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ARTICLE INFO ABSTRACT

Article history: Background: Persistent ultraviolet (UV) radiation in the form of sunlight causes photo-aging of the skin by
Received 14 June 2017 reducing the production of type I collagen, the major constituent of the extracellular matrix of the dermis.
Received in revised form 23 September 2017 Transforming growth factor (TGF)-B transforms dermal fibroblasts into «2-smooth muscle actin
Accepted 6 October 2017 (ACTA2)-expressing myofibroblasts. Myofibroblasts produce a precursor form of type I collagen, type I
procollagen (collagen I), consisting of pro-alphal (produced by the COL1A1 gene) and pro-alpha2 chains

Keywords:' (produced by the COL1A2 gene). Smad2/3 is a key downstream molecule of TGF-f3 signaling. The
ﬁl_g;rmylmdolo[3,2-b]carbazole mechanisms through which UV inhibits collagen I synthesis are not fully understood. 6-Formylindolo
Photo-aging [3,2-b]carbazole (FICZ) is an endogenous tryptophan photo-metabolite generated by UV irradiation. FICZ
Ultraviolet is well known as a high-affinity ligand for aryl hydrocarbon receptor (AHR). However, the physiological
Dermal fibroblast roles of FICZ in photo-aging have yet to be addressed.

Aryl hydrocarbon receptor Objective: To evaluate the effects of FICZ on the TGF-3-mediated ACTA2 and collagen I expression in

normal human dermal fibroblasts (NHDFs).
Methods: Quantitative real-time polymerase chain reaction and western blot analysis were performed to
determine the expression of ACTA2, COL1A1, and COL1A2 in NHDFs with or without FICZ and TGF-[3. The
phosphorylated Smad2/3 (pSmad2/3) protein levels in cytoplasmic or nuclear portions were investigated by
western blot analysis. Immunofluorescence staining was conducted to evaluate pSmad2/3 localization, and
F-actin staining with phalloidin was performed to visualize actin polymerization in myofibroblasts. The
actions of FICZ on the TGF-3-mediated collagen I expression and nuclear translocation of pSmad2/3 were
analyzed in the presence of selective AHR antagonists or in AHR-knockdown NHDFs.
Results: We found that FICZ significantly inhibited the TGF--induced upregulation of mRNA and protein
levels of ACTA2 and collagen I and actin polymerization in myofibroblasts. FICZ did not disturb the
phosphorylation of Smad2/3. Notably, FICZ reduced the expression of pSmad2/3 in the nucleus, while it
increased that in the cytoplasm, suggesting that it inhibits the nuclear translocation of pSmad2/3 induced
by TGF-3. The inhibitory actions of FICZ on the TGF-3-mediated collagen I expression and nuclear
translocation of pSmad2/3 were independent of AHR signaling. Another endogenous AHR agonist,
kynurenine, also inhibited the TGF-3-mediated ACTA2 and collagen I upregulation in NHDFs in an AHR-
independent manner; however, its effects were insignificant in comparison with those of FICZ.
Conclusions: These findings suggest that the endogenous photo-product FICZ may be a key chromophore
that involves in photo-aging. Downregulation of FICZ signaling is thus a potential strategy to protect
against photo-aging.

© 2017 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.
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1. Introduction

Ultraviolet (UV) radiation has major adverse effects on the
outermost layer of the body, namely, the skin. The mechanisms
by which UV causes photocarcinogenesis and photo-aging are
well established. UV-mediated responses directly induce delete-
rious cell damage by generating DNA photo-products in the
nucleus, namely, reactive oxygen species (ROS) and organic free
radicals [1-4]. A variety of chromophores and photosensitizers
have been reported to be produced in the skin in response to UV
exposure [5,6]. However, the responsible chromophores that
contribute to cutaneous photo-aging have not been fully
identified. The i-tryptophan metabolite 6-formylindolo[3,2-b]
carbazole (FICZ) was identified as a UVB-driven photo-product in
human HaCaT keratinocytes [7]. FICZ also acts as a strong
photosensitizer that enhances UVA-induced oxidative stress in a
coordinated manner [8]. Notably, FICZ is a high-affinity ligand for
the aryl hydrocarbon receptor (AHR) that is a constitutively
expressed chemosensor for halogenated polycyclic aromatic
hydrocarbons and their related xenobiotics [7,9-11]. Other
endogenous AHR ligands have also been identified, including
kynurenine and 2-(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic
acid methyl ester (ITE) [12,13]. Upon ligand binding, the
cytoplasmic AHR translocates into the nucleus and induces the
transcription of xenobiotic-metabolizing enzymes such as cyto-
chrome P450 (CYP)1A1 and CYP1B1 [10,14-18]. AHR signaling is an
integral part of the UV responses because UV exposure and FICZ
upregulate the CYPIA1 and CYPIB1 expression in human
keratinocytes, and their upregulation is canceled by AHR
deficiency or a selective AHR antagonist [19-21]. Moreover,
UV-induced ROS production was shown to be downregulated in
AHR-knockdown keratinocytes [22].

