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Abstract

Gap junctions (GJ) are intercellular channels composed of connexin subunits that play a critical 

role in a diverse number of cellular processes in all tissue types. In the heart, GJs mediate 

electrical coupling between cardiomyocytes and display mislocalization and/or downregulation in 

cardiac disease (a process known as GJ remodeling), producing an arrhythmogenic substrate. The 

main constituent of GJs in the ventricular myocardium is connexin 43 (Cx43), an integral 

membrane protein that is rapidly turned over and shows decreased expression or function with 

age. We hypothesized that Wwp1, an ubiquitin ligase whose expression in known to increase in 

aging-related pathologies, may regulate Cx43 in vivo by targeting it for ubiquitylation and 

degradation and yield tissue-specific Cx43 loss of function phenotypes. When Wwp1 was globally 

overexpressed in mice under the control of a β-actin promoter, the highest induction of Wwp1 

expression was observed in the heart which was associated with a 90% reduction in cardiac Cx43 

protein levels, left ventricular hypertrophy (LVH), and the development of lethal ventricular 

arrhythmias around 8 weeks of age. This phenotype was completely penetrant in two independent 

founder lines. Cardiomyocyte-specific overexpression of Wwp1 confirmed that this phenotype 

was cell autonomous and delineated Cx43-dependent and –independent roles for Wwp1 in 
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arrhythmogenesis and LVH, respectively. Using a cell-based system, it was determined that 

Wwp1 co-immunoprecipitates with and ubiquitylates Cx43, causing a decrease in the steady state 

levels of Cx43 protein. These findings offer new mechanistic insights into the regulation of Cx43 

which may be exploitable in various gap junctionopathies.
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1. Introduction

Gap junctions (GJ) play an instrumental role in the electrical coupling of cardiomyocytes 

and, consequently, in synchronization of myocardial contraction. Connexin 43 (Cx43) is the 

principle constituent of GJs in the working mammalian myocardium, and decreases in Cx43 

expression and/or altered subcellular localization of Cx43 (a process termed GJ remodeling) 

have been described in nearly every type of cardiac pathology, including aging [1], and 

correlate with electrophysiologically identified arrhythmic changes and contractile 

dysfunction in animal models [2]. Indeed, mounting evidence supports the assertion that 

arrhythmogenesis resulting from GJ remodeling is the common endpoint of a myriad of 

different etiologies, both acquired and genetic [3]. Therefore, there is great interest in 

understanding the molecular pathways that regulate both normal GJ homeostasis as well as 

those involved in pathological GJ remodeling.

GJ plaques are dynamic plasma membrane domains that are constantly being renewed and 

degraded. Cx43 is an unusually labile integral membrane protein with an estimated half-life 

in the heart of less than two hours [4–6]. Ubiquitylation of Cx43 or associated proteins is an 

important cellular signal in its physiological internalization and degradation [7, 8], and 

recently it has been found that Cx43 is also ubiquitylated in cultured cardiomyocytes that 

undergo ischemia [9, 10]. Ubiquitylation is a post-translational modification that covalently 

conjugates the highly conserved ubiquitin (Ub) molecule via its C-terminus to a lysine 

residue on a target protein. This signal can result in the turnover of the ubiquitylated 

substrate by either the proteasome or by the lysosome, a change in subcellular localization of 

the target protein, or alteration of target protein function [11]. This process is facilitated by 

three enzymes/scaffolding proteins: the Ub-activating enzyme (E1), the Ub-conjugating 

enzyme (E2), and the Ub ligase (E3). Because there are only a limited number of E1s and a 

handful of E2s, much of the specificity in ubiquitylation is thought to be determined by the 

E3 [12].

Several reports show that a growing number of E3s can regulate Cx43 and its internalization 

from the plasma membrane, including TRIM21 [13], Smurf2 [14], and Nedd4 [15, 16]. 

Since these studies were conducted in cell culture systems, the issue of how Cx43 

degradation may be regulated in vivo is still unclear. We hypothesized that the E3 ubiquitin 

ligase Wwp1 may contribute to the regulation of Cx43 levels in the heart and, potentially, to 

GJ remodeling as well. Wwp1 shares overall structural organization with Nedd4 and 

Smurf2, including a phospholipid-associated C2 domain, 4 WW domains which have 
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affinity for PY motifs and phospho-serines and -threonines, such as those found in the 

carboxy terminus of Cx43, as well as the enzymatic HECT domain [17]. Furthermore, high 

expression of WWP1 in the heart has been reported [18–20], suggesting that it may have an 

important physiological function there. Dysfunction of WWP1 has been implicated in 

tumorigenesis, neurological disorders, infectious disease responses, and in aging [21]. 

Specifically, somatic genomic amplification or overexpression of WWP1 has been 

associated with the development of a variety of cancers [22–26], and the mechanism 

underlying its oncogenic effects commonly involves the ubiquitylation of tumor suppressors 

[21]. WWP1 expression has also been reported to increase in mouse mesenchymal stem 

cells with age, whereas Wwp1−/− mice exhibited increased bone mass due to increased 

osteoblast migration, differentiation, and function [27]. Thus, WWP1 appears to have an 

important role in bone homeostasis which is disrupted in aging with the appearance of 

osteoblast dysfunction and bone loss. Since mice lacking Cx43 have low bone mass and 

osteoblast dysfunction [28], humans with mutations in the GJA1 gene encoding Cx43 

develop skeletal malformations and infrequent cardiac abnormalities like arrhythmias as part 

of the syndrome oculodentodigital dysplasia (ODDD) [29], and Cx43 has been characterized 

as a conditional tumor suppressor [30], we considered the possibility that Wwp1 may 

negatively regulate Cx43 in vivo.

Using an inducible transgenic mouse model, we herein demonstrate a novel role for Wwp1 

in the regulation of Cx43 in the heart. In two independent founder lines, β-actin-induced 

global activation of the transgene resulted in the highest level of induction of Wwp1 

expression in the heart which was associated with a ~90% reduction of steady state levels of 

myocardial Cx43 protein levels, left ventricular hypertrophy (LVH), and the development of 

lethal ventricular arrhythmias between 5 and 13 weeks of age with 100% penetrance. 

Cardiomyocyte-specific overexpression of Wwp1 confirmed that this phenotype was cell 

autonomous and delineated Cx43-dependent and –independent roles for Wwp1 in 

arrhythmogenesis and LVH, respectively. These findings offer new mechanistic insights into 

the regulation of Cx43 which may be exploitable in various gap junctionopathies from 

arrhythmogenesis to carcinogenesis.

2. Materials and methods

2.1. Animals

The pTraffic transgenic vector was created by ligating an 8.2 kb SacI/EcoRV fragment from 

pRedInC (provided by Dr. Adam Dupuy, University of Iowa School of Medicine) with a 

double stranded oligo of the sense sequence 5’-

CGGCGCGCCATCGATGCTAGCGATATCGCATGCTCGA-3’, and a 1.3 kb BamHI/

BsaBI fragment from pIRES2-eGFP (Clontech). The full length 2756 bp open reading frame 

of Wwp1 was then directionally cloned into the AscI and NheI sites of the polylinker. To 

generate pTraffic-Wwp1 mice, the PvuI-linearized construct into fertilized pronuclei from 

C57BL/6N zygotes. Founder animals were identified by DsRed2 expression and confirmed 

by Southern blot analysis and used to create lines on a C57BL/6N background. These were 

bred to homozygous beta-actin cre animals (FVB/N-Tg(ACTB-cre) 2Mrt/J, Jackson stock 

number 003376) to generate global Wwp1 overexpressers (tg/+; cre/+). To generate 
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cardiomyocyte-specific overexpressers, pTraffic-Wwp1 transgenics were crossed to animals 

homozygous for the Tmx-inducible MerCreMer transgene (B6.FVB(129)-Tg(Myh6-cre/

Esr1*)1Jmk/J, Jackson stock number 005657) and resulting tg/+; MerCreMer/+ were 

injected with Tamoxifen base (T5648, Sigma-Aldrich) resuspended in a 95% peanut oil 

(P2144, Sigma–Aldrich) 5% ethanol solution to induce Wwp1 overexpression. The dosing 

regime was two consecutive dosages of 40 mg/kg/day spaced by 24 hours as previously 

described in [31]. All experiments were conducted in full compliance with the Institutional 

Animal Care and Use Committee of the University of South Carolina, the Medical 

University of South Carolina, and the National Cancer Institute at Frederick.

