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Abstract: Messenger RNA (mRNA) processing is an essential step for the expression of
most eukaryote genes. lon channels are critical for proper electrical activity in the heart, and
perturbations of these channels are known to cause arrhythmia. Recently, mRNA processing
defects have been shown to contribute to altered ion channel activity and arrhythmogenesis.
Abnormal pre-mRNA splicing of cardiac ion channels, including the cardiac sodium channel,
potassium channels, and calcium channels, because of mutations of the cis-elements within
the RNA or abnormal expression of splicing factors, has been documented to contribute to
arrhythmic risk. In addition to pre-mRNA splicing, other mRNA processing events, such as
3’-end formation and mRNA turnover, are also disrupted in cardiac diseases, such as congenital
heart disease caused by mutation at the 3’-untranslated region of GATA4. mRNA stability is
also dysregulated by altered expression of microRNAs in atrial fibrillation. In this review, we
discuss our current understanding of how mRNA processing defects contribute to the risk of
arrhythmias and how monitoring the products of abnormal processing may lead to diagnostic
tests for arrhythmic risk.
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Introduction

Cardiac arrhythmias cause a significant number of deaths worldwide,' and the risk of
arrhythmias is inversely related to cardiac contractile function. Arrhythmia refers to
any deviation from the normal pattern of the heartbeat, encompassing abnormalities of
rate, regularity, site of impulse origin, and sequence of activation. The mechanisms of
arrhythmia caused by ion channel defects are complicated and have been well reviewed
in other articles.>* In short, normal cardiac excitation and relaxation involves a delicate
balance of complex dynamic interactions between ionic currents passing through a
variety of membrane channels. Cardiac excitation reflects membrane depolarization
of cardiac myocytes, primarily because of the activation of voltage-dependent Na*
channels that underlie the action potential upstroke. Activation is then followed by
a long depolarized plateau phase that permits Ca*-induced Ca?* release from the
sarcoplasmic reticulum, binding of Ca?* to contractile proteins on the sarcomeres,
and coordinated contraction. Repolarization follows secondary to the time-dependent
and voltage-dependent activation of repolarizing potassium currents. Relaxation of
contraction is coupled to the electrical repolarization phase, which allows filling of
the ventricles prior to the next excitation. Abnormal activity of cardiac ion channels
can disrupt this electrical sequence and cause arrhythmia.
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Abnormal activity of cardiac ion channels has many
causes, including amino acid sequence changes and
accompanying functional abnormalities caused by genetic
defects, mutations, and polymorphisms.>”’ The expression
level of ion channels can also be altered by dysregulation
of transcription, post-transcriptional RNA processing, and
protein degradation.®!'" Cardiac contractile dysfunction
is associated with ion channel changes,!' and these ion
channel changes are thought to contribute to increased
arrhythmic risk.

Genetic and epigenetic alterations have been linked to
arrhythmias.'>'> Now, it is being recognized that defects of
messenger RNA (mRNA) processing can cause arrhythmo-
genesis (Table 1). This review focuses on mRNA processing,
especially pre-mRNA splicing and mRNA stability and its
impact on cardiac arrhythmias. Elucidation of mRNA pro-
cessing defects is providing insights into the fundamental
mechanisms of cardiac arrhythmias as well as the identifica-
tion of possible targets for developing novel antiarrhythmic
therapeutics to correct the electrical remodeling associated
with heart disease.

mRNA processing

When a eukaryotic gene is transcribed, the initial primary
transcript synthesized by RNA polymerase II must be
extensively modified before it can leave the nucleus and
be translated into protein. This process includes 5" capping,
3’-end polyadenylation, editing, and splicing (Figure 1).
These nuclear processing steps, which largely determine

Table | Abnormal mRNA processing associated with arrhythmia

the fate of the resulting transcript, require a large set of
proteins, adding a layer of potential regulation that can
affect export, localization, translation, and stability of the
mature RNA.'® This processing allows the cell to fine-
tune gene expression in a fast, precise, and cost-effective
manner.’

