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ABSTRACT OF THE DISSERTATION 

 

RNA Splicing Regulation In Cardiac Development and Disease 

 

By 

Chen Gao 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2014 

Professor Yibin Wang, Chair 

 

During cardiac development and pathological remodeling, there is a transcriptome 

maturation and remodeling event well established at transcription level. However, 

with high-throughput sequencing technology, we are able to obtain a more 

comprehensive understanding of the real transcriptome complexity at single base 

resolution. In order to understand the cardiac transcriptome complexity and 

dynamics during normal and disease conditions, we performed deep RNA-

Sequencing on pressured overload induced mouse failing hearts and compared 

with sham operated control hearts. From this study, we have identified a 

significant number of genes undergo alternative splicing during heart disease. We 

have also provided evidence there is a large number of previously un-annotated 

novel splicing variants, lncRNA and novel transcript clusters, some of these could 

have potential impact on cardiac disease. 
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From the sequencing analysis, we chose to carry out detailed characterization of a 

novel cardiac specific splicing variant in PKCα. Both biochemistry and cell 

studies suggested this novel splicing variant has significant higher auto-

phosphorylation level at baseline but has different activation profile responding to 

hypertrophic stimuli. This is potentially due to this novel PKCα splicing variant 

has unique interacting partner and downstream target. We further demonstrated 

that, the alternative splicing of this novel PKCα variant is, at least partially 

regulated by RBFox1. 

RNA splicing contributes significantly to total transcriptome complexity but its 

functional role and regulation in cardiac development and diseases remain poorly 

understood. Based on total transcriptome analysis, we identified a significant 

number of alternative RNA splicing events in mouse failing hearts that resembled 

the pattern in fetal hearts. A muscle specific isoform of an RNA splicing regulator 

RBFox1 (A2BP1) is induced during cardiac development. Inactivation of 

zRBFox1 gene in zebrafish led to lethal phenotype associated with impaired 

cardiac function. RBFox1 regulates alternative splicing of transcription factor 

MEF2s, producing splicing variants with distinct transcriptional activities and 

different impact on cardiac development. RBFox1 expression is diminished in 

mouse and human failing hearts. Restoring RBFox1 expression significantly 

attenuates hypertrophy and heart failure induced by pressure-overload in mice. 

Therefore, RBFox1-MEF2 represents a previously uncharacterized regulatory 

circuit in cardiac transcriptional network with important impact on both cardiac 

development and diseases. 
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Cardiac Development and Pathological Remodeling 

Early cardiac development contains a series of precisely orchestrated molecular 

and morphogenetic events that ultimately lead to a functional mature four-

chamber heart(Deepak Srivastava 2000, Olson 2002, Joanna Kobylinska 2013, 

Rana, Christoffels et al. 2013). Using genetic loss-of-function studies in model 

system, we are able to understand the major molecular events that are critical for 

early cardiac development.  

Previous study has demonstrated that tissue specific transcription factors play 

critical roles controlling the cardiac cell fate decision differentiated from 

mesodermal stem cells. During this transition, Nkx2.5 has been identified as the 

earliest molecular marker that defines the cardiomyocytes lineage(Harvey 1996), 

which directly leads to the activation of MEF2 genes(Gajewski, Kim et al. 1998). 

Another transcription factor that should be mentioned here is the zinc-finger 

transcription factor of the GATA family(Durocher, Charron et al. 1997, 

Turbendian, Gordillo et al. 2013), together with MEF2 family transcription 

factors, they activate cardiac gene expression during early cardiomyocytes fate 

determination.  

Earlier study has also identified key transcription factors regulating left and right 

ventricles development. The basic helix-loop-helix (bHLH) transcription factors 

dHAND1/HAND2 and MEF2 seem to be critical for both left and right ventricle 

development(Srivastava, Cserjesi et al. 1995, Lin, Schwarz et al. 1997, Srivastava 

1997), the left and right ventricle also express chamber specific transcription 
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factors. While the Versican has been demonstrated to have a critical role during 

left ventricle development(Henderson and Copp 1998, Mjaatvedt, Yamamura et 

al. 1998), the TBX proteins, on the other hand, seem to be more important 

regulating right ventricle development(Greulich, Rudat et al. 2011). 

In addition to transcription factor expression and regulation, the fetal heart is also 

different from the mature adult heart in other aspect. The cardiac metabolism 

before birth relies on using carbohydrate as energy provision, however, the 

oxidation of fatty acids turned into the predominant form of metabolism in adult 

heart(Taegtmeyer, Sen et al. 2010). 

Interestingly, during cardiac stress, there is a remodeling event occurs at 

metabolic level. A variety of pathological conditions, including cardiac 

hypertrophy and heart failure can trigger the stressed heart changing the major 

energy substrate back into glucose(Taegtmeyer, Sen et al. 2010). 

In addition to the change of metabolism, at gene expression level, the stressed 

heart also returns to “ fetal gene program”(Barry, Davidson et al. 2008, 

Kuwahara, Nishikimi et al. 2012). During the fetal gene reprogramming, genes 

are abundantly expressed in fetal ventricles are re-induced, including: atrial and 

brain natriuretic peptide; fetal isoforms of contractile proteins (skeletal a-actin and 

b-myosin heavy chain), fetal type cardiac ion channels (hyperpolarization-

activated cyclic nucleotide-gated channel and T-type Calcium channel) as well as 

some smooth muscle genes. 

Current Progress in Cardiac Transcriptome Analysis 
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During the past decade, microarray and proteomic studies have provided a wealth 

of knowledge on cardiac transcriptome complexity during cardiac development 

and pathological remodeling. 

Firstly, we have demonstrated that cardiac transcriptome maturation and 

pathological remodeling is regulated at gene expression level by key transcription 

factors, including the Nkx2.5, MEF2,GATA and TBX proteins that are mentioned 

in the previous section. 

Secondly, proteomics study has also revealed the functional impact of signaling 

pathway during cardiac development and disease. One of the most well 

established pathway-MAPK (mitogen-activated protein kinase) has been proved 

to play a critical role mediating cardiomyocytes hypertrophy response both in 

vitro cultured cardiomyocytes and in intact hearts. This pathway is regulated 

through phosphorylation of the key components, including p38, ERK and 

Akt(Sharma GD 2002, Kilic, Velic et al. 2005). 

Histone modification is another important pathway mediating cardiac 

hypertrophy. Overexpression of histone acetyltransferases-CBP/p300 is sufficient 

to induced cardiac hypertrophy and remodeling in transgenic mouse 

models(Gusterson, Jazrawi et al. 2003, Yanazume, Hasegawa et al. 2003). In 

addition to histone acetyltransfereases, there are also more than one dozen 

individual HDACs mediating cardiomyocytes hypertrophy response. By 

interacting with MEF2 transcription factors, the HDACs can both activate or 

suppress cardiomyocytes hypertrophy response(Lu, McKinsey et al. 2000, Zhang, 

McKinsey et al. 2002, Chang, McKinsey et al. 2004). 
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Lastly, the microRNA has been studied extensively as a novel regulator in cardiac 

hypertrophy and heart failure. With miRNA microarray approach, a significant 

number of miRNAs have been identified to associate with cardiac stress(Orenes-

Piñero, Montoro-García et al. 2013). Among them, miR-22 has been suggested to 

induce hypertrophy response in vitro cultured cardiomyocytes, and loss of miR22 

also repressed Calcineurin-induced cardiac hypertrophy(Huang, Chen et al. 2013). 

Another good example is miR-212 and miR-132. By directly targeting the anti-

hypertrophic and pro-autophagic FoxO3 transcription factors, these two miR 

further activate hypertrophic Calcineurin/NFAT signaling pathway in 

cardiomyocytes(Ucar, Gupta et al. 2012). 

In summary, with gene expression microarray, miR-microarray and proteomics 

studies, the complexity of cardiac transcriptome has been expanded significantly. 

During cardiac development and pathological remodeling, the histone 

modification enzymes regulate chromatin status; the key transcription factors 

regulate total gene expression level, the miR further regulates gene expression at 

post-transcriptional level and the complexity of transcriptome is further expanded 

by the stress signaling pathways that modify proteins at post-translational level. 

However, with the appearance of deep RNA-sequencing, our understanding of 

transcriptome has reached single exon resolution. 

Expanding Transcriptome Complexity by Deep RNA Sequencing 

For a long time, our understanding of transcriptome is limited by biased gene 

prediction and EST evidence. However, the development of deep RNA-

Sequencing technology has, for the first time, revealed the complex landscape and 
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dynamics of the transcriptome at a much higher level of accuracy. In contrast to 

traditional sequencing technology and microarray study, deep RNA-Sequencing 

allows us to zoom into the transcriptome at single base-pair-resolution and de 

novo annotate transcripts(Birol 2009, Wang, Gerstein et al. 2009, Au, Jiang et al. 

2010, Adamidi 2011). With these advantages, more and more studies have 

provided a more comprehensive understanding of transcriptome including both 

large and small RNAs, novel transcripts from unannotated genes and splicing 

isoforms(Martin and Wang 2011). 

In order to obtain a more comprehensive understanding of the cardiac 

transcriptome complexity, especially the dynamics of cardiac transcriptome under 

normal and pathological conditions, we have performed deep RNA-Sequencing 

on pressure-overload induced early stage hypertrophy and end stage failing hearts 

and compared with sham operated control hearts(Lee, Gao et al. 2011). In 

addition to total gene expression analysis, we have also developed new 

bioinformatics tools that identified large amount of differentially expressed 

transcript isoforms; novel spliced exons, novel alternative terminal exons, novel 

transcript clusters as well as long noncoding RNA genes. Our study, together with 

a following study also using deep RNA-Sequencing technology(Hong Ki Song 

2012), has significantly expanded our understanding of the total cardiac 

transcriptome complexity under different physiological and pathological stages.  

PKCαααα-NE--- A Cardiac Specific Novel PKCαααα Splicing Variant 

Among the discoveries we made during this deep sequencing effort, we are 

particularly interested in a novel exon in PKCα. 
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The protein kinase C (PKC) family is a critical regulator of cardiac signal 

transduction. Based on their activation mechanism, the PKC family members are 

divided into conventional PKC isozymes including PKCα, which respond to 

Calcium and lipid activation; while the novel and atypical isozymes are Calcium 

independent but can be activated by lipid(Eric Chruchill 2008, Steinberg 2008). 

Earlier studies have demonstrated a critical role of PKCα mediating cardiac 

function and cardiomyocytes contractility. In vitro study using human ventricular 

cardiomyocytes suggested PKCα translocation from cytosol to the contractile 

system plays an important role maintaining the contractile force of 

cardiomyocytes by phosphorylating its downstream target—cardiac Troponin I 

(TnI)(Molnár, Borbély et al. 2009), in vivo pharmacological inhibition of PKCα 

using ruboxistaurin has been demonstrated to have antagonizing effect on heart 

failure post myocardial infarction injury, potentially by regulating cardiac 

contractility, myocyte cellular contractility, Calcium transient and sarcoplasmic 

reticulum Calcium load(Hambleton, Hahn et al. 2006, Liu, Chen et al. 2009, 

Ladage, Tilemann et al. 2011). The regulatory mechanism of PKCα is also well 

established. The newly synthesized PKC has an open conformation that allows the 

PDK-1 to phosphorylate its priming phosphorylation site, in order to be further 

activated, the cPKC, including PKCα needs two additional phosphorylation 

events, one in turn motif and the other in hydrophobic motif. These 

autophosphorylation events are critical for PKCα activity by affecting the enzyme 

thermal stability, detergent solubility as well as protease/phosphatase 

susceptibility(Edwards and Newton 1997, Steinberg 2008). 
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Our study, however, has identified a novel regulatory mechanism of PKCα at 

alternative splicing level. Based on our deep RNA-Sequencing analysis, we have 

found a previously un-annotated novel exon of PKCα inserted right in front of the 

original protein turn motif, and will have a significant impact on the protein 

structure based on protein structure prediction. In vitro and in vivo studies have 

shown the insertion of novel exon in PKCα generated a significant higher level of 

autophosphorylation at turn motif. Surprisingly, this PKCα-NE ( Novel Exon) 

also has very unique activation profile in cultured cardiomyocytes upon PMA ( 

phorbol 12-myristate 13-acetate), Isoproterenol and Angiotensin II stimulation. 

Moreover, in contrast to PKCα-WT, the PKCα-NE failed to phosphorylate classic 

PKCα downsteam target-TnI upon Angiotensin II treatment. In order to determine 

the binding partner and downstream target of PKCα-NE, we performed immuno-

precipitation study followed by mass spectrometry. Interestingly, comparing to 

PKCα-WT, the PKCα-NE has its unique interacting partners, including key 

components of protein translation machinery—eEF1A1. We have further 

demonstrated that eEF1A1 is indeed interacting with PKCα-NE based on 

immune-precipitation study in cultured cardiomyocytes; and can be potentially 

phosphorylated by PKCα-NE. Lastly, we investigated the regulatory mechanism 

of PKCα novel exon alternative splicing. Based on bioinformatics analysis, this 

highly conserved novel exon also shares conserved flanking cis-regulatory 

elements across different species. Within the conserved cis-regulatory elements, 

we have identified two putative RBFox1 binding motifs. Both in vivo and in vitro 
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minigene reporter analysis have provided evidence that RBFox1 indeed regulates 

the PKCα novel exon splicing directly. 

In summary, our deep RNA-sequencing analysis has identified a previously un-

annotated cardiac specific splicing event of PKCα. Functional characterization 

suggested the insertion of this novel exon could have a significant impact on the 

enzyme activation responding to hypertrophic stimuli; the insertion of the novel 

exon can also affect the enzyme activity towards downstream target, thus 

providing a novel regulatory mechanism for this well establish cardiac signal 

regulator. 

Cardiac Genes Undergo Extensive Alternative Splicing 

In addition to the novel splicing variant of PKCα, our deep RNA-Sequencing 

study has also identified a significant number of genes undergo alternative 

splicing during cardiac hypertrophy and failure comparing to sham operated 

hearts(Lee, Gao et al. 2011).  

Alternative splicing plays an important role regulating cardiac gene expression. 

One extreme example of alternative splicing is Titin. This extremely large protein 

has been identified to have multiple splicing variants that are differentially 

expressed during cardiac development and disease(Wei Guo 2010). Recent study 

has further identified a splicing regulator-RBM20 that is responsible for 

regulating Titin alternative splicing(Guo, Schafer et al. 2012). 

