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Abstract 

Peroxisome proliferator-activated receptor beta/delta (PPARD) is an important determinant of 
multiple biological processes. Our previous studies identified a missense mutation in the PPARD 
gene that significantly reduces its transcription activity, and consequently causes enlarged external 
ears in pigs. However, the mechanisms underlying the causality has remained largely unknown. 
Here, we show that PPARD retards the development of auricular cartilage by accelerating the 
apoptosis of cartilage stem/progenitor cells (CSPCs), the terminal differentiation of cartilage cells 
and the degradation of cartilage extracellular matrix in the auricle. At the transcription level, 
PPARD upregulates a set of genes that are associated with CSPCs apoptosis and chondrogenic 
differentiation, chondroblast differentiation and extracellular matrix degradation. ChIP-seq 
identified direct target genes of PPARD, including a well-documented gene for cartilage 
development: PPARG. We further show that compared to wild-type PPARD, the G32E mutant 
up-regulates the expression of PPARG and subsequently leads to the downregulation of critical 
genes that inhibit cartilage growth. These findings allow us to conclude that PPARD is an inhibitor 
of auricular cartilage growth in pigs. The causative mutation (G32E) in the PPARD gene attenuates 
the PPARD-mediated retardation of cartilage growth in the auricle, contributing to enlarged ears 
in pigs. The findings advance our understanding of the mechanisms underlying auricular 
development in mammals, and shed insight into the studies of innate pinna disorders and cartilage 
regeneration medicine in humans. 
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Introduction 
Peroxisome proliferator-activated receptor 

beta/delta (PPARD) is a ligand-modulated 
transcription factor that belongs to the nuclear 
receptor superfamily [1]. PPARD serves as a key and 
multifaceted determinant of diverse biological 
functions, such as lipid metabolism, embryonic 
development, inflammatory response, would healing, 
etc. [2-7]. Our previous study established a novel role 
of PPARD in external ear development [8]. We 
identified a protein-altering mutation (G32E) in an 
evolutionary conservation domain of PPARD that 
causes enlarged ears in pigs [8]. The G32E causative 
mutation stimulates nuclear export of PPARD, 

decreases ubiquitination level in the A/B domain of 
PPARD that is required for efficient ligand-induced 
transactivation and consequently reduces activity of 
PPARD [9]. We further show that PPARD G32E 
decreases the expression of β-catenin and its target 
genes, presumably leading to lipid production and 
storage in external ears and contributing to enlarged 
ear size in pigs [8]. 

The external ear is mainly composed of skin, 
cartilage and fat. So far, the role of PPARD in skin 
development and fat metabolism in the auricle has 
been firmly established [8-11]. However, the effect of 
PPARD in auricular cartilage development and the 
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molecular mechanisms underlying the causality of 
PPARD G32E has remained largely unknown. To this 
end, we herein conducted a series of assays to show 
that PPARD is an inhibitor of cartilage development 
in the external ear. The G32E mutation attenuates the 
inhibition effect of PPARD, stimulates the cartilage 
and skin development and fat deposition in the 
auricle, which collectively causes enlarged ear sizes in 
pigs. The finding improves our understanding of 
mechanisms underlying external ear development in 
mammals, and provides insight into studies of 
congenital pinna defects and cartilage regeneration 
medicine in humans. 

Materials and Methods 
Measurement of ear size  

The ear sizes of Erhualian and Duroc pigs were 
measured as previously described [8]. Briefly, 
photographs were taken for one ear of each animal 
after ear was fixed and covered with a ruler as an 
internal reference of the size. Ear sizes were calculated 
using the Qwin software (Leica). Significance was 
evaluated using a Student’s t test. 

Histochemical examination 
Auricular cartilage was dissected from the root 

of the external ear of five Erhualian and five Duroc 
pigs and was then fixed in 4% paraformaldehyde. The 
paraffin-embedded cartilage samples were cut into 
7-µm sections and placed on glass slides. Three 
sections for each sample were used for H&E staining 
and Masson-Goldner trichrome staining as previously 
described [12]. 

Cell culture and reagent 
Auricular-derived primary cartilage cells were 

isolated from external ears of a 4-month-old Duroc × 
(Landrace × Large White) hybrid (hereafter DLL) pig 
homozygous for the wild-type allele at PPARD G32E 
using enzymatic digestion as previously described [9]. 
Cells were cultured at 37 °C in a humid atmosphere of 
5% CO2 in DMEM-F12 (Gibco) medium freshly 
supplemented with 20% fetal bovine serum (Gibco) 
and antibiotics (Gibco). When the confluence reached 
70%, the third-generation primary cells were 
incubated with 0.1 μM GW0742 while mediums were 
replaced with DMEM-F12 plus 10% charcoal-stripped 
serum (Hyclone). After incubated for 24 h, cells were 
collected for subsequent flow cytometry, RNA 
sequencing and chromatin immunoprecipitation 
(ChIP) sequencing analyses. The quantity and quality 
of isolated RNA and ChIPed DNA samples were 
analyzed using a Qubit Fluorometer (Thermo Fisher) 
and a 2100 Bioanalyzer (Agilent). Pig PK-15 cells were 
cultured in DMEM (high glucose, Gibco) medium 

supplemented with 10% fetal bovine serum (Gibco) 
and antibiotic solution. When cells were incubated 
with the PPARD agonist GW0742 (Tocris), culture 
mediums were replaced with DMEM plus 5% 
charcoal-stripped serum (Hyclone).  

