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ABSTRACT

The role of melatonin in promoting the yield of Cashmere goat wool has been demonstrated for
decades though there remains a lack of knowledge regarding melatonin mediated hair follicle growth.
Recent studies have demonstrated that long non-coding RNAs (IncRNAs) are widely transcribed in the
genome and play ubiquitous roles in regulating biological processes. However, the role of IncRNAs in
regulating melatonin mediated hair follicle growth remains unclear. In this study, we established an in
vitro Cashmere goat secondary hair follicle culture system, and demonstrated that 500 ng/L melatonin
exposure promoted hair follicle fiber growth. Based on long intergenic RNA sequencing, we demon-
strated that melatonin promoted hair follicle elongation via regulating genes involved in focal adhesion
and extracellular matrix receptor pathways and further cis predicting of IncRNAs targeted genes
indicated that melatonin mediated IncRNAs mainly targeted vascular smooth muscle contraction and
signaling pathways regulating the pluripotency of stem cells. We proposed that melatonin exposure not
only perturbed key signals secreted from hair follicle stem cells to regulate hair follicle development, but
also mediated IncRNAs mainly targeted to pathways involved in the microvascular system and extra-
cellular matrix, which constitute the highly orchestrated microenvironment for hair follicle stem cell.
Taken together, our findings here provide a profound view of IncRNAs in regulating Cashmere goat hair
follicle circadian rhythms and broaden our knowledge on melatonin mediated hair follicle morphologi-
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cal changes.

Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a highly con-
served indole mainly secreted by the pineal gland and plays
vital roles in physiological functions such as the circadian cycle,
pubertal development, and seasonal adaptation [1]. Besides, it
is now increasingly believed that melatonin can also be synthe-
sized via extrapineal sites while the dose is limited [2]. The
serum melatonin level is highly dynamic and shows circadian
rhythm changes. Melatonin mainly exerts biological effects via
activating two high-affinity G protein-coupled receptors mel-
atonin receptor type 1, 2 (MT1, MT2, cell membrane receptor)
and retinoid-related orphan nuclear hormone receptor (RZR/
RORa, nuclear receptor) [3]. Research on in vitro cellular
exposure to melatonin demonstrate that melatonin can func-
tion as an antioxidant in mammalian cells and participate in
apoptosis, DNA damage repair, stem cell differentiation and
inflammatory pathways [4-7]. Of particular interest, melatonin
has been known for orchestrating hair growth and pigmenta-
tion for decades [8-11]. It has long been demonstrated that
hypodermic implantation of melatonin can alter wool and
cashmere production in Cashmere goat, besides, pinealecto-
mized rats show abnormal hair follicle growth, further illustrat-
ing that melatonin play vital roles during hair follicle
development [12]. However, there is still limited information

concerning the machinery underlying melatonin regulated
cashmere growth [13].

Cashmere is an important economic trait worldwide and
the world market for cashmere is increasing while the current
production of cashmere is limiting [14]. The growth of cash-
mere is photoperiod-dependent, which manifest as seasonal
molting in many goat varieties. Cashmere goats harbor two
different kinds of fleece: a short and fine non-medullated
cashmere fiber and a long and coarse medullated guard hair.
The growth of secondary hair follicles produces cashmere
while the growth of primary follicles produces guard hairs
[15]. The growth of hair follicles is a highly orchestrated and
cyclic progress which involves three main stages: anagen
(growth), catagen (regression), and telogen (resting) [16,17].
Every year beginning in August, in north China, Cashmere
goats enter a rapid secondary hair follicle growth stage (ana-
gen) in response to seasonal daylight mediated serum mela-
tonin levels. By wusing high-throughput transcriptome
sequencing technologies, studies have revealed that focal
adhesion, extracellular matrix (ECM) receptor interaction
and Wnt/p-catenin/Lefl signaling pathways play vital roles
during hair morphogenesis in Cashmere goat and Bai et al.
demonstrated that miRNAs also show stage specific expres-
sion during the telogen and catagen transition, further
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demonstrating the role of non-coding RNAs in hair follicle
development [18,19].

Increasing studies have demonstrated that noncoding por-
tions of the genome play vital roles in regulating development
processes [20], and it is estimated that only 1.5% of the
genome constitutes protein coding genes [21]. LncRNAs are
transcripts longer than 200 nucleotides and have been demon-
strated to participate in biological processes such as cell
growth,  proliferation  and  differentiation [22,23].
Furthermore, recent studies have demonstrated that
IncRNAs are localized within micro-vesicles and body fluids
including urine and blood, further illustrating their role in
intracellular regulation [24-26]. LncRNAs have multiple func-
tions including transcriptional activation, silencing of protein
coding genes and interacting with mRNA or miRNA to reg-
ulate their function [27]. Increasing data has shown that
IncRNAs participate in cashmere periodic growth and pig-
mentation [28], however, how melatonin regulates cashmere
growth and the IncRNA and mRNA regulatory networks,
during melatonin mediated hair follicle growth, remains
unclear.

