Identifying Novel Cardiomyopathy Genes Using Drosophila melanogaster
by
Michelle Eileen Casad
Department of Cell Biology
Duke University
Date:_______________________
Approved:

___________________________
Howard A. Rockman, Supervisor
___________________________
Kenneth Poss, Chair
___________________________
Dan Tracey
___________________________
Nina Sherwood
___________________________
Douglas Marchuk

Dissertation submitted in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy in the Department of
Cell Biology in the Graduate School of
Duke University
2012

ABSTRACT
Identifying Novel Cardiomyopathy Genes Using Drosophila melanogaster
by
Michelle Eileen Casad
Department of Cell Biology
Duke University

Date:_______________________
Approved:

___________________________
Howard A. Rockman, Supervisor
___________________________
Kenneth Poss, Chair
___________________________
Dan Tracey
___________________________
Nina Sherwood
___________________________
Douglas Marchuk

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of
Cell Biology in the Graduate School
of Duke University
2012

Copyright by
Michelle Eileen Casad
2012

Abstract
Traditional Drosophila hearts screens have focused on early patterning
and development, and adult heart phenotypes have only recently been pursued
due to difficulty in accurately measuring cardiac function in adult Drosophila. For
my dissertation I performed a screen in Drosophila using optical coherence
tomography (OCT) to phenotype cardiac function in awake, adult Drosophila, in
order to discover novel disease-causing and disease-modifying genes for heart
failure. I initiated a screen of X chromosome deficiency stocks for mutants
displaying abnormal cardiac function in the adult, and I identified two mutant
strains from the X chromosome with the phenotype of dilated cardiomyopathy.
These deficiencies of 125kb and 92kb each correspond to 10 and 16 deleted
genes in each, respectively. Interestingly, the candidate genes did not include
any sarcomeric proteins, nor any proteins previously implicated in heart function.
Utilizing genetic tools including customized deletions, RNAi constructs, and
transgenic rescues, I identified the causative gene in each deficiency. I show
that cardiomyopathic genes can be identified in adult Drosophila using genetics
and noninvasive phenotyping methodologies.
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Chapter 1: Introduction
1.1 Heart failure: A complex genetic disease
Heart failure is a complex pathophysiological condition in which genetic
and environmental causes can result in the inability of the heart to pump blood
throughout the body. Even with the many advances in the diagnosis of and
interventions for underlying cardiovascular diseases, heart failure continues to
affect over 5 million people in the United States. In 2008, over 600,000 new
incidences of heart failure were diagnosed, and over 50,000 deaths due to heart
failure occurred [1, 2]. The prevalence of heart disease represents an important
challenge for researchers to provide new avenues for discovery of the causation
of heart disease as well as the need for treatments for a disease that affects a
large percentage of the population.
Heart failure causes symptoms such as shortness of breath, edema, and
intolerance to exercise in patients, due to decreased cardiac output and lack of
adequate blood supply to other organ in the body. Causes of heart failure can
include coronary artery disease and myocardial infarction, hypertension, valvular
heart disease, and primary cardiomyopathies [3, 4].
The failing heart has alterations in the structure, and therefore the
function, of the heart. In response to stress and disease, the heart undergoes
remodeling in an attempt to maintain proper cardiac function. This compensatory
response of remodeling can be beneficial to initially improve cardiac output,
however the altered morphology of the heart can ultimately become detrimental
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and lead to heart failure. Pathological remodeling can include dilation of
chamber dimension and myocyte hypertrophy, along with fibrosis between the
myocytes [4]. Initial stimuli for cardiac hypertrophy include mechanical and
stretch mechanisms, and signaling mechanisms including hormones, cytokines,
chemokines and peptide growth factors. Activation of these pathways then
results in altered nuclear gene expression and increased rates of protein
translation in the myocytes, leading to hypertrophic growth [5-7].
The outcomes of remodeling the heart can depend on the stress felt by
the heart. Pressure overload of the heart, such as in the case of hypertension,
can cause hypertrophy where the cardiac cells enlarge and extracellular matrix is
deposited, resulting in fibrosis which promotes stiffness in cardiac tissue which
can impede relaxation of the muscle. Dilation of the heart is common due to
conditions involving myocyte disease or death, and also is a consequence of an
enlargement of myocytes, resulting in an increase of chamber volume, however
this dilation results in diminished contractility of the heart [4, 8].
During the activation of hypertrophic stimuli, part of alteration of gene
expression involves changes in the proteins used for metabolic and contractile
functions of the myocyte. Reactivation of genes usually found in fetal hearts
results in a reversion toward more glycolytic metabolism from the oxidative
metabolism of the adult heart, as well as alteration of isoforms of proteins utilized
in calcium handling and muscle function in the myocyte. These proteins are not
adequate for the function of the adult heart tissue [7, 9].
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Cardiac hypertrophy is not always detrimental, as physiological stresses
such as athletes experience with exercise also produce a hypertrophic response
in the heart, but the athlete’s heart does not progress to heart failure.
Physiological hypertrophy is not associated with increases in fibrosis, nor any
gene switching to the fetal program, and results from growth factor signaling.
Pathological signaling is rather associated with increased signaling through Gprotein-coupled receptors and their downstream cascade through Gαq [9-11].
Despite advances in the discovery of causes and treatments for heart
failure, the prevalence of heart disease and the high mortality rate of heart failure
delineate the importance of pursuing more complete knowledge of the
mechanisms of conditions leading to heart failure. Current investigation includes
continuation of neurohormonal blockage to determine factors and pathways that
contribute to heart failure and pharmacological ways of blocking those pathways.
Additionally there is interest in the manipulation and activation of stem cells in the
heart to encourage proliferation and repopulation of a damaged heart. Surgical
intervention and mechanical devices to assist the heart in pumping are also
areas of research to affect the surviving tissue as well as the function of the heart
in the body [12].
While there are many causes of heart disease, they can be categorized
into primary, or non-ischemic cardiomyopathy which are disorders predominantly
confined to heart muscle, or secondary, or ischemic cardiomyopathy, which is the
result of coronary artery disease or other systemic disorders that affect the
function of the heart [11]. While ischemic cardiomyopathy secondary to coronary
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artery disease is the most common cardiomyopathy, idiopathic dilated
cardiomyopathy is the most common primary cardiomyopathy. Dilated
cardiomyopathy is a condition of reduced heart function resulting in a high
incidence of heart failure and sudden death; dilated cardiomyopathy produces
ventricular chamber dilation and diminished contractile function without
significant hypertrophy of the heart wall [4, 8, 13-15]. Arrhythmias are also
common life-threatening risks associated with dilated cardiomyopathy [13, 14].
Dilated cardiomyopathy can result in the cellular phenotypes of enlargement and
degeneration of myocytes without significant disarray or fibrosis, nor distortion of
cellular architecture. This is opposed to hypertrophic cardiomyopathy
phenotypes where myocytes are markedly enlarged, accompanied by significant
fibrosis, and myocytes become misaligned from their normal architecture [4, 8].
Causes of dilated cardiomyopathy can include infections, alcohol, and
hypertension, however due to the fact that over half of the patients with dilated
cardiomyopathy appear not to have any identifiable cause, there has been
significant investigation into the genetic causes of this disease [8, 14, 16].
Familial dilated cardiomyopathy may account for nearly half of cases [14]. In
familial cases of hypertrophic cardiomyopathy, a small number of sarcomeric
proteins are mutated in the majority of cases, providing a small target of genes
when screening [16]. Dilated cardiomyopathy, in contrast, has a growing number
of causative genes for familial cases, and the cellular distribution of these
proteins is more broad [15]. Approaches to understand human heart failure have
traditionally relied on analyses of large family pedigrees or evaluation of a
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candidate gene in a population [4, 8, 15, 17-23]. Several autosomal dominant
mutations have been found to cause familial dilated cardiomyopathy, and
additional X-linked mutations have been identified as well [13, 15].
Current tallying indicates 33 genes currently associated with dilated
cardiomyopathy in humans, however effects such as incomplete penetrance,
age-related penetrance, and variable phenotypic expressivity confound the ability
to assign a genetic cause to the disease [16]. Genes shown to cause dilated
