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Abstract

ZAC, an encoding gene mapped at chromosome 6g24-g25 within PSORS1, was previously
found over-expressed in the lower compartment of the hyperplastic epidermis in psoriatic
lesions. Cytokines produced in the inflammatory dermatoses may drive AP-1 transcription
factor to induce responsive gene expressions. We demonstrated that mZac1 can enhance
AP-1-responsive S100A7 expression of which the encoding gene was located in PSORS4
with HaCaT keratinocytes. However, the mZac1-enhanced AP-1 transcriptional activity was
suppressed by curcumin, indicating the anti-inflammatory property of this botanical agent
and is exhibited by blocking the AP-1-mediated cross-talk between PSORS1 and PSORS4.
Two putative AP-1-binding sites were found and demonstrated to be functionally important
in the regulation of S100A7 promoter activity. Moreover, we found curcumin reduced the
DNA-binding activity of AP-1 to the recognition element located in the S100A7 promoter.
The S100A7 expression was found to be upregulated in the lesioned epidermis of atopic
dermatitis and psoriasis, which is where this keratinocyte-derived chemoattractant engaged
in the pro-inflammatory feedback loop. Understanding the regulatory mechanism of
S100A7 expression will be helpful to develop therapeutic strategies for chronic inflamma-
tory dermatoses via blocking the reciprocal stimuli between the inflammatory cells and
keratinocytes.

Introduction

Human keratinocytes have been widely accepted as an important player in the cutaneous
immune system because they provide a physical barrier through a fine-tuned differentiation
process and act as an important reservoir for the production of various important antimicro-
bial peptides (AMPs) [1,2]. On the other hand, the keratinocyte-derived AMPs can also partici-
pate in the aforementioned barrier formation or inflammation elicited by environmental
insults despite their intrinsic antimicrobial properties. SI00A7, also named psoriasin, is a good
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example [3]. This 11.4 kDa cytoplasmic and secreted polypeptide can protect the skin from the
infection caused by E. coli [4,5]; and it is also an important molecule involved in the construc-
tion of an impermeable skin barrier [3,6-8]. SI00A7 was first found overexpressed in psoriatic
scales [9,10], but further studies have demonstrated that a variety of inflammatory dermatoses
and cancers actually exhibited up-regulated an S1I00A7 expression [7,8,11]. Therefore, it has
been postulated that a better understanding of the regulation on the expression of AMPs such
as S100A7 may help to provide alternative resolutions for unmet needs in the treatment of
inflammatory skin diseases and cancers [12-15].

S100A7 is a potent chemotaxin that has thoroughly engaged in a pro-inflammatory feed-
back loop which is important in the pathogenic process of human disorders including psoriasis,
atopic dermatitis and breast cancer [7,11]. The expression of SI00A7 can be up-regulated by
cytokines such as IL-17, IL-22, TNF-a, oncostatin-M, IL-6, among others [8,16-18]. Vitamin
D analog calcipotriol has been demonstrated useful to disrupt the SI00A7-driven pro-inflam-
matory feedback loop but the underlying molecular mechanism remains elusive [12]. It has
been demonstrated that the S100A7 gene is regulated by an activator protein-1 (AP-1)-respon-
sive promoter [19,20]. AP-1 is a crucial transcription factor involved in the expression of many
cytokines [21] and in the expression of differentiation-dependent hallmarks of epidermal kera-
tinocytes [22-25]. Interestingly, the transcriptional activity of AP-1 can be regulated by many
agents including phorbol ester (PMA) and curcumin [26,27], a botanical derivative that was
previously used in some traditional medications and a clinical trial for psoriasis treatment [28-
30]. Our previous work has demonstrated that zinc-finger protein, Zacl, which regulates apo-
ptosis and cell cycle arrest 1, physically interacts with AP-1 protein, and enhances the expres-
sion of AP-1 regulated genes [31]. Surprisingly, ZAC (the human counterpart of mouse Zac1)
has already been shown over-expressed in psoriatic plaques but its functional role remains
unknown on the pathogenesis of psoriasis [32].

Opverall, SI00A7 promoter is responsive to AP-1, of which the transcriptional activity can be
fine-tuned by various regulatory extra- and intra- cellular factors [33]. Although evidence sup-
ported that the transcriptional activity of AP-1 can be up-regulated by Zac1 but down-regu-
lated by curcumin, the cross-talk between Zacl and curcumin on the AP-1 regulated S100A7
expression remains largely unknown. Therefore, we began to set up experiments to explore the
underlying molecular mechanism of AP-1-regulated SI00A7 expressions.

Materials and Methods
Cell culture, luciferase reporter assay and chemicals

HaCaT cells were grown in DMEM added with fetal bovine serum pre-treated by 10% char-
coal/dextran (Life Technologies, Grand island, NY, USA). Transient transfection (jetPEI, Poly-
Plus-transfection, Illkirch, France) and luciferase reporter assays (Promega, Madison, W1,
USA) were performed in 24-well culture dishes as previously described [34,35]. Total trans-
fected DNA was adjusted to 1 pug by adding the required amounts of the respective empty vec-
tor. The luciferase activity detected in the extract prepared from transfected HaCaT cells is
expressed in relative light units (RLU) and presented as the mean carrying standard deviation
from three independent transfected cultures. We purchased curcumin from the Cayman
Chemical Company (Ann Arbor, MI, USA).

Cell viability assay

Cells were seeded in 96-well culture plates and allowed to grow for 24 h. HaCaT cells were then
treated by the experimental chemicals in fresh culture medium for the indicated durations.
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution (0.5 mg/ml in
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PBS) was added to each well of the aforementioned culture plates, which were further incu-
bated for 2 h at 37°C. Dimethylsulfoxide (DMSO) (150 pl), the solubilizing agent, was then
added and subjected to measure respective absorbance at 540 nm using an ELISA plate reader
(Multiskan EX, Thermo Fisher Scientific, Waltham, MA, USA). HaCaT cells treated with cul-
ture media containing no compounds were used at a control and set as 100% cell survival.

Measurement of Reactive Oxygen Species (ROS) Assay

Intracellular ROS levels were determined using the fluorescent marker 2°,7’-dichlorofluorescin
diacetate (DCFH-DA; D6883; Sigma-Aldrich, MO, USA), according to the manufacturer’s
instructions. Briefly, the cells were seeded in 6-well culture plates and treated with indicated
drugs for 16 h. After incubated, we stained live cells with 10 uM DCFH-DA for 30-60 min at
37°C, harvested the cells, and washed twice with PBS. The cells were then subjected to FACS,
and the fluorescence intensity analysis was performed using a FACSCalibur flow cytometer
and the Cell Quest Pro software (BD Biosciences, CA, USA).