Flow cytometry analysis 
Flow cytometry was conducted to identify 

cartilage stem/progenitor cells (CSPCs) using two 
stem cell markers CD44 and CD90. When the 
confluence of primary cells reached 80%, these cells 
were digested using EDTA-free trypsin (Gibco). After 
washed two times by PBS (Gibco), one million cells 
were resuspended in 100 μL PBS. Four experimental 
sets were simultaneously prepared as follows: double 
negative samples and single positive samples for 
CD44, single positive samples for CD90 and double 
positive samples for CD44 and CD90. Cells were 
incubated with 20 μL CD44 (BD pharmingen) and/or 
5 μL CD90 (BD pharmingen) for 35 min on ice in 
darkroom. Then cells were analyzed by an Accuri C6 
flow cytometer (BD pharmingen).  

The apoptosis of CSPCs and chondrocytes were 
measured by the Annexin V/ PI apoptosis detection 
kit II (BD pharmingen) according to the 
manufacture’s instruction. Briefly, one million cells 
were resuspended in 100 μL binding buffer after 
washed two times by PBS. Four experimental sets, 
namely double negative, single positive for annexin V 
and single positive for PI and double positive for 
annexin V and PI, were prepared by adding 5 μL PI 
and/or 5 μL Annexin V into binding buffer, 
respectively. After incubation for 30 min on ice in 
darkroom, the data were obtained by the Accuri C6 
flow cytometer (BD pharmingen). 

RNA sequencing (RNA-seq) 
Total RNA was isolated from three untreated 

(DMSO) and three GW0742-treated primary cartilage 
cells using Trizol reagent (Invitrogen), and was then 
used to construct cDNA libraries using the TruSeq 
RNA Sample Preparation kit (Illumina). Single-end 
reads (125SE) were then generated on an Ion Proton 
sequencer (Life Technologies) at a depth of 
approximately 20 million reads. Next, trimmed clean 
reads were mapped to the pig reference genome 
(Sscrofa 10.2, ftp://ftp.ensembl.org/pub/release-78/ 
fasta/sus_scrofa/dna/) allowing five mismatches 
using the SOAP2 software [13]. Gene expression 
levels were further calculated using the RPKM (reads 
per kilobase of transcript per million mapped reads) 
method to identify differentially expressed genes 
(DEGs) between treated and untreated samples as 
previously described [14]. A FDR of no more than 
0.001 (FDR ≤ 0.001) and a difference ratio of PRKM no 
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less than 2 (|log2Ratio|≥1) between the untreated 
and treated samples were adopted as the significant 
threshold to identify DEGs. The common DEGs 
among three comparison groups were further filtered 
by fold-change ≥ 2 and diverge probability ≥ 0.8 [15]. 
GO and KEGG pathway enrichment analyses of DEGs 
were performed using Blast2GO [16] and Cytoscape 
[17], respectively. The functional interactions among 
DEGs were retrieved from the STRING database that 
integrates experiments, text mining, databases and 
co-expression to link candidate genes into a related 
network [18]. 

ChIP sequencing (ChIP-seq)  
Chromatin immunoprecipitation samples were 

prepared from auricle-derived primary cartilage cells 
using the SimpleChIP Enzymatic Chromatin IP kit 
(CST) according to manufacturer’s instruction. Briefly, 
cells were harvested and chemically cross-linked with 
1% formaldehyde for 10 min at 15 °C. The cell nucleus 
was released by sonication using an Ultrasonic 
Processor (SONXI). The collected nuclei were 
digested with Micrococcal nuclease (CST) for 20 min 
at 37 °C. Sheared chromatin was incubated with 
Anti-PPARD (Santa Cruz), Anti-Histone H3 (positive 
control, CST) and Anti-Rabbit IgG (negative control, 
CST) overnight. After enriched by ChIP-Grade 
Protein G magnetic beads for 2 h, 
immunoprecipitated DNA was treated with 
Proteinase K (CST) and purified with the SimpleChIP 
kit (CST). ChIP sequencing was performed at Beijing 
Institute BGI (Wuhan, China). Briefly, sequencing 
library was constructed from enriched DNA using the 
TruSeq ChIP Library Prep kit (Illumina). Final DNA 
libraries were validated and sequenced at 50 bp per 
sequence read using a HiSeq 4000 sequencer 
(Illumina) at a depth of approximately 20 million 
sequences. ChIP-seq reads were mapped to the pig 
reference genome (Sscrofa 10.2) by BEDtools [19]. Only 
the alignments with less than 2 mismatches were 
considered for enriched-region (peak) identification 
(peak calling) using the Model-based Analysis of 
ChIP-seq (MACS) algorithm (--bwidth=150, --gsize= 
2.50e+09 --mfold=8) [20]. Only peaks with a 
MACS-assigned FDR of less than 10% and fewer than 
100 tags in the IgG track were selected. The 
PeakAnalyzer software was used for peak annotation 
and the nearest target gene analyses [21].  

