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TGFβ family mimetic peptide promotes proliferation of human hair follicle dermal papilla cells and hair growth in C57BL/6 mice
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Abstract
Background
Hair follicle morphogenesis is orchestrated by bidirectional ectodermal–mesenchymal signaling. In particular, TGFβ (transforming growth factor-beta) family is an important regulator of hair follicle formation and cycling. In this study, we investigated the effect of TGFβ family mimetic peptide (dermal papilla stem cell activator-1, DPS-1) on activation of hair follicle formation.

Methods
Cell viability, cell cycle, and mRNA expression of human dermal papilla (HDP) cells after DPS-1 or vehicle treatment were determined, and histological analysis of hair cycle was performed from the mouse dorsal back skin after DPS-1 or vehicle administration.

Results
DPS-1 promotes proliferation from 3D sphered HDP cells, but not from 2D cultured HDP cells. DPS-1 induces mRNA expression of genes, which are responsible for hair growth from HDP cells. Moreover, topical administrated DPS-1 stimulates hair growth in mice. Subsequently, histological analysis showed that the diameter and depth of hair follicles were remarkably higher in mice that were administered with DPS-1 compared to vehicle control.

Conclusions
DPS-1 promotes proliferation of HDP cells as well as hair growth partly via activation of WNT/β-catenin signaling.
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Abbreviations
BMPBone morphogenetic protein


DPDermal papilla


DPS-1Dermal papilla stem cell activator-1


HDPHuman dermal papilla


HFHair follicle


LEF1Lymphoid enhancer-binding factor-1


qRT-PCRQuantitative real-time polymerase chain reaction


TGFβTransforming growth factor β


WIF1WNT inhibitor factor-1


WNT5AWNT family member 5A


WST-1Water-soluble tetrazolium salt




Background
A hair follicle (HF) is composed of several distinct epithelial and mesenchymal lineages (Schmidt-Ullrich and Paus 2005). Each stage of hair cycle is regulated by signaling between the epithelium and mesenchymal cells that are located at the base of HF (Ehama et al. 2007). Dermal papilla (DP), a specialized mesenchymal population of HF, plays vital roles in HF morphogenesis and cycling (Miranda-Vilela et al. 2014). In particular, growth factors secreted by DP cells directly promote proliferation as well as differentiation of surrounding matrix cells. Consequently, DP cells stimulate hair stem cells to initiate HF generation and new hair growth cycle (Kang et al. 2010). WNT/β-catenin and bone morphogenetic protein (BMP) pathway are one of the crucial signaling for HF generation (Kishimoto et al. 2000). There are reports that WNT/β-catenin is essential for proliferation and differentiation of hair shaft (Millar et al. 1999; Cotsarelis et al. 1990). Moreover, WNT/β-catenin signaling by DP cells is required to maintain hair inductivity (Soma et al. 2012). Additionally, BMP from transforming growth factor β (TGFβ) superfamily is important for HF development (Millar 2002; Botchkarev and Paus 2003; Rendl et al. 2008). Previous studies showed that WNT/β-catenin and TGFβ family interact to regulate the transcription of a number of genes, which is related with HF formation. Furthermore, there are synergistic effects between WNT/β-catenin and TGFβ signaling pathway in various cellular functions including tumorigenesis and stem cell differentiation (Choi et al. 2017). Because TGFβ family is crucial for HF morphogenesis as well as hair cycle, we developed synthetic peptides which are structurally similar to endogenous human TGFβ family but possess unique sequences, which we named, dermal papilla stem cell activator-1 (DPS-1). To investigate the function of DPS-1 on HF formation and cycle, we determined whether DPS-1 promotes human dermal papilla (HDP) cell proliferation as well as WNT/β-catenin signaling. Moreover, we determined stimulatory effects on hair growth by DPS-1 from C57BL/6 mice.

