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Proteomic and phosphoproteomic 
analyses of myectomy 
tissue reveals difference 
between sarcomeric 
and genotype‑negative 
hypertrophic cardiomyopathy
Ramin Garmany 1,2, J. Martijn Bos 2,3,4, Surendra Dasari 5, Kenneth L. Johnson 6, 
David J. Tester 2, John R. Giudicessi 3, Cristobal dos Remedios 7, Joseph J. Maleszewski 3,8, 
Steve R. Ommen 3, Joseph A. Dearani 9 & Michael J. Ackerman 2,3,4,10*

Hypertrophic cardiomyopathy (HCM) is a genetically heterogenous condition with about half of 
cases remaining genetically elusive or non-genetic in origin. HCM patients with a positive genetic 
test (HCMSarc) present earlier and with more severe disease than those with a negative genetic 
test (HCMNeg). We hypothesized these differences may be due to and/or reflect proteomic and 
phosphoproteomic differences between the two groups. TMT-labeled mass spectrometry was 
performed on 15 HCMSarc, 8 HCMNeg, and 7 control samples. There were 243 proteins differentially 
expressed and 257 proteins differentially phosphorylated between HCMSarc and HCMNeg. About 90% 
of pathways altered between genotypes were in disease-related pathways and HCMSarc showed 
enhanced proteomic and phosphoproteomic alterations in these pathways. Thus, we show HCMSarc 
has enhanced proteomic and phosphoproteomic dysregulation observed which may contribute to the 
more severe disease phenotype.

Hypertrophic cardiomyopathy (HCM) is one of the most common genetic heart diseases and is associated with 
pathogenic genetic variants in genes that encode sarcomeric proteins. To date, at least 27 HCM-susceptibility 
genes have been discovered1. However, about half of patients remain genetically elusive with no identified HCM-
associated genetic variant2,3. Importantly, there are clear phenotypic differences between sarcomere-positive 
HCM (HCMSarc) and genotype-negative HCM (HCMNeg). Patients with HCMSarc have a more severe disease 
phenotype, more severe disease progression, and worse outcomes4–7. Recent proteomic analysis of HCM have 
uncovered a wide network of pathways altered in HCM likely responsible for disease development7–10. Addition-
ally, we recently demonstrated that HCM is characterized by widespread alterations in the proteome7. Despite 
clear differences between HCM and healthy individuals, the overall proteomic architecture of HCM was similar 
irrespective of genotype. However, given the clinical differences between genotypes, we hypothesized there may 
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be subtle differences in the (phospho)proteome when comparing the (phospho)proteome between those with a 
positive genetic test (HCMSarc) versus those with a negative genetic test (HCMNeg).

Methods
We performed a subgroups analysis using our previously published proteomics cohort7. All patients provided 
written informed consent for this Mayo Clinic Institutional Review Board (IRB 811-98) approved study which 
abides by the Declaration of Helsinki. Detailed methods are provided in Supplemental Data. Briefly, patients 
with diagnosed obstructive HCM who underwent clinically indicated surgical myectomy for the relief of out-
flow tract obstruction were genotyped by genome sequencing followed by variant adjudication using American 
College of Medical Genetics and Genomics (ACMG) criteria11 and divided into genotype subgroups: HCMSarc 
(N = 15) defined as patients having an ACMG graded pathogenic (P)/likely pathogenic (LP) variant in a defini-
tive or strong evidence HCM-susceptibility gene encoding a sarcomeric protein, and HCMNeg (N = 8) defined as 
patients with no variants of any classification in a panel of 54 HCM-associated genes1,7. Any patient with variants 
in HCM mimicker genes were excluded1. Genome sequencing was used to confirm the HCMNeg did not have 
deep intronic variants. Additionally, control tissue samples (N = 7) from normal donor hearts for which a suitable 
heart transplant recipient was not identified, were included in this study. All samples underwent TMT-labeled 
mass-spectrometry for proteomic and phosphoproteomic analysis. Differential expression analysis was performed 
to identify differences between subgroups followed by pre-ranked gene set enrichment analysis (GSEA) to iden-
tify which Gene Ontology (GO) biological processes were enriched in the proteome and phosphoproteome of 
HCMSarc compared to HCMNeg. Finally, differentially expressed (phospho)proteins were inputted into Ingenuity 
Pathway Analysis (IPA) for identifying altered pathways.

Results
Direct comparison of HCMSarc and HCMNeg.  HCMSarc patients were diagnosed at a younger age (33 ± 16 
vs. 47 ± 19 years; p = 0.04) and had their myectomies done at a younger age (40 ± 17 vs. 52 ± 16 years; p = 0.02) 
compared with HCMNeg patients (Supplemental Table 1). To test the hypothesis that HCMSarc and HCMNeg have 
alterations in pathways that may be responsible for observed clinical differences, we directly compared the pro-
teomes and phosphoproteomes of HCMSarc and HCMNeg myectomy samples. Consistent with previous studies7,8, 
the proteome of HCM was similar regardless of genotype with no clear separation on principal component anal-
ysis (PCA) plotting (Supplemental Fig. S1A). Nonetheless, a direct comparison of the proteome of HCMSarc with 
HCMNeg revealed 243 differentially expressed proteins (DEPs) with 102 up-regulated and 141 down-regulated 
proteins (Supplemental Fig. S1B).

