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Abstract
Background Cashmere goats, as one of the important domesticated animal species, are known for their high-quality 
fiber. The growth of cashmere has seasonal variations caused by photoperiodic changes, but the molecular genetic 
mechanisms underlying this phenotype including the functional role of long non-coding RNAs (lncRNA) is still poorly 
understood.

Results In this study, we analyzed the RNA-seq dataset of 39 Cashmere goat skin samples including all different 
growth stages and identified 1591 lncRNAs. These lncRNAs exhibited growth stage-specific expression patterns. 
Combining shortened light and hair follicle growth cycles, we found that 68% of differentially photo-responsive 
lncRNAs showed similar expression trends during transition phase I (early anagen to anagen phase). This suggests that 
the mechanism of light-controlled induction of hair follicles from early anagen to anagen is similar to that of transition 
phase I. According to weighted gene co-expression network analyses (WGCNA) analysis, it was found that two gene 
clusters and 10 hub lncRNAs participated in the transformation of hair follicle cycle, inducing hair follicles to enter the 
full growth phase in advance. These hub lncRNAs may regulate the development cycle of hair follicles through cis- or 
trans-regulation on clock genes, SLC superfamily genes, fibroblast growth factor genes.

Conclusions This study identified the key lncRNAs and target genes probably participating in the transformation of 
hair follicle cycle. This study will help further elucidate the role of lncRNAs in the hair follicle cycle and development.
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Background
Hair follicles (HFs), being crucial skin appendages in 
mammals, exhibit intricate structures and comprise vari-
ous components [1]. The HF, a miniature organ resulting 
from the interplay between the epidermis and dermis, 
undergoes a cyclical growth process throughout the 
mammal’s lifespan [2]. Typically, the HF growth cycle 
involves distinct phases: growth (anagen), regression 
(catagen), and quiescence (telogen), each accompanied 
by specific morphological transformations. Nevertheless, 
the pattern of HF growth cycles varies among species. 
For instance, human HF growth is asynchronous, with 
each HF cycling independently, whereas mice display 
more synchronized cycling [3]. The growth of cashmere 
in Cashmere goats follows an annual cycle influenced by 
changes in photoperiod. For the Inner Mongolia Cash-
mere Goat, the anagen phase lasts eight months, from 
May to December. The catagen phase occurs from Janu-
ary to March, while April is designated as the telogen 
phase [4–5]. Various factors, including age, climate, envi-
ronment, and health status, can influence the progres-
sion and timing of these three stages of the HF growth 
cycle [6]. Furthermore, the morphogenesis and cycling 
of HFs are regulated by multiple signaling pathways, 
such as WNT and BMP signaling pathways [7]. Despite 
this understanding, the involvement of long non-coding 
RNAs (lncRNAs) in controlling the HF cycle remains 
inadequately described.

Cashmere goats, as one of the important domesti-
cated animal species, possess two types of hair follicles 
in their skin: primary hair follicles (PHFs) and secondary 
hair follicles (SHFs) [8]. Cashmere, the valuable fiber, is 
produced by the SHFs. The growth of cashmere exhib-
its a seasonal pattern arising from photoperiod change. 
Unlike many other animals, the secondary hair follicle 
cycle of Cashmere goat is just one year, making them 
an excellent model for studying the impact of seasonal 
cycles and photoperiod changes on the HF growth cycle. 
Photoperiod is considered the most dominant environ-
mental cue allowing animals to anticipate and adapt to 
seasonal changes [9]. As one of the key environmental 
factors, photoperiod has direct effects on the circadian 
clock, which, in turn, affects the growth of HF [10]. The 
circadian clock has a substantial influence on the HF 
cycle, both in vitro and in vivo [11]. Research has indi-
cated that red light at 650 nm can stimulate the prolifera-
tion of human HF cells and markedly delay the transition 
of hair follicles from anagen to telogen [12]. In Cashmere 
goat, studies have demonstrated that artificially short-
ening the photoperiod can extend the cashmere growth 
period [13]. However, the molecular mechanism, particu-
larly the epigenetic aspects, underlying the effects of sea-
sonal cycles and photoperiod changes on the HF growth 
cycle remain unclear.

Long non-coding RNA (lncRNA) is a kind of non-
coding RNA with a length of more than 200 nt, which is 
widely found in animal and plant cells [14]. LncRNA rep-
resent relatively newly defined classes of regulatory RNA 
molecules whose functions and importance are only 
beginning to be elucidated in a wide range of organisms 
[15]. With the application and continuous development 
of the new generation of high-throughput sequencing 
technology, more and more lncRNAs in organisms have 
been continuously discovered. According to their posi-
tion in the genome, lncRNAs can be divided into five cat-
egories: sense lncRNAs, antisense lncRNAs, bidirectional 
lncRNAs, intronic lncRNAs, and intergenic lncRNAs. 
LncRNAs are important components of the mammalian 
transcriptome and regulate gene expression at multiple 
levels. They are involved in many life activities such as 
modulating chromatin structure through epigenetic reg-
ulation, growth and development, immunity and metabo-
lism [16]. Recent comprehensive research has highlighted 
the expression of non-coding RNAs in mammalian hair 
follicles, playing a crucial role in regulating hair follicle 
development and regeneration. Long non-coding RNAs 
(lncRNAs) also exhibit widespread involvement in reg-
ulating hair follicle growth [17]. LncRNAs have been 
found to regulate hair follicle cycling in Cashmere goats 
[18–19], sheep [20], Rabbit [21] and Yak [22]. However, 
the specific functional roles of these lncRNAs in con-
trolling the hair follicle cycle based on seasonal cycles 
and photoperiod changes have not been well described. 
In this study, Cashmere goat subjected to different sea-
sons and controlled photoperiods were investigated in 
an effort to elucidate the key long non-coding RNAs and 
their different classifications of lncRNAs involved in the 
transition of the hair follicle cycle, which will contribute 
to a better understanding of the molecular mechanisms 
governing the hair follicle cycle.

