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Abstract: The human calcium-binding protein (hS100A15) was

first identified in inflamed hyperplastic psoriatic skin, where the

S100A15 gene is transcribed into two mRNA splice variants,

hS100A15-S and hS100A15-L. To compare the contribution of the

human S100A15 (hS100A15) isoforms in skin inflammation and

differentiation, we determined the expression, distribution and

regulation of hS100A15-S and hS100A15-L in psoriasis and

chronic atopic eczema compared with normal skin. We found that

both hS100A15 transcripts were mainly distributed in the

epidermis of normal and inflamed skin with hS100A15-L being

the predominantly expressed mRNA isoform in both psoriasis and

atopic eczema. In cultured keratinocytes, IL-1b and Th1 cytokines

significantly induced hS100A15-L compared with hS100A15-S. In

contrast, Th2-derived cytokines had no influence on the

expression of either hS100A15 splice variant. Differentiation of

human keratinocytes induced by 1.2 mm calcium resulted in the

upregulation of both hS100A15 mRNA isoforms. Our data show

that both hS100A15 splice variants are differentially regulated and

expressed with epidermal differentiation and skin inflammation.

Overexpression of hS100A15 in chronic inflammatory skin

diseases and regulation by inflammatory cytokines and calcium

suggest that hS100A15 is involved in Th1-associated epithelial

responses and epidermal maturation in normal and diseased

human skin.
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Introduction

The S100 proteins are small, calcium-binding proteins con-

stituting the largest multigenic family of calcium-binding

EF-hand proteins (1,2). Many S100 proteins show distinct

tissue- and cell-type specific expression, indicating local

specification. In response to calcium, they undergo con-

formational changes forming homo- and heteromers, which

contribute to their functional diversification (3). Because of

their importance within the intracellular calcium-signalling

cascade and their role as chemoattractants and antimicro-

bials when secreted, S100 proteins are proposed to play a

functional role in keratinocyte differentiation, inflammation

and pathogen defense, and thus to be significant in the

pathogenesis of inflammatory skin diseases (4–8).

The human calcium-binding protein S100A15

(hS100A15) was first identified in psoriatic skin, where the

S100A15 gene is transcribed into two alternative mRNA

splice variants (9). Both S100A15 mRNA isoforms share

the same coding region but differ in 3¢- and 5¢-UTR com-

position. The S100A15-L transcript includes an additional

untranslated exon 1, whereas S100A15-S starts with an

extended 5¢-UTR at exon 2 that is not a part of the long

transcript, indicating splicing by alternate promoters.

Psoriasis is characterized by disturbed epidermal differen-

tiation (10,11), accompanied by vascular alterations (12)

and infiltrating Th1-type lymphocytes and antigen-present-

ing cells (13–16). The overexpression of hS100A15 in

psoriasis suggests that this protein is linked to epidermal

maturation, differentiation and skin inflammation; however,
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the underlying regulatory factors and the contribution of the

two hS100A15 mRNA splice variants are unknown.

In this study, we investigated the expression and distri-

bution of the hS100A15 mRNA isoforms in chronic atopic

eczema and psoriasis. In addition to inflammation, both

diseases are accompanied by disturbed epidermal matur-

ation(17,18). Therefore, we studied the regulation of

hS100A15 transcripts by calcium-induced differentiation

and by proinflammatory cytokines.

Material and methods

Preparation and cultivation of primary human
keratinocytes
Primary human keratinocytes were obtained from foreskin

