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Background: Circular RNAs, a novel class in the eukaryotic transcriptome, are characterized by the 3′ and 5′ ends
that are covalently joined in a covalently closed loop without free ends. Circular RNAs are considerably stable
molecules and act as microRNA sponges with regulatory potential to the protein-coding genes.
Results: Eight circular RNAs were found to be significantly upregulated at anagen skin tissue of cashmere goat
compared with their counterparts at telogen. Rich and complex regulatory patterns were revealed among the
eight upregulated circular RNAs at anagen and related miRNAs with their potential regulatory genes. The
potential regulatory genes of eight upregulated circular RNAs at anagen were involved in several pathways
related to the main physiological process of hair follicle, such as histone acetylation and axon. For chi_circ_1926,
chi_circ_3541, chi_circ_0483, chi_circ_3196, and chi_circ_2092, overall, the relative expression in secondary hair
follicle exhibited highly similar trends with their corresponding host genes during the different stages of the
hair follicle cycle. However, the expression trends of chi_circ_0100, chi_circ_2829, and chi_circ_1967 were
found to diverge from their corresponding host genes during the different stages of the hair follicle cycle.
Conclusions: A total of eighteen circular RNAswere identified and characterized from skin tissue of cashmere goat.
The eight upregulated circular RNAs at anagen might have significant roles in the secondary hair follicle of
cashmere goat. Our results would provide a novel regulatory layer to elucidate the molecular mechanisms
underlying the development of secondary hair follicle and the growth of cashmere fiber in cashmere goat.
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1. Introduction

Cashmere goats are characterized by a double fleece consisting of
two distinct fiber types: the over hair and the under cashmere [1]. The
hair is produced by primary hair follicle, whereas the cashmere is
produced by secondary hair follicle, which is the main use of
cashmere goats [2]. As is well known, the growth of cashmere fiber
was regulated by the cyclic biological process of secondary hair follicle
consisting of anagen, catagen, and telogen stages, which is under the
control of photoperiod change along with the precise regulation of the
endocrine system of cashmere goat [3,4]. Over the past few decades,
regulatory factors involved in cashmere fiber growth have been
araíso. Production and hosting by Els
investigated at several levels, including genes with methylation
characterizations [5,6,7], microRNAs (miRNAs) [8,9,10], and lncRNAs
[11,12,13,14]. Overall, however, the exact molecular regulatory
mechanisms underlying cashmere growth have not yet been fully
clarified. To this end, the discovery and characterization of novel
regulation factors might be an alternative strategy to reveal molecular
mechanisms of cashmere growth in cashmere goat. In recent years, a
new class of the RNA molecules, called circular RNAs (circRNAs), has
received particular attention in that they play a significant role in the
regulation of gene expression [15,16,17]. CircRNAs are characterized
by their unique structure, the 3′ and 5′ ends of which are covalently
joined in a covalently closed loop without free ends differing from
other types of RNA molecules [18,19]. Increasing lines of evidence
indicate that circRNAs are expressed prevalently in the eukaryotic
transcriptome [20,21,22], and thousands of circRNAs have been
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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Table 1
Details of the 18 putative circRNAs in this study and their corresponding host genes.

circRNA
numbera

Length of
spliced
sequence
(nt)

Number of
chromosome

Location on chromosome Corresponding
sequence ID in
goat genome

Corresponding homology
circRNA ID of human
in circRNADb (length of
spliced sequence, nt)

Identity with
homology
circRNA
of human (%)

