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Abstract

Dilated cardiomyopathy (DCM) is a major risk factor for developing heart failure and is often 

associated with an increased risk for life-threatening arrhythmia. Although numerous causal genes 

for DCM have been identified, RNA binding motif 20 (Rbm20) remains one of the few splicing 

factors that, when mutated or genetically ablated, leads to the development of DCM. In this 

study we sought to identify changes in the cardiac proteome in Rbm20 knockout (KO) rat hearts 

using global quantitative proteomics to gain insight into the molecular mechanisms precipitating 

the development of DCM in these rats. Our analysis identified changes in titin interacting 

proteins involved in mechanical stretch-based signaling, as well as mitochondrial enzymes, which 

suggests that activation of pathological hypertrophy and altered mitochondrial metabolism and/or 

dysfunction, among other changes, contribute to the development of DCM in Rbm20 KO rats. 

Collectively, our findings provide the first report on changes in the cardiac proteome associated 

with genetic ablation of Rbm20.
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Label-free quantitative proteomics identifies molecular correlates of dilated cardiomyopathy in 

rats lacking the muscle-specific splicing factor Rbm20.
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Introduction

Dilated cardiomyopathy (DCM) is a non-ischemic heart muscle disease characterized by left 

or biventricular dilation and impaired systolic function in the absence of abnormal loading 

conditions or coronary artery disease.1 DCM is estimated to affect approximately 1 in 250 

individuals in the general population and remains a significant cause of worldwide morbidity 

and mortality despite advances in the management of heart failure in patients with DCM.2 

While mutations in the TTN gene, which encodes the giant sarcomeric protein titin, are the 

most common cause of DCM and account for approximately 20–25% of cases,3 the genetics 

of DCM are complex with mutations in over 60 genes having been linked to this disease.4 

Among the myriad DCM-linked genes that have been identified, RNA binding motif 20 

(Rbm20) is unique as it is one of only a handful of splicing factors that, when mutated or 

genetically ablated in humans and animal models, leads to the development of DCM.5–8 

Mutations in RBM20 are estimated to account for ~3% of familial cases of DCM.9,10

Rbm20 is a trans-acting splicing factor that is highly expressed in skeletal and cardiac 

muscle.11 To date, Rbm20 has been shown to regulate the alternative splicing of more than 

30 genes, the most well-studied of which is TTN.11 Loss-of-function studies in Rbm20 

knockout (KO) rats and mice demonstrated that Rbm20 not only modulates myocardial 

stiffness by regulating titin isoform expression, but also affects cardiomyocyte contractility 

via the splicing regulation of genes involved in calcium handling, such as Ryr2 and 

Camk2d.12,13 Indeed, the DCM-like phenotype that develops in Rbm20 KO rats and mice 

is thought to result primarily from 1) reduced diastolic stiffness due to the expression of 

more compliant titin isoforms and 2) impaired contractility secondary to alternative splicing 

of calcium handling genes.11–14 Yet, the possibility that additional factors contribute to the 

development of DCM in Rbm20 KO animals cannot be ruled out.
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In an effort to identify additional networks of dysregulated genes in Rbm20 KO rats that 

could contribute to the development of DCM, we previously employed global transcriptome 

profiling.12 This approach enabled the identification of changes in the expression of 

approximately 400 genes, including titin-interacting and Ca2+-handling genes, in the 

KO rat ventricular myocardium throughout post-natal development;12 however, given the 

notoriously poor correlation between transcript and protein levels,15–17 examination of 

gene expression at the protein level to identify genes with altered expression in Rbm20 

KO animals is warranted. Thus, in this study, we employed global quantitative mass 

spectrometry (MS)-based proteomics to profile changes in the cardiac proteome in Rbm20 

KO rats and gain insight into alterations precipitating Rbm20 deficiency-associated DCM at 

the protein level.

