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Abstract

Cardiac hypertrophy affects millions of Americans and occurs as a result of common
disease states including high blood pressure and valvular disease. On the most basic level,
cardiac hypertrophy is an enlargement of individual cardiomyocytes that predisposes the
heart to myocardial infarction, arrhythmias, and heart failure. An intervention that could stop
this remodeling process before significant impairment or pathology develops has been
sought for decades [1,2]. Identifying novel mechanisms that regulate hypertrophy and would
be amenable to drug targeting could potentially prevent costly and significant cardiovascular
events. This proposal uses high-throughput techniques to explore two possible mechanisms

underlying the process of cardiac hypertrophy.

Cardiomyocytes respond to a myriad of paracrine, hormonal, and mechanical
signals. While many of the hormonal signaling pathways have been identified [2], a clear
mechanotransduction pathway by which changes in cardiac workload produce changes in
myocyte size and shape remains elusive [3]. Our previous studies have shown that the
amount of shortening that individual cardiomyocytes experience may be an important
mechanical cue in cardiac remodeling, particularly in determining myocyte shape [4,5].
Therefore, in aim 1, we will use an in vitro muscle culture system to control these
mechanical cues with the goal of identifying genes that are responsive to changes in
shortening. These genes may provide clues to how cardiomyocyte regulate cell shape
during hypertrophy.

Over two decades ago, certain fetal genes involved in contraction and metabolism
were identified as being re-expressed in cardiac hypertrophy. Collectively these genes were
referred to as the ‘fetal gene program’. More recently, alternative splicing has been shown to
be an important aspect of heart development [6—8]. Specifically, alternative mRNA isoforms



undergo switches that are highly regulated throughout fetal and post-natal heart
development. The second aim of this proposal will use whole-transcriptome analysis to
characterize the similarities in alternative splicing between fetal and hypertrophied hearts in
a rat model of hypertrophy.

In fetal hearts, these developmentally-regulated alternative splicing events are
regulated by a handful of RNA-binding proteins (RBP), similar to the way transcription
factors control gene expression. In the third aim, we will use similar computational
approaches to identify which exons undergo alternative splice and which RBPs could
potentially be mediating the re-expression of fetal splice variants in cardiac hypertrophy.
Once candidate RBPs have been identified we will statistically test whether the presence of
these motifs can explain the changes in exon inclusion we observed in both fetal and TAC
hearts.

The overall goal of these studies is to provide new understanding of the mechanisms

of myocyte shape regulation, alternative splicing, and cardiac hypertrophy.

Specific Aim 1: Identify genes responsive to changes in cardiomyocyte shortening as
candidate regulators of cell shape. We hypothesize that only a few genes will be
specifically regulated by changes in shortening. We will vary the amount of cardiomyocyte
shortening in vitro, measure global gene expression, and identify shortening-responsive
proteins and pathways as candidate regulators of cell shape. We will validate our
experimental in vitro data with comparisons to genes that have similar patterns of

expression in in vivo models of cardiac hypertrophy.



Specific Aim 2: Test the hypothesis that alternative splicing patterns present during
fetal heart development are re-expressed during cardiac hypertrophy. We hypothesize
that some alternative splicing isoforms that are expressed in fetal hearts will be expressed in
cardiac hypertrophy, but not in normal adult hearts. We will measure alternative splicing
using whole-transcriptome high-throughput sequencing (RNAseq) and compare mRNA
isoform expression between cardiac hypertrophy, sham-operated adults, and fetal hearts to

guantify amount of overlap of splicing patterns between hypertrophic and fetal hearts.

Specific Aim 3: Identify candidate RNA-binding proteins that mediate the common
regulation of splicing in heart development and cardiac hypertrophy. We hypothesize
that splicing changes seen in fetal and hypertrophied hearts are regulated by RNA-binding
proteins (RBPs). We will identify alternative exons and search for short motifs that are over-
represented in the regions flanking these exons to identify candidate RBPs that are
responsible for alternative splicing in cardiac hypertrophy. To test the significance of the
RBPs identified, we will specifically ask if the rates of exon inclusion for the exons that are
flanked by a specific motif deviate from what would be expected if each exon was regulated

independently.
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Chapter 1. Introduction

Features and clinical relevance of cardiac hypertrophy

Cardiac hypertrophy is a biological process that is defined by an increase in mass
within cardiomyocytes. There are two types of hypertrophy that are differentiated by how the
additional mass is distributed. In patients with pressure overload states such as chronic
hypertension, individual cardiomyocytes and the left ventricular wall become thicker, which
is known as concentric hypertrophy. These cell shape changes create a relatively stable
clinical picture; heart failure typically develops only after decades of chronic hypertension in
elderly patients [9,10]. In volume overload states such as mitral regurgitation, myocytes
become longer and the left ventricle dilates, which is referred to as eccentric hypertrophy.
When volume overload occurs, there is a much shorter time until the development of heart
failure. For example, within 10 years of diagnosis of severe of mitral regurgitation, 90% of

patients demonstrated early signs of heart failure [11].

Indeed, these differences in clinical outcomes based on the type of hypertrophy were
noted in the early 19" century. Jean-Nicolas Corvisart noted the profound morphological and
clinical differences in cardiac hypertrophy. He described concentric hypertrophy as “a lively
reaction of the muscular fibres” in response to high blood pressure. He also described
dilatation of the heart and its severely impaired ability to function by noting “This pure and
simple distention induces [the heart’s] attenuation, and loss of elasticity and contractility”
[12]. Although physicians and anatomists have long known that different types of
hypertrophy have different clinical outcomes, efforts to understand the mechanistic

differences between these two conditions continues to this day.



The public health importance of cardiac hypertrophy cannot be emphasized enough.
As of 2012, one in three Americans has high blood pressure (or hypertension, HTN) where
HTN is defined as systolic blood pressure = 140 mm Hg, diastolic blood pressure = 90 mm
Hg, taking an anti-hypertensive medicine, or having been told twice by a health professional
that one has HTN [13]. Another 6% of Americans have undiagnosed HTN [14], which
historically has been cited as a major risk factor for the development of left ventricular
hypertrophy [15,16]. When left untreated, hypertrophy has significant adverse outcomes
including myocardial infarction, arrhythmias, sudden cardiac death, and heart failure.
Currently 5 million people are in heart failure in the US, where the estimated direct cost for
heart failure in 2012 was $32 billion. This cost estimate is projected to increase 120% to $70
billion by 2030 [13]. Although a small fraction of cardiac hypertrophy is the result of genetic
mutations, most cases of preventable left ventricular hypertrophy are easily treatable with
antihypertensive medications as shown by multiple meta-analyses [17-19].Yet as patients
become more likely to survive severe heart attacks or valvular diseases, the resultant
ventricular remodeling and hypertrophy are not readily treatable. We believe that the work
presented here could potentially provide insights for the unmet need of additional therapies
to treat and possibly prevent more refractory forms of cardiac hypertrophy. The cellular
remodeling that occurs in the transition from hypertrophy to heart failure is a life-threatening
and irreversible process [20]. If further mechanisms of hypertrophy are identified this could
provide important pharmacologic targets to prevent heart failure and reduce a huge burden

on the US health care system.



Cardiac hypertrophy and the fetal gene program

For over twenty years, researchers have known that hearts undergoing concentric
hypertrophy revert to a gene expression pattern normally seen only in fetal heart
development [2,21]. Collectively this is referred to as the fetal gene program and is believed
to be beneficial in short-term cardiac remodeling. Many of the genes cited as part of the fetal
gene program are critical components of the sarcomere or involved in metabolism.
Hallmarks include upregulation of B-myosin heavy chain, skeletal a-actinin, atrial and brain
natriuretic peptides, and downregulation of metabolic genes such as glucose transporter
GLUT4 and glycogen synthase, as well as other metabolic enzymes [21]. Re-expression of
the fetal gene program is believed to be a protective mechanism for the heart. As heart
mass increases in hypertrophy, the environment surrounding individual cells becomes more
hypoxic and acidic. This environment is similar to the relatively hypoxic environment of the
fetal heart. During hypertrophy, the heart shifts from an oxygen-rich environment with fatty
acids available for energy to an oxygen-poor environment with glucose as the main energy
source, and expresses fetal genes that are better suited to this different metabolic
environment in terms of utilizing available energy sources, differences in mitochondrial

activity, and mechanical performance of the heart.

There are many transcription factors implicated in the development of cardiac
hypertrophy including the HAND family [22,23], GATA4 [24-26], Nkx2-5 [27-29], the MEF2
family of transcription factors [30—32], c-Jun [2,33], c-myc [2,33], STAT [34], NF-kB [35], and
SRF [36]. The NFAT family of transcription factors is most widely recognized as mediating
the gene expression changes [37,38] in hypertrophy and upregulating the expression of fetal

gene program members such as ANP, BNP, skeletal a-actin, and B-myosin heavy chain



[32]. More recently other post-transcriptional and epigenetic mechanisms of gene

expression regulation has been shown to be critical for cardiac hypertrophy [39—-41].

Introduction to alternative splicing

As transcription occurs, stretches of the nascent RNA strand known as introns (non-
coding sequences) are removed while retaining exons (coding sequences) in the final
messenger RNA (mRNA) transcript. This was first observed when viral DNA was hybridized
with the corresponding mRNA molecules and loops of DNA without complementary RNA
sequences were seen along the transcript [42]. Philip Sharp and Richard Roberts were
awarded the Nobel Prize for Medicine or Physiology in 1993 for this discovery. The process
of alternative splicing selectively removes introns and some exons from pre-messenger RNA
molecules. The composition of mature mRNA transcripts from one gene can therefore have
markedly different sequences based upon differences in alternative splicing [43]. After the
human genome was sequenced, scientists were surprised by the relatively small number of
protein-encoding genes. It was expected that cells, let alone organisms, would need an
enormous number of genes to encode all the proteins and enzymes required for different
specialized tissues. Given the surprisingly small number of genes in mammalian genomes,
alternative splicing fulfills the demands of proteome diversity [44,45]. In fact, more than 95%
of genes are alternatively spliced [46]. The prevalence of alternative splicing increases in
more complex organisms that have multiple cell types with specialized functions, such as
mammals [47-49]. An early example of how one gene can give rise to two very different
tissue-specific proteins via alternative splicing is the calcitonin gene. The calcitonin gene
contains 6 exons, where the first three exons are constitutively expressed in all transcripts.
In thyroid “C” cells, the fourth exon is included and the calcitonin protein functions as an
important regulator of calcium homeostasis. However, when the calcitonin gene is

4



expressed in neurons, exons 5 and 6 are included and the transcript is translated into
calcitonin gene-related peptide (CGRP) [50]. CGRP functions as a potent vasodilator [51]
and is centrally involved in migraine headache pathophysiology [52]. To emphasize the
importance of alternative splicing, this process is highly conserved and similar tissue-specific
examples have been shown to occur in invertebrates that mediate important functions

including Drosophila sex determination and courtship behavior [53,54].

Although the exact amount of evolutionary conservation of alternative splicing events
varies with tissue and temporal expression, most splicing events are species-specific
[55,56]. Conservation estimates of alternative splicing events between mouse and human
range from 11-83% in the literature. Two main conclusions can be drawn from this lack of
conservation; 1) diversity in exon expression is a process that is subject to selective
pressure and 2) when conservation occurs between mammalian species, it likely has an
important function. One fascinating example of the functional consequences of alternative
splicing and how evolutionary selective pressure can shape which exons are included in a
final transcript is the TRPV1 gene in vampire bats. When compared to other fruit bats,
vampire bats express a truncated form of the TRPV1 protein in their trigeminal ganglia. This
truncation lowers the thermal activation threshold of the TRPV1 channel to 30°C, which

allows these obligate blood feeders to detect infrared emitted warm-blooded prey [57].

The splicing of individual mRNA transcripts does not occur in isolation or on a case-
by-case basis. RNA-binding proteins (RBPs) play a critical role in organizing alternative
splicing of functionally-related mRNA transcripts. These RBPs recognize short sequences in
the nascent mRNA transcript within the exon and introns. Each exon is defined by the
presence of consensus splice sites within the mRNA transcript. These sequences are

necessary for constitutively expressed exons, exons that are always present. When the
5



splice site sequences deviate from the consensus sequences recognized by the splicing
machinery, other cis-regulatory sequences can either promote or repress the inclusion of
these exons. These are referred to as exonic splicing enhancers (ESE) or exonic splicing
silencers (ESS) if the sequence is located in the exon and intronic splicing enhancers (ISE)
or intronic splicing silencers (ISS) if they are located in the introns flanking the alternative
exon. An intron is physically removed from mMRNA transcript via a two-step trans-
esterification reaction, where the intervening intron forms a lariat structure at the specified
branch point nucleotide, while the two adjacent exons are brought into proximity by other
spliceosomal proteins and then joined together [45]. This process is now recognized to
occur co-transcriptionally and is greatly influenced by chromatin marks and nucleosome

positioning [58].

Alternative splicing in heart development

Just as gene expression programs exist during development of multiple tissues [59—
62], coordinated programs of alternative splicing have been shown to participate in general
embryonic development [63,64]. Changes in splicing are usually coordinated by a
combination of tissue- and stage-specific RNA-binding proteins. Most of these protein-RNA
interactions have been identified by rigorous in vitro and in vivo testing or more recently, by
bioinformatic analysis of RNA-binding recognition motifs. Deletion studies of a few known
splicing factors and RNA-binding proteins result in embryonically lethal phenotypes [65-69],
strongly emphasizing their function in embryonic development. When other RNA-binding
proteins are deleted, developmental defects are seen in only post-mitotic tissues, such as
muscle, motor neurons, eye, and heart, suggesting that alternative splicing is important to

terminal differentiation [70-73]. It is important to note that the differential changes in splicing
6



during development are separate from differential changes in gene expression [63,74].
RNA-binding proteins and alternative splicing create spatiotemporal control of gene
expression that is not accomplished with transcriptional regulation alone [75,76]. To date,
most studies of alternative splicing have been highly focused to only measure levels of
known splice variants by polymerase chain reaction or exon-specific microarrays. With the
advent of new technologies such as RNAseq and CLIPseq [77,78], our understanding of

alternative splicing is greatly increasing.

Cardiac troponin T as a case study of alternative splicing in heart development

Cardiac troponin T exemplifies one of the most well-characterized -cardiac
development isoform switches. Knowledge of its gene structure, functionality of splice
variants, and elucidation of splicing regulation that orchestrates the developmentally-
regulated isoform switch has shown how alternative splicing can be employed in remodeling
the heart during cardiac development. Troponin T is one of three troponin proteins that
regulate thin filament activity within the sarcomere. Troponin T binds tropomyosin and
manipulates tropomyosin’s position to allow cross bridge cycling when calcium is bound by
troponin C. There are three TnT isoforms, each specific to a different muscle type (fast,
slow, and cardiac). A given type-specific isoform is more conserved between vertebrate
species than all the muscle-type isoforms are within one species. This suggests that each
isoform has an evolutionarily important and specialized role unique to that muscle type.
Among all isoforms, the N-terminal region of TnT is the most diverse part of the protein [79].
This region does not serve a specific binding role or act as a single protein interaction
domain, but functions in modulating the overall molecular conformation of TnT [79]. One
major difference between TnT isoforms is the amount of negative charge within this region.
Embryonic isoforms of TnT have more negative residues and are more tolerant to acidosis

7



than adult isoforms. In addition, it has been shown that more negative charge in this region
increases the calcium sensitivity of myosin ATPase and force development [80,81]. In a
more physiologic set of experiments, Nassar et al. overexpressed the human embryonic
cTnT in mice. They did not observe any differences in gross morphology, sarcomere
structure or physiological variables such as amount of calcium needed for half-maximal
force development. Their most significant findings related to cardiac function on the organ
level. Human embryonic cTnT decreased the rate of maximal left ventricular pressure and
isovolumic relaxation [82]. These studies suggest that the developmentally-regulated

alternative splicing has in vivo implications on left ventricular function.

Cardiac TnT undergoes changes in splicing over the course of development. This
was first demonstrated twenty-five years ago in chicken hearts [83]. During the course of
post-natal cardiac development, exon 5 is excluded from adult isoforms of cardiac troponin
T. This developmentally-regulated isoform switch is conserved in rat, rabbit, mice, and
humans [84—-86]. An elegant explanation for this phenomenon was determined by TA
Cooper’s group. The exclusion or inclusion of exon 5 is determined by the expression levels
and activity of two types of RNA-binding proteins, those that enhance exon inclusion (CELF;
CUG binding protein and embryonic lethal abnormal vision type RNA binding protein 3
(ETR-3)-like factor) and those that repress exon inclusion (MBNL; muscle-blind like and
PTB; poly-pyrimidine tract binding protein). During embryonic development CELF proteins,
CUG-BP1 and CUG-BP2 dominate splicing decisions by binding poly-UG motifs in the intron
downstream of exon 5 to promote exon inclusion in the final mMRNA transcript [87]. MBNL
and PTB proteins bind RNA motifs in the introns both up- and down-stream of exon 5 and
favor exclusion of the alternative exon [88]. As might be expected when cardiomyocytes
were depleted of functional CELF proteins, exon 5 inclusion significantly decreased,
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whereas when PTB function was inhibited, exon 5 inclusion increased. This antagonistic
relationship was further confirmed by measuring protein levels during cardiac development.
As cardiac development progresses, nuclear CELF protein levels decrease while PTB and
MBNL protein levels remain constant in the nucleus throughout development. The MBNL1
knockout mouse expressed cTnT with exon 5 present, suggesting that a very low level
CELF protein expression remains in adulthood [71] and a dynamic balance between the
antagonistic proteins truly determines exon inclusion/exclusion. From the initial report
describing the requirement a balance between CELF and MBNL proteins to determine
alternative splicing in cardiac development, one question remained. The CELF protein levels
decreased with development, yet the mRNA levels of CELF family members remained high.
It was recently shown through the use of a cardiac-specific Dicer knockout that microRNA
23a/b is necessary for the downregulation of CELF proteins during development [89]. Again
this added layer of complexity suggests that there is a highly orchestrated program

controlling gene expression beyond transcription in development.

A similar developmental isoform switch of skeletal muscle TnT occurs postnatally
where the cardiac troponin T (including exon 5) is transiently expressed before birth. After
birth, skeletal muscle begins to express the skeletal muscle gene for troponin T. The
synchrony of these isoform switches on both the transcriptional and post-transcriptional
levels strongly suggests that changes in alternative splicing after birth are not a cardiac-only
response to adult circulation and increased workload, but are part of a systemic, coordinated

developmental program [79].

SRSF2 controls alternative splicing of CaMKIId in the developing heart
Several mechanistic papers have studied the role of the specific splicing regulatory

proteins SC35, SRp38, and SRSF2 and their role in cardiac physiology [70,90,91]. Each
9



protein is required for embryonic development [65-67], yet when conditional knock-out
technology is used to delete splicing regulators after cardiac organogenesis, each protein
has unique and specific effects on cardiomyocyte function. Among these studies, Xu X et al.
best characterized the role of SR protein (serine-arginine-rich) SRSF2 (also known as

ASF/SF2) in cardiac development.

SR proteins bind specific motifs in exonic sequences and are required for constitutive
splicing [45]. It also been shown that SR proteins participate in mRNA export [92-95],
MRNA stability [96], and protein translation [97]. When SRSF2, a prototypical SR protein, is
deleted only a small fraction of known cardiac splicing events are disrupted in knockout
mice. All of the affected genes undergo developmentally-regulated isoform switches,
including cardiac troponin T (cTnT), Cypher (in mice, or ZASP in humans), and
Ca?'/calmodulin-dependent kinase 115 (CaMKII3). Unlike the isoform switches of cTnT and
Cypher, CaMKII® splicing in the heart was previously unknown. As the cardiac workload
increases from adolescence to adulthood (around 4 weeks, Arber S et al., 1997), a unique
phenotype was observed by Xu et al. among the SRSF2 knockout mice that was not seen in
other SR protein knockout mice. Grossly, the heart chambers of SRSF2”" mice were dilated
with thin walls. Histopathology showed cardiomyocyte hypertrophy, fibrosis, and myofibril
disarray. Electron microscopy revealed hypercontracted sarcomeres and disorganized Z
disks. This hypertrophic, hypercontracted phenotype suggested abnormal calcium handling,
which was confirmed by measurements of calcium handling during systole (peak Ca** and
caffeine-induced). A number of key Ca®* handling proteins were screened by Western
blotting analysis to determine the cause of the abnormal Ca** handling. Aberrant expression
of the neuronal-specific CaMKIISA (8A) isoform is localized in the nucleus, resulting in less
phospholamban phosphorylation, less inhibition of SERCAZ2a, and therefore less calcium
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reuptake into the sarcoplasmic reticulum. Around postnatal day 20, wild type
cardiomyocytes begin to express CaMKII&B and &C isoforms in the nucleus and cytoplasm,
respectively. The location of the 8C isoforms effectively increases calcium reuptake into the
sarcoplasmic reticulum. This isoform switch does not occur in the absence of SRSF2.
Instead, SRSF2"" mice continue to express SA isoforms that are inappropriately targeted to
the t-tubules. To confirm this finding, the authors generated transgenic mice that over-
expressed CaMKIIBA isoform under regulation of a cardiac-specific promoter. The
transgenic mice phenocopied the SRSF2” mice with regards to gross cardiac hypertrophy,
decreases in fractional shortening, and calcium handling, albeit on a delayed timeline. This
article did not specifically explore the actual mechanism by which SRSF2 would interact with
CaMKIId mRNA transcripts. It is possible that a secondary mediator could change the
splicing pattern of CaMKIId. This article still makes a strong case that general splicing
regulators play specific and critical roles during cardiac development. This article is also
important because it highlights that alternative splicing does not just control protein

composition, but has critical roles in protein localization.

Titin: a case study in exquisite splicing diversity

Titin is the third most common protein in muscle cells by mass, behind actin and
myosin. The average adult is composed of 500 grams of titin alone [98]. An individual
molecule of titin spans half a sarcomere, from the Z disk to the center of the sarcomere,
which is known as the M line [99]. Titin has many roles in myocytes, including generating
passive tension through its many elastic immunoglobulin (Ig) domains that function as a
molecular spring. With its prominent and constant position in the sarcomere, titin serves to

measure and maintain appropriate sarcomere dimensions, giving titin the nickname
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“molecular ruler’ [100]. More recently, the signaling and scaffolding potential of titin has

been explored in its putative serine/threonine kinase domain within the M line region [101].

The titin gene is located on the long arm of human chromosome 2 and is composed
of 363 exons spanning 281,435 base pairs [100]. The protein itself is composed of several
protein domains named in relationship to its sarcomere location. The M band region, at the
carboxyl end of the protein, is known to have unique splicing patterns dependent on tissue
type [102—-104], species [105], and developmental stage [106]. The study that examined the
developmentally-regulated splicing of the M band region only measured isoform expression
in rat skeletal muscle. The investigators did not measure isoform expression in the heart
during development [106], thus is it would be interesting to determine if this isoform switch is
specific to skeletal muscle or if the patterns of M band region splicing also occur in the heart
and represent a striated-muscle specific developmental isoform switch. The Z disk region of
titin contains several 45 amino acid repeats, known as Z repeats that are interspersed
between 4 Ig domains. The number of Z repeats correlates with Z disk thickness and is
unique to different muscle types [107]. The I-band region of titin is responsible for generating
passive tension and has the most complex splicing pattern of all the titin regions, and
perhaps in all mammalian genes. This region is composed of four separate structural
regions: 1 - Ig-domains, 2 - PEVK segment (named for the segment’s enrichment in proline
(P), glutamic acid (E), valine (V), and lysine (K) amino acid residues), 3 - the cardiac-specific
N2B region, and 4 - the N2A region [108]. The two main splicing patterns of I-band titin are
dependent on the inclusion of the N2B or N2A regions. In the heart, the N2B region is
always expressed. The N2A region is always expressed in skeletal muscle and transiently
expressed during cardiac development [109]. When both the N2A and N2B regions are
present, this is referred to as N2BA isoform of titin. In the embryonic heart, the longer, more
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compliant N2BA isoform is the predominant titin splice variant. N2BA titin includes a variable
number of exons from exons 49-50 (N2B region) to exons 102-111 (N2A region). As
embryonic development continues, the level of N2BA titin decreases while the N2B isoform,
which is shorter and stiffer than N2BA, gradually increases in expression. This isoform
switch is directly related to the amount of passive tension within the cardiomyocyte
[108,110]. Experiments that measured passive tension in fetal and adult rat hearts
definitively showed a large difference in passive tension at all sarcomere lengths between
adult and fetal samples as a result of titin alternative splicing [108]. The PEVK segment is
located between the N2B and N2A regions and also has dramatic variation in splicing
patterns. Studies that cloned individual mRNA transcripts from human hearts have found
that one heart can contain 10 or more splice variants in this region [111]. If one assumes
that alternative splicing of each titin exon within the PEVK segment is an independent event,
this could potentially generate more than 274 billion different isoforms [112]. The
functionality of this extraordinary degree of isoform diversity is still unknown, but recent
studies of different human cardiac pathologies suggest that these splicing patterns are
responsive to physiological inputs and may play a role in disease pathogenesis. Human
patients with diastolic heart failure have reduced N2BA:N2B ratios, meaning their hearts
express less N2BA titin and are stiffer than the average adult heart [113]. In comparison,
congestive heart failure patients have a 20% increase in their N2BA titin levels compared to
normal patients [114]. A naturally occurring mutation in rats that dramatically delays the
N2BA to N2B isoform switch was recently reported [115], and further experiments have
determined that the RNA-binding protein and splicing repressor Rbm20 is responsible for

this change in alternative splicing. Most interesting, the authors were able to show that
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several cases of idiopathic dilated cardiomyopathy were caused by mutations that disrupted

Rbm20 function [116,117].