Another gene that also undergoes extensive alternative splicing is VEGF 

(Vascular Endothelial Growth Factor). This key regulator of angiogenesis 

contains eight exons. Alternative splicing of VEGF generates a variety of  
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isoforms that are different in both structure and function, leading to either pro-

angiogenic activity or anti-angiogenic activity(Tischer, Gospodarowicz et al. 

1989, Jingjing, Xue et al. 1999, Manetti, Guiducci et al. 2011). Further study has 

also identified the regulator—SC35 for VEGF alternative splicing. This SR 

protein splicing regulator, by interacting with transcription factor, regulates the 

ratio of pro-angiogenic and anti-angiogenic VEGF splicing variants expression, at 

least in p53 deficient tumor cells(Merdzhanova, Gout et al. 2010).  

Cardiac channel proteins are also regulated at alternative splicing level during 

both cardiac transcriptome maturation and pathological remodeling. One example 

that has been studied extensively is SCN5A. This sodium channel protein showed 

abnormal splicing pattern under a variety of pathological conditions, including 

myotonic dystrophy type 1 (DM1) and heart failure-associated 

arrhythmia.(Wahbi, Algalarrondo et al. , Murphy, Moon-Grady et al. 2012, Jr 

2013) The abnormal splicing pattern of SCN5A in human heart failure has been 

suggested to be regulated by LUC7L3 and RBM25(Gao and Dudley Jr 2013). 

Our study, on the other hand, for the first time revealed a global alternative 

splicing events associated with both cardiac hypertrophy and heart failure. 

According to our deep RNA-Sequencing analysis in failing murine heart induced 

by pressure-overload, there are a total of 7811 isoforms expressing in heart being 

detected. We have also identified 1087 genes with significant isoform-specific 

expression changes, and a total of 720 isoforms in 475 genes are differentially 

expressed between normal and diseased hearts. We also showed more genes 

undergo alternative splicing during heart failure stage comparing to 
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hypertrophy(Lee, Gao et al. 2011). The scale of alternative splicing in heart under 

disease is also reviewed in our and others recent reviews(Chen Gao 2012, Lara-

Pezzi, Gómez-Salinero et al. 2013, Zhang and Shaw 2013). 

RBFox1 Mediated RNA Splicing Regulation During Cardiac Development and 

Disease 

In my thesis study, we have identified a cardiac enriched splicing regulator—

RBFox1 playing a critical role mediating cardiac transcriptome maturation and 

pathological remodeling. Bioinformatics analysis showed RBFox1 binding motif 

is highly enriched in the alternative splicing events associated with heart failure. 

The expression level of RBFox1 is dynamically regulated during both cardiac 

development and pathological remodeling at both mRNA and protein levels. As a 

conserved splicing regulator, RBFox1 plays a critical role in zebrafish cardiac 

development and function demonstrated in RBFox1 morphant embryos. Further, 

we have identified a downstream target—MEF2 family to be directly regulated by 

RBFox1. The conserved splicing event of MEF2 generated a mutually exclusive 

adult VS fetal splicing variant. RNA-Sequencing analysis combined with in vitro 

luciferase reporter assay suggested different MEF2 splicing variants have distinct 

transcription factor activities. Lastly, we have demonstrated that RBFox1 also has 

important role mediating cardiac hypertrophy response. Overexpression of 

RBFox1 is sufficient to attenuate hypertrophy response induced by PE treatment 

in vitro cultured cardiomyocytes; in vivo, cardiac specific overexpression of 

RBFox1 is also sufficient to preserve mice cardiac function post pressure-

overload induced heart failure. 
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Thesis Project and Goals 

This Chapter has provided introduction of my thesis projects, including the 

background of the heart failure and research tools that play important roles for my 

study. The following chapters will be as follow: Chapter Two: Global 

Transcriptome Analysis in Pressure-Overload Induced Mouse Failing Heart, 

including a new method paper published in Circulation Research in 2012, which 

summarized my major findings in transcriptome complexity in mouse normal and 

failing heart using RNA-Sequencing technique. Chapter Three: Functional 

Characterization of a Novel Exon in PKCα in Heart, gives an example of cardiac 

transcriptome complexity, where we have identified a previously un-annotated 

exon in PKCα, and demonstrated the insertion of this novel exon can have a 

major functional impact on the original protein; Chapter Four: Cardiac Genes 

Undergo Extensive Alternative Splicing, including a review that I wrote with Dr. 

Yibin Wang on our findings in RNA-Sequencing and research from other groups 

on how extensive cardiac genes undergo alternative splicing during normal and 

pathological states; providing a strong rationale for us to further dissecting the 

molecular mechanism regulating alternative splicing in heart. Chapter Five: 

RBFox1 Mediated Alternative RNA Splicing Regulates Development and 

Function in Heart. This is the major component of my thesis project, where we 

have identified a cardiac splicing regulator—RBFox1, by regulating the mutually 

exclusive alternative splicing of MEF2 family members, regulating both cardiac 

development and function. Chapter Six is conclusion and closing remarks, with 

discussion of future directions in my projects and therapeutic value of my study. 
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Figure 1. Graphic Abstract: Alternative Splicing and Cardiac Transcriptome 

Complexity 
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Introduction: 

The development of RNA-Sequencing technology has allowed us to look at gene 

expression at single base resolution, which provided us novel insights into 

mammalian transcriptome. Previous study has identified extensive alternative 

splicing events and novel transcripts clusters in mammalian transcriptome. 

Although it has been suggested that cardiac genes also have alternative splicing 

events, including CamKinase, Tnnt and Titin, the scale of alternative splicing 

events in heart under normal and disease condition remains unexplored. In our 

RNA-Seq effort, we used transaortic constriction (TAC) to induce either early 

stage hypertrophy or late stage heart failure and compared with sham operated 

control hearts. We have developed two different methods including guided 

transcriptome reconstruction and de novo reconstruction to reconstruct transcript 

isoforms. In summary, we have identified 1435 genes showed differential 

expression between failing and normal hearts; we have detected a total of 7811 

isoforms expressed in at least one sample, among these, a total of 720 isoforms in 

475 genes were identified to be differentially expressed in different samples. We 

have also identified a total of 1873 novel exons corresponding to different types 

of alternative splicing events. Lastly, 1884 novel transcript clusters were 

identified in our sequencing data that do not overlap with any previous Ensemble 

genes, which have potential functional impact on cardiac disease based on their 

differential expression pattern between normal and failing hearts. Together, this 

deep RNA-Sequencing study has provided us novel insights into cardiac 
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transcriptome complexity during normal and disease conditions, which also set 

foundation for our future analysis on single splicing regulator and splicing event. 
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Summary:  

During our previous RNA-Sequencing study in mouse normal and failing hearts, 

we have identified 1000+ previously un-annotated novel exons based on different 

splicing events. Among these, we have identified a novel exon in PKCα, which 

inserted right before the Turn motif---PKCα-NE ( Novel Exon). This novel exon 

is a cardiac and skeletal muscle specific alternative splicing event, which is at 

least partially, regulated by RBFox1 based on both in vivo and in vitro analysis. 

At baseline, the PKCα-NE showed a significant higher phosphorylation level 

comparing to PKCα-WT. However, this novel isoform has different response 

towards cardiac hypertrophy stress in vitro, including PMA, Iso and AngII, and 

has different kinase activity towards classic PKCα downstream targets, including 

TnI. Based on our mass specectrometry analysis, we have identified a unique 

interacting partner for PKCα-NE—eEF1A1. In vitro immune-precipitation 

analysis demonstrated that PKCα-NE interacts with eEF1A1 and phosphorylates 

this protein. 
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Introduction: 

The protein kinase C (PKC) family is a critical regulator of cardiac signal 

transduction. Based on their activation mechanism, the PKC family members are 

divided into conventional PKC isozymes including PKCα, which respond to 

Calcium and lipid activation; while the novel and atypical isozymes are Calcium 

independent but can be activated by lipid(Eric Chruchill 2008, Steinberg 2008). 

Among the PKC family members, PKCα has been suggested to be the dominant 

isozyme expressing in mouse and rabbit heart(Ping, Zhang et al. 1997, Pass, Gao 

et al. 2001), and its expression is dynamically regulated during pathological 

conditions(Hamplova B 2010). Earlier studies have demonstrated a critical role of 

PKCα mediating cardiac function and cardiomyocytes contractility. In vitro study 

using human ventricular cardiomyocytes suggested PKCα translocation from 

cytosol to the contractile system plays an important role maintaining the 

contractile force of cardiomyocytes by phosphorylating its downstream target—

cardiac Troponin I (TnI)(Molnár, Borbély et al. 2009), in vivo pharmacological 

inhibition of PKCα using ruboxistaurin has been demonstrated to have 

antagonizing effect on heart failure post myocardial infarction injury, potentially 

by regulating cardiac contractility, myocyte cellular contractility, Calcium 

transients and sarcoplasmic reticulum Calcium load(Hambleton, Hahn et al. 2006, 

Liu, Chen et al. 2009, Ladage, Tilemann et al. 2011). Further study using 

transgenic animal models also provided a regulatory mechanism of PKCα in 

cardiomyocytes hypertrophy via regulating systolic and diastolic function through 

βAR pathway(Hahn, Marreez et al. 2003).  
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The regulatory mechanism of PKCα is also well established at post-translational 

modification level. The newly synthesized PKC has an open conformation that 

allows the PDK-1 to phosphorylate its priming phosphorylation site, in order to be 

further activated, the cPKC, including PKCα needs two additional 

phosphorylation events, one in turn motif and the other in hydrophobic motif. 

These auto-phosphorylation events are critical for PKCα activity by affecting the 

enzyme thermal stability, detergent solubility as well as protease/phosphatase 

susceptibility(Edwards and Newton 1997, Steinberg 2008). 

Interestingly, our earlier study based on deep RNA-sequencing on pressure-

overload induced mouse failing heart and sham operated normal heart has 

identified a previously un-annotated novel exon in PKCα(Lee, Gao et al. 2011). 

Indeed, a significant number of cardiac genes undergo alternative splicing during 

cardiac development and disease. Including the giant protein Titin, which has 

been proved to be regulated by a splicing regulator RBM20(Wei Guo 2010, Guo, 

Schafer et al. 2012, Li, Guo et al. 2012) and SCN5A(Wahbi, Algalarrondo et al. , 

Murphy, Moon-Grady et al. 2012, Jr 2013). Despite earlier studies focusing on 

PKCα regulation at total gene expression and phosphorylation level, the 

alternative splicing regulation of PKCα remains to be explored. 

Our RNA-Sequencing study, however, has identified a novel regulatory 

mechanism of PKCα at alternative splicing level. Based on our deep RNA-

Sequencing analysis, we have found a previously un-annotated novel exon of 

PKCα inserted right in front of the original protein turn motif, and will have a 

significant impact on the protein structure based on protein structure prediction. In 
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vitro and in vivo studies have shown the insertion of novel exon in PKCα 

generated a significant higher level of auto-phosphorylation at turn motif at 

baseline. Surprisingly, this PKCα-NE (Novel Exon) also has very unique 

activation profile in cultured cardiomyocytes upon PMA ( phorbol 12-myristate 

13-acetate), Isoproterenol and Angiotensin II stimulation. Moreover, in contrast to 

PKCα-WT, the PKCα-NE failed to phosphorylate classic PKCα downsteam 

target-TnI upon Angiotensin II treatment. In order to determine the binding 

partner and downstream target of PKCα-NE, we performed immuno-precipitation 

study followed by mass spectrometry. Interestingly, comparing to PKCα-WT, the 

PKCα-NE has its unique interacting partners, including key components of 

protein translation machinery—eEF1A1. We have further demonstrated that 

eEF1A1 is indeed interacting with PKCα-NE based on immune-precipitation 

study in cultured cardiomyocytes; and can be potentially phosphorylated by 

PKCα-NE. Lastly, we investigated the regulatory mechanism of PKCα novel 

exon alternative splicing. Based on bioinformatics analysis, this highly conserved 

novel exon also shares conserved flanking cis-regulatory elements across different 

species. Within the conserved cis-regulatory elements, we have identified two 

putative RBFox1 binding motifs. Both in vivo and in vitro minigene reporter 

analysis have provided evidence that RBFox1 indeed regulates the PKCα novel 

exon splicing directly. 

In summary, our deep RNA-sequencing analysis has identified a previously un-

annotated cardiac specific splicing event of PKCα. Functional characterization 

suggested the insertion of this novel exon could have a significant impact on the 
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enzyme activation responding to hypertrophic stimuli and its downstream target, 

thus providing a novel regulatory mechanism for this well establish cardiac signal 

regulator. 

 

Results: 

PKCαααα Novel Exon is A Cardiac And Skeletal Muscle Specific Splicing Event 

One advantage of deep RNA-Seq approach is that it allows us to discover 

previously unknown transcript isoforms. Using the guided transcriptome 

reconstruction method that we developed in this sequencing project, we have 

identified a total of 1873 novel exons corresponding to different types of 

alternative splicing events. Among them, we have chosen novel exon in PKCα as 

example and carried out further functional characterization. Bioinformatics 

analysis showed this novel exon is highly conserved across different species (data 

not shown). Semi-quantitative RT-PCR among different mouse tissues showed 

this novel exon is a cardiac and skeletal muscle specific alternative splicing event 

(Figure 3.1A). This novel exon inserted right in front of the turn motif (Figure 

3.1B). This 48bp novel exon will not disrupt the reading frame of the original 

PKCα, but the insertion of this novel exon will generate different protein structure 

that will likely interrupt the lipid or Calcium signaling response of PKCα (Figure 

3.1C). 

PKCαααα-Novel Exon Alternative Splicing Is Regulated By RBFox1 

Using bioinformatics analysis, we have analyzed the sequence of PKCα novel 

exon and the conserved cis-regulatory elements flanking the novel exon. Based on 
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the sequence information, we have identified two putative RBFox1 binding motifs 

right next to PKCα novel exon (Figure 3.2A). To investigate the alternative 

splicing regulation of this PKCα novel exon, we used H9C2 cells as in vivo 

system and carried out gain-of-function analysis. Overexpression of RBFox1 is 

sufficient to promote the inclusion of PKCα novel exon based on real-time PCR 

analysis ( Figure 3.2B ). To further determine the direct regulatory mechanism of 

this novel exon, we constructed minigene reporters with different cis-regulatory 

elements using a previously described fluorescent reporter construct (Figure 

3.2C). In NIH3T3 cells, we have demonstrated the full-length minigene reporter 

contains the necessary component for its cardiac splicing specificity (Figure 

3.2D). Using gain-of-function analysis, we have further demonstrated that 

overexpression of RBFox1 in NIH3T3 cells could promote inclusion of this novel 

exon in full-length minigene reporter and the minigene reporter containing at least 

one RBFox1 binding motif, providing evidence that RBFox1 is indeed a direct 

trans-activating regulator for the PKCα novel exon alternative splicing (Figure 

3.2E). 

