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The Basis of Skin Tissue RNA-seq and Proteome
Sequencing

WU Jin-Qiang, HAO Xiao-Jing, ZHAO Hong-Xia, DONG Ya-Jie, WANG Rong,
ZHANG Peng-Xiang, WANG Hai-Dong, HE Xiao-Yan™

(College of Animal Medicine, Shanxi Agricultural University, Taigu 030801, China)

Graphical abstract

—%
1 K FC>1.4 or FC<0.714 GO: intermediate filament,
- and P<0.05 calcium ion binding, and

keratin filament

s | © 3 Screening of genes KEGG: ECM-receptor
Ve Fepwaen e related to wool traits interaction
o il —

Correlation analysis

FCz1.4 or FC<0.714 GO: intermediate filament,
and P<0.05 KEGG: PPAR signaling

ty

€ns1

Suffolk sheep and small-taik"
Han sheep back skin

Int

Screening of proteins pathway and ECM-receptor
3 t 1!
related to wool traits interaction

Proteome sequencing

Conclusion: KRT35 might affect wool bending and diameter, KRT13 might affect wool differentiation, while KAP13-1-like
might affect wool hardness and toughness, FABP4 might affect wool diameter.

Abstract Objective Wool is a high-grade raw textile material, and the physical properties of wool are directly related to the
quality of the wool. The present study was to search for the genes affecting wool traits and to explore the complex molecular
mechanism affecting wool traits. Methods This study selected 3 Suffolk sheep and 3 small-tailed Han sheep and took samples of
their back skin tissue using RNA sequencing (RNA-seq) and proteome sequencing analysis of genes, proteins, and related signalling
pathways that cause differences in wool traits. Results RNA-seq showed that after sequencing, 230 406 674 raw data points and
222 049 370 clean data points were obtained, of which the percentage of Q20 bases was over 99.9%, and the percentage of Q30
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bases was over 98%. With a fold change (FC)>1.4 or FFC<0.714 and P<0.05 as the standard, 1 213 differentially expressed genes
(DEGs) were screened out, among which there were 644 upregulated genes and 569 downregulated genes in Suffolk sheep in
comparison with small-tailed Han sheep. The gene ontology (GO) enrichment found that intermediate filament, calcium ion binding,
and keratin filament were significantly enriched, indicating that they might be related to wool traits. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment found that the signalling pathway affecting wool traits might be the ECM-receptor
interaction. Proteome sequencing showed that with FC>1.4 or FC<0.714 and P<0.05 as the standard, 99 differentially expressed
proteins (DEPs) were screened out, among which there were 47 upregulated proteins and 52 downregulated proteins in Suffolk sheep
in comparison with small-tailed Han sheep. The GO enrichment found that intermediate filament was significantly enriched,
indicating that it might be related to wool traits. The KEGG enrichment found that the signalling pathways affecting wool traits
might be the peroxisome proliferator-activated receptor (PPAR) and the ECM-receptor interaction. A combined analysis of RNA-seq
and proteome sequencing found that a total of 15 significantly different genes were detected in both RNA-seq and proteome
sequencing, of which 13 were positively correlated and 2 were negatively correlated. Intermediate filament was significantly
enriched, KRT35, KRT13 and KAP13-1-like genes might be the key candidate genes to affect wool traits. The PPAR signalling
pathway was significantly enriched and might be a key candidate pathway to affect wool traits. The FABP4 gene might be a key
candidate gene to affect wool traits. Conclusion Among them, KRT35 might affect wool bending and diameter, KRT13 might
affect wool differentiation, while KAP13-1-like might affect wool hardness and toughness, FABP4 might affect wool diameter. These
results will expand our understanding of the complex molecular mechanisms affecting sheep wool traits and provide a basis for

subsequent studies.
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Wool is an important raw material in the textile
industry!"l. It has the advantages of good elasticity,
strong hygroscopicity, and good warmth retention.
Wool textiles are famous for their luxurious, elegant,
and comfortable natural style; cashmere in particular
is referred to as “soft gold”!!. Wool fineness, length,
strength, and flexure are all important economic traits

BJ China is a major wool-

that affect wool quality
producing country, and it is also the country with the
largest amount of wool processing and consumption.
The output of high-quality wool, especially superfine
wool, cannot meet the needs of the growing domestic
processing  enterprises.
processing enterprises require the importing of a large
amount of wool from Australia, New Zealand, and
other countries for processing every year. Therefore, it
is particularly important to improve wool properties
and wool quality. Suffolk sheep are characterized by
early maturity, and rapid growth and development,
with a hair length of 7-8 cm, a fineness of 50-58, and
a net hair rate of about 60%. Their coat is white, but a

Domestic wool textile

small number of colored fibers can occasionally be
found. Small-tailed Han sheep have white and
heterogeneous coats, with a small amount of dry and
dead hair, and a few individuals have colored spots on
their heads (Figure 1). In comparison with Suffolk
sheep wool, the amount of shearing is low, the quality

of wool is poor, and all of the wool is heterogeneous,
meaning that it does not meet the requirements of
light textile materials. Although these two kinds of
sheep are both meat sheep, their wool quality is quite
different. Therefore, a comparative study of the
reasons for the differences in wool traits between
Suffolk sheep and small-tailed Han sheep is of great
significance for exploring the complex molecular
mechanisms that affect wool traits.