Overall, 4213 phosphorylated proteins were detected across all samples with PCA analysis showing slight, but 
not entirely complete separation between HCMSarc and HCMNeg (Supplemental Fig. S1C). Differential analysis 
identified 257 differentially phosphorylated proteins (DPPs): 134 hypophosphorylated and 123 hyperphospho-
rylated (Supplemental Fig. S1D). A complete list of DPPs can be found in the Supplemental Data.

Next pre-ranked, GSEA identified 128 biological processes altered at the proteome level with 97 being up-
regulated and 31 down-regulated in HCMSarc compared with HCMNeg (Supplement). The top up-regulated pro-
cesses were involved in either cell adhesion, extracellular matrix formation, and activation of fibrosis or regula-
tion of cytoskeletal processes (Fig. 1A). In contrast, the top down-regulated processes were entirely metabolic 
processes with predominant down-regulation of aerobic respiration and mitochondrial function and catabolic 
processes, especially of fatty acids (Fig. 1B). At the phosphoproteome level, 57 biological processes were altered 
with 3 up-regulated and 54 down-regulated (Fig. 1C) with the main up-regulated processes involved in chromatin 
organization and gene expression while the majority of down-regulated processes were metabolic pathways akin 
to what was observed in the proteome.

Finally, DEPs and DPPs were inputted into Ingenuity Pathway Analysis (IPA) to identify alterations in canoni-
cal pathways. Overall, 72 pathways were altered at the proteome level with 7 up-regulated (z-score ≥ 1), 6 down-
regulated (z-score ≤ -1), and 59 pathways for which directionality was indeterminate (Supplement). The valine 
degradation I, methylmalonyl pathway, actin cytoskeletal signaling, 2-oxobutanoate degradation I, and dilated 
cardiomyopathy signaling pathways were the most statistically altered pathways (largest -log [BH p-value]) 
(Fig. 2A). RhoA signaling (z-score = 2.5) and signaling by Rho Family GTPases (z-score = 2.1) were the two 
most up-regulated pathways in HCMSarc. In addition, oxytocin signaling pathway (z-score = 1.89), integrin-
linked kinase (ILK) pathway (z-score = 1.6), integrin signaling (z-score = 1.3), coronavirus replication pathway 
(z-score = 1.3), and BAG2 signaling pathway (z-score = 1.0) were moderately up-regulated (Fig. 2B).

In addition, ketolysis, ketogenesis, mitochondrial dysfunction, glycerol-3-phosphate shuttle, fatty acid 
β-oxidation, acetate conversion to acetyl-CoA, branched-chain α-keto acid dehydrogenase complex were altered 
significantly. Oxidative phosphorylation was the most down-regulated pathway (z-score = − 2.7; Fig. 2B). Col-
lectively, HCMSarc showed widespread down-regulation of aerobic respiration, mitochondrial function, and 
catabolic pathways compared with HCMNeg.

Pathway analysis of the DPPs demonstrated that 109 pathways had significant alterations in protein phospho-
rylation with 14 pathways predicted to be activated (z-score ≥ 1) and 8 inactivated (z-score ≤ − 1); for 87 pathways 
the directionality was unclear (Supplement). The pathways with the most alteration in phosphorylation status 
(largest − log [BH p-value]) are presented in Fig. 2C and included actin cytoskeleton signaling, RhoA signaling, 
estrogen receptor signaling, glycolysis I, ILK signaling, and signaling by Rho family GTPases. The pathways 
predicted to be activated or inactivated due to changes in phosphorylation are shown in Fig. 2D with activa-
tion of integrin signaling, actin cytoskeleton signaling, epithelial adherens junction signaling, signaling by Rho 
family GTPases, oxytocin signaling pathway, G-protein coupled receptor signaling, phagosome formation, cal-
cium signaling, ILK signaling, coronavirus pathogenesis pathway, synaptic long-term depression, and epithelial 
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Figure 1.   Comparison of gene ontology (GO) biological processes altered between HCMSarc and HCMNeg. (A) 
Most up-regulated gene ontology (GO) biological processes in the proteome using gene set enrichment analysis 
(GSEA). (B) Most down-regulated GO biological processes in proteome using GSEA. (C) Most altered GO 
biological processes in phosphoproteome using GSEA.

Figure 2.   Comparison of pathways altered between HCMSarc and HCMNeg. (A) Most statistically altered 
pathways (largest-log [BH p-value]) in proteome. (B) Top up- and down-regulated pathways in proteome. 
(C) Most statistically altered phosphorylation (largest-log [BH p-value]) of pathways. (D) Top activated and 
inactivated pathways based on phosphorylation (z-score ≥|1|). *Regulation of the epithelial mesenchymal 
transition by growth factors pathway was shortened.
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mesenchymal transition by growth factors. Many metabolic pathways, including oxidative phosphorylation, gly-
colysis, gluconeogenesis, and dilated cardiomyopathy signaling pathways were predicted to be inactivated based 
on changes in phosphorylation (Fig. 2D). Overall, these results show significant concordance between proteomic 
and phosphoproteomic alterations supporting distinct differential regulation between HCMSarc and HCMNeg.