RNA processing is tightly coupled with transcription.
It begins while RNA polymerase II is in the process of
transcribing the gene into RNA. This processing affects
not only protein-coding RNA but also small nuclear RNAs,
microRNAs (miRNAs), and other noncoding RNAs.!820
The C-terminal domain of RNA polymerase II provides
the basis for the coupling between transcription and RNA
processing.'® The first step of RNA processing is the addition
of an inverted guanosine to the 5" end, and methylation of
this guanosine to create a “cap” that marks the beginning of
the mRNA. Capping helps protect the transcript degradation
from 5’-to-3” exonucleases present in both the nucleus and
cytoplasm. It is also important in mediating mRNA recruit-
ment to ribosomes and maintaining quality, since mRNAs
without a cap are degraded.?! Protein complex binding to
the cap structure coordinates subsequent steps in pre-mRNA
splicing, nuclear export, translation, and decay.?

In humans and other eukaryotes, the vast majority of
protein-coding genes contain many segments (introns)
that are part of the primary transcript (pre-mRNA) but are
not included in the mature RNA. The removal of introns
and the splicing together of the sequences included in the
mRNA (exons), which contain the protein-coding open

Gene Causes Effect Disease Reference
SCNS5A Abnormal expression Abnormal AS with increased variants VC and VD HF-associated 9,11
of splicing factors arrhythmia
SCN5A Intron 27 splice site insertion Activation of cryptic 5’ ss in exon 27 BrS 47
SCN5A Intron 27 splice site insertion Activation of cryptic 5’ ss in exon 25, cryptic 3 ss BrS 48,49
in exon 26 and intron 25 retention
SCN5A Unknown Abnormal AS with neonatal exon 6 expression BrS 50
HCN4 Intron 2 splice site insertion Abnormal AS with open reading frame shift BrS 59,60
KCNQI Exon 7 splice site mutation Abnormal AS with exon skipping LQTS 62,63
KCNQI Intron 7 splice site mutation Abnormal AS with exon skipping LQTI 64
KCNQI Intron 9 splice site mutation Abnormal AS with exon skipping LQTS 65
hERG Intron 9 branch point mutation Abnormal AS with activation of cryptic splice site in intron 9 LQT2 68
hERG Intron 10 splice site mutation Multiple splicing defects LQTS 69,70
hERG Intron 9 splice site mutation Abnormal AS with activation of cryptic 5 ss in intron 9 LQTS 71
CACNAIC Exon 14 splice site mutation Abnormal AS with exon skipping BrS 72
KCNJ2 Decreased expression of miR-1 Increased Kir2.1 mRNA stability AF 79
CTGF Decreased expression Increased CTGF mRNA stability and fibrosis AF 80

of miR-133, miR-30

Abbreviations: AF, atrial fibrillation; AS, alternative splicing; ss, splice site; CTGF, connective tissue growth factor; HF, heart failure; BrS, Brugada syndrome; LQTS, long

QT syndrome; mRNA, messenger RNA.
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Figure | A diagram of the mRNA processing pathway. The initial primary RNA transcript (pre-mRNA) synthesized by RNA polymerase Il needs to be extensively processed
into mature mRNAs before it can be exported out of the nucleus and into the cytoplasm for translation. Processing steps include 5" capping, pre-mRNA splicing, 3"-end
cleavage, and polyadenylation. Once RNA nuclear processing is complete, the capped, spliced, and polyadenylated mRNA is exported from the nucleus to the cytoplasm
through nuclear pore complexes. The mature mRNA is translated into protein or is degraded in the cytoplasm. Altered steps known to cause arrhythmia are labeled.

Abbreviations: mRNA, messenger RNA; Pol I, polymerase II.

reading frame and the 3’ and 5" untranslated regions, is
accomplished by a process called pre-mRNA splicing.
The definition of exons and the execution of the splic-
ing reaction are carried out by the nuclear spliceosome,?
a large and dynamic molecular machinery composed of
small nuclear RNAs and splicing factors, including RNA
binding proteins that bind in a sequence-specific manner
to RNA and either enhance or silence splicing at nearby
splice sites.?*? Pre-mRNA splicing is a highly regulated,
stepwise process. In addition to the consensus sequences,
5" and 3’ splice sites at exon-intron boundaries, the branch
point sequence, polypyrimidine tract, cis-elements within
the pre-mRNA, and frans-regulatory factors are all neces-
sary for proper splice site recognition. Any splicing errors
will result in a disconnection between the coding gene and
its encoded protein product.