Real-time quantitative PCR 
Total RNA was reverse transcribed with random 

hexamers (Takara). Real-time quantitative-PCR was 
conducted on a 7900HT Real-Time PCR Detection 
system (ABI) using the Bio SYBR Green Master Mix 
(Takara) or Taqman Master Mix (ABI). Amplification 

efficiencies of each gene-specific primer pair was 
determined using a five-fold serial dilution series. 
Primers with an efficiency of 1.8 to 2.15 were used for 
further analyses (Table S8). The housekeeping gene 
BACT was used to normalize relative fold changes 
between PPARD agonists (GW0742)-treated samples 
and untreated (DMSO) samples. Each qPCR analysis 
was repeated for at least three independent biological 
replicates, and significance was analyzed using a 
Student’s t test.  

Dual luciferase reporter assay 
The PPARD binding region in the PPARG 

promoter spanning Chromosome 13: 75588490 to 
75588637 bp was cloned and ligated upstream of 
tk-pGL4.20 to generate PPARG-tk-Luc plasmids. The 
PPARG-tk-Luc and pRL-tk constructs were 
co-transfected into PK-15 cells (1×105 cells/well) 
together with empty, PPARD G32E mutant- or 
wild-type PPARD-overexpression vectors using 
Lipofectamine 2000 (Invitrogen) in 24-wells plates [9]. 
Twenty-four hours after transfection, the activity of 
firefly luciferase was measured using the 
Dual-Luciferase Reporter Assay System (Promega) on 
an Infinite 200 PRO multimode reader (Tecan). 
Relative luciferase activity was determined based on 
the firefly/renilla luciferase activity ratio. Each 
reporter plasmid was transfected in triplicate, and 
three independent reporter assays were performed. 
Significance was analyzed using a Student’s t test. 

Results 
Phenotypic characterization of external ears in 
Erhualian and Duroc pigs 

We first measured the size of external ears in one 
Chinese large-eared breed (Erhualian) and one 
European small-eared breed (Duroc) (Fig. 1a) at five 
time points during the period of 0 to 4 months after 
birth. Erhualian had significantly (P < 0.0001) larger 
ears than Duroc across these five time points (Fig. 1b). 
Indeed, the ear size exhibited a growth slope of 6.29 
(i.e. 6.29 cm2 per day) in Erhualian and of 4.50 in 
Duroc (Fig. 1b). Then, we examined the histological 
properties of auricular cartilage at 120 ± 3 days in the 
two breeds. Like in mice and humans [22, 23], 
auricular cartilage in pigs is also composed of fibers 
and vessels in the outer layer, CSPCs in the 
perichondrium layer, chondroblasts in the transitional 
layer and chondrocytes in the mature cartilage layer 
(Fig. 1c). Chondroblasts express high levels of 
aggrecan and type II collagen, the two main 
components of the cartilage extracellular matrix, 
while mature chondrocytes express type X collagen 
and catabolic factors [24-26]. Compared with Duroc, 
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Erhualian showed obvious difference in the 
proportion of cell types in the auricular cartilage. 
Erhualian had much more isogenous groups that 
were formed after chondroblasts divided 
continuously (Fig. 1d), representing an interstitial 
growth that occurs mainly in immature cartilage. In 
contrast, mature chondrocytes accounted for a 

majority of cartilage cells and matrix showed a certain 
level of degradation in Duroc (Fig. 1d), indicating that 
chondroblasts tend to differentiate into chondrocytes 
rather than to proliferate in external ears of Duroc 
pigs. This explains that Erhualian pigs have a thicker 
and denser immature cartilage layer in outer ears than 
Duroc.  

 

 
Figure 1. External ear characteristics of Erhualian and White Duroc pigs. (a) Erhualian pigs (left panel) have large and fully floppy ears while Duroc pigs 
(right panel) have small and partly pricked ears. (b) Ear size (y axis) of Erhualian (n = 48) and Duroc pigs (n = 60) measured at five time points (x axis). Growth curves 
of the two breeds were compared using linear regression analysis (P < 0.0001). (c) Schematic diagram of auricular cartilage. (d) Representative sections of auricular 
cartilage stained with hematoxylin and eosin (left panel) and Masson-Goldner trichrome (right panel) from Erhualian and Duroc pigs at 120 ± 3 days of age. Arrows 
and asterisks indicate cell types and degenerating matrix, respectively. 
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Figure 2. Effect of PPARD on cells in pig auricular cartilage. Scatter plot for primary cells isolated from auricular cartilage in pigs. Cells were analyzed using 
FACS on a flow cytometer. (b) Characterization of CSPCs. CSPCs show higher expression levels of two cell-surface markers (CD44 and CD90, blue line) than 
control samples (black line). Isotype control antibodies were used for control samples. (c) PPARD stimulates the differentiation of CSPCs into chondrocytes. Cells 
were either untreated (DMSO) or treated with 0.1 µM PPARD agonist (GW0742) for 24 h and analyzed by flow cytometry. Values are expressed as mean ± S.E. of 
triplicate experiments. Significance was assessed by a two-paired t-test. * P < 0.05, ** P < 0.01. (d) PPARD induces the apoptosis of CSPCs but not chondrocytes. 
Primary cartilage cells were untreated (DMSO) or treated with 0.1 µM GW0742 for 24 h and analyzed for phosphatidylserine exposure (Annexin V binding) and 
plasma membrane rupture (PI uptake) using FACS. The fluorescence intensities of Annexin V-FITC and PI are presented as dot plots. Annexin V-/PI- staining 
represents surviving cells, Annexin V+/PI- cells indicates early apoptosis, Annexin V+/PI+ and Annexin V-/PI+ cells indicates necrotic or apoptotic cells at the middle and 
terminal stage, respectively. Values are expressed as mean ± S.E. of triplicate experiments. Significance was evaluated using a two-paired t-test. ** P < 0.01. 

