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Conclusions: The total methylation level of IGFBP4 promoter was negatively correlated with its mRNA
expression in Super Merino sheep skin tissues with different degrees of fineness, which could be used
as an epigenetic marker for wool breeding in Super Merino sheep.
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1. Introduction

Wool is an important economic trait in sheep production, and
its quality and yield are determined by many factors, including
the morphogenesis and characteristics of the hair follicle [1].
Developing an understanding of the mechanism of hair follicle
development is essential for obtaining a general insight into the
mechanisms of controlling wool fineness to improve the economic
benefits of sheep industry. The Super Merino sheep is a new breed
with ultra-fine wool that is independently bred in China. This
breed has been jointly bred by several units in Xinjiang, Inner Mon-
golia, Jilin, and other provinces since 2000 [2,3]. As an ultra-fine
wool Merino sheep, the regulation of its hair follicle development
and wool fineness is unknown and requires further exploration
for better breeding.

In recent years, the study of epigenetics has excited an excep-
tional degree of attention. Epigenetics is the study of heritable
changes in gene expression or cell phenotype through some mech-
anism without altering the DNA sequence, such as DNA methyla-
tion. DNA methylation has been found to have an outsized
influence on many processes of biology, including hair follicle
development [4,5,6,7,8,9]. Whole-genome bisulfite sequencing
(WGBS) conducted on the skin tissue of cashmere goats identified
that the methylation status was higher in the skin with hair folli-
cles in the telogen than in the anagen stage [6]. RNA-seq and WGBS
performed on the embryonic skin tissues of cashmere goats
showed that the DNA methylation in the differentiation stage of
the hair follicle was lower than that in the induction stage, and
the expression level of certain hair follicle differentiation genes
and transcription factor genes was negatively correlated with
DNA methylation level [7]. The results suggested that DNA methy-
lation may play a role in hair morphogenesis by regulating gene
expression [6,7]. Methylation levels in the promoters of several
genes have been identified as correlating significantly with gene
expression levels and hair follicle development, such as in BMP4
[10], HOXC8 [11], and H19 [12].

Recently, our group analyzed the DNA methylome and the
whole transcriptome in the skin tissue of 18 Super Merino sheep
at six developmental stages of the hair follicle (fetal at 65 d, 85
d, 105 d, and 135 d and at 7 d and 30 d after birth). The results
showed that the methylation levels upstream of the transcription
initiation site were lower in the later stages than in the earlier
stages [13]. The differential methylation genes were enriched in
Wnt, TNF, TGF-beta, and other signaling pathways related to hair
follicle development [14]. Furthermore, the methylation of IGFBP2
and IGFBP4 was different in the skin tissues at different develop-
mental stages of Super Merino sheep [14]. IGFBP2 and IGFBP4 are
important members of the insulin-like growth factor binding pro-
tein (IGFBP) family, which is closely involved in hair follicle devel-
opment [15,16]. IGFBP2 and IGFBP4 can interact with other binding
proteins to affect cell proliferation and the development of hair fol-
licles [15,17,18,19]. Hence, this study analyzed the influence of
IGFBP2 and IGFBP4 promoter methylation on mRNA expression
levels of IGFBP2 and IGFBP4 in skin tissues of Super Merino sheep
of different fineness of wool and predicted the binding sites of
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transcription factors in the promoter regions of IGFBP2 and IGFBP4.
The results of this study will provide a theoretical basis for the
understanding of the regulatory mechanism of hair follicle
development.

2. Materials and methods
2.1. Sample collection

The experimental process was consistent with protocols of
international guides for the ethical use of animals in research.
The experimental sheep were 1-year-old Super Merino ewes from
Gongnaisi Breeding Farm in Yili, Xinjiang, which were all at the
same feeding and management. The sheep were divided into a very
fine group (16.90 um) and a very thick group (19.53 pm), with five
sheep samples in each group. Skin tissue of the left scapula was
collected and stored in a cryopreserved tube in —80°C refrigerator
for subsequent analysis.

