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Abstract

Alternative splicing (AS) plays a major role in the generation of transcript diversity. In the
heart, roles have been described for some AS variants, but the global impact and regulation of
AS patterns are poorly understood. Here, we studied the AS profiles in heart disease, their
relationship with heart development and the regulatory mechanisms controlling AS dynamics in
the mouse heart. We found that AS profiles characterized the different groups and that AS and
gene expression changes affected independent genes and biological functions. Moreover, AS
changes, specifically in heart disease, were associated with potential protein-protein interaction
changes. While developmental transitions were mainly driven by the upregulation of MBNL1,
AS changes in disease were driven by a complex regulatory network, where PTBP1 played a
central role. Indeed, PTBP1 over-expression was sufficient to induce cardiac hypertrophy and

diastolic dysfunction, potentially by perturbing AS patterns.
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Introduction

Cardiovascular diseases are the leading cause of mortality and morbidity worldwide. In the
USA, the prevalence ofcoronary heart disease is 6.3% among adults aged above 19 years and
accounts for more than half of cardiovascularevents in individuals <75 years old [1]. Aortic
stenosis has a prevalence of 0.4% in the entire US population, rising to 2.8% among the
elderly. Despite improvements in our knowledge about gene expression (GE) patterns,
understanding of the molecular mechanisms underlying the developmentof heart disease remains
incomplete [2]. Specifically, thereis poor understanding of the role and regulation of different
transcript isoforms generated by Alternative splicing (AS). AS enables the generation of different
transcripts from a single gene. Comparative studies suggest that AS might be particularly
important for the function of brain, heart, and skeletal muscle [3]. In the heart, regulation of
AS during postnatal development is important for proper fiber maturation, such as through the
regulation of passive stiffnessby differential inclusion of Titin exons [4]. Many disease causing
mutations affect AS, further supporting its physiological relevance [2]. For example,
myotonic dystrophy (MD) is caused by expansion of CTG repeats in the DM protein kinase
(DMPK) 3° UTR. These sequences sequester MBNL1 and preclude its binding to other targets for
AS regulation [5].

The study of the AS landscape and its regulatory mechanisms in the mouse heart has mainly
focused on developmental stages, in particular in the postnatal transition [6].In addition, although
AS of each exon can be controlled simultaneously by multiple RNA binding proteins (RBP),
previous analyses have focused on single regulatory proteins (mainly the Mbnl and Celf families)
acting individually [7]. Little is known about AS regulation at earlier stages of development or in
heart disease. In addition, although heart development and heart disease are assumed to be highly
related, the mechanisms underlying re-expression of the neonatal AS profile in heart disease
remain mostly unknown [7]. Most transcriptomic studies have been performed with a limited
number of biological replicates, with little to no representation of inter-individual or inter-
laboratory variability, and therefore limiting the interpretation of the results. Here, we integrated
data from 21 published RNA-Seq experiments, with a total of 136 samples covering embryonic,
neonatal, and adult heart, and 2 widely used mouse models of heart disease: pressure overload
cardiac hypertrophy, induced by trans-aortic constriction (TAC), and myocardial infarction (MlI),
induced by permanent ligation of the left anterior descending coronary artery (LAD). Appropriate
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statistical analysis of this large dataset allowed us to identify changes between conditions and to
account for different sources of variability. We then used these well characterized phenotypes to
study the functional relevance of AS across development and disease and to determine the

underlying regulatory mechanisms.
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Methods

Full methods can be found in the Supplement.
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Results

Characterization of AS patterns in the developing anddiseased heart

To characterize the AS changes taking place during heart development and disease, we collected
a large dataset of heart samples from mouse models at different developmental stages and disease
conditions (Table S1). We grouped the collected samples according to 5 major phenotypes,
including the major previously characterized developmental stages: embryo (E10.5-E17), post-
natal (PO to P7), and adult (fromP10) and two common models of heart disease: TAC and MI.
Using this categorization of samples, we firstidentified a set of over 20,000 AS events with at
least oneread supporting skipping or inclusion in 20% of the samples. \While this approach
may disregard some AS eventsvery specific to one condition or few samples, we decidedto
focus on a set of very consistent AS events for quantitative analysis of their inclusion rates. We
then used a seriesof Generalized Linear Mixed Models with binomial likelihood to identify AS
changes occurring in 4 specific transitions: embryonic development (ED), by comparing
neonatal with embryonic samples; post-natal development (PD), by comparing uninjured adult
samples with neonatal samples; TAC, by comparing samples from hypertrophic and uninjured
adult hearts; and MI, by comparing samples from infarcted and uninjured adult hearts. We
incorporated sample and experiment as random variables to take into account biological
variability in inclusion rates and batch effects, respectively. AS changes were more abundant in
the developmental transitions than in the disease models, suggesting more prominentroles of AS
during embryonic and postnatal development (Figure 1A, Table S2). Given that the main AS
changes in all comparisons were cassette exon events, we focused on this type of event in
downstream analyses. Interestingly, whereasincreased and decreased exon inclusion was observed
in similar amounts during both embryonic and post-natal development, heart disease was mainly

characterized by reduced inclusion rates (Figure 1).

In agreement with the observations in Figure 1A, K-means clustering of the standardized ¥
profile (Figure 1B, Table S3) revealed that the largest clusters (1, 111, IX, X) were those specific
of developmentally regulated exons, with smaller clusters identified with specific changes in
TAC and M1 (clusters IV and VI). Interestingly, clusters V, VII and VIII showsimilar patterns in
M1 and in embryonic samples, suggesting a partial re-expression of the neonatal AS patterns after

cardiac injury. Furthermore, Principal Component Analysis (PCA) showed a small displacement
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of TAC and MI samplestowards neonatal samples (Figure 1C), reinforcing this idea. Embryonic
and neonatal samples were clearly separated fromthe adult samples, mostly on PC2 but to some
extent alsoon PC1, which harbors 93% of the global variance. We did not observe a particular
association of batches over the mainPCs, suggesting that even if there is a lot of variability within
groups in PC1, there are AS signatures that differentiate the groups under study. This was,
nonetheless, not specific to AS, as PCA of expression data showed a similar pattern (Figure S1,
Table S4).

