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Abstract: A keloid is a benign skin tumor formed by an overgrowth of granulation tissue in affected patients. 
Peroxisome proliferator-activated receptor-γ (PPAR-γ) agonists were reported to be able to regulate extracellular 
matrix production in human dermal fibroblasts. This study explored the underlying molecular mechanism of PPAR-γ 
agonist troglitazone treatment for fibroblasts obtained from keloid patients. The data revealed that troglitazone 
treatment of keloid fibroblasts (KFs) downregulated the expression of early growth response-1 (Egr1) and colla-
gen-1 (Col1). Level of Egr1 were closely associated with KF-induced fibrosis. The miRNA profiling data revealed 
that miR-543 was transcriptionally activated after troglitazone treatment. Bioinformatic analysis and experimental 
data showed that miR-543 was able to target Egr1. ELISA data confirmed that Col1 protein in the supernatant were 
modulated by the feedback regulatory axis of PPAR-γ agonist-induced miR-543 to inhibit Egr1 expression, whereas 
PPAR-γ antagonist treatment abolished such effect on Col1 suppression in KFs. This study demonstrated that the 
PPAR-γ agonist-mediated miR-543 and Egr1 signaling plays an important role in the suppression of collagen synthe-
sis in KFs. Future in vivo studies are needed to confirm these in vitro data. 
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Introduction

A keloid is a benign skin tumor caused by an 
overgrowth of granulation tissue in predis-
posed patients. Histologically, keloids are char-
acterized by an excessive deposition of extra-
cellular matrix (ECM) components, particularly 
collagen III and later collagen I [1]. The precise 
etiology of keloids remains unknown, however 
they are initiated after skin injury and frequent-
ly occur in genetically susceptible individuals 
[2]. Keloids can cause physical and psychologi-
cal distress in patients [3]. Pathologically, over-
expression of various growth factors and cyto-
kines, which is considered a paradigm for skin 
fibrosis or uncontrolled wound healing, contrib-
ute to keloid formation [2]. While tissue fibrosis 
in normal scar formation is known to be a reac-
tive process in which various factors modulate 

relevant pathways, it is unclear molecularly how 
growth factors or cytokines abnormally affect 
wound healing or skin repairation in keloid for-
mation, or how the associated underlying 
molecular and biochemical mechanisms are 
affected causing dysfunction [4, 5]. Current 
keloid treatment involves removing excess scar 
tissue and preventing further “growth”, by 
administering intralesional injections of cortico-
steroids or radiation therapy [3]. Therefore 
there is an urgent need to develop a novel strat-
egy to effectively control keloid formation and 
to better understand the mechanisms underly-
ing keloid formation predisposition and 
pathogenesis. 

Recent studies identified the nuclear receptor 
peroxisome proliferator-activated receptor-γ 
(PPAR-γ) as an important factor in the endoge-
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nous anti-fibrotic defense mechanism [6, 7]. 
Activation of PPAR-γ by both natural and syn-
thetic agonists can effectively inhibit pro-fibrot-
ic tissue reactions in many organs [8]. PPAR-γ is 
a nuclear receptor and prostaglandin PGJ2 or 
arachidonic acid metabolite 5-hydroxyicosatet-
raenoic acid (5-HETE) can activate PPAR-γ, 
which in turn forms a heterodimer with retinoid 
X receptor-α to transcriptionally regulate 
expression of the target genes [9]. PPAR-γ plays 
an essential role in the regulation of embryo 
development, cell differentiation, lipid metabo-
lism, and tumorigenesis [10, 11]. A previous 
study demonstrated that synthetic PPAR-γ ago-
nist RS5444 was able to inhibit anaplastic thy-
roid cancer growth in vitro and in nude mice 
[12]. The mechanisms responsible for PPAR-γ 
agonist antitumor activity include growth inhibi-
tion, induction of differentiation and apoptosis, 
promotion of cell cycle arrest, and anti-angio-
genic activity [13]. In our previous study, we 
demonstrated that the PPAR-γ agonist trogli-
tazone inhibited expression of collagen-1 (Col1) 
in hypertrophic scar fibroblasts [14]. Indeed, 
fibroblasts are the major effector cells in the 
development of fibrosis and inappropriate fibro-
blast growth and activation are the fundamen-
tal pathogenic alterations underlying abnormal 
fibrosis [15, 16]. Therefore, in the present 
study, we explored the molecular mechanisms 
underlying the anti-fibrotic properties of the 
PPAR-γ agonist troglitazone in keloid fibroblasts 
(KFs). We first determined the effect of trogli-
tazone on the downregulation of Col1 and Egr1 
proteins in KFs in vitro, and then profiled differ-
entially expressed microRNAs (miRNAs) that 
may mediate the effects of troglitazone in KFs. 
After that, we performed gene knock-down and 
knock-in investigations to identify the PPAR-γ-
miR-543-Egr1 signaling axis that responds to 
troglitazone-mediated suppression of collagen 
synthesis in KFs. 