cardiomyopathy predominantly include members of cytoskeletal and sarcomeric
proteins, leading to the hypothesis that defects for force generation and force
transmission through the cardiomyocyte unite the mechanism of the various
mutations in these genes for the onset of the diseased state of the muscle [13].
Mutations have been identified in familial cases of dilated cardiomyopathy in
sarcomeric proteins such as actin, β-myosin heavy chain, and troponin T, which
would directly alter the contraction mechanics in these patients. Sarcomeric
proteins have mutants that are associated with hypertrophic cardiomyopathy as
well as dilated cardiomyopathy, and it is unclear why different mutations in the
same gene can lead to the two different cardiomyopathies [15, 24].
Other identified causative mutations for dilated cardiomyopathy include
members of the intermediate filament cytoskeletal complex, proteins at the Z-disc
of the sarcomere such as muscle-LIM protein, alpha-actinin, and ZASP, as well
as titin [8, 14, 16]. Forces produced by the sarcomere must be transduced into
the heart tissue as a whole to provide functional contraction. Proteins in the
cytoskeletal components of myocyte link the contractile apparatus of the
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sarcomere to the structural junctions and extracellular matrix. Mutations in
proteins such as cardiac actin and the dystrophin-sarcoglycan complex have
been shown to alter interactions that would lead to diminution of the complex
integrity of the cell and therefore reduced transmission of force [8]. Mutations in
these complexes often correspond with skeletal muscle diseases as well as
dilated cardiomyopathy.
Additionally, several causative mutations have been identified in genes
which participate in metabolic processes, calcium handling, and ion channel
function in myocytes [14-16]. Mutations in Lamin A/C are common in dilated
cardiomyopathy patients, and are associated with conduction disease and
sudden deaths [15]. Intermediate filament lamins provide structure to the
nucleus, however the specific function of these nuclear envelope proteins in
contractile myocytes has not been elucidated.
The currently identified candidate genes are not surprising, that disruption
of the functional contractile apparatus of the cells can cause heart disease,
however it is predicted that only a small percentage of causative alleles for
dilated cardiomyopathy have thus far been identified [16]. Application of large
scale genetic approaches should be fruitful for finding additional genes involved
in the causation or modification of dilated cardiomyopathy disease [15].
Mammalian animal model systems [25-28], while providing the ability to
study the biochemistry and pathophysiology of heart failure, do not easily lend
themselves to a systematic genetic analysis. Targeted approaches such as the
mouse models of disruption of δ-sarcoglycan and muscle lim protein, as well as
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other cytoskeletal proteins, have allowed the investigation into additional
mechanism of muscle disease caused by disruption of these genes [13]. Mouse
model of mutations in lamin proteins also recapitulated heart phenotypes and
provided a possible mechanism of apoptosis in the conductive cells in the heart
[29]. Large animal models allow application of pharmacologic and surgical
strategies to test treatments on models of cardiac disease, but are not targets for
genetic components of the disease [28]. Simpler genetic model systems are
needed to find new genes that lead to heart failure, which will lead to novel
targets for treatment of this disease.
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1.2 Advantages of Drosophila as a genetic model
Drosophila melanogaster is a well-recognized organism used to study
genetics and the impact of genetic variation on phenotype expression [30]. A
systematic analysis has demonstrated a high correlation between diseasecausing genes in humans with the orthologous genes in Drosophila [30-33]. This
conservation of disease-related genes between Drosophila and humans
highlights the potential utility of Drosophila as a model organism for the study of
human disease.
Drosophila genetics has several distinct advantages over other genetic
model systems. Balancer chromosomes prevent recombination between
chromosomal pairs within a stock, breeding time is short, and dominant and
recessive genetic markers are based on easily distinguishable phenotypic
changes in eye color and shape, body color and shape, and wing morphology.
These powerful genetic tools facilitate the propagation, detection, and breeding
of mutants that contain recessive and often lethal traits, as well as the ability to
proceed with relatively rapid genetic experiments to identify and map genes of
interest. Also key to Drosophila genetics are transposable elements: DNA
sequences that can be moved around the genome by the enzyme transposase.
These genomic elements can be engineered to be of experimental use in many
ways, including transgene expression.
The utility of Drosophila as a model system to study disease has been
advanced by the development of molecular techniques to rapidly generate,
express, and analyze transgenes [34-36]. The Gal4-UAS binary expression
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system utilizes yeast transcriptional apparatus to allow customized expression.
Transgenic constructs with the UAS promoter can be engineered to include wild
type genes, mutant alleles, human genes, or siRNA constructs, which can be
expressed in tissue or temporally specific manners with the selection of Gal4
drivers.
The application of complementary transposable elements engineered to
allow FRT-mediated recombination (P-element and piggyBac) has also
generated a systematic high-resolution deletion coverage map of the Drosophila
genome [37-39]. The companies Exelixis and DrosDel developed a collection of
mutant isogenic strains of Drosophila harboring specific, known genomic
deletions and the requisite balancer chromosomes. Currently, approximately
80% of the entire Drosophila genome is covered by well-demarcated molecularly
defined deletions. The Gene Disruption Project of the Berkeley Drosophila
Genome Project is another useful database which combines large collections of
Drosophila insertions that each contain a single defined transposable element in
their genome [40], with the goal to obtain lines with elements inserted near every
gene in the genome. This database provides a useful tool to quickly find
elements inserted nearby, and possibly disrupting, a gene of interest. Advances
in genome-wide systematic analysis of gene function also include transgenic flies
containing RNAi constructs that can be expressed to knock down genes in
temporal or tissue specific patterns using Gal4 drivers, from collections such as
the Vienna Drosophila RNAi Center (http://stockcenter.vdrc.at/control/main) and
Transgenic RNAi Project at Harvard (http://www.flyrnai.org/TRiP-HOME.html).
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By using such expression systems, Drosophila can be engineered to
express human gene products and thereby recapitulate human disease.
Transgenic Drosophila are used as genetic systems to model human diseases
such as Parkinson’s and Alzheimer’s disease, cancer, and diabetes [30, 32, 41,
42]. Our lab used a mutation in human delta-sarcoglycan (δsg) associated with
familial dilated cardiomyopathy [43] to show that that inducible expression in the
adult Drosophila heart can recapitulate the phenotype of human dilated
cardiomyopathy [44]. These data further highlight the power that Drosophila
genetics can provide towards better understanding the role that genes have in
influencing the pathophysiology of disease states.
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1.3 The Drosophila cardiac system
Studies in Drosophila have provided insight into the fundamental genetic
programs that mediate cardiac development [45-53]. Many of the transcriptional
genetic programs that are responsible for cardiac development in Drosophila are
shared among vertebrates. Adult Drosophila have an open circulatory system
with a linear contractile myotube composed of myocytes and pericardial cells
(Figure 1) [53-55]. The dorsal vessel lies beneath the cuticle of the abdomen of
the adult fly, with the cardiac chamber located at the junction with the thorax.
The dorsal vessel also contains ostial cells that act as valves and provide
directionality to hemolymph flow [56]. Previous studies have demonstrated that
the cardiac chamber has intrinsic pacemaker electrical properties and can
respond to agonist stimulation [57, 58], as well as ultrastructural features that are
similar to mammalian myocardium [59]. Drosophila myocardial calcium
transients have also been shown to have characteristics similar to mammalian
heart cells [60].
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Figure 1: The embryonic and adult Drosophila circulatory system
(from [55])
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1.4 Optical coherence tomography
Our lab developed strategies to image adult Drosophila cardiac function
using Optical Coherence Tomography (OCT). OCT utilizes a low-coherence light
source to image living tissue with a depth penetration of 1 mm and resolution in
the range of 10-20 microns, which is accomplished in seconds, does not require
contrast material, and is non-destructive to tissues and organisms [61, 62]. In
order to image the adult Drosophila heart, flies are briefly anesthetized to be
immobilized on gel, but then are allowed to fully awaken before imaging.
Therefore OCT data are not confounded by effects of anesthesia or artifacts of
