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Abstract

The heart is composed of multiple cell types, each with a specific function. Cell-type-specific 

approaches are necessary for defining the intricate molecular mechanisms underlying cardiac 

development, homeostasis, and pathology. While single-cell RNA-seq studies are beginning to 

define the chamber-specific cellular composition of the heart, our views of the proteome are more 

limited because most proteomics studies have utilized homogenized human cardiac tissue. To 

promote future cell-type specific analyses of the human heart, we describe the first method for 

cardiomyocyte isolation from cryopreserved human cardiac tissue followed by flow cytometry 

for purity assessment. We also describe a facile method for preparing isolated cardiomyocytes 

and whole cardiac tissue homogenate for bottom-up proteomic analyses. Prior experience in 

dissociating cardiac tissue or proteomics is not required to execute these methods. We compare 

different sample preparation workflows and analysis methods to demonstrate how these can 

impact the depth of proteome coverage achieved. We expect this how-to guide will serve as a 

starting point for investigators interested in general and cell-type-specific views of the cardiac 

proteome.
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1. Introduction

The heart is composed of multiple cell types including cardiomyocytes, cardiac fibroblasts, 

endothelial cells, smooth muscle cells, and immune cells. The cell types work together to 

maintain cardiac homeostasis, each cell type with a specific function. Cardiomyocytes are 

responsible for muscular contractions and cardiac fibroblasts maintain the structural integrity 

of the heart [1]. Intercellular communications among these cell types (e.g. cell-to-cell and 

cell-to-extracellular matrix (ECM) interactions) are crucial for proper cardiac function [2]. 

Consequently, cell-type-specific approaches are necessary to define the intricate molecular 

mechanisms underlying cardiac development, homeostasis, and pathology.

Experiments using single-cell RNA-seq have recently described the gene expression profiles 

among major cell types in the adult and embryonic human heart [3–5]. These studies 

provide new insights into chamber-specific cellular composition of the heart and identify 

genes with previously unknown cardiac expression. Because transcriptomic strategies cannot 

predict the functional diversity of the proteome (e.g. post-translational modifications, 

protein-protein interactions, and protein degradation), mass spectrometry (MS) has been 

increasingly applied to study the cardiac proteome in health and disease. Top-down (MS 

analysis of intact proteins) and bottom-up (MS analysis of peptides) proteomics studies 

have identified putative biomarkers for cardiomyopathies [6,7] and sarcomeric proteoforms 

altered in hypertrophic cardiomyopathy [8]. In-depth analysis of the cardiac proteome 

revealed pathophysiological mechanisms for ischemic [9,10] and dilated cardiomyopathies 

[11,12], identified signaling proteins [13] from left ventricular cardiac tissue and metabolic 

pathways in healthy and disease mouse models [14], and elucidated the protein composition 

of different regions of the heart [15].

How gene expression findings from single-cell RNAseq studies relate to protein sequence 

and abundance in human cardiac cells is currently poorly defined, mainly because most 

proteomics studies have been performed using animal models or homogenized human 

cardiac tissue. The proteomic study by Doll et al., presented a general proteome of two 

explanted and cultured cell types (CD31-positive endothelial cells and cardiac fibroblasts) 

from atrial cardiac tissue and explanted and cultured smooth muscle cells from arteria 

mammaria interna. The study also used homogenized myocardial tissue for the ventricular, 

atrial, and septal samples, but no isolated primary cardiomyocytes were included in the 

analysis [15]. The proteomic study of patients with mitral valve prolapse by Linscheid et al. 

similarly used homogenized tissues, but isolated cardiomyocytes were not analyzed [16]. We 

speculate that the reason previous studies of the human cardiac proteome have not included 

isolated cardiomyocytes is that these cells are challenging to obtain, and previous methods 

for isolation have required fresh tissue [17–21].

To address these limitations, this how-to article describes methods to 1) isolate adult human 

cardiomyocytes from cryopreserved cardiac tissue suitable for proteomic analysis and 2) 

prepare cardiac tissue or isolated cardiomyocyte samples for bottom-up proteomic analysis. 

We introduce the principles and features of the methodologies and provide example data 

from non-failing adult human cardiac tissue. We describe the first method for cardiomyocyte 

isolation from cryopreserved human cardiac tissue followed by flow cytometry for purity 
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assessment. We also describe facile sample preparation methods for bottom-up proteomic 

analysis of isolated cardiomyocytes and whole cardiac tissue homogenate. Prior experience 

in dissociating cardiac tissue or proteomics is not required. The samples generated from 

these workflows are suitable for analysis using MS instrumentation common to biomedical 

research laboratories and academic core facilities. We compare different proteomic sample 

preparation workflows, MS acquisition modes, and analysis methods to demonstrate their 

impact on the depth of proteome coverage achieved. This how-to guide is expected to serve 

as a starting point for investigators interested in general and cell-type-specific views of the 

cardiac proteome. The described methods will promote future studies that provide a more 

comprehensive view of cell-type and chamber-specific processes in healthy and diseased 

hearts, including post-translational modifications, protein interactions, and the impact of 

alternative splicing.

2. Materials and methods

To facilitate implementation of these approaches, detailed methods and reagent information 

are in the supplementary information. Protein digestion and peptide fractionation methods 

are based on detailed protocols we recently described [22].

