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Introduction

Vertebrate cardiac myocytes are coupled to each other by a 
mixed or hybrid cell–cell junction complex known as the area 
composita, comprising adherens junctions (AJs), desmosome 
(DSM) proteins, and associated gap junctions (Borrmann et 
al., 2006; Delmar and McKenna, 2010). DSM proteins from 
three different families are present in the area composita in 
cardiomyocytes (CMs; Green and Simpson, 2007; Delmar and 
McKenna, 2010). The transmembrane cadherins Desmoglein-2 
and Desmocollin-2 physically link together in the extracellu-
lar space by calcium-dependent interactions. The desmosomal 
armadillo protein Plakophilin-2 (PKP2) binds to other catenin 
proteins in the complex, such as γ-catenin/plakoglobin (PG) 
and αT-catenin, and serves as a link to the cytoskeletal linker 
protein Desmoplakin (DP), which attaches the complex to the 
desmin intermediate filament network (Goossens et al., 2007; 
Green and Simpson, 2007; Delmar and McKenna, 2010).

PKP2 has a well-established role in maintaining the orga-
nization of DSMs, including the recruitment and stabilization 

of DP into cell–cell junctions (Bass-Zubek et al., 2008; Godsel 
et al., 2010). Because it is the only plakophilin expressed in 
cardiac cells (Gandjbakhch et al., 2011), loss of PKP2 disrupts 
normal area composita formation (Pieperhoff et al., 2008). 
PKP2 knockout mice die during embryogenesis at embryonic 
day (E) 11.5 because of major defects in cardiac development, 
and analysis of the intercalated disk at E10.75 demonstrated 
significant defects in area composita formation (Grossmann et 
al., 2004). In addition to decreased mechanical stability, loss 
of PKP2 causes mislocalization of Connexin43, disruption of 
gap junctions, and decreased sodium current, highlighting the 
interdependence between mechanical and electrical coupling in 
normal CMs (Oxford et al., 2007; Sato et al., 2009). Mutation 
of PKP2 is a common occurrence in arrhythmogenic cardiomy-
opathy (AC), a disorder characterized by disruption of cardiac 
electromechanical junctions and replacement of healthy CMs 
with fibrous and fatty tissue (Syrris et al., 2006; Delmar and 
McKenna, 2010). While these data point to an important role for 
PKP2 in regulating mechanical stability of tissues, recent stud-
ies have highlighted PKP2’s multifaceted functions in regulating  
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different DSM-dependent signaling pathways (Bass-Zubek et 
al., 2009; Chen et al., 2014; Munoz et al., 2014). Importantly, 
loss of PKP2 suppresses β-catenin/YAP signaling, leading to 
an up-regulation of adipogenic gene expression in CMs (Chen 
et al., 2014). In this study, we identify a novel role for PKP2 in 
coordination of a TGF-β1/p38 MAPK signaling cascade that re-
sults in activation of a profibrotic transcriptional program. Loss 
of PKP2 in neonatal CMs increases expression of TGF-β1, a 
potent profibrotic cytokine (Leask, 2007). In response to ele-
vated TGF-β1, activation of the p38 MAPK signaling cascade 
coordinates a transcriptional program, leading to increased ex-
pression of both inflammatory and fibrotic genes in CMs.

Activation of TGF-β1/p38 MAPK signaling is dependent on 
loss of DP expression because restoration of DP expression in a 
PKP2 knockdown (KD) background was sufficient to rescue the 
induction of this signaling cascade. These data are recapitulated 
in vivo, as demonstrated by an increase in TGF-β1 mRNA levels, 
p38 MAPK activation, and fibrotic gene expression in tissue sam-
ples from PKP2 heterozygous mice and a DP conditional knockout 
mouse model. These data therefore identify a novel role for the 
DSM proteins PKP2 and DP in coordinating TGF-β1/p38 MAPK 
profibrotic signaling. In different types of heart disease, excessive 
ECM gene expression leads to fibrosis, a deleterious process lead-
ing to stiffness, scar formation, and CM atrophy (Jellis et al., 2010; 
Krenning et al., 2010; Weber et al., 2013). These findings have 
broad implications for the study of cardiac disease involving both 
mutation of DSM proteins (e.g., AC) and profibrotic transcriptional 
pathways (e.g., dilated/hypertrophic cardiomyopathy).

Results

Loss of PKP2 disrupts area composita 
formation via loss of DP localization 
and stability
To uncover the molecular mechanisms behind the up-regula-
tion of profibrotic signaling in cardiac myocytes, we used a 
well-established cellular model system of cultured neonatal rat 
ventricular CMs. This cellular model has been used success-
fully to investigate altered signaling pathways in cardiac dis-
ease, and parallel studies with transgenic mouse models have 
demonstrated consistent findings between the two approaches 
(Garcia-Gras et al., 2006; Yang et al., 2006). Freshly isolated 
CMs were infected with adenovirus containing either control 
or PKP2 KD constructs, and samples were analyzed 72 h post-
infection. PKP2 is required for maintenance of structural in-
tegrity of cardiac cell–cell junctions, and previous studies have 
characterized the disruption of specific junctional components 
on loss of PKP2 (Grossmann et al., 2004). To confirm these 
results in our model, we analyzed the localization of DSM and 
AJ proteins upon PKP2 KD in CMs. PKP2 KD was confirmed 
by loss of PKP2 staining at cell–cell junctions (Fig. 1 A) and 
also by analysis of protein levels by Western blot (Fig. 1 B). As 
expected from studies in other cell types, PKP2 KD resulted in 
an almost complete loss from cell borders of the cytoskeletal 
linker protein DP, a close binding partner of PKP2. In addition, 
as previously described, loss of PKP2 also caused a reduction 
in junctional Cnx43 staining (Fidler et al., 2009; Sato et al., 
2009). Importantly, loss of PKP2 did not disrupt localization of 
AJ components because staining for β-catenin and p120-catenin 
was not changed upon PKP2 KD. Junctional localization of PG, 
the other DSM armadillo protein expressed in CMs, was not 

majorly perturbed, and its protein expression levels were not 
changed between control and PKP2 KD cells (Fig. 1, A and B).

The protein expression levels of other DSM and AJ pro-
teins were also not affected by loss of PKP2, with one major 
exception. Surprisingly, in addition to loss of junctional lo-
calization, DP protein expression was reduced by 60–70% in 
PKP2 KD CMs (Fig. 1 B). Previous studies in epithelial cells 
have demonstrated that although PKP2 KD causes a reduction 
of DP border localization, its expression levels are not affected 
(Bass-Zubek et al., 2008; Godsel et al., 2010). These data there-
fore indicate an additional, previously unappreciated level of 
regulation of DP by PKP2 that is unique to CMs.

To validate that the observed reduction in DP protein was 
caused specifically by loss of PKP2, we re-expressed V5-tagged 
PKP2 in a PKP2 KD background. Ectopically expressed PKP2 
restored the DP protein levels in these cells (Fig. 1 C). Further, 
we analyzed the solubility of DP by performing a Triton frac-
tionation assay. In control cells, DP’s association with PKP2 
facilitated its cortical recruitment and proper incorporation into 
Triton-insoluble DSMs. PKP2 KD resulted in an increase in the 
amount of DP in the Triton-soluble fraction, consistent with the 
idea that impairing DP’s normal attachment to DSMs destabilizes 
the protein (Fig. 1 D). We also observed an increase in the amount 
of the intermediate filament protein desmin in the soluble frac-
tion, giving further support to the hypothesis that stability of DP 
in cell–cell junctions is compromised on loss of PKP2 (Fig. 1 D).