dissection. OCT provides 2D (b-mode) and linear (m-mode) images that are
similar to echocardiography in humans (Figure 2) [44]. OCT provides a rapid and
accurate measurement of internal heart dimensions in the awake, adult fly.
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Figure 2: Imaging of cardiac function in awake, adult Drosophila using
Optical Coherence Tomography [44]
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1.5 Recent findings in causative genes for heart phenotypes in the adult fly
The advantages of Drosophila as a genetic model system have led to
efforts to measure heart function in the adult fly. Others’ attempts to analyze
adult heart function in Drosophila have utilized dissected heart preparations and
externally applied electrical pacing to determine changes in heart phenotypes
[63-66]. These studies have resulted in analysis of large scale genetic variation
for naturally occurring polymorphisms affecting cardiac dysfunction [67], and
have revealed the importance of potassium channel KCNQ, a homologue of a
channel shown to be important in human arrhythmias, for maintaining normal
heart function in the fly [66]. Additionally, the insulin signaling pathway, known
to be a factor in longevity and aging in the fly, has also been characterized to
alter the response to stress-induced heart failure as well as the effects in aging
processes in other tissues. The Eif4e-binding protein (d4eBP) affecting
translation is a key downstream component of this pathway [65, 68]. Drosophila
Sestrin, a protein involved in cellular responses to stress, has been shown to be
a cardio-protective element in response to age-related changes in heart function
[69]. These studies rely on the observation that heart failure via externally
induced pacing increases with aging, and heart failure defined as cardiac arrest
or fibrillation. Therefore the described effects on heart function involve a change
in the failure rate observed at flies of different ages.
Previous work has also found that alterations in structural and contractile
proteins can alter contractility in the Drosophila heart. These studies aim to
provide a mechanistic link between mutants known to cause muscle and cardiac
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disease in humans and the correlating phenotypes in the fly. Disruption of the
structural protein Dystrophin in the fly, a protein involved in human muscular
dystrophy, causes a dilated cardiomyopathy phenotype and degeneration of
myocardial fibers [70]. Mutants in troponin I or tropomyosin previously known to
cause flight muscle defects, also showed severe impairment of heart function as
measured using OCT, and the phenotype is observed in both the homozygous
and heterozygous mutant state. Additionally, Drosophila δ-sarcoglycan mutants
have been shown to cause a dilated cardiomyopathy phenotype, and
overexpression of a cardiomyopathy-associated human allele of δ-sarcoglycan in
the heart also causes cardiomyopathy in the fly [44, 71]. Various point mutations
in Drosophila myosin were shown to affect cardiac function, including a mutation
characterized to have diminished motor activity showing dilated cardiomyopathy,
similar to observations in human cardiomyopathies associated with myosin
mutations [72]. Another protein important in human dilated cardiomyopathy is
MLP (muscle LIM protein). While mutations in the Drosophila homologue
mlp84B caused alterations in cardiac rhythm and decreased longevity,
specifically dilated cardiac parameters were not observed [73]. TGFβ signaling
has been shown to critical for muscular dystrophy pathogenesis, and the
downstream effectors of this pathway, SMADs, have been shown to regulate
skeletal muscle and cardiac function in muscular dystrophy models in the fly [74].
Using screening of large deletions, our lab has already identified several
signaling pathways, as alterations of Weary and Rhomboid 3 change Drosophila
heart function. Weary is a novel notch ligand identified to be important in adult
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heart function in the fly; weary has homology to mammalian proteins that have
only been characterized in neuronal processes [75]. Additionally, Rhomboid3
was identified as a causative gene for dilated cardiomyopathy in the fly.
Rhomboid3 is important in Drosophila EGFR signaling, and my colleagues went
on to show that modifications at various levels in the EGFR signaling pathway
can have an effect on cardiac function [75].
Large scale RNAi screening has also identified protein complexes
important for adult Drosophila heart function using lethality and temperatureinduced stress to measure heart function [76]. Using a heart specific driver, over
7000 genes with potential conservation between flies and mammals were
knocked down using the VDRC collection of RNAi transgenic flies. Heart specific
knockdown was combined with elevated temperature to create a stressed
condition of heart rate in the adult fly, and progeny of each cross were scored for
developmental lethality, adult lethality. Results from this screen were used to
create a global network of heart function from pathways of direct RNAi hits and
their binding partners as well as genes shown to be developmentally lethal with
the heart specific knockdown. The authors proceeded to show that multiple
members of the CCR4-Not complex, which had not previously been associated
with cardiovascular disease, were identified as important for heart function in the
screen, causing impaired cardiac function and abnormal heart structures.
Furthermore, investigation of the mouse homologues by knocking out not3
revealed an importance of this pathway in mammalian heart function as well [76].
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In another large scale genomic approach, changes in gene expression
were measured along time points specifically during the development of the adult
heart from the pupal heart. Through this expression profiling approach, key
components and regulation of signaling pathways were revealed during heart
morphogenesis, and FGF, Wnt, PDGF-VEGF and Notch pathways were
confirmed to be involved in cardiac tube remodeling at this stage [77].
Given the imaging of in vivo heart contractility with OCT, combined with
powerful genetic tools available in the Drosophila community, we were confident
in our prospects of discovering novel genes involved in adult heart function in
Drosophila.
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1.6 β catenin and heart failure
Overview of pathway
β catenin is an integral regulator in canonical Wnt signaling, a pathway
which is highly conserved throughout species and is important for control of cell
proliferation. Without Wnt signaling activation, β catenin levels in the cytoplasm
are low due to constitutive phosphorylation, ubiquitination and degradation of β
catenin, preventing it from entering the nucleus to activate transcription. With
Wnt signaling activation via ligand binding to its receptor Frizzled on the cellular
membrane, the phosphorylation complex becomes inhibited, and β catenin is
therefore not phosphorylated and degraded and thus accumulates in the
cytoplasm and can enter the nucleus to activate a transcriptional response [78,
79]. Proteins in the complex keeping β catenin levels low include adenomatous
polyposis coli (APC), GSK3B and Axin, while TCF/Lef is the transcriptional
coactivator which binds β catenin to activate transcription [79, 80]. This pathway
is conserved in Drosophila, where the β catenin orthologue is named Armadillo.
β catenin signaling in the heart
Both positive and negative regulations of Wnt/β catenin signaling are
needed for proper heart development [79, 81]. In mammals, β catenin signaling
and its influence on cardiac development depends on specific timing of
expression of Wnt ligands and interaction with other signaling pathways such as
Notch and FGF [79, 82]. Recently, β catenin was also shown to modulate the
Hippo pathway to affect cell proliferation and heart size. Wnt target genes were
shown to be negatively regulated by Hippo signaling, and β catenin
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heterozygosity rescued the cardiomyocyte overgrowth phenotype seen in mice
with genetic disruption of the Hippo pathway [83].
The tight regulation of Wnt signaling requirements, as well as the early
patterning roles for Wnt signaling and ubiquitous expression of intracellular
members of the Wnt pathway has required the development of specific genetic
tools to adequately address the temporal and tissue specific requirements of
armadillo activity for heart formation and function. Conditional knockout alleles
involve the excision of several exons, resulting in a tissue-specific null, while
conditional gain-of-function mutation is produced by excision of exon 3 of the βcatenin gene, resulting in the production of a truncated form of the protein
encoding a shortened version of β-catenin lacking N-terminal phosphorylation
and ubiquitination sites, which constitutively activates Wnt signaling.
Knockout of β catenin causes gastrulation defects, reflecting very early
requirements of the Wnt signaling pathway in early pattern formation of the
embryo. However endodermal specific knockout of β catenin using Cytokeratin
19 driven Cre mice (K19-Cre) causes the production of multiple hearts [79, 81,
84], proposing a role for Wnt signaling in determination of cell fate. Mammalian
cardiac progenitor cells come from two populations, the primary heart field which
produces left ventricular myocytes, and the secondary heart field which
contributes cells to the outflow tract, the right ventricle, and to both atria. The
use of various Cre drivers to knockout β catenin function reveals a role for
signaling in both cell populations [79].