In this study, high throughput sequencing was performed
to get insights into the IncRNA and mRNA networks involved
during melatonin-mediated cashmere secondary hair follicle
growth. We firstly isolated goat secondary hair follicle stem
cells (gsHFSCs) from Shaanbei Cashmere goat at anagen and
a cell proliferation assay demonstrated that 500 ng/L of mel-
atonin significantly promoted cell proliferation. In vitro cul-
ture of cashmere secondary hair follicles exposed to different
concentrations of melatonin demonstrated that 500 ng/L of
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melatonin also promoted secondary hair follicle elongation. In
order to explore the expression pattern of IncRNAs and
mRNAs in melatonin mediated secondary hair follicle elonga-
tion, we profiled the IncRNAs and mRNAs in the control and
melatonin exposed goat secondary hair follicles. Our study
illustrates a comprehensive understanding of IncRNAs and
mRNAs interaction networks in melatonin mediated goat
secondary hair follicle models and has the broader goal of
promoting our understanding of the mechanisms involved in
photoperiod-dependent goat seasonal molting.

Results
In vitro isolation and characterization of gsHFSCs

Skin samples were obtained from Shaanbei Cashmere goat
dorsal skin at anagen via surgical operation. gsHFSCs isolation
and in vitro culture procedure are illustrated in Figure 1(a).
Cashmere of Shaanbei Cashmere goat in anagen and telogen
showed significant morphological differences (Figure 1(b)),
briefly, Cashmere goats in anagen harbor abundant secondary
hair follicles while it is not the case for Cashmere goats in
telogen. To obtain desired cell populations, single goat hair
follicles were separated via a pair of precise forceps mechani-
cally (Figure 1(c), left) and further trypsinized with 0.25%
trypsin-EDTA solution, after 3-4 days cells formed adherent
cultures in gsHFSCs culture media and HFSCs migrated out
(Figure 1(c), right). To further verify hair follicle stem cell
characteristics of the obtained cells, three commonly used
hair follicle stem cells markers were used for characterization

In vitro 3D agar-based
gHF culture

gHFSCs in vitro culture

Figure 1. gsHFSCs in vitro isolation pipeline and characterization. (A) Schematic diagram of the Cashmere gsHFSCs in vitro culture and single hair follicle in vitro
agar based 3-D culture system. (B) Representative images obtained from anagen and telogen Shaanbei White Cashmere goat back skin. Scale bar, 1.5 cm. (C)
Representative image of anagen Cashmere goat secondary hair follicles and in vitro cultured gsHFSCs. Scale bar, 400 um. (D) Co-immunofluorescent staining of the
hair follicle stem cell markers ITGB1, K15, CD34 and non-hair follicle stem cell marker K10 in gsHFSCs. Scale bar, 50 um.



of the putative gsHFSCs [29,30]. The results showed that
gsHFSCs expressed the hair follicle stem cell markers ITGBI,
Keratin 15 (K15) and CD34, but not Keratin 10 (K10), andin
vivo Cashmere goat skin immunohistochemistry staining
further indicates that these gsHFSCs are mainly located in the
hair follicle structures (Figure 1(d) and Fig. S1). These data
demonstrated that the current established in vitro culture sys-
tem enables growth and expansion of cells with gsHFSCs
characteristics.

Effects of melatonin on gsHFSCs proliferation and goat
secondary hair follicle elongation