Materials and methods

Chemicals and reagents

All reagents were purchased from Millipore Sigma unless otherwise noted. HPLC grade 

water, formic acid, and acetonitrile were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA). 4-Hexylphenylazosulfonate (Azo) was synthesized in-house as previously 

described.18,19

Animals and tissue collection

Male and female wild type (WT) and Rbm20 homozygous knockout (KO) rats (Rattus 
norvegics) were used in this study. Rbm20 KO rats have been described previously.11,20 

All rats were crosses of Sprague-Dawley (SD) × Brown Norway (BN) (all strains were 

originally obtained from Harlan Sprague Dawley, Indianapolis, IN, USA). Rats with mixed 

genetic background were backcrossed three generations with pure SD strain resulting in rats 

that have a genetic background that is approximately 96% SD and 4% BN. Animals were 

maintained on a standard rat chow diet. All procedures involving animals were carried out 

following the recommendations in the Guide for the Care and Use of Laboratory Animals 

published by the National Institutes of Health and were approved by the Institutional Animal 

Care and Use Committee of the University of Wisconsin-Madison. WT and KO rats (n = 

8 each) were sacrificed at three weeks-of-age, hearts were excised, snap frozen in liquid 

nitrogen, and stored at −80 oC for later use.

Protein extraction

Protein extracted from approximately 120 mg of ventricular tissue were prepared using 

the procedure developed by Aballo et al.21 to fit the scale used by Jin et al.22 Briefly, 

tissue was washed twice in 2 mL of Mg2+/Ca2+-free DPBS containing 1× HALT protease 

and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). After 

washing, tissues were homogenized in 1.5 mL of lysis buffer (25 mM ammonium 

bicarbonate, 10 mM L-methionine, 1 mM dithiothreitol (DTT), and 1x HALT protease and 

phosphatase inhibitor cocktail) using a Pro 200 electronic homogenizer from Pro Scientific 

Inc. (Oxford, CT, USA). After initial homogenization, 1.5 mL of Azo19 extraction buffer 

(0.2% w/v Azo, 25 mM ammonium bicarbonate, 10 mM L-methionine, 1 mM DTT, and 

1x HALT protease inhibitor cocktail) was added and samples were homogenized a second 
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time. Homogenates were centrifuged at 21,100 × g for 30 min (4 °C) and the supernatants 

were recovered. The recovered protein extracts were analyzed by SDS-PAGE to assess the 

reproducibility of protein extraction, digested for liquid chromatography (LC)-tandem MS 

(MS/MS), and used for Western blot analysis.

Protein digestion and LC- MS/MS analysis

The concentration of protein extracts was determined using the Bradford protein assay 

and 100 μg of total protein from each sample was digested using the one-hour digestion 

procedure employed by Aballo et al.21 Resulting peptides were desalted using Pierce C18 

Tips from Thermo Fisher (Waltham, MA, USA) following the manufacturer’s instructions. 

Samples were evaporated to dryness under vacuum then reconstituted in mobile phase 

A (0.2% formic acid in water). The concentration of samples was determined using a 

NanoDrop Onec Microvolume UV-Vis Spectrophotometer from Thermo Fisher Scientific 

and all samples were adjusted to a final volume of 0.2 mg/mL with mobile phase A. 

Peptides were separated by reverse phase LC (RPLC) using a Bruker nanoElute with 

an IonOpticks Aurora CSI C18 column, injecting 1 μL and using a 90 minute stepped 

gradient of 5-5-65-95-100-5-5% mobile phase B (0.2% formic acid in acetonitrile) over 

0-5-65-95-105-106-120 minutes at 55 °C. Detection of separated peptides was performed 

though online coupling with a Bruker timsTOF Pro using data-dependent analysis to select 

the top-10 precursor intensities and fragment by parallel accumulation serial fragmentation 

(PASEF).23

Western blot

Azo-containing protein extracts were mixed with 4× Laemmli buffer, boiled at 98 oC for 

3 min, and resolved by SDS-PAGE on homemade 10% polyacrylamide gels. Proteins were 

transferred to Immun-Blot PVDF Membranes for Protein Blotting (0.2 μm pore size, Bio-

