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Significance

Despite the profound effects 
of posttranslational protein 
modifications on downstream 
signaling events, limited studies 
have investigated the cardiac 
phosphoproteome in the context 
of human heart failure (HF). 
Here, we characterize differential 
regulation of major signaling 
networks along with upstream 
receptors and downstream 
effectors in HF patients with 
dilated cardiomyopathy (DCM) or 
ischemic cardiomyopathy (ICM). 
αT-catenin phosphorylation was 
identified as a DCM-associated 
mechanism regulating cardiac 
structure and function, 
cardiomyocyte intercalated disc 
(ICD) organization, and protein–
protein interactions at the 
adherens junction/area composita, 
using both ex vivo and in vivo 
experimental models. This work 
emphasizes the utility of our 
integrative analyses of proteome 
and phosphoproteome from 
patient ventricular samples to 
further our understanding of the 
etiology- and region-specific 
mechanisms underlying HF 
progression.
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The prognosis and treatment outcomes of heart failure (HF) patients rely heavily on 
disease etiology, yet the majority of underlying signaling mechanisms are complex 
and not fully elucidated. Phosphorylation is a major point of protein regulation 
with rapid and profound effects on the function and activity of protein networks. 
Currently, there is a lack of comprehensive proteomic and phosphoproteomic studies 
examining cardiac tissue from HF patients with either dilated dilated cardiomyo-
pathy (DCM) or ischemic cardiomyopathy (ICM). Here, we used a combined pro-
teomic and phosphoproteomic approach to identify and quantify more than 5,000 
total proteins with greater than 13,000 corresponding phosphorylation sites across 
explanted left ventricle (LV) tissue samples, including HF patients with DCM vs. 
nonfailing controls (NFC), and left ventricular infarct vs. noninfarct, and periinfarct 
vs. noninfarct regions of HF patients with ICM. Each pair-wise comparison revealed 
unique global proteomic and phosphoproteomic profiles with both shared and 
etiology-specific perturbations. With this approach, we identified a DCM-associated 
hyperphosphorylation cluster in the cardiomyocyte intercalated disc (ICD) protein, 
αT-catenin (CTNNA3). We demonstrate using both ex vivo isolated cardiomyocytes 
and in vivo using an AAV9-mediated overexpression mouse model, that CTNNA3 
phosphorylation at these residues plays a key role in maintaining protein locali-
zation at the cardiomyocyte ICD to regulate conductance and cell–cell adhesion. 
Collectively, this integrative proteomic/phosphoproteomic approach identifies region- 
and etiology-associated signaling pathways in human HF and describes a role for 
CTNNA3 phosphorylation in the pathophysiology of DCM.

heart failure | phosphoproteomics | signaling | bioinformatics | intercalated disc

Heart failure (HF) is clinically defined as the inability of the heart to maintain sufficient 
systemic circulation. Despite considerable efforts to improve prognosis and treatment, 
increasing incidence and 5-y mortality rate for HF patients remain high (1), highlighting 
a need for a deeper understanding of underlying disease mechanisms and limitations of 
current clinical interventions (2–4).

HF patients are managed based on clinical symptoms but disease etiology remains a 
key determinant of clinical prognosis and treatment outcomes (5–7). Ischemic cardiomy-
opathy (ICM) and dilated cardiomyopathy (DCM) are two of the most common causes 
of HF (1). Patients with DCM present with ventricular dilatation and impaired systolic 
function whereas the initial ischemic insult in ICM patients results in cellular apoptosis 
and loss of contractile function within the infarct followed by secondary cellular remod-
eling events (8, 9). Pathological cardiac remodeling disrupts various aspects of normal 
myocardial structure and function leading to inflammation, fibrosis, altered metabolism 
and myocardial contractility, and electrical disturbances. Thus, the delineation of perturbed 
signaling pathways of these two HF etiologies is of paramount importance for the clinical 
development of diagnostic and therapeutic strategies.

Numerous signaling cascades have been extensively studied in experimental cardiovas-
cular disease models and in patients with ICM and DCM, in an attempt to discover key 
protein or pathway targets that may reverse or prevent further deterioration in cardiac 
function (10–14). Phosphorylation is a key dynamic modulator of signaling to rapidly 
and precisely drive the activation, localization, and degradation of proteins. In the setting 
of cardiac pathology, phosphorylation of key cardiac proteins, such as ryanodine receptor 2, 
titin, troponin I, phospholamban, and others, is known to integrate signaling cascades 
and regulate myocardial stiffening, contractility, and calcium cycling rates to both shape 
and respond to pathological stimuli (15–18). Harnessing the high-throughput power of 
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mass spectrometry-driven phosphoproteomics has been essential 
to discovering the wide-spread presence of phosphorylation and 
its functional roles in the complex signaling interplay in failing 
hearts.

The present study provides an in-depth, integrative proteomic 
and phosphoproteomic analysis of perturbed myocardial molecular 
signatures between HF patients suffering from DCM and ICM. 
Myocardial tissue explants from the left ventricle (LV) infarct, peri-
infarct, and noninfarct regions of HF patients with ICM, the LV 
of HF patients with DCM, and the LV of nonfailing controls (NFC) 
were labeled with 10-plex tandem mass tags (TMT) and subjected 
to liquid chromatography–tandem mass spectrometry (LC-MS/MS) 
proteomic and phosphoproteomic analyses. Following stringent 
computational and bioinformatic analyses, dozens of disrupted 
molecular networks were found in dilated and post-MI failing LV. 
Ranking of functionally enriched pathways and phosphoprotein 
candidates revealed myocyte adhesion and phosphorylation of the 
intercalated disc (ICD) protein, αT-catenin (CTNNA3), respec-
tively, as uniquely up-regulated in DCM hearts. Using ex vivo char-
acterization in isolated adult mouse cardiomyocytes as well as 
generation of an in vivo AAV9-mediated overexpression mouse 
model, we demonstrate a role for CTNNA3 phosphorylation in 
regulating ICD organization, conductance, and cell–cell adhesion. 
Collectively, these comprehensive discovery datasets of etiology- and 
region-associated signaling pathways in both DCM and ICM are 
clinically relevant and should be further explored for their thera-
peutic and diagnostic potential.

Results

Patient and Sample Characteristics. Left ventricular anterior 
wall tissue explants were collected from three groups of patients 
and utilized for downstream proteomic and phosphoproteomic 
profiling: i) DCM patients with failing hearts; ii) ICM patients 
with failing hearts resulting from MI; and iii) nonfailing control 
(NFC) samples from donors with no history of heart disease that 
were unsuitable for transplant (Fig. 1 and Table 1). Patient clinical 
characteristics are listed in Table 1. No vasopressor or inotropes 
were used in the DCM or ICM patients immediately prior to 
heart transplantation. All four NFC patients received intravenous 
vasopressin and norepinephrine as standard pressor and inotropic 
support. Three different samples from the left ventricular wall 
were collected from each patient in the ICM group: infarct (INF), 
periinfarct (PERI), and noninfarcted (NI) regions. Trichrome and 
picrosirius red (PSR) staining demonstrated increased myocardial 
fibrosis in tissue from DCM patients and the periinfarct region of 
ICM patients when compared to NFC, with greater fibrosis seen 
in the DCM group (SI Appendix, Fig. S1). Immunofluorescent 
staining with wheat germ agglutinin (WGA) revealed increased 
cardiomyocyte cross-sectional area in the periinfarct and DCM 
samples, consistent with pathological hypertrophy (SI Appendix, 
Fig. S1). These results reveal the pathological remodeling in these 
explanted failing human hearts.