Since previous data indicated that melatonin implants subcu-
taneously are able to promote goat wool and cashmere pro-
duction [13,31], we sought to investigate the effect of
melatonin exposure on the proliferation of gsHFSCs and
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hair fiber elongation in vitro. Morphology observation of
gsHESCs revealed no significant macroscopic changes after
melatonin exposure (Figure 2(a)). Then, a series of melatonin
concentrations and different exposure times were applied to
test cell viability of gsHFSCs using the MTT proliferation
assay. The exposure time of 36 h using 100 - 600 ng/L
melatonin concentrations promoted gsHFSCs proliferation,
with the most significant proliferation promoting effect at
500 ng/L of melatonin (Figure 2(b)). In contrast, 24 h mela-
tonin exposure did not significantly affect gsHFSCs prolifera-
tion. To further investigate whether 500 ng/L of melatonin
significantly promotes gsHFSCs proliferation at 36 h, we
performed an EdU incorporation assay, and the data demon-
strated that the percentage of EAU positive cells in the mela-
tonin group was 77.75%, while it was 70.75% in the control
group (Figure 2(c)). Cell cycle analysis revealed that melato-
nin exposure did not affect the percentage of gsHFSCs at G2
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Figure 2. Effects of melatonin exposure on gsHFSCs proliferation and single hair follicle morphological changes. (A) Representative images depicting
gsHFSCs morphology after exposure to different concentrations of melatonin at 24h. Scale bar, 200 um. (B) Cell viability analysis of different concentrations of
melatonin on gsHFSCs proliferation following 24 and 36 h exposure. (C) Flow cytometry and immunofluorescence analysis of EdU positive gsHFSCs after 0 and 500
ng/L melatonin exposure at 36 h. (D) Scheme diagram for in vitro 3D agar-based goat single hair follicle culture system. (E) Microscopic comparison of hair shafts
between the control and 500 ng/L melatonin exposed Cashmere goat secondary hair follicles. Cashmere goat hair follicles were culture in agar based 3-D culture
system for a week. Scale bar, 40 um. (F) TEM pictures of Cashmere goat secondary hair follicle dermal papilla after melatonin exposure. Scale bar, 2 um. (G) TEM
pictures of Cashmere goat secondary hair follicle outer root sheath. Scale bar, 2 pm.
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and S phase at 24 h, while exposure at 36 h showed an
increased percentage of G2 and S phase in the 100 and 300
ng/L melatonin exposed group (Fig. S2). We established an in
vitro 3-D agar-based single hair follicle culture system
(Figure 2(d)), and cultured goat secondary hair follicles with
exposure to 500 ng/L of melatonin for a week according to
our data above and previous observations by Ibraheem et al
[11], and we found that the hair shaft in the melatonin
exposed group showed enhanced elongation (Figure 2(e)). In
addition, TEM was utilized to gain further insight into the
ultrastructure changes caused by melatonin exposure.
Compared with the control group, the 500 ng/L melatonin
exposed goat secondary hair follicle bulb showed more dense
medullary and melanin granules (Figure 2(f)). TEM analysis
of the goat secondary hair follicle outer root sheath demon-
strated that hair follicles exposed to melatonin resulted in a
thicker layer of outer root sheath when compared with the
unexposed control group. These data together showed that
melatonin exposure in vitro, in our established 3-D agar-based
single hair follicle culture system, promoted hair shaft elonga-
tion and melanin granule accumulation in the hair bulb.
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Classification of Raw Reads (C1)

Comparison of IncRNAs and mRNAs profiles affected by
melatonin exposure

To gain further insights into the mRNA and IncRNA signa-
tures of goat secondary hair follicles during melatonin expo-
sure, we performed IncRNA sequencing on the control and
500 ng/L melatonin exposed goat secondary hair follicles
(Figure 3(a)). A total of 538,926,668 raw reads were generated
using the Illumina HiSeq 2000 Platform in which 508,431,996
reads were clean (Table 1), the clean reads generation rate was
higher than 85% for all samples (Figure 3(b)). A total of 170
differentially expressed mRNAs and 63 differentially
expressed IncRNAs were identified (Supplementary Table 1,
2). The genome-wide distribution of differentially expressed
IncRNAs and mRNAs was visualized via a Circos plot
(Figure 3(c)). Noteworthy, differentially expressed mRNAs
and IncRNAs were found to be located on autosomes rather
than on sex chromosomes. Unsupervised hierarchical cluster-
ing (UHC) of non-amplified samples showed that control
groups were clustered closely, the same as the melatonin
group (Fig. S3A). Furthermore, our data demonstrated that
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Figure 3. mRNA and IncRNA sequencing data comparison and distribution. (A) Detailed schematic diagram of the IncRNA sequencing pipeline used in this
study. (B) Raw reads classification and distribution of all samples in this study. (C) Genome wide distribution of differentially expressed mRNAs and IncRNAs.
Chromosomes were labeled with serial number (scale Mb) and the red and blue histogram indicates p-value of differentially expressed mRNAs and IncRNAs
individually. (D) Comparison of exon number, transcript length, open reading frame length between IncRNAs and mRNAs. Pearson correlations between samples

were also analyzed.



Table 1. High sequencing data quality control.

Error GC
Clean rates Q20 Q30 content
Sample Raw reads Clean reads bases (%) (%) (%) (%)
1 115,749,918 103,847,092 15.58G  0.02 9451 8730 51.73
Q 147,588,556 140,418,824 21.06G  0.02 96.06 91.55 51.44
MLT1 143,722,372 137,148,008 20.57G  0.02 96.48 9230 52.26
MLT2 131,865,822 127,018,072 19.05G  0.03 94.08 86.27 51.81

compared with mRNAs, IncRNAs showed fewer exon num-
bers, shorter open reading frame lengths, and fewer tran-
scripts (Figure 3(d)). Expression similarities between samples
were analyzed via Pearson correlation analysis with an
R? > 0.8. These data demonstrated here were similar to pre-
viously described IncRNA sequencing data [32,33].