Alternative splicing in hypertrophic and failing hearts

While changes in alternative splicing in multiple developmental contexts have been
thoroughly described in the literature, changes in alternative splicing during disease states
pose more questions than answers. One of the major questions is what comes first, do
changes in alternative splicing cause disease or does alternative splicing change as part of
the response to disease pathogenesis. Here we describe what is known about alternative

splicing in hypertrophy and the progression to heart failure.

Alternative splicing changes in the transition from hypertrophy to heart failure

Studies such as these illustrate the importance of understanding how alternative
splicing influences cardiac hypertrophy and clinical progression into heart failure. Indeed, a
recent study of alternative splicing in human heart failure patients identified specific isoforms
that were diagnostic of heart failure in humans with 98% accuracy [118]. With the exception
of a few highly focused studies as detailed in this chapter, the regulation and extent of
splicing in cardiac hypertrophy is unknown. Recently the isoform expression in pressure-
overload hypertrophy was compared with heart failure. The isoform expression seen in heart
failure represented a more dramatic program that encompassed many of the isoforms
expressed in hypertrophy [119]. Indeed, more isoforms were shared between hypertrophy

and heart failure (454 isoforms) than were unique to hypertrophy (284 isoforms).

Specific isoforms of enigma homolog promote or prevent hypertrophy in vitro
Enigma homolog (ENH) is a member of the PDZ-LIM protein family. These proteins

are comprised of two protein interaction domains, the PDZ domain and the LIM domain. The
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PDZ domain was named after the proteins PSD-95, DLG, ZO-1 and these proteins were
initially characterized as playing a critical role in epithelial and neuronal polarity. PDZ
proteins undergo alternative splicing as a means to diversify protein scaffold interactions
[120]. The LIM domain (named for proteins Linll, Isl-1, Mec-3) contains 55 amino acid
residues, mostly cysteine and histidine with 8 specific residues being highly conserved
among all proteins. The LIM domain forms a tandem zinc finger structure that functions in a
wide variety of cellular processes including gene regulation, cytoskeletal organization, signal
transduction, cell motility, and cell adhesion [121]. Both PDZ and LIM domains are found
throughout the eukaryotic kingdom and have a wide variety of functions [120,121]. In
skeletal and cardiac muscle, proteins that contain both these domains are able to bind to the
sarcomere and participate in various signaling pathways, making them top candidates for
the signal transducers of mechanical forces from the Z disk to the nucleus. Within the PDZ-
LIM protein family, ENH is a member of a subfamily that contains one N-terminal PDZ
domain and three consecutive LIM domains at the C-terminus [101]. ENH was initially
discovered as a protein kinase C binding partner [122]. Since then, ENH has been shown to
localize to the Z disk [123] and interact with other signaling molecules, including protein
kinase D1 and a subunit of the L-type voltage-gated calcium channel [124]. When ENH is
deleted, other ENH binding partners, calsarcin and Cypher (ZASP in humans) are lost from
the Z disk and dilated cardiomyopathy ensues [125]. Given the function of ENH as a
scaffolding protein, it is not surprising that there are multiple splicing isoforms to
accommodate multiple combinations of protein binding. Another member of this subfamily,

ZASP has also been shown to be highly spliced as well [126].

Recently, Yamazaki and colleagues examined the specific functions of the 4 different
ENH splice variants (ENH1-4). They found that during embryonic development ENH1 is the
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predominant mRNA species, but after birth the pattern of splicing changes, increasing the
level of isoforms ENH2, 3, and 4 to be the major species in heart. ENH1 contains three C-
terminal LIM domains whereas the adult isoforms do not. Expression of the embryonic
isoform ENH1 could be induced by hypertrophic stimuli including transverse aortic
constriction (TAC) and pharmacologic agents. To determine the utility of this isoform switch,
ENH1 was overexpressed and silenced in vitro. When the embryonic isoform ENH1 was
overexpressed, neonatal rat cardiomyocytes demonstrated a dramatic hypertrophic
response including increases in cellular volume (as measured by electrical capacitance) and
upregulation of hypertrophy markers (ANP, BNP, and p-MHC). When ENH1 was knocked
down by siRNA, the cells were unable to generate a hypertrophic response. Intriguingly, the
same inability to upregulate markers of hypertrophy was observed when the adult isoform
ENH4 was overexpressed. The authors proposed that the adult isoform ENH4 acts as a
dominant-negative inhibitor of the embryonic, pro-hypertrophy ENH1. Both hemodynamic
(TAC) and pharmacologic agents (phenylephrine, endothelin, and aldosterone) could induce
expression of the embryonic isoform as well as promote hypertrophic gene expression,
suggesting that ENH is downstream of the initial sensors for mechanical stress or hormonal
signaling [40]. These findings strongly suggest that a specific developmental program of
splicing is present in cardiomyocytes and is able to be turned on again when similar
physiological cues are present. These findings prompt more questions. How are mechanical
or pharmacologic signals transduced to change splicing patterns? Are these pathways

amenable to pharmacologic intervention?

Conclusions
In the following chapters, | will explore gene expression regulation in hypertrophy on
multiple levels including transcription and alternative splicing. In chapter 2, | will present our
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work to identify candidate genes for cardiomyocyte shape regulation in response to
changing mechanics. Chapter 3 compares alternative splicing in heart development and
pressure-overload hypertrophy. We have found strong similarities between these two
processes and in chapter 4, we look at what might be controlling this process using
computational and statistical models. Finally in chapter 5, | summarize the work completed

in this dissertation and suggest future experiments.
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Abstract

Multiple cues have been suggested as the mechanical stimulus for the heart’s
hypertrophic response. Our work has previously suggested that the amount of cyclic
shortening in cardiomyocytes controls myocyte shape and that the amount of stretch
controls overall myocyte size. To identify specific gene expression changes that occur in
response to each of these mechanical perturbations, we used microarray analysis of RNA
isolated from papillary muscles cultured for 12 hours at physiologic or reduced levels of
cyclic shortening and physiologic or reduced overall mean stretch. Overall, genes related to
extracellular matrix were surprisingly prominent in our analysis. Connective tissue growth
factor (CGTF) was among a small group of genes regulated by the amount of cyclic
shortening regardless of the level of mean stretch, and many more extracellular matrix
genes were regulated by shortening at one of the levels of stretch. When we compared our
results to gene expression data from an in vivo model of pressure overload (PO) — which
also decreases myocyte shortening — we found the genes that were commonly regulated in
PO and our decreased shortening groups were most significantly enriched for ontology
terms related to the extracellular matrix, followed by genes associated with mechanosensing
and the cytoskeleton. The list of genes commonly regulated in PO and our decreased
shortening groups also included many of the genes known to change early in hypertrophy,
such as myosin heavy chain (Myh7), natriuretic peptide (Nppb), and myosin binding protein
C (Mybpc?2). We conclude that in intact myocardium, the amount of cyclic shortening may be
an important regulator not only of myocyte genes classically associated with hypertrophy but

also of extracellular matrix genes.
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1. Introduction

Hypertension, valve disease, myocardial infarction, and even pregnancy cause
hypertrophy, defined as an increase in myocyte mass. The risk of progression to heart
failure in these conditions, however, depends primarily on changes in myocyte shape. In
patients with pressure overload (PO) states such as chronic hypertension, individual
cardiomyocytes increase in cross-sectional area with the addition of sarcomeres added in
parallel and subsequently the entire left ventricular wall become thicker; this process is
known as concentric hypertrophy. These cell shape changes create a relatively stable
clinical picture. Heart failure develops only after decades of chronic untreated hypertension
in elderly patients [9,10] as the adverse effects of hypertrophy develop including interstitial
fibrosis that leads to arrhythmias and myocardial infarctions as the heart outgrows its blood
supply. In PO states, the ejection fraction and the amount of cardiomyocyte shortening are
reduced. In contrast, volume overload (VO) states such as mitral regurgitation are
characterized by a much shorter time until the development of heart failure. Within 10 years
of diagnosis of severe mitral regurgitation, 90% of patients demonstrated early signs of heart
failure [11]. When VO occurs, the heart is required to pump an increased stroke volume and
individual cells are required to increase the amount they shorten each heartbeat. During this
process, myocytes undergo eccentric hypertrophy, becoming longer and thinner. We
showed that the amount of shortening correlates with myocyte shape across a range of
experimental hypertrophy models in rats [5], and then demonstrated directly that the amount
of shortening regulates cardiomyocyte shape in cultured rat right ventricular papillary
muscles [4]. Understanding how cell shape is controlled by amount of shortening could
enable new therapeutic approaches to direct hypertrophy and prevent or reverse heart

failure.
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Many investigators have proposed hypotheses regarding which mechanical inputs
induce hypertrophy. The observation that patients with high blood pressure had hearts with
concentric hypertrophy led Grossman et al. to hypothesize that increased systolic stress
(more force per area) in hypertensive patients caused individual heart cells to add
sarcomeres in parallel to increase the cell’'s diameter and cross-sectional area. This
hypothesis suggests that by increasing the cross-sectional area, the higher systolic forces
are distributed over a larger area, effectively normalizing the increased systolic stress each
cardiomyocyte experiences [15]. Despite the fact that this hypothesis has been widely
accepted for more than 30 years, there has been no adequate proof that systolic stress
controls cell shape. While attractive, Grossman’s hypothesis does not fully address the issue
of cardiac hypertrophy. The authors provide no similar hypothesis for the regulation of
eccentric hypertrophy. In addition, experiments to directly test the relationship between
systolic stress and cell shape have proven to be difficult.

Unlike many other proposed mechanisms, our hypothesis that as the shortening
amplitude increases, the length:width ratio of cardiomyocytes increases (cells get longer and
skinnier) provides an explanation for both types of hypertrophy. In seeking mechanical
signals that might trigger changes in cardiomyocyte shape, we began by comparing
changes in a long list of candidate mechanical stimuli during experimental VO and PO [5].
One clear difference between these two states was their effect on stroke volume, ejection
fraction, and related measures such as regional systolic strain and shortening. We therefore
hypothesized that the amount of cyclic shortening experienced by myocytes controls
myocyte shape, and demonstrated directly that myocytes from muscles cultured at a
reduced level of systolic shortening to simulate PO get shorter and wider over 36 hours [4]

compared to muscles cultured at physiologic levels (15%) of shortening. There is evidence

21



of this in volume overload, when cells are required to shorten more to pump the increased
stroke volume, cells undergo eccentric hypertrophy. In pressure overload, when ejection
fraction is reduced and the shortening amplitude of individual myocytes decrease,
concentric hypertrophy occurs.

Although a host of other potential mechanical and biochemical stimuli for cell shape
changes have been proposed and studied over the past century, it has been experimentally
challenging to definitively identify the mechanisms directly responsible for cell shape
regulation. In vitro cell stretching experiments allow precise manipulation of mechanical and
chemical inputs, yet this experimental system is unphysiologic for myocytes: the cells are
plated in two dimensions on artificial substrates, often devoid of appropriate connections to
the extracellular matrix, neighboring myocytes, and cardiac fibroblasts, all of which have
been shown to modulate cardiac hypertrophy [127,128]. In vivo experiments are confounded
by neuroendocrine signaling. Hormones such as angiotensin Il and norepinephrine are
known to induce hypertrophy without mechanical perturbation; efforts to pharmacologically
block these responses in order to isolate mechanical from chemical effects on hypertrophy
during in vivo overload have produced few clear insights. In vitro culture of papillary muscles
offers a convenient middle ground between cell culture and in vivo preparations, allowing
excellent control of mechanical and biochemical inputs while maintaining cell-cell and cell-
ECM connections [4].

The primary goal of the present study is to identify candidate genes that may play a
role in regulating myocyte shape by identifying genes whose expression is specifically
responsive to changes in myocyte shortening. In addition to changes in myocyte shape,
myocyte size increases rapidly following the imposition of experimental PO or VO [5], and

regresses rapidly following mechanical unloading with left ventricular assist devices (LVADS)
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[129]. Based on the strong correlation between myocyte size and average chamber volume
(or related local quantities such as myocyte stretch and sarcomere length) across these
different states, we have hypothesized that average sarcomere length or myocyte stretch
may trigger changes in gene expression that regulate myocyte mass. Therefore, in the
present study we identify genes whose expression is specifically responsive to changes in
average myocyte stretch and then compare these in vitro gene expression changes to other

in vivo gene expression studies of pressure overload and LVAD treatment.

2. Materials and methods

2.1. Papillary muscle isolation

All experiments were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals [130] and approved by the University of Virginia’s Institutional Animal
Care and Use Committee. 12 adult male LBN-F1 rats (Harlan; Indianapolis, IN), 281 + 13 g
(mean £ SD), were euthanized by 1 ml intraperitoneal injection of 50 mg/ml pentobarbital
sodium (Ovation Pharmaceuticals, Inc.; Deerfield, IL). Following intracardiac heparinization,
the heart was rapidly dissected, transferred to a microdissection dish, and retrograde
perfused via the ascending aortic stump with a solution to prevent cross-bridge cycling (4°C
Krebs-Henseleit (K-H) Buffer Modified containing (in mM) 118 NaCl, 4.7 KCI, 1.2 MgSQy,,
1.2 KH,PO,, 20 NaHCO3;, 11 glucose, 0.25 CaCl,, 30 2,3-butanedione monoxime (BDM)
and 20 IU/l insulin in equilibrium with 95% O,-5% CO,). Next, the right ventricle (RV) was
opened by cutting along the posterior and superior edges of the free wall, followed by
careful dissection of appropriately sized and shaped RV papillary muscles with the following

dimensions (mean + SD): major radius, 318 + 71 um; minor radius, 218 + 47 um; length

23



(between the two mounting pins), 2.44 + 0.57 mm. To excise each papillary muscle, we first
dissected all chordae tendinae attachments and subsequently cut around the septal
insertion of the muscle. The excess tissue from the septal region was used to handle each
muscle without damaging to the tissue. Dissected muscles were stored in oxygenated BDM
K-H buffer on ice until the desired number of suitable muscles were obtained for the given

culture experiment (typically four).

2.2. Papillary muscle culture set up

We cultured each RV papillary muscle at 37°C for 12 h in a sterile culture system,
modified from methods described by Janssen et al. [131] by the addition of a programmable
servomotor to control muscle length. Muscles were mounted at slack length — such that a 50
pm stretch yielded a measurable increase in passive force — via pins connected to a force
transducer at one end and the servomotor at the other. After mounting each muscle in
chilled BDM K-H buffer, we applied sterile TiO,-PBS (1:1 wt/wt) to each of four corners of
the muscle’s central region, creating two longitudinal pairs of markers. These visual markers
allowed us to track muscle stretch and shortening throughout the culture experiment. The
baths were then sealed and a superfusion of 95%0,-5%CO, was initiated to flow through
each bath. The temperature of the culture system was increased until the media reached
37°C. We then exchanged the BDM K-H buffer for BDM-free K-H buffer with the same low
concentration of Ca®* (0.25 mM Ca*"). Once the BDM K-H buffer had been thoroughly
flushed from the culture system, we exchanged the low-Ca** BDM-free solution for Medium
199 culture media (M199, 1.85 mM Ca*"; Mediatech; Manassas, VA) supplemented with the
following: 21.7 mM NaHCOg3;, 2.0 mM L-carnitine, 4.4 mM creatine, 5.0 mM taurine, 2.0 mM
L-glutamine, 20 U/l insulin, 105 IU/ml penicillin, 100 pg/ml streptomycin, and 1 pg/ml

amphotericin B. After the media exchange process and throughout the duration of the
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culture period, muscles were electrically stimulated end to end by 5 ms asymmetric pulses
at 1Hz frequency, 30-50% above the contraction-stimulating threshold voltage (2-4 V). The
muscles were cultured and stimulated for 30-60 minutes to allow the muscles to reach
steady state before beginning a pre-stretch protocol. Each muscle was stretched by 0.05
mm increments every 60-90 seconds until the central region of the muscle reached a pre-
determined amount of stretch from slack (5 or 15%), which we confirmed by measuring the
increased spread between both TiO, marker pairs during diastole. Following this pre-stretch
protocol, we programmed the servomotors using one of four waveforms to impose a distinct
combination of time-averaged stretch and cyclic shortening upon each cultured muscle
throughout the 12 h culture period, as described below.

We used a customized data acquisition system (LabVIEW, National Instruments;
Natick, MA) to continuously measure and record muscle force, control servomotor position,
and periodically acquire video of muscle contraction-relaxation. From this video feed, we
measured diastolic stretch (compared to slack length at time = 0) and adapted a marker
tracking algorithm to calculate time-averaged stretch and cyclic shortening between both
longitudinal pairs of TiO, markers. To preserve identical culture conditions for each sample,
M199 and 95%0,-5%CO, superfusate gas were exchanged only at the midpoint (6h) of
each experiment. Following measurements of force, stretch, and shortening at 12h, we
terminated the electrical stimulus and any length control protocol, relaxed each muscle in
cold BDM K-H buffer for 2-3 minutes while trimming the ends and measuring muscle
dimensions, and flash froze each muscle in liquid nitrogen prior to storage at -80°C until

subsequent RNA isolation.
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2.3. Experimental design and mechanical inputs

We employed a factorial design [132] as the framework for defining our four
experimental groups: two mechanical factors (mean stretch and cyclic shortening) at two
distinct levels that represent “normal” and “reduced” states (high and low, respectively). In
preliminary studies, we observed that too little or too much stretch leads to muscle
contracture. These target values were chosen to maximize the difference between the
groups while minimizing intra-group variability and risk of muscle contracture. We only
accepted muscles that contributed to a group mean that was two times greater or less than
the counterpart mechanical group input. We defined high target values for time-averaged
stretch to be 16% above slack length and 4% for the low stretch group. We similarly defined
the target values for high cyclic shortening to be 16% of slack length and 4% for the low

shortening group.

2.4. Measurement and control of muscle mechanics

We adapted a marker tracking algorithm developed for measuring strain in
mechanically tested tissues [133] to track the TiO, markers throughout each contractile
cycle and quantify mean stretch and cyclic shortening in each muscle’s central region. The
central region of contracting papillary muscles can move independently of the prescribed
movement of the ends. By tracking the movement of the central region, we were able to
carefully adjust the amount of prescribed shortening to ensure the muscle’s central region
experienced the desired amount of cyclic shortening. Three groups (n = 3 each) were pre-
stretched 16% from slack length (high-AL/high-L, high-AL/low-L, and low-AL/high-L), while
the fourth group (n = 3) was pre-stretched 5% from slack (low-AL/low-L). In the case of low
shortening muscles, we prescribed up to 5% cyclic lengthening when necessary to
counteract substantial shortening in the muscle’s central region, especially at the beginning
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of the culture period. In the case of high-shortening muscles, we prescribed initial shortening
slightly above the target mean value to account for typical decreases over the course of the
experiment. To achieve different amounts of time-averaged stretch between the high-AL
groups, the low-stretch muscles were held at systolic length for a considerably longer
duration than the high-stretch muscles (700 vs. 50 ms, respectively). At equal intervals
throughout the experiment (0, 3, 6, 9, and 12 h) we measured muscle stretch and cyclic
shortening. This allowed us to make frequent adjustments of length control parameters in
order to achieve time-varying length target values. These pre-stretch and servomotor length
control protocols yielded the following muscle groups: high-AL/high-L, normal shortening,
normal stretch; high-AL/low-L, normal shortening, reduced stretch; low-AL/low-L, reduced

shortening, reduced stretch; low-AL/high-L, reduced shortening, normal stretch (Fig. 1A).

2.5. RNA isolation, preparation, and microarray assays

Three samples from each of the four mechanical input groups were removed from -
80°C and partially submerged in a bath of liquid nitrogen within their own 1.5 ml tubes. Each
frozen muscle was then pulverized with a liquid nitrogen-cooled pellet pestle (Kontes®,
Thermo Fisher Scientific, Waltham, MA). We performed standard RNA extraction from this
point, using 1 ml of Trizol (Invitrogen, Life Technologies, Carlsbad, CA), shearing genomic
DNA with a 25-gauge needle, and adding glycogen during RNA precipitation. The total RNA
pellet was resuspended in 9 pl of RNase-free H,O and warmed for 10 minutes (60°C) to
promote dissolution. Each sample was treated with DNase | (Invitrogen, Life Technologies;
Carlsbad, CA) according to the manufacturer’s protocol to remove any remaining genomic
DNA contamination. Total RNA concentrations were measured using a small volume
spectrophotometer (NanoDrop, Thermo Fisher Scientific; Waltham, MA). The samples were

then diluted the samples to a concentration of 33.3 ng/pl. Subsequent processing and
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microarray hybridization were performed by the Biomolecular Research Facility (School of
Medicine, University of Virginia). Prior to microarray target preparation, each selected RNA
sample was run on the Agilent Bioanalyzer 2100 with an RNA 6000 Nano Chip (Agilent;
Santa Clara, CA) to assess sample quality and confirm total RNA and mRNA
concentrations. Global gene expression of all samples was assayed using GeneChip® Rat
Genome 230 2.0 arrays (Affymetrix; Santa Clara, CA). All biotin-labeled, amplified RNA for
hybridization was prepared using the standard Affymetrix kit and protocol. Following
hybridization, the Biomolecular Research Facility returned the raw expression files for

bioinformatics pre-processing and analysis.

2.6. Microarray data analysis

We processed the 12 CEL files by loading them and the appropriate Affymetrix CDF
library annotation file into R wusing the Bioconductor package (www.R-project.org;
www.bioconductor.org) to process the raw data with the Robust Multichip Average (RMA)
algorithm [134,135]. We removed probe-set data from all arrays if the RMA-normalized log,
signal of a probe-set was below l0og,(50) in at least 50% of the samples within each group to
reduce noise created by low signal probes [136,137]. This signal-based filter reduced the
number of probe-sets for subsequent analysis from 31,042 to 16,391.

To maximize our ability to detect inter-group expression differences between groups,
we used the local-pooled-error (LPE) method (downloadable R package from Bioconductor)
[138]. LPE estimates within-probe-set variance by pooling the variances of all probe-sets at
similar expression intensities, across all samples within a given experimental group and
corrects the variance for each probe-set to a level consistent with its overall expression
intensity [138]. We computed LPE-based Z-scores for each probe-set comparison to identify
the transcriptional effects of reduced cyclic shortening under physiologic mean stretch (high-
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AL/high-L vs. low-AL/high-L) or sub-physiologic mean stretch (high-AL/low-L vs. low-AL/low-
L), and the effects of reduced mean stretch under physiologic cyclic shortening (high-
AL/high-L vs. high-AL/low-L) or sub-physiologic cyclic shortening (low-AL/high-L vs. low-
AL/low-L). For each comparison, we used a false discovery rate (FDR) cutoff of 0.3 to
identify the most significantly regulated probe-sets. We then used DAVID (the Database for
Annotation, Visualization, and Integrated Discovery) [139,140] to perform biological
annotation and functional analysis of the resulting lists of regulated genes. We used the
‘Functional Annotation Clustering’ tool within DAVID to identify statistically significant

overrepresentation of biological annotation terms associated with our significant gene lists.

3. Results
3.1. Differences in muscle culture mechanical inputs created four distinct groups

Through different combinations of stretch and shortening protocols, we successfully
cultured four distinct groups of mean stretch and cyclic shortening, as confirmed by our
marker-tracking protocol (Figure 1). The time-averaged stretch values for each group were
calculated to be (means + SD): high-AL/high-L, 1.157 + 0.012; low-AL/high-L, 1.165 * 0.015;
high-AL/low-L, 1.033 + 0.015; low-AL/low-L, 1.061 = 0.008 (Fig. 1B). Average cyclic
shortening values were (means + SD): high-AL/high-L, 0.165 + 0.009; low-AL/high-L, 0.036
+ 0.002; high-AL/low-L, 0.164 + 0.005; low-AL/low-L, 0.022 + 0.003 (Fig. 1C). We recorded
mechanical force continuously throughout the culture period and normalized this by muscle
cross-sectional area to estimate stresses. Time-averaged diastolic stresses (means = SD)
were not statistically different between any groups using one-way ANOVA. Due to their
consistently low active contractile stress, mean systolic stress in low-AL/low-L muscles (-
0.18 + 1.08 mN/mm?) was observed to trend lower than the other three groups (high-
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AL/high-L muscles, 2.28 + 0.64 mN/mm?; high-AL/low-L, 2.16 + 0.66 mN/mm?; low-AL/high-
L muscles, 5.69 + 4.10 mN/mm?), however this did not yield a statistically significant

variance between groups by one-way ANOVA.

3.2. Distinct gene expression changes with decrease stretch and decreased shortening

In order to identify genes whose expression responded specifically to the amount of
shortening, we analyzed the transcriptional effects of reduced cyclic shortening at high
stretch (low-AL/high-L vs. high-AL/high-L; right oval, Fig. 2A) and at low stretch (low-AL/low-
L vs. high-AL/low-L,; left oval, Figure 2A). Using LPE (described in Materials and Methods),
these two comparisons identified 50 and 6,214 differentially expressed genes, respectively.
Of these, 36 annotated genes were significantly regulated within both high-AL vs. low-AL
comparisons (Fig. 2A, oval overlap). Fourteen of these genes were concordantly regulated
in the low-L and high-L comparisons (Table 1), while the expression of 22 genes changed in
opposite directions in the low and high stretch comparisons. To sort the significance of each
gene’s overall differential expression, we calculated the geometric mean of each pair of
LPE-determined Z-scores resulting from both reduced shortening comparisons. A greater
mean Z-score reflects consistent shortening-dependent differential expression of a gene
under both high and low stretch.

