
Circulation Research is available at www.ahajournals.org/journal/res

Circulation Research

804    October 1, 2021� Circulation Research. 2021;129:804–820. DOI: 10.1161/CIRCRESAHA.121.319425

 
Correspondence to: Michael Wagner, MD, Department of Rhythmology, Clinic for Internal Medicine and Cardiology, Herzzentrum Dresden GmbH, Fetscherstraße 76, 
01307 Dresden, Germany, Email michael_wagner@tu-dresden.de or Ali El-Armouche, MD, Institute of Pharmacology and Toxicology, Faculty of Medicine Carl Gustav 
Carus, Technische Universität Dresden, Fetscherstraße 74, 01307 Dresden, Germany, Email ali.el-armouche@tu-dresden.de
*S.R. Künzel and M. Hoffmann contributed equally.
†M. Wagner and A. El-Armouche contributed equally.
The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425.
For Sources of Funding and Disclosures, see page 818.
© 2021 The Authors. Circulation Research is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article 
under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided 
that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.
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RATIONALE: Fibrosis promotes the maintenance of atrial fibrillation (AF), making it resistant to therapy. Improved understanding 
of the molecular mechanisms leading to atrial fibrosis will open new pathways toward effective antifibrotic therapies.

OBJECTIVE: This study aims to decipher the mechanistic interplay between PLK2 (polo-like kinase 2) and the profibrotic 
cytokine OPN (osteopontin) in the pathogenesis of atrial fibrosis and AF.

METHODS AND RESULTS: Atrial PLK2 mRNA expression was 10-fold higher in human fibroblasts than in cardiomyocytes. Compared 
with sinus rhythm, right atrial appendages and isolated right atrial fibroblasts from patients with AF showed downregulation of PLK2 
mRNA and protein, along with increased PLK2 promotor methylation. Genetic deletion as well as pharmacological inhibition of 
PLK2 induced profibrotic phenotype conversion in cardiac fibroblasts and led to a striking de novo secretion of OPN. Accordingly, 
PLK2-deficient (PLK2 knockout) mice showed cardiac fibrosis and were prone to experimentally induced AF. In line with these 
findings, OPN plasma levels were significantly higher only in patients with AF with atrial low-voltage zones (surrogates of fibrosis) 
compared with sinus rhythm controls. Mechanistically, we identified ERK1/2 as the relevant downstream mediator of PLK2 leading 
to increased OPN expression. Finally, oral treatment with the clinically available drug mesalazine, known to inhibit ERK1/2, prevented 
cardiac OPN overexpression and reversed the pathological PLK2 knockout phenotype in PLK2 knockout mice.

CONCLUSIONS: Abnormal PLK2/ERK1/2/OPN axis function critically contributes to AF-related atrial fibrosis, suggesting 
reinforcing PLK2 activity and/or OPN inhibition as innovative targets to prevent fibrosis progression in AF. Mesalazine 
derivatives may be used as lead compounds for the development of novel anti-AF agents targeting fibrosis.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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Atrial fibrillation (AF) is a cardiac arrhythmia with rising 
prevalence that contributes significantly to morbid-
ity and mortality worldwide.1 Repetitive AF episodes 

lead to marked changes in cardiac tissue architecture that 
in turn favor AF recurrence and maintenance.2–4 Current 
antiarrhythmic drugs suppress arrhythmic episodes by 
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preferentially blocking cardiac ion channels. However, in a 
large proportion of patients, these approaches are insuffi-
cient and may produce detrimental side effects including 
proarrhythmia and extracardiac toxicity.5,6 Recently, there 
has been a paradigm shift in the understanding of AF 
pathophysiology, with awareness of AF involving an atrial 

cardiomyopathy encompassing progressive fibrosis in 
many patients.1,7 Any kind of cardiac injury or disorder that 
activates fibroblasts leads to differentiation to more active 
myofibroblasts.8,9 Myofibroblasts reduce their proliferative 
activity, gain size, express orderly arranged filaments of 
αSMA (alpha smooth muscle actin), and become highly 
secretory, resulting in the deposition of interstitial colla-
gen and other matrix proteins as well as local enrichment 
of cytokines.8,10 We have recently provided evidence for 
altered fibroblast function in patients with persistent AF 
in terms of increased myofibroblast differentiation and 
reduced in vitro fibroblast proliferation.11 However, the 
underlying molecular mechanisms remain widely elusive.

We previously focused on differentially regulated 
genes in fibroblasts isolated from patients with persistent 
AF. An Affymetrix microarray revealed negative regulation 
of PLK2 (polo-like kinase 2) transcripts in AF.11 PLK2 is 
a serine-threonine kinase that regulates cell cycle pro-
gression by centriole duplication, and it is strongly associ-
ated with cell proliferation, mitochondrial respiration, and 
apoptosis.12–14 However, its role in heart disease is poorly 
defined. The objective of the present study was to clarify 
the pathophysiological role of PLK2 in atrial fibrosis and 
the pathogenesis of AF and to identify PLK2-dependent 

Nonstandard Abbreviations and Acronyms

αSMA	 alpha smooth muscle actin
AF	 atrial fibrillation
DNMT	 DNA-methyl-transferase
FAPα	 fibroblast activation protein alpha
FIH-1	 factor-inhibiting HIF
HAF	 human atrial fibroblast
HIF-1α	 hypoxia-inducible factor
OPN	 osteopontin
PHF	 PHD finger protein
PLK2	 polo-like kinase 2
SR	 sinus rhythm
WT	 wild type

Novelty and Significance

What Is Known?
•	 Atrial fibrillation (AF) is the clinically most prevalent 

cardiac arrhythmia resulting in considerable morbidity 
and mortality worldwide.

•	 Recently, the concept of atrial cardiomyopathy has 
arisen, placing progressive atrial fibrosis in the center 
of the disease process.

•	 PLK2 (polo-like kinase 2) is a serine-threonine kinase 
that regulates cell cycle progression by centriole dupli-
cation, and it is strongly associated with cell prolifera-
tion, mitochondrial respiration, and apoptosis.

