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In the eukaryotic transcriptome, both the numbers of 
genes and different RNA species produced by each 
gene contribute to the overall complexity. These 
RNA species are generated by the utilization of dif-
ferent transcriptional initiation or termination sites, 
or more commonly, from different messenger RNA 
(mRNA) splicing events. Among the 30 000+ genes in 
human genome, it is estimated that more than 95% 
of them can generate more than one gene product 
via alternative RNA splicing. The protein products 
generated from different RNA splicing variants can 
have different intracellular localization, activity, or 
tissue-distribution. Therefore, alternative RNA 
splicing is an important molecular process that 
contributes to the overall complexity of the genome 
and the functional specificity and diversity among 
different cell types. In this review, we will discuss 
current efforts to unravel the full complexity of the 
cardiac transcriptome using a deep-sequencing 
approach, and highlight the potential of this tech-
nology to uncover the global impact of RNA splicing 
on the transcriptome during development and dis-
eases of the heart. 
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1  Alternative RNA splicing  
 
The complexity of the eukaryotic transcriptome 

was first fully revealed at the genome scale with  
single-base resolution by a powerful deep RNA- 
sequencing (RNA-seq) technology, using next gen-
eration sequencers and newly developed bioinfor-
matic tools (Bland et al., 2010; Hallegger et al., 2010). 
It is estimated that transcripts from ~95% of multi- 
exon genes undergo alternative splicing and that there 
are ~100 000 intermediate to high abundance alterna-
tive splicing events in major human tissues (Pan  
et al., 2008). RNA splicing is a ubiquitous post- 
transcriptional process in all eukaryotes. It involves 
removing intronic sequences from pre-messenger 
RNA (pre-mRNA) and linking exons to generate 
mature mRNA for translation (Chen and Manley, 
2009). RNA splicing for constitutively spliced exons 
is carried out by a defined molecular machinery in-
volving cis-acting regulatory sequences (splice sites) 
located at exon-intron boundaries, as well as 
trans-acting factors as part of the spliceosome (de la 
Grange et al., 2010). However, in many cases, the 
splice sites are altered, leading to different exon sizes 
in the final transcripts. Alternatively, certain exons 
can be differentially included or excluded in the final 
transcripts due to exon skipping. These non- 
constitutive RNA splicing activities are collectively 
called alternative RNA splicing. Through these dif-
ferent kinds of alternative pre-mRNA processing, 
individual eukaryotic genes can produce multiple 
mRNA and protein isoforms that may have related, 
distinct or even opposing functions (Wang et al., 2008; 
Buljan et al., 2012). Therefore, alternative RNA 
splicing is an important molecular step that contrib-
utes to the total complexity of the transcriptome and 
proteome. 
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2  Regulation of alternative RNA splicing 
 
Alternative RNA splicing is a highly regulated 

process mediated by cis-regulatory enhancers and 
silencers in pre-mRNA and trans-acting splicing 
factors, including heterogeneous nuclear ribonucleo-
protein (hnRNP) and serine-arginine rich proteins 
(SR proteins). The molecular nature of these regula-
tory elements is yet to be fully uncovered and under-
stood. Tissue specific alternative splicing is usually 
regulated by a combination of tissue-specific and 
ubiquitously expressed splicing factors (Pan et al., 
2008; Sultan et al., 2008; Chen and Manley, 2009; 
Bland et al., 2010) and has been demonstrated to play 
an important role in regulation of tissue-specific 
protein interaction networks (Buljan et al., 2012). In 
addition, mis-regulated alternative RNA splicing 
events have a significant role in human diseases, cell 
cycle, and cell death (Hallegger et al., 2010; Gang et 
al., 2011; Honda et al., 2012; Raghavachari, 2012; 
Yae et al., 2012). For example, a specific isoform of 
pyruvate kinase resulting from hnRNP-mediated 
mRNA alternative splicing is required for tumor cell 
proliferation (David et al., 2010).   

