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Objective: Psoriasis is a chronic inflammatory skin disorder associated with impairment of epidermal differentiation. Many signaling
pathways, including those involved in aryl hydrocarbon receptor (AHR) and autophagy dysfunction, are reportedly associated with the
pathogenesis of psoriasis. However, the discrete effects of dioxin via AHR activation or autophagy on the epidermal barrier remain
unclear. In the current study, we evaluated the effects of autophagy modulators (chloroquine [CQ] and rapamycin) and the AHR
agonist TCDD on the expression of epidermal barrier proteins in psoriasis-like keratinocytes and psoriasis lesional skin tissue culture.
Methods: Polycytokine-stimulated human keratinocytes and psoriasis skin biopsies were treated with TCDD, CQ, or rapamycin, and
the expression of keratinocyte differentiation-related factors, such as SI00A7, S100A8, HRNR, IVL, FLG, and KRT10, was examined
by Western blotting or quantitative-polymerase chain reaction.

Results: TCDD upregulated S100A7 and S100A8 expression in polycytokine-stimulated HaCaT cells compared to that in unstimu-
lated cells. CQ decreased HRNR, IVL, and KRT10 mRNA levels, while rapamycin increased HRNR, IVL, and KRT10 mRNA levels in
HaCaT cells relative to that in unstimulated cells. Co-treatment with CQ reversed TCDD-induced elevation in FLG, HRNR, and IVL
mRNA expression. In psoriasis skin tissue, TCDD induced the upregulation of HRNR, IVL, SI00A7, and S100A8 compared with that
in normal skin. In ex vivo cultures treated with CQ, IVL expression in psoriasis skin tissue was repressed compared to that in normal
skin tissue.

Conclusion: Our data suggest that autophagy modulation or AHR activation affects processes involved in epidermal differentiation
and relates to the pathogenesis of chronic inflammatory skin diseases with skin barrier abnormalities such as psoriasis.
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Introduction

Psoriasis is a chronic inflammatory skin disorder associated with the impairment of epidermal differentiation." In the
psoriatic epidermis, the balance between proliferation and differentiation is disrupted.”> The expression levels of several
epidermal-differentiation-related markers are altered in psoriasis, with the overexpression of IVL and downregulation of
keratin (K)1 and K10.** S710047 and S10048 are among epidermal differentiation complex genes and are considerably
upregulated in psoriasis.” Additionally, SI00A7 and S100A8 act as antimicrobial peptides that induce T cell and
neutrophil chemotaxis.® Their expression is regulated by pro-inflammatory and Th-derived cytokines, including tumor
necrosis factor (TNF)-a, interleukin (IL)-22, and IL-17.7 Activated keratinocytes in turn produce important pro-
inflammatory cytokines and chemokines. These cycles of excessive immune response induce the complex clinical
presentation of psoriasis. However, the complicated intracellular epidermal process induced by the immunologic network
in psoriasis remains unclear. Many signaling pathways, including those involved in aryl hydrocarbon receptor (AHR) and
autophagy dysfunction, are reportedly associated with psoriasis pathogenesis.®’
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), an environmental pollutant, is the most potent dioxin and prototype
ligand for the AHR, a ligand-activated transcription factor related to sensing environmental stimuli. Binding ligands,
including TCDD, induce AHR translocation to the nucleus, heterodimerization with the AHR nuclear translocator, and
binding to specific DNA sites to activate target gene transcription, mediating various physiological and pathological
effects.'” Exposure to high concentrations of dioxins leads to chloracne in humans.'' Chloracne has been considered to
be caused by prolonged AHR activation and excessive hyperkeratinization of pilosebaceous units.'®

Chloroquine (CQ), which is used clinically as an antimalarial agent, is a classical autophagy inhibitor that blocks the
binding of autophagosomes to lysosomes by altering the acidic environment of lysosomes.'? The mammalian target of
rapamycin (mTOR) inhibitor rapamycin upregulates autophagy in primary keratinocytes.'* Autophagy is a critical
process for maintaining cell homeostasis by degrading and/or recycling materials via the lysosomes.'* The autophagy
pathway includes not only processes of degradation and survival but also regulates various cellular functions, such as,
pathogen clearance, antigen presentation, apoptosis, and inflammation.'*

We previously found that AHR activation mediated autophagy induces the production of inflammatory cytokines in
human keratinocytes via the p65NF-kB/p38MAPK signaling pathways.” However, the discrete mechanisms associated
with autophagy- and AHR-related epidermal differentiation processes remain poorly understood. In this study, we
evaluated the effects of autophagy modulators (chloroquine and rapamycin) on TCDD-stimulated expression of skin
barrier differentiation proteins using in vitro and ex vivo psoriatic models.

