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Abstract

Rationale—PKP2, encoding plakophilin 2 (PKP2), is the most common causal gene for 

arrhythmogenic cardiomyopathy (AC).

Objective—To characterize miRNAs expression profile in PKP2-deficient cells

Methods and Results—Control and PKP2-knock down HL-1 (HL-1Pkp2-shRNA) cells were 

screened for 750 miRNAs using low-density microfluidic panels. Fifty-nine miRNAs were 

differentially expressed. MiR-184 was the most down-regulated miRNA. Expression of miR-184 

in the heart and cardiac myocyte was developmentally downregulated and was low in mature 

myocytes. MicroRNA-184 was predominantly expressed in cardiac mesenchymal progenitor cells 

(MPCs). Knock down of Pkp2 in cardiac MPCs also reduced miR-184 levels.

Expression of miR-184 was transcriptionally regulated by the E2F1 pathway, which was 

suppressed in PKP2-deficient cells. Activation of E2F1, upon over-expression of its activator 

CCND1 or knock down of its inhibitor RB1, partially rescued miR-184 levels. In addition, 

DNMT1 was recruited to the promoter region of miR-184 and the CpG sites at the upstream 

region of miR-184 were hypermethylated. Treatment with 5-aza-2’-deoxycytidine, a 

demethylation agent, and knock down of DNMT1 partially rescued miR-184 level. Pathway 

analysis of paired miR-184:mRNA targets identified cell proliferation, differentiation, and death as 

the main affected biological processes. Knock down of miR-184 in HL-1 cells and MPCs induced 

and conversely, its over-expression attenuated adipogenesis.

Conclusions—PKP2 deficiency leads to suppression of the E2F1 pathway and hypermethylation 

of the CpG sites at miR-184 promoter, resulting in downregulation of miR-184 levels. Suppression 

of miR-184 enhances and its activation attenuates adipogenesis in vitro. Thus, miR-184 

contributes to the pathogenesis of adipogenesis in PKP2-deficient cells.
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INTRODUCTION

Arrhythmogenic Cardiomyopathy (AC) is a hereditary cardiomyopathy that manifests with 

ventricular arrhythmias, sudden cardiac death (SCD), and heart failure 1, 2. The pathological 

hallmark of AC is a gradual and progressive replacement of cardiac myocytes by fibro-

adipocytes, which classically shows a predilection toward involvement of the right ventricle, 

and hence, the term arrhythmogenic right ventricular cardiomyopathy (ARVC) 3, 4. AC is an 

enigmatic disease with an inadequately understood pathogenesis. Recent molecular genetic 

discoveries have led to partial elucidation of the causal genes and identification of mutations 

in genes encoding the protein constituents of the intercalated disks (IDs) 5-9. IDs are cell-cell 

adhesion structures composed of desmosomes, adherens junctions, and the gap junctions. 

IDs not only provide mechanical integrity to the myocardium but also control contact-

regulated signal transduction 10. Mutations in Lamin A/C (LMNA) and transmembrane 

protein 43 (TMEM43) are also associated with AC 11, 12. Overall, PKP2 gene encoding 

plakophilin 2 (PKP2), a constituent of the IDs, is the most common causal gene for 

AC 13, 14.

The molecular links between the mutant causal proteins and the ensuing cardiac phenotype 

in AC are not fully known. Extensive molecular remodeling of the IDs in AC impairs 

mechano-transduction and is associated with activation of the Hippo pathway, a contact-

regulated signaling pathway involved in cellular growth, differentiation and proliferation 15. 

Activation of the Hippo pathway results in suppression of gene expression through its 

downstream effector, the YAP-TEAD complex as well as suppression of the canonical Wnt 

signaling through the β catenin (CTNNB1)-TCF7L2 transcriptional machinery 15-17. 

Collectively, these cell-signaling events impart transcriptional changes that regulate cell 

growth, proliferation, and differentiation, leading to phenotypic expression of AC 15.

MicroRNAs (miRNAs) are small 22 nucleotide molecules that regulate gene expression and 

impact various biological processes, including cardiac hypertrophy, myocytes 

differentiation, and proliferation. 18-20. MiRNAs are largely “nudgers and tweakers of 

genome management” as their effects on transcript levels, by-and-large, are modest 21. 

Because of multiplicity of their targets, however, miRNAs influence various molecular 

networks and biological processes 20, 22-30. MiRNAs are also targets of various signaling 

pathways, including Hippo and the canonical Wnt pathways, which are implicated in 

AC 20, 22-2930. Moreover, miRNAs are implicated in the pathogenesis of heart failure, 

fibrosis and adipogenesis 18, 31-33, phenotypes typically observed in patients with 

cardiomyopathies 2-4. Thus, we hypothesized that miRNAs are also involved in the 

pathogenesis of AC. To test this hypothesis, we screened for the differentially expressed 

miRNAs and characterized functional and biological effects of the most down-regulated 

miRNA in HL-1 and cardiac mesenchymal progenitor cells.
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METHODS

An expanded version of Material and Methods is provided as Online Supplementary 

Material.

Recombinant viral constructs

Recombinant lentiviruses were generated as published 15. The miR-Zip vector contained 

shRNAs positioned in tandem with a GFP expression cassette downstream to an H1 

promoter. MiR-184 over-expression vector contained a 500bp genomic fragment of miR-184 

in the miR-Express vector. Commercially available lentiviruses expressing shRNAs against 

target transcripts and pre-packaged recombinant adenoviral constructs were used. HL-1 cells 

at 70-90% confluence were transduced with the recombinant viruses. Transduction 

efficiency was determined by detecting the GFP signal under fluorescence microscopy, 

FACS analysis, and quantification of the target transcript levels.

Suppression of expression of PKP2 in the HL-1 cells

Two independent PKP2-deficient HL-1 lines (HL-1Pkp2-shRNA) were established using two 

different shRNAs, as published 15. Knock down of Pkp2 mRNA and PKP2 protein levels 

were detected by qPCR and immunoblotting (IB), respectively.

Isolation of cardiac myocytes and mesenchymal progenitor cells (MPCs)

To isolate cardiac myocytes explanted hearts were perfused with a Ca2+ free perfusion buffer 

and subjected to digestion in a collagenase buffer. Myocytes were dissociated and gravity 

precipitated in the presence of 200 mM ATP and centrifugation at 20 g. The isolated 

myocytes were re-introduced to increasing concentrations of calcium at a final concentration 

of 1.5 mM of CaCl2 and placed in culture dishes or cover glasses coated with laminin.

Cardiac MPCs were isolated by sorting of non-myocyte fraction of cardiac cells against anti 

CD44 and anti platelet-derived growth factor α (PDGFRA) antibodies, per published 

protocols 34-36.

Mouse models of AC

Myh6:JupTr mice have been published 16, 37, 38. To knock down Pkp2 gene in the heart, an 

shRNA targeting the Pkp2 mRNA (position 1154-1174) was cloned into the U6-LoxP-Neo 

vector 39, 40. Nkx2-5:Cre deleter mice was used to remove a LoxP neo cassette and 

conditionally activate expression of the shRNA against Pkp2 mRNA (Pkp2shRNA) in the 

cardiogenic lineage 41.

MicroRNA expression profiling

Expression profile of miRNAs was determined using TaqMan low-density (TLDA) 

microfluidic cards (Rodent miRNA v3.0 Card A and Card B Applied Biosystems). The 

panels contain a total of 750 mature miRNAs of which 641 are annotated and curated in the 

mouse genome. Mouse small nucleolar RNA (MammU6) was used for data normalization 

and relative quantification, as it was spotted 3 times in each card, as opposed to other 

controls. In brief, aliquots of RNA isolated from the HL-1 and HL-1Pkp2-shRNA cells from 
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two independent experiments were reverse-transcribed into cDNAs and amplified by 

quantitative PCR (qPCR). MiRNAs with Ct values of greater than 35 were excluded.

IB and Immunofluorescence (IF) staining

IB and IF were performed per the conventional methods 15, 36. The list of the primary and 

secondary antibodies used is provided in Online Table I.

In situ hybridization

In situ hybridization was performed per a published protocol 42. In brief, thin myocardial 

sections were hybridized with a 5’ and 3’ dual DIG-labeled detection probe against miR-184 

or a control scrambled probe. Sections were washed in PBS following overnight 

hybridization, mounted, and examined under light microscopy.

Quantitative PCR

Total RNA (including miRNA) was extracted and reverse transcribed. MiRNAs were 

amplified using specific TaqMan gene expression assays and TaqMan MicroRNA assays 

(Online Table I). Gapdh and snoRNA202 transcript levels were used for normalization for 

mRNA and miRNA levels, respectively. 2ΔΔCt method was used to calculate the normalized 

gene expression values.

