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Dilated cardiomyopathy (DCM) is one the most common heart
conditions in the world and the leading cause of heart failure (HF). However,
the link between the DCM disease genotypes and disease progression into is
not evident. To address this gap, my thesis research explored the control of
DCM disease manifestations by miRNAs regulation of their mRNA targets. I
used PROX1 as a seed to link mechanical stress and DCM phenotypes. I
developed a high throughput functional screen of synthetic miRNA mimics for
the suppression of PROX1 mRNA that revealed 18 miRNAs that inhibit
PROX1 by binding to the 3’ untranslated region (3’ UTR). Among their
computationally predicted protein targets, we identified those that belong to
known pathways that are relevant to DCM phenotypes. Furthermore, we
identified four miRNAs that target PROX1 and were dysregulated in
cardiomyocytes under mechanical stress. Pursing these miRNAs in more
depth, I generated hypothetical signaling modules connecting mechanical
stress to miRNAs and proteins involved in the DCM phenotypes. Confirmation
of their actual involvement awaits direct experimental verification of
biochemical interaction with the miRNAs, and functional demonstration that
they play a role in DCM pathogenesis using in vitro cardiomyocyte physiology
and animal models. Nonetheless, there are three main conclusions to my
thesis research: (1) It is possible to use a single dysregulated protein (PROX1)
as a seed to construct a miRNA-protein network using a combination of
experimental and computational studies, (2) several miRNAs are identified to

xii

selectively downregulated PROX1 and are predicted to coordinately regulated
PROX1, and (3) these miRNAs that downregulate PROX1 also downregulates
proteins that are involved in other DCM phenotypes.

xiii

CHAPTER 1. INTRODUCTION
Dilated cardiomyopathy (DCM) is one the most common heart
conditions in the world. DCM is the leading cause of heart failure (HF),
accounting for up to 40 percent of all heart failure cases, and the most
frequent cause (70 percent) of all heart transplantation cases [6]. Although
DCM mostly manifest after the third decade of life, it is also the most common
form of cardiomyopathy among children [1]. DCM has multiple etiologies and
each are not mutually exclusive. As much as 35 percent of all DCM cases
have a genetic etiology, with mutations in up to 50 genes linked to DCM
pathogenesis [11, 13]. However, the link between the known disease
genotypes and disease progression into ultimate dilation and heart failure is
not evident.
To address the lack in our understanding of the genotype-phenotype
relationship, my thesis research explored the control of DCM disease
manifestations by miRNAs regulation of their mRNA targets. Specifically, my
research combined cell biological and computational experimentation and led
to a miRNA-protein network controlling calcium handling dysregulation, loss of
sarcomeric protein expression and propensity for arrhythmia.
My studies build on a large body of literature that have attempted to
bridge the genotype-phenotype gap. Mutations in certain sarcomeric proteins
(e.g. β-MHC [15, 16] and cTn-T [17, 18]) caused drop in calcium ion
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sensitivity, which consequently decreased myosin cross-bridges, and
contractile force and velocity. Such deterioration in biophysical function of the
myocardium could leave cardiomyocytes susceptible to mechanical stress
[19]. Studies show that the mechanical stress and adrenergic signaling
exacerbates DCM phenotypes such as loss of contractility and dilation in
cardiomyocytes [39, 40]. Nonetheless, the biophysics is not enough to explain
penetrance, genetic interactions and disease progression [11].
microRNAs (miRNAs) are an important modifier and regulator of
gene expression in various cardiovascular diseases, including DCM. miRNAs
are small, non-coding RNAs (about 22 base pairs in length) that bind and
inhibit mRNAs in the context of a RNA-silencing complex (RISC). miRNAs are
emerging candidates for therapeutic targets as they are dysregulated in many
diseases, such as cancer [32], neurological diseases [33], and kidney disease
[34]. There are distinctive miRNA profiles in various heart diseases such as
hypertrophic cardiomyopathy (HCM) [35], DCM [36], and coronary artery
disease and myocardial infarction [37]. The Mercola lab had previously
compiled 59 miRNAs that were reported to be significantly upregulated in endstage DCM from published paper [51] and its own Nanostring analysis data
[unpublished]. In silico computation predicted that these 59 miRNAs would
directly suppress more than 4,600 proteins. One protein in particular, PROX1,
was a recurring and prominent node. PROX1 is a transcription factor that
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regulates sarcomere organization by directly targeting genes encoding the
sarcomere structural proteins 𝛼-actinin, N-RAP and zyxin [47]. Cardiac specific
PROX1 knockout in adult mice showed onset and manifestation of DCM [46].
For my thesis research, I used PROX1 as a seed to link mechanical
stress and DCM phenotypes. I developed a high throughput functional screen
of synthetic miRNA mimics for the suppression of PROX1 mRNA. Primary and
secondary confirmatory screening revealed 18 miRNAs that inhibit PROX1 by
binding to the 3’ untranslated region (3’ UTR). I then used multiple public
online algorithms to postulate proteins targeted by these miRNAs. Among the
protein targets, we identified those that belong to known pathways that are
relevant to DCM phenotype (DCM, cardiomyocyte contraction, calcium
regulation, action potential, sarcomere organization). Furthermore, we found
overlaps between PROX1-targeting miRNAs and miRNAs that are
dysregulated in cardiomyocytes under mechanical stress. Pursing these
miRNAs in more depth, I generated signaling modules connecting mechanical
stress to miRNAs and proteins involved in the DCM phenotypes. These
miRNAs and proteins are therefore candidates for further in vitro and in vivo
experiments to confirm the biological significance of the signaling modules.
Confirmation of their actual involvement awaits direct experimental verification
of biochemical interaction with the miRNAs, and functional demonstration that
they play a role in DCM pathogenesis using in vitro cardiomyocyte physiology
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and animal models. Nonetheless, there are three main conclusions to my
thesis research: (1) It is possible to use a single dysregulated protein (PROX1)
as a seed to construct a miRNA-protein network using a combination of
experimental and computational studies, (2) several miRNAs are identified to
selectively downregulated PROX1 and are predicted to coordinately regulated
PROX1 (which controls sarcomeric protein expression), and (3) these miRNAs
that downregulate PROX1 also downregulates proteins that are involved in
other DCM phenotypes such as loss of contractility, disruption in calcium
handling and arrhythmia (action potential).

CHAPTER 2. BACKGROUND
2.1. Dilated Cardiomyopathy
2.1.1. Overview of Dilated Cardiomyopathy
Dilated cardiomyopathy (DCM) is a form of cardiomyopathy
characterized by enlargement of ventricular chamber and systolic dysfunction,
usually in the left ventricle (LV), with normal ventricular wall thickness (Figure
1). In late stage disease, however, all four chambers are often affected and
the ventricular walls could get thinned [11].

Figure 1. Ventricular remodeling of the heart in DCM. (A) A normal heart. (B) In DCM, the
diameter of the ventricles is increased while wall thickness is maintained. The ventricular
systolic output is reduced. [11]

DCM leads to progressive heart failure (HF), decline in LV contractile
function, ventricular/supraventricular arrhythmias, conduction system
abnormalities, thromboembolism, and death [1]. DCM is the most common
type of heart condition. It is largely irreversible, the third most common cause

5

6

of HF and a leading cause of heart transplantation [1, 2, 3]. DCM accounts for
up to 40 percent of all HF cases and 70 percent of all heart transplants [6]. In
60 percent of DCM cases, ischemic heart diseases are responsible for onset
of ventricular dilation [58] making it one of the top causes of all human
mortality (~13 percent of all deaths in the world [59]). Although DCM manifests
mostly after third decade of life, it is also the most common form of
cardiomyopathies among children [1]. The incidence of DCM was 40 percent
higher in boys than in girls, more than double in black than in whites, and
almost twelve times higher in infants (less than one year of age) than in
children. Around 50 percent of the patients die within 5 years of diagnosis [4].
Current medical management follows a similar rationale as for treating
chronic HF [5]. In the end stage of DCM, heart transplantation is considered to
be the most effective therapy. However, while more than 20,000 patients that
could potentially benefit from heart transplantation and more than 4,000
people being added to the wait-list each year, less than 3,000 hearts were
annually donated [7, 8]. Even the 3,000 donated hearts did not all make it into
the operating rooms due age and other contraindications [10]. Only 1,949
heart transplant were performed in United States in 2011 while the concurrent
wait-list mortality rate was 12.4 per 100 wait-list years [9]. Even when the
donor heart demands were met, heart transplantation was suitable only for the
advanced disease and is not an option for patients with less severe or early-
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stage cases. Heart transplant was simply not option for all the affected
patients and there were no alternative therapies for these patients. It was clear
just from the numbers that an investigation into a new method of treatment
was urgent.

2.1.2. The Physiology of Dilated Cardiomyopathy
Increased in end-diastolic volume (EDV) results in increased enddiastolic pressure (EDP). This increased pressure the stretches the
myocardium. According to Frank-Starling law, a normal ventricle responds to
the stretch with stronger contractile force and, thus, higher the cardiac output
(CO). However, in DCM, the contractility of cardiomyocytes is impair and the
increased EDP from pathological dilation cannot bring about the same
increase in cardiac output (Figure 2) [56].
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Figure 2. Frank-Starling curve showing the decreased cardiac output [55]. (A) In normal
heart, the Frank-Starling relationship follows the blue curve. Increase in LVEDP results in
increase in stroke volume. Cardiac output is function of stroke volume. (B) In DCM, the
contractile force is impaired and follows the red curve. LVEDP is significantly increased with
dilation of the ventricles. However, increase in diastolic pressure cannot bring about the same
degree of increase in cardiac output in comparison to the normal heart. LVEDP: Left
ventricular end diastolic pressure

Furthermore, according to Laplace’s law (Equation 1), the internal pressure (P)
is proportional to the wall tension (T) and inversely proportional to the internal
radius (r) in a hollow sphere [54].

𝑃=

$%
&

(Equation 1).

Wall tension equals to wall thickness (w) times wall stress (S). The radius of
the ventricle determines how effective the active wall tension raises systolic
blood pressure. In DCM the ventricle is dilated while the wall thickness is
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maintained or even thinned. The increased inner radius reduces the curvature
of the the ventricular wall and, consequently, the inward component of the wall
stress (Figure 3.). Thus, dilated ventricle cannot effectively translate wall
stress into pressure.

Figure 3. Effect of wall curvature on generating pressure. (a) Cross section of a spherical
object. (w: wall thickness. S: Wall stress, P: Pressure) (b) Effective wall stress directed inward
generated from wall stress orthogonal to the radius. The thick red line represents the muscle
segment generating the stress. (c) In larger sphere, the effective wall stress directed inward is
reduced even with constant wall stress; so the pressure falls [54].
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In normal heart distention, the decreased systolic pressure from Laplace Law
is out-weighed by the increase in contractile force from Frank-Starling law [54].
However, in a failing heart, the Laplace law dominates Frank-Starling law and
the heart is in capable of maintaining its normal stroke volume and cardiac
output decreases.
As cardiac output is reduced, the body attempts to normalize cardiac
output by adrenergic stimulation. In early stages of heart failure, this
compensatory activity can improve contractile force and cardiac output by by
shifting Frank-Starling curve upwards, therefore increasing stroke volume for
given EDP [54]. In the long run, however, this compensatory mechanism
becomes maladaptive. Chronic excessive exposure to catecholamines (like
norepinephrine) dysregulates intracellular signaling and ion channel function,
ultimately decreasing calcium handling and metabolic function while increasing
reactive oxygen species. These changes decrease the ability of the ventricle
to develop the contractile force needed to eject blood, further exacerbating the
situation as the radius increases. This creates a vicious cycle leading to
deleterious effects such as pressure and volume overload, calcium-ion
overload, which further affects mitochondria functions, tissue hypoxia from
metabolic imbalance, fibrosis and cell death [57]. These effects result in
dilatory remodeling and further reduction in the low ventricular contractile force
of the ventricle.
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2.1.3. Limited Understanding of Dilated Cardiomyopathy Genetic Etiology
Clinical studies have shown that DCM has multiple etiologies, each not
mutually exclusive. These include ischemia from coronary artery disease,
chronic alcohol or drug abuse, hypertension, and myocarditis. In a 1994
clinical study by Kasper et al., idiopathic DCM, idiopathic myocarditis and
coronary artery disease (or ischemic cardiomyopathy) were the most common
causes of DCM (46.5 percent, 12 percent and 11 percent, respectively) [12].
With the majority of DCM cases identified as idiopathic in some manner, much
of the etiology had remained a mystery just over ten years ago. Ever since,
however, breakthroughs in genetics and genomics allowed for extensive
investigation into the disease genetics. Whereas the Kasper study identified
less than two percent of DCM as familial, a more recent study from 2011
estimated that number to be anywhere between 20 and 35 percent with
mutations occurring mostly in contractile protein and nuclear laminin [11, 13].
Identified mutations in familial DCM have failed to explain the disease
phenotype; patients with the same mutations had different pathogenesis and
clinical presentations. Genotype did not predict nor explain dilatory phenotype,
loss of calcium handling and loss of sarcomeric protein expression and
organization. At least 50 single genes have been identified as casual in
inherited DCM. Yet frequencies of DCM mutations in any one gene were very
low (mostly under one percent) and a genetic cause was identified in about
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one-third of familial DCM [13]. In comparison, a genetic cause was identified in
50 to 75 percent of HCM cases and more than 80 percent of identified HCM
mutations could be attributed to just two genes (MYH7, MYBPC3) [14]. The
causes of DCM, compared to that of HCM, clearly needed more investigation.