Rad, cat# 1620177) at 300 mA for 90 min in a cold room (4 oC). To block, membranes were 

incubated in TBST with 5% (w/v) nonfat dry milk for 1 hr at room temperature, followed 

by incubation in primary antibody solution containing 5% (w/v) nonfat dry milk and diluted 

Msrb2 (1:500, Proteintech, cat# 17629-1-AP) or Gapdh (1:1000, Cell Signaling Technology, 

cat# 2118) primary antibodies in TBST overnight at 4 oC. The membranes were removed 

from primary antibody solution and washed 5 × 5 min with TBST followed by incubation 

in TBST with 3% (w/v) nonfat dry milk and diluted secondary antibody (1:3000, Promega, 

cat# W4018) for 1 hr at room temperature. Subsequently, membranes were washed 5 × 5 

min with TBST, overlayed with SuperSignal West Pico PLUS Chemiluminescent Substrate 

(Thermo Fisher Scientific, cat# 34577), and imaged using a ChemiDoc Imaging System 

(Bio-Rad). Band densities were quantified using ImageJ.24 Msrb2 band densities were first 

normalized to Gapdh and then to a replicate WT sample loaded on each gel yielding relative 

Msrb2 intensities normalized to Gapdh. The significance of the difference between group 

means was determined using a two-tailed Student’s t-test.

Data analysis

Data analysis was performed using MaxQuant (v1.6.5.0) to search all reviewed canonical 

and isoform data for Rattus norvegicus in Uniprot (downloaded January 12, 2021) and 

quantify protein expression by label-free quantitation (LFQ). MaxQuant results were 
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processed using both LFQ analyst25 and Perseus (v1.6.14.0).26 To allow for statistical 

analysis of the data, data imputation was carried out in Perseus (for Perseus-type imputation, 

missing values are replaced by random numbers drawn from a normal distribution with a 

width of 0.3 and down shift of 1.8).26 Significance testing in Perseus was performed using 

a two-tailed Student’s t-test with P-value truncation and threshold P-value of 0.05. Protein 

network analysis of differentially expressed proteins was performed using STRING 11.027 

and Cytoscape 3.8.2.28 Gene ontology (GO) analysis was performed in STRING, using the 

22,763 distinct protein encoding genes in the Rattus norvegicus database as the enrichment 

background.

Results and discussion

Rbm20 KO rats

To identify changes in the rat cardiac proteome associated with Rbm20 KO, we carried 

out proteomic analysis of hearts from 3-week-old Rbm20 KO rats. The Rbm20 KO rat 

strain contains a spontaneous deletion of ~95-kb on the long arm of chromosome 1 that 

removes all exons following exon 1 of the Rbm20 gene.11 Consequently, these rats do not 

express Rbm20 at either the transcript or protein levels.11 Our previous analysis of cardiac 

function in these rats revealed that they develop DCM with chamber dilation and cardiac 

dysfunction by 6-months-of-age.29 However, rats up to 3-months-of-age lack any apparent 

phenotype with cardiac structure and function being similar to that in age-matched WT rats 

despite decreased myocardial stiffness resulting from titin isoform switching.29 To identify 

changes in the cardiac proteome associated with Rbm20 ablation, we chose to study rats at 

3-weeks-of-age (21 days) as interrogation of the cardiac proteome at this timepoint would 

be expected to provide insights into proteome changes associated with Rbm20 loss while 

avoiding confounding changes associated with DCM itself.

Reproducibility of protein extraction and LC-MS analysis

To assess changes in the cardiac proteome associated with Rbm20 deficiency, proteins 

were extracted from the myocardium of 3-week-old WT and KO rats (n = 8 each) using 

a one-step protein extraction procedure with the photocleavable MS-compatible surfactant 

Azo (Fig. 1A).21 Analysis of protein extracts by SDS-PAGE with Coomassie blue staining 

confirmed highly reproducible protein extraction from both WT and KO rat myocardium 

across biological replicates (Fig. 1B).

