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Abstract
Cardiac fibrosis is a key factor to determine the prognosis in patient with myocardial 
infarction (MI). The aim of this study is to investigate whether the transcriptional fac-
tor paired-related homeobox 2 (Prrx2) regulates Wnt5a gene expression and the role 
in myocardial fibrosis following MI. The MI surgery was performed by ligation of left 
anterior descending coronary artery. Cardiac remodelling was assessed by measuring 
interstitial fibrosis performed with Masson staining. Cell differentiation was exam-
ined by analysis the expression of alpha-smooth muscle actin (α-SMA). Both Prrx2 
and Wnt5a gene expressions were up-regulated in mice following MI, accompanied 
with increased mRNA and protein levels of α-SMA, collagen I and collagen III, com-
pared to mice with sham surgery. Adenovirus-mediated gene knock down of Prrx2 
increased survival rate, alleviated cardiac fibrosis, decreased infarction sizes and im-
proved cardiac functions in mice with MI. Importantly, inhibition of Prrx2 suppressed 
ischaemia-induced Wnt5a gene expression and Wnt5a signalling. In cultured cardiac 
fibroblasts, TGF-β increased gene expressions of Prrx2 and Wnt5a, and induced cell 
differentiations, which were abolished by gene silence of either Prrx2 or Wnt5a. 
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1  | INTRODUC TION

Myocardial infarction (MI) is a leading cause of sudden death.1 In re-
sponse to MI, myocardial fibrosis is caused by aberrantly activated 
cardiac fibroblasts, excessive accumulation of collagen fibres in the 
extracellular matrix of the heart muscle, increased collagen concentra-
tion or imbalanced collagen composition.2-4 The extracellular matrix is 
mainly composed of type I collagen and type III collagen, accounting 
for more than 90% of the total amount of myocardial interstitial col-
lagen.5 Maintenance of proper ratio of myocardial interstitial collagen 
is important for the integrity of cardiac function.6 Molecular mecha-
nisms that underlie cardiac fibrotic disorders are still mostly unclear, 
and no specific therapies exist for treatment of myocardial fibrosis.

The importance of Wnt signalling in developmental processes 
like cell proliferation, differentiation and migration has been recog-
nized for decades. Wnt signal is relatively silent in adult heart tissue,7 
but re-activated after a variety of cardiac injuries ranging from acute 
ischaemic insult to chronic pressure overloading.8 Abnormal Wnt 
pathway activation contributes to transforming growth factor-beta 
(TGF-β)-induced fibrotic remodelling in numerous adult fibrotic dis-
eases including cardiac fibrosis after MI.9 Wnt pathway has revealed 
new points of intervention that may lead to novel drug targets for 
small molecular weight compounds.10,11 However, how Wnt signalling 
is dysregulated in post-ischaemic heart needs further investigations.

Paired-related homeobox genes, including Prrx1 and Prrx2, 
are members of a subfamily of homeobox genes, which promote 
transcriptional activation by functional studies.12 Mice that lack 
both Prrx1 and Prrx2 have profound defects in mesenchymal cell 
differentiation in the craniofacial region.13 In vascular system, 
Prrx1 and Prrx2 are involved matrix modulation14 and inhibits adi-
pogenesis through regulated expression of TGF-β ligands, thereby 
activating TGF-β signalling.15 Prrx2 has been reported to be in-
duced by TGF-β and to increase the invasiveness of multiple can-
cer types through epithelial-mesenchymal transition.16 However, 
the role of Prrx2 in ischaemia-induced cardiac remodelling is cur-
rently unknown.

As reported, both Prrx2 and Wnt5a were able to be up-regulated 
by TGF-β in myofibroblast and cancer cell.16,17 Therefore, we have 
been suggested that Wnt5a gene expression is directly up-regulated 
by Prrx2, which mediates cardiac fibrosis and delays the recovery of 

cardiac functions after MI. In this study, our findings indicate that 
Prrx2 was activated in heart tissue after ischaemia, thereby up-regu-
lating Wnt5a signalling through gene transcription. Moreover, TGF-β 
induced cell differentiations of cardiac fibrosis via Prrx2-dependent 
Wnt5a signalling activation. Clinically, inhibition of Prrx2 or Wnt5a 
is an effective approach to improve cardiac remodelling in patients 
with ischaemic heart diseases.

2  | MATERIAL S AND METHODS

An expanded Methods section is included in the Supporting 
Information.

2.1 | Myocardial infarction (MI)

The surgery of MI was operated by ligation of left anterior descend-
ing coronary artery (LADCA) as described previously.18,19

2.2 | Echocardiography

Echocardiography with standard parasternal and apical views was 
conducted in the left lateral recumbent position as we described 
previously.20 Systolic or diastolic left ventricular internal diameter 
(LVDs or LVDd) were measured. Ejection fraction (EF) and fractional 
shortening (FS) were calculated.

