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Simple Summary: Cartilage development plays a crucial role in human health and animal agricul-
ture, and fetal development takes on particular importance in this process. In this study, we identified
open chromatin regions in bovine fetal chondrocytes and peaks enriched in the promoter region. By
integrating chromatin accessibility with transcriptome data and Genome-Wide Association Studies
results of bovine stature traits, we further described the regulatory functions of these regulatory ele-
ments defined by open chromatin accessibility. Overall, these findings provide valuable information
for understanding the regulatory mechanisms in cartilage development and conducting beef cattle
genetic improvement programs.

Abstract: Despite significant advances of the bovine epigenome investigation, new evidence for the
epigenetic basis of fetal cartilage development remains lacking. In this study, the chondrocytes were
isolated from long bone tissues of bovine fetuses at 90 days. The Assay for Transposase-Accessible
Chromatin with high throughput sequencing (ATAC-seq) and transcriptome sequencing (RNA-seq)
were used to characterize gene expression and chromatin accessibility profile in bovine chondrocytes.
A total of 9686 open chromatin regions in bovine fetal chondrocytes were identified and 45% of
the peaks were enriched in the promoter regions. Then, all peaks were annotated to the nearest
gene for Gene Ontology (GO) and Kyoto Encylopaedia of Genes and Genomes (KEGG) analysis.
Growth and development-related processes such as amide biosynthesis process (GO: 0043604) and
translation regulation (GO: 006417) were enriched in the GO analysis. The KEGG analysis enriched
endoplasmic reticulum protein processing signal pathway, TGF-β signaling pathway and cell cycle
pathway, which are closely related to protein synthesis and processing during cell proliferation.
Active transcription factors (TFs) were enriched by ATAC-seq, and were fully verified with gene
expression levels obtained by RNA-seq. Among the top50 TFs from footprint analysis, known
or potential cartilage development-related transcription factors FOS, FOSL2 and NFY were found.
Overall, our data provide a theoretical basis for further determining the regulatory mechanism of
cartilage development in bovine.
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1. Introduction

Stature, body weight, meat quality, reproductive traits, etc., are important economic
traits for cattle [1]. Body shape is directly related to economic traits such as carcass weight
and pure meat percentage [2]. The biological basis of bovine body shape is mainly divided
into skeletal development and muscle morphology. As a part of skeletal development, the
long bones of the limb are the key factor determining the body height. The formation of
long bones in mammals belongs to endochondral osteogenesis [3]. The specific process is
that the mesoderm cells first proliferate and migrate to the developmental part of the bone
in the embryo to form mesenchymal aggregation, and the mesenchymal cells differentiate
into chondrocytes and secrete cartilage matrix [4]. At this time, the new differentiation
occurs. The cells surrounding the chondrocytes form the perichondrium, which defines
the boundaries of a developing bone. Chondrocytes differentiate into primary ossification
centers and undergo chondrocyte hypertrophy, and then osteoblasts form cancellous bone,
completing the longitudinal growth of long bones [5].

The process of chondrocyte proliferation involves complex regulatory networks such
as paracrine, autocrine, and endocrine, and it is accompanied by the transcription and
translation of a large amount of genetic information. TFs specifically bind cis-regulatory
elements, such as enhancers and promoters, to regulate gene transcription. The majority
of TFs bind to open chromatin surveyed from the ENCODE project and chromatin ac-
cessibility status reflects TF binding information [6]. It has been established that crucial
genes involved in skeletal development constitute a regulatory network that jointly pro-
motes endochondral ossification [7,8]. SOX9 and RUNX2 genes were highly expressed in
chondrocyte chondrocytes. Transcriptional process of Sox9 regulation Class I sites were
mainly concentrated near the transcription start sites of highly expressed genes with non-
chondrocyte-specific markers [9]. The enhancer in the intron of the COL2A1 gene was
initiated by the activation of the Sox family transcription factors to drive the expression
of COL2A1 [10]. The processes in which the ACAN gene is involved are highly conserved
in various chondrocytes [11]. Sox family transcription factors are remotely regulated by
upstream enhancer elements, making ACAN abundantly expressed in the initial stage of
chondrocyte proliferation [12]. These transcription factors activate specific genes involved
in the chondrocyte differentiation process and control cartilage formation in vivo.

The developing mammalian cartilage is mainly divided into resting zone, proliferative
zone and hypertrophic zone. Chondrogenesis is the result of aggregation of mesenchymal
cells. When mesenchymal cells aggregate and develop into chondrocytes, collagen types
I, III, and V are expressed, while the differentiation of chondrogenic progenitor cells is
accompanied by the specific expression of collagen types II, IX, and XI in cartilage [13]. After
perichondrium formation, border-defining cells exit the cell cycle and undergo hypertrophy.
Then, osteoblasts differentiate from the perichondrium and synthesize an extracellular
matrix containing unique type X collagen [14]. In summary, chondrocyte hypertrophy is
the key to activate osteocyte and necessary for osteogenesis differentiation. Longitudinal
bone growth is the result of cell division and maturation in the proliferative region and
maturation in the hypertrophic region [15]. This stage of chondrocytes is a collection of the
proliferative, mature and hypertrophic zones [16].

In recent years, transposase accessible high-throughput sequencing (ATAC-seq) tech-
nology has made it possible to explore the epigenetic characteristics of various biological
process in cattle. For example, dynamic changes in chromatin accessibility were character-
ized among four stages of bovine myoblast proliferation and differentiation [17]. Gao et al.
reported potential regulation of chromatin dynamics in calf rumen epithelial tissues before
and after weaning [18]. Many functional elements including promoters and enhancers were
annotated in the differential peaks of adult and embryonic bovine muscle separately [19].
Underlying regulators in liver, muscle and hypothalamus, respectively, were identified by
generating open chromatin profiles [20]. However, only limited evidence was available
for chromatin accessibility during bovine cartilage development. To this end, we obtained
the chromatin openness and transcription information of chondrocytes through self-built
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bovine chondrocyte bank. Through the integration of ATAC-seq and RNA-seq, we revealed
the distribution regions of chromatin accessibility and potential transcriptional regulatory
elements in fetal bovine chondrocyte. This study highlights the critical role in TFs function
during cartilage development, which can provide a theoretical basis for expanding the
understanding mechanisms regulating bovine body traits.

2. Materials and Methods
2.1. Animals

Cows were electrocuted and bled out. Three 90-day bovine fetuses were removed
from the uterus of slaughtered pregnant cows.