N O

Suffolk sheep Small-'tailed Han sheep

Fig.1 Back hair of Suffolk and small-tailed Han sheep

RNA sequencing (RNA-seq) is a next-generation
high-throughput sequencing technology™. It was first
proposed and applied in yeast in 2008, RNA-seq
technology is a high-throughput sequencing platform
capable of detecting low-abundance transcripts,
identifying novel transcript units, and revealing their
differential

proteome was first proposed by Marc Wilkins, a

expression across samples®. The
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scientist at Macquarie University in Australia, at the
Siena two-dimensional gel electrophoresis conference
in 1994, “Proteome” refers to the entire collection
of proteins encoded by the genome. The proteome
looks for differences between proteins through precise
quantification and identification. It is a holistic and
dynamic study at the protein level, one that can be
used for validation and as an important complement to
genomics research™®. In this study, we referred to
others to conduct a sequencing study on wool traits by
taking the back skin of sheep as the research
object®!. The back skin of Suffolk sheep and small-
tailed Han sheep was selected as the test material, and
the gene and protein expression differences in the skin
tissue of Suffolk sheep and small-tailed Han sheep
were compared by RNA-seq and proteome
sequencing. The differential genes were verified by
quantitative real-time PCR (qRT-PCR), and the
differential proteins were verified by Western blot.
The influencing factors of wool traits and the
RNA-seq
sequencing are discussed in this study in attempt to

correlation  between and proteome
reveal the complex molecular mechanism affecting

wool traits.

1 Materials and methods

1.1 Materials

The research samples came from Jiexiu Sheep
Farm. There were 3 female Suffolk sheep and 3
female small-tailed Han sheep aged 40 months under
the same feeding and management conditions, which
were marked as SO1, S02, and S03 and as BO1, B02,
and B03. For each sheep, we used procaine (1.5 ml,
3%) for local anesthesia to reduce animal pain. After
hair shearing and alcohol disinfection, 3 pieces of
back skin tissue were taken from each sheep, and each
tissue was separated by 2-3 cm. Biopsy punch
(Miltex, Japan) was used for skin extraction with a
diameter of 8 mm and a thickness of approximately 5—
6 mm. Yunnan Baiyao powder (Yunnan Baiyao Group
Co., Ltd., China) was applied immediately to stop the
bleeding. Then the samples were quickly put into the
liquid nitrogen until RNA and total protein extraction.
In this
accordance with the International Guiding Principles

study, skin samples were collected in

for Biomedical Research Involving Animals and were
reviewed and approved by the Ethics Committee of
Animal Shanxi

Experiments  of Agricultural

University (Taigu, China). these

activities did not require a specific permit and the

In our study,

animals did not involve endangered or protected
species.
1.2 RNA-Seq of sheep back skin
1.2.1 Total RNA extraction

Total RNA was isolated and purified using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s procedure. The RNA
amount and purity of each sample were quantified
using a NanoDrop ND-1000 (NanoDrop, Wilmington,
DE, USA). The RNA integrity was assessed by a
Bioanalyzer 2100 (Agilent, CA, USA) with an RNA
integrity number (R/N) >7.0 and confirmed by
electrophoresis with denaturing agarose gel. We used
a concentration >50 mg/L, RIN>7.0, A, /Ay>1.8,
and total RNA >1 pg to meet the requirements of the
downstream experiments.
1.2.2 RNA library construction

Poly(A) RNA was purified from 1 pg total RNA
by two rounds of purification using a Dynabeads
Oligo (dT) (Thermo Fisher, cat. 25-61005, USA).
Then, the poly(A) RNA was fragmented into small
pieces using a Magnesium RNA Fragmentation
Module (NEB, cat. €6150, USA) at 94°C for 5-7 min.
Following this, the cleaved RNA fragments were
cDNA by
SuperScript ™ 11 Reverse Transcriptase (Invitrogen,
cat. 1896649, USA), which was next used to
synthesise U-labeled second-stranded DNAs with
E. coli DNA polymerase I (NEB, cat. m0209, USA),
RNase H (NEB, cat. m0297, USA), and dUTP
solution (Thermo Fisher, cat. R0133, USA). An
A-base was then added to the blunt ends of each
strand, preparing them for ligation to the indexed
adapters. Each adapter contained a T-base overhang
for ligating the adapter to the A-tailed fragmented
DNA. Single index or dual index adapters were

reverse-transcribed to create the

ligated to the fragments, and size selection was
performed with AMPure XP beads. After the heat-
labile UDG enzyme (NEB, cat. m0280, USA)
treatment of the U-labeled second-stranded DNAs, the
ligated products were amplified with PCR under the
following conditions: initial denaturation at 95°C for
3 min; 8 cycles of denaturation at 98°C for 15s,
annealing at 60°C for 15 s, and extension at 72°C for
30 s; and then final extension at 72°C for 5 min. The
average insert size for the final cDNA library was
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(300£50) bp. Finally, we performed the 2x%150 bp
paired-end sequencing (PE150) on an Illumina
Novaseq ™ 6000 (LC-Bio Technology Co., Ltd.,
Hangzhou,  China)

recommended protocol.

following the  vendor’s
1.2.3 Bioinformatics analysis

Cutadapt software was used to remove the reads
that contained adaptor contamination. After we
removed the low-quality bases and undetermined
bases, we used HISAT2 software to map reads to the
genome. The mapped reads of each sample were
assembled using StringTie with default parameters.
Then, all transcriptomes from all samples were
merged to reconstruct a comprehensive transcriptome
using  gffcompare After the
transcriptome was generated, StringTie and ballgown

software. final

were used to estimate the expression levels of all

transcripts and to perform the expression level for
mRNAs by calculating FPKM (FPKM= [total exon
fragments/mapped reads (millions) x exon length
(kB)]). The differentially expressed mRNAs were
selected with FC>1.4 or F(C<0.714 and P<0.05 by R
package edgeR!"! or DESeq2!'”, and then, GO
enrichment and KEGG enrichment analyses were
conducted on the differentially expressed mRNAs.
1.2.4 Verification of RNA-seq results by qRT-PCR

We used qRT-PCR to validate RNA-seq data and
gene expression levels. The extracted RNA was
reverse-transcribed to  synthesize c¢DNA  using
Vazyme’s HiScript III RT SuperMix for qPCR
(+gDNA wiper), and 6 genes were randomly selected
for qRT-PCR detection using ChamQ Universal
SYBR qPCR Master Mix. The primer sequences are
shown in Table 1.

