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Aims RNA binding proteins play essential roles in mediating RNA splicing and are key post-transcriptional regulators in the heart. Our
recent study demonstrated that RBPMS (RNA binding protein with multiple splicing) is crucial for cardiac development through
modulating mRNA splicing, but little is known about its functions in the adult heart. In this study, we aim to characterize the
post-natal cardiac function of Rbpms and its mechanism of action.

Methods We generated a cardiac-specific knockout mouse line and found that cardiac-specific loss of Rbpms caused severe cardiomyocyte

and results contractile defects, leading to dilated cardiomyopathy and early lethality in adult mice. VWe showed by proximity-dependent biotin
identification assay and mass spectrometry that RBPMS associates with spliceosome factors and other RNA binding proteins, such
as RBM20, that are important in cardiac function. We performed paired-end RNA sequencing and RT-PCR and found that RBPMS
regulates mMRNA alternative splicing of genes associated with sarcomere structure and function, such as Ttn, Pdlim5, and Nexn, gen-
erating new protein isoforms. Using a minigene splicing reporter assay, we determined that RBPMS regulates target gene splicing
through recognizing tandem intronic CAC motifs. We also showed that RBPMS knockdown in human induced pluripotent stem
cell-derived cardiomyocytes impaired cardiomyocyte contraction.

Conclusion This study identifies RBPMS as an important regulator of cardiomyocyte contraction and cardiac function by modulating sarcomeric
gene alternative splicing.
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1. Introduction

Cardiomyocyte maturation is a hallmark of heart development, involving
enhanced contractility, metabolic switching, and structural maturation.”
The increase in contractility of individual cardiomyocytes supports the
forceful pumping of the post-natal heart. Abnormal cardiomyocyte con-
tractility can cause various cardiac diseases, including hypertrophic and di-
lated cardiomyopathy (DCI"I).2 Cardiomyocyte contraction is tightly
regulated by the intracellular calcium concentration, a process known
as excitation—contraction (E-C) coupling. The cardiomyocyte sarcomere,
composed of hundreds of different sarcomeric proteins, serves as the
contractile unit that senses calcium fluctuation.® Functional maturation
of the sarcomere during heart development relies on transcriptional
changes and mRNA alternative splicing of sarcomeric genes,' and much
remains to be learned.

RNA post-transcriptional modifications act as an important layer of
gene regulation, in addition to transcriptional regulation and epigenetic
modifications. RNA splicing is a key process of post-transcriptional gene
regulation, which amplifies the transcriptional diversity of the genome.
RNA splicing is orchestrated by the spliccosome complex and various
RNA binding proteins (RBPs), including the serine/arginine-rich (SR) pro-
tein family and the heterogeneous nuclear ribonucleoprotein (hnRNP)
protein family.* The cooperation of different spliccosome factors and
RBPs finely tunes splicing in tissue-specific manners and can generate differ-
ent protein products from a single gene. In recent years, mutations in RBPs,
such as RBM20, have been shown to cause DCM through aberrant mRNA
splicing of sarcomere genes,” pointing towards a new aetiological mechan-
ism of cardiovascular diseases. Rbpms is an evolutionarily conserved RBP
that is highly expressed in heart and smooth muscle-enriched organs.®
Global knockout of Rbpms causes neonatal lethality in mice, which also
manifests as myocardium non-compaction and patent ductus arteriosus.”
Rbpms deficiency influences RNA alternative splicing in foetal mouse heart,
disrupting cardiomyocyte cytokinesis and causing premature cardiomyo-
cyte binucleation.” However, the cardiomyocyte-specific function of
Rbpms in the post-natal heart has not been explored, due to the neonatal
lethality in global knockout mice.

o Dilated cardiomyopathy e Titin ® Pdlim5

To address these questions, we generated a cardiac-specific Rbpms
knockout mouse. We found that cardiac deletion of Rbpms caused DCM
and heart failure. Unlike its role in the foetal heart, Rbpms mainly regulates
cardiomyocyte contractility in the adult heart. Knockdown of RBPMS in hu-
man induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
results in impaired contractility, highlighting its conserved role in mouse
and human cardiomyocyte contractility. We also found that RBPMS is
broadly associated with splicecosome factors and directly mediates target
gene splicing. Overall, our work reveals the post-natal cardiac functions
of Rbpms and provides insights into how RBP regulates cardiac function
in developing and adult hearts.

2. Methods
2.1 Study approval

Animal work described was approved and conducted under the oversight
of the University of Texas Southwestern Institutional Animal Care and Use
Committee.

2.2 Generation of Rbpms cKO mice

A mixture of Cas9 mRNA, a pair of Rbpms sgRNAs targeting sequences 5’
and 3’ of Rbpms exon 1, and corresponding single-stranded oligodeoxynu-
cleotide DNA (ssDNA, IDT Ultramer DNA Oligos) donors containing
loxP sequence were injected into the pronucleus and cytoplasm of
B6C3F1 mouse zygotes. Chimeric FO mice were crossed to C57BL/6
mice to establish germline transmission of the conditional allele. An equal
number of male and female mice were used in every animal experiment.

2.3 Mouse echocardiography

Cardiac function was evaluated by two-dimensional transthoracic echocar-
diography on conscious mice at 1, 2, or 5 months of age using a VisualSonics
Vevo2100 imaging system as described previously.” All measurements
were performed by an experienced operator blinded to the study.
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2.4 Mouse cardiomyocyte contractility and

calcium transient

Isolation of cardiomyocytes, contractility, and calcium transient analysis
were performed as previously described.® Cardiomyocytes were isolated
from mice at 2 months of age by Langendorff perfusion and collagenase di-
gestion. The contractility and calcium fluctuation of individual cardiomyo-
cytes were measured by the lonOptix Myocyte Calcium and Contractility
System.

2.5 Paired-end RNA sequencing (RNA-seq)

and alternative splicing analysis
RNA from 2-month-old heart ventricle tissues was extracted for
paired-end RNA-seq. The analysis was performed as previously described.”

2.6 RT-PCR analysis

Total RNA was extracted from mouse heart ventricular tissues or
hiPSC-CMs using Trizol and reverse transcribed using iScript Reverse
Transcription Supermix (Bio-Rad) with random primers.