2.2. Quantitative real time PCR

Following erythrocyte lysis, CD45+ and CD45− cells were obtained from mouse bone 

marrow using CD45 MicroBeads and LD columns in accordance with the manufacturer’s 

instructions (Miltenyi Biotec). Total RNA was isolated from mouse tissues using RNA 

STAT-60 (Tel-Test) following the specifications provided by the manufacturer. One 

microgram of total RNA was used in cDNA synthesis primed with random hexamers using 

the Roche Reverse Transcription kit. Quantitative real time PCR reactions were performed 

in triplicates in a 96-well plate (Applied Biosystems) using the 7300 Real-Time PCR System 

(Applied Biosystems) with SYBR Green PCR Master Mix (Applied Biosystems). All 

reactions were run at 50° C for 2 min, then 95°C for 10 minutes, then 40 cycles of 95°C for 

15 seconds and 60°C for 1 minute. A melting curve analysis was added after each run to 

confirm the specificity of the amplification (95°C for 15 sec, then 60°C for 30 sec followed 

by 95°C for 15 sec). Gapdh was used as reference gene and the relative expression was 

calculated as in [32]. Primer sequences used in this analysis were as follows: 5’-

GCTTCCAGGCCATATTGGAG-3’ and 5’-GGGGGCATGACCTCATCTT-3’ for Nppb, 

5’-GAGGTCACTCCTATCCTCTGG-3’ and 5’-GCCATTTCCTCCGACTTTTCTC-3’ for 

Nppa, 5’-ACAACCCCTACGATTATGCGT-3’ and 5’-

ACGTCAAAGGCACTATCCGTG-3’ for Myh7, 5’-GGCAGTCTCAGCGGAATCAAT-3’ 

and 5’-GGTCCATAGGGGTCATTTTCTG-3’ for Wwp1, 5’-

AGAACACGGCAAGGTGAAGAT-3’ and 5’-TGAACCCATAGATGTACCACTGG-3’ 

for Cx43, and 5’-TGAAGCAGGCATCTGAGGG-3’ and 5’-

CGAAGGTGGAAGAGTGGGAG-3’ for Gapdh.

2.3. Cardiomyocyte cross sectional area

90 µm vibratome cardiac sections were stained with TRITC-conjugated wheat germ 

agglutinin (WGA, Sigma) and DAPI. The images were acquired using an IX81 Olympus 

spinning disk confocal microscope at 20X oil magnification. The surface area and diameter 

of 250 cardiomyocytes from 15 different fields (in cross section) per animal were measured 

by an observer blind to genotype using ImageJ.

2.4. Echocardiography

Transthoracic echocardiography imaging was performed on anesthetized animals using a 

VEVO 660 ultrasound machine with a 25-MHz RMV-710 transducer. The heart was first 

imaged in a two-dimensional mode (B mode) in the parasternal short-axis view and then this 
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view was used to position the M-mode cursor perpendicular to the ventricular septum and 

LV posterior wall, after which one-dimersional M-mode echocardiogram traces were 

obtained and analyzed. All primary measurements were made from images captured on cine 

loops at the time of the study by use of the instrument-based VisualSonics analysis software 

present. For each study, measurements were made and averaged from 9 heart beats per 

animal.

2.5. Electrocardiograms

Three lead surface electrocardiograms were obtained on lightly anesthetized mice. 

Electrogram signals were amplified and filtered using a BioAmp (ADInstruments) and 

acquired at 1–2 kHz using a PowerLab 8/35 (ADInstruments). Electrocardiograms were 

analyzed and measurements of cardiac intervals from at least 10 waveforms of each 

recording were made using LabChart (ADInstruments).

2.6. Overdrive pacing

Mouse hearts were isolated and cannulated via the aorta and Langendorff perfused with 

Tyrode solution (pH=7.4). Tyrode solution was saturated with 100% oxygen and maintained 

at 37°C. A second cannula was inserted via the pulmonary vein, through the left atrium and 

across the mitral valve. Hearts were placed in a tissue bath mounted on a THT microscope 

(Scimedia) and positioned with the posterior side down such that anterior free wall (frontal 

four chamber view) could be imaged and a stable ventricular rhythm established. To pace 

the ventricles, bipolar 22G Teflon coated chloride-silver wire electrodes were positioned at 

the AV groove. Three additional monopolar electrodes were positioned on the ventricular 

free wall to record ventricular epicardial electrocardiograms. Stimulation pulses were at a 

duration of 2 ms and an amplitude of twice threshold. The overdrive pacing protocol 

consisted of a burst of 20 pulses over a short 1.5 s time period (equivalent to a heart rate of 

750 bpm). To record high resolution 1 kHz electrocardiograms, signals were amplified and 

filtered by an electrocardiogram amplifier at a bandwidth of 0.1 to 300 Hz (WPI) using a 

Bioamp (BD Instruments), captured, and analyzed using Labchart software. All recordings 

were obtained simultaneously throughout the duration of the pacing protocols.

2.7. Tissue Immunofluorescence

Mouse cardiac tissue was flash frozen in freezing medium (Thermo Scientific), and 

cryosectioned at 10 µm. Sections were fixed in 2% PFA and blocked in 10% normal donkey 

serum, 2% BSA and 0.2% Triton X-100 in TBS. Primary antibody was applied in 1% 

normal donkey serum/0.1% Triton X-100 in TBS and incubated overnight at 4°C. Primary 

antibodies used include Cx43 (C6219, Sigma, 1:500), N-Cadherin (3B9, Invitrogen, 1:500), 

and desmoplakin1/2 (DP-2.15, AbD Serotec, 1:50). The appropriate Cy3- or Cy5-conjugated 

secondary antibody (Jackson ImmunoResearch) was applied at a 1:200 dilution (in 1% 

normal donkey serum and 0.1% Triton X-100 in TBS) and then phalloidin was detected 

using 1x blue 350-phalloidin (AAT Bioquest). All images were acquired using an IX81 

Olympus spinning disk confocal microscope at 60X oil magnification and sometimes 

pseudocolored for figure production.
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Paraffin sections of normal human heart or left ventricle were purchased from Biomax and 

Biochain, respectively, The slides were dewaxed, treated with antigen retrieval solution 

(DAKO), permeabilized with Triton X-100, blocked for one hour using donkey antiserum 

followed by incubation with primary antibodies (Cx43, C6219, Sigma, 1:4000 and Wwp1, 

1A7, Abnova, 1:1000) overnight. The slides were washed with phosphate buffered saline 

and incubated with the appropriate Cy2- or Cy3-conjugated secondary antibody (Jackson 

ImmunoResearch) for one hour. Images were acquired using a Zeiss Axioimager A1 at 40X.