Materials and methods

Patients and sample collection

This study was performed according to a writ-
ten study protocol that has been approved by 
the Ethics Committee of Xijing Hospital affiliat-
ed to Fourth Military Medical University 
(Shaanxi, China). All patients provided a written 
informed consent before inclusion in this study. 
Keloids (K) and paired normal skin (NS) tissues 
were obtained from 57 patients who were diag-

nosed with keloid affliction by trained clinicians 
and pathologists according to clinical criteria in 
Xijing Hospital between April 2009 and July 
2014 [17]. The clinical diagnosis was based on 
i) keloid extension beyond the area of the origi-
nal injury; ii) rounder and smoother surface of 
keloid; and iii) the presence of irritation, such 
as itching or pain. These tissues were obtained 
from the surgery room and used for fibroblast 
isolation and culture as well as for immunohis-
tochemical analysis of protein expression (see 
below). All experiments involving human sub-
jects were performed in compliance with the 
Declaration of Helsinki. 

Fibroblast isolation, culture, and drug treat-
ment 

Human primary KFs and normal skin fibroblasts 
(NSFBs) were isolated from surgically excised 
tissues and cultured in vitro according to previ-
ous studies [4, 5]. For treatment with trogli-
tazone or PPAR-γ antagonist GW9662, KFs and 
NSFBs were seeded in six-well plates and cul-
tured overnight; on the next day, the cell culture 
medium was refreshed with Dulbecco’s 
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (control group) 
or DMEM with 10% FBS and 30 mmol trogli-
tazone (ab141112, Abcam, Cambridge, MA, 
USA) or 1 µM GW9662 (ab141125, Abcam) and 
then cultured for 72 or 48 h according to our 
previous study [6, 14]. 

Quantitative reverse transcription-PCR (qRT-
PCR)

Total RNA was isolated from cells using the 
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions 
and subsequently reverse transcribed into 
cDNA using the Transcriptor First Strand  
cDNA synthesis kit (Roche Applied Science, 
Mannheim, Germany). qPCR was then per-
formed with primers for Egr1 (5’-GGTCAGTGG- 
CCTAGTGAGC-3’ and 5’-GTGCCGCTGAGTAAAT- 
GGGA-3’), Col1 (5’-GTTGCTGCTTGCAGTAACC- 
TT-3’ and 5’-AGGGCCAAGTCCAACTCCTT-3’), 
and miR-543 (5’-AAACAUUCGCGGUGCACUUC- 
UU-3’). The relative levels of miR-543, and  
Egr1 were normalized to U6, and levels of Col1 
were normalized GAPDH, using the 2-ΔΔCt 
method using Applied Biosystems 7500 soft-
ware version 2.0.1. Each experiment was per-
formed in triplicate and repeated thrice. 
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Protein extraction and Western blot 

Protein extraction and Western blot analysis  
for Egr1 expression were performed according 
to our previous study [14] with the following 
antibodies: A mouse monoclonal anti-human 
Egr1 (ab55160; Abcam, 1:500) or β-actin  
antibody (A5441; Sigma-Aldrich, MO, USA, 
1:1000). Protein signals were visualized using 
an Odyssey Infrared Imaging System (LI-COR 
Biosciences, NE, USA). Protein levels were 
quantified using Image J software through pixel 
analysis of bands with normalization to β-actin 
as a loading control.

Immunohistochemistry  

Keloids (K) and paired normal skin (NS) tissues 
were fixed in 4% paraformaldehyde overnight at 
room temperature, and then subjected to tis-
sue processing and embedded in paraffin. The 
paraffin blocks were cut into 4 µm-thick sec-
tions. For immunohistochemistry, tissue sec-
tions were deparaffinized in xylene, rehydrated 
in a series of ethanol solutions, and then 
steamed in a pressure cooker containing 0.01 
M citrate buffer for the antigen retrieval. Next, 
the sections were incubated with 1% H2O2 in 
phosphate buffered saline (PBS) for 30 min to 
block the endogenous peroxidase activity and 
then with 20% of normal serum for 30 min at 
room temperature. The sections were then 
incubated overnight at 4°C with a rabbit anti-
Egr1 antibody (ab55160; Abcam) at a dilution 
of 1:100. On the next day, the sections were 
washed with PBS thrice and then incubated 
with poly-HRP IgG (PV-6000; Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd., Beijing, 
China) for 15 min and subjected to color reac-
tions to visualize positive signals in 3,3’-diami-
nobenzidene solution (ZLI-9032; Beijing 
Zhongshan Golden Bridge Biotechnology Co., 
Ltd.). The sections were finally counterstained 
with hematoxylin and mounted with a coverslip. 
After the immunostained sections were 
reviewed by a pathologist under a light micro-
scope, the levels of Egr1 protein in tissues were 
semi-quantitatively analyzed using MetaMorph 
image analysis software (Universal Imaging 
Corp., CA, USA). The staining results were 
expressed as the mean ± standard deviation 
(SD) of optical density from six different digital 
images. 