Consistent with the reproducibility of protein extraction, LC-MS/MS analysis of protein 

extracts yielded total ion chromatograms that were consistent across WT and KO biological 

replicates (Fig. S1). Moreover, log2 transformed peptide intensities were in accordance 

across biological replicates as indicated by average Pearson correlation coefficients of 0.98 

and 0.97 for all WT and KO biological replicates, respectively (Fig. 1C). To determine 

whether the protein intensity profiles were similar across WT and KO biological replicates, 

individual log2 transformed peptide LFQ intensities were binned and plotted in histograms. 

As shown in Fig. S2 and S3, protein intensity profiles were in good agreement across WT 

and KO biological replicates, respectively. Collectively, these results demonstrate the high 

reproducibility of protein extraction and LC-MS analysis.
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Identification of proteins in myocardial extracts prepared from WT and KO rats

A total of 2,425 and 2,379 proteins were identified by LC-MS/MS in all WT and KO 

biological replicates, respectively (Table S1, S2). It should be noted that these numbers 

are lower than the number of identifications previously obtained from human myocardial 

protein extracts (approximately 4,000 protein identifications) using the same method.21 This 

difference can be explained by the fact that the rat database lacks the completeness of the 

human database, with only one fifth the number of human entries. Comparison of the protein 

identifications between WT and KO rat samples yielded a list of 2,287 proteins that could be 

reproducibly quantified across all 16 samples, with an additional 138 and 91 unique proteins 

that could only be quantified in WT and KO ventricular myocardium, respectively (Fig. 2A). 

To assess patterns among WT and KO biological replicates principal component analysis 

(PCA) was performed. As expected, PCA showed that biological replicates were generally 

clustered into two groups, one containing the biological replicates from WT and the other 

KO biological replicates (Fig. 2B)—a result that highlights the difference between the WT 

and KO cardiac proteomes.

Differentially expressed proteins (DEPs) in Rbm20 KO rat myocardium contribute to 
pathological cardiac remodeling

Quantitative global proteomic analysis enabled the identification of 103 proteins that are 

differentially expressed in KO versus WT rat myocardium (Fig. 3). Of the 103 DEPs, 48 

and 55 were up- and down-regulated, respectively, in KO relative to WT. Differences in the 

expression levels of the nine proteins with the highest –log10 p-values are shown in boxplots 

to visualize the spread in protein LFQ values for individual biological replicates (Fig. S4). 

Not surprisingly, one of the proteins with the greatest change in expression was Rbm20 (Fig. 

3, S4), which was not detected in any of the KO rat samples consistent with the complete 

loss of Rbm20 transcript and protein expression in this rat model.11 Note that the values for 

Rbm20 shown in Fig. S4 for the KO rat samples are the result of data imputation to replace 

the missing values and allow for statistical analysis in the Perseus software platform (see 

Methods). As expected, comparison of the list of DEPs to previously identified differentially 

expressed genes revealed several discrepancies between the proteomics and transcriptomics 

data at 20 days post-birth, although several changes were consistent, such as upregulation 

of proenkephalin-A (Penk) (Table S3). Additionally, to identify common processes and 

functions, as well as interactions, among the DEPs, the gene ontology (GO) and STRING 

databases were searched using the list of DEPs (Figs. 4–5, S5).

Notably, quantitative proteomics analysis identified changes in the expression of several 

titin-interacting proteins in KO rat myocardium. We have previously shown that four 

and a half LIM domains 1 (Fhl1) and ankyrin repeat domain 1 (Ankrd1, also known as 

cardiac ankyrin repeat protein or Carp) are upregulated at the transcript level in KO rat 

myocardium.12 Upregulated expression of Fhl1 in the Rbm20 KO rat ventricle has also 

been confirmed at the protein level previously using Western blot.12 Herein, quantitative 

proteomic analysis allowed us to confirm the upregulation of Ankrd1 at the protein level at 