2.8. Tissue Protein Extraction and Western Blot Analysis

Mouse hearts were quickly dissected out following euthanasia and immediately 

homogenized in 1 mL of freshly prepared protein lysis buffer (50 mM Tris pH=8, 150 mM 

NaCl, 1% Triton X-100, 1 mM DTT, 25mM NaF, 10 mM of freshly made iodoacetamide, 

2mM of sodium orthovanadate, 1X EDTA and protease cocktail inhibitors from Thermo 

Scientific). The protein lysates were incubated on ice for 30 min then centrifuged for 30 min 

at 14,000 rpm (4°C). For western blotting, 50 µg or 100 µg of protein per sample were 

separated using a 10% or 4%-20% gradient Bio-Rad Criterion TGX Tris-Glycine Gels then 

transferred to a PVDF membrane. Signals were visualized using ECL reagent (Millipore, 

Immobilon Western) and the FluorChem E Chemiluminescent Western Blot Imaging 

System (ProteinSimple). Normalization and quantification of band intensities was performed 

with AlphaView software (ProteinSimple). Primary antibodies used include anti-RFP/

DsRed2 (ab62341, Abcam, 1:1000), anti-eGFP (ab290, Abcam, 1:2000), anti-Cx43 (C6219, 

Sigma, 1:1000 or 1:4000 in ubiquitylation assay), anti-HA (H9658, Sigma, 1:4000), anti-

MYC (9E10, Santa Cruz Biotechnology, 1:500), anti-Cx40 antiserum (Alpha Diagnostic 

International, 1:1000), anti-Cx45 (AB1745, Millipore, 1:1000), and anti-α-Tubulin (T5168, 

Sigma, 1:1000). HRP-conjugated secondary antibodies were from BioRad and Santa Cruz 

Biotechnology.

2.9. Co-immunoprecipitation

293T cells were transfected with 2 µg total of the indicated plasmids using JetPRIME 

reagent (PolyPLUS) according to the manufacturer’s guidelines. Forty-eight hours after 

transfection, cells were stimulated with 100 ng/mL of phorbol 12-myristate 13-acetate 

(PMA) for 30 min, the PMA was washed out, and the cells were lysed 5.5 hours later with a 

solution containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 2.5 mM 

EDTA, 2 mM sodium orthovanadate, 10 mM iodoacetamide, and protease cocktail 

inhibitors (Thermo Scientific). After reserving 3.75% of the cell lysate to run as input, the 

remainder was pre-cleared with protein A/G agarose beads (Santa Cruz Biotechnology) and 

then incubated with 1 µg of either anti-Cx43 (71–0700, Invitrogen) antibody or control anti-

rabbit IgG overnight. The next day, the immunocomplexes were incubated with protein A/G 

agarose beads (Santa Cruz Biotechnology) for three hours, washed in lysis buffer, eluted 

with 2X Laemmli sample buffer after boiling for 5 min at 95°C, resolved using SDS-PAGE, 

and blotted with the indicated antibodies as described above.

2.10. Ubiquitylation assay

293T cells were transfected with 2 µg total of the indicated plasmids using JetPRIME 

reagent (PolyPLUS) according to the manufacturer’s guidelines. Forty-eight hours after 
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transfection, cells were stimulated with 100 ng/mL PMA for 1 hour, the PMA was washed 

out, and the cells were lysed 5 hours later with a solution containing 50 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 0.5% Triton X-100, 5 mM EDTA, 2 mM sodium orthovanadate, 10 mM 

iodoacetamide, and protease cocktail inhibitors (Thermo Scientific). After reserving 3% of 

the cell lysate to run as input, the remainder was pre-cleared with protein A/G agarose beads 

(Santa Cruz Biotechnology) and then incubated with 1 µg of anti-Cx43 (71–0700, 

Invitrogen) antibody, 2 µg of anti-HA (H9658, Sigma) antibody, or control anti-rabbit IgG 

overnight as indicated. The next day, the immunocomplexes were incubated with protein 

A/G agarose beads (Santa Cruz Biotechnology) for three hours, washed in lysis buffer, 

eluted with 2X Laemmli sample buffer after boiling for 5 min at 95°C, resolved using SDS-

PAGE, and blotted with the indicated antibodies.

2.11. Statistics

Statistical analysis of quantitative data (mean, standard deviation, 2-tailed unpaired t-test for 

comparison of means, and one-factor analysis of variance corrected by the post hoc Tukey 

test for multiple comparisons) and Kaplan-Meier survival analysis were calculated and 

plotted using Prism software (GraphPad Software Inc). All cell culture experiments were 

performed at least three independent times with similar results. Numbers of animals used per 

experiment is indicated in the appropriate figure legends.

3. Results

3.1. Inducible overexpression of Wwp1 in an animal model

Because increases in the expression of WWP1 have been associated with carcinogenesis and 

with aging [21], a novel inducible transgenic system called pTraffic was created to model 

these pathologies in vivo. In this system, the presence of the inactive (i.e., not expressing) 

Wwp1 transgene is marked by ubiquitous DsRed2 fluorescence (Fig. 1A). The transgene can 

be activated in a tissue- and temporal-specific manner upon exposure to the cre 

recombinase, which mediates recombination between the two loxP sites in the vector (Fig. 

1B). This results in the loss of DsRed2 fluorescence, the increased expression of Wwp1, and 

the gain of eGFP fluorescence, which is expressed from an internal ribosome entry 

sequence. Thus, all cells that have undergone cre-mediated recombination will fluoresce 

green instead of red.

This construct was injected into fertilized pronuclei to create transgenic founders. As 

expected, the founders ubiquitously expressed the DsRed2 tag in the skin whereas no eGFP 

could be visualized (Fig. 1A). We selected those founders (numbers 14667 and 14730) that 

displayed the highest expression of DsRed2 with the lowest vector copy number to minimize 

the possibility of obtaining strange recombination products from concatamers of unknown 

orientation in order to create two independent lines (data not shown). To determine whether 

Wwp1 can regulate Cx43 in a number of tissues, the overexpression of Wwp1 was activated 

ubiquitously by breeding the pTraffic lines to homozygous β-actin cre animals to yield 

offspring with just the cre construct (+/+; cre/+, also referred to as wild type or WT) as well 

as littermates with the activated pTraffic and cre transgenes (tg/+; cre/+).
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3.2. Mice that globally overexpress Wwp1 develop LVH and die around 8 weeks of age

Whereas mice carrying the inactive pTraffic transgene were found to have a normal life 

span, mice globally overexpressing Wwp1 died suddenly without any previous signs of 

illness between five and thirteen weeks of age, and this phenotype was completely penetrant 

in both independent founder lines (Fig. 1C). The median age of survival in the 14667 line 

was 62.5 days and 55.5 days in the 14730 line, both statistically significantly different from 

the WT (+/+; cre/+) littermates but not from one another. The only change noted on gross 

necropsy and histopathologic evaluation of major organ systems of Wwp1 overexpressers 

from both lines was an overall globular shape to the heart with mild to moderate LVH but no 

dilation in any of the four chambers as compared to cre-only WT littermate controls (data 

not shown). There was also a statistically significant increase in heart weight-to-body weight 

and heart weight-to-tibia length ratios in both lines (Supplementary Table 1).

While the gross necropsy suggested that the phenotype might arise as a consequence of 

cardiac abnormalities, since the cre transgene is ubiquitously expressed in these animals, it 

was likely that Wwp1 was activated to differing degrees in various tissues throughout the 

body. To quantify the degree of Wwp1 upregulation, the expression of Wwp1 was evaluated 

in a number of tissues derived from two tg/+; cre/+ males and two tg/+; cre/+ females from 

each line in comparison to two gender- and age-matched +/+; cre/+ littermates from each 

line using quantitative real time PCR. Representative results of detected fold increase in 

Wwp1 mRNA in brain, heart, bone marrow-derived leukocytes (CD45+), kidney, liver, 

lungs, bone marrow-derived mesenchymal stem cells (CD45−), spleen, and thymus are 

shown in Fig. 1D. While a statistically significant increase in the fold-change of Wwp1 

(ranging from 1.8- to 4-fold) was detected in all tissues except bone marrow-derived 

mesenchymal stem-like cells, the highest increase in Wwp1 mRNA expression was detected 

in the heart (~24-fold increase), consistent with the altered gross histology of these animals 

(Fig. 1D).