2.1.4. Previous Works on Dilated Cardiomyopathy Genetic Etiology
Mutations in certain sarcomere proteins, such as 𝛽-myosin heavy chain
(β-MHC) [15, 16] and cardiac troponin (cTn-T) [17, 18], have shown to cause
calcium ion desensitization, which led to decrease in myosin cross-bridges,
contractile force and contractile velocity. Such deterioration in biophysical
function could leave the cardiomyocytes more susceptible to stretch and
pathological dilation and ventricular remodeling [19]. These studies concluded
with a general model that DCM sarcomeric mutations make less energetically
efficient and/or less responsive to calcium, whereas HCM sarcomeric
mutations make the sarcomere more energetically efficient and/or more
calcium responsive. This general model, based on elegant biophysical studies
does not adequately explain penetrance, genetic interactions and disease
progression [11]. A clearer connection between pathogenic mutation and
adaptive/maladaptive signaling needed to be established and understood if we
were to identify possible therapeutic targets from DCM.
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2.2. microRNAs
2.2.1. Overview of microRNAs
Maintenance of cardiac homeostasis is crucial for a healthy heart,
which depends on the integrity of complex transcriptional and
posttranscriptional regulatory circuits. Over the past decade, microRNAs
(miRNAs) have been identified as an important modifier of gene expression in
various cardiovascular diseases, including DCM [37].
miRNAs are small, noncoding RNAs that are produced from a double
stranded RNA that is either transcribed as a primary microRNA (pry-miRNA)
from their own genes, or spliced from introns of other genes into “mirtrons”
[20]. pri-miRNAs range between a few hundred to several thousands of
nucleotides long, and are processed into 70 to 100 nucleotides hairpin premiRNA. pre-miRNAs are exported out of the nucleus and into cytosol where
they are trimmed into a ~22 nucleotides long single-stranded miRNA. A
miRNA is assembled into a RNA-induced silencing complex (RISC), also
known as microRNA ribonucleoprotein complex (miRNP), along with proteins
such as Argonaute (Ago). Once in RISC, miRNA is able to silence
complementary mRNAs by promoting degradation or inhibiting translation [21].
miRNAs typically bind to mRNA’s 3’ untranslated region (3’ UTR),
although it can bind to other regions of some mRNAs. A 3’ UTR of a single
protein can contain both different miRNA-target sites and multiple identical
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miRNA-target sites. In animals, the complementarity does not extend beyond
a short seven-nucleotide long “seed” region located near the 5’ end of miRNA.
miRNAs with the identical seed regions and similar overall sequences are
group in to miRNA families, which target a similar set of mRNAs. Depending
on the extend of complementarity, a mRNA is either degraded or
translationally repressed; an extensive base pairing results in mRNA cleavage
and, eventually, degradation, while less extensive pairing results in
translational repression.
Several key features make miRNAs very useful as natural biological
regulators. First, the degeneracy of the base-pairing between the short seed
region and its complementary mRNA target allows for a single miRNA to target
multiple mRNAs. Second, by the same token, multiple miRNAs can regulate a
single mRNA. Third, a miRNA can either directly or indirectly modulate its own
expression or that of other miRNAs in a feedback loop. Although we are only
beginning to understand the role of miRNA in various biological networks,
these features hint at the importance of miRNAs as natural regulators.
By extension of the evolution of miRNAs as natural regulators, we
speculate that the mRNA/protein targets of miRNAs are natural nodal points in
biological control processes – in other words, Nature’s own regulatory points.
We further propose that these proteins might make good therapeutic targets,
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and hence their identification might be particularly important in the discovery of
new therapies for heart or other diseases.

2.2.2 microRNAs as Gene Regulators and its Role in Cardiac Disease
The first miRNA gene, lin-4, was discovered in 1993 by Lee et at. but
was simply identified as small RNAs with antisense complementarity to lin-14.
lin-4 gene was known to repress lin-14 gene, thereby controlling the timing of
C. elegans larval development. But instead of encoding a protein, lin-4
produced short non-coding RNAs that contained partially complementary
sequences to multiple sequences in 3’UTR of the lin-14 mRNA [30]. In 2000,
second miRNA gene (let-7) was identified [31].
In recent years, hundreds of new miRNAs were identified and studied.
The importance of its role in gene regulation for normal embryonic
development and function was highlighted in four studies, in which loss of
function mutations of four essential enzymes in miRNA biogenesis, namely
Dicer, Drosha, Ago2 and DGCR8, were studied [22, 23, 24, 25]. In one of
those studies, cardiac-specific deletion of Dicer resulted in embryo death from
cardiac failure by E12.5. Dicer-deleted embryos exhibited pericardial edema
and poorly developed ventricular myocardium [22]. Cardiac-specific deletion of
Drosha led to a similar cardiac developmental defect [23]. These studies
showed that the biogenesis of miRNAs played crucial role in many cell
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functions, including cardiac cells. However, among more than 1800 identified
human miRNAs [26], many still lacked experimentally-validated or identified
targets. Thus, each of their role in biological pathways and the outcome of
their dysregulation remained mostly uncharted.
In the past decade, dysregulation of miRNAs has been studied in many
diseases, such as cancer [32], neurological diseases [33], and kidney disease
[34. Heart disease was no exception; miRNAs were implicated in
pathogenesis of various heart diseases and have become a potential target for
therapeutic intervention. miRNA expression profiling had identified a subset of
miRNAs expressed in the normal heart. The 18 most strongly expressed
miRNAs accounted for more than 90 percent of all the miRNAs expressed in
adult murine heart. Interestingly, nearly all of the 18 miRNAs displayed altered
expression during onset different cardiac diseases [27]. In addition, the various
heart diseases showed distinctive miRNA profiles (e.g. HCM [35], DCM [36],
and coronary heart disease and myocardial infarction [37]). These studies
provided strong evidence that miRNAs were important regulators of cardiac
diseases and that they could become therapeutic targets. Yet, testing each
and every existing miRNA for a single target protein, let alone all predicted
targets, was painstaking, time-consuming and costly. Identifying all the
miRNAs in the genome, their targets placing them in regulatory networks is
still far from completion.
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2.3. microRNAs in Dilated Cardiomyopathy
2.3.1. microRNA Control Cardiomyocyte Contractility
Intracellular calcium (Ca2+) handling plays important regulatory role in
cardiomyocytes, especially as the ion that controls sarcomeric protein
contractility [38]. In DCM, failing cardiomyocytes loses their contractile
strength and, perversely, their ability to control normal calcium levels during
the cardiac contractile cycle, leading to calcium overload, metabolic stress and
loss of contractility.
The role of miRNAs in cardiomyocyte contractility is largely unexplored.
Previous works from the Mercola lab had identified miRNAs as
regulators of germ layer formation during early embryogenesis [28] and
skeletal muscle differentiation [29] using high throughput functional screening
of synthetic miRNAs. Using the same high throughput miRNA screening
(HTS), Wahlquist et al. uncovered 144 miRNAs that can directly suppress
mRNA encoding cardiac sarcoplasmic reticulum calcium ATPase pump
(SERCA2a). 82 of these miRNAs were confirmed by dose response test with
32 of them evolutionarily conserved and 15 both evolutionarily conserved and
upregulated in human HF. Using the kinetic imaging cytometer (KIC), the
effect of these miRNAs on cardiomyocyte calcium transient kinetics was
tested. Four of the 13 significantly slowed the decay phase of the calcium
transient. Cardiomyocytes transfected with miR-25, the most potent of the four
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miRNAs, showed similar extent of delay compared to that of ventricular
cardiomyocytes isolated from failing human heart. HF mouse models were
prepared by subject mice to 3 month of trans-aortic constriction (TAC) to
chronically increase left ventricle load and cause dilation. It was found that
miR-25 was expressed primarily in TAC-induced failing cardiomyocytes. When
miR-25 was inhibited with a specific antagomir (which is a synthetic, modified
antisense RNA molecule complementary to the guide strand of the miRNA and
modified by cholesterol to facilitate uptake by cell), SERCA2a levels were
restored and the cardiac function and survival rate improved in TAC HF mouse
model. [3].
This finding constitutes proof-of-concept that in vitro screens to identify
miRNAs that control cardiomyocyte function can bring new insight into disease
mechanisms, including those of DCM, and potentially lead to new therapeutic
targets. Based on these findings, the overall hypothesis of my research is that
using HTS, it would be possible to delineate the miRNAs and their targets that
mediate loss of contractility and control cardiomyocyte function in DCM.

2.3.2. microRNAs Fine-tune Response to Different Stresses in Cardiomyocyte
The Mercola lab had previously compiled 59 miRNAs, termed “DCM
donor heart” set, that were reported to be significantly upregulated in endstage DCM from a published paper [53] and its own Nanostring analysis data

19

[unpublished]. Neonatal rat ventricular cardiomyocytes (NRVCs) were
transfected with synthetic versions of these 59 miRNAs and their calcium
transient kinetics were analyzed. Cluster analysis (HR StratoMineR) of
multiple calcium kinetic metrics revealed that 10 of the 59 miRNAs significantly
increased the calcium kinetics while eight significantly decreased them, a
number of which, including mir-29b-1-5p, mir-181a-5p, and mir-486-5p,
inhibited SERCA2a mRNA.
However, DCM donor hearts only represented the end-stage of DCM
and, thus, might not have revealed miRNAs involved in the disease
development. To address this issue, a postdoc and instructor in the lab,
Christine Wahlquist, PhD, and Agustin Rojas-Muñoz, PhD, used human
induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) that harbor
a DCM mutation in cTn-T. This cTn-T mutation (R173W) and a similar
mutation (R141W) decrease calcium sensitivity of the S1 ATPase [17, 18] and
therefore patient-specific iPSC-CMs might better represent an earlier form of
DCM. Figure 4 shows that the mutation has decreased calcium transient
kinetics and amplitude, which could hinder contractility of the already
compromised sarcomere.
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Figure 4. cTn-T (R173W) DCM patient hiPSCs have slower Ca transients with decreased
amplitude. Representative calcium transients from 3 DCM hiPSC-CM lines and 3 non-DCM control
hiPSC-CM lines. Inset shows that DCM cardiomyocytes slowed the decay parameter CaTD75-25.
Individual lines represent average calcium transients of >200 cells analyzed. Error bars, S.D.

