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Abstract

Background

MicroRNAs (miR) are small, posttranscriptional regulators, expressed as part of a longer

primary transcript, following which they undergo nuclear and cytoplasmic processing by

Drosha and Dicer, respectively, to form the functional mature ~20mer that gets incorporated

into the silencing complex. Others and we have shown that mature miR-1 levels decrease

with pressure-induced cardiac hypertrophy, however, there is little or no change in the pri-

mary transcript encompassing miR-1 stem-loop, suggesting critical regulatory step in micro-

RNA processing. The objective of this study was to investigate the underlying mechanisms

regulating miR-1 expression in cardiomyocytes.

Results

Here we report that GTPase–activating protein (SH3 domain) binding protein 1 (G3bp1), an

endoribonuclease regulates miR-1 processing in cardiomyocytes. G3bp1 is upregulated

during cardiac hypertrophy and restricts miR-1 processing by binding to its consensus

sequence in the pre-miR-1-2 stem-loop. In accordance, exogenous G3bp1 is sufficient to

reduce miR-1 levels, along with derepression of miR-1 targets; General transcription factor

IIB (Gtf2b), cyclin dependent factor 9 (Cdk9) and eukaryotic initiation factor 4E (Eif4e).

While Cdk9 and Gtf2b are essential for transcription, Eif4e is required for translation. Thus,

downregulation of miR-1 is necessary for increase in these molecules. Similar to miR-1

knockdown, G3bp1 overexpression is not sufficient for development of cardiac hypertrophy.

Conversely, knockdown of G3bp1 in hypertrophying cardiomyocytes inhibited downregula-

tion of miR-1 and upregulation of its targets along with restricted hypertrophy, suggesting

that G3bp1 is necessary for development of cardiac hypertrophy. These results indicate

that G3bp1-mediated inhibition of miR-1 processing with growth stimulation results in

decrease in mature miR-1 and, thereby, an increase of its targets, which play fundamental

roles in the development of hypertrophy.
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Conclusion

G3bp1 posttranscriptionally regulates miRNA-1 processing in the heart, and G3bp1 medi-

ated downregulation of mature miRNA-1 levels is required for the derepression of its targets

and increase in gene expression during cardiac hypertrophy.

Introduction
Global increase in gene expression is the earliest and the most fundamental response to hypertro-
phic growth stimulus in heart [1–3]. Adaptations in gene expression can be regulated at the tran-
scriptional level by change in the promoter activity [4–6] and chromatin remodeling [7,8], in
addition, at the posttranscriptional level RNA binding proteins [9,10] and non-coding RNAs
[11,12] have been identified as major players in regulating mRNA translation, stability and location.

MicroRNAs (miR) are small (~20–24 nucleotides), non-coding posttranscriptional regula-
tors with the potential to regulate multiple genes by binding to their 3’ untranslated regions
[13–16]. A single miR has been shown to target a group of functionally related genes, with
more effective downstream effects as opposed to targeting of individual gene [17]. MiR-1 is a
cardiac-enriched miR, and it accounts for ~40% of all miRs in the mouse heart [18] and 24% in
human hearts [19]. Several studies have shown that miR-1 levels decrease with the develop-
ment of cardiac hypertrophy [20–23], resulting in derepression of several hypertrophy related
targets, some of which includes IGF1 [24], Mef2a, Calmodulin [25] and Twinfilin [19].
Recently, we identified and reported two targets of miR-1 in heart, Gtf2b and Cdk9, both essen-
tial components of the transcriptional machinery and hence required for transcription of all
genes. We showed that downregulation of miR-1 is necessary for derepression of these targets
and hence increase in transcription of hypertrophy-associated genes, however, it is not suffi-
cient for the development of cardiac hypertrophy [26].

GTPase–activating protein (SH3 domain) binding protein 1 (G3bp1) was first identified as
rasGAP binding protein [27], [28] and later shown to function as an endoribonuclease that selec-
tively target genes by binding to its consensus sequence [29]. Expressed ubiquitously, G3bp1
function is regulated by rasGAP dependent phosphorylation at serine149. Hyperphosphorylation
of G3bp1 is required for its endoribonuclease activity, while dephosphorylation favors the assem-
bly of cytoplasmic protein-RNA aggregates called stress granules [30]. G3bp1 has also been
shown to regulate the expression of Cdk7 in cardiomyocytes, by stabilizing Cdk7 mRNA [31].

Here we report that decrease in mature miR-1 in hypertrophied hearts is a result of a post-
transcriptional regulation of miR processing, and not due to decrease in its transcription. We
show that G3bp1 specifically targets pre-miR-1-2 transcript resulting in decrease in mature
miR-1 levels. We have also identified eukaryotic initiation factor 4E (Eif4e) as a novel target of
miR-1 in cardiomyocytes undergoing hypertrophy. Eif4e in upregulated in cardiomyocytes
when subjected to hypertrophic stimuli [32] and phosphorylation of Eif4e has been shown
necessary for cap-dependent translation [33,34], further, it was also shown necessary for cap-
independent translation [35]. In this study we show that G3bp1 mediates downregulation of
miR-1, which is necessary for the derepression of its targets that includes Eif4e and is required
for the increase in protein synthesis during cardiac hypertrophy.

Materials and Methods

Animals
The work was done in accordance with the US National Institutes of Health Guidelines for the
care and Use of Laboratory Animals (No 85–23). All animal protocols were approved by the
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Institutional Animal Care and Use Committee at Rutgers, the State University of New Jersey.
C57Bl/6 mice were purchased from The Jackson Laboratory and were housed in Animal facility
at Rutgers, The State University of New Jersey located in Newark NJ, as per standard proce-
dures/protocols. The animals were fed autoclaved regular chow (5010) and receive Reverse
Osmosis (RO) water.