2.2. DNA and RNA extraction and primer design

About 50-100 mg tissue samples were triturated in liquid nitro-
gen, and DNA and RNA were extracted from the skin tissues of 10
sheep (five very fine group sheep and five very thick group sheep).
Tissue genomic DNA extraction kit (Tiangen, Beijing, China) was
used to isolate DNA [2]. The extracted genomic DNA was subjected
to a Nanodrop One spectrophotometer and Qubit 2.0 electrophore-
sis for qualified quality inspection and further experimentation.
Tissue RNA was extracted by the AllPrep DNA/RNA Mini Kit (Tian-
gen, Beijing, China), and RNA concentration was determined using
Nanodrop 2000 nucleic acid detector. After agarose gel elec-
trophoresis, cDNA was synthesized using a reverse transcription
kit (PrimeScript RT reagent Kit with gDNA Eraser, TaKaRa, Dalian,
China) and stored for a further experiment at the —20°C [2]. Primer
Premier 5.0 software was used to design the primers synthesized
by Shanghai Sangon Biotech Co., Ltd (Shanghai, China). The primer
sequences used for the real-time quantitative reverse transcription
polymerase chain (qQRT-PCR) and bisulfite sequencing PCR (BSP)
study in this experiment are shown in Table 1.

2.3. The qRT-PCR reaction

The expression levels of IGFBP2 and IGFBP4 were detected using
gRT-PCR. GAPDH was used as internal control, and the correspond-
ing IGFBP2 and IGFBP4 primers were used to make three parallel
samples for amplification. The reaction procedure for qRT-PCR
included pre-denaturation at 95°C for 30 s, followed by 40 cycles
of denaturation at 95°C for 5 s, annealing at 62.8°C for 30 s, and
extension at 95°C for 5 s.

2.4. Bisulfite sequencing PCR amplification

The steps of the DNA modification were performed according to
the instructions of the EZ DNA Methylation-Gold Kit (Zymore-
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Table 1
Primers used in this study.
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Product size (bp) Annealing temperature (°C)

Gene Primer sequence (5'—3’)
qPCR-IGFBP2 F: GGTTGCAGACAATGGCGAGGAG

R: TGCTGCTCCGTGACCTTCTCC
qPCR-IGFBP4 F: AGAGCCGCACCCACGAAGAC

R: GTCCACACACCAGCACTTGCC
qPCR-GAPDH F: GAGATCAAGAAGGTGGTGAAGCAG

R: GTAGAAGAGTGAGTGTCGCTGTTG
BSP-IGFBP2 F: TGAGTTATTGAAATTTAAGTTAGGT

R: CATTCTATAAAACAAAAAAAACTCC
BSP-IGFBP4 F: GGGTTAAGATAGATGGGGTAGAAG

R: AAACAAAACCAAAAATTACAAACTAAC

162 60
125 60
113 60
202 48.6
147 48.6

Note: qRT-PCR, real-time quantitative reverse transcription polymerase chain; BSP, bisulfite sequencing PCR.

search, USA). The modified DNA was stored in a —80°C refrigerator
for subsequent experiments. The PCR program used for BSP
included pre-denaturation at 95°C for 5 min, followed by 30 cycles
of denaturation at 95°C for 45 s, annealing at 60°C for 30 s, and
extension at 72°C for 30 s, ending at 72°C for 10 min. PCR amplifi-
cation product was purified with a PCR product purification kit
(Tiangen, Beijing, China). After agarose gel electrophoresis and con-
centration determination, the purified product was linked to a
PMD19-T vector (TaKaRa, Dalian, China) [20]. Three positive clones
were selected from each sample and sent to Sangon Biotech
(Shanghai, China) for sequencing.

2.5. Bioinformatic analysis to predict transcription factors

The promoter sequences of sheep IGFBP2 and IGFBP4 were
downloaded from the NCBI database. The transcription factors in
the promoter regions of IGFBP2 and IGFBP4 were predicted using
PROMO, UCSC, and GeneCards database. Metascape was used for
the enrichment analysis of the predicted transcription factors. To
determine the relationship between enrichment terms, the Kappa
score was calculated as a measure of similarity between terms.
The similarity network of enrichment terms was constructed using
the STRING database to analyze the protein-protein interaction
network of transcription factors, and the key transcription factors
were selected. ORF Finder software was used to predict the ORF
of transcription factors. The online softwares ProtParam, SOPMA,
and SWISS-MODEL were used to predict the primary, secondary,
and tertiary structures of transcription factors.

2.6. Statistical analysis

SPSS19.0 was used to analyze the differences in expression for
IGFBP2 and IGFBP4. The average value of the data from three
repeated tests was used for each object of analysis. Relative quan-
titative analysis was performed using the 22 formula [21]. SPSS
software was utilized to analyze the correlations between methy-
lation levels and mRNA expression. The data were presented as
means + SEMs.