2.3 | Statistical analysis

All quantitative results are expressed as mean ± SD. The normal dis-
tribution of data was tested by the Kolmogorov-Smirnov test before 
statistical comparisons, and the normality/equal variance was tested 
to determine whether ANOVA was appropriate. Multiple compari-
sons were analysed with a one-way ANOVA followed by Tukey post 
hoc tests or Bonferroni post hoc analyses. Comparisons between 
two groups were analysed by unpaired Student's t test between two 
groups. Chi-square test was applied to comparisons of survival rates. 
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Further, overexpression of Prrx2 or Wnt5a mirrored the effects of TGF-β on cell dif-
ferentiations of cardiac fibroblasts. Gene silence of Wnt5a also ablated cell differen-
tiations induced by Prrx2 overexpression in cardiac fibroblasts. Mechanically, Prrx2 
was able to bind with Wnt5a gene promoter to up-regulate Wnt5a gene expression. 
In conclusions, targeting Prrx2-Wnt5a signalling should be considered to improve car-
diac remodelling in patients with ischaemic heart diseases.
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Statistical analyses were conducted using GraphPad Prism 6.0 or 
IBM SPSS statistics 20.0. A two-sided P-value < .05 was considered 
significant.

3  | RESULTS

3.1 | Both Prrx2 and Wnt5a gene expressions are 
up-regulated by ischaemia in Apoe−/− mice

To investigate the roles of Prrx2 and Wnt5a in cardiac fibrosis, we 
firstly established the MI model in Apoe−/− mice by performing the 
surgery of LADCA ligation. Both mRNA and protein levels of TGF-β, 
Prrx2 and Wnt5a were increased in ischaemic hearts at the 30th post-
operative day in the MI model, compared to sham (Figure 1A-C). While, 
the plasms levels of total cholesterol (TC), triglyceride (TG), low-density 
lipoprotein (LDL) and high-density lipoprotein (HDL) were comparable 
between mice with MI surgery and sham (Table S2).

Myocardial fibrosis, defined by the diffuse and dispropor-
tionate accumulation of collagen type I and III fibres in the 

interstitium, represents a final common lesion following a variety 
of myocardial injuries.21 Thus, we detected the contents of colla-
gen I and III, such as mRNA and protein in post-ischaemic hearts. 
As expected, both collagen I and III were increased in hearts after 
ischaemia (Figure 1A-C). Importantly, we also observed that the 
levels of α-SMA mRNA and protein were increased in ischaemic 
hearts after 30 post-operative days, compared to heart without 
ischaemia (Figure 1A-C).

3.2 | Adenovirus-mediated gene knockdown of 
Prrx2 improves cardiac functions in mice following MI

We next investigated whether Prrx2 up-regulation is beneficial or 
detrimental in Apoe−/− mice following MI. As depicted in Figure 2A, 
the survival rates in mice undergoing MI surgery were decreased 
throughout 0-30 post-operative days, compared with mice under-
going sham surgery. While, the decreased survival rates in mice 
with MI surgery were balanced by infecting mice with adenovirus 
expressing Prrx2 shRNA. Globally, the levels of total cholesterol, 
triglyceride, low-density lipoprotein and high-density lipopro-
tein in bloods collected from mice were identical among the four 
groups (Table S3).

We also examined heart functions at the 30th post-operative 
day by echocardiography (Figure 2B). The ligation of LADCA dra-
matically decreased EF (Figure 2C) and FS (Figure 2D), and increased 
LVDd (Figure 2E) and LVDs (Figure 2F) in mice with MI, compared 
with mice with sham surgery. Much more importantly, the impaired 
heart functions in mice with MI surgery were rescued by infecting 
mice with adenovirus expressing Prrx2 shRNA, compared to nega-
tive control shRNA.

3.3 | Prrx2 deficiency alleviates cardiac fibrosis in 
mice after MI

Cardiac fibrosis is a key factor to affect the recovery of heart 
functions in patients with ischaemia heart diseases.22 As shown 
in Figure 2B,G, the infarction sizes in mice injected with adeno-
virus expressing Prrx2 shRNA were smaller than mice injected 
with adenovirus expressing negative control shRNA at the 30th 
day after MI surgery. Prrx2 shRNA reduced the serious degree 
of interstitial fibrosis, as determined by Masson staining at the 
30th post-operative days (Figure 2B,H), suggesting that Prrx2 up-
regulation is vital to mediate ischaemia-induced cardiac fibrosis 
in heart.

3.4 | Down-regulation of Prrx2 inactivates Wnt5a 
signalling in ischaemic heart in mice

Next, the effects of Prrx2 shRNA on Wnt signalling in Apoe−/− mice 
with MI were investigated by us. As illustrated in Figure 3A-C, MI 

F I G U R E  1   Ischaemia up-regulates Prrx2 and Wnt5a gene 
expressions in mice following MI. Male Apoe−/− mice were subjected 
to perform MI surgery and hearts were isolated from mice at the 
30th post-operative days to detect (A) gene expressions of Prrx2, 
Wnt5a, α-SMA, GAPDH, collagen I (Col I) and collagen III (Col III) 
by real-time PCR. B and C, Protein levels of Prrx2, Wnt5a, α-SMA, 
GAPDH, collagen I and collagen III in heart homogenates were 
determined by Western blotting in B and quantitative analysis was 
performed in C. N is 10-15 in each group. *P < .05 vs Sham
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induced both mRNA and protein expressions of TGF-β, Wnt5a, 
α-SMA, collagen I and collagen III in mice infected with adenovirus 
expressing negative control shRNA, compared to mice with sham 
surgery. However, the effects of MI on the levels of mRNA and pro-
tein expressions of these Wnt5a downstream factors were abol-
ished by Prrx2 gene knockdown in mice infected with adenovirus 
expressing Prrx2 shRNA. Further, the levels of p-ERK and p-JNK 
were up-regulated by MI but reduced by down-regulation of Prrx2 
(Figure 3B,C).