Melatonin exposure altered genes expression involved in
hair morphogenesis pathways

We then performed differential expression analysis of signifi-
cantly expressed genes. Figure 4(a) shows differentially-
expressed genes in goat secondary hair follicles that were
found to be regulated by melatonin, and Figure 4(b) shows
the genome-wide distribution of these genes. To better under-
stand gene networks affected by melatonin exposure, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed. Differentially
expressed genes were found to be enriched in a total of 518
GO terms associated with biological processes, 138 GO terms
associated with cell components, and 303 GO terms involved
in molecular function (Figure 4(c) and supplementary
Table 3). KEGG pathways were enriched with differentially
expressed genes involved in Focal adhesion and ECM receptor
interactions (Figure 4(d) and supplementary Table 4), two
pathways previously reported to play indispensable roles dur-
ing Cashmere goat hair follicle telogen and catagen transition
[18]. Protein-protein interaction analysis using the STRING
Database (https://string-db.org) showed that the differentially-
expressed genes THBS2, COL3A1, DCN and LUM were key
nodes in the regulatory network. Together, these data demon-
strate that melatonin exposure can influence the regulation of
genes involved in hair follicle morphogenesis.

LncRNA TCONS_00255106 and TCONS_00206163 are two
potential regulatory factors involved in key signals
regulating hair follicle morphogenesis

The quantification of IncRNAs revealed that 64 IncRNAs were
differentially expressed after melatonin exposure (Figure 5(a)).
Given that IncRNAs regulate neighboring mRNAs in cis, and
these target genes can be predicted [32], we performed predic-
tion analysis of the upstream and downstream 100 kb of differ-
entially expressed IncRNAs. A total of 160 potential target
genes were predicated as targets of the 64 differentially
expressed IncRNAs (Supplementary Table 5). The predicted
targeted genes have roles in vascular smooth muscle contrac-
tion and signaling pathways regulating the pluripotency of
stem cells (Figure 5(b)). Comparison between the differentially
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expressed mRNAs and IncRNAs potential target mRNAs
revealed that COL4A2 and THBS2 were potential regulatory
factors involved in melatonin regulating goat hair follicle devel-
opment, and were targeted by IncRNA TCONS_00255106 and
TCONS_00206163, respectively. The genomic organization of
IncRNA TCONS_00255106 and TCONS_00206163 and their
target mRNAs are shown in Figure 5(c). In addition, we found
that CARS2, RAB20, ING and NAXD were neighboring
mRNAs to IncRNA TCONS_00255106 in cis. Interestingly,
after melatonin exposure, IncRNA TCONS_00255106 was
down-regulated while IncRNA TCONS_00206163 was up-
regulated, and similar expression patterns were observed for
their targeted mRNAs (Figure 5(d)). RT-qPCR validation of
selected differentially expressed mRNAs and IncRNAs also
showed similar expression pattern to the RNA sequencing
data (Fig. S3B).

Melatonin regulated IncRNA and mRNA interactive
network

To gain further insights into melatonin’s role in hair follicle
development related to the IncRNA/mRNA interactive net-
work, we combined these differentially expressed mRNAs and
target genes of differentially expressed IncRNAs and then
performed protein-protein interactive network analysis
(Figure 6). The results demonstrated that IncRNA
TCONS_00255106 and TCONS_00206163 (red node) partici-
pated into ECM-receptor interaction and focal adhesion path-
ways via COL4A2 and THBS2. The TGF-beta, MAPK, and
PI3K-Akt signaling pathways were also involved in the mela-
tonin mediated regulatory network. An additional 9 melato-
nin-regulated IncRNAs (blue node) and their targeted genes
were also visualized, although these target genes were mainly
involved in vascular smooth muscle contraction and signaling
pathways regulating the pluripotency of stem cells, they also
showed strong interaction with the differentially expressed
mRNA network.

Discussion

Cashmere goats are one of typical seasonal molting mammals
which provide a valuable model for investigating photoper-
iod-dependent hair follicle morphological changes. Pioneering
work has demonstrated that melatonin plays a central role in
transmitting optical signals to regulate phenotype and the role
of melatonin promoting goat wool elongation and pigmenta-
tion has been demonstrated for several decades. However,
there remained a lack of information concerning the melato-
nin intermediated mRNA/IncRNA regulatory networks. With
the development of next generation sequencing technologies,
we are now able to gain a deeper understanding of the
regulatory mechanisms underlying biological processes. In
this study, we established an in vitro 3D gsHFSCs culture
system and generated, for the first time, the mRNA/IncRNA
regulatory network underlying melatonin-mediated hair folli-
cle elongation. Due to the difficulty in extracting a quality
RNA library from a single Cashmere goat hair follicle, we
used 2 repeats in each group. Although such a design may
cause obvious within-group differences, the general within
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Figure 4. GO analysis and KEGG enrichment of differentially expressed mRNAs. (A) Heatmap of melatonin mediated differentially expressed mRNAs, red
indicated an increased expression, and blue indicated a decreased expression. (B) Genome wide visualization of protein interactive network by Circos. From inside to
outside, blue links indicate protein-protein interactive according to STRING database, orange histogram indicates p-value of differentially expressed mRNAs,
combined heatmap of differentially expressed mRNAs between samples, the outer track indicates the control group and the inner track indicates melatonin
exposed group. (C) GO analysis of differentially expressed mRNAs, the top 20 GO terms were shown. (D) KEGG pathway enrichment analysis of differentially expressed
mRNAs, the top 20 pathways were illustrated as bubble plot. The size of the bubble indicates gene number and the color indicates g-value. (E) Protein to protein
interactive network of differentially expressed mRNAs visualized Cytoscape. The color indicates node degree.