To investigate the mechanism via which PKP2 regulates 
DP expression levels in CMs, we first analyzed the levels of 
Dsp mRNA. Loss of PKP2 did not reduce Dsp mRNA levels, 
indicating that a transcriptional mechanism for regulating DP 
expression is not involved (Fig.  1  E). We therefore analyzed 
DP protein stability by treating cells with cycloheximide for the 
indicated time points. The rate of degradation of DP upon PKP2 
KD was increased compared with control (Fig. 1 F). Further, the 
loss of DP expression observed in PKP2 KD cells was rescued by 
treatment with a proteasomal inhibitor (MG132), but not a lyso-
somal inhibitor (chloroquine; Fig. 1 G). Collectively, these data 
demonstrate that PKP2 is critical for the stable incorporation of 
DP into cell–cell junctions, loss of which causes an increase in 
DP solubility and subsequent degradation by the proteasome.

PKP2 loss triggers an increase in TGF-β1 
expression and transcriptional signaling
In addition to its adhesive functions, PKP2 has been shown to 
coordinate the activity of different signaling pathways. A com-
mon characteristic of AC is the replacement of healthy myo-
cardium with fibro-fatty deposits. We therefore asked whether 
loss of PKP2 in CMs triggers profibrotic signaling responses. 
TGF-β is a well-known agonist of fibrotic signaling pathways 
and has been shown to regulate the expression of ECM proteins 
in multiple studies (Leask, 2007, 2010; Dobaczewski and Fran-
gogiannis, 2009; Dobaczewski et al., 2011). Determination of 
TGF-β mRNA levels by quantitative real-time PCR (qPCR) re-
vealed a significant increase in the levels of Tgfb1, but not Tgfb2 
or Tgfb3 mRNA (Fig. 2 A). In addition, we detected a signifi-
cant increase in TGF-β1 levels in the supernatant of cultured 
PKP2 KD CMs compared with controls, indicating that loss of 
PKP2 in neonatal CMs induces an increase in levels of secreted 
TGF-β1 (Fig. 2 B). To determine whether loss of PKP2 results 
in elevated TGF-β1 signaling in vivo, we used a PKP2+/− mouse 
model (Grossmann et al., 2004; Cerrone et al., 2012). Analysis 
of total mRNA extracts from samples of mouse hearts showed 
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that haploinsufficiency of PKP2 is sufficient to significantly in-
crease Tgfb1 mRNA levels compared with controls (Fig. 2 C).

The canonical TGF-β signaling pathway involves binding 
of TGF-β ligands to a complex of TGF-β type I and II receptors 
and activation of receptor-SMADS 2 and 3, which activate tran-
scription of target genes (Massagué et al., 2005). To determine 
if increased TGF-β1 expression by CMs results in activation of 
canonical SMAD signaling, we used a SMAD luciferase reporter 
assay in conjunction with noninvasive imaging to analyze lucifer-
ase expression in the same cells over a period of 6 d (Bellis et al., 
2013; Siletz et al., 2013; Aguado et al., 2015). Luciferase activity 
after KD demonstrated a significant increase in SMAD3 activa-
tion in PKP2 KD CMs (Fig. 2 D). Loss of PKP2 also resulted in 
the activation of the transcription factors STAT3 and NF-κB in 

CMs (Fig. 2, E and F; Haghikia et al., 2011, 2014). The activity of 
other transcription factors (e.g., AP1 and MEF2) was not dramat-
ically perturbed, highlighting the specificity in the transcriptional 
response induced by TGF-β1 in PKP2 KD cells (Fig. S1).

Up-regulation of TGF-β1 in PKP2-KD CMs 
activates a p38 MAPK signaling cascade
We next investigated the mechanism by which loss of PKP2 
induces activation of TGF-β–dependent transcription. It has 
been shown that TGF-β can signal to p38 MAPK via TGF-β– 
associated kinase 1 (TAK1; a MAPK kinase [MKK] kinase) and 
MKK3/6 during myocardial infarction in rats (Zhang et al., 2000; 
Matsumoto-Ida et al., 2006). The TAK1–MKK3–p38 MAPK 
cascade is known to be important for TGF-β–induced collagen 

Figure 1.  PKP2 KD in neonatal CMs disrupts area composita formation via loss of DP localization and stability. Freshly isolated neonatal CMs were in-
fected with adenovirus containing either control or PKP2 KD constructs, and samples were analyzed 72 h postinfection. (A) Control (CT) and PKP2 KD CMs 
grown on coverslips were stained for cell–cell junction components, including PKP2, PG, DP, β-catenin, p120-catenin, and Cnx43. PKP2 KD specifically 
results in a major loss of DP and Cnx43 from junctions, but not other junctional markers. Bar, 20 µm. (B) Protein levels of cell–cell junction proteins are not 
perturbed on loss of PKP2, except DP, whose expression is reduced by 60–70%. (C) Re-expression of human V5-tagged PKP2 in rat PKP2 KD CMs rescues 
DP protein levels. A pool of two antibodies was used to analyze PKP2 levels in this experiment (described in Materials and methods). (D) PKP2 KD results 
in an increase in DP solubility, as indicated by a decrease in DP levels in the Triton X-100 (Tx)–insoluble fraction and a concomitant increase in the Triton 
X-100–soluble fraction. Solubility of the intermediate filament protein Desmin is also increased, but solubility of other junctional markers such as β-catenin 
is not affected. Vinculin is included as a loading control. (E) RNA extracted from control and PKP2 KD cells was analyzed for Dsp mRNA levels by qPCR. 
Transcription of DP is not decreased on loss of PKP2 KD in CMs. (F) Control and PKP2 KD cells were treated with cycloheximide (CHX) for the indicated 
times, and samples are blotted for DP and tubulin. Degradation of DP is increased in PKP2 KD cells compared with control, as indicated by quantification 
of DP band intensity (normalized to tubulin) at the various time points. All images and blots shown are representative of three independent experiments.  
(G) Control, PKP2 KD, and PKP2 KD CMs treated with either a proteasomal inhibitor (MG132) or a lysosomal inhibitor (chloroquine) were blotted for DP 
and tubulin (loading control). DP expression in PKP2 KD cells was restored by proteasomal inhibition, but not lysosomal inhibition.

http://www.jcb.org/cgi/content/full/jcb.201507018/DC1
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production (Ono et al., 2003; Kim et al., 2007). Loss of PKP2 in 
CMs increased the activity of sequential members of this MAPK 
cascade, TAK1, MKK3/6, and p38 MAPK (Fig. 3 A). Up-reg-
ulation of this MAPK cascade (and loss of DP expression) was 
recapitulated both in PKP2+/− mouse hearts (Fig. 3 B) and upon 
PKP2 KD in the HL-1 cardiomyocyte cell line (Fig. 3 C).

