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Abstract

Background—The stress kinase c-jun N-terminal kinase (JNK) is critical in the pathogenesis of 

cardiac diseases associated with an increased incidence of atrial fibrillation (AF), the most 

common arrhythmia in the elderly. We recently discovered that JNK activation is linked to the loss 

of gap junction connexin43 (Cx43) and enhanced atrial arrhythmogenicity. However, direct 

evidence for JNK-mediated impairment of intercellular coupling (cell-cell communication) in the 

intact aged atrium is lacking, as is evidence for whether and how JNK suppresses Cx43 in the aged 

human atrium.

Methods and Results—JNK activity in human atrial samples is correlated with both reduced 

Cx43 expression and increasing age. Using a unique technique of optical mapping space constant 

measurement, we found that impaired intercellular coupling and reduced Cx43 were linked to 
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enhanced activation of JNK in intact aged rabbit atria. These JNK-associated alterations were 

further confirmed in naturally JNK activated aged mice and in cardiac-specific inducible MKK7D 

(JNK upstream activator) young mice. Moreover, JNK inhibition, using either JNK specific 

inhibitors in aged wild-type (WT) mice and JNK activator anisomycin-treated young WT mice or 

JNK1/2 dominant-negative mice with genetically inhibited cardiac JNK activity, completely 

eliminated these functional abnormalities. Furthermore, we discovered for the first time that long-

term JNK activation downregulates Cx43 expression via c-jun suppressed transcriptional activity 

of the Cx43 gene promoter.

Conclusion—Our results demonstrate that JNK is a critical regulator of Cx43 expression, and 

that augmented JNK activation in aged atria downregulates Cx43 to impair cell-cell 

communication and promote the development of AF. JNK inhibition may represent a promising 

therapeutic approach to prevent or treat AF in the elderly.
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia in humans and is associated with a 

high risk of morbidity (stroke and heart failure (HF)). Clinical data suggest a 2-fold higher 

mortality in patients with AF vs. those without AF [1–3]. Although AF is not the direct 

cause for a high risk of mortality, AF is associated with a 5-fold increased risk for stroke and 

a 40–90% increase in mortality due to the stroke based on the Framingham study [4]. AF is 

promoted by various stresses such as aging, increased fibrosis, and atrial dilation. While all 

deserve to be studied in more detail, aging is inevitable and the most prevalent risk factor for 

AF. The underlying mechanisms of AF development in the aged heart remain unclear to 

date.

The c-jun N-terminal kinase (JNK), a stress-response protein kinase, is critical in the 

development of cardiovascular diseases including heart failure, hypertrophy, and 

atherosclerosis [5, 6]. Specific links to the formation of the arrhythmia substrate for AF had 

not been identified until recent findings reported by our laboratory [7]. Specifically, we 

discovered that heightened JNK activation in the aged rabbit atria links to suppressed gap 

junction connexin43 (but unchanged connexin40), which promotes AF development [7]. 

However, whether JNK directly contributes to impaired intercellular coupling (cell-cell 

communication) in the intact aged atrium is unclear. Also, whether this JNK regulated Cx43 

expression also occurs in aged human atria and the underlying molecular mechanism remain 

completely unknown.

Atrial gap junctions, composed of Cx43 and Cx40, form specialized membrane channel 

structures that critically influence electrical and chemical signal propagation between 

adjacent myocytes [8, 9]. Accumulating evidence suggests that gap junction remodeling 

leads to slowed action potential propagation that promotes the development of cardiac 

arrhythmias, most likely due to its important role in stabilizing and maintaining reentry 

arrhythmias [7, 9–12]. However, gap junctional remodeling in atrial tissue from AF patients 
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has been variably reported as an increase or a decrease in one or more connexins (Cx43 

and/or Cx40), as a reduction of only one isoform, and as increased heterogeneity in the 

distribution of the connexins. Each of these results is dependent on concomitant 

cardiovascular disease, the type of AF patient population, or the animal model used [13]. 

Although reduced Cx43 has also been reported in aged right atria and sinus node [14, 15], 

the role of gap junctional protein in slowing conduction velocity (CV) and increasing AF 

propensity in aged left atrium (LA) without associated AF has not been characterized. The 

LA is important in AF development since AF often originates from the pulmonary veins and 

LA area based on accumulated clinical data [16, 17], yet few studies investigating the 

underlying mechanisms have actually focused on the LA [7]. In the present study, we found 

an inverse correlation between JNK activation and Cx43 expression in human LA with 

increasing age (from donors lacking a history of AF or major cardiovascular diseases).