Host gene

chi_circ_0672 1360 Chromosome 2 113507839 to 113509198 NC_030809.1 hsa_circ_00233 (1360) 96 SP3
chi_circ_1967 1971 Chromosome 8 27805904 to 27807873 NC_030815.1 hsa_circ_22722 (1970) 91 BNC2
chi_circ_0433 1417 Chromosome 8 38569958 to 38571374 NC_030815.1 hsa_circ_13285 (1619) 94 KIAA2026
chi_circ_3277 1435 chromosome 9 28811280 to 28812714 NC_030816.1 hsa_circ_19222 (1435) 92 FOXO3
chi_circ_1947 1340 chromosome 9 59280910 to 59282249 NC_030816.1 hsa_circ_13228 (1341) 87 SLC2A12
chi_circ_2092 1049 chromosome 9 63980390 to 63981438 NC_030816.1 hsa_circ_12524 (1041) 89 HECA
chi_circ_1560 1130 chromosome 10 65986382 to 65987511 NC_030817.1 hsa_circ_01692 (1131) 92 MGA
chi_circ_3196 1834 chromosome 11 22619567 to 22621400 NC_030818.1 hsa_circ_10435 (1832) 90 SLC8A1
chi_circ_3541 1908 Chromosome 15 19007782 to 19008879 NC_030822.1 hsa_circ_24807 (1099) 95 HIPK3
chi_circ_0100 1619 Chromosome 18 23019634 to 23021252 NC_030825.1 hsa_circ_28162 (1616) 93 CHD9
chi_circ_1926 3887 Chromosome 21 41938604 to 41942490 NC_030828.1 hsa_circ_29011 (3885) 95 ARHGAP5
chi_circ_1690 3282 Chromosome 27 29023225 to 29026506 NC_030834.1 hsa_circ_25951 (3283) 84 FAT1
chi_circ_0373 1073 Chromosome 29 35660302 to 35661374 NC_030836.1 hsa_circ_02017 (1074) 94 ZBTB44
chi_circ_0175 1116 Chromosome 2 37921929 to 37923044 NC_030809.1 hsa_circ_10974 (1117) 92 KANSL1L
chi_circ_2829 1062 Chromosome 8 105101777 to 105102838 NC_030815.1 hsa_circ_01183 (1063) 87 PAPPA
chi_circ_0483 1515 Chromosome 11 13101422 to 13102936 NC_030818.1 hsa_circ_05103 (1519) 94 ZNF638
chi_circ_1176 1963 Chromosome 11 62684628 to 62686590 NC_030818.1 hsa_circ_28683 (1967) 90 AFTPH
chi_circ_1549 1147 Chromosome 27 22098436 to 22099582 NC_030834.1 hsa_circ_17568 (1148) 86 DLC1

a The genomic information of each putative circRNA was determined by mapping it to the reference genome of goat: ChIR_1.0, Reference Annotation Release 101 (http://www.
goatgenome.org).
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distinctly identified in various tissues across different species, such as
human [23], pig [24], cattle [25,26] and chicken [27]. Investigations at
a global scale of circRNAs indicated that a considerable degree of
conservation exists among closely related species with a subset of
circRNAs conserved even in the evolutionary distant species [28,29,
30]. There is evidence that circRNAs can act as miRNA sponges,
implying that circRNA may regulate finally the expression of protein-
coding genes through a complex competing endogenous RNA (ceRNA)
network: circRNA–miRNA–mRNA [22,31,32].

In humans, it was reported that circRNA mediates the role of skin
mesenchymal stem cells in the pathogenesis of psoriasis [33]. In fur
skin of mice, it was also demonstrated that several circRNAs were
involved in the pigmentation and melanin-related pathways, such as
circMagil and circSnx13 [34]. More recently, another investigation by
Pang et al. [35] indicated that circular RNAs might play an important
role in goat skin fibroblast cells in response to contagious ecthyma
virus infection through the circRNA–miRNA–mRNA regulatory
network. To date, however, little information is available about
circRNAs in the skin tissue of cashmere goat, which might be essential
for understanding the molecular mechanisms underlying cashmere
fiber growth in cashmere goat.

In the present study, a total of eighteen conserved circRNAs were
identified and characterized from skin tissue of cashmere goat. Of
them, eight circRNAs were revealed to be significantly upregulated at
anagen compared with those at telogen of the secondary hair follicle
cycle. We further generated the regulatory network of these eight
upregulated circRNAs at anagen with related signal pathway analysis
through bioinformatics tools. In addition, we examined their
expression pattern in the secondary hair follicle of cashmere goat
during the hair follicle cycle along with the expression analysis of
their corresponding host genes. The results from the present study
would contribute to elucidating the regulatory characteristics and
functional roles of the circRNAs in the development of secondary hair
follicle and cashmere fiber growth in cashmere goat.

2. Materials and methods

2.1. Sources of sequences and samples

The experimental protocol was reviewed and approved by the
Animal Experimental Committee of Shenyang Agricultural University.
The analyzed eighteen sequences of putative circRNAs were obtained
from a full-length transcriptome sequencing data on anagen skin
tissue of cashmere goat (unpublished data), which was carried out
using the single-molecule real-time sequencing technique [36]. A total
of 876 circRNAs were predicted from the obtained sequencing data
through taking the intersection of three identifying tools for circRNAs:
CIRCexplorer2 [37], Find_circ [19], and CIRI [38]. A BLAST similarity
searching for these obtained 876 sequences was performed in the
comprehensive database for human circular RNAs: circRNADb (http://
reprod.njmu.edu.cn/circrnadb). We found eighteen sequences were
matched well to corresponding circRNAs of human with high identity
of 84–96% (Table 1). Thus, the eighteen sequences were selected for
further analysis in this study.