3. Results

3.1. Expression analysis of IGFBP2 and IGFBP4 in skin tissues with
different fineness

The amplification curves and fusion curves of IGFBP2 and IGFBP4
and the reference gene GAPDH showed good coincidence and had a
shared single peak. The results of the qRT-PCR indicated that the
expression level of IGFBP2 in the skin tissue of very fine wool Super
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Merino sheep was higher than that in the very thick wool skin
group, but the difference was not significant (P > 0.05, Fig. 1). How-
ever, the expression level of IGFBP4 in the skin tissue of very fine
wool Super Merino sheep was significantly higher than that in
the very thick group (P < 0.01, Fig. 1).

3.2. CpG site prediction, product detection, and sequence alignment

The gene sequences for IGFBP2 and IGFBP4 were copied into the
MethPrimer to provide an analysis of the CpG site of the target
DNA sequence. As shown in Fig. S1, both IGFBP2 and IGFBP4 pro-
moter regions have a CpG island. The online software MethPrimer
was used to design the methylation primers within or next to the
CpG island of the sheep IGFBP2 and IGFBP4 (Table 1). The methyla-
tion primers for IGFBP2 and IGFBP4 contain 16 and 5 methylation
sites, respectively (Fig. S1 and Fig. S2). DNA methylation analysis
was carried out on the promoter regions of IGFBP2 and IGFBP4 in
Super Merino sheep, and the methylation patterns for the skin tis-
sues of Super Merino sheep of the two fineness groups were ana-
lyzed (the very fine group and the very thick group). Gel
electrophoresis of the PCR products of the IGFBP2 and IGFBP4
methylation primers showed the correct size of the PCR product,
which indicates that the PCR product could be used for subsequent
experiments (Fig. 2). The sequencing peak map for the methylation
regions of IGFBP2 and IGFBP4 in Super Merino sheep showed 16
and 5 methylation sites in the analyzed region, respectively, which
was consistent with the prediction (Fig. 3).

3.3. Analysis of DNA methylation patterns and correlation analysis
between methylation and mRNA

The promoter methylation levels of IGFBP2 and IGFBP4 in Super
Merino sheep were analyzed (five sheep in very fine group and five
sheep in very thick group). In IGFBP2, the methylation level of CpG
island was extremely low in the very fine group and the very thick
group, and the methylation rate of CpG island was 0.42% in both
groups. The methylation rate of CpG15 in the very fine group
(6.67%) was higher than that in the very thick group (0%), and
the methylation rate of CpG2 in the very fine group (0%) was lower
than that in the very thick group (6.67%) (Fig. 4). The DNA methy-
lation level of IGFBP2 was the same between the two groups, pre-
venting correlation analysis from being performed. For IGFBP4, the
methylation level of the CpG island was low in the very fine group
and the very thick group, and the methylation rates for the sites
CpG1, CpG2, and CpG3 in the very fine group were lower than
the rates in the very thick group (Fig. 4). In addition, the DNA
methylation levels of IGFBP4 were significantly negatively corre-
lated with mRNA expression (P < 0.01).
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Fig. 1. The mRNA expression of IGFBP2 (A) and IGFBP4 (B) in different fineness groups of skin tissues ** represents very significant difference (P < 0.01).
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Fig. 2. PCR product gel electrophoresis of IGFBP2 (A) and IGFBP4 (B) in Super Merino sheep. M is DL2000 marker, and lines 1-10 are PCR products.
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3.4. Prediction of transcription factors in the promoter regions of
IGFBP2 and IGFBP4 and GO enrichment analysis

Using PROMO, UCSC, and GeneCards, 104 and 91 transcription
factors were predicted to bind to the promoter regions of IGFBP2
and IGFBP4 (Table S1). The enrichment analysis of the transcription
factors for IGFBP2 and IGFBP4 using MetaScape showed that the
transcription factors enriched in the promoter of IGFBP2 were
focused on the following aspects: response of gland development
cells to hormone stimulation, negative regulation of embryonic
organ development cell proliferation, regulation of neuronal death,
development of the sensory organs, epithelial cell proliferation,
regulation of DNA binding to multicellular organism growth, and
reproductive structure development, and so forth (Fig. 5). The tran-
scription factors enriched in the promoter of IGFBP4 were focused
on the following aspects: gland development, chordate animal
embryo development, liver development, AP1 pathway sensory
organ development, epithelial cell proliferation, regulation of
epithelial cell differentiation, and so on (Fig. 5). These results indi-
cate the multifunction of IGFBP2 and IGFBP4.