To date, gap junction mediated cell-cell communication has been measured primarily in 

isolated paired myocytes. While important information has been derived from such studies, 

the electrophysiologic and biologic interactions of intact preparations are only partially 

recapitulated in isolated myocytes. By using a unique method of optical mapping 

intercellular coupling measurements in the intact atrium, we found impaired intercellular 

coupling along with reduced Cx43 and activated JNK in aged rabbit intact LA.

The causal connection between activated JNK and Cx43 atrial remodeling in AF is critical to 

understand. Here, we employed aged mice with natural JNK activation, and MKK7D 

transgenic (Tg) mice with cardiac-specific inducible JNK activation [18]. To further dissect 

the specific action of JNK and explore potential therapeutic intervention, the rescue effects 

of JNK inhibition on Cx43 expression, intercellular coupling, and arrhythmogenesis were 

determined using either a JNK specific inhibitor (JNKI, SP600125 or JNKI-XI) [19, 20] or a 

Tg mouse model with cardiac-specific genetically overexpressed inactive dominant negative 

mutant JNK1/2 (JNK1/2dn) [21].

Although downregulation of Cx43 is a common feature of diseased hearts (e.g. HF, diabetes, 

aging) and plays an important role in arrhythmic remodeling [9–11, 22], the underlying 

molecular mechanisms for Cx43 suppression have not been elucidated. Using several unique 

molecular and biochemistry assays including cross-linked chromatin-immunoprecipitation 

(XChIP) and luciferase reporter promoter activity assays and c-jun siRNA knockdown, we 

report a novel molecular mechanism linking JNK to Cx43: JNK-mediated downregulation of 

atrial Cx43 mRNA via increased binding of the JNK downstream transcription factor c-jun 

to the Cx43 promoter, which leads to suppressed transcriptional activity.

Our current studies provide direct evidence for the causative action of JNK in atrial 

arrhythmogenic remodeling and a novel molecular mechanism underlying JNK-regulated 

Cx43 gene expression. These results shed new light on JNK modulation as a potential 

therapeutic approach to improve atrial conduction and prevent or treat AF in the elderly.

Materials and Methods

An expanded Materials and Methods section is available as an online supplement.
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Human atrial specimens and animal preparation

Human left atrial tissues were obtained as previously described [10, 11, 23] with approvals 

from the Human Study Committees of Rush University Medical Center (RUMC), Loyola 

University Chicago (LUC) and Illinois Gift of Hope Organ Donor Network (GOH). Human 

tissue samples were de-identified. Studies conformed with the declaration of Helsinki. GOH 

obtained informed research consent from all the donors or donor’s family members for the 

current studies.

Young and aged male New Zealand White rabbits and wild-type (WT) C57B/6j mice along 

with two cardiac-specific mouse models (all with a C57B/6j genetic background) with 

genetically manipulated JNK activity were used for the current studies (see details in the 

Online Supplements). All animal studies followed the Guide for the Care and Use of 

Laboratory Animals (NIH Publication, 8th Edition, 2011) and were approved by the 

Institutional Animal Care and Use Committees of RUMC, LUC and University of Alabama 

at Birmingham.

Intercellular coupling measurement and atrial arrhythmia induction ex/in vivo

The conduction velocity and space constant were measured using ex vivo optical mapping in 

Langendorff-perfused intact atria and in a cultured myocyte line (HL-1). In vivo, AF 

inductions in sedated live mice were performed and measurements made as previously 

described and detailed in the Online Supplements [7, 24–26].

Biochemical assays

Immunoblotting and cell lysate fractionation were performed as previously described with 

minor modification [7, 10, 11, 22]. Activity of activator protein-1 (AP-1), composed of JNK 

downstream transcription factor c-jun and ATF2, was assessed using an AP-1-luciferase 

reporter vector as previously described [27]. The status of AP1 binding to the Cx43 gene 

promoter region was assessed using cross-linked chromatin-immunoprecipitation (XChIP) 

assay. Cx43 promoter activity was measured using a newly constructed vector containing a 

firefly luciferase reporter gene with inserted Cx43 promoter sequence. Functional impact of 

JNK downstream transcription factor c-jun on Cx43 promoter activity was assessed in cells 

with a c-jun specific knockdown using the siRNA approach as previously described with 

modification [11].

Statistical analysis

All data are presented as Mean ± SEM. Differences between multiple groups or any two 

groups were evaluated using one-way ANOVA with Post-hoc Tukey test or Student t-test. A 

p < 0.05 was considered to be significant.

