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The hair follicle undergoes a regular cycle composed of three phases: anagen,
catagen, and telogen. The life of follicular melanocytes is totally linked to the hair
cycle; and during anagen or the growth phase, the melanocytes are active and
produce the melanin responsible of hair shaft pigmentation. Various signaling pathways
regulate the hair growth cycle and, therefore, the pigmentation; we distinguish the
Wnt/B-catenin signaling pathway as it plays a major role in the development, growth,
and proliferation of the melanocytes and the activation of melanogenesis enzymes and
the related transcription factor. In this study, 3,4,5-tri-O-caffeoylquinic acid (TCQA), a
caffeoylquinic acid derivative, stimulated the pigmentation in C3H mouse hair follicle, in
human melanocytes, and B16F10 melanoma cells. An enhancement in pigmentation
associated genes was observed upon TCQA treatment in vivo and in vitro. Interestingly,
the expression of B-catenin was remarkably upregulated in mouse treated skin and in
pigment cell lines. Moreover, TCQA upregulated CTNNB1 expression after inhibition in
human melanocytes. Taken together, this study suggests that TCQA triggered p-catenin
activation to enhance the pigmentation during the anagen phase of the hair cycle.

Keywords: 3,4,5-tri-O-caffeoylquinic acid, p-catenin, melanocytes, anagen, melanogenesis enzymes,

microphthalmia-associated transcription factor, melanin

INTRODUCTION

In the adult hair follicle (HF), hair shaft pigmentation results from a coordinated and complicated
cross talk between follicular melanocytes (FMs), matrix keratinocytes, and dermal papilla
(DP) fibroblasts (Slominski and Paus, 1993; Slominski et al., 2005). Melanin-producing cells,
the melanocytes, are originally derived from the neural crest cells, and their precursors, the
melanoblasts, migrated to be localized in the HF and the epidermis (Nishimura et al., 1999).
FMs and epidermal melanocytes share the same origin and melanin-producing function, but these
melanocytes’ sub-population differ in many ways (Tobin et al., 2005). In the HE, melanogenically
active melanocytes are located in the hair bulb, adjacent to the DP and the keratinocytes, whereas
amelanotic melanocytes or melanocyte stem cells (MSCs) are found at the outer root sheath and in
the bulge, a region known to contain HF stem cells (Tobin et al., 1999).
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Mature HF undergoes a growth cycle consisting of phases
of growth (anagen), regression (catagen), and rest (telogen)
(Rosenquist and Martin, 1996). During the anagen phase, the
FMs synthesize the pigment melanin that will be transferred
in the melanosomes to the adjacent keratinocytes, also known
as hair progenitors cells, that will be giving arise to the
hair shafts (Nishimura et al., 2002; Lin and Fisher, 2007).
The melanin synthesis is reduced starting in the catagen
phase and be completely absent during the telogen phase,
as the lower third of the HE including the bulb region
where the FMs are located, dies through apoptosis (Seiberg
et al., 1995; Slominski, 2004; Nishimura, 2011). Therefore, the
life of FMs is totally linked with the hair growth cycle, as
they disappear when the HFs regress and reappear during
the growing phase of the HFs (Steingrimsson et al, 2005;
Nishimura, 2011). Melanin biosynthesis in the HF and the
epidermis occurs through an oxidation process starting with L-
tyrosine in the melanosomes that contain the related enzymes
tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and
dopachrome tautomerase (DCT) (Kobayashi et al, 1994; Lin
and Fisher, 2007). The expression of TYR, TYRP1, and DCT
is regulated by the microphthalmia-associated transcription
factor (MITF) known to play an important role in the
development and survival of the melanocytes (Shibahara
et al., 2004). Melanin synthesis, also called the melanogenesis,
and pigment transfer to bulbar keratinocytes are under the
regulation of various signal transduction pathways intrinsic
to the skin and HF and determined by the availability of
melanin precursors (Slominski et al., 2005). The important
transcription factors involved in melanin production are the
tyrosine kinase receptor KIT, its ligand SCF, MITE, and MCIR
often established as the main factor dictating the melanogenesis
(Hou et al, 2000; D’Mello et al., 2016). Mitf is targeted
at the transcriptional level by several transcriptional factors
including PAX3, CREB, SOX9, SOX10, and LEF1 and at post-
transcriptional level involving mitogen-activated protein kinase
(MAPK) and Wnt/B-catenin/GSK3p pathway (Levy et al., 20065
Passeron et al., 2007; Ngeow et al., 2018).

Recently, the use of plant-based products that may affect the
regulation of pigmentation at the molecular level to promote
melanogenesis has been approved in the mainstream of medicine
(Schmidt et al., 2007; Villareal et al., 2017). In this context,
caffeoylquinic acid (CQA) is a phenylpropanoid compound
in which its derivatives exhibit a variety of bioactivities such
as antioxidant, antibacterial, anticancer, antihistaminic, and
melanogenesis-regulating effects (Kimura et al., 1985; Yoshimoto
et al., 2002; Matsui et al.,, 2004; Kurata et al., 2011; Miyamae
et al, 2011; Li et al,, 2014; Kim et al,, 2015). Among CQA
derivatives, 3,4,5-tri-O-caffeoylquinic acid or TCQA with an
International Union of Pure and Applied Chemistry (IUPAC)
name (3R,5R)-3,4,5-tris[[(E)-3-(3,4-dihydroxyphenyl)prop-
2-enoyl]oxy]-1-hydroxycyclohexane-1-carboxylic is reported
to have a stable albumin affinity and has been found to
increase adenosine triphosphate (ATP) production in human
neuroblastoma SH-SY5Y cell, to induce adult neurogenesis,
and to improve deficit of learning and memory in an
aging model of eight senescence acceleration-prone mice

(Sasaki et al., 2012, 2019). Furthermore, in our previous study,
we demonstrated that TCQA promoted hair regrowth in
8-week-old C3H male and human DP cell proliferation
through the upregulation of P-catenin expression leading
to the initiation and elongation of the anagen phase of the
hair growth cycle (Bejaoui et al, 2019). Interestingly, the
Wnt/B-catenin signaling pathway plays as well an important
role in the regulation of pigmentation, and p-catenin regulates
Mitf expression and is involved in melanocyte development and
MSC proliferation and differentiation (Widlund et al., 2002;
Schepsky et al., 2006).

In the present study, we evaluated the effect of TCQA
on the promotion of hair pigmentation in vivo through the
activation of P-catenin and its target genes. Additionally, we
have performed a global gene expression profiling using DNA
microarrays to elucidate the pigmentation-promoting effects of
TCQA. Furthermore, -catenin expression along with Mitf and
the melanogenesis enzymes was evaluated in human melanocytes
(HMs) and in B16F10 murine melanoma cells.

MATERIALS AND METHODS

3,4,5-Tri-O-Caffeoylquinic Acid

Preparation

Synthesized TCQA was used for the in vivo and in vitro
experiments. TCQA was firstly dissolved in 70% ethanol and
then diluted in purified water and cell culture medium for the
in vivo and in vitro experiments, respectively. Dr. Kozo Sato
from Synthetic Organic Chemistry Laboratories, the FUJIFILM
Corporation (Kanagawa, Japan), kindly provided us with TCQA
with 97% purity.

Animal Experiment

For hair pigmentation experiment, 8-week-old male C3H
mice purchased from Charles River Laboratories, Japan Inc.
(Kanagawa, Japan), were used. All the mice were allowed to
acclimate for 7 days to the laboratory conditions under controlled
settings of temperature (21-23°C) and light (light:dark 12:12)
with access to food and water, at the Gene Research Center
of the University of Tsukuba. Then, C3H mice were randomly
divided into two groups (n = 5): TCQA-treated group and
control group treated with Milli-Q water (vehicle). The hair
pigmentation is tightly linked to the anagen phase of the
hair cycle, and at this age (8 weeks old), the HFs of C3H
mice are at the telogen phase, so in order to induce the
transition from the telogen to anagen phase, the mice were first
anesthetized using isoflurane (Wako Pure Chemical Industries,
Tokyo, Japan), and then the dorsal part was shaved using a
hair clipper. The vehicle or 1% TCQA was applied topically
at the shaved area for 1 month, and during this period, the
mice were observed daily. The mice were then scarified by
cervical spine dislocation, the hair from the treated area at the
dorsal part was plucked, and the treated skin was collected
and kept in —80°C. All animal procedures were approved by
the Animal Study Committee of the University of Tsukuba
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and were handled according to the guidelines for the Care
and Use of Animals.