2.7 Minigene reporter splicing assay

Ttn exon 11, Ttn exon 47, Pdlim5 exons 5 and 6, and flanking intronic se-
quences were cloned into Globin minigene reporter plasmid. HEK293 cells
were co-transfected with minigenes and Rbpms expression plasmid.
Forty-eight hours after transfection, RNA was extracted and reverse tran-
scribed into cDNAs. RT-PCR analysis was performed to check minigene
splicing patterns.

2.8 HiPSC-CMs culture and

electrophysiological analysis

All iPSC work was performed in compliance with the UT Southwestern
Stem Cell Research Oversight Committee. Human iPSCs were differen-
tiated using CHIR-99021 and WNT-C59 small molecules as previously de-
scribed.” Mature (4 months) hiPSC-CMs were plated on 35 mm glass
bottom dishes for contractility and calcium fluctuation measurements.

2.9 Statistical analysis
Results are expressed as mean + SEM. Unpaired two-tailed Student’s t-test
with Welch correction was performed to determine statistical significance.
P-values of <0.05 were considered significant.

More details can be found in the Supplementary Methods.

3. Results

3.1 Cardiac-specific deletion of Rbpms causes

early post-natal lethality and DCM in mice

Global Rbpms knockout (KO) mice show neonatal lethality, precluding the
analysis of its cardiac function in adulthood.” To circumvent this early le-
thality, we generated mice carrying a conditional allele of Rbpms by insert-
ing loxP sequences flanking Rbpms exon 1, using CRISPR-Cas9-mediated
homology-directed repair (HDR) (see Supplementary material online,
Figure S7A). Insertion of loxP sites was confirmed by PCR (see
Supplementary material online, Figure S1A). We intercrossed Rbpms™*
mice with Myh6-Cre mice to generate Myhé-Cre; Rbpms™ mice, referred
to as cardiac KO (cKO) mice. Myhé-Cre; Rbpms™* mice and Rbpms™!
mice were used as controls (CTLs). Heterozygous (HET) mice were
Myh6-Cre; Rbpms™*. Loss of RBPMS protein expression in cKO hearts
was confirmed by western blotting in 2-month-old mice, while its expres-
sion was not changed in kidney, intestine, or liver (Figure 1A; Supplementary
material online, Figure S1B).

Rbpms cKO mice showed early lethality starting from 73 days of age
(Figure 1B). All cKO mice died by 9 months of age, and their average lifespan

was 129 days (Figure 1B). The ratio of female to male cKO mice at weaning
was 1:1, suggesting that there was no gender-specific consequence of
Rbpms ablation (see Supplementary material online, Figure S1C, D). At 4
months of age, cKO hearts were larger than those of CTL mice
(Figure 1C top panel). Histological analysis revealed severely enlarged ven-
tricular chamber volume and thinner myocardium in cKO hearts, hallmarks
of DCM (Figure 1C). Masson’s trichrome staining revealed pervasive fibrosis
in the left ventricle (LV), right ventricle, and septum of the cKO hearts
(Figure 1C, D), accounting for ~20% of ventricular myocardium (Figure 1E).

To evaluate cardiac function of Rbpms cKO mice, we performed echo-
cardiographic analysis at 1 and 2 months of age (see Supplementary
material online, Table S1, $2). At 1 month of age, cKO hearts showed
mild reductions of left ventricular anterior and posterior wall thickness
(LVAW; s and LVPWV; s) and an increase of left ventricular internal diam-
eter at end systole (LVID; s) (see Supplementary material online,
Figure S1E-G), indicative of LV dilation. We also observed a mild reduction
of ejection fraction (EF%) in cKO mice compared to littermate CTL mice
(see Supplementary material online, Figure S1H). Consistent with these re-
sults, 1-month-old cKO hearts showed modest left ventricular chamber
dilation by H&E staining (see Supplementary material online, Figure S1I).
At 2 months of age, cKO hearts showed significantly reduced left ventricu-
lar wall thickness, increased internal dimension at end systole, and a signifi-
cant reduction in ejection fraction (Figure 1F—I; Supplementary material
online, Figure S1J). We observed a progressive worsening of cardiac con-
tractility in cKO hearts with age, and by 5 months of age, the EF% of the
cKO hearts was less than 40% (Figure 1)). At 4 months of age, cKO mice
had increased heart weight to body weight ratios compared to CTLs
(Figure 1K). We did not observe any obvious conduction defects in cKO
hearts, except for mild sinus arrhythmia (see Supplementary material
online, Figure STK). We found a strong correlation between the EF% at 2
months of age and the lifespan of cKO mice (R> = 0.80). Mice with higher
EF% at 2 months of age lived longer than mice with lower EF% (Figure 1L). In
addition, cKO hearts expressed significantly higher levels of the cardiac dis-
ease markers Nppa and Nppb at 2 months of age (Figure 1M, N). Intriguingly,
we observed a modest reduction of Rbpms2 expression in cKO hearts, in-
dicating the potential functional interaction between the two Rbpms
homologues (see Supplementary material online, Figure S1L). We did not
observe DCM phenotypes or reduced cardiac function in HET mice
(Figure 1F—l). Taken together, Rbpms cKO mice developed DCM, reduced
cardiac contractility, and died of heart failure.

3.2 Rbpms cKO hearts exhibit myocardial
non-compaction and progressive ventricular

dilation

We previously demonstrated that Rbpms KO hearts develop non-
compaction cardiomyopathy at birth, caused by defects in cardiomyocyte
cytokinesis and premature cardiomyocyte binucleation.” To investigate
whether neonatal cKO hearts recapitulate the non-compaction cardiomy-
opathy phenotype, we performed histological analysis of cKO hearts at P1,
P4, P7, and P14. At P1, like KO hearts, cKO hearts showed myocardium
non-compaction, as evidenced by the reduced compact zone thickness
and increased trabecular zone thickness in the LV (Figure 2A-C). There
was no significant difference in the LV compact or trabecular zone thick-
ness between cKO and KO hearts at P1 (see Supplementary material
online, Figure S2A, B), suggesting that cKO hearts recapitulated the non-
compaction cardiomyopathy of KO hearts.