Results

Activated JNK and markedly reduced Cx43 in human atria with increasing age

We first assessed JNK proteins in human atria obtained from organ donors lacking any 

history of AF or major cardiovascular diseases (Supplemental_Table. S1). JNK activation 

was significantly increased in human atrium with increasing age as assessed by 
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immunoblotting with a phospho-specific antibody that recognized the activated form of 

phosphorylated total JNK proteins (JNK-P; Fig.1A), while the total JNK proteins remained 

unchanged (Supplemental_Figs. S1A–S1B). Moreover, gap junction Cx43 proteins were 

markedly reduced in human atrium with increasing age, while the abundant atrial Cx40 

proteins were unchanged (Fig.1B). Meanwhile, the JNK upstream regulators MKK7 and 

MKK4 showed enhanced activation evidenced by increased phosphorylation in aged atrium 

(Supplemental_Figs. S1C–S1D, S1F and Supplemental_Table. S2). On the other hand, 

phosphorylation of stress-activated kinase, p38 (which is not directly involved in the JNK 

pathway) was unaltered (Supplemental_Figs. S1E, S1F).

Activated JNK, reduced junctional Cx43, and impaired intercellular coupling in aged rabbit 
intact atria

The abundance of gap junction channels impacts coupling between adjacent myocytes [8, 9]. 

Measurement of intercellular coupling in intact tissue (without structural disruptions) is 

critical for understanding the functional role of JNK-driven Cx43 suppression in aged 

atrium. Using a unique approach of optical mapping space constant measurement in intact 

atrium, we found a significantly reduced space constant λ in both longitudinal and 

transverse directions, which reflects augmented intercellular resistance (reduced intercellular 

coupling) in aged rabbit intact atrium LA (vs young controls, Figs.2A–2C). This impaired 

intercellular coupling is consistent with slowed atrial conduction velocity from the same 

rabbits prior to the space constant measurement (Supplemental_Fig. S2A). These results are 

also supported by our previous finding of reduced Cx43 and slowed atrial CV in the aged 

rabbit LA, along with markedly increased inducibility and duration of burst pacing-induced 

atrial arrhythmias [7].

Because gap junctions are the primary membrane structures between adjacent cardiac 

myocytes, we fractionated the membrane (junctional) and cytosolic (non-junctional) 

fractions of aged rabbit atrial tissue. We discovered markedly reduced junctional Cx43 along 

with enhanced activation of cell membrane-localized JNK in aged rabbit atrium (Fig.2D & 

Supplemental_Fig. S2B). Reduced junctional Cx43 is also consistent with our previous 

findings of reduced immunostained junctional Cx43 in the aged rabbit atrium [7, 23]. Thus, 

JNK associated junctional Cx43 reduction could be responsible for the impaired cell-cell 

communication in the aged intact atrium.

JNK activation reduces junctional Cx43 and impairs intercellular coupling in cultured HL-1 
myocytes

To assess the functional impact of JNK activation in atrial myocytes, we employed a well-

characterized cultured HL-1 atrial myocyte line [7, 26]. We overexpressed constitutively 

activated JNK upstream regulator MKK7 with AdMKK7D (adenoviral-encoded 

constitutively active MKK7) or treated with the JNK activator anisomycin for 24hrs to 

activate JNK in cultured HL-1 myocytes. We found that JNK activation resulted in 

significantly reduced total Cx43 proteins compared to vehicle-controls (Figs.3A–3B). 

Moreover, reduced total Cx43 protein was associated with concomitantly decreased 

junctional Cx43 (Triton-X100 insoluble membrane fraction; Fig.3C) and slowed CV (Fig.

3D) in JNK activated HL-1 myocytes (anisomycin-treated for 16hrs or 24hrs) vs. vehicle-
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controls. These results establish that JNK reduces junctional Cx43, which in turn impairs 

intercellular coupling between atrial myocytes.

JNK specific actions in Cx43 and intercellular electrical coupling in intact mouse atria; 
JNK inhibition reversed these changes

JNK-specific effects on atrial conduction in intact atria were assessed in optically mapped 

aged mouse hearts. We found that aged intact mouse atria exhibited significantly slowed CV, 

reflecting dampened propagation of membrane potentials in response to electrical pacing at 

a cycle length (CL) of 100 ms, as compared with young controls (Fig.4A). Moreover, these 

aged mice showed markedly increased duration of pacing induced AF using a unique in vivo 

intra-cardiac arrhythmia induction technique in live animals (Fig.4B). Furthermore, activated 

JNK was associated with significantly reduced Cx43 in these aged mouse atria (vs. young 

controls; Fig.4C), consistent with the results from aged human atria (Fig.1A) and aged rabbit 

atria (as we have shown previously) [7]. Strikingly, we discovered that JNK inhibition with a 

JNK inhibitor (JNKI) in aged WT mice (10 days in vivo treatment) significantly reduced 

pacing-induced AF and reversed Cx43 protein expression as compared with untreated aged 

WT mice (Figs.4B–4C, Supplemental_Fig. S3). Since the remodeling of gap junctions has 

been linked to the maintenance of arrhythmias [8, 9, 12, 13], JNK suppressed Cx43 in the 

aged atrium likely contributes to the increased duration of pacing-induced AF.

