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Abstract: Alternative splicing is an essential post-transcriptional process to generate multiple
functional RNAs or proteins from a single transcript. Progress in RNA biology has led to a better
understanding of muscle-specific RNA splicing in heart disease. The recent discovery of the
muscle-specific splicing factor RNA-binding motif 20 (RBM20) not only provided great insights
into the general alternative splicing mechanism but also demonstrated molecular mechanism of
how this splicing factor is associated with dilated cardiomyopathy. Here, we review our current
knowledge of muscle-specific splicing factors and heart disease, with an emphasis on RBM20 and
its targets, RBM20-dependent alternative splicing mechanism, RBM20 disease origin in induced
Pluripotent Stem Cells (iPSCs), and RBM20 mutations in dilated cardiomyopathy. In the end, we will
discuss the multifunctional role of RBM20 and manipulation of RBM20 as a potential therapeutic
target for heart disease.
Keywords: alternative splicing; muscle-specific splicing factor; heart disease; RNA-binding
motif 20; titin

1. Introduction
Alternative splicing is a molecular process by which introns are removed from pre-mRNA,
while exons are linked together to encode for different protein products in various tissues [1]. It is
a crucial mechanism for modulating expression of genes in multiple cellular processes and the major
contributor to proteomic diversity [2]. In humans, nearly 94% of all genes undergo alternative splicing
leading to approximately four times more proteins expressed than genes in human genome [3,4].
Splicing is conducted by the spliceosome, a large complex of ribonucleoprotein comprised of four
small nuclear ribonucleoproteins (U1, U2, U4/U6 and U5 small nuclear ribonucleoproteins (snRNPs))
and other non snRNP splicing factors [5–7]. Whether an exon is removed or included from a pre-mRNA
depends on splicing signals from RNA sequence and regulatory elements [7]. First, splicing needs
proper recognition of exon-intron boundaries and exon-intron sequence elements by spliceosomes.
The most common sequence elements at exon-intron junctions are 5’ and 3’ splice sites [7,8]. In addition,
splicing is regulated by cis-regulatory elements, which include exonic splicing enhancers (ESEs), exonic
splicing silencers (ESSs), intronic splicing enhancers (ISEs) and intronic splicing silencers (ISSs).
Enhancer elements mainly participate in constitutive splicing, while silencers have a dominant role
in alternative splicing. Cis-regulatory elements function as enhancers or silencers according to their
position and context to recruit trans-regulatory factors, which consist of RNA binding proteins (RBPs)
and other splicing factors [7,9].
It is now established that abnormal alternative splicing contributes to a large number of human
diseases [10]. Mutations in cis-regulatory elements, trans-regulatory factors and other components
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of the spliceosomes cause several disorders in humans [11,12]. According to the Human Gene
Mutation Database about 3700 mutations are implicated with splice sites, which affects pre-mRNA
splicing [12,13]. The mutations cause gain or loss of splicing function and alternation in splicing factors
which could trigger the onset of various diseases, for example, heart disease. In cardiomyopathy,
abnormal splicing of sarcomeric and ion channel genes have been reported in several studies.
These changes can ultimately alter the normal internal architecture and homeostasis of the heart [14,15].
For example, previous literature reported that upregulated expression of splicing factor splicing
factor 3B subunit 1 (SF3B1) causes mis-splicing of ketohexokinase and triggers the onset of cardiac
hypertrophy [16]. Also, an imbalance between splicing factors CUG-binding protein 1 (CUGBP1) and
Musleblind-like protein 1 (MBNL1) causes myotonic dystrophy as a result of alternative splicing of
troponin T in the heart [17]. Recently, it was reported that RNA-binding motif 20 (RBM20) regulates
muscle-specific gene splicing such as titin splicing [18–20]. Deficiency of Rbm20 in animal models
leads to the development of dilated cardiomyopathy (DCM) and mutations in RBM20 have been
identified in human patients with DCM [18,21–23]. It is crucial to understand the molecular and
cellular mechanisms of the splicing alternation during disease onset and development, which provides
novel insight into the molecular therapy for heart disease. In this review, we will focus on the
intersection between muscle-specific alternative splicing and heart disease, with a particular emphasis
on a muscle-specific splicing factor RBM20 and its regulatory roles in heart disease.
2. Muscle-Specific Splicing Factors and Heart Disease
Striated muscles are one of the highly specialized tissues that undergo tissue-specific alternative
splicing events [24,25]. A sarcomere, the most basic contractile component of striated muscle,
consists of contractile, regulatory, cytoskeleton and other essential proteins [26–28]. Sarcomeric genes
undergo dynamic alternative splicing events, which are mainly regulated by muscle-specific splicing
factors [15,29]. Until now, well studied muscle-specific splicing factors include MBNL1, CUGBP1,
RNA-binding motif protein 24 (RBM24), RNA-binding protein fox-1 homolog 1 (RBFOX1) and RBM20
(Table 1). These splicing factors are highly expressed in striated muscles and orchestrate muscle-specific
alternative splicing events. Mutations and dysregulation of these splicing factors have been identified
in various human heart disease, such as hypertrophic and dilated cardiomyopathy [14,29].
Table 1. Muscle-specific splicing factors and heart disease.
Splicing Factors

Disease Association

Target Genes

References

CUGBP 1

Myotonic dystrophy Cardiac
conduction abnormalities

TNNT2 and LDB3

[30–34]

MBNL 1

Myotonic dystrophy Cardiac
conduction abnormalities

TNNT2 and LDB3

[34–40]

RBM24

Hypertrophic and dilated
cardiomyopathy

TNNT2, TPM1, TPM2, ACTB
and other 68 genes

[41,42]

RBFOX1

Cardiac hypertrophy and
heart failure

NRAP, MYBPC3, LDB3

[43]

RBM20

Dilated cardiomyopathy

TTN LDB3 and other 29 genes

[18–20]

Troponin T2 (TNNT2); LIM domain binding 3 (LDB3); Titin (TTN); Tropomyosin 1 (TPM1); Tropomyosin 2 (TPM2);
Actin beta (ACTB); Nebulin-related anchoring protein (NRAP); Myosin binding protein C, cardiac (MYBPC3).

