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Perturbed biomechanical stimuli are thought to be critical for the pathogenesis of a number of 

congenital heart defects, including Hypoplastic Left Heart Syndrome (HLHS). While embryonic 

cardiomyocytes experience biomechanical stretch every heart beat, their molecular responses to 

biomechanical stimuli during heart development are poorly understood. We hypothesized that 

biomechanical stimuli activate specific signaling pathways that impact proliferation, gene 

expression and myocyte contraction. The objective of this study was to expose embryonic mouse 

cardiomyocytes (EMCM) to cyclic stretch and examine key molecular and phenotypic responses. 

Analysis of RNA-Sequencing data demonstrated that gene ontology groups associated with 

myofibril and cardiac development were significantly modulated. Stretch increased EMCM 

proliferation, size, cardiac gene expression, and myofibril protein levels. Stretch also repressed 

several components belonging to the Transforming Growth Factor-β (Tgf-β) signaling pathway. 

EMCMs undergoing cyclic stretch had decreased Tgf-β expression, protein levels, and signaling. 

Furthermore, treatment of EMCMs with a Tgf-β inhibitor resulted in increased EMCM size. 

Functionally, Tgf-β signaling repressed EMCM proliferation and contractile function, as assayed 

via dynamic monolayer force microscopy (DMFM). Taken together, these data support the 

hypothesis that biomechanical stimuli play a vital role in normal cardiac development and for 

cardiac pathology, including HLHS.

Keywords

Hypoplastic Left Heart Syndrome; Mechanical Stretch; Cardiomyocytes; Gene regulation; 
Contractility; Cardiac development

1. Introduction

Understanding the biomechanical and biochemical mechanisms of congenital heart disease 

is critical to reducing patient morbidity and mortality. Hypoplastic Left Heart Syndrome 

(HLHS), which occurs ~4 out of 10,000 live births, is one of the most severe and costly 

congenital defects[1]. HLHS presents with an insufficiently sized left ventricle that is unable 

to provide proper blood flow to the systemic circulation. While some genetic mutations have 

been correlated with HLHS[2–5], the majority of HLHS cases are idiopathic. This lack of 

understanding regarding the pathogenic drivers involved in this syndrome has impaired both 

the development of treatments and prognostic tools for HLHS. Interestingly, the proposed 

involvement of abrogated mechanical stimuli in the development of HLHS has led to the 

intriguing possibility that novel biomechanically modulated molecular pathways are 

causative for this disease.

Observations of fetal echocardiograms in HLHS patients have led to the hypothesis that 

disruption of biomechanical stimuli results in perturbed growth of the left ventricle[6–8]. 

Narrowing of the foramen ovale or mitral valve in utero decreases the diastolic filling of the 

left ventricle, reducing mechanical stretch stimuli on developing cardiomyocytes, and 

impairing left ventricular growth. This hypothesis is supported by data from model 

organisms (e.g. embryonic sheep and chicken), in which a reduction of left atrial size 

resulted in decreased diastolic filling of the left ventricle and development of a HLHS 

phenotype[9–13]. In addition to physiological changes, examination of postnatal 

cardiomyocytes from HLHS patients revealed a decrease in proliferation-related genes[14]. 
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At the cellular level, animal models for HLHS were also shown to have decreased 

embryonic cardiomyocyte proliferation and increased apoptosis, recapitulating key features 

of the disease[10, 12]. Despite the progress in modeling HLHS, there is little information 

about the specific molecular signals that are impacted by biomechanical stimuli at the 

cellular level. Given this lack of knowledge about the molecular pathways involved in the 

pathogenesis of HLHS, understanding the response of embryonic cardiomyocytes under 

biomechanical stimuli is critical.

In this effort, we hypothesized that biomechanical stimuli promote embryonic 

cardiomyocyte growth via stretch-activated signaling pathways. To test this hypothesis, we 

utilized an in vitro model in which embryonic mouse cardiomyocytes (EMCMs) were 

exposed to biomechanical stretch. Our results demonstrated that in vitro stretch increased 

both proliferation and size, indicating a direct link of stretch loading to EMCM growth and 

proliferation. Additionally, stretch modulated the levels of key myofibrillar factors such as 

myosin heavy chain and Titin. Bioinformatic analyses of mRNA-sequencing (RNA-Seq) 

data from stretched and static cells demonstrated significant enrichment of gene ontology 

groups (GO) involved in myofibrillogenesis and heart development. In addition, previously 

identified stretch-responsive pathways (e.g. focal adhesion, GTPase, integrin, cytoskeletal, 

calcium ion binding, oxidoreductase activity) were modulated under biomechanical stretch. 

Together, these data demonstrated that cyclic stretch is sufficient to promote phenotypic and 

gene expression changes in EMCMs.

One molecular pathway that is suggested to be involved in HLHS pathology is the Tgf-β/

SMAD signaling pathway[15, 16]. Tgf-β signaling has long been known to play crucial roles 

in development and disease. Indeed, activation of Tgf-β receptors controls the expression of 

Tgf-β-dependent genes by way of the SMAD proteins, which shuttle from the membrane-

bound receptor to the nucleus to modulate gene-expression in a phosphorylation-dependent 

mechanism. During embryonic development, signaling through Tgf-β receptors is thought to 

play important roles in the selection of cell-lineage and cell-fate, as well as in the migration 

and homing of cells. Characterization of the Tgf-β/SMAD signaling pathway has provided 

insights into the plasticity of cell differentiation. Indeed, cells may undergo Tgf-β-dependent 

lineage transitions, for example epithelial-mesenchymal transdifferentiation (EMT), which 

is integral for normal embryo development and organogenesis[17]. In the heart, EMT is 

known to contribute to valve development[18]. Tgf-β2-knockout mice display perinatal 

lethality and congenital heart defects, with a hypercellular myocardium and an enlarged 

right ventricle[19]. Abnormal EMT caused by pathological Tgf-β signaling was shown to 

cause fibrosis and to play a role in tumor metastasis[17] During cardiomyopathy, Tgf-β 

signaling is thought to activate resident cardiac fibroblasts, leading to excessive fibroblast 

proliferation, cardiac fibrosis, and stiffening of the heart through excessive deposition of 

extracellular matrix. There is ongoing discussion that physiologic growth and pathologic 

hypertrophy of cardiomyocytes represent different pathways[20, 21]. Moreover, there may 

be a developmental stage specific (embryonic vs. neonatal/adult) difference in the 

cardiomyocyte response to Tgf-β signaling.