Materials and methods
Synthesis of TGFβ family mimetic peptide
A synthetic peptide (DPS-1), designed based on original protein sequence of TGFβ family, which is part of receptor-binding sequence, GNCWL. DPS-1 was synthesized using the solid phase peptide synthesis method. Briefly, amino acid (3 equiv), HOBt (3 equiv), and diisopropylcarbodiimide (3 equiv) were added into a DMF solution. After activation, the solution was added to the resin DMF solution and agitated for 4 h. Each gradient coupling reaction in solid phase was repeated until no color change of the resin was monitored in ninhydrin test. After cleavage, the crude peptide was triturated with diethyl ether chilled at − 20 °C and was centrifuged at 3000 rpm for 10 min. Diethyl ether was decanted, and the crude peptide was dried under nitrogen. The purity of crude peptide (< 95%) were confirmed by analytical HPLC with a C18 column using a linear gradient of H2O and acetonitrile (0–100% acetonitrile) containing 0.1% TFA. The resulting product was purified by prep-HPLC with a C18 column using a water (0.1% TFA)-acetonitrile (0.1% TFA) gradient to give DPS-1. DPS-1 was confirmed by MALDI-TOF Mass (Voyager DE-STR, Applied Biosystems, USA, Cal. mass 1335.70, Obs. mass 1335.70).

Cell culture and materials
Human dermal papilla (HDP) cells were maintained using Dulbecco’s modified Eagle medium (DMEM; Hyclone, Logan, UT, USA) with 1% penicillin/streptomycin (10,000 units/ml penicillin G sodium, 10,000 μg/ml streptomycin; Gibco-BRL/Invitrogen Life Technologies, Gaithersburg, MD, USA) and 10% fetal bovine serum (FBS; Hyclone) and incubated at 5% CO2 and 37 °C. Tofacitinib was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell viability assay
2 × 103 of HDP cells were plated in a 96-well plate and then incubated for 24 h. After 24 h, DPS-1 was treated with indicated concentration for 24 h. Water-soluble tetrazolium salt (WST-1) solution was added and incubated for 20 min. Optical density of each wells were measured at 450 nm using a microplate reader iMark (Bio-Rad, Hercules, CA, USA). And the value was calibrated by measuring a reference absorbance at 650 nm.

Quantitative RT-PCR (qRT-PCR)
Total RNA was extracted from HDP spheres using a TRIzol reagent (Thermo Fisher Scientific, Rockford, IL, USA). The RNA was converted into cDNA with M-MLV reverse transcriptase (Thermo Fisher Scientific). qRT-PCR was performed using a SYBR™ green PCR master mix (Thermo Fisher Scientific) with a Step OnePlus Real-Time PCR System (Applied Biosystems-Thermo Fisher Scientific). All the above steps were performed according to the manufacturer’s protocol. The sequences of the primers used for qRT-PCR are as follows: WNT family member 5A (WNT5A): 5′-TCCACCTTCCTCTTCACACTGA-3′ (forward) and 5′-CGTGGCCAGCATCACATC)-3′ (reverse); lymphoid enhancer-binding factor-1 (LEF1): 5′-CCCGATGACGGAAAGCAT-3′ (forward) and 5′-TCGAGTAGGAGGGTCCCTTGT-3′ (reverse); WNT inhibitor factor-1 (WIF1): 5′-TGGCATGGAAGACACTGCAA-3′ (forward) and 5′-GGCCTCAGGGCATGTATGA-3′ (reverse); GAPDH: 5′-ATCACCATCTTCCAGGAGCGA-3′ (forward) and 5′-TTCTCCATGGTGGTGAAGACG-3′ (reverse). Each mRNA expression level was calculated using the 2−ΔΔCt method and normalized to the expression level of the GAPDH housekeeping gene (Table 1).Table 1The sequences of the primers used for qRT-PCR