The LVH noted on gross histology was corroborated by examining the expression of 

hypertrophic markers using quantitative real time PCR. Consistent with LVH and a 

reactivation of fetal growth genes, Nppb, Nppa, and Myh7 were all significantly upregulated 

in hearts of the Wwp1 overexpressers relative to WT cre-only littermate controls (Fig. 2A). 

Additionally, quantification of cardiomyocyte fiber cross sectional surface area highlighted 

by WGA staining of the sarcolemma revealed a significant increase in each transgenic line, 

in keeping with presumptive concentric hypertrophy in these animals (Fig. 2B). Cardiac 

structure and function were more precisely analyzed in Wwp1 overexpressers using 

longitudinal echocardiographic studies. By eight weeks of age, Wwp1 overexpressers from 

both the 14667 and 14730 lines displayed statistically significant LVH (particularly in the 

posterior wall) without any evidence of compromised ventricular function (Fig. 2C and 

Supplementary Table 1, n=6 for each genotype). Rather, there was a slight but statistically 

significant increase in both ejection fraction and fractional shortening in both lines 

(Supplementary Table 1). Thus, the detected LVH was not responsible for overt heart 

failure. However, arrhythmic traces and irregular heartbeats were observed in the majority 

of the Wwp1 overexpressers from both lines between six and eight weeks of age whereas 

none of the cre-only littermates displayed such abnormalities (Fig. 2C).
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3.3. Animals overexpressing Wwp1 have ventricular arrhythmias

To further characterize the apparent arrhythmias observed in Wwp1 overexpressers during 

echocardiography, electrocardiographic analysis was performed on these animals. Analysis 

of eight Wwp1 transgenic animals and their WT (+/+; cre/+) littermates from each line 

revealed that Wwp1 overexpressers possessed decreased amplitude of waveforms along with 

a significant widening of the QRS complex and a prolonged QT corrected interval in both 

the 14667 and 14730 lines (Supplementary Table 2). These results are consistent with 

defects in ventricular conduction and repolarization, which has also been noted in animals 

lacking Cx43 [33] and suggests that the cause of sudden death might be related to 

ventricular arrhythmias.

This hypothesis was confirmed by isolating hearts from Wwp1 overexpressors (n=9) and 

from their WT cre-only littermates (n=7) and subjecting them to an overdrive pacing 

protocol while recording the electrocardiograms. Shown in Fig. 3A are typical 

electrocardiogram traces from these hearts before and after 1.5 sec rapid pacing. The 

abnormal baseline waveforms noted for the Wwp1 overexpressers were similar to those 

observed in vivo in the whole animal. During these experiments, all wild type hearts quickly 

recovered sinus rhythm while all the hearts derived from Wwp1 overexpressers displayed 

ventricular arrhythmias. In fact, in two of the nine hearts derived from Wwp1 

overexpressers, spontaneous sustained tachycardia was observed (Fig. 3B) which was 

assumed to be lethal in vivo. In total, all nine hearts derived from Wwp1 overexpressing 

animals displayed multiple arrhythmias, and seven of the nine hearts demonstrated sustained 

tachycardia (either spontaneous or pacing-induced) that is likely lethal in the animal. In 

contrast, five of the seven hearts derived from wild type animals showed no detectable 

arrhythmia after multiple installments of overdrive pacing, while the remaining two 

displayed only one arrhythmic episode followed by rapid recovery of sinus rhythm over the 

course of the entire experiment (Fig. 3C), thus suggesting that the cause of sudden death in 

Wwp1 overexpressing animals is lethal ventricular arrhythmias.

3.4. Hearts derived from animals overexpressing Wwp1 display GJ remodeling and almost 
a complete loss of Cx43 protein

To ascertain whether Wwp1 overexpressers displayed GJ remodeling, cryostat sections from 

Wwp1 overexpressers (n=4) from the 14667 and the 14730 lines as well as from WT cre-

only littermates (n=4) were co-immunostained for phalloidin, Cx43, and either N-cadherin 

or desmoplakin. While Cx43 almost completely localized to the intercalated discs of 8 week 

old WT (+/+; cre/+) mice, there were greatly reduced amounts and generalized 

mislocalization of Cx43 in Wwp1 overexpressers (tg/+; cre/+) at that age (Fig. 4A). The 

effect of Wwp1 overexpression appeared to be specific to Cx43 and not symptomatic of 

global structural alterations affecting the intercalated disc as no change in N-cadherin or 

desmoplakin expression was noted (Fig. 4A and 4B). This staining pattern is consistent with 

either increased internalization and/or increased degradation of GJs. To distinguish between 

these possibilities, total protein extracts were prepared from hearts of Wwp1 overexpressers 

and WT littermates and Cx43 levels were analyzed by Western blotting (Fig. 4B). 

Quantification of Cx43 levels indicated that overexpression of Wwp1 resulted in a 

statistically significant reduction of Cx43 protein levels in both lines (88% in 14667 and 
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87% in 14730; Fig. 4C). In contrast, no change in the protein levels of Cx40 or Cx45, the 

two other connexins highly expressed in the heart, were observed (Supplementary Fig. 1), 

again corroborating the specificity of the effect of Wwp1 on Cx43. Interestingly, the 

observed Wwp1-induced changes in Cx43 localization and expression were solely at the 

protein level as quantitative real time PCR detected no significant change in Cx43 mRNA 

levels in either Wwp1 overexpressing line relative to the WT littermates (Fig. 4D), 

suggesting that the direct or indirect regulation of Cx43 by Wwp1 was post-translational.

3.5. Wwp1 interacts with and ubiquitylates Cx43

Since Wwp1 is an E3 ubiquitin ligase, we hypothesized that it might bind to and ubiquitylate 

Cx43, causing its degradation during GJ turnover or pathological GJ remodeling. To first 

determine whether endogenous Wwp1 and Cx43 co-localized in the heart, we performed co-

immunofluorescent labeling of paraffin sections of normal human heart (n=3) since, in our 

hands, the anti-Wwp1 antibody would not recognize endogenous mouse Wwp1. The results 

of this experiment showed colocalization of WWP1 and Cx43 intracellularly within small 

discrete puncta of cardiomyocytes (Supplementary Fig. 2), suggesting that Wwp1 might act 

on internalized Cx43 to promote its degradation. Because co-localization of Wwp1 and 

Cx43 was limited to small intracellular subsets of these proteins and because the interaction 

between an ubiquitin ligase and a putative substrate is transitory in nature, co-

immunoprecipitation of exogenously expressed Cx43 and Wwp1 was performed in 293T 

cells to maximize the probability of success. In particular, 293T cells were transiently 

transfected with Cx43 and either mCherry/MYC tandem tagged WT Wwp1 or a 

mCherry/MYC tandem-tagged mutant Wwp1 in which the E3 activity has been abolished by 

a point mutation (herein referred to as MYC-C886S, both constructs were previously 

described in [34]). Forty-eight hours after transfection, cells were stimulated with PMA to 

promote the internalization and ubiquitylation of Cx43 [35]. We found that similar amounts 

of WT and mutant Wwp1 co-immunoprecipitated with Cx43 and that this interaction was 

independent of the ubiquitin ligase activity of Wwp1 (Fig. 5A, lanes 1 and 2). However, co-

immunoprecipitation of Cx43 and Wwp1 was dependent upon an intact PY motif in Cx43 as 

the P283L mutant (in which the first proline of the PPXY module of Cx43 had been mutated 

to leucine) was unable to pull down Wwp1 in vivo (Fig. 5A, lanes 7 and 8), suggesting that 

this motif may interact with the WW domains of Wwp1 as has previously been described for 

the Nedd4-Cx43 association [16]. This effect was likely not caused by a dominant negative 

effect of the P283L mutant as our 293T cells do not express appreciable amounts of Cx43 

(Fig. 5A, input lanes 4–6). Importantly, the observed interaction between Cx43 and Wwp1 

was specific in that no Wwp1 was detected in either samples that were immunoprecipitated 

with a rabbit IgG negative control (Fig. 5A, right panels) or in cells transfected with empty 

vector subjected to Cx43 immunoprecipitation (Fig. 5A, left panels, lane 6).