PKCαααα-NE has Higher Phosphorylation Activity At Baseline 

Because the insertion of the novel exon locates right in front of the PKCα turn 

motif (Figure 3.1B), we set to determine whether this novel exon will have any 

impact on PKCα phosphorylation. Using radiolabeled recombinant PKCα-WT 

and PKCα−NE, we have identified that the PKCα-NE has a significant higher 

auto-phosphorylation level comparing to WT-PKCα (Figure 3.3A). Using 

HEK293 cells, we further carried out in vivo gain-of-function analysis showing 
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overexpression of PKCα-NE has a higher phosphorylation activity on the 638 site 

comparing to WT-PKCα at baseline (Figure 3.3B). This could because the 

insertion of the novel exon changed the original PKCα structure, making it easier 

to be phosphorylated at this site; or the insertion of the novel exon generated a 

novel phosphorylation site that can also be recognized by the p-638 PKCα 

antibody. 

PKCαααα−ΝΕ−ΝΕ−ΝΕ−ΝΕ Failed To Respond To PMA Stimulation in Neonatal 

Cardiomyocytes 

In order to further investigate the functional impact of the novel exon insertion 

into PKCα, we tested the PKCα-NE response to different hypertrophic stimuli in 

vitro cultured rat neonatal ventricular cardiomyocytes. Using adenovirus mediated 

gene delivery, we overexpressed either FLAG-PKCα-WT or FLAG-PKCα-NE in 

cardiomyocytes, short-term treatment with PMA successfully induced FLAG-

PKCα-WT translocation from cytosol to plasma membrane and peri-nuclei region 

(Figure 3.4A), however, FLAG-PKCα-NE failed to respond to PMA stimulation 

and remained majorly in the cytosol fraction. Previous study has suggested PMA 

treatment would also cause PKCα degradation, our result showed that FLAG-

PKCα-NE does not degrade even after long time PMA treatment, opposing to the 

FLAG-PKCα-WT (Figure 3.4B). 

 

PKCαααα-NE has Different Activation Profile Upon ISO and AngII Stimulation 

and Does Not Phosphorylate Classic PKCαααα Substrate 
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To determine the kinase activity and substrate preference of PKCα-NE, we also 

tested PKCα-NE kinase activity towards classic PKCα substrate both in vitro and 

in vivo. We chose radiolabeled CREB peptide as it has been previously suggested 

to be a downstream target for PKCα. Upon PMA stimulation, in vitro purified 

PKCα-WT successfully phosphorylated radiolabeled CREB peptide, however, 

PKCα-NE failed to phosphorylate this classic PKCα substrate under both 

baseline and PMA stimulation (Figure 3.5A). 

Using cultured cardiomyocytes, we also tested whether PKCα-NE could 

phosphorylate endogenous PKCα substrate. Upon isoproterenol stimulation, 

PKCα-WT is activated through phosphorylation on S657 site while the PKCα-NE 

is activated through phosphorylation on T638 site (Figure 3.5B), suggesting a 

different activation profile between WT and NE PKCα upon isoproterenol 

treatment. Lastly, we tested PKCα-NE response to Angiotensin II in 

cardiomyocytes. According to Figure 3.5C, Angiotensin II treatment also 

activates PKCα-WT via phosphorylation on S657 site, while activating PKCα-

NE via phosphorylation on T638 site. Interestingly, PKCα-WT successfully 

phosphorylated endogenous downstream target—TnI, but this target is not 

phosphorylated by PKCα-NE (Figure 3.5C).  

Both PKCαααα-WT and PKCαααα-NE Induced Hypertrophy Response in NRVM 

Previous study has suggested a critical role of PKCα mediating hypertrophy 

response in both cultured cardiomyocytes and in intact heart. To test the 

functional impact of novel exon insertion in PKCα on cardiomyocytes 
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hypertrophy, we overexpressed individual PKCα isoforms in cultured 

cardiomyocytes and investigated the cardiomyocytes hypertrophy response. 

Comparing to mock infected cardiomyocytes, overexpressing PKCα-WT in 

NRVM induced hypertrophy response based on increased cell size. Surprisingly, 

overexpressing PKCα-NE stimulated cardiomyocytes hypertrophy response and 

had an even more significant increase of cell size comparing to PKCα-WT 

(Figure 3.6A). We further tested the hypertrophy marker gene expression level 

among mock, PKCα-WT and PKCα-NE infected cardiomyocytes. Interestingly, 

both PKCα-WT and PKCα-NE induced expression of ANF and βMHC to the 

same level (Figure 3.6B). Taken together, these data provided evidence that 

PKCα-NE has different activation profile upon hypertrophic stress stimulation, 

and potentially has different downstream targets and interacting partners. 

 

Mass Spectrometry Analysis Identified Novel Interacting Partners for 

PKCαααα-NE 

In order to identify the novel interacting partners with PKCα-NE, we performed 

immune-precipitation followed by Mass spectrometry. FLAG-PKCα-WT and 

FLAG-PKCα-NE were individually overexpressed in neonatal cardiomyocytes 

and precipitated with FLAG antibody (Figure 3.7A). Interestingly, the PKCα-WT 

and PKCα-NE have different interacting partners according to Mass Spectrometry 

results. While PKCα-WT majorly interacted with previously identified chaperon 

proteins including Hsp70 and Hsp90, PKCα-NE has been demonstrated to 
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interacte with additional partners, including key regulators for protein synthesis --

eEF1A1(Figure3.7B). 

eEF1A1 is A Novel PKCαααα-NE Interacting Partner and is Potentially 

Phosphorylated by PKCαααα-NE 

In order to evaluate whether eEF1A1 is indeed interacting with PKCα-NE, we 

performed immune-precipitation in NRVM by overexpressing FLAG-PKCα-NE 

and compared with FLAG-PKCα-WT. We confirmed our Mass spectrometry 

result by showing eEF1A1 is interacting with only PKCα-NE but not PKCα-WT 

in NRVM (Figure 3.8A). To further demonstrate this interaction is specific, we 

generated a mutant construct by replacing the novel exon insertion into alanine 

mutant. Interestingly, in HEK293 cells, PKCα-WT did not interact with eEF1A1, 

further, PKCα-NE-Ala mutant failed to interact with eEF1A1 as well, suggesting 

that it is the unique sequence of the novel exon insertion that is required for the 

interaction. To further demonstrate that eEF1A1 is a potential downstream target, 

we probed the blot with phosphor-PKCα substrate antibody. Figure 3.8B 

demonstrated that, PKCα-NE interacted with eEF1A1 specifically, and this 

interaction also leads to eEF1A1 phosphorylation. 

Discussion: 

In this study, we have identified a cardiac and skeletal muscle specific splicing 

variant for PKCα, the insertion of this novel exon locates right in front of the turn 

motif and will have a potential functional impact on the original protein structure. 

In vitro biochemistry characterization and in vivo cell study has demonstrated this 

novel splicing variant of PKCα ---PKCα-NE has a significant higher auto-
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phosphorylation level at baseline. PKCα-NE also has a different activation profile 

in cultured cardiomyocytes upon PMA, AngII and ISO treatment, potentially due 

to its unique interacting partners and downstream substrates as suggested by mass 

spectrometry study. 

Moreover, we have also provided evidence based on both in vivo and in vitro 

study that this alternative splicing event in PKCα is at least partially regulated by 

RBFox1. 

A New Layer of Cardiac Transcriptome Complexity 

During the past decade, with deep RNA-Sequencing technology, we have 

obtained a more comprehensive understanding of mammalian transcriptome at the 

level of single base resolution. Comparing to previous microarray study, more 

transcriptome components have been established to be functionally important, 

including alternative splicing, microRNA, lncRNA, piRNA, novel transcript 

clusters(Lappalainen, Sammeth et al. 2013, Severino, Oliveira et al. 2013, Sun, 

You et al. 2013, Weikard, Hadlich et al. 2013). 

In order to provide a more comprehensive understanding of the cardiac 

transcriptome, as well as the dynamics of cardiac transcriptome under normal and 

pathological conditions, we performed an earlier study using RNA-sequencing 

technology to determine the transcriptome complexity in pressure-overload 

induced mouse hypertrophy and failing hearts, and compared with sham-operated 

control hearts(Lee, Gao et al. 2011). From this study, we have confirmed previous 

study showing there are a significant number of genes differentially expressed 

between diseased and normal hearts. We have also identified more than one 
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thousand genes showing differential alternative splicing between failing and 

normal hearts. Interestingly, taking advantage of de novo annotation feature of 

RNA-sequencing(Adamidi 2011), we have further identified a significant number 

of lncRNA and novel transcript clusters with dynamic expression profile tightly 

associated with cardiac disease. Lastly, we have identified a large amount of 

previously un-annotated novel splicing variants. However, majority of these novel 

splicing variants are expressed at relatively low level. Thus, the functional impact 

of these novel splicing variants remains to be explored. 

In this study, we used the novel splicing variant in PKCα as example and carried 

out detailed biochemistry and cell study. Our data provided strong evidence that 

this novel splicing variant is dynamically expressed during cardiac development 

and pathological conditions (data-not-shown). It is also a tightly regulated 

alternative splicing event carried out by cardiac and skeletal muscle enriched 

splicing regulator—RBFox1 (Figure 3.3). Both biochemistry and cell study 

suggested this novel splicing variant also has different maturation and activation 

profile comparing to original PKCα post hypertrophy stimulation.  

Thus, our study has provided evidence that there are still a significant number of 

previously uncharacterized functional components in cardiac transcriptome, 

including novel splicing variants. These novel splicing variants will lead to novel 

protein products that might have distinct functional impact during cardiac normal 

and pathological conditions. Future study on these under-explored novel splicing 

variants, including using large scale proteomics study to identify the absolute 

expression level of these novel splicing variants at protein level, would provide us 
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a more comprehensive understanding of the cardiac transcriptome complexity and 

the dynamics of cardiac transcriptome during development and disease 

progression.  

A Novel Regulatory Mechanism of PKCαααα 

Among the PKC kinase family members, PKCα is the dominant isozyme 

expressed in heart(Steinberg 2008). Previous studies have majorly focusing on 

regulating this kinase at total expression level and phosphorylation level(Bayer 

AL 2003, Koide, Tamura et al. 2003, Steinberg 2008, Hamplova B 2010), 

including an up-regulation of this kinase during hypertrophy and failing heart, as 

well as a series of phosphorylation events in both turn motif and hydrophobic 

motif that ultimately activate PKCα. Upon activation, the translocation of PKCα 

is also tightly regulated in order for the kinase to phosphorylate its downstream 

substrate, including cardiac troponin I(Rybin, Xu et al. 1999, Itoh, Ding et al. 

2005, Chakraborti, Roy et al. 2013).  

Our study, on the other hand, has provided a novel regulatory mechanism of 

PKCα at alternative splicing level. The insertion of this 48bp novel exon will not 

disrupt the protein reading frame, but rather changes the protein structure close to 

the turn motif phosphorylation site (Figure 3.1C). In vitro biochemistry and in 

vivo cardiomyocytes study both suggested this novel splicing variant of PKCα 

has distinct activation and maturation profile comparing to WT PKCα, based on 

its auto-phosphorylation activity as well as its phosphorylation and translocation 

profile in response to hypertrophy stimuli (Figure 3.4-5).  
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In summary, our results showed, in addition to different isozymes in PKC family 

having different roles and activation profile during cardiomyocytes hypertrophy, 

the splicing variants in PKCα can also have distinct activation profile during 

maturation. This splicing variant is cardiac specific (Figure 3.1A) and is tightly 

regulated during cardiac development and pathological remodeling. Further study 

on this novel exon will provide novel insights on PKCα regulation and its 

functional impact during cardiac pathological remodeling. 

In order to further dissect the functional difference between PKCα-NE and 

PKCα-WT, future study can focus on analyzing crystal structure of PKCα-NE 

and PKCα-WT and compare their different response towards Calcium signaling 

and lipid signaling. Although biochemistry study and cell study have both pointed 

out a significant higher auto-phosphorylation level of PKCα-NE at baseline, this 

could due to the insertion of the novel exon augmented the turn motif 

phosphorylation, or it can be contributed by the potential phosphorylation site in 

novel exon itself. Additional study generating phosphorylation dead mutant in 

PKCα-NE novel exon will provide a better understanding of the kinase 

phosphorylation profile.  

A New Hypertrophy Pathway in Cardiomyocytes 

According to previous study, PKCα is the dominant isozyme among PKC kinase 

family in mediating cardiomyocytes contractility and hypertrophic 

response(Hahn, Marreez et al. 2003, Liu, Chen et al. 2009). This kinase is the 

dominant kinase expressed in adult cardiomyocytes and its expression is 

dynamically regulated under different physiological and pathological 
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conditions(Rybin, Xu et al. 1999, Hamplova B 2010). The PKCα also stands in 

the center of multiple signaling pathways, including MAPK kinase, ROS and 

Calcinuerin pathways(De Windt, Lim et al. 2000, Itoh, Ding et al. 2005, 

Chakraborti, Roy et al. 2013). Thus, a lot of pharmacological inhibitors have been 

developed for PKCα, inhibiting both kinase activity and its downstream signaling 

pathways(Hambleton, Hahn et al. 2006, Eric Chruchill 2008, Ladage, Tilemann et 

al. 2011, Haarberg, Li et al. 2013). 