Type I collagen is the major constituent of the extracellular
matrix of the dermis and is very important for the maintenance of
skin integrity [23]. A precursor form of it, type I procollagen,
consists of two pro-alphal chains encoded by the COL1A1 gene and
one pro-alpha2 chain encoded by the COL1A2 gene [24]. After type |
procollagen has been processed by enzymes, mature type I
collagen fibers are formed. Upon cutaneous injury, dermal
fibroblasts migrate into the damaged area and differentiate into
myofibroblasts via the effects of various growth factors and
cytokines that are released from surrounding tissue and immune
cells that have migrated there [25-27]. Transforming growth factor
(TGF)-B, one of the most potent profibrotic cytokines, actively
induces the expression of a2-smooth muscle actin (ACTA2) with
the assembly of actin stress fibers, promoting the fibroblast-to-
myofibroblast transition [25,28]. The myofibroblasts produce
abundant type I procollagen [25,26]. In photo-damaged skin, the
amounts of collagen are significantly decreased [29]. UVB
irradiation impairs the TGF-3-mediated production of type I
procollagen from normal human dermal fibroblasts (NHDFs)
[30,31]. However, the effects of the photo-product FICZ on NHDFs
are not fully understood.

In this study, we found that FICZ inhibits the TGF-f3-induced
ACTA2 and collagen I expression as well as the TGF-3-induced
transformation of fibroblasts into myofibroblasts. The present
results highlight the potential involvement of FICZ as an
endogenous target molecule for preventing photo-aging.

2. Materials and methods
2.1. Reagents and antibodies
TGF-B (R&D Systems, Minneapolis, MN), FICZ (Enzo Life

Sciences, Exeter, UK), and L-kynurenine (Sigma-Aldrich, St. Louis,
MO) were used in this study. The selective AHR antagonists CH-

223191 and GNF351 were obtained from Sigma-Aldrich and Merck
Millipore (Billerica, MA) respectively. For western blot analysis, an
anti-human ACTA2 mouse monoclonal antibody (A2547; Sigma-
Aldrich), anti-collagen I rabbit monoclonal antibody (ab138492;
Abcam, Cambridge, MA), anti-Smad2/3 rabbit polyclonal antibody
(#5678; Cell Signaling Technology, Danvers, MA), anti-phosphor-
ylated Smad2 (Ser465/Ser467)/Smad3 (Ser423/Ser425) (pSmad2/
3) rabbit monoclonal antibody (#8828; Cell Signaling Technology),
anti-histone deacetylase 1 (HDCA1) rabbit polyclonal antibody
(ab7028; Abcam), and anti-a-tubulin mouse monoclonal antibody
(sc5286; Santa Cruz Biotechnology, Dallas, TX) were used. An anti-
AHR rabbit polyclonal antibody (sc-5579; Santa Cruz Biotechnolo-
gy) was used for both western blotting and immunofluorescent
staining. An anti-pSmad2/3 goat polyclonal antibody (sc11769;
Santa Cruz Biotechnology) was used for immunofluorescent
staining. Normal rabbit and goat IgGs were purchased from Santa
Cruz Biotechnology. Anti-(3-actin mouse monoclonal antibody
(#3700) and horseradish peroxidase (HRP)-linked anti-mouse IgG
(#7076S) and anti-rabbit IgG (#7074S) were purchased from Cell
Signaling Technology.

2.2. Cell culture

NHDFs obtained from Lonza (Walkersville, MD) and the human
keratinocyte cell line HaCaT were grown in a culture flask at 37°C
in 5% CO, using Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma-Aldrich) supplemented with inactivated 5% fetal bovine
serum, Modified Eagle’s Medium Non-Essential Amino Acids
(MEM NEAA), 10 mM HEPES, and 1 mM sodium pyruvate (Thermo
Fisher Scientific, Waltham, MA). The culture medium was replaced
every 2 days. Near-confluent (70%-90%) cells were disaggregated
with 0.05% trypsin/0.01% ethylenediamine tetraacetic acid and
subcultured. NHDFs that had undergone fewer than six passages
were used in all of the experiments.

NHDFs (2.5 x 10°) or HaCaT cells were seeded in six-well culture
plates, allowed to attach for 48 h, and subsequently treated with
FICZ, TGF-(, or r-kynurenine. FICZ was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 0.5 or 5mM and was
further diluted in the culture medium. Various concentrations of
FICZ (0.01-400 nM), TGF-3 (0.1-5 ng/ml), and -kynurenine were
prepared in the culture medium. Control culture medium
contained comparable concentrations of DMSO (up to 0.02%).

2.3. Transfection of AHR siRNA

AHR siRNA (s1200) and siRNA consisting of a scrambled
sequence that would not lead to specific degradation of any cellular
mRNA (control siRNA) were purchased from Ambion (Austin, TX).
NHDFs cultured in six-well culture plates were incubated for 24-
72h in 2.4 ml of the culture medium with a mixture containing
10 nM AHR or control siRNA and 12 .l of the HiPerFect Transfection
reagent (Qiagen, Hilden, Germany).

