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Abstract
Renowned for its invaluable undercoat, the cashmere goat is well known. The growth of cashmere fibre initiates 
when the relatively inactive telogen stage transitions to the anagen stage, which involves active proliferation. 
However, the molecular mechanisms responsible for this process are still unclear. Here, SWATH mass spectrometry 
(MS), a comparative proteomic analysis, was conducted to examine the proteomic alterations in Inner Mongolia 
cashmere goat skin samples at two different developmental stages (anagen and telogen). In total, 2414 proteins 
were detected, with 631 proteins showing differential regulation (503 upregulated proteins and 128 downregulated 
proteins). Bioinformatic analysis revealed that these proteins, which are differentially regulated, play crucial roles in 
the pathways associated with metabolism and fatty acids according to the GO and KEGG analyses. Furthermore, 
interactome analysis revealed that differentially regulated keratins have a crucial impact. The localization of KRT25, 
KRT71, and KRT82 using immunohistochemistry revealed that these proteins were expressed in the secondary hair 
follicles of cashmere goat skin. The keratin family plays an irreplaceable and important role in the process of hair 
follicle growth.
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Introduction
Cashmere is a production of cashmere goat skin with 
high economic value in the textile industry because it is 
softer, finer, and lighter than other animal fibres are [1, 
2]. Unlike the mechanism of wool production of pri-
mary hair follicles (PHFs), cashmere fibres grow from 
secondary hair follicles (SHFs) and have characteristics 
of annual cyclic growth, during which they undergo the 
anagen (a period of cell proliferation), catagen (a period 
of apoptosis) and telogen (a period of relative mitotic 
quiescence) phases annually [3, 4]. The cashmere fibre 
begins to grow after transitioning from the compara-
tively dormant telogen stage to the actively proliferat-
ing anagen stage, and when it enters the catagen phase, 
the hair follicle (HF) fully stops growing and decreases 
in diameter and length [5]. Histological studies of SHFs 
of Inner Mongolia cashmere goats have shown that ana-
gen occurs between April and September, catagen occurs 
between October and November, and telogen continues 
until the end of March [6]. The surrounding skin micro-
environment, or niche, strictly controls and regulates 
this sequence of periodic alterations [7]. The transition 
from the telogen phase to the anagen phase is a complex 
morphogenetic process of HFs that includes a sequence 
of reciprocal signals between mesenchymal and epithe-
lial tissues [8, 9]. Exploring the growth process of HFs in 
more detail is beneficial not only for revealing the mech-
anism of their formation but also for providing insight 
into the HF cycle.

The development of HFs is a complex process that 
necessitates accurate coordination of signals from vari-
ous cell types in the microenvironment of the skin [7, 10], 
and some factors have been confirmed to regulate the HF 
growth process directly or indirectly. For example, these 
factors may dictate whether an HF will develop on the 
basis of various combinations of signals, which consist of 
substances released from the hedgehog, Wnt/wingless, 
and FGF, BMP, TGF-β, and TNF pathways [11–13]. These 
signals control epidermal-dermal communication [11–
13]. Beta-catenin is considered a crucial factor in deter-
mining the fate of HFs because of its role in inducing 
HF formation when epidermal beta-catenin is expressed 
[14]. Moreover, the apoptosis suppressor BCL-2 may par-
ticipate in the extension of the growth phase [15], and 
TGF-α may be involved in the control of the HF shape 
[8]. However, it is also essential to study these factors 
overall, as they do not function alone in the skin. There 
are 12,927 microRNA and 12,865 miRNAs differentially 
expressed in cashmere goat skin during the SHF transi-
tion from telogen to anagen, and they work in the form of 
a microRNA‒miRNA network [16]. Proteins are the ulti-
mate embodiment of life activities [17], and exploration 
at the proteomic level can provide new insight into the 
molecular mechanism driving HF regression.