With the evidence that miRNAs alter calcium handling in relatively earlierstage DCM, the miRNAs of normal and DCM patient hiPSC-CMs were profiled
under basal culture conditions and when stressed with norepinephrine (NE,
1uM) for 3 days. NE exacerbates the DCM phenotype in transgenic mouse
model of DCM [41, 42]. Of the 59 donor heart set miRNAs, NE upregulated 3
that also suppressed SERCA2a (mir-29b-1-5p, mir-181a-5p, and mir-486-5p).
This data suggested that chronic NE treatment might suppress SERCA2a via
miRNAs. NE downregulated miR-17, which also suppresses SERCA2a and
slowed calcium transient kinetics.
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The lab investigated the function of the 59 donor heart set miRNAs in
more detail. NRVCs were immunostained for α-actinin after transfection with
synthetic versions of the donor heart miRNAs. α-actinin is necessary for the
attachment of myofibrillar thin actin filament to the Z-line in cardiomyocytes,
adjoining sarcomeres at Z-discs. 2 of the 59 miRNAs (miR-17 and miR-486)
increased α-actinin immunostaining and caused hypertrophy, while 5 miRNAs
including miR-25, miR-29 and miR-181 family members caused significantly
decreased and disorganized immunostaining pattern. This showed that
miRNAs might be relevant in DCM pathogenesis by perturbing sarcomere
integrity.
Wall tension, another form of stress induced on cardiomyocytes, starts
a vicious cycle that eventually leads to cardiomyocyte remodeling and heart
failure as explained in 2.1.2. This physical stimulus can be mimicked in this
experiment by imposing mechanical strain on cardiomyocyte. In an
unpublished study, Rojas-Muñoz in the Mercola lab profiled cyclic stretchinduced miRNAs in rat cardiomyocytes to see whether certain miRNAs are
dysregulated. Indeed, 54 miRNAs were more than doubled while one miRNA
(rno-miR-24-1-5p) was completely suppressed. While we still do not know the
mechanism in which mechanical strain leads to DCM phenotypes, it is certain
that miRNAs are dysregulated.
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These sets of data suggested that different miRNAs might both
downregulate and upregulate common target in response to mechanical and
physiological stresses such as chronic exposure to NE and cyclic stretch,
consistent with the role of miRNAs as candidates for fine-tune modulator in
biological responses.

2.3.3. Multiple Proteins Mediate microRNA Control of Cardiomyocyte
Contractility
Using in silico algorithms, Mercola lab predicted the 59 donor heart
miRNAs could possibly directly suppress more than 4,600 proteins. Such high
number of possible targets is not uncommon in in silico predictions but is
problematic when picking possible candidates for experimental validation.
Computational miRNA-target prediction using complex algorithms is a wellestablished method for roughly estimating the possible target molecules of
miRNAs. These algorithms can take into account parameters from known
biological molecules, such as complementarity and free energy binding, and
can have precision up to 51 percent [41]. However, in silico models cannot
take every single biologically relevant variable into account and consequently
have a high the false positive and negative rate. miRNA regulation works as a
complex network involving genes targeted by multiple miRNAs and multiple
target site for the same miRNA within a single gene. Such context-dependent
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interactions are difficult to reconstruct and predict in vitro and in silico.
Effective prediction in animal systems still remains challenging due to
interaction complexity in vivo and a limited knowledge of rules governing these
processes [41]. Although computational predictions are informative, we cannot
rely solely on them to realistically identify the miRNAs that regulate a
mRNA/protein, or vice versa.

2.4. PROX1
2.4.1. Overview of PROX1
Amongst many proteins that were downregulated in DCM donor hearts,
one protein in particular, PROX1, was a recurring and prominent node.
PROX1, or prospero homeobox protein 1, is a transcription factor, the gene of
which was originally cloned by homology to the prospero gene from
Drosophila melanogaster. The expression pattern of PROX1 suggested that it
has a functional role in variety of tissue, including lens, heart, liver, lymphatic
system and central nervous system [42, 44]. Inactivation of PROX1 in murine
embryo led to premature lethality [43] and haploinsufficiency of PROX1 was
shown to promote lymphatic vascular defect and cause adult-onset obesity
[45].
PROX1 has also shown to have a role in regulating cardiac functions.
Functional electrocardiography indicated that PROX1 is a genetic modifier of
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atrioventricular (AV) block. AV block is a delay in the electrical impulse from
the sinus node to travel through atria and across the AV node and into
ventricles. On the surface electrocardiogram (ECG), AV block is indicated by a
delay in the PR interval, which is the time from the beginning of the P wave
(atrial depolarization) to beginning of QRS complex (ventricular
depolarization). PROX1 was shown by chromatin immunoprecipitation to
partner with HDAC3 to directly repress transcription of Nkx2.5, a cardiacspecific transcription factor needed for the generation and, possible,
maintenance of the cardiac conduction system structure and function [48].
PROX1 is one of many proteins that are differentially expressed in HCM
mutant cardiomyocytes versus wild type in mice [50]. PROX1 is also one of
many proteins significantly downregulated in myocardial infarction, aortic valve
bending and isoproterenol-induced cardiac hypertrophy [49].

2.4.2. PROX1, microRNA and Dilated Cardiomyopathy
The mechanism by which PROX1 mutation can cause human heart
disease has not been clarified. However, it has been shown PROX1 an
essential player in heart development in murine model. In a 2014 study by
Riley et al. [46], it was shown that PROX1, though present in nuclei of cardiac
and skeletal muscle cells, repressed fast-twitch skeletal muscle gene, troponin
T3, troponin I2 and myosin and enriched in cardiac and slow-twitch muscle
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cells. PROX1 ablation in skeletal muscle was sufficient to cause switch from a
slow- to fast-twitch muscle. In postnatal PROX1 mutant murine heart, there is
significant overexpression of fast-twitch skeletal genes, namely Tnn3, Tnni2
and Myl1. When PROX1 was cardiac-specifically knocked out in adult mice,
the hearts developed DCM. Co-expression of both cardiac and fast-twitch
skeletal isoforms of troponin alters the contractile responses to calcium and
consequently impair systolic function. In a separate paper in 2008 by Riley et
al, PROX1 was reported to control transcription of the sarcomeric proteins αactinin, N-RAP and zyxin [47]. Therefore, it was evident that PROX1 is a
regulator of both expression and repression of several genes crucial to cardiac
function.
As mentioned above, we know that miRNAs are crucial in regulating
cardiac function. We know that miRNAs are dysregulated by stimulus, such as
mechanical strain, that are known to cause DCM. Therefore, we postulate that
PROX1 might be an important target of miRNAs in the pathogenesis of DCM.
Although many miRNAs are predicted to target PROX1, in silico predictions of
miRNA-mRNA target interactions, although informative, are only weakly
reliable [61]. Although some studies have focused on a few miRNAs (e.g. miR181) and have found their suppression of PROX1 plays a role certain
biological functions (e.g. vascular development) [62], there hasn’t been a
microRNAome-wide functional screening of PROX1 that could link it to DCM.

26

Thus, my thesis research was to be a definitive and global investigation of the
miRNAs that target PROX1, and to use this information to construct network
nodules that connect external physiological stimuli (such as mechanical
stretch) to the disease phenotypes of DCM.

CHAPTER 3. MATERIAL AND METHODS
3.1. HEK 293 Handling
3.1.1. HEK 293 Culture Condition
Basal culture media, DMEM/F12+GlutaMAX medium (Life
Technologies), was supplemented with 10 percent FBS, MEM NEAA (Life
Technologies, 1:100), 2 mM L-glutamine, 100 units ml-1 penicillin and 100 µg
ml-1 streptomycin. Previously frozen stock of HEK293 cells were cultured in
150 mm by 25 mm (R x H) tissue culture dish with 20 ml culture medium per
plate at 37 degrees Celsius. The medium was changed every three to four
days until confluence. Confluent plates were trypsinized and the cells collected
for screening.

3.2. microRNA Screening
3.2.1. Target Sensor
To screen for miRNA repression of PROX1, we focused on PROX1 3’
UTR. We used two human PROX1 miTarget miRNA 3’ UTR target clones
(nucleotides 2403 – 8179, GeneBank accession number NM_002763) from
Genecopoeia (HmiT055546). Each target clone comprised of pEZX-MT06
vector (Genecopoeia) and a fragment of 3’ UTR. pEZX-MT06 was
firefly/Renilla dual luciferase reporter vector and ampicillin/carbomycin
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resistant. The two fragments (PROX1A and PROX1B) overlapped and
covered the entire 3’ UTR sequence.
For a positive control, we used an empty vector with dual luciferase
reporter and kanamycin resistance. To make the control target, we used
human NPPA miTarget miRNA 3’ UTR target clone (Genecopoeia) after we
removed the NPPA sequence. NPPA was contained in pEZX-MT01 vector
(Genecopoeia). We digested the vector at EcoRI and XhoI and, then, religated the vector with bridge oligonucleotide, which we made by annealing
two primers 5’- AATTCAATAAAGCAATAGCATCACAAATTTCACAAATAAAC3’ and 5’- TCGAGTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTG-3’.

3.2.2. High-throughput microRNA Dual Luciferase Screening
For primary screen, HEK293 cells were co-transfected with Ambion
Pre-miR miRNA Precursor Human v.2.0 microRNA library and 100 ng target
sensor plasmid per well in 384-well plates (Greiner). Transfections were
performed using Lipofectamine 2000 (Life Technologies) in triplicate with 10
nM of each miRNA following manufacturer’s protocol. 48 hours after
transfection, luciferase activity was measure with Envision Multilabel Plate
Reader (Perkin Elmer) after adding 10 uL of Steadylite plus reagent per well
(Perkin Elmter). An siGFP and siLuc was used as negative and positive
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controls. Each controls were measured in eight data points and had outliers
removed using standard deviation with significance level of 80%.
The percent inhibitions were calculated by following method: dividing
firefly fluorescence by Renilla fluorescence.
Triplicate data was tested for outliers using two-tailed Dixon’s Q test
with critical value of 0.844, or significance level of 80 percent [65, 66]. The
outliers were removed and averaged. For PROX1A and B, miRNAs inhibiting
more than 50 percent with p-value less than 0.05 were considered hits. For
control, miRNAs inhibiting more than 0 percent with p-value less than 0.05 and
miRNAs inhibiting more than 50 percent regardless of the 0.05 were
considered hits. Control hits were removed from PROX1A and B hits.
The hits from the primary screens were confirmed by a 5-point dose
response assay (1.25 nM, 2.5 nM, 5.0 nM, 10 nM, 20nM). The area under the
curve was calculated to give an average inhibition for each miRNAs. miRNAs
with more than 20 percent inhibition and p-value less than 0.05 were
considered hits. miRNAs tested for both PROX1A and PROX1B inhibition was
represented with higher inhibition of the two.

CHAPTER 4. RESULTS
4.1. microRNA Screening for PROX1 3’ UTR
4.1.1. High-throughput microRNAome Primary Screen
In order to empirically find miRNAs that selectively downregulate
PROX1, we functionally screened a whole microRNAome library. We used two
luciferase target sensor constructs each containing one of two overlapping
segments of PROX1 3’UTR (5676 bps) downstream of firefly luciferase,
Renilla luciferase and ampicillin resistance (Figure 5). We termed these
construct PROX1A and PROX1B.

Figure 5. A simplified schematic of target sensor vector and its components. Bright green: firefly
luciferase. Orange: One of two segment of PROX1 3’ UTR. Dark Green: Renilla luciferase. Yellow:
Ampicillin resistance.

As a control for miRNAs that function non-selectively (e.g. target luciferase),
we used as a counterscreen another luciferase target sensor containing
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identical components but without a 3’ UTR segment and kanamycin
resistance.
We ran a primary screen in triplicate using 875 miRNA library. Of the
triplicate data points, we eliminated outliers using two-tailed Dixon’s Q test
(𝜶=0.2). Table 2 summarizes the outlier selection process. No more than one
of the triplicate data points was removed.
Table 1. Comparison between Two-tailed Standard Deviation method and Two-tailed Dixon’s Q
Test Outlier Removal
Average
Number of
Average p-value Average p-value
STDV*
p-value reduction
outliers removed
before removal
after removal
( percent)
PROX1A
736
0.0311
0.0307
1.29
PROX1B
722
0.0895
0.0769
14.1
Control
797
0.133
0.115
13.5
Average
Number of
Average p-value Average p-value
Dixon Q*
p-value reduction
outliers removed
before removal
after removal
( percent)
PROX1A
184
0.0311
0.0276
11.3
PROX1B
219
0.0895
0.0756
15.5
Control
379
0.133
0.120
9.77
*STDV: Standard Deviation Method, Dixon Q: Dixon’s Q Test.