Melanin Assay in vivo

The hair was plucked from the shaved area at mouse dorsal
skin using small sterilized forceps. With the use of a high-
precision balance, 1.5 mg of the hair was weighed in Eppendorf
tubes and then immersed in 1 M of NaOH for 2-4 h at
80-85°C under slight agitation. The tubes were mixed by
inverting every 30 min and then centrifuged at 12,000 rpm
for 5 min at room temperature (RT). The amount of melanin
was determined after measuring the absorbance at 470 nm.
The total melanin content was evaluated using the standard
curve for synthetic melanin (Le Pape et al., 2008). Moreover,
the plucked hair was visualized to detect any change in the
color, using a contrast microscope (Leica Microsystems, Wetzlar,
Germany), and the intensity of the color was assessed using
Image] processing program (National Institutes of Health,
Bethesda, United States).

DNA Microarray

Microarray hybridization probes were generated from isolated
RNA extracted from the skin treated with vehicle or TCQA
using ISOGEN solution (Nippon Gene, Tokyo, Japan) following
the manufacturer’s instructions. Briefly, the extracted RNA was
amplified and biotin labeled as aRNA. Then, the fragmented,
biotin-labeled aRNA was hybridized to the Affymetrix mouse
430 PM Array strips containing probes for 45,141 mouse
genes. Hybridized arrays were washed and stained in GeneAtlas
Fluidics Station. The GeneChip (Mouse Genome 430 2.0
Array) was scanned using the Affymetrix GeneAtlas Imaging
Station to obtain the mRNA expression data of genes from
mouse genome. The generated data (twofold change, control
vs. TCQA) were then analyzed using Transcriptome Analysis
Console (TAC) Software (version 4.0.1) and database for
annotation, visualization, and integrated discovery (DAVID)
bioinformatics resources 6.8 (Huang et al., 2009; Zacariotti et al.,
2010).

Immunohistochemistry

Skin tissues were collected from mice’s treated area, divided
into four parts, and then embedded in optimum cutting
temperature (OCT) compound. Therefore, the sections were cut
at a thickness of 10 pm and fixed in 4% paraformaldehyde
(Sigma, St. Louis, United States). A washing was then
conducted using different solutions of phosphate-buffered
saline (PBS), 0.1% v/v Triton X-100/PBS (Sigma, St. Louis,
United States), and 20 mM of glycine/PBS. After incubation
with the blocking solution [0.2 g of bovine serum albumin
(BSA), 400 pl of gelatin, 18.4 ml of PBS, 500 pl of normal
donkey serum, and 500 |l of normal goat serum], the sections
were incubated with rabbit anti-tyrosinase (Abcam, Rockford,
United States) and mouse anti-CD34 (Abcam, Rockford,
United States) overnight at 4°C in a wet chamber. The skin
sections were washed with the previously described washing
solutions and then immersed in a solution of Alexa 594-
conjugated anti-rabbit (Abcam, Rockford, United States)

and Alexa Fluor 488-conjugated anti-mouse (Abcam,
Rockford, United States). After being dried, the sections
were stained with Hoechst, mounted in antifade solution (p-
phenylenediamine, PBS, and glycerol), and visualized under
a confocal microscope Leica, TCS, SP8 (Leica Microsystems,
Wetzlar, Germany).

Cells and Cell Culture

Human epidermal melanocytes (HEMs) were purchased
from Gibco Invitrogen cell culture. HEMs were isolated from
moderately pigmented (MP) neonatal foreskin (HEMn-MP)
(GIBCO, Cat. No. C-102-5C). They are primary cells that
can be cultured up to three or four passages before going
into senescence. HEMs were maintained in Medium 254
(Gibco, MA, United States) supplemented with HM growth
supplement HMGS (Gibco, MA, United States). HMGS
contains bovine pituitary extract, fetal bovine serum, bovine
insulin, bovine transferrin, basic fibroblast growth factor,
hydrocortisone, heparin, and phorbol 12-myristate 13-acetate
(PMA). PMA is known to induce melanocyte growth and
melanin synthesis. The cells were seeded in Medium 254
supplemented with HMGS containing PMA (HMGS); but
during the treatment, the cells were treated with medium
supplemented with HMGS that does not contain PMA
(HMGS-2) to test the effect of the sample on promoting
the pigmentation.

B16 murine melanoma cells (B16F10) were purchased from
the Riken Cell Bank in Tsukuba, Japan, and maintained under
sterile conditions as a monolayer culture in Roswell Park
Memorial Institute (RPMI) 1640 medium (Thermo Fisher
Scientific, United Kingdom) supplemented with 10% fetal bovine
serum (Gibco, MA, United States).

The cells were kept under sterile conditions at 37°C in a
75 cm? flask (BD Falcon, United Kingdom) in a humidified
atmosphere of 5% CO,. Trypan blue exclusion was used to
determine the cell viability.

Melanin Content and Cell Viability

Determination

The method elaborated by Hosoi et al. (1985) was used to
determine the melanin content with some changes. HEM and
B16F10 were seeded at a density of 5 x 10° cells per 100 mm
petri dish and incubated at 37°C in a 5% CO, atmosphere.
After overnight incubation, the growth medium Medium 254
(HMGS) or RPMI 1640, respectively, for HEM or B16F10 was
replaced with a fresh one containing different concentrations
of TCQA, o-MSH [melanocyte-stimulating hormones (200
nM)] used as a positive control and XAV939 a -catenin
inhibitor. For the treatment, Medium 254 (HMGS-2) PMA
free was used. After 48, 72, and 96 h, the growth medium
was removed, and the cells were harvested by trypsinization
(Gibco, MA, United States). The pelleted cells were solubilized
by 0.1% Triton X-100 and precipitated in 10% trichloroacetate.
The melanin was dissolved in 1 ml of 8 N NaOH and
incubated for 2 h at 80°C. The amount of melanin was
determined after measuring the absorbance at 410 nm. The
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total melanin content was evaluated using the standard curve
for synthetic melanin (Le Pape et al, 2008). The melanin
content was expressed as melanin content/cell (% of control).
The number of viable cells used for melanin assay was
quantified using the ViaCount program of Guava PCA (GE
Healthcare, Buckinghamshire, United Kingdom), following the
manufacturer’s instructions.

Western Blot

HEM and B16F10 were seeded at density of 5 x 10° cells per
100 mm petri dish and then treated with 0, 10, and 25 pM of
TCQA, and 200 nM of a-MSH. After 4, 8, 12, 24, and 48 h, total
protein extraction was achieved using radioimmunoprecipitation
assay (RIPA) buffer (Sigma, St. Louis, United States) and protease
inhibitor following the manufacturer’s instructions.

The quantification was assessed using a 2-D Quant kit
according to manufacturer’s instructions (GE Healthcare,
Chicago, United States).

The protein sample (15 pg/well) was separated in 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDEF)
membrane (Millipore, NJ, United States). After being blocked,
the membranes were incubated with primary antibodies against
B-catenin 71-2700 (Thermo Fisher Scientific, MA, United States),
Mitf (Abcam, Rockford, United States), tyrosinase (Abcam,
Rockford, United States), and Tyrpl sc-166857, Dct sc-
74439, and GAPDH sc32233 (Santa Cruz Biotechnology, TX,
United States). After overnight incubation at 4°C, the second
antibody goat anti-rabbit IRDye 800 CW or IRDye 680 LT
goat anti-mouse was added. Then the expression was detected
using LI-COR Odyssey Infrared Imaging System (LI-COR,
NE, United States).

Quantitative Real-Time PCR Analysis

The skin sections from mice’s treated area with TCQA or Milli-Q
water were crushed using a homogenizer, and then the total RNA
was extracted using an ISOGEN solution (Nippon Gene, Tokyo,
Japan) following the manufacturer’s instructions.

The cells were seeded, allowed to attach overnight, and then
treated with 10 and 25 wM of TCQA for HEM and B16F10,
respectively, and with 200 nM of a-MSH for both cell lines.
After 1, 6, 12, 24, and 48 h of treatment, the total RNA was
extracted using ISOGEN kit (Nippon Gene, Tokyo, Japan) by
following the manufacturer’s instructions and quantified using
a NanoDrop 2000 spectrophotometer (NanoDrop Technologies,
MA, United States).

The c¢cDNA was synthesized from the extracted RNAs
using SuperScript III reverse transcription kit (Invitrogen,
CA, United States) with a cycling protocol, as follows:
95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C
for 1 min. The real-time PCR was performed using 7500
Fast Real-Time PCR Software 1.3.1 (Applied Biosystems,
CA, United States) with TagMan probes specific to Ctnnbl
(Mm  00483039_m1), CTNNBI (Hs99999168_ml), Tyr
(Mm00495817_m1), TYR (Hs00165976_ml), Tyrpl (MmO004
53201_ml), TYRPI (Hs00167051_m1), Dct (Mm01225584_m1),
DCT (Hs01098278_ml), Mitf (MmO00434954_m1), and MITF

(Hs01117294_m1) (Applied Biosystems, CA, United States).
Gapdh (Mm99999915_gl) and GAPDH (Hs02786624_gl)
(Applied Biosystems, CA, United States) were used as an
endogenous control. The 2722C¢ method was applied to
calculate the relative mRNA expression levels using Gapdh
and GAPDH.