2.1. Study design

Bottom-up proteomic workflows include steps to homogenize samples, digest proteins into 

peptides by enzymatic or chemical means, and remove contaminants before MS analysis. 

Optionally, off-line peptide fractionation after digestion of complex samples generates 

multiple lower-complexity samples, which typically provide a greater depth of protein 

sequence and proteome coverage. Here, we used facile methods for homogenization and 

lysis, protein digestion, peptide fractionation, and different MS acquisition modes to 

generate high-quality MS data (Fig. 1A). We applied four different experimental workflows 

(Fig. 1B) to demonstrate the effects that different sample preparation and data analysis 

methods can have on proteome coverage when analyzing samples with varying complexity. 

Specimens from non-failing hearts from donors for which multiple anatomical regions 

were available (Table 1) were used. We compared isolated cardiomyocytes and whole 

cardiac tissue from different myocardial regions to show differences in the proteome among 

anatomic regions of the heart.

2.2. Cardiomyocyte isolation from frozen human tissue

Human cardiac tissue (Table 1) was obtained under institutional review board approvals 

(PRO00022202; PRO643–17-EP) and cryopreserved in 10% dimethyl sulfoxide (DMSO), 

10% fetal bovine serum (FBS), 80% Dulbecco’s Modified Eagle Medium (DMEM) until 

use. An overview of the isolation method is shown in Fig. 2A. Tissue was thawed and 

cut into 1 mm3 pieces while submerged in ice-cold wash solution (115 mM potassium 

gluconate, 2.5 mM potassium chloride (KCl), 5 mM potassium phosphate monobasic 

(KH2PO4), 2 mM magnesium sulfate (MgSO4), 2 mM calcium chloride (CaCl2), 30 mM 

sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4). 

Tissue pieces were collected with a 70 μm cell strainer and washed three times with ice-cold 

wash solution. Tissue pieces were placed in digestion solution (300 Units/mL collagenase 
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type 4, 5 Units/mL DNase I, and 1 mg/mL trypsin inhibitor in wash solution) in a 50 mL 

spinner flask at 37 °C. A total of three digestions were performed, each yielding a fraction of 

crude cardiomyocytes that was filtered through a 200 μm cell strainer. Crude cardiomyocytes 

from three digestions were combined, collected by centrifugation at 80 ×g for 5 min at 4 

°C, and washed three times in ice-cold wash solution. Cellular debris was separated from 

the crude cardiomyocytes by Percoll gradient as described in supplementary information. 

Crude cardiomyocytes were further purified by removing immune cells and endothelial 

cells by negative selection. Dynabeads™ CD45 and Dynabeads™CD31 Endothelial Cell 

were washed three times in wash solution containing 0.1% FBS using an Invitrogen 

DynaMag™−2 magnet to collect beads. 25 μL of each bead type was added to 1 mL cell 

suspension, agitated with end-over-end rotation for 30 min at 4 °C, and beads were collected 

for 1 min against the magnet. The supernatant containing the isolated cardiomyocytes was 

used for further studies.

2.3. Assessment of isolated cardiomyocytes by flow cytometry and imaging

Isolated cardiomyocytes were assessed for percent troponin I (TNNI3) positivity by flow 

cytometry. Cardiomyocytes were fixed, permeabilized, blocked, stained for TNNI3, and 

analyzed using an Attune NxT acoustic focusing flow cytometer (Thermo Fisher Scientific). 

Data for unstained, isotype controls, and stained cells were analyzed using FlowJo v.10.7.1 

(FlowJo LLC). Visual assessment of cardiomyocytes using immunofluorescent labeled 

cardiac actin was performed on a Zeiss 710 confocal laser scanning microscope.

2.4. Isolated cardiomyocyte cell lysis

Isolated cardiomyocytes were lysed in 0.1–0.5 mL of cell lysis buffer (5% sodium dodecyl 
sulfate (SDS), 50 mM triethylammonium bicarbonate (TEAB) at pH 7.55, 2 mM magnesium 

chloride). 250 units of Benzonase® was added, and samples were sonicated (UP200St, 

Hielscher, Germany) on ice for three 10-s intervals at 30% amplitude with 1-min rest periods 

between intervals.

2.5. Whole tissue homogenization and cell lysis

Approximately 50 mg of heart tissue was minced and placed in homogenization buffer (5% 

SDS, 50 mM TEAB, pH 7.55) in 2 mL tubes pre-filled with ceramic beads. Tissue pieces 

were homogenized in a Precellys 24 homogenizer at 6500 rpm, 2 times at 15 s each, with 10 

s of break. Samples were then sonicated as described above and clarified by centrifugation 

for 8 min at 13,000 ×g.