Ploidy analysis revealed that cKO hearts had a higher percentage of bi-
nucleated cardiomyocytes than CTL hearts until P7, while hearts of both
genotypes reached a plateau of ~95% binucleated cardiomyocytes at
P10 (Figure 2D). Intriguingly, the percentage of binucleated cardiomyocytes
was similar in cKO and KO hearts at P1, indicating that premature binuclea-
tion is a result of cardiomyocyte-specific loss of Rbpms (see Supplementary
material online, Figure S2C). At 2 months of age, there was no difference in
the percentage of mononucleated cardiomyocytes between CTL and cKO
mice, but there was a modest decrease in the percentage of binucleated
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Figure 1 Cardiac-specific deletion of Rbpms causes early post-natal lethality and DCM in mice. (A) Western blot analysis showing RBPMS protein expression
in the hearts of Rbpms CTL and cKO mice at 2 months of age (n = 2 for CTL and cKO). GAPDH is a loading control. (B) Survival curve of Rbpms CTL, HET, and
cKO mice. (C) Whole mount (top panel), H&E (middle panel), and Masson’s trichrome-stained (bottom panel) coronal sections of CTL and cKO hearts at 4
months of age. Scale bar: 2 mm. (D) Masson’s trichrome staining showing regions of the left ventricle (LV), septum, and right ventricle (RV) of CTL and cKO
hearts at 4 months of age. Scale bar: 50 um. (E) Quantification of the percentage of fibrotic area over the whole myocardium in hearts at 4 months of age (n =5
for CTL and cKO). (F-l) Measurements of LV anterior wall thickness at end cardiac systole (LVAW; s), LV posterior wall thickness at end cardiac systole
(LVPW; s), LV internal dimension at end cardiac systole (LVID; s), and ejection fraction (EF%) of CTL (n = 5), HET (n = 3), and cKO (n = 7) hearts at 2 months
of age by echocardiography. (/) Comparison of EF% between CTL and cKO hearts at 1, 2, and 5 months of age (n =4-10 for CTL and cKO at each stage). (K)
Quantification of heart weight to body weight ratios of CTL and cKO mice at 4 months of age. CTL (n =5) and cKO (n =5). (L) Scatter diagram showing the
correlation between the EF% at 2 months of age and the life span of cKO mice (n=9). (M, N) Expression levels of Nppa and Nppb mRNA in CTL and cKO
hearts at 2 months of age, measured by RNA-seq (n =4 for CTL and cKO). All data are presented as mean + SEM. *P < 0.05, **P < 0.01; ***P < 0.001, by
Student’s t-test two-tailed for E, J, K, M, N, and by one-way ANOVA and post hoc analysis with Bonferroni correction for F, G, H, I.
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Figure 2 Rbpms cKO hearts exhibit myocardial non-compaction and progressive ventricular dilation. (A) Representative H&E images of CTL and cKO hearts
at post-natal (P) days P1, P4, P7, P14. Scale bar: 500 um. (B, C) Measurements of left ventricle (LV) compact myocardium, and trabecular zone thicknesses in
coronal sections of P1 hearts at the level of papillary muscle roots (n =5 for CTL and cKO). (D) Percentage of binucleated cardiomyocytes in CTL and cKO
hearts at the indicated post-natal days (n = 3—6 for CTL and cKO mice at each stage, average 100-200 cardiomyocytes per mouse). (E) Representative im-
munofluorescence images of CTL and cKO hearts at P1 stained for AURKB and cTnT. Scale bar: 25 um. White arrows indicate AURKB-positive midbodies
between nuclei. (F) Percentage of AURKB-positive midbodies in CTL and cKO hearts at the indicated post-natal days (n = 5—7 for CTL and cKO at each stage).
CM, cardiomyocyte. (G, H) Immunofluorescence staining for phosphorylated histone H3 (pH3), cTnl, and DAPI of CTL and cKO myocardium at P1 (G) and
percentage of pH3+ CM nuclei (H). White arrows indicate pH3-positive CM nuclei. CTL (n = 5) and cKO (n = 4). P-value represents result of t-test. Scale bar:
25 um. () Total cardiomyocyte (CM) number in CTL and cKO hearts at P14 (n = 3 for CTL and cKO). All data are presented as mean + SEM. *¥P < 0.05, **P <

0.01; ***P < 0.001, by Student’s t-test two-tailed for B-D, F, H, I.

cardiomyocytes and an increase in multi-nucleated cardiomyocytes in cKO
mice (see Supplementary material online, Figure S2D). Similar to the global
KO mice, cKO hearts also showed reduced cardiomyocyte cytokinesis un-
til P7, as evidenced by Aurora kinase B staining (Figure 2E, F). By phospho

histone H3 (pH3) staining, we also observed a significant reduction of car-
diomyocyte proliferation in P1 cKO hearts compared to CTLs, suggesting a
proliferation defect in cKO hearts (Figure 2G, H). Additionally, there were
fewer cardiomyocytes in cKO hearts than CTLs at P14 (Figure 2[). Taken
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together, these results suggest that the cardiomyocyte-specific loss of
Rbpms causes cardiomyocyte cytokinesis defects, premature binucleation,
and non-compaction cardiomyopathy during development.

3.3 Cardiac-specific loss of Rbpms causes

cardiomyocyte contractile defects

To evaluate cardiomyocyte contractility, we isolated single cardiomyocytes
from cKO and CTL hearts at 2 months of age and measured their contract-
ility using the lonOptix Calcium and Contractility System. We found a
significant reduction in the fractional shortening (FS%) of cKO cardiomyo-
cytes compared to CTLs (Figure 3A, B). cKO cardiomyocytes also showed
significantly decreased maximum velocities of sarcomere shortening
and relaxation, suggesting a defect in E-C coupling (Figure 3C, D;
Supplementary material online, Table $3). Additionally, the irregular con-
traction, as exemplified in Figure 3A, appeared more frequently in cKO car-
diomyocytes than CTLs (Figure 3E). The reduced contractility of cKO
cardiomyocytes corroborates the reduced cardiac contractility in cKO
mice at the organ level (see Supplementary material online, Table S7).
Ultrastructural analysis of cKO and CTL hearts by electron microscopy
did not reveal any obvious difference in sarcomere structures at 2 months
of age (see Supplementary material online, Figure S3A-D), suggesting that

