Unknown

TTCATACAC

Unknown

TTGGTCCTC

H.sapiens mRNA for homologue to yeast rlbosomal protein

2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.13
2.13
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
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Table 3. Comparison of the original protocol with the alternative protocol. In the table, we have presented the
tags that were found by both protocols, with their subsequent frequencies and percentage of abundance.
Alternative protocol

Original protocol

%

Frequency

X

Tag

Descnpnon

Frequency

16
9
6
5
4
2
2
2
2

20.25
11.39
7.59
6.33
5.06

CTCATAAGG
TCACCCACA
AGTTGTATA
GTGGAGGGC

Unknown
Unknown

22.34

2.53
2.53

CCCATCGTC
CTAAGACTT
GATOTGCAC
CTGAAACCC

21
6
1
4
3
1
2
1
3

1

1.06

2
1

2.13
1.06

2.53
2.53

TCGTCCCAG

Unknown
Human cystatm M (CST6) mRNA, complete cds.
Unknown
H.sapiens mitochondrial coxll mRNA For cytochrome
Unknown
Unknown
H.sapiens mRNA for lammm.
Human mRNA for platelet-activating factor
Human mRNA for granulocyte-macrophage colonystimulating factor

6.38
1.06
4.25
3.19
1.06
2.13
1.06
3.19

Human fibroblast growth factor receptor (FGFr) transcript

1

1.27

ACTGGGTCT

1
1

1.27
1.27

CTGAGAAAC
GTGGAGGGA

Human epidermal growth factor receptor (EGFR) precursor
Homo sapiens c-myc transcription factor (puf) mRNA
Human putative NOP kinase (nm23-H2S) mRNA, complete cds
Unknown
Unknown
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Summary, Discussion and Conclusions
Psoriasis is a worldwide occurring inflammatory skin disease with an incidence of 2% in our
Western population, and of unknown aetiology. This thesis was directed to the development of
human keratinocyte culture models that could allow us to study the pathogenesis and
pharmacological modulation of psoriasis.

Chapter 1
Chapter 1 reviews the current knowledge on signal transduction pathways involved in
keratinocyte growth and differentiation. We describe the involved growth factors and cytokines
and the interference by anti-psoriatic drugs.

Chapter 2
To study the pathogenesis and pharmacological modulation of psoriasis we developed in vitro
culture models described in chapter 2. Chapter 2.1 describes the development of an in vitro
model to characterise keratinocyte growth and growth inhibition using flow cytometry. It is well
known that epidermis is a dynamic tissue in which highly co-ordinated mechanisms exist to
control cell proliferation and differentiation. Disturbance (e.g. following trauma) of this balance
leads to a response of the human epidermis resulting in an increased production of cells in order
to restore its integrity as quickly as possible. We have previously advocated the concept of a Gopopulation in normal human skin, and we have provided experimental evidence that recruitment
from this pool is the mechanism to restore homeostasis after epidermal injury. The importance
of the G0/Grphase of the cell cycle in the control of normal human keratinocyte proliferation is
implicated by the fact that 96% of the keratinocytes exist in G0/Gi in vivo, and are not cycling.
One of the growth abnormalities in psoriasis is the fact that most if not all basal cells appear to
be cycling i.e. the total Go-population has been recruited. We show that it is possible to inhibit
growth of human keratinocytes in G0/G, and we demonstrate that this situation is reversible. In
this study, we compared two ways to growth arrest human keratinocytes, normal human
keratinocytes were grown in keratinocyte growth medium (KGM) and growth arrest was induced
by either using keratinocyte basal medium (KBM) or KGM supplemented with TGF-ß(. Within 52
hours, after addition of TGF-ß1( 79% of the cells were in the G0/Grphase of the cell cycle, a
situation that approaches the normal epidermis. Using KBM to growth arrest human
keratinocytes, we saw a similar decrease in the rate of IdUrd incorporation. However, the
decrease in IdUrd incorporation was not reflected in a decrease of cells in the S-phase,
suggesting that the cells were blocked in the G 0 /G b S or G2/M-phase rather than selectively in
the physiological growth arrest state of G0/Gi. In addition, we showed that keratinocytes growth
arrested either by TGF-ß, or KBM could be stimulated to re-enter the cell cycle. Keratinocytes
growth arrested by TGF-ß! are synchronised and recruited as a cohort, whereas keratinocyte
growth arrested in KBM are not. We conclude that growth arrest induced by TGF-ß, is the
preferred system to study induction of keratinocyte proliferation, since it induces a state of
quiescence which approaches that of normal human epidermis.
During years of investigation, it has become evident that lesionai psoriatic epidermis
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displays a number of phenotypic changes that are distinct from the differentiation program
found in normal epidermis. In chapter 2.2 we describe the development of culture models that
allow the induction of both normal and a psoriatic differentiation phenotypes. This enables us to
study the pathway responsible for the switch from a normal to a psoriatic differentiation and
vice versa, and subsequently these models would be amenable for screening of anti-psoriatic
drugs. To establish these models, human keratinocytes were cultured in keratinocyte growth
medium (KGM) to confluence and subsequently switched to KGM depleted with growth factors
(KGM/-GF) and KGM supplemented with foetal calf serum (FCS) (KGM/FCS). Keratinocyte
cultures were analysed for expression levels of cytokeratin 1 (CK), CK10, CK16, SKALP/elafin,
transglutaminase, involucrin, psoriasin, and PA-FABP using immunocytochemical stainings,
northern blotting. Row cytometry was used to assess cell cycle parameters. We observed that
differentiation induced by growth factor depletion in a confluent culture resembled the normal
differentiation phenotype; i.e. a low proliferation rate; high expression levels of cytokeratin 1
(CK) and 10; moderate expression of involucrin and transglutaminase; low expression levels of
SKALP/elafin and CK16; and absence of psoriasin). In addition, differentiation induced by foetal
calfs serum resembled the psoriatic phenotype, characterised by sustained hyperproliferation;
high levels of CK16, SKALP/elafin, transglutaminase, involucrin; and moderate psoriasin
expression. We show that in vitro systems for keratinocyte cultures can be used to study the cell
biology of epidermal differentiation and to characterise the factors involved in regulation of
individual genes expression or co-ordinated expression of sets of genes. Alternatively, these
systems will in the future be adapted to mictrotiter plates, to allow large-scale screening of
drugs to test their effect on a set of selected differentiation genes.

Chapter 3
In chapter 3 the application of previously developed culture models to test the expression and
functional significance of differentiation-related genes has been described. Using the developed
culture models we showed that the expression of the proteinase inhibitors SKALP and SLPI, and
the expression of the transcription factor C/EBPa is related to the state of keratinocyte
differentiation. Here we report that SKALP, SLPI, and C/EBPa expression is strongly upregulated
in vitro after stimulation of confluent keratinocyte cultures with foetal calf serum, and the
expression is associated with keratinocyte differentiation. In addition, SLPI expression could
dose-dependently be induced by TNF-a. Furthermore, we show that in vitro induction of
proteinase inhibitor SKALP expression provides protection against detachment caused by purified
elastase or activated PMNs. These findings indicate that inducible expression of SKALP in human
keratinocytes may participate in the maintenance of epithelial integrity by eliminating PMN
derived proteinases.

