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Glucocorticoids (GCs) have a long history of use as therapeu-
tic agents for numerous skin diseases. Surprisingly, their spe-
cific molecular effects are largely unknown. To characterize GC
action in epidermis, we compared the transcriptional profiles of
primary human keratinocytes untreated and treated with dexa-
methasone (DEX) for 1, 4, 24, 48, and 72 h using large scale
microarray analyses. The majority of genes were found to be
regulated only after 24 h and remained regulated throughout
treatment. In addition to regulation of the expected pro-inflam-
matory genes, we found that GCs regulate cell fate, tissue remod-
eling, cell motility, differentiation, and metabolism. GCs suppress
the expression of essentially all IFNy-regulated genes, including
IFNvy receptor and STAT-1, an effect that was previously
unknown. GCs also block STAT-1 activation and nuclear trans-
location. Unexpectedly, GCs induce the expression of anti-apo-
ptotic genes and repress pro-apoptotic ones, preventing UV-
induced keratinocyte apoptosis. Consequently, treatment with
GCs blocked UV-induced apoptosis of keratinocytes. GCs have
profound effect on wound healing by inhibiting cell motility and
the expression of the proangiogenic factor, vascular endothelial
growth factor. They play an important role in tissue remodeling
and scar formation by suppressing the expression of TGFB1 and
-2and MMP1, -2, -9, and -10 and inducing TIMP-2. Finally, GCs
promote terminal epidermal differentiation while simulta-
neously inhibiting early stage differentiation. These results pro-
vide new insights into the beneficial and adverse effects of GCs in
the epidermis, defining the participating genes and mechanisms
that coordinate the cellular responses important for GC-based
therapies.
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GCs® play a key role in regulating diverse physiological pro-
cesses, such as metabolism, salt, and water balance, cell prolif-
eration, differentiation, inflammation, and immune response.
Because of their systemic effects on multiple targets, GCs affect
many tissues differentially. They are widely used for their anti-
inflammatory effects in treating asthma, systemic lupus erythe-
matosus, rheumatoid arthritis, transplant patients, psoriasis,
etc., but the mechanism of their action in skin has not been fully
understood. Topical GC therapy was introduced by Sulzberger
and Witten in 1952 (see Ref. 1) and has been used since in the
treatment of many dermatological diseases, including psoriasis,
atopic and seborrheic dermatitis, intertrigo, and eczema.

The side effects of systemic GC therapy have been identified
for many tissues and organs, including skin, and may result in
what was clinically described as Cushing’s syndrome (2). Cor-
ticosteroids with higher potency may cause severe side effects
after topical application, including irreversible striae, skin atro-
phy, steroid acne, and perioral and periocular dermatitis.
Delayed wound healing following steroid therapy is a well
known side effect (3). Most of the known effects of GCs are
thought to be dermal, including suppression of fibroblast pro-
liferation, collagen turnover, and other ECM components
(4-9). Epidermal keratinocytes also have important immuno-
logic functions (10 —12), many of which are affected by GCs (for
a review, see Ref. 13).

At the molecular level, GCs act through “pluripotent” glu-
cocorticoid receptors (GRs) that may be active in various cellu-
lar compartments: membrane, cytoplasm, and nucleus (13-15).
In addition to operating as a transcription factor that directly
binds promoter elements, GR also interacts with and affects the
activity of a variety of transcription factors, thus affecting tran-
scriptional potency of many signaling pathways, such as TNFe
or epidermal growth factor (16). We have shown previously
that GR represses the expression of epidermal keratin genes.
This transcriptional regulation is mediated through a unique
molecular mechanism that involves four GR monomers (17,

°> The abbreviations used are: GC, glucocorticoid; ECM, extracellular matrix;
GR, glucocorticoid receptor; TNF, tumor necrosis factor; STAT, signal trans-
ducers and activators of transcription; DEX, dexamethasone; RT, reverse
transcription; TUNEL, terminal dUTP nick end labeling; MMP, matrix metal-
loproteinase; TGF, transforming growth factor; IFNv, interferon-v; IL, inter-
leukin; C/EBP, CCAAT enhancer-binding protein; ERK, extracellular signal-
regulated kinase.
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18). In this conformation and DNA context, 3-catenin and argi-
nine methyltransferase (CARM-1), act as co-repressors of GR
(19). We found GR inhibition to be dominant over epidermal
growth factor receptor activation, leading to inhibition of ke-
ratinocyte migration and contributing to the inhibition of
wound healing (20). The complex mechanism involving the
transcriptional regulation of epidermal genes by GR is derived
from the structure and the sequence of the response element,
the conformation of the receptor and its modifications, the
availability and the type of the interaction with co-regulators,
and histone-modifying enzymes.

To identify the tissue-specific transcriptional effects of GCs
on epidermis, we utilized a large scale microarray. We found
that the initial response of keratinocytes to treatment with GCs
(1-4h) involved a small number of regulated genes and focused
only on three processes: transcription/signaling, cell fate, and
metabolism. After the first 24 h, the response is expanded to
multiple functional groups of genes, and many cellular pro-
cesses are affected, including inflammation, apoptosis, cell
migration, metabolism, and differentiation. Specifically, GCs
inhibit keratinocyte proliferation, migration, and early stages of
differentiation while inducing late differentiation. Unexpect-
edly, GCs seem to have an anti-apoptotic effect on keratino-
cytes by inducing anti-apoptotic genes and suppressing pro-
apoptotic genes. Another surprising finding regards the potent
inhibition of the IFN+y response, resulting in suppression of
IFNy expression, the IFNy receptor, and both expression and
activation of STAT-1. To the best of our knowledge, such a
profound effect of GCs on the IFNy pathway has not previously
been reported in any other tissue. Taken together, these results
indicate that GCs affect a wide range of processes that include
not only anti-inflammatory responses but also epidermal dif-
ferentiation, remodeling, metabolism and cell fate, all of which
have important clinical implications in treating dermatologic
disorders.

