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Abstract 

Role of microRNA-7 (miRNA-7) in targeting Epidermal growth factor receptor (EGFR/ERBB) family is known in 

dividing cancer cells while less is known about its role in terminally differentiated cardiac cells.   We generated 

transgenic (Tg) mice with cardiomyocyte-specific overexpression of miRNA-7 to determine its role in regulating 

cardiac function.  Despite similar survival, expression of miRNA-7 results in cardiac dilation as measured by 

echocardiography, instead of age-based cardiac hypertrophy observed in littermate controls.  In contrast to the 

classical adaptive hypertrophy in response to TAC, miRNA-7 Tg mice directly undergo cardiac dilation post-TAC 

that is associated with increased fibrosis.  Interestingly, significant loss in ERBB2 expression was observed in 

cardiomyocytes with no changes in ERBB1 (EGFR).  Gene ontology and cellular component analysis using the 

cardiac proteomics data showed significant reduction in mitochondrial membrane integrity reflecting the differential 

enrichment/loss of proteins in miRNA-7 Tg mice compared to littermate controls.  Consistently, electron 

microscopy showed that miRNA-7 Tg hearts had disorganized and rounded mitochondrial morphology indicating 

mitochondrial dysfunction.  These findings show that expression of miRNA-7 uniquely results in cardiac dilation 

instead of adaptive hypertrophic response to cardiac stress providing insights on adverse remodeling in physiology 

and pathology. 
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Introduction  

   Despite advancements, symptomatic heart failure is still a chronically progressive disease with therapeutic 

strategies that only delays outcomes Ref.  The heart responds to the increasing demands of the body by undergoing 

hypertrophic response typically classified as physiological or pathological hypertrophy [14].  Physiological 

hypertrophy is a reversible response to increased exercise or pregnancy [35], while pathological hypertrophy is 

irreversible typically leading to cardiac dilation and heart failure [35].  Cardiac hypertrophy is also observed with 

age and is considered to be a physiological response by the heart to meet the demands of the body.  Given that the 

cardiomyocytes are terminally differentiated, the heart responds to increasing demands of the body by undergoing 
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an adaptive hypertrophic response which over a period of time becomes maladaptive leading to cardiac dilation.  

Though studies have focused on determining molecular components involved in the transition from hypertrophy to 

dilation [6, 41] yet, less is known about these pathways.  Furthermore, it is known that cancer therapeutics including 

targeting of epidermal growth factor receptor (anti-ERBB agents) family members [3, 44] results in cardiac dilation 

of otherwise healthy hearts without an adaptive hypertrophic response [24].     

   

   Epidermal growth factor receptors (EGFRs or ERBBs) mediate cardiac hypertrophic response [10] and are 

represented by four members, ERBB 1 through 4 that either homo- or hetero-dimerize to initiate downstream signals 

[16].  Studies have shown that ERBB1 (EGFR1) and ERBB2 are transactivated following beta-adrenergic receptor 

(βAR) activation [36, 46].   

While activation of ERBB2 by neuregulin (NRG1) re-initiates cardiomyocyte division [4], conditional ERBB2-

knockout mice are characterized by cardiac dilation [11] indicating a key role for ERBB2 in cardiac hypertrophic 

response.  Consistently, cardiomyocyte-specific overexpression of ERBB2 leads to cardiac hypertrophy without 

heart failure [11, 47].  This further supports the role of ERBB2 in adaptive cardiac hypertrophy as anti-ERBB2 

targeted anti-neoplastic therapy in patient’s results in cardiac dilation [13].    

    

   Cardiac remodeling encompassing hypertrophic response and dilation is a complex process, in part mediated by 

microRNAs (miRNAs) [19, 50, 54]  miRNAs mediate these effects by binding to complementary mRNA 

transcripts[2, 25]  Despite their ability to bind multiple mRNAs, expression of miRNAs regulate a primary set of 

proteins resulting in specific phenotypic outcomes.  Given that miRNA-7 is known to target the ERBB receptor 

family in cancer cells [53], and play a role in other disease states [21], we generated a transgenic (Tg) mice with 

cardiomyocyte-overexpression of miRNA-7 (miRNA-7 Tg) as a strategy to target ERBB in the heart.  Consistently, 

cardiomyocyte expression of miRNA-7 results in significant reduction of ERBB2 that is associated with age-based 

cardiac dilation and accelerated heart failure post-TAC.  An observation, reminiscent of the cardiac dilation 

observed with anti-ERBB2 agents [9].  However, recognizing that miRNA-7 could have targets beyond ERRB 

family, proteomics was performed on the miRNA-7 expressing hearts.  Gene ontology cellular component 

networking analysis showed association with mitochondrial dysfunction with relative loss of mitochondrial 

membrane proteins in miRNA-7 Tg mice.  Correspondingly, electron microscopy showed rounded mitochondrial 

morphology indicating mitochondrial dysfunction.  Thus, understanding these pathways will provide insights on 

cardiac dilation as it is the common exacerbated phenotype of heart failure observed in end-stage human heart 

patients and in patients undergoing cancer therapeutics [9, 31].     

 

Methods: 

Experimental Animals:  All mice used in the studies are in C57Bl/6 background.  Transgenic (Tg) mice expressing 

miRNA-7 and littermate controls were used in the study.  Generation of miRNA-7 Tg mice:  Mice with 

cardiomyocyte-specific expression of mature human miR-7-1-5p sequence (5’- 

UGGAAGACUAGUGAUUUUGUUGU-3’) under alpha-MHC promoter were generated at the Transgenic targeting 
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facility (Case Western Reserve University) 8 in the C57BL/6 background.  Four positively identified founders were 

bred with C57BL/6 mice. After back-breeding for three generations, the F3 pups were assessed for expression of 

miR-7-1-5p in the hearts.  Only one founder line showed significant expression of miR-7 which was used in our 

studies.  The Kaplan-Meier procedure was used to calculate survival with time and the data is as % survival over 

days.  Animals were handled according to the approved protocols and animal welfare regulation of IACUC at 

Cleveland Clinic following the approved NIH guidelines.  

 

Transverse Aortic Constriction (TAC) and ERBB2 inhibitor studies:  miRNA-7 Tg mice and littermate controls were 

subjected to pressure overload by performing transverse aortic constriction (TAC) surgery.  Briefly, following 

anesthesia with ketamine and xyalzine, the mouse was connected to a rodent ventilator and surgery performed as 

previously described [36].  Sham operated animals underwent the similar procedure except for the aortic 

constriction.   

 

RNA isolation and northern blotting:  RNA isolation and northern blotting was performed as described previously 

[39]. Briefly, left ventricular tissue was homogenized using TRIZOL (Invitrogen) and integrity of the RNA assessed 

by spectroscopic analysis.  20 μg of RNA was size-fractionated by denaturing formaldehyde gel electrophoresis, 

transferred to nylon membrane and cross-linked.  The membrane was stained with 0.5% methylene blue to visualize 

the transferred RNA and equal loading.  The membranes were de-stained with diethylpyrocarobonate (DEPC)-

treated water and hybridized with [32P] labeled mature miRNA-7 probe.  Following hybridization, the filters were 

washed under stringent conditions to visualize miRNA-7 transcripts by autoradiography.     