Conversely, to identify genes whose expression varied with stretch, but not
shortening, we used LPE to compare the transcriptional effects of reduced stretch under
high shortening (high-AL/low-L vs. high-AL/high-L) and under low shortening (low-AL/low-L
vs. low-AL/high-L). We identified 20 genes that exhibited differential expression with a
reduction in stretch under high-AL (Fig. 2B, upper oval) and 5,880 genes differentially

expressed with reduced stretch under low-AL (Fig. 2B, lower oval). The overlap between
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these two comparisons comprises of 6 annotated genes with concordant changes in

expression (Table 2).

3.3. Comparison of papillary muscles gene expression to pressure overload and LVAD
treatment

To compare these transcriptional changes to analogous in vivo and clinical results,
we searched for published microarray studies that had experimental models similar to the
relative alterations in myocardial mechanics in out muscle culture experiments. We identified
a 7-day transverse aortic constriction (TAC) study performed in male wild-type mice [141]
and a study exploring the global transcriptional effects of left ventricular assist device
(LVAD) treatment of failing human hearts [142]. For each study, we used the CEL files from
the original studies and performed the same data processing, low-signal filtering, and LPE
analysis steps as was done for the cultured papillary muscle groups.

Pressure overload induced by TAC results in an acute reduction in cyclic shortening
of the myocardium [143,144], a reduction we simulated in our low-AL muscle groups in the
present study (Fig. 3A). An LPE comparison of the 7-day TAC and sham wild-type mice
revealed 857 significantly regulated genes (FDR < 0.1). With this data, we aimed to identify
genes that were regulated in both TAC and at least one of our shortening comparisons. To
do this, we first eliminated any probe-sets that were discordantly regulated between our two
shortening comparisons and filtered out any probe-sets with FDR = 0.1. The overlap
between the papillary muscle data and the TAC vs. sham data yielded 169 genes that were
up-regulated in both pressure-overloaded mouse hearts and reduced cyclic shortening rat
papillary muscles and 20 genes down-regulated in both comparisons (Supplementary Table
S1). The gene ontology analysis of these 189 overlapping genes revealed 40 significantly
enriched gene ontology clusters (enrichment score > 1.3), of which the top 12 are shown in
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Table 3 including the most significant clusters “extracellular matrix”, “response to mechanical
stimulus”, and blood vessel development.

Mechanical unloading induced by LVAD treatment of a failing human heart reduces
the time-averaged ventricular chamber volume, a three-dimensional analogue of mean
stretch [145]. Thus, post- vs. pre-LVAD data represents a change in stretch similar to the
high-L vs. low-L muscle group comparison in our study (Fig. 3B). Again using LPE with an
FDR cutoff of 0.1, we identified 482 genes significantly regulated followingLVAD treatment
of failing hearts. Using the same approach as described above, we identified 69 genes
uniformly up-regulated in response to a reduced mean stretch in both cultured papillary
muscles and LVAD treated human hearts and 33 genes down-regulated in both
comparisons (Supplementary Table S2). Gene ontology analysis identified 11 significantly
enriched functional annotation term clusters, which are listed in Table 4. The top clusters

included “response to endogenous stimulus”, “negative regulation of cell differentiation”, and

“negative regulation of apoptosis”.

4. Discussion

We previously hypothesized that the amount of cyclic shortening experienced by
myocytes in the heart wall regulates myocyte shape, while the average stretch imposed on
those myocytes regulates overall myocyte size. In order to identify genes specifically
responsive to changes in cyclic shortening or time-averaged stretch, we cultured rat right
ventricular papillary muscles for 12 hours at physiologic or reduced levels of shortening and
stretch using a 2 x 2 factorial design, then used microarrays to assess changes in gene
expression. We also examined the relationship between changes in gene expression in our

cultured muscles and those reported during two in vivo interventions that alter shortening
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and stretch — transverse aortic constriction (TAC) to induce pressure-overload hypertrophy
and left ventricular assist device (LVAD) support of failing human hearts.

Based on our hypothesis that cyclic stretch regulates myocyte shape, we expected
that genes specifically responsive to changes in cyclic stretch would be enriched for those
encoding sarcomeric and cytoskeletal proteins. Instead, we found a relatively small set of
genes that responded similarly to changes in shortening regardless of the level of underlying
mean stretch (Table 1), including connective tissue growth factor (CTGF), heat shock
protein 90 kDa B1 (HSP90AB1), and nuclear factor, interleukin 3 regulated (NFIL3, also
known as E4BP4). CTGF expression is induced by TGF-B and is strongly up-regulated in
heart failure [146] and in cultured myocytes exposed to pro-hypertrophic stimuli [147,148].
While its potential to cause cardiac fibrosis is still debated, CTGF was recently shown to be
an important mediator of cardiac hypertrophy [149]. The HSP90 family has been shown to
be up-regulated in cardiac stress and is involved in protein quality control of crucial cardiac
proteins such as actin, tubulin, and TGF- [150]. NFIL3 was recently shown to be an
important transcription factor for cell survival in myocytes [151].

Based on the fact that transverse aortic constriction (TAC) reduces myocyte
shortening and dramatically alters myocyte shape, we also expected that genes encoding
sarcomeric and cytoskeletal proteins would have largest changes in expression in the list of
genes that were both regulated by reduced shortening in our papillary muscles and altered
by TAC in vivo. The list of expression changes shared between these two datasets was
enriched for cytoskeletal genes as expected (Table 3), and also included many known key
components of the hypertrophic response such as Nppb, Ankrdl, Mybpc2, Myh7, Ctdf,
Myl9, Myocd (see Supplementary Table 1 for full list). However, the degree of overlap in

genes associated with extracellular matrix and ECM-receptor interaction was equally
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striking. Gene ontology results emphasizes that the genes seen in both PO and our
decreased shortening comparisons are over-represented for terms associated with
cardiomyocyte remodeling including ‘extracellular matrix’, ‘actin cytoskeleton’, and
‘embryonic development’. Indeed, given the similarities in gene expression between PO and
papillary muscles with decreased shortening, the enrichment of ECM genes may represent
a mechanical signal for fibrosis.

One striking result is the disparity between the numbers of differentially expressed
genes within each pair of high vs. low shortening and high vs. low stretch comparisons. We
saw the largest number of gene expression changes when we compared low shortening,
low stretch group (low-AL/low-L) to either the low shortening, high stretch muscle group
(low-AL/high-L; 6,214 regulated genes) or to the high shortening, low stretch group (high-
ALl/low-L; 5,880 genes). This result is particularly interesting, given that the mechanics of
this group (low stretch, low shortening) were most similar to those of myocytes cultured on a
rigid substrate. Indeed we now know that multiple cell types including fibroblasts and
cardiomyocytes behave very differently in two-dimensional tissue culture models that lack
appropriate ECM contacts [152,153], cellular, or electrical contacts with other cells [154,155]
compared to those within three-dimensional tissue constructs and native organ structures.
Our results suggest that mechanically perturbing cultured myocytes from an initial low-
stretch, low-shortening background may generate a large number of changes in gene
expression that would not be induced by a similar perturbation of intact myocardium cultured
at a more physiologic initial baseline.

One potential source of error in our study is that we only examined gene expression
at one 12h-time point during our stretching experiments. Although our previous observation

that myocyte size changes significantly by 36 hours in this model suggested that relevant
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gene expression changes must be present quite early, this time point is certainly extremely
early compared to published in vivo experiments of cardiac overload, including those we
used for comparison here. We chose an early time point to avoid any confounding effects of
gradual degeneration of the cultured muscles at longer times, but that choice restricted the
pool of shortening- and stretch-responsive genes we could detect to those that respond
rapidly to perturbations. Another source of error in cell and organ culture experiments is the
choice of media. Some components in our media are known to alter gene expression;
insulin in particular is critical for energetics of contraction, but also functions as a pro-
hypertrophic factor [156,157]. Because all papillary muscle gene expression comparisons
were relative to other papillary muscle groups cultured in identical media, the primary impact
of this error was likely that we could have missed a shortening- or stretch-dependent

response of genes that are also regulated by insulin.

5. Conclusions

We conclude that careful control of mechanical inputs to cultured papillary muscles
allows analysis of early gene expression changes in response to specific mechanical inputs
thought to play a role in hypertrophy, such as the amount of cyclic shortening and overall
mean stretch. The degree of overlap between gene expression changes in papillary muscles
cultured with decreased shortening and those measured in pressure overload suggests that
decreased shortening may be important for triggering concentric hypertrophy in vivo.
Extracellular matrix genes were also prominent in the group of genes regulated by
decreased shortening in vitro and pressure overload in vivo, suggesting that decreased

shortening may also be an important stimulus for fibrosis in response to pressure overload.
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Appendix A. Tables and figures

Table 1. Genes with concordant shortening-dependent expression at both physiologic (high)

and sub-physiologic (low) mean stretch

Gene Name Gene Symbol CE:?(][;rnegsesion y—iigre
prostate transmembrane protein, androgen induced 1 Pmepal ) 5.74
nuclear factor, interleukin 3 regulated Nfil3 1 4.04
connective tissue growth factor Ctof ) 3.84
activating transcription factor 3 Atf3 1 3.64
stearoyl-CoA desaturase (delta-9-desaturase) Scd 3.35
myeloid/lymphoid or mixed-lineage leukemia (trithorax Mit3 3.33
homolog, Drosophila); translocated to, 3

similar to RNA binding motif, single stranded interacting protein LOC680726 ) 2.65
3 isoform 1

heat shock protein 90kDa alpha (cytosolic), class B member 1~ Hsp90abl 1 2.61
cytoplasmic polyadenylation element binding protein 2 Cpeb2 1 2.45
solute carrier family 41, member 3 Slc41a3 1 4.95
interleukin 6 116 ! 4.59
fin bud initiation factor homolog (zebrafish) Fibin 1 4.16
thymic stromal lymphopoietin Tslp ! 3.71
chemokine (C-C motif) ligand 11 Ccl11 ] 3.27
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Table 2. Genes with concordant stretch-dependent expression at both physiologic (high)
and sub-physiologic (low) amounts of shortening

Gene Name Gene Symbol CE:?][;r:;:ion y—iigre

Epstein-Barr virus induced 3 Ebi3 1 3.55
interleukin 6 116 1 2.98
similar to RIKEN cDNA 9530077C05 RGD1561444 ! 3.64
lymphatic vessel endothelial hyaluronan receptor 1 Lyvel ! 3.50
thrombospondin 4 Thbs4 ! 3.33

collagen, type VI, alpha 1 Col6al ! 2.34




Table 3. Over-represented ontology terms among gens with significantly altered expression
in response to reduced shortening in vitro and in TAC

Gene Ontology Term P value # of Genes E?\Ir(ijchment
extracellular matrix 1.11E-11 22 6.63
response to mechanical stimulus 5.77E-06 9 9.12
blood vessel development 1.36E-06 15 5.09
actin cytoskeleton organization 2.33E-06 13 5.80
regulation of actin cytoskeleton 4.48E-05 13 4.19
chordate embryonic development 2.37E-05 17 3.53
response to calcium ion 1.40E-06 9 10.97
cell migration 2.64E-05 14 4.22
extracellular region 1.97E-10 46 2.73
cell adhesion 8.37E-05 18 3.03
response to glucose stimulus 3.03E-04 7 7.58
ECM-receptor interaction 2.13E-07 11 9.15
identical protein binding 9.22E-06 21 3.14
regulation of protein complex assembly 3.11E-06 9 9.89
muscle organ development 5.92E-05 11 5.08

25 additional enriched clusters
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Table 4. Over-represented ontology terms among genes with significantly altered expression
in response to reduced mean stretch in vitro and LVAD treatment in failing human left

ventricles

Gene Ontology Term P value # of Genes E?\Ir(ijchment
response to endogenous stimulus 3.62E-05 15 3.72
negative regulation of cell differentiation 3.53E-03 4.70
negative regulation of apoptosis 2.15E-03 9 3.84
regulation of cell proliferation 6.31E-04 14 2.99
extracellular matrix part 3.55E-04 6 9.66
collagen 3.36E-03 4 13.01
response to insulin stimulus 6.52E-02 4 4.28
response to glucose stimulus 1.37E-02 4 7.90
aging 8.64E-02 4 3.79
positive regulation of cellular biosynthetic process 5.98E-03 12 2.57

7 additional enriched clusters
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Figure 1. Two-way mechanical inputs for 12h culture of papillary muscles
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Figure 1. Two-way mechanical inputs for 12h culture of
papillary muscles. A, Schematic of experimental design
showing the 4 groups of male LBN-F1 rat right ventricular
papillary muscles (n = 3 per group). Black arrows show
relationship to analogous in vivo models of PO (transverse
aortic constriction, TAC) and a clinical intervention for heart
failure (left ventricular assist device, LVAD). B and C confirm
distinct differences in mechanical input measured by marker-
tracking. Data points represent group mean + SD. B, Mean
stretch (relative to slack length) C, Cyclic shortening (relative
to slack length).
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Figure 2. Overlapping gene expression by individual mechanical inputs
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Figure 2. Overlapping gene expression by individual mechanical inputs. Numbers represent the number
of genes that changed significantly concordantly in each comparison. A, Decreased cyclic shortening at low

and high mean stretch. B, Mean stretch at low and high shortening.
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Figure 3. Comparisons of in vitro mechanical changes to in vivo studies of pressure
overload and left ventricular assist device treatment
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Figure 3. Comparisons of in vitro mechanical changes to in vivo studies of

pressure overload and left ventricular assist device treatment (LVAD). A, Decreased

shortening in cultured papillary muscles and a 7-day TAC study in mice. B, Decreased

mean stretch and LVAD. Numbers within each circle represent the number of significant

genes.
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Appendix B. Supplementary data

Supplementary Table 1. Genes regulated concordantly in response to reduced cyclic
shortening in papillary muscles and TAC in mice

Expression Mean

Gene name Gene symbol
Y change Z-score

collagen, type lll, alpha 1 Col3al 1 10.12

thymosin beta 4, X-linked Tmsb4x 1 8.66

TIMP metallopeptidase inhibitor 1 Timpl 1 8.54

tropomyosin 4 Tpm4 1 8.08

secreted protein, acidic, cysteine-rich (osteonectin) Sparc 1 7.91

immediate early response 3 ler3 1 7.73

fatty acid binding protein 4, adipocyte Fabp4 1 7.30

S100 calcium binding protein Al11 (calizzarin) S100all 1 7.26

collagen, type |, alpha 2 Colla2 1 7.24

interferon induced transmembrane protein 3 Ifitm3 1 7.02

B-cell translocation gene 2, anti-proliferative Btg2 1 6.67

CD9 molecule Cd9 1 6.49

plastin 3 (T-isoform) PIs3 1 6.37

procollagen, type VI, alpha 3 Col6a3 1 6.31

interferon-induced protein with tetratricopeptide repeats 2 Ifit2 1 6.07
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Supplementary Table 1 (continued)

Expression Mean Z-

Gene name Gene symbol
pattern score

fibrinogen-like 2 Fgl2 1 6.01

vascular cell adhesion molecule 1 Vcaml 1 5.95

lectin, galactoside-binding, soluble, 3 binding protein Lgals3bp 1 5.87

actin related protein 2/3 complex, subunit 2 Arpc2 1 5.69

connective tissue growth factor Ctgf 1 5.63

complement component 1, g subcomponent, beta polypeptide Clgb 1 5.53

melanoma cell adhesion molecule Mcam 1 5.52

glutamate-ammonia ligase (glutamine synthetase) Glul 1 5.49

Tyro protein tyrosine kinase binding protein Tyrobp 1 5.32

cell division cycle 42 (GTP binding protein) Cdc42 1 5.31

cyclin D1 Ccndl 1 5.23

PRELI domain containing 1 Prelid1l 1 5.21

cysteine and glycine-rich protein 2 Csrp2 1 5.14

Fc fragment of IgE, high affinity |, receptor for; gamma polypeptide Fcerlg 1 5.10

tubulin, beta 6 Tubb6 1 5.06

eukaryotic translation initiation factor 4A1 Eif4al 1 4.97
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Supplementary Table 1 (continued)

Expression Mean Z-
Gene name Gene symbol pattern score

lymphocyte antigen 6 complex, locus E Ly6e 1 491

guanine nucleotide binding protein (G protein), alpha inhibiting 2 Gnai2 1 4.88

cathepsin Z Ctsz 1 4.84

tubulin, beta 5 Tubb5 1 4.75

calmodulin 1 Calml 1 4.68

plasminogen activator, tissue Plat 1 4.64

mannan-binding lectin serine peptidase 1 Maspl 1 4.59

myosin, heavy chain 9, non-muscle Myh9 1 4.56

mesenchyme homeobox 1 Meox1 1 4.50

polypyrimidine tract binding protein 1 Ptbpl 1 4.45

FXYD domain-containing ion transport regulator 5 Fxyd5 1 4.42

H2A histone family, member X H2afx 1 4.42

collagen, type 1V, alpha 1 Coldal 1 4.40

lectin, galactoside-binding, soluble, 1 Lgalsl 1 4.28

transmembrane protein 176B Tmem176b 1 4.24

elastin microfibril interfacer 1 Emilinl 1 4.07

4

[e]



Supplementary Table 1 (continued)

Expression Mean Z-

Gene name Gene symbol
pattern score

growth factor receptor bound protein 10 Grb10 1 4.04

complement component 1, g subcomponent, alpha polypeptide Clga 1 4.02

serine carboxypeptidase 1 Scpepl 1 4.01

EF-hand domain family, member D2 Efhd2 1 3.98

S100 calcium binding protein A6 S100a6 1 3.96

capping protein (actin filament), gelsolin-like Capg 1 3.95

FK506 binding protein 1la Fkbpla 1 3.88

SH3 domain binding glutamic acid-rich protein-like 3 Sh3bgrl3 1 3.86

integrin alpha 9 Itga9 1 3.84

fibulin 2 Fbin2 1 3.78

ADAM metallopeptidase domain 10 Adam10 1 3.76

cathepsin C Ctsc 1 3.66

EGF-containing fibulin-like extracellular matrix protein 2 Efemp2 1 3.64

annexin A4 Anxa4 1 3.61

selenoprotein Sepl5 1 3.61

four and a half LIM domains 1 Fhi1 1 3.60
4
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Supplementary Table 1 (continued)

Expression Mean Z-
Gene name Gene symbol pattern score

GTPase, IMAP family member 4 Gimap4 1 3.60

SMAD family member 1 Smadl 1 3.55

actin, gamma 1 Actgl 1 3.53

transketolase Tkt 1 3.51

poly(A) binding protein, cytoplasmic 1 Pabpcl 1 3.43

dual specificity phosphatase 3 Dusp3 1 3.40

uncoupling protein 2 (mitochondrial, proton carrier) Ucp2 1 3.33

granulin Grn 1 3.27

DNA (cytosine-5-)-methyltransferase 1 Dnmtl 1 3.22

CAP, adenylate cyclase-associated protein 1 (yeast) Capl 1 3.17

TIMP metallopeptidase inhibitor 2 Timp2 1 3.16

cytochrome b5 reductase 3 Cyb5r3 1 3.10

AE binding protein 1 Aebpl 1 3.02

transmembrane 9 superfamily member 3 Tm9sf3 1 2.95

tetraspanin 14 Tspanl4 1 291

transcription factor 4 Tcf4 1 2.87
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Supplementary Table 1 (continued)

Expression Mean Z-
Gene name Gene symbol pattern score

aldehyde dehydrogenase 1 family, member Al Aldhlal 1 2.85

growth arrest specific 5 Gasb 1 2.76

platelet factor 4 Pf4 1 2.70

metadherin Mtdh 1 2.65

myosin |E Myole 1 2.48

solute carrier family 41, member 3 Slc41a3 1 6.17

t-complex 11 (mouse) like 2 Tcplll2 1 4.74

microphthalmia-associated transcription factor Mitf 1 4.22

ankyrin repeat and SOCS box-containing 11 Asb1l 1 3.67

Eph receptor A4 Epha4 1 3.52

X-linked myotubular myopathy gene 1 Mtm1 1 3.44

fragile X mental retardation, autosomal homolog 1 Fxrl 1 3.14

LUCT7-like 2 (S. cerevisiae) Luc7I2 1 3.07

gap junction protein, alpha 1 Gjal 1 2.83

pyruvate dehydrogenase phosphatase isoenzyme 2 Pdp2 1 2.66
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Supplementary Table 2. Genes regulated concordantly in response to reduced mean stretch
in vitro and clinical LVAD therapy

Expression Mean

Gene Name Gene Symbol Change Z-score

nuclear factor of kappa light polypeptide gene enhancer in B-cells Nfkbia 1 7.984
inhibitor, alpha

CCAAT/enhancer binding protein (C/EBP), beta Cebpb 1 7.315

natriuretic peptide precursor B Nppb 1 6.601

secreted protein, acidic, cysteine-rich (osteonectin) Sparc 1 6.025

myosin, heavy chain 6, cardiac muscle, alpha Myh6 1 5.845

collagen, type Ill, alpha 1 Col3al 1 5.677

phosphatidic acid phosphatase type 2B Ppap2b 1 5.501

ras homolog gene family, member B Rhob 1 5.206

cyclin-dependent kinase inhibitor 1A (p21, Cipl) Cdknla 1 5.025

v-maf musculoaponeurotic fibrosarcoma oncogene homolog F Maff 1 4.904
(avian)

glutamate-ammonia ligase (glutamine synthetase) Glul 1 4.697

nuclear factor 1/B Nfib 1 4.617

GRAM domain containing 3 Gramd3 1 4.396

fibronectin type Il domain containing 1 Fndcl 1 4.345

Kv channel-interacting protein 2 Kcnip2 1 4.274
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Supplementary Table 2 (continued)

Expression Mean Z-
Gene name Gene symbol pattern score
methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 2, Mthfd2 1 4.230

methenyltetrahydrofolate cyclohydrolase

homeodomain interacting protein kinase 2 Hipk2 1 4.208

procollagen, type VI, alpha 3 Col6a3 1 4.133

phosphatase and actin regulator 1 Phactrl 1 4.046

RRN3 RNA polymerase | transcription factor homolog (S. cerevisiae) Rrn3 1 4.012

mitochondrial tumor suppressor 1 Mtus1 1 3.761

cytoplasmic polyadenylation element binding protein 4 Cpeb4 1 3.736

aquaporin 1 Agpl 1 3.672

nicotinamide phosphoribosyltransferase Nampt 1 3.560

pleiotrophin Ptn 1 3.546

serine/threonine kinase 17b Stk17b 1 3.518

transmembrane protein 30A Tmem30a 1 3.505

insulin receptor substrate 2 Irs2 1 3.334

growth arrest-specific 2 like 1 Gas2I1 1 3.091

lipin 1 Lpinl 1 3.051

cartilage associated protein Crtap 1 2.952
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Supplementary Table 2 (continued)

Expression Mean Z-
Gene name Gene symbol pattern score
spondin 1, extracellular matrix protein Sponl 1 2.907

phosphatase and tensin homolog Pten 1 2.833

TSC22 domain family, member 1 Tsc22d1 1 2.675

basic helix-loop-helix family, member e40 Bhlhe40 1 8.871

vascular endothelial growth factor C Vegfc 1 5.481

protein phosphatase 1, regulatory (inhibitor) subunit 3C Ppp1r3c 1 5.154

LIM and senescent cell antigen-like domains 1 Lims1 1 4.651

prostaglandin 12 (prostacyclin) synthase Ptgis 1 4.187

protocadherin 18 Pcdh18 1 3.834

phosphodiesterase 4D, cAMP-specific (phosphodiesterase E3 dunce Pde4d 1 3.732

homolog, Drosophila)

latexin Lxn 1 3.644

mitogen-activated protein kinase 1 interacting protein 1-like Mapklip1l 1 3.610

solute carrier family 7 (cationic amino acid transporter, y+ system), Sic7al 1 3.574
member 1

ribosomal protein S6 kinase polypeptide 3 Rps6ka3 1 3.450

Cd55 molecule Cd55 1 3.370

lipopolysaccharide-induced TNF factor Litaf 1 3.277
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Supplementary Table 2 (continued)

Expression Mean Z-

Gene name Gene symbol
pattern score

WW domain containing transcription regulator 1 Wwitrl 1 2.875

zinc finger, CCHC domain containing 24 Zcche24 1 2.806

gap junction protein, alpha 1 Gjal 1 2.788

ADAM metallopeptidase with thrombospondin type 1 motif, 1 Adamts1 1 2.510
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Abstract

Cardiac hypertrophy has been well-characterized at the level of transcription. During
cardiac hypertrophy, genes normally expressed primarily during fetal heart development are
re-expressed, and this fetal gene program is believed to be a critical component of the
hypertrophic process. Recently, alternative splicing of mRNA transcripts has been shown to
be temporally regulated during heart development, leading us to consider whether fetal
patterns of splicing also reappear during hypertrophy. We hypothesized that patterns of
alternative splicing occurring during heart development are recapitulated during cardiac
hypertrophy. Here we present a study of isoform expression during pressure-overload
cardiac hypertrophy induced by 10 days of transverse aortic constriction (TAC) in rats and in
developing fetal rat hearts compared to sham-operated adult rat hearts, using high-
throughput sequencing of poly(A) tail MRNA. We find a striking degree of overlap between
the isoforms expressed differentially in fetal and pressure-overloaded hearts compared to
control: forty-four percent of the isoforms with significantly altered expression in TAC hearts
are also expressed at significantly different levels in fetal hearts compared to control (P <
0.001). The isoforms that are shared between hypertrophy and fetal heart development are
significantly enriched for genes involved in cytoskeletal organization, RNA processing,
developmental processes, and metabolic enzymes. Our data strongly support the concept
that mRNA splicing patterns normally associated with heart development recur as part of the
hypertrophic response to pressure overload. These findings suggest that cardiac
hypertrophy shares post-transcriptional as well as transcriptional regulatory mechanisms
with fetal heart development.