Immunostaining

The cells were seeded at a density of 3 x 10%/well in Lab-
Tek Chamber Slides (Sigma, St. Louis, United States) and
then allowed to attach overnight at 37°C. HEMs were
treated with 0 and 10 pM of TCQA for 0, 4, 8, and
12 h. The medium was then removed, and the cells were
washed with 0.1% v/v Triton X-100/PBS (Sigma, St. Louis,
United States). After 1 h incubation at RT with the blocking
solution (1.5 g of BSA, 50 ml of PBS, and 100 pl of Triton
X-100), the first antibody rabbit anti-B-catenin (Abcam,
Rockford, United States) prepared in the blocking solution
was added overnight at 4°C. Therefore, the cells were
immersed in a solution of 1:10,000 dilution of Alexa 594-
conjugated anti-rabbit (Abcam, Rockford, United States)
and mounted with DAPI before visualization under a
confocal microscope Leica, TCS, SP8 (Leica Microsystems,
Wetzlar, Germany).

Statistical Analysis

All the experiments were run in triplicate. All results
were expressed as mean =+  standard deviation (SD).
Students t-test was performed when two groups were
compared. P-value of < 0.05 was considered significant.
For microarray analyses, a twofold change in the gene
expression between control- and TCQA-treated groups was
considered significant using ANOVA (one-way between-subject
ANOVA, unpaired).

RESULTS

3,4,5-Tri-O-Caffeoylquinic Acid Promoted
Pigmentation in C3H Mouse Hair Shaft

To evaluate the effect of TCQA on hair pigmentation, the dorsal
part of 8-week-old C3H mice was shaved and was then treated
topically with TCQA and the vehicle for a month (Figure 1A). By
the end of the treatment period, the mice were photographed, and
results showed that the hair shaft from the dorsal part of TCQA-
treated mice displayed a darker color than did that of the control
(control vs. TCQA) (Figure 1B). To prove further this point, the
hair from the treated area was plucked and photographed under
the microscope, and the color intensity was measured. Results
showed that the color intensity from TCQA-treated hair shaft
is enhanced up to 3.26-fold compared with that of the control
(Figure 1C). Moreover, melanin assay from the plucked hair
was performed, and Figure 1D shows that the melanin content
increased up to 175% after TCQA application. These results
indicated that TCQA enhanced pigmentation of the hair shaft
in vivo.
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FIGURE 1 | 3,4,5-Tri-O-caffeoylquinic acid (TCQA) enhanced the pigmentation in 8-week-old C3H male mouse hair shaft. (A) Time table of the performed animal
experiments. The dorsal part of the mice was shaved and treated daily for 30 days with topical application of 1% TCQA and the vehicle (Milli-Q water). Upon
sacrifice, the treated skin and the hair shaft were collected. (B) Regeneration of a new darker hair in TCQA-treated group compared with the controls at day 37.
(C) Hair plucked from the mice’s treated area and photographed under the microscope at day 37. Hair color quantification was measured by Image J. (D) Total
melanin content was determined at the end of the treatment period from the plucked hair. (E) Ctnnb1, Mitf, Tyr, Tyrp1, and Dct mRNA relative expression was
measured after treatment with TCQA at day 37. The mRNA level was quantified using TagMan real-time PCR from RNA extracted from the treated area (TCQA or
Milli-Q water) from mouse dorsal back. (F) Immunohistochemistry analysis of Tyr and CD34 in the hair follicle and the epidermis of the treated skin. The first panel is
the phase, the second is DAPI to stain the nucleus, the third is for Tyr staining, the fourth is for CD34 staining, and the last panel is a combination of Tyr and CD34.
**Statistically significant (P < 0.01) difference between vehicle-treated mice and TCQA-treated mice.
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3,4,5-Tri-O-Caffeoylquinic Acid Affected
the Expression of
Pigmentation-Associated Genes in
Mouse Collected Skin

To uncover the mechanism behind the enhancement of
pigmentation by TCQA, microarray analysis was conducted.
Tables 1, 2 illustrate a summary of the top regulated genes.
Pigmentation-associated genes were upregulated with TCQA
treatment (Table 1). The gene expression of Mitf was enhanced
up to 2.17-fold compared with that of the control (Table 1). This

upregulation was followed by an increase in the expression of Tyr,
Tyrp 1, and Dct up to, respectively, 2. 34-, 2. 23-, and 2.28-fold.
Moreover, p-catenin expression was stimulated, and this is the
most likely cause for Mitf upregulation as it is a transcription
factor stimulating Mitf activation (Table 1). The upregulation of
other transcription factors including Pax3, Stat3, Sox10, and Creb
was also observed. In our previous study, genes with a twofold
change in expression (control vs. TCQA) were subjected to
hierarchical clustering that generated five clusters. In the second
and third clusters, the regulated genes were significant in ATP
binding, Wnt signaling, cAMP signaling pathway, and neural cell
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TABLE 1 | Top upregulated pigmentation-associated genes in TCQA-treated mice (vs. control) *.

Gene Gene name Biological function Fold- P-value**
symbol change

Cdht1 Cadherin 11 Influence the melanin biosynthesis via Wnt pathway 5.37 0.005
Pax3 Paired box 3 DCT regulation; neural crest migration; MITF activation 3.38 0.026
Ctnnb1 Catenin (cadherin associated protein), beta 1 Melanocyte stem cells differentiation; MITF activation; pigmentation 3.33 0.043
Fzd2 Frizzled class receptor 2 Canonical Wnt signaling pathway activation 2.89 0.035
Creb cAMP-response element binding protein Transcription of MITF 2.67 0.031
Stat3 Signal transducer activator of transcription 3 PAX3 activation; melanocyte viability 2.34 0.004
Tyr Tyrosinase Melanin biosynthetic process; melanocytes proliferation 2.34 0.002
Dct Dopachrome tautomerase Melanin biosynthetic process; melanocyte development 2.28

Tyrp1 Tyrosinase-related protein 1 Melanin biosynthetic process; Melanosome membrane 2.23 0.085
Agmo Alkylglycerol monooxygenase Reduction of ROS emission 2.22 0.021
Mitf Microphthalmia-associated transcription factor Pigmentation; positive regulation of transcription; melanocyte differentiation 217 0.007
Mcir Melanocortin 1 receptor Melanin biosynthetic process; pigmentation 2.06 0.002
Sox10 SRY (sex determining region Y)-box 10 Melanocyte differentiation in the hair follicle; pigmentation 2.06 0.003
Kitl Kit ligand Neural crest cell migration; melanocytes proliferation 2.03 0.015

TCQA, 3,4,5-tri-O-caffeoylquinic acid; DCT, dopachrome tautomerase; MITF, microphthalmia-associated transcription factor; ROS, reactive oxygen species. *Gene
functions were obtained from Mouse Genome Informatics (MGI). “*ANOVA was performed to assess the level of significance between groups. The gene expression

was considered significant when fold change was > 2-fold (control vs. TCQA,).

differentiation and migration (Bejaoui et al., 2019). Microarray
results showed as well a stimulation in the expression of Cdhll
involved in melanogenesis promotion and Agmo playing a role
in the reduction of reactive oxygen species (ROS) emission (Kim
et al., 2014; Table 1).

On the other hand, genes significant for Wnt repression,
melanin degradation, and melanogenesis inhibition were
downregulated after TCQA treatment including Jun, Hdac2,
Rps6, and Akt. In Table 2, we observed a downregulation in
MAPK and mTOR pathway-associated genes involved in the
inhibition of melanin biosynthesis and in genes relevant for
autophagy and apoptosis.

Furthermore, a validation for the microarray results was
carried out. Results showed that the gene expression of Tyr,
Tyrpl, and Dct was enhanced up to twofold compared with that
of the control. CtnnblI and Mitf gene expression was upregulated
up to, respectively, 2- and 2.2-fold, in TCQA-treated mouse
skin (Figure 1E).

3,4,5-Tri-O-Caffeoylquinic Acid
Upregulated Tyrosinase and CD34

Protein Expression in Mouse Treated

Skin

Tyrosinase (Tyr) is considered as a marker of active melanocytes
capable of producing the melanin during the anagen phase of
the hair cycle (Kobayashi et al., 1994; Lin and Fisher, 2007).
Microarray analysis showed an upregulation in pigmentation-
associated genes including Tyr. To further investigate the effect
of TCQA on melanocyte activation, Tyr protein expression
was checked in mouse treated skin. Results revealed that in
TCQA-treated mouse skin, Tyr expression was observed to
be enhanced in the epidermis and in the bulb area of the
HFs, suggesting the activation of the bulbar melanocytes and

therefore the enhancement of pigmentation in mouse hair
shaft (Figure 1F).