the impaired contraction of cKO cardiomyocytes was not caused by sarco-
mere disorganization. There was a mild decrease of sarcomere width in cKO
cardiomyocytes, while basal sarcomere length was unchanged between cKO
and CTL hearts (see Supplementary material online, Figure S3E, F). We did
not observe obvious changes in mitochondrial morphology or density be-
tween cKO and CTL cardiomyocytes (see Supplementary material online,
Figure S3G, H). Morphological analysis of binucleated cardiomyocytes, which
represent 80-90% of adult cardiomyocytes, revealed that cKO cardiomyo-
cytes were longer, with no difference in width compared to CTL cardiomyo-
cytes (see Supplementary material online, Figure S3I-L). cKO cardiomyocyte
area was larger than that of CTL (see Supplementary material online,
Figure S3M). We reasoned that the morphological changes of cKO cardio-
myocytes are an adaptive outcome due to DCM and chronic overload of
the cKO hearts. We also analysed the calcium transients of cKO and CTL
cardiomyocytes but did not observe any difference in calcium amplitude
measured by calcium fluorescent ratio, release, or reuptake maximum vel-
ocities (see Supplementary material online, Figure S3N-Q; Supplementary
material online, Table $4). Taken together, these results suggest that the ab-
sence of Rbpms does not alter calcium fluctuation in adult cardiomyocytes.
To determine how the cardiomyocyte contractile defect influences the myo-
cardial contractile force, we isolated single cardiac papillary muscles and
found that cKO myocardium generated a significantly lower twitch force
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Figure 3 Rbpms cKO hearts display cardiomyocyte contractile defects. (A) Representative sarcomere shortening images of single isolated CTL and cKO
cardiomyocytes at 2 months of age. (B—D) Measurements of sarcomere fractional shortening at peak contraction, shortening velocity, and relaxation velocity

of individual cardiomyocytes during the contraction cycle (n=6 for CTL and

n=5 cKO mice at each stage, average 10-20 cardiomyocytes per mouse).

(E) Quantification of the number and frequency of abnormal contraction in single isolated CTL and cKO cardiomyocytes at 2 months of age.
(F) Measurements of twitch force of isolated cardiac papillary muscles from CTL and cKO mice at 2 months of age (n =4 for CTL and n=6 cKO mice).
(G) Representative recordings of stimulated twitches of cardiac papillary muscle from CTL and cKO mice with a beating rate of 1 Hz. All data are presented
as mean + SEM. *P < 0.05; ***P < 0.001, by Student’s t-test two-tailed for B, C, D, F.
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than CTL (Figure 3F, G). We conclude that the contractile defect of cKO car-
diomyocytes causes reduced myocardial contractility, contributing to DCM.

3.4 RBPMS associates with spliceosome

factors

To further understand the functions of RBPMS, we performed a proximity-
dependent biotin identification (BiolD) assay in neonatal rat ventricular
cardiomyocytes (NRVMs) to identify RBPMS interaction partners.
NRVMs were infected with adenovirus expressing Rbpms fused to biotin
ligase (miniTurbo), followed by biotin or vehicle treatment and mass spec-
trometry (see Supplementary material online, Figure S4A, B). In total, we
identified 233 proteins labelled by RBPMS-miniTurbo that were at least
two-fold enriched compared with controls, which were not treated with
biotin (Figure 4A; Supplementary material online, Table S5).

Gene Ontology (GO) analysis revealed that RBPMS-interacting proteins
were significantly enriched in regulation of mMRNA metabolic process,
RNA splicing, and regulation of RNA splicing (Figure 4B). We clustered the
identified binding partners according to their molecular functions and found
that RBPMS was broadly associated with hnRNPs that participate in
pre-mRNA splicing, such as HNRNPA1 and HNRNPA2/B1. RBPMS also in-
teracted with multiple U2 small nuclear ribonucleoprotein (snRNP) factors,
such as SF3A1 and SF3B1, and some U4-U6 snRNPs, such as SART3
(Figure 4C). Intriguingly, RBPMS was in close proximity to many RBPs that
are known to regulate heart development and cardiac function, such as
MBNL1,” QKI,"® CELF1/2,"" FXR1,'* RBM20°, RBFOX1,"* and GATA4, a
cardiogenic transcription factor that has been shown to mediate RNA spli-
cing in cardiac progenitor cells™ (Figure 4C). To confirm the interaction of
RBPMS with the identified binding partners, we overexpressed RBPMS via
adenovirus infection in hiPSC-CMs and performed co-immunoprecipitation
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Figure 4 RBPMS is broadly associated with spliceosome factors. (A) Scatter plot showing the relative abundance and fold change over control of proteins
identified in the BiolD assay labelled by RBPMS. The red dots indicate proteins with log2(Fold Change) >2 (n=233), and the green dot indicates
RBPMS-miniTurbo protein as a positive control. (B) Top GO terms for all identified RBPMS-interacting proteins with log2(Fold Change) > 2. (C) The identified
RBPMS-interacting proteins are grouped according to snRNP association and RBPs in heart. (D) Western blot analysis showing the co-IP assay to validate
identified RBPMS-interacting partners in hiPSC-derived cardiomyocyte lysate with Rbpms overexpression. RBPMS was immunoprecipitated by an RBPMS anti-

body, and blots were probed by different target antibodies.
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(co-IP) for RBPMS. We validated that HNRNPA1, HNRNPM, GATA4, and
RBM?20 were bound to RBPMS (Figure 4D). These results demonstrated that
RBPMS is broadly associated with spliccosome factors in both murine and
human cardiomyocytes, supporting its roles in mediating RNA splicing.
Additionally, we found that RBPMS is widely associated with other cardiac
RBPs, suggesting that RBPMS may function synergistically with these RBPs.

3.5 RBPMS regulates alternative RNA

splicing in adult hearts

RBPMS mediates alternative RNA splicing in the neonatal heart and
smooth muscle.”"® To determine whether RBPMS also regulates RNA spli-
cing in adult hearts, we performed paired-end RNA sequencing with CTL
and cKO hearts (n =4 per group) at 2 months of age. A total of 207 genes
were down-regulated, and 436 genes were up-regulated in cKO hearts
compared to CTLs (see Supplementary material online, Figure S5A).
GO analysis revealed that extracellular matrix organization pathways
were the most up-regulated in cKO hearts, while pathways related to heart
rhythm and cardiac conduction were down-regulated (see Supplementary
material online, Figure S5B). Replicate multivariate analysis of transcript spli-
cing (rMATS) identified a total of 320 differential alternative splicing events
(ASEs) from 245 genes between CTL and cKO hearts (see Supplementary
material online, Figure S5C). The most common ASEs were skipped exons,
representing 71.2% of the total ASEs, followed by mutually exclusive exons
(MXEs, 8.8%), retained introns (R, 8.1%), alternative 3’ splice sites (A3SS,
7.2%), and alternative 5’ splice sites (A5SS, 4.7%) (Figure 5A). GO analysis of
the differential ASE gene targets revealed that actin cytoskeleton organiza-
tion, muscle contraction, and cardiac muscle contraction were the most
enriched biological pathways (Figure 5B). The top-ranked ASE targets in-
cluded Ttn, Pdlim5, Nexn, Cacna2d1, and Camk2d, which are central to car-
diomyocyte contractility (see Supplementary material online, Figure S5C).
We validated these ASEs in CTL and cKO hearts by RT-PCR analysis
with primer pairs that distinguish different splicing variants (Figure 5C;
Supplementary material online, Figure S5D).