 

Quantitative real time-PCR:  Two μg of total RNA was used for reverse transcription (RT) with RT kit (Applied 

Biosystems) using specific primer sets supplied by Taqman kit for miRNA-7-1-5p.  Quantitative real-time PCR 

(qPCR) was performed using cDNA with Taqman real time mix in a BioRad iCycler machine.  The fold change in 

the miRNA levels was determined using RNU6B as an internal control.  ΔΔCt method was used to compare the 

miRNA-7 Tg mice with littermate controls.  The 2-ΔΔCT method was used as relative quantification strategy for 

qPCR data analysis [28]. 

 

Echocardiography:  Echocardiography was performed on anesthetized mice using a VEVO 770 and VEVO 2100 

(VISUALSONICS) echocardiographic machine as previously described [52].  M-mode recording was used to obtain 

parameters functional parameter.    

 

Cardiac lysate and Western Immunoblotting:  Cardiac lysates were isolated as previously described [51].  Briefly, 

the cardiac tissue was homogenized in lysis buffer (1% Nonidet P-40 (NP 40), 20 mM Tris-Cl pH 7.4, 300 mM 

NaCl, 1 mM EDTA, 20% glycerol, 0.1 mM PMSF, 10 μg ml−1 each of Leupeptin, and Aprotinin).  The cardiac 

lysates were centrifuged 38,000 × g for 25 min at 4ºC and the supernatant used for western analysis.  100 µg of total 

cardiac lysates were resolved on a SDS-PAGE gel, transferred to PVDF membranes (BIO-RAD) and western 
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immunoblotting was performed using anti-ERBB2 (Neu) antibody (1:500) followed by chemi-luminescence.  

Similarly, 50 µg of adult cardiomyocyte lysates were used for ERRB2 western immunoblotting studies.  

Densitometry analysis was carried out using the NIH image J software. 

 

Isolation of adult cardiomyocytes:  The mice were anesthetized; the excised heart was immediately cannulated with 

20-gauge needle and mounted to perfusion apparatus. The perfusion buffer contained 113 mM NaCl, 4.7 mM KCl, 

0.6 mM KH2PO4, 0.6 mM Na2PO4, 1.2 mM MgSO4, 0.5 mM MgCl2, 10 mM HEPES, 20 mM D-glucose, 30 mM 

taurine and 20 μM Ca2+ at pH 7.4. Following perfusion for 4 minutes, 150 units/ml of type II collagenase was 

perfused for 15 minutes. All the solutions were maintained at 34 °C and continuously bubbled with 95% O2 and 5% 

CO2. Left ventricular tissue was separated from the atria and right ventricle, minced, and digested in perfusate for 

15 min. The digested heart was filtered through 200 μm nylon mesh, placed in a conical tube, and spun at 100 rpm 

to allow viable myocytes to settle. Serial washes were used to remove nonviable myocytes and digestive enzymes, 

and the adult myocytes were collected.  Isolated cardiomyocytes were used for in vitro isoproterenol stimulated 

cardiomyocyte contractility using the IonOptix System (Myopace, Milton, MA) as previously described [52] and 

subset were lysed in the lysis buffer for western immunoblotting.  

  

Immunohistochemistry:  Immunohistochemistry was performed as previously described [32].  Excised hearts were 

fixed in 5% paraformaldehyde for 24 hours, processed for embedding and sectioning at the institutional imaging 

core.  The sections were stained using standard protocol of the imaging core for H & E, Masson’s trichome and 

Picrosirius Red. Measurement of dilated heart area and area of heart tissue in the transverse sections of the heart 

were performed using the Image Pro-Plus software at the Cleveland Clinic institutional imaging core.  Dilation and 

heart area were measured in the miRNA-7 Tg and their littermate controls allowing for the Image Pro-Plus software 

to assess the area of dilation. 

 

Proteomics, Network analysis and miRNA predicted target analysis:  Cardiac lysates from 3 months old miRNA-7 

Tg and littermate controls (n=3) were resolved on 10% SDS-PAGE gel and stained with coommassie blue.  The 

stained gels were given to the proteomics core facility within Lerner Research Institute, Cleveland Clinic.  In gel 

digestion was performed and the digested proteins from these sample sets were injected for LC-MS.  Relative 

abundance of the proteins were assessed based on comparing the intensities of the observed peptides.  All proteins 

that have differences in expression of more than two fold were used for the networking analysis.  The list of 

statistically significant unique set of proteins differentially expressed between miRNA-7 Tg versus littermate control 

were used to query Gene Ontology (GO) - Biological function, Molecular Function and Cellular component 

database using the ClueGo Cytoscape [5].  The following ClueGo parameters were set wherein, Go Term Fusion 

would select only display pathways with p values ≤ 0.05;  GO tree interval at all levels were set at a term minimum 

of 3 genes with a threshold of 4% of genes/pathway and a kappa score of 0.42. Gene ontology terms are presented as 

nodes and clustered together based on the similarity of genes present in each term or pathway. Node size is 

proportional to the p value for the GO term enrichment.  Proteins are presented as circles wherein, red circles 
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indicate upregulated proteins and blue circles indicate downregulated proteins associated with one of more 

processes.  Predicted targets of miRNA-7 were identified using the publicly available miRNA prediction tool 

miRDB [8] and TargetScan [1]. Analysis of predicted targets for miRNA-7 using miRDB and TargetScan tools 

showed 758 and 508 targets respectively.  These predicted target proteins were compared with our proteomics data 

showing differential expression of proteins in miRNA-7 Tg versus littermate controls.  A Venn diagram was 

constructed to show targets that are common between predicted versus experimentally identified target proteins.  

These set of common proteins present in the proteomics data and prediction tools are represented in the Table 3.    

 

 Transmission Electron Microscopy:  Transmission Electron microscopy on heart tissue was performed at the 

Institutional electron microscopy core.  Heart sample was fixed in 2.5% glutaraldehyde/4% paraformaldehyde in 0.2 

M sodium cacodylate buffer overnight at 4º C.  

Sample was washed three times, five minutes each with 0.2 M sodium cacodylate buffer (pH 7.3).  After wash with 

the buffer, cold water dissolved 1% Osmium Tetroxide was added, followed by sodium cacodylate buffer wash and 

rinsed with Maleate buffer (pH 5.1).  The tissue was stained with 1% uranyl acetate in Maleate buffer for 60 

minutes, washed with maleate buffer and dehydrated by washing with increasing concentrations of cold ethanol 

from 30% through 95% once each time for 5 minutes followed by 100% ethanol three times for 10 minutes each at 

room temperature.  The tissue was incubated in propylene oxide for 15 minutes each for three times and propylene 

oxide was removed by overnight incubation with 1:1 propylene oxide/eponate 12 at room temperature followed by 

pure eponate 12 medium for 4- 6 hours.  The tissue sample was polymerized and semi-thin section of 1 µM were cut 

with diamond knife stained with toluidine blue for observation in a Leica DM5500 light microscope.  Ultra-thin 

sections of 85 nm were cut with diamond knife, stained with uranyl acetate and lead citrate, and observed with a 

Tecnai G2 SpiritBT, electron microscope operated at 60 kV. 

 

Statistics:  Data are expressed as mean + SEM.  Statistical comparisons were performed using an unpaired Student’s 

t-test for two samples comparison and analysis of variance (ANOVA) was carried out for multiple comparisons for 

paired echocardiography parameter analysis.  Post-hoc analysis was performed with a Scheffe’s test.  For analysis, a 

value of * p< 0.05 was considered significant. 