On the other hand, the expression of CD34 expressed in the
bulge region of the HF during the anagen phase and considered
to be a marker of MSCs that have the ability to differentiate into
active melanocytes (Trempus et al., 2007; Joshi et al., 2019) was
determined as well. CD34 expression was enhanced upon TCQA
treatment in the outer root sheath and the bulge area of the HF
where the MSCs are located (Figure 1F). This result showed that
the HFs from TCQA-treated mice are in the anagen phase of the
hair cycle and that TCQA induced the differentiation of MSCs.
Altogether, TCQA induced the anagen phase of the hair growth
cycle in the HF of C3H mice via the activation of B-catenin,
leading to the upregulation of pigmentation-associated genes and
therefore to the enhancement of the melanin biosynthesis.

Effect of 3,4,5-Tri-O-Caffeoylquinic Acid
on Melanin Biosynthesis in Human
Epidermal Melanocytes and in B16F10

Murine Melanoma Cells

A melanin assay was performed to evaluate the effect of TCQA
in vitro using mouse and human cell lines, which are widely
used in pigment cell studies. HEM and B16F10 were treated
with various concentrations of TCQA for 48, 72, and 96 h.
Results showed that 10 uM of TCQA, compared with the control,
increased the melanin content in HEM by 30, 50, and 93% after
48, 72, and 96 h, respectively (Figure 2A). Moreover, 25 uM of
TCQA, compared with the untreated cells, significantly enhanced
the melanin content in B16F10 by 70 and 62%, respectively,
after 48 and 72 h as shown in Figure 3A. The effect of TCQA
on the melanin biosynthesis was observed without decreasing
the cell viability of both cell lines (Figures 2B, 3A). These
results indicated that TCQA stimulated the melanogenesis in
pigment cell lines.
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TABLE 2 | Top downregulated genes in TCQA-treated mice (vs. control) *.

Gene Gene name Biological function Fold-change P-value**

symbol

Jun Jun proto-oncogene JNK pathway; downregulation of melanogenesis —4.62 0.049

Hdac2 Histone deacetylase 2 Negative regulation of canonical Wnt signaling —4.49 0.044

Cox-2 Cyclooxygenase-2 Inducible nitric oxide synthase; implication in melanoma —4.13 0.016

ATG6 Autophagy related 6 Autophagy; melanin degradation —3.96 0.023

Rps6 Ribosomal protein S6 TOR hyperactivation; melanin degradation —3.44 0.025

Jkamp JNK1/MAPK8-associated membrane protein Activation by UV radiation; MAPK activation —2.96 0.023

Lamtor4 Late endosomal/lysosomal adaptor, MAPK and Positive regulation of TOR signaling —2.72 0.010
MTOR activator 4

Mmp2 Matrix metallopeptidase 2 Involvement in skin damage —2.72 0.044

Sirt1 Sirtuin 1 Negative regulation of NF-kB signaling —2.63 0.046

Akt Thymoma viral proto-oncogene 1 Inhibition of melanogenesis —2.22 0.030

Wipi1 WD repeat domain, phosphoinositide Autophagy; modulating melanogenesis —-2.22 0.019
interacting 1

Lamtor5 Late endosomal/lysosomal adaptor, MAPK and Activation of mTOR pathway promoting tumorigenesis; blocking —-2.18 0.020
MTOR activator 5 melanin synthesis

Mdm4 Transformed mouse 3T3 cell double minute 4 Negative regulation of apoptotic process —2.08 0.043

Bcl-2 B cell leukemia/lymphoma 2 Cell aging; proapoptotic and antiapoptotic regulators of apoptosis —2.06 0.021

TCQA, 3,4,5-tri-O-caffeoylquinic acid; MAPK, mitogen-activated protein kinase. *Genes functions were obtained from Mouse Genome Informatics (MGI). **ANOVA was
performed to assess the level of significance between groups. The gene expression was considered significant when fold change was >2-fold (control vs. TCQA).

3,4,5-Tri-O-Caffeoylquinic Acid
Enhanced the Expression of the
Melanogenesis Enzymes in Human
Epidermal Melanocyte and B16F10 Cells

In mouse treated skin, the gene expression of Tyr, Tyrpl, and
Dct was enhanced (Table 1 and Figures 1E,F). So a further
investigation of the expression of the melanogenesis enzymes
was carried out in HEM and B16F10. Results showed that the
protein expression of TYR, TYRP1, and DCT was significantly
enhanced in HEM after 48 h of treatment with 10 WM of
TCQA (Figure 2C). TYR, TYRPI, and DCT gene expression
was upregulated after 24 and 48 h of treatment with TCQA
in HEM (Figure 2D). Furthermore, these results were as well
validated in BI6F10, in which the gene and the protein expression
of these enzymes were significantly stimulated after 24 and
48 h of treatment with 25 pM of TCQA (Figures 3B,C).
These results suggest that TCQA regulated the melanin synthesis
by stimulating the protein and the gene expression of the
melanogenesis enzymes.

Microphthalmia-Associated
Transcription Factor Expression Was
Upregulated After Treatment With
3,4,5-Tri-O-Caffeoylquinic Acid in Human
Epidermal Melanocytes and B16F10
Cells

The protein and the gene expression of MITE known as
the melanogenesis master regulator, was checked in HEM
and B16F10. Figure 4A displays the result of MITF protein
expression, which was upregulated time dependently after
treatment with 10 pM of TCQA in HEM. The gene

expression was enhanced as well time dependently after
TCQA treatment in HEM (Figure 4B). In B16F10, 25 pM
of TCQA wupregulated Mitf protein expression after 12
and 24 h and the gene expression after 6, 12, and 24 h
(Figures 5A,B).

3,4,5-Tri-O-Caffeoylquinic Acid
Stimulated p-Catenin Expression in
Human Epidermal Melanocyte and
B16F10 Cells

pB-Catenin regulates Mitf expression and influences skin and hair
shaft pigmentation. Microarray analysis showed an upregulation
in B-catenin gene expression (CtnnblI) in mouse skin (Table 1
and Figure 1E). Moreover, our previous results showed that
TCQA stimulated hair growth in vivo and in vitro through
the activation of B-catenin (Bejaoui et al, 2019). Further
investigation of the expression of B-catenin in HEM and B16F10
was carried out after treatment with TCQA. Results showed
that the protein expression was enhanced time dependently
with 10 uM of TCQA in HEM (Figure 4A). These results
were supported by immunostaining analysis showing the
accumulation and translocation of P-catenin to the nucleus
of the melanocytes to activate target genes (Figure 4C).
Figure 4D shows the upregulation of CTNNBI up to 2.6-fold
after 12 h of treatment with 10 uM of TCQA. Additionally,
the protein and the gene expression of P-catenin were
upregulated time dependently in B16F10 (Figures 5C,D). These
results suggest that TCQA enhanced pigmentation through the
upregulation of B-catenin and its target Mitf leading to the
activation of the melanogenesis enzymes and the stimulation of
melanin biosynthesis.
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FIGURE 2 | 3,4,5-Tri-O-caffeoylquinic acid (TCQA) stimulated the melanogenesis in human epidermal melanocyte (HEM). (A) Melanin content determination after 48,
72, and 96 h of treatment with various concentrations of TCQA and 200 nM of a-MSH used as positive control. (B) Cell viability determination. (C) Determination of
the protein expression of the melanogenesis enzymes — TYR, TYRP1, and DCT - after 24 and 48 h of treatment with 0 and 10 pM of TCQA and 200 nM of a-MSH.
The band intensities were done by comparing GAPDH using LI-COR system. (D) Gene expression of TYR, TYRP1, and DCT after 24 and 48 h with 0 and 10 pM of
TCQA and 200 nM of a-MSH. The mRNA level was quantified using TagMan real-time PCR. Results represent the mean + SD of three independent experiments.
*Statistically significant (P < 0.05) difference between control and treated cells. **Statistically significant (P < 0.01) difference between control and treated cells.

3,4,5-Tri-O-Caffeoylquinic Acid
Upregulated p-Catenin and Mitf
Expression and the Melanin Content in
Human Epidermal Melanocyte After
Inhibition With XAV939

In this study, we suggested that the observed pigmentation
promotion effect of TCQA was due to the activation of
p-catenin triggering Mitf transcription and therefore promoting
the melanin content. For this purpose, HEMs were treated
with XAV939, an inhibitor of B-catenin activation, causing
its phosphorylation and non-translocation into the nucleus
(Kulak et al., 2015). HEMs were treated with only 10 pM of
XAV939 and co-treated with TCQA and XAV939 for 24 h.