Myotonic dystrophy (DM) is the best-known splicing-associated neuromuscular disease which is
characterized by muscle weakness, cardiac conduction abnormalities, and cardiomyopathy [35–37].
Cardiac abnormalities are common in more than 80% of the DM patients and related to 30% of the
mortality in DM caused death [38,39]. Dysregulation of splicing factors MBNL1 and CUGBP1 are
involved in the disease process. The muscle-specific splicing factor MBNL1, controls alternative
splicing of exon 5 in cardiac troponin T, and it competes with splicing factor U2 snRNP auxiliary factor
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65-kDa subunit (U2AF65) for the binding site at the 30 of troponin T intron [40]. In the disease state,
the extended CUG repeats in the RNA sequence sequester MBNL1 and impair its splicing activity in the
heart and skeletal muscle. Both loss of function of MBNL1 and gain-of-function of CUGBP1 can trigger
the development of the DM-like phenotype [30–32]. Mouse model overexpressing CUGBP1 is sufficient
to induce the heart-specific DM phenotype [33,34]. Even though the underlying mechanism for the
DM-dependent cardiac abnormalities is not well understood, it is possibly related to the dysregulation
of splicing activity of MBNL1 and CUGBP1, which are responsible for splicing of Troponin T2
(TNNT2), and LIM domain binding 3 (LDB3) [32]. Additionally, RBM24 regulates alternative splicing
as a splicing activator in the heart, and inactivation of RBM24 impairs normal heart development
in mice and causes early death. In RBM24 mutant cardiomyocytes, sarcomere formation is almost
abolished, which is consistent with another study showing the significance of RBM24 for sarcomere
assembly and cardiac contractility in zebrafish [41,42]. The RNA sequencing data showed 68 genes
are subject to RBM24-dependent splicing, which are involved in cardiogenesis, sarcomere formation,
and pathogenesis of hypertrophic and dilated cardiomyopathy [41,42]. The FOX-family splicing factors
were also implicated in heart disease. Downregulation of RBFOX1 was associated with heart failure in
humans and mice. RBFox1 deficiency aggravates pressure overload-induced heart failure in the mice
model. Splicing analysis showed that RBFox1 was indispensable for conserved splicing of transcription
factor myocyte enhancer factor-2 (MEF2) family, and RBFOX1-dependent differential expression profile
of MEF2 isoform affects cardiac hypertrophic gene expression. Interestingly, re-expression of RBFOX1
in pressure overload mice model ameliorated the disease state of cardiac hypertrophy [43]. Recently,
it was shown that RBM20 regulates alternative splicing of titin and other essential cardiac genes in the
heart [18–20]. Deficiency of Rbm20 causes DCM in rat models and mutations in RBM20 have been
identified in human patients with severe DCM [18]. In addition, RBM20 expression level varies in
patients with heart disease, and its expression correlates with the splicing of RBM20 target genes,
which demonstrates RBM20 involvement in disease progression [20]. Since RBM20 is a newly identified
splicing factor in muscle tissue and an emerging target for heart failure treatment, we will discuss the
role of RBM20 in heart disease in the remaining sections.
3. RBM20 and Its Targets in the Heart
RBM20 has been recently cloned and is predominantly expressed in striated muscle, with the
highest expression in the heart [19,20]. RBM20 also expressed in rat and human skeletal muscle,
and almost no expression is found in non-muscle tissues. In 2008, Greaser an colleagues serendipitously
found mutant rats with altered titin isoform expression identified by sodium dodecyl sulfate
(SDS)-agarose gel electrophoresis [44,45]. These mutant rats finally divulged the secret of Rbm20.
The RBM20 gene is located on human chromosome 10 and is composed of 14 exons encoding a large
protein with a molecular weight of approximately 140 kDa. The RBM20 protein contains the typical
domains commonly found in other splicing factors, which include a proline-rich region, a prototypical
ribonucleic acid recognition motif (RRM), an arginine/serine-rich domain (RS), a glutamic acid-rich
region, and U1 zinc finger domain (Figure 1) [18]. Both the RRM and RS domains of RBM20 is essential
for nuclear retention of the protein, which is highly conserved between orthologues but does not share
any similarities with other RS proteins [46,47]. A 95 kb deletion eliminating Rbm20 exons 2–14 can
induce RBM20 splicing deficiency in rats, and generate mis-spliced target genes in the heart [18].
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Figure 1. The schematic diagram of RNA-binding motif 20 (RBM20) with mutation sites. (a) RBM20
Figure 1. The schematic diagram of RNA-binding motif 20 (RBM20) with mutation sites. (a) RBM20
structure and known mutation sites. (b) Homologous protein structure modeled with
structure and known mutation sites. (b) Homologous protein structure modeled with SWISS-MODEL
SWISS-MODEL (Q5T481, Homo sapiens) [13]. Modeled region: AA 510-597, which contains RRM
(Q5T481, Homo sapiens) [13]. Modeled region: AA 510-597, which contains RRM domain;
domain; QMEAN = −1.56 (QMENS value indicates the degree of nativeness of the structure features
QMEAN = −1.56 (QMENS value indicates the degree of nativeness of the structure features and
and whether the model is of similar quality to experimental structures; Scores of −4.0 or below
whether the model is of similar quality to experimental structures; Scores of −4.0 or below indicates
indicates very low quality); (c) The local quality plot. For each residue of the model in Figure 1b (on
very low quality); (c) The local quality plot. For each residue of the model in Figure 1b (on the x-axis),
the x-axis), y-axis shows the expected similarity of the model to the experimental structure. The
y-axis shows the expected similarity of the model to the experimental structure. The residue showing
residue showing a score below 0.6 are expected to be low quality. AA: amino acid; Pro-rich:
a score below 0.6 are expected to be low quality. AA: amino acid; Pro-rich: proline-rich region; ZnF:
proline-rich region; ZnF: zinc finger; RRM: RNA recognition motif; RS: arginine/serine-rich domain;
zinc finger; RRM: RNA recognition motif; RS: arginine/serine-rich domain; Glu-rich: glutamic acid-rich
Glu-rich: glutamic acid-rich region; V535I: valine (V) to isoleucine (I) change at AA position 535.
region; V535I: valine (V) to isoleucine (I) change at AA position 535.

