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Abstract

Background: Extensive evidence from single center studies indicates that a subset of chronic 

advanced heart failure (HF) patients undergoing left ventricular assist device (LVAD) support 

show significantly improved heart function and reverse structural remodeling (i.e. termed 

“responders”). Furthermore, we recently published a multi-center prospective study, RESTAGE-

HF, demonstrating that LVAD support combined with standard HF medications induced 

remarkable cardiac structural and functional improvement, leading to high rates of LVAD weaning 

and excellent long-term outcomes. This intriguing phenomenon provides great translational and 

clinical promise although the underlying molecular mechanisms driving this recovery are largely 

unknown.

Methods: To identify changes in signaling pathways operative in the normal and failing human 

heart and to molecularly characterize patients who respond favorably to LVAD unloading, we 

CORRESPONDING AUTHORS: Sarah Franklin, PhD (sarah.franklin@utah.edu) and Stavros G. Drakos, MD, PhD 
(stavros.drakos@hsc.utah.edu), Address: Nora Eccles Harrison Cardiovascular Research and Training Institute, University of Utah, 95 
South 2000 East, Salt Lake City, UT, 84112, United States. Phone: 801-581-8183, Fax: 801-581-3128. 

DISCLOSURES
The authors have no competing interests to disclose.

HHS Public Access
Author manuscript
Circulation. Author manuscript; available in PMC 2024 January 31.

Published in final edited form as:
Circulation. 2023 January 31; 147(5): 409–424. doi:10.1161/CIRCULATIONAHA.121.056600.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



performed global RNA-sequencing and phosphopeptide profiling of left ventricular tissue from 93 

HF patients undergoing LVAD implantation (25 responders and 68 non-responders) and 12 non-

failing donor hearts. Patients were prospectively monitored via echocardiography to characterize 

their myocardial structure and function and identify responders and non-responders.

Results: These analyses identified 1,341 transcripts and 288 phosphopeptides which are 

differentially regulated in cardiac tissue from non-failing control samples and HF patients. In 

addition, these unbiased molecular profiles identified a unique signature of 29 transcripts and 93 

phosphopeptides in HF patients which distinguished responders after LVAD unloading. Further 

analyses of these macromolecules highlighted differential regulation in two key pathways: cell 

cycle regulation and extracellular matrix/focal adhesions.

Conclusions: This is the first study to characterize changes in the non-failing and failing human 

heart by integrating multiple -omics platforms to identify molecular indices defining patients 

capable of myocardial recovery. These findings may guide patient selection for advanced HF 

therapies and identify new HF therapeutic targets.
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INTRODUCTION

Heart Failure (HF) is one of the most significant causes of morbidity and mortality in both 

developed and developing countries. Left ventricular assist devices (LVADs) are being used 

as a therapeutic treatment for patients with advanced HF and have traditionally served either 

as a temporary bridge until cardiac transplantation, or, given the limited availability of donor 

hearts, as a lifetime “destination” therapy. It is also now well established that LVAD-induced 

mechanical unloading can result in functional myocardial recovery and reverse remodeling 

in a subset of HF patients.1–7 The impact of HF etiology on the prospect of myocardial 

recovery was investigated in a single center observational study and a multi-center registry 

study (e.g. INTERMACS) where approximately 5% of ischemic and 20% of non-ischemic 

chronic cardiomyopathy patients exhibited significant improvement in cardiac structure 

and function following LVAD support.1, 8 Furthermore, the RESTAGE-HF multi-center 

prospective trial showed that 47% of selected HF patients (19/40) achieved sufficient 

improvement of cardiac function to reach criteria for LVAD explantation with sustained 

remission from HF at 12 months after weaning from the cardiac assist device.7 However, 

the molecular underpinnings which enable myocardial recovery are largely unknown. 

Identifying the underlying molecular pathways and the key biological changes defining 

patients capable of functional recovery following LVAD unloading has become essential for 

understanding disease development, progression and response to therapy.9

LVAD support has been associated with improvements in structural, cellular and 

molecular indices including changes in cardiomyocyte function10, size11 and contractility12, 

calcium cycling13, mitochondrial function14, apoptosis15 and other aspects of cardiac 

remodeling16,17. Noteworthy, the NHLBI Working Group on myocardial recovery identified 
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as a critical shortcoming in the field the fact that the overwhelming majority of the 

reported LVAD myocardial tissue studies have failed to correlate functional outcomes with 

molecular, cellular or histological findings.9 As a result, most of the prior reports which 

studied pre-LVAD vs. post-LVAD heart tissue samples without simultaneous myocardial 

functional phenotyping, shed limited information on whether the observed biological 

changes could be associated with true cardiac recovery mechanisms or alternatively 

represent just epiphenomena.9 Examination of tissue from patients with LVAD-induced 

myocardial functional recovery and from LVAD patients without functional myocardial 

improvement (i.e. “responders” versus “non-responders” as in the design of this study) was 

identified by the NHLBI Working Group as a critical step needed to advance the field.9

Furthermore, the prior LVAD translational studies have focused largely on evaluating 

the contribution of individual proteins or biological processes,9, 16 and while insightful, 

often lack the complex and comprehensive details likely necessary for understanding this 

multifactorial etiology. More recently, transcriptional profiling utilizing arrays has been 

extensively applied to HF samples to gain better insights into relevant disease pathways18, to 

identify biomarkers for better diagnostics and prognostic value19, and to evaluate the impact 

of therapeutic treatments including medications and implanted devices19–23. Although 

meaningful results have been generated, the genomic coverage in many studies has been 

limited owing to the use of conventional microarrays which primarily evaluate mRNAs, 

and account for only ~1% of all transcribed species,24 leaving microRNAs and lncRNAs 

unexplored.25 Therefore, the underlying mechanisms and pathways which predispose a HF 

patient towards potential recovery or further regression after LVAD implant still remain 

largely unclear.

With the development of next-generation sequencing technologies, RNA-sequencing now 

provides an innovative approach for quantifying gene expression in small amounts of 

tissue over a larger dynamic range, which to date has only been applied to a handful of 

studies comparing ventricular tissue from non-failing and failing patients26–29, ischemic and 

non-ischemic30 and tissue before and after LVAD implantation22. In addition, state-of-the-

art mass spectrometry-based proteomics technologies offer an alternative methodology for 

providing global unbiased analysis of protein expression or post-translational modifications. 

Specifically, only 3 papers have described the application of global proteomics31, 32 or 

phosphoproteomics33 to human HF samples. Indeed, a comprehensive transcriptomic and 

proteomic analyses of the HF population utilizing a considerable sample size is lacking 

and, to date, no study has combined multiple -omics technologies to profile HF patients 

at the time of LVAD implant to investigate the differences between patients with or 

without the potential for cardiac recovery. We therefore performed RNA-sequencing and 

phosphoproteomics on LV samples obtained at the time of LVAD-implant in HF patients and 

non-failing donors, performed serial monitoring of cardiac function to identify functional 

recovery and combined our molecular analysis from these two platforms to comprehensively 

characterize changes in gene expression and protein phosphorylation.
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METHODS

The data, analytic methods, and study materials (as available) have been outlined here 

but will also be made available to other researchers for the purposes of reproducing the 

results upon request of individual investigators to the corresponding authors. Specifically, 

the -omics data included in this study has been deposited to the publicly available 

ProteomeXchange Consortium34 via the PRIDE35 partner repository with the dataset 

identifier PXD016761 (http://www.proteomexchange.org/).

