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INTRODUCTION AND SCOPE OF THE THESIS

INTRODUCTION

“Why genes in pieces?”

Most genes in the human genome are not continuous coding sequences of DNA, but are
interrupted by “silent” DNA fragments. These “silent” pieces of DNA are named introns (from
“intragenic region”) and split genes into their actual protein-coding segments known as exons'.
In order to generate a mature and functional RNA transcript, the entire gene is first transcribed
into a continuous sequence of exons and introns. Introns must later be excised through a process

named splicing to create a mature mRINA consisting solely of the remaining exons.

At first sight, introns may seem like a burden for the genome. Human genes are on average
interrupted by 7.8 introns®. In certain genes, the number of introns can be massive. For
instance, the gene titin (TI'N), which encodes the protein that forms the molecular spring
of the heart, is interrupted by 362 introns. Introns are also much longer than exons. While
the average length of an exon is only 170 bp, introns are on average 5,419 bp long. That is
the average, but when looking at specific introns they can reach enormous lengths, as ~5%
of all the introns are larger than 200,000 bp®. In fact, when considering the entire human
genome, exons only represent 1.1 % of the DNA, and introns account for 24%*. So, why are

introns so common? Why are genes split into pieces'?

Introns are essential for eukaryotic genomes because they bring flexibility to genes. By
splitting genes into exons, introns confer a modular structure. Exons can be assembled in
different configurations to create alternative transcripts from a single gene. This mechanism,
named alternative splicing, creates new RNA sequences with novel functions, such as
encoding various protein isoforms or incorporating different regulatory elements. This way,
alternative splicing greatly expands the coding potential of the genome. From the ~20,000
genes present in the human genome more than 100,000 alternative spliced transcripts
are produced®. It is currently estimated that 95% of the human genes undergo alternative
splicing’. All of this makes alternative splicing a crucial mechanism of gene regulation that

determines the functioning of our cells and body.

In the heart, alternative splicing plays a crucial role in producing the specific cardiac isoforms
required for the mechanical, electrical, and metabolic functions of cardiomyocytes®.
Alternative splicing generates new isoforms for essential cardiac genes, including structural
components of the sarcomeres like troponin T (TNNT2) or titin (TT'N); ion channels like
the voltage-gated sodium (SCNSA) and calcium (CACNAIC) channels; signaling proteins
like Ca?*/calmodulin-dependent protein kinase (CAMK2D), and many other regulators
such as the transcription factors from the Myocyte Enhancer Factor 2 (MEF2) family.

The alternative isoforms created by splicing display distinct features to the canonical one.
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These differences range from minor changes in substrate affinity, to novel functional domains
and even proteins with a completely opposite function. This is the case for the transcription
factors MEF2A, MEF2C and MEF2D% 5. The alternative splicing of a single exon in these
transcription factors creates isoforms that behave either as transcriptional activators or as
transcriptional repressors. While isoforms including exon a2 behave as transcriptional
activators, isoforms including al behave as repressors of transcription by recruiting histone

deacetylases (HDAC4/9) to the same subset of target genes’.

Alternative splicing is a fundamental mechanism regulating the function of the heart. During
cardiac development, alternative splicing generates new isoforms to adapt the properties of
the heartto the growing demands of the body'*'2. During disease, alternative splicing responds
to stressors by generating new isoforms to cope with the pathological challenge'>'*. Defects
in alternative splicing due to genetic mutations can also cause certain cardiomyopathies, such
as the RBM20-related cardiomyopathy'®. Therefore, understanding how alternative splicing
is regulated in the heart can provide insights into the fundamental origins of cardiac function

and disease.

This thesis aims to further expand our understanding of the molecular mechanisms and

regulators of cardiac alternative splicing.

The splicing reaction, the spliceosome(s) and splicing factors

The first step in gene expression is the transcription of the entire sequence of the DNA into
pre-mature mRNA (pre-mRNA). Along this process, multiple small nuclear RNAs (snRNAs)
and proteins bind to the nascent pre-mRNA in order to process it into a mature mRNA. One

of the main steps in this process is the removal of introns by the splicing reaction.

The splicing reaction is a two-steps reaction than removes an intron while ligating the two
flanking splices sites together (Figure 1A)'. The catalyst of this reaction is a large RNA-
protein complex named the spliceosome. The different snRNAs and protein components of
the spliceosome assemble along the splicing sites of the intron in sequential steps in order to

catalyze the splicing reaction (Figure 1B).

There are two different types of introns based on their consensus sequences (i.e. 5 splice
site, branch point sequence, 3’ splice site): major or U2-dependent introns and minor or
Ul2-dependent intron (Figure 1C). The major and minor introns require different types
of spliceosomes for excision: the major or U2-dependent spliceosome and the minor or
Ul2-dependent spliceosome. Some of the core components of the spliceosome are shared

between the two types of spliceosomes, but others are specific to each spliceosome.
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Figure 1. Basis of RNA splicing. (A) The splicing reaction links two exons in a two transesterification
reaction. The first step is the nucleophilic attack of the 2"-hydroxyl group of an adenosine residue in
the polypyrimidine region of the intron (i.e. the branch-point adenosine) to the phosphodiester bond
of the 5 residue of the intron. This results in a intronic lasso structure (lariat intermediate) and a free
exon with a 3-hydroxyl group. The free exon (i.e. the donor exon) performs a second nucleophilic attack
to the phosphodiester bond of the 3’ splice site (i.e. the acceptor exon). The end result is the ligation
of the two exons and the release of the intron in the shape of a lariat'¢. (B) The spliceosome is a large
RNA-protein complex that catalyzes splicing. snRNAs components build the core of the spliceosome
and assemble the pre-mRNA in consecutive order to catalyze the splicing reaction. (C) Two different
types of introns exist in eukaryotic genomes. They display unique sequences that are recognized by
the major or minor spliceosome. Sequence logos adapted from (Akinyi et al, 2021)". (D) Splicing
factors bind to the pre-mRNA to regulate splicing. Typically, serine/arginine-rich (SR) proteins bind
to exonic and intronic splicing enhancer sequences (ESE and ISE respectively) to activate splicing; and
heterogeneous nuclear ribonuclear proteins (hnRNPSs) bind to exonic and intronic splicing silencer

sequence (ISS and ESS) to repress it. Diagram adapted from (Kornblihtt et al, 2013)%.
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Since the vast majority of introns are major introns (>99%), and only a minority (<1%)
represents minor introns, the expression levels of the major spliceosome components are
larger than those of the minor spliceosome'**. The reason why both major and minor
introns exist in the human genome remains an enigma, but the enrichment of minor introns
in specific gene families (e.g. voltage-gated Na* and Ca** channels) suggests that they control

the expression of specific subsets of genes.

The regulators of splicing are splicing factors. These are proteins that bind to specific sequences
of the nascent pre-mRNA (i.e. cis-regulatory sequences) to control where the spliceosome
acts (Figure 1D). By controlling which splice sites react together, splicing factors control
which alternative RNA sequence is formed. It is estimated that 300 to 400 splicing regulators

exist in humans?!??

, and they regulate splicing through distinct mechanisms. For example,
while the serine/arginine-rich splicing factors (SR proteins) generally favor exon inclusion
by recruiting spliceosome components; splicing factors from the family of heterogeneous
nuclear ribonucleoprotein (hnRNPs) mostly antagonize SR proteins. Many other splicing
factors, such as Quaking (QKI) can act as positive or negative regulators of splicing depending

on the location where they bind*.

Alternative splicing generates novel RNA sequences carrying new functions

Alternative splicing unzips the full potential of genes by creating multiple combinations of
exons. Introducing or skipping different exons enable the creation of new sequences encoding
new protein isoforms with varying properties. New amino acid sequences of a protein can
change its binding properties to substrates and to interactors, they can modify its enzymatic
activity, they can alter the protein localization and stability, and they can introduce residues

susceptible to post-translational modifications®*.

Up to seven different types of RNA splicing can be identified based on the exons and

)1325, These modalities of alternative

the splicing sites used in the splicing reaction (Figure 2
splicing, in combination with alternative promotor usage and alternative polyadenylation,

give raise to the tremendous diversity of RNA transcripts and proteins observed in humans.

Splicing can also control gene expression by unproductive splicing: a modality of splicing
in which the skipping of an essential exon, the inclusion of a “poison” exon, or the retention
of an intron introduces a premature stop codon that target the mRNA for degradation by
the nonsense-mediated mRNA decay (NMD) pathway®. This phenomenon has been
observed to control the gene expression of SR splicing factors® and to prevent the expression
of the MYH?7b gene in the heart?.
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Figure 2. Modalities of RNA splicing found in mammalian cells. (1) Constitutive splicing, where
all the exons of a gene are spliced in a consecutive manner. (2) Exon skipping, where one or more
exons are not included in the final transcript. (3) Mutually exclusive exons, where only one or some
exons of a region of the pre-mRNA can be included at the same time. (4) Alternative splice sites,
where different splice sites from an exon can be used. Depending on the alternative splice sites, there
is a distinction between 5’ or 3’ alternative splice site. This modality is also known as tandem splice
sites, because the splice sites are disposed in a close tandem arrangement. (S) Intron retention,
where an intron is not spliced out of the transcript. Retained introns often compromise the function
of the transcript by impeding the translocation out of the nucleus and/or by introducing premature
stop codons into the coding sequence. (6) Back-splicing, where the donor splice site is upstream to
the acceptor. This disposition is opposite to linear splicing, and creates a new kind of RNA molecule
with a covalently closed circular structure, a circular RNA (circRNA). (7) Trans-splicing (not shown),
where exons from two different RNA transcripts are spliced together to form a new chimeric sequence.
Although this phenomenon occurs in certain organisms, it does not occur naturally in mammalian

cells, except in some human cancers.
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Alternative splicing can also process long non-coding RNAs and non-coding sequences
within mRNAs. Splicing of the 3’ untranslated region (3-UTR) can introduce miRNA
binding sites or can affect the interaction of the mRNA with other elements, such as RNA-
binding binding proteins'®. A modality of splicing named back-splicing (Figure 2) creates
circular RNAs (circRNAs), a new species of regulatory non-coding RNA with a circular
structure. These circular transcripts are starting to gain attention for their regulatory roles in
diverse pathophysiological processes. For example, circRNAs arising from the gene titin have
been shown to act as miRNA sponges and as regulators of the splicing factors SRSF10 and
RBM20%.

Alternative splicing drive heart development

Each cell type presents a unique alternative splicing program that is determined by the specific
combination of splicing factors expressed in that cell type. The splicing program of cells is
dynamic and mostly changes during cellular differentiation. This is why the splicing pattern
observed in each tissue of the body changes during embryonic development'’. For example,
throughout the course of myogenic differentiation, the expression of the splicing factor
Quaking (QKI) increases while Polypyrimidine Tract Binding Protein (PTB) is reduced®.
This shift in expression of splicing factors drives the upregulation of QKI-activated exons
and the downregulation of PTB-repressed exons, thus making the proper switch of protein

isoforms during myogenesis®.

In the heart, the expression levels of many splicing factors change to adapt the splicing program
to each developmental stage (e.g. CELF1, QKI, MBNL1-2, RBFOX1-2,RBM24)'"*. The most
iconic splicing change in the heart takes place in the gene titin (TI'N). TI'N is a sarcomere
protein that behaves as a molecular spring and confers elasticity to cardiomyocytes®'. Changes
in alternative splicing generates diverse TI'N isoforms of varying length that determine
the stiffness of the myocardium. The full length isoform of TI'N is present in embryonic
hearts and is compliant; the shorter isoforms N2BA and N2B isoforms are observed in adult
hearts and they are stiffer. As a result of this splicing event, the stiffness of the myocardial wall
adapts to the changing demands of the developing embryo. The main driver of this splicing
change is the increasing expression of the splicing factor RBM20 during heart development.
RBM20 acts as a splicing repressor, and prevents the inclusion of certain exons to switch from
long and elastic TI'N to short and stiff TTN'5?2,

Splicing changes upon cardiac stress
The alternative splicing program in the adult heart is not static. It constantly adapts to
the changing (patho-)physiological demands of the heart. In human and rodent models,

splicing changes have been observed under different types of stress and pathologies, such
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as hypertrophy and heart failure®-*. A re-activation of the fetal splicing program occurs in
mouse hearts in response to pressure overload, induced by the transverse aorta constriction
(TAC) procedure®. Fetal splice isoforms are also observed in the context of human heart
failure. Interestingly, the fetal splicing pattern is reversed after left ventricular assist device
(LVID) implantation, which indicates that splicing may act as a compensatory mechanism to

the changes in the mechanical forces that the heart faces®.

These alterations in the alternative splicing program in cardiomyocytes result from changes
in the expression of splicing factors and other regulators. The expression of certain splicing
factors in the heart, like QKI¥, SLM23¥ RBFOX1° or RBFOX2%¥, is altered in numerous
pathological conditions, such as heart failure, hypertrophy or pressure overload. Post-
translational modifications and changes in the intracellular location of splicing factors also

participate in alterations of the splicing program***

. For instance, the heterogeneous nuclear
ribonucleoprotein C (hnRNPC) responds to mechanical stress during heart failure by
relocating to the sarcomeric Z-disc. Even though hnRNPC expression is increased in disease,
the translocation of hrRNPC from the nucleus to the sarcomere prevents its function as
splicing factor and affects the splicing of many targets*>. Other regulators of splicing, such
as long non-coding RNAs (IncRNAs), also participate in tuning the splicing program. For
example, the IncRNA triadin-antisense (TRDN-AS) regulates the balance between different

isoforms of triadin during development and heart failure®.

Defects in splicing can cause inherited cardiomyopathies

Defects in splicing can have serious consequences for gene expression. In the heart, they
can translate to loss of cardiac isoforms and the development of severe cardiomyopathies.
Mutations or variants in the cis-regulatory sequences of mRNAs can impair splicing.
For instance, a disrupted spliced site or branch point site can induce intron retention or
the skipping of an exon. Even if only one nucleotide is skipped, a frame shift can disrupt
the entire amino acid sequence. In the best case scenario, this kind of mutation introduces
a premature stop codon that targets the mutant coding sequence for the NMD pathway.
In the worst case scenario, it creates a dominant negative protein that interferes with
the remaining protein, derived from the healthy allele*. Variants in splice sites are common in
humans. 9.4% of all the protein-coding variants found in the Genome Aggregation Database
(gnomAD) correspond to splice site variants*. Some of these variants have been linked to
cardiomyopathies. For example, splice variants in the genes TN, LMNA and DMD have been
linked to dilated cardiomyopathy (DCM); in TTN, TNNT2 and MYBPC to hypertrophic
cardiomyopathy (HCM); in PKP2, JUP, and DSG2 to arrhythmogenic right ventricular
cardiomyopathy; in KCNH2 and KCNQI to long QT syndrome; in SCNSA to Brugada
syndrome; and in GATA4 and NR2F2 to congenital heart disease®.
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In addition to disrupting existing splice sites, mutations can also create new splice sites (i.e.
activate cryptic splice site) in the middle of an exon or intron. This new splice site can change
the splicing pattern of the transcript and disrupt the coding sequence™. It is estimated that 11%

of de novo mutations are pathological due to the activation of a cryptic splice site in introns*’.

Mutations in splicing factors can also lead to disease. In the heart, mutations in the RNA-
binding motif protein 20 (RBM20) account for 3% of the familial DCM cases*. The cardiac-
specific splicing factor RBM20 participates in the splicing of multiple genes, including
TT'N and CAMK2D. Loss-of-function mutations can disrupt the entire RBM20 splicing
network. As a result, RBM20 mutation carriers present a rapidly progressing heart failure
and an increased risk of arrhythmias*. So far, no other therapy than heart transplant is
available for these patients. Mutations in many other splicing factors have been linked
to disease. Not specifically to cardiac disease, but to broad neuromuscular disorders that
present cardiac symptoms among others. Patients with spinal muscular atrophy caused by
mutations in the splicing factor survival motor neuron 1 (SMN1) also display bradycardia
and premature heart failure*. These cardiac symptoms were thought to originate from
innervation problems, but some in vitro models have shown that SMN1 is also important

for cardiomyocyte function®*'

. Mutations in the ubiquitously expressed RNA-binding
protein FUS are responsible for amyotrophic lateral sclerosis (ALS), a neuromuscular
disease in which patients also present an increased risk for arrhythmias and sudden cardiac
death’2. Core components of the spliceosome can also be mutated, and result in severe and
pleiotropic syndromes. For example, mutations in the components of the minor spliceosome
have been linked to complex neurological and growth disorders, in which sometimes there

are also cardiac abnormalities®.

Another splicing-related disease with a cardiac component is myotonic dystrophy (DM). DM
is a neuromuscular disorder caused by expanded nucleotide repeats present in some mRNAs.
These aberrant repetitions sequester splicing factors and interfere with their function. The main
splicing effect observed during DM is the loss of function of the splicing factor MBNL and
the increase of CELF (/CUG-BP). There are 2 types of DM depending on the nature of
the repeats: DM1 (caused by the expansion of CUG repeats in the 3’ UTR of the DMPK gene)
and DM2 (caused by the expansion of CCUG-repeats in the intron 1 of ZNF9). Although
different, these two diseases share molecular mechanisms and present common symptoms,

such as myotonia, muscle weakness, cardiac conduction defects and arrhythmias®*.

Taken together, inherited cardiac diseases caused by splicing defects reveal the essential role

of RNA splicing in heart function.



INTRODUCTION AND SCOPE OF THE THESIS

SCOPE OF THIS THESIS

In this thesis, we focus on the molecular mechanisms and regulators of cardiac

alternative splicing.

In Chapter 2, we study the cardiac-enriched splicing factor quaking (QKI) in the developing
and adult heart. To do so, we generated mice with conditional deletion of QKI in
cardiomyocytes by the Cre-Lox system and we characterized them functionally. We performed
RNA sequencing to assess changes in gene expression and exon usage to determine how QKI

regulates alternative splicing in the heart.

In Chapter 3, we delve deeper into QKI-dependent splicing by focusing on back-splicing
and circRNA formation. By using the QKI knock-out mouse model that we developed, we
identified numerous circRNAs regulated by QKI in the heart. We assess how changes in
these circRNAs relate to changes in linear splicing of the host genes. In addition, we compare
circRNA formation changes occurring in this model with those occurring in RBM20

knock-out mice.

In Chapter 4, we re-examine several splicing factor knock-out mouse models that have
been developed in the last decades. We retrieved and analyzed original RNA-sequencing
data from eight published mouse models in which splicing factors have been genetically
deleted (HNRNPU, MBNL1/2, QKI, RBM20, RBM24, RBPMS, SRSF3, SRSF4). We assess
commonalities and differences between the splicing networks of these factors, and we show
how changes in their expression correlate with changes in alternative splicing in a large cohort

of heart failure patients.

In Chapter S, we turn our attention to an unusual class of introns, namely minor or
Ul2-dependent introns. Even though minor introns are enriched in crucial genes for
cardiomyocytes (e.g. sodium and calcium channels, MAPKSs, and calpains), little is known
about their relevance in the (electro-)physiology of the heart. To study them, we inhibit
minor splicing in cardiomyocytes by knocking downthe snRNA U6atac, and we examine

the consequences on the expression and function of sodium and calcium channels.

In Chapter 6, we comment on a study investigating the role of the long non-coding RNA

triadin-antisense in the regulation of cardiac splicing.

Finally, we conclude by summarizing the findings of this thesis and discussing the future

directions in the field.
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ABSTRACT

Aims

In the heart, splicing factors orchestrate the functional properties of cardiomyocytes by
regulating the alternative splicing of multiple genes. Work in embryonic stem cells has shown
that the splicing factor Quaking (QKI) regulates alternative splicing during cardiomyocyte
differentiation. However, the relevance and function of QKI in adult cardiomyocytes remains
unknown. In this study we aim to identify the in vivo function of QKI in the adult mouse
heart.

Methods and Results

We generated mice with conditional deletion of QKI in cardiomyocytes by the Cre-Lox
system. Mice with cardiomyocyte-specific deletion of QKI died during the fetal period
(E14.5), without obvious anatomical abnormalities of the heart. Adult mice with tamoxifen-
inducible QKI deletion rapidly developed heart failure associated with severe disruption
of sarcomeres, already 7 days after knocking out QKI. RNA sequencing revealed that
QKI regulates the alternative splicing of more than 1000 genes, including sarcomere and
cytoskeletal components, calcium handling genes and (post)transcriptional regulators. Many
of these splicing changes corresponded to the loss of muscle-specific isoforms in the heart.
Forced overexpression of QKI in cultured neonatal rat ventricular myocytes directed these

splicing events in the opposite direction, and enhanced contractility of cardiomyocytes.

Conclusion

Altogether, our findings show that QKI is an important regulator of the muscle-specific

alternative splicing program that builds the contractile apparatus of cardiomyocytes.

Translational perspective

Alternative splicing generates protein isoforms to maintain mechanical, structural, and
metabolic properties of cardiomyocytes. We are the first to show that QKI is one of the essential
splicing factors in the adult heart. During heart failure, alternative splicing of numerous
genes is altered, thereby affecting cardiac function. Recent observations that QKI expression
is downregulated in hearts of heart failure patients indicates that loss of QKI-mediated
processes contributes to decreased sarcomere organization in these patients. Modulation of
QKI activity may serve as a future therapeutic strategy to adapt cardiac isoform expression

and improve cardiac function in heart failure patients.
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INTRODUCTION

Alternative splicing, the process by which exons from one mRNA can be spliced in different
arrangements, is a crucial mechanism to expand protein diversity. It is now established that
more than 95% of all human genes undergo alternative splicing to produce protein isoforms
that are functionally or structurally specialized for the cell type in which they are expressed’.
In the heart, for example, the contractile properties of the sarcomere are precisely orchestrated
through alternative splicing of titin, troponin T and tropomyosin to meet the varying demands
of the heart during development and disease'?. One mechanism to precisely regulate alternative
splicing in a tissue- and developmental stage-specific manner is via the expression of splicing
factors. RBM20 is the most studied splicing factor in the heart, which has been shown to
regulate networks of splicing events, particularly in sarcomere and calcium handling genes®=.
Mutations in RBM20 are a frequent cause of familial dilated cardiomyopathy which highlights
the functional impact of aberrant splicing in the heart%’. Loss-of-function studies in mice also
uncovered roles for other muscle restricted-splicing factors, namely RBM24 and RBFOXI1 in
the heart®, but the list of RNA binding proteins controlling alternative splicing in the heart is

far from complete.

The splicing factor Quaking (QKI) is a member of Signal Transduction and Activator RNA
(STAR) family of RNA binding proteins, which is ubiquitously expressed with highest levels
in brain and heart'°. QKI has three main isoforms, i.e. QKI-5, QKI-6, QKI-7, that differ in
the C-terminal region. QKI-S is the predominant isoform in the heart and is the only one with
a nuclear localization signal, which allows it to act as a splicing factor by binding nuclear pre-
mRNAs'. QKI-6 and QKI-7 are cytosolic proteins, and they are mainly involved in binding
mRNAs outside of the nucleus to control their stability'"'2. The role of QKI in the nervous
system has been well studied, in fact, the name ‘quaking’ stems from the phenotype of
the ‘quaking viable’ mouse model that has reduced levels of myelin in its nervous system,
leading to a shaking behavior, with frequent seizures'*™'. In the heart, the function of QKI is
not fully understood. Its activity in cardiomyocytes has been associated to a better outcome

after ischemia/reperfusion (I/R)'*"

and after doxorubicin toxicity®. Systemic loss of QKI
in mice (using the Qki"*“ mouse line) resulted in embryonic lethality around day E9.5-
E10.5, which was attributed to failure of blood circulation in the yolk sac, in which vascular
remodeling was impaired". Other abnormalities that were observed at this embryonic stage
were open neural tubes, incomplete embryonic turning and pericardial effusion, while

betaGeo mouse line, several

the hearts seemed normal®. In a subsequent study using the same Qki
splicing changes were detected in the hearts of the KO embryos*. Work in human embryonic
stem cell-derived cardiomyocytes (hRESC-CM) indicated that QKI is required for the proper
splicing of genes involved in myofibrillogenesis, such as ACTN2, NEBL and TI'N*. Despite

this first evidence for splicing regulation during differentiation of cardiac progenitors to early
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cardiomyocytes and in the specification of cardiac mesoderm?®', the functional relevance of

QKI-mediated splicing in the embryonic and adult heart remains unknown.

In this study, we investigated the function of QKI in the mouse heart by selectively deleting QKI
in cardiomyocytes. To circumvent embryonic lethality due to impaired yolk sac development
and to be able to ascertain a cardiomyocyte-autonomous role for QKI, we utilized the Cre-LoxP
system to conditionally delete QKI from cardiomyocytes. Mice with cardiac-specific deletion
of QKI died during the early fetal stages (E14.5), without obvious structural abnormalities of
the heart. In the adult myocardium, loss of QKI (using the tamoxifen inducible MerCreMer)
induced dilation of the ventricles and a rapid decline in cardiac function, which was associated
with severe disruption of sarcomere organization. RNA-sequencing revealed splicing changes
in more than a thousand genes in the adult QKI KO hearts, a large subset of which represents
muscle-specific isoforms. While deletion of QKI in adult myocardium induced a rapid heart
failure phenotype, we also show that forced overexpression of QKI in neonatal cardiomyocytes
is able to enhance sarcomere contractility. Altogether, we are the first to show that QKI is

a crucial splicing factor in the adult heart to maintain a muscle-specific splicing program.

RESULTS

Cardiomyocyte-specific removal of QKI causes embryonic lethality

To investigate the function of the splicing factor QKI in the heart, we generated
a cardiomyocyte-specific QKI knockout mouse model by crossing Qki-floxed mice'® with
mice carrying the Myh6-Cre transgene®, in which the onset of Cre expression is as early as
embryonic stage E7.5%. In this conditional knockout allele, exon 2 of Qki is flanked by loxP
sites. Exon 2 encodes part of the KH RNA binding domain, common to all QKI isoforms,
and its deletion generates a frameshift, resulting in a null allele’® (Fig 1A). We refer to
the homozygous Qki"; Myh6-Cre' as conditional QKI knock-out mice (cQKI KO), QKF*;
Myh6-Cre®® as conditional QKI heterozygous mice (cQKI HET) and Qki*”*;Myh6-Cre™ as
conditional QKI wild-type (cQKI WT) mice.

cQKI HET mice were born at the expected Mendelian ratios and were viable, but cQKI KO
mice were not found at birth, indicating that QKI expression in cardiomyocytes is essential
during embryonic development (Table $3). To pinpoint the timepoint of embryonic death,
we collected embryos at different stages and found cQKI KO embryos at expected Mendelian
ratios until day E14.5 (Table $4). From that timepoint onwards, all cQKI KO embryos were
dead or reabsorbed. At E14.5, cQKI KO embryos displayed pericardial effusion and signs of
necrosis (Fig 1C). No differences in embryo and heart size were detected between the three

genotypes at E10.5 and E12.5 (Fig S1). Furthermore, Hematoxylin&Eosin (H&E) stainings
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Figure 1. QKI deletion in cardiomyocytes results in early embryo lethality. (A) Schematic drawing
of the floxed Qki allele. (B) Qki mRNA levels in ventricles at E12.5. n=4 embryos per group. One-way
ANOVA followed by Tukey’s multiple comparison test; **adjusted p<0.01; *adjusted p<0.05. (C)
Representative images of mouse embryos at E14.5. Scale bar: 1 mm. (D) H&E stainings depicting
four-chamber view of embryonic hearts at indicated developmental timepoints. Scale bar: 250 ym
E10.5, S00 pm E12.5-14.5. (E) Four-chamber view of E14.5 hearts and (F) magnification of the LV
at E12.5 immunocytochemically stained with DAPI (blue), anti-panQKI (green) and anti-cTNI (red)
antibodies. Scale bar: 500 ym E14.5, 100 yum E12.5. Representative images of 3 embryos per group

and per timepoint are shown.
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did not reveal obvious defects in cardiac anatomy at days E10.5, E12.5 or E14.5 (Fig 1D),

suggesting the QKI cKO hearts were functionally compromised, not anatomically.

To assess the deletion efficiency by Myh6-Cre, we performed qRT-PCR on RNA isolated
from E12.5 ventricles using primers spanning exons 2 and 3 of Qki. This showed deletion
levels of ~15% in cQKI HET and ~50% in cQKI KO hearts (Fig 1B). Of note, QKI is also
expressed at lower levels in other cell types of the heart (e.g. vascular smooth muscle cells,
fibroblasts, macrophages), which may contribute to the background expression of QKI in
the knockout hearts. Next, we validated the knock-out approach by immunostainings for QKI
and the cardiomyocyte marker cardiac troponin I (¢cTNI). In WT embryos, we could detect
QKI protein in cardiomyocytes of the four chambers of the developing heart, however, QKI
expression was clearly reduced in the QKI ¢cKO embryos at day E12.5 and E14.5 (Fig 1E-F,
Fig S2). At E14.5, residual QKI expression was observed particularly in cells of the compact
myocardium and the middle axis of the heart. We do not have a clear explanation for
the pattern of remaining cells, but it could be explained by cardiomyocytes not expressing

the Cre recombinase or by other cell-types in that area expressing QKI.

In conclusion, the heart-specific cQKI KO mice were unable to progress beyond embryonic
day E14.5. This is substantially later than the lethality caused by whole body ablation of
QKI, which occurs around E9.5, and which has been attributed to abnormalities in vascular
remodeling of the yolk sac*”. Overall, this indicates that QKI regulates key processes in

cardiomyocytes during development.

Cardiac-restricted removal of QKI at adulthood causes heart failure

To overcome embryonic lethality and to be able to study QKI function in the adult heart, we
created a cardiac-specific tamoxifen-inducible QKI (ciQKI) knockout mouse line by crossing
the Qki-floxed mice with mice carrying the Myh6-mER-Cre-mER transgene (Myh6-MCM™)>.
To induce the Cre-loxP recombination, we injected tamoxifen intraperitoneally in 12- to 17-
week-old WT(Qki"*, Myh6-MCM®), ciQKI HET (Qki"*, Myh6-MCM?) and ciQKI KO
(Qki", Myh6-MCM®) mice for 4 consecutive days (Fig 2A). We noted that within S days
after the last tamoxifen injection a subset of ciQKI KO mice started to become inactive, while
the tamoxifen-injected WT and ciQKI HET mice appeared healthy. As low physical activity
can be indicative of heart failure in the ciQKI KO group, we terminated the experiment at
7 days after the last tamoxifen injection. qRT-PCR on heart tissue revealed that Qki mRNA
levels were reduced by 80% in the ciQKI KO and by 40% in the ciQKI HET hearts, 7 days
after the last tamoxifen injection (Fig 2B). QKI protein levels were reduced by 80% in ciQKI
KO mice, as shown by Western blotting (Fig 2C-D).
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Figure 2. Deletion of QKI in adult cardiomyocytes induces heart failure. (A) Experimental approach
to knock out QKI in adult cardiomyocytes by the Cre/Lox system. (B) Qki mRNA levels in LV tissue as
measured by gPCR. (C) QKI proteinlevelsin LV as measured by Western Blotand (D) its quantification.
(E) Representative pictures of hearts after paraformaldehyde fixation. (F) H&E stainings depicting
WT, HET and KO hearts. Scale bar: 2 mm (G) Representative echocardiographic M-mode traces. (H)
LV internal diameter, LV anterior wall thickness and ejection fraction, measured during diastole and
systole using echocardiography. (I) Normalized heart weight. (J) Electrocardiogram parameters. All
data and images correspond to the same experiment, ended 7 days after the last tamoxifen injection.
Number of mice per group: 5 ciQKI WT, 6 ciQKI HET, 9 ciQKI KO. Data are mean * standard
deviation. One-way ANOVA followed by uncorrected multiple comparison Fisher’s least significant
difference; ****p< 0.0001; **p<0.001; **p<0.01; *p<0.05.
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Inspection of global cardiac morphology and histological analysis on H&E stained sections,
7 days after the last tamoxifen injection showed enlargement and thinning of the ventricles
(Fig 2E-F). Echocardiography confirmed a heart failure phenotype with severe systolic
dysfunction in ciQKI KO mice. Specifically, ejection fraction (EF) was reduced by ~45% in
ciQKI KO mice compared to the cQKI WT, and this was associated with a ~14% increase in
LV internal diameter (LVID) during systole (Fig 2G-H, Table S5). No differences in heart
weight and ECG parameters were found in ciQKI KO mice (Fig 21-J, Fig S3, Table S5).