Methods
The tissue samples and RNA-seq sequencing data
This experiment was performed at the Cashmere goat 
farm, located in the Inner Mongolia Autonomous Region 
of China (latitude 38°23′N, longitude 108°07′E, altitude 
1,378  m). These goats were raised in a shared environ-
ment with unrestricted access to food and water. No 
animals were sacrificed as part of this research, and all 
procedures, including sample collection, were non-inva-
sive and conducted in compliance with animal welfare 
guidelines. The skin samples were collected according to 
our previous study [5], with the details as follows: after 
depilation of the scapular hair and administration of local 
anesthesia to each goat, a 1  cm² skin sample was taken 
using sterile ophthalmic scissors from the scapular. Half 
was stored in RNAlater (Termo Fisher Scientifc, USA) 
for RNA extraction, and the other half was stored in 4% 
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paraformaldehyde fixation solution to prepare paraffin 
sections. Yunnan Baiyao hemostatic powder (Yunnan 
Baiyao Group Co., Ltd., China) was evenly applied to 
the wound of skin. The RNA-seq data used in this study 
was obtained from a previous work [5, 18], a total of 39 
samples were collected at seven different months (Janu-
ary, April, May, June, August, September, and October), 
comprising 20 pairs of control and light-treated groups. 
The dataset encompasses all stages of hair follicle devel-
opment, including the early anagen, anagen, categen, and 
tolegen (Table S1).

Read alignment and transcriptome assembly
The goat reference genome sequence file and goat ref-
erence genome annotation file were acquired from the 
NCBI website ( h t t p  s : /  / f t p  . n  c b i  . n l  m . n i  h .  g o v  / g e  n o m e  s /  r e f  s 
e q  / v e r  t e  b r a  t e _  m a m m  a l  i a n  / C a  p r a _  h i  r c u  s / l  a t e s  t _  a s s  e m b  l y 
_ v  e r  s i o n s / G C F _ 0 0 1 7 0 4 4 1 5 . 2 _ A R S 1 . 2 /). Clean reads were 
aligned to the goat genome using Hisat2 [23] with default 
settings. Subsequently, the aligned reads for each sample 
were sorted based on chromosome order using Samtools. 
Transcriptome assembly for each sample was performed 
using StringTie [24] in reference-based mode. The result-
ing transcripts from all samples were consolidated into a 
Gene Transfer Format (GTF) file.

Novel LncRNA identification
To identify novel long intergenic non-coding RNAs 
(lncRNAs), the following steps were employed: First, the 
assembled transcriptomes of each sample were com-
pared with the goat reference transcriptome GTF file 
using Cuffcompare [25]. Transcripts assigned with a class 
code ‘u’ were selected as putative novel transcripts; Sec-
ond, transcripts with a length of ≥ 200 bp were retained 
using a Python script; Third, CPC2 [26] and CNCI [27] 
were utilized to predict the coding potential of each tran-
script. Transcripts demonstrating coding potential were 
subsequently excluded from further analysis; and finally, 
the transcripts obtained through the above-mentioned 
methods were considered as candidate lncRNAs for sub-
sequent analysis.

Gene quantification and differential expression analysis
First, the assembled transcripts from all samples were 
merged into a non-redundant transcriptome using the 
merge function in the StringTie software. Subsequently, 
the read counts and FPKM (Fragments Per Kilobase of 
transcript per Million mapped reads) values of transcripts 
were calculated for all samples using the built-in quanti-
fication script in StringTie. Differential analysis was then 
conducted for protein-coding genes and lncRNA (long 
intergenic non-coding RNA) across the 39 transcrip-
tomes using the DESeq2 package [28] in the R software. 
This analysis was performed based on count values and 

resulted in the identification of Differentially Expressed 
mRNAs (DEMs) and Differentially Expressed lncRNAs 
(DE lncRNAs). The DESeq2 package was used to normal-
ize gene expression levels across the seven months, with 
normalization performed only between the two samples 
being compared. For exploring the effects of photoperi-
odic regulation on the cyclic changes of hair follicles, the 
DEG screening thresholds were adjusted to|log2 FC| ≥ 
0.58 with padj ≤ 0.05.

