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Abstract

Adaptation of gene expression is one of the most fundamental response of cardiomyocytes 

to hypertrophic stimuli. G3bp1, an RNA binding protein with site-specific endoribonuclease 

activity regulates the processing of pre-miR-1 stem-loop, and thus levels of cardiomyocyte 

-enriched mature miR-1. Here, we examine the role of G3bp1 in regulating gene expression 

in quiescent cardiomyocytes and those undergoing growth-factor induced hypertrophy. Further, 

we determine if these changes are facilitated through G3bp1-mediated regulation of miR-1 in 

these cardiomyocytes. Using isolated cardiomyocytes with knockdown of endogenous G3bp1, we 

performed high throughput RNA sequencing to determine the change in cardiac transcriptome. 

Then, using gain and loss of function approach for both, G3bp1 and miR-1, alone or in 

combination we examine the G3bp1-miR-1 signaling in regulating gene expression and Endothelin 

(ET-1) -induced cardiomyocyte hypertrophy. We show that knockdown of endogenous G3bp1 

results in inhibition of genes involved in calcium handling, cardiac muscle contraction, action 

potential and sarcomeric structure. In addition, there is inhibition of genes that contribute to 

hypertrophic and dilated cardiomyopathy development. Conversely, an increase is seen in genes 

that negatively regulate the Hippo signaling, like Rassf1 and Arrdc3, along with inflammatory 

genes of TGF-β and TNF pathways. Knockdown of G3bp1 restricts ET-1 induced cardiomyocyte 

hypertrophy. Interestingly, concurrent silencing of G3bp1 and miR-1 rescues the change in gene 

expression and inhibition of hypertrophy seen with knockdown of G3bp1 alone. Similarly, 

expression of exogenous G3bp1 reverses the miR-1 induced inhibition of gene expression. 

Intriguingly, expression of Gfp tagged G3bp1 results in perinuclear accumulations of G3bp1-Gfp, 
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resembling Stress Granules. Based on our results, we conclude that G3bp1 through its regulation 

of mature miR-1 levels plays a critical role in regulating the expression of essential cardiac-

enriched genes and those involved in development of cardiomyocyte hypertrophy.
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1.1 Introduction

RNA binding proteins play critical role in posttranscriptional regulation and hence in 

modulation of gene expression. Ras GTPase-Activating Protein SH3 Domain-Binding 

Protein 1 (G3bp1) is an endoribonuclease belonging to heterogenous nuclear RNA binding 

protein (hnRNP) family [1]. RasGAP dependent phosphorylation of G3bp1 favors site 

specific endoribonuclease activity [2], [3], while dephosphorylation promotes formation of 

perinuclear cytoplasmic protein-RNA aggregates called stress granules [4], which function 

as triage sites for mRNAs [5],[6].

Previously, we reported that G3bp1 posttranscriptionally regulates microRNA-1 (miR-1) 

biogenesis, where it associates with pre-miR-1 stem-loop and controls miR-1 expression 

levels in cardiac myocytes [7]. Downregulation of miR-1, seen as early as 24hrs post 

transaortic constriction (TAC), is required for the accommodation of gene expression and 

development of cardiac hypertrophy [8], [9]. Several studies have confirmed differential 

expression of miR-1 during cardiac hypertrophy in mice and cardiomyopathy in humans 

[8],[10],[11],[12]. These studies suggest that an increase in G3bp1 function might be 

essential for rapid downregulation of miR-1 for adaptation of gene expression during cardiac 

hypertrophy.

In this study, we report that knockdown of G3bp1 in cardiomyocytes results in inhibited 

expression of cardiac-enriched sarcomeric and cardiomyopathy-related genes, hence restricts 

growth-factor induced cardiomyocyte hypertrophy. On the other hand, there is increase in 

genes of Hippo, TNF and TGFβ signaling. We further confirm that hypertrophic effects 

of G3bp1 in cardiomyocytes are indeed mediated through its regulation of miR-1 levels in 

cardiomyocytes. Interestingly, expression of fusion protein G3bp1-Gfp in cardiomyocytes 

showed assembly of perinuclear aggregates, resembling stress granules. These results show 

that G3bp1 is required for the induction of hypertrophic transcriptome and development of 

cardiomyocyte hypertrophy.

1.2 Materials and Methods

1.2.1 Animals.

The work was done in accordance with US National Institute of Health Guidelines for Care 
and Use of Laboratory Animals. All animal protocols were approved by the Institutional 

Animal Care and Use Committee (IACUC) at the Rutgers New Jersey Medical School, 

Newark, NJ. Female Sprague Dawley rats with 1day old litter for isolation and culture of 

primary neonatal cardiomyocyte were purchased from Charles River, InC.
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1.2.2 RNA-Seq Data Analysis.

Total RNA samples from isolated neonatal cardiomyocytes (3 independent cultures for each 

treatment, n=3) treated with ad-siLUC (Control) or ad-siG3bp1 were sent to Active Motif 

for high throughput RNA sequencing and bioinformatics analysis. Analysis steps adapted 

from the Data explanation sheet provided by Active Motif are briefly described. Directional 

poly-A RNAseq libraries were prepared and sequenced as PE42 (42-bp paired-end reads) 

on Illumina NextSeq 500. The reads were mapped to the genome using STAR algorithm. 