AS changes modulate low impact exons and are independent of GE changes

We next investigated the potential impact of AS changeson heart physiology. Two of the
main potential roles of AS are the production of different protein isoforms from the same
gene and the regulation of gene expression by regulated unproductive splicing and translation
(RUST) [2]. Exons that generate alternative protein isoforms usually preserve the ORF to avoid
early termination of protein translation. As proxy of reading frame preservation, we focused on
whether the exon length was divisible by 3, even if there may still encode in-frame stop codons.
Significantly changedexons were more likely to preserve the reading frame upon either inclusion
or skipping (Figure 2A; Fisher test p-value<0.01 for all comparisons except MI Included and
TAC Included). Moreover, exons preferentially included in developmental transitions and those
preferentially skipped in TAC or MI were shorter in average than those that showed no significant
changes (Figure 2B, Mann-Whitney U test p-value<0.05). These exons, which were the most
abundant (Figure 1A), showed an under-representation of PFAM domains. In contrast, a higher
proportion of exons skipped in the ED or PD comparisons or included in MI encoded PFAM
domainsmore often than expected by chance (Figure 2C, Fisher test p-value<0.05). These results
suggest that quantitative AS changes in the heart occur mainly in coding regions, but are not
predicted to have particularly strong consequences for protein function, at least based on the few

high level properties that were analysed here.

We next investigated the overlap between changes in AS andchanges in GE. The proportion of
differentially expressed genes was similar in genes undergoing differential AS and in those
showing no AS changes, suggesting no association between AS and GE changes (Figure 3A).

Even if GE and AS regulate different genes, these affected genes might regulate the same
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biological processes. Thus, we performed Gene Ontology (GO) enrichment analysis in each
comparison and then calculated the pairwise semantic similarity of the 10 most significantly
enriched GO terms among all groups, followed by hierarchical clustering based on the similarity
profile (Figure 3B). This analysis clustered enriched processes for differentially spliced and
differentially expressed genes separately, regardless of the biological context (development or
disease). This indicates that AS and GE changes modulate distinct biological processes in the
heart. Interestingly, processes regulated by AS clustered separately for disease and development,
whereas processes associated with GE changes clustered together (upregulated in development
and downregulated in disease clustered separately from downregulated in development and
upregulated in disease). This suggests a stronger functional re-expression of embryonic GE
patterns than AS patterns in heart disease. Whereas changes in GE were mainly related to cell
division, the respiratory chain, and extracellular matrix deposition, AS changes were more

associated with cytoskeletal organization across every context (Figure 3C).

Modulation of protein-protein interaction networks byAS in heart disease

Alternative splicing protein isoforms have been previously shown to have different interaction
partners [8]. To investigate the relationship between AS changes and protein-protein interactions,
we first compared the connectivity of proteins encoded by genes undergoing differential AS using
the Intact Protein-Protein Interaction (PPI) network [9]. For all comparisons, genes with skipped
exons showed more connections to other proteins than genes without significant AS changes
(Figure 2D; Mann-Whitney U test p-value<0.05 for PD andED, p-value<0.15 for MI and TAC).
To check whether thiswas a general property of transcriptional changes, we compared the PPI
degree distribution of proteins depending on their gene expression changes. In contrast to AS,
DEGs did not show a higher number of connections in the PPI network (Fig. S2), suggesting that

this feature is specific to AS.

However, this does not necessarily mean that these particular AS changes are modulating the
interaction capabilities of these proteins. To determine whether PPIs are actually regulated by AS
changes, we used information of Domain-domain interaction (DDI) information [10], and
assumed that exons located in a domain that mediates an interaction between two proteins are

actually required for such interaction to take place. Thus, we can identify interactions that are
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increased or decreased depending on whether the inclusion of the exon spanning the domain
increases or decreases, respectively. We found that exons included during TAC or MI affected
more domain mediated PPIs than unchanged exons (OR=3.50 and OR=2.42, Fisher tests p=0.06
and p=0.21, respectively). Skipped exons in disease, if anything, avoided changing interactions
(OR=0.51 an OR=0.65, p-values>0.2) (Figure 4A). Overall, these results suggest that AS changes
can increase the number of interactions by increasing exon inclusion, but avoid reducing them

through exon skipping.

The impact of increasing or decreasing the amount of interacting proteins may however depend
on their position in the PPI network. In other words, reduction or even complete ablation of the
binding affinity between two proteins by differential exon inclusion may only affect slightly the
overall function of a protein complex, as cooperative binding of the remaining elements may
compensate this lack of binding between some of their elements. On the other hand, if two
protein complexes interact only through an interac between a pair of proteins, the modulation of
this interaction is expected to have greater functional consequences. Thus, we analyzed how AS
changes affect the structure of the PPI network beyond isolated interactions. To do so, we built an
undirected graph using pairwise interactions for genes expressed in at least one condition and
calculated the betweenness for each edge. DDI interactions potentially modulated by AS showed,
in general, lower betweenness, compared to AS-insensitive interactions (Figure 4B,
MannWhitney U test p-value<107%). These results suggest that AS-modulated interactions tend to
be located within closely irteracting modules rather than connecting different protein complexes.
When comparing across groups of modulated exons, we found that exons modulated during ED
have significantly higher betweenness in the PPI network than the unchanged exons (Mann-
Whitney U test p=0.01, Figure 4C), suggesting a stronger rewiring of the interaction networks
during early heart development than in any other condition. No significant difference was found
in the betweenness for exons modulated during heart disease (Mann-Whitney U testp>0.1, Figure
4C).