Transverse Aortic Constriction
Twelve-week-old male 92C57Bl/6 mice were anesthetized with a mixture of ketamine (65 mg/Kg),
xylazine (13 mg/Kg) and acepromazine (2mg/Kg) via intraperitoneal injection. The adequacy
of the anesthetic was confirmed by the loss of tongue retraction reflex. The transverse thoracic
aorta between the innominate artery and the left common carotid artery was dissected free,
and a 7–0 braided polyester suture was tied around the aorta against a 28-gause needle with the
aid of an operating microscope. The needle was removed, the chest closed, and the mice were
extubated and allowed to recover in a Thermocare unit (temperature 88°F or 31°C; humidity
30–50%; oxygen 1-2ml/min, low flow range). Postoperative buprenorphine (0.01–0.05 mg/kg)
was administered subcutaneously every 12hrs, as needed. The sham operations involved the
same procedure, except aorta was not constricted. Post surgery the animals were housed in
Rutgers animal facility for the required time period. Animals were anaesthetized using keta-
mine (65 mg/Kg), xylazine (13 mg/Kg) and acepromazine (2mg/Kg) via intraperitoneal injec-
tion before hearts were isolated.

ChIP-Seq of Sham and TAC-induced Hypertrophy Hearts and data
analysis
As previously described in detail [26,36], sequencing data and analysis uploaded on NCBI Geo
datasets (GSE50637 and GSE56813).

Culturing Cardiomyocytes and Adenovirus infections
Cardiomyocytes were prepared as previously described [37]. Briefly, hearts were isolated from
1–2 day old Sprague-Dawley rats. After dissociation the cells are subjected to Percoll gradient
centrifugation followed by differential pre-plating to enrich for cardiomyocytes and deplete
non-myocytes. Myocytes are plated in DMEM-F12 with 10% fetal bovine serum (FBS) without
antibiotics. Twenty-four hours after plating, the medium is changed and the cells are infected
with recombinant adenoviruses at a multiplicity of infection (moi) of 10–20 particles / cell or
as indicated.

Construction of Adenoviruses
Recombinant adenoviruses were constructed, propagated and titered, as previously described
by Dr. Frank Graham [38]. Briefly, pBHGloxΔE1,3Cre (Microbix), including the ΔE1 adenovi-
ral genome, is co-transfected with the pDC shuttle vector containing the gene of interest, into
293 cells using Lipofectamine (Invitrogen). Through homologous recombination, the test
genes integrate into the E1-deleted adenoviral genome. The viruses were propagated on 293
cells and purified using CsCl2 banding followed by dialysis against 20 mM Tris buffered saline
with 2% glycerol. Titering is performed on 293 cells overlaid with Dulbeco’s Modified Eagle’s
Medium (DMEM) plus 5% equine serum and 0.5% agarose.
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DNA constructs cloned into adenoviruses
MiR-1: the stem-loop of miR-1-2 was cloned into recombinant adenovirus under control of
CMV promoter. MiR-1 eraser (anti-miR-1): two antisense repeats of the mature miR-1
sequence was synthesized as a double stranded oligonucleotide and cloned into recombinant
adenovirus under the control of a U6 promoter. MiR-SC (scrambled control): the stem-loop
expressing a scrambled sequence (GAACCGAGCCCACCAGCGAGC) was cloned into recom-
binant adenovirus under CMV and used as control for all adenoviral microRNA constructs.
G3BP1: human cDNA was purchased from origene (SC127200) and cloned into recombinant
adenovirus under CMV promoter. shRNA against G3bp1 (siG3bp1): hairpin forming oligonu-
cleotides corresponding to bases 281–300 of mouse rasGAP SH3-binding protein (accession
number NM_013716) and their antisense with Apa1- and HindIII- compatible overhangs were
synthesized, annealed and subcloned distal to the U6 promoter.

Northern Blots
Northern blots were performed as previously described [22]. Briefly, Total RNA (25–40μg),
extracted using TRIzol reagent according to the protocol of the manufacturer (Invitrogen) was
separated on 1% agarose gel with 3% formaldehyde and 10% 10XMOPS. The RNA was trans-
ferred onto uncharged nylon membrane and UV crosslinked. The membrane was prehybridized
at 42°C for 2hrs with 1mL/cm2 MiracleHyp Hybridization solution (Agilent technologies). Radio-
labelled (32P) DNA probes were used for hybridization (1x105/cm2). The blot was hybridized
overnight and washed with 2x SSC with 0.1% SDS and exposed to X-ray film for 24hrs at -80°C.
The blots were stripped using 0.5% SDS for 1hr at 60°C and reprobed after prehybridization.

Quantitative Polymerase Chain Reaction (qPCR)
Total RNA was reversed transcribed to cDNA using High Capacity cDNA Reverse Transcription
Kit (applied Biosciences) as per manufacturers protocol. Quantitative PCR was performed using
TaqMan gene expression assays (primer/probe sets) on Applied Biosystems 7500 Real-Time
PCR system for the following genes; 18S (Mm03928990_g1), mmu-miR-1b (Mm03308741_pri),
rno-miR-1 (Rn03465875_pri), pre-miR-1-2 (AILJJLS), mmu-miR-1-1 (Mm03306163_pri),
has-miR-1 (RT: 2222), has-miR-21 (RT:000397), rno-miR-1 (TM:002064), U6 snRNA (TM:
001973), G3bp1 (Mm00785370_s1). Pre-miR-1-1 ordered from Integrated DNA technologies
(set-1 assay, 57744637), rno-pre-miR-1-2 ordered from Integrated DNA technologies (5’primer:
TGCCTACTCAGAGCACATAC; 3’primer: CACACTTCTTTACATTCCAT; probe: /56-FAM/
TGTACCCAT/ZEN/ATGAACATAGAATGCT/3IABkFQ/).

