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Overexpression of Psoriasin (ST00A7) Contributes to Dysregulated

Differentiation in Psoriasis

Anna-Karin EKMAN, Jenny VEGFORS, Cecilia BIVIK EDING and Charlotta ENERBACK
Ingrid Asp Psoriasis Research Center, Department of Clinical and Experimental Medicine, Linkdping University, Linképing, Sweden

Psoriasin, which is highly expressed in psoriasis, is en-
coded by a gene located within the epidermal differen-
tiation complex. The aim of this study was to investi-
gate the effect of endogenous psoriasin on disturbed
keratinocyte differentiation in psoriasis. Immunohi-
stochemical staining revealed a gradient of psoriasin
expression in the psoriatic epidermis with highest
expression in the suprabasal, differentiated layers.
Induction of keratinocyte differentiation caused con-
current expression of psoriasin and the differentiation
marker involucrin. The differentiation-induced psoria-
sin expression was found to be mediated by the pro-
tein kinase C pathway. The downregulation of psoria-
sin expression by small interfering RNA revealed that
psoriasin mediates the expression of involucrin, des-
moglein 1, transglutaminase 1 and CD24 in normal dif-
ferentiation. The lentivirus-mediated overexpression
of psoriasin, mimicking the psoriatic milieu, gave rise
to an altered regulation of differentiation genes and
an expression pattern reminiscent of that in psoriatic
epidermis. These findings suggest that psoriasin con-
tributes to the dysregulated differentiation process in
the psoriasis epidermis.
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o establish the skin barrier and the epidermal structure,

keratinocytes undergo a tightly regulated process of
differentiation. In this process, the keratinocytes progress
from the basal layer of the epidermis through distinct
stages to form the spinous, granular and cornified layers.
Each of these layers is characterized by specific features
in terms of gene expression, function and cellular mor-
phology (1).

In psoriasis, the differentiation process of the epidermal
cells is disturbed. The keratinocytes in active psoriatic
lesions display an altered sequence and altered expres-
sion levels of the differentiation markers (2). However,
the mediators that are responsible for the dysregulated
differentiation of psoriatic keratinocytes have not been
identified.

Psoriasin (S100A7) was first identified for its overex-
pression in psoriatic keratinocytes (3), where it was found
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to be located to the nucleus and the cytoplasm (4). Later
studies have demonstrated secretion of psoriasin from
epithelial cells (5). Intracellular psoriasin has been found
to interact with various signalling proteins, including the
nuclear factor (NF)-kB regulator Jabl, while secreted
psoriasin functions as an antimicrobial peptide and has
the ability to induce chemotaxis of neutrophils and T cells
(6). Psoriasin is strongly induced by interleukin (IL)-22
and by the combination of IL-17 and tumour necrosis
factor (TNF)-a, which emphasizes the role of psoriasin
in the pathogenesis of psoriasis (7). We have shown pre-
viously that extracellular psoriasin binds to the receptor
for advanced glycation end products (RAGE), promoting
endothelial cell proliferation (8). In addition to the low
expression in normal skin and the high expression in the
psoriatic epidermis, psoriasin is also expressed in condi-
tions displaying abnormal differentiation. In a spectrum of
conditions of dysregulated keratinocyte differentiation, we
have previously demonstrated strong psoriasin expression
in differentiated squamous cell carcinoma and a lack of
expression in undifferentiated basalioma (9). This pattern
of expression suggests an involvement in epithelial dif-
ferentiation. In addition, the gene that encodes psoriasin
is positioned within the epidermal differentiation complex
(EDC) (10-12), a gene cluster that contains several genes
of importance in the terminal differentiation of the human
epidermis (10, 11).

The high expression level in psoriatic epidermis in
conjunction with the disturbed differentiation process
suggests that psoriasin is involved in keratinocyte dif-
ferentiation. Previous studies of the role of psoriasin in
keratinocyte differentiation have focused on the effects
of extracellular psoriasin, but as the psoriasin in psoriasis
is keratinocyte-derived, it is imperative to consider the
effects of psoriasin as an endogenously produced intra-
cellular mediator. The aim of this study was therefore to
investigate the effect of keratinocyte-derived, intracellular
psoriasin on keratinocyte differentiation.

METHODS

Cells and culture conditions

Neonatal human epidermal keratinocytes (HEKn; Life Technolo-
gies, Carlsbad, CA, USA), were cultured in EpiLife medium supp-
lemented with 1% EpiLife defined growth supplement (EDGS),
0.06 uM CaCl, (Gibco, Paisley, UK) and 1% penicillin/streptomy-
cin (PAA Laboratories, Pasching, Austria). The keratinocyte cell
line NTERT-2G was grown in keratinocyte serum-free medium
(KFSM, Gibco) as described previously (13). Extracellular treat-
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ment with psoriasin (Abnova, Taipei, Taiwan) was conducted with
0.15 pg/ml or 1 pg/ml for 72 h.