Chapter 4
In chapter 4 we have investigated the effects of selected growth factors, cytokines and cellular
stress factors on keratinocyte growth and differentiation. The induction and regulation of SKALP
gene expression in epidermal keratinocytes as a paradigm for the regenerative differentiation
program as seen in psoriasis was described in chapter 4.1. Various cytokines and growth factors
(i.e. TNF-a, IFN-γ, TGF-a, IL-1, IL-6, IL-8 etc) found to be elevated in psoriatic lesionai skin and
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healing skin wounds, were tested in vitro on their ability to induce SKALP gene expression in
cultured human keratinocytes. Analysis of SKALP gene expression on both mRNA and protein
level revealed that TNF-a was the most potent inducer of SKALP gene expression; TGF-ct and
IFN-γ showed moderate induction of SKALP gene expression. The induction of in vitro SKALP
gene expression by TNF-a and IFN-γ is compatible with the notion that in lesionai psoriatic skin
infiltrating T-lymphocytes with a Th1-phenotype produce high levels of IL-2, IFN-γ, and TNF-a,
thereby triggering the induction a regenerative differentiation in vivo. However, several reports
indicate that TNF-a and IFN-γ are growth inhibitory rather than promoting hyperproliferation,
which is a characteristic feature of psoriasis. Concluding, we can say that these results imply
that mere exposure of keratinocytes to TNF-a or IFN-γ is not the sole trigger to induce the
complete regenerative phenotype of keratinocytes found in hyperproliferative epidermis. This is
further confirmed by the evidence that TGF-a is able to induce on the on hand mild induction of
SKALP expression, and on the other TGF-a is able to induce keratinocyte proliferation via the
TGF-a autocrine loop. This also implies that TGF-a can influence two major aspects of the
psoriatic lesion: i.e. induction of hyperproliferation and induction of abnormal differentiation.
The promotor region of SKALP contains several potential transcription factor binding
sites, including AP-1, NF-IL6, and NFKB. Promotor analysis using deletion mutants of the SKALP
promotor region demonstrated that deletion of a region containing two potential AP-1 binding
sites and several potential NF-IL6 binding sites resulted in a 90% reduction of promotor activity.
NF-IL6 is a member of the C/EBP family, also including C/EBP-a that has recently been describe
to be expressed exclusively in differentiated cells, and is therefore a potential target in
regulation of the differentiated phenotype. We could also demonstrate that stimulation of
keratinocytes with TNF-a leads to the activation of MAPkinase pathways. TNF-a causes a rapid,
transient induction of JNK-1/SAPK-1 activity, which indicates that the stress activated pathway
is operational in cultured human keratinocytes. We have not yet identified the downstream
actions of the stress activated MAPkinases, which will be a topic for future research. In addition
to the in vitro activation of the stress response pathways, mild UVB irradiation in vivo also
activates the MAPkinase signalling pathway. Altogether, these results indicate that the stress
activated signalling pathways are involved in the regulation of the regenerative maturation
pathway seen in psoriasis.
Chapter 4.2 describes keratinocyte gene modulation by different classes of detergents.
Human keratinocytes differentiation was induced in the absence of growth factors as described
in chapter 2.2. After a period of growth factor depletion, cultures were refreshed and different
classes of detergents were added at various concentrations. The different classes of detergents
we used were: anionic, cationic and non-ionic detergents. Keratinocyte gene expression was
monitored using SKALP, CK1, and involucrin as parameters for keratinocyte differentiation.
Furthermore, we investigated the effect on cytotoxicity using the release of LDH as a read out.
We found that anionic detergents induce keratinocyte gene expression (SKALP, involucrin) in a
different way compared to the cationic and non-ionic detergents. Induction of gene expression
takes place over a narrow concentration range. Above this range, the effects are cytotoxic and
beneath this range, the effects are not detectable. In addition, we performed similar
experiments in vivo on skin from healthy volunteers. In this in vivo model, it is not possible to
distinguish between barrier disruption, direct action on keratinocytes or inflammatory changes.
Because the extent of barrier disruption and the regenerative responses following cell damage
also influence the cell biological alterations, it is very difficult to draw conclusions on the
contribution of direct actions of detergents on keratinocyte metabolism in vivo. We conclude
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that the action of anionic detergents on epidermal keratinocytes is qualitatively different from
the other detergents tested, which might have implications for in vitro toxicology studies that
use cell biological parameters as a read-out. We would hypothesise that detergents cause skin
injury by several mechanisms that include direct cellular toxicity, disruption of barrier function,
and by detergent-specific effects on cellular differentiation. In vitro models using human
keratinocytes, as described here, enable us to study the direct interactions between irritant and
cells, which are difficult to dissect in vivo. Further investigations are required to assess whether
the information derived from these in vitro systems, together with the physicochemical
properties of the detergent/irritant, can be used to predict the response of human skin exposed
to these stimuli.

Chapter 5
Using the current knowledge about the involvement of stress response pathways in the
development of a regenerative phenotype and the availability of recently developed culture
models, we describe in chapter 5 a comparison of keratinocyte growth and differentiation
between normal and psoriatic uninvolved keratinocytes. As mentioned in the introduction, we
hypothesised that if keratinocytes from psoriatic individuals are intrinsically different from
normal keratinocytes, these differences should be maintained in vitro. In this chapter, we
performed a systematic comparison of cultured keratinocytes from normal and psoriatic
uninvolved skin. Chapter 5.1 describes the cell kinetic characterisation of human keratinocytes
derived from normal and psoriatic individuals. Hereby, we addressed the question whether there
are intrinsic defects in basic cell cycle parameters. Keratinocytes from healthy and uninvolved
psoriatic skin were cultured using serum-free culture media. To study basic cell cycle
parameters, cultures were either pulse labelled or continuously labelled with IdUrd. The pulse
labels were removed and the behaviour of labelled cells was investigated throughout a period of
48 hours using flow cytometry. This procedure allowed us to follow the progression of IdUrd
labelled cells through the cell cycle, which finally leads to information about the duration of the
different cell cycle compartment. In addition, we investigated whether there were intrinsic
differences between normal and psoriatic keratinocytes towards growth arrest with TGF-Рь as
described in chapter 2.1. This study demonstrated that normal and psoriatic keratinocytes
derived from uninvolved skin have similar values for the cell cycle parameters. This makes it
unlikely that the hyperproliferation seen in psoriasis is due to differences in the 'settings' of the
cell cycle. Furthermore, normal and psoriatic keratinocytes show the same growth inhibition
pattern induced by TGF-ß,. Therefore the response towards TGF-ßi appears not to be altered in
psoriatic keratinocytes, demonstrating the hyperproliferation seen in psoriasis is also not due to
a different response to growth inhibitory mechanisms induced by TGF-ß,.
In chapter 5.2 we addressed the question whether there are intrinsic defects for signals
that induce growth inhibition and regenerative differentiation, like serum and cytokines and
growth factors. To investigate differences in response to growth inhibiting factors we developed
a proliferation assay based on previously described flow cytometric techniques and applicable to
large numbers of samples. We showed that normal and psoriatic keratinocytes can be growth
arrested by addition of TGF-ßi and IFN-γ to the culture medium, however addition of TNF-a did
not inhibit keratinocyte growth. The response to TGF-ßi, IFN-γ and TNF-a was similar in both
normal and psoriatic keratinocytes. Statistical analysis could not reveal significant differences.
Overall, we could conclude that normal and psoriatic keratinocytes have the same growth and
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growth inhibiting profiles and that psoriatic keratinocytes have a smaller number of cycling
cells, which was in agreement with the data described in chapter 5.1. In this chapter, we have
further investigated whether there were intrinsic differences between normal and psoriatic
keratinocytes with respect to differentiation after stimulation with TNF-a and serum.
Differentiation was determined using a panel of markers related to differentiation and specific
for the regenerative differentiation phenotype. Summarising the preliminary data, we could
conclude that normal keratinocytes are more susceptible for TNF-a when the expression of SLPI
and SKALP is examined. Normal keratinocytes have a significantly higher expression of SLPI after
TNF-a stimulation. Using SKALP as a read out we could demonstrate that cellular SKALP
expression is increased, subsequently followed by higher levels of SKALP in culture supematants.
Stimulation with serum, revealed opposite effects. Addition of serum revealed that psoriatic
keratinocytes had significantly higher expression levels of SKALP, SLPI, involucrin, and K16 (4 out
of 5 markers used). These data unveil that normal and psoriatic keratinocytes are intrinsically
different with respect to TNF-a and serum treatment, using the above described markers as a
read out. In the near future Gene-Chip analysis of mRNA from normal and psoriatic keratinocytes
treated with TNF-a and serum will give more insight in differences in gene expression of
cytokines/growth factors, receptors, and transcription factors before and after treatment.
These data will possibly provide us information about genes that are abnormally regulated during
differentiation induced by TNF-a and serum, and may play an important role in the development
of the regenerative differentiation phenotype.