Cellular Fractionation andWestern Blotting
Cells lysate were fractionated into cellular compartments using a Subcellular ProteoExtract Kit
(Calbiochem), according to the manufacturer’s protocol. The protein was analyzed on a 4% to
20% gradient SDS-PAGE (Criterion gels, Bio-Rad) and transferred to nitrocellulose membrane
for western blotting. Anti-G3bp1 (Millipore), Anti-Myosin (slow, skeletal) (Sigma), anti-phos-
phoAkt (Ser473) and anti-Akt (Cell Signaling), anti-Gapdh (Millipore), anti-Cdk9 (Santa Cruz
Biotech), anti-Gtf2b (Millipore), anti-Ankrd1 (Santa Cruz Biotech), anti-Vdac1 (Genscript),
anti-H2b (Upstate), anti-Eif4e (Genscript) and anti-Actin (Santa Cruz Biotech)

Immunocytochemistry
Myocytes were fixed in 3% paraformaldehyde plus 0.3% triton X-100 in PBS at 25° for 20 min-
utes. They were the incubated with primary antibody in Tris-buffered saline with 1% BSA.
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After an overnight incubation, they were washed and the secondary antibody was added to the
cells in TBS-1%BSA for additional 30minutes. The cells were washed, slides mounted using
Prolong Gold Antifade with 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes).
Microscopy was performed on the fixed slides using Nikon Eclipse TS100 inverted microscope
attached with CoolSNAP EZ CCD Camera (Photometrics) connected with NIS elements soft-
ware. All images were taken using Nikon Plan Apo 60X A/1.40 Oil lens. Image J [39] was used
for Eif4e particle analysis and cell area measurements.

Statistics
Calculation of significance between 2 groups was performed using an unpaired, 2-tailed Stu-
dent t test (excel software). All experiments were repeated three times, unless indicated and
presented as average ± SEM p<0.05 was considered significant.

Results

MiR-1 expression is posttranscriptionally regulated during cardiac
hypertrophy
Others and we have shown that miR-1 levels are lower in the developing heart compared to the
adult [22,40] and decreases when the adult heart undergoes hypertrophy in rodents and
humans [20–22]. Paradoxically our RNA polII- and H3K9Ac-chromatin immunoprecipitation
data [26,36] of the cardiac genome in mouse during pressure-induced cardiac growth com-
pared to the sham hearts shows a minimal increase vs. decrease in the RNA pol II distribution
across the miR-1-miR-133 clusters expressed from two chromosomal locations of the mouse
genome, as well as, an equivalent increase in H3K9 acetylation and Gtf2b recruitment at the
transcription start sites of these clusters. These results suggested that downregulation of mature
miR-1 during cardiac hypertrophy could be due to regulatory posttranscriptional processing of
primary or pre miR-1 transcript (Fig 1A and 1B). We quantified the primary, pre and mature
miR-1 transcripts in mouse hearts subjected to sham or TAC operations for increasing time
periods of 1day (no increase in heart weight/tibia length) or 4days (~50% increase in heart
weight/tibia length) by quantitative PCR analysis of total RNA isolated and normalized to 18S
(primary and pre) or U6 (mature). The results showed no significant change in the primary
miR-1-1 and primary miR-1-2 transcripts in hypertrophied vs. sham hearts (Fig 1C). Interest-
ingly, while pre-miR-1-1 did not change, pre-miR-1-2 transcript was decreased by 26% and
40% in both 1day and 4day TAC hearts, respectively compared to sham hearts. Similarly,
mature miR-1 levels were 38% and 47% less in 1day and 4day TAC hearts vs. sham hearts.
These results indicate that change in mature miR-1 levels in mouse hearts during cardiac
hypertrophy is a result of posttranscriptional regulation of pre-miR-1 and not at transcrip-
tional level. Similar regulation of miR-1 transcripts was seen in isolated neonatal rat ventricular
cardiomyocytes stimulated with Endothelin-1 (ET-1) or 10% Fetal Bovine Serum (FBS) for 1hr
or 24hrs. Interestingly, 1hr treatment showed no significant change in primary miR-1 tran-
script, with significant accumulation of pre-miR-1 and downregulation of mature miR-1 level.
On the other hand, 24hrs treatment with ET-1 showed decrease in pre-miR-1 and mature
miR-1, while FBS resulted in decrease in primary, pre and mature transcripts (Fig 1D). These
results suggest that rapid decrease in mature miR-1 levels seen with induction of growth in car-
diomyocytes is result of posttranscriptional regulation of pre-miR-1. Adenovirus mediated
expression of exogenous miR-1 showed accumulation of pre-miR-1 in dose dependent manner,
suggesting regulatory step before maturation (Figure a in S1 File). These results suggest that
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miR-1 levels are tightly controlled in cardiomyocytes, and are maintained by posttranscription-
ally regulating miR-1 processing and maturation.

MiR-1 stem-loop harbors the consensus sequence for G3bp1, an
endoribonuclease with sequence-specific RNA binding activity
Our results show a rapid decrease in mature miR-1 levels immediately post TAC [22], (Fig 1),
which suggest a posttranscriptional regulation of miR-1 in these hearts with induction of car-
diac growth. Thus, we searched for potential posttranscriptional regulators that might be play-
ing a role in miR-1 processing. While scanning the stem-loop sequence for target sites for RNA
binding proteins with known consensus sequences, we discovered G3bp1, as a potential regula-
tor of miR-1 processing. Studies have identified a consensus sequence for G3bp1, binding to
which results in site directed cleavage of the target mRNA [29]. We identified this consensus
sequence in pre-miR-1 transcript, and to our surprise, the sequence (with two nucleotide mis-
match) was found in the stem-loop of miR-1-2. Aligning the loop sequences of rodent and
human miR-1-1 and miR-1-2 confirmed conservation across species (Fig 2A). Interestingly,
miR-1-1 stem-loop showed an additional mismatch in first nucleotide where G replaced an A.
G3bp1 has been shown to cleave at CA dinucleotides [29]. Thus, we presumed that these