Interestingly, we observed that when WT Wwp1 was co-expressed with Cx43, there was 

less steady state Cx43 detected in the input, but this effect was abrogated by expressing the 

ligase-dead version of Wwp1 (Fig 5A, Cx43 input lanes 1 vs. 2), suggesting that Wwp1 

might promote the ubiquitylation and subsequent degradation of Cx43. This hypothesis was 

tested by transiently transfecting 293T cells with hemagglutinin (HA)-tagged Ub (previously 

described in [36]), Cx43, and either MYC-Wwp1 or MYC-C886S. Forty-eight hours after 
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transfection, cells were stimulated with 100 ng/mL PMA for 60 min, and, after wash out, 

cells were incubated in complete media for another 5 hours as this was determined to 

maximize the detectable ubiquitylation of Cx43 (Supplementary Figure 3). Ubiquitylation of 

Cx43 was assessed by immunoprecipitating the indicated cellular lysates with anti-Cx43 

antibody and then immunoblotting with anti-HA. This assay revealed that Wwp1 could 

mediate robust ubiquitylation of Cx43 (lane 1, Fig. 5B), and that this modification of Cx43 

was dependent upon the intact Ub ligase activity of Wwp1, as catalytically inactive Wwp1 

(MYC-C886S, lane 2, Fig. 5B) showed markedly reduced ubiquitylation of Cx43 with an 

apparent increase in the steady state levels of Cx43 comparable to exogenous expression of 

Cx43 alone (Cx43 input, lane 1 vs. lanes 2 and 4, Fig. 5B). No ubiquitylation of Cx43 was 

detected with just Cx43 or just HA-Ub (lanes 3 and 4, Fig. 5B) or when lysates were 

subjected to immunoprecipitation with a rabbit IgG negative control (Fig. 5B, right panels). 

Ubiquitylation of Cx43 rather than another Cx43-interacting protein that might precipitate in 

the immunocomplex was confirmed by performing a reverse ubiquitylation assay in which 

lysates from 293T cells transiently transfected with the indicated plasmids and PMA 

stimulated 293T cells were immunoprecipiated with anti-HA antibody and then 

immunoblotted with anti-Cx43. Once again, laddering of high molecular weight proteins 

was observed in cells transfected with WT Wwp1 whereas these additional bands were not 

seen when MYC-C886 was expressed (Supplemental Fig. 4), consistent with the assertion 

that overexpression of Wwp1 promotes the ubiquitylation of Cx43. Given the dramatic 

decrease in Cx43 protein in the hearts of Wwp1 overexpressers, it is tempting to speculate 

that this ubiquitylation event might promote the degradation of Cx43, predisposing them to 

ventricular arrhythmias.

3.6. Cardiomyocyte-specific overexpression of Wwp1 phenocopies global Wwp1 induction

Although global Wwp1 overexpressers displayed ventricular arrhythmias, the sudden 

cardiac death phenotype might have arisen as a secondary, downstream consequence of the 

myocardial, structural remodeling and LVH rather than as a result of the direct effects on 

Cx43. To tease apart this mechanism, we crossed the pTraffic-Wwp1 transgenics to mice 

homozygous for a tamoxifen (Tmx)-inducible cre under the control of the cardiomyocyte-

specific alpha -myosin heavy chain promoter (MerCreMer) [37], yielding offspring that 

carried just the cre construct (+/+; MerCreMer/+) or animals that carried both the pTraffic-

Wwp1 and MerCreMer transgenes (tg/+; MerCreMer/+). Mice bearing the MerCreMer 

transgene do not robustly express cre until exposed to a sufficient dosage of Tmx, as the cre 

is under the control of mutant estrogen receptors; however, a low level of leakiness due to 

responsiveness to endogenous estrogens has been noted in these animals [37]. To dissect the 

temporal contribution of Wwp1 overexpression to the sudden cardiac death phenotype, we 

intraperitoneally injected cohorts of at least 10 mice on two consecutive days with either 40 

mg/kg of vehicle or with 40 mg/kg of Tmx beginning either at 26 days of age or at 54 days 

of age. All cre only mice (+/+; MerCreMer/+) receiving either vehicle or Tmx injections as 

well as Wwp1 transgenic mice (tg/+; MerCreMer/+) receiving vehicle injections had a 

normal lifespan while Tmx-injected tg/+; MerCreMer/+ mice survived to about 8 weeks of 

age (Fig. 6A), similar to what was seen in the global overexpressers. In particular, the 

median age of survival of tg/+; MerCreMer/+ injected with Tmx at 26 days of age was 55 

days, whereas the median age of survival for cardiomyocyte-specific overexpression 
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initiated at 54 days of age was 57 days, three days after the first injection of Tmx. 

Interestingly, when these mice were examined using echocardiography, LVH was only 

noted in those tg/+; MerCreMer/+ mice that had been Tmx-treated beginning at 26 days of 

age and this hypertrophy took at least 18 days to appear (Fig. 6B). In contrast, none of the 

tg/+; MerCreMer/+ mice receiving Tmx injections beginning at 54 days of age survived 

beyond 59 days of age (i.e., five days following the first injection), and no LVH was 

detected by echocardiography. However, as early as one day following the first injection, an 

irregular heartbeat was detected in some of this cohort (Fig. 6B).

Because maximal induction of the transgene by Tmx was reached 72 hours following the 

first injection (Supplementary Fig. 5), that time point was utilized to evaluate the levels of 

Cx43 in tg/+; MerCreMer/+ animals injected with either vehicle or with Tmx at 26 and at 54 

days of age. Irrespective of when Tmx was administered, it caused an activation of the 

pTraffic-Wwp1 transgene and a resulting ~40% decrease (38% decrease when Tmx was 

administered at 26 days or 45% decrease when Tmx was injected at 54 days of age) in Cx43 

protein detected in total heart protein extracts by Western blot as compared to vehicle-

injected tg/+; MerCreMer/+ or to treated cre-only controls (Fig. 7A). Since myocytes have 

been reported to make up 55% of the mouse heart [38], this decrease in Cx43 would 

translate to a 69–82% decrease in Cx43 within cardiomyocytes. Indeed, when cryostat 

sections of hearts derived from Tmx- or vehicle-treated tg/+; MerCreMer/+ were 

immunostained for phalloidin and Cx43, we could detect very little Cx43 in the myocytes of 

tg/+; MerCreMer/+ animals that had been Tmx-treated either at 26 or at 54 days of age 

(Supplementary Fig. 6). Thus, this aspect of cardiomyocyte-specific overexpression of 

Wwp1 was very similar to what was observed with global overexpression of Wwp1.

Reduction in myocardial Cx43 would be expected to influence electroconduction of the 

heart. To assess this possibility in tg/+; MerCreMer/+ mice, electrocardiogram studies were 

conducted. In particular, since cardiomyocyte-specific overexpression of Wwp1 at 26 days 

of age resulted in markedly decreased Cx43 within 72 hours but death was not evidenced 

until 55 days of age, we hypothesized that lack of GJ intercellular communication in the 

myocardium would be sufficient to create an arrhythmogenic substrate that would be 

revealed when stressed. This hypothesis was tested by injecting three tg/+; MerCreMer/+ 

mice with vehicle and another three mice with Tmx at 26 days of age. One week later 

(before LVH was detectable, Fig. 6B), hearts were isolated from these animals and subjected 

to an overdrive pacing protocol while electrocardiographic measurements were taken. 