Sequential windowed acquisition of all theoretical frag-
ment ions (SWATH™) is a fast data-independent MS/MS 
acquisition technique that captures all identifiable frag-
ment ions from peptide precursors found in a biological 
sample in a comprehensive and enduring manner [18–
21]. SWATH-MS allows reproducible large-scale protein 
measurements across diverse cohorts [22]. For a deeper 
understanding of the intrinsic molecular mechanism of 
SHF growth, we performed a SWATH-based proteomic 
analysis to decipher the proteomic signature and its 
interaction relationships in the skin microenvironment 
during SHF morphogenesis. The results not only provide 
a novel protein repository of skin but also help elucidate 
the relationship between telogen and anagen in SHFs.

Materials and methods
Animals
The experimental cashmere goats belonging to the Inner 
Mongolia cashmere breed and animals used for research 
were provided by the Aerbasi White Cashmere Goat 
Breeding Farm located in Inner Mongolia, China [23]. 
All procedures in this study were performed after the 
required consent was obtained, and the experiment fol-
lowed the International Guiding Principles for Biomedi-
cal Research involving animals and was approved by the 
Special Committee on Scientific Research and Academic 
Ethics of Inner Mongolia Agricultural University, which 
is responsible for the approval of Biomedical Research 
Ethics of Inner Mongolia Agricultural University 
(Approval No: (2020)056, project title: the International 
Guiding Principles for Biomedical Research involving 
animals; approval date: May 6th, 2020). For this study, 
three 2-year-old female Inner Mongolia cashmere goats 
were randomly selected as replicates in analyses per-
formed in triplicate. The three goats were in good health, 
with similar developmental, physiological, and feed-
ing conditions. During anagen (September) and telogen 
(March), samples of dorsal skin were collected approxi-
mately 10 to 15  cm from the scapula. Previous studies 
revealed that the annual development of SHFs in Inner 
Mongolia cashmere goats raised by the Aerbasi White 
Cashmere Goat Breeding Farm was the same [24]. Prior 
to sampling, the site underwent shearing, shaving, and 
local anaesthesia with 2% lidocaine. Skin samples (1 cm2) 
were collected using a single-use skin biopsy punch. The 
samples were preserved at -80  °C in the laboratory, and 
the transportation process of the samples was complete 
in liquid nitrogen. After the study was finished, the ani-
mals were released because the procedures were mini-
mally invasive and euthanasia was not needed.

Total protein extraction
The same quantity of each skin sample was crushed in 
liquid nitrogen, and then, 500  µl of 1% sodium dodecyl 
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sulphate (SDS) was added to the lysate. After that, the 
mixture was incubated at ambient temperature for 
20  min before being ultrasonically sonicated for 2  min 
and then centrifuged at 4 °C and 12,000 rpm for 15 min. 
A BCA protein assay kit (Bioteke, Beijing, China) was 
used to determine the total protein content in the super-
natant. The results of total protein extraction are shown 
in S1.

Tryptic digestion of total protein
One hundred micrograms of denatured total protein was 
treated with a mixture of 200 µl of 10 mM DL-dithioth-
reitol (DTT) and 8 M urea at 37 ℃ for 1 h, followed by 
centrifugation for 40  min at 12,000  rpm. The samples 
were then treated with 200 µl of 50 mM iodoacetamide 
(IAA) and incubated at room temperature with the light 
ray blocked for 30 min before centrifugation for 30 min 
at 12,000 rpm. To cleave proteins into peptides, the pro-
teins were digested using trypsin (Promega, USA). Fol-
lowing digestion, 100 mM ammonium bicarbonate was 
added for elution, and the samples were centrifuged 
at 15,000  rpm for 30  min with a 10  kDa size-exclusion 
membrane (Sartorius, Germany). The eluates were dried 
in vacuo.

SWATH-based LC‒MS/MS analysis
An Eksigent NanoLC Ultra 2D Plus HPLC system was 
linked to a 5600 TripleTOF mass spectrometer for LC‒
MS/MS analysis (Sciex, Framingham, MA, USA). For the 
data acquisition of peptide separation by LC‒MS‒MS 
(LC‒MS‒MS-MS), two distinct approaches, information-
dependent acquisition (IDA) and SWATH acquisition, 
were employed.