 

PPARD accelerates the apoptosis and 
chondrogenic differentiation of CSPCs in the 
external ear 

To identify the role of PPARD in 
chondrogenesis, we first tested the percentage of 
CSPCs in auricular cartilage cells in DLL pigs using 
flow cytometry analysis. We found that 2%-6% of 
cartilage-derived cells were CSPCs (Fig. 2a), which 
expressed mesenchymal stem cell markers CD44 and 
CD90 (Fig. 2b). Then, we investigated the effect of 
PPARD on auricular cartilage cells by evaluating its 
agonist (GW0742)-induced cell growth. After the 
treatment with GW0742 for 24 h, a larger (P < 0.05) 
proportion of chondrocytes and a smaller (P < 0.01) 
proportion of CSPCs were identified in treated cells 
than untreated samples (Fig. 2c), indicating that 
PPARD is a positive regulator of CSPCs 
differentiation. Further, we evaluated the apoptosis of 
auricular cartilage cells using the Annexin V-FITC 
and PI staining (see Materials and Methods) after 
GW0742 treatment for 24 h. The result demonstrates 
that PPARD activation specifically induces the 
apoptosis of CSPCs but not chondrocytes in the 
external ear (Fig. 2d). In summary, PPARD inhibits 
the proliferation of auricular cartilaginous cells by 
affecting two critical steps in chondrogenesis, i.e. 
PPARD accelerates the apoptosis of CSPCs and 

promotes the chondrogenic differentiation of CSPCs. 
This indicates that large-eared breeds carrying the 
mutant allele at the PPARD G32E site (such as 
Erhualian) have a larger number of CSPCs and hence 
a greater potential of auricle development than 
small-eared breeds carrying the wild-type allele at 
PPARD G32E (such as Duroc) due to the decreased 
biological activity of PPARD caused by the G32E 
mutation [9]. 

PPARD upregulates target genes involved in 
CSPCs apoptosis, cartilage-derived cells 
differentiation and matrix degradation 

To determine the effect of PPARD on auricular 
cartilage growth at the transcription level, we 
quantified whole-genome transcriptomes of 
auricle-derived primary cartilage cells that were 
treated (n = 3) or untreated (n = 3) with GW0742 for 24 
h using RNA-seq. In total, we obtained over 22 million 
clean reads from each library after trimming adaptor 
sequences, low quality reads and multiple mapped 
reads. The clean reads were mapped to 18,200 genes 
annotated in the pig reference genome (Sus Scrofa 10.2, 
Table S1). We then identified DEGs between the 
GW0742-treated and untreated groups by comparing 
the RNA-seq data between the two groups (Fig. 3a). A 
total of 98 DEGs were defined using the thresholds of 
false discovery rate (FDR) ≤ 0.001, difference ratio of 
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RPKM (reads per kilobase of exon per million 
fragments mapped) ≥ 2 [27] and diverge probability ≥ 
0.8 [15] (see Materials and Methods), including 62 
up-regulated genes and 36 down-regulated genes 
(Fig. 3b, Table 1). To confirm the reliability of the 
identified DEGs, we randomly chose eight genes with 
RPKM values of 0 to 75 and detected their expression 
levels in the GW0742-treated and untreated samples 
using reverse-transcription quantitative PCR 
(RT-qPCR) (Table S2). A consistent pattern with a 
correlation coefficient of 0.71 was observed for these 
eight genes between qPCR and RNA-seq data (Figure 
S1). We noticed that two DEGs with a RPKM value of 
0 (CDKN1A and KLF10) did not show differential 
expression in RT-qPCR analysis (Fig. 3c). So we 
excluded 14 DEGs with a RPKM value of 0 to reduce 
potentially false positives, and focused on the 

remaining 84 DEGs with a minimal PRKM value of  
0.2 (Table S3) in subsequent analyses. 

Next, we performed the pathway enrichment 
analysis for these 84 DEGs. As expected, the PPAR 
signaling pathway was the most significantly (P = 
6.00×10-06, Q = 6.96×10-04) enriched pathway (Table 
S4). By applying functional enrichment analysis, we 
noticed that 57.53% of DEGs (n = 42) were involved in 
cartilage growth, transcription regulation and 
metabolism (Fig. 3d). The top 20 DEG-enriched 
biological processes included positive regulation of 
angiogenesis (GO:0045766), positive regulation of 
osteoblast differentiation (GO:0045669), bone 
mineralization (GO:0030282), negative regulation of 
cells proliferation (GO:0043066) and positive 
regulation of apoptotic process (GO:0043065) (Table 
S3). These biological processes are all potentially 
related to the development of the auricle. 