611 miRNAs inhibited luciferase fluorescence of PROX1A and 564
miRNAs inhibited that of PROX1B by more than 50 percent (p-value < 0.05)
(Figure A1a and b). However, 624 miRNAs also inhibited the control target to
some degree (i.e. positive inhibition with p-value < 0.05 or > 50 percent
inhibition) (Figure A1c), which meant that many of the miRNAs were targeting
not only the 3’ UTR but also the fused luciferase. Therefore, I developed a
means to remove false positives (Figure 6). First, miRNAs that inhibited the
control target more than 50 percent regardless of the p-value were eliminated.
Next, miRNAs with positive inhibition (> 0 percent) and p-value under 0.05
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were also eliminated. This process left 83 miRNAs targeting PROX1A and 82
targeting PROX1B. There was a significant overlap between the two lists;
thus, the union of the two sets had 107 unique miRNAs.

Figure 6. Schematic of primary screen miRNAs selection process. Primary screen of PROX1A and
PROX1B yielded 611 and 564 miRNAs, respectively. We screened an empty control target sensor to
filter out non-selectively downregulated luciferase (i.e. targeted luciferase sequence instead of PROX1 3’
UTR). At the end, we had 83 miRNA hits for PROX1A and 82 to PROX1B.

4.1.2. Dose Response Confirmatory Screen
From the 107 miRNAs hits in the primary screen, we chose top 44
miRNAs that best inhibited each of PROX1 and PROX1B, and performed dose
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response validation. 22 miRNAs from each of the 44 miRNAs inhibited both
PROX1A and PROX1B. Thus, we had total of 66 unique miRNAs. We
measured luciferase inhibition at five doses (1.25 nM, 2.5 nM, 5 nM, 10 nM, 20
nM) and calculated the area under the curve. Area under the curve (AUC) over
a dose range was used since it reflects both potency and efficacy of inhibition.
For miRNAs targeting both PROX1A and PROX1B, we took the higher percent
inhibition. Of the 66 miRNAs, 36 had luciferase inhibition higher than 20
percent with p-values less than 0.05 (Figure 7, A2.).
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Figure 7. Dose response confirmatory screen. (a) Schematic of the confirmatory screen miRNA
selection process. We ran dose response validation on 66 total (44 for PROX1A and 44 PROX1B)
miRNAs. Total 36 miRNAs were validated to target PROX1 3’ UTR. 18 were present in cardiomyocytes.
(b) The values are normalized to both negative control (0 percent) and positive control (100 percent).
hsa-miR-181c-5p, hsa-miR-24-1-5p, hsa-miR-24-2-5p and hsa-miR-490 are four of the 36 miRNAs
validated by dose response. 5phsa-miR-320f is an example of omitted miRNAs.
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4.2. Picking Relevant PROX1-targeting microRNAs
4.2.1. Presence in Cardiomyocyte
For both primary and confirmatory, we used human HEK293 cells
instead of human cardiomyocytes. However, the ultimate goal of this study
was to investigate PROX1 inhibition by miRNAs in DCM cardiomyocytes.
Since every cell type has different miRNA profile, we had to eliminate miRNAs
that were not expressed in either wild type or DCM cardiomyocyte. We used
various data sets and chose miRNAs that appeared at least (Table 2.). We
termed these 18 PROX1-targetng miRNAs the “Pt-miRNAs”
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Table 2. Presence of Dose Validated miRNAs in Cardiomyocyte from Various Datasets
Presence In Cardiomyocytes
Broeckel et
Ranse*
QPCR**
Da Costa et al. [53]
al. [64]
miRNA Name
Wild Type
Wild Type
Wild Type
DCM
Wild Type

Total
Count

hsa-miR-500a-3p

✓

✓

✓

✓

4

hsa-miR-24-2-5p

✓

✓

✓

✓

4

hsa-miR-181a-5p

✓

✓

✓

✓

hsa-miR-767-5p

✓

✓

hsa-miR-181c-5p

✓

✓

✓

✓

hsa-miR-181d-5p

✓

✓

✓

✓

hsa-miR-24-1-5p

✓

✓

✓

✓

✓

5

hsa-miR-29b-3p

✓

✓

✓

✓

✓

5

hsa-miR-181b-5p

✓

✓

✓

✓

✓

5

hsa-miR-1226-3p

✓

✓

✓

✓

✓

5

hsa-miR-501-3p

✓

✓

✓

3

hsa-miR-502-3p

✓

✓

hsa-miR-1270

✓

✓

hsa-miR-27a-3p

✓

✓

✓

✓

hsa-miR-10a-5p

✓

✓

✓

✓

hsa-miR-125a-3p

✓

✓

✓

✓

hsa-miR-499a-3p

✓

✓

✓

3

hsa-miR-490-5p
hsa-miR-876-5p
hsa-miR-603
hsa-miR-190b
hsa-miR-450b-3p
hsa-miR-513a-5p
hsa-miR-1302
hsa-miR-1257
hsa-miR-599
hsa-miR-1294

✓

✓

✓

3

hsa-miR-299-3p
hsa-miR-544a
hsa-miR-122-3p
hsa-miR-548m

✓

✓

5
2

✓

✓

5
4

✓

4
✓

3

✓

5
4
4

✓
hsa-miR-582-5p
hsa-miR-635
hsa-miR-557
hsa-miR-601
hsa-miR-520h
*The RNAseq data is an unpublished data set provided by the Mercola Lab
**The PQCR data is an unpublished data set provided by Rojas-Muñoz from the Mercola Lab

0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
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4.3. Bioinformatics Analysis
4.3.1. Other Protein Targets of PROX1-targeting microRNAs
We used miRSystem [63] database, which integrates seven miRNA
target gene prediction algorithms (DIANA, miRanda, miRBridge, PicTar, PITA,
rna22 and TargetScan), to predict the protein targets for Pt-miRNAs. We also
used another well-known algorithm (miRDB) to further expand the predictions
[67]. We selected protein targets that were predicted by at least one of the
eight algorithms. A RNA expression profile of hiPSC-CMs obtained from Ulrich
Broeckel [64] helped us filter these proteins by their presence in
cardiomyocytes. The number of proteins targets ranged from 98 (hsa-miR-242-5p) to more than 3,700 (hsa-miR-27a-3p) with more than 9,200 total proteins
targeted by at least one of the 18 Pt-miRNAs (Table 3).
Table 3. Pt-miRNAs and the Number of Predicted Targets
Number of
Number of
miRNA Name
miRNA Name
Targets
Targets
hsa-miR-10a-5p
1980
hsa-miR-181c-5p
3327
hsa-miR-1226-3p
943
hsa-miR-181d-5p
3626
hsa-miR-125a-3p
3223
hsa-miR-24-1-5p
440
hsa-miR-1270
1322
hsa-miR-24-2-5p
98
hsa-miR-181a-5p
3432
hsa-miR-27a-3p
3707
hsa-miR-181b-5p
3546
hsa-miR-29b-3p
2539

miRNA Name
hsa-miR-490-5p
hsa-miR-499a-3p
hsa-miR-500a-3p
hsa-miR-501-3p
hsa-miR-502-3p
hsa-miR-767-5p

Number of
Targets
1903
336
558
1749
1803
2127

4.3.2. Common Targets of PROX1-targeting miRNAs
We noticed that several proteins were being targeted by many of the
miRNAs. To investigate whether they might constitute an important set for
DCM, we selected proteins that were targeted by more than 12 of the 18 PtmiRNAs for further analysis. KEGG enrichment analysis of this ‘heavily
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regulated’ set (118 proteins) was performed to see if it might have any
functional relevance (Table A2). Although it contained a few proteins in several
DCM-relevant pathways, none of the pathways were overrepresented in the
heavily regulated protein set compared to a set of 118 randomly selected
proteins. (Table 4) [68]. Therefore, this set of proteins was not considered
further.
Table 4. DCM-relevant KEGG Pathway Enrichment
‘Heavily
Set
Regulated’
Randomly
Pathway Name
p-value
p-value
Size
genes in the
selected genes
set
Calcium signaling pathway 180
4 (2.2 percent)*
0.0237
2 (1.1 percent)*
0.251
Homo sapiens
Adrenergic signaling in
149
3 (2.0 percent)*
0.0619
2 (1.3 percent)*
0.19
cardiomyocytes - Homo sapiens
Gap junction - Homo sapiens
89
2 (2.2 percent)*
0.102
1 (1.1 percent)*
0.378
Dilated cardiomyopathy - Homo
90
2 (2.2 percent)*
0.104
N/A
N/A
sapiens
Tight junction - Homo sapiens
138
2 (1.5 percent)*
0.202
1 (0.7 percent)*
0.523
*The percentage in parentheses represent the percentage of proteins in the pathways that were
represented in the gene set. P-value represents the false discovery rate in which the proteins in query
might be falsely represented as significant results.

4.3.3. Filtering by Relevant Pathways and Network Reconstruction
From online databases (KEGG, Ingenuity Pathway Analysis, and
WikiPathway), we compiled 1561 proteins involved in five pathways relevant to
our DCM study, namely DCM, cardiomyocyte contraction, calcium dynamics,
action potential, and sarcomere organization. 745 of these were targets of PtmiRNAs.
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Table 5. Pt-miRNAs Target Proteins involved in Relevant Pathways
Number of Involved
Pathways
Source
Proteins
DCM
IPA, KEGG
324
CM Contraction
IPA, Wiki
69
2+
Ca Dynamics
IPA, Wiki
1294
Action Potential
IPA
7
Sarcomere Organization
IPA
43
Total
1561

Number of Pt-miRNAs
Targets
214
45
571
7
31
745

We also used protein-protein interaction (PPI) data provided by Mano
Maurya, PhD, from Shankar lab to expand these 745 one degree further.
[unpublished] Using these PPIs, we built preliminary networks to visualize the
link between the Pt-miRNAs and the relevant pathways (Figures 8, A3).
Collectively, the predicted targets represent proteins that might be coordinately
regulated with PROX1 in a DCM network. Confirmation of their involvement
will require functional validation.
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Figure 8. Pt-miRNAs and their targets in relevant pathways. Yellow: Pt-miRNAs. Green: Protein
targets of Pt-miRNAs involved in relevant pathways. Clusters of proteins represent pathways. From the
top (clockwise): DCM, cardiomyocyte contraction, calcium dynamics, action potential, sarcomere
organization.

4.3.4. PROX1-targeting microRNAs Dysregulated in Cyclic Stretch
To focus on the link between external stimuli and DCM, we compared
our 18 Pt-miRNA to a list of stretch-dysregulated miRNAs (Table A3) provided
by Rojas-Muñoz from the Mercola lab. The stretch-dysregulated miRNAs list
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contained 54 rat miRNAs that increased/decreased twofold or more; 53 of
them were upregulated and one was downregulated by cyclic stretch
[unpublished] (Figure 9, Table A3). Four human homologues of the stretchdysregulated rat miRNA were Pt-miRNAs, namely hsa-miR-181c-5p (~ x10),
hsa-miR-24-1-5p (~ x10-7), hsa-miR-24-2-5p (~ x2.5) and hsa-miR-490-5p (~
x3.3). We termed these four stretch dysregulated miRNAs “sd-Pt-miRNAs”
PROX1-Targeting miRNAs
hsa-miR-10a-5p
hsa-miR-1226-3p
hsa-miR-125a-3p
hsa-miR-1270
hsa-miR-181a-5p
hsa-miR-181b-5p
hsa-miR-181c-5p
hsa-miR-181d-5p
hsa-miR-24-1-5p
hsa-miR-24-2-5p
hsa-miR-27a-3p
hsa-miR-29b-3p
hsa-miR-490-5p
hsa-miR-499a-3p
hsa-miR-500a-3p
hsa-miR-501-3p
hsa-miR-502-3p
hsa-miR-767-5p
Figure 9. Overlap between PT-miRNAs and Stretch-dysregulated mRNAs. We compared our list of
18 miRNAs that target PROX1 in cardiomyocyte with a list of 54 rat miRNAs that were dysregulated (>
twofold) by cyclic stretching. Four of the rat miRNAs had human homologues that target PROX1, namely
-7
hsa-miR-181c-5p (~ x10), hsa-miR-24-1-5p (~ x10 ), hsa-miR-24-2-5p (~ x2.5) and hsa-miR-490-5p (~
x3.3). Red: downregulated. Blue: upregulated.