Activation of p38 MAPK signaling was confirmed by 
immunofluorescence, which revealed a marked increase in 
nuclear accumulation of phosphorylated (active) p38 MAPK 
in PKP2 KD CMs compared with controls (Fig. 3 D). In the 
PKP2 KD condition (but not in the control), we observed that 
a small percentage of cells not expressing the PKP2 KD con-
struct (as indicated by lack of GFP expression) also displayed 
elevated levels of phospho–p38 MAPK (Fig. S2 A). These data 
indicate that PKP2 KD can induce p38 MAPK activation in a 
non–cell-autonomous fashion. Further, because isolations of 
CMs from neonatal hearts can be contaminated with neonatal 
fibroblasts, we costained cells with the CM-specific marker de-
smin. Nuclear phospho–p38 MAPK staining was clearly seen in 
desmin-stained CMs, indicating that activation of p38 MAPK 
occurs in CMs (Fig. S2 B). Additionally, active p38 MAPK was 
rescued on re-expression of PKP2-V5, confirming that this ef-
fect is specific to PKP2 (Fig. 3 E).

Activation of the p38 MAPK signaling 
cascade in PKP2 KD CMs is dependent on 
TGF-β signaling
We next sought to validate the sequential events in this sig-
naling pathway by confirming that activation of p38 MAPK 
is induced by TGF-β signaling. To do this, we used inhibitors 

to TGF-β1 receptor I and TAK1. Inhibition of either TGF-β1 
receptor I (with SB431542) or TAK1 [with (5Z)-7-Oxozeae-
nol] rescued the elevation of MKK3/6 and p38 MAPK phos-
phorylation seen on loss of PKP2 (Fig. 4, A and B). Because 
p38 MAPK signaling has been shown to promote activation 
of some cytokines, we asked whether the observed increase 
in TGF-β1 expression might be a result of p38 MAPK ac-
tivation. Treatment of CMs with the p38 MAPK inhibitor 
SB203580 in a PKP2 KD background did not restore Tgfb1 
mRNA levels, indicating that this effect is upstream of p38 
MAPK activation (Fig. 4 C). In support of these data, stim-
ulation of normal CMs with TGF-β1 ligand was sufficient 
to elevate phosphorylation of both MKK3/6 and p38 MAPK 
(Fig. 4 D). These data establish the autocrine activation of a 
TAK1–MKK3/6–p38 MAPK cascade in response to TGF-β1 
up-regulation in PKP2 KD CMs.

Loss of PKP2 induces inflammatory and 
fibrotic gene expression in CMs
The evidence that p38 MAPK plays a role in cardiac fibrosis 
comes from studies showing that activation of p38 MAPK 
signaling in rat hearts resulted in increased inflammation 
and fibrosis. Importantly, global gene expression studies 
indicated that profibrotic inflammatory mediators were sig-
nificantly up-regulated in p38 MAPK activated hearts (Clerk 
and Sugden, 2006; Tenhunen et al., 2006). We therefore next 
investigated the consequences of increased p38 MAPK activ-
ity in PKP2 KD CMs. Loss of PKP2 resulted in a significant 
increase in mRNA expression of interleukin-1α (Il1a) and 
Ccl12, both of which have been shown to have profibrotic 

Figure 2.  PKP2 loss triggers an increase in TGF-β1 expression and transcriptional signaling. (A) RNA isolated from control (CT) and PKP2 KD CMs were 
analyzed for mRNA levels of the TGF-β genes. Tgfb1 (but not Tgfb2 or Tgfb3) mRNA levels were significantly increased on KD of PKP2. (B). Levels of 
TGF-β1 were analyzed in the cell culture supernatants of control and PKP2 KD cells 72 h after KD by performing a TGF-β1 ELISA. These data indicate a 
significant increase in secreted TGF-β1 on loss of PKP2. (C) RNA isolated from wild-type and PKP2+/− mouse heart tissue were analyzed for mRNA levels 
of Tgfb1. Haploinsufficiency of PKP2 results in a significant increase in Tgfb1 mRNA in vivo. (D–F) SMAD3, STAT3, and NF-κB transcriptional activity was 
followed via luciferase reporter arrays (see Materials and methods). After control and PKP2 KD in 96-well plates, CMs were infected with luciferase reporter 
constructs for SMAD3, STAT3, or NF-κB and luciferase expression followed in the same cells by noninvasive imaging for a period of 6 d. KD of PKP2 
caused a significant increase in transcriptional activity of SMAD3, STAT3, and NF-κB. For all graphs, fold change values from three independent samples 
are represented with error bars indicating SD. *, P < 0.05.

http://www.jcb.org/cgi/content/full/jcb.201507018/DC1


PKP2 regulates TGF-β1/p38 MAPK signaling • Dubash et al. 429

Figure 3.  PKP2 KD results in activation of 
a p38 MAPK signaling cascade. (A) Control 
(CT) and PKP2 KD CMs were blotted for phos-
phorylated forms of TAK1, MKK3/6, and p38 
MAPK, all of which are increased on loss of 
PKP2. (B) Wild-type (WT) and PKP2+/− mouse 
heart samples were lysed and blotted for DP, 
PKP2, tubulin, and phosphorylated forms of 
MKK3/6 and p38 MAPK. Loss of PKP2 ex-
pression results in activation of p38 MAPK in 
vivo, quantified in the graph (right). (C) KD of 
PKP2 in the HL1 cardiomyocyte cell line reca-
pitulates these results, showing an increase in 
phospho-MKK3/6 and phospho–p38 MAPK 
compared with controls. Loss of DP expres-
sion is also demonstrated in this cell line. (D) 
Freshly isolated cultures of control and PKP2 
KD CMs grown on coverslips were stained 
for phospho–p38 MAPK. These data indicate 
an increase in nuclear staining of phospho–
p38 MAPK on loss of PKP2. Bar, 20 µm. (E). 
Re-expression of human V5-tagged PKP2 in rat 
PKP2 KD CMs rescues the increase in phos-
pho–p38 MAPK. A pool of two antibodies 
was used to analyze PKP2 levels in this exper-
iment (described in Materials and methods). 
Quantification of these results across multiple 
experiments are shown in the graph (right). For 
all graphs, fold change values from three in-
dependent samples are represented with error 
bars indicating SD. *, P < 0.05. NRVCM, neo-
natal rat ventricular CM.

Figure 4.  Activation of p38 MAPK in PKP2 
KD CMs occurs via up-regulation of TGF-β1 sig-
naling. (A and B) Control (CT), PKP2 KD, and 
PKP2 KD CMs treated with either a TGFβR1 
inhibitor (SB431542) (A) or a TAK1 inhibitor 
[(5Z)-7-Oxozeaenol] (B) were blotted for phos-
phorylated forms of MKK3/6 and p38 MAPK. 
Inhibition of either TGFβR1 or TAK1 abrogates 
the activation of the downstream kinases MKK 
3/6 and p38 MAPK seen on loss of PKP2. (C) 
Tgfb1 mRNA levels are analyzed in control, 
PKP2 KD, and PKP2 KD cells treated with the 
p38 MAPK inhibitor SB203580. The increase 
in Tgfb1 mRNA levels is not abrogated by in-
hibition of p38 MAPK. (D) Normal CMs were 
treated with TGF-β1 ligand for 4 h, lysed, and 
blotted for phosphorylated forms of MKK3/6 
and p38 MAPK. These data indicate that 
stimulation of CMs with TGF-β1 is sufficient to 
induce activation of the p38 MAPK pathway 
in CMs. All images and blots shown are rep-
resentative of three independent experiments. 
For all graphs, fold change values from three 
independent samples are represented with 
error bars indicating SD. *, P < 0.05.
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effects in different tissues (Brown et al., 2005; Moore et al., 
2006; Souders et al., 2009; Aden et al., 2010; Falkenham 
et al., 2013; Fig. 5 A).