Baseline readings on Langendorff-perfused hearts obtained from Tmx-treated tg/+; 

MerCreMer/+ animals showed electroconduction abnormalities including a reduced QRS 

amplitude and a prolonged QT interval, whereas none were noted in hearts derived from 

tg/+; MerCreMer/+ that had received vehicle injections the week before (Fig. 7B). When 

subjected to 1.5 second rapid cardiac pacing, the hearts from vehicle-injected double 

transgenic mice quickly recovered normal sinus rhythm. However, hearts derived from the 

Tmx-treated double transgenic animals subjected to the same pacing protocol exhibited 

ventricular fibrillation that in vivo would likely result in sudden cardiac death (Fig. 7B). 

Taken together, these results indicate that cardiomyocyte-specific overexpression of Wwp1 

beginning at approximately 4 weeks of age makes the heart highly susceptible to 
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arrhythmogenesis, yet pathways exist to compensate for the lack of Cx43 during this phase 

of postnatal development allowing the animals to survive to early adulthood.

Because mice overexpressing Wwp1 either globally or in just the cardiomyocytes lived to 

approximately 8 weeks of age, it stands to reason that activation of the Wwp1 transgene in 

tg/+; MerCreMer/+ animals at 54 days of age would yield a rapid deterioration of the 

ventricular electroconduction signal that correlated with the loss of Cx43 and onset of 

sudden cardiac death. This assertion was tested by serially recording surface 

electrocardiograms from four 54 day old mice injected with vehicle and from another four 

54 day old mice injected with Tmx. Baseline electrocardiograms were obtained before 

injection and then again at 12, 24, 48, and 72 hours following injection in the same cohort of 

animals (Fig. 7C). These experiments revealed a significant decrease in the amplitude of the 

QRS interval at both the 12 and 24 hour time points in Tmx-treated animals, indicative of 

decreased electroconduction in the ventricles associated with the initial activation of Wwp1. 

At the 48 and 72 hour time points, Tmx-treated animals showed further reduction in the 

QRS amplitude as well as prolongation of the QT interval, a precursor to arrhythogenesis, 

with almost undetectable waveforms in some of the animals at 72 hours (Fig. 7C). None of 

the Tmx-injected animals survived beyond 72 hours, expiring from what was likely 

ventricular arrhythmogenic episodes in the absence of any LVH (Fig. 6C). In contrast, all 

vehicle-injected animals displayed no significant changes in their EKG traces compared to 

their baseline recordings over the time period examined (Fig. 7C).

4. Discussion

The studies presented here reveal the critical and previously unappreciated cell autonomous 

role of Wwp1 in modulating Cx43 stability in the myocardium via its ability to bind to and 

ubiquitylate Cx43. Global- and cardiomyocyte-specific overexpression of Wwp1 both 

resulted in the generation of lethal ventricular arrhythmias around 8 weeks of age due to the 

dramatic reduction of Cx43 protein in the heart muscle. In humans, heterozygous (and a few 

homozygous) germline mutations in GJA1 cause ODDD with congenital craniofacial 

abnormalities, soft tissue fusion of the digits, small eyes, and anomalies of the teeth 

including loss of enamel (reviewed in [39]). Further, these phenotypes can also present as 

part of a syndrome that includes neuropathies, skin disease, bladder incontinence, 

thermosensitivity, lymphedema, and, rarely, arrhythmia [29]. In mouse, constitutive 

knockout of Gja1 yielded a phenotype of perinatal mortality due to malformations in the 

right ventricular outflow tract,[40] whereas cardiomyocyte-specific inactivation of Gja1 

resulted in lethal ventricular arrhythmias without any structural alterations by two months of 

age despite a 86–95% decrease in Cx43 protein detected as early as E12.5 [41]. This 

phenotype is identical to what we observed upon cardiomyocyte-specific activation of 

Wwp1 at 54 days of age and very similar to our global overexpressers. The particularly high 

level of Wwp1 overexpression induced in the heart relative to brain (a representative neural 

tissue) or bone marrow-derived CD45− mesenchymal stem-like cells likely accounts for the 

lack of bone or neurological phenotypes in our global overexpressers, despite the prominent 

role played by both Cx43 and Wwp1 in these other tissues.
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It is interesting to note that, so long as no trigger is applied, the timing of the spontaneous 

sudden cardiac death at ~8 weeks of age was very consistent in Wwp1 overexpressing 

animals, irrespective of whether the overexpression was global or cardiomyocyte-specific 

(initiated at either 26 days or 54 days of age) and regardless of whether LVH is present. The 

onset of spontaneous sudden cardiac death did not appear to depend on the kinetics of Cx43 

loss, as a similar decrease in Cx43 protein in the cardiomyocytes of Tmx-treated tg/+; 

MerCreMer/+ animals was noted within 72h of injection at both 26 and at 54 days of age 

relative to vehicle-injected tg/+; MerCreMer/+ littermates (Fig. 7A). It remains a formal 

possibility that this small difference in Cx43 expression between four and eight weeks of 

age, while not statistically significant, may be physiologically relevant in producing enough 

of a buffer against spontaneous reentry arrhythmia similar to what has been described in the 

O-CKO line of Cx43 cardiomyocyte-specific loss of function animals [33]. However, this 

decrease in Cx43 associated with early activation of Wwp1 is sufficient to render the 

animals susceptible to induced arrhythmias at this age (Fig. 7B). Spontaneous sudden 

cardiac death manifesting around two months of age in our Wwp1 overexpressers as well as 

in cardiomyocyte-specific knockout of Cx43 [41] may reflect developmental programs in 

the murine heart. Eight weeks of age corresponds to the point of postnatal cardiac 

development in mouse where the architecture of the cardiomyocytes has reached its full 

maturity and where Cx43 localizes exclusively to the intercalated discs [42]. As such, it 

would appear that the still developing postnatal heart is a dynamic entity with much more 

plasticity of gene expression, allowing it to cope with alterations in electroconduction that 

accompany a 69–82% decrease of Cx43 protein in the myocardium arising from either 

conditional loss of Cx43 or from overexpression of Wwp1.

Wwp1 belongs to the same subfamily of HECT E3s as Nedd4 and Smurf2, ubiquitin ligases 

that have previously been shown to contribute to the downregulation of Cx43 in cell culture 

systems either directly or indirectly [14–16]. All members of this subfamily are widely 

expressed with numerous other substrates and alternative splice isoforms reported for many 

of them [17], prompting the questions of whether these ligases serve redundant roles in 

targeting Cx43 and/or associated proteins, or, if not, how is specificity in various cellular, 

tissue, and biological contexts achieved? Interestingly, Nedd4 knockout mice die in utero 

around mid-gestation with marked heart defects including double-outlet right ventricle and 

atrioventricular cushion defects as well as vascular anomalies [43], indicating that Nedd4 

plays an essential role early on in heart development and may act on cardiac-specific targets 

other than Cx43. Further, a recent report found a correlation between the downregulation of 

SMURF2 mRNA and the pathogenesis of dilated cardiomyopathy as opposed to ischemic 

cardiomyopathy in a cohort of 31 patients[44] which would suggest that this ligase may be 

more important in the homeostasis of adult cardiomyocytes. Certainly the work described 

here illustrates that the longest isoform of Wwp1 (which has been the best characterized in 

the literature) plays an important role in the cellular homeostasis and rapid turnover of Cx43 

in vivo, as mice expressing increased Wwp1 in the heart universally developed lethal 

ventricular arrhythmias as a consequence of the pathological GJ remodeling. Importantly, 

this phenotype was completely penetrant in two independent founder lines and was robust to 

differences in strain background, as the β-actin cre line used to create the global 

overepressers was on a FVB/N background whereas the MerCreMer animals were on a 
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mixed B6/129 background. Strain background effects have been reported to modulate 

conduction disease severity in mice with cardiac sodium channelopathies, with the 129P2 

background contributing to greater severity of the phenotype than FVB/N [45, 46]. The 

phenotype described here is unlikely to be an overexpression artifact, as we have observed 

that Wwp1−/− animals have increased amounts of cardiac Cx43 protein and longer GJs at the 

intercalated discs, consistent with a physiological role for Wwp1 in Cx43 homeostasis (W. 