Immunohistochemistry

Skin punch biopsies were obtained from healthy controls and
lesional psoriasis skin and were fixed and paraffin-embedded. The
sections were deparaffinized in Histolab-clear (Histolab Products,
Gothenburg, Sweden) and rehydrated in ethanol. Heat-induced
antigen retrieval was performed in citrate (pH=06) antigen retrieval
buffer (DAKO, Glostrup, Denmark). Endogenous peroxidases
were blocked with 3% hydrogen peroxide, and unspecific protein
binding was inhibited with 5% bovine serum albumin. Antibody
binding with primary mouse anti-human psoriasin antibody (1:400;
Imgenex, San Diego, CA, USA) was carried out overnight at
4°C. Following incubation, DAKO EnVision anti-mouse HRP-
conjugated polymer was applied, and antigen-antibody complexes
were visualized by DAB-staining (PolySciences, Eppelheim,
Germany). Cell nuclei were counterstained with haematoxylin
(Invitrogen, Paisley, UK).

Induction of keratinocyte differentiation

Keratinocyte differentiation was induced by treating HEKn with
CaCl, or 12-O-tetradecanoylphorbol-13-acetate (TPA) or by
culturing HEKn in suspension or confluence. Differentiation was
confirmed by measuring involucrin. For differentiation with CaCl,
or TPA, HEKn were treated with 2 mM CaCl, (Sigma-Aldrich, St
Louis, MO, USA) or 1 uM TPA (Acros Organics, Geel, Belgium)
for 48 h. For suspension culture, 24-well plates were coated with
poly-HEMA. The cells were seeded in complete EpiLife and
harvested after 24 or 48 h. For differentiation in confluence, cells
were seeded at near-confluence in complete EpiLife medium.
Upon cell confluence, the culture medium was substituted for
EDGS-free EpiLife medium and cells were grown without any
additional change of medium for 5 or 7 days.

Signal pathway inhibitors

To investigate the participation of the protein kinase C (PKC)
pathway, HEKn were pre-treated with the PKC-inhibitor bisindo-
lylmaleimide I (4 pM, Cell Signaling, Danvers, MA, USA), or the
PKC-3 inhibitor rottlerin (4 uM, Cell Signaling) for 30 min followed
by treatment with CaCl,. An equal volume of dimethyl sulfoxide
(DMSO) was included in non-inhibitor wells as vehicle control.

Small interfering RNA (siRNA)

To down-regulate psoriasin expression, HEKn were transfected
with psoriasin-siRNA (Pso-siRNA) or a validated non-targeting
siRNA (C-siRNA) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Following transfection, the cells were treated with 2 mM
CaCl, for 48 h.

Apoptosis detection assay

Apoptosis was analysed by the FITC Annexin V Apoptosis Detec-
tion Kit I (BD Biosciences, San Jose, CA, USA), staining cells
with Annexin V-FITC and propidium iodide (PI). Cell staining
was analysed using a Gallios flow cytometer and Kaluza analysis
software (Beckman Coulter, Brea, CA, USA). Annexin V PI" cells
were considered to be viable, Annexin V'PI™ cells apoptotic and
Annexin V*PI" cells post-apoptotic necrotic.

Generation of psoriasin-overexpressing keratinocytes

Human NTERT keratinocytes with a sustained overexpression of
psoriasin were generated as described previously (14). Briefly, total
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RNA was extracted from psoriatic skin biopsies and cDNA was
synthesized. Psoriasin (NM_002963) was amplified by PCR and
subsequently cloned into the lentiviral expression vectors pLenti6.3/
TO/V5-DEST and used to produce infectious lentivirus particles.

RNA extraction, cDNA synthesis and quantitative real-time PCR

The RNeasy mini kit (Qiagen, Hilden, Germany) was used to
extract RNA. cDNA was synthesized using the Maxima First
Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania).
qPCR was performed with the SYBR green (Applied Biosystems,
Foster city, CA, USA) on a real-time 7500HT or 7900HT PCR
(Applied Biosystems). Primers for psoriasin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were designed as descri-
bed (15-18). Primers for ribosomal protein large p0 (RPLPO),
cytokeratin (K)1, K10, involucrin, filaggrin, desmoglein (DSG)-
1, desmocollin (DSC)-1, transglutaminase (TGM)-1 and CD24
were designed using the Primer Express Software version 3.0
(Applied Biosystems) (Table I). Expression data were norma-
lized to RPLPO or GAPDH as indicated, using the comparative
C, (2% method.

Immunofluorescence

Keratinocytes were fixed in 4% paraformaldehyde and permea-
bilized with 0.1% saponin. The cells were incubated overnight at
4°C with monoclonal mouse anti-human anti-psoriasin (Abcam,
Cambridge, UK), followed by incubation with secondary goat
anti-mouse AlexaFluor555 (Molecular Probes, Eugene, OR, USA).
Nuclei were counterstained with DAPI (4°,6-diamidino-2-pheny-
lindole). Staining was evaluated in an AxioVert.A1 Microscope
(Zeiss, Oberkochen, Germany). Negative controls were obtained
by omitting the primary antibody and only incubate the sections
with secondary antibody. These controls displayed no staining.

Removal of epidermis

To determine the co-occurrence of psoriasin, SI00A8, SI00A9
and S100A 12 in psoriasis, skin punch biopsies, 4-mm in diameter,
were obtained from age- and sex-matched patients with psoriasis
and from healthy controls. A total of 9 biopsies, consisting of 3
involved (PP), 3 uninvolved (PN) and 3 normal (NN) skin biopsies,
were obtained. The epidermis was detached by soaking the biopsy
in 3.8% sterile ammonium thiocyanate in phosphate-buffered
saline (PBS) for 30 min, as previously described, a method that
does not induce any changes in gene expression (18). Following
incubation, the epidermis was removed and RNA was isolated
immediately.