Most pre-mRNAs can be spliced in different ways. Exons
are either retained in the mRNA or removed from it in differ-
ent combinations to create a diverse array of mRNAs from
the same pre-mRNA. This process is known as alternative
RNA splicing. The inclusion or exclusion of selected exonic
sequences in specific cells, at specific developmental stages,
and in response to specific extracellular stimuli, generates
multiple mature RNA transcripts from a single pre-mRNA
sequence via alternative splicing pathways. Alternative
splicing is an important mechanism to generate multiple
proteins from a single gene in eukaryotes and thus it expands
gene expression complexity without an increase in the
overall number of genes.?*?* In human cells, approximately
95% of the multi-exon genes yield alternatively spliced
transcripts.” The outcome of alternative splicing is decided
by cis-elements, known as enhancers and silencers within
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exons and/or introns, trans-acting factors, such as serine/
arginine-rich proteins or heterogeneous nuclear ribonucleo-
proteins, and is influenced by transcription.’*-2

Endonucleolytic cleavage occurs 10-30 nucleotides
downstream of a signal sequence (conserved AAUAAA
sequence in mammals or an AU-rich sequence in yeast).
Following cleavage, most eukaryotic mRNAs, with the
exception of replication-dependent histone transcripts in
some organisms, add a poly(A) tract at their 3’-ends.®*
This process requires the assembly of a large protein
complex guided by the conserved AAUAAA sequence
and GU-rich sequences downstream of the processing site.
This multiprotein complex contains an endonuclease that
cleaves the pre-mRNA to create the 3’ end and poly(A)
polymerase, which adds the poly(A) tail, a homopolymer of
250 adenosine residues. These latter steps are coordinated
by interaction between a splicing factor bound to the last
intron of the pre-mRNA and poly(A) polymerase.*® The
formation of the 3’-end promotes transcription termina-
tion, facilitates nuclear RNA transport, and enhances the
translation and stability of mRNA. On the other hand, the
importance of 3’-end formation on gene expression regula-
tion is underscored by the fact that it may stimulate further
rounds of transcription initiation.?’

At this point, the capped, spliced, and polyadenylated
mRNA is assembled into an mRNP complex that is competent
for export from the nucleus to the cytoplasm through nuclear
pore complexes. After being transported to the cytoplasmic
side of the nuclear pore complex, the newly synthesized
mRNA must undergo a surveillance program in which it is
scanned by a “pioneer round” of translation that determines
whether the transcript will encode a full-length protein.®
This process is important for quality control. Following the
surveillance process, the mRNA can be translated, silenced,
stored, or degraded. All these steps are highly regulated, and
the fate of a particular mRNA is determined by the interplay
between cis-elements (such as AU-rich elements) within the
mRNA and the frans-acting factors (including proteins and
miRNAs) that bind to them.

AU-rich elements are the largest and most studied group
of cis-acting mRNA elements which involve regulation of
mRNA stability. Approximately 9% of cellular mRNAs
contains canonical AU-rich elements,* and their differ-
ential binding by a number of AU-rich element-binding
proteins (such as Hu family proteins and AU-rich binding
factor-1) determine their overall accumulation, translation,
and decay. Besides AU-rich elements, GU-rich elements
also have been shown to be involved in mRNA stability

regulation by binding to CUG-repeat binding proteins.*
Both translation and decay are targets of numerous signal
transduction pathways.

Aberrant pre-mRNA splicing

and arrhythmias

Cardiac Na* channel pre-mRNA

splicing and arrhythmias

Voltage-gated Na* channels are responsible for the action
potential upstroke and the current for conduction in such cells
as muscles and neurons.* The cardiac Na* channel consists of
a main pore-forming o-subunit and the auxiliary B-subunits.
The o-subunit alone is sufficient to produce a functional
channel. In mammals, the SCNIA-SCNI11A genes encode
a family of nine functionally expressed voltage-gated Na*
channels that are more than 50% homologous in their amino
acid sequences. The Na* channel isoform Na 1.5, encoded by
the SCN5A gene, is the predominant a-subunit in the heart.
Alteration in the Na* channel, either in amino sequences or
at the expression level, leads to arrhythmias.*>*