Immunoblots

Using RIPA buffer (100 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.1% SDS, and 1% Triton 100)
we lysed and prepared cell extracts at 4°C, which were separated by SDS-PAGE and then
immunoblotted by using antibodies against SI00A7 (Imgenex, San Diego, CA, USA), HA anti-
body (3F10, Roche, Basel, Switzerland); and c-Fos and ACTN (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for further interpretation.

Plasmids

Reporter gene S100A7(-743/+1)-LUC has been previously described [19]. The S100A7(-743/
+1)-LUC vectors carrying various AP-1 binding site-directed mutagenesis (AP-1 1M and/or
2M) were made using the Promega Gene Edit Kit. The mutant sequence information of M1
site was 5’-tacgtaa-3” and M2 site was 5’-tacgtaa-3’ [36]. Distinct HA-tagged AP-1 proteins
encoded by the pSG5.HA vector have been previously described [31].

Reverse transcriptase-polymerase chain reaction (RT-PCR)

The growing HaCaT cells were used for total RNA extraction by TRIsure reagent (BIOLINE,
London, UK) following the manufacturer’s instructions. Total RNA (1pg) was subjected to
reverse transcription for 60 min at 37°C using MMLYV reverse transcriptase (Epicentre Biotech-
nologies, Madison, W1, USA). In the linear range (30 cycles), PCR was performed with primers
specific for SI00A7 and GAPDH. The DNA sequences of PCR primers used for the amplifica-
tion of anticipated genes, SI00A7 and GAPDH have been previously described [19,20]. The
thermocycling conditions for PCR were as following: single run for 5 m at 95°C, followed by

30 cycles of sequential steps including 45 s at 95°C, 30 s at 55°C, and 40 s at 72°C. Amplified
DNA products were subjected to the separation by 1.2% agarose gel electrophoresis and stain-
ing with ethidium bromide for visualization.

Quantitative PCR

Total RNAs were isolated using the TRIsure reagent according to the manufacturer’s instruc-
tions. One microgram of the total RNA samples was subjected to reverse transcription (RT)
according to cDNA protocols (Epicentre Biotechnologies, MI, USA). The cDNA products were
used immediately for SYBR green (Applied Biosystems, CA, USA) real-time RT-PCR. Real-
time RT-PCR was done using ABI Prism 7500 Sequence Detection System (Applied
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Biosystems) with Fast SYBR Green Master Mix (Applied Biosystems). PCR amplification con-
sisted of an initial denaturation step (95°C for 3 m) and 40 cycles of denaturation (95°C for 5
s), annealing and extension (60°C for 35 s). The S100A7 primers used were as follows: forward
5-ACGTGATGACAAGATTGAGAAGC-3’ and reverse 5-GCGAGGTAATTTGTGCC
CTTT-3’. The GAPDH primers were forward: 5- CCTCCCGCTTCGCTCTCTG-3’ and
reverse: 5-GCGCCCAATACGACCAAATC-3 as an internal control.

Modified DAPA (DNA-affinity precipitation assay)

Two biotin-labeled double-stranded DNA fragments in which the oligonucleotide sequence of
the sense strand primer as 5’-ggattTGATTCAggcttttc-3’ containing wild-type AP1-1 site and
5-ggattTACGTAAggcttttc-3’ containing mutated AP1-1 site were used in the assays. The
nuclear extracts were prepared as previously described [37]. DAPA binding buffers containing
10 mM Tris/HCL, pH 7.5, 50 mM KCl, and 1 mM DTT (dithiothreitol) was used for incubation
with HaCaT nuclear extracts, which were pre-incubated with the nonspecific Poly(dI-dC) (dI-
dC) competitor and followed by incubation with the aforementioned double-stranded oligonu-
cleotides. After the incubation, anti-c-Fos antibody was added for incubation to the reaction
mixture. The anticipated protein-DNA-agarose complex was then processed as previously
described [38]. Detection was performed adding streptavidin-horseradish peroxidase
(Panomics, Santa Clara, CA, USA) and Western blot analysis.

ChIP (Chromatin immunoprecipitation) analysis

The ChIP assay was performed using Pierce™ Magnetic ChIP Kit (ThermoFisher Scientific,
MA, USA), according to the manufacturer’s instructions. In brief, HaCaT cells were treated
with 10 uM curcumin or ethanol (vehicle) for 24 hrs, and then crosslinked by 1% formaldehyde
for 10 min with following neutralization by adding glycine to a final concentration of 0.1 M for
5 min at room temperature. After washing twice with cold PBS, cells were harvested in ice-cold
PBS (containing protease inhibitor cocktail), and then the cell pellets were suspended in cold
membrane extraction lysis buffer containing protease/phosphatase inhibitors. After 10 min
incubation on ice, nuclei were harvested in MNase Digestion Buffer and re-suspended in IP
Dilution Buffer containing protease/phosphatase inhibitors, and then sonicated to achieve
fragmentation of DNA to 200-1000 base pairs in length. Immunoprecipitations were carried
out using anti-c-Jun (sc-1694; Santa Cruz Biotechnology) and anti-c-Fos (sc-253; Santa Cruz
Biotechnology). Normal rabbit IgG, included in Pierce™ Magnetic ChIP Kit, was used in the
negative control IP experiments. The DNA sequence of S100A7 PCR primers (330 bp) was as
following: forward strain 5’-CTTCTGTGAGGGGCTGACCA-3’ and reverse strain 5’- TCTAT
GACCCCCACCGCTGA-3’. The negative control (control) primers (325 bp) were forward: 5’
CAGAGGGTGAGGGTGATCTG-3’ and reverse: 5’-TACTCTGTCCTCAGCC CTCC-3’.

Statistical methods

The statistical analyses were performed using an independent Student's t-test. All p values less
than 0.05 were considered statistically significant.