Alignment information for each read was stored in the BAM format. Fragment assignment 

included only read pairs that have both ends aligned, and pairs that have their two ends 

mapping to different chromosomes or mapping to same chromosome but on different strands 

were discarded. Gene annotations were obtained from Subread package. These annotations 

were originally from NCBI RefSeq database and then adapted by merging overlapping 

exons from the same gene to form a set of disjoint exons from each gene. Genes with the 

same Entrez gene identifiers were also merged into one gene. After obtaining the gene table 

containing fragment counts of genes, differential analysis to identify statistically significant 

differential genes was performed using DESeq2. The DESeq2 model internally corrects 

for library size using their median-of-ratios method. The gene table was used as input to 

perform the DESeq2’s differential test. After a differential test has been applied to each gene 

except the ones with zero counts, the p-value of each gene was calculated and needed to be 

further adjusted to control the number of false positives among all discoveries at a proper 

level by multiple testing adjustments. DESeq2 by default filters out statistical tests that have 

low counts by independent filtering. It uses the average counts of each gene (i.e. baseMean), 

across all samples, as it’s filter criterion, and it omits all genes with average normalized 

counts below a filtering threshold from multiple testing adjustment. Differential genes were 

detected by DESeq2 at 0.1 (or 10%) False Discovery Rate (FDR, or adjusted p-value).

The data is provided in CSV file that reports information for each gene along with DESeq2’ 

results. Along with the p-values, the file reports adjusted p-value (padj) generated by 

Benjamini and Hochbergs’ FDR procedure that reflects the proportion of false positives 

expected for a gene to be differential. There are two types of log2FCs included in the output. 

RawLog2FC which is the raw log2 fold change obtained from the replicate averages of 

normalized counts of the two comparison groups. However, directly using rawLog2FC to 

rank genes was not ideal because ratios are noisier when counts are low. To overcome this 

problem, we used a shrinkage method in DESeq2 to shrink the exaggerated log2 FCs for 

low counts and used shrunken Log2FC for downstream analysis. Using shrunkenLog2FC is 

more reliable to rank genes for quantitative conclusion than rawLog2FC. RNAseq data has 

been uploaded to GEO (GSE184441).

Heatmap generation, sorting and data analysis was performed using shrunkenLog2FC and 

adjusted p-value (padj) was used for significance (P≤0.05)

1.2.3 Functional annotation and GO terms.

Functional annotation was performed using Database for Annotation, Visualization and 

Integrated Discovery (DAVID) algorithm 6.8 [13] [14]. Gene ontology terms and Kyoto 
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Encyclopedia of Genes and Genome (KEGG) pathways [15] generated via DAVID are 

shown in Figures (top categories) and the complete list is shown as supplementary figures.

1.2.4 Neonatal Rat Ventricular Myocyte (NRVM) Culture and Treatments.

Neonatal cardiomyocytes were cultured as previously described [16]. Briefly, hearts from 

1day old Sprague Dawley rats were isolated and dissociated. Enrichment of cardiac 

myocytes was performed using Percoll Gradient followed by differential pre-plating, to 

deplete any contaminating non-myocytes. Cells were plated in DMEM-F12 (High Glucose, 

with L-glutamine and HEPES) with 10% fetal bovine serum, after twenty-four hours 

medium was changed and cells were infected with recombinant adenoviruses (constructed 

using protocol as previously described by Dr. Frank Graham [17]) expressing shRNA 

against rat G3bp1 (NM_133565.1) or exogenous mouse G3bp1(NM_013716) from OriGene 

Technologies, Inc at the multiplicity of infection (MOI) of 10–20 particles /cell or as 

indicated. Similarly, adenoviruses were generated for expression of miR-1-2 (ad-miR-1) 

[8] and ‘miRNA eraser’ (anti-miR) was generated as described previously [18], for the 

knockdown of endogenous miR-1 (ad-anti-miR-1) [7].

1.2.5 Adult Mouse Ventricular Myocyte (AMVM) culture.

Adult mouse cardiac myocytes were isolated and cultured according to the simplified 

Langendorff-free method reported by Ackers-Johnson et. al. [19]. It relies mostly on ex 

vivo needle perfusion of left ventricle, which allows enzymatic dissociation of heart tissue. 

Dissociation was carried out by sequential injection of EDTA buffer, perfusion buffer and 

collagenase buffer and when the digestion became apparent the tissue was triturated gently 

and the resultant cell suspension was passed through a 100μm cell strainer. Single cell type 

fractions of physiologically normal cardiac myocytes were achieved by repeated gravity 

settling of the cell suspensions synchronized with sequential calcium reintroduction. Cells 

were plated at application dependent density on laminin 5μg/ml pre-coated tissue culture 

dishes and incubated in plating medium for 1 hour and further in culture medium. The 

cultured AMCs are treated similarly as NRVM, except the adenoviruses are added the same 

day as culture. ET-1 stimulation is done the following day for ~20hrs and the cells are fixed 

or collected for immunostaining or Western blotting, respectively.