MicroRNA targets and miRNA-mRNA pairing

Global gene expression patterns were determined by whole transcriptome sequencing (RNA-

Seq), as published 15. Predicted miR-184 targets were identified using miRWalk online 

software (www.umm.uni-heidelberg.de/apps/zmf/mirwalk/). Genes that were identified as 

targets in at least 2 different databases were analyzed. MiRNA-mRNA pairing was carried 

out using the Ingenuity Pathway Analysis (IPA) software (www.ingenuity.com). All putative 

targets of miR-184 were identified using the miRwalk and IPA software. Targets that were 

identified by at least 2 programs and had a seed length of 6 nucleotides or longer were 

included for further analyses. The candidate target mRNAs and differentially expressed 

mRNAs were matched and those mRNAs that had a minimum FPKM value of 1 in at least 

one sample and showed a reciprocal expression to its corresponding miRNA were 

considered as targets. Finally, target gene expression cutoff was set at 1.2 fold expression 

and the q value at 0.05. To examine the potential biological significance of paired changes, 

gene ontology over-representation analysis, upstream regulator, and canonical pathway 

analyses were performed using IPA.

Adiogenesis network analysis

A protein functional association network was constructed for miR-184 targets that were 

involved in adipogenesis, namely, AGPAT1, AGPAT3, NCOA1, and PPARGC1B using the 

STRING online tool. The medium confidence score for interaction was set at 0.4 and the 

option for all active prediction method was included. Direct interactions are depicted as 

colored nodes in the Network. Gene that are identified as members of the network and were 

found to be upregulated in the HL-1Pkp2-shRNA cells in RNA-seq data were further validated 

to build a miR-184 target network for adipogenesis.
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Adipogenesis

Induction and quantification of adipogenesis in the HL-1 cells and MPCs cells were as 

described 15. In brief, ~5 ×104 HL-1 cells or MPCs were treated with an adipogenesis 

induction medium for 7 to 14 days. Quantitative PCR and IB were used to quantify 

transcript and protein levels of selected genes that regulate adipogenesis, respectively. 

Accumulation of fat droplets was assessed by Oil Red O staining and expression of 

adipogenic transcription factors CEBPA, and PPARG expression by IF.

Activation and suppression of selected signaling pathways

To determine the effect of activation of the E2F signaling pathway on miR-184 levels, HL-1 

cells were transduced with recombinant adenoviruses expressing CCND1. Likewise, a 

siRNA construct was used to target retinoblastoma (RB1), an inhibitor of E2F1 pathway. 

Control viruses and viruses expressing no-target (NT) or scrambled shRNAs and non-

targeting siRNAs were included as controls.

To activate the canonical Wnt signaling, cells were treated with Wnt-3A at 40, 80, and 120 

ng/mL for 24h. To suppress the canonical Wnt signaling pathway, HL-1 cells were 

transduced with recombinant lentiviruses expressing shRNA against Tcf7l2 
(Lenti:Tcf7l2shRNA). Activation or suppression of the canonical Wnt signaling pathway was 

also confirmed by quantifying protein levels of TCF7L2, mRNA levels of Axin2 and Ccnd1 
and by a Tcf7l2-luciferase reporter assay.

To activate gene expression through the Hippo pathway, HL-1 cells were treated with 1uM 

of 1-Oleoyl lysophophatidic acid (LPA) for 1, 2 and 4h. To suppress gene expression 

through the Hippo pathway, cells were transduced with the recombinant lentiviruses 

expressing an shRNA against Yap (Lenti:YapshRNA). Activity state of the Hippo pathway 

was confirmed by quantifying levels of YAP protein by IB, mRNA levels of target 

transcripts Ctgf and Cry61 by qPCR and a TEAD luciferase assay.

DNA methylation assay

To determine whether suppression of miR-184 was a consequence of DNA methylation-

dependent epigenetic silencing of the locus, the genomic sequence upstream of the pre-

miR-184 transcription start site was analyzed for the presence of CpG rich regions. Using 

EMBOSS Cpgplot (http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/) 15 CpG sites with 

observed/expected ratio of > 0.60, located 500-800 bp upstream to the pre-miRNA start site, 

were identified. This region was used for DNA methylation analysis by bisulfite conversion, 

cloning and sequencing of individual clones. Genomic DNA was extracted from the HL-1 

and HL-1Pkp2-shRNA cells, treated for bisulfite conversion, and PCR amplified using primers 

specific to the miR-184 upstream region (Online Table I). PCR products were cloned using a 

TA cloning strategy, and then sequenced. Methylation of CpG sites was analyzed using 

QUMA online tool (http://quma.cdb.riken.jp/).

To determine effects of DNA methylation, Dnmt1 was knocked down using recombinant 

lentiviruses expressing respective shRNAs, as described above.
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Statistics

Data were presented as mean ± SD. Differences in the continuous variables between the two 

groups were compared by t-test or Mann-Whitney U test and among multiple groups by one-

way ANOVA. Whenever applicable, multiple groups Dunnett’s corrected p values for 

pairwise comparisons were presented. Differences among the categorical values were 

compared by Kruskall-Wallis test. Statistical significance for methylation at each CpG sites 

was calculated by Fisher exact test (QUMA online tool).

RESULTS

Differentially expressed miRNAs in PKP2-deficient HL-1 (HL-1Pkp2-shRNA) cells

Two independent lines of HL-1Pkp2-shRNA were generated using two different sets of 

shRNAs that target Pkp2 transcript (Figure 1A). Quantitative PCR showed reduced Pkp2 
mRNA levels by 3.7±0.5 -fold (shRNA#1, N=6, p<0.001) and 2.4±0.4 -fold (shRNA#2, 

N=5, p<0.001), as compared to control HL-1 cells (Figure 1B). Likewise, PKP2 protein 

levels were reduced by 81.1±10.4% (shRNA#1, N=5, p<0.0001) and 77.8±15.6% 

(shRNA#2, N=5, p<0.0001), as compared to control cells (Figure 1C, D).

To identify differentially expressed miRNAs in the HL-1Pkp2-shRNA cells, miRNAs were 

screened using TLDA microfluidic panels comprising 641 unique miRNAs. A total of 292 

miRNAs were expressed in the HL-1 cells at a threshold Ct value of ≤35. Thirty-one 

miRNAs were upregulated, 28 downregulated, and 233 were unchanged in the 

HL-1Pkp2-shRNA cells as compared to control HL-1 cells (Figure 1E, F, and Online Table II).

MiR-200b, miR-487b, and miR-429 were the most upregulated while miR-184 and miR-881 

were the most downregulated miRNAs (Figure 1F). MiR-184, an independently transcribed 

miRNA, was the most down-regulated miRNA in both lines of HL-1Pkp2-shRNA cells (Figure 

1E, F, and G). It was reduced by more by ~ 14-fold (N=24, p<0.0001). Likewise, transcript 

levels of miR-881 were reduced by 64.14±19.9% in the HL-1Pkp2-shRNA cells (p<0.0001). 

Quantitative PCR validation of top upregulated miRNAs showed miR-200b levels were 

increased by 7.99±0.27 (N=4, p<0.0001) and miR-429 by 7.98±0.37 (N=4, p<0.0001) in the 

HL-1Pkp2-shRNA cells (Figure 1H). Given robust and consistent down regulation of miR-184 

levels in the PKP2-deficient HL-1 cells and in view of a paucity of data on the biological 

functions of miR-184 in the heart, it was further characterized.

Generation and characterization of an Nkx2.5-Cre:Pkp2shRNA mouse model of AC

To extend the in vitro findings to in vivo models of AC, expression of PKP2, the most 

common causal gene for AC 13, 14, was conditionally knocked down in the mouse heart upon 

expression of an shRNA against Pkp2 mRNA, under the transcriptional regulation of the 

Nkx2-5 locus (Figure 2A). Pkp2 mRNA and PKP2 protein levels were reduced by 41±10 % 

and 54±21%, respectively, in the Nkx2.5-Cre:Pkp2shRNA mice, as compared to wild type 

mice (Figure 2B-D). The Nkx2.5-Cre:Pkp2shRNA mice survived normally but exhibited 

significantly enlarged left ventricle and decreased cardiac systolic function (Online Table 

III). Right ventricular function could not be reliable evaluated by echocardiography. 

Interstitial fibrosis was increased by 2.1±1.2 -fold (Figure 2E, F). Likewise, the number of 
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cells accumulating fat droplets was increased by 5.1±3.5 -fold (N=7, p=0.037) in the hearts 

of Nkx2.5-Cre:Pkp2shRNA mice (Figure 2G, H). The observed phenotype is similar to that in 

the previously described mouse models of AC 16, 37.

Suppressed miR-184 levels in independent mouse models of AC

Expression levels of miRNA-184 were determined by qPCR in the heart of the Nkx2.5-

Cre:Pkp2shRNA, and the Myh6-JupTr mice 37. Levels of miR-184 were reduced by 52±21 % 

in the hearts of 4-week old Nkx2.5-Cre:Pkp2shRNA mice (Figure 2I, N=9, p=0.004) and by 

49±10% (N=6, p=0.0048) in the hearts of Myh6:JupTr mice, compared to age- and sex-

matched wild type mouse hearts (Figure 2J).

