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LncRNA-based control affects cardiac pathophysiologies like myocardial
infarction, coronary artery disease, hypertrophy, and myotonic muscular
dystrophy. This study used a gene-break transposon (GBT) to screen zebrafish
(Danio rerio) for insertional mutagenesis. We identified three insertional mutants
where the GBT captured a cardiac gene. One of the adult viable GBTmutants had
bradycardia (heart arrhythmia) and enlarged cardiac chambers or hypertrophy;
we named it “bigheart.” Bigheart mutant insertion maps to grin2bb or N-methyl
D-aspartate receptor (NMDAR2B) gene intron 2 in reverse orientation. Rapid
amplification of adjacent cDNA ends analysis suggested a new insertion site
transcript in the intron 2 of grin2bb. Analysis of the RNA sequencing of wild-type
zebrafish heart chambers revealed a possible new transcript at the insertion site.
As this putative lncRNA transcript satisfies the canonical signatures, we called this
transcript grin2bb associated RNA transcript (grin2bbART). Using in situ
hybridization, we confirmed localized grin2bbART expression in the heart,
central nervous system, and muscles in the developing embryos and wild-type
adult zebrafish atrium and bulbus arteriosus. The bigheart mutant had reduced
Grin2bbART expression. We showed that bigheart gene trap insertion excision
reversed cardiac-specific arrhythmia and atrial hypertrophy and restored
grin2bbART expression. Morpholino-mediated antisense downregulation of
grin2bbART in wild-type zebrafish embryos mimicked bigheart mutants; this
suggests grin2bbART is linked to bigheart. Cardiovascular tissues use Grin2bb
as a calcium-permeable ion channel. Calcium imaging experiments performed
on bigheart mutants indicated calcium mishandling in the heart. The bigheart
cardiac transcriptome showed differential expression of calcium homeostasis,
cardiac remodeling, and contraction genes. Western blot analysis highlighted
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Camk2d1 and Hdac1 overexpression. We propose that altered calcium activity due
to disruption of grin2bbART, a putative lncRNA in bigheart, altered the Camk2d-
Hdac pathway, causing heart arrhythmia and hypertrophy in zebrafish.

KEYWORDS

insertional mutagenesis, gene breaking trap, calcium homeostasis, grin2bb, grin2bbART,
hypertrophy, arrhythmia, RNA sequencing

Introduction

Long non-coding RNAs (lncRNAs) affect transcriptional and
post-transcriptional gene expression, cell differentiation, and tissue
function (Hu et al., 2012). LncRNAs make up 80% of non-coding
RNAs, although their roles are unknown (Gibb et al., 2011).
LncRNAs spatio-temporal expression characteristics in embryonic
and adult tissues make them functionally relevant (Morán et al.,
2012; Kaushik et al., 2013; Ramos et al., 2023). Several studies have
shown the role of lncRNAs in tissue/organ development and
differentiation, including “Megamind” in the brain (Ulitsky et al.,
2011), “Tie-1-AS” in vascular endothelium (Li et al., 2010), and
“Fendrr” and “Braveheart” in heart development and function
(Grote et al., 2013; Klattenhoff et al., 2013). Several recognized
associations of lncRNAs in the regulation of tissue homeostasis
(Ounzain et al., 2013; Shore and Rosen, 2014), stress response
(Amaral et al., 2013), metabolism (Kornfeld and Brüning, 2014)
and apoptosis (Rossi and Antonangeli, 2014) underscore their
possible roles in diverse pathophysiological states affecting vital
organs such as the heart. For example, lncRNA regulates Ca2+

homeostasis in cardiac tissue (Anderson et al., 2015).
Cardiac arrhythmia affects >2% of individuals in community-

dwelling adults (Khurshid et al., 2018). Intracellular Ca2+

homeostasis is a key determining factor for initiating the
rhythmic contraction and generation of synchronized beating
patterns of the heart (Sejersted, 2011). In mammalian
cardiomyocytes, Ca2+ initiates the calcium-induced calcium
release (CICR) via ryanodine receptors (RyR) in the sarcoplasmic
reticulum (SR) (Fabiato, 1983). The basic aspects of excitation-
contraction coupling (ECC) via CICR are conserved in teleosts such
as zebrafish (Llach et al., 2011). In zebrafish cardiomyocytes, SR-
mediated Ca2+ release plays a minor role in ECC in the zebrafish
heart (Bovo et al., 2013). LTCCs function as main gates for Ca2+

transient and mediate 80% of the Ca2+ entry during ECC in zebrafish
cardiomyocytes (Bovo et al., 2013) in contrast to mammalian
cardiomyocytes, where 70% Ca2+ transient is due to SR mediated
release. Compared to human cardiomyocytes, contraction recedes
faster in zebrafish (Zhang et al., 2011). Besides CICR, Na+-Ca2+-
exchange plays a major role in ECC in the zebrafish heart (Nemtsas
et al., 2010). Current knowledge of intracellular Ca2+ transients in
zebrafish ECC is lacking. Thus, understanding zebrafish calcium
handling systems is crucial to understanding vertebrate cardiac
Ca2+-based ECC control evolution (Nemtsas et al., 2010).

Zebrafish have been explored to study cardiac diseases (Gut
et al., 2017; González-Rosa, 2022; Zhang and Zhou, 2023) as their
heart show strikingly similar cardiac physiology to humans
(Bakkers, 2011). Adult zebrafish models for human
cardiomyopathies have been successfully generated (Ding et al.,
2020). Virus or transposon based Insertional mutagens such as GBT,

coupled with phenotype based forward genetic screen are powerful
tools for identifying new genes and transcripts in zebrafish (Clark
et al., 2011). A recent study has reported a GBT based protein trap
library in zebrafish and discovered essential genes for heart rhythm
disorders (Ding et al., 2022).

We carried out a gene-breaking transposon (GBT)-based
insertional mutagenesis screen as described in a earlier study
(Sivasubbu et al., 2006) and identified 50 GBT trapped lines. One
of the GBT lines displayed cardiac characteristics including,
arrhythmia and an enlarged heart chamber phenotype, hence we
named the gene trap insertional mutant as bigheart (bh−/−). The GBT
insertion in bigheart fish maps to the intron 2 of grin2bb gene in
reverse orientation in zebrafish. Grin2bb (NR2B) is one of the
subunits of the NMDA receptor (NMDAR) and is described to
form and function as a calcium-permeable ion channel (Strack et al.,
2000; Koronyo-Hamaoui et al., 2007). The Grin2b subunit of
NMDARs is reported to express in the heart tissue of several
mammalian species (Gill et al., 1998; Seeber et al., 2000; Makhro
et al., 2016). In rat,Grin2b subunit abundantly expresses in the heart
tissue and forms a complex with ryanodine receptor Ryr2 (Seeber
et al., 2004). The cardiac NMDARs are reported to be actively
involved in the regulation of heart rate (Makhro et al., 2016).

Using RNA sequencing data from previous studies (Singh et al.,
2016), we observed an independent transcript at the gene trap insertion
locus. We named this novel transcript as grin2bb Associated RNA
Transcript (grin2bbART). Further, we found that grin2bbART fulfills
most of the characteristic non-coding signatures, and our data
collectively advocates that grin2bbART might be a putative long
non-coding RNA. We hypothesize that the gene trap-mediated
disruption of the grin2bbART results in calcium flux aberrations,
causing the bigheart phenotype. We propose that grin2bbART may
have a potential role in cardiac rhythm function by regulating calcium
flux in the zebrafish heart. Analyzing the patterns and specific
distributions of coding and non-coding RNAs at the single-cell level
during development will further provide insights into previously
undiscovered regulatory processes of grin2bb and grin2bbART in
cardiac development and may contribute to more effective
therapeutic targeting strategies in the future (Ramos et al., 2023).

Results

Isolation and genetic characterization of the
Bigheart mutation

We performed an insertional mutagenesis screen in zebrafish
using a Gene breaking Transposon (GBT) vector (Sivasubbu et al.,
2006; Petzold et al., 2009) (Supplementary Figure S1). 50 GBT lines
were generated, out of which 03 lines were cardiac mutants
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(Supplementary Table S1). We characterized one of the GBT lines
that displayed a reduced heartbeat rate by 2 dpf (days post
fertilization), followed by arrhythmia or irregular heartbeat

(Figure 1A; Supplementary Movies SM1, SM2). In addition, we
observed an enlargement of the heart in putative mutant embryos
when compared to the age-matched wildtype embryos (Figures

FIGURE 1
Heartbeat rate analysis and phenotypic characterization of bigheartmutant. (A) Heartbeat rate analysis in wild type (bh+/+) and bigheartmutant fish
(bh−/−) fish. X-axis represents time in days, and Y-axis represents heartbeat per minute. (B–O) Phenotypic characterization of bigheart mutant. (B–D)
represent bright field images of 3 dpf wild type (WT) embryos, heterozygous embryos (bh+/−), and bigheart homozygous (bh−/−) mutant embryos,
respectively. (E–G) represent respective fluorescence images at 3 dpf. (Images were captured at ×2.5). Yellow arrowheads indicate GFP expression
in the eye and red arrowheads indicate location of the heart. (H,J,L,N) represent WT fish at 3 dpf, 15 dpf, 90 dpf and 9 months. (I,K,M,O) represent
corresponding images of the bh−/−

fish at 3 dpf, 15 dpf, 90 dpf, and 9 months, respectively (***, p < 0.001, ****, p < 0.0001). The bars indicate the average
values ± SD.
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FIGURE 2
The electrocardiogram profile of bigheart fish indicates signs of arrhythmia. (A) Electrocardiogram recordings of wild-type (bh+/+) zebrafish. X-axis
represents time in milliseconds (ms), and Y-axis represents voltage in millivolts (mV). (B) Electrocardiogram recording of bh−/−

fish, red arrowhead
represents the absence of beats. (C) Graph representing the R-R interval in wild type and bh−/−

fish. (D) Graph representing heart beat rate in adult wild
type (bh+/+) zebrafish and bh−/−

fish. (E) Graph showing an overlay of wild type and bh−/− mutant ECG recordings (Regular line and dashed line
represents the ECG profiles of wild type and bh−/−

fish, respectively). P, Q, R, S and T represent regular ECG waves. (**, p < 0.01). The bars indicate the
average values ± SD.

Frontiers in Cell and Developmental Biology frontiersin.org04

Angom et al. 10.3389/fcell.2024.1339292

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292


1B–D; Supplementary Movies SM1–SM3). We named the mutation
as “Bigheart” (bh). Quantitative analysis of the segregation of
bigheart phenotype by pair mating of bigheart heterozygous fish
(bh+/−) was performed. A total of 631 embryos from four pair-wise
crosses of bh+/− fish were screened for gene trap-linked green
fluorescent protein (GFP) expression. We identified 449 (71%)
embryos exhibiting GFP expression and 182 embryos (29%)
without GFP expression, indicating segregation of the gene trap-
linked GFP expression in a near Mendelian ratio (Figures 1B–G).
Within the pool of 449 GFP-expressing embryos, we further
screened for embryos that displayed bigheart phenotype. We
noticed that 98 (16%) embryos displayed arrhythmia and an
enlarged heart phenotype in the putative mutant bh−/− zebrafish
(Figures 1D, G). Multiple matings between heterozygous (bh+/−) fish
and the wild-type fish resulted in half (50%) of the progeny
displaying an identical gene trap-derived GFP expression,
whereas the other half (50%) exhibited no detectable GFP
expression. This data suggested that the bigheart line carries a
single insertion.

Irregular heartbeat in bigheart (bh−/−) fish

Wemanually quantified the number of heart beats perminute from
3 dpf to 8 dpf in wildtype sibling and putative bh−/− mutant embryos.
The mutant embryos displayed slow heartbeat rates starting at early
2 dpf. The heart in putative bh−/− embryos were observed to beat in the
range of 36 ± 11.4 beats/min to 66 ± 11.4 beats/min as evaluated against
the age-matched wild-type embryo, which displayed a count of 120 ±
6.6 beats/min to 150 ± 6.6 beats/min (Figure 1A).

The majority of the putative bh−/− embryos displayed persistent
arrhythmia and chamber enlargement and survived to adulthood
(Figures 1H–O). To assess the heart function, we obtained
electrocardiogram (ECG) profiles of the wild type fish and putative
bh−/− fish at 9 months of age (Figure 2). The ECGprofile of age-matched
wild type and putative bh−/− animals exhibited major differences
(Figures 2A, B). The R-R interval, which represents the time
measurement between two adjacent R waves of a heartbeat, was
discerned to be delayed in the putative bh−/− fish as compared to the
wild-type (Figure 2C). The number of beats per minute was reduced by
60% in the putative bh−/− fish when compared to wild type (Figure 2D).
The S wave, which signifies the end point of ventricular depolarization,
exhibited a negative value for the putative bh−/− fish heart (Figure 2E).
ECG recordings for the putative heterozygous bh+/− siblings revealed
standard cardiac electrical profile. A significant observation in the 3 dpf
putative bh−/− embryos was the heart ceased to beat for a time interval
ranging from 10 s to a minute (Supplementary Movie SM3) and
resumed the rhythm after the pause, exhibiting an arrhythmic
condition. The quantitative measurements of cardiac electrical
function in the putative bh−/− fish indicate that the gene trap
insertion is associated with a distinctive arrhythmia phenotype.

Cardiac chamber enlargement in bigheart
(bh−/−) fish

We generated double transgenic bh−/−; Tg (myl7:RFP) fish by
crossing the putative bh+/− fish with Tg (myl7:RFP) fish

(Supplementary Figure S2). The Tg (myl7:RFP) line was generated in
our laboratory as described in the Supplementary Material: extended
method, (Generation of Myl7 transgenic line). The Tg (myl7: RFP) fish
expresses red fluorescent protein (RFP) under the control of a heart-
specific myl7 gene promoter and thus aids easy morphological
observation of cardiac chambers (Figures 3A, B). The putative mutant
bh−/− fish displayed an onset of heart enlargement at 2 dpf
(Supplementary Movies SM2A–D), that becomes prominent at 3 dpf
(Supplementary Movies SM3, SM4). We investigated the phenotype for
the specific cardiac chamber(s) affected in bh−/−;Tg (myl7:RFP) fish and
observed distension of atrium in the putative bh−/− embryonic heart
compared to the wildtype siblings at 5 dpf (Figures 3A–D and
Supplementary Figures S2C, D). To measure the extent of atrial
chamber distension, we quantified the increase in surface area by
measuring the circumference of individual chambers in 5 dpf putative
mutant bh−/− fish. The 5 dpf putative bh−/− embryos displayed two-fold
enlargement in size of the atrial chamber compared to age-matched Tg
(myl7: RFP) embryos (Figure 3E). Anatomical dissection of the putative
bh−/− adult (9 months) heart further confirmed the enlargement of the
atrium and outflow tract with no distinct change in the ventricular
chamber (Figures 3F, G). Quantification of cardiac surface area in the
heart of adult (9 months old) putative bh−/− fish revealed a five-fold
enlargement of the atrium and a dilated bulbus arteriosus compared to
age-matched wildtype (Figures 3G, H). Heart by body weight ratio, a
standard analysis for assessing chamber enlargement, was calculated to
be approximately ten-fold higher in bh−/− when judged against age-
matched wild type fish (Figure 3I). O-dianisidine staining of 5 dpf larvae
showed greater blood accumulation in the bh−/− as compared to age
matched siblings (Supplementary Figures S3A–D). Chamber
enlargement and the blood accumulation observed in the putative
bh−/− fish gradually progressed with age as evaluated in the
morphological analysis of the dissected heart (Figures 3F, G;
Supplementary Figures S3E, F), and hematoxylin and eosin stained
sections (Supplementary Figures S3G–J). The phalloidin staining of
adult bh−/− fish heart tissue exhibited potential signs of hypertrophied
muscle in the ventricle (Figure 3G; Supplementary Figure S4). Further,
scanning electron Microscope (SEM) analysis in adult bh−/− revealed
hypertrophied, disarrayed, overlapping, and abnormally branched
cardiomyocytes in the ventricle (Supplementary Figure S5). Our data
collectively uncovers an enlarged atrium and hypertrophic signatures in
the cardiac ventricle of putative bh−/− fish.