Loss of PKP2 also elevated expression of the ECM com-
ponents fibronectin (Fn1) and collagen (Col2a1 and Col3a1; 
Fig. 5 B). In contrast with fibronectin (FN) and collagen, ex-
pression of elastin (Eln) was decreased in response to PKP2 
KD. This is particularly intriguing because increased matrix 
stiffness has been shown to exacerbate the effects of fibrosis 
in the heart and lungs (Engebretsen et al., 2014; Van Doren, 
2015). Increased expression of FN in PKP2 KD cells was also 
observed by Western blot (Fig.  5  C) and by immunofluores-
cence (Fig. 5 D). Analysis of mouse heart samples indicated 
that haploinsufficiency of PKP2 also results in increased FN 
and collagen expression in vivo (Fig. 5 E). Increased expres-
sion of FN by CMs may indicate these cells are undergoing a 
transition to a mesenchymal phenotype on loss of PKP2. To 
analyze this, we investigated whether PKP2 KD caused an in-
crease in expression of the mesenchymal markers Snail (Snai1), 
Snail-2/Slug (Snai2), and Vimentin (Vim), well known to be up- 
regulated on conversion of cells to a mesenchymal phenotype 
(Muraoka et al., 2014). However, Snai1, Snai2, and Vim mRNA 
were all unchanged compared with control CMs, suggesting 
that a mesenchymal transition is not occurring in these cells on 
loss of PKP2 (Fig. S3).

Abrogation of TGF-β1/p38 MAPK signaling 
in PKP2 KD CMs rescues fibrotic gene 
expression, but not adipogenesis
We next wanted to confirm that increased fibrotic gene ex-
pression seen in PKP2 KD CMs was indeed a result of ele-
vated TGF-β1/p38 MAPK signaling. We therefore analyzed 

the ability of inhibitors of the TGF-β1–p38 MAPK cascade to 
rescue the observed changes in expression of inflammatory/fi-
brotic genes. As expected, treatment of PKP2 KD CMs with 
(5Z)-7-Oxozeaenol curtailed the increase in Ccl12 mRNA 
(Fig. 6 A) and Fn1 mRNA (Fig. 6 B) seen on loss of PKP2. 
Oxozeaenol also rescued the increase in activation of STAT3 
and NF-κB, suggesting that activation of these proinflamma-
tory transcription factors in CMs is regulated by this MAPK 
cascade (Fig. 6, C and D). A previous study demonstrated an 
important role for PKP2 in the control of an adipogenic tran-
scriptional program in CMs (Chen et al., 2014). As previously 
reported, we observed an increase in the adipogenic markers 
Adiponectin (Adipoq) and CEBPα (Cebpa) in CM cultures on 
loss of PKP2 (Fig. 6 E). Because increased fibrotic and adipo-
genic gene expression occurs concurrently in CMs on loss of 
PKP2, we sought to investigate whether there was cross talk 
between these transcriptional programs. Intriguingly, although 
inhibition of TGF-β1/p38 MAPK signaling by treatment with 
small molecule inhibitors was able to rescue inflammatory 
and fibrotic gene expression markers (Fig. 6, A and B), it did 
not curtail the increase in adipogenic genes upon PKP2 KD 
(Fig. 6 E). These data therefore indicate that fibrotic and ad-
ipogenic transcriptional programs occur via independent sig-
naling mechanisms in CMs.

Loss of DP expression also promotes 
activation of TGF-β1/p38 MAPK signaling 
in cardiac cells
Although loss of PKP2 has been shown to dramatically affect 
DP localization in epithelial cells, changes in DP expression 
have not been observed in these cell types. We confirmed these 
previous findings by knocking down PKP2 in normal human 

Figure 5.  Loss of PKP2 induces inflammatory and fibrotic gene expression. (A and B) Freshly isolated neonatal CMs were infected with adenovirus contain-
ing either control (CT) or PKP2 KD constructs, and samples were analyzed 72 h postinfection. RNA isolated from control and PKP2 KD CMs were analyzed 
for mRNA levels of different genes by qPCR. KD of PKP2 in neonatal CMs resulted in a significant increase in mRNA levels of proinflammatory markers 
interleukin-1α (Il1a) and Ccl12 (A) and ECM genes fibronectin (Fn1) and collagen (Col2A1 and Col3a1) (B). Expression of Elastin (Eln) was reduced on loss 
of PKP2. (C) KD of PKP2 results in an increase in FN protein levels, as indicated by quantification of FN band intensity (normalized to GAPDH). (D) Control 
and PKP2 KD CMs were stained with an anti-FN antibody. KD of PKP2 results in an increase in FN expression as indicated by the increase in staining 
intensity of FN by immunofluorescence. Bar, 20 µm. (E) Analysis of RNA from wild-type (WT) and PKP2+/− mouse hearts demonstrated a significant increase 
in expression of fibrotic genes such as Fn1 and Col3a1 on loss of PKP2 expression in vivo. All images and blots shown are representative of three indepen-
dent experiments. For all graphs, fold change values from three or more independent samples are represented with error bars indicating SD. *, P < 0.05.

http://www.jcb.org/cgi/content/full/jcb.201507018/DC1
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epidermal keratinocytes (NHEKs), which did not show any 
changes in either DP mRNA or protein levels compared with 
control cells (Fig. S4). In addition, PKP2 KD in NHEKs did 
not cause an increase in either TGF-β1 mRNA or p38 MAPK 
phosphorylation, consistent with the hypothesis that loss of 
DP expression is a causative factor in activation of this sig-
naling pathway (Fig. S4).

To determine whether loss of DP expression in CMs 
upon PKP2 KD is a consequence of elevated TGF-β1/p38 
MAPK signaling, we analyzed DP expression levels in PKP2 
KD CMs treated with the TAK1 [(5Z)-7-Oxozeaenol] or p38 
MAPK (SB203580) inhibitors. Treatment with either inhibitor 
was unable to rescue the loss of DP expression upon PKP2 KD 
(Fig.  7  A). In addition, neither the increase in DP solubility 
(Fig. 7 B) nor the loss of junctional localization of DP (Fig. 7 C) 
could be restored by inhibition of TGF-β1/p38 MAPK signaling. 
These data therefore indicate that loss of DP expression is not a 
result of increased TGF-β1/p38 MAPK signaling in these cells. 
To determine if DP expression is a causative event in promotion 
of TGF-β1/p38 MAPK signaling, we analyzed these markers 
in DP KD CMs. Interestingly, DP knockdown in CMs alone 
was sufficient to induce both increased Tgfb1 mRNA levels and 
activation of p38 MAPK (Fig. 7 D). In addition, Tgfb1 mRNA 
and p38 MAPK phosphorylation were increased in tissue sam-
ples from a mouse model harboring a conditional knockdown 
of DP in the epidermis, highlighting the importance of DP to 
activation of this signaling pathway in vivo (Vasioukhin et al., 
2001; Fig. 7 E). Altogether, these data demonstrate that loss of 
DP expression occurs upstream of activation of TGF-β1/p38 
MAPK signaling in PKP2 KD cells.