Keywords: heart development; cardiac hypertrophy; alternative splicing; RNAseq
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1. Introduction

Over twenty years ago, hearts undergoing hypertrophy were found to revert to a
gene expression pattern normally associated with fetal heart development [2,21].
Collectively this is known as the fetal gene program. Many of the genes considered part of
the fetal gene program encode critical components of the sarcomere or enzymes involved in
metabolism. Hallmarks of the fetal gene program include upregulation of atrial natriuretic
peptide [33], B-myosin heavy chain [158-160], and skeletal a-actin [161], as well as
downregulation of metabolic genes such as glucose transporter GLUT4 (relative to GLUT1
expression [162]), and enzymes critical for fatty acid oxidation [21,163]. The re-expression
of the fetal gene program is thought to be a protective mechanism for the heart. During
hypertrophy, the heart shifts from an oxygen-rich environment with fatty acids available for
energy to an oxygen-poor environment with glucose as the main energy source, and
expresses fetal genes that are better suited to function in this different metabolic
environment [21]. The extent and regulation of this phenomenon has been studied and
reviewed extensively [2,21,164,165]. While re-expression of the fetal gene program has
been observed and documented for years, more recently other post-transcriptional and
epigenetic mechanisms have also been shown to be critical for cardiac hypertrophy
[39,166-169]. With this new knowledge, it seems plausible that the changes observed in
cardiomyocytes during hypertrophy arise from orchestrated phenotypic switching on multiple
levels of regulation.

The process of removing introns from a premature mRNA transcript occurs in most
eukaryotes, but not every transcript is processed the same way. The selective inclusion or
exclusion of specific exons or parts of exons is referred to as alternative splicing. Alternative

splicing has the ability to change gene expression, coding sequence, translational efficiency,
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and mRNA localization [170]. Sequencing the human genome revealed that there are a
surprisingly small number of protein-encoding genes given the diversity of proteins and
enzymes required for the many specialized functions observed in different tissues. It is now
clear that some of this diversity is produced by the process of alternative splicing [45,171]. In
fact, more than 95% of human genes are alternatively spliced [46]. Splicing has been
documented to change in a wide variety of developmental, physiological, and disease
processes [8,43]. More recently alternative splicing has been shown to play a critical role in
heart development [70-72,90,91] and to be altered in cardiac pathologies including
hypertrophy [166,172,173] and heart failure [114,116,118].

Throughout organogenesis and after birth, the heart must adapt to an increased
workload caused by changing pressures and resistances within the adult vascular system.
In 2008, Kalsotra et al. showed that cardiac development involves a specific and
coordinated program of alternative splicing events, greater than 60% of which were
conserved between mouse and chicken embryonic hearts. To put this number in context,
less than 20% of all alternative exon (cassette-type) splicing events are conserved between
human and mouse. This high degree of conservation strongly suggests a functional role for
alternative splicing [7]. In addition, deletion of specific splicing factors that control alternative
splicing in heart development has shown that proper regulation of splicing is needed for
normal heart development [70-72,90,91].

Alternative splicing has been shown to change critical properties of cardiomyocytes
including compliance [108,110], protein-protein interactions [166], calcium handling, and
contractility [90]. A more thorough understanding of how alternative splicing contributes to
cardiac hypertrophy could not only increase our understanding of how RNA processing

changes in response to physiological cues, but could also potentially contribute to identifying
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novel drug targets to modulate cardiac remodeling. Accordingly, the main goal of this study
was to test the hypothesis that specific fetal splicing patterns are re-expressed in surgically-
induced pressure-overload hypertrophy in rats using high-throughput sequencing (HTS or
RNAseq) to quantify poly(A) tail mRNA species. We compared mRNA isolated from
ventricles of hearts undergoing pressure-overload hypertrophy, sham-operated hearts, and
fetal hearts and identified the splicing events that occur in both fetal and hypertrophied

hearts, but not sham-operated adult hearts.

2. Materials and methods

Detailed methods for all procedures and analyses are provided on pages 81-86.

2.1. Animals
All studies were performed in accordance with the Guide for the Care and Use of
Laboratory Animals [130] and approved by the University of Virginia’'s Institutional Animal

Care and Use Committee. A total of 23 Sprague-Dawley rats were used for these studies.

2.2. Tissue harvest from fetal and adult rats

Five rats were timed, pregnant females; fetuses were harvested by caesarean
section on gestational day 18 and the dams were sacrificed immediately afterwards. Fetal
hearts from each litter were pooled; three of these litters were used for RNAseq
experiments. Four unoperated adult male rats (365 + 15 g) served as adult controls in

splicing validation assays.
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2.3. Minimally-invasive approach to transverse aortic constriction

Seven males (308 + 35 g) underwent the transverse aortic constriction (TAC)
procedure and seven males (306 + 28 g) were used as sham-operated controls. Three rats
from the TAC and sham groups were used for high-throughput sequencing. Three separate
rats from both TAC and sham groups were used for histology. We adapted a minimally-
invasive approach to transverse aortic constriction originally described by Pu et al. in mice
[174]. Adult male Sprague-Dawley rats were subjected to TAC using a 4-0 silk suture tied
around a 19-gauge needle [175]. Ten days after surgery, rats were euthanized using
pentobarbital and left ventricular tissue was harvested; this time point was chosen because
previous work has shown that this time point after aortic banding has the largest number of
gene expression changes [176]. In addition to heart weight-to-body weight ratio, the extent
of hypertrophy was confirmed on the cellular level by measuring myocyte cross-sectional

area in approximately 1000 myocytes per animal.

2.4. RNAseq data generation and analysis

Five micrograms of high-quality poly(A) tail MRNA was used as starting material for
the lllumina mMRNA seq library preparation kit and was prepared to manufacturer’s directions
(llumina). Libraries were sequenced on the lllumina Genome Analyzer llax as 42 or 63 base
pair paired-end reads. Tophat v1.3.1 [177] was used to align all reads including junction-
spanning reads back to the rat genome (Ensembl RGSC3.4). Cufflinks v1.0.3 [178] was
used to identify differential splicing, promoter usage, and gene expression changes between
experimental groups. Using similar criteria to Lee et al. [172], we defined statistical
significance in expression as > 1.5 absolute fold-change, g-value (an adjusted p-value for
multiple testing) < 0.05, and Fragments Per Kilobase of exon per Million reads mapped
(FPKM) > 3; FPKM is a measure of expression used in high-throughput sequencing data
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that is normalized for both transcript length and total humber of reads sequenced. All
bioinformatics analyses and comparisons were implemented and performed using in-house

scripts written in Unix, R, Python, or Perl.

2.5. PCR validation

We validated our RNAseq results against a previous study of alternative splicing in
heart development [7]. Splice variants in fetal compared to adult hearts identified both by
Kalsotra et al. [7] and by our analysis were validated by one step PCR starting with 500 ng
RNA and amplified for 25 cycles (Invitrogen). Custom primers (Integrated DNA
Technologies) were designed to flank the alternatively spliced region. PCR products were
electrophoresed and visualized with ethidium bromide-stained 2-5% Agarose-1000 gels
(Invitrogen). Gel band intensities were measured using BioRad ImageLab software. The
percentage inclusion of the alternative region was calculated as [inclusion band intensity /
(inclusion band intensity + exclusion band intensity)] x 100. Percentage inclusion values
were arcsine-transformed for statistical testing [179]. For validation of previously reported
splicing differences between fetal and adult samples, two-tailed unpaired t-tests were used.
Comparison of inclusion levels across TAC, fetal, and sham groups employed analysis of

variance with Newman-Keuls post-tests where appropriate.

3. Results

3.1. Successful induction of hypertrophy in adult rats
The minimally-invasive approach to transverse aortic constriction [174] employed
here induced significant hypertrophy in rats by post-operative day 10, as demonstrated by a

significantly higher heart weight to body weight (HW:BW) ratio (Fig. 1A) and significantly
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larger cardiomyocyte cross-sectional area (Fig. 1B) in TAC animals compared to sham-
operated controls. The average TAC HW:BW per 1000g of tissue was greater (4.29 + 0.56)
than the average for the sham group (3.70 £ 0.16). The average cross-sectional area of the

TAC group was larger (336.7 £ 3.8 pixels) than the sham group (293.2 + 3.5 pixels).

3.2. Similarities in gene expression between hypertrophy and heart development

In total, our data set included 267,727,027 reads sequenced across our three
experimental groups (Table 1). The concept that a fetal gene program is re-expressed
during cardiac hypertrophy suggests that our analysis should identify a number of genes
whose expression is increased or decreased in both TAC and fetal hearts relative to sham-
operated adults. We evaluated 18 genes that are commonly mentioned as members of the
fetal gene program and found that 14 of the 18 known members of the fetal gene program
[21,33] changed in the same direction in both TAC and fetal compared to sham, with the
fetal changes typically of greater magnitude (Fig. 2A). Plotting fold changes in fetal hearts
against those induced by TAC for all significantly regulated genes revealed as expected that
a large number of genes differentially regulated in fetal hearts are not altered by TAC (Fig.
2B, dark blue clusters along y-axis). A relatively small number of genes are significantly
regulated in TAC alone (Fig. 2B, points along x-axis), while a substantial number of genes
change in the same direction in both groups (Fig. 2B, points in upper right and lower left
guadrants). Of 221 genes significantly upregulated in TAC compared to sham, almost 25%
(54 genes) were also upregulated in fetal hearts compared to sham (Fig. 2C). 26,640
genomic locations were expressed above 3 FPKM in at least one of our experimental
groups. These genomic locations include unannotated genes, noncoding RNAs, and
microRNA genes. If each of these genes were independently regulated, then the
upregulation of 9.1% (2,423/26,640) of those genes in fetal hearts and 0.83% (221/26,640)

61



of those genes in TAC hearts we observed would suggest that roughly 20 genes should be
upregulated in both groups (0.091*0.0083*26,640). In fact, we observed more than twice as
much overlap. As detailed in Supplementary Fig. 1, the probability of observing 54 or more
commonly upregulated genes in the absence of shared regulatory mechanisms would be P
= 1.16 x 10™, while the probability of the degree of shared downregulation observed in

these two groups would be 3.5 x 10%.

3.3. Changes in gene and isoform expression are independent in both fetal and hypertrophic
hearts

Our RNAseq analysis can detect significant changes in expression of an isoform due
to alternative splicing, or due to changes in overall gene expression levels for that gene. We
therefore examined what fraction of detected changes in isoform expression was at least
partly explained by changes in gene expression (Fig. 3). In comparisons of fetal and sham
hearts, we detected 10,553 significant changes in isoform expression, 53.5% of which were
associated with significant, concordant changes in gene expression (i.e., isoform and gene
expression levels both increased or decreased); 46.5% of changes in isoform expression
occurred in the absence of detected changes in gene expression (Fig. 3A). Comparisons of
TAC vs. sham hearts were notable for the much smaller number of both isoform and gene
expression changes, and for a much higher percentage (77.5%) of isolated changes in

isoform expression (Fig. 3B).

3.4. Comparison of splicing events in hypertrophy and heart development identifies
significant overlap

The Euler diagram of significantly altered isoform expression in Fig. 4A reveals a
striking overlap between TAC and fetal groups; 44% of isoforms significantly altered in TAC

showed concordant changes in fetal hearts. When we exclude all single isoform genes, we
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measured 23,190 isoforms that were expressed above 3 FPKM in at least one of our
experimental groups. If each of these isoforms were independently regulated, then
downregulation of 22.3% (5,164/23,190) of those isoforms in fetal hearts and 8.1%
(1,885/23,190) of those isoforms in TAC hearts would suggest that approximately 421
isoforms should be downregulated in both groups (0.08*0.22*23,190). The amount of
overlap that we observed was more than double this number. The probability of observing
934 or more commonly downregulated isoforms in the absence of shared regulatory
mechanisms would be P = 3.42 x 107 while the probability of the degree of shared
upregulation observed in these two groups would be 8.08 x 10 (see Supplementary Fig. 1
for calculations). The hexagonal histogram of isoform fold changes in Fig. 4B shows the
distribution of significant splicing events and similarities between the TAC and fetal groups.
Here we see that many of the isoforms differentially expressed in either group relative to
sham are located in the lower left or upper right quadrants, demonstrating concordant
changes in expression. Gene Ontology (GO) analysis revealed that these groups of shared
up- and down-regulated isoforms are enriched for GO terms associated with sarcomeric and
cytoskeletal organization, RNA processing and metabolism, and muscle contraction (Table
2). All significant isoforms of genes within the ‘cytoskeleton organization’ cluster identified by
DAVID (FPKM > 3, g-value < 0.05, and log2 fold change > 1.5) are plotted as heat map in
Fig. 5A to show similarities in expression. Indeed, 72% of isoforms significantly altered in
TAC are concordantly altered in fetal hearts. The shared isoforms with the most significant
changes included: Ablim1, Ctnnb1, and Cryab (listed in Fig. 5A); Ptbpl1, Hnrnpk, and Rbm39
(RNA processing); and Fxydl and Myh6 (muscle contraction). Many of these terms have
previously been identified as associated with hypertrophic growth or as targets of alternative

splicing [7,64,173].
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3.5. Differences between splicing patterns observed in fetal heart development and TAC
Despite the striking degree of overlap between splicing patterns observed in TAC
and fetal hearts relative to sham, half the changes observed in TAC hearts were unique. To
gain insight into the potential functional impact of shared and unique splicing patterns, we
separated our significant isoform changes into those that occurred in both TAC and fetal
hearts, those that only occurred in TAC, and those that only occurred in development. We
then used gene ontology analysis to look for differences between the groups. We found that
the isoforms specific to development or TAC had unique features not seen in the overlap
group. Most notably, isoform expression changes that occurred only in TAC hearts were
enriched for components of signal transduction pathways, including regulation of small
GTPase-mediated signal transduction and positive regulation of MAP kinase kinase kinase
(Supplementary Table 3); some of the most significantly altered isoforms unique to TAC
included Arfgap2, Cyth2, and Rapgef2 (others listed in Fig. 5B). Most of the isoforms in this
cluster are significant in the TAC group only. By contrast, fetal-specific isoform changes
were enriched in cell cycle and DNA maintenance (i.e. response to DNA damage,
chromosome segregation, and chromatin organization; Supplementary Table 3). Some of
the most significantly altered isoforms unique to fetal hearts included Dlgl, Fbxo5, and
Gmnn (others listed in Fig. 5C). The isoform expression changes of the top group-specific

gene ontology clusters are depicted as heat maps in Fig. 5.

3.6.1. PCR validation of significant isoform identifies both developmentally- and
hypertrophy-related alternative splicing
One advantage of RNAseq is the ability to identify multiple complex splicing patterns

within a single gene. As an individual example of multiple splicing patterns, the tropomyosin
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3 gene (Tpm3) contains mutually exclusive exons 5a or 5b and three alternative terminal
exons (Fig. 4C). Previous literature has shown that the mutually exclusive exon 5 is
developmentally regulated, i.e. fetal and adult tissues express different exons. Our RNAseq
analysis detected both developmental regulation of exon 5 (higher levels of exon 5a in both
adult groups compared to fetal), in agreement with previous reports [180], and hypertrophy-
associated reversion to a fetal pattern of terminal exon splicing (lower levels of terminal
exon A in TAC and fetal groups compared to sham). We confirmed both changes by PCR
(Fig. 4D). Ninety percent and 96% of Tpm3 in TAC and sham hearts contain exon 5a,
respectively, while fetal hearts express exon 5a in 73% of Tpm3 transcripts (Fig. 4D). The
predominant terminal exon used in the sham group is terminal exon A, referred to as TermA
in Fig. 4D which makes up 51.85 + 8.66% of all terminal exons expressed in the sham
group. This terminal exon A is not the predominant terminal exon in TAC and fetal groups
and is expressed at a significantly lower level (22.81 = 7.45% in fetal hearts and 23.36 *

10.73% in TAC hearts).

3.6.2. PCR validation of RNAseq results identifies known splice variants that are regulated
in heart development

To further validate our RNAseq findings, we compared differences in alternative
splicing between fetal and adult hearts detected by our analysis to published reports on
alternative splicing in heart development, and confirmed individual alternative splicing
events by PCR. Kalsotra et al. identified developmental isoform switches that occur during
murine heart development by measuring percentage alternative exon inclusion on
embryonic days 14 and 18 (E14 and E18, respectively), postnatal day 1, and adulthood. Of
the 48 isoform switches that had percent inclusion changes >20%, 33 splicing events
changed more dramatically from E18 to adulthood than from E14 to E18. The fetal hearts in
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our study were harvested at embryonic day 18 as well, which allowed us to directly compare
significant differences between fetal and adult rat hearts identified by our analysis to those
identified by Kalsotra using exon-specific microarrays. Of the 33 events identified by
Kalsotra with large changes between E18 and adulthood, 17 events in our dataset had
similar developmental trends in exon inclusion percentage as estimated from FPKM values.
Twelve of these events were detected and reported as statistically significant in our
bioinformatics analysis. PCR validation confirmed statistically significant changes in percent

inclusion for all 12 of these splicing events (Fig. 6).

3.7. Potential upstream regulators of isoform changes seen in heart development,
hypertrophy, or both processes

We used Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Inc.; Redwood City,
CA) to identify potential upstream regulators of the significant isoform expression changes
(Supplementary Table 4). This analysis incorporates information on signaling transduction
pathways, protein-protein interactions, and transcriptional regulation to determine molecules
that are upstream of a given list of gene names. We used this feature to identify candidate
signaling pathways that might be controlling the changes in isoform expression that we
observed in TAC and fetal hearts. There was a large amount of overlap between the
upstream regulators of hypertrophy and fetal heart development including insulin receptor
(INSR), insulin growth factor receptor (IGFR1), mediator of RNA polymerase Il transcription
subunit 30 (MED30), transcription factor GATA4, titin (TTN), and growth hormone (GH1).
There were several upstream regulators that were specific to TAC including both of the p38
MAPK subunits (MAPK11 and MAPK14), aldosterone receptor (NR3C2), and MURF3, a
protein that links sarcomeres to microtubules (also known as tripartite motif-containing 54,
TRIM54) [99]. There were more upstream regulators that were unique to the isoform
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expression changes seen in fetal hearts including E2F transcription factor 6 (E2F6), MAP
kinase kinases 3 and 6 (MAP2K3, MAP2K3), histone deacetylase 5 (HDACS),
retinoblastoma protein (RB1), myocardin (MYOCD), thrombospondin receptor (CD36), and

myocyte-specific enhancer factor 2D (MEF2D).

4. Discussion

The changes in individual mRNA isoforms we identified during TAC displayed a
striking degree of overlap with changes observed in fetal hearts relative to sham; nearly half
of all significant splicing changes we observed in TAC were present and concordant in fetal
hearts. These shared isoforms are enriched in gene ontology groups known to be targets of
alternative splicing, including sarcomeric and metabolic proteins [7,64,173]. Interestingly,
whereas many splicing events identified in fetal hearts were associated with altered overall
expression levels of the associated gene, a much greater fraction of the splicing events we
identified in TAC samples occurred in the absence of gene expression changes. These
observations suggest that alternative splicing plays a relatively greater role in determining
MRNA changes during hypertrophy, and relies at least in part on regulatory mechanisms
also active during development. Other groups have examined the changes in alternative
splicing in murine models of hypertrophy and how these events change with the
development of heart failure [172]. Indeed it is important to note that alternative splicing
does change in heart failure patients [118] and in response to drugs used to treat heart
failure [181]. In addition, recent in vitro experiments have shown that alternative splicing in
skeletal muscle cell culture is sensitive to changes in mechanical cues [182].

A wide array of studies has now measured gene expression during heart
development, cardiac hypertrophy, and heart failure using microarray analysis. Recently,
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Dewey et al. combined data from 478 microarray studies and used coexpression network
analysis to determine how similar gene expression was during heart development compared
to hypertrophied or failing hearts. Given the small number of coexpression modules, the
authors questioned the extent and importance of the fetal gene program [183]. Although the
focus of our study was alternative splicing, changes in gene expression levels computed
from our analysis are consistent with the concept that some developmental patterns of gene
expression do recur during hypertrophy. Not surprisingly, many more genes were
significantly up- or down-regulated in fetal hearts than in TAC hearts relative to sham-
operated adult controls; therefore, the fraction of fetal gene expression changes shared by
TAC hearts was small. However, the fraction of the genes significantly altered in TAC that
were coordinately regulated in fetal hearts was much higher than would be expected in the
absence of shared regulatory mechanisms, suggesting that hypertrophying hearts do re-use
some of the same regulatory mechanisms active during heart development.

While this study revealed substantial overlap between splicing patterns in TAC and
fetal hearts, both TAC and fetal hearts also displayed many unique splicing differences
compared to sham-operated adult hearts. In order to gain preliminary insight into upstream
regulatory mechanisms that might explain the similarities and differences we observed
between TAC and fetal hearts, we utilized Ingenuity Pathway Analysis. The RNA-binding
proteins that control alternative splicing are regulated by canonical signaling cascades and
common post-translational modifications [184,185] that would be identified by IPA. The
upstream regulatory pathway most strongly associated with changes in isoform expression
unigue to TAC was p38 MAPK, while shared isoform changes were most strongly
associated with insulin signaling. In addition, the upstream regulators of fetal-specific

isoforms are known to be critical for heart development, such as myocardin and MEF2D.
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However, more work is certainly needed to identify RNA binding proteins that bind to
significantly altered isoforms in our dataset and understand their role in regulating the
changes we observed. In order to begin to identify the functional impact of the splicing
patterns reported here, we used gene ontology (GO) analysis to identify functional groups
overrepresented among isoforms altered in TAC alone, fetal alone, or both fetal and TAC
groups. Not surprisingly, changes in fetal hearts, which are still undergoing cell division
[186], included significant upregulation of many more isoforms related to cell cycle. In
contrast, isoforms involved in some signaling pathways that have been shown to be
essential for cardiac hypertrophy [157,187] were more likely to be altered in TAC hearts.

As an individual example of multiple splicing patterns within a single gene, our
analysis showed that of two splicing changes associated with development in the
tropomyosin 3 gene (Tpm3), one was re-expressed following 10 days of TAC, while the
other was not. The tropomyosin protein family demonstrates tremendous isoform diversity
which is driven by four separate genes, multiple promoters, and alternative splicing [180].
While the expression of Tpm3 isoforms in neural tissues and skeletal muscle has been
intensely studied, there is considerably less known about the different Tpm3 isoforms in the
heart [188]. In our analysis, the mutually exclusive exon 5 expression differed by age, with
fetal hearts expressing different levels of exon 5a relative to either adult groups (TAC or
sham). In contrast, the terminal exon splicing of both the TAC and fetal groups were more
similar to one another than to sham group, suggesting recurrence of fetal splicing patterns in
the terminal exon during hypertrophy.

The specific functional consequences of alternative splicing on the function of
individual proteins are known for only a relatively small subset of the altered isoforms we

identified. One example is Myolb, a gene that displayed the same alternative splicing event
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in both fetal and TAC groups in our study. Myolb is known to function between the cell
membrane and actin cytoskeleton as a mechanotransduction sensor [189]. The percentage
inclusion of Myolb exon 11 is higher in both TAC and fetal hearts compared to the sham
group; the inclusion of this exon has been shown to increase the sensitivity of Myolb in
sensing tension[190]. An example of a TAC-specific splicing event we detected involves
TEA domain family member 1 (Teadl). Teadl has been shown to be upregulated in
hypertrophy [191] and is responsible for the re-expression of components of the fetal gene
program [192,193]. We observed a decrease in exon 4 inclusion in TAC hearts compared to
the fetal or sham groups. Exclusion of exon 4 does not disrupt the reading frame, but the
loss of this exon has been shown to occur during transformation of multiple cell types [194].
Exon 4 is only 12 nucleotides in length and is located in the highly-conserved TEA domain
that is responsible for physical interaction with other essential transcription factors for the
hypertrophic response, SRF [195] and MEF2 [196]. More work is needed to follow up on the
consequences of this TAC-specific isoform and its role in the development of hypertrophy.
Validation is a critical component of any high-throughput study, and we therefore
validated the bioinformatics analysis presented here using multiple comparisons to both
published data and PCR. First, gene expression levels computed from our analysis
confirmed changes known to occur during hypertrophy, including concordant changes in
TAC and fetal hearts of 14 of 18 genes frequently identified in the literature as components
of the fetal gene program (Fig. 2A). Second, we confirmed that our analysis identified
splicing events that were previously reported during fetal heart development. We compared
our RNAseq analysis of E18 and adult rat hearts to a prior study using custom microarrays
to detect alternative splicing in E18 and adult mouse hearts. Given the different species and

methodology, it is not surprising that only about half of the previously reported splicing
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events were apparent in our sequencing data (17 of 33 events that altered exon percent
inclusion by at least 20% were present, with 12 changes reaching statistical significance).
More meaningful as a validation of our overall approach to identifying changes in alternative
splicing is the fact that all 12 of the events that were reported as statistically significant by
our analysis were also significantly different by PCR. As a final validation, in the specific
case of tropomyosin 3 even a complex pattern of alternative splicing changes among the
fetal, TAC, and sham groups identified by our analysis was confirmed by PCR.

The most common source of error in high-throughput analyses is the potential for
false positives. In the present study, we attempted to limit false discovery rates by adjusting
for multiple comparisons and using a cutoff of the adjusted p-value, or g-value <0.05. We
also required expression levels >3 FPKM and an absolute fold change >1.5x as criteria for
recognizing changes in gene or isoform expression. As suggested by our validation against
previously reported developmental splicing changes, this conservative approach may result
in missing some events (we identified 12 significant events out of the 33 reported by
Kalsotra et al.), but provides confidence that reported changes are substantive (all 12 were
confirmed on PCR). One potential source of error in our analysis was the higher number of
total sequencing reads in the fetal group compared to our TAC and sham groups. In order to
test whether this difference in the number of total reads could have affected our conclusions,
we randomly downsampled each sample to match the smallest number of reads. Random
downsampling did diminish the total number of genes identified as differentially expressed in
fetal vs. sham hearts, but the trend of more significant genes and isoforms in the fetal group
compared to the TAC group remained (Supplementary Fig. 2), as did the conclusion that a
much higher fraction of isoform expression changes in TAC are concordant in fetal hearts

than would be expected in the absence of common regulatory mechanisms. Thus the
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primary results of the present study cannot be attributed to differences in sequencing depth.
One other limitation of the present study is that we conducted the analysis at a single time
point, 10 days following TAC. We chose this time point because microarray studies had
previously identified it as having a large number of gene expression changes [176].
However, there are certainly transient changes in gene expression known to occur prior to
10 days after TAC that would be missed by our analysis; there may also be transient early

splicing changes that were similarly missed.