Study Population:

We prospectively enrolled 93 consecutive patients (age ≥ 18-years) in institutions 

comprising the Utah Transplantation Affiliated Hospitals (U.T.A.H.) Cardiac Transplant 

Program (i.e. University of Utah Health Science Center, Intermountain Medical Center, and 

the Veterans Administration Salt Lake City Health Care System) with clinical characteristics 

consistent with dilated cardiomyopathy and chronic advanced HF who required circulatory 

support with continuous flow LVAD as a bridge to transplantation or lifetime destination 

therapy. Patients who required LVAD support due to acute HF (acute myocardial infarction, 

acute myocarditis, post- cardiotomy cardiogenic shock, etc.) were prospectively excluded. 

LVAD patients underwent serial echocardiograms monthly for the first three months and 

at 4.5 and 6 months. They were categorized as either responders or non-responders 

using left ventricular ejection fraction (LVEF) and left ventricular end-diastolic diameter 

(LVEDD) measurements during diminished LVAD support “turn-down” echocardiograms). 

Responders were defined as patients with a final LVEF >40% and LVEDD ≤5.9 cm; 

whereas Non-Responders were defined as patients with a final LVEF <35% and with <50% 

relative improvement in LVEF regardless of the final LVEDD. The study was approved by 

the institutional review board of the participating institutions, and informed consent was 

provided by all patients. For HF patients, their demographic and clinical characteristics, 

including echocardiographic parameters, protein biomarkers and other clinical data were 

prospectively collected and entered in our programs research electronic data capture system 

(REDCap) and are listed in Table 1. P-values were calculated for the data in Table 1 

and Tables S1A and S2A using the Student’s t-test with equal or unequal variances as 

appropriate for continuous variables, and the chi-squared test or Fisher’s exact test as 

appropriate for categorical variables. P-values for the comparisons graphed in Figure 1 were 

calculated using the paired t-test. Myocardial tissue from 12 donor hearts, not allocated 

for heart transplantation due to non-cardiac reasons (size, infection, etc.), were used as 

non-failing controls. Donor information, for non-failing controls, including age, gender, 

race, and cause of death are included in Table 2. It is important to note that some myocardial 

tissue samples, from HF patients and donors, were used for both RNA-sequencing and 

proteomics experiments while others were utilized in just one application, therefore the 

overall number of tissue samples used in this study is less than the sum of the samples 

for each type of analyses. Specifically, all samples used for phosphoproteomic analyses 

were also analyzed by RNA-sequencing, however, because mass spectrometry analysis is 

much more time consuming per sample, only a subset of the total samples was evaluated 

by mass spectrometry. Clinical information for the HF patients and donors used in the RNA-

sequencing and proteomics experiments are included in Tables S1 and S2, respectively.
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Myocardial Tissue Acquisition:

Myocardial tissue was prospectively collected from the LV apical core at the time of LVAD 

implantation and was snap frozen before storing it at −80°C. Donor control samples were 

acquired from hearts that were not transplanted due to non-cardiac reasons and LV apical 

tissue was harvested and processed the same way as the failing hearts.

RNA Isolation, Sequencing and Bioinformatics:

RNA was isolated from LV tissue samples using the miRNeasy Mini Kit (Qiagen) 

incorporating an on-column RNase-free deoxyribonuclease digestion (using RNase free 

DNase kit, Qiagen) to remove all DNA. RNA-Sequencing was performed on total RNA 

from the 84 HF patients (25 responders and 59 non-responders) and 9 non-failing donor 

samples (Figure S1). The RNA-sequencing library was prepared using the Illumina TruSeq 

Stranded RNA kit with Ribo-Zero Gold to remove rRNA and sequenced on an Illumina 

HiSeq 2500 with 50 bp single-end reads.

RNA sequence reads were aligned to the human genome version hg38 with Novoalign 

(version 2.8.1) against an index containing genome sequences plus all splice junctions 

(known and theoretical, 46 bp radius) generated with USeq MakeTranscriptome 

(version 8.8.1) and Ensembl gene annotation (release 84), allowing for up to 50 

alignments per read. Raw alignments were converted to genomic coordinates using USeq 

SamTranscriptomeParser (version 8.8.8), allowing for a maximum of 1 alignment per read. 

RNA-Seq quality was evaluated with results from Picard CollectRnaSeqMetrics (version 

1.137). Gene counts were collected using SubRead featureCounts (version 1.5.1) and 

Ensembl GRCh38 annotation (release 87) in a stranded fashion, assigning to genes with 

the largest overlap. Low and non-expressed transcripts were removed when the maximum 

observed count across all samples was <= 10 counts. Differentially expressed transcripts 

were identified using DESeq2 package (version 1.16.1) which uses the Benjamini and 

Hochberg method for adjusting the p-values. All samples were processed at the same time 

for dispersion estimation and normalization, with contrasts applied to specific condition 

groups for differential expression testing. A batch factor was introduced in the model 

to account for different sequencing batches. Differentially expressed genes were filtered 

using the criteria: adjusted p-value < 0.05, absolute log2 fold change >0.585, (or linear 

fold change > 1.5) and a normalized base mean count of 30 (to remove any significant 

genes with very low expression). Heat maps were prepared using the R software using 

pHeatmap package. Three-dimensional PCA plots were generated using PlotLy software. 

Bioinformatics analysis of differentially expressed transcripts was performed using the 

STRING database, Ingenuity Pathway Analysis, and Enricher.

Cardiac Tissue Lysis for Phosphoproteomics:

For phosphopeptide analysis using biological mass spectrometry 10 donor and 29 HF (6 

responders and 23 non-responders) tissue samples were analyzed (Figure S1). Frozen heart 

samples were placed in lysis buffer [100 mM Tris (pH7.6), 4% Sodium Dodecyl Sulfate, 100 

mM Dithiothreitol, supplemented with protease inhibitors (Roche) and phosphatase inhibitor 

(1 mM NaF)] based on the mass of the tissue size (10 μL per 1 mg tissue). Samples were 

kept on a −20°C insulator at all times during lysis and homogenized using a tip sonicator 
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for 10 sec pulses at 45% amplitude. Pulses were repeated until all tissue was completely 

homogenized (3–6 times). Between pulses, samples rested at −20°C. Lysed samples were 

then incubated at 100°C for 5 minutes to aid in the denaturing process and then allowed 

to cool and sonicated for 3X 10 sec cycles at 25% amplitude. Samples were clarified by 

centrifugation at 16,000×g for 15 min.