EXPERIMENTAL PROCEDURES

Human Keratinocyte Cultures—Keratinocytes were main-
tained as previously published (20), in serum-free keratinocyte
medium with epidermal growth factor (Gibco), bovine pituitary
extract (Gibco), and antibiotic-antimycotic (Gibco) both in the
presence and absence of 0.1 uM DEX (Sigma). This hormone
concentration has been shown to saturate the receptor and
have a potent transcriptional effect on keratinocytes (18, 20).
The experiment was repeated twice using newly generated cul-
tures. A paired set of treated and untreated cells was harvested
for each time point, 1, 4, 24, 48, and 72 h, using 0.4% trypsin
(Gibco) and stored in RNAlater (Ambion).

Total RNA Isolation—Total RNA was isolated using RNeasy
(Qiagen). Northern blot analysis was done to assess the quality
of mRNA isolated. 5 ug of total RNA was reverse-transcribed,
amplified, and labeled according to the protocol (21). Labeled
cRNA was hybridized to HGU95Av2 arrays (Affymetrix), and
arrays were washed and stained with anti-biotin streptavidin-
phycoerythin-labeled antibody using an Affymetrix fluidics sta-
tion and then scanned using the Agilent GeneArray Scanner
system (Hewlett-Packard).
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FIGURE 1. Gene tree (a graphic presentation in which samples are
grouped based on the similarity of gene expression profiles) showing
gene expression patterns between two replicate experiments, indicat-
ing high reproducibility. Primary keratinocyte cultures were generated
independently, and cells were grown at separate times, followed by treat-
ment. For each designated treatment time point, a paired, untreated control
was harvested. Highly expressed genes are shown as red lines, low expressed
genes are represented as green, and yellow color indicates intermediately
expressed regulated genes.

Microarray—Microarray Suite 5.0 (Affymetrix) was used for
data extraction and for further analysis. Data mining tool 3.0
(Affymetrix) and GeneSpring™™ software 5.1 (Silicon Genetics)
were used for normalization, -fold change calculations, and
clustering. To compare data from multiple arrays, the signal of
each probe array was scaled to the same target intensity value.
The microarray experiments were repeated with high repro-
ducibility Fig. 1. -Fold changes obtained from the first and sec-
ond experiments were averaged. Genes were considered regu-
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lated if expression levels differed more than 2-fold relative to
untreated control at any time point. Using GeneSpring™, clus-
tering was performed based on experiments or the expression
profiles of individual genes. Functional annotation of regulated
genes was performed as before (22, 23). The L2L program was
used to identify the biological processes, molecular functions,
and cell components of differentially expressed genes (24). The
parameters of the program were calibrated using a set of iden-
tified NFkB-regulated genes (25).

RT-PCR—RNA isolation and purification was performed
using Triazol (Invitrogen) extraction and subsequent Qiagen
RNeasy kit column purification (Qiagen), followed by Northern
blot as described (18). Reverse transcription was performed
using the SuperScript™ first strand synthesis system for RT-
PCR (Invitrogen). Primer sequences were as follows: TTCTC-
TCCCTTCCTCTCTCC (Bakl-fw), ACTCCCTACTCCTTT-
TCCC (Bakl-rev), TGTCTACACTTAGCCTCTATCC (IkB-
fw), ATCAGCCCCACATTCAAC (IkB-rev), TTGATAGAGTG-
TGGGGTGGG (TRADD-fw), ATCATTGCTTAACATTC-
GGGG (TRADD-rev), CCAACCTGAAAACCCACAC (BCL6-
fw), ACGAAAGCATCAACACTCC (BCL6-rev), TCTCTGCC-
CACAGTCTTTCC (SFRP1-fw), TCACCCAATTTCACAATT-
CACC (SFRP1-rev), GACAGCAAAAATGACCCACC (EEF1Al-
fw), ACAGCAAAGCGACCCAAAG (EEF1Al-rev), ACACC-
TCGTCAAACTCCTC (STAT1-rev), ACTTTCTGCTGTTA-
CTTTCCC (STAT1-fw), GAGCAAACACATCTGACCTAC
(MMP1-fw), CAAAATGAGCATCCCCTCC (MMPl-rev),
CACTACTGTGCCTTTGAGTCC (MMP9-), ATCGCCAGT-
ACTTCCCATCC (MMP9-reviw), TGCCCACAAAATCTG-
TTCC (MMP10-fw), and AACCTGCTTGTACCTCATTTC
(MMP10-rev).

Reverse transcription and amplification were carried out by
incubation at 50 °C for 50 min. Initial PCR denaturation took
place at 94 °C for 15 min, followed by 24 —30 cycles of denatur-
ation at 94 °C for 30 s, annealing at 55 °C for 30 s, initial polym-
erization at 72 °C for 1 min, and a final polymerization at 72 °C
for 7 min. The numbers of cycles of amplification (24, 27, and
30) were selected to detect amplified products in the exponen-
tial phase. Samples were separated by electrophoresis on 2%
agarose gels containing 0.5 ug/ml of ethidium bromide (Sigma)
and were visualized under UV light.