5. Conclusions

We tested the hypothesis that patterns of alternative splicing occurring during heart
development recur during cardiac hypertrophy in response to transverse aortic constriction
using high-throughput sequencing of mRNA isolated from fetal rats, adult sham-operated
rats, and adult rats subjected to 10 days of pressure overload. We found a striking degree of
overlap between changes in both gene and isoform expression in TAC and fetal hearts
relative to sham. Our data strongly support the concept that mRNA splicing patterns
normally associated with heart development recur as part of the hypertrophic response to
pressure overload and suggest that cardiac hypertrophy shares post-transcriptional as well
as transcriptional regulatory mechanisms with fetal heart development. Our results suggest
that a deeper understanding of alternative splicing and its role in cardiac hypertrophy may

reveal new mechanistic insight and therapeutic opportunities.
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Appendix A. Tables and figures

Table 1. Summary of sequencing results for each experimental group

Sample Sequenced fragments Aligned fragments Percent Aligned (%)
TAC1 28.9 M 18.3 M 63.28
TAC2 24.2M 17.4 M 71.51
TAC3 44.9 M 321 M 71.59
Sham1 540M 33.8M 62.65
Sham2 46.1M 32.7M 71.04
Sham3 85.3M 55.6 M 65.19
Fetall 73.4 M 54.3 M 73.98
Fetal2 76.8 M 52.4 M 68.16
Fetal3 102 M 74.2 M 72.92

74



Table 2. Gene ontology (GO) analysis of biological processes associated with up- and
down-regulated isoforms seen in both hypertrophy and development

No. of

Fold

Gene ontology term genes enrichment P-value
Cytoskeleton organization (GO:0007010) 35 2.13 4.4E-05
Messenger RNA processing (GO:0006397) 28 2.58 1.1E-05
Muscle contraction (GO:0006936) 12 2.70 4.6E-03
Intracellular transport (GO:0046907) 49 1.93 1.5E-05
Response to reactive oxygen species (GO:0000302) 13 2.73 2.6E-03
Microtubule-based transport (GO:0010970) 5 4.61 2.1E-02
Endocytosis (GO:0006897) 16 2.01 1.3E-02
Cellular protein complex assembly (G0:0043623) 13 2.19 1.5E-02
Regulation of cell size (GO:0008361) 18 1.88 1.5E-02
Response to estradiol stimulus (GO:0032355) 12 2.80 3.5E-03
Glucose metabolic process (GO:0006006) 19 2.09 4.3E-03
Regulation of actin filament polymerization (GO:0030833) 9 4.46 7.1E-04
Muscle organ development (GO:0007517) 20 2.29 1.1E-03

Representative GO terms from significant GO term clusters from the 453 upregulated isoforms and
the 934 isoforms downregulated in both TAC and fetal hearts. No. of genes = number of genes
associated with that GO term in the dataset. Fold enrichment quantifies the extent that each GO term
is overrepresented in the dataset compared to the rat genome. A P-value signifies the degree of

statistical significance of the degree of enrichment.
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Figure 1. Induction of hypertrophy with a minimally-invasive approach to TAC
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Figure 1. Induction of hypertrophy with a minimally-
invasive approach to TAC. A, TAC rats had increased
heart weight to body weight ratio per 1000 g of tissue
compared to sham-operated rats 10 days aftern surgery.
B, TAC cardiomyocytes had larger cross-sectional area
compared to sham-operated cardiomyocytes (approx.
1000 cell measurements per animal). * indicates P < 0.05
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Figure 2. Comparison of gene expression changes during hypertrophy and heart

development
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Figure 2. Comparison of gene expression changes
during hypertrophy and heart development.

A, Scatterplot of known members of the fetal gene
program. The x- and y-coordinates represent log2 fold
changes of TAC and fetal groups relative to sham,
respectively. B, Hexagonal histogram showing differential
expression of significantly altered genes (absolute fold
change > 1.5 and adjusted p-value < 0.05) relative to
sham. C, Euler diagram showing overlap of differential
gene expression between TAC and fetal samples
compared to sham. Of the 221 significantly regulated
genes in TAC, 54 were regulated in the same direction
in the fetal samples, 8 in the opposite direction of fetal
hearts, and 159 were upregulated only in TAC.
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Figure 3. Changes in gene and isoform expression are distinct in both fetal and hypertrophic
hearts
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Figure 3. Changes in gene and isoform expression are
distinct in both fetal and hypertrophic hearts. A, Each
isoform expressed in the fetal or sham group above 3 FPKM
is plotted as a gray dot, where the x-coordinate is the gene
expression fold change relative to sham and the y-coordinate
is the isoform fold change (relative to sham). Blue dots
represent a transcript where both the isoform and gene
expression are significantly different from sham (absolute
fold change > 1.5 and an adjusted p-value < 0.05). Red dots
represent transcripts where only isoform expression is
significantly altered. B, TAC gene and isoform expression
plotted in a similar fashion as A.
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Figure 4. Significant overlap of splicing patterns in heart development and hypertrophy
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Figure 4. Signficant overlap of splicing patterns in heart development and hypertrophy. A, Overlap of changes

in isoform expression between TAC and fetal samples compared to sham as shown in Euler diagram. Four hundred
fifty-three transcripts are concordantly upregulated in both TAC and fetal hearts, while 934 isoforms are downregulated
in both groups. B, The hexagonal histogram showing expression of each significant isoform (absolute fold change > 1.5
and an adjusted p-value < 0.05) relative to sham. C, Exon diagram of tropomyosin 3 (Tpm3) demonstrates multiple
splicing patterns; a mutually exclusive exon (5a - red or 5b - blue) and three alternative terminal exons (TermA - green,
TermB - purple, TermC - yellow). D, The bar chart shows percentage of all Tpm3 transcripts contain each splicing event
based on band intensity from gel electrophoresis (n = 4). The expression of mutually exclusive exon 5a is statistically
greater in both TAC and sham groups compared to the fetal group. In contrast, the expression of terminal exon TermA
is significantly greater in sham than compared to both TAC and fetal groups, where * represents P < 0.05.
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Figure 5. Similarities and differences between isoform expression observed in fetal heart
development and TAC
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Figure 5. Similarities and differences between isoform expression observed in fetal heart development and
TAC. A, Top gene ontology term "cytoskeleton organization" (GO:0007010) for isoforms that were commonly regulated
in both TAC and fetal hearts. B, TAC-specific most significant gene ontology term "regulation of small GTPase-mediated
signal transduction” (GO:0051056). C, Fetal-specific most significant gene ontology term "cell cycle" (GO:0007049). All
significant isoforms of genes within a gene ontology cluster identified by DAVID (FPKM > 3, adjusted p-value < 0.05,
and absolute log2 fold change > 1.5) are plotted as a heat map to show similarities and differences between TAC and
fetal isoform expression. Gene symbols of significant isoforms with distinct expression are listed above the heat map.
White dots within heat map bars denote statistical significance in isoform expression relative to sham.
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Figure 6. Identification and validation of known developmental splicing events
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Figure 6. Identification and validation of known developmental splicing events. A comparison of our fetal
and sham group identified 12 out of 33 events reported by Kalsotra et al. as significantly regulated in the same
pattern in our data. PCR validation confirmed all 12 events are significantly different between E18 and adult
hearts (n = 4 for each group and P < 0.05 for all events).
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Appendix B. Supplementary methods
Surgical procedures

The institutional animal care and use committee approved all studies. A minimally-
invasive transverse aortic constriction (TAC) procedure was adapted from [174] for rats.
Briefly, 14 male Sprague-Dawley rats (307 + 30 g) were anesthetized with isoflurane and a
topical depilatory agent was applied to the neck and chest of each rat. Body temperature
was maintained at 37°C with a warming pad. The surgical site was cleaned and sterilized
with betadine and alcohol. A longitudinal skin incision was made above the suprasternal
notch. The mediastinum was entered at the point of insertion of the first two ribs on the right
side of the sternum and the thymus was retracted to allow visualization of the aortic arch. A
wire with a snare on the end was then passed under the aorta between the origin of the right
innominate and left common carotid arteries. The wire was threaded with a 4-0 silk suture
and pulled back around the aorta. A bent 19-gauge needle was then placed next to the
aortic arch and the suture was snugly tied around the needle and the aorta. The size of the
rat, type of suture, and needle gauge were adapted from a procedure in rats that involved
open-chest surgery [175]. After the suture was tied, the needle was quickly removed. The
skin was closed and the rat was allowed to recover on a warming pad until fully awake, at
which time buprenorphine HCI was administered for analgesia. The sham procedure was
identical to the TAC procedure except the suture was not tied. A pilot study of our TAC
procedure in 5 rats showed that the three rats that underwent TAC had a significantly higher
pressure gradient between the right and left carotid artery (40 + 6 mmHg) compared to two
sham-operated rats (-7 + 22 mmHg). On post-operative day 7, TAC rats were imaged with
the Vevo 2100 system to visually confirm an aortic constriction (VisualSonics). At 10 days

after surgery, rats were euthanized with an overdose of pentobarbital (150 mg/kg)
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administered intraperitoneally. The 10-day time point was chosen based on a previous
report in mice that this day is the time point with the maximal number of gene expression
changes [176]. Before the hearts were removed, an intraventricular injection of heparin (0.2
mL) was used to prevent excessive blood clots in the tissue sample. Hearts were quickly
removed, rinsed in cold phosphate buffered saline, weighed, and cut in appropriately sized
pieces for preservation in RNAlater solution (Qiagen, Valencia, CA).

Five pregnant rats were anesthetized with isoflurane at day 18-20 of gestation.
Under deep anesthesia, the ventral midline was opened and the uterus with embryos
exteriorized. Fetuses were removed, decapitated, hearts quickly dissected out, and placed
in RNAlater. Dams were euthanized while under anesthesia by exsanguination. After 24
hours incubation in RNAlater, atria were dissected from ventricles and discarded. RNA was

isolated from only ventricular fetal tissues.

Cell cross-sectional area measurements

Five-micron sections from short axis slices of flash frozen left ventricle at the level of
the papillary muscle from the TAC and sham rats were used to measure cross-sectional
area of cardiomyocytes. Sections were stained with an anti-basement membrane antibody
(rabbit anti-entactin, Ab14511, Abcam, Cambridge, MA) and fluorescently labeled with
polyclonal chicken anti-rabbit 1gG conjugated with Alexa647 (A21443, Molecular Probes,
Eugene, OR). Images were taken at 20x near the endocardial wall. A universal ImageJ
macro was used to analyze all images and consisted of color enhancement (saturated =
0.6%), splitting color channels to only analyze the blue channel, smoothing by Gaussian blur
(o = 2), background subtraction (12 pixels radius), thresholding to the same level (20),

converting to a binary image (with 3 commands: Close-, Skeletonize, Dilate), and then
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inverting. Cross-sectional area measurements were only collected from cells that were not
touching the border of the image and had a circularity > 0.6 (circularity = 41r(area/perimeter?)
to exclude oblique myocytes. Three or more images were collected from each animal to
generate an average cross-sectional area for each animal. These averages were used in

the student’s t-test to determine significance.

Library preparation and validation

Total RNA isolation was completed following instructions provided with Qiagen
RNeasy Fibrous Tissue Kit including DNase | (Qiagen) treatment step. RNA isolation purity
and quantity was measured with Agilent RNA chip (Agilent). Only samples with an RNA
integrity score > 9 (range: 0 - 10) were used in library preparation. A small amount of cDNA
was synthesized and tested for genomic DNA contamination by PCR with primers specific to
genomic DNA. No RNA sample with evidence of genomic DNA contamination was used in
library preparation. Five micrograms of total RNA were used as starting material in the
lllumina MRNA seq library preparation kit and was prepared exactly to manufacturer’s
directions (lllumina). Briefly, poly(A) tail mRNA was isolated using oligo-d(T) magnetic
beads. Messenger RNA was then fragmented, cDNA synthesized, adapters ligated onto
cDNA, libraries were selected for an insert size of approximately 300 bp, and finally libraries
were amplified by 15 cycles of PCR. RNAseq libraries were validated by several methods
including Agilent High Sensitivity DNA chip (Agilent) to assess quality and approximate
guantity and sequencing cloned libraries. Briefly, one microliter of prepared libraries were
cloned into blunt end plasmids (Invitrogen Zero Blunt TOPO kit; Carlsbad, CA). Ten colonies
were picked and amplified by colony PCR using primers specific to the cloning plasmid and

then separated by agarose gel electrophoresis. PCR products were gel extracted using
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Qiagen Gel Extraction kit (Qiagen) and submitted for sequencing. Only libraries with more
than 7 of 10 sequenced inserts containing known genes were candidates for RNAseq. Lastly
before sequencing on lllumina Genome Analyzer llax, library concentration was measured
with real-time PCR. Libraries were sequenced as paired-end reads of 42 or 63 base pairs in

length.

Bioinformatics pipeline

Tophat v1.3.1 [177] was used to aligned all reads including junction-spanning reads
back to the rat genome (Ensembl RGSC3.4). Cufflinks v1.0.3 [178] was used to identify
differential splicing, promoter usage, and gene expression changes between experimental
groups. Optional correction methods for cDNA synthesis bias [197] and for reads aligning to
multiple locations in the genome were implemented for each sample and reads were
normalized by the upper-quartile of fragments mapping to individual loci rather than the total
number of reads mapped. In addition, gene transfer format (GTF) files were created using
the reference annotation based transcript assembly method [197,198]. Using similar criteria
to the recently published methods paper using Cufflinks in cardiac hypertrophy [172], we
defined statistical significance in expression as > 1.5 fold-change, adjusted p-value < 0.05,
and FPKM > 3. All bioinformatics analyses and comparisons were performed using in-house
scripts written in Unix or Perl. The most significantly up- and down-regulated isoforms are

listed in Supplementary Table 1.

Gene ontology (GO) enrichment analysis
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The isoforms that were significantly up- or down-regulated in both TAC and fetal
groups were used for gene ontology analysis using DAVID functional annotation clustering

[140,199]. Clusters were grouped using to ‘GOTERM_BP_FAT’ option.

Heat maps of significant GO terms

All isoforms of genes contained within a GO term of interest were filtered for those
that had a significant adjusted p-value in either TAC vs. sham or fetal vs. sham
comparisons. The log2 fold change of these isoforms (compared to sham) were then used

to generate a heat map in R using gplots package [200].

PCR confirmation of splice variants

Using previously published methods [7], we validated our isoform expression
differences using the Invitrogen One-Step Reverse Transcription PCR kit (Carlsbad, CA).
Splice variants in fetal compared to adult hearts identified both by [7] and by our analysis
were validated by one step PCR starting with 500 ng RNA and amplified for 25 cycles
(Invitrogen). Uniform RNA quantities across all samples and reactions were confirmed by
measuring RNA concentration with spectrophotometry (NanoDrop) and the Agilent
Bioanalyzer, as well as running a one-step PCR with 18S RNA primers to visually confirm
uniform RNA amplification. Custom primers (Integrated DNA Technologies) were designed
to flank the alternatively spliced region. PCR products were electrophoresed and visualized
with ethidium bromide-stained 2-5% Agarose-1000 gels (Invitrogen). The percentage
inclusion of the alternative region was calculated with the following equation: [inclusion band
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intensity / (inclusion band intensity + exclusion band intensity)] x 100. Gel band intensities
were measured using BioRad ImagelLab software. A similar primer design strategy was
employed for Tpm3 exons 5a and 5b. To amplify the terminal exon splice variants, one
universal forward primer was designed in the most 3’ exon that each of the 3 splice variants
(TermA, TermB, and TermC) shared. The reverse primers were designed to uniquely target
each of three terminal exons (see Supplementary Table 2 for primer sequences). The gel
band intensity values were used to calculate the percentage of each terminal exon present.
For example, the percentage of all Tom3 transcripts with ‘TermA’ was calculated as
[TermA/(TermA +TermB + TermC)] x 100. Since percentages are limited to values between
0 and 100 and do not follow a normal distribution, we transformed our percentage inclusion
rates into values that would follow a normal distribution using the arcsine of the square root

of the percentage prior to performing statistical tests [179].
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Appendix C. Supplementary data

Supplementary Table 1. Top shared isoforms among TAC and fetal group
Isoforms were selected by largest differences between TAC and sham FPKM, then sorted
by TAC g-value

88

Upregulated
isoforms
Fetal
’I;lr(:g(reiwsél Gene Name  Locus TA((f:o:((;g2 TQC log2 F:t'al Fetal TAC ~ Sham
. (fold FPKM FPKM FPKM
transcript ID change) value value
change)
ENSRNOTO 19:47364257- 3.14E 5.96E 86700 70959 5753.
0000017941  Cmip 47574027 3.62 -02 3.91 -05 .90 .90 67
ENSRNOTO 1:185961307- 6.02E 7.91E 1585. 1754.
0000032264  Aldoa 185974615 >20 -06 >20 -06 85 60 0
ENSRNOTO 8:54107471- 5.96E 1.35E 1543. 1248.
0000059127  Cryab 54118847 >20 -06 >20 -04 96 02 0
ENSRNOTO 13:48867869- 0.00E 0.00E 2026. 905.6
0000047682  Tnnt2 48885815 5.24 +00 6.41 +00 84 8 23.88
ENSRNOTO 13:48867869- 1.11E 0.00E 3502. 869.0
0000047682  Tnnt2 48885815 4.28 -04 6.29 +00 95 4 44.63
ENSRNOTO 10:82582764- 1.77E 2.47E 1074. 676.2 155.3
0000003611  Nme2 82589980 2.12 -04 2.79 -07 63 4 9
ENSRNOTO 7:71465789- 1.25E 3.53E 230.2 571.2
0000014407  Cox6c 71478657 6.51 -11 5.20 -07 3 2 6.26
ENSRNOTO 1:98601676- 1.42E 0.00E 2916 557.1
0000019311  Csrp3 98620600 9.29 -08 8.35 +00 3 6 0.89
ENSRNOTO 10:82582764- 6.85E 1.85E 197.2 4557
0000003611 Nme2 82589980 2.86 -07 1.65 -02 1 0 62.80
ENSRNOTO 18:23893499- 3.69E 422E 3739 367.8
0000051911 LOC686074 24032157 2.22 -03 2.24 -03 0 6 78.93
ENSRNOTO 11:24316737- 8.53E 2.78E 233.8
0000002116  Atp5j 24352754 >20 -07 >20 -04 84.55 8 0
ENSRNOTO 14:86567233- 1.01E 2.64E 6281 2143
0000019335  Myl7 86570720 1.72 -02 3.27 -09 6 7 65.20
ENSRNOTO 1:86095253- 9.64E 261E 1244 201.8
0000028624  Fxydl 86099434 10.25 -04 9.55 -03 7 7 0.17
ENSRNOTO 12:40491334- 2.83E 494E 166.2 170.4
0000001500  Pebpl 40495594 3.60 -11 3.56 -11 7 0 14.07
ENSRNOTO 15:18733732- 1.17E 3.10E 146.7 132.0
0000010545  Pdhb 18743392 1.64 -03 1.79 -04 0 0 42.43
Downregulated
isoforms
Fetal
gﬁ:;ifél Gene Name  Locus TA(Cfiolgg2 TqA-C 1002 F:t‘al foal - T0C Sham
. (fold FPKM FPKM FPKM
transcript ID change) value value
change)
ENSRNOTO 12:39574222- 3.36E 2.00E
0000001490 Tesc 39703686 <-20 -04 -3.35 -05 8.25 0 84.18
ENSRNOTO ENSRNOGO 19:9122839- 1.40E 1.40E
0000061542 0000040030 9123847 <-20 -04 <-20 -04 0 0 56.28
ENSRNOTO 7:11162516- 2.84E 2.84E
0000018691  Gpx4 11165497 <-20 -05 <-20 -05 0 0 52.01



Supplementary Table 1 (continued)

ENSRNOTO
0000016947
ENSRNOTO
0000019512
ENSRNOTO
0000064436
ENSRNOTO
0000001518
ENSRNOTO
0000017323
ENSRNOTO
0000067257
ENSRNOTO
0000066151
ENSRNOTO
0000023605
ENSRNOTO
0000027999
ENSRNOTO
0000066224
ENSRNOTO
0000001336
ENSRNOTO
0000066527

Eefla2
Myo5hb
Gnai2
Arbp
Eefsec
Ablim1
Capzb
Tpm3
Acadsb
LOC685953
Bri3

LOC361985

3:170295329-
170304828
18:71380658-
71582298
8:112861951-
112882663
12:42315763-
42319050
4:122326742-
122539572
1:263380574-
263608779
5:157980852-
158080678
2:182078050-
182325292
1:190987538-
191028970
4:13448840-
13670274
12:10584699-
10836977
2:182078050-
182325292

<-20

<-20

<-20

<-20

<-20

1.40E
-05
2.64E
-69
4.21E
-05
1.30E
-05
1.28E
-02
2.23E
-04
2.36E
-03
7.92E
-04
0.00E
+00
1.36E
-05
3.06E
-02
1.50E

2.56E
-05
2.64E
-69
4.21E
-05
0.00E
+00
1.28E
-02
1.81E
-04
2.36E
-03
7.92E
-04
0.00E
+00
1.36E
-05
3.06E
-02
1.50E
-03

9.99

0.26

0.02
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50.74

47.69

42.67

40.74

29.85

28.71

24.07

23.24

22.67

19.68

17.85
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Supplementary Table 2. PCR primer sequences

Gene

Forward primer

Reverse primer

Figure
4

Tpm3 e5a
Tpm3 e5b
Tpm3 el0a
Tpm3 el0b
Tpm3 el0c

GAGCTCCAGGAAATCCAGCTGAAGGAA

CAGGAAATCCAGCTGAAGGAAGCA
GGCTGAGTTTGCTGAAAGATCGGT
GGCTGAGTTTGCTGAAAGATCGGT
GGCTGAGTTTGCTGAAAGATCGGT

CTCAGACACTTCAGGTTCTGGTCC
AT

TCCGCCTGAGCCTCAAGAGATTT

TCCAGAACAGAGCAGAAACGGTGA
CAGTCACAAAGACCATGCAGCGTT
TCTGGGAAGAGGCTGACACAGTTT

Figure

Ablim1 e9
Asph e4
Fnl e25

Fox2 e6
Gprll6
e4,5
Gripapl
el2

H2afy e6
ltga7 e5
Mbni2 e8
Myom1 el7

Ppfibpl e4
Xpo7 e5

GCAGCAGATGCAACCAGATGTTCA
CACGTGGTTCATGGTCATTGCGTT
TGGTTCATGCCGATCAGAGTTCCT
AGTAAATCCACGCCCAAGCGACTA

TACACTCAAGGCAGATGGAACCCA

AGGAAGCTGATCTGAAAGCCCAGT
ACGGCTTTACTGTCCTCTCTACCA
ACTGCTACAGAGTGGACATCGACA
TCTTGCACTACCAGCAGGCTTTGA
AGTGAACGCAGCTGGACTTAGTGA

GGCTAATACAAGAGATCAATGATTTGAG

GC
ATATGCCAGGATCACAAAGCTGGG

TTTGGTTGGAGTTCACCAGACAGG
CTTCAGTCTTGCTAGGCACAGCTT
AGTAGCGCACCAAGAGGTTGGTTA
TGGGCTTAACTTCCAGCCATTTGC

AAGCTACTCACATCGCTGAGGCAA

AGTTGAGGTCGTCTTTCTGTCCCA
TCATCAGCTAGAGCCAGGCAGTTT
TGTACACATACACGGCACCTCCAA
GTCTTTGAACATCGCAGCTGGTCT
CCTTGATGTTGGCTTCCCTCCATT

TCGATCGAGGATTTCGACCC
ATGAGTCTCGGAAGGAAGAGGCTA
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Supplementary Table 3. Gene Ontology (GO) analysis of biological processes associated
with isoforms specifically seen in heart development or hypertrophy

Fetal-specific isoforms

No. of Fold

Gene ontology term . P-value
genes enrichment

Cell cycle (GO:0007049) 151 2.14 1.83E-21
Response to DNA damage stimulus
(GO:0006974) 75 1.89 2.54E-08
Phosphorylation (GO:0016310) 164 1.50 3.74E-08
Ubiquitin-dependent protein catabolic
process (GO:0006511) 58 2.28 8.46E-10
Cytoskeleton organization (GO:0007010) 93 1.91 3.09E-10
Protein complex assembly (GO:0006461) 104 1.63 2.10E-07
Regulation of microtubule cytoskeleton
organization (GO:0070507) 19 3.10 7.70E-06
Regulation of cell cycle (GO:0051726) 73 1.93 1.89E-08
Chromosome segregation (GO:0007059) 28 3.44 1.42E-09
Chromatin organization (GO:0006325) 73 1.90 3.90E-08

TAC-specific isoforms

Gene ontology term No. of Fold P-value

genes enrichment

Regulation of small GTPase mediated

signal transduction (GO:0051056) 14 3.12 5.66E-04
In utero embryonic development

(GO:0001701) 17 3.12 1.14E-04
Actin cytoskeleton organization

(G0:0030036) 11 2.69 7.95E-03
Protein transport (GO:0015031) 25 2.28 8.46E-10
Tetrapyrrole metabolic process

(G0O:0033013) 5 7.37 4.34E-03
Positive regulation of MAPKKK cascade

(G0O:0043410) 6 1.63 2.10E-07

Significant GO terms of isoforms that were uniquely up- or down-regulated in TAC and fetal hearts. No. of
genes = number of genes associated with that GO term in the dataset. Fold enrichment quantifies the
extent that each GO term is overrepresented in the dataset compared to the rat genome. The P-value
signifies the degree of statistical significance of the fold enrichment of each term.