Overview of Global Proteomic and Phosphoproteomic Analyses. 
Left ventricular samples isolated from DCM and NFC patients 
and left ventricular samples isolated from infarct, periinfarct, 
and noninfarct regions from ICM patients were subjected to LC-
MS/MS for an in-depth characterization of globally expressed 
proteins and phosphoproteins (Fig. 1 and SI Appendix, Table S1). 
Across the three pairwise comparisons (DCM vs. NFC; infarct vs. 
noninfarct in ICM; periinfarct vs. noninfarct in ICM), a total of 
3,738 proteins and 13,624 phosphorylation sites corresponding to 
3,240 phosphoproteins were identified from left ventricular tissues, 

totaling 5,570 unique proteins (Fig. 1). Global distribution data 
and raw datasets of proteins and phosphorylation sites are shown 
in SI  Appendix, Fig.  S2, and Datasets S1 and S2, respectively. 
The differences in the number of proteins/phosphorylation sites 
altered within each comparison (Fig. 2 A and B) are reflected in the 
distinct clustering of DCM and infarct samples from their controls, 
NFC and noninfarct, respectively, by 2D principal component 
analysis (PCA) (Fig.  2 A and B and SI  Appendix, Fig.  S3). In 
contrast to the infarct vs. noninfarct comparison, the number 
of altered proteins and phosphorylation sites between periinfarct 
and noninfarcted samples of the ventricular myocardium were 
noticeably lower, with 241 altered proteins and phosphorylation 
sites, supported by a shorter minimum distance between the two 
sample groups in the PCA analysis (Fig. 2C). Despite the limited 
sample size of patients, our multiplexed study design allowed 
for in-depth coverage of the global cardiac proteome in HF. In 
order to assess our data in the context of larger, diverse patient 
samples, we performed integrative analysis with 3 recent open-
source datasets: Li et al. (global LV proteomics (19); n = 15 DCM, 
n = 15 ICM, n = 15 NFC), Tomin et al. (global LV proteomics 
(20); n = 3 DCM, n = 12 ICM, n = 10 NFC), and Reichart et al. 
(LV single-cell transcriptomics (21); n = 61 DCM, n = 18 NFC). 
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Ischemic cardiomyopathy (ICM)
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Fig. 1. Overview of experimental workflow with a summary of proteomic 
and phosphoproteomic data with assigned PSMs and proteins identified. Left 
ventricular tissues from DCM patients with failing hearts vs. NFC and from 
infarct, periinfarct, and noninfarct regions sampled from each ICM patient 
with failing hearts were processed for LC-MS/MS and tagged with 10-plex TMT 
for relative quantification. Venn diagram depicts all identified proteins and 
phosphoproteins from each pairwise comparison.
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Integrative analyses across the datasets showed a high degree of 
total protein coverage overlap from these studies in our dataset 
(85% of proteins from Li et  al.; 98% of proteins from Tomin 
et al.; >1,300 additional proteins identified only in our dataset) 
as well as strong correlation at the pathway level for both DCM 
(r = 0.95) and ICM (r = 0.97) annotations (SI Appendix, Fig. S4), 
with discrepancies in differential protein/gene expression likely 
largely attributable to inter-patient variability, variability in sample 
collection time at transplant/autopsy, and collection methodology 
across different research centers, as well as established discordance 
between RNA and protein levels across human tissues (22).

The representative cardiac proteome and phosphoproteome 
coverage in all three of our datasets, encompassing all protein and 
phosphoprotein identifications, were then characterized according 
to Reactome pathways, Gene Ontology Biological Process (GOBP), 
Cellular Component (GOCC), and Molecular Function (GOMF) 
(Fig. 2D). (Phospho)protein identifications of each dataset were 
then independently analyzed for over-represented gene annota-
tions to identify converging and differential pathway enrichment 
between the DCM, infarct, and periinfarct samples, as compared 
to their respective controls (Fig. 2E  and Dataset S3). Gene anno-
tations at all classifications and the magnitude of overrepresenta-
tion relative to the total human proteome were highly overlapped 
between the three individual datasets, as shown in the Venn dia-
grams in Fig. 2E.

Major Individual Protein and Phosphorylation Site Disturbances 
in ICM and DCM. Proteomic analysis revealed 757 and 544 proteins 
to be altered (two-tailed Student’s t test, P-value < 0.05) in DCM 
and infarct compared to their controls, NFC and noninfarct, 
respectively, 137 of which were modified in both pathologies 
(Figs.  2 A and B and 3A). Corresponding phosphoproteomic 
profiling revealed 1,435 altered phosphorylation sites in DCM 
and 3,107 in infarct with an overlap of 522 phosphorylation sites, 

which corresponded to 625 phosphoproteins in DCM and 1,239 
in infarct with an overlap of 430 phosphoproteins (Figs. 2 A and 
B and 3A). For the purpose of a direct comparison between ICM 
and DCM, protein and phosphorylation site expression levels 
of commonly identified components between DCM and INF 
(when compared against the relevant controls) were visualized 
(Fig. 3B and Dataset S1). Interestingly, proteomic data showed 
a selective down-regulation of contractile proteins (TTN, TCAP, 
NEBL, MYH7, and MYBPC3) as well as cell adhesion proteins 
(DSG2, DSP, and CTNNA1) in DCM in contrast to their stable 
expression in infarcted tissue (Fig.  3B, SI  Appendix, Fig.  S5A, 
and Dataset S1). Kinase networks that regulate the DCM and 
infarct phosphoproteome were determined by associating each 
significantly (P-value < 0.05) altered phosphorylation site with 
a linear motif based on the identified surrounding sequence and 
was given potential kinases and/or binding partners using the 
“add linear motifs” function on Perseus (Dataset S4). The 10 most 
abundant motifs identified in DCM and infarct were identical 
regarding its order and frequency (Fig.  3C), suggesting that 
these kinases play a central role in intracellular cardiac signaling 
regardless of disease etiology.