To investigate how ASEs in adult cKO hearts influence protein expres-
sion, we first looked into Ttn. In cKO hearts, both exons 11 and 47 of Ttn
were skipped, generating a shorter splice isoform of Ttn missing the two
exons (Figure 5D). rMATS analysis revealed that the per cent of Ttn exon
11 inclusion in cKO hearts was 20.1% compared to 94.6% in CTLs (see
Supplementary material online, Figure S5E). Similarly, the per cent of Ttn
exon 47 inclusion was 16.3% in cKO hearts, compared to 99.7% in CTLs
(see Supplementary material online, Figure S5F). Ttn exons 11 and 47 skip-
ping events in cKO hearts were confirmed by sequencing of the RT-PCR
products (see Supplementary material online, Figure S5G, H). Exon 11 en-
codes part of the proximal Ig domains that anchor Titin to the Z-line, while
exon 47 encodes the N2B-unique sequence (N2B-Us) that modulates elas-
ticity of the Titin filament of the sarcomere (Figure 5D). Next, we per-
formed SDS-agarose gel electrophoresis to evaluate expression of Titin
protein. We found that cKO hearts expressed truncated Titin N2BA
and N2B isoforms (tN2BA and tN2B), indicating that the skipping of exons
11 and 47 in cKO hearts leads to expression of shorter Titin proteins
(Figure 5E). Intriguingly, we found that the ratio of the foetal isoform
tN2BA to the adult isoform tN2B was significantly increased in cKO hearts
(Figure 5F). Overall, we found that the absence of Rbpms in adult hearts
caused skipping of Ttn exons 11 and 47, generating truncated forms of
Titin tN2BA and tN2B. The absence of Rbpms also caused increased ex-
pression of the foetal isoform tN2BA, which could potentially impair car-
diomyocyte contraction.

We also analysed the splicing of other sarcomeric genes related to car-
diomyocyte contractility, including Pdlim5 and Nexn. Two Pdlim5 short iso-
forms are expressed in the adult heart, as a result of MXE of exon 5 and
exon 6: Enh4, which contains exon 6, and Enh3 containing exon 516
(Figure 5G). Enh4 is shorter than Enh3, because exon 6 is smaller than
exon 5, and Enh4 is the more abundant isoform in adult heart. We de-
tected a prominent Pdlim5 exon 5 and exon 6 MXE between CTL and
cKO hearts. In CTL hearts, exon 6 was included in 98.1% of Pdlim5 tran-
scripts, while only 1.9% of exon 5 was included, consistent with the

Enh4 being abundant in the adult hearts. In contrast, only 6.3% of exon 6
inclusion was observed in cKO hearts, while the exon 5 inclusion per
cent was 93.7% (see Supplementary material online, Figure S5/). These re-
sults were confirmed by RT-PCR (Pdlim5-EX5,6) and sequencing
(Figure 5C; Supplementary material online, Figure S5/). We performed west-
ern blotting to evaluate the expression of PDLIMS5 in adult cKO and CTL
hearts. As expected, we detected the larger ENH3 isoform in cKO hearts,
but not in CTLs (Figure 5l). However, functional differences between
ENH3 and ENH4 are not understood.

In cKO hearts, Nexn exon 5 inclusion was 16.7%, which was significantly
lower than that of CTLs (37.1%) (see Supplementary material online,
Figure S5K, L). Nexn exon 5 encodes a 14-amino acid region located in
the first F-actin—binding domain of Nexilin, influencing its cross-linking ac-
tivity with F-actin'” (Figure 5H). Nexn with exon 5 encodes a longer isoform
(long), and Nexn without exon 5 encodes a shorter isoform (short), both of
which are identifiable by western blotting. As expected, cKO hearts ex-
pressed higher levels of the short isoform than CTLs (Figure 5I, J). Taken
together, the presence of new protein variants of Titin, PDLIMS5, and
Nexilin protein variants confirmed the alternative RNA splicing events
identified from paired-end RNA sequencing and rMATS analysis.

In our previous study, we found that RBPMS mainly regulates the splicing
of cytoskeleton-associated genes and cardiomyocyte cytokinesis.” We per-
formed RT—PCR analysis to determine whether the ASEs identified from
the adult cKO hearts also exist in P1 cKO hearts. Pdlim5 was identified
as an alternatively spliced gene in both adult and P1 hearts. Consistent
with our previous findings,” the Pdlim5 short isoform was expressed at sig-
nificantly higher levels in P1 cKO hearts due to the inclusion of exon 8 com-
pared to CTL, while no difference was observed in the long isoform (see
Supplementary material online, Figure S5M). However, in the adult heart,
we did not detect any difference in the Pdlim5 long or short isoforms in
adult cKO and CTL hearts, suggesting that RBPMS does not mediate
Pdlim5 exon 8 splicing in adult hearts (Figure 5C). For Pdlim5 exon 5 and
6 MXEs, we detected a unique 137 bp band by RT-PCR in cKO hearts
due to exon 6 inclusion (see Supplementary material online, Figure S5M).
This pattern is different from adult hearts, in which exon 6 was predomin-
antly preserved in CTL, while exon 5 was predominantly preserved in the
cKO (Figure 5C; Supplementary material online, Figure S5I). Therefore, the
splicing of Pdlim5 is distinct between P1 and adult cKO hearts. Ttn is an-
other gene manifesting different ASEs between P1 and adult cKO hearts.
We found that Ttn contained exon 47 in both cKO and CTL transcripts
at P1 (see Supplementary material online, Figure S5M). These results dem-
onstrate that RBPMS exerts a stage-specific influence on target gene spli-
cing between neonatal and adult hearts.