Developmental downregulation of miR-184 expression in the heart

In situ hybridization detected expression of miR-184 in E16.5, P3, and P90 hearts (Figure 

3A). MiR-184 was abundantly expressed in the embryonic hearts and exhibited progressive 

downregulation from embryonic to P90 adult hearts (Figure 3A). To further quantify 

miR-184 levels during cardiac myocyte differentiation, its levels were quantified in E16.5, 

P3, P21 and P90 hearts. As shown in Figure 3B, miR-184 levels were about 100-fold higher 

in E16.5 hearts than in P90 adult hearts and were progressively reduced in E16.5, P3 P21 

and P90 hearts (Figure 3B).

Differential downregulation of miR-184 in cardiac myocytes isolated from the Nkx2.5-
Cre:Pkp2shRNA mice

To further corroborate differential expression of miR-184 in AC, cardiac myocytes were 

isolated from P3, P21 and P90 wild type and Nkx2.5-Cre:Pkp2shRNA mice. Levels of Pkp2 
mRNA were reduced by 40 to 50% in cardiac myocytes isolated from the heart of Nkx2.5-

Cre:Pkp2shRNA mice, as compared to wild type mice at all three stages of development 

(Online Figure 1A). MiR-184 levels were the highest in the neonatal (P3) cardiac myocytes, 

intermediary in P21 cardiac myocytes (4-fold reduction from P3 to P21), and the lowest in 

P90 cardiac myocytes (10-fold reduction) (Online Figure 1B). Developmental 

downregulation of miR-184 expression in cardiac myocytes was differential between the 

wild type and the Nkx2.5-Cre:Pkp2shRNA mice, as miR-184 levels were consistently lower 

by approximately 40% in cardiac myocytes isolated from the Nkx2.5-Cre:Pkp2shRNA mice 

in all three development ages, as compared to the corresponding levels in the wild type mice 

(Online Figure 1B).

Expression of miR-184, PKP2, and NKX2-5 in cardiac MPCs

Given that miR-184 was expressed at higher levels in immature cardiac cells and was 

downregulated in mature myocytes, we quantified miR-184 levels in cardiac MPCs, 

identified as Linneg;PDGFRApos:CD44pos cells. Consistent with the higher expression levels 

of miR-184 in the embryonic heart and immature myocytes, miR-184 levels were higher 

(249.4±57.17 –fold) in cardiac MPCs, as compared to isolated P90 cardiac myocytes (Figure 

3C).

To determine whether PKP2 is also expressed in cardiac MPCs, in addition to cardiac 

myocytes, MPCs were isolated from the hearts of wild type mice and stained for the 
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expression of PKP2. Likewise, isolated cardiac MPCs were also stained for the expression of 

NKX2-5, which drives expression of an shRNA against Pkp2 transcript in the Nkx2.5-

Cre:Pkp2shRNA mice. Consistent with our recent data on the expression of desmosome 

proteins in non-myocyte cells in the heart 36, PKP2 as well as NKX2-5 were expressed in 

isolated cardiac MPCs (Figure 3D). Quantitatively 33.45±17.13% of cardiac MPCs express 

PKP2, 30.0 ±5.9% express NKX2-5 and only 21.2±6.3% of MPCs stained for both PKP2 

and NKX2.5 (Figure 3E).

Given heterogeneous expression of PKP2 in cardiac MPCs, to further define the role of 

miR-184 in differentiation of cardiac MPCs to adipocytes, Pkp2 transcript was targeted in 

isolated cardiac MPCs, using 2 sets of lentiviruses expressing distinct Pkp2-specific shRNAs 

(Figure 3F). Knock down of Pkp2 with both shRNAs (85±6.4% with shRNA1 and 

61.2±9.5% with shRNA2) was associated with reduced expression levels of miR-184 

(46±26% and 33.6±27%, respectively) in cardiac MPCs (Figures 3F, G).

Regulation of expression of miR-184 by the E2F1 pathway

To gain insights into the mechanisms responsible for downregulation of miR-184 in the AC 

models, we analyzed differentially expressed transcripts in the HL-1Pkp2-shRNA cells by 

RNA-Seq 15. Pathway analysis led to identification of multiple perturbed signaling pathways 

including the Hippo, canonical Wnt and integrin signaling pathways in the HL-1Pkp2-shRNA 

cells 15. Notable among the target genes was Ccnd1, whose expression was consistently 

reduced by more than 10-fold. CCND1 is a regulatory subunit of cyclin-dependent kinases 4 

and 6, which target retinoblastoma protein (RB1) for inactivation by phosphorylation, and 

hence, removal of the inhibitory effects of RB1 on E2F transcription factors (Online Figure 

II). Thus, a dramatic reduction in Ccnd1 expression is expected to lead to activation of RB1 

and suppression of the E2F1 pathway. In accord with the above, Gene Set Enrichment 

Analysis showed significant downregulation of the E2F1 targets (Figure 4A). Likewise, 

E2F1 target genes were significantly downregulated in the HL-1Pkp2-shRNA cells (Figure 

4B). Consistent with suppressed E2F1 transcriptional activity and reduced CCND1 levels, 

proliferation rate of HL-1Pkp2-shRNA cells was considerably slower, as compared to wild type 

HL-1 cells (Figure 4C).15 To determine whether E2F1 directly regulated expression of 

miR-184, its binding to the promoter region of miR-184 was analyzed by ChIP assay. 

Genomic DNA was precipitated with an anti E2F1 antibody and miR-184 promoter region 

was amplified by PCR. The finding indicated binding of E2F1 transcription factor to the 

promoter region of miR-184 (Figure 4D, E). To further support the role of E2F1 in 

transcriptional regulation of miR-184, expression of RB1, an inhibitor of E2F1, was 

suppressed by siRNA targeting. Suppression of Rb1 expression (3.7±0.6) led to a ~ 2-fold 

increase in miR-184 transcript levels (Figure 4F). In a complementary set of studies, 

HL-1Pkp2-shRNA cells were transduced with recombinant adenoviruses expressing CCND1, 

which activates the E2F1 transcription factor pathway. Over-expression of CCND1 in 

HL-1Pkp2-shRNA cells led to a 1.7-fold increase in the miR-184 transcript levels (Figure 4G).

Effects of the Hippo pathway on miR-184 levels

To determine whether activation of the Hippo pathway, observed in AC 15, was responsible 

for suppressed miR-184 levels, the Hippo pathway kinases LATS1/2 were inactivated, in 
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order to activate gene expression through YAP-TEAD transcription factors, upon treatment 

of the cells with 1 M of LPA for 1, 2, and 4h. Treatment with LPA, increased nuclear 

localization of YAP (Online Figure IIIA, B), TEAD transcriptional activity; as detected by a 

luciferase assay (Online Figure IIIC), and YAP-TEAD target transcript levels (Online Figure 

IIID). However, despite increased YAP-TEAD transcriptional activity, levels of miR-184 

were unchanged (Online Figure IIIE-G).

In a complementary set of studies, the YAP-TEAD complex was transcriptionally inactivated 

upon transduction of the HL-1 cells with Lenti:YapshRNA construct, which expresses an 

shRNA against Yap mRNA. YAP protein levels were reduced by 41% (Online Figure III-H), 

as were the transcript levels of its down stream targets Ctgf and Cyr61 (Online Figure III-I). 

However, despite knock down of the YAP-TEAD transcriptional activity, levels of miR-184 

levels remained unchanged as compared to control non-transduced cells or cells transduced 

with a control shRNA (Online Figure III-J).

Effects of the canonical Wnt signaling pathway on miR-184 levels

To ascertain whether suppressed canonical Wnt signaling was responsible for reduced 

miR-184 levels, the canonical Wnt signaling was activated by treating the HL-1 and 

HL-1PKP2-shRNA cells with 40, 80, and 120 ng/ml of the purified Wnt-3A protein. Activation 

of the canonical Wnt signaling led to a dose–dependent increase in the TCF7L2 luciferase 

activity (Online Figure IVA) and levels of selected canonical Wnt target transcripts Ccnd1 
and Axin2 by 2 to 5 -fold (Online Figure IVB). However, activation of the canonical Wnt 

signaling had no effect on miR-184 levels in the HL-1 cells (Online Figure IVC). Likewise, 

treatment with Wnt-3A increased TFC7L2 luciferase activity (Figure IVD) and levels of the 

established canonical Wnt targets in HL-1Pkp2-shRNA cells (Online Figure IVE). MiR-184 

levels were increased only modestly (1.6-fold, N=5, p=0.06, Online Figure IVF). In a 

complementary set of studies, the canonical Wnt signaling was inactivated upon 

transduction of the cells with a Lenti:Tcf7l2shRNA construct expressing an shRNA targeted 

to Tcf7l2 transcription factor. Lentiviral transduction effectively reduced TCF7L2 protein 

levels by ~ 50% in the HL-1 cells (Online Figure IVG) and the transcripts levels of 

canonical Wnt targets Ccnd1 and Axin2 (Online Figure IVH). However, suppression of the 

canonical Wnt signaling had no discernible effect on the expression levels of miR-184 

(Online Figure IV-I).