Weighted Gene Co-expression Network Analysis (WGCNA) 
and hub LncRNA identification
Weighted Gene Co-expression Network Analysis was 
performed using the R package WGCNA (version 1.71) 
[29] to identify modules of co-expressed genes based on 
the gene expression data from 39 samples. Initially, the 
soft threshold (β) for network construction was set to 5, 
and the minimum module size was defined as 30. Clus-
ters with a height less than 0.6 in the merged dendrogram 
were recognized as key modules. Subsequently, the intra-
modularconnectivity function was employed to compute 
the connectivity (kWithinconnectivity) of each gene in 
the entire network. Using kTotal (connectivity of each 
gene based on its r-values to all other genes in the whole 
network) as the criterion, the top five lncRNAs in the 
network with the highest correlation to protein-coding 
genes were identified as hub lncRNAs.

Functional enrichment analysis
Functional enrichment analysis was performed using the 
web server g: Profiler ( h t t p  : / /  b i i t  . c  s . u  t . e  e / g p  r o  fi  l e r /) with 
default parameters for Gene Ontology (GO) enrichment 
analysis. Additionally, KEGG pathway enrichment analy-
sis was conducted using the ClueGO plugin in CytoScape 
(version 3.91) [30]. The criterion for pathway selection 
was set to genes enriching in pathways with a proportion 
greater than 2%.

Pathway mRNA-lncRNA network construction
KEGG enrichment analysis was performed on genes 
within key modules, and those enriched in crucial sig-
naling pathways were carefully selected. Subsequently, a 
pathway-mRNA-lncRNA network was constructed, uti-
lizing the top five co-expressed lncRNA genes as targets. 
The network was visualized using CytoScape [31].

Prediction of LncRNA target genes
For cis-target gene prediction, we identified differentially 
expressed protein-coding genes located within 100  kb 
upstream and downstream of a lncRNA locus, based on 
their genomic positions. For trans-target gene predic-
tion, Pearson correlation coefficients were computed 
using expression matrices of Differentially Expressed 
lncRNAs (DEL) and Differentially Expressed mRNAs 

https://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_mammalian/Capra_hircus/latest_assembly_versions/GCF_001704415.2_ARS1.2/
https://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_mammalian/Capra_hircus/latest_assembly_versions/GCF_001704415.2_ARS1.2/
https://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_mammalian/Capra_hircus/latest_assembly_versions/GCF_001704415.2_ARS1.2/
http://biit.cs.ut.ee/gprofiler/


Page 4 of 14Yang et al. BMC Genomics          (2025) 26:487 

(DEMs), employing FPKM values. Trans-target genes 
were defined as DEMs with Pearson correlation coeffi-
cients exceeding 0.90.

Validation of RNA-seq data by reverse transcription 
quantitative real-time PCR (RT-qPCR)
To confirm the reliability of the RNA-seq dataset used in 
this study, six protein- coding mRNAs and six lncRNAs 
were randomly selected for RT-qPCR validation. Prim-
ers were designed using the Primer3 software, and their 
specificity was verified using NCBI’s Primer-Blast. The 
primers were synthesized by GenScript Biotechnol-
ogy Co. Ltd., with β-actin (GenBank accession number: 
NM_001314342.1) used as the internal reference (Table 
S2). RNA was extracted from skin samples collected from 
the shoulder region of adult Cashmere goats in Janu-
ary, April, and September, using an RNA extraction kit 
(Define this kit). The reverse transcription reaction was 
performed using the TransGen Biotech reverse transcrip-
tion kit (EasyScript® One-step gDNA Removal and cDNA 
Synthesis SuperMix) according to the manufacturer’s 
instructions. The reaction volume was 20 µL, with a total 
RNA input of 1 ng. The reaction conditions were set at 42 
℃ for 15 min and 85 ℃ for 5 s to obtain cDNA. RT-qPCR 
reactions were prepared using the ArtiCanATM SYBR 
qPCR Mix according to the manufacturer’s instructions. 
The reaction mixture included 10 µL of RT-qPCR Mix, 
0.4 µL of each upstream and downstream primer, 0.1 µg 
of cDNA template, and ddH2O to a final volume of 20 µL. 
The RT-qPCR amplification program consisted of an ini-
tial denaturation at 95 ℃ for 60 s, followed by 45 cycles of 
denaturation at 95 ℃ for 10 s, annealing at 60 ℃ for 20 s, 
and extension at 72 ℃ for 20  s. A melting curve analy-
sis was performed by increasing the temperature from 
95 ℃ to 65 ℃, with a 1 s hold at each temperature step. 
Each sample was run with three biological replicates. The 
2−ΔΔCt method was used for data analysis [32]. The results 
were presented as mean ± standard deviation (SD). Statis-
tical analyses, including Student’s t-test and correlation 
analysis, were conducted using Graph Prism 9 software 
(ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