Additionally, the DEPs and DPPs were analyzed to identify enrichment for altered diseases and processes with 
the top 20 most statistically altered shown in Fig. 3. Of note, the disease processes altered at the proteome level 
were relevant to HCM such as hereditary myopathy, fibrogenesis, hypertrophy of heart, enlargement of heart. 
While growth and cancer processes were altered in both the proteome and phosphoproteome, they were more 
prominent at the phosphoproteome level. Thus, the proteomic and phosphoproteomic differences are predicted 
to impact cardiac function and cardiac hypertrophy demonstrating the changes between these genotypes are in 
disease relevant pathways.

Comparisons of HCM with controls.  In addition to HCMSarc and HCMNeg comparisons, we subsequently 
compared the phospho(proteomes) of HCMSarc and HCMNeg to non-hypertrophied normal cardiac tissue (con-
trols) to identify disease-specific pathways. As expected, there was prominent dysregulation in the proteome 
and phosphoproteome of both HCMSarc and HCMNeg compared with controls. Overall, HCM was characterized 
by up-regulation of cytoskeletal and hypertrophy pathways and down-regulation of metabolic pathways. These 
findings are summarized in the Supplemental Results and Supplemental Figs. S2–S5.

Commonalities and differences in the proteome and phosphoproteome of HCMSarc and 
HCMNeg.  Next, the three comparisons: HCMSarc versus HCMNeg, HCMSarc versus controls, and HCMNeg ver-
sus controls were juxtaposed to identify genotype-specific differences and similarities. Venn diagrams were gen-
erated to summarize the findings. Changes found in the HCMSarc versus controls and HCMNeg versus control 
comparisons are considered disease-relevant changes. Overall, there was significant overlap between the pro-
teins and phosphoproteins altered in HCMSarc versus HCMNeg and those altered in disease (Fig. 4A,B; red circle). 
In fact, 232/243 (95%) DEPs in HCMSarc versus HCMNeg were also altered when comparing disease to controls 
(Fig. 4A). Integrating the DPPs across the three phosphoproteome comparisons revealed most of the direct dif-
ferences between HCMSarc and HCMNeg (245/257 [95%]) were in phosphoproteins also observed to be altered in 
disease compared with controls (Fig. 4B; red circle). Thus, both at the protein and phosphoprotein level, most of 
the changes between subtypes were in disease-altered proteins (proteins altered in HCM compared to controls).

Overall, there were 376/664 (57%) DEPs found in HCMSarc compared with controls that were not seen when 
comparing to HCMNeg (Fig. 4A; orange circle). These HCMSarc specific DEPs were used to generate a protein–pro-
tein interaction network followed by enrichment analysis for biological processes which demonstrated predomi-
nant enrichment for metabolic gene sets (Supplemental Fig. 6). Since there were only 3 DEPs unique to HCMNeg 
versus controls, no genotype specific network was generated (Fig. 4A; blue circle).

There were 106 DEPs found when comparing both HCMSarc versus controls and HCMNeg versus controls 
(Fig. 4A; black circle). Figure 4C shows that the direction of change for all the DEPs is the same between both 

Figure 3.   Altered diseases and functions in proteome and phosphoproteome identified using ingenuity 
pathway analysis.
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comparisons. There were 304 DPPs altered in both HCMSarc versus controls and HCMNeg versus controls (Fig. 4B; 
black circle). Figure 4D shows that the direction of change for all the DPPs is the same between both comparisons.

Figure 4.   Commonalities and differences in the proteome and phosphoproteome of HCMSarc and HCMNeg. (A) 
Venn diagram comparing differentially expressed proteins (DEPs) between different comparisons. (B) Venn 
diagram comparing differentially phosphorylated proteins (DPPs) between different comparisons. (C) Heatmap 
showing directionality of differentially expressed proteins (DEPs) altered in both HCMSarc and HCMNeg 
compared with controls. (D) Heatmap showing directionality of differentially phosphorylated proteins (DPPs) 
altered in both HCMSarc and HCMNeg compared with controls. Log2fc, log2 fold change.
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Considering GO biological processes, there was a similar, prominent overlap across the different geno-
type comparisons (Supplemental Fig. S7A). Since GSEA uses the entire protein list and not only differentially 
expressed proteins, more differences were observed. Still, 84/128 (66%) biological processes altered in HCMSarc 
versus HCMNeg were also altered in disease versus controls (red circle). There were 44/128 (34%) biological pro-
cesses altered specifically in HCMSarc compared with HCMNeg (green circle). Notably, across the comparisons, the 
biological processes were similar throughout and were mostly extracellular matrix and cytoskeletal processes or 
metabolic processes. Interestingly, GO biological processes altered due to phosphorylation only had 24/57 (42%) 
of those altered in HCMSarc compared with HCMNeg also altered in disease compared with controls (Supplemental 
Fig. S7B; yellow circle). Specifically, there were epigenetic processes (i.e., chromatin organization) processes along 
with metabolic processes altered uniquely between the genotypes but not in disease compared with controls.