Effects of miR-184 on Hippo and canonical Wnt signaling

To determine whether miR-184 was involved in suppression of gene expression through the 

YAP-TEAD and CTNNB1-TCF7L2 transcription factors, HL-1 cells were transduced with 

Lenti-miR-184shRNA or Lenti-pre-miR-184 constructs to knock down or over-express 

miR-184 in HL-1 cells, respectively (Online VA-G). Transduction efficiency was determined 

by flow cytometric analysis of cells expressing the reporter protein GFP (Online Figure VD, 

E). Knock down and over-expression of miR-184 were verified by quantification of miR-184 

transcript levels (Online Figure VF, G). Neither suppression nor increased expression of 

miR-184 had any effects on expression levels of selected targets of the Hippo (TEAD-YAP) 

and canonical Wnt (CTNNB1-TCF7L2) signaling pathways (Online Figure VH, I).
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Epigenetic silencing of the miR-184 locus by hypermethylation

Because activation of E2F1 only partially rescued miR-184 levels and given that modulation 

of the Hippo and canonical Wnt had no significant effect on miR-184 expression, we 

surmised that additional mechanism(s) might contribute to suppressed miR-184 levels in the 

HL-1Pkp2-shRNA cells. The E2F/RB1 complex is known to recruit DNA methyltransferases 

(DNMTs) to gene promoters 43. Given that miR-184 resides in an imprinted locus, regulated 

by methyl-CpG binding domain proteins MBD1 and MeCP2, we determined methylation 

state of miR-184 5’ genomic region. A total of 15 CpG rich regions were identified in the 

upstream regulatory region of miR-184 locus, which were screened for methylation (Figure 

5A). Bisulfite conversion, cloning, and sequencing showed the CpG sites were 

predominantly unmethylated in the control HL-1 cells (Figure 5B). In contrast, the vast 

majority of the CpG sites were hypermethylated in HL-1Pkp2-shRNA cells (Figure 5C). On 

average, HL-1 cells showed 23% CpG methylation in miR-184 regulatory region, in contrast 

to 90% CpG methylation in the HL-1Pkp2shRNA cells (Figure 5D). All the 15 identified CpGs 

showed greater hypermethylation in the HL-1Pkp2shRNA cells (Online Table IV).

To further validate the role of CpG methylation in miR-184 expression, control HL-1 and 

HL-1PKP2-shRNA cells were treated with the nucleotide analogue, 5-aza-2′-deoxycytidine (5-

azaD) for 5 days. Treatment with 5-aza-D increased miR-184 levels in the control HL-1 and 

HL-1PKP2-shRNA cells. However, the magnitude of induction was greater in the 

HL-1PKP2-shRNA, as compared to control HL-1 cells (2.4±0.2 -fold vs. 1.8±0.1 -fold, 

respectively, N=3, p=0.004, Figure 5E). Nevertheless, despite increased expression of 

miR-184 upon treatment with 5-azaD, its level in the HL-1PKP2-shRNA cells remained 

reduced as compared to the controls HL-1 cells, indicating a partial rescue.

To delineate the mechanism(s) responsible for hypermethylation of the CpG site in the 5-

genomic region of miR-184, we analyzed recruitment of DNMT1 to the promoter region of 

miR-184 by ChIP assay. As shown in Figure 5F, genomic fragment of miR-184 was 

precipitated with an anti DNMT1 antibody and the magnitude of the precipitated DNA was 

greater in HL-1PKP2-shRNA cells as compared to wild type HL-1 cells (Figure 5G, 2.1±0.8 -

fold, p=0.0.17). To further substantiate the role of DNMT1 in suppression of miR-184 

levels, DNMT1 was targeted by recombinant lenti-viruses expressing an shRNA against 

Dnmt1 transcript. Knock down of Dnmt1 by shRNA led to increased miR-184 levels (Figure 

5H and I, 1.6±0.2 -fold, N=4, p=0.03).

Integrated miRNA-mRNA analysis

To delineate biological significance of downregulation of miR-184 in AC models, and 

considering pleiotropic targeting of multiple mRNAs by a single miRNA, we performed a 

pairwise analysis of miR-184 and the differentially expressed mRNA targets in the 

HL-1PKP2-shRNA cells (Figure 6A, B). Only mRNA transcripts that met the target selection 

criteria were curated. Pairing of miR-184 and its known and predicted target mRNAs led to 

identification of 145 genes, whose expression levels were increased by 1.2-fold and 40 genes 

whose expression levels were increased by at least 2-fold (Figure 6C). Gene ontology over-

representation analysis (Figure 6D) identified mRNA clusters that were enriched for cellular 

death and survival (51 transcripts), growth and differentiation (51 transcripts), and cellular 
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development (11 transcripts). MiR-184 target genes involved specifically in cellular 

differentiation were further curated and their sub-cellular localization map is depicted in 

Figure 6E.

MiR-184 and transcriptional switch to adipogenesis

Pathway analysis of paired miR-184 and its mRNA targets also identified networks of genes 

involved in lipid biosynthesis (Figure 7A). Analysis of target transcripts in the networks 

showed upregulation of more than a dozen genes involved in lipid biosynthesis in the 

HL-1PKP2-shRNA as compared to the control cells (Figure 7B). Agpat1, Agpat3, Ncoa3, 

Ppargc1b, Dgat1, Dgat2, and Lpl, regulators of lipid biosynthesis, were upregulated by 2- to 

4-fold (Figure 7B). Upregulation of a selected number of genes in the lipid biosynthesis 

networks was also validated by qPCR (Figure 7C). Moreover, expression of the adipogenic 

transcription factor PPARG was increased and fat droplets were accumulated in the 

HL-1Pkp2-shRNA cells (Figures 7D-G). Knockdown of Pkp2 in MPCs also led to enhanced 

adipogenesis, as evidenced by increased number of cells expressing CEBPA (Figure 7H and 

J) and accumulating fat droplets (Figure 7I and K).

To determine whether the adipogenic genes identified in the pairwise miR-184-mRNA 

analysis were directly targeted by miR-184, the 3’ untranslated regions (3’UTR) of the 

candidate genes were analyzed for the presence of miR-184 seed sequence. The 3’ UTR of 

Agpat3, Ncoa3, Ppargc1b and Dgat1 are conserved in mouse and human and were aligned 

with miR-184 seed sequence (Online Figure VI).

To validate the findings experimentally, HL-1 cells were transduced with recombinant 

lentiviruses expressing either an shRNA against miR-184 (Lenti:miR-184shRNA) or pre-
miR-184, to suppress or increase miR-184 levels, respectively (Online Figure V). 

Suppression and over-expression of miR-184 was confirmed by qPCR (Figure 7L). Knock 

down of miR-184 was associated with increased transcript levels of Agpat1 and Agpat3 
(Figure 7M). In contrast, over-expression of miR-184 was associated with a modest but a 

significant decrease in the transcript levels of Agpat1 and Agpat 3 (Figure 7M). However, 

knock down and over-expression of miR-184 did not affect Ncoa3 and Ppargc1b transcript 

levels, suggesting that mRNAs of these two genes were not directly targeted for degradation 

by miR-184 (Figure 7M).

Effects of miR-184 on adipogenesis

To further substantiate the causal role of miR-184 in adipogenic differentiation, expression 

of adipogenic markers and accumulation of fat droplets were analyzed after suppression and 

over-expression of miR-184 in HL-1 cells and cardiac MPCs (Figure 8). Knock down of 

miR-184 (Figure 8A) increased transcript levels of Agpat1 (24% increase, N=3, p=0.001), 

Agpat3 (20% increase, N=3, p=0.007), Pparg (2.1±0.6 -fold, N=4, p=0.002), and Fabp4, a 

downstream target of PPARG (4.1±3.1 -fold, N=4, p=0.02) in HL-1 cells (Figure 8B). 

Knock down of miR-184 in cardiac MPCs (Figure 8C) also had similar effects on the 

transcript levels of the above adipogenic genes (Figure 8D). In contrast, over-expression of 

miR-184 had the opposite effects in both HL-1 cells and cardiac MPCs (Figure 8C and D). 

Immunofluorescence staining of HL-1 cells and cardiac MPCs for the expression of 

Gurha et al. Page 11

Circ Res. Author manuscript; available in PMC 2017 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adipogenic transcription factors PPARG and CEBPA showed increased and decreased levels 

of the adipogenic transcription factors upon knock down and over-expression of miR-184, 

respectively (Figure 8E-H). Finally, suppression of expression of miR-184 was associated 

with increased accumulation of fat droplets in HL-1 cells and in cardiac MPCs, while over-

expression had the opposite effects (Figure 8I-L).