group gene expression pattern was consistent. In general, follicle development and facilitate further functional analysis
we identified a source of IncRNA information involved in of hair follicle development related IncRNAs.

melatonin-dependent hair follicle growth, these information Using the in vitro gsHFSCs culture system, we found that
may promote our understanding on IncRNAs regulating hair ~melatonin exposure promoted the proliferation of gsHFSCs at
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Figure 5. IncRNA analysis perturbed by melatonin exposure. (A) Heatmap of differentially expressed IncRNAs, red indicated an increased expression, and blue
indicated a decreased expression. (B) Veen diagram comparison of differentially expressed mRNAs and differentially expressed IncRNA cis targeted mRNAs. The box
indicates KEGG enrichment of its corresponding population. (C) Genomic location of IncRNA TCONS_00255106 and TCONS_00206163 and their potential cis targeted
mRNAs. (D) Relative expression (FPKM) comparison of IncRNA TCONS_00255106, TCONS_00206163 and mRNA THBS2, COL4A2.

36 h, with 500 ng/L exposure showing the most significant
promoting effects. Noteworthy, our cell cycle analysis showed
that the percentage of gsHFSCs at G2 and S phase in the 500
ng/L exposed group did not show significant changes after
melatonin exposure, we may presume that 500 ng/L melato-
nin may change the length of cell cycle but not the percentage
of gsHFSCs at G2 and S phase. According to a previously
published in vitro tissue culture system [34], we established a
3-D agar based goat hair follicle culture model. Our data
demonstrated that melatonin exposure enhanced hair shaft
elongation and influenced the thickness of the cuticle and
melanin granule accumulation, which was consistent with
previous studies [11]. However, Foldes and his colleagues
reported that endogenous extirpation of the pineal gland
caused no effect on wool growth [35], which was inconsistent
with previous studies demonstrating that melatonin implants
subcutaneously could promote goat wool and cashmere pro-
duction [31]. Although breed, age of goat, and experiment
conditions may be potential causes for such inconsistency, it
is possible that melatonin concentrations within the organism
may play a role as that exogenous melatonin may be main-
tained at a certain level in a compensatory mechanism by
melatonin synthesis within the hair follicle, even though

serum melatonin levels were decreased [2,36,37]. Besides,
since it is unclear which effects are mediated by melatonin
and its metabolites in the current system and melatonin
metabolism in vitro may be different to in vivo conditions,
further study may focus on such analysis [38,39].

Cashmere goat hair follicles undergo periodical cycles
every year, which involves three main stages: anagen, catagen
and telogen [17]. The exact molecular machinery regulating
hair cycle has been illustrated in the murine model, while it
remains unclear in Cashmere goats. In the murine model, the
hair follicle cyclical morphogenesis is mainly triggered by
signals from dermal papilla cells, including Wnt/B-catenin/
Lefl pathways, bone morphogenetic protein (BMP) pathways
and FGF?7 signaling [16,40,41]. Using a bioinformatics based
analytical procedure, we found that, following melatonin
exposure, differentially expressed genes were enriched in
focal adhesion (COL4A2, ITGA5, PDGFRA, PDGFRB,
THBS2, etc.) and ECM-receptor interaction (COL3AI,
ITGA11, TNN, COL5A3, THBS2, etc.) pathways, these obser-
vations were highly reminiscent of RNA transcriptome analy-
sis of Cashmere goat hair follicle anagen to telogen transition
and transcriptome differences between Cashmere goat pri-
mary and secondary hair follicle dermal papilla cells [18,42].
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Noteworthy, we also observed that WNT5A and BMPRIB,
two key regulatory factors involved in Wnt and BMP signal-
ing, were significantly regulated after melatonin exposure,
further illustrating that melatonin exposure might similarly
regulate key molecules involved in hair follicle cyclical transi-
tion. Different from the pathways involved in hair follicle
stage transition, our data here demonstrated that melatonin
exposure might perturb pathways involved in focal adhesion
and ECM receptors. Interestingly, a recent observation in
mice demonstrated that ECM receptor pathways showed
indispensable roles in retaining the self-renewing capacity
and multipotency of hair follicle stem cells in vitro. Thus,
we presume that melatonin exposure may directly affect hair
follicle stem cells and further perturb pathways involved in
hair follicle morphological changes. Perturbation of hair fol-
licle stem cell identity related genes LGR5 and PDGFRA may
also support this hypothesis.