A. Basheer, R. L. Price, and L. E. Matesic, manuscript in preparation).

In addition to arrhythmogenesis, mild-to-moderate LVH with concentric hypertrophy of 

cardiomyocytes was noted in mice overexpressing Wwp1 either globally or exclusively in 

the cardiomyocytes beginning at 26 days of age. Because LVH has not been associated with 

cardiomyocyte-specific loss of Cx43 function [41], it may be that the cellular overgrowth 

observed in our overexpressers results from Cx43-independent pathways. Among its many 

known targets, Wwp1 has been shown to regulate the tumor suppressor LATS1 in breast 

cancer cells and target it for proteasomal degradation [47]. LATS1/2 are negative regulators 

of Hippo signaling, an evolutionarily conserved pathway involved in development, stem cell 

function, regeneration, and regulation of organ size in various tissues including the heart 

(reviewed in [48]). In particular, activation of Hippo signaling via the conditional 

overexpression of wild-type Yap in neonatal cardiomyocytes was noted to increase the size 

of the cells and to induce the expression of Nppa, Nppb, and the β-myosin heavy chain [49]. 

Further, using both gain of function and loss of function approaches, it has been shown that 

Lats2, a paralog of Lats1 highly expressed in the mammalian heart, is a negative regulator of 

cardiomyocyte size both in the postnatal period as well as in adult animals in response to 

pathological stress like pressure overload [50]. Thus, it is tempting to speculate that 

overexpression of Wwp1 in the early postnatal period increases Hippo signaling and 

promotes hypertrophy of cardiomyocytes, contributing to the LVH phenotype observed in 

our animals.

While the physiological role of Wwp1 in whole animals still needs to be examined more 

thoroughly, the studies described here offer novel insights into GJ turnover and remodeling. 

In particular, they define an association between the upregulation of Wwp1 in the heart and 

the downregulation of Cx43 leading to lethal ventricular arrhythmias in mice. 

Mechanistically, this likely arises from the ubiquitylation of Cx43, prompting its 

internalization from the intercalated disc and/or degradation. Research currently underway 

suggests that Wwp1 may be important in regulating the recycling of Cx43 (M. Abreha, H. L. 

Mentrup, and L. E. Matesic, manuscript in preparation). Thus, it may be that in animals 

overexpressing Wwp1, the decrease in steady state Cx43 protein results from increased 

degradation and decreased recycling without any change in the normal internalization of the 

protein. It would be predicted that increased Wwp1 expression would have an even more 

drastic outcome when internalization of Cx43 is promoted via phosphorylation during 

ischemia [51] or with PMA treatment [35]. Although there are outstanding questions 

regarding how the expression of Wwp1 is controlled and its potential role in regulating other 

targets, it will be interesting to determine whether WWP1 is similarly increased in acquired 

and genetic models of arrhythmogenesis in humans. Identification of this new molecular 

player involved in the regulation of Cx43 provides inroads towards a prospective new class 
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of therapeutic targets for the treatment of ventricular arrhythmias and sudden cardiac death, 

as WWP1 and other HECT E3s have recently been described to be druggable by peptide and 

small molecule inhibitors [52]. Since the incidence of sudden cardiac death is estimated to 

be in the range of 50–100 per 100,000 persons in industrialized nations per annum [53], this 

possibility certainly necessitates further consideration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Cx43 connexin 43

E1 ubiquitin activating enzyme

E2 ubiquitin conjugating enzyme

E3 ubiquitin ligase

GJ gap junctions

HA hemagglutinin

HECT homologous to E6-AP carboxy terminus

LVH left ventricular hypertrophy

ODDD oculodentodigital dysplasia

PMA phorbol 12-myristate 13-acetate

RING really interesting new gene

Tmx tamoxifen

Ub ubiquitin

WGA wheat germ agglutinin

WT wild type
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Highlights

• Overexpression of the ubiquitin ligase Wwp1 yields sudden cardiac death in 

mouse

• Chronic overexpression of Wwp1 promotes left ventricular hypertrophy

• The effects of Wwp1 are cardiomyocyte cell autonomous

• Wwp1 associates with and ubiquitylates connexin 43 contributing to 

arrhythmogenesis
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Fig. 1. Beta-actin driven overexpression of Wwp1 in mice causes sudden death around 8 weeks of 
age and high levels of expression in the heart
(A) A schematic of the pTraffic construct is depicted. In the inactive state, transgenic mice 

ubiquitously express DsRed2 resulting in red fluorescence as seen in the representative tail. 

No fluorescence can be visualized in the green channel. (B) Upon crossing to beta-actin cre 

transgenic mice, the offspring that inherit both the cre transgene as well as the pTraffic-

Wwp1 transgene (tg/+; cre/+) ubiquitously overexpress Wwp1 and GFP as pictured in the 

tail biopsy and no longer express DsRed2. (C) A Kaplan-Meier plot summarizing the 

percent survival for 30 Wwp1 overexpressers (tg/+; cre/+) from two independent founder 

lines (14667 and 14730) along with 30 wild type littermates (+/+; cre/+) from each line 

observed over a 180 day period is shown. (D) Wwp1 expression was evaluated in a number 

of tissues derived from four tg/+; cre/+ animals from each line in comparison to four +/+; 

cre/+ littermates at 8 weeks of age and normalized to Gapdh expression using quantitative 

real time PCR. SA=splice acceptor, pA=poly-adenylation signal, IRES=internal ribosome 

entry sequence, BML= bone marrow leukocytes, MSC= mesenchymal stem cells, *p value 

<0.001.
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Fig. 2. Mice that globally overexpress Wwp1 develop LVH
(A) Expression of fetal growth genes associated with cardiomyocyte hypertrophy (Nppa, 

Myh7, and Nppb) was evaluated in the hearts of 8-week old animals using quantitative real 

time PCR. Wwp1 overexpressers from both lines (14730 and 14667, n=6) exhibited a 

significant fold increase in the expression levels of Nppa, Myh7 and Nppb when compared 

to their WT +/+; cre/+ littermates. Mean and standard deviations are shown, *p < 0.01. (B) 

Wheat germ agglutinin (WGA) staining (in red) of cross sections of the left ventricular 

myocardium derived from 8 week old 14667 (+/+; cre/+ n=4 and tg/+; cre/+ n= 8) and 
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14730 mice (+/+; cre/+ n=8 and tg/+; cre/+ n= 7) revealed a significant increase in the 

cardiomyocyte fiber cross sectional surface area in the left ventricle following Wwp1 

overexpression in both lines (*p < 0.001). The calculated mean and standard deviation for 

the cross sectional area for each line and genotype is shown under their respective images. 