RBM20 regulates alternative splicing of crucial cardiac genes associated with sarcomere
RBM20 regulates alternative splicing of crucial cardiac genes associated with sarcomere assembly,
assembly, diastolic function and ion transport. RNA sequencing of the hearts of Rbm20-deficient
diastolic function and ion transport. RNA sequencing of the hearts of Rbm20-deficient rats and humans
rats and humans harboring a RBM20 mutation revealed 31 RBM20-genotype-dependent spliced
harboring a RBM20 mutation revealed 31 RBM20-genotype-dependent spliced genes, which were
genes, which were conserved between rats and humans (Table 2) [18]. In addition, a recent study
conserved between rats and humans (Table 2) [18]. In addition, a recent study identified 18 genes
identified 18 genes directly bound by RBM20 and subject to Rbm20-dependent alternative splicing
directly bound by RBM20 and subject to Rbm20-dependent alternative splicing in rat heart tissue
in rat heart tissue (Table 2) [20]. Among these genes, eight genes including Ttn, CaMKII-δ, Cacna1c,
(Table 2) [20]. Among these genes, eight genes including Ttn, CaMKII-δ, Cacna1c, LDB3, Lmo7,
LDB3, Lmo7, Pdlim3, Rtn4 and Ryr2 demonstrated conserved differential splicing of orthologous
Pdlim3, Rtn4 and Ryr2 demonstrated conserved differential splicing of orthologous exons in humans
exons in humans and rats [18,20]. The exons in PEVK (Proline (P), Glutamate (E), Valine (V), Lysine
and rats [18,20]. The exons in PEVK (Proline (P), Glutamate (E), Valine (V), Lysine (K)) and the
(K)) and the immunoglobulin-rich region of titin were mis-spliced, which accounts for the
immunoglobulin-rich region of titin were mis-spliced, which accounts for the dominant expression
dominant expression of the larger titin isoform and sarcomere distensibility in both
of the larger titin isoform and sarcomere distensibility in both Rbm20-deficient rats and humans
Rbm20-deficient rats and humans harboring RBM20 mutations. RBM20 mutations cause exon 14
harboring RBM20 mutations. RBM20 mutations cause exon 14 exclusion and exons 15 and 16
exclusion and exons 15 and 16 inclusion in CaMKII-δ. This aberrant splicing event induces an
inclusion in CaMKII-δ. This aberrant splicing event induces an isoform switch from CaMKII-δB
isoform switch from CaMKII-δB to CaMKII-δA. Also, RBM20 mutation causes changes in exon
to CaMKII-δA. Also, RBM20 mutation causes changes in exon inclusion in calcium channel subunit
inclusion in calcium channel subunit Cacna1c, however, the effect is small. The aberrant splicing
Cacna1c, however, the effect is small. The aberrant splicing event in CaMKII-δ and Cacna1c can impact
event in CaMKII-δ and Cacna1c can impact calcium homeostasis, and increase the risk of sudden
calcium homeostasis, and increase the risk of sudden death in RBM20 mutant species. For the LDB3
death in RBM20 mutant species. For the LDB3 protein, RBM20 regulates differential inclusion of
protein, RBM20 regulates differential inclusion of exon 4 (included in healthy humans or wild type
exon 4 (included in healthy humans or wild type (WT) rats) or exon 5 and 6 (included in the patient
(WT) rats) or exon 5 and 6 (included in the patient with RBM20 mutation or Rbm20 deficient rats),
with RBM20 mutation or Rbm20 deficient rats), and the isoform switch of LDB3 has been related to
and the isoform switch of LDB3 has been related to DCM [18]. In addition, Rbm20 deficiency and
DCM [18]. In addition, Rbm20 deficiency and mutations induce retention of exon 9 and 10 in Lmo7,
mutations induce retention of exon 9 and 10 in Lmo7, which is a transcription factor essential for heart
which is a transcription factor essential for heart function. The Pdlim3 protein has two isoforms
function. The Pdlim3 protein has two isoforms expressed in heart and skeletal muscle, respectively.
expressed in heart and skeletal muscle, respectively. The Rbm20 deficiency and mutation result in
The Rbm20 deficiency and mutation result in switching of the isoform to the skeletal muscle form
switching of the isoform to the skeletal muscle form that is associated with proper heart function.
that is associated with proper heart function. For Rtn4, Rbm20 deficiency and mutations induce
For Rtn4, Rbm20 deficiency and mutations induce exon 3 and 4 retention, but the function of Rtn4
in the heart is still unknown. In Ryr2, a 24 bp exon is upregulated in Rbm20 deficient rats and
humans with RBM20 mutation, which also impacts the calcium homeostasis in the heart [20]. Taken
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exon 3 and 4 retention, but the function of Rtn4 in the heart is still unknown. In Ryr2, a 24 bp exon
is upregulated in Rbm20 deficient rats and humans with RBM20 mutation, which also impacts the
calcium homeostasis in the heart [20]. Taken together, mis-splicing of these orthologous exons by
mutant RBM20 may induce abnormal biomechanics, electrical activity, and signal transduction. Finally,
result in cardiomyopathy, arrhythmia and sudden death [18,20]. Remarkably, reduced expression of
RBM20 has been identified in human heart failure influencing normal splicing of these target genes.
This finding indicates a difference in expression level of RBM20 could also impact heart function [20].
The exact mechanism of how RBM20 regulates alternative splicing of these pivotal cardiac genes has
not been determined, but the mechanism of RBM20-dependent titin alternative splicing is relatively
well characterized [19,48].
Table 2. Conserved set of genes with RBM20-dependent alternative splicing in humans and rats,
and direct Rbm20-regulated genes in rat heart.
Species Specificity

Conserved set of
genes with
RBM20-dependent
alternative splicing
in humans and rats

Unique direct
RBM20-regulated
genes in rat heart

Gene Symbol

Name

Associated Heart Disease

Reference

APTX

Aprataxin

NA

[18]

Cacna1c

Calcium Voltage-Gated Channel Subunit α1 C

Heart failure

[18]

CaMKII-δ

Calcium/calmodulin dependent protein kinase II δ

Heart failure, DCM

[18]

CAMKIIG

Calcium/calmodulin dependent protein kinase II gamma

Heart failure

[18]

DAB1
DNM3
DTNA

DAB1, reelin adaptor protein
Dynamin 3
Dystrobrevin alpha

NA
NA
DCM

[18]
[18]
[18]

FHOD3

Formin homology 2 domain containing 3

NA

[18]

FNBP1
GIT2
KALRN

Formin binding protein 1
GIT ArfGAP 2
Kalirin RhoGEF kinase

NA
Heart failure
NA

[18]
[18]
[18]

KCNIP2

Potassium voltage-gated channel interacting protein 2

Heart failure, DCM

[18]

LDB3
MECP2
MTMR1
NFIA

LIM domain binding 3
Methyl-CpG binding protein 2
Myotubularin related protein 1
Nuclear factor I A

DCM
NA
NA
NA

[18]
[18]
[18]
[18]
[18]

NPRL3

NPR3 like, GATOR1 complex subunit

NA

NTRK3

Neurotrophic receptor tyrosine kinase 3

NA

[18]

PDLIM5

PDZ and LIM domain 5

NA

[18]

PLEKHA5

Pleckstrin homology domain containing A5

NA

[18]

RALGPS1

Ral GEF with PH domain and SH3 binding motif 1

NA

[18]

SEMA6D

Semaphorin 6D

NA

[18]

SH3KBP1

SH3 domain containing kinase binding protein 1

NA

[18]

SLC38A10

Solute carrier family 38 member 10

NA

[18]

SPEN

Spen family transcriptional repressor

NA

[18]

SORBS1

Sorbin and SH3 domain containing 1

NA

[18]

TRDN
TPM1
Ttn

Triadin
Tropomyosin 1
Titin

NA
Heart failure, DCM
Heart failure, DCM

[18]
[18]
[18]

UBE2F

Ubiquitin conjugating enzyme E2 F

NA

[18]

ZNF451

Zinc finger protein 451

NA

[18]

DST

Dystonin

NA

[20]

ENAH

Enabled homolog

NA

[20]

IMMT

Inner membrane protein, mitochondrial

NA

[20]

LMO7

LIM domain only protein 7

NA

[20]

MLIP

Muscular-enriched A type laminin-interacting protein

NA

[20]

LRRFIP1

Leucine-rich repeat interacting protein 1

NA

[20]

MYH7
MYOM1
NEXN
OBSCN
PDLIM3
RTN4
RYR2
TNNT2

Myosin heavy chain 7
Myomesin 1
Nexilin
Obscurin
PDZ and LIM domain 3
Reticulon 4
Ryanodine receptor 2
Troponin T type 2

NA
NA
NA
NA
NA
NA
NA
NA

[20]
[20]
[20]
[20]
[20]
[20]
[20]
[20]
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4. RBM20-Dependent Alternative Splicing Mechanism
As discussed above, RBM20 is responsible for alternative splicing of various genes in the heart,
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All these data indicate the pivotal role of RBM20 in titin splicing (Figure 3).