Cardiac specific tamoxifen-inducible MKK7D Tg mice were studied to assess the functional 

role of activated JNK in the slowing of CV and Cx43 suppression, without interfering with 

other potential confounding factors in the aged heart [28]. Induction of constitutively 

activated MKK7, an upstream activator of JNK, led to significant atrial JNK activation and 

Cx43 downregulation as well as significantly slowed atrial CV in tamoxifen-treated 

MKK7D mice (Fig.4D). Similarly, treatment with the JNK activator anisomycin in WT 

young mice in vivo for 8 days resulted in a 30% decrease in Cx43 protein in the atrium 

versus vehicle-treated WT controls (Fig.5A). Moreover, CV in the anisomycin-treated WT 

mouse atrium slowed by 36% versus vehicle-treated WT at a pacing CL of 100ms (Fig.5B).

To further establish causality between JNK-mediated Cx43 suppression and slowing of atrial 

conduction and AF, several approaches were used. First, we inhibited JNK in anisomycin-

challenged young WT mice using the JNKI for in vivo pre-treatment and found that JNK 

inhibition completely abolished anisomycin-induced slow conduction (Fig.5B; far right) as 

compared with WT mice treated with anisomycin alone. Next, anisomycin effects were also 

assessed in cardiac-specific JNK1/2dn Tg mice with overexpression of inactive dominant-

negative JNK1&2 proteins [21]. We found that JNK1/2 inhibition not only prevented 

anisomycin-mediated suppression of Cx43 protein and pacing-induced AF in live mice (Fig.

5C), but also attenuated the slowing of CV in intact atria (Fig.5D). These results indicate 

that Cx43 suppression and conduction impairment are mediated by JNK, which are 

consistent with the changes found in the aged atrium. Taken together, our results establish 

that activated JNK suppresses Cx43, which in turn impairs intercellular coupling in the 

intact mouse atrium, and ultimately enhances AF susceptibility.
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JNK suppressed Cx43 mRNA expression leads to impaired intercellular coupling

To understand how JNK suppresses Cx43, Cx43 mRNA was measured using real-time 

qPCR. With increasing age, human atria exhibited significantly reduced Cx43 mRNA 

expression (Fig.6A and Supplemental_Table. S3). Similarly, aged rabbit atria showed ~40% 

reduction in Cx43 mRNA compared to young controls (Fig.6B). These results are consistent 

with significantly decreased total Cx43 protein in the aged human (Fig.1B) and rabbit atria 

[7]. Moreover, AdMKK7D overexpression in cultured HL-1 myocytes also led to 45% 

reduction in Cx43 mRNA compared to AdLacZ-infected controls (Fig.6C), while 

comparable reduction of Cx43 proteins was also shown in Fig.3A.

JNK regulates target gene expression via the downstream transcription factor AP-1 complex; 

c-jun and ATF2 are the important components within this complex [27, 29, 30]. We found 

that JNK activation was associated with substantially increased c-jun phosphorylation but 

unchanged ATF2 in AdMKK7D-infected HL-1 atrial myocytes (Fig.6D). This increased 

phosphorylation of c-jun was also consistently discovered in the aged rabbit 

(Supplemental_Figs. S4). Next, we transfected AP-1 luciferase vector in cultured HEK293 

cells followed by anisomycin treatment for 24hrs. In response to JNK activation, AP-1 

luciferase activity significantly decreased by 63% compared to vehicle-controls (Fig.6E). 

Studies indicate that short-term (<90min) treatment with anisomycin may suppress gene 

expression. However, we found that myocytes treated with anisomycin for 8hrs showed a 

12% increase in AP-1 activity. Moreover, HL-1 cells treated with anisomycin for 8hrs 

exhibited slightly elevated Cx43 mRNA (Fig.6E) along with a slightly increased CV vs. 

vehicle-controls (Supplemental_Fig. S5). In contrast, reduced AP-1 activity along with 

attendant reduction of Cx43 mRNA (Fig.6E) and junctional proteins (Fig.3C) were 

associated with a significantly slowed CV in myocytes treated with anisomycin for 24hrs 

(Supplemental_Fig. S5). These results suggest that JNK-mediated Cx43 downregulation and 

reduced intercellular electrical coupling is a dynamic action and likely controlled through 

the JNK-regulated downstream transcription complex AP-1.