Results

Expression of S100A7 in HaCaT cells was inhibited by curcumin but
enhanced by Zac1

Using the MTT assay, we first detected the IC50 of curcumin by treating HaCaT cell culture
for 24 h and the result was around 38 pM (Fig 1A). In addition, we added the dose-dependent

PLOS ONE | DOI:10.1371/journal.pone.0144175 December 3, 2015 4/16



@‘PLOS | ONE

Regulation of AP-1-Mediated S100A7 Expression

A 120

1001
T 8o}
2 60
S 40|
® 20} _
%910 20 30 40 50 60 70 80

Curcumin, pM

\

|
N
\

T
(=N NeoloNoloNa)
W ‘ulwnaing

Junon

O=2=3NW OO

10° 10" 10* 10°
DCFH-DA (FL1-H)

»C

ot 11 il]l]]

C Curcumin (40 pM)
0 05 1 2 4 6 8 (hr)

1 2 3 4 5 6 7

S100A7*>

ACTN»>

Fig 1. S100A7 expression is inhibited by curcumin in a time-dependent manner. (A) IC50 of curcumin
was detected using MTT assay for HaCaT cell survival rate after 24 h of incubation with increasing dosage of
curcumin. (B) ROS analysis was measured after 16 h of incubation with increasing dosage of curcumin. (C)
Western blotting using specific antibody against S100A7 revealed that the S100A7 expression in HaCaT
keratinocytes was inhibited in a time-dependent manner after treatment by curcumin. Results (A, B and C)
are representative of two independent experiments. All p values less than 0.05 were considered statistically
significant. * p<0.05; **p<0.01; ***p<0.005.

doi:10.1371/journal.pone.0144175.g001

effect of curcumin on the reactive oxygen species (ROS) production in HaCaT cells (Fig 1B).
We observed the similar reduced pattern at the higher curcumin dosage (around 40-50 uM) in
the MTT and ROS analysis. Then, we checked the expression of SI00A7 in HaCaT cell culture
in the absence or presence of 40 uM curcumin. We found the protein level of SI00A7 was
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reduced in a time-dependent manner (Fig 1C). Interestingly, when we over-expressed Zacl in
HaCaT cells, the amount of SI00A7 was increased accordingly at either the protein (Fig 2A) or
the mRNA transcript level (Fig 2B). We further quantitatively and statistically analyzed the
effect of over-expressed Zacl on the SI00A7 gene expression (Fig 2C).

S100A7 promoter activity activated by AP-1 can be further enhanced by
Zac1

Previously, we reported that Zacl can physically interact with the c-Jun, c-Fos and Fra-1 sub-
unit of AP-1 protein, whose transcriptional activity would also be enhanced by Zacl in HeLa
cells [31]. We have also demonstrated that c-Jun/c-Fos heterodimeric AP-1 can activate the
S100A7 promoter activity in human keratinocytes [19]. Then, we started to examine whether
the AP-1 activated S100A7 promoter activity would be enhanced by Zacl in HaCaT cells.
Using a luciferase assay driven by SI00A7 promoter, we first demonstrated the promoter activ-
ity can be activated by both c-Jun/c-Fos and c-Jun/Fra-1 heterodimeric AP-1 at 2.1- and 3.1-
fold, respectively (Fig 3; compare lanes 5-6 to lane 1, closed bar). The aforementioned AP-1
activated promoter activity was further enhanced by exogenous Zacl over-expressed in HaCaT
cells (Fig 3; compare lanes 5-6 to lane 1, open bar).

The AP-1 transcriptional activity stimulated by Zac1 was inhibited by
curcumin

We further asked whether the S1I00A7 promoter activity activated by AP-1 in the absence or
presence of exogenous Zacl would be diminished by curcumin because the expression of
S100A7 in keratinocytes was shown to be activated by Zac1 (Fig 2) but inhibited by curcumin
(Fig 1). Fig 4 shows that curcumin selectively inhibits the transcriptional activity of c-Jun/c-Fos
but not c-Jun/Fra-1 in the absence of exogenous Zacl (Fig 4; closed bars). However, the stimu-
latory effect exhibited by Zacl on either c-Jun/c-Fos or c-Jun/Fra-1 heterodimeric AP-1 com-
plex was significantly inhibited by curcumin (Fig 4; open bars).

Two putative AP-1 binding sites were functionally important for S100A7
promoter activity driven by c-Jun/c-Fos and c-Jun/Fra-1 heterodimers

We continuously investigated the functional role of AP-1 binding sites because SI00A7 pro-
moter activity can be driven by AP-1 transcription factors. First, we looked for putative AP-1
binding sites by analyzing the DNA sequence of SI00A7 promoter (GenBank accession num-
ber: AF050167) using the TESEARCH website (http://www.cbrc.jp/research/db/TFSEARCH.
html). Two putative AP-1 binding sites numbered as AP1-1 and AP-2 were located at -582/-
576 and -533/-527 upstream of the transcription start site (Fig 5A). The AP1-1 site has been
demonstrated to be functional in activation of the SI00A7 promoter [20]. The AP1-2 site,
TGAGTAA, is a non-canonical AP-1 site and has been found functionally important for the
activation of HPV-11 E6 promoter activity [36]. Moreover, this AP-1 binding element has
been clearly demonstrated to be physically bound by various recombinant human AP-1 com-
plexes [22,39]. We used site-directed mutagenesis (Fig 5B) to analyze the functional role of
each site for activation of SI00A7 promoter activity. For an AP-1 complex composed of c-Jun/
c-Fos subunits, the mutagenesis performed on the AP1-1 site almost abolished the promoter
activity driven by this heterodimer. However, residual activity was revealed when AP1-2

site was mutated alone but abolished again when AP1-1 site was mutated in combination (Fig
5C). The aforementioned results indicate that AP1-1 site is more important than AP1-2 site for
c-Jun/c-Fos heterodimers to drive SI00A7 expression. On the other hand, individual

PLOS ONE | DOI:10.1371/journal.pone.0144175 December 3, 2015 6/16


http://www.cbrc.jp/research/db/TFSEARCH.html
http://www.cbrc.jp/research/db/TFSEARCH.html

@’PLOS ‘ ONE

Regulation of AP-1-Mediated S100A7 Expression

A

pSG5.HA.mZac1

0 0.20.40.60.81.0

1 2 3 4 5 6

HA.mZac1»>

- — - - -

S100A7 > | guugs = i

ACTN > | e w—

B

pSG5.HA.mZac1

0 0.20.40.60.81.0

1 2 34 5 6

51007 Ikl
carpH LA T AL L]

C

= a N
o

S100A7/GAPDH
mRNA ratio
o h OON O
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specific antibodies against HA-tag or S100A7 was performed to detect the protein level of over-expressed
HA.mZac1 and endogenous S100A7 in lysates from cultured HaCaT keratinocytes. The activated expression
of S100A7 mRNA transcript was analyzed by general RT-PCR (B) and quantitative real-time RT- PCR (C).
Results (A and B) are representative of two independent experiments. These data (C) are the average of
three experiments (mean + SD; n = 3). All p values less than 0.05 were considered statistically significant.