3.5 | TGF-β induces cell differentiation and activates 
Prrx2-Wnt5a signalling in cardiac fibroblasts

It has been reported that TGF-β induces cell differentiation of cardiac 
fibroblasts to play a crucial role in cardiac fibrogenesis.23,24 Then, 
we examined whether TGF-β activates Prrx2 and Wnt5a in cardiac 
fibroblasts by treating cells with TGF-β. As shown in Figure 4A-D, 
TGF-β induced cell differentiation of cardiac fibroblasts, accompa-
nied with increased Prrx2 gene expression and Wnt5a signalling 
including Wnt5a, collagen I and collagen III in cultured cardiac fibro-
blasts, compared to vehicle-treated cells.

3.6 | Cell differentiation induced by TGF-β is Prrx2 
dependent in cardiac fibroblasts

We next determined whether Prrx2 up-regulated by TGF-β contrib-
utes to cell differentiation of cardiac fibroblasts by infecting cells 
with adenovirus expressing Prrx2 shRNA to silence the gene expres-
sion. As presented in Figure5A-D, in cells infected with adenovirus 
expressing negative control shRNA, TGF-β increased both mRNA 
and protein expressions of α-SMA, collagen I and collagen III, com-
pared to cells treated with vehicle. While, these alterations induced 
by TGF-β in cardiac fibroblasts were abrogated if Prrx2 gene expres-
sion was inhibited through adenovirus-mediated shRNA. Besides, 
the levels of p-ERK and p-JNK were up-regulated by TGF-β but re-
duced by Prrx2 shRNA (Figure 5C,D).

Cell differentiation in cardiac fibroblasts regulated by Prrx2 was 
further confirmed by infected cardiac fibroblasts with adenovirus 
expressing Prrx2 cDNA for 48 hours. As expected, Prrx2 overex-
pression mimicked the effects of TGF-β by increasing the mRNA 
and protein expressions of α-SMA, collagen I and collagen III in cells, 
compared to cells infected with adenovirus vector alone (Figure 
S1A-D). In sum, it supports the notion that cell differentiation of car-
diac fibroblast induced by TGF-β is Prrx2 dependent.

F I G U R E  2   Gene knockdown of Prrx2 inhibits cardiac fibrosis and improves heart functions in mice after MI. Male Apoe−/− mice were 
injected with adenovirus expressing negative control (NC) shRNA or Prrx2 shRNA for 3 d prior to MI surgery. At the 30th post-operative 
day, mice were subjected to assess cardiac functions by echocardiography before sacrificed and hearts were isolated to measure infraction 
sizes by HE staining and collagens by Masson staining. A, The survival curve of mice within 30 d after MI surgery. B, Representative images 
of HE staining, Masson staining and cardiac functions in hearts were shown. C-F, Cardiac functions were quantified by calculating EF in C, FS 
in D, measuring LVDd in E and LVDs in F. G, Quantitative analysis of infarct size was performed. H, Quantitative analysis of cardiac fibrosis 
was conducted. N is 10-15 in each group. *P < .05 vs NC plus Sham. #P < .05 vs NC plus MI
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3.7 | Wnt5a signalling is involved in cell 
differentiation in cardiac fibroblasts

The role of Wnt5a signalling in TGF-β-induced cell differentiation of 
cardiac fibroblasts was also investigated by infecting cells with ad-
enovirus expressing Wnt5a shRNA or Wnt5a cDNA. As presented in 
Figure S2A-D, TGF-β increased both mRNA and protein expressions 
of α-SMA, collagen I and collagen III in cells infected with adeno-
virus expressing negative control shRNA, but not in cells infected 
with adenovirus expressing Wnt5a shRNA. Moreover, Wnt5a over-
expression replicated the effects of TGF-β or Prrx2 overexpression, 
as observed by increased expressions of these genes in cardiac fi-
broblasts, compared to cells without overexpressed Wnt5a (Figure 
S3A-D).

As reported, Wnt5a has an autocrine or paracrine effect.25 We 
determined if exogenous wnt5a produces the same induction of 

gene expression. As shown in Figure S3E-H, similar to Wnt5a over-
expression, cardiac fibroblasts treated with Wnt5a recombinant 
protein increased both mRNA and protein expressions of α-SMA, 
collagen I and collagen III, compared to cells treated with vehicle, in-
dicating that Wnt5a may play the role in heart through an autocrine 
or paracrine effect.

3.8 | Prrx2 functions as a transcriptional factor to 
regulate Wnt5a gene expression

Considering that Prrx2 overexpression up-regulates both the mRNA 
level and protein expression of Wnt5a, we have been suggested that 
Prrx2 may up-regulate Wnt5a through transcriptional activation. By 
using the transcription factor database, we found that Wnt5a up-
stream promoter contains a putative Prrx2 binding site (ACAATTTC) 