This study, on the other hand, characterized in detail a novel splicing variant of 

PKCα specifically expressed in cardiac and skeletal muscle (Figure 3.1A). In 

order to provide a molecular mechanism underlying the differential activation 

profile between PKCα-NE and PKCα-WT upon hypertrophic stimuli, we 

performed mass spectrometry study following cardiomyocytes immune-

precipitation (Figure 3.7A). Surprisingly, the PKCα-NE indeed has unique 

interacting partners, including key components in protein translation machinery—

eEF1A1 (Figure 3.7B). Further in vivo study using both cardiomyocytes and 

HEK293 cells demonstrated that, not only eEF1A1 indeed interacts with PKCα-

NE, it can also be potentially phosphorylated by eEF1A1 (Figure 3.8). These 

evidence suggested, in addition to the well characterized original PKCα-WT, we 

have established a novel PKCα splicing variant that have distinct interacting 

partner and downstream target. Considering the hypertrophy response induced by 

PKCα-NE (Figure 3.6) and different activation profile of this PKCα-NE 

responding to ISO and AngII stimulation, PKCα-NE can also have significant 

value as a therapeutic target in heart failure and cardiac hypertrophy. Apparently, 



 78

this PKCα-NE has its unique downstream pathway involving protein synthesis 

machinery, targeting this novel pathway could provide alternative therapy for 

cardiac hypertrophy. 

Future study in this part involves fine mapping of the interaction site between 

PKCα-NE and eEF1A1. Both cardiomyocytes and HEK293 cells study supported 

the interaction between PKCα-NE and eEF1A1. It is not clear, however, whether 

it is the novel exon provides interacting surface with eEF1A1, or the insertion of 

the novel exon changes the original protein structure, therefore generates a novel 

interaction site within the original protein. Additional study will focus on 

generating alanine mutant insertion into this novel exon and mapping the real 

interaction site between PKCα-NE and eEF1A1. Another question is, whether 

eEF1A1 is indeed phosphorylated by PKCα-NE specifically, and whether this 

phosphorylation event is required for the interaction. Based on literature search, 

we indeed found a perfect phosphorylation site in eEF1A1 that can be potentially 

phosphorylated by PKCα-NE—Ser 52 site. Further study will include mutating 

this particular site in eEF1A1 and carry out further immune-precipitation assay. 

This will provide us a more detailed molecular mechanism on how this PKCα-NE 

interacts and regulates eEF1A1. The mapping of the interaction site on PKCα-NE 

would also provide insights on inhibitor design. 

Experimental Procedure and Methods: 

Reagents: 

PMA (Phorbal 12-myristate 13-acetate) was purchased from Sigma-Aldrich 

(P8139). Cardiomyocytes was treated with PMA for 30min or 8hr as previously 
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described(Kirchhefer, Heinick et al. 2013). Angiotensin II was purchased from 

Sigma-Aldrich (A2900) and cardiomyocytes were treated as previously 

described(Herrera, Silva et al. 2010). Isoproterenol was purchased from Sigma-

Aldrich (I6504) and cardiomyocytes were treated as previously 

described(Chakraborti, Roy et al. 2013). 

Molecular Cloning and Minigene Reporter: 

The pShuttle-CMV vector was linearized using HindIII and KpnI. PKCa-WT and 

PKCa-NE was amplified using primers with the same restriction site (see Table 

1). Following PCR, the product was purified and digested with HindIII and KpnI 

before ligated into the linearized pShuttle-CMV vector.  

Minigene reporter with fluorescent was a kind gift from Dr. DL Black in UCLA. 

The minigene reporter was constructed as previously described(Zheng, 

Damoiseaux et al. 2013) using primers included in Table 1. NIH3T3 cells were 

transfected with individual minigene reporter alone or in combination with 

RBFox1 expression vector. 48hr post transfection, cells were visualized under 

fluorescent microscopy to determine GFP/RFP expression level. 

Adenovirus: 

Adenovirus for FLAG-PKCα-WT and FLAG-PKCα-NE were prepared using 

AdEasy Adenoviral Vector System (Stratagene) according to manufacturer’s 

protocol. The generation of pShuttle vectors and virus preparation has been 

described earlier(Lu, Ren et al. 2007). 

Cell Culture, Transfection and Western Blot: 
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HEK293 cells and NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s 

medium (Invitrogen) with 10% FBS at 37C and 5% CO2 according to standard 

ATCC protocol. Cells were transfected with pShuttle-CMV-FLAG-PKCα-WT 

construct or pShuttle-CMV-FLAG-PKCα-NE construct using Lipofectamine 

2000 reagent (Invitrogen) according to manufacturer’s protocol. 48hrs post 

transfection, cells were harvested for protein extraction. Western Blot was 

performed using Novex NuPAGE Gel Electrophoresis Systems (Invitrogen) 

according to manufacturer’s protocol. 40ug protein was used per sample. The 

auto-phosphorylation level of PKCα is determined by anti-PKCα (Phospho T638) 

and anti-PKCα (phosphor S657+Y658) (Abcam), or anti-PKCα (Cell Signaling). 

β-Actin (Santa Cruz Biotechnology) is used as the internal loading control. 

NRVM (Neonatal Rat Ventricular Myocytes) was isolated from p1 neonatal rat 

and plated on Gelatin (Sigma-Aldrich) coated 6-well dish. Cells were maintained 

in Dulbecco’s modified Eagle’s medium (Invitrogen) with 1% ITS solution (BD 

Biosciences) 24hr before adenovirus infection. Cells were collected 48hr post 

infection, and protein was isolated for Western Blot analysis using Phospho-

Troponin I (Cardiac Ser 23/24) (Cell Signaling) and Troponin I Antibody ( Cell 

Signaling). 

Real-time PCR: 

RNA was isolated from cells using 1ml Trizol Reagent ( Invitrogen) according to 

manufacturer’s protocol. cDNA was synthesized from 0.5ug RNA using random 

Hexamer and SuperScript II RT ( Invitrogen) according to manufacturer’s 
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protocol. 0.5ul cDNA was used per 20ul real-time PCR reaction using SYBR 

Green supermix ( Bio-Rad) with primers specific for PKCα-WT or PKCα-NE. 

Immuno-fluorescence: 

NRVM was plated on glass-bottom dish (in vitro scientific) and  infected with 

FLAG-PKCα-WT or FLAG-PKCα-NE. 24hr post infection, cells were treated 

with PMA. 30min post PMA treatment, NRVM was fixed in 4% Formaldehyde at 

room temperature for 15min, followed by 3 times wash with ice-cold PBS. Cells 

was blocked with blocking buffer ( 1*PBS/5% normal goat serum/0.3% Triton X-

100) at room temperature for 1hr before incubating with FLAG antibody ( 

SigmaAldrech)  at 4 degree overnight. After washing cells with ice cold PBS 3 

times, cells were further incubated with secondary Alexa Fluor 488 goat anti 

mouse antibody (Invitrogen) at room temperature for 1hr. Cells were further 

washed with ice-cold PBS before confocal microscopy analysis. 

Immuno-precipitation: 

NRVM was infected with FLAG-PKCα-WT or FLAG-PKCα-NE individually. 

48hr post infection, cells were collected with protein lysis buffer ( 20mM Tris 

pH8.0; 137mM NaCl, 0.5%NP-40; 2mM EDTA; PMSF;protease inhibitor 

cocktail tablet). 1ug protein was pre-cleared with normal serum on ice for 1hr 

before adding 50ul Anti-FLAG M2 affinity gel (Sigma-Aldrich A2220) and 

incubate at 4 degree overnight. The affinity gel was washed with washing buffer 

(10mM Tris pH7.4, 1mM EDTA; 1mM EGTA;150mM NaCl, 0.5%NP40;PMSF; 

protease inhibitor cocktail) for a total of 6 times before elution with FLAG 

peptide ( Sigma-Aldrich F4799) according to manufacturer’s protocol. After 
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elution, samples were denatured using NuPAGE LDS Sample Buffer (Invitrogen). 

The SDS-PAGE was visualized by incubating with Oriole Stain (Bio-Rad) at 

room temperature for 2hrs; or directly proceeds with Western Blot followed by 

detection using eEF1A1 antibody (Abcam). 

Mass spectrometry: 

Mass spectrometry was performed as previously described(Lu, Sun et al. 2009). 

Generally, proteins were digested with trypsin and analyzed by LC/MS/MS on a 

Thermo LTQ Orbitra mass spectrometer with an Eksigent NanoLC pump. The 

peptides were loaded onto a C18 reverse-[hase and 20% water in CAN. Peptides 

were eluted from the column at a flow rate of 220nl/min, using a linear gradient 

from 5% B to 50% B over 90 minutes, then to 95% B over 5 minutes, and finally 

keeping constant 95% B for 5 minutes. Spectra were acquired in data-dependent 

mode with the Orbitrap used for mass spectrometry scans and LTQ for tandem 

mass spectrometry. Peptides were identified by searching the spectra against the 

rat International Protein Index using the SEQUEST algorithm integrated into the 

BioWorks software package.  

Statistics:  

2-tailed Student’s t test was performed to determine the significance of difference 

between RBFox1 overexpressing H9C2 and control H9C2 cells to determine 

PKCα alternative splicing profile. P<0.05 is considered significant. 
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Table 3.1: List of Primers  

 

Primer Name 

 

Sequence 

Prkcα KpnI F ATTAGGTACCATGGCTGACGTTTACCCGGCCAAC 

Prkca FLAG 

HindIII R 

TTATAAGCTTTCACTTATCGTCGTCATCCTTGTAATCTAC

TGCACTTTGCAAGATT 

mPrkca RT-F CCAAGCGGCTGGGCTGCGGG 

mPrkca NE RT-

R 

CTGAAGCCAGTGCATTTTGGT 

mPrkca RT-R 
 

GTCAAAGTTTTCTGCTCCTTT 

rPrkca RT-F CGTTCGATGGCGAAGACGAA 

rPrkca NER CCACTGAAGCCAGTGCATTTT 

rPrkca WTR CTTTGCCGCACACTTTGGGC 

Prkca EcoRI F1 ATTAGAATTCATGTGACATGCATGTGTAAA 

Prkca BamHI 
R1 
 

TTAAGGATCCGGCCAGTGGCAGACACAGGCT 

Prkca EcoRI F2 ATTAGAATTCCATACAGCCGTTCCTGATTC 

Prkca BamHI 

R2 

TTAAGGATCCTCTGCCCTTTCCATGAAGGT 

Prkca BamHI 

R3 

TTAAGGATCCAGGGAAGGTCTTGATGCACGA 

Prkca BamHI TTAAGGATCCGATGAGGGCAAGCAGCTGCAC 
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R4 

Prkca BamHI 

R5 

TTAAGGATCCCGGTTAATGGTGAAAAGTGAGG 

Prkca BamHI 

R6 

TTAAGGATCCGCTTAGTCACTCAAGGTTCTGCT 
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Figure Legend: 

Figure 1: PKCαααα-Novel Exon is a cardiac specific alternative splicing event 

A) Different tissues from adult mouse were collected and RNA was extracted. 

Semi-quantitative RT-PCR was performed to determine PKCα novel exon 

existence among different tissues. GAPDH is used as internal control. 

B) Schematic view of novel exon insertion in PKCα 

C) Protein structure prediction of PKCα-WT and PKCα-NE. Predicted by 

SWISS-MODEL. 

Figure 2: PKCαααα-NE alternative splicing is regulated by RBFox1 

A) Gene structure of PKCα-NE with flanking cis-regualtory elements 

generated by UCSC genome browser. RBFox1 and ASF/SF1 binding 

motif is indicated. 

B) In vivo PKCα-NE splicing analysis. H9C2 cells were infected with Ade-

FLAG-RBFox1 and compared with mock infected cells. Real-time PCR 

was performed to determine the ratio between PKCα-WT vs PKCα-NE. 

n=3 each sample, *,p<0.05 

C) Schematic view of different versions of PKCα-NE minigene reporter 

D) PKCα-NE minigene reporter alternative splicing in NIH3T3 cells. 

NIH3T3 cells were transfected with individual PKCα-NE minigene 

reporter. 48hr post transfection, cells were visualized under fluorescent 

microscope. 

E) In vitro PKCα-NE alternative splicing regulation. NIH3T3 cells were 

transfected with individual PKCα-NE minigene reporter alone or in 
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combination with FLAG-RBFox1 expression vector as indicated. 48hr 

post transfection, cells were visualized under fluorescent microscope. 

Figure 3: PKCαααα-NE has higher auto-phosphorylation level at baseline 

A) FLAG-PKCα-WT and FLAG-PKCα-NE were overexpressed in HEK293 

cells and purified using FLAG antibody immune-precipitation. Purified 

protein was radio-labeled and visualized under phosphor-imager. 

B) PKCα-WT and PKCα-NE were overexpressed in HEK293 cells. 48hr post 

transfection, cells were harvested and Western Blot was performed to 

determine the phosphorylation level of PKCα-WT and PKCα-NE using 

phosphor-PKCα antibodies. β-Actin is used as loading control. 

Quantification represents ratio between p-638 PKCα vs total PKCα. 

Figure 4: PKCαααα-NE has different response to PMA treatment in neonatal 

cardiomyocytes 

A) PKCα-NE translocation upon PMA treatment. NRVM was infected with 

FLAG-PKCα-WT and FLAG-PKCα-NE adenovirus individually. Cells 

were treated with PMA for 30min and compared with control NRVM. 

Immuno-fluorescent was performed using FLAG antibody and 

translocation was visualized under confocal microscopy. 

B) PKCα-NE degradation upon PMA treatment. NRVM was infected with 

FLAG-PKCα-WT and FLAG-PKCα-NE adenovirus individually. 24hr 

post infection, cells were treated with PMA for 8hr and compared with 

control NRVM. Western Blot was performed to determine total protein 

level of PKCα-WT and PKCα-NE. 
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Figure 5: PKCαααα-NE has different substrate and activation profile upon 

AngII and ISO treatment. 

A) PKCα-NE fails to phosphorylate classic PKCα substrate in vitro. FLAG-

PKCα-WT and FLAG-PKCα-NE was expressed in HEK293 cells 

individually and purified by FLAG antibody immune-precipitation. The 

purified protein was incubated with 35S labeled CREB peptide with PMA 

treatment and compared with control protein lysates. CREB peptide was 

visualized using phosphor-imager to determine PKCα-NE kinase activity. 

B) PKCα-NE activation profile upon ISO treatment. NRVM was infected 

with FLAG-PKCα-WT and compared with FLAG-PKCα-NE and mock-

infected cells. 24hr post infection, cells were treated with ISO for 8hr. 

Western Blot was performed to analyze activation profile of PKCα-WT 

and PKCα-NE using phosphor-PKCα antibody. Actin was used as loading 

control. 

C) PKCα-NE activation profile upon AngII treatment. NRVM was infected 

with FLAG-PKCα-WT and FLAG-PKCα-NE adenovirus. 24hr post 

infection, cells were treated with AngII for 30min and compared with 

control cells. PKCα-NE activation was determined using phosphor-PKCα 

antibodies. PKCα–NE kinase activity was determined using p-TnI 

antibody. 