To preliminarily investigate their expression pattern of the eighteen
putative circRNAs in the skin tissue of cashmere goat at anagen and
telogen stages, we used the total RNA isolated from the skin tissue of
Liaoning cashmere goat was according to the procedure described in
detail in our previous study [2]. For further analysis of the expression
characterization of the eight putative circRNAs (revealed to have
higher expression at anagen than at telogen) along with the
corresponding host genes in the secondary hair follicle of cashmere
goat, three stages of the secondary hair follicle cycle were
investigated, namely, anagen, catagen, and telogen. The total RNA was
used, which was isolated from the secondary hair follicle of Liaoning
cashmere goat according to the procedure given in our another
investigation [11].

2.2. Sequences and regulatory network analysis of putative circRNAs with
pathway enrichment of the potential regulatory genes through their
target miRNAs

The potential open reading frames (ORFs) of the putative circRNAs
were determined with the online service program: Coding Potential
Assessment Tool (CPAT, http://lilab.research.bcm.edu/cpat/index.php).
This CPAT program was also used for assessing the coding potential of
putative circRNAs. The CPAT is an alignment-free approach; therefore,
it was thought to be better in terms of sensitivity and specificity than
alignment-based approaches, in that it performed the analysis through
a logistic regression model based on pure sequence-based linguistic
features, including ORF size, ORF coverage, Fickett test code statistic,
and hexamer usage bias [39].

For generating the competitive endogenous RNA (ceRNA)
regulatory network of the circRNAs, the target miRNAs were predicted
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on each putative circRNA sequence using the miRDB program (http://
www.mirdb.org). The miRDB, an online resource, was developed for
miRNA target prediction along with functional annotations. In miRDB
analysis, all the targets were predicted through analyzing thousands of
interactions of miRNA-target from high-throughput sequencing data.
Moreover, common features associated with miRNA binding and
target downregulation have been identified and used to predict
miRNA targets with machine learning methods [40]. Further, we
predicted the target genes of the resultant miRNAs based on the use of
the miRDB program. The ceRNA regulatory network of circRNAs was
finally generated and visualized using Cytoscape software (version
2.8) [41].

Using the CluePedia Cytoscape plugin (http://www.ici.upmc.fr/
cluepedia/), we performed the pathway enrichment analysis of the
potential regulatory genes of putative circRNAs through their target
miRNAs. The CluePedia Cytoscape plugin was developed for revealing
new markers potentially associated with pathways, and it calculates
linear and nonlinear statistical dependencies from experimental data
[42]. Through the CluePedia Cytoscape plugin, genes can be connected
and integrated into a network of pathways where new potential
associations may be revealed through gene enrichments [42].

2.3. Designing of primers

A total of 29 pair primers were used in this study. To detect the
expression of putative circRNAs, eighteen divergent primer pairs were
designed using the CircPrimer program [43]. For analyzing the
expression of the corresponding host genes of the circRNAs having
higher expression at anagen than at telogen of skin tissue, eight
convergent primer pairs were designed using Primer Premier 5.0
software (http://www.premierbiosoft.com). Additionally, in our
previous investigation, three housekeeping genes, namely, UBC,
YWHAZ, and SDHA, were confirmed to be suitable internal reference
genes in the skin tissue of Liaoning cashmere goat [44]. Thus, they
were used as combined internal references for normalizing the
expression level of the putative circRNAs and the host genes in this
study. Their corresponding primers were designed in our previous
investigation [44], including REF-UBC-1 versus REF-UBC-2, REF-
YWHAZ-1 versus REF-YWHAZ-2, and REF-SDHA-1 versus REF-SDHA-2.
All the used primers were commercially synthesized by Sangon
Biotechnology Co., Ltd. (Shanghai, China) and were purified by
polyacrylamide gel electrophoresis. The information of these primers
is presented in Table S1.