 
 

3  Alternative RNA splicing in cardiac  
diseases  

 
It is well established that alternative splicing of 

mRNA is tightly associated with the development of 
heart failure. Structural proteins, such as cardiac 
troponin T, or important signaling molecules, such as 
Ca2+/calmodulin-dependent protein kinase (CaM 
kinase), are subjected to alternative splicing in  
heart diseases (Ramchatesingh et al., 1995; Ding et 
al., 2004; Xu et al., 2005). Moreover, depletion of 
critical splicing regulators, including SC35 and 
RBM20, has been found to cause dilated cardio-
myopathy in mouse and rat (Ding et al., 2004; Guo et 
al., 2012; Linke and Bucker, 2012; Refaat et al., 
2012). In addition to classic SR and hnRNP proteins, 
CUG-BP1 and ETR-like factors (CELF)/Bruno-like 
family of RNA binding proteins and muscleblind-like 
proteins (MBNL proteins) have also been found to 
regulate both cardiac development and function (Warf 
and Berglund, 2007; Kalsotra et al., 2010; Koshelev 
et al., 2010; Dasgupta and Ladd, 2012). Therefore, 

alternative RNA splicing is essential for normal car-
diac function and mis-regulated RNA splicing may 
have an important role in the pathogenesis of heart 
failure. Yet, little knowledge is available about the 
scope of alternative splicing at the whole genome 
level in normal and diseased hearts and even less 
about the mechanisms underlying the regulation of 
mRNA splicing in response to pathological injury in 
the heart. Recent studies have begun to fill this critical 
gap of information by establishing the total tran-
scriptome, including RNA splicing variants, in nor-
mal and diseased hearts using RNA-seq and extensive 
bioinformatic, molecular, cellular, and functional 
analyses (Fig. 1). 
 
 
4  Experimental approaches for total cardiac 
transcriptome analysis  

 
The main tools necessary for total transcriptome 

studies include mRNA-seq using next generation 
high-throughput sequencing technology, exon as-
sembly using bioinformatic tools, and the validation 
of exon boundaries and expression by quantitative 
reverse-transcription polymerase chain reaction 
(qRT-PCR), urea-polyacrylamide gel electrophoresis 
(UREA-PAGE), and capillary electrophoresis. 

RNA-seq is a powerful high throughput se-
quencing technology involving the generation of a 
quantitative, genome scale, and single base resolu-
tion profile of the transcriptome (Anders et al., 2012; 
Li et al., 2012; Sanchez-Pla et al., 2012). The details 
of RNA-seq technology can be found in a recent 
review (Wang et al., 2009). In general, the mRNA is 
enriched from a sample of interest followed by the 
construction of a complementary DNA (cDNA) 
library using standard reverse-transcription methods. 
High throughput sequencing is performed using one 
of several technological platforms, including the 
illumina genome analyzer, Applied Biosystems 
(ABI) solid sequencing, and life science’s 454 se-
quencing. This is an area of rapid improvement 
where speed, fidelity, and read lengths are increasing 
dramatically while the overall cost/base is dropping 
sharply. High throughput sequencing has become a 
routine method for scientific discovery and ad-
vanced clinical diagnosis. Its widespread application 
has already revolutionized our experimental  
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approaches where visualizing global changes and 
regulation in gene expression and transcriptome 
remodeling have become a reality. Indeed, RNA-seq 
has for the first time made it feasible to catalogue 
and appreciate the genome wide landscape of the 
whole transcriptome at single base resolution.   

The output of the RNA-seq method is hundreds 
of millions of RNA sequence reads of about 70 to 
100 bases in length. Linking these short reads into a 
contiguous transcript relies on a sophisticated 
computational algorithm. In general, the program 
first needs to map the reads on a particular exon 
based on matching sequences between the reads and 
genomic sequences, and then the exon-exon bound-
ary is mapped based on a predicated cDNA database. 
Finally, all reads associated with a particular gene 
are combined to generate the total reads for each 
exon. Therefore, the final profile of each gene con-
tains total reads of each exon at single base resolu-
tion. These mapping processes are complicated by a 
number of issues, including ultra-large datasets and 
limitations in computational power, repetitive se-
quences in closely related genes (miss-matching), 
incomplete genomic databases, sequencing errors, 
and sensitivity vs. fidelity (Mcintyre et al., 2011; 
Ozsolak and Milos, 2011). Therefore, to generate a 
comprehensive expression profile for each exon, it is 
essential to perform the RNA-seq at sufficient depth. 
One major advantage of RNA-seq over micro-arrays 
is the possibility to identify novel, un-annotated 
exons or transcripts (Daines et al., 2011; Lee et al., 
2011; Concha et al., 2012). In a recent study, we 
have developed two bioinformatic tools, guided 
transcriptome reconstruction and de novo recon-
struction. These tools allow detection of novel exons 
in known genes and novel transcript clusters (NTCs) 
(Lee et al., 2011). 