2.2. Cell Isolation

The long bone cartilage tissues were extracted from the ends of a long bone. The
perichondrium was peeled off, and then the cartilage was taken out with forceps. The cells
were trypsinized with a 0.25% trypsin and washed with PBS twice. Then, a 0.1% type IV
collagenase was added into tubes to digest.

2.3. ATAC-Seq Library Construction

ATAC-seq libraries were constructed with the TruePrep DNA Library Prep Kit V2
for Il-lumina (Vazyme, Nanjing, China). Briefly, 5 × 104 chondrocytes were collected
after di-gestion and resuspended in precool lysis buffer for 10 min. The lysed nucleus
was re-suspended with a Tn5 transposase mixture and incubated at 37 ◦C for 30 min.
The fragments were purified using the VAHTS DNA Clean Beads (Vazyme, Nanjing,
China) and then amplificated for 16 cycles. Magnetic beads were used again to screen
suitable fragments and the final libraries were quantitated using Qubit 4 Fluorometer
(Invitro-gen, Singapore) and then sequenced on an Illumina HiSeq2500 platform following
a PE150 strategy.

2.4. Total RNA Extraction and mRNA Library Construction

The mRNA (about 106 chondrocytes) was purified from the total RNA with oligo-dT
magnetic beads for three biological replicates, and then the RNA was fragmented with
Mg2+. The RNA-seq library was constructed according to the following steps: reverse
transcription, cDNA end repair, adding poly (A) tail. All libraries were sequenced on the
HiSeq2500 platform according to the PE150 strategy.

2.5. ATAC-Seq Pre-Processing and Analysis

The sequencing quality, adapter content and duplication rates of the original reads
from each ATAC-seq library were detected by FastQC(v.0.11.7) [21]. Trimming for the
removal of Illumina adapters and low-quality sequences were performed by Trim Galore
(v.0.6.3). The bovine genome reference (ARS-UCD1.2) and annotation were downloaded
from the UCSC source database. After the bowtie2_index indices were built, the trimmed
reads for each replicate were mapped to the ARS-UCD1.2 version of the bovine reference
genome using Bowtie2 (v2.3.5) with default parameters. The reads were offset by +4
bp for the +strand and −5 bp for the −strand using deepTools software (v.3.3.0) [22].
All mapped reads for each individual replication were combined with samtools merge.
MACS2 (v2.1.2) [23] was used to identify ATAC-seq peaks with the following parameters:
–nomodel–shift-100–extsize 200 (the 5′ end extends to the 3′ end, and the sliding window
is set to 200 bp). Individual peaks that occurred in at least two replicates and overlapped
in more than 50% overlap in the two replicates were retained as candidate peaks [24].
Based on the gene functional elements such as promoter, 5′UTR, 3′UTR, exon and intron,
ATAC-seq peaks were annotated with the annotatePeak function by R package ChIPseeker
(v1.26.0) [25]. When the same peak fell on different components, we commented in the
above order.
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2.6. GWAS Enrichment Analysis in Peaks

As described previously, a total of 27,214 Holstein bulls with 2,048,052 imputed SNPs
and available stature traits were included [26]. The original coordinates of the GWAS
Summary Statistics were converted from UMD 3.1.1 to ARS-UCD1.2 using UCSC LiftOver
tools [27]. Perl script (https://github.com/WentaoCai/GWAS_enrichment), URL (accessed
on 20 April 2022) was used for the GWAS enrichment analysis to check whether SNP effects
were more enriched in ATAC-seq peaks than in background area [28].

2.7. GO and KEGG Enrichment Analysis of Genes

Open chromatin regions were annotated to their nearest genes. GO enrichment analy-
sis and KEGG pathway enrichment were carried out by the R package clusterProfiler [29].
The parameters were as follows: OrgDb = org.Bt.eg.db (genome-wide annotation for
bovine of the GO database, which set the reference annotation package of the whole bovine
genome), keyType = “ENTREZID” (EntrezGene ID), org = “bta” (organism of cow genome
information), ont = “BP” (biological process), pAdjustMethod = “BH” (more strict multiple
hypothesis test correction method), qvalueCutoff = 0.01.

2.8. Motif Enrichment and Footprinting Analysis

According to the position of the open chromatin region, the enrichment of the motifs
corresponding to known TFs was performed using the findMotifsGenome.pl function of
HOMER [30]. The significantly enriched transcription factor motifs were calculated by
comparing the sequence set of the whole bovine genome motif library and target ATAC-seq
peaks. TF-DNA binding prevents Tn5 transposases from cleavage in otherwise nucleosome-
free region. HINT-ATAC was adapted to predict transcription factor footprints sites for
open chromatin regions [31].

2.9. RNA-Seq Pre-Processing and Analysis

Raw sequencing fastq files were assessed for quality, adapter content and duplication
rates with FastQC (v.0.11.7). The sequence reads for the removal of Illumina adapters
and low-quality sequences were trimmed by Trim Galore (v.0.6.3). Trimmed reads were
aligned to the ARS-UCD1.2 version of bovine reference genome using Tophat2 software
(v.2.1.1) with the default setting. Quantification of gene expression counts were conducted
by Hisat2 (v2.2.1) [32] and then normalized by Transcript per kilobase per million mapped
reads (TPM) values. For downstream analysis, average gene expression TPM > 2 for the
replicates were selected as expressed genes.

2.10. Visualization of ATAC-Seq and RNA-Seq Signal

BigWig files for the coverage tracks of ATAC-seq and RNA-seq were generated using
the bamCoverag function of the deeptools (v.3.3.0) software. Visualization of the ATAC-seq
and RNA-seq coverage track was conducted by Integrated Genomic Viewer (IGV 2.6.2).

3. Results
3.1. Quality Control and Alignment of ATAC-seq Data

After the paired-end sequencing data was filtered, 9.75 Gb of high-quality data was
obtained. A preliminary analysis on the quality of the data was conducted. Raw sequences
accounting for less than 0.5% of the total data volume were filtered in the quality control. We
found that above 95% of clean reads were mapped to the bovine reference genome (bosTau9
version) (Table 1), which all meet the requirements of sequencing quality and further
analysis. Evaluation of the library quality after quality control are shown in Figure S1.
The fragments of chromatin open regions cut by Tn5 transposase are mainly divided
into nucleosome-free region (<100 bp), nucleosome monomer (~200 bp), nucleosome
dimer (~400 bp) and nucleosome trimer (~600 bp) [33]. Therefore, the length of fragments
was periodically distributed with about 200 bp, which indicates that many fragments
were protected by integer nucleosomes. Generally, the results of the reference sequence

https://github.com/WentaoCai/GWAS_enrichment


Animals 2023, 13, 1875 5 of 14

alignment analysis (Reads Mapping) and correlation between biological replicates further
demonstrated the reliability of our ATAC-seq data.