Protein Digestion:

Samples were diluted with 10 mL UA buffer (8M urea, 0.1M Tris/HCl, pH 8.5) and 

loaded onto a Vivaspin 30,000 MWCO Hydrosart Membrane (Sartorius, #VS15RH22) and 

centrifuged at 6,000×g at 25°C until concentrated to 1 mL. Samples were washed with 

an additional 5 mL of UA buffer and concentrated to 0.5 mL at 6000×g. Samples were 

then carbamidomethylated with 2 mL of UA buffer plus 50mM iodoacetamide for 1 hr in 

the dark, and then spun at 6000×g at 25°C until concentrated to 0.5 mL. Samples were 

then washed twice with 5 mL of UA buffer and concentrated to a final volume of less 

than 1.5 mL followed by two washes of 5 mL of ammonium bicarbonate solution (0.05M 

ammonium bicarbonate [Sigma, #101240595] in UA buffer) and concentrated to a volume 

of less than 1.5 mL. Protein concentration was measured using the BCA (bicinchoninic 

acid) protein assay (Pierce) and trypsin (Promega) was added at 1:100 enzyme to protein 

ratio in a final volume of 2.5 mL and incubated for 12 hrs at 37°C. Peptides were collected 

by centrifugation at 6000×g and filters washed twice with 1 mL of mass spec grade water 

(Fisher, Optima LC/MS #W6–4).

Desalting:

C18 SPE cartridges (Waters, WAT054945) were prepared by washing with methanol, 0.1% 

trifluoroacetic acid/70% acetonitrile, and then 0.1% trifluoroacetic acid (2 mL each). Peptide 

solutions were acidified with trifluoroacetic acid to a final concentration of 0.1% and placed 

on a prepared C18 SPE cartridge and allowed to drip by gravity. Cartridges were then 

washed with 2 mL 0.1% trifluoroacetic acid. Peptides were then eluted in 2 mL (70% 

acetonitrile, 0.1% trifluoroacetic acid) and evaporated to 20 μL using a vacuum centrifuge. 

Samples were then brought to a final volume of 100 μL in 0.1% trifluoroacetic acid and 

concentrations determined by 280 nm abs on a spectrophotometer.

Phosphopeptide Enrichment:

Titanium dioxide (TiO2) beads (GL Sciences, 5020–75000) were prepared for each sample 

at a 9:1 ratio of mg of TiO2 beads to peptides and resuspended in 2:1 ratio of μL of 

buffer [3% (m/v) Dihydroxybenzoic acid (DHB) in 80% acetonitrile, 0.1% trifluoroacetic 

acid] to μg of beads. Peptide solutions were brought to 500 μL using 30% acetonitrile, 

0.3% trifluoroacetic acid, 150 mg/ml DHB with 1/3 volume of bead mixture and allowed to 

incubate for 30 min at room temperatures. Beads were collected by centrifugation at 5000×g 

for 3 min. Supernatants were removed and subjected to 2 more rounds of bead incubation. 

All beads were collected and combined. Beads were washed with 3 rounds of 800 μl of 30% 

acetonitrile and 3% trifluoroacetic acid (v/v) for 15 min by vortex then centrifuge at 5000×g 

for 3 min, follow by three rounds of 800 μl of 80% acetonitrile and 0.3% trifluoroacetic acid 

(v/v) for 15 min by vortex then centrifuge at 5000×g for 3 min. Beads were then loaded 

into a 200 μL tip with a glass microfiber stage filter and spun at 2000×g for 3 minutes to 
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remove all wash buffer. Tips were transferred to a new tube and peptides eluted with two 

rounds 100 μl of 40% acetonitrile/1M ammonium hydroxide at 500×g for 10 min. Samples 

were then concentrated on a vacuum centrifuge to 10 μL and reconstituted in 60 μL of 0.1% 

trifluoroacetic acid.

LC-MS/MS Analyses:

Enriched phosphopeptides were analyzed with an Orbitrap Velos Pro mass spectrometer 

(Thermo) interfaced with an EZ nLC-1000 UPLC and outfitted with a PicoFrit reversed 

phase column (15 cm x 75 μm inner diameter, 3 μm particle size, 120 Å pore diameter, 

New Objective). Gradient was established with 0.1% formic acid and 5% dimethyl sulfoxide 

in mass spec grade water (Buffer A) and 0.1% formic acid with 5% dimethyl sulfoxide in 

acetonitrile (Buffer B). Peptides were eluted at a flow rate of 300 nl/min with a gradient 

of 5%−12% Buffer B for the first 30 minutes, followed by a gradient of 12%−28% for the 

next 160 minutes then a gradient of 28%−45% for 30 minutes. Afterwards, hydrophobic 

peptides were eluted with a flow rate of 500 nl/min and a 5-minute gradient from 45–95% 

Buffer B and then sustained at 95% Buffer B for 15 additional minutes (240 minute run in 

total). Spectra were acquired in a data-dependent mode with dynamic exclusion and peptides 

were fragmented using CID fragmentation. The top twenty MS1 peaks were analyzed at a 

resolution of 30,000. MS2 scans were scanned for a neutral loss of a phosphate ion at a 

charge state of 1 (97.97), 2 (48.99), or 3 (32.66), if present would trigger a MS3 on the ion 

with neutral loss. Samples were run in duplicate to generate technical replicates.

Mass Spectrometry Data Analyses:

The resulting spectra were analyzed using MaxQuant 1.5.5.1 against the UniprotKB 

human database. Database search engine parameters were as follows: trypsin digestion, 

two missed cleavages, precursor mass tolerance of 20 ppm, fragment mass tolerance of 

0.5 Da, and dynamic carbamidomethylation (C), oxidation (M), deamidation (N,Q) and 

phosphorylation (S,T,Y). The false discovery rate (FDR) was set at 1% and modified 

peptides had a minimum Andromeda score of 40. These filters are standards in the field 

for proteomics analyses. The resulting 15,816 identified phosphopeptides were filtered 

to only include those identified in at least 50% of either non-responder, responder, or 

non-failing donor samples, resulting in 2,023 phosphopeptides. Peptide intensities were 

normalized using the normalizeQuantiles function in the Limma library using R and missing 

values were imputated with Perseus 1.5.6.0. Statistical analyses were performed on the 

resulting quantifications using Perseus software package. Enrichment of phosphopeptides 

from mass spectrometry samples was calculated as a ratio of phosphopeptides over all 

peptides identified.