1.2.6 Cellular fractionation and Western Blotting.

As described previously [16]. Cardiomyocytes were fractionated using Subcellular protein 

fractionation kit for cultured cells from Thermo Scientific (cat # 78840), as per the 

manufacturer provided protocol. Lysate was separated on gradient (4–12% gel) XT gels 

(Biorad), transferred to nitrocellulose membrane and probed with specific antibodies 

against G3bp1 (Millipore, 07-1801), Ankrd1 (Santacruz, SC-365056), Rassf1 (Invitrogen, 

PA5-102383), TFIIB/Gtf2b (Cell Signaling, 4169S), Anp/Nppa (Invitrogen 702539), Lamin 

A/C (Santacruz, SC-376248), a-actinin-mouse (ThermoFisher, MA1-22863), α-actinin-

rabbit (Invitrogen, 701914), Gapdh (Cell Signaling, 97166), Turbo Gfp (ThermoFisher, 

PA5-22688) or Myosin, slow skeletal (Sigma, M8421).
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1.2.7 Quantitative polymerase chain reaction (qPCR).

As described in [20]. Briefly, total RNA extracted from hearts or isolated cardiomyocytes 

was reverse transcribed using High-capacity cDNA reverse transcription kit (ThermoFisher). 

TaqMan assays sets were purchased from ThermoFisher Science (Life technologies) for 

Actc1 (Mm01333821_m1), Acta1 (Mm00808218_g1), Arrdc3 (Rn01757892_m1), Ckmt2 

(Mm01285553_m1), G3bp1 (Mm00785370_s1), Nppa (Mm01255747_g1) and Rassf1 

(Rn01445298_m1) for qPCR using QuantStudio3 (Life technologies). 18S was used as 

internal control and for normalization.

1.2.8 Immunocytochemistry.

Cells were fixed as described previously [8]. Cells were stained using anti-G3bp1(Millipore, 

07-1801), anti-a-actinin-mouse (ThermoFisher, MA1-22863) or a-actinin-rabbit (Invitrogen, 

701914), as indicated. Prolong Gold (Invitrogen, USA) used for mounting contains DAPI for 

nuclear staining.

1.2.9 Statistics.

RNA-Seq data and bioinformatics analysis done by Active Motif, as described in RNAseq 

section. Calculation of significance between 2 groups was performed using an unpaired, 

2-tailed Students t test (Excel software). All experiments were repeated minimum of 

three times, unless indicated and presented as average with SEM, p<0.05 was considered 

significant.

1.3 Results

1.3.1 Knockdown of G3bp1 results in inhibition of cardiac-enriched genes in 
cardiomyocytes.

We have shown that G3bp1 expression increases during cardiac hypertrophy and it regulates 

miR-1 biogenesis via the consensus sequence in miR-1-2 stem-loop [7]. Therefore, to 

examine the impact of G3bp1 on cardiac transcriptome, we performed RNAseq on NRVM 

infected with adenovirus expressing short hairpin RNA against G3bp1 (ad-siG3bp1) or 

control (ad-siLUC). RNA seq data from these cardiac myocytes reveal that knockdown 

of endogenous G3bp1 results in differential expression of 1140 genes, of which 658 

show an increase of at least 2fold (Log2FC>1) while 482 genes are downregulated 

(Log2FC<1) compared to control cardiomyocytes (Fig 1A and B). Heatmap displays the 

differential regulation of these 1140 genes between cardiomyocytes treated with ad-siG3bp1 

or control (ad-siLUC) (Fig1B). We categorized the differentially regulated genes for 

gene ontology (GOTERMS) and related signaling pathways (KEGG) using Database for 

Annotation, Visualization and Integrated Discovery (DAVID). GOTERM identified genes 

with significant increase with siG3bp1 as those involved in transcription regulation, cellular 

response to interleukin-1, TNF and inflammatory, along with skeletal muscle development 

and potassium ion transport (Fig 1D). Fig 2E lists the top ranked pathways identified 

by KEGG analysis and includes genes of TNF signaling pathway, cytokine receptor 

interactions, TGF-β and MAPK signaling pathways, and regulation of the Hippo pathway 

(Fig 1E) that are significantly increased. On the other hand, significant decrease with 
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knockdown of G3bp1 is observed in mostly cardiac-enriched genes. GOTERMS categorized 

these genes as those involved in cardiac muscle contraction, cardiac action potential, heart 

development and sarcomeric organization (Fig 1F). KEGG pathway analysis shows genes 

associated with pathways involved in calcium handling, adrenergic signaling, hypertrophic 

and dilated cardiomyopathy (Fig 1G). In Fig 1H, heatmap generated from the Gene Set 

Enrichment Analysis (GSEA), displays the change in expression pattern of genes that play 

a role in cardiac muscle contraction between siLUC and siG3bp1 treated cardiomyocytes 

(Fig 1H and Supp Fig S1). Complete list of categorized KEGG pathways and GOTERMS 

is included in supplementary figures (Supp Fig S2). Fig 1I and 1J are integrated genome 

viewer (IGV) screenshots of representative genes displaying the alignment of RNAseq reads 

onto the rat genome of Nppb, Nppa and Actc1 as genes that show a decrease (Fig 1I) and 

Pdk4, Arrdc3 and Rassf1 for genes with significant increase (Fig 1J) in transcript abundance 

with siG3bp1 compared to siLUC. These results suggests that G3bp1 plays an essential role 

in the maintenance and/or expression of cardiac-enriched genes, especially, those involved in 

regulating cardiac contraction and growth.