At the pathway level, the overlap between the genotype comparisons was very clear with 59/72 (82%) path-
ways altered between HCMSarc and HCMNeg also altered between disease and controls (Fig. 5A; red circle). There 
were 43 pathways altered at the proteome level both when comparing HCMSarc with controls and HCMNeg with 
controls suggesting these pathways likely serve a central role in maladaptive cardiac hypertrophy regardless of 
genetic background (black circle).Twenty-four pathways were common to all proteomic comparisons including 
HCMSarc versus HCMNeg such as oxidative phosphorylation, mitochondrial dysfunction, sirtuin signaling path-
way, actin cytoskeleton, gluconeogenesis I, remodeling of epithelial adherens junctions, ILK signaling, integrin 
signaling, dilated cardiomyopathy pathway, signaling by Rho Family GTPases, and calcium signaling (Fig. 5A; 
gray circle and Supplement).

There were even greater numbers of pathways impacted due to phosphorylation with 89/109 (82%) path-
ways altered in both HCMSarc compared with HCMNeg and disease compared with controls (Fig. 5B; red circle). 
Fifty-one pathways were altered due to phosphorylation in all comparisons including aldosterone signaling in 
epithelial cells, estrogen receptor signaling, protein kinase A signaling, and actin cytoskeleton signaling (Fig. 5B; 
gray circle and Supplement).

There were 43 pathways altered when comparing both HCMSarc and HCMNeg compared with controls (Fig. 5A; 
black circle). Of these 43 pathways the directionality of all changes were concordant between both comparisons 
(Fig. 5C; Supplemental Table S2). These included pathways such as actin cytoskeleton signaling, BAG2 signal-
ing, calcium signaling, dilated cardiomyopathy signaling, gluconeogenesis, glycolysis, ILK signaling, integrin 
signaling, oxidative phosphorylation, RhoGDI signaling, and signaling by Rho Family GTPases. There were 148 

Figure 4.   (continued)
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phosphorylated pathways common between both comparisons (Fig. 5B; black circle). Interestingly, for three 
pathways, actin cytoskeleton signaling, ERK/MAPK signaling, and G-protein coupled receptor signaling, it is 
predicted that these particular pathways are activated due to phosphorylation in HCMSarc versus control samples 
but inactivated in HCMNeg compared to controls (Fig. 5D; Supplemental Table S3).

Finally, when looking at the pathways that were either up- or down- regulated when directly comparing 
HCMSarc and HCMNeg (Fig. 3B) those pathways were not only altered when comparing disease with controls 
(Fig. 3 and Supplemental Table S2), but the direction also matched that observed in disease. Thus HCMSarc and 

Figure 5.   Commonalities and differences in the proteome and phosphoproteome of HCMSarc and HCMNeg 
continued. (A) Venn diagram comparing pathways altered in proteome between different comparisons. (B) 
Venn diagram comparing pathways with altered phosphorylation between different comparisons. (C) Heatmap 
showing directionality of pathways altered in both HCMSarc and HCMNeg compared with controls. (D) Heatmap 
showing directionality of phosphorylated pathways altered in both HCMSarc and HCMNeg compared with 
controls.
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HCMNeg have alterations in disease specific pathways and the dysregulation at least for several pathways is more 
severe in HCMSarc (Fig. 6).

Comparing the two most common genotypes of sarcomeric HCM: MYBPC3‑HCM and 
MYH7‑HCM.  The proteomes and phosphoproteomes for the two most common HCM-susceptibility genes: 
MYBPC3 and MYH7, were compared. Details are provided in the Supplemental Data. The proteome of the two 
different HCMSarc genotypes did not separate on PCA plotting and no DEPs or DPPs were identified between the 
two genotypes. Thus, there is little difference in the proteomes of MYBPC3-HCM and MYH7-HCM.

Discussion
While treatments and outcomes for HCM are improving, its vast genotypic and phenotypic heterogeneity con-
tinues to make optimal treatments and sudden cardiac death prevention challenging. Furthermore, there are 
enormous alterations that occur in the proteome of HCM compared with healthy controls8–10,12 making it hard 
to identify therapeutic targets. Additionally, the mono/oligo/polygenic basis or non-genetic basis for the patients 
classified as HCMNeg remains unknown, but there is growing evidence for some within this subset to be driven 
by either oligogenics, epigenetics, or environmental factors, or a combination of the above13,14. Previous stud-
ies have shown that HCMSarc is characterized by earlier onset of disease and more severe hypertrophy4,5. Given 
these differences, there is a need for a deeper understanding of the underlying mechanisms responsible as this 
could help in the identification of novel therapeutic targets that modify disease progression and may help with 
prioritization of therapeutic targets.