20

Mesoderm posterior 1 (MesP1) driven cre expresses in both heart fields,
and loss of function β catenin expression in these cells produced phenotypes of
defects in the second heart field proliferation. However Nkx2.5-driven expression
later in differentiating cardiac progenitors of both heart fields indicates the
importance of β catenin signaling in both heart fields [79]. Loss or gain of
function alleles of β catenin reveal alterations in proliferation in both chambers of
the heart, loss of function expression resulted in the impairment of progenitor
proliferation, while gain of function β catenin expression resulted in an expansion
of progenitors [80]. Transgenic manipulation in the epicardium also reveals a
role for β catenin epicardial development. Knockout of β catenin using
proepicardium-expressed Gata5-Cre (G5-Cre) resulted in embryonic lethality due
to impaired coronary artery development and changes in the differentiation of
epicardium-derived mesenchymal cells into the smooth muscle lineage [81, 85].
Transgenic manipulation of β catenin in the adult heart, using inducible αmyosin heavy chain Cre lines, produced no baseline phenotype. However
responses to stress in these models produce interesting insights into β catenin
signaling in heart remodeling. Inducible α-myosin heavy chain Cre loss of
function of β catenin leads to improved heart function in response to pressure
overload, angiotensin II, or infarct, with decreased remodeling seen in the
stressed hearts. Similarly, using noninducible α-myosin heavy-chain Cre with
loss-of-function mutations, which create a heterozygous cardiac-specific
haploinsufficiency of β-catenin, cardiac hypertrophy following transverse aortic
constriction was also attenuated. Conversely, activated β catenin conditionally
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expressed in the adult heart lead to increased death and dilated cardiomyopathy,
without any hypertrophic response to angiotensin II treatment [81, 86, 87].
Given the impact of Wnt signaling and β catenin on cell proliferation and
heart function in the case of stresses, the Wnt pathway has been proposed as a
potential therapeutic target of which inhibition of could be beneficial for cardiac
remodeling [86]. β catenin levels are increased by hypertrophic stimuli, however
in a study comparing heart tissue from healthy versus heart failure patients,
cytosolic β-catenin levels were decreased in human heart failure samples [88].
Treatments to inhibit β catenin signaling in vivo could include Wnt antagonists
such as the secreted Frizzled related proteins (sFRPs), or intracellular Krüppellike factors (KLFs) which interfere with Wnt signaling effectors inside the cell.
Inhibition of this pathway would potentially both decrease the hypertrophic
response as well as Wnt inhibition could encourage repopulation of the cardiac
muscle by resident precursor cells [86].
Armadillo signaling and development
Wnt signaling has been known to be crucial for early development and
patterning in Drosophila, however investigation also shows that Drosophila
Wingless signaling and Armadillo are also important for heart development as
well. Disruptions of Wingless signaling, including armadillo mutants, result in a
reduction of heart precursor formation, whereas overexpression of Wingless
causes an expansion of cardiac precursors [89-91]. These results enforce the
similarities between Drosophila and mammalian heart development, that cardiac
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precursor cells have similar reactions to alterations in β catenin/armadillo
signaling.
β catenin and cadherens junctions
β catenin has additional roles in the cell as a member of the cadherens junction
on the cell membrane, providing a link from cell adhesions to the actin
cytoskeleton [80]. While cell junctions are clearly important for heart function,
and mutation in junction proteins have been shown to cause human disease, the
specific role of β catenin in heart disease is complicated. Plakoglobin (gamma
catenin) can replace β catenin to compensate at the membrane, however
plakoglobin can have a negative effect on β catenin signaling in the nucleus,
therefore the diseased state is not merely a result of defects in cell adhesion [80,
81, 92, 93].

23

Chapter 2: Materials and Methods
2.1 Drosophila stocks
2.1.1 Deletion screening
All deficiency stocks for screening the X Chromosome were obtained from
the Bloomington Drosophila Stock Center at Indiana University
(http://flystocks.bio.indiana.edu/). Exelixis deficiency stocks with X chromosome
deletions are marked with blue boxes in Figure 3, and screened lines are marked
with red arrows. Deletions averaged approximately 100kb. Most deletions were
homozygous lethal therefore no males were viable in these stocks, and
heterozygous females screened carried one deficiency X chromosome and one
X chromosome balancer.
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Figure 3: X Chromosome deletions screened. Blue boxes delineate Exelisis deletions corresponding to
sections of the Drosophila X Chromosome deleted in each stock. Deletions with red arrows were obtained
from Bloomington and screened for altered cardiac function
.
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2.1.2 Customized deletions
Customized deletions were made from the following stocks from the
collection of Exelixis FRT-containing transposons from Bloomington and the
Exelixis collection at Harvard (https://Drosophila.med.harvard.edu/) [37].