Chapter 6
Chapter 6 outlines the analysis of gene expression using a recently developed technique, which
is called serial analysis of gene expression (SAGE). This chapter describes a technique that
allows the rapid, efficient, and quantitative analysis of gene expression in human keratinocytes
(and other cell types and tissues) under various conditions (normal and pathological). In
addition, to the protocol described by Velculescu et at., we describe an alternative procedure
that should allow us to apply this procedure on biopsy material, making this technique available
for characterising gene expression in normal skin versus pathological skin, i.e. psoriatic skin, skin
tumours, etc. The limited amount of data demonstrates that the technique needs a lot of
optimisation to obtain sufficient amounts of ditags, which can lead to analysis of thousands of
transcripts. Furthermore, we show that the alternative procedure gives rise to a frequency
distribution comparable to the original. Overall, we have to conclude that the techniques is very
promising, time consuming and expensive.

In conclusion
Combining all these data, we conclude that we have developed a set of in vitro culture models
meeting the following requirements:
1. establishment of a stratified culture with low proliferative activity and expression of the markers
for terminal differentiation, such as cytokeratins 1 and 10, transglutaminase and involucrin.
2. a controlled switch to a stratified culture with high proliferative activity and expression of markers
typical for psoriasis and injured skin, such as cytokeratin 6 and 16, SKALP/elafin and psoriasin.
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3. applicable to downscale the methodology with respect to cell culture and read out of the relevant
markers, that would allow high-throughput screening as required for drug testing in vitro or in
vitro toxicology.
These models have proven to be useful for the characterisation of keratinocyte growth
and differentiation, to perform functional analysis of differentiation-related genes. In the future
(currently in progress) these models will be optimised, applied to large scale screenings of
compounds using a cell line, stably transfected with a SKALP-Green Fluorescent Protein (GFP)
construct, which will allow fast and efficient analysis of SKALP expression. Furthermore, the
SAGE protocol will be optimised and applied to analyse gene expression after challenging
keratinocytes with different cytokines/growth factors, and to analyse gene expression in biopsy
material.
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Samenvatting, Discussie en Conclusies
Psoriasis is een wereldwijd voorkomende huidziekte met een incidentie van 1% in onze Westerse
bevolking en met een onbekende aetiologie. Het onderzoek beschreven in dit proefschrift is er op
gericht om kweekmodellen te ontwikkelen die ons in staat stellen de Pathogenese en
farmacologische modulatie van psoriasis te bestuderen.

Hoofdstuk 1
In hoofdstuk 1 is een overzicht gegeven van
transductie routes betrokken bij de regulatie
beschrijven de groeifactoren en cytokines die
differentiatie en verder wordt ingegaan
medicijnen/therapiën op de signaaltransductie.

de huidige stand van
van keratinocyt groei
betrokken zijn bij de
op de interferentie

zaken omtrent signaal
en differentiatie. We
regulatie van groei en
van anti-psoriatische