What New Information Does This Article  
Contribute?
•	 PLK2 is downregulated in atrial appendages and right 

atrial fibroblasts from patients with AF.
•	 Pharmacological as well as genetic deletion (PLK2 

KO) of PLK2 results in fibrotic remodeling, suscepti-
bility for AF, and induces de novo expression of OPN 
(osteopontin); patients with AF with cardiac fibrosis 
have increased OPN plasma levels.

•	 Treatment with mesalazine, known to inhibit ERK1/2, 
prevents cardiac OPN overexpression and the patho-
logical PLK2 KO phenotype.

AF is a cardiac arrhythmia with rising prevalence 
that contributes significantly to morbidity and mortal-
ity worldwide. Repetitive AF episodes lead to marked 
changes in cardiac tissue architecture that in turn 
favor AF recurrence and maintenance. Recently, there 
has been a paradigm shift in the understanding of 
AF pathophysiology, with awareness of AF involving 
an atrial cardiomyopathy encompassing progressive 
fibrosis in many patients. We identify the serine-thre-
onine kinase PLK2 as a key player in atrial fibrosis. 
Right atrial appendages and isolated right atrial fibro-
blasts from patients with AF showed downregulation 
of PLK2, along with increased PLK2 promotor meth-
ylation. Genetic deletion as well as pharmacological 
inhibition of PLK2 induced profibrotic phenotype con-
version in cardiac fibroblasts and led to de novo secre-
tion of OPN. PLK2-deficient (PLK2 KO) mice showed 
cardiac fibrosis and were prone to experimental AF. 
In line with these findings, OPN plasma levels were 
significantly higher only in patients with AF with atrial 
low-voltage zones (surrogates of fibrosis) compared 
with SR controls. Finally, oral treatment with mesala-
zine prevented cardiac OPN overexpression and the 
pathological PLK2 KO phenotype. Consequently, we 
identify the PLK2/OPN axis as a target to counter 
atrial fibrosis in AF to prevent disease progression.
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target proteins. We provide evidence linking a reduction 
in PLK2 expression, in patients, as well as in experimen-
tal AF, to increased ERK1/2 phosphorylation and sub-
sequent secretion of OPN (osteopontin), a cytokine-like 
glycoprotein of the extracellular matrix critically involved 
in cardiac fibrosis and remodeling.15–23 Moreover, we 
demonstrate prevention of the profibrotic PLK2 knock-
out phenotype by long-term oral application of the clini-
cally approved drug mesalazine (5-aminosalicylic acid) 
known to inhibit the ERK/OPN axis.24

METHODS
Data Availability
The authors declare that all supporting data are available within 
the article and its Data Supplement.

A detailed, expanded Methods section is provided in the 
Data Supplement. Please, see the Major Resources Table in 
the Data Supplement.

Study Approval
All patients participating in this study gave written informed 
consent according to the Declaration of Helsinki, and the study 
was approved by the institutional review committee (Official file 
numbers: EK 114082202, EK 465122013). The Institutional 
Animal Care and Use Committee at Technische Universität 
Dresden approved all animal experiments (Official file numbers: 
T 2014/5, TVA 25/2017, TVV 64/2018). All experiments at 
the University of Birmingham were conducted according to 
the Animals (Scientific Procedures) Act 1986 and approved 
by the Home Office (Home Office References 30/2967 and 
the institutional review board at the University of Birmingham, 
United Kingdom. Animal experiments were planned as pilot 
study without a priory power calculation in accordance with the 
Institutional Animal Care and Use Committee.

Statistical Analysis
Results are presented as mean±SEM. For statistical analysis 
and graphic representation of the data, Graph Pad Prism soft-
ware v.8 (GraphPad Software, San Diego) was used. All data 
were tested for normality with the Kolmogorov-Smirnov test. A 
nonparametric test was used when data were not normally dis-
tributed or sample size was below 6. For comparisons between 
2 groups only, Student t test for normally distributed data or 
Mann-Whitney U test for non-normally distributed data were 
used. When comparing 3 groups, 1-way ANOVA or Kruskal-
Wallis test were performed with Tukey or Dunn post-test, 
respectively. Categorical data were analyzed with χ2 test. Ca2+ 
imaging data and the histological sections of the mesalazine 
study were analyzed using a hierarchical model in R using 
the lme4 package with clustering for the individual mice as 
described previously.25 Proteomics data were filtered for miss-
ing values, logarithmized, and statistical significance was calcu-
lated with Bayesian statistics using the ebayes function of the 
limma package in R. Final P values were corrected for multiple 
testing using the Benjamini Hockberg method. Statistical tests 
and corresponding post-tests are indicated in the respective 
figure legends. Relative values are expressed in relation to the 

corresponding control values. A 2-tailed P<0.05 was consid-
ered statistically significant.

Units and Relative Expression
Whenever possible, SI units were used throughout the entire 
article. In case of a unit-less result, the term arbitrary unit was 
used. Relative values are expressed in relation to the corre-
sponding housekeeping gene or protein and subsequently to 
the according control values.

RESULTS
PLK2 Expression Is Reduced in AF
PLK2 protein abundance was downregulated by ≈50% 
in right atrial appendages from patients suffering from 
AF compared with sinus rhythm (SR; P=7.28×10−3, Fig-
ure  1A, for patient characteristics see Table IV in the 
Data Supplement). In patient-derived atrial fibroblasts, 
PLK2 expression was 10-fold higher than in atrial car-
diomyocytes (P=4.58×10−4, Figure  1B). PLK2 mRNA 
expression was lower in primary outgrowth atrial fibro-
blasts of AF compared with patients with SR (Figure 1B, 
for patient characteristics, see Table II in the Data Sup-
plement). The reduction of PLK2 was associated with an 
increase in fibrotic marker proteins FAPα (fibroblast acti-
vation protein alpha), αSMA, and vimentin in right atrial 
appendages from patients with AF compared with SR 
(Figure 1C through 1E). Last, we validated our findings in 
an established dog model of atrial fibrosis-associated AF 
due to ventricular tachycardiomyopathy.26 After 2 weeks 
of ventricular tachypacing-induced remodeling, we 
detected significantly lower PLK2 expression (≈50%) in 
atrial tissue (P=2.53×10−3, Figure 1F).