Table 1: Insertions stocks used for custom deletions
within Df(1)Exel6240:
stock
allele
Harvard
d02291
P{XP}CG3950d02291
Harvard
f00281
PBac{WH}CG3960f00281
Bloomington

18059

PBac{RB}Pat1e02477

Harvard
Harvard
Harvard

d06059
f08054
d09974

P{XP}d06059
PBac{WH}CG3973f08054
P{XP}d09974

Bloomington

19192

P{XP}IP3K2d03393

Harvard

f08066

PBac{WH}Jafrac1f08066

Harvard

f07791

PBac{WH}f07791

Bloomington

18369

PBac{WH}Syt12f00785

Harvard

d11167

P{XP}CG1640d11167

Harvard

d00378

P{XP}CG1640d00378

Harvard

e03642

PBac{RB}e03642

within Df(1)Exel6245

2.1.3 siRNA stocks
Drosophila stocks containing transgenic siRNA constructs with the UAS
promoter to allow specific expression were obtained from the collection at the
Vienna Drosophila RNAi Center (http://stockcenter.vdrc.at/control/main) [94] for
the following genes: 19198 (RpS15Aa), 106321 (RpS3), 36060 (RpS5), 105182
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(mRpS33), 47506 (Synaptotagmin), 28801 (Tim9a), 29561 (CG3224). 7767
(Armadillo).
2.1.4 other stocks
Additional stocks from Bloomington:
-

All ribosomal deficiency stocks were obtained from the Bloomington
Drosophila Stock Center. :

-

l(1)G0148G0461, l(1)G0148G0148, l(1)G0148G0149

-

y1 w1118; P{UAS-arm.S2}A1, P{UAS-arm.S10}C, y1 w1118

-

y1 w1118; P{UAS-pan.dTCF∆N}4,

-

w*; KrIf-1/CyO; P{UAS-Axn.GFP}3/TM3, Sb1

wy1;+/+;p{tinC-Gal4}/p{tinC-Gal4} stock was provided by Dr. Manfred Frasch [95].
wy1;p{tubP-GAL80ts}/p{tubP-GAL80ts};p{tinC-Gal4}/p{tinC-Gal4} stock was
created as described [96, 97]. Ctr1A25/FM6 stock was obtained from the Thiele
lab [98].
2.2

Custom deletions
Specific deletions within the Drosophila genome can be created using

chromosomes carrying transposable elements with FRT-sites. When a Flprecombinase source is present, the region between the two transposable
elements is excised, thus tailor-made deletions can be engineered simply
through selection of appropriate transposable element insertion lines. We
selected FRT-site containing insertion stocks from the Exelixis collection to
create such designer deletions [37, 38], and employed the breeding strategy for
deletions on the X chromosome shown in Figure 4 [37].
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Figure 4: Creating custom deletions with transposable elements
containing FRT sites.
Genetic scheme used for FLP-FRT−based deletions. Crosses place two FRTbearing transposon insertions (triangles) in trans in the presence of heat
shock−driven FLP recombinase (hs-FLP). Figure 2b from [37].
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The PCR strategy used to confirm the correct recombination has occurred
is outlined in Figure 5. Each original insertion stock carrying one transposable
element has a PCR product designed from the 5’ and 3’ ends of each transposon
(two-sided PCR). Crossing two stocks to place the different transposon
containing chromosomes in trans provides a starting stock with 4 possible PCR
products, two from each transposon. In the recombinant, the 5’ end of one
transposon and the 3’ end of the 2nd transposon will produce PCR products,
while the two inner PCR products from the deleted region will be absent. In
addition it is possible to perform PCR across the hybrid P-element that is left
after the deletion. Figure 5 also shows the 5’ and 3’ two-sided PCR data for the
two starting lines, as well as data for a correctly recombined line. Both the PCR
from the starting insertion lines and the hybrid reaction confirm that the deletion
has occurred in this line. Transposon primer sequences were used as published
[37], and primers for the genomic insertion sites for two-sided PCR are as listed
in Table 2.
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Table 2: Genomic primers for two-sided PCR
Stock

5’ genomic primer

3’ genomic primer

d02291

CACCGATGACTGACCATTTG

CCTTGCTGCTGTGTTGTTGT

f00281

GACCACGGCGTAAGTTTCAT

CATCCCAATGCCTAATGCTT

18059

GCAACATCAAAACAGCGAGA

CATTTGGGTGGGAGTTGAGT

d06059

CAAACATTGGAGTGGTGCTG

GCAACAGAAACTGCAACGAA

f08054

AAGAGCCCCGAAGAAGAAAG

CGGTCGCTTCATTTTCTAGC

d09974

CTCGGATATCGCCTTCTCTG

CCCAGCGAACTCTTCAAGTC

19192

GGGACTTAAATCTTTAGCCTTTTG

TGGCTTGACACACAGAGAGG

f08066

TGAACAGGTCGCTCATTCTG

AAGTGGGTGAACTGGCTGTC

f07791

CTCACTCGCGCGTACAAATA

GGGTGGTTTAAGGGGTTCAT

18369

GCGACCAGTGAGCCTGTTAT

GCGCGTTTCACAAGTAACAA

d11167

CGAATGGGACGTCACTGATA

AAGAGACAGACCGCGCTTTA

d00378

TGAGCGCGTGCTAACAATAC

AAGAGACAGACCGCGCTTTA

e03642

CCAGATTGCCCACGTAAACT

AATAGGGACAGCTGGGTGTG
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Figure 5: PCR confirmation of custom genomic deletions.
A. PCR products from the two-sided PCR off of the 5’ and 3’ ends of the original
transposable elements are used as controls to confirm that the recombination
has occurred. Hybrid PCR can be used when transposable element ends are left
behind at the deletions sites. B. PCR confirmation of a ∆51kb deletion line is
shown. The starting Exelixis insertion lines are shown on the left, and the
deletion is on the right. The sequences on the outside of the deletion are
present, while the internal sequences have been deleted. Additionally, hybrid
PCR confirms deletion of the flanked region.
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2.3

Optical Coherence Tomography of adult cardiac function
In vivo adult Drosophila cardiac function was measured in 7 day old

awake female flies as described [44, 75, 96, 97], using an OCT microscopy
system (Bioptigen, Inc. Durham, NC). The cardiac chamber in the first
abdominal segment was first visualized using two dimensional B-mode OCT,
then recorded as one-dimensional line scans (M-mode images) that represent
systolic and diastolic changes in cardiac chamber size as a function of time
(Figure 2). OCT M-modes were analyzed using ImageJ software and a 125
micron standard. End-diastolic dimension (EDD) and end-systolic dimension
(ESD) were calculated from three consecutive beats per M-mode trace.
Fractional shortening (FS) was calculated as [EDD-ESD]/EDD x100.
2.4

Images of bristles:
Bristles were directly visualized using a Leica M165FC stereomicroscope

with a DFC310x camera.
2.5

Histology:
Adult female flies of 7 to 10 days age were collected, immersed in Telly’s

fixative (60% ethanol, 3.3% formalin, 4% Glacial Acetic Acid) for at least 1 week.
The specimens were dehydrated in ethanol through sequential gradients. Then
the samples were washed twice with xylenes before immersion in liquid paraffin.
After solidification, paraffin blocks were sectioned serially at 8 mm thickness in
transverse orientation. Sections were rehydrated and stained with hematoxylin
and eosin. The position of the heart chamber was measured as described [96].
Sections were analyzed using a Leica DM2500 microscope and images captured
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using a Leica DFC310FX camera. Wall thickness was calculated by measuring
the cardiac chamber wall width along four positions in three serial sections to
obtain the mean.
2.6