Intriguingly, pathological alterations to Tgf-β signaling have been implicated in the 

development of HLHS in humans. Specifically, the expression levels of Tgf-β pathway 
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genes were lower in the right ventricles of HLHS patients compared to tissue samples from 

left and right ventricles of patients without heart disease[15]. Right ventricular tissue of 

HLHS patients experiences more stretch since these right ventricles have to pump the blood 

volume that is normally handled by both ventricles. Conversely, a recent report shows that 

left ventricular tissue from fetal HLHS patients, which experiences decreased stretch, has 

increased expression and activation of Tgf-β1[16]. Indeed, data from stem cell experiment 

provide evidence that activated Tgf-β signaling inhibits cardiomyogenesis[22–24]. 

Furthermore, data from cultured neonatal rat cardiomyocytes suggest that Tgf-β signaling 

inhibits cardiomyocyte proliferation in vitro[25, 26]. Together, these data support the 

concept that downregulation of Tgf-β signaling could play a role in proper cardiac 

development, and that pathological deregulation of this signaling pathway during 

development may drive the pathogenesis of HLHS.

Given these data, we chose to examine the Tgf-β pathway in detail to better understand the 

mechanism of biomechanical stretch. Herein, we observed that stretch stimulation was 

sufficient to decrease Tgf-β family member expression, protein levels, and signaling in vitro. 

EMCM size was increased when Tgf-β signaling was inhibited. In contrast, activation of 

Tgf-β signaling led to decreased proliferation, contractile force, and beating frequency of 

EMCMs. Bioinformatic analyses predicted SMAD3 binding sites within 5kb the 

transcriptional start sites of the majority of stretch responsive genes that are responsible for 

myofibrillogenesis and normal heart development. Taken together, our findings presented in 

this study demonstrate that the in vitro stretch of EMCMs can serve as a model to study the 

contribution that biomechanical stimuli play in normal cardiac development and in the 

development HLHS.

2. Methods

2.1 Embryonic mouse cardiomyocyte (EMCM) culture

EMCMs were harvested from E16.5 wild-type Swiss Webster mouse embryos (Charles 

River) using standard methods[27] under an IACUC-approved protocol.

2.2 Biomechanical EMCM stretch analyses

EMCMs were grown on Collagen-I-coated Bioflex plates (BF-3001C Flexcell 

International). EMCMs were concurrently exposed to cyclic stretch of 16% at 1 Hz for 24h 

using a Flexcell FX-5000 Tension system (Flexcell International), and to static condition 

(control) on Bioflex plates.

2.3 RNA Extraction

RNA was extracted from the EMCMs using the RNeasy Mini kit (Qiagen). The 

concentration of RNA was determined at 260 nm using ND-1000 (Nanodrop) and all RNA 

was assessed for integrity using an Agilent 2100 Bioanalyzer. Only samples with a RNA 

Integrity Number of >8 were used for mRNA sequencing experiments.
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2.4 Library Construction

Libraries were generated from three biologic replicates for each condition. Purified RNA 

was sheared and used to prepare an Illumina sequencing library using the Illumina TruSeq 

RNA Sample lit (Illumina, San Diego, CA). Briefly, 1 μg of the total RNA was fragmented 

and converted to double stranded cDNA. Illumina-platform-specific adaptors were then 

ligated to the DNA, and library molecules were amplified using PCR in accordance with 

Illumina standard protocols. The first step involved purifying the polyA+ mRNA using 

polyT oligo-attached magnetic beads. Following purification, the mRNA was fragmented. 

The cleaved RNA fragments were copied into first strand cDNA using reverse transcriptase 

and random primers followed by second strand cDNA synthesis using DNA Polymerase I 

and RNase H. The resulting cDNA fragments were end-repaired via the addition of a single 

‘A’ base, and Illumina sequencing adapters were ligated. The DNA products were purified 

and enriched via PCR to generate the final cDNA library. The sequencing library was 

quantified, and its insert sizes were validated by Agilent 2100 Bioanalyzer analysis.

2.5 RNA-Seq

The RNA sequencing libraries were loaded onto the Illumina cBot Cluster Station (Illumina, 

San Diego, CA) where they bound to complementary adapter oligos grafted onto a 

proprietary flow cell substrate. Libraries were generated from three static and three stretched 

samples. Isothermal amplification of the cDNA construct was carried out creating clonal 

template clusters of approximately 1,000 copies each. The Illumina HiSeq2500 directly 

sequenced the resulting high-density array of template clusters on the flow cell using 

sequencing by synthesis. Four proprietary fluorescently labeled reversible terminator 

nucleotides were utilized to sequence the millions of clusters base by base, in parallel. 

Single-end sequencing was performed which generated 30 million short reads, 50bp in 

length per sample. The data generated by the sequencer was formatted to FASTQ format 

using the Illumina data analysis pipeline with sequences and associated Phred quality scores. 

An Illumina default quality score of Q30 was used equating with 99.9% base call accuracy. 

Low quality reads were filtered out to exclude those most likely representing sequencing 

errors.

Analysis of sequencing data involved the following steps: mapping the sequencing tags to 

the reference mouse transcriptome using the Bowtie aligner[28], assembling read counts via 

transcript-level expression summaries, normalizing the data based on total counts to adjust 

the counts for variance in sequencing depths, significance analysis of sequencing data and 

false discovery rate (FDR) analysis using the samR package, generation of significant 

transcripts lists, and Gene Ontology (GO) and Pathway Analysis.

2.6 samR analysis

samR[29] was used to detect differential expression in the RNA-Seq data. In order to 

calculate the FDR, the repeated permutation of the data was done to determine if the 

expression of any genes is significantly related to the response. The output file that SAM 

generated consisted of all the significant genes with the SAM score or the statistic value and 

also the associated q value. The significant genes were sorted based on their q value and the 
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fold change, and a significant gene list with the most significant genes at the top was 

generated.