Gene expression microarray

RNA extracted from 3 psoriasin-overexpressing or control N-
TERTs or from PP, PN and NN epidermis was used to generate

Table I. Primer sequences used for quantitative real-time PCR

Gene Forward primer Reverse primer

Psoriasin (S100A7) tggtagtctgtggctatftctccc  gcatgatcgacatgtttcacaaata

Keratin 1 ccaggagctgatgaacacca gagggtcctgtaggtggcaat
Keratin 10 gggctaaacagcatcaccatgt  gcgggaggaagagtagtgctt
Involucrin ccatcaggagcaaatgaaacag gctcgacaggcaccttctg

Filaggrin ggcactgaaaggcaaaaagg  aaacccggattcaccataatca

Desmoglein 1
Desmocollin 1

tcccatttttgatgatctgttgtg
tgatggagaactcgttgggtc

gctcaaagccagctgceacta
cctggeccacttatggaataaaa

Transglutaminase 1 cccecggttggcatacaca gagcggaaggcagtagagaca
CD24 ttttacattgttgagctattgctgttc tccaaagcctcaggaggaaa
GAPDH ccaggcgcccaatacg ccacatcgctcagacaccat

Ribosomal protein.large.PO actgtgccagcccagaaca agcctggaaaaaggaggtcttc

GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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hybridization probes using the GeneChip® WT PLUS Reagent
kit according to the manufacturer’s instructions. Hybridization
to GeneChip® human transcriptome arrays 2.0 was performed
in a GeneChip® hybridization oven, followed by washing and
staining in a GeneChip® Fluidics Station 450 and scanning in a
GeneChip® Scanner 3000 7G system. Expression Console software
(v1.2.1) was used to verify the quality controls. All GeneChip®
products were from Affymetrix (Santa Clara, CA, USA). CEL-
files generated by the Affymetrix AGCC program were analysed
using Genespring GX software (v13.0; Agilent Technologies,
Santa Clara, CA, USA). A Standard Robust Multi-Array Average
(RMA) normalization and background correction was performed.
The probe sets were filtered on expression with a 20" percentile
cut-off. The fold change was computed by the GeneSpring soft-
ware. On the probe sets that remained after the filtering, a 1.5-fold
change was applied as a cut-off for up- and down-regulated genes.
To determine the co-expression of S100 proteins, a heatmap was
constructed in R (version 3.2.4) and clustering was performed
based on normalized data.

Statistical analysis

The data are presented as the mean + standard error of mean (SEM),
and were compared using paired Student’s 7-test or Wilcoxon
signed-rank test. Analyses were performed using GraphPad Prism
6 software (GraphPad software, La Jolla, CA, USA). A value of
»<0.05 was considered statistically significant.

RESULTS

Psoriasin is expressed as a gradient in psoriatic skin

Psoriasin was originally identified as a protein highly
expressed in lesional psoriatic skin (3). To describe the dif-
ferential expression pattern between patients with psoriasis
and healthy controls, we performed immunohistochemistry
and obtained a sparse psoriasin expression in normal skin
(Fig. 1a) that was not noticeably different from the ne-
gative control (Fig. 1c). In the lesional psoriatic skin, we
observed a pronounced staining (Fig. 1b) with a tendency
for a psoriasin gradient, ranging from weak expression in
the basal cell layer to intense expression in the more dif-
ferentiated layers of the epidermis. This pattern of psoriasin
expression suggests the involvement of psoriasin in later
stages of keratinocyte differentiation.

Exogenous psoriasin increases involucrin and psoriasin
expression

An effect of extracellular, exogenous psoriasin on kera-
tinocyte differentiation has been previously suggested by
Hattori et al. (19) and by Son et al. (20). To examine the
effects in our culture system, HEKn were treated with
psoriasin and the expression of involucrin and psoriasin
were investigated. It was found that exogenous psoriasin
increased involucrin, but also that it caused up-regulated
psoriasin expression, suggesting that extracellular psoria-
sin may induce intracellular production in an autocrine
fashion (Fig. 2a). We did not observe any change in cell
morphology upon psoriasin treatment, suggesting that
extracellular psoriasin may be unable in itself to induce
differentiation.

Keratinocyte differentiation induces psoriasin expression

To evaluate whether a relationship between psoriasin
and differentiation rather than merely a co-occurrence
of gradients exists, psoriasin expression was evaluated
in cells exposed to differentiation-inducing conditions.
Keratinocytes were treated with calcium, TPA or were
cultured in suspension or confluence, all of which are
established differentiation methods (21-24). All these
conditions induced the expression of both psoriasin and
involucrin (Fig. 2b). In conclusion, we found that psoriasin
is endogenously produced in keratinocytes in response to
differentiation.