Abnormal splicing of SCNS5A pre-mRNA has been linked
with arrhythmia associated with heart failure. A decrease in
both mRNA and protein levels of SCN5A has been shown
in failing heart by Shang et al.!" In this condition, wild-type
functional SCN5A is downregulated, and aberrantly spliced
nonfunctional, truncated SCN5A variants, variant C and
variant D, are increased concomitantly in both heart tissue and
circulating white blood cells. Further work shows that hypoxia
and angiotensin II are responsible for the abnormal splicing
of SCN5A through upregulation of splicing factors RBM25
and Luc7A.° SCN5A variants VC and VD result from aberrant
pre-mRNA splicing of exon 27 to exon 28, and the resultant
ion channel is truncated prematurely, is mostly trapped in the
endoplasmic reticulum, and cannot conduct current. In addi-
tion, the truncated Na* channel protein activates the unfold
protein response, which further inhibits wild-type SCNSA
protein synthesis.* The expression levels of both myocardial
SCNS5A splicing variants VC and VD strongly correlated with
those of circulating white blood cell samples, suggesting that
circulating SCN5A variants might be used to predict cardiac
events. Indeed, levels of circulating SCN5A variants are
strongly associated with the risk for an appropriate implant-
able cardioverter-defibrillator (ICD) intervention. Therefore,
circulating SCN5A variants might be useful biomarkers in
the stratification of arrhythmic risk.%*

Mutation-activated abnormal splicing of SCNS5A is
associated with Brugada syndrome (BrS). According to The
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Human Gene Mutation Database (HGMD® Professional,
Fall Release 2014.3), many splicing-affecting mutations of
ion channel genes are associated with arrhythmias. Most of
the 30 splicing-affecting mutations in the SCNSA gene are
associated with BrS, and five of the 30 mutations are associ-
ated with long QT syndrome (LQTS). Forty-one and 22 such
mutations in KCNQ1 and KCNH2 genes, respectively,
are related to LQTS as well. Here, we focus on examples
of splicing-affecting mutations of ion channels wherein a
mechanistic relationship to arrhythmia has been shown by
in vivo or in vitro experiments. BrS is an inherited cardiac
arrhythmia syndrome, characterized by the presence of ST
segment elevation in leads V1 to V3 and sudden cardiac death
in individuals with a structurally normal heart.*® Hong et al*’
reported that an intronic insertion of TGGG at 5 base pairs
(bp) downstream of the exon 27 of SCNSA in a family with
BrS caused activation of an upstream 5 splice site within
exon 27 and led to exclusion of the last 96 bp sequences
of exon 27 in the mature SCN5A mRNA. This mutation
ultimately created an in-frame shortened, nonfunctional
SCNS5A protein. This shortened nonfunctional protein is
thought to cause BrS, a condition of reduced Na* current.
A similar abnormal splicing pattern is also associated with
another intronic insertion of GGGT at 6 bp from the end of
exon 27.* Mutation at the 5’ splice site of SCN5A exon 26
is also reported to result in activation of multiple cryptic 5
splice sites, leading to BrS. A minigene with this mutation
produced multiple mature transcripts with exclusion of the
last 100 bp of exon 25, exclusion of the first four bp of exon
26, or intron 25 retention.®

Abnormal splicing of SCN5A without mutations has also
been reported in patients with myotonic dystrophy type 1
(DM1) with BrS.>® DM1 is the most common inherited neu-
romuscular disease in adults and is caused by an expansion
of a (CTG)n triplet repeat in the 3" region of the gene encod-
ing dystrophia myotonica protein kinase. The most frequent
cardiac complications of DMI1 are atrioventricular block,
sinus node dysfunction, atrial fibrillation, and ventricular
tachyarrhythmia. Up to one third of DM patients die sud-
denly, most often because of asystole after atrioventricular
block or from ventricular fibrillation.’! Increased neonatal
exon 6 splicing variant of SCN5A, called exon 6A, has
been detected in ventricular myocardial specimens from BrS
patients with DM 1. Concomitantly, the adult splice variant
of exon 6, called exon 6B, is downregulated. This aberrant
splicing is not mutation-dependent and mostly likely repre-
sents alteration of trans-acting factors. Consistent with this
idea, disturbance of the functional balance between splicing