4.3.5. Stretch-dysregulated PROX1-targeting microRNAs in Pathway Context
Of the 1561 proteins compiled from the five relevant pathways, 374
proteins were predicted targets of the four sd-Pt-miRNAs (Table 6).
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Table 6. sd-Pt-miRNAs Target Proteins involved in Relevant Pathways
Pathways
DCM
CM Contraction
2+
Ca Dynamics
Action Potential
Sarcomere Organization
Total

Source
IPA, KEGG
IPA, Wiki
IPA, Wiki
IPA
IPA

Number of Involved
Proteins
324
69
1294
7
43
1561

Number of
sd-Pt-miRNAs Targets
105
24
294
5
17
374

Combining sd-Pt-miRNAs, their targets in the relevant pathways and the PPI
data from Maurya, we visualized them in networks (Figure 10, A4, A5).

Figure 10. sd-PT-miRNAs and their targets involved in relevant pathways. Yellow: Pt-miRNAs.
Green: Protein targets of sd-Pt-miRNAs involved in relevant pathways. Targets of hsa-miR-24-1-5p are
marked with red border.

Then, we took these 374 proteins visualized the protein regulation of
sd-Pt-miRNAs by individual pathways. Each network can be found in the
appendix (Figure A5, A6, A7, A8 and A9). These proteins constitute a set that
might link mechanical stress to the DCM phenotypes of dysregulated
contractility, calcium dynamics, action potential and sarcomere organization.
Confirmation of the hypothetical connection to physiological function must be
validated experimentally (see Discussion).

CHAPTER 5. DISCUSSION
5.1. PROX1 Targeting microRNA Screening Overview
5.1.1. Primary Screen reveals Non-Selective microRNAs
Overall, my thesis research could be separated into two sections; cell
biological experimentation and computational experimentation. The cell
biology part consisted of primary and confirmatory functional screen of
synthetic miRNA mimics for suppression of PROX1 3’ UTR mRNA (Figure 11).
For primary screen, we used dual luciferase (firefly and Renilla
luciferase) assay to minimize the variation that could occur from differences in
the transfection efficiency. We used internal positive and negative control in
each plate to standardize data sets by which plate they belonged to. In spite of
these measures, we still found many outliers in the triplicate data. We did not
use standard deviation as a means to eliminate these outliers because it was
difficult to assume that any three data points followed in a normal distribution.
Instead, we applied Dixon’s Q test to the lowest and the highest value of the
three. Dixon’s Q test is a simple test that identifies outliers by calculating the
ratio between the gap (the difference between the extreme data and the next
largest/smallest data) and the range. Using this method, we were able to
obtain greater reduction in average p-value while retaining more data points
compared to standard deviation method of the same confidence level (𝜶=0.2)
(Table 1).
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611 miRNAs and 564 miRNAs showed 50 percent of higher inhibition of
PROX1A and PROX1B, respectively, with p-value under 0.05 (Figure A1a and
b). Considering the size of the tested miRNAs library (875 miRNAs), the
number of hits could not have represented selective targeting miRNAs of
PROX1 3’ UTR fragments. Thus, we used an empty control sensor construct
as a counterscreen that would eliminate miRNAs that targeted non-selectively
(i.e. target luciferase, not PROX1 3’ UTR). miRNAs that showed positive
inhibition of the control construct with p-value under 0.05 were considered as
non-selective. Furthermore, any miRNAs that showed 50 percent or more
inhibition of the control construct were also considered as non-selective,
regardless of the p-value. Under these conditions, we had 624 miRNAs that
were considered non-selective (Figure A1c). We eliminated non-selective
miRNAs from the PROX1A/B hits and were left with 83 and 82 miRNAs
selectively targeting PROX1A and PROX1B. The union of the two sets was
107 miRNAs.

5.1.2. Confirmatory Screen reveals False Positives
In order to further eliminate false positive hits and validate their
inhibition, total of 66 different miRNAs showing greatest inhibition were chosen
for dose response validation test (Figure 11). Dual luciferase assay was used
in dose response as well. We tested each miRNA at five doses (1.25 nM, 2.5
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nM, 5 nM, 10 nM and 20 nM) and calculated the AUC. Compared to an
inhibition data from a single dosage, AUC over a dose range better reflected
the potency and efficacy of the inhibition. We selected 36 of 66 miRNAs with
20 percent or higher inhibition with p-values less than 0.05 (Figure 7, A2).

Figure 11. Overall schematic of primary and confirmatory screen miRNAs selection process.
Primary screen yielded 83 miRNA hits for PROX1A and 82 to PROX1B after removal of false positives.
After the confirmatory screen, we had 36 miRNAs considered to selectively target PROX1 and 18 of
them were present in cardiomyocytes.
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A combination of in silico predictions from two algorithms (DIANA
microT-CDS and TargetScan) yielded 485 miRNAs predicted to target PROX1
(Table A1), eight of which were ‘experimentally validated’ (hsa-miR-181a-5p,
hsa-miR-148b-3p, hsa-miR-223-5p, hsa-miR-297, hsa-miR-335-5p, hsa-miR377-3p and hsa-miR-567, and hsa-miR-877-5p) [69, 70]. However, a general
assessment of various miRNA-target predictions by Witkos et al. estimated
that these two two algorithms, though they were two of the more precise
algorithms, were correct in about half of their predictions yielding many falsepositive [41]. Indeed, among the 36 miRNAs validated, along 25 of them were
predicted (Figure 12). Interestingly, only one, hsa-miR-181a-5p, of the eight
‘experimentally validated’ miRNAs were validated in our results.

Figure 12. Overlap between predicted PROX1-targeting miRNAs and PROX1-targeting miRNAs
validated in out experiment. Of the 36 miRNAs that were validated to selectively target PROX1
through dose response, 25 were predicted in miRNA-mRNA target prediction algorithms.
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5.2. Bioinformatics Analysis Overview
5.2.1. Not All PROX1-targeting miRNAs are present in Cardiomyocytes
From both the primary screen and the confirmatory screen, we used
human HEK 293 cells and obtained 36 miRNAs that selectively targeted
PROX1 3’ UTR. However, the the context in which we want to study miRNAs
regulating PROX1 was in DCM cardiomyocytes. Since every cell type has
different miRNA profile, we could not assume that these 36 miRNAs were
present in either of wild type and DCM cardiomyocytes.
We obtained miRNA profiles of both wild type and DCM cardiomyocytes
from various miRNAseq and QPCR data [unpublished]. Some data sets were
more stringent than other, so we picked 18 miRNAs that appeared in at least
two of the five data sets. We termed them “Pt-miRNAs”

5.2.2. Other Targets of PROX1-targeting microRNAs
In order to predict the protein targets of Pt-miRNAs other than PROX1,
we used eight miRNA-mRNA targeting algorithms. We did not choose a single
algorithm because each algorithms have different variable they take into
account (e.g. complementarity, free energy binding, seed sequence match,
target site accessibility, etc.) and no single algorithm could be comprehensive
[41, 61]. However, combining so many databases yielded more than 9,000
predicted targets for the 18 Pt-miRNAs even after eliminating those that were
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not present in cardiomyocytes (Table 3). Though comprehensive, this data set
was simply too large to analyze and draw any useful information out of it.
Thus, we had to apply various filters in which we narrowed the miRNAs and
proteins down to a more DCM relevant and manageable set.

5.2.3. Common Targets of PROX1-targeting microRNAs are not
Overrepresented in Relevant Pathways
KEGG pathway enrichment analysis of 118 most common targets of PtmiRNAs did not reveal any functional relevant within the set. Since we
expected these Pt-miRNAs to modulate DCM by regulating several DCM
phenotype-related pathways, we thought common targets of these miRNAs
might be interesting. However, the analysis of the most ‘heavily regulated’
proteins and same number of random proteins targeted by Pt-miRNAs
revealed that no single pathway is overrepresented in heavily regulated
protein set. No more than 4 proteins of the 118 were shown to be involved in
any single pathway, which consisted of about 90 or more proteins (Table 4).
We could surmise that these proteins were heavily regulated by PtmiRNAs not because they had functional similarities, but because their 3’ UTR
contains more miRNAs targeting sites than other proteins. For the purpose of
this thesis, this set of proteins was not considered any further investigations.
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5.2.4. Selection of Relevant Pathways
Since a part of our goal was to link miRNAs to DCM phenotypes, we
chose a few DCM-relevant pathways; DCM, cardiomyocyte contraction,
calcium regulation, action potential and sarcomere organization. We
constructed networks using proteins these pathways also targeting by PtmiRNAs (Figure 8, A3). Collectively, these proteins might be coordinately
regulated with PROX1 in DCM network, but considering the fact that there
were generated from in silico prediction, functional validation should still be
performed to confirm their roles. Though interesting and possibly informative,
the network constructed was still too large for us to analyze for our thesis.

5.2.5. Four PROX1-targeting microRNAs Dysregulated by Cyclic Stretch
Four PT-miRNAs were revealed to be dysregulated in cardiomyocytes
that went through cyclic stretching, namely, hsa-miR-181c-5p (~ x10), hsamiR-24-1-5p (~ x10-7), hsa-miR-24-2-5p (~ x2.5) and hsa-miR-490-5p (~ x3.3).
We termed them sd-Pt-miRNAs. From this, we made a preliminary network
linking stretch, sd-Pt-miRNAs, PROX1 and DCM (Figure 13). Interestingly, not
all four of the miRNAs are upregulated and this presence of both down- and
up-regulation might mean that these miRNAs keep balance in the protein
network instead acting as a simple on and off switch.
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Figure 13. Network showing the link between mechanical strain and DCM. Mechanical strain
upregulates miR-181c-5p, miR-24-2-5p and miR-490-5p while downregulating miR-24-1-5p. These four
miRNAs in term downregulate PROX1. PROX1 repression results in breakdown in sarcomere integrity
and, consequently, DCM.

5.2.6. Stretch-dysregulated PROX1-targeting microRNAs involved in Other
Dilated Cardiomyopathy-relevant Pathways
We expanded on the Figure 12 and explored other proteins targeted by
sd-PT-miRNAs that were involved in other DCM-relevant pathways (Table 6).
We made more networks visualizing the link between sd-PT-miRNAs and the
proteins in these pathways (Figure 10, A5, A5). For a closer view and analysis,
we looked at each pathway (Figure A5, A6, A7, A8 and A9). These proteins
constitute a set that might link mechanical stress to DCM phenotypes of
dysregulated contractility, calcium dynamics, action potential and sarcomere
organization. From these visualizations, we could identify specific proteins that
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might become candidates for experiments to further validate their physiological
functions, especially those that are targeted by both stretch-upregulated and downregulated miRNAs.