3.6 RBPMS directly modulates exon splicing

of target genes

To address whether RBPMS directly regulates exon splicing of target genes,
we developed a minigene reporter assay. Briefly, Ttn exon 11, exon 47,
Pdlim5 exons 5 and 6, and their surrounding intronic sequences were
cloned into minigene reporter plasmids, containing splicing reporter exons
(G-EX1, G-EX3) flanking testing exons (Figure 6A—C). We co-transfected
HEK293 cells with low (+) or high (++) amounts of the RBPMS expression
plasmids and minigene reporter plasmids of target exons. Consistent with
findings in the heart (Figure 5C), RBPMS promoted the inclusion of Ttn exon
11 and exon 47 in the minigene splicing assay (Figure 6A, B; Supplementary
material online, Figure S6A). We also observed that Pdlim5 exon 5 was
skipped and exon 6 was preserved by the expression of RBPMS
(Figure 6C), which recapitulated the observations in the adult mouse heart
(Figure 5C). These results suggest that RBPMS directly modulates Ttn and
Pdlim5 exon splicing in vitro. To ensure the specificity of RBPMS in the mini-
gene assay, we co-transfected HEK293 cells with the complete minigene
reporter containing three reporter exons (G-EX1, G-EX2, G-EX3) and
the RBPMS expression plasmid. RBPMS did not influence the splicing of
the reporter, suggesting that the exon splicing by RBPMS s target-specific
(see Supplementary material online, Figure S6B).
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Figure 5 RBPMS mediates alternative RNA splicing in adult hearts. (A) Pie chart showing the percentage of different ASEs between CTL and cKO mice (FDR
< 0.01). SE, skipped exon; MXE, mutually exclusive exon; Rl, retained intron; A3SS, alternative 3’ splice site; A5SS, alternative 5’ splice site. (B) Top GO terms
for differential ASE genes identified by rMATS between CTL and cKO. (C) Representative RT-PCR confirmation of splicing events at 2 months of age, and
schematic diagram of SE events based on rMATS analysis. Solid blue lines indicate normal splicing events in CTL hearts, and dashed blue lines indicate abnormal
events in cKO hearts. Red arrows indicate the locations of primers used for the RT—PCR analysis (n = 3 for CTL and cKO). (D) Schematic diagram showing Ttn
exon skipping events based on rMATS analysis and protein variants encoded in CTL and cKO hearts, respectively. (E) SDS-polyacrylamide gel electrophoresis
blot showing high molecular-weight proteins in CTL and cKO hearts at 2 months of age (n = 3 for CTL and cKO). Black arrows in the top panel indicate Titin
N2BA/N2B (tN2BA/tN2B) isoforms, and the bottom panel shows the MHC expression as a loading control. (F) Quantification of the relative expression ratio
of Titin N2BA to N2B isoforms in CTL and cKO hearts from (E) (n =3 for CTL and cKO). (G) Schematic diagram showing Pdlim5 exon mutually exclusive
event based on rMATS analysis, and the protein domain encoded by each exon. (H) Schematic diagram showing Nexn exon skipping event based on rMATS
analysis and the protein domain encoded by each exon. (I) Western blot analysis showing PDLIMS5, Nexilin, RBPMS protein expression in the hearts of CTL
and cKO mice at 2 months of age (n = 3 for CTL and cKO). GAPDH is a loading control. (/) Quantification of the relative expression ratio of Nexilin long to
short isoforms in CTL and cKO hearts from | (n =3 for CTL and cKO). All data are presented as mean + SEM. *P < 0.05, #*¥P < 0.01, by Student’s t-test
two-tailed for F, |.



RBPMS regulates cardiac function by RNA splicing

65

A B C A
Ttn-EX11 4 G-EX1 [ EX11 HG-Ex3}- Tin-EX47- G-Ex1H EX| 47 HG-EX3}- Pdlim5-EX5, 6 < G-EX1 EX5 F EX6 [ G-EX3]
Rbpms - + ++ bp Rbpms - + ++ bp Rbpms + ++ bp
Tn-EXT1 W e 320 =T 1,253 Il —283 LT 1
D w191 [T Tin-EX47 Pdiim5-EX5, 6
- ey -208 1T
Gapdh W s w— [ 1  — — - -191 11
Gapdh wees w— — Gapdh - ——
D Flag E F
FlagRePms [l [ RRM___ | ] Tn-Ex11 {G-Ex1H EX11 FHG-EX3} Ttn-EX47-{G-Ex1 - EX| 47 FHGEX3}
114 1 197
lag _ FoPA KIQOE FE5A/ FE5A/
Flag-RBPMS- I ™" RRM | ] Rbpms WT - K100E bp Rbpms WT - K100E bp
FESA/KT00E ~45g i o7 —-— 329 =T 1,253 T ]
Rasty T —— ‘
F65A/ pona Ttn-EX47 |
Flag-Rbpms WT - K100E kDa Gapdh | — — 191 T
Fiag IR 23
Gapdh | - ——
GAPDH (I D W 36 P
G

Ttn-EX11— G-EX1— EX11 FHG-EX3}-

“CAC” to “AAA”

Ttn-EX11 mutant ={ G-EX1 - EX11 F{G-EX3}-

Rbpms - + - + - + Rbpms -
Minigene - - + + mut mut bp Minigene -
e —329 T—T1T ]
Ttn-EX11
- e e —191 T
Ttn-EX47

Gapdh S D G SED S S

Ttn-Ex47 4 G-EX1H EX[ 47 HG-Ex3}-

“CAC” to “AAA”

Ttn-EX47 mutant — G-EX1 |—‘/| EX | 47 FHG-Ex3}-

+ - + - +
- + + mut mut bp

—-1,253 1T ]

— s w— 191 T

Gapdh i S G S S S

Figure 6 RBPMS directly modulates exon splicing of target genes. (A—C) Schematic of the Ttn exon 11 (EX11), Ttn exon 47 (EX47), and Pdlim5 exon 5 and 6
(EXS5, EX6) minigene reporter constructs. Minigene reporter constructs were transfected alone or with low (+), high (++)-dose Rbpms-expressing vector in
HEK293 cells. Exon inclusion events were evaluated by RT—PCR analysis. (D) Schematic of RBPMS and RBPMS-F65A/K100E mutant protein structures.
Western blot analysis showing RBPMS and mutant protein expression in HEK293 cells. (E, F) RT-PCR analysis showing minigene reporter splicing results

of Ttn-EX11 and Ttn-EX47 by wildtype (WT) or F65A/K100E mutant RBPMS.