2.4. Quantitative reverse-transcription PCR analysis

Total RNA was extracted using the RNeasy Mini kit (Qiagen).
Reverse transcription was performed using PrimeScript RT reagent
kit (Takara Bio, Otsu, Japan). Quantitative reverse-transcription
PCR (qRT-PCR) was conducted on a CFX Connect Real-time System
(Bio-Rad, Hercules, CA) using SYBR Premix ExTaq (Takara Bio).
Amplification was initiated at 95 °C for 30, followed by 40 cycles
of qRT-PCR at 95°C for 5s (denaturation) and 60°C for 20s
(annealing/extension). mRNA expression was measured in tripli-
cate and mRNA levels normalized to ACTB levels were expressed as
fold induction relative to the control group. The sequences of
primers are presented in Table 1.
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Table 1
The sequences of the primers.

ACTB sense: 5-ATTGCCGACAGGATGCAGA-3'
antisense: 5'-GAGTACTTGCGCTCAGGAGGA-3'

ACTA2 sense: 5-TCTGGAGATGGTGTCACCCACAAT-3'
antisense: 5'-AATAGCCACGCTCAGTCAGG-3'

COL1A1 sense: 5-GCTTGGTCCACTTGCTTGAAGA-3’
antisense: 5'-GAGCATTGCCTTTGATTGCTG-3’

COL1A2 sense: 5'-GAGGGCAACAGCAGGTTCACTTA-3'

antisense: 5'-TCAGCACCACCGATGTCCAA-3'
AHR sense: 5-ATCACCTACGCCAGTCGCAAG-3'
antisense: 5'-AGGCTAGCCAAACGGTCCAAC-3'
SA Biosciences ID: PPHO1271E
SA Biosciences ID: PPHO0435F-200

CYP1A1
CYP1B1

2.5. Western blot analysis

Total protein lysates from cells were isolated with lysis buffer
(Complete Lysis-M; Roche Diagnostics, Basel, Switzerland). The
protein concentrations in the lysate were measured using a BCA
Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of
protein (10 jg) were dissolved in NuPage LDS Sample Buffer
(Invitrogen, Carlsbad, CA) and 10% NuPage Sample Reducing Agent
(Invitrogen). The lysates were boiled at 70 °C for 10 min and loaded
and run on 4%-12% NuPage Bis-Tris Gels (Invitrogen) at 200V for
20min. The proteins were transferred onto polyvinylidene
difluoride membranes (Invitrogen) and the membranes were
blocked with Western Breeze Blocker/Diluent (Invitrogen). The
membranes were probed with anti-ACTA2 antibody (1:1000
dilution), anti-collagen I antibody (1:5000 dilution), anti-AHR
antibody (1:200 dilution), anti-Smad2/3 antibody (1:1000 dilu-
tion), anti-pSmad2/3 antibody (1:1000 dilution), and anti-f3-actin
antibody (1:1000 dilution) overnight at 4 °C. HRP-conjugated anti-
mouse or anti-rabbit IgG antibody (Cell Signaling Technology)
served as a secondary antibody. The visualization of protein bands
was accomplished with the SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Fisher Scientific) using the ChemiDoc
touch imaging system (Bio-Rad). Densitometric analysis of protein
bands was performed using Image] software (National Institutes of
Health). Image] is a public-domain, Java-based image processing
program developed at the National Institutes of Health (Bethesda,
MD).

2.6. Cellular nuclear protein preparation for western blot analysis

NHDFs were treated with FICZ (100 nM) and TGF-[3 (5 ng/ml) in
the absence or presence of CH-223191 (10 wM). Cell nuclear
protein was collected using an NE-PER Nuclear Cytoplasmic
Extraction Reagent Kit (Thermo Fisher Scientific), in accordance
with the manufacturer’s instructions. The nuclear and cytoplasmic
pSmad2/3 and Smad2/3 expression was analyzed by western
blotting. HDAC1 and tubulin were used as internal loading controls
for nuclear and cytoplasmic proteins, respectively.

2.7. Immunofluorescence and confocal laser scanning microscopic
analyses

For the visualization of AHR, NHDFs (2 x 10%) cultured on a four-
well chamber slide (Thermo Fisher Scientific) with or without FICZ
were washed in phosphate-buffered saline (PBS) and fixed with
acetone for 10 min. For the detection of pSmad2/3, NHDFs cultured
on slides with or without FICZ (100 nM) and TGF-3 (5 ng/ml) were
washed in PBS and then fixed. In the indicated experiments, CH-
223191 (10 M) was added 1h prior to the addition of other
reagents. The fixed cells were then blocked with 10% (w/v) BSA in
PBS for 30 min. The samples were incubated with an anti-AHR
antibody (1:50) or anti-pSmad2/3 goat polyclonal antibody (1:50)

overnight at 4°C. The slides were washed with PBS and then
incubated for 1 h at room temperature with a secondary antibody:
a goat anti-rabbit IgG antibody conjugated with Alexa Fluor® 546
(A11010; Invitrogen) or a donkey anti-goat IgG conjugated with
Alexa Fluor®™ 488 (ab150129; Abcam). After nuclear staining with
4’ 6-diamidino-2-phenylindole (DAPI), slides were mounted with
UltraCruz™ Mounting Medium (Santa Cruz Biotechnology). The
images were acquired using a D-Eclipse confocal laser scanning
microscope (Nikon, Tokyo, Japan).