 
 

 
Figure 3. Differentially expressed genes (DEGs) between PPARD agonist (GW0742)-treated and untreated primary cartilage cells derived 
from pig external ears. (a) Heatmap shows comparison of whole-genome gene expression between the treated and untreated cells. Each column represents one 
pairwise comparison and each row one gene. Red color indicates upregulation and blue color indicates downregulation. (b) Scatter plots of whole-genome gene 
expression in the treated and untreated cells. Log2 value of each gene expression in untreated and GW0742-treated triplicates is shown in X- and Y-axis, respectively. 
DEGs are defined by diverged probability ≥ 0.8 and fold-change ≥ 2. Each dot represents one gene. Up-regulated genes in the treated samples are shown in orange, 
down-regulated genes in blue, and non-DEGs in brown. (c) Validation of RNA sequencing data by RT-qPCR. Eight DEGs were randomly selected and analyzed by 
RT-qPCR. Values are expressed as mean ± S.E. of triplicate experiments after normalization to BACT mRNA levels. Significance was assessed by a two-paired t-test. 
* P < 0.05, ** P < 0.01. (d) The enriched GO biological processes for the identified DEGs. 
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Table 1. Differentially expressed genes identified by RNA-seq 

 Comparison 
group 1      

Comparison 
group 2      

Comparison 
group 3      

Common 
DEGs         

Up Down Up Down Up Down Up Down 
Characterized 
gene 

191 124 293 241 129 88 57 35 

Uncharacterized 
gene 

15 8 14 22 5 10 5 1 

  DEGs, differentially expressed genes; Up, up-regulated genes; Down, 
down-regulated genes. 

 

 
Then, we made a close examination on 15 DEGs 

functionally related to cartilage growth according to 
their GO terms and literature meaning. These 15 
DEGs are involved in five processes of cartilage 
development (Table 2). Of them, six genes including 
ANGPTL4 [28], BCL6 [29], CEBPB [30-33], IGFBP3 [34], 
PGF [35] and RAD21 [36] could reduce the number of 
CSPCs in the perichondrium layer by inducing the 
programmed cell death of CSPCs and stimulating 
chondrogenic differentiation of CSPCs. IGFBP3 [34] 
and RAD21 [36], two well-characterized mediators for 
CSPCs apoptosis, were up-regulated by 2.08 and 2.76 
fold in GW0742-treated cells, respectively. Another 
four up-regulated genes are positive regulators of 
chondrogenic differentiation of CSPCs, such as 
CEBPB [30-33] (17.32-fold) and ANGPTL4 [28] 
(8.92-fold). These findings were in agreement with 
our finding that PPARD activation led to a smaller 
proportion of CSPCs in auricular cartilage-derived 
cells after treating with GW0742 for 24 h.  

Besides the above-mentioned genes, ten DEGs 
are involved in cell differentiation and matrix 
degradation (Table 2). Of them, four genes for 

chondroblast differentiation were up-regulated 
including three positive regulators (BMPR1B [37, 38], 
CSF1 [39] and CTHRC1 [40]) and one secretory 
glycoprotein at late stage of chondrocyte maturation 
(CHI3L1 [41]). In cartilage plates, chondroblasts 
produce extracellular matrix (ECM) typically 
composing of type II collagen and aggrecan [42]. 
When ECM is degraded, the differentiation process 
evolves toward a terminal stage [26]. Interestingly, 
there were as many as nine genes (60%) in 15 DEGs 
that play a role in degrading ECM or reducing the 
synthesis of ECM (Table 2). These nine genes included 
three ones encoding matrix metallopeptidases 
(MMP1, MMP9 and MMP13) that were up-regulated 
in GW0742-treated cells. MMP13 [43] (9.93-fold) and 
MMP1 [44] (4.09-fold) preferentially digest type II 
collagen and aggrecan and MMP9 (2.87-fold) 
degrades type I collagen and aggrecan in cartilage 
[45]. The remaining six DEGs were also up-regulated 
in GW0742-treated cells and were all positive 
regulators of ECM degradation [37-40]. Of note, an 
activator for ECM remodeling, ANGPTL4, was 
remarkably up-regulated (8.92-fold). ANGPTL4 is 
responsible for inhibiting expression of type II 
collagen and aggrecan in cartilage and inducing the 
synthesis of two catabolic factors MMP1 and MMP13 
[28]. In short, PPARD up-regulate a set of genes that 
consequently inhibit the growth of auricular cartilage 
by promoting the apoptosis and chondrogenic 
differentiate of CSPCs, diminishing the secretion of 
new matrix components, and irreversibly breaking 
down the existing matrix.  