(G, H) Schematic of the minigene reporter constructs containing wildtype

and intronic CAC-motif mutated Ttn exon 11 (EX11) and Ttn exon 47 (EX47). Minigene reporter constructs were transfected alone or with
Rbpms-expression vector in HEK293 cells. Exon inclusion event was evaluated by RT—PCR analysis.

RBPMS contains an RNA recognition motif (RRM), which facilitates its
recognition of RNAs. Crystallographic structural analysis of the RBPMS
RRM domain revealed the direct binding of the RRM to RNA.'® RBPMS
RRM mutagenesis demonstrated that Phe65 (F65) and Lys100 (K100)
are essential for RNA binding.18 To determine whether the target splicing
activity of RBPMS requires its RNA binding capacity, we created a mutant
RBPMS expression construct carrying two RRM-mutations (F65A/K100E)
that abolish its RNA binding capacity (Figure 6D). It has been shown that
these two mutations do not change the subcellular localization of
RBPMS."® RBPMS-F65A/K100E was stably expressed in HEK293 cells
(Figure 6D). We found that RBPMS-F65A/K100E was unable to preserve
Ttn exon 11 or exon 47 in the minigene reporter assay (Figure 6E, F), sug-
gesting that RBPMS modulates alternative RNA splicing through the
RRM-RNA binding domain. RBPMS recognizes and binds to RNAs through
the tandem CAC clusters in the flanking intronic regions of target
exons.” "1 To gain more mechanistic insights into how RBPMS

modulates target exon splicing, we mutated all CAC motifs to AAA in
the flanking intronic regions of Ttn exon 11 and exon 47 minigenes. In
both cases, mutations of CAC motifs completely ablated the inclusion of
target exons (Figure 6G, H). Together, these results show that RBPMS dir-
ectly regulates exon splicing of its target genes through recognizing the in-
tronic CAC moitifs.

3.7 RBPMS knockdown in hiPSC-CMs causes

contractile defects

To further understand how RBPMS influences cardiomyocyte contractility,
we performed acute RBPMS knockdown by small hairpin RNA (shRNA) in
hiPSC-CMs. Among the five shRNAs tested, we identified shRNA-659 to
be the most efficient in reducing RBPMS mRNA to around 10% of control
levels (see Supplementary material online, Figure S7A). We infected WT
hiPSC-CMs with retrovirus expressing shRNA-659 and confirmed the
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knockdown of RBPMS protein by western blot analysis (Figure 7A).
Individual hiPSC-CM contractility was measured by the cytomotion mod-
ule of the lonOptix Myocyte Calcium and Contractility System. We ob-
served significantly reduced cardiomyocyte contractility upon RBPMS
knockdown (Figure 7B, C), suggesting that the acute loss of RBPMS in ma-
ture cardiomyocytes impairs contractility. Consistent with observations
from adult mouse cardiomyocytes (see Supplementary material online,
Figure S3N-Q), we did not see obvious defects in calcium handling in
RBPMS knockdown hiPSC-CMs (see Supplementary material online,
Figure S7B, C), confirming that RBPMS deficiency does not disrupt
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Figure 7 RBPMS knockdown in hiPSC-CMs causes contractile defects.
(A) Western blot analysis showing RBPMS protein expression in control
hiPSC-CMs or hiPSC-CMs infected with retrovirus expressing scramble
shRNA or shRNA-659. (B) Representative recording traces of individual
hiPSC-CM treated with scramble shRNA and shRNA-659 (48 h) follow-
ing field stimulation of 1 Hz. (C) Quantification of hiPSC-CM contractility
by lonOptix cytomotion software (n = 38 for scramble group and n =24
for shRNA-659 group). (D) Representative RT—PCR results of splicing
events in hiPSC-CMs. All data are presented as mean + SEM. *#*%P <
0.001, by Student’s t-test two-tailed for C.

cardiomyocyte calcium handling. To investigate how RBPMS knockdown
influences alternative RNA splicing in hiPSC-CMs, we performed RT-
PCR analysis for ASEs identified from adult cKO hearts. We found that
the knockdown of RBPMS in hiPSC-CMs recapitulated some ASEs in
cKO hearts, such as TTN exon 48 (equivalent to mouse Ttn exon 47),
TTN exon 11, and NEXN exon 5 (Figure 7D, 5C). RBPMS knockdown in
hiPSC-CMs did not recapitulate the PDLIM5 exon 5 and exon 6 MXE in
mouse heart. In WT and RBPMS knockdown hiPSC-CMs, we observed
equal amounts of PDLIM5 exon 4 (equivalent to mouse Pdlim5 exon 5)
inclusion (Figure 7D). We conclude that these shared ASEs in mouse and
human cardiomyocytes contribute to the impaired cardiomyocyte con-
tractility in RBPMS deficiency.

4. Discussion

A major conclusion of this work is that Rbpms is essential for cardiomyo-
cyte contractility and post-natal cardiac function. Mechanistically, RBPMS is
a key regulator of sarcomeric gene splicing that modulates cardiomyocyte
contraction.