3.5. Network analysis of potential transcription factors

To further analyze the relationships between these factors, all
transcription factors were input into the STRING database to obtain
the PPI network according to their interaction. The binding protein
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interaction network of common Kkey transcription factors was
screened out. The key transcription factors included JUN, EP300,
SP1, PAX6, ETS1, and MYOD1 (Fig. 6).

3.6. Results of transcription factor structure prediction

ProtParam online software was used to predict the primary
structure of JUN, EP300, SP1, PAX6, ETS1, and MYOD1 transcription
factors in sheep (Table S2). The prediction results for the secondary
structure are shown in Fig. S3. The main elements of the secondary
structure of the proteins encoded by the six transcription factors
were all random coils. The prediction results for the tertiary struc-
ture of the protein encoded by sheep JUN, EP300, SP1, PAX6, ETS1,
and MYOD1 transcription factors are shown in Fig. 7. JUN was
mainly composed of an o helical elongated chain. The EP300,
SP1, PAX6, ETS1, and MYOD1 were mainly composed of an o heli-
cal elongated chain. The prediction results of the tertiary structure
of the proteins encoded by the above six transcription factors by
the random curling of the B corner were generally the same as
those obtained for the secondary structure (Fig. 7).

4. Discussion

The quality and fineness of wool are determined by the struc-
ture and characteristics of the hair follicles, so studying the mech-
anism of regulation of the structure of the hair follicle and its
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Fig. 6. Protein interaction network of transcription factors of IGFBP2 (A) and IGFBP4 (B). Edges represent protein-protein associations; the thickness of the edge represents
edge confidence (thick edges represent high levels of confidence).

development is of great importance. More and more functional have been published regarding the mechanism that underlies the
molecules have been identified and characterized in each stage of morphogenesis of fine sheep hair follicles due to the associated
the hair follicle development of mice [22,23]. However, few reports technical difficulties and high cost. There are conservative signals
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in hair follicle development in mice, but physiology and regulation
mechanisms are different between mice and sheep. There have
been few studies on epigenetic markers and functional mecha-
nisms related to hair follicle development in sheep. Further explo-
ration and integration of the results of epigenetic studies are
needed to better understand the mechanisms of the regulation of
sheep hair follicle development.

In Super Merino sheep, MeDIP-seq identified some differential
methylation genes, including IGFBP2 and IGFBP4. IGFBP2 and
IGFBP4 are members of the IGFBP family, which has an important
influence on hair follicle development [15,16]. Studies have also
shown that gene promoter methylation can inhibit the binding of
transcription factors in the promoter region, leading to a decline
in the gene transcription level or even the cessation of transcrip-
tion, achieving the purpose of regulating gene transcription
[6,7,8]. Therefore, we detected the methylation level and expres-
sion level of IGFBP2 and IGFBP4 in the skin tissues of sheep with dif-
ferent wool fineness. The expression level of IGFBP4 in the skin
tissue of the very fine Super Merino sheep was significantly higher
than that in the very thick group, and the DNA methylation level of
IGFBP4 was significantly negatively correlated with mRNA expres-
sion. These results suggest that the expression and function of
IGFBP4 with respect to hair follicle development may be regulated
by its promoter methylation.

Unfortunately, the specific mechanisms through which IGFBP4
regulates hair follicle development have not been reported.
IGFBP4 features the main functional protein domains (IGFBP
domain and thyroglobulin type-I domain), similar to other genes
in the IGFBP family. Thus, we can speculate on the mechanisms
by which IGFBP4 regulated hair follicle development based on rel-
evant studies. IGFBPs are important proteins that interact with
IGFs, and IGFs have a regulatory function in hair follicle develop-
ment [24,25]. Furthermore, the functions of some genes in the
IGFBP family on hair follicle development have been identified.
IGFBP5 is identified as the first molecular marker among different
types of hair follicle, and it can regulate hair shaft differentiation
and hair type determination [26,27]|. The activation of Sonic
hedgehog (Shh) pathway can stimulate the regeneration of dermal
papilla [28], and IGFBP2 can interact with the Shh pathway in the
hair follicle [17]. IGFBP1 also has a positive effect on hair growth
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[29]. Based on this, we speculated that the functional mechanism
of IGFBP4 on hair follicle development may be the same as that of
the other IGFBP genes, but the actual function requires further
experimental verification.