JNK downregulates Cx43 mRNA expression via c-jun suppressed Cx43 promoter activity

AP-1 regulates target gene expression by binding to or dissociating from the AP-1 consensus 

site(s) in the promoter region of target genes [27, 29, 30]. Since the Cx43 gene contains 

AP-1 binding sites in its promoter region [30], we first performed silico analysis of the 

mouse Cx43 genomic sequence and identified a highly conserved c-jun binding site 1210 bp 

at the upstream site of Cx43 translational start codon region. Next, we performed XChIP 

assays and discovered that c-jun not only directly binds the Cx43 promoter but also showed 

increased c-jun protein binding after anisomycin treatment in cultured HL-1 atrial myocytes 

as compared with vehicle-controls (Fig.7A). In contrast, JNK activation did not significantly 

alter the protein binding of ATF2 (another component of the AP-1 complex) to the Cx43 

promoter, assessed using an ATF2 antibody pull-down XChIP assay (Fig.7B). Moreover, 

JNK inhibition using the JNKI significantly reduced binding of c-jun to the Cx43 promoter 

as assessed by XChIP assay (Fig.7A), while ATF2 binding was not affected (Fig.7B, far 

right bar). These results establish that JNK enhances c-jun binding to the Cx43 promoter.
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To assess whether this JNK transcriptionally regulates Cx43 gene promoter activity, we 

inserted 1181 bp of Cx43 genomic sequence encompassing the putative AP-1 binding sites 

[30] upstream of a firefly luciferase reporter vector. As shown in Fig.7C, the activity of 

firefly luciferase downstream of Cx43 promoter was significantly reduced (by 45%) in 

HEK293 cells treated with anisomycin for 24hrs versus untreated controls. Strikingly, c-jun 

siRNA knockdown completely reversed anisomycin-mediated suppression of Cx43 promoter 

activity (Fig.7C and Fig.7D). Taken together, our data demonstrate that long-term JNK 

activation downregulates Cx43 expression via c-jun-mediated suppression of the Cx43 

promoter.

Discussion

Here we report for the first time that JNK activation and Cx43 suppression occur in the 

human atrium with increasing age. We further provide direct evidence of JNK-mediated 

Cx43 downregulation and impaired intercellular coupling in the intact atrium. Moreover, we 

reveal an underlying molecular mechanism showing that JNK downregulates Cx43 gene 

expression via enhanced binding of c-jun proteins to the Cx43 promoter, which in turn 

suppresses Cx43 gene promoter activity. Finally, functional rescue with JNK inhibition 

suggests that JNK modulation could be a novel therapeutic approach to improve atrial 

conduction and alleviate AF.

Causal connection between JNK, impaired intercellular coupling, and AF in the intact 
atrium

The role of JNK in cell growth and survival is well established. Emerging evidence suggests 

a functional impact of activated JNK on slowed CV [31, 32]. Our laboratory reported for the 

first time that activated JNK is linked to enhanced AF propensity in the aged rabbit heart [7]. 

However, direct functional evidence remains lacking for the role of JNK in intercellular 

coupling and AF in aged intact atria. It is known that intercellular coupling critically 

determines the speed of action potential propagation within atrial myocardium. Traditional 

intercellular coupling studies generally use isolated myocyte pairs. However, isolated 

myocytes lack the spatial integrity of electrically coupled neighboring myocytes within an 

intact three-dimensional myocardial structure. The optically mapped space constant 

measurement developed by Akar and Rosenbaum [25] provides a unique way to assess 

intercellular coupling that can be tailored to focus on a small region in the intact 

myocardium. In the current studies, we applied this technique and discovered that JNK 

activation is indeed linked to impaired intercellular coupling along with slowed CV in the 

aged intact atrium (Fig.2A–2C & Supplemental_Fig. S2A). This was further supported by 

findings of slowed CV in the aged mouse atrium (Fig.4A).

Besides gap junctional remodeling, sodium channels and interstitial fibrosis also contribute 

to conduction velocity. We and other groups have previously reported unchanged interstitial 

fibrosis and unaltered AP dV/dtMax along with sodium channel expression in the aged atria 

[7, 23, 33]. Note that these aged atria were obtained from healthy aged hearts (i.e. those with 

normal cardiac function, no AF history or any major cardiac disease. Further, direct Na 

current measurements by Dr. Boyden’s group indicate there is unchanged sodium channel 
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function in aged canine atrial myocytes [34]. Thus, our findings compliment those findings 

reported by others and us and suggest Cx43 downregulation plays a critical role in slowing 

conduction velocity.

