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Hypertrophic cardiomyopathy (HCM) stems from mutations in sarcomeric proteins that elicit
distinct biophysical sequelae, which in turn may yield radically different intracellular
signaling and molecular pathologic profiles. These signaling events remain largely
unaddressed by clinical trials that have selected patients based on clinical HCM diagnosis,
irrespective of genotype. In this study, we determined how two mouse models of HCM differ,
with respect to cellular/mitochondrial function and molecular biosignatures, at an early stage
of disease. We show that hearts from young R92W-TnT and R403Q-aMyHC mutation–
bearing mice differ in their transcriptome, miRNome, intracellular redox environment,
mitochondrial antioxidant defense mechanisms, and susceptibility to mitochondrial
permeability transition pore opening. Pathway analysis of mRNA-sequencing data and
microRNA profiles indicate that R92W-TnT mutants exhibit a biosignature consistent with
activation of profibrotic TGF-b signaling. Our results suggest that the oxidative environment
and mitochondrial impairment in young R92W-TnT mice promote activation of TGF-b
signaling that foreshadows a pernicious phenotype in young individuals. Of the two
mutations, R92W-TnT is more likely to benefit from anti–TGF-b signaling effects conferred
by angiotensin receptor blockers and may be responsive to mitochondrial antioxidant
strategies in the early stage of disease. Molecular and functional profiling may therefore
serve as aids to guide precision therapy for HCM.
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Introduction
Hypertrophic cardiomyopathy (HCM) frequently results from mutations in sarcomeric proteins that lead 
to myocyte hypertrophy, myocyte disarray, fibrosis, and/or arteriolar remodeling (1, 2). HCM predisposes 
to the development of  angina, heart failure, and arrhythmias, and is the most common cause of  sudden 
cardiac death in young individuals (1, 3–6). Biophysical studies have revealed diverse mutation-induced 
alterations in sarcomeric protein function, which lead to abnormalities in Ca2+ handling (7–12), energy 
metabolism (13–18) and/or oxidative stress (19–21). This has prompted the testing of  L-type Ca2+ channel 
blockers (e.g., diltiazem) (22, 23), angiotensin II receptor antagonists (e.g., losartan) (24), antioxidants 
(e.g., N-acetylcysteine) (21, 25, 26), and metabolic modulators (perhexiline) (27) with success in preventing 
hypertrophy, fibrosis, and adverse cardiac remodeling in animal models. However, neither diltiazem (28), 
nor losartan (29, 30), nor perhexiline (31) is able to prevent development of  the cardiac phenotype in HCM 
patients. One possible reason for the difference in outcomes between mouse and human studies could be 
inclusion of  patients with a variety of  causal HCM mutations in clinical trials.

Hypertrophic cardiomyopathy (HCM) stems from mutations in sarcomeric proteins that elicit 
distinct biophysical sequelae, which in turn may yield radically different intracellular signaling 
and molecular pathologic profiles. These signaling events remain largely unaddressed by clinical 
trials that have selected patients based on clinical HCM diagnosis, irrespective of genotype. In this 
study, we determined how two mouse models of HCM differ, with respect to cellular/mitochondrial 
function and molecular biosignatures, at an early stage of disease. We show that hearts from young 
R92W-TnT and R403Q-αMyHC mutation–bearing mice differ in their transcriptome, miRNome, 
intracellular redox environment, mitochondrial antioxidant defense mechanisms, and susceptibility 
to mitochondrial permeability transition pore opening. Pathway analysis of mRNA-sequencing 
data and microRNA profiles indicate that R92W-TnT mutants exhibit a biosignature consistent with 
activation of profibrotic TGF-β signaling. Our results suggest that the oxidative environment and 
mitochondrial impairment in young R92W-TnT mice promote activation of TGF-β signaling that 
foreshadows a pernicious phenotype in young individuals. Of the two mutations, R92W-TnT is more 
likely to benefit from anti–TGF-β signaling effects conferred by angiotensin receptor blockers and 
may be responsive to mitochondrial antioxidant strategies in the early stage of disease. Molecular 
and functional profiling may therefore serve as aids to guide precision therapy for HCM.
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Two genetic mouse models of  HCM that have been well characterized (8, 9, 13, 
18, 32–34), namely the R403Q mutation in the α–myosin heavy chain gene (αMy-
HC; MYH6 gene) (33) and the R92W mutation in the cardiac troponin T gene (TnT; 
TNNT2 gene) (34), serve as the platform for our comparative studies. Both muta-
tions increase tension cost and lead to energetic stress under high workloads (13, 18). 
Each model is an example of  classic biophysical defects associated with mutations in 
HCM patients. The R403Q-MyHC mutation in the mouse α-myosin motor domain, 
which some reports indicate is a molecular gain-of-function mutation with supra-nor-
mal ATPase activity, leads to left ventricular (LV) hypertrophy, heart failure, and/or 
arrhythmias (13, 16, 35, 36). However, another report studying the human cardiac 
β-myosin motor shows a loss of  function in some parameters (37). In contrast, the 
R92W-TnT mutation confers increased Ca2+ sensitivity to muscle fiber contraction 
and predisposes to cardiac fibrosis and ventricular arrhythmias/sudden cardiac death 
at a young age, in the absence of  significant hypertrophy (38, 39).

Thus, each HCM mutation elicits distinct biophysical sequelae, which, in 
turn, may yield radically different intracellular signaling and molecular patholog-
ic profiles. Precision medicine approaches that exploit knowledge of  underlying 
pathophysiology and dysregulation of  specific signaling pathways may be needed 
to prevent or treat the cardiac HCM phenotype. Recently, variation in β-myosin 
(a common cause of  HCM) was analyzed in large cohorts of  healthy and HCM 
patients with a view toward considering precision medicine (40). The ultimate goal 
of  these efforts is to improve long-term prognosis by targeted early interventions in 
susceptible individuals.

In this study, we show that prior to development of  the disease, each genotype 
perturbs cellular redox and mitochondrial function differently, underpinned by a dis-
tinct mRNA/microRNA (miRNA) biosignature. We discuss the implications for pre-
cision therapy approaches to HCM.

Results
To characterize the differences/similarities in HCM caused by mutations in two different sarcomeric pro-
teins, as well as identify underlying mechanisms, we combined global and targeted approaches in young 
HCM mice (Figure 1). These mice span the spectrum of  human HCM, namely heart failure (1, 3, 41) and 
arrhythmias (38, 39, 41). Echocardiography and global mRNA and miRNA profiling were performed to 
obtain an overview of  global trends and gene regulatory pathways, and to predict optimal preventive ther-
apies. Studies of  mitochondrial function and redox in isolated mitochondria and cardiac myocytes (42–46) 
were performed to determine the presence of  mitochondrial dysfunction (14, 32, 47) and oxidative stress 
(19, 20), which are implicated in disease pathogenesis.

Phenotypic analysis of  HCM mice. We observed no increase in mortality in mutant mice when compared 
with littermate controls at 3–5 weeks of  age. Previous studies have reported no evidence of  hypertrophy 
or fibrosis in mice carrying the R403Q-MyHC or R92W-TnT mutation before 8 weeks of  age (33, 34, 48, 
49). Since clinical HCM is often associated with LV hypertrophy, hyperdynamic LV function, and diastolic 
dysfunction, we performed echocardiography in mutant mice (MyHC and TnT) and littermate controls 

Figure 1. Overall design of the study.