The quantification and specificity of identified 
known or novel exons should be validated by inde-
pendent methods, including qRT-PCR. Different 
transcripts resulting from alternative RNA splicing 
can be separated by UREA-PAGE and capillary 
electrophoresis based on size differences. Given the 
fact that the reads generated from RNA-seq are as-
sembled based on computational analysis, an ex-
perimental validation of the findings is always nec-
essary. Indeed, we have identified and confirmed a 
significant number of differentially expressed exons 

in normal and diseased hearts by both fluorescent 
RT-PCR followed by UREA-PAGE and capillary 
electrophoresis, which show a very high correlation 
with the bioinformatics prediction (Fig. 2). 

 
 

5  Global profiling of alternative RNA splic-
ing in the heart: novel exons  

 
In this study, deep RNA-seq was performed on 

mRNA samples prepared from adult mouse hearts in 
basal condition and in failing state as a result of 
chronic pressure-overload induced by trans-aortic 
constriction. This is a well-established model system 
to investigate the pathogenesis of cardiac hypertro-
phy and heart failure due to mechanical overload, 
mimicking chronic hypertension in humans.  

Among the mRNA transcripts annotated from 
the RNA-seq data, more than 1 000 novel exons were 
identified that had not been reported in any pub-
lished databases. From a selected list of 40 novel 
exons, 38 (95%) were validated by RT-PCR in 
mouse heart tissue and all of them were further 
confirmed by direct DNA sequencing to have the 
predicted novel exon-exon junctions. The genes 
containing these novel exons included established 
regulators in cardiac signaling, mitochondria dy-
namics, and gene regulation. Many of the novel 
exons are predicted to have major functional impacts 
on the parent genes, including mRNA stability, 
protein truncation, protein activity, and post- 
translation modification. Using semi-qRT-PCR in 
human heart failure samples, some of these novel 
exons showed differential expression patterns in 
normal or diseased hearts, strongly suggesting that 
these novel exons may have a functional role in the 
disease. Therefore, deep RNA-seq revealed a sig-
nificant number of novel transcripts, which contrib-
ute to overall transcriptome complexity in the heart.  
 
 
6  Differential alternative splicing as a part of 
global transcriptome remodeling in devel-
oping and failing hearts  

 
The onset of heart failure is associated with a 

significant change in both the quantity and quality of 
the cardiac transcriptome (Barry et al., 2008;  
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Fig. 2  Workflow of deep RNA-seq on profiling the cardiac transcriptome 
ICM: ischemic cardiomyopathy; DCM: dilated cardiomyopathy; HCM: hypertrophic cardiomyopathy 

Fig. 1  Alternative RNA splicing contributing to the overall complexity of the cardiac transcriptome during 
cardiomyocyte differentiation, cardiac development, and response to pathological stress 
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Margulies et al., 2009). Most studies profiling the 
cardiac transcriptome have employed microarray 
approaches, which revealed global changes in gene 
expression in diseased hearts (Asakura and Kitakaze, 
2009; Dewey et al., 2011). The features of transcrip-
tome remodeling and the underlying regulatory 
mechanisms have been the focus of extensive inves-
tigation, leading to the identification of a network of 
responsible transcription factors and co-factors, in-
cluding myocyte enhancer factor-2 (MEF-2), GATA, 
and histone deacetylases (HDACs) (Edmondson et al., 
1994; Skerjanc et al., 1998; Naya et al., 2002; Backs 
and Olson, 2006). However, the global transcriptome 
profile of the alternatively spliced exons in cardiac 
development and disease remains to be established. 
RNA-seq analyses of cardiac transcriptome 
throughout heart development and disease progres-
sion hold great promise to address this question. 
Considering the potential impact of differentially 
expressed exons on protein function and regulation, 
alternative RNA splicing may emerge to be an im-
portant element in the underlying molecular mecha-
nisms of cardiac lineage commitment, maturation, 
physiological or pathological responses to stresses. 
Studies on alternative RNA splicing events, the 
regulators and the functional consequences at the 
genome level will open a new frontier for us to ex-
plore the fundamental mechanisms of heart disease 
and potential therapeutic intervention. 
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