2.6. Suspension-trapping (S-trap™) processing

Total protein concentrations for each sample were measured using the Pierce 660 nm protein 

assay kit using a Varioskan LUX Multimode Microplate Reader with SkanIt 5.0 software 

(Thermo Fisher Scientific) per manufacturer instructions. 50 μg of protein from each sample 

was reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) in a thermomixer for 30 

min at 37 °C at 1200 rpm, followed by alkylation with 40 mM acrylamide in a thermomixer 

for 30 min at 37 °C at 1200 rpm. Samples were acidified with 12% phosphoric acid then 

diluted with 165 μL S-Trap™ binding buffer (100 mM TEAB, 90% methanol with pH 
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7.1). Samples were loaded onto S-Trap™ micro spin columns and washed three times 

with S-Trap™ binding buffer. Trypsin-LysC in 50 mM TEAB solution was added to the 

S-Trap™ at a ratio of 1:12 protease: protein. The S-Trap™ was incubated at 37 °C for 2 h. 

Peptides were eluted sequentially with 50 mM TEAB, 0.2% aqueous formic acid and 50% 

acetonitrile (MeCN) containing 0.2% formic acid. Combined peptide elutions were vacuum 

centrifuged to dryness.

2.7. High-pH reversed-phase fractionation

Peptides collected from three separate S-Trap™ digestions of 50 μg protein were combined, 

dried, and resuspended in 300 μL of 0.1% tri-fluoroacetic acid (TFA). Peptides were 

fractionated using Pierce high pH fractionation kit as described [23]. Columns were 

conditioned with 300 μL of MeCN twice and equilibrated with 300 μL of 0.1% TFA twice. 

Samples were applied to the columns and washed with purified water (18 Ω). Peptides were 

eluted with 5%, 7.5%, 10%, 12.5% 15%, 17.5%, 20% and 50% MeCN in 0.1% TEA, then 

with 15% MeCN in 5% formic acid, and finally with 50% MeCN in 5% formic acid for 

a total of 10 fractions. All fractions were vacuum dried and resuspended in 25 μL of 2% 

MeCN in 0.1% formic acid in water.

2.8. Mass spectrometry

Peptide samples were measured by Pierce Quantitative Fluorometric Peptide Assay using 

a Varioskan LUX multimode microplate reader and diluted to 0.2 μg/μL. Samples (5 μL; 

1 μg per injection) were analyzed using a Dionex UltiMate™ 3000 RSLCnano liquid 

chromatography (LC) system coupled to an Orbitrap Exploris™ 480 mass spectrometer 

(Thermo Fisher Scientific). Data acquisition and analysis settings are in supplementary 

information (Supplemental Tables S4 and S5). Data-dependent acquisition (DDA) sample 

sets spiked with Pierce™ Retention Time Calibration mixture (Thermo Fisher Scientific), 

and data-independent acquisition (DIA) sample sets spiked with iRT synthetic peptide 

mixture (Biognosys) were blocked and acquired in randomized order with digested E. 
coli spiked with iRT synthetic peptide mixture injected immediately before and after every 

sixth sample to evaluate system performance. Consistency and reproducibility of system 

performance were evaluated using Skyline Daily (20.2.1.315), QuiC (3.1.200602.47994), 

and Proteome Discoverer 2.4 (Thermo Fisher Scientific). Data files for all experiments 

in Table 1 are available at MassIVE (massive.ucsd.edu; doi:10.25345/C55515) and 

experimental identifiers for each file name are provided in Supplemental Table S6.

2.9. MS data analysis

DDA data were analyzed in Proteome Discoverer 2.4 using either a classic search or 

an iterative library search (Fig. 1A, B). Classic search used Sequest [24] search engine 

against a human SwissProt reference proteome (42,304 sequence entries, December 2019). 

The iterative library search used MSPepSearch [25] for spectral matching against three 

consensus peptide libraries from NIST (total 1,127,970 spectra entries, May 2020). Spectra 

that did not match to peptides with a high probability were searched using Sequest. 

Target decoy analysis was performed by searching a reverse database with an overall false 

discovery rate (FDR) of 1% at the protein and peptide levels.
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DIA data were analyzed in Spectronaut™ 14 (Biognosys, Switzerland) using directDIA™ 

to search against a fasta file (human SwissProt reference proteome (42,304 sequence entries, 

December 2019)). Additionally, fractionated peptide data from left and right ventricles - 

workflows I and III - were searched separately using the Pulsar™ search engine to create a 

spectral library. DirectDIA™ search data were added to this library. For both directDIA™ 

and Pulsar™, default settings were used, with the exception that propionamide (C) was used 

as a fixed modification. Only precursors (i.e. MS1 of peptides) and proteins with a Qvalue 

of 0.01 were considered identified. As part of quality control assessment, box plots for data 

normalization and target and decoy distribution were assessed (Fig. S1). Data were globally 

normalized on the median peptide signal (Supplemental Fig. S1A, B). A minimum of 3 

fragments was used for peptide quantification. Proteins with a Qvalue ≤0.05 and an absolute 

average log2 ratio ≥ 0.58 were considered differentially abundant between chambers.

3. Results

3.1. Cardiomyocyte isolation and purity assessment

Methods for cardiomyocyte isolation from fresh adult human tissue have been described 

[17–21]. However, access to fresh human tissue may not be possible or practical for 

all studies depending on infrastructure for specimen collection and distribution. The 

aforementioned methods use buffer solutions that mimic the ionic composition of the 

extracellular environment (e.g. 1× PBS, 140 mM NaCl). When we tested these methods for 

isolating cardiomyocytes from cryopreserved tissue, we found that cell membrane integrity 

was significantly compromised. We observed increased cell swelling and damage, which 

we attribute to the fact that cardiomyocytes isolated from frozen tissue fail to regulate ion 

gradients as efficiently as freshly isolated cardiomyocytes. Also, highly tryptic digestion 

enzymes (e.g. collagenase type II, protease XXIV) used in the prior methods led to 

premature digestion of cell surface proteins into peptides, which are then removed during 

subsequent wash steps and thus unavailable for MS analysis.