Fig 1. MiR-1 expression is posttranscriptionally regulated during cardiac hypertrophy. Pool of three sham/adult and TAC operated mouse hearts were
used for anti-RNA pol II, anti-H3K9ac and anti-Gtf2b ChIP-Seq. Binary analysis files (BAR) from the ChIP-Seq data was viewed in Affymetrix’s Integrated
Genome Browser (IGB), which shows the fragment densities of RNA pol II, H3K9ac and Gtf2b (y-axis) aligned in 32–50 nucleotide bins along the
chromosomal coordinates (x-axis) for miR-1-133 clusters. The arrow indicates the transcription start site and the direction of transcription. (a) IGB images of
miR-1-1 and miR-133a-2 transcript with RNA polII, H3K3ac and Gtf2b densities across intergenic regions of chromosome 2. (b) IGB images of miR-1-2 and
miR-133a-1 cluster with RNA polII, H3K3ac and Gtf2b densities within the Mindbomb 1 (Mib1) gene located in chromosome 18. (c) Total mRNA extracted
frommouse hearts from sham or TAC operated hearts for 1day or four days were used for qPCR analysis of primary, pre-miR-1-1, pre-miR-1-2 and mature
miR-1 levels. The results were normalized to 18S (primary and pre- transcript) or U6 (mature) and shown as ratio of TAC/sham. Error bars represents
standard error of mean (SEM) and * is p< 0.05, n = 3. (d) Neonatal myocytes cultured in growth-inhibited (serum free) conditions were stimulated with 100nM
endothelin-1 or 10%FBS for 1hr or 24hrs, as indicated. Total RNA extracted was used for qPCR analysis of primary, pre- and mature miR-1. Error bars
represents SEM, and * is p<0.05 and ** is p< 0.005. N = 3.

doi:10.1371/journal.pone.0145112.g001
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differences might be the reason for differential regulation of pre-miR-1-1 and pre-miR-1-2
stem-loop by G3bp1, resulting in controlled decrease in mature miR-1 levels with induction of
cardiac hypertrophy. Next, we examined the expression of G3bp1 in mouse hearts subjected to
sham or TAC surgery for four days, as in Fig 1. Our RNA polII- and H3K9Ac-ChIP-Seq data
showed that at the transcriptional level, G3bp1 is increased incrementally by promoter clear-
ance of paused RNA pol II (Fig 2B), which results in incremental increase in G3bp1 transcript,
(Fig 2C) and a ~3 fold increase in G3bp1 protein (Fig 2D). These results suggest that increase
in G3bp1 with hypertrophic stress might be involved in the subsequent downregulation of
mature miR-1, derepression of its hypertrophy related targets and induction of cardiac
hypertrophy.

G3bp1 regulates miR-1 processing in cardiomyocytes
To determine if G3bp1 regulates miR-1 processing, we expressed exogenous G3bp1 in neonatal
myocytes and measured primary, pre-miR-1 and mature miR-1 levels. QPCR and Northern
blot analysis showed no change in the primary miR-1 transcript, ~49% decrease in pre-miR-1
levels and ~25–30% decrease in the mature levels of miR-1 in myocytes treated with Ad-
G3BP1, or with growth stimulation, compared to myocytes treated with Ad-LacZ (Fig 3A–3D
and Figure b in S1 File). As expected, anti-miR-1 treatments showed decrease in miR-1 levels
(Fig 3B). To further confirm these results, we tested if silencing G3bp1 with growth stimulation
would result in the restored miR-1 processing and maintained mature miR-1 levels in cardio-
myocytes. For that purpose, neonatal myocytes were infected with adenovirus expressing
shRNA against G3bp1 in presence or absence of 10% FBS for 24hrs. The results showed that
G3bp1 silencing increased mature miR-1 levels in absence of growth, and restored the serum-
induced downregulation of miR-1 close to endogenous levels (Fig 3C and 3D). MiR-21 and U6
are shown for specificity, while 5S RNA as loading controls for Northern blots.

To examine if the change in G3bp1-mediated miR-1 levels is functionally relevant, we mea-
sured protein expression levels of validated downstream targets of miR-1, Gtf2b and Cdk9 [26]
in cardiomyocytes cultured and treated as described above. Exogenous expression of G3bp1 in
quiescent myocytes was sufficient to increase the expression of both Gtf2b and Cdk9, similar to
growth stimulation by 10% FBS (Fig 3E and 3H, Figure c in S1 File). Conversely, shRNA medi-
ated knockdown of G3bp1 partially restricted serum and growth factor induced upregulation
of both Gtf2b and Cdk9 when stimulated with 10%FBS or ET-1 (Fig 3F and 3H, Figure d in S1
File). Gapdh and H2B are shown as specificity controls of cytosolic and nuclear fractions.
These results suggests that G3bp1 by regulating miR-1 processing controls mature miR-1 levels
and thereby, its downstream targets during cardiac hypertrophy development. To further
examine that G3bp1-mediated changes in Gtf2b and Cdk9 protein expression were due to its
role in regulating miR-1 processing, we supplemented quiescent neonatal myocytes infected
with Ad-G3bp1 with exogenous miR-1. Supplementing exogenous miR-1 reversed G3bp1-in-
duced upregulation of Gtf2b, Cdk9 and Ankrd1 (hypertrophic marker), while Vdac1 expres-
sion remained unchanged with both treatments (Fig 3G and 3H). Thus, we conclude that
G3bp1 posttranscriptionally regulates miR-1 levels and hence its hypertrophy related targets.

Mature MiR-1 level is inversely proportional to the growth status of
cardiomyocytes and targets key transcriptional and translational
modulators
We recently showed that mature miR-1 levels are proportional to the growth status of cardio-
myocytes, where switch to growth-stimulated condition (medium with 10% FBS) results in
decrease in mature miR-1 and switch from growth stimulated to growth-inhibited medium
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(serum free medium, SF) results in a reciprocal increase in miR-1 levels [26]. To determine the
status of primary and pre-miR-1 transcripts in cardiomyocytes cultured under similar

Fig 2. G3bp1 expression is increased during cardiac hypertrophy. (a) G3bp1 consensus sequence as
identified by previous report aligned to the stem loop sequence of miR-1-1 and miR-1-2 of rat, mouse and
human. (b) IGB image of RNA polII, H3K9ac and Gtf2b densities across G3bp1 gene in mouse chromosome
11. The y-axis represents the fragment density, while the x-axis chromosomal coordinates. (c) Total RNA
from sham or TAC operated hearts (4days) was used to measure G3bp1 mRNA expression by qPCR. The
graph represents the relative mRNA abundance, error bars represents SEM, n = 4. (d) Western blot analysis
was performed on protein lysate extracted for the same hearts as in b. Blots were probed for the indicated
genes. Myosin (slow, skeletal) that recognizes βMHC is shown as positive control for TAC, Akt as specificity
and Gapdh as loading control. n = 4.