Hoofdstuk 2
Om inzicht te krijgen in de Pathogenese en farmacologische modulatie van psoriasis hebben we in
vitro kweek modellen ontwikkeld zoals beschreven in dit hoofdstuk. Hoofdstuk 2.1 geeft een
beschrijving van een in vitro model waarmee de groei en groeiremming van keratinocyten
bestudeerd kan worden door middel van flow cytometrische karakterisatie. Het is bekend dat
epidermis een dynamische weefsel is, waarin een sterk gereguleerd mechanisme aanwezig is dat
de groei en differentiatie controleert. Verstoringen (bijvoorbeeld na trauma) van dit mechanisme
geven aanleiding tot verhoogde productie van cellen in de epidermis om de integriteit zo snel
mogelijk weer te herstellen. In een eerdere publicatie hebben wij het concept van een G0-populatie in normale huid geschetst, en wij hebben bewijs aangevoerd dat de rekrutering van cellen
uit deze populatie het mechanisme is om de homeostasis te herstellen na verwonding/beschadiging van de epidermis. Het belang van de G0/G( fase in de celcyclus tijdens de groeiregulatie
van de keratinocyt wordt onderstreept door het feit dat 96% van de keratinocyten zich in vivo in
rust bevinden in de Go/G, fase; zij zijn dus niet in cyclus. Een van de afwijkingen in psoriasis is
dat de meeste zo niet alle basale cellen in cyclus zijn, hetgeen aangeeft dat de totale G0-populatie gerekruteerd is. In dit hoofdstuk laten wij zien dat het mogelijk is humane keratinocyten te
remmen in hun groei en ze stil te leggen in de G0/G, fase. Tevens laten wij zien dat deze situatie
reversibel is. Twee methoden van groeiremming zijn in dit hoofdstuk vergeleken; nl. normale
humane keratinocyten werden gekweekt in keratinocyt groeimedium (KGM) en vervolgens werd
groeiremming geïnduceerd door of basaal groeimedium (KBM) of KGM met TGF-ß, te geven. Na
toevoeging van TGF-ß, (52 uur) waren 79% van de cellen stilgelegd in de G0/G, fase van de
celcyclus. Dit leverde een situatie op die een benadering geeft van de situatie in normale
epidermis. Gebruikmakend van KBM als groeiremmer, zagen we een identieke afname van de
mate van IdUrd inbouw. Echter, de afname van IdUrd inbouw ging niet gepaard met een afname
van cellen in S fase, hetgeen impliceert dat de cellen op een andere plaats in de celcyclus
geblokkeerd worden dan in de fysiologische G0/Gi fase. De groeiremming door zowel TGF-ß, als
KBM is reversibel. Keratinocyten stilgelegd onder invloed van TGF-ß, worden als een cohort
gerekruteerd, dit in tegenstelling tot keratinocyten stilgelegd in KBM. Wij concluderen dat de
groeiremming onder invloed van TGF-ß, het gewenste model is om keratinocyt groei te
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bestuderen, omdat het een rust situatie creëert welke de situatie benadert in de normale
epidermis.
Door de jaren heen is het duidelijk geworden dat lesionale epidermis een aantal
fenotypische veranderingen vertoond die verschillen van het differentiatie programma dat we
vinden in normale epidermis. Hoofdstuk 2.2 geeft een beschrijving van de ontwikkeling van kweek
modellen waarin wij zowel normale als psoriatische differentiatie fenotypes kunnen induceren.
Deze modellen maken het mogelijk om de routes te besturen die verantwoordelijk zijn voor de
switch van normale naar psoriatische differentiatie en omgekeerd. Tevens kunnen deze modellen
gebruikt worden om te kijken naar de werking van anti-psoriatische medicijnen. Normale
keratinocyten werden gekweekt tot confluentie in KGM en vervolgens werd het medium
vervangen door KGM zonder groeifactoren (KGM/-GF) of KGM met foetaal kalf serum (KGM/FCS).
Na en periode van 48 uur in de beschreven media gegroeid te hebben, werden de expressie
niveaus geanalyseerd van cytokeratine 1 (CK), CK10, CK16, SKALP/elafin, transglutaminase,
involucrine, psoriasin, en PA-FABP gebruikmakend van immunocytochemische kleuringen en
northern blotting. Flow cytometrie werd gebruikt om aanvullende gegevens te krijgen omtrent de
cel cyclus parameters. Differentiatie geïnduceerd door medium zonder groeifactoren vertoonde
grote overeenkomst met het normale differentiatie-programma: d.w.z. een lage proliferatie;
hoge expressie niveaus van CK1 en CK10; matige expressie van involucrine en transglutaminase;
lage expressie niveaus van SKALP/-elafin en CK16; en afwezigheid van psoriasin). Bovendien,
vertoont differentiatie geïnduceerd door FCS grote overeenkomst met het psoriatische fenotype,
dat gekarakteriseerd wordt door onafgebroken hyperproliferatie; hoge expressie niveaus van
CK16, SKALP/elafin, transglutaminase, involucrine; en matige expressie van psoriasin. Wij laten
hier zien dat in vitro modellen voor het kweken van keratinocyten gebruikt kunnen worden om de
celbiologie van epidermale differentiatie te bestuderen en om factoren te karakteriseren die
betrokken zijn bij de regulatie van individuele gen expressie of gecoördineerde expressie van een
set van genen. Bovendien kunnen deze modellen aangepast worden aan het formaat van 96-wells
platen, hetgeen grootschalige screening van het effect van medicijnen op een set van
geselecteerde differentiatie genen mogelijk maakt.

Hoofdstuk 3
Hoofdstuk 3 beschrijft de toepassing van de in hoofdstuk 2 ontwikkelde modellen, waarbij
gekeken is naar de expressie van differentiatie gerelateerde genen en hun eventuele functie.
Gebruikmakend van de modellen laten wij zien dat de expressie van de proteinase remmers
SKALP en SLPI (ALP), en de expressie van de transcriptie factor C/EBP-a in verband staat met de
mate van keratinocyte differentiatie. In dit hoofdstuk laten we zien dat de SKALP, SLPI en C/EBPα expressie sterk verhoogd wordt in vitro na stimulatie van confluente kweken met foetaal kalf
serum, en dat de expressie geassocieerd is met keratinocyt differentiatie. Bovendien wordt de
SLPI expressie dosis afhankelijk geïnduceerd door TNF-a. Verder laten wij zien dat in vitro
inductie van de proteinase remmer SKALP bescherming biedt tegen gezuiverd elastase of
geactiveerde PMN's, waardoor de keratinocyt kweken intact blijven. Deze bevindingen geven aan
dat de geïnduceerde expressie van SKALP in humane keratinocyten een rol kan spelen in het
behouden van de epitheliale integriteit door proteinases afkomstig van PMNs te elimineren.
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Hoofdstuk 4