 

Table 2. Differentially expressed genes related to cartilage growth between GW0742-treated and untreated samples 

Function category Gene symbol Gene name Fold change 
Induce programmed cell death in CSPCs IGFBP3 Insulin-growth factor-binding protein 3 2.08 
 RAD21 RAD21 cohesin complex component 2.76 
Stimulate chondrogenic differentiation of CSPCs ANGPTL4 Angiopoietion-4 8.92 
 BCL6 B-cell lymphoma 6 protein 4.52 
 CEBPB CCAAT/Enhancer-binding protein beta 17.32 
 IGFBP3 Insulin-growth factor-binding protein 3 2.08 
 PGF Placenta growth factor isoform 1 2.84 
Enhance migration of CSPCs AQP1 Aquaporin-1 2.37 
Positive regulation of chondrocyte differentiation BMPR1B Bone morphogenetic protein receptor type-1B  2.24 
 CHI3L1 Chitinase 3 like 1 2.12 
 CSF1 Colony-stimulating factor 1 2.22 
 CTHRC1 Collagen triple helix repeat-containing protein 1 2.14 
Degrade and reduce synthesis of the cartilage extracellular matrix ANGPTL4 Angiopoietion-4 8.92 
 BMPR1B Bone morphogenetic protein receptor type-1B  2.24 
 CSF1 Colony-stimulating factor 1 2.22 
 CTHRC1 Collagen triple helix repeat-containing protein 1 2.14 
 MGP Matrix gla protein  2.11 
 MMP1 Matrix metallopeptidase 1 4.09 
 MMP9 Matrix metallopeptidase 9 2.87 
 MMP13 Matrix metallopeptidase 13 9.93 
 PGF Placental growth factor  2.84 
All 15 genes shown in this table were up-regulated in GW0742-treated samples. 
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Finally, we investigated the interaction of 
PPARD with 71 characterized genes out of the 84 
DEGs using the STRING algorithm [18]. After 
removing non-connected genes, 32 genes have 
interactions, of which 30 were associated with PPARD 
(Fig. 4). Interestingly, the resulting network showed a 
cluster of genes (n = 11) that were associated with the 
CSPCs apoptosis and differentiation, chondroblast 
differentiation and ECM degradation. This further 
supports that PPARD activation could slow down 
cartilage growth. 

PPARD regulates chondrogenesis and matrix 
degeneration likely via its target gene PPARG 

PPARD is a transcription factor that can directly 
bind to DNA and regulate the expression of adjacent 
genes. Here, we performed chromatin 
immunoprecipitation sequencing (ChIP-seq) to 
characterize DNA-binding sites of PPARD across the 
genome in auricular cartilage-derived primary cells. 

ChIP-seq yielded a total of 25,299,637 reads for 
PPARD-bound chromatins and 28,535,881 reads for 
IgG-bound chromatins (control) that were mapped to 
a unique location on the pig reference genome (Sscrofa 
10.2) (Table S5). A total of 838 high confidence 
enrichment peaks (FDR < 0.1) were identified for 

PPARD using the MACs peak calling algorithm [20] 
(Table S6). By searching against the BioMart-Ensembl 
database [46], 87 binding regions were mapped to 
target genes (Table S7). Interestingly, these target 
genes did not overlap with any of the 84 DEGs in 
response to PPARD activation. It is known that 
cross-regulatory networks are commonly involved in 
biological processes, in which one transcription factor 
regulates the expression of other transcription factors 
to mediate its downstream genes [47, 48]. We 
speculated that these DEGs were not directly 
regulated by PPARD but directly modulated by one 
or more targets of PPARD, likely transcription factors. 
To test this speculation, we searched for transcription 
factors out of DEGs via the TRRUST database [49] and 
identified five transcription factors including 
ONECUT1, PPARG, ARNT, ETV6 and LEF1 (Table S7). 
One transcription factor, PPARG, has direct 
interactions with six DEGs related to cartilage growth 
as revealed by the STRING algorithm (Fig. 5). In 
addition, four DEGs appeared to be direct targets of 
PPARG in the TRRUST database, including one 
positive regulator of CSPCs differentiation – CEBPB 
[30-33], and three regulators of cartilage remodeling – 
ANGPTL4 [28], MMP1 [43, 44] and MMP9 [45]. 

 

 
Figure 4. Network of PPARD downstream genes identified by comparative RNA-seq. The STRING database [37] was explored to uncover functional 
interactions (edges) among the 71 characterized DEGs (nodes) identified by RNA-seq. Eleven genes related to cartilage growth are indicated by green. 
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Figure 5. Network of 15 differentially expressed genes related to cartilage growth and 87 target genes of PPARD. The network was constructed via 
STRING database [37]. Nodes and edges indicate genes and functional interactions among genes, respectively. Twelve genes related to cartilage growth are shown 
in green and two genes (PPARG and LEF1) encoding transcription factors in purple. 

 
Figure 6. PPARG mRNA expression is repressed by the wild-type PPARD but not by the G32E mutant. PPARD activation inhibits PPARG mRNA 
expression. Auricle-derived primary cartilage cells were untreated (DMSO) or treated with 0.1 µM PPARD agonist (GW0742) for 24 h and quantified for the mRNA 
level of PPARG via RT-qPCR. Values are expressed as mean ± S.E. of triplicate experiments and normalized by BACT. Significance was assessed by a two-paired t-test, 
* P < 0.05. (b) The PPARD G32E mutant has no effect on PPARG mRNA expression. PK-15 cells were transfected with vectors expressing pcDNA4A-His (control), 
wild-type PPARD (wild type), and G32E mutant (mutant) along with PPARG-tk-Luc and pRL-tk reporter vectors. Cells were incubated for 24 h with DMSO or 0.1 µM 
GW0742. The ratio of firefly luciferase to renilla luciferase activity was defined as relative luciferase activity. Data represent fold changes relative to empty 
vector-transfected and GW0742 untreated cells. * P < 0.05. 