Enzyme-linked immunosorbent assay (ELISA)

The level of Col1 supernatant protein was 
assessed using an ELISA with a Human 
Collagen Type I ELISA Kit (ACEL, Kanagawa, 
Japan) according to the manufacturer’s proto-
col. Briefly, the conditioned medium from  
cell culture was added to an ELISA Kit plate  
that was precoated with an anti-Col1 antibody, 
then a biotinylated secondary antibody was 
added and the plate was incubated at room 
temperature for 2 h. The color development 
catalyzed by horseradish peroxidase was termi-
nated with 2.5 mol sulfuric acid and the absorp-
tion was measured at 450 nm. The protein  
concentration was normalized to the relative 
absorbance rate of the standards and 
expressed as mean ± SD. 

Locked nucleic acid (LNA)-based miRNA micro-
array assay

Profiling of differentially expressed miRNAs in 
RNA samples of treated cells was performed 
using locked nucleic acid (LNA) mercury micro-
arrays (Exiqon, Vedbaek, Denmark). In brief, 
total RNA was isolated using the TRIzol agent 
(Invitrogen, Carlsbad, CA, USA) and miRNeasy 
mini kit (Qiagen) according to the manufactur-
ers’ instructions and then quantified using a 
NanoDrop 1000 (Thermo-Fisher Scientific, 
Waltham, MA, USA) to determine the A260/
A280 ratio. RNA samples of each pool of cells 
(2 µg) was labeled using the miRCURY Hy3/Hy5 
Power labeling kit and hybridized with the miR-
CURY LNA Array (version 16.0), which contains 
probes to capture different miRNAs and covers 
all human miRNAs annotated in miRBase 18.0 
(http://www.mirbase.org/) and viral miRNAs 
related to these species. Following the washing 
steps, the slides were scanned with the Axon 
GenePix 4000B microarray scanner and 
scanned images were imported into GenePix 
Pro 6.0 software (Axon) for grid alignment and 
data extraction. 

Oligonucleotides, plasmid construction and 
transfection 

The FAM-modified 2’-OMe oligonucleotides  
for targeting the miRNAs were chemically syn-
thesized and purified with high-performance 
liquid chromatography (GenePharma, Shang- 
hai, China). The 2’-O-me-miR mimics were  
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composed of RNA duplexes for the following 
miRNAs: miR-543, 5’-AAACAUUCGCGGUGCAC- 
UUCUU-3’; miR-4439, 5’-GUGACUGAUACCUU- 
GGAGGCAU-3’; miR-3157, 5’-UUCAGCCAGGCU- 
AGUGCAGUCU-3’; miR-92b, 5’-UAUUGCACUCG- 
UCCCGGCCUCC-3’; and miR-1249, 5’-ACGCCC- 
UUCCCCCCCUUCUUCA-3’. The sequences of 
2’-O-Me-miR inhibitors were: miR-543 inhibi- 
tor, 5’-AAGAAGUGCACCGCGAAUGUUU-3’; miR-
4439 inhibitor, 5’-AUGCCUCCAAGGUAUCAGU- 
CAC-3’; miR-3157 inhibitor, 5’-AGACUGCACUA- 
GCCUGGCUGAA-3’; miR-92b inhibitor, 5’-GGA- 
GGCCGGGACGAGUGCAAUA-3’; and miR-1249 
inhibitor, 5’-UGAAGAAGGGGGGGAAGGGCGU- 
3’. The sequence of the 2’-O-me scramble  
oligonucleotide (control) was 5’-CAGUACUUU- 
UGUGUAGUACAA-3’. 

The sequences of the Egr1 siRNA were 
5’-AGGACAAGAAAGCAGACAAAAGUTT-3’ and 5’- 
ACUUUUGTCUGCUUUCUUGUCCUTT-3’. The se- 
quences of scrambled siRNA were 5’-GCAA- 
ACAUCCCAGAGGUAU-3’ and 5’-AUACCUCUGG- 
GAUGUUUGC-3’. These oligonucleotides and 
constructed siRNA vectors were transfected 
into cells using Lipofectamine™ 2000 
(Invitrogen) according to the manufacturer’s 
instructions. 