Detailed Protein and Phosphorylation Site Level Annotation of 
Central Signaling Mechanisms in HF. For subsequent bioinformatic 
analyses, the proteome and phosphoproteome were merged to 
have each protein represented once in the combined (phospho)
proteome by either its expression or phosphorylation site intensity 
values (Fig.  3D). This approach yielded one dataset for each 
etiology, DCM and infarct, and retained the most significantly 
altered identifications at protein or phosphorylation site level for 
all (phospho)proteins identified. Significantly (P-value < 0.05) up-
regulated and down-regulated (phospho)proteins from DCM and 
infarct were independently analyzed, i.e., four separate analyses, 
for enriched gene annotations to compare protein coverage and 

Table 1. Clinical characteristics of patient tissues
Etiology DCM ICM NFC

Patient Code DCM1 DCM2 DCM3 DCM4 INF1/PERI1 INF2/PERI2 INF3/PERI3 INF4/PERI4 NFC1 NFC2 NFC3 NFC4

Sex M M F F M M F F F F M M

Age at 
transplant 
(years)

51 45 55 62 55 62 57 51 21 42 38 54

Medications
(1 = yes; 0 = no)

Patient 
code LVAD EF (%) LV mass (g/m2)

LVIDd 
(cm)

LVIDs 
(cm)

LVPWd 
(cm)

Duration HF 
(months) Hb (g/L)

eGFR
(mL/min/
1.73 m2)

ACEi/
ARB

Beta-
blocker MRA Vasopressor

DCM1 No 15 155.9 6.6 5.6 1.1 60 122 71 1 1 1 0

DCM2 No 25 122.6 6.3 6.0 1.0 75 134 63 1 0 1 0

DCM3 No 29 112.3 5.1 4.9 1.2 81 131 79 1 1 0 0

DCM4 No 20 146.7 6.2 5.3 1.2 66 118 58 1 1 1 0

INF1/
PERI1

Yes 22 127.0 / 50.1 5.3 / 4.1 4.5 / 3.5 0.9 / 0.5 73 129 59 1 1 1 0

INF2/
PERI2

Yes 24 − / 85.3 − / 5.5 − / 4.6 − / 0.7 64 130 54 1 1 1 0

INF3/
PERI3

Yes 31 153.6 / 126.4 5.1 / 5.1 4.6 / 3.9 1.3 / 1.2 84 116 62 1 1 0 0

INF4/
PERI4

Yes 19 − / 84.6 − / 5.0 − / 4.1 − / 1.0 58 123 73 1 1 1 0

Abbreviations: DCM, dilated cardiomyopathy; ICM, ischemic cardiomyopathy; INF, infarct; PERI, periinfarct; NFC, nonfailing control; M, male; F, female; LVAD, left ventricular assist device; 
EF, ejection fraction; LV mass, left ventricular mass; LVIDd, left ventricular internal dimension at diastole; LVIDs, left ventricular internal dimension at systole; LVPWd, left ventricular pos-
terior wall at end diastole, HF, heart failure; Hb, hemoglobin; eGFR, estimated glomerular filtration rate; ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; 
MRA, mineralocorticoid receptor antagonist. ICM data are shown as pre/post-LVAD for LV mass, LVIDd, LVIDs, and LVPWd; EF data are pre-LVAD. NFC heart samples were procured 
through the HOPE (Human Organ Procurement and Exchange) program from donors with no history of cardiac disease that were unsuitable for transplant.
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identify broad patterns that may determine which proteins are up- 
or down-regulated (Fig. 3E, SI Appendix, Fig. S5B, and Dataset S5. 
HF-associated processes including regulation of PTEN and focal 
adhesion were significantly (Fisher’s exact overrepresentation test, 
q-value<0.05) enriched among up-regulated (phospho)proteins in 
both DCM and infarct (23, 24). Moreover, gene set enrichment 
analysis  resulted in 560 gene sets significantly (q-value < 0.05) 
enriched in DCM compared to NFC and 743 gene sets in the 
infarct compared to noninfarct. DCM and infarct datasets shared 
357 gene sets that were significantly enriched in both ICM and 
DCM samples, leaving 203 and 386 gene sets uniquely associated 
with DCM and INF, respectively (SI Appendix, Figs. S6 and S7 
and Dataset S6). Collectively, these pathways were annotated with 
relevant quantitative information from the (phospho)proteomic 
profiling of DCM and ICM samples compared against their relevant 
controls (SI Appendix, Fig. S8), providing an illustrated overview of 
the major signaling pathways altered in HF in our datasets.

Functional Enrichment Analyses Identify Cell–Cell Adhesion 
Pathways in DCM. Ranking of gene ontology data (Dataset S5) 
demonstrated the top 10 significantly enriched (P  < 0.05) 
biological processes, cellular components, and molecular functions 
in the DCM hearts (Fig. 3F). Interestingly, the highest enriched 
pathways up-regulated in DCM corresponded to myocyte 
adhesion, cell cortex/fascia adherens, and cell adhesive protein 
binding. In cardiac tissue, structural cell–cell adhesion and 
electrical and mechanical coupling between neighboring muscle 
cells is mediated by a highly specialized ICD region (25). Enriched 
annotations with functional relevance to the ICD cellular 
compartment identified corresponding molecular pathways of 
α-catenin binding, β-catenin binding, and cadherin binding 
(SI Appendix, Fig. S9). At the proteome level, minor differences 
were observed in ICD protein abundance (Fig. 3G), yet over ¾ 
of ICD proteins (10/13 proteins from this ICD cassette) showed 
significant (P < 0.05) changes in phosphorylation levels in DCM 
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Fig. 2. Perturbed proteome and phosphoproteome in DCM patients and its region-specific manifestation in ICM patients. (A–C) Volcano and principal component 
analysis plots of the different etiology pairwise comparisons (A, DCM vs. NFC; B, infarct vs. noninfarct in ICM; C, periinfarct vs. noninfarct in ICM). Volcano plots show 
log-transformed values of proteins (closed circles) and phosphorylation sites (open circles) with differential expression (Student’s t test, P < 0.05) between each 
pairwise comparison of pathological samples and related controls. Proteins/phosphorylation sites up- or down-regulated in pathology were colored red or blue, 
respectively. Broken lines in volcano plots represent a further permutation-based corrected P-value significance level (q < 0.05). Principal component analysis plots 
showed distinct clustering of patient sample groups resulting from merged protein and phosphorylation site quantitative information. (D) Overview of selected 
cardiac-relevant gene annotation distributions in the failing human LV from all (phospho)protein identifications found in at least one of the three pairwise datasets 
(DCM vs. NFC, infarct vs. noninfarct, and periinfarct vs. noninfarct). GO = gene ontology, BP = biological process, CC = cellular component, MF = molecular function. 
(E) Global view of hierarchical clustering and coverage comparisons of significantly (q-value < 0.05) over-represented gene annotations between each dataset.
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(either up- or down-regulated), as compared to NFC (Fig. 3H and 
SI Appendix, Fig. S10), suggesting that phosphorylation of ICD 
proteins comprises a major, yet previously uncharacterized, process 
underlying perturbed protein regulation and signaling in DCM. 
Interestingly, hierarchical clustering showed segregation between 
phosphorylation of proteins at the gap junction/desmosome as 
being down-regulated in DCM and phosphorylation of proteins 
at the adherens junction/area composita as being up-regulated 
in DCM (SI Appendix, Fig. S10). Two proteins from the ICD 
protein cassette, CTNNB1 and JUP, did not show significant 
phosphorylation differences despite detection of several 
phosphosites in the mass spectrometry data, while a third protein, 
DSC2, had no phosphosites detected in the DCM samples. 
Together, these data identify DCM-associated changes at the 
ICD and reinforce the utility of phosphoproteomic analyses to 
characterize pathways in HF pathophysiology.