5.3. Conclusion and Future Studies
The experimental section of this thesis research validated several
miRNAs targeting PROX1 and showed that four of them were dysregulated by
mechanical stretch. I postulated that these four sd-PT-miRNAs comprise a
crucial link between mechanical stretch, PROX1 and the DCM phenotype. The
computational side of the thesis research expanded this link by providing
alternative routes in which sd-PT-miRNAs could cause DCM phenotypes. Less
than 400 proteins involved in these relevant pathways were predicted as direct
targets of sd-PT-miRNAs. The results imply that the sd-PT-miRNAs coordinate
diverse responses to mechanical strain, including dysregulation of calcium
dynamics within the cell, loss of sarcomere integrity, and possibly arrhythmia.
Because these proteins and the networks were predicted from various in silico
databases, we must experimentally validate their role in DCM phenotype
manifestation.
The first step in confirming whether or not the network connections are
valid, we plan to evaluate a direct interaction between the candidate miRNAs
and PROX1. We will western blot the expression of PROX1. Furthermore, we
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confirm its function by performing cardiac specific gene transfer of these
miRNAs into an animal model and observing the decreased cardiac function.
We will also inhibit these miRNAs with antagomirs to see if we can rescue the
cardiac function in animal model.
Then, we plan to functionally screen these proteins by repressing their
expression with corresponding siRNAs in hiPSC-CMs and observing
alterations in contractions force and velocity, calcium transient kinetics, signal
propagation (action potential) and sarcomere integrity. A potential pitfall is that
siRNAs are typically selective for a given mRNA, whereas miRNAs can target
dozens of proteins, many coordinately within a common biological process, as
discussed in the Introduction. Therefore, siRNA-mediated suppression of a
single mRNA might not fully recapitulate the function of a miRNA.
Nonetheless, the crucial protein nodes in a network might be revealed by this
approach.
Another potential pitfall is the large number of false positives and
negatives generated by computational approaches to predict the mRNA
targets of miRNAs; for discussion see [61]. For this reason, an alternative to
computational prediction methods is direct biochemical determination of
mRNA targets. A straightforward approach is to immunoprecipitate the RNAinduced silencing complex (RISC) using antibodies to Ago2 [71]. The
immunoprecipitated-mRNA is processed for next generation sequencing
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(RNAseq), yielding comprehensive insight into context-dependent targets of
overexpressed miRNAs; for instance, see [72].
Although the abovementioned steps are still necessary to achieve a
comprehensive mapping of networks linking mechanical stress to DCM, we
were able to establish three main conclusions from my thesis research. First,
we proved that was is possible to use a single protein dysregulated in DCM
(PROX1) as a seed molecule to identify miRNAs via high-throughput,
functional miRNAome screening, and to construct miRNA-protein networks
around it using both experimental and computational studies. Second, several
of the miRNAs are predicted to coordinately downregulated PROX1, which
controls sarcomeric protein expression, and, at the same time, other proteins.
Thirds, these other protein targets are known to be involved in processes that,
when dysregulated, contribute to the DCM phenotypes, such as loss of
contractility, disruption in calcium handling and arrhythmia (e.g. ion channels
involved in the cardiac action potential).
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APPENDIX
Figure A1. Volcano plot of PROX1A, PROX1B and Control miRNA sensor targets inhibition
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Table A1. Predict PROX1 Targeting miRNAs
miRNA ID
MIMAT0002879
MIMAT0000685
MIMAT0000274
MIMAT0001532
MIMAT0003327
MIMAT0003256
MIMAT0003221
MIMAT0004794
MIMAT0001541
MIMAT0000099
MIMAT0003285
MIMAT0004777
MIMAT0004983
MIMAT0004975
MIMAT0004779
MIMAT0005907
MIMAT0004512
MIMAT0004553
MIMAT0000077
MIMAT0004909
MIMAT0004554
MIMAT0003323
MIMAT0002878
MIMAT0000686
MIMAT0004987
MIMAT0000255
MIMAT0000422
MIMAT0000721
MIMAT0004977
MIMAT0003248
MIMAT0004505
MIMAT0005912
MIMAT0003223
MIMAT0004970
MIMAT0004588
MIMAT0004486
MIMAT0003340
MIMAT0005893
MIMAT0009206
MIMAT0000705
MIMAT0004801
MIMAT0004493
MIMAT0003251
MIMAT0004703
MIMAT0004903
MIMAT0003235
MIMAT0000281
MIMAT0000266
MIMAT0005457
MIMAT0002862
MIMAT0004481
MIMAT0004803
MIMAT0004610
MIMAT0004812
MIMAT0004806
MIMAT0005928
MIMAT0003222

miRNA Name
hsa-miR-507
hsa-miR-34b-5p
hsa-miR-217
hsa-miR-448
hsa-miR-449b-5p
hsa-miR-589-3p
hsa-miR-557
hsa-miR-551b-5p
hsa-miR-449a
hsa-miR-101-3p
hsa-miR-548c-3p
hsa-miR-513a-3p
hsa-miR-940
hsa-miR-509-3-5p
hsa-miR-509-5p
hsa-miR-1256
hsa-miR-100-3p
hsa-miR-7-1-3p
hsa-miR-22-3p
hsa-miR-450b-5p
hsa-miR-7-2-3p
hsa-miR-548d-3p
hsa-miR-506-3p
hsa-miR-34c-5p
hsa-miR-944
hsa-miR-34a-5p
hsa-miR-124-3p
hsa-miR-369-3p
hsa-miR-934
hsa-miR-583
hsa-miR-32-3p
hsa-miR-548g-3p
hsa-miR-559
hsa-miR-920
hsa-miR-27b-5p
hsa-let-7f-1-3p
hsa-miR-542-5p
hsa-miR-1305
hsa-miR-2113
hsa-miR-362-5p
hsa-miR-590-3p
hsa-miR-20a-3p
hsa-miR-548a-3p
hsa-miR-335-3p
hsa-miR-300
hsa-miR-570-3p
hsa-miR-224-5p
hsa-miR-205-5p
hsa-miR-518a-5p
hsa-miR-527
hsa-let-7a-3p
hsa-miR-548a-5p
hsa-miR-150-3p
hsa-miR-548d-5p
hsa-miR-548c-5p
hsa-miR-548h-5p
hsa-miR-558

miRNA ID
MIMAT0000068
MIMAT0004517
MIMAT0005889
MIMAT0002824
MIMAT0000425
MIMAT0000688
MIMAT0002871
MIMAT0000417
MIMAT0001545
MIMAT0000092
MIMAT0000251
MIMAT0000461
MIMAT0009196
MIMAT0002837
MIMAT0000069
MIMAT0000089
MIMAT0003218
MIMAT0004596
MIMAT0004956
MIMAT0004584
MIMAT0002869
MIMAT0000707
MIMAT0000103
MIMAT0003320
MIMAT0004609
MIMAT0002832
MIMAT0000714
MIMAT0003322
MIMAT0004772
MIMAT0003220
MIMAT0004685
MIMAT0004950
MIMAT0004615
MIMAT0000451
MIMAT0003228
MIMAT0003278
MIMAT0000090
MIMAT0000082
MIMAT0000680
MIMAT0003238
MIMAT0000510
MIMAT0000075
MIMAT0002829
MIMAT0005792
MIMAT0005793
MIMAT0002873
MIMAT0004555
MIMAT0004916
MIMAT0004500
MIMAT0006764
MIMAT0004972
MIMAT0003301
MIMAT0000252
MIMAT0009198
MIMAT0002820
MIMAT0004518
MIMAT0005887

miRNA Name
hsa-miR-15a-5p
hsa-miR-106a-3p
hsa-miR-548l
hsa-miR-498
hsa-miR-130a-3p
hsa-miR-301a-3p
hsa-miR-500a-3p
hsa-miR-15b-5p
hsa-miR-450a-5p
hsa-miR-92a-3p
hsa-miR-147a
hsa-miR-195-5p
hsa-miR-103a-2-5p
hsa-miR-519b-3p
hsa-miR-16-5p
hsa-miR-31-5p
hsa-miR-92b-3p
hsa-miR-138-2-3p
hsa-miR-374b-3p
hsa-let-7g-3p
hsa-miR-519a-3p
hsa-miR-363-3p
hsa-miR-106a-5p
hsa-miR-650
hsa-miR-149-3p
hsa-miR-519c-3p
hsa-miR-302b-5p
hsa-miR-652-3p
hsa-miR-499a-3p
hsa-miR-556-5p
hsa-miR-302d-5p
hsa-miR-877-3p
hsa-miR-195-3p
hsa-miR-150-5p
hsa-miR-564
hsa-miR-610
hsa-miR-32-5p
hsa-miR-26a-5p
hsa-miR-106b-5p
hsa-miR-573
hsa-miR-320a
hsa-miR-20a-5p
hsa-miR-519e-3p
hsa-miR-320b
hsa-miR-320c
hsa-miR-502-5p
hsa-miR-10a-3p
hsa-miR-888-5p
hsa-miR-26b-3p
hsa-miR-320d
hsa-miR-922
hsa-miR-33b-5p
hsa-miR-7-5p
hsa-miR-224-3p
hsa-miR-497-5p
hsa-miR-16-2-3p
hsa-miR-1299

miRNA ID
MIMAT0004800
MIMAT0004597
MIMAT0005924
MIMAT0003246
MIMAT0004814
MIMAT0000101
MIMAT0000104
MIMAT0004749
MIMAT0004589
MIMAT0004795
MIMAT0003286
MIMAT0002173
MIMAT0001638
MIMAT0004658
MIMAT0005923
MIMAT0002856
MIMAT0005583
MIMAT0004918
MIMAT0000444
MIMAT0006767
MIMAT0002870
MIMAT0001630
MIMAT0003886
MIMAT0004773
MIMAT0003337
MIMAT0003294
MIMAT0006790
MIMAT0004971
MIMAT0004558
MIMAT0002811
MIMAT0009978
MIMAT0000723
MIMAT0000439
MIMAT0000257
MIMAT0002821
MIMAT0000258
MIMAT0004498
MIMAT0000724
MIMAT0000726
MIMAT0002858
MIMAT0002830
MIMAT0000275
MIMAT0000427
MIMAT0002874
MIMAT0002805
MIMAT0000268
MIMAT0000265
MIMAT0003393
MIMAT0000273
MIMAT0000250
MIMAT0004567
MIMAT0000435
MIMAT0002844
MIMAT0004564
MIMAT0003242
MIMAT0003338
MIMAT0004556

miRNA Name
hsa-miR-550a-5p
hsa-miR-140-3p
hsa-miR-1270
hsa-miR-581
hsa-miR-654-3p
hsa-miR-103a-3p
hsa-miR-107
hsa-miR-424-3p
hsa-miR-30b-3p
hsa-miR-574-5p
hsa-miR-617
hsa-miR-483-3p
hsa-miR-409-5p
hsa-miR-155-3p
hsa-miR-1269a
hsa-miR-520d-3p
hsa-miR-1228-3p
hsa-miR-892b
hsa-miR-126-5p
hsa-miR-1827
hsa-miR-499a-5p
hsa-miR-323b-5p
hsa-miR-769-5p
hsa-miR-500a-5p
hsa-miR-659-3p
hsa-miR-625-5p
hsa-miR-675-3p
hsa-miR-921
hsa-miR-181a-2-3p
hsa-miR-202-3p
hsa-miR-2053
hsa-miR-371a-3p
hsa-miR-153-3p
hsa-miR-181b-5p
hsa-miR-181d-5p
hsa-miR-181c-5p
hsa-miR-25-5p
hsa-miR-372-3p
hsa-miR-373-3p
hsa-miR-520g-3p
hsa-miR-520f-3p
hsa-miR-218-5p
hsa-miR-133a-3p
hsa-miR-503-5p
hsa-miR-489-3p
hsa-miR-211-5p
hsa-miR-204-5p
hsa-miR-425-5p
hsa-miR-216a-5p
hsa-miR-139-5p
hsa-miR-219a-1-3p
hsa-miR-143-3p
hsa-miR-518b
hsa-miR-214-5p
hsa-miR-577
hsa-miR-660-5p
hsa-miR-10b-3p
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MIMAT0004798
MIMAT0005935
MIMAT0000429
MIMAT0000751
MIMAT0000434
MIMAT0000455
MIMAT0002855
MIMAT0002890
MIMAT0005932
MIMAT0002849
MIMAT0003339
MIMAT0005937
MIMAT0003275
MIMAT0004482
MIMAT0000433
MIMAT0005900
MIMAT0002176
MIMAT0000646
MIMAT0000242
MIMAT0005880
MIMAT0005934
MIMAT0004807
MIMAT0002813
MIMAT0004614
MIMAT0003257
MIMAT0004487
MIMAT0000436
MIMAT0003885
MIMAT0005930
MIMAT0003271
MIMAT0005827
MIMAT0002827
MIMAT0004603
MIMAT0002810
MIMAT0004692
MIMAT0004515
MIMAT0004680
MIMAT0003247
MIMAT0004688
MIMAT0000071
MIMAT0003316
MIMAT0004954
MIMAT0004598
MIMAT0004809
MIMAT0004765
MIMAT0000080
MIMAT0009199
MIMAT0004608
MIMAT0005916
MIMAT0004752
MIMAT0002826
MIMAT0003163
MIMAT0002872
MIMAT0004683
MIMAT0004978
MIMAT0005882
MIMAT0003254
MIMAT0003313
MIMAT0004919
MIMAT0000261

hsa-miR-548b-5p
hsa-miR-548i
hsa-miR-137
hsa-miR-330-3p
hsa-miR-142-3p
hsa-miR-185-5p
hsa-miR-520d-5p
hsa-miR-299-5p
hsa-miR-302f
hsa-miR-524-5p
hsa-miR-421
hsa-miR-1279
hsa-miR-607
hsa-let-7b-3p
hsa-miR-142-5p
hsa-miR-1248
hsa-miR-485-3p
hsa-miR-155-5p
hsa-miR-129-5p
hsa-miR-1290
hsa-miR-548p
hsa-miR-624-3p
hsa-miR-493-5p
hsa-miR-193a-5p
hsa-miR-550a-3p
hsa-let-7f-2-3p
hsa-miR-144-3p
hsa-miR-454-3p
hsa-miR-1276
hsa-miR-603
hsa-miR-1182
hsa-miR-515-3p
hsa-miR-125b-2-3p
hsa-miR-202-5p
hsa-miR-340-5p
hsa-miR-29b-2-5p
hsa-miR-130b-5p
hsa-miR-582-5p
hsa-miR-374a-3p
hsa-miR-17-3p
hsa-miR-646
hsa-miR-543
hsa-miR-141-5p
hsa-miR-628-5p
hsa-miR-491-3p
hsa-miR-24-3p
hsa-miR-365a-5p
hsa-miR-146a-3p
hsa-miR-548n
hsa-miR-20b-3p
hsa-miR-515-5p
hsa-miR-539-5p
hsa-miR-501-5p
hsa-miR-362-3p
hsa-miR-935
hsa-miR-548k
hsa-miR-548b-3p
hsa-miR-643
hsa-miR-541-5p
hsa-miR-183-5p