1.3.2 G3bp1 is required for growth-factor induced hypertrophy in isolated NRVM.

To examine the role and contribution of G3bp1 in regulating gene expression in cardiac 

myocytes undergoing growth-factor induced hypertrophy, we infected NRVM with ad-

siG3bp1 or control (ad-siLUC) in absence or presence of endothelin 1 (ET1). Selected 

representative genes from the RNAseq were used for qPCR and western blotting (Fig 2A). 

Ad-siG3bp1 infection resulted in ~70% reduction in transcript abundance of G3bp1, which 

inhibited ET-1 induced increase in G3bp1 protein expression (Fig 2B and 2C). We validated 

the expression of selected genes listed in Fig 2A, including hypertrophic makers like 

Nppa (Anf), cardiac-enriched sarcomeric genes like Actc1 (cardiac actin) and mitochondrial 

creatinine kinase (Ckmt2), which show decrease with the knockdown of G3bp1 in quiescent 

and ET-1 stimulated conditions. Similarly, we confirmed increased in Arrdc3 (arrestin 

domain containing 3) expression, as observed with the knockdown of G3bp1 in RNAseq 

(Fig 2B). Ankrd1 (Carp), although just showed differential change of −0.76 on Log2FC, 

we observed significant decrease in protein expression with siG3bp1 in cardiomyocytes 

stimulated with ET-1 (Fig 2C). Further, knockdown of G3bp1 restricted ET-1 induced 

increase in cardiomyocyte size in dose dependent manner (Fig 2D). Similar effects were 

seen when cardiomyocytes were treated with an α1- receptor agonist, phenylephrine (PE) 

(Fig 2E, 2F and Fig S3A). We further validated the specificity of siG3bp1 mediated 

transcriptome changes by supplementing exogenous G3bp1 in cardiomyocytes treated with 

ad-siG3bp1. As shown in supplementary Fig S3A and S3B, normalizing G3bp1 levels 

rescues expression profile of selected genes (Fig S3A and 3B). These results indicate 

that G3bp1 regulates cardiomyocyte growth and suggest that G3bp1 is required for the 

adaptation of gene expression and development of hypertrophy.

1.3.3 G3bp1 – miR-1 axis regulates cardiomyocyte hypertrophy.

G3bp1 regulates miR-1 expression levels in cardiomyocytes [7]. Interestingly, in an 

independent study we have shown that miR-1 controls global gene transcription in cardiac 

myocytes, especially, expression of inducible and cardiac-enriched genes by targeting Gtf2b 

and Cdk9, and inhibits induction of hypertrophy [9]. Thus, to examine if G3bp1 mediates 
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its downstream effects on the transcription of these genes and cardiomyocyte hypertrophy 

in miR-1 dependent manner, we co-infected NRVM with ad-siG3bp1 and ad-miR-1 eraser 

(anti-miR-1) or control (ad-siLUC) in absence or presence of ET-1. As shown in Fig 3A, 

knockdown of endogenous miR-1 and G3bp1 together rescued the expression levels of 

Nppa (Anf), Actc1, Arrdc3 and Rassf1, compared to expression seen with knockdown of 

G3bp1 in quiescent and ET-1 stimulated cardiomyocytes. (Fig 3A). Rassf1, an inhibitor 

of the active Hippo signaling that has been shown to ameliorate cardiac hypertrophy 

[21] is seen significantly increased with siG3bp1 in RNAseq (Fig 1C) and confirmed by 

qPCR (Fig 3A), suggesting that G3bp1 might be regulating Hippo pathways via miR-1 to 

regulate cardiomyocyte hypertrophy. Western blotting confirm that while siG3bp1 results 

in inhibited expression of Ankrd1 (Fig 1A), simultaneous knockdown of miR-1 partially 

rescues its expression levels (Fig 3B). Ankrd1, which encodes for cardiac ankyrin repeat 

protein (CARP), a transcriptional target of active Hippo signaling [22], has been shown to 

promote cardiac hypertrophy [23] and involved in development of dilated cardiomyopathy 

[24]. Interestingly, cytosolic Rassf1 levels is seen increased with the inhibition of G3bp1, 

while nuclear fractions show decrease in presence of ET-1, with or without siG3bp1 (Fig 

3B). Along with the transcriptional profile, knockdown of endogenous miR-1 levels by 

anti-miR-1 also reverse the restricted hypertrophy phenotype observed with siG3bp1 in 

cardiomyocytes stimulated with ET-1 (Fig 3C and D). Interestingly, although anti-miR-1 

is sufficient for upregulation of Nppa and Actc1 expression, it is not sufficient for an 

increase in cardiomyocyte size. No change is seen in the expression of Arrdc3 or Rassf1, 

thus suggesting that these genes through regulation of Hippo signaling contribute towards 

cardiomyocyte growth. Thus, as previously reported, downregulation of miR-1 although 

required, is not sufficient for the induction and development of hypertrophy [25].