Gene trap insertion in the Bigheart line maps
to the intron of zebrafish grin2bb subunit of
NMDA receptor gene

Inverse PCR (iPCR) analysis of the putative bh−/− fish mapped
the gene breaking trap insertion to the second intron of zebrafish
glutamate receptor, ionotropic, N-methyl D aspartate 2B (grin2bb:
Gene ID: 559976) gene located on the reverse strand of chromosome
1 (Figures 4A, B; Supplementary Figure S6). We analyzed the
insertion locus affected in the bh−/− fish using 3′and 5′ RACE
(Rapid amplification of the complementary cDNA ends). The
PCR products obtained from 3′RACE (118 bp) and 5′RACE
(453 bp) analysis mapped to the intron 2 of grin2bb gene and
overlapped with the iPCR sequence that was obtained previously
(Figures 4A, B and Supplementary Figures S7, S8).
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Antisense morpholino-mediated Grin2bb
knockdown does not display a
bigheart phenotype

Our preliminary RNA seq analysis shows that the grin2bb
transcript is downregulated (fold change = −1.3, Supplementary
Table S3). Further, we examined the expression of the grin2bb

transcript in the wild type adult zebrafish. A 280 bp probe was
designed using primers mapping to exon1 and 2 of the grin2bb gene.
The grin2bb transcript expressed uniformly in the entire atrium and
bulbus arteriosus (BA) in the heart of 9 months old wild type
zebrafish (Figure 4C). Next, we investigated if changes in the
grin2bb gene transcript or protein contribute to the cardiac
specific defects observed in the bh−/− fish. We measured the

FIGURE 3
Anatomical study of bh−/−;myl7: RFP double transgenic reveals atrial enlargement in bigheart. (A,B) 5dpf double transgenic (bh+/−;myl7) fish embryo
with red fluorescence protein expression in the normal heterozygous siblings heart (bh+/−). (C,D) Bigheart mutant (bh−/−; myl7) embryo with red
fluorescence protein expression in the heart. (B,D) Zoomed images of the heart in transgenic, bh+/+;myl7 and bh−/−;myl7 embryos (Images were captured
at ×5 magnification using Zeiss Axio-observer 40 microscope). (E) Heart chamber size measurement in wild type and mutant embryos; the X-axis
represents heart chambers (A: atrium; V: ventricle, BA: bulbus arteriosus); Y-axis represents the heart chamber size in mm2. (F) Dissected wildtype and
mutant (bh−/−) 9 months old adult heart. (G)Heart tissue section of wild type andmutant (bh−/−) stained with phalloidin texas red showing enlarged atrium
and dilated bulbus arteriosus. (H) Graph representing the heart chamber size in WT and bh−/−

fish corresponding to (F). (I)Heart to body weight ratios for
WT and bh−/− mutant fish indicating enlarged heart of the mutant as compared to WT. (A: atrium; V: ventricle; BA: bulbus arteriosus). (Images were
captured at ×2.5) (and **, p < 0.01). The bar indicates the average values ± SD.
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FIGURE 4
grin2bb transcript and protein levels are unaffected in bigheart. (A) pGBT-PX integration in bigheart maps to intron 2 of grin2bb gene located on the
reverse strand of Chromosome 1. Box in red indicates the 5′RACEmapped region, blue represents the 3′ RACEmapped region, and the green represents
the iPCRmapped region. (B) Screen shot of UCSC genome bowser showing the grin2bb transcript and the bigheart GBT insertion loci in the intron 2. (C)
Expression profiling of grin2bb transcript in 9-month-old adult WT heart tissue using in situ hybridization. (D) qRT PCR showing relative expression
of grin2bb partial transcript in sibling wildtype and bh−/− heart tissue. (E)Western blot analysis of grin2bb in WT and bh−/− heart tissue. β-actinwas used as
internal control. (F) Quantification showing Grin2bb protein fold change in the WT and bh−/−. (black arrows in A indicate the regions where the primers
were designed. The RT PCR and western blot experiments were repeated three times. The bar indicates the average values ± SD.

Frontiers in Cell and Developmental Biology frontiersin.org07

Angom et al. 10.3389/fcell.2024.1339292

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292


grin2bb transcript levels in the heart tissue of bh−/− as well as wild
type fish using qRT-PCR (Figure 4D). We could amplify PCR
products spanning splice events between exon 1 and 2; exon
2 and 4; exon 4 and 5 from the grin2bb transcript in the heart
tissue of bh−/−, as well as age, match wild type fish. We did not
observe any significant difference in the grin2bb transcript levels in
the cardiac tissue between the bh−/− and age-matched wild-type fish.
Using Western blot analysis, we measured Grin2bb protein levels in
the heart tissue of bh−/− and the wild-type fish. Grin2bb protein
expression in the heart tissue of bh−/− fish was comparable to that of
wild-type fish (Figures 4E, F). Next, we injected wild-type zebrafish
embryos with both translation blocking (ATG) and splice site-
blocking morpholino oligonucleotides (MO) that would target
exon 2 and exon 3 of the grin2bb transcript (MO sequences are
described inMethod). Interestingly, the splice MO-injected embryos
did not yield the bh−/− phenotype (Supplementary Figure S9), but the
Grin2bb translation blocking MO at a higher doses of 6 nL and
100 µM did showed a severe cardiac defect (Supplementary Figure
S9) but did not resemble the bh−/− phenotype, suggesting that the
grin2bb protein-coding gene may not be associated with the
phenotype observed in the bh−/− fish.

Gene trap insertion in the bigheart fish maps
to a putative RNA transcript in the intron 2 of
zebrafish grin2bb subunit of NMDA
receptor gene

In our RT PCR analysis and western data grin2bb was not showing
any significant, we next focussed on the antisense transcript. We next
investigated the nature of the transcript obtained using RACE analysis
at the insertion site in bh−/− fish. We obtained a partial transcript with a
sequence length of 550 bp using RACE. We speculated that the 550 bp
sequence may represent a putative novel unrecognized transcript
transcribed from the grin2bb gene locus.

To validate our speculation, we analyzed high-resolution RNA
sequencing data (RNA-seq) of the three cardiac chambers in
zebrafish heart viz; atrium, ventricle, and bulbus arteriosus (Singh
et al., 2016). The RNA-seq data set from this study was further
processed to identify lncRNA transcripts using a computational
pipeline previously developed in our laboratory (Kaushik et al., 2013).
Analysis of RNA-seq read coverage around the gene trap insertion site
suggested active transcriptional activity. The RNA-seq data from cardiac
chambers revealed the presence of transcripts at the gene trap insertion
site and suggested transcript enrichment in the atrium and bulbus
arteriosus (Figure 5A). Trace transcript signature was detected in the
ventricular chamber (Figure 5A). RNA-seq data analysis strongly
supports the possibility that the gene trap integration in the bigheart
fish line disrupts a putative novel transcript resulting in the bigheart
phenotype. Henceforth, we refer to this putative novel transcript as
“grin2bb Associated RNA Transcript” (grin2bbART).

Grin2bbART encodes for a potential long
non-coding RNA

We further examined the Ribo-Seq data from published zebrafish
studies (Chew et al., 2013). Ribo-Seq read coverage in the region around

the insertion site was found to be absent, suggesting a compelling
evidence for the lack of coding potential of the grin2bbART. Previous
studies have also supported the presence of polyadenylation signatures
at the insertion site (Pauli et al., 2012) (Figure 5A). We applied “coding
potential calculator” software calculations and predicted a negative
score for grin2bbART, indicating a non-coding potential (Figure 5B).
We calculated the translational efficiency scores (TES) for grin2bb ART
with myl7 transcript as a positive control (Figure 5C). The TES scores
indicated the absence of ribosomes on grin2bbART whereas myl7 and
grin2bbwere found to be translated. Thus, grin2bbART is not translated
in wild-type zebrafish heart. The analysis of chamber-specific cardiac
transcriptome and information obtained from investigation of
previously reported studies makes it provocative to argue that
grin2bbART encodes for a potential long non-coding RNA that is
transcribed from the intron of grin2bb gene and is expressed in the
atrium and bulbus arteriosus of the wild type zebrafish heart.

Grin2bbART has a chamber-specific
expression in zebrafish heart

To confirm RNA-seq results for grin2bbART, we performed whole
mount in situ hybridization (WISH) to analyze the distribution of
grin2bbART across cardiac chambers in adult zebrafish hearts. A 250 bp
probewas designed upstreamof the gene trap insertion site in the region
to which grin2bbART was mapped. Grin2bbART expression was
detected in the atrium and bulbus arteriosus in the heart of nine-
month-old wild type zebrafish (Figure 6A). The expression was
observed to be higher in the atrium than in the BA. However, the
expression was nearly absent in the ventricular chamber (Figure 6A).
The in situ expression data suggested a chamber-restricted expression of
grin2bbART in the wild type adult heart. The expression of grin2bbART
was observed to be at its minimum in the bh−/− mutant fish heart with
trace expression in the atrium and BA (Figure 6B). We carried out a
qRT-PCR analysis to measure the expression levels of grin2bbART in
wild type and bh−/− mutant hearts and noticed a four-fold reduction in
the expression of grin2bbART in the bh−/− mutant fish (p < 0.01)
(Figure 6C). The in situ hybridization and qRT–PCR data demonstrates
that the grin2bbART is downregulated in the bigheartmutant fish. We
previously examined and confirmed the expression of grin2bb gene in
the wild type zebrafish heart tissue using RNA sequencing, RT-PCR,
and ISH (Figures 4B, C; Supplementary Table S3). Taken together, the
expression profiles of grin2bb and grin2bbART, we conclude that
grin2bb and grin2bbART exhibit overlapping expression domains in
the adult zebrafish heart chambers. As the phenotype of cardiac
arrhythmia and chamber enlargement arose as early as 2 dpf, it
raises the question of how grin2bbART is expressed during
development. To further study the expression of grin2bbART in the
zebrafish development, we performed whole mount in situ
hybridization (WISH) to analyze the distribution of grin2bbART
across 12 hpf, 18 hpf, 22 hpf, 24 hpf, 36 hpf, 48 hpf, and 72 hpf of
development. As shown in Figures 7A–C′ the antisense probe showed
the expressions in the CNS, eyes, and the somites. The expression was
detected in the CNS and somites or myotomes at 24 hpf, 36 hpf, 48 hpf,
and 72 hpf (Figures 7E, E′, G, G′, I, I′ and Supplementary Figures
S10B–G). The grin2bbART expressionwas also observed in the pectoral
fins (Supplementary Figure S9F) in 72 hpf, and in the heart at 48 dpf
and 72 dpf (Figures 7K, K′, L and Supplementary Figures S9B, C). The
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expression was not detected in case of the embryos labelled with the
sense probe (Figures 7D, F, H, J; Supplementary Figure S10A).

Cre recombinase-mediated excision of the
gene trap reverts phenotype and restores
grin2bbART expression in bigheart fish

We performed Cre reversion assay to study the effects of gene
trap excision on the phenotype observed in the putative bh−/−

mutant fish (Figure 6D). Pair-wise breeding of heterozygous bh+/−

adult fish produced embryos that display the phenotype
characterized by cardiac arrhythmia and hypertrophy. Injection
of Cre recombinase (Cre) into the embryos resulting from pair-
wise breeding of bh+/− heterozygous fish, reverted the cardiac
phenotype in 50% of the animals (Figure 6E). PCR analysis of
the bh−/−; Cre+ embryos was performed using primers specific to
GFP and Tol2 IR (Supplementary Figure S10). Non-injected bh−/−;
Cre-embryos were used as controls. The expected PCR product was
not obtained in case of the bh−/−; Cre+ embryos as detected in the

FIGURE 5
Ultra-deep RNA sequencing of WT heart suggests the presence of unannotated transcript in iPCR mapped region. (A) Snapshot displaying the
grin2bbART locus across the three cardiac chambers in zebrafish. RNA sequencing and ribosomal profiling reads have been aligned andmapped onto the
grin2bbART locus. (B) Graph representing coding potential score of grin2bbART as well as grin2bb and myl7 transcripts. (C) Translation efficiency score
(TES) score of grin2bbART, grin2bb, and myl7 transcripts.
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case of control bh−/−; Cre-embryos, indicating cre-mediated excision
of the gene trap. We next measured the expression levels of
grin2bbART in the bh−/−; Cre+ embryos and observed that the
transcript levels for grin2bbART are comparable to that of WT;
Cre- embryos (Figure 6F). The Cre recombinase-based reversion
assay thus restored the wild type expression of grin2bbART while
also abolishing the cardiac phenotype in bigheart mutant fish. Our
results confirm that the putative bh−/− mutant fish carries a single
copy of the gene trap vector that disrupts the putative novel
transcript, grin2bbART, linked with the bigheart phenotype.

Grin2bbART specific antisense morpholino
phenocopies the bigheart mutation

To find the function of grin2bbART in wild-type zebrafish, we
performed antisense morpholino-mediated downregulation of

grin2bbART. Wild type one-cell zebrafish embryos were injected
with a cocktail of antisense morpholino oligonucleotides (MO)
designed specifically for the 550 bp grin2bbART sequence.
Grin2bbART MO-injected animals displayed cardiac chamber
enlargement as observed in the putative bh−/− embryos (Figures
8A–C). The heartbeat rate in the grin2bbART MO injected animals
was recorded to be ~40 ± 11.2 beats/min while the wild type fish
recorded a heartbeat rate of approximately 150–160 ± 6.6 beats/min
(p = 0.0001, Figure 8D). About 45% of the grin2bbART MO injected
animals displayed arrhythmia similar to that observed in the
putative bh−/− fish (p = 0.0003) (Figure 8F). Real time RT PCR
analysis confirmed the morpholino mediated grin2bbART
knockdown in the morphants (Figure 8E). The grin2bbART
antisense MO cocktail injected embryos displayed significant
reduction (~60%) in the mRNA expression of grin2bbART as
compared to the control MO injected embryos (p = 0.0108)
(Figure 8E). Thus, transient downregulation of the grin2bbART

FIGURE 6
Cre-recombinase restores wild type expression of grin2bbART in bigheartmutant. (A) Expression profiling of grin2bbART transcript in adult zebrafish
using whole mount in situ hybridization (B) grin2bbART expression in bh−/− heart tissue (A: atrium; V: ventricle; BA: bulbus arteriosus) (C) qRT PCR analysis
showing the relative expression of grin2bbART in WT and bh−/− heart tissues. (D) Schematic depicting Cre-recombinasemediated gene trap reversion in
bigheartmutant. Triangles in pink represent the loxP sites flanking the gene trap. By supplying Cre recombinasemRNA, the mutagenicity cassettes
and 3′ exon trap are excised. (E) Cre recombinase reverts the bigheart phenotype to wild type, approximately in 50% of the injected embryos, compared
to non-injected control. (F) Relative expression of grin2bbART in Cre recombinase injected WT and bh−/− embryos. Black arrowhead shows positions of
primers of the PCR analysis of Cre recombinase injected and non-injected bh−/− embryos.N = 5 heart samples were analyzed in each group for the in-situ
experiment. The RT-PCR experiments were repeated three times in triplicate reactions. (**, p < 0.01). The bars indicate the average values ± SD.
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FIGURE 7
Wholemount in situ hybridization of grin2bbARTmRNA in zebrafish embryos. (A–C) Representative embryos showing the expression of grin2bbART
mRNA probe at (A) 12 hpf, (B) 18 hpf, (C) 22 hpf dorsal view and (C9). 22 hpf ventral view. (D,F,H) grin2bbART sense probe showing the absence of
grin2bbART signal at 24 hpf, 36 hpf. (E)Dorsal view of 24 hpf showing grin2bbARTmRNA expression in the CNS. (E9) enlarged image showing the region in
red dotted box in (E). (G) Dorsal view of 36 hpf embryo showing grin2bbARTexpression in the CNS, somites and myotomes. (G9) enlarged image
showing the region in red dotted box in (G). (I,I9) grin2bbART expression in the somites. I′ shows the enlarged view of red box in (I). (J) Lateral view of the
48 hpf embryos anterior region probed with the sense riboprobe showing the absence of grin2bbART expression. (K) Lateral view showing grin2bbART
expression in the brain and heart of 2 dpf embryo. K′ shows expression in the CNS. (L) Ventral view of the anterion head region of 48 hpf embryo showing
grin2bbART expression in the heart. fb, forebrain; mb, mid brain; hb, hind brain; mhb, mid brain hin brain boundary; h, heart; V, ventricle; a; atrium; CNS,
Central Nervous system. The experiment was repeated atleast two times and n = 10 animals were analyzed per time points.
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in the wild type zebrafish embryos produced phenocopies of the
chamber enlargement and arrhythmia phenotype of the putative
bh−/− mutant fish (Supplementary Movie SM5).