Many studies have shown that gene promoter methylation can
inhibit the binding of transcription factors in the promoter region,
and this leads to a decline in gene transcription level or even the
cessation of transcription. Hence, we analyzed candidate transcrip-
tion factors that can bind to the promoter region of IGFBP2 and
IGFBP4 to explore whether these methylations of IGFBP2 and
IGFBP4 affect the binding of transcription factors. Many important
transcription factors have been identified, such as C/EBPs, PPARY,
ADD1, PDX1, NGN3, and FOSL2. Some of these transcription factors
have been identified to have close relationship with hair follicle
development [30]. The enrichment analysis of the transcription
factors of IGFBP2 and IGFBP4 using MetaScape showed that the
binding transcription factor of IGFBP2 focused on the response of
gland development cells to hormone stimulation, the negative reg-
ulation of embryonic organ development cell proliferation, regula-
tion of neuronal death, sensory organ development, epithelial cell
proliferation, and so on [31]. The binding transcription factor of
IGFBP4 has functions that are focused on gland development, chor-
date animal embryo development, epithelial cell proliferation, reg-
ulation of epithelial cell differentiation, and so forth. Some of these
functions play a crucial role in hair follicle development, which
may provide a theoretical basis for identifying more transcription
factors related to hair follicle development.

In the protein interaction network, six common key transcrip-
tion factors were screened out, namely, JUN, EP300, SP1, PAX6,
ETS1, and MYOD1. These transcription factors can regulate the
cell cycle, cell proliferation, gene transcription, glucose uptake,
and growth and development [32,33,34]. Meanwhile, the sec-
ondary and tertiary structure of the transcription factors for
JUN, EP300, SP1, PAX6, ETS1, and MYOD1 have been predicted,
which would lay the foundation for a subsequent verification
experiment. However, the mechanism of how the promoter
regions of IGFBP2 and IGFBP4 genes regulate hair follicle develop-
ment and wool growth remains further verified. In the future, the
effect of these transcription factors on hair follicle development
could be further studied.
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5. Conclusions

The promoters of IGFBP2 and IGFBP4 were hypomethylated in
the skin tissue of Super Merino sheep. The DNA methylation of
IGFBP4 was negatively correlated with its expression level, which
indicates that DNA methylation was negatively regulated with
gene expression level. In addition, transcription factors, including
JUN, EP300, SP1, PAX6, ETS1, and MYOD1, were predicted to bind
to the promoter regions of IGFBP2 and IGFBP4. The results of these
studies could be used to provide epigenetic markers for Super Mer-
ino sheep and provide the theoretical basis for sheep wool
breeding.

Author contributions

Study conception and design: K Tian, X Huang, Y Tian.

-Data collection: K Tian, X Huang, X Xu, W Wu, ] Di.

-Analysis and interpretation of results: ] He, B Zhao, X Fu.

-Draft manuscript preparation: Y Tian, ] Du, X Yang, W Zeng.

-All authors reviewed the results and approved the final version
of the manuscript.

Financial support

This research was funded by the National Natural Science Foun-
dation of Xinjiang Province (Nos. 2020D03016 and 2019D01B07),
the Special Fund for the National Natural Science Foundation of
China (No. 31760655), the China Postdoctoral Science Foundation
(N0.2017M623287), and the China Agriculture Research System
of MOF and MARA (CARS-39). YT was supported by the Tianshan
Elite Project in Xinjiang Province.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgments

We would like to thank the staffs of breeding farm for samples
and data collection.

Supplementary material

https://doi.org/10.1016/j.ejbt.2022.07.001.

References

[1] Rishikaysh P, Dev K, Diaz D, et al. Signaling involved in hair follicle
morphogenesis and development. Int ] Mol Sci 2014;15(1):1647-70. https://
doi.org/10.3390/ijms15011647. PMID: 24451143.

[2] Ablat S, Tian YZ, Xu Q, et al. Study on Fetal Skin hair follicle structure and
morphological development of Subo merino sheep Scientia Agricultura Sinica
2017;50(16):3226-35. 5

[3] Zhai B, Zhang L, Wang C, et al. Identlﬁcatlon of microRNA- 21 target genes
associated with hair follicle development in sheep. Peer ] 2019;7:e7167.
https://doi.org/10.7717peerj.7167. PMID: 31293827.