Differentiation-induced psoriasin expression is regulated
by protein kinase C

PKC has been implicated in the regulation of keratinocyte
differentiation (25) and inhibitors of the PKC-8 pathway
block the calcium-induced expression of involucrin (26).
To further evaluate the role of endogenous psoriasin in
keratinocyte differentiation we investigated the effect of
PKC inhibitors in differentiated keratinocytes. Kerati-
nocytes with intact PKC signalling displayed induced

Fig. 1. Psoriasin is expressed as a gradient in the psoriatic skin. Immunohistochemical staining of (a) normal and (b) psoriatic skin demonstrates
the epidermal expression of psoriasin in psoriatic skin, but not in normal, healthy skin. Psoriasin displays a substantially higher staining intensity in the
upper, more differentiated layers of the psoriatic skin. The weak expression in the basal cells and the intense expression in cells of the suprabasal layers
present a gradient of psoriasin expression. Primary antibody was applied at a dilution of 1:400, and (c) panel displays the negative control, which was
obtained by omitting the primary antibody. The figures are representative of 5 experiments. x 20 magnification was used.
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expression of psoriasin and involucrin on calcium treat-
ment. Treatment with the general PKC inhibitor bisindo-
lylmaleimide (Fig. 2¢) or with rottlerin (Fig. 2d), a specific
PKC-9 inhibitor, markedly reduced the expression both of
psoriasin and involucrin. These results demonstrate that
PKC-9 is involved in the enhanced psoriasin expression
in keratinocyte differentiation.
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Fig. 2. The endogenous psoriasin expression upon differentiation is
regulated by the protein kinase C (PKC) pathway. (a) To determine
the effects of exogenous psoriasin, neonatal human epidermal keratinocytes
(HEKn) were treated with psoriasin at concentrations of 0.15 pg/ml and 1
pg/ml for 72 h. (b) To examine the effect of endogenous psoriasin expression
for differentiation, HEKn were treated with 2 mM CaCl, for 48 h or 1 puM
tetradecanoylphorbol-13-acetate (TPA) for 48 h or cultured in suspension
or in confluence. Calcium and TPA treatment both induced the expression
of psoriasin and involucrin. Psoriasin and involucrin expression was also
induced in cells cultured in suspension or in confluence. Expression levels
are shown as relative fold induction compared with untreated control, using
RPLPO as the internal control. To further study the role of PKC, HEKn were
pre-treated with 4 uM of (c) the general PKC-inhibitor bisindolylmaleimide I,
(d) the PKC-8-specific inhibitor rottlerin, or vehicle DMSO for 30 min, followed
by treatment with 2 mM CaCl, for 48 h. CaCl, induced mRNA expression of
psoriasin and involucrin, was reduced by the inhibition of PKC. Expression
levels are shown as relative fold induction compared with untreated control
using RPLPO as the internal control. Data are displayed as mean+SEM, n=6;
*p<0.05, **p<0.01.

Psoriasin is a mediator in the normal differentiation
process in keratinocytes

To determine whether psoriasin is part of the keratinocyte
differentiation pathway, or merely simultaneously indu-
ced, cells were transfected with siRNA. The successful
down-regulation of psoriasin expression using siRNA was
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confirmed by qPCR (Fig. 3a). The differentiation process
was induced using calcium, which triggered the expression
of the differentiation markers filaggrin, DSG-1, DSC-1,
TGM-1 and CD24 (Fig. 3b—g). Furthermore, calcium
treatment induced the expression of K1 and K10 (data
not shown). The down-regulation of psoriasin resulted in
a significantly diminished expression of involucrin (Fig.
3b), DSG-1 (Fig 3d), TGM-1 (Fig. 3f) and CD24 (Fig.
3g). The expression of filaggrin was decreased, but did
not reach statistical significance (Fig. 3¢). No effect of the
down-regulation was seen on the differentiation markers
DSC-1 (Fig. 3e), K1 or K10 (data not shown), suggesting
that the importance of psoriasin on the differentiation pro-
cess may vary in different stages of differentiation. This
suggests that endogenous psoriasin is an important medi-
ator during the later stages of keratinocyte differentiation.

Down-regulation of endogenous psoriasin expression
does not affect cell viability or morphology

The down-regulation of psoriasin expression by siRNA
did not alter cellular morphology and did not affect cell
proliferation compared with control cells (data not shown).
Likewise, we did not see any difference in either apoptosis
or necrosis in siRNA-treated keratinocytes compared with
control cells (data not shown). This supports the results we
observed with the extracellular psoriasin, again indicating
that psoriasin does not, on its own, induce differentiation,

nor does it affect apoptosis. It also confirms that the effects
we see are not due to increased cell toxicity.

Overexpression of psoriasin leads to dysregulated
keratinocyte differentiation

To evaluate the effect of a high expression of psoria-
sin, as seen in psoriasis, keratinocytes with a sustained
overexpression were generated. Immunofluorescence
demonstrated a strong staining in the vector-transfected
keratinocytes, but no staining in non-transfected cells
(Fig. 4a). The transfection did not affect the cell morpho-
logy (Fig. 4b). Using microarray, we found a profound
effect of psoriasin overexpression on mRNA transcripts
related to differentiation. Interestingly, among the top
5 most down-regulated genes in the microarray of
psoriasin-overexpressing keratinocytes compared with
control cells, 4 are associated with differentiation, namely
DSG-1, CASP14, K10 and DSC-1 (Table II). Among
the top 15 most down-regulated genes, we observed the
differentiation-regulating genes TGM-1, K1, FOXNI1
and the SPRR1A gene. Among the up-regulated genes
in the microarray in the psoriasin-overexpressing cells,
the gene coding for involucrin was found to be the 11%
most upregulated gene. Furthermore, the overexpression
of psoriasin was also found to cause an up-regulation
of IL1B and K16 and a down-regulation of CXCL14.
These results support that psoriasin has a dysregulating