 

RESULTS    

 

Cardiomyocyte-specific overexpression of miRNA-7 leads to cardiac dilation:  To test whether miRNA-7 Tg 

mice express miRNA-7, northern blotting was performed on RNA from the F3 pups miRNA-7 Tg and littermate 

controls.  Significant expression of miRNA-7 in the miRNA-7 Tg mice was observed compared to littermate 

controls (NTg) [Fig. 1a].  To further confirm the expression of miRNA-7, quantitative real time PCR (qRT-PCR) 

was performed that showed significant expression of miRNA-7 in Tg mice [Fig. 1b].  Since miRNA-7 Tg mice 

displayed no overt abnormality in life span, H & E staining was performed on heart sections of 12 month old 

miRNA-7 Tg and NTg mice.  Sections from miRNA-7 Tg mice show marked dilation compared to NTg [Fig 1c].  
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Measurement of heart tissue area using Image Pro-Plus showed significant dilation in the miRNA-7 Tg mice [Fig. 

1d] and was inversely correlated to decreased cardiac tissue area compared to age-matched NTg (12 months) (see 

methods) [Fig. 1e].  As cardiac dilation is observed in 12 month miRNA-7 Tg mice, survival analysis was 

performed over 20 month period.  Interestingly, Kaplan-Meier survival curves show no appreciable differences in 

survival rates between miRNA-7 Tg and NTg mice [Fig. 1f].   

 

Increasing cardiac dysfunction with age in miRNA-7 Tg mice:  Given the similar survival rates despite cardiac 

dilation in miRNA-7 Tg mice, we investigated the cardiac function by echocardiography in miRNA-7 Tg and NTg 

over 18 months.  M-mode echocardiography and functional parameters (left ventricular end-systolic dimeter, 

LVESD; LV end-diastolic diameter, LVESD; % fractional shortening, % FS) showed that miRNA-7 Tg mice has 

significant cardiac dysfunction by 12 months of age that deteriorates further by 18 months [Fig. 2a,b and Table 1].  

Morphometry also showed significant increase in HW/BW ratios in miRNA7-Tg compared to NTg mice [Table 1] 

reflecting adverse cardiac remodeling and exacerbation of cardiac dysfunction due to dilation in miRNA-7 Tg mice.   

 

miRNA-7 Tg hearts have reduced ERBB2 levels:  Studies have shown the members of the epidermal growth 

factor receptor (EGFR) family play a key role in cardiac hypertrophy and growth response [38, 47].  As miRNA-7 

targets ERBB receptor [53], total cardiac lysates were immunoblotted for ERBB2.  Marked reduction in ERBB2 

expression was observed in miRNA-7 Tg mice compared to NTg [Fig. 2c].  To provide unequivocal evidence that 

miRNA-7 expression targets ERBB2 in the cardiomyocytes, adult cardiomyocytes were isolated form miRNA-7 Tg 

and NTg hearts.  Cardiomyocyte lysates were immunoblotted for ERBB2 and EGFR (ERBB1).  Consistently, there 

was significant reduction in ERBB2 expression in miRNA-7 Tg cardiomyocytes compared NTg [Fig. 2 d].  While, 

we did not observe any appreciable differences in EGFR (ERBB1) expression between miRNA-7 Tg and NTg mice 

[Fig. 2 d] suggesting that the adverse cardiac remodeling observed with age in miRNA-7 Tg mice could in part, be 

due to reduced expression of ERBB2.   

 

Pressure overload hypertrophy by transverse aortic constriction (TAC) accelerates cardiac dysfunction in 

miRNA-7 Tg mice:  Since the miRNA-7 Tg mice survive normally despite cardiac dysfunction, we assessed 

whether subjecting older mice (12 months) to pressure overload by TAC would accelerate their cardiac 

dysfunction/survival.  Following TAC, all miRNA-7 Tg mice died within 4 days while no deaths were observed 

with NTg [Fig. 3a] showing that older miRNA-7 Tg cannot withstand pressure overload induced by TAC.  To test 

whether younger mice would with stand the pressure overload by TAC, 3 months miRNA-7 Tg and NTg mice were 

subjected to TAC for two weeks.  Although the 3 month old miRNA-7 Tg mice survived the TAC, they underwent 

severe adverse remodeling that was associated with significant cardiac dilation and dysfunction.  Gravimetric 

analysis showed significant increase in heart weight to body weight (HW/BW) ratio in miRNA-7 Tg mice compared 

to NTg [Fig. 3b].  While no appreciable differences were observed in baseline echocardiography measurements, 

subjecting miRNA-7 Tg to TAC significantly accelerated cardiac dysfunction resulting in cardiac dilation [Table 2].  

Echocardiography assessment showed that miRNA-7 Tg mice were characterized by cardiac dilation associated with 
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increased left ventricular end-diastolic and -systolic dimensions (LVEDD and LVESD) post-TAC [Fig. 3 c & d].  

Consistent with cardiac dysfunction, miRNA-7 Tg mice displayed significant reduction in % factional shortening 

(%FS) and % ejection fraction (%EF) post-TAC compared to NTg [Fig. 3 e & f].  In contrast to the cardiac dilation 

observed in the miRNA-7 Tg, NTg mice showed classical adaptive hypertrophic response to TAC as reflected by 

increased anterior and posterior wall thickness [Table 2].  Corresponding to cardiac dilation, miRNA-7 Tg mice 

have decreased anterior and posterior wall thickness [Table 2].  These observations show that miRNA-7 expression 

exacerbates cardiac dilation in part, through ERBB2 regulation indicating.  However, given that miRNA-7 could 

target other proteins, the overall phenotype could be a determined by contributions of other proteins altered by 

miRNA-7 in addition to ERBB2.  Given the observation of cardiac dilation in response to pressure overload, in vitro 

adult cardiomyocyte contraction in the miRNA-7 Tg and NTg were performed to assess for dysfunction.  Adult 

cardiomyocytes were isolated from 3 month miRNA-7 Tg and NTg mice and in vitro contractility assessed in 

response to isoproterenol (ISO).  Cardiomyocytes from NTg mice had a classical response to ISO [Supplementary 

Fig. 1a, upper right panel (ISO) & 1b].  Although the baseline myocyte contractility in miRNA-7 Tg mice is 

similar to NTg [Supplementary Fig. 1a, lower left panel (baseline)], there was a significant reduction in ISO 

response [Supplementary Fig. 1a, lower right panel (ISO) & 1b].  These data further supports the idea that 

miRNA-7 Tg mice have an innate predisposition to cardiac dysfunction which is exacerbated in response to stress.  

 

Dilation in miRNA-7 Tg mice is associated with fibrosis:  Because miRNA-7 Tg mice undergoes cardiac dilation 

instead of the adaptive hypertrophy in response to TAC, immunohistochemistry (H & E, Masson’s trichrome and 

picrosirus red staining) was performed to determine whether accelerated cardiac dilation is associated with fibrosis.  