Results
The Identification of lncRNA
A total of 1033.35 million high-quality clean reads repre-
senting seven different months spanning the entire hair 
follicle growth cycle of Cashmere goat were obtained. The 
average number of clean reads per sample was 2,870 mil-
lion, making them suitable for subsequent analysis. The 
alignment rate for individual samples ranged from 96.21 
to 97.97%, with an average alignment rate of 97.51% 
(Table S1). This indicates that the majority of sequencing 
reads are valid, and total RNA contamination is negligi-
ble. After filtering based on lncRNA length, exon count, 

and coding potential, a total of 1,071,895 transcripts were 
obtained. Among these, 1,591 candidate Long Non-Cod-
ing RNAs (lncRNA) were identified (Fig.  1A, Table S3). 
The number of alternative spliced transcripts for majority 
lncRNAs and mRNAs is 1 (Fig. 1B). However, in contrast 
to protein-coding genes, lncRNAs exhibit shorter tran-
script lengths (Fig. 1C). Furthermore, lncRNAs, on aver-
age, display lower overall expression levels compared to 
mRNAs (Fig. 1D). In summary, the features of the identi-
fied lncRNAs through this process align with previously 
published characteristics of lncRNAs, validating the 
effectiveness of our pipeline.

Natural seasonal cycle specific expression of lncRNA in skin 
hair follicles
Principal component analysis (PCA) was conducted on 
all lncRNAs in samples under normal light conditions 
for seasonal cycle, and the results indicated that sam-
ples tended to cluster together during the early anagen, 
anagen, catagen, and telogen stages (Fig. 2A), consistent 
with the morphological changes observed in our previ-
ous studies [5]. To unravel key factors contributing to the 
periodicity of HF, data from June, October, January, and 
April were selected to represent the early anagen, anagen, 
catagen, and telogen stages, respectively. This allowed 
for the analysis of differential genes during the four tran-
sitional phases: Transition I (early anagen to anagen), 
Transition II (anagen to catagen), Transition III (cata-
gen to telogen), Transition IV (telogen to early anagen). 
The results revealed that quantitative differences in the 
expression of lncRNAs at different developmental stages, 
with each stage having over 1,000 lncRNAs. The ana-
gen phase displayed the highest number, while the early 
anagen phase exhibited the fewest (Fig. 2B), highlighting 
stage-specific expression patterns of lncRNAs. Moreover, 
a total of 3,412 differentially expressed mRNAs (DEMs) 
and 244 differentially expressed lncRNAs (DELs) were 
screened (Table S4), with the fewest differential genes in 
Transition II and the most in Transition I (Fig.  2C, D). 
A heatmap visually represented the expression changes 
of the 244 DELs across the four developmental stages 
(Fig.  2E). Notably, DELs in the growth and regression 
phases exhibited opposite expression trends, possibly due 
to their distinct stages. In the telogen phase, the follicles 
undergo programmed cell death, while in the anagen 
phase, follicles undergo continuous reconstruction.

Shortened photoperiod induced expression differences in 
the HF cycle
To elucidate the lncRNAs impact of shortened light 
exposure on the hair follicle cycle in Cashmere goats, we 
performed differential analysis using DESeq2 for each 
month (January, April, May, June, August, September, 
and October). A total of 1,378 DEMs and 131 DELs were 
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detected between the shortened photoperiod and con-
trol groups (Table S5). The month with the highest num-
ber of Differentially Expressed Genes (DEGs) was June, 
with 895 genes (831 DEGs, 64 DELs), and the genes with 
increased level of RNA expression outnumbered those 
with decreased gene expression. The number of DEGs 
for the other months were 95 (January), 107 (April), 461 
(May), 145 (August), 94 (September), and 50 (October) 
(Fig.  3A, B). This result indicates that June is the most 
critical month for light exposure in regulating cashmere 
growth. The PCA plot for 39 samples (Fig.  3C) showed 
that the shortened photoperiod group in June (6e) clus-
tered with anagen samples, while being separated from 
samples in the early growth period, suggesting that arti-
ficial shortening of light exposure can advance the entry 
of Cashmere goat hair follicles into the growth period. 
By overlapping DEGs after light exposure with differ-
ent transition periods under normal light conditions, we 
found 685 genes (637 DEGs and 48 DELs) (Table S6) that 
also exhibited a periodic expression pattern, accounting 
for a high percentage of 76.5% (Fig. 3D). Similarly, 68% of 
the light-responsive genes showed expression trends con-
sistent with transition I.

Weighted Gene Co-expression Network Analysis (WGCNA) 
reveals key lncRNA clusters associated with cashmere goat 
HF development
In order to further explore the potential regulatory roles 
of lncRNA in different developmental stages of Cashmere 
goat HF, we conducted WGCNA based on the 685 DEGs 
exhibiting periodic expression patterns in response to 
shortened light exposure. The unscaled topological over-
lap matrix (TOM) results indicated that when the soft-
thresholding power (beta) was set to 5, the TOM fit curve 
remained unchanged, and the mean connectivity of each 
gene module became smaller (Fig. 4A). Ultimately, three 
modules were obtained. The heatmap in Fig.  4B illus-
trates the inter-module correlations, while Fig. 4C depicts 
the correlation between modules and traits. Two key 
gene clusters, potentially involved in the HF cycle, were 
identified. The anagen-enriched module (blue) (r = 0.76 
and p < 0.01) and a negative correlation with telogen (r 
= -0.65 and p < 0.01). The early anagen-enriched module 
(turquoise) (r = 0.74 and p < 0.01) and a negative correla-
tion with anagen (r = -0.62 and p < 0.01). The grey mod-
ule, which is conventionally excluded from downstream 
functional analyses in WGCNA, contains genes lacking 
significant co-expression patterns with other clusters. 