Rescue of DP expression in PKP2 KD 
cells restores normal levels of TGF-β1/p38 
MAPK signaling
Finally, we tested the hypothesis that DP expression is a deter- 
mining factor in up-regulation of TGF-β1/p38 MAPK signaling in 
PKP2 KD cells. To do this, we restored DP expression in a PKP2 
KD background using DPII adenovirus. Lacking part of the DP rod 
domain, DPII is a naturally occurring shorter isoform of DPI (6.8 
vs. 8.6 kb), and was used to overcome technical difficulties in size  
limits for adenoviral packaging and transduction. Just like DPI 
in wild-type cells, DPII localizes to DSMs and confers adhesive 
strength to junctions (Angst et al., 1990; Green et al., 1990; Cabral et 
al., 2012; Patel et al., 2014). Restoration of DP expression in a PKP2 
KD background was indeed sufficient to rescue both the PKP2  
KD–induced increased expression of Tgfb1 mRNA (Fig.  8  A) 
and downstream phosphorylation of MKK3/6 and p38 MAPK 
(Fig. 8 B). In addition, restoration of DP expression rescued other 
phenotypes induced by loss of PKP2, such as increased levels of 
Ccl12 mRNA and activation of the STAT3 transcription factor 
(Fig. 8, C and D). These data therefore identify the loss of DP as a 
crucial factor in triggering the up-regulation of TGF-β1/p38 MAPK 
signaling induced on loss of PKP2. Interestingly, unlike inhibition 
of TAK1 signaling, restoration of DP expression was also able to 
rescue the PKP2-induced increase in the adipogenic marker Adipoq.  
These data indicate that loss of DP expression is a proximal effect of 
PKP2 KD, which can trigger both fibrotic and adipogenic signaling 
pathways (Fig. 8 E). In summary, this study has identified a novel 
role for the DSM protein PKP2 in regulation of profibrotic gene ex-
pression in CMs, via a mechanism that includes regulation of DP 
expression and the TGF-β1/p38 MAPK signaling nexus.

Figure 6.  Abrogation of TGF-β1/p38 MAPK 
signaling in PKP2 KD CMs rescues fibrotic 
gene expression, but not adipogenesis. (A 
and B) Control (CT), PKP2 KD, and PKP2 KD 
CMs treated with the TAK1 inhibitor (5Z)-7-Ox-
ozeaenol were analyzed for mRNA levels of 
Ccl12 and fibronectin (Fn1). Treatment with 
oxozeaenol was able to rescue the increase in 
Ccl12 and Fn1 mRNA seen on loss of PKP2. 
(C and D) Control, PKP2 KD, and PKP2 KD 
CMs treated with oxozeaenol were analyzed 
for STAT3 and NF-κB transcriptional activity 
via luciferase reporter arrays. Luciferase ex-
pression followed in the same cells by nonin-
vasive imaging for a period of 6 d indicated 
that TAK1 inhibition was able to rescue the in-
creases in STAT3 and NF-κB transcriptional ac-
tivity seen on KD of PKP2 in CMs. *, P < 0.05 
for PKP2 KD values compared with PKP2 KD 
+ oxozeaenol values. (E) RNA isolated from 
control and PKP2 KD CMs were analyzed for 
mRNA levels of adipogenic markers such as 
adiponectin (Adipoq) and CEBPα (Cebpa). 
Adipoq and Cebpa mRNA was increased 
on loss of PKP2 but could not be rescued by 
treatment with the TAK1 inhibitor oxozeaenol. 
For all graphs, fold change values from three 
or more independent samples are represented 
with error bars indicating SD. *, P < 0.05.

http://www.jcb.org/cgi/content/full/jcb.201507018/DC1
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Discussion

Although the DSM has a well-known function in maintaining 
cell–cell mechanical stability, DSM proteins have also recently 
emerged as modulators of intracellular signaling. We and others 
have shown that the DSM armadillo proteins PKP2 and PG mod-
ulate Rho GTPases, epidermal growth factor receptor, and other 
signaling pathways (Godsel et al., 2010; Todorović et al., 2010; 
Arimoto et al., 2014). Here we have identified a role for PKP2 
in controlling the activity of the TGF-β1/p38 MAPK signaling 

nexus in cardiac cells. On loss of PKP2 either in vitro or in vivo, 
TGF-β1 levels are increased, which leads to an activation of 
the TAK1–MKK3/6–p38 MAPK signaling cascade. Increased 
TGF-β1/p38 MAPK signaling results in elevated expression of 
profibrotic cytokines and ECM proteins, such as FN and col-
lagen. Activation of this signaling pathway can be rescued by 
restoration of DP expression, which is lost upon PKP2 KD.

Our previous studies in epithelial cells have demonstrated 
an important role for PKP2 in regulation of DP localization 
(Bass-Zubek et al., 2008). We have also shown that PKP2 

Figure 7.  Activation of TGF-β1/p38 MAPK signaling in cardiac cells is regulated by DP expression. (A–C). Control (CT), PKP2 KD, and PKP2 KD CMs 
treated with either the TAK1 inhibitor (5Z)-7-oxozeaenol or p38 MAPK inhibitor SB203580 were analyzed for total protein levels of DP (A), solubility of 
DP using Triton X-100 fractionation assays (B), and junctional localization of DP (C). Neither TAK1 nor p38 MAPK inhibition was able to rescue the loss 
of DP protein expression, increase in DP solubility, or loss of junctional localization of DP, all of which are seen on loss of PKP2 KD in CMs. Bar, 20 µm.  
(D) Control and DP KD cells were analyzed for levels of phospho–p38 MAPK and Tgfb1 mRNA, both of which were up-regulated on loss of DP expression. 
(E) Tissue samples from wild-type (WT) and DP epidermal knockout (DPeKO) mice were processed for protein and RNA analysis. Loss of DP expression 
resulted in activation of phospho–p38 MAPK and an increase in Tgfb1 mRNA in the epidermis. For all graphs, fold change values from three or more 
independent samples are represented with error bars indicating SD. *, P < 0.05.
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regulates RhoA GTPase signaling and actin cytoskeletal rear-
rangements to promote localization of DP to cell–cell junctions 
(Godsel et al., 2010). Although loss of PKP2 in epithelial cells 
results in mislocalization of DP, its expression levels are un-
changed. In contrast, we show here that PKP2 KD in cardiac 
cells results in defective DP localization and decreased stability 
and degradation by the proteasome (Fig. 1). The differences in 
DP stability upon loss of PKP2 may reflect inherent differences 
in the composition and organization of the cell–cell junctions 
in these different cell types. Although epithelial cells have 
separate AJs and DSMs, CMs display hybrid junctions called 
area composita, containing components of both AJs and DSMs 
(Franke et al., 2006, 2007). Loss of PKP2 in neonatal CMs re-
sulted in a major defect in cell–cell adhesion in these cells (Sato 
et al., 2011). Tethering of DP in cardiac junctions is dependent 
on PKP2 because it is the only PKP expressed in CMs, unlike 
epithelial cells that also express PKP1 (differentiated epithelia) 
and PKP3 (simple/stratified epithelia; Bass-Zubek et al., 2009).