Hyperphosphorylation of the Cardiomyocyte-Enriched Protein, αT-
Catenin (CTNNA3), in DCM. To identify previously uncharacterized 
phosphoprotein candidates preferentially altered in DCM, we applied 
a ranking strategy to all 625 differentially regulated phosphoproteins 
and identified CTNNA3 (αT-catenin) with the highest ranked 
phosphorylation site q-value, and with no corresponding significant 
change recorded at the protein level in DCM, as compared to 
NFC (Fig.  4A). Of 8 unique phosphorylation sites identified in 
the CTNNA3 protein, five showed significant up regulation or 
downregulation in DCM (Fig. 4A). Interestingly, we detected four 
hyperphosphorylated residues in DCM: S637, S647, T649, and 
S650, by mass spectrometry, all clustered within a span of 14 amino 
acids (Fig. 4 A and B). These changes appeared to be specific to DCM, 
with no significant differences in phosphorylation status observed at 
these loci in the ICM samples. Kinase motif enrichment identified 
the top up- and down-regulated motifs in DCM, with CKI, GSK, 
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Fig.  4. Cardiomyocyte-enriched ICD 
protein, CTNNA3, is hyperphospho-
rylated in DCM. (A) Log-transformed 
P-values of proteins (closed circles) 
and phosphorylation sites (open circles) 
up-regulated (red) or down-regulated 
(blue) in DCM vs. NFC, with CTNNA3 
protein and phosphorylation sites de
signated in black (left; volcano plot 
is replotted from Fig.  2A), and heat 
map of CTNNA3 phosphosites (right; 
expanded view of data from Fig.  3H) 
with proteins/phosphorylation sites 
up- or down-regulated in DCM color-
ed red or blue, respectively. Numbers 
in brackets [e.g., S637 (2)] designate 
separate peptides used to quantify a 
particular phosphorylation site, where-
in other additional phosphorylation 
sites were also present on the pep-
tide. (B) Conservation of phosphosites 
across species between αT-catenin 
(CTNNA3) and αE-catenin (CTNNA1). 
Phosphosites are denoted in red, sites 
with significantly increased phospho-
rylation in human DCM hearts are 
bold and underlined. (C) Immunoblot 
analysis of CTNNA3 expression across 
mouse tissues demonstrated cardiac- 
enriched expression. (D) Analysis of an 
open-access single-cell RNA-seq data-
set (GEO accession: GSE109816) from 
human heart tissue showed cardiac 
CTNNA3 expression is enriched in the 
cardiomyocyte. LV = left ventricle, LA = 
left atria. (E) Confocal imaging of CTN-
NA3, N-cadherin, and F-actin in human 
NFC and DCM heart tissue. (Scale bar, 
20  µm.) (F) Three-dimensional recon-
struction of CTNNA3 and N-cadherin 
localization at the ICD in cardiac tissue 
from NFC and DCM patients. (Scale bar, 
5  µm.) Images are representative of 
n=3 independent biological replicates.
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ERKs, CDK5, PKCε, and WW domain as the putative kinases and 
binding motifs for the phosphoresidues identified in the CTNNA3 
protein (SI Appendix, Fig. S11). As our identified phosphosites are 
located within a conserved amino acid region, previously termed 
the “phospho (P)-linker” domain (26), we used the ClinVar 
database to identify variants within this domain, between amino 
acids 627 to 660 of the CTNNA3 protein. This analysis revealed 
60 assertions for variants at 37 sites within the CTNNA3 gene, all 
with varying clinical association to arrhythmogenic right ventricular 
cardiomyopathy, including a single-nucleotide variant at one of our 
putative phosphosites, S650 (SI Appendix, Fig. S12 and Table S2).

CTNNA3 is a member of the α-catenin protein family, which 
show robust species conservation across mammalian taxa, with 
divergent clustering of the cardiac muscle-enriched CTNNA3, by 
phylogeny and human protein atlas analysis (SI Appendix, 
Fig. S13). A sequence alignment demonstrated that this region is 
highly conserved across species and α-catenin isoforms (Fig. 4B), 
which identified an additional putative phosphorylation site at 
T653 (26). CTNNA3 is highly enriched in mouse atria and ven-
tricular tissue (Fig. 4C and SI Appendix, Fig. S14), and this enrich-
ment appears specific to the cardiomyocyte (Fig. 4D), based on 
open-access human heart single-cell RNA-seq (27). Together, these 
data support the notion of an evolutionarily conserved phos-
phodomain in the cardiomyocyte-enriched protein CTNNA3.

Microscopy Analysis of CTNNA3 at the ICD in Human DCM Hearts. 
We then performed confocal imaging of human heart LV tissue sec-
tions from DCM and NFC patients and localized CTNNA3 to the 
cardiomyocyte ICD region with a high degree of colocalization with 
the ICD marker, N-cadherin (Fig. 4E). A similar staining pattern 
was observed in mouse cardiac tissue (SI Appendix, Fig. S15A) and 
in isolated adult mouse cardiomyocytes (SI Appendix, Fig. S15 B–E). 
Higher magnification imaging in human LV tissue (SI Appendix, 
Fig.  S15F), coupled with 3-dimensional reconstruction analysis 
(Fig.  4F), demonstrated reorganization of the ICD structure in 
DCM hearts. DCM tissues showed ICD lengthening (17.20 ± 
1.87 µm vs. 10.07 ± 0.76 µm; P < 0.05) and reduced ICD thick-
ness (1.88 ± 0.12 µm vs. 3.27 ± 0.12 µm; P < 0.005), as com-
pared to NFC, consistent with previous reports of ICD remode-
ling in DCM (28). Interestingly, colocalization analyses revealed 
increased CTNNA3 and N-cadherin colocalization in the DCM 
hearts (Pearson’s correlation coefficient; 0.71 ± 0.02 vs. 0.55 ± 0.04; 
P < 0.05), as compared to NFC (Fig. 4F). As phosphorylation can 
influence protein–protein interactions, there exists the possibility 
that altered phosphorylation status of CTNNA3 may play a role in 
protein localization and interaction with N-cadherin at the ICD.

Functional Characterization of CTNNA3 Phosphorylation in 
Cardiomyocytes. To determine the contribution of phosphorylation 
at the identified amino acid residues (Fig. 4B) to CTNNA3 function, 
we generated FLAG-tagged human CTNNA3 constructs with wild-
type [αT-cat wild type (WT)], nonphosphorylatable (αT-cat 5A), 
and phosphomimetic (αT-cat 5D) forms (Fig. 5A). To characterize 
the function of these constructs ex  vivo, isolated adult mouse 
cardiomyocytes were transduced with lentiviral vectors harboring αT-
cat variants (WT, 5A, or 5D). Immunoblot analysis demonstrated an 
~fourfold increase in CTNNA3 levels, with clear FLAG expression of 
all constructs (Fig. 5B and SI Appendix, Fig. S16 A and B). Confocal 
imaging of transduced cells revealed the expected localization of αT-
catenin-WT-FLAG as well as αT-catenin-5D-FLAG at the ICDs, 
whereas αT-catenin-5A-FLAG showed internalized expression 
throughout the cell (Fig. 5 C–E and SI Appendix, Fig. S17A). These 
data indicate that phosphorylation of CTNNA3 affects protein 
localization in isolated adult mouse cardiomyocytes.