Fig. 1 Features of lncRNA in the skin of Cashmere goat. (A) The Venn diagrams depicting the common characteristics between CNCI and CPC methods 
in the analysis of lncRNA; (B) Transcript number distribution in goat skin for lncRNA and mRNA; (C) Transcript length distribution of lncRNA and mRNA; 
(D) Expression levels of lncRNA and mRNA
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Notably, the turquoise module contains the highest num-
ber of genes (Fig.  4D). Additional details of the three 
clusters of genes are listed in Table S7.

Subsequently, we performed GO and KEGG analy-
ses on the blue and turquoise modules (Fig.  5, Table 
S8). In the blue module, comprising 222 protein-coding 
genes and 12 lncRNAs, we identified enrichment in 37 
KEGG pathways. Notable signaling pathways included 
the AMPK signaling pathway, TGF-β signaling pathway, 
along with functional terms like transmembrane trans-
port, organonitrogen compound metabolic process, and 
cellular response to nutrient among the 15 enriched 
GO terms. In the turquoise module, comprising 411 
protein-coding genes and 35 lncRNAs. The turquoise 
module participated in 99 KEGG pathways, including 
ECM-receptor interaction, MAPK, Oxytocin, Jak-STAT, 
Rap1, PI3K-Akt signaling pathways. The module also 

involved 145 GO terms, highlighting terms related to 
protein synthesis and modification, collagen biosynthesis 
and modifying enzymes, collagen formation, and posi-
tive regulation of protein metabolic process. Addition-
ally, terms associated with cellular development, such as 
cell differentiation, cellular developmental process, cell 
migration, cell adhesion, and cell population prolifera-
tion, were significantly enriched.

Identification of hub lncRNAs in HF development
An alternative approach to deducing potential functions 
for lncRNAs involves exploring networks to pinpoint 
hub genes. Hub genes are those that exhibit functional 
interconnectedness with numerous other genes, signi-
fying their importance due to their centrality within a 
network of genes [33]. In this study, we designated the 
top five lncRNAs with the highest connectivity within 

Fig. 2 Stage-specific expression of lncRNA in skin hair follicles. (A) PCA plot of all lncRNAs for samples; (B) The number of expressed lncRNAs in samples 
for different months; (C) The differentially expressed mRNAs (DEMs) at different stages of hair follicle development; (D) The differentially expressed ln-
cRNAs (DELs) at different stages of hair follicle development; (E) The heatmap of DELs
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each module as hub lncRNAs (Table 1). We selected the 
top 5 connected lncRNAs in each module and their co-
expressed coding genes to construct a pathway-mRNA-
lncRNA network (Fig.  6), revealing 83 nodes. (Table 
S9). The network depicted interactions among 10 Hub 
lncRNAs, 16 pathways, and 57 mRNAs.

Identification of cis- and trans-targets of hub lncRNAs
LncRNAs can be broadly classified into those that act in 
cis, influencing the expression and/or chromatin state of 
nearby genes, and those that execute an array of func-
tions throughout the cell in trans [34]. Based on the 
positional information of hub lncRNAs, a range was set 
at 100 k as a boundary, leading to the identification of 
26 pairs of cis-regulatory relationships (involving eight 
hub lncRNAs) (Table S10). Interestingly, three of these 
lncRNAs were found to be involved in the regulation of 
hair follicle growth (Table 2). Additionally, we predicted 

trans-regulatory relationships of hub lncRNAs by exam-
ining expression pattern correlations (R > 0.95), reveal-
ing 641 pairs of trans-regulatory relationships. Ten hub 
lncRNAs were identified to regulate 371 DEMs (Table 
S11). Among them, eight lncRNAs were found to have 
anti-sense target genes, previously reported to poten-
tially participate in hair follicle regulation (Table  3). Of 
particular interest is the observation that both cis-act-
ing and trans-acting target genes of XLOC_009050 and 
XLOC_018730 are linked to hair follicle development, 
with a significant presence of DLX3 in the regulatory net-
works of XLOC_018730.

Here, we performed functional enrichment analysis on 
both the cis- and trans-target genes of the hub lncRNAs 
[42]. These genes were enriched for 43 Gene Ontol-
ogy (GO) terms related to biological processes, cellular 
components, and molecular functions (Fig. 6A), primar-
ily focusing on cellular processes, metabolic processes, 

Fig. 3 Analysis of differential expression patterns induced by a shortened photoperiod. (A) The number of differentially expressed lncRNAs (DEL) be-
tween the shortened photoperiod and the control group; (B) The number of differentially expressed mRNAs (DEM) between the shortened photoperiod 
and the control group; (C) PCA analysis results for all samples; (D) Proportion of genes showing both a periodic expression pattern and DEG between the 
shortened photoperiod and the control group in June
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biosynthetic processes, and substance transport pro-
cesses. Additionally, they were involved in 70 KEGG 
pathways (Fig. 6B, Table S12), including pathways such as 
Thyroid hormone synthesis, Oxytocin, Wnt, and TGF-β 
signaling pathways. These pathways were further catego-
rized into five major classes: Metabolism, Environmental 
Information Processing, Cellular Processes, Organismal 
Systems, and Human Diseases.