Quantitative RT-PCR—Total RNA was reverse transcribed
with SuperScript II reverse transcriptase (Invitrogen). The
cDNA was amplified using SYBR-Green PCR Master Mix
(Applied Biosystems) in an ABI 7900HT sequence detection
system (Applied Biosystems). The primers used for PCR analy-
sis were as follows: JAG1 (AATACATGTGGCCATTTCTGC,
TGATTTCCTTGATCGGGTTC), TIMP1 (ACACTGTTGG-
CTGTGAGGAA, GTTTGCAGGGGATGGATAAA), IL-4R
(GGGTCACAGTGGGAGAAGC, CAGGGCAAGAGCTTG-
GTAAG), LAMC2 (ACACATTAGACGGCCTCCTG, CCAG-
CCCCTCTTCATCTACA), FLNA (CAGTAGACTGCAGCA-
AAGCAG, ATGAACCCCCACCAGCAG), S100A7 (GGAGA-
ACTTCCCCAACTTCC, ACATCGGCGAGGTAATTTGT),
and EEF1A1 (CAAGCCCATGTGTGTTGAGA, CCACCGC-
AACTGTCTGTCT). The relative changes of gene expression
were estimated and normalized to EEF1A1 by using the 274"
method (26).
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Histology and Immunocytochemistry—Keratinocytes were
grown on coverslips to 70% confluence. Cells were incubated
for 24 h in a basal serum-free medium (custom made without
hydrocortisone) and treated as follows: 0.1 um DEX (Sigma),
INF-vy 100 ng/ml (Sigma), DEX and INF- vy simulatneously for
72 h, pretreated with DEX for 24 h, and treated with INF-+y for
the next 48 h or pretreated with INF-vy for 24 h and treated with
DEX for 72 h. Cells were fixed in acetone-methanol (1:1) for 2
min, permeabilized with 0.1% Triton X-100 for 10 min, and
stained using STAT-1 antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA).

Human skin specimens were obtained from reduction mam-
moplasty following an approved protocol and treated for 24, 48,
and 72 h as previously described (20). After incubation, skin
biopsies were embedded in OCT compound (Tissue Tek) and
frozen in liquid nitrogen. Five-micrometer-thick skin sections
were cut with a cryostat (Jung Frigocut 28006; Leica) and stored
at —80 °C. Slides containing frozen sections were fixed in a cold
acetone and blocked with 3% bovine serum albumin diluted in
1X phosphate-buffered saline for 30 min. The following pri-
mary antibodies were as follows: monoclonal antibody against
Filaggrin 1:1000 (Gift from Dr. Sun) (27) and Involucrin 1:400
(NeoMarkers) and polyclonal antibody against STAT-1 (1:500;
Santa Cruz Biotechnology). These were used for overnight
incubation at +4 °C. Signal was visualized using secondary flu-
orescein isothiocyanate anti-mouse or anti-rabbit secondary
antibody 1:200 (Molecular Probes). Slides were mounted with
mounting medium containing propidium iodide (Vector Labo-
ratories). For staining with p65 antibody, 1:100 (Santa Cruz
Biotechnology) skin samples treated with 0.1 um DEX or 100
ng/ml TNFa (Sigma) or pretreated with DEX for 24 h and
treated with TNFa for the next 24 h were embedded in paraffin
and stained following a previously published protocol (19). All
negative controls were prepared by substitution of the primary
antibody with phosphate-buffered saline. Staining was analyzed
using a Carl Zeiss microscope, and digital images were collected
using the Adobe TWAIN_32 program. Three laboratory members
blinded for the experiment performed quantification of the nuclei
positive for STAT-1. The average and the S.D. values were calcu-
lated. All experiments were performed in triplicates, where 3-5
images/condition/time point were quantified.

Western Blotting—Keratinocytes were incubated with or
without DEX (0.1 um) for 0, 1, 24, 48, and 72 h, and total protein
extracts were obtained for each time point using a standard
protocol (28). 25 g of each protein extract was electrophore-
sed in a 7.5% SDS-polyacrylamide gel and transferred onto a
nitrocellulose membrane (BioScience). The membrane was
then incubated with Abs to STAT-1 (Santa Cruz Biotechnol-
ogy) and B-tubulin (Santa Cruz Biotechnology). After the incu-
bation with horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology), the immune complexes
were visualized using Super Signal West Pico Chemilumines-
cent substrate (Pierce) and exposed on x-ray film (Eastman
Kodak Co. Bio Max MR-Film) according to the manufacturer’s
instructions.

Proliferation Assay—Keratinocytes were seeded in 0.75-cm?
dishes at a concentration of 1100 cells/well and incubated in the
keratinocyte basal media without hydorcortizone (Invitrogen)
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24 h prior to treatment. Keratinocytes were incubated in the
presence or absence of 0.1 um DEX (Sigma) for 24, 48, and 72 h
and harvested by trypsinization. Growth curves were estab-
lished from triplicate experiments by three laboratory members
blinded to the experiment by counting cell numbers per cm? at
the each time point using a hemocytometer (Hausser Scien-
tific). Statistical significance was determined using a standard ¢
test.

Keratinocyte Treatment and TUNEL Assay—Cells were
incubated for 24 h in a basal serum-free medium (custom made
without hydrocortisone) before the experiment. On the day of
the experiment, cells were incubated in the presence or absence
of 0.1 um DEX (Sigma) for 24 h (for the pretreatment condi-
tion), medium was removed from the cell cultures, and kerati-
nocytes were irradiated with UVB irradiation (8 mJ/cm?)
(Stratagene 2000 illuminator, UV Stratalinker 24000) (21). Cells
were then incubated for 48 h in the basal keratinocyte medium
and fixed for the TUNEL assay. The TUNEL assay was per-
formed following a commercial protocol for the in situ cell
death detection kit (TMR red) (Roche Applied Science). Cells
were then mounted on slides using Dako flourescent mounting
medium (DAKO Corp.) and examined using a microscope
(Carl Zeiss) and Adobe Photoshop TWAIN_32 program. All
experiments were performed in triplicates. Three laboratory
members blinded to the experiment counted apoptotic cells in
3-5 images/condition, and S.D. values were calculated.