Figure 2. RBM20-dependent titin isoform expression. (a) Schematic representation of titin isoform
Figure 2. RBM20-dependent titin isoform expression. (a) Schematic representation of titin isoform
expression in wild type (WT), Rbm20 heterozygous and Rbm20 homozygous rat heart analyzed by
expression in wild type (WT), Rbm20 heterozygous and Rbm20 homozygous rat heart analyzed by
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In the middle Ig and PEVK region, the splicing patterns regulated by RBM20 have been recently
studied. RBM20 acts as a splicing repressor and regulation is accomplished in a dose-dependent
manner [19,20]. It was shown that RBM20 preferably binds to UCUU-containing RNA element in
titin pre-mRNA and represses splicing of specific regions according to its sensitivity to RBM20 [19,20].
RBM20-repressed splicing occurs in two phases: i) RBM20 binds to the newly transcribed pre-mRNA
and inhibits the removal of the introns in the bound regions. However, the rest of the pre-mRNA will
be spliced. ii) the spliced pre-mRNA is localized and retained in the nucleus, after which 5’and 3’ splice
sites on the exons flanking the RBM20-bound region are spliced together inducing the elimination of
internal region [19]. In addition, a higher ratio of RBM20 to other splicing factors (serine/arginine-rich
splicing factor 1 (SFRS1), U2AF65, heterogeneous nuclear ribonucleoprotein L (hnRNP L)) enhances
repression activity of RBM20, which indicates the repression occurs in a dose dependent manner.
For instance, the ratio of RBM20 to other splicing factors increases during development, while the titin
size decreases [19].

Figure 2. RBM20-dependent titin isoform expression. (a) Schematic representation of titin isoform
expression in wild type (WT), Rbm20 heterozygous and Rbm20 homozygous rat heart analyzed by
vertical agarose gel electrophoresis; N2BA-G, N2BA and N2B are different titin isoforms resulting
from alternative splicing regulated by RBM20; T2 is a proteolytic fragment of titin; Grey box
Genesindicates
2018, 9, 18low expression, Black box indicates high expression; (b) RBM20 mutations in humans and 7 of 13
deficiency in rats lead to dilated cardiomyopathy (DCM).

Figure 3. RBM20-dependant titin alternative splicing pathways. RBM20 regulates titin alternative
splicing in the middle immunoglobulin (Ig) and PEVK (Proline (P), Glutamate (E), Valine (V), Lysine (K))
domain in the heart, however, the splicing events in PEVK region are not shown due to its complexity;
without RBM20 in lower panel, most spliced exons indicated in the upper panel are spliced. Arrows
represent exon spliced, while lines indicate consecutive exons (modified from [47]).