doi:10.1371/journal.pone.0144175.g002
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Fig 3. Zac1 significantly enhances the S100A7 promoter activity driven by heterodimeric AP-1 complexes. The schematic presentation of the
luciferase reporter driven by S100A7 promoter containing two putative AP-1 binding sites is shown at the upper panel. Although previously we have
demonstrated that Zac1 can physically interact with each of c-Jun, c-Fos and Fra-1, the S100A7 promoter activity can only be mildly enhanced by over-
expressed Zac1 itself (lane 1; compare open to closed bar) or together with co-expressed c-Jun, c-Fos, or Fra-1 (compare lanes 2—4 to lane 1; open bars to
closed bars), respectively. However, the S100A7 promoter activity driven by heterodimeric AP-1 complexes formed by c-Jun/c-Fos or c-Jun-Fra-1 paring is
significantly enhanced by co-expressed Zac1 (lanes 5 and 6; compare open to closed bars). These data are the average of three experiments (mean + SD;
n = 3). All p values less than 0.05 were considered statistically significant.

doi:10.1371/journal.pone.0144175.g003

mutagenesis on either AP1-1 site or AP1-2 site abolished the SI00A7 promoter activity driven
by c-Jun/Fra-1, which indicates both sites are equally important for c-Jun/Fra-1 heterodimer to
drive the S1I00A7 expression.

Curcumin prevented the binding of AP-1 from its functional site within
S100A7 promoter

We want to know whether curcumin can prevent AP-1 from binding to the functionally
important DNA-binding element. We started to check on the binding affinity in the absence or
presence of curcumin. We decided to analyze the binding affinity by checking the binding
amount of c-Fos on probes carrying either wild-type or mutated AP1-1 site because we found
that the AP1-1 site is important for both heterodimeric c-Jun/c-Fos and c-Jun/Fra-1; in partic-
ular, it functions as a major site for c-Jun/c-Fos to drive SI00A7 promoter activity. PMA was
used as a positive control because it is a well-known AP-1 stimulator able to enhance the
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presentation of the luciferase reporter driven by S100A7 promoter containing two putative AP-1 binding sites
is shown at the upper panel. Although curcumin is a well-known AP-1 inhibitor, the S100A7 promoter driven
by co-expressed c-Jun/c-Fos but not c-Jun/Fra-1 heterodimer is abolished by curcumin treatment (compare
lanes 5 to 2 or lanes 6 to 3, closed bars). Instead, the Zac1-enhanced S100A7 promoter activity driven by
either c-Jun/c-Fos or c-Jun/Fra-1 heterodimeric AP-1 complexes is diminished by curcumin c-Jun/c-Fos but
not c-Jun/Fra-1 (compare lanes 5 to 2 or lanes 6 to 3, open bars). Interestingly, the S100A7 promoter
activated by over-expressed Zac1 alone is also inhibited by curcumin (compare lane 4 to 1, open bars).
These data are the average of three experiments (mean + SD; n = 3). All p values less than 0.05 were
considered statistically significant.
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doi:10.1371/journal.pone.0144175.g004

DNA-binding activity of AP-1 via PKC signaling pathway [21]. Fig 6A shows that c-Fos is
bound by a probe carrying wild-type AP1-1 site and was enhanced by the PMA treatment
(compare lane 6 to lane 1). Importantly, the PMA-enhanced binding was almost completely
abolished by either curcumin treatment (Fig 6A; compare lane 8 to lane 6) or mutation of
API-1 site (compare Fig 6B to 6A, lanes 5-8). We further performed ChIP assays to detect the
differential occupancy of AP-1 binding sites in the endogenous SI00A7 promoter caused by
curcumin treatment to HaCaT cells. Interestingly, the accessibility of chromatin fragment con-
taining both AP1-1 and AP1-2 sites by phosphorylated c-Fos was slightly altered by curcumin
treatment (Fig 6C). However, curcumin dramatically increased the binding of c-Jun to our pre-
dicted AP-1 binding sites of SI00A7 promoter, indicating more c-Jun-containing complexes
were allowed to get access to this region to compete with c-Fos-containing species for AP-1
binding sites occupancy and possibly caused consequent decreased activity of SI00A7
promoter.
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Fig 5. Differential functional roles for two AP1 binding sites of S100A7. (A) The DNA sequence of
S100A7 promoter (GenBank accession number: AF050167) is shown and two putative AP-1 binding sites are
framed by gray shadow. (B) The schematic presentation of the luciferase reporters driven by S100A7
promoter containing different mutated AP-1 binding sites is indicated. (C) The luciferase reporter assays were
performed using aforementioned individual construct in the absence or presence of either c-Jun/c-Fos or c-
Jun/Fra-1 heterodimeric AP-1 complexes. Both the basal activity (lane 1, open bar) and AP-1-activated
promoter activities (lanes 2 and 3, open bars) are inhibited by AP1-1 site mutation, indicating the essential
role of this AP-1 binding site. On the other hand, the S100A7 promoter containing mutated AP1-2 site can still
be activated by heterodimeric c-Jun/c-Fos instead of c-Jun/Fra-1 (compare lanes 2-3 to lane 1, dashed
bars). The result indicated that the functional role of AP1-2 site is less than AP1-1 site for c-Jun/c-Fos;
however, the two putative AP-1 binding are both important for c-Jun/Fra-1 to activate S100A7 promoter.
Surprisingly, c-Jun/Fra-1 can activate the S100A7 promoter containing two mutated AP-1 binding sites
(compare lanes 2-3 to lane 1, light grey bars), indicating that the S100A7 promoter may be activated by
heterodimeric c-Jun/Fra-1 AP-1 complex with some unexplored mechanism. These data (C) are the average
of three experiments (mean + SD; n = 3). All p values less than 0.05 were considered statistically significant.

doi:10.1371/journal.pone.0144175.g005

Discussion

The advances in understanding the pathogenic mechanism of multifactorial inflammatory der-
matoses such as psoriasis and atopic dermatitis have resulted in significant progress in disease
management including the application of various selective biologics for psoriatic patients [40-
42]. However, there are still challenges and unmet needs remain [41,43]. In addition to using
biologics to prevent susceptible cells from the attack by extracellular cytokines, strategies are
developing to target key molecules downstream from the cytokine signaling pathways [44,45].
Moreover, various environmental stimuli including inflammatory cytokines convey messages
on transcription factors such as NF-kB and AP-1 thereby triggering corresponding physiologi-
cal or pathological events. Our study shows that the SI00A7 expression can be modulated by
targeting AP-1 transcriptional activity, which is promising to perturb the amplified pro-inflam-
matory feedback loop exhibited in chronic inflammatory dermatoses.