Plasmid construction and transfection 

For Egr1 overexpression, the full-length open 
reading frame of Egr1 cDNA was amplified 
using PCR with primers (5’-ATGGCCGCGGCC- 
AAGGCCGAG-3’ and 5’-TTAGCAAATTTCAATTGT- 
CCTG-3’) and then subcloned into a pcDNA3.0 
vector (Invitrogen). Sequencing was performed 
to confirm correct cloning insertion. The vector 
was then transfected into cells using 
Lipofectamine™ 2000 according to the manu-
facturer’s instructions. 

Luciferase-reporter activity assay

The 3’-untranslated region of Egr1 cDNA  
was amplified using PCR with primers (5’- 
GTGTGATGCGCCTTGCTGATG-3’ and 5’-AGGAT- 
ATACACCACTATCC-3’), while this Egr1 cDNA 
with point substitutions according to the miRNA 
complementary sites was also amplified with 
appropriate primers. The amplified PCR prod-
ucts were cloned into the pMD-18T vector 
(TaKaRa, Shiga, Japan), and confirmed by DNA 
sequencing. These Egr1 cDNA fragments  
were then released from pMD-18T vectors  
and subcloned into pGL3 vectors (Promega, 
Madison, WI, USA) and confirmed with DNA 
sequenced. These vectors were named ‘pGL3-
Egr1-UTR’ and ‘pGL3-Smad3-UTR-mut’, respec-
tively. The luciferase reporter vectors contain-
ing the putative wild type peroxisome prolifera-
tor response element (PPRE-wt) and PPRE dele-
tion mutant (PPRE-mut) were constructed in 
our previous study [14]. 

For the luciferase-reporter activity assay, cells 
were seeded into 24-well plates and grown 
overnight. On the next day, cells were transfect-
ed with 1 µg of luciferase-reporter plasmids per 
well using Lipofectamine™ 2000 Transfection 
Reagent. Luciferase activities were measured 
using the dual-luciferase reporter gene assay 
kit (Promega) according to the manufacturer’s 
instructions. 

Chromatin immunoprecipitation assay (ChIP)

After the KFs were treated with 30 mM trogli-
tazone for 72 h, the cells were cross-linked with 
1% formaldehyde for 30 min and quenched 
prior to sonication as described previously [9]. 
The input fraction was corresponding to 10% 
chromatin solution. The sheared chromatin was 

Figure 1. Effect of 30 mM troglitazone treatment for 72 h in KFs on Col1 and Egr1 expression. A. qRT-PCR analysis 
reveals levels of Col1 and Egr1 mRNA were reduced by approximately 50%  when treated with troglitazone (*P = 
0.018 and *P = 0.026). B. Western blot analysis indicated levels of Egr1 protein after normalization to β-actin were 
reduced when treated with troglitazone and quantified with Image J software. C. ELISA analysis indicated a reduced 
Col1 supernatant protein level in the troglitazone-treated KFs (*P = 0.031).
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immunoprecipitated with an anti-PPAR-a anti-
body (ab45036, Abcam, 1:75) or IgG at 4°C 
overnight and subsequently mixed with 40 µl of 
protein A/G Sepharose beads (Promega) and 2 
µl of 10 mg/ml herring sperm DNA (Sigma). 
After that, immunoprecipitated DNA samples 
were amplified using PCR with primers contain-
ing the PPAR-γ binding sites (-1975 to -1806 bp, 
5’-GGATGGCCTTCTGGACACG-3’ and 5’-TCCGA- 
AGTTGCCATGTGCA-3’).  

Statistical analysis

All experiments were repeated three times and 
the quantitative data were summarized as the 
mean ± SD for statistical analysis using  two-
sided Student’s t-tests. All statistical analyses 
were performed using PRISM Software, Version 
4 (GraphPad Software, La Jolla, CA, USA) and a 
P value ≤ 0.05 was considered statistically 
significant. 

Results

PPAR-γ agonist suppression of Egr1 and Col1 
expression in KFs

To confirm the anti-fibrotic effect of PPAR-γ ago-
nist troglitazone, we grew and treated KFs with 
30 mmol troglitazone for 72 h according to a 
previous study [6]. We found that troglitazone 
significantly reduced the level of Col1 mRNA 
and secreted protein in KFs compared to nega-
tive control cells (Figure 1A and 1C, P = 0.026 

and P = 0.031, respectively). Similarly, levels of 
Egr1 mRNA were also reduced by 72 h treat-
ment with troglitazone (Figure 1A and 1B, P = 
0.018). Egr1 was reported to be a profibrogenic 
protein and highly expressed in several fibrotic 
diseases [18-20]. Thus, our current data indi-
cate that PPAR-γ agonist functions as negative 
regulators of collagen synthesis in KFs. 