Table 1 Primer sequences for gRT-PCR

Gene Sequence (5'—3") Products size/bp Anneal temperature/°C
CDOI F: ACACGGCAGCAGTATCCACG 156 56
R: TGGTTTTCCCTCAGGATTCTTTCAG
CST3 F: CAGCGAGTTCAACAAGCG 214 56
R: GTAAACCTGGAAGGAGCACA
FABP4 F: TCAGTGTAAATGGGGATGTGG 251 58
R: GGTAGCAGTGACACCGTTCAT
KRTI0 F: GTCCCAACTAGCCCTAAAACA 148 57
R: ATTCTGGCACTCGGTCTCC
KRT35 F: GGTTCAACACCCAGACAGAGG 112 58
R: TCCAGGGCATTGACCGTAC
S10044 F: TAGGGAAAAGGACGGATGA 106 56
R: CAGGACAGGAAGACGCAGTA
188 F:GAAGGGCACCACCAGGAGT 198 56-58

R: CAGACAAATCACTCCACCAA

1.2.5 gRT-PCR data analysis

The qRT-PCR results were analyzed by the
2742 method!™,
1.3 Proteome sequencing of sheep back skin
1.3.1 Protein extraction

The samples were frozen in liquid nitrogen and
ground with a pestle and mortar. A fivefold volume of
TCA/acetone (1 : 9) was added to the powder, and the
mixture was mixed by vortex. The mixture was placed
at —=20°C for 4 h and then centrifuged at 6 000xg for
40 min at 4°C. The supernatant was discarded. The
pre-cooling acetone was added, and the mixture was
washed 3 times. The precipitation was air dried. A

30-fold volume of SDT buffer (4% SDS, 100 mmol/L
Tris-HCI, pH7.6) was added to 20-30 mg powder; the
mixture was then mixed together, followed by boiling
for 5 min. The lysate was sonicated and then boiled
for 15 min. After being centrifuged at 14 000xg for
40 min, the supernatant was filtered with 0.22 pm
filters. The filtrate was quantified with the BCA
Protein Assay Kit (P0012, Beyotime). The sample was
stored at —80 °C.

1.3.2 SDS-PAGE separation

A total of 20 pg of proteins of each sample was
mixed with 6xloading buffer and then boiled for

Smin. The proteins were separated on 12%



*610- EYUFSEYERR

Prog. Biochem. Biophys. 2023; 50 (3

SDS-PAGE gel. Protein bands were visualized by
Coomassie Blue R-250 staining.
1.3.3 Filter-aided sample preparation digestion

A total of 200 pg of proteins of each sample was
reduced with 50 mmol/L DTT for 30 min at 56° C.
Then, the detergent, DTT, and other low-molecular-
mass components were removed using UA buffer
(8 mol/L urea, 150 mmol/L Tris-HCI, pH 8.5) by
repeated ultrafiltration (Sartorius, 30 ku). Following
this, 100 wl iodoacetamide (100 mmol/L
iodoacetamide (IAA) in urea (UA) buffer) was added
to block the reduced cysteine residues, and then, the
samples were incubated for 30 min in darkness. The
filters were washed with 100 pl UA buffer three times
and, then, with 100 pl of the 25 mmol/L NH,HCO,
buffer twice. Finally, the protein suspensions were
digested with 4 pg trypsin (Promega) in 40 pl of
25 mmol/L NH,HCO, buffer overnight at 37°C, and
the resulting peptides were collected as a filtrate!'*!.
1.3.4 Mass spectrometry (MS) analysis

The peptide of each sample was desalted on C18
then
centrifugation and reconstituted in 40 pl of 0.1% (v/v)

Cartridges and concentrated by vacuum
formic acid. The peptide content was estimated by UV
light spectral density at 280 nm using an extinction
coefficient of 1.1 of 0.1% (w/v) solution that was
calculated on the basis of the frequency of tryptophan
LC-MS/MS
analysis was performed on a Q Exactive Plus mass

and tyrosine in vertebrate proteins.
spectrometer (Thermo Fisher Scientific) that was
coupled to Easy nLC (Thermo Fisher Scientific). A
total of 2 pg of peptide was loaded onto the CI8-
reversed-phase analytical column (Thermo Fisher
Scientific, Acclaim PepMap RSLC 50 pumx15 cm,
nano viper, P/N164943) in buffer A (0.1% formic
acid) and separated with a linear gradient of buffer B
(80% acetonitrile and 0.1% formic acid) at a flow rate
of 300 nl/min. The linear gradient was as follows: 5%
buffer B for 5 min, 5%-28% buffer B for 90 min,
28%—-38% buffer B for 15 min, 38%-100% buffer B
for 5 min, and held in 100% buffer B for 5 min. MS
data were acquired using a data-dependent topl0
method that dynamically chose the most abundant
precursor ions from the survey scan (350-1 800 m/z)
for HCD fragmentation. MS1 scans were acquired at a
resolution of 70 000 at m/z 200 with an AGC target of
3x10° and a maxIT of 50 ms. MS2 scans were
acquired at a resolution of 17 500 at m/z 200 with an