doi:10.1371/journal.pone.0145112.g002
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conditions, we measured their abundance using qPCR. As seen in Fig 4A, growth-stimulated
(FBS) condition results in a decrease in primary and pre-miR-1 transcript, whereas, a switch of

Fig 3. G3bp1 regulates miR-1 processing in cardiomyocytes. (a) Neonatal myocytes were treated with Ad-LacZ or Ad-G3bp1 for 24hrs; total RNA
extracted was used for qPCR analysis for rno-primary and rno-pre-miR-1. The results were normalized to 18S, averaged and plotted. Error bars represents
SEM, and * is p<0.05, n = 3. (b) Neonatal myocytes cultured in serum free conditions were treated with Ad-LacZ, Ad-G3bp1, Ad-anti-miR-1 (two doses, as
indicated) or 10% FBS for 24hrs before extracting total RNA for Northern Blots. Blots were probed for miR-1, anti-miR-1 sequence or U6. 5S is shown as
loading control. (c) Myocytes were cultured and treated with adenovirus expressing shRNA against G3bp1 (Ad-siG3bp), Ad-siLUC (control virus) or 10%
FBS, as indicated. Northern blots were performed and probed for miR-1 and miR-21 (specificity control), 5S is shown as loading control. (d) Northern blots
from 3a and b, and two independent blots were scanned, quantified, averaged and plotted. The error bars represents SEM and * p<0.05 vs. SF control. (e)
Western blot analysis of the cytoplasmic and nuclear fractions of protein lysate was performed on myocytes for the indicated genes on myocytes treated with
Ad-lacZ (control virus), Ad-G3bp1 or 10% FBS, as indicated for 24hrs. (f) Western blot analysis of cytoplasmic and nuclear fractions of protein lysate was
performed on myocytes treated with Ad-siLUC (control virus), Ad-siG3BP1 or 10% FBS, as indicated. (g) Total protein lysate from cultured myocytes treated
with Ad-lacZ (control virus), Ad-G3bp1 or Ad-miR-1, as indicated were separated by SDS-PAGE and protein expression of selected genes analyzed, n = 2.
(h) Western blots were quantified, averaged and plotted. Error bars represents SEM and * p<0.05 vs. respective control. All experiments were performed in
triplicates, unless indicated otherwise and representative blots have been shown.

doi:10.1371/journal.pone.0145112.g003

G3bp1 Posttranscriptionally Regulates miRNA-1 Biogenesis

PLOS ONE | DOI:10.1371/journal.pone.0145112 December 16, 2015 9 / 19



hypertrophying myocytes to growth-inhibited medium showed a significant ~2.5fold increase
in pre-miR-1 (Fig 4B), which may be due to decrease in G3bp1 endoribonuclease activity
resulting in increase in pre-miR-1 and hence mature miR-1 levels. Thus, we conclude that
miR-1 expression in cardiomyocytes inversely correlates with growth and is regulated posttran-
scriptionally at the pre-miR-1 processing step.

To validate that the change in miR-1 levels were functionally relevant we measured change
in the protein expression of Gtf2b and Cdk9, and one predicted target Eif4e (predicted by both
Targetscan and Pictar). While Gtf2b and Cdk9 are key regulators of transcriptional machinery,

Fig 4. Mature MiR-1 level is inversely proportional to cardiomyocyte growth status. (a) Neonatal myocytes were cultured in growth-inhibited (serum-
free, SF) medium for 24hrs before switching them to growth-stimulated medium (medium with 10% FBS) for an additional 24hrs. Total mRNA extracted was
used for qPCR analysis of primary and pre-miR-1 expression. The graph represents relative abundance of primary and pre-miR-1 normalized to 18S, error
bars represents SEM and * p<0.05 (n = 3). (b) Myocytes cultured in growth-stimulated medium (FBS) for 24hrs were switched to serum-free medium (SF) for
additional 24hrs. Total mRNA extracted was used for qPCR analysis of primary and pre-miR-1 expression. The graph represents relative expression of
primary and pre-miR-1 normalized to 18S, error bars represents SEM and * p<0.05 (n = 3). (c) Total protein was extracted from neonatal myocytes cultured
similarly as in 4a and b with an additional 48hr time point, and separated by SDS-PAGE. Western blot analysis was performed for indicated genes. Myosin
heavy Chain (Mhc) was used for loading control. (d) Western blot from 4c, and 2 other blots for the listed genes were quantified, averaged and plotted. The
graph represents fold change normalized to Mhc signal and shown as ratio of FBS/SF or SF/FBS (n = 3). Error bars represents standard error of mean (SEM)
and * is p<0.05 vs. respective controls. All experiments were repeated in triplicates and representative blots have been shown.

doi:10.1371/journal.pone.0145112.g004
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Eif4e is necessary for cap-dependent translation of mRNAs. Neonatal myocytes were cultured
and treated similarly as above, with an additional 48hr time point, and western blot analysis was
performed for the indicated genes. The results show that switch to growth-stimulated conditions
(SF to FBS) that decreases mature miR-1 levels results in significant increase in Gtf2b, Cdk9 and
Eif4e expression. On the other hand, removal of the growth stimulus (FBS to SF medium) that
increases miR-1 reversed the expression levels of these selected targets (Fig 4C). Fig 4D shows the
quantitative data of Gtf2b, Cdk9 and Eif4e normalized to myosin heavy chain (Mhc). We also
examined total mRNA and total protein synthesis in neonatal myocytes subjected to growth
stimulation in the absence or presence of exogenous miR-1 by measuring tritium radiolabelled
Uridine (3H uridine) and Leucine (3H leucine), respectively. In addition, we treated quiescent
myocytes with an adenovirus expressing anti-miR-1 sequence and measured total mRNA and
protein synthesis. The results showed that miR-1 significantly reduced both mRNA and protein
synthesis, while knockdown of miR-1 resulted in ~2.5fold increase Uridine incorporation, and
minimal (~1.24 fold) increase protein synthesis (Figure a-c in S2 File).