Table 1. Echocardiography results in anesthetized mice

LVEF (%) Anterior wall (mm) Posterior wall (mm) E (cm/s) E/A 
MyHC 52 ± 7 0.58 ± 0.1 0.58 ± 0.12 752 ± 107 1.9 ± 0.3 
Control-M 54 ± 11 0.54 ± 0.1 0.56 ± 0.07 724 ± 142 1.8 ± 0.3 
TnT 67 ± 6A 0.61 ± 0.11 0.51 ± 0.04 470 ± 96A 1.1 ± 0.4A 
Control-T 57 ± 5 0.57 ± 0.07 0.53 ± 0.06 698 ± 93 1.8 ± 0.4

Data are expressed as mean ± SD. AP < 0.001 compared with littermate controls using 2-sided unpaired Student’s t test. n = 10 mice for TnT mutant and 
control-M, n = 13 mice for MyHC mutant, n = 16 for control-T mice. LVEF, left ventricular ejection fraction (reflects systolic function); E/A, ratio of mitral E to 
A velocity (reflects diastolic function).
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(control-M and control-T) at 5 weeks of  age. None of  the mice had evidence of  LV hypertrophy by echo-
cardiography, consistent with earlier reports (33, 34). MyHC mutant mice had similar systolic and diastolic 
function, whereas TnT mutant mice had higher LV ejection fraction and diastolic dysfunction (reflected by 
lower ratio of  mitral early [E] to late [A] filling velocities), when compared with littermate controls (Table 1).

Allele-specific differences in mRNA expression. High-throughput sequencing of  mRNAs (mRNA-seq) from 
mouse hearts was performed to examine mutation-specific effects of  the R403Q-αMyHC and R92W-TnT 
mutations on global gene expression in the early stages of  HCM (33, 34) (Figure 2 and Supplemental 
Tables 1 and 2; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.94493DS1). Among the 23,963 annotated nuclear-encoded genes, only 29 mRNAs exhibited differ-
ential expression between the 2 controls (control-M and control-T) (P < 0.001, q < 0.05, reflecting an FDR 
of  5%; fold change > 1.48 or < 0.68) (Figure 2A). In contrast, 223 mRNAs were significantly differentially 
expressed in MyHC mutants, and 265 mRNAs were significantly differentially expressed in TnT mutants 
compared with their littermate controls (control-M and control-T respectively) (Figure 2A). Among these 
differentially expressed mRNAs, only 61 overlapped and exhibited the same directional change between the 
2 mutants, indicating that many of  the differentially expressed genes were unique to each mutant. In fact, 
281 mRNAs were significantly differentially expressed between the MyHC and TnT mutants (Figure 2A, 
bottom right panel). Heatmap plots of  fold changes of  the 406 genes that were differentially expressed in 
either MyHC or TnT mutants compared with their respective littermate controls (except for 14 genes that 
also exhibited change between the 2 controls) revealed expression patterns unique to each mutant, as well 
as similarities (Figure 3).

Next, we categorized the 406 differentially expressed genes based on whether they were upregulated 
or downregulated in each mutant. We observed downregulation of  124 and 74 genes in MyHC and TnT 
mutants, respectively, with overlap in 23 genes (Figure 2B). We found that 91 and 181 mRNAs were upregu-
lated in MyHC mutants and TnT mutants, respectively, with overlap in 34 genes. Seven mRNAs were down-
regulated in MyHC mutants but upregulated in TnT mutants. Both mutants exhibited upregulation of  previ-
ously reported fetal and stress response genes (50), such as the fetal myosin heavy chain isoform Myh7, fast 
skeletal isoform of myosin binding protein C (Mybpc2), endothelin 3 (Edn3), natriuretic peptide precursor B 

Figure 2. mRNA-seq analysis. (A) Volcano plots showing the 
log2(fold change) and –log10(P value) of each mRNA in the 
pairwise comparison of the 2 mouse genotypes; mRNA data 
with P < 0.001 (q < 0.05) using 2-sided unpaired Student’s t 
test (n = 3 biological replicates) is depicted in red. (B) Venn 
diagram illustrating number of genes that are upregulated or 
downregulated in MyHC and TnT mutants (total number of 
genes, 406).

https://doi.org/10.1172/jci.insight.94493
https://insight.jci.org/articles/view/94493#sd
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(Nppb), T-box transcription factor 15 (Tbx15), ankyrin repeat domain–containing protein–1 (Ankrd1), and 
nicotinamide riboside kinase 2 (Nmrk2), when compared with littermate controls (Figure 3, B and C).

KEGG/GO term enrichment analysis. Using the identified differentially expressed genes, we per-
formed KEGG pathway and Gene Ontology (GO) term enrichment analysis to assess similarities 
and differences in molecular processes affected by the 2 mutations (Table 2 and Supplemental Table 
3). KEGG pathway “hypertrophic cardiomyopathy (HCM),” “dilated cardiomyopathy,” and “focal 
adhesion” were highly enriched in both mutants. MyHC mutants exhibited enrichment of  process-
es involved in “calcium signaling,” “metabolism,” and “immune response,” whereas TnT mutants 
exhibited enrichment of  processes involved in “extracellular matrix structure”/“organization and cell 
adhesion.” To assess the possibility of  metabolic remodeling at an early stage of  HCM, we scanned 
the 406 differentially expressed mRNAs in TnT and MyHC mutants using GO terms related to meta-
bolic processes and found 75 genes that were differentially expressed in mutants (Supplemental Table 
4). Prkag3 (regulatory subunit of  AMPK) expression was significantly increased in both mutants, and 
several genes involved in fatty acid metabolism (Adipoq, Ces1d, Fasn, Lrat, Prkar2b, Scd1) and amino 

Figure 3. mRNA-seq analysis. (A) Heatmap illustrating fold-change in abundance of each mRNA relative to the mean of the littermate controls (the 
mean of control-M and control-T); 406 genes were differentially expressed (P < 0.001, q < 0.05, using 2-sided unpaired Student’s t test [n = 3 biological 
replicates]) in MyHC or TnT mutants, when compared with their respective littermate controls; differences in expression of 14 genes were observed in the 2 
controls. The mRNAs are shown in descending order of fold change in abundance in the TnT mutants. (B and C) Heatmap showing fold change in the abun-
dance of each mRNA relative to the mean of control-M and control-T. The top 20 upregulated and downregulated genes in MyHC (B) and TnT (C) mutants 
are shown. The mRNAs are shown in descending order of fold change in abundance in MyHC (B) and TnT (C) mutants.

https://doi.org/10.1172/jci.insight.94493
https://insight.jci.org/articles/view/94493#sd
https://insight.jci.org/articles/view/94493#sd
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acid (Fah) and glucose metabolism (Fbp2, 
Pck1, Pfkfb1) showed lower expression in 
both mutants.