Rescue of adipogenesis upon over-expression of miR-184 in PKP2-deficient HL-1 cells

To rescue enhanced adipogenesis in the HL-1PKP2-shRNA cells, cells were transduced with 

the Lenti:pre-miR-184 construct to over-express miR-184 (Figure 9A). Expression of 

miR-184 was evaluated by qPCR, FACS sorting of GFP+ cells, and quantification of 

miR-184 target transcript levels (Figure 9B-D). As shown in Figure 9A, overexpression of 

miR-184 was associated with a significant reduction in the transcript levels of Pparg 
(25±10%, N=5, p=0.008), Fabp4 (25±7%, N=5, p=0.02), Agpat1 (28±9%, N=5, p=0.0002) 

and Agpat3 (25±7%, N=5, p=0.0005). Likewise, the number of cells that contained fat 

droplets was decreased upon over-expression of miR-184, as compared to non-transduced 

HL-1PKP2-shRNA cells (25±3% vs. 17.6±4%, respectively, N=3, 200 cells per group per 

experiment, p=0.01, Figure 9E, F). Moreover, over-expression of miR-184 reduced the 

number of PPARG expressing HL-1Pkp2-shRNA cells (18.43±2.5 vs 14.37±1.5%, N=5, 

p=0.045, Figure 9G, H). Overexpression of miR-184 only attenuated and did not completely 

rescue enhanced adipogenesis in the PKP2-deficient cells, as the number of cells with fat 

droplet remained greater in the transduced HL-1PKP2-shRNA cells as opposed to the non-

transduced control HL-1 levels (25±3 % vs. 5.4±1.0%, respectively, N=5, p=0.001).

DISCUSSION

The findings of the present study implicate miR-184, whose expression is progressively 

reduced in cardiac myocytes during cardiac development, in the pathogenesis of enhanced 

adipogenesis in PKP2-deficient cells. Levels of miR-184 were markedly reduced in in vitro 

and in vivo models including a new Pkp2-knock down mouse model of AC. The 

mechanisms responsible for downregulation of miR-184 levels included suppression of the 

E2F1 pathway, which regulates miR-184 expression upon binding of E2F1 to its 5’ genomic 

region (Online Figure II). In addition, recruitment of DNMT1 leads to epigenetic silencing 

of the miR-184 locus upon hyper-methylation of the CpG rich regions. Downregulation of 

miR-184 levels was associated with upregulation of its target genes involved in cell death, 

growth, proliferation, and differentiation. Notable among the perturbed pathways was 

upregulation of genes involved in lipid synthesis and enhanced adipogenesis. Over-

expression and knock down of miR-184 suppressed and enhanced adipogenesis, 

respectively, in HL-1 cells and cardiac MPCs. These findings collectively implicate miR-184 

in the pathogenesis of excess adipogenesis in PKP2-deficient cells.

MicroRNA profiling and the mechanistic studies were performed in the HL-1 cells and 

selected findings, including the effects of miR-184 on adipogenesis, were confirmed in 

cardiac MPCs. The approach was in keeping with the higher expression levels of miR-184 in 

cardiac MPCs and murine embryonic hearts, as opposed to mature cardiac myocytes, which 

expressed miR-184 at low levels. Moreover, adult cardiac myocytes are terminally 
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differentiates cells with limited, if any, capacity for fate switch. In contrast, MPCs have the 

potential to differentiate to different lineages and been identified as a cell source of 

adipocytes in AC 36, 44. Nevertheless, despite demonstration of the role of MiR-184 in 

regulating cell fate in two different cell types, the findings merit testing in in vivo models, in 

order to determine contributions of miR-184 to adipogenesis in AC.

The study by no means is designed to identify all differentially expressed miRNAs or 

mRNAs in the PKP2-deficient cells or mouse models of AC. The small sample size in the 

miRNA screening study is expected to lead to under-detection of differentially expressed 

miRNAs as well as mRNAs (type II statistical error). Nevertheless, differential expressions 

of the candidate miRNAs, including miR-184, and mRNAs of interest were verified by 

qPCR in multiple sets of independent experiments. Differentially expressed miRs and 

mRNA were detected upon comparing the PKP2-competent and PKP2-deficient cells but not 

PKP2-deficient HL-1 cells and cells transfected with an NT-shRNA vector. The latter had no 

discernible effects on the transcript levels of selected miRs and mRNAs.

The current gene transfer and genetic engineering methods do not afford the opportunity to 

manipulate expression of miR-184 in the subset of CD44pos/PDGFRApos/NKX2-5pos 

cardiac MPCs specifically and efficiently in order to assess in vivo phenotypic effects of 

manipulation of miR-184 levels. Moreover, it is also not feasible to isolate and further 

characterize the CD44pos/PDGFRApos/NKX2-5pos cells in vitro. Consequently, the 

relevance of the mechanistic studies, performed in cell culture systems to in vivo models and 

human AC remains to be determined. Additional studies in in vivo models would be needed 

to delineate the role of miR-184 in the pathogenesis of AC.

MiR-184, an evolutionary conserved intergenic single-copy miR, was the most differentially 

expressed miRNA in two independent lines of HL-1Pkp2-shRNA cells. PKP2 levels were 

reduced similarly between the two lines. Hence, a dose-dependent effect of PKP2 

suppression on miR-184 levels could not be determined. The initial studies were performed 

in the HL-1 cells and the findings provided the impetus for generation and characterization 

of the Pkp2-deficient mice. Ab initio studies in cardiac MPCs are considered more pertinent 

and aligned with the working hypothesis. MicroRNA-184 was also downregulated in cardiac 

myocytes isolated from the AC models and in two independent mouse models of AC, 

including the new Nkx2.5-Cre:Pkp2shRNA and the established Jup transgenic (Myh6:JupTr) 

mouse models 37. Whether mechanisms similar to those observed in the PKP2-deficiency 

models are also responsible for downregulation of miR-184 in the heart in the Myh6:JupTr 

mice remain to be determined. Several other miRNAs were also dysregulated in the 

HL-1Pkp2-shRNA cells. However, among the most dysregulated miRNAs, expression of 

miR-184 was consistently suppressed in the HL-1 cells and mouse models. The magnitude 

of reduction was greater in the HL-1Pkp2-shRNA cells by about 16-fold as compared to ~ 2-

fold reduction in the heart of the genetic mouse models. Milder reductions in the heart of 

transgenic models likely reflect cellular heterogeneity of the heart, expression of miR-184 

only in a subset of cardiac cells, and downregulation of miR-184 levels in the adult heart. 

Knock down of the Pkp2 gene under transcriptional regulation of the Nkx2.5 locus 

predominantly deletes Pkp2 in cardiac myocytes. NKX2-5 and PKP2, despite being 

predominantly expressed in the cardiac myocyte lineage, are also expressed in non-myocyte 
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cells in the heart, including a subset of cardiac MPCs, as shown in the present and previous 

studies 36. Such cellular heterogeneity in the expression of the key molecules relevant to the 

pathogenesis of AC may account for the discrepancy in the magnitude of reductions of 

miR-184 levels in vitro and in vivo models. Nevertheless, the findings are in agreement with 

the notion that only a subset of cardiac progenitor cells differentiates to fibro-adipocytes in 

AC 2, 36, 45.

In view of a more pronounced reduction of miR-184 levels in the HL-1Pkp2-shRNA cells, 

phenotypic effects and the mechanistic studies were performed primarily in the HL-1 cells 

and subsequently in cardiac MPCs, surmising that the in vitro studies would provide a more 

sensitive platform for delineating the underpinning mechanisms than studies performed on 

the whole heart. These data are in keeping with our hypothesis that it is a subset of cardiac 

progenitor cells and not mature cardiac myocytes that differentiate to adipocytes in 

AC 2, 37, 38, 45. To strengthen the evidence for the observed effects, the biological effects of 

miR-184 were analyzed by complementary methods of over-expression and knock down 

approaches in two independent cell types. Phenotypic consequences, including adipogenesis 

were detected by independent complementary methods, such as qPCR of the genes involved 

in lipid biosynthesis, immunofluorescence staining for adipogenic transcription factors, and 

Oil Red O staining of fat droplets. Collectively, the findings provide strong evidence for the 

role of miR-184 in the pathogenesis of AC.