Next, to determine if G3bp1 expression is sufficient for induction of transcriptional and 

hypertrophic phenotype, we expressed G3bp1-tGfp in NRVM in absence or presence of 

ET-1. We validated the expression of the adenoviral constructs, tGfp (control) and G3bp1-

tGfp in cardiomyocytes (Fig 4A). To examine the G3bp1–miR-1 axis in cardiomyocyte, 

we co-expressed exogenous miR-1 with G3bp1-tGfp in NRVMs. Exogenous G3bp1, was 

insufficient for significant change in transcriptome, as measured by transcript abundance 

of selected genes including Nppa, Ckmt2 and Rassf1, although, an increase is observed in 

Actc1 transcript. As expected, expression of miR-1 resulted in inhibited expression of Nppa 

and Actc1, while an increase was seen in Arrdc3 and Rassf1. However, co-expression of 

G3bp1 with miR-1 rescues the inhibitory effects of miR-1 with respect to Nppa and Actc1, 

but, a partial inhibition is seen with miR-1 induced increase Arrdc3 and Rassf1 (Fig 4B). 

These data indicate that G3bp1 through its posttranscriptional regulation of miR-1 regulates 

expression of transcriptome that is required for cardiomyocyte hypertrophy.

Neonatal cardiomyocyte cultures are undergoing postnatal cardiac hypertrophy, even though 

these cultures are maintained in growth-free medium before supplementation of ET-1 for 

induction of hypertrophy. Thus, to examine that G3bp1–miR-1 signaling is intact in adult 

cardiomyocytes and regulates development of cardiomyocyte hypertrophy, we cultured 

adult mouse ventricular cardiomyocytes (AMVM) and validated the expression of our 

adenoviral vectors (Fig 5C and 5D). As shown in Fig 5A, siG3bp1 or anti-miR-1 were 

insufficient to elicit anti-hypertrophic or hypertrophic response under quiescent conditions, 
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respectively. However, siG3bp1 restricted ET-1 induced increase in cardiomyocyte size 

that was rescued in the presence of anti-miR-1 (Fig 5A and 5B). Similar to neonatal 

cardiomyocytes, overexpression of G3bp1 prevents miR-1 mediated inhibition of ET-1 

induced cardiomyocyte hypertrophy (Fig 5E and F). Interestingly, expression of exogenous 

G3bp1 showed perinuclear cytoplasmic accumulation (Fig 5E, 5G and Supp Fig S4). Similar 

accumulations have been shown in other cell types with exogenous G3bp1 expression or 

induced stress [4], [26], and have been identified as stress granules, which serve triage sites 

for mRNAs [27], [28]. The significance and the role of these stress granule assembly with 

G3bp1 overexpression in cardiomyocytes needs further examination and characterization.

1.4 Conclusion

Based on our transcriptome data with the knockdown of G3bp1 and in vitro characterization 

of the G3bp1–miR-1 axis we conclude that G3bp1 through its regulation of miR-1 levels 

controls the expression of genes that are required for the development of cardiomyocyte 

hypertrophy.

1.5 Discussion

In this study we show that G3bp1, a ubiquitously expressed RNA binding protein is 

required for cardiomyocyte growth. We extend our work from previous report [7] and 

show that G3bp1 through its regulation of miR-1 expression controls growth-factor induced 

hypertrophy. Using high throughput transcriptome sequencing, we identified genes that are 

differentially regulated with the knockdown of G3bp1 and contribute in the development of 

cardiomyocyte hypertrophy. G3bp was first identified as GAP binding protein in growing 

hamster fibroblast cells (ER22), and this interaction was Ras-GTP dependent, where 

activation of Ras was essential for G3bp-GAP association [1]. Molecular cloning and 

sequencing showed presence of two conserved RNA binding motifs and RGG rich domain, 

3’ to an acidic domain, suggesting that G3bp could belong to family of hnRNPs, and 

categorized as a ribonucleoprotein [1]. G3bp was shown to harbor an endoribonuclease 

activity that was dependent on its phosphorylation status, where RasGAP mediated 

modification of specific serine residues in the acidic domain could dictate G3bp cellular 

localization and nuclease activity [2] [3]. Following on its role as a nuclease, Tourriere 

et. al. reported that the activity was substrate specific and G3bp associated with poly(A)
+ transcripts encoding a consensus sequence ACCCA(A/U)(A/C)(C/G)G(C/A)AG in their 

3’UTR or coding region, with G3bp cleavage site at CA dinucleotides. Using BLAST, the 

study identified several genes in humans, mouse and rodents that harbored the consensus 

sequence, including cyclin dependent kinase 9 (Cdk9), lanosterol synthase (Lss), interferon 

regulatory factor 7 (Irf7) and cornified envelop precursor (periplakin or Ppl) [3], these 

genes are also increased in our RNAseq data in cardiomyocytes with the knockdown of 

G3bp1 (Supp FigS5), validating site specific endoribonuclease mode of action of G3bp1. 