21 days after birth even though protein transcript expression was not changed until 49 days 

post-birth for Ankrd1 (Table S3),12 and also identify a decrease in the expression of four and 

a half LIM domains 2 (Fhl2) (Fig. 3). Ankrd1 has been shown to bind to the N2A region of 
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titin,30 and is a functionally pleiotropic protein that plays roles in transcriptional regulation, 

sarcomere assembly, and mechano-transduction in the heart.31 Importantly, Ankrd1 is 

upregulated in response to hypertrophic stimuli and in human heart failure;32,33 and plays a 

direct role in hypertrophic gene expression via modulation of Erk/Gata4 phosphorylation.34 

Fhl1 has previously been shown to exist as part of a biomechanical stretch sensor complex 

that is localized to the titin N2B spring element and, similar to Ankrd1, has been shown 

to be important for the development of stress-induced pathological cardiac hypertrophy.35 

STRING network analysis showed an interaction between Ankrd1 and Fhl2 (Fig. 5), and 

indeed there is evidence in the literature supporting a direct interaction between Ankrd1 

and Fhl2.36 However, in contrast to Ankrd1, previous studies have demonstrated that 

Fhl2 negatively regulates cardiac hypertrophy.37 Specifically, prior studies have shown that 

Fhl2 prevents activation of the hypertrophic transcription factor NFAT through interactions 

with activated calcineurin—the phosphatase responsible for dephosphorylating and, thus, 

activating NFAT.37 Collectively, these changes suggest that alterations in titin-interacting 

proteins involved in mechanical stretch-based signaling and hypertrophic gene program 

induction in Rbm20 KO rats may contribute to the development of pathological cardiac 

remodeling in KO animals.

Pathological phenotype in Rbm20 KO rats is associated with altered mitochondrial 
metabolism and/or dysfunction

Gene ontology (GO) analysis revealed that many of the DEPs are involved in metabolism, 

including organic substance metabolism, cellular metabolism, and metabolic processes (Fig. 

4). In agreement with this, the most highly downregulated protein in the KO rat myocardium 

was 3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2), a key mitochondrial enzyme 

that catalyzes the rate-limiting step in ketogenesis.38 Notably, we previously found that 

Hmgcs2 is downregulated at the transcript level for at least 20 days following birth in 

Rbm20 KO rat myocardium, although expression was not significantly different between 

WT and KO at 49 days post-birth (Table S4).12 In addition, the expression of several other 

proteins with the GO designation “mitochondrion” (GO: 0005739), including enoyl-CoA 

hydratase 1 (Ech1), pyruvate dehydrogenase kinase 4 (Pdk4), and aldehyde dehydrogenase 

1 family member B1 (Aldh1b1), was downregulated in KO rat myocardium (Fig. 3). Our 

previous analysis uncovered several other differentially expressed genes at the transcript 

level, including Ccnb1, Dguok, and Trub1, all of which were upregulated 20 days after birth 

(Table S4).12

In addition to these changes, the mitochondrial chaperone TNF receptor associated protein 

1 (Trap1), a member of the HSP90 protein family, was also significantly upregulated in KO 

versus WT rat myocardium (Fig. 3). A prior study has shown that Trap1 expression protects 

against myocardial ischemia/reperfusion injury by limiting mitochondrial dysfunction.39 

Moreover, the protein with the greatest increase in expression in the KO rat myocardium 

was mitochondrial methionine-R-sulfoxide reductase B2 (Msrb2) (Fig. 3A), which has 

previously been implicated in mitophagy,40 a cellular process that removes damaged or 

unneeded mitochondria.41 Increased expression of Msrb2 in the Rbm20 KO rat myocardium 

was confirmed by Western blot (Fig. 3B-C). Our group and others have previously shown 

that the intracellular calcium concentration is increased during diastole in cardiomyocytes 
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from Rbm20 KO rats and mice relative to that in cells from WT rats and mice.12,13 Given 

the exquisite sensitivity of mitochondria to intracellular calcium concentrations,42 it is 

tempting to speculate that increased Msrb2 may reflect an upregulation of mitophagy to 

remove damaged/dysfunctional mitochondria and limit cardiomyocyte cell death resulting 

from mitochondrial calcium overload in Rbm20 KO rats. Nevertheless, it is worth noting 

that not all identified mitochondrial proteins were downregulated in the hearts of Rbm20 KO 

rats. Thus, whether the observed changes are reflective of mitochondrial removal or broad 

rewiring of mitochondrial metabolism will require further investigation. Nevertheless, taken 

together these findings implicate altered cellular metabolism in the development of DCM 

secondary to Rbm20 loss.