RESULTS AND DISCUSSION

Global Transcriptional Changes after Glucocorticoid Treat-
ment of Primary Human Keratinocytes—To identify the effects
of GCs in epidermis, we treated primary human keratinocytes
with 0.1 um DEX for 1, 4, 24, 48, and 72 h, isolated and labeled
mRNA, and hybridized it to Affymetrix HU95A chips. Of
12,653 total analyzed genes, 6,285 were found expressed in skin
(49.7%). This is in agreement with results from other laborato-
ries (21, 29). The majority of the GC-regulated genes were sup-
pressed rather than induced. Of the 394 genes that were con-
sistently regulated (6.3% of the total expressed in skin), 128
genes were induced, and 266 genes were suppressed. To com-
pare experiments at different time points, cluster analysis was
performed using Genespring™ 5.1, with each time point being
a separate experiment. We found striking similarities among
the 24, 48, and 72-h regulated genes. The most extensive regu-
lation occurred at 24 h, where 172 genes were regulated. Most
genes regulated by GCs at 24 h remained regulated until 72 h;
after 48 h, only 15 of the 172 genes were not regulated, and 157
of these remained regulated even at 72 h of treatment. In addi-
tion, 125 and 74 new genes were regulated at 48 and 72 h,
respectively.

Very few genes were affected at 1 and 4 h. GCs affected only
23 genes at 1 h; signal transduction, cell fate, and metabolism
were the predominant functional gene groups regulated. Inhib-
itor of kB (NFKBIA) was one of the earliest induced genes at 1 h.
The same functional groups were regulated at 4 h, yet the num-
ber of regulated genes increased to a total of 64 (Table 1).

To understand how GCs regulate cellular processes in kerat-
inocytes, we summarized the microarray data in such a way that
genes are clustered by their cellular functions (see below). Fur-
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thermore, we grouped several cellular functions into cellular
processes, which resulted in the specific hierarchal tables sum-
marized in Table 2. Overall, we found the genes that are
involved in apoptosis, cell cycle, cornified envelope, cytoskele-
ton, DNA repair, ECM, interferon signaling, junctions, kinases,
membrane protein, proteolysis, receptor, RNA metabolism,
and secretion to be predominantly suppressed. We also found
that genes involved in transcriptional regulation are among
those induced by GC treatment (supplemental Tables 4 —8).

We performed real time RT-PCR to evaluate the results
obtained from microarrays and found that data generated by
both methods are in agreement for all of the genes tested (Fig.
2). As expected, results obtained by real time RT-PCR followed
the pattern of the microarray data but were more pronounced,
a predictable result, considering the more sensitive method of
mRNA detection.

Comparison of the lists of differentially expressed genes with
their assigned ontology functions confirms the above analysis
(Table 3). This is particularly apparent in the biological process
category, where GCs induced the regulators of transcription,
whereas they suppressed immune response and related pro-
cesses. Similarly, the molecular functions overrepresented in
the induced genes contain transcription factors and signaling
proteins, whereas among suppressed genes the proteolysis
inhibitors are significantly overrepresented. Correspondingly,
the nuclear components are predominant in the induced set,
whereas the extracellular matrix genes are suppressed by GCs.

We have described here the expression changes that glu-
cocorticoid treatment exerts on the principal cellular compo-
nents of epidermal tissue, primary human keratinocytes, thus
providing a comprehensive view of the set of genes and cellular
processes that are affected by GC treatment. Furthermore, we
have described novel actions of GCs in epidermal keratino-
cytes, since we discovered a wide spectrum of genes affecting
additional cellular processes that have not been associated pre-
viously with GCs. Specifically, we found that GCs inhibit apo-
ptosis and block antigen presentation, tissue repair and remod-
eling, metabolism, keratinocyte migration and proliferation,
differentiation, and cell fate control. Below, we focused on the
analyses of specific gene groups and cellular processes regu-
lated by GC treatment.

Inflammation and Innate Immunity—GCs are known as
major anti-inflammatory agents, and this served as a control for
our experiments. A summary of microarray results is presented
in supplemental Table 4. We found that within the first 1 h of
treatment and throughout all time points, GCs induce the
expression of IkB, suggesting early effects on NF«B inhibition
(30). We did not find either NFkB components (such as p65 or
p50) or TNFa ligand and receptor to be regulated. The inhibi-
tory effects of GCs on pro-inflammatory processes include
repression of interleukin signaling, specifically the expression
of IL-18, IL-4 receptor, and IL-11 genes after 24 h. It was sur-
prising that other than inducing IkB, GCs did not regulate tran-
scription of other TNFa signaling molecules. There are several
molecular mechanisms through which GR-mediated inhibition
of NF«B may be accomplished, reflecting tissue-specific effects
(31-43). Although the nongenomic effects of GCs on NF«B in
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TABLE 1
List of genes regulated by GCs in the first 4 h of treatment

Glucocorticoid Action in Epidermis

Immediate early genes regulated by GC after 1 and 4 h of treatment are shown. Numbers represent-fold change. The GC-induced genes are represented in red; the
suppressed ones are represented in green. Shades of blue indicate the maximum signal intensities, which represent the absolute expression levels of mRNA, ranging from

low (light blue) to high (dark blue).
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TABLE 2

Summary list of GC-regulated genes after treatment for 24-72 h

The epidermal genes regulated by GCs are arranged according to a hierarchical tree of related molecular and cellular functions. The coloring follows that of Table 1.
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Fold Change from Microarray data