Next, we performed double immunocytochemistry for QKI and desmin (an intermediate
filament connecting sarcomeric Z-disks to the cytoskeleton) on adult ciQKI WT, ciQKI
HET and ciQKI KO hearts (Fig 3A) and evaluated them by confocal microscopy. This
showed, besides a nearly complete loss of QKI protein, that the organization of the myofibrils
was disrupted in the ciQKI KO hearts. Inmunohistochemistry for alpha-actinin (ACTN2,
which anchors actin filaments to the Z-disk) and titin (TTN, a molecular spring that connects
the Z-line to the M-line in the sarcomere) yielded a comparable picture of disorganized
myofilaments (Fig S4 and Fig S5). Of note, in the ciQKI KO hearts, we observed variation
in the extent of filaments disruption, as some regions were more affected than others. No
disrupted filaments were observed in the WT or ciQKI HET hearts. Ultrastructural analysis
of the adult myocardium using transmission electron microscopy showed these defects in
greater detail (Fig 3B-C). Whereas WT hearts exhibited intact sarcomeres with clearly
defined Z-disks and well-organized myofibrils, ciQKI KO hearts displayed degenerated

sarcomeres, and this was associated with glycogen deposits around sarcomeres (Fig S6).

In conclusion, we show that QKI depletion in the adult myocardium leads to a dilated
cardiomyopathy that rapidly progresses into heart failure and we provide evidence that

disrupted sarcomeric organization underlies this contractile defect.

QKI is required for alternative splicing in cardiomyocytes

To elucidate the mechanism underlying the observed functional and ultrastructural defects,
we performed RNA-sequencing in adult (S WT and § ciQKI KO hearts, 7 days after
tamoxifen injections) and in E12.5 embryonic hearts (4 WT and 4 cQKI KO). To be able
to analyze gene expression and splice isoforms, cDNA libraries were subjected to ultra-deep

sequencing, with around 250 million paired-end reads per sample.

We first performed differential gene expression analysis on the adult hearts, and we found
409 genes significantly upregulated and 444 downregulated in the ciQKI KO hearts
(Fig 4A, Online data 1). Among the upregulated genes, there were markers of cardiac
stress, such as Actal, Casq2, Ccn2, Myh7, Nppb, and Rcanl. Among the downregulated
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Figure 3. Loss of QKI disrupts cytoskeletal and sarcomere organization in the adult heart. (A)
Immunocytochemistry showing the cytoskeletal protein desmin (red), panQKI (green) and DAPI
(blue). Right panels (inset) represent magnifications of the yellow box in the desmin panels. Scale
bar: SO pm. (B) Representative transmission electron microscopy images of cardiomyocytes from
ciQKI WT and ciQKI KO mice. Scale bar: 500nm. (C) Quantification of aberrant sarcomeres in
LV cardiomyocytes in electron microscopy images. 3 mice per group, 4 images per mouse. y2-test
***adjusted p<0.001.

genes, there was Actn2, a previously characterized target of QKI in hESC-derived
cardiomyocytes®. Western blotting was performed to confirm the downregulation
of ACTN2 and the upregulation of CAMK2D protein in the ciQKI KO hearts
(Fig S7). To asses alternative splicing changes in the adult hearts, we detected differential
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Figure 4. QKI is required for alternative splicing in cardiomyocytes of the adult heart. (A) Volcano
plots showing differential gene expression and (B) differential exon usage of S ciQKIWT and S ciQKI
KO hearts, 7 days after tamoxifen injections. (C) Heatmap showing differential exon usage after
QKI removal in adult LV (n=5 mice per group) and in embryonic ventricles (n=4 mice per group).
Z-scores were calculated in adults and embryos separately to illustrate the overlap in QKI targets
between embryo and adults. (D) Pathway analysis of differentially spliced genes in the adult hearts for
“biological process” GO terms. (E) Validation of QKI-mediated splicing events by RT-PCR in 3 ciQKI
WT, 3 ciQKI HET and 5 ciQKI KO hearts (adults). (F) Representative sashimi plots of ciQKI WT
and ciQKI KO hearts (adult), illustrating detailed splicing changes in Ttn, Nebl, Ldb3 and Tpm1. Exon

numbers and transcript isoforms are indicated below the plot.
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exon usage with DEXSeq** and found 1023 differentially spliced genes in ciQKI KO hearts.
Specifically, 927 exon bins were upregulated and 1089 exon bins were downregulated in
the ciQKI KO hearts (Fig 4B, Online data 2). Among the mis-spliced genes, there were
multiple genes directly involved in cardiac contraction, such as Atp2a2, Cacnalc, Cacna2d2,
Sorbs2, Vel, Tpm1 or Ttn.

RNA-seq in the ventricles of E12.5 cQKI WT and ¢cQKI KO mice also yielded differences in
gene expression and splicing (Fig S8A-B, Online data 3-4). Principal component analysis
(PCA) on exon usage and gene expression in the embryonic and adult hearts shows that
splicing changes are more distinct than gene expression changes at both time-points (Fig
S8C-D). Although there was a smaller number of differentially spliced transcripts in the E12.5
cQKI KO embryos compared to the adult ciQKI KO hearts (148 in embryos vs 1023 in
adults), a substantial proportion of these mis-spliced genes (68%) did overlap with the ones
observed in the adult QKI KO hearts (Fig4C). A scatterplot depicting the correlation between
differentially spliced exons in embryo and adult hearts also reveals that the fold changes are
larger in the adult heart (Fig S8E). Pathway analysis of the 1023 mis-spliced genes in the adult
ciQKI KO heart showed an enrichment for gene ontology “biological process” terms related
to muscle biology, such as “sarcomere organization” and “striated muscle cell development”

(Fig 4D, Table S6).

To validate the splicing changes observed by RNA-seq, we performed RT-PCR in adult
heart tissue (3 ciQKI WT, 3 ciQKI HET and S ciQKI KO) for a panel of genes involved
in muscle biology. We could confirm robust splicing changes for all genes tested. As shown
in Figure 4E, we confirm alternative splicing changes for components of myofibrils (Actn2,
Ldb3, Nebl and Ttn), regulatory kinases (Camk2d, Akap9), calcium channels (Cacnb1, Ryr2)
and transcriptional and splicing regulators (Mbnl2, Mef2c, Rbfox2). Interestingly, ciQKI HET
hearts did not show intermediate splicing changes, except for a subtle difference in Ttn and
Ryr2 splicing. Sashimi plots were generated to visualize splicing changes at the transcript
level (Fig 4F). Without QKI, exon 4 of the Z-disk component Ldb3 (/ZASP/Cypher) is
partially skipped and exons 5, 6 and 7 are aberrantly included; exons 25 and 26 of the Z-disk
component nebullete (Nebl) are skipped; exons coding for Z-repeats of titin (Ttn) are
skipped (exons 11, 12 and 13)*; and the terminal exons of alpha-tropomyosin (Tpm1) are
alternatively spliced”. In conclusion, QKI depletion in the embryonic and adult heart leads

to massive splicing changes in genes crucial for muscle biology.

Intronic location of the QKI binding motifs is associated with exon skipping or inclusion

To examine the presence and location of putative QKI binding sites within the transcript, we

performed an unbiased enrichment analysis of RNA-binding proteins (RBP) motifs using
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ATtRACT, a database for RBPs and associated motifs*’. We compared the presence of motifs
surrounding the differentially spliced exons in adult ciQKI KO hearts with motifs surrounding
an equal number of exons not differentially spliced. We limited our analysis to the proximal
upstream and downstream regions, encompassing 200 nt in the flanking introns and 10 nt
within the exon. As anticipated, the binding motif of QKI (ACUAAY) was the most enriched
sequence in the regions flanking the mis-spliced exons (Fig SA, Online data S). Interestingly,
one of the other enriched sequences was the binding motif for RBFOX1. Like QKI, RBFOX1
is a splicing regulator with enriched expression in brain and striated muscle. As multiple
splicing targets are shared between RBFOX1 and QKI (e.g. Mef2c, Mef2d, Camk2d, Mbnl2)®,

it is conceivable that they cooperate in splicing networks.

Splicing factors can have opposing effects on exon usage, depending on whether they bind
to their motifs up- or downstream of the exon®. Also for QKI it has been reported that
the location of ACUAAY motifs within the transcript determines whether QKI acts as
a repressor or as an activator of exon inclusion®*-*. Therefore, we quantified and compared
the presence of QKI binding sites in the proximal upstream and downstream regions of
QKl-activated (exons skipped in the ciQKI KO heart), QKI-repressed (exons included in
the ciQKI KO heart) and QKI-independent exons (non-differentially spliced exons) (Fig SB).
We observed an increase in the number of motifs upstream of the QKI-repressed exons and
an increase in the numbers of motifs downstream of QKI-activated exons, further illustrating
how the positioning of QKI relative to the exon determines whether the exon is included or
excluded in the final transcript. Examples of QKI-activated exons with downstream ACUAAY
motifs (exon 4 of Akap9 and exon 101 of Dst) are shown in Figure SC. Mutually exclusive
exons 3a/3b of Slc25a3 and 10a/10b of Rbfox2 were found to contain the motif upstream of
the QKI-repressed exon and downstream of the QKI-activated exon.

QKI is essential for the expression of muscle-specific and developmental
splice isoforms

Splice isoforms are often produced in cell-type- and/or developmental-specific manner®,
and we wondered whether this is also the case for QKI-regulated isoforms. First, we
checked whether the QKI-dependent splicing events that we observed occurred exclusively
in the heart or were present in other tissues as well. To do so, we performed RT-PCR on
a tissue panel of adult mice, consisting of “non-muscle” tissues (cerebral cortex, kidney,
lung), tissues with a high content of smooth muscle cells (colon, bladder, aorta), and striated
muscle tissues (pectoralis muscle, quadriceps, atria, right ventricle and left ventricle). To be
able to interrogate isoform expression across multiple tissues, we selected only those QKI
targets that are expressed in a ubiquitous manner. As can be appreciated from Figure 6A,

the picture emerges that QKI depletion prevents the expression of muscle-specific isoforms.
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Figure 5. Location of QKI binding site determines whether QKI acts as a repressor or as an
activator. (A) Enrichment of RNA binding motifs surrounding differentially spliced exons in adult
ciQKI KO hearts (5 ciQKI WT vs § ciQKI KO). RNA binding motifs in an equal number of exons that
were not differentially spliced was used as a reference. (B) Left panel: Schematic model to illustrate
the positional effect of ACUAAY motifs in determining whether QKI acts as a repressor or as an activator
of exon inclusion. Right panel: normalized number of ACUAAY motifs upstream and downstream of
QKI-repressed, QKl-activated and a random selection of QKI-independent exons. (C) Representative
bedgraphs of QKI-activated and QKI-repressed exons from RNA sequencing reads retrieved from
adult ciQKI WT and KO heart (n=5/group), and the location of ACUAAY motifs indicated by vertical

lines under graphs.

For instance, the isoform of Slc25a3 containing exon 2A is highly enriched in striated
muscle, but in the ciQKI KO hearts this isoform is completely lost. The same holds true for
the muscle isoforms of Tmed2, Akap9 and Nebl. Other QKI-dependent splicing events, like
Ank3 and Cacnbl are not restricted to striated muscle types but are expressed in smooth
muscle tissues as well. Interestingly, loss of QKI in the heart often results in the expression of

isoforms that are normally present in the cerebral cortex (e.g. Akap9, Ank3, Cacnbl, Fhod3,
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Slc25a3, Tmed2), which is remarkable since QKI is also highly expressed in the nervous
system (Fig 6A).

Alternative splicing is a fundamental mechanism for organ development, especially in
the brain and heart®, tissues with relatively high levels of QKI. Interestingly, Qki mRNA
levels increase in the heart throughout development, whereas in other tissues (brain, kidney,
liver) Qki mRNA levels seem to decrease over time (Fig 6B)*. We used our RNA-seq data

to investigate whether loss of QKI in the adult heart would lead to the expression of more

Figure 6. QKI depletion causes a loss of muscle-specific isoforms. (A) RT-PCR panel showing
isoform expression across non-muscle, smooth- and striated muscle- containing tissues in adult WT
mice, and in the LV from ciQKI WT and KO mice. Tissue panels of 3 different mice were analyzed
with comparable results. (B) QKI expression during development across tissues in mice. Data retrieved
from Cardoso-Moreira et al.*. (C) Heatmap showing differential exon usage in ciQKI WT and KO
adult hearts (S hearts per group) and in E12.5 WT ventricles (4 hearts). Gene names within dashed
box represent splice isoforms that revert to their embryonic state after loss of QKI. (D) Representative
bedgraphs showing four examples of genes that revert to the embryonic isoform in adult ciQKI
KO hearts (2 mice per group shown). Predicted QKI binding sites (ACUAAY) are depicted below

bedgraphs as vertical lines.
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embryonic splice isoforms. As such, we compared QKI-dependent splicing events that we
identified in the adult hearts with the isoforms present in wild-type E12.5 hearts. As shown
in the heatmap in Figure 6C, there were 55 genes that switched to an embryonic isoform in
the absence of QKI. Four examples of QKI-dependent genes that reverted to an embryonic
isoform are illustrated in bedgraphs of Figure 6D. Overall, our findings illustrate that QKI
controls the expression of numerous muscle- and developmental-specific splice isoforms in
the heart. This puts QKI at the center of coordinated splicing networks that regulates cardiac

tissue identity and cardiac development.

QKI overexpression increases cardiomyocyte contractility

Given our observation that QKI regulates a muscle-specific alternative splicing program that
shapes the contractile function of cardiomyocytes, we wondered whether overexpression of QKI
in neonatal rat ventricular myocytes (NRVMs) 1) would be sufficient to push the expression of
adult QKI dependent splicing isoforms and 2) would affect contractility of cardiomyocytes.
We limited our studies to QKI-S, since it is the predominant isoform in the heart and it is
the only one with a nuclear localization signal. We made use of a bicistronic lentiviral vector
to simultaneously express QKI-S and GFP after transduction. As a control we overexpressed
GFP alone. Five days after transduction, NRVMs presented QKI protein overexpression
in the nucleus (Fig 7A) and this was associated with an increased in cell size (Fig $9). QKI
expression was increased approximately by 2.5-fold at the protein level (Fig 7B) and RT-PCRs
showed a shift in splicing opposite to the one observed in the ciQKI KO hearts (Fig 7C). This
shift towards more muscle-specific isoforms consisted of increased skipping of exon 16 in Ank3,
higher levels of the isoform 8-C of Camk2d, more inclusion of exon 4 and skipping of exons 5, 6
and 7 in Ldb3, and increased skipping of exon 2a in Myocd.

To test whether the splicing changes induced by QKI-5 overexpression affected
the contractility of the NRVMs we made use of CytoCypher, a high-throughput microscopic
system able to measure cardiomyocyte contraction by calculating pixel displacement over
time. We performed the measurements at day 4 after transduction, before the increase in cell
size occurs (Fig $9). Representative cell contraction transients of GFP and QKI-S transduced
NRVMs are depicted in Figure 7D. Interestingly, QKI-S overexpression increased the peak
height of the contraction transients, and the departure and return velocities (i.e. the maximum
velocities reached on the contraction and relaxation phase of the transient) (Fig 7E). In
summary, our in vitro experiments indicate that QKI-S overexpression is sufficient to increase

muscle-specific splicing and enhance the contractile properties of neonatal cardiomyocytes.
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Figure 7. QKI overexpression in neonatal rat ventricular myocytes (NRVMs) increases
the production of muscle isoforms and enhances contractility. (A) Representative
immunocytochemistry of NRVMs S days after lentiviral (LV) transduction of GFP or QKI-S. ACTN2
(red), panQXKI (yellow), DAPI (blue) Scale bar: S0 ym. (B) QKI protein levels as measured by Western
Blot. Unpaired t-test; **p<0.01. (C) RT-PCR showing a shift in splicing in the QKI targets Ank3,
Camk2d, Ldb3 and Myocd, 5 days after lentiviral transduction. 3 wells per condition; representative
results from 3 independent experiments are shown. (D) Representative contraction traces and
(E) contraction parameters 4 days after lentiviral transduction. Departure/return velocities are
the maximum velocities reached on the contraction and relaxation phase of the transient. N>40 cells
per condition. The data represents one out of four independent experiments. Data are mean * standard
deviation. Mann-Whitney test; *p<0.05; **p<0.01; ***p<0.001. All experiments were performed with
a multiplicity of infection (MOI) of 1.3.

DISCUSSION
In this study, we investigated the function of QKI in the heart. We demonstrate that QKI is

required in cardiomyocytes to maintain normal cardiac function during development and in
the adult heart. Most strikingly, loss of QKI in adult cardiomyocytes rapidly induces heart
failure, with LV dilation and severe disruption of sarcomeres, and this occurs already 7 days
after deleting QKI from the heart. We show that QKI regulates the integrity and structural
composition of sarcomeres, at least in part, by controlling alternative splicing of hundreds

of protein-coding genes. Analysis of splicing events in ciQKI KO hearts revealed defective
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splicing in numerous sarcomere genes (e.g. Nebl, Ttn, Tpm1, Ldb3, Actn2), cytoskeletal genes
(e.g. Ablim1, Ank3, Dst), calcium handling genes (e.g. Camk2d, Atp2a2, Ryr2, Cacnalc) and
(post)transcriptional regulators (Mef2c, Myocd, Mbni2, Rbfox1/2). Forced overexpression of
QKI-S in cultured neonatal cardiomyocytes directed these splicing events in the opposite

direction, which led to increased contractility of cardiomyocytes.

Because QKI regulates the splicing of such a large number of developmental- and disease-
relevant genes, it is currently not possible to pinpoint how each defectively spliced gene
contributes to the QKI KO phenotype we observe. Nevertheless, the functional relevance of
anumber of these splice isoforms has been reported previously. For instance, skipping of exon
8 in Actn2, which we observe in QKI KO hearts results in a premature stop codon, leading to
degradation of the Actn2 mRNA due to activation of the nonsense-mediated mRNA decay
(NMD) pathway?. Within Ttn, exon 11-13 are skipped in the absence of QKI. These exons are
located in the Z-band region of TT'N and alternative splicing in this region generates a variable
number of Z-repeats, presumably changing the binding sites for the scaffold protein ACTN2,
and thus influencing the mechanical stability of the sarcomere®*. In TpmI, we observed
splicing changes in the terminal exons that define TPM1 affinity for actin. Specifically, in
the absence of QKI, we observed loss of the striated-muscle specific exons 9a and 9b, in favor
of the exons 9c and 9d. The exons 9a and 9b encode for specific amino acid residues that
are critical for the interaction of troponin with tropomyosin on the thin filaments?**. For
CaMKII3, we observed a switch from the §-C to the 8-A isoform, resulting from inclusion of
exon 15 and 16. The §-C isoform is located in the cytoplasm, where it phosphorylates RyR2
and phospholamban, while the §-A isoform is associated with the intercalated disc and T
tubules, where Ca** channels and activated CaMKIIS are concentrated*>*!. The increased §A
levels may lead to Ca®* handling disturbances in QKI KO cardiomyocytes, but this warrants
further investigation. The transcription factor MEF2C is a crucial regulator of myogenesis
by controlling the expression of genes that encode a network of structural proteins. Here, we
show that QKI is required for the expression of the MEF2C isoform containing the mutually
exclusive a2 exon. The a2 isoform has potent myogenic activity, whereas the isoform
containing al does not*. It is conceivable that mis-splicing of MEF2C in the QKI KO hearts

contributes to the sarcomere phenotype by reducing the transcription of muscle genes.

Two recent studies in human stem cell already uncovered a critical role for QKI in
cardiomyocyte differentiation. Chen et al. employed CRISPR/Cas9 gene editing to delete
QKI from human embryonic stem cells (hESC). By differentiating these stem cells into
cardiomyocytes, they revealed that QKI is essential for the formation of myofibrils during
cardiomyocyte differentiation®. Genes involved in contractile function were found to be
alternatively spliced in the absence of QKI, including ACTN2, NEBL, ABLIM1, PDLIMS and
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TTN. Consistent with this work, Fagg et al. compared alternative splicing events in three cell
lineages differentiated from hESCs (i.e. the endoderm, cardiac mesoderm and ectoderm cell
lineages), and showed that QKI plays a critical role in the specification of cardiac mesoderm
and the formation of cardiomyocytes?’. One of the studied splicing targets in that study
was Bridging Integratorl/Amphiphysin 2 (BIN1), a protein known for its role in cardiac
development and myofibrillogenesis***. In our QKI mouse models, we did not find altered
splicing or gene expression of Binl, neither in the adult QKI KO hearts, nor in the embryonic
QKI KO hearts. This may relate to the timing of QKI deletion using the Myh6 promoter,
which starts to become active from E7.5 onwards, which is after cardiac mesoderm formation.
In conclusion, these human stem cell studies uncovered a role for alternative splicing in early
lineage-specific gene expression and implicate QKI as a cardiac mesoderm-enriched RNA
binding protein required for differentiation of cardiomyocytes. A role for QKI in myofibril
formation is however not limited to cardiomyocytes, as recent studies also provided evidence
that QKI controls the formation of myofibrils of skeletal muscle in zebrafish* and regulates
a splicing program during smooth muscle development'**. In addition, QKI deficiency in
muscle stem cells using a conditional QKI mouse model in combination with the Pax7-Cre
driver was shown to result in loss of the myogenic progenitor cell population and muscle

regeneration defects®.

Once assembled, cardiac sarcomeres require constant maintenance as the continuous
contractions of the heart are accompanied by mechanical stress, which in turn predisposes
proteins to misfolding and aggregation*®. Maintenance of sarcomeres is a complex process, in
which new proteins are constantly incorporated into sarcomeres to replace old ones without
compromising mechanical function. The half-lives of sarcomere proteins in the heart are
estimated in the order of days to weeks*. Our finding that sarcomeres in the adult heart
degenerate already one week after QKI depletion suggests that sarcomere maintenance is
compromised by the incorporation of aberrant protein isoforms. This is particularly relevant,
as there is evidence that QKI expression is lost during multiple forms of heart disease. This was
shown in a mouse model of doxorubicin-mediated cardiotoxicity'®, in a rat model of ischemia/
reperfusion'é, in the diabetic mouse heart*” and in human heart failure'®. Accordingly, reduced
levels of QKI may very well contribute to the disease mechanism of sarcomere dysfunction
and decreased contractility in heart failure. In this light, it has been shown that more than
1000 transcripts express aberrant isoforms in ischemic and dilated cardiomyopathies,
indicating that alternative splicing is a highly regulated process and important layer of gene

regulation during pathological remodelling of the heart*®*!

. It will be very interesting to
see whether therapeutic upregulation of QKI using gene therapy in acquired heart disease
will be able to shift splicing towards more cardioprotective isoforms and improve cardiac

remodelling and function. This is strengthened by our observation that QKI overexpression
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is sufficient to increase contraction and relaxation velocities of NRVMs. Moreover, Gupta
et al. recently provided evidence that therapeutic overexpression of QKI is beneficial in
a mouse model of doxorubicin-mediated heart failure'®. They showed that adeno-associated
virus serotype 9 (AAV9)-mediated overexpression of QKI attenuates apoptosis and atrophy
of cardiomyocytes in this model. Alternative splicing of sarcomere genes was not investigated
in this study, instead certain circRNA molecules were identified as mediators in the observed
anti-apoptotic effect. A role for QKI in cardiomyocyte apoptosis was also reported in a study
by Guo et al.,, who showed that QKI inhibits ischemia/reperfusion-induced cardiomyocyte
apoptosis by regulating Foxol mRNA stability'é. Notably, we did not find altered expression
or splicing of Foxol mRNA in our QKI KO datasets.

It has become evident that alternative splicing occurs in coordinated networks, rather than in
isolated events. Several splicing factors, including RBM20°, RBM24°, SRSF10°?, ASF/SF2*,
and RBFOX1°® were shown to regulate alternative splicing of a large number of transcripts in
the developing and/or adult heart. By comparing their splicing targets, the picture emerges
that these splicing factors regulate a distinct, but overlapping set of transcripts. For instance,
the switch in CaMKIIS, from the 8-C to the 3-A isoform that we identified in QKI KO hearts,
has also been found in RBM20 and ASF/SF2 KO mice**'. The inclusion of the mutually
exclusive exons 3a/3b of the mitochondrial phosphate carrier Slc2543 is regulated by QKI
and RBM24°. Splicing of TI'N is regulated by RBM20 and by QKI, however these factors
control splicing of different exons. Whereas RBM20 is responsible for the inclusion of I-band
exons, a region of TI'N that is crucial for the elastic property of sarcomeres, QKI regulates
the inclusion of Z-band exons, a region that is thought to be important for mechanical
stability of the sarcomere®”. We found that one of the most enriched sequences in the flanking
introns of QKI regulated exons, is the binding motif for RBFOXI, a splicing regulator that
is also enriched in brain and striated muscle. As multiple splicing targets are shared between
RBFOX1 and QKI (e.g. Mef2c, CamklIld, Mbin2), it is conceivable that QKI and RBFOX1
engage in a complex regulatory network of alternative splicing®. The full extent of how
QKI cooperates and competes with other splice factors is yet to be determined. Finally, our
observation that QKI also regulates alternative splicing of Rbfox1 itself, adds another layer of

complexity, and warrants further exploration.

In conclusion, we are the first to show that QKI acts as a major regulator of striated muscle
identity in the cardiomyocytes of the adult heart, by directing the expression of muscle-
specific isoforms of numerous pre-mRNAs. This extends previous studies showing a role for
QKI in cardiomyocyte differentiation during the transition from cardiac progenitors to early
cardiomyocytes® and in the specification of cardiac mesoderm®'. Future studies are needed

to investigate whether QKI dysregulation contributes to the mechanism of contractile
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dysfunction in heart disease. Specifically, the fact that QKI is downregulated in human
DCM?*, and our observation that forced overexpression of QKI enhances cardiomyocyte
contractility may open avenues for therapeutic strategies to adapt cardiac isoform expression

and improve cardiac function in heart failure patients.

MATERIAL AND METHODS

Animal studies

Animal studies were approved by the Institutional Animal Care and Use Committee of
the University of Amsterdam and carried out in compliance with the guidelines of this
institution and the Directive 2010/63/EU of the European Parliament. Animal husbandry
was performed by the Animal Research Institute AMC.

Cardiomyocyte-specific knock out mice of Qki were generated by crossing the previously
generated Qki floxed mice'® with the conditional Myh6-Cre (Jackson Laboratory stock
#011038) and with the tamoxifen inducible Myh6-MerCreMer (Jackson Laboratory stock
#005657)* in CS7BL/6N background. In all experiments, mice had a single copy of
the Cre or the MerCreMer (MCM) recombinase allele. Males and females were included in

the experiments.

For inducing MerCreMer recombinase activity, a tamoxifen solution (2.5 mg/ml tamoxifen
in 10% ethanol, 90% sunflower oil) was injected intraperitoneally for 4 consecutive days
(total dose 100 mg tamoxifen/kg mouse) in 12-17 week-old mice (n per group: S ciQKI
WT, 6 ciQKI HET, 9 ciQKI KO). Echocardiography and ECG recordings were performed as
indicated in the Supplemental Methods.

RNA and protein analysis

For adult mice, total RNA was extracted from the left ventricle by using TRI reagent (Sigma,
Ref T9424) following manufacturer’s instructions. For E12.5 embryos, RNA from both
ventricles was extracted using the kit ReliaPrep RNA Miniprep Systems (Promega, Ref
Z6111). RNA quality was determined using the Agilent RNA 6000 Nano Kit and the Agilent
2100 Bioanalyser. All samples had an RNA Integrity score > 8. cDNA synthesis and (q)
RT-PCRs were performed as described in the Supplemental Methods. Primer sequences are
found in Table S1.

Western blotting and histology were performed as depicted in the Supplemental Methods.
Antibodies and their dilutions are listed in Table S2.
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RNA sequencing

RNA from left ventricle samples of 5 adult ciQKIWT and 5 adult ciQKI KO mice, and 4 cQKI
WT and 4 cQKI KO E12.5 ventricles was used for paired-end RNA-sequencing. Details of
library preparation, RNA sequencing and data analysis are found in Supplemental Methods.

Differential gene expression and exon usage

Differential gene expression analysis was performed using the R Bioconductor package,
DESeq2* (Bioconductor release 3.13). Transcripts Per Million (TPM) for each gene was
also calculated. Genes with TPM value > 0.5, an absolute log2 fold change cut-off >1.0 and
adjusted P-value cutoft <0.05 were deemed significantly differentially expressed.

Differential exon usage analysis was performed using the R Bioconductor package,
DEXSeq*(Bioconductor release 3.13). Only genes with a TPM value > 0.5 were considered.
Exons with an absolute log, fold change cut-off > 1.0 and adjusted P-value cut-off < 0.05 were
deemed significantly differentially spliced.

Neonatal rat ventricular myocytes (NRVMs)
Isolation, transduction, culture and contraction measurements of NRVMs are depicted in

the Supplemental Methods.

Statistics

Datawasanalyzed using GraphPad Prism 9 (GraphPad, San Diego, CA, USA). Datais presented
as mean+standard deviation, unless differently stated. Results were analyzed with appropriate
statistical tests, as indicated in the respective figure legends. A value of p<0.05 was considered

statistically significant.
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SUPPLEMENTAL METHODS

Echocardiography and ECG recordings

Echocardiography and ECG recordings were performed 1 week after the last tamoxifen
injection on mice sedated with 4% isoflurane and maintained in anesthesia by a mixture
of 02 and 2.5% isoflurane. LV function and dimensions were measured by transthoracic
two-dimensional echocardiography using a Vevo 770 Ultrasound (Visual Sonics) equipped
with a 30-MHz linear array transducer. M-mode tracings in parasternal short axis view at
the height of the papillary muscle were used to measure LV internal diameter at end-systole
and end-diastole. For ECG acquisition, electrodes were placed at the right (R) and left (L)
armpit and the left groin (F). A reference electrode was placed at the right groin. ECGs were
recorded (Biosemi, Amsterdam, the Netherlands; sampling rate 2048 Hz, filtering DC 400
kHz (3 dB)) for a period of S min. After the recordings, sedated mice were euthanized by

cervical dislocation.

cDNA synthesis and RT-PCRs

For cDNA synthesis, 500 ng of total RNA were treated with DNAse I (Invitrogen, Ref
18068-015, Waltham, MA, USA) and retrotranscribed into cDNA with random hexamers
(Invitrogen, Ref N8080127) and Superscript II (Invitrogen, Ref 18064-014). qRT-PCRs
were performed on a Lightcycler 480 (Roche, Mannheim, Germany) using SYBR green [
Master Mix (Roche, Ref 04887352001). Data was analyzed using LinRegPCR software.
RT-PCRs were performed in a 25 pL reaction containing S ng cDNA, 1M Betaine, 1x Buffer
B2, 2.5 mM MgCI2, 200 uM dNTPs, 0.4 uM forward primer, 0.4 uM reverse primer and
0.05 U/u HOT FIREpol® DNA polymerase (Solis Biodyne). Primer sequences are found
in Table S1. The thermal cycling protocol included an initial denaturation at 95 °C for 15
min to activate the HOT FIREPol® DNA polymerase, followed by 35 amplification cycles of
denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, extension at 72 °C for 45 s, and S
minutes of final extension at 72°C. Slc25a3 PCR product was digested with the restriction
enzyme Xbal (Roche) to distinguish exon 2A from 2B.

Western Blotting

For protein isolation, flash-frozen tissue was homogenized by MagNA Lyser Green Beads
(Roche) in RIPA buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, 1% NP-40, 0.2% sodium
deoxycholate, 0.1% SDS, 1 mM Na,VO,, 1 mM PMSF) supplemented with protease inhibitor
cocktail (Roche). Protein concentration was measured by BCA assay (Pierce). Western
blotting was performed following standard protocols. Proteins were separated by SDS-PAGE,
transferred to PVDF membranes (Bio-Rad), block in TBST 4% milk and incubated with
primary antibodies overnight at 4°C. Membranes were subsequently incubated with HRP-

conjugated secondary antibodies for 1 hour at room temperature. Western blots were
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developed with ECL prime western blotting detection agent (Amersham Biosciences) in
ImageQuant LAS 4000 (GE 194 Healthcare Life Sciences). Western blots were quantified
using Fiji (Image]). Antibody references are listed in Table S2.

Histology

Hearts and embryos were fixed in 4% paraformaldehyde and embedded in paraplast. Paraplast
blocks were cutin 5 ym sections and slides were stained with hematoxylin&eosin using standard
techniques. For immunohistochemistry, sections were deparaffinized, rehydrated in a series of
ethanol, and boiled for 15 min in antigen unmasking solution (Vector laboratories Ref H3300,
Burlingame, California, USA) in a pressure-cooker. After cell membrane permeabilization
with 0.5% Triton-X-PBS and blocking with 4% BSA-PBS, samples were incubated with
primary antibodies overnight at 4°C and stained with secondary antibodies and DAPI for 2
hours at room temperature. Pictures were taken on a confocal microscope (Leica SP8, Leica

Microsystems, Germany). Antibodies and their dilutions are listed in Table S2.