Peptides weighing approximately 2  µg were injected 
and separated on a C18 HPLC column (inner diameter: 
75 μm ×15 cm). The peptides were separated using a lin-
ear gradient of 0.1% formic acid in water (A) and 0.1% 
formic acid in acetonitrile (B) for 120 min at 500 nL/min-
ute. An MS TOF was collected from 350 to 1800 m/z for 
IDA, followed by an IDA of MS/MS with automated col-
lision energy selection scanned from 40 to 1800 m/z for 
0.05  s per spectrum. The resolution power was 30,000. 
SWATH-MS interrogated the MS1 mass range of 150–
1200  m/z, and MS2 spectra were collected from 100 to 
1500 m/z. The MS1 and MS2 scans had nominal resolv-
ing powers of 30,000 and 15,000, respectively. Analyst 
software (Sciex, Framingham, MA, USA) was used to 
automatically determine the collision energy by consider-
ing the m/z window range.

Data analysis
To acquire a classified spectral collection, we conducted 
peptide recognition through the Protein Pilot 4.5 appli-
cation (Sciex, Framingham, MA, USA) utilizing the 

UniProt/SWISS-PROT Capra hircus database (obtained 
from https//www.UniProt.org; 9925 proteins) with the 
following configurations: sample type, identification; 
cysteine alkylation, iodoacetamide; digestion, tryp-
sin; instrument, Triple TOF 5600; ID focus, biological 
modification; search effort, thorough ID. Peptide detec-
tions by ProteinPilot were filtered at a 1% false discovery 
rate (FDR). In this study, skin peptides regulated at the 
HF developmental stages of telogen (March) and ana-
gen (September) were detected by Protein Pilot, and we 
identified the total peptides in both periods (telogen and 
anagen) by Protein Pilot. The information from Protein 
Pilot (telogen and anagen) was imported into PeakView 
software (Sciex, Framingham, MA, USA) to analyse the 
SWATH database with the ion library created in Protein 
Pilot [25]. PeakView software processed both targeted 
and nontargeted data to generate extracted ion chro-
matograms (XIC). After that, the data were conveyed to 
Markerview software (Sciex, Framingham, MA, USA) 
for interpretation and quantitative analysis. Marker-
view enables quick analysis of the data to identify pro-
tein expression changes (up- and downregulation) that 
have occurred [19]. Principal component analysis (PCA) 
via Markerview was used to process the data, and the 
screening criteria for differentially expressed proteins in 
this study were a P value < 0.05 and a fold change > 2 or 
< 0.5.

GO and KEGG pathway analysis
To visually examine the role of proteins with altered 
expression, we used the DAVID gene functional clas-
sification tool (https://david.ncifcrf.gov) and the CluGo 
plug-in of Cytoscape software to perform Gene Ontol-
ogy (GO) analysis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses. All of the bioinfor-
matic analyses were deemed significant at a corrected P 
value of 0.05. A bar graph is used to represent the results 
of the GO enrichment analysis performed on differen-
tially regulated proteins. This graph can be used to visu-
alize the various components of the biological process 
(BP), cellular component (CC), and molecular function 
(MF) categories.

Construction of the PPI network
STRING (https://string-db.org/), a web-based ​b​i​o​i​n​f​o​r​m​
a​t​i​c platform dedicated to protein‒protein interactions 
(PPIs), provides extensive data on the interactions of pro-
teins. Differentially regulated proteins were uploaded to 
STRING 11.5 to obtain information on PPIs. The medium 
confidence interaction score (0.4) was established as the 
minimal requirement. To generate a visual PPI network, 
the interactions were imported into the Cytoscape 3.9.0 
application. The value of proteins was evaluated by calcu-
lating their betweenness centrality.