Ingenuity pathway analysis. Pathway anal-
ysis was performed using ingenuity path-
way analysis (IPA). Integrin-linked kinase 
(ILK), actin cytoskeletal, endothelin-1, 
CXCR4, and cardiac hypertrophy signaling 
were upregulated in both mutants (Figure 4 
and Supplemental Table 5), whereas calci-
um and RhoGDI signaling were downreg-
ulated in both mutants. Only TnT mutants 
demonstrated a biosignature consistent with 
upregulation of  TGF-β signaling. Greater 
upregulation of  cardiac hypertrophy sig-
naling and endothelin-1 signaling (reflected 
by higher Z scores) was predicted in TnT 
mutants, whereas greater downregulation 
of  calcium signaling (reflected by a lower Z 
score) was predicted in MyHC mutants.

Taken together, these analyses reveal dis-
tinct effects of  each mutation on gene expres-
sion and signaling pathways at the early stage 
of  HCM in mice.

Allele-specific differences in miRNA expres-
sion. miRNAs are known regulators of  many 
genes and physiologic processes including 
cardiac hypertrophy and fibrosis (51, 52). 
Studies of  miRNA profiling in HCM patients 
and transgenic mouse models have identi-
fied patterns that are unique to each HCM 
mutation (53–56), but it is unknown when 
in the disease process these differences are 
present. High-throughput sequencing of  
miRNAs (miRNA-seq) in the young mutant 
mice and littermate controls (Figure 5 and 
Supplemental Tables 6 and 7) revealed no 
difference (none showed >2-fold difference) 
in miRNA expression between the 2 controls 
(control-M and control-T), as expected (Fig-
ure 5A). Only 5 miRNAs were downregulat-
ed more than 2-fold in MyHC mutants and 
none were upregulated more than 2-fold, 
when compared with their littermate controls 
(control-M) (Figure 5A). In contrast, TnT 

mutants demonstrated significant differences in expression in 48% (44 of  92) of  miRNAs: 16 miRNAs were 
upregulated more than 2-fold and 28 were downregulated more than 2-fold when compared with their lit-
termate controls (control-T) (Figure 5 and Supplemental Figure 2). Several of  these differentially expressed 
miRNAs have been previously implicated in cardiac hypertrophy, cardiac fibrosis, apoptosis, mitochondrial 
function, and autophagy (Figure 6) (51, 57–59). Thus, our miRNA-seq analysis revealed global changes in 
miRNA expression in TnT mutants, but only limited changes in MyHC mutants.

To validate our miRNA-seq results using an independent approach, we selected 3 miRNAs (miR-29a-3p, 
miR-29c-3p, and miR-499-5p) that were differentially expressed in the miRNA-seq data and performed 
quantitative real-time PCR (qRT-PCR) assays. Their levels were significantly reduced in TnT mutants 

Table 2. KEGG pathways and Gene Ontology categories enriched in the differentially 
expressed genes

Changed in MyHC Changed in TnT
KEGG pathway
Calcium signaling pathway ECM-receptor interaction
Insulin signaling pathway Focal adhesion A

PPAR signaling pathway Protein digestion and absorption
HCMA HCMA

Metabolic pathways TGF-β signaling pathway
ECM-receptor interaction Pathways in cancer
Dilated cardiomyopathyA Dilated cardiomyopathyA

Fatty acid biosynthesis Tryptophan metabolism
Arginine and proline metabolism Adipocytokine signaling pathway
Focal adhesionA MAPK signaling pathway
GO (biological process)
Small molecule metabolic process ECM organization
Cellular process Extracellular structure organization
Response to chemical stimulus Developmental process
Regulation of multicellular organismal process System development
Negative regulation of biological process Multicellular organismal development
Cellular response to cytokine stimulus Anatomical structure development
Response to stress Cell adhesion
Innate immune response Biological adhesion
GO (molecular function)
Protein bindingA BindingA

BindingA Carbohydrate derivative binding
Anion binding Glycosaminoglycan binding
Ion bindingA Heparin binding
Small molecule binding Protein bindingA

Nucleoside phosphate binding Ion bindingA

Nucleotide binding ECM structural constituent
Purine ribonucleotide binding Fibronectin binding
GO (cellular component)
Myofibril ECMA

Contractile fiber Extracellular region partA

Extracellular region partA Extracellular region
Cytoplasm Proteinaceous ECMA

Sarcomere ECM part
Contractile fiber part Extracellular space
Proteinaceous ECMA Collagen
ECMA Basement membrane

For KEGG pathways analysis, top 10 pathways after eliminating pathways unrelated to cardiac 
function/biology are shown. For Gene Ontology (GO) analysis, the top 8 GO terms are shown. 
APathways/terms that are common between MyHC and TnT mutants. Refer to Supplemental Table 3 
for a complete list of the pathways/terms and P values.
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but were unchanged in MyHC mutants compared with their respective controls (Figure 6G), consistent 
with the miRNA-seq results.

Dysregulation of  the TGF-β–miR-29–collagen/elastin axis in TnT mutants. The prediction of  upregulat-
ed TGF-β signaling in TnT mutants by IPA prompted us to examine expression of  TGF-β genes and 
their targets (Figure 4). We found significantly higher expression of  TGF-β3 (Tgfb3) mRNA compared 
with littermate controls only in TnT mutants (Figure 7A). TGF-β2 mRNA expression was significant-
ly higher in both TnT and MyHC mutants than in littermate controls, with TnT mutants showing 
markedly higher expression. TGF-β1 mRNA was unchanged in both mutants compared with littermate 
controls. Consistent with higher expression of  TGF-β2 and -β3 mRNAs, we found higher expression 
of  targets of  the TGF-β signaling pathway in TnT mutants compared with littermate controls: mRNA 
levels of  TGF-β–induced (Tgfbi), connective tissue growth factor (Ctgf), epithelial membrane protein 
1 (Emp1), Serpine1, Fos, Krüppel-like factor 10 (Klf10), and Myc mRNAs were significantly higher in 
TnT mutants compared with littermate controls (Figure 7B); mRNA levels of  Ctgf, Emp1, and Serpine1 
were also significantly higher in MyHC mutants than littermate controls.

To identify possible mediators of  cardiac fibrosis, we focused on the miR-29 family (60), whose tran-
scription is inhibited by activation of  TGF-β signaling (61). The miR-29 family is antifibrotic: it suppresses 
expression of  the profibrotic genes elastin (Eln), collagen type I alpha 1 (Col1a1), collagen type I alpha 2 
(Col1a2), and collagen type 3 alpha 1 (Col3a1) (60). We observed lower levels of  miR-29a-3p and miR-
29c-3p in TnT mutants, but not MyHC mutants, when compared with littermate controls (Figure 6, B, E, 
and G). Consistent with the lower levels of  miR-29a-3p and miR-29c-3p, mRNA levels of  these 4 target 
genes were higher in TnT mutants, but not MyHC mutants, when compared with their littermate controls 
(Figure 7C). Collectively, these results suggest that upregulation of  TGF-β signaling results in downregu-
lation of  the miR-29 family, with consequent de-repression of  the profibrotic genes Eln, Col1a1, Col1a2, 
and Col3a1 in TnT mutants, but not MyHC mutants in the early stage of  disease (Figure 7D). These results 
could explain the early propensity for cardiac fibrosis in TnT mutation carriers, thus providing a substrate 
for reentrant arrhythmias (62, 63). Lack of  differences in miR-29 and profibrotic gene expression in MyHC 
mutants is likely an age-specific phenomenon, since TGF-β has been implicated in generation of  fibrosis in 
older mice carrying the R403Q mutation (64).