Transmission electron microscopy was performed by the Cellular Imaging Facility
of the Amsterdam UMC. In short, LV tissue was prefixed in 1% glutaraldehyde, 4%
paraformaldehyde in 0.1M sodium cacodylate and processed for electron microscopy.
Images were acquired with a FEI technai 12 transmission electron microscope. Sarcomere
organization was scored manually by taking random pictures of sarcomere areas and scoring
for 2 different categories - organized or aberrant (Fig S6B) - in 3 hearts per group (4 areas
per heart) on a blinded basis.

RNA sequencing

Library preps were made with the Kapa RNA Hyperprep with RiboErase (Roche) and
sequenced on a NovaSeq platform (NovaSeq $4.300; flow cell type PE150, 2 x 150nt).
Quality control of FASTQ files was performed using FastQC (Babraham Bioinformatics).
Trimmomatic (version 0.351) was used to remove adapters and low quality bases, using
a Phred score cutoft of 30 while discarding reads with a length below 75 bases. All samples
had a sequencing depth between 178-385 million reads per sample and all samples passed
quality control. Paired-end reads were then aligned against the mouse genome. Gene ontology
enrichment analysis was done using the online tool PANTHER?. Genes expressed in mouse

heart with TPM > 0.5 were used as background.

RBP analysis binding sites analysis
RBP analysis was performed on the differentially spliced exons identified. Exon bins with
absolute log2 fold change cut-off >1, adjusted P-value cutoff < 0.05 and which corresponding

genes are expressed with TPM value > 1. Furthermore, only exon bins whose genomic
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coordinates matched with the genomic coordinates of an exon reported in the genome
annotation files were retained. After filtering a total of 1126 differentially expressed exons
(604 upregulated exons and 522 downregulated exons) were used as foreground set. An
equal number of not differentially spliced exons were used as background set. Then the table
containing the collected exons was adapted to work with module 11 of the R Bioconductor
package circRNAprofiler® to retrieve the target sequences. The following settings were used:
lIntron = 200, IExon = 9, type = ie. Then the target sequences were scanned for the presence
of RBP binding motifs by using module 12 with the following settings: width = 6,
database = ATtRACT, rbp = TRUE, reverse = FALSE. QKI motif was included in motifs.
txt (as specified by circRNAprofiler). Raw and normalized counts are reported in Online
Data 5. Normalization was performed by dividing the number of occurrences of each motif
by the total length of the target sequences. The same analysis was performed this time only
for the differentially spliced exons. In detail the upregulated exons were as used as foreground
set while the downregulated exons were used as background set. The QKI binding sites were

then retrieved for the upstream and the downstream regions of the corresponding exons.

Lentiviral constructs

Expression plasmid pLV-QKI-S was a gift of Dr. van der Veer (Leiden, The Netherlands).
QKI-S sequences were subcloned in a bicistronic pLV-CMV-x-IRES-GFP lentiviral vector.
For lentivirus production, HEK293T cells were transfected with pLV-CMV-empty-IRES-
GFP or pLV-CMV-QKI-S-IRES-GFP, in combination with the packing vectors pVSVG,
pMDL and pRSV. Lentiviral particles were collected from the supernatant. Transducing units
were calculated by transduction of HEK293T cells and quantification of GFP positive cells
by flow cytometry.

Neonatal rat ventricular cardiomyocytes (NRVMs) isolation

NRVMs from 0-2 day old Wistar rats (Janvier Labs, Le Genest-Saint-Isle, France) were isolated
as described previously*. In short, pups were anesthetized by isoflurane and hearts were excised
after decapitation. Ventricles were cut into small pieces, which were incubated overnight in
a rotating platform at 4°C in HBSS (Gibco, Ref 14170-088, Paisley, UK) containing 1 mg/ml
trypsin (USB, Ref 22720, Cleveland, OH, USA). The next day, cells were dissociated using
1 mg/ml collagenase type 2 (Worthington, Ref LS004177, Lakewood, NJ, USA) in HBSS. Cells
were collected and resuspended in TUNG medium - M199 culture medium (Gibco, Ref 31150-
022), 1% HEPES (Gibco, Ref 15630-080), 1% NEAA (Gibco, Ref 11140-050), 2 mg/L vitamin
B12 (Sigma, Ref V2876, St. Louis, MO, USA), 3.5g/L glucose, 1% penicillin/streptomycin
(Gibco, Ref 15140-122) - supplemented with 10% FBS (Biowest, Ref $1810-500, Riverside,
MO, USA). The cell suspension was pre-plated to separate myocytes from fibroblasts. After
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2hours, non-adhered myocytes were collected and counted with a LUNA-II Automated Cell
Counter (Logos Biosystems, Anyang, South Korea).

NRVM transduction

NRVMs were plated on 6-well plates coated with fibronectin (Corning, Ref 356008, Bedford,
MA, USA) in TUNG medium supplemented with 10% FBS containing lentiviral particles
(MOI 1.3). 24h after lentiviral transduction, NRVMs were washed twice with HBBS and
medium was replaced with TUNG 2% FBS supplemented with 10 nM of the cytostatic Ara-C
(Sigma, ref C-664S, St Louis, MO, USA) to inhibit fibroblast proliferation.

NRVM immunohistochemistry and staining

NRVM:s were seeded on fibronectin-coated glass coverslips on 24-well. Cells were fixed in 4%
PFA, permeabilized with PBS 0,1% Triton X-100, blocked in 4% goat serum and incubated
overnight with the primary antibodies in a wet chamber at 4°C. Secondary antibodies and
DAPI (Molecular probes) were incubated for 1h at room temperature. For cell membrane
staining, non-permeabilized fixed cells were incubated with WGA-488 and DAPI for 15 min
at room temperature. Images were acquired with a Leica TCS SP8 X unit mounted on a Leica

DMI6000 inverted microscope. Antibody references are found in Table S2.

Quantitative analysis of NRVM contraction

NRVMs were seeded on p-Plate 24 Well Black ID 14 mm ibiTreat (Ibidi GmbH, Germany)
coated with fibronectin (Corning, Ref 356008, Bedford, MA, USA). Cell contraction
transients were recorded using the Pixel Correlation method with a CytoCypher Multicell
High Throughput System (CytoCypher BV, Netherlands). During acquisition, cells were
maintained in a climate control chamber (37°C, 5% CO,, 80% humidity) and paced at
1.5 Hz. Contraction transients were analyzed with CytoCypher Cytosolver (CytoCypher
BV, Netherlands).
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SUPPLEMENTAL FIGURES

Figure S1. Embryonic measurements. (A) The length of the dorsal-ventral axis was calculated by
measuring the distance between the spine and the apex of the heart using Image]. Scale bar: 1 mm.
(B) Area of neural tube (blue) and ventricular myocardium (red) were calculated with Image] as
shown. The sections shown in (A) and (B) are derived from a representative cCQKI WT E12.5 embryo.
The measurement of each embryo is the average of 3 sections. N = 3 embryos per group. Unpaired

t-test; ** p<0.01.
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Figure S2. Representative immunocytochemistry cQKI WT and KO embryos at E10.5, E12.5 and E14.5,
stained for cardiac troponin I (CTNI) and panQKI. Scale bar: 500 pm. Representative images of 3 embryos per

group and per timepoint are shown.
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Figure S3. Representative ECG recordings of ciQKI WT, HET and KO mice, 7 days after the last
tamoxifen injection does not reveal any abnormality. See Table SS for quantification of heart rate, PR

interval, QRS interval and QTc times.
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Figure S4. Knock-out of QKI induces a rapid loss of ACTN2 in cardiomyocytes. Representative
immunocytochemistryfor ACTN2and panQKIinciQKIWT,HET andKOLV'tissue. Scalebar: 40 ymand

10 pm. Representative images of 3 hearts per group are shown.
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Figure S5. QKI knock-out induces loss of TIN organization in the sarcomeres. Representative
immunocyctochemistry for TTN and panQKI in ciQKI WT and ciQKI KO hearts. Scale bar: 30 ym.
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Figure S6. Transmission Electron Microscopic images of ciQKI WT and ciQKI KO myofibrils
in the adult hearts. (A) Electron microscopy images of ciQKI WT and KO myofibrils illustrating
glycogen deposits (white arrows) near disrupted myofibrils in ciQKI KO. Scale bar: 500 nm. (B)
Example of sarcomeres scored as normal or aberrant, derived from a ciQKI WT (normal sarcomere)
and a ciQKI KO (aberrant sarcomeres) respectively. Scale bar: 1 ym. Representative images of 3 hearts

per group are shown.
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Figure S7. ciQKI KO hearts express lower levels of ACTN2 and higher levels of CAMK2D at
the protein level. Western Blot showing the changes in QKI, ACTN2 and CAMK2D in left ventricles
of 3 ciQKI WT, 3 ciQKI HET and 5 ciQKI KO mice, 7 days after the last tamoxifen injection. In
the lower panel, protein quantifications of the blot are shown, as well mRNA levels of Actn2 and
Camk2d (derived from the RNA-seq). Data are mean * standard deviation. One-way ANOVA followed
by Tukey’s multiple comparison test; **** adjusted p< 0.0001; ** adjusted p<0.01; * adjusted p<0.0S.
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Figure S8. Gene expression and differential exon usage in embryonic heartsat E12.5 (A) Differential
gene expression and (B) differential exon usage of 4 cQKI WT (Qki*”*, Myh6-Cre®¢) and 4 cQKI KO
(Qki", Myh6-Cre) E12.5 hearts. (C) Principal component analysis of gene expression and (D) exon
usage in embryos (E12.5, n=4 per group) and adult hearts (n=$ per group). QKI WT or KO genotypes
are indicated by different colors. (E) Scatter plot showing the correlation in differential exon usage in

embryos and adults. Only exon bins with adj-p < 0.05 in the cQKI KO embryos were included.
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Figure S9. Cell surface measurements of NRVMs after QKI-5 overexpression. (A) Representative
WGA-488 stainings, 4 days after lentiviral transduction of GFP or QKIS. Scale bar: S0 uym.(B) Cell
surface measurements at different time points. Each dot represents a cell, each time point corresponds to

a different isolation. n > 33 cells per condition per time-point. Man-Whitney test; *** p < 0.001, * p < 0.0S.
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SUPPLEMENTAL TABLES

Table S1. Primer sequences

Primer Sequence (5’ -3’) Analysis Species
Qki 2lox Fw ACAGAGGCTITICCTGACCA Genotyping Mouse
Qki 1lox Fw CCTGGAATGGTGCIITCCTA Genotyping Mouse
Qki 2/1lox Rv TICAGAACCCCCACATTACC Genotyping Mouse
Myh6-Cre Fw ATGACAGACAGATCCCTCCTATCTCC Genotyping Mouse
Myh6-Cre Rv CTCATCACTCGTIIGCATCATCGAC Genotyping Mouse
Gapdhex7Fw  GGTGGACCTCATGGCCTACA qPCR Mouse
Gapdhex7 Rv CTCTCITGCTCAGTGTCCIIGCT qPCR Mouse
Hprt ex 6 Fw GCTIGCTGGTGAAAAGGACCTCTCGAAG qPCR Mouse
Hprt ex 8Rv CCCTGAAGTACTCATTATAGTCAAGGGCAT  gqPCR Mouse
Tbp ex 4 Fw TATGACCCCTATCACTCCTG qPCR Mouse
Tbp ex7 Rv TICITCACTCITGGCTCCTGT qPCR Mouse
Qki ex 2 Fw GGAGTGCAGAATITGCCTG qPCR Mouse
Qki ex3 Rv CTAGGTCCAAGGATIICTCC qPCR Mouse
Eeflel Fw TCCAGTAAAGAAGACACCCAGA qPCR Rat
EeFlel Rv GACAAAACCAGCGAGA qPCR Rat
Gapdh Fw GGTGGACCTCATGGCCTAC qPCR Rat
Gapdh Rv CTCTCITGCTCTCAGTATCCIIGCT qPCR Rat
Hprt Fw TGACTATAATGAGCACTITCAGGGAIIT qPCR Rat
Hprt Rv CGCTGTCITTTAGGCITTGTACIIG qPCR Rat
Ablim1 ex 17 Fw GTITCCAGATCAAGGGATCAACATITTACCG Splicing Mouse
Abliml ex19Rv  CITCATCAACTGITCIICITGAAGCTGCC Splicing Mouse
Actn2 ex 7 Fw GCCITGGACTCTGTGCCCTCATC Splicing Mouse
Actn2 ex9 Rv CTCAGGCGTCCTGITCTCCAGC Splicing Mouse
Akap9ex2Fw ~ GCTCGGAAAGITCTCAGAGGGTAGAC Splicing Mouse
Akap9 ex 4 Rv GAAGACAGGTCTGACTGGACTGAGC Splicing Mouse
Ank3 ex15Fw  GGCATGAGGATGTAGCTGCGTIC Splicing Mouse, rat
Ank3 ex 18 Rv GCGATGTGCAGTGGTGTATAGCC Splicing Mouse, rat
Cacnbl exSFw  GGTCAAACTGGACAGCCITCGTCTG Splicing Mouse
Cacnbl ex8Rv GACGGTCCCACCAGGATGATGG Splicing Mouse
Camk2d ex 14 Fw CAGCCAAGAGTITATTGAAGAAACCAGATGGG  Splicing Mouse
Camk2d ex 17 Rv. CITTCACGTCITCATCCTCAATGGTGGTG Splicing Mouse
Fhod3 ex24 Fw CCTTATGCAATTCGAGAGGTGAACATCAAC  Splicing Mouse
Fhod3 ex25Rv  GCTGCATCCTCAGCATAGCTCAG Splicing Mouse
Ldb3 ex 4 Fw GCCTAITCCCATCTCCACGA Splicing Mouse, rat
Ldb3 ex7 Rv GCCTGGTACACAGGAGAGGC Splicing Mouse, rat
Nebl ex 24 Fw GCITCACTCCCGITGTGGATGATC Splicing Mouse
Nebl ex 27 Rv GCATTGACCTCATGGACGACACG Splicing Mouse
Mbnl2 Fw 7 CCAGCAGGCTCTGACCAGTG Splicing Mouse
Mbnl2 Rv 9 AGACAGTGGCGGACGTAGCG Splicing Mouse
Mef2c ex 6 Rv TCTCAAAGCTGGGAGGTGGAACAG Splicing Mouse
Mef2cexal Fw  GCCCTGAGTCTGAGGACAAGTACAG Splicing Mouse




Table S1. (continued)
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Primer Sequence (5" -3’) Analysis Species
Mef2cex a2 Fw  CCGATCCTGACTCCTCITATGCACTC Splicing Mouse
Rbfox2 ex9 Fw  CGGACAGTGTATGGTGCAGTCC Splicing Mouse
Rbfox2 ex 13Rv.  GCTGTAGCCACCTCGGTACAAAC Splicing Mouse
Ryr2 ex 74 Fw GACTITGCCAAACAGGACAGAAGACC Splicing Mouse
Ryr2 ex 76 Rv CTCTGCTTAGAGAGTAGITTGTGCCAC Splicing Mouse
Slc25a3 ex1 Fw  GITCTCGTCCGTAGCGCACC Splicing Mouse
Slc25a3 ex3Fw  GCCATCTICTITCAGTGTAATGGAGAATCC Splicing Mouse
Tmed2 ex2 Fw  CACCAITGACATIGGGGAGGCTC Splicing Mouse
Tmed2 ex 3 Rv CGGACTTCCATGTACTCCTGITCGTG Splicing Mouse
Ttn ex 10 Fw GCATTTGTACCAAAGGTAGTGATCTCCG Splicing Mouse
Ttn ex 14 Rv CACAGCAGCTACAACTGTITGCCAC Splicing Mouse
Myocdex2Fw  AGTTACGGCITCAACAGAGAAGGACCCAGG  Splicing Mouse, rat
MyocdexSRv  TIGAGCITCATCTGAGCAGITGGAATGG Splicing Mouse, rat
Table S2. Antibodies

Antibody Dilution Reference

Anti-a-actinin (ACTN2) 1:500 (IF) Epitomics 2310-1

Anti-a-actinin (ACTN2) 1:10000 (WB) Sigma A7811

Anti-calnexin 1:10000 (WB) Milipore 208880

Anti-CaMKII 1:200 (WB) Santa Cruz sc-9035, M-176
Anti-desmin 1:200 (IF) ThermoFisher PAS-16705
Anti-panQKI WB (500), 1:50 (IF) Sigma-Aldrich MAB N147/6
Anti-titin (PEVK- IG junction) 1:100 (IF) Myomedix TTN-5
Anti-rabbit-HRP 1:10000 (WB) Amersham NA9340V
Anti-mouse-HRP 1:10000 (WB) Amersham NA9310V

Donkey anti-rabbit-488 1:250 (IF) Invitrogen A-21206

Donkey anti-mouse-647 1:250 (IF) Invitrogen A-31571

Goat anti-rabbit-564 1:250 (IF) Invitrogen A-11008

Goat anti-mouse-647 1:250 (IF) Invitrogen A-21235
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Table S3. Postnatal genotype distribution from Qki floxed Myh6-Cre mice (Qki"*;; Myh6-Cre' x
Qkil"™; Myh6-Cre’)

Qkiwt/wt Qkiﬂ/wt Qkiﬂ/ﬂ Qkiwt/wt Qkiﬂ/wt Qkiﬂ/ﬂ
Genotypes Myh6-Cres Myh6-Cres Myh6-Cres Myh6-Cre'® Myh6-Cre'® Myh6-Cre'®

% observed (n) 20% (23)  34% (40)  13% (15) 9% (10) 25% (30) 0% (0)
% expected 12.5% 25% 12.5% 12.5% 25% 12.5%

Chi-squared test (x2) was used to calculate the statistical difference between observed and expected genotypes in
the offspring. p-val x2 = 1,63E-04.

Table S4. Genotype distribution in E10.5-E14.5 embryos of the Qki floxed Myh6-Cre line
(Qki"*; Myh6-Cre* x Qki"*'; Myh6-Cre’)

Qkiwt/wt Qkiﬂ/wt Qkiﬂ/ﬂ Qkiwt/wt Qkiﬂ/wt Qkiﬂ/ﬂ
Genotypes Myh6-Cre® Myh6-Crem Myh6-Crew Myh6-Cre®* Myh6-Cre'®* Myh6-Cre's

% observed (n) 15.5% (15) 25.8 (25) 9.3% (9) 11.3% (11) 26.8% (26) 11.3% (11)
% expected (n) 12.5% (12)  25.0% (24) 12.5% (12) 12.5% (12) 25.0% (24) 12.5% (12)

Chi-squared test (x2) was used to calculate the statistical difference between observed and expected genotypes in
the offspring. p-val = 0,81.
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Table S5. Cardiac parameters of ciQKIWT, HET and KO mice 7 days after the last tamoxifen injection.

ciQKIWT ciQKI HET ciQKI KO ANOVA

(n=5) (n=6) (n=9) p-value
BW (g) 23.24 £2.37 24.62 + 4.48 21.36 £ 3.48 0.25
HW (mg) 109.6 + 13.89 126.8 +17.37 105.8 + 37.42 0.37
HW/TL (mg/mm) 6.56+0.78 7.52+0.91 7.01 + 1.04 0.27
HW/BW (mg/g) 4.72£0.41 5.23+0.79 5.42+0.61 0.18
LW/TL(mg/mm) 721+ 1.11 8.08 +£2.04 7.74 + 1.65 0.70
LVID; d (mm) 4.75+0.25 4.64+0.41 4.85+0.41 0.61
LVID; s (mm) 3.79 £ 0.32 3.68 +0.47 4.33 £0.34* 0.01
LVPW;d (mm) 0.59 +£0.14 0.63 +0.08 0.56 +0.14 0.61
LVPW;s (mm) 0.69 £ 0.12 0.74 £ 0.09 0.68 £ 0.14 0.66
FS (%) 19.94 + 6.24 20.69 * 6.96 10.27 £ 4.81%  0.005
EF(%) 40.39+11.20 41.67 £12.27 22.12+9.83*  0.005
Heart Rate (BPM) 501.26 £39.94  497.50 £50.03  S515.86+28.61  0.69
PR Interval (ms) 39.93 +4.60 46.41+7.24 42.42 £ 5.65 0.24
QRS Interval (ms) 9.55 +0.64 10.02 £ 1.58 9.02 £1.01 0.31
QT (ms) 52.26 +4.53 53.67 £ 4.38 47.09 +£10.61 0.36

Data are presented as mean * standard deviation. Statistical significance was calculated with one-way ANOVA

test followed by multiple comparison Fisher’s LSD test. * p-val < 0.05 against ciQKI WT; * p-val < 0.05 against
ciQKI HET. BW, body weight; HW, heart weight; TL, tibia length; LW, lung weight; LVID, left ventricular internal
diameter; d, diastolic; s, systolic; LVPW, left ventricular posterior wall thickness; FS, fractional shortening; EF,

ejection fraction.; QTc, heart-rate corrected QT interval.
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Table $6. Gene Ontology Enrichment analysis of the mis-spliced genes in the conditional inducible
QKIKO hearts.

GO term Fold

“biological process” # background # dataset # expected Enrichment P value
cardiac muscle hypertrophy 32 13 2.26 5.76 3.30E-02
sarcomere organization 36 14 2.54 5.52 2.13E-02
myofibril assembly 56 17 3.95 4.31 3.06E-02
striated muscle cell development 56 17 3.95 431 3.06E-02
cardiac muscle cell development 65 19 4.58 4.15 1.33E-02
cardiac cell development 71 19 S 3.8 3.98E-02
GO term Fold

“cellular component” # background # dataset # expected Enrichment P value
cell cortex region 36 13 2.54 5.12 1.58E-02
Aband 34 12 2.40 5.01 4.12E-02
Z disc 108 38 7.61 4.99 1.49E-10
I band 118 40 8.32 4.81 9.05E-11
calcium channel complex 40 13 2.82 4.61 3.96E-02
sarcomere 169 S1 11.91 4.28 1.59E-12
GO term Fold

“molecular function” # background # dataset # expected Enrichment P value
calmodulin binding 146 33 10.29 3.21 1.49E-04
actin filament binding 186 35 13.11 2.67 3.39E-03
actin binding 376 70 26.50 2.64 2.07E-08
cytoskeletal protein binding 854 143 60.18 2.38 3.85E-16
protein binding 7009 566 493.95 1.15 1.49E-02
DNA binding 1729 77 121.85 0.63 2.38E-02

Gene ontology enrichment analysis was performed with the online tool PANTHER? comparing the mis-spliced
genes in ciQKI KO samples (expression > 0.5 TPM; exon bins with absolute log2FC > 1, p-adj < 0.0S) against all
genes expressed in the ciQKI WT (> 0.5 TPM). #, number of genes. Fisher’s Exact with Bonferroni correction
for multiple testing.
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ABSTRACT
Circular RNAs (circRNAs) are a class of non-coding RNA molecules that are gaining

increasing attention for their roles in various pathophysiological processes. Quaking (QKI)
is an RNA-binding protein and splicing factor, and has been identified as a major regulator of
circRNA formation during epithelial-to-mesenchymal transition. In this study, we aimed to
investigate the role of QKI in the formation of circRNAs in the heart. We performed RNA-
sequencing on hearts of QKI knock out mice and show that 17% of the circRNAs in the adult
mouse heart are differently expressed after loss of QKI. We also uncovered a relation between
back-splicing and linear splicing by QKI, as the majority of the QKI-regulated circRNAs
(58%) were derived from mRNAs that underwent QKI-dependent alternative splicing.
RBM20, another major splicing factor expressed in the heart, has recently been identified as
a crucial regulator of circRNA formation from the Ttn gene. We compared the differentially
expressed circRNAs in the QKI KO model with those in an RBM20 KO model and found
that QKI and RBM20 regulate the formation of a distinct, but partially overlapping set of
circRNAs. Strikingly, virtually all Ttn-derived circRNAs that are controlled by QKI and by
RBM20, are regulated in an opposite manner. Our findings provide new insights into the role
of QKI in the regulation of circRNAs in the heart, and suggest that QKI is important in
cardiac physiology not only by regulating alternative splicing of specific exons, but also by

regulating the formation of circRNAs.



QKI-DEPENDENT circRNAS IN THE HEART

INTRODUCTION

Circular RNAs (circRNAs) are a class of non-coding RNA molecules that are increasingly
being recognized for their regulatory roles in critical biological pathways. While the function
of most circRNAs is currently unknown, it has been shown that some circRNAs exert
a regulatory function by acting as miRNA sponges, as protein-scaffolding molecules, or
as transcription or splicing regulators’. Some circRNAs have even been shown to possess
protein-coding potential>*. In the human heart, thousands of different circRNA molecules
are expressed, with the highest numbers produced from the TTN and RYR2 transcripts"*®.
Multiple circRNAs have been linked to pathological processes. For instance, circFOXO03,
which is increasingly expressed in aging hearts, was shown to be involved in senescence and
doxorubicin-induced cardiomyopathy in the mouse heart, by interacting with anti-senescent
protein ID1 and the transcription factor E2F1”. The highly conserved circRNA-INSR, derived
from the host gene encoding the insulin receptor, was shown to have protective effects in
doxorubicin-induced cardiomyopathy. Interestingly, circRNA-INSR interacts with single-
stranded DNA-binding protein 1 (SSBP1) to preserve mitochondrial DNA stability and
prevent cardiomyocyte apoptosis, after doxorubicin treatment in mice®. In human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs), evidence was provided that
circRNAs derived from the TT'N transcript are involved in alternative splicing by affecting
the function of the splicing factors SRSF10 and RBM20°.

As our knowledge of circRNAs in the heart keeps growing, so does the need to understand
the factors that control its formation. CircRNAs are generated by a non-canonical form of
RNA splicing known as back-splicing, where the splice donor site of one exon is ligated to
the splice acceptor site of an upstream exon. This back-splicing event creates a covalently-
closed single-stranded circular RNA structure consisting of one or multiple exons, and in
some cases also introns. Due to the unusual disposition of the exons within this circle, a new
sequence called the back-spliced junction (BS]J) is formed. The BS] is not present in the linear
transcripts and is used to identify the circRNAs from RNA-sequencing reads. Mechanistically,
the back-splicing reaction is executed by the spliceosome, and it requires that the two introns
flanking the back-spliced exons are brought into close proximity of each other. This can be
achieved by looping of the pre-mRNA, mediated by base-pairing of cis-acting elements (e.g.
by complementary Alu repeats flanking the back-spliced exons) or by dimerization of trans-
acting elements, such as splicing factors'. One of the splicing factors that has been shown to
regulate back-splicing is the RNA-binding protein Quaking (QKI)".

Our lab has recently generated a mouse model with a conditional deletion of QKI in
cardiomyocytes to study the function of QKI in the heart''. Removal of QKI in the adult

heart induced dilation of the ventricles and a rapid decline in cardiac function, and this was
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associated with severe disruption of sarcomere organization. Numerous changes in alternative
splicing were identified, mostly in sarcomeric, cytoskeletal and calcium-handling genes.
We thus concluded that QKI is a major regulator of striated muscle identity by governing
a muscle-specific alternative splicing program in cardiomyocytes''. This extended earlier
studies, in which an essential role for QKI was demonstrated in cardiomyocyte differentiation

of cardiac progenitors and in the specification of cardiac mesoderm'>"3.

However, as a splicing factor, QKI has not only been shown to regulate alternative splicing,
but also back-splicing. In an elegant study, Conn et al.’’ developed a minigene-based reporter
system to screen for RNA-binding proteins that control circRNA formation during human
epithelial-to-mesenchymal transition (EMT). They showed that the production of over
one-third of abundant circRNAs is dynamically regulated by QKI. Three lines of evidence
subsequently revealed that QKI plays a direct role in circRNA production: 1) they found an
enrichment of QKI binding motifs in introns flanking QKI-regulated circRNAs, 2) QKI was
shown to bind to sites flanking circRNA-forming exons, and 3) insertion of synthetic QKI

binding motifs into linear RNA was sufficient to induce exon circularization®.

Given the essential role of QKI in the alternative splicing program of cardiomyocytes",
and the identification of QKI as a major regulator of circRNA formation during EMT",
we hypothesized that QKI is also crucial for the formation of circRNAs in the heart. In this
study, we explored QKI-dependent circRNA formation in the heart by using our previously
characterized cardiomyocyte-specific QKI knock-out (KO) mouse model. By performing
ultra-deep RNA-sequencing and de novo circRNA prediction, we show that 17% of
the circRNAs that are present in the adult heart are differentially expressed after loss of QKI.
We uncovered a relation between back-splicing and linear splicing by QKI, as the majority
of the QKI-regulated circRNAs (58%) were derived from mRNAs that underwent QKI-
dependent alternative splicing as well. Finally, we compared the differentially expressed
circRNAs in the QKI KO model with those in an RBM20 KO model and found that QKI
and RBM20 regulate the formation of a distinct, but overlapping set of circRNAs. Strikingly,
the TI'N-derived circRNAs that are regulated by QKI and by RBM20, are mostly regulated

in an opposite manner.

RESULTS

QKI regulates formation of circRNAs in adult cardiomyocytes

To study QKI-dependent circRNA formation in the heart, we used the cardiomyocyte-
specific QKI knock-out (KO) mouse line that we previously developed. This mouse line

was generated by crossing the QKI-floxed mice'* with the tamoxifen-inducible Myh6-
MerCreMer (Myh6-MCM™) line's. Deletion of QKI in adult cardiomyocytes resulted in
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a heart failure phenotype that developed already within one week after tamoxifen injections.
Cardiac dysfunction was attributed to splicing defects in important cardiac genes such as Ttn,
Camk2d and Tpm1".

To investigate whether QKI regulates circRNA formation in cardiomyocytes, we analyzed
RNA-sequencing data of the QKI KO model for the expression of circRNAs (NCBI
bioproject: PRINA831665). This dataset was generated from ribosomal-depleted total RNA
libraries, which contain a wide variety of RNA species, including circRNAs. RNA-seq was
performed on left ventricles of S conditional inducible QKI knock-out hearts (QKI KO =
Qki""; Myh6-MCM™) and S wild-type hearts (QKI WT = Qki*"*; Myh6-MCM™), one week
after tamoxifen injections. CircRNA detection was performed with the bioinformatics tool
MapSplice2'é, whichidentifies circRNAsbased on reads covering back-spliced junctions (BSJ)
(Figure 1A, 1B). A total of 4190 unique circRNAs were detected in any of the 10 samples.
We filtered out the lowly and inconsistently expressed circRNAs and continued our analysis
with 494 detected circRNAs that had at least three normalized read counts in all samples of
one condition. Among the most highly expressed circRNAs in the QKI WT heart, we found
several circRNAs previously described in the mouse and human heart, such as circTtn'?%,

circTtn?"%7 and circSlc8al1?? (annotation used: circGenel®*#h«d=ons) (Qnline Data 1).

Next, we performed differential expression analysis of circRNAs between the adult QKI
KO and WT samples with the bioinformatics tool circRNAprofiler”. Interestingly, 17%
of the detected circRNAs were differentially expressed in the adult heart after loss of QKI
(ie. 86 of the 494 detected circRNAs, absolute log,(fold change) (log FC) > 1.0, adj.
p-val < 0.05), with 25 circRNAs being downregulated and 61 upregulated (Figure 1C,
Table S1). Remarkably, 1 circRNA was completely absent (circSlmap®"3) and 13 circRNAs
were uniquely expressed in the QKI KO mice (arising from Plekha$, Qki, Mlip, Ehbp1, Slmap,
Pde4dip, Strn3, Ppplr12b, Obscn, Cnksr3 and Agtpbpl). We also noted that many genes
give rise to more than 1 dysregulated circRNA, with Ttn being the gene with the highest
number of dysregulated circRNAs (Figure 1D). These finding indicate that QKI is involved
in the biogenesis of a large proportion of circRNAs in the adult heart.

Differential gene expression analysis was performed to compare the expression levels of
circRNAs with the expression levels of their corresponding cognate host genes. QKI KO
hearts presented 647 differentially expressed genes (absolute log, FC > 1.0, adj. p-val < 0.0,
TPM > 0.5), but there was no significant correlation with the expression of circRNAs arising
from these genes. This indicates that the differences observed in circRNA formation are not

dependent on changes in transcription (Figure S1).
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Figure 1. QKI regulates circRNA production in the adult mouse heart. (A) Diagram depicting
the detection strategy to distinguish between linear splicing and back splicing. (B) Flow chart for
the detection and quantification of circRNAs in QKI WT and KO hearts. (C) Volcano plot showing
the differentially expressed circRNAs in the QKI KO hearts. The color code of each dot represents
the expression level of each circRNA (average of the normalized counts in S WT and § KO samples).
(D) Number of differentially expressed circRNAs per gene in the QKI KO hearts.