Validation of RNA-seq results by RT-qPCR
In order to confirm the quality of the RNA-seq analy-
sis, we randomly selected six lncRNAs and six mRNAs 
for RT-qPCR validation (Fig. 7A, B). The results indicate 
that the correlation coefficient between the RNA-seq 
and RT-qPCR results for the validated genes is above 0.9 
(R2 = 0.8208, p-value < 0.01), suggesting the sequencing 
data used in this study is truly reliable.

Discussion
LncRNAs play diverse fundamental roles in biological 
processes such as chromatin remodeling, gene expres-
sion and cell growth and development, but their expres-
sion profiles and functions in HF development and cycle 
are still little explored. Wu et al. focused on identifying 
mRNAs and lncRNAs involved in secondary hair follicle 
(SHF) development and cycling in cashmere goats under 
natural conditions and provided valuable insights into 
lncRNA expression during SHF development [19]. Ma 
et al. characterized lncRNA expression profiles in hair 
follicles of Inner Mongolian cashmere goats at different 
embryonic stages [52]. Wang et al. identified lncRNA 
MSTRG.20890.1 as a regulator of secondary hair fol-
licle morphogenesis and development through the chi-
miR-24-3p/ADAMTS3 signaling axis [53]. Our study 
integrates RNA-seq data with gene network analysis to 
reveal lncRNA-mRNA networks that drive the transi-
tion of hair follicles into the anagen phase under short-
ened photoperiod conditions. We analyzed the RNA-seq 

Fig. 4 WGCNA module identification. (A) Network topological analysis diagram with different soft-threshold values; (B) WGCNA heatmap; above and on 
the left are the gene dendrogram and corresponding bar graphs of gene modules (bright bands of different colors represent different gene modules). A 
cluster of highly correlated gene modules corresponds to a branch of the dendrogram; (C) Quantitative correlation diagram between gene modules and 
samples. Each row corresponds to a module feature gene, and each column corresponds to a sample. Each cell contains the respective correlation and 
p-value; (D) Statistical chart of the number of genes contained in key gene clusters
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dataset of 39 Cashmere goat skin samples including all 

Table 1 The key module hub lncRNA
Module blue Module turquoise
XLOC_018730 XLOC_009050
XLOC_008139 XLOC_026860
XLOC_000693 XLOC_004519
XLOC_025838 XLOC_015239
XLOC_011072 XLOC_013169

Table 2 Cis-target gene of hub lncRNA
lncRNA Cis target gene
XLOC_018730 DLX3[35]、KAT7[36]
XLOC_015239 ELF3[37]
XLOC_009050 LPAR1[38]

Fig. 6 Functional enrichment analysis on both the cis- and trans-target genes of the hub lncRNAs. (A) GO analysis of target genes of hub lncRNAs; (B) 
KEGG analysis of target genes of hub lncRNAs

 

Fig. 5 Pathway-mRNA-lncRNA co-expression network
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growth stages and identified 1,591 lncRNAs, exhibiting 
stage-specific expression patterns. The significant expres-
sion changes of lncRNAs across different HF cycles 
underscore their pivotal role in the periodic develop-
ment of HF. Furthermore, 3,412 protein-coding genes 
and 244 lncRNAs showed differential expression during 

the HF development cycle, while 1,378 protein-coding 
genes and 131 lncRNAs exhibited differential expres-
sion between the shortened photoperiod and the control 
group. It is noteworthy that 68% of light-responsive 685 
genes exhibit similar expression trends during the transi-
tion I (early anagen to anagen). The findings suggest that 
the process through which light control prompts hair fol-
licles to transition prematurely from the early anagen to 
anagen closely mirrors the mechanism observed during 
the transition I. According to the results of the WGCNA 
analyses, it is inferred that two gene clusters associated 
with major signal transduction pathways that control HF 
development and cycling processes, specifically those 
associated with the blue and turquoise modules, might 
play a role in orchestrating the transition of the HF cycle.

In our investigation, we focused on the intricate pro-
cess HF cycling, which exhibits seasonal patterns in 

Table 3 Trans-target gene of hub lncRNA
lncRNA trans-target genes
XLOC_018730 DLX3[35]、ELF3[37]、TERT[39]、CTPS1[40]、KRT38[41]
XLOC_008139 SOX6[42]、COL22A1[43]、IL34[44]
XLOC_009050 EGFL6[45]
XLOC_000693 DLX3[35]、ELF3[37]、PADI4[46]、ABCC8[47]
XLOC_025838 BAMBI[48]、TERT[39]、VDR[49]、CHAC1[50]
XLOC_011072 PADI4[46]
XLOC_013169 PADI4[46]、ABCC8[47]
XLOC_015239 CCL20[51]