Allele-specific differences in cellular redox. Previous reports have implicated ROS in activation of  TGF-β sig-
naling (65) and have suggested a role for mitochondrial dysfunction/oxidative stress in the pathogenesis of  

Figure 4. Ingenuity pathway analysis of mRNA-seq data. IPA identified pathways that were significantly (P < 0.032) upregulated (Z score > 0) 
or downregulated (Z score < 0) in MyHC and TnT mutants. All pathways (P < 0.032), including those whose Z scores could not be determined, are 
shown in Supplemental Table 4.

https://doi.org/10.1172/jci.insight.94493


7insight.jci.org   https://doi.org/10.1172/jci.insight.94493

R E S E A R C H  A R T I C L E

the cardiac HCM phenotype (25). Since TGF-β signaling was predicted to be upregulated in TnT mutants 
at the early stage of  HCM in our pathway analysis (Figure 4 and Supplemental Table 5), we investigated 
redox status and mitochondrial ROS in both mutant mice and littermate controls. We studied isolated 
cardiac myocytes and isolated cardiac mitochondria. Cardiac myocytes provided information about the 
cellular redox environment, whereas mitochondrial respiration, redox, ROS generation, and scavenging 
reflected mitochondrial function (42).

Figure 5. miRNA-seq analysis. (A) Scatter plots illustrate pairwise comparison of the abundance of normalized miRNAs between 2 mouse geno-
types. Each dot represents the mean of the normalized number of reads of a unique miRNA (n = 2 biological replicates for TnT, and n = 3 biological 
replicates for all other mice). Ninety-two miRNAs whose mean abundance was more than 100 reads per million total reads in at least 1 of the 4 mice 
analyzed are shown. (B) Heatmap depicting fold change of abundance of each miRNA relative to the mean of the littermate controls (the mean of 
control-M and control-T). The miRNAs are listed so that they are in descending order of fold change in abundance in TnT mutants.

https://doi.org/10.1172/jci.insight.94493
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Figure 6. Differentially expressed miRNAs implicated in cardiac disease and mitochondrial function. (A–F) Abundance (reads per million) of 
miRNAs that show >2-fold change in MyHC or TnT mutants compared with their littermate controls and have been implicated in (A) cardiac hypertrophy, 
(B) cardiac fibrosis, (C) cardiac apoptosis, (D) mitochondrial function, (E) myocardial infarction, and (F) autophagy. Mean ± SD (n = 2 biological repli-
cates for TnT, and n = 3 biological replicates for all other mice). (G) Normalized expression of miR-29a-3p, miR-29c-3p, and miR-499-5p determined 
by qRT-PCR. The miRNA levels were normalized by miR-30a-5p level, which did not show change in the miRNA-seq data (Supplemental Table 7). 
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9insight.jci.org   https://doi.org/10.1172/jci.insight.94493

R E S E A R C H  A R T I C L E

An optimal balance between ROS generation and scavenging is needed to maintain contractile func-
tion and cardiac myocyte electrophysiology (44, 66, 67). First, we examined differences in expression of  
genes involved in ROS generation or scavenging in our mRNA-seq data. We found that expression of  most 
genes involved in ROS generation/scavenging did not show significant difference in either of  the mutants 
compared with littermate controls. Differences in gene expression (P < 0.001 compared with littermate 
controls) were observed only for extracellular superoxide dismutase (Sod 3) (68) and thioredoxin-interact-
ing protein (Txnip) (69) mRNAs in TnT mutants, and uncoupling protein mRNAs (Ucp1, Ucp3) (70) in 
MyHC mutants (Supplemental Figure 2 and Supplemental Table 2).

We used 2-photon microscopy to assess NAD(P)H, reduced glutathione (GSH), and mitochondrial 
membrane potential in isolated cardiac myocytes from TnT and MyHC mutant mice and littermate con-
trols at early stage of  disease (Figure 8). Myocytes were labeled with tetramethylrhodamine methyl ester 
(TMRM) for assessment of  mitochondrial membrane potential, and monochlorobimane (MCB) to measure 
GSH levels (Figure 8A), while cellular autofluorescence was used as an indicator of  cellular NAD(P)H (44). 
When compared with littermate controls, MyHC mutant myocytes exhibited a reduced redox environment 
characterized by higher levels of  NAD(P)H (Figure 8B) and GSH (Figure 8C), but similar mitochondrial 
membrane potential (Figure 8C). In contrast, TnT mutant myocytes exhibited an oxidized redox environ-
ment, characterized by lower NAD(P)H (Figure 8B) and GSH (Figure 8C) when compared with littermate 
controls; TnT mutant mitochondria were hyperpolarized when compared with littermate controls (Figure 
8C). MyHC mutant myocytes had higher NAD(P)H pool levels, in contrast to TnT mutant myocytes which 
displayed lower NAD(P)H pool levels (Figure 8B, when compared with respective littermate controls.

Allele-specific differences in mitochondrial number and function. Mitochondria are important regulators of  
cellular redox. Clinical reports of  energetic stress in HCM hearts (14, 15) prompted us to measure mito-
chondrial respiration, mitochondrial copy number, ROS emission/scavenging, and calcium handling in 
these 2 HCM mouse models.

We assessed function of  complexes I, II, and IV of  the electron transport chain by respirometry. Oxy-
gen consumption rate (OCR) was measured in isolated mitochondria using substrates of  complexes I, II, 
and IV, namely glutamate/malate, succinate, and ascorbate/tetramethyl-p-phenylenediamine (TMPD), 
respectively, in the presence of  ADP (state 3) and in its absence (state 4). Coupling of  oxidative phos-
phorylation (OxPhos) was assessed by computing the respiratory control ratio (RCR) (44). MyHC mutant 
mitochondria exhibited higher state 3 respiration via complex I and higher RCR when compared with 
littermate controls (Figure 9A). In contrast, TnT mutant mitochondria displayed higher state 4 respiration, 
resulting in lower RCR, when compared with littermate controls (Figure 9A). Oligomycin did not affect 
state 4 respiration in TnT mutants, indicating that complex V was not the source of  proton leak, reflected 
by higher state 4 respiration (data not shown). Both MyHC and TnT mutant mitochondria exhibited lower 
state 4 respiration via complex II, but complex II RCR was similar in mutants and controls (Figure 9B). 
Complex IV respiration was not different in mitochondria from mutants and littermate controls (Figure 
9C). Together, these results suggest reduced OxPhos coupling at complex I in TnT mutants, when com-
pared with littermate controls.

To investigate the role of  mitochondrial number in cellular energetics and redox, we quantified mito-
chondrial DNA copy number in mouse hearts, using qPCR. TnT mutants exhibited lower mitochondrial 
DNA copy number (P = 0.01), whereas no difference was observed in MyHC mutants, when compared 
with respective littermate controls (Figure 9D).