We asked whether the large differences in circRNA expression that we observed in the QKI
KO hearts (i.e. 17% of the expressed circRNAs) could in part be explained by more generic
changes induced during the development of the cardiomyopathy. To dissect the changes that are
specific for loss of QKI, we quantified circRNA expression in hearts where cardiac dysfunction
was induced by transverse aortic constriction (TAC) as compared to sham surgery (n = 4 sham
vs 4 TAC). Three weeks after TAC surgery, hearts became hypertrophic and displayed reduced
ejection fraction (Figure S2A-B). CircRNAs were detected in RNA sequencing reads using
the same bioinformatics pipeline as the QKI KO study. Interestingly, in this model only 3%
of the circRNAs (4 out of 129 circRNAs) were differently expressed in TAC hearts compared

121-87

to the sham operated control hearts (Figure S2C). In addition, only circTtn'*"*” was also



QKI-DEPENDENT circRNAS IN THE HEART

changed in the QKI KO hearts, but the change was in the opposite direction. While the disease
mechanisms after TAC and loss of QKI differ, these findings suggest that more general cardiac
remodeling and dysfunction by itself does not lead to robust changes in circRNA expression. In
conclusion, these findings indicate that changes in circRNA formation in the QKI KO heart are

not secondary consequences of the diseased heart.

Experimental validation of the QKI-dependent circRNAs

To test whether the QKI-dependent circRNAs identified by RNA-sequencing, were bona
fide circRNAs we selected 10 circRNAs for validation by RT-PCR. The selection of these
10 circRNAs (i.e., circOgdh®3, circTtn"'*17, circPdlimS®3, circPdlimS®*, circArhgap32'5'4,
circMyzap'*®, circPdeddip *5, circTtn'** and circTtn'?"*, circPlekhaS'*'") was based on
expression levels and statistical significance in the QKI WT vs QKI KO comparison. In
order to exclusively amplify the circRNA molecules and not the linear transcripts, divergent
primers were designed flanking the back-splice junction, with the forward primer annealing
to the downstream exon and the reverse primer to the upstream exon. As shown in
Figure 2A, we could confirm the presence of all tested circRNAs in adult mouse hearts by
RT-PCR. Of note, circPlekhaS'*!! was validated in QKI KO samples, since this circRNA was
only detected in the KO and not in the WT hearts (Figure 2B). We also tested their expected
resistance to exoribonucleases RNAse R digestion. Whereas the linear Hprt transcript was
clearly sensitive to RNAse R digestion, the 10 circRNAs were all resistant to RNAse R
digestion. Finally, Sanger sequencing was performed and confirmed the presence of the back-
spliced junction in the amplicons of the 10 tested circRNAs (Figure S3). Together, these
experiments demonstrate that the back-splice junctions identified by MapSplice2 represent
bona fide circRNAs.

Next, we verified the changes in circRNA expression between the QKI genotypes by
RT-PCR (Figure 2C). Here, we included QKI heterozygous (HET) hearts to check whether
they presented an intermediate circRNA expression level. We confirmed the reduction in
circOgdh™> and circTtn'*17 in the QKI KO; and the increase in circPdlim$ °3, circPdlim$ **,
circPlekhaS'*", circArhgap32'8'*, circMyzap'*S, circPde4dip®s, circTtn'?"® and circTtn'"
(Figure S4). Heterozygous mice did not show intermediate levels of expression for most of
the circRNAs, except for circMyzap'*®. This is in line with the absence of a cardiac phenotype
and the lack of strong splicing changes in the heterozygous KO mice'".

Regulation of linear splicing and back-splicing by QKI
Since QKI activity is essential for proper splicing of multiple cardiac genes, we investigated
whether changes in circRNA formation were associated with changes in alternative splicing.

To do so, we compared the 86 differentially expressed circRNAs in the QKI KO mice with
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Figure 2. Experimental validation of detected circRNAs. (A) RT-PCR verification of a selection of
the detected circRNAs in left ventricle samples with and without RNA R treatment of 3 wildtype and
(B) 3 QKI KO. (C) RT-PCRs showing differentially expressed circRNAs in 4 QKI WT, 4 QKI HET
and 4 QKI KO adult mice. Molecular ladder sizes are 712, 481, 404, 363,242,190, 147, 118 and 110 bp.

the alternatively spliced exons of the corresponding host genes as identified by DEXSeq''.
We found that SO of the 86 differently expressed circRNAs (58%) displayed at least one
alternatively spliced exon in the host gene (Figure 3A).

In order to assess where the QKI-mediated alternative splicing changes were occurring in these

50 circRNAs, we focused on the regions were circRNAs were arising and we divided it in five
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Figure 3. A majority of the QKI-dependent circRNAs is linked to alternative splicing. (A) Number
of QKI-dependent circRNAs that are associated with changes in exon usage of the corresponding host
gene in the QKI KO mice. (B) Number of QKI-dependent circRNAs arising from regions that also
underwent alternative splicing changes in the QKI KO hearts. The back-spliced region was divided in
five parts: acceptor and donor back-spliced exons, exons between the back-spliced exons, and exons
immediately upstream and downstream of the back-spliced exons. (C) Representative examples of
QKI-regulated circRNAs with differentially spliced exons in their back-spliced regions. Bed graphs
show exon coverage of 2 mice per genotype. Black arrows indicate the significantly different exons. Red

arcs indicate the significantly differently expressed circRNAs in QKI KO hearts.
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parts: 1) acceptor back-spliced exon and 2) donor back-spliced exon, 3) exons located between
the back-spliced exons, 4) exons immediately upstream and S) immediately downstream of
the back-spliced exons (Figure 3B). We counted the number of circRNAs with alternative
splicing changes (i.e. differential exon usage) in each location and found alternative splicing
changes most frequently taking place in exons within the back-spliced exons (23/50). 22 of
the 50 circRNAs revealed alternative splicing changes of the exons used for circularization
(acceptor exon: n=14, donor exon: n=13). 19 circRNAs were associated with splicing changes
upstream and/or downstream of the back-spliced exons (upstream: n =13, downstream: n="7).
Figure 3C depicts three examples of genes in which alternative splicing events are associated

132 circPicalm®®?, circSlc8al®?,

with circRNA expression upon QKI loss (ie. circClasp
circSlc8al'3, and circSlc8al1''?). All five circRNAs shown contain alternatively spliced exons
between the back-spliced exons. circClasp1?*?! is an interesting circRNA, as it shows, besides
alternative splicing changes in an exon located between the back-spliced exons, also alternative
splicing changes in two exons immediately upstream and immediately downstream the back-
spliced exons. In conclusion, our findings reveal that regions with QKI-dependent back-

splicing are often associated with QKI-dependent linear splicing.

QKI and RBM20 regulate back-splicing of a distinct, but overlapping set of
circRNAs

Aside from QKI, there is one other splicing factor known thus far to regulate circRNA
formation in the heart. This is the RNA-binding motif protein 20 (RBM20)*'%, a well-studied
heart and muscle-specific splicing factor in which mutations can cause inherited dilated
cardiomyopathy'®. Our group has previously generated RBM20 KO mice to investigate
the role of RBM20 in the heart, also in circRNA formation'®?, In these RBM20 KO hearts,
we identified 41 differentially expressed circRNAs, of which 12 were produced from the Ttn
gene®. We compared the QKI-dependent and RBM20-dependent circRNAs to look for
commonalities in their regulation. The Venn Diagram in Figure 4A depicts a distinct,
but overlapping set of circRNAs regulated by QKI and RBM20. A total of 15 circRNAs,
arising from 8 different genes, were regulated by QKI and RBM20 (absolute log,FC > 0.58,
p-value < 0.05). The scatterplot in Figure 4B shows the fold-changes of these 15 circRNAs
in both KO models. We did not find a common direction of regulation for the overlapping
circRNAs. Whereas the expression of for instance circFan®? and circPde4dip®’ changed in
the same direction in both KO models; circSorbs1°*'° and circArghap26''” expression changed

in the opposite direction (Figure 4C).

CircRNAs derived from TTN are oppositely regulated by QKI and RBM20

Since multiple circRNAs arising from Ttn were differentially expressed in both the QKIKO (24
circRNAs) and the RBM20 KO hearts (12 circRNAs), we took a closer look at the location of
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Figure 4. QKI and RBM20 regulate back-splicing in distinct ways. (A) Venn diagram showing
the overlap between the differentially expressed circRNAs in the QKI KO and RBM20 KO hearts.
CircRNAs with absolute log,FC > 0.58 and p-value < 0.05 were deemed differentially expressed. (B)
Scatter plot showing expression changes (log,FC) of the differentially expressed circRNAs in the QKI
and RBM20 KO hearts. (C) Relative expression of circFan®, circPde4dip®S , circArghap26'"” and
circSorbs1**'? in QKI and RBM20 WT and KO mice. Relative expression is the normalized BSJ counts
relative to the average of the corresponding WT. * p-val < 0.0S.

the back-spliced exons of the Ttn-derived circRNAs. First, we visualized the genomiclocation
of the back-spliced exons of all 33 Ttn circRNAs detected in wild-type hearts (Figure SS).
Most circRNAs originated by back-splicing of exons located in the middle I-band (i.e. exons
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47 to 143). This region includes the two most highly expressed circRNAs: circTtn'?"* and
circTtn'?%7. A smaller subset of circRNAs arise from the distal I-band, but their expression
levels are lower. Strikingly, when comparing the upregulated and downregulated circRNAs in
the QKI KO and the RBM20 KO hearts, an opposite regulation was observed: the circRNAs
in the middle I-band are increased in the QKI KO, but reduced (or even absent) in the RBM20
KO hearts (Figure SA, SB). In conclusion, QKI and RBM20 regulate the formation of

a distinct, but overlapping set of circRNAs in an opposite manner.

Figure S. Circular RNAs arising from Ttn are regulated by QKI and RBM20. (A) Differentially
expressed circRNAs arising from the Ttn gene in QKI and RBM20 KO hearts. The full lenght isoform
of Ttn and the Ttn isoform N2A are shown. Each arc represents a differentially expressed circRNA, with
downregulated circRNAs depicted in blue and upregulated circRNAs in red. (B) Expression of circTtn’s
follows an opposite direction in QKI KO and RBM20 KO hearts. Relative expression is the normalized
BS]J counts relative to the average of the corresponding WT. * p-val < 0.05.
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DISCUSSION

In this work, we have shown that the splicing factor QKI is crucial for circRNA formation
in the heart. We found that ~17% of the circRNAs present in the adult mouse heart are
differentially spliced in the absence of QKI. Interestingly, we found circRNAs being down-
and upregulated in the QKI KO, which indicates that QKI can act either as a positive or as
a negative regulator of circRNA formation. We also found that changes in circRNA formation
after loss of QKI are often associated with alternative splicing changes of the host transcript.
These splicing changes were not only occurring in the back-spliced exons, but also between

them or in close proximity.

Conn et al. were the first to postulate that QKI promotes the formation of circRNAs. They
observed that QKI knockdown inimmortalized human mammary epithelial cellsled toa strong
decrease in circRNA abundance. Specifically, of the 300 abundantly expressed circRNAs, 105
were decreased more than-2 fold by QKI knockdown, whereas only 7 were increased'. They
proposed a mechanism in which QKI binds to intronic QKI-binding motifs flanking the exons
to be back-spliced"’. Since QKI exerts its function in a dimer fashion*', the homodimerization
of two QKI proteins surrounding these exons would bring the donor and acceptor splice sites
in close proximity, thus favoring the back-splicing reaction'®. This molecular mechanism may
explain the 25 downregulated circRNAs that we observed in the QKI KO hearts, but not
the 61 upregulated circRNAs. This fact, in combination with the extensive alternative splicing
events occurring in the back-spliced region, point to a more complex regulation of splicing
by QKI in the heart. Further research is necessary to uncover the mode of action of QKI in
circRNA formation and alternative splicing. Experimentally assessing the precise location
where QKI binds to the mRNA using cross-linking immunoprecipitation assays (RNA CLIP)
and identification of splicing factors that QKI interacts with, will provide insights in (back)
splicing regulation by QKI in the heart.

Comparison of the QKI and RBM20 knockout models revealed surprising little overlap
between QKI- and RBM20-dependent circRNAs, except for circRNAs derived from the Ttn
gene. Interestingly, Ttn-derived circRNAs were mostly regulated in an opposite manner by
QXI and RBM20. The intricate pattern of splicing and back-splicing in the Ttn transcript
is noteworthy for the following two reasons. First, the Ttn gene generates the largest
number of circRNAs, which are highly expressed and mainly produced from the middle
I-band region'®**. This region is also known for extensive alternative splicing to generate
diverse TI'N isoforms with varying length and mechanical properties*~*. Second, multiple
circRNAs from the middle I-band are regulated by QKI and RBM20 in opposite ways, with
an increase in QKI KO and virtually complete loss in RBM20 KO hearts. Interestingly,

alternative splicing changes in TI'N’s I-band region do not point to an opposite regulation

81



82

CHAPTER 3

by QKI and RBM20, as I-band exons are more included in both KO models. However, there
are differences. In the RBM20 KO hearts all exons of the I-band are included (exons 49 to
202), while in the QKI KO only a smaller region is included (exons 88 to 121)". This smaller

121-88 and

region controlled by QKI produces the most highly expressed circRNAs: circTtn
circTtn'?%. Studies indicate that the RBM20-dependent skipped exons of the I-band are
the source of circRNAs'®, as observed in RBM20 KO mice and in patients carrying RBM20
mutations, where the loss of function leads to the inclusion of all exons and complete loss of
circRNAs. These differences may be caused by the different ways QKI and RBM20 regulate
splicing. RBM20 functions as a splicing repressor**, while QKI can act as a positive or negative
regulator of splicing, dependent on the position where QKI binds relative to the spliced
exon?. The mechanism behind this behavior is not well understood, but it may involve QKI
dimerizing and controlling splicing through looping of the pre-mRNA of the middle I-band ™.
Adding another layer of complexity, Tijsen et al.” have shown that the human circITTN"*7
(not conserved in mouse) controls the splicing activity of RBM20 and SRSF10. This finding
suggests that circRNAs derived from Ttn may work as a positive feedback loop to maintain

proper splicing of Ttn itself.

We are not the first to study QKI-dependent circRNAs in the heart. Gupta et al. previously
identified three QKI-dependent circRNAs (circTtn''31%, circFhod3'*!! and circStrn37%) when
investigating the cardioprotective function of QKI against doxorubicin toxicity”. In our QKI
KO mouse model we confirmed the QKI-dependent regulation of two of those circRNAs (i.e.
circTtn'317 and circStrn372), but circFhod3'*!!, which was expressed in our dataset, did not
appear a target of QKI, at least in cardiomyocytes. Some of the QKI-dependent circRNAs that
weidentified were previously reported to beimplicated in cardiomyocyte function. For example,

decreased expression of circTtn'*'%

was shown to increase doxorubicin-induced apoptosis in
mouse HL-1 myocytes®. Although overexpressing some of these cardioprotective circRNAs
could be an interesting therapeutic approach, this is complicated due to the large size of some
of these circRNAs and the difficulties to promote their circularization. An alternative strategy
could be to upregulate the expression of circRNAs through modulating QKI activity. This is
also interesting in light of the recent observation that cardiac QKI expression is downregulated
in patients with heart failure*”. Our previous work has already shown that QKI overexpression
can enhance contractility in neonatal rat ventricular myocytes presumably by enhancing
alternative splicing towards the expression of muscle-specific isoforms"'. The current study

suggests that changes in circRNA formation may have contributed to the increased contractile

properties upon QKI overexpression as well.

Taken together, our study shows that the splicing factor QKI regulates circRNA biogenesis
in adult cardiomyocytes in vivo. We propose that QKI is important in cardiac physiology not
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only by regulating alternative splicing of specific exons, but also by regulating the formation
of circRNAs. Functional follow-up studies on QKI-regulated circRNAs are required to shed
light on the relevance of these circRNAs in the healthy and diseased heart.

MATERIALS AND METHODS

Knockout mouse models

Animal studies were approved by the Institutional Animal Care and Use Committee of
the University of Amsterdam and carried out in compliance with the guidelines of this
institution and the Directive 2010/63/EU of the European Parliament. Animal husbandry
was performed by the Animal Research Institute AMC.

Generation of the cardiomyocyte-specific QKI KO and inducible cardiomyocyte-specific QKI
KO mice was described previously''. In brief, mice were generated by crossing the QKI-floxed
line'* with the tamoxifen-inducible Myh6-MerCreMer (Myh6-MCM) (Jackson Laboratory
stock #005657) line in CS7BL/6N background. For inducing MCM recombinase activity,
a tamoxifen solution (2.5 mg/ml tamoxifen in 10% ethanol, 90% sunflower oil) was injected
intraperitoneally for 4 consecutive days (total dose 100 mg tamoxifen/kg mouse) in 12-17
week-old mice (n per group: S QKI WT, 6 QKI HET, 9 QKI KO). The MCM recombinase
allele was present in one copy in all the mice. Both males and females were included in

the experiments. RBM20 KO mice were previously generated and characterized'®.

Transverse aorta constriction

Transverse aorta constriction (TAC) was performed in 8 week old male mice (mixed
background (F2) of CS7BL/6 and FVB) as previously described®. 3 weeks after TAC or
sham surgery echocardiography was performed as previously described' and mice were

sacrificed while being sedated.

RNA sequencing

Total RNA from left ventricle tissue of adult mice (5 WT and § QKI KO) was extracted
by using TRI reagent (Sigma, Ref T9424). RNA quality was determined using the Agilent
RNA 6000 Nano Kit and the Agilent 2100 Bioanalyser. All samples had an RNA Integrity
score > 8. Library preps were made with the Kapa RNA Hyperprep with RiboErase (Roche)
and sequenced on a NovaSeq platform (NovaSeq $4.300; flow cell type PE150, 2 x 150nt,
sequencing depth ~108.5 — 225.5 million reads per sample). Quality control of FASTQ
files was performed using FASTQC?¥. Trimmomatic (version 0.351)% was used to remove
adapters and low quality bases, using a Phred score cutoff of 30 while discarding reads
with a length below 75 bases. The paired-end RNA-seq reads passing the quality controls
from the five QKI KO mice and five wild-type mice were then aligned against the mouse
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genome, Gencode annotation release vM25 (GRCm38/mm10), using MapSplice2 (version
2.2.0). For circRNAs detection we set the following options: --min-fusion-distance 200 (as
suggested by the authors), --filtering 1, and --min-map-len 50. FASTQ files are available in
the NCBI Sequence Read Archive [NCBI bioprojects PRINA831665 (QKI KO).

Differential gene expression analysis was performed using the R Bioconductor package,
DESeq2* (Bioconductor release 3.13). Transcripts Per Million (TPM) for each gene
were also calculated. Genes with TPM value > 0.5, an absolute log,FC > 1.0 and adjusted

P-value < 0.05 were deemed significantly differentially expressed"'.

Differential exon usage analysis was performed using the R Bioconductor package,
DEXSeq* (Bioconductor release 3.13). Only genes expressed with TPM value > 0.5 were
considered. Exon bins with absolute log, FC > 1.0 and adjusted P-value < 0.05 were deemed

differentially spliced"'.

Differential circRNA expression analysis was performed using the R Bioconductor package
circRNAprofiler'” (Bioconductor release 3.13). CircRNAs with an absolute log FC change >
1.0 and adjusted p-value < 0.05 were deemed significantly differentially expressed in the QKI
KO hearts (Table S1).

RNA sequencing of the 3 week TAC mice (4 sham, 4 TAC) was performed at QIAGEN
Benelux BV. (The Netherlands) (NextSeq platform 2 x 100 bp, sequencing depth
88 — 113 million reads per sample). Bioinformatic analysis was performed using the same

bioinformatics pipeline as for the QKI KO mice.

RNA sequencing of the RBM20 KO mice (3 WT, 3 KO) was performed previously by
Khan et al'®. Bioinformatic analysis was performed using the same pipeline as in the QKI
KO mice, but in the mouse genome annotation GRCm39/mm39. In order to compare
the differentially expressed circRNAs in the RBM20 KO with the QKI-dependent circRNAs,
coordinates of the back-spliced exons were converted to the GRCm38/mm10 annotation
with the LiftOver tool from the UCSC genome browser*. For comparison of QKI-dependent
and RBM20-dependent circRNAs, we used the following cut-offs: log FC > 0.58 and
P-value < 0.0S. FASTQ files are available in the NCBI Sequence Read Archive [NCBI
bioprojects PRINA417769 (RBM20 KO)].

RNAse R digestion and RT-PCRs
To validate circularity of circRNAs, an RNase R digestion step was performed on 3 QKIWT
and 3 QKI KO samples. Specifically, 2.5 pg of RNA were incubated in 1x RNase R buffer
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with or without S units of RNase R (Epicentre) at 37°C for 10 minutes followed by heat

inactivation at 95°C for 3 minutes.

For cDNA synthesis, 500 ng of total RNA were treated with DNAse I (Invitrogen, Ref
18068-015, Waltham, MA, USA) and retrotranscribed into cDNA with random hexamers
(Invitrogen, Ref N8080127) and Superscript II (Invitrogen, Ref 18064-014).

RT-PCRs were performed in a 25 pL reaction containing 5 ng cDNA, 1M Betaine, 1x Buffer
B2, 2.5 mM MgCl2, 200 uM dNTPs, 0.4 uM forward primer, 0.4 uM reverse primer and
0.0S U/p HOT FIREpol® DNA polymerase (Solis Biodyne). The thermal cycling protocol
included an initial denaturation at 95 °C for 15 min to activate the HOT FIREPol®* DNA
polymerase, followed by 25-35 amplification cycles of denaturation at 95°C for 30 s, annealing
at 59-62°C for 30 s, extension at 72 °C for 45 s, and S minutes of final extension at 72°C.

Primer sequences are found in Table S2.

Visualization of circRNAs

circRNAs were visualized on the UCSC genome browser® by creating a custom track with

the back-spliced exons. CircRNAs were drawn manually.
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SUPPLEMENTAL FIGURES

Figure S1. There is no correlation between gene expression and circRNA formation. Scatter plot
depicting the changes in circRNA expression against the changes in expression of the host gene in
the QKI KO mice. Each dot is a circRNA. Only circRNAs with adj. p-val < 0.05 are shown.




QKI-DEPENDENT circRNAS IN THE HEART

Figure S2. Differentially expressed circRNAs in the mouse heart 3 weeks after transverse aortic
constriction (TAC). (A) Normalized heart weight. (B) Ejection fraction. Data are mean + standard
deviation. Unpaired t-test, * p < 0.0S, ** p < 0.01. (C) Volcano plot depicting differentially circRNA

expression. n = 4 per group.
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Figure S3. Sanger sequencing verification of selected circRNAs. For each circRNA, the expected
back-spliced junction sequence is indicated with the corresponding donor exon in black and acceptor

in red. Chromatogram with the sequencing results is shown below.




QKI-DEPENDENT circRNAS IN THE HEART

Figure S4. Quantification of RT-PCRs shown in Figure 3C. Relative expression is the ratio between
the intensity of the amplicon band of the circRNA against Hprt. Ordinary one-way ANOVA, followed by
Uncorrected Fisher’s Least Significant Difference test; **** p< 0.0001; *** p<0.001; ** p<0.01; * p<0.05.
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Figure S5. Most circular RNAs arising from Ttn are generated from exons within the middle I-band
region. View of the Ttn gene (full length isoform and N2A isoform) and all the circTtn’s detected in
QKI WT hearts. Each bar connects the back spliced exons of each circRNA. Grey scale represents
the level of expression of each circRNA (normalized counts of S QKI WT hearts).
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SUPPLEMENTAL TABLES

Table S1. List of differentially expressed circRNAs in adult QKI knock-out hearts

Average normalized counts

Gene circRNA id (mm10) QKIWT QKIKO log2FC adj p-val
Slmap chr14:26428316-26416203 9,8 0,0 5,9 5,0E-07
Nsmaf chr4:6417207-6398319 22,7 1,6 3,8 7,4E-08
Qki chr17:10282981-10238893 67,5 7,6 32 1,0E-04
Ogdh chr11:6313788-6317080 57,7 8,5 2,8 1,2E-18
Stégalnac3  chr3:153411871-153411462 8,4 1,5 -2,4 2,2E-02
Ttn chr2:76856366-76847388 14,1 2,7 -2,3 5,0E-03
Ttn chr2:76856366-76853605 78,9 16,4 2,3 3,5E-02
Arl8b chr6:108813627-108818613 10,7 2,3 2,3 4,1E-02
Ttn chr2:76868085-76863274 201,4 45,7 21 4,9E-43
Ttn chr2:76852137-76850570 21,9 4,9 2,1 1,1E-02
Milip chr9:77217048-77173959 25,1 6,0 -2,1 2,1E-05
Lamp2 chrX:38442140-38424267 9,3 2,1 21 4,2E-02
Fanl chr7:64371659-64361940 20,8 6,4 1,7 7 4E-03
Ttn chr2:76818816-76802231 18,9 6,8 1,5 9,2E-03
Vav3 chr3:109562743-109578364 17,1 6,4 1,4 4,4E-02
Nsd3 chr8:25640577-25649703 21,2 7,8 1,4 1,3E-02
S100pbp  chr4:129183717-129178241 15,2 5,7 1,4 3,5E-02
Ttn chr2:76818816-76803293 18,3 72 1,3 2,1E-02
Arhgap21  chr2:20860036-20855354 47,3 18,6 1,3 9,8E-04
Ube3a chr7:59240967-59247217 15,9 6,4 1,3 2,2E-02
Tent4a chr13:69515903-69512890 20,4 8,6 -1,3 2,2E-02
Psd3 chr8:67908889-67882981 19,0 8,0 1,3 4,9E-02
Amotll chr9:14575439-14571623 21,3 9,7 1,2 2,1E-02
Ttn chr2:76857987-76847388 37,7 16,4 1,2 2,2E-02
Spopl chr2:23545579-23537328 44,2 21,4 -1,1 2,7E-03
Ttn chr2:76881839-76857904 1063,3 2134,1 1,0 1,SE-07
Pde4dip chr3:97796808-97792739 32,5 67,6 1,0 7,9E-0S
Oxrl chr15:41797474-41826052 13,3 27,1 1,0 8,3E-03
Map4k4 chr1:40003757-40010677 10,0 20,9 1,1 4,8E-02
Pankl chr19:34841109-34812278 12,1 26,4 1,1 1,5E-02
Ttn chr2:76888087-76857904 50,3 113,5 12 1,9E-07
Picalm chr7:90160448-90197020 27,6 64,6 12 1,8E-06
Pdlim$ chr3:142314448-142303943 19,1 44,7 1,2 1,2E-0S
Corin chr$:72454506-72422025 14,1 35,7 1,4 8,0E-06
Ttn chr2:76884197-76857904 342,8 925,4 1,4 9,4E-12
Ttn chr2:76894423-76857904 56,0 154,7 1,4 1,5E-07
Ttn chr2:76893177-76857904 43,3 122,0 L5 1,9E-08
Ppplri2b  chrl:134842733-134834435 8,7 25,5 1,6 2,4E-02
Ttn chr2:76881839-76862800 8,3 24,5 1,6 1,3E-02
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Table S1. (continued)

Average normalized counts

Gene circRNA id (mm10) QKIWT QKIKO log2FC adj p-val
Arhgap32 chr9:32246447-32250787 29,2 92,6 1,6 7,6E-13
Sorbsl chr19:40365166-40336986 5,2 16,8 1,7 3,5E-02
Sle35fS chr1:125568547-125579327 11,4 35,3 1,7 1,0E-05
Rere chr4:150500003-150510038 4,5 15,0 1,7 3,0E-02
Sle8al chr17:81445593-81428182 47,5 155,7 1,7 1,1E-16
Akap6 chr12:53139381-53142768 7,2 26,4 1,8 2,4E-03
Alpk2 chr18:65350708-65349028 3,7 12,2 1,9 4,1E-02
Zfp644 chr5:106638635-106635610 4,3 15,8 2,0 1,3E-02
Enah chr1:181961919-181905469 2,8 12,2 2,0 4,1E-02
Ttn chr2:76884633-76857904 9,8 41,0 2,1 2,0E-10
Asph chr4:9639347-9630773 5,8 24,6 2,1 9,4E-05
Slc8al chr17:81445593-81408067 18,1 81,0 2,2 2,0E-14
Myo9a chr9:59801914-59843138 4,3 21,1 2,2 5,4E-05
Agl chr3:116782643-116778619 18,6 85,1 2,2 3,5E-16
Ercl chr6:119825819-119824386 2,0 8,7 2,3 2,6E-02
Rbm41 chrX:139968599-139954907 1,0 5,9 2,4 4,2E-02
Lrrfip2 chr9:111188762-111205847 9,4 47,8 2,4 1,3E-12
Cnksr3 chr10:7154485-7152864 3,2 17,4 2,4 9,0E-04
Fkbpl15 chr4:62336547-62329348 0,8 5,2 2,4 4,1E-02
Sorbs1 chr19:40377016-40340685 3,4 22,3 2,5 7,8E-06
Lrrfip2 chr9:111182819-111205847 2,6 18,0 2,8 3,1E-04
Ttn chr2:76888087-76861097 2,0 11,0 2,8 2,1E-02
Ttn chr2:76817075-76803293 3,1 23,2 3,0 8,1E-05
Pdlim$ chr3:142352885-142303943 13,3 121,0 3,2 3,5E-42
Mapk4 chr18:73971276-73969891 1,2 12,8 3,2 2,6E-03
Milip chr9:77243727-77229485 1,2 13,0 3,3 1,7E-03
Raphl chr1:60527489-60518980 1,0 12,0 3,4 8,9E-04
Mlit10 chr2:18101458-18146872 1,5 18,9 3,5 1,4E-04
Sorbs1 chr19:40344439-40321793 4,8 56,4 3,5 7,4E-03
Mlip chr9:77230955-77229485 1,4 17,3 3,6 1,0E-05
Pankl chr19:34827373-34812278 0,7 9,7 3,6 2,6E-03
Ttn chr2:76909953-76857904 1,4 23,9 3,9 2,3E-08
Claspl chr1:118521827-118552156 0,5 11,7 4,3 1,8E-04
Ttn chr2:76889591-76857904 0,0 8,2 5,4 4,8E-06
Slc8al chr17:81445593-81388810 21 98,6 55 1,3E-04
Agtpbpl chr13:59482604-59475660 0,0 9,0 5,5 8,3E-06
Cnksr3 chr10:7154485-7134522 0,0 10,5 5,8 3,3E-06
Obscn chr11:59016373-59015436 0,0 10,5 5,8 4,2E-06
Ppplri2b chr1:134865960-134834435 0,0 13,9 6,2 4,7E-08
Strn3 chr12:51661713-51643104 0,0 17,3 6,5 1,9E-08

Pde4dip chr3:97710444-97706872 0,0 17,6 6,5 2,5E-09
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Table S1. (continued)

Average normalized counts

Gene circRNA id (mm10) QKIWT QKIKO log2FC adj p-val
Slmap chr14:26428316-26422421 0,0 20,4 6,7 7,0E-10
Ehbp1 chr11:22151892-22137838 0,0 22,5 6,9 9,0E-11
Miip chr9:77231029-77229485 0,0 28,6 7,2 2,3E-11
Plekha$ chr6:140543720-140568881 0,0 38,7 7,6 2,6E-13
Qki chr17:10274063-10238893 0,0 69,6 8,5 1L1E-17
Plekha$ chr6:140543720-140556070 0,0 102,4 9,1 3,8E-16

Table S2. Primer sequences

Primer Sequence 5’ - 3’ Annealing on exon
circArhgap32Rv  GAGTITGCTGGATGACATCATGG 14
circArhgap32 Fw  CGCAAGTIGCAGCGTAATGAAAG 18
circMyzap Rv TCTAACTGCCTCTGCTIICTCCCG 6
circMyzap Fw GACAGAAACCCAGCCCAAGACTG 12
circNsmaf Rv TCAAGTCTACACCACCTIICATAGGTCAG 20
circNsmaf Fw AAGTCGGTCTGGTGAGCTGC 31
circOgdh Rv TCGACGTITAGGTIIGTGCIICCACC 3
circOgdh Fw TGATCTGGACTCCTCCGTGCC S
circPde4dip Rv TGTCCTGGAGITICTCGIITCAGGC S
circPde4dip Fw CTGAGGCAGAGCTIIGGCTGC 8
circPdlim5 Rv CACTCTIGGCTGCAGCTGAA 4
circPdlimS Fw GAATCTGAAAATGACAATACGAAGAAGGC 9
circPlekha$ Rv CCGTATCTTTCAGCTICTAAGGC 11
circPlekha$S Fw ACACCTITAGCACAGCTCATG 14
circSorbs1 Rv CGGTCTCCCAAACTCCAATITCCG 16
circSorbs1 Fw CCAGACATTACGTCAGAGCCTCCTG 20
circSorbs1 Rv TGTAGACACATCGCTCAGGTCCTG 8
circSorbs1 Fw CCAGACATTACGTCAGAGCCTCCTG 20
circTtn Rv TGGITGITAAGTACAGTITICCGCTG 107
circTtn Fw GACTATGAAGAGATCAAGGTGGAAGC 113
circTtn Fw CAGAGGCTCCAAAGAAACCTGCTC 121
circTtn Rv CTGCTICACGATCCGTGATTGGTC 88
Hprt Fw CCTAAGATGAGCGCAAGITGAA 9
Hprt Rv CCACAGGACTAGAACACCTGCTAA 9
Qki Fw GGAGTGCAGAATTGCCTG 2
Qki Rv CTAGGTCCAAGGATICTCC 3
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ABSTRACT

Alternative splicing generates specialized protein isoforms to allow the heart to adapt during
development and disease. To gain insight in how alternative splicing is regulated in the heart,
we re-analyzed original RNA-sequencing data from eight published mouse models, in which
splicing factors have been genetically deleted (HNRNPU, MBNL1/2, QKI, RBM20, RBM24,
RBPMS, SRSF3, SRSF4). We show that key splicing events in Camk2d, Ryr2, Tpm1, Tpm2
and Pdlim$ require the combined action of the majority of these splicing factors. The largest
overlap was found between the splicing networks of MBNL, QKI and RBM24. Next, we re-
analyzed a RNA-sequencing study on hearts of 128 heart failure patients. Here, we observed
that MBNL1, QKI and RBM24 expression varied greatly. This variation in expression
correlated with differential splicing of their downstream targets as found in mice, suggesting
that aberrant splicing by MBNL1, QKI and RBM24 might contribute to the disease

mechanism in heart failure.