AGC target of 2x10° and a maxIT of 45 ms, and the
isolation width was 2 m/z. Only ions with a charge
state between 2 and 6 and a minimum intensity of
2x10° were selected for fragmentation. Dynamic
exclusion for the selected ions was 30 s. Normalized
collision energy was 27 eV.
1.3.5 Protein quantitative analysis

This project used MaxQuant software (version
1.6.14.0) for the database search and the label-free
quantitation (LFQ) " algorithm for quantitative
analysis. The global false discovery rate cutoff for
peptide and protein identification was set at 0.01.
Protein abundance was calculated on the basis of
normalized protein spectral intensities. Proteins with
an FC>1.4 or FC<0.714 and P<0.05 were considered
differentially expressed proteins (DEPs).
1.3.6 Bioinformatics analysis

First, all protein sequences were aligned to the
Ovis aries database, which was downloaded from the
ensembl; only the sequences in the top 10 and with
E-values <1x10~* were kept. Second, we selected the
GO term of the sequence with top Bit-Score by
Blast2GO. Then, we completed the annotation from
GO terms to proteins using the Blast2GO Command
Line. After the elementary annotation, InterProScan!'®!
was used to search the EBI database on the basis of
motifs, and then, we added the functional information
of the motifs to proteins in order to improve
further
improvements in annotation and connection between
GO terms by ANNEX. Fisher’s exact test was used to
enrich GO terms through the comparison of the

annotation. Then, we carried out

number of differentially expressed proteins and total
proteins correlated to GO terms. A pathway analysis
was performed using the KEGG database. Fisher’s
exact test was used to identify the significantly
enriched pathways through the comparison of the
number of differentially expressed proteins and total
proteins correlated to pathways.

1.3.7 Validation of proteome sequencing results by

Western blot

We used Western blot to verify the proteome

sequencing results. The grouped samples were
extracted by the SDT cleavage method, and four
proteins were randomly selected for verification. The
400 pg.
Electrophoretic separation was performed on 10%

SDS-PAGE in order to obtain clear electrophoretic

loading amount of each sample was
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bands, which were transferred to NC membranes and
exposed in a dark room using an ECL kit. The signal
bands were scanned, and the final film was analyzed
by ImageJ for NDUFS3 (Sangon Biotech, D122746),
COROIA (Sangon Biotech, D163499), FABP4
(Sangon Biotech, D120618), RPL10 (Sangon Biotech,
D151841), and p-actin (CWBIO, CWO0103S) gray
band values.
1.4 Correlation analysis between RNA-seq and
proteome sequencing of back skin

As the translation product of mRNA, proteins
performed specific functions. Transcriptome data and
proteome data could be correlated simply by mRNA-
protein translation relationships, and the genes that
really play a role could be locked from the many
directions of transcriptome sequencing. The specific
steps were as follows: the transcriptome data were

correlated with gene data, and gene data were
correlated with protein data. The correlation matrix
was obtained by taking genes as a bridge, and the data
were screened by using significant difference data and
regulatory relationship. Finally, a GO and KEGG
enrichment analysis was carried out on the data.

2 Results and analysis

2.1 Quality control detection of sequencing data
2.1.1 Quality control detection of RNA-seq data
After sequencing, a total of 230 406 674 original
data and 222 049 370 clean data were obtained, of
which the Q20 base percentage was over 99.9% and
the Q30 base percentage was over 98% (Table 2).
This showed that the sequencing data were of good
quality and could be used for subsequent test analysis.

Table 2 Data output for each sample

Sample Raw data read Raw data Valid data read Valid data Valid ratio Q20/% Q30/% GC content/%
base base (reads)
S 01 38759 774 581G 37222 630 558G 96.03 99.97 98.02 51
S 02 35773 546 537G 34521 524 5.18G 96.50 99.97 98.08 51
S 03 42211192 633G 40 481 506 6.07 G 95.90 99.98 98.35 50
B 01 39 494 238 592G 38 172 048 573G 96.65 99.98 98.06 51
B 02 35896 008 538G 34 687 818 520G 96.63 99.98 98.02 50.50
B 03 38271916 574G 36 963 844 554G 96.58 99.98 98.04 51
2.1.2  Quality control detection of proteome of the peptides scored above 60 points. Each set of

sequencing data

The mass spectrometry data in this experiment
were collected from a Q Exactive Plus high-resolution
mass spectrometer, which was able to obtain high-
quality MS1 and MS2 spectra. The MS spectrum data
were analyzed using Andromeda, resulting in a final
score for each MS2 spectrum. It was seen that the
MS2 Andromeda score was ideal, wherein about 70%

label-free data used peptide false discovery rate (FDR)
<0.01 and protein FDR<0.01 as screening criteria in
the qualitative analysis. When we combined the data
with the obtained distribution of excellent peptide
scores, we found that the quality of MS experimental
data was high (Figure 2).
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2.2 Analysis results of DEGs and DEPs
2.2.1 Analysis of DEGs