To investigate whether mutant CTNNA3 overexpression alters 
ICD organization in the cardiomyocyte, we assessed ICD protein 
expression and localization in lentivirus transduced adult mouse 
cardiomyocytes. Immunoblot analyses showed no change in overall 
expression of N-cadherin, connexin 43, plakophilin 2, β-catenin, 
and vinculin, in the transduced myocytes (SI Appendix, Fig. S16C); 
however, confocal imaging revealed increased internalized 
N-cadherin signal in 5A phosphonull cardiomyocytes (Fig. 5 F–G 
and SI Appendix, Fig. S17B), as compared to WT and 5D cells. 
We next assessed whether disruption of N-cadherin in the 5A cells 
leads to impaired cell–cell adhesion. HEK-293T cells were trans-
fected with WT, 5A, or 5D constructs, and cell monolayers sub-
jected to a fragmentation assay. We found a higher number of cell 
fragments in 5A-transfected cells, as compared to all other groups 
(Fig. 5H), indicative of weaker cell–cell adhesion in the absence 
of CTNNA3 phosphorylation.

Overexpression of Phosphonull CTNNA3 Leads to Cardiac 
Dysfunction and Conduction Defects in vivo. In order to assess the 
effects of CTNNA3 phosphorylation in the intact myocardium, 
we created a mouse model of CTNNA3 phosphoconstruct 
overexpression by injecting mouse neonates (day 7 postbirth) with 
rAAV9-CTNNA3-WT, rAAV9-CTNNA3-5A, or empty rAAV9 
control, and followed animals for up to 12  wk postinjection 
(Fig. 6A). Mice overexpressing phosphonull CTNNA3-5A protein 
showed reduced left ventricular contractile function as early as 
4 wk postinjection, with increased left ventricular dimensions and 
reduced ejection fraction and fractional shortening, as compared 
to AAV9-empty and AAV9-CTNNA3-WT mice (Fig.  6B and 
Table  2). Overexpression of the phosphomimetic rAAV9-
CTNNA3-5D did not alter cardiac function vs. control mice (data 
not shown). Cardiac electrical abnormalities were also observed in 
the CTNNA3-5A mice, with prolonged QTc interval compared 
to AAV9-empty, determined by noninvasive, conscious ECG 
recordings at 12 wk post-AAV9 injection (SI Appendix, Table S3). 
Mice were also subjected to β-adrenergic stimulation prior to ECG 
recording to assess arrhythmia susceptibility. Following acute 
isoproterenol administration, CTNNA3-5A mice showed a higher 
incidence of premature ventricular contractions (PVCs) (92.31% 
of CTNNA3-5A, 33.33% of empty, 53.85% of CTNNA3-WT 
mice) as well as a higher frequency of PVC occurrences per animal 
(10.08±3.09 PVCs/mouse in CTNNA3-5A, 1.44 ± 0.77 in empty, 
1.77 ± 0.67 in CTNNA3-WT) over 30 min of recording immediately 
postisoproterenol bolus (Fig. 6C). Given these changes in cardiac 
electrophysiology, we then assessed cardiac conduction using 
whole heart optical mapping. When isolated hearts were paced 
at 11 Hz, conductance across the left ventricular free wall showed 
reduced conduction velocity in CTNNA3-5A hearts, as compared 
to all other groups (Fig. 6D). Moreover, action potential duration 
(ADP90) was prolonged in the CTNNA3-5A hearts (SI Appendix, 
Table S4), supporting the observed increase in QTc interval in 
these mice. Cardiac histopathology at 12  wk demonstrated a 
mild increase in interstitial fibrosis in the CTNNA3-5A hearts 
by Masson’s trichrome and picrosirius red staining, as compared 
to CTNNA3-WT (SI Appendix, Fig. S18). Together these findings 
demonstrate adverse left ventricular remodeling, contractile 
dysfunction, and electrical conduction defects in response to 
stress in mice with cardiac-directed overexpression of phosphonull 
CTNNA3.

In vivo Overexpression of Phosphonull CTNNA3 Leads to 
ICD Remodeling and Protein Internalization. Given that we 
observed adverse cardiac remodeling in the CTNNA3-5A mice, 
we next assessed changes at the level of the ICD. To visualize 
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CTNNA3 overexpression in the intact myocardium, we performed 
immunofluorescence imaging of cardiac tissue sections from mice 
at 12 wk post-AAV9 injection. We found significantly increased 
expression of both global αT-catenin and FLAG-tagged CTNNA3 
protein in both the AAV9-CTNNA3-WT and AAV9-CTNNA3-
5A mice, but not in AAV9-empty controls, as expected (Fig. 6E 
and SI Appendix, Fig. S19A). Consistent with our observations in 
the lentiviral-transduced isolated cardiomyocytes, we observed a 
significant internalization of the CTNNA3-5A protein in the intact 
myocardium, with reduced proportion of the fluorescent signal at 
the ICD as compared to empty and CTNNA3-WT (Fig. 6E).

To determine whether changes in in vivo cardiac electrophysiol-
ogy may be due to underlying gap junction remodeling, we per-
formed confocal imaging of connexin 43 (Cx43), and found 
internalization/lateralization of the Cx43 signal along the length of 
the cardiomyocytes, along with reduced Cx43 colocalization with 
FLAG, in the CTNNA3-5A hearts (Fig. 6F and SI Appendix, 
Fig. S19B). Thus, loss of CTNNA3 phosphorylation led to gap 
junction dissociation from the adherens junction. Indeed, this gap 
junction dissociation has been well established in human and animal 
models of cardiovascular disease (29). Given this remodeling at the 
ICD in vivo, we performed transmission electron microscopy of 
left ventricular myocardium at 12 wk post-AAV9 injection and 
observed a widening of the fascia adherens of the ICD in the 
CTNNA3-5A hearts (Fig. 7A). To further investigate remodeling 
of the cardiomyocyte adherens junction, immunofluorescence of 

N-cadherin, β-catenin, and plakophilin 2 (PKP2) demonstrated 
significant internalization of all three proteins in the CTNNA3-5A 
hearts, with reduced fluorescent signal at the ICD, as compared to 
both empty and CTNNA3-WT tissues (Fig. 7 B–D and SI Appendix, 
Fig. S19 C–E). Moreover, correlation analysis between these pro-
teins and CTNNA3-FLAG showed an increased colocalization with 
the CTNNA3-5A construct as compared to WT (Fig. 7 B–D), 
suggesting that internalization of the unphosphorylatable protein 
also led to the internalization of its interacting partners at the adhe-
rens junction. Imaging of desmosome proteins, desmoplakin (DSP), 
and desmoglein (DSG), showed increased colocalization with FLAG 
and internalized protein expression in the CTNNA3-5A hearts for 
DSP, but not for DSG (SI Appendix, Fig. S19 F–G), consistent with 
DSP acting as a closer interacting partner to CTNNA3 at the area 
composita between the adherens junction and the desmosome. 
To confirm the increased interaction with CTNNA3-5A, we lastly 
performed coimmunoprecipitation experiments. Analysis of total 
CTNNA3 in cardiac lysates and following FLAG immunoprecip-
itation confirmed CTNNA3 overexpression and enrichment 
(Fig. 7E). Immunoblotting for β-catenin following FLAG-pulldown 
and for CTNNA3 following N-cadherin-pulldown both demon-
strated increased interaction with the CTNNA3-5A protein as 
compared to WT when normalized to input levels (Fig. 7E). 
Alternatively, immunoblotting for Cx43 following FLAG immu-
noprecipitation showed reduced interaction with the CTNNA3-5A 
protein as compared to CTNNA3-WT (Fig. 7E), supporting our 

200

100

0In
te

ns
ity

(a
.u

.)