Interestingly, recent studies demonstrated titin splicing could be regulated by hormones such as
thyroid hormone and insulin in a RBM20-dependent manner [57,58]. Thyroid hormone could trigger
titin isoform change in neonatal cardiomyocytes in an RBM20-dependent manner. Treatment with
Triiodothyronine (T3) resulted in a decreased N2BA/N2B ratio, which could be induced by enhanced
phosphorylation of RBM20 by protein kinase B (Akt) [58]. Also, insulin treatment activates the
phosphoinositide 3-kinase-Akt-mammalian target of rapamycin (PI3K-Akt- mTOR) kinase pathway
and increase the expression level of the N2B isoform with the presence of RBM20 [57]. Even though the
precise role of RBM20 in the hormone-induced change in titin splicing is still not clear, these findings
provide novel insights into developing therapeutic agents targeting RBM20 to induce titin isoform
switching for treatment of heart disease [59].
5. RBM20 and Disease Origin in Induced Pluripotent Stem Cells
Most of the studies concerning RBM20 have been conducted with the rat model and human
heart tissue. The largest obstacle to study the molecular and cellular physiology of the heart is the
difficulty maintaining functional human cardiomyocytes in culture [60]. However, recent studies
applied patient-specific induced pluripotent stem cell (iPSCs) derived cardiomyocytes to recapture
the human heart disease phenotype in vitro [61]. These studies showed RBM20 mutation or RBM20
knockdown in pluripotent stem cells is sufficient to recapitulate molecular defects in patients with
DCM [60,62,63]. Also, these findings are consistent with previous Rbm20-deficient rat model exhibiting
structural and functional defects in the heart. Notably, studies not only showed splicing of RBM20
but also demonstrated RBM20-dependent transcriptional regulation [60,62–64]. Some of the changes
in gene expression have been previously identified as the primary effect of RBM20 inactivation
including myosin heavy chain 7 (MYH7) and myomesin 1 (MYOM1). However, whether the changes in
expression of other genes directly caused by RBM20 inactivation or not remains to be further confirmed.
One recent study generated iPSC cardiomyocytes (iPSC-CMs) from a DCM patient harboring
a missense mutation S635A in RBM20. The RBM20 mutant-iPSC-CMs showed the abnormal
distribution of α-actinin and calcium mishandling compared to the healthy group. In addition,
engineered heart muscle derived from RBM20 mutant-iPSC-CMs exhibited a decrease in both active
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force production and passive stress of the muscle. RBM20 mutant-iPSC-CMs showed a reduction
in the expression level of the N2B titin isoform and exon skipping events in the PEVK region.
Transcriptome profile revealed that RBM20 mutant-iPSC-CMs differentially expressed 161 genes
(DEGs) compared to the control. The most regulated DEGs are related to cellular component as
stress fiber (MYLK, TEK, UNC13D), negative regulation of protein depolymerization (FGF13, MID1,
SCIN, SHROOM2), drug metabolism (ADH1B, GSTT2, UGT2B15), intercalated disc (DES, DSC2, DSG2,
FGF13), glycosaminoglycan metabolic processes (BGN, CSGALNACT1, CYTL1, EGFLAM, FGF13, GPC3,
GPC4, HS6ST2) and response to amino acids (COL4A6, CYP21A2, DNMT3B, FOLR1, ICAM1, MMP3,
MUC1). This study identified 34 genes with changes in exon usage, but the overlap between spliced and
expressed genes is little. These data revealed that differential gene expression and alternative splicing
could be associated with distinct signaling pathways. Significant changes have been found in exon
usage of novel genes including genes associated with cardiac muscle tissue development (COL14A1),
myosin complex (MYL7), ribosomal small subunit biogenesis (RSP28, RPS6), virion assembly (DDX6,
UBCV), and regulation of tumor necrosis factor-mediated signaling pathway (TNFRSF1A, UBC) [60].
Another study used iPSC-CMs derived from the patient with an RBM20 R636S missense mutation.
They found abnormal splicing affecting isoform changes in certain genes as previously described.
Also, the microarray analysis showed 50 genes differentially expressed, among which 38 genes were
downregulated, and 12 genes were upregulated. The gene ontology enrichment assay related function
of these 50 genes to pattern specification processes, embryonic heart tube development, response to the
metal ion, embryonic organ development and cholesterol homeostasis [63]. Recently, tnnt2-pGreenZeo
pluripotent stem cells were engineered to silence Rbm20 expression. In 12 day-Rbm20-deficient mice
embryos, 49 genes were differentially spliced, and 21 genes were differentially expressed compared to
the control group. Most of the differentially expressed genes were related to heart development and
muscle differentiation [62].
In addition, one study showed pharmacological modulation of calcium homeostasis in RBM20
patient-derived iPSC model. They found β-adrenergic treatment in RBM20 mutant-iPSC-CMs would
exacerbate calcium mishandling, apoptotic changes and sarcomere disarray. However, pretreatment
with β-blockers, carvedilol, verapamil or calcium channel blocker ameliorated the pathogenic
phenotype after beta-adrenergic stimulation [65]. Altogether, these studies provided robust functional
genomic or pharmaceutical insights into RBM20 mutant and deficient DCM models, which can help to
develop patient-specific therapeutic agents and strategies in the future.
6. RBM20 Mutations and Heart Disease
The function of different muscle splicing factors is relatively well understood compared to
RNA-binding proteins, whose role in normal and diseased heart have been recently demonstrated.
Few cases concerning the mutations in muscle-specific factors have been related to cardiomyopathies.
Until recently, only mutations in RBM20 has been linked to heart disease [21,22]. Mutations in RBM20
are responsible for 3% to 5% of all familial DCM cases [22,66]. The most common mutations in human
RBM20 include mutations in the RRM domain (V535I), and in the RS domain (R634Q, R634W, S635A,
R636C, R636H, R636S, S637G, P638L) [21,22,67]. Another two mutations outside of the mutation
hot spot have also been identified: one mutation in exon 9 causing R716Q and the other in the
glutamate-rich region causing E913K (Figure 1) [22,23]. These mutations possibly lead to RBM20
protein misfolding and interfere with its ability to bind the target RNA sequence [20]. As evidenced
by previous studies, these mutations can induce titin isoform switching to the highly compliant
N2BA isoform [18,19,21]. Alternations in splicing or expression of essential cardiac genes in humans
harboring RBM20 mutations and patient-specific iPSC-CM are described in the previous sections, all of
which account for the pathogenesis of RBM20 mutation induced DCM.
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7. Future Directions
Development of RNA biology has led to the discovery of novel muscle-specific splicing factors
and their function. The knowledge of the involvement of disrupted splicing factors and splice isoforms
in heart disease is continuously evolving. The RBM20 associated heart disease is mainly based on
the mis-splicing of pivotal cardiac genes, among which titin is recognized as a major human disease
gene [18,20,68]. The titin-dependent passive tension in the heart can be manipulated in two ways either
by alternative splicing or post-transcriptional modification [69–71]. Since it is known that RBM20
mainly regulates titin alternative splicing, future work can focus on developing therapeutic agents
targeting RBM20 to shift titin isoform in heart disease. For instance, inhibition of RBM20 improves
diastolic function in a mouse model of heart failure and reducing RBM20 can ameliorate cardiac
atrophy [72–74]. Since RBM20 can target multiple genes, targeting upstream signals of RBM20 to
modulate RBM20 and thus downstream genes would be a therapeutical strategy. Another aspect that
should be considered is that RBM20 is a multi-functional splicing factor. In human iPSC-CMs, RBM20
mutations induce both differential exon usage and differential gene expression of essential cardiac
genes [60,62,63]. However, how RBM20 induces up or downregulation of cardiac genes is still unclear.
In addition, RNA binding proteins are involved in the biogenesis of circular RNAs (circRNAs), a new
type of non-coding RNAs. Recent reports indicated that around eighty circRNAs were expressed
from the titin gene and that the expression of some of these circRNAs is dynamically regulated in
DCM but not in hypertrophic cardiomyopathy (HCM). Further, RBM20-null mice display a complete
lack these titin circRNAs. This finding indicated a function of RBM20 in back splicing of titin RNA,
and that RBM20 deficiency triggers DCM not only by mis-splicing of certain cardiac genes but also by
eliminating circRNAs production from titin gene [75]. Taken together, future work should be focused
on understanding the multi-functional role of RBM20 and developing therapeutic agents targeting
RBM20 in heart diseases.
Acknowledgments: This work was supported by the National Institute of Health/National Institute of
General Medical Sciences [NIGMSP20GM103432]; the Beginning Grand-in-Aid (BGIA) from the American
Heart Association [16BGIA27790136 to WG]; the United States Department of Agriculture (USDA) National
Institute of Food and Agriculture (NIFA) [Hatch project 1009266 to WG]. The authors would like to thank
Richard J. McCormick for proofreading the manuscript.
Author Contributions: W.G. conceived the idea; M.R. and W.G. were involved in planning, writing and editing
the manuscript; M.S. helped edit the figures.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.
6.

7.

Jurica, M.S.; Moore, M.J. Pre-mRNA splicing: Awash in a sea of proteins. Mol. Cell 2003, 12, 5–14. [CrossRef]
Graveley, B.R. Alternative splicing: Increasing diversity in the proteomic world. Trends Genet. 2001, 17,
100–107. [CrossRef]
Fairbrother, W.G.; Yeh, R.-F.; Sharp, P.A.; Burge, C.B. Predictive identification of exonic splicing enhancers in
human genes. Science 2002, 297, 1007–1013. [CrossRef] [PubMed]
Johnson, J.M.; Castle, J.; Garrett-Engele, P.; Kan, Z.; Loerch, P.M.; Armour, C.D.; Santos, R.; Schadt, E.E.;
Stoughton, R.; Shoemaker, D.D. Genome-wide survey of human alternative pre-mRNA splicing with exon
junction microarrays. Science 2003, 302, 2141–2144. [CrossRef] [PubMed]
Nilsen, T.W. The spliceosome: The most complex macromolecular machine in the cell? Bioessays 2003, 25,
1147–1149. [CrossRef] [PubMed]
Ule, J.; Stefani, G.; Mele, A.; Ruggiu, M.; Wang, X.; Taneri, B.; Gaasterland, T.; Blencowe, B.J.; Darnell, R.B.
An RNA map predicting nova-dependent splicing regulation. Nature 2006, 444, 580–586. [CrossRef]
[PubMed]
Wang, Z.; Burge, C.B. Splicing regulation: From a parts list of regulatory elements to an integrated splicing
code. RNA 2008, 14, 802–813. [CrossRef] [PubMed]

Genes 2018, 9, 18

8.
9.
10.
11.
12.
13.

14.
15.
16.