Multiple studies have characterized the importance of 
catenin proteins expressed in cardiac tissue (such as PG and 
αT-catenin) in development of arrhythmogenic phenotypes in 
AC (Li et al., 2011; Swope et al., 2012, 2013). Mutations in 
PKP2 are frequently identified in cases of AC, a disease that 
displays a triad of phenotypes, including arrhythmia, loss of 
healthy myocardial cells, and loss of fibro-fatty deposits (Fidler 
et al., 2009; Delmar and McKenna, 2010). Loss of PKP2 was 
shown to promote adipogenic gene transcription in CMs via ac-
tivation of the Hippo pathway and suppression of β-catenin/YAP 
signaling (Chen et al., 2014). In this study, we asked whether 
loss of PKP2 might also trigger known profibrotic signaling 
pathways. Although deposition of ECM commonly occurs after 
heart injury, fibrosis represents a pathological misregulation of 
this normal reparative process (Klingberg et al., 2013). Fibrosis 
is a major factor in heart failure resulting from multiple condi-
tions such as myocardial infarction, high blood pressure, and 

diabetes (Awad et al., 2008; Edgley et al., 2012; Pearson et al., 
2013). Fibrosis can result in an increase in stiffness, increased 
CM atrophy, and loss of electrical conductivity and arrhythmia 
(Jellis et al., 2010; Krenning et al., 2010; Weber et al., 2013).

TGF-β1 is well known as a potent profibrotic cytokine that 
induces robust ECM production (Leask and Abraham, 2004; 
Leask, 2007; Biernacka et al., 2011; Dobaczewski et al., 2011). 
Global gene expression studies have indicated that profibrotic 
inflammatory mediators are up-regulated in p38 MAPK–acti-
vated hearts (Clerk and Sugden, 2006; Tenhunen et al., 2006). 
Myocardial infarction in rats has been shown to cause TGF-β–
dependent activation of p38 MAPK via the upstream kinases 
TAK1 and MKK3/6 (Zhang et al., 2000; Derynck and Zhang, 
2003; Matsumoto-Ida et al., 2006). The TAK1–MKK3–p38 
MAPK cascade is also important for TGF-β–induced ECM pro-
duction (Ono et al., 2003; Kim et al., 2007). Indeed, increases 
in FN gene expression seen upon PKP2 KD were rescued by the 
TAK1 inhibitor (5Z)-7-Oxozeaenol. These data are recapitu-
lated in cardiac tissue from a PKP2 heterozygous mouse model, 
which showed that TGF-β1 mRNA, p38 MAPK activation, and 
fibrotic gene expression are all elevated in PKP2+/− cells com-
pared with controls. This evidence suggests that this profibrotic 
signaling pathway can be stimulated by haploinsufficiency of 
PKP2, which mimics known mutations of PKP2 found in cases 
of AC, resulting in partial loss of PKP2 expression (Kirchner 
et al., 2012). A recent study implicated p38 MAPK in PG- 
dependent regulation of keratinocyte cohesion, suggesting that 
other DSM proteins might also regulate p38 MAPK signaling 
(Gordon et al., 2011; Hartlieb et al., 2014; Spindler et al., 2014).

Downstream of TGF-β, p38 MAPK can influence a va-
riety of proinflammatory transcription factors, such as STAT3 
and NF-κB, which we demonstrate are activated in response 
to loss of PKP2 in CMs (Craig et al., 2000; Haghikia et al., 
2011, 2014). Interestingly, a recent study demonstrated an in-
crease in myocardial staining and serum levels of inflammatory 

Figure 8.  Rescue of DP expression in PKP2 
KD cells restores normal levels of TGF-β1/
p38 MAPK signaling. (A–E) Freshly isolated 
neonatal CMs were infected with adenovirus 
containing control, PKP2 KD, or PKP2 KD + 
DPII-GFP constructs. 72  h postinfection, cells 
were analyzed for mRNA levels of Tgfb1 (A), 
Ccl12 (C), or Adipoq (E) by qPCR, blotted for 
phosphorylated forms of MKK3/6 and p38 
MAPK (quantified in the graphs, right panels) 
(B), or analyzed for STAT3 transcriptional ac-
tivity via luciferase reporter arrays (D). *, P < 
0.05 for PKP2 KD values compared with PKP2 
KD + DPII-GFP values. The induction of all of 
these phenotypes observed on loss of PKP2 
were rescued by re-expression of DPII-GFP. All 
images and blots shown are representative of 
three independent experiments. For all graphs, 
fold change values from three or more inde-
pendent samples are represented with error 
bars indicating SD. *, P < 0.05.
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markers in patients with AC, highlighting the importance of p38 
MAPK–mediated inflammatory signaling in AC pathogenesis 
(Asimaki et al., 2011). Activation of p38 MAPK has been ob-
served in both animal models of heart failure and myocardial 
biopsies from patients with heart failure (Takeishi et al., 2002; 
Bellahcene et al., 2006). Our findings add support to the idea 
that pharmacologic inhibitors of p38 MAPK should be explored 
further as treatment for patients with heart failure.

Importantly, we demonstrate that loss of PKP2 in CMs 
resulted in increased expression of multiple secreted factors 
(TGF-β1, interleukin-1α, and CCL12), all of which are known to 
promote profibrotic gene expression in both CMs and CFs (Ma-
nabe et al., 2002). Although the precise signaling mechanism has 
not been well established, multiple studies have demonstrated 
the ability of different interleukins, such as interleukin-1α, to 
induce cell migration or ECM expression in CFs (Brown et al., 
2005; Wynn, 2008; Souders et al., 2009; Aden et al., 2010; Wynn 
and Ramalingam, 2012). CCL12 has been shown to play a role 
in pulmonary fibrosis (Moore et al., 2006) and also induces pro-
liferation of fibrocytes, which are fibroblast progenitor cells in-
volved in cardiac fibrosis (Falkenham et al., 2013). We therefore 
hypothesize that in addition to autocrine activation of fibrotic 
gene expression in CMs, increased expression of these profi-
brotic secreted factors on loss of PKP2 would promote paracrine 
activation of fibrotic gene expression in CFs as well. These data 
are supported by our finding that activation of p38 MAPK in 
CMs is non–cell autonomous (Fig. S2 B).