Long-Term Regulation of PLK2 by Promotor 
Methylation
Previous studies in noncardiac tissues27,28 have shown 
that PLK2 expression is strongly regulated by promoter 
hypermethylation. Therefore, we performed methylation-
specific PCR for the PLK2 promoter, which was positive 
in 6 out of 13 AF samples, while there was no detect-
able methylation of the PLK2 promoter in any of the 
SR samples (n=11, P=9.27×10−3, Figure 2A; Table XII 
in the Data Supplement). The smoking status of the 
patients did not significantly correlate with the presence 
or absence of promoter methylation (Figure V and Table 
XIII in the Data Supplement). To test the hypothesis that 
PLK2 is regulated by promotor methylation in atrial fibro-
blasts, we exposed human atrial fibroblasts of a recently 
established human atrial fibroblast (HAF) cell line (HAF-
SRK01)29 to chronic hypoxia (1% O2) exposure for 24 
and 96 hours (Figure 2B through 2G), because hypoxia 
has been shown to induce PLK2 promotor methylation 
in lymphocytes27 and tissue hypoxia occurs during AF.30,31 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
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Figure 1. PLK2 (polo-like kinase 2) expression is reduced in clinical as well as experimentally induced atrial fibrillation (AF) and 
myofibroblast markers are concomitantly increased.
A, Quantification of PLK2 protein abundance in human right atrial tissue from sinus rhythm (SR) and patients with AF, normalized to GAPDH 
(SR [n=23], AF [n=21]; results are given as mean±SEM determined by a Welch t test). B, Left, expression of PLK2 mRNA (qPCR) normalized 
to GAPDH as housekeeping gene in primary human atrial fibroblasts vs cardiomyocytes from patients with SR. Right, mRNA levels of PLK2 
normalized to GAPDH as housekeeping gene in human atrial fibroblasts from patients with SR and AF (FB [n=11], CM [n=5], SR [n=7], AF [n=5]; 
results are given as mean±SEM, P value was determined by a Mann-Whitney U test). C, Whole-tissue protein abundance of FAPα (fibroblast 
activation protein alpha) in SR and AF, normalized to calsequestrin (CSQ) (SR [n=9], AF [n=11]; results are given as mean±SEM, (Continued )
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Within 24 hours, we found a 3.2-fold downregulation of 
PLK2 mRNA expression (P=1.13×10−3, Figure  2B). 
Methylation of the PLK2 promoter was detectable only 
after 96 hours exposure to chronic hypoxia (Figure 2C). 
PLK2 protein was strongly reduced within 24 hours 
of hypoxia (P=9.52×10−3, Figure  2D, left) and almost 
abolished after 96 hours of hypoxia (P=9.52×10−3, Fig-
ure 2D, right). As a positive control, cells were treated 
with 0.25 mmol/L dimethyloxaloylglycine, which mimics 
hypoxia by upregulation of HIF-1α (hypoxia-inducible 
factor) with inhibition of PHF (PHD finger protein) and 
FIH-1 (factor-inhibiting HIF).32 Dimethyloxaloylglycine 
treatment for 96 hours led to marked PLK2 promoter 
methylation (Figure  2C), validating PLK2 promotor 
methylation as 1 factor contributing to long-term down-
regulation of PLK2. Next, we analyzed the expression 
of DNMTs (DNA-methyl-transferases)33 after 24 hours 
of hypoxia and found DNMT1 and DNMT3A being sig-
nificantly upregulated compared with normoxia control 
(P=1.83×10−6, Figure  2E and 2F). Accordingly, inhibi-
tion of DNA methylation by 5-azacytidine34 abolished the 
reduction in PLK2 expression during hypoxia (Figure 2G).

Loss of PLK2 Function Induces Myofibroblast 
Differentiation and Collagen Deposition
Next, we studied the effects of pharmacological PLK2 
inhibition (TC-S 7005, 100 nmol/L, 72 hours) in HAF 
fibroblasts29 and the consequences of homozygous 
genetic PLK2 deletion (PLK2-deficient mice).35 TC-S 
7005 and PLK2 deficiency promoted myofibroblast 
differentiation as indicated by changes in morphology 
and expression of αSMA (Figure 3A and 3C), with cor-
responding reduction of fibroblast proliferation rates 
(Figure  3B and 3D). In line with the observed pheno-
type conversion, pharmacological PLK2 inhibition with 
100 nmol/L TC-S 7005 for 72 hours led to significantly 
increased extracellular collagen 1 deposition by HAF 
fibroblasts (P=3.17×10−2, Figure 3E).

Loss of PLK2 Promotes De Novo Secretion of 
Osteopontin
Based on the finding that PLK2 inhibition as well as 
knockout initiated myofibroblast differentiation, we 
studied the secretory phenotype of PLK2 knockout 
fibroblasts using mass spectrometry secretome analy-
sis of the cell culture media.36 Strikingly, we found de 