Mass Spectrometry Bioinformatics Analyses:

Normalized log2 intensities of phosphopeptides were used in statistical comparisons of 

groups: Student’s two sample t-test was used for comparisons between two samples and 

multiple hypothesis correction was done using a permutation based false discovery rate 

approach of 0.05 with a randomization of 250. The assumptions of normality and equal 

variance were assessed using histograms, QQ plots, and boxplots generated in Prism 9.3.1 

(Figure S2A–C). Both statistical analyses were performed in Perseus 1.5.6.0. Proteins with 
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differentially phosphorylated peptides were then chosen (FDR adjusted p-value < 0.01 

and fold change more than 1.5) and submitted to DAVID 6.7 functional annotation tool 

for enrichment analysis in Gene Ontology, KEGG, and Biocarta databases. Entries with 

adjusted p-value less than 0.01 were selected for subsequent bioinformatics analysis using 

DAVID 6.7 to identify enriched terms. Principal component analysis (PCA) was performed 

in Perseus software and values for the first three components were submitted to OriginLab 

software (OriginLab, Northampton, Massachusetts, USA) to generate 3D PCA plots. Venn 

diagrams for comparisons of this data to previously published data were generated in 

Venny 2.0 software by submitting gene lists into the program. Heat map for comparison 

between HF patients and donors was generated in Perseus Software with unsupervised 

clustering using Euclidean distances with average linkage. Heat map for comparison of 

all peptides between responders and non-responders was generated in MetaboAnalyst 3.0 

online software; heat maps for individual pathways were generated in Perseus using average 

of fold change of each group compared to an average of donor in Cytoscape 3.7.1.

PRIDE Data Repository:

The -omics data included in this study has been deposited to the publically available 

ProteomeXchange Consortium34 via the PRIDE35 partner repository with the dataset 

identifier PXD016761.

RESULTS

Clinical characteristics, tissue samples and prospective myocardial functional and 
structural assessment

We analyzed a total of 93 left ventricular myocardial tissue samples from HF patients 

undergoing LVAD implantation and 12 from non-failing donors. Patient characteristics are 

shown in Table 1 for all HF patients utilized in this study (categorized as responders and 

non-responders) and Table 2 for non-failing controls. The measurements for LVEF and 

LVEDD for the HF patients utilized in this study are listed in Table 1 and graphed in 

Figure 1B and 1C. Consistent with prior published studies from our group and others 

(summarized in references 9, 16) the responders at baseline had similarly reduced LVEF 

and less dilation of the LVEDD (compared to non-responders – Table 1). Following LVAD 

support responders significantly improved their LVEF and reduced their LVEDD compared 

to non-responders who did not experience this functional and structural reverse remodeling 

(Table 1, Figure 1).

The left ventricular myocardial tissue from these individuals was analyzed using RNA-

sequencing and phosphoproteomics to characterize differences in the molecular signatures 

(gene expression and protein phosphorylation) and two key comparisons were applied to 

these datasets which are described below: 1) normal donor samples were compared to all 

HF samples (responders and non-responders combined), and 2) responders were compared 

to non-responders (Figure S1).
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Differential gene expression between failing heart and non-failing donors using RNA-
sequencing.

We compared the gene expression profiles of 84 HF patients receiving an LVAD implant 

and 9 non-failing donor controls using RNA-Sequencing. These 84 HF patients are a 

combination of responders and non-responders which are further stratified in these analyses. 

We identified 24,045 total transcripts and graphed the expression data for all samples from 

this entire dataset using a PCA plot which shows consistent and reproducible differences 

in transcript abundance between donor (control) and HF samples (Figure 2A). We then 

focused our analysis on transcripts which were differentially expressed between these two 

populations and met the following criteria: fold change ≥1.5 and adjusted p-value <0.05. 

This filtering resulted in 788 upregulated (red) and 553 downregulated transcripts (blue) 

in HF samples which are presented in heat map format (Figure 2B) and listed in Table 

S3. We then performed pathway analysis of these 1,341 differentially regulated transcripts 

using the KEGG database which highlighted the pathways most enriched in this subset 

(based on adjusted p-value) including the complement cascade pathway (known to regulate 

inflammation in ischemia reperfusion injury) and extra cellular matrix (ECM)-receptor 

interaction pathway, among others (Figure 2C).

Differential abundance between the failing heart and non-failing donors using 
phosphoproteomics.

Preparation of tissue samples for mass spectrometry-based phosphoproteomic analyses 

achieved ~91% enrichment of phosphopeptides (Figure S3), with ~80% enrichment 

being the base standard for this type of experiment36, and identified a total of 15,816 

phosphopeptides in left ventricular cardiac tissue from 10 normal donor samples and 29 

HF samples. Additional filtering of these peptides to identify those which were consistently 

present (≥50% of samples) identified 2,023 phosphopeptides and the abundance variation 

for all peptides across these samples was plotted using a PCA plot (Figure 2D) where each 

circle represents a unique sample or technical replicate (each tissue sample was analyzed 

twice). Using computational analyses, we then mapped 443 of these phosphopeptides to 281 

proteins with displayed altered abundance in heat failure patients (adjusted p-value <0.01 

and fold change ≥1.5), Figure 2E. Phosphopeptides shown in the heatmap in Figure 2E are 

also listed in Table S4. We then utilized the DAVID Bioinformatics Resource functional 

annotation tool (version 6.7) to elucidate pathways and processes significantly enriched 

by these 281 proteins in failing hearts compared to healthy donors and identified tight 

junctions, focal adhesions, and glycolysis among the significant KEGG pathways along with 

hypertrophic and dilated cardiomyopathy and adrenergic signaling (Figure 2F).

Literature Comparison of Datasets

We also compared our gene expression and phosphopeptide profiles with previously 

published datasets which had also interrogated HF patient samples using either RNA-

sequencing,22, 26 microarrays32, 37, 38 or proteomics31–33 (Figure S4A–C). Six studies have 

previously utilized global RNA-sequencing of cardiac tissue from human HF patients, two 

which compared non-failing and failing tissue22, 26 and are included in Figure S4A, while 

four additional studies focused their analysis on ischemic and non-ischemic tissue27–29 
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or used this technology to sequence microRNAs39 and were not used for comparison. 

Regarding the application of microarrays: a much larger number of studies exist which 

utilize microarray technology to analyze diseased cardiac tissue, however, some were not 

publicly available and therefore not included in our comparisons while other studies utilized 

different disease states (ischemic versus non-ischemic19; pre-LVAD versus post-LVAD17, 23) 

and for that reason were not considered in our comparison. Ultimately, we compared our 

data with 3 other microarray data sets that seemed to best match our analysis and patient 

samples. Overall our comparison showed that the differentially expressed transcripts from 

our RNA-sequencing data had a 25% overlap (334 similar transcripts) with data from Yang 

et al.22 (Figure S4A) but only a 7% overlap (98 transcripts) with microarray data from Colak 

et al (Figure S4B).32

Global mass spectrometry-based proteomics profiling has not been widely applied to cardiac 

tissue samples from HF patients so only 3 studies are available for comparison, two of 

which utilized general proteomics from Stephens et al.31 (proteomics of aortic valves 

from patients undergoing LVAD implantation compared to healthy donors) and Colak et 
al.40 (proteomics of cardiac tissue from patients with dilated cardiomyopathy harvested at 

the time of transplantation) and one study utilizing phosphoproteomics of ischemic and 

non-ischemic cardiac tissue at the time of heart transplant compared to donors, Schechter 

et al33. These comparisons (Figure S4C) showed a 4% overlap (12 proteins) with this study 

when compared to both studies from Schechter and Colak et al.