High metabolic demand of  the heart results in continual ROS generation from respiration (71). Hence, 
ROS scavenging is important for maintain intracellular and mitochondrial redox status and normal cellu-
lar function. We used fluorometry to assess NAD(P)H redox status, hydrogen peroxide (H2O2) generation, 
and ROS scavenging by mitochondria isolated from mutant hearts and littermate controls. Assays were 
performed in the presence of  the NADH-linked substrates glutamate and malate and the FADH2-linked 
substrate succinate, in both the absence (state 4) and presence of  ADP-stimulated respiration (state 3).

The NAD(P)H signal (autofluorescence) was monitored in isolated mitochondria during state 3 and 
state 4 respiration, in the presence of  the complex I substrates glutamate and malate; the NAD(P)H signal 
was calibrated by the addition of  KCN for maximal reduction, and the uncoupler DNP (2,4 dinitrophenol) 

Expression in MyHC and TnT mutants was normalized to that of their respective littermate controls. Mean ± SD (n = 5 biological replicates for 
miR-29a-3p, and n = 3 biological replicates for miR-29c-3p and miR-499-5p); *P < 0.05 using 2-sided Student’s t test.
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for maximal oxidation (Supplemental Figure 3A). MyHC mutant mitochondria maintained higher levels 
of  NAD(P)H during state 4 and 3 respiration, when compared with littermate controls (Figure 10A). TnT 
mutant mitochondria could maintain NAD(P)H to a similar level as controls during state 4 respiration. 
However, higher levels of  NAD(P)H were observed during state 3 respiration, because of  lower oxidation 
of  NAD(P)H during the state 4 to state 3 transition (Figure 10A), suggesting dysfunction of  complex I of  
the mitochondrial electron transport chain in TnT mutant mitochondria.

H2O2 emission from isolated mitochondria was measured using Amplex Red. Mitochondria were 
assayed during non-ADP-stimulated (state 4) and ADP-stimulated (state 3) respiration (Supplemental Fig-
ure 3, B and C). ROS emission was measured during forward electron transport (NADH-oxidizing) with 
glutamate/malate, and reverse electron transport with succinate (72). Mitochondrial H2O2 resulting from 
dismutation of  superoxide generated in complexes I and III was determined. We found no difference in 
ROS emission between the 2 mutants and their respective controls during state 3 or state 4 respiration using 
the complex I substrates glutamate and malate (Figure 10B). Lower ROS emission was observed during 
state 3 respiration, but not state 4 respiration, in TnT mutant mitochondria in the presence of  succinate 
and rotenone (Figure 10, C and D), suggesting that complex I is the main source of  ROS for TnT mutants.

Figure 7. TGF-β–miR-29–collagen axis. (A) mRNA levels (fragments per kilobase of exon per million fragments mapped [FPKM]) of TGF-β genes revealed 
by mRNA-seq. (B) mRNA levels of genes whose transcription is known to be increased by activation of TGF-β signaling. (C) mRNA levels of collagen 
and elastin genes that are known to be suppressed by the miR-29 family of miRNAs. (D) Summary of TGF-β–miR-29–collagen axis and changes in TnT 
mutants. Mean ± SD (n = 3 biological replicates); *P < 0.01 and **P < 0.001, using 2-sided Student’s t test.
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The thioredoxin (Trx) and GSH systems are the main scavengers of  H2O2 in the mitochondrial matrix, 
with NADPH being the main electron donor for these 2 systems (43). We used auranofin, a selective inhib-
itor of  Trx reductase 2 (TrxR2), and 1-chloro-2,4-dinitrobenzene (DNCB), a GSH-depleting agent (73), 
to assess the ROS scavenging capacity of  mutant and control mitochondria (Supplemental Figure 3D). In 
MyHC mutant mitochondria, ROS scavenging by the Trx system was similar to that of  controls during 
state 3 and state 4 respiration (Figure 10, E and F). In contrast, TnT mutant mitochondria had lower ROS 
scavenging by the Trx system when compared with littermate controls (Figure 10E), which is consistent 
with a more oxidized redox environment in TnT mutant myocytes. ROS scavenging by the GSH system in 
MyHC and TnT mutant myocytes was similar to that of  their littermate controls during both state 3 and 4 
respiration (Figure 10F).

Mitochondria are an important Ca2+ sink in cardiac myocytes. Mitochondrial calcium activates dehy-
drogenases in the Krebs cycle, which increases NADH generation that fuels the mitochondrial electron 
transport chain, and stimulates respiration and ATP synthesis (45, 74). Additionally, mitochondrial calcium 
also influences ROS generation by complexes I and III of  the electron transport chain (75) and mitochon-
drial ROS scavenging (43, 45). Using isolated mitochondria, we measured opening of  the mitochondrial 

Figure 8. Isolated myocyte studies. Two-photon microscopy. Cardiac myocytes were labeled with monochlorobimane (MCB; 50 μM, blue λem 480 ± 20 
nm) and tetramethylrhodamine (TMRM; 100nM, red λem 605 ± 25 nm) at 37°C, to simultaneously monitor reduced glutathione (GSH) and mitochondrial 
membrane potential (ΔΨm), respectively. Data from mutants is presented as fluorescence units normalized to littermate control data. NAD(P)H was 
assessed in nonlabeled cells by measuring autofluorescence (total fluorescence collected at <490 nm). Potassium cyanide (KCN; 1 mM) and carbonyl cya-
nide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 5 μΜ) were used to calibrate the NAD(P)H signal, permitting estimation of the NAD(P)H pool. %NAD(P)
H calculation was based on NAD(P)H fluorescence units, normalized to the respective NAD(P)H pool. (A) Cell labeling: Representative images of cardiac 
myocytes with transmitted light (TL) and fluorescence (2-photon) microscopy, labeled with MCB and TMRM. (B) NAD(P)H: Reduced NAD(P)H and NAD(P)
H pool were higher in MyHC mutant myocytes, and lower in TnT mutant myocytes, when compared with respective littermate controls. (C) GSH: MyHC 
mutant myocytes had higher levels of reduced glutathione and similar ΔΨm, whereas TnT mutant myocytes had lower levels of reduced glutathione and 
more hyperpolarized ΔΨm, when compared to respective littermate controls. Data are presented as mean ± SD. We present results from 3 mouse hearts in 
each mutant and control group, with n = 20–30 cells from each mouse for NAD(P)H and GSH/ΔΨm measurements, after pooling the 3 datasets (each data 
point was derived from a single cardiac myocyte). Statistical significance of the difference between each mutant and the respective littermate control was 
examined using 2-sided unpaired Student’s t test. *P < 0.05; ** P < 0.001.
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permeability transition pore (PTP) and intramitochondrial (matrix) free calcium [Ca2+] by fluorometry. 
Extramitochondrial and intramitochondrial [Ca2+] were measured simultaneously using Calcium Green-
5N and Fura-FF, respectively. Ca2+ additions led to rapid increase in Calcium Green-5N fluorescence fol-
lowed by a slower decline, consistent with the known buffering capacity of  mitochondria to uptake cytoso-
lic Ca2+. When [Ca+2] uptake exceeded a certain threshold, the mitochondrial PTP opened, releasing Ca2+ 
from mitochondria (Supplemental Figure 3E). The [Ca2+] threshold for PTP opening was similar in MyHC 
mutant and control mitochondria, but matrix [Ca2+]free in MyHC mutant mitochondria was significantly 
higher than in littermate controls (Figure 11). In contrast, TnT mutant mitochondria had greater sensitivity 
to Ca2+, evidenced by PTP opening at ~30% lower [Ca2+] uptake. Notably, matrix [Ca2+]free was also ~20% 
lower when compared with that of  littermate control mitochondria (Figure 11).