Figure 6: PKCαααα-WT and PKCαααα-NE both induced cardiomyocytes 

hypertrophy 
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A) NRVM was infected with FLAG-PKCα-WT or FLAG-PKCα-NE 

individually. 48hr post transfection, cells were visualized under bight 

field microscope to analyze cell size. 

B) FLAG-PKCα-WT and FLAG-PKCα-NE were overexpressed in NRVM. 

48hr post infection, cells were harvested and real-time PCR was 

performed to determine the hypertrophy response using ANF and βMHC 

markers. n=3 each sample, *, p<0.05. 

Figure 7: Identification of PKCαααα-NE interaction partner 

A) Mass spectrometry analysis of PKCα-WT and PKCα-NE interacting 

partners. FLAG-PKCα-WT and FLAG-PKCα-NE were overexpressed in 

NRVM via adenovirus. 48hr post infection, cells were harvested and 

immune-precipitation was performed using FLAG antibody. SDS-PAGE 

was visualized using Oriole Stain. Protein samples were processed as 

indicated. 

B) Protein ID identified to be interacting with PKCα-WT and PKCα-NE 

according to mass spectrometry.       

Figure 8: eEF1A1 interacts with PKCαααα-NE 

A) eEF1A1 interacts with PKCα-NE in NRVM. NRVM was infected with 

FLAG-PKCα-WT and FLAG-PKCα-NE. 48hr post infection, cells were 

harvested and immune-precipitation was performed using FLAG 

antibody. Western Bot was performed to determine eEF1A1 interaction 

with PKCα-NE. 
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B) eEF1A1 is potentially phosphorylated by PKCα-NE. HEK293 cells were 

transfected with FLAG-PKCα-WT and FLAG-PKCα-NE. 48hr post 

transfection, cells were collected and immune-precipitation was 

performed using FLAG antibody. Western Blot was used to determine the 

phosphorylation of eEF1A1 using phosphor-PKCα-substrate antibody. 
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Figure 3: Graphic Abstract 
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Figure 3.1: PKCαααα-NE is a cardiac and skeletal muscle specific alternative 

splicing event 
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Figure 3.2 PKCαααα-NE alternative splicing is regulated by RBFox1 
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Figure 3.3 PKCαααα-NE has higher auto-phosphorylation level at baseline 
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Figure 3.4 PKCαααα-NE has different activation profile responding to PMA 

stimulation
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Figure 3.5 PKCαααα-NE has different activation in response to ISO and AngII 

treatment in NRVM
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Figure 3.6 PKCαααα-WT and PKCαααα-NE both induced hypertrophy response in 

cardiomyocytes 
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Figure 3.7 Mass spectrometry identified novel interaction partners for 

PKCαααα-NE 
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Figure 3.8 PKCαααα-NE interacts and potentially phosphorylates eEF1A1 
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Introduction: 

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 different 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, activities, 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 

have discussed current efforts to unravel the full complexity of the cardiac 

transcriptome using a deep-sequencing approach, and highlighted the potential of 

this technology to uncover the global impact of RNA splicing on the 

transcriptome during development and diseases of the heart. 
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Chapter Five 

RBFox1 Mediated Alternative RNA Splicing 

Regulates Development and Function in Heart 
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Summary 

RNA splicing contributes significantly to total transcriptome complexity but its 

functional role and regulation in cardiac development and diseases remain poorly 

understood. Based on total transcriptome analysis, we identified a significant 

number of alternative RNA splicing events in mouse failing hearts that resembled 

the pattern in fetal hearts. A muscle specific isoform of an RNA splicing regulator 

RBFox1 (A2BP1) is induced during cardiac development. Inactivation of 

zRBFox1 gene in zebrafish led to lethal phenotype associated with impaired 

cardiac function. RBFox1 regulates alternative splicing of transcription factor 

MEF2s, producing splicing variants with distinct transcriptional activities and 

different impact on cardiac development. RBFox1 expression is diminished in 

mouse and human failing hearts. Restoring RBFox1 expression significantly 

attenuates hypertrophy and heart failure induced by pressure-overload in mice. 

Therefore, RBFox1-MEF2 represents a previously uncharacterized regulatory 

circuit in cardiac transcriptional network with important impact on both cardiac 

development and diseases. 
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Introduction 

Alternative RNA splicing significantly contributes to the total complexity of the 

transcriptome and helps to define the cellular identity with an estimated ~100, 000 

intermediate to high abundant alternative splicing events in major human tissues 

(Pan, Shai et al. 2008). RNA splicing is a ubiquitous post-transcriptional process 

for all multi-exon genes in eukaryotes (Chen and Manley 2009). Alternative RNA 

splicing from individual genes can produce multiple mature mRNA species, 

yielding different protein isoforms with related, distinct or even opposing 

functions (Wang, Sandberg et al. 2008, Buljan, Chalancon et al. 2012). 

Alternative RNA splicing is regulated by cis-regulatory enhancers and silencers 

located within pre-mRNAs interacting with trans-acting splicing factors(de la 

Grange, Gratadou et al. 2010), including heterogeneous nuclear ribonucleoprotein 

(hnRNP) and serine-arginine rich proteins (SR proteins)(Pan, Shai et al. 2008, 

Sultan, Schulz et al. 2008, Chen and Manley 2009, Bland, Wang et al. 2010).  

Mis-regulated alternative RNA splicing events have a significant role in human 

diseases, affecting cellular processes from cell cycle to cell death (Hallegger, 

Llorian et al. 2010, Gang, Hai et al. 2011, Honda, Valogne et al. 2012, Nalini 

Raghavachari 2012, Yae, Tsuchihashi et al. 2012). 

Alternative mRNA splicing has been associated with cardiac development 

and diseases, affecting structural genes such as cardiac troponin T or signaling 

molecules, such as CaM Kinase II (Ramchatesingh, Zahler et al. 1995, Ding, Xu 
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et al. 2004, Xu, Yang et al. 2005). Inactivation of splicing regulators SC35 or 

RBM20 led to dilated cardiomyopathy in mouse and rat (Guo, Schafer et al. 2012, 

Linke and Bucker 2012, Refaat, Lubitz et al. 2012).  In addition, CUG-BP1 and 

ETR-like factors (CELF)/Bruno-like family of RNA binding proteins and 

muscleblind-like (MBNL) proteins have also been found to impact on both 

cardiac development and function(Warf and Berglund 2007, Kalsotra, Wang et al. 

2010, Koshelev, Sarma et al. 2010, Dasgupta and Ladd 2012).  However, relative 

to the extensive knowledge of transcriptional regulation, little is known about the 

global RNA splicing pattern and the functional impact of RNA splicing in heart 

during cardiac development and disease progression.  

 Induced fetal gene expression is a common feature observed in 

pathologically stressed heart and is serving as effective molecular biomarkers for 

heart diseases(Olson 2006, Barry, Davidson et al. 2008, Kuwahara, Nishikimi et 

al. 2012). This so called “fetal gene expression program” manifested in the 

diseased heart is dictated by a network of transcription factors, including many 

key players also implicated in cardiac differentiation and maturation, such as 

MEF2s and GATA4 (Lee, Gao et al. 2011). Although alternative RNA splicing 

events have been widely observed among many cardiac genes, changes of 

alternative RNA splicing observed in the failing hearts have not been noted to 

have any significant association with the changes observed during cardiac 

development (Gao and Dudley Jr , Guo, Schafer et al. 2012). Thus, there is no 

evidence indicating that alternative RNA splicing regulation in cardiac diseases 

and development are related at mechanistically or functional levels.  
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 Using deep RNA-seq approach, we characterized the cardiac 

transcriptome at single exon resolution from RNA samples prepared from adult 

mouse hearts at basal and in trans-aortic constriction (TAC)-induced failing 

state(Lee, Gao et al. 2011). By comparing the splicing pattern in failing vs. 

neonatal hearts, we found a fetal-like RNA splicing pattern in diseased hearts, 

affecting many cardiac genes including all members of the MEF2 family 

transcription factors.  We discovered a muscle specific isoform of the splicing 

regulator RBFox1 (A2BP1) as a direct trans-acting regulator for MEF2 alternative 

splicing. RBFox1 was significantly induced during cardiac development and 

inactivation of RBFox1 in zebrafish led to abnormal MEF2 alternative splicing 

and impaired cardiac development and function. We further demonstrated that 

MEF2 isoforms resulted from RBFox1 mediated alternative RNA splicing 

possessed distinct transcriptional activities and in vivo function during 

development. Finally, loss of RBFox1 was observed in mouse and human failing 

hearts, and restoring RBFox1 expression in vivo preserved cardiac function and 

suppressed cardiac hypertrophy in response to pressure-overload. Therefore, our 

study has established RBFox1/MEF2 as an uncharacterized common molecular 

mechanism of RNA splicing regulation in both cardiac development and diseases.  

This novel regulatory circuit has a significant impact on transcriptome maturation 

and pathological re-programming in heart. 
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Results: 

A Common Pattern of Alternative RNA Splicing Associated with Cardiac 

Postnatal Development and Heart Failure 

Alternative RNA splicing is a common phenomenon observed in many cardiac 

genes during development or disease progression (Gao and Dudley Jr , Guo, 

Schafer et al. 2012).  Using deep RNA-seq, we have identified transcriptome-

wide alternative splicing events associated with pressure-overload induced heart 

failure in mice(Lee, Gao et al. 2011).  Among the exons being alternatively 

spliced, we compared their relative expression by real-time RT-PCR in the 

ventricular samples of one day old neonates, 5 month old adult sham operated 

mice and age matched mice 8 weeks after trans-aortic constriction(Lee, Gao et al. 

2011) (Supplemental Figure 5.1).  From all 30 selected exons (Supplemental 

Table 1, Supplemental Figure 5.2), changes of exon utilization observed in the 

adult failing hearts resembled the pattern observed in the neonatal hearts (Figure 

5.1A). This suggests that the alternative RNA splicing pattern observed in the 

adult failing heart shares characteristic features of a fetal heart, and this “fetal-

like” reprogramming in RNA splicing is also part of the transcriptome changes 

following pathological stress. 

 

The genes affected by alternative RNA splicing include all members of the MEF2 

family, Mef2a, Mef2c and Mef2d, transcription factors implicated in both cardiac 

development and pathological reprogramming (Lin, Schwarz et al. 1997, Lu, 

McKinsey et al. 2000).   As shown in Figure 5.1B, MEF2s share a common gene 
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structure where one of the two exons (a vs. b) 3’ to the MADS/MEF2 domain 

coding sequences is selectively included in the mature transcripts due to a 

mutually exclusive RNA splicing event(Bachinski, Sirito et al. 2010).   The 

relative expression ratio between exon b vs. exon a containing MEF2s was 

significantly induced during cardiac development in mouse and human (Figure 

5.1C-D), and this ratio was also significant reversed in both mouse and human 

failing hearts (Figure 5.1C-D).  Therefore, the fetal-like RNA splicing 

reprogramming is a conserved process in diseased hearts affecting many genes, 

including all members of the MEF2 family.   

 

RBFox1 is a Candidate Trans-acting RNA Splicing Regulator in Cardiac 

Development and Heart Failure 

The coordinated changes in RNA splicing patterns are mediated by cis-and trans-

acting splicing regulatory elements (McManus and Graveley 2011, Witten and 

Ule 2011).  In search for the putative trans-acting factors participating the fetal-

like RNA splicing regulation, we performed a de novo motif discovery analysis 

on all the differentially spliced exons observed in failing mouse hearts.  By 

screening for significantly enriched and evolutionarily conserved 5-mer binding 

motifs in the flanking introns and exonic regions of the affected exons (Xiao, 

Wang et al. 2007) we identified several binding motifs significantly enriched near 

differentially spliced exons (Table 5.1).  One conserved binding sequence 

significantly enriched was GCATG/TGCAT for RBFox1 (a splicing regulator 

with specific expression pattern in brain and striated muscle (Jin, Suzuki et al. 
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2003). In parallel, we measured the expression levels of a panel of 25 known 

RNA splicing regulators in normal and pressure-overload induced failing hearts 

(Supplement Figure 5.3).  Among them, only RBFox1 was significantly down-

regulated in the failing hearts comparing to the Sham operated controls at both 

mRNA and protein level (Figure 5.2A-B).  These data suggest that RBFox1 is a 

candidate trans-acting regulator for alternative RNA splicing in failing heart. 

RBFox1 expression was induced in heart during cardiac maturation in zebrafish, 

mouse and human (Figure 5.2C-F, Supplemental Figure 5.5).  Therefore, 

RBFox1 has a highly conserved expression pattern during cardiac development 

and diseases, correlating well with the observed changes in RNA alternative 

splicing. 

 

RBFox1 is Essential for Cardiac Development and Function in Zebrafish 

To investigate the function of RBFox1 in heart, we examined the impact of 

RBFox1 inactivation in developing zebrafish embryos.  As shown in Figure 3, 

RBFox1 morphants developed severe cardiac phenotype characterized by reduced 

ejection fraction, lower heart rate (Figure 5.3J, K) and presence of pericardial 

edema (Figure 5.3 A,B), along with collapsed ventricle, enlarged atria (Figure 

5.3D,E, Supplemental Movie 1,2) as well as defects in circulation (Figure 5.3L, 

Supplemental movie 4,5). Injecting zebrafish RBFox1 mRNA into the 

morphants significantly rescued ventricular defects (Figure 5.3I, Movie 3) and 

attenuated the extent of cardiac dysfunction in the RBFox1 morphants at 48hpf 

(Figure 5.3J,K). Remarkably, overexpression of mouse RBFox1 mRNA also 
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significantly rescued the cardiac defects observed in the RBFox1 morphants 

(Supplemental Figure 5.6), suggesting a conserved role of RBFox1 in heart 

development.  Finally, in situ hybridization on embryos at 54hpf using cardiac 

chamber specific markers, including amhc, vmhc and Notch1b, showed less-

defined expression pattern of chamber specific cardiac genes in the RBFox1 

morphants(Figure 5.3M). All these data suggests that RBFox1 is a functionally 

conserved RNA splicing regulator essential to normal cardiac development and 

function. 

 

RBFox1 is a Necessary and Sufficient Trans-Acting Regulator for MEF2 

Splicing in Heart 

MEF2s are transcription factor family implicated in both cardiac development and 

pathological remodeling (Lin, Schwarz et al. 1997, Lu, McKinsey et al. 2000). 