2.7 Statistical analysis of pathways and gene ontology terms

Each gene ontology term or pathway was treated simply as a set of genes. The transcript list, 

sorted by q-value in ascending order, was translated into Entrez gene ID’s and parsed so 

several different probes represent the same gene. Only the highest-ranking transcript was 

kept for further analysis. The sorted list of genes was subjected to a non-parametric variant 

of the Gene Set Enrichment Analysis, in which the p-value of a gene set of size n was 

defined as follows: let us denote the kth highest rank in gene set as rk, and define pk as the 

probability that out of n randomly chosen ranks (without replacement) the k-th highest is not 

smaller than rk. The p-value of the gene set was defined as min k [Pk] and was designed to 

detect the overrepresented gene sets at the top of the list.

These data were then subjected to a Bonferroni adjustment of gene set p-values for the 

number of gene sets tested. There were often several gene sets with overlapping gene 

content (and therefore statistically dependent). This overlap was partly due to the design of 

the gene ontology database and partly because genes tend to be involved in multiple 

processes. Thus, significant terms should not be reported as independent gene sets. Instead, 

we clustered the significant gene sets using variation of information as the distance 

metric[30] and presented them graphically in this context. Gene sets that clustered together 

generally shared a number of member genes.

Heatmaps of expression levels were created using in-house hierarchical clustering software. 

The colors qualitatively corresponded to fold changes with respect to a reference, which was 

calculated as the mid-point between compared groups.

2.8 Proliferation quantification

5–ethynyl–2–deoxyuridine (EdU) staining was performed using the Click-it EDU kit 

(Invitrogen). The n cited in the figures represented biological replicates. Data was presented 

as previously described [31].

2.9 Flow cytometry

Single cell suspensions of EMCMs were fixed with 4% PFA, filtered, and the acquisition of 

cells was obtained using the Accuri flow cytometer (BD Biosciences). Sided scatter on live 

cells and mean fluorescent intensity were quantified using Flowjo software (Tree Star). The 

n cited in the figures represented biological replicates.

2.10 Real-Time PCR

cDNA was prepared using Superscript III (Invitrogen). Quantitative Real Time PCR (qPCR) 

was performed using TaqMan primers (Applied Biosystems) and SYBR Green primers for a 

panel of cardiac and Tgf-β genes. ΔΔCT values were calculated; Gapdh was used as the 

endogenous control. The n represented biologic replicates. Nkx2.5, Notch1, Srf, and Tgfbr1 

primers were Taqman primers. SYBR primer sequences are listed below and were validated 

using MIQE protocols as previously described[32].
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Myocd Forward-GGGTGCGCACAGATGACTGGT
Reverse-TCTTCCCTGGCATCGGCTGG

Myh6 Forward-CTGCTGGAGAGGTTATTCCTCG
Reverse-GGAAGAGTGAGCGGCGCATCAAGG

Myh7 Forward-CTACCCTCAGGTGGCTCC
Reverse-TGTGCCTCCAGCCTCTCCTT

Tgfb1 Forward-CTCCCGTGGCTTCTAGTGC
Reverse-GCCTTAGTTTGGACAGGATCTG

Tgfb2 Forward-CTTCGACGTGACAGACGCT
Reverse-GCAGGGGCAGTGTAAACTTATT

Tgfb3 Forward-CCTGGCCCTGCTGAACTTG
Reverse-TTGATGTGGCCGAAGTCCAAC

Tgfbr2 Forward-CCGCTGCATATCGTCCTGTG
Reverse-AGTGGATGGATGGTCCTATTACA

Ttn2ba Forward-GGCGGTGCCTGCAGGTTAGA
Reverse-GGTGGTTCTTGCACAATCAGGGC

Ttn2b Forward-GCCCCCGAGTCGATTCTGCAT
Reverse-AGGCTAGCAATTTCTTTCATCTCCA

Map4k4 Forward-GCTAAGCAAACGGGCAGAGGA
Reverse-CAGGTGGGACCACTGTACCTGT

2.11 Western blotting

Western Blotting was performed as previously described[33]. Briefly, samples were boiled 

and loaded onto 4–20% polyacrylamide gels (BioRad). Protein samples were run at ~120V 

for one hour and transferred onto nitrocellulose membranes via wet transfer. Protein loading 

levels were checked using Ponceau staining and blocked in either 5% milk/TBST or 3.5% 

BSA/TBST. Membranes were then probed using primary antibodies for Rabbit anti-Tgf-β1, 

Tgf-β2, Tgf-β3, Tgf-βr1, Tgf-βr2, SMAD-3, Phospho-SMAD-3, total JNK (Cell Signaling), 

mouse anti-sarcomeric myosin heavy chain (clone 1025, Developmental Studies Hybridoma 

Bank) and mouse anti-GAPDH (Santa Cruz). For analysis of Titin isoforms and protein 

levels, vertical agarose gel electrophoresis (VAGE) was used as previously described[34, 

35]. Briefly, cells were homogenized into VAGE sample buffer (8M urea, 2M thiourea, 3% 

SDS, 75mM DTT, 50mM Tris-HCl, pH 6.8). Separation of protein samples was done using 

1% SDS-agarose gels (384mM glycine, 30% glycerol (v/v), 0.1% SDS (w/v), 50mM Tris-

HCl, pH8.8), followed by western blotting onto nitrocellulose membranes. Protein loading 

was determined by Ponceau staining, and membranes were incubated with Titin-T11 

antibody (Sigma Aldrich) in 5% BSA/TBST over night at 4°C. After washing off unbound 

primary antibody using TBST, membranes were incubated with HRP-linked anti mouse 

antibodies (Jackson) for 2 hours at room temperature. After washing in TBST, membranes 

were developed and exposed to X-ray films. Densitometry to determine protein amount was 

performed as previously described[33]. Sample size n represents biologic replicates.

2.12 Prediction of stretch-responsive transcription factors

The 5kb gene promoters of stretch responsive genes from specific GO-terms were scanned 

for statistical enrichment of evolutionarily conserved (human to mouse) transcription-factor-

binding sites in the TRANSFAC professional database using Whole Genome RVista[36].
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2.13 TGF-β2 treatment

EMCMs were treated with 1ng/ml of TGF-β2 (R&D Systems) and then exposed to static or 

stretch conditions for 24h as described above. Untreated EMCMs were used as controls.