novo secretion of OPN in PLK2 knockout fibroblasts 
(P=2.13×10−2, Figure  4A; a list of all significantly 
regulated proteins is given in Table VII in the Data 
Supplement). We then validated the causal relationship 
between PLK2 and OPN in HAF. PLK2 inhibition with 
TC-s 7005 for 72 hours led to an increase in OPN pro-
tein expression (P=2.25×10−2 at 100 nmol/L PLK2i, 
Figure  4B). Notably, OPN was also elevated in right 
atrial appendages from patients with AF compared 
with SR (P=2.96×10−2, Figure 4C). We then assessed 
the levels of OPN in the peripheral blood of patients 
with AF undergoing pulmonary vein isolation. To test if 
the severity of fibrosis in patients with AF is correlated 
with serum OPN levels, we selected patients with AF 
with and without low-voltage zones in the left atrium 
described during their electrophysiological study. Low-
voltage zones constitute the electrophysiological sur-
rogate of atrial fibrosis.37,38 Only in the AF group with 
low-voltage zone, we detected a significant increase in 
OPN compared with control (P=1.88×10−3, Figure 4D, 
patient characteristics are given in Table VI in the Data 
Supplement). Moreover, when we applied recombinant 
OPN at 25 ng/mL for 72 hours, we detected a nearly 
4-fold increase in αSMA expression in HAF, indicating 
that OPN acts as a paracrine factor promoting myofi-
broblast differentiation (P=2.86×10−2, Figure  4E). 
Finally, hypoxia induced a marked increase in OPN 
expression in human atrial fibroblasts after 24 hours 
(P=1.08×10−3), which remained somewhat elevated at 
96 hours (P=8.5×10−2, Figure 4F).

Loss of PLK2 Activates the ERK1/2 Pathway to 
Increase OPN Expression
To establish a mechanistic link between reduced PLK2 
expression and increased OPN secretion of atrial fibro-
blasts, we examined the ERK1/2 pathway, which was 
shown to act downstream of PLK2 but upstream of 
OPN.39,40 We found a 5-fold increase in EKR1/2 phos-
phorylation in right atrial appendages of patients with AF 
compared with SR (P=7.83×10−3, Figure  5A). Accord-
ingly, cardiac fibroblasts from PLK2-deficient mice 
also showed an increase in ERK1/2 phosphorylation 
(P=2.86×10−2, Figure 5B). Moreover, inhibition of PLK2 
with 50 and 100 nmol/L of TC-S 7005 both increased 
ERK1/2 phosphorylation by 7- to 10-fold, respectively 
(P=3.41×10−2 for 100 nmol/L, Figure  5C). Finally, 
the OPN overexpression in cardiac PLK2 knockout 

Figure 1 Continued. P value was determined by an unpaired, 2-tailed t test). D, Protein abundance of the myofibroblast marker protein αSMA 
(alpha smooth muscle actin) in whole tissue from SR and AF, normalized to CSQ (SR [n=9], AF [n=9]; results are given as mean±SEM, P value 
was determined by an unpaired, 2-tailed t test). E, Protein abundance of the fibroblast marker vimentin in SR and AF atria, normalized to EEF2 
(eukaryotic-elongation-factor-2; SR [n=6], AF [n=6]; results are given as mean±SEM, P value was determined by a Welch test). F, Quantification 
of atrial PLK2 protein abundance in a canine model with increased susceptibility to AF (ventricular tachypacing-induced heart failure) at baseline 
(control) and after 2 wks of tachypacing (control [n=7], ventricular tachypacing [VTP; n=5]; results are given as mean±SEM, P value was 
determined by a Mann-Whitney U test). AU indicates arbitrary unit—relative protein expression normalized to the indicated housekeeping protein 
and the respective control group.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425


Original Research

Circulation Research. 2021;129:804–820. DOI: 10.1161/CIRCRESAHA.121.319425� October 1, 2021    809

Künzel et al PLK2 in Cardiac Fibrosis and Atrial Fibrillation

Figure 2. Analysis of the PLK2 promoter methylation status and hypoxia sensitivity of PLK2 expression.
A, Quantification of sinus rhythm (SR) and atrial fibrillation (AF) heart tissue samples in which methylation was present or absent. Statistical 
analysis was done with χ2 test (SR [n=11], AF [n=13]) and gel images of a methylation-specific PCR of the PLK2 promotor region (U: 
unmethylated, M: methylated, Pos: positive control [human universal methylated DNA standard], Neg: water control). B, Twenty-four hour hypoxia-
dependent (1% O2) expression of PLK2 mRNA normalized to HPRT as housekeeping gene in human atrial fibroblasts, analyzed by qPCR (control 
[n=6], hypoxia [n=6]; results are given as mean±SEM, P value was determined by a Welch test). C, Gel images of a methylation-specific PCR of 
the PLK2 promotor region after 24 and 96 h of hypoxia treatment. Dimethyloxaloylglycine (DMOG) treatment for 96 h was used as a positive 
control (U: unmethylated, M: methylated, Pos: positive control [human universal methylated DNA standard], Neg: water control). D, Quantification 
and representative western blot for PLK2 (polo-like kinase 2) protein expression in human atrial fibroblasts after 24 and 96 h hypoxia treatment 
(Control [n=4], 24 h hypoxia [n=6], 96 h hypoxia [n=6]; results are given as mean±SEM, P value was determined by a Mann-Whitney U test). 
E, Twenty-four-hour hypoxia-dependent (1% O2) expression of DNMT1 mRNA normalized to HPRT as housekeeping gene in human atrial 
fibroblasts, analyzed by qPCR (control [n=9], hypoxia [n=9]; results are given as mean±SEM, P value was determined by a Welch test). F, Twenty-
four hour hypoxia-dependent (1% O2) expression of DNMT3A mRNA normalized to HPRT as housekeeping gene in human atrial fibroblasts, 
analyzed by qPCR (control [n=9], hypoxia [n=9]; results are given as mean±SEM, P value was determined by a Welch test). G, The effect of 
the demethylating drug 5-azacytidine (5-Aza) (10 µmol/L) was evaluated during 24 h hypoxia (1% O2) treatment. PLK2 mRNA expression was 
normalized to HPRT as housekeeping gene in human atrial fibroblasts (control [n=6], hypoxia [n=5], hypoxia/5-AZA [n=5]; results are given as 
mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn multiple comparisons test). AU indicates arbitrary unit—relative protein 
expression normalized to the indicated housekeeping protein and the respective control group.
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fibroblasts was absent after specific ERK1/2 inhibi-
tion with SCH772984 for 72 hours (P=1.15×10−3, Fig-
ure 5D) indicating a causal relationship.