αT-catenin CTNNA3-FLAG

A
αT-catenin

895 aa

147
N1 N2 M1 M2 M3 ABD

260 391 503 627 660

WT   627 IRTPEELEDVSDLEEEHEVRSHTSIQTEGKTDRA 660
5A    627 IRTPEELEDVADLEDDHEVRAHAAIQAEGKTDRA 660
5D    627 IRTPEELEDVDDLEEEHEVRDHDDIQDEGKTDRA 660B

D

CTNNA3

FLAG

actin

αT-ca
t W

T

αT-ca
t 5A

αT-ca
t 5D
(kDa)Control

-100
-75
-100
-75
-48

*****
*
******

C αT-catenin CTNNA3-FLAG Hoechst MERGE

C
on

tro
l

W
T

5A
5D

αT-cat WT αT-cat 5A αT-cat 5D

N-cadherin CTNNA3-FLAG Hoechst MERGE

C
on

tro
l

W
T

5A
5D

E

G

F
* *

*
* *

H Control WT

5A 5D

C
on

tro
l

W
T

E F
* *

* *

H

5A
5D

G *G *

*
* *

*
* *

Fig. 5. CTNNA3 phosphorylation regulates cardi-
omyocyte ICD organization and cell–cell adhesion. 
(A) Schematic of CTNNA3 mutant constructs: WT, 
5-site phosphonull (5A), and 5-site phosphomimetic 
(5D). (B) Immunoblot analysis of lentivirus-mediated 
overexpression of FLAG-tagged CTNNA3 constructs 
in adult mouse cardiomyocytes. Asterisks indicate 
three protein bands observed in overexpressing 
cells based on molecular weight analyses. (C) Confo-
cal imaging of adult mouse cardiomyocytes stained 
with CTNNA3 and FLAG 48 h postlentiviral trans-
duction. (Scale bar, 20 µm.) (D) Line scan analysis of 
confocal images in C demonstrated peak expression 
at the ICDs in WT and 5D, with internalized CTNNA3 
expression in 5A cells. (E) Quantification of CTN-
NA3-FLAG localization at the cardiomyocyte ICD as 
a percent of the total cell intensity. (F) Confocal im-
aging of N-cadherin in adult mouse cardiomyocytes 
48 h postlentiviral transduction with CTNNA3-FLAG 
constructs showed (G) significant internalization of 
N-cadherin in 5A-expressing cells vs. control, WT, 
and 5D. (Scale bar, 20 µm.) (H) Cell–cell adhesion 
assay by mechanical disruption. Brightfield images 
of cell fragments (Left) and quantification (Right), 
corresponding to the number of macroscopic frag-
ments counted after shaking. (Scale bar, 100 µm.) 
All images shown are representative of 40 to 60 
cells captured per condition, from n = 3 independent 
biological replicates.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
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imaging results of Cx43 internalization and dissociation from the 
adherens junction in the AAV9-CTNNA3-5A myocardium. 
Altogether, loss of CTNNA3 phosphorylation led to internalization 
of these protein complexes and dissociation from the ICD.

Discussion

To better understand the heterogeneous nature of human HF, we 
used left ventricular tissue samples from patients with either DCM 
or ICM, including samples from the left ventricular infarct, peri-
infarct, and noninfarct regions, to better represent the etiology- 
and region-specific sequelae of cardiac dysfunction. Previous 
phosphoproteomic studies in ischemic and nonischemic HF iden-
tified 782 total proteins, 823 total phosphopeptides, and 26 dif-
ferential phosphoproteins (30), with a more recent in press dataset 
identifying 15,816 total phosphopeptides with 281 differential 
phosphoproteins between advanced DCM and NFC (14). Here, 
we identified and quantified 5,570 proteins with 13,624 phos-
phorylation sites corresponding to 3,240 phosphoproteins, of 
which 195 were uniquely altered in DCM and 809 uniquely 
altered in infarct-related regions of ICM patients. Each of our 
pair-wise comparisons, DCM and NFC, infarct and noninfarct, 
and periinfarct and noninfarct, revealed unique global proteomic 

and phosphoproteomic profiles with both shared and disease-/
region-specific perturbations.