Results revealed that 10 WM of XAV939 decreased significantly
CTNNBI and MITF gene expression compared with the control,
confirming the inhibitory effect of XAV939 on Wnt/B-catenin
signaling leading to the inhibition of MITF transcription
(Figures 4E,F). For the cells co-treated with 10 M of XAV939
and 10 pM of TCQA, results showed that treatment with
TCQA significantly upregulated CTNNBI and MITF expression,
suppressing XAV939 inhibition (Figures 4E,F). To establish
further the link between the activation of p-catenin by TCQA
and the enhancement of pigmentation, HEMs were treated with
XAV939 only and co-treated with XAV939 and TCQA for 48 h,
and melanin content was determined. Results revealed a decrease
of melanin content upon XAV939 treatment, and a significant
increase was observed after the co-treatment with TCQA
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(Figure 4G). These results further proved that the activation of
p-catenin by TCQA in HEM promoted melanin biosynthesis.

DISCUSSION

In the adult HE the activity of FMs located in the hair bulb
is under a cyclical control, and the melanin biosynthesis or
the melanogenesis is tightly coupled to the hair growth cycle
(Slominski, 2004; Tobin et al., 2005).

In our previous study, we demonstrated the activation
of Wnt/B-catenin pathway with a polyphenolic compound
TCQA to promote hair growth in vivo and in DP cells
(Bejaoui et al., 2019). In this study, we showed that TCQA
stimulated hair pigmentation via the upregulation of p-catenin
and its target genes leading to the stimulation of the
melanogenesis in 8-week-old C3H mice, in HMs, and in B16F10
murine melanoma cells.

TCQA enhanced the pigmentation and the melanin content in
the hair shaft of C3H mice compared with the control (Figure 1).
Mouse follicular pigmentation is under a complex genetic control
involving more than 150 alleles, which allows the control of
melanin synthesis at all levels from the developmental step
of the melanocytes (differentiation from neural crest cells and
the migration to the HF) until the pigmentation of the hair
shaft (Slominski et al., 2005). Here, microarray analysis showed

an upregulation of pigmentation-associated genes (Table 1).
The biosynthesis of melanin or melanogenesis is a result of
a series of transformations and reactions engaging L-tyrosine
and mediated by tyrosinase (TYR), tyrosinase-related protein 1
(TYRP1), and DCT (Riley, 1997; Fuller et al., 2000). The gene
expression of the melanogenesis enzymes Tyr, Tyrpl, and Dct
was significantly upregulated upon treatment with TCQA in
mouse collected skin (Table 1 and Figure 1E). Additionally, these
enzymes are considered as markers of melanocytes and often
used in histological analysis, allowing an accurate classification
of the type and the stage of melanocytes, and the location in
the HF (Murtas et al., 2019). FMs are classified into MSCs
located in the HF bulge and express only DCT, differentiating
and proliferating outer root sheath melanocytes expressing DCT
and weakly TYRPI, and bulbar melanocytes expressing the
three enzymes and actively producing the pigment melanin
(Botchkareva et al., 2003; Botchkarev and Gilchrest, 2017).
Furthermore, MSCs can also be marked by CD34 expressed
during the anagen phase of the hair cycle and defining the
stem cell subpopulations with distinct regenerative properties
(Trempus et al,, 2007; Joshi et al, 2019). In this study,
histological analyses were performed to label the FMs and
MSCs using tyrosinase (Tyr) and CD34 in mouse treated skin,
and results showed that TCQA upregulated Tyr expression
in the epidermis and along the HF especially in the bulb
region, and this correlates with the activation of FMs and the
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production of melanin during the anagen phase of the hair
cycle (Figure 1F). In addition, TCQA-treated mice displayed a
strong expression of CD34 in the bulge region and the outer
and inner root sheath of the HE and this result showed that
TCQA appears to activate MSCs to differentiate into melanin-
producing cells (Figure 1F). The upregulation of the three
melanogenesis enzymes can be attributed to the activation of
the Mitf in mouse skin upon TCQA treatment as illustrated
in Table 1 and Figure 1E. MITF plays a crucial role in the
regulation of melanocyte development, function, and survival;
and mice carrying null alleles of Mitf gene showed a loss of

melanocytes derived from the neural crest cells (Moore, 1995;
Goding, 2000; Villareal et al., 2017). Mitf transcription and
therefore melanin production are initiated and regulated by a
number of signaling systems and transcription factors. The role
of MCR1, in which its activation increases cAMP synthesis,
inducing a switch from the production of pheomelanin (red
pigment) to the production of eumelanin (black pigment), and
the SCF-KIT pathway involved in melanocyte pigmentation and
development, are established in the activation of MITF (Flaherty
et al., 2012; Bonaventure et al., 2013; D’Mello et al., 2016).
TCQA enhanced the expression of transcription factors that
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regulate MITF expression including Sox10, Creb, Mclr, and
Kitl (Table 1). Although MITF is considered to be a major
regulator of the melanogenesis, it has been reported that alone
it cannot completely activate TYR gene expression (Gaggioli
et al., 2003; Kawakami and Fisher, 2017). Recently, the role of
STAT3 in stimulating the transcription of TYR by a-MSH is
established (Shin et al., 2019). Moreover, STAT3 transactivated
PAX3, which plays an important role in neural crest cells and
melanocyte development, melanin level, and Mitf transcription,
through a communication with FGF2 (Pingault et al., 2010;
Dong et al,, 2012). In this study, the gene expression of Stat3
and Pax3 was upregulated in TCQA-treated mouse skin, and in
our previous results, we have reported that TCQA upregulated
Fgf2 gene expression in C3H mouse skin (Table 1; Bejaoui
et al, 2019). FGF2 is required as well in the stimulation of
hair growth cycle, and the expression may be controlled by
Wnt/B-catenin signaling, as the absence of PB-catenin alters
FGF signaling genes (Tsai et al, 2014; Takabayashi et al.,
2016). It has been revealed also that Wnt/p-catenin pathway
is involved in hair pigmentation, as it regulates the hair
cycle. In fact, B-catenin regulates positively Mitf expression at
the transcriptional level, and the development, survival, and
differentiation of melanocyte during formation and maturation
(Dorsky et al., 2000; Jouneau et al., 2000; Yamada et al., 2013).
Moreover, Wnt/B-catenin and KIT signaling sequentially regulate
MSC differentiation and pigmentation (Yamada et al.,, 2013).

B-Catenin gene expression and its receptor Fzd2 were enhanced
after TCQA treatment, and this may explain the activation of Mitf
and therefore the melanogenesis enzymes, and the enhanced of
melanin content in the hair shaft of the treated mice (Table 1
and Figure 1E).

During melanin synthesis, ROS are produced via the
oxidation of L-tyrosine, and this leads to the depletion of
MSCs pool, melanocyte damage, and skin and hair shaft
aging (Nishimura, 2011; Tobin, 2011; Stout and Birch-
Machin, 2019). Here, after treatment with TCQA, which
is a polyphenolic compound with antioxidant properties,
we found an enhancement in the gene expression of
Agmo  implicated in the oxidation-reduction process
(Table 1). We have reported as well an upregulation
of CDHII in Table 1, a gene expressed specifically in

fibroblasts and keratinocytes and may influence the
melanin biosynthesis via the canonical Wnt pathway
(Kim et al., 2014).

Table 2 summarizes the downregulated genes upon

treatment with TCQA; mainly, we observed a repression
of genes involved in the inhibition of melanogenesis,
autophagy, mTOR and AKT pathway, and cell aging.
Melanogenesis is a process that is affected by autophagy,

as it participates in melanosome degradation, and
an impaired melanosome function allows rampant
UVR penetration and melanin degradation. Moreover,
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the AKT/mTOR pathway is one of the well-studied pathways
involved in autophagy, cell proliferation, and cell survival (Chen
etal., 2014; Yang et al., 2018).

HEMs, melanin-producing cells, and B16 murine melanoma
cells (B16F10) were used to further validate the effect of
TCQA on pigmentation. Melanin content along with the
gene and protein expression of TYR, TYRPI, and DCT
was upregulated upon treatment (Figures 2, 3). This effect
is attributed to the activation of MITF (gene and protein
expression) by TCQA (Figures 4, 5). TCQA stimulated the
pigmentation via the activation of B-catenin protein and genes
expression in both cell lines (Figures 4, 5). Additionally,
B-catenin was inhibited in HEM after treatment with XAV939,
which is a small molecule that inhibits Tankyrase, known
to activate canonical Wnt pathway, and this will lead to
B-catenin phosphorylation and degradation (Kulak et al,
2015). The inhibitory effect of XAV939 on f-catenin on
melanocytes cells has not yet been assessed. Here, upon XAV939
treatment, the gene expression of B-catenin and MITF was
significantly decreased along with the melanin content in
HEM, but a co-treatment with TCQA lifted and reduced the
inhibition (Figures 4E-G).

Taken together, our findings suggest that TCQA triggered the
activation of Wnt/-catenin pathway leading to the upregulation
of pigmentation-associated genes and the enhancement of
melanin content in C3H mouse hair, as well as HMs and
B16F10 murine melanoma cells. The downregulation of genes
linked to autophagy and melanin degradation contributed to the
further enhancement of the effect of TCQA on the stimulation
of melanogenesis.