Since MEF2 family members show a conserved alternative splicing pattern as part 

of the “fetal like” RNA splicing reprogramming in heart (Figure 5.1C), we 

investigated whether MEF2s are potential downstream targets of RBFox1. Indeed, 

a consensus RBFox1 binding motif was identified near the alternatively spliced 

exons for all MEF2 genes in fish, mouse and human genome (Figure 5.4A).   In 

addition, changes in MEF2 isoform expression ratio was highly correlated with 

RBFox1 expression during cardiac development and heart failure (Figure 5.4B).  

To demonstrate the direct impact of RBFox1 expression on MEF2 alternative 

RNA splicing, mouse RBFox1 was expressed in neonatal rat ventricular myocytes 

(NRVM) via an adenoviral vector where the endogenous RBFox1 expression was 
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low (Figure 5.4C).  RBFox1 expression in neonatal myocytes led to significant 

induction in the inclusion of MEF2 Exon b to Exon a ratio (Figure 5.4D,E).  In 

contrast, using morpholino to inactivate RBFox1 in zebrafish embryo, we 

observed the cardiac MEF2 b vs. a exon expression ratios were significantly 

reduced (Figure 5.4F).  To further establish MEF2 genes as direct downstream 

targets of RBFox1 mediated RNA splicing, we utilized an in vitro minigene 

reporter system(Boutz, Stoilov et al. 2007), including mouse Mef2a Exon 5b with 

the flanking intronic fragment containing the putative RBFox1 binding motif 

(Figure 5.4G).  Upon co-expressing the reporter with RBFox1 in HEK293 cells, 

we detected increased Mef2a Exon 5b inclusion (Figure 5.4G).  This induction 

was abolished when the putative RBFox1 binding site in the Mef2a intron was 

either mutated or deleted.  Similar results were observed using a similar minigene 

reporter for the mouse Mef2d Exon 4b (Supplemental Figure 5.6).  Combining 

these with the gain and loss of function studies described earlier, we conclude that 

RBFox1 is both a necessary and a sufficient trans-acting factor for the conserved 

alternative splicing of MEF2 genes in heart.    

 

Regulatory Circuit of RBFox1-MEF2 in Heart  

The remarkable conservation of the RBFox1-MEF2s circuit was manifested in 

correlated expression and the conserved presence of the RBFox1 binding motifs 

in the MEF2 genes among vertebrates. However, no prior study has demonstrated 

the functional differences between the two MEF2 isoforms expressing a vs. b 

exons.  We first tested the functional impact of Mef2a-Exon 4a vs Mef2a-Exon 4b 
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isoforms in zebrafish embryos by individually over-expressing these two isoforms 

in developing zebrafish embryo.  As shown in Figure 5A-C, embryos receiving 

synthetic Mef2a-E4a RNA displayed severe heart failure phenotype comparing to 

the control embryos, while zebrafish embryos overexpressing the Mef2a-E4b 

gene showed normal cardiac phenotype at comparable expression levels.  

Similarly, lethal cardiac phenotype was observed in embryos receiving synthetic 

mouse Mef2a-E5a isoform RNA at comparable level (Figure 5.5D-E). This data 

suggests that different Mef2a splicing variants have distinct function.   

In addition, we simultaneously knocked down RBFox1 and individual Mef2a 

splicing variants using targeted morpholino (Figure 5.6A, Supplemental Figure 

5.7).  As shown in Figure 3, RBFox1 inactivation in zebrafish led to reduced 

inclusion of Exon 4b in Mef2a, leading to a significant induction of Mef2a exon 

4a vs.4b expression ratio.  Double knockdown of RBFox1 and Mef2a-E4a 

isoform significantly rescued the cardiac defects in the RBFox1 morphants as 

measured from the presence of pericardial edema, embryos viability and normal 

circulation (Figure 5.6B-C).  In contrast, knockdown of RBFox1 in combination 

with knockdown of Mef2a-E4b failed to rescue the lethal cardiac phenotype 

comparing to RBFox1 morphant (Figure 5.6A-B).  Therefore, both gain and loss 

of function studies of Mef2a isoforms clearly demonstrate that these splicing 

variants have distinct function in cardiac development.  These in vivo evidences 

suggest that RBFox1 mediated regulation of the expression ratio of the MEF2 

splicing variants is critical to normal cardiac development and function.    
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Mef2a Splicing Variants Direct Distinct Transcriptional Activity 

Our in vivo observation in zebrafish contradicts with an earlier study showing 

different Mef2c isoforms generated by this alternative splicing event have similar 

transcriptional activity based on in vitro luciferase reporter assay(Bachinski, Sirito 

et al. 2010). However, the transcriptional activities of MEF2 splicing variants 

have not been studied for the endogenous downstream targets.  To investigate 

that, we performed RNA-seq studies in Mef2a-Exon-4a and Mef2a-Exon-4b 

overexpressing zebrafish embryos at 24hpf (Figure 5.7A) at which stage the 

deleterious cardiac phenotype has not become apparent.  Comparing to the control 

embryos, we identified a total of 2334 number of genes that were differentially 

expressed in the embryos expressing the two Mef2a isoforms.  Among them, 905 

genes were preferentially induced by Mef2a-E4b isoform and 209 genes were 

preferentially induced by Mef2a-E4a isoform. Most notably, several well 

established cardiac transcription factors, including Nkx2.5, Gata4, Tbx20 and 

Mef2d were preferentially induced by Mef2a-Exon-4b vs. 4a isoform (Figure 

5.7B).  To validate these observations in zebrafish, we specifically expressed 

different mouse Mef2a isoforms in NRVM via adenovirus vectors. Consistent 

with the results from zebrafish, Mef2a-E5b expression led to significantly higher 

induction of cardiac transcription factors, including Nkx2.5, Gata4, Tbx20 and 

Mef2d comparing to Mef2a-E5a splicing variant.  Furthermore, using Nkx2.5 

promoter driving luciferase reporter, we showed Mef2a-E5b has significantly 

higher activity to induce Nkx2.5 transcription than Mef2a-Exon-5a (Figure 5.7E).  

Similar observation was made for Tbx20 promoter (Supplemental Figure 5.8).  
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Therefore, RBFox1 mediated alternative splicing of MEF2 yielded two isoforms 

with distinct transcriptional activities towards downstream genes including some 

key cardiac transcription factors.  These data offers a molecular basis for the 

essential role of RBFox1 and the differential impact of MEF2 isoforms in cardiac 

development and function.  

 

RBFox1 Mediated RNA splicing in Cardiac Hypertrophy and Heart Failure  

RBFox1 expression was low in neonatal hearts, elevated in adult hearts and 

significantly reduced again in mouse failing hearts. Ectopic expression of 

RBFox1 in NRVM promoted cell size growth (Figure 5.8A) but a significant 

suppression of “fetal gene” expression (Figure 5.8B).  More importantly, 

significant RBFox1 down-regulation was observed in human dilated 

cardiomyopathy hearts (Figure 5.8C) and TAC induced RBFox1 down-regulation 

was reversed one day after pressure-overload was removed in mice along with 

some heart failure marker genes (Figure 5.8D and Supplement Figure 5.4).   In 

contrast, modest induction of RBFox1 in adult mouse hearts in a cardiac specific 

RBFox1 transgenic model did not cause detectable basal phenotype with normal 

cardiac function (Figure 5.8E, F).  However, following 6 weeks of pressure-

overload induced by TAC, RBFox1 transgenic mice showed significantly 

preserved function comparing to non-transgenic littermate controls (Figure 

5.8G,H), and significantly attenuated hypertrophy and heart failure gene 

expression (Figure 5.8I).  Therefore, restoring RBFox1 expression significantly 
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blunted the deleterious pathological remodeling in stressed hearts at functional 

and molecular levels.  

 

 

Discussion: 

In this report, we characterized genome-wide changes in RNA splicing in heart 

during postnatal development and disease progression.  From our RNA-seq and 

extensive validation studies, we uncovered a “fetal-like” alternative RNA splicing 

program in failing heart for a significant number of transcripts with important 

function in heart, including a highly conserved alternative splicing event for all 

members of the MEF2 gene family.  Based on both in vitro and in vivo evidence, 

we further established that this alternative splicing of MEF2 is regulated by a 

tissue-specific splicing regulator--RBFox1.  Using zebrafish and cultured 

myocytes, we demonstrated that RBFox1 mediated alternative splicing resulted in 

two MEF2 isoforms with distinct downstream gene activation profiles.  At 

functional level, inactivation of RBFox1 caused cardiac dysfunction associated 

with defects in myocyte maturation that was significantly contributed by specific 

induction of the Mef2a splicing defects.  Finally, loss of RBFox1 is associated 

with the onset of heart failure following pressure-overload while restoring 

RBFox1 expression in a transgenic model ameliorated the development of heart 

failure.  Therefore, our study revealed a novel regulatory circuit in transcriptome 

programming and reprogramming during cardiac development and disease 
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involving RBFox1 mediated alternative splicing of cardiac genes, including 

MEF2s. 

 

A Global Alternative Splicing Network Associates with Both Cardiac 

Development and Pathological Remodeling 

In this study, we identified that the disease associated alternative RNA splicing 

pattern resembled what was observed in fetal hearts. Although a “fetal-like” 

transcriptional reprogramming has long been established in diseased hearts, a 

“fetal-like” RNA splicing program has not been observed or reported.  Although 

we cannot confirm all RNA splicing events in failing hearts are “fetal like”, the 

significant number of genes we have analyzed so far support the concept that a 

“fetal-like” RNA splicing reprogramming is wide-spread in diseased heart. A 

global and coordinated regulation of RNA splicing in both cardiac development 

and diseases implies a potentially common regulatory mechanism.  However, 

comparing to the abundant knowledge of transcriptional regulation, very limited 

insights are available to cardiac RNA splicing regulation during development or 

diseases.  Inactivation of splicing factors, SC35 and RBM20, has been found to 

cause dilated cardiomyopathy in mouse and rat(Guo, Schafer et al. 2012, Linke 

and Bucker 2012, Refaat, Lubitz et al. 2012). Other splicing factors shown to play 

important roles in cardiac development and function include CUGBP1 and ETR-

likefactors, CELF/Bruno-like family of RNA binding proteins, and muscleblind-

like (MBNL) proteins(Warf and Berglund 2007, Kalsotra, Wang et al. 2010, 

Koshelev, Sarma et al. 2010, Dasgupta and Ladd 2012).However, these splicing 
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regulators do not show tissue specific and dynamic expression pattern related to 

cardiac development and diseases. Identification of RBFox1 revealed the first 

tissue-specific RNA splicing regulator with an expression pattern significantly 

correlated with the changes of RNA splicing in hearts during development and 

pathogenesis.  Our extensive in vitro and in vivo evidence further established that 

RBFox1 is a necessary and sufficient trans-acting regulator for MEF2 alternative 

splicing.  RBFox1 expression is critical to normal cardiac development and has a 

significant impact on the development of cardiac hypertrophy and heart failure 

under pathological conditions.  Therefore, defect of RBFox1 mediated RNA 

splicing is a newly established molecular component in diseased hearts. However 

the regulatory mechanism for RNA splicing in general, and for RBFox1 

expression and function during heart failure in particular, is poorly understood 

and should be an interesting area for further studies. 

 

Alternative Splicing Mediated Transcriptional Regulation  

It is known that alternative RNA splicing affects many genes in heart, including 

genes encoding structural proteins, such as cardiac troponin T, or signaling 

molecules, such as Ca2+/calmodulin-dependent protein kinase (CaM kinase) 

(Ramchatesingh, Zahler et al. 1995, Ding, Xu et al. 2004, Xu, Yang et al. 2005). 

The mutually exclusive alternative splicing of the MEF2 gene for an exon 3’ 

adjacent to the MEF2 and DNA binding MADS box domains (encode 

MADS/MEF2 domain) has been reported as a highly conserved splicing event 

observed in species across vertebrates and shared by all MEF2 family members. 
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Yet, the functional significance of this MEF2 alternative splicing event is not 

known.    The domain encoded by the two mutually exclusive exons was never 

included in structural studies on MEF2 (Wu, Dey et al. 2010). The regulation of 

this splicing event has never been studied, neither. Our study established for the 

first time that RBFox1 is a potent trans-acting regulator of the alternative splicing 

for MEF2 genes, and the expression of the MEF2 splicing variants changes 

dynamically in developing and diseased hearts, following a “fetal-like” RNA 

splicing pattern.  In addition, with specific gain and loss of function studies, we 

demonstrated that the individual MEF2 splicing variants had significant 

differences in transcriptional targets and functional impact on cardiac 

development, maturation and pathological remodeling. These studies established 

for the first time that a coordinated regulation of MEF2 alternative splicing is a 

result of RBFox1 mediated RNA splicing and the splicing variants of MEF2 have 

distinct transcriptional activities that have a significant functional impact on 

normal cardiac development and diseases.   

 

A Fine-tuning Transcriptional & Post-Transcriptional Network Regulating 

Cardiomyocytes Differentiation and Maturation 

Both genetics analyses and molecular studies have demonstrated a central role for 

transcriptional regulation in cardiomyocyte lineage determination and continuing 

maturation, involving key transcription factors and genome-wide chromatin 

remodeling (Qian, Huang et al. 2012, Song, Nam et al. 2012). Our study has 

revealed a new dimension in the transcriptome programming network involving 
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RBFox1 mediated RNA splicing of transcription factors, including MEF2.  

Although not an essential pathway for cardiomyocyte lineage determination, 

RBFox1 expression is necessary for normal cardiac development and function 

beyond the initial commitment. The fact that RBFox1 expression is further 

induced in adult hearts comparing to the fetal or neonatal heart suggests that 

RBFox1 mediated RNA splicing plays a necessary role to refine the cardiac 

transcriptome into its matured form.  Since MEF2 splicing variants have distinct 

downstream transcriptional targets, in addition to their total level of expression, 

the relative ratio of the MEF2 splicing variants can determine and refine the 

transcriptome composition in heart. Therefore, it is plausible that RBFox1-MEF2 

pathway is a fine-tuning regulatory circuit for cardiac transcriptome maturation in 

adult hearts.  Finally, our in vivo studies showed that restoring RBFox1 

expression in mice attenuated pressure-overload induced heart failure and re-

balancing MEF2 splicing variants ratio in zebrafish embryo also rescued 

development defects caused by RBFox1 inactivation. Therefore, RBFox1-MEF2 

regulatory circuit has a significant contribution to cardiac development and 

disease progression, and can serve as a new target of therapeutic intervention.  
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EXPERIMENTAL PROCEDURES: 

 

Zebrafish 

Adult zebrafish and embryos were maintained as previously 

described(Westerfield 1995). Embryos for in situ hybridization were raised in the 

presence of 0.2mM 1-phenyl-2-thiourea to maintain optical 

transparency(Westerfield 1995). The Cmlc:GFP strain used for this study has 

been previously described (Lu, Ren et al. 2007). 