F I G U R E  3   Adenovirus-mediated Prrx2 
shRNA expression down-regulates Wnt5a 
signalling in ischaemic hearts in mice. 
Male Apoe−/− mice were injected with 
adenovirus expressing negative control 
(NC) shRNA or Prrx2 shRNA for 3 d prior 
to MI surgery. At the 30th post-operative 
day, mice were killed under anaesthesia 
and hearts were isolated to measure 
(A) gene expressions of Wnt5a, α-SMA, 
GAPDH, collagen I (Col I) and collagen 
III (Col III) by real-time PCR. B and C, 
Protein levels of Wnt5a, α-SMA, TGF-β, 
p-ERK, p-JNK, collagen I and collagen 
III in isolated hearts from mice were 
determined by Western blotting in B and 
quantitative analysis was performed in C. 
N is 10-15 in each group. *P < .05 vs NC 
plus Sham. #P < .05 vs NC plus MI
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as shown in Figure 6A. To confirm the predicted site in Wnt5a pro-
moter is required for increased Wnt5a gene expression in cardiac 
fibroblasts in response to TGF-β or Prrx2 overexpression, we con-
structed two promoter-reporter plasmids containing different bind-
ing site of Wnt5a promoter (ACAATTTC and AGTTAAAC). HEK293 
cells were transfected with wild-type (WT) or mutated (MT) Wnt5a 
promoter-reporter plasmids along with vector or Prrx2 cDNA. 
Promoter activity was analysed by luciferase assay in Figure 6B. 
Prrx2 overexpression increased the transcriptional activity of WT-
Wnt5a promoter. However, it had no any effects on the transcrip-
tional activity of MT-Wnt5a promoter, implying that the regulatory 
element necessary for Prrx2-induced enhancement of Wnt5a gene 
expression is ACAATTTC.

The direct interaction between Prrx2 protein and Wnt5a pro-
moter in cultured cardiac fibroblasts was determined by using immu-
noprecipitation (ChIP) analysis as described previously.26 Compared 
to vehicle-treated cells, the Wnt5a gene promoter was positively 
amplified in samples from TGF-β-treated cells following ChIP with 
Prrx2 primary antibody but not with control IgG (Figure 6C), sug-
gesting that the positive amplification of the Wnt5a gene promoter 
is specific to Prrx2.

3.9 | TGF-β via Prrx2 up-regulates Wnt5a gene 
expression in cardiac fibroblasts

As seen in Figure 6D-F, TGF-β increased both mRNA and protein 
expressions of Wnt5a in cells infected with adenovirus express-
ing negative control shRNA. However, TGF-β was not able to up-
regulate the expressional levels of Wnt5a mRNA and protein if cells 
expressed Prrx2 shRNA. Besides, we infected cardiac fibroblasts 
with adenovirus expressing Prrx2 cDNA for 48 hours and then de-
tected Wnt5a gene expressions. Liking TGF-β, Prrx2 overexpression 
up-regulated Wnt5a mRNA and protein levels in cardiac fibroblasts 
(Figure 6G-I), also seconding that Prrx2 is an upstream modulator of 
Wnt5a gene expression in cardiac fibroblasts.

3.10 | TGF-β via Prrx2-Wnt5a signalling induces cell 
differentiation of cardiac fibroblasts in vitro

Knowing that TGF-β via Prrx2 up-regulates Wnt5a gene expression 
in cardiac fibroblasts, we finally tested if the Prrx2-Wnt5a signal-
ling mediates TGF-β-induced cell differentiation of cardiac fibro-
blasts. Though TGF-β failed to induce cell differentiation if cardiac 
fibroblasts were infected with adenovirus expressing Prrx2 shRNA 
(Figure 6A-D), overexpression of Wnt5a reversed TGF-β-induced 
these alterations, as determined by the elevated mRNA and protein 
levels of α-SMA, collagen I and III in cardiac fibroblasts, if they were 
enforced to express exogenous Wnt5a (Figure 7A-D). Further, cell 
differentiations induced by Prrx2 overexpression were rescued by 
adenovirus-mediated gene knockdown of Wnt5a in cardiac fibro-
blasts (Figure 7E-H).

4  | DISCUSSION

In the present study, we provided the first evidence that TGF-β up-
regulates Prrx2 to activate Wnt5a signalling through gene transcrip-
tion, which induces cell differentiation of cardiac fibroblasts. As a 
result, this contributes to cardiac remodelling and the delayed recov-
ery of heart functions after MI (Figure S4). This novel mechanism not 
only uncovers a molecular mechanism by which Wnt5a signalling is 
re-activated in cardiac fibroblasts during ischaemia in vivo, but also 
provides a novel target for exploring new drugs to improve the prog-
nosis of ischaemic heart disease.

F I G U R E  4   TGF-β induces cell differentiation and up-regulates 
Prrx2 and Wnt5a in cardiac fibroblasts. Cultured cardiac fibroblasts 
were treated with TGF-β (10 ng/mL) for 24 h. A, Cell differentiation 
was determined by immunofluorescence analysis of α-SMA and 
quantitative analysis was shown. B, Gene expressions of Prrx2, 
Wnt5a, α-SMA, GAPDH, collagen I (Col I) and collagen III (Col III) in 
cells were measured by real-time PCR. C and D, Total cell lysates 
of cardiac fibroblasts were subjected to perform Western blotting 
analysis to detect protein levels of Prrx2, Wnt5a, α-SMA, Col I and 
Col III in C and quantitative analysis was performed in D. N is 5 in 
each group. *P < .05 vs Vehicle
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The major discovery of this study is that Prrx2 regulates Wnt5a 
signalling via gene transcriptional manner in cardiac fibroblasts. To 
the best of our knowledge, this is the first study to identify Prrx2 as a 
transcriptional factor of Wnt5a, which was supported by the follow-
ing evidence: (a) In Wnt5a gene promoter, the consensus sequence 
of Prrx2 is found, which is a putative Prrx2 binding site ‘ACAATTTC’; 
(b) Analysis of luciferase gene reporter told us that Prrx2 may in-
teract with Wnt5a promoter and activate its transcriptional activity; 
(c) In cells treated with TGF-β, ChIP analysis revealed the specific 
binding of Prrx2 with Wnt5a gene promoter if Prrx2 protein in nu-
clear lysates was purified by using primary Prrx2 antibody but not 
control IgG; (d) Importantly, both in vitro and in vivo gene knock-
down of Prrx2 down-regulated Wnt5a mRNA and protein levels, 
while Prrx2 overexpression enhanced Wnt5a gene expression in 
cultured cardiac fibroblasts. Although Wnt5a gene is regulated by 
several transcriptional factors, such as Egr-1, Twist and NF-κB,27-