Cloning, transgenesis:
Genomic constructs of CG3224 and CG3226 were cloned from w1118

genomic DNA via PCR (CG3226 tctaagcgacgagcagcata, tggtgcttgtggtggtttta;
CG3224 acctgcgctcactggttaat, tgtcaaatcgtgaccgacat), and confirmed by
sequencing. Genomic fragments were then cloned into pTarget vector. cDNA
encoding CG3224 and CG3226 was isolated by RT-PCR from w1118 adult flies
(CG3224 cgtgccaaaacaaacgatta, caatagattggttcatcctcctc; CG3226
tcaactgttattcagacaaaacaaaa, tcgttttaacttaatgccctagc). The cDNA was then
cloned into pUAST, and verified by sequencing. Transgenic stocks with these
constructs were generated by established methods.
2.7

QRT-PCR:
Total RNA was isolated from approximately 10 female flies using RNA-

Bee (Tel-Test). One microgram of RNA was treated with DNase (Invitrogen, Inc.)
and used for generation of cDNA using SuperScript II reverse transcriptase
(Invitrogen, Inc.). Real time PCR was performed with FastStart TaqMan Probe
Master (Rox) (Roche) with the following gene assays: CG3226: primers
aaacaaaatgtcattggaacagc, ggtcagcacgtcttttacgc, and Universal Probe Library
#40 (Dros#47) (Roche 04687990001). RpL32: primers cggatcgatatgctaagctgt,
gcgcttgttcgatccgta, and UPL #105 (Dros#10) (Roche 04692241001). CG3224:
primers aaccctcgtttcttaaccaaaa, ggttgccaatggggtttta, and FastStart Universal
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SYBR Green Master (Rox) (Roche). Reactions were amplified and analyzed in
triplicate using an ABI PRISM® 7000 Sequence Detection System. Expression
relative to RpL32 was calculated using 2-∆∆Ct and levels were normalized to
control.
2.8

Statistical analysis:
Data are expressed as mean ± SEM. Comparison of differences in heart

dimensions was tested by either a student’s t-test for two samples or an analysis
of variances (ANOVA) for multiple comparisons. GraphPad statistical software
(GraphPad Software Inc.) was used for analyses. p<0.05 was considered
significant.
2.9

Confocal heart imaging:
Adult Drosophila corresponding to homozygous tinC-GFP alone or in the

presence of a deficiency were used to examine adult cardiac morphology as
described [96]. Flies were anesthetized, the head and thorax were removed and
the abdomen was placed in artificial hemolymph buffer (108 mM Na+, 5 mM K+, 2
mM Ca2+, 8 mM MgCl2, 1 mM NaH2PO4, 4 mM NaHCO3, 10 mM sucrose, 5 mM
trehalose, and 5 mM Hepes (pH 7.1) [66]. An incision was made along the
ventral aspect of the abdomen and the internal abdominal organs were gently
removed. Hemolymph buffer containing 10mM EGTA was added to relax the
cardiac muscle as described [99]. Samples were fixed in 4% paraformaldehyde
for 20 minutes at room temperature prior to staining with anti-GFP-antibody
(1:500) (Invitrogen, Inc.) for detection of cardiomyocytes and phalloidinTexasRed (1:1,000) (Invitrogen, Inc.) for actin staining. The stained heart
34

preparations were visualized under a Zeiss LSM510 confocal microscope and
0.4 micron Z-stack images were analyzed.
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3.1

Introduction
The Minute phenotype in Drosophila melanogaster is characterized by

delayed development, poor fertility, short slender bristles, and smaller body size
[100, 101]. Many Minute loci correspond to cytoplasmic ribosomal genes,
suggesting that the basis of the Minute phenotypes involves disruption of
ribosomal function [102-113].
Eukaryotic cells contain cytoplasmic ribosomes and mitochondrial
ribosomes, each containing many subunits. While all of these subunits are
translated from nuclear genes, cytoplasmic ribosomes translate proteins in the
cytosol and on the endoplasmic reticulum, whereas mitochondrial ribosomes
synthesize proteins from mitochondrial genes in the mitochondrial matrix.
Recent genetic and bioinformatic efforts have shown that Drosophila
melanogaster have 88 genes encoding 79 different cytoplasmic ribosomal
proteins (CRPs) and 75 nuclear-encoded mitochondrial ribosomal proteins
(MRPs) [101]. While mutations in many CRP genes result in a Minute
phenotype, mutations in MRP genes are not associated with the Minute
syndrome [101].
Drosophila CRPs correspond with all 79 human CRPs with an average
amino acid identity of 69% [101]. MRPs are more divergent with Drosophila
MRPs having an average amino acid identity of 34% compare to human MRPs
[101]. Mutations in human CRP genes as well as genes for other proteins
involved in ribosomal biogenesis have been shown to cause a variety of
syndromes (reviewed in [114]), most notably CRP mutations in Diamond
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Blackfan anemia, characterized by congenital anemia and a variety of
developmental abnormalities. Several MRP genes also map to loci associated
with human disorders as well (reviewed in [115]).
Since ribosomal proteins are important in every cell of an organism, we
tested whether abnormal heart function is part of the Minute syndrome. We
addressed this question using optical coherence tomography [44, 75, 96, 97] to
examine in vivo cardiac size and function in adult Drosophila that had ribosomal
deficiency. We show that haploinsufficiency of RpS15Aa, a predicted Minute
gene, results in characteristic short, slender bristles as well as significant dilation
and dysfunction of the Drosophila heart. By examining the heart phenotype of
many other deficiencies across CRP and MRP genes we also show that cardiac
abnormalities are common in Minute flies, indicating that the heart is sensitive to
deletion of a single copy of some ribosomal genes.
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3.2

Results

3.2.1 Df(1)Exel6245 causes dilated cardiomyopathy
We used OCT to measure cardiac function in a screen of genomic
deficiency mutants from the Exelixis and DrosDel collections [37, 38, 116]. OCT
is a nondestructive imaging modality that allows assessment of in vivo heart
function in awake adult Drosophila in a similar manner to echocardiography in
mammals [44, 75, 96, 97]. End-diastolic dimension (EDD) is a measure of the
heart chamber in the fully relaxed state, while end-systolic dimension (ESD)
reflects the contracted state of the heart. Fractional shortening reflects the level
of cardiac function or performance of the heart and is calculated as the difference
between EDD and ESD divided by EDD. When compared to w1118 controls,
Df(1)Exel6245/FM7c adult females had increased EDD and ESD, and a
decrease in fractional shortening (Figure 6). These changes in cardiac
parameters were consistent with an enlarged heart and reduced cardiac function.
The genomic deficiency corresponding to Df(1)Exel6245 spans 95kb from
cytology region 11E11 to 11F4 and encodes 14 genes on the X chromosome
(Figure 6A). Due to homozygous lethality, the phenotype of Df(1)Exel6245 was
observed in heterozygous adult females maintained with an X chromosome
balancer. The abnormal cardiac phenotype persisted even after removal of the
balancer chromosome by crossing into a w1118 genetic background (data not
shown). In order to narrow the candidate interval within Df(1)Exel6245, we
engineered custom deletions using transposons containing FRT sites from the
Exelixis collection [37]. One 19kb deletion, denoted as Df(1)f0806639