Fig. 7 Validation of RNA-sq results by RT-qPCR. (A) Linear correlation between RNA-seq and RT-qPCR data was presented with a log2 fold change trans-
formation; (B) The selected lncRNAs and the protein-coding genes were detected by RT-qPCR and RNA-seq (*p < 0.05 in an un-paired t-test)
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numerous mammals including horse, yak, rabit, goat 
and sheep [9, 21, 22, 52, 54]. The HF cycling process is 
intricate, involving interactions among numerous sig-
nal pathways. To analyze the gene expression regula-
tory mechanisms during different stages of the HF cycle 
in response to shortened light exposure, we employed 
WGCNA on DEGs exhibiting periodic expression pat-
terns. Within this study, we pinpointed two gene clusters, 
residing in the blue and turquoise modules, significantly 
associated with cashmere growth. The turquoise module 
is linked to early anagen, while the blue module predomi-
nantly relates to anagen. The turquoise module encom-
passes several genes, including FGF22 [55], DLX3 [35], 
FZD1 [56], KRT6A [41], ABCC9 [57], ATG5 [58], STAT3 
[59], CHAC1 [50], EGFL6 [45], FAM83G [60], GSDMA 
[61], ARNTL2/BMAL2 [62], known to be involved in hair 
follicle formation and cycle regulation. These genes pri-
marily engage in the AMPK, mTOR, TGF-β, and ABC 
transporters signaling pathways. Many studies have con-
firmed that the mammalian target of rapamycin (mTOR) 
signaling pathway is essential for regulating the HF 
cycle [63, 64]. Similarly, the blue module harbors genes 
like BAMBI [48], ABCC8 [47], FZD3 [65], ALDH2 [66], 
VDR [49], CERS4 [67], CLDN11 [68], EDNRB [69] and 
GAS6 [70], associated with hair follicle formation and 
cycle regulation. These genes participate in ECM-recep-
tor interaction, MAPK, Oxytocin, Jak-STAT, Rap1, and 
PI3K-Akt signaling pathways. The previous related stud-
ies WNT/β-catenin, mTORC1, ERK/ MAPK, Hedgehog, 
TGFβ signaling pathways playing important in hair fol-
licle development and cycling for Cashmere goat [52, 53]. 
Consequently, these two gene clusters are likely contribu-
tors to the transition of the hair follicle cycle, potentially 
inducing HF to enter the anagen in advance.

lncRNAs can act as key regulators by recruiting regula-
tory complexes to modulate local gene expression, par-
ticularly influencing nearby genes. Notably, our study 
identified hub lncRNAs, namely lnc-XLOC_025838, lnc-
XLOC_018730, and lnc-XLOC_009050, which exhibit a 
positive correlation with TGF-β-related genes BAMBI, 
PPP2R1B, and ACVR1C, respectively. It is worth not-
ing that the downregulation of BAMBI expression has 
been linked to the activation of the TGF-β pathway and 
concurrent inhibition of the Wnt signaling pathway. 
Conversely, elevated BAMBI expression has been asso-
ciated with the activation of Wnt pathways [71]. The 
intricate interplay between Wnt and TGF-β pathways is 
well-established in influencing cell proliferation and dif-
ferentiation [72]. In our findings, following a shortened 
light exposure, we observed an increase in the expres-
sion of DLX3, CTPS1, ELF3, TERT, KRT38, BAMBI, 
and VDR. Significantly, lnc-XLOC_018730 was pre-
dicted to target DLX3 through both cis- and trans-acting 
mechanisms. DLX3 lies within 100  kb downstream of 

lnc-XLOC_018730, suggesting a potential cis-regulatory 
relationship. lnc-XLOC_018730 may regulate nearby 
genes (cis-acting) or chromatin states, and/or exert trans-
acting functions across the nucleus, such as modulating 
3D chromosomal architecture, chromatin modification, 
RNA transcription, alternative splicing, nucleolar organi-
zation, or mRNA degradation [73]. The expression pat-
terns of these hub lncRNAs aligned with those of genes 
associated with hair follicle development. This alignment 
suggests that these lncRNAs may play a role in promot-
ing cashmere growth, potentially contributing to the pre-
mature entry of hair follicles into the anagen.