While working on the role and regulation of miR-1 in heart, we identified G3bp consensus 

sequence in its stem-loop with few mismatches, suggesting that G3bp1 could be involved 

in miR-1 processing and maturation. Aligning human, mouse and rat miR-1-1 and miR-1-2 

stem-loop against G3bp consensus sequence revealed mismatch in the CA dinucleotide in 

miR-1-1, where C was replaced by G. Interestingly, decrease in the expression of mouse pre-
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miR-1-2 was seen in hypertrophy and with exogenous G3bp1 expression, while pre-miR-1-1 

levels did not change, indicating that G3bp1 selectively decreased pre-miR-1-2 transcript 

levels, resulting in ~50% decrease in mature miR-1 [7],[8]. Previously we have shown that 

downregulation of miR-1 is required for the cardiac hypertrophy [8],[25], which through de-

repression of its target, GTF2B, regulates RNA pol II recruitment at inducible and cardiac- 

enriched gene promoters [29], [9]. Thus, our RNAseq results confirm the posttranscriptional 

regulation of miR-1 by G3bp1, and dependent downstream effects on transcriptome in 

cardiomyocytes undergoing hypertrophy. Along with its nuclease function, G3bp has been 

shown to be involved in nucleating the assembly of cytoplasmic RNA-protein aggregates, 

called stress granules [4].

Stress granules act as docking sites for transcripts that are stalled from translation under 

stress conditions, the fate of which is decided based on the type and duration of the induced 

stress [6]. These membrane-less aggregations are highly dynamic, and hence, the associated 

transcripts and RNPs are still being characterized, which would depend on the cell type 

and the nature of the stress. Early characterization studies identified RNPs that are essential 

for the nucleation of stress granules and include RNA binding proteins TIA-1 and TIAR, 

along with G3bp [5] [30] [4]. Two G3bp isoforms have been identified, G3bp (G3bp1) and 

G3bp2, both of which play a role in stress granule assembly [26]. Interestingly, expression 

of exogenous G3bp has been shown sufficient for the formation of these granules, even 

in the absence of stress, we see similar aggregations in isolated cardiomyocytes with 

exogenous G3bp1 (Fig 5E, 5G and Supp Fig S2). Initial studies associated these granule 

assembly with change in the phosphorylation status of serine 149 in the acidic domain of 

G3bp1 [4], however, a later study showed that an unidentified mutation at serine 99, where 

serine was changed to proline (S99P) in the constructs could have been responsible for the 

formation of these structures [31]. Recently, presence of stress granules has been shown in 

paced atrial cardiomyocytes [32], however, the regulation and function of G3bp1 induced 

stress granules, it’s dynamics and contents in cardiomyocytes need further examination 

to decipher the significance and implications in heart disease. It would be interesting to 

examine if G3bp1 associates with pre-miR-1-1 in hypertrophying cardiomyocytes via partial 

consensus sequence but does not cleave the stem-loop due to the change in CA dinucleotide 

to GA [7], and instead recruits it to stress granules. Recently, Decitabine and Imatinib, two 

FDA approved drugs for treatment of myelodysplastic syndromes [33] have been identified 

as modulators of G3bp1/2 with potential therapeutic value for controlling SARS-CoV-2 

infection [34]. Nucleocapsid protein N of SARS-CoV-2 interacts with G3bp proteins and 

inhibits stress granule assembly, thus alters the stress response and favors viral propagation 

[35]. These studies underscore the role of G3bp and stress granules in physiological cellular 

responses to stress. In this study, we show that G3bp1 via miR-1 regulates transcriptome 

during hypertrophic stress, which is required for development of compensatory hypertrophy. 

Further, with the identification of these FDA approved drugs in regulating G3bp1 levels and 

function, it would be interesting to study their effects on G3bp1 function in quiescent hearts, 

and during cardiac hypertrophy and failure.

Global knockout of G3bp1 results in neonatal lethality, with widespread apoptotic cell 

death in the central nervous system. G3bp deficiency caused fetal growth retardation, where 

the embryos displayed dorsal truncation, stunted tails and cranial defects. Characterization 
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of MEFs from these mice showed defects in proliferation, with differential expression 

of genes mostly involved in proliferation and differentiation [36]. Our RNAseq data, 

with knockdown of G3bp1 shows similar dysregulation in most of the listed genes with 

siG3bp1, like Lasp1, Fhl1, Ldb3, Plac8, including structural genes like actin, alpha 1 

(Acta1) and cardiac ankyrin repeat protein MCARP (Ankrd1). On the other hand, while 

the expression of Growth arrest genes; Gas2 and Gas5 is seen significantly upregulated in 

G3bp1KO MEFs, we observed slight decrease in their expression. This could be due to 

difference in cell type, with cardiomyocytes being terminally differentiated vs. proliferating 

fibroblasts. G3bp1 in association with RasGAP and Filamin C has been shown to regulate 

myocyte growth, through its interaction with Cdk7 and Cdk9 transcripts, both these genes 

are involved in RNA pol II phosphorylation and active transcription [37]. We show that 

knockdown of endogenous G3bp1 results in inhibited cardiomyocyte hypertrophy, with 

restricted expression of inducible and cardiac-enriched genes like, Anf (Nppa) and cardiac 

actin (Actc1), respectively. On the other hand, we observe increase in genes of Hippo 

pathway, along with induction of genes involved in TNF and TGF-b signaling. Hippo 

signaling has been well characterized as regulator of cell proliferation and organ growth 