The purpose of the differential
analysis was to find out the differentially expressed
genes (DEGs) between the two groups of samples.
Setting the difference multiple FC=1.4 or F(C<0.714
and P<0.05 as the standard, we screened out a total of
1213 DEGs, were 644
upregulated genes and 569 downregulated genes in

expression

among which there
Suffolk sheep in comparison with small-tailed Han
sheep. We clustered and analyzed the genes in
accordance with the similarity of the gene expression
profiles of the samples (Figure 3). The results showed
that, in terms of sequencing, Suffolk sheep and small-
tailed Han sheep had the same population quality,
small intra-group differences, and good biological
repeatability.
2.2.2 GO and KEGG enrichment analysis of DEGs
A total of 3 588 gene functions were involved in
GO enrichment. The top 20 functions with the most
significant differences were the extracellular region
(GO: 0005576), extracellular space (GO: 0005615),
inhibitor activity (GO: 0004866),
filament (GO: 0005882),
regulation of endopeptidase activity (GO: 0010951),

endopeptidase
intermediate negative
acute-phase response (GO: 0006953), cysteine-type
endopeptidase inhibitor activity (GO: 0004869),
structural constituent of the epidermis (GO:0030280),
structural molecule activity (GO: 0005198), MHC
class II protein complex (GO:0042613), oligopeptide
transmembrane transporter activity (GO: 0035673),
calcium ion binding (GO: 0005509), keratin filament
(GO:0045095), negative regulation of dendritic spine
development (GO:0061000), high-density lipoprotein
particle (GO: 0034364), antigen processing and
presentation of peptide or polysaccharide antigen via
MHC class 11 (GO:0002504), cornified envelope (GO:
0001533), oligopeptide transmembrane transport (GO:
0035672), chromosome passenger complex (GO:
0032133), odontogenesis (GO:0042476) (Figure 4a).
Among them, the gene functions that play a role in
wool traits might be the intermediate filament,
calcium ion binding, and keratin filament, among
others.

All DEGs involved a total of 285 KEGG
biological pathways, of which the top 20 pathways
with  the
staphylococcus

most  significant differences were

aureus infection (ko05150), cell

adhesion molecules (CAMs) (ko04514),
processing and presentation (ko04612), complement
(ko04610),
glycosaminoglycan  biosynthesis-keratan  sulfate
(ko00533), hematopoietic cell lineage (ko04640),
(ko00592),

arachidonic acid metabolism (ko00590), estrogen

antigen

and coagulation cascades

alpha-linolenic ~ acid  metabolism
signaling pathway (ko04915), extracellular matrix
(ECM)-receptor interaction (ko04512), phagosome
(ko04145), (ko01524),
glutathione metabolism (ko00480), drug metabolism-
cytochrome P450 (ko00982), basal cell carcinoma
(ko05217), linoleic acid metabolism (ko00591),
tuberculosis  (ko05152), herpes
infection  (ko05168),

platinum drug resistance

simplex virus 1
glycosylphosphatidylinositol
(GPI)-anchor  biosynthesis  (ko00563), asthma
(ko05310). them, the ECM-receptor
interaction might play an important role in wool traits
(Figure 4b). Further found that ten
differential genes, including
ENSOARG00000005796, HSPG2, and ITGA7, were
involved in the ECM-receptor interaction pathway.

Among

analysis

2.2.3 qRT-PCR to verify the sequencing results

The results showed that the expression trends of
these six genes in qRT-PCR were basically the same
as those in RNA-seq (Figure 5), indicating that the
sequencing data were of good quality and could be
used for subsequent analysis.
2.2.4 Analysis of DEPs

Setting the difference multiple FC=1.4 or FC<
0.714 and P<0.05 as the standard, we screened out 99
DEPs, among which there were 47 upregulated
proteins and 52 downregulated proteins in Suffolk
sheep in comparison with small-tailed Han sheep.
2.2.5 GO and KEGG enrichment analysis of DEPs

A total of 592 protein functions were involved in
GO enrichment. The top 20 functions with the most
significant differences were the extracellular exosome
(GO:0070062), intermediate filament (GO: 0005882),
structural  molecule activity  (GO: 0005198),
immunoglobulin binding (GO:0019865), high-density
lipoprotein particle receptor binding (GO: 0070653),
ADP process  (GO: 0006172),
phagolysosome assembly (GO:0001845), elastic fiber
assembly (GO:0048251), chylomicron (GO:0042627),
nucleotide phosphorylation (GO:0046939), ribosomal
large subunit binding (GO:0043023), AMP metabolic
process (GO: 0046033), T cell mediated cytotoxicity

biosynthetic
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Fig. 3 Cluster analysis of DEGs
In order to better intuitively reflect the clustering expression patterns, we used 1g(FPKM+1) to display them. For biological repetition, Z-values

( sampler (F PKM,
sample, and the ordinate is the screened DEGs. Different colors represent different gene expression levels. The colors from blue to white to red

-Mean,,,,,, of all samples)/Standard deviation,,,, of all samples) were used to display gene expression. The abscissa is the

sample-i

represent the expression level from low to high-red represents highly expressed genes and blue represents lowly expressed genes.
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Fig. 5 Relative expression levels of some genes in the RNA-seq and qRT-PCR verification results

S: suffolk sheep; B: small-tailed Han sheep.
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(GO: 0001913), transport (GO: 0006810), triglyceride
catabolic process (GO:0019433), proteolysis involved
in cellular protein catabolic process (GO: 0051603),
adenylate  kinase  activity (GO: 0004017),
aminopeptidase activity (GO: 0004177),
response to thyroid hormone stimulus (GO:0097067),
cysteine-type peptidase activity (GO: 0008234)
(Figure 6a). The key function affecting wool traits
might be intermediate filament, and this result was

cellular

consistent with RNA-seq.
The DEPs involved a total of 232 KEGG
biological pathways, of which the top 20 pathways
with the most significant differences were the
estrogen signaling pathway (ko04915), prion diseases
(ko05020), PPAR signaling pathway (ko03320), focal
(ko04510), ECM-receptor
African  trypanosomiasis

adhesion interaction
(ko04512), (ko05143),
human papillomavirus infection (ko05165), vibrio