2.14 ITD-1 treatment

EMCMs were treated with 5μM ITD-1, aTGFβR2 inhibitor[23], for 24h. Given, ITD-1 is 

dissolved in DMSO, DMSO treatment was used as the control condition.

2.15 Dynamic Monolayer Force Microscopy (DMFM)

We developed Dynamic Monolayer Force Microscopy to quantify the traction forces applied 

by a confluent cell sheet on their substratum and the cumulative mechanical stresses 

transmitted through the cell sheet. EMCMs were plated on polyacrylamide gel pads with 

Young modulus E = 10 KPa. The gel pads were seeded with 0.2-μm green fluorescent beads 

and their surface was coated with collagen (Fig 3A and supplemental Video). A spinning-

disk confocal microscope at 20X was used to acquire time-lapse sequences of the periodic 

cell contraction at a time resolution of 20 Hz. As the cells contracted, they generated 

deformations in their substratum, which were measured by tracking the motion of the 

fluorescent beads using standard image cross-correlation techniques (supplemental Video). 

The traction stresses were determined from the measured deformations by solving the partial 

differential equations of equilibrium for the polyacrylamide substratum, which behaved like 

a linearly elastic medium, as previously described[37, 38]. Dynamic analysis of the 

deformation[39] allowed for the traction stresses to be determined during several contraction 

cycles without removing the cells from the gel pads. The cumulative intracellular stresses 

transmitted through the cell sheet were determined by solving the Kirchhoff-Love equations 

of mechanical equilibrium for a thin elastic plate subject to the forcing created by the 

measured traction stresses, using previously described methods[40, 41]. Overall intracellular 

stress was quantified for each sample by spatially averaging the maximum principal value of 

the intracellular stress at the instant of peak contraction.

Since the cell proliferation and size changed between the test groups, it is important to 

demonstrate that the calculated internal cell sheet stresses were independent of both cell size 

and the height of the cell sheet. First, let us prove that the Kirchoff-Love hypothesis was still 

valid even if the cell culture under study was not a monolayer sensu stricto. In order for this 

hypothesis to hold, it is sufficient that the lateral dimension L of the cell sheet is much larger 

than its thickness, h. In our experiments, the lateral dimension of the field of view was 

L>300 microns both in x and y. Now, it is quite safe to expect that h did not exceed two or 

three cell heights, as existing data indicates that cell proliferation increases by no more than 

30% after 24 hours[42]. Thus, in the worst-case scenario and assuming a conservative cell 

height of 10 microns, we would have sheet thickness of h = 30 microns. Even in that worst-

case scenario, we would have L > 10 × h. Thus, Kirchhoff–Love theory still held even if the 

cell sheet was not a pure monolayer. Second, let us demonstrate that the measured cell sheet 

stresses in our experiments were independent of 1) cell area 2) cell height and the thickness 

of the sheet. This independence was a direct consequence of the form of the equilibrium 

equations employed to determine the internal cell sheet stresses[41], where the forcing term 

was the measured traction stress normalized by the thickness of the cell sheet, T/h. Because 
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traction stresses were already normalized for cell area and changes in sheet thickness were 

accounted for by the denominator of the forcing term, the measured cell sheet stresses were 

not affected by cell area, cell height or the thickness of the sheet.

Statistical comparison of populations was performed using the non-parametric Mann-

Whitney U test (also known as Wilcoxon rank-sum test) to test the null hypothesis that 

meadian intracellular stresses in two populations were the same, against the alternative 

hypothesis that one particular population had higher values than the other.

2.16 Statistics

Unless otherwise stated (e.g. the RNA-Seq and DMFM), p-values were calculated using 

Student t-test. p<0.05 was considered statistically significant. The error bars in all of the 

graphs represents standard error of the mean expect for the DMFM data which has a box and 

whisker plot.

3. Results

3.1 RNA-Seq GO-terms

Perturbed biomechanical stimuli are thought to be critical for the pathogenesis of 

Hypoplastic Left Heart Syndrome (HLHS). Understanding the effects of biomechanical 

stimuli can therefore yield key insight into cardiac development and pathogenesis. To 

investigate the effect of these stimuli on EMCMs and to identify key stretch-responsive 

pathways, we performed unbiased examination of the cardiac transcriptome of EMCMs 

exposed to stretch via mRNA-Sequencing (RNA-Seq). Bioinformatic analyses of the RNA-

Seq data demonstrated a significant enrichment of gene ontology (GO) groups important for 

cardiac development and function, e.g myofibril (p=3.75×10−25) and heart development 

(p=8.37×10−20) (Table 1). Other novel GO-terms in the RNA-Seq data that were modulated 

by stretch include terms associated with transcription (9.72×10−4) and translation regulation 

(7.97×10−18) (Supplemental Figures 2–4).

In addition to our observation that stretch modulates GO-terms associated with cardiac and 

myocyte development, bioinformatics analysis also identified GO-terms that have 

components known to be stretch-responsive[43–48]. Specifically, GO-terms associated with 

focal adhesion (3.69×10−4), GTPase regulator activity (1.04×10−5), integrin binding 

(4.95×10−6), cytoskeletal (1.21×10−18), calcium ion binding (1.43×10−6), oxidoreductase 

activity (3.65×10−10), and intracellular protein kinase cascade (3.63 x10−6), were modulated 

by cyclic stretch. We further explored the role of stretch-modulated kinases. Particularly, we 

examined if stretch was able to modulate the c-Jun N-terminal kinase (JNK) pathway, as 

components of this pathway had been previously associated with the stretch response of 

cardiomyocytes[48]. Expression of mitogenic-activated protein kinase kinase kinase kinase 

isoform 4 (Map4k4), an activator of JNK, was increased under stretch in both RNA-Seq 

analysis (17%, p=6.60 × 10−6) and qPCR (67%) confirmation. Additionally, we found that 

the protein levels of JNK were increased by cyclic stretch (Supplemental figure 5), 

corroborating our data that cyclic stretch increased Map4k4 expression and activation of the 

JNK pathway.
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Our RNA-Seq data demonstrated that cyclic stretch modulates a number of known and novel 

stretch-mediated pathways at the transcriptional and protein level. The modulation of GO-

terms associated with myofibrillar and heart development, transcription and translation 

regulation provides further evidence that biomechanical stretch is an important stimulus for 

EMCMs. Taken together, these findings support the idea that cyclic stretch is important for 

cardiomyocyte development and maturation, and that our experimental system modulated 

canonical stretch response pathways, like the JNK signaling pathway.