29 this is the first to ascertain that Prrx2 directly regulates Wnt5a 

gene transcription by binding to the promoter region of nucleotide 
sequence. Associated to that Wnt5a is involved in other biological 
functions, such as glucose homeostasis,30 embryonic development31 
and multiple cancers,32 identification of Prrx2 as a novel Wnt5a 
transcriptional factor not only helps us to understand the molecular 
mechanism of cardiac remodelling, but also explores the novel role 
of Wnt5a in other aspects related to Prrx2.

Another discovery of this project is that MI-induced cardiac fi-
brosis is Prrx2 dependent. Cardiac fibrosis is an important patholog-
ical process contributing to the pathogenesis of cardiac remodelling 
after MI, which is a transition from an early inflammatory phase to 
fibrotic granulation and maturation stage of cardiac remodelling.6 
As a matter of fact, myocardial fibrosis is the end-points of cell dif-
ferentiation, activation and proliferation of cardiac fibroblasts.33,34 
Our study firstly explains the molecular mechanism by how TGF-β 
induces cell differentiation of cardiac fibroblasts in myocardial re-
modelling through Prrx2 up-regulation. As concerned to why Prrx2 

F I G U R E  5   Cell differentiation induced 
by TGF-β is abolished by gene silence 
of Prrx2 in cardiac fibroblasts. Cultured 
cardiac fibroblasts were infected with 
adenovirus expressing negative control 
(NC) shRNA or Prrx2 shRNA for 48 h 
and then treated with TGF-β (10 ng/
mL) for 24 h. A, Cell differentiation was 
determined by immunofluorescence 
analysis of α-SMA and quantitative 
analysis was shown. B, Gene expressions 
of α-SMA, GAPDH, collagen I (Col I) 
and collagen III (Col III) in cells were 
measured by real-time PCR. C and D, Total 
cell lysates of cardiac fibroblasts were 
subjected to perform Western blotting 
analysis to detect protein levels of α-SMA, 
p-ERK, p-JNK, Col I, and Col III in C and 
quantitative analysis was performed in D. 
N is 5 in each group. *P < .05 vs NC plus 
Vehicle. #P < .05 vs NC plus TGF-β
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gene expression is elevated in cardiac fibroblasts after MI, an under-
lying mechanism is through the production of TGF-β, which is a key 
factor contributing to cardiac fibrosis in heart diseases35 and TGF-β 
is able to induce both Prrx2 in cancer cells.16

An unanswered question in this study that how TGF-β up-reg-
ulates Prrx2 gene expression in cardiac fibroblasts. The gene 
function may be regulated in transcriptional, post-transcriptional 
and post-translational levels.36,37 For example, microRNA (miR) 

comprises small, non-coding RNA that binds to a specific 3’-untrans-
lated region of mRNA and inhibits mRNA translation or promotes 
mRNA degradation.38,39 It has been reported that Prrx2 mRNA is a 
target of miR-212-5p in breast cancer.40 Interestingly, TGF-β up-reg-
ulates multiple microRNAs to produce its biological actions such as 
miR-124 and miR-101 as epigenetic factors.41-43 Thus, we reasoned 
that TGF-β may increase Prrx2 expression via the specific miR. 
Further investigations are needed.

F I G U R E  6   Prrx2 functions as a transcriptional factor of Wnt5a which is up-regulated by TGF-β. A, The prediction of binding site for 
Prrx2 in Wnt5a promoter. B, HEK293A cells were cotransfected with pGL3-promotor vector constructs expressing WT-Wnt5a-promoter 
containing ACAATTTC or MT-Wnt5a-promoter including AGTTAAAC plus Prrx2 cDNA plasmid. Cells were subjected to detect the relative 
luciferase activity. N is 5 per group. *P < .05 vs WT-Wnt5a-promoter. #P < .05 vs WT-Wnt5a-promoter plus Prrx2. C, Cultured cardiac 
fibroblasts were treated with TGF-β (10 ng/mL) for 24 h. Cells were subjected to detect the binding of Prrx2 to Wnt5a gene promoter by 
using ChIP method. For ChIP experiment, complex of chromatin/protein was pulled down by Prrx2 primary antibody. The promoter of 
Wnt5a was amplified by PCR. Positive control is the 10% of the total chromatin in the absence of immunoprecipitation. Negative control 
is the chromatin immunoprecipitated with IgG and amplified with Wnt5a promoter primers. The PCR production is 200 bp. D-F, Cultured 
cardiac fibroblasts were infected with adenovirus expressing negative control (NC) shRNA or Prrx2 shRNA for 48 h and then treated with 
TGF-β (10 ng/mL) for 24 h. Total cell lysates were subjected to detect gene expression of Wnt5a by real-time PCR in D and protein level of 
Wnt5a by Western blotting in E. Quantitative analysis of Wnt5a protein level was performed in F. N is 5 in each group. *P < .05 vs NC plus 
Vehicle. #P < .05 vs NC plus TGF-β. G-I, Cardiac fibroblasts were infected with adenovirus vector or expressing Prrx2 cDNA for 48 h. Cells 
were subjected to detect Wnt5a gene expression in G and protein level in H, and quantitative analysis of Wnt5a protein level was shown in 
I. N is 5 in each group. *P < .05 vs Vector
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Interestingly, we observed that knockdown of Prrx2 did not af-
fect basal gene expression of Wnt5a in cardiac fibroblasts. We rea-
soned these possibilities to produce this difference. First, another 
Prrx2-induced transcription factor is promoting the increase instead 
of direct Prrx2 effect. Second, Prrx2 is partially involved in the car-
diac fibrosis in resting condition.