Here, we developed a new cardiomyocyte isolation method compatible with frozen tissue 

that preserves cells for proteomic analysis, including plasma membrane proteins (Fig. 2A). 

Major differences between this method and those described for fresh tissue include 1) wash 

and digestion buffers are similar in molecular composition to the ionic composition of 

intracellular environment of cardiomyocytes (i.e. 150 mM potassium ions, 15 mM sodium 

ions), 2) digestion buffer contains collagenase type IV (low tryptic activity) and trypsin 

inhibitor to prevent premature cleavage of proteins, 3) Percoll gradient is used for gentle 

removal of debris, and 4) CD45 and CD31 negative selection of crude cardiomyocytes is 

used to remove immune and endothelial cells.

Previous methods for human adult cardiomyocyte isolation did not describe quantitative 

assessments of cardiomyocyte purity. Imaging can be used to rapidly assess cellular 

integrity of isolated cardiomyocytes (Fig. 2B), but quantification of cellular heterogeneity 

is challenging. Flow cytometry can provide quantitative, single-cell measurements to 

accurately assess population heterogeneity with high sensitivity. However, published 

protocols describing flow cytometry-based assessment of intact, isolated adult human 

cardiomyocytes are not yet available. This is likely because intact human adult 

Wojtkiewicz et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cardiomyocytes are relatively large, rectangular cells (10–25 μm × 100 μm), which pose 

technical challenges for standard flow cytometer configurations designed to analyze smaller, 

spherical cells like blood cells or cultured cell lines. Here, we adopted our previous method 

for flow cytometry analysis of human stem cell-derived cardiomyocytes [26,27] to work 

with isolated human adult cardiomyocytes using an acoustic focusing flow cytometer.

On average, starting with 250–500 mg wet weight tissue, we obtain 800 μg of protein from 

cells that are ≥80% TNNI3-positive (Fig. 2C) based on flow cytometry assessment. During 

method development, we found that excluding the negative selection step resulted in samples 

that contained detectable levels of CD45 and CD31 by MS. CD45 and CD31 have been 

exclusively attributed to non-cardiomyocytes [28,29] and therefore, the negative selection is 

important for removing these contaminating cells.

3.2. S-trap™ for facile sample preparation

In bottom-up proteomics workflows, complete sample lysis and protein solubilization are 

key for experimental success. Cardiac tissue and isolated cardiomyocytes can be difficult to 

disrupt due to varying levels of ECM content and high abundance of contractile proteins. 

Traditional laboratory detergents that are effective at disrupting fibrous tissue (e.g. SDS) are 

incompatible with MS, requiring removal prior to injection onto the instrument. Detergent 

removal is commonly achieved using trichloroacetic acid/acetone precipitation or in-gel 

digestion, but these methods are laborious and prone to sample loss. Here, we used 

suspension trapping sample preparation because of the streamlined processing capabilities 

and ease of use [30]. Samples are solubilized in 5% SDS and loaded onto the S-Trap™ 

spin column. Protein digestion occurs on-column, and MS-compatible peptides are then 

eluted from the column. This fast and easy approach to processing bottom-up proteomic 

samples for MS analysis does not require specialized expertise. A single experimenter can 

typically generate MS-ready peptide samples in 8 h using this method, including sample 

homogenization, lysis, and digestion [22]. As part of reproducibility assessment, dot plots of 

the number of peptide groups found in individual samples of each unfractionated workflows 

(II and IV) were assessed (Fig. S2).

3.3. Increasing depth of proteome coverage with peptide fractionation and library 
searching

Cardiac tissue and isolated cardiomyocytes are complex samples. As such, limited solubility 

of membrane and ECM proteins, high molecular heterogeneity, and a large dynamic range 

of protein concentrations can present limits to the number of proteins identified and the 

observed sequence coverage of each protein. Often, discovery proteomics experiments can 

be augmented with off-line peptide fractionation to enhance depth of proteome coverage. 

This method generates multiple lower complexity samples from a single high complexity 

sample. Peptide fractionation requires more sample preparation and MS acquisition time 

but benefits to proteome coverage observed here include 42–47% more proteins identified 

and 10–12% increase in sequence coverage for common proteins in isolated cardiomyocytes 

and tissue homogenate (Fig. 3A–D). Moreover, off-line peptide fractionation datasets can 

be utilized to build libraries for the analysis of quantitative data to increase peptide 

identifications and confidence in quantitative measurements.
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In addition to strategic sample preparation, the workflow used to process qualitative data 

can also impact proteome coverage (Fig. 1). In what we define here as a classic search 

strategy, experimental peptides are matched to theoretical spectra predicted to arise from 

peptides generated by the digestion of proteins contained in a reference proteome database. 