Bigheart fish shows altered calcium handling

The genomic association of grin2bbART with grin2bb protein-
coding gene, a subunit of a calcium ion transport receptor channel,
led us to probe calcium activity in the bh−/− mutant embryos. We

designed our experiment on two key rationales; the first being
overlapping expression profiles of grin2bbART and grin2bb in wild-
type zebrafish heart, and the second- Ca2+ handling defects are
associated with arrhythmia (Pogwizd et al., 2001; van Oort et al.,
2010; Gardner et al., 2015), as seen in putative bh−/− fish. Thus, we
conjectured that Ca2+ handling might be affected in the putative bh−/−

mutant fish. Tomonitor calcium transients in vivo, 2 dpf stage wild type
and bh−/− embryos were injected with Calcium Green-1 Dextran. High-
speed two-dimensional confocal calcium imaging was used to analyze
calcium transients inwild-type and bh−/−mutant hearts (Supplementary

FIGURE 8
Big heart mutants displayed calcium mishandling and morpholino based knockdown of grin2bbART phenocopies the cardiac phenotype of
bigheart. (A)Wild type zebrafish embryo at 3 dpf, (B) bigheartmutant at 3 dpf, (C) grin2bbARTmorphant at 3 dpf. (D)Graph representing heartbeat rate in
the grin2bbART MO injected embryos. NIC, Non-injected control. Red arrowheads mark the heart. (Images were captured at ×5 magnification). (E)
Ralative mRNA expression of grin2bbART after MO mediated grin2bbART knockdown. (F) Graph representing the percentage of embryos showing
arrhythmia and chamber enlargement in the grin2bbART MO injected embryos. (G) Graph showing calcium signals in wildtype and bh−/− age-matched
zebrafish. X-axis represents time in seconds. The Y-axis represents fluorescence intensity. The arrow highlights the signals that indicate the absence of
calcium signal and heartbeat in bh−/− compared to WT. (H) Graph showing the fluorescence intensity in WT and bh−/− (N = 10 zebrafish were studied for
heart analysis in each group). For calcium imaging N = 10, 2 dpf zebrafish embryos were analyzed. **, p < 0.01, ***, p < 0.001 and ****, p < 0.0001. The
realtime RT PCR experiment was repeated atleast two time. The bars indicates the average values ± SD.
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Movies SM6, SM7). Each heartbeat was accompanied by a
synchronized wave of calcium-induced fluorescence in the wild-type
embryos. However, in the bh−/− embryos, an unsynchronized
fluorescence signal was observed (Figures 8G, H). Further, no
calcium signals were recorded for the time interval whenever the
heartbeat pauses in the bh−/− mutants as indicated by the red
arrowhead (Figure 8G). The data demonstrates abnormal calcium
transients in the heart of bh−/− embryos and the absence of calcium-
mediated fluorescence signal in the absence of heartbeat. Thus, it
appears that the arrhythmic phenotype of the bigheart mutant fish
may be associated with alterations in Ca2+ handling.

Bigheart cardiac transcriptome revealed
differential expression of Ca2+

homeostasis genes

We used RNA sequencing to explore the effects of grin2bbART
downregulation on the cardiac transcriptome in the bigheart
heterozygous (bh+/−) and homozygous (bh−/−) mutant fish. The
sequencing reads from the bh+/− and bh−/− mutant heart tissue
were subjected to the transcript quantification (N = 57193) with
Salmon tool using Ensembl gene annotations (Danio_
rerio.GRCz11.111.gtf). We identified 5,947 genes (Figure 9A)
including 76 well characterized cardiac genes (Supplementary
Figure S12) that showed a 2-fold differential expression and
normalized counts >0 in both samples across bh+/− and bh−/−

mutant heart tissues. Overall, 3,172 genes were downregulated, and
2,775 were upregulated in bh−/− compared with bh+/− (Figure 9A). GO
and KEGG pathway analysis revealed that major genes involved in
calcium homeostasis were differentially expressed in the putative
mutant heart tissues (Supplementary Figures S14, 15;
Supplementary Tables S4–S7). Western blot analysis of
Camk2d1 and other genes that are implicated in inducing
hypertrophy, such as Hdac1, was performed on the protein lysates
obtained from WT and bh−/− heart tissues. Camk2d1 protein levels
were found to be elevated two-fold in the bh−/−mutant heart (p < 0.01)
(Figures 9C, D). Similarly, Hdac1 levels were detected to be two-fold
higher in the bh−/− mutant heart (p < 0.01) (Figures 9C, D). We
validated the RNA sequencing-derived expression status of well-
characterized cardiac marker genes (Figure 9B; Supplementary
Figure S12) using qRT-PCR. We noticed the transcript levels of the
key marker genes involved in Ca2+ homeostasis such as ryanodine
receptor (ryr2b) and atp2a2a (serca2a) to be 8 fold diminished in the
bh−/−mutant heart as compared towild type (p< 0.001) (Figure 9B). In
addition, we successfully validated the RNA-seq based gene expression
findings using qRT-PCR for about twenty-four (24) cardiac specific
gene transcripts (Figure 9E; Supplementary Figure S16). We expected
that intracellular Ca2+ disturbances, as seen in the bh−/−mutant, would
finally be manifested as altered protein expression of calcium handling
genes. Further, elevated myocardial Matrix metalloproteinase-9
(MMP-9), a zinc-dependent endopeptidase that governs
pathological cardiac remodeling processes like fibrosis and
inflammation, is connected to ventricular arrhythmia (Weng et al.,
2016). Our cardiac transcriptom in bigheart displayed an increased
mmp9 expression by 2.5-fold when compared to the age matched
heterozygotes siblings (Supplementary Figure S13B). This results
suggest that mmp9 may be involved with bigheart phenotype.

Bigheart transcriptome displays cardiac
stress signatures

In addition to uncovering aberrations in calcium-handling
genes, RNA seq analysis of cardiac tissue in the big heart
mutant revealed altered expressions of cardiac remodeling genes
(Figures 9A–C; Supplementary Figures S12, S13). Many cardiac
remodeling genes such as nppa, nppb, myh6, bmp10 exhibited
increased transcript levels. ANF and BNP are important
biomarkers in clinical cardiology (Levin et al., 1998; Volpe
et al., 2014; Kerkelä et al., 2015). Two paralogous genes, nppa
and nppb, encode natriuretic peptide hormones. The heart muscle
largely expresses both genes during embryonic and fetal phases,
although nppa expression is dramatically reduced in the ventricles
after birth. The ventricular myocardium substantially upregulates
nppa and nppb under cardiac stress. Additionally, natriuretic
peptides are involved in cardiac hypertrophy, fibrosis,
angiogenesis, cardiomyocyte proliferation, and viability (Man
et al., 2018). The atria and ventricles express nppa and nppb
during development (Zeller et al., 1987; Chien et al., 1991;
Cameron et al., 1996), Nppa marks differentiating myocardium
and is a sensitive marker for congenital heart malformations
(Christoffels et al., 2000; Bruneau, 2011). Both genes are
expressed in the heart after birth, although ventricular nppa
expression is significantly downregulated (Bloch et al., 1986;
Cameron et al., 1996). During hypertrophy and heart failure,
nppa and nppb are reactivated in ventricular cardiomyocytes
(Chien et al., 1991; Goetze et al., 2020; Man et al., 2021). Other
key remodeling genes that displayed about a two-fold increase in
expression include mef2c and hdac1. A group of remodeling genes
that displayed decreased expression include myh7, mybpc3, vmhc
and vmhcl. Sarcomeric genes exhibiting decreased expression were
mylz3, myl6, myh, actb2, actc1a, actc1b, and troponin (ttna, ttnc).
Further analysis showed that, the bigheart mutant displayed
differential expression of cardiac-specific genes (Supplementary
Figures S12, S13). Further RNA sequencing analysis shows altered
expression of essential transcription factors such tbx2a, tbx2b, and
upregulation of klf9 (Figure 9B; Supplementary Figure S12). We
found considerable downregulation of tbx2a and tbx2b in bh−/−.
Tbx2 inhibits cardiac differentiation to create the AVC (Sedletcaia
and Evans, 2011). Both tbx2 genes in the zebrafish genome are
needed to produce the AVC. Chamber abnormalities caused by the
depletion of both gene products result in an enlarged atrium and a
smaller ventricle, which decreases ventricular cardiomyocyte
proliferation (Sedletcaia and Evans, 2011). The phenotype
matches cardiac growth factor expression alterations. The
Krüppel-like factor 9 (KLF9) is a transcriptional factor which
regulate oxidative stress (Zucker et al., 2014). A recent study
shows that Klf9 was induced in ischemic cardiomyocytes and
promotes the injury by elevating reactive oxygen species in the
cardiomyocytes (Yan et al., 2019).

Bigheart transcriptome shows upregulated
inflammation and proliferation markers

Increasing evidence suggests that inflammation is crucial to
many cardiovascular disorders, including cardiomyopathies.
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Indeed, inflammation can activate molecular pathways that cause
cardiomyocyte enlargement, extracellular matrix buildup, and
microvascular dysfunction (Lillo et al., 2023). Bigheart
transcriptome shows overexpression of various cytokines,
including il1β (2.83), il4 (1.55), il6 (2.43), il10 (2.14), il11a (4.72),
and chemokines (ccl19, cxcl18b (2.05), cxcl8a (2.93), chemokine
receptors, cxcr3 (4.13), cxcr4 (2.32), cxcr1 (1.18) (Supplementary
Figure S12B; Supplementary Tables S5, S6). The bigheart
transcriptom also displayed increased expression of cell cycle
genes such as, pcna and mki67 indicative of a proliferative state
(Supplementary Figure S13B).

Discussion

The importance of lncRNAs in cardiovascular disease is rising
(Ounzain et al., 2015). Multiple studies have identified mammalian
lncRNA repertoire associated with several cardiac pathophysiologies
such as hypertrophy (Han et al., 2014; Viereck et al., 2016; Wang
et al., 2016), ventricular septal defects (Song et al., 2013), myocardial
infarction (Ounzain et al., 2015; Li et al., 2019), cardiac aging (Wang
et al., 2015), and coronary heart disease (Broadbent et al., 2008;
Rahimi et al., 2018; Lin and Bao, 2021). LncRNAs regulate epigenetic
control of cardiac organogenesis and show discrete differences in

FIGURE 9
Transcriptome analysis of bigheart mutant. (A) MA-plot for differential expression analysis in RNA-seq of bh+/− and bh−/−, x axis indicates the
normalized mean expression (Log2 mean expression) and the y axis indicates the log 2 fold change (Red dots: upregulated genes and the blue dots:
downregulated genes) (Log2 normal count). (B) Heat map showing differential expression of selected cardiac genes in bh+/− and bh−/− heart tissue (Log2
normal count). (C) Western blot analysis of calcium handling gene, Camk2d1 and cardiac remodeling gene, Hdac1 in adult heart tissue. (D)
Quantification of Western blot in (C). (E) mRNA expression of calcium handling genes ryr2b and atp2a2a in bh+/− and bh−/− heart. RT PCR analyses were
performed three times in triplicates. **p < 0.01 and ***p < 0.001. The bars indicate the average values ± SD.
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expression between embryonic, developing, and adult hearts (Dorn
and Matkovich, 2015). Several lncRNA transcripts with cardiac-
specific roles have been identified, such as Kcnq1ot1 in ion channel
activity (Korostowski et al., 2012), MIAT(myocardial infarction-
associated transcript) in myocardial infarction (Ishii et al., 2006),
ANRIL in atherosclerosis (Holdt et al., 2010), Carl (cardiac
apoptosis-related lncRNA) in regulating cell death in
cardiomyocytes (Wang et al., 2014b), DMK1 in myotonic
muscular dystrophy (Mahadevan et al., 2006; Yadava et al., 2008)
and Pvt1 in hypertrophy (Yu et al., 2015). Interestingly, the exact
mechanism of action of these lncRNAs in the respective conditions
is not entirely resolved.

This study reveals that transcript emanating as antisense to
grin2bb, which we call grin2bbART, is also crucial for cardiac
development through calcium homeostasis. While defining
grin2bbART as an anti-sense non-coding transcript and how it
regulates cardiac development requires further study. Collective
data from this study and published data on RNA sequencing
(Singh et al., 2016) confirm transcriptional activity at the
insertion site at the grin2bb locus. Grin2bbART fulfills the criteria
for a prototypical lncRNA transcript. Reduced levels ofGrin2bbART
expression and Cre-mediated restoration of grin2bbART transcript
level in bigheart further support the link between the grin2bbART
disruption and bigheartmutation. Downregulation of grin2bbART is
directly related to the bigheart phenotype as grin2bbART MO
injections in wild-type embryos produced a cardiac phenotype
similar to that observed in the bigheart mutant. Though we have
shown that grin2bb mRNA (qRT-PCR) and proteins do not show
significant changes, it is difficult to rule out the possibility that
functional changes in the Grin2bb protein occurred during the
general event. Therefore, future studies should focus on the
interplay of the Grin2bb protein coding gene and the associated
RNA transcript (grin2bbART).

Grin2bbART is expressed in the zebrafish heart and is enriched
explicitly in the atrium and bulbus arteriosus in the adult. Our
group’s previous study has described well-represented gene
expression diversity between the three cardiac chambers (atrium,
ventricle, and bulbus arteriosus). We showed that the number of
genes expressed in the atrium (5,951) and that in bulbus arteriosus
(5,823) was equivalent; however, the ventricle expressed a somewhat
larger repertoire (6,359). We observed that a subset of genes overlay
between two chambers (Singh et al., 2016). We conjecture that this
subset of genes predominantly has similar or complementary
functions across more than one chamber. We found that the
zebrafish atrium displayed a representation of genes involved in
lipid transport, muscle contraction, and calcium ion transport. The
ventricle showed enriched expression in a broader spectrum of
genes, including transport proteins, receptor molecules, kinases
and heat shock proteins apart from contractile proteins. The
bulbus arteriosus majorly displayed contractile genes and
calcium-binding proteins. It occurs that specific enrichment of
these protein-coding genes in a particular chamber and
differences in gene expression govern the key functions among
different cardiac chambers (Singh et al., 2016). Thus, we believe
that grin2bbART has a chamber specific role as noted by its
expression being confined to the atrium and bulbus arteriosus.

The bigheart mutant displays typical arrhythmia and chamber
enlargement in the atria and bulbus arteriosus. Atrium enlargement

in bigheart is unique and different from other existing hypertrophy
models. A prolonged R-R interval in the bigheart putative mutant
signifies bradycardia, and a negative S wave indicates hypertrophic
cardiac tissue. SEM analysis of the cardiac ventricle suggests
disorganization of myofibrils and hypertrophy in the bh−/− fish.
Staining of the heart section with (phalloidin a f-actin, a Z disc
sarcomeric protein confirms enlarged atrium and the muscular
disarray and hypertrophy in the ventricle. The bh−/− embryos had
normal touch stimuli response, indicating unaffected
neuromuscular networks. The above data suggest that bigheart
mutation recapitulates pathological atrial dilation, ventricular
hypertrophy, and arrhythmia characteristics in mammals
(Makhro et al., 2016).

Notably grin2bbART downregulation in bigheart results in
aberrations in cardiac Ca2+ activity as assessed by calcium green
dextran assay. The significant decrease in the transcript levels of ryr2
and atp2a2a (serca) in bigheart, suggests either disruption or
alteration of intracellular Ca2+ homeostasis. Decreased expression
of serca has been documented in heart failure and hypertrophy
(Mercadier et al., 1990; Arai et al., 1993). Exposure of zebrafish to
phenanthrene results in calcium handling defects leading to
arrhythmia via serca downregulation (Zhang et al., 2013).
Calcium expulsion perturbations in zebrafish tremblor mutants
have been associated with atrial chamber arrhythmia (Ebert et al.,
2005). A previous study reported that lncRNAs (MLN
micropeptide) regulate and impinge upon SERCA function to
block Ca2+ uptake into the SR (Bazzini et al., 2014). The reduced
levels of atp2a2a (serca) in the bh−/− fish present a possibility of
atp2a2a being regulated by the grin2bbART function. In a scenario
when grin2bbART is downregulated, an altered function of atp2a2a
may result in aberrant calcium activity and lead to Ca2+- mediated
cardiac arrhythmia in bigheart fish. However, the possibility of ryr2
contributing to defects seen in bigheart is minimal as zebrafish ryr2
has a low sensitivity to CICR (Bovo et al., 2013).

Intracellular calcium influx is the prime requirement for
Camk2d activation, altered calcium activity in the bh−/− mutant
leads to Camk2d over-expression. An increased expression of
Camk2d has previously been associated with ventricular
hypertrophy in humans (Hoch et al., 1999; Zhang et al., 2020)
and cardiomyopathy in mice (Zhang et al., 2003a; Zhang et al.,
2005). Thus, the increase in camk2d transcript levels and its protein
is consistent with the hypertrophy observed in bh−/− fish. Hdac1 is
activated via phosphorylation by Camk2d (Zhang et al., 2020). Thus,
an increase in Camk2d levels in the bh−/− mutant leads to elevated
levels of active Hdac1 protein. Several classes of HDACs have been
associated with cardiac hypertrophy (Zhang et al., 2012), and Hdac
inhibition has been shown to reverse hypertrophic conditions and
arrhythmia (Liu et al., 2008; Morales et al., 2016). Further, mef2 is a
transcription factor that regulates average cardiomyocyte growth
but, when activated by Camk2d, induces hypertrophic conditions
(Kolodziejczyk et al., 1999; Passier et al., 2000). Thus, it is evident
that upregulation of camk2d-hdac1-mef2 pathway leads to chamber
enlargement, and arrhythmia in bigheart and grin2bbART is
associated with this pathway. Arrhythmia and the cardiac
chamber enlargement in bigheart may be a result of altered
calcium handling, possibly via the Camk2d-Hdac1 pathway.