Table 1. Summary of ATAC-seq and RNA-seq data after quality control.

Samples Raw Reads Clean Reads Mapped Reads Mapped Ratio (%)

ATAC-rep1 62,112,724 62,062,362 59,541,648 95.94
ATAC-rep2 72,352,432 72,297,570 69,924,312 96.72
ATAC-rep3 89,758,598 89,644,200 87,063,194 97.12
RNA-rep1 24,840,774 24,838,052 21,561,792 86.80
RNA-rep2 22,659,377 22,656,203 19,849,614 87.60
RNA-rep3 23,229,395 23,227,896 87,063,194 87.50

3.2. Quality Control and Alignment of RNA-Seq Data

A total of 6.05 Gb of high-quality RNA-seq data was obtained after quality control.
The mapping rates of three RNA-seq biological replicates were higher than 85% and the
data quality satisfied the downstream analysis standard. In addition, Pearson’s correlation
coefficient was 0.8 between biological replicates. Our RNA-seq data retained 10,962 genes
with the expression levels greater than two (TPM > 2) in the three replicates.

3.3. Open Chromatin Regions Were Enriched at TSSs including Proliferation-Related Genes

We performed ATAC-seq to map the open chromatin accessible regions in fetal bovine
chondrocytes. Three biological replicates and their combined data were named rep1, rep2,
rep3, and merged peak, respectively. To establish a common peak set, the strict strategy for
candidate peaks were adopted. Finally, a total of 9860 peaks were identified as shown in
Figure 1a with an average length of 572 bp, accounting for 0.20% of the bovine genome.
Examples of the ATAC-seq coverage track for genes related to cartilage development and
body stature are shown in Figure 1b. The horizontal axis represents the genome coordinates,
and the vertical axis represents the signal intensity. Our results indicated that the ATAC-seq
signals were highly enriched at the transcription starting sites of chondrocyte proliferation-
related marker genes SOX9 and RUNX2. In addtion, we found that XBP1 and REEP6
with intense signals may be the potential chondrocyte proliferation-related genes that were
rarely reported to be directly associated with cartilage development.

3.4. Genomic Distribution of Chromatin Accessibility Regions

Chromatin opening usually indicates that DNA with transcriptional regulatory ele-
ments is bound by transcriptional factors to regulate gene expressionand replication or
transcription occurs [6]. To explore the regulatory function of the chromatin landscape in
fetal bovine chondrocyte, we next annotated the genomic features of these open chromatin
regions; 9686 of 9860 peaks were annotated on the genome. The priority position of peak
distribution was enriched in the promoter (45.61%), followed by intergenic region (41.85%),
gene downstream (1.17%), exon (0.88%) and 3′UTR (0.29%). In our study, ±3000 bp of
the transcription start sites (TSSs) was selected as the promoter region. About 45% of
peaks were located within 3 kb upstream and downstream of the TSS, and less than 42% of
ATAC-seq peaks were located in distal intergenic regions (Figure 2). Therefore, the majority
of the peaks located in the promoter regions were defined as the core promoter regions for
subsequent analysis.

3.5. Function Enrichment Analysis of the Chondrocyte Open Chromatin Regions nearby Genes

In order to characterize the biological processes regulated by these open chromatin
regions, we performed GO and KEGG enrichment analyses with the nearest genes. The
corresponding GO terms and the functional categories are shown in Figure 3a. GO terms
and KEGG pathways with p ≤ 0.05 were considered significantly enriched. Our results
of GO terms demonstrated a highly significant enrichment of the chondrocyte-related
processes such as peptide synthesis, amide synthesis, translation and regulation. The results
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of KEGG pathway enrichment showed a highly significant enrichment in the endoplasmic
reticulum protein processing, ribosome, nucleocytoplasmic transport and other pathways
(Figure 3b). These functional analyses showed that chondrocyte proliferation-related
open chromatin regions may be closely associated with the protein synthesis and cell
cycle processes.
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3.6. Enrichment of the Cartilage-Development-Related TFs

TFs combine specific DNA sequences to activate or inhibit the transcription of DNA,
and modulate the gene expression to control a series of key cellular processes [34]. In our
data, the motif enrichment analysis was performed on the ATAC-seq-peak-related genes.
The total target sequences are 9686, and the total background sequences are 34,355. The
top 50 (p-value < 0.01) enriched motifs are shown in Figure 4a. The TFs specifically related
to cartilage development were significantly enriched, such as NF-Y, ATF3, FOSL2, ATF2
and FOS. The p-value generated by TFs enrichment is sorted out, and the corresponding
significance is listed in descending order as follows: NF-Y (1 × 10−616), ATF3 (1 × 10−317),
FOSL2 (1 × 10−300), ATF2 (1 × 10−260) and Fos (1 × 10−106).

3.7. Footprint Verification of Significantly Enriched TFs

Footprint visually displays that the ATAC-seq signal near the TF motif in the 200 bp
genome range, read coverage suddenly drops within peak regions of high coverage [35]
(Figure 4b). The principle of this analysis is to protect the TF binding region from being
targeted by Tn5 transposase, which is used to label accessible chromatin [36]. In addition, TF
footprint analysis showed that the area of reduced accessibility is related to the combination
of NF-Y, ATF3, FOSL2, ATF2 and FOS. On the contrary, the BATF was located at the top
10 of motif enrichment, but the footprint curve was disordered. It showed that TFs were
inactive near DNA and did not bind to DNA.

3.8. GWAS Enrichment Analysis of Chondrocytes Open Chromatin Regions

To check whether SNPs effect was more abundant in the ATAC-seq peaks than those
in the background area, we obtained the result of random sampling. The candidate SNPs
were randomly sampled for 10,000 times and the number of samples each time was also
random. The proportion of falling in the peak was summarized and counted, and the
p value was calculated by one-tailed test (Table 2). p-value was equal to 0.0008 (<0.05 is
considered as significant enrichment). From a different viewpoint, the reliability of peak
regions could be certificated.
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Table 2. Summary of GWAS enrichment analysis in peaks.

Stature SNPs p-Value Fold

2,048,052 0.0008 2.32

4. Discussion

Some studies have reported that epigenome data were used to identify the devel-
opmental regulatory mechanisms of bovine tissues (such as skeletal muscle, liver and
rumen). Chromatin open profiles have also been constructed in the study on growth traits
in pig, chicken and other livestock and poultry, but chromatin openness during fetal bovine
cartilage development has not yet been reported [20,37,38].