SPLICING FACTORS IN THE HEART

INTRODUCTION

Over 95% of the human genes undergo alternative pre-mRNA splicing (AS), a mechanism
to produce different isoforms of a protein from a single gene'. In the heart, AS coordinates
the expression of protein isoforms to adapt cardiac function to changing demands during
embryonic and postnatal development. For instance, increased passive stiffness of
the myocardium during the course of development is mediated by the expression of shorter,
less elastic titin (TTN) isoforms™*. Besides splicing regulation of sarcomeric proteins,
numerous ion channels (e.g. RyR2, L-type calcium channel) undergo AS in order to change

their physiological properties®®.

Each AS event is carried out by the spliceosome, and regulated by a combination of sequence-
specific RNA-binding proteins, or splicing factors. These splicing factors determine which
exons are included in the mature mRNA transcript by facilitating or impeding spliceosome
assembly on certain pre-mRNA locations. Splicing factors are often expressed in a cell type-
specific manner, allowing the generation of cell type-specific mRNA isoforms®”. The most
well-studied splicing factor in the heart is RNA-binding motif protein 20 (RBM20). RBM20
has been shown to regulate a network of splicing events in genes related to sarcomere structure
and calcium handling®’. The discovery in 2009 that mutations in RBM20 cause severe forms
of familial dilated cardiomyopathy (DCM) has sparked great interest in splicing regulation
in the cardiac field. Since then, many knockout (KO) mouse models have be generated to
delete single splicing factors and investigate the molecular basis of AS regulation in the heart
(i.e. SRSF1-SRSES, SRSF10, hnRNPA1, hnRNPU, MBNL1-MBNL3, RBM20, RBM24,
RBM38, CELF1, PCBP2, QKI, RBFOX1, RBFOX2, and RBPMS)®*. Interestingly, almost
all of these splicing factor KO models develop signs of cardiac dysfunction, either during
development, early postnatal stages or at adulthood. At the molecular level, these cardiac
phenotypes are often attributed to sarcomeric and cytoskeletal defects and to abnormalities
in calcium handling. Splicing analyses in these KO models revealed a certain overlap in
the regulated splicing events. For instance, the inclusion of Camk2d exons 14, 1S5 and 16 is
controlled by splicing factors HNRNPU, QKI, RBM20, as well as SRSF1; and the switch of
the mutually exclusive exons 3A/3B of the mitochondrial phosphate carrier Slc25a3 requires
both RBM24 and QKI. Despite the intriguing observation that multiple splicing factors
control AS of the same exons, the extent of this overlap between different splicing factors is
currently unknown.

3536 when

It is estimated that around 300-400 splicing regulators exist in the human genome
considering core components of the spliceosome and splicing factors. The expression of such
a large number of splicing regulators raises the question what their specific functions are,

and more specific, which AS events they control. Understanding the molecular basis of AS
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is crucial, even more because the expression of certain splicing factors (e.g. QKI, RBM20)

37,38

is dysregulated in heart disease®”**. Moreover, aberrant splicing patterns of sarcomeric and

ion channel genes have also been observed in cardiac pathologies including hypertrophy

and heart failure®-#

. Since AS regulation is extremely complex, systematic approaches are
needed to identify the precise role of each splicing regulator and how they interact with their
targets. Unraveling this complexity will eventually lead to the identification of the ‘splicing
code’ i.e. the genomic sequence that defines the posttranscriptional fate of exons. Moreover,
fundamental knowledge about isoform selection will lead to a better understanding of
the processes that go awry in disease, and ultimately will enable researchers to shift splicing

towards desired changes in cardioprotective protein isoforms to reduce pathological effects.

To gain insights in the molecular basis of AS in the heart, we first re-analyzed original
RNA-sequencing data from 8 published mouse models, in which splicing factors have been
genetically deleted (i.e. HNRPU, MBNL1+2, QKI, RBM20, RBM24, RBPMS, SRSF3 and
SRSF4). We systematically analyzed and compared changes in gene expression and splicing
and found AS events unique to each model, but also many commonalities. The largest overlap
was observed between the splicing networks of MBNL, QKI and RBM24, with as much as
~30-40% of the AS events shared between at least 2 out of 3 models. We found that splicing
events in crucial regulators of contraction, such as Camk2d, Ryr2, Tpm1, Tpm2 and Pdlim$,
require the concerted action of five splicing regulators: RBM20, RBM24, MBNL1+2, QKI and
RBPMS. Finally, we performed an analysis of a large-scale RNA-sequencing study in hearts of
128 patients with dilated cardiomyopathy (DCM). Here, we observed a substantial amount of
variation in the expression of the splicing factors MBNL1, QKI and RBM24. This expression
variation correlated well with AS of their down-stream targets, further implicating aberrant AS
by MBNL1, QKI and RBM24 as a contributing disease mechanism in heart failure.

RESULTS

Reported splicing factor knock-out models and their phenotypes

Based on an extensive literature search, we assembled a list of splicing factors, of which
the function has been investigated in the heart. We limited the search to genetic loss-of-
function studies in mice, since these models provide robust insights into cardiac development,
contractile function and arrhythmias. As such, we did not include studies using human iPS-
derived cardiomyocytes with mutations in splicing factors. This led to the identification
of 29 splicing factor KO models (including constitutive, conditional and inducible loss-
of-function models) corresponding to 20 genes®*. These included six SR factors (SRSF1,
SRSF2, SRSF3, SRSF4, SRSES, SRSF10), two hnRNPs (hnRNPA1, hnRNPU), three
Muscleblind-like Splicing Regulators (MBNL1, MBNL2, MBNL3) and nine other splicing
factors (RBM20, RBM24, RBM38, CELF1, PCBP2, QKI, RBFOX1, RBEOX2, and RBPMS).
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Table 1 summarizes the phenotypes of the 29 splicing factor KO models. Of the 29 KO
models reported, 9 display embryonic lethality with signs of cardiac dysfunction (i.e.
hnRNPA1, MBNL1+2, PCBP2, QKI (2 models), RBM24, SRSE3 (2 models), SRSF10),
7 display lethality at early postnatal stages (i.e. CELF1, hanRNPU (2 models), MBNL],
RBM24, RBPMS, SRSFS), 10 KO models develop dysfunction of the adult heart (i.e.
MBNLI, MBNL3, QKI, RBFOX1, RBFOX2, RBM20, SRSF1, SRSF2, SRSF3, SRSF4),
and in 2 models there was no cardiac phenotype observed (i.e. MBNL2, RBM38). For our
analysis, we focused on the splicing factors with a role in the postnatal and adult heart. Most of
these KO models developed cardiac dilatation and contractile dysfunction. At the molecular
level, these phenotypes were mostly attributed to sarcomere and cytoskeletal defects and

abnormalities in calcium handling (Table 1).

RNA-sequencing reveals hundreds of differentially expressed and differently
spliced genes

To gain insight in the coordinated regulation of AS in the heart, we reanalyzed and compared
original RNA-sequencing data from mouse models in which splicing factors were genetically
deleted. From the 29 models reviewed in Table 1, raw sequencing reads of 8 different KO
models and their corresponding wild-type controls were publicly available in the GEO
database: HNRPU KO', MBNL1+2 Double KO (DKO)', QKI KO*, RBM20 KO°, RBM24
KO, RBPMS KO*, SRSF3 KO*' and SRSF4 KO*. Table S1 summarizes the genotypes and

characteristics of samples used for analyses.

To enable comparison of AS events between models, reads were mapped to Ensembl reference
transcriptome GRCm38 (version M2S, Ensembl genebuild 100) and a bioinformatics

)42,43.

pipeline was implemented for expression (DESeq2) and splicing analysis (DEXSeq

First, we examined differential gene expression in the 8 KO models (Figure 1A, Table S2).
Significant gene expression changes were found in every KO model, but the SRSF3 and
HNRNPU KO mice stood out with a remarkable large number of deregulated genes (>8000).
Gene ontology pathway analysis on the differentially expressed genes (Figure 1B) roughly
divided the KO models in two groups: 1. Splicing factors that affect striated muscle cell
processes and/or ion transport (i.e MBNL, QKI, RBM20, RBM24, RBPMS and SRSF4) and
2. splicing factors not involved in these processes (i.e. SRSF3 and HNRNPU). Extracellular
matrix/fibrosis terms were enriched in MBNL, RBM20 and RBM24 KO models, which
matches the fibrosis observed in the hearts of these mice”’**. Inmune and inflammatory
terms were enriched in MBNL, QKI, RBM20, RBM24 and SRSF4 KO models, suggesting

that an underlying immune response was triggered by the splicing factor deficiency.
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Table 1. List of splicing factors knock-out mouse models with a cardiac phenotype

Gene name Knock-out model Phenotype Ref.
CELF1 Constitutive Reduced viability, retarded growth, altered 10
(/CUGBP1) Celfl —/- electrophysiological and contractile functions at early
postnatal stages.
HNRNPA1 Constitutive Embryonic lethality (E18.5). Hypoplastic and dilated 11
hnRNPA1 —/- heart.
HNRNPU  Conditional Postnatal lethality (14 days). Dilated heart. 12
Hnrnpu*; Ckmm-Cre's
Conditional Postnatal lethality (10 days). Dilated heart. 12
Hnrnpu*; Myh6-Cre*
MBNLI1+2  Compound Postnatal lethality (S weeks). Cardiac conduction 13
Mbnll —/—; Mbnl2 +/—  defects, atrial dilatation and left ventricular hypertrophy.
Double knockout Embryonically lethal. 14
Mbnl 1-/-; Mbnl2 - /-
Double knockout Postnatal lethality (8-45 weeks). DCM, conduction 1S
Mbnll-/—; Mbnl2"f;  block, SCD.
Myh6-Cre'
MBNL1 Constitutive Adult lethality (2 months). Cardiac conduction 16
Mbnll —/- defects, sinus node dysfunction, cardiac hypertrophy,
myocardial fibrosis, necrosis and calcification, sudden
cardiac death.
MBNL2 Constitutive No cardiac phenotype reported. No changes in 17
Mbnl2—/- cardiac splicing reported.
MBNL3 Constitutive Systolic defects, ventricular hypertrophy. 18
Mbnl3 -/—-
PCBP2 Constitutive Embryonic lethality (E14.5). Global edema and 19
Pcbp2 —/- pericardial effusion.
QKI Constitutive Embryonic lethality (E10.5). 20
Qki —/-
Conditional Embryonic lethality (E14.5). 21
Qki""; Myh6-Cre*
Conditional inducible ~ Lethal 1 week after tamoxifen injections. DCM, 21
Qki"*; Myh6-MCM' heart failure.
RBFOX1 Conditional Exacerbation of cardiac hypertrophy and HF 22
(/A2BP1)  Rbfox1"*; Nkx2.5-Cre® upon TAC.
RBFOX2 Conditional Embryonically lethal (E11.5). Underdeveloped 23
Rbfox2"!; Nkx2.5-Cre®  hearts with a thin and hypoplastic outflow tract.
Conditional Adult lethality (8-56 weeks). DCM, HF, systolic 24
Rbfox2""; Mlc2v-Cre®  disfunction. Defective EC Coupling.
RBM20 Constitutive Arrhytmogenic DCM. 9
Rbm20 —/-
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Table 1. (continued)

Genename Knock-out model Phenotype Ref.

RBM24 Constitutive Embryonic lethality (E12.5-14.5). 2§
Rbm24 -/~
Conditional DCM, postnatal lethality (11 days — 2 months). 26
Rbm24"%; Myh6-Cre*

RBM38 Constitutive No cardiac phenotype. 27
Rbm38 —/—

RBPMS Constitutive Perinatal lethality (1-4 days). Premature cardiomyocyte 28
Rbpms —/— binucleation, noncompaction of myocardium.

SRSF1 Conditional Adult lethality (6-10 weeks). DCM, AV block 29

(/ASF/SF2) Srsfl"*; Mlc2v-Cre' sarcomeres, Ca>* leaks.

SRSF2 Conditional Non-lethal DCM, defective excitation- 30

(/8C35) Srsf2V%; Mlc2v-Cre'® contraction coupling.

SRSF3 Conditional Embryonic lethality. 31
Srsf3"% Nkx2.5-Cre'
Conditional Embryonic lethality. Reduced 31

Srsf3"%; Myh6-Cre's cardiomyocyte proliferation.
Conditional inducible  Lethality 1 week after induction. Systolic dysfunction. 31

Srsf3"; Myh6-MCM®

SRSF4 Conditional Cardiac hypertrophy, diastolic dysfunction, 32
Srsf4"V Nkx2.5-Cre* abnormal repolarization.

SRSFS Constitutive Perinatal lethality (1 day). Cardiac dysfunction with 33
SrsfS —/- noncompaction of the ventricular myocardium.

SRSF10 Constitutive Embryonic lethality (E15.5), atrial and ventricular 34

(Srp38) Srsf10 —/— septal defects; hypoplastic myocardium, calcium

handling defects.

Mouse models used for RNAseq analysis in this manuscript are underscored. DCM, dilated cardiomyopathy; HF,
Heart Failure; TAC, transaortic constriction.

We next inferred AS in the 8 KO models by testing for differential exon usage in the RNA-seq
data using DEXseq* (Table S3). Figure 1C shows the number of up- and downregulated
exon bins (i.e. one exon or part of an exon) per model. While most KO models have hundreds
of differentially spliced exon bins, SRSF3 and HNRNPU KO models present thousands.
Pathway analysis on the alternatively spliced genes categorized the KO models in the same two
groups as the gene expression analysis (Figure 1D). Group 1 contained KO models in which
mis-spliced genes were enriched for terms related to contraction and/or electrophysiology
(i.e. MBNL, QKI, RBM20, RBM24, RBPMS and SRSF4), and group 2, containing SRSF3
and HNRNPU, showed enrichment of alternatively spliced genes in terms related to RNA
processing (“mRNA 3-end processing”; “RNA splicing”).
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Figure 1. Gene expression and splicing analysis in eight splicing factor mouse KO models. (A)
Number of differentially expressed genes in each KO model (base mean expression > 1, absolute log2 FC
> 0.58 and p-adj. < 0.05). (B) Pathway analysis for gene ontology “Biological process” on differentially
expressed genes. (C) Number of differentially spliced exons bins per model (normalized counts > 10,
absolute log2FC > 1, and p-adj. < 0,05). (D) Pathway analysis for gene ontology “Biological process”
on mis-spliced genes. Mis-spliced genes were defined as genes with at least with one differentially

spliced exon bin.

In conclusion, RNA-seq analysis of these 8 KO models revealed numerous changes in gene
expression and AS. Six of these KO models (i.e. MBNL, QKI, RBM20, RBM24, RPBMS,
SRSF4) showed splicing defects in genes related to muscle contraction, cytoskeletal
organization and excitation. This is largely in line with the reported phenotypes in these
models. HNRNPU and SRSF3 KOs displayed the largest changes in gene expression and
splicing, but did not show enrichment for muscle specific terms. Therefore, we excluded these
two splicing factor models from further analysis and focus on the other six splicing factors

that regulate splicing events related to muscle contraction.
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Similar splicing events are controlled by multiple splicing factors

We next compared the 6 splicing factor KO models with splicing changes in genes related
to muscle contraction and excitation (Figure 2). Of the 709 genes that were alternatively
spliced in at least one of the models, 132 genes were shared by at least 2 models.
Figure 2A visualizes the intersection of the shared splicing changes by means of an UpSet plot.
The largest overlap in mis-spliced genes was found between MBNL, QKI and RBM24 KO
mice, with 62 commonly mis-spliced genes in QKI and RBM24 KO, 44 in QKI and MBNL
DKO and 38 in MBNL and RBM24 KO. Strikingly, five crucial regulators of heart muscle
contraction and conduction were mis-spliced in five out of six models: Camk2d, PdlimS, Ryr2,

Tpm1 and Tpm?2.

Figure 2B shows exon inclusion changes in Camk2d (Calcium/Calmodulin Dependent
Protein Kinase II Delta, CaMK28). As a multifunctional Ser/Thr protein kinase and key
regulator of excitation-contraction coupling, splicing changes in CaMK2§ are relevant for
cardiomyocyte biology*. AS in the mutually skipped exons 14, 15 and 16 result in four
isoforms with different functional properties: CaMKIIS-A (exons 15 and 16), CaMKIIS-B
(exon 14), CaMKIIS-C (none) and CaMKII§-9 (exon 16)*. Exon 14 harbors a functional
nuclear localization signal, and targets CaMKIIS-B to the nucleus where it can associate
with histone deacetylases to regulate transcription*. Skipping of exon 14 occurs in MBNL,
QKI, RBM20 and RBM24 KO hearts, indicating that reduced nuclear CaMKIIS levels may
participate in the phenotype in these mice. Changes in exon 15 inclusion lead to altered
expression of CaMKIIS8-A, an isoform known to associate with the intercalated disc and
T-tubules®, and can be appreciated in QKI and RBM20 KO hearts. Of note, the RNA-seq
tracks of the RBPMs KO mice were not included in the bedgraphs, since this RNA-seq
was derived from neonatal hearts (1 day after birth), while all other datasets were retrieved
from adult (i.e. MBNL, QKI, RBM20) or 23-day old (i.e. RBM24) hearts. Consequently,
the wild-type mice of the RBPMS KO model expressed a fetal isoform of Camk2d, and did
not compare well with the other wild-types. Figure 2C shows AS of Tropomyosin 2 (Tpm2)
in the five KO models. Tpm2 has two isoforms: the skeletal muscle isoform with exons 6B and
9A and the smooth muscle isoform with exons 6A and 9D*. In control hearts, the smooth
muscle isoform is predominantly expressed, whereas in the MBNL, QKI, RBM20 and
RBM24 KO, there are shifts from exon 6A to 6B, and from 9D to 9A, indicative of increased
expression of the skeletal Tpm2 isoform. Figure S1 shows AS changes between the short and

long isoform of PdlimS5 in the five mouse models.

Splicing of titin is mainly driven by RBM20 and QKI
Titin (Ttn) is one of the most well-studied spliced genes in the heart partly due to its role
in the RBM20 cardiomyopathy®*’. Through AS, Ttn can be processed into multiple isoforms
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Figure 2. Shared splicing targets in different splicing factor KO models. (A) Overlap of mis-spliced
genes in MBNL DKO, QKI KO, RBM20 KO, RBM24 KO, RBPMS KO and SRSF4 KO hearts. (B)
Heatmap showing significant changes (p-adj. < 0.0S) in exon usage and representative bed graphs
showing the read coverage of the spliced exons in Camk2d and (C) in Tpm2 in the individual KO

models (n=2/group shown). Transcript and exon numbers are shown below bedgraphs.

with unique mechanical properties (Figure 3A)>. We used our analysis to examine whether
splicing of Ttnis altered in any other model than the RBM20 KO. Figure 3B shows the statistical

significance of differential exon usage of all 363 exons of Ttn in the 8 KO models. The most
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Figure 3. Multiple splicing factors participate in the splicing of titin. (A) Diagram of the main splice
isoforms of titin (Ttn). (B) Statistical significance (Adj. P-value) of differential exon inclusion of all
the Ttn exons in the eight analyzed models. (C) Representative bedgraphs illustrating the splicing
changes in the entire Ttn gene in RBM20 KO and QKI KO. (D) Bedgraphs showing specific splicing
changes in the QKI KO, RBM24 KO and MBNL DKO models.

significant splicing changes are observed in the I-band region and occur in the RBM20 and in
the QKI KO hearts. The read coverage of the entire Ttn gene in RBM20 and QKI KO hearts
is depicted in Figure 3C. In the RBM20 KO there is a shift towards full length titin due to
the inclusion of the middle I-band exons. In the QKI KO, Ttn shifts towards the N2BA isoform
due to inclusion of several middle immunoglobin domains, the N2A and the PEVK regions. In
addition to splicing changes in TI'N’s I-band region, there were also other regions affected in
the KO models (Figure 3D). For instance, exons 11, 12 and 13 (encoding one of the Z-repeats
that anchor TT'N to the Z-disk) are skipped in the QKI KO. Interestingly, in RBM24 KO
hearts, exons 12 and 13 are lost, but not 11. In MBNL DKO, there is increased inclusion of
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exon 45, which corresponds to the rare I-band segment Novex-1, whose function is not well
understood**. The I-band exons 199 and 200 (which are located directly after the RBM20-
dependent region) are lost exclusively in the QKI KO. In conclusion, splicing of Ttn is complex,
and aside from RBM20, also QKI, MBNL and RBM24 are involved in Ttn splicing. Further

research is needed to determine the functional relevance of these splicing events.

Overlap between splicing targets of QKI, MBNL and RBM24

As the largest overlap in alternatively spliced exons between the KO models was found
between MBNL, QKI and RBM24 KO mice (Figure 2A), we further focused our comparative
analysis on these three splicing factors. We found that about 30-40% of the alternatively
spliced exons were shared between at least two of these three KO models. A total of 30
exons belonging to 14 genes (i.e. Asph, Enol, Itgb1, Lrrfip2, Map4, Mef2d, Mff, Nebl, Pdlims,
Stau2, Tpml1, Tpm2, Trakl, Ube2d3) were commonly mis-spliced in all three KO models
(Figure 4A). Most of these exons followed the same direction of effect in terms of gain- or loss
of exon inclusion (Figure 4B) and examples are shown for the genes Enol, Itgb1 and Ube2d3
(Figure 4C). However, some transcripts were differently spliced in these three KO models.
For instance, inclusion of exon 2 of Sorbs2 occurred only in MBNL and QKI KO hearts and
not in the RBM24 KO; while skipping of exon 5 occurred in QKI and RBM24 KO, but not
in the MBNL DKO. Interestingly, we found several examples in which loss of QKI seemed to
have an opposite effect on splicing when compared to loss of MBNL and RBM24 (e.g. Lmo7,
Mffand Mef2d) (Figure 4D). In conclusion, this analysis demonstrates that the expression of
specific splice isoforms in the heart does not depend on the expression of one specific splicing

factor but requires the function of multiple splicing factors.

Splicing in the human heart correlates with MBNL1, QKI and RBM24 expression

Based on the results of the MBNL1, QKI and RBM24 KO mouse models, we hypothesized
that changes in the expression of these splicing factors in the human heart would affect AS
of its target genes. To address this we made use of RNA-seq dataset from left ventricular
myocardium of a cohort of 128 patients with end-stage heart failure, reported by Heinig M.
et al*. After assessing gene expression of the splicing factors in every sample, we selected
10 samples with the highest and 10 samples with the lowest expression of MBNL1, QKI or
RBM24, and performed differential exon usage analysis between the corresponding extremes
(Figure S2). We selected several of the robustly spliced exons from the mouse models,
and compared them to the orthologous exons in the human heart. Interestingly, we found
that several transcripts were indeed differentially spliced in human hearts with aberrant
MBNL1, QKI or RBM24 expression. Representative bedgraphs of Enol, Tmed2 and Tpm?2 of
the mouse models and of patients with high and low expression of MBNL1, QKI and RBM24
are shown in Figure S. The shifts from exon 4A to 4B in Enol and exon 6A to 6B in Tpm2
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Figure 4. Overlap in splicing targets between QKI, MBNL1/2 and RBM24. (A) Venn diagram
depicting the number of shared mis-spliced exons in the QKI KO, MBNL DKO and RBM20 KO
model. (B) Scatter plot of the common mis-spliced exons reveal the same direction of effect for most
exons. (C) Bedgraphs showing commonly (Enol, Itgh1, Ube2d3) and (D) differently regulated exons
(Sorbs2, Mef2d, Lmo7, Mff) in the 3 models (n=2/group shown). Transcript and exon numbers are
indicated below the bedgraph. Dashed boxes highlight splicing changes in the transcript.

occurring in the three mouse KO models are also observed, albeit to a lesser extent, when
comparing patients with high and low MBNL1, QKI or RBM24 mRNA expression. Reduced
inclusion of the mini exon 3 in Tmed2 is also observed in human samples with low expression

of the splicing factors.
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In conclusion, there is a substantial amount of variation in splicing factor expression in failing
human hearts between patients. We provide evidence that the expression variation of MBNL,
QXI and RBM24 correlates with splicing of several of their target genes. Further research
is required to demonstrate causality and to understand the implication of these splicing

alterations in the pathophysiology of heart failure.

Figure S. Variation in the expression of MBNL1, QKI and RBM24 correlates with alternative
splicing events in their down-stream targets. (A) Representative bedgraphs showing splicing changes
in Enol, Tmed2 and Tpm?2 in the hearts of the mouse models MBNL DKO, QKI KO and RBM24 KO.
(B) Representative bedgraphs showing splicing changes in ENO1, TMED2 and TPM2 in left ventricle
tissue of human end-stage heart failure patients with high or low expression levels of the splicing factors
MBNLI1, QKI and RBM24. For selection of patient numbers based on splicing factor expression levels
we refer to Figure S2. (C) Quantification of the changes in exon usage of the exon depicted in B. Exon

numbers are indicated above the graph. * LRT p-value < 0.0S (* color indicates the addressed comparison).
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DISCUSSION

In this study, we investigated alternative splicing in the heart by re-analyzing a total of
eight previously reported mouse models that each had one single splicing factor knocked
out. In addition, we analyzed a large-scale human RNA sequencing study of 128 failing
hearts. The main observations of our de novo analyses are: (1) The eight splicing factors are
clustered in two functional groups based on pathway analysis of their targets that are mis-
spliced in the respective mouse hearts. One group shows enrichment of mis-spliced exons in
genes related to contraction and/or electrophysiology (i.e. MBNL, QKI, RBM20, RBM24,
RBPMS and SRSF4). The second group, contains SRSF3 and HNRNPU, shows enrichment
of mis-spliced genes related to RNA processing. (2) Well-known splicing events that affect
regulators of cardiac muscle contraction (i.e. Camk2d, Ryr2, Tpm1, Tpm2 and PdlimS) are
regulated by the majority of the eight splicing factors. (3) Most overlap between the splicing
networks occurred between MBNL, QKI and RBM24. (4) In human DCM samples, mnRNA
expression of the splicing factors MBNL1, QKI and RBM24 varied strongly. This expression

variation correlated well with AS in some of their down-stream targets.

It is known that each AS event requires the combined activity of multiple splicing factors
and cis-acting binding sites in conjunction with the core splicing machinery*. Within this
complex interplay, splicing factors can act synergistically or antagonistically, depending on
the location of the binding site relative to the regulated exon, but also on the expression
of auxiliary proteins in a given cell type*. This implies that AS events identified in
loss-of-function studies are likely to reflect not only loss of the splicing factor under study
but also the effect of perturbations of its cooperating factors. Here, we identified a total of
30 jointly regulated exons by MBNL, QKI and RBM24, indicating the concerted action
of these splicing factors in cardiomyocytes. While the majority of these 30 splicing events
showed identical regulation in the 3 models, few AS events showed opposite regulation
by QKI compared to MBNL and RBM24 (e.g. Mef2d, Lmo7, Mff). Interestingly, Hall et al.
documented overlapping splicing networks of QKI and the splicing regulator PTB during
myogenesis®. In that study, 172 jointly regulated exons were found, with ~50% of the exons
being regulated in the same direction and ~50% in the opposite direction. Along the course
of myogenic differentiation, QKI expression increases while PTB decreases, thus driving
the upregulation of QKI-activated exons and the downregulation of PTB-repressed exons. In
conclusion, studying individual splicing factors is crucial to understand the basis of cardiac
splicing, but it is the combined action of all the splicing factors in a given cell type that creates

the cell-type specific splicing profile.

ASisthought to play an importantrole in the etiology of cardiac disease including hypertrophy

and heart failure’**. Heinig et al. identified 1,212 exons that were differently spliced in hearts
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of 97 DCM patients compared to 108 non-diseased controls®. We reanalyzed the DCM
dataset from that study and found that endogenous expression of MBNL1, QKI and RBM24
correlated with representative splicing events identified in the KO mouse models (i.e. ENOI,
TMED2, TPM2). Similar observations have been made for RBM20 expression and RBM20-
dependent splicing events in the same patient cohort®. The variation in expression of splicing
factors between patients is interesting, and may underlie, or reflect the heterogeneous nature
of heart failure mechanisms. For a complete understanding of AS and its regulation in cardiac
diseases there are several questions remaining. First, how much of the AS variation observed
at the mRNA levels is also represented at the protein level? How much of the AS events
result in the production of a truly different functional protein? Can splicing factors be used
therapeutically, for instance to shift splicing networks towards increased expression of cardio-

protective protein isoforms to reduce pathological effects?

The design of our study has a few limitations. First, there is variability between the samples
from the different mouse studies, including RNA and library preparation methods (poly-A vs
rRNA-depleted total RNA), age of the mice (ranging from 1 day old to 6 months old), and KO
technology used (i.e constitutive vs cardiomyocyte-specific KO). Variation in age, but also
in disease end-point complicates comparisons, because AS is dynamically regulated during
development and the course of disease’. This became particularly clear in the RBPMS model,
in which RNA-seq was performed on neonates of 1 day old. At this age, several splice-isoforms
were clearly different in the controls of the RBPMS KO compared to the other models.
However, this limitation does not undermine the results of this study, it merely indicates that
the group of commonly regulated AS events is likely underestimated. Second, we are unable
to discriminate between direct versus indirect splicing targets in the KO models. In order
to confirm that splicing events are direct targets of a splicing factor, it is required to validate
the interaction by means of RIP-seq or CLIP-seq. Unfortunately, these data are not available

for the 8 splicing factors we investigated.

In conclusion, we have shown that key cardiac splicing events require the concerted action of
multiple splicing factors. In fact, we identified a substantial amount of overlap in the targets
of several well-studied splicing factors in the heart. The observation that the expression of
QKI, RBM24 and MBNLI is dysregulated in a subset of patients with end-stage heart failure
may represent a starting point for future studies to elucidate their role and mechanism in

the failing heart.
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MATERIAL AND METHODS

Mapping and analysis of RNA-seq data

Bioinformatics analysis was performed using the web-based computational workbench
Galaxy (https://galaxyproject.org)’. FASTQ files from the 8 knockout models were
downloaded from NCBI Sequence Read Archive (SRA). Characteristics of downloaded SRR
samples are listed in Table S1. The sequencing depth ranged from 16x10°in MBNL1+2 DKO
model to 355x10¢ in the QKI KO model. Quality control of FASTQ files was performed using
FASTQC (https: / /www.bioinformatics.babraham.ac.uk/projects/fastqc/ ).  Paired-end
reads of the selected mice were aligned against the mouse Ensembl reference transcriptome
GRCm38 (version M2S, Ensembl genebuild 100), using STAR aligner (Galaxy Version
2.7.8a) with default settings®. Differential gene expression was performed using the DESeq2°.
To interrogate different exon usage for all exon bins in the mapped sequences we used

the Bioconductor package DEXSeq (version 1.28.1)*.

The FASTAQ files of left ventricular tissue samples from 128 patients with end-stage dilated
cardiomyopathy (DCM) are available from the European Genome-phenome Archive
(EGAS00001002454). These tissue samples were retrieved during left ventricular device
implantation or/and cardiac transplantation as described®. They were snap-frozen and stored
in liquid nitrogen, until RNA was extracted checked on quality using the bioanalyzer®. Non-
stranded, poly(A)-selected RNA libraries were prepared for sequencing on HiSeq 2000
(Illumina) using paired-end chemistry®. We retrieved the FASTQ files and aligned them
against the human genome assembly GRCh38 (version 38, Ensembl genebuild 104) using
STAR aligner (Galaxy Version 2.7.8a) with default settings®. Differential gene expression
was performed using the DESeq2’. To interrogate different exon usage for all exon bins in

the mapped sequences we used the Bioconductor package DEXSeq (version 1.28.1)*

Data visualization

GOrilla (cbl-gorilla.cs.technion.ac.il)® was used to find enriched gene ontology (GO) terms

in differentially expressed genes and the genes with alternatively spliced exons.