Materials and Methods

Patients and Sample Collection

Skin biopsy tissues were collected from patients with psoriasis (n = 5) and healthy volunteers (n = 5). This study was
carried out in accordance with the Declaration of Helsinki. Informed consent was obtained from all subjects before
inclusion in the study, and the protocol of the study was approved by the Institutional Review Board of Kangnam Sacred
Heart Hospital (IRB no. 2018-05-024; August 31, 2018).

Cell Culture

The immortalized human keratinocyte cell line HaCaT (Welgene, Daegu, South Korea) was maintained in Dulbecco’s
Modified Eagle’s medium (DMEM) (Lonza, Walkersville, MD, USA) supplemented with 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin at 37°C in a humidified CO,
incubator (5% CO,). A mixture of five pro-inflammatory cytokines (10 ng/mL each), namely, TNF-a, IL-17A, IL-22, IL-
1, and oncostatin-M (OSM; Prospec, East Brunswick, NJ, USA) designated as M5 cytokines, were used to stimulate the
HaCaT cells.'> Upon reaching 70-90% confluence, the cells were separated with 0.25% trypsin/0.01% ethylenediami-
netetraacetic acid in HEPES and subcultured.

Ex vivo Culture

Skin biopsy tissues from lesional skin of psoriasis patients and normal skin of healthy controls were prepared for ex vivo
culture. Tissues were immersed in a growth medium, skin fragments were prepared, the adipose tissue was removed, and
the fragments were washed in serum-free DMEM for 10 min. The whole tissue was then placed in a multi-well plate
(Costar, Cambridge, MA, USA) and incubated for 48 h in | mL DMEM at 37°C under 5% CO,.

Quantitative PCR

Total RNA was extracted using the RNeasy Plus mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions, and cDNA was synthesized from 1 pg of RNA using the Transcriptor first-strand cDNA synthesis kit (Roche
Applied Science, Mannheim, Germany). Three rounds of qPCR were performed using TagMan master mix and a gPCR
system (Applied Biosystems, Foster City, CA, USA). mRNA levels of KRTI0 (Hs 00166289 ml), SI10047 (Hs
00752780 ml), S10048 (Hs 00374264 ml), HRNR (Hs 02340614 ml), [/VL (Hs 00846307 ml), FLG (Hs
00418578 ml), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs 02758991 ml) were evaluated. Reactions
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were performed in triplicate, and fold changes were calculated using the AACt method.'® Relative quantification was
performed using a Light Cycler 96 instrument (Roche Diagnostics, Mannheim, Germany) using the following reaction
conditions: initial denaturation at 95°C for 30s; 45 cycles of denaturation at 95°C for 5s, annealing at 60°C for 30s, and
extension at 72°C for 10s; final extension at 95°C for 5 s.

Western Blotting

We conducted the BCA assay (Sigma-Aldrich, St. Louis, MO, USA) to measure protein concentrations. Equal amounts
of protein (20 pg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes (GE Healthcare, Little Chalfont, UK), and blocked with 5% skim milk in TBST for 1 h. The
membranes were then incubated overnight at 4°C with rabbit anti-K10 (1:1000; Abcam, Cambridge, UK), rabbit anti-
S100A7 (1:1000; Aviva Systems Biology, San Diego, CA, USA), rabbit anti-S100A8 (1:1000; LS Bio, Washington,
WA, USA), rabbit anti-FLG (1:1000; LS Bio), and rabbit anti-AHR (1:1000; Abcam). Primary antibodies were
detected with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibodies (1:1000; Abcam). We
visualized protein bands via enhanced chemiluminescence using a LuminoGraph II (Atto, Tokyo, Japan), and
densitometric analysis of the blots was performed using Imagel software (National Institutes of Health, Bethesda,
MD, USA).