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.
27.
28.

10 of 13

Horowitz, D.S.; Krainer, A.R. Mechanisms for selecting 50 splice sites in mammalian pre-mRNA splicing.
Trends Genet. 1994, 10, 100–106. [CrossRef]
House, A.E.; Lynch, K.W. Regulation of alternative splicing: More than just the abcs. J. Biol. Chem. 2008, 283,
1217–1221. [CrossRef] [PubMed]
Scotti, M.M.; Swanson, M.S. RNA mis-splicing in disease. Nat. Rev. Genet. 2016, 17, 19–32. [CrossRef]
[PubMed]
Cáceres, J.F.; Kornblihtt, A.R. Alternative splicing: Multiple control mechanisms and involvement in human
disease. Trends Genet. 2002, 18, 186–193. [CrossRef]
Garcia-Blanco, M.A.; Baraniak, A.P.; Lasda, E.L. Alternative splicing in disease and therapy. Nat. Biotechnol.
2004, 22, 535–546. [CrossRef] [PubMed]
Biasini, M.; Bienert, S.; Waterhouse, A.; Arnold, K.; Studer, G.; Schmidt, T.; Kiefer, F.; Cassarino, T.G.;
Bertoni, M.; Bordoli, L. Swiss-model: Modelling protein tertiary and quaternary structure using evolutionary
information. Nucleic Acids Res. 2014, 42, W252–W258. [CrossRef] [PubMed]
Lara-Pezzi, E.; Gómez-Salinero, J.; Gatto, A.; García-Pavía, P. The alternative heart: Impact of alternative
splicing in heart disease. J. Cardiovasc. Transl. Res. 2013, 6, 945–955. [CrossRef] [PubMed]
Zhu, C.; Chen, Z.; Guo, W. Pre-mRNA mis-splicing of sarcomeric genes in heart failure. BBA Mol. Basis Dis.
2017, 1863, 2056–2063. [CrossRef] [PubMed]
Mirtschink, P.; Krishnan, J.; Grimm, F.; Sarre, A.; Hörl, M.; Kayikci, M.; Fankhauser, N.; Christinat, Y.;
Cortijo, C.; Feehan, O. HIF-driven SF3B1 induces KHK-C to enforce fructolysis and heart disease. Nature
2015, 522, 444–449. [CrossRef] [PubMed]
Philips, A.V.; Timchenko, L.T.; Cooper, T.A. Disruption of splicing regulated by a CUG-binding protein in
myotonic dystrophy. Science 1998, 280, 737–741. [CrossRef] [PubMed]
Guo, W.; Schafer, S.; Greaser, M.L.; Radke, M.H.; Liss, M.; Govindarajan, T.; Maatz, H.; Schulz, H.; Li, S.;
Parrish, A.M. RBM20, a gene for hereditary cardiomyopathy, regulates titin splicing. Nat. Med. 2012, 18,
766–773. [CrossRef] [PubMed]
Li, S.; Guo, W.; Dewey, C.N.; Greaser, M.L. Rbm20 regulates titin alternative splicing as a splicing repressor.
Nucleic Acids Res. 2013, 41, 2659–2672. [CrossRef] [PubMed]
Maatz, H.; Jens, M.; Liss, M.; Schafer, S.; Heinig, M.; Kirchner, M.; Adami, E.; Rintisch, C.; Dauksaite, V.;
Radke, M.H. RNA-binding protein RBM20 represses splicing to orchestrate cardiac pre-mrna processing.
J. Clin. Investig. 2014, 124, 3419–3430. [CrossRef] [PubMed]
Brauch, K.M.; Karst, M.L.; Herron, K.J.; De Andrade, M.; Pellikka, P.A.; Rodeheffer, R.J.; Michels, V.V.;
Olson, T.M. Mutations in ribonucleic acid binding protein gene cause familial dilated cardiomyopathy.
J. Am. Coll. Cardiol. 2009, 54, 930–941. [CrossRef] [PubMed]
Li, D.; Morales, A.; Gonzalez-Quintana, J.; Norton, N.; Siegfried, J.D.; Hofmeyer, M.; Hershberger, R.E.
Identification of novel mutations in RBM20 in patients with dilated cardiomyopathy. Clin. Transl. Sci. 2010,
3, 90–97. [CrossRef] [PubMed]
Beqqali, A.; Bollen, I.A.; Rasmussen, T.B.; van den Hoogenhof, M.M.; van Deutekom, H.W.; Schafer, S.;
Haas, J.; Meder, B.; Sørensen, K.E.; van Oort, R.J. A mutation in the glutamate-rich region of RNA-binding
motif protein 20 causes dilated cardiomyopathy through missplicing of titin and impaired Frank—Starling
mechanism. Cardiovasc. Res. 2016, 112, 452–463. [CrossRef] [PubMed]
Buljan, M.; Chalancon, G.; Eustermann, S.; Wagner, G.P.; Fuxreiter, M.; Bateman, A.; Babu, M.M.
Tissue-specific splicing of disordered segments that embed binding motifs rewires protein interaction
networks. Mol. Cell 2012, 46, 871–883. [CrossRef] [PubMed]
Ellis, J.D.; Barrios-Rodiles, M.; Çolak, R.; Irimia, M.; Kim, T.; Calarco, J.A.; Wang, X.; Pan, Q.; O’Hanlon, D.;
Kim, P.M. Tissue-specific alternative splicing remodels protein-protein interaction networks. Mol. Cell 2012,
46, 884–892. [CrossRef] [PubMed]
Wang, K. Sarcomere-associated cytoskeletal lattices in striated muscle. In Cell and Muscle Motility; Springer:
Berlin, Germany, 1985; pp. 315–369.
Labeit, S.; Kolmerer, B. Titins: Giant proteins in charge of muscle ultrastructure and elasticity. Science 1995,
270, 293–296. [CrossRef] [PubMed]
Hwang, P.M.; Sykes, B.D. Targeting the sarcomere to correct muscle function. Nat. Rev. Drug Discov. 2015, 14,
313–328. [CrossRef] [PubMed]

Genes 2018, 9, 18

29.

30.

31.
32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.
47.