Supplementary Table 4. Potential upstream regulators of changes in isoform expression in
hypertrophy, heart development, and both processes
Shared upstream regulators in both hypertrophy and heart development

Upstream Fetal TAC .
regulator Overlap Overlap Target molecules in dataset
p-value p-value
TAC: ACAA2, ACADVL, ACO2, ACOT13, ATP5G1, ATP5H, ATP5J, ATP5L,
COX4L1, COX5B, CYC1, DES, ECI1, FLNC, HSPD1, IDH3A, MYOM2,
NDUFA3, NDUFA9, NDUFB4, NOS3, NPPB, OGDH, PDHA1; Fetal: ACAA2,
ACADL, ACADM, ACADS, ACADVL, ACOT13, ACOT2, ACSL1, ACSL4,
INSR 7.02E- 5.67E-  ACSL5, ACTA1, ACTN4, ATP5A1, ATP5D, ATP5G1, ATP5G3, ATP5H,
12 06 ATP5J, ATP5L, COX4L1, COX6A2, COX8B, CPT2, CRAT, DECR1, DES,
ECI1, ESRRA, ETFA, ETFB, FLNC, GOT2, HADHB, HSD17B10, HSPD1,
IDH3A, MYH7, NDUFAL, NDUFA3, NDUFA9, NDUFB4, NDUFV2, NRF1,
PDHAL, PDK4, PECR, SCP2, SIRT1, SLC25A20, SLC2A1, SLC2A4,
TNNI1, TPM2, UQCRC1, UQCRC2
TAC: ATP5G1, ATP5H, ATP5J, ATP5L, COX4L1, COX5B, DES, FLNC,
MYOM2, NDUFA3, NDUFA9, NDUFB4; Fetal: ACADM, ACADS, ACSL1,
IGF1R 1.89E- 1.11E- ACTAL, ACTN4, ATP5AL, ATP5D, ATP5G1, ATP5G3, ATP5H, ATP5J,
09 03 ATP5L, COX4L1, COX6A2, COX8B, CPT2, DES, FLNC, MYH7, NDUFAL,
NDUFA3, NDUFA9, NDUFB4, NDUFV2, PECR, SCP2, SLC25A20, TNNIL1,
TPM2, UQCRC1, UQCRC2
TAC: COX5B, NDUFA10, NDUFB3, NDUFB7, NDUFS2, NDUFS7,
3.13E- 1.37E- PPARGCLIA; Fetal: COX6A2, ESRRA, LPL, NDUFA10, NDUFB3, NDUFB?7,
MED30 03 03 NDUFS2, NDUFS7, PPARGC1A, SDHB, SOD2
4.66E- 1.77E- TAC: HSPAS5, NPPB, TNNC1, TNNI3; Fetal: ACTAL, BCL2, HSPAS,
GATA4 02 02 MEF2C, MYH7, TNNI3
3.72E- 3.30E- TAC: FHL2, FLNC; Fetal: ACTAL, ATP2A2, CNN1, GATA4, GJA5, MEF2C,
TTN 03 02 MYH6, MYH7, SCN5A, TNNI1, TNNT2
2 47E- 1.92E- TAC:APOE, CLU, HBB, IGF1, PRDX3, TSC22D1, UQCRH; Fetal: ACTB,
GH1 '02 '02 CLU, COL3A1, DECR1, FN1, HBB, IGF1, LPL, NDRG2, SLC2A1,
TSC22D1, TUBA1A, UQCRH
TAC-specific upstream regulators
Upstream TAC .
Overlap  Target molecules in dataset
regulator
p-value
1.12E-
MAPK11 02 CALR, MYH6, NPPB
3.30E-
MAPK14 02 CALR, MYH6, NPPB
5.61E- ABCC9, CMYAS5, COL1Al, DES, GHR, HSPA9, IDH3B, NFIA, PPIB, RAPGEF4,
NR3C2 03 RRAD
1.21E-
TRIM54 02 FHL2, FLNC
3.36E-
ESR2 02 LMNA,MYH6
3.36E-
DVL1 02 CTNNB1, NPPB
Fetal-specific upstream regulators
Upstream Fetal .
Overlap  Target molecules in dataset
regulator
p-value
9.95E. ACADM, ACADVL, ACOX1, ACSL1, ATP2A2, CD36, CHKA, COX8B, CYB5A,
ESRRA 05 ESRRA, FABP3, GOT1, HMGB2, LIPA, LPL, MTCH2, MYH6, MYH7, PDK4, PLN,

SCD2, SMARCA4
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Supplemental Table 4 (continued)

TFAM

E2F6

MAP2K6

HDACS5

RBL2

MAP2K3

6.47E-
04
2.39E-
03
3.72E-
03
4.20E-
03
8.00E-
03
1.08E-
02

ACADL, ACADM, ACADS, ACOX1, CPT2, ECH1, FABP3, FABP4, PFKP, PGK1,

SLC25A20

CBX5, CDC6, GJAL, RFC4, UNG

ACTAL, ATP2A2, CRYAB, MYH6, MYH7, PLN

ACADL, ACADM, ACSL1, CPT2, HK2, PPARGC1A, PYGM
AURKB, CDK1, E2F1, MYC

ACTAL, ATP2A2, MYH6, MYH7, PLN
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Supplementary Figure 1. Hypothesis testing and hypergeometric probability density
functions

TAC
g No
s Down |change [Marginal
S X K-x K
C-B Down 934 4230 5164
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o N M-N M
Fetal o Marginal 1885| 21305 23190
0.0254 421 isoforms
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Supplementary Figure 1. Hypothesis testing and hypergeometric probability density functions. A, Overlap
of isoform expression between TAC and fetal samples compared to sham as shown in an Euler diagram. Four
hundred fifty-three transcripts are concordantly upregulated in both TAC and fetal hearts, while 934 isoforms are
downregulated in both groups. B, Example of a contingency table used to test the null hypothesis that the amount
of overlap seen in TAC and occurred independently. N represent the total number of significantly downregulated
isoforms in TAC and K is equal to the number of significantly downregulated fetal isoforms, while x is the number
of downregulated isoforms shared between the two groups. Since 8.1% of all isoforms are downregulated in TAC
vs. sham (N, 1,885/ 23,190) and 22.3% of all isoforms are downregulated in fetal vs. sham (K, 5,164 / 23,190),
multiplying the two percentages times the total number of isoforms (M, 23,190) would predict an expected overlap
of 421 isoforms (0.081 x 0.223 x 23,190) if the expression of each isoform were independently regulated.
C, Graphical representation of probability for each possible number of isoforms shared between TAC and fetal
groups. The most likely number of shared isoforms is 421 (P = 0.023 of observing exactly 421 shared isoforms).
The probability of observing increasing numbers of shared isoforms decreases to P = 0.05 at 450 isoforms, more
importantly, the sum of probabilities of observing all possible numbers of shared isoforms = 450 is < 0.05 (shown
by shaded area), indicating that 450 is a significantly higher number of shared isoforms than would be expected if
the expression each isoform was independently regulated. The fact that we saw 934 shared isoforms stranly
suggests that there is some common regulatory mechanism. D, The probability of seeing any specific amount of
overlap was calculated using a hypergeometric probability density function (calculations shown for 421 and 450
overlapping isoforms). The probability of seeing at least the degree of overlap x was computed by summing
probabilities for all values = x using MATLAB with the following command 'sum(hygepdf(x:N,M,K,N))".
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Supplementary Figure 2. Random downsampling of results shows that the trends seen in full
data set are independent of sequencing read counts

Gene expression Isoform expression
Full dataset Full dataset
TAC TAC
159 787
O O
S =
o4 S 453 5
g g
2356 |13 235 c 4860 |96 895 c
Fetal 3 Fetal 3
Downsampled dataset Downsampled dataset
TAC TAC
164 783
O O
S =
g &
894 |2 c 2238 | 9 c
D D
Fetal 3 Fetal 3
Probability of overlap in upregulated genes: Probability of overlap in upregulated isoforms:
0.049 2.3x10%

Probability of overlap in downregulated genes: Probability of overlap in downregulated isoforms:
2.1x10% 4.9x10"

Supplementary Figure 2. Random downsampling of results shows that trends seen in full data set are
independent of sequencing read counts. Sequences from each sample were randomly downsampled to
match the read count of the smallest sample. Results show that signficant trends are maintained and that the
gene and isoform expression in fetal comparisons are much larger than the TAC vs. sham comparisons.
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1. Introduction

Messenger RNA transcripts undergo significant changes via alternative splicing in
many physiological transitions including organ development [7,201,202], cell differentiation
[64,74,203-207], and in the pathogenesis of a wide variety of diseases such as obesity
[208], cancer [209], and autism [210]. Notably during heart development there are a series
of tightly regulated alternative splicing events that occur before and after birth. Like other
instances of alternative splicing, these changes are mediated by only a few RNA-binding
proteins (RBPs). In Chapter 3, we showed that a specific subset of isoforms expressed
during heart development is re-expressed in cardiac hypertrophy [211]. The goal of the work
presented here is to begin to identify regulatory mechanisms responsible for the re-
expression of fetal splicing variants in hypertrophy. From the developmentally-regulated
isoforms that are re-expressed in hypertrophy, we have now identified changes in individual
alternative cassette exon inclusion that are shared between heart development and
hypertrophy. In the regulatory regions surrounding these exons, we also identified several
significantly enriched 5-base pair sequences that correspond to the binding motifs of known
RBPs involved in alternative splicing. We then show that the presence of a few of these
motifs is highly predictive of changes in alternative splicing seen in both heart development

and hypertrophy.

Pre-mRNA transcripts undergo RNA splicing, which is the process of removing
stretches of non-coding RNA (introns) from the original transcript. Some exons are always
present in the final transcript, while other exons or parts of exons are alternatively included
or excluded. The process of alternative splicing is highly conserved across the eukaryotic
kingdom [45] and has been shown to occur in more than 90% of human genes [46]. As the

RNA transcript emerges from the RNA polymerase complex, RNA-binding proteins (RBPS)
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immediately recognize short, degenerate motifs (5-8 nucleotides) in the primary sequence or
the RNA’s developing secondary structure. These RBPs function in the early stages of
splicing while the spliceosomal machinery that mediates intron removal assembles on the
transcript. Ultimately RBPs influence which exons are present in the final mRNA transcript
[212]. Similar to transcription factors that bind specific DNA elements to promote
transcription, RBPs act as trans-factors and recognize cis-elements within the pre-mRNA
transcript in the introns flanking the alternative exon as well as the exon itself. These motifs
function to either promote or suppress the inclusion of the alternative exons and are referred
to as exon/intron splicing enhancers (E/ISEs) and exon/intron splicing suppressors (E/ISS),
respectively [55,212]. There are two main groups of RBPs that promote or repress exon
inclusion via recognition of these cis-elements within the pre-mRNA transcript. The ability of
these RBPs to influence exon inclusion not only depends on recognition of their cognate
motifs, but also the location of the motifs within the primary transcript relative to the
alternative exon and the sequence surrounding the motif. SR proteins (or serine/arginine-
rich proteins) contain an RNA-binding domain and an RS domain that is rich in serine and
arginine residues. Classically, SR proteins mainly function to promote exon inclusion by
binding E/ISEs via its RNA-binding domain, which serve to demarcate the exon boundaries
while the RS domain acts to facilitate interactions with the splicing machinery [213,214].
Proteins within the larger family of heterogeneous nuclear ribonucleoproteins (hnRNPS)
have one or more RNA-binding domains. The function of hnRNPs are much more varied in

alternative splicing; hnRNPs are able to both promote and repress splicing [215].

Many RBPs are tissue-specific and likely contribute to tissue-specific splicing
patterns. The orchestration of these RBPs to act together and coordinate multiple splicing
events can be thought of as a “post-transcriptional operon” [75,76]. Operons were originally
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described as groups of functionally-related genes in bacteria that were physically located
adjacent to one another and transcribed together [216]. Rather than physical proximity, RNA
transcripts are regulated and functionally coordinated by cohorts of RBPs. RNA-binding
proteins control multiple levels of tissue-specific mMRNA processing including splicing, the
addition of the 5’ cap, and poly-adenylation. These same RBPs are also active outside the
nucleus and are involved in regulating properties during translation such as transcript
localization and translational efficiency. In fact there is considerable evidence that multiple
RBPs act in concert and in competition to determine splicing patterns [217]. The regulation
of approximately half of all alternative splicing events that occur immediately before and
after birth in the heart are controlled by two RBPs, CELF and MBNL [7]. CELF proteins
promote fetal splicing patterns and dominate splicing decisions in fetal hearts. After birth the
protein levels of CELF decline in response to miRNA regulation [89]. This allows MBNL to
dominate and promote adult splicing patterns. Here, we sought to identify RBPs that play a
role in regulating re-expression of fetal isoforms during hypertrophy. From our RNAseq data,
we isolated RNA sequences from five region in and flanking alternative exons that were
shared between TAC and fetal hearts, but not in the sham-operated controls. We searched
for RBP recognition motifs in these regions that were statistically unlikely to occur compared
to a random intronic sequences from rat mRNA transcripts expressed in the heart. Using this
approach also allows us to focus on single alternative cassette exons that are better
understood in terms of regulatory mechanisms compared to more complex alternative
splicing. We will also be able to leverage this knowledge to identify candidate RBPs that are
controlling the re-expression of fetal splice variants and compare our results to the RBPs

that control alternative splicing in murine heart development [7].
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2. Materials and methods

2.1. Topology search to identify alternatively spliced exons

Using an approach similar to that proposed by Sammeth and Rogers et al. [218,219],
we employed a topology search to identify splicing events. As an input, we used the gene
names of significantly regulated isoforms from our previous analysis [211] (specifically from
the Euler diagram in Chapter 3, Fig. 4A). Briefly, we converted each gene’s GTF (gene
transfer format) file into a directed, acyclic graph (DAG). This file contains basic information
about the start and end coordinates of the gene itself, every transcript of the gene, the start
and stop codons, the coding sequence, and every exon. We then created a DAG where
each node represented a chromosomal location (a start or end site) and each edge
represented a connection to that node that was present in the GTF (Fig. 1). The input GTF
file was generated by Cufflinks [177,178] and as described in Chapter 3. The Cufflinks-
generated GTF contained some transcripts that were likely an artifact of splice site
identification, i.e. an exon-exon junction 2-3 nucleotides away from an exon-exon junction
present in the reference genome. To correct for this artifact, we treated nodes that were less
10 nucleotides away from another as one collective node in the construction of individual
gene’s DAG. We then used the Graph::Directed package in Perl [220] to search each DAG
for loops that explicitly contained one edge that was also covered by three edges (Fig. 1B).
This topology search was then used to identify alternatively spliced cassette exons and
output basic information about the splicing event including transcript identifiers of transcripts
that either contained the exon or skipped it, as well as coordinates of the upstream,
alternative, and downstream exons and transcript IDs for both the exon inclusion and
exclusion event. The transcript identifiers were then used to calculate the percent-spliced-in
(PSI) from the FPKM calculated by Cufflinks, where PSI = [ the sum of transcripts’ FPKM
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that contained the alternative exon / (the sum of the transcripts’ FPKM that contained and
excluded the alternative exon) ] * 100. The Perl code implementing the construction of
DAGs and searching for alternative exons is presented in Appendix C. To avoid more
complicated splicing events (including intron retention), we employed a size cut off to only
examine alternative exons that were longer than 20 nucleotides but less than 1000

nucleotides in subsequent analyses.

2.2. Gene ontology (GO) enrichment analysis

To determine if different groups of alternatively spliced exons differed in biological
function, we performed gene ontology analysis on all of the gene names of exons that were
shared between TAC and fetal hearts compared to the gene names of alternative exons that
were not different between all 3 groups using DAVID functional annotation clustering

[140,199]. Clusters were grouped using to ‘GOTERM_BP_FAT’ option.

2.3. RBP motif search using a first-order Markov model

The start and end coordinates of the alternative exons we identified in our topology
search were used to derive the coordinates of intronic regions of interest to use as input for
the RBP motif search. Fig. 2 shows the 5 regions that were analyzed in this search,
hereafter referred in relation to the alternative exon as distal upstream, proximal upstream,
exon, proximal downstream, and distal downstream. Previously, RBPs were thought to
recognize and bind motifs near the alternative exon. However, the size of these regulatory
regions were shown to extend further into introns (about 300 nucleotide) than previously

expected [221] and accordingly, we included these larger regions in our analysis.

The distal upstream region spans 10 nucleotides downstream to 300 nucleotides

downstream of the exon preceding the alternatively spliced exon. The proximal upstream
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region is 300 nucleotides to 35 nucleotides upstream of the alternative exon. It should be
noted that this region avoids the polypyrimidine tract and branchpoint nucleotide that are
both essential elements for constitutive splicing of all exons and would confound our search
for enriched sequences. The exon region contains the entire exonic sequence identified in
the topology search. The proximal downstream region was 10 to 300 nucleotides past the
alternative exon. The distal downstream region was 300 to 35 nucleotides upstream of the
downstream exon. Introns less than 35 bp were excluded from the analysis. Introns that

were shorter than 300 bp were used as both the proximal and distal regions.

In order to accurately compare our results to previous work to identify enriched
motifs involved in alternative splicing during heart development, we followed the approach
and methods of Kalsotra et al. [7]. Briefly, once each region had been defined for each
alternative exon, we divided the sequences into 10 bins based on GC content to account for
background sequence biases. A first-order Markov model calculated the relative single
nucleotide and dinucleotide frequencies within a given GC bin. The sequences were then
analyzed to count all observed pentamers within the sequences. The expected frequency of
each pentamer was calculated by multiplying the probabilities of the following frequencies:
the frequency of the first nucleotide, the frequency of the dinucleotide pair of the first and
second nucleotides divided by the sum of all possible dinucleotide frequencies that start with
the first nucleotide, the frequency of the dinucleotide pair of the second and third nucleotides
divided by the sum of all possible dinucleotide frequencies that start with the second
nucleotide, the dinucleotide frequency of the third and fourth nucleotides divided by the sum
of all possible dinucleotide frequencies that start with the third nucleotide, and the
dinucleotide frequency of the fourth and fifth nucleotides in the pentamer divided by the sum
of all possible dinucleotide frequencies that start with the fourth nucleotide. The probability
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of a given pentamer can be calculated with the following equation where X, represents each

nucleotide in a given pentamer:

probability of X1 X,X3X, X5

rmrns) G i o)
= X
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The Perl code to implement the first order Markov model is provided in Appendix C.
Statistical significance of each pentamer count was determined by using a binomial test of
the observed to expected ratio which was implemented in R (www.R-project.org). This p-

value was corrected by the false discovery rate.

2.4. Motif enrichment heat map

The fold enrichment of individual pentamers of interest was calculated as follows:
log2(the sum of observed counts of pentamer X across all GC bins / the sum of expected
counts of pentamer X across all GC bins). These log2 enrichment factors were then used to
generate a heat map in R using gplots package [200]. Any motif that had an enrichment p-

value < 0.05 was included on these graphs.

2.5. Statistical testing of the relationship between a RBP motif and a predicted change in
PSI
We used a cumulative hypergeometric probability density function to calculate the

probability of seeing x or more exons with a significant change in PSI that also had a
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specific motif in a given region assuming that each exon was regulated independently with
the following equation:
N —
Pl = Z(ﬁ)((g)_ﬁ
i=x \N

where K is the number of exons with the motif, x is the number of exons that had both the
motif and a significant change in PSI, N is the number of exons that had a significant change
in PSI, M is the total number of exons compared, i is the summation index. Individual
calculations were performed using hygepdf function in MATLAB (Natick, MA) [222,223]. To
further explore the significance of positive relationships between a motif and a significant
change in PSI, we tested the relationship at multiple PSI cut offs (10%, 15%, and 20%
difference between TAC minus sham and fetal minus sham). If the p-value for two of the
three comparisons was < 0.05, we considered this motif to have a significant effect on exon
inclusion. To calculate the proportion of the exons that could be potentially explained by the
presence of this motif, we divided the difference between the number of observed exons
and the number of expected exons by the total number of exons that met the PSI cut off
criteria. We also know that pairs of RBPs can act together to influence splicing decisions in
two main arrangements: 1) when one RBP binds in the proximal upstream region and the
other RBP binds in the proximal downstream region or 2) when one RBP binds in the
proximal downstream region and the other RBP binds in the distal downstream region [224].
We tested the motifs that significantly predicted a change in exon inclusion (listed in Table
1) with the other overlap-specific motifs in the regions known to be involved in pairwise
regulation of alternative splicing to determine if any combination of two RBP motifs could

increase the percent of exons explained by the presence of either maotif.
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3. Results

3.1. Search for alternatively spliced exons identifies exons that are fetal-specific, TAC-
specific, regulated in both groups, or not regulated in either group

Our search for alternative exons identified 1,365 alternative cassette-type exons. We
used the gene names of the significantly regulated isoforms that we previously identified
[211] and in Chapter 3, Figure 4A as the input for our topology search and then separated
these exons into four groups of interest. We divided the cassette exons into the groups
using the percent-spliced-in (PSI) of each exon to determine differential expression. Nearly
one-fifth (258 exons or 18.9% of identified alternative exons) are alternatively spliced, but
not significantly different among TAC, sham, and fetal hearts. We considered this group of
exons to be our negative control, or “null” group of alternative exons. The remaining exons
were either classified as fetal-specific (256 exons, 18.7%), TAC-specific (36 exons, 2.6%),
or exons that were shared between fetal and TAC hearts (815 exons, 59.7%). As an
additional control group, we also identified single exon genes (472 genes) that would
presumably have no motifs for alternative or constitutive splicing factors. A histogram
showing the size distribution of these exons suggests that the exons we identified are
smaller than the constitutive exons in our data set (Supplementary Fig.1), where constitutive
exons were defined as an exon that was present in all three groups and no significant
difference in PSI (< 20% difference between both TAC and fetal compared to sham). In
addition, we used gene ontology analysis to identify differences in biological functions for
genes undergoing alternative splicing selectively in TAC and fetal hearts compared to
alternative exons that were not significantly different in any group. The gene ontology group
uniquely enriched in our overlap group contained specialized terms similar to our previous
work [211] and to results published on alternative splicing in heart development [7] including
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‘cytoskeleton organization’ and ‘muscle cell differentiation’ (full gene ontology results shown
in Supplementary Table 1). In contrast, there were less significant functional clusters for the
null exons and the clusters were enriched for terms associated with basic cellular functions

such as tRNA aminoacylation’ and ‘intracellular transport’.

3.2. Significant pentamers in regulatory region correspond to RBP recognition motifs

Our search for significant motifs identified several pentamers in each of the regions
flanking our alternative exons (as shown in Fig. 2). We calculated the statistical significance
of all 1,024 possible pentamers in both the overlap and null groups and plotted the negative
logl0 of the adjusted p-value in Figure 3. While almost all of the motifs are degenerate
sequences, it is important to note that these motifs correspond to known recognition motifs
of RBPs. The significant motifs that agree with previous pentamers identified as being
enriched in developmentally-spliced alternative exons in the heart [7] are denoted by an
asterisk next to pentamer in Fig. 3. The significant pentamers for the overlap group include:
distal up - AAAAA*, ACACA*, AGAGA, CACAC*, CCUCC, CUCUC*, GAGAG, GUGUG,
UAUAU, UCUCU, UGUGU, UUUAU, UUUUU*; proximal up - AAAAA, ACACA, AGAGA*,
CACAC, CUCUC*, GAGAG, GUGUG*, UCUCU*, UGUGU*, UUUUU* exon - ACACA,
CACAC, CUGCU, GCUGC, uUCuUuUC, UGCUG, UUCUU, UUUUU; proximal down - AAAAA,
AAGAA, ACACA, AGAGA, AUAUA*, CACAC, CUCUC, GAGAG, UAUAU, uUcCuUCU,
UCUGU, UGUCU, UUUUU*; and distal down - GUGUG*, UGUGU*, UUUUU. We also
compared our motif analysis results to the pentamers that were identified as significant in
murine and galline fetal heart development. The results are listed in Supplementary Table 2
and also list the RBP that recognizes each maoitif, if known. The significant motif plots of the
other alternative exon groups are shown as supplementary figures (fetal-specific exons in
Supplementary Fig. 2, TAC-specific exons in Supplementary Fig. 3, and single-exon genes
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in Supplementary Fig. 4). Single exon genes that would be expected to have no recognition
motifs for alternative splicing were enriched for pentamers not seen in any of the alternative
splicing exons including highly GC-rich motifs CGCGC, GCGCG, CUUGG, CGCCU, and

GGGGG.

3.3. RBP motifs are enriched, rather than depleted, in introns flanking alternative splicing
events

The negative logl0 of each pentamer’s p-value only represents the probability that
the observed count deviated from what our model predicted and not whether the motif is
more common than the expected frequency (enriched) or less common than expected
(depleted). When we compared motif enrichment values for the motifs that were identified as
significant, we found that most of them are enriched rather than depleted as is illustrated by
the abundance of red in the heat maps in Fig. 4 and Supplementary Fig. 5. There were
several motifs that were significantly over-represented and enriched in only the overlap
group. These overlap-specific motifs include: distal up - AGAGA, CCUCC, CUCUC,
UCUCU, UUUAU; proximal up - UGUGU, UCUCU, GAGAG, AGAGA, CUCUC; exon -
GCUGC, UGCUG, CUGCU, UUUUU; proximal down - AAGAA, CUCUC, UGUCU, UCUCU,

UCUGU, AUAUA, UAUAU; and distal down - UGUGU, UUUUU.