In hoofdstuk 4 zijn de effecten bestudeerd van groeifactoren, cytokines en cellulaire stress
factoren op keratinocyt groei en differentiatie. De inductie en regulatie van SKALP gen expressie
in epidermale keratinocyten als paradigma voor het regeneratieve differentiatie-programma,
zoals zichtbaar is in psoriasis wordt beschreven in hoofdstuk 4.1. In vitro komen verscheidene
cytokinen en groeifactoren (dwz. TNF-a, IFN-γ, TGF-a, IL-1, IL-6, IL-8 etc) verhoogd tot expressie
in lesionale psoriatische huid en genezende epidermale wonden. Deze cytokinen en groeifactoren
zijn uitgebreid getest op hun mogelijkheid om SKALP gen expressie te induceren in gekweekte
humane keratinocyten. Analyse van SKALP gen expressie zowel op mRNA als eiwit niveau liet zien
dat TNF-a de sterkste inducer is van SKALP gen expressie; TGF-a en IFN-γ vertoonden een matige
inductie van SKALP gen expressie. De inductie van SKALP gen expressie in vitro door TNF-a en
IFN-γ komt overeen met het gegeven dat in lesionale psoriatische huid geïnfiltreerde Tlymfocyten van het Th1-fenotype, veel IL-2, IFN-γ, en TNF-a produceren en daardoor de
regeneratieve differentiatie induceren. Echter, verscheidene publicaties beschrijven dat TNF-a
en IFN-γ groeiremmend werken in tegenstelling tot het bevorderen van hyperproliferatie hetgeen
karakteristiek is voor psoriasis. Concluderend kunnen we zeggen dat deze resultaten aangeven dat
blootstelling van keratinocyten aan TNF-a of IFN-γ alleen niet voldoende is om het regeneratieve
fenotype te induceren zoals dat gevonden wordt in hyperproliferatieve epidermis. Dit wordt
verder bevestigd door het feit dat TGF-a aan de ene kant in staat is om een matige SKALP
expressie te induceren, en aan de andere kant in staat is keratinocyt proliferatie te bevorderen
via de TGF-a autocrine stimulatie. Dit houdt tevens in dat TGF-a twee belangrijke aspecten van
de psoriatische lesie kan beïnvloeden: n.l. inductie van hyperproliferatie en inductie van
abnormale differentiatie.
Het promotorgebied van het SKALP gen bevat verscheidene potentiële transcriptie factor
bindingsplaatsen, waaronder AP-1, NF-IL6, and NFKB. Promotor analyse met deletie mutanten van
het SKALP promotor gebied laten zien dat verwijdering van een gebied dat twee potentiële AP-1
bindingsplaatsen en verscheidene NF-IL6 bindingsplaatsen bevat, resulteert in een reductie van de
promotor activiteit met 90%. NF-IL6 is een familielid van de C/EBP familie, waaronder ook C/EBPα valt. C/EBP-a is recent beschreven en komt exclusief tot expressie in differentiërende cellen,
wat aangeeft dat dit een potentiële kandidaten zijn voor de regulatie van het differentiatie
fenotype. Naast bovengenoemde effecten konden wij aantonen dat stimulatie van keratinocyten
met TNF-a eveneens leidt tot de activatie van de MAPKinase route. TNF-a veroorzaakte een
snelle, transiente inductie van JNK-1/SAPK-1 activiteit, hetgeen impliceert dat de stress
geactiveerde signaal route operationeel is in gekweekte humane keratinocyten. Op dit moment
hebben we nog geen downstream signalen van de stress geactiveerde MAPkinases kunnen
identificeren, dit is een onderdeel voor verder onderzoek. In aanvulling op de in vitro activatie
van de stress response route, milde UVB straling in vivo resulteert ook in de activatie van de
MAPkinase signaaltranductie route. Deze resultaten geven aan dat de stress geactiveerde
signaaltranductie betrokken is bij de regulatie van de regeneratieve maturatie zoals deze gezien
wordt in psoriasis.
Hoofdstuk 4.2 beschrijft de modulatie van keratinocyt gen expressie door verschillende
klassen van detergentia. Differentiatie in humane keratinocyten wordt geïnduceerd in de
afwezigheid van groeifactoren zoals beschreven in hoofdstuk 2.2. Na een periode van groei factor
depletie, worden de keratinocyten ververst en de verschillende klassen van detergentia worden in
verschillende concentraties toegevoegd. De volgende klassen van detergentia zijn gebruikt:
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anionische, kationische en non-ionische detergentia. Keratinocyt gen expressie werd gemeten aan
de hand van de expressie van SKALP, CK1, en involucrine als parameters voor keratinocyt
differentiation. Naast het effect op differentiatie hebben we het effect bekeken op de
cytotoxiciteit door de vrijgekomen hoeveelheid LDH te meten. Analyse van gen expressie geeft
aan dat anionische detergentia keratinocyt gen expressie (SKALP, involucrine) induceren op een
manier die verschilt van de kationische en non-ionische detergentia. De inductie van de gen
expressie vindt plaats over een klein concentratie gebied. Boven dit gebied zijn de effecten
cytotoxisch en onder dit gebied zijn er geen effecten aantoonbaar. Naast de in vitro
experimenten, hebben we soortgelijke experimenten ook uitgevoerd in vivo op de huid van
gezonde vrijwilligers. Gebruikmakend van dit in vivo model was het niet mogelijk onderscheid te
maken tussen barrière beschadiging, directe invloed op keratinocyten of inflammatoire
veranderingen. Doordat de mate van barrière beschadiging en regeneratieve responsen na cel
beschadiging ook de celbiologische interacties beïnvloeden, is het moeilijk om conclusies te
trekken over de directe invloed van de detergentia op het keratinocyt metabolisme in vivo. Wij
concluderen dat de actie van anionische detergentia op epidermale keratinocyten kwalitatief
anders is dan de actie van de andere detergentia die wij getest hebben. Dit kan gevolgen hebben
voor in vitro toxicologische studies die gebruik maken van celbiologische parameters als uitlezing.
Wij veronderstellen dat detergentia huidbeschadigingen veroorzaken door verschillende
mechanismen, waardonder directe cellulaire toxiciteit, beschadiging van de barrière, en door
specifieke effecten op cellulaire differentiatie. In vitro modellen gebruikmakend van humane
keratinocyten, zoals hier beschreven, stellen ons in staat de directe interacties tussen detergens
en cellen, welke in vivo moeilijk te onderscheiden zijn, te bestuderen. Verder onderzoek is
noodzakelijk om vast te stellen of de informatie verkregen uit deze in vitro modellen, samen met
de fysicochemische eigenschappen van de detergentia of irritantia, gebruikt kan worden om de
respons van ín vitro blootgestelde huid te voorspellen.