 

RBFox1 Transgenic Mouse: 

Animals in this study were handled in accordance with the Guide for the Care and 

Use of Laboratory Animals published by the US National Institutes of Health.  

The detailed description of the generation of RBFox1 transgenic mice is provided 

in Supplemental Material. 

 

Zebrafish Embryo Morpholino and mRNA injection 

Morpholino antisense oligonucleotides (MOs) complementary to the translation 

start site and its flanking sequence for zebrafish RBFox1 gene and mRNAs for 

Mef2a isforms were used with details described in Supplemental Material.  

  

Tissue from human Non-failing and Failing Hearts  

The failing heart samples (n=16) were obtained from the left ventricular (LV) 

anterior wall during heart transplantation or implantation of an LV assist device 
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(Ref). The non-failing heart samples (NF) (n=8) were obtained from the LV free 

wall and procured from National Disease Research Interchange (NDRI) and 

University of Pennsylvania. NF heart donors had no history of macroscopic or 

laboratory signs of cardiac diseases. The tissue collection was approved by the 

UCLA Institutional Review Board #11-001053 and #12-000207.  Fetal heart 

tissue was procured from medical waste (StemExpress, Diamond Springs, CA) as 

approved by the Stanford Institutional Review Board. 

 

Pressure-overload model of HF in mouse 

Left ventricle tissues were collected from male C57BL/6 mice 8 weeks post trans-

aortic constriction (TAC) procedure (HF) and 1 day post birth (Neonatal) 

respectively and their corresponding Sham controls as described(Lee, Gao et al. 

2011).  Doppler velocity measurement of right and left carotid arteries were 

obtained from TAC treated mice to confirm the consistency of the surgery 

procedure.  The heart failure status of the TAC treated animals was established 

based on a significant increase in heart weight and a significant reduction in 

ejection fractions measured by echocardiography.  

 

Gene expression analysis 

Gene expression analysis via RNA-seq, qRT-PCR, in-situ hybridization, 

luciferase reporter gene assays were described in details in Supplemental 

Material.  
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Statistical Analysis 

Data are expressed as mean ± STDEV. For comparison between two groups, 

differences were analyzed by Student's t-test. For multiple groups’ comparison, 

differences were analyzed by one-way ANOVA.p values ≤ 0.05 were considered 

as significant. 
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FIGURE LEGENDS: 
 
Figure 1: Common Pattern of Alternative RNA Splicing Associated with Cardiac 
Development and Heart Failure. 
(A) Relative expression levels of 30 exons were measured by real-time RT-PCR using 
exon specific primers. The RNA samples were obtained from left ventricles of mouse P1 
neonatal hearts (Neonatal), 5 month old normal adult hearts (Adult) and age-matched 
pressure-overload induced failing hearts (Failing Heart) as indicated.  The list of 
individual exons and the expression levels were illustrated in Supplemental Figure 2(n=3 
for each group). (B) Schematic view of Mef2a gene structure, alternatively spliced 
transcripts including exon 5a or 5b, and Mef2a protein with functional domains 
illustrated. (C)Relative expression ratio of Exon a over Exon b in Mef2a, Mef2c and 
Mef2d genes in P1 mouse neonatal heart, 5 month mouse adult heart and age matched 
pressure-overload induced failing hearts as indicated. *, p<0.05.(D) Relative expression 
ratio of Exon a over Exon b in Mef2a, Mef2c and Mef2d genes in human fetal hearts 
(n=4), non-failing adult hearts (Adult, n=4) and dilated cardiomyopathy hearts (n=4). *, 
p<0.05. 
 
Figure 2: RBFox1 is dynamically regulated in Cardiac Development and Heart 
Failure.  
 
(A) qRT-PCR for RBFox1 mRNA levels normalized to GAPDH in Sham operated and 8 
weeks post-TAC induced mouse hearts  (n=3 each). *, p<0.05.(B) Immunoblot for 
RBFox1 protein levels in Sham operated and 8 weeks-post TAC induced mouse hearts.  
GAPDH was used as loading control. (C) qRT-PCR for RBFox1 mRNA in P1 neonatal 
mouse hearts and 5 monthsold adult mouse hearts. **, p<0.01.(D) Immunoblot for 
RBFox1 protein levels in P1 neonatal mouse hearts and 5 months old adult mouse hearts. 
(E) qRT-PCR for human RBFox1 mRNA in fetal heart and adult non-failing hearts, (n=4 
for each group), **, p<0.01. (F) qRT-PCR for zRBFox1 mRNA in zebrafish embryos at 
48 hours, 72 hours post fertilization (hpf) and 2 months old adult fish. *, p<0.05. 
 
Figure 3: RBFox1 is Essential for Cardiac Development and Function 
(A-C) Representative images of Cmlc:GFP zebrafish at 48 hour post-fertilization, 
injected with vehicle (A), RBFox1-MO alone (B) or in combination with zebrafish 
RBFox1 mRNA (C). Inserts are high magnification images showing pericardial edema 
and collapsed heart tube in RBFox1-MO fish. (D-F) Representative images of the same 
zebrafish hearts visualized under fluorescent microscope.(G-I) The M-mode tracing of 
zebrafish ventricle obtained from recorded video images (see Supplemental Information) 
using LQ program described earlier(Lu, Ren et al. 2007). (J) Quantification of zebrafish 
cardiac function measured as ejection fraction from Control, RBFox1 morphants and 
RBFox1 morphants plus RBFox1 mRNA injected embryos. **, p<0.01. (K) Average 
heart rates of 28hpf Control zebrafish, RBFox1-morphants and RBFox1-morphants plus 
RBFox1 mRNA injected embryos, **, p<0.01. (L) Summary of the number of embryos 
received morpholino injection. The number of embryos developed abnormal pericardial 
edema was recorded. (M) Representative images of cardiac gene expression pattern in 
zebrafish illustrated by whole-mount in situ hybridization for Notch1b, amhc and vmhc 
in Control and RBFox1 morphants as indicated. The red arrows indicate atrial-ventricular 
septum, and the red dashed lines indicate ventricular and atrial junction.    
 
Figure 4: RBFox1 is a Sufficient and Necessary Trans-Acting Regulator for MEF2 
Splicing in Heart. 
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(A) Schematic view of conserved RBFox1 binding motif in MEF2 pre-mRNA sequences 
from mouse, human, zebrafish and fugu fish adjacent to the alternatively spliced exons. 
Note: During evolution, zebrafish genome contains two separate Mef2c genes, Mef2c-a 
and Mef2c-b. (B) Relative expression ratio between Exon a and Exon b of zMef2a and 
zMef2d in zebrafish hearts at 48hpf and 72hpf and 2 months old adult zebrafish hearts. * 
p<0.05.  (C) RBFox1 mRNA is efficiently overexpressed in neonatal rat ventricle 
cardiomyocytes (NRVM) using adv-RBFox1 vector as measured by qRT-PCR. (D) 
Relative expression ratio between exon-5a (E5) vs. exon-5b of Mef-2a in control and 
RBFox1 expressing NRVM,* p<0.05. (E) Relative expression ratio between exon-4a 
(E4) vs. exon -4b of Mef-2d in control and RBFox1 expressing NRVM,* p<0.05.  (F) 
Relative expression ratio between exon-a vs. exon-b of Mef-2a and Mef2d in Control and 
RBFox1-Morphant zebrafish hearts, * p<0.05. (G) RBFox1 directly regulates MEF2 
alternative splicing. Minigene reporter constructs containing mouse Mef2a Exon 5b and 
adjacent intron fragment containing putative RBFox1 binding motif (UGCAUG), mutant 
RBFox1 binding motif (UUCGUA) and deleted RBFox1 binding motif are illustrated. 
Reporter construct was transfected into HEK293 cells alone or in combination with 
RBFox1 expressing vector. 48 hours post transfection, the treated cells were harvested 
and semi-quantitative RT-PCR was performed to determine the relative level of the 
transcripts containing exon E5b or excluded exon E5b. GAPDH mRNA level was used as 
control. RBFox1 expression was confirmed by immunoblot with HDAC2 used as internal 
loading control. 
 
Figure 5: Differential Effects of Mef2a Splicing Variants in Zebrafish Development 
 
(A) Representative image of zebrafish embryos injected with control morpholino 
showing normal morphology at 48hpf. (B) Representative image of 48hpf zebrafish 
injected with different dosages of zebrafish Mef2a-4a mRNA transcript as indicated. (C) 
Representative image of 48hpf zebrafish injected with different dosages of zebrafish 
Mef2a-4b mRNA transcript as indicated. (D) Representative image of 48hpf zebrafish 
injected with different dosages of mouse Mef2a-5a mRNA transcript as indicated. (E) 
Representative image of 48hpf zebrafish injected with different dosages of mouse Mef2a-
5b mRNA transcript as indicated. 
 
Figure 6: Functional Role of MEF2 Splicing Variants in RBFox1 Regulated Cardiac 
Development. 
(A) Representative images of zebrafish at 48hpf injected with Control, RBFox1, zMef2a-
4a, zMef2a-4b morpholinos alone or in combination as indicated.  Enlarged inserts shows 
pericardial edema in zRBFox1 morphants and zRBFox1 plus zMef2a-E4b morphants.   
(B) Summary data showing the number of embryos received each type of injection and 
the number of embryos developed pericardial edema. (C) Representative images of 
cardiac gene expression pattern in zebrafish illustrated by whole-mount in situ 
hybridization for Notch1b, amhc and vmhc in Control, RBFox1 and RBFox1+zMef2a-
E4a morphants as indicated. The red arrows indicate atrial-ventricular septum, and the 
red dashed lines indicate ventricular and atrial junction.    
 
 
Figure 7:Mef2a Splicing Variants Have Distinct Transcriptional Activity 
 
(A) Schematic view of the experiment design. Zebrafish embryos were injected with 
individual zebrafish Mef2a splicing variants containing Exon4a or Exon4b. The embryos 
were collected at 24hpf and RNA was extracted for RNA-Seq. (B)Gene activation profile 
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in zebrafish embryos overexpressing zMef2a splicing variant containing Exon4a or 
Exon4b. The number on top indicates total number of genes in each group representing 
genes induced or suppressed by both or either splicing variants as indicated. (C)Phase-
contrast light microscopic images of NRVM expressing mouse Mef2a-Exon 5a or 
Exon5b. (D)Relative mRNA levels of Nkx2.5, Gata4, Tbx20 and total Mef2d in NRVM 
48hr post infection of adenoviral vectors expressing mouse Mef2a-Exon5a or Mef-2a-
Exon5b (n=3 for each sample). * p<0.05.  (E) Transcriptional activities of Nkx2.5 
promoter constructs with different lengths as illustrated were measured based on 
luciferase activities in NRVM.  The locations of the putative MEF2 binding motifs are 
identified at -389 and -169 bp as indicated.* p<0.05 vs. Control NRVM, # p<0.05 
between Mef2a-E5a and Mef2a-E5b. 
 
Figure 8:RBFox1 Mediated RNA Splicing in Cardiac Hypertrophy and Heart 
Failure 
(A) Cellular morphology of NRVM expression RBFox1 48 hours post adenoviral 
infection. (B) β−Myosin heavy chain (MHC) and atrial natriuretic factor (ANF) 
expression in NRVM expressing RBFox1 at 48 hours post infection. (C) qRT-PCR for 
human RBFox1 mRNA in fetal heart and adult non-failing hearts, (n=4 for each group), 
**, p<0.01.(F)qRT-PCR for human RBFox1 mRNA in non-failing adult hearts and 
dilated cardiomyopathy hearts (n=4 for each group), *, p<0.05. (D) qRT-PCR for 
RBFox1 expression in Sham operated, 14day post-TAC, 14day TAC followed by 1-day 
dTAC (Experimental Procedure for Details). (E) RBFox1 protein expression in the left 
ventricles of transgenic mouse hearts (RBFox1-TG) before and after TAC surgery as 
detailed in Experimental Procedures. β-catenin was used as internal loading control. (F) 
Left ventricle (LV) weight/body weight ratio in RBFox1 Transgenic mice and non-
transgenic littermates before and after 6-weeks of TAC. *, p<0.05.  (G) Representative 
M-mode echocardiogram of a RBFox1 transgenic heart and non-transgenic littermate 
before and after TAC. (H) Cardiac ejection fraction of RBFox1-TG and non-TG control 
mice before and after different time period post-TAC as indicated. *, p<0.05.  (I) ANF 
and β-MHC expression in RBFox1 transgenic and non-transgenic littermate control 
hearts before and after TAC. *, p<0.05 
 
Table 1:Enrichment of RNA splicing factor binding motifs for alternatively spliced 
exons in cardiac transcriptome 
Summary of enriched binding motifs among exons differentially included normal or 
failing heart transcriptome identified through RNA-seq (Lee, Gao et al. 2011).  Using de 
novo motif discovery, 5-mers that are both evolutionarilyconserved and highly enriched 
among the exons in the flanking introns and exonic regions.  Five regions for each exon 
are analyzed and annotated: upstream intron first 250 nt (UpIn 1st), upstream intron last 
250nt (UpIn 2nd), downstream intron first 250nt (DnIn 1st), downstream intron last 250nt 
(DnIn 2nd).  RBFox binding motifs are highlighted in red. 
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Figure 5 Graphic abstract 
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Figure 5.1 Fetal like alternative splicing associated with heart disease 
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Figure 5.2 RBFox1 expression is dynamically regulated during cardiac 

development and disease remodeling 
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Figure 5.3 RBFox1 is critical for zebrafish cardiac function 
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Figure 5.4 MEF splicing is directly regulated by RBFox1 
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Figure 5.5 MEF2 splicing variants have differential functional impact on 

zebrafish development 
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Figure 5.6  MEF2 splicing is critical for RBFox1 mediated splicing regulation 
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Figure 5.7 MEF2 splicing variants have different transcription activities 
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Figure 5.8 Restoring RBFox1 expression is sufficient to preserve cardiac 

function in pressure-overload 

 

 

 

 



 167

Table 5.1 Enriched motif in alternative splicing in failing hearts 
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Table 5.1.S List of verified alternative splicing in failing and neonatal hearts 

 

 

 

 

 



 169

Figure 5.1.S Cardiac function analysis for mouse hearts used for deep RNA-

sequencing 
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Figure 5.2.S  Individual alternative splicing event confirmed in neonatal and 

diseased heart 
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Figure 5.3.S Expression profile of alternative splicing regulators 
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Figure 5.4.S Hypertrophy marker gene expression of mouse hearts during 

TAC and dTAC experiment 
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Figure 5.5.S Experimental design for zebrafish cardiac development gene 

expression analysis 
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Figure 5.6.S RBFox1 morphant phenotype can be rescued by mouse RBFox1 

mRNA 
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Figure 5.7.S Minigene reporter analysis of Mef2d 
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Figure 5.8.S Mef2a splicing variants can be specifically knocked down in 

zebrafish 
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Figure  5.9.S  Mef2a splicing variants have different activities on Tbx20 

Luciferease reporter 
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Figure 5. 10.S Schematic view of MEF2 pre-mRNA sequence 
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Summary 

Our study has provided a comprehensive understanding of cardiac transcriptome 

during maturation and pathological remodeling. Based on our deep RNA-

sequencing analysis, we have identified previously un-annotated splicing events, 

lncRNAs and novel transcript clusters. Using PKCα-NE as example, we have 

further demonstrated these novel splicing variants could have functional impact 

during cardiac pathological remodeling. Lastly, we have identified a critical 

splicing regulator—RBFox1 that is dynamically regulated during cardiac 

transcriptome maturation and disease remodeling. By establishing a link between 

RBFox1 and cardiac transcription factor—MEF2, we have identified a novel 

cardiac regulatory circuit at alternative splicing level.  