In accord with targeting of multiple mRNAs by a single miR, and hence, phenotypic 

pleiotropy of each miRNA, miR-184 is also implicated in various biological processes, 

notable among them cell lineage specification 46-48. Suppression of miR-184 has been 

associated with reduced cellular proliferation, clonal expansion and differentiation of several 

progenitor and precursor cells 46-48. Consistent with the role of miR-184 in cell fate 

determination, suppressed expression of miR-184, whether upon shRNA-mediated targeting 

or indirectly upon knock down of PKP2, was associated with a transcriptional switch to 

adipogenesis and enhanced fat accumulation. At the molecular level, genes encoding 

AGPAT1 and AGPAT3, which convert lysophosphatidic acid (LPA) into phosphatidic acid 

(PA) in lipid biosynthetic pathways, were identified as novel targets of miR-184 49. In 

accord with these findings, over-expression of AGPAT1 is shown to increase fatty acid 

uptake, triacylglycerol production, and accumulation of fat droplets in the 3T3-L1 and 

C2C12 cells 50. Likewise, Ncoa3 and Ppargc1b, which have prominent roles in adipogenic 

differentiation, along with several other adipogenic genes were up regulated upon knock 

down of PKP2. Transcriptionally, miR-184 targets Numbl, Sox17, Ncor2, and Akt2 are 

known to regulate cellular differentiation 47, 51. In view of multiplicity of miRNA targets, 

the phenotype consequent to down-regulation of miR-184 in HL-1Pkp2-shRNA cells or cardiac 

MPCs is the collective effects of changes in the expression levels of multiple targets and not 

a single target. The pleiotropic of effects hinders from manipulation a single miR-184 target 

as a means of phenotypic rescue. Consequently, the rescue experiments were performed 

upon over-expression of miR-184 in the HL-1Pkp2-shRNA cells, which exhibit suppressed 

miR-184 levels. Collectively, the new findings along with the existing data support a role of 

miR-184 as a homeostatic balancer of proliferation and differentiation.
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The effect size of miR-184 on the levels of its target transcripts were relatively modest, a 

finding that is consistent with the established role of miRNAs as “nudgers and tweakers of 

genome management” 21. These subtle changes in gene expression and phenotype are 

inherent to miRNA regulatory networks that are not only dependent on the changes in 

miRNA concentration, but also stoichiometric amounts of its target. Furthermore, miRs in 

general behave as a temporal agent to control targets or signaling networks by setting a 

threshold of expression, thus allowing or amplifying a signal in cohort with other 

transcription factors. Accordingly, in a complex phenotype such as AC, the phenotype is the 

consequence of a myriad of molecular changes that occur, including changes in the levels of 

multiple miRNA, as observed in the present study, each contributing to the phenotype and 

none alone is a sole determinant.

MiR-184 is located in an imprinted locus on mouse chromosome 9, and it is repressed upon 

methylation of the CpG rich sequences at its promoter region 47. In accord with the 

epigenetic silencing of the miR-184 locus, the upstream regulatory sites of miR-184 were 

hypermethylated in in the HL-1Pkp2-shRNA cells. DNA methylation-dependent repression of 

miR-184 transcription occurs by binding of methyl-CpG binding protein 1 (MBD1) and 

methyl-CpG protein binding (MeCP2) to the methylated regions 47, 52. Treatment with 5-

azaD and suppression of DNMT1, as well as activation of the E2F1 transcription pathway 

induced expression of miR-184 levels in HL-1 cells. Nevertheless, the magnitude of 

induction was insufficient to normalize the miR-184 levels in the HL-1Pkp2-shRNA cells. 

Failure to completely rescue suppressed miR-184 levels might reflect irreversible epigenetic 

silencing of this locus in the HL-1Pkp2-shRNA cells. Moreover, several other mechanisms that 

were delineated, particularly cell contact regulators, such as integrins, might contribute to 

down-regulation of the miR-184 levels in the PKP2-deficient HL-1 cells, which were not 

studied. The mechanism(s) by which PKP2 impacts methylation of the miR-184 locus is 

likely related to recruitment of DNMT1 by the RB1/E2F1 complex to the 5’ genomic region 

of miR-184 (Online Figure II). The two delineated mechanisms, namely suppression of 

E2F1 and hypermethylation of 5’ genomic region of miR-184 offer a unifying mechanism 

regulated by CCND1, which is markedly suppressed in the AC models 15. CCND1 is a 

regulator of CDK4/6, which target RB1 for inactivation upon phosphorylation and hence, 

gene expression through E2F1 transcription factor (Online Figure II). Consequently, reduced 

CCND1 levels and activation of RB1 might enhance recruitment of DNMT1 to the genomic 

regions 43. Finally, given that PKP2 is known to localize to the nucleus in addition to the 

IDs 53, 54, it is intriguing to postulate a role of the PKP2 in recruitment and assembly of 

DNA Methyltransferases, directly or through interactions with other proteins in the promoter 

complex. As a whole, the findings suggest a primary role for increased CpG methylation, but 

also the involvement of multiple mechanisms including suppression of E2F1 pathway in 

downregulation of miR-184 levels in the HL-1Pkp2-shRNA cells.

Activation of the Hippo pathway and reduced gene expression through its downstream 

effectors YAP-TEAD and the canonical Wnt signaling, which are impaired in the 

HL-1Pkp2-shRNA cells 15, 16, did not significantly influence miR-184 levels. Likewise, over-

expression or knock down of miR-184 did not affect transcriptional activities of these 

pathways. In contrast to a recent report indicating that miR-184 suppresses the canonical 

Wnt signaling in retina 55, over-expression of miR-184 had no discernible effects on the 
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transcript levels of selected canonical Wnt signaling targets in HL-1 cells. By-and-large, 

suppressed expression levels of miR-184 were independent of the Hippo and canonical Wnt 

signaling pathway transcriptional activities in HL-1 cells.

In conclusion, the findings of the present study show pathogenic down regulation of 

miR-184 in PKP2-deficient cells and mouse models of AC. The responsible mechanisms 

include suppression of the E2F1 transcription factor pathway and epigenetic silencing of 

miR-184 genomic locus upon CpG methylation. MiR-184 regulates adipogenesis in HL-1 

cells and a subset of cardiac MPCs that express intercalated disc protein PKP2. The findings 

illustrate a pathogenic role for miR-184 in cellular proliferation and enhanced adipogenesis 

PKP2-deficiency.
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Nonstandard Abbreviations and Acronyms

5-aza-D 5-Aza-2′-deoxycytidine

AC Arrhythmogenic Cardiomyopathy

Agpat1 Acylglycerolphosphate acyltransferase

Agpat3 Acylglycerolphosphate acyltransferase

copGFP Copepod Green fluorescent protein

DAPT N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester

DNMT DNA methyl transferase

FABP4 Fatty Acid Binding Protein 4

FPKM Fragments per kilobase of transcript per million fragments mapped

IDs Intercalated Disc

IPA Ingenuity pathway Analysis

JUP Junction Plakoglobin
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LPA lysophosphatidic acid

MBD1 Methyl-CpG Binding Domain Protein 1

MeCP2 Methyl-CpG Binding Protein 2

MPCs Mesenchymal progentior cells

MiR MicroRNA

PKP2 Plakophilin-2

PPARG Peroxisome Proliferator-Activated Receptor Gamma

RB1 Retinoblastoma 1

RNA-Seq RNA sequencing

ShRNA Short hairpin RNA

TCF7L2 Transcription Factor 7-Like 2 (T-Cell Specific, HMG-Box)

TEAD TEA domain family member (SV40 transcriptional enhancer factor)

TLDA Taqman Low Density Array

YAP Yes-associated protein
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Novelty and Significance

What Is Known?

• Arrhythmogenic cardiomyopathy (AC) is a genetic disease that 

clinically manifests with ventricular arrhythmias, heart failure, and 

sudden cardiac death.

• Pathological hallmark of AC is replacement of cardiac myocytes by 

fibro-adipocytes, particularly in the right ventricle.

• Mutations in genes encoding desmosome (intercalated disk) proteins 

are identified in approximately half of the families with AC.

• PKP2, encoding plakophilin 2, is the most common causal gene for 

AC.

What New Information Does This Article Contribute?

• Knock down of Pkp2 in HL-1 cells led to dysregulation of 59 miRNAs.

• MicroRNA-184 was the most down-regulated, while the miR-200 

family was the most upregulated microRNAs in the Pkp2-knock down 

HL-1 cells.

• Knock down of Pkp2 in the mouse heart was also associated with 

downregulation of miR-184.

• Expression of miR-184 was progressively downregulated during 

cardiac development, being the highest in early embryonic heart and in 

cardiac mesenchymal progenitor cells (MPCs) and lowest in adult 

cardiac myocytes.

• Knock down of PKP2 led to epigenetic silencing of miR-184 through 

increased recruitment of DNA methyltransferase 1 (DNMT1) and 

hypermethylation of the CpG sites at its 5’ genomic region, as well as 

suppression of the E2F1 transcription factor, which regulated miR-184 

upon direct binding to the 5’ genomic region.

• Suppression of miR-184 enhanced and its activation attenuated 

adipogenesis through direct targeting of adipogenic genes in MPCs and 

HL-1 cells.