Next, we looked for differences in expression levels of  genes involved in cytosolic and mitochondrial 
calcium handling in our mRNA-seq data. Only calsequestrin 1 (Casq1) mRNA was significantly higher in 
both mutants when compared with littermate controls (P < 0.001), suggesting that differences observed in 
mitochondrial Ca2+handling were probably the result of  differences in protein expression and/or posttrans-
lational modifications of  mitochondrial proteins involved in mitochondrial Ca2+ uptake, buffering, or efflux 
(Supplemental Figure 3 and Supplemental Table 2).

Figure 9. Mitochondrial studies. Respirometry: Mitochondria were freshly isolated from mutant and littermate control hearts, in parallel. An XF96 
analyzer was used to measure function of complexes I, II, and IV at 37°C. Oxygen consumption rate (OCR) was measured in state 4 (no ADP) and/or 
state 3 (with 1 mM ADP) using substrates for the electron transport chain (ETC) complex I (5 mM glutamate/malate), complex II (5 mM succinate, in the 
presence of rotenone, an ETC-complex I inhibitor), and complex IV (0.5 mM TMPD [N,N,N′,N′-tetramethyl-p-phenylenediamine]). Coupling of O2 con-
sumption to ADP phosphorylation was estimated by computing the respiratory control ratio (RCR; state 3/state 4 respiration). (A) Complex I respiration: 
MyHC mutants had higher state 3 respiration and higher RCR, whereas TnT mutants had higher state 4 respiration and lower RCR, when compared with 
respective littermate controls. (B) Complex II respiration: MyHC mutants had lower state 4 respiration, but complex II RCR of MyHC mutants was similar 
to that of controls. No difference was noted between TnT mutants/controls. (C) Complex IV respiration in both mutants was similar to respective litter-
mate controls. Data are presented as mean ± SEM. n = 15 experiments from 5 mitochondrial preparations/10 mice in each group for control-M/MyHC, 
and n = 21 experiments from 7 mitochondrial preparations/14 mice in each group for control-T/TnT. *P < 0.05, **P < 0.001, using 2-sided unpaired Stu-
dent’s t test and Bonferroni’s correction for multiple testing. (D) Mitochondrial number: Total DNA was isolated from whole hearts for qRT-PCR of COX-1 
(mitochondrial gene) and GAPDH (nuclear gene). Mitochondrial DNA (Mito-DNA) copy number is presented as relative copy number of COX-I/GAPDH. Copy 
numbers in each mutant were normalized to copy numbers in respective littermate controls. MyHC hearts had similar mitochondrial DNA copy number, 
whereas TnT mutants had lower mitochondrial DNA copy number, when compared with respective littermate controls. Data are presented as mean ± SD. 
n = 8 hearts in each group. *P < 0.05, **P < 0.01, using 2-sided unpaired Student’s t test.
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Identification of  shared and distinct pathways in 2 models of  HCM. Our functional studies indicate oppos-
ing effects of  the R403Q-MyHC and R92W-TnT mutations on redox in the early stage of  disease, sug-
gesting the need to individualize therapies for prevention of  the molecular cardiac phenotype in HCM. 
To explore this question further, we used IPA to identify potential therapeutic agents (Figure 12A) and 
upstream transcriptional regulators that could lead to the observed transcriptional profiles (Figure 12B). 
Compounds were ranked by Z score using a cutoff  of  >2.19 for brevity. The thiazolidinediones rosigl-
itazone and pioglitazone, which are PPAR agonists with concomitant antiinflammatory effects (76), 
were the top hits for MyHC mutants (Z scores –2.87 and –2.40) — this could be explained by predicted 
inhibition of  PPARγ and PPARα and activation of  proinflammatory transcriptional regulators in this 
mutant (Figure 12, A and B). The angiotensin receptor blocker losartan, which is antifibrotic (77) and 
antihypertrophic (78), was the leading therapeutic candidate for TnT mutants (Figure 12A, Z score 
–4.14) that have (predicted) upregulation of  TGF-β signaling and early evidence of  cardiac fibrosis clin-
ically. Antioxidants (e.g., vitamin E, N-acetylcysteine, curcumin) (79–81) were predicted therapies only 
for TnT mutants, which is concordant with our functional data indicating the presence of  an oxidized 
redox environment in TnT mutants, but not MyHC mutants.

Figure 10. Isolated mitochondrial studies II — redox. Mitochondrial redox: Freshly isolated mitochondria from mutants and respective littermate controls 
were assayed in parallel using a fluorometer. (A) NAD(P)H oxidation (autofluorescence: λexc: 340, λem: 450 nm) was examined in the presence of complex I 
substrates (5 mM glutamate/malate) during state 4 and state 3 respiration. The NAD(P)H signal was calibrated by adding KCN (2.5 mM) and 2,4-dinitro-
phenol (DNP, 20 μΜ) at the end of each experiment. MyHC mutants had higher levels of reduced NAD(P)H during state 4 and 3 respiration. TnT mutants 
had higher levels of reduced NAD(P)H at the end of state 3 respiration when compared with littermate controls, because of lower oxidation of NAD(P)H by 
complex I during the state 4 to state 3 transition. Data are presented as relative ratios: MyHC/control-M and TnT/control-Tm. n = 21 experiments from 7 
mitochondrial preparations/14 mice in control-M/MyHC group; n = 15 experiments from 5 mitochondrial preparations/10 mice in control-T/TnT group. (B–D) 
ROS emission: Mitochondria were incubated in Amplex Red (10 μΜ) for assessment of H2O2 emission by fluorometry (λexc: 530 nm and λem: 590 nm). H2O2 
emission was assessed during state 4 and state 3 respiration, in the presence of glutamate/malate or succinate with/without rotenone at 37°C. H2O2 (100 
pM) was used for signal calibration at the end of each experiment. The 2 mutants demonstrated H2O2 emission similar to that of the respective controls. 
Inhibition of complex I by rotenone led to lower H2O2 emission during state 3 respiration (P = 0.01). n = 5 experiments from 5 mitochondrial preparations/10 
mice in each group for control-M/MyHC, and n = 4 experiments from 4 mitochondrial preparations/8 mice in each group for control-T/TnT. (E and F) ROS 
scavenging: Isolated mitochondria were incubated at 37°C in the presence of Amplex Red to monitor H2O2 during state 4 and state 3 respiration, with 
glutamate/malate (5/5 mM) and inhibitors of thioredoxin (50 nM auranofin) and/or glutathione (10 μM dinitrochlorobenzene [DNCB]) systems. Lower ROS 
scavenging by the thioredoxin system during state 4 was observed in TnT mutants. No other differences in ROS scavenging were detected. In A–F, data are 
presented as mean ± SD. n = 5 experiments from 5 mitochondrial preparations/10 mice in each group for control-M/MyHC and control-T/TnT. *P < 0.05 and 
**P < 0.001, using 2-sided unpaired Student’s t test.
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Discussion
In this study, we used unbiased approaches (mRNA and miRNA profiling), echocardiography, and targeted 
functional studies in isolated myocytes and mitochondria to demonstrate that HCM mutations cause diver-
gent effects on cellular processes in the early stage of  disease. Our results illustrate the impact of  changes in 
sarcomeric protein function on the transcriptome, miRNome, cellular redox, mitochondrial function, and 
cardiac systolic/diastolic function in the early stages of  disease (Figure 13A). Importantly, the presence of  
an oxidized redox environment, upregulation of profibrotic genes, and downregulation of antifibrotic miRNAs 
in TnT mutants at an early stage suggests that antioxidant therapy could be beneficial in preventing the 
cardiac HCM phenotype in R92W-TnT mutation carriers. Notably, IPA of  mRNA-seq data also identified 
antioxidants as potential therapies in the early stage in TnT mutants, but not MyHC mutants. Taken togeth-
er, our results demonstrate the importance of  considering mitochondrial redox and energetics in developing 
mutation-specific therapies for HCM.