Acta Derm Venereol 2017
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Fig. 4. Keratinocytes overexpressing psoriasin display signs of
dysregulated differentiation, and psoriasin (S100A7), S100AS8,
S100A9, S100A12 and S100A7A (S100A15) are co-expressed.
NTERT keratinocytes were vector-transfected to generate a sustained
overexpression of psoriasin (psoriasin-NTERTs) and were compared with
control NTERT keratinocytes lacking the overexpression (NT1). Psoriasin
protein expression was verified using: (a) immunofluorescence compared
with control keratinocytes. Alexa555-conjugated secondary antibody (red)
was used to visualize psoriasin expression and DAPI (4',6-diamidino-
2-phenylindole) (blue) was used for nuclear staining. The images are
representative of 4 experiments. Panel (b) displays the cell morphology of
the psoriasin-overexpressing NTERT keratinocytes and the NTERT control
keratinocytes. The images are representative of 4 experiments. Panel (c)
demonstrates the proliferation of the psoriasin-overexpressing NTERTs
and the control cells. Data are displayed as mean+standard error of the
mean (SEM), n=4; ***p <0.001. (d) Heatmaps illustrating the clustering
of S100-proteins in lesional psoriatic (PP), non-lesional psoriatic (PN) and
healthy keratinocytes (NN), n=3.

function on keratinocyte differentiation. Keratinocytes
that overexpressed psoriasin also exhibited a significantly
lower proliferation than control keratinocytes (Fig. 4c¢),
strengthening that these cells undergo differentiation with
the accompanying decrease in proliferation.

Psoriasin (S10047), S10048, S10049 and S100412
are co-expressed in psoriasis

Psoriasin is part of a family of S100-proteins with high
sequence homology. To determine whether other proteins
in this family share the expression pattern of psoriasin
in psoriasis, we constructed a heatmap, comparing the
expression of S100-proteins between lesional psoriasis,
non-lesional psoriasis and healthy epidermis. We found

www.medicaljournals.se/acta

Table II. The top 15 most up-regulated and down-regulated
differentially expressed genes in psoriasin-overexpressing
NTERTs compared with control NTERTs

Down-regulated

Up-regulated genes Fold change genes Fold change
LOC730755|KRTAP2-4 4.55 DSG1* -10.10
PTHLH 2.52 CASP14* -7.86
PDCD1LG2 2.12 CXCL14 -7.14
MIR614|GPRC5A 2.10 KRT10* -5.79
MMP10 2.08 DSC1* -3.25
DKK1 2.07 C100rf99 -3.01
TNFAIP3 2.00 EGR1 -2.80
ITGB6 1.98 FOXN1* -2.63
IL1B 1.97 ALOX15B -2.52
NCCRP1 1.95 TGM1* -2.45
IVL* 1.93 BCAM -2.39
LCP1 1.92 SLC7A8 -2.39
HEPHL1 1.91 KRT1* -2.38
HSD11B1 1.90 SPRR1A* -2.37
ALDH1A3 1.89 IGFL1 -2.30

*Differentiation-related genes.

a strong co-clustering of psoriasin and SI00A8, ST00A9
and S100A 12, suggesting a co-regulation of these proteins
(Fig. 4d).

DISCUSSION

Keratinocyte differentiation is coordinated by an intri-
cate sequence of gene activation (27). Several markers
of differentiation have been identified in epidermal ke-
ratinocytes, with involucrin being the most established.
The expression of involucrin commences in the upper
spinous layer and continues through the granular layer
(28) in a similar localization pattern as TGM-1 (29). In
contrast, K1 and K10 are considered markers of early
differentiation (30). The stratum corneum is marked by
the expression of filaggrin (31). CD24 is most prominent
in differentiated mammary epithelium (32, 33), but has
also been detected in the upper, more differentiated layers
of human epidermis (34).

Psoriasis is characterized by an epidermal thickening
with an absence of the granular layer and a thickened and
irregular cornified layer. Some differentiation markers,
including involucrin and TGM, appear prematurely in
the lower layers of the psoriatic epidermis, while other
markers, such as filaggrin, are either absent or found in the
cornified layer. The expression levels of several markers
are abnormal, with some markers, including involucrin,
demonstrating an overexpression (2, 35), and others, such
as K1 and K10, being down-regulated (36).

Previous studies that have attempted to elucidate the
role of psoriasin in keratinocyte differentiation have
focused on the effects of extracellular, exogenous pso-
riasin, with conflicting results. While Hattori et al. (19)
demonstrated up-regulation of differentiation markers
after psoriasin treatment, Son et al. (20) suggested that
exogenous psoriasin may negatively regulate differen-
tiation. The findings by Hattori et al. are in line with the
increase in involucrin that we observe upon psoriasin
treatment. Applying several methods of induction of dif-
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ferentiation, we found that all these methods induced the
expression of involucrin and psoriasin, supporting that
psoriasin is involved in the differentiation process. PKC
is considered a key pathway of epidermal differentiation
(26, 37). PKC activation leads to an up-regulation of
S100A8 and S100A9 (38), while inhibition of PKC blocks
calcium-dependent involucrin expression (39). We reveal
an association between psoriasin and involucrin by the
shared PKC regulation.