http://www.UniProt.org
https://david.ncifcrf.gov
https://string-db.org/
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Western blotting
A total of 30  µg of protein was separated from each 
group via 12% SDS‒polyacrylamide gel electrophoresis 
(SDS‒PAGE) (n = 3 samples/group). After the proteins 
were transferred to a PVDF membrane (PALL, New 
York, USA) using a semidry membrane transfer method, 
they were blocked for 2 h at room temperature with 5% 
skim milk. The membrane was then incubated overnight 
at 4  °C with rabbit polyclonal anti-keratin 25 (Abcam, 
1:500), rabbit polyclonal anti-keratin 71 (Abcam, 1:500), 
and mouse monoclonal anti-tubulin (Abcam, 1:1000) 
antibodies. The membrane was then washed with PBST 
and incubated for 1 h at 37 °C with a fluorescent-labelled 
goat anti-mouse secondary antibody and a goat anti-
rabbit secondary antibody (LI-COR Biosciences, Inc., 
Lincoln, NE, USA; 1: 3,000). The immunoreactive bands 
were examined with a LI-COR® Odyssey near-infrared 
imager (LI-COR Biosciences, Inc.) after the membranes 
were washed. ImageJ software was used to quantify the 
immunoblots, and statistical analyses were conducted 
using SPSS 23.0 (Chicago, USA). Parametric one-way 
ANOVA was applied for data examination. The experi-
mental data are expressed as the means ± SDs. Statistical 
significance was considered at P < 0.05.

Immunohistochemistry
Fresh skin samples from Inner Mongolia cashmere goats 
were obtained during the telogen and anagen phases. The 
samples were first fixed for 24 h in 4% paraformaldehyde. 
Before being embedded in paraffin, the sections were 
dehydrated in pure alcohol, and the alcohol was then 
replaced with benzene. The tissue sample slices, which 
were 8  μm thick, were subjected to a series of incuba-
tions, including xylene for dewaxing, gradient alcohol 
hydration, and 3% hydrogen peroxide (H2O2) at room 
temperature to inactivate endogenous catalase. The sam-
ples were then flushed with phosphate-buffered saline 
(PBS), and antigen retrieval was carried out in citrate buf-
fer, after which the samples were blocked at room tem-
perature for 1  h with 5% bovine serum albumin (BSA). 
The samples were subsequently incubated with rabbit 
polyclonal anti-KRT25 antibody (Abcam, 1:50), rabbit 
polyclonal anti-KRT71 antibody (Abcam, 1:1000), and 
rabbit polyclonal anti-KRT82 antibody (Affinity, 1:500) 
overnight at 4 °C. 5% BSA was used as a negative control. 
The samples were subsequently washed with PBS and 
incubated with HRP-labelled goat anti-mouse secondary 
antibody (Beyotime, 1:500) for 1 h at 37 °C. Haematoxylin 
was used for final staining of the sections, and the results 
were observed using light microscopy.

Results
Proteomic changes in inner Mongolia cashmere goat SHFs 
during anagen and Telogen
From January to March, the coat of the Inner Mongo-
lia cashmere goat undergoes a period of relative mitotic 
quiescence (telogen), followed by the initiation of growth 
in April. The peak period of cashmere growth occurs in 
August and September [24].

To examine potential proteins associated with the 
growth phase of cashmere goat skin SHFs, we performed 
IDA/SWATH-MS proteomic analysis of cashmere goat 
skin in the stages of anagen (September) and telogen 
(March). A total of 2414 proteins were detected and mea-
sured (S1), and principal component analysis (PCA) of 
those proteins revealed that proteins in anagen and telo-
gen were distributed at different intervals, indicating that 
there was a major difference in the proteome between 
these two stages (Fig.  1a). We compared the proteomic 
signatures from anagen and telogen, and if the fold 
changes in these two groups of proteins were greater than 
2 or less than 0.5, we considered them to be differentially 
regulated. Volcano plots of the differentially expressed 
proteins are displayed using the values of log2 (fold 
change) and -log10 (P value) (Fig.  1b). This comparison 
revealed 503 proteins whose expression differed at least 
twofold between telogen and anagen, representing the 
proteins that were upregulated in anagen. There were 128 
proteins with a fold change of less than 0.5, represent-
ing the downregulated proteins in the anagen phase. The 
differentially expressed proteins (DRPs) included mainly 
ribosomal proteins (r-proteins), eukaryotic translation 
initiation factors (EIFs), keratin (KRT) family members, 
and S100 family proteins. Comprehensive information on 
the DRPs is presented in Supplementary Data S2 and S3.