3.2 Cyclic stretch increases expression of cardiac genes, proliferation, EMCM size, and 
myofibril protein levels

Given that stretch modulated GO-terms associated with cardiac growth and development, 

we performed phenotypic analyses along with qPCR examination of key cardiac genes. We 

observed that EMCMs exposed to cyclic stretch exhibited a 21% increase in proliferation 

(p<0.001) (Figure 1A). Flow cytometry side scatter analyses (SSC)[49] were used to 

quantify EMCM size. Stretched EMCMs were 33% larger (p<0.001) compared to static 

controls (Figure 1B). We performed qPCR for candidate key cardiac genes that have 

important roles in EMCM development and/or function. We concentrated on Myocardin 

(Myocd), Nkx2.5, Notch1, and Serum Response Factor (Srf) due to their important roles in 

EMCM gene development and function, as well as myosin heavy chains (Myh6, Myh7) and 

Titin (Ttn) for their role in myofibrillogenesis and cardiac differentiation. These key genes 

displayed significantly elevated mRNA levels in stretched EMCMs versus static controls 

(Figure 1C). Intriguingly, Titin mRNA levels were only increased for the longer N2BA 

isoform, while increases in the mRNA levels for the shorter N2A isoform were not 

statistically significant (Figure 1C, right). The increase in myosin heavy-chain and Titin was 

further validated by immunoblot analysis. Expression levels of sarcomeric myosin heavy-

chains increased 1.4 fold in stretched versus static EMCMs (Figure 1E), corroborating the 

increase in expression levels of Myh genes. While the overall Titin protein level remained 

unchanged (relative Titin expression levels of 1.0±0.2 static vs. 1.2±0.6 stretch, p=0.39), 

cyclic stretch modulated Titin isoform expression (Figure 1D). Isoform specific analysis of 

Titin immunoblots revealed a remarkable shift towards the longer, more compliant N2BA 

isoform in stretched samples, compared to samples under static condition, where the 

majority of Titin was in the shorter less compliant N2A isoform (Figure 1D, lower left 

panel). Together, these data demonstrated that cyclic stretch is sufficient to increase the 

proliferation, growth, and cardiac gene expression in EMCMs.

3.3 Stretch decreases expression, protein levels, and activity of the Tgf-β pathway

Published reports examining samples from HLHS patients indicated that Tgf-β signaling is 

altered in vivo. Specifically, right ventricles of HLHS patients were found to display changes 

in the Tgf-β/SMAD signaling pathway[15]. Additionally, left ventricles of fetal HLHS 

patients displayed increased expression of Tgf-β1[16]. These data obtained from patient 

samples suggest that Tgf-β and its pathway components may be critically involved in HLHS 

pathology. Interestingly, examination of our RNA-Seq data also identified the Tgf-β 

signaling GO-group as significantly modulated by stretch (p=3.95×10−5). We therefore 

examined the role that Tgf-β activation plays for cardiac development and function using 

our stretch-activated EMCMs.
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Stretch significantly decreased mRNA and protein levels of Tgf-β family members as well 

as their receptors in EMCMs (Figure 2A–C). Canonical activation of Tgf-β leads to 

subsequent phosphorylation of SMAD2/3, which shuttles into the nucleus to modulate gene 

expression. To assess the activity of Tgf-β signaling in stretched EMCMs, we examined 

SMAD3 phosphorylation levels. Stretched EMCMs had significantly decreased phospho-

SMAD3 levels compared to controls (Figure 2D and E). Given that activated SMAD2/3 can 

modulate the transcription of target genes, we examined if SMAD3 binding sites were 

enriched in the proximal promoters of stretch responsive genes. To identify and examine 

stretch-responsive targets of Tgf-β signaling, we utilized Global regulatory VISTA 

(rVISTA), a bioinformatic tool that identifies conserved transcription factor binding sites in 

promoter regions of genes that are located within 5kb of the transcriptional start site[36]. 

Global rVISTA analyses predicted conserved SMAD3 binding sites in 65% of stretch-

responsive myofibrillar genes (p=3.03×10−8) and in 66% of genes involved in heart 

development (p=4.96×10−36; Figure 2F). In addition, SMAD3 binding sites were also 

enriched in the proximal promoter regions of stretch responsive genes in GO-terms 

associated with focal adhesion, integrin binding, cytoskeletal, calcium ion binding, 

transcription, and intracellular protein kinase cascade (Supplemental figure 6).

These data demonstrated that cyclic stretch downregulates mRNA and protein levels of Tgf-

β family members along with repressed Tgf-β signaling, as shown by decreased phospho-

SMAD3 levels. Additionally, rVISTA analysis predicted that the majority of stretch-

responsive genes in GO-terms associated myofibrillar and cardiac development are targets 

of Tgf-β signaling.

3.4 Tgf-β2 inhibits stretch-mediated proliferation

Tgf-β signaling influences a great number of target pathways that alter cell function. We 

therefore examined key functions in EMCM cellular physiology (proliferation, growth, and 

contractility). Cell-biological studies that disrupted the Tgf-β pathway in cardiomyocytes 

(embryonic to neonatal) and cardiac stem cells suggested that Tgf-β signaling represses 

EMCM proliferation under static conditions[23–26]. To investigate if Tgf-β repression is 

necessary for the stretch-mediated increase in EMCM proliferation, we treated EMCMs with 

Tgf-β2 and exposed these cells to cyclic stretch. Our results showed that Tgf-β2-treated 

stretched EMCMs had a 20% reduction in proliferation compared to untreated stretched 

controls (p<0.05; Figure 3A). Given that Tgf-β is repressed during stretch-mediated 

proliferation of EMCMs, and now that the addition of Tgf-β2 during stretch abrogates the 

proliferative response, we concluded that Tgf-β signaling negatively modulates the stretch-

mediated proliferation of EMCMs. Furthermore, our results demonstrated that the repression 

of Tgf-β signaling, via stretch, positively modulates stretch-mediated proliferation.