regulators, MBNL1 and CELF1, has been well documented
in patients with DM1.52%

It is worth noting that SCN5A produces multiple mRNAs
by means of alternative pre-mRNA splicing in normal
conditions.> Some particular isoforms have been linked to
arrhythmias with the coexistence of other SCN5A muta-
tions. For example, the 3” splice site for exon 18 contains
2 consecutive CAG trinucleotides. The splicing machin-
ery can select either the first or the second intronic “AG”
acceptor site for coupling of exon 17, thereby including or
skipping an additional CAG codon, respectively. While the
CAG-exclusive isoform (Na, 1.5) predominates in normal
heart, the CAG-inclusive variant, called Na, 1.5c, is also
expressed at approximately 50% of the expression level of
the CAG-exclusive variant. Although patch-clamp record-
ings indicated that the electrophysiological properties of
the two variants are indistinguishable, increased persistent
current has been noticed in the context of the CAG-exclusive
variant Na 1.5 but not in the CAG-inclusive Na 1.5c back-
ground when these channels are expressed with three Na 1.5
mutations associated with sudden infant death syndrome
(delAL586-587, R680H, and V1951L).5 Loss-of-function
defects in the SCN5A missense mutation G1406R, a muta-
tion reported to cause BrS, also demonstrate a more severe
phenotype in the context of an Na 1.5¢ background com-
pared with that of wild-type Na 1.5 background.*® These
data suggest that not only selection of abnormal splice sites
but also abnormal expression of normal splicing variants
contributes to arrhythmogenesis.

Cardiac potassium channel pre-mRNA
splicing and arrhythmias

In addition to alterations in the Na* channel, mutation-activated
abnormal splicing of the hyperpolarization activated cyclic
nucleotide-gated potassium channel 4 (HCN4 channel or
I, channel) is also associated with BrS. HCN4 encodes a
member of the hyperpolarization-activated cyclic nucleotide-
gated potassium channels. The encoded protein shows slow
kinetics of activation and inactivation and is necessary for
the cardiac pacemaking process.”’** Mutations in this gene
have been linked to sick sinus syndrome 2, also known as
atrial fibrillation with bradyarrhythmia or familial sinus
bradycardia.’® Abnormal splicing of HCN4 was found in BrS
patients without an SCN5A mutation. This abnormal splicing
was activated by an insertion of GTGA at a splicing junction
of'exon 2 and intron 2.°° A minigene approach revealed that
the additional four bases after the native splice donor site
were incorporated into mRNA. The insertion caused a frame
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shift with an Ile-to-Val change at codon 404 and a subsequent
43 inappropriate amino acids. This truncated HCN4 protein
is thought to be responsible for the idiopathic ventricular
arrhythmia in patients.

Mutation-mediated abnormal splicing of another potas-
sium channel gene, KCNQI, is been associated with LQTS.
LQTS is a life-threatening cardiac arrhythmia syndrome
characterized by prolongation of the cardiac action poten-
tial, syncopal attacks, torsades de pointes arrhythmias, and
sudden cardiac death. KCNQ1 encodes the o-subunit of the
slow component of the delayed rectifier potassium K* chan-
nel, K 7.1, which generates the [ current in the heart, and
mutations in this channel have been identified as a cause for
this disease.® KCNQI is involved in approximately half of
patients with LQTS type 1. Mutation of the last nucleotide
of exon 7 (G1032A) has been reported to trigger abnormal
exon skipping in patients with LQTS. Mature RNA products
without exon 7, exon 8, or without both exon 7 and exon
8, have been detected in peripheral blood samples of the
patients.®*% In addition to this exonic mutation, another
A-to-G intronic mutation at the third nucleotide of intron 7
(IVS7 + 3A>G) causes skipping of exon 7 or exon 8 splicing
in patients with LQTS type 1. Imai et al reported that an
intronic mutation at the first nucleotide of intron 9 (G-to-A)
resulted in skipping exon 8 or skipping exon 8 and exon 9 in
patients with LQTS.% This is a rare case where a mutation
in intron 9 causes exon 8 skipping rather than affecting the
adjacent exons.