Small Interfering (si) RNA Transfection

siRNAs targeting AHR (siAHR) and scrambled siRNA sequences (control siRNA) were obtained from Ambion (Thermo
Fisher Scientific). HaCaT cells cultured in six-well plates were incubated for 48 h in 0.5 mL of culture medium with
a mixture containing 5 nM siRNA and 3 pL of Lipofectamine RNA iMAX (Invitrogen, Carlsbad, CA, USA). After 48 h,
transfections were performed using siAHR, or control siRNA

Statistical Analyses

Statistical analyses were performed using GraphPad Prism software (v.5.01; GraphPad Software, La Jolla, CA, USA).
Data were analyzed using the one-way analysis of variance (ANOVA) with Tukey’s post-hoc tests. Differences with p <
0.05 were considered statistically significant.

Results
TCDD Profoundly Upregulates SI00A7 and SI00A8 Expression in Polycytokine

(M5)-Stimulated HaCaT Cells

We observed an increase in SI00A7 and S100A8 mRNA and protein levels in TCDD-stimulated HaCaT cells compared
to those in the control. Similarly, M5 treatment also induced elevation in S100A7 and S100AS8 levels in HaCaT cells
compared with those in the control. Combination treatment of TCDD and M5 resulted in a more pronounced increase in
S100A7 and S100A8 expression compared with those in TCDD- or M5-treated HaCaT cells (Figure 1A—C). In contrast,
AHR knockdown resulted in a decrease in the TCDD- and M5-mediated upregulation of S10047 and S100A48 expression,
suggesting the role of AHR in TCDD- and M5-induced elevation of SI00A7 and S100A8 expression (Figure 1D-F).

Effects of CQ Treatment on TCDD-Induced Expression of Epidermal Barrier-Related
Markers in HaCaT Cells

We then examined the effects of the autophagy inhibitor CQ and autophagy inducer rapamycin on epidermal barrier
differentiation-related marker levels in HaCaT cells. CQ decreased HRNR, IVL, and KRT10 mRNA levels compared with
that in the control. In contrast, rapamycin treatment increased HRNR and /VL mRNA levels in HaCaT cells compared
with that in the control (Figure 2A—C).

Following TCDD stimulation, LG, HRNR, and IVL expression increased in HaCaT cells compared to that in the
control (Figure 3A—C). Additionally, we observed that CQ repressed TCDD-induced upregulation of FLG, HRNR, and
IVL expression (Figure 3A—C).
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Figure | Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on the expression of SI00A7 and S/00A8 in M5-stimulated HaCaT cells. (A, B) Levels of SI00A7 and
S100A8 mRNA normalized against that of GAPDH, in HaCaT cells treated with 10 nM TCDD or M5 (TNF-q, IL-17A, IL-22, IL-1, and OSM; 10 ng/mL each) for 48 h. Data are
presented as mean + SD of at least three independent experiments (each performed in duplicate). **p < 0.0, ***p < 0.00| compared with unstimulated cells. (C) Western
blotting of HaCaT cells stimulated with 10 nM TCDD or M5 or 10 nM TCDD + M5 for 48 h using antibodies against SI00A7 and SI00A8. Relative expression was
normalized to GAPDH expression. Results are representative of three independent experiments. The densitometry value of each independent band is compared with the
control. (D) HaCaT cells were transiently transfected with small interfering(si)-aryl hydrocarbon receptor (AHR) followed by Western blotting targeting AHR. Relative
expression was normalized to GAPDH expression. Results are representative of three independent experiments. The densitometry value of each independent band is
compared with the control. (E, F) HaCaT cells were transiently transfected with siAHR and stimulated with 10 nM TCDD or M5 for 48 h, followed by qPCR targeting
SI00A7 and S100A8. Data are presented as mean * standard deviation (SD) of three independent experiments (each performed in duplicate). *p < 0.05, **p < 0.01, ***p<
0.001 compared with unstimulated cells.
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Figure 2 Effects of chloroquine (CQ) and rapamycin on the expression of HRNR, IVL, and KRT/0 mRNA in HaCaT cells. qRT-PCR analysis of (A) HRNR, (B) IVL, and (C)
KRT10 mRNA from HaCaT cells treated with 20 ug/mL CQ and 50 nM rapamycin for 48 h. Data are presented as mean + SD of three independent experiments (each
performed in duplicate). *p < 0.05, **p < 0.01, ***p < 0.00] compared with unstimulated cells.
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Effects of TCDD or Autophagy Modulation on the Expression of Skin Barrier-Related