Aging is a known risk factor for AF in humans, however there are no clear age-related 

molecular pathways known to promote AF. The MAPKs are composed of a family of 

signaling cascades, which act as critical regulators of cell survival and growth in response to 

both intrinsic and extrinsic stress challenges [5]. In response to stress, both JNK and p38 

pathways, the two major members of the MAPK family, could be activated [6, 25]. However, 

JNK and p38 have opposite functions (activation or suppression) in cellular senescence, 

which are dependent on cellular context and cell type [35–37]. Accumulating evidence 

suggests that aged hearts exhibit increased intrinsic stress and higher susceptibility to 

extrinsic stress stimuli [38, 39]. While altered JNK and p38 have been reported in aged 

ventricular muscle preparations, our current and previous findings indicate enhanced JNK 

activation but unchanged p38 in the aged human (Supplemental_Fig. S1E–S1F) and rabbit 

atrium [7, 40]. This JNK activation was linked to enhanced phosphorylation of its upstream 

regulators MKK4 and MKK7 (Supplemental_Fig. S1C, D) as suggested by previous studies 

[7, 41, 42]. However, other age-related confounding factors could also be involved in the 

atrial remodeling. Therefore, the casual relationship between JNK and AF was further 

established in the current studies using several unique Tg mouse models with cardiac-

specific inhibition or activation of JNK. Our data establish that JNK critically impairs 

intercellular coupling that in turn results in slowing of atrial conduction and enhanced AF 

susceptibility. Moreover, the rescue effect of JNK inhibition, using either a genetic or in vivo 

pharmacological approach, demonstrate a causal connection between JNK activity and atrial 

arrhythmogenic remodeling.

JNK-induced Cx43 suppression in slowed CV and AF maintenance

Atrial gap junction channels predominantly contain Cx40 and Cx43 [43]. While conflicting 

results of atrial CV were found in a mouse model with Cx40 deletion [44–47], results from 

human atria [8] and synthesized cultured strands of atrial myocytes from Cx40 knockout and 

Cx43 knockout mice [48] all suggest that the decreased ratio of Cx43 to total connexins 

correlated with slowed CV, while a decreased Cx40 ratio was linked to increased CV. In 

addition, reduced Cx43 caused by Cx43 gene mutation was reported to have slowed atrial 

conduction and enhanced AF inducibility [7, 8, 44, 48]. Moreover, we demonstrate that 

activated JNK reduces junctional Cx43 that leads to slowed CV and increased atrial 

arrhythmogenicity in the aged heart, while JNK inhibition with a JNK specific inhibitor 

completely reversed age-associated Cx43 reduction and AF propensity (Fig.4B).

Results of MKK7-mediated JNK activation (either MKK7D Tg mice or AdMKK7D infected 

cultured myocytes) in young mice further support a fundamental link between JNK-

mediated Cx43 downregulation and slowed atrial CV. In addition, these JNK specific 

actions, independent of other potential confounding factors in the aged heart, were further 

confirmed in JNK activator anisomycin-treated WT young mice and JNK inhibited 

JNK1/2dn mice. While our current data demonstrated similar JNK actions in anisomycin-

challenged preparations as seen in the aged heart, we are aware that anisomycin can also 
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activate the p38 MAPK pathway as Ogawa et al [49] reported in a rat-liver-derived epithelial 

cell line. However, activation of JNK and p38 are known to be cellular context and type 

dependent [37]. With a comparable level of JNK activation in the model system (anisomycin 

and MKK7D) and aged hearts, the striking rescue effects observed with JNK specific 

inhibition using genetic or pharmacological JNK inhibition in either aged mice or JNK 

activator anisomycin-treated JNK1/2dn young mice provided strong evidence for the JNK-

specific regulation of Cx43 expression. This is consistent with the results from anisomycin-

treated neonatal rat ventricular myocytes [18]. Moreover, our previous findings of improved 

CV with either JNK inhibition using a JNK specific inhibitor or wild-type Cx43 

overexpression with a reversal of slowed conduction between JNK activated HL-1 myocytes 

also support a causative role for JNK-mediated Cx43 downregulation in the pathogenesis of 

impaired atrial CV [7]. Taken together, our results establish that age-related impairment of 

atrial conduction is dependent upon JNK-specific suppression of Cx43 expression and 

resultant functional abnormalities that lead to increased AF propensity.

Novel molecular mechanism underlying JNK-mediated suppression of Cx43

In general, JNK regulates downstream gene expression through the AP-1 complex that 

induces target gene expression by binding the AP-1 consensus site(s) in the promoter region 

of target genes [29]. The AP-1 transcription complex has been shown to regulate the basal 

level of Cx43 gene expression in neonatal rat myocytes [30]. AP-1 luciferase activity in vitro 
assay in 24hrs Aniso-treated cells revealed a reduced activity of AP-1. However, 8hrs Aniso-
treated cells showed a 12% increase in AP-1 activity, which was associated with slightly 
elevated Cx43 mRNA. These results not only support the important role of JNK in Cx43 
expression but also demonstrate a negative regulation of long-term JNK activation in Cx43 
expression. While another report tested the ramifications of JNK inhibition on Cx43 

expression [50], how JNK regulates Cx43 promoter activity in myocytes has not been 

reported to date. Here, we show for the first time that long-term JNK activation increases the 

binding of c-jun, but not ATF2, to the Cx43 promoter. And, this JNK-enhanced binding of c-

jun to the Cx43 promoter is critical in the Cx43 promoter activity, as the JNK specific 

ablation (either JNK inhibition or JNK downstream target c-jun knockdown) completely 

prevented this aniso-mediated suppression of Cx43 promoter activity. Collectively, we have 

established a novel molecular mechanism underlying JNK-mediated downregulation of 

Cx43 through c-jun-dependent inhibition of the Cx43 gene promoter.