Activation of TGF-β1/p38 MAPK signaling on loss of 
PKP2 seems to be specific to CMs, because we did not observe 
such activation in epithelial cells. It is plausible to suggest that 
other PKPs may compensate for the loss of PKP2 in epithelial 
cells, because PKPs have been shown to have some redundant 
functions (Hatzfeld, 2007; Bass-Zubek et al., 2009). However, 
our initial findings with combinatorial knockdown of PKP1, 2, 
and 3 in epithelial cells did not produce a significant increase 
in phospho–p38 MAPK levels. These data suggest that redun-
dancy of PKPs alone may not be sufficient to explain this lack 
of phenotype in epithelial cells. Because loss of DP upon PKP2 
KD occurs only in CMs, we investigated whether triggering 
TGF-β1/p38 MAPK signaling was dependent on expression of 
DP. Indeed, DP KD alone in CMs induced TGF-β1/p38 MAPK 
signaling. Conditional loss of DP in mouse epidermal tissue re-
capitulated these results in vivo, supporting the hypothesis that 
loss of DP expression upon PKP2 KD is the determining factor 
in induction of TGF-β1/p38 MAPK signaling. Further, resto-
ration of DP expression rescued the multiple profibrotic phe-
notypes observed on loss of PKP2, such as elevated Tgfb1 and 
Ccl12 mRNA levels and activation of p38 MAPK and STAT3. 
Importantly, unlike TAK1 inhibition, DP restoration also res-
cued the PKP2 KD–dependent increase in the adipogenic 
marker Adipoq. Collectively, these data indicate specificity of 
TGF-β1/p38 MAPK signaling to profibrotic responses induced 
by PKP2 loss and implicate DP as a key intermediary in the 
regulation of both profibrotic and adipogenic gene expression 
by PKP2. These studies have identified TGF-β1/p38 MAPK 
signaling as a mechanistic link between loss of the DSM arma-
dillo protein PKP2 and aberrant regulation of fibrotic gene ex-
pression. Identification of profibrotic triggers such as TGF-β1/
p38 MAPK signaling downstream of PKP2 KD has relevance 
for the study of AC and also other cardiac diseases in which 
junctional remodeling and fibrosis are major components, such 
as hypertrophic and dilated cardiomyopathies.

Materials and methods

Isolation of neonatal CMs, cell cultures, and mouse models
Cultures of neonatal rat ventricular CMs were prepared as previously 
described (Sato et al., 2009) from 1- to 3-d-old Sprague-Dawley rats 
(Charles River). Extracted neonatal hearts were finely minced, enzy-
matically digested, and resuspended in M199 medium containing 10% 
FBS and 15 µM of vitamin B12. After a 2-h preplating step to separate 
out quickly adhering cardiac fibroblasts (CFs), the cell suspension was 
filtered through a 40-µm filter, spun, and resuspended in M199 medium 
containing 10% horse serum, 15 µM vitamin B12, and BrdU. Resus-
pended cells were then plated in six-well dishes or coverslips precoated 
with collagen type IV, and medium was changed every 24–48 h. Ade-
noviral infection was performed 48 h after isolation. These protocols 
were conducted with the approval of the Northwestern University Insti-
tutional Animal Care and Use Committee, and all animal care protocols 
conform to National Institutes of Health guidelines and the recommen-
dations of the Panel on Euthanasia of the American Veterinary Medical 
Association. The HL-1 cell line was maintained in Claycomb Medium 
(Sigma-Aldrich) supplemented with 10% FBS (Atlanta Biologicals), 
0.1 mM norepinephrine, 2 mM l-glutamine, and penicillin/streptomy-
cin solution (Sigma-Aldrich) and cultured on dishes precoated with a 
solution of FN-0.02% gelatin. NHEKs were obtained from the North-
western University Skin Disease Research Center. These cells were 
grown in medium 154 containing human keratinocyte growth supple-
ment, gentamycin/amphotericin B solution (Invitrogen), and 0.07 mM 
CaCl2. Frozen samples of wild-type and PKP2+/− mouse hearts (Cer-
rone et al., 2012) were obtained from M. Delmar (New York University 
School of Medicine, New York, NY). Mouse hearts were snap frozen 
in liquid nitrogen and homogenized in either urea sample buffer (8 M 
deionized urea, 1% SDS, 10% glycerol, 60 mM Tris, pH 6.8, and 5% 
β-mercaptoethanol) for protein analysis or in Buffer RLT (RNeasy Mini 
kit; Qiagen) for qPCR analysis. Conditional gene targeting was used to 
specifically ablate the DP gene in developing mouse epidermis. Exon 2 
of the DP gene is flanked with LoxP sites (Vasioukhin et al., 2001) and 
removed by breeding with mice transgenic for Cre recombinase under 
the control of the keratin 14 promoter (Vasioukhin et al., 1999). Both the 
DP-floxed and the K14-Cre transgenic mice were gifts from E. Fuchs 
(Rockefeller University, New York, NY). Skins from E18.5 embryos 
were snap frozen in liquid nitrogen and processed for either Western 
blotting or RNA analysis as described earlier in this paragraph.

DNA and KD constructs, adenovirus production, and chemical reagents
Human C-terminally V5-tagged PKP2 was generated by cloning PKP2 into 
the pCDNA 3.2/V5 DEST vector using Gateway technology (Invitrogen). 
GFP-tagged DPII was generated using the QuikChange II XL Site-Di-
rected Mutagenesis kit (Agilent Technologies) to splice out nucleotides 
3,584–5,380 of a GFP-tagged construct of full-length human DPI (Godsel 
et al., 2005). Adenoviral DPII constructs were generated by cloning DPII-
GFP into the pAd CMV/V5-DEST vector using Gateway recombination. 
For KD constructs, the EmGFP BLOCK-iT PolII miR RNAi Expression 
Vector kit (Life Technologies) was used to design and clone control, rat 
PKP2-specific oligonucleotides (target sequences: 5′-TGTGAATATGCT-
GGATGCAGA-3′ and 5′-TGGAACTTGTCCTCTAGTGAT-3′) and rat 
DP-specific oligonucleotides (target sequences: 5′-AAACCGGAAACAT-
CATCTCTT-3′ and 5′-TGGTAATAGTTGACCCAGAAA-3′). These con-
structs were cloned into the pAd CMV/V5-DEST vector using Gateway 
recombination and used to generate virus using the ViraPower Adenoviral 
Expression System (Invitrogen). Where indicated, CMs were treated with 
the following compounds obtained from EMD Millipore: 10 µg/ml cyclo-
heximide, 0.5 µM (5Z)-7-Oxozeaenol, 1 µM SB203580, 10 µM SB431542, 
100 µM chloroquine, 10 µM MG132, and 2 ng/ml TGF-β1 ligand.
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qPCR
For measurement of mRNA transcript levels using qPCR, RNA was 
isolated using the RNeasy Mini kit, according to manufacturer’s in-
structions. Total RNA concentrations were equalized between sam-
ples, and cDNA was prepared using the Superscript III First Strand 
kit (Invitrogen). qPCR was performed using SYBR Green PCR master 
mix (Applied Biosystems) and gene-specific primers in a StepOnePlus 
instrument (Applied Biosystems). Calculations for relative mRNA lev-
els were performed using the ΔΔCt method, normalized to GAPDH, 
and represented as fold-change values compared with control samples.  
Statistical analysis was performed using a two-tailed t test. P values 
<0.05 were considered statistically significant.