Given the clinical differences across HCM genotypes15, there have been several studies aimed at understand-
ing mechanistic and structural differences across genotypes which have identified nuanced differences between 
different genotypes8,16–18. While some mechanisms underlying these genotype-based differences have been eluci-
dated, genotype comparisons of the (phospho)proteome of HCM have been limited. Using unsupervised machine 
learning methods, prior studies have demonstrated the proteome of HCM is similar regardless of genotype7,8,19 
suggesting that regardless of underlying genetic etiology, HCM converges on a final common pathway. However, 

Figure 5.   (continued)
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one of these studies, by Schuldt et al.8 identified that some proteins were in fact altered in HCMSarc compared with 
controls but not in HCMNeg and vice-versa, suggesting there may in fact be subtle genotype-based differences in 
the proteome of HCM. However, this study did not identify proteins directly altered when comparing the two 
predominant HCM subtypes: those with a positive genetic test (HCMSarc) and those with a negative genetic test 
(HCMNeg) and did not identify changes in hypertrophy pathways. Additionally, a second study looking at post-
translational modifications and alternative splicing of sarcomeric proteins found minor genotype differences 
but an overall similar proteomic profile19. In the current study, consistent with previous proteomic studies, we 
found the proteomes of HCM genotypes are not distinct enough to be separated by unsupervised clustering 
analyses, however, our analysis did reveal direct differences in protein levels between HCMSarc and HCMNeg. 
These proteomic changes were predicted to have significant effects on cardiac hypertrophy, cardiac function, 
and development of heart failure. Interestingly, most of the proteins and pathways altered between HCMSarc and 
HCMNeg were also altered when comparing HCM to controls, and in fact at the protein level, the alterations 
were generally more severe in HCMSarc suggesting genotype differences between HCM genotypes may be due to 
degree of dysregulation of the disease associated pathways.

Interestingly, at the protein level, cytoskeletal processes and extra-cellular matrix processes were significantly 
up-regulated when comparing HCMSarc with HCMNeg. This is consistent with the observation that HCMSarc shows 
increased fibrosis compared with HCMNeg correlating with late gadolinium enhancement (LGE) which is asso-
ciated with increased fibrosis on cardiac MRI20,21. Additionally, we observed activation of RhoA signaling and 
found it to be even more activated in HCMSarc compared to HCMNeg. RhoA signaling activates ROCK signaling 
which effects several cardiac cell types leading to altered cardiomyocyte contraction, cardiac gene expression, 
and protein phosphorylation and subsequently to cardiac hypertrophy and fibrosis22–24. Up-regulation of RhoA 
signaling and integrin signaling influences stress induced hypertrophy and is protective against heart failure; how-
ever, activation can also result in fibrosis25. Rho A signaling has a complex role in cardiac function and whether 
it is beneficial or deleterious depending on temporal and contextual factors and of cell type25,26. Our observa-
tions suggest that Rho A signaling has a central role in HCM as a mechanism for disease and possible cause for 
genotype-based differences, although further studies are necessary to parse out Rho A signaling’s precise role.

Other studies of this kind have shown HCM is characterized by widespread down-regulation of metabolic 
pathways, especially aerobic respiration and fatty acid oxidation27,28. In this study we not only replicated these 
findings, but also demonstrated genotype-specific differences with a more severe down-regulation of metabolic 
pathways observed in HCMSarc. Metabolic reprogramming is observed in other forms of pathologic cardiac 
hypertrophy such as pressure overload hypertrophy and can serve as a marker for early onset of heart failure29. 
Consistent with our findings, down-regulation of amino acid metabolism and fatty acid metabolism and aerobic 
respiration have been observed as early markers towards heart failure. Thus, the more severe derangement in 
the proteome of HCMSarc reflects a more severe underlying metabolic reprogramming likely playing a role in 

Figure 6.   Proteome of sarcomere-positive HCM and sarcomere-negative HCM have differences in disease 
specific pathways with most differences between them being more severe in sarcomere-positive HCM.
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genotype specific clinical differences. Additionally, we identified almost four hundred proteins altered exclusively 
in HCMSarc which allowed us to generate a HCMSarc protein–protein network revealing enrichment in metabolic 
processes. The findings suggest specific metabolic pathways may explain genotype specific differences observed 
in HCM and warrant further investigation.

In addition to the proteomic differences, this study showed a phosphorylation-mediated activation of integrin 
and cytoskeletal signaling and phosphorylation-mediated down-regulation of metabolic pathways in HCMSarc. 
As changes in the same pathways were also observed on the protein level, this would be a strong indication that 
phosphorylation is regulating the function of these pathways.

Since predominant down-regulation of metabolic pathways appears central to HCM both in the proteome 
and phosphoproteome counteracting these changes could be a therapeutic strategy. For instance, a kinase inhibi-
tor screen has shown promise in identifying novel therapeutics for dilated cardiomyopathy which is also char-
acterized by metabolic reprogramming and so a similar strategy manipulating phosphorylation of metabolic 
pathways altered in HCM could be successful30. Consequently, the functional and temporal effects of protein 
phosphorylation warrant further investigation and could open the door to identifying novel strategies to modi-
fying disease progression.

The phosphoproteomic differences were more complex than the proteomic changes. In some cases, phos-
phorylation changes were more severe in HCMNeg with predominant phosphorylation-mediated inactivation. 
In addition, for some pathways, there were differences in the direction of change between genotypes. In contrast 
with HCMSarc, HCMNeg showed inactivation of growth pathways such as ERK/MAPK signaling and cardiac 
hypertrophy signaling due to changes in phosphorylation. As we identified previously, this signaling cascade 
appears central to many hypertrophy pathways up-regulated in HCM7. This phosphorylation-mediated inactiva-
tion could contribute to the less severe progression observed in HCMNeg.