[38],[39],[40]. Rassf1, negative regulator of Hippo pathway activation has been shown 

as novel regulator of cardiac hypertrophy [41],[21]. Similarly, Arrdc3 has been shown to 

facilitate YAP1 degradation [42]. Increase in Rassf1 and Arrdc3 expression we observe 

with siG3bp1 or miR-1 expression suggest inhibition of the Hippo signaling pathway, 

which might be contributing to inhibition of ET-1 induced cardiomyocyte hypertrophy. As 

expected, we see differential regulation of several of the known targets of Hippo signaling 

in cardiomyocytes with inhibition of siG3bp1 (Supp Fig S6). Yap/Tead1 complex has been 

shown as repressor of cardiac toll-like receptors genes [43], which are seen increased 

significantly in RNAseq data with siG3bp1. Similarly, we observe inhibition of the several 

target genes, the transcription of which is regulated by Hippo signaling like Ankrd1, Rheb, 

Bcl2, Pitx2 [44], [22].

In this study we only report genes that are differentially regulated (2 fold) by G3bp1 

inhibition, however, since G3bp1 is also involved in assembly of stress granules and 

mRNA triage, it may be involved in stabilization of transcripts, like reported for Cdk7 

mRNA [37]. Thus, these genes, which are not expected not show a differential regulation 

were not included in the study. Nevertheless, our data did show that G3bp1 significantly 

regulates the expression of cardiac-enriched genes and is required for the inducible genes 

during hypertrophic stimulation. We conclude that G3bp1, a unique protein, with dual 

phosphorylation dependent functionality might be playing an essential role in maintaining 

cardiac homeostasis and contribute to development of compensatory cardiomyocyte 

hypertrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Posttranscriptional gene regulation plays an essential role in cardiac 

hypertrophy

• RNA binding proteins and microRNAs, posttranscriptionally regulate gene 

expression

• G3bp1 through microRNA-1 levels controls cardiomyocyte hypertrophic 

transcriptome

• G3bp is required for accommodation of gene expression and cardiomyocyte 

hypertrophy

Alikunju et al. Page 14

Cell Signal. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Knockdown of endogenous G3bp1 in neonatal cardiomyocytes inhibits expression of 

cardiac-enriched genes. A. Volcano plot represents the differential expression of genes, with 

2fold change in levels (Log2FC of 1). Each individual spot represents a gene. Selected genes 

are highlighted and labelled. B. Graph shows the number of genes that show significant 

change in expression with ad-siG3bp1 compared to ad-siLUC. C. Heatmap displays the 

1140 differentially regulated genes in cardiomyocytes treated with ad-siG3bp1 vs control 

(ad-siLUC). Heatmap was generated using HeatMapper, with Complete linkage clustering 

method and Pearson method for distance measurement. RNAseq data included n=3 for each 
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treatment. D and E. Graphs lists genes identified by GOTERM and KEGG pathway analysis 

using DAVID that show an increase (>2fold, Log2FC≥1) change in expression with siG3bp1 

vs. control (siLUC), respectively. F and G. Graphs list genes identified by GOTERM 

and KEGG pathway analysis that show decrease (2fold, Log2FC≤1) in expression with 

siG3bp1 vs. control (siLUC), respectively. H. Heatmap displays the change in expression of 

genes categorized as those involved in cardiac contraction by GSEA analysis, which used 

MSigDB’s C5 (GO gene set) collection, with siLUC vs. siG3bp1 treatments. Red indicates 

increase, blue indicates decrease, with intensity of the colors proportional to the change. 

I. Integrated genomic viewer screenshots of selected, representative genes showing mRNA 

alignment onto the rat genome displaying the decrease in abundance with siG3bp1 (grey) 

vs. siLUC (black). J. Integrated genomic viewer screenshots of selected representative genes 

showing mRNA alignment onto the rat genome displaying the increase in abundance with 

siG3bp1 (grey) vs. siLUC (black). DAVID stands for Database for Annotation, Visualization 

and Integrated Discover; Log2FC, log2-fold change.
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Figure 2. 
Knockdown of G3bp1 inhibits growth-factor induced cardiomyocyte hypertrophy. A. Table 

shows the details of selected genes that are used for validation and experimentation. Relative 

transcript abundance from each sample is shown, along with shrunken Log2FC and adjusted 

p-value (padj). The table also lists the Gene ID, chromosomal location and length. B. 