Hoofdstuk 5
Gebruikmakend van de huidige kennis over de betrokkenheid van stress respons routes bij de
ontwikkeling van een regeneratief fenotype, en de beschikbaarheid van de recent ontwikkelde
kweekmodellen, beschrijven wij in hoofdstuk 5 de vergelijking van keratinocyt groei en
differentiatie tussen normale en psoriatische keratinocyten van niet aangedane huid. Zoals al
aangegeven in de introductie, veronderstellen wij dat wanneer keratinocyten van psoriatische
individuen intrinsiek verschillen van normale keratinocyten, deze verschillen in vitro behouden
blijven. In dit hoofdstuk hebben we een systematische vergelijking uitgevoerd van gekweekte
keratinocyten afkomstig van normale en psoriatische keratinocyten. Hoofdstuk 5.1 beschrijft de
celkinetische karakterisatie van humane keratinocyten afkomstig van normale en psoriatische
individuen. Hierbij, hebben we de vraag gesteld of er intrinsieke defecten zijn in basale celcylus
parameters. Keratinocyten van gezonde huid en niet aangedane psoriatische huid werden in
serum-vrij medium gekweekt. Om de basale celcyclus parameters te bestuderen, werden de
kweken of continu gelabeld of gepulse labeld met IdUrd. De pulse labels werden verwijderd en de
gelabelde cellen werden vervolgd gedurende een periode van 48 uur door middel van flow
cytometrie. Deze procedure stelt ons in staat de voortgang van IdUrd gelabelde cellen door de
celcyclus te vervolgen, hetgeen uiteindelijk leidt tot informatie over de duur van de verschillende
celcylus compartimenten. Daarnaast hebben we onderzocht of er intrinsieke verschillen zijn
tussen normale en psoriatische keratinocyten ten aanzien van de groeiremming door TGF-ßb zoals
beschreven in hoofdstuk 2.1. Deze studie laat zien dat normale en psoriatische keratinocyten van
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niet aangedane huid, vergelijkbare waarden hebben voor de verschillende celcylus parameters.
Dit maakt het niet aannemelijk dat de hyperproliferatie zoals deze gezien wordt in psoriasis,
veroorzaakt wordt door verschillen in celcyclus settings. Bovendien, vertonen normale en
psoriatische keratinocyten hetzelfde patroon van groeiremming na toevoeging van TGF-ßi. Dit
geeft aan dat de respons ten aanzien van TGF-ßi niet veranderd lijkt te zijn in psoriatische
keratinocyten, hetgeen aangeeft dat de hyperproliferatie zoals deze zichtbaar is in psoriasis niet
veroorzaakt wordt door een veranderde respons ten aanzien van groeiremmende mechanismen
welke worden geïnduceerd door TGF-ßi.
In hoofdstuk 5.2 hebben we de vraag gesteld of er intrinsieke defecten aanwezig zijn voor
signalen, zoals serum, cytokinen en groeifactoren, die groeiremming en regeneratieve
differentiatie induceren. Om de verschillen in groeiremming te meten, hebben we een
proliferatie assay ontwikkeld welke gebaseerd is op gegevens die met behulp van flow
cytometrische technieken werden verkregen en welke toepasbaar is voor grote hoeveelheden
monsters. Wij demonstreren hier dat normale en psoriatische keratinocyten kunnen worden
stilgelegd door toevoeging van TGF-ßi en IFN-γ, echter toevoeging van TNF-a heeft geen effect.
De respons op TGF-ß1, IFN-γ, en TNF-a is voor zowel normale als psoriatische keratinocyten
identiek. Statistische analyse geeft aan dat er geen significante verschillen zijn. In zijn
algemeenheid kunnen we concluderen dat normale en psoriatische keratinocyten dezelfde groei
en groeiremming hebben met betrekking tot deze cytokinen. Daarnaast hebben psoriatische
keratinocyten een kleiner aantal cellen dat in cyclus is, hetgeen overeenkomt met de gegevens
beschreven in hoofdstuk 5.1. In dit hoofdstuk hebben we verder gekeken of er intrinsieke
verschillen zijn tussen normale en psoriatische keratinocyten ten aanzien van de differentiatie
respons na toevoeging van TNF-a en serum. Differentiatie werd gemeten met behulp van een
aantal markers die betrokken zijn bij differentiatie en die specifiek zijn voor het regeneratieve
differentiatie fenotype. Samenvattend kunnen we uit deze preliminaire gegevens concluderen dat
normale keratinocyten gevoeliger zijn voor TNF-a wanneer we kijken naar de expressie van SLPI
en SKALP. Normale keratinocyten hebben een significant hogere expressie van SLPI na stimulatie
met TNF-a. Gebruikmakend van SKALP als uitlezing, demonstreren we dat SKALP expressie
verhoogd is, hetgeen gevolgd wordt door hogere SKALP concentraties in de kweek supernatanten.
Stimulatie met serum, vertoont tegenovergestelde effecten. Toevoeging van serum laat zien dat
psoriatische keratinocyten een significant hogere expressie hebben van SKALP, SLPI, involucrine,
en K16 (4 van de 5 gebruikte markers). Deze data geven aan dat normale en psoriatische
keratinocyten verschillen ten aanzien van hun respons op TNF-a en serum, gebruikmakend van de
bovengenoemde markers. In de nabije toekomst zal de analyse van mRNA monsters, van normale
en psoriatische keratinocyten, met behulp van de Gene-Chip technologie meer inzicht geven over
de verschillen in gen expressie van cytokinen/groei factoren, receptoren, en transcriptie factoren
voor en na behandeling. Deze data kunnen ons waarschijnlijk meer informatie verschaffen over
genen die abnormaal gereguleerd worden tijdens differentiatie geïnduceerd door TNF-a en
serum, en die een belangrijke rol spelen in het ontstaan van het regeneratieve differentiatie
fenotype.