Downstream bioinformatics analyses identified functional enrich-
ment of cell–cell adhesion pathways in DCM, which interestingly has 
also been observed as an etiology-specific signature in other larger 
human DCM proteomic and transcriptomic datasets (14, 31). These 
analyses led us to highlight a DCM-associated hyperphosphorylation 
of the cardiomyocyte ICD protein, αT-catenin (CTNNA3). Despite 
the limitations of a bulk tissue (phospho)proteomic workflow, we were 
able to demonstrate CTNNA3 as a cardiomyocyte-enriched candidate 
protein. Biological follow-up experiments using nonphosphorylatable 
or phosphomimetic constructs of CTNNA3 revealed internalization 
of the phosphonull protein in ex vivo lentiviral-transduced adult mouse 
cardiomyocytes and in vivo in intact mouse heart tissue sections fol-
lowing AAV9-mediated overexpression. Further in vivo analyses in 
mice revealed that overexpression of the phosphonull protein, but not 
the wildtype, led to adverse left ventricular remodeling, contractile 
dysfunction, and electrical conduction abnormalities. These changes 
were accompanied by remodeling of the ICD, including cointernali-
zation of the phosphonull CTNNA3 with other proteins of the adhe-
rens junction/area composita, as well as well-established hallmarks of 
ICD disorganization, including gap junction dissociation (29) and 
widening of the fascia adherens (32).
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Fig. 6. In vivo overexpression of phosphonull CTN-
NA3 leads to left ventricular contractile dysfunction 
and electrical abnormalities. (A) Schematic illustra-
tion of mouse model of CTNNA3 phosphomutant 
overexpression. (B) Representative M-mode echocar-
diography recordings at 12 wk post-AAV9 injection. 
(C) Representative ECG recording of premature ven-
tricular contraction (PVC; arrow) following isoproter-
enol administration. AAV9-CTNNA3-5A mice showed 
increased susceptibility to isoproterenol-induced 
PVCs over a continuous 30-min ECG recording fol-
lowing isoproterenol bolus (AAV9-Empty n = 9, AAV9-
CTNNA3-WT n = 13, AAV9-CTNNA3-5A n = 13). *P < 
0.05 by Fisher’s exact test (inducibility) or by one-way 
ANOVA and Tukey post hoc test (# of PVCs/animal). 
(D) Representative isochronal activation maps of op-
tically mapped (di-4-ANEPPS) isolated hearts at sinus 
rhythm (Top) and paced at 11 Hz from the left ven-
tricular free wall (Middle) showing time to activation 
of the ventricle from the site of stimulation. Average 
conduction velocities of hearts in sinus rhythm or 
paced from the left ventricular free wall showed con-
duction slowing in AAV9-CTNNA3-5A hearts under 
pacing (Bottom). n = 6 hearts/group. *P < 0.05 vs. all 
other groups, by one-way ANOVA and Tukey post 
hoc test. (E) Confocal imaging of mouse myocardi-
um stained for total αT-catenin and CTNNA3-FLAG at 
12 wk postinjection (Left) showed overexpression of 
total CTNNA3 and FLAG-tagged constructs (Middle), 
as well as internalization of the CTNNA3-5A protein 
(Right). (Scale bar, 20 µm.) *P < 0.05 by one-way ANO-
VA and Tukey post hoc test. (F) Confocal imaging of 
connexin 43 (Cx43), F-actin, and CTNNA3-FLAG in 
the heart at 12 wk postinjection (Left) showed inter-
nalization/lateralization (arrowheads) of Cx43 signal 
and reduced colocalization with FLAG (Right) in AAV9- 
CTNNA3-5A myocardium. (Scale bar, 10 µm.) All imag-
es shown are representative of 10 fields of view per 
heart, from n = 4 mice per group. See SI Appendix for 
individual channel images.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
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The ICD constitutes a highly specialized cell–cell adhesion 
structure mediating electrical and mechanical coupling between 
cardiomyocytes (25). Importantly, genetic ICD protein defects 
have been well-established to drive dilated, hypertrophic, and 
arrhythmogenic cardiomyopathies (25, 33). Indeed, we and others 
have previously shown that disruption of the ICD contributes to 
structural, functional, and electrical defects driving heart disease 
pathogenesis (34–36). We hypothesize that CTNNA3 phospho-
rylation in the human DCM hearts may be an adaptive response 
to maintain cardiomyocyte–cardiomyocyte adhesion and appro-
priate mechanical and electrical coupling under conditions of 
increased mechanical stress, as seen in the diseased myocardium 
(9). Previous studies have demonstrated that germline loss of 
αT-catenin results in a DCM phenotype by 3 mo of age, coupled 
with ICD remodeling of the area composita and gap junction 
(36), while cardiac-specific double knockout of αE- and αT-catenin 
leads to internalized N-cadherin expression in the cardiomyocyte 
and perturbed ICD maturation (37). These studies implicate a 
key role for the CTNNA3 protein in regulating ICD structure 
and function, however how phosphorylation can affect CTNNA3 
protein function and localization has not been previously explored. 
All five putative phosphorylation sites investigated in this study 
are located within a conserved amino acid region within the 
CTNNA3 protein, termed the phospho (P)-linker domain (26). 
In support of our findings, nonphosphorylatable constructs in 
this domain of the closely related αE-catenin (CTNNA1) showed 
similar defects in intercellular adhesion (26). Moreover, deletion 
of the P-linker domain leads to internalized cytosolic expression 
of the CTNNA3 protein and loss of expression at cell–cell contacts 
(38). This is in line with our findings in both isolated cardiomy-
ocytes and in intact myocardium in vivo demonstrating ICD 
remodeling and internalized expression of the unphosphorylatable 
protein construct within the cardiomyocyte. Interestingly, there 
is a documented human single-nucleotide variant at one of these 
phosphorylated residues, S650, resulting in a missense mutation 
from serine to asparagine that is associated with arrhythmogenic 
right ventricular cardiomyopathy (39), suggesting a potential clin-
ical relevance of our αT-catenin phosphomutants. Ultimately, 
these data support the notion of DCM-associated changes at the 
ICD and reinforce the utility of phosphoproteomic analyses to 
characterize pathways in the pathogenesis of HF.

Several important limitations of our TMT multiplex-based work-
flow include the limited sample size of human patients in this analysis 
as well as the different comparisons between patients (i.e., DCM vs. 
NFC) and within patients (i.e., infarct vs. noninfarct regions). Our 
integrative analysis with open-access human datasets highlights the 
depth of coverage achieved in our approach and the conserved path-
way level changes in disease at the global proteome level; however, it 
also highlights the variability across different patient cohorts in terms 
of individual differential protein expression in disease. Interestingly, 
the limited overlap of differentially expressed proteins in our inte-
grated analysis is similar to other studies, with only 4% overlap 
observed in other literature comparisons of cardiac proteomic datasets 
(14). Moreover, access to healthy control tissues is always a limitation 
with studies using human cardiac tissue samples. In our study, non-
failing control donors received pressor and inotropic support imme-
diately prior to tissue explantation as standard clinical proceedings 
in the organ transplant program. Importantly, none of the DCM 
and ICM patients received inotropic support immediately prior to 
explantation of their native hearts. Moreover, our CTNNA3 findings 
in the human tissues showed increased phosphorylation in disease, 
supporting that this is not simply a result of vasopressor/inotrope-induced 
phosphorylation. Despite these limitations, to our knowledge, our 

Table  2. Overexpression of phosphonull CTNNA3 leads 
to left ventricular dilation and contractile dysfunction de-
termined by echocardiography