Extracellular matrix plays vital roles in skin homeostasis
and also functions as structure basis for cell communication
of multiple kinds of skin cells [43]. Besides, highly specialized
extracellular provides unique scaffold for skin appendage such
as hair follicles. The development of extracellular matrix
involves a component of different protein families, including
collagen, laminins et al [44]. By comparison of IncRNAs and
mRNAs profiles affected by melatonin exposure, we found
that THBS2 and COL4A2 were two key molecules involved,

both of which are key genes involved in collagen fibrillogen-
esis [45,46], and researches on murine models demonstrated
that THBS -/- mice showed abnormal formation of collagen
fibers and COL4A2 -/- mice also showed abnormal matrix
deposition, these together further demonstrated that melato-
nin might regulate Cashmere goat secondary hair follicle
growth via ECM receptors. Furthermore, protein-protein
interaction assay demonstrated that THBS2, COL3A1, DCN
and LUM were key nodes in the regulatory network, all these
four genes are also vital for collagen fibrillogenesis in the skin,
which are essential for skin homeostasis, as gene knock out
mice model of these genes showed abnormal collagen fibrils
morphology in the skin [46-49].

Recent research demonstrated that cis-acting IncRNAs could
regulate the expression of genes in the vicinity of their transcrip-
tion sites [50,51]. In this study, we performed cis-acting target gene
prediction of those differentially expressed IncRNAs, and we
found two IncRNAs specifically targeting genes involved in focal
adhesion and ECM receptor pathways, further illustrating the role
of IncRNAs in regulating hair follicle development. In addition, we
also performed KEGG pathway enrichment analysis for the
IncRNA targeted genes and found that these genes were involved
in vascular smooth muscle contraction and signaling pathways
regulating pluripotency of stem cells. Noteworthy, previous data
demonstrated that enhanced hair follicle vascularization could
promote hair follicle growth and hair follicle elongation



[42,52,53]. Thus, melatonin-mediated hair growth may be
explained by melatonin exposure that directly affects the hair
follicle stem cell behavior which in turn affects key signals involved
in hair follicle development. At the same time, the IncRNAs
participated into the regulatory circuitry and affected key signals
(vascular smooth muscle contraction and signaling pathways reg-
ulating pluripotency of stem cells) in the hair follicle bulge to
orchestrate the stem cell niche (Figure 7). The specialized micro-
vascular and extracellular niche constitute the microenvironment
suitable for regulating hair follicle transition and orchestrating
signaling response to regulatory molecules.

In conclusion, our data demonstrated that 500 ng/L mela-
tonin exposure in an in vitro culture system promoted hair
fiber growth and growth of Shaanbei Cashmere gsHFSCs
based on a 3D secondary hair follicle in vitro culture system.
Using IncRNA sequencing technology, we found that melato-
nin exposure perturbed genes involved in focal adhesion and
ECM receptor pathways, while the differentially expressed
IncRNAs mainly targeted genes involved in vascular smooth
muscle contraction and signaling pathways regulating the
pluripotency of stem cells. Remarkably, we found that
IncRNA TCONS_00255106 and TCONS_00206163 might
alter COL4A2 and THBS2 expression in a cis acting manner.
We presume that melatonin exposure perturbed genes
involved in hair follicle morphogenesis, while IncRNAs
could potentially be involved in regulating key signaling path-
ways orchestrating the hair follicle stem cell niche and affect-
ing stem cell self-renewing. Taken together, results of this
study could have implications on the roles of IncRNAs in
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regulating hair follicle development, and warrants further
functional analysis of the identified IncRNAs in regulating
hair morphogenesis.

Materials and methods
Animals

The Shaanbei White Cashmere goats used in this study were
obtained from the Shaanbei Cashmere Goat Engineering
Technology Research Center of Shaanxi Province, fed with
Cashmere goat standard of Shaanxi Province (DB61/T583-
2013, http://www.sxny.gov.cn/). The cashmere goats were
1 year old with coefficient of relationship < 0.125. All experi-
mental and surgery procedures involved in this study were
approved by the Experimental Animal Manage Committee of
Northwest A&F University.