Allele-specific differences in transcriptome and miRnome. A remarkable result of  our study is the global 
changes in miRNA expression present in TnT but not in MyHC mutants, many of  which involved differen-
tially expressed miRNAs that have been implicated in cardiac hypertrophy, fibrosis, apoptosis, mitochondri-
al function, and autophagy (51, 57–59). To assess whether differences in miRNA biogenesis could underlie 
our results in TnT mutants, we examined mRNA levels of  factors involved in miRNA processing, including 
Drosha, DGCR8, Exportin-5, Dicer, TRBP, PACT, and Argonaute, and found no significant changes in 
either of  the mutants, when compared with littermate controls (Supplemental Table 2). Therefore, we spec-
ulate that the biophysical effects of  these 2 mutations lead to differences in miRNA transcription.

The R92W-TnT mutation has been demonstrated to increase Ca2+ sensitivity of  myofilament activation 
~2.2 fold (82), which could lead to differences in cellular Ca2+ levels and thus influence gene transcription. 
On the other hand, the R403Q-MyHC mutation was shown to influence actin-activated ATPase activity 
(83, 84) and increase energy expenditure for contraction. Since miRNA transcription in MyHC mutants 
was similar to that in controls, we speculate that compensatory cellular mechanisms elicited in response to 
the mutation are sufficient to prevent global changes in miRNA transcription in the prehypertrophic stage.

The most significant result of our global transcriptome and miRNome analyses in mice carrying the TnT 
mutation was higher levels of profibrotic gene mRNAs and lower levels of antifibrotic miR-29. Mechanistically, 
these results can be linked to a more oxidized redox environment leading to activation of TGF-β signaling (60, 
61), with consequent suppression of miR-29 and upregulation of profibrotic gene expression. Upregulation of  
profibrotic genes would be expected to result in development of cardiac fibrosis, which predisposes to reentrant 
arrhythmias (38). Previous studies in mice have showed that fibrosis develops earlier in R92W mutation than 
in the R403Q mutation carriers (33–35). In humans, the R92W mutation in TnT is associated with cardiac 
fibrosis and sudden death in young individuals (38, 39) in the absence of significant cardiac hypertrophy. In 
contrast, patients with the R403Q mutation in MyHC are often asymptomatic in the prehypertrophic stage 
of disease, and in our clinical experience (16) often develop heart failure requiring heart transplant in middle 
age (85). Our transcriptome analysis in MyHC mutants revealed higher expression of profibrotic mRNAs, 
TGF-β2, and CTGF, but pathway analysis (IPA) did not predict activation of TGF-β signaling at this time 
point. This could explain the later onset of cardiac fibrosis in R403Q-MyHC mutation carriers (16, 48, 64, 86).

Figure 11. Isolated mitochondrial studies III — calcium handling. Mito-
chondrial calcium handling: Mitochondria were isolated in parallel from 
mutant and littermate control hearts. Extra- and intra-mitochondrial 
[Ca+2] were monitored simultaneously by fluorometry at room tempera-
ture, in freshly isolated, energized mitochondria (state 4 respiration 
with 5 mM glutamate/malate), using 0.1 μM Calcium Green-5N (λexc:505, 
λem:535 nm) and 20 μM Fura-FF (λexc:340 and 380 nm, λem:510 nm), respec-
tively. Repeated CaCl2 (5 μM) additions were performed until permea-
bility transition pore (PTP) activation was detected. Mutant data were 
normalized to corresponding littermate control results. MyHC mutants 
demonstrated higher matrix intramitochondrial [Ca2+]free, but PTP activa-
tion occurred at [Ca2+] similar to that of controls. TnT mutants had lower 
matrix [Ca2+]free and PTP activation at lower [Ca2+] than controls. Data are 
presented as mean ± SD. n = 8 experiments from 5 mitochondrial prepa-
rations/10 mice in each group for control-M/MyHC, and n = 5 experiments 
from 5 mitochondrial preparations/10 mice in each group for control-T/
TnT. *P < 0.05, using 2-sided 1-sample t test.
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Allele-specific differences in redox. Five-week-old MyHC and TnT mutants exhibited opposite cellular redox 
status. These findings can be illustrated in terms of  the redox-optimized ROS balance hypothesis, which 
was developed by Aon and colleagues (Figure 13B) (42). We hypothesize that these 2 mutants drive cardiac 
myocytes in different directions along the “redox axis.” Lower NAD(P)H and reduced GSH levels could 
reduce ROS scavenging, thus resulting in an oxidized redox environment and impairment of  energetics in 
TnT mutants at the early stage of  disease. In contrast, MyHC mutants have preserved levels of  reduced GSH 
and NAD(P)H, leading to an optimal redox environment and energetics at an early stage of  disease. These 
differences could explain higher susceptibility to arrhythmias in young patients carrying the R92W-TnT 
mutation, but lack of  arrhythmias in R403Q-MyHC mutation carriers who lack hypertrophy (36).

The mechanisms underlying differences in redox could involve differences in gene expression as well as 
translational and/or posttranslational changes in proteins involved in ROS generation/scavenging. We did 
not detect higher ROS emission by mutant TnT mitochondria, when compared with littermate controls, 
despite observing an oxidized redox environment. There are 2 possible reasons for these results: (i) we 

Figure 12. Identification of candidate therapeutics and 
upstream transcriptional regulators. (A) Candidate 
therapeutics that are predicted to revert the dysregulated 
signaling pathways in the mutants back to that in controls. 
Candidate therapeutics with –Z scores >2.19 are shown. (B) 
Predicted change in the activity of transcriptional regulators 
that can explain dysregulation of the signaling pathways 
shown in Figure 2 in mutants. Transcriptional regulators 
with Z scores >2.3 or <–2.3 are shown for MyHC mutants 
and >2.0 or <–2.0 for TnT mutants
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measured hydrogen peroxide in our assays, whereas the main ROS species generated by the mitochondrial 
electron transport chain is superoxide (42, 43). Reduced dismutation of  superoxide to hydrogen peroxide 
could underestimate ROS generation by mitochondria, using the Amplex Red assay (42); (ii) we did not 
test ROS generation and scavenging in the cytoplasm, which could contribute to the observed differences 
in redox environment.