In contrast, a spectral library approach matches observed spectra to experimental data 

previously generated and contained within a spectral library. Spectral matching can increase 

proteome coverage [31,32] because a spectral pattern is more specific than a database search 

- like a fingerprint - capable of identifying the peptide despite noise and contaminants [33].

Multiple tools and spectral libraries are available [35]. Here, we use the free software 

(MSPepSearch) and consensus library made from >10,000 raw files provided by The 

National Institute of Standards (peptide.NIST.gov) in Proteome Discoverer 2.4. The iterative 

library search used here begins with a spectral library search followed by a classic search for 

any spectra that were not matched with high confidence in the library search. We observe 

that for all sample types, the iterative library search provides more protein identifications 

than the classic search (Fig. 3B, D). Specifically, identifications increased by 495 protein 

groups for fractionated whole tissue and increased by 537 protein groups for fractionated 

isolated cardiomyocytes. The distribution of proteins identified from different subcellular 

locations were similar between datasets (Fig. 3E). Cell surface proteins were identified 

in all datasets, confirming that the current isolation protocol preserves plasma membrane 

proteins. Membrane proteins were the highest represented cellular component, providing 

evidence that the sample preparation and protein solubilization strategy is effective for this 

protein class. An example of sequence coverage is shown for mitochondrial potassium 

channel ATP-binding subunit (ABCB8), a transmembrane protein with known mitochondrial 

localization (Fig. 3F). Proteins identified in whole tissue with fractionation from a classic 

search are provided in Table S7 and from the library search in Table S8.

3.4. Analyses of isolated cardiomyocytes provides a deeper view than tissue homogenate

Cardiac tissue is dense and populated by multiple different cell types. The contribution of 

each cell type varies depending on anatomical region, model system (i.e. human or animal), 

and disease state [5,29,36,37]. The injured heart undergoes significant pathophysiological 

changes [38] to adapt and repair the area of insult, also referred to as cardiac remodeling. 

Cardiac remodeling is characterized by hypertrophy and/or loss of cardiomyocytes, cardiac 

fibrosis, and proliferation of non-cardiomyocytes (e.g. cardiac fibroblast and immune cells) 

[38,39]. The fibrotic response is attenuated by the pathological activation of cardiac 

fibroblasts and immune cells, leading to excessive deposition of ECM proteins and 

contributes to adverse ECM remodeling [40].

This dynamic heterogeneity can pose challenges to interpreting data from proteomic 

analyses of tissue homogenate as the cell-type of origin cannot be inferred. Also, as 

tissue homogenate provides an average view of the proteins across all cell types within the 

specimen, identifying lower abundance proteins present in a single cell type is challenging. 

The analysis of isolated cardiomyocytes provides evidence of cell-type localization and 

a deeper view of the cardiomyocyte proteome. We observed this improvement for 

fractionated and unfractionated peptide workflows when comparing whole tissue and 
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isolated cardiomyocytes from the apex (Fig. 4A, B). 203 proteins were identified exclusively 

in fractionated isolated apical cardiomyocytes (Fig. 4C), providing evidence of the benefit 

of performing cell isolation and peptide fractionation. Of the 203 proteins, examples 

include proteins with known cell surface localization (e.g. FURIN, FCGR1B, PROM1, 

SEMA5A, SLC11A2, and TSPAN7) and mitochondrial localization (e.g. SLC25A14, 

TOP3A), highlighting the advantage of using isolated cells for proteomic analyses (Fig. 4D). 

Although peptide fractionation can increase proteome coverage (Fig. 4), this process adds 

additional steps of sample handling including solvent evaporation. It is possible that some 

peptides are lost in this process, and this could explain the 60 proteins identified uniquely in 

the isolated cardiomyocytes without fractionation.

3.5. Quantitative comparisons reveal differences among chambers

Numerous methods for relative, untargeted quantification of peptides are available, including 

label-based and label-free methods [41,42]. When working with human tissue, metabolic 

labels are typically unfeasible, especially for healthy donor hearts. Chemical labels (e. g. 

TMT, iTRAQ, DiLeu) are possible but are limited by the number of samples that can 

be compared [43–46]. In contrast, label-free methods use simplified sample preparation 

workflows, and allow comparison of an unlimited number of samples. However, label-free 

methods require more data acquisition time because they cannot be multiplexed like 

label-based methods. Label-free methods include data-dependent acquisition (DDA) and 

data-independent acquisition (DIA) strategies [47]. In DDA, a single precursor at a time is 

selected for gas-phase dissociation, whereas in DIA, all precursors within an m/z window 

are selected for simultaneous dissociation (Fig. 5). In both cases, the precursor and resulting 

fragment masses are used during data analysis to match the experimentally observed 

fragmentation pattern to a proposed peptide sequence. DIA data are more complex as 

the resulting fragmentation spectra are chimeras of multiple precursors, requiring different 

data analysis workflows than DDA. However, there are advantages to using DIA for 

quantification. DIA suffers from fewer missing values compared to DDA [48] and the data 

can be continually re-processed as spectral libraries advance to enhance proteome coverage.