Our study has several folds of significances that will be listed in this chapter. 
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A comprehensive understanding of the cardiac transcriptome  

During the past decades, with microarray studies, we have generated detailed 

blueprint based on transcription factors during cardiac development, including 

key transcription factors: MEF2, Nkx2.5, GATA and TBX proteins(Lin, Schwarz 

et al. 1997, Molkentin, Lin et al. 1997, Gajewski, Kim et al. 1998, Deepak 

Srivastava 2000) and the functional impact of these transcriptional factors have 

further been proved in later embryonic stem cells differentiation into 

cardiomyocytes studies(Qian and Srivastava 2013, Yi, Mummery et al. 2013). 

However, these studies are limited because microarray can only provide 

information based on EST clones and predicted gene expression, and the 

relatively low sensitivity and low throughput of microarray in detecting gene 

expression(Churko, Mantalas et al. 2013, Lappalainen, Sammeth et al. 2013).  

Our study, for the first time, explored the real complexity of cardiac transcriptome 

utilizing the high-throughput technology—deep RNA-Sequencing. During this 

sequencing effort, we have obtained a total of 335,772,792 reads, among them, 

191,049,656 reads can be uniquely mapped to mouse transcriptome. We have 

identified ~1000 previously un-identified novel exons due to different alternative 

splicing events. We have also identified >700 lncRNAs that are expressed at 

significant level in cardiomyocytes. By comparing the pressure-overload induced 

failing hearts with sham operated normal hearts, we further demonstrated the 

cardiac transcriptome is dynamically regulated. More than one thousand genes 

showed differential gene expression and differential alternative splicing in 

diseased hearts. We also provided evidence, for the first time, that lncRNAs could 
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have functional impact on cardiac disease based on their expression profile in 

diseased heart and normal hearts.  

A fine-tuned functional genomics in heart 

Although the concepts of lncRNA and novel transcripts have been established 

decades ago, for a long time, these transcriptome components have been poorly 

studied and considered as transcription by-products or transcription noises. One 

reason for this is that most lncRNAs and novel splicing variants are not expressed 

at high level, and the tools to study these transcriptome components are not well 

established. With the development of high-throughput technology, especially deep 

RNA-Sequencing, investigators were able to zoom into these previously under-

appreciated transcriptome components at single base resolution. Based on the 

deep sequencing effort in mammal and model systems, it is suggested that, a 

significant amount of these uncharacterized transcripts are highly conserved 

across multiple species, and their expression is tightly regulated during different 

pathological conditions, leading to a new era of “ Functional Genomics”.(Birney, 

Stamatoyannopoulos et al. 2007, Mortazavi, Williams et al. 2008, Gerstein, Lu et 

al. 2010, Muers 2011) 

Our study on PKCα-NE further provided strong evidence for the notion of “ 

Functional Genomics”. Based on in vivo and in vitro minigene reporter analysis, 

we have demonstrated this highly conserved novel exon in PKCα is a cardiac 

specific splicing event tightly regulated by splicing regulator—RBFox1. The 

novel splicing variant of PKCα has distinct activation and translocation profile 

comparing to original PKCα upon different hypertrophic stimuli, including PMA, 
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ISO and AngII. Interestingly, both these two PKCα transcripts induced 

cardiomyocytes hypertrophic response when overexpressed in vitro, but through 

different pathways. While the original PKCα interacts with classic chaperon 

proteins according to our mass spectrometry study, the novel transcript—PKCα-

NE interacts specifically with key components of protein synthesis machinery—

eEF1A1. In addition, the ratio between these two PKCα transcripts changed 

during cardiac transcriptome maturation and pathological remodeling.  

Taken together, we have used one example-PKCα to demonstrate that, the 

previously un-annotated splicing variants and lncRNAs can indeed have unique 

functional impact in cardiac function regulation. The ratio between novel VS 

original PKCα splicing variant might have different impact mediating 

cardiomyocytes contractility and hypertrophy response. Establishing a link 

between PKCα-NE and eEF1A1 can also have therapeutic value in designing 

inhibitors targeting PKCα activity.  

Of course, there are also several limitations in our study that require further 

investigation.  

Firstly, we haven’t provided protein evidence for this novel PKCα splicing 

variant. This novel exon is a very short 48bp exon, and is highly enriched with 

potential trypsin digestion sites, making the mass spectrometry analysis difficult. 

Potential solution to this problem is to generate splicing variant specific antibody 

based on the protein sequence of the novel exon and to identify the existence of 

this novel exon at protein level during cardiac maturation and disease remodeling. 
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Secondly, although biochemistry analysis and in vivo gain-of-function study both 

suggested a significant higher level of PKCα-NE auto-phosphorylation. We have 

not provided evidence whether the insertion of this novel exon contains novel 

phosphorylation site, or the insertion of novel exon induces phosphorylation at 

turn motif. Future analysis would include generating mutant PKCα-NE to replace 

the potential phosphorylation sites. This would provide detailed molecular 

mechanism underlying the phosphorylation and activation profile of PKCα-NE. 

Lastly, we have demonstrated PKCα-NE interacts and potentially phosphorylates 

eEF1A1 at least in vitro. But it is not clear whether the phosphorylation event is 

required for the interaction and whether it is the unique sequence of the novel 

exon that is required for this interaction. In order to carry out a detailed analysis 

on this interaction, and to provide insights on pharmacological inhibitor design, 

mutation analysis based on potential phosphorylation site on eEF1A1 would be 

necessary and helpful.  

A fetal-like alternative splicing profile during pathological remodeling 

Earlier section mentioned the importance of key transcription factors regulating 

cardiac development and maturation. Interestingly, previous studies have also 

suggested a significant role of these transcription factors during cardiac 

pathological remodeling. That is, when the mature adult heart undergoes cardiac 

stress, including hypertrophy and pressure-overload, the silent genes are re-

induced, eg. fetal isoform of contractile proteins and fetal type of cardiac ion 

channels plus the previously mentioned transcription factors including Nkx2.5, 
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MEF2 ,GATA and TBX proteins  (Lynch, Chilibeck et al. 2006, Kuwahara, 

Nishikimi et al. 2012).  

However, studies based on this “ fetal gene program” majorly focused on total 

gene expression regulated at transcription level. Using RNA-Sequencing together 

with real-time PCR analysis, we have revealed, for the first time, that this fetal 

reprogramming in heart during cardiac stress is also regulated at alternative 

splicing level. We have demonstrated a significant number of genes that have 

shared alternative splicing pattern in neonatal hearts and failing hearts, including 

genes that are functional important for heart, e.g. MAPK, MEF2, Mfn and 

CamKinase. 

The shared alternative splicing pattern between developing and diseased heart 

suggested shared molecular regulatory machinery for alternative splicing. Our 

study has provided evidence that, a cardiac and skeletal muscle enriched splicing 

regulator—RBFox1 is at least, partially responsible for the fetal like alternative 

splicing in failing heart. Bioinformatics suggested RBFox1 binding motif is 

highly enriched among the differentially spliced exons in diseased hearts. We 

have also demonstrated that this splicing regulator itself is dynamically regulated 

during cardiac development and pathological remodeling, and directly regulates 

one such fetal like alternative splicing event in failing heart—MEF2 mutually 

exclusive alternative splicing. 

However, a global fetal like alternative splicing profile in failing heart is more 

likely to be regulated by multiple players. Our bioinformatics study also 

suggested there are other binding motifs enriched in the alternatively splicing 
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events in failing heart. Although RBFox1 is the only splicing regulator that is 

significantly down-regulated in failing hearts comparing to sham operated hearts 

according to our RNA-Sequencing analysis, it is important to keep in mind that 

many splicing regulators are regulated at post-translational level, including 

Cugbp1(Apponi, Corbett et al. 2011, Dasgupta and Ladd 2012). A detailed loss-

of-function study would provide further insights on identification of key splicing 

regulators responsible for the fetal like alternative splicing during cardiac disease. 

A novel regulatory circuit between alternative splicing and transcription 

As mentioned earlier, the key component of cardiac development blueprint is 

transcription factors including MEF2. And the functional significance of these 

transcription factors is also well established during cardiac hypertrophy and heart 

failure. Our study, however, focused on transcriptome regulation at alternative 

splicing level.  

The alternative splicing of MEF2 has been documented since last decade as it is a 

highly conserved mutually exclusive splicing event that is shared by all the MEF2 

family members(Bachinski, Sirito et al. 2010). But the functional significance of 

this alternative splicing event has never been established. Based on our gain-of-

function analysis in zebrafish and in vitro cultured cardiomyocytes, the mutually 

exclusive splicing event of MEF2 generates fetal VS adult splicing variants that 

have distinct transcription factor activities and target preference. We have further 

established a link between splicing regulator-RBFox1 and MEF2 alternative 

splicing. The expression of RBFox1 is dynamically regulated during cardiac 

transcriptome maturation and pathological remodeling; RBFox1 further mediates 
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MEF2 mutually exclusive alternative splicing, generating adult or fetal splicing 

variant; different MEF2 splicing variant have different transcription factor 

activities toward different set of genes, and further regulate cardiac development 

and function during different physiological conditions. Our study has established 

a novel regulatory circuit in cardiac transcriptome, linking alternative splicing and 

transcriptional regulation, thus provided a fine-tuned regulatory network at 

different levels in cardiac transcriptome. 

For the future study, we would like to provide a more detailed molecular 

mechanism underlying differential transcription activities between MEF2 

alternative splicing variants. Overexpression of MEF2 splicing variants induced 

different cardiac phenotype in zebrafish, RNA-Sequencing study also suggested 

different MEF2 splicing variants have different target preferences. The mutually 

exclusive spliced exon locates right next to MADS box and MEF2 signature, 

potentially affects MEF2 binding specificity and co-factor interaction(Wu, Dey et 

al. 2010). Future analysis based on MEF2 different splicing variants ChIP-Seq 

analysis and immune-precipitation analysis determining the co-factors interaction 

profile between MEF2 splicing variants would yield a more comprehensive 

understanding of this splicing event at molecular level. 

A novel therapeutic target in heart disease 

Our study has identified a cardiac enriched splicing regulator-RBFox1 to be 

dynamically regulated during cardiac transcriptome maturation and pathological 

remodeling. Interestingly, the expression level of RBFox1 is tightly regulated 

under a variety of pathological conditions. We have shown that RBFox1 
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expression is significantly down-regulated 14 days after severe TAC surgery, but 

is significantly recovered 1 day post TAC removal. This well correlates with our 

finding in human samples, where we observed RBFox1 expression is significantly 

reduced in human dilated cardiomyopathy, but is recovered after LVAD 

implantation, together with a rescued ejection fraction. 

Knocking down zebrafish RBFox1 caused severe cardiac developmental defects 

and heart failure phenotype; while restored expression of RBFox1 post-TAC is 

sufficient to preserve mice cardiac function. Taken together, RBFox1 might serve 

as a potential therapeutic target in heart failure. 

Our study further demonstrated a critical role of MEF2 alternative splicing in 

RBFox1 mediated cardiac splicing regulation based on our zebrafish double-

knockdown studies and cardiomyocytes studies. Inhibitor targeting to either 

RBFox1 or MEF2 different splicing variants would provide therapeutic value in 

both hypertrophy and heart failure. 

Future Prospect 

Our study had made several interesting discoveries providing a more 

comprehensive understanding of the total cardiac transcriptome complexity. 

Firstly, we have identified additional component of cardiac transcriptome. Future 

study in this area will involve carrying out large scale proteomics study to identify 

the existence and protein expression level of these novel transcripts and splicing 

variants in normal and diseased hearts. In order to identify the functional impact 

of these un-explored novel transcriptome components in heart, a high-throughput 
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RNAi screening will also reveal their roles mediating cardiomyocytes 

contractility and function. 

Our finding based on the novel cardiac splicing event in PKCα also pointed to 

potential novel cardiac splicing regulators. Our study has demonstrated in vivo 

and in vitro that RBFox1 is at least partially regulating PKCα alternative splicing. 

However, there are additional highly conserved cis-regulatory motifs adjacent to 

PKCα-novel exon. Unbiased study using RNA-immune-precipitation would 

provide additional insights into the cardiac specific splicing regulator candidates. 

Lastly, our deep RNA-Sequencing analysis, together with high-throughput studies 

that reported by other groups, have provided strong evidence that there are many 

components of cardiac transcriptome that contributing to the total transcriptome 

complexity and dynamics during disease. Our study used PKCα-NE as one 

example to demonstrate that these previously uncharacterized components could 

indeed functionally important. Future study focusing on functional 

characterization based on the novel transcript clusters and lncRNA would also 

generate additional insights towards a better understanding of the functional 

genomics in heart. 
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