Loss of PLK2 Leads to Left Atrial Dilatation
To assess the functional consequences of PLK2 defi-
ciency, we performed transthoracic echocardiography 

at the age of 8 months in the PLK2-deficient mice. 
Left atrial dilatation is a hallmark of clinical AF.1 Fig-
ure  6A depicts representative parasternal long-axis 
views (left) and M-mode views obtained at the level of 
the aortic valve (right) recorded from a littermate con-
trol (upper) and a PLK2-deficient mouse (lower). Left 
atrium area was significantly increased both at atrial 
diastole (P=8.34×10−3, Figure 6B) and in atrial systole 

Figure 3. Loss of PLK2 (polo-like kinase 2) function induces a pronounced myofibroblast phenotype.
A, Immunofluorescence images and quantification of αSMA (alpha smooth muscle actin; red) in human atrial fibroblast (HAF)-SRK01 fibroblasts 
upon PLK2 inhibition with either 100 nmol/L TC-S 7005 or vehicle (1 µL DMSO/mL medium) for 7 d, the nuclei were stained with DAPI (blue) 
(control [n=5], PLK2i [n=6]; results are given as mean±SEM, P value was determined by a Mann-Whitney U test). B, Proliferation curves of 
HAF-SRK01 fibroblasts upon PLK2 inhibition with 100 nmol/L TC-S 7005 or vehicle (1 µL DMSO/mL medium; control [n=5], PLK2i [n=5]; 
results are given as mean±SEM, P value was determined by a Mann-Whitney U test for each time point). C, Immunofluorescence images and 
quantification of αSMA in PLK2 WT and KO fibroblasts. Primary PLK2 WT and KO fibroblasts were cultivated for 7 d (WT [n=10], knockout [KO; 
n=11]; results are given as mean±SEM, P value was determined by a Welch test). D, Proliferation curves of primary PLK2 WT and KO fibroblasts 
(WT [n=5], KO [n=6]; results are given as mean±SEM determined by a Mann-Whitney U test for each time point). E, Representative fluorescence 
images and quantification of extracellular collagen 1 (red) deposition in HAF-SRK01 fibroblasts. The nuclei were stained with DAPI (blue; 
control [n=5], PLK2i [n=5]; results are given as mean±SEM, P value was determined by a Mann-Whitney U test). AU indicates arbitrary unit—red 
(collagen) area normalized to the total nuclear area (blue) of the respective section and subsequently normalized to control.



Original Research

Circulation Research. 2021;129:804–820. DOI: 10.1161/CIRCRESAHA.121.319425� October 1, 2021    811

Künzel et al PLK2 in Cardiac Fibrosis and Atrial Fibrillation

Figure 4. PLK2 (polo-like kinase 2)-dependent osteopontin expression.
A, OPN (osteopontin) protein abundance in PLK2 WT and knockout (KO) primary fibroblast cell culture medium determined by mass 
spectrometry (WT [n=3], KO [n=3]; results are given as mean±SEM, P value was determined by the Benjamini Hockberg method after 
Bayesian statistics [see Methods]). B, Quantification and representative western blot for OPN in human atrial fibroblast (HAF)-SRK01 
fibroblasts upon PLK2 inhibition with 50 and 100 nmol/L of the specific PLK2 inhibitor TC-S 7005 (control [n=3], 50 nmol/L [n=3], 100 
nmol/L [n=3]; results are given as mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn posttest). C, Quantification and 
representative western blot for OPN in sinus rhythm (SR) and atrial fibrillation (AF) right atrial tissue (SR [n=10], AF [n=11]; results are 
given as mean±SEM, P value was determined by an unpaired, 2-tailed t test). D, ELISA measurement of OPN concentration in the peripheral 
blood (PB) of healthy control patients in patients with SR and AF with or without electrophysiologically determined low-voltage zones (LVZs) 
as fibrosis surrogates (SR [n=4], AFLVZ absent [n=8], AFLVZ present [n=9]; results are given as mean±SEM, P value was determined by a Kruskal-
Wallis test with Dunn posttest). E, Quantification and representative western blot for αSMA (alpha smooth muscle actin) in HAF-SRK01 
fibroblasts treated with 25 ng/mL OPN for 72 h (control [n=4], OPN [n=4]; results are given as mean±SEM, P value was determined by a 
Mann-Whitney U test). F, Quantification and original western blot for OPN protein abundance in HAF-SRK01 fibroblasts after 24 and 96 
h hypoxia treatment (control [n=4], 24 h hypoxia [n=5], 96 h hypoxia [n=5]; results are given as mean±SEM, P value was determined by a 
Kruskal-Wallis test with Dunn multiple comparisons test). AU indicates arbitrary unit—relative protein expression normalized to the indicated 
housekeeping protein and the respective control group.
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Figure 5. ERK1/2 (extracellular-signal regulated kinases 1/2) phosphorylation and OPN (osteopontin) expression.
A, Quantification of ERK1/2 phosphorylation and representative western blots in sinus rhythm (SR) tissue samples compared with atrial 
fibrillation (AF; SR [n=6], AF [n=7]; results are given as mean±SEM, P value was determined by a Welch test). B, Quantification and 
representative western blots for ERK1/2 phosphorylation in PLK WT and knockout (KO) primary cardiac fibroblasts (WT [n=4], KO [n=4]; results 
are given as mean±SEM determined by a Mann-Whitney U test). C, Quantification and representative western blots for ERK1/2 phosphorylation 
in human atrial fibroblast (HAF)-SRK01 fibroblasts upon PLK2 inhibition with 50 and 100 nmol/L of the specific PLK2 inhibitor TC-S 7005 
(control [n=3], 50 nmol/L [n=3], 100 nmol/L [n=3]; results are given as mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn 
multiple comparison test). D, Quantification of OPN protein abundance and representative western blots in primary cardiac PLK2 WT and KO 
fibroblasts. The specific ERK1/2 inhibitor SCH772984 was used at 10 nmol/L for 72 h (WT [n=9], 50 KO [n=9], KO+ERKi [n=4]; results are 
given as mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn multiple comparisons test). AU indicates arbitrary unit—relative 
protein expression normalized to the indicated housekeeping protein and the respective control group.