(a)

GO term

(b)

Cysteine-type peptidase activity:

Cellular response to thyroid hormone stimulus
Aminopeptidase activity

Adenylate kinase activity-

Proteolysis involved in cellular protein catabolic process

Triglyceride catabolic process
Transport

T cell mediated cytotoxicity.
AMP metabolic process
Ribosomal large subunit binding
Nucleotide phosphorylation
Chylomicron

Elastic fiber assembly
Phagolysosome assembly

ADP biosynthetic process
High-density lipoprotein particle receptor binding
Immunoglobulin binding
Structural molecule activity
Intermediate filament
Extracellular exosome

cholerae infection (ko05110), apoptosis (ko04210),
amoebiasis (ko05146), vasopressin-regulated water
reabsorption  (ko04962), cholesterol metabolism
(ko04979), ribosome (ko03010), relaxin signaling
pathway (ko04926), platelet activation (ko04611),
vitamin B6 metabolism (ko00750), regulation of
lipolysis in adipocytes (ko04923), oocyte meiosis
(ko04114), drug metabolism-cytochrome P450
(ko00982), Parkinson disease (ko05012) (Figure 6b).
Among them, the signaling pathways that affect wool
traits might be the PPAR signaling pathway and the
ECM-receptor interaction. Further analysis found that
four proteins, including FABP9, FABP4, APOA1 and
APOC3, were involved in the PPAR signaling
pathway. Four proteins, including TNXB, COL6AS,
VWF and COL1A1, were involved in the ECM-
receptor interaction pathway.
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Fig. 6 GO and KEGG enrichment analysis results of DEPs
(a) GO enrichment analysis results of DEPs. (b) KEGG enrichment analysis results of DEPs.
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2.2.6 Western blot verification of sequencing results
The Western blot detection results showed that

the expression trends of the 4 selected proteins were
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essentially the same as the proteome sequencing
results (Figure 7), indicating that the sequencing data
were of good quality and could be used for
subsequent analysis.
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Fig.7 Therelative expression levels of some proteins in the proteome sequencing and the results of the Western blot verification

(a) Western blot results. (b) Comparison of proteome sequencing results and Western blot results. S: suffolk sheep; B: small-tailed Han sheep.

2.3

proteome sequencing

Association analysis of RNA-seq and

The significantly different genes detected in both
RNA-seq and proteome sequencing were screened by
the method of intersecting Venn diagrams.
Among them, 15 genes with significant differences

were screened (Figure §8). The genes were
LOC101106046-keratin-associated protein
13-1-like,  ENSOARG00000002492, = KRTDAP,

ENSOARG00000006366, FABP4, AHCY, RBM3,
FMO2, ENSOARG00000013504, LOC101104808-
aldehyde oxidase 4-like, KRT35, KRT13, AMDHD?2,

SELENBP1 and SYNE2. We found that only
Differential expressed genes
15
Transcriptomics

Proteomics

1198 84

Fig. 8 The significantly different genes detected in both
RNA-seq and proteome sequencing

ENSOARGO00000006366 and FMO2 were negatively
correlated and that the rest were positively correlated
(Table 3).

The correlation between RNA-seq and proteome
sequencing found that a total of 81 functions were
enriched, of which the top 20 functions with the most
significant differences were: intermediate filament
(GO: 0005882), flavin adenine dinucleotide binding
(GO:0050660), selenium binding (GO:0008430), cold
acclimation (GO:0009631), oxygen metabolic process
(GO: 0072592),
deacetylase

N-acetylglucosamine-6-phosphate
(GO: 0008448),
N-acetylglucosamine catabolic process (GO:0006046),
nuclear lumen (GO: 0031981), NADPH oxidation
(GO: 0070995), carbon-nitrogen ligase activity, with
glutamine as amido-N-donor (GO: 0016884), nuclear
(GO: 0031022),
organic acid metabolic process (GO: 0006082), toxin

activity

migration along microfilament
metabolic process (GO:0009404), cellular response to
cold (GO:0070417), adenosylhomocysteinase activity
(GO: 0004013), S-adenosylmethionine cycle (GO:
0033353), N-acetylneuraminate
(GO: 0019262), meiotic nuclear membrane
microtubule tethering complex (GO:0034993), N, N-
dimethylaniline  monooxygenase activity (GO:
0004499), ribosomal large subunit binding (GO:
0043023) (Figure 9a). Among them, the function that

catabolic process
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Table 3 Screened significantly different genes

Proteins ID Genes ID Gene name Proteome FC Proteome RNA-seq RNA-seq

P value FC P value
ENSOARP00000000837.1 ENSOARG00000000815 LOC1011060 3.35 0.01 2.00 0.01
ENSOARP00000002644.1 ENSOARG00000002492 — 2.24 0.01 1.65 0.05
ENSOARP00000005155.1 ENSOARG00000004804 KRTDAP 0.37 0.01 0.42 0.01
ENSOARP00000006824.1 ENSOARG00000006366 — 0.33 0.01 1.65 0.01
ENSOARP00000010025.1 ENSOARG00000009344 FABP4 0.41 0.01 0.28 0.01
ENSOARP00000010038.1 ENSOARG00000009354 AHCY 1.96 0.01 1.46 0.03
ENSOARP00000013129.1 ENSOARG00000012250 RBM3 0.47 0.01 0.00 0.01
ENSOARP00000013327.1 ENSOARG00000012434 FMO2 1.90 0.02 0.43 0.05
ENSOARP00000014473.1 ENSOARG00000013504 - 0.48 0.01 0.38 0.01
ENSOARP00000017455.1 ENSOARG00000016231 LOC101104808 0.59 0.05 0.40 0.01
ENSOARP00000018025.1 ENSOARG00000016784 KRT35 1.73 0.05 1.50 0.01
ENSOARP00000018205.1 ENSOARG00000016951 KRT13 0.29 0.01 0.56 0.01
ENSOARP00000019966.1 ENSOARG00000018598 AMDHD?2 0.45 0.01 0.45 0.01
ENSOARP00000022560.1 ENSOARG00000020993 SELENBP1 1.82 0.03 1.88 0.01
ENSOARP00000022729.1 ENSOARG00000021147 SYNE2 1.74 0.04 1.45 0.03