Consistent with increase HW/BW ratio, miRNA-7 Tg sham heart was slightly larger than NTg sham [Fig. 4a, 

panels 1 & 3].  NTg heart showed the classical adaptive cardiac hypertrophy following TAC [Fig. 4a, panel 2].  

miRNA-7 Tg had marked increase in size associated with larger lumen [Fig. 4a, panel 4] following TAC reflecting 

cardiac dilation consistent with echocardiography analysis [Fig. 3].  Higher magnification H & E staining shows an 

increase in the cardiomyocyte size in the NTg following TAC [Fig. 4b, panel 2] while there are marked 

disorganization of the cardiomyocytes even in sham miRNA-7 Tg [Fig. 4b, panel 3 & 4].  miRNA-7 Tg has 

elevated Masson’s Trichrome and picrosirius red staining in both sham and TAC hearts [Fig. 4b, panels 7, 8, 11 

and 12] compared to NTg [Fig. 4b, panels 5,6,9 and 10] showing increased fibrosis.  These observations show 

elevated deposition of interstitial collagen underlying cardiac fibrosis reflecting the exacerbated cardiac dysfunction 

in miRNA-7 Tg mice [40] .   

 

Proteomic and networking analysis in miRNA-7 Tg hearts shows alterations in mitochondrial components:  

Although we observed loss of ERBB2 expression in the cardiomyocyte following miRNA-7 expression, it is well 

known that miRNAs can target multiple transcripts and the overall phenotype is a net representation of these effects.  

In recognition, we performed proteomics on 3 month old hearts from miRNA-7 Tg and NTg mice (n=3) with the 

rationale that molecular changes precede the phenotypic effects given that cardiac function is still preserved in 

miRNA-7 Tg mice and similar to NTg [Fig. 2a].  Cardiac lysates were resolved on SDS-PAGE, in-gel trypsinized 
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and subjected to LC-MS mass spectrometry analysis.  Analysis showed that > 249 proteins were significantly altered 

with majority of them being downregulated in miRNA-7 Tg hearts compared to NTg despite preserved cardiac 

function.  These set of altered proteins in miRNA-7 Tg hearts were used for gene ontology (GO) networking 

analysis (see methods) to assess for their role in molecular function and cellular component enrichment.  Molecular 

functional analysis of the altered proteins in miRNA-7 Tg mice showed upregulation of pathway involved in 

phagocytosis and actin remodeling while there are significant downregulation of oxidative phosphorylation 

associated with loss in NADH dehydrogenase complex assembly [Fig. 5a].  To further dissect the changes in 

molecular function, cellular component analysis was performed.  Examination of GO cellular components showed 

marked upregulation of proteasomal pathways and significant downregulation mitochondrial matrix and envelope 

components in miRNA-7 Tg hearts compared to NTg [Fig. 5b].  To directly assess how many of these altered 

proteins in proteomics represent direct targets of miRNA-7, we used two miRNA target predicting databases 

(miRDB and TargetScan) to compare the predicted targets versus the actual representation of proteins 

downregulated in hearts.  The predicted and the proteomics data is represented in the Venn diagram showing that 

among > 249 altered proteins, there were only 18 proteins that represented the predicted targets of miRNA-7 and 

were significantly downregulated in miRNA-7 Tg hearts compared to NTg.  Interestingly, among these 18 only 7 

downregulated proteins [Table 3] were common to both the miRDB and TargetScan prediction databases [Fig. 5c].  

Among the 7 downregulated proteins, one of the targets GHITM (Growth hormone-inducible transmembrane 

protein) is interesting it seems to play a role in cristae organization, and its downregulation results in 

mitochondrial fragmentation [27].  GHITM targeting by miRNA-7 in part, may also contribute to cardiac 

dysfunction in the Tg mice and would be consistent with the GO cellular component analysis showing significant 

downregulation of mitochondrial matrix and envelope components that may underlie mitochondrial dysfunction. 

 

Altered mitochondrial ultrastructure in miRNA-7 Tg hearts:  To test whether miRNA-7 Tg mice have 

mitochondrial structural abnormalities that in turn may underlie its dysfunction, transmission electron microscopy 

was performed on the 3 months old miRNA-7 Tg and NTg hearts.  Significant difference in structure and 

morphology of the mitochondria was observed in the miRNA-7 Tg hearts compared to NTg [Fig. 6].  Mitochondria 

are significantly disorganized in the miRNA-7 Tg hearts wherein the mitochondria are round with ultrastructure 

showing lack of cristae that seem to be undergoing fission.  Together these observation suggest changes in 

mitochondrial structure may contribute to mitochondrial dysfunction and in part may leads adverse remodeling.   

 

DISCUSSION 

     Traditionally, heart undergoes adaptive hypertrophic response to age (considered physiological) and to pressure 

overload (pathological) [49].  However, our study shows that cardiomyocyte expression of miRNA-7 leads to 

cardiac dilation by-passing the classical adaptive hypertrophy to mechanical overload.  This is supported by the 

findings that miRNA-7 Tg mice undergo age-based cardiac dilation in contrast to NTg characterized by 

physiological adaptive hypertrophy.  The younger miRNA-7 Tg mice despite having similar cardiac function like 

NTg, directly transition to dilation following TAC indicating a unique role for miRNA-7 in this process.  More 
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importantly, cardiac dilation in miRNA-7 Tg mice post-TAC is associated with increased fibrosis as assessed by 

Masson trichrome staining and collagen deposition by picrosirus red.  Intriguingly, miRNA-7 expression leads to 

significant loss in ERBB2 expression in the cardiomyocytes instead of the EGFR that is observed in cancer cells.  

Furthermore, proteomic analysis performed on the miRNA-7 Tg hearts surprisingly, showed only 7 miRNA 

predicted target proteins to be significantly downregulated including protein that play a role in mitochondrial 

integrity.  Consistent with this observation, high resolution electron microscopy showed rounded and disorganized 

mitochondria that in part, could also play a role in exacerbated cardiac dysfunction observed in miRNA-7 Tg mice.             

 

   Cardiomyocyte-specific miRNA-7 expression results in abrogation of ERBB2 expression in cardiomyocytes 

underlying cardiac dilation, a phenotype consistent with the conditional ERBB2 knockout mice [11, 15].  Despite 

significant ERBB2 abrogation in cardiomyocytes, total cardiac lysates show low levels of ERBB2 expression 

reflecting contributions from other cell types in the heart.  Interestingly, studies in cancer cells have shown that 

miRNA-7 reduces EGFR (ERBB1) expression [53].  While miRNA-7 expression in the cardiomyocytes does not 

alter EGFR expression but abrogates ERBB2 expression reflecting on cell-specific regulation of ERBB1 and 

ERBB2 despite containing the miRNA-7 targeting leader/seed sequence.  This unique regulation could be due to the 

repertoire of cell-specific mRNA binding proteins that would mask the miRNA binding site on mRNA [17, 18].  

This critical component has been overlooked in miRNA studies as expression of different RNA binding proteins in a 

given cell could contextually change the effects of miRNA on target protein expression [18].     