Here, we applied DIA to quantify proteins between left and right ventricle, starting with 

either whole tissue or isolated cardiomyocytes. Differences in the proteome between 

chambers can be expected because the cells from each chamber evolve developmentally 

from different sources (e.g. primary heart field gives rise to the left and right atria and 

left ventricle; secondary heart field gives rise to right ventricle and outflow tracts). The 

different chambers also have different functions (i.e. blood is propelled from the right atria 

to the right ventricle, where it is pumped to the lungs via the pulmonary arteries; from 

the lungs, blood enters the left atria then ventricle, which pumps oxygen-rich blood to the 

rest of the body). Of the 3035 protein groups quantified in whole tissue homogenate, 2784 

proteins were found at relatively similar abundance between left and right ventricle (Fig. 

6A), whereas 141 and 110 were more abundant in left and right, respectively. Of the 1452 

protein groups quantified in isolated cardiomyocytes, 1277 proteins were found at relatively 

similar abundance between right and left ventricles (Fig. 6B), whereas 101 and 74 were 

more abundant in left and right ventricles, respectively. Of the 175 differentially abundant 

proteins found in isolated cardiomyocytes, 134 were only found in isolated cardiomyocytes 
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and not in the whole tissue analyses (Supplemental Table S9). Of those proteins quantified 

in isolated cardiomyocytes, ANKRD2, ABAT, CPVL, and ATP5MC1 were higher in 

abundance in left compared to right ventricular cardiomyocytes (Fig. 6B). Although similar 

trends were observed for four of the proteins in whole tissue, ATP5MC1 showed no 

significant difference between left and right ventricular whole tissue (Fig. 6C). Examples 

of proteins with higher abundance in right compared with left ventricular cardiomyocytes 

were CHDH, MRPL20, CALML5, and HRNR (Fig. 6E). Whereas abundance of CHDH 

showed a similar trend in whole tissue (Fig. 6F), MRPL20 was not significantly different 

(Fig. 6G), and CALML5 and HRNR were not detected in the quantitative analysis of left 

and right whole tissue (Fig. 6H). These data demonstrate the advantages of using isolated 

cells in addition to whole tissue analyses for expanding the view of proteomic differences 

among chambers of the human heart.

4. Discussion

4.1. Cardiomyocyte isolation and purity

Human adult cardiomyocytes are more challenging to isolate compared to those from 

animal models because the tissue is commonly derived from surgical discards and it is 

typically not possible to perfuse an intact human heart with the solutions and buffers used 

to enhance tissue dissociation in animal models. While methods for isolating human adult 

cardiomyocytes from fresh tissue have been described [17–21], we find these methods 

do not preserve plasma membrane proteins when applied to cryopreserved tissue. Here, 

we describe a new method to isolate human adult cardiomyocytes from 250 to 500 mg 

cryopreserved tissue and assess purity by flow cytometry. This method allows tissues to be 

collected as they become available and stored until enough samples for statistical power 

have been acquired. Subsequently, isolations can proceed on all samples selected for the 

study, which should help to minimize technical variation during the isolation.

We have not tested this protocol on freshly isolated tissue, but we expect that the protocol 

for isolating cardiomyocytes from fresh tissue will be similar, with the exception of the 

buffer solutions. Specifically, we observed that buffers with high sodium concentration 

(e.g. 140 mM sodium salts) led to increased swelling of cardiomyocytes and subsequently 

damaged cardiomyocytes. We therefore developed buffer solutions that mimic the 

intracellular environment (i.e. 150 mM potassium salts) to prevent swelling and damage 

to the cardiomyocytes. This would not be necessary when working with fresh tissue as 

shown previously [20,21].

Collagenase type II is often recommended for digestion of cardiac tissue because of 

its efficiency in digesting tough tissue. Due to its high tryptic activity, it prematurely 

digests cell surface proteins prior to proteomics experiments. Collagenase type IV is best 

suited to preserve cell surface proteins, which is consistent with recommendations from 

Worthington Biochemical (product datasheet), which state that collagenase type IV limits 

the damage to membrane proteins and receptors. Following enzymatic and mechanical 

digestion of cardiac tissue, subjecting crude cardiomyocytes to the Percoll gradient as well 

as performing CD31/CD45 negative selection on cardiomyocytes are associated with some 

loss of cardiomyocytes. However, in our experience it did not affect our ability to perform 

Wojtkiewicz et al. Page 10

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



follow up experiments. For most preparations, there is enough material for flow cytometric 

analysis as well as proteomics experiments or other follow up experiments (e.g. isolation of 

RNA, staining of cardiomyocytes). The Percoll gradient also removes smaller cell types, but 

not to purity. This is evidenced by our quality control experiments where we noticed that 

CD31 and CD45 were identified by MS, which prompted us to include a negative selection 

step.

We have tested a penultimate version of this protocol on snap frozen tissue and noticed 

that the morphology of the cardiomyocytes was greatly compromised during the freezing 

process, which prevented the isolation of structurally sound cardiomyocytes. Therefore, 

we did not pursue this approach further. We tested this method on tissue preserved in 

AllProtect®, which did not produce high yield of cardiomyocytes. It was challenging to 

isolate cardiomyocytes from tissue preserved in AllProtect® as the tissue becomes hard and 

is surrounded by a rubbery layer, which makes it difficult for digestion enzymes to penetrate 

the tissue.