f07791/FM7c, corresponded to a genomic region that encoded three genes and
was lethal in the homozygous state (Figure 6A). Cardiac function in Df(1)f08066f07791/FM7c Drosophila was abnormal and phenocopied the cardiac dysfunction
seen in Df(1)Exel6245, indicating cardiomyopathy (Figure 6 B and C).
One of the genes within the narrowed region of Df(1)f08066-f07791
designated RpS15Aa, encoded a ribosomal protein subunit. Since RpS15Aa is
predicted to be a causative gene for a Minute locus mapped to this region [101],
we examined these stocks for other Minute phenotypes. Both
Df(1)Exel6245/FM7c and Df(1)f08066-f07791/FM7c had short, thin bristles
compared to w1118 control, consistent with the expected phenotype of a
haploinsufficiency for this gene encoding a CRP (Figure 7).
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Figure 6: Identification of a deletion on the X chromosome causing dilated
cardiomyopathy
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Figure 6: Identification of a deletion on the X chromosome causing dilated
cardiomyopathy
A. Schemsatic of the Df(1)Exel6245 deletion containing 14 genes on the X
chromosome. Df(1)f08066-f07791 represents the flp-mediated recombination
deletion made with transposons f08066 and f07791, covering 3 genes including
RpS15Aa. B. Representative 1 second duration M-mode recordings of
Drosophila cardiac function reflecting the change in cardiac chamber dimension
over time. Control w1118 and representative dilated images of
Df(1)Exel6245/FM7c and Df(1)f08066-f07791/FM7c are shown. End-diastolic
and end-systolic positions are delineated with white lines. C. Summary of
cardiac function for w1118, Df(1)Exel6245/FM7c, and Df(1)f08066-f07791/FM7c.
Mean ± SEM for each group, n=16-25 per group show in parenthesis, *p<0.01
compared to w1118, one-way ANOVA.
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Figure 7: Heart specific knockdown of RpS15Aa severely impairs cardiac
function in adult Drosophila
A: Representative images of bristles in w1118 control, Df(1)Exel6245/FM7c and
Df(1)f08066-f07791/FM7c. Both deletions have characteristically Minute bristles
that are shorter and thinner than wild type bristles.
B. Heart specific tinC-Gal4 driving expression of RNAi against RpS15Aa causes
a severe cardiac phenotype and severely reduced eclosion. Representative
OCT M-mode images of the few eclosed adults (n=4) showed severely impaired
heart function compared to control of UAS-RNAi alone without driver (n=12).
*p<0 .001 vs. no driver control, unpaired t-test.
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3.2.2 RpS15Aa disruption causes severe cardiomyopathy
Next we examined the effects of ubiquitous and cardiac-specific
knockdown of RpS15Aa. Cardiac expression of UAS-RpS15Aa RNAi by using a
heart specific driver tinC-Gal4 [95, 96, 117] resulted in very few progeny,
however flies that escaped lethality had severely impaired heart function (Figure
7). Ubiquitous expression of UAS-RpS15Aa RNAi by using an actin5C-Gal4
driver resulted in lethality during development. Flies with UAS-RpS15Aa RNAi in
the absence of any Gal4 driver had normal cardiac function (Figure 7). These
data suggest that RpS15Aa expression in the heart is important for both heart
function and viability of the fly.
3.2.3 Abnormal cardiac function is a common trait in Minute mutants
Since the Minute phenotypes are highly consistent across the numerous
loci in the Drosophila genome [100], we examined other Minute mutants to
determine whether cardiomyopathy is also associated with these stocks. We
obtained publically available Drosophila stocks that had genetic deficiencies
spanning ribosomal protein genes and measured cardiac chamber size and
function. All of the Minute mutants screened demonstrated severely impaired
heart function with significantly decreased fractional shortening as compared to
w1118 controls (Figure 8 and Table 3). While most Minutes correspond to
mutations in CRP genes, a single Minute locus has been shown to be caused by
mutation of eIF-2α, a translation initiation factor gene [101]. We therefore
evaluated cardiac function of a mutant that was deficient for eIF-2α,
Df(1)ED7364/FM7h, and observed enlarged EDD and ESD with reduced
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fractional shortening (Table 3). Although eIF-2α is not a CRP gene, disruption of
eIF-2α likely leads to impaired protein translation and results in a Minute
phenotype that is associated with cardiomyopathy. These data indicate that
mutation of haploinsufficient Minute genes can also cause a significant reduction
in heart function, and that cardiomyopathy is an important additional phenotype
associated with the Minute syndrome.
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Figure 8: Minute deficiencies display cardiomyopathy while non-Minute
mutants do not
Representative OCT images and the corresponding bristle images of Drosophila
with mutations or deficiencies in genes for ribosomal proteins. Representative
heterozygous Minute mutants display small thin bristles as well as significantly
enlarged heart phenotype. Heterozygous deletion of a non-Minute MRP has
normal bristle and heart phenotypes. Summary data are shown in Table 3.
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Table 3: Cardiomyopathy correlates with the Minute phenotype in
Drosophila melanogaster
Gene
(Synonym)
Control

Bristle
Pheno
a
type
Normal

Heart
phenotype
Normal

Genes
Affecte
d

Allele
1118

w

b

b

b

EDD
(µm)

ESD
(µm)

FS
(%)

n=

81 ± 4

2±1

98 ± 1

16

Chromosome X
RpL36

Minute

Abnormal

Df(1)y74k24.1

~30

123 ± 6

29 ± 9

78 ± 6

8

RpL7A

Minute

Abnormal

>100

96 ± 5

23 ± 5

78 ± 5

14

RpS15Aa

Minute

Abnormal

Df(1)dx81
Df(1)f08066f07791
Df(1)ED7364

3

131 ± 12

32 ± 10

78 ± 5

9

eIF-2α

Minute

Abnormal

RpS5a

Minute

Abnormal

mRpS14

Normal

Normal

1

RpS5a
Df(1)e00904d02459

43

107 ± 4

22 ± 4

79 ± 4

4

1

104 ± 6

24 ± 5

78 ± 4

14

9

70 ± 3

5±1

93 ± 4

22

1

84 ± 4

17 ± 4

81 ± 4

16

91 ± 10

29 ± 10

71 ± 11

4

Chromosome 2
RpLP1

beo

RpLP1
RpS21
(oho23B)
RpL40

Minute

Abnormal

Minute

Abnormal

Df(2L)JS31

80

Minute

Abnormal

Df(2L)BSC217

20

82 ± 5

28 ± 4

67 ± 4

11

RpS13

Minute

Abnormal

RpS13

1

109 ± 5

35 ± 6

69 ± 5

12

RpL27A

Minute

Abnormal

RpL27A

1

90 ± 5

28 ± 5

69 ± 4

11

RpS26

Minute

Abnormal

Df(2L)Exel8038

26

89 ± 4

22 ± 6

75 ± 7

7

1

98 ± 7

22 ± 5

80 ± 4

7

1
1

RpL5

2d2

RpL5

Minute

Abnormal

mRpL10

Normal

Normal

Df(2L)Exel7002

18

82 ± 7

7±3

93 ± 3

14

mRpL48

Normal

Normal

Df(2L)Exel6005

16

76 ± 6

5±2

95 ± 2

16

mRpS2

EY10086

mRpS2

Normal

Normal

1

63 ± 3

1±1

99 ± 1

14

mRpL24

Normal

Normal

Df(2L)Exel7021

18

92 ± 7

12 ± 5

87 ± 5

10

mRpL28

Normal

Normal

Df(2L)Exel7021

22

92 ± 7

12 ± 5

87 ± 5

10

RpS28-like

Normal

Normal

Df(2L)ED678

65

94 ± 3

1±1

99 ± 0

8

RpS2 (sop)