To investigate the role of intracellular psoriasin in nor-
mal keratinocyte differentiation, we performed a knock-
down of psoriasin expression. This knock-down revealed
that in the normal differentiation process, psoriasin acts
as a mediator for involucrin, DSG-1, TGM-1 and CD24
expression. This is the first time psoriasin is found to
regulate these markers. The induction of involucrin upon
differentiation has been described previously, but the
mediating role of psoriasin in its expression is a novel
finding. Similarly, psoriasin has been suggested to be a
substrate for transglutaminases (40), but is here found
to also regulate them. We have previously reported that
CD24 expression is regulated by psoriasin in mammary
epithelial cells (33), and now demonstrate a similar me-
chanism in keratinocytes. The induction of tight cell-cell
interaction by high calcium levels through the forma-
tion of desmosomes has been described previously (41,
42). Consistent with this, we found a calcium-induced
increase in DSG-1 expression that was abolished by the
down-regulation of psoriasin. These results suggest that
the expression of psoriasin is correlated with markers of
differentiation in normal skin, although our findings do
not necessarily indicate the involvement specifically in
late differentiation.

While psoriasin is only weakly present in normal skin,
it is markedly up-regulated in psoriasis. The effects of
psoriasin on differentiation are therefore likely to differ
from those in normal skin. To mimic this up-regulation,
we generated keratinocytes with a sustained overexpres-
sion of psoriasin. We found that the sustained intracellular
overexpression of psoriasin regulates several markers of
differentiation, manifesting in up-regulation of involucrin,
and down-regulation of DSG-1, caspase-14, K10, DSC-1,
FOXNI1, TGM-1 and K1. These changes in gene expres-
sion reflect the pattern seen in psoriasis epidermis, where
involucrin is up-regulated and caspase-14, K10 and K1
down-regulated (43, 44). Furthermore, the overexpression
of psoriasin was also found to cause up-regulation of the
cytokine IL1B, which is locally increased in psoriasis (45)
and down-regulation of the chemokine ligand CXCL14,
which is decreased in psoriasis (46). We also identified over-
expression of K16, in the psoriasin overexpressing cells,
consistent with what has been described in psoriasis (44).

Our heatmap, based on the transcriptome of psoriatic
epidermis and control skin, reveals a prominent co-expres-
sion of the homologue S100 proteins psoriasin, SI00AS,
S100A9 and S100A 12, suggesting a co-regulation and a

putative redundancy. They may also synergize in their ef-
fect to promote differentiation. Interestingly, SI00AS8 and
S100A9 have been implicated in keratinocyte differentia-
tion (47). The MAPK signalling pathway has been im-
plicated in the regulation of ST00A8/9 (48). Sphingosine
kinases regulate NOX2 activity via p38 MAPK-dependent
translocation of SI00A8/A9 (48). A recent publication
showed that up-regulation of psoriasin on TLR3 activa-
tion is mediated by p38 (49). This suggests an interesting
overlap of pathways between these S100 proteins.

In conclusion, this study demonstrates that psoriasin
affects keratinocyte differentiation in a concentration-
dependent manner. In the normal differentiation process,
psoriasin regulates the expression of several intermediate
and late differentiation markers. However, when overex-
pressed at pathologically relevant levels, the effects are
different than those seen upon induction in normal skin,
yielding an expression pattern of differentiation markers
that resembles that seen in lesional psoriatic skin. While
psoriasin does not on its own induce differentiation, it is
clear that it acts as a modulator. Instead of merely acting as
apositive or negative regulator of differentiation, psoriasin
appears to skew the process. These findings suggest that
psoriasin is a prominent contributor to the dysregulated
differentiation process that has been established in the
psoriatic epidermis.

ACKNOWLEDGEMENTS

The authors would like to thank Stefan Stoll for help with gene-
rating the psoriasin-overexpressing NTERTs.

This research was funded by the Ingrid Asp Foundation, the
Welander Foundation, the Swedish psoriasis association and the
Medical Research Council.

The authors declare no conflicts of interest.

REFERENCES

1. Houben E, De Paepe K, Rogiers V. A keratinocyte’s course of
life. Skin Pharmacol Physiol 2007; 20: 122-132.

2. Bernard BA, Robinson SM, Vandaele S, Mansbridge JN, Dar-
mon M. Abnormal maturation pathway of keratinocytes in
psoriatic skin. Br J Dermatol 1985; 112: 647-653.

3. Madsen P, Rasmussen HH, Leffers H, Honore B, Dejgaard K,
Olsen E, et al. Molecular cloning, occurrence, and expres-
sion of a novel partially secreted protein “psoriasin” that
is highly up-regulated in psoriatic skin. J Invest Dermatol
1991; 97: 701-712.

4. Al-Haddad S, Zhang Z, Leygue E, Snell L, Huang A, Niu Y, et
al. Psoriasin (S100A7) expression and invasive breast cancer.
Am ] Pathol 1999; 155: 2057-2066.

5. Celis JE, Rasmussen HH, Vorum H, Madsen P, Honore B, Wolf
H, et al. Bladder squamous cell carcinomas express psoriasin
and externalize it to the urine. J Urol 1996; 155: 2105-2112.