Eif4e is a direct target of miR-1
Both Targetscan [41–43] and Pictar [44,45] have predicted Eif4e as a target of miR-1, along
with other miRs that are broadly conserved among vertebrates (Fig 5A). To validate Eif4e as
direct target of miR-1 we made three adenoviral constructs of Eif4e cDNA that encompassed
full length (Eif4e-FL), lacked the miR-1 target site (Eif4eΔmiR-1) or deleted 3’UTR (Eif4e-cds).
These adenoviral vectors were used to infect neonatal myocytes cultured in growth-inhibited
conditions that promote higher miR-1 levels (Figure a in S1 File). These myocytes were not
supplemented with exogenous miR-1 and were infected with low (5 MOI) or high (20 MOI)
doses of these constructs and expression of Eif4e measured. The data showed that constructs
lacking the miR-1 target site or the 3’UTR had higher expression than the construct expressing
the full length (FL) (Fig 5B and 5C). As expected, expression of Eif4e-cds was higher than
Eif4eΔmiR-1, since there were no inhibitory effects of other predicted miRs like miR-15 or
miR-150. While the lower dose showed ~20% and ~35% more expression of Eif4eΔmiR-1 and
Eif4e-cds, respectively, over Eif4e-FL, increasing concentrations of constructs showed reduced
difference in expression levels which may be due to the ‘sponging effect’.

To further verify that miR-1 regulates the expression of Eif4e in cardiomyocytes during
growth, we supplemented neonatal myocytes with exogenous miR-1 in increasing doses. The
results showed that miR-1 inhibited expression of endogenous Eif4e protein levels (Fig 5D and
5E). In concordance, inhibition of miR-1 expression by an anti-miR-1 sequence in quiescent
neonatal myocytes resulted in increase in Eif4e in dose dependent manner. Mhc is shown as
loading control (Fig 5D and 5E). Next, we performed immunocytochemistry in neonatal myo-
cytes stimulated with growth factor, Endothelin 1 (ET-1) in the absence or presence of exoge-
nous miR-1. Cardiomyocytes stained with Eif4e, Myosin heavy chain (MF20) and DAPI
showed that addition of miR-1 resulted in inhibition of ET-1 induced increase in cell size and
decrease in the Eif4e expression (Fig 5F and Figure f in S1 File). We measured Eif4e expression
changes with these treatments using ImageJ, which showed an increase in average number of
Eif4e staining seen as particles per cardiomyocyte with ET-1 stimulation that was decreased to
basal levels in presence of exogenous miR-1. Interestingly, the results revealed significant
decrease in average size of particles in the presence of exogenous miR-1, which was not seen in
quiescent or stimulated cardiomyocytes alone (Fig 5F). Thus, these data suggest that miR-1
directly targets Eif4e in cardiomyocytes and may regulate cap-dependent translation.

To examine the effects of G3bp1 on Eif4e protein expression and if restoring miR-1 levels
by supplementing exogenous miR-1 would rescue the effects, we treated neonatal myocytes
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Fig 5. Eif4e is direct target of miR-1 in cardiomyocytes. (a) Targetscan and Pictar predicted miRs and sites on Eif4e 3’UTR that are broadly conserved
between vertebrates. (b) Neonatal myocytes cultured in growth-inhibited medium (serum-free, SF) were infected with adenovirus constructs of Eif4e, as
indicated, with multiplicity of infection (MOI) of 5 or 20 for 24hrs before protein extraction, followed byWestern blotting for Eif4e and Gapdh. Relative Eif4e
represents densitometry of two independent blots, averaged and normalized to Gapdh. (c) The graph represents relative increase in Eif4e protein expression
levels with Eif4e-Mut and Eif4e-Cds constructs compared to Eif4e-Fl. Error bars represents SEM and ** is p<0.001, n = 3. (d) Neonatal myocytes were
infected with Ad-SC, Ad-MiR-1 or Ad-anti-miR-1 in increasing doses in the presence or absence of 10% FBS, respectively, as indicated. Western blot
analysis was performed on protein lysate for Eif4e and MHC. n = 3. (e) The graph represents change in Eif4e protein expression with Ad-miR1- or Ad-anti-
miR-1 normalized to MHC. Error bars represents SEM and * is p<0.05, n = 3. (f) Immunocytochemistry was performed in myocytes plated in glass chamber
slides and stimulated with ET-1 for 24hrs in the absence or presence of exogenous miR-1. Cells were stained for Eif4e, MHC and DAPI. Eif4e signal was
quantified using Analyze particles tool from Image J. The graph represents average number of Eif4e stained particles/cell and average size of particles with
the treatments. Error bars represent SEM, and * is p<0.05 and ** is p<0.005. Three independent experiments, four field each with more than 2cells used for
quantification.

doi:10.1371/journal.pone.0145112.g005
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cultured under serum free conditions with ad-G3bp1 or 10% FBS in the absence or presence of
ad-miR-1. The results showed that growth stimulation and G3bp1 resulted in increase Eif4e
expression; however, the presence of exogenous miR-1 restricted this increase in both these
treatments (Fig 6A). Interestingly, supplementing exogenous G3bp1 to myocytes restored

Fig 6. Inhibition of G3bp1 restricts ET-1 induced cardiac hypertrophy. (a) Neonatal myocytes were infected with adenoviruses expressing miR-SC
(control virus), G3BP1, miR-1 or 10% FBS, as indicated. Total protein lysate was extracted and analyzed by western blotting for Eif4e, rasGAP, Actin and
G3bp1 (n = 2). (b) Neonatal myocytes cultured were treated with adenovirus expressing miR-1, G3BP1 or control virus, as indicated. After 24hrs the cells
were supplemented with [H3]-leucine to the medium. After additional 24hrs, protein and DNA was extracted and counts per minute (CPM) measured,
normalized to DNA, averaged and plotted. Graph represents relative CPM/μg of DNA Error Bars represents SEM, * represents p<0.05 vs. control. #
represents p<0.05 G3bp1+miR-1 vs. miR-1 (n = 3). (c) Immunocytochemistry was performed on myocytes plated in glass chamber slides and treated with
Ad-LacZ or Ad-G3BP1, as indicated. Myocytes were stimulated with ET-1 in the presence or absence of Ad-siG3bp1 or Ad-siLUC. The cells were fixed and
stained for phalloidin and DAPI. N = 3. d. The graph represents cell area quantified using Image J, error bars represents SEM and * is p<0.05 vs. Ad-siLUC,
and # is p<0.05 vs. ET-1+Ad-siLUC, n = 3 independent experiments.

doi:10.1371/journal.pone.0145112.g006
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miR-1 induced inhibition of total protein synthesis, however, G3bp1 alone was not sufficient to
increase protein synthesis (Fig 6B). These results suggest that G3bp1 mediated downregulation
of miR-1 is required for increase in Eif4e expression in cardiomyocytes, which is necessary to
accommodate the increase in translation of mRNA transcripts (Figure d in S2 File).