Responder vs non-responder via RNA-Sequencing

Having evaluated the transcript and phosphopeptide differences between donor and HF 

samples we then shifted our analysis to distinguish the molecular differences between 

cardiac tissue capable of functional recovery after LVAD-unloading (responders) from tissue 

which showed no improvement (non-responders). Our analyses of RNA-sequencing data 

from 25 responder and 59 non-responder samples identified 29 transcripts which were 

differentially expressed between these two tissue types (p-value <0.05 and fold change 

≥1.5) including 5 downregulated and 24 upregulated transcripts in responder samples 

depicted in heat map format, Figure 3A. Our bioinformatics analyses of these 29 transcripts 

using Ingenuity Pathway Analysis (IPA) highlighted enrichment in Cellular Components 

(Figure 3B) and Canonical Pathways (Figure 3C) in which these transcriptions function. 

In addition, STRING analysis41, which creates networks of functionally associated proteins 

from a large biological database, identified Extracellular Matrix (ECM)/Focal Adhesions 

and Cell Cycle as two of the top networks represented by these 29 transcripts (Figure 3D). 

Individual transcripts represented by these two networks in our RNA-sequencing data were 

subsequently extracted (Figure 3E–F) and show a general increase in transcript expression in 

responders when compared to non-responders.

Responder vs non-responder via phosphoproteomic analysis

In our phosphoproteomics analysis we compared myocardial tissue from 6 responders 

and 23 non-responders and identified 93 phosphopeptides mapping to 67 proteins that 

are differentially phosphorylated (p-value <0.01 and fold change ≥1.5) between these two 

groups. Combined abundance values for this panel of phosphopeptides were consistent 
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and reproducible between responder and non-responder samples as reflected in the 

Principal Component Analysis (PCA) plot (Figure 4A) and heatmap (Figure 4B). In 

addition, when this data was combined with patient demographics, including age or sex 

(Figure S5), it showed no clustering between biological replicates (although technical 

replicates should and do cluster), suggesting that the molecular differences observed in 

the proteomics data are consistent and reproducible regardless of the sex or age of the 

patient. These 93 phosphopeptides are also listed in Table S5. This list of 67 proteins 

was submitted to the DAVID Bioinformatics Resource Functional Annotation Tool to 

elucidate the KEGG pathways represented (based on enrichment p-value) and included 

adherens junctions, focal adhesions, and various cardiomyopathy terms (Figure 4C). 

To further elucidate the biological processes and pathways that these phosphoproteins 

function in we used CytoScape with ClueGo and CluePedia plugins to examine Gene 

Ontology terms and KEGG and Reactome pathways to build a network of the significantly 

enriched processes (Bonferroni corrected p-value <0.05), Figure 4D, which includes 

muscle contraction, contractile fibers, apoptosis, and adherens junctions, among others. To 

supplement this analysis, we also clustered these 67 proteins into the 5 most represented 

gene ontology annotations based on DAVID Bioinformatics Resource (Apoptosis, Cell 

Cycle, Cytoskeleton, Adhesions, and Jnk/Mapk signaling), Figure 4E, and have included the 

specific abundance changes in heatmap format for each phosphopeptide in these categories, 

Figure 4F–J. Some proteins contain multiple annotations and are therefore included in more 

than one category in Figure 4E.

Common pathways identified by transcriptomics and phosphoproteomics

We then sought to combine the information from both -omics platforms utilized in this 

study and performed binary comparisons of the pathways and biological processes that were 

enriched in the bioinformatics analysis of RNA-sequencing and phosphoproteomics data sets 

for 1) donor vs responders, 2) donor vs non-responders and 3) responders vs non-responders, 

Figure S6. It’s important to note that the comparison shown in Figure S6 is not a comparison 

of individual proteins/transcripts but instead compares gene ontology and pathway terms 

enriched in the datasets after bioinformatics analyses using the DAVID platform. These 

comparisons included pathways and gene ontology terms with a p-value less than 0.01 

and showed that sirtuin signaling was the only pathway enriched in both –omics datasets 

when comparing both responders and non-responders to donors. In addition, adherens 

junctions, extracelluar matrix and cell cycle were the three common terms consistent in both 

-omics datasets that differentiated responders from non-responders (when comparing either 

responders and non-responders or those individually to non-failing donors). These results are 

consitent with our individual analyses of these datasets which showed general upregulation 

of transcripts involved in cell cycle or extracellular matrix in responders (Figure 3E–F) and 

differential phosphorylation in these same pathways (Figure 4E–J). We then mapped the 

individual phosphoproteins/transcripts (using their gene name abbreviation) to schematic 

diagrams of these two processes: cell cycle and extracellular matrix/focal adhesion (Figure 

5A and 5B). These exciting results begin to identify key pathways and proteins which 

distinguish HF patients capable of functional and structural improvements after mechanical 

unloading therapy, although additional follow-up studies will be necessary to elucidate the 
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specific role of these biomolecules and the combined benefit from individual pathways to 

the myocardial recovery process.

DISCUSSION

To our knowledge this is the first molecular analysis of human HF samples which 

combines multiple -omics technologies to analyze a unique sample set comprised of 

tissue from patients who either do not respond or respond favorably to LVAD unloading 

and result in sustained reverse pathological remodeling. This combination of cutting-edge 

technological approaches and unique patient myocardial tissue samples have allowed us to 

characterize the molecular underpinnings which define differences in the ability for cardiac 

recovery. Specifically, these analyses have revealed major differences in cell cycle regulation 

and extracellular matrix/focal adhesions as two major pathways which are differentially 

regulated in patients capable of recovery versus those who are not.

The major strengths/advances of this study include: 1) the use of a large patient sample 

set (n=93) which have been carefully curated and systematically processed and combined 

with longitudinal echocardiographic data assessing myocardial response to LVAD therapy, 

2) the application of multiple -omics technologies to unbiasedly identify molecular 

differences between tissue samples, 3) the application of phosphopeptide enrichment and 

mass spectrometry based proteomics to interrogate post-translational modifications in the 

etiology of HF and recovery, 4) the comparison of our data from non-failing and failing 

myocardial samples to previously published literature to expand our understanding of the 

molecular adaptations and compensatory mechanisms in human HF, 5) the identification of 

a panel of transcripts and phosphopeptides which are consistent and reproducible markers of 

myocardial tissue that maintains the capacity for functional/structural recovery after LVAD-

induced unloading. The specific mechanistic insights provided by these analyses include 

the differential regulation of 29 transcripts and 93 phosphopeptides which includes both 

established and novel markers of myocardial recovery and encompasses two major pathways 

(cell cycle and extracellular matrix/focal adhesions) and several biological processes 

(apoptosis, Jnk/MAPK signaling, cytoskeleton).