[4] JinF, Li M, Li X, et al. DNMT1-mediated methylation inhibits microRNA-214-3p
and promotes hair follicle stem cell differentiate into adipogenic lineages.
Stem Cell Res Ther 2020;11(1):444. https://doi.org/10.1186/s13287-020-
01864-8. PMID: 33076979.

[5] Hao T, Guo J, Liu ], et al. Predicting human age by detecting DNA methylation
status in hair. Electrophoresis 2021;42(11):1255-61. https://doi.org/10.1002/
elps.202000349. PMID: 33629357.

[6] Li C, Li Y, Zhou G, et al. Whole-genome bisulfite sequencing of goat skins
identifies signatures associated with hair cycling. BMC Genomics 2018;19
(1):638. https://doi.org/10.1186/s12864-018-5002-5. PMID: 30153818.

[7] Wang S, Li F, Liu ], et al. Integrative analysis of methylome and transcriptome
reveals the regulatory mechanisms of hair follicle morphogenesis in Cashmere
goat. Cells 2020;9(4):969. https://doi.org/10.3390/cells9040969. PMID:
32295263.

53

Electronic Journal of Biotechnology 59 (2022) 46-54

[8] Xiao P, Zhong T, Liu Z, et al. Integrated analysis of methylome and
transcriptome changes reveals the underlying regulatory signatures driving
curly wool transformation in Chinese Zhongwei Goats. Front Genet
2020;10:1263. https://doi.org/10.3389/fgene.2019.01263. PMID: 31969898.

[9] Liu Y, Xu Q, Kang X, et al. Dynamic changes of genomic methylation
profiles at different growth stages in Chinese Tan sheep. ] Anim Sci
Biotechnol 2021;12(1):118. https://doi.org/10.1186/s40104-021-00632-9.
PMID: 34727982.

[10] Bai WL, Dang YL, Wang JJ, et al. Molecular characterization, expression and
methylation status analysis of BMP4 gene in skin tissue of Liaoning cashmere
goat during hair follicle cycle. Genetica 2016;144(4):457-67. https://doi.org/
10.1007/s10709-016-9914-1. PMID: 27406581.

[11] Bai WL, Wang J], Yin RH, et al. Molecular characterization of HOXC8 gene and
methylation status analysis of its exon 1 associated with the length of
cashmere fiber in Liaoning cashmere goat. Genetica 2017;145(1):115-26.
https://doi.org/10.1007/s10709-017-9950-5. PMID: 28093668.

[12] Zhu YB, Wang ZY, Yin RH, et al. A IncRNA-H19 transcript from secondary hair
follicle of Liaoning cashmere goat: Identification, regulatory network and
expression regulated potentially by its promoter methylation. Gene
2018;641:78-85. https://doi.org/10.1016/j.gene.2017.10.028. PMID:
29054756.

[13] Zhao B, Luo H, He ], et al. Comprehensive transcriptome and methylome
analysis delineates the biological basis of hair follicle development and wool-
related traits in Merino sheep. BMC Biol 2021;19(1):197. https://doi.org/
10.1186/s12915-021-01127-9. PMID: 34503498.

[14] Tian Y, Yang X, Du ], et al. Differential methylation and transcriptome
integration analysis identified differential methylation annotation genes and
functional research related to hair follicle development in sheep. Front Genet
2021;12:735827. https://doi.org/10.3389/fgene.2021.735827. PMID:
34659357.

[15] Batch JA, Mercuri FA, Werther GA. Identification and localization of insulin-like
growth factor-binding protein (IGFBP) messenger RNAs in human hair follicle
dermal papilla. ] Invest Dermatol 1996;106(3):471-5. https://doi.org/10.1111/
1523-1747.ep12343649. PMID: 8648179.

[16] Wu T, Wang S, Jin Q, et al. PAPPA2 promote the proliferation of dermal papilla
cells in Hu sheep (Ovis aries) by regulating IGFBP5. Genes 2021;12(10):1490.
https://doi.org/10.3390/genes12101490. PMID: 34680885.

[17] Harris PJ, Takebe N, Ivy SP. Molecular conversations and the development of
the hair follicle and basal cell carcinoma. Cancer Prev Res (Phila) 2010;3
(10):1217-21.  https://doi.org/10.1158/1940-6207.CAPR-10-0210.  PMID:
20858758.