IGV (Integrative Genomics Viewer)” was used to generate BedGraphs in order to visualize

read coverage and alternative splicing events in the different KO models.

The online tool Intervene® was used to create the UpSet plot to visualize the overlap

between datasets
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Statistical analysis

Genes with base mean expression > 1, absolute log (fold change) > 0.58 and and adjusted

p-value < 0.0S were deemed significantly differentially expressed.

Exon bins with a base mean count > 5, absolute log, (fold change) > 1 and adjusted p-value <

0.05 were considered differentially spliced.
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SUPPLEMENTAL FIGURES

Figure S1. Splicing changes in the sarcomere scaffolding protein PDLIMS in MBNL DKO, QKI
KO, RBM20 KO, RBM24 KO and RBPMS KO. Heat map showing changes in exon usage per exon
bin (log,(Fold Change WT/KO)) and representative bed graphs showing the splicing changes in
Camk2d, Heat map showing Pdlim$ exhibits 2 isoforms: long-Pdlim$ (present in immature proliferating
cardiomyocytes) and short-PdlimS (present in mature cardiomyocytes)'*. MBNL, QKI and RBM24 KO
hearts shows a shift from the short to the long isoform. RBM20 KO displays a modest reduction of
the residual long-Pdlim$ isoform. Contrary to the rest of controls, RBPMS CTRL hearts present the long
isoform due to their young age (postnatal day 1). RBPMS KO present a reduction in the long isoform.




SPLICING FACTORS IN THE HEART

Figure S2. Expression of MBNL1, QKI and RBM24 in human heart tissue. (A) Normalized counts
for the expression of the splicing factors MBNLI, QKI and RBM24 in a cohort of 128 human failing
heart samples. The red boxes indicates the 10 samples with the highest and the lowest expression for
each splicing factor. Sample 20RJ01217 (*) was excluded from further analysis due to the presence of
a pathological RBM20 mutation (RBM20 E913K). (B) Gene expression of the low and high MBNLI,
QKI and RBM24 groups. Mann-Whitney test; **** p < 0.0001.
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ABSTRACT

Eukaryotic genomes contain a tiny subset of ‘minor class’ introns with unique sequence
elements that require their own splicing machinery. These minor introns are present in
certain gene families with specific functions, such as voltage-gated sodium and voltage-gated
calcium channels. Removal of minor introns by the minor spliceosome has been proposed
as a post-transcriptional regulatory layer, which remains unexplored in the heart. Here, we
investigate whether the minor spliceosome regulates electrophysiological properties of
cardiomyocytes by knocking-down the essential minor spliceosome component U6atac in
neonatal rat ventricular myocytes. Loss of U6atac led to robust minor intron retention within
ScnSa and Cacnalc, resulting in reduced protein levels of Na 1.5 and Ca 1.2. Functional
consequences were studied through patch-clamp analysis, and revealed reduced sodium and
L-type calcium currents after loss of U6atac. In conclusion, minor intron splicing modulates
voltage-dependent ion channel expression and function in cardiomyocytes. This may be of
particular relevance in situations in which minor splicing activity changes, such as in genetic
diseases affecting minor spliceosome components, or in acquired diseases in which minor

spliceosome components are dysregulated, such as heart failure.



MINOR INTRON SPLICING IN CARDIAC ION CHANNELS

INTRODUCTION

The accurate removal of introns by pre-mRNA splicing is a fundamental step in eukaryotic
gene expression. Two types of introns coexist in eukaryotes: major introns and minor introns,
which diverge in their consensus sequences at the S’ splice site, branch point sequence
and 3’ splice site'. The vast majority of introns are major introns (>99%), whereas a small
minority (<1%) represents minor introns. Specifically, 722 minor introns are found in only
699 human genes?, and thus, most minor intron-containing gene (MIGs) contain a single
minor intron, flanked by ‘normal’ major introns. The existence of major and minor introns,
with different splicing consensus sequences, requires not one, but two different splicing
machineries: the so-called major ‘U2-dependent’ and minor ‘Ul12-dependent’ spliceosomes,

each containing their own unique core components.

Minor introns and the minor spliceosome are highly conserved; in fact, the position of minor
introns within genes is more conserved than that of major introns®. Minor introns, which trace
back to the last eukaryotic common ancestor, are enriched in numerous gene families, some
of which are crucial for cardiomyocyte function, such as voltage-gated sodium and calcium
channels, and mitogen activated-protein kinases (MAPK)*. Although the exact function of
minor introns has remained an enigma, the fact that they have endured in modern genomes
indicates that they confer an evolutionary advantage, despite the increased metabolic load
on the cell of maintaining two parallel splicing machineries®*. Recent studies have uncovered
a crucial functional difference between minor and major splicing: minor introns generally
splice at a slower rate than major introns®. As a consequence, minor introns are on average
2-fold more retained than their neighbouring major introns®’. It has been proposed that
unspliced transcripts are either trapped in the nucleus, or degraded by the exosome or via
nonsense-mediated decay (NMD)®. This suggests that minor introns act as regulatory
switches to control the expression of sets of MIGs, which can be accomplished by altering
the levels of minor spliceosome components. Indeed, Younis et al. recently demonstrated that
U6atac, one of the minor spliceosome’s specific snRNAs, has a short half-life and can be rate
limiting for minor intron splicing in HeLa cells. They showed that U6atac can be stabilized
by activated p38 MAPK, which is produced in response to cellular stress. This resulted in
enhanced splicing of minor introns and increased expression of numerous genes that contain
them. It was concluded that the minor spliceosome enables proteins to be produced rapidly

in response to stress, bypassing the need for a new round of transcription’.

Mutations in core components of the minor spliceosome are responsible for several complex
syndromes. To date five minor spliceosome congenital human diseases have been described:
Isolated Growth Hormone Deficiency (IGHD), Microcephalic Osteodysplastic Primordial
Dwarfism type I/Taybi-Linder Syndrome (MOPD1/TALS), Roifman syndrome (RFMN),

5
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Lowry Wood Syndrome (LWS) and Early Onset Cerebellar Ataxia (EOCA)®. These
pathologies show diverse and pleiotropic symptoms, but all share a neurological component
with varying degrees of severity. While these diseases mostly underscore the importance of
the minor spliceosome in neurons, its function in the cardiovascular system has, to the best of
our knowledge, not yet been explored. Nevertheless, the fact that numerous MIGs are known
to encode protein families essential for cardiomyocyte biology (e.g. sodium and calcium
channels, MAPKs, and calpains), raises the intriguing possibility that minor spliceosome

regulation is critical for cardiac (electro-)physiology.

Here, we investigated whether minor intron splicing may constitute a regulatory mechanism
to control gene expression in the heart. By knocking down the minor spliceosome component
Ubatac in neonatal rat ventricular myocytes (NRVMs), we demonstrate robust effects on
minor intron retention in the sodium channel ScnSa/Na 1.5 and the L-type calcium channel

Cacnalc/Ca 1.2, and show the functional consequences through patch-clamp analysis.

Altogether, our study provides the first evidence that alterations in minor splicing activity
modulate cardiac electrophysiology, which may be of vital importance in genetic diseases
affecting minor spliceosome components and in acquired diseases in which minor spliceosome

components are dysregulated, including heart failure.

RESULTS

Minor-intron containing genes (MIGs) are expressed in the heart

To explore the potential relevance of minor intron splicing in cardiac physiology, we first
examined the expression of minor-intron containing genes (MIGs) in published RNA
sequencing data of 100 human non-diseased hearts (left ventricular tissue)’. Of the 699
previously identified MIGs?, we found a total of 582 expressed in these hearts (Supplemental
Data 1). The average expression of MIGs was significantly higher than the expression of
genes without minor introns (Fig 1A), indicating that MIGs constitute an actively expressed

subset of genes in the heart.

As an initial characterization of MIGs in the heart, we performed gene ontology enrichment
analysis using the GOrilla bioinformatic tool'®. As shown in Fig 1B, MIGs expressed in
the heart are enriched in "biological process’ terms related to electrophysiology and to
protein palmitoylation. Analysis of the “cellular component " terms revealed an enrichment in
the categories of “voltage gated sodium channel complex” and “voltage gated calcium channel
complex” (Fig 1C), which includes the gene families encoding the alpha subunit of voltage-
gated sodium channels (e.g. SCNSA, SCN10A) and numerous subunits of the voltage-gated
calcium channels (e.g. CACNAIC, CACNAIG).
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Figure 1. Minor-intron containing genes (MIGs) expressed in the heart. (A) Expression of MIGs
and genes without minor introns in non-diseased hearts. n = 100. Mann-Whitney test, **** p < 0.0001.
TPM: transcripts per million. (B) ‘Biological process’ and (C) ‘cellular component” terms enriched
in the subset of MIGs expressed in the human heart according to gene ontology enrichment analysis
(GOrilla). FDR g-value is the adjusted p-value for multiple testing using the Benjamini and Hochberg
method. Enrichment is the percentage of genes in a specific gene ontology term in the input (MIGs)

divided by the percentage in the background (all genes).

Knock-down of U6atac results in minor intron retention in NRVMs

Given our observation that numerous MIGs are expressed in the heart and that minor
introns are enriched in e.g. voltage-gated sodium and calcium channels, we next investigated
the impact of minor splicing on MIG expression in cardiomyocytes. To this end, we
performed a gapmeR-mediated knockdown of the non-coding small nuclear RNA U6atac in
NRVMs (Fig 2A). We chose to knockdown U6atac because it is an essential component of
the minor spliceosome that is known to be a limiting factor in minor splicing’. We transfected
6-well plates with NRVMs with either an anti-U6atac or a non-targeting negative control
gapmeR. The anti-Ubatac gapmeR successfully knocked down U6atac up to 60%, 48h after
transfection (Fig 2A).

To quantify minor retention in these transfected cells, we designed 4 sets of qPCR primers
surrounding the minor and one of the major introns for a panel of S highly expressed MIGs
in cardiomyocytes: the sodium channel ScnSa, the calcium channel Cacnalc, the calcium-
activated protease Capn2, the phosphatase Pten and the splicing factor Srsf10. As depicted in
Fig 2B, the qPCR analysis included a primer set detecting the retained minor intron (primer
1 and 2), a primer set that detects the correctly spliced exons surrounding the minor intron

(primer 1 and 3), a primer set that detects intron retention of an unrelated major intron
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of the same gene (primer 4 and S) and a primer set that detects the transcript in which
that major intron is spliced out (primer 4 and 6). The latter primer set also provides an
indication of the expression level of the transcript. Overall, with this strategy, we were able
to discriminate between the fully spliced transcripts and the transcripts that still contained
the retained intron. The major introns were included to confirm that major intron retention

was not affected by our approach (Fig 2B).

Knockdown of U6atac led to a strong increase in retention of all the minor introns tested:
intron 3 of ScnSa, intron 13 of Cacnalc, intron 14 of Capn2, intron 1 of Pten and intron 2 of
Srsf10 (Fig 2C). Accordingly, levels of the corresponding minor intron-flanking exons spliced
together decreased (Fig 2D), which, as expected, shows that minor intron retention occurs
at the expense of proper splicing. Interestingly, a 60% reduction in U6atac produced a similar
reduction (i.e.~50-80%) in minor intron splicing. This »1:1 reduction ratio in U6atac and

properly spliced transcripts underscores that U6atac is an essential component of the minor

Figure 2. Effect of U6atac knockdown on minor intron retention in neonatal rat ventricular
myocytes (NRVMs). (A) Relative expression of the minor splicing component U6atac 48h after
gapmeR mediated knockdown in NRVMs. (B) Schematic illustration of the primer design for gPCR
analysis. (C) Relative expression of minor introns, (D) minor intron-flanking exons, (E) major introns
and (F) major intron-flanking exons as detected by qPCR using primers depicted in (B). Relative
expression was calculated using as reference the geometric mean of Gapdh, Hprtl and Eeflel. 3 wells
per condition. Data are presented as mean * s.d. Unpaired Student’s t-test; * p < 0.05; ** p < 0.01;
% b < 0.001.
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spliceosome. We did not observe an increase in major intron retention, which further
validates that the knockdown of Uéatac affects only minor and not major splicing (Fig 2E).
mRNA expression levels of MIG was generally unaltered after U6atac knockdown (Fig 2F),

with the exception of Cacnalc which was downregulated.

To validate the specificity of our approach, we repeated the experiment with a different anti-
U6atac gapmeR (Fig S1A-C) and with gapmeRs against the minor spliceosome component
U4atac (Fig S1D-E). With the four different gapmeRs we were able to induce minor intron
retention, which indicates that the levels of both U4atac and Ué6atac are essential for proper

minor splicing activity.

Nonsense mediated decay (NMD) may eliminate transcripts in which the minor intron
is retained. To test whether this is indeed the case after U6atac knockdown, we inhibited
the NMD pathway 24h after gapmeR transfection by incubating the NRVMs with
the translation inhibitors cycloheximide or emetine for 3h. As shown in Fig $2, cycloheximide
or emetine did not further increase minor intron retention in ScnSa or Cacnalc or mRNA
levels, indicating that these transcripts with minor introns retained are not targeted by
NMD. We included Myh7b — a bone fide target of the NMD pathway in cardiomyocytes — as

a positive control for NMD inactivation'’.

Impact of minor splicing knock-down on cardiomyocyte morphology

To get a global impression of the morphology and condition of the cells after disrupting
the minor spliceosome, we performed immunostainings 48 hours after anti-U6atac and
control gapmeR transfections. Immunocytochemistry with alpha-actinin after U6atac
knockdown did not reveal obvious differences in the sarcomere structure of NRVMs, nor
did we observe evident changes in the morphology or numbers of residual fibroblasts as was
detected by the vimentin staining (Fig 3A). Using automated image acquisition (Incucyte),
we performed live cell analysis at three time points (24h, 48h and 72h) after transfection of
the gapmeRs. Asshown in Fig 3C, there was no difference in cell confluence over time between
anti-U6atac and control gapmeRs. To analyze cell death, we employed a fluorescent probe
based on Annexin V (Annexin V-ATT'O-488) to measure phosphatidylserine exposure during
apoptosis and the DNA dye YOYO-3 to measure permeabilized dead cells. The fluorescent
areas of the Annexin-V probe and YOYO-3 in each image was analyzed to calculate the ratio
of apoptotic and dead cells relative to the total cell area. Cell death remained rather constant
over time, with a slight, but significant increase in the anti-U6atac condition at 48h and 72
hours after transfections (Fig 3D). Apoptosis was significantly increased at the 24h time
point after U6atac knockdown, but not at later timepoints (Fig 3E). Since cell confluence
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was not decreased in the U6atac knockdown groups over time, we conclude that inhibition

of minor intron splicing does not affect cell viability or lead to evident damage of the cells.

We examined the hypertrophic response of the NRVMs after U6atac knock-down by
culturing them in serum free medium or in 2% fetal bovine serum (FBS) for 48h (Fig 3F,
G). We quantified cell surfaces after staining the cell membrane with WGA-488, as a measure
of hypertrophy. Without serum (0% FBS), we did not observe a difference in cell size after
U6atac knockdown. Serum stimulation (2% FBS) induced hypertrophy in both gapmeR
groups, however the hypertrophic response was blunted in the anti-U6atac group. These
results indicate that U6atac knockdown also affects cardiomyocyte hypertrophy, which may
be mediated by PTEN, a key regulator in the PI3K/AKT signalling, or other MIGs that
participate in the hypertrophic response.

Minor intron retention of ScnSa decreases Na 1.5 expression and sodium
current density

Since our pathway analysis revealed that cardiac MIGs are enriched for ion channels, this
points to a potential link between minor intron splicing and electrophysiological properties
of the cardiomyocyte. With minor introns being enriched in both voltage-gated calcium and
sodium channels genes, we hypothesized that the expression of these ion channels proteins
critically depends on the activity of the minor spliceosome. We specifically focused on
the predominant voltage-dependent sodium and calcium a-subunits expressed in the heart:
ScnSa (encoding Na 1.5), and Cacnalc (encoding Ca 1.2).

Consistent with the experiment shown in Fig 2C, U6atac knockdown in NRVM:s resulted in
strong retention of the minor intron of ScnSa (Fig 4A-B). In turn, this decreased the levels of
the Na 1.5 protein, as shown by Western blotting (Fig 4C-D), while leaving the mRNA levels
unaffected (Fig 2F). To assess the functional consequences of these molecular alterations, we
studied the sodium current (I, ) characteristics in anti-U6atac and control treated NRVMs
using conventional patch-clamp. A fluorescently labeled gapmeR was co-transfected along
with the anti-U6atac and control gapmeRs to measure transfected cells only. Fig 4D illustrates
representative I traces induced by depolarizing steps from a holding potential of —100
mV 48h after transfection with the gapmeRs. The I -voltage relationship (Fig 4F) showed
a strong and significant decrease in the I density after U6atac knock down, reaching a ~59%
reduction at -25 mV (-82.3+18.5 pA/pF in U6atac versus -198.8+36.4 pA/pF in control cells;
p<0.0S; Table $4). Comparison of activation and inactivation parameters (the half-voltage
of (in)activation V, ,, and the slope factor k) revealed a significant shift of V, ,, of activation
towards more positive potential (+4.4 mV) and a decrease in the activation curve steepness

(increased k) after U6atac knockdown (Table S4). These changes in kinetic properties can
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Figure 3. Impact of minor splicing knock-down on cardiomyocyte growth, survival and size (A)
Representative immunocytochemistry of neonatal rat ventricular myocytes (NRVMs) 48h after
transfection with control or anti-U6atac gapmeRs. In red alpha-actinin (cardiomyocyte marker),
in green vimentin (fibroblast marker), in blue DAPI. (B) Representative phase-contrast images
of NRVMs and quantification of (C) cell confluence, (D) cell death and (E) apoptosis. 4 wells per
condition. Data are presented as mean * s.d. Unpaired Student’s t-test;* p < 0.0S. Scale bars = 25 mm.
(F) Representative images of transfected NRVMs after 48h incubation in medium with 0% FBS or
2% FBS and (G) quantification. In green WGA (membrane marker), in blue DAPL n > 100 cells per
condition. One-way ANOVA on ranks (Kruskal-Wallis test), followed by Dunn’s test for post hoc
analyses; ** p < 0.01; **** p < 0.0001.
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Figure 4. Minor intron retention of ScnSa reduces translation into Na 1.5 and sodium current (I, )
density. (A) Gene structure of ScnSa with its minor intron indicated in red (B) Minor intron retention
in ScnSa 48h after Ubatac knockdown measured by gRT-PCR. (C) Na 1.5 (ScnSa) detection by western
blot and (D) its quantification. 3 wells per condition. (E) Representative I traces recorded from
NRVMs transfected with control or anti-U6atac gapmeR. (F) Average I -voltage relationships, (G)
I -voltage dependence of activation and (H) inactivation. Insets: voltage protocols. Patch-clamp data
are presented as mean * S.E.M. n indicates number of cardiomyocytes. Two-way repeated measures

ANOVA followed by Holm-Sidak test for post hoc analyses; * p < 0.05.
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lead to a decrease in I in response to channel voltage activation. In contrast, I _inactivation
parameters remained unaltered (Fig 3H, Table S4). Hence, a decrease in minor spliceosome

activity can affect Na 1.5 protein levels and consequently reduce L. density in cardiomyocytes.

Minor intron retention of Cacnalc decreases Cavl.2 expression and L-type
calcium current

Cacnalc, which encodes the L-type calcium channel Ca 1.2 contains 44 introns, 2 of which
are minor introns: intron 2 and 13 (Fig 5A, $3). Minor intron retention of Cacnalc after
U6atac knockdown resulted in a significant decrease of Ca 1.2 protein levels (~30%) as
assessed by Western Blotting (Fig SC-D). In addition to this decrease, a new band of smaller
molecular weight (» 100 kDa) appeared upon U6atac knockdown (Fig SC). Interestingly,
this smaller band does not correspond to the size of the predicted alternative open reading
frame that arises when the minor intron is retained in Cacnalc (Fig S3). It is therefore not
clear whether the 100 kDa band resulted from an aberrantly spliced isoform or whether it

represents a degraded or cleaved product.

To assess the functional consequence of the decreased Ca 1.2 expression, we performed
patch clamp analysis to investigate L-type calcium current (ICaL). Representative I, ~traces
recorded from NRVMs transfected with the control or anti-U6atac gapmeR are depicted in
figure SE. The current-voltage (I-V) relationship (Fig SF) showed a robust and significant
decrease in the I density after U6atac knockdown, reaching a ~36% reduction at -0 mV
(control -16.0+1.7 pA/pF vs anti-Ubatac -10.3+1.0 pA/pF, p < 0.0S; Table SS). Finally,

I, voltage dependence of activation and inactivation parameters (V, , and k) were similar

1/2
in both groups (Fig SG-H, Table SS). Together these data demonstrate that a decrease in
minor spliceosome activity leads to a reduction in Ca 1.2 protein levels and consequently to

areduced I in cardiomyocytes.

Dysregulation of minor spliceosome components in human heart disease

The minor spliceosome is comprised of five snRNAs (U11, U12, U4atac, US, Ubatac) and
seven associated proteins (ZMATS/20K, SNRNP25/25K, ZCRB1/31K, SNRNP35/35K,
SNRNP48/48K,PDCD7/59K, and RNPC3/65K) (Fig 6A). These components are exclusive
to the minor spliceosome and are not found in the major spliceosome, except for the snRNA
US that is common to both spliceosomes. To investigate whether human heart disease may
be associated with perturbations in the activity of the minor spliceosome, we compared
the expression of these components in the 100 non-diseased hearts with that of 128 dilated
cardiomyopathy (DCM) hearts’. Interestingly, we found that a number of these minor
spliceosome components were differentially expressed in DCM (Fig 6B, S4). As shown in
Fig 6B, some components were significantly downregulated (i.e. RNU4ATAC, SNRNP2S,
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Figure 5. Minor intron retention of Cacnalc hampers translation into Ca 1.2 and reduces L-type
calcium current (ICaL) density. (A) Gene structure of Cacnalc with minor introns indicated with red
arrows. (B) Minor intron retention in Cacnalc after Ubatac knockdown measured by qRT-PCR. (C)
Ca 1.2 (Cacnalc) detection by western blot and (D) its quantification. Black arrow indicates a potential
truncated isoform of Ca 1.2. 3 wells per condition. (E) Representative I, | traces recorded from NRVMs
co-transfected with control or anti-Ubatac gapmeR. (F) Average I -voltage relationships, (G) I -
voltage dependence of activation and (H) inactivation. Insets: voltage protocols. Patch-clamp data

are presented as mean * S.E.M. n indicates number of cardiomyocytes. Two-way repeated measures
ANOVA followed by Holm-Sidak test for post hoc analyses; * p < 0.0S.
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Figure 6. Minor spliceosome components expressed in the human failing heart. (A) Minor U12-
dependent spliceosome components and (B) its expression in 100 non-diseased (CON) and 128
dilated cardiomyopathy (DCM) hearts. **** adjusted p < 0.0001; *** adjusted p < 0.001.

SNRNP3S) whereas others were upregulated (i.e. RNPC3). In addition, we also plotted
the expression of major spliceosome components in this dataset (Fig S4). This shows that
some major spliceosome components are dysregulated in DCM as well. This is in line with
previous studies reporting decreased splicing efficiency in heart failure'?, but it also indicates

that dysregulation of minor spliceosome components is not a unique feature in DCM.

Transcriptional dysregulation of minor spliceosome components did not lead to overt and
systematic changes in mRNA levels of MIG in this dataset, although some MIGs were found
to be differentially expressed in DCM hearts (e.g. STX10, RABGGTA, C2CD3) (Fig S5).
Nevertheless, it is conceivable that perturbations in minor spliceosome activity may have

affected protein levels of MIGs through intron retention, without decreasing mRNA levels.

DISCUSSION

In this study we show that a large proportion (582/699) of minor intron-containing genes
(MIGs) is expressed in the human heart and that a substantial number of these genes is
directly involved in cardiac electrophysiology (e.g. SCNSA and CACNAIC). To explore
a potential role of the minor spliceosome in the electrical activity of cardiomyocytes, we
knocked-down the minor spliceosome-specific component U6atac in NRVM, and observed
that loss of U6atac hampered splicing of the minor introns of ScnSa and Cacnalc and reduced
their protein levels. Consequently, reduced levels of these voltage-gated ion channels

decreased I and I_ , as demonstrated by patch-clamp analysis. Together our findings
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identify a novel mechanism by which L. and I c,, Ay be modulated in cardiac pathologies in

which the expression of components of the minor spliceosome is dysregulated.

Sodium channels play an essential role in the initiation and propagation of the cardiac action
potential, by allowing the Na* influx during the depolarizing phase of the action potential'.
The a-subunit of the sodium channel contains essential elements for its function, including
the ion-conducting pore. Nine different a-subunits of the sodium channel (encoded by
SCNIA through SCN11A) are expressed throughout the body and each and every one of
these a-subunits contains a minor intron*'*'. Na 1.5, encoded by the SCNSA gene, is
the predominant a-subunit in the heart. Alterations in Na 1.5 and reduced sodium current
density have been reported in common pathophysiological conditions such as ischemia and
heart failure'”. Sodium current reduction slows cardiac conduction, and as such may contribute
to the increased arrhythmic risk in the setting of these disorders'®. The underlying molecular
mechanism(s) may relate to regulation at the (post)transcriptional level, trafficking of Na 1.5
to the cell membrane and/ or post-translational modifications of Na 1.5 (e.g. phosphorylation,
glycosylation, ubiquitination, etc.). An example of regulation at the post-transcriptional level
is the abnormal C-terminal splicing of SCNSA that occurs in heart failure, which produces
truncated and non-functional Na 1.5 channels'. In our current study, we raise the intriguing
possibility that changes in minor spliceosome activity may also contribute to changes at
the post-transcriptional level, resulting in minor intron retention and reduced sodium current
density in heart failure. In a large RNA seq database of 100 non-diseased and 128 failing
hearts (i.e. DCM), we found that several minor spliceosome components are differentially
expressed. Since some components were significantly downregulated (i.e. RNU4ATAC,
SNRNP2S, SNRNP3S), whereas others were upregulated (i.e. RNPC3) in DCM, it is difficult
to predict whether the downstream effects would either represent an increase or decrease
in minor intron retention. In this same RNA-seq dataset, we did not detect clear and global
differences in the mRNA expression of MIGs. However, this is not unexpected, as it is
conceivable that protein expression of MIGs was affected without reducing mRNA levels. In
fact, for 4 out of S MIGs tested after U6atac knockdown, we indeed observed an increase in
minor intron retention without reducing mRNA levels (Fig 2F). Furthermore, inhibition of
minor spliceosome activity by U6atac did show a reduction in Na 1.5 protein on Western blot
with a concomitant decrease in sodium current density, whereas it left ScnSa mRNA levels
unaffected. Future studies investigating the relation between minor spliceosome activity and
sodium channel function in the hearts of knockout mice or human patients with specific

minor spliceosome mutations will be awaited with great interest.

Minor introns are also present in voltage-gated calcium channels. These channels open at

depolarizing membrane potentials leading to an influx of Ca®* into the cell. The entry of
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Ca’" constitutes an intracellular signal that triggers a wide spectrum of calcium-sensitive
mechanisms, such as the calcium-induced calcium release and the sarcomere contraction
in cardiomyocytes'. Calcium channels are composed of 5 different subunits: al, a2, § ,
f and y. The al subunit is the core component of the channel containing the conduction
pore, the voltage-sensing domain and the gating apparatus. The other 4 auxiliary subunits
have regulating functions”. The heart expresses two types of calcium channels that differ
in their al subunit: L-type channels which open at high voltages are mostly expressed in
ventricular cardiomyocytes, and T-type channels that open at low voltages, are only present
in pacemaker, atrial, and Purkinje cells. There is at least one minor intron in all 10 homologous
genes encoding al subunits (CACNAIA to CACNAILS) and in the 4 different a2§ genes
encoding the a2 and § subunits genes (CACNA2D1 to CACNA2D4)*'°. Our current findings
demonstrate that a decrease in minor spliceosome activity induced by U6atac knockdown
resulted in a reduction of Cacnalc mRNA, Ca 1.2 protein and I_ . Interestingly, Ubatac
knockdown also yielded a truncated isoform of the Ca 1.2 protein of approximately 100 kDa.
Whether this truncated variant represents an alternative splice isoform of Cacnalc, triggered
by activation of cryptic splice sites when the minor intron is retained is currently unknown.
It is also not known if this truncated Ca 1.2 variant is expressed in (patho)physiological
conditions of the heart, which exons it comprises and whether it has functional relevance.
That splice variants in Cacnalcare able to affect calcium currents is illustrated by the exclusion
of alternative exon 33 in Cacnalc leads to greater I density. A mouse model in which exon
33 was deleted revealed a proarrhythmogenic phenotype, including premature ventricular
contractions, tachycardia and lengthened QT interval***'. Complementary to such alternative
exon usage, our findings point to an independent means by which intron retention regulates

levels of the encoded proteins.

In our studies, we made use of immature NRVM instead of adult cardiomyocytes because
they are suitable for transfections and for prolonged culturing. There are differences between
neonatal and adult cardiomyocytes in terms of electrophysiology, but we expect that
inhibition of minor splicing also affects sodium and L-type calcium currents in fully mature
cardiomyocytes. During cardiomyocyte maturation, alternative splicing of exon 6 of ScnSa*
and exons 21, 31, 32 and 33 of Cacnalc*™ is known to occur, associated with differences in
sodium and L-type calcium current properties. However, these alternative splice events occur
downstream of the minor introns of ScnSa and Cacnalc and should be present in fetal and

mature isoforms of both genes.

So far, no cardiac disease has been linked directly to minor intron splicing. Mutations
causing loss-of-function of the minor spliceosome are responsible for rare and complex

syndromes, mainly affecting growth and the nervous system®**%. Yet, some MOPD1/TALS

139



140

CHAPTER S

and Roifman syndrome patients (caused by mutations in RNU4ATAC) present with cardiac
defects, including coarctation of aorta, Tetralogy of Fallot, atrial septal defect, ventricular
septal defect and non-compaction of the heart. This suggests that a deficiency in minor
splicing is detrimental for cardiac development®®*. It is currently unknown whether patients
with loss-of-function mutations of the minor spliceosome also present with electrical

disorders or arrhythmias.

In mice, constitutive deletion of the minor spliceosome components Rnull or Rnpc3 results

in early embryonic lethality*”*

. Using conditional knockout mouse models, Baumgartner et
al. were recently able to show that deletion of Rnull specifically in the embryonic mouse
cortex resulted in microcephaly due to increase abnormal intron retention of MIGs involved
in cell cycle, DNA damage control and apoptosis®. Furthermore, constitutive deletion of
Rnpc3 in adult mice resulted in reduced levels of lymphocytes, monocytes, erythrocytes and
thrombocytes, decreased thymus size and degeneration of lining of the gastrointestinal tract
within one week after deleting Rnpc3?’. These conditional knockout models indicate that
proper MIG expression is required for the survival of rapidly dividing cell population and
that differentiated cells are less vulnerable to minor spliceosome inactivation®. Unfortunately,
the hearts of Rnpc3 and Rnull knockout mice have not been subjected to careful functional
and biochemical analyses. Our study indicates that it is likely that the hearts of these mice are

compromised on the (electro)physiological level, due to the reduced expression and function

of e.g. ScnSa and Cacnalc.

There is evidence that some accessory splicing factors regulating minor splicing are important
foranormal function of the heart. For example, SMN1 has recently been identified as a splicing
factor involved in minor splicing®~**. SMNT1 is required for the survival of motor neurons, and
mutations in this gene are responsible of spinal muscular atrophy. Spinal muscular atrophy
patients also present with a cardiac phenotype, which includes bradycardia and premature
heart failure; symptoms that were initially thought to originate from innervation problems.
However, cell models have shown that SMNT1 is also important for proper cardiomyocyte
function®. Another potential minor splicing regulator in the heart is the ubiquitously
expressed RNA-binding protein FUS. Mutations in FUS are responsible for amyotrophic
lateral sclerosis (ALS). The same mutations causing ALS also affect minor intron retention,

and may contribute to the arrhythmias and sudden cardiac death observed in ALS patients®.

More research is needed to address a possible contribution of aberrant minor intron splicing
in human cardiac disease and to evaluate cardiac function in minor spliceosome diseases. We
interrogated the expression of MIGs and minor spliceosome components in the hearts of

DCM patients, however we were not able to investigate minor intron retention levels, as this
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requires ultra-deep high throughput RNA sequencing coupled with advanced bioinformatic
algorithms, which requires experiments beyond the scope of this study. Besides DCM and
heart failure, it will be interesting to investigate a possible contributing role for minor intron
retention in (inherited) cardiac disorders in which the electrical activity of the heart is affected,
such as for instance Brugada syndrome (which is associated with mutations in SCNSA and
CACNAIC), and arrhythmogenic cardiomyopathy, disorders with an increasingly recognized

complex genetic basis®.