11 of 13

Kong, S.W.; Hu, Y.W.; Ho, J.W.; Ikeda, S.; Polster, S.; John, R.; Hall, J.L.; Bisping, E.; Pieske, B.; Pu, W.T.; et al.
Heart failure associated changes in RNA splicing of sarcomere genes. Circ. Cardiovasc. Genet. 2010. [CrossRef]
[PubMed]
Kanadia, R.N.; Johnstone, K.A.; Mankodi, A.; Lungu, C.; Thornton, C.A.; Esson, D.; Timmers, A.M.;
Hauswirth, W.W.; Swanson, M.S. A muscleblind knockout model for myotonic dystrophy. Science 2003, 302,
1978–1980. [CrossRef] [PubMed]
Kuyumcu-Martinez, N.M.; Wang, G.-S.; Cooper, T.A. Increased steady-state levels of CUGBP1 in myotonic
dystrophy 1 are due to PKC-mediated hyperphosphorylation. Mol. Cell 2007, 28, 68–78. [CrossRef] [PubMed]
Lee, J.E.; Cooper, T.A. Pathogenic mechanisms of myotonic dystrophy. Biochem. Soc. Trans. 2009, 37 Pt 6,
1281–1286. [CrossRef] [PubMed]
Wang, G.-S.; Kearney, D.L.; De Biasi, M.; Taffet, G.; Cooper, T.A. Elevation of RNA-binding protein CUGBP1
is an early event in an inducible heart-specific mouse model of myotonic dystrophy. J. Clin. Investig. 2007,
117, 2802–2811. [CrossRef] [PubMed]
Koshelev, M.; Sarma, S.; Price, R.E.; Wehrens, X.H.; Cooper, T.A. Heart-specific overexpression of CUGBP1
reproduces functional and molecular abnormalities of myotonic dystrophy type 1. Hum. Mol. Genet. 2010,
19, 1066–1075. [CrossRef] [PubMed]
Liquori, C.L.; Ricker, K.; Moseley, M.L.; Jacobsen, J.F.; Kress, W.; Naylor, S.L.; Day, J.W.; Ranum, L.P. Myotonic
dystrophy type 2 caused by a CCTG expansion in intron 1 of ZNF9. Science 2001, 293, 864–867. [CrossRef]
[PubMed]
Nishioka, S.A.D.O.; Martinelli Filho, M.; Marie, S.; Zatz, M.; Costa, R. Myotonic dystrophy and heart disease:
Behavior of arrhythmic events and conduction disturbances. Arq. Bras. Cardiol. 2005, 84, 330–336. [CrossRef]
[PubMed]
Facenda-Lorenzo, M.; Hernández-Afonso, J.; Rodríguez-Esteban, M.; de León-Hernández, J.C.;
Grillo-Pérez, J.J. Cardiac manifestations in myotonic dystrophy type 1 patients followed using a standard
protocol in a specialized unit. Rev. Esp. Cardiol. 2013, 66, 193–197. [CrossRef] [PubMed]
Grigg, L.E.; Chan, W.; Mond, H.G.; Vohra, J.K.; Downey, W.F. Ventricular tachycardia and sudden death
in myotonic dystrophy: Clinical, electrophysiologic and pathologic features. J. Am. Coll. Cardiol. 1985, 6,
254–256. [CrossRef]
Kalsotra, A.; Singh, R.K.; Gurha, P.; Ward, A.J.; Creighton, C.J.; Cooper, T.A. The MEF2 transcription network
is disrupted in myotonic dystrophy heart tissue, dramatically altering miRNA and mRNA expression.
Cell Rep. 2014, 6, 336–345. [CrossRef] [PubMed]
Warf, M.B.; Diegel, J.V.; von Hippel, P.H.; Berglund, J.A. The protein factors MBNL1 and U2AF65 bind
alternative RNA structures to regulate splicing. Proc. Natl. Acad. Sci. USA 2009, 106, 9203–9208. [CrossRef]
[PubMed]
Yang, J.; Hung, L.-H.; Licht, T.; Kostin, S.; Looso, M.; Khrameeva, E.; Bindereif, A.; Schneider, A.; Braun, T.
RBM24 is a major regulator of muscle-specific alternative splicing. Dev. Cell 2014, 31, 87–99. [CrossRef]
[PubMed]
Poon, K.L.; Tan, K.T.; Wei, Y.Y.; Ng, C.P.; Colman, A.; Korzh, V.; Xu, X.Q. RNA-binding protein RBM24
is required for sarcomere assembly and heart contractility. Cardiovasc. Res. 2012, 94, 418–427. [CrossRef]
[PubMed]
Gao, C.; Ren, S.; Lee, J.-H.; Qiu, J.; Chapski, D.J.; Rau, C.D.; Zhou, Y.; Abdellatif, M.; Nakano, A.;
Vondriska, T.M. RBFox1-mediated RNA splicing regulates cardiac hypertrophy and heart failure.
J. Clin. Investig. 2016, 126, 195–206. [CrossRef] [PubMed]
Greaser, M.L.; Warren, C.M.; Esbona, K.; Guo, W.; Duan, Y.; Parrish, A.M.; Krzesinski, P.R.; Norman, H.S.;
Dunning, S.; Fitzsimons, D.P. Mutation that dramatically alters rat titin isoform expression and
cardiomyocyte passive tension. J. Mol. Cell. Cardiol. 2008, 44, 983–991. [CrossRef] [PubMed]
Cazorla, O.; de Tombe, P.P. Some rat: A very special rat with a rather special titin. J. Mol. Cell. Cardiol. 2008,
44, 976–978. [CrossRef] [PubMed]
Filippello, A.; Lorenzi, P.; Bergamo, E.; Romanelli, M.G. Identification of nuclear retention domains in the
RBM20 protein. FEBS Lett. 2013, 587, 2989–2995. [CrossRef] [PubMed]
Weeland, C.J.; van den Hoogenhof, M.M.; Beqqali, A.; Creemers, E.E. Insights into alternative splicing of
sarcomeric genes in the heart. J. Mol. Cell. Cardiol. 2015, 81, 107–113. [CrossRef] [PubMed]

Genes 2018, 9, 18

48.
49.
50.

51.
52.
53.
54.

55.

56.
57.
58.
59.
60.

61.

62.

63.

64.
65.

66.

67.