Furthermore, our previous study showed that the p-catenin-
mediated hair growth induction effect of TCQA caused the
initiation and elongation of the anagen phase of the hair cycle in
C3H mice and the activation of human DP cells. In this context,
the potential effect of TCQA on the activation of melanocytes
through a communication with DP cells via Wnt/p-catenin will
be looked at. Clinical studies would be, however, necessary to
introduce TCQA as a potential candidate to initiate the hair
growth cycle and to enhance melanogenesis.

REFERENCES

Bejaoui, M., Villareal, M. O., and Isoda, H. (2019). -catenin-mediated hair growth
induction effect of 3,4,5-tri-O-caffeoylquinic acid. Aging (Albany. NY) 11,
4216-4237. doi: 10.18632/aging.102048

Bonaventure, J., Domingues, M. J., and Larue, L. (2013). Cellular and molecular
mechanisms controlling the migration of melanocytes and melanoma cells.
Pigm. Cell Melanoma Res. 26, 316-325. doi: 10.1111/pcmr.12080

Botchkarev, V. A., and Gilchrest, B. A. (2017). SCF/c-kit signaling is required
for cyclic regeneration of the hair pigmentation unit. FASEB J. 15, 645-658.
doi: 10.1096/£j.00-0368com

Botchkareva, N. V., Botchkarev, V. A., and Gilchrest, B. A. (2003). Fate of
melanocytes during development of the hair follicle pigmentary unit. J. Investig.
Dermatology Symp. Proc. 8, 76-79. doi: 10.1046/j.1523-1747.2003.12176.x

Chen, H., Weng, Q. Y., and Fisher, D. E. (2014). UV signaling pathways within the
skin. J. Invest. Dermatol. 134, 2080-2085. doi: 10.1038/jid.2014.161

D’Mello, S. A. N,, Finlay, G. J., Baguley, B. C., and Askarian-Amiri, M. E. (2016).
Signaling pathways in melanogenesis. Int. J. Mol. Sci. 17, 1-18. doi: 10.3390/
ijms17071144

DATA AVAILABILITY STATEMENT

The data has been deposited to NCBI, GEO database: https:
//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138644
(accession: GSE138644).

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Study Committee of the University of Tsukuba, and were handled
according to the guidelines for the Care and Use of Animals.

AUTHOR CONTRIBUTIONS

MB performed most of the experiments, analyzed the data,
and wrote the manuscript. MV helped in the design of the
experiments and data analysis. HI conceived and supervised the
study and reviewed and approved the manuscript. All authors
read and approved the final manuscript.

FUNDING

This study was partially supported by the Japan Science
and Technology Agency (JST), the Japan International
Cooperation Agency’s (JICA) Science and Technology Research
Partnership for Sustainable Development (SATREPS, Grant No.
JPMJSA1506), and the Ministry of Education, Culture, Sports,
Science, and Technology (MEXT).

ACKNOWLEDGMENTS

We would like to thank Dr. Kozo Sato for providing the
synthesized TCQA. We are also grateful for the help extended by
Dr. Hiromi Yanagisawa and Dr. Aiko Sada for the analysis and
Dr. Kazunori Sasaki for the animal experiment.

Dong, L., Li, Y., Cao, ], Liu, F., Pier, E,, Chen, J., et al. (2012). FGF2 regulates
melanocytes viability through the STAT3-transactivated PAX3 transcription.
Cell Death Differ. 19, 616-622. doi: 10.1038/cdd.2011.132

Dorsky, R. L, Raible, D. W., and Moon, R. T. (2000). Direct regulation of nacre,
a zebrafish MITF homolog required for pigment cell formation, by the Wnt
pathway service Direct regulation of nacre, a zebrafish MITF homolog required
for pigment cell formation, by the Wnt pathway. Genes Dev. 14, 158-162.
doi: 10.1101/gad.14.2.158

Flaherty, K. T., Hodi, F. S., and Fisher, D. E. (2012). From genes to drugs:
targeted strategies for melanoma. Nat. Rev. Cancer 12:349. doi: 10.1038/nrc
3218

Fuller, B. B, Drake, M. A., Spaulding, D. T., and Chaudhry, F. (2000).
Downregulation of tyrosinase activity in human melanocyte cell cultures by
yohimbine. J. Invest. Dermatol. 114, 268-276. doi: 10.1046/j.1523-1747.2000.
00860.x

Gaggioli, C., Busca, R, Abbe, P., Ortonne, J. P., and Ballotti, R. (2003).
Microphthalmia-associated transcription factor (MITF) is required but is not
sufficient to induce the expression of melanogenic genes. Pigm. Cell Res. 16,
374-382. doi: 10.1034/j.1600-0749.2003.00057.x

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 175


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138644
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138644
https://doi.org/10.18632/aging.102048
https://doi.org/10.1111/pcmr.12080
https://doi.org/10.1096/fj.00-0368com
https://doi.org/10.1046/j.1523-1747.2003.12176.x
https://doi.org/10.1038/jid.2014.161
https://doi.org/10.3390/ijms17071144
https://doi.org/10.3390/ijms17071144
https://doi.org/10.1038/cdd.2011.132
https://doi.org/10.1101/gad.14.2.158
https://doi.org/10.1038/nrc3218
https://doi.org/10.1038/nrc3218
https://doi.org/10.1046/j.1523-1747.2000.00860.x
https://doi.org/10.1046/j.1523-1747.2000.00860.x
https://doi.org/10.1034/j.1600-0749.2003.00057.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Bejaoui et al.

Hair Pigmentation Promotion Effect of TCQA

Goding, C. R. (2000). Mitf from neural crest to melanoma: signal transduction
and transcription in the melanocyte lineage. Genes Dev. 14, 1712-1728. doi:
10.1101/gad.14.14.1712

Hosoi, J., Abe, E., Suda, T., and Kuroki, T. (1985). Regulation of melanin synthesis
of B16 mouse melanoma cells by 1a, 25-dihydroxyvitamin D3 and retinoic acid.
Cancer Res. 45, 1474-1478.

Hou, L., Panthier, J. J., and Arnheiter, H. (2000). Signaling and transcriptional
regulation in the neural crest-derived melanocyte lineage: interactions between
KIT and MITE. Development 127, 5379-5389.

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Bioinformatics
enrichment tools: paths toward the comprehensive functional analysis of large
gene lists. Nucleic Acids Res. 37, 1-13. doi: 10.1093/nar/gkn923

Joshi, S. S., Tandukar, B., Pan, L., Huang, ]. M., Livak, F., Smith, B. J., et al. (2019).
CD34 defines melanocyte stem cell subpopulations with distinct regenerative
properties. PLoS Genet. 15:1008034. doi: 10.1371/journal.pgen.1008034

Jouneau, A., Yu, Y. Q., Pasdar, M., and Larue, L. (2000). Plasticity of cadherin-
catenin expression in the melanocyte lineage. Pigment Cell Res. 13, 260-272.
doi: 10.1034/j.1600-0749.2000.130408.x

Kawakami, A., and Fisher, D. E. (2017). The master role of microphthalmia-
associated transcription factor in melanocyte and melanoma biology. Lab.
Investig. 97:649. doi: 10.1038/labinvest.2017.9

Kim, H. J, Kim, J. S, Woo, J. T, Lee, I. S, and Cha, B. Y. (2015).
Hyperpigmentation mechanism of methyl 3,5-di-caffeoylquinate through
activation of p38 and MITF induction of tyrosinase. Acta Biochim. Biophys. Sin.
(Shanghai) 47, 548-556. doi: 10.1093/abbs/gmv040

Kim, N. H., Choi, S. H,, Lee, T. R, Lee, C. H., and Lee, A. Y. (2014). Cadherin 11,
a miR-675 target, induces N-Cadherin expression and epithelial-mesenchymal
transition in melasma. J. Invest. Dermatol. 134, 2967-2976. doi: 10.1038/jid.
2014.257

Kimura, Y., Okuda, H., Okuda, T., Hatano, T., Agata, I, and Arichi, S. (1985).
Studies on the activities of tannins and related compounds from medicinal
plants and drugs. VI. Inhibitory effects of caffeoylquinic acids on histamine
release from rat peritoneal mast cells. Chem. Pharm. Bull. (Tokyo) 33, 690-696.
doi: 10.1248/cpb.33.690

Kobayashi, T., Urabe, K., Winder, A., Jiménez-Cervantes, C., Imokawa, G.,
Brewington, T., et al. (1994). Tyrosinase related protein 1 (TRP1) functions
as a DHICA oxidase in melanin biosynthesis. EMBO J. 13, 5818-5825. doi:
10.1002/j.1460-2075.1994.tb06925.x