Amplified pro-inflammatory feedback loops have been noticed in psoriasis and atopic der-
matitis [40,46,47]. A major and shared question remains debated in clinically distinct diseases
and whether they are primary abnormalities resulting from the defective genetic background
inherited in the epidermal differentiation complex or from the dysregulated immune reactions
[17,48,49]. Moreover, increased SI00A7 expression is a common feature shown in skin lesions
of both multifactorial diseases [10,50]. The IL-17/IL-22 and other cytokines upregulate the
S100A7 expression in keratinocytes, reciprocally the keratinocyte-secreted SI00A7 may stimu-
late the pro-inflammatory cytokines production from infiltrated inflammatory cells or kerati-
nocytes themselves [12,17,51,52]. Interestingly, the SI00A7 gene was mapped to chromosome
1q21.2-q22; and the human ZAC gene was shown to reside at chromosome 6q24-q25. Both
proteins have been demonstrated overexpressed in psoriatic lesions and our experimental
results seem to reflect an interaction between the psoriasis susceptibility loci, PSORS4 and
PSORSI [53]. The gene-gene cross-talk can be mediated by AP-1, and this conversation can be
blocked by curcumin via abolishing mZac1-enhanced transcriptional activity of AP-1 and pre-
vent the access of AP-1 transcription factor to the DNA-binding sites located in the promoter
of the SI00A7 gene.

The regulation of AP-1 transcriptional activity can be fine-tuned at various aspects, includ-
ing changing the constituted dimeric subunits by different members of the Jun family (c-Jun,
JunB, and JunD) and the Fos family (c-Fos, FosB, Fra-1, and Fra-2), interacting with different
ancillary proteins, and accessible binding sites composed of canonical or non-canonical DNA-
binding sequences that display differential binding affinities, among others [22,33,39,54]. We
demonstrated that the inhibitory effect may be differential depending on the dimeric composi-
tion of AP-1 subunits although curcumin has been known as an AP-1 inhibitor. Previously, we
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Fig 6. Curcumin prevented the binding of AP-1 to the functionally important AP1-1 site carried in the
S100A7 promoter region. Biotin-labelled DNA fragments compatible with the sequence as -587 to -568
nucleotides of S100A7 promoter carrying either wild-type or mutated AP1-1 binding site were used to attach
AP-1 complexes contained in the nuclear extracts prepared from HaCaT cells pre-incubated with PMA (lane
(s) 2 and 6), curcumin (lane(s) 3 and 7) or combinations (lane(s) 4 and 8). The DNA-AP-1 complexes were
immunoprecipitated by anti-c-Fos antibody than further processed for western blotting analysis since AP1-1
site acts as the predominant functional site for c-Jun/c-Fos to activate S100A7 promoter. (A) The presence of
c-Fos at the wild-type AP1-1site was analyzed by western-blotting using anti-c-Fos antibody. Shown in lane
(s) 1-4 are the 5% input of elute derived for each indicated condition. The amount of c-Fos recruited to the
AP1-1 site is increased by the AP-1 stimulant PMA (comparing lane 6 to lane 1) but reduced by curcumin
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(compare lane 7 to lane 5). Moreover, the stimulatory effect derived from PMA treatment is also inhibited by
curcumin (compare lane 8 to lane 6). (B) The presence of c-Fos at the mutated AP1-1site was also analyzed.
Obviously, the recruitment of AP-1 is abolished by the mutagenesis performed on AP1-1 site (compare lane
(s) 5-8 to lane 1~4). (C) The two PCR products from respective primer pairs covered the DNA fragment
containing two AP-1 sites and indicated control region of endogenous S100A7 promoter were analyzed in the
ChIP analysis. The different effect of curcumin were found using the respective antibody against different
subunit of AP-1 complex, such as phosphorylated c-Fos and c-Jun. The results indicated more c-Jun-
containing complexes will be recruited by curcumin for AP-1 sites occupancy in the endogenous S100A7
promoter. Results (A, B and C) are representative of two independent experiments.

doi:10.1371/journal.pone.0144175.g006

demonstrated that mZac1 can physically interact with AP-1 and functionally enhanced its
transcriptional activity in HeLa cells [31]. We further demonstrated that mZacl can enhance
S100A7 expression activated by AP-1 using human HaCaT keratinocytes, which implies a pos-
sible pathogenic role of the over-expressed human ZAC ortholog found in psoriatic skin
lesions [32]. Moreover, curcumin abolishes the mZac1 enhanced AP-1 transcriptional activity
and possibly exhibits its transcriptional inhibition of S100A7 expression by decreasing the
access of AP-1 to the functionally important binding sites found in the promoter region of
S100A7 gene as demonstrated in our study.

IL-23/Th17 axis and IL-22 have been shown critical in the chronic progression of psoriasis
and atopic dermatitis [17,55]. Interestingly, the expression of IL-23 p19 subunit is also regu-
lated by AP-1 [56]. Considering the amplified pro-inflammatory feedback loop found in
intractable inflammatory dermatoses [46,47], we believe the in-depth understanding of regula-
tory mechanism of SI00A7 expression shown in our studies will shed light on the development
of AP-1 inhibitors that might contribute to new target therapies for disease management.

Author Contributions

Conceived and designed the experiments: SMH CPC WMW. Performed the experiments:
YWC HCC STL. Analyzed the data: YWC HCC SMH STL YCL YLC. Wrote the paper: SMH
CPC WMW.

References

1. Tsuchisaka A, Furumura M, Hashimoto T (2014) Cytokine regulation during epidermal differentiation
and barrier formation. J Invest Dermatol 134: 1194—1196. doi: 10.1038/jid.2014.15 PMID: 24732332

2. Bangert C, Brunner PM, Stingl G (2011) Immune functions of the skin. Clin Dermatol 29: 360-376. doi:
10.1016/j.clindermatol.2011.01.006 PMID: 21679864

3. EckertRL, Lee KC (2006) S100A7 (Psoriasin): a story of mice and men. J Invest Dermatol 126: 1442—
1444. PMID: 16778811

4. Michalek M, Gelhaus C, Hecht O, Podschun R, Schroder JM, Leippe M, et al. (2009) The human antimi-
crobial protein psoriasin acts by permeabilization of bacterial membranes. Dev Comp Immunol 33:
740-746. doi: 10.1016/j.dci.2008.12.005 PMID: 19162067

5. GlaserR, Harder J, Lange H, Bartels J, Christophers E, Schroder JM (2005) Antimicrobial psoriasin
(S100A7) protects human skin from Escherichia coli infection. Nat Immunol 6: 57-64. PMID: 15568027