Egr1 expression detected in keloid tissues in 
clinic

We next determined Egr1 expression and its 
clinical significance in keloids. The immunohis-
tochemical data showed that Egr1 protein was 
upregulated in keloid tissues compared to nor-
mal skin tissues from 57 keloid-affected 
patients (Figure 2A and 2B, P = 0.006). 

Egr1 overexpression promotes collagen syn-
thesis in KFs

We assessed whether Egr1 upregulation can 
induce collagen synthesis in NSFBs after Egr1 
cDNA transfection into NSFBs. Our data showed 
that overexpression of Egr1 protein in NSFBs 
induced the secretion of collagen protein in the 
conditioned medium and Col1 mRNA in NSFBs 
compared to controls (Figure 3A-C). In contrast, 
the knockdown of Egr1 expression reduced lev-
els of collagen secreted protein and Col1 mRNA 
in KFs (Figure 3D-F). These findings, together 
with the data of previous studies [8, 14], indi-
cated that Egr1 was involved in skin fibrosis. 

Figure 2. Overexpression of Egr1 protein in KFs of keloid tissues. A. Immunohistochemical analysis of Egr1 protein 
in keloid and paired normal skin tissues. Upper, K; lower, NS. Magnification: ×40 (left), ×200 (middle), and ×400 
(right). B. Summarized data of immunostaining intensity of Egr1 protein between keloid and normal skin tissues. 
**P = 0.006.
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miR-543 transcriptional activation by PPAR-γ 
agonist inhibits Egr1 and Col1 expression in 
KFs

miRNAs are a class of naturally-occurring small 
non-coding RNAs that are 18-22 nucleotides in 
length and function to posttranscriptionally 
regulate expression of their target genes [21-
24]. In this study, our analysis didn’t find a PPRE 
in the Egr1 gene, indicating that PPAR-γ agonist 
inhibition of Egr1 expression could be indirect. 
Therefore, we performed a miRNA microarray 
analysis to profile differentially expressed miR-
NAs in KFs after troglitazone treatment. We 
found five upregulated miRNAs (miR-3157, miR-
1249, miR-92b, miR-4439 and miR-543) in 
troglitazone-treated KFs vs. control cells (Figure 
4A, right panel) and we further confirmed their 
expression using qRT-PCR (Figure 4B). 

Furthermore, we associated expression of 
these miRNAs with collagen synthesis in KFs by 
transiently transfecting NSFBs with miRNA 
mimics and KFs with miRNA inhibitors for these 
five miRNAs. Our results showed that miR-543 
significantly affected collagen secretion in KFs 
(Figure 4C, P = 0.006), whereas transient trans-
fection of these five miRNA inhibitors in NSFBs 
revealed that miR-543 promotion had a signifi-

cant effect on collagen secretion (Figure 4D, P 
= 0.046). Thus, miR-543 caught our attention 
for further investigations since i) miR-543 pos-
sesses the greatest effect on Col1 synthesis in 
our screening experiment; ii) miR-543 was a 
negative regulator of tumor metastasis, sug-
gesting that its disturbance plays a role in col-
lagenous protein barriers [25]. Nevertheless, 
the mechanisms underlying the function of 
miR-543 in keloids remains largely unknown. 

We then assessed miR-543 levels in KFs using 
qRT-PCR and found that miR-543 levels were 
significantly higher in troglitazone-treated KFs 
than in the controls (Figure 4E, P < 0.001). 
Interestingly, overexpression of miR-543 signif-
icantly reduced level of Egr1 mRNA in KFs 
(Figure 4F, P < 0.001 and P = 0.012). To sup-
port this finding, bioinformatics analyses identi-
fied a region -1863 to -1854 bp from the tran-
scription start site of the miR-543 promoter as 
a potential PPRE (Figure 4G). To ascertain the 
functionality of this PPRE, we cloned a 2 kb 
DNA fragment corresponding to the promoter 
region of miR-543 and performed a ChIP analy-
sis (Figure 4H) and found troglitazone treat-
ment induced PPAR-γ recruitment to the PPRE 
site upstream of the miR-543 transcription 
start site (Figure 4H, P = 0.002). We then per-