or mammary reduction skin. Cells were maintained in a

fully supplemented by Keratinocyte-SFM (Gibco ⁄ Invitro-

gen, Karlsruhe, Germany) and MCDB 153 (Biochrom AG,

Berlin, Germany) containing 5 lg ⁄ l epidermal growth

factor (Gibco), 25 mg ⁄ l bovine pituitary gland extract,

10 ml ⁄ l 200 mm glutamine and 10 ml ⁄ l antibiotic ⁄ anti-

mycotic solution, (Gibco ⁄ Invitrogen). Cells were seeded

into 6-well plates and stimulated 72 h post-confluence with

TNF-a (100 ng ⁄ ml), IFN-c (100 ng ⁄ ml), IL-4 (50 ng ⁄ ml),

IL-13 (100 ng ⁄ ml), and IL-1b (100 ng ⁄ ml) for the indica-

ted time points. Cytokines (R&D Systems, Minneapolis,

MN, USA) were diluted in 0.1% bovine serum albumin

(BSA) (Sigma, Deisenhofen, Germany) in phosphate buf-

fered saline (PBS) (PAA Laboratories, Pasching, Austria).

For calcium stimulation experiments, non-confluent

cultured keratinocytes were stimulated with CaCl2 (Sigma,

Deisenhofen, Germany) diluted in sterile water and used at

final concentrations of 0.12 and 1.2 mm for the indicated

time points.

Skin samples
Punch biopsies or split-thickness specimens (0.5 mm)

were obtained from patients with chronic atopic eczema and

psoriasis. All biopsies were taken with the patient’s informed

consent and approval of the local ethics committee.

RNA isolation
Total RNA was isolated with TRIZOL reagent (Invitrogen,

Karsruhe, Germany) according to the manufacturer’s

instructions, using a dismembrator (Braun, Melsungen,

Germany). The RNA integrity was evaluated by gel electro-

phoresis in a 1% agarose gel containing 0.002% ethidium

bromide. The total RNA concentration was measured by

spectrometry.

Semiquantitative RT-PCR
Following total RNA isolation, cDNA was generated by

reverse transcription with SuperScript II (Qiagen, Hilden,

Germany) according to the manufacturer’s protocol using

1 lg of RNA per sample. For amplification, PCR reactions

were carried out in a total volume of 20 ll, containing 1 ll

of the RT sample, 2 ll 10· buffer (Qiagen), 0.2 mm dNTPs

(Eppendorf, Hamburg, Germany), sterile water and 2 U

Taq polymerase (Qiagen). For the hS100A15 long isoform,

0.2 lm of a specific primer pair (sense 5¢-ACGTCACTCCT-

GTCTCTCTTTGCT-3¢, antisense 5¢-TCATGAATCAACCC-

ATTTCCTGGG-3¢) was added followed by denaturation at

95�C for 60 s (initial denaturation for 120 s), annealing at

56�C for 30 s, extension at 72�C for 1 min and 2 s per cycle

for 31 or 33 cycles, respectively, followed by a final exten-

sion period at 72�C for 5 min). For the hS100A15 short

isoform, 0.2 lm of a specific primer pair (sense 5¢-CAAGT-

TCCTTCTGCTCCATCTTAG-3¢, antisense 5¢-GATTGTCT-

TTATTTCCTGAAGGCT-3¢) was added followed by

denaturation at 95�C for 60 s (initial denaturation for

120 s), annealing at 56�C for 30 s, extension at 72�C for

1 min and 2 s per cycle for 37 or 39 cycles, respectively,

followed by a final extension period at 72�C for 5 min. For

b-actin, sense 5¢-AGAGATGGCCACGGCTGCTT-3¢ and

antisense 5¢-ATTTGCGGTGGACGATGGAG-3¢ primers

were used with denaturation at 94�C for 60 s (initial dena-

turation at 95�C for 120 s), annealing at 60�C for 60 s,

extension at 72�C for 1 min and 2 s per cycle for 20 or 22

cycles, respectively, followed by a final extension period at

72�C for 5 min. Amplicons were subjected to electropho-

resis in a 2% agarose gel containing 0.002% ethidium

bromide. The density of amplicons was measured by integ-

rating UV light of the stained bands using a digital camera

analysing system (Multianalyst, Bio-Rad Laboratories,

Hercules CA, USA). The expression of each hS100A15

isoform was normalised for b-actin expression. Cycle

numbers used represent the linear range for each individual

RT-PCR reaction.