Functional enrichment analyses of differentially regulated 
proteins
To assess the biological importance of these DRPs, we 
performed GO term and KEGG pathway enrichment 
analyses.

We analysed the GO clustering of the DRPs in BP, CC, 
and MF terms between anagen and telogen. The results 
revealed that among the main enriched GO BP terms, 
cell adhesion was the most significantly enriched process, 
and most of the DRPs were enriched in the processes 
of protein transport and folding, RNA processing, and 
splicing. In addition, the DRPs were enriched in pro-
cesses directly related to HF growth, such as hair follicle 
morphogenesis, cell ageing, keratinocyte differentiation, 
and keratinization (Fig.  2a). In CCs, these DRPs were 
enriched primarily in the extracellular exosome, cyto-
plasm, and nucleus (Fig. 2b). With respect to MFs, DRPs 
were enriched mainly in poly(A) RNA binding, protein 
binding, and RNA binding (Fig. 2c).
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In terms of KEGG pathway information, which is 
important for understanding the functions of DRPs, 
metabolism-related pathways, such as the TCA cycle 
signalling pathway, propanoate metabolism signalling 
pathway, and protein export, were the top associated 
pathways (Fig.  2d). In addition, fatty acid-related path-
ways, such as fatty acid degradation, biosynthesis of 
unsaturated fatty acids, and fatty acid elongation, were 
enriched. Furthermore, DRPs were enriched in several 
pathways related to hair follicle growth, such as the TGF-
beta signalling pathway, the VEGF signalling pathway, 
and the Wnt signalling pathway [26, 27].

Protein‒protein interaction (PPI) analysis
For analysis of the interplay among the DRPs, all those 
proteins were uploaded to STRING 11.5 software to 
identify the interrelations. Next, the construction of the 
PPI network was carried out utilizing the Cytoscape soft-
ware. As illustrated in Fig.  3a, the interaction network 
consisted of 433 nodes and 2741 edges. In this network, 
according to the filter criteria, five modules were identi-
fied with the MCODE plugin (Fig.  3b-e). Cluster 1 has 
the highest cluster score of 18.222, consisting of 19 nodes 
and 164 edges. Cluster 2 is in second place, with a cluster 
score of 12.833, 13 nodes, and 77 edges. Cluster 3 has a 
score of 11.500, 13 nodes, and 69 edges, and Cluster 4 has 
a score of 8.833, 13 nodes, and 53 edges. MCODE analy-
sis of the PPI prediction results of our study revealed that 
the cluster with the highest score was mainly composed 
of r-proteins and EIFs (Fig. 3b). The cluster with the sec-
ond highest score was mainly composed of KRT family 
members, including KRT35, KRT73, KRT4, KRT82, KIFI, 

KRT71, KRT32, KRT85, KRT25, KRT39, KRT28, KRT74, 
and KRT27 (Fig. 3c).

Validation by Western blotting
The keratin cluster (Cluster 2) was the cluster with 
the highest score. In addition, KRT25 and KRT71 are 
involved in the BP of hair follicle morphogenesis. There-
fore, these two KRTs were selected for Western blotting 
(WB) verification. Additionally, the index utilized to cal-
culate the relative content of the target proteins was the 
grey-level ratio between the target proteins and internal 
controls. The expression of KRT25 and KRT71 in the skin 
during anagen and telogen is shown in Fig.  4a, and the 
difference in expression was very notable. The relative 
contents of the target proteins are shown in Fig. 4b and 
c. The findings demonstrated that KRT25 and KRT71 
expression in anagen was greater than that in telogen, 
and the trends were similar to those found in SWATH.