2.4. Expression analysis of putative circRNAs and their corresponding host
genes in skin tissue/secondary hair follicle of cashmere goat

To detect the expression of putative circRNAs in skin tissue/
secondary hair follicle of cashmere goat, real-time PCRs were
performed with SYBR® Green PCR Supermix (Bio-Rad, CA, USA) on a
light Cycler 480 real-time PCR system (Roche Diagnostics, Mannheim,
Germany). We reverse-transcribed the total cDNA with the
PrimeScript™ 1st Strand cDNA Synthesis Kit (TaKaRa, Dalian, China)
following the manufacturer's instructions. Real-time PCRs were
performed in a 20 μL final volume containing SYBR® Green PCR
Supermix 10 μL, each of divergent/convergent primers (10 mM) 0.8
μL, first-strand cDNA 2.0 μL, and PCR-grade double distilled ddH2O
water 6.4 μL. The cycling parameters were set as follows: an initial
single cycle (95°C for 4 min), followed by 40 cycles (95°C for 20 s, 52–
60°C for 20 s, and 72°C for 20 s). All amplifications were followed by
melting curve analysis from 56 to 95°C with a ramp speed of 0.5°C per
10 s to confirm a single product being amplified in each primer set.
Three replicates were run for all reactions. A negative control without
a cDNA template was incorporated in each measurement. The relative
expression levels were calculated by the 2−ΔΔCt method [45].
2.5. Data analysis

In the relative expression analysis of putative circRNAs and their
host genes, the geometric mean of UBC, YWHAZ, and SDHA was used
as combined references, which was recommended in a previous study
[44]. The normalized real-time PCR data were further processed
according to the method described by Bionaz and Loor [46]. In brief,
with the aim of estimating the standard error of the telogen period
and preventing possible deviations, the normalized data were
converted to obtain a perfect average of 1.0 at telogen where a
proportional difference among biological replicates was left. We
calculated the same proportional change at anagen/catagen for
obtaining a fold change relative to telogen. The transformed
expression data of circRNAs and their host genes were presented as
log2 n-fold change relative to telogen. Data differences between/
among groups were analyzed by one-way single-factor analysis of
variance (ANOVA), and the mean values of data were compared with
Duncan's multiple comparison method. The difference was considered
statistically significant when the P value was less than 0.05. All data
analyses were performed with SPSS 12.0 software (SPSS Inc., Chicago,
IL, USA).

3. Results and discussion

3.1. Discovery and characterization of putative circRNAs and their
expression pattern in skin tissue of cashmere goat

In previous investigations, it was demonstrated that circRNA
sequences displayed a considerable degree of conservation among
closely related species. Moreover, a small population of circRNAs were
conserved even among the evolutionarily distant species [28,29,30].
Therefore, with the aim of identifying potential conservative circRNAs
from the skin tissue of cashmere goat, the 876 predicted circRNAs
from the sequencing data of the skin tissue of cashmere goat were
subjected to BLAST search in the human circular RNA database:
circRNADb. As shown in Table 1, there are 18 predicted circRNAs that
are matched well to the different circRNAs of humans with high
identity, that is, 86–96% (Table 1). The genomic information of the 18
putative circRNAs was determined by mapping them to the reference
genome of goat (ChIR_1.0, Reference Annotation Release 101, http://
www.goatgenome.org). In Table 1, we provided the all mapping
information of the 18 putative circRNAs on goat reference genome. As
observed from Table 1, several putative circRNAs are mapped onto the
same chromosome, such as chi_circ_3277, chi_circ_1947 and
chi_circ_2092 on the chromosome 9, as well as chi_circ_3196,
chi_circ_0483, and chi_circ_1176 on chromosome 11, but they do not
have any shared overlap region, which can be determined by the
matching position information on the corresponding chromosomes.
On the other hand, we also noted that all the 18 putative circRNAs
were transcribed from their respective differential host genes of goat
(Table 1).