6. Wolf R, Voscopoulos CJ, FitzGerald PC, Goldsmith P, Cataisson C, Gunsior M, et al. (2006) The
mouse S100A15 ortholog parallels genomic organization, structure, gene expression, and protein-pro-
cessing pattern of the human S100A7/A15 subfamily during epidermal maturation. J Invest Dermatol
126: 1600—-1608. PMID: 16528363

7. Glaser R, Koten B, Wittersheim M, Harder J (2011) Psoriasin: key molecule of the cutaneous barrier? J
Dtsch Dermatol Ges 9: 897-902. doi: 10.1111/j.1610-0387.2011.07683.x PMID: 21501383

8. Eckert RL, Broome AM, Ruse M, Robinson N, Ryan D, Lee K (2004) S100 proteins in the epidermis. J
Invest Dermatol 123: 23-33. PMID: 15191538

9. Celis JE, Cruger D, Kiil J, Dejgaard K, Lauridsen JB, Ratz GP, et al. (1990) A two-dimensional gel pro-
tein database of noncultured total normal human epidermal keratinocytes: identification of proteins
strongly up-regulated in psoriatic epidermis. Electrophoresis 11:242-254. PMID: 2188835

PLOS ONE | DOI:10.1371/journal.pone.0144175 December 3, 2015 13/16


http://dx.doi.org/10.1038/jid.2014.15
http://www.ncbi.nlm.nih.gov/pubmed/24732332
http://dx.doi.org/10.1016/j.clindermatol.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21679864
http://www.ncbi.nlm.nih.gov/pubmed/16778811
http://dx.doi.org/10.1016/j.dci.2008.12.005
http://www.ncbi.nlm.nih.gov/pubmed/19162067
http://www.ncbi.nlm.nih.gov/pubmed/15568027
http://www.ncbi.nlm.nih.gov/pubmed/16528363
http://dx.doi.org/10.1111/j.1610-0387.2011.07683.x
http://www.ncbi.nlm.nih.gov/pubmed/21501383
http://www.ncbi.nlm.nih.gov/pubmed/15191538
http://www.ncbi.nlm.nih.gov/pubmed/2188835

@’PLOS ‘ ONE

Regulation of AP-1-Mediated S100A7 Expression

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Madsen P, Rasmussen HH, Leffers H, Honore B, Dejgaard K, Olsen E, et al. (1991) Molecular cloning,
occurrence, and expression of a novel partially secreted protein "psoriasin” that is highly up-regulated
in psoriatic skin. J Invest Dermatol 97: 701-712. PMID: 1940442

Watson PH, Leygue ER, Murphy LC (1998) Psoriasin (S100A7). Int J Biochem Cell Biol 30: 567-571.
PMID: 9693957

Hegyi Z, Zwicker S, Bureik D, Peric M, Koglin S, Batycka-Baran A, et al. (2012) Vitamin D analog calci-
potriol suppresses the Th17 cytokine-induced proinflammatory S100 "alarmins" psoriasin (S100A7)
and koebnerisin (S100A15) in psoriasis. J Invest Dermatol 132: 1416—1424. doi: 10.1038/jid.2011.486
PMID: 22402441

Nakatsuji T, Gallo RL (2012) Antimicrobial peptides: old molecules with new ideas. J Invest Dermatol
132: 887-895. doi: 10.1038/jid.2011.387 PMID: 22158560

Gross SR, Sin CG, Barraclough R, Rudland PS (2014) Joining S100 proteins and migration: for better
or for worse, in sickness and in health. Cell Mol Life Sci 71: 1551-1579. doi: 10.1007/s00018-013-
1400-7 PMID: 23811936

Kaur J, Matta A, Kak |, Srivastava G, Assi J, Leong |, et al. (2014) S100A7 overexpression is a predic-
tive marker for high risk of malignant transformation in oral dysplasia. Int J Cancer 134: 1379—-1388.
doi: 10.1002/ijc.28473 PMID: 24122701

West NR, Watson PH (2010) S100A7 (psoriasin) is induced by the proinflammatory cytokines oncosta-
tin-M and interleukin-6 in human breast cancer. Oncogene 29: 2083-2092. doi: 10.1038/0onc.2009.488
PMID: 20101226

Gittler JK, Shemer A, Suarez-Farinas M, Fuentes-Duculan J, Gulewicz KJ, Wang CQ, et al. (2012) Pro-
gressive activation of T(H)2/T(H)22 cytokines and selective epidermal proteins characterizes acute and
chronic atopic dermatitis. J Allergy Clin Immunol 130: 1344-1354. doi: 10.1016/j.jaci.2012.07.012
PMID: 22951056

Elder JT, Bruce AT, Gudjonsson JE, Johnston A, Stuart PE, Tejasvi T, et al. (2010) Molecular dissec-
tion of psoriasis: integrating genetics and biology. J Invest Dermatol 130: 1213-1226. doi: 10.1038/jid.
2009.319 PMID: 19812592

Wang WM CH, Liu YC, Chang YL, Liu ST (2011) The effect of dimethoxycurcumin beyond the degrada-
tion of androgen receptor. Dermatology Sinica 29: 115-120.

Semprini S, Capon F, Bovolenta S, Bruscia E, Pizzuti A, Fabrizi G, et al. (1999) Genomic structure, pro-
moter characterisation and mutational analysis of the S100A7 gene: exclusion of a candidate for famil-
ial psoriasis susceptibility. Hum Genet 104: 130-134. PMID: 10190323

Foletta VC, Segal DH, Cohen DR (1998) Transcriptional regulation in the immune system: all roads
lead to AP-1. J Leukoc Biol 63: 139-152. PMID: 9468273

Wang WM, Wu SY, Lee AY, Chiang CM (2011) Binding site specificity and factor redundancy in activa-
tor protein-1-driven human papillomavirus chromatin-dependent transcription. J Biol Chem 286:
40974-40986. doi: 10.1074/jbc.M111.290874 PMID: 21937452

Eckert RL, Welter JF (1996) Transcription factor regulation of epidermal keratinocyte gene expression.
Mol Biol Rep 23: 59-70. PMID: 8983019

Angel P, Szabowski A, Schorpp-Kistner M (2001) Function and regulation of AP-1 subunits in skin
physiology and pathology. Oncogene 20: 2413-2423. PMID: 11402337

Oh 1Y, Albea DM, Goodwin ZA, Quiggle AM, Baker BP, Guggisberg AM, et al. (2014) Regulation of the
dynamic chromatin architecture of the epidermal differentiation complex is mediated by a c-Jun/AP-1-
modulated enhancer. J Invest Dermatol 134: 2371-2380. doi: 10.1038/jid.2014.44 PMID: 24468747