In conclusion, we here provide the first evidence that alterations in minor splicing can
affect cardiac electrophysiology by modulating the expression and function of voltage-gated
ion channels in cardiomyocytes. This novel insight may be of vital importance in genetic
disorders affecting minor spliceosome components and in acquired diseases in which minor

spliceosome components are dysregulated, including heart failure.

MATERIALS AND METHODS

RNAseq data and differential gene expression analysis

The paired-end reads from 100 human non-diseased and 128 dilated cardiomyopathy
(DCM) hearts (left ventricle tissue) previously generated® were aligned against the human
genome reference hg38 using STAR2Y (Version 2.7) and the Ensemble GRCh38 release 100
annotation file. Differential gene expression analysis was performed using the R Bioconductor
package, DESeq2* (Bioconductor release 3.12). Genes with TPM (transcripts per million) >
0.1, absolute log2 fold change > 0.58 and adjusted p-value cutoff <0.05S were deemed
significantly differentially expressed.

Intron location and pathway analysis

Minor intron coordinates were obtained from Minor Intron Database (MIDB, https://
midb.pnb.uconn.edu/)>. Minor introns in rat were selected by homology with the human
sequences. Gene ontology enrichment analysis was performed using the online tool Gorilla*.
Enrichment analysis was performed on MIGs with mean TPM value > 0.1 against all the genes
expressed above the same threshold in human non-diseased hearts. GO terms with FDR

g-value < 0.001 were considered significant.

Neonatal rat ventricular myocytes (NRVM:s) isolation and gapmeR transfection
Animal studies were approved by the Institutional Animal Care and Use Committee of
the University of Amsterdam and carried out in compliance with the guidelines of this

institution and the Directive 2010/63/EU of the European Parliament.
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NRVMs from 0-2 day old Wistar rats (Janvier Labs, Le Genest-Saint-Isle, France) were
isolated as described previously®. In short, pups were anesthetized by isoflurane and hearts
were excised after decapitation. Ventricles were cut into small pieces, which were incubated
overnight in a rotating platform at 4°C in HBSS (Gibco, Ref 14170-088, Paisley, UK)
containing 1 mg/ml trypsin (USB, Ref 22720, Cleveland, OH, USA). The next day, cells were
dissociated using 1 mg/ml collagenase type 2 (Worthington, Ref LS004177, Lakewood, NJ,
USA) in HBSS. Cells were collected and resuspended in TUNG medium - M199 culture
medium (Gibco, Ref 31150-022), 1% HEPES (Gibco, Ref 15630-080), 1% NEAA (Gibco,
Ref 11140-050), 2 mg/L vitamin B12 (Sigma, Ref V2876, St. Louis, MO, USA), 3.5g/L
glucose, 1% penicillin/streptomycin (Gibco, Ref 15140-122) - supplemented with 10%
FBS (Biowest, Ref $1810-500, Riverside, MO, USA). The cell suspension was pre-plated to
separate myocytes from fibroblasts. After 2 hours, non-adhered myocytes were collected and

counted with a LUNA™ Automated Cell Counter (Logos Biosystems, Anyang, South Korea).

1 x 10° NRVMs were plated on 6-well plates coated with fibronectin (Corning, Ref 356008,
Bedford, MA, USA). 4-20h after seeding, NRVMs were transfected with 25 nM control or
anti-U6atac gapmeRs (Qiagen, Ref 339511, Germantown, MD, USA) by lipofectamine 2000
(Thermo Fisher Scientific, Ref 11668-019, Carlsbad, CA, USA) in TUNG medium without
FBS. After 6h of incubation, medium was replaced by TUNG with 2% FBS. Cells were
harvested or analyzed 48h after transfection. Experiments were repeated at least in 3 different

isolations, plating 3 wells per condition each time. GapmeR sequences are found in Table S1.

For NMD inhibition, NRVMs were incubated with the translation inhibitors cycloheximide
(300 pg/pl; Sigma, Ref 01810) or emetine (150 pg/ul; Sigma, Ref E2375) for 3h, 24h after

gapmeR transfection.

For patch clamp experiments, 1 x 10° NRVM were seeded over fibronectin-coated glass
coverslips on 24-well plate and co-transfected with 25 nM gapmeRs and 25 nm FAM-labeled
control (Qiagen, Ref 339515) by lipofectamine 2000. 48h after transfection, sodium and
calcium current recordings were performed in fluorescent cardiomyocytes with the use of

the patch-clamp technique.

RNA isolation and qRT-PCR

RNA was extracted using TRI reagent (Sigma, Ref T9424) following manufacturer’s
instructions. 500 ng of total RNA was treated with DNAse I (Invitrogen, Ref 18068-015,
Waltham, MA, USA) and retrotranscribed into cDNA with random hexamers (Invitrogen,
Ref N8080127) and Superscript II (Invitrogen, Ref 18064-014).
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qRT-PCR was performed on a Lightcycler 480 (Roche, Mannheim, Germany) using SYBR
green I Master (Roche, Ref 04887352001). Data was analyzed using LinRegPCR software.
Primer sequences are found in Table §2. We designed our primers to generate a single
amplicon per PCR reaction. We verified the specificity of our gPCR primers by performing
melting curve analysis, agarose electrophoresis separation and sequencing the amplicons. This

confirmed that all QPCR products represented only one amplicon with the correct sequence.

Live-cell analysis: confluence, cell death and apoptosis

1 x 10° NRVMs were plated on 24-well plates coated with fibronectin. 24h after transfection,
medium was replaced by medium containing 0.25 pg/ml recombinant Annexin V-ATTO-488
(Adipogen Life Sciences) and 300 nM YOYO3-612/631 (Invitrogen). Cell confluence was
quantified over time by phase contrast. Immediately after treatment, cells were incubated in an
IncuCyte ZOOM System (Essen Bioscience, Ann Arbor, MI, USA) as previously described*.
Experiment was conducted over 72h with a scan every 24h to avoid photobleaching of
fluorescent reporters. Using the x20 objective, 16 images per well were taken with data
from phase contrast, green channel (Excitation: 440/480 nm; Emission: 504/544 nm), and
red channel (Ex: 565/605 nm; Em: 625/705 nm) were collected. Fluorescent events were
processed and analyzed using the IncuCyte ZOOM. Processing definitions for Annexin-
V(488) and YOYO3(612/631) labelled cells were defined as follows: Channel: Green;
Top-Hat; Radius: 100 pM, Threshold: 2.0 RCU; Edge Sensitivity: 0; Pixel Adjust: 0;
Area: >9 pm; Eccentricity: undefined; Mean Intensity: undefined; Integrated Intensity:
undefined. Channel: Red; Top-Hat; Radius: 100 pM, Threshold: 2.0 RCU; Edge Sensitivity: 0;
Pixel Adjust: 0; Area: >11 pm; Eccentricity: undefined; Mean Intensity: undefined; Integrated
Intensity: undefined. The total fluorescent areas of Annexin V and YOYO-3 in each image
were analyzed to determine the apoptotic and dead cells relative to the whole image area.
Those results were normalized to cell confluence in order to minimize the differences in cell

density after plating.

Immunostaining

1x 10° NRVM were seeded over fibronectin-coated glass coverslips on 24-well plate. 48h after
transfection, cells were fixed in 4% PFA, permeabilized with PBS 0.1% Triton X-100, block
in 4% goat serum and incubated overnight with the primary antibodies in a wet chamber at
4°C. Secondary antibodies were incubated for 1h at room temperature, followed by 1h of
DAPI staining. Cell membranes were stained with Wheat Germ Agglutinin, Alexa Fluor™
488 Conjugate (Invitrogen, Ref W11261) following manufacturer’s protocol. Images were
acquired with a Leica TCS SP8 X unit mounted on a Leica DMI6000 inverted microscope.
Cell surface was quantified with the software Leica Application Suite X (LAS X). Antibodies

and dyes references are found in Table S3.
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Protein isolation and western blot

For protein isolation, cells were scraped and homogenized by sonication in RIPA buffer
(50mM Tris-HCI pH8, 150mM NaCl, 1% NP-40, 0.2% sodium deoxycholate, 0.1% SDS,
1 mM Na, VO,, 1 mM PMSF) supplemented with protease inhibitor cocktail (Roche, Ref
11836170001). Protein concentration was measured by BCA assay (Pierce, Ref 23227,
Rockford, IL, USA). Western blotting was performed following standard protocols. Proteins
were separated by SDS-PAGE, transferred to PVDF membranes (Bio-Rad, Ref 17001917,
Hercules, CA, USA), block in TBST 4% milk and incubated with primary antibodies
overnight at 4°C. Membranes were subsequently incubated with HRP-conjugated secondary
antibodies for 1 hour at room temperature. Western blots were developed with ECL prime
western blotting detection agent (Amersham Biosciences, Ref RPN2232, Buckinghamshire,
UK) in ImageQuant LAS 4000 (GE Healthcare Life Sciences). Western blots were quantified
using Fiji (Image]). Antibody references are listed in Table S3.

Electrophysiology data acquisition and analysis

Sodium current (I ) and L-type calcium current (I ) were measured with the ruptured
patch-clamp technique, using an Axopatch 200B amplifier (Molecular Devices, San Jose,
CA, USA). Voltage control, data acquisition, and analysis of currents were performed with
pClamp10.6/Clampfit (Molecular Devices, San Jose, CA, USA). Borosilicate glass patch
pipettes (Harvard Apparatus, Holliston, MA, USA) with a tip resistance of 2-2.5 MQ
were used. Series resistance (Rs) and cell membrane capacitance (Cm) were compensated
for 80%. Current densities were calculated by dividing current amplitude by Cm. Cm was
determined by dividing the decay time constant of the capacitive transient in response to S
mV hyperpolarizing steps from -40 mV, by the Rs. I and I were filtered at S kHz and 2 kHz,
respectively. [ was digitized at 40 kHz, while I was digitized at 20 kHz.

Sodium current measurements

I was measured in single cells using a pipette solution containing (in mM): 3.0 NaCl, 133
CsCl, 2.0 MgCL, 2.0 Na ATP, 2.0 TEAC], 10 EGTA, 5.0 HEPES; pH 7.3 (CsOH). Cells
were superfused with a bath solution containing (in mM): 130 NaCl, 20 CsCl, 1.8 CaCl,,
1.2 MgCl,, 11.0 glucose, 5.0 HEPES, 0.00S nifedipine; pH 7.4 (CsOH). [ was measured at
room temperature in response to depolarizing voltage steps from a holding potential of -100
mV (cycle length of 5 seconds). I, was defined as the difference between peak and steady
state current (at SO ms). Voltage dependence of activation and inactivation curves were fitted
with Boltzmann function (y=[1+exp{(V-V, /2) /k}]"), where V, ,,is the half-maximal voltage
of (in)activation and k, the slope factor. Potentials were not corrected for the estimated

change in liquid junction potential.
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L-type calcium current measurements

I, wasmeasured in single cells at 36°C. The pipette solution contained (in mM): 140
CsCl, S K,-ATP, 10 HEPES, 10 EGTA; pH 7.2 (CsOH). The external solution contained
(in mM): 145 TEAC], 5.4 CsCl, 1.8 CaCIZI 1 MgCl,, 5.5 glucose, 0.2 4,4-Diisothiocyano-
2,2-stilbenedisulfonic acid (DIDS), 5 HEPES; pH 7.4 (CsOH). I_, was measured in
response to depolarizing voltage steps from a holding potential of -60 mV (cycle length of S
seconds) and it was defined as the difference between peak and steady state current (at 300
ms). Voltage dependence of activation and inactivation curves were fitted with Boltzmann
function (y=[1+exp{(V-V, /2)/ k}]"), where V, ,,1s the half-maximal voltage of (in)activation
and k, the slope factor. Potentials were corrected for the estimated change in liquid junction

potential (11 mV).

Statistical analysis

Data was analyzed using GraphdPad Prism 9 (GraphPad, San Diego, CA, USA). Data is
presented as mean * standard deviation, unless differently stated. Results were analyzed with
appropriate statistical tests, as indicated in the respective figure legends. A value of p < 0.05

was considered statistically significant.
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SUPPLEMENTAL FIGURES

Figure S1. Specificity of anti-U6atac and anti-U4atac gapmeRs. (A) Relative expression of
the minor splicing component U6atac, (B) minor introns and (C) minor intron-flanking exons 24h
after transfection with either a non-targeting control or 2 different anti-U6atac gapmeRs. (D) Relative
expression of the minor splicing component U4atac, (E) minor introns and (F) minor intron-flanking
exons 24h after transfection NRVMs with either a non-targeting control or 2 different anti-U4atac
gapmeRs. Reference gene: Hprtl. Data are presented as mean * s.d. Unpaired Student’s t-test;
*p < 0.05; % p < 0.01; ** p < 0.001, ***p < 0.0001.
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Figure S2. NMD inhibition do not rescue the effect of minor intron retention. (A) Relative expression
of the NMD-target Myh7b, (B) minor intron of ScnSa and (C) minor intron of Cacnalc. Cells were
incubated for 3h with DMSO (control), 300 pg/pl cycloheximide (CHX) or 150 pg/pl emetine (EM)
24h after transfection with gapmeRs. Reference gene: Hprtl. Data are mean * s.d. One-way ANOVA,
followed by Holm-Sidak test for post hoc analyses; * p < 0.05; ** p < 0.01; ***p < 0.001, ****p < 0.0001.

Figure S3. Predicted size of the transcript and open reading frames of Cacnalc after minor

intron retention.
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Figure S4. Volcano plot showing differential expression of the protein and snRNA components of
the minor and the major spliceosome in 100 non-diseased (CON) and 128 dilated cardiomyopathy
(DCM) hearts. Only genes with TPM > 0.1 were considered. Genes with absolute log2 fold change >
0.58 (dashed lines) and adjusted p-value < 0.05 were considered significantly differentially expressed.
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Figure SS. Volcano plot showing differential expression of minor-intron containing genes (MIGs)
and genes non-containing minor introns (non-MIGs) in 100 non-diseased (CON) and 128 dilated
cardiomyopathy (DCM) hearts. Only genes with TPM > 0.1 were considered. Genes with absolute
log2 fold change > 0.58 (dashed lines) and adjusted p-value < 0.05 were considered significantly

differentially expressed.
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SUPPLEMENTAL TABLES

Table S1. Antisense LNA GapmeR sequences

GapmeR

Sequence §’ -3’

Non-targeting negative control
Anti-U6atac (1)

Anti-Ué6atac (2)

Anti-U4atac (1)

Anti-U4atac (2)

FAM-labeled control

AACACGTCTATACGC
CAATGCCITAACCGTA
TGCCTTAACCGTATG
GTAGCGCAACCCCAAG
TAACCGATGCAGGTGT
/56-FAM/AACACGTCTATACGC

Table S2. Primer sequences

Annealing on exon/intron

Primer Sequence (total number)
GAPDH Fw GGTGGACCTCATGGCCTACA

GAPDH Rv CTCTCITGCTCTCAGTATCCTIGCT

HPRT1 Fw TGACTATAATGAGCACTICAGGGATIIT

HPRT1 Rv CGCTGTCITTIAGGCITTGTACIIG

EEF1E1 Fw TCCAGTAAAGAAGACACCCAGA

EEF1E1 Rv GACAAAACCAGCGAGACACA

U6ATAC Fw GGTITAGCACTCCCCTIIGACA

U6ATAC Rv AAGTAGGTGGCAATGCCTTAACC

SCNSA 1 Fw TCITCCGGITCAGTGCCACC Exon 3 (28)
SCNSA2 Ry CAGGACAGATGCGGATTAAGAGC Intron 3 (27)
SCNSA 3 Rv GGATGGTGCACATGATGAGCATG Exon 4 (28)
SCNSA 4Ry AGGATGACGATGATGCTGTCG Exon 15 (28)
SCNSA S Fw ACCGACTCCITCTCTCIICIIC Intron 14 (27)
SCNSA 6 Fw GAGGAGATGCTGCAGGTCGG Exon 14 (28)
CACNA1C 1 Fw TGGGATCATGGCTTATGGCGGC Exon 13 (45)
CACNA1C 2 Rv GGCAGCATCAGCACCAAAGG Intron 13 (44)
CACNAIC 3 Rv ATCAGCCAGGIIGTCCACCG Exon 14 (45)
CACNAI1C 4 Fw GAAGITGTGTCCTCACCGTG Exon 35 (45)
CACNAIC SRv TCACAAAGGCAAACAGGTAGC Intron 35 (44)
CACNAIC 6 Rv GGCAAACAGTGTAGCATTGAAC Exon 36 (45)
CAPN2 1 Fw GGCTICAGCATCGAGACCTG Exon 14 (21)
CAPN2 2 Rv CAGGCTGCCTGTCCACA Intron 14 (20)
CAPN2 3 Rv CGTCCAGAGGATGTAGAACTCC Exon 15 (21)
CAPN2 4 Fw ATTGGAGATGGATTCAGAAGGC Exon 16 (21)
CAPN2 SRv GCTAAGGGTCTGAGCGAC Intron 16 (20)
CAPN2 6 Rv CTAGAACTCTIICTCAAGATGGTCTG Exon 17 (21)
PTEN 1 Fw TCAGCCACAGGCTCCCAGAC Exon 1 (9)
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Table S2. (continued)

Annealing on exon/intron

Primer Sequence (total number)
PTEN 2 Rv TICGCATCCGTCTACTCCCACG Intron 1 (8)
PTEN 3 Ry ACACCITCAAGTCITTCTGCAGG Exon 2 (9)
PTEN 4 Fw GTGTGTGGTGACATCAAAGTAG Exon 7 (9)
PTEN SRv ACTAATCTCCTAACCAAAGGCAC Intron 7 (8)
PTEN 6 Ry TCCTCTGGTCCTGGTATGAAG Exon 8 (9)
SRSF10 1 Rv GCGTCITCAGCATCACGAACATC Exon 3 (5)
SRSF10 2 Fw GAGITGITTCAGACTICACAAGCC Intron 2 (4)
SRSF10 3 Fw AGATTTACGTCGGGAATITTGGTCG Exon 2 (5)
SRSF10 4 Rv TACGCCGTGGTCITCCAG Exon 5 (5)
SRSF10 S Fw TGTGTATCITGGATGCITCATTAAGG Intron 4 (4)
SRSF10 6 Fw GGAGGAGATCAAGGAGTCGG Exon 4 (5)

Table S3. List of antibodies used

Antibody Use Dilution Reference

Anti-tubulin WB 1:5000 GeneTex Cat No. GTX628802-01
Anti-Na 1.5(SCNSA) WB  1:200 Sigma S0819

Anti-Ca 1.2 (CACNA1C) WB  1:200 Alomone Cat No. ACC-003
Anti-rabbit-HRP WB 1:10000 Amersham NA9340V
Anti-mouse-HRP WB 1:10000 Amersham NA9310V
Anti-Vimentin IF 1:1000 Abcam AB92537
Anti-alpha-actinin IF 1:750 Sigma A781

Goat anti-rabbit-488 IF 1:250 Invitrogen A-11008

Goat anti-mouse-647 IF 1:250 Invitrogen A-2123$
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Table S4. Sodium current properties in neonatal rat ventricular myocytes (NRVMs) 48h after

transfection with control or anti-U6atac gapmeR.

Control n Anti-U6atac n
Current density
1, (pA/pF) -198.8+364 12 -82.3+18.5* 12
Activation
Vv, , (mV) 43716 12 -393l1* 12
k (mV) 6.5£0.3 7.5+0.2* 12
Inactivation
Vv, (mv) -90+2.7 10 -89.1t14 10
k (mV) -5.9+0.3 10 -6.940.5 10

INa, sodium current density at -25 mV; V1/2 of (in)activation, half-voltage of (in)activation; k, slope of the (in)
activation curve; n, number of cells. * p < 0.05 vs control; unpaired Student’s t-test or Mann-Whitney U test when
data were not normally distributed.

Table SS. L-type calcium current properties in neonatal rat ventricular myocytes (NRVMs) 48h after

transfection with control or anti-U6atac gapmeR.

Control n Anti-U6atac n
Current density
I, (pA/pF) -16.0+1.7 13 -10.3+1.0* 12
Activation
Vi, (mV) -13.0+0.8 13 -14.6+1.1 12
k (mV) 7.3£0.2 13 7.3+0.3 13
Inactivation
V., (mV) -38.3x1.3 10 -37.7+0.7 9
k (mV) -6.020.3 10 -6.1%0.2 9

ICaL, L-type calcium current density at 0 mV; V1/2 of (in)activation, half-voltage of (in)activation; k, slope of
the (in)activation curve; n, number of cells. * p <0.0S vs control; unpaired Student’s t-test.
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TRDN-AS REGULATES CARDIAC ALTERNATIVE SPLICING

We increasingly recognize that non-coding RNAs provide a vast and multifaceted
regulatory landscape in the heart. Herein, long non-coding RNAs (IncRNAs) represent
a sizable proportion of larger non-coding RNAs with versatile functions. IncRNAs are quite
heterogeneous. As a class, they share the requirement of at least 200 nucleotides, and they
do not have apparent protein-coding potential'. However, some IncRNAs have lately been
found to be able to translate into peptides, making their functions even more versatile®. We
still do not know the function of most IncRNAs, but we do know that they are as abundant as
coding mRNAs: the last release of the human genome consortium GENCODE (v40)* counts
18805 annotated IncRNA genes versus 19988 protein-coding genes. Functionally, IncRNAs
can regulate important processes within the cell. For instance, they regulate gene expression
by directly interacting with transcription factors, by creating discrete compartments within
the nucleus, or by guiding chromatin modification®. Alternative splicing is another process
controlled by IncRNAs®.

Malatl/Neat2, one of the first characterized IncRNAs, participates in alternative splicing by
controlling the phosphorylation of serine-/arginine-rich (SR) proteins, a well-characterized
family of splicing factors®. In the heart, other IncRNAs such as circular RNAs derived from
the titin gene, enable the splicing factors RBM20 (RNA-binding protein motif 20) and
SRSF10 serine/arginine-rich splicing factor 10) to properly splice important cardiac genes

including Casq2 or Camk2d’.

In this issue of Circulation, Zhao et al.® uncover the function of the cardiomyocyte-
specific IncRNA triadin-antisense (Trdn-as). Trdn-as is encoded within the triadin
(Trdn) gene. Triadin is a well-known molecular component of the calcium release unit of
the cardiomyocyte. It interacts with the ryanodine receptor (RYR2) and with calsequestrin
to enhance the sarcoplasmic reticulum (SR) Ca** release that couples cell excitation with
contraction (Figure 1). Triadin is composed of 41 exons, which can be alternatively spliced
to four distinct isoforms that vary between cardiac and skeletal muscle cells. Triadin-1 is

the shortest isoform, and it is the predominant one in cardiomyocytes”".

Zhao and colleagues generated Trdn-as knockout (KO) mice that developed reduced
ejection fraction, reduced exercise capacity, and died prematurely. At the cellular level,
isolated adult ventricular cardiomyocytes exhibited increased SR Ca?* content and reduced
Ca* transients upon isoproterenol treatment. Moreover, Trdn-as KO mice were prone to
premature ventricular contractions and ventricular tachycardia upon adrenergic stimulation
with isoproterenol, a phenotype reminiscent of catecholaminergic polymorphic ventricular
tachycardia (CPVT). Globally, the phenotype of Trdn-as KO mice resembles the calcium-
handling defects observed in Trdn KO mice'' and also in patients with the triadin knockout
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syndrome'?. Interestingly, the cardiac isoform of triadin triadin-1 was greatly reduced in
Trdn-as KO mice. Triadin-1 over-expression was sufficient to rescue the Ca**-handling defects.
Based on this, Zhao et al. propose that the function of Trdn-as is to facilitate the splicing
of Trdn pre-mRNA to the cardiac triadin-1 isoform (Figure 1). Forced over-expression of
Trdn-as increases triadin-1 expression in their model, and it can do so even in C2C12 cells,
a skeletal muscle cell line that does not express Trdn-as. Mechanistically, they demonstrated
that Trdn-as interacts with the Trdn pre-mRNA and with the SR splicing factors SRSF1
and SRSF10. Moreover, the interaction of SRSF1 with Trdn pre-mRNA as measured by
RNA-immunoprecipitation was significantly decreased in the absence of Trdn-as, thereby

suggesting that Trdn-as is required to correctly splice the cardiac triadin-1 isoform.

Previous studies examined the function of the Trdn-asIncRNA. Zhang et al."* already observed
a correlation between the expression of Trdn-as and cardiac triadin-1 in the heart. Over-
expression of Trdn-as in HL-1 cells induced a small increase in the ratio of cardiac triadin-1
over skeletal triadin-4 (Trdn9S). Based on these findings, Zhang et al. proposed a model in
which Trdn-as blocks the formation of the long skeletal triadin-4 in favor of the short cardiac

triadin-1 isoform, but these experimental results could very well fit with Zhao’s model.

Figure 1. Function of the IncRNA triadin-antisense (Trdn-as) proposed by Zhao et al.’.
LTCC, L-type calcium channel; RYR2, ryanodine receptor 2; SERCA, sarco/endoplasmic reticulum
Ca?*-ATPase; SR, sarcoplasmic reticulum; SRSF1/10; serine/arginine-rich splicing factor 1/10; Trdn,

triadin; Trdn-as, triadin-antisense.
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Interestingly, van Heesch et al.> were able to detect a translated short open reading frame in
the human Trdn-as, which could be translated in vitro to a ~7 kDa microprotein. However,
they only detected this microprotein in 2 out of 5 human hearts, and not in mice. Zhao and
colleagues also tried to detect these microproteins, but they found no evidence for them.

Thus, existence of a small protein encoded within Trdn-as remains elusive.

From a gene-regulatory point of view, Trdn-as is an example of how a cell-specific IncRNA
can control ubiquitously expressed splicing factors to elicit a cell-specific effect. In this case,
cardiomyocyte-specific Trdn-as recruits more ubiquitous splicing factors to orchestrate
the formation of triadin-1 selectively in cardiomyocytes. Skeletal muscle cells also express
Trdn, Srsfl and Srsf10; but since they do not express Trdn-as, the cardiac triadin-1 isoform is
not produced. From a therapeutic perspective, this finding highlights potential new tools to
modulate Ca**-cycling in heart disease. Both Trdn-as IncRNA and cardiac triadin isoform-1
are reduced in heart failure and ventricular arrhythmias®'®. Speculatively, a therapeutic
strategy to target Trdn-as to rescue triadin function and SR Ca®* release in these patients,
thereby improving systolic function and reducing the pro-arrhythmogenic spontaneous

depolarizations caused by spontaneous Ca** release events, could be envisioned.

Many other IncRNAs have been shown to be altered in cardiovascular diseases, such as heart
failure and cardiac hypertrophy. So far, research has focused on the contribution of these
IncRNAs to disease. However, how the expression of these IncRNAs is regulated remains poorly
understood in most cases. As in the regulation of coding mRNAs, IncRNAs can be controlled at
the transcriptional and post-transcriptional level by transcription factors, epigenetic modifications,
microRNAs, and by many other mechanisms. The IncRNA Myheart (Mhrt) is one of the few
examples whose regulation has been examined in the heart'*. Mhrt stands for Myh-associated RNA
transcripts and refers to several antisense transcripts encoded within the Myh7 loci. Mhrt is highly
expressed in the adult heart, and it inhibits the pro-hypertrophic chromatin-remodeling factor
BRG1. Upon pressure overload, activation of the stress-induced complex BRG1-HDAC-PARP
represses the Mhrt promoter and reduces its expression. Thus, Mhrt governs negative feedback
with BRGI that prevents cardiac hypertrophy until there is a pathological stressor. Little is known
about other mechanisms that regulate IncRNAs in the heart, including Trdn-as. Further research
is required to understand whether these IncRNAs are just contributing to disease or whether they

are part of a compensatory response.

The regulation of Trdn by Trdn-as raises the question whether other cardiac antisense
IncRNAs regulate splicing. To address this at the whole-transcriptome level, it would be of
great value to develop a global picture of all the intermolecular RNA interactions occurring

in the heart in vivo. It is already possible to capture and measure RNA-RNA interactions with
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high-throughput technologies such as RNA in situ conformation sequencing (RIC-seq)".
RIC-seq captures RNA-RNA interactions by crosslinking RNA molecules that are in physical
proximity to each other. After several steps, chimeric RNA fragments can be sequenced
to identify how RNAs interact with each other at single-nucleotide resolution. Mapping
the IncRNA interactome will guide us in the study of uncharacterized IncRNAs, and it will
tell us whether the control of splicing by antisense IncRNAs constitutes a general biological

principle that applies to other cardiac genes.

In conclusion, IncRNAs are recently recognized players in the regulation of alternative
splicing in the heart. The field is just starting to characterize some of them, but a great deal
of additional research is needed to develop a more comprehensive view of all their functions.
Unravelling new IncRNAs, such as Trdn-as , will foster a much deeper understanding of
gene regulation in the heart, and it will provide new targets to expand therapeutic options in

cardiovascular disease.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

As many groundbreaking scientific advances, the discovery of RNA splicing was
a serendipitous finding. Back in 1977, the groups of Richard J. Roberts and Phillip A. Sharp
were simultaneously investigating the genome organization of the adenovirus Ad2'=. Their
goal was to map the genes of Ad2 by hybridizing the RNAs produced by the virus to its DNA.
RNA:DNA hybrids can be observed under the electron microscope to determine the genome
region from which the RNAs have been transcribed. This technique was commonly used to
map prokaryotic genomes, but when used to analyze Ad2, they found something unexpected.
Some fragments of DNA were free in loops, not hybridizing to the RNA. This meant that
the RNAs of Ad2 were not continuously covering the DNA sequence. Later they found out
that after transcription some parts of the RNA are removed (introns), while the remaining
fragments are spliced together (exons)'~. The discovery of splicing granted the Nobel Prize
in Physiology or Medicine jointly to Richard ]J. Roberts and Phillip A. Sharp in 1993.

Since then, the field of RNA splicing has greatly advanced. Today we acknowledge the vital
importance of alternative splicing during gene expression and its role in expanding the coding
potential of the human genome. Many of the molecular mechanisms governing alternative
splicing and their connection to human disorders have been described. In the heart,
alternative splicing has been proven essential to generate the highly specialized proteome
of cardiomyocytes and to adapt it to different stages of development and disease. Studies
in this thesis have focused on the mechanisms that regulate alternative splicing in the heart.
By understanding the regulation of alternative splicing in the heart, we can obtain new
insights into the underlying causes of cardiac disease and thus develop effective treatments

in the future.

QKI is an essential regulator of cardiac splicing

A great deal of the work in this thesis has focused on the splicing factor Quaking (QKI).
Our studies have uncovered a crucial role for QKI in regulating the muscle-specific
splicing program of cardiomyocytes in vivo (chapter 2). We found that QKI is required to
maintain normal cardiac function during development and in the adult heart by controlling
alternative splicing of hundreds of protein-coding genes. Our work adds to previous
studies which showed the importance of QKI in splicing for the lineage specification of
the cardiac mesoderm* and for myofibrillogenesis during cardiomyocyte differentiation”.
The role of QKI in splicing of muscle-related genes is not only important for cardiomyocytes.
The orthologues of QKI in other species have been demonstrated essential for myofibril
formation during muscle development, as evidenced in zebrafish®” and Drosophila larvae®.
QKI also participates in the transition from fibroblasts toward myofibroblasts occurring in

heart failure’, in the transition from myoblast to myotubes', and in the differentiation and
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function of vascular smooth muscle cells (VSMC)'"'"2. Intriguingly, QKI has been also shown
important for the differentiation and maturation of other cell types®®, such as neural stem
cells™, astrocytes', oligodendrocytes'® and monocytes. It is currently unknown how QKI
can participate in the differentiation and function of such a diverse number of cell types. It
may be due to the expression of different QKI isoforms in each cell type, to interactions with
other splicing factors, or to splicing of downstream targets that are specific to certain cell

types. Additional research is required to address this.

Besides a role for QKI in alternative splicing, we also demonstrated that QKI is required for
back-splicing, and thus the formation of circRNAs in the heart (chapter 3). circRNAs are
a class of non-coding RNA that are emerging as regulators of cardiac function. Our work
revealed that ~17% of the circRNAs present in the adult mouse heart are differentially
expressed in the absence of QKI. Interestingly, we found that QKI can act either as a positive
or as a negative regulator of circRNA formation and that changes in circRNA expression are
often associated with alterations in the linear splicing of the host gene. Hence, our research
suggests that QKI governs both linear and back-splicing in an interdependent manner.
This is in line with a previous report that revealed that QKI controls back-splicing'® during
epithelial-to-mesenchymal transition in vitro. In the heart, Gupta et al. reported that QKI
overexpression can reduce doxorubicin-induced toxicity in the heart, and this was associated
with reduced expression of three circRNAs (derived from Ttn, Fhod3 and Strn3)'. We
propose that QKI is important in cardiac physiology not only by regulating linear splicing,
but also by the formation of circRNAs. Follow-up studies to characterize the QKI-regulated
circRNAs are required to shed light on the relevance of these QKI-dependent circRNAs in
the healthy and diseased heart

Changes in cardiac splicing during disease

The field of alternative splicing was initiated by noticing disparities in the splicing profile
of the different tissues within the body. These different profiles are due to cell-type specific
splicing programs, that create specific isoforms in each cell type within the body even though
they share the same genome?®**!. The field of alternative splicing is now exploring the splicing

changes that occur during disease and during compensatory responses to pathological stimuli.