Since proteins do not only interact through protein domains, we next studied AS-mediated PPI
changes in experimentally built networks that are not limited to DDIs [11]. We found that 100%
of exons changing in disease AS changes are located in genes with known AS-dependent
interactions (Figure 4D), significantly greater than the approximately 60% observed for unchanged
exons (Fisher test p<0.0001 and p=0.53for TAC and M1, respectively). These findings are specific
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to AS since GE changes showed the opposite trend: only developmentally regulated genes are
associated to AS-modulated interactions (Figure 4E). To investigate the global impactof AS on
the PPI network, we built an interaction network using only experimentally tested interactions in
this dataset and calculated the edge betweenness, as before. Interactions affected by AS changes
in TAC and MI showed higherbetweenness than unchanged exons (Mann-Whitney U test p<0.01
and p=0.05, respectively, 4F), suggesting a rewiring of the PPI network by AS in heart disease.
Despite the low statistical power due to the small size of groups overlapping with available PPI
data in each dataset, our results suggest that AS changes significantly alter PPIs networks in heart

disease.

RBPs associated to AS changes during development and disease

To identify the potential regulators of AS in the heart, we looked for over-represented binding
sites of different RBPs across different potential regulatory regions. Binding sites were collected
by integrating a series of databases of CLiP-seq experiments (see Methods). We first filtered
those RBPsthat were found to be significantly enriched (p<0.01, Fisher test) in at least one group
of significantly changed exons. We then used the reduced set of enriched RBPs binding sites
across different regulatory regions as substrate for regression analysis using a GLM with
binomial likelihood to take into account co-linearities across binding profiles of different RBPs.
This analysis was then applied to sets of exons that were found to change in any comparison
(Figure 5A). Our results show that MBNL1 is strongly enriched in the upstreamintron of exons
that are skipped and in the downstream intronof exons that are included during both PD and ED.
We also found that MBNL1 binding sites in exons showing changes tend to be more conserved
across evolution at the sequence level, suggestive of functional importance (Figure 5B).
Additionally, MBNL1 expression increases during development and remains unchanged in both
TAC and MI (Figure 5C). To test whether different RBPs may regulate different biological
functions, we looked for enrichment of GO terms in exons bound by each RBP compared to all
those that changed in any of the comparisons under study (Figure 5D, one-tail Fisher test). We
found that MBNL1 tends to bind to genes related with actin cytoskeleton dynamics and cell
junctions, whereas other RBPs tend to bind more to exons of RNA binding proteins or proteins

located in the nucleus. Whereas otherRBPs may contribute to the regulation of AS changes during
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development, such as QK, RBFOX1 or PTBP1/2, our results suggest that MBNLL1 is the main
regulatory element.

Although MBNL1 was found to be the main regulator of AS during ED and PD, we found
only a mild enrichment of MBNL1 binding sites in changing exons in both models of heart
disease: TAC and MI. In addition, MBNL expression remained unchanged in disease, suggesting
that MBNL1does not modulate AS changes in disease (Figure 5C). In contrast, not only PTBP1
expression decreased during development, but also increased upon MI or TAC (Figure 5C).
PTBP1 and PTBP2 binding sites were enriched in the upstream intron of skipped exons in TAC
and MI and in those included in ED and PD (Figure 5A). This suggests that the binding of
PTBP1 to the upstream intron of alternative exon inhibits exon inclusion and that PTBP1 and 2

might mediate the partial re-expression of neonatal AS patters in heart disease.

Reduced coordination of RBP expression changes is associated with complex regulatory
mechanisms of AS in heart disease

Independent RBP enrichment analysis identified MBNL1 and PTBP1/2 as the main regulatory
elements of AS during heart development and disease, respectively. However, the effect of one
RBP may depend on the binding of another RBP, e.g. cooperative or competitive binding, giving
rise tomore complex regulatory patterns. To investigate the relative contribution of cooperative or
competitive binding, we expanded our logistic regression model to include all pairwise
combinations of RBP binding sites. As we expect most of these interactions to have no effect on
the inclusion patterns, we added a Lasso penalization to promote sparsity of the coefficients
representing changes in regulatory activity. We first optimized the regularizing constant using 10-
fold cross-vdidation, and selected the one with highest AUROC (Figure 6A). Larger regularizing
constants are required for TAC and MImodels than for ED and PD, showing that they require a
larger set of non-zero regulatory activities to explain the observed changes. As expected,
in teractions were less likely to contribute to predict inclusion or skipping of a particular exon
(Figure 6B), even if the effect sizes of single and pairs of RBPs were comparable (Figure 6C).
However, since the number of possible RBPs pairs is higher than the number of RBPs, the
cumulative contribution of pairwise interactions to modulate inclusion rates was comparable in
ED and PD to that of single RBPs, and was even higher in Ml and TAC (Figure 6D). This
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suggests that the underlying regulatory pattens of AS in heart disease are more complex than
those modulating AS during development. Figure 6E and F show the specific non-zero
interactions among RBPs for included and skipped exons in ED and MI, respectively. (PD and
TAC paterns show the same trend at Figure S3). In terestingly, we found that for MI and TAC
(Figure 6F and S3B, bar plot on the right), PTBP1 binding to the upstream intron showed tte
greatest contribution individually among all considered RBPs, suggesting again a prominent role

of PTBP1 within the complex regulatory network underlying AS changes in disease.