In situ hybridization
The 7 lm cryosections of skin samples on microscopic

slides were fixed in 4% paraformaldehyde ⁄ 5% formalde-

hyde overnight at 4�C. After washing in PBS, the sections

were prehybridized in diethyl pyrocarbonate (DEPC)-trea-

ted precoat solution [containing 5· saline sodium caltrate

(SSC), 50% deionized formamide, 5% blocking reagent

(Roche Diagnostics, Rotkreuz, Switzerland), 0.020%

sodium dodecyl sulfate (SDS), 0.1% N-laurylsarcosine and

50 mm Tris–HCL, pH 7.4] at 40�C for 30 min. The cRNA

probes were synthesised with digoxin (DIG)-UTP by

in vitro transcription following the manufacturer’s protocol

(Roche Diagnostics). Either 5 ng per section of pCRII-

TOPO vector (Invitrogen) containing a 125-bp PCR frag-

ment specific for the short hS100A15 mRNA isoform or a

520-bp fragment specific for the long hS100A15 mRNA iso-

form was used. The fragments were generated by PCR with
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primers specific for the hS100A15-L and hS100A15-S

mRNAs mentioned above and cloned into pCRII-TOPO

vector (Invitrogen). Vectors were linearized by NotI ⁄
BamHI and corresponding sense ⁄ antisense cRNAs were tran-

scribed by SP6- ⁄ T7-polymerases. The labelled probes were

denatured at 65�C for 10 min added to the prehybridized

sections, and incubated overnight at 48�C (hS100A15-L)

or 43�C (hS100A15-S). Subsequently, the sections were

stringently washed. For detection, an alkaline phosphatase-

coupled anti-DIG-antibody and NTB ⁄ BCIP (Roche

Diagnostics) were used.

Results

hS100A15 mRNA isoforms are differently
expressed in psoriasis and atopic dermatitis
To elucidate the involvement of hS100A15 in chronic

inflammatory skin diseases, we analysed the expression of

hS100A15 in the skin of patients with psoriasis and chronic

atopic eczema. The hS100A15 gene is transcribed into a

short and a long mRNA isoform, named hS100A15-S

and hS100A15-L, respectively (9). The expression of the

hS100A15-transcripts in normal and diseased skin was

determined by semi-quantitative RT-PCR analysis for separ-

ate detection of the two hS100A15 mRNA isoforms. Overall,

the expression of hS100A15-S was not significantly induced

in psoriasis, showing comparably low expression levels in

both normal and psoriatic skin. In contrast, hS100A15-L

levels were upregulated in non-lesional psoriasis and

further increased in lesional skin (Fig. 1). In the skin of

patients with chronic atopic eczema, both hS100A15

isoforms showed an expression pattern similar to psori-

atic skin; hS100A15-S was not induced, but hS100A15-L

was highly upregulated. However, the expression levels of

the S100A15 isoforms varied among the individual samples

(Figs 1 and 2).

hS100A15 is predominantly expressed in the
epidermis of psoriatic and atopic skin
Because psoriasis and atopic eczema are characterized by

morphological changes in both dermis and epidermis, we

investigated the distribution of the hS100A15 transcripts in

normal and diseased skin by in situ hybridization. Both

S100A15 isoforms were detected mainly in the epidermis of

normal and inflamed skin and showed a similar distribu-

tion pattern. In line with RT-PCR analysis, the expression

of S100A15-S was less pronounced than S100A15-L. Within

the faint staining of healthy skin, hS100A15-L transcripts

were present in the cytoplasm of the basal epidermal layer

(Fig. 3, arrow), whereas the differentiated epidermal layers

showed weak probe reactivity to hS100A15-L. Compared

with normal, the hS100A15-L staining was pronounced in

the basal and granular layer of non-lesional psoriatic skin

and further extended throughout the hyperplastic epider-

mis of lesional psoriatic skin. Similar to lesional psoriasis,

increased hS100A15 expression was observed pan-epider-

mally in the skin of chronic atopic eczema compared with

normal skin (Fig. 3). In the dermis of inflammatory psori-

atic and atopic skin, sporadic staining of single cells and

cell clusters was found.