Originally, circRNAs were thought to be noncoding RNAs; however,
there is increasing evidence that some circRNAs can be translated into
polypeptides with physiological function [47,48,49]. Thus, we
evaluated bioinformatically the coding potential of the putative 18
circRNAs by the CPAT procedure along with a screening of their
respective potential open reading frames (ORFs) in their sequences. As
shown in Fig. 1a, each of them contained one ORF. Moreover, 12
putative circRNAs were revealed to have a final coding probability
score more than the set cutoff value of 0.5, such as chi_circ_1967,
chi_circ_0433, and chi_circ_2092 (Fig. 1b). These results could offer
new insight into the investigation of coding potential of these putative
circRNAs in skin tissue of cashmere goat. On the other hand, it was
recently reported that the N6-methyladenosine (m6A) motif was
required for circRNA to drive efficient initiation of protein translation
[50]. In the present study, we showed that the twelve putative
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Fig. 1. Identification of putative circRNAs and their expression pattern in skin tissue of cashmere goat at anagen and telogen. (a) The potential ORF analysis of putative circRNAs as
determined using the online service program: Coding Potential Assessment Tool (CPAT, http://lilab.research.bcm.edu/cpat/index.php). (b) Coding potential analysis of putative
circRNAs as also performed using CPAT algorithm with the cutoff value for coding probability being set as 0.5, and the asterisk indicated the coding probability score of the
corresponding circRNA is more than the cutoff value of 0.5. (c) Hierarchical clustering heat map of the analyzed circRNAs in skin tissue of cashmere goat at anagen and telogen that
was generated based on the obtained real-time PCR data in this study, and the asterisk indicates significant difference of the corresponding circRNA in expression mean between
anagen and telogen (P b 0.05).
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circRNAs appear to have coding potential for polypeptides (Fig. 1a and
b). Therefore, we strongly suggest that m6A motifs on the twelve
circRNAs should be investigated in the skin tissue of cashmere goats,
which might mean further importance.
As is well known, real-time PCR technique is the gold standard in
analyzing the expression level of various types of RNA species owing
to its high sensitivity, specificity, and reproducibility [51]. With real-
time technique, here, the expression level of the 18 putative circRNAs

http://lilab.research.bcm.edu/cpat/index.php
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was detected in the skin tissue of cashmere goat at both anagen and
telogen of the secondary hair follicle cycle, and the obtained results
are shown in Fig. 1c. Our data indicated that the 18 putative circRNAs
were confirmed to be expressed in the skin tissue of cashmere at the
two investigated stages: anagen and telogen. No significant deference
was recorded in the relative expression of five circRNAs between
telogen and anagen, including chi_circ_0433, chi_circ_1947,
chi_circ_0175, chi_circ_0373, and chi_circ_1176 (Fig. 1c). Interestingly,
considering the relatively stable expression of these five circRNAs
during different stages of the secondary hair follicle cycle of cashmere
goat, they have a potential value as internal references for circRNA
expression analysis in the skin tissue of cashmere goat.

The remaining 13 circRNAs were revealed to exhibit significant
differences in relative expression between anagen and telogen stages
(P b 0.05, Fig. 1c). Among them, eight circRNAs were found to have
significantly higher expression at anagen than at telogen including
chi_circ_1926, chi_circ_3541, chi_circ_0483, chi_circ_0100,
chi_circ_3196, chi_circ_2829, chi_circ_1967, and chi_circ_2092. In fact,
the anagen is a crucial active phase for the formation and growth of
cashmere fiber that is accompanied by the expression of hair-specific
molecules such as keratins along with components of the inner root
sheath [52,53]. Thus, it appears to become apparent that the eight
upregulated circRNAs at the anagen stage may play significant roles in
the formation and growth of cashmere fiber. This promotes us to
undertake further investigation concerning the eight upregulated
circRNAs at anagen including their regulatory network, pathway
enrichment, and expression pattern in the secondary hair follicle of
cashmere goat.

3.2. Regulatory network analysis of the upregulated circRNAs at anagen

In several investigations, recently, it was demonstrated that
circRNAs can play their functional role through the ceRNA network:
circRNA–miRNA–mRNA where circRNAs can sequester miRNAs,
thereby reducing the number of active miRNAs, further protecting
their target RNAs from repression [54,55]. Thus, the expression
patterns of protein-coding genes were finally modulated by the
interactions of circRNA–miRNA–mRNA. To understand the functional
mechanisms of the circRNAs upregulated at anagen, here, we
generated a ceRNA regulatory network for each circRNA using
bioinformatics tools. The obtained results are presented in Fig. 2. As
observed in Fig. 2, the ceRNA network showed the potential
interaction relationships of each circRNA and its related miRNAs along
with their target genes. Remarkably diverse regulatory relationships
were revealed among the three types of RNA molecules: circRNA,
miRNA, and mRNA. For example, the chi_circ_2092 may sequester five
miRNAs, namely, miR-449b-5p, miR-449a, miR-4225, miR-504-3p,
and miR-20b-3p, through which they further regulate individually or
cooperatively the expression of several potential target genes such as
PPP1R11, SCN2B, BRWD3, FKBP1B, andMGAT4A (Fig. 2b).