We hypothesized that this increased complexity arises from the lack of coordination in RBPs
expression changes. If the expression of two RBPs increased or decreased while maintaining their
stoichiometry, they would act mostly in complexes and only their common targets would change.
However, if there was an imbalance in their expression levels, both common and individual targets
of these RBPs would change. Therefore, if lack of coordination underlay this increased regulatory
complexity, we would expect a lower correlation among RBPs in TAC and Ml than in ED and
PD. We found normalized correlation coefficients among candidate RBPs in ED and PD to
comparable those of pairs of interacting proteins from the Intact PPl database (Figure 6G), which
were used as positive controls. The correlation was however lower in Ml and TAC (linear
regression model, p-value=0.016 and p-value=0.062, respectively). Furthermore, within each
comparison, pairs of RBPs showing non-zero regulatory interactions at the binding site level
showed lower expression correlation (Figure 6H, linear regression model, p-value=0.026). These
observations, altogether, are consistent with a model with an altered stoichiometry of regulatory

proteins that results in more complex regulatory patterns in disease conditions.

PTBP1 over-expression induces cardiac hypertrophy and diastolic dysfunction

To further investigate the potential contribution of PTBP1 toAS changes, we used published RNA-
seq data from a PTBP1land PTBP2 loss-of-function in vitro experiment in neural progenitor cells
[12] (Figure S4). AS changes in the PTBP1/2 double KD correlated with those in the cardiacPD,
TAC, and MI contrasts. The stronger correlation with the double KD (r=-0.15) than with the
individual PTBP1 KD (r=-0.087, Likelihood ration test p-value<10'®) suggests that both PTBP1
and PTBP2 actively regulate AS in the heartin all the conditions studied, in agreement with the

binding sites enrichment analyses (Figure 5). In contrast, when analyzing MBNL1 deficient
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hearts, we found a correlation only with developmental AS changes, further supporting that
MBNL1 does not mediate AS changes in disease (Figure S4). We performed additional and
independent experiments to confirm the upregulation of PTBP1 by gPCR in 21 days after TAC
(Figure 7A, p-value=10"%) and 28 days after MI (Figure 7B, p-value=10"% for the infarcted area,
not significant in the others). De spite the small magnitude of the expression change (1.2-fold
for TAC and 1.5-fold for the remote area in MI), it was sufficient to induce an increase in
the PTBP1 protein levels as assessed by western blot (Figure S5A,B). Thus, to investigate
whether the observed PTBP1 up-regulation alone is sufficient to induce pathological changes in
the heart, we over-expressed PTBP1 specifically in the heart using an Adeno-Associated virus
type 9 (AAV9) as vector carrying PTBP1 cDNA under the control of a cardiac-specific promoter
(Tnlc). We injected AAV9-PTBP1 into 10-12 weeks old wild-type (WT) mice in two
independent experiments, using luciferase-expressing AAV9 as a control, and analyzed the mice
28 days later. We found that PTBP1 over-expression in mice injected with AAV9-PTBP1 was
similar to that observed in TAC experiments (1.2 fold, Figure 7C, linear regression model p-
value=0.008), with the @rresponding increase at the protein level (Figure S5C). We evaluated
cardiac function in vivo using transthoracic echocardiography 28 days post-injection. Mice over-
expressing PTBP1 showed an increased normalized cardiac mass (Figure 7D, linear regression
model p-value=0.001), particularly in the left ventricular posterior wall. To investigate whether
the increase in heart size was due to an increase in the size of the cardiomyocytes, we performed
histological analysis and measured the area of individual cells. We found no significant
difference in the cardiomyocyte area between mice over-expressing PTBP1 and controls (Figure
S7). However, previous work showed that mild TAC leads to similar changes in normalized
cardiac mass, without a significant increase in cardiomyocyte area, suggesting that either there are
alternative mechanisms leading to heart hypertrophy or that cardiomyocyte area has limited
power to detect minor changes [13]. Although no significant change in left ventricle ejection
fraction was observed (Figure S6, linear regression model p-value=0.59), suggesting normal
systolic function, we found a reduction in the E/A ratio (linear regression model p-value=0.017).
This lower E/A indicates a de-compensationon the relative contribution of passive and active left
ventricle filling or, in more general terms, diastolic dysfunction (Figure 7E). We also observed a
significant increase in the expression of cardiac dysfunction markers MYH7 and BNP (p-
value<0.01) following PTBP1 over-expression. We foundno significant changes in the expression
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of fibrosis markers by qRT-PCR (LOX, COL1Al, COL3Al, linear regression model p-
value>0.45) (Figure 7F) or in collagen quantification by histological analyses (Figure 7G, linear

regression modelp-value=0.58).

PTBP1 over-expression partially recapitulates cardiachypertrophy AS changes

To investigate whether PTBP1-driven cardiac hypertrophy was associated with similar AS
changes to those observed in TAC at a transcriptome-wide scale, we performed RNA-seq of a
reduced number of samples. The estimated log2(FC)in mice injected with AAV9-PTBP1 were
highly correlated (Pearson p=0.6) with those observed in TAC. Thus, PTBP1 over-expression
recapitulates a great deal of the expression changes induced in pathological cardiac hypertrophy,

even inabsence of fibrosis (Figure 8A,B).

We found a large number of exon skipping events showing significant differences between the
two experimental groups, mostly increased upon PTBP1 over-expression. These changes,
however, showed little overlap, even at the quantitative level, to those observed in TAC (Pearson
p=0.1), similar to what we had found in PTBP1 knock-down samples(Figure S4). Even if this may
be partly due to more noisy estimation of AWs than that obtained for GE measures, it mightwell
indicate that only a small part of AS changes in TAC isactually driven by PTBP1 alone (Figure
8C,D). This findingdelves into the direction of a complex network of RBPs (Figure 6) underlying
AS changes in Ml and TAC. To ensure that these AS changes are likely regulated by PTBP1,
rather than secondary to the hypertrophy, we selected exons with an estimated AY in AAV9-
PTBP1 vs control samples larger than 0.1 and lower than -0.1, as included and skipped,
respectively, and plotted the distribution of CLIP-seq binding sites along relevant regulatory
regions, centered at the target exon. As in TAC and M, skipped exons showed an enrichment of
binding sites in the upstream intronic flank (p-value=0.006, Table S8). We also observed alower
frequency of PTBP1 binding sites across the included exons (p-value=0.003, Table S8),
suggesting that binding of PTBP1 to the target exon actually enhances its inclusion (Figure 8E).
Functional enrichment analysis showed that genes with upregulated GE were mostly associated
to immune response, whereas down-regulated genes were more associated to mitochondria and
respiration. As before, we found different gene categories associated to AS changes: genes with

included exons were associated to microtubules and muscle cell development; genes with
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skipped exons were weakly related to regulation of cell contraction, more directly related to
cardiac function (Figure S9).