The NHLBI Working Group on myocardial recovery identified as a key deficiency in 

the field that most translational LVAD studies have not collected or integrated functional 

myocardial data in order to distinguish which tissue, cellular and molecular changes are 

unique to LVAD patients who respond favorably and recover significant myocardial function 

versus those who do not.9 It is these changes that may provide the most fundamental 

insights and enable association with true pathophysiologic mechanisms of reverse 

myocardial remodeling that will be elucidated in future mechanistic studies.9, 16, 42, 43 

It is therefore critical to examine tissue from both of these patient subgroups in order 

to begin understanding causality between reverse remodeling changes and myocardial 

recovery.9, 16, 42, 43

The use of larger samples cohorts will likely aid the identification of the most reproducible 

markers of myocardial recovery due to the complex etiology of heart disease, length 

of disease onset, therapeutic treatments, etc. Studies have traditionally utilized relatively 
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small cohorts of patient samples, however, this trend appears to be increasing as research 

centers continue to biobank patient tissue and utilize these in large-scale analyses. Our 

analyses incorporated 93 HF patient samples and 12 non-failing donor controls, the largest 

we’ve seen in the literature for a translational myocardial recovery study in humans. For 

comparison the studies included in the Venn diagrams in Figure S4 (which only had 

HF samples and no prospective phenotyping to identify myocardial recovery samples) 

have utilized the following number of samples: n=40, 12, 10, 24, 16; in chronological 

order. The use of such large sample sets is often costly and time-consuming and will 

require a continued commitment from funding agencies to support these types of analyses. 

Additionally, to our knowledge only one study has previous applied multiple –omics 

platforms to molecularly interrogate cardiac tissue samples (from dilated cardiomyopathy 

patients; n=5 patients for non-failing and DCM samples) using microarrays and global 

proteomics but did not investigate differences in response to LVAD-unloading. The results of 

which are compared in Figure S4.

In this study we have carried out quantitation of transcripts and phosphorylated peptide 

abundance. It is not surprising that there is not more overlap between these two populations 

since, 1) the two -omics platforms are analyzing different biologically regulated processes 

(transcription vs phosphorylation), and2) we are profiling phosphorylated proteins (not total 

protein abundance) in our proteomic analyses. Regarding our proteomics data: we chose 

to selectively enrich and profile the protein samples for differences in phosphorylation, 

the most abundant post-translational modification, which can also act as a surrogate for 

major signaling pathways. This allows us to overcome the limitations of global proteomic 

profiling, which traditional only analyzes the most abundant proteins in a sample which, 

in cardiac tissue, are overwhelmingly structural, contractile and mitochondrial proteins. 

Therefore, we view these as complimentary methods to more comprehensively profile 

the molecular changes which differentiate these two patient populations (responders vs 

non-responders).

Regarding the clinical parameters examined: Indeed, patients who improved their cardiac 

function and structure on LVAD support (responders), were more likely female, were 

younger, and had a shorter duration of HF symptoms compared to non-responders. 

A younger age and a shorter duration of HF have been consistently identified as 

variables associated with left ventricular reverse remodeling upon LVAD unloading.1, 6, 44 

Furthermore, female sex has been associated with a higher propensity for reverse cardiac 

remodeling in HF patients.45, 46 In this line of investigation, we sought to identify how 

these differences in clinical characteristics translate into molecular differences reflected 

in the differential expression of genes/proteins and render these patients more or less 

amenable to recovery. This would allow us to begin to understand biologically why 

these characteristic differences predispose patients to enhanced reverse remodeling and 

myocardial improvement and identify key molecular players that may explain these 

differences and drive this differential response.
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Cell Cycle

During normal mammalian development, cardiomyocytes actively divide, however, after 

birth, this renewal capacity quickly dissipates and can result in two major phenomena, 

depending on when the cardiomyocytes exit the cell cycle: 1) polyploidization, which results 

from premature cell cycle exit after DNA synthesis and forms a single tetraploid nucleus, 

or 2) binucleation, which results from cell cycle exit after mitosis without cytokinesis 

giving two diploid nuclei. The presence or absence of these two phenomenon have been 

observed across varies mammalian species with a majority of adult human cardiomyocytes 

resulting from polyploidization and a majority of mouse cardiomyocytes resulting from 

binucleation47–49. During disease, the adult mammalian heart has traditionally been thought 

to be incapable of regenerating cardiomyocytes after substantial cell loss due to the inability 

of adult cardiomyocytes to divide, however, research in the last decade has challenged this 

dogma and led to intense debates about whether adult cardiomyocytes do indeed have the 

capacity to regenerate in response to injury and, if so, to what extent. Regeneration studies 

have been aimed at stimulating cardiomyocyte proliferation to create new myocardium, 

however, one confounding contribution to this work has been the analysis of cell cycle 

markers which do not always measure true cardiomyocyte proliferation due to the fact 

that cardiomyocyte cell cycle reentry does not necessarily result in the formation of new 

cells. Interestingly, cardiomyocyte ploidy has been shown to increase in humans after 

myocardial infarction50, 51 suggesting cell cycle reentry may be an adaptive response to 

injury, although whether or not this results in complete cytokinesis, and the associated 

penetrance, is still under investigation. In addition, after LVAD unloading in HF patients, 

decreased hypertrophy11, nuclear size52, DNA content53 and ploidy52 have been observed 

with a concomitant increase in myocyte numbers and may suggest that cardiac recovery 

following mechanical unloading may involve a switch from hypertrophic to hyperplastic 

growth54.

Our data, from both transcriptomic and phosphoproteomic datasets, demonstrate that one 

of the major pathways altered in tissue from patients capable of cardiac recovery is cell 

cycle regulation, and identifies specific changes in abundance or phosphorylation of 17 of 

these molecules. While previous published studies have primarily focused on evaluating cell 

cycle reentry or proliferation as a process (i.e. increases in cell numbers) we now provide 

direct evidence for the involvement of specific proteins in regulating cell cycle, as it applies 

to cardiac remodeling. While these 17 transcripts/proteins have been linked to cell cycle 

regulation in non-cardiac cells most of these transcripts have never been examined in the 

heart so their role in cardiomyocyte function or heart disease is unknown. Specifically, 

only two of these 17 molecules (transcripts/peptides) have been previously linked to 

cardiomyopathy or HF susceptibility (CENPF55 and KLF456) so additional analyses will 

be necessary to identify the individual and combined contributions of these novel markers 

to cardiac recovery. Indeed, CENP-F has been examined in knockout mice where loss 

of CENP-F results in dilated cardiomyopathy with severe disruption of cardiac myocyte 

architecture.55 In addition, loss of KLF4 leads to higher mortality after pressure-overload 

in mice while overexpression of KLF4 in culture cardiomyocytes is capable of inhibiting 

hypertrophy and fetal gene expression changes.56 This is consistent with our results which 

show that patients who respond positively to LVAD unloading have higher levels of CENP-F 
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and KLF4. In addition, the abundance changes identified in phosphopeptides from these 

cell cycle markers may reflect either changes in total protein abundance or may reflect the 

percent of the protein that is phosphorylated under different conditions. With regards to the 

latter, many of the phosphopeptides identified in this study contain novel phosphorylation 

sites and the molecular function of these modifications is unknown.