Glucocorticoid Action in Epidermis

Real Time RT-PCR
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FIGURE 2. Microarray data are confirmed by real time PCR. The microarray data presenting five representative genes are shown at the left, and a bar graph

represents the data obtained using quantitative real time PCR.
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TABLE 3
Ontological categories of GC-regulated genes

The induced genes are on the left, and the suppressed ones are on the right. The p value shows the probability that the specific process, function, or component category
is as overrepresented in a same-size list of random genes. #, the number of genes in each given category; Fold, the increase of regulated genes over the number expected at
random. We present the categories with p values better than 0.005, or the top 10 scoring categories of each type.

nduced: Process ppressed: Process
list name # Fold Prob. |jlist name # Fold Prob.
regulation of transcription 28 imMmune response 38 24 B1EO7
regulation of base, nucleoside, nucleotide and nucleic acid metabolisn 28 2.0 4.7E-04]|defense response 40 23 22E06
regulation of transcription, DNA-dependent 27 2.0 6.1E-04]|response to biotic stimulus 42 22 23E-06
transcription 28 20 7.1E-04]|response to externa stimulus 53 1.9 1.7E-05
transcription, DNA-dependent 27 2.0 9.3E-04]|response to stimulus 60 1.8 3.4E-05
nuclecsome assembly 4 91 1.0E-03]|epidermis development 8 54 12E-04
regulation of metabolism 28 1.9 1.3E-03]|ectoderm development 8 45 42E04
transition metal ion homeostasis 3 122 1.9E-03]]organismal physiological process 55 16 52E-04
regulation of physiclogical process : £ collagen catabalism 4 101 5.6E-04
|morphogenesis 43 1.7 6.3E-04]

# Fold Prob.

3 2
transcription factor activity 20 26 1.7E-04
transcription regulator activity 22 21 1.2E-03
nudleic acid binding 33 17 3.4E-03
MAP kinase phosphatase activity 2 16.2 6.5E
transition metal ion binding 13 22 B8BE
|cytoskeletal protein binding
actin binding
growth factor binding
Induced: Cell component
list name # Fold Prob.
nuclecsome 4 97 7. X X
chromatin 5 50 34E extracellular matrix 18 2.9 55E-05
|nucleus 38 1.6 4.4E-03]|extracelular space 18 28 1.2E-04
basement membrane 5 51 3.0E-03

epidermal keratinocytes remain to be elucidated, our results
show that I«B is a transcriptional target for GCs.

Unexpectedly, we found IRF7, IFNy receptor, STAT-1, and
12 other IFNy-related genes to be suppressed at 48 and 72 h of
GC treatment, indicating novel immunosuppressing properties
of GCs in epidermal keratinocytes. We evaluated both the
STAT-1 expression by RT-PCR and its regulation in cultured
cells and in epidermis (Fig. 34). We found that, indeed, GCs
suppressed STAT-1 gene expression, and measuring STAT-1
protein levels using Western blots, we confirmed that GCs sup-
press STAT-1 on both mRNA and protein levels. To establish
the physiological significance of this repression in vivo, we used
immunohistochemistry and found that STAT-1 is suppressed
in epidermis after topical treatment with GCs (Fig. 34). The
STAT-1 suppression occurred throughout the differentiating
epidermal layers (demarcated as D), whereas the basal epider-
mal layer (demarcated as B) remained positive for STAT-1
(Fig. 34).

To confirm the functional relevance of this inhibition, we
tested the effects of GCs in the presence of IFNy, by evaluating
STAT-1 activation in three different conditions: 1) keratino-
cytes treated with DEX for 24 h to allow activation of glucocor-
ticoid receptor and subsequently treated with IFNy; 2) kerati-
nocytes treated simultaneously with DEX and IFNvy; and 3)
keratinocytes pretreated with IFN+y to allow activation of
STAT-1 before subsequent DEX treatment. We found that pre-
treatment with GCs virtually abolishes STAT-1 activation, evi-
denced by the absence of nuclear translocation by IFNvy (Fig. 3,
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B and C). GCs also significantly reduced STAT-1 activation
when added simultaneously with IFNy. In contrast, pretreat-
ment with IFNy allowed full STAT-1 activation and a subse-
quent DEX addition had no significant effect. Therefore, we
conclude that GCs block the IFN+y regulatory pathway by sup-
pressing the expression of STAT-1 as well as by blocking its
activation. Although it has been previously shown that GCs
inhibit STAT-1 expression in macrophages (44), their anti-
IFNy effects in epidermis have not been documented before.
Furthermore, the effect of blocking STAT-1 translocation to
the nucleus seems unique to keratinocytes, suggesting a new
aspect of tissue-specific GC regulation.

Taken together, the anti-inflammatory effects of GCs have a
wide range and a specific timeline. The early effect is anti-TNF
(1 h after treatment), extending to anti-interleukin after 24 h
and expanding to anti-ineterferon vy after 48 h. This is particu-
larly relevant for the clinical use of GCs.

In addition to comprehensive anti-inflammatory effects,
GCs also inhibit the expression of major histocompatibility
antigens (HLA-B, HLA-F, and B2F), antigen-presenting
(MICB), immunoproteasome assembly (PSME2), and antigen-
processing proteases (PSMB9, PSMBI10, and PSME3). These
results suggest that GCs suppress antigen presentation on
keratinocytes.