2.8. F-actin staining

For the detection of actin polymerization, NHDFs were cultured
on four-well chamber slides (Thermo Fisher Scientific) in the
presence of TGF-f3 (5 ng/ml) with or without FICZ (100 nM). In the
indicated experiments, CH-223191 (10 uM) was added 1 h prior to
the other reagents. The slides were washed with PBS, fixed with
3.7% paraformaldehyde (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) for 10 min each, and blocked with 10% BSA (w/v) in
PBS for 30 min. Subsequently, fluorescent Alexa Fluor™ 488-
conjugated phalloidin (A12379; Thermo Fisher Scientific) diluted
in PBS was added and then incubated for 20 min. After nuclear
staining with DAPI, slides were mounted with UltraCruz™
mounting medium (Santa Cruz Biotechnology). The images were
acquired using a D-Eclipse confocal laser scanning microscope
(Nikon).

2.9. Statistical analysis

All data are presented as mean + standard error (S.E.) in three
independent experiments. The significance of differences between
groups was assessed using Student’s unpaired two-tailed t-test
(when two groups were analyzed) or one-way analysis of variance
(for three or more groups). All analyses were performed with
GraphPad Prism5 software. A P value of <0.05 was considered
statistically significant.

3. Results

3.1. TGF-8 upregulates ACTA2 and COL1A1 expression and enhances
assembly of actin stress fibers in NHDFs

First, we determined whether TGF-[3 regulates the gene
expression of ACTA2, COL1A1, and COL1A2 in NHDFs. NHDFs were
incubated with various concentrations of TGF-3 (0.1, 1, and 5 ng/
ml) for 24 h. As shown in Fig. 1A, TGF-3 upregulated the expression
of ACTA2 and COL1AT1 in a concentration-dependent manner (see
also Fig. 4B for protein expression data), while TGF-3 did not
change the expression of COL1A2 (Supplementary Fig. S1). In
parallel with these results, immunofluorescence analyses revealed
the clear assembly of actin stress fibers in NHDFs treated for 24 h
with TGF- (5ng/ml), in contrast to the case in control NHDFs
(Fig. 1B), confirming that fibroblast-to-myofibroblast transition
occurred as a result of TGF-3 treatment.

3.2. FICZ induces the upregulation of CYP1B1 expression via activation
of AHR

The i-tryptophan metabolite FICZ is a UV-induced photo-
product that activates cytoplasmic AHR and induces its nuclear
translocation [7]. We thus evaluated the biological activity of FICZ
in NHDFs by visualizing AHR. NHDFs were treated with FICZ
(100 nM) for 1 to 6 h and then the localization of AHR was assessed
by immunofluorescence analysis. As shown in Fig. 2A, AHR was
distributed mainly in the cytoplasm in control NHDFs. However,
FICZ did induce the nuclear translocation of AHR 1h after
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Fig. 1. TGF-P3 upregulates the expression of ACTA2 and COL1A1 and increases the
assembly of actin stress fibers in NHDFs.

(A) TGF-B upregulated the expression of ACTA2 and COLIAT1 in a dose-dependent
manner in NHDFs. NHDFs were incubated in the presence of various concentrations
of TGF-3 (0.1, 1, and 5 ng/ml) for 24 h and then total RNA was extracted. Expression
of ACTA2 and COL1A1 was measured by qRT-PCR and normalized to the expression of
ACTB (internal control). Data are presented as mean = S.E. (n =3 for each group). The
data are representative of experiments repeated three times with similar results.
*P < 0.05. (B) NHDFs treated with TGF-3 showed the clear assembly of actin stress
fibers in the cytoplasm. NHDFs were treated with or without TGF-3 (5 ng/ml) for
24h and then fixed. Cells were stained with green fluorescent Alexa Fluor™ 488-
conjugated phalloidin, subjected to nuclear staining with DAPI (blue), and
visualized using a D-Eclipse confocal laser scanning microscope.

treatment (Fig. 2A). We next addressed whether FICZ activates AHR
and enhances the transcription of the genes encoding the AHR-
specific xenobiotic enzymes CYP1A1 and CYP1B1. NHDFs were
incubated in the presence of graded concentrations of FICZ (up to
400 nM) for 6 h. FICZ actually upregulated the expression of CYP1B1
in a dose-dependent manner (Fig. 2B). The biological activity of
FICZ reached a plateau at 100 nM (Fig. 2B), so we decided to use this
concentration in the following experiments, unless otherwise
noted. This upregulation of CYP1B1 was canceled by the presence of
the selective AHR antagonist CH-223191 (Fig. 2C), which indicated
that FICZ-induced CYP1B1 upregulation was dependent on AHR
signaling. Interestingly, FICZ did not significantly augment the
CYP1A1 expression in NHDFs (data not shown), which was in sharp
contrast to the significant and preferential CYP1A1 expression in
HaCaT keratinocytes (Supplementary Fig. S2).