   It is interesting to note that miRNA-7 Tg mice display normal cardiac function at younger age but transitions to 

dilation with age instead of the adaptive cardiac hypertrophy observed in littermate controls with age.  Age-based 

hypertrophic response is considered physiological [7] but however, it is not reversible [14].   This response plays a 

key role in the initial adaptive hypertrophy to mechanical demands [35] and our observation suggests that this 

response in part, could be mediated by ERBB2 as loss in ERBB2 expression in miRNA-7 Tg mice leads to cardiac 

dilation.  In this context, chemotherapeutics including anti-ERBB2 agents in human leads to cardiac dilation [9, 45] 

of the otherwise healthy hearts suggesting a role for ERBB2 pathways in maintaining homeostatic cardiac 

hypertrophic response.  Moreover, ERBB2 expression also seem to in part contribute towards mediating post-TAC 

adaptive hypertrophic response as its absence in the miRNA-7 Tg mice results in cardiac dilation and accelerated 

cardiac dysfunction.  Such a role in supported by the observation of cardiac dilation in young conditional ERBB2 

knockout mice [38] and critically the observation of cardiac hypertrophy with no failure in transgenic mice with 

cardiomyocyte-specific overexpression of ERBB2 [47].  Thus, in addition to its role in embryonic development [16], 

cardiomyocyte de-differentiation and proliferation [12], these observations in mouse model elucidates an 

understudied unique role for ERBB2 in adaptive hypertrophic response that is homeostatic in nature. 

 

   miRNA-7 expression consistently targets ERBB2 but however it has to be recognized that miRNA-7 can target 

other mRNA transcripts to reduce their protein expression [21, 34] which together may contribute to adverse cardiac 

phenotype.  In recognition, global proteomics was performed to assess altered proteins in miRNA-7 Tg mice and 

NTg littermate controls. Although > 249 proteins were significantly altered, only 18 of the predicated targets (using 
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miRDB and TargetScan) were present in our cardiac proteomics [Table 3].  Among these 18 proteins only 7 were 

common between miRDB and TargetScan prediction database and consistently, all them as are downregulated 

[Table 3].  Analysis of these target proteins show that except for poly(ADP-ribose)polymerase-1 (PARP1) whose 

role is known in cardiovascular disease [20], nothing is known about the roles of other proteins in cardiac function 

and regulation.  Given that PARP1 inhibition is beneficial in ischemia-reperfusion and our current observation that 

PARP1 is downregulated in miRNA-7 TG mice and yet these mice have exacerbated heart failure indicating that 

PARP1 may not a determinant in the overall deleterious phenotype. Similarly, SNCA (alpha-synuclein) 

accumulation is thought to underlie sympathetic denervation that is associated in patients with Parkinson Disease 

[22].  While its accumulation causes pathology, it downregulation in miRNA-7 Tg may not have effects on adverse 

cardiac remodeling.  Similarly, our proteomics networking functional analysis showed marked increase in actin 

cytoskeleton and intracellular trafficking components that could be a reflection of compensatory effects on 

downregulation of VPS26a that plays a key role in endosomal cargo sorting [23, 29].  Plectin gene (Plec1) 

polymorphism is known to be associated to hypertrophic cardiomyopathy in humans [48] but its role in 

cardiomyocytes still needs to be determined.  Plec1 mutations are known to underlie muscular dystrophy due to 

altered interactions with mutant PLEC1 protein to cytoskeleton [42].  However, despite the loss of PLEC1 protein in 

miRNA-7 Tg mice, there was no disorganization of the sarcomeres and the mice underwent cardiac dilation instead 

of hypertrophic myopathy observed Plec1 mutations [48]. 

 

   Critically, three of the downregulated proteins in miRNA-7 Tg hearts are localized to mitochondria (GHITM, 

NLRX1 and PPIF).  PPIF codes for cyclophin D whose inhibition is considered to beneficial [26] and PPIF is 

already downregulated in miRNA-7Tg mice indicating that despite its loss these mice undergo adverse remodeling.  

However, less is known about the roles of NLRX1 or GHITM.  NLRX1 is mitochondrial targeted NOD-like 

receptor family member that plays a role in anti-viral immunity [33] by binding to mitochondrial antiviral signaling 

protein (MAVS) [43].  Consistent with its loss, our molecular functional analysis shows upregulation of acute 

inflammatory response indicating a potential role for NLRX1 in the miRNA-7 Tg hearts.  Perhaps the most 

intriguing protein in our proteomics study is the GHITM (Growth hormone-inducible transmembrane protein) also 

known as transmembrane BAX inhibitor motif containing protein 5 (TMBIM5) [27].  GHITM is a member of the 

BAX inhibitor containing (TMBIM) family that localizes to the inner mitochondrial membrane (IMM) where it 

plays a role in apoptosis by mediating alterations in mitochondrial morphology and cytochrome c release [27].  

Although the role for GMITM is not known in cardiac systems, it is believed that GHITM 

maintains cristae organization wherein its downregulation results in mitochondrial fragmentation potentially through 

fusing of the cristae structures.  Thus, the observation of rounded and disorganized mitochondria in miRNA-7 Tg 

mice suggests a key role for GHITM in maintaining mitochondrial integrity.  Furthermore, it is also known that loss 

in GHITM expression leads to release of pro-apoptotic protein cytochrome C [37].  Thus, the release of cytochrome 

C from the mitochondria of miRNA-7 Tg mice may result in increased apoptosis that may underlie the fibrosis 

observed in these mice hearts even at baseline that is exacerbated following TAC [Fig. 4b].  Furthermore, GHITM is 

thought to be responsible for cross-linking cytochrome C to IMM thereby, delaying the release of cytochrome C 
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independent of the permeabilization of the outer mitochondrial membrane.  Thus, our proteomic study suggests a 

role for GHTIM in maintaining cardiac mitochondrial integrity and its loss in miRNA-7 Tg mice leads to rounded 

disorganized mitochondria and in addition, its role in apoptosis may in part underlie the fibrotic phenotype observed 

in miRNA-7 Tg mice.   

 

   Our comprehensive study shows a miRNA-7 expression leads to adverse cardiac dilation instead of adaptive 

hypertrophy to stress that in part could be mediated by loss in ERBB2 and GHITM expression.  The observation of 

ERBB2 targeting by miRNA-7 instead of EGFR1 observed in cancer cells suggests unique cell specific mechanisms 

of regulation.  Such an idea is further supported by our proteomics study wherein beta-arrestin 1 despite being a 

bonafide target of miRNA-7 is not altered in the cardiomyocytes [30] similar to EGFR indicating that cellular 

studies to assess miRNA targeting may not reflect the unique cardiomyocyte specific regulation.  This suggests that 

a validated target in one cell system may not be viable target in another terminally differentiated cell suggesting an 

important and underappreciated role for cell-specific RNA binding proteins that could regulate the action of 

miRNAs.  Together our study unravels an interesting aspect that despite multiple predicted targets for miRNA, only 

a few targets are significantly altered which may contribute to the overall phenotype.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 19, 2020. ; https://doi.org/10.1101/2020.09.17.302224doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.17.302224


 

Acknowledgments:  This work is supported by Postdoctoral Fellowship Grant, AHA, 10POST3610049 (MKG) and 
S10ODO21561 to SVNP.   Furthermore, the proteomics core of Lerner Research Institute us supported by 
S10OD023436. 

    
 
 

Disclosure: The authors of the paper have no conflicts and nothing to disclose. 