To better reveal the regulatory relationships among those eight
circRNAs and the related miRNA along with their target genes, we
merged the eight fractional networks (Fig. 2a–h) into an integrated
ceRNA network using Cytoscape software. The incorporated ceRNA
network is presented in Fig. 3, where the circRNAs, miRNAs, and
target mRNAs are represented by red, yellow, and green filled circles,
respectively. As shown in Fig. 3, a more diverse regulatory relationship
was revealed among the circRNAs, miRNAs, and their target genes. For
example, miR-149-5p was indicated to target two circRNAs: circRNA-
1967 and circRNA-2092; it was also involved in the regulation of
multiple genes including CACHD1, IFFO2, DLL1, VPS53, ELP5, REP2S, and
KIF2A (Fig. 3). In fact, based on CLIP-seq data, the ceRNA interaction
characterization of circRNA–miRNA–mRNA was also described and
characterized according to those in several studies [56,57,58].

In the present study, the generated ceRNA network indicated the
rich and complex regulatory patterns among the eight circRNAs and
related miRNAs with their potential target genes. Interestingly, several
miRNAs, which were predicted as targets on single or multiple
circRNAs, were revealed to be significantly upregulated at anagen as
compared to telogen/catagen of the secondary hair follicle cycle in
cashmere goat, such as miR-331-3p (P = 0.00000), miR-378g (P =
0.028752), and miR-504-3p (P = 0.00000) [9,59]. This suggested that
these miRNAs might be involved in the establishment of an optimal
balance of gene expression at anagen, which might be required for the
formation and growth of new cashmere shafts along with the
expression of hair-specific molecules.

On the other hand, here, some genes predicted as the target gene of
miRNAs, which were revealed to have potential binding sites on the
analyzed circRNAs, were reported to play essential roles in the
morphogenesis and development of hair follicle. For example, here,
IGFBP5 was predicted as the target gene of miR-608, miR-1275, and
miR-5580-5p, of which, miR-1275 and miR-5580-5p were shown to
have binding sites on chi_circ_1967 of cashmere goat, whereas IGFBP5
was identified as a central regulator of hair shaft differentiation [60].
Similarly, the IGF2BP1 and KLF5 were predicted as target genes of miR-
4500 and miR-153-3p, respectively. These two miRNAs, namely, miR-
4500 and miR-153-3p, were shown to have binding sites on
chi_circ_2829 and chi_circ_0100 of cashmere goat (Fig. 3). In previous
investigations, it was suggested that IGF2BP1 might be involved in the
development of hair follicle [61], and the high expression of KLF5 is
observed in the basal layer of the inner root sheath and in matrix cell
of hair follicles suggesting its functional roles in morphogenesis and
growth of hair follicle [62]. In addition, LIN28B, predicted as a target
gene of miR-4500 (revealed to have a binding site on chi_circ_2829),
is a highly conserved paralog of LIN28A [63]. Although it is not yet
known whether there play different physiological roles between
LIN28A and LIN28B, it was demonstrated that LIN28A can promote hair
growth by promoting anagen of the hair follicle cycle [63]. Taken
together, it can be inferred that the upregulated circRNAs at anagen
might play significant roles in regulating the expression of protein-
coding genes in secondary hair follicle of cashmere goat through the
interactional mechanisms of the ceRNA network.
3.3. Pathway enrichment on potential regulatory gene of upregulated
circRNAs at anagen

From a functional point of view, integrating pathway network is
essential for understanding the roles of regulatory factors in cellular
processes and their dynamics [42]. Here, we performed a pathway
enrichment analysis for the regulatory genes of upregulated circRNAs
at anagen using the CluePedia Cytoscape plugin (http://www.ici.upmc.
fr/cluepedia/). The enriched results are presented in Fig. 4. The
analyzed genes and their corresponding pathways were
simultaneously visualized in the CluePedia network where pathway
terms and their associated genes share the same color. As shown in
Fig. 4, the analyzed genes were significantly enriched in nine
pathways, namely, regulation of transporter activity, trans-synaptic
signaling, nuclear periphery, axon, positive regulation of organelle
organization, negative regulation of cellular amide metabolic process,
synapse organization, regulation of histone acetylation, and negative
regulation of cardiocyte differentiation (Fig. 4). Of them, several
pathways were involved in the main physiological process of hair
follicle development. For example, it was demonstrated that histone
acetylation can allow transcription factors to more easily access the
DNA through an open chromatin structure and promotes exit from the
hair follicle stem cell compartment [64,65,66]. Additionally, it was
shown that axon signaling was necessary in driving the large-scale
cellular rearrangements for the formation of hair follicle [67], and
signal transduction regulation is an integral part in the hair follicle,
including the ion transmembrane transporter activity [68]. Thus, it can
be inferred that the analyzed genes might be involved in the
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Fig. 2. The ceRNA regulatory network of each circRNA with higher expression in anagen skin tissue of the secondary hair follicle cycle. Green circles, yellow hexagons, and red hexagons
were used for representing circRNAs, miRNAs, and potential target genes, respectively. (a) circRNA-1926 = chi_circ_1926, (b) circRNA-2092 = chi_circ_2092, (c) circRNA-3541 =
chi_circ_3541, (d) circRNA-0100= chi_circ_0100, (e) circRNA-3196 = chi_circ_3196, (f) circRNA-0483 = chi_circ_0483, (g) circ-2829= chi_circ_2829, (h) circ-1967 = chi_circ_1967.
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development and growth of hair follicle in cashmere goat where their
role might be finally modified by the upregulated circRNAs at anagen.