Limitations.  This study was performed on myectomy tissues and thus provides a snapshot view of the myo-
cardium at the time of myectomy, representing obstructive HCM generally in a later stage of disease progression. 
Therefore, these identified perturbations in the (phospho)proteomic architecture of obstructive HCM may not 
apply to the other morphologic subtypes of HCM such as non-obstructive HCM or apical HCM.

Conclusion
Although the proteome and phosphoproteome of obstructive HCM is similar regardless of genetic etiology, there 
were important differences between HCMSarc and HCMNeg with a more severe dysregulation of disease relevant 
pathways observed in HCMSarc. Further studies are necessary to determine whether these changes underlie the 
clinical differences between HCMSarc and HCMNeg.

Data availability
Proteomic and phosphoproteomic data are available at the MassIVE database (MSV000091821 and 
MSV000091822, respectively).

Received: 1 June 2023; Accepted: 16 August 2023

References
	 1.	 Ingles, J. et al. Evaluating the clinical validity of hypertrophic cardiomyopathy genes. Circ. Genom. Precis. Med. 12, e002460. https://​

doi.​org/​10.​1161/​circg​en.​119.​002460 (2019).
	 2.	 Bos, J. M. et al. Characterization of a phenotype-based genetic test prediction score for unrelated patients with hypertrophic 

cardiomyopathy. Mayo Clin. Proc. 89, 727–737. https://​doi.​org/​10.​1016/j.​mayocp.​2014.​01.​025 (2014).
	 3.	 Marian, A. J. & Braunwald, E. Hypertrophic cardiomyopathy: Genetics, pathogenesis, clinical manifestations, diagnosis, and 

therapy. Circ. Res. 121, 749–770. https://​doi.​org/​10.​1161/​circr​esaha.​117.​311059 (2017).
	 4.	 Olivotto, I. et al. Myofilament protein gene mutation screening and outcome of patients with hypertrophic cardiomyopathy. Mayo 

Clin. Proc. 83, 630–638. https://​doi.​org/​10.​4065/​83.6.​630 (2008).
	 5.	 Ho, C. Y. et al. Genotype and lifetime burden of disease in hypertrophic cardiomyopathy: Insights from the Sarcomeric Human 

Cardiomyopathy Registry (SHaRe). Circulation 138, 1387–1398. https://​doi.​org/​10.​1161/​circu​latio​naha.​117.​033200 (2018).
	 6.	 Bos, J. M., Ommen, S. R. & Ackerman, M. J. Genetics of hypertrophic cardiomyopathy: One, two, or more diseases?. Curr. Opin. 

Cardiol. 22, 193–199. https://​doi.​org/​10.​1097/​HCO.​0b013​e3280​e1cc7f (2007).
	 7.	 Garmany, R. et al. Multi-omic architecture of obstructive hypertrophic cardiomyopathy. Circ. Genom. Precis. Med. https://​doi.​org/​

10.​1161/​CIRCG​EN.​122.​003756 (2023).
	 8.	 Schuldt, M. et al. Proteomic and functional studies reveal detyrosinated tubulin as treatment target in sarcomere mutation-induced 

hypertrophic cardiomyopathy. Circ. Heart Fail. 14, e007022. https://​doi.​org/​10.​1161/​circh​eartf​ailure.​120.​007022 (2021).
	 9.	 Shimada, Y. J. et al. Application of proteomics profiling for biomarker discovery in hypertrophic cardiomyopathy. J. Cardiovasc. 

Transl. Res. 12, 569–579. https://​doi.​org/​10.​1007/​s12265-​019-​09896-z (2019).
	10.	 Coats, C. J. et al. Proteomic analysis of the myocardium in hypertrophic obstructive cardiomyopathy. Circ. Genom. Precis. Med. 

11, e001974. https://​doi.​org/​10.​1161/​circg​en.​117.​001974 (2018).
	11.	 Richards, S. et al. Standards and guidelines for the interpretation of sequence variants: A joint Consensus Recommendation of 

the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 17, 405–424. 
https://​doi.​org/​10.​1038/​gim.​2015.​30 (2015).

	12.	 Shimada, Y. J. et al. Comprehensive proteomics profiling reveals circulating biomarkers of hypertrophic cardiomyopathy. Circ. 
Heart Fail. 14, e007849. https://​doi.​org/​10.​1161/​circh​eartf​ailure.​120.​007849 (2021).

	13.	 Ho, C. Y. et al. Genetic advances in sarcomeric cardiomyopathies: State of the art. Cardiovasc. Res. 105, 397–408. https://​doi.​org/​
10.​1093/​cvr/​cvv025 (2015).