Effects of Glucocorticoids on Cytoskeleton, Cell Migration,
and Tissue Remodeling—Of the ~80 genes encoding for mole-
cules responsible for adhesion, cytoskeleton, cell junctions,
ECM proteins, proteolysis, and proteolysis inhibition, 63 were
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FIGURE 3. GCs inhibit STAT-1 on genomic and nongenomic levels. A, GCs suppress the expression of STAT-1 as
evident from microarrays and RT-PCR. This suppression is also detected on the protein level by Western blot and
immunohistochemistry of skin treated by topical GCs. Layers of skin are labeled on the right. A dotted red line
demarcates the basement membrane (BM); B, basal keratinocyte layer; D, differentiating keratinocytes; C, cornified
keratinocytes. B, primary human keratinocytes stained with STAT-1-specific antibody reveal that IFNy-mediated
activation and nuclear translocation of STAT-1 is blocked by GCin cells that are treated simultaneously with IFNyand
GC and even more effectively in cells pretreated with GCs for 4 h but not in cells pretreated with IFNy for 2 h.
C, quantification of STAT-1-positive nuclei for each condition for triplicate experiments.

down-regulated by GCs (supplemental Table 5). 20 of 23
cytoskeletal organizing genes, which include actin and keratin
K6, were suppressed by GCs at 24 h and remained suppressed
through 72 h. Other cytoskeleton-regulating genes, such as
actin-related protein 2/3 complex, filamin A, neurofibromin 2,
and profilin 1, were suppressed at each time point. They are
involved in binding actin to the cell membrane, anchoring of
the membrane proteins to the actin cytoskeleton, branching of
actin filaments, actin polymerization in response to extracellu-
lar signals, and linkage of cytoskeletal components with the
proteins in the cell membrane (45-49). We conclude that GCs
affect cytoskeletal remodeling through the actin cytoskeleton,
which affects the ability of the cells to form lamellipodial

FEBRUARY 9, 2007 - VOLUME 282+NUMBER 6

DEX+INF-y

INF-y DEX pre.iNF.y; PEX pre.pEX;

Glucocorticoid Action in Epidermis

extensions (protrusions) and to mi-
grate properly. Microarray analy-
ses showed that other gene groups
participating in keratinocyte mi-
gration were also repressed by GCs,
including the extracellular matrix
LAMC2, LAMA3, and hyalurono-
glucosaminidase 1 genes, thus con-
tributing to the inability of kerat-
inocytes to migrate. Adhesion
molecules were also suppressed at
24, 48, and 72 h, so that no adhe-
sions could be established in order
to foster cell movement.

Matrix metalloproteinases (MMPs)
participate in degradation of ECM by
cleaving a specific subset of matrix
proteins, thereby helping keratino-
cytes to move over underlying der-
mis. MMP9, MMP3, and MMP10
were all found to be suppressed by
GCs 15-18-fold in addition to
MMPI1, as previously described
(50). We confirmed these findings
by RT-PCR (Fig. 4). Upon treatment
with GCs, keratinocytes shut down
synthesis of MMPs, and as a conse-
quence no matrix degradation nec-
essary for keratinocyte migration
can occur. Furthermore, tissue
inhibitor of MMP, TIMP2, was
induced at 48 and 72 h, providing a
synergistic prevention of matrix
degradation. Tenascin-C, found in
migrating basal keratinocytes in the
early phases of wound healing (51),
was suppressed by GCs 17-fold at
72 h.

GCs are known inhibitors of the
wound healing process. We have
previously shown that they inhibit
keratinocyte migration (20). We
have also shown that GCs can effec-
tively block the effects of epidermal
growth factor and described a com-
plex molecular mechanism through which they suppress the
expression of keratin K6, one of the earliest markers of kerati-
nocyte activation (20). Finally, we have also shown that GCs
induce the expression of c-Myc, which also participates in the
inhibition of keratinocyte migration (19). In this work, we also
found that GCs suppress a plethora of genes that participate in
cytoskeletal rearrangements and ECM remodeling, all neces-
sary to support adequate cellular migration. These data clearly
confirm that as potent inhibitors of keratinocyte migration and
proliferation, GCs contribute to the inhibition of wound
healing.

Vascular endothelial growth factor C, an angiogenic factor,
was down-regulated by GCs at 24, 48, and 72 h, suggesting that

GC

Pre-DEX;
INF-y
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FIGURE 4. GCs inhibit MMP1, —9, and —10. The microarray data presenting
MMP1, —9, and —10 (graphs shown below) were confirmed by RT-PCR per-
formed for 24, 27, and 30 cycles (shown at the top) for each treatment time

point.

GCs may also affect angiogenesis, an essential process for suc-
cessful wound healing.

We also found a specific effect on genes that participate in
tissue remodeling/scar formation. GCs inhibit the expression
of TGFB1, TGFB2,and SMAD-1 (MADH-1) as well as collagens
(COL4A1 and COL7A1I) in keratinocytes. GCs are used in the
therapy of hyperthrophic scars and keloids, but their effects
were thought to be primarily targeted on dermal fibroblasts
(52). We found that GCs suppress the expression of TGFB1 and
-2 but do not affect TGFB3. Scarless (fetal-like) wound healing
is associated with a lack of TGFB1 and -2 response during fetal
wound healing, whereas TGFB3 activity remains intact (53).
Therefore, our results would indicate that GCs may contribute
to the reduction of scar formation by suppressing the expres-
sion of TGFB1 and TGFB2 but not of TGFB3. Taken together,
GC treatment affects cytoskeleton, ECM, and matrix remodel-
ing, which results in inhibition of cellular migration and wound
healing.

Control of Cell Fate: Growth, Differentiation, and Death—We
analyzed the microarray data for genes contributing to prolif-
eration, such as cell cycle-related or DNA synthesis (supple-
mental Table 6) and concluded that GCs may inhibit keratino-
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cyte proliferation. To establish the functional relevance of this
result, we tested GCs in a proliferation assay in which we quan-
tified the cell number of untreated and DEX-treated keratino-
cytes at 0, 24, 48, and 72 h. We found a small but statistically
significant (p < 0.05) decrease in keratinocyte proliferation
after GC treatment at 48 and 72 h (Fig. 5). We concluded that
GCs inhibit keratinocyte proliferation, confirming microarray
data.