 
As described above, PPARD acts as a promoter 

of cartilage degeneration in the development of 
auricular cartilage. In contrast, PPARG is shown to be 
an inhibitor of cartilage degeneration [50, 51]. The 
opposite effect between PPARD and PPARG on 
cartilage growth indicates that they might have an 
intrinsic connection. Our ChIP-seq data showed that 
PPARD bound to the adjacent region of the PPARG 
gene. This led us to speculate that PPARD activation 
could repress PPARG expression and subsequently 

decreases cartilage growth. To test this hypothesis, we 
further examined whether PPARD represses PPARG 
expression at the transcription level using RT-qPCR 
and dual luciferase reporter assay. We first quantified 
the mRNA level of PPARG in pig auricular cartilage 
cells treated with PPARD agonist (GW0742) relative 
to untreated samples via RT-qPCR. A 1.2-fold 
(P < 0.05) decrease of PPARG mRNA was observed in 
the treated samples (Fig. 6a), which was consistent 
with our RNA-seq data (data not shown). Then, we 
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cloned a 147 bp PPARD binding fragment 
downstream of the transcription start site of PPARG 
into the pGL4.20-tk luciferase vector. We transfected 
the construct and plasmids overexpressing the 
wild-type PPARD, the G32E mutant PPARD or empty 
plasmid into pig PK-15 cells and measured the 
luciferase reporter activity after 24 h. The wild-type 
PPARD but not the G32E mutant overexpression was 
associated with a significant decrease (1.24 fold, 
P < 0.05) in luciferase activity (Fig. 6b). Thus, we 
conclude that PPARD down-regulates the expression 
of PPARG by directly binding with the promoter of 
PPARG, while the downregulation is abolished by the 
G32E mutant in the PPARD gene.  

Discussion 
PPARD is a nuclear hormone receptor, which 

has the ability to directly bind to DNA and regulate 
the transcription of downstream genes. PPARD has 
been a drug target for metabolic disorders for decades 
[52], and is known to play pivotal roles in cartilage 
development in mice and humans [53-58]. We 
established a novel role of PPARD in the growth of 
auricular cartilage in pigs in our previous studies [8, 
9]. However, the underlying mechanism of this role 
remains largely unknown. Here we show that PPARD 
retards the growth of auricular cartilage by reducing 
the potential of chondrogenesis and degrading the 
existing ECM. 

The ear grows rapidly from birth until puberty, 
but slows down after that time in humans and 
animals [22, 59]. The growth of auricular cartilage 
involves three processes: (i) new matrix is secreted by 
chondroblasts at cartilage surface, (ii) internal mass of 
cartilage increases by chondrocytes and (iii) protein 
polysaccharide and elastic fibers undergo degradation 
[23]. During these processes, the growth is mainly 
driven by continuously chondrogenic differentiation 
of CSPCs after birth. We herein performed a series of 
analyses to uncover the role of PPARD in the three 
processes. By applying flow cytometry assay, we 
show that PPARD accelerates the chondrogenic 
differentiation and apoptosis of CSPCs in auricular 
cartilage. This is consistent with our previous finding 
that the growth of auricle-derived primary cartilage 
cells was inhibited after 5-day treatment with PPARD 
agonist (GW0742) [9]. Through histochemical staining 
of auricular cartilage, we illustrated that large-eared 
Erhualian had a larger proportion of CSPCs/ 
chondroblasts than small-eared Duroc. Furthermore, 
chondroblasts, the producer of extracellular matrix, 
had a longer proliferative state in Erhualian in 
comparison with Duroc. Instead, the chondroblasts in 
Duroc tended to differentiate into mature 
chondrocytes that secreted catabolic factors to 

degrade the existing ECM. Taken together, PPARD 
has an inhibitive effect on chondrogenesis in pig 
external ears. We have shown that the G32E causative 
mutation reduces activity of PPARD [9]. Therefore, it 
is conceivable to observe that Erhualian carrying the 
mutant allele at the G32E site had a faster growth rate 
of auricular cartilage than Duroc carrying the 
wild-type allele at this site. 

Next, we made an effort to uncover the 
molecular mechanism underlying the inhibition of the 
growth of auricular cartilage by PPARD. We searched 
for downstream genes of PPARD that are involved in 
ear growth by conducting comparative RNA-seq on 
auricle-derived primary cartilage cells treated or 
untreated by PPARD agonist, GW0742. As a result, 
we identified 84 reliable DEGs between the treated 
and untreated samples, including 15 
well-documented genes for cartilage development. Of 
the 15 DEGs, two directly accelerate the apoptosis of 
CSPCs, five promote the chondrogenic differentiation 
of CSPCs, four upregulate chondroblast 
differentiation and nine reduce the synthesis of ECM 
and degrade the existing matrix. The biological 
functions of these DEGs are in complete agreement 
with our phenotypic observation that PPARD inhibits 
the growth of auricular cartilage [9]. To further 
elucidate the molecular mechanism how PPARD 
regulates the expression of these 15 DEGs, we 
performed ChIP-seq for PPARD in auricular 
cartilage-derived primary cells, and identified 838 
high confidence enrichment peaks for PPARD, 
corresponding to 87 binding regions proximal to 
characterized genes. Unexpectedly, these target genes 
did not include any of the 15 DEGs for cartilage 
growth. Of note, five genes encode transcription 
factors and could be the PPARD-mediated executors 
that regulate the expression of the identified DEGs. 
We are particularly interested in one transcription 
factor, PPARG, as it has four target genes that are 
critical to cartilage growth, including CEBPB [30-33], 
ANGPTL4 [28], MMP1 [43, 44] and MMP9 [45]. Then, 
we obtained further evidence that PPARD represses 
the expression of PPARG and subsequently 
upregulates the expression of the critical genes 
inhibiting cartilage growth.  