Calcium homeostasis in the heart is tightly regulated by the
action of multiple ion channels, signaling pathways, and proteins.
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Key calcium calcium-handling genes such as ryanodine receptor
(ryr) and sarco-endoplasmic reticulum Ca-ATPase (serca) are
crucial in maintaining calcium homeostasis in cardiac cells.
Alteration in either of these genes has been reported to result in
calcium dysregulation, leading to contractile dysfunction of
cardiomyocytes (Eisner and Trafford, 2002; Ebert et al., 2005).
Camk2d activation is previously known to promote
phosphorylation-dependent deactivation of Ryr, thus resulting in
Ca2+ aberrations (Maier, 2005; Ling et al., 2009). Camk2d promotes
hdac1 action via phosphorylation (Anderson, 2009; Zhang et al.,
2020). Both Camk2d and Hdac1 are previously reported to regulate
cardiac hypertrophy (Zhang et al., 2013; Morales et al., 2016; Zhang
et al., 2020). Upregulation of MMP9 in Cardiac arrhythmi and
hypertrophy is known (Weng et al., 2016; Li et al., 2019). In mice,
myocardial MMP-9 inhibition modulates calcium homeostasis and
reduces calcium leakage to prevent ventricular arrhythmia (Weng
et al., 2016) and its overexpression mediates gap junction (GJ)
electrical uncoupling induced by Cx43 decreases in rat (Li et al.,
2019). Our data leads us to hypothesize that disruption of
grin2bbART in bigheart mutant results in calcium mishandling
in cardiomyocytes. Altered Ca2+ levels upregulate Camk2d, thus
driving an augmented ryr deactivation and promoting Hdac1 action.
Increased activity of the Hdac1 protein initiates transcription of
downstream hypertrophic factors such as mef2 in the nucleus, which
drives a gene expression cascade leading to arrhythmia and
hypertrophy in the bigheart mutant. Further, given the well-
studied Ca2+ permeable function of grin2bb gene, it would be
reasonable to hypothesize that grin2bb and grin2bbART might
show a potential co-regulation to influence intracellular calcium
homeostasis in cardiomyocytes. However, this model requires
further experimental evaluation.

Differential expression of cardiac specific genes, including the
remodeling genes such as nppa, nppb, myh6 in the bigheart cardiac
transcriptome, indicates the onset of a fetal gene program to induce
an adaptive physiological response to cope with the perturbed
cardiac function. Hypertrophic adaptive response due to
mutations or alterations in the expression of key sarcomeric
proteins such as myh7, mybpc3, tnnt2, tpm1, myl2, and acta have
been characterized (Tardiff, 2005; Caleshu et al., 2011). Mybpc3
downregulation has previously been modeled in zebrafish to
recapitulate human hypertrophy phenotypes (Chen et al., 2013).
Mybpc3 mutations are associated with familial hypertrophic
cardiomyopathy in humans (Carrier et al., 1997; Carrier et al.,
2015), fibrosis in pigs (Zou et al., 2022), and hypertrophy in
mice (Schlossarek et al., 2012; Judge et al., 2015). Myl2 is a
sarcomeric gene involved in calcium-dependent cardiac muscle
contraction (Sheikh et al., 2015). Notably, the downregulation of
grin2bbART in the bigheart fish led to the abnormal expression of
the cardiac remodeling genes and critical transcription factors,
including tbx2a, tbx2b, and klf2, klf5, and klf9, and resulted in
hypertrophy. Increasing evidence suggests that inflammation is
crucial to many cardiovascular disorders, including
cardiomyopathies. Indeed, inflammation can activate molecular
pathways that cause cardiomyocyte enlargement, extracellular
matrix buildup, and microvascular dysfunction. Growing data
suggests that systemic inflammation may be a critical
pathophysiologic factor in cardiac disease progression, affecting
phenotypic severity and clinical prognosis, including heart failure

(Lillo et al., 2023). Studies indicate elevated levels of cytokines like
TNF-α, hs-CRP, and inflammatory interleukins (e.g., IL-1β, IL-1RA,
IL-6, IL-10, circulating monocyte chemoattractant protein resulted
in a chronic low-grade inflammatory state in hypertrophic
cardiomyopathy (HCM) (Kuusisto et al., 2012). In line with
these, our data also suggest a possible role of inflammation in the
bigheart phenotype. Inflammatory cytokines may also be involved in
arrhythmogenic cardiomyopathy and other disorders (Lazzerini
et al., 2017; Lazzerini et al., 2022). It is well recognized that
inflammatory cytokines, particularly TNF, IL-1, and IL-6, cause
arrhythmias through direct cardiac activity and indirect systemic
alterations. (Lazzerini et al., 2017). Direct effects include heart
structural and electrical remodeling. Myofibroblast-driven
extracellular matrix production by cytokines can cause structural
remodeling over weeks or months (Lazzerini et al., 2017). These
processes lengthen action potential duration or corrected QT (QTc)
interval, increase ectopic firing, and delay or heterogeneously
propagate electric impulses in the working and conducting
myocardium. This causes triggered, re-entry-driven
tachyarrhythmias, bradyarrhythmias, and conduction
abnormalities (Lazzerini et al., 2017). Despite extensive research
on the involvement of ncRNAs in cardiovascular diseases (Quiat and
Olson, 2013; Bang et al., 2014; Amaral et al., 2013; Hermans-
Beijnsberger et al., 2018), our understanding of the expression
and function of lncRNAs in heart development remains limited
(Devaux et al., 2015). Examining the expression patterns of
grin2bbART at the single-cell level can reveal novel biological
functions associated with various cell populations. Therefore,
accurately quantifying the levels of grin2bbART in individual
cells is crucial for identifying cell-type specificities and
determining their functions at the single-cell level, as recounted
by Chen et al. (2013) (Chen et al., 2019). Exploring the other affected
genes will also unveil new bh−/− partners. Deciphering precise
lncRNA function is a constant struggle, and an obvious
conjecture that tethers a lncRNA to a function is the regulation
of its neighboring protein-coding genes (Dinger et al., 2009; Guil and
Esteller, 2012). Given the genomic association of grin2bbART, it is
appropriate to propose that grin2bbART might be involved in the
post-transcriptional and translational processes associated with the
zebrafish grin2bb (NMDAR2B) gene. The role of NMDAR has been
previously implicated in brain function, but its function in the heart
remains elusive. Recent findings reported the expression of
NMDAR2B in the rat heart (Seeber et al., 2004; Makhro et al.,
2016) and in regulating the heartbeat (Makhro et al., 2016). Since
NMDARs are permeable to Ca2+, it is reasonable to assume that
NMDARs may have a key role in heart function. NMDAR-mediated
Ca2+ influx worsens myocardial damage by ischemia and
reperfusion-mediated necrosis and apoptosis (Liu et al., 2017). A
recent study has suggested cardiac NMDARs may be a therapeutic
focus in ischemia and reperfusion injury (Govoruskina et al., 2020).
In zebrafish, NMDAR2B paralog (grin2bb) is reported to be
expressed at low levels in the heart (Cox et al., 2005). Although
evidence of NMDAR function in the heart, its exact role and
mechanism of action remains obscure in zebrafish. We
demonstrate that grin2bbART, a putative RNA transcript, is
transcribed from the intron of NMDAR2B (grin2bb), and is
involved in calcium mishandling, which led to hypertrophic
response and arrhythmia in zebrafish heart. LncRNAs acting as
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regulators of hypertrophy, such as Chrf (cardiac hypertrophy-
related factor) (Wang et al., 2014a; Han et al., 2014) and Pvt1
(Yu et al., 2015) have been recently discovered. The deep sequencing
approach has uncovered several lncRNA linked to cardiac diseases
(Yang et al., 2014). We used this approach to identify and annotate
grin2bbART, a putative RNA transcript that is expressed in the
zebrafish heart.We hypothesize that grin2bbART has a potential role
in zebrafish heart function via regulating calcium flux possibly
generated by the zebrafish grin2bb (NMDAR2B) gene. CICR is
primarily believed to be dependent upon ryr or IP3 receptors.
However, deviations from this have been reported wherein other
factors or proteins contribute to CICR. The sarcolemma calcium
entry and process of CICR to induce contraction is ambiguous and
shows species-specific differences among teleost hearts. This study
uncovers the possibility that grin2bbART-grin2bb interactions may
be another undiscovered mode of CICR in zebrafish cardiomyocytes
and presents a template to dissect these mechanisms in detail.

Materials and methods

Ethics statement

All the fish experiments were performed following the guidelines
and the recommendations laid down by the CSIR- Institute of
Genomics and Integrative Biology, India (CSIR-IGIB). The
Institutional Animal Ethics Committee of CSIR-IGIB approved
all protocols used in the study. Utmost care was taken to distress
the animals minimally.

GBT vector microinjection, gene trapping,
and screening of pGBT-PX lines

Zebrafish were housed at the CSIR-Institute of Genomics and
Integrative Biology, following standard husbandry practices
(Westerfield, 2000). The pGBT-PX vector (Genbank accession
No. HQ335166; Supplementary Figure S1) described in the
present study was generated by subcloning the pT2/
PAT6 GBT (Sivasubbu et al., 2006) into a mini tol2 vector
(Balciunas et al., 2006). Tol2 transposase mRNA was
synthesized in vitro using the Ambion mMESSAGE
mMACHINE T3 Kit (Thermo Fisher Scientific, Texas,
United States; AM1348), from the construct pDB600
(Balciunas et al., 2006). pDB600 was cleaved with XbaI and
transcribed with T3 polymerase to produce Tol2 mRNA.

Fertilized zebrafish eggs at one cell stage were co-injected with
8.3 pg/nL of plasmid DNA and 25 pg of tol2 transposase mRNA as
standardized previously (Hyatt and Ekker, 1999) Injected founder (F0)
embryos were scored for green fluorescent protein (GFP) reporter
expression at 24 h post fertilization (hpf), and only the GFP expressing
embryos were raised to adulthood. F0 founder fishes were crossed to
wild-type zebrafish to test the germline transmission rates by
observing GFP reporter expression in F1 embryos from 1 day post
fertilization (dpf) to 5 dpf (Supplementary Figure S2). As per the
vector design, a consistent GFP expression is visible only when the
trap vector gets inserted into an endogenous transcriptional unit and
the GFP transcript is stabilized due to poly-adenylation by 3′

sequences of the endogenous gene or transcript. Adult GFP
expressing F1 pGBT-PX heterozygous fish were incrossed to
generate F2 embryos. The embryos were observed carefully from
1dpf to 5 dpf for phenotypes using a simple visual screen to score for
any gross abnormalities. GFP-expressing F2 embryos were observed
for phenotypic changes in the heart, blood circulation, body axis
length, pigmentation, craniofacial morphology, brain size and shape,
eye size, swim bladder, and motility. The observed phenotypes, if any,
were recorded.

Microscopy

To inhibit pigment formation, embryos were treated with phenyl
thiourea (PTU) (0.003%). Embryos were anesthetized using 4 mg/
mL Tricaine methanesulfonate (Sigma, A5040) and mounted in
0.8%–1% low melting agarose gel (Biorad, 161-3111) in embryo
water for imaging. GFP expression was observed, and fish were
imaged using an upright Zeiss Axioscope 40 fluorescent microscope
(Carl Zeiss, Germany). Image processing was done using Zeiss
AxioVision 4.6 and Adobe Photoshop CS software.

Electrocardiogram recordings

Electrocardiogram (ECG) was recorded for wild-type (bh+/+) and
mutant (bh−/−) zebrafish aged 9months (Milan et al., 2006). ECG
recordings were obtained by inserting two needle electrodes (AD
Instruments, Animal Bioamp) through the ventral epidermis. Fish
were perfused orally to support continuous hydration and
oxygenation. Motion artifacts were eliminated with a paralytic dose
of tuberculin (Life technologies). The use of a perfusion system facilitated
stable recording for >6 h. Data analysis was done using AD Instrument
LabChart software. N = 10 fish were analyzed in each group.

Heartbeat rate measurement

Embryos at 2 dpf to 8 dpf were anesthetized using 4 mg/mL
Tricaine methanesulfonate (Sigma, A5040). Video micrographs of
heart rate in embryos were recorded by observation under a
dissecting microscope (Zeiss). The number of beats per minute was
counted for an interval of one minute using a Sony video camcorder for
each individual fish. N = 10 embryos were analyzed per group.

Hematoxylin-eosin and phalloidin staining

Hearts dissected from 9months old wild type (bh+/+) and mutant
(bh−/−) were fixed in 4% paraformaldehyde, embedded in paraffin, and
cross sections were obtained. The sections were stained with
hematoxylin and eosin (H&E) (Fisher Scientific) using a standard
protocol. Heart tissue sections were observed under an inverted light
microscope (Zeiss Axioscope 40) at a magnification of ×5, and details
were documented using ×40 magnification. The cytoskeletal structure
of heart tissue was observed using Invitrogen™ Texas Red™-X
Phalloidin (Thermofisher Scientific), a stain that specifically stains
F-actin filaments. Hearts were dissected from nine-month-old adult
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wild type and bh−/− mutant zebrafish as described previously (Singh
et al., 2016) and fixed in 4% paraformaldehyde for overnight at 4°C. The
heart tissue was processed as per the following protocol: 1X PBS wash
for 1 min × 3 times; 0.1% TBST for 5 min × 3 times; 1X PBS wash for
5 min × 2 times. The tissues were incubated with PBS with 1% BSA for
5 min -pre-staining. A total of 5 µL of 6.6 µM of phalloidin conjugated
with texas red in methanol was added to 200 µL of detection solution.
Tissues were incubated in the dark for 20 min andwere washed with 1X
PBS × 3 times for 5 min each. Stained tissues were observed using an
inverted light microscope (Zeiss Axioscope 40).

Inverse PCR (iPCR)

Inverse PCR was performed as described previously (Balciunas
et al., 2006; Hermanson et al., 2004). DNA from caudal fins of adult
fish or from whole single embryos was isolated in 400 µL of DNA
extraction buffer (10 mMTris pH 8.2,10 mM EDTA, 200 mMNaCl,
0.5% SDS) containing 100 mg/mL proteinase K for 10 h at 55°C.
Proteinase K was inactivated by incubating the samples at 65°C for
10 min. DNA was purified with phenol-chloroform, and the pellet
was obtained by isopropanol precipitation. DNA pellets obtained
were washed with 70% ethanol and re-suspended in 30 µL of TE
buffer. Following set of forward primers were designed against the
GFP sequences of the trap vector: GFP-RACE (5″GAGAGACCA
CATGGTCCTTCTTG-3′) andGFP-NEST (5′-CAGCTGCTGGGA
TTACACAT-3′). The reverse primers used were: SBB_537 (5′ATC
ACCTTCACCCTCTCCACTGAC-3′) and SSB_536 (5′AACAAG
AATTGGGACAACTCCAGTG-3′). PCR products were separated
on a 1.2% agarose gel. Individual fragments were sliced from the gel
and purified using the QIA quick gel extraction kit (QIAGEN) and
sequenced using GFP nest forward and reverse primers.

5′ RACE and 3′ RACE

5′ and 3′ RACE was performed using 5′ RACE System
(Invitrogen, United States) and 3′RACE System (Invitrogen,
United States) kits, following the manufacturer’s protocol. Unique
bands from the nested PCR of 5′ and 3′ RACE was gel-extracted and
cloned in pCR 2.1-TOPO vector (Invitrogen, United States), and
Sanger sequencing was performed on it using M13 primers. Total
RNA was isolated from 20 to 25, 3dpf zebrafish embryos using Trizol
reagent (Invitrogen). First-strand cDNAwas synthesized using 5 µg of
total RNA in a 20 µL reaction using superscript reverse transcriptase
(Invitrogen). 3′ RACE-PCR was performed in a 50 µL reaction using
nested primers. The primary step of 3′ RACE- PCR was performed
using GFP primers, GFP-RACE (5′-GAGAGACCACATGGTCCT
TCTTG- 3′) and the universal adapter primer–AP (5′-GGCCAC
GCGTCGACTAGTACTTTTTTTTTTTTTTTTT-3′) (Invitrogen)
with 2 µL of the cDNA as template. The following PCR conditions
were used: initial denaturation at 94°C for 3 min followed by 94°C for
1 min, 65°C for 2 min (with subtraction of 0.5°C/cycle), 72°C for 1 min
(with an addition of 2 s/cycle) for 30 cycles followed by 94°C for 1 min,
52°C for 2 min, 72°C for 2 min for 10 cycles with a final extension at
72°C for 10 min. For the nested reaction, 2 µL of 3′ RACE-PCR
product of the primary step was used as the template. The following
primers were used–GFP-NEST (5′ CAGCTGGGATTACACAT-3′)

and abridged universal adapter primer (AUAP) 5′-GGCCACGCG
TCGACTAGTAC-3′). The PCR conditions were as follows: initial
denaturation of 94°C for 3 min followed by 94°C for 1 min, 60°C for
1 min, and 72°C for 1 min for 24 cycles followed by a final extension at
72°C for 10 min.