6. Jinquan T, Vorum H, Larsen CG, Madsen P, Rasmussen HH,
Gesser B, et al. Psoriasin: a novel chemotactic protein. J
Invest Dermatol 1996; 107: 5-10.

7. Hegyi Z, Zwicker S, Bureik D, Peric M, Koglin S, Batycka-
Baran A, et al. Vitamin D analog calcipotriol suppresses the
Th17 cytokine-induced proinflammatory S100 “alarmins”
psoriasin (S100A7) and koebnerisin (S100A15) in psoriasis.
J Invest Dermatol 2012; 132: 1416-1424.

8. Shubbar E, Vegfors ], Carlstrom M, Petersson S, Enerback

Acta Derm Venereol 2017



ActaDV

ActaDV

448

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

A.-K. Ekman et al.

C. Psoriasin (S100A7) increases the expression of ROS and
VEGF and acts through RAGE to promote endothelial cell
proliferation. Breast Cancer Res Treat 2012; 134: 71-80.

. Martinsson H, Yhr M, Enerback C. Expression patterns of

S100A7 (psoriasin) and S100A9 (calgranulin-B) in kerati-
nocyte differentiation. Exp Dermatol 2005; 14: 161-168.
Borglum AD, Flint T, Madsen P, Celis JE, Kruse TA. Refined
mapping of the psoriasin gene S100A7 to chromosome 1cen-
g21. Hum Genet 1995; 96: 592-596.

Schafer BW, Wicki R, Engelkamp D, Mattei MG, Heizmann
CW. Isolation of a YAC clone covering a cluster of nine S100
genes on human chromosome 1qg21: rationale for a new
nomenclature of the S100 calcium-binding protein family.
Genomics 1995; 25: 638-643.

Mischke D, Korge BP, Marenholz I, Volz A, Ziegler A. Genes
encoding structural proteins of epidermal cornification and
S100 calcium-binding proteins form a gene complex (“epi-
dermal differentiation complex”) on human chromosome
1g21. J Invest Dermatol 1996; 106: 989-992.

Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg
RA, et al. Human keratinocytes that express hTERT and also
bypass a p16(INK4a)-enforced mechanism that limits life
span become immortal yet retain normal growth and diffe-
rentiation characteristics. Mol Cell Biol 2000; 20: 1436-1447.
Vegfors J, Ekman AK, Stoll SW, Bivik Eding C, Enerback C.
Psoriasin (S100A7) promotes stress-induced angiogenesis.
Br J Dermatol 2016 May 7. [Epub ahead of print].

Krop I, Marz A, Carlsson H, Li X, Bloushtain-Qimron N, Hu M,
et al. A putative role for psoriasin in breast tumor progres-
sion. Cancer Res 2005; 65: 11326-11334.

Skliris GP, Lewis A, Emberley E, Peng B, Weebadda WK,
Kemp A, et al. Estrogen receptor-beta regulates psoriasin
(S100A7) in human breast cancer. Breast Cancer Res Treat
2007; 104: 75-85.

Sato T, Wu X, Shimogaito N, Takino J, Yamagishi S, Takeuchi
M. Effects of high-AGE beverage on RAGE and VEGF expres-
sions in the liver and kidneys. Eur J Nutr 2009; 48: 6-11.
Doroudi R, Andersson M, Svensson PA, Ekman M, Jern S,
Karlsson L. Methodological studies of multiple reference
genes as endogenous controls in vascular gene expression
studies. Endothelium 2005; 12: 215-223.

Hattori F, Kiatsurayanon C, Okumura K, Ogawa H, Ikeda S,
Okamoto K, et al. The antimicrobial protein S100A7/psoria-
sin enhances the expression of keratinocyte differentiation
markers and strengthens the skin’s tight junction barrier. Br
J Dermatol 2014; 171: 742-753.

Son ED, Kim HJ, Kim KH, Bin BH, Bae IH, Lim KM, et al.
S100A7 (psoriasin) inhibits human epidermal differentiation
by enhanced IL-6 secretion through IkB/NF-kB signalling.
Exp Dermatol 2016; 25: 636-641.

Hennings H, Michael D, Cheng C, Steinert P, Holbrook K,
Yuspa SH. Calcium regulation of growth and differentiation
of mouse epidermal cells in culture. Cell 1980; 19: 245-254.
Younus J, Gilchrest BA. Modulation of mRNA levels during
human keratinocyte differentiation. J Cell Physiol 1992;
152: 232-239.

Watt FM, Jordan PW, O’Neill CH. Cell shape controls terminal
differentiation of human epidermal keratinocytes. Proc Natl
Acad Sci U S A 1988; 85: 5576-5580.

Minner F, Herphelin F, Poumay Y. Study of epidermal dif-
ferentiation in human keratinocytes cultured in autocrine
conditions. Methods Mol Biol 2010; 585: 71-82.

Dlugosz AA, Yuspa SH. Coordinate changes in gene expres-
sion which mark the spinous to granular cell transition in
epidermis are regulated by protein kinase C. ] Cell Biol
1993; 120: 217-225.

Deucher A, Efimova T, Eckert RL. Calcium-dependent
involucrin expression is inversely regulated by protein ki-
nase C (PKC)alpha and PKCdelta. J Biol Chem 2002; 277:
17032-17040.