PTBP1 regulated AS events as new candidates for understanding cardiac hypertrophy

Our results suggest that induction of PTBP1 may underlay atleast some of the molecular changes
associated with cardiac hypertrophy following TAC. To identify a subset of bona-fide PTBP1-
mediated cardiac hypertrophy AS exons, we selected a subset of exons with estimated A¥<-0.1
in both TAC, MI and AAV9-PTBP1, and increased inclusion rates upon PTBP1 downregulation
in neural cells (Figure 8F, Table S6), which provide interesting candidates for investigating new
mechanisms underlying heart disease. Among them, we found an unannotated, but broadly
conserved, 62 bp exon inintron 37 of LRP4 gene to show the largest decrease in ¥ not only in
TAC and MI, but also upon PTBP1 over-expression ordown-regulation (Figure S10A,B), strongly
suggesting that it is PTBP1-dependent. Its inclusion increases mostly during embryonic
development, and remains relatively constant during the post-natal transition. We then examined
their inclusion rates across different tissues and developmental stages using VASTDB data [14]
for this exon 37’ and its chicken orthologue. Indeed, its inclusion is highly specific of muscle
tissues in both species, with lower inclusion rates in brown adipose tissue and mammary gland
(Figure S10C,D).
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Discussion

In this study, we used an unprecedented breadth of samples and conditions to investigate the
mechanisms that regulate AS changes in the heart. We found that GE and especially AS are more
dynamically regulated during embryonic and postnatal heart development than after the
induction of Mlor TAC. Despite a partial recapitulation of developmental AS changes in heart
disease, TAC and MI samples remained more similar to their adult controls than to neonatal
samples, a trend also seen with GE changes. In addition, the biological processes affected by AS
changes were mainly different fromthose altered by GE changes, regardless of the developmental
or disease context, suggesting that AS and GE changes play distinct roles in the heart [15-17].
Interestingly, exonswith increased inclusion levels during development tended tobe shorter and not
to affect protein domains, whereas skipped exons tended to be of similar length to unchanged
exons and to encode functional domains, which would presumably be disrupted by AS,
suggesting strong effects on protein function. These changes are not recapitulated in heart disease,
indicating that cardiac injury triggers AS changes with a lower impact on protein function than

those taking place during development.

We explored the global effect of AS changes during heart development and disease on the PPI
networks. Besides AS modulated genes being central in the PPI network, as previously described
in different contexts [11,18], we found that AS changes tend to modify PPIs more often than
expected by chance in both interaction datasets under study, as previously shown in cancer [19].
We also analyzed the relevance of the AS-dependent interactions in the global PPI network
through the edge betweenness. This property reflects how many shortest paths between nodes go
through each edge, inother words, how important those interactions are for the interconnection of

different interacting modules.

Our results suggest that AS changes in disease not only tend to affect more interactions than
expected, but that these interactions are key in the PPI network. We did not find such association
in domain mediated interactions. However, previous work suggest that most AS-mediated
interactions do not affect protein domains, but short linear motifs [11]. Therefore, differences
between the results in the two datasets may lay on the different nature of interactions under study.
These resultsmay be limited by the small size of exons groups overlappingbetween the interaction

datasets and the characterized exonsin our study. Therefore, increasing the number of interactions
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or exons would help to further verify our findings. In additionto this general trend, we observed
some specific AS-mediated PPI changes that may have functional impact (Table S5). Among
these, we found MEF2A to have isoform specific interactions with MEOX1 and MAPK7/ERK5
and to show AS changes in both developmental transitions and MI. Interestingly, MAPK7
activates MEF2A in response to MEKS5, which is alternatively spliced itself [20]. Since MEOX1
and MAPK?7 expression and MEF2A splicing changes are known to modulate cardiac
hypertrophy [4,20,21], these interactions may play a role in the development of the disease. In
addition, among developmentally regulated AS-mediated interactions, we found the EGFR-
ERBB2-ANKSLlinteraction triad to be reduced. ANKSL1 regulates EGFR and ERBB2 transport to
the membrane, which is necessary for its ERBB2-mediated tumorigenesis [17,22,23]. ERBB2
deficiency has been shown to cause dilated cardiomyopathy [24], whereas its transient induction
reactivates the regenerative potential of the neonatal heart in adults [25]. Therefore, changes in
the interaction between ANKS1 and ERBB2 or EGFR mediated by AS are expected to have
major consequences for the heart.

Our results suggest that MBNL1 regulates AS in the heart mainly during development, where it
has already been characterized [26,27]. MBNL1 works both as a position-dependent splicing
activator and inhibitor [28]. AS changes in the MBNL1 knockout mouse correlated with those
observed in the ED and PD comparisons, reinforcing its main role in the regulation of AS during
heart development and also validating our experimental approach. Based on these findings, we
hypothesize that increased MBNL1 expression is responsible for the highly dynamic AS
regulation during development, as it promotes both exon inclusion and skipping in a position-
dependent manner. Although its activity may still be regulated at the protein level, the lack of
enrichment suggests that its regulatory activity remains unchanged in disease, at least for the
models included in this study. This may explain, at least partially, why the re-expression of

neonatal patterns in disease is not complete.