Figure 3. Regulation of Col1 synthesis by Egr1 in KFs. A. qRT-PCR analysis indicates that ectopic Egr1 expression 
significantly promoted synthesis of Col1 mRNA (***P < 0.001). B. Western blot expression of Egr1 in ectopic Egr1 
expression KFs and quantified with Image J software. C. ELISA analysis of Col1 supernatant protein level in ectopic 
Egr1 expressed KFs (**P = 0.003). D. qRT-PCR showing that knockdown of Egr1 expression (**P = 0.012) signifi-
cantly decreased synthesis of Col1 (*P = 0.019). E. Western blot analysis of Egr1 proteins in Egr1 knocked down 
KFs and quantified with Image J software. F. ELISA analysis of Col1 supernatant protein level in Egr1 knocked down 
KFs (*P = 0.025). Graphical data represented as the mean ± SD.
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Figure 4. Functional analysis of a PPRE-binding site in the miR-543 promoter in KFs. A. miRNA microarray analysis of differentially expressed miRNAs in troglitazone-
treated KFs. Shades of red represent increased gene expression, whereas shades of blue represent decreased expression. B. qRT-PCR analysis of mature miRNA 
levels in troglitazone-treated KFs. C. qRT-PCR analysis of the levels of Col1 mRNA in KFs in response to miRNA mimics. The levels of Col1 mRNA were decreased in 
KFs in response to treatment with miR-3157 (*P = 0.05), miR-92b (*P = 0.046), and miR-543 (*P = 0.023), whereas there was no change in Col1 mRNA upon miR-
1249 and miR-4439 treatment. D. qRT-PCR analysis of Col1 mRNA in normal skin fibroblasts (NSFBs) upregulated in response to miRNA inhibitor treatment. Col1 
mRNA was upregulated in NSFBs in response to treatment with miR-3157 (*P = 0.047), miR-92b (*P = 0.043), and miR-543 (*P = 0.046) inhibitors, whereas it did 
not change upon miR-1249 and miR-4439 inhibitor. E. qRT-PCR analysis indicating the miR-543 level is increased in KFs treated with troglitazone and suppressed 
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formed luciferase-reporter assay and found 
that the transcriptional activity of the plasmid 
carrying the wild-type promoter increased upon 
troglitazone treatment in KFs, whereas there 
was no change in luciferase activity of the 
mutant plasmid, indicating that the predicted 
PPRE was responsible for PPAR-γ transactiva-
tion of miR-543 expression in vitro (Figure 4I, P 
= 0.002). These data demonstrated that PPAR-γ 
transcriptionally induces miR-543 expression 
in KFs. 

PPAR-γ agonist and antagonist regulate Egr1 
via miR-543

We next assessed whether miR-543 was able 
to inhibit Egr1 expression in KFs by transfection 

of a miR-543 inhibitor into KFs and found that 
miR-543 inhibition was able to restore expres-
sion of Egr1 mRNA in troglitazone-treated KFs 
(Figure 5A, P = 0.019 and P = 0.03). To further 
assess whether the effect of troglitazone on 
KFs was mediated by PPAR-γ, we treated KFs 
with a PPAR-γ-specific antagonist GW9662 and 
found that Egr1 mRNA level was increased 
(Figure 5B, P = 0.019) and that transfection of 
miR-543 mimics inhibited Egr1 mRNA levels  
in KFs (Figure 5B, P = 0.028). Furthermore, our 
bioinformatic analysis showed that the Egr1 
3’-UTR contains a miR-543-binding site (Figure 
5C) and excessive activation of Egr1 occurred 
in fibrotic diseases [18-20]. Our luciferase 
reporter assay showed a 65% decrease in the 
relative luciferase activity of the wild-type Egr1 

by treatment with GW9662 (***P < 0.001). F. qRT-PCR analysis of endogenous miR-543 and Egr1 expression in 
KFs transfected with control or miR-543 mimics (***P < 0.001 and *P = 0.012). G. Schematic illustration of miR-
543 promoter upstream constructs containing the putative PPRE-binding sites. The stippled box is the TK minimal 
promoter. Distal promoter fragments were ligated (dashed line) and aligned to their native position in the 2 kb 
construct for ease of comparison. H. ChIP assay using an anti-PPAR-γ antibody or IgG. The immunoprecipitated DNA 
fragments and input were detected using PCR with specific primers flanking the putative PPRE-binding sites (**P = 
0.002). I. Luciferase reporter assay analysis of KFs transfected with equal copy numbers of the indicated promoter 
constructs (miR-543 2 kb wild-type promoter (miR-543 wt) versus a site 1 mutated miR-543 promoter (miR-543 
mut)). Change in expression for each reporter is expressed in relation to its respective empty vector or vehicle con-
trol. The data represent the mean from three independent experiments in triplicate (**P = 0.002).