Western blotting and biochemical assays
To analyze protein expression levels, cells were washed briefly in 
PBS and lysed in urea sample buffer (8 M deionized urea, 1% SDS, 
10% glycerol, 60 mM Tris, pH 6.8, and 5% β-mercaptoethanol) and 
equalized for total protein concentration. For Triton solubility as-
says, cells were lysed in a buffer containing 150 mM NaCl, 50 mM 
Tris, pH 7.6, 1% Triton X-100, and protease inhibitors. Lysates 
were incubated for 5 min on ice with gentle pipetting, and Triton 
X-100–soluble and –insoluble fractions were separated by centrifu-
gation. All samples were subjected to SDS-PAGE on 7.5% or 10% 
polyacrylamide gels, followed by transfer to polyvinylidene fluoride 
membranes (Millipore). Membranes were probed with specific pri-
mary and secondary antibodies (see Antibodies section) and visu-
alized using enhanced chemiluminescence and x-ray film (Thermo 
Fisher Scientific). All Western blots shown are representative data 
obtained from three independent experiments. For densitometric 
analysis of Western blots, films were scanned using Officejet 5610 
scan software (Hewlett-Packard) and analyzed using ImageJ soft-
ware (National Institutes of Health). Error bars for densitometric 
analysis represent SD. Measurement of TGF-β1 levels in cell cul-
ture supernatants was performed using the TGF-β1 immunoassay 
(R&D Systems) according to the manufacturer’s protocol. Statisti-
cal analysis was performed using a two-tailed t test. P-values <0.05 
were considered statistically significant.

Immunofluorescence and quantification of fluorescence pixel intensity
For immunofluorescence, cells grown on coverslips were fixed in 4% 
paraformaldehyde or ice-cold methanol and permeabilized with 0.2% 
Triton X-100 in PBS. Primary and secondary antibody incubations 
were performed at RT for 1 h, interspaced by multiple washes in PBS, 
and followed by mounting coverslips in polyvinyl alcohol (Sigma- 
Aldrich). Fixed cells were visualized with a Leica microscope (model 
DMR) fitted with 40- (NA 1.0, Plan-Fluotar) and 63-Å (NA 1.32, 
Plan-Apochromat) objective lenses and images captured with an 
Orca 100 CCD camera (model C4742-95; Hamamatsu) and Meta-
morph 7.7 imaging software (Molecular Devices). Confocal imaging 
was performed at the Northwestern University Cell Imaging Facility 
using a LSM 510 META confocal microscope (Carl Zeiss) fitted with 
63- or 100-Å objective lenses (NAs 1.32 and 1.4, Plan Apochromat; 
Carl Zeiss) and LSM 510 software. Quantification of mean fluores-
cence pixel intensity was performed from raw, unsaturated 12-bit 
images by tracing cell–cell junctions using ImageJ. For all quanti-
fication analyses, control and treatment/knockdown conditions were 
imaged on the same day using the same instruments and exposure 
settings, and quantification was performed on 10–20 randomly im-
aged areas per experimental group. Error bars for fluorescence pix-
el-intensity measurements represent SEMs. Statistical analysis was 
performed using a two-tailed t test. P values <0.05 were considered 
statistically significant.

Antibodies
The following primary antibodies were used: mouse anti-PKP2 
(651101; Progen), 1407 chicken anti-Pg (Aves Laboratories), NW161 
rabbit anti-DP directed against the first 189 amino acids of DP (Born-
slaeger et al., 1996), mouse anti-PKP2, mouse anti–β-catenin, mouse 
anti–p120-catenin (BD), rabbit anti-Cx43 (AB1728; EMD Millipore), 
mouse anti–N-cadherin, mouse anti-V5 (Invitrogen), mouse anti- 
desmin, rabbit anti-GAPDH, rabbit anti-FN, rabbit anti-GFP (Sigma- 
Aldrich), 12G10 mouse anti-tubulin (Developmental Studies Hybrid-
oma Bank), rabbit anti–phospho-TAK1, rabbit anti–phospho-MKK3/6, 
rabbit anti-MKK3, rabbit anti–phospho-p38 MAPK, and rabbit anti–
p38 MAPK (Cell Signaling Technologies). For experiments including 
re-expression of human V5-tagged PKP2 in rat PKP2 KD CMs, a pool 
of two antibodies (Progen and BD) was used to analyze PKP2 levels 
because anti-PKP2 from Progen alone does not recognize exogenously 
expressed human V5-tagged PKP2 (likely because of the epitope at the 
C-terminal end being masked by the V5 tag) and anti-human PKP2 
from BD alone does not recognize endogenous rat PKP2. Secondary 
antibodies for Western blotting included HRP-conjugated goat anti–
mouse, –rabbit, and –chicken antibodies (Kirkegaard and Perry Lab-
oratories). Secondary antibodies for immunofluorescence included 
Alexa Fluor 488–, 568–, or 647–conjugated goat anti–mouse, –rabbit, 
and –chicken antibodies (Invitrogen).

Transcription factor arrays
Transcription factor arrays were performed as previously described 
(Bellis et al., 2013; Siletz et al., 2013; Aguado et al., 2015). CMs were 
plated in black, clear-bottom, 96-well plates and infected with lentiviral 
vectors containing transcription factor binding reporter constructs driv-
ing the expression of firefly luciferase. Cells plated without virus infec-
tion served as negative controls to determine signal background levels. 
TATA–firefly luciferase reporter constructs without any additional 
transcription factor binding elements were used as positive controls to 
determine basal promoter activity. Each transcription factor reporter is 
represented with n = 4 measurements for each condition tested, and 
each plate was repeated a total of three times. To measure transcrip-
tion factor activity, d-luciferin (RR Labs) diluted in the appropriate 
media was added to wells in excess to a final concentration of 2 mM. 
After a 45-min incubation period with d-luciferin, luminescence was 
quantified using an IVIS Lumina LTE imaging system (Caliper Life 
Sciences). Luminescence readings measured as photon flux (photons/ 
second) from each well were collected every day for 6 d. Media was 
exchanged every other day. To normalize values and determine sta-
tistical significance, array data were log2 transformed and filtered to 
eliminate all intensities below background (P < 0.05). The background 
was defined as the mean measured intensity in noninfected cells sub-
ject to the same treatment at the same time and plate. The TATA box 
promoter control reporter and the control condition were used to nor-
malize reporter activity at each time point. Normalized values that were 
identified to be outliers (P < 0.003) for each reporter were removed. 
Normalized log2 transcription factor activity of each condition was 
compared directly with control conditions using the limma package in 
R. False discovery rate was used to correct for multiple comparisons. 
Transcription factors identified to be differentially active had an ad-
justed p-value of <0.05.

Online supplemental material
Fig. S1 demonstrates that loss of PKP2 in CMs does not induce 
the activation of the transcription factors AP1 and MEF2. Fig. S2 
shows that PKP2 KD activates p38 MAPK in desmin-positive CMs 
and that this activation can occur in a non–cell-autonomous fashion. 
Fig. S3 confirms that PKP2 loss does not induce the expression of 
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mesenchymal markers in CMs. Fig. S4 shows that KD of PKP2 in 
NHEKs does not produce the same phenotypes as seen in CMs (e.g., 
loss of DP expression or an increase in TGF-β1/p38 MAPK signaling). 
Online supplemental material is available at http​://www​.jcb​.org​/cgi​/
content​/full​/jcb​.201507018​/DC1.
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