Relative transcript abundance of selected genes as measured by quantitative polymerase 

chain reaction (qPCR) in neonatal rat ventricular cardiomyocytes (NRVM) treated with 

ad-siG3bp1 or ad-siLUC in the absence or presence of ET-1. Error bars represents SEM, * 

is p<0.05 compared to siLUC (control), # is p<0.05 compared to siLUC+ET-1. C. Western 
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blotting with protein lysates from NRVM treated with ad-siLUC or increasing doses of 

ad-siG3bp1 with or without ET-1 stimulation. The membrane was probed for the indicated 

antibodies. Gapdh and LaminA/C are shown as loading controls. Anti-Myosin (slow, 

skeletal) recognizes cardiac βMHC. Protein ladders in KDa. D. Immunocytochemisty on 

NRVM plated on glass slides coated with 0.3% gelatin, treated with ad- siLUC or increasing 

doses of ad-siG3bp1 with or without ET-1 (100nM) for 20hrs, fixed and probed with 

anti-G3bp1, anti-a-actinin and DAPI, colors as indicated. All experiments were repeated at 

least in three independent cultures (n=3). E and F. Immunocytochemisty and cardiomyocyte 

surface area (image J), respectively on NRVM plated on glass slides coated with 0.3% 

gelatin, treated with ad-siLUC or increasing doses of ad-siG3bp1 stimulated with PE 

(100μM) for 18–20hrs, fixed and probed with anti-α-actinin, as indicated (n=2).
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Figure 3. 
G3bp1-miR-1 axis regulates cardiomyocyte hypertrophy. A. Graph represents relative 

transcript abundance as measured by qPCR of selected genes treated with siLUC, siG3bp1 

and/or anti-miR-1 (as indicated) with or without ET-1 stimulation in NRVM. Error bars 

represents SEM, * is p<0.05 compared to siLUC, # is p<0.05 compared to ET-1 and $ is 

p<0.05 compared to siG3bp1+ET-1. B. Western blot on fractionated protein lysates from 

NRVM treated with siLUC, siG3bp1 and/or anti-miR-1 with or without ET-1 stimulation. 

The membranes were stripped and probed for indicated specific antibodies. Gapdh, H2b and 

Myosin are shown as specificity controls of cytoplasm, nuclear and cytoskeletal fractions. 
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Gapdh and H2b also serve as loading controls. Cdk9 and Gtf2b were shown as validated 

targets of miR-1 in cardiomyocytes. C. Immunocytochemisty on NRVM plated on glass 

slides coated with 0.3% gelatin, treated with ad- siLUC or ad-siG3bp1 with or without ET-1 

(100nM) for 20hrs, fixed and probed with anti-α-actinin and DAPI. D. Cell surface area of 

NRVM treated as indicated in C, is measured using Image J, plotted and shown in graph as 

relative area. Error bars are SEM, * is p<0.05 compared to siLUC, # is p<0.05 compared to 

ET-1 and $ is p<0.05 compared to siG3bp1+ET-1. All experiments were repeated at least in 

three independent cultures (n=3).
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Figure 4. 
Exogenous G3bp1 rescues miR-1 induced change in gene expression. A. Western blot 

with lysates from NRVM treated with ad-tGfp or ad-G3bp1-tGfp with or without ET-1 

stimulation. The blots were probed for the indicated antibodies. Gapdh is shown as internal 

loading control. B. Graph represents relative mRNA abundance as measured by qPCR of 

selected genes treated with ad-tGfp, ad-G3bp1-tGfp and/or ad-miR-1. Error bars represents 

SEM, * is p<0.05 compared to tGfp, # is p<0.05 compared to miR-1 and $ is p<0.05 

compared to G3bp1-tGfp. n=3–4 independent cardiomyocyte cultures.
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Figure 5. 
G3bp1–miR-1 signaling in adult cardiomyocytes. A. Immunocytochemistry on isolated 

adult mouse ventricular myocytes (AMVM) treated with ad-siLUC, ad-siG3bp1 and/or 

ad-anti-miR-1 with or without ET-1. Cells were fixed and stained for a-actinin and DAPI. 

B. Graph represents the relative area of AMVM treated as indicated in A. Error bars 

represents SEM, * is p<0.05 compared to siLUC, # is p<0.05 compared to siLUC+ET-1, 

$ is p<0.05 compared to siG3bp1+ET-1 and & is p<0.05 compared to anti-miR-1+ET-1. 

C. Western blots on lysates from AMVMs treated with ad-siLUC or ad-siG3bp1 with or 

without ET-1. The blots were probed for the indicated antibodies. D. Western blotting on 
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lysates from AMVMs treated with ad-tGfp or ad-G3bp1-tGfp. The blots were probed for the 

indicated antibodies. E. Immunocytochemistry on isolated adult mouse ventricular myocytes 

(AMVM) treated with ad-tGfp, ad-G3bp1-tGfp and/or ad-miR-1 with or without ET-1. Cells 

were fixed, mounted and visualized for Gfp signal. F. Graph represents the relative area of 

AMVM treated as indicated in E. Error bars represents SEM, * is p<0.05 compared to tGfp, 

# is p<0.05 compared to tGfp+ET-1, $ is p<0.05 compared to G3bp1-tGfp+ET-1 and & is 

p<0.05 compared to miR-1+ET-1. G. Image of adult mouse ventricular myocytes at 60X 

magnification showing Gfp localization with respect to a-actinin (cardiomyocyte structure) 

and DAPI (nucleus). All experiments were performed in triplicates from three independent 

cultures, unless indicated.
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