Eckert RL, Crish JF, Efimova T, Dashti SR, Deucher A, Bone
F, et al. Regulation of involucrin gene expression. ] Invest
Dermatol 2004; 123: 13-22.

Candi E, Schmidt R, Melino G. The cornified envelope: a model
of cell death in the skin. Nat Rev Mol Cell Biol 2005; 6: 328-340.

www.medicaljournals.se/acta

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Eckert RL, Sturniolo MT, Broome AM, Ruse M, Rorke EA.
Transglutaminase function in epidermis. J Invest Dermatol
2005; 124: 481-492.

Poumay Y, Pittelkow MR. Cell density and culture factors
regulate keratinocyte commitment to differentiation and
expression of suprabasal K1/K10 keratins. J Invest Dermatol
1995; 104: 271-276.

Sandilands A, Sutherland C, Irvine AD, McLean WH. Filaggrin
in the frontline: role in skin barrier function and disease. ]
Cell Sci 2009; 122: 1285-1294.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF. Prospective identification of tumorigenic breast
cancer cells. Proc Natl Acad Sci U S A 2003; 100: 3983-3988.
Vegfors J, Petersson S, Kovacs A, Polyak K, Enerback C. The
expression of Psoriasin (S100A7) and CD24 is linked and
related to the differentiation of mammary epithelial cells.
PloS One 2012; 7: e53119.

Magnaldo T, Barrandon Y. CD24 (heat stable antigen, necta-
drin), a novel keratinocyte differentiation marker, is prefe-
rentially expressed in areas of the hair follicle containing
the colony-forming cells. J Cell Sci 1996; 109: 3035-3045.
Chen JQ, Man XY, Li W, Zhou J, Landeck L, Cai SQ, et al.
Regulation of involucrin in psoriatic epidermal keratinocytes:
the roles of ERK1/2 and GSK-3beta. Cell Biochem Biophys
2013; 66: 523-528.

Thewes M, Stadler R, Korge B, Mischke D. Normal psoriatic
epidermis expression of hyperproliferation-associated kera-
tins. Arch Dermatol Res 1991; 283: 465-471.

Chew YC, Adhikary G, Wilson GM, Reece EA, Eckert RL.
Protein kinase C (PKC) delta suppresses keratinocyte proli-
feration by increasing p21(Cip1) level by a KLF4 transcrip-
tion factor-dependent mechanism. J Biol Chem 2011; 286:
28772-28782.

Cataisson C, Pearson AJ, Torgerson S, Nedospasov SA,
Yuspa SH. Protein kinase C alpha-mediated chemotaxis of
neutrophils requires NF-kappa B activity but is independent
of TNF alpha signaling in mouse skin in vivo. J Immunol
2005; 174: 1686-1692.

Efimova T, LaCelle P, Welter JF, Eckert RL. Regulation of hu-
man involucrin promoter activity by a protein kinase C, Ras,
MEKK1, MEK3, p38/RK, AP1 signal transduction pathway. ]
Biol Chem 1998; 273: 24387-24395.

Ruse M, Lambert A, Robinson N, Ryan D, Shon KJ, Eckert
RL. S100A7, S100A10, and S100A11 are transglutaminase
substrates. Biochemistry 2001; 40: 3167-3173.

Jones JC, Goldman AE, Steinert PM, Yuspa S, Goldman RD.
Dynamic aspects of the supramolecular organization of
intermediate filament networks in cultured epidermal cells.
Cell Motil 1982; 2: 197-213.

Jones JC, Goldman RD. Intermediate filaments and the initia-
tion of desmosome assembly. J Cell Biol 1985; 101: 506-517.
Denecker G, Ovaere P, Vandenabeele P, Declercq W. Cas-
pase-14 reveals its secrets. ] Cell Biol 2008; 180: 451-458.
Jiang S, Hinchliffe TE, Wu T. Biomarkers of an autoimmune
skin disease — psoriasis. Genomics Proteomics Bioinformatics
2015; 13: 224-233.

Cooper KD, Hammerberg C, Baadsgaard O, Elder JT, Chan LS,
Taylor RS, et al. Interleukin-1 in human skin: dysregulation
in psoriasis. J Invest Dermatol 1990; 95: 24S-26S.

Maerki C, Meuter S, Liebi M, Muhlemann K, Frederick MJ,
Yawalkar N, et al. Potent and broad-spectrum antimicrobial
activity of CXCL14 suggests an immediate role in skin infec-
tions. J Immunol 2009; 182: 507-514.

Voss A, Bode G, Sopalla C, Benedyk M, Varga G, Bohm M, et
al. Expression of S100A8/A9 in HaCaT keratinocytes alters
the rate of cell proliferation and differentiation. FEBS Lett
2011; 585: 440-446.

Schenten V, Melchior C, Steinckwich N, Tschirhart EJ,
Brechard S. Sphingosine kinases regulate NOX2 activity via
p38 MAPK-dependent translocation of S100A8/A9. J Leukoc
Biol 2011; 89: 587-596.

Lei H, Wang Y, Zhang T, Chang L, Wu Y, Lai Y. TLR3 activa-
tion induces S100A7 to regulate keratinocyte differentiation
after skin injury. Sci China Life Sci 2016 Aug 17. [Epub
ahead of print].