Figure 5. Egr1 is a direct target of miR-543 in KFs. A. qRT-PCR analysis showing Egr1 expression is significantly 
decreased in troglitazone-treated KFs (**P = 0.03), and such inhibition is abolished by miR-543 inhibitor treatment 
(**P = 0.019). B. qRT-PCR analysis showing Egr1 expression is significantly increased in GW9662-treated KFs (*P 
= 0.019) and such upregulation is abolished by miR-543 mimics (*P = 0.028). GAPDH was used as the internal 
loading control. C. Prediction of miR-543 target sequences in the 3’-UTR of the Egr1 gene and its mutant containing 
seven mutated nucleotides. D. Luciferase reporter assay of the wild-type (WT) or mutant (MUT) reporter plasmid 
co-transfected with miR-543 mimics (miR-543) or the mimics control (control) into KFs. A Renilla luciferase vector 
was used as the internal control (*P = 0.016; ns = no significance). E. Western blot analysis of Egr1 protein levels in 
KFs treated with troglitazone, GW9662, miR-543 mimics or miR-543 inhibitors. Troglitazone significantly repressed 
Egr1 in KFs; however, Western blot results showed that miR-543 silencing did not suppress Col1 synthesis in KFs. 
Ectopic miR-543 expression decreased Col1 synthesis in GW9662 treated KFs. Protein expression were quantified 
with Image J software.
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3’-UTR vector after miR-543 mimics transfec-
tion in KFs (Figure 5D, P = 0.016), in contrast, 
the mutant construct completely abolished this 
effect (Figure 5D), suggesting that miR-543 
can directly bind to the Egr1 3’-UTR and inhibit 
Egr1 expression in KFs, which is consistent 
with Egr1 expression data in Figure 5E. These 
findings indicated that miR-543 was able to 
negatively regulate Egr1 expression. 

miR-543 mediates pro-collagen synthesis of 
PPAR-γ agonist in KFs

We determined the effect of miR-543 on Col1 
synthesis through Egr1 downregulation by 
transfecting miR-543 inhibitors or mimics into 
KFs in the presence of troglitazone or GW9662. 
Our data showed that Col1 supernatant protein 
was significantly downregulated in KFs cultured 
with troglitazone (Figure 6A, P = 0.028), where-
as transfection with a miR-543 inhibitor 
increased collagen synthesis compared to the 
control cells (Figure 6A, P = 0.024). However, 
level of Col1 protein in the supernatant were 
significantly increased after exposure of KFs to 
GW9662 exposure (Figure 6B, P = 0.029), 
whereas miR-543 overexpression suppressed 
Col1 protein levels in these cells (Figure 6B, P = 
0.046), indicating that level of Col1 prote in the 
supernatant of in KFs were modulated by a 
feedback axis of the PPAR-γ agonist/miR-543/
Egr1/Col1.

Discussion

A potential therapy for liver fibrosis using PPAR-γ 
agonists was first proposed 16 years ago by 
Miyahara et al. [26]. Emerging evidence also 
indicates that PPAR-γ is involved in the control 

of fibrogenesis by regulating multiple signaling 
pathways [27]. Our previous study showed that 
a PPAR-γ agonist inhibited Col1 expression in 
hypertrophic scar fibroblasts [14]. Keloids 
occur in predisposed patients as a result of 
excessive deposition of collagens in an abnor-
mal response to skin injury [1]. In this regard, 
PPAR-γ agonists could be therapeutic agents to 
suppress keloid formation. However, the under-
standing of the gene networks to regulate pro-
grams of gene expression is a major challenge 
in antifibrotic therapy [28]. In the current study, 
we demonstrated that a PPAR-γ agonist sup-
pressed Col1 expression in KFs through tran-
scriptional activation of miR-543 expression 
and in turn inhibition of Egr1 expression. 