3.3. FICZ inhibits the TGF-B-induced upregulation of ACTA2 and
COL1A1 expression

FICZ-dependent AHR signaling regulates various biological
responses other than toxicity, including immune modulation, cell
differentiation, and barrier function [7,32-34]. We thus next
examined whether FICZ inhibits the TGF-B-induced upregulation
of ACTA2 and COL1A1 expression in NHDFs. Notably, FICZ itself
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Fig. 2. FICZ induces nuclear translocation of AHR with upregulation of CYP1B1
expression.
(A) FICZ induced the translocation of AHR from the cytoplasm into the nucleus.
NHDFs were treated with FICZ (100nM) or DMSO (control) for 1h and fixed.
Samples were then stained with an anti-AHR antibody or isotype IgG antibody
(IgG). Specific binding was detected using HRP-conjugated anti-rabbit IgG antibody
followed by tyramide labeling with red fluorescent Alexa Fluor®™ 546 for 1 h at room
temperature. After nuclear staining with DAPI, the samples were visualized using a
D-Eclipse confocal laser scanning microscope. The data are representative of
experiments repeated three times with similar results. (B) FICZ upregulated the
expression of CYP1B1 in a dose-dependent manner in NHDFs. NHDFs were treated
with graded concentrations of FICZ (0.01-400nM) for 6h and total RNA was
extracted. CYP1B1 expression was measured by qRT-PCR and normalized to the
expression of ACTB. (C) The upregulation of CYP1B1 was dependent on the AHR
signal pathway. NHDFs were incubated in the presence of FICZ (100 nM) or DMSO
(control) for 6 h. Total RNA was extracted and CYP1B1 expression was measured by
qRT-PCR. A selective AHR antagonist, CH-223191 (10 wM), was added to the culture
1 h prior to the addition of FICZ. The expression levels of CYP1B1 normalized to ACTB
levels are expressed as fold induction compared with the control group. (B, C) The
data are representative of experiments repeated three times with similar results.
*P<0.05.

decreased the basal levels of ACTA2 and COL1A1 expression in a
dose-dependent manner in NHDFs (Supplementary Fig. S3).
Furthermore, the TGF-(-induced upregulation of ACTA2 and
COL1A1 expression was ameliorated in the presence of FICZ, which
occurred in a concentration-dependent manner (Fig. 3).

3.4. The inhibitory actions of FICZ on TGF-B-mediated ACTA2 and
collagen I expression and actin filament polymerization are
independent of AHR signaling

We next investigated whether the inhibitory effects of FICZ on
the TGF-3-mediated ACTA2 and collagen I expression and actin
filament polymerization are AHR-dependent using selective AHR
antagonists or AHR siRNA. Unexpectedly, the inhibitory action of
FICZ on the TGF-3-induced upregulation of ACTA2 was not blocked
by the selective AHR antagonist CH-223191 (Fig. 4A) or GNF351
(Supplementary Fig. S4A). Western blot analysis revealed that TGF-
[ enhanced the protein expression of ACTA2 and collagen I, which
was inhibited in the presence of FICZ (Fig. 4B). The capacity for FICZ
to inhibit the TGF-3-mediated upregulation of ACTA2 and collagen
I protein was not blocked by CH-223191 (Fig. 4B) or GNF351
(Supplementary Fig. S4B). The inhibitory action of FICZ on actin
filament assembly was also not canceled in the presence of CH-
223191 (Fig. 4C-F). Additionally, the inhibitory effect of FICZ on
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Fig. 3. FICZ inhibits TGF-B-induced upregulation of ACTA2 and COL1A1 expression
in NHDFs.

NHDFs were incubated with TGF-f3 (5 ng/ml) without or with graded concentra-
tions of FICZ (1, 10, and 100nM) for 24h and then total RNA was extracted.
Expression of ACTA2 and COL1A1 was analyzed by qRT-PCR. These expression levels
were normalized to the expression of ACTB. The data are representative of
experiments repeated three times with similar results. *P < 0.05

TGF-3-regulated ACTA2 expression (Fig. 5B) and the reduced
expression of ACTA2 and collagen I in the presence of FICZ (Fig. 5C,
D) were not canceled in AHR siRNA-transfected NHDFs. These
results indicated that FICZ inhibited the TGF-3-mediated profi-
brotic response or collagen maintenance in an AHR-independent
fashion.

3.5. Another endogenous AHR agonist, kynurenine, also inhibits TGF-
B-induced ACTA2 and collagen I upregulation in NHDFs

Other endogenous AHR ligands including tryptophan metab-
olites, kynurenine, and ITE have been identified. Kynurenine
(50 ug/ml) induced CYP1A1 upregulation in primary human
fibroblasts isolated from foreskin samples of healthy donors via
the nuclear translocation of AHR [35]. Therefore, we performed the
following experiments using kynurenine (50 pg/ml). We investi-
gated whether kynurenine also exerts inhibitory effects on TGF-
B-regulated collagen production in NHDFs. The findings showed
that kynurenine inhibited TGF-3-induced ACTA2 and collagen I
upregulation in an AHR-independent manner (Supplementary
Fig. S5). However, its effects were very slight in comparison with
those of FICZ.

3.6. FICZ inhibits nuclear translocation of pSmad2/3

It is well known that TGF-f signaling is mediated by the Smad
protein family. After stimulation with TGF-3, Smad2/3 proteins are
phosphorylated and the cytoplasmic pSmad2/3 translocates into
the nucleus and induces the transcription of TGF-{3-responsive
genes. We next investigated whether FICZ downregulates the
TGF-3-induced phosphorylation of Smad2/3. As shown in Fig. 6A,
TGF-B did induce pSmad2/3 expression 5min after TGF-f
stimulation. Notably, FICZ did not reduce the expression levels
of pSmad2/3 induced by TGF-$3 (Fig. 6B). In addition, the AHR
antagonist CH-223191 again did not affect the pSmad2/3 protein
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Fig. 4. FICZ inhibits TGF-B-induced upregulation of ACTA2 and collagen I expression in an AHR-independent manner.