Chondrocyte differentiation is usually accompanied by the biological synthesis of
various proteins. Generally, the genetic programming of cartilage undergoes a multistep
process. Cell types experience a change consisting of mesenchymal condensation, highly
enriched extracellular matrix (ECM) cells, and chondrocytes [39]. The significant involved
KEGG pathways include endoplasmic reticulum protein processing, ribosomes, TGF-β
signaling, PI3K-Akt signaling, etc. Notably, the main component of ECM is type II collagen.
Therefore, it is necessary to synthesize a large number of chondrocyte-related proteins
and enhance the transport efficiency. Ribosome, endoplasmic reticulum, Golgi apparatus
and other organelles produce a marked effect jointly. On the other hand, endoplasmic
reticulum stress causes osteoarthritis and other related diseases [40], so the correct folding
of proteins in the endoplasmic reticulum is particularly important. This mechanism relies
on the polypeptide structure and the intracellular network. After the secreted protein
enters the endoplasmic reticulum, the molecular chaperone system functions. For example,
molecular chaperone calreticulin (CRT) mainly interacts with secretory proteins released
by ribosomes to keep the substrate in the endoplasmic reticulum and facilitate protein
folding [41]. During chondrocyte cultured from the third day to the fifteenth day, type
II and type X collagen, proteoglycan core protein and other characteristic markers of
chondrocyte differentiation was expressed [42]. Overexpression of fibronectin FN1, in a
TGF-β/PI3K/Akt pathway, is positively correlated with the increase in type II collagen,
type I collagen and osteonectin levels, thus completing bone formation and chondrocyte
differentiation, and promoting fracture healing [43]. Cell proliferation also depends on the
four different stages of the cell cycle; TGF-β1 can accelerate the process of G1 to S phase
and complete the differentiation of antler chondrocytes [44].

Amide biosynthesis and translation regulation were more prominent in GO enrich-
ment. Glutamine has a versatile role in cell proliferation and metabolism, participating in
biosynthetic precursors and tricarboxylic acid cycle [45]. It is also a kind of metabolic fuel
that meets the increasing ATP required for cell growth. As one of the metabolic pathways
in chondrocytes, glycolytic pathway is less efficient compared with others [46]. Glucose-
derived carbons were diverted during this period. Glutamine just meets the requirements
of high biosynthetic needs as well as complements glucose in glycolytic pathway [47].
Some experiments have found that histone acetylation needs to be completed in the process
of amide synthesis of chondrocytes. Glutamine is synthesized by glutamate dehydrogenase
dependent acetyl coenzyme A, which controls the expression of cartilage-related genes. In
addition, transaminase-mediated aspartic acid synthesis supports chondrocyte prolifera-
tion and matrix synthesis [48]. The highly efficient translation regulation networks include
post-transcriptional and post-translational modifications. Chabronova et al. reported that
some sites resulted in an altered ribosome translation regulation [49]. The correct post-
translational regulation also decided the stability and activity of the protein of RUNX2 [50].
In the result of open chromatin regions, XBP1 and REEP6 with highly effective signals
were regarded as potential genes. Mice with XBP1 deficient caused a chondrodysplasia
phenotype [51]. REEP6 is related to the structure of the endoplasmic reticulum, which is
consistent with the previously enriched KEGG pathway, so it is speculated that REEP6 is
related to the synthesis of collagen on the endoplasmic reticulum.



Animals 2023, 13, 1875 11 of 14

From the peak annotation result, we consider that these open chromatin regions
near TSSs contain a large number of potential transcription factor binding sites. NF-Y,
a heterotrimeric complex composed of NF-YA, NF-YB, and NF-YC, specifically binds to
CCAAT sequences in eukaryotic promoters [52]. Transcription factor NF-Y was significantly
enriched in the motif results, which is consistent with the previous research on mammalian
mice. The proximal core promoter of the SOX9 gene, closely related to NF-Y, contains a
CCAAT box, which is a cis-regulatory element responsible for responding to BMP-2 [53,54].
BMP-2 protein is involved in histone modification and chromatin remodeling during mouse
cartilage formation. Transcription factor NF-Y combined with histone acetyltransferase
p300 to form NF-Y-p300 complex. The complex combined with the promoter region of
SOX9 to activate the Sox9 gene expression [54]. EMSA experiments also showed that NF-Y
could specifically bind the CCAAT box in vitro [54,55]. In conclusion, the expression of
SOX9 is activated by NF-Y binding to the Sox9 promoter region, which explains the high
footprint and mRNA expression of the transcription factor NF-Y significantly enriched by
the motif.

Transcription factors Fos, Fra2, Jun and other transcription factors together constitute
the activator protein 1 (AP1) transcription factor family [56] which participate in various
biological processes such as proliferation and differentiation. Karreth et al. determined that
the transcription factor FRA2 encoded by Fosl2 is necessary for cartilage development [57].
Due to the lack of transcription factor FRA2, the conditioned knockout mice had reduced
chondrocyte differentiation during the whole development process, delayed postnatal
growth and osteogenesis in spinal cartilage. Fosl2−/− mice impaired chondrocyte differ-
entiation in embryos and newborns and decreased the deposition of extracellular matrix
(ECM) [58]. Histomorphological microcomputed tomography analysis of FOSL2 tg and
control mice at two different time points (4 weeks and 3 months of age) showed that FOSL2
tg mice had increased bone volume and bone surface area [59].

Both ATF2 and ATF3 transcription factors belong to the ATF family, and the members
of the ATF-CREB family play an important role in cartilage development. Mice lacking ATF2
displayed achondroplasia, and ATF2 also regulated cell proliferation by targeting cyclin
A [60]. ATF3 has been widely reported in the treatment of diseases, such as prevention of
cardiac hypertrophy and fibrosis, neuronal axon regeneration after traumatic nerve injury,
liver fibrosis treatment, and breast cancer target [44,61–63]. James et al. determined that
the mRNA expression of ATF3 increased significantly during the differentiation process
of independent small pieces of embryonic bud cells in mouse embryos [64]. ATF3 was
also found in our motif enrichment and footprint analysis. It is well known that SOX9
promotes cell division in the early stage of proliferation, and also inhibits chondrocyte
hypertrophy [65]. ATF3 overexpression inhibits SOX9 activity, which may also explain that
SOX9 is not at a high level of expression. In cytokine-induced MMP13-derived human
chondrocytes, the expression of the transcription factor FOS was almost halved from 1 h to
1.25 h, further suggesting a transient nature expression of the cartilage-specific transcription
factor [66].