3.4. Expression patterns of the upregulated circRNAs at anagen and their
corresponding host genes in secondary hair follicle

Here, we further investigated the expression pattern of the eight
upregulated circRNAs at anagen along with their corresponding host
genes in the secondary hair follicle of cashmere goat during
differential stages of the hair follicle cycle. The obtained results are
presented in Fig. 5. Our data indicated that all the eight analyzed
circRNAs along with their corresponding host genes were found to be
expressed properly in the secondary hair follicle of cashmere goat at
three stages of the hair follicle cycle: telogen, anagen, and catagen
(Fig. 5). For chi_circ_1926, chi_circ_3541, chi_circ_0483,
Fig. 3. Integrated regulatory network of eight circRNAs (circRNA-1926, circRNA-2092, circRNA
expression in anagen skin tissue of the secondary hair follicle cycle. Red circles, yellow circles
circRNA-1926 = chi_circ_1926, circRNA-2092 = chi_circ_2092, circRNA-3541 = chi_circ_3
chi_circ_0483, circ-2829 = chi_circ_2829, circ-1967 = chi_circ_1967.
chi_circ_3196, and chi_circ_2092, overall, the relative quantitative
expression exhibited highly similar trends with their corresponding
host genes during the different stages of the hair follicle cycle (Fig. 5a,
b, c, e and h). These results supported well the previous findings that
the expression changes of most circRNAs are positively related to
linear RNAs from the same host gene [29,69,70]. However, the
expression trends of the chi_circ_0100, chi_circ_2829, and
chi_circ_1967 were found to diverge from their corresponding host
genes during the different stages of the hair follicle cycle (Fig. 5d, f,
and g). In fact, this is not surprising in that previously some circRNAs
were also found to even oppose the linear counterparts of the
corresponding host gene in a dynamic manner [29,69]. Highly similar
with those observed in skin tissue (Fig. 1c), the expression of the eight
analyzed circRNAs was significantly upregulated at anagen of the
secondary hair follicle in comparison to that at telogen (Fig. 5).
-3541, circRNA-0100, circRNA-3196, circRNA-0483, circ-2829, and circ-1967) with higher
, and green circles represent circRNAs, miRNAs, and potential target genes, respectively.
541, circRNA-0100 = chi_circ_0100, circRNA-3196 = chi_circ_3196, circRNA-0483 =



Fig. 4. Pathway enrichment analysis for the regulatory genes of upregulated circRNAs in anagen skin tissue of the secondary hair follicle cycle. The enrichment was performed by the
CluePedia Cytoscape plugin (http://www.ici.upmc.fr/cluepedia/). The significantly enriched genes and their corresponding pathways were simultaneously visualized in the CluePedia
network where pathway terms and their associated genes share the color.
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Moreover, our analysis also confirmed that the expression of their
corresponding host genes was the case in the secondary hair follicle of
cashmere goat (Fig. 5).