The inhibitory effects of FICZ on TGF-f3 in NHDFs were not dependent on AHR signaling. NHDFs were treated with TGF-3 (5 ng/ml) with or without FICZ (100 nM) for 24 h for
qRT-PCR (A) or for 48 h for western blot analysis (B). A selective AHR antagonist, CH-223191 (10 M), was added 1 h prior to the treatment of FICZ and TGF-[3. (A) The levels of
ACTA? are expressed as fold induction compared with those in the control group and normalized to the ACTB levels. The data are representative of experiments repeated three
times with similar results. *P < 0.05.; n.s.: not significant. (B) Whole-cell lysates were prepared and subjected to western blot analysis with an anti-ACTA2 antibody and an
anti-collagen I antibody. Densitometric analysis results of ACTA2 or collagen I expression relative to that of ACTB are shown. This analysis was performed using Image]
software. The results are expressed as the findings from one representative experiment. (C-F) FICZ inhibited TGF-3-mediated enhancement of actin stress fibers in an AHR-
independent manner. NHDFs were treated with DMSO (control) (C), TGF-3 (5 ng/ml) (D), FICZ (100 nM) with TGF-3 (5 ng/ml) (E), or FICZ with TGF- in the presence of CH-
223191 (10 M) (F). CH-223191 was added 1 h prior to the other reagents. Twenty-four hours after the incubation, cells were fixed and then stained with green fluorescent
Alexa Fluor™ 488-conjugated phalloidin, subjected to nuclear staining with DAPI (blue), and visualized using a D-Eclipse confocal laser scanning microscope. The results are

expressed as the findings from one representative experiment.
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Fig. 5. The inhibitory effects of FICZ on TGF-f3-induced ACTA2/collagen I down-
regulation are also unchanged in AHR-knockdown NHDFs.

AHR siRNA- or control siRNA-transfected NHDFs were treated with TGF-3 (5 ng/ml)
with or without FICZ (100 nM). (A) The expression of AHR in AHR siRNA-transfected
NHDFs. (B) The expression of ACTA2 in NHDFs treated with TGF-3 (5 ng/ml) in the
absence or presence of FICZ (100 nM) for 24 h was analyzed by qRT-PCR. Data are
expressed as mean + S.E.; n=3 for each group; *P < 0.05. (C) Expression of ACTA2
and collagen I was analyzed by western blotting using an anti-ACTA2 antibody and
an anti-collagen I antibody. The data are representative of experiments repeated
three times with similar results.

level (Fig. 6B). We then examined whether FICZ interferes with the
TGF-B-induced nuclear translocation of pSmad2/3 using western
blot analysis and immunofluorescence staining. In the untreated
control NHDFs, pSmad2/3 was hardly detected in both cytoplasmic
and nuclear portions (Fig. 6C). After the treatment of TGF-3,
pSmad2/3 was dominantly detected in the nucleus (Fig. 6C).
Notably, FICZ reduced the expression of pSmad2/3 in the nucleus,
while it increased that in the cytoplasm (Fig. 6C), which suggests

that FICZ inhibits the nuclear translocation of pSmad2/3 induced
by TGF-$. These effects were maintained irrespective of the
presence or absence of CH-223191 (Fig. 6C). Immunofluorescence
analysis also showed that FICZ attenuated the staining of pSmad2/
3 in the nucleus in the TGF-B-treated NHDFs, which was not
altered in the presence of CH-223191 (Supplementary Fig. S6). We
found that FICZ exerted inhibitory effects on TGF-3-induced ACTA2
and collagen I upregulation in NHDFs via prevention of the nuclear
translocation of pSmad2/3 in an AHR-independent manner.

4. Discussion

In photo-aged skin, major dermal alterations occur, which are
characterized by disorganization and dispersion of collagen
bundles [29]. UV irradiation has been shown to decrease the
collagen biosynthesis by fibroblasts [30,31]. TGF-3, one of the
major profibrotic cytokines, is produced in damaged skin during
tissue injury and is important in wound healing [36]. It transforms
fibroblasts into ACTA2-expressing myofibroblasts that produce
abundant collagen I [26,28]. It has been demonstrated that UV
irradiation impairs TGF-3/Smad signaling, which leads to reduced
collagen I production in fibroblasts [31,37].

UV irradiation induces diverse cytoplasmic and nuclear
bioresponses [1,2,38]. Previous studies suggested that AHR
signaling plays an integral part in UV-B-induced responses in
human keratinocytes because UV exposure upregulates the gene
expression of the AHR-specific xenobiotic-metabolizing enzymes
CYP1A1 and CYP1B1 [7,19,39]. AHR is a chemical sensor that
recognizes various ligands including dioxins, polyphenols, micro-
biota products, and numerous phytochemicals [15-17,40-42]. It
has been reported that UV exposure generates diverse endogenous
photosensitizers including urocanic acid, flavins, and some sterols
[5,43,44]. FICZ is a tryptophan metabolite generated not only by
UVB but also by visible light or UVA exposure [11,19,20]. The
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Fig. 6. FICZ prevents nuclear translocation of pSmad2/3 in the TGF-B-treated NHDFs.