PTBP1 showed the greatest contribution to explaining AS changes in heart disease and thus
contribute to the partial re-expression of the neonatal AS pattern in heart disease. Whereas
PTBP1 is required for the differentiation of iPSCs and fibroblasts to cardiomyocytes in vitro [29],
and modulates the splicing of essential genes for cardiomyocyte function (e.g. Titin,
Tropomyosin 1 and 2 and Mef2) [30], its role in the heart was virtually unknown. PTBP1
expression decreased during embryonic development and postnatally and was upregulated after
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MI or TAC. Expression changes correlated inversely with changes in the PTBP1/2 double KD,
indicating that PTBPL1 is a direct regulator of the AS changes taking place during development and
disease. We showed how over-expression of PTBP1 in healthy myocardium is sufficient to
induce cardiac hypertrophy, potentially by promoting a reduced number of the splicing changes
typically induced in hypertrophic conditions, including a muscle-regulated exon in LRP4 gene.
LRP4 encodes a low-density lipoprotein (LDL) receptor, which is bound by Agrin and mediates
MuSK activation, which is essential for the correct functioning of the neuromuscular junction
[31]. In the heart, Agrin has been shown to be required for cardiac regeneration in neonates and
its over-expression was able induce regeneration in adults after injury [32] and has been shown to
modulate cardiomyocytes contraction in vitro [33]. Moreover, mutations in LRP4 have been
associated to sindactyly and polysindactyly in several mammalian species, including mouse, cow
and humans [34-36], which is usually accompanied by cardiac defects in Timothy Syndrome
patients. Inclusion of this exon introduces a stop codon near the C-terminal region of the protein
and thus is expected to produce a truncated version without the last exon. Thus, even if the
impact of this highly conserved and cardiac-specific splicing event in protein function remains
unknown, it is an interesting candidate AS gene for better understanding of PTBP1-mediated
cardiac hypertrophy. PTBP1 is also known to regulate Titin splicing isoforms in vitro [30].
Although we did not find large changes across any exon in Titin upon PTBP1over-expression, 27
of them showed estimated AW<-0.04, which, when considered together, may contribute to
isoform shortening and increased passive stiffness of the cardiac muscle as it happens during

development [4].

Even if we cannot rule out that PTBP1 has other functions in RNA metabolism besides AS
regulation, e.g. it modulates insulin mMRNA stability in the cytoplasm [37], or that ASchanges are
secondary consequences of PTBP1-induced hypertrophy, this seems rather unlikely, since these
AS changes are associated to PTBP1 binding sites (Figure 8). Although no evidence of fibrosis
was detected in mice over-expressing PTBP1, suggesting a partial recapitulation of the
pathological changes observed after TAC, both mice that underwent TAC and mice injected with
AAV9-PTBP1 developed diastolic dysfunction. While the achieved over-expression of PTBP1
was rather mild (1.2 fold increase), it is remarkable that it was sufficient to induce phenotypic
changes in the hearts of young mice in only one month. Still, stronger over-expression or for

longer times may help to further investigatethe role of PTBP1 for heart physiology.
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The independent mild enrichment of PTBP2 binding sites (Figure 5A), the increased correlation
coefficients observed with the PTBP1/2 double KD compared with PTBP1 single KD (Figure
S4), and the simultaneous up-regulation withPTBP1 in both TAC and MI (Figure 5C), suggest that
PTBP2is also playing a role in AS regulation and would further contribute to hypertrophic growth
if over-expressed together with PTBP1. PTBP1 has been described as a major regulator of
microexons in neurons [38]. The fact that exons that undergo AS changes in the heart are shorter
suggests that exon size might be a key determinant of AS regulation in heart development and

disease, as is the case in the brain [18].

Interestingly, not only are the processes regulated by AS in the heart, such as vesicle transport,
cytoskeleton, and cell junctions, very similar to those reported to be regulated during neural
development and disease, but both tissues also seem to share sequential regulation of AS by
PTBP1 and MBNL1 [16-19,39]. These results suggest that AS patterns are not particularly tissue-
specific, at least in brain and heart, and that they share functional and regulatory patterns that
differ markedly from genes regulated at the GE level throughout development and disease.

So far, most efforts to study AS regulation have focused on the identification of specific trans-
regulatory elements that, alone, can explain at least part of the AS changes [40,41]. However, there
is increasing evidence that AS regulatory networks are more complex: different RBPs have very
similar binding affinities and bind to common targets in the RNA [42,43]. How these RBPs
organize in complexes and how they affect AS is not very well understood. Even considering a
single RBP alone, several molecules may be required to bind stably to the target RNA, as shown
specifically for PTBP1 [44], such that binding specificity is achieved by cooperative binding on
nearby low affinity binding sites. Not only PTBP1 molecules bind cooperatively among
themselves, but they can interact with MBNLL1 proteins and cooperatively bind and modulate the
inclusion of Tropomyosinexon 3 [45] or with RBM20 to regulate Titin AS [30]. If interactions
are widespread, a simple additive model with independent effects for all RBPs may fail to identify
the actual regulatory elements, since their effects will be highly dependent on the factors that
simultaneously bind each target. In this regard, we have generalized this idea by using
regularized regression to allow pairwise interactions between candidate RBPs and found that
such interactions are relatively abundant, and have a greater contribution to the regulation of AS
in heart disease than to developmental changes. This does not necessarily imply a rewiring of the
AS regulatory network, but can be explained by non-coordinated changes in the expression of the
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regulators. In contrast, highly coordinated changes of RBPs during development resulted in a
tightly regulated set of AS changes as if they were all regulated by a single RBP, in this case,
MBNLL1. Moreover, by taking into account these potential interactions, PTBP1 was unveiled as
an important regulator whose contribution was validated in an experimental mouse model over-
expressing PTBP1. Not surprisingly, PTBP1 up or downregulation (Figures S4 and 8) alone did
not reproduce a large number of AS changes compared with disease, as that would require a very
specific modulation of a number of RBPs, according to our previous model. Overall, our results
suggest that PTBP1, which is widely expressed, may act as a core regulatory protein in
coordination with other more tissue specific RBPs, such as MBNL1 or RBM20, to coordinate
splicing changes in a complex manner that lead to moderate different responses across tissues or
environmental conditions. However, additional studies are required to validate this hypothesis
experimentally, e.g. by systematic perturbation of pairs of RBPs, and to investigate whether it is

specific of cardiac disease ora hallmark of cell or tissue dysfunction.