Isolation and culture of gsHFSCs

Skin samples were collected from the dorsal skin and
immediately rinsed in ice-cold saline supplemented with
100 U/ml penicillin and 100 mg/ml streptomycin (Gibco,
Grand Island, NY, USA), then the samples were clipped
with scissors, and ophthalmic forceps (Sigma, St. Louis,
MO, USA) were used to isolate goat secondary hair follicles
(Sigma, St. Louis, MO, USA). For hair follicle in vitro
culture, 1.5% agarose gel stands were prepared as pre-
viously described [34]. The gels were cut into hexahedrons
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Figure 7. Proposed diagram for melatonin mediated Cashmere secondary hair follicle growth.
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of about 10 mm x 10 mm X 5 mm in size and were soaked
with culture media in 12-well plate 2 h before use. About
3-5 single goat secondary hair follicles were placed on
agarose gel stands half soaked with medium and medium
was changed every 2 days. For the gsHFSCs in vitro isola-
tion, single secondary hair follicles were trypsinized with
0.25% trypsin-EDTA solutions at 37°C for 15 min, then the
hair bulb was mechanically cut down with a 1 ml syringe
and the obtained cells were cultured with gsHFSCs media
in adherent culture dishes. The gsHFSCs media consisted of
DMEM/F12 media (Gibco, Beijing, China) supplemented
with 2% B27 supplement (Gibco, Grand Island, NY,
USA), 20 ng/ml epidermal growth factor (EGF, Sigma, St.
Louis, MO, USA), 40 ng/ml recombinant human FGF-basic
(bFGF, PeproTech, Rocky Hill, NJ, USA), penicillin
(100 U/ml) and streptomycin (100 mg/ml) as we previously
described [54].

Immunofluorescence analyses

Immunocytochemistry and immunohistochemistry were per-
formed as we previously described with some modifications
[54]. Briefly, for immunocytochemistry analysis, adherent
gsHFSCs were trypsinized with 0.25% trypsin-EDTA for
5 min at 37°C to prepare a single cell suspension. Single cell
pellets were then fixed with 4% paraformaldehyde at 4°C
overnight, about 40 pl single cell suspensions were cytospined
in 3-Aminopropyl-Triethoxysilane (APES) (ZSGB-BIO,
Beijing, China) treated slides, following permeabilised in
0.5% Triton X-100 PBS (Solarbio, Beijing, China) solution
for 10 min, the slides were then blocked with PBS containing
10% goat serum (BOSTER, Wuhan, China) and 0.5% triton
X-100 for 40 min at room temperature. Slides were then
incubated with primary antibodies against ITGB1 (Sangon,
Shanghai, China), CD34 (Abcam, Shanghai, China) and
Keratin 15 (Abcam) at 4°C overnight. Goat anti-rabbit Ig-
CY3/FITC-conjugated secondary antibodies (Solarbio) were
used to specifically bind to primary antibodies at 37°C for
30 min. Hoechst33342 was used for nuclei staining and the
slides were finally mounted with Vectashield mounting media
(Vector, Burlingame, CA, USA). All pictures were taken
under Olympus BX51 fluorescence microscope imaging sys-
tem (Olympus, Tokyo, Japan).

For immunohistochemistry, single secondary hair folli-
cles were fixed with 4% paraformaldehyde at 4°C over-
night, followed by dehydration in a gradient ethanol
series. The samples were then rinsed with xylene and
further embedded in paraffin. Embedded samples were
serially cut into 5 pm sections using a microtome (Leica
RM2255, Nussloch, Germany). Before staining, slides were
deparaffinized in xylene and antigen retrieval was per-
formed in 0.01 M sodium citrate buffer at 96°C for
10 min. PBS supplemented with 10% goat serum and 3%
bovine serum albumin (Sigma) was used for blocking at
room temperature for 40 min. Primary antibodies were
then incubated with the samples at 4°C overnight. The
remaining procedure was in accordance with immunocy-
tochemistry procedure indicated above, pictures were also

obtained under Olympus BX51 fluorescence microscope
imaging system.

Cell viability analysis

For cell viability analysis, MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) (MP Biomedicals Europe,
Illkirch, France) was used for cell proliferation assay. Briefly,
single gsHESCs pellets were seeded in a 96 well culture dish at a
concentration of 1 x 10* cells/well, the cells were then exposed
to different concentrations of melatonin, and the culture med-
ium was aspirated off after treatment. Then, 50 pl of 0.5 mg/ml
MTT solution were incubated at 37°C for 4 h in dark. A total of
150 ul DMSO (Amresco, Solon, OH, USA) were used for for-
mazan crystals formation and the optical density value was
measured with a multiwell microplate reader (Thermo
Scientific, Waltham, MA, USA) at the wavelength of 570 nm.

5-ethynyl-2'-deoxyuridine (EdU) cell incorporation assay

For cell proliferation assay, 5-ethynyl-2'-deoxyuridine (EdU)
Cell-Light™ EdU Apollo®567 in Vitro Flow Cytometry Kit
(RiboBio, Guangzhou, China) was used. Briefly, 100 uM
EdU were incubated with gsHFSCs for 36 h, then, the cells
were harvested by trypsinization and fixed with 4% parafor-
maldehyde for 30 min at room temperature. After permeabi-
lization with 0.5% Trion X-100 for 10min at room
temperature, cells were stained with 100 uM Apollo 550 fluor-
escent azide reaction buffer for 10 min at room temperature.
Following washed three times with PBS, cells were incubated
with DAPI (Sigma) for 5 min to stain nuclei. EQU positive cell
was either analyzed with a FACSCalibur™ flow cytometer or
Olympus BX51 fluorescence microscope imaging system.