Conclusions and future implications

Enhanced susceptibility of AF is a serious health problem in the aging population and to 

date, pharmacological AF treatment and prevention strategies for the elderly remain 

ineffective. The current study demonstrates a causal link between JNK and impaired atrial 

cell-cell communication and ultimately increased propensity for atrial arrhythmias. We also 

discovered a novel underlying molecular mechanism of JNK suppressed Cx43 gene 

expression that contributes to the atrial arrhythmogenic remodeling. Our current results point 
to a critical role for c-jun in Cx43 expression and, expose a need to explore the responsible 
c-jun binding sites as well as to understand the detailed relationship between enhanced c-jun 
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binding and other co-transcription factors in aging and possibly other pathological 
conditions.

Taken together, our results suggest that manipulation of JNK signaling may represent a 

novel therapeutic target that might be exploited to prevent and treat AF in aged or diseased 

hearts. Success of any pharmacological approach would require JNK and/or tissue 

specificity. Further, AF may involve atrial remodeling (molecular or structural) as well as 

various comorbid cardiac conditions. These factors individually or in concert could 

conceivably influence the dynamics and/or extent of JNK activation. Although many 

unknowns clearly remain, our findings present a new and interesting potential therapeutic 

target for addressing AF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of abbreviation

AF atrial fibrillation

Aniso (A) anisomycin

Ad adenoviral

AP-1 activator protein-1

CL cycle length

CV conduction velocity

Cx43 connexin43

HF heart failure

JNK c-jun N-terminal kinase

JNKI JNK inhibitor

JNK1/2dn dominant negative mutation of JNK1 and JNK2 proteins

MAPK mitogen-activated protein kinase

MKK7D constitutively activated mitogen-activated protein kinase kinase 7 with a 

replacement of S271 and T275 with D (aspartic acid)
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PW pulse width

Tg transgenic

WT wild-type

XChIP cross-linked chromatin-immunoprecipitation
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Highlights

• Augmented JNK in aged human and animal atria impairs cell coupling and 

promotes AF.

• JNK suppresses Cx43 expression via increased binding of c-jun to the Cx43 

promoter.

• JNK inhibition may represent a novel therapeutic approach to prevent or treat 

AF.
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Figure 1. 
Enhanced JNK activation in human atria with increasing age. A–B. Representative 

immunoblotting images and quantitative data of phosphorylated JNK (JNK-P; A) and gap 

junction Cx43 (B) proteins expression with increased human age.
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Figure 2. 
Markedly reduced intercellular electrical coupling and reduced junctional Cx43 in the aged 

rabbit intact atrium. A. Representative action potential traces obtained from the pacing site 

to a distance of ~2.5mm subjected to pacing at 1.2x diastolic threshold (DT) with a 2ms 

pulse width (PW) to generate a train of full action potentials and followed by a sub-threshold 

(ST, 0.8x DT; PW=10ms) extra stimulus to obtain the STVm response (arrow). In response to 

a ST extra stimulus, directional differences in the spatial decay of Vm were readily identified 

with longitudinal (left panel) and transverse (right panel) coupling of atrial myocytes in 

region measured. B. A representative isochronal map from ST data and analyzed STVm 

decay from longitudinal and transverse directions over distance. C. Summarized data 

showing reduced intercellular electrical coupling in the aged rabbit atrium at both 

longitudinal (L) and transverse (T) myocardial fiber directions. D. Immunoblotting images 

of reduced junctional (membrane located) Cx43 along with enhanced activation of JNK in 

the aged rabbit atrium.