MicroRNA-184 is a developmentally regulated miR, whose expression is highest in the 

embryonic heart and cardiac MPCs and lowest in adult cardiac myocytes. Developmental 

downregulation of miR-184 is enhanced in PKP2-deficient myocytes. Expression of 

miR-184 is regulated by the E2F1 transcription factor and CpG hypermethylation at its 5’ 

genomic region, which are suppressed and enhanced, respectively in PKP2 deficiency. 

MiR-184 regulates proliferation and adipogenesis in HL-1 cells and cardiac MPCs. The 

findings suggest a role for miR-184 in the molecular pathogenesis of adipogenesis in 
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PKP2 deficiency. The findings set the stage for additional studies in in vivo models and 

humans with AC.
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Figure 1. Differentially expressed miRNAs in AC models
A) Schematic representation of shRNA constructs used to knockdown Pkp2 in the HL-1 

(HL-1Pkp2-shRNA) cells. B) Quantitative PCR (qPCR) analysis of Pkp2 mRNA in HL-1 cells 

expressing two independent shRNAs targeting Pkp2. An shRNA with no targeting site in the 

mammalian genome (NT-shRNA) was used as a control (N=6 per group, p<0.0001 between 

HL-1 and HL-1Pkp2-shRNA1 or HL-1Pkp2-shRNA2, and p=0.27 between non-transduced HL-1 

and HL-1 cells transduced with NT-shRNA by Dunnett’s multiple comparisons test). There 

were no differences in the expression levels of Pkp2 or selected genes including miRNAs 

between the NT-shRNA and HL-1 control cells. Therefore, control PKP2-competent HL-1 

cells were used as control. C-D) Immunoblots (IB) and quantitation graph showing 

suppression of PKP2 protein in the HL-1Pkp2-shRNA cells (N=5 per group, p<0.0001 between 

control cells and cells transduced with shRNA1 and 2 constructs, and p=0.8 for non-

transduced cells vs. cells transduced with the NT-shRNA construct). E) Volcano Plot of 

Taqman low-density array data showing log 2-fold change vs. -log p values for all miRNAs 

in control HL-1 vs. HL-1Pkp2-shRNA cells. MiR-184, the most differentially expressed 

miRNA (16-fold downregulation in the HL-1Pkp2-shRNA cells), is marked. F) Heat Map of 

differentially expressed miRNAs (a 2-fold change cutoff point) between control HL-1 and 
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HL-1Pkp2-shRNA cells. G) Quantitative PCR data showing suppressed miR-184 expression 

levels in two independent lines of HL-1Pkp2-shRNA cells (fshRNA#1 vs. control: 5.86±4.5 -

fold, N=7, p<0.0001 and shRNA#2 vs. control, 14.2±9.2 –fold, N=24, p<0.001) H) 
Quantitative PCR confirming reduced levels of miR-881 and increased levels of miR-200b 

and miR-429 in the HL-1Pkp2-shRNA cells (N=4-6 per group, and all p values <0.001).
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Figure 2. Pkp2 knock down mouse model of AC
A) Schematic representation of the shRNA construct used to knock down PKP2 

conditionally in the mouse heart. B) Quantitative PCR (qPCR) data showing efficient Pkp2 
mRNA knock down in the heart in the Nkx2.5-Cre:Pkp2shRNA mice as compared to wild 

type (WT) control (41±10%, N=19, p<0.0001). C-D) Immunoblots (IB) and quantitation 

graph showing suppression of PKP2 protein in the Nkx2.5-Cre:Pkp2shRNA mice, as 

compared to WT control (54±21%, N=5, p=0.005). E-F) Thin myocardial sections stained 

for Picro-Sirius Red showing increased fibrosis in the Nkx2.5-Cre:Pkp2shRNA mouse hearts, 

as compared to WT mice (2.1±1.1 -fold increase, N=5 WT and 16 Nkx2.5-Cre:Pkp2shRNA 

mice). G-H) ORO stained thin myocardial sections and quantitative data, respectively, 

showing increased number of adipocytes in the heart of Nkx2.5-Cre:Pkp2shRNA mice 

(5.1±3.4 -fold, N=5-7 per group). I and J) Data showing reduced levels of miR-184 in two 

independent mouse models of AC. MiR-184 levels were reduced in the PKP2-deficient mice 

(Nkx2-5-CrePkp2-shRNA, 2.2±0.97-fold, N=8 per group, p=0.0001), and mice expressing a 

truncated junction protein plakoglobin (Myh6:JupTr, 1.99±0.63 -fold, N=6 per group, 

p<0.0001).
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Figure 3. Expression and developmental downregulation of miR-184 in the heart and cardiac 
MPCs
A) In situ hybridization showing expression and progressive reduction in miR-184 levels in 

E16,6, P3 and P90 hearts. B) qPCR data showing progressive downregulation of miR-184 

levels in E16.5, P3, P21 and P90 hearts (N=4-6 per group, p<0.001 for all groups compared 

to E16.5 group, p<0.001 between P90 and E16.5, p=0.002 between P90 and P3, and p=0.1 

between P90 and P21). C) Expression levels of miR-184 in cardiac MPCs showing 

249.4±57.17 -fold higher levels in cardiac MPCs, as compared to adult cardiac myocytes 

(N=5, p<0.0001). D. Expression of PKP2 (green) and NKX2-5 (red) in isolated cardiac 

MPCs, as detected by immunofluorescence staining. E. Quantitative data showing 

33.45±17.13% of cardiac MPC expressing PKP2, 30.0±5.9% expressing NKX2-5, and 

21.2±6.3% expressing both PKP2, NKX2-5. F. Knock down of Pkp2 in cardiac MPCs using 

two independent sets of shRNAs. Pkp2 mRNA levels were reduced by 85±6.4% and 

61.2±9.5% with shRNAs 1 and 2, respectively (N=4 per each set, p<0.0001 for each knock 

down groups compared to non-transduced cells). G. Reduced miR-184 transcript levels upon 

knock down of Pkp2 in two independent lines in cardiac MPCs (N=4, p=0.03, p=0.02 for 

pairwise comparisons between the control and Pkp2-shRNA1 groups, and p=0.10 between 
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control and Pkp2-shRNA1 groups). The control NT-shRNA vector had a backbone identical 

to that in the viral constructs used to suppress Pkp2 expression.
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Figure 4. Regulation of miR-184 levels by E2F1 transcription factor
A) Gene Set Enrichment Analysis (GSEA) of the differentially expressed transcripts 

between wild type HL-1 and HL-1Pkp2-shRNA cells showing a significant enrichment of the 

E2F1 target genes. B) Heat map of E2F enrichment profile showing the predominantly 

downregulated transcripts (false discovery rate (FDR) is set at 0.01). C) Proliferation rate of 

wild type and HL-1Pkp2-shRNA cells, as determined by CellTiter Blue assay. Dotted lines 

show the growth curves at 4 different time points and straight lines the linear regression fit 

depicting slope of each curve (m value). D) Agarose gel electrophoresis photograph showing 

a 160 bp miR-184 5’ genomic region amplified following precipitation of DNA with an anti 

E2F1 antibody in a ChIP assay. E) Quantitative data showing precipitated 5’ genomic region 

of miR-184 relative to input in the ChIP assay. F) Rescue of miR-184 levels upon siRNA-

mediated knock down of RB1 in HL-1 cells. Cells treated with a scrambled siRNA are 

included as controls. As shown Rb1 transcript levels were reduced by 3.7 ± 0.6 –fold 

compared to control non-transfected cells (N=3 per group, p=0.0002). Panel to the right 

depicts increased miR-184 levels by 1.95±0.56 upon knock down of Rb1 (N=3, p=0.024). 