AAV9-empty
AAV9-CTN-

NA3-WT
AAV9-CTN-

NA3-5A

n 10 16 16

4 wk postinjection

 Body weight (g) 20.80 ± 0.61 20.94 ± 0.96 21.63 ± 1.02

 LVEDV (µL) 42.74 ± 2.48 44.97 ± 1.97 48.08 ± 2.24

 LVESV (µL) 18.35 ± 1.48 18.23 ± 0.86 18.26 ± 0.99

 LVIDd (mm) 3.74 ± 0.07 3.74 ± 0.04 3.87 ± 0.06

 LVIDs (mm) 2.33 ± 0.07 2.37 ± 0.04 2.58 ± 0.05 *

 EF (%) 67.52 ± 0.96 67.23 ± 0.97 62.52 ± 1.10 §

 FS (%) 36.92 ± 0.73 36.78 ± 0.77 33.34 ± 0.76 §

 LVAWd (mm) 0.70 ± 0.01 0.75 ± 0.01 0.75 ± 0.01

 LVAWs (mm) 1.03 ± 0.02 1.02 ± 0.03 0.98 ± 0.02

 LVPWd (mm) 0.71 ± 0.01 0.70 ± 0.01 0.72 ± 0.01

 LVPWs (mm) 1.12 ± 0.02 1.01 ± 0.03 1.01 ± 0.02

 LV mass (mg) 89.74 ± 4.34 91.87 ± 2.67 99.78 ± 2.56

 LV mass (corr) (mg) 71.79 ± 3.47 73.50 ± 2.14 79.82 ± 2.05

 HR (bpm) 443 ± 13 464 ± 13 442 ± 11

8 wk postinjection

 Body weight (g) 25.60 ± 1.76 27.13 ± 0.97 29.00 ± 1.01

 LVEDV (µL) 54.82 ± 3.04 53.38 ± 2.75 63.50 ± 3.01 §

 LVESV (µL) 21.99 ± 1.54 21.27 ± 1.81 28.88 ± 1.86 *

 LVIDd (mm) 3.92 ± 0.07 3.99 ± 0.06 4.21 ± 0.05 *

 LVIDs (mm) 2.44 ± 0.08 2.60 ± 0.07 3.04 ± 0.07 **

 EF (%) 68.30 ± 1.48 64.05 ± 1.24 53.90 ± 2.17 **

 FS (%) 37.76 ± 1.17 34.57 ± 0.88 27.86 ± 1.37 **

 LVAWd (mm) 0.79 ± 0.02 0.80 ± 0.01 0.81 ± 0.01

 LVAWs (mm) 1.15 ± 0.03 1.07 ± 0.02 1.04 ± 0.02 #

 LVPWd (mm) 0.76 ± 0.02 0.78 ± 0.01 0.79 ± 0.01

 LVPWs (mm) 1.18 ± 0.05 1.15 ± 0.02 1.10 ± 0.02

 LV mass (mg) 109.62 ± 5.96 114.93 ± 4.24 127.21 ± 4.10 #

 LV mass (corr) (mg) 87.70 ± 4.77 91.95 ± 3.40 102.76 ± 2.91 #

 HR (bpm) 430 ± 12 453 ± 13 427 ± 14

12 wk postinjection

 Body weight (g) 28.40 ± 1.94 29.94 ± 1.06 32.06 ± 1.16

 LVEDV (µL) 54.58 ± 3.44 53.37 ± 1.85 66.49 ± 3.27 *

 LVESV (µL) 21.81 ± 1.68 25.45 ± 1.68 30.14 ± 2.47 #

 LVIDd (mm) 3.89 ± 0.07 4.01 ± 0.06 4.28 ± 0.06 *

 LVIDs (mm) 2.47 ± 0.07 2.68 ± 0.06 3.17 ± 0.06 **

 EF (%) 66.76 ± 1.42 62.07 ± 1.20 51.25 ± 1.17 **

 FS (%) 36.53 ± 1.08 33.12 ± 0.85 26.05 ± 0.70 **

 LVAWd (mm) 0.82 ± 0.01 0.84 ± 0.02 0.83 ± 0.01

 LVAWs (mm) 1.19 ± 0.02 1.16 ± 0.03 1.09 ± 0.02 #

 LVPWd (mm) 0.77 ± 0.01 0.81 ± 0.02 0.83 ± 0.02 #

 LVPWs (mm) 1.20 ± 0.04 1.14 ± 0.02 1.16 ± 0.03

 LV mass (mg) 111.81 ± 5.28 123.92 ± 5.31 138.06 ± 4.67 *

 LV mass (corr) (mg) 89.45 ± 4.23 99.20 ± 4.27 110.37 ± 3.74 *

 HR (bpm) 453 ± 10 434 ± 8 450 ± 16

LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; 
LVIDd, left ventricular internal dimension at diastole; LVIDs, left ventricular internal dimen-
sion at systole; EF, ejection fraction; FS, fractional shortening; LVAWd, left ventricular anterior 
wall at end diastole; LVAWs, left ventricular anterior wall at end systole; LVPWd, left ventricu-
lar posterior wall at end diastole; LVPWs, left ventricular posterior wall at end systole; LV, 
left ventricle; HR, heart rate. AAV9-empty: three male, seven female; AAV9-CTNNA3-WT: nine 
male, seven female; AAV9-CTNNA3-5A: 11 male, five female. *P < 0.05 AAV9-CTNNA3-5A vs. all 
other groups, **P < 0.0001 AAV9-CTNNA3-5A vs. all other groups, #P < 0.05 AAV9-CTNNA3-5A 
vs. AAV9-empty, §P < 0.05 AAV9-CTNNA3-5A vs. AAV9-CTNNA3-WT, by two-way ANOVA and 
Tukey post hoc test. Values are mean ± SEM.
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dataset provides the most detailed analysis of the cardiac phosphop-
roteome in human DCM and ICM to date, with many of these sites 
identified as of unknown biological significance. These phosphop-
roteomic data address the gap in knowledge to provide a detailed 
overview the key signaling cascades in HF.

Here, we provide a global network analysis and direct comparison 
of molecular signature perturbations at the protein and phospho-
rylation site level in DCM and region-specific ICM patients. We 
identify etiology-associated phosphorylation of CTNNA3 in DCM 
and demonstrate its importance as an adaptive mechanism to main-
tain the ultrastructural organization of the cardiomyocyte ICD, 
using both ex vivo and in vivo expression models. Strategies aimed 
at maintaining phosphorylation of CTNNA3 in hearts with DCM 
may slow the progression to end-stage HF state. Our study lays the 
groundwork for future phosphoproteomic profiling of the full spec-
trum of cardiac pathologies and provides rationale for direct subse-
quent detailed follow-up studies on individual signaling pathways 

and molecular components involved in HF. Ultimately, these spe-
cific changes can be therapeutically targeted thereby elucidating a 
precision medicine-based approach to human HF.

Materials and Methods

Adult nonfailing control and failing heart specimens were procured through the 
HOPE program (Human Organ Procurement and Exchange program, University 
of Alberta, Edmonton, Canada) and the Human Explanted Heart Program (HELP), 
as previously described (21, 40–42). This study was approved by the Institutional 
Review Committee/Human Research Ethics Board at the University of Alberta. 
Informed consent was obtained from all participants. All animal work was per-
formed in accordance with the Canadian Council on Animal Care guidelines 
and approved by the University of Toronto Animal Care and Use Committee. A 
full description of experimental materials and methods for human heart sam-
ple preparation, histological analysis, tissue processing, (phospho)proteomic 
profiling and data analysis, animals, mouse tissue processing and cell culture, 
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Fig. 7. Remodeling of the ICD in AAV9-
CTNNA3-5A hearts. (A) Representative 
transmission electron microscopy of 
the ICD in hearts from mice 12 wk post-
AAV9 injection. Widening of the fascia 
adherens (arrowheads) was found in 
AAV9-CTNNA3-5A hearts. Images taken 
at 28,000× magnification. (Scale bar, 
500 nm.) Confocal imaging of (B) N-cad-
herin, (C) β-catenin, and (D) plakophilin 
2 (PKP2) in mouse myocardium at 12 wk 
post-AAV9 injection showed reduced 
percentage of the fluorescent signal 
at the ICD and colocalization with CTN-
NA3-FLAG by Pearson correlation co-
efficient (PCC). *P  < 0.05 by one-way 
ANOVA and Tukey post hoc test (% ICD) 
or by unpaired Student’s t test (PCC). 
(Scale bar, 10 µm.) All images shown are 
representative of 10 fields of view per 
heart, from n = 4 mice per group. See 
SI Appendix for individual channel imag-
es. (E) Co-immunoprecipitation assays 
using FLAG (Left) and N-cadherin (Right) 
showed overexpression and pull-down 
of the CTNNA3-FLAG construct in both 
AAV9-CTNNA3-WT and AAV9-CTNNA3-
5A hearts, and interaction with β-cat-
enin, connexin 43 (Cx43), and N-cadher-
in. Images are representative of at least 
n = 3 independent biological replicates. 

http://www.pnas.org/lookup/doi/10.1073/pnas.2212118120#supplementary-materials
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immunoblotting, immunofluorescence, and molecular/biochemical assays is 
provided in SI Appendix, Supplementary Materials and Methods.

Data, Materials, and Software Availability. Mass spectrometry data have 
been deposited in ProteomeXchange (PXD012664) (43).
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