An issue need to be discussed is why the death occurred at 
the first 10 days for MI mice. In the MI model alone, 32% of mice 
died of cardiac rupture and 12% mice died of heart failure. While 
in the MI model of mice with Prrx2 knockdown, 16% of mice died 
of cardiac rupture and 8% mice died of heart failure. Based on our 

investigations, we thought the major cause of death is cardiac rup-
ture and Prrx2 knockdown can prevent cardiac rupture.

In summary, the present study proposes a role of Prrx2 in cardiac 
remodelling in response to ischaemic stress in heart. Specifically, 
when ischaemia is induced, Prrx2 is activated by TGF-β to enhance 
Wnt5a signalling, which in turn induces cell differentiation. The inhi-
bition of either Prrx2 or Wnt5a serves to maintain resting condition 
of cardiac fibroblasts, which is ultimately not enough for promoting 
cardiac fibrosis. In perspective, Prrx2 or Wnt5a inhibitor maybe a 
new drug to treat ischaemia-related cardiovascular diseases, such as 
acute MI and stroke.

F I G U R E  7   TGFβ1 via Prrx2-Wnt5a signalling induces cell differentiation in cardiac fibroblasts. A-D, Cultured cardiac fibroblasts were 
co-infected with adenovirus expressing Prrx2 shRNA plus vector or Wnt5a cDNA for 48 h and then treated with TGF-β (10 ng/mL) for 24 h. 
Cell differentiation was determined by immunofluorescence analysis of α-SMA and quantitative analysis was shown in A. Gene expressions 
of Wnt5a, α-SMA, GAPDH, collagen I (Col I) and collagen III (Col III) in cells were measured by real-time PCR in B. Total cell lysates of 
cardiac fibroblasts were subjected to perform Western blotting analysis to detect protein levels of Wnt5a, α-SMA, Col I, and Col III in C and 
quantitative analysis was performed in D. N is 5 in each group. *P < .05 vs Vector. E-H, Cardiac fibroblasts were co-infected with adenovirus 
expressing Prrx2 cDNA plus negative control (NC) shRNA or Wnt5a shRNA for 48 h. Cells were subjected to detect immunofluorescence 
analysis of α-SMA and quantitative analysis was shown in E, gene expressions of Wnt5a, α-SMA, GAPDH, Col I and Col III in F, protein levels 
of Wnt5a, α-SMA, Col I, and Col III in G and H. N is 5 in each group. *P < .05 vs NC plus Prrx2



2328  |     BAI et Al.

ACKNOWLEDG EMENTS
This project was supported by National Natural Science 
Foundation of China (81970693, 81874312, 81770576, 81770493, 
U1704168, 81673423 and 81570723), the Key Research and 
Development Program (2019GSF108070) and the Natural Science 
Foundation of Shandong Province (ZR2019PH007, ZR2019QH011, 
ZR2016HM04), China Postdoctoral Science Foundation 
(2018M630788), and the General Program of Department of 
Health (B20180875) and Clinical Medical Technology Innovation 
Guidance Project of Hunan Province (2017SK50504). SXW is an 
exceptional young scholar of Shandong University, a distinguished 
professor of Henan province, a recipient of Zhong-Yuan-Qian-
Ren Program of Henan province (194200510005), a Tai-Hang 
Professional Scholarship of Xinxiang Medical University (505067) 
and an adjunct Lan-Yue Professional Scholar of Hubei University of 
Science & Technology (2016-18XZ07).

CONFLIC TS OF INTERE S T
None.

AUTHOR CONTRIBUTION
WWB performed all experiments and drafted the manuscript. 
ZYT, TCS, XJJ, PL, WDQ, PS and BW partially performed some 
experiments. JX, ZL, HYY and ZMM gave a lot of critical sugges-
tions to this project. SXW, CL and TG conceived the idea, designed 
all experiments, convinced the whole project and revised the 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The datasets used and analysed during the current study are avail-
able from the corresponding author on reasonable request.

ORCID
Wei-Dong Qin  https://orcid.org/0000-0001-7238-6860 
Zhan Liu  https://orcid.org/0000-0001-5214-1284 
Shuang-Xi Wang  https://orcid.org/0000-0003-3275-7916 
Tao Guo  https://orcid.org/0000-0002-5545-4240 

R E FE R E N C E S
 1. Carney RM, Freedland KE. Depression and coronary heart disease. 