Trapped sequences obtained from iPCR and RACEwere analyzed
for identity using BLAT against the zebrafish reference genome (ZV9)
and NCBI databases. The BLASTN was conducted against publicly
available UCSC databases (http://genome.ucsc.edu/) and Ensembl
(http://www.ensembl.rg/danio_rerio/). Genomic sequences
bearing >90% identity to the trapped sequence were considered
significant matches.

Identification and annotation of long non-
coding RNAs

We utilized the cardiac transcriptome data generated in our
laboratory (Singh et al., 2016) to identify cardiac-specific long non-
coding RNA (lncRNA) transcripts. We used a previously published
computational analysis method for the identification of potential
lncRNA transcripts (Kaushik et al., 2013). Transcripts of length
more than 200 nt, lacking coding potential and with an ORF length
of less than 30 amino acids (Kaushik et al., 2013), were considered as
potential lncRNAs. In house Perl scripts were used to assess the
length of the transcripts. Get ORF was utilized to acquire a length of
ORFs, and coding potential was evaluated using a Coding potential
calculator (CPC). CPC values for non-coding RNA transcripts were
calculated. PhyloCSF and HMMER were employed to further
confirm the coding potential of the transcripts. Transcripts that
fulfilled all the above parameters for non-coding potential were
considered as putative long non-coding RNAs.

Ribosome profiling of grin2bb gene locus

Ribosome profiling data from NCBI SRA obtained from eight
zebrafish developmental stages (2–4 cells, 256 cells, 1,000 cells, dome,
shield, bud, 28 hpf and 5 dpf) (Chew et al., 2013). Adapters were
trimmed (Ingolia et al., 2011) using FASTX clipper, a part of FASTX-
Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Reads mapping to
rRNAs were removed after aligning the trimmed reads to zebrafish
rRNA sequences downloaded from SILVA database (Quast et al.,
2013) using Bowtie2 (Langmead and Salzberg, 2012). Finally, we
isolated 235million high-quality reads by placing a read length filter of
27–32 nt as described (Chew et al., 2013). These high-quality reads
were then mapped using Tophat 2 (Kim et al., 2013) to the de novo
transcriptome assembly. Further, we downloaded RNA-Seq reads for
eight zebrafish developmental stages (2–4 cells, 1,000 cells, dome,
shield, bud, 28 hpf, 2 dpf and 5 dpf) (Pauli et al., 2012) from NCBI
SRA. After adapter and quality trimming using Trimmomatic (Bolger
et al., 2014) and SolexaQA (Cox et al., 2010), the reads weremapped to
the Zv9 reference genome using Tophat 2 (Kim et al., 2013).
Translation Efficiency Score (TES) for the transcripts were
calculated using BED Tools (Quinlan, 2014) by obtaining the
Riboseq and RNA-seq read counts overlapping each transcript. We
then formulated TES for each transcript as the ratio of its Ribo-seq
read count to RNA-Seq mapped read count.
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qRT-PCR

Real-time quantitative PCR (qRT-PCR) was performed to analyze
the transcript levels and the mRNA level of various genes including
grin2bb and grin2bbART, in bigheartmutant embryos and morphants.
250 ng of total RNA in a 10 µL reaction using the Roche Diagnostics
LightCycler 480 SYBR Green I Master (Roche Applied Sciences, Sigma)
was amplified using the following primers: Forward primer (5′-ATC
AGGAGGCCATCGCCCAGATATTG-3′) and reverse primer (5′-GTG
GTG ACG ATG GAG AAA ATG TACCA -3′) that were designed
within the exons (Exon 2 and 3) flanking the insertion locus in the
grin2bb gene. As a control, the zebrafish β-actin partial gene transcript
was amplified using the following primers β-actin forward (5′-CTCTTC
CAGCCTTCCTTCCT-3′) and β-actin reverse (5′CTTCTGCATACG
GTCAGCAA- 3′). Reverse transcription was performed at 42°C for
30 min. Denaturation was performed at 95°C for 2 min, followed by 40
amplification cycles (Light cycler LC 480, Roche Diagnostics, Germany).
The relative levels of specific transcripts in the original pool of RNAwere
estimated using the methods described (Winer et al., 1999; Livak and
Schmittgen, 2001). The primers used for the grin2bbART and other
genes are mentioned in Supplementary Table S2.

Morpholino and mRNA injections

Antisense oligonucleotide morpholino injections
All antisense oligonucleotide morpholino sequences (MO) used

in this study were obtained from Gene Tools, United States. MOs
targeting translation and transcription were designed. The MO
sequences used in the study are:

grin2bbART MO1: 5′- ACTACTGACCTATATAACGAG
GTAT- 3′;

grin2bbART MO2: 5′- AATGCAGCCATACAGTGTACG
TACT- 3′;

grin2bbATG MO: 5′- AACATTGCCAGCCCAACTCCC
ATTG- 3′;

grin2bb Splice MO1: 5′- ATCATACCTTGGCAGCCATGA
TCA- 3′ and

grin2bb Splice MO2: 5′- GAACATGGAATGGTCATCCT
GCAAG- 3′.

One-cell stage wild-type zebrafish embryos were injected in two
doses: 3 nL and 6 nL of 100 µM solution of the MO. The injected
embryos were evaluated for specific phenotypes.

Cre recombinase mRNA injections
50 pg of Cre recombinasemRNA was injected into one-cell stage

embryos resulting from the pair wise breeding of bh+/− heterozygous
fish for excision of the gene trap. The injected embryos were scored
for the Cre recombinase-mediated reversion of the bigheart
phenotype using PCR and phenotypic analysis.

Calcium imaging

2 dpf zebrafish embryos obtained from pair-wise breeding of
heterozygotes bh+/− fishes were anesthetized as described above and
injected with 2 nL of a 250 μM stock of calcium green-1 dextran
(Molecular Probes). Hearts of 2 dpf bh−/− mutants and their wild-

type siblings injected with calcium green-1 dextran were imaged.
High speed two-dimensional calcium images were captured at a rate
of 30 Hz using a Zeiss laser scanning confocal imaging system using
a ×20 objective lens at an excitation peak of 488 nm, and emission at
510 nm. Data was collected at a speed of 12 frames per sec. The
relative fluorescence intensities (Y-axis) from consecutive frames of
images (X-axis) were plotted in graphs where maximum
fluorescence intensity of each data set was considered 100%. The
fluorescence intensity (Calcium measurements) of individual hearts
was analyzed by Zeiss confocal microscope ZEN2 software.

Whole mount in situ hybridization (WISH)

Para-formaldehyde fixed embryos were processed for in situ
hybridization according to standard zebrafish protocols (http://zfin.
org/ZFIN/Methods/ThisseProtocol.html). The grin2bb gene
sequences were amplified from cDNA by PCR using forward
primer 5′-ATCAGGAGGCCATCGCCCAGATATTG-3′ and
reverse primer 5′-GTGGTGACGATGGAGAAAATGTACCA -3′
and cloned into Topo TA vector (Invitrogen, United States). The
clone was linearized with SpeI (sense) and Not1 (antisense)
restriction enzyme, and digoxigenin (DIG) labeled in situ probes
was generated by in vitro transcription with T7 and T3 polymerases
using the Roche’s DIG RNA Labeling kit (Millipore Sigma).

Transcriptome analysis

RNA isolation and sequencing
Hearts were dissected out from the heterozygous (bh+/−) and

mutant (bh−/−) adult (1 year old, male and female) zebrafish (N =
15) under a dissecting microscope (Zeiss Axioscope 40 microscope,
Carl Zeiss, Germany). The heart tissue was carefully removed by
inserting iris scissors and cutting around the interface. Utmost care
was taken to prevent contamination and to obtain pure homogeneous
samples. Dissected heart samples were rinsed with PBS and
immediately flash-frozen in liquid nitrogen. Total RNA was isolated
using a modified-step purification protocol by homogenization using a
pellet pestles cordless motor (Z359971 SIGMA) in trizol (Invitrogen,
United States) followed by purification using phenol-chloroform
method as per standard protocol. RNA quality was assessed as
previously described (Kaushik et al., 2013). RNA libraries were
prepared and sequenced according to the manufacturer’s
instructions for the TruSeq RNA sample prep Kit v2 (Illumina Inc.,
United States). The raw transcriptome sequences have been submitted
to SRA with accession numbers SRX1158743: zebrafish Bigheart
homozygous cardiac mutant (bh−/−), SRX1158742: zebrafish
Bigheart heterozygous cardiac mutant (bh+/−) transcriptome.

Transcript quantification and differential
expression analysis

TheRNA sequencing reads were used for transcript quantification
by Salmon tool (Patro et al., 2017) using gene annotations from the
Ensembl database (Danio_rerio.GRCz11.111.gtf). The R-package
Tximport was used to convert the transcript quantifications to
gene quantifications (Soneson et al., 2015). Differentially expressed
genes were identified using R package DESeq2 (Love et al., 2014) with
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an absolute value of a log2(FC) > 1 and normalized counts >0 in both
samples. Heatmaps were plotted using R package, pheatmap. Gene
ontology and KEGG pathway enrichment analysis were performed
using DAVID (Sherman et al., 2022) and visualized using GOplot R
package (Walter et al., 2015). The relative expression of the key genes
involved in cardiac function was assayed using qRT-PCR. A list of
primers is given in Supplementary Table S2.

Western blotting

Freshly isolated heart tissues (N = 10) from wildtype and bh−/−

mutant fish were homogenized in 1X NP40 cell lysis buffer (Invitrogen,
Thermo Scientific) supplemented with protease inhibitors.
Homogenate was centrifuged at 14,000 g for 20 min. Protein
concentration in the supernatant was estimated using the standard
BCAmethod (Smith et al., 1987), and after that, the protein sample was
processed for SDS-PAGE. ECL (Enhanced Chemiluminescence)
reagent (Millipore) was used to evaluate the protein signal for
NMDAR2B (Abcam, Anti-NMDAR2B antibody, ab65783), Camk2d
[Abcam, Anti-CaMKII delta antibody (ab181052), andHdac1 (Neo Bio
Labs). Gapdh (Neo BioLabs) and Actin-beta (Cell Signaling
Technology, β-Actin (8H10D10) Mouse mAb #3700] were used as
loading controls for the experiment.

Phalloidin staining

For phalloidin staining, the heart tissue was fixed in 4%
paraformaldehyde overnight (4°C), followed by immersion in a
30% sucrose solution for one to 2 hours. The sections (5 µm)
were cut using a cryotome. Rhodamine/Alexa-594 conjugated
phalloidin (1:50; Molecular Probes) was used to stain the
actin filaments.

Scanning electron microscopy (SEM)

SEM analysis was performed in ventricle tissue isolated from the
wildtype and the mutant (bh−/−) zebrafish following the previous
protocol (Hu et al., 2001; Sun et al., 2009) and imaged at the CSIR-
IGIB, Electron Microscopy Core Facility.

Statistics

Data are represented as mean ± SD of dependent samples. The
comparisons were statistically tested by Student’s t-test and Two way
Annova on Graphpad Prism 9. The p-values of <0.05 were
considered significant. Number of times the experiment is
performed is 3 or otherwise mentioned.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by the Council of Scientific
and Industrial Research- Institute of Genomics and Integrative
Biology, India (CSIR-IGIB). The study was conducted in
accordance with the local legislation and institutional
requirements.

Author contributions

RA: Writing–review and editing, Writing–original draft,
Validation, Methodology, Investigation, Formal Analysis,
Conceptualization. AJ: Writing–review and editing,
Writing–original draft, Supervision. AP: Writing–review and
editing, Validation, Methodology, Investigation, Data curation,
Conceptualization. AmS: Visualization, Writing–original draft,
Writing–review and editing, Formal Analysis, Data curation. SR:
Writing–original draft, Methodology, Investigation, Data
curation. SKV: Writing–review and editing, Methodology,
Investigation, Formal Analysis, Data curation. KK:
Visualization, Writing–original draft, Formal Analysis, Data
curation. AnS: Writing–review and editing, Visualization,
Methodology, Investigation. ML: Writing–review and editing,
Visualization, Methodology, Investigation. SK: Writing–review
and editing, Resources, Methodology, Investigation. NS:
Writing–review and editing, Resources, Methodology,
Investigation. VS: Resources, Writing–review and editing,
Visualization, Validation, Supervision, Software, Methodology,
Investigation, Formal Analysis. SS: Data curation,
Writing–review and editing, Writing–original draft,
Supervision, Resources, Project administration, Methodology,
Funding acquisition, Conceptualization.

Funding

The authors declare that financial support was received for the
research, authorship, and/or publication of this article. RA was
supported by a grant from the National Heart, Lung, and Blood
Institute, HL140411, R56HL160545, and Ted and Loretta Rogers’
Cardiovascular Career Development Award 2023. I have updated
this information in the system. SS and the research was funded from
the Council of Scientific and Industrial Research (CSIR) India
through Grant BSC 0212. The funding agency had no
participation in the preparation of the manuscript.

Acknowledgments

The authors acknowledge CSIR-IGIB zebrafish facility staff for
their help in maintaining the fish throughout the study. The authors
thank Dr. Meghna Singh Patowary, Dr. Jayant Maini, and Dr.
Rajendra Kumar Chauhan for helping with the genetic screening.
The authors thank Elvin Leonard and Dr. Zainab Asad for their help
with the in situ hybridization protocol. The authors thank
Vigneshwar Senthivel for his help in image processing. The
authors thank Dr. Samantha Mathew and Dr. Paras Sehgal for

Frontiers in Cell and Developmental Biology frontiersin.org20

Angom et al. 10.3389/fcell.2024.1339292

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292


their valuable suggestions in the study. The authors thank Dr.
Saakshi Jalali and Dr. Shruti Kapoor for their suggestions in the
bioinformatics analysis. The authors acknowledge Dr. Kannan B. N.
Rao for his helpful discussion in the Grin2bb mRNA cloning
experiments. The authors thank Dr. Sheetal Gandotra for
providing access to the confocal facility at CSIR-IGIB. The
authors acknowledge Mr. Manish Kumar for with technical
assistance in confocal microscopy. The authors thank the
electron microscopy core, IGIB, for her hep in SEM analysis. RA
acknowledges a Senior Research Fellowship from the Indian Council
of Medical Research (ICMR), India, and the Ted and Loretta Rogers
Cardiovascular Career development award.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The authors declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the
peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1339292/
full#supplementary-material

References

Amaral, P. P., Dinger, M. E., and Mattick, J. S. (2013). Non-coding RNAs in
homeostasis, disease and stress responses: an evolutionary perspective. Brief. Funct.
Genomics 12 (3), 254–278. doi:10.1093/bfgp/elt016

Anderson, D. M., Anderson, K. M., Chang, C. L., Makarewich, C. A., Nelson, B. R.,
McAnally, J. R., et al. (2015). A micropeptide encoded by a putative long noncoding
RNA regulates muscle performance. Cell 160 (4), 595–606. doi:10.1016/j.cell.2015.
01.009

Anderson, M. E. (2009). CaMKII and a failing strategy for growth in heart. J. Clin.
Invest. 119 (5), 1082–1085. doi:10.1172/jci39262

Arai, M., Alpert, N. R., MacLennan, D. H., Barton, P., and Periasamy, M. (1993).
Alterations in sarcoplasmic reticulum gene expression in human heart failure. A
possible mechanism for alterations in systolic and diastolic properties of the failing
myocardium. Circ. Res. 72 (2), 463–469. doi:10.1161/01.res.72.2.463

Bakkers, J. (2011). Zebrafish as a model to study cardiac development and human
cardiac disease. Cardiovasc Res. 91 (2), 279–288. doi:10.1093/cvr/cvr098

Balciunas, D., Wangensteen, K. J., Wilber, A., Bell, J., Geurts, A., Sivasubbu, S., et al.
(2006). Harnessing a high cargo-capacity transposon for genetic applications in
vertebrates. PLoS Genet. 2 (11), e169. doi:10.1371/journal.pgen.0020169

Bazzini, A. A., Johnstone, T. G., Christiano, R., Mackowiak, S. D., Obermayer, B.,
Fleming, E. S., et al. (2014). Identification of small ORFs in vertebrates using ribosome
footprinting and evolutionary conservation. Embo J. 33 (9), 981–993. doi:10.1002/embj.
201488411