5. Conclusions

The development of chondrocytes in the fetal stage has a great influence on the
bone morphology and bovine stature after birth. In this study, we characterized the
chromatin accessibility of chondrocyte proliferation using fetal bovine long bone derived
from chondrocytes. We identified the significant KEGG pathways and GO Terms related
to cartilage development. Then, we identified several candidate TFs (NF-Y, ATF3, FOSL2,
ATF2 and FOS) that might participate in the biological process of chondrocytes using motif
enrichment and foot printing analysis. The results provide a theoretical basis for explaining
the regulatory mechanisms of bovine fetal chondrocyte development.



Animals 2023, 13, 1875 12 of 14

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13111875/s1, Figure S1: The size of fragments generated
by transposase.

Author Contributions: Q.Z. and Q.L. performed the experiments, analyzed the data and drafted the
manuscript. J.L. and L.Z. conceived and supervised the experiments. Y.W., R.P. and Y.Z. participated
in data collection and analysis. Z.W., B.Z., L.X., X.G., Y.C., H.G., J.H., C.Q., M.M. and R.D. contributed
to data analysis and the manuscript preparation. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by grants from the National Natural Science Foundation of China
(U22A20506), the Pingliang Science and Technology Planned Project (2021No.29), the Agricultural
Science and Technology Innovation Program in the Chinese Academy of Agricultural Sciences
(ASTIP-IAS03 and CAAS-ZDRW202102), China Agriculture Research System of MOF and MARA,
the National Beef Cattle Industrial Technology System (CARS-37), Key R&D project of Ningxia Hui
Autonomous Region (2021BEF01002).

Institutional Review Board Statement: All experiments were conducted in concordance with the
guidelines established by the Regulations for the Administration of Affairs Concerning Experimental
Animals (Ministry of Science and Technology, China, 2004). All animal experimental protocols were
approved by the Animal Ethics Committee of the Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences (No. IAS2021-52). Gravid cows were raised by Jingxinxufa Agriculture Co., Ltd.
(Weichang, China), and all efforts were made to minimize suffering.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All relevant datasets generated in this study have been deposited in a
NCBI SRA database with accession PRJNA952344.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Ghoreishifar, S.M.; Eriksson, S.; Johansson, A.M.; Khansefid, M.; Moghaddaszadeh-Ahrabi, S.; Parna, N.; Davoudi, P.; Javanmard,

A. Signatures of selection reveal candidate genes involved in economic traits and cold acclimation in five Swedish cattle breeds.
Genet. Sel. Evol. 2020, 52, 52. [CrossRef] [PubMed]

2. Judy Walter, L.A.; Schmitz, A.N.; Nichols, W.T.; Hutcheson, J.P.; Lawrence, T.E. Live growth performance, carcass grading
characteristics, and harvest yields of beef steers supplemented zilpaterol hydrochloride and offered ad libitum or maintenance
energy intake. J. Anim. Sci. 2018, 96, 1688–1703. [CrossRef]

3. Cohn, M.J.; Tickle, C. Limbs: A model for pattern formation within the vertebrate body plan. Trends Genet. 1996, 12, 253–257.
[CrossRef] [PubMed]

4. Berendsen, A.D.; Olsen, B.R. Bone development. Bone 2015, 80, 14–18. [CrossRef] [PubMed]
5. Salhotra, A.; Shah, H.N.; Levi, B.; Longaker, M.T. Mechanisms of bone development and repair. Nat. Rev. Mol. Cell Biol. 2020, 21,

696–711. [CrossRef] [PubMed]
6. Klemm, S.L.; Shipony, Z.; Greenleaf, W.J. Chromatin accessibility and the regulatory epigenome. Nat. Rev. Genet. 2019, 20,

207–220. [CrossRef] [PubMed]
7. Lefebvre, V.; Angelozzi, M.; Haseeb, A. SOX9 in cartilage development and disease. Curr. Opin. Cell Biol. 2019, 61, 39–47.

[CrossRef]
8. Song, H.; Park, K.H. Regulation and function of SOX9 during cartilage development and regeneration. Semin. Cancer Biol. 2020,

67 Pt 1, 12–23. [CrossRef] [PubMed]
9. Ohba, S.; He, X.; Hojo, H.; McMahon, A.P. Distinct Transcriptional Programs Underlie Sox9 Regulation of the Mammalian

Chondrocyte. Cell Rep. 2015, 12, 229–243. [CrossRef]
10. Lefebvre, V.; Behringer, R.R.; de Crombrugghe, B. L-Sox5, Sox6 and Sox9 control essential steps of the chondrocyte differentiation

pathway. Osteoarthr. Cartil. 2001, 9 (Suppl. S1), S69–S75. [CrossRef]
11. Gomez-Picos, P.; Ovens, K.; Eames, B.F. Limb Mesoderm and Head Ectomesenchyme Both Express a Core Transcriptional

Program During Chondrocyte Differentiation. Front. Cell Dev. Biol. 2022, 10, 876825. [CrossRef] [PubMed]
12. Hu, G.; Codina, M.; Fisher, S. Multiple enhancers associated with ACAN suggest highly redundant transcriptional regulation in

cartilage. Matrix Biol. 2012, 31, 328–337. [CrossRef] [PubMed]
13. Goldring, M.B. Chondrogenesis, chondrocyte differentiation, and articular cartilage metabolism in health and osteoarthritis. Ther.

Adv. Musculoskelet. Dis. 2012, 4, 269–285. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ani13111875/s1
https://www.mdpi.com/article/10.3390/ani13111875/s1
https://doi.org/10.1186/s12711-020-00571-5
https://www.ncbi.nlm.nih.gov/pubmed/32887549
https://doi.org/10.1093/jas/sky105
https://doi.org/10.1016/0168-9525(96)10030-5
https://www.ncbi.nlm.nih.gov/pubmed/8763496
https://doi.org/10.1016/j.bone.2015.04.035
https://www.ncbi.nlm.nih.gov/pubmed/26453494
https://doi.org/10.1038/s41580-020-00279-w
https://www.ncbi.nlm.nih.gov/pubmed/32901139
https://doi.org/10.1038/s41576-018-0089-8
https://www.ncbi.nlm.nih.gov/pubmed/30675018
https://doi.org/10.1016/j.ceb.2019.07.008
https://doi.org/10.1016/j.semcancer.2020.04.008
https://www.ncbi.nlm.nih.gov/pubmed/32380234
https://doi.org/10.1016/j.celrep.2015.06.013
https://doi.org/10.1053/joca.2001.0447
https://doi.org/10.3389/fcell.2022.876825
https://www.ncbi.nlm.nih.gov/pubmed/35784462
https://doi.org/10.1016/j.matbio.2012.06.001
https://www.ncbi.nlm.nih.gov/pubmed/22820679
https://doi.org/10.1177/1759720X12448454
https://www.ncbi.nlm.nih.gov/pubmed/22859926