 

References: 

1. Agarwal V, Bell GW, Nam JW, Bartel DP (2015) Predicting effective microRNA target sites in 
mammalian mRNAs. Elife 4 doi:10.7554/eLife.05005 

2. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116:281-297  
3. Baselga J, Cortes J, Kim SB, Im SA, Hegg R, Im YH, Roman L, Pedrini JL, Pienkowski T, Knott A, Clark 

E, Benyunes MC, Ross G, Swain SM, Group CS (2012) Pertuzumab plus trastuzumab plus docetaxel for 
metastatic breast cancer. N Engl J Med 366:109-119 doi:10.1056/NEJMoa1113216 

4. Bersell K, Arab S, Haring B, Kuhn B (2009) Neuregulin1/ErbB4 signaling induces cardiomyocyte 
proliferation and repair of heart injury. Cell 138:257-270 doi:10.1016/j.cell.2009.04.060 

5. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, Fridman WH, Pages F, 
Trajanoski Z, Galon J (2009) ClueGO: a Cytoscape plug-in to decipher functionally grouped gene ontology 
and pathway annotation networks. Bioinformatics 25:1091-1093 doi:10.1093/bioinformatics/btp101 

6. Boluyt MO, O'Neill L, Meredith AL, Bing OH, Brooks WW, Conrad CH, Crow MT, Lakatta EG (1994) 
Alterations in cardiac gene expression during the transition from stable hypertrophy to heart failure. 
Marked upregulation of genes encoding extracellular matrix components. Circ Res 75:23-32 
doi:10.1161/01.res.75.1.23 

7. Bradford WH, Omens JH, Sheikh F (2017) Vinculin at the heart of aging. Ann Transl Med 5:62 
doi:10.21037/atm.2017.01.65 

8. Chen Y, Wang X (2020) miRDB: an online database for prediction of functional microRNA targets. 
Nucleic Acids Res 48:D127-D131 doi:10.1093/nar/gkz757 

9. Chien KR (2006) Herceptin and the heart--a molecular modifier of cardiac failure. N Engl J Med 354:789-
790 doi:10.1056/NEJMp058315 

10. Clerk A, Aggeli IK, Stathopoulou K, Sugden PH (2006) Peptide growth factors signal differentially 
through protein kinase C to extracellular signal-regulated kinases in neonatal cardiomyocytes. Cell Signal 
18:225-235 doi:10.1016/j.cellsig.2005.04.005 

11. Crone SA, Zhao YY, Fan L, Gu Y, Minamisawa S, Liu Y, Peterson KL, Chen J, Kahn R, Condorelli G, 
Ross J, Jr., Chien KR, Lee KF (2002) ErbB2 is essential in the prevention of dilated cardiomyopathy. Nat 
Med 8:459-465 doi:10.1038/nm0502-459 

12. D'Uva G, Aharonov A, Lauriola M, Kain D, Yahalom-Ronen Y, Carvalho S, Weisinger K, Bassat E, 
Rajchman D, Yifa O, Lysenko M, Konfino T, Hegesh J, Brenner O, Neeman M, Yarden Y, Leor J, Sarig R, 
Harvey RP, Tzahor E (2015) ERBB2 triggers mammalian heart regeneration by promoting cardiomyocyte 
dedifferentiation and proliferation. Nat Cell Biol 17:627-638 doi:10.1038/ncb3149 

13. ElZarrad MK, Mukhopadhyay P, Mohan N, Hao E, Dokmanovic M, Hirsch DS, Shen Y, Pacher P, Wu WJ 
(2013) Trastuzumab alters the expression of genes essential for cardiac function and induces ultrastructural 
changes of cardiomyocytes in mice. PLoS One 8:e79543 doi:10.1371/journal.pone.0079543 

14. Ferrari AU, Radaelli A, Centola M (2003) Invited review: aging and the cardiovascular system. J Appl 
Physiol (1985) 95:2591-2597 doi:10.1152/japplphysiol.00601.2003 

15. Garcia-Rivello H, Taranda J, Said M, Cabeza-Meckert P, Vila-Petroff M, Scaglione J, Ghio S, Chen J, Lai 
C, Laguens RP, Lloyd KC, Hertig CM (2005) Dilated cardiomyopathy in Erb-b4-deficient ventricular 
muscle. Am J Physiol Heart Circ Physiol 289:H1153-1160 doi:10.1152/ajpheart.00048.2005 

16. Garratt AN, Ozcelik C, Birchmeier C (2003) ErbB2 pathways in heart and neural diseases. Trends 
Cardiovasc Med 13:80-86  

17. George AD, Tenenbaum SA (2006) MicroRNA modulation of RNA-binding protein regulatory elements. 
RNA Biol 3:57-59 doi:10.4161/rna.3.2.3250 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 19, 2020. ; https://doi.org/10.1101/2020.09.17.302224doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.17.302224


 

18. Gu W, Xu Y, Xie X, Wang T, Ko JH, Zhou T (2014) The role of RNA structure at 5' untranslated region in 
microRNA-mediated gene regulation. RNA 20:1369-1375 doi:10.1261/rna.044792.114 

19. Gurha P (2016) MicroRNAs in cardiovascular disease. Curr Opin Cardiol 31:249-254 
doi:10.1097/HCO.0000000000000280 

20. Henning RJ, Bourgeois M, Harbison RD (2018) Poly(ADP-ribose) Polymerase (PARP) and PARP 
Inhibitors: Mechanisms of Action and Role in Cardiovascular Disorders. Cardiovasc Toxicol 18:493-506 
doi:10.1007/s12012-018-9462-2 

21. Horsham JL, Ganda C, Kalinowski FC, Brown RA, Epis MR, Leedman PJ (2015) MicroRNA-7: A miRNA 
with expanding roles in development and disease. Int J Biochem Cell Biol 69:215-224 
doi:10.1016/j.biocel.2015.11.001 

22. Jain S, Goldstein DS (2012) What ARE Parkinson disease? Non-motor features transform conception of the 
shaking palsy. Neurobiol Dis 46:505-507 doi:10.1016/j.nbd.2012.04.013 

23. Johannes L, Wunder C (2016) Retromer Sets a Trap for Endosomal Cargo Sorting. Cell 167:1452-1454 
doi:10.1016/j.cell.2016.11.026 

24. Kenigsberg B, Wellstein A, Barac A (2018) Left Ventricular Dysfunction in Cancer Treatment: Is it 
Relevant? JACC Heart Fail 6:87-95 doi:10.1016/j.jchf.2017.08.024 

25. Lai EC (2002) Micro RNAs are complementary to 3' UTR sequence motifs that mediate negative post-
transcriptional regulation. Nat Genet 30:363-364 doi:10.1038/ng865 

26. Lindblom RSJ, Higgins GC, Nguyen TV, Arnstein M, Henstridge DC, Granata C, Snelson M, Thallas-
Bonke V, Cooper ME, Forbes JM, Coughlan MT (2020) Delineating a role for the mitochondrial 
permeability transition pore in diabetic kidney disease by targeting cyclophilin D. Clin Sci (Lond) 134:239-
259 doi:10.1042/CS20190787 

27. Lisak DA, Schacht T, Enders V, Habicht J, Kiviluoto S, Schneider J, Henke N, Bultynck G, Methner A 
(2015) The transmembrane Bax inhibitor motif (TMBIM) containing protein family: Tissue expression, 
intracellular localization and effects on the ER CA(2)(+)-filling state. Biochim Biophys Acta 1853:2104-
2114 doi:10.1016/j.bbamcr.2015.03.002 

28. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative 
PCR and the 2(-Delta Delta C(T)) Method. Methods 25:402-408 doi:10.1006/meth.2001.1262 

29. Lucas M, Gershlick DC, Vidaurrazaga A, Rojas AL, Bonifacino JS, Hierro A (2016) Structural Mechanism 
for Cargo Recognition by the Retromer Complex. Cell 167:1623-1635 e1614 
doi:10.1016/j.cell.2016.10.056 