	14.	 Teekakirikul, P., Zhu, W., Huang, H. C. & Fung, E. Hypertrophic cardiomyopathy: An overview of genetics and management. 
Biomolecules https://​doi.​org/​10.​3390/​biom9​120878 (2019).

https://doi.org/10.1161/circgen.119.002460
https://doi.org/10.1161/circgen.119.002460
https://doi.org/10.1016/j.mayocp.2014.01.025
https://doi.org/10.1161/circresaha.117.311059
https://doi.org/10.4065/83.6.630
https://doi.org/10.1161/circulationaha.117.033200
https://doi.org/10.1097/HCO.0b013e3280e1cc7f
https://doi.org/10.1161/CIRCGEN.122.003756
https://doi.org/10.1161/CIRCGEN.122.003756
https://doi.org/10.1161/circheartfailure.120.007022
https://doi.org/10.1007/s12265-019-09896-z
https://doi.org/10.1161/circgen.117.001974
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1161/circheartfailure.120.007849
https://doi.org/10.1093/cvr/cvv025
https://doi.org/10.1093/cvr/cvv025
https://doi.org/10.3390/biom9120878


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14341  | https://doi.org/10.1038/s41598-023-40795-1

www.nature.com/scientificreports/

	15.	 Geske, J. B., Ommen, S. R. & Gersh, B. J. Hypertrophic cardiomyopathy: Clinical update. JACC Heart Fail. 6, 364–375. https://​doi.​
org/​10.​1016/j.​jchf.​2018.​02.​010 (2018).

	16.	 Witjas-Paalberends, E. R. et al. Gene-specific increase in the energetic cost of contraction in hypertrophic cardiomyopathy caused 
by thick filament mutations. Cardiovasc. Res. 103, 248–257. https://​doi.​org/​10.​1093/​cvr/​cvu127 (2014).

	17.	 Vakrou, S. et al. Differences in molecular phenotype in mouse and human hypertrophic cardiomyopathy. Sci. Rep. 11, 13163. 
https://​doi.​org/​10.​1038/​s41598-​021-​89451-6 (2021).

	18.	 Captur, G. et al. Prediction of sarcomere mutations in subclinical hypertrophic cardiomyopathy. Circ. Cardiovasc. Imaging 7, 
863–871. https://​doi.​org/​10.​1161/​circi​maging.​114.​002411 (2014).

	19.	 Tucholski, T. et al. Distinct hypertrophic cardiomyopathy genotypes result in convergent sarcomeric proteoform profiles revealed 
by top-down proteomics. Proc. Natl. Acad. Sci. U S A 117, 24691–24700. https://​doi.​org/​10.​1073/​pnas.​20067​64117 (2020).

	20.	 Ellims, A. H. et al. A comprehensive evaluation of myocardial fibrosis in hypertrophic cardiomyopathy with cardiac magnetic 
resonance imaging: Linking genotype with fibrotic phenotype. Eur. Heart J. Cardiovasc. Imaging 15, 1108–1116. https://​doi.​org/​
10.​1093/​ehjci/​jeu077 (2014).

	21.	 Teramoto, R. et al. Late gadolinium enhancement for prediction of mutation-positive hypertrophic cardiomyopathy on the basis 
of panel-wide sequencing. Circ. J. 82, 1139–1148. https://​doi.​org/​10.​1253/​circj.​CJ-​17-​1012 (2018).

	22.	 Yura, Y. et al. Focused proteomics revealed a novel rho-kinase signaling pathway in the heart. Cell Struct. Funct. 41, 105–120. 
https://​doi.​org/​10.​1247/​csf.​16011 (2016).

	23.	 Loirand, G., Guérin, P. & Pacaud, P. Rho kinases in cardiovascular physiology and pathophysiology. Circ. Res. 98, 322–334. https://​
doi.​org/​10.​1161/​01.​RES.​00002​01960.​04223.​3c (2006).

	24.	 Shimizu, T. & Liao, J. K. Rho kinases and cardiac remodeling. Circ. J. 80, 1491–1498. https://​doi.​org/​10.​1253/​circj.​CJ-​16-​0433 
(2016).

	25.	 Lauriol, J. et al. RhoA signaling in cardiomyocytes protects against stress-induced heart failure but facilitates cardiac fibrosis. Sci. 
Signal. 7, ra100. https://​doi.​org/​10.​1126/​scisi​gnal.​20052​62 (2014).

	26.	 Shimokawa, H., Sunamura, S. & Satoh, K. RhoA/Rho-kinase in the cardiovascular system. Circ. Res. 118, 352–366. https://​doi.​
org/​10.​1161/​circr​esaha.​115.​306532 (2016).

	27.	 Previs, M. J. et al. Defects in the proteome and metabolome in human hypertrophic cardiomyopathy. Circ. Heart Fail. 15, e009521. 
https://​doi.​org/​10.​1161/​circh​eartf​ailure.​121.​009521 (2022).

	28.	 van der Velden, J. et al. Metabolic changes in hypertrophic cardiomyopathies: Scientific update from the Working Group of Myo-
cardial Function of the European Society of Cardiology. Cardiovasc. Res. 114, 1273–1280. https://​doi.​org/​10.​1093/​cvr/​cvy147 
(2018).

	29.	 Lai, L. et al. Energy metabolic reprogramming in the hypertrophied and early stage failing heart: A multisystems approach. Circ. 
Heart Fail. 7, 1022–1031. https://​doi.​org/​10.​1161/​circh​eartf​ailure.​114.​001469 (2014).