LQTS type 2 is caused by the loss of functional human
ether-a-go-go-related gene (hERG, also called KCNH2).66:¢7
The potassium channel (K 11.1) encoded by hERG is a tetra-
meric channel and a well characterized component of the
rapidly activating delayed rectifier current in the heart. Besides
missense and frame shift mutations of hERG, abnormal
mRNA splicing of hERG has been increasingly associated
with LQT2. In an LQT family, an intronic A-to-G substitu-
tion in hERG (IVS9-28A/G) at intron 9 disrupts the branch
point of exon 10 and causes activation of a cryptic 3 splice
site within intron 9. Use of this cryptic splice site results in a
147 nucleotide intronic fragment of intron 9 being included
in the mature mRNA..* Abnormal splicing of hERG has also
been found in LQT?2 patients with a 5" splice site mutation.
A hERG G-to-A splice site mutation (2592 + 1G>A), which
occurs at the first nucleotide of the 5 splice site of intron 10,
has been identified to cause LQTS.% The minigene approach
reported by Stump et al”® revealed that this mutation disrupts
normal splicing and causes multiple splicing defects, including
activation of cryptic splice sites within exon 10 and intron 10,

as well as completely intron 10 retention. The resulting mature
mRNA encoded a truncated protein with a 24 amino acid
deletion at the C-terminus. Patch-clamp experiments reveal
that the splice mutant does not generate hERG current, and
immunostaining studies show that mutant channels do not
traffic to the cell surface. This truncated protein results in
significant dominant-negative suppression of hERG current
via intracellular retention of the wild-type channels.

Another G-to-C 5’ splice site mutation (2398 + 1G>C) at
the first nucleotide of intron 9 of hERG has been identified
as the pathogenic mechanism of LQTS in three unrelated
kindreds with LQTS.” The effect of this mutation on mRNA
splicing was verified by analysis of RNA isolated from lym-
phocytes of index patients and using minigenes expressed
in HEK293 cells and neonatal rat ventricular myocytes.
This mutation disrupted the normal splicing and activated
a cryptic splice donor site within intron 9, leading to inclu-
sion of 54 nucleotides of the intron 9 sequence in the hERG
mRNA. This abnormal cryptic splicing results in an in-frame
insertion of 18 amino acids in the middle of the cyclic nucle-
otide binding domain, causing the channel to lose the ability
to generate hERG current. The abnormally spliced mRNA
fails to reach the plasma membrane, and coexpression of the
mutant and wild-type channels leads to a dominant negative
suppression of wild-type channel function by intracellular
retention of heteromeric channels.

Cardiac calcium channel pre-mRNA
splicing and arrhythmias

Aberrant alternative splicing caused by mutations in genes
related to the cardiac L-type calcium channel, coded by
CACNAI1C, has been reported to be causative of BrS.
Fukuyama et al” reported a G-to-A mutation at the 3" splice
site of exon 14 of CACNA1C in a BrS patient. Although this
is a synonymous mutation, it results in loss of function of
Ca 1.2 by activation of abnormal pre-mRNA splicing. As a
consequence, exons 14 and 15 are skipped from the mature
mRNA, and exon 13 is spliced with exon 16. Subsequently,
a premature stop codon is created within exon 16, and
nonsense-mediated mRNA decay is activated to destroy this
aberrant mRNA.

Dysregulation of mRNA turnover

and arrhythmias

Ultimately, all mRNAs are degraded, and the abundance of
steady-state mRNA is determined by the balance between
transcription and mRNA decay. mRNA decay can influ-
ence timing, quantity, and perhaps even location of encoded
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proteins.” In eukaryotes, the major pathway of mRNA
decay begins with shortening of the poly(A) tail, followed
by removal of the 5" cap and degradation by exonucleases
from both the 5" and 3’ ends of the mRNA. This process
is highly regulated by the interplay between cis-elements
within the mRNA and the proteins that bind to them. The
3’ untranslated region is the most important mRNA structure
for regulation of mRNA decay. In addition to RNA binding
proteins, miRNAs can act as trans-acting factors to regulate
mRNA decay.”* Dysregulation of RNA turnover has been
shown to contribute to arrhythmogenesis.