Cell cycle analysis

Single cell pellets were fixed with 70% ethanol overnight prior
to staining, then the cells were stained with 50 pg/ml PI
(Sangon) and 100 pg/ml RNase Type A (Beyotime, Beijing,
China) in PBS at 37°C for 30 min. After incubation, the cells
were immediately turned to a FACSCalibur™ flow cytometer
(Becton Dicksion, San Jose, CA, USA) and ~20,000 cells were
collected for analysis. Data were analyzed with MODIFIT
software (Becton-Dickinson, San Jose, CA, USA).

Transmission electron microscope analysis

For ultrastructural analysis, single hair follicles were fixed
with 2% glutaraldehyde in PBS for 2 h and 1% OsO4 for 1 h
at 4°C. Then, the samples were dehydrated with ethanol series
and infiltrated with embedding medium in propylene oxide.
Polymerization was performed at 37°C for 12 h, 45°C for 12 h
and 60°C for 48 h. Samples were sectioned with an ultrami-
crotome (Leica EM UC7, Nussloch, Germany) and then were
mounted on form var-coated, carbon-stabilized Mo grids.
HT7700 transmission electron microscope (JEOL Ltd.,
Tokyo, Japan) was used to obtain ultrastructure of goat sec-
ondary hair follicles. Pictures were taken at an accelerating
voltage of 80 kV.



RNA extraction and quality control

All hair follicles subjected to RNA sequencing were isolated
from the same goat, the obtained single Cashmere goat hair
follicle were then divided into two groups (control vs melato-
nin). For each group, 2 repeats were used and each repeat
contained 3-4 single Cashmere goat hair follicles. Total RNA
was extracted from the secondary hair follicles using RNA
purification kit (Invitrogen, Carlsbad, CA, USA) according to
manufacturer’s instructions. RNA concentration was mea-
sured using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer
(Life Technologies, CA, USA) and RNA integrity was ana-
lyzed with the RNA Nano 6000 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, CA, USA).

Library preparation for IncRNA sequencing

Library construction and IncRNA sequencing were performed
as previously described [28]. For library construction, about 3
pug RNA per sample was used and ribosomal RNA was
removed by Epicentre Ribo-zero™ rRNA Removal Kit
(Epicentre Technologies, Madison, WI, USA). Paired-end
reads were then prepared by NEBNext® Ultra™ Directional
RNA Library Prep Kit (NEB, Beverly, MA, USA) for
Mumina® following manufacturer’s instructions. Then the
cDNA libraries were subjected to standard Illumina sequen-
cing procedure using the HiSeq2000 sequencing systems.

Bioinformatics analysis

Raw data (raw reads) of fastq format containing adapter, poly-N
and low quality reads were firstly removed with in-house perl
(www.perl.org) scripts, Q20, Q30 and GC content were used to
filter high quality clean data. Reference goat genome and anno-
tation files were downloaded from genome website (http://goat.
kiz.ac.cn) directly. Bowtie v2.0.6 was used to build index of
reference genome and TopHat v2.0.9 was used for aligning
reads to the goat genome [55-57]. Transcript assembly was
performed with Cufflinks [58]. LncRNAs and coding genes
expression quantification (FPKM, fragments per kilobase of
exon per million fragments mapped) were analyzed with
Cuftdiff (v2.1.1) [58], and transcripts or genes with an adjusted
p-value < 0.05 were considered differentially expressed.

Genome distribution of differentially expressed mRNAs and
IncRNAs was illustrated with Circos (http://circos.ca/) and GO
enrichment analysis was performed with DAVID database
(https://david.ncifcrf.gov/) [59,60]. For KEGG analysis, differ-
entially expressed genes were analyzed with KEGG online
website (http://www.genome.jp/kegg/). Protein-protein inter-
action network of differentially expressed genes were analyzed
with STRING database (https://string-db.org/), further visua-
lized with Cytoscape (http://www.cytoscape.org/). For target
prediction of IncRNAs to differentially expressed genes, Cis
role of target gene prediction was analyzed. LncRNA were
considered to interact with differentially expressed genes if
they were located within 100 kb upstream or downstream of
IncRNAs.
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Real-time quantitative PCR (RT-qPCR) analysis

Primers used for RT-qPCR analysis were listed in supplemen-
tary table 6. All PCR procedures were performed as we pre-
viously described [61]. Briefly, PrimeScript™ RT reagent Kit
(TaKaRa, Dalian, China) was used to obtain the first strand
c¢DNA. RT-qPCR was performed with Bio-Rad CFX96
Touch™ Real Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA) using the SYBR Premix
Ex TaqTM kit (TaKaRa, Dalian, China). Reaction conditions
were set as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 12 s and 58°C for 30 s.

Statistical analysis

Statistical comparisons involved in this study were analyzed
and visualized with GraphPad Prism 5.0 software (GraphPad
Software, San Diego, CA, USA). Student’s two-tailed t-test
was used to determine statistical significance and a significant
difference was considered at P < 0.05 for all tests.
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