	30.	 Perea-Gil, I. et al. Serine biosynthesis as a novel therapeutic target for dilated cardiomyopathy. Eur. Heart J. 43, 3477–3489. https://​
doi.​org/​10.​1093/​eurhe​artj/​ehac3​05 (2022).

	31.	 Yu, S. H., Kyriakidou, P. & Cox, J. Isobaric matching between runs and novel PSM-level normalization in MaxQuant strongly 
improve reporter ion-based quantification. J. Proteome Res. 19, 3945–3954. https://​doi.​org/​10.​1021/​acs.​jprot​eome.​0c002​09 (2020).

	32.	 Huang, T. et al. MSstatsTMT: Statistical detection of differentially abundant proteins in experiments with isobaric labeling and 
multiple mixtures. Mol. Cell Proteomics 19, 1706–1723. https://​doi.​org/​10.​1074/​mcp.​RA120.​002105 (2020).

	33.	 Szklarczyk, D. et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery 
in genome-wide experimental datasets. Nucleic Acids Res. 47, D607-d613. https://​doi.​org/​10.​1093/​nar/​gky11​31 (2019).

Acknowledgements
We would like to thank the Mayo Clinic Genome Analysis and Proteomics Cores in Rochester, MN for their 
dedication to assisting in acquisition of quality data.

Author contributions
R.G. participated in study conceptualization, formal analysis, generation of all figures, investigation, writing origi-
nal draft. J.M.B. participated in conceptualization, review & editing, supervision, and project administration.S.D. 
wrote algorithm for data analysis and participated in formal analysis, data curation, and writing methodology. 
K.L.J.  participated in data acquisition and writing methodology. D.J.T. participated in conceptualization and 
review & editing. J.R.G. participated in review & editing and data curation.C.D.R participated in review & editing 
and collection of samples.J.J.M participated in conceptualization and collection of samples.S.R.O. participated 
in review & editing.J.A.D. participated in sample collection and review & editing.M.J.A. participated in concep-
tualization, resources, data curation, review & editing, supervision, project administration, funding acquisition. 
All authors reviewed and approved the manuscript.

Funding
This work was supported by a grant from The Louis V. Gerstner, Jr. Fund at Vanguard Charitable (MJA), the 
Mayo Clinic Windland Smith Rice Comprehensive Sudden Cardiac Death Program (MJA), the Paul and Ruby 
Tsai and Family Hypertrophic Cardiomyopathy Research Fund (MJA), and the Medical Advances Without 
Animals Trust (CDR).

Competing interests 
MJA is a consultant for Abbott, Boston Scientific, Bristol Myers Squibb, Daiichi Sankyo, Invitae, Medtronic, 
Tenaya Therapeutics, and UpToDate. MJA and Mayo Clinic have a royalty/equity relationship with AliveCor, 
Anumana, ARMGO Pharma, Pfizer, and Thryv Therapeutics. However, none of these entities have contributed 
to this study in any manner. The remaining authors have no conflicts to declare.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​40795-1.

Correspondence and requests for materials should be addressed to M.J.A.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1016/j.jchf.2018.02.010
https://doi.org/10.1016/j.jchf.2018.02.010
https://doi.org/10.1093/cvr/cvu127
https://doi.org/10.1038/s41598-021-89451-6
https://doi.org/10.1161/circimaging.114.002411
https://doi.org/10.1073/pnas.2006764117
https://doi.org/10.1093/ehjci/jeu077
https://doi.org/10.1093/ehjci/jeu077
https://doi.org/10.1253/circj.CJ-17-1012
https://doi.org/10.1247/csf.16011
https://doi.org/10.1161/01.RES.0000201960.04223.3c
https://doi.org/10.1161/01.RES.0000201960.04223.3c
https://doi.org/10.1253/circj.CJ-16-0433
https://doi.org/10.1126/scisignal.2005262
https://doi.org/10.1161/circresaha.115.306532
https://doi.org/10.1161/circresaha.115.306532
https://doi.org/10.1161/circheartfailure.121.009521
https://doi.org/10.1093/cvr/cvy147
https://doi.org/10.1161/circheartfailure.114.001469
https://doi.org/10.1093/eurheartj/ehac305
https://doi.org/10.1093/eurheartj/ehac305
https://doi.org/10.1021/acs.jproteome.0c00209
https://doi.org/10.1074/mcp.RA120.002105
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1038/s41598-023-40795-1
https://doi.org/10.1038/s41598-023-40795-1
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:14341  | https://doi.org/10.1038/s41598-023-40795-1

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Proteomic and phosphoproteomic analyses of myectomy tissue reveals difference between sarcomeric and genotype-negative hypertrophic cardiomyopathy
	Methods
	Results
	Direct comparison of HCMSarc and HCMNeg. 
	Comparisons of HCM with controls. 
	Commonalities and differences in the proteome and phosphoproteome of HCMSarc and HCMNeg. 
	Comparing the two most common genotypes of sarcomeric HCM: MYBPC3-HCM and MYH7-HCM. 

	Discussion
	Limitations. 

	Conclusion
	References
	Acknowledgements