30. Matarese A, Gambardella J, Lombardi A, Wang X, Santulli G (2020) miR-7 Regulates GLP-1-Mediated 
Insulin Release by Targeting beta-Arrestin 1. Cells 9 doi:10.3390/cells9071621 

31. Milano G, Raucci A, Scopece A, Daniele R, Guerrini U, Sironi L, Cardinale D, Capogrossi MC, Pompilio 
G (2014) Doxorubicin and trastuzumab regimen induces biventricular failure in mice. J Am Soc 
Echocardiogr 27:568-579 doi:10.1016/j.echo.2014.01.014 

32. Mohan ML, Jha BK, Gupta MK, Vasudevan NT, Martelli EE, Mosinski JD, Naga Prasad SV (2013) 
Phosphoinositide 3-kinase gamma inhibits cardiac GSK-3 independently of Akt. Sci Signal 6:ra4 
doi:10.1126/scisignal.2003308 

33. Moore CB, Bergstralh DT, Duncan JA, Lei Y, Morrison TE, Zimmermann AG, Accavitti-Loper MA, 
Madden VJ, Sun L, Ye Z, Lich JD, Heise MT, Chen Z, Ting JP (2008) NLRX1 is a regulator of 
mitochondrial antiviral immunity. Nature 451:573-577 doi:10.1038/nature06501 

34. Naga Prasad SV, Gupta MK, Duan ZH, Surampudi VS, Liu CG, Kotwal A, Moravec CS, Starling RC, 
Perez DM, Sen S, Wu Q, Plow EF, Karnik S (2017) A unique microRNA profile in end-stage heart failure 
indicates alterations in specific cardiovascular signaling networks. PLoS One 12:e0170456 
doi:10.1371/journal.pone.0170456 

35. Nakamura M, Sadoshima J (2018) Mechanisms of physiological and pathological cardiac hypertrophy. Nat 
Rev Cardiol doi:10.1038/s41569-018-0007-y 

36. Nienaber JJ, Tachibana H, Prasad SVN, Esposito G, Wu DQ, Mao L, Rockman HA (2003) Inhibition of 
receptor-localized PI3K preserves cardiac beta-adrenergic receptor function and ameliorates pressure 
overload heart failure. Journal of Clinical Investigation 112:1067-1079 doi:10.1172/Jci200318213 

37. Oka T, Sayano T, Tamai S, Yokota S, Kato H, Fujii G, Mihara K (2008) Identification of a novel protein 
MICS1 that is involved in maintenance of mitochondrial morphology and apoptotic release of cytochrome 
c. Mol Biol Cell 19:2597-2608 doi:10.1091/mbc.E07-12-1205 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 19, 2020. ; https://doi.org/10.1101/2020.09.17.302224doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.17.302224


 

38. Ozcelik C, Erdmann B, Pilz B, Wettschureck N, Britsch S, Hubner N, Chien KR, Birchmeier C, Garratt AN 
(2002) Conditional mutation of the ErbB2 (HER2) receptor in cardiomyocytes leads to dilated 
cardiomyopathy. Proc Natl Acad Sci U S A 99:8880-8885 doi:10.1073/pnas.122249299 

39. Perrino C, Schroder JN, Lima B, Villamizar N, Nienaber JJ, Milano CA, Naga Prasad SV (2007) Dynamic 
regulation of phosphoinositide 3-kinase-gamma activity and beta-adrenergic receptor trafficking in end-
stage human heart failure. Circulation 116:2571-2579 doi:10.1161/CIRCULATIONAHA.107.706515 

40. Piek A, de Boer RA, Sillje HH (2016) The fibrosis-cell death axis in heart failure. Heart Fail Rev 21:199-
211 doi:10.1007/s10741-016-9536-9 

41. Schirone L, Forte M, Palmerio S, Yee D, Nocella C, Angelini F, Pagano F, Schiavon S, Bordin A, Carrizzo 
A, Vecchione C, Valenti V, Chimenti I, De Falco E, Sciarretta S, Frati G (2017) A Review of the 
Molecular Mechanisms Underlying the Development and Progression of Cardiac Remodeling. Oxid Med 
Cell Longev 2017:3920195 doi:10.1155/2017/3920195 

42. Schroder R, Kunz WS, Rouan F, Pfendner E, Tolksdorf K, Kappes-Horn K, Altenschmidt-Mehring M, 
Knoblich R, van der Ven PF, Reimann J, Furst DO, Blumcke I, Vielhaber S, Zillikens D, Eming S, 
Klockgether T, Uitto J, Wiche G, Rolfs A (2002) Disorganization of the desmin cytoskeleton and 
mitochondrial dysfunction in plectin-related epidermolysis bullosa simplex with muscular dystrophy. J 
Neuropathol Exp Neurol 61:520-530 doi:10.1093/jnen/61.6.520 

43. Scott I (2010) The role of mitochondria in the mammalian antiviral defense system. Mitochondrion 10:316-
320 doi:10.1016/j.mito.2010.02.005 

44. Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, Press M, Mackey J, Glaspy J, Chan A, 
Pawlicki M, Pinter T, Valero V, Liu MC, Sauter G, von Minckwitz G, Visco F, Bee V, Buyse M, 
Bendahmane B, Tabah-Fisch I, Lindsay MA, Riva A, Crown J, Breast Cancer International Research G 
(2011) Adjuvant trastuzumab in HER2-positive breast cancer. N Engl J Med 365:1273-1283 
doi:10.1056/NEJMoa0910383 

45. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, Fleming T, Eiermann W, Wolter J, 
Pegram M, Baselga J, Norton L (2001) Use of chemotherapy plus a monoclonal antibody against HER2 for 
metastatic breast cancer that overexpresses HER2. N Engl J Med 344:783-792 
doi:10.1056/NEJM200103153441101 

46. Sysa-Shah P, Tocchetti CG, Gupta M, Rainer PP, Shen X, Kang BH, Belmonte F, Li J, Xu Y, Guo X, 
Bedja D, Gao WD, Paolocci N, Rath R, Sawyer DB, Naga Prasad SV, Gabrielson K (2016) Bidirectional 
cross-regulation between ErbB2 and beta-adrenergic signalling pathways. Cardiovasc Res 109:358-373 
doi:10.1093/cvr/cvv274 

47. Sysa-Shah P, Xu Y, Guo X, Belmonte F, Kang B, Bedja D, Pin S, Tsuchiya N, Gabrielson K (2012) 
Cardiac-specific over-expression of epidermal growth factor receptor 2 (ErbB2) induces pro-survival 
pathways and hypertrophic cardiomyopathy in mice. PLoS One 7:e42805 
doi:10.1371/journal.pone.0042805 

48. Szabadosova V, Boronova I, Ferenc P, Tothova I, Bernasovska J, Zigova M, Kmec J, Bernasovsky I (2018) 
Analysis of selected genes associated with cardiomyopathy by next-generation sequencing. J Clin Lab Anal 
32 doi:10.1002/jcla.22254 

49. van Berlo JH, Maillet M, Molkentin JD (2013) Signaling effectors underlying pathologic growth and 
remodeling of the heart. J Clin Invest 123:37-45 doi:10.1172/JCI62839 

50. van Rooij E, Olson EN (2007) MicroRNAs: powerful new regulators of heart disease and provocative 
therapeutic targets. J Clin Invest 117:2369-2376 doi:10.1172/JCI33099 