The circadian clock plays a crucial role in governing an 
organism’s metabolic and physiological functions. Cir-
cadian genes exhibit heterogeneous expression in HFs. 
These genes actively contribute to the regulation of the 
hair cycle, aging of hair, and the production of pigment 
in HFs. The HF of Cashmere goats provide an exceptional 
model for investigating the molecular mechanisms that 
underlie cyclic hair growth and circadian rhythm traits 
[74]. Previous study showed that the secondary hair fol-
licle of Cashmere goat can grow in advance by exposure 
to short photoperiod [75-76]. Therefore, shortened pho-
toperiod treatment was an effective way to improve the 
growth rate, length of Cashmere goats. In our recent 
investigation, we observed that one month after expo-
sure to shortened light durations, June exhibited the 
highest number of DEGs. This finding suggests that June 
holds particular significance in the regulation of cash-
mere growth through shortened photoperiod. Changes 
in photoperiods led to an advancement in the HF cycle, 
with alterations in the expression of numerous HF cycle-
related genes, including CLOCK genes. Prior research 
has demonstrated that CLOCK-regulated genes experi-
ence a significant upregulation during the telogen phase. 
Lin et al. [11] emphasized the essential roles of CLOCK 
and BMAL1 in regulating the HF cycle. Zhang et al. [9] 
further validated the expression of clock genes BMAL1, 
CLOCK, and CRY1 in goat skin. CLOCK was identified as 
crucial for potential timing mechanisms during the ana-
gen phase of hair follicles, contributing to the regulation 
of hair follicle cell proliferation [77]. In our dataset, we 
observed a heightened expression of ARNTL2 during the 
telogen phase compared to the anagen phase. Moreover, 
reducing the duration of light exposure coincided with a 
decrease in ARNTL2 expression. The core gene PER2 also 
exhibited higher expression during the telogen than the 
anagen. Furthermore, we identified 38 cis-regulatory tar-
get genes associated with hair follicle development cycles, 
including XLOC_000025, XLOC_000497, XLOC_000684, 
XLOC_002135, XLOC_004889, XLOC_019096, 
XLOC_018730, XLOC_005296, XLOC_022585, 
XLOC_024856, and XLOC_004716. These lncRNAs are 
associated with cis-regulatory target genes such as CRY1, 
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PER2, PER1, and Clock genes. Our results suggest that 
shortened photoperiods alter the expression patterns of 
ARNTL/CLOCK genes, thereby influencing the HF cycle 
through circadian clock-related pathways and ultimately 
inducing transitions between different hair follicle stages.

Many lncRNAs modulate HF development by target-
ing one or multiple signaling pathways [73]. The distinct 
seasonal variation in cashmere growth presents a unique 
opportunity to explore the intricate interplay between 
molecular pathways and environmental factors influ-
encing hair growth cycles. Our findings indicate that 
the hub lncRNA co-expressed coding genes predomi-
nantly participate in signaling pathways such as ECM-
receptor interaction, MAPK, Oxytocin, Jak-STAT, Focal 
adhesion, Rap1, PI3K-Akt, Thyroid hormone synthesis, 
and Circadian entrainment. These pathways play piv-
otal roles in regulating stem cell pluripotency, cytokine-
cytokine receptor interaction, cell adhesion molecules 
(CAMs), and are critical for understanding the mecha-
nisms behind hair follicle development. Specifically, the 
PI3K-Akt signaling pathway, known for its regulatory 
role in cell proliferation, differentiation, migration, and 
apoptosis [78], has been established as a key player in 
HF regeneration [79–80]. The interaction among extra-
cellular matrix (ECM) receptors is crucial for tissue and 
organ morphogenesis [81], and in the context of cash-
mere goat hair follicles, ECM serves as a vital matrix for 
rapid growth during the hair follicle growth phase [82]. 
The MAPK pathway, a heterotrimeric protein activated 
in various cells, regulates key protein kinases involved in 
cellular energy metabolism, impacting cell proliferation 
and apoptosis [83]. Prior study indicates that the oxy-
tocin signaling pathway may activate Ca2+ and MAPK 
signaling pathways, influencing the downstream Wnt/β-
catenin signaling pathway and ultimately affecting hair 
follicle development [84]. Previous research has demon-
strated that inhibiting the JAK-STAT signaling pathway 
leads to a rapid onset of anagen and subsequent hair 
growth [85]. Notably, our observations reveal that the key 
gene STAT3 in the JAK-STAT signaling pathway is down-
regulated during the anagen, upregulated during the 
telogen, and exhibits a sharp decrease in expression lev-
els after shortening the photoperiod. This suggests that 
inhibiting JAK-STAT signaling after shortening the pho-
toperiod induces the premature entry of hair follicles into 
the growth phase. These lncRNAs may play an important 
role in regulating the HF cycle. In this study, we identi-
fied lncRNA-XLOC_018730 as a key regulator of hair fol-
licle cycling, with its expression strongly correlated with 
genes involved in cell proliferation and apoptosis. Based 
on our co-expression network analysis, we propose that 
lncRNA-XLOC_018730 may act as a molecular scaffold, 
recruiting transcription factors such as DLX3 to regu-
late the expression of target genes critical for hair follicle 

development. This hypothesis is supported by studies in 
other systems, where lncRNAs have been shown to guide 
transcription factors to specific genomic loci, thereby 
modulating gene expression. Furthermore, our findings 
suggest that lncRNA-XLOC_018730 may intersect with 
the WNT/β-catenin signaling pathway, a well-established 
regulator of hair follicle cycling. Future studies involving 
functional validation of lncRNA-XLOC_018730 and its 
interaction partners will be essential to fully elucidate its 
role in hair follicle biology. In summary, our study sheds 
light on the molecular mechanisms and environmental 
influences shaping the complex regulation of hair follicle 
development in Cashmere goats.

Conclusions
In summary, Co-expression network analysis using 
WGCNA was performed to identify the key lncRNAs 
and target genes probably participating in the transfor-
mation of hair follicle cycle, two important modules with 
the genes like DLX3, BAMBI, CLDN11, CERS4, EDNRB, 
ARNTL2, ATG5, CHAC1, EGFL6, GSDMA, STAT3, and 
FGF22 that may play an important role in involving the 
hair follicle formation. Further studies are needed to 
elucidate the Hub lncRNA underlying this regulatory 
mechanism.
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