It is also possible that some of the observed changes in cell cycle markers are due to 

infiltration of non-cardiomyocytes into the heart tissue, so future studies would be necessary 

to determine the exact cell type contributing to these changes or if these are reflective of 

changes in multiple cell types.

Extracellular Matrix/Focal Adhesions

The extracellular matrix is a three-dimensional network of proteoglycans, glycoproteins, 

and fibrous proteins which provides structural support for the heart (and other organs) and 

links the extracellular regions between cells to transmit tension through tissues, and mitigate 

damage57. Cardiomyocytes also contain a vast network of adhesive molecules which form 

large protein complexes which link adjacent cells together at adherens junctions (cell-cell 

contacts) and link cells to the extracellular matrix at focal adhesions (cell-extracellular 

matrix contacts). In the adult heart, cardiomyocytes are exposed to a number of different 

forces including hemodynamic pressure, stretching through cardiomyocyte contraction and 

passive elasticity from the extracellular matrix, all of which are subject to change and 

ultimately effect cardiac function and intracellular signaling. Changes in the composition, 

abundance and organization of extracellular matrix and adhesive molecules in the heart is 

dynamic and has been shown to change during development and the progression of heart 

disease58 (hypertrophy, dilated cardiomyopathy and HF). Specifically, increased cardiac 

fibrosis leads to differential expression and cross-linking of extracellular matrix components 

which change the mechanical landscape and rigidity of cardiac tissue59. In addition, 

healthy ventricular tissue maintains spatial segregation of cell-matrix adhesions to transverse 

myocyte borders and cell-cell adhesions to longitudinal borders60, which, when disrupted by 

differential lateralization or abundance leads to the development of cardiomyopathies61, 62. 

While these key links have been established between the development of cardiomyopathies 

and the extracellular matrix and focal adhesions, some of these changes have also been 

reported to reverse upon LVAD-unloading. Specifically, changes in collagen content and 

cross-linking have been reported63, 64 with conflicting results although in general data 

trends have been established which suggest that excessive scarring appears to limit cardiac 

recovery, and the degree of fibrosis in the myocardium at the time of implantation may 

influence the ability to recover65–67. Additional modulation of specific molecules (COL1A1, 

COL3A1, TIMP-465) have been examined during LVAD-unloading although whether these 

specific changes are a feature of myocardium which functional recovers or does not, has not 

been investigated.

Our results identify 27 differentially phosphorylated sites across 16 proteins and abundance 

changes in 6 transcripts involved in extracellular matrix composition, adhesive junction 

formation and the associated intracellular signaling molecules in cardiac tissue from patients 

capable of recovery after LVAD-unloading. These include proteins with previous links to 
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general LVAD-unloading (including COL1A1 and COL3A1) as well as novel molecules and 

phosphorylation sites which now comprise a panel of markers unique to tissue capable of 

functional recovery.

In summary, this study expands our understanding of the molecular underpinnings which 

differentiate normal and failing myocardial tissue and highlights key pathways misregulated 

during disease and those which may enable functional recovery after mechanical circulatory 

support and ventricular unloading. Further interrogation of this panel of transcripts and 

phosphopeptides will be necessary to identify their specific role in regulating myocyte 

biology and cardiac function. Our findings may help guide future clinical strategies for 

the prioritization of advanced HF patients towards heart transplant versus LVAD therapy. 

Furthermore, these findings also have translational research implications in identifying new 

HF therapeutic targets.
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ABBREVIATIONS:

HF Heart Failure

LVAD Left Ventricular Assist Devices

LV Left Ventricle

ECHO Echocardiogram

LVEF/ EF Left Ventricle Ejection Fraction

LVEDD Left Ventricular End Diastolic Dimension

PCA Principal Component Analysis

ECM Extra Cellular Matrix
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GO Gene Ontology

IPA Ingenuity Pathway Analysis

LC-MS/MS Liquid Chromatography- Tandem Mass Spectrometry

KEGG Kyoto Encyclopedia of Genes and Genomes
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CLINICAL PERSPECTIVE

What is new?

• This is the first analysis of a large prospective human myocardial tissue 

sample set which was curated, systematically processed, and combined 

with longitudinal echocardiographic and clinical data assessing myocardial 

response following LVAD unloading and circulatory support.

• This study identifies a panel of transcripts and phosphopeptides which are 

consistent and reproducible markers of myocardial tissue that maintains 

the capacity for functional and structural improvement after LVAD-induced 

unloading.

• This work expands our understanding of the molecular underpinnings which 

differentiate non-failing and failing myocardium and highlights key pathways 

misregulated during disease which may enable functional recovery after 

ventricular unloading and circulatory support.

What are the clinical implications?

• Our findings may help guide future clinical strategies for patient selection and 

prioritization of advanced HF patients towards heart transplantation or LVAD 

therapy targeting myocardial recovery and sustainable remission from chronic 

HF.

• These results have translational research implications in identifying novel HF 

therapeutic targets.
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Figure 1. Schematic illustrating the study design and myocardial functional and structural 
assessment.
A, Left ventricular myocardial tissue was harvested at the time of LVAD implantation 

and analyzed using global transcriptomic and phosphoproteomic techniques. Serial 

echocardiographic monitoring of these patients after LVAD implantation identified 

responders and non-responders as detailed in the methods section. Left ventricular 

tissue was also harvested from non-failing donor samples and used in the same 

analyses. Differentially regulated transcripts and phosphorylated proteins from these 

different populations (non-failing donor, responder and non-responder) were analyzed using 

bioinformatics analyses tools. B, The left ventricular ejection fraction (LVEF) and C, left 

ventricular end diastolic dimension (LVEDD) of patients receiving an LVAD and utilized 

in this study, at the time of implantation (LVEF-Pre and LVEDD-Pre) and 6 months after 

the device implantation (LVEF-Post and LVEDD-Post). This same data is listed in Table 1. 

P-values were calculated using the paired t-test. Asterisks indicate a p-value <0.0001. n=68 

(non-responders) and 25 (responders).
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Figure 2. Transcriptomic and phosphoproteomic profile of LV tissue from non-failing donors 
versus all heart failure samples.
A, Principal component analysis (PCA) of all 24,045 transcripts obtained from RNA-

Sequencing of donor/non-failing (black) and heart failure samples (including both 

responders and non-responders; turquoise) where each circle represents the combined 

expression data for all transcripts from a single patient sample. B, Heat map representing all 

genes with significantly altered expression (p-value<0.05, fold change>1.5, base mean>20) 

in the failing heart (553 downregulated and 788 upregulated). C, KEGG pathways (p-value 

<0.05) represented by the differentially expressed transcripts between failing hearts and 

donors. D, PCA plot based on all 15,816 phosphorylated peptides identified across all heart 

failure and donor samples where each circle represents the combined abundance data for 

all peptides from a single patient sample. Samples were analyzed in duplicate and included 

as two separate data points to confirm the reproducibility between technical replicates. 