4.1 RBPMS plays essential roles in DCM and

cardiomyocyte contractility

Mutations in sarcomere genes, such as TTN (14.6%), MYH7 (5.3%), TNNT2
(2.9%), and TPM1 (1.9%), are common causes of DCM.%?%"2 |nstead of in-
fluencing a single sarcomere gene, RBPs can exert profound effects on the
splicing of a variety of genes. Indeed, Rbpms deletion causes abnormal spli-
cing of multiple genes related to sarcomere structure and cardiomyocyte
contractility such as Ttn, Pdlim5, and Nexn, generating novel protein iso-
forms. Titin serves as a molecular spring spanning the Z disk and the
M-band of the cardiomyocyte sarcomere and is a major determinant of
cardiomyocyte passive tension during contraction.** Truncation mutations
of TTN are common genetic causes of DCM in humans, accounting for
~25% of familial cases of idiopathic DCM and 18% of sporadic cases.”>?®
In the heart, the two major isoforms of Titin: N2BA (foetal isoform) and
N2B (adult isoform) both contain the N2B-Us encoded by exon 48, a un-
ique region of cardiac Titin.”’ ! Besides acting as a molecular spring,
N2B-Us is also a key signalling hub regulated by various kinases that affect
its mechanical properties.? Mutations in the N2B-Us region cause
DCM.?33 We demonstrated that RBPMS is required to maintain the inclu-
sion of Ttn exon 47 (equivalent to human TTN exon 48) specifically in adult
hearts, while the absence of Rbpms causes shorter Titin proteins missing
the N2B-Us. It has been shown that the deletion of N2B-Us in the mouse
heart altered cardiac contractility.30 Thus, it is likely that the truncated Titin
proteins contribute to the contractile defects in adult cKO cardiomyo-
cytes. Besides Ttn, RBPMS also regulates splicing of other sarcomeric and
cytoskeletal genes. Therefore, cardiomyocyte contractile defects in cKO
hearts are likely a combinatorial result of various abnormal ASEs, contrib-
uting to DCM and heart failure. We did not observe changes of calcium
handling or sarcomere ultrastructure in cKO hearts. One recent study re-
ported the loss-of-function effects of RBPMS2, a homologue of RBPMS, on
cardiomyocyte myofibril structure and calcium handling.>* Therefore, it is
likely that RBPMS and RBPMS2 work synergistically and complementarily in
regulating cardiomyocyte physiology, highlighting the essential roles of the
RBPMS gene family in the heart.

4.2 RBPMS associates with spliceosomes to

mediate ASEs

Among the 233 identified binding partners of RBPMS, we highlighted two
major families of splicing factors: the hnRNPs and U2 snRNPs. hnRNPs re-
present a large family of RBPs regulating RNA alternative splicing, stabiliza-
tion, and translation.> RBPMS was found to interact with nearly every
member of splicing-related hnRNPs, such as HNRNPA1, HNRNPA2/B1,
and HNRNPM. hnRNPs often bind to exonic splicing silencers (ESSs)
that inhibit inclusion of the exon they reside in.*® The U2 snRNPs are
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essential components of the spliccosome, which binds to the intron’s
branch point during splicing®’ and RBPMS is associated with the core
U2 snRNP components SF3A1 and SF3B1. These results indicate that
RBPMS is directly associated with splicing factors. We therefore speculate
that RBPMS mediates RNA alternative splicing by interacting with hnRNPs
and U2 snRNPs to determine splicing sites, and thus the exclusion or inclu-
sion of exons. Further investigation is needed to elucidate the detailed
mechanism whereby RBPMS interacts with those factors in regulating
splicing. Intriguingly, we found that RBPMS also interacts with GATA4, a
canonical cardiac transcription factor and a non-canonical splicing regula-
tor.”*3® GATA4 dysfunction causes various human congenital heart
defects, including ventricular septal defects and non-compaction cardiomy-
opathy,”'40 which were also seen in Rbpms KO mice.” It will be interesting
to investigate the functional interactions between RBPMS and GATA4 as
they might relate to congenital heart defects. According to the RBPMS in-
teractome, RBPMS may not only regulate RNA splicing but also involve in
other aspects of RNA processing, including synthesis, folding/unfolding,
modification, processing, and degradation (Figure 4B). Actually, a previous
study demonstrated a potential role of RBPMS in regulating mRNA subcel-
lular localization in stress granules.19 Another study proposed a role of
RBPMS in sequestering RNAs in germinal granules and repression of trans-
lation.* We also observed ‘stress granule assembly’ among the top GO
terms from RBPMS-interacting partners. Further study is needed to ex-
plore the additional roles of RBPMS in RNA processing in the heart.

4.3 Stage-specific RNA splicing by RBPMS

Our study demonstrated that Rbpms has a significant impact on alternative
RNA splicing in both neonatal and adult hearts, but the target profiles are
highly different between the two stages. Phenotypic analysis revealed that
Rbpms regulates cardiomyocyte cytokinesis and proliferation exclusively in
neonatal hearts, and influences cardiomyocyte contractility in adult hearts.
These results highlight the stage-specific roles of RBPMS in the heart.

In our previous study, we validated Pdlim5 as a major splicing target of
RBPMS in foetal cardiomyocytes and found that RBPMS mediates the
exclusion of Pdlim5 exon 8, which contains a stop codon and determines
expression of the long and short isoforms.” The current study revealed
that the Pdlim5 exon 8 ASE does not occur in adult cKO hearts. Splicing
of Pdlim5 is not only mediated by RBPMS but also by other RBPs. For in-
stance, QK| mediates the splicing of Pdlim5 exons 9, 10, and 11,10 MBNL1
mediates the splicing of Pdlim5 exons 7 and 8% and RBM20 and RBM24 co-
operatively mediate the inclusion of Pdlim5 exon 8" Ttn is another
top-ranked splicing target of RBPMS, and we demonstrated that RBPMS
mediates Ttn exon 47 inclusion exclusively in adult hearts. Ttn is also a com-
mon splicing target of different cardiac RBPs. For instance, Rbm20
loss-of-function causes retention of Ttn exon 8 of the PEVK region, generat-
ing a pathological Titin isoform;> QKI and RBM24 have also been shown to
mediate Ttn splicing in the heart.'®** Interestingly, we found that RBPMS is in
close proximity with all these RBPs in cardiomyocytes, indicating that they
may work synergistically in mediating splicing of different exons of a gene.
Given that the expression of different RBPs is not synchronized during devel-
opment, the specificity of the spliccosome may be altered due to different
dosage contributions of RBPs at different stages, which potentially leads to
the stage-specific alternative splicing by each RBP. It would be interesting
to investigate how different RBPs cooperate in driving pre-mRNA splicing
and maturation in the heart, which will broaden our understanding of the
regulatory network underlying heart development and disease.
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Translational perspective

RNA binding proteins are associated with cardiovascular diseases through modulating RNA post-transcriptional modifications. Our previous study
revealed that Rbpms deficiency caused non-compaction cardiomyopathy and patent ductus arteriosus in mice. Our current study demonstrates
that Rbpms mainly regulates cardiomyocyte contraction in the adult heart, as cardiac-specific Rbpms knockout leads to dilated cardiomyopathy and
heart failure. RBPMS mediates the alternative splicing of key sarcomeric components in the adult heart, including Ttn, Pdlim5, and Nexn. These findings
indicate that RBPMS is an essential regulator of cardiac function. A better understanding of its function will provide new therapeutic opportunities for

cardiovascular diseases.
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