Cell purity is important when interpreting data from ‘omics approaches. The flow cytometry 

protocol described here is applicable for determining the percentage of cells positive for 

the cardiomyocyte-specific marker TNNI3 by comparing the fluorescence intensity between 

the antibody-stained cells and the isotype control. The method provides excellent separation 

between the antibody-stained cells and unstained control. However, the isotype control 

is shifted in fluorescence intensity from the unstained control. This suggests that further 

efforts to improve the method may be necessary to increase the separation between the 

antibody-stained cells and the isotype control.

Common non-cardiomyocyte proteins were not detected by MS in the isolated 

cardiomyocytes, so we do not have evidence that the isolated cardiomyocytes contain 

significant numbers of contaminating cell types. Common endothelial cell markers CD31 

and CD105 were detected in the quantitative analysis of whole cardiac tissue of left and 

right ventricles but not in isolated cardiomyocytes. Common fibroblast markers vimentin 

and CD90 were detected in the quantitative analysis of whole cardiac tissue of left and right 

ventricles but not in isolated CM. Vimentin is also considered a smooth muscle marker. We 

did not identify the common immune cell markers CD45 and CD11b in whole cardiac tissue 

and isolated CM, but this could be due to the low abundance of immune cells in healthy 

cardiac tissue.

Thus, although imperfect at this time, this is the first method for flow cytometry analysis 

of intact human adult cardiomyocytes and should aid other investigators in performing 

this type of assessment. We expect further refinement of the method (e.g. gentler fixation 

and per-meabilization conditions) will improve separation of antibody-stained and isotype 

control and thus increase the percentage of cells considered to be TNNI3-positive. The cells 

isolated by this method are suitable for a wide range of proteomic experiments beyond the 

methodologies applied here.
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4.2. Selecting a proteomics method that is right for your study

There is no one-size-fits-all proteomics method. All bottom-up proteomics methods are 

biased in some way - typically towards identifying peptides from proteins that are most 

soluble or abundant under the experimental conditions used. Results obtained here show 

advantages and disadvantages among the approaches – including expanded coverage 

obtained when combining cell isolation with fractionation at the cost of more labor and 

time. We expect these results will aid other investigators to select a workflow that is 

most apt for their study. Additionally, cardiomyocytes isolated from cryopreserved tissue 

may experience more stress than those isolated from fresh tissue. Although we have not 

detected stress pathway proteins (e.g. calpain, caspase) in the quantitative analysis of 

isolated cardiomyocytes, additional experiments are required to determine their activation 

in cardiomyocytes isolated from cardiac tissue preserved in freezing media, which may 

impact the utility of isolated cardiomyocytes for certain study designs.

We describe a facile method for preparation of cardiac samples for bottom-up proteomic 

analyses. Bottom-up sample preparation for cardiac tissue has traditionally required 

cumbersome methods to solubilize the fibrous tissue and remove contaminating detergents 

before MS analysis. The S-trap™ method used here, in conjunction with rigorous 

mechanical disruption, allows for solubilization of cardiac tissue proteins, enzymatic 

digestion, and cleanup within one workday [49]. The LC column and MS settings used here 

are common among laboratories, but different LC columns (e.g. different length, particle 

pore size) could be used and may improve sequence coverage. The DDA data generated 

here are available and can be used by other investigators interested in mining this discovery 

dataset and to build spectral libraries for future DDA or DIA analyses. We used DIA for 

relative peptide quantitation, but other methods are possible, and the choice will depend 

on study goals, access to MS instrumentation, costs, and time. The proteomics results will 

depend on the configuration and performance of the MS instrumentation and software used 

to analyze the data. During experimental planning, users are advised to consult with the 

MS instrumentation operator to ensure the design is appropriate for the instrumentation and 

software used for analysis.

4.3. Expectations for the level of expertise required to perform analyses described here

Here, we summarize the level of expertise required to perform the experiments described in 

this “how to” article.

• Cardiomyocyte isolation – basic experience in primary cell isolation required. 

With more experience, the user will be able to adjust the protocol to work with 

lower integrity tissues.

• Flow cytometry – basic experience in flow cytometry and access to a flow 

cytometer with capabilities of analyzing large cells is required.

• Sample homogenization and digestion – no specialized experience required.

• Mass Spectrometry – expertise in MS required. Non-experts should consult with 

MS operators before designing experiments to receive guidance specific to the 

instrumentation and data analysis software available.
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• ProteomeDiscoverer – requires MS expertise to setup the data processing, but 

search results can be provided to non-experts for review.

• Spectronaut – requires MS expertise to setup the data processing but does 

not require manual peak picking, so data analysis proceeds rapidly. Validated 

statistical methods are included to help new users comply with standards in the 

field.