Original Research

Circulation Research. 2021;129:804–820. DOI: 10.1161/CIRCRESAHA.121.319425� October 1, 2021    813

Künzel et al PLK2 in Cardiac Fibrosis and Atrial Fibrillation

(P=2.36×10−2, Figure 6C) in the PLK2-deficient mice. 
Heart rate, relative left ventricular weight, and left ventric-
ular fractional area shortening as well as ejection fraction 

were unaffected (Figure 6D through 6G). A complete list 
of echocardiographic parameters is given in Table VIII in 
the Data Supplement.

Figure 6. Echocardiographic characterization of PLK2 (polo-like kinase 2)-deficient mice.
Transthoracic echocardiography was performed on isoflurane-anesthetized 8-mo-old PLK2 WT and knockout (KO) mice with a Vevo3100 small animal 
ultrasound device. A, Representative parasternal long-axis views (left) and M-mode views obtained at the level of the aortic valve (right) recorded from a 
littermate control (PLK2 WT, upper) and a PLK2-deficient mouse (PLK2 KO, lower); B, Left atrial diastolic area (WT [n=8], KO [n=8]; results are given as 
mean±SEM, P value was determined by an unpaired, 2-tailed t test). C, Left atrial systolic area (WT [n=8], KO [n=8]; results are given as mean±SEM, P 
value was determined by an unpaired, 2-tailed t test). D, Heart rate (WT [n=8], KO [n=8]; results are given as mean±SEM, P value was determined by an 
unpaired, 2-tailed t test). E, Left ventricular weight to body weight ratio (WT [n=7], KO [n=8]; results are given as mean±SEM, P value was determined 
by a Mann-Whitney U test). F, Fractional area shortening (WT [n=7], KO [n=8]; results are given as mean±SEM, P value was determined by an unpaired, 
2-tailed t test). G, Ejection fraction (WT [n=7], KO [n=7]; results are given as mean±SEM, P value was determined by an unpaired, 2-tailed t test).

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
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Loss of PLK2 Causes Interstitial Fibrosis and 
Increases the Susceptibility to AF
Next, we investigated the presence of interstitial fibrosis 
in PLK2 knockout whole heart. Figure  7A shows rep-
resentative Picrosirius red stained paraffin sections of 
hearts of 8-month-old wild-type (WT) and PLK2 knock-
out mice cut along the long and short axes. The hearts of 
the PLK2 knockout mice show marked interstitial, focal, 
and perivascular fibrosis in the ventricles as well as inter-
stitial fibrosis in the atria. Total ventricular, perivascular, 
and total atrial fibrosis were increased in PLK2 knock-
out mice compared with WT littermates (P=1.73×10−2 
for total ventricular, P=4.32×10−4 for ventricular peri-
vascular fibrosis, and P=7.83×10−3 for atrial fibrosis; 
Figure 7A top right panel). At 4 months, fibrosis did not 
differ between PLK2 knockout and WT mice (Figure I in 
the Data Supplement). The impact of structural remodel-
ing on the susceptibility toward arrhythmia can be stud-
ied using programmed atrial pacing in vivo or ex vivo 
with Langendorff-perfused hearts. Here, we chose the 
isolated beating heart model from 8-month-old PLK2-
deficient mice and WT littermates using S1 and S1S2 
pacing protocols because this model ensures constant 
coronary perfusion and arrhythmias can be induced sev-
eral times within the same animal without ischemia. While 
atrial extrasystoles and short atrial runs were induced 
by the pacing protocol equally in both groups (WT, 7/9; 
PLK knockout, 7/9), sustained atrial arrhythmias of >5 
fast consecutive extrabeats in a row mimicking AF were 
induced in 4 out of 9 PKL2 knockout, but in none of 9 
WT hearts (P=2.33×10−2, Figure 7B; Table XIV in the 
Data Supplement). We analyzed action potential duration 
and atrial effective refractory periods in Langendorff-per-
fused hearts as well as the expression of Ca2+-handling 
proteins and Ca2+ dynamics. There were no significant 
differences in expression of Ca2+-handling proteins, 
properties of Ca2+-transients, atrial action potential dura-
tion, or atrial effective refractory periods between PLK2 
WT and knockout mice (Figures II through IV in the 
Data Supplement), pointing to atrial fibrosis as the major 
determinant of PLK2-mediated arrhythmogenesis.

Long-Term Oral Treatment With Mesalazine 
Prevents the Fibrotic PLK2 Knockout Phenotype
Finally, we performed a proof-of-concept study with 
mesalazine (5-aminosalicylic acid), which is approved 
for inflammatory bowel disease and has been shown 
to potently inhibit the ERK1/2/OPN axis.24,41 Starting 
at 1 month of age, male and female PLK2 knockout 
mice were orally treated with 100 µg/g mesalazine 
in the drinking water. After 6 months of treatment, in 
vivo echocardiography demonstrated suppression of 
PLK2 knockout-induced left atrial diastolic dilation 
(P=1.07×10−2) and the trend to systolic atrial dilation 

(P=6.779×10−2, Figure 8A through 8C). Heart rate and 
ejection fraction remained unaltered (Figure  8D and 
8E). A complete list of echocardiographic parameters 
is provided in Table IX in the Data Supplement. At the 
molecular level, mesalazine treatment prevented the 
increase in OPN mRNA expression caused by PLK2 
knockout (Figure  8F). Finally, Picrosirius red staining 
of paraffin-embedded heart sections showed that atrial 
fibrotic remodeling was prevented in the mesalazine-
treated PLK2 knockout mice (Figure 8G and 8H). This 
proof-of-concept study validated that inhibition of the 
ERK/OPN axis downstream of PLK2 is sufficient to 
prevent the profibrotic phenotype in PLK2 knockout 
mice.