hS100A15 mRNA isoforms are regulated by Th1
cytokines, IL-1b and calcium
Chronic atopic eczema and psoriasis are characterized by

both disturbed epidermal maturation and Th1 dominant

skin inflammation(17,18). To study the corresponding

regulation of the hS100A15 transcripts, cultured human

keratinocytes were induced to differentiate with calcium or

treated with proinflammatory cytokines. Upon stimulation

with the Th1 cytokine TNF-a, the hS100A15-S isoform was

slightly induced after 24 h, whereas other cytokines had no

effect (Fig. 4, upper panel). In comparison, hS100A15-L

was significantly upregulated by 6 h of TNF-a and IFN-c
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Figure 1. Human S100A15 (hS100A15) mRNA isoforms are

differentially expressed in normal and psoriatic skin samples.

Comparative expression analysis of the hS100A15 transcripts

hS100A15-S and hS100A15-L by semi-quantitative RT-PCR analysis

using individual samples from normal, non-lesional and lesional skin.

Densitometric evaluation of individual bands for b-actin and both

hS100A15 isoforms was used to calculate the relative intensity. Results

represent the S100A15 expression levels relative to control and

normalized for b-actin. (n = 6; mean + SEM). *Significant differences

(ANOVA, P < 0.05) between indicated bars.
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Figure 2. Human S100A15 (hS100A15) hS100A15 mRNA isoforms are

differentially expressed in normal skin and patients with chronic atopic

skin. Comparative expression analysis of the hS100A15 transcripts

S100A15-S and S100A15-L by semiquantitative RT-PCR analysis using

individual samples from normal and chronic atopic skin. Densitometric

evaluation of individual bands for b-actin and each S100A15 isoform

was used to calculate the relative intensity. Results represent S100A15

expression levels relative to control and normalized for b-actin. (n = 5;

mean + SEM). *Significant differences (ANOVA, P < 0.05) between

indicated bars.
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treatment (Fig. 4, lower panel). The Th2 cytokines IL-4

and IL-13 did not influence either of the hS100A15 isoform

levels significantly over the investigated time course. The

stimulation of keratinocytes with IL-1b strongly induced

S100A15-L expression but had no effect on hS100A15-S.

Our data show that unlike IL-1b, the investigated Th1-

derived cytokines regulated the levels of both hS100A15

mRNA variants but influenced onset and intensity of the

corresponding S100A15 mRNA expression differently.

Based on our finding that hS100A15 is differentially

expressed within the epidermal layers of healthy and dis-

eased skin, we investigated the regulation of S100A15

expression during calcium-induced keratinocyte differenti-

ation in vitro. In this model, hS100A15 is time- and dose-

dependently upregulated. The calcium concentration of

0.12 mm led to a marginally increased expression of both

S100A15 mRNA isoforms (not shown), whereas a signifi-

cant induction was observed at a concentration of 1.2 mm

(Fig. 5). For both isoforms, upregulated expression was

observed beginning at 48 h and further increasing at 96 h.

Induction was more rapid at a higher calcium concentra-

tion of 1.2 mm and concordant with the expression of the

late differentiation marker involucrin (Fig. 5). While both

hS100A15 mRNA variants were induced by calcium dose-

and time-dependently, the hS100A15-L response was more

pronounced.

Discussion

The human calcium-binding protein S100A15 was first

identified in psoriatic skin, where the S100A15 gene is tran-

scribed into two alternative mRNA splice variants (9). Both

hS100A15 isoforms (hS100A15-S, S100A15-L) share the

same coding region but differ in composition and length of

the individual untranslated mRNA regions, indicating tran-

scription by alternate promoters. Alternative splicing is a

versatile mechanism to create diversity and flexibility in the

regulation of gene expression for particular S100 genes

including mRNA stability (19).