3.5 ITD-1 promotes EMCM growth

Reduced Tgf-β signaling had been previously linked to increased proliferation of 

cardiomyocytes (embryonic to neonatal) and cardiac stem cells [23–26]. However, the role 

of Tgf-β signaling on cardiomyocyte growth had not been previously investigated. To 

determine if Tgf-β inhibition was sufficient to increase cardiomyocyte size, we treated 

EMCMs with the Tgf-βr2 inhibitor ITD-1[23]. We targeted Tgf-βr2 since it is the non-
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promiscuous receptor required for canonical Tgf-β signaling. Moreover, Tgf-βr2 was 

previously reported to be decreased in myocardial samples from HLHS patients exposed to 

increased stretch[15]. In our experiments, ITD-1 treated cells were 69% larger than DMSO 

treated control EMCMs (p<0.001; Figure 3B). Thus, our data demonstrated that inhibition of 

Tgf-β signaling by ITD-1 is sufficient to increase EMCM size.

3.6 Tgf-β2 decreased cardiomyocyte contractility

Systolic function is critical to maintain cardiac output. We examined if Tgf-β is able to 

modulate EMCM contractility in vitro using a novel dynamic monolayer force microscopy 

(DMFM) analysis (Figs 4A–C and Supplemental Video 1). In order to quantify how strongly 

EMCMs contracted against their substrate, we quantified the mechanical stresses generated 

by a confluent cell sheet of spontaneously beating EMCMs on the substratum. We used 

these data to deduce the spatio-temporal distribution of intracellular stress generated by and 

transmitted through the cell sheet by invoking mechanical equilibrium of the sheet (heat map 

in Figs. 4D, E and Supplemental Videos 2 and 3). Using this DMFM analysis, we observed 

that Tgf-β2 treated EMCMs had a 40% reduction in intracellular stresses as compared to 

untreated controls (median 29 Pa vs. 47 Pa, p<0.05; Figure 4F), and a 60% increase in 

beating period (median 0.95 s vs. 0.60 s, p<0.001; Figure 4G). Based upon these data, we 

concluded that Tgf-β2 is sufficient to repress EMCM contractile force and beating 

frequency.

4. Discussion

Uncovering biomechanically modulated molecular pathways can offer key insight into the 

role of mechanical stimuli in normal cardiac development and cardiac pathology (e.g. 

HLHS). Examinations of patients with HLHS indicate that their hearts have significant 

changes in biomechanical loading and signaling in utero when compared to normally 

developing hearts. These alterations in biomechanical load lead to the hypothesis that 

abrogated mechanical stimuli directly result in aberrant cellular signaling. In this study, we 

utilized EMCMs exposed to cyclic stretch to unveil and characterize mechano-sensitive 

signaling pathways through RNA-Seq. Our results showed that stretch stimulates cardiac 

gene expression, proliferation, cell-growth, and myofibril proteins. We also found that Tgf-

β/SMAD pathway is repressed by cyclic stretch, and that inhibition of Tgf-β signaling 

results in increased EMCM growth. Furthermore, Tgf-β2 inhibited both stretch-mediated 

EMCM proliferation and decreased collective EMCM contractility, as measured by DMFM.

Mechanical stretch regulates Tgf-β/SMAD signaling in EMCMs

Pathological deregulation of the Tgf-β pathway had been previously identified in HLHS 

patients [15, 16]. In these studies, right ventricles of HLHS patients experienced increased 

hemodynamic loading, leading to lower expression levels of Tgf-β family members[15]. In 

contrast, the left ventricles of HLHS patients were observed to experience decreased stretch 

and subsequently increased expression of Tgf-β1[16]. These data indicated that the Tgf-β 

pathway is modulated by mechanical stretch in a physiological or pathological way.
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These findings led to our hypothesis that mechanical strain is sufficient to regulate Tgf-β 

signaling and Tgf-β dependent gene expression. In agreement with this hypothesis, we 

observed that cyclic stretch of EMCMs was sufficient to repress the levels of Tgf-β ligands 

and their receptors on the mRNA and protein levels. Moreover, cyclic stretch inhibited the 

downstream activation of SMAD3 in vitro. Also consistent with our hypothesis, we found 

that SMAD3 binding sites were enriched in stretch-modulated genes associated with 

cardiomyocyte differentiation, myofibrillogenesis and contractility. These data corroborated 

studies on neonatal rat cardiomyocytes, which found that inhibition of Tgf-β signaling 

resulted in increased cardiomyocyte proliferation and myofibrillogenesis[25, 26]. Taken 

together, our results from stretched EMCMs reflect the in vivo situation wherein ventricular 

embryonic/neonatal cardiomyocytes experience physiologic stretch during normal cardiac 

development.

Tgf-β signaling modulates EMCM proliferation and size

Given that we observed direct changes to Tgf-β/SMAD signaling under stretch, we 

subsequently sought to understand the effects of this pathway on cellular physiology. To 

investigate the role of Tgf-β signaling on stretched EMCMs, we administered Tgf-β2, 

thereby activating Tgf-β/SMAD signaling. Intriguingly, Tgf-β2-treated EMCMs experienced 

decreased proliferation despite being stimulated by cyclic stretch. Moreover, treatment with 

the Tgf-βr2 inhibitor ITD-1 was sufficient to increase the size of EMCMs. We did not 

observe a change in size between stretched EMCMs and stretch/TGF-β2 treated EMCMs. 

Given that stretch reduces the levels of TGF-β ligands and receptors, it might be necessary 

to increase the levels of the TGF-β receptors during stretch to block the stretch-mediated 

increase in size. Concurrent with these findings, recent studies on left ventricles of HLHS 

patients[16] and experiments on stem cells[22–24] show that activation of Tgf-β signaling 

was sufficient to inhibit cardiomyogenesis.

DMFM was used to measure Tgf-β’s effect on collective EMCM contractility

Many of the GO-terms identified in our stretch experiments were linked to 

myofibrillogenesis and cardiac differentiation. This finding led to the intriguing possibility 

that Tgf-β signaling directly influences contractility. To examine this possibility, we 

developed a novel technique that allowed us to directly observe changes in the contraction 

of EMCMs. When cells contract, they tug on their substratum as well as on their 

neighboring cells. Dynamic monolayer force microscopy (DMFM) allows for the 

quantification of the forces applied by a confluent cell sheet on their substratum and, more 

important, the cumulative mechanical forces collectively transmitted through the cell sheet. 