[18] Shin JY, Choi YH, Kim ], et al. Polygonum multiflorum extract support hair
growth by elongating anagen phase and abrogating the effect of androgen in
cultured human dermal papilla cells. BMC Complement Med Ther 2020;20
(1):144. https://doi.org/10.1186/s12906-020-02940-5. PMID: 32398000.

[19] Villani RM, Adolphe C, Palmer ], et al. Patched1 inhibits epidermal progenitor
cell expansion and basal cell carcinoma formation by limiting Igfbp2 activity.
Cancer Prev Res (Phila) 2010;3(10):1222-34. https://doi.org/10.1158/1940-
6207.CAPR-10-0082. PMID: 20858761.

[20] FanY, Liang Y, Deng K, et al. Analysis of DNA methylation profiles during sheep
skeletal muscle development using whole-genome bisulfite sequencing. BMC
Genomics  2020;21(1):327.  https://doi.org/10.1186/s12864-020-6751-5.
PMID: 32349667.

[21] Schmittgen TD, Livak K]. Analyzing real-time PCR data by the comparative CT
method. Nat Protoc 2008;3(6):1101-8. https://doi.org/10.1038/nprot.2008.73.
PMID: 18546601.

[22] Saxena N, Mok KW, Rendl M. An updated classification of hair follicle
morphogenesis. Exp Dermatol 2019;28(4):332-44. https://doi.org/10.1111/
exd.13913. PMID: 30887615.

[23] Stone RC, Aviv A, Paus R. Telomere dynamics and telomerase in the biology of
hair follicles and their stem cells as a model for aging research. | Invest
Dermatol 2021;141(4):1031-40. https://doi.org/10.1016/i.jid.2020.12.006.
PMID: 33509633.

[24] Su HY, Hickford ]G, Palmer BR, et al. Insulin-like growth factor 1 and hair
growth. Dermatol Online ] 1999;5(2). https://doi.org/10.5070/D32V79R893.
PMID: 10673454.

[25] Weger N, Schlake T. Igf-I signalling controls the hair growth cycle and the
differentiation of hair shafts. ] Invest Dermatol 2005;125(5):873-82. https://
doi.org/10.1111/1.0022-202X.2005.23946.x. PMID: 16297183.

[26] Schlake T. Segmental Igfbp5 expression is specifically associated with the bent
structure of zigzag hairs. Mech Dev 2005;122(9):988-97. https://doi.org/
10.1016/j.m0d.2005.04.012. PMID: 16024235.

[27] Sriwiriyanont P, Hachiya A, Pickens WL, et al. Effects of IGF-binding protein 5
in dysregulating the shape of human hair. ] Invest Dermatol 2011;131
(2):320-8. https://doi.org/10.1038/jid.2010.309. PMID: 20944648.

[28] Lim CH, Sun Q, Ratti K, et al. Hedgehog stimulates hair follicle neogenesis by
creating inductive dermis during murine skin wound healing. Nat Commun
2018;9(1):4903. https://doi.org/10.1038/s41467-018-07142-9. PMID:
30464171.

[29] Bak DH, Choi M], Kim SR, et al. Human umbilical cord blood mesenchymal
stem cells engineered to overexpress growth factors accelerate outcomes in
hair growth. Korean ] Physiol Pharmacol 2018;22(5):555-66. https://doi.org/
10.4196/kjpp.2018.22.5.555. PMID: 30181702.

[30] Ramot Y, Bertolini M, Boboljova M, et al. PPAR-y signalling as a key mediator of
human hair follicle physiology and pathology. Exp Dermatol 2020;29
(3):312-21. https://doi.org/10.1111/exd.14062. PMID: 31769892.