Our data demonstrate an overexpression of hS100A15 in

psoriasis and chronic atopic eczema, particularly in the epi-

dermis of the diseased skin. The observed upregulation of

hS100A15 by calcium and proinflammatory cytokines in

human keratinocytes suggests that both epidermal matur-

ation and cytokine milieu contribute to the elevated

hS100A15 levels in the diseased skin, in which the

hS100A15 mRNA splice variants differentially participate.

The low expression levels of hS100A15-S and the upreg-

ulation of S100A15-L indicate differential transcription ⁄
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Figure 4. Human S100A15 (hS100A15) mRNA isoforms are

differentially regulated by proinflammatory cytokines. Semi-quantitative

analysis of hS100A15-S (upper panel) and hS100A15-L (lower panel)

isoform expression in primary keratinocytes after stimulation with

TNF-a, IFN-c, IL-4, IL-13 or IL-1b for 1, 6 and 24 h. After reverse

transcription, cDNAs for S100A15-S, S100A15-L and b-actin were

PCR-amplified. Densitometric evaluation of individual bands for b-actin

and either S100A15 isoform was used to calculate the relative intensity.

Results represent expression of S100A15 normalized for b-actin

(n = 3–6; mean + SEM). *Significant differences (ANOVA, P < 0.05)

between indicated bars.
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Figure 3. Human S100A15-L (hS100A15-L) is predominantly expressed in the epidermis of normal and diseased skin and upregulated in patients with

psoriasis and chronic atopic eczema. In situ hybridization with DIG-labelled hS100A15-L anti-sense probes of normal, non-lesional and lesional psoriatic

skin and chronic atopic eczema (inlet: DIG-labeled hS100A15-L sense probes). Representative results from three experiments are shown. Bar, 25 lm.
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stability for the hS100A15 mRNA isoforms in psoriasis

and chronic atopic eczema. Compared with the previous

report (9), in this study, the S100A15-S transcript did

not significantly contribute to the elevated S100A15 RNA

levels in psoriasis. However, the expression levels of the

S100A15-transcripts varied among the individual samples

that were different compared with the previous study. Also,

S100A15-L is expressed to a lesser extent here but consis-

tently followed the same pattern published before. The con-

stitutively elevated hS100A15-L levels in non-lesional

psoriatic skin and the genomic location of hS100A15

within the psoriasis ⁄ atopic eczema susceptibility locus on

chromosome 1q21 (epidermal differentiation complex) sug-

gest hS100A15 to be a potential candidate gene for both

diseases (17,20,21).

Concordant with our RT-PCR analysis (Figs 1 and 2), in

situ hybridization revealed a strong induction of hS100A15

mainly in the epidermis of non-lesional ⁄ lesional psoriatic

and atopic skin (Fig. 3). In contrast, normal skin only

showed a faint cytoplasmic hS100A15-L staining within the

basal layer and staining in the upper differentiated layers.

In vitro, hS100A15 expression was increased in keratinocytes

that were induced to differentiate by elevated extracellular

calcium levels. Compared with hS100A15-S, the hS100A15-

L variant predominantly contributed to the calcium

response (Fig. 5). Thus, the distributional shift of hS100A15

towards suprabasal layers and upregulation in psoriasis and

chronic atopic eczema might be due to the altered calcium

gradient along with disturbed epidermal maturation in the

diseased skin as shown for other S100 proteins (17,22).

Concordant to findings described for hS100A15, the expres-

sion of hS100A15 in the upper epidermis of normal and

diseased skin might contribute to the innate antibacterial

host defense [unpublished data, AB, MH, GK, VL, SK, AW,

RW, MW, RG, TR, (23)]. In addition, the positive staining

for hS100A15 of single cells in the dermis of psoriatic and

atopic skin suggests that infiltrating inflammatory cells or

dendritic cells may also express hS100A15. Thus, its expres-

sion in the dermis of the might also contribute to increased

total hS100A15 levels in psoriatic and atopic skin as

observed by RT-PCR analysis (Figs 1–3).