We also found that GCs have specific effects on keratinocyte
differentiation. TGM1I (transglutaminase 1), an enzyme that
catalyzes the assembly of keratinocyte cornified envelope, was
induced by GCs at 24, 48, and 72 h. In addition, LCE2B (late
cornified envelope marker) as well as FLG (filaggrin), a corni-
fied envelope precursor, were also induced by GCs 48 and 74 h
after treatment. CDSN (corneodesmosin), a component of cor-
neodesmosomes synthesized in the late stages of keratinocyte
differentiation, was also found induced 72 h after treatment.
Gene chip analysis revealed that the SULT2B1 (sulfotransferase
type 2 isoform B1) gene was up-regulated at 24, 48, and 72 h.
The product of this gene sulfonates cholesterol, and it is also a
critical regulator of terminal keratinocyte differentiation and
desquamation as well as a mediator of barrier homeostasis. In
addition, GCs induced expression of KLF4 (Kruppel-like factor
4), which regulates terminal differentiation and barrier forma-
tion (54). This suggests that GCs promote the late stages of
terminal keratinocyte differentiation.

In contrast, we found that GCs inhibit involucrin expression,
which was confirmed using immunofluorescence (Fig. 64). We
found that after DEX treatment, skin exhibits induction of
filaggrin and inhibition of involucrin when compared with
untreated skin. Interestingly, involucrin suppression occurred
only in lower suprabasal layers, whereas expression is main-
tained in the higher suprabasal (granular) layers. We also found
that Jagged (JAG1I), a Notch ligand that promotes early differ-
entiation, was repressed at each time point observed. We con-
firmed the microarray data using real time quantitative RT-
PCR (Fig. 6B). Suppression of JAG1 suggests that GCs may
inhibit early stages of differentiation. Furthermore, we found
that GCs induce expression of THAP2C (AP2-v), which is the
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FIGURE 6. GCs promote the terminal phase of epidermal differentiation,
whereas they inhibit the early phase. A, immunohistochemistry of skin
treated with GCs reveals induction of filaggrin and restricted expression of
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first in vivo target gene of TAp63« in embryonic epidermis,
when commitment to stratification occurs, promoting the
expression of basal-specific K14 gene (55). This suggests that
GCs promote a basal keratinocyte phenotype rather than an
early differentiating one.

GCs are widely used as therapeutic agents in treatment of
premature babies to induce maturation of the lung epithelium
and its barrier. It should not be surprising that GCs also induce
terminal differentiation in epidermis. However, to the best of
our knowledge, this has not been documented before. Another
surprising component of our microarray data is that GCs may
inhibit early epidermal differentiation by blocking Notch sig-
naling, thus having a dual effect on the same process. By pro-
moting the late stages and inhibiting the early stages of differ-
entiation, GCs would decrease epidermal layers, which has
been clinically observed as “thinning” of the epidermis. The
microarray data presented here provides molecular explana-
tion of this effect.

Unexpectedly, we found that GCs inhibit apoptosis. 12
anti-apoptotic genes, such as [kB, BCL6, SERP1, PTK2B, and
BAGI, were induced, whereas pro-apoptotic genes, such as
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CASPI and -4, BAK1, TNFSF10, TSSC3, MX1, and TRADD,
were suppressed by GCs (Fig. 7). We confirmed that indeed,
GCs induced anti-apoptotic genes, whereas they suppressed
pro-apoptotic genes, by evaluating the mRNA levels of five
different genes using both Northern and RT-PCR techniques
(Fig. 7A). Finally, to test whether the anti-apoptotic genes
induced by GCs have functional implications, we deter-
mined the effects of GCs in keratinocytes in which apoptosis
was induced either by UV light or by Etoposide, a DNA-
damaging agent. Keratinocytes were incubated in the pres-
ence or absence of DEX for 24 h to activate the GR transcrip-
tional pathways and subsequently irradiated with 8 mJ/cm?
of UVB. This particular UVB dose was chosen because it was
previously shown to induce apoptosis in keratinocytes (21).
We recorded gross apoptotic changes by photographing cells
(Fig. 7B) and quantified the apoptosis using a TUNEL assay.
As predicted by the microarray data, we found that GCs
block apoptosis induced by either UV (Fig. 7C) or Etoposide
(data not shown).

This finding has major clinical implications. GCs are known
inducers of apoptosis in numerous cell types, including thymo-
cytes, eosinophils, neutrophils, hippocampal neurons, and pro-
liferative chondrocytes (56 —60), and various malignancies of
lymphoid origin and thus have become one of the most com-
mon therapeutic agents for leukemias and lymphomas (61).
Interestingly, GCs have been described to exert an anti-apopto-
tic effect on epithelial ovarian or breast cancer cells, human
glioblastoma, hepatoma, and fibroblasts (62—66). The anti-
apoptotic effect of GCs on keratinocytes is achieved through
the concerted suppression of pro-apoptotic and induction of
anti-apoptotic genes. This effect is potent, since GCs effectively
blocked UVB-mediated and DNA-damaging agent-mediated
apoptosis in keratinocytes. This suggests that GCs protect ke-
ratinocytes from UVB-mediated apoptosis. We did not find the
TNF receptor, GITR, regulated in our experiments. GITR
expressed in mouse keratinocytes is under negative control of
p21°#/WAF1 and may also have a protective role from UV-
induced apoptosis (67). GITR is not represented on the HU95A
chip. We conclude that GCs have an anti-apoptotic effect on
human keratinocytes and that they mediate this effect by regu-
lating a specific subset of apoptosis-related genes in a very spe-
cific manner, suggesting a complex control mechanism in
human epidermis.