Animals 2023, 13, 1875 13 of 14

14. Iyama, K.; Ninomiya, Y.; Olsen, B.R.; Linsenmayer, T.F.; Trelstad, R.L.; Hayashi, M. Spatiotemporal pattern of type X collagen
gene expression and collagen deposition in embryonic chick vertebrae undergoing endochondral ossification. Anat. Rec. 1991,
229, 462–472. [CrossRef]

15. Villemure, I.; Stokes, I.A. Growth plate mechanics and mechanobiology. A survey of present understanding. J. Biomech. 2009, 42,
1793–1803. [CrossRef]

16. Petty, R.E. Chapter 2—Structure and Function. In Textbook of Pediatric Rheumatology, 7th ed.; Petty, R.E., Laxer, R.M., Lindsley, C.B.,
Wedderburn, L.R., Eds.; W.B. Saunders: Philadelphia, PA, USA, 2016; pp. 5–13.e2.

17. Li, Q.; Wang, Y.; Hu, X.; Zhang, Y.; Li, H.; Zhang, Q.; Cai, W.; Wang, Z.; Zhu, B.; Xu, L.; et al. Transcriptional states and chromatin
accessibility during bovine myoblasts proliferation and myogenic differentiation. Cell Prolif. 2022, 55, e13219. [CrossRef]

18. Gao, Y.; Liu, S.; Baldwin Vi, R.L.; Connor, E.E.; Cole, J.B.; Ma, L.; Fang, L.; Li, C.J.; Liu, G.E. Functional annotation of regulatory
elements in cattle genome reveals the roles of extracellular interaction and dynamic change of chromatin states in rumen
development during weaning. Genomics 2022, 114, 110296. [CrossRef]

19. Cao, X.; Cheng, J.; Huang, Y.; Lan, X.; Lei, C.; Chen, H. Comparative Enhancer Map of Cattle Muscle Genome Annotated by
ATAC-Seq. Front. Vet. Sci. 2021, 8, 782409. [CrossRef]

20. Alexandre, P.A.; Naval-Sánchez, M.; Menzies, M.; Nguyen, L.T.; Porto-Neto, L.R.; Fortes, M.R.S.; Reverter, A. Chromatin
accessibility and regulatory vocabulary across indicine cattle tissues. Genome Biol. 2021, 22, 273. [CrossRef]

21. Krueger, F.; Galore, T. A wrapper tool around Cutadapt and FastQC to consistently apply quality and adapter trimming to FastQ
files. Babraham Bioinform. 2015, 516, 517.

22. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
23. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al.

Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef] [PubMed]
24. Shao, J.; He, K.; Wang, H.; Ho, W.S.; Ren, X.; An, X.; Wong, M.K.; Yan, B.; Xie, D.; Stamatoyannopoulos, J.; et al. Collaborative reg-

ulation of development but independent control of metabolism by two epidermis-specific transcription factors in Caenorhabditis
elegans. J. Biol. Chem. 2013, 288, 33411–33426. [CrossRef] [PubMed]

25. Yu, G.; Wang, L.G.; He, Q.Y. ChIPseeker: An R/Bioconductor package for ChIP peak annotation, comparison and visualization.
Bioinformatics 2015, 31, 2382–2383. [CrossRef]

26. Jiang, J.; Cole, J.B.; Freebern, E.; Da, Y.; VanRaden, P.M.; Ma, L. Functional annotation and Bayesian fine-mapping reveals
candidate genes for important agronomic traits in Holstein bulls. Commun. Biol. 2019, 2, 212. [CrossRef]

27. Kent, W.J.; Sugnet, C.W.; Furey, T.S.; Roskin, K.M.; Pringle, T.H.; Zahler, A.M.; Haussler, D. The human genome browser at UCSC.
Genome Res. 2002, 12, 996–1006. [CrossRef]

28. Cai, W.; Li, C.; Li, J.; Song, J.; Zhang, S. Integrated Small RNA Sequencing, Transcriptome and GWAS Data Reveal microRNA
Regulation in Response to Milk Protein Traits in Chinese Holstein Cattle. Front. Genet. 2021, 12, 726706. [CrossRef]

29. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omics
2012, 16, 284–287. [CrossRef]

30. Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C.; Laslo, P.; Cheng, J.X.; Murre, C.; Singh, H.; Glass, C.K. Simple combinations
of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Mol.
Cell 2010, 38, 576–589. [CrossRef]

31. Li, Z.; Schulz, M.H.; Look, T.; Begemann, M.; Zenke, M.; Costa, I.G. Identification of transcription factor binding sites using
ATAC-seq. Genome Biol. 2019, 20, 45. [CrossRef]

32. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

33. Yan, F.; Powell, D.R.; Curtis, D.J.; Wong, N.C. From reads to insight: A hitchhiker’s guide to ATAC-seq data analysis. Genome Biol.
2020, 21, 22. [CrossRef] [PubMed]

34. Pope, S.D.; Medzhitov, R. Emerging Principles of Gene Expression Programs and Their Regulation. Mol. Cell 2018, 71, 389–397.
[CrossRef] [PubMed]

35. Vierstra, J.; Stamatoyannopoulos, J.A. Genomic footprinting. Nat. Methods 2016, 13, 213–221. [CrossRef]
36. Levings, D.C.; Lacher, S.E.; Palacios-Moreno, J.; Slattery, M. Transcriptional reprogramming by oxidative stress occurs within a

predefined chromatin accessibility landscape. Free Radic. Biol. Med. 2021, 171, 319–331. [CrossRef]
37. Boschiero, C.; Gao, Y.; Baldwin, R.L.t.; Ma, L.; Liu, G.E.; Li, C.J. Characterization of Accessible Chromatin Regions in Cattle

Rumen Epithelial Tissue during Weaning. Genes 2022, 13, 698. [CrossRef]
38. Halstead, M.M.; Kern, C.; Saelao, P.; Wang, Y.; Chanthavixay, G.; Medrano, J.F.; Van Eenennaam, A.L.; Korf, I.; Tuggle, C.K.;

Ernst, C.W.; et al. A comparative analysis of chromatin accessibility in cattle, pig, and mouse tissues. BMC Genom. 2020, 21, 698.
[CrossRef]