Normal

Normal

Df(2L)ED695

40

76 ± 4

1±0

99 ± 0

11

mRpL52

Normal

Normal

Df(2R)Exel7092

20

54 ± 5

11 ± 5

85 ± 6

12

RpS15Ab

Normal

Normal

Df(2R)ED2098

56

85 ± 4

4±1

96 ± 2

12

Chromosome 3
6

RpS17

Minute

Abnormal

RpS17

1

92 ± 6

15 ± 4

83 ± 4

11

RpS29

Minute

Abnormal

Df(3R)ED5454

68

97 ± 2

19 ± 5

81 ± 5

9

RpS25

Minute

Abnormal

Df(3R)ED5518

80

86 ± 4

23 ± 5

73 ± 6

9

RpS3

Minute

Abnormal

mRpL17

Normal

Normal

lac92

RpS3P

Df(3L)Exel6084

1

84 ± 3

28 ± 4

64 ± 6

7

43

66 ± 6

18 ± 6

86 ± 7

7

mRpL23

Normal

Normal

Df(3L)ED4287

85

76 ± 9

9±3

86 ± 5

7

mRpS35

Normal

Normal

Df(3L)Exel6091

13

69 ± 6

7±2

93 ± 3

12

mRpS6

Normal

Normal

Df(3L)ED4342

48

83 ± 5

5±3

94 ± 3

14

mRpL12

10534

mRpL12

Normal

Normal

1

81 ± 3

6±3

94 ± 3

11

mRpL2

Normal

Normal

Df(3L)ED4470

121

85 ± 5

7±3

93 ± 3

11

RpL10Ab

Normal

Normal

Df(3L)ED4470

121

85 ± 5

7±3

93 ± 3

11

mRpL20

Normal

Normal

Df(3L)ED4486

64

78 ± 6

3±3

97 ± 3

15

RpS12

Normal

Normal

Df(3L)ED4486

64

78 ± 6

3±3

97 ± 3

15
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mRpL39

Normal

Normal

Df(3L)ED217

98

84 ± 4

4±2

96 ± 3

16

mRpS34

Normal

Normal

Df(3L)ED4606

148

113 ± 5

1±1

99 ± 1

14

mRpS26

Normal

Normal

Df(3L)ED4710

81

79 ± 4

2±2

96 ± 3

14

mRpS9

Normal

Normal

Df(3R)ED7665

131

75 ± 5

7± 3

91 ± 3

12

mRpL1

Normal

Normal

Df(3R)ED5230

103

73 ± 3

4±2

96 ± 3

21

mRpL19

Normal

Normal

Df(3R)ED5330

71

75 ± 6

3±3

96 ± 4

5

mRpS21

Normal

Normal

Df(3R)ED5612

104

71 ± 5

1±1

90 ± 1

14

mRpS33

Normal

Abnormal

1

97 ± 6

24 ± 6

78 ± 5

16

mRpS11

Normal

Normal

Df(3R)ED5780

100

87 ± 3

4±2

96 ± 2

13

Normal

Df(3R)ED5938

73

69 ± 5

7±3

91 ± 4

12

mRpL55

Normal

mRpS33

f01766

Chromosome 4
57g

RpS3A
RpS3A
Minute
Abnormal
1
117 ± 5
42 ± 7
65 ± 5
10
Bristle phenotypes were confirmed as published [101, 118] or confirmed in the case of custom deletions
made as described in methods.
b
Cardiac chamber measurements: end-diastolic dimension (EDD), end-systolic dimension (ESD) and
fractional shortening (FS: (EDD-ESD)/EDDx100). Values are expressed as the mean ± SEM. Abnormal
heart function is noted by a significant increase in ESD, and a significant decreased in fractional shortening
1118
compared to w
control. One-way Anova with Dunnett Multiple Comparisons test.
a
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3.2.4 Deficiencies of non-Minute ribosomal genes are not generally
associated with cardiomyopathy
Approximately 25% of CRP genes are not associated with a Minute
phenotype [101]. Additionally, heterozygous deletions of MRP genes have not
been associated with Minute phenotypes [101]. To test whether non-Minute CRP
or MRP genes are associated with cardiomyopathy, we measured heart function
in heterozygous deletions that span genes encoding MRPs and non-Minute
CRPs. Of the 29 non-Minute deficiencies or insertions screened, 28 had normal
heart function (Figure 8 and Table 3), while only mRpS33f01766 showed an
abnormal heart phenotype (Figure 9). These findings suggest that, similar to the
Minute syndrome, not all deficiencies of CRP genes cause a cardiac phenotype.
Likewise, heterozygous deletions of MRP genes do not generally cause an
abnormal heart phenotype. These data support our hypothesis that deficiencies
that cause a Minute phenotype also cause cardiomyopathy, whereas deficiencies
of non-Minute ribosomal protein genes do not generally have an altered heart
phenotype.
Interestingly, a stock heterozygous for PBac{WH}mRpS33f01766, an
insertion in mRpS33, has significantly decreased heart function (Figure 9).
Knockdown of mRpS33 in the heart with RNAi driven by tinC-Gal4 also results in
severely abnormal heart function without causing significant lethality (Figure 9).
To date this is the only MRP gene we have found to cause a heart phenotype as
a heterozygous mutant, and knockdown in the heart confirms that disruption of
mRpS33 causes severely impaired heart function.
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Figure 9: Disruption of mRpS33 causes cardiomyopathy.
A: Representative OCT images of control w1118, transposon insertion
PBac{WH}mRpS33f01766, tinC-Gal4 control, and UAS-RNAi against mRpS33
driven by tinC-Gal4. B: PBac{WH}mRpS33f01766, and heart specific mRpS33
knockdown have significant decrease in heart function compared to controls.
n=8-16 per group show in parenthesis *p<0.05, **p<0.01 vs. to w1118, one-way
Anova with Dunnett Multiple Comparisons Test.
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3.2.5 Knockdown of Minute-causing genes postdevelopmentally in the
heart results in cardiomyopathy
We next tested the effect of post-developmental knockdown of RpS15Aa
and two other known Minute genes, RpS5a and RpS3, specifically in the adult fly
heart. To accomplish these studies we used the tubulin-Gal80ts; tinC-Gal4 driver
system to knock down these genes in a temporally and spatially restricted
manner [75, 96, 97]. Drosophila with tub-Gal80ts; tinC-Gal4, and UAS-RNAi
against RpS15Aa, RpS5a, or RpS3, were kept at 18° throughout development,
keeping knockdown off, and then either maintained at 18° or moved to 27° after
eclosion to allow RNAi expression in the adult heart. The post-developmental
expression of RNAi directed against RpS15Aa, RpS5a, and RpS3 all resulted in
abnormal heart size and reduced cardiac function compared to control flies
maintained at 18oC (Figure 10). These data show that CRP function remains
important for cardiac function in the fly during adulthood, as well as during
development. Additionally, cardiac conditional knockdown of the MRP gene
mRpS33 also resulted in impaired heart function in adult Drosophila indicating its