DISCUSSION
In the present study, we demonstrate a novel role of 
PLK2 downregulation in fibroblast activation, sub-
sequent myofibroblast differentiation, and enhanced 
OPN secretion, which contributes to the evolution of 
atrial fibrosis. The downregulation of PLK2 is accompa-
nied by increased expression and secretion of OPN in 
patients with AF, and the loss of PLK2 in mice promotes 
de novo OPN secretion and cardiac fibrosis increasing 
the susceptibility to inducible AF. Accompanied by clear 
downregulation of PLK2 in atria of patients with AF, 
these results point to a novel and potentially important 
pathophysiological role in AF.

We demonstrate that PLK2 inhibition or knockout 
induce myofibroblast differentiation and reduce prolif-
eration of cardiac fibroblasts, which is consistent with 
findings showing that PLK2 is a key regulator for pro-
liferation and differentiation in cardiac progenitor cells.12 
Of note, PLK2 expression was much more abundant in 
primary atrial fibroblasts compared with primary atrial 
cardiomyocytes (Figure  1B). Primary human cardiac 
fibroblasts from patients with AF have reduced PLK2 
levels, increased differentiation into myofibroblasts and 
a lower proliferation rate compared with SR controls.11 
Myofibroblasts are highly active secretory cells that sub-
stantially contribute to fibrosis in the diseased heart.8,10,23 
We noted substantial extracellular collagen deposition in 
vitro, interstitial fibrosis in the atria as well as ventricles 
in PLK2 knockout mice, which along with atrial dilation 
should create an arrhythmogenic substrate for AF main-
tenance. Indeed, we were able to induce AF-mimicking 
arrhythmias in 44% of PLK2 knockout mice but in none 
of the littermate controls. Our data identify reduced 
PLK2 expression as a novel molecular trigger of atrial 
fibrosis and AF promotion. PLK2 knockout mice had nor-
mal atrial action potentials and refractoriness (Figures II 
and IV in the Data Supplement). In addition, Ca2+ imaging 
experiments showed that neither PLK2 deficiency nor 
selective pharmacological inhibition of PLK2 affected 
cardiomyocyte Ca2+ handling and dynamics (Figure III in 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.121.319425
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the Data Supplement), making altered atrial cardiomyo-
cyte function an unlikely determinant of PLK2-depen-
dent atrial arrhythmogenesis.

Probing for a mechanism of the downregulation of 
PLK2 in AF, we discovered PLK2 promotor methylation 
in 6 of 13 right atrial tissue samples from patients with 

Figure 7. Loss of PLK2 (polo-like kinase 2) induces interstitial fibrosis and atrial fibrillation (AF) susceptibility.
A, Histological sections of murine hearts stained with Picrosirius red together with quantification of fibrosis. Microscopic pictures were taken 
along the short axis at mid-ventricular level (top) and the long axis (lower). The middle and right lower show magnifications of ventricular and atrial 
tissue, respectively (WTVentricular [n=5], KOVentricular [n=6], WTPerivascular [n=9], KOPerivascular [n=7], WTAtrial [n=10], KOAtrial [n=9]; right upper shows evaluation 
of one randomly selected slide per animal). Results are given as mean±SEM, P value was determined by a Mann-Whitney U test (for total 
ventricular fibrosis) and unpaired, 2-tailed t tests (for perivascular and atrial fibrosis). B, Representative monophasic action potentials recorded 
upon standard S1 and S1S2 stimulation protocols from the atrium of a Langendorff-perfused PLK2 KO heart (left). Numbers of AF-inducible vs 
noninducible atria (right) were analyzed by χ2 test (WT [n=9], KO [n=9]). AU indicates arbitrary unit—red (fibrotic) area normalized to the total area 
of the respective section and to PLK2 WT control.
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Figure 8. Pharmacological modulation of the ERK (extracellular-signal regulated kinases 1/2)-OPN (osteopontin)-axis with mesalazine.
A, Representative parasternal long-axis views of native PLK2 (polo-like kinase 2) wild-type (WT) and knockout (KO) and mesalazine-treated 
KO animals. B, Left atrial diastolic area (WT [n=5], KO [n=7], KO+Mesa [n=7]; results are given as mean±SEM, P value was determined by a 
Kruskal-Wallis test with Dunn multiple comparisons test). C, Left atrial systolic area (WT [n=5], KO [n=7], KO+Mesa [n=7]; results are given as 
mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn multiple comparisons test). D, Heart rate (WT [n=5], KO [n=7], KO+Mesa 
[n=7]; results are given as mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn multiple comparisons test). E, Ejection fraction 
(WT [n=5], KO [n=7], KO+Mesa [n=7]; results are given as mean±SEM, P value was determined by a Kruskal-Wallis test with Dunn multiple 
comparisons test). F, Cardiac OPN gene expression normalized to HPRT as housekeeping gene (WT [n=6], KO [n=6], KO+Mesa [n=7]; results 
are given as mean±SEM, P value was determined by a 1-Way ANOVA with Tukey multiple comparisons test). G and H, Quantification of atrial 
fibrosis and representative histological sections (WT [n=9, N=3], KO [n=12, N=4], KO+Mesa [n=12, N=4]; results are given as mean±SEM). 
P value was determined by a hierarchical model using log-transformed data for normality reasons. AU indicates arbitrary unit—red (fibrotic) area 
normalized to the total area of the respective section and to PLK2 WT control.
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AF, but in none of the patients with SR. We used hypoxia 
as a tool to induce PLK2 promotor methylation in vitro, 
since hypoxia has been shown to induce PLK2 promo-
tor methylation in lymphocytes27 and typically occurs 
during AF.30,31 We observed pronounced PLK2 down-
regulation already after 24 hours of hypoxia treatment 
(1% O2) with a discrepancy in the increase of PLK2 
promoter methylation not occurring before 4 days of 
hypoxia exposure. This is in line with findings showing 
4 days of hypoxia as minimum threshold for the detec-
tion of DNA methylation in human fibroblasts.42 How-
ever, a significant upregulation of the DNA-methylating 
enzymes DNMT1 and DNMT3A was already detectable 
after 24 hours of hypoxia (Figure 2E and 2F), pointing 
to presence of latent DNA methylation at early stages. 
This notion is further supported by the normalized 
PLK2 expression with the methylation inhibitor 5-aza-
cytidine during hypoxia. Parallel to PLK2 downregula-
tion, OPN expression was upregulated within 24 hours 
of hypoxia onset. After 96 hours of hypoxia exposure, 
OPN expression was nearly reverted to control levels 
(Figure  4F). This could either be because of cellular 
decay caused by prolonged hypoxia exposure or due 
to increased OPN degradation by MMP3 or MMP7 as 
a feedback regulation to oppose OPN.43 Inhibition of 
ERK1/2 prevented OPN expression in PLK2 knockout 
atrial fibroblasts, mechanistically linking the suppres-
sion of PLK2 expression with the enhancement of OPN 
secretion. Interestingly, PLK1 has been shown to limit 
the ERK signaling pathway,44 and ERK1/2 has previ-
ously been shown to modulate OPN transcription.39,40,45 
Overall, our results indicate that PLK2 ensures proper 
ERK1/2 function in cardiac fibroblasts and that loss 
of PLK2 function induces OPN secretion via increased 
ERK1/2 phosphorylation.