G) Rescue of miR-184 upon over-expression of CCND1, which activates the E2F1 pathway 

and inactivates RB upon phosphorylation by CDK4/6. Levels of Ccnd1 mRNA were 
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increased by 236±85 -fold upon transduction of HL-1 cells with recombinant adenoviruses, 

as shown in the graph to the left (N=3, p<0.001). In accord with increased Ccnd1 levels, 

miR184 levels were changed in a similar direction and increased by 1.74± 0.38 -fold (N=4, 

p=0.005).
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Figure 5. Epigenetic regulation of miR-184 in AC
A) Position of the CpG sites at the upstream regulatory genomic locus of miR-184. B and 
C. Analysis of DNA methylation at the mouse miR-184 locus by sodium bisulfite treatment 

and sequencing of PCR clones from HL-1 (5B) and HL-1Pkp2-shRNA cells (5C). Each row 

represents CpG methylation status of a randomly selected independent clone. D) Bar graph 

showing percent methylation of all CpG site in HL-1 and HL-1Pkp2-shRNA cells. All analyzed 

CpG sites show significant hypermethylation in the HL-1Pkp2-shRNA cells as compared to 

HL-1 cells alone (*p<0.01 and **p<0.001). E) Effects of treatment of HL-1 and 

HL-1Pkp2-shRNA cells with 10μm 5-aza-2′-deoxycytidine (5-azaD) on miR-184 levels 

determined daily. MiR-184 levels were increased after treatment with 5-azaD in both HL-1 

and HL-1Pkp2-shRNA cells at 5 days post aza-C treatment. Magnitude of the induction in the 

HL-1Pkp2-shRNA was greater than that in the HL-1 cells (N=3, p<0.01). F) Photograph of 

agarose gel showing precipitation and amplification of a 160 bp genomic region of miR-184 

with an anti DNMT1 antibody in a ChIP assay. G) Quantitative data from ChIP assay 

showing binding and fold increase in miR-184 5’ genomic region precipitated in ChIP assay 

(N=2). H and I) Rescue of miR-184 levels upon knock down of Dnmt1 transcript by 

4.5±1.4 –fold (N=3, p=0.0001) and increased miR-184 levels (1.6±0.2 -fold, N=4, p=0.03) 

upon knock down of Dnmt1 RNA.
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Figure 6. MiR-184:mRNA paired analysis
A) Volcano plot showing log2 fold change vs. −log10 q values for differentially expressed 

mRNAs levels as quantified by RNA sequencing from HL-1 and HL-1Pkp2-shRNA cells. The 

dotted line shows a q value of < 0.05. B) Volcano plot of differentially expressed miR-184 

targets (red dots) superimposed on volcano plot of the differentially expressed transcripts 

showing miR-184 targets were upregulated in the HL-1Pkp2-shRNA cells. C) Heat plots of 

mRNA transcripts that were up regulated by more than 1.3-fold in HL-1Pkp2-shRNA cells and 

predicted to be the targets of miR-184 by at least 2 different target prediction programs. D) 
Prediction of molecular and cellular functions regulated by the miR-184 targets as 

determined by the Ingenuity Pathway Analysis (IPA). Top 3 functions are listed along with 

their corresponding p values and the number of affected genes. E) Gene network display 

from the IPA analysis of miR-184 targets showing the subcellular distribution and up 

regulation of miR-184 targets involved in cell differentiation.
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Figure 7. Adipogenic genes as targets of miR-184
Protein functional association network, constructed using STRING online tool for paired 

analysis of miR-184 and its mRNA transcripts involved in triglyceride synthesis, including 

Agpat1, Agpat3, Ncoa3 and Ppargc1b. Genes directly targeted by miR-184 are highlighted 

as orange color. B) Heat plot constructed for paired analysis of miR-184 and its mRNA 

target networks involved in adipogenesis, which were upregulated in the HL-1Pkp2-shRNA 

cells. C) Confirmation of increased transcript levels of selected miR-184 targets involved in 

lipid metabolism (N=4) D) IF panels showing expression of nuclear PPARG, an adipogenic 

transcription factor, in the control HL-1 and HL-1Pkp2-shRNA cells 14 days after induction of 

adipogenesis. Corresponding (bottom panel) quantitative data, showing a 2.6±0.16 -fold 

increase in the number of PPARG expressing HL-1Pkp2-shRNA, as compared to the control 

HL-1 cells (N=5, p<0.0001). E) Oil Red O stained panels showing increased lipid 

accumulation in the HL-1Pkp2-shRNA as compared to the control HL-1 cells 14 days after 

induction with an adipogenic medium (4.7± 0.4 -fold higher in the HL-1Pkp2-shRNA, N=6, 

p<0.0001). F, G) Corresponding quantitative data, showing a 2.6±0.16 -fold increase in the 

number of PPARG expressing HL-1Pkp2-shRNA and 4.7± 0.4 -fold higher number of 

HL-1Pkp2-shRNA cells accumulating fat droplets, as compared to the control HL-1 cells (N=4, 
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p<0.0001 and N=6, p<0.0001, respectively). H, I) CEBPA expression and fat droplet 

accumulation in cardiac MPCs and MPCs knockdown for Pkp2 (MPCPkp2-shRNA) after 5 

days of adipogenic induction. J) Quantitative data showing 1.7±0.13 -fold increase in 

number of cells expressing adipogenic transcription factor CEBPA in the MPCPkp2-shRNA 

cells, as compared to control MPCs (N=3,600 cells/group) K) Enhanced fat droplet 

accumulation (1.6±0.23 -fold) in MPCPkp2-shRNA (N=3,800 cells/group) as compared to 

controls. L) Effects of knockdown and overexpression of miR-184 on selected target genes 

involved in adipogenesis. Transcript levels of Agpat1 and Agpat3 were increased by 

approximately 2-fold in HL-1 cells transduced with Lenti:miR-184shRNA as compared non-

transduced HL-1 cells (N=3 per group, p<0.05). Conversely, over-expression of miR-184 

was associated with about 25% decrease in the Agpat1 and Agpat3 mRNA levels (N=3, 

p=0.04), identifying these genes as the targets of miR-184. However, levels of Ncoa3 and 

Ppargc1b were not changed upon over-expression or knock down of miR-184. To avoid 

potential confounding effects of the vector backbones, experiments were repeated with the 

viral constructs that had identical viral backbones in the control NT-shRNA, knock down 

and over-expression groups. Similar results were obtained for changes in the transcript levels 

of selected adipogenic markers in cardiac MPCs (Online Figure VII)
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Figure 8. Effects of knockdown and over-expression of miR-184 on adipogenesis
A-D) Transcript levels of miR-184 and its targets showing knock down 

(Lenti:miR-184shRNA) and over-expression (Lenti:pre-miR-184) of miR-184 in HL-1 cells 

and MPCs isolated from the heart. Levels normalized to non-transduced cells are presented 

as fold change. A) Transduction of HL-1 cells with Lenti:miR-184shRNA construct leading to 

increased transcript levels of several adipogenic genes (Pparg: 2.15±0.56, p<0.05; Fabp4: 
4.1±3.1, p<0.05; Agpat1: 1.3±0.1, p<0.001; and Agpat3: 1.2±0.1, p=0.007), as compared to 

control or the Lenti:NTshRNA groups. In contrast, over-expression of miR-184, upon 

transduction of HL-1 cells with Lenti:pre-miR-184, was associated with decreased transcript 

levels of the adipogenic genes B) Over-expression and knock down of miR-184 levels in 

cardiac MPCs led to changes in the transcript levels of the selected miR-184 target genes, 

similar to those observed in the HL-1 cells. C,D) IF panels showing staining of adipogenic 

transcription factor PPARG and the corresponding quantitation data in HL-1 cells. The 

number of HL-1 cells expressing PPARG was increased by 1.8 ± 0.4 fold in the 

Lenti:miR-184shRNA group, as compared to the control groups. In contrast, over-expression 

of miR-184 was associated with reduced number of HL-1 cells expressing PPARG (average 
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of 200 cells per group, N=3-4, p<0.05). E, F) IF panels show staining for CEBPA and the 

corresponding quantitative data in cardiac MPCs. The number of CEBPA expressing MPCs 

was increased upon knock down of miR-184 (2.03±0.18 fold, N=3, p=0.0002) and decreased 

upon over-expression of miR-184 (~ 200 cells per group, 1.74±0.27 fold N=3, p=0.046). G, 
H) Representative ORO-stained panels and the corresponding quantitative showing 

increased and decreased number of cells accumulating fat droplets in HL-1 cells transduced 

with Lenti:miR-184shRNA and Lenti:pre-miR-184, respectively, as compared to the control 

groups (250 cells per group; N=3, p<0.05). I, J) Knock down and over-expression of 

miR-184 in MPCs was associated with increase (1.35±0.13 -fold, N=3, p=0.02) and 

decrease (2.2±0.4, N=3, p=0.004) fat droplet accumulation, respectively.
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Figure 9. Attenuation of adipogenesis upon overexpression of miR-184 in the HL-1Pkp2-shRNA 

cells
A) Schematic of Pre-miR-184 expression construct showing expression regulation of miR by 

the CMV promoter and GFP by the EF1 promoter. B) Flow cytometry plot depicting GFP 

expressing in HL-1Pkp2-shRNA cells transduced with Non-targeting control (NT-shRNA2) or 

Lenti:pre-miR-184 viruses. C) QPCR analysis of miR-184 levels in HL-1Pkp2-shRNA cells 

transduced with Lenti:pre-miR-184 (N=3, p<0.0001). D) Reduced mRNA levels of Pparg 
(27±10%), Fabp4 (25±12%), Agpat1 (26±13%) and Agpat3 (25±9%) in the HL-1Pkp2-shRNA 

cells transduced with Lenti:pre-miR-184, as compared to the control groups (N=5, p<0.05). 

E and F) Reduced accumulation of fat droplets upon overexpression of miR-184 (Lenti:pre-
miR-184) as detected by Oil Red O (E) and the corresponding quantitative data (F). G-H) IF 

staining and quantitation of cells expressing PPARG in the experimental groups (N=5, 

p=0.043).
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