Markers in ex vivo Cultures of Human Psoriasis Skin Biopsies

To confirm the effects of dioxin and autophagy regulation on psoriatic pathology, we investigated the effects of TCDD,
autophagy inhibition by CQ, and autophagy stimulation by rapamycin on the production of skin barrier-related markers
in an ex vivo culture of human psoriasis lesional skin tissue. Full-thickness skin biopsies were obtained from patients
with psoriasis (n = 5) and healthy human volunteers (n = 5), and human skin explants were treated with TCDD (10 nM),
CQ (20 pg/mL), or rapamycin (50 nM), and cultured for 48 h before mRNA quantification. HRNR, IVL, S10047, and
S100A48 expression significantly increased in TCDD-treated psoriatic tissues compared with that in TCDD-treated normal
skin tissues (Figure 4A—D). IVL expression significantly decreased in CQ-treated psoriatic tissues compared with that in
CQ-treated normal skin tissues. In contrast, /'L mRNA expression was significantly upregulated in rapamycin-treated
psoriatic skin tissues compared with those in rapamycin-treated normal skin tissues (Figure 4B).

Discussion

Previous studies have shown that exposure of human keratinocytes and three-dimensional skin-equivalent models to
TCDD significantly increases the expression of genes encoding barrier proteins, such as FLG, HRNR, IVL, S100A7, and
S100A8.""'® Our finding shows that TCDD upregulated FLG, HRNR, IVL, SI00A7, and S100A8 expression in HaCaT
cells is consistent with that of previous studies.'”'® It is suggested that toxic AHR ligands, such as TCDD, persist in the
human body because they are not readily metabolized by CYP1A1, unlike physiological AHR ligands. Thus, exaggerated
AHR activation triggers pathologic keratinocyte differentiation.'® Notably, in the present study, the epidermal differ-
entiation protein expression upregulation by TCDD was pronounced in polycytokine-stimulated in vitro and ex vivo
psoriatic models. These results suggest that pathologic epidermal proliferation induced by TCDD is exaggerated in
psoriasis.

In the present study, autophagy inhibitor CQ suppressed the expression of epidermal-differentiation-related markers,
such as FLG, HRNR, IVL, and K10, whereas autophagy inducer rapamycin upregulated their expression. Our results
demonstrate that autophagy affects the regulation of epidermal differentiation. Cumulative evidence suggests that
autophagy is essential for physiological epidermal differentiation and dysregulation of autophagy is closely associated
with barrier-disrupted inflammatory skin diseases, such as psoriasis. Akinduro et al reported that autophagy is consti-
tutively active in normal epidermal differentiation in mice skin and that impaired autophagy leads to abnormal
keratinocyte differentiation. In the psoriatic epidermis, the expression of autophagy-related markers was different from
that in normal skin.'® Similarly, another study reported that BNIP3-induced autophagy plays a crucial role in epidermal
differentiation.?
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Figure 3 Effects of TCDD and CQ co-treatment on the expression of epidermal barrier-related markers in HaCaTcells. (A) FLG, (B) HRNR, and (C) IVL mRNA levels in
HaCaT cells treated with 10 nM TCDD, 20 pg/mL CQ, or 10 nM TCDD + 20 pg/mL CQ for 48 h, relative to the expression of GAPDH. Data are presented as mean * SD of
at least three independent experiments (each performed in duplicate). *p < 0.05, **p < 0.01, ***p < 0.001 compared with unstimulated cells.
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Figure 4 Effects of AHR or autophagy modulation on the expression of skin barrier markers in human psoriasis skin biopsies. (A) HRNR, (B) IVL, (C) SI00A7, and (D)

S100A8 expression in human psoriatic (n = 5) and healthy (n = 5) skin explants following treatment with 10 nM TCDD, 20 pg/mL CQ, or 10 nM rapamycin. Data are
presented as mean * SD of three independent experiments (each performed in duplicate). *p < 0.05, **p < 0.01, ***p < 0.001 compared with unstimulated cells.