Scale bars = 10µm. (C) Representative M-mode echocardiographic traces from 8 week old 

animals (n=4 of each genotype) reveal thickening of both the interventricular septum (IVS) 

and the left ventricular posterior wall (LVPW) with a concomitant decrease in the left 

ventricular internal dimension (LVID). Episodic irregular heartbeats were occasionally 

noted in the Wwp1 overexpressers but never in WT littermates.
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Fig. 3. Wwp1 overexpressers are highly susceptible to ventricular arrhythmias
(A) Langendorff-perfused hearts from 8 week old Wwp1 overexpressors (tg/+; cre/+, n=9) 

and from their wild type littermates (+/+; cre/+, n=7) were subjected to an overdrive pacing 

protocol while electrocardiograms were recorded. Shown are typical electrocardiogram 

traces from these hearts before and after 1.5 sec rapid pacing. (B) In two of the nine hearts 

derived from Wwp1 overexpressers, spontaneous sustained tachycardia was observed, which 

was assumed to be lethal in vivo. (C) A summary of the overdrive pacing findings is 

presented.
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Fig. 4. Hearts derived from animals overexpressing Wwp1 display Cx43 GJ remodeling
(A) Cryostat heart sections derived from 8 week old tg/+; cre/+ animals (n=4) as well as 

their +/+; cre/+ littermates (n=4) were immunostained for phalloidin (red), N-cadherin 

(purple) and Cx43 (green). Animals overexpressing Wwp1 showed generalized 

mislocalization and greatly reduced amounts of Cx43 while expression of N-cadherin was 

unaffected. Scale bars = 10µm. (B) Frozen sections derived from hearts of 8 week old tg/+; 

tg/+; cre/+ animals (n=4) or their +/+; cre/+ littermates (n=4) were immunostained for 

phalloidin (red), desmoplakin (purple) and Cx43 (green). Animals overexpressing Wwp1 

showed generalized mislocalization and greatly reduced amounts of Cx43 while expression 

of desmoplakin was unaffected. Scale bars = 10µm. (C) Representative western blot of total 

heart protein from 8 week old tg/+; cre/+ and +/+; cre/+ mice illustrating a dramatic 

decrease in Cx43 protein in both the 14667 and 14730 lines. Normalization and 

quantification of cardiac Cx43 levels in 8 week old mice revealed a statistically significant 

88% reduction in Wwp1 overexpressers from the 14667 line and an 87% decrease in the 

14730 line relative to their +/+; cre/+ age matched littermate controls (n=5 for each 

genotype in each line, *p < 10−6, error bars represent standard deviations). (D) No 

significant change in Cx43 mRNA levels in the Wwp1 overexpressers (n=6) relative to their 

+/+; cre/+ littermates (n=6) was detected by qPCR in both lines. Mean and standard 

deviation are shown.
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Fig. 5. Wwp1 co-immunoprecipitates with and ubiquitylates Cx43
(A) Cx43 and either MYC-tagged Wwp1 or a MYC-tagged catalytically inactive form of 

Wwp1 (MYC-C886S) were transfected into 293T cells with either Cx43 or a PY mutant of 

Cx43 with the proline residue at position 283 mutated to leucine (Cx43-P283L). Both Wwp1 

and Wwp1-C886S could be detected in the immunocomplex with WT Cx43; however the 

interaction between Cx43 and Wwp1 was abrogated when the Cx43-P283L PY mutant was 

transfected into the cells. Further, co-expression of WT Wwp1 and WT Cx43 resulted in a 

decrease in the steady state of Cx43 input. (B) To determine whether Wwp1 could 

Basheer et al. Page 26

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ubiquitylate Cx43, 293T cells were transfected with HA-tagged Ub, Cx43, and either WT or 

MYC-C886S Wwp1 and, 48h later, were stimulated with PMA for 1hr. Five hours after 

PMA washout, cells were lysed and subjected to Cx43 immunoprecipitation and then the 

protein extract was immunoblotted with an anti-HA antibody to detect ubiquitylation. While 

WT Wwp1 mediated robust ubiquitylation of Cx43, the Wwp1-C886S mutant could not. 

This was also reflected in the decreased Cx43 detected in the input of cells transfected with 

WT Wwp1 and Cx43.
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Fig. 6. Cardiomyocyte-specific overexpression of Wwp1 yields sudden death and age-dependent 
LVH
(A) The pTraffic-Wwp1 transgenic mice were mated to mice homozygous for a tamoxifen 

(Tmx)-inducible cre under the control of the cardiomyocyte-specific alpha -myosin heavy 

chain promoter (MerCreMer), yielding offspring that carried just the cre construct (+/+; 

MerCreMer/+) or animals that carried both the pTraffic-Wwp1 and the MerCreMer 

transgenes (tg/+; MerCreMer/+). Only tg/+; MerCreMer/+ that received two consecutive 

intraperitoneal injections of Tmx (40 mg/kg/day) beginning at either 26 days of age (n=10) 

or 54 days of age (n=17) exhibited a sudden cardiac death phenotype around 8 weeks of age 

(55 and 57 days, respectively). All the vehicle-treated mice (+/+; MerCreMer/+, n=10 for 

each timepoint or tg/+; MerCreMer/+, n=10 and n=15 for the earlier and later timepoint, 

respectively) as well as the Tmx-treated +/+; MerCreMer/+ mice (n= 10 for each start point) 

lived a normal life span as summarized in the Kaplan-Meier plots. (B) Serial transthoracic 

echocardiographs were obtained from tg/+; MerCreMer mice treated with vehicle or Tmx 
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beginning at 26 days of age (n=3 for each, panels on the left) or at 54 days of age (n=3 for 

each, panels on the right). Representative M-mode traces illustrate the LVH that developed 

in Tmx-treated animals 18 days following cre induction but not in vehicle-treated littermates 

while those tg/+; MerCreMer mice that were administered Tmx (n=3) or vehicle (n=3) 

beginning at 54 days of age show episodic irregular heartbeats without LVH.
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Fig. 7. Cardiomyocyte-specific overexpression of Wwp1 results in a rapid decrease in Cx43 
protein levels, EKG abnormalities and high susceptibility to cardiac arrhythmia
(A) Wwp1 was overexpressed in the cardiomyocytes of tg/+; MerCreMer/+ mice beginning 

at 26 or 54 days of age via Tmx injection. Total protein was harvested from hearts 72 hours 

later and Cx43 levels were determined by Western blotting and densitometry. This analysis 

revealed a 38% decrease in normalized total cardiac Cx43 protein levels in animals injected 

at 26 days of age and a 45% decrease in normalized total cardiac Cx43 protein levels in 

animals treated with Tmx beginning at 54 days of age as compared to age-matched, vehicle-
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injected tg/+; MerCreMer/+ controls (n=3 for each genotype, treatment, and age). (B) 

Twenty-six day old tg/+; MerCreMer/+ mice were either vehicle- or Tmx-injected (n=3 for 

each treatment). One week later, hearts from these animals were Langendorff-perfused and 

subjected to an overdrive pacing protocol while electrocardiograms were recorded. Shown 

are typical traces from these hearts before and after 1.5 sec rapid pacing. Abnormal baseline 

waveforms were only noted in the hearts isolated from the Tmx-induced Wwp1 

overexpressers. While all vehicle treated hearts quickly recovered sinus rhythm following 

pacing during this protocol, those hearts with cardiomyocyte specific overexpression of 

Wwp1 derived from the Tmx-treated tg/+; MerCreMer/+ mice displayed ventricular 

arrhythmias. (C) Tg/+; MerCreMer/+ mice were injected with either vehicle (n=4) or Tmx 

(n=4) at 54 days of age and serial electrocardiograms were recorded in this cohort of animals 

at 12, 24, 48 and 72 hours following injections. Cardiomyocyte-specific overexpression of 

Wwp1 induced by Tmx caused a significant decrease in the amplitude of the QRS wave at 

12 and 24 hours post injection followed by further reduction in the QRS amplitude as well 

as prolongation of the QT interval at 48 and 72 hours following induction. The vehicle-

treated tg/+; MerCreMer/+ mice, on the other hand, showed no significant changes in their 

EKG traces at any of the time points following injection when compared to the baseline 

measurement. *p < 0.01
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