The latter are relevant to understanding how cellular forces build-up to achieve contraction 

at the tissue and organ level. Cells were seeded on a flexible substratum of known elastic 

properties and the resulting substratum deformation was measured to calculate these forces. 

While force microscopy has been used in other settings, especially in cell migration[37, 38, 

41, 50–57], it has rarely been used with cardiomyocytes or has been limited to single-cell 

assays[39, 58–60]. Published measurements of force build-up in confluent cardiomyocyte 

sheets are non-existent. Force microscopy usually requires removing cells from the 

substratum to obtain undeformed substratum images to use as reference to determine 

deformations. Nevertheless, the development of DMFM has allowed us to measure dynamic 
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intracellular stresses in pulsating cell sheets for the first time based on dynamic analysis of 

substratum deformation[39]. This procedure allows for the mechanical stresses to be 

determined during several contraction cycles without removing the cells from the substratum 

(Figure 3). The broader impact of DMFM is as a powerful, multifaceted tool in cardiac 

biology since it is a novel way to quantify cardiomyocyte contractility in vitro. Using 

DMFM, we observed that Tgf-β2 represses both EMCM contractile force and beating 

frequency and further characterize the role of this biomechanically repressed factor on 

cardiomyocyte function.

Tgf-β/SMAD signaling provide a mechanism by which stretch modulates cardiac gene 
expression

Based upon our data, it is clear that Tgf-β signaling plays a key role in cardiomyocyte 

development and physiology. However, little is known about the direct regulation of genes 

in developing cardiomyocytes by Tgf-β/SMAD. It was previously demonstrated that Tgf-β/

SMAD signaling results in transcriptional regulatory complexes that can activate or repress 

cardiac gene expression[61]. As a result of our bioinformatics analyses of RNA-Seq data 

and global rVISTA analyses, we propose the model that cyclic stretch repression of Tgf-β/

SMAD signaling results in activation of key cardiac genes (Figure 5). These key genes are 

involved in myofibrillar and cardiac development, focal adhesion, integrin binding, 

cytoskeleton, calcium ion binding, and transcriptional regulation. Our model is based on the 

finding that the majority of these key stretch-responsive genes associated are predicted to 

have conserved SMAD3 sites within the genes’ proximal promoters. Indeed, we found that 

many key cardiac transcription factors and myofibril genes were predicted to be under the 

control of Tgf-β/SMAD-dependent signaling (including Gata4, Notch1, Srf and Myocardin, 

the myosin heavy chain genes Myh6 and Myh7, and Titin). In addition to our data, previous 

findings that Tgf-β/SMAD is perturbed in HLHS patients[15, 16] support our proposed 

model.

An additional mechanism by which stretch modulates biologic processes would be via 

isoform switching. In fact, one of the biological processes most impacted in hearts of HLHS 

patients was recently shown to be mRNA isoform switches[62]. Our RNA-Seq data, qPCR 

and immunoblot assays revealed changes in the stretch-induced alternative splicing of Titin, 

which switched from the Titin-N2A to the Titin-N2BA isoform in biomechanically 

stimulated cardiomyocytes. This is result is potentially interesting because Titin-N2A is 

shorter than Titin-N2BA, and Titin isoform length is known to regulate myofibrillar 

compliance[63]. Longer Titin isoforms, which incorporate additional exons encoding for 

unstructured regions result in enhanced muscle compliance, whereas shorter isoforms were 

associated with a decrease in myofibrillar passive compliance. Titin isoform switches are 

developmentally regulated[64–66] and may be influenced in cardiac pathology by growth 

factors, hormones and activation of PI3K/AKT signaling[67, 68]. Generally it was found 

that fetal and neonatal myocardium express the more compliant N2BA isoforms of Titin, 

whereas healthy adult myocardium typically contains the less compliant N2B isoform. Our 

finding that the major Titin isoform in stretched EMCMs is the more compliant N2BA-

isoform recapitulates to a greater extent the in vivo situation in healthily developing fetal 

myocardium. The increase in N2BA observed in stretched ECMCs contrasts with the static 
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control case, where the shorter Titin N2A isoform was more expressed. Previous work[67] 

found no stretch-induced changes in alternative Titin isoform expression. However, species 

differences (rat versus mouse) and differences in the stretch protocol (10% stretch at 0.02Hz 

or 1Hz intervals for 96h, versus 16% stretch at 1Hz intervals for 24h) may account for these 

divergent results.

Recent findings demonstrated that alternative splicing of several key cardiac genes, 

including Titin, is under control of the muscle specific splice factor Rbm20[69]. Using a 

spontaneously mutated animal model[70], these data showed that relatively modest changes 

in the Rbm20 expression level, such as in heterozygous animals, result in dramatic changes 

to Titin isoform distribution. Lower Rbm20 protein levels shifted the Titin isoform 

distribution to the more compliant N2BA variant, whereas the complete loss of the splice 

factor resulted in a giant N2BA variant. Intrigued by these data, we examined if Rbm20 was 

altered in stretched EMCMs versus static controls. Indeed, biomechanical strain 

significantly reduced Rbm20 mRNA levels in our RNA-seq data compared to controls (6% 

downregulation; p=4.55×10−2). More intriguingly, Rbm20 is among the Tgf-β target genes 

identified by our rVISTA analysis. These data demonstrate that biomechanical strain and 

Tgf-β signaling control the regulation of cardiac transcription, splice factors and myofibrillar 

genes.

In summary, we showed that stretch is able to regulate cardiac gene-expression, proliferation 

and cell-growth in a Tgf-β/SMAD dependent manner, which supports our hypothesis that 

biomechanical stimuli play a vital role for normal cardiac development. Clinical data along 

with our in vitro data further demonstrate that cyclic stretch is sufficient to repress Tgf-β 

signaling both in vitro and in vivo. The spatio-temporal deregulation of this signaling 

pathway likely has important clinical implications for HLHS patients.