Higher Txnip expression in TnT mutant hearts could underlie the reduced ROS scavenging by the 
Trx system (87) observed in our functional studies. Our mRNA-seq data also revealed significantly lower 
expression of  uncoupling proteins UCP1 and UCP3 in MyHC mutant hearts, and our functional studies 
revealed better OxPhos coupling in MyHC mutant mitochondria, reflected by a higher RCR when com-
pared with littermate controls. Since UCP1 and UCP3 expression promotes mitochondrial uncoupling 
(88), lower expression of  these uncoupling proteins in MyHC mutant hearts could have contributed to the 
higher RCR determined in MyHC mutant mitochondria when compared with littermate controls.

Mitochondrial Ca2+ is another determinant of  mitochondrial ROS scavenging capacity. Calcium 
uptake by mitochondria stimulates 3 key enzymes in the tricarboxylic acid (TCA) cycle that harness the 
decarboxylation of  acetyl-CoA to yield NADH. NADH is converted to NADPH, which plays a critical role 

Figure 13. Allele-specific differences in HCM revealed by analysis of transcriptome and mitochondrial function in 2 mouse models — schematic summary. 
(A) Summary of multiscale studies performed in R403Q-αMyHC and R92W-TnT mutant mice along with littermate controls at the early stage of HCM. We 
found differences in cardiac function, mRNA/miRNA expression, mitochondrial number, redox, calcium handling, signaling, and predicted therapies in the 2 
mutant mice. (B) Based on our results and the redox-optimized ROS balance hypothesis (42), MyHC mutants appear to reside at an optimal reduced phase, 
whereas TnT mutants lie in a lower-energy oxidative phase. Figure adapted from ref. 42.j
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in maintaining mitochondrial antioxidant capacity (89, 90). Higher levels of  free Ca2+ in the mitochondrial 
matrix in MyHC mutant mitochondria would be expected to stimulate ATP generation by OxPhos and 
could contribute to the reduced redox environment exhibited by isolated mitochondria. In the case of  TnT 
mutant mitochondria, a lower Ca2+ threshold for PTP opening could lead to cell death and replacement 
fibrosis, and predispose to arrhythmias.

Previous studies by Lucas et al. in R403Q-MyHC mutant mice reported a reduction in complex I and 
IV activities (32). This contrasts with our study, which revealed better OxPhos coupling and a reduced 
redox environment. We attribute this difference to the use of  older animals with established hypertrophy 
in their study compared with ours, which was performed at the prehypertrophic stage.

Translational implications. The R92W-TNT mutation predisposes to the development of  cardiac fibrosis 
and ventricular arrhythmias early in disease course (in young individuals), in the absence of  significant 
hypertrophy by clinical imaging (38, 39, 62). Our study in mice at 5 weeks of  age, which corresponds 
to adolescence in humans, indicates an early impact of  this mutation on mitochondrial function/num-
ber, redox, signaling pathways, and profibrotic gene expression (34). Since there is no evidence of  cardiac 
fibrosis by histopathology at this time point, other mechanisms, namely, Ca2+ handling and/or energet-
ic abnormalities, could underlie diastolic dysfunction detected by echocardiography. Our results and the 
redox-optimized ROS balance hypothesis (42) (Figure 13B) led us to postulate that mitochondrial dysfunc-
tion and lower mitochondrial number could lead to energy and redox stress under high workload, such as 
during exercise, predisposing to fatal arrhythmias in the absence of  significant LV hypertrophy. Since ROS 
can activate profibrotic TGF-β signaling (65), early treatment with agents that boost ROS scavenging may 
prevent development of  fibrosis and arrhythmias in R92W-TNT mutation carriers.

The R403Q-MyHC mutants demonstrated preserved mitochondrial function and a reduced redox envi-
ronment at this early stage, which could underlie the asymptomatic status of  mutation carriers in the pre-
hypertrophic stage (35). Our results also suggest that therapies with antioxidants may not be helpful at the 
prehypertrophic stage in R403Q-MyHC mutation carriers.

Limitations. Direct clinical translation of  our results is limited by the need to obtain heart tissue prior to 
tailoring therapies. Here, all studies were performed in mouse models in the early stage of  disease. Hence, 
our study design does not permit us to conclude whether differences are mutation-specific or specific to 
the sarcomeric protein carrying the causal mutation (91). It is possible that mutation-specific differences 
present in 5-week-old mice, at the early stage, are not maintained following establishment of  overt disease. 
Functional studies in 24-week-old mice presenting evidence of  the cardiac HCM phenotype are needed to 
address this question.

This proof-of-principle study in 2 mouse models was designed to demonstrate differences in dis-
ease pathophysiology. Given the differences in physiology between mouse and human hearts, studies in 
human cardiac myocytes are needed to confirm mutation-specific differences in disease pathophysiology. 
A co-clinical trial model that combines molecular cardiac imaging/blood biomarkers (for preclinical risk 
stratification, molecular phenotyping) and studies in human cardiac myocytes derived from induced plurip-
otent stem cells (to assess disease mechanisms) in families with known/unknown causal HCM mutations 
is needed to implement targeted therapies in HCM.

We used isoflurane, which is known to depress systolic function during echocardiography. Use of  iso-
flurane and Simpson’s method (which was used to compute ejection fraction) could explain the lower ejec-
tion fractions in our study, when compared with previous studies in HCM mice by other groups (12, 64, 
92). Notwithstanding this limitation, we believe that the differences observed are valid, since we used the 
same protocol for induction/maintenance of  anesthesia in all animals, which is reflected by similar heart 
rates in the groups studied.

Last, we did not perform rhythm monitoring, stress testing, or electrophysiologic studies. Hence, we 
were unable to directly examine the relationship between abnormalities in metabolism/redox and ventricu-
lar arrhythmias in these 2 HCM mouse models.

Conclusions. To our knowledge, this is the first study of  its kind to directly compare effects of  causal 
HCM mutations in 2 distinct sarcomeric proteins using a combination of  expression analyses and focused 
functional studies in the early stage of  disease. We found mutation-specific effects in the transcriptome, 
miRNome, systolic/diastolic function, redox, mitochondrial Ca2+handling, respiration, ROS scavenging, 
and expression of  profibrotic genes/miRNA. Based on our results we advocate consideration of  a patho-
physiology-centric approach for prevention of  the HCM phenotype.
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Methods
See Supplemental Materials for detailed methods.

Statistics. Data are represented as mean ± SD unless otherwise noted. Fluorometry data were analyzed 
using Origin8 software (OriginLab). Graphs were generated using GraphPad Prism 7.02 software. Two-
tailed Student’s t test was used to compare data from each mutant to that of  its respective littermate control. 
Correction for multiplicity of  testing was performed by applying Bonferroni’s correction when multiple 
measurements were performed in a sample. A P value less than 0.05 was considered significant.

Study approval. All procedures involving the handling of  animals were approved by the Animal Care 
and Use Committee of  the Johns Hopkins University and adhered to NIH Public Health Service guidelines.

High-throughput RNA sequencing data. The Sequence Read Archive (SRA) accession number for the 
mRNA-seq and miRNA-seq libraries reported herein is SRP083078.
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