Han SS, Keum YS, Seo HJ, Surh YJ (2002) Curcumin suppresses activation of NF-kappaB and AP-1
induced by phorbol ester in cultured human promyelocytic leukemia cells. J Biochem Mol Biol 35: 337—
342. PMID: 12297018

Surh YJ, Han SS, Keum YS, Seo HJ, Lee SS (2000) Inhibitory effects of curcumin and capsaicin on
phorbol ester-induced activation of eukaryotic transcription factors, NF-kappaB and AP-1. Biofactors
12:107—112. PMID: 11216470

Goel A, Kunnumakkara AB, Aggarwal BB (2008) Curcumin as "Curecumin”: from kitchen to clinic. Bio-
chem Pharmacol 75: 787-809. PMID: 17900536

Kurd SK, Smith N, VanVoorhees A, Troxel AB, Badmaev V, Seykora JT, et al. (2008) Oral curcumin in
the treatment of moderate to severe psoriasis vulgaris: A prospective clinical trial. J Am Acad Dermatol
58: 625—-631. doi: 10.1016/j.jaad.2007.12.035 PMID: 18249471

Aggarwal BB, Harikumar KB (2009) Potential therapeutic effects of curcumin, the anti-inflammatory
agent, against neurodegenerative, cardiovascular, pulmonary, metabolic, autoimmune and neoplastic
diseases. Int J Biochem Cell Biol 41: 40-59. doi: 10.1016/j.biocel.2008.06.010 PMID: 18662800

PLOS ONE | DOI:10.1371/journal.pone.0144175 December 3, 2015 14/16


http://www.ncbi.nlm.nih.gov/pubmed/1940442
http://www.ncbi.nlm.nih.gov/pubmed/9693957
http://dx.doi.org/10.1038/jid.2011.486
http://www.ncbi.nlm.nih.gov/pubmed/22402441
http://dx.doi.org/10.1038/jid.2011.387
http://www.ncbi.nlm.nih.gov/pubmed/22158560
http://dx.doi.org/10.1007/s00018-013-1400-7
http://dx.doi.org/10.1007/s00018-013-1400-7
http://www.ncbi.nlm.nih.gov/pubmed/23811936
http://dx.doi.org/10.1002/ijc.28473
http://www.ncbi.nlm.nih.gov/pubmed/24122701
http://dx.doi.org/10.1038/onc.2009.488
http://www.ncbi.nlm.nih.gov/pubmed/20101226
http://dx.doi.org/10.1016/j.jaci.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22951056
http://dx.doi.org/10.1038/jid.2009.319
http://dx.doi.org/10.1038/jid.2009.319
http://www.ncbi.nlm.nih.gov/pubmed/19812592
http://www.ncbi.nlm.nih.gov/pubmed/10190323
http://www.ncbi.nlm.nih.gov/pubmed/9468273
http://dx.doi.org/10.1074/jbc.M111.290874
http://www.ncbi.nlm.nih.gov/pubmed/21937452
http://www.ncbi.nlm.nih.gov/pubmed/8983019
http://www.ncbi.nlm.nih.gov/pubmed/11402337
http://dx.doi.org/10.1038/jid.2014.44
http://www.ncbi.nlm.nih.gov/pubmed/24468747
http://www.ncbi.nlm.nih.gov/pubmed/12297018
http://www.ncbi.nlm.nih.gov/pubmed/11216470
http://www.ncbi.nlm.nih.gov/pubmed/17900536
http://dx.doi.org/10.1016/j.jaad.2007.12.035
http://www.ncbi.nlm.nih.gov/pubmed/18249471
http://dx.doi.org/10.1016/j.biocel.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18662800

@’PLOS ‘ ONE

Regulation of AP-1-Mediated S100A7 Expression

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang WM, Liu ST, Huang SM, Lin WS, Chen SG, Chang YL (2011) Zac1 functional interactions medi-
ate AP-1 transcriptional activity. Biochim Biophys Acta 1813: 2050—2060. doi: 10.1016/j.bbamcr.2011.
08.005 PMID: 21864583

Basyuk E, Coulon V, Le Digarcher A, Coisy-Quivy M, Moles JP, Gandarillas A, et al. (2005) The candi-
date tumor suppressor gene ZAC is involved in keratinocyte differentiation and its expression is lost in
basal cell carcinomas. Mol Cancer Res 3: 483-492. PMID: 16179495

Eferl R, Wagner EF (2003) AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 3: 859—
868. PMID: 14668816

Wu MH, Chan JY, Liu PY, Liu ST, Huang SM (2007) Human papillomavirus E2 protein associates with
nuclear receptors to stimulate nuclear receptor- and E2-dependent transcriptional activations in human
cervical carcinoma cells. Int J Biochem Cell Biol 39: 413—-425. PMID: 17092759

Ma H, Hong H, Huang SM, Irvine RA, Webb P, Kushner PJ, et al. (1999) Multiple signal input and output
domains of the 160-kilodalton nuclear receptor coactivator proteins. Mol Cell Biol 19: 6164—-6173.
PMID: 10454563

Zhao W, Chow LT, Broker TR (1997) Transcription activities of human papillomavirus type 11 E6 pro-
moter-proximal elements in raft and submerged cultures of foreskin keratinocytes. J Virol 71: 8832—
8840. PMID: 9343243

Dignam JD, Lebovitz RM, Roeder RG (1983) Accurate transcription initiation by RNA polymerase Il in a
soluble extract from isolated mammalian nuclei. Nucleic Acids Res 11: 1475-1489. PMID: 6828386

Liu PY, Hsieh TY, Liu ST, Chang YL, Lin WS, Wang WM, et al. (2011) Zac1, an Sp1-like protein, regu-
lates human p21(WAF1/Cip1) gene expression in HelLa cells. Exp Cell Res 317:2925-2937. doi: 10.
1016/j.yexcr.2011.09.018 PMID: 22001409

Wang WM, Lee AY, Chiang CM (2008) One-step affinity tag purification of full-length recombinant
human AP-1 complexes from bacterial inclusion bodies using a polycistronic expression system. Pro-
tein Expr Purif 59: 144—152. doi: 10.1016/j.pep.2008.01.016 PMID: 18329890

Lowes MA, Bowcock AM, Krueger JG (2007) Pathogenesis and therapy of psoriasis. Nature 445: 866—
873. PMID: 17314973

Ryan C, Korman NJ, Gelfand JM, Lim HW, EImets CA, Feldman SR, et al. (2014) Research gaps in
psoriasis: opportunities for future studies. J Am Acad Dermatol 70: 146-167. doi: 10.1016/j.jaad.2013.
08.042 PMID: 24126079