Localization of KRT25, KRT71 and KRT82 by 
immunohistochemistry
The expression sites of KRT25, KRT71, and KRT82 in 
the skin of cashmere goats were determined by immuno-
histochemistry. After these sites were observed under a 
light microscope, brown cells were considered positive. 
The negative results revealed no yellow or brown stain-
ing (Figs.  5a and c, 6a and c and 7a and c), and all the 
immunohistochemistry results revealed that the back-
ground staining was light blue or colourless. In contrast, 
the experimental group exhibited distinct yellow or 
brown staining, indicating that the immunohistochem-
istry approach produced a particular immune response 

Fig. 1  Screening of differentially expressed proteins. (a) PCA of the remaining period and growth period; 1, 2, and 3 in the figure represent three goats, 
and − 1, -2, and − 3 represent technical replicates; (b) Volcano plots comparing telogen and anagen. x-axis: log2 (fold change), y-axis: -log10 (P value). The 
tag in green represents upregulated proteins in anagen, and the tag in red represents downregulated proteins in anagen
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to KRT25, KRT71, and KRT82 (Figs. 5a and c, 6a and c 
and 7a and c). As shown in Figs. 5a and c, 6a and c and 
7a and c, positive immunohistochemical staining for 
KRT25, KRT71, and KRT82 was observed in the SHFs of 
Inner Mongolia cashmere goat skin, with KRT25 in the 
IRS (Fig.  5a and c), KRT82 in the ORS (Fig.  6a and c), 
and KRT71 visible in both the IRS and ORS (Fig. 7a and 
c). The above three members of the KRT family can be 
found in both telogen and anagen, and the difference in 

their expression levels may be because the SHFs in telo-
gen are much shorter than those in anagen.

Discussion
The skin, which serves as the external barrier for animals, 
envelops the whole organism and is dispersed in ana-
tomically distinct niches that provide it with a specialized 
microenvironment [28]. HFs are important components 
of the skin, and the development and growth mecha-
nisms of HFs have focused on mammals with single 

Fig. 2  Bioinformatic analysis of differentially expressed proteins. (a) GO enrichment analysis (BP) of differentially regulated proteins; (b) GO enrichment 
analysis (CC) of differentially regulated proteins; (c) GO enrichment analysis (MF) of differentially regulated proteins; (d) KEGG pathway analysis of differ-
entially regulated proteins
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coats, such as mice and humans [29–33]. The primary, 
wool-producing follicles of cashmere goats are typically 
larger, whereas the secondary follicles are smaller and 
produce softer and finer cashmere. Cashmere goat skin 
contains more than 90% SHFs, and in addition to PHFs, 
SHFs follow their internal clock with a noticeable pho-
toperiod-based cycle [34]. Clearly, then, there must be 
some signals involved in cycling in SHFs, which has no 
effect on PHFs. A comparative analysis based on differen-
tial proteomics of these two periods of anagen and telo-
gen in this study could provide a better understanding 
of the cyclical growth mechanism of cashmere goats and 

offer novel strategies for increasing fine cashmere quality 
through breeding. The results revealed that 631 proteins 
were extremely significantly differentially expressed: 503 
proteins whose expression was upregulated and 128 pro-
teins whose expression was downregulated.

Since birth, the lifelong cycle growth mode of mam-
malian HFs is initiated. For cashmere goats, SHFs show 
annual periodicity. Apoptosis of keratinocytes in the 
matrix, inner root sheath (IRS), and outer root sheath 
(ORS) leads to rapid degeneration of the lower two-thirds 
of HFs during catagen, whereas bulge HF stem cells evade 
apoptosis. At the end of catagen, the lower HF undergoes 

Fig. 3  Protein‒protein interaction network analysis of differentially regulated proteins and (a) The interaction network between differentially regulated 
proteins comprised 433 nodes and 2741 edges. The colour gradient varies depending on the direction of the links characterizing each node, computed as 
the in/out degree ratio, from red (higher) to green (lower). The spatial network arrangement was obtained by using the Cytoscape prefuse force-directed 
layout; (b) had the highest cluster score (score: 18.222, 19 nodes and 164 edges), followed by Cluster 2; (c) (score: 12.833, 13 nodes and 77 edges), Cluster 
3; (d) (score: 11.500, 13 nodes and 69 edges), and Cluster 4; (e) (score: 8.833, 13 nodes and 53 edges)
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Fig. 6  Localization of KRT71 in the skin of Inner Mongolian cashmere goats by immunohistochemistry. Brown cells were considered positive. (a): Stain-
ing of KRT71 during anagen. (200 ×); (b): Staining for KRT71 during telogen. (200 ×); (c): Negative control. (200 ×). Note: IRS, inner root sheath; ORT, outer 
root sheath