Hoofdstuk 6
Hoofdstuk 6 geeft een overzicht van de analyse van gen expressie door middel van een recent
beschreven techniek, 'serial analysis of gene expression (SAGE)'. Dit hoofdstuk beschrijft een
techniek welke ons in staat stelt om kwantitatief gen expressie te analyseren in humane
keratinocyten (en andere cel typen) onder verschillende condities (normaal of pathologisch).
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Naast het originele protocol zoals dit beschreven wordt door Velculescu et al., beschrijven wij
een alternatieve procedure die ons in staat stelt om de techniek toe te passen op biopt
materiaal. Dit maakt het mogelijk de techniek te gebruiken voor de analyse van gen expressie in
normale en pathologische huid, d.w.z. psoriatische huid, huid tumoren etc. De beperkte
hoeveelheid verkregen informatie laat zien dat de techniek nog veel optimalisatie nodig heeft.
Verder, laten de preliminaire data zien dat de alternatieve procedure vergelijkbare resultaten
oplevert als het originele protocol. Tot slot kunnen we concluderen dat de techniek veelbelovend
is, maar tijdrovend en duur.

Conclusies
Wanneer we al deze gegevens combineren, kunnen we concluderen dat we een aantal in vitro
kweek modellen hebben ontwikkeld die voldoen aan de volgende eisen:
1. ontstaan van een kweek met lage proliferatieve activiteit en expressie van de markers voor
terminale differentiatie, zoals cytokeratine 1 en 10, transglutaminase en involucrine.
2. een gecontroleerde switch naar een kweek met hoge proliferatieve activiteit en expressie van
markers welke typerend zij voor psoriasis en beschadigde huid, zoals cytokeratine 6 en 16,
SKALP/elafin en psoriasin.
3. modellen zijn toepasbaar op kleinere schaal (96 wells) ten aanzien van de celkweek en uitlezing van
de relevante markers, hetgeen ons in staat stelt om grote hoeveelheden monsters te screenen voor
farmacologische en toxicologische screening.
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Het is het intrappen van een open deur, maar het moet toch vermeld worden dat een proefschrift
niet gemaakt kan worden zonder de hulp en ondersteuning van velen. Langs de zijlijn hebben veel
mensen meegewerkt aan dit proefschrift die wil ik dan ook via deze weg bedanken. Daarnaast is er
een groep mensen geweest die ik speciaal wil bedanken, zonder deze groep was er dit proefschrift
niet tot stand gekomen.
In eerste instantie dank ik Paul Mier voor mijn aanstelling. Na zeer korte tijd nam Joost
Schalkwijk de begeleiding van hem over. Ik ben Joost hiervoor zeer dankbaar. Jij was niet alleen mijn
begeleider, maar tevens een vriend/collega die bereid was en nog steeds is om te helpen, te
luisteren, en nieuwe ideeën te verstrekken. Je bent iemand die de goede eigenschap bezit mensen op
hun juiste waarde in te schatten en ze te wijzen op hun tekortkomingen en samen proberen daar aan
te werken. Ik wil je bedanken voor de steun en vertrouwen die je mij hebt gegeven en het feit dat ik
(en naast mij velen) als persoon ook meetel. Je hebt me meegegeven dat wetenschap leuk is maar
niet ten koste van alles. Verder moet ik bewondering uitspreken over de manier waarop je de
artikelen en vooral dit proefschrift hebt gecorrigeerd en gepolijst tot de versie zoals die nu voor ons
ligt. Tenslotte wil ik je vanaf deze plek bedanken voor al jouw inzet om vier projecten te schrijven,
waarvan er twee hebben geleid tot een voorlopige verlenging van "vier" jaar bij Dermatologie. Ik
hoop dat de komende jaren net zo goed mogen zijn als de achterliggende periode.
De tweede belangrijke persoon die er toe heeft bijgedragen dat dit proefschrift hier ligt is
Gijs de Jongh. Ik bewonder Gijs om zijn bereidheid altijd voor je klaar te staan. Gijs is de zeer goede,
strenge en bekwame goeroe op het gebied van het weefselkweek werk. Zonder jouw deskundigheid,
inzet en handigheid met kweekwerk en later ook moleculaire technieken, was het nooit zover
gekomen. Ik bedank je voor de zeer nauwe samenwerking die er de eerste twee jaar van mijn project
is geweest, waarin je veel gegronde kritiek en unieke oplossingen hebt aangedragen. Daarnaast heb ik
tussen de experimenten door kunnen ruiken aan een andere manier van denken en experimenten
doen dan de meeste onderzoekers (vooral de "jonge generatie", inclusief mijzelf) gewend is. Het je
meer realiseren wat er tijdens een experiment gebeurt en de echte achtergrond proberen te
doorgronden is vaak veel belangrijker dan zomaar klakkeloos een experiment uitvoeren zonder er
eerst over nagedacht te hebben. Naast de steun tijdens practische handelingen, heb ik veel
opbouwende kritiek en doordachte discussies gehad over elisa's, kweekexperimenten, statistiek,
moleculaire biologie etc. In de komende jaren zullen we nog vaak samen werken aan het probleem
'SAGE' en met het speelgoedje, de ABI Prism 310.
Piet van Εφ wil ik bedanken voor het aanleren van en vertrouwd raken met de techniek van
flow cytometric. Verder heb ik veel geleerd over de achtergronden en analyses van celkinetische
data. In de afgelopen periode ben je van onmisbare waarde geweest voor de realisatie van dit
proefschrift. Naast experimentele discussies hebben we veel informatie en gegevens kunnen
uitwisselen met betrekking tot een andere grote hobby. Tenslotte wil ik je bedanken voor de
opbouwende kritiek bij de laatste handelingen van dit proefschrift.
Op het moleculaire lab werd de sfeer voor een groot deel bepaald door de daar aanwezige
personen Henri Molhuizen, Patrick Zeeuwen, Rolph Pfundt en Miriam Wingens. Ik wil allen bedanken
voor de goede werkomgeving die jullie geschapen hebben, waardoor ik met veel plezier mijn werk
heb kunnen verrichten en hoop te kunnen verrichten.
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Henri wil ik bedanken voor het vertrouwd raken met de technieken van de moleculaire
biologie en de goede sfeer die er door jou op het lab geschapen is, welke ten grondslag ligt aan de
manier waarop wij nu nog steeds op Derma werken.
Patrick wil ik speciaal bedanken voor zijn steun en het met raad en daad bijstaan tijdens
allerlei problemen van moleculaire aard. Ook j i j was en bent altijd bereid in te springen (de kracht
van onze afdeling) en mensen te ondersteunen. Ook de mindere periode waarin we samen aan SAGE
gewerkt hebben, heeft er uiteindelijk toe geleid dat we elkaar voorlopig nog even zullen
tegenkomen. Bedankt!
Rolph wil ik bedanken voor de grote mega-experimenten, ook wel "de kweekplastic oorlog "
(Gijs*), die wij samen hebben uitgevoerd en (co-)auteurschappen die hieruit zijn voortgekomen.
Verder hebben we samen mogen proeven hoe het is om een student te begeleiden en ervaringen
uitgewisseld over het 'vaderschap'. Je bent een prima collega die me altijd met raad en daad
bijstaat.
Miriam wil ik bedanken voor de gezellige periode die we als kamergenoten samen met Gijs
hebben doorgebracht en de discussies over kweekmodellen en moleculaire problemen.
Marco Frenken, student die onder de bezielende leiding van Rolph en mij zwaar op de proef
werd gesteld om een aantal mega-experimenten uit te voeren. Door jouw heb ik ervaring op kunnen
doen in het onderrichten in het celkweek- en moleculaire werk.
Candida wil ik bedanken voor de ondersteuning tijdens mijn flow cytometrische uitspattingen
en de logistieke ondersteuning.
Astrid wil ik bedanken voor de gezellige periode op de afdeling Dermatologie en de
samenwerking tijdens een aantal kweekexperimenten op zoek naar verschillen tussen normale,
psoriatische en pustuleuze keratinocyten.
Peter van de Kerkhof wil ik bedanken voor de gelegenheid die mij werd gegeven om op de
afdeling Dermatologie aan dit promotieproject te mogen werken en de belangstelling die je, ondanks
je drukke bestaan had. Tevens was het een goede leerschool om samen met jou en Joost een
hoofdstuk te schrijven voor de Clinics in Dermatology. Ik hoop in de komende jaren met jouw steun
aan de zijlijn met veel plezier te kunnen werken op de afdeling Dermatologie.
Mijn ouders Jan en Elly wil ik bedanken voor jullie liefde en de mogelijkheid die jullie mij
gegeven hebben om te kunnen studeren en jullie steun door dik en dun ook wanneer het er even niet
rooskleurig uitzag. Het ging misschien niet altijd via de eenvoudigste weg, maar ik heb hier tot op
heden geen spijt van.
Als laatste wil ik Corine en Marel bedanken voor de permanente liefde, steun en motivatie.
Mijn betrokkenheid bij mijn werk, de liefde voor de computer en aan het einde van de periode vooral
de samenstelling van dit proefschrift, hebben aardig wat uurtjes vrije tijd opgeslokt. Corine wil ik
bedanken voor de opbeurende woorden wanneer ik in één van mijn dalen zat en twijfelde aan eigen
kunnen. Marel, ook al kan je het nu nog niet bevatten, bedankt voor de vrolijke en ontspannende
momenten wanneer ik na het werk thuis kwam en weer blij kon genieten van de eindeloze energie
die er in dit kleine meisje aanwezig is. Jouw aanwezigheid heeft zeer verhelderend gewerkt en in
positieve zin bijgedragen aan dit proefschrift
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door op de Minerva MAVO in Ede, waarna hij de overstap maakte naar de HAVO op het Marnix
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12-HETE

AA
AC
AEC
aFGF

ALP
AP-1
aPKC
bFGF
BPAG1
BPAG2

ΒΡΕ
ΒΡΕ
BSA
C/EBP
CAMP
CAPK
cDNA

CK1
CK10
CK16
CK17

CK6
CNTF
cPKC
CPLA2
CRABP

CsA
CSF
CSF-1

DAG
DETC

DNA
ECM
EFABP

EGF
ELAM
ELISA

12-hydroxyeicosatetraenoic acid
Arachidonic acid
Adenylate cyclase
3-amino-9-ethylcarbazole
acidic fibroblast growth factor
Antileucoproteinase
Activator Protein 1
atypical protein kinase С
basic fibroblast growth factor
Bullous and pemphigoid antigen 1
Bullous and pemphigoid antigen 2
Bovine pituitary extract
Bovine Pituitary Extract
Bovine Serum Albumine
CCAAT enhancer binding protein
cyclic adenosine monophosphate
cyclic adenosine monophosphate
dependent Kinase
с Deoxyribonucleic Acid
Cytokeratin 1
Cytokeratin 10
Cytokeratin 16
Cytokeratin 17
Cytokeratin 6
Ciliary neurotrophic factor
conventional protein kinase С
cytoplasmic phospholipase A2
Cellular retinole acid binding pro
tein
Cyclosporin A
Colony stimulating factor
Colony stimulating factor 1
Diacylglycerol
Dendritic epidermal T-cells
Deoxyribonucleic acid
Extracellular matrix
Epidermal Fatty Acid Binding Pro
tein
Epidermal growth factor
Epidermal adhesion molecule
Enzyme Linked Immunosorbent As

say
ENKAF

EPO
ERK
EST
FCS
FFA
FGF
FITC
GADD153

GAF
GAP
GAS
G-CSF

Epidermal cell natural killer cell
augmenting factor
Erythropoetin
Extracellular signal-regulated ki
nase
Expressed Sequence Tag
Foetal Calf serum
Free fatty acid
Fibroblast growth factor
Fluoresceine isothyocyanate ...
Growth arrest and DNA damageinducible gene
IFN-γ activated factor
GTPase activating protein
IFN-γ activation site
Granulocyte colony stimulating fac-