(a)

Meiotic nuclear membrane microtubule tethering complex

GO term

Fig. 9 The correlation analysis between RNA—-seq and proteome sequencing analysis enrichment results
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played a role in wool traits might be intermediate
filament. The involved KAP13-1-like, KRT35 and
KRT13 might be a key candidate gene that affects
wool traits.

The correlation between RNA-seq and proteome
sequencing showed that there were 17 KEGG
biological pathways involved in the difference. They
were drug metabolism-cytochrome P450 (ko00982),
estrogen signaling pathway (ko04915), vitamin B6
metabolism (ko00750), nicotinate and nicotinamide

(ko00760),
tryptophan

metabolism
metabolism  (ko00380),
in adipocytes (ko04923),
mineral absorption (ko04978), valine, leucine and
degradation (ko00280),
methionine metabolism (ko00270), amino sugar and
nucleotide sugar metabolism (ko00520), ferroptosis

metabolism
(ko00350),
regulation of lipolysis

tyrosine

isoleucine cysteine and

(ko04216), retinol metabolism (ko00830), PPAR
signaling pathway (ko03320), retrograde
endocannabinoid signaling (ko04723), Jak-STAT

signaling pathway (ko04630), necroptosis (ko04127)
(Figure 9b). The KEGG pathway that played a role in
wool traits might be the PPAR signaling pathway. The
FABP4 involved was found to be a key candidate
gene that affects wool traits.

3 Discussion

The quality of wool is closely related to wool
density, and With  the
development  of sequencing

fineness, curvature.
high-throughput
technology, genes affecting wool traits have been
continuously discovered. It palys a positive role on
the research of molecular regulation mechanism of
hair traits.

The results of RNA-seq showed that 1 213 DEGs
were screened out with FC>1.4 or F(C<0.714 and P<
0.05 as the standard. In comparison with small-tail
Han sheep, Suffolk sheep had 644 upregulated genes
and 569 downregulated genes. Differential gene
affected wool traits by affecting intermediate filament,
calcium ion binding, and keratin filament formation.
[17]

Kang" " performed transcriptome sequencing analysis
on Tan sheep skin tissue at 1 month and 48 months. It
was found that keratin family members KRT25,
KRTS, KRT71, KRT14, and among others were found
to be related to hair structure formation. The high
expression of keratin was closely related to the

regulation of calcium levels. Calcium levels were a

key factor in controlling terminal differentiation of
keratinocytes!'®. Zhao!"”! found that the expression
levels of KRTI1, KRT10, and KRT24 related to
cashmere fibers were upregulated in the transcriptome
analysis of skin tissues of Liaoning cashmere goats
and Ziwuling black goats. Intermediate filament
skeleton genes, such as KRTAPs, KRTAPs-like, and a
few KRTs, as well as the differentially expressed
KRTAPs and KRTAPs-like genes

sequencing, showed downregulated

obtained by

expression
patterns in skin tissues of Liaoning cashmere goats. In
addition, GO enrichment found that intermediate
filament and intermediate filament cytoskeleton genes
were significantly enriched. Transcriptomic studies on
the skin of long-haired and short-haired Inner
Mongolia cashmere goats found that DEGs were
in the

Therefore,

intermediate filaments and
[20]

enriched in

intermediate filament cytoskeleton
intermediate filament, keratin filament, and calcium
ion binding might have effects on wool traits. The
KEGG pathway that affected wool traits was the
ECM-receptor interaction pathway. The ECM consists
of a complex mixture of macromolecules, playing an
important role in tissue and organ morphogenesis and
the maintenance of cellular and tissue structure and
function. Zhu et al.®" found that the ECM-receptor
interaction and the Wnt/B-catenin/Lefl

pathway were

signaling
follicle
morphogenesis. An analysis of the DEGs related to

closely related to hair
coat color of Tarim red deer found that the most
significant of the KEGG signaling
pathway was the ECM-receptor interaction™. In
addition, the transcriptomic analysis of the early skin
hair follicle development of northern Shanbei white
cashmere goats also found that the KEGG pathway
was mainly enriched in the cancer pathway and the
ECM-receptor interaction signaling pathway'®’). This
study also found that the ECM-receptor interaction
was significantly enriched in the KEGG signaling
pathway, indicating that it might have effects on wool
traits.

enrichment

Proteome sequencing is a validating and
of RNA-seq

Proteome sequencing showed that 99 DEPs were

important complement research!®],
screened out, among which there were 47 upregulated
proteins and 52 downregulated proteins in Suffolk
sheep in comparison with small-tailed Han sheep. GO
enrichment showed that the gene affecting wool traits

was intermediate filament. Intermediate filament
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protein was a heterodimeric complex that plays a
pivotal role in the hair shaft for its mechanical
strength, hair shape, etc®. Thus, intermediate
filaments were ubiquitous in biological structures
including hair®!. In addition, keratin also belongs to