4.4. Future studies

Future studies can apply the described cardiomyocyte isolation and proteomic sample 

preparation methods to specimens from additional anatomical regions, focusing on sub-

anatomical regions (e.g. epicardial versus endocardial) to generate a more precise spatial 

mapping of the human heart proteome. Peptide samples from these methods can be 

combined with strategies that enrich for specific classes of post-translational modifications 

(e.g. phosphorylation, ubiquitination, glycosylation) to provide enhanced detection of 

modifications compared to unenriched samples. It is also possible to simultaneously 

extract proteins and metabolites using the recently described SiTrap™ [30] to develop 

complementary views of the molecular landscape in the heart. Expanding the data 

analysis approach to include proteogenomic approaches that use RNA-seq data to define 

sample-specific protein sequence databases should enable precise definitions of the cardiac 

proteome, including the impact of alternative splicing on truncations and altered sites of 

post-translational modifications [50]. Finally, while the example data provided here were 

generated from non-failing donor hearts, the methodologies are expected to be broadly 

applicable to exploring protein dynamics in cardiac disease [51–53].
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Fig. 1. 
Overview of bottom-up proteomics methodologies for processing human cardiac tissue and 

cardiomyocytes. A) Schematic representation of five basic steps in a bottom-up proteomics 

workflow: (1) Homogenization and Lysis, (2) Protein Digestion, (3) Off-line Peptide 

Fractionation, (4) Mass Spectrometry, and (5) Data Analysis. B) Schematic representation 

of four workflows applied for the proteomic analysis of human cardiac tissue or isolated 

cardiomyocytes in the current study.
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Fig. 2. 
Cardiomyocyte isolation and purity assessment. A) Schematic overview of cardiomyocyte 

isolation workflow using cryopreserved human adult cardiac tissue. B) Representative 

confocal immunofluorescence images of isolated cardiomyocytes stained for cardiac actin 

(red). Magnification 20× (left) and 63× (right); Scale bar, 100 μm (left), 20 μm (right) 

C) Flow cytometry assessment of isolated cells for TNNI3 positivity. Cells gated on 

fluorescence intensity versus side scatter (SSC-H) result in a >80% anti-TNNI3 PE positive 

population as compared to isotype control. Panel A was generated with Biorender. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 3. 
Overview of whole tissue and isolated cardiomyocyte proteome. A) Bar chart displaying 

number of proteins identified at different percentages of coverage in workflows I and II. B) 

UpSet plot visualizing the intersections of identified proteins from workflows I and II in 

DDA mode, processed with a classic search and an iterative spectral library search. C) Bar 

chart displaying number of proteins identified at different percentages of coverage in both 

workflow III and IV in DDA mode. D) UpSet plot visualizing the intersections of identified 

proteins from workflow III and IV in DDA mode, processed with a classic search and an 
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iterative spectral library search. E) Percentage of proteins annotated among various cellular 

components based on Gene Ontology for each workflow. F) Protein sequence showing 

34% coverage of mitochondrial potassium channel ATP-binding subunit (ABCB8). For each 

sample type, three biological replicates (donors) were each analyzed by three technical 

replicates by MS. UpSet plots were generated using UpSetR [34]. Note: Upset plots graph 

the intersections of various elements, similar to a Venn diagram. However, unlike a Venn 

diagram, an upset plot is not limited by a certain number of elements and provides an easier 

way to interpret the common and uncommon identifications in proteomic datasets.
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Fig. 4. 
Deeper view of the proteome is achieved when peptide fractionation is combined with 

cardiomyocyte isolation. A and B) Venn diagrams displaying total number of proteins 

identified in apex for each workflow by DDA searched with the iterative spectral library 

strategy. C) UpSet Plot (generated by UpSetR [34]) showing overlap of proteins identified 

in unfractionated and fractionated apex whole tissue and isolated cardiomyocytes from apex. 

D) Examples from among the 203 proteins identified exclusively in isolated cardiomyocytes 

with fractionation.
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Fig. 5. 
Overview of DDA and DIA acquisition methods. In DDA mode, the instrument selects 

precursors for fragmentation one at a time, which can lead to missing features. In DIA 

mode, all precursors within a designated m/z window are fragmented sequentially and 

repeatedly throughout the acquisition, leading to fewer missing features, but complex MS2 

spectra.
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Fig. 6. 
Overview of differentially abundant proteins in homogenized cardiac tissue and isolated 

cardiomyocytes using workflow II and IV in DIA mode. Volcano plot displaying 

differentially abundant proteins between A) left ventricular and right ventricular tissue 

and B) isolated cardiomyocytes from left and right ventricles. Horizontal bar represents a 

significance level of Qvalue ≤0.05. Vertical bars represent a significance level of log2 fold 

change ≥0.58 (right) and ≤ − 0.58 (left). Log2 intensities measurements reveal proteins 

that were higher in abundance in C) left ventricular cardiomyocytes (ANKRD2, ABAT, 
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CPLV, ATP5MC1) and D) tissue. E) ATP5MC1 was not significantly more abundant when 

comparing left and right ventricular tissue. Log2 intensities measurements reveal proteins 

that were higher in abundance in F) right ventricular cardiomyocytes (CHDH, MRPL20, 

HRNR, CALML5) and G) tissue. H) MRPL20 was not significantly more abundant when 

comparing left and right ventricular tissue. Purple asterisk indicates proteins not detected 

in the quantitative analysis of whole tissue. Green asterisk indicates proteins that were 

quantified by 1 peptide. All other proteins were quantified by 2 or more peptides. For each 

sample type, three biological replicates (donors) were analyzed by three technical replicates 

by MS. (pairwise t-test; *p < 0.05, **p < 0.01). (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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