GCsinhibit proliferation and may have a complex, dual effect
on keratinocyte differentiation by inhibiting the early stages of
differentiation while promoting the late stages.

Cellular Metabolism—A summary of the microarray data
related to cellular metabolism is presented in supplemental
Table 7. The ubiquitination-related U/BE2C gene required
for the destruction of mitotic cyclins, the UBE2L6 gene,
which catalyzes the covalent attachment of ubiquitin to
other proteins, and USPI14, a ubiquitin-specific protease
gene, were suppressed at 24, 48, and 72 h. Proteolysis inhib-
itors SRPINBI, SERPINB3, SERPINB4, SERPINE2, and
SEPINH?2 were also suppressed by GCs, suggesting that GCs
in epidermal keratinocytes may block ubiquitination but
promote proteolysis.
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FIGURE 7. GCs have an anti-apoptotic effect and protect keratinocytes from UVB-mediated apoptosis. cantly up-regulated at 48 and 72 h;
mone thyroxine to bioactive tri-
Most mitochondrial and detoxifying genes were suppressed iodothyronine (69). GCs also induce adrenomedullin, a potent
during GC treatment. It even appears that mitochondrial hypotensive and vasodilator peptide that at physiologically rel-
transcription is affected by the GC treatment. Expression of evant doses also inhibits basal ACTH secretion. Recently,
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adrenomedullin has been identified as a host defense peptide,
and as such, it plays a role in the inflammatory response.

SAAI (serum amyloid A1), the major acute phase reactant,
was induced 3-9-fold at all time points. There are two reported
immune-related functions of SAA (70). It can induce ECM-
degrading enzymes, such as collagenase, stromelysin, and
matrix metalloproteinases 2 and 3, which are important for
repair processes after tissue damage. However, prolonged
expression of SAA may play a role in degenerative diseases,
such as rheumatoid arthritis. SAA can also act as a chemoat-
tractant for such immune cells as monocytes, polymorphonu-
clear leukocytes, mast cells, and T lymphocytes.

Effects of GCs on Signaling and Transcription—In addition to
affecting TNFq, interleukins, IFNvy, and TGEf signaling, GCs
regulate a number of genes that participate in transcriptional
regulation and other signaling pathways (supplemental Table
8), such as several regulators of chromatin modulation mem-
bers of SWI/SNF family (SMARCAI and SMARCA2) and
HDAC9. In addition, SOX9, which is required for the formation
of the hair stem cell compartment (71), was also suppressed.
We found that GCs have a specific effect on the C/EBP family of
transcription factors; the GCs induce C/EBPa, which is
involved in mitotic growth arrest and C/EBPS, but not C/EBP3,
a mediator of IL-6 response. Coupled with the induction of
MAFF, a repressor of transcription, and of /D2, an inhibitor of
tissue-specific gene expression, this may suggest that the GCs
inhibit transcription and proliferation. However, we found that
GCs induce the expression of PLAG-1, which has been shown
to induce expression of B-catenin and c-Myc (72), along with
MYCLIand MYC(19). In addition, a Fos family member FOSL2
and protein phosphatase 1 PPP1CC, essential for cell division,
were also induced, suggesting a possible activation of prolifer-
ation. It is interesting to note that GCs regulate circadian reg-
ulators PERI and EGR3 (73). Surprisingly, with the exception of
suppression of PLK2, a serum-inducible kinase, and MP1, an
adaptor protein that enhances the activation of MAPK2, GCs
did not target the expression of any other kinase. In contrast,
GCs regulate phosphatases in a very specific manner. The dual
specificity phosphatases that target mitogen-activated protein
kinases ERKI and ERK, DUSP6 and DUSP4, were suppressed.
Both DUSP1, which may play an important role in the human
cellular response to environmental stress as well as in the neg-
ative regulation of cellular proliferation, and DUSPS, which
inactivates ERKI, tyrosine-protein phosphatases PTPN2 and
PPRZ1, Ser/Thr protein phosphatases PPMIA, and PP2C,
were induced. We also found specific effects of GCs on
mRNA-related proteins. Essentially all mRNA processing,
splicing, and maintenance-related genes were suppressed. It is
interesting that proteins targeting mRNA turnover were not
regulated. Instead, those regulating splicing (SNRPN, SFRS7,
and HNRPN3), editing (ADAR and ADARBI), and cytoplasmic
trafficking (HNRPA3) were suppressed.

The predominant effect of GCs on gene transcription is sup-
pression. We have shown previously that GCs suppress the
expression of epidermal keratin genes through an unconven-
tional mechanism that involves four monomers of the GR,
B-catenin and CARM-1 serving as co-repressors (18, 19).
Although this may not be the only mechanism through which
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GC-mediated suppression occurs in epidermis, no epidermal
defects are found in GRdim™ mice, which have a mutation in
the dimerization domain of GR that inhibits formation of
homodimers and the “classical” mechanism of GC-mediated
gene activation (74). Therefore, our microarray data support
the notion that the majority of transcriptional effects of GCs in
epidermis are mediated through transcriptional repression by
GR monomers.

In summary, these data present a complete documentation
and description of the transcriptional changes caused by GC
treatment of primary human keratinocytes, demonstrating the
complexity of the effects that GCs may have on epidermis. GCs
inhibit inflammatory response in a specific time-related man-
ner. Their initial effect is to block TNFa building up to block
IL-1p, IL-4, and IL-11 after 24 h and inhibiting IFNy signaling
by 48 h. Furthermore, GCs inhibit apoptosis, keratinocyte
migration, and proliferation and affect tissue remodeling in a
manner that reduces scar formation. GCs also promote termi-
nal differentiation and barrier formation.
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