3.4. The presence of specific RBP motifs significantly influences exon inclusion

If we assumed as a null hypothesis that the regulation of each alternative exon is
controlled independently and that the presence of RBP motifs has no effect on this outcome,
we can calculate the number of exon inclusion events we would expect to be shared
between TAC and fetal hearts, but not sham hearts. To test the relative effect that each
motif’s presence might have on exon inclusion, we used a cumulative hypergeometric

probability density function to calculate the probability that a motif's presence in a given
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region significantly promoted or repressed exon inclusion. Of the overlap-specific enriched
pentamers that we identified in section 3.3, only a few motifs (distal up - AAAAA, CCUCC,
UUUAU; proximal up - ACACAC, CUCUCU) were significantly predictive of an effect on
exon inclusion; these results are shown in Table 1, Figure 5, and Supplementary Table 3.
Figure 5 shows that most of the motifs we identified as predictive were previously implicated
to have a role in alternative splicing during heart development (denoted with an asterisk).
When we looked for pairwise interactions that predicted a significant change in PSI, we
found that the presence of the ‘CUCUCU’ motif in the proximal upstream region and the
‘UCUGU’ motif in the proximal downstream region was able to explain more of the exons

with a decrease in exon inclusion than either motif alone.

4. Discussion

The re-expression of fetal isoforms in hypertrophy is an exciting finding and in order
to identify potential RBPs that could be mediating these changes in alternative splicing we
looked for RBP recognition motifs in the regions flanking alternative cassette exons. Our
computational methods identified significantly enriched pentamers flanking alternatively
spliced cassette exons. These pentamers correspond to RNA-binding proteins that are
known to mediate alternative splicing events and their predicted effects on splicing are
shown in Figure 4. Overall, our analysis identifies strong candidates for the RBPs that are

mediating the re-expression of fetal splice variants in hypertrophy.

First we identified alternative cassette exons within isoforms significantly regulated in
both TAC and fetal hearts. When we examined the alternative exon sizes, we found that
there is a clear trend toward smaller exons compared to constitutive exons. The average

length of all alternatively spliced exons in the human and mouse genomes is 107 bp [218],
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which is smaller than the average mammalian exon (173 bp, an average across human,
mouse, dog, and chimp genomes) [225]. The smaller size of the identified exons suggests
that they are candidates for alternative splicing. When we compared the gene ontology
terms associated with the overlap and null groups, we saw a striking similarity between the
enriched terms in our data and the terms associated with genes that undergo alternative
splicing in heart development [7]. In contrast, we saw no similarities between previously
published work and our null group of exons. The GO terms associated with the null exons
are basic cellular functions and possibly represent alternative splicing events that occur in all
hearts regardless of development or disease state. The majority of the significant motifs we
identified were enriched rather than depleted, suggesting that the presence of these motifs
is functionally important for alternative splicing. Similar to the fact that a gene requires a
specific transcription factor binding site to be regulated by that transcription factor,
alternative splicing requires the presence of RBP recognition motifs. The presence of these
significantly enriched RBP motifs strongly suggests that their presence is functionally

important for regulation of alternative splicing.

The polypyrimidine-tract binding protein (PTB) family of RNA-binding proteins
recognizes RNA motifs rich in cytidine and uridine residues as shown by multiple
experimental approaches including electrophoretic mobility shift assays, fluorescence
methods, UV cross-linking, and NMR [226-228]. The pentamers ‘CUCUC’ and ‘UCUCU’
were significantly enriched in the proximal upstream region of exons that were alternative
spliced in both fetal heart development and hypertrophy. Like other members of the hnRNP
family, it has previously been shown that when PTB binds upstream of an exon it promotes
exon exclusion [229], and our statistical testing shows that PTB recognition motifs in this
region are associated with more exon exclusion than would be expected if each exon was
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independently regulated. We further discuss the mechanism of how PTB may be regulated

in hypertrophy in Chapter 5.

The pentamer ‘AAAAA’ was enriched in the distal upstream region and was
statistically associated with exon inclusion. There are multiple RBPs that have been
experimentally demonstrated to bind A-rich sequences by homopolymer assays. Among the
RBPs that could be binding A-rich motifs, two notable candidates are the Mex3 family and
polyadenylate-binding proteins. The Mex3 (muscle excess 3) family of RBPs was first
identified in C. elegans as causing excessive body wall muscles when deleted. While the
human homologs of these proteins are not known to mediate alternative splicing, they are
known to bind mRNA and influence translation (see Chapter 5 for a further discussion of the
Mex3 family). Similarly, polyadenylate-binding proteins are also involved in multiple
components of MRNA processing including 3’ end processing [230], polyadenylation [231],
cap-dependent translation [232], and nonsense mediated decay [233]. The potential
interaction between RBPs that are involved in translation regulation and transcripts that are
alternatively spliced in heart development and hypertrophy may suggest that Mex3 or PABP

are part of a ‘hypertrophic’ post-transcriptional operon.

The ‘ACACAC’ motif that we identified in our analysis corresponds to the recognition
motif for heterogeneous nuclear ribonucleoprotein L (hnRNP L). Of the common simple-
sequence repeats in the murine and human genomes, ‘AC’ repeats are the most frequent
repeat, occurring 62.1 and 19.4 times per 1 megabase of sequence, respectively [234].
hnRNP L has been shown to regulate multiple steps in mRNA processing including
alternative splicing in multiple tissues [235] and has been suggested to be a global splicing
regulator [236]. Aside from its role in alternative splicing, hnRNP L binds ‘CA’ repeats in

single exon genes to promote nuclear export [237]. Given its high abundance in mammalian
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genomes, it is interesting to note that the ‘ACACAC’ motif was significant in multiple other
regions and groups, including the single exon genes (Supplementary Figure 4). Despite the
fact that it was significantly enriched in other groups, the presence of this motif in the
proximal upstream region was overlap-specific and significantly predictive of exon inclusion
in both TAC and fetal hearts. In addition, the ‘ACACAC’ motif was shown to be significantly
enriched in other regions flanking exons that were alternatively spliced in fetal heart
development [7], suggesting that hnRNP L is a strong candidate regulator of alternative
splicing in the heart. While the function of hnRNP L has not been specifically studied in the
heart, given its ability to promote and repress exon inclusion [238] in various tissues [239—
241] and he fact that it is known to physically interact with PTBP1 [242], it would be

interesting to explore the role of hnRNP L in the heart more closely.

When we tested if there were any combinations of two RBP recognition motifs that
increased the percentage of alternatively spliced exons that were accounted for by the
presence of motifs, the combination of the PTB motif in the proximal upstream region and
the ‘UCUGU’ motif in the proximal downstream region had nearly 50% more exons than
expected with a decreased PSI difference between TAC minus sham and fetal minus sham
greater than 20%. The specific RBP that recognizes the ‘UCUGU’ motif is not known, yet it
is very similar to the CUG- and UG-rich motifs recognized by CELF proteins [243,244].
While the PTB motif significantly predicted decreased exon inclusion, the ‘UCUGU’ motif
was not predictive alone. It is interesting to note that the CELF (CUG-binding protein and
ETR3-like factors) family has previously been shown to mediate the re-expression of fetal
splicing variants as a gain-of-function mutation in myotonic dystrophy and fetal heart
development [7,245]. In applying these findings, it will be important to establish the protein
levels and cellular locations of these RBPs during hypertrophy.
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Historically, alternative splicing is generally viewed as single exon events, i.e. the
inclusion/exclusion of one exon, the retention of one intron, or the use of one alternative
splice site. With high-throughput sequencing and more sophisticated computational
approaches, we now know that there are more than 24,000 alternative splicing events in
humans and a large fraction ( > 27%) involve more than two exons [218]. We are also
beginning to understand that the input parameters into splicing decisions are extremely
complex and include many variables such as the expression and activity of RBPs,
underlying nucleosome spacing, chromatin marks, speed of transcription, the strength of
individual splice sites, and the presence of pseudo-splice sites that are littered throughout
introns [212]. Pseudo-splice sites are sequences within introns that match the consensus
splice site as well or better than the true splice site, but are not used unless the actual splice
is inactivated by a mutation [246]. With a system as complex as this, multiple groups have
tried to assemble the basic rules or patterns that are able to predict splicing decisions. The
most complete example to date examined splicing patterns of 3,665 cassette-type exons in
27 murine tissues (including whole embryos at multiple time points) and used machine
learning to identify the 200 most important features for exon inclusion/exclusion. To increase
their power to identify patterns, these tissues were combined into four groups (nervous
system, muscle, digestive system and embryonic tissues). Ultimately, they found that tissue-
specific factors (i.e. RBPs) are critical for splicing decisions [221]. As we accumulate more
sequencing data from RNA from more specific tissues and different species, our ability to
predict tissue-specific splicing rules will likely increase. While we appreciate the immense
variation in splicing regulation and transcript composition, we chose to focus on what
potential RBPs may be controlling single exon splicing events that were observed in both rat

fetal heart development and a surgical model of cardiac hypertrophy in rats. Since this type

112



of splicing is better understood compared to more complex patterns, this is the logical first
step to pursue the mechanism regulating the patterns of alternative splicing that we have

previously identified.

During our process to identify alternative splicing events, significantly enriched motifs
surrounding them, and what effect those motifs may have on splicing, we made several
simplifications and assumptions that should be recognized. First and foremost, we chose to
focus on single alternative cassette exons. While we know that splicing events are much
more complex [218], much of the experimental knowledge about how RBPs control splicing
pertains to individually spliced exons. By identifying candidate regulators of these splicing
events, we wanted to ensure that we could compare our computational results to previously
published work that determined the relationships between RBPs and alternative splicing in
fetal heart development. When calculating the effect that individual RBP recognition motifs
may have on splicing decisions, we used an estimate of PSI derived from FPKM calculations
from Cufflinks. Recently some groups have questioned this approach, recommending
instead that exon-exon junction reads should be used in calculating PSI [247]. By focusing
on the simplest case of single cassette exons, our methods were sufficient to determine the
patterns that we were interested in, i.e. differences in exon inclusion in TAC or fetal hearts

compared to sham.

5. Conclusions
We have identified pentamers that are significantly enriched in the regions flanking
alternative exons regulated in both heart development and hypertrophy. These pentameric

motifs correspond to RBPs that are known to regulate alternative splicing. The presence of
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several of these RBP recognition motifs significantly predicts instances of exon inclusion
and exclusion. The main RBP identified in this work, PTB, is known to regulate
developmental splicing in the heart and represent a strong target to validate their role in
controlling alternative splicing in cardiac hypertrophy and the re-emergence of fetal splicing

patterns.
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Appendix A. Tables and figures

Table 1. Significant motifs with predictive effect on exon inclusion

Percent

Motif Location Eﬁe.CF O pyalye 'Merease

splicing above

expected

AAAAA Distal upstream I_ncrea;ed o 40%
inclusion

ccuce Distal upstream ~ Decreased 24.5%
inclusion

UUUAU Distal upstream ~'ncreased -, 42.9%
inclusion

CUCUCU  Proximal upstream ~ Decreased 31%
inclusion

ACACAC Proximal upstream I_ncrea_sed * 27%
inclusion

CUCUCU/ Proximal upstream/ Decreased - 47 9%

UCUGU proximal downstream  inclusion '

P-value was calculated by summing the probability of seeing X or more exons regulated
in a given data set using a hypergeometric probability function. Percent explained refers
to the percent of exons explained by the presence of a given motif. This percent was
calculated by (observed number of exons - expected number of exons) / total number of
exons that met PSI cut off criteria of > 20%. The expected number of exons was

determined by the maximum of the probability density function. * denotes p < 0.05, and **
denotes p < 0.01.

115



Figure 1. Alternatively spliced exon represented as a directed acyclic graph

A

B
1 2 3

R —

1
Figure 1. Alternatively spliced exon represented as a directed
acyclic graph. A, Standard representation of an alternative exon.
B, Start and end coordinates converted to nodes (depicted as
open circles) and edges represent the connections as written in
GTF file (lines with arrowheads).
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B

relative to
upstream exon +10 nt +300 nt +10 nt +300 nt
=
/7 4
-300 nt -35nt -300 nt -35nt relative to
downstream exon
Distal Proximal Exon Proximal Distal
upstream  upstream downstream downstream

Figure 2. Sequence regions used as input for RBP motif search. A, Standard
representation of an alternative exon. B, Grey boxes show regions and their names
used in RBP motif search. These regions, including the alternative exon are the most

common sites for RBPs to bind and regulate splicing decisions.
Figure 2. Sequence regions used as input for RBP motif search
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Figure 3. Significant motifs for overlap exons
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Figure 3. Significant motifs for overlap exons. A first-
order Markov model was used to calculate the expected
frequency for each motif within a given region flanking
akernatively spliced exons. Statistical signficance was
determined by comparing the expected frequency of each
motif to the number of times it was observed (a two-sided
binomial test). The p-value was then corrected far multiple
testing by the false discovery rate. The consensus splice
sites from each intronic region were excluded from the
input sequences. Grey lines denote statistical significance
of pentamers in regions flanking null exons. A, Distal
upstream B, Proximal upstream C, Exon D, Proximal
downstream E, Distal downstream. Dashed red line
signifies statistical cut off of negative log10 (adjusted
p-value) = & (corresponds to p < 0.05). Asterisks denote
significant pentamer seen in fetal heart development [7].
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Figure 4. Motif enrichment for significant motifs across overlap, fetal specific, TAC-specific,

null, and single exon genes
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Figure 5. Summary of significant motifs and their effect on splicing

ACACAC
(hnRNP L)

-——— =
- -

ccucc cucucu
(PTB)
cucucu

Figure 5. Summary of significant motifs and their effect on
splicing. Motifs are listed in the region where they were found
to be enriched and had a significant effect on splicing. * denotes
motif that was significantly enriched in fetal heart development
splicing [7]. Dashed line signfies that the pair of motifs
significantly predicted an effect on exon inclusion.
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Appendix B. Supplementary data

Supplementary Table 1. Gene ontology (GO) analysis of biological processes associated
with alternative exons significant in both heart development and hypertrophy and exons that
were not significantly different in TAC, fetal, or sham hearts

No. of Fold

Gene ontology term genes  enrichment P-value
Overlap exons
Cytoskeleton organization (G0O:0007010) 19 3.01 6.1E-05
Regulation of actin filament-based process (G0O:0032970) 8 6.02 3.4E-04
Negative regulation of gene expression (GO:0010629) 21 2.17 2.9E-03
Phosphorylation (GO:0016310) 22 1.55 4 5E-02
Membrane organization (GO:0016044) 18 3.13 6.4E-05
Muscle cell differentiation (GO:0042692) 7 2.99 3.0E-02
Intracellular transport (GO:0046907) 23 2.36 3.0E-04
Null exons
tRNA aminoacylation for protein translation (GO:0006418) 5 11.64 8.4E-04
Intracellular transport (GO:0046907) 6 2.78 3.6E-03
Vesicle-mediated transport (GO:0016192) 9 2.34 3.7E-02

Representative GO terms from significant GO term clusters from the 815 overlap exons and the
258 null exons. No. of genes = number of genes associated with that GO term in the dataset.
Fold enrichment quantifies the extent that each GO term is overrepresented in the dataset
compared to the rat genome. A P-value signifies statistical significance of the degree of
enrichment.
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Supplementary Table 2. Comparison of significant motifs in murine fetal heart, galline heart
development, and overlap group of hypertrophy and rat fetal heart development

Chicken Rat heart
Distal Mouse heart heart development  Recognition
upstream development development + hypertrophy motif for
AAAAA . .
ACACA . . hnRNP L
AGAGA .
CACAC . . hnRNP L
CCuccC .
CGUGG . .
cucucC . . PTB
CUGGG .
GACAG .
GAGAG .
GCGUC .
GGGAA .
GUGUG . CELF
UAUAU .
ucucu . PTB
UGUGU . CELF
UUUAU .
Uuuuu . . .

Chicken Rat heart
Proximal Mouse heart heart development  Recognition
upstream development development + hypertrophy motif for
AAAAA .
AAUAU .
ACACA . hnRNP L
AGAGA . J .
AUAGA .
CACAC . hnRNP L
CCuuUu .
CcucucC . . . PTB
GAGAG .
GCGGG .
GUGUG . . . CELF
ucucu . . . PTB
UGUGU . . . CELF
uuucu . .
Uuuuu .
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Supplementary Table 2 (cont.)

Chicken Rat heart
Proximal Mouse heart heart development  Recognition
downstream  development development + hypertrophy motif for
AAAAA .
AAGAA .
ACACA . . hnRNP L
AGAGA .
AUAUA . . .
CACAC . hnRNP L
cucuc .
GAGAG .
GAGGG .
GCAUG . . FOX
GCGUG . CELF
GGUUU .
GUGUG . . CELF
UAAAG .
UAACC .
UAUAU .
ucucu .
ucuaGcu .
uGucuU .
UGUGU . . CELF
Uuucu . . PTB
Uuuuu . . .

Chicken Rat heart
Distal Mouse heart heart development  Recognition
downstream  development development + hypertrophy motif for
AAUAU .
AGAAA .
CGUGU . CELF
cucucC . PTB
GGAAA . .
GUGUC . CELF
GUGUG . . . CELF
ucucu . PTB
UGUGU . . . CELF
Uuuuu .

Data for pentamer enrichment for developmentally-regulated exons in mouse and chicken hearts from Kalsotra

et al. [7]. Dots indicate pentamer was significant in analysis. Shading reflects the level of agreement between the
three comparisons; purple - motif was significant in all three analyses, green - motif was significant in mouse and
rat, blue - motif was significant in mouse and chicken hearts.
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Supplementary Table 3. Significant motifs used in hypergeometric probability density
function probabilities at different PSI cut off criteria

10% PSI cut off

Motif Location if:)ﬁgnc;n p Percent
Observed Expected increase above
value
expected
ccucc Distal upstream ~ Decreased 54 48 0.142 11.4%
inclusion
AAAAA Distal upstream Increased 39 29 0.021 24.4%
inclusion
UUUAU Distal upstream ~ ncreased 34 23 0.005 32.9%
inclusion
CUCUCU  Proximal upstream ~ Decreased g 47 0.495 1.1%
inclusion
ACACAC  Proximal upstream  'Mcreased 55 46 0.047 15.5%
inclusion
Proximal upstream /
/CSCCLLJ’GCS proximal Dﬁg{f;i’f]d 34 27 0.062 21.6%
downstream
15% PSI cut off
Motif Location Eff?.CF on p. ~ Percent
splicing Observed Expected increase above
value
expected
ccucc Distal upstream Decreased 40 32 0.0462 20.0%
inclusion
AAAAA Distal upstream Increased 29 19 0.0048 34.6%
inclusion
UUUAU Distal upstream Increased 24 15 0.0051 38.9%
inclusion
CUCUCU  Proximal upstream ~ Decreased 40 32 0.0409 20.6%
inclusion
ACACAC  Proximal upstream  'ncreased 36 30 00761 17.0%
inclusion
Proximal upstream
cucucu . Decreased o
T UCUGU / proximal  lusion 30 18 0.0012 40.5%

downstream
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Supplementary Table 3 (cont.)

Effect on

20% PSI cut off

Motif Location e ~ Percent
splicing Observed Expected P-value increase above
expected
ccucc Distal Decreased 26 20 0.0486 24.5%
upstream inclusion
AAAAA Distal Increased 21 13 0.0044 40.2%
upstream inclusion
UUUAU Distal Increased 17 10 0.0082 42.9%
upstream inclusion
cucucy  Proximal - Decreased 28 20 0.0121 30.5%
upstream inclusion
ACACAC ~ Froximal Increased 27 20 0.0182 26.8%
upstream inclusion
Proximal
CUCUCU  upstream / Decreased o
/ UCUGU proximal inclusion 21 1 0.0011 47.9%
downstream

Percent PSI cut off refers to the minimal difference in percent-spliced-in (PSI) between both TAC minus sham and fetal
minus sham. Observed refers to the number of exons that had the motif and met the PSI cut off criteria. Expected was
calculated from the product of percentage of total exons that had the motif, the percentage that met the PSI cut off
criteria, and the total number of exons. P-value was calculated by summing the probability of seeing x or more exons
regulated in a given data set using a hypergeometric probability function. The percent of exons explained by motif was
calculated by (observed number of exons - expected number of exons) / total number of exons that met PSI cut off

criteria.
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Supplementary Figure 1. Exon size distribution among alternative and constitutive exons
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Supplementary Figure 1. Exon size distribution among alternative
and constitutive exons. Exons that were identified by topology search
as alternative cassette exons were either categorized as part of the
overlap group (isoform significant in both TAC and fetal comparisons to
sham, n = 815) or the null group (no significant difference between all
three groups, n = 258). Exons that were present in each transcript of a
gene were assigned to the constitutive group (n = 8,118).
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Supplementary Figure 2. Pentamers enriched in fetal-specific exons
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= cuzUz specific exons. A first-order Markov model was usedto
calculate the expected frequency for each motif within a given
region flanking all exons with a significant difference in PSI
for fetal minus sham only. Statistical significance was
ueuey determined by comparing the expected frequency of each motif
" ACATA to the number of times it was observed (a two-sided binomial test).
The p-value was then adjusted for multiple testing by the false
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region were excluded fromthe input sequences. Grey lines
denote statistical significance of pentamers in regions flanking
null exons. A, Distal upstream B, Proximal upstream C, Exon
D, Proximal downstream E, Distal downstream. Dashed red line
signifies statistical cut off of negative log10{adjusted p-value)

= B {corresponds to p = 0.05). Asterisks denote significant
pentamer seen in fetal heart development [7].
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Supplementary Figure 3. Pentamers enriched in TAC-specific exons
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determined by comparing the expected frequency of each motif
to the number of times it was observed (a two-sided binomial

. test). The p-value was then adjusted for multiple testing by the
false discovery rate. The consensus splice sites from each
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Dashed red line signifies statistical cut off of negative log10
(adjusted p-value) = & (corresponds to p = 0.05). Asterisks
denote significant pentamer seen in fetal heart development [7].
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Supplementary Figure 4. Pentamers enriched in single exon genes

Megative log10 (adjusted p-value)

504

-
=

w
]

)

=

ACACA

CACAC

GGGGG

uuuuu

Supplementary Figure 4. Pentamers enriched in
single exon genes. A first-order Markov model was
used to calculate the expected frequency for each motif
within single exon genes. Statistical significance was
determined by comparing the expected frequency of
each motif to the number of times it was observed (a
two-sided binomial test). The p-value was then adjusted
for multiple testing by the false discovery rate. The
consensus splice sites from each intronic region were
excluded from the input sequences. Dashed red line
signifies statistical cut off of negative log10 (adjusted
p-value) > 5, which corresponds to p < 0.05).
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Supplementary Figure 5. Expanded motif enrichment heat maps
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Supplementary Figure 5. Expanded
motif enrichment heat maps. Each
motif that was significant in one group
is listed above the heat map. Fold
enrichment of each listed motif was
calculated from log2 (observed /
expected) for each pentamer. White
dots denote the motif was statistically
significant for that group and region.
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Supplementary Figure 6. Hypothesis testing and hypergeometric probability density function

A Significant increase in PSI? B
65 367
Yes No Total X X 1258 =
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Supplementary Figure 6. Hypothesis testing and hypergeometric probability density functions. A, Example of a
contingency table used to test the null hypothesis that the number of exons upregulated with 15% or greater increase
in PSI for both TAC and fetal compared to sham occurred independently. N represent the total number of significantly
upregulated exons in both groups and K is equal to the number of distal upstream regions that contained the 'AAAAA'
motif, while x is the number of exons that were significantly regulated in both groups and that had the 'AAAAA" motif in
the distal upstream region. B, Since 5.2% of all exons a significant increase in PSl in both TAC and fetal hearts (N,
65/ 1,258) and 29.2% of all distal upstream regions contained the 'AAAAA' motif (K, 367 / 1,258), multiplying the two
percentages times the total number of isoforms (M, 1,258) would predict 19 exons to have a significant increase in PSI
(0.052 x 0.292 x 1,258) if each exon was regulated independent of the 'AAAAA' motif. C, The probability of seeing any
specific number of upregulated exons was calculated using a hypergeometric probability density function (calculations
shown for 29 exons). The probability of seeing at least the degree of upregulated exons x was computed by summing
probabilities for all values = x using MATLAB with the following command 'sum(hygepdf(x:N,M,K,N)). D, Graphical
representation of probability for each possible number of exons upregulated in TAC and fetal groups. The most likely
number of shared isoforms is 19, as derived in B. The probability of observing increasing numbers of upregulated
exons decreases to P = 0.05 at 24 exons. More importantly, the sum of probabilities of observing all possible numbers
of upregulated exons = 24 is < 0.05 (shown by shaded area), indicating that 24 is a significantly higher number of
upregulated exons than would be expected if the inclusion of each exon was independently regulated.
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Appendix C. Selected Perl scripts

Code to construct DAGs and topology searches for alternative cassette exons

#!/usr/bin/perl

#written on 1/18/13

#create splice graphs for genes of interest, identify alternative exons
#and the transcripts that contain or skip that exon by cufflinks TCONS ID
use strict; use warnings;

#tadd ~/lib dir to @INC
use lib 'Yhome/ega2d/lib/;

#INPUTS REQUIRED: FILE OF GENE NAMES (ONE PER LINE) AND GTF
#specify input file name with --file space then name of file with significant genes

use Getopt::Long;
use Graph::Directed;
my ($file, $gtf);

GetOptions(
file=s'=>\$file,
'gtf=s'=>\$gtf);