Nat Rev Cardiol. 2017;14:145-155.
 2. Zhang HM, Liu MY, Lu JX, et al. Intracellular acidosis via activation 

of Akt-Girdin signaling promotes post ischemic angiogenesis during 
hyperglycemia. Int J Cardiol. 2019;277:205-211.

 3. Souders CA, Bowers SL, Baudino TA. Cardiac fibroblast: the renais-
sance cell. Circ Res. 2009;105:1164-1176.

 4. Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac fi-
brosis: the fibroblast awakens. Circ Res. 2016;118:1021-1040.

 5. Pan SC, Cui HH, Qiu CG. HOTAIR promotes myocardial fibrosis 
through regulating URI1 expression via Wnt pathway. Eur Rev Med 
Pharmacol Sci. 2018;22:6983-6990.

 6. Ma Y, Iyer RP, Jung M, Czubryt MP, Lindsey ML. Cardiac fibroblast 
activation post-myocardial infarction: current knowledge gaps. 
Trends Pharmacol Sci. 2017;38:448-458.

 7. Tao H, Yang JJ, Shi KH, Li J. Wnt signaling pathway in cardiac fibro-
sis: new insights and directions. Metabolism. 2016;65:30-40.

 8. van de Schans VA, van den Borne SW, Strzelecka AE, et al. 
Interruption of Wnt signaling attenuates the onset of pressure over-
load-induced cardiac hypertrophy. Hypertension. 2007;49:473-480.

 9. Shinde AV, Frangogiannis NG. Mechanisms of fibroblast activa-
tion in the remodeling myocardium. Curr Pathobiol Rep. 2017;5: 
145-152.

 10. Fu WB, Wang WE, Zeng CY. Wnt signaling pathways in myocardial 
infarction and the therapeutic effects of Wnt pathway inhibitors. 
Acta Pharmacol Sin. 2019;40:9-12.

 11. Krishna SM, Seto SW, Jose RJ, et al. Wnt signaling pathway inhibitor 
sclerostin inhibits angiotensin II-induced aortic aneurysm and ath-
erosclerosis. Arterioscler Thromb Vasc Biol. 2017;37:553-566.

 12. Norris RA, Scott KK, Moore CS, et al. Human PRRX1 and PRRX2 
genes: cloning, expression, genomic localization, and exclu-
sion as disease genes for Nager syndrome. Mamm Genome. 
2000;11:1000-1005.

 13. Balic A, Adams D, Mina M. Prx1 and Prx2 cooperatively regulate 
the morphogenesis of the medial region of the mandibular process. 
Dev Dyn. 2009;238:2599-2613.

 14. Bergwerff M, Gittenberger-de Groot AC, DeRuiter MC, van Iperen 
L, Meijlink F, Poelmann RE. Patterns of paired-related homeobox 
genes PRX1 and PRX2 suggest involvement in matrix modulation in 
the developing chick vascular system. Dev Dyn. 1998;213:59-70.

 15. Du B, Cawthorn WP, Su A, et al. The transcription factor paired-re-
lated homeobox 1 (Prrx1) inhibits adipogenesis by activating 
transforming growth factor-beta (TGFbeta) signaling. J Biol Chem. 
2013;288:3036-3047.

 16. Juang YL, Jeng YM, Chen CL, Lien HC. PRRX2 as a novel TGF-beta-
induced factor enhances invasion and migration in mammary epi-
thelial cell and correlates with poor prognosis in breast cancer. Mol 
Carcinog. 2016;55:2247-2259.

 17. Blyszczuk P, Muller-Edenborn B, Valenta T, et al. Transforming 
growth factor-beta-dependent Wnt secretion controls myofibro-
blast formation and myocardial fibrosis progression in experimental 
autoimmune myocarditis. Eur Heart J. 2017;38:1413-1425.

 18. Sun Q, Wang KK, Pan M, et al. A minimally invasive approach to in-
duce myocardial infarction in mice without thoracotomy. J Cell Mol 
Med. 2018;22:5208-5219.

 19. Li CC, Qiu XT, Sun Q, et al. Endogenous reduction of miR-185 
accelerates cardiac function recovery in mice following myo-
cardial infarction via targeting of cathepsin K. J Cell Mol Med. 
2019;23:1164-1173.

 20. Bai WW, Xing YF, Wang B, et al. Tongxinluo improves cardiac 
function and ameliorates ventricular remodeling in mice model of 
myocardial infarction through enhancing angiogenesis. Evid Based 
Complement Alternat Med. 2013;2013:813247.

 21. Gonzalez A, Schelbert EB, Diez J, Butler J. Myocardial interstitial 
fibrosis in heart failure: biological and translational perspectives. J 
Am Coll Cardiol. 2018;71:1696-1706.

 22. Lin LY, Wu CK, Juang JM, et al. Myocardial regional interstitial fibro-
sis is associated with left intra-ventricular dyssynchrony in patients 
with heart failure: a cardiovascular magnetic resonance study. Sci 
Rep. 2016;6:20711.

 23. Dzialo E, Tkacz K, Blyszczuk P. Crosstalk between the TGF-beta and 
WNT signalling pathways during cardiac fibrogenesis. Acta Biochim 
Pol. 2018;65:341-349.

 24. Koch W, Hoppmann P, Mueller JC, Schomig A, Kastrati A. 
Association of transforming growth factor-beta1 gene polymor-
phisms with myocardial infarction in patients with angiographi-
cally proven coronary heart disease. Arterioscler Thromb Vasc Biol. 
2006;26:1114-1119.