MIMAT0003252
MIMAT0004924
MIMAT0000757
MIMAT0000091
MIMAT0005915
MIMAT0005886
MIMAT0004593
MIMAT0003164
MIMAT0000083
MIMAT0009197
MIMAT0003236
MIMAT0004912
MIMAT0004796
MIMAT0000232
MIMAT0004563
MIMAT0000719
MIMAT0004955
MIMAT0009979
MIMAT0001341
MIMAT0004808
MIMAT0003267
MIMAT0000081
MIMAT0005911
MIMAT0002177
MIMAT0000456
MIMAT0005791
MIMAT0004805
MIMAT0004797
MIMAT0003329
MIMAT0003314
MIMAT0000727
MIMAT0002819
MIMAT0002823
MIMAT0004948
MIMAT0004571
MIMAT0004513
MIMAT0004678
MIMAT0000271
MIMAT0004953
MIMAT0000770
MIMAT0002838
MIMAT0004687
MIMAT0005873
MIMAT0005921
MIMAT0004506
MIMAT0004907
MIMAT0004901
MIMAT0004657
MIMAT0000459
MIMAT0003304
MIMAT0003226
MIMAT0000729
MIMAT0004811
MIMAT0009203
MIMAT0004690
MIMAT0000735
MIMAT0004607
MIMAT0005904
MIMAT0001620
MIMAT0004813

hsa-miR-586
hsa-miR-876-5p
hsa-miR-151a-3p
hsa-miR-33a-5p
hsa-miR-1263
hsa-miR-1297
hsa-miR-130a-5p
hsa-miR-544a
hsa-miR-26b-5p
hsa-miR-205-3p
hsa-miR-571
hsa-miR-890
hsa-miR-576-3p
hsa-miR-199a-3p
hsa-miR-199b-3p
hsa-miR-367-3p
hsa-miR-374b-5p
hsa-miR-2054
hsa-miR-424-5p
hsa-miR-625-3p
hsa-miR-599
hsa-miR-25-3p
hsa-miR-1260a
hsa-miR-486-5p
hsa-miR-186-5p
hsa-miR-1264
hsa-miR-616-3p
hsa-miR-582-3p
hsa-miR-411-5p
hsa-miR-644a
hsa-miR-374a-5p
hsa-miR-193b-3p
hsa-miR-512-3p
hsa-miR-885-3p
hsa-miR-200b-5p
hsa-miR-101-5p
hsa-miR-99b-3p
hsa-miR-214-3p
hsa-miR-873-5p
hsa-miR-133b
hsa-miR-525-5p
hsa-miR-371a-5p
hsa-miR-1208
hsa-miR-1267
hsa-miR-33a-3p
hsa-miR-892a
hsa-miR-298
hsa-miR-200c-5p
hsa-miR-193a-3p
hsa-miR-634
hsa-miR-562
hsa-miR-376a-3p
hsa-miR-33b-3p
hsa-miR-449b-3p
hsa-miR-379-3p
hsa-miR-380-3p
hsa-miR-138-1-3p
hsa-miR-1253
hsa-miR-200a-5p
hsa-miR-411-3p

MIMAT0005593
MIMAT0005458
MIMAT0003217
MIMAT0004922
MIMAT0005584
MIMAT0005576
MIMAT0003887
MIMAT0007883
MIMAT0003332
MIMAT0000447
MIMAT0002816
MIMAT0002171
MIMAT0003273
MIMAT0004917
MIMAT0004921
MIMAT0003240
MIMAT0002815
MIMAT0003245
MIMAT0004503
MIMAT0002808
MIMAT0004561
MIMAT0004766
MIMAT0003165
MIMAT0000228
MIMAT0005884
MIMAT0005908
MIMAT0005591
MIMAT0001627
MIMAT0000760
MIMAT0001629
MIMAT0003331
MIMAT0004562
MIMAT0003272
MIMAT0004560
MIMAT0003225
MIMAT0000442
MIMAT0000753
MIMAT0007890
MIMAT0003945
MIMAT0004569
MIMAT0026472
MIMAT0003215
MIMAT0003299
MIMAT0003277
MIMAT0004985
MIMAT0004679
MIMAT0003292
MIMAT0000736
MIMAT0003335
MIMAT0004810
MIMAT0005881
MIMAT0004911
MIMAT0005918
MIMAT0004612
MIMAT0005913
MIMAT0003265
MIMAT0000754
MIMAT0005799
MIMAT0000448
MIMAT0004981

hsa-miR-1238-3p
hsa-miR-1224-5p
hsa-miR-554
hsa-miR-875-5p
hsa-miR-1229-3p
hsa-miR-1226-5p
hsa-miR-769-3p
hsa-miR-1909-3p
hsa-miR-656-3p
hsa-miR-134-5p
hsa-miR-494-3p
hsa-miR-410-3p
hsa-miR-605-5p
hsa-miR-888-3p
hsa-miR-889-3p
hsa-miR-575
hsa-miR-432-3p
hsa-miR-580-3p
hsa-miR-29a-5p
hsa-miR-511-5p
hsa-miR-187-5p
hsa-miR-146b-3p
hsa-miR-545-3p
hsa-miR-198
hsa-miR-1294
hsa-miR-1257
hsa-miR-1236-3p
hsa-miR-433-3p
hsa-miR-331-3p
hsa-miR-329-3p
hsa-miR-655-3p
hsa-miR-196a-3p
hsa-miR-604
hsa-miR-183-3p
hsa-miR-561-3p
hsa-miR-9-3p
hsa-miR-342-3p
hsa-miR-1914-3p
hsa-miR-765
hsa-miR-222-5p
hsa-let-7c-3p
hsa-miR-552-3p
hsa-miR-630
hsa-miR-609
hsa-miR-942-5p
hsa-miR-296-3p
hsa-miR-623
hsa-miR-381-3p
hsa-miR-657
hsa-miR-629-5p
hsa-miR-1291
hsa-miR-874-3p
hsa-miR-1265
hsa-miR-186-3p
hsa-miR-1261
hsa-miR-597-5p
hsa-miR-337-3p
hsa-miR-1283
hsa-miR-136-5p
hsa-miR-938
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MIMAT0002828
MIMAT0000684
MIMAT0004689
MIMAT0000703
MIMAT0004979
MIMAT0000431
MIMAT0005828
MIMAT0005931
MIMAT0000102
MIMAT0000073
MIMAT0003298
MIMAT0005917
MIMAT0000074
MIMAT0005941
MIMAT0000718
MIMAT0009977
MIMAT0007891
MIMAT0004701
MIMAT0004768
MIMAT0005870
MIMAT0000617
MIMAT0005952
MIMAT0005872
MIMAT0004549
MIMAT0000715
MIMAT0000717
MIMAT0003305
MIMAT0003260
MIMAT0003258
MIMAT0004923
MIMAT0000423
MIMAT0000443
MIMAT0000692
MIMAT0000244
MIMAT0000420
MIMAT0005919
MIMAT0003243
MIMAT0003880
MIMAT0003882
MIMAT0000087
MIMAT0000691
MIMAT0000245
MIMAT0001536
MIMAT0000318
MIMAT0003883
MIMAT0004958
MIMAT0003274
MIMAT0000687

hsa-miR-519e-5p
hsa-miR-302a-3p
hsa-miR-377-5p
hsa-miR-361-5p
hsa-miR-936
hsa-miR-140-5p
hsa-miR-1183
hsa-miR-302e
hsa-miR-105-5p
hsa-miR-19a-3p
hsa-miR-629-3p
hsa-miR-548m
hsa-miR-19b-3p
hsa-miR-1284
hsa-miR-302d-3p
hsa-miR-2052
hsa-miR-1915-5p
hsa-miR-338-5p
hsa-miR-497-3p
hsa-miR-1206
hsa-miR-200c-3p
hsa-miR-1321
hsa-miR-1207-3p
hsa-miR-148a-5p
hsa-miR-302b-3p
hsa-miR-302c-3p
hsa-miR-635
hsa-miR-592
hsa-miR-590-5p
hsa-miR-875-3p
hsa-miR-125b-5p
hsa-miR-125a-5p
hsa-miR-30e-5p
hsa-miR-30c-5p
hsa-miR-30b-5p
hsa-miR-548o-3p
hsa-miR-578
hsa-miR-671-5p
hsa-miR-767-5p
hsa-miR-30a-5p
hsa-miR-130b-3p
hsa-miR-30d-5p
hsa-miR-429
hsa-miR-200b-3p
hsa-miR-767-3p
hsa-miR-301b
hsa-miR-606
hsa-miR-299-3p

MIMAT0000728
MIMAT0003884
MIMAT0000758
MIMAT0005459
MIMAT0003295
MIMAT0003311
MIMAT0000428
MIMAT0001639
MIMAT0000755
MIMAT0001635
MIMAT0000430
MIMAT0002868
MIMAT0005798
MIMAT0002877
MIMAT0004604
MIMAT0000076
MIMAT0004780
MIMAT0005891
MIMAT0003287
MIMAT0004514
MIMAT0000084
MIMAT0003269
MIMAT0004793
MIMAT0004699
MIMAT0003315
MIMAT0000419
MIMAT0000710
MIMAT0003297
MIMAT0003317
MIMAT0004674
MIMAT0002843
MIMAT0002846
MIMAT0002825
MIMAT0003318
MIMAT0001636
MIMAT0002888
MIMAT0000222
MIMAT0005890
MIMAT0000682
MIMAT0000432
MIMAT0003289
MIMAT0004497
MIMAT0002834
MIMAT0000683
MIMAT0000453
MIMAT0000079
MIMAT0004543
MIMAT0004509

hsa-miR-375
hsa-miR-454-5p
hsa-miR-135b-5p
hsa-miR-1224-3p
hsa-miR-626
hsa-miR-641
hsa-miR-135a-5p
hsa-miR-409-3p
hsa-miR-323a-3p
hsa-miR-452-5p
hsa-miR-138-5p
hsa-miR-522-3p
hsa-miR-1185-5p
hsa-miR-513a-5p
hsa-miR-127-5p
hsa-miR-21-5p
hsa-miR-532-3p
hsa-miR-1303
hsa-miR-618
hsa-miR-29b-1-5p
hsa-miR-27a-3p
hsa-miR-601
hsa-miR-556-3p
hsa-miR-148b-5p
hsa-miR-645
hsa-miR-27b-3p
hsa-miR-365a-3p
hsa-miR-628-3p
hsa-miR-647
hsa-miR-30c-1-3p
hsa-miR-520b
hsa-miR-520c-3p
hsa-miR-520e
hsa-miR-648
hsa-miR-452-3p
hsa-miR-532-5p
hsa-miR-192-5p
hsa-miR-1302
hsa-miR-200a-3p
hsa-miR-141-3p
hsa-miR-620
hsa-miR-24-2-5p
hsa-miR-520a-3p
hsa-miR-302a-5p
hsa-miR-154-3p
hsa-miR-24-1-5p
hsa-miR-192-3p
hsa-miR-93-3p