 

Fig. 5  Localization of KRT25 in the skin of Inner Mongolian cashmere goats by immunohistochemistry. Brown cells were considered positive. (a): Stain-
ing of KRT25 during anagen. (200 ×); (b): Staining for KRT25 during telogen. (200 ×); (c): Negative control. (200 ×). Note: IRS, inner root sheath; ORT, outer 
root sheath

 

Fig. 4  Western blotting analysis of the differentially expressed proteins between telogen and anagen phases. (a): Western blotting of KRT25 and KRT71 
in skin samples collected during telogen and anagen; (b and c): Relative expression of KRT25 and KRT71 in skin samples collected during telogen and 
anagen. **P < 0.01
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a transformation and forms an epithelial strand, which 
brings the dermal papilla close to the bulge [33]. In ana-
gen, the regeneration of HFs is driven by stem cells in 
the bulge and coordinated by signal exchange from the 
dermal papilla niche [35, 36]. The signal between the 
bulge and dermal papilla is transported by extracellu-
lar exosomes in the skin [10, 15, 37]. In this study, the 
most enriched CC was extracellular exosomes, which 
is likely due to the reasons mentioned above. Extracel-
lular exosomes have also been identified as a method of 
releasing cellular waste products [10]. Therefore, another 
reason for the greatest enrichment of CCs of extracel-
lular exosomes might be that DRPs are involved mainly 
in BPs associated with metabolism. The importance of 
metabolism in the HF growth process was also confirmed 
through KEGG pathway analysis in this study. Metabolic 
regulation is a major driver of extracellular matrix pro-
duction and degradation in fibroblasts [38]. In addition, 
adipocytes can drive HF growth by promoting the skin 
stem cell niche [39]. Fatty acids, which serve as important 
indicators of lipid breakdown, also have crucial functions 
in the development of HFs [40]. Furthermore, the DRPs 
identified in this study were enriched in fatty acid metab-
olism pathways, such as fatty acid degradation, fatty acid 
elongation, and unsaturated fatty acid biosynthesis. In the 
KEGG pathway analysis, the TCA cycle, oxidative phos-
phorylation, and PPAR signalling pathways were linked 
to fatty acid metabolism. The oxidation process of fatty 
acids is ultimately catabolized in the TCA cycle by oxida-
tive phosphorylation in the mitochondria. Mitochondria 
were also enriched in the CC category according to the 
GO enrichment analysis. The PPAR signalling pathway 
participates in fatty acid oxidation and mitochondrial 
oxidative metabolism, and the four DRPs involved in the 
PPAR signalling pathway in our study were upregulated 
in anagen, which could promote the degradation of fatty 
acids and the TCA cycle [38]. These findings suggest that 
the abovementioned pathways are crucial for promoting 
the cyclic development of cashmere goat SHFs.

The majority of molecular processes take place within a 
cell in the presence of many proteins that are connected 