Bang, C., Batkai, S., Dangwal, S., Gupta, S. K., Foinquinos, A., Holzmann, A., et al.
(2014). Cardiac fibroblast-derived microRNA passenger strand-enriched exosomes
mediate cardiomyocyte hypertrophy. J. Clin Invest. 124 (5), 2136–2146. doi:10.1172/
JCI70577

Bloch, K. D., Seidman, J. G., Naftilan, J. D., Fallon, J. T., and Seidman, C. E. (1986).
Neonatal atria and ventricles secrete atrial natriuretic factor via tissue-specific secretory
pathways. Cell 47 (5), 695–702. doi:10.1016/0092-8674(86)90512-x

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30 (15), 2114–2120. doi:10.1093/bioinformatics/
btu170

Bovo, E., Dvornikov, A. V., Mazurek, S. R., de Tombe, P. P., and Zima, A. V. (2013).
Mechanisms of Ca2+ handling in zebrafish ventricular myocytes. Pflugers Arch. 465
(12), 1775–1784. doi:10.1007/s00424-013-1312-2

Broadbent, H. M., Peden, J. F., Lorkowski, S., Goel, A., Ongen, H., Green, F., et al.
(2008). Susceptibility to coronary artery disease and diabetes is encoded by distinct,
tightly linked SNPs in the ANRIL locus on chromosome 9p. Hum. Mol. Genet. 17 (6),
806–814. doi:10.1093/hmg/ddm352

Bruneau, B. G. (2011). Atrial natriuretic factor in the developing heart: a signpost for
cardiac morphogenesis. Can. J. Physiol. Pharmacol. 89 (8), 533–537. doi:10.1139/
y11-051

Caleshu, C., Sakhuja, R., Nussbaum, R. L., Schiller, N. B., Ursell, P. C., Eng, C., et al.
(2011). Furthering the link between the sarcomere and primary cardiomyopathies:
restrictive cardiomyopathy associated with multiple mutations in genes previously

associated with hypertrophic or dilated cardiomyopathy. Am. J. Med. Genet. A 155a (9),
2229–2235. doi:10.1002/ajmg.a.34097

Cameron, V. A., Aitken, G. D., Ellmers, L. J., Kennedy, M. A., and Espiner, E. A.
(1996). The sites of gene expression of atrial, brain, and C-type natriuretic peptides in
mouse fetal development: temporal changes in embryos and placenta. Endocrinology
137 (3), 817–824. doi:10.1210/endo.137.3.8603590

Carrier, L., Bonne, G., Bährend, E., Yu, B., Richard, P., Niel, F., et al. (1997).
Organization and sequence of human cardiac myosin binding protein C gene
(MYBPC3) and identification of mutations predicted to produce truncated proteins
in familial hypertrophic cardiomyopathy. Circ. Res. 80 (3), 427–434. doi:10.1161/01.res.
0000435859.24609.b3

Carrier, L., Mearini, G., Stathopoulou, K., and Cuello, F. (2015). Cardiac myosin-
binding protein C (MYBPC3) in cardiac pathophysiology. Gene 573 (2), 188–197.
doi:10.1016/j.gene.2015.09.008

Chen, Y. H., Pai, C. W., Huang, S. W., Chang, S. N., Lin, L. Y., Chiang, F. T., et al.
(2013). Inactivation of Myosin binding protein C homolog in zebrafish as a model for
human cardiac hypertrophy and diastolic dysfunction. J. Am. Heart Assoc. 2 (5),
e000231. doi:10.1161/jaha.113.000231

Chew, G. L., Pauli, A., Rinn, J. L., Regev, A., Schier, A. F., and Valen, E. (2013).
Ribosome profiling reveals resemblance between long non-coding RNAs and 5’ leaders
of coding RNAs. Development 140 (13), 2828–2834. doi:10.1242/dev.098343

Chen, G., Ning, B., and Shi, T. (2019). Single-Cell RNA-seq technologies and related
computational data analysis. Front Genet. 10, 317. doi:10.3389/fgene.2019.00317

Chien, K. R., Knowlton, K. U., Zhu, H., and Chien, S. (1991). Regulation of cardiac
gene expression during myocardial growth and hypertrophy: molecular studies of an
adaptive physiologic response. Faseb J. 5 (15), 3037–3046. doi:10.1096/fasebj.5.15.
1835945

Christoffels, V. M., Habets, P. E., Franco, D., Campione, M., de Jong, F., Lamers, W.
H., et al. (2000). Chamber formation and morphogenesis in the developing mammalian
heart. Dev. Biol. 223 (2), 266–278. doi:10.1006/dbio.2000.9753

Clark, K. J., Balciunas, D., Pogoda, H. M., Ding, Y., Westcot, S. E., Bedell, V. M., et al.
(2011). In vivo protein trapping produces a functional expression codex of the
vertebrate proteome. Nat. Methods 8 (6), 506–515. doi:10.1038/nmeth.1606

Cox, J. A., Kucenas, S., and Voigt, M. M. (2005). Molecular characterization and
embryonic expression of the family of N-methyl-D-aspartate receptor subunit genes in
the zebrafish. Dev. Dyn. 234 (3), 756–766. doi:10.1002/dvdy.20532

Cox, M. P., Peterson, D. A., and Biggs, P. J. (2010). SolexaQA: at-a-glance quality
assessment of Illumina second-generation sequencing data. BMC Bioinforma. 11, 485.
doi:10.1186/1471-2105-11-485

Devaux, Y., Zangrando, J., Schroen, B., Creemers, E. E., Pedrazzini, T., Chang, C.
P., et al. (2015). Cardiolinc network. Long noncoding RNAs in cardiac
development and ageing. Nat Rev Cardiol. 12 (7), 415–425. doi:10.1038/
nrcardio.2015.55

Ding, Y., Bu,H., andXu, X. (2020).Modeling inherited cardiomyopathies in adult zebrafish
for precision medicine. Front. Physiology 11, 599244. doi:10.3389/fphys.2020.599244

Frontiers in Cell and Developmental Biology frontiersin.org21

Angom et al. 10.3389/fcell.2024.1339292

https://www.frontiersin.org/articles/10.3389/fcell.2024.1339292/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2024.1339292/full#supplementary-material
https://doi.org/10.1093/bfgp/elt016
https://doi.org/10.1016/j.cell.2015.01.009
https://doi.org/10.1016/j.cell.2015.01.009
https://doi.org/10.1172/jci39262
https://doi.org/10.1161/01.res.72.2.463
https://doi.org/10.1093/cvr/cvr098
https://doi.org/10.1371/journal.pgen.0020169
https://doi.org/10.1002/embj.201488411
https://doi.org/10.1002/embj.201488411
https://doi.org/10.1172/JCI70577
https://doi.org/10.1172/JCI70577
https://doi.org/10.1016/0092-8674(86)90512-x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1007/s00424-013-1312-2
https://doi.org/10.1093/hmg/ddm352
https://doi.org/10.1139/y11-051
https://doi.org/10.1139/y11-051
https://doi.org/10.1002/ajmg.a.34097
https://doi.org/10.1210/endo.137.3.8603590
https://doi.org/10.1161/01.res.0000435859.24609.b3
https://doi.org/10.1161/01.res.0000435859.24609.b3
https://doi.org/10.1016/j.gene.2015.09.008
https://doi.org/10.1161/jaha.113.000231
https://doi.org/10.1242/dev.098343
https://doi.org/10.3389/fgene.2019.00317
https://doi.org/10.1096/fasebj.5.15.1835945
https://doi.org/10.1096/fasebj.5.15.1835945
https://doi.org/10.1006/dbio.2000.9753
https://doi.org/10.1038/nmeth.1606
https://doi.org/10.1002/dvdy.20532
https://doi.org/10.1186/1471-2105-11-485
https://doi.org/10.1038/nrcardio.2015.55
https://doi.org/10.1038/nrcardio.2015.55
https://doi.org/10.3389/fphys.2020.599244
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292


Ding, Y., Lang, D., Yan, J., Bu, H., Li, H., Jiao, K., et al. (2022). A phenotype-based
forward genetic screen identifies Dnajb6 as a sick sinus syndrome gene. Elife 11, e77327.
doi:10.7554/eLife.77327

Dinger, M. E., Amaral, P. P., Mercer, T. R., and Mattick, J. S. (2009). Pervasive
transcription of the eukaryotic genome: functional indices and conceptual implications.
Brief. Funct. Genomic Proteomic 8 (6), 407–423. doi:10.1093/bfgp/elp038

Dorn, G. W., 2nd, and Matkovich, S. J. (2015). Epitranscriptional regulation of
cardiovascular development and disease. J. Physiol. 593 (8), 1799–1808. doi:10.1113/
jphysiol.2014.283234

Ebert, A. M., Hume, G. L., Warren, K. S., Cook, N. P., Burns, C. G., Mohideen, M. A.,
et al. (2005). Calcium extrusion is critical for cardiac morphogenesis and rhythm in
embryonic zebrafish hearts. Proc. Natl. Acad. Sci. U. S. A. 102 (49), 17705–17710. doi:10.
1073/pnas.0502683102

Eisner, D. A., and Trafford, A. W. (2002). Heart failure and the ryanodine receptor.
Circulation Res. 91 (11), 979–981. doi:10.1161/01.RES.0000045654.34731.FF

Fabiato, A. (1983). Calcium-induced release of calcium from the cardiac sarcoplasmic
reticulum. Am. J. Physiol. 245 (1), C1–C14. doi:10.1152/ajpcell.1983.245.1.C1

Gardner, R. T., Wang, L., Lang, B. T., Cregg, J. M., Dunbar, C. L., Woodward, W. R.,
et al. (2015). Targeting protein tyrosine phosphatase σ after myocardial infarction
restores cardiac sympathetic innervation and prevents arrhythmias. Nat. Commun. 6,
6235. doi:10.1038/ncomms7235

Gill, S. S., Pulido, O. M., Mueller, R. W., and McGuire, P. F. (1998). Molecular and
immunochemical characterization of the ionotropic glutamate receptors in the rat heart.
Brain Res. Bull. 46 (5), 429–434. doi:10.1016/s0361-9230(98)00012-4

Gibb, E. A., Brown, C. J., and Lam, W. L. (2011). The functional role of long non-
coding RNA in human carcinomas. Mol Cancer. 10, 38. doi:10.1186/1476-4598-10-38

Goetze, J. P., Bruneau, B. G., Ramos, H. R., Ogawa, T., de Bold, M. K., and de Bold, A.
J. (2020). Cardiac natriuretic peptides. Nat. Rev. Cardiol. 17 (11), 698–717. doi:10.1038/
s41569-020-0381-0

González-Rosa, J. M. (2022). Zebrafish models of cardiac disease: from fortuitous
mutants to precision medicine. Circulation Res. 130 (12), 1803–1826. doi:10.1161/
CIRCRESAHA.122.320396

Govoruskina, N., Jakovljevic, V., Zivkovic, V., Milosavljevic, I., Jeremic, J., Bradic, J.,
et al. (2020). The role of cardiac N-Methyl-D-Aspartate receptors in heart conditioning-
effects on heart function and oxidative stress. Biomolecules 10 (7), 1065. doi:10.3390/
biom10071065

Grote, P., Wittler, L., Hendrix, D., Koch, F., Währisch, S., Beisaw, A., et al. (2013). The
tissue-specific lncRNA Fendrr is an essential regulator of heart and body wall
development in the mouse. Dev. Cell 24 (2), 206–214. doi:10.1016/j.devcel.2012.12.012

Guil, S., and Esteller, M. (2012). Cis-acting noncoding RNAs: friends and foes. Nat.
Struct. Mol. Biol. 19 (11), 1068–1075. doi:10.1038/nsmb.2428

Gut, P., Reischauer, S., Stainier, D. Y. R., and Arnaout, R. (2017). Little fish, big data:
zebrafish as a model for cardiovascular and metabolic disease. Physiol. Rev. 97 (3),
889–938. doi:10.1152/physrev.00038.2016

Han, P., Li, W., Lin, C. H., Yang, J., Shang, C., Nuernberg, S. T., et al. (2014). A long
noncoding RNA protects the heart from pathological hypertrophy. Nature 514 (7520),
102–106. doi:10.1038/nature13596

Hermanson, S., Davidson, A. E., Sivasubbu, S., Balciunas, D., and Ekker, S. C. (2004).
Sleeping beauty transposon for efficient gene delivery, methods in cell biology.
Academic Press. 77, 349–362. doi:10.1016/S0091-679X(04)77019-3

Hermans-Beijnsberger, S., van Bilsen, M., and Schroen, B. (2014). Long non-coding
RNAs in the failing heart and vasculature. Non-coding RNA Res. 3 (3), 118–130. doi:10.
1016/j.ncrna.2018.04.002

Hoch, B., Meyer, R., Hetzer, R., Krause, E. G., and Karczewski, P. (1999).
Identification and expression of delta-isoforms of the multifunctional Ca2+/
calmodulin-dependent protein kinase in failing and nonfailing human myocardium.
Circ. Res. 84 (6), 713–721. doi:10.1161/01.res.84.6.713

Holdt, L. M., Beutner, F., Scholz, M., Gielen, S., Gäbel, G., Bergert, H., et al. (2010).
ANRIL expression is associated with atherosclerosis risk at chromosome 9p21.
Arterioscler. Thromb. Vasc. Biol. 30 (3), 620–627. doi:10.1161/atvbaha.109.196832

Hu, N., Yost, H. J., and Clark, E. B. (2001). Cardiac morphology and blood pressure in
the adult zebrafish. Anatomical Rec. 264 (1), 1–12. doi:10.1002/ar.1111

Hu, W., Alvarez-Dominguez, J. R., and Lodish, H. F. (2012). Regulation of
mammalian cell differentiation by long non-coding RNAs. EMBO Rep. 13 (11),
971–983. doi:10.1038/embor.2012.145

Hyatt, T. M., and Ekker, S. C. (1999). Vectors and techniques for ectopic gene
expression in zebrafish. Methods Cell Biol. 59, 117–126. doi:10.1016/s0091-679x(08)
61823-3

Ishii, N., Ozaki, K., Sato, H., Mizuno, H., Susumu, S., Takahashi, A., et al. (2006).
Identification of a novel non-coding RNA, MIAT, that confers risk of myocardial
infarction. J. Hum. Genet. 51 (12), 1087–1099. doi:10.1007/s10038-006-0070-9

Ingolia, N. T, Lareau, L. F., and Weissman, J. S. (2011). Ribosome profiling of mouse
embryonic stem cells reveals the complexity and dynamics of mammalian proteomes.
cell. 147 (4), 789–802. doi:10.1016/j.cell.2011.10.002

Judge, D. P., Neamatalla, H., Norris, R. A., Levine, R. A., Butcher, J. T., Vignier, N.,
et al. (2015). Targeted Mybpc3 knock-out mice with cardiac hypertrophy exhibit
structural mitral valve abnormalities. J. Cardiovasc Dev. Dis. 2 (2), 48–65. doi:10.
3390/jcdd2020048

Kaushik, K., Leonard, V. E., Kv, S., Lalwani, M. K., Jalali, S., Patowary, A., et al. (2013).
Dynamic expression of long non-coding RNAs (lncRNAs) in adult zebrafish. PLoS One
8 (12), e83616. doi:10.1371/journal.pone.0083616

Kerkelä, R., Ulvila, J., and Magga, J. (2015). Natriuretic peptides in the regulation of
cardiovascular physiology and metabolic events. J. Am. Heart Assoc. 4 (10), e002423.
doi:10.1161/jaha.115.002423

Khurshid, S., Choi, S. H., Weng, L. C., Wang, E. Y., Trinquart, L., Benjamin, E. J., et al.
(2018). Frequency of cardiac rhythm abnormalities in a half million adults. Circ.
Arrhythm. Electrophysiol. 11 (7), e006273. doi:10.1161/circep.118.006273

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. L. (2013).
TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions
and gene fusions. Genome Biol. 14 (4), R36. doi:10.1186/gb-2013-14-4-r36

Klattenhoff, C. A., Scheuermann, J. C., Surface, L. E., Bradley, R. K., Fields, P. A.,
Steinhauser, M. L., et al. (2013). Braveheart, a long noncoding RNA required for
cardiovascular lineage commitment. Cell 152 (3), 570–583. doi:10.1016/j.cell.2013.
01.003

Kolodziejczyk, S. M., Wang, L., Balazsi, K., DeRepentigny, Y., Kothary, R., and
Megeney, L. A. (1999). MEF2 is upregulated during cardiac hypertrophy and is required
for normal post-natal growth of the myocardium. Curr. Biol. 9 (20), 1203–1206. doi:10.
1016/s0960-9822(00)80027-5

Kornfeld, J. W., and Brüning, J. C. (2014). Regulation of metabolism by long, non-
coding RNAs. Front. Genet. 5, 57. doi:10.3389/fgene.2014.00057