 25. Akoumianakis I, Sanna F, Margaritis M, et al. Adipose tissue–de-
rived WNT5A regulates vascular redox signaling in obesity via 
USP17/RAC1-mediated activation of NADPH oxidases. Sci Transl 
Med. 2019;11(510):eaav5055

https://orcid.org/0000-0001-7238-6860
https://orcid.org/0000-0001-7238-6860
https://orcid.org/0000-0001-5214-1284
https://orcid.org/0000-0001-5214-1284
https://orcid.org/0000-0003-3275-7916
https://orcid.org/0000-0003-3275-7916
https://orcid.org/0000-0002-5545-4240
https://orcid.org/0000-0002-5545-4240


     |  2329BAI et Al.

 26. Wang S, Zhang C, Zhang M, et al. Activation of AMP-activated pro-
tein kinase alpha2 by nicotine instigates formation of abdominal 
aortic aneurysms in mice in vivo. Nat Med. 2012;18:902-910.

 27. Wu X, Li Z, Chen K, et al. Egr-1 transactivates WNT5A gene ex-
pression to inhibit glucose-induced beta-cell proliferation. Biochim 
Biophys Acta Gene Regul Mech. 2018;1861:803-814.

 28. Li Z, Zhang K, Li X, et al. Wnt5a suppresses inflammation-driven in-
tervertebral disc degeneration via a TNF-alpha/NF-kappaB-Wnt5a 
negative-feedback loop. Osteoarthritis Cartilage. 2018;26:966-977.

 29. Shi J, Wang Y, Zeng L, et al. Disrupting the interaction of BRD4 with 
diacetylated twist suppresses tumorigenesis in basal-like breast 
cancer. Cancer Cell. 2014;25:210-225.

 30. Jin T. Current understanding on role of the Wnt signaling path-
way effector TCF7L2 in glucose homeostasis. Endocr Rev. 
2016;37:254-277.

 31. Frank D, Sela-Donenfeld D. Hindbrain induction and pat-
terning during early vertebrate development. Cell Mol Life Sci. 
2019;76:941-960.

 32. VanderVorst K, Dreyer CA, Konopelski SE, Lee H, Ho HH, Carraway 
KL 3rd. Wnt/PCP signaling contribution to carcinoma collective cell 
migration and metastasis. Cancer Res. 2019;79:1719-1729.

 33. Park S, Ranjbarvaziri S, Lay FD, et al. Genetic regulation of fibro-
blast activation and proliferation in cardiac fibrosis. Circulation. 
2018;138:1224-1235.

 34. Tschope C, Diez J. Myocardial fibrosis as a matter of cell differen-
tiation: opportunities for new antifibrotic strategies. Eur Heart J. 
2019;40:979-981.

 35. Prabhu SD, Frangogiannis NG. The biological basis for cardiac re-
pair after myocardial infarction: from inflammation to fibrosis. Circ 
Res. 2016;119:91-112.

 36. Zhou SN, Lu JX, Wang XQ, et al. S-nitrosylation of prostacyclin syn-
thase instigates nitrate cross-tolerance in vivo. Clin Pharmacol Ther. 
2019;105:201-209.

 37. Wang S, Zhang M, Liang B, et al. AMPKalpha2 deletion causes aber-
rant expression and activation of NAD(P)H oxidase and consequent 
endothelial dysfunction in vivo: role of 26S proteasomes. Circ Res. 
2010;106:1117-1128.

 38. Li P, Yin YL, Guo T, et al. Inhibition of aberrant microRNA-133a 
expression in endothelial cells by statin prevents endothelial dys-
function by targeting GTP cyclohydrolase 1 in vivo. Circulation. 
2016;134:1752-1765.

 39. Bai YP, Zhang JX, Sun Q, et al. Induction of microRNA-199 by ni-
tric oxide in endothelial cells is required for nitrovasodilator re-
sistance via targeting of prostaglandin I2 synthase. Circulation. 
2018;138:397-411.

 40. Lv ZD, Yang DX, Liu XP, et al. MiR-212-5p suppresses the epitheli-
al-mesenchymal transition in triple-negative breast cancer by tar-
geting Prrx2. Cell Physiol Biochem. 2017;44:1785-1795.

 41. Lu Y, Zhang T, Shan S, et al. MiR-124 regulates transforming growth 
factor-beta1 induced differentiation of lung resident mesenchymal 
stem cells to myofibroblast by repressing Wnt/beta-catenin signal-
ing. Dev Biol. 2019;449:115-121.

 42. Ahn JH, Lee HS, Lee JS, et al. nc886 is induced by TGF-beta and 
suppresses the microRNA pathway in ovarian cancer. Nat Commun. 
2018;9:1166.

 43. Zhou Y, Shiok TC, Richards AM, Wang P. MicroRNA-101a sup-
presses fibrotic programming in isolated cardiac fibroblasts and in 
vivo fibrosis following trans-aortic constriction. J Mol Cell Cardiol. 
2018;121:266-276.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section. 

How to cite this article: Bai W-W, Tang Z-Y, Shan T-C, et al. 
Up-regulation of paired-related homeobox 2 promotes 
cardiac fibrosis in mice following myocardial infarction by 
targeting of Wnt5a. J Cell Mol Med. 2020;24:2319–2329. 
https ://doi.org/10.1111/jcmm.14914 

https://doi.org/10.1111/jcmm.14914