E, Heat map of 443 peptides differentially phosphorylated between heart failure patients 

and non-failing donors based on log2 values of normalized intensities. F, KEGG pathways 

significantly enriched in this dataset (p-value <0.05) based on protein phosphorylation 

differences between failing and donor hearts.
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Figure 3. Transcriptomic profile of responders versus non-responders at the time of LVAD 
implantation.
A, Heat map showing 29 differentially expressed transcripts (p-value <0.05, fold change 

>1.5, base mean >30) in tissue from responder and non-responder patients including 

24 increased (red) and 5 decreased (blue) in responders. Enrichment analysis for these 

29 transcripts using Ingenuity Pathway Analysis lists the top significant terms for B, 
Cellular Component and C, Canonical Pathways. D, Network map from STRING analysis 

highlighting functionally associated proteins shows clustering of transcripts into two distinct 

subsets corresponding to Extracellular Matrix (ECM)/ Focal Adhesions (yellow) and Cell 

Cycle (red). E-F, Heat maps of specific transcripts annotated for their involvement in 

Extracellular Matrix/ Focal Adhesions (6 transcripts) and Cell Cycle (12 transcripts). 

R=responder, NR=non-responder.
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Figure 4. Phosphoproteomic profile of responders versus non-responders at the time of LVAD 
implantation.
A, PCA plot showing the variability in abundance for all 93 phosphopeptides in responder 

and non-responder samples (p-value <0.01, fold change >1.5). B, Heat map of 93 

differentially phosphorylated peptides in responder (R) and non-responder (NR) samples. C, 
KEGG pathways enriched in differentially expressed phosphopeptides. D, Gene ontology 

analysis incorporating cellular components and biological processes and KEGG and 

Reactome pathways significantly altered based on differentially phosphorylated proteins 

(ClueGO and CluePedia). E, Pie chart highlighting the most common gene ontology 

terms annotated for each of the 67 proteins (encompassing 93 phosphopeptides). Some 

proteins contain annotations for more than 1 term due to multi-functionality. F-I, Heat maps 

Drakos et al. Page 26

Circulation. Author manuscript; available in PMC 2024 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for differentially phosphorylated peptides based on individual pathways or processes for 

cytoskeleton, adhesions, apoptosis, cell cycle and Jnk/MAPK signaling. FC=fold change. 

R=responder, NR=non-responder.
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Figure 5. Diagrammatic representation of the transcripts and phosphorylated proteins identified 
in this study from two key pathways which molecularly distinguish cardiac tissue from 
responder and non-responder patients.
A, Schematic of the cell cycle highlighting the transcripts and phosphoproteins at specific 

cell cycle stages which are upregulated (red arrows) or downregulated (green arrow) in 

cardiac tissue from patients capable of functional recovery after LVAD therapy (responders) 

as compared to non-responders, which showed no improvement. Phosphorylated proteins 

are shown in parenthesis to distinguish them from transcripts which are listed without 

parenthesis. B, Schematic of proteins involved in extracellular matrix/ focal adhesion which 

are differentially expressed or differentially phosphorylated in responder vs non-responder 

tissue. Phosphorylation sites are depicted by yellow P. Upregulated or downregulated 

phosphorylation sites are indicated by red or green arrows, respectively. Phosphoproteins/

transcripts are abbreviated using the respective gene name to allow for easy compilation of 

the data.
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Table 1.
Clinical characteristics of heart failure patients in this study population.

Clinical characteristics were captured for 93 heart failure patients included in the study population at the time 

of LVAD implantation. In addition, serial monitoring by echocardiography assessed LVEF (left ventricular 

ejection fraction) and LVEDD (left ventricular end diastolic dimension) values prior to device implantation 

(pre-LVAD) and 6 months post-implantation (post-LVAD) to differentiate between responders (n=25) and non-

responders (n=68). P-values were calculated using the Student’s t-test with equal or unequal variances as 

appropriate for continuous variables, and the chi-squared test or Fisher’s exact test as appropriate for 

categorical variables. +/− values indicate standard error of the mean (SEM).

Variable Responders N=25 (mean ± SE) Non-Responders N=68 (mean ± SE) p-value

Male sex, n (%) 17 (68) 60 (88) 0.02

Age at LVAD implantation, years 50±4 59±2 0.06

Pre-LVAD      

LVEDD, cm 6.4±0.2 7.0±0.1 0.02

LVEF, % 20±1 18±1 0.15

Post-LVAD      

LVEDD, cm 4.5±0.1 6.4±0.1 <0.001

LVEF, % 47±2 21±1 <0.001

HF Etiology     0.30

Ischemic cardiomyopathy, n (%) 6 (24) 24 (35)  

Non-ischemic cardiomyopathy, n (%) 19 (76) 44 (65)  

New York Heart Association Functional Class     0.25

III, n (%) 8 (32) 14 (21)  

IV, n (%) 17 (68) 54 (79)  

Duration of HF symptoms, months 36±12 102±10 <0.001

Systolic Blood Pressure, mmHg 105±3 104±2 0.58

Diastolic Blood Pressure, mmHg 66±3 68±1 0.52

Mean Right Atrial Pressure, mmHg 11±1 12±1 0.38

Systolic Pulmonary Artery Pressure, mmHg 52±3 55±2 0.45

Diastolic Pulmonary Artery Pressure, mmHg 24±2 26±1 0.53

Pulmonary Capillary Wedge Pressure, mmHg 24±2 25±1 0.54

Cardiac Index, L/min/m2 2.0±0.1 1.8±0.1 0.13

Pulmonary Vascular Resistance, Wood units 3.5±0.5 3.9±0.4 0.55

B-type Natriuretic Peptide, pg/mL 1710±337 1331±124 0.30

Creatinine, mg/dL 1.2±0.1 1.3±0.1 0.07

Sodium, mmol/L 134±1 135±1 0.95

Hemoglobin, g/dL 13.0±0.5 12.5±0.3 0.33
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Table 2.
Demographics of non-failing donors utilized as controls in this study.

Myocardial tissue from 12 donor hearts, not allocated for heart transplantation due to non-cardiac reasons 

were used as normal controls and their demographic information is listed.

Variable Donors N=12 (Mean ± SE)

Male, n (%) 5 (41.6)

Female, n (%) 7 (58.4)

Age 45.3±2.1

Weight 76.2±6.1

Cause of death  

Head trauma, n (%) 8 (66.7)

CVA-Stroke/ ICH-Stroke, n (%) 2 (16.7)

CNS Tumor/ Intracerebral Hemorrhage, n (%) 1 (8.3)

Anoxia/ Drug intoxication, n (%) 1 (8.3)
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