by highly specific physical contacts. Hence, proteins 
rarely act alone. The interactions among these proteins 
can be called PPIs. MCODE analysis of the PPI predic-
tion of our study revealed that the cluster with the highest 
score was mainly composed of r-proteins and EIFs. Dur-
ing cellular translation, r-proteins make up the subunits 
of the ribosome that work with rRNA [41], and EIFs also 
play an important role during this process; for example, 
the EIF3 family is critical in controlling translation initia-
tion during the cell cycle, and the EIF4 family is related to 
protein synthesis [42, 43]. Therefore, our results indicated 
that DNA transcription and protein translation in the 
skin strongly increased during the HF growth period. The 
cluster with the second highest score was mainly com-
posed of KRT family members, including KRT35, KRT73, 
KRT4, KRT82, KIFI, KRT71, KRT32, KRT85, KRT25, 
KRT39, KRT28, KRT74, and KRT27. KRTs are the main 
cytoskeletal proteins and not only play a role in support 
and mechanical resilience in the cell process but also play 
a very important role in the process of HF growth [44, 
45]. The HF structure is composed of hair fibres, an IRS, 
an ORS, and a connective tissue sheath from the inside to 
the outside [4]. In human HFs, KRT25, KRT27, KRT28, 
KRT71, KRT73, and KRT74 are IRS proteins [46]. The 
immunohistochemical results of this study revealed that 
KRT25 was also expressed in the IRS of SHFs in the skin 
of Inner Mongolia cashmere goats. However, keratin 71 
is expressed in both the IRS and ORS, which is different 
from its expression in single-coat mammals. For animals 
with single-coats, such as humans and mice, KRT71 is 
not only essential for the proper formation of the IRS but 
also indispensable for the correct moulding and growth 
of the hair shaft [47–49]. For the secondary hair follicles 
of Inner Mongolia cashmere goat skin, KRT71 may have 
more profound importance because of its wider expres-
sion, but its specific role still needs further research. In 
human HFs, KRT25, KRT27, KRT28, KRT32, KRT35, 
KRT82, and KRT85 are present in the hair-forming com-
partment, indicating that these keratins are involved in 
the synthesis and growth of human HFs [46]. Our results 
revealed that the main site of KRT82 expression is the 

Fig. 7  Localization of KRT82 in the skin of Inner Mongolian cashmere goats by immunohistochemistry. Brown cells were considered positive. (a): Staining 
of KRT82 during anagen. (200×); (b): Staining of KRT82 during telogen. (200×); (c): Negative control. (200 ×). Note: IRS, inner root sheath; ORT, outer root 
sheath
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ORS of SHFs. The molecular mechanisms of SHF devel-
opment in cashmere goat skin differ from those of single-
coats animal HFs. However, the KRT family undoubtedly 
plays an irreplaceable and important role in the process 
of HF growth.

In addition to the protein cluster networks with high 
scores mentioned above, some proteins also needed spe-
cial attention. For example, ANXA1, a calcium-depen-
dent phospholipid binding protein, is upregulated during 
anagen. In the skin HFs of mice, ANXA1 participated in 
hair growth by influencing the proliferation of HF stem 
cells and the density of HFs. S100 family proteins must 
be mentioned. S100 proteins are a subgroup of Ca2+-
binding proteins, some of which play an active role in the 
process of HF growth. For example, blockade of S100A3, 
an anagen-upregulated protein, can delay the entry of 
mouse HFs into the anagen period, reduce hair elonga-
tion, and decrease the number of subcutaneous HFs [50]. 
In our research, S100 protein family members could be 
seen among both anagen-upregulated and anagen-down-
regulated proteins, and studies on the transcriptome of 
cashmere goat skin SHFs revealed that although S100 
gene family members participate in the growth process of 
SHFs, they have different biological functions from those 
of humans and mice [51, 52]. Our proteomic data also 
revealed that the S100 family plays an indispensable role 
in the periodic growth of cashmere goat skin SHFs.

Conclusion
Cashmere, often known as soft gold, is produced in 
excess of 20,000 tons in China every year, and as a con-
sequence, cashmere goats have become a major source of 
income for farmers and herders in northern China [53]. 
We compared the two periods of vigorous anagen and 
telogen variation in Inner Mongolia cashmere goat SHFs 
through the analytical method of proteomics. The pro-
teins involved in the annual periodic growth of cashmere 
goat SHFs were revealed from the perspective of the pro-
teome. Our immunohistochemistry data suggested that 
keratins have a relatively high cluster score, and the local-
ization of KRT25, KRT71, and KRT82 revealed that these 
proteins were expressed in the SHFs of cashmere goat 
skin, although the specific expression sites were slightly 
different from those in humans and mice. The molecular 
mechanisms of SHF development in cashmere goat skin 
differ from those of single-coats animal HFs. Overall, 
these data provide new insight into the SHFs of cashmere 
goats; that is, the main SHF region and proteins involved 
in the initiation and continuation of SHF growth vary 
seasonally.
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