AS can happen in both coding and non-coding genes leading to potential different products in the
mature RNA. We have not explicitly focused on the analysis of protein coding genes. The
analysis of the regulatory networks underlying AS changes should remain mostly unaffected by
the coding nature of the genes, as we used experimental binding of RNA binding proteins to any
RNA. However, other analysesdo rely directly on genes being protein coding (e.g. protein-protein
interactions) or on information that is richer in this set of genes (functional annotations).
Therefore, more work taking into account the particularities of the functions of non-coding RNAs

would be necessary to better understandthe impact of AS in those genes in the future.

A natural question that derives from our study is whether AS patterns and their regulation are
conserved in humans and other species. While overall AS patterns are poorly conserved across
species [3,46], both tissue specific and developmentally regulated exons have shown remarkable
similarity across different mammalian species, mostly in brain and heart [47]. PTBP1 and
MBNL1 binding sites, among those of few other RBPs, are generally enriched in exons with
conserved AS patterns, suggesting that the regulatory networks, or at least their key players are the
same across the different species [46]. Even if developmental AS networks may be conserved
across mammals, there may be many different ways in which different perturbations of these
networks can lead to similar phenotypes across different species. However, studying

transcriptomic changes in heart disease in humans is inherently more challenging, limiting our
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knowledge about the potential conservation of the mechanisms and key regulatory elements
underlying heart disease across different mammalian species.

In summary, our analysis yields biological insight about AS changes in the heart and their
regulation, supported by the large number of samples included. We show that changes inGE and
AS control distinct biological processes in the heart regardless of the developmental stage or
disease, with AS mainly regulating actin cytoskeleton and cell junction organization. AS changes
in heart disease modulate PPI more often than expected by chance, and have a strong impact on
the overall PPI network. Whereas AS changes during embryonic and postnatal development are
mainly modulated by MBNL1, we observed a partial re-expression of the neonatal AS pattern in
heart disease likely mediated by PTBP1/2. Furthermore, changes induced by PTBP1 over-
expression are sufficient to induce cardiac hypertrophy, validating our findings using a purely

computational approach.

Clinical relevance

Cardiovascular diseases are the leading cause of death in the world. Not only they are complex
and very diverse, but the molecular mechanisms underlying the simplest disease models are not
well understood. In this work, we explore the potential role of alternative splicing changes at the
transcriptomic role in 2 very common models of heart disease and compare with quantitative
splicing changes taking place during development. We unveil a number of interesting genes that
undergo differential splicing in heart diseases with potential consequences as well as the key
regulators driving them. In particular, we show that PTBP1 over-expression alone can induce
cardiac hypertrophy and diastolic dysfunction, possibly by inducing a small number of splicing

changes that are interesting candidates for further study and potential therapeutic targets.
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Figure legends

Figure. 1. Alternative splicing landscape in heart development and disease. A Number of events
showing significant differences in each comparison according to the event type: alternative
acceptor or 3” splice site selection, alternative donor or 5 splice site usage, and exon skipping or
cassette exon, represented schematically on top of each plot. B Heatmap representing z-scores
calculated from estimated W for each condition. Per condition ¥ was estimated using a linear
mixed model with binomial likelihood function. Clusters were calculated using k-means on the
normalized W profiles. C Principal Component Analysis of all analyzed samples using exon
cassette events without missing data in any of the samples. Different symbols represent different
conditions and colors represent different datasets or experiments. Ellipses were drawn according

to each condition automatically using geom_ellipse function from ggplot2 library (79).

Figure 2. Properties of the 8892 alternatively spliced exons under study in the heart. A-D, Values
of different properties in each comparison according to whether inclusion levels where increased
(Included), decreased (Skipped), or not significantly changed (No-change). A total of 394, 797,
28 and 26 exons were included in ED, PD, TAC and MI, respectively; whereas 474, 426, 114, 45
exons were skipped. A Proportion of exons with length that is multiple of 3 (reading frame
preservation (RFP)) and therefore have no impact on the open reading frame. B, Exon length
distribution. C, Proportion of exons overlapping with an annotated PFAM domain. D, Number of
connections or degree in the Intact protein-protein interaction (PPI) network. Differences in
proportions between Included and Skipped groups compared with No-change were assessed
using Fisher exact tests; differences between Included and Skipped groups compared with No-
change in exon length and PPI degree, were tested using Mann-Whitney U tests (* represents p-
value<0.05).