	Gene
	Forward primers
	Reverse primers

	WNT5A
	5′-TCCACCTTCCTCTTCACACTGA-3′
	5′-CGTGGCCAGCATCACATC)-3′

	WIF1
	5′-TGGCATGGAAGACACTGCAA-3′
	5′-GGCCTCAGGGCATGTATGA-3′

	LEF1
	5′-CCCGATGACGGAAAGCAT-3′
	5′-TCGAGTAGGAGGGTCCCTTGT-3′

	GAPDH
	5′-ATCACCATCTTCCAGGAGCGA-3′
	5′-TTCTCCATGGTGGTGAAGACG-3′





Hair growth activity in mice
Eight-week-old female C57BL mice were purchased from Oriental Bio Co (Seoul, Republic of Korea). After a 7-day acclimation period for being automatically maintained at 21–25 °C and a relative humidity of 45–65% with a controlled light–dark cycle, the animals were divided into three randomized groups (n = 8) to investigate hair growth-promoting activity of DPS-1. DPS-1 (250 μg/ml) or tofacitinib (500 μg/ml) was topically applied on dorsal back daily for 15 days. Reagents used for the hair growth test were dissolved in a vehicle containing 150 μl of acetone and 30 μl glycerol. All animals were cared for by using protocols approved by the Institutional Animal Care and Use Committee (Konkuk University, Republic of Korea) no. KU16199.

Statistical analysis
All data are expressed as mean ± standard deviation (SD) of three independent experiments. Statistical analyses were conducted using GraphPad Prism 6 software (Graphpad software, San Diego, CA, USA). Data were analyzed using two-tailed Student’s t test or one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post test. p < 0.05 was considered statistically significant.


Results
Effect of DPS-1 on HDP cell proliferation
Because of previous report that TGFβ family activates hair cycle by promoting HDP activation, we determined whether DPS-1 promotes HDP growth. To test this, we performed proliferation analysis using WST-1 assay after culture with or without DPS-1. Because of recent report that 3D spheroid culture of HDP enhances hair inductivity as well as cycle compared to conventional 2D culture, 3D spheroid culture is regarded as relevant culture method for HF formation (Guo et al. 2008). Thus, we tested HDP proliferation by DPS-1 on both conventional 2D and 3D spheroid culture. Although DPS-1 does not promote HDP proliferation on conventional 2D (Fig. 1a), 3D spheroid cultured HDP proliferation was promoted by DPS-1 treatment (Fig. 1b). Tofacitinib, which has been reported to promote hair growth, was used as a positive control (Harel et al. 2015). These results indicate that DPS-1 has a proliferative effect on 3D spheroid cultured HDP cells.[image: A41702_2018_33_Fig1_HTML.png]
Fig. 1Effect of DPS-1 on HDP cell proliferation. Effect of DPS-1 treatment on the viability of 2D monolayer cultured (a) and 3D spheroid cultured HDP cells (b). HDP cells were seeded into 96-well plates and pre-treated with various concentrations of DPS-1 (0, 50, 100 μg/ml) or tofacitinib (200 nM) for 24 h. Cell viability was measured using WST-1 assay. Data are presented as the mean ± SD of results from three independent experiments. HDP human dermal papilla, WST-1 water-soluble tetrazolium salt. p < 0.01 is present as ** and p < 0.005 is present as ***





Effect of DPS-1 on HDP sphere formation
We next determined whether DPS-1 increases the sphere size of HDP cells, which is related with hair inductivity. To test this, microscopic analysis was performed. Self-assembly as well as size of DPS-1-treated HDP spheroids were increased compared to vehicle-treated HDP spheroids (Fig. 2a). We confirmed this result by performing three independent replicate experiments (Fig. 2b). These results demonstrate that DPS-1 promotes the formation of HDP spheroids, which enhances hair growth inductivity.[image: A41702_2018_33_Fig2_HTML.png]
Fig. 2Effect of DPS-1 on HDP sphere formation. Comparison of spheroid formation of control and DPS-1-treated HDP cells. a Phase images of spheroid of control and DPS-1-treated HDP cells. Images were analyzed after 24 h of DPS-1 treatment. b The diameter of spheroid was quantified. Data are presented as the mean ± SD of results from three independent experiments. p < 0.001 is present as ****





Effect of DPS-1 on hair growth-related gene expression from HDP cells
We determined whether DPS-1 regulates mRNA expression including WNT5A, WIF1, and LEF1, which were reported as hair growth-related signature genes (Ohyama et al. 2010; Yang and Cotsarelis 2010), using a quantitative reverse transcriptase PCR (RT-PCR). As a result, DPS-1 increased expression levels of WNT5A (Fig. 3a), WIF1 (Fig. 3b), and LEF1 (Fig. 3c) from 3D spheroid cultured HDP cells. These data indicated that DPS-1 increases spheroid size as well as signature genes of HDP, which is related with HF.[image: A41702_2018_33_Fig3_HTML.png]
Fig. 3Effect of DPS-1 on hair growth-related gene expression from HDP cells. HDP cells were seeded into 6-well plates and pre-treated with indicated concentrations of DPS-1 (100 μg/ml) or tofacitinib (200 nM) for 24 h. The gene expression of hair growth-regulating factors, a WNT5A, b WIF1, c LEF1, were measured by quantitative real-time PCR using specific primers in HDP cells. GAPDH was used as an internal control. Data are presented as the mean ± SD of results from three independent experiments. p < 0.01 is present as ** and p < 0.005 is present as ***