tor
GDP
GF
GM-CSF

GTP
H&E
HGF
HIV-1
HLA-DR
ICAM-1

ICE
IdUrd

IFN
IGF-1
IGF-2
IL-1
IL-10
IL-11
IL-12
IL-13
IL-1ra
IL-2
IL-3
IL-4
IL-5
IL-6
IL-7
IL-8
IL-9
IP-10

IP3
ISGF-3
ISRE

JAK
JNK
KBM
KBM
KGF
KGF
KGM
KGM
LIF
LPS
LTB4

LTC
LTD«

MAP
MARCKS
MCAF
MCP-1

MEK
MGSA

Guanidine diphosphate
Growtn Fraction
Granulocyte macrophage colony
stimulating factor
Guanidine trisphosphate
Hematoxyline and Eosine Staining
Hepatocyte growth factor
Human Immunodeficiency Virus 1
Human leucocyte antigen DR
Intracellular adhesion molecule 1
IL-1 β converting enzyme
lododeoxyuridine
Interferon
Insulin like growth factor-1
Insulin like growth factor-2
Interleukin 1
Interleukin 10
Interleukin 11
Interleukin 12
Interleukin 13
Interleukin 1 receptor antagonist
Interleukin 2
Interleukin 3
Interleukin 4
Interleukin 5
Interleukin 6
Interleukin 7
Interleukin 8
Interleukin 9
Interferon-inducible protein 10
Inositol trisphosphate
Interferon-stimulated gene factor-3
Interferon stimulated response
element
Janus protein tyrosine Kinase
с_jun N-termial kinase
Keratinocyte basal medium
Keratinocyte Basal Medium
Keratinocyte growth factor
Keratinocyte Growth Factor
Keratinocyte growth medium
Keratinocyte Growth Medium
Leukemia inhibiting factor
Lypopolysaccharides
Leukotriene B4
Leukotriene С«
Leukotriene D4
Mitogen activated protein
Myristoylated alanine-rich C-kinase
substrate
Monocyte chemoattractant and ac
tivating factor
Monocyte chemoattractant
MAP or extracellular signalregulated kinase
Melanoma growth stimulatory fac

tor
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Abbreviations
mRNA

MTX
NAP-1
NFKB

nPKC

NRS
ODC
OPD
OSM
PAF
PA-FABP
PAGE
PAI-1

PBS
PDGF
PGE2

PI
PI

PI-3-kinase
PIP2

PKA
PKC
PLA2

PLC
PLO
PMN
PTK
PUVA

RA
RACE
RAMFITC
RAMPO

messenger nbonucleic aad
Methotrexate
Neutrophil activating peptide
Nuclear factor к binding protein
new PKC
Normal Rabbit Serum
Ornithine decarboxylase
o-phenylenediamine dihydrochlo-

RAR
Rb
RM
RSK
RT-PCR

S6K

nde
Oncostatin M
Platelet activating factor
Psoriasis associated fatty aad
binding protein
Polyarcylamide gelelectrophorese
Plasminogen activator inhibitor 1
Phosphate buffered saline
Platelet derived growth factor
Prostaglandin E2
Phosphatidylmositol
Propidium Iodide
Phosphatidylinositol-3-ОН kinase
Phosphatidylmositol 4,5bisphosphate
Protein kinase A
Protein kinase С
Phospholipase A2
Phospholipase С
Phospholipase D
Polymorphonuclear leucocytes
Protein tyrosine kinase
8-methoxypsoralen and ultraviolet
light A
Retinole acid
Rapid Amplification of cDNA Ends
Rabbit anti mouse immunoglobulin
conjugated with FITC
Rabbit anti mouse immunoglobulin

SAGE
SAGE
SAPK
s-DG

SH2
SH3
SKALP
SLPI
SMase
SPR1
SWARFITC
SWARPO
TEWL
Tgase
TGF-cc
TGF-p
TNF-a

TPA
uPA

conjugated with peroxidase
Retinole aad receptor
Retinoblastoma
Relative Movement
Ribosomal S6 kinase
Reverse transcription polymerase
chain reaction
Mitogen-regulated kinase specific
for nbosomal protein S6
Serial Analysis of Gene Expression
Serial Analysis of Gene Expression
Stress Activated Protein Kinase
synthetic diacylglycerol
Src homology domain 2
Src homology domain 3
Skin derived anti leucoproteinase
Secretory Leucocyte Proteinase In
hibitor
Sphingomyelinase
Small proline neh gene
Swine anti rabbit immunoglobulin
conjugated with FITC
Swine anti rabbit immunoglobulin
conjugated with peroxidase
Transepidermal Waterloss
Transglutaminase
Transforming growth factor-α
Transforming growth factor-p
Tumor necrosis factor-α
Tetradecanoylphorbol-13-acetate
urokinase type plasminogen activa

tor
UVB
UVR

Ultraviolet light В
Ultraviolet radiation

STELLINGEN

Behorende bij het proefschrift

Development of Culture Systems for Human
Keratinocytes
Application as a model for normal and disturbed epidermal
differentiation

Fred van Ruissen
Nijmegen, 26 mei 1998

1. Keratinocyten van normale en niet aangedane psoriatische huid vertonen in vitro geen
significante verschillen in groeikarakteristieken (dit proefschrift).
2. De omvang van de huidige kweekexperimenten ("plastic oorlog") vertoont grote
gelijkenis met die van hedendaagse software pakketten.
3. In vitro modellen voor groei en differentiatie van humane keratinocyten zijn ideaal voor
het op grote schaal testen van farmacologische en toxicologische componenten (dit
proefschrift).
4. Normale en psoriatische keratinocyten vertonen subtiele verschillen in hun response na
toevoeging van serum en cytokinen in vitro (dit proefschrift).
5. Alhoewel SAGE nu een innovatieve techniek is zal het door de komst van gene-chip
technologie over 10 jaar nog slechts een sage zijn.
6. Nieuwe technieken zoals SAGE en de Gene-Chip technologie zullen subtiele verschillen
tussen normale en psoriatische keratinocyten aan het licht brengen die relevant zijn voor
de Pathogenese.
7. Bij het spelen van tennis biedt de tweede ik bij sommige spelers meer weerstand dan de
tegenstander.
8. Het vorderen van een proefschrift is soms omgekeerd evenredig aan het bevorderen van
de huiselijke sfeer.
9. Op de tennisbaan moet een racket zo nu en dan voelen wie er de baas is, anders is het
maar een slappe vertoning.
10. De geboorte van een kind geeft nieuwe dimensies aan het leven.
11. Een promotie wordt vaak gezien als een individuele prestatie, maar net zoals in tennis is
de steun van een goed team onontbeerlijk.
12. Wetenschap heeft een mysterieus karakter, het ene moment lijkt het op een drama uit te
lopen, en het andere moment is het een bron waaruit veel energie geput kan worden.
13. Promoveren is investeren in de toekomst, maar na een dag als vandaag vraag je je af
wanneer nu de tijd van oogsten kan beginnen.
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