#initialize variables

my %genes;

my %splicedGenes;

my ($tcons, $geneName, $exonNumber, $chr, $start, $end, $strand);

open (GTF, "<$gtf") or die ("Could not open $gtf for input\n");
open (GENES, "<%file") or die ("Could not open $file for input\n®);

#create hash of significant gene names
while (my $splicedGene = <GENES>) {
chomp($splicedGene);
$splicedGenes{$splicedGene}++;
} #close GENE read in

#read gtf, look for genes of interest
while (my $line = <GTF>){
chomp($line);
my @data = split \t/, $line;
($chr,$start, $end, $strand) = ($data[0],$data[3],$data[4],$data[6]);
# capture gene name from last field
if ($data[8] =~ /gene_name."?(["";]+)"?/){
$geneName = $1;
} #gene name
# capture tcons ID from last field
if ($data[8] =~ /transcript_id."?(["";]*+)"?/){
$tcons = $1;
} #tcons
# capture exon number from last field
if ($data[8] =~ /exon_number."?(["";]+)"?/}{
$exonNumber = $1;
} #exon #number
#store desired data in %genes
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next unless $splicedGenes{$geneName};
$genes{$geneName}->{chromosome} = $chr;
$genes{$geneName}->{strand} = $strand;

#create hash of genes that contain a hash of transcripts that contain an array of arrays
#where the array of exons contains an array of start, end coords

push @{ $genes{$geneName}->{transcripts}->{$tcons}->{exons} }, [$start, $end];
} #close GTF read in
close GTF;
close GENES;

#iterate thru hash of genes

GENE: while (my ($gene, $geneData) = each %genes) {

#create variables about gene of interest

#scalars for chromosome and strand and a reference to a hash of transcripts (that contains an AoA of
#exons/start,end coords)

my ($chromosome, $strand, $transcripts) = @$geneData{gw(chromosome strand transcripts)};
#create new graphObject for each gene of interest
my $graph = Graph::Directed->new;
#iterate thru hash of transcripts for one gene
while ( my ($transcript, $transcriptData) = each %$transcripts ) {
#create an array of exons where each array contains a two-element array of start,
#end coords
my @exons = @{$transcriptData -> {exons} };
for (my $i=1; $i < @exons; $i++) {
#create variables needed for edges
my $prevEnd = $exons[$i-1][1];
my $start = $exons[$i][0];
my $end = $exons[$i][1];

#add egde to graph for previous intron
$graph->add_edge($prevEnd, $start);
$graph->set_edge_attribute($prevEnd, $start, $transcript, 1);

#add egde to graph for current exon
$graph->add_edge($start, $end);
$graph->set_edge_attribute($start, $end, $transcript, 1);
} #for adding exon to graph object
} #for hash of transcripts, graph object should be complete
my $cyclicCheck = $graph->is_cyclic();

#check for odd behaviors that would create edges going backwards
if ($cyclicCheck) {

next GENE;
} #for cyclicCheck

##initialize variables to determine type of AS##

my @out;
#array of vertices with out degree > 2
my @in; #array of vertices with in degree > 2

#number of paths between exon end and alternative splice site
my $altExon = 3; #number of paths between exon end and skipped exon
my $uniqueNodes;
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##open output file##
open (ALTEX, ">>AlternativeExonsAttributes.txt") or die ("can't open altEx output\n®);

##find alignment errors by looking for vertices that are within 10bp of one another##
my @allVertices = $graph->vertices();

#create array to check for alignment errors
my @sortedVertices = sort { $a <=> $b } @allVertices;
for (my $i=1; $i < @sortedVertices; $i++) {
my $coordDiff = ($sortedVertices[$i]) - ($sortedVertices[$i-1]);
if ($coordDiff < 10) {
my $vertexToDelete = $sortedVertices[$i-1];
$graph->delete_vertex($vertexToDelete);
} #if loop to delete alignment error vertex
} #allVertices loop

#icreate arrays for vertices with in/out degrees > 1##
my @vertices = $graph->vertices();

#create array of all vertices in graph
NODE: foreach my $vertex (@vertices) {

#iterate thru each vertex to find those that have more than 1 out edge
my $outDegree = $graph->out_degree($vertex);
if (SoutDegree > 1) {
push (@out, $vertex);
} #for outDegree
my $inDegree = $graph->in_degree($vertex);
my $sinkVertexCheck = $graph->is_sink_vertex($vertex);
if ($inDegree > 1) {
if ($sinkVertexCheck) {
next NODE;
} #skips sink vertices
else{
push (@in, $vertex);
} #write push $inVertex
} #for inDegree
} #finishes finding in and out vertices

##skip nodes that are terminal exon start sites (one edge removed from sink vertex)##
my $terminalExonStart;

#immediate predecessor of sink vertices

my @sinkVertices = $graph->sink_vertices();
foreach my $sinkVertex (@sinkVertices) {
my @nextToSink = $graph->predecessors($sinkVertex);
foreach my $secondToLast (@nextToSink) {
$graph->set_vertex_attribute($secondToLast, $terminalExonStart, 1);
} #for set attribute
} #for @sinkVertex

##titerate thru out vertices##
OUTVERTEX: foreach my $outVertex (@out) {

##check to see if out vertex is terminal exon start by attribute##
my $terminalExonStartCheck = $graph->has_vertex_attribute($outVertex, $terminalExonStart);
if ($terminalExonStartCheck) {
next OUTVERTEX;
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}

##create subgraphs based on number of edges spanned by splicing event##
my $altExSubgraph = $graph->subgraph_by_radius($outVertex, $altExon);

##iterate thru in vertices to look for closure of splice graphs##
foreach my $inVertex (@in) {

##look for alternative exons##
my $altExMatch = $altExSubgraph->has_vertex($inVertex);
if ($altExMatch) {
my $shortestPath = $altExSubgraph->APSP_Floyd_Warshall();
my $shortestPathLength = $shortestPath->path_length($outVertex, $inVertex);
if ($shortestPathLength == 1) {

#skipping event should only have one edge between out and in vertices

#titerate thru successors to find path that starts w/ outVertex and 3 edges later ends w/ inVertex##
my @altStarts = $altExSubgraph->successors($outVertex);
foreach my $potentialAltStart (@altStarts) {
if ($potentialAltStart != $inVertex) {
my @altEnds = $altExSubgraph->successors($potentialAltStart);
foreach my $potentialAltEnd (@altEnds) {
my @dnStart = $altExSubgraph->successors($potential AltEnd);

foreach my $potentialDnStart (@dnStart) {
if ($potentialDnStart == $inVertex) {
my $skipTcons = $graph>get_edge_attributes($outVertex, $inVertex);

my $inclTcons = $graph->get_edge_attributes($potential AltStart,$potential AEnd);

my @skipList = keys %{$skipTcons};
my @inclList = keys %{$inclTcons};
print ALTEX $gene, "\t", $chromosome, "\t", $strand, "\t",$outVertex, "\t",
$potentialAltStart, "\t",$potential AItEnd, "\t", $inVertex, "\n";

print ALTEX $gene, " TCONS that skip exon ", "@skipList\n";
print ALTEX $gene, " TCONS that include exon ", "@inclList\n";

} #potentialDnStart

} #foreach DnStart
} #foreach $potential AitEnd
} #if potentialAltStart
} #foreach potentialAltStart

print ALTEX $gene, "\t", $chromosome, "\t", $outVertex, "\t", $inVertex, "\t", $shortestPathLength, "\n";

print ALTEX $gene, "\t", $Schromosome, "\t", $altExSubgraph, "\n";
print ALTEX $gene, "\t", $graph, "\n";
} #closes shortest path loop
} #closes alternative exon search
} #inVertex

} #outvertex
} #for hash of genes
close ALTEX;
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Code to count observed pentamers and calculated expected frequencies using a first-order
Markov model

#!/usr/bin/perl

#written on 1/24/13

#read in sequence, count pentamers, create a first order Markov model,

#output observed and expected frequencies

use strict; use warnings;

use Getopt::Long;

no warnings 'uninitialized’;

#REQUIRED INPUT: TAB-DELIMITED FASTA FILE WITH ADDITIONAL FIELD FOR GC %

#initialize variables
my $file;

my $output;

my @sequences;

my @seqLength;

my %unicounts;

my %dicounts;

my @seqPentCounts;
my @seqPents;

GetOptions(
‘output=s'=>\$output,
file=s'=>\$file);

open(SEQ, "<$file") or die "Cannot open sequence file\n";
#parse fasta file
while (my $line = <SEQ>) {
chomp ($line);
my @data = split \t/, $line;
my ($name, $gc, $fasta) = ($data[0], $data[1], $data[2]);
push (@sequences, $fasta);
} #close SEQ read in
close SEQ;

print "@seqLength", "\n";

for my $sequence (@sequences) {
while ($sequence =~ mAG(.)(.)/g) {
$unicounts{$1}->{count}++;
$dicounts{"$1$2"}->{count}++;
pos($sequence) = pos($sequence) - 1; #moves search backward 1 base
} #close while count learning loop
} #for each in @sequences

#calculate frequencies
my $basetotal = 0;
for my $base (keys %unicounts) {
$basetotal += $unicounts{$base}->{count}; #calculates total length of sequence
} #close base total loop

for my $base (keys %unicounts) {

$unicounts{$base}->{prob} = $unicounts{$base}->{count}/$basetotal; #for each bp creates probability
} #close unicount probability
#calculate dinucleotide probabilities
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my $dinucleototal = 0;
for my $dibase (keys %dicounts) {

$dinucleototal += $dicounts{$dibase}->{count};
} #close dinucleototal loop

for my $dibase (keys %dicounts) {

}

#check outputs

my ($totalDinucleoProb, $totalSingleNucleoProb);
my $upperThreshold = 1.01;

my $lowerThreshold = 0.99;

$dicounts{$dibase}->{prob} = $dicounts{$dibase}->{count}/$dinucleototal;

for my $base (keys %unicounts) {
$totalSingleNucleoProb += $unicounts{$base}->{prob};

for my $dibase (keys %dicounts) {
$totalDinucleoProb += $dicounts{$dibase}->{prob};

if ($totalSingleNucleoProb < $lowerThreshold || $totalSingleNucleoProb > $upperThreshold) {

print "ERROR in single nt probability calculations\n”;

if ($totalDinucleoProb < $lowerThreshold || $totalDinucleoProb > $upperThreshold) {

print "ERROR in dinucleotide probability calculations\n";
}

#enumerate the observed pentamers:
my %pentamers;
my $penttotal=0;

for my $sequence (@sequences) {
PENT: while ($sequence =~ mN\G(.....)/g) {
if ($1 =~ m/N/g) {
next PENT;
}

else {
$pentamers{$1}->{count}++;
$penttotal++;
pos($sequence) = pos($sequence) - 4;

} #close pentamer enumeration
} #for each sequence

#calculated expected pentamer frequencies
for my $pentamer (keys %pentamers) {
my @bases = split("™", $pentamer);
my $first = $bases[0];
my $second = $bases[1];
my $third = $bases|[2];
my $fourth = $hases|[3];
my $last = $bases[4];
my $pentProb = $unicounts{$first}->{prob};

my $ZOprob = $pentProb*$unicounts{$second}->{prob}*$unicounts{$third}->{prob}*$unicounts{$fourth}-

>{prob}*$unicounts{$last}->{prob};

for my $nextbase (@bases|[1..4]) {
my $pentProbDenominator;
if(exists $dicounts{"$firstbnextbase"}) {
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for my $nt (qw(A C G T)) {
$pentProbDenominator += $dicounts{"$first$nt"}->{prob};

}
$pentProb *= ($dicounts{"$firstsnextbase"}->{prob} / $pentProbDenominator);
$first = $nextbase;
} #close check for existence of dinucleo
else {
print "$firstSnextbase”, " not defined\n";
for my $nt (qw(A C G T)) {
$pentProbDenominator += $dicounts{"$first$nt"}->{prob};

}
$pentProb *= ($dicounts{"$first$nextbase"}->{prob} / $pentProbDenominator);
$first = $nextbase;
} #else undefined
} #close next base loop
$pentamers{$pentamer}->{FOexp} = $pentProb;
$pentamers{$pentamer}->{Z0Oexp} = $ZOprob;

open(OUT, ">>%output") or die "Cannot open output file\n";

if ($pentProb !=0) {
print OUT "$pentamer\t”, "$pentamers{$pentamer}->{count}\t",
"$pentamers{$pentamer}->{FOexp}\t",
"$pentamers{$pentamer}->{ZOexp}\t", "$penttotal\n”;
} #close if loop

} #close pentamer loop
close OUT;

sub genMer {
my $ct = shift;
my @return;
if ($ct > 1) {
my @mers = genMer($ct-1);
for my $nt (qw(A C G 1)) {
push @return, map {$nt. $_} @mers;

}
}
else {

@return=qw(A C G T);
}

return @return;
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Chapter 5 - Future directions

Our findings suggest a number of different follow-up studies to determine the specific
mechanisms by which the RNA-binding proteins (RBPs) we identified regulate splicing, as
well as to better understand the significance of changes in extracellular matrix gene

expression we measured in response to changes in mechanics.

Role of polypyrimidine tract binding protein 1 mediates the re-expression of fetal
splice variants seen in cardiac hypertrophy

The role of alternative splicing in hypertrophy [172,173] and heart failure [118] is only
beginning to be characterized. We believe that determining the mechanism that causes
alternative splicing to revert back to fetal splicing patterns in response to pressure overload

will improve our understanding of hypertrophy and possibly identify new therapeutic targets.

Our initial motif search suggests that only a few RNA-binding proteins (RBPs) might
be mediating the re-expression of fetal splice variants in hypertrophy. One of the most
significant motifs was the ‘CUCUCU’ motif that is recognized by the polypyrimidine tract
binding (PTB) protein family of RBPs composed of two main proteins, PTBP1 and PTBP2.
PTBP1 is widely expressed [248,249] whereas PTBP2 is only expressed in post-mitotic
neurons [250]. Recently PTBP1 was shown to be developmentally regulated in the heart
[251]. In fetal hearts, PTBP1 acts as a splicing repressor resulting in exon exclusion of
several key cardiac genes. As the developing heart shifts towards a post-natal circulatory
system, histone deacetylase 5 (HDAC5) decreases in the heart and this reduction causes

decreased levels of the caspase inhibitor cellular FLICE-like inhibitory protein (cFLIP). As
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the level of cFLIP decreases, the inhibition on caspases is released, allowing PTBP1 to be
degraded by these caspases. In adulthood when there are lower levels of PTBP1, the exon
inclusion increases for known targets of PTBP1 [251]. In hypertrophy, class Il histone
deacetylases (HDACs 5 and 9) are phosphorylated on multiple serine residues, exported
from the nucleus, and bound by 14-3-3 proteins in the cytoplasm. This phosphorylation and
subsequent sequestration of HDACS5 allows transcription factors to activate genes that drive

the hypertrophic response [252].

Recently it was shown that PTBP1 levels increase in adult hearts in response to
calcineurin overexpression [253]. The phosphatase calcineurin is activated by calcium
signaling and is a critical mediator of cardiac hypertrophy. Calcineurin dephosphorylates the
transcription factor NFAT, which is then translocated into the nucleus to activate pro-
hypertrophic genes [38]. Further, when cultured cardiomyocytes were treated with the

hypertrophic agonist phenylephrine, PTBPL1 levels also increased [253].

We hypothesize that in hypertrophy, as hypertrophic signaling cascades including
calcineurin increase, PTBP1 protein levels increase, and the splicing pattern seen in fetal
heart development is re-expressed. This proposed mechanism is shown in cartoon format in
Figure 1. It is also interesting to note that PTBP1 generally functions as a splicing repressor,
i.e. causes more exon exclusion, and we identified more exon exclusion events in our TAC
and fetal groups compared to the sham-operated hearts. This is another piece of evidence
suggesting that PTBP1 may be one of the key mediators of the fetal splicing program. To
further explore the relationship between PTBP1 in hypertrophy and the re-expression of fetal

splice variants in hypertrophy we propose the following experiments:
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Hypothesis 1: PTBP1 protein levels increase in pressure overload hypertrophy.
Increased PTBP1 activity could be caused by one or more mechanisms. As described
earlier, probing the relationship between calcineurin signaling and PTBPL1 in hypertrophy is
one of our top priorities. First, we would propose to measure protein localization and
guantities of PTBP1 using an in vivo model of hypertrophy. In terms of alternative
mechanisms for how PTBPL1 activity may be regulated, it is also important to note that like
many other RBPs, PTBP1 itself is alternatively spliced, specifically during heart development
[88,254]. This isoform shift may correspond to the inclusion or exclusion of a binding site for
Raverl. Raverl is a protein that has been shown to be a co-repressor with PTBP1 of
alternative splicing regulation [255] and is also shuttled between the nucleus and the Z-line
of sarcomeres [256]. While our main focus for this aim will be elucidating the relationship
between hypertrophic signaling and PTBP1, we realize that there are other ways that

PTBP1 activity could be increased in hypertrophy.

Hypothesis 2: PTBP1 is necessary for the re-expression of fetal splice variants during
hypertrophy. As a first step to study alternative splicing in hypertrophy, it is important to
establish if the re-expression of fetal splice variants occurs in vitro. We would treat adult
cardiomyocytes with the hypertrophic agonist phenylephrine and measure alternative
splicing events we identified in Chapter 4 by PCR. We would then use adenovirus to
knockdown PTBPL1. If the splicing events we detected in hypertrophy and in the in vitro
system do not occur with PTBP1 knockdown, it would strongly suggest that PTBP1 is
mediating the splicing changes we saw. As further proof that PTBP1 mediates fetal splicing
patterns in hypertrophy, we could also over-express PTBP1l in untreated adult

cardiomyocytes and measure alternative splicing to determine if PTBP1 alone is sufficient to
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cause the changes in isoform expression that we observed in pressure overload

hypertrophy.

Hypothesis 3: The re-expression of fetal splice variants is sufficient for hypertrophy. It
remains unknown if alternative splicing changes are a result or a cause of various
physiological transitions such as hypertrophy. In order to determine if the alternative splicing
we observed in TAC is sufficient to cause hypertrophy, we propose to study this process in
vivo by creating a cardiac-specific inducible overexpression system for PTBP1 in a mouse
model of hypertrophy. We would determine the cardiac phenotype of these mice with and
without pressure overload to see if overexpression of PTBP1 causes hypertrophy or a larger
degree of hypertrophy when subjected to pressure overload than wild-type controls. The
final piece of evidence that PTBP1 and the re-expression of fetal splicing patterns are
sufficient to drive pressure-overload hypertrophy would be to dissect changes in alternative
splicing from the transcriptional program in hypertrophy. We would do this by crossing the
PTBP1 transgenic mouse with MEF2D-null mice. MEF2D-null mice are resistant to cardiac
hypertrophy, lack cardiac fibrosis, and most importantly, are unable to upregulate
components of the fetal gene program in response to pressure overload. These double
transgenic mice would be lacking the ability to activate the fetal gene program, but if we saw

hypertrophy would suggest that alternative splicing is capable of causing hypertrophy [257].
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Figure 1. Proposed mechanism of PTB regulation and re-expression of fetal splice variants
in hypertrophy
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Figure 1. Proposed mechanism of PTB regulation and re-expression of fetal splice
variants in hypertrophy. Hormonal and mechanical hypertrophic stimuli cause signaling
cascades via calcineurin that activate the transcription factor NFAT. NFAT, together with
the additional transcription factor families GATA and MEF2 promotes expression of the
fetal gene program. We hypothesize that in hypertrophy, PTB levels increase in response
to calcineurin signaling and that along with other RNA-binding proteins, CELF and hnRNP L
mediate the re-expression of fetal splice variants in hypertrophy.
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Computational approaches to determine tissue-specific elements that regulate
cardiac hypertrophy and implications for public health

There a few additional bioinformatics analyses that could be done with our RNAseq
data. Our motif search looked for over-represented pentamers flanking the alternative
cassette exons. Other groups have shown that the regulatory cis-elements that determine
alternative splicing are far more complex than short motifs, therefore | would recommend
forming a collaboration with Brendan Frey’s group to use their more complex computational
model to identify additional regulatory elements that could predict alternative splicing
patterns seen in our data set. They use machine-learning techniques to prioritize which
features out of 1,000 in their database most accurately predict splicing events observed in a
given set of alternative exons [221]. As has been mentioned before, tissue-specificity is an
important determinant of alternative splicing, and combining our heart-specific RNAseq data
with their more thorough analysis may allow us to identify other candidate RBPs that are
involved in coordinating alternative splicing in heart development and hypertrophy. We could
also leverage our other groups of alternative exons (null, fetal-specific, TAC-specific) to

determine if the regulatory elements that the model predicts are unique to hypertrophy.

While our preliminary analysis focused on alternative splicing of cassette exons,
there are many other forms of alternative splicing. It would be interesting to analyze the
intronic sequences flanking alternative splice sites and intron retention events to determine if
the same RBPs that we identified in Chapter 4 are also involved in these splicing events or if

other RBPs may have a role in hypertrophy-associated alternative splicing.

We would also like to determine the functional consequences of alternative splicing
seen in hypertrophy. Do changes in alternative splicing result in changes in the amino acid

sequence of proteins? Recently it has been shown that microRNAs play a significant role in
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the response to pressure overload [258,259]. Do changes in alternative polyadenylation
sites cause differences in microRNA binding sites? And lastly, does alternative splicing

contribute to post-transcriptional gene regulation via insertion of premature stop codons?

In terms of another large-scale bioinformatics analysis, it would be interesting to
utilize the wealth of data generated by genome wide association studies to determine if the
regions that contain RBP recognition motifs are associated with differences in
cardiovascular disease and specifically with left ventricular mass. There is a growing body of
knowledge that mutations in splicing regulatory sequences play a distinct role in disease

susceptibility [260,261].

The role of physical coordination of RNA processing in hypertrophy

Several of the motifs identified by our search in Chapter 4 correspond to RBPs that
have multiple functions aside from alternative splicing. These RBPs include CELF, hnRNP
L, PTB, and possibly the Mex3 and poly-adenylate binding protein families of RBPs that
potentially recognize A-rich motifs. In other systems, cell stressors such as heat or hypoxia
have been shown to change the physical organization of the nucleus [262]. During the
development of cardiac hypertrophy in response to pressure overload, several heat shock
proteins increase in expression similar to other cell stress models [150], suggesting that
cardiac hypertrophy may prompt stress granule formation, but the physical changes in
hypertrophic nuclear organization remain unknown. These RNA stress granules are located
within the cytoplasm and nucleus and function to delay and sequester mRNA at different
processing steps including alternative splicing [263] and translation [264]. The physical
interactions of these RBPs with their target mMRNA sequences could represent components

of a hypertrophic post-transcriptional operon. Using immunofluorescence to investigate the
145



nuclear localization of our RBPs or interest and co-localization with other known members of
RNA stress granules could shed light on the physical coordination of alternative splicing in a
physiological transition. Specifically, | would propose to use antibodies against the RNA-
binding protein TIA-1 to mark cytosolic stress granules [265] associated with environmental
stressors [266], and antibodies against hnRNP Al interacting protein HAP to mark nuclear
stress granules [267].

Changes in extracellular matrix and cell-cell contacts in response to mechanical input

and potential implications on cell shape differences in concentric and eccentric
cardiac hypertrophy

One of the most surprising findings from our work exploring gene expression
changes in response to decreased shortening in Chapter 2 was the number of extracellular
matrix genes identified. With extensive data about signaling networks and transcriptional
responses to changes in cardiomyocyte mechanics, there is less evidence about how the

extracellular matrix changes in response to mechanical cues in the heart.

In Chapter 2 we proposed that in order to undergo cell shape changes in
hypertrophy, cardiomyocytes must remodel their cell-cell and cell-ECM connections. It would
be important to establish a few important facts about this hypothesis. The ECM is an
incredibly complex and diverse set of proteins and glycosylated proteins that provide a
scaffold for cells and attachments between cells [268,269]. Our microarrays measured gene
expression from all cells present in the papillary muscles, and some of the gene expression
changes for ECM genes may be from fibroblasts rather than cardiomyocytes. The fact that
fibroblasts would be re-organizing the ECM in response to changes in mechanics is logical,
given what our group and others have shown in the past [127,270,271]. | would propose

doing preliminary experiments looking at ultrastructural changes in the extracellular matrix in
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response to changes in mechanics utilizing our muscle bath experimental system to
determine if there are visible differences between normal and pressure overload-like
mechanics at early time points. The muscle bath system would allow us to tightly control the
changes in mechanics and then quickly preserve the tissue under these perturbed
mechanics as opposed to in vivo experiments that might be confounded during the process

of tissue harvesting.

When we compared the gene expression changes in response to decreased
shortening to an analogous in vivo model of pressure overload, we expected that we would
see expression changes in sarcomeric genes. We hypothesized that in order to remodel a
cardiomyocyte, the cell must rearrange and synthesize more elements of the contractile
apparatus. However, what we found instead was that many of the significant gene
expression changes that occurred in both our decreased shortening group and in the TAC
data set included genes that are components of the extracellular matrix. By culturing intact
myocardium, we were also able to include the contribution of fibroblast gene expression at
early time points of mechanical changes. This provides an intriguing new hypothesis for
cardiomyocyte remodeling: perhaps the extracellular connections between cardiomyocytes
are integral for determining cell shape. One could imagine a mechanism when
cardiomyocytes undergo eccentric hypertrophy, where individual cells become longer in
response to loss of lateral connections on the long axis of the myocyte. In contrast,
concentric hypertrophy could be the result of reinforced lateral connections that predispose
the cardiomyocyte to be pulled by other lateral connections and become wider. Future
experiments into how the cardiac extracellular matrix and basement membrane respond to
mechanical cues and how they influence cardiomyocyte shape could be incredibly important
for our understanding and ability to prevent adverse cell shape changes.
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