39. Charlier, E.; Deroyer, C.; Ciregia, F.; Malaise, O.; Neuville, S.; Plener, Z.; Malaise, M.; de Seny, D. Chondrocyte dedifferentiation
and osteoarthritis (OA). Biochem. Pharmacol. 2019, 165, 49–65. [CrossRef]

40. Patterson, S.E.; Dealy, C.N. Mechanisms and models of endoplasmic reticulum stress in chondrodysplasia. Dev. Dyn. 2014, 243,
875–893. [CrossRef]

41. Wang, M.; Kaufman, R.J. Protein misfolding in the endoplasmic reticulum as a conduit to human disease. Nature 2016, 529,
326–335. [CrossRef]

https://doi.org/10.1002/ar.1092290405
https://doi.org/10.1016/j.jbiomech.2009.05.021
https://doi.org/10.1111/cpr.13219
https://doi.org/10.1016/j.ygeno.2022.110296
https://doi.org/10.3389/fvets.2021.782409
https://doi.org/10.1186/s13059-021-02489-7
https://doi.org/10.1038/nmeth.1923
https://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1186/gb-2008-9-9-r137
https://www.ncbi.nlm.nih.gov/pubmed/18798982
https://doi.org/10.1074/jbc.M113.487975
https://www.ncbi.nlm.nih.gov/pubmed/24097988
https://doi.org/10.1093/bioinformatics/btv145
https://doi.org/10.1038/s42003-019-0454-y
https://doi.org/10.1101/gr.229102
https://doi.org/10.3389/fgene.2021.726706
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1186/s13059-019-1642-2
https://doi.org/10.1038/nmeth.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1186/s13059-020-1929-3
https://www.ncbi.nlm.nih.gov/pubmed/32014034
https://doi.org/10.1016/j.molcel.2018.07.017
https://www.ncbi.nlm.nih.gov/pubmed/30075140
https://doi.org/10.1038/nmeth.3768
https://doi.org/10.1016/j.freeradbiomed.2021.05.016
https://doi.org/10.3390/genes13030535
https://doi.org/10.1186/s12864-020-07078-9
https://doi.org/10.1016/j.bcp.2019.02.036
https://doi.org/10.1002/dvdy.24131
https://doi.org/10.1038/nature17041


Animals 2023, 13, 1875 14 of 14

42. Kergosien, N.; Sautier, J.; Forest, N. Gene and protein expression during differentiation and matrix mineralization in a chondrocyte
cell culture system. Calcif. Tissue Int. 1998, 62, 114–121. [CrossRef]

43. Zhang, H.; Chen, X.; Xue, P.; Ma, X.; Li, J.; Zhang, J. FN1 promotes chondrocyte differentiation and collagen production via
TGF-β/PI3K/Akt pathway in mice with femoral fracture. Gene 2021, 769, 145253. [CrossRef] [PubMed]

44. Rohini, M.; Arumugam, B.; Vairamani, M.; Selvamurugan, N. Stimulation of ATF3 interaction with Smad4 via TGF-β1 for matrix
metalloproteinase 13 gene activation in human breast cancer cells. Int. J. Biol. Macromol. 2019, 134, 954–961. [CrossRef] [PubMed]

45. Yoo, H.C.; Yu, Y.C.; Sung, Y.; Han, J.M. Glutamine reliance in cell metabolism. Exp. Mol. Med. 2020, 52, 1496–1516. [CrossRef]
[PubMed]

46. Hollander, J.M.; Zeng, L. The Emerging Role of Glucose Metabolism in Cartilage Development. Curr. Osteoporos. Rep. 2019, 17,
59–69. [CrossRef]

47. DeBerardinis, R.J.; Cheng, T. Q’s next: The diverse functions of glutamine in metabolism, cell biology and cancer. Oncogene 2010,
29, 313–324. [CrossRef]

48. Stegen, S.; Rinaldi, G.; Loopmans, S.; Stockmans, I.; Moermans, K.; Thienpont, B.; Fendt, S.M.; Carmeliet, P.; Carmeliet, G.
Glutamine Metabolism Controls Chondrocyte Identity and Function. Dev. Cell 2020, 53, 530–544.e8. [CrossRef]

49. Chabronova, A.; van den Akker, G.G.H.; Housmans, B.A.C.; Caron, M.M.J.; Cremers, A.; Surtel, D.A.M.; Wichapong, K.; Peffers,
M.M.J.; van Rhijn, L.W.; Marchand, V.; et al. Ribosomal RNA-based epitranscriptomic regulation of chondrocyte translation and
proteome in osteoarthritis. Osteoarthr. Cartil. 2023, 31, 374–385. [CrossRef]

50. Jonason, J.H.; Xiao, G.; Zhang, M.; Xing, L.; Chen, D. Post-translational Regulation of Runx2 in Bone and Cartilage. J. Dent. Res.
2009, 88, 693–703. [CrossRef]

51. Cameron, T.L.; Gresshoff, I.L.; Bell, K.M.; Piróg, K.A.; Sampurno, L.; Hartley, C.L.; Sanford, E.M.; Wilson, R.; Ermann, J.;
Boot-Handford, R.P.; et al. Cartilage-specific ablation of XBP1 signaling in mouse results in a chondrodysplasia characterized by
reduced chondrocyte proliferation and delayed cartilage maturation and mineralization. Osteoarthr. Cartil. 2015, 23, 661–670.
[CrossRef]

52. Kahle, J.; Baake, M.; Doenecke, D.; Albig, W. Subunits of the heterotrimeric transcription factor NF-Y are imported into the
nucleus by distinct pathways involving importin beta and importin 13. Mol. Cell. Biol. 2005, 25, 5339–5354. [CrossRef] [PubMed]

53. Shi, Z.; Chiang, C.I.; Labhart, P.; Zhao, Y.; Yang, J.; Mistretta, T.A.; Henning, S.J.; Maity, S.N.; Mori-Akiyama, Y. Context-specific
role of SOX9 in NF-Y mediated gene regulation in colorectal cancer cells. Nucleic Acids Res. 2015, 43, 6257–6269. [CrossRef]
[PubMed]

54. Pan, Q.; Wu, Y.; Lin, T.; Yao, H.; Yang, Z.; Gao, G.; Song, E.; Shen, H. Bone morphogenetic protein-2 induces chromatin remodeling
and modification at the proximal promoter of Sox9 gene. Biochem. Biophys. Res. Commun. 2009, 379, 356–361. [CrossRef] [PubMed]