DPS-1 stimulates hair growth in mice
Finally, we investigated whether DPS-1 stimulates hair growth in mice. To test this, the dorsal back of 8.5-week C57BL/6 mice was shaved and vehicle or DPS-1 topically treated for 15 days. Tofacitinib was used as the positive control, which was previously reported to stimulate hair growth by promoting telogen to anagen transition (Harel et al. 2015). As expected, the entry into anagen was evident within 7 days of treatment with tofacitinib, whereas vehicle-treated mice remained in telogen. Interestingly, DPS-1 promoted rapid and intense hair growth in mice with kinetics similar to the tofacitinib (Fig. 4). Histological analysis of the mouse dorsal back skin showed that the diameter and depth of HF were remarkably higher from DPS-1-treated mice compared to the vehicle control.[image: A41702_2018_33_Fig4_HTML.png]
Fig. 4DPS-1 stimulates hair growth in mice. After synchronizing the telogen phase, shaved dorsal back of C57BL/6 mice was topically treated with vehicle control, DPS-1 (250 μg/ml) or tofacitinib (500 μg/ml) for 15 days. Typical photos of dorsal skin (left panel), histological analysis (right panel)






Discussion
HF morphogenesis relies on bidirectional signaling events of dermal papilla (DP)—keratinocyte stem cells. Cyclical periods of growth (anagen), regression (catagen), and rest (telogen) are present during HF development (Paus and Cotsarelis 1999). Each hair cycle is tightly regulated by secreted proteins from DP. A recent report shows that TGFβ superfamily is involved in HF formation by activating DP through WNT signaling pathway. Thus, we hypothesized TGFβ mimetic peptide, may serve function as a HF morphogen, could reinforce HF formation.
We observed that DPS-1 increased the viability and spheroid formation of 3D cultured HDP. Indeed, recent studies have shown that hair inductivity of HDP cells are markedly improved in 3D spheroid formation rather than 2D culture (Choi et al. 2017). Therefore, promoting HDP inductivity by DPS-1 may contribute to establish protocol for HF generation in vitro. In addition, DPS-1 induces DP signature genes, which serve critical roles in hair formation. In particular, DPS-1 induces expression of WNT5A, WIF1, and LEF1 in HDP spheres. Our data suggest that DPS-1 may have similar signaling mechanism to TGFβ on the DP inductivity although further experiment about off-target effects of DPS-1 remains unclear. Lastly, we observed that topical treatment of DPS-1 stimulates hair growth than vehicle control. In mice, activation of WNT/β-catenin signaling induces a pro-growth/anti-quiescence signal during telogen (Telerman et al. 2017), thereby allowing reentry into anagen. Anagen reentry after DPS-1 treatment showed when mice are treated in mid-telogen but not in early telogen, suggesting that DPS-1 may not able to override the quiescence-promoting microenvironment in early telogen.
In summary, our data suggest that DPS-1 may reinforce hair formation property by activation of WNT/β-catenin signaling pathway in 3D spheroid cultured HDP cells. And DPS-1 indeed stimulates HF generation in animal model. These data allow us to speculate that DPS-1 treatment may provide novel strategy in treating alopecia in human.

Conclusions
Our study showed that TGFβ family mimetic peptide, DPS-1, activated WNT/β-catenin signaling pathway in spheroid cultured HDP. Moreover, histological analysis by animal model revealed the diameter and depth of the HF in the dermis from DPS-1-treated mice compared to vehicle treated. In conclusion, our study suggests that DPS-1 promotes proliferation of dermal papillae and stimulates hair growth partly via activation of WNT/β-catenin signaling of hair follicular cells.
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