Changes in the splicing program of the heart have been observed upon pressure overload
and during several cardiomyopathies. For instance, in mice, pressure overload induced by
transverse aorta constriction (TAC) reverses splice isoforms to a so-called “fetal” splicing
program®. In humans, this “fetal” splicing pattern is also observed during heart failure,
and interestingly, is reversed after left ventricular assist device (LVID) implantation®. This

suggests that splicing may act as a compensatory mechanism to the changing mechanical



GENERAL DISCUSSION

forces that the heart faces. Recent studies are starting to delve into this by exploring how
splicing changes upon challenging the heart. For example, upon TAC and myocardial
infarction, there is an increase in PTBP1 expression and a high proportion of differentially
spliced exons containing the PTBP1 binding sequence. Indeed, PTBP1 transduction alone
induces pathological cardiac hypertrophy and diastolic dysfunction®. The heterogeneous
nuclear ribonucleoprotein C (hnRNPC) has been shown to respond to mechanical stress
by relocating to the sarcomeric Z-disc, thus modifying its function as a splicing factor and
impacting many splicing targets®. This indicates that splicing factors play a critical role in
regulating cellular responses in the heart. We speculate that the regulation of QKI activity

may be involved in this type of response.

Regulation of QKI activity

Aswe described in chapter 2, the expression levels of QKI increase during heart development,
which coincides with the occurrence of certain splicing events that are mediated by QKI*".
Additionally, we showed that overexpression of QKI-S in cultured neonatal cardiomyocytes
increases the production of muscle-specific isoforms, the contractility of these cells, and
their size. Thus, an increase in QKI activity may contribute to the hypertrophic growth of
cardiomyocytes during cardiac development. In this thesis, we also observed a correlation
between the expression levels of QKI, RBM24, and MBNL1 and some of the splicing events
that they regulate in human heart failure samples (chapter 4). This suggests that variations
in splicing factor expression can underlie alterations in the expression of protein isoforms
during disease. We speculate that variations in QKI expression might contribute to disease,
especially since its expression has been observed to decrease in cases of human heart failure®.
Gene therapy approaches using the overexpression or activation of QKI or other splicing
factors may be effective in regulating the expression of beneficial protein isoforms in the heart.

These studies are awaited with great interest.

Splicing represents an additional mode of regulating QKI activity. The QKI gene itself is
subjected to alternative splicing, resulting in three different isoforms: QKI-S, QKI-6 and
QKI-7%. These three isoforms differ in the regulatory C-terminal domain. QKI-5 presents
a nuclear localization signal, allowing it to enter the nucleus and function as a splicing
factor. QKI-6 and QKI-7 are the predominant isoforms in the cytoplasm, and they regulate
the stabilization of transcripts by binding to 3° UTRs*. Since our lab is interested in splicing
regulation in the heart, we focused our studies on QKI-5, which is also the main isoform
in cardiomyocytes. However, low levels of QKI-6 and QKI-7 are detected in the heart.
Whether they have a function in cardiomyocytes is currently unknown. Our understanding
of the regulation of QKI splicing is also limited, aside from knowing that QKI undergoes
a complex self-regulation feedback, in which QKI-S promotes the splicing of the QKI
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pre-mRNA into QKI-5, and QKI-6 promotes the translation of QKI-6*. Alterations in
the ratios of these three QKI isoforms may be relevant to control QKI-dependent activity

throughout cardiac development and disease.

In addition to the three primary splicing isoforms, QKI has a tandem acceptor splice site
in exon 6. This alternative splice site leads to the removal of 24 nucleotides that encode
an 8-amino acid sequence (ALAFSLAA). Since the 8 amino acid deletion occurs at
the beginning of the regulatory C-terminal domain, this splicing event may control QKI
activity and may change the interactions with other splicing regulators. Interestingly, this
splicing event has only been detected in the heart and in skeletal muscle, which are tissues
in which QKI sustains muscle-specific splicing®*. Thus, the muscle-specific QKI*AMAFSLAA
isoform may explain the differential function of QKI in (cardio-)myocytes versus other
cell types. Further research is required to assess the differences between the canonical QKI

AALAFSLAA jonforms.

isoforms and the muscle-specific QKI
Post-translational modifications are also known to regulate QKI activity. In fact, QKI
belongs to the conserved protein family of “signal transduction activators of RNA” (STARs),
which are RNA-binding proteins that connects RNA metabolism to signaling pathways
through post-translational modifications®. In the nervous system, QKI has been shown
to be phosphorylated by Src protein tyrosine kinases at a tyrosine cluster in a proline-rich
PXXP motif within its regulatory C-terminal region. This modification has been studied in
the context of myelinization, and has been shown to hamper the interaction between QKI
and the target mRNA Myelin Basic Protein (MBP)*. In the human and mouse heart, nothing
is known about the phosphorylation status of QKI. However, in Drosophila melanogaster,
the QKI orthologue HOW (=“Held Out Wings”) undergoes phosphorylation in embryonic
somatic muscles and heart cardioblasts®. This phosphorylation is carried out by MAPK/
ERK map kinases and promotes the dimerization of HOW to enhance its binding to mRNA
targets. Most remarkably, this phosphorylation regulates the interaction between HOW and
sallimus (sls), which is the fly orthologue of the mammalian titin. Therefore, it is likely that
the phosphorylation of QKI affects the splicing of mRNA targets in the human heart during

development and disease.

Numerous regulators govern cardiac splicing

300 to 400 different splicing regulators are estimated to exist in humans®****. This includes
core components of the spliceosome, essential splicing factors (e.g. families of hnRPC and
SR splicing factors) and tissue-specific splicing factors (e.g. RBM20). When studying QKI-
dependent splicing, we noticed a considerable overlap with the targets of other splicing

factors. For instance, we found that both QKI and RBM20* regulate the same exons in Ttn,
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Camk2d, and Ldb3. This led us to consider that splicing factors act cooperatively, and that
amore integrated approach is needed to gain a deeper understanding of the molecular basis of
alternative splicing in the heart. Therefore, in chapter 4, we explored the connection between
the splicing programs of different splicing factors in the heart. To achieve this, we compared
splicing changes in previously published KO models of splicing factors. The majority
of these KO models exhibited cardiac dysfunction at different developmental or adult
stages. The defects at the molecular level were largely affecting sarcomere and cytoskeletal
organization, as well as calcium handling. By re-analyzing the original RNA-sequencing data
from 8 published mouse models, we confirmed a large overlap among the splicing networks
of these splicing factors. In the case of MBNL, QKI and RBM24, as much as ~30-40% of
the alternative splicing events were shared between at least 2 out of 3 models. Some crucial
genes, such as Camk2d, Tpm2 or Pdlim$, required the combined action of several splicing
factors. Our conclusion is that studying individual splicing factors one at a time is crucial,
but future research will need to address alternative splicing regulation from an integrative

perspective and consider all the distinct splicing regulators simultaneously.

In addition to the traditional splicing regulators, long non-coding RNAs (IncRNAs) have
recently emerged as regulators of splicing. In chapter 6 we commented on how triadin-antisense
controls splicing by recruiting splicing factors to the triadin pre-mRNA. Other IncRNAs have
been described to have similar functions, such as Malat1/Neat2 controlling the phosphorylation
of serine/arginine-rich (SR) splicing factors®® or circRNAs derived from titin controlling
SRSF10 and RBM20* function. In the upcoming years, as the functions of new IncRNAs are

uncovered, we will realize that they are a critical elements controlling splicing.

Intron retention: the ignored alternative splicing modality

Introns are typically considered as silent sequences of DNA that simply facilitate alternative
splicing. Nevertheless, introns serve crucial roles, such as hosting regulatory elements
(e.g. enhancers, microRNAs or IncRNAs) and controlling gene expression through intron
retention. Intron retention controls gene expression because transcripts that are not
completely spliced cannot be translated. Transcripts with a retained intron are either confined
to the nucleus, or removed by RNA degradation pathways, such as the nonsense-mediated
decay (NMD)?*. As a modality of alternative splicing, intron retention is also regulated in
a tissue- and developmental-specific manner®. Indeed, intron retention is the most common
modality of alternative splicing in the heart, with higher levels of retention occurring in
the fetal versus the adult heart*. Besides, retention of specific introns in sarcomere genes
(i.e. TNNT2, TNNI3, MYH7, MYBPC3) has been observed in left ventricle samples from
ischemic cardiomyopathy patients*'. This implies that intron retention, similar to other forms

of alternative splicing, may play a role in both heart development and disease. However, intron

171



172

CHAPTER 7

retention is generally overlooked because RNA-seq generally does not provide sufficient

intron read coverage.

In this thesis (chapter §), we studied intron retention of a very particular class of introns,
named minor or Ul2-dependent introns. We focused on minor introns because they
appear to be enriched in genes crucial for cardiomyocyte function (i.e. calcium channels).
Our study revealed that reduced expression of the minor spliceosome components U6atac
and U4atac leads to minor intron retention in sodium and calcium channel genes. In turn,
this hampered the expression and function of these channels. This is an important finding,
because minor intron splicing has been postulated as a bottleneck in RNA processing, and
the minor spliceosome component U6atac has been suggested as the main limiting factor
in minor splicing®. In addition, we found that the expression of several minor spliceosome
components is altered in the human failing heart. Thus, it is conceivable that during
development or disease, minor splicing activity controls the expression of minor-intron
containing genes. Further research involving ultra-deep RNA sequencing is required to assess
whether retention of major and minor introns is a significant mechanism of gene expression

regulation in the heart.

Technical limitations to study RNA splicing
Currently, the most widely used technique to study RNA splicing is RNA-sequencing (RNA-
seq). RNA-seq provides information of the entire transcriptome of the sample, which is

essential to understand splicing. But it has some limitations that are worth considering.

(1) Short- versus long-read RNA-seq. Short-read RNA-seq is the most widely used assay
to study the transcriptome. It is based on quantifying 75-150 bp reads covering the exome
to calculate gene expression and differential splicing. However, short-reads cannot directly
determine the full-length sequence of an entire transcript, and computational steps are
required to infer the exon composition. The challenge becomes greater when assessing
genes with a large number of exons susceptible to be alternatively spliced, such as titin. New
long-read sequencing technologies, such as Nanopore sequencing®, can solve this problem
by performing ultra-long reads covering the entire transcript. Nanopore sequencing has been
able to detect the full-length transcript of the multiple isoforms of tropomyosins (Tpm1,
Tpm2, Tpm3 and Tpm4) during rat heart development with ultra-long reads of 100 kb to 882
kb*. This technology confirmed that alternative splicing of exon 6A in Tpm1 is controlled by
the splicing factors RBFOX2 and PTBP1 in an opposite way. Nanopore sequencing can also
be used to study circRNAs and determine their full-length sequence®. Short-reads enable
the quantification of back-splice junctions, but the full composition of circRNAs cannot

be directly determined. Analysis of circRNAs performed on long-read RNA-seq data can
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be advantageous in simultaneously quantifying circRNA expression and determining their

exonic and intronic composition.

(2) Poly-A RNA-seq. Before performing RNA-seq, it is necessary to eliminate unwanted
RNAs in order to prevent the system from becoming saturated with irrelevant reads. This
is particularly important for eliminating ribosomal RNAs, which account for 80-90% of
the RNAs within the sample*’. Typically this step involves selection of polyadenylated
(poly(A)) transcripts using oligo(dT) primers or depletion of ribosomal RNAs. PolyA-
enrichment is the most common practice because it focuses on protein-coding genes and
it requires less sequencing depth. Samples depleted of ribosomal RNAs require a deeper
sequencing, but they provide information on non-polyA transcripts, such as circRNAs or
pre-mature mRNAs that are in the process of being spliced. Of the splicing factor KO mouse
models that we examined in chapter 3 and chapter 4, only the QKI KO and RBM20 KO
were analyzed from ribosomal RNA-depleted RNA. Thus, only QKI-dependent and RBM20-
dependent circRNAs could be assessed. We expect that other splicing factors also regulate

circRNA formation in the heart.

(3) Bulk versus single-cell RNA-seq. Bulk RNA-seq analyzes all RNAs present in a complex
sample composed of different cell populations. This is a common practice to analyze
the expression of splice isoforms. Unfortunately, it is not feasible to determine the specific
cellular population in which a transcript is expressed using bulk RNA-seq. Bulk RNA-seq
may be problematic when comparing samples with different cellular composition. For
instance, samples with a higher proportion of cardiomyocytes would present a higher
expression levels of cardiomyocyte-specific genes, but also of cardiomyocyte-specific
isoforms. The way forward is to apply single-cell RNA sequencing to study splicing patterns
in individual cells, but the sequencing coverage is at the moment still too low for this purpose.
In the near future, new technologies based on single-cell sequencing, such as VASA-seq (Vast
Transcriptome Analysis of Single Cells by dA-tailing)*, will offer a more rigorous approach to

analyze splicing.

Modulation of splicing as a therapeutic approach

In this thesis, we have shown that splicing defects can cause severe cardiomyopathies.
However, the regulation of alternative splicing is also a subject of intense research for
the treatment of diseases. In this regard, it is possible to modulate splicing with splice-
switching antisense oligonucleotides (SSOs). SSOs are synthetic nucleic acids, 15-30
nucleotides in length, that modulate splicing by binding to pre-mRNAs via complementary

49,50

Watson—Crick base pairing**°. SSOs can be used to mask splice sites or intronic splicing

enhancers to promote exon skipping, or to block intronic splicing silencers to promote exon
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inclusion. SSOs are particularly useful to modify splicing of mutated genes causing disease.
SSOs can be used to block cryptic splice sites surged by mutation, such as a cryptic splice
site in lamin (LMNA%"°) that results in the formation of progerin®’. In the mouse heart,
SSOs have been successfully applied to skip exon 326 of TT'N carrying a DCM-causing frame
shift mutation®; and to correct the splicing defects in MYPBC3 caused by a mutated exon
6 resulting in HCM?*. Some SSO-based drugs are already approved by regulatory agencies
for its use to prevent the production of disease-causing mutated proteins in patients. For
instance, SSOs inducing exon skipping in the cytoskeletal protein dystrophin (DMD) have
been approved by the United States Food and Drug Administration (FDA) to alleviate
the symptoms of Duchenne muscular dystrophy (i.e. casimersen)**. SSOs can also be used to
modify gene expression. The technology coined as "Targeted Augmentation of Nuclear Gene
Output” (TANGO), uses SSOs to increase the endogenous expression of protein by shifting
from non-productive alternative spliced transcripts to productive ones®. The use of TANGO
can result in a 2-3 fold change increase in gene expression. However it is limited to genes that

present considerable endogenous expression of a non-productive transcript.

Modifying the expression of splicing factors can also be used to modulate splicing. In mice,
antisense oligonucleotides (ASOs) targeting RBM20 have been used to reduce its expression
and induce a shift in titin splicing from the adult and stiff isoforms towards the long and
complaint one (fetal). This change in TI'N splicing alters the mechanical properties of
the heart, leading to an improvement in ventricular filling®. Viral delivery of splicing factors
may represent another therapeutic approach to treat cardiac disease. Transduction of
mice with QKI-S by AAV9 (adeno-associated virus serotype 9) has been used to alleviate
doxorubicin-induced cardiotoxicity'. Our observation that QKI overexpression in cultured
neonatal cardiomyocytes enhances contractility suggests this may represent an approaches
to improve cardiomyocyte function in the compromised heart. Further research into

the therapeutic potential of QKI would be an intriguing avenue of research.
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SUMMARY

SUMMARY

Alternative splicing is a crucial step in gene expression that expands the coding potential of
the human genome. By including or excluding particular exons, multiple RNA sequences
can be created from a single gene. In the heart, this process is essential to create the cardiac
isoforms that give mechanical, electrical, and metabolic characteristics to cardiomyocytes.
Through cardiac development and disease, changes in splicing factors adapt the splicing
program of cardiomyocytes to adapt heart function. This thesis examines the mechanisms

controlling alternative splicing in the heart.

In chapter 2, we studied the cardiac-enriched splicing factor quaking (QKI) in the developing
and adult heart. To do so, we employed the Cre-Lox system to generate two cardiomyocyte-
specific knock-out mouse models of QKI. Cardiomyocyte-specific deletion of QKI was
embryonically lethal (E14.5). Adult mice with tamoxifen-inducible QKI deletion rapidly
developed heart failure, with severe disruption of sarcomeres. RNA sequencing revealed
that QKI regulates the alternative splicing of over 1000 genes, including sarcomere and
cytoskeletal components, calcium handling regulators, and (post-)transcriptional factors.
We found that many of these splicing changes corresponded to the loss of muscle-specific
isoforms in the heart in the absence of QKI. Forced overexpression of QKI in cultured rat
ventricular myocytes increased the expression of some of these isoforms and enhanced
their contractility. We concluded that QKI is an important regulator of the muscle-specific

alternative splicing program in embryonic and adult hearts.

In chapter 3, we investigated the role of QKI in the regulation of circular RNAs (circRNAs)
formation in the heart. By analyzing the QKI knock-out mouse model that we established in
chapter 2, we found that 17% of the circRNAs expressed in the mouse heart are differentially
expressed in the absence of QKI. The results also showed a connection between linear splicing
and back-splicing, as 58% of the QKI-regulated circRNAs were derived from mRNAs that
underwent QKI-dependent splicing. In addition, we compared our results with the circRNAs
regulated by another major splicing factor expressed in the heart, RBM20. We compared
the QKI KO model with an RBM20 KO model and we found that QKI and RBM20 regulate
the formation of a distinct but partially overlapping set of circRNAs. Strikingly, virtually all
Ttn-derived circRNAs controlled by QKI and RBM20 were regulated in an opposite manner.
Our study pinpoints QKI as a central regulator of circRNA formation in the heart.

In chapter 4, we aimed to get a get a broader picture of alternative splicing regulation in
the heartby comparing splicing factor knock-out mouse models reported inliterature in the last
decades. We re-evaluated existing RNA-sequencing data from eight mouse models where
splicing factors were genetically deleted (HNRNPU, MBNL1/2, QKI, RBM20, RBM24,
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RBPMS, SRSE3, SRSF4). Our analysis revealed a significant overlap between the splicing
networks of these factors, with some key splicing events requiring the action of multiple
splicing factors simultaneously (i.e. Camk2d, Ryr2, Tpml, Tpm2, PdlimS). The highest of
overlap was found between the splicing networks of MBNL, QKI, and RBM24. Additionally,
our analysis of RNA-sequencing from a large cohort of 128 heart failure patients showed
that the expression levels of MBNL1, QKI, and RBM24 correlated with changes in splicing

of downstream targets, suggesting that these splicing factors may play a role in heart failure.

In chapter S, we turned our attention to an unusual class of introns, namely minor or U12-
dependent introns. Although minor introns are enriched in specific gene families crucial for
cardiomyocyte function (e.g. voltage-gated sodium and calcium channels), the relevance of
minor splicing in the heart is still unknown. In this chapter, we knocked down the essential
minor spliceosome component U6atac in neonatal rat ventricular myocytes. Loss of U6atac
caused the retention of minor introns, including those within ScnSa and Cacnalc. This led to
decreased levels of Na 1.5 and Ca 1.2 proteins, and to reduced sodium and L-type calcium
currents. In conclusion, we showed that minor intron splicing can modulate the expression
and function of voltage-dependent ion channels in cardiomyocytes, which may be

relevant in disease.

In chapter 6, we commented on a study about the role of the long non-coding RNA (IncRNA)
triadin-antisense ( Trdn-as) in the regulation of cardiac splicing. IncRNAs are a heterogeneous
family of transcripts with versatile and broad functions, including the regulation of alternative
splicing. The IncRNA Trdn-as expression correlates with the expression of the spliced
isoforms of triadin, a molecular component of the calcium release unit of the cardiomyocyte.
By creating a Trdn-as knockout mouse model and performing in vitro experiments, the role of

Trdn-as as regulator of triadin splicing was uncovered.

In conclusion, the results presented in this thesis expand our comprehension of the role of
alternative splicing in the heart and highlight its significance as a regulatory mechanism of

cardiac function.



SUMMARY

NEDERLANDSE SAMENVATTING

Alternatieve splicing is een cruciale stap in genexpressie. Het is tevens een mechanisme
dat verantwoordelijk is voor het vergroten van het coderingspotentieel van het menselijk
genoom. Door bepaalde exonen op te nemen of uit te sluiten in het mRNA, kunnen uit
één enkel gen meerdere RNA-sequenties ontstaan. In het hart is dit proces essentieel om
eiwit isovormen te creéren die de mechanische, elektrische en metabole eigenschappen van
cardiomyocyten vormgeven. Tijdens de ontwikkeling, maar ook als gevolg van ziekte van het
hart, wordt door aanpassingen in de expressie van splicing factoren het splicing programma
van cardiomyocyten aangepast. Dit proefschrift onderzoekt de mechanismen die ten

grondslag liggen aan alternatieve splicing regulatie in het hart.

In hoofdstuk 2 hebben we de rol van de splicing factor quaking (QKI) onderzocht in het
ontwikkelende en volwassen hart. Met behulp van het Cre-Lox systeem hebben we twee
cardiomyocyt-specifieke knock-out muismodellen van QKI gegenereerd. Cardiomyocyt-
specifieke deletie van QKI was lethaal tijdens de embryonale ontwikkeling (E14,5). Volwassen
muizen met een tamoxifen-induceerbare QKI-deletie ontwikkelden snel hartfalen, met
ernstige verstoring van sarcomeren. RNA-sequencing liet vervolgens zien dat QKI alternatieve
splicing van meer dan 1000 genen regelt, waaronder sarcomeer- en cytoskeletale componenten,
calcium handling regulatoren en (post-)transcriptionele factoren. Het bleek dat veel van deze
QKI geinduceerde splicing veranderingen overeenkwamen met het verlies van spier-specifieke
eiwit isovormen. Overexpressie van QKI in gekweekte ventriculaire neonatale myocyten van
ratten verhoogde de expressie van sommige van deze isovormen en verhoogde de contractiliteit
van de cellen. We concluderen dat QKI een belangrijke regulator is van het spier-specifieke

alternatieve splicing-programma in embryonale en volwassen harten.

In hoofdstuk 3 onderzochten we de rol van QKI bij de vorming van circulaire RNAs
(circRNA') in het hart. Door RNA-sequencing en bioinformatische analyse van het QKI
knock-out muismodel dat we in hoofdstuk 2 hebben gegenereerd, vonden we dat 17% van
de circRNA’s die in het muizenhart tot expressie komen, differentieel tot expressie komen
in de afwezigheid van QKI. De resultaten toonden verder een verband aan tussen lineaire
splicing en back-splicing, aangezien 58% van de door QKI gereguleerde circRNA’s atkomstig
waren van mRNA’s die QKI-afhankelijke splicing ondergingen. Daarnaast hebben we onze
resultaten vergeleken met de circRNA'’s die gereguleerd worden door een andere belangrijke
splicing factor die in het hart tot expressie komt, namelijk RBM20. Vergelijking van QKI en
RBM20 KO modellen liet zien dat QKI en RBM20 de vorming van een verschillend, maar
gedeeltelijk overlappende set circRNA’s regelen. Opvallend is dat vrijwel alle van Ttn afgeleide
circRNA’s die door QKI en RBM20 worden gereguleerd, op een tegengestelde manier worden
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gereguleerd. Onze studie wijst QKI aan als een centrale regulator van circRNA-vorming in

het hart.

In hoofdstuk 4 hebben wij getracht een breder beeld te krijgen van alternatieve splicing
regulatie in het hart, door splicing factor knock-out muismodellen te vergelijken. Hiertoe
hebben we bestaande RNA-sequencing data geanalyseerd van acht muismodellen waarin
splicing factoren genetisch waren verwijderd (HNRNPU, MBNL1/2, QKI, RBM20,
RBM24, RBPMS, SRSF3, SRSF4). Uit onze analyse bleek een aanzienlijke overlap aanwezig
te zijn tussen de splicing netwerken van deze factoren (bijv. Camk2d, Ryr2, Tpml1, Tpm2,
PdlimS). De grootste overlap werd gevonden tussen de splicing-netwerken van MBNL, QKI
en RBM24. Bovendien bleek uit RNA-sequencing analyse van een groot cohort van 128
patiénten met hartfalen, dat de expressieniveaus van MBNL1, QKI en RBM24 gecorreleerd
waren met veranderingen in splicing van downstream targets, wat suggereert dat deze splicing

factoren een rol kunnen spelen bij hartfalen.

In hoofdstuk 5 hebben we onze aandacht gericht op een ongebruikelijke klasse van introns,
namelijk de zogenaamde ‘minor’ of ‘U12-athankelijke’ introns. Hoewel minor introns verrijkt
zijn in specifieke families van genen (bv. natrium- en calciumkanalen), is de relevantie van
minor splicing in het hart nog onbekend. In dit hoofdstuk hebben we de essentiéle minor
spliceosome component Ubatac uitgeschakeld in gekweekte neonatale ventriculaire ratten
myocyten. Verlies van U6atac veroorzaakte retentie van minor introns, waaronder die binnen
het transcript van ScnSa en Cacnalc. Functioneel leidde dit tot lagere niveaus van Na 1.5
en Ca 1.2 eiwitten, en tot verminderde natrium- en L-type calciumstromen. Concluderend
hebben wij aangetoond dat minor intron splicing de expressie en functie van ionenkanalen in

cardiomyocyten kan moduleren, hetgeen relevant kan zijn bij ziekte.

In hoofdstuk 6 hebben we commentaar gegeven op een studie waarin de rol van het long
non-coding RNA (IncRNA) triadin-antisense (Trdn-as) in de regulering van cardiale splicing
onderzocht is. LncRNA'’s behoren tot een heterogene familie van transcripten met veelzijdige
functies, waaronder de regulering van alternatieve splicing. De expressie van de Trdn-as blijkt
te correleren met de expressie van bepaalde splice isovormen van triadine. Door het creéren
van een Trdn-as knock-out muismodel en het uitvoeren van in vitro experimenten werd de rol

van Trdn-as als regulator van triadine splicing blootgelegd.

Concluderend kan worden gesteld dat de resultaten beschreven in dit proefschrift ons begrip

van de rol van alternatieve splicing voor een goed functionerend hart vergroot hebben.



SUMMARY

RESUMEN

El empalme alternativo de genes es un proceso critico en la expresién génica que amplia
la capacidad de codificacién del genoma humano. Mediante la inclusién o exclusién selectiva
de exones, el empalme alternativo es capaz de crear multiples secuencias de ARN a partir
de un solo gen. En el corazoén, este proceso es fundamental para crear las isoformas cardiacas
que otorgan las caracteristicas mecénicas, eléctricas y metabélicas a los cardiomiocitos (las
células del corazén). Alo largo del desarrollo y la enfermedad cardiaca, el empalme alternativo
adapta las isoformas expresadas en el corazon para modular su funcidn. Esta tesis se centra en

examinar los mecanismos que controlan el empalme alternativo en el corazén.

En el capitulo 2 estudiamos el factor de empalme Quaking (QKI), el cual se encuentra
altamente expresado en el corazén en desarrollo y adulto. Para llevar a cabo esta investigacion,
generamos dos modelos de ratén knock-out basados en el sistema Cre-Lox con el objetivo
de eliminar QKI de manera especifica en los cardiomiocitos. La delecién de QKI resultd letal
durante el desarrollo embrionario (E14.5). En ratones adultos, la delecién inducida de QKI
por tamoxifeno provocé insuficiencia cardiaca, con una grave alteracién de los sarcémeros.
A través de la secuenciacion de ARN, se descubrié que QKI regula el empalme alternativo
demdsde 1000 genes, incluyendo componentes del sarcémero y del citoesqueleto, reguladores
del control del calcio y factores (post)transcripcionales. Una gran parte de los cambios
observados en ausencia de QKI se correspondieron con la pérdida de isoformas especificas
del musculo cardiaco. Ademds, la sobreexpresiéon de QKI en miocitos ventriculares de rata
in vitro increment6 la expresion de algunas de estas isoformas y aumento su contractilidad.
Concluimos que QKI es un regulador esencial del programa de empalme alternativo

del corazén.

En el capitulo 3 investigamos el papel de QKI en la regulacién de la formaciéon de ARN
circulares (ARNcirc) en el corazén. Al analizar el modelo de ratén knock-out establecido en
el capitulo 2, encontramos que el 17 % de los ARNcirc expresados en el corazén del ratén
se expresan de manera diferencial en ausencia de QKI. Los resultados también mostraron
una conexién entre el empalme lineal y el empalme inverso, ya que el 58 % de los ARNcirc
desregulados se derivaron de ARNm con otros defectos de empalme causados por la ausencia
de QKI. También comparamoslos ARNCcirc controlados por QKI con los controlados por otro
importante factor de empalme crucial para el corazén, RBM20. Al comparar el modelo KO
de QKI con un modelo KO de RBM20 descubrimos que QKIy RBM20 regulan la formacién
de un conjunto distinto pero parcialmente superpuesto de ARNcirc. Sorprendentemente,
practicamente todos los ARNcirc derivados del gen titina (TTN) resultaron ser controlados
por QKI y RBM20 manera opuesta. Nuestro estudio identifica a QKI como un regulador

central de la formacién de ARNcirc en el corazén.
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En el capitulo 4 buscamos obtener una perspectiva mds amplia sobre la regulacién del
empalme alternativo en el corazén. Para ello, comparamos varios modelos de ratones
knock-out de factores de empalme que se han descrito en la literatura cientifica durante
las ultimas décadas. Reevaluamos los datos de secuenciaciéon de ARN de ocho modelos
de ratones en los que se eliminaron genéticamente los factores de empalme HNRNPU,
MBNL1/2, QKI, RBM20, RBM24, RBPMS, SRSF3 y SRSF4. Nuestro anilisis revel6 una
superposicion significativa entre las redes de empalme de estos factores. Algunos exones
clave para la funcion cardiaca mostraron requerir la accién de multiples factores de empalme
de manera simultinea, como los presentes en Camk2d, Ryr2, Tpml, Tpm2 y PdlimS.
La mayor superposicion se encontrd entre las redes de empalme de MBNL, QKI y RBM24.
Ademas, el anélisis basado en la secuenciaciéon de ARN de una cohorte de 128 pacientes
con insuficiencia cardiaca mostré que los niveles de expresion de MBNL1, QKI y RBM24
correlacionan con el empalme alternativo de los exones controlados en ratén, lo cual sugiere

que estos factores de empalme puedan desempenar un papel en la insuficiencia cardiaca.

En el capitulo S redirigimos nuestra atencién a una clase inusual de intrones, a saber, los
intrones menores o dependientes de U12. Aunque los intrones menores estdn mdas presentes
en familias de genes cruciales para la funcién de los cardiomiocitos (p. ej., canales de sodio
ycalcio dependientes de voltaje), atin se desconoce surelevancia en el corazén. En este capitulo,
inhibimos el componente del spliceosoma menor U6atac en los miocitos ventriculares de rata.
La pérdida de Ubatac provocé la retencion de intrones menores, incluidos los de ScnSa
y Cacnalc. Esto redujo los niveles de proteinas Navl.5 y Cavl.2 y las corrientes i6nica
de sodio y calcio tipo L. En conclusion, demostramos que el empalme de intrones menores
puede modular la expresion y la funcién de los canales idnicos dependientes de voltaje en los

cardiomiocitos, lo que puede ser relevante en la enfermedad cardiaca.

En el capitulo 6 comentamos un estudio sobre el papel del ARN largo no codificante
(ARNInc) triadina antisentido (Trdn-as) en la regulacion del empalme cardiaco. Los ARNInc
son una familia heterogénea de transcritos con una gran variedad de funciones, entra las que
se incluye la regulacion del empalme alternativo. La expresion de Trdn-as se correlaciona con
la expresion de las isoformas de triadina, un componente molecular de la unidad de liberacién
de calcio del cardiomiocito. Mediante la creacién de un modelo de ratén knock-out para
Trdn-as y la realizacion de experimentos in vitro, los autores demostraron el papel de Trdn-as

como regulador del empalme de triadina.

En conclusidn, los resultados presentados en esta tesis contribuyen a nuestra comprensién
del empalme alternativo en el corazdn y destacan su importancia como un mecanismo

fundamental en la regulacién de la funcién cardiaca.
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