MIMAT0001618
MIMAT0005878
MIMAT0005894
MIMAT0003310
MIMAT0004946
MIMAT0003268
MIMAT0001075
MIMAT0005874
MIMAT0005895
MIMAT0000227
MIMAT0005914
MIMAT0004591
MIMAT0002817
MIMAT0004501
MIMAT0002170
MIMAT0003263
MIMAT0000720
MIMAT0003270
MIMAT0000085
MIMAT0004926
MIMAT0003321
MIMAT0004675
MIMAT0005944
MIMAT0005903
MIMAT0003881
MIMAT0005797
MIMAT0002880
MIMAT0004613
MIMAT0004982
MIMAT0005788
MIMAT0004976
MIMAT0005942

hsa-miR-191-3p
hsa-miR-1287-5p
hsa-miR-1243
hsa-miR-640
hsa-miR-744-3p
hsa-miR-600
hsa-miR-384
hsa-miR-548e-3p
hsa-miR-548f-3p
hsa-miR-197-3p
hsa-miR-1262
hsa-miR-124-5p
hsa-miR-495-3p
hsa-miR-27a-5p
hsa-miR-412-3p
hsa-miR-595
hsa-miR-376c-3p
hsa-miR-602
hsa-miR-28-5p
hsa-miR-708-5p
hsa-miR-651-5p
hsa-miR-219a-2-3p
hsa-miR-1252-5p
hsa-miR-1251-5p
hsa-miR-668-3p
hsa-miR-1301-3p
hsa-miR-508-3p
hsa-miR-188-3p
hsa-miR-939-5p
hsa-miR-513b-5p
hsa-miR-933
hsa-miR-1288-3p
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Figure A2. Volcano plot of PROX1A/B target sensor inhibition from dose response validation
Inhibition > 20%; p-value < 0.05
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Table A2. KEGG Enrichment Analysis of TOP 118 Targeted Proteins
Pathway Name

Set Size

Candidates
Contained

p-value

cAMP signaling pathway - Homo sapiens

200

5 (2.5 percent)

0.00726

HTLV-I infection - Homo sapiens

259

5 (1.9 percent)

0.0204

Estrogen signaling pathway - Homo sapiens

100

3 (3.0 percent)

0.0228

Calcium signaling pathway - Homo sapiens

180

4 (2.2 percent)

0.0237

Glutamatergic synapse - Homo sapiens

116

3 (2.6 percent)

0.0327

MicroRNAs in cancer - Homo sapiens

297

5 (1.7 percent)

0.0341

Cocaine addiction - Homo sapiens

50

2 (4.0 percent)

0.0369

Amyotrophic lateral sclerosis (ALS) - Homo sapiens

51

2 (3.9 percent)

0.0383

Rap1 signaling pathway - Homo sapiens

211

4 (1.9 percent)

0.0392

Axon guidance - Homo sapiens

127

3 (2.4 percent)

0.0419

Dopaminergic synapse - Homo sapiens

131

3 (2.3 percent)

0.0444

Cell adhesion molecules (CAMs) - Homo sapiens

142

3 (2.1 percent)

0.0551

Glioma - Homo sapiens

65

2 (3.1 percent)

0.0592

Adrenergic signaling in cardiomyocytes - Homo sapiens

149

3 (2.0 percent)

0.0619

Long-term potentiation - Homo sapiens

67

2 (3.0 percent)

0.0624

Amphetamine addiction - Homo sapiens

68

2 (2.9 percent)

0.0641

Melanoma - Homo sapiens

71

2 (2.8 percent)

0.0691

Thyroid hormone synthesis - Homo sapiens

72

2 (2.8 percent)

0.0708

Chronic myeloid leukemia - Homo sapiens

73

2 (2.7 percent)

0.0725

TGF-beta signaling pathway - Homo sapiens

80

2 (2.5 percent)

0.0849

Pathways in cancer - Homo sapiens

398

5 (1.3 percent)

0.0938

Alcoholism - Homo sapiens

180

3 (1.7 percent)

0.095

Insulin secretion - Homo sapiens

86

2 (2.3 percent)

0.096

Small cell lung cancer - Homo sapiens

86

2 (2.3 percent)

0.096

Gap junction - Homo sapiens

89

2 (2.2 percent)

0.102
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Prostate cancer - Homo sapiens

89

2 (2.2 percent)

0.102

Dilated cardiomyopathy - Homo sapiens

90

2 (2.2 percent)

0.104

NF-kappa B signaling pathway - Homo sapiens

91

2 (2.2 percent)

0.106

Circadian entrainment - Homo sapiens

96

2 (2.1 percent)

0.115

Choline metabolism in cancer - Homo sapiens

101

2 (2.0 percent)

0.125

Proteoglycans in cancer - Homo sapiens

204

3 (1.5 percent)

0.127

Glucagon signaling pathway - Homo sapiens

102

2 (2.0 percent)

0.127

Chagas disease (American trypanosomiasis) - Homo sapiens

104

2 (1.9 percent)

0.131

Cholinergic synapse - Homo sapiens

113

2 (1.8 percent)

0.148

PI3K-Akt signaling pathway - Homo sapiens

347

4 (1.2 percent)

0.158

Neurotrophin signaling pathway - Homo sapiens

120

2 (1.7 percent)

0.165

AMPK signaling pathway - Homo sapiens

124

2 (1.6 percent)

0.172

Hepatitis C - Homo sapiens

133

2 (1.5 percent)

0.193

Ubiquitin mediated proteolysis - Homo sapiens

137

2 (1.5 percent)

0.202

Tight junction - Homo sapiens

138

2 (1.5 percent)

0.202

Endocytosis - Homo sapiens

258

3 (1.2 percent)

0.206

Wnt signaling pathway - Homo sapiens

140

2 (1.4 percent)

0.207

Hepatitis B - Homo sapiens

146

2 (1.4 percent)

0.222

cGMP-PKG signaling pathway - Homo sapiens

167

2 (1.2 percent)

0.27

Huntington,s disease - Homo sapiens

193

2 (1.0 percent)

0.328

Viral carcinogenesis - Homo sapiens

206

2 (1.0 percent)

0.357

Focal adhesion - Homo sapiens

207

2 (1.0 percent)

0.359

Ras signaling pathway - Homo sapiens

228

2 (0.9 percent)

0.403

MAPK signaling pathway - Homo sapiens

257

2 (0.8 percent)

0.461

Cytokine-cytokine receptor interaction - Homo sapiens

265

2 (0.8 percent)

0.481

Neuroactive ligand-receptor interaction - Homo sapiens

275

2 (0.7 percent)

0.499
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Figure A3. Pt-miRNAs and their targets and PPIs in relevant. Green: Proteins. Yellow: miRNAs. Pink:
Proteins that are predicted to interact with the miRNA target proteins.
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Table A3. Stretch-dysregulated rat miRNAs in cardiomyocyte and their human homologues
targeting PROX1.
Stretch-dysregulated
Rat miRNAs
rno-miR-376c-5p
rno-miR-29b-1-5p
rno-miR-144-5p
rno-miR-181c-5p
rno-miR-544-5p
rno-miR-741-3p
rno-miR-344a
rno-miR-362-5p
rno-miR-377-3p
rno-miR-301b-3p
rno-miR-653-3p
rno-miR-490-5p
rno-miR-24-1-5p
rno-miR-18a-5p
rno-miR-301a-3p
rno-miR-455-5p
rno-miR-140-5p
rno-miR-322-5p
rno-miR-140-3p
rno-miR-181b-1-3p
rno-miR-24-2-5p
rno-miR-378b
rno-miR-196c-5p
rno-miR-378a-3p
rno-miR-380-5p
rno-miR-384-5p
rno-miR-463-3p
rno-miR-466c-5p
rno-miR-471-3p
rno-miR-675-3p
rno-miR-1224
rno-miR-1839-5p
rno-miR-1912-5p
rno-miR-2964
rno-miR-3569
rno-miR-6319
rno-miR-6323
rno-miR-152-3p
rno-miR-543-5p
rno-miR-137-3p
rno-miR-542-3p
rno-miR-743b-3p
rno-let-7c-2-3p
rno-miR-664-1-5p
rno-miR-450a-3p
rno-miR-872-5p
rno-miR-3586-5p
rno-miR-369-5p
rno-miR-30a-3p

miRNA ID
MIMAT0017219
MIMAT0005445
MIMAT0017130
MIMAT0000857
MIMAT0017359
MIMAT0017902
MIMAT0000592
MIMAT0012828
MIMAT0003123
MIMAT0005304
MIMAT0017361
MIMAT0017356
MIMAT0003153
MIMAT0000787
MIMAT0000552
MIMAT0005316
MIMAT0000573
MIMAT0001619
MIMAT0000574
MIMAT0017139
MIMAT0005441
MIMAT0024855
MIMAT0005303
MIMAT0003379
MIMAT0005308
MIMAT0005309
MIMAT0005317
MIMAT0005279
MIMAT0017310
MIMAT0017363
MIMAT0012827
MIMAT0024843
MIMAT0017864
#N/A
MIMAT0017849
MIMAT0025056
MIMAT0025062
MIMAT0000854
MIMAT0004787
MIMAT0000843
MIMAT0003179
MIMAT0005280
MIMAT0017088
MIMAT0017228
MIMAT0017183
MIMAT0005282
MIMAT0017880
MIMAT0003206
MIMAT0000809

Human
Homologue

Sequential
Similarity

hsa-miR-181c-5p

100 percent

hsa-miR-490-5p
hsa-miR-24-1-5p

100 percent
95.50 percent

hsa-miR-24-2-5p

86.40 percent

Fold Change
17.71926062
16.19283229
11.2218356
10.37871991
9.339606929
5.220355901
4.672622362
3.912349711
3.620461644
3.363998225
3.344126294
3.305036031
3.28892E-07
2.850389573
2.823034535
2.781963516
2.72737601
2.636095453
2.61801545
2.531916706
2.521344836
2.450001275
2.443019893
2.426688898
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.369689989
2.365101246
2.344438878
2.342183774
2.315439401
2.297671421
2.285564887
2.243936992
2.217711963
2.159306441
2.157178659
2.13960849
2.128404626
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rno-miR-181a-1-3p
MIMAT0000884
rno-miR-542-5p
MIMAT0003178
rno-miR-421-3p
MIMAT0017175
rno-miR-194-5p
MIMAT0000869
rno-miR-3068-5p
MIMAT0024845
rno-miR-3543
MIMAT0017797
*The downregulated miRNA is marked orange.

2.107085872
2.093835834
2.055021755
2.035398262
2.023504653
2.013375829
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Figure A4. sd-Pt-miRNAs and their targets and PPIs in relevant pathways Green: Proteins. Yellow:
miRNAs. Proteins targeted by miR-24-1-5p are marked with red boundary.
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Figure A5. sd-Pt-miRNAs and their targets in DCM pathway. Green: Proteins. Yellow: miRNAs.
Proteins targeted by miR-24-1-5p are marked with red boundary.
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Figure A6. sd-Pt-miRNAs and their targets in calcium dynamics regulation pathway. Green:
Proteins. Yellow: miRNAs. Proteins targeted by miR-24-1-5p are marked with red boundary.
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Figure A7. sd-Pt-miRNAs and their targets in calcium dynamics regulation pathway. Green:
Proteins. Yellow: miRNAs. Proteins targeted by miR-24-1-5p are marked with red boundary.
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Figure A8. sd-Pt-miRNAs and their targets in action potential pathway. Green: Proteins. Yellow:
miRNAs. Proteins targeted by miR-24-1-5p are marked with red boundary.
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Figure A9. sd-Pt-miRNAs and their targets in sarcomere organization pathway. Green: Proteins.
Yellow: miRNAs. Proteins targeted by miR-24-1-5p are marked with red boundary.