Our findings in this and previous studies [8, 9] 
allow us to propose a model for the conclusion that 
PPARD G32E causes phenotypic variation in pig 
external ears (Fig. 7). The G32E mutation promotes 
nuclear exportation and reduces ubiquitination level 
in the critical A/B domain of PPARD, consequently 
decreasing transcription activity of PPARD [9]. 
Individuals carrying the mutant allele (G32E), like 
Erhualian pigs, downregulate a set of genes that 
stimulate lipid production and storage in the auricle 
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[60], and retard the apoptosis of CSPCs, terminal 
differentiation of chondroblasts and matrix 
degradation in auricular cartilage, leading to a 
prolonged production of proliferative chondroblasts 
driven by CSPC, and consequently enlarged ears. In 
contrast, wild-type pigs like Duroc have normal 
biological activity of PPARD and hence, smaller outer 
ears than mutant animals. 

In cartilage regeneration medicine, CSPCs have 
been shown to be a good cellular resource for elastic 
cartilage reconstruction [23]. For example, the grafting 
of perichondrocytes allow restoring reconstructed 
tissue with the unique elastic properties for a long 
term because of self-renewing CSPCs in the 
perichondrium layer [23, 61]. Nowadays, surgical 
reconstruction of craniofacial injuries or 
abnormalities, such as microtia, completely relies on 
elastic cartilage grafted from the auricle. Therefore, 
the development of drugs regulating the 
differentiation and proliferation of CSPCs could pave 
the way to cartilage regenerative therapies. We herein 
show that the activation of PPARD by treatment with 
the agonist (GW0742) leads to accelerated apoptosis 
and chondrogenic differentiation of CSPCs. Hence, 
PPARD provides a potential molecular target to 
regulate cartilage reconstruction in vitro via its 
agonists and antagonists [62].  

Recently, the role of PPARD in cartilage disorder 
has attracted a lot of interests from researchers [56]. 
Osteoarthritis (OA) is the most common form of 
arthritis, characterized by altered cartilage 

homeostasis, accelerated chondrocyte cell death and 
subsequent cartilage degeneration. It has been shown 
that that inhibition of PPARD protects mice from OA, 
supporting that PPARD is a promising therapeutic 
target [56]. We show that PPARD activation leads to 
cartilage remodeling likely via downregulation of 
PPARG, which could result in severe OA [51]. This 
indicates that PPARD could also serves as a 
therapeutic target for OA in humans. 

In summary, our findings are of scientific 
significance in three points. First, we establish the 
inhibitory role of PPARD in the development of 
auricular cartilage, providing further evidence that 
the causative mutation (G32E) in the PPARD gene 
contributes to large ears in pigs. This advances our 
understanding of the mechanisms underlying the 
growth of external ears in mammals, and sheds 
insight into studies of human ear pathologies. Second, 
we demonstrate that PPARD accelerates the apoptosis 
and chondrogenic differentiation of CSPCs, providing 
a potential molecular target for regulating elastic 
cartilage regeneration in vitro to improve long-term 
tissue restoration for patients with craniofacial 
defects. Third, we show that PPARD represses the 
transcription of PPARG in cartilage cells, indicating 
that PPARD is a potential therapeutic target for OA. 
Taken together, these findings help us to better 
understand the biology of cartilage and external ear 
development in mammals, and to better treat cartilage 
related diseases in humans. 

 

 
Figure 7. A proposed model for the conclusion that PPARD G32E stimulates cartilage development in the auricle and consequently causes 
enlarged external ears in pigs. The continuous chondrogenic differentiation of CSPCs in the prechondrium drives the formation of chondroblasts that secrete 
new matrix at cartilage surface. Chondrocytes are formed when chondroblasts embed themselves into ECM and lie in the matrix lacunae. Then chondrocytes evolve 
toward a terminal stage when ECM is degraded. In small-eared pigs (left panel), the wild-type PPARD accelerates the apoptosis of CSPCs and the terminal 
differentiation of cartilage-derived cells, causes less proliferative chondrocytes in auricular cartilage and consequently retards the growth rate of outer ears. In 
big-eared pigs (right panel), the G32E mutant reduces the transcription activity of PPARD [9], leading to downregulation of PPARD target genes that inhibit auricular 
cartilage growth. As a result, the production of proliferative chondrocytes driven by CSPCs/ chondroblasts is prolonged, and hence, the yield of ECM is increased, 
resulting in enlarged external ears.  
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