Inhibition of G3BP1 abrogates growth factor induced cardiac
hypertrophy
We have shown that exogenous miR-1 restricts ET-1 induced hypertrophy in cardiomyocytes
[22], [26], (Fig 5F). Since inhibition of G3bp1 results in increase in mature miR-1 levels, we
tested if inhibiting endogenous G3bp1 in cultured neonatal myocytes would also restrict ET-1
induced increase in cell size. Immunocytochemistry in cultured neonatal myocytes treated
with ad-siG3bp1 in the presence of ET-1 confirmed that G3bp1 was required for development
of cardiac hypertrophy (Fig 6C). Interestingly, overexpression of G3bp1 was not sufficient for
the development of cardiac hypertrophy (Fig 6C). These results are in concordance of with our
previous study with miR-1, where downregulation of miR-1 is not sufficient for hypertrophy
development in vivo [26], but necessary for cardiac hypertrophy. Thus, these results signify the
essential function of G3bp1 in regulating miR-1 processing, and hence its role in the develop-
ment of cardiac hypertrophy.

Discussion
In this study we show that downregulation of miR-1 with induction of cardiac hypertrophy is
due to posttranscriptional regulation of pre-miR-1 by an endoribonuclease G3BP1 and not due
to change in transcription of the primary transcript.

MiR-1 expression and regulation
Transcription of majority of the miRs is RNA pol II dependent and follows similar processing
as most mRNAs, which includes capping, splicing and polyadenylation [46]. The coding
regions of miRs can be intergenic or within genes, and can be transcribed independently or
with the host gene as an individual or cluster of several miRs, which is later spliced and pro-
cessed for the expression of mature miR [47]. MiR-1 is expressed as a co-transcript with miR-
133 from two chromosomal locations (Fig 1A and 1B), well conserved in mouse and humans
[40]. Although, both these miRs have been reported as cardiac-enriched, mature miR-1 levels
significantly exceeds those of miR-133 and accounts for ~40% of all cardiac miRs in mice, sug-
gesting miR-1-specific processing of the primary transcript [18]. Similar specific regulation of
miR clusters have been reported, like the differential expression of miRs of the miR-17~92 clus-
ter, where hnRNP A1, an RNA binding protein has been shown to specifically facilitate pro-
cessing of only miR-18a by binding to the loop sequence in primary transcript and resulting in
conformational change that favors Drosha processing, without affecting the expression of miR-
17 or miR-19 [48,49]. It has been estimated that 14% of pri-miRs have conserved loop
sequence, which includes miR-1-2 and suggests posttranscriptional regulation of its biogenesis
[49]. Several previous studies have implicated RNA binding proteins as regulators of miR-1
biogenesis that play a critical role in maintaining and regulating mature miR-1 levels. KH-type
splicing regulatory protein (KSRP), a nuclear and cytoplasmic nucleic acid binding protein that
specifically targets AU rich regions and regulate mRNA decay [50] has been shown to promote
miR-1 biogenesis in C2C12 cells. Pri-miR-1 is part of bigger group that includes several miRs
that require KSRP binding at the specific sequences (G repeats) in the terminal-loop, this facili-
tates Drosha and Dicer mediated miR processing, without binding to single or double stranded
mature miR [51]. An independent study however reported that KSRP also associates with
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mature miR-1 sequence in C2C12 cells [52]. A posttranscriptional regulation of miR-1 has also
been reported during myotonic dysfunction induced cardiac defects. Muscleblind-Like Splicing
Regulator 1 (MBNL1) has been shown to compete with Lin28 in H9C2 rat cardiomyocytes for
specific G- and A- rich regions in the terminal-loop of pre-miR-1, thereby promoting or inhib-
iting pre-miR-1 processing, respectively [53]. On the other hand, transactive response DNA
binding protein 43 (TDP-43) negatively regulates miR-1 activity in skeletal muscle without
altering mature miR-1 abundance [52]. The modus operandi of these factors in regulating
miR-1 involves binding to the terminal-loop sequence of the pre-miR-1, except for TDP-43
that prevents incorporation of mature miR-1 into the RISC complex. Here we show that the
previously identified binding consensus sequence for G3bp1 also stretches across the terminal-
loop of pre-miR-1, and an increase in the endogenous G3bp1 results in decrease in specifically
pre-miR-1-2 abundance and hence decrease in mature miR-1 with hypertrophic stimulation in
cardiomyocytes.