Lynch M, Kirby B, Warren RB (2014) Treating moderate to severe psoriasis—best use of biologics.
Expert Rev Clin Immunol 10: 269-279. doi: 10.1586/1744666X.2014.873701 PMID: 24372444

Hsu L, Snodgrass BT, Armstrong AW (2014) Antidrug antibodies in psoriasis: a systematic review. Br J
Dermatol 170: 261-273. doi: 10.1111/bjd.12654 PMID: 24117166

Liang Y, Xu WD, Peng H, Pan HF, Ye DQ (2014) SOCS signaling in autoimmune diseases: Molecular

mechanisms and therapeutic implications. Eur J Immunol 44: 1265-1275. doi: 10.1002/eji.201344369
PMID: 24595859

Chand S, Mehta N, Bahia MS, Dixit A, Silakari O (2012) Protein kinase C-theta inhibitors: a novel ther-
apy for inflammatory disorders. Curr Pharm Des 18: 4725-4746. PMID: 22830352

Albanesi C (2010) Keratinocytes in allergic skin diseases. Curr Opin Allergy Clin Immunol 10: 452—
456. doi: 10.1097/ACI.0b013e32833e08ae PMID: 20689405

Lowes MA, Russell CB, Martin DA, Towne JE, Krueger JG (2013) The IL-23/T17 pathogenic axis in
psoriasis is amplified by keratinocyte responses. Trends Immunol 34: 174-181. doi: 10.1016/.it.2012.
11.005 PMID: 23291100

Buchau AS, Gallo RL (2007) Innate immunity and antimicrobial defense systems in psoriasis. Clin Der-
matol 25: 616-624. PMID: 18021900

Nickoloff BJ (2006) Keratinocytes regain momentum as instigators of cutaneous inflammation. Trends
Mol Med 12: 102—-106. PMID: 16443394

Glaser R, Meyer-Hoffert U, Harder J, Cordes J, Wittersheim M, Kobliakova J, et al. (2009) The antimi-
crobial protein psoriasin (S100A7) is upregulated in atopic dermatitis and after experimental skin barrier
disruption. J Invest Dermatol 129: 641-649. doi: 10.1038/jid.2008.268 PMID: 18754038

Guilloteau K, Paris |, Pedretti N, Boniface K, Juchaux F, Huguier V, et al. (2010) Skin Inflammation
Induced by the Synergistic Action of IL-17A, IL-22, Oncostatin M, IL-1{alpha}, and TNF-{alpha} Recapit-
ulates Some Features of Psoriasis. J Immunol.

SunW, Zheng Y, LuZ, Cui Y, Tian Q, Xiao S, et al. (2014) Overexpression of S100A7 protects LPS-
induced mitochondrial dysfunction and stimulates IL-6 and IL-8 in HaCaT cells. PLoS One 9: €92927.
doi: 10.1371/journal.pone.0092927 PMID: 24671027

Jullien D, Barker JN (2006) Genetics of psoriasis. JEADV 20: 42-51.

PLOS ONE | DOI:10.1371/journal.pone.0144175 December 3, 2015 15/16


http://dx.doi.org/10.1016/j.bbamcr.2011.08.005
http://dx.doi.org/10.1016/j.bbamcr.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21864583
http://www.ncbi.nlm.nih.gov/pubmed/16179495
http://www.ncbi.nlm.nih.gov/pubmed/14668816
http://www.ncbi.nlm.nih.gov/pubmed/17092759
http://www.ncbi.nlm.nih.gov/pubmed/10454563
http://www.ncbi.nlm.nih.gov/pubmed/9343243
http://www.ncbi.nlm.nih.gov/pubmed/6828386
http://dx.doi.org/10.1016/j.yexcr.2011.09.018
http://dx.doi.org/10.1016/j.yexcr.2011.09.018
http://www.ncbi.nlm.nih.gov/pubmed/22001409
http://dx.doi.org/10.1016/j.pep.2008.01.016
http://www.ncbi.nlm.nih.gov/pubmed/18329890
http://www.ncbi.nlm.nih.gov/pubmed/17314973
http://dx.doi.org/10.1016/j.jaad.2013.08.042
http://dx.doi.org/10.1016/j.jaad.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24126079
http://dx.doi.org/10.1586/1744666X.2014.873701
http://www.ncbi.nlm.nih.gov/pubmed/24372444
http://dx.doi.org/10.1111/bjd.12654
http://www.ncbi.nlm.nih.gov/pubmed/24117166
http://dx.doi.org/10.1002/eji.201344369
http://www.ncbi.nlm.nih.gov/pubmed/24595859
http://www.ncbi.nlm.nih.gov/pubmed/22830352
http://dx.doi.org/10.1097/ACI.0b013e32833e08ae
http://www.ncbi.nlm.nih.gov/pubmed/20689405
http://dx.doi.org/10.1016/j.it.2012.11.005
http://dx.doi.org/10.1016/j.it.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23291100
http://www.ncbi.nlm.nih.gov/pubmed/18021900
http://www.ncbi.nlm.nih.gov/pubmed/16443394
http://dx.doi.org/10.1038/jid.2008.268
http://www.ncbi.nlm.nih.gov/pubmed/18754038
http://dx.doi.org/10.1371/journal.pone.0092927
http://www.ncbi.nlm.nih.gov/pubmed/24671027

el e
@ ) PLOS ‘ ONE Regulation of AP-1-Mediated S100A7 Expression

54. Karin M, Liu Z, Zandi E (1997) AP-1 function and regulation. Curr Opin Cell Biol 9: 240-246. PMID:
9069263

55. Zheng, Danilenko DM, Valdez P, Kasman |, Eastham-Anderson J, Wu J, et al. (2007) Interleukin-22,
a T(H)17 cytokine, mediates IL-23-induced dermal inflammation and acanthosis. Nature 445: 648—
651. PMID: 17187052

56. LiuW, OuyangX, YangJ, LiuJ,LiQ, GuY, etal. (2009) AP-1 activated by toll-like receptors regulates
expression of IL-23 p19. J Biol Chem 284: 24006—24016. doi: 10.1074/jbc.M109.025528 PMID:
19592489

PLOS ONE | DOI:10.1371/journal.pone.0144175 December 3, 2015 16/16


http://www.ncbi.nlm.nih.gov/pubmed/9069263
http://www.ncbi.nlm.nih.gov/pubmed/17187052
http://dx.doi.org/10.1074/jbc.M109.025528
http://www.ncbi.nlm.nih.gov/pubmed/19592489