Koronyo-Hamaoui, M., Frisch, A., Stein, D., Denziger, Y., Leor, S., Michaelovsky, E.,
et al. (2007). Dual contribution of NR2B subunit of NMDA receptor and SK3 Ca(2+)-
activated K+ channel to genetic predisposition to anorexia nervosa. J. Psychiatr. Res. 41
(1-2), 160–167. doi:10.1016/j.jpsychires.2005.07.010

Korostowski, L., Sedlak, N., and Engel, N. (2012). The Kcnq1ot1 long non-coding
RNA affects chromatin conformation and expression of Kcnq1, but does not regulate its
imprinting in the developing heart. PLoS Genet. 8 (9), e1002956. doi:10.1371/journal.
pgen.1002956

Kuusisto, J., Kärjä, V., Sipola, P., Kholová, I., Peuhkurinen, K., Jääskeläinen, P., et al.
(2012). Low-grade inflammation and the phenotypic expression of myocardial fibrosis
in hypertrophic cardiomyopathy.Heart 98 (13), 1007–1013. doi:10.1136/heartjnl-2011-
300960

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9 (4), 357–359. doi:10.1038/nmeth.1923

Lazzerini, P. E., Capecchi, P. L., and Laghi-Pasini, F. (2017). Systemic inflammation
and arrhythmic risk: lessons from rheumatoid arthritis. Eur. Heart J. 38 (22),
1717–1727. doi:10.1093/eurheartj/ehw208

Lazzerini, P. E., Laghi-Pasini, F., Boutjdir, M., and Capecchi, P. L. (2022).
Inflammatory cytokines and cardiac arrhythmias: the lesson from COVID-19. Nat.
Rev. Immunol. 22 (5), 270–272. doi:10.1038/s41577-022-00714-3

Levin, E. R., Gardner, D. G., and Samson, W. K. (1998). Natriuretic peptides. N. Engl.
J. Med. 339 (5), 321–328. doi:10.1056/nejm199807303390507

Li, K., Blum, Y., Verma, A., Liu, Z., Pramanik, K., Leigh, N. R., et al. (2010). A
noncoding antisense RNA in tie-1 locus regulates tie-1 function in vivo. Blood. 115 (1),
133–139. doi:10.1182/blood-2009-09-242180

Li, W., Gao, H., Gao, J., and Wang, Z. (2019a). Upregulation of MMP-9 and CaMKII
prompts cardiac electrophysiological changes that predispose denervated transplanted
hearts to arrhythmogenesis after prolonged cold ischemic storage. Biomed.
Pharmacother. 112, 108641. doi:10.1016/j.biopha.2019.108641

Li, X., Luo, S., Zhang, J., Yuan, Y., Jiang, W., Zhu, H., et al. (2019b). lncRNA
H19 alleviated myocardial I/RI via suppressing miR-877-3p/bcl-2-mediated
mitochondrial apoptosis. Mol. Ther. Nucleic Acids 17, 297–309. doi:10.1016/j.omtn.
2019.05.031

Lillo, R., Graziani, F., Franceschi, F., Iannaccone, G., Massetti, M., Olivotto, I., et al.
(2023). Inflammation across the spectrum of hypertrophic cardiac phenotypes. Heart
Fail Rev. 28 (5), 1065–1075. doi:10.1007/s10741-023-10307-4

Lin, L., and Bao, J. (2021). Long non-coding RNA THRIL is upregulated in coronary
heart disease and binds to microRNA-424 to upregulate TXNIP in mice.Microvasc. Res.
138, 104215. doi:10.1016/j.mvr.2021.104215

Ling, H., Zhang, T., Pereira, L., Means, C. K., Cheng, H., Gu, Y., et al. (2009).
Requirement for Ca2+/calmodulin-dependent kinase II in the transition from pressure
overload-induced cardiac hypertrophy to heart failure in mice. J. Clin. Invest. 119 (5),
1230–1240. doi:10.1172/jci38022

Liu, F., Levin, M. D., Petrenko, N. B., Lu, M. M., Wang, T., Yuan, L. J., et al. (2008).
Histone-deacetylase inhibition reverses atrial arrhythmia inducibility and fibrosis in
cardiac hypertrophy independent of angiotensin. J. Mol. Cell Cardiol. 45 (6), 715–723.
doi:10.1016/j.yjmcc.2008.08.015

Liu, Z. Y., Hu, S., Zhong, Q.W., Tian, C. N., Ma, H.M., and Yu, J. J. (2017). N-Methyl-
D-Aspartate receptor-driven calcium influx potentiates the adverse effects of

Frontiers in Cell and Developmental Biology frontiersin.org22

Angom et al. 10.3389/fcell.2024.1339292

https://doi.org/10.7554/eLife.77327
https://doi.org/10.1093/bfgp/elp038
https://doi.org/10.1113/jphysiol.2014.283234
https://doi.org/10.1113/jphysiol.2014.283234
https://doi.org/10.1073/pnas.0502683102
https://doi.org/10.1073/pnas.0502683102
https://doi.org/10.1161/01.RES.0000045654.34731.FF
https://doi.org/10.1152/ajpcell.1983.245.1.C1
https://doi.org/10.1038/ncomms7235
https://doi.org/10.1016/s0361-9230(98)00012-4
https://doi.org/10.1186/1476-4598-10-38
https://doi.org/10.1038/s41569-020-0381-0
https://doi.org/10.1038/s41569-020-0381-0
https://doi.org/10.1161/CIRCRESAHA.122.320396
https://doi.org/10.1161/CIRCRESAHA.122.320396
https://doi.org/10.3390/biom10071065
https://doi.org/10.3390/biom10071065
https://doi.org/10.1016/j.devcel.2012.12.012
https://doi.org/10.1038/nsmb.2428
https://doi.org/10.1152/physrev.00038.2016
https://doi.org/10.1038/nature13596
https://doi.org/10.1016/S0091-679X(04)77019-3
https://doi.org/10.1016/j.ncrna.2018.04.002
https://doi.org/10.1016/j.ncrna.2018.04.002
https://doi.org/10.1161/01.res.84.6.713
https://doi.org/10.1161/atvbaha.109.196832
https://doi.org/10.1002/ar.1111
https://doi.org/10.1038/embor.2012.145
https://doi.org/10.1016/s0091-679x(08)61823-3
https://doi.org/10.1016/s0091-679x(08)61823-3
https://doi.org/10.1007/s10038-006-0070-9
https://doi.org/10.1016/j.cell.2011.10.002
https://doi.org/10.3390/jcdd2020048
https://doi.org/10.3390/jcdd2020048
https://doi.org/10.1371/journal.pone.0083616
https://doi.org/10.1161/jaha.115.002423
https://doi.org/10.1161/circep.118.006273
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1016/j.cell.2013.01.003
https://doi.org/10.1016/j.cell.2013.01.003
https://doi.org/10.1016/s0960-9822(00)80027-5
https://doi.org/10.1016/s0960-9822(00)80027-5
https://doi.org/10.3389/fgene.2014.00057
https://doi.org/10.1016/j.jpsychires.2005.07.010
https://doi.org/10.1371/journal.pgen.1002956
https://doi.org/10.1371/journal.pgen.1002956
https://doi.org/10.1136/heartjnl-2011-300960
https://doi.org/10.1136/heartjnl-2011-300960
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/eurheartj/ehw208
https://doi.org/10.1038/s41577-022-00714-3
https://doi.org/10.1056/nejm199807303390507
https://doi.org/10.1182/blood-2009-09-242180
https://doi.org/10.1016/j.biopha.2019.108641
https://doi.org/10.1016/j.omtn.2019.05.031
https://doi.org/10.1016/j.omtn.2019.05.031
https://doi.org/10.1007/s10741-023-10307-4
https://doi.org/10.1016/j.mvr.2021.104215
https://doi.org/10.1172/jci38022
https://doi.org/10.1016/j.yjmcc.2008.08.015
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292


myocardial ischemia-reperfusion injury ex vivo. J. Cardiovasc Pharmacol. 70 (5),
329–338. doi:10.1097/fjc.0000000000000527

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.Methods 25 (4),
402–408. doi:10.1006/meth.2001.1262

Llach, A., Molina, C. E., Fernandes, J., Padró, J., Cinca, J., and Hove-Madsen, L.
(2011). Sarcoplasmic reticulum and L-type Ca2⁺ channel activity regulate the beat-to-
beat stability of calcium handling in human atrial myocytes. J. Physiol. 589 (Pt 13),
3247–3262. doi:10.1113/jphysiol.2010.197715

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550. doi:10.1186/
s13059-014-0550-8

Mahadevan, M. S., Yadava, R. S., Yu, Q., Balijepalli, S., Frenzel-McCardell, C. D.,
Bourne, T. D., et al. (2006). Reversible model of RNA toxicity and cardiac conduction
defects in myotonic dystrophy. Nat. Genet. 38 (9), 1066–1070. doi:10.1038/ng1857

Maier, L. S. (2005). CaMKIIdelta overexpression in hypertrophy and heart failure:
cellular consequences for excitation-contraction coupling. Braz J. Med. Biol. Res. 38 (9),
1293–1302. doi:10.1590/s0100-879x2005000900002

Makhro, A., Tian, Q., Kaestner, L., Kosenkov, D., Faggian, G., Gassmann, M., et al.
(2016). Cardiac N-methyl D-aspartate receptors as a pharmacological target.
J. Cardiovasc Pharmacol. 68 (5), 356–373. doi:10.1097/fjc.0000000000000424

Man, J., Barnett, P., and Christoffels, V. M. (2018). Structure and function of the
Nppa-Nppb cluster locus during heart development and disease. Cell Mol. Life Sci. 75
(8), 1435–1444. doi:10.1007/s00018-017-2737-0

Man, J. C. K., van Duijvenboden, K., Krijger, P. H. L., Hooijkaas, I. B., van der Made,
I., de Gier-de Vries, C., et al. (2021). Genetic dissection of a super enhancer controlling
the nppa-nppb cluster in the heart. Circ. Res. 128 (1), 115–129. doi:10.1161/circresaha.
120.317045

Mercadier, J. J., Lompré, A. M., Duc, P., Boheler, K. R., Fraysse, J. B., Wisnewsky, C.,
et al. (1990). Altered sarcoplasmic reticulum Ca2(+)-ATPase gene expression in the
human ventricle during end-stage heart failure. J. Clin. Invest. 85 (1), 305–309. doi:10.
1172/jci114429

Milan, D. J., Jones, I. L., Ellinor, P. T., andMacRae, C. A. (2006). In vivo recording of adult
zebrafish electrocardiogram and assessment of drug-inducedQTprolongation.Am. J. Physiol.
Heart Circ. Physiol. 291 (1), H269–H273. doi:10.1152/ajpheart.00960.2005

Morán, I., Akerman, C. J., van de Bunt, M., Xie, R., Benazra, M., NammoArnes, T.,
et al. (2012). β cell transcriptome analysis uncovers lncRNAs that are tissue-specific,
dynamically regulated, and abnormally expressed in type 2 diabetes. Cell Metab. 16 (4),
435–448. doi:10.1016/j.cmet.2012.08.010

Morales, C. R., Li, D. L., Pedrozo, Z., May, H. I., Jiang, N., Kyrychenko, V., et al.
(2016). Inhibition of class I histone deacetylases blunts cardiac hypertrophy through
TSC2-dependent mTOR repression. Sci. Signal 9 (422), ra34. doi:10.1126/scisignal.
aad5736

Nemtsas, P., Wettwer, E., Christ, T., Weidinger, G., and Ravens, U. (2010). Adult
zebrafish heart as a model for human heart? An electrophysiological study. J. Mol. Cell.
Cardiol. 48 (1), 161–171. doi:10.1016/j.yjmcc.2009.08.034

Ounzain, S., Burdet, F., Ibberson, M., and Pedrazzini, T. (2015). Discovery and
functional characterization of cardiovascular long noncoding RNAs. J. Mol. Cell
Cardiol. 89 (Pt A), 17–26. doi:10.1016/j.yjmcc.2015.09.013

Ounzain, S., Crippa, S., and Pedrazzini, T. (2013). Small and long non-coding RNAs
in cardiac homeostasis and regeneration. Biochim. Biophys. Acta 1833 (4), 923–933.
doi:10.1016/j.bbamcr.2012.08.010

Passier, R., Zeng, H., Frey, N., Naya, F. J., Nicol, R. L., McKinsey, T. A., et al. (2000).
CaM kinase signaling induces cardiac hypertrophy and activates the
MEF2 transcription factor in vivo. J. Clin. Invest. 105 (10), 1395–1406. doi:10.1172/
jci8551

Patro, R., Duggal, G., Love, M. I., Irizarry, R. A., and Kingsford, C. (2017). Salmon
provides fast and bias-aware quantification of transcript expression. Nat. Methods 14
(4), 417–419. doi:10.1038/nmeth.4197

Pauli, A., Valen, E., Lin, M. F., Garber, M., Vastenhouw, N. L., Levin, J. Z., et al. (2012).
Systematic identification of long noncoding RNAs expressed during zebrafish
embryogenesis. Genome Res. 22 (3), 577–591. doi:10.1101/gr.133009.111

Petzold, A. M., Balciunas, D., Sivasubbu, S., Clark, K. J., Bedell, V. M., Westcot, S. E.,
et al. (2009). Nicotine response genetics in the zebrafish. Proc. Natl. Acad. Sci. U. S. A.
106 (44), 18662–18667. doi:10.1073/pnas.0908247106

Pogwizd, S. M., Schlotthauer, K., Li, L., Yuan, W., and Bers, D. M. (2001).
Arrhythmogenesis and contractile dysfunction in heart failure: roles of sodium-
calcium exchange, inward rectifier potassium current, and residual beta-adrenergic
responsiveness. Circ. Res. 88 (11), 1159–1167. doi:10.1161/hh1101.091193

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41 (Database issue), D590–D596. doi:10.1093/nar/gks1219

Quiat, D., and Olson, E. N. (2013). A MicroRNAs in cardiovascular disease: from
pathogenesis to prevention and treatment. J. clin invest. 123 (1), 8–11. doi:10.1172/
JCI62876

Quinlan, A. R. (2014). BEDTools: the Swiss-army tool for genome feature analysis.
Curr. Protoc. Bioinforma. 47, 11–34. doi:10.1002/0471250953.bi1112s47

Rahimi, E., Ahmadi, A., Boroumand, M. A., Mohammad Soltani, B., and Behmanesh,
M. (2018). Association of ANRIL expression with coronary artery disease in type
2 diabetic patients. Cell J. 20 (1), 41–45. doi:10.22074/cellj.2018.4821

Ramos, T. A. R., Urquiza-Zurich, S., Kim, S. Y., Gillette, T. G., Hill, J. A., Lavandero, S.,
et al. (2023). Single-cell transcriptional landscape of long non-coding RNAs
orchestrating mouse heart development. Cell Death Dis. 14 (12), 841. doi:10.1038/
s41419-023-06296-9

Rossi, M. N., and Antonangeli, F. (2014). LncRNAs: new players in apoptosis control.
Int. J. Cell Biol. 2014, 473857. doi:10.1155/2014/473857

Schlossarek, S., Englmann, D. R., Sultan, K. R., Sauer, M., Eschenhagen, T., and
Carrier, L. (2012). Defective proteolytic systems in Mybpc3-targeted mice with cardiac
hypertrophy. Basic Res. Cardiol. 107 (1), 235. doi:10.1007/s00395-011-0235-3

Sedletcaia, A., and Evans, T. (2011). Heart chamber size in zebrafish is regulated
redundantly by duplicated tbx2 genes.Dev. Dyn. 240 (6), 1548–1557. doi:10.1002/dvdy.22622

Seeber, S., Becker, K., Rau, T., Eschenhagen, T., Becker, C. M., and Herkert, M. (2000).
Transient expression of NMDA receptor subunit NR2B in the developing rat heart.
J. Neurochem. 75 (6), 2472–2477. doi:10.1046/j.1471-4159.2000.0752472.x

Seeber, S., Humeny, A., Herkert, M., Rau, T., Eschenhagen, T., and Becker, C. M.
(2004). Formation of molecular complexes by N-methyl-D-aspartate receptor subunit
NR2B and ryanodine receptor 2 in neonatal rat myocard. J. Biol. Chem. 279 (20),
21062–21068. doi:10.1074/jbc.M313009200

Sejersted, O. M. (2011). Calcium controls cardiac function--by all means. J. Physiol.
589 (Pt 12), 2919–2920. doi:10.1113/jphysiol.2011.210989

Sheikh, F., Lyon, R. C., and Chen, J. (2015). Functions of myosin light chain-2 (MYL2)
in cardiac muscle and disease. Gene 569 (1), 14–20. doi:10.1016/j.gene.2015.06.027

Sherman, B. T.,Hao,M., Qiu, J., Jiao, X., Baseler,M.W., Lane,H. C., et al. (2022).DAVID: a
web server for functional enrichment analysis and functional annotation of gene lists
(2021 update). Nucleic Acids Res. 50 (W1), W216–w221. doi:10.1093/nar/gkac194

Shore, A. N., and Rosen, J. M. (2014). Regulation of mammary epithelial cell
homeostasis by lncRNAs. Int. J. Biochem. Cell Biol. 54, 318–330. doi:10.1016/j.
biocel.2014.03.012

Singh, A. R., Sivadas, A., Sabharwal, A., Vellarikal, S. K., Jayarajan, R., Verma, A., et al.
(2016). Chamber specific gene expression landscape of the zebrafish heart. PLoS One 11
(1), e0147823. doi:10.1371/journal.pone.0147823

Sivasubbu, S., Balciunas, D., Davidson, A. E., Pickart, M. A., Hermanson, S. B.,
Wangensteen, K. J., et al. (2006). Gene-breaking transposon mutagenesis reveals an
essential role for histone H2afza in zebrafish larval development. Mech. Dev. 123 (7),
513–529. doi:10.1016/j.mod.2006.06.002

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, M.
D., et al. (1987).Measurement of protein using bicinchoninic acid.Anal. Biochem. 150, 76–85.