G3bp1 mediated posttranscriptional regulation of RNA
G3bp1 belongs to the superfamily of heterogenous RNA binding protein (hnRNP) with two-
riboncleoprotein motifs and RGG (arginine-glycine-glycine)–rich domain, but lacking the KH
domain [27]. Further characterization has also identified nuclear transfer factor like 1 and
acidic domain that harbors serine 149 residue, a phosphorylation of which regulates G3bp1
function and subcellular location [29,54,55]. G3bp1 has binding specificity for RNAs harboring
consensus sequence ACCC(A/C)(U/C)(A/C)(C/G)G(C/A)A(G/C) within their 3’UTR, with
the cleavage site between CA dinucletoides [29]. Apart from its function as an endoribonu-
clease, G3bp1 is also a core component of stress granules and several studies have reported
G3bp1 as necessary and sufficient for nucleation of these granules in stressed cells. Studies in
fibroblasts have shown that hyperphosphorylation of G3bp1 is required for endoribonuclease
activity, while dephosphorylation favors assembly of stress granules [30,56,57]. G3bp1 has rela-
tively high expression in the heart, and according to our data is increased during pressure-
induced cardiac hypertrophy in mice. At the transcriptional level, our ChIP-Seq data shows
that G3bp1 is regulated by release of promoter paused RNA pol II, which results in 0.2 fold
increase in G3bp1 mRNA, as expected. This mode of gene regulation is widespread in the heart
and mostly seen in essential/housekeeping genes during cardiac hypertrophy, oppose to de
novo recruitment of RNA pol II to gene promoters observed in a small subset of specialized
genes [26,36]. RNA immunoprecipitation with G3bp1 would be ideal to validate the direct
binding of G3bp1 with pre-miR-1-2, however; we were unable to precipitate pre-miR-1-2 with
G3bp1, which may be due to degradation of the transcript by G3bp1 under the tested condi-
tions. In addition, it would be interesting to see if stress granules are assembled in cardiomyo-
cytes during hypertrophy and if pre-miR-1 transcript/s are first recruited to stress granules by
G3bp1, before selective sequence-dependent degradation of pre-miR-1-2.

General knockout of G3BP is embryonic lethal with fetal growth retardation and extensive
neuronal death [58]. Microarray on mouse embryonic fibroblasts from knockout mice identi-
fied five genes (Gas5, Insulin-like growth factor II, secreted frizzled-related protein 2, delta-like
homolog 1 and Lumican) with more than four fold upregulation compared to control in resting
and serum stimulated cells, in addition these genes also contained G3bp consensus sequence
[58]. Other known targets of G3bp1 include β-f1 ATPase mRNA [59] and peripheral myelin
protein 22 [60] in HEK and MCF7 cells, respectively. In the heart, the only reports of G3bp1 is
with respect to its expression [27,55] and its role in regulation of Cdk7 and Cdk9 during cardi-
omyocyte growth [31]. Here we show that G3bp1 mediated rapid downregulation of pre-miR-
1-2 is essential for the derepression of miR-1 targets that includes Gtf2b, Cdk9 and Eif4e, all of
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which play an essential role in global gene expression. In agreement with our previous data
showing that downregulation of miR-1 is not sufficient for induction of cardiac hypertrophy
[26], overexpression of exogenous G3bp1 in cardiomyocytes did not result in increase cell size
or increase in total protein synthesis. However, inhibition of endogenous G3bp1 that increases
mature miR-1 levels restricts endothelin1 induced cardiomyocyte hypertrophy, as seen with
miR-1 overexpression [22,26]. Therefore we conclude that G3bp1 plays an essential role in
maintaining the levels of mature miR-1 in cardiomyocytes. A hypertrophic stimulus induces
an increase in G3bp1, which mediates a selective decrease in pre-miR-1-2 and hence, decrease
in mature miR-1 levels. Downregulation of mature miR-1 is necessary for derepression of keys
transcriptional and translational targets that are required for compensatory increase in global
gene expression, one of the hallmarks of cardiac hypertrophy.

Supporting Information
S1 Checklist.
(PDF)

S1 File. G3bp1 regulates mature miR-1 levels and hence downstream targets. Figure a. Neo-
natal myocytes cultured in serum free conditions were infected with increasing doses of Ad-
miR-1 for 24hrs, total RNA was extracted and was used for Northern Blot analysis of miR-1 5S
is shown as loading control. Figure b. QPCR for miR-1 was performed on total RNA extracted
from neonatal myocytes treated with Ad-LacZ or Ad-G3bp1. The graph represents relative
miR-1 levels normalized to U6. Error bars represents SEM, and � is p<0.05, n = 3. Figure c.
Total protein lysate from neonatal myocytes treated with Ad-LacZ or Ad-G3bp1 was separated
by SDS-PAGE and western blotting performed for indicated genes. Figure d. Neonatal myo-
cytes were stimulated with 100nM ET-1 or 10% FBS for 1hr in the presence or absence of Ad-
siG3bp1 or Ad-siLUC. Total protein lysate from the cells were separated by SDS-PAGE and
western blotting performed for indicated genes. Figure e. QPCR was performed to validate the
downregulation of G3bp1 with Ad-siG3bp1 in neonatal myocytes. The graph represents rela-
tive G3bp1 mRNA abundance. Error bars represents SEM and �� is p<0.00001, n = 3. Figure f.
Immunocytochemistry on neonatal myocytes stimulated with ET-1 in presence of Ad-Sc or
Ad-miR-1, and stained for Eif4e, Mhc and Dapi.
(TIFF)

S2 File. MiR-1 regulates mRNA and total protein synthesis in cardiomyocytes. Figure a.
Neonatal myocytes cultured under growth-inhibited conditions were infected with adenovi-
ruses expressing miR-Sc, miR-1 or anti-miR-1 for 24hrs in the presence of [H3]-Uridine before
extracting total RNA. mRNA was separated using Oligotex Direct mRNA kit from Qiagen.
Counts per minute (CPM) was measured and normalized to CPM of total RNA, averaged and
plotted. Error bars represents SEM and � is p<0.05, n = 3. Figure b and Figure c. Neonatal
myocytes were infected with miR-Sc, miR-1 or anti-miR-1 as indicated, in the presence of
[H3]-leucine. After 24hrs protein and DNA was extracted and [H3]-leucine incorporation mea-
sured by a scintillation counter. CPM was measured and normalized to DNA, averaged and
plotted. Error bars represents SEM and � is p<0.05, n = 3. Figure d. Neonatal myocytes cul-
tured in growth-inhibited conditions were treated with siLUC or siEif4e. After 24hrs, cells were
supplemented with [H3]-leucine and 10% fetal bovine serum for additional 24hrs. Protein and
DNA was precipitated and extracted as per protocol, and incorporation of [H3]-leucine mea-
sured and plotted as described above. Error bars represents SEM and � is p<0.05 vs. their
respective controls. # is p<0.01 siEif4e with FBS vs. siLUC with FBS. The graph also indicates
the percent increase in protein synthesis after FBS treatment in cardiomyocytes after
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