In mice, it was demonstrated that BNC2, the host gene of
chi_circ_1926, was largely expressed in the basal layer of the outer
root sheath and the matrix of hair follicle at anagen and confirmed
that it plays an important role in the regeneration and development of
the hair follicle [71]. The PAPPA (the host gene of chi_circ_2829), an
IGFBP4 metalloproteinase, is expressed in human hair follicle and it
can amplify the bioavailability of local IGF1 through cleaving the
inhibitory IGFBP4 [72], whereas IGF1 was demonstrated to possess
important functions in the development and growth of hair follicles
[73,74,75]. Further, as a member of the ZNF family, although the
functional significance of ZNF638 (the host gene of chi_circ_0483)
needs to be further clarified in the physiological process of hair follicle,
several members of this family were identified to act as key regulators
in the secondary hair follicle of cashmere goat, including ZNF704,
ZNF667, ZNF454, ZNF407, ZNF347, and ZNF264 [76]. This suggested that
the significantly upregulated expression of ZNF638 at anagen of the
secondary hair follicle of cashmere goat might mean further
importance. Thus, it can be inferred that the three circRNAs
(chi_circ_1926, chi_circ_2829, and chi_circ_0483) along with their
corresponding host genes (BNC2, PAPPA, and ZNF638) might have
certain functional roles in the development of secondary hair follicle
and cashmere fiber growth through constituting perfect regulatory
pairs.

On the other hand, the cell proliferation and growth are important
physiological activities at the anagen stage of the secondary hair
follicle in cashmere goat [74,75], during which several signaling
pathways are involved in the proliferation and growth for the
development of hair follicle, such as Wnt [77], IGF [74,75], NF-κB [78],
Notch, and JAK–STAT [79], and their interplay is essential between
epithelial and mesenchymal cells [78]. In this study, our data indicated
that ARHGAP5, HIPK3, CHD9, SLC8A1, and HECA, (being the
corresponding host genes of circRNAs-1926, -3541, -0100, -3196, and,
-2092, respectively) were significantly upregulated at anagen of the
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Fig. 5. Expression pattern of the eight upregulated circRNAs alongwith their corresponding host genes in the secondary hair follicle of cashmere goat during the hair follicle cycle. Blue and
yellow indicate each circRNA and its host gene to denote their expression change. Error bar indicates SEM within the group. Different symbols (*, #, and †) among telogen, anagen, and
catagen stages indicate significant difference (P b 0.05).
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secondary hair follicle as compared to counterparts of telogen (Fig. 5a, b,
d, e and h). In previous investigations, it was shown that the ARHGAP5
can interact with IGF signings and be essentially involved in regulating
both cell growth and differentiation [80,81]. The circ-HIPK3 that is
derived from the HIPK3 gene was found to significantly promote cell
growth [23], and the CHD9 can regulate activation of Notch/NF-B
signal pathways through binding to miR-208a [82], whereas, the
SLC8A1 (also known as NCX1) is a regulator of Ca2+ concentration and
is related to Wnt signaling by affecting Ca2+ concentration [83]. The
HECA is involved in the Wnt/beta-catenin pathway [84,85] where a
specific transcriptional program is induced by beta-catenin-dependent
Wnt signaling that further controls the main aspects of cellular
behavior, such as growth and differentiation [86]. Consequently, taken
together with our results, an intriguing possibility was raised that
ARHGAP5, HIPK3, CHD9, SLC8A1, and HECA along with their
corresponding circRNAs (chi_circ_1926, chi_circ_3541, chi_circ_0100,
chi_circ_3196, and chi_circ_2092) might constitute a novel regulatory
layer in the cell proliferation and growth of secondary hair follicle of
cashmere goat during the anagen stage.

In addition, our data indicated that three circRNAs, namely,
chi_circ_0100, chi_circ_2829, and chi_circ_2092, were expressed at a
higher level in the catagen stage, which is highly similar to those of
the anagen stage (Fig. 5d, f and h). In fact, the catagen is a short
transition phase lasting for only one month (January) in cashmere
goat [87]. Therefore, we speculate that these three circRNAs
(chi_circ_0100, chi_circ_2829, and chi_circ_2092) might also act as
regulators in the transition of secondary hair follicle from catagen to
telogen.
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In conclusion, herein, we identified and characterized eighteen
conserved circRNAs from the skin tissue of cashmere goat, of which
eight circRNAs were found to be significantly upregulated at anagen
skin tissue of cashmere goat when compared with their counterparts
at telogen. We further generated the integrated regulatory network of
the eight upregulated circRNAs with signal pathway enrichment
analysis. We also investigated their expression pattern in the
secondary hair follicle of cashmere goat during the hair follicle cycle
along with the expression analysis of the corresponding host genes.
The results from the present study would provide a novel regulatory
layer to elucidate the molecular mechanisms underlying the
development of secondary hair follicle and the growth of cashmere
fiber in cashmere goat.
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