miRNA-mediated mRNA alterations

and arrhythmias

Mature miRNAs are a class of naturally occurring,
small noncoding RNA molecules, approximately 21-25
nucleotides in length, which function in transcriptional and
post-transcriptional regulation of gene expression.” In addi-
tion to repression of translation,”* miRNAs are also involve in
regulation of mRNA stability and degradation.”””® miRNA-1
expression levels are significantly reduced in patients with
atrial fibrillation.” Decreased miRNA-1 correlates with an
increase in both the mRNA and the protein of the Kir2.1
potassium channel, encoded by KCNJ2. Ex vivo rapid pacing
of human atrial slices upregulates Kir2.1 while downregulat-
ing miR-1.” These results suggest that one of the mechanisms
of the involvement of miRNA-1 in atrial fibrillation is by
increasing Kir2.1 mRNA stability. miR-133 and miR-30
have been associated with atrial fibrillation through down-
regulation of the mRNA for connective tissue growth factor
(CTGF),* which is a key molecule in the process of fibrosis.
Fibrosis is thought to be a major risk factor for atrial fibrilla-
tion.! Both miR-133 and miR-30 are downregulated while
CTGF mRNA and protein levels are increased in atrial fibril-
lation. Overexpression of miR-133 and miR-30 decreases
both CTGF mRNA abundance and protein expression in
cultured cardiomyocyte and fibroblast cells. Knockdown of
miR-133 or miR-30 significantly increases CTGF expression
at both the mRNA and protein levels. Taken together, these
data suggest that dysregulated mRNA turnover by cardiac
miRNAs may contribute to arrhythmias.

MRNA process regulators and
aberrant products as potential

biomarkers for arrhythmias

As discussed previously, abnormal mRNA processing can
be associated with cardiac arrhythmias. This provides the
possibility to predict the risk of arrhythmia by assessment

of aberrant products and regulators of the mRNA process.
Some mRNA process regulators and aberrant products can
not only be detected in heart but also in blood. Therefore,
blood tests for the aberrant products and abnormal expression
of mRNA process regulators may be valuable for stratification
of arrhythmia risk. Gao et al** have reported that expression
levels of circulating abnormal SCNSA splicing variants VC
and VD correlate strongly with the variant levels measured
in myocardial tissue in patients with heart failure. Patients
who have received appropriate intervention with an ICD have
higher expression levels of both white blood cell-derived
SCNS5A variants compared with patients with heart failure
who had not suffered a sudden death event. Further receiver
operating characteristics analysis reveals that circulating
SCNS5A variant levels are excellent predictors of an appropri-
ate ICD intervention within 1 year. Collectively, these vari-
ants may be used to predict arrhythmia with high sensitivity
and specificity. The authors conclude that determination of
white blood cell-derived SCN5A variant levels might help
personalize ICD implantation by better defining a patient’s
arrhythmic risk.

miRNA has been increasingly suggested as a biomarker
for diseases.®? Circulating miRNAs are not only present in
white blood cells but also present in all other compartments of
the blood, including plasma, platelets, and erythrocytes. Heart
tissue miRNAs can be released into the blood actively or pas-
sively by several mechanisms, such as in microvesicles, in
exosomes, in apoptotic bodies, and in protein complexes.®*34
Therefore, miRNAs need not be produced by blood cells but
can originate from the heart. They remain extremely stable
because of their transport in association with microvesicles
and exosomes or in tight association with RNA-binding
proteins that protect them from ribonuclease degradation.
Because of their stability in the circulation, miRNAs are
currently being explored for their potential as biomarkers in
a wide range of cardiovascular diseases.

There are preliminary results identifying individual
miRNAs or miRNA signatures for diagnosis of cardiovas-
cular diseases.®>#¢ It has been reported that miR-29 might
be a potential biomarker in atrial fibrillation.’” Both miR29b
plasma and atria levels are decreased in patients with chronic
atrial fibrillation, and miR-29 expression is decreased by 87%
within 24 hours in a dog model of atrial fibrillation induced
by ventricular rapid pacing.

Conclusion
mRNA processing defects can clearly cause arrhythmia.
Defects can be seen in such conditions as BrS, LQTS,
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heart failure, and atrial fibrillation. Noted defects include
abnormal pre-mRNA splicing and altered mRNA turnover
caused either by mutation of cis-elements within the RNA or
alteration in the expression of frans-acting factors. Assess-
ment of variant mRNA, frans-acting factors, or abnormally
expressed mRNA process regulators is a logical approach
to enhance stratification of arrhythmia risk. This same
approach may be useful in directing current antiarrhyth-
mic therapies, and novel therapeutics based on correcting
mRNA defects could prove a novel approach to treating
arrhythmias.
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