Soneson, C., Love, M. I., and Robinson, M. D. (2015). Differential analyses for RNA-
seq: transcript-level estimates improve gene-level inferences. F1000Res 4, 1521. doi:10.
12688/f1000research.7563.2

Song, G., Shen, Y., Zhu, J., Liu, H., Liu, M., Shen, Y. Q., et al. (2013). Integrated
analysis of dysregulated lncRNA expression in fetal cardiac tissues with ventricular
septal defect. PLoS One 8 (10), e77492. doi:10.1371/journal.pone.0077492

Strack, S., McNeill, R. B., and Colbran, R. J. (2000). Mechanism and regulation of
calcium/calmodulin-dependent protein kinase II targeting to the NR2B subunit of the
N-methyl-D-aspartate receptor. J. Biol. Chem. 275 (31), 23798–23806. doi:10.1074/jbc.
M001471200

Sun, X., Hoage, T., Bai, P., Ding, Y., Chen, Z., Zhang, R., et al. (2009). Cardiac
hypertrophy involves both myocyte hypertrophy and hyperplasia in anemic zebrafish.
PLoS One 4 (8), e6596. doi:10.1371/journal.pone.0006596

Tardiff, J. C. (2005). Sarcomeric proteins and familial hypertrophic cardiomyopathy:
linking mutations in structural proteins to complex cardiovascular phenotypes. Heart
Fail Rev. 10 (3), 237–248. doi:10.1007/s10741-005-5253-5

Ulitsky, I., Shkumatava, A., Jan, C. H., Sive, H., and Bartel, D. P. (2011). Conserved
function of lincRNAs in vertebrate embryonic development despite rapid sequence
evolution. Cell. 147 (7), 1537–1550. doi:10.1016/j.cell.2011.11.055

van Oort, R. J., McCauley, M. D., Dixit, S. S., Pereira, L., Yang, Y., Respress, J. L., et al.
(2010). Ryanodine receptor phosphorylation by calcium/calmodulin-dependent protein
kinase II promotes life-threatening ventricular arrhythmias in mice with heart failure.
Circulation 122 (25), 2669–2679. doi:10.1161/circulationaha.110.982298

Viereck, J., Kumarswamy, R., Foinquinos, A., Xiao, K., Avramopoulos, P., Kunz, M.,
et al. (2016). Long noncoding RNA Chast promotes cardiac remodeling. Sci. Transl.
Med. 8 (326), 326ra22. doi:10.1126/scitranslmed.aaf1475

Volpe, M., Rubattu, S., and Burnett, J., Jr. (2014). Natriuretic peptides in
cardiovascular diseases: current use and perspectives. Eur. Heart J. 35 (7), 419–425.
doi:10.1093/eurheartj/eht466

Walter, W., Sánchez-Cabo, F., and Ricote, M. (2015). GOplot: an R package for
visually combining expression data with functional analysis. Bioinformatics 31 (17),
2912–2914. doi:10.1093/bioinformatics/btv300

Frontiers in Cell and Developmental Biology frontiersin.org23

Angom et al. 10.3389/fcell.2024.1339292

https://doi.org/10.1097/fjc.0000000000000527
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1113/jphysiol.2010.197715
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/ng1857
https://doi.org/10.1590/s0100-879x2005000900002
https://doi.org/10.1097/fjc.0000000000000424
https://doi.org/10.1007/s00018-017-2737-0
https://doi.org/10.1161/circresaha.120.317045
https://doi.org/10.1161/circresaha.120.317045
https://doi.org/10.1172/jci114429
https://doi.org/10.1172/jci114429
https://doi.org/10.1152/ajpheart.00960.2005
https://doi.org/10.1016/j.cmet.2012.08.010
https://doi.org/10.1126/scisignal.aad5736
https://doi.org/10.1126/scisignal.aad5736
https://doi.org/10.1016/j.yjmcc.2009.08.034
https://doi.org/10.1016/j.yjmcc.2015.09.013
https://doi.org/10.1016/j.bbamcr.2012.08.010
https://doi.org/10.1172/jci8551
https://doi.org/10.1172/jci8551
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1101/gr.133009.111
https://doi.org/10.1073/pnas.0908247106
https://doi.org/10.1161/hh1101.091193
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1172/JCI62876
https://doi.org/10.1172/JCI62876
https://doi.org/10.1002/0471250953.bi1112s47
https://doi.org/10.22074/cellj.2018.4821
https://doi.org/10.1038/s41419-023-06296-9
https://doi.org/10.1038/s41419-023-06296-9
https://doi.org/10.1155/2014/473857
https://doi.org/10.1007/s00395-011-0235-3
https://doi.org/10.1002/dvdy.22622
https://doi.org/10.1046/j.1471-4159.2000.0752472.x
https://doi.org/10.1074/jbc.M313009200
https://doi.org/10.1113/jphysiol.2011.210989
https://doi.org/10.1016/j.gene.2015.06.027
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1016/j.biocel.2014.03.012
https://doi.org/10.1016/j.biocel.2014.03.012
https://doi.org/10.1371/journal.pone.0147823
https://doi.org/10.1016/j.mod.2006.06.002
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.1371/journal.pone.0077492
https://doi.org/10.1074/jbc.M001471200
https://doi.org/10.1074/jbc.M001471200
https://doi.org/10.1371/journal.pone.0006596
https://doi.org/10.1007/s10741-005-5253-5
https://doi.org/10.1016/j.cell.2011.11.055
https://doi.org/10.1161/circulationaha.110.982298
https://doi.org/10.1126/scitranslmed.aaf1475
https://doi.org/10.1093/eurheartj/eht466
https://doi.org/10.1093/bioinformatics/btv300
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292


Wang, H., Bei, Y., Shi, J., Xiao, J., and Kong, X. (2015). Non-coding RNAs in cardiac
aging. Cell Physiol. Biochem. 36 (5), 1679–1687. doi:10.1159/000430141

Wang, K., Liu, F., Liu, C. Y., An, T., Zhang, J., Zhou, L. Y., et al. (2016). The long
noncoding RNA NRF regulates programmed necrosis and myocardial injury during
ischemia and reperfusion by targeting miR-873. Cell Death Differ. 23 (8), 1394–1405.
doi:10.1038/cdd.2016.28

Wang, K., Liu, F., Zhou, L. Y., Long, B., Yuan, S. M., Wang, Y., et al. (2014a). The long
noncoding RNA CHRF regulates cardiac hypertrophy by targeting miR-489. Circ. Res.
114 (9), 1377–1388. doi:10.1161/circresaha.114.302476

Wang, K., Long, B., Zhou, L. Y., Liu, F., Zhou, Q. Y., Liu, C. Y., et al. (2014b). CARL
lncRNA inhibits anoxia-induced mitochondrial fission and apoptosis in cardiomyocytes
by impairing miR-539-dependent PHB2 downregulation. Nat. Commun. 5, 3596.
doi:10.1038/ncomms4596

Weng, C. H., Chung, F. P., Chen, Y. C., Lin, S. F., Huang, P. H., Kuo, T. B., et al. (2016).
Pleiotropic effects of myocardial MMP-9 inhibition to prevent ventricular arrhythmia.
Sci. Rep. 6, 38894. doi:10.1038/srep38894

Westerfield, M. (2000). The zebrafish book. A guide for the laboratory use of zebrafish
(Danio rerio). Eugene: University of Oregon Press.

Winer, J., Jung, C. K., Shackel, I., and Williams, P. M. (1999). Development and
validation of real-time quantitative reverse transcriptase-polymerase chain reaction for
monitoring gene expression in cardiac myocytes in vitro. Anal. Biochem. 270 (1), 41–49.
doi:10.1006/abio.1999.4085

Yadava, R. S., Frenzel-McCardell, C. D., Yu, Q., Srinivasan, V., Tucker, A. L.,
Puymirat, J., et al. (2008). RNA toxicity in myotonic muscular dystrophy induces
NKX2-5 expression. Nat. Genet. 40 (1), 61–68. doi:10.1038/ng.2007.28

Yan, Q., He, B., Hao, G., Liu, Z., Tang, J., Fu, Q., et al. (2019). KLF9 aggravates
ischemic injury in cardiomyocytes through augmenting oxidative stress. Life Sci. 233,
116641. doi:10.1016/j.lfs.2019.116641

Yang, K. C., Yamada, K. A., Patel, A. Y., Topkara, V. K., George, I., Cheema, F. H.,
et al. (2014). Deep RNA sequencing reveals dynamic regulation of myocardial
noncoding RNAs in failing human heart and remodeling with mechanical
circulatory support. Circulation 129 (9), 1009–1021. doi:10.1161/circulationaha.113.
003863

Yu, Y. H., Hu, Z. Y., Li, M. H., Li, B., Wang, Z. M., and Chen, S. L. (2015). Cardiac
hypertrophy is positively regulated by long non-coding RNA PVT1. Int. J. Clin.
Exp. Pathol. 8 (3), 2582–2589.

Zeller, R., Bloch, K. D., Williams, B. S., Arceci, R. J., and Seidman, C. E. (1987).
Localized expression of the atrial natriuretic factor gene during cardiac embryogenesis.
Genes Dev. 1 (7), 693–698. doi:10.1101/gad.1.7.693

Zhang, L., Qin, X., Zhao, Y., Fast, L., Zhuang, S., Liu, P., et al. (2012). Inhibition of
histone deacetylases preserves myocardial performance and prevents cardiac
remodeling through stimulation of endogenous angiomyogenesis. J. Pharmacol.
Exp. Ther. 341 (1), 285–293. doi:10.1124/jpet.111.189910

Zhang, L., and Zhou, J. (2023). Zebrafish: a smart tool for heart disease research.
J. Fish Biol. doi:10.1111/jfb.15585

Zhang, M., Yang, X., Zimmerman, R. J., Wang, Q., Ross, M. A., Granger, J. M., et al.
(2020). CaMKII exacerbates heart failure progression by activating class I HDACs.
J. Mol. Cell. Cardiol. 149, 73–81. doi:10.1016/j.yjmcc.2020.09.007

Zhang, P. C., Llach, A., Sheng, X. Y., Hove-Madsen, L., and Tibbits, G. F. (2011).
Calcium handling in zebrafish ventricular myocytes. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 300 (1), R56–R66. doi:10.1152/ajpregu.00377.2010

Zhang, R., Khoo, M. S., Wu, Y., Yang, Y., Grueter, C. E., Ni, G., et al. (2005).
Calmodulin kinase II inhibition protects against structural heart disease. Nat. Med. 11
(4), 409–417. doi:10.1038/nm1215

Zhang, S., Weinheimer, C., Courtois, M., Kovacs, A., Zhang, C. E., Cheng, A. M., et al.
(2003a). The role of the Grb2-p38MAPK signaling pathway in cardiac hypertrophy and
fibrosis. J. Clin. Invest. 111 (6), 833–841. doi:10.1172/jci16290

Zhang, T., Maier, L. S., Dalton, N. D., Miyamoto, S., Ross, J., Bers, D. M., et al. (2013a).
The (cid:1) C isoform of CaMKII is activated in cardiac hypertrophy and induces dilated
cardiomyopathy and heart failure. Circ. Res. 92, 912–919. doi:10.1161/01.RES.
0000069686.31472.C5

Zhang, Y., Huang, L., Zuo, Z., Chen, Y., and Wang, C. (2013b). Phenanthrene exposure
causes cardiac arrhythmia in embryonic zebrafish via perturbing calcium handling. Aquat.
Toxicol. 142-143, 26–32. doi:10.1016/j.aquatox.2013.07.014

Zou, X., Ouyang, H., Lin, F., Zhang, H., Yang, Y., Pang, D., et al. (2022).
MYBPC3 deficiency in cardiac fibroblasts drives their activation and contributes to
fibrosis. Cell Death Dis. 13 (11), 948. doi:10.1038/s41419-022-05403-6

Zucker, S. N., Fink, E. E., Bagati, A., Mannava, S., Bianchi-Smiraglia, A., Bogner, P. N.,
et al. (2014). Nrf2 amplifies oxidative stress via induction of Klf9. Mol. Cell 53 (6),
916–928. doi:10.1016/j.molcel.2014.01.033

© 2024 Angom, Joshi, Patowary, Sivadas, Ramasamy, K. V., Kaushik, Sabharwal,
Lalwani, K., Singh, Scaria and Sivasubbu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology frontiersin.org24

Angom et al. 10.3389/fcell.2024.1339292

https://doi.org/10.1159/000430141
https://doi.org/10.1038/cdd.2016.28
https://doi.org/10.1161/circresaha.114.302476
https://doi.org/10.1038/ncomms4596
https://doi.org/10.1038/srep38894
https://doi.org/10.1006/abio.1999.4085
https://doi.org/10.1038/ng.2007.28
https://doi.org/10.1016/j.lfs.2019.116641
https://doi.org/10.1161/circulationaha.113.003863
https://doi.org/10.1161/circulationaha.113.003863
https://doi.org/10.1101/gad.1.7.693
https://doi.org/10.1124/jpet.111.189910
https://doi.org/10.1111/jfb.15585
https://doi.org/10.1016/j.yjmcc.2020.09.007
https://doi.org/10.1152/ajpregu.00377.2010
https://doi.org/10.1038/nm1215
https://doi.org/10.1172/jci16290
https://doi.org/10.1161/01.RES.0000069686.31472.C5
https://doi.org/10.1161/01.RES.0000069686.31472.C5
https://doi.org/10.1016/j.aquatox.2013.07.014
https://doi.org/10.1038/s41419-022-05403-6
https://doi.org/10.1016/j.molcel.2014.01.033
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1339292

	Forward genetic screen using a gene-breaking trap approach identifies a novel role of grin2bb-associated RNA transcript (gr ...
	Introduction
	Results
	Isolation and genetic characterization of the Bigheart mutation
	Irregular heartbeat in bigheart (bh−/−) fish
	Cardiac chamber enlargement in bigheart (bh−/−) fish
	Gene trap insertion in the Bigheart line maps to the intron of zebrafish grin2bb subunit of NMDA receptor gene
	Antisense morpholino-mediated Grin2bb knockdown does not display a bigheart phenotype
	Gene trap insertion in the bigheart fish maps to a putative RNA transcript in the intron 2 of zebrafish grin2bb subunit of  ...
	Grin2bbART encodes for a potential long non-coding RNA
	Grin2bbART has a chamber-specific expression in zebrafish heart
	Cre recombinase-mediated excision of the gene trap reverts phenotype and restores grin2bbART expression in bigheart fish
	Grin2bbART specific antisense morpholino phenocopies the bigheart mutation
	Bigheart fish shows altered calcium handling
	Bigheart cardiac transcriptome revealed differential expression of Ca2+ homeostasis genes
	Bigheart transcriptome displays cardiac stress signatures
	Bigheart transcriptome shows upregulated inflammation and proliferation markers

	Discussion
	Materials and methods
	Ethics statement
	GBT vector microinjection, gene trapping, and screening of pGBT-PX lines
	Microscopy
	Electrocardiogram recordings
	Heartbeat rate measurement
	Hematoxylin-eosin and phalloidin staining
	Inverse PCR (iPCR)
	5′ RACE and 3′ RACE
	Identification and annotation of long non-coding RNAs
	Ribosome profiling of grin2bb gene locus
	qRT-PCR
	Morpholino and mRNA injections
	Antisense oligonucleotide morpholino injections
	Cre recombinase mRNA injections

	Calcium imaging
	Whole mount in situ hybridization (WISH)
	Transcriptome analysis
	RNA isolation and sequencing
	Transcript quantification and differential expression analysis

	Western blotting
	Phalloidin staining
	Scanning electron microscopy (SEM)
	Statistics

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