In the present study, we used M5-stimulated keratinocytes as an in vitro model of psoriasis. A mixture of five pro-
inflammatory cytokines, TNF-a, IL-17A, IL-22, IL-1, and oncostatin-M designated as M5 cytokines, were used to
stimulate HaCaT cells and induce inflammatory chemokines and cytokines expression observed in keratinocytes in
psoriasis.'® M5-stimulated keratinocytes showed increased SI00A7 (psoriasin) and S100A8 expression compared to
that in the control. SI00A7 and S100A8 were also considerably upregulated in psoriasis lesional skin.?' SI00A7 and
S100AS8 are epidermal differentiation complex genes,” and also act as antimicrobial peptides.'* The overexpression of
S100A7 and S100A8 is associated with dysregulated keratinocyte differentiation.”*** The expression of S100A7 is
stimulated by key cytokines involved in the pathogenesis of psoriasis, IL-22 and the combination of IL-17 and TNF-
o.” Our results in the in vitro psoriatic model confirmed that excessive immune response induces changes in the
expression of epidermal differentiation markers. Combination treatment of TCDD and M5 induced a more profound
increase in S100A7 and S100A8 expression compared with that in TCDD-treated HaCaT cells. A previous study
demonstrated that TCDD + M5 treatment in HaCaT cells increased AHR expression compared to that in only TCDD-
treated HaCaT cells.’ Furthermore, AHR knockdown resulted in a decrease in TCDD- or M5-mediated upregulation in
S100A47 and S100A8 expression, suggesting that both TCDD- or MS5-induced upregulation is mediated by AHR. Ex
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vivo experiments using psoriasis skin biopsy tissue also showed pronounced eclevation of /VL, HRNR, S10047, and
S§10048 mRNA levels following TCDD treatment compared to that in normal skin tissues following TCDD treatment.
These results led us to speculate that psoriatic inflammatory skin might be more vulnerable to environmental toxicants,
such as TCDD.

In the present study, the upregulation in FLG, HRNR, and IVL mRNA expression via AHR activation through TCDD
was suppressed by CQ in keratinocytes. Notably, we found that the AHR agonist TCDD and autophagy inhibitor CQ
showed the opposite effect on epidermal barrier-related factor expression in keratinocytes. Therefore, our results suggest
that autophagy modulation is a potential therapeutic approach for reversing epidermal differentiation pathology.
However, with respect to the relationship between autophagy regulators and AHR activation, which of them is
upstream/downstream is not clear based on our data. Thus, further experiments for confirming the relationship between
autophagy regulators and AHR activation will be needed.

This study had some limitations. Our study was conducted using HaCaT cells and skin tissue cultures. Therefore,
experiments with normal human epidermal keratinocytes are needed to provide more accurate confirmation. The
experiments performed in monolayer keratinocyte cultures might not fully represent the stratified epidermis in vivo,
and the effects of AHR activation or autophagy modulation on actual skin barrier functions, such as transepidermal water
loss or skin hydration, could not be checked owing to limitations with in vitro conditions.

Conclusions

The present study reports that autophagy modulation or AHR activation affects the expression of epidermal differentia-
tion-related markers in both in vitro and ex vivo psoriatic models. In summary, autophagy inhibitor CQ suppressed
TCDD-induced upregulation of epidermal barrier protein levels. Our data suggest that autophagy modulation or AHR
activation relates to the pathogenesis of chronic inflammatory skin disease with epidermal barrier abnormalities such as
psoriasis. However, further experiments will be needed to confirm the relationship between autophagy regulators and
AHR activation in epidermal differentiation.

Abbreviations
AHR, aryl hydrocarbon receptor; CQ, chloroquine; IL, interleukin; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TNF-a,
tumor necrosis factor-a.
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