Myofibroblasts are known to secrete extracellu-
lar matrix proteins and inflammatory cytokines.8,10,23 In 
PLK2 knockout fibroblast culture media, discovery pro-
teomics revealed de novo secretion of OPN, which has 
been shown to promote fibrosis, remodeling, and cardio-
myopathy.15–23 In patients with AF, OPN was elevated on 
tissue-level in right atria as well as systemically in the 
peripheral blood of patients with low-voltage zones in 
comparison to SR controls. The plasma levels of OPN 
we found in patients with AF are in the range of 25 
ng/mL, a concentration which increased myofibroblast 
differentiation in cultured fibroblasts. A recent publica-
tion on OPN levels in patients with AF also reported 
higher OPN levels, especially in patients with low-volt-
age zones.46 Therefore, it is tempting to speculate that 
secreted OPN may serve as a systemic promoter of 
organ fibrosis. In fact, an association of AF with ventricu-
lar fibrosis has been reported.47 Even higher OPN plasma 
levels (around 74 ng/mL) have been found in patients 
with advanced heart failure undergoing ICD implanta-
tion and were predictive for presence of ventricular 

tachycardia and fibrillation in this population.48 Moreover, 
AF was diagnosed in some of these patients at the time 
of blood sampling. Overall, it appears that by causing 
fibrosis OPN could create an arrhythmogenic substrate 
for arrhythmias other than AF.

Finally, to validate our findings and to test for thera-
peutic potential, we performed a proof-of-concept 
study by pharmacologically targeting the pathologi-
cal profibrotic PLK2 knockout phenotype. As selec-
tive PLK2 activators are not available, yet, we chose 
oral application of mesalazine. In a rodent preclinical 
model of liver fibrosis, this drug showed strong antifi-
brotic effects by a reduction of OPN expression.41 Our 
previous data similarly showed that mesalazine has 
significant antifibrotic effects mainly mediated by inhi-
bition of ERK-phosphorylation in an in vitro model of 
cardiac fibrosis.24 Here, we provide a proof-of-concept 
that long-term treatment with mesalazine reverses 
the PLK2 knockout phenotype by normalizing cardiac 
OPN expression and preventing atrial fibrosis and dila-
tation (Figure 8). Thus, mesalazine may serve as a lead 
compound for the development of selective modula-
tors of the ERK/OPN axis that target AF-promoting 
atrial fibrosis.

Potential Limitations
For the clinical substrate assessment in patients with AF, 
high-density mapping catheters and cardiac magnetic 
resonance imaging should ideally be combined. Thus, 
the absence of magnetic resonance imaging validation 
should be considered when interpreting our high-den-
sity mapping results. Although atrial dilatation is consid-
ered as a clinical determinant of AF, left atrial volume is 
a better predictor of AF and its recurrence rate.49 We 
matched our patients as much as possible about age, 
sex, comorbidities, and medication, but the associated 
extraneous sources of variance can never be completely 
eliminated. The effect of PLK2 reduction in human AF 
is likely less than in the PLK2 knockout mouse, since 
in human AF the reduction in PLK2 mRNA abundance 
is only ≈50%. We also cannot rule out a contribution of 
alterations in diastolic function to the PLK2 knockout 
phenotype. Moreover, we did not assess cellular coupling 
and therefore cannot exclude alterations in conduction 
velocity induced by remodeling of connexins. Correction 
for multiple testing was performed for each individual 
test as indicated. We did however not correct for multiple 
testing across the entire work. This should be considered 
in interpreting our statistical analyses and constitutes a 
potential weakness of the study.

Nevertheless, studies using human cardiac tissues 
provide valuable information on clinical relevance par-
ticularly when used in conjunction with studies in animal 
models to address specific hypotheses and study cause-
effect relationships as we did in the present work.
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CONCLUSIONS
The present study demonstrates that the PLK2-OPN 
axis in atrial fibroblasts contributes to fibroblast dys-
function and the creation of AF-promoting atrial fibro-
sis. To our knowledge, this is the first study to propose a 
pathological role for the family of polo-like kinases in AF 
pathophysiology. We provide a mechanistic link between 
reduced PLK2 expression in AF and increased OPN 
release and show that PLK2 downregulation is sufficient 
to cause fibrosis thereby increasing the susceptibility 
to induce AF in mouse hearts. Chronic treatment with 
mesalazine effectively prevented the profibrotic PLK2 
knockout phenotype, thus providing of proof-of-concept 
for therapeutic targeting of the OPN/ERK axis. This may 
constitute a novel antifibrotic approach to prevent atrial 
fibrosis and to halt the progression to therapy-resistant 
persistent forms of AF.
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