51. Vasudevan NT, Mohan ML, Gupta MK, Hussain AK, Naga Prasad SV (2011) Inhibition of protein 
phosphatase 2A activity by PI3Kgamma regulates beta-adrenergic receptor function. Mol Cell 41:636-648 
doi:10.1016/j.molcel.2011.02.025 

52. Vasudevan NT, Mohan ML, Gupta MK, Martelli EE, Hussain AK, Qin Y, Chandrasekharan UM, Young 
D, Feldman AM, Sen S, Dorn GW, 2nd, Dicorleto PE, Naga Prasad SV (2013) Gbetagamma-independent 
recruitment of G-protein coupled receptor kinase 2 drives tumor necrosis factor alpha-induced cardiac beta-
adrenergic receptor dysfunction. Circulation 128:377-387 doi:10.1161/CIRCULATIONAHA.113.003183 

53. Webster RJ, Giles KM, Price KJ, Zhang PM, Mattick JS, Leedman PJ (2009) Regulation of epidermal 
growth factor receptor signaling in human cancer cells by microRNA-7. J Biol Chem 284:5731-5741 
doi:10.1074/jbc.M804280200 

54. Wehbe N, Nasser SA, Pintus G, Badran A, Eid AH, Baydoun E (2019) MicroRNAs in Cardiac 
Hypertrophy. Int J Mol Sci 20 doi:10.3390/ijms20194714 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 19, 2020. ; https://doi.org/10.1101/2020.09.17.302224doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.17.302224


 

 
Figure Legends: 

 
Figure 1.  microRNA-7 (miRNA-7) Tg mice have similar life span despite cardiac dilation -  a, Northern blotting for 
miRNA-7 in the Tg (miRNA-7) mice and littermate controls (NTg) (upper panel); Methylene blue staining of RNA 
for equal loading (lower panel) (n=5).  b, Real time PCR analysis for miRNA-7 expression in the NTg and Tg mice. 
*p<001 vs. NTg (n= 5).  c, Cardiac sections from 12 month old NTg and Tg mice stained with H & E wherein, Tg 
hearts are characterized by marked dilation compared to NTg (n=4). Scale bar 1000 µm.  d & e,  The dilated area (d) 
and the area of cardiac tissue (e) was measured with Image Pro Plus using the 12 month old H & E stained heart 
sections (n=4). *p< 001 vs. NTg (d) & *p< 0.01 vs. NTg (e).  e,  Kaplan-Meier survival curves for NTg and Tg mice 
shows no appreciable differences in survival between NTg and Tg (n=18).    
 
Figure 2.  Cardiomyocyte expression of miRNA-7 leads to age-based cardiac dilation -  a, M-mode 
echocardiography performed on NTg and Tg mice at 3, 6, 12 and 18 months (n=12).  b, Cardiac functional 
parameters measured from echocardiography on NTg and Tg mice; Left panel: LVEDD (left ventricular end-
diastolic dimension); Middle panel LVESD (left ventricular end-systolic dimension); Right panel: % fractional 
shortening (%FS) as measure of cardiac function.  *p<0.01 vs. 3 month NTg and Tg;  # p<0.05 vs. 3 month NTg and 
Tg.  c, Immunoblotting for ERBB2 in the total cardiac lysates from NTg and Tg mice (n=8).  d, Immunoblotting for 
ERBB2 and EGFR in isolated adult cardiomyocytes from NTg and Tg mice (n=5). 
 
Figure 3.  Cardiomyocyte expression of miRNA-7exacerbates cardiac dysfunction and failure following pressure 
overload by transverse aortic constriction (TAC) -  a, Kaplan-Meier survival curves for 12 months old NTg and Tg 
mice subjected to TAC (n=8).  b,  Heart weight to body weight (HW/BW) ratio of NTg and Tg following two weeks 
of TAC on younger mice (3 months) (n=11).  c-f,   Cardiac functional parameters of NTg and Tg mice measured by 
echocardiography following 2 weeks of TAC (n=11);  LVEDD (left ventricular end-diastolic dimension) (c), 
LVESD (left ventricular end-systolic dimension) (d), percent fractional shortening (%FS) (e), percent ejection 
fraction (%EF) (f).  *p<0.005 vs. Sham (NTg or TG) and pre-TAC (NTg or Tg) (n=11).  
 
Figure 4.  Immunohistochemistry on cardiac sections to assess fibrosis - Heart sections from NTg and Tg were 
stained with H & E, and collagen deposition was assessed using Masson’s Trichrome or Picrosirius red as indicators 
of fibrosis (n=5).  a, Upper panel - lower magnification of the transverse sections.  Scale bar 1000 µm.  b, Lower 
panel - higher magnification.  Scale bar 200 µm (n=5). 
  
Figure 5.  Cardiac proteomics and network analysis of miRNA-7 targets in NTg and Tg hearts -  a, Venn diagram 
showing an overlap of predicted targets (from prediction databases TargetScan and miRDB) and truly altered 
proteins identified in the cardiac proteomic studies from NTg and Tg hearts.  Seven common proteins identified are 
shown the right panel and all are downregulated in the miRNA-7 Tg mice compared to Tg.  b,  Gene ontology (GO) 
functional analysis using the significantly altered proteins in the Tg versus NTg from cardiac proteomics shows 
unique molecular functional changes in the NTg wherein phagocytosis, actin remodeling and acute inflammation are 
upregulated (red color coding).  While, mitochondrial structure and function are downregulated (blue color coding).  
c, GO cellular component analysis shows upregulation of proteosomal components (red color) while, majority of the 
pathways are associated with downregulation of mitochondrial structural components. 
 
Figure 6.  microRNA-7 (miRNA-7) Tg mice are characterized by structurally altered mitochondria - Transmission 
electron microscopy of the heart sections from NTg and Tg shows marked alteration in mitochondrial ultra-
structure.  NTg mic are characterized by well-organized and mitochondria aligned with sarcomeres.  Tg 
mitochondria are disorganized and rounded in shape reflecting alterations in mitochondrial structural components 
(n=5).  Upper panel - lower magnification (scale bar - 1μm); Lower panel - higher magnification (scale bar - 2 μm). 
 
Supplementary Figure Legends 
 
Supplementary Figure 1.  Adult cardiomyocytes were isolated from 3 months old NTg and Tg mice and were 
paced at 1 Hz (using the IonOptix Myopace system) to record the baseline cardiomyocyte contraction.  Following 
steady baseline contractions, the cells were stimulated at 10 μM isoproterenol (ISO) and cardiomyocyte contractions 
were continously recorded using IonOptix System.  a,  Baseline myocyte contractility in NTg (upper left panel) and 
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in vitro ISO-stimulated myocyte contractility (upper right panel). Baseline contractility in Tg (lower left panel) and 
in vitro ISO-stimulated myocyte contractility (lower right panel). b,  % change in sarcomere length in response to in 
vitro ISO stimulation (n=8 mice each Tg or NTg; 15-20 adult cardiomyocytes from each NTg or TG mice). 
 
Supplementary Figure 2.  Gene ontology (GO) molecular functional networking analysis representing the higher 
magnification iteration of Figure 5b. 
 
Supplementary Figure 3.  Gene ontology (GO) cellular component analysis representing the higher magnification 
iteration of Figure 5c. 
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