(A) TGF-B increased the expression of pSmad2/3 in NHDFs. NHDFs were treated with TGF-3 (5 ng/ml) for the indicated time period (from 5 to 30 min) and then whole-cell
lysates were extracted. The expression of Smad2/3 and pSmad2/3 proteins was analyzed by western blotting using an anti-Smad2/3 antibody or anti-pSmad2/3 antibody. (B)
FICZ did not reduce the TGF-B-induced pSmad2/3 expression. After pre-incubation with or without FICZ (100 nM) for 24 h, NHDFs were stimulated with TGF-3 (5 ng/ml) for
10 min. Whole-cell lysate was then extracted and the expression of Smad2/3 or pSmad2/3 proteins was analyzed by western blotting. (C) FICZ decreased the expression of
pSmad2/3 in the nucleus of the TGF-f3-treated NHDFs, while it increased that in the cytoplasm. This action was not dependent on AHR signaling. After pre-incubation with or
without FICZ (100 nM) for 24 h, NHDFs were stimulated with TGF-3 (5 ng/ml) for 10 min. Nuclear protein was prepared from the treated NHDFs and then the nuclear or
cytoplasmic pSmad2/3 or Smad2/3 expression was analyzed by western blotting. HDAC1 and tubulin were used as internal loading controls for nuclear and cytoplasmic
proteins, respectively. Densitometric analysis results show pSmad2/3 expression relative to that of Smad2/3. (B) (C) CH-223191 (10 M) was added to the culture 1 h prior to

the treatment of FICZ.
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intracellular generation of FICZ has been demonstrated in UVB-
irradiated HaCaT keratinocytes, which was also shown to be
significantly attenuated by tryptophan starvation [7]. FICZ itself is a
good substrate for the metabolizing activity of CYP1A1 enzyme
[11,45], and the metabolites of FICZ are present in human urine
[11]. Direct detection of FICZ in vivo has yet to be achieved.
However, we speculate that FICZ is generated in both epidermis
and dermis because the endogenous fluorescence of tryptophan
presenting in the epidermis and dermis has been used for
fluorescence spectroscopy to investigate human skin in vivo
[46,47]. Notably, FICZ is a high-affinity AHR ligand and is now
considered as the major photo-product to mediate upregulation of
the UV-induced CYP1 family of enzymes [7,11,19,20]. However, the
regulatory role of FICZ in TGF-[3-mediated collagen production has
not been fully assessed in human dermal fibroblasts.

In the present study, we confirmed that FICZ activated AHR and
induced its nuclear translocation in NHDFs. Along with AHR
activation, FICZ upregulated the expression of CYP1B1, but not
CYP1A1, which was abrogated by the selective AHR antagonist CH-
223191. These results are consistent with previous studies showing
that AHR signaling is cell-type-specific and that CYP1A1 is
preferentially expressed in Kkeratinocytes and hepatocytes
[20,48], while CYP1B1 is so in fibroblasts [48]. We also confirmed
that TGF- significantly upregulated the transcriptional and
protein levels of ACTA2 and collagen I in NHDFs with actin
filament polymerization, a hallmark of fibroblast-to-myofibroblast
transition [25,28]. Notably, FICZ itself decreased the basal levels of
ACTA2 and COL1A1 expression in a dose-dependent manner in
NHDFs. Furthermore, FICZ significantly inhibited the TGF-(3-me-
diated upregulation of ACTA2/collagen I and the transition to
myofibroblasts, but unexpectedly did so in an AHR-independent
manner. TGF-f3 has been reported to exert its profibrotic activity
via the phosphorylation of Smad2/3 [36]. However, FICZ did not
alter the pSmad2/3 levels in NHDFs induced by TGF-[3. We finally
revealed that FICZ inhibited the cytoplasmic-to-nuclear transloca-
tion of pSmad2/3 in NHDFs.

FICZ mediates various biological responses including immune
modulation [32], circadian rhythm [49], as well as intestinal
barrier function [34] and photooxidative stress [8], mostly in an
AHR-dependent manner. Besides FICZ, there are tryptophan
derivatives that are endogenous AHR ligands (e.g., kynurenine
and ITE). Notably, these AHR ligands were also shown to modulate
collagen production in fibroblasts in various organs [13,35,50,51].
For example, kynurenine suppressed the expression of collagen I
protein in human dermal fibroblasts [35]. The present study also
found that kynurenine inhibited TGF-B-induced ACTA2 and
collagen 1 upregulation in an AHR-independent manner in
NHDFs; however, its effects were insignificant. Meanwhile, ITE
was shown to attenuate TGF-B-induced differentiation to
myofibroblasts in human orbital, corneal, and lung fibroblasts
[13].ITE possessed similar inhibitory effects in mouse corneal and
lung fibroblasts, which were independent of AHR [13]. Moreover,
Woeller et al. described that both ITE and FICZ impaired TGF-
B-induced upregulation of ACTA2 and calponin in human orbital
fibroblasts, and suppressed the production of collagen I [50]. The
inhibitory effects of ITE and FICZ were also shown to be
dependent on AHR because they were canceled by the transfec-
tion of AHR siRNA [50]. In intestinal fibroblasts, FICZ also
inhibited the TGF-3- or TNF-a-induced production of collagen
in an AHR-dependent manner [51]. The present study demon-
strates the AHR-independent inhibitory action of FICZ on the TGF-
B-mediated expression of collagen I in NHDFs. These studies
suggest that FICZ may inhibit TGF-[3 activity in an AHR-dependent
and/or AHR-independent manner with the choice between these
two options depending on the fibroblast source and experimental
protocol used.