Yan et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
JNK reduces junctional Cx43 and impairs intercellular electrical coupling between 

myocytes. A. Immunoblotting images showing suppressed Cx43 in cultured HL-1 myocytes 

with overexpressed constitutively active JNK upstream activator MKK7D. B. Progressively 

reduced Cx43 proteins also found in JNK activated myocytes treated with anisomycin 

(Aniso) for 16hrs or 24hrs compared to vehicle-controls (Vehicle-Ctl). C. Representative 

immunoblotting images showing a reduced amount of junctional Cx43 in anisomycin-treated 

(16hrs, and 24hrs) HL-1 atrial myocytes compared to Vehicle-Ctl. Ponceau staining images 

suggest even loading between the immunoblotting samples. D. Summarized data of CV 

between the three groups analyzed from recorded optical mapping data in cultured HL-1 

confluent monolayers.
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Figure 4. 
Reduced Cx43, slower CV, and increased pacing-induced AF in JNK activated aged WT 

mice and cardiac-specific inducible MKK7D young mice. A. Representative isochronal 

maps from young and aged mouse intact atria subjected to pacing at a CL of 100ms (* 

indicates the pacing sites). Summarized optical mapping CV data show that aged mouse 

atria exhibited significantly slowed conduction compared to that of young controls. B. 

Representative electrograms (EG) and ECG traces of an episode of AT/AF (V=ventricular 

signal, A=atrial signal) induced by burst pacing (50Hz, 2sec) in two aged WT mice and 

sinus rhythm conversion right after burst pacing in a JNK inhibitor treated aged WT mouse. 

Pooled data of significantly increased average duration of pacing-induced AF in vivo per 
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attempt per animal in aged WT mice compared to that of young controls. JNK inhibition 

strikingly attenuated this increased AF in the aged WT mice. C. Summarized data showing 

increased JNK activation is associated with reduced Cx43 protein in the aged mouse atria, 

while JNK inhibition markedly increased Cx43. D. Reduced Cx43 is associated with a 

slower CV in intact atria from cardiac specific inducible MKK7D young Tg mice (MKK7D
+) with robustly activated JNK upon transient tamoxifen treatment compared to MKK7D 

negative littermates (MKK7D−) treated with tamoxifen.
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Figure 5. 
Slowing of CV and increased pacing-induced AF in pharmacologically JNK activated young 

WT mice, while JNK inhibition abolished these changes. A. Immunoblotting images and 

pooled quantitative data of reduced Cx43 protein in JNK activator anisomycin-treated mouse 

atria compared to vehicle-controls (Vehicle-Ctl). B. Representative isochronal maps of intact 

atria subjected to pacing at a CL of 100ms (*indicates the pacing site) from vehicle-control 

and anisomycin-treated young WT mice with and without pretreatment of the JNK. 

Summarized CV data suggesting JNK inhibition prevented anisomycin-induced slowing of 

CV. C. Pooled data showing that JNK inhibition in cardiac-specific overexpression of 

inactive JNK1/2 dominant negative (Jdn) Tg mice prevented anisomycin-induced Cx43 

down-regulation and enhanced AF propensity compared to anisomycin-treated WT 

littermates. D. Pooled optical mapping data of normal CV in anisomycin-treated JNK1/2dn 

(Jdn) mouse atria compared to that of untreated Vehicle-Ctl littermates.
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Figure 6. 
JNK leads to suppressed Cx43 mRNA expression and reduced AP-1 activity. A–C. Pooled 

quantitative qPCR data showing downregulated Cx43 mRNA expression in both aged 

human and rabbit atria as well as AdMKK7D overexpressed HL-1 myocytes compared to 

controls. D. Pooled quantitative immunoblotting data showing increased phosphorylation of 

JNK downstream transcription factor c-jun (c-jun-P) and unchanged ATF2 (ATF2-P) in 

AdMKK7D infected HL-1 atrial myocytes compared to AdLacZ-infected controls. E. 
Summarized data showing that AP-1 luciferase activity in anisomycin-treated HEK293 cells 

is positively correlated with Cx43 mRNA expression in anisomycin-treated HL-1 myocytes 

vs vehicle-controls (Vehicle-Ctl).
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Figure 7. 
JNK down-regulates Cx43 expression via c-jun suppressed Cx43 gene promoter activity. A–
B. Pooled data of ChIP assay showing markedly increased binding of c-jun protein but 

unchanged ATF2 to the Cx43 promoter in anisomycin-treated HL-1 atrial myocytes 

compared to vehicle-controls (VC or Vehicle-Ctl). Summarized data of XChIP assay 

showing that JNK inhibition markedly reduced immunoprecipitated c-jun to the Cx43 

promoter (A, far right bar), but not ATF2 (B, far right bar). C. Significantly reduced Cx43 

promoter activity in anisomycin(Aniso)-treated (JNK activated) HEK293 cells but c-jun 

siRNA knockdown (A+c-jun siRNA) reversed Cx43 promoter activity to the normal 

baseline. Both vehicle-control and anisomycin-treated cells were transfected with the 

scramble sRNA. D. Immunoblotting images showing the effective c-jun protein knockdown 

evidenced by significantly reduced c-jun proteins in c-jun siRNA transfected HEK293 cells 

compared to scramble siRNA-transfected controls.
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