Kulak, O., Chen, H., Holohan, B., Wu, X, He, H., Borek, D, et al
(2015). Disruption of Wnt/B-catenin signaling and telomeric shortening are
inextricable consequences of tankyrase inhibition in human cells. Mol. Cell.
Biol. 35, 2425-2435. doi: 10.1128/mcb.00392- 15

Kurata, R., Yahara, S., Yamakawa, O., and Yoshimoto, M. (2011). Simple high-
yield purification of 3,4,5-tri-o-caffeoylquinic acid from sweetpotato (Ipomoea
batatas L.) leaf and its inhibitory effects on aldose reductase. Food Sci. Technol.
Res. 17, 87-92. doi: 10.3136/fstr.17.87

Le Pape, E., Wakamatsu, K., Ito, S., Wolber, R., and Hearing, V. J. (2008).
Regulation of eumelanin/pheomelanin synthesis and visible pigmentation in
melanocytes by ligands of the melanocortin 1 receptor. Pigm. Cell Melanoma
Res. 21, 477-486. doi: 10.1111/j.1755-148X.2008.00479.x

Levy, C., Khaled, M., and Fisher, D. E. (2006). MITF: master regulator of
melanocyte development and melanoma oncogene. Trends Mol. Med. 12,
406-414. doi: 10.1016/j.molmed.2006.07.008

Li, H. R, Habasi, M., Xie, L. Z., and Aisa, H. A. (2014). Effect of chlorogenic
acid on melanogenesis of B16 melanoma cells. Molecules 19, 12940-12948.
doi: 10.3390/molecules190912940

Lin, J. Y., and Fisher, D. E. (2007). Melanocyte biology and skin pigmentation.
Nature 445:843. doi: 10.1038/nature05660

Matsui, T., Ebuchi, S., Fujise, T., Abesundara, K. J. M., Doi, S., Yamada, H., et al.
(2004). Strong antihyperglycemic effects of water-soluble fraction of Brazilian
propolis and its bioactive constituent, 3,4,5-tri-O-caffeoylquinic acid. Biol.
Pharm. Bull. 27, 1797-1803. doi: 10.1248/bpb.27.1797

Miyamae, Y., Han, J., Sasaki, K., Terakawa, M., Isoda, H., and Shigemori, H.
(2011). 3,4,5-tri-O-caffeoylquinic acid inhibits amyloid B-mediated cellular
toxicity on SH-SY5Y cells through the upregulation of PGAMI1 and G3PDH.
Cytotechnology 63, 191-200. doi: 10.1007/s10616-011-9341-1

Moore, K. J. (1995). Insight into the microphthalmia gene. Trends Genet. 11,
442-448. doi: 10.1016/S0168-9525(00)89143-X

Murtas, D., Pilloni, L., Diana, A., Casula, L., Tomei, S., Piras, F., et al. (2019).
Tyrosinase and nestin immunohistochemical expression in melanocytic nevi as
a histopathologic pattern to trace melanocyte differentiation and nevogenesis.
Histochem. Cell Biol. 151, 175-185. doi: 10.1007/s00418-018-1730-5

Ngeow, K. C,, Friedrichsen, H. ], Li, L., Zeng, Z., Andrews, S., Volpon, L., et al.
(2018). BRAF/MAPK and GSK3 signaling converges to control MITF nuclear
export. Proc. Natl. Acad. Sci. US.A. 115, E8668-E8677. doi: 10.1073/pnas.
1810498115

Nishimura, E. K. (2011). Melanocyte stem cells: a melanocyte reservoir in hair
follicles for hair and skin pigmentation. Pigm. Cell Melanoma Res. 24, 401-410.
doi: 10.1111/j.1755-148X.2011.00855.x

Nishimura, E. K,, Jordan, S. A., Oshima, H., Yoshida, H., Osawa, M., Moriyama,
M., et al. (2002). Dominant role of the niche in melanocyte stem-cell fate
determination. Nature 416, 854-860. doi: 10.1038/416854a

Nishimura, E. K., Yoshida, H., Kunisada, T., and Nishikawa, S. I. (1999). Regulation
of E- and P-cadherin expression correlated with melanocyte migration and
diversification. Dev. Biol. 215, 155-166. doi: 10.1006/dbio.1999.9478

Passeron, T., Valencia, J. C., Bertolotto, C., Hoashi, T., Le Pape, E., Takahashi,
K., et al. (2007). SOX9 is a key player in ultraviolet B-induced melanocyte
differentiation and pigmentation. Proc. Natl. Acad. Sci. U.S.A. 104, 13984-
13989. doi: 10.1073/pnas.0705117104

Pingault, V., Ente, D., Dastot-Le Moal, F., Goossens, M., Marlin, S., and
Bondurand, N. (2010). Review and update of mutations causing Waardenburg
syndrome. Hum. Mutat. 31, 391-406. doi: 10.1002/humu.21211

Riley, P. A. (1997). Melanin. Int. ]. Biochem. Cell Biol. 29, 1235-1239.

Rosenquist, T. A., and Martin, G. R. (1996). Fibroblast growth factor signalling
in the hair growth cycle: expression of the fibroblast growth factor receptor
and ligand genes in the murine hair follicle. Dev. Dyn. 205, 379-386. doi:
10.1002/(sici)1097-0177(199604)205:4< 379::aid-aja2>3.0.c0;2-f

Sasaki, K., Davies, J., Doldan, N. G., Arao, S., Ferdousi, F., Szele, F. G,, et al. (2019).
3,4,5-Tricaffeoylquinic acid induces adult neurogenesis and improves deficit
of learning and memory in aging model senescence-accelerated prone 8 mice.
Aging (Albany NY). 11, 1-22. doi: 10.18632/aging.101748

Sasaki, K., Han, J., Shigemori, H., and Isoda, H. (2012). Caffeoylquinic acid induces
ATP production and energy metabolism in human neurotypic SH-SY5Y cells.
Nutr. Aging 1, 141-150. doi: 10.3233/nua-2012-0012

Schepsky, A., Bruser, K., Gunnarsson, G. J., Goodall, J., Hallsson, J. H., Goding,
C. R, et al. (2006). The microphthalmia-associated transcription factor mitf
interacts with -catenin to determine target gene expression. Mol. Cell. Biol. 26,
8914-8927. doi: 10.1128/mcb.02299-05

Schmidt, B. M., Ribnicky, D. M., Lipsky, P. E., and Raskin, I. (2007). Revisiting the
ancient concept of botanical therapeutics. Nat. Chem. Biol. 3:360. doi: 10.1038/
nchembio0707-360

Seiberg, M., Marthinuss, J., and Stenn, K. S. (1995). Changes in expression of
apoptosis-associated genes in skin mark early catagen. J. Invest. Dermatol. 104,
78-82. doi: 10.1111/1523-1747.ep12613555

Shibahara, S., Yasumoto, K.-I., Amae, S., Udono, T., Watanabe, K.-L, Saito, H., et al.
(2004). Regulation of pigment cell-specific gene expression by MITF. Pigm. Cell
Res. 13, 98-102. doi: 10.1034/j.1600-0749.13.58.18.x

Shin, S. Y., Choi, J. H,, Jung, E., Gil, H.-N,, Lim, Y., and Lee, Y. H. (2019).
The EGR1-STAT3 transcription factor axis regulates a-melanocyte-stimulating
hormone-induced tyrosinase gene transcription in melanocytes. J. Invest.
Dermatol. 139, 1616-1619. doi: 10.1016/j.jid.2018.12.020

Slominski, A. (2004). Melanin pigmentation in mammalian skin and its hormonal
regulation. Physiol. Rev. 84, 1155-1228. doi: 10.1152/physrev.00044.2003

Slominski, A., and Paus, R. (1993). Melanogenesis is coupled to murine anagen:
toward new concepts for the role of melanocytes and the regulation of
melanogenesis in hair growth. J. Invest. Dermatol. 101, 90S-97S. doi: 10.1111/
1523-1747.ep12362991

Slominski, A., Wortsman, J., Plonka, P. M., Schallreuter, K. U., Paus, R., and
Tobin, D. J. (2005). Hair follicle pigmentation. J. Invest. Dermatol. 124, 13-21.
doi: 10.1111/j.0022-202X.2004.23528.x

Steingrimsson, E., Copeland, N. G., and Jenkins, N. A. (2005). Melanocyte stem cell
maintenance and hair graying. Cell 121, 9-12. doi: 10.1016/j.cell.2005.03.021

Stout, R., and Birch-Machin, M. (2019). Mitochondria’s role in skin ageing. Biology
(Basel) 8:29. doi: 10.3390/biology8020029

Takabayashi, Y., Nambu, M., Ishihara, M., Kuwabara, M., Fukuda, K., Nakamura,
S., et al. (2016). Enhanced effect of fibroblast growth factor-2-containing