Egr1, a transcription factor also known as 
NGF1A and Krox-24, belongs to a family of zinc 
finger DNA-binding proteins [19]. Egr1 expres-
sion is generally low or undetectable in normal 
tissues [18], but is induced by injury and stress-
associated stimuli, such as mechanical force, 
shear stress, growth factors, and cytokines 
[19]. Previous studies showed that ectopic 
induction of Egr1 expression was able to induce 
expression of collagen genes in normal fibro-
blasts in vitro, whereas fibroblasts lacking Egr1 
exhibit a diminished response to transforming 
growth factor (TGF)-β stimulation, indicating 
that Egr1 is an important downstream media-
tor of TGF-β signaling in tissue fibrosis [29]. 
Therefore, Egr1 is a profibrogenic gene and is 
highly expressed in several fibrotic diseases 
[18-20]. Egr1 is regulated by multiple fibrogenic 
signals, and plays an important role in fibrosis 
[30]. Increased Egr1 expression was detected 
in synovial fibroblasts in patients with rheuma-

Figure 6. ELISA analysis of the effect of miR-543 on inhibition of Col1 mRNA and protein levels in KFs. A. Trogli-
tazone treatment of KFs decreased Col1 supernatant protein level (*P = 0.028), whereas treatment with a miR-
543 inhibitor increased Col1 supernatant protein level (*P = 0.024). B. GW9662 treatment of KFs increased Col1 
protein levels (*P = 0.029), whereas miR-543 mimics decreased Col1 levels (*P = 0.046).
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toid arthritis [31], and in the fibrous caps of ath-
erosclerotic vascular lesions [32]. The expres-
sion of Egr1 was associated with tissue fibrosis 
in peritoneal adhesions [33] and in pulmonary 
artery fibroblasts in hypoxic animal models 
[34]. Previous studies report that TGF-β-
induced Egr1 can bind to the COL1A2 promoter 
to promote expression of collagen genes [35]. 
Our current study further confirmed that Egr1 
expression was able to induce Col1 expression 
and that a PPAR-γ agonist reduced Egr1 expres-
sion in KFs. However, it is necessary to point 
out that the research approach in our study of 
investigating collagen synthesis inhibition using 
a PPAR-γ agonist was not in agreement with 
previous work showing that the TGF-β1-initiated 
pathway affected Egr1 expression and stimu-
lated collagen synthesis [35]. TGF-β1 is able to 
induce rapid and transient accumulation of 
Egr1 and interact with a consensus Egr1-
binding element site of the human COL1A2 pro-
moter in vitro and in vivo [35], supporting the 
notion that Egr1 positively regulates collagen 
synthesis. However, the remaining concern or 
question is whether other factors can also regu-
late Egr1 expression. In addition, TGF-β1 can 
regulate several gene pathways and modulate 
expression of various miRNAs, such as miR-
543 and others [36-38]. Our study profiled dif-
ferentially expressed miRNAs to identify aber-
rant miR-543 expression in KFs after PPAR-γ 
agonist treatment. Therefore, we combined 
miRNA levels, gene expression, PPAR-γ agonist 
and collagen synthesis in the picture.

Our current study linked miR-543 in the regula-
tion of Col1 expression. Indeed, a previous 
study showed that aberrant expression of miR-
NAs was found during development and pro-
gression of fibrogenic diseases [39] and multi-
ple lines of evidence indicated that miRNA-
associated gene regulation networks play a 
critical role in antifibrotic progression [40]. 
Recent studies demonstrated that PPAR-γ 
could regulate different miRNAs, strongly sug-
gesting that expression and function of profi-
brotic genes are regulated by antifibrotic miR-
NAs in response to PPAR-γ agonist treatment 
[41]. A previous functional study demonstrated 
that miRNA-mediated transcriptional or post-
transcriptional regulation of multiple targeting 
genes could suppress development and pro-
gression of fibrosis [42]. The miR-543 men-
tioned in the article has also been reported to 
act as a tumor suppressor in endometrial and 

ovarian cancers [43, 44], and as an oncogene 
in hepatocellular carcinoma and gastric can-
cers [45, 46]. In addition, miR-543 was report-
ed to regulate the aging process of human mes-
enchymal stem cells and insulin resistance of 
hepatocyte cells [47, 48]. Our current data ana-
lyzed global miRNA expression patterns in 
PPAR-γ-treated KFs and identified miR-543 as 
a major player. Thus, further elucidation of the 
role of miR-543 in PPAR-γ agonist-reduced Col1 
expression and fibrosis in KFs could provide 
mechanistic information, including its potential 
antifibrotic role in KFs. 

The development and progression of keloids is 
a complicated profibrotic process [2, 49] and 
the pro-collagen synthesis signaling pathways 
play a central role in its pathogenesis [50]. Our 
current study provides a proof-of-principle and 
one-sided story for the regulation of keloid 
development. However, it remains to be deter-
mined why only a small percentage of individu-
als exhibit abnormal responses to skin injury 
and form keloids, whereas most other individu-
als will undergo a normal skin repair and wound 
healing. Our current data may provide insightful 
information for developing a novel therapeutic 
strategy for keloid formation and help to under-
stand the molecular mechanisms of keloid for-
mation and progression. Further study is need-
ed to validate our current data in vivo.
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