Conclusion

In summary, herein we employed global quantitative MS-based proteomics to identify 

changes in the cardiac proteome in Rbm20 KO rats and gain insight into alterations 

potentially involved in the development of DCM resulting from Rbm20 ablation. Our 

proteomics analysis uncovered changes in the expression of several known titin-interacting 

proteins congruent with the induction of pathological cardiac hypertrophy. In addition, we 

found that the expression of a number of metabolic enzymes localizing to the mitochondria 

was decreased concomitant with the upregulation of the mitochondrial chaperone Trap1 

in Rbm20 KO rat myocardium. These changes are consistent with the idea that Rbm20 

ablation is associated with altered mitochondrial metabolism and dysfunction, which may 

contribute to the development of DCM. Moreover, the upregulation of Msrb2—a protein 

previously implicated in mitophagy—in the myocardium of Rbm20 KO rats is consistent 

with this notion and may be an adaptive change to clear dysfunctional mitochondria from 

cardiomyocytes. It should be noted that, although studying changes in the cardiac proteome 

of Rbm20 KO rats at 3-weeks-of-age avoids confounding changes associated with DCM, 

myocardial stiffness is altered in these mice due to titin isoform switching and could 

contribute to the detected changes in protein expression. Moreover, as Rbm20 is a splicing 

factor, changes in the splicing of Rbm20 target transcripts likely play an important role 

in DCM development in Rbm20 KO rats, however, changes in splice isoform expression 

are difficult to quantify using peptide-based proteomics approaches such as that employed 

in this study as peptide recovery is limited and recovered peptides often map to multiple 

protein isoforms (the so called “protein inference problem”43). Nevertheless, these findings 

provide the first report on changes in the cardiac proteome associated with loss of Rbm20 

and highlight several changes in the cardiac proteome of Rbm20 KO rats that may contribute 

to the development of DCM independent of alterations in splicing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic showing the experimental workflow with protein extraction and LC-MS/MS 

analysis (A). Using a one-step Azo-enabled extraction, ventricular tissue from WT and 

Rbm20 KO rats (n = 8 each) was analyzed. SDS-PAGE confirmed reproducibility of 

extraction performance for both WT and KO replicates (B). Pearson correlation analysis 

was performed among biological replicates and average Pearson’s correlation coefficients of 

0.98 and 0.97 were obtained for WT and KO replicates, respectively (C).
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Figure 2. 
Bottom-up LC-MS/MS analysis with the timsTOF Pro identified 2,287 proteins common 

to all WT and KO samples, with 138 additional proteins unique to the eight WT rats and 

91 proteins unique to the eight Rbm20 KO rats (A). Principal component analysis was 

performed for all WT and Rbm20 KO biological replicates (B).
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Figure 3. 
Volcano plot showing the 103 proteins that are differentially expressed in Rbm20 KO versus 

WT rat myocardium (A). Western blot analysis of Msrb2 expression in Rbm20 WT (n=7) 

and KO (n=8) rat myocardium. B. Representative Western blot showing Msrb2 expression 

in Rbm20 WT and KO rat ventricular myocardium. Gapdh served as a loading control. C. 

Quantification of Msrb2 expression. Bar graphs indicate mean ± SD. The significance of the 

difference between group means was determined using a two-tailed Student’s t-test.
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Figure 4. 
GO analysis using STRING for the top-5 terms is plotted against the –Log10 FDR, with the 

number of identified proteins associated with the specific GO term versus the total number 

of identified proteins overlaid on the bar chart bars.
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Figure 5. 
String-generated interaction map for known proteins, with nodes colored by Log2 fold 

change in expression. Based on information from the String database, 62 DEPs had known 

interactors amongst the 103 differentially expressed proteins, while 38 had no known 

interactors.
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