55. Matuoka, K.; Chen, K.Y. Transcriptional regulation of cellular ageing by the CCAAT box-binding factor CBF/NF-Y. Ageing Res.
Rev. 2002, 1, 639–651. [CrossRef]

56. Jochum, W.; Passegué, E.; Wagner, E.F. AP-1 in mouse development and tumorigenesis. Oncogene 2001, 20, 2401–2412. [CrossRef]
57. Karreth, F.; Hoebertz, A.; Scheuch, H.; Eferl, R.; Wagner, E.F. The AP1 transcription factor Fra2 is required for efficient cartilage

development. Development 2004, 131, 5717–5725. [CrossRef]
58. Mobasheri, A.; Matta, C.; Uzielienè, I.; Budd, E.; Martín-Vasallo, P.; Bernotiene, E. The chondrocyte channelome: A narrative

review. Jt. Bone Spine 2019, 86, 29–35. [CrossRef]
59. Bozec, A.; Bakiri, L.; Jimenez, M.; Schinke, T.; Amling, M.; Wagner, E.F. Fra-2/AP-1 controls bone formation by regulating

osteoblast differentiation and collagen production. J. Cell Biol. 2010, 190, 1093–1106. [CrossRef]
60. Beier, F.; Taylor, A.C.; LuValle, P. Activating transcription factor 2 is necessary for maximal activity and serum induction of the

cyclin A promoter in chondrocytes. J. Biol. Chem. 2000, 275, 12948–12953. [CrossRef]
61. Li, Y.; Li, Z.; Zhang, C.; Li, P.; Wu, Y.; Wang, C.; Bond Lau, W.; Ma, X.L.; Du, J. Cardiac Fibroblast-Specific Activating Transcription

Factor 3 Protects Against Heart Failure by Suppressing MAP2K3-p38 Signaling. Circulation 2017, 135, 2041–2057. [CrossRef]
62. Katz, H.R.; Arcese, A.A.; Bloom, O.; Morgan, J.R. Activating Transcription Factor 3 (ATF3) is a Highly Conserved Pro-regenerative

Transcription Factor in the Vertebrate Nervous System. Front. Cell Dev. Biol. 2022, 10, 824036. [CrossRef] [PubMed]
63. Shi, Z.; Zhang, K.; Chen, T.; Zhang, Y.; Du, X.; Zhao, Y.; Shao, S.; Zheng, L.; Han, T.; Hong, W. Transcriptional factor ATF3

promotes liver fibrosis via activating hepatic stellate cells. Cell Death Dis. 2020, 11, 1066. [CrossRef] [PubMed]
64. James, C.G.; Woods, A.; Underhill, T.M.; Beier, F. The transcription factor ATF3 is upregulated during chondrocyte differentiation

and represses cyclin D1 and A gene transcription. BMC Mol. Biol. 2006, 7, 30. [CrossRef] [PubMed]
65. Kozhemyakina, E.; Lassar, A.B.; Zelzer, E. A pathway to bone: Signaling molecules and transcription factors involved in

chondrocyte development and maturation. Development 2015, 142, 817–831. [CrossRef]
66. Chan, C.M.; Macdonald, C.D.; Litherland, G.J.; Wilkinson, D.J.; Skelton, A.; Europe-Finner, G.N.; Rowan, A.D. Cytokine-induced

MMP13 Expression in Human Chondrocytes Is Dependent on Activating Transcription Factor 3 (ATF3) Regulation. J. Biol. Chem.
2017, 292, 1625–1636. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s002239900404
https://doi.org/10.1016/j.gene.2020.145253
https://www.ncbi.nlm.nih.gov/pubmed/33098939
https://doi.org/10.1016/j.ijbiomac.2019.05.062
https://www.ncbi.nlm.nih.gov/pubmed/31082421
https://doi.org/10.1038/s12276-020-00504-8
https://www.ncbi.nlm.nih.gov/pubmed/32943735
https://doi.org/10.1007/s11914-019-00506-0
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1016/j.devcel.2020.05.001
https://doi.org/10.1016/j.joca.2022.12.010
https://doi.org/10.1177/0022034509341629
https://doi.org/10.1016/j.joca.2015.01.001
https://doi.org/10.1128/MCB.25.13.5339-5354.2005
https://www.ncbi.nlm.nih.gov/pubmed/15964792
https://doi.org/10.1093/nar/gkv568
https://www.ncbi.nlm.nih.gov/pubmed/26040697
https://doi.org/10.1016/j.bbrc.2008.12.062
https://www.ncbi.nlm.nih.gov/pubmed/19103169
https://doi.org/10.1016/S1568-1637(02)00026-0
https://doi.org/10.1038/sj.onc.1204389
https://doi.org/10.1242/dev.01414
https://doi.org/10.1016/j.jbspin.2018.01.012
https://doi.org/10.1083/jcb.201002111
https://doi.org/10.1074/jbc.275.17.12948
https://doi.org/10.1161/CIRCULATIONAHA.116.024599
https://doi.org/10.3389/fcell.2022.824036
https://www.ncbi.nlm.nih.gov/pubmed/35350379
https://doi.org/10.1038/s41419-020-03271-6
https://www.ncbi.nlm.nih.gov/pubmed/33311456
https://doi.org/10.1186/1471-2199-7-30
https://www.ncbi.nlm.nih.gov/pubmed/16984628
https://doi.org/10.1242/dev.105536
https://doi.org/10.1074/jbc.M116.756601
https://www.ncbi.nlm.nih.gov/pubmed/27956552

	Introduction 
	Materials and Methods 
	Animals 
	Cell Isolation 
	ATAC-Seq Library Construction 
	Total RNA Extraction and mRNA Library Construction 
	ATAC-Seq Pre-Processing and Analysis 
	GWAS Enrichment Analysis in Peaks 
	GO and KEGG Enrichment Analysis of Genes 
	Motif Enrichment and Footprinting Analysis 
	RNA-Seq Pre-Processing and Analysis 
	Visualization of ATAC-Seq and RNA-Seq Signal 

	Results 
	Quality Control and Alignment of ATAC-seq Data 
	Quality Control and Alignment of RNA-Seq Data 
	Open Chromatin Regions Were Enriched at TSSs including Proliferation-Related Genes 
	Genomic Distribution of Chromatin Accessibility Regions 
	Function Enrichment Analysis of the Chondrocyte Open Chromatin Regions nearby Genes 
	Enrichment of the Cartilage-Development-Related TFs 
	Footprint Verification of Significantly Enriched TFs 
	GWAS Enrichment Analysis of Chondrocytes Open Chromatin Regions 

	Discussion 
	Conclusions 
	References