Finally, we revealed that FICZ interferes with TGF-3/Smad
signaling in NHDFs. TGF-8 phosphorylates Smad2/3 and then
pSmad2/3 carries the signal to the nucleus. We found that FICZ did
not alter the expression of Smad2/3 or TGF-f3-induced phosphor-
ylation of Smad2/3, but did decrease pSmad2/3 levels in the
nucleus, while increasing those in the cytoplasm. These results
clearly showed that FICZ interferes with the TGF-3 signaling in
NHDFs via prevention of the nuclear translocation of pSmad2/3.
Interestingly, another tryptophan derivative, ITE, also inhibited
TGF-[3 signaling by preventing the nuclear translocation of Smad2/
3 in human orbital fibroblasts [13]. Further analysis of the
mechanisms involved in the inhibition of TGF-f signaling by FICZ
is warranted.

In conclusion, we here demonstrate that the tryptophan photo-
product FICZ inhibits TGF-B-induced collagen production in
human dermal fibroblasts in an AHR-independent manner. The
FICZ-mediated inhibition of collagen synthesis may be involved in
UV-induced photo-aging. The targeting of FICZ signaling may thus
open up a new therapeutic avenue to protect against photo-aging.
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Fig. 51.FICZ increases the expressionof CTP1A41, but does not change the
CYPIEB] levels in human keratinocyte HaCaT cells

The human keratinocyte cells HaCaT were treated with FICZ (100 nMM)for 6 h
and then total RNA was extracted. The expression of CTP1A4] and CTPIB] was
measured by gRT-PCR.and normalized to the expression of ACTE. The data are

representative of experiments repeated three times with sumilar results. *P<0.05.
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Fig. S3.FICZ itself reduces the basal expression of ACT42 and

COLIA] in a dose-dependent manner
NHDF s were incubated in the presence of various concentrations of FICZ

(1-10:0 ni) for 24 h and then total BINA was extracted. The expression of
ACTA2 and COLIA ] was analyzed by gRT-PCE. and normalized to the
expression of ACTE. The data are representative of experiments repeated
three times with similar results. *P<I0.05.
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Supplementary Fig. 54
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Fig. 54. The inhibitory effects of FICZ on TGF-f
are not changed in the presence of another AHR
antagonist, GNF351

NHDF = were treated with TGE-p (O ng'ml) with or
without FICZ (100 nM) for 24 h for gRT-PCE.
analysis (A) or for 48 h for western blot analysis (B).
A zelectrve AHR antagomist, GINF331 (300 nM),
was added 1 h prior to the treatment of FICZ and
TGE-f. (A) The expression of ACTA2 was analyzed
by qRT-PCE.and normalized to the expression of
ACTE. (B) Wheole-cell Iy=ates were prepared and
subjected to western blot analysis with anti-ACTA2
antibody and anti-collagen Iantibody. The data are
representative of experiments repeated three times
with stmmilar results. *P<0.03; n.s.: not significant.
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Fig. 55. An endogenous AHR agonist, kynurenine,
slightly inhibits TGE-f-induced upregulation of
ACTA2 and collagen I expression in an AHR-
independent manner

NHDF = were treated with TGE-f (3 ng/'ml) with or
without kynurenine (30 pg'ml) for 24 h for gRT-PCR
analyzes (A)or for 48 h for western blot analyzes (B).
CH-223191 (10 pM)was added 1 h prior to the treatment
of kynurenine and TGE-p. (A) The expression of ACTA2
were measured by gRT-PCE. and normalized to the
expression of ACTE. (B) Whole-cell lysates were
prepared and subjected to western blot analyses withan
ant1-ACTA2 antibody and anti-collagen I antibody. The
data are representative of experiments repeated three
times with similar results. *P<0.03; n.s.: not significant
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Fig. 56.FICZ prevents the nuclear
translocation of pSmad2/3 induced
by TGF-f

After pre-incubation with FICZ (100
nhd) for 24 h, NHDF = were stimulated
with TGF-f (3 ng'ml) for 1 h. NHDF=
treated with DAMSO (control) (A), TGF-
B (3 ng'ml) (B), FICZ (100 nl\) with
TGE-B (3 ng'ml) (C), or FICZ with
TGEF-pBin the presence of CH-223191
(10 pAD) (D). CH-223191 was added to
the culture 1 h prior to the treatment of
FICZ. Samples were then stamed with
an anti-pimad2/3 antibody (primary
antibody). Specific binding was
detected using HRP-conjugated anti-
goat Igl5 antibody followed by
tyramide labeling with green
fluorescent Alexa Fluor® 488 for 1 h at
room temperature. After nuclear
staining with DAPL, the samples were
vizualized using a D-Eclipse confocal
laser scanning microscope.
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