12 of 13

Guo, W.; Bharmal, S.J.; Esbona, K.; Greaser, M.L. Titin diversity—Alternative splicing gone wild. BioMed Res. Int.
2010, 2010. [CrossRef] [PubMed]
Tskhovrebova, L.; Trinick, J. Properties of titin immunoglobulin and fibronectin-3 domains. J. Biol. Chem.
2004, 279, 46351–46354. [CrossRef] [PubMed]
Puchner, E.M.; Alexandrovich, A.; Kho, A.L.; Hensen, U.; Schäfer, L.V.; Brandmeier, B.; Gräter, F.;
Grubmüller, H.; Gaub, H.E.; Gautel, M. Mechanoenzymatics of titin kinase. Proc. Natl. Acad. Sci. USA 2008,
105, 13385–13390. [CrossRef] [PubMed]
Kontrogianni-Konstantopoulos, A.; Ackermann, M.A.; Bowman, A.L.; Yap, S.V.; Bloch, R.J. Muscle giants:
Molecular scaffolds in sarcomerogenesis. Physiol. Rev. 2009, 89, 1217–1267. [CrossRef] [PubMed]
Warren, C.M.; Krzesinski, P.R.; Greaser, M.L. Vertical agarose gel electrophoresis and electroblotting of
high-molecular-weight proteins. Electrophoresis 2003, 24, 1695–1702. [CrossRef] [PubMed]
Horowits, R. Passive force generation and titin isoforms in mammalian skeletal muscle. Biophys. J. 1992, 61,
392–398. [CrossRef]
Cazorla, O.; Freiburg, A.; Helmes, M.; Centner, T.; McNabb, M.; Wu, Y.; Trombitas, K.; Labeit, S.; Granzier, H.
Differential expression of cardiac titin isoforms and modulation of cellular stiffness. Circ. Res. 2000, 86, 59–67.
[CrossRef] [PubMed]
Neagoe, C.; Opitz, C.A.; Makarenko, I.; Linke, W.A. Gigantic variety: Expression patterns of titin isoforms
in striated muscles and consequences for myofibrillar passive stiffness. J. Muscle Res. Cell Motil. 2003, 24,
175–189.
Li, S.; Guo, W.; Schmitt, B.M.; Greaser, M.L. Comprehensive analysis of titin protein isoform and alternative
splicing in normal and mutant rats. J. Cell. Biochem. 2012, 113, 1265–1273. [CrossRef] [PubMed]
Zhu, C.; Yin, Z.; Tan, B.; Guo, W. Insulin regulates titin pre-mRNA splicing through the PI3K-Akt-mTOR
kinase axis in a RBM20-dependent manner. BBA Mol. Basis Dis. 2017, 1863, 2363–2371. [CrossRef] [PubMed]
Zhu, C.; Yin, Z.; Ren, J.; McCormick, R.J.; Ford, S.P.; Guo, W. RBM20 is an essential factor for thyroid
hormone-regulated titin isoform transition. J. Mol. Cell Biol. 2015, 7, 88–90. [CrossRef] [PubMed]
Guo, W.; Sun, M. RBM20, a potential target for treatment of cardiomyopathy via titin isoform switching.
Biophys. Rev. 2017, 1–11. [CrossRef] [PubMed]
Streckfuss-Bömeke, K.; Tiburcy, M.; Fomin, A.; Luo, X.; Li, W.; Fischer, C.; Özcelik, C.; Perrot, A.; Sossalla, S.;
Haas, J.; et al. Severe DCM phenotype of patient harboring RBM20 mutation S635A can be modeled by
patient-specific induced pluripotent stem cell-derived cardiomyocytes. J. Mol. Cell. Cardiol. 2017, 113, 9–21.
[CrossRef] [PubMed]
Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of
pluripotent stem cells from adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. [CrossRef]
[PubMed]
Beraldi, R.; Li, X.; Martinez Fernandez, A.; Reyes, S.; Secreto, F.; Terzic, A.; Olson, T.M.; Nelson, T.J.
Rbm20-deficient cardiogenesis reveals early disruption of RNA processing and sarcomere remodeling
establishing a developmental etiology for dilated cardiomyopathy. Hum. Mol. Genet. 2014, 23, 3779–3791.
[CrossRef] [PubMed]
Wyles, S.P.; Li, X.; Hrstka, S.C.; Reyes, S.; Oommen, S.; Beraldi, R.; Edwards, J.; Terzic, A.; Olson, T.M.;
Nelson, T.J. Modeling structural and functional deficiencies of RBM20 familial dilated cardiomyopathy using
human induced pluripotent stem cells. Hum. Mol. Genet. 2015, 25, 254–265. [CrossRef] [PubMed]
Guo, W.; Pleitner, J.M.; Saupe, K.W.; Greaser, M.L. Pathophysiological defects and transcriptional profiling
in the RBM20-/- rat model. PLoS ONE 2013, 8, e84281. [CrossRef] [PubMed]
Wyles, S.P.; Hrstka, S.C.; Reyes, S.; Terzic, A.; Olson, T.M.; Nelson, T.J. Pharmacological modulation of calcium
homeostasis in familial dilated cardiomyopathy: An in vitro analysis from an RBM20 patient-derived IPSC
model. Clin. Transl. Sci. 2016, 9, 158–167. [CrossRef] [PubMed]
Refaat, M.M.; Lubitz, S.A.; Makino, S.; Islam, Z.; Frangiskakis, J.M.; Mehdi, H.; Gutmann, R.; Zhang, M.L.;
Bloom, H.L.; MacRae, C.A. Genetic variation in the alternative splicing regulator RBM20 is associated with
dilated cardiomyopathy. Heart Rhythm 2012, 9, 390–396. [CrossRef] [PubMed]
Millat, G.; Bouvagnet, P.; Chevalier, P.; Sebbag, L.; Dulac, A.; Dauphin, C.; Jouk, P.-S.; Delrue, M.-A.;
Thambo, J.-B.; Le Metayer, P. Clinical and mutational spectrum in a cohort of 105 unrelated patients with
dilated cardiomyopathy. Eur. J. Med. Genet. 2011, 54, e570–e575. [CrossRef] [PubMed]

Genes 2018, 9, 18

68.
69.
70.
71.

72.

73.

74.
75.

13 of 13

LeWinter, M.M.; Granzier, H.L. Titin is a major human disease gene. Circulation 2013, 127, 938–944. [CrossRef]
[PubMed]
Granzier, H.; Labeit, S. Cardiac titin: An adjustable multi-functional spring. J. Physiol. 2002, 541, 335–342.
[CrossRef] [PubMed]
Hidalgo, C.; Granzier, H. Tuning the molecular giant titin through phosphorylation: Role in health and
disease. Trends Cardiovasc. Med. 2013, 23, 165–171. [CrossRef] [PubMed]
Hidalgo, C.; Saripalli, C.; Granzier, H.L. Effect of exercise training on post-translational and
post-transcriptional regulation of titin stiffness in striated muscle of wild type and IG KO mice.
Arch. Biochem. Biophys. 2014, 552, 100–107. [CrossRef] [PubMed]
Methawasin, M.; Hutchinson, K.R.; Lee, E.-J.; Smith, J.E.; Saripalli, C.; Hidalgo, C.G.; Ottenheijm, C.A.;
Granzier, H. Experimentally increasing titin compliance in a novel mouse model attenuates the Frank-Starling
mechanism but has a beneficial effect on diastole. Circulation 2014, 129, 1924–1936. [CrossRef] [PubMed]
Methawasin, M.; Strom, J.G.; Slater, R.E.; Fernandez, V.; Saripalli, C.; Granzier, H. Experimentally increasing
the compliance of titin through RNA binding motif-20 (RBM20) inhibition improves diastolic function in
a mouse model of heart failure with preserved ejection fraction. Circulation 2016, 134, 1085–1099. [CrossRef]
[PubMed]
Hinze, F.; Dieterich, C.; Radke, M.H.; Granzier, H.; Gotthardt, M. Reducing RBM20 activity improves diastolic
dysfunction and cardiac atrophy. J. Mol. Med. 2016, 94, 1349–1358. [CrossRef] [PubMed]
Khan, M.A.; Reckman, Y.J.; Aufiero, S.; van den Hoogenhof, M.M.; van der Made, I.; Beqqali, A.;
Koolbergen, D.R.; Rasmussen, T.B.; Van Der Velden, J.; Creemers, E.E.; et al. RBM20 regulates circular
RNA production from the titin gene. Circ. Res. 2016, 119, 996–1003. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