(26 Coincidentally, a

the intermediate filament family
recent proteomic study that analyzed fiber diversity in
sheep and goats also found significant enrichment in
keratin or keratin-related proteins, proteins associated
with hair growth, and fatty acid synthesis (FABP4 and
FABP5) . KEGG enrichment found that PPAR
signaling pathway and ECM-receptor interaction were
significantly enriched. PPARs belong to the nuclear

which were an
[28]

hormone receptor superfamily,
effective key regulators of epidermal development
PPARs was critical for maintaining skin barrier
permeability,  inhibiting  keratinocyte  growth,
promoting keratinocyte terminal differentiation, and
regulating skin inflammation. Meanwhile, they may
also have protective effects on human hair follicle
epithelial stem cells™®. In addition, Yue et al.*” also
found that the PPAR pathway may play an important
role in the initiation of secondary hair follicles.
Studies such as those of Di-Poi and Schmuth showed
that PPAR plays a potential role in hair follicle growth
and melanocyte differentiation”'*?. The study of Li et
al.®¥ on DEGs in Rex rabbit skin with different coat
densities found that the PPAR signaling pathway may
be involved in the development of coats. In addition,
Dr. Fan’s research®” on the skin transcriptome of
short-haired

cashmere goats found that the KEGG pathway was

long-haired and Inner Mongolian
mainly enriched in the biosynthesis of unsaturated
fatty acids, fatty acid metabolism, alpha-linolenic acid
metabolism, and the PPAR
Therefore, PPAR signaling pathway might have
effects on wool traits.

There were 15 significantly different genes
detected in both RNA-seq and proteome sequencing,
of which 13 were positively correlated and 2 were
negatively correlated. The generation of negative
correlation is a normal result because transcription
and translation are two different biological processes.
After the transcription of RNA, functional protein can
be obtained through a series of processes, such as the
of RNA and protein,
modification, protein conformational changes, and

signaling pathway.

turnover post-translation

protein hydrolysis. Correlation analysis found that the
functions of intermediate filament was significantly

enriched, and the related genes were KAP13-1-like,
KRT35 and KRT13. The PPAR signaling pathway
was significantly enriched, and the involved gene was
FABP4. KRT is closely related to hair as a natural
fibrous structural protein**. Through the analysis of
the IncRNAs of cashmere fineness, Zheng et al.
found that KRT35 was related to the cashmere
fineness in the anagen phase. Asymmetrical
expression of KRT35 gene in secondary follicles was
associated with bulb deflection and follicle curvature,
suggesting a role in the determination of follicle and
fibre morphology"®. KRT13, a 54 ku type 1 acidic
intermediate filament protein often paired with KRT4,
is expressed in suprabasal layers of non-cornified

37 Microdissection of

stratified squamous epithelia
hair follicles revealed that KRT13 was mainly located
in the main body of the hair follicle and participated
in the differentiation of the hair follicle™ .
KAPI13-1-like is similar to KAP gene and may play
the role of KAP gene. KAPs were
components of wool fibers and variation in the genes
encoding the KAPs can affect wool traits"*”, KAPs

determine some of the most important physical

structural

attributes of the fully-keratinised hair fibre, including
hardness, toughness and pliability, and in linking
intermediate filaments to one another, either directly
or indirectly, with a resultant increase in durability
and resistance to degradation by microorganisms!'.
FABP4 is an adipocyte-type fatty acid binding protein
that 1is mainly adipocytes and
macrophages. It is a chaperone in the process of
intracellular free fatty acid transport. FABP4 can
combine with free fatty acid and transport it into cells.
At the same time, FABP4 is involved in regulating
gene expression, cell proliferation, and cell
differentiation!*>**. Fat tissue plays an important role
in all aspects of skin physiology, from regulating hair
follicle morphogenesis to wound healing!*®!. Skin fat
cells develop from dermis cells, independently of
subcutaneous fat tissue, and are characterized by
limited early expression of FABP4. This study

strengthens the link between hair follicle and skin fat
[46]

expressed in

cell biology A genome-wide association study
found that the FABP4 gene is an important factor of
resistance to wool rot in Merino sheep!*”. Li et al.l*"
found significant differences of FABP4 protein when
they compared the wool and cashmere of small-tailed
Han sheep. Likewise, when wool and cashmere from

goats and sheep were compared, FABP4 was also



*620- EYUFSEYERR

Prog. Biochem. Biophys.

2023; 50 (3)

found to be differentially expressed in wool and
cashmere, and the expression of FABP4 was higher in
wool samples than in cashmere, which show the
correlation of this protein with hair diameter. The
correlation between FABP4 and wool traits has been
further demonstrated.

4 Conclusion

In this study, RNA-seq on the back skin tissue of
Suffolk sheep and small-tailed Han sheep showed that
intermediate filament, calcium ion binding and keratin
filament were significantly enriched, and the signaling
pathway affecting wool traits might be the ECM-
receptor interaction. Proteome sequencing showed
that intermediate filament was significantly enriched.
The signaling pathways affecting wool traits might be
the PPAR signaling pathway and the ECM-receptor
interaction. The combined analysis of RNA-seq and
proteome sequencing showed that Intermediate
filament was significantly enriched, KRT35, KRT13
and KAPI13-1-like genes might be the key candidate
genes to affect wool traits. The PPAR signaling
pathway was significantly enriched and might be a
key candidate pathway to affect wool traits. The
FABP4 gene might be a key candidate gene to affect
These
understanding of the complex molecular mechanisms

wool traits. results will expand our

affecting sheep wool traits and provide a basis for
subsequent studies.
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