https://doi.org/10.1016/j.ejbt.2022.07.001
https://doi.org/10.3390/ijms15011647
https://doi.org/10.3390/ijms15011647
https://doi.org/10.3864/j.issn.0578-1752.2017.16.017
https://doi.org/10.7717/peerj.7167
https://doi.org/10.1186/s13287-020-01864-8
https://doi.org/10.1186/s13287-020-01864-8
https://doi.org/10.1002/elps.202000349
https://doi.org/10.1002/elps.202000349
https://doi.org/10.1186/s12864-018-5002-5
https://doi.org/10.3390/cells9040969
https://doi.org/10.3389/fgene.2019.01263
https://doi.org/10.1186/s40104-021-00632-9
https://doi.org/10.1007/s10709-016-9914-1
https://doi.org/10.1007/s10709-016-9914-1
https://doi.org/10.1007/s10709-017-9950-5
https://doi.org/10.1016/j.gene.2017.10.028
https://doi.org/10.1186/s12915-021-01127-9
https://doi.org/10.1186/s12915-021-01127-9
https://doi.org/10.3389/fgene.2021.735827
https://doi.org/10.1111/1523-1747.ep12343649
https://doi.org/10.1111/1523-1747.ep12343649
https://doi.org/10.3390/genes12101490
https://doi.org/10.1158/1940-6207.CAPR-10-0210
https://doi.org/10.1186/s12906-020-02940-5
https://doi.org/10.1158/1940-6207.CAPR-10-0082
https://doi.org/10.1158/1940-6207.CAPR-10-0082
https://doi.org/10.1186/s12864-020-6751-5
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1111/exd.13913
https://doi.org/10.1111/exd.13913
https://doi.org/10.1016/j.jid.2020.12.006
https://doi.org/10.5070/D32V79R893
https://doi.org/10.1111/j.0022-202X.2005.23946.x
https://doi.org/10.1111/j.0022-202X.2005.23946.x
https://doi.org/10.1016/j.mod.2005.04.012
https://doi.org/10.1016/j.mod.2005.04.012
https://doi.org/10.1038/jid.2010.309
https://doi.org/10.1038/s41467-018-07142-9
https://doi.org/10.4196/kjpp.2018.22.5.555
https://doi.org/10.4196/kjpp.2018.22.5.555
https://doi.org/10.1111/exd.14062

Y. Tian, J. Du, X. Yang et al. Electronic Journal of Biotechnology 59 (2022) 46-54

[31] Yan F, Jia P, Yoshioka H, et al. A developmental stage-specific network [33] Viswakarma N, Sondarva G, Principe DR, et al. Mixed Lineage Kinase 3
approach for studying dynamic co-regulation of transcription factors and phosphorylates prolyl-isomerase PIN1 and potentiates GLI1 signaling in
microRNAs during craniofacial development. Development 2020;147(24): pancreatic cancer development. Cancer Lett 2021;515:1-13. https://doi.org/
dev192948. https://doi.org/10.1242/dev.192948. PMID: 33234712. 10.1016/j.canlet.2021.04.015. PMID: 34052323.

[32] An X, Cao H, Liu S, et al. Effects of TG interaction factor 1 on synthesis of [34] Yu YL, Chen M, Zhu H, et al. STAT1 epigenetically regulates LCP2 and TNFAIP2
estradiol and progesterone in granulosa cells of goats through SMAD2/3-SP1 by recruiting EP300 to contribute to the pathogenesis of inflammatory bowel
signaling pathway. Anim Reprod Sci 2021;229:106750. https://doi.org/ disease. Clin Epigenetics 2021;13(1):127. https://doi.org/10.1186/s13148-
10.1016/j.anireprosci.2021.106750. PMID: 33940561. 021-01101-w. PMID: 34112215.

54


https://doi.org/10.1242/dev.192948
https://doi.org/10.1016/j.anireprosci.2021.106750
https://doi.org/10.1016/j.anireprosci.2021.106750
https://doi.org/10.1016/j.canlet.2021.04.015
https://doi.org/10.1016/j.canlet.2021.04.015
https://doi.org/10.1186/s13148-021-01101-w
https://doi.org/10.1186/s13148-021-01101-w

	Sheep IGFBP2 and IGFBP4 promoter methylation regulates gene expression and hair follicle development
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 DNA and RNA extraction and primer design
	2.3 The qRT-PCR reaction
	2.4 Bisulfite sequencing PCR amplification
	2.5 Bioinformatic analysis to predict transcription factors
	2.6 Statistical analysis

	3 Results
	3.1 Expression analysis of IGFBP2 and IGFBP4 in skin tissues with different fineness
	3.2 CpG site prediction, product detection, and sequence alignment
	3.3 Analysis of DNA methylation patterns and correlation analysis between methylation and mRNA
	3.4 Prediction of transcription factors in the promoter regions of IGFBP2 and IGFBP4 and GO enrichment analysis
	3.5 Network analysis of potential transcription factors
	3.6 Results of transcription factor structure prediction

	4 Discussion
	5 Conclusions
	Author contributions
	Financial support
	Conflicts of interest
	Acknowledgments
	Supplementary material 
	References