Figure. 3. Functional impact of AS and GE changes and their overlap. A, Proportion of genes
showing GE changes that also show changes in AS in each comparison. Differences in
proportions were tested using a Fisher exact test using a total of 4697 alternative genes, out of
which 619, 897, 127 and 58 genes showed significant AS changes in ED, PD, TAC and MI,
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respectively (p-value > 0.1 for all contrasts) B. Pairwise semantic similarity among the most
representative GO terms in each group of genes. Row colors represent the different comparisons
studied and column colors represent AS or GE. Semantic similarity profiles were then clustered
using hierarchical clustering using euclidean distance and Ward method for grouping. C,
Heatmaps representing the —log10(p-value) of the functional enrichment analysis for top enriched
categories across all groups for AS (left) and GE (right). Independent categories were selected
with an L-1 regularized logistic regression first, followed by a regular logistic regression to
account for all gene categories simultaneously. P-values refer to the significance of the

coefficient representing each gene category in the regression model (see Methods for details)

Figure. 4. Impact of AS changes in the protein-protein interaction networks. A. Estimated
proportion of exons that map to a domain mediating protein-protein interaction according to
whether they are included, skipped or unchanged in the comparisons under study. Numbers in
brackets represent the number of exons in the groups Included and Skipped for each contrast, out
of 8893 total exons under study. B. Distribution of the log(Edge betweenness) for interactions
that were found to be potentially regulated by AS in the heart compared to the remaining
interactions. An interaction was considered to be potentially modulated by AS when an exon
considered to be alternative in the heart encoded a domain mediating this interaction. C. Network
edge betweenness for interactions depending on whether they were modified by AS in the
conditions under study using domain mediated interactions (24). D,E. Estimated proportion of
interactions that differed between AS isoforms (80) in genes with significant differences in AS
(D) or GE (E) in each contrast. F. Network edge betweenness for interactions depending on
whether they were modified by AS in the conditions under study using data in (80). Fisher tests
were used to assess differences in proportions and Mann-Whitney U tests to analyze differences

in edge betweenness.

Figure. 5. Direct regulation of alternative splicing changes. A Dotplot representing multivariate
enrichment analysis for CLiP-seq binding sites in regulatory regions for RBPs that showed
significant enrichment by univariate analysis for each group of exons. Regions are defined by

combinations of the following terms: (I: Intron, A: Alternative exon, DW: downstream, UP:
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upstream, L. left, R: right). The dendrogram was calculated using the Ward method with
distances between binding sites profiles to the exons included in the analysis. B Mean difference
in phastCons scores in binding sites of exons showing changes compared to those that remained
unchanged. Error bars represent the standard error of this difference. X-axis range from -0.5 to
0.5 in all cases. C Centered expression levels per condition under study for RBPs showing
significant univariate enrichment from panel. D Dotplot representing the functional enrichment of
genes with binding sites for each RBP and region and showing significant changes in at least one
comparison. Genes with significant AS changes in at least one comparison were used as
background for enrichment (one-sided Fisher test). The dendrogram represents distances between
GO terms based on the proportion of shared genes using the Ward method.

Figure. 6. Analysis of AS regulatory complexity using regularized logistic regression with all
pairwise combinations of RBPs binding sites. A area under the Receiver Operating Characteristic
curve (AUROC) in 10-fold cross-validation analyses along a range of regularizing constants
(Cregularization the lower, the stronger the regularization), used to select the value with strongest
predictive power of a particular group of exons. B, C, D Proportion of non-zero estimations (B),
coefficient estimates (C), and cumulative absolute values of coefficient estimates (D), for
coefficients corresponding to a single RBP and to an interaction between a pair of RBPs for each
comparison under study. E, F Heatmap representing the estimate of the coefficients for each
combination of RBPs for exons that are either included (Red) or skipped (Blue) for ED (E) and
MI (F). Barplots represent the estimation of the coefficient for single RBPs. G, H Distribution of
normalized correlation coefficients between expression levels of RBPs included in the regression
model for each comparison (ED, PD, TAC, MI) and for pairs of interacting proteins and
randomly selected pairs of genes as a whole (G) and separating pairs that showed non-zero
coefficient (H).

Figure. 7. Phenotypic characterization of mice over-expressing PTBP1 using an AAV9 vector. A
PTBP1 expression measured by gPCR in independent samples undergoing TAC (n=3) and
control treatment (n=4). B PTBP1 expression measured by gPCR in independent samples

undergoing MI (n=7), separating by infarcted, border and remote regions; and control treatment
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(n=13). C PTBP1 expression measured by gPCR in mouse hearts injected with AAV9-PTBP1
(n=15) or control virus (n=14). D Normalized cardiac mass derived from echocardiography
analysis. E Ratio of E to A flow velocities through the mitral valve assessed by
echocardiography. F Expression of markers cardiac dysfunction, hypertrophy and fibrosis
measured by qPCR, normalized against GAPDH G Percentage of fibrotic area in histological cuts
of mouse hearts (n=7 for AAV9-PTBP1; n=6 for AAV9-Control). Statistical analysis was
performed using linear regression models using the treatment groups as independent variables
and adjusting for batch effects when suitable. Batch effects estimated with the linear model were

removed from the represented data for simpler representation

Figure. 8. AS and GE characterization of mice over-expressing PTBP1 using an AAV9 vector. A
Volcano plot representing adjusted p-value against log2(FC) across all genes included in the
analysis. B Scatter plot representing the estimated mean YW in hearts over-expressing PTBP1
and hearts injected with a control virus. Significant exons are highlighted in colors, depending
on the direction of the change. C, D Scatter plot showing the relationship between the changes
induced by PTBP1 over-expression(OE) and TAC for GE, assessed by log2 (FC) (C); and for
AS, assessed by difference in inclusion rate (AY) (D). E Percentage of exons with an annotated
binding site for PTBP1 by nucleotide across potential cis-regulatory regions relative to exon
skipping events. Exons were classified as Included (AY > 0.1, n=329), Skipped (AY < —0.1,
n=298) or unchanged (—0.1 < A¥Y < 0.1), n=31996). X-axis coordinates represent the relative
position to the closest splice site, as indicated by the scheme at the bottom. Negative coordinates
represent positions upstream to the splice site. F Heatmap representing the estimated ¥ across
conditions for high confident PTBP1-dependent cardiac hypertrophy related AS changes: exons
with a AY < —0.1 after TAC, MI, AVV9-PTBP1 and A¥ > 0 upon PTBP1-knock down
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