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 175


https://doi.org/10.1101/gad.14.14.1712
https://doi.org/10.1101/gad.14.14.1712
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1371/journal.pgen.1008034
https://doi.org/10.1034/j.1600-0749.2000.130408.x
https://doi.org/10.1038/labinvest.2017.9
https://doi.org/10.1093/abbs/gmv040
https://doi.org/10.1038/jid.2014.257
https://doi.org/10.1038/jid.2014.257
https://doi.org/10.1248/cpb.33.690
https://doi.org/10.1002/j.1460-2075.1994.tb06925.x
https://doi.org/10.1002/j.1460-2075.1994.tb06925.x
https://doi.org/10.1128/mcb.00392-15
https://doi.org/10.3136/fstr.17.87
https://doi.org/10.1111/j.1755-148X.2008.00479.x
https://doi.org/10.1016/j.molmed.2006.07.008
https://doi.org/10.3390/molecules190912940
https://doi.org/10.1038/nature05660
https://doi.org/10.1248/bpb.27.1797
https://doi.org/10.1007/s10616-011-9341-1
https://doi.org/10.1016/S0168-9525(00)89143-X
https://doi.org/10.1007/s00418-018-1730-5
https://doi.org/10.1073/pnas.1810498115
https://doi.org/10.1073/pnas.1810498115
https://doi.org/10.1111/j.1755-148X.2011.00855.x
https://doi.org/10.1038/416854a
https://doi.org/10.1006/dbio.1999.9478
https://doi.org/10.1073/pnas.0705117104
https://doi.org/10.1002/humu.21211
https://doi.org/10.1002/(sici)1097-0177(199604)205:4<379::aid-aja2>3.0.co;2-f
https://doi.org/10.1002/(sici)1097-0177(199604)205:4<379::aid-aja2>3.0.co;2-f
https://doi.org/10.18632/aging.101748
https://doi.org/10.3233/nua-2012-0012
https://doi.org/10.1128/mcb.02299-05
https://doi.org/10.1038/nchembio0707-360
https://doi.org/10.1038/nchembio0707-360
https://doi.org/10.1111/1523-1747.ep12613555
https://doi.org/10.1034/j.1600-0749.13.s8.18.x
https://doi.org/10.1016/j.jid.2018.12.020
https://doi.org/10.1152/physrev.00044.2003
https://doi.org/10.1111/1523-1747.ep12362991
https://doi.org/10.1111/1523-1747.ep12362991
https://doi.org/10.1111/j.0022-202X.2004.23528.x
https://doi.org/10.1016/j.cell.2005.03.021
https://doi.org/10.3390/biology8020029
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Bejaoui et al.

Hair Pigmentation Promotion Effect of TCQA

dalteparin/protamine nanoparticles on hair growth. Clin. Cosmet. Investig.
Dermatol. 9, 127-134. doi: 10.2147/CCID.S108187

Tobin, D.J. (2011). The cell biology of human hair follicle pigmentation. Pigm. Cell
Melanoma Res. 24, 75-88. doi: 10.1111/§.1755-148X.2010.00803.x

Tobin, D. J., Hordinsky, M., and Bernard, B. A. (2005). Hair pigmentation: a
research update. J. Investig. Dermatol. Symp. Proc. 10, 275-279. doi: 10.1111/
j.1087-0024.2005.10117.x

Tobin, D. J., Slominski, A., Botchkarev, V., and Paus, R. (1999). The fate of hair
follicle melanocytes during the hair growth cycle. J. Investig. Dermatol. Symp.
Proc. 4, 323-332. doi: 10.1038/sj.jidsp.5640239

Trempus, C. S., Morris, R. J., Ehinger, M., Elmore, A., Bortner, C. D., Ito, M., et al.
(2007). CD34 expression by hair follicle stem cells is required for skin tumor
development in mice. Cancer Res. 67, 4173-4181. doi: 10.1158/0008-5472.can-
06-3128

Tsai, S. Y., Sennett, R., Rezza, A., Clavel, C., Grisanti, L., Zemla, R., et al. (2014).
Wnt/p-catenin signaling in dermal condensates is required for hair follicle
formation. Dev. Biol. 385, 179-188. doi: 10.1016/j.ydbio.2013.11.023

Villareal, M. O., Kume, S., Neffati, M., and Isoda, H. (2017). Upregulation of Mitf
by phenolic compounds-rich Cymbopogon schoenanthus treatment promotes
melanogenesis in B16 melanoma cells and human epidermal melanocytes.
Biomed. Res. Int. 2017, 1-11. doi: 10.1155/2017/8303671

Widlund, H. R., Horstmann, M. A., Roydon Price, E., Cui, J., Lessnick, S. L.,
Wu, M, et al. (2002). B-Catenin-induced melanoma growth requires the
downstream target Microphthalmia-associated transcription factor. J. Cell Biol.
158, 1079-1087. doi: 10.1083/jcb.200202049

Yamada, T., Hasegawa, S., Inoue, Y., Date, Y., Yamamoto, N., Mizutani, H., et al.
(2013). Wnt/B-Catenin and kit signaling sequentially regulate melanocyte stem
cell differentiation in uvb-induced epidermal pigmentation. J. Invest. Dermatol.
133, 2753-2762. doi: 10.1038/jid.2013.235

Yang, Y., Jang, G., Yang, X., Wang, Q., He, S, Li, S., et al. (2018). Central role
of autophagic UVRAG in melanogenesis and the suntan response. Proc. Natl.
Acad. Sci. U.S.A. 115, E7728-E7737. doi: 10.1073/pnas.1803303115

Yoshimoto, M., Yahara, S., Okuno, S., Islam, M. S., Ishiguro, K., and Yamakawa, O.
(2002). Antimutagenicity of mono-, di-, and tricaffeoylquinic acid derivatives
isolated from sweetpotato (Ipomoea batatas L.) leaf. Biosci. Biotechnol. Biochem.
66, 2336-2341. doi: 10.1271/bbb.66.2336

Zacariotti, R. L., Rodrigo, and del Rio, D. V. (2010). Observation of mating in
the calico snake oxyrhopus petola linnaeus, 1758. Herpetol. Notes 3, 139-140.
doi: 10.1038/nprot.2008.211

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Bejaoui, Villareal and Isoda. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

March 2020 | Volume 8 | Article 175


https://doi.org/10.2147/CCID.S108187
https://doi.org/10.1111/j.1755-148X.2010.00803.x
https://doi.org/10.1111/j.1087-0024.2005.10117.x
https://doi.org/10.1111/j.1087-0024.2005.10117.x
https://doi.org/10.1038/sj.jidsp.5640239
https://doi.org/10.1158/0008-5472.can-06-3128
https://doi.org/10.1158/0008-5472.can-06-3128
https://doi.org/10.1016/j.ydbio.2013.11.023
https://doi.org/10.1155/2017/8303671
https://doi.org/10.1083/jcb.200202049
https://doi.org/10.1038/jid.2013.235
https://doi.org/10.1073/pnas.1803303115
https://doi.org/10.1271/bbb.66.2336
https://doi.org/10.1038/nprot.2008.211
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	3,4,5-Tri-O-Caffeoylquinic Acid Promoted Hair Pigmentation Through β-Catenin and Its Target Genes
	Introduction
	Materials and Methods
	3,4,5-Tri-O-Caffeoylquinic Acid Preparation
	Animal Experiment
	Melanin Assay in vivo
	DNA Microarray
	Immunohistochemistry
	Cells and Cell Culture
	Melanin Content and Cell Viability Determination
	Western Blot
	Quantitative Real-Time PCR Analysis
	Immunostaining
	Statistical Analysis

	Results
	3,4,5-Tri-O-Caffeoylquinic Acid Promoted Pigmentation in C3H Mouse Hair Shaft
	3,4,5-Tri-O-Caffeoylquinic Acid Affected the Expression of Pigmentation-Associated Genes in Mouse Collected Skin
	3,4,5-Tri-O-Caffeoylquinic Acid Upregulated Tyrosinase and CD34 Protein Expression in Mouse Treated Skin
	Effect of 3,4,5-Tri-O-Caffeoylquinic Acid on Melanin Biosynthesis in Human Epidermal Melanocytes and in B16F10 Murine Melanoma Cells
	3,4,5-Tri-O-Caffeoylquinic Acid Enhanced the Expression of the Melanogenesis Enzymes in Human Epidermal Melanocyte and B16F10 Cells
	Microphthalmia-Associated Transcription Factor Expression Was Upregulated After Treatment With 3,4,5-Tri-O-Caffeoylquinic Acid in Human Epidermal Melanocytes and B16F10 Cells
	3,4,5-Tri-O-Caffeoylquinic Acid Stimulated -Catenin Expression in Human Epidermal Melanocyte and B16F10 Cells
	3,4,5-Tri-O-Caffeoylquinic Acid Upregulated -Catenin and Mitf Expression and the Melanin Content in Human Epidermal Melanocyte After Inhibition With XAV939

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