Psoriasis and chronic atopic eczema are chronic inflam-

matory skin diseases characterized by skin-infiltrating

immune cells. These cells are partially diverse but known

to secrete proinflammatory cytokines mainly produced by

Th1-differentiated lymphocytes, granulocytes and macro-

phages (22,24). Cultured human keratinocytes exposed to

proinflammatory cytokines show induction of hS100A15

expression upon treatment with the TNF-a and IFN-c as

well as IL-1b, suggesting that the proinflammatory environ-

ment in diseased skin contributes to S100A15 expression

in the epidermis in addition to the disturbed calcium

gradient affecting epidermal maturation (Figs 4 and 5).

Concordant with the high hS100A15 levels in inflamed

skin, hS100A15-L predominantly responded to proinflam-

matory cytokines in cultured keratinocytes compared with

hS100A15-S (Figs 1, 2 and 4). Whereas hS100A15-S weakly

followed the induction of hS100A15-L by Th1 cytokines,

IL-1b solely induced hS100A15-L, which further indicates

specific S100A15 isoform regulation by alternate promot-

ers(9). The unresponsiveness of keratinocytes to regulate

hS100A15 by the Th2-derived cytokines IL-4 and IL-13

suggests that hS100A15 is rather inflammation-induced in

Th1-driven psoriasis and late chronic atopic eczema than

in Th2-dominated diseases (9,18). Apart from the classical

Th1 ⁄ Th2 cytokines, several S100 proteins are regulated by

IL-17 and IL-22 that have recently been associated with the

pathogenesis of psoriasis (25–28). S100 proteins other than

S100A15 including S100A7, S100A8 and S100A9 are eleva-

ted in psoriasis and induced in keratinocytes upon treat-

ment with psoriasis-associated proinflammatory cytokines

(4,5,27,29). The highly homologous hS100A15 paralog

hS100A7 shows a regulation similar to the hS100A15-L iso-

form, suggesting that both genes that evolved through gene
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Figure 5. Induction of S100A15 is coordinated with calcium-induced

differentiation in a time- dependent manner. Semiquantitative analysis

of hS100A15-S, and hS100A15-L isoforms and involucrin expression in

primary keratinocytes 0, 24, 48 and 96 h after treatment with 1.2 mm

calcium. After reverse transcription, cDNAs for S100A15-S and

S100A15-L isoforms, involucrin and b-actin were PCR-amplified.

Densitometric evaluation of individual bands for b-actin and both

S100A15 isoforms was used to calculate the relative intensity. Results

represent expression of S100A15 normalized for b-actin. (n = 3;

mean + SD; *P < 0.05) *Significant differences (Student’s t-test,

P < 0.05) between indicated bars.
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duplication during primate evolution are driven by homo-

logous promoters (9,18,30). Development of specific anti-

bodies will allow assessment of hS100A15 secretion and

expression in normal and diseased skin. However, antibod-

ies might have their limits in discriminating the two highly

similar hS100A7 ⁄ A15 paralogs (93% protein sequence iden-

tity) when coregulated. So far, individual gene expression

can be specifically analysed on mRNA levels, as shown in

this study, which further allows discrimination of the

hS100A15 mRNA splice variants. Our data indicate that

the hS100A15-L transcript predominantly contributes to

the hS100A15 expression in inflammatory skin diseases. In

future studies, the recently identified mouse S100A15

ortholog will help elucidate the role of the hS100A7 ⁄ A15

subfamily in epidermal maturation, innate immune

response and skin inflammation (23,31).

In summary, our data suggest that disturbed epidermal

maturation and skin inflammation in psoriasis and atopic

eczema are associated with increased S100A15 expression.

We propose that regulatory pathways induced by calcium

and Th1 ⁄ IL-1b proinflammatory cytokines participate in

the hS100A15 upregulation in diseased skin, where the

hS100A15-L splice variant is more pronounced than

hS100A15-S in both the diseases and the pathways for

inflammation and differentiation. Our data further impli-

cate that hS100A15 plays a prominent role in normal and

diseased epidermal maturation and response to Th1-medi-

ated skin inflammation.
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