5. Conclusions

Taken together, these data indicate that repression of Tgf-β signaling is key to the stretch 

response in EMCMs (Figure 5). While we focused on Tgf-β/SMAD, we anticipate that 

additional stretch responsive pathways also play roles in cardiac development and HLHS. 

Analyses of our RNA-Seq data identified additional candidates for stretch responsive 

pathways, which will be examined in future studies and will lend further insight into cardiac 

development and disease. Indeed, modulation of these key pathways could have a significant 

impact on HLHS and other conditions that operate on the biomechanical-molecular axis.
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Highlights

• Biomechanical stimuli are altered in Hypoplastic Left Heart Syndrome.

• Mechanical stimuli activate signaling pathways and regulate embryonic 

cardiomyocytes function.

• Tgf-β signaling altered embryonic cardiomyocytes function (proliferation and 

size).

• Dynamic Force Microscopy found decreased contractile function under Tgf-β 

stimulation.

• Data supports the hypothesis that mechanical stimuli are key for cardiac 

development.
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Figure 1. Cyclic stretch increases EMCM proliferation, size, cardiac gene expression, and 
myofibrillar protein levels
A. EDU staining comparing the proliferation rates of static and stretched EMCMs. Stretched 

EMCMs have a 21.3% increase in relative proliferation compared to static controls (1.21 +/

− 6% vs. 1 +/− 3.2%; p<0.001; n=8–9). B. EMCMs exposed to stretch are 33% larger 

compared to static controls as quantified by flow cytometry (1.42×106 +/− 0.01 vs 1.07×106 

+/− 0.04; p<0.001; n=3). C. qPCR for key cardiac genes demonstrates increased expression 

in stretched EMCMs compared to static controls. Gapdh was used as control. n=4–6. D. 

Immunoblotting showing representative total sarcomeric myosin heavy chain expression and 

Titin isoform levels. Total myosin heavy chain levels are increased in stretched EMCMs. 

Titin N2BA is the predominate isoform in stretched EMCMs, as compared to Titin N2B as 

Banerjee et al. Page 22

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



is seen in static controls. E. Stretched EMCMs have increased Myosin heavy chain levels 

(1.38 +/− 0.10 vs 1 +/− 0.03; p=0.014; n=4). F. Quantification of Titin isoforms. 80.8% +/− 

8.6% of Titin in stretched EMCMs is of the N2BA isoform. In contrast, static 

cardiomyocytes contain 22.8% +/− 9.4% of the Titin N2BA isoform. (the rest is Titin N2B; 

n=4; *p<0.05, **p<0.005, ^p<0.001).
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Figure 2. Cyclic stretch decreased Tgf-β expression and signaling
Since the GO-term associated with Tgf-β was modulated by stretch (p=3.95×10−5), the role 

of Tgf-β signaling in stretched EMCMs was examined. A. qPCR for Tgf-β expression 

demonstrates that cyclic stretch inhibits expression of Tgf-β2, Tgf-β3, and Tgfβr2. B. and C. 

Protein levels of Tgf-β ligands and receptors are decreased in stretched EMCMs. D and E. 

Western blotting for phospho-SMAD3 demonstrates decreased Tgf-β/SMAD signaling in 

stretched EMCMs. F. Global rVISTA analysis (which examines up to 5kb proximal to the 

transcriptional start site) predicts that 65% of stretch responsive myofibrillar (p=3.03×10−8) 

and 66% of cardiac development genes (p=4.96×10−36) have SMAD binding sites within 5 

kb. (n=3 panels A–E; *p<0.05, **p<0.005).
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Figure 3. TGFβ2 modulates proliferation and growth of EMCMs
A. The addition of 1 ng/mg Tgf-β2 during stretch results in 20% reduction in proliferation (1 

+/− 0.05 vs 0.80 +/− 0.05; p<0.05; n=3). B. Embryonic cardiomyocytes treated with ITD-1, 

a Tgfβr2 inhibitor, are 69% larger (1.40×106 +/−0.10 vs 0.83×106+/− 0.03; p<0.001; n=3).
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Figure 4. Tgf-β2 is sufficient to reduce EMCM contractility
A. Bright field and fluorescent images of beating EMCMs obtained for DMFM. 

Fluorescence images at maximum contraction (green) and relaxation (red) are overlaid, 

leading to red/green patterns in regions of large deformation and yellow patterns in regions 

of small deformation. B. Mean squared deformations in the whole fluorescence field 

determined from tracking bead motion. Peaks correspond to maximum contraction while 

valleys correspond to relaxation. C. Model of the equilibrium principle used to determine 

intracellular stresses[40, 41]. D and E. Comparison of traction stresses (arrows) and 
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intracellular stresses (heat map, in Pa) in EMCMs treated with 1ng/ml of Tgf-β2 compared 

to untreated controls, as measured by DMFM. Red represents higher intracellular stress. F. 

Boxplot showing that EMCMs treated with Tgf-β2 display decreased intracellular stress 

compared to controls (p<0.05, WT n=20, Tgf-β2 N=11). G. Boxplot showing that EMCMs 

treated with Tgf-β2 exhibit slower beating period compared to controls (p<0.001, WT n=15, 

Tgf-β2 n=11). Scale bars are 20 μm long.
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Figure 5. Model of how stretch modulates Tgf-β signaling and cardiac development
Based upon our data, we propose that physiologic stretch of developing cardiomyocytes 

represses Tgf-β signaling, which in turn results in increased cardiomyocyte proliferation, 

size, gene expression, and contractile function.
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Table 1
Table of Gene Ontology (GO) terms most modulated by cyclic stretch

Bioinformatics analysis of the RNA-Seq data from EMCMs exposed to 16% stretch at 1 Hz or static 

conditions for 24 h. The GO-terms were selected from the biologic process, cellular component, and molecular 

function based upon having the lowest p-value.

Gene Ontology (GO) Group Bonferroni corrected p-value

Contractile fiber part 2.72E-25

Myofibril 3.75E-25

Contractile fiber 4.37E-25

Regulation of cellular component organization 1.08E-24

Sarcomere 3.94E-24

Cardiovascular system development 6.33E-22

Circulatory system development 6.33E-22

Regulation of cellular protein metabolic process 1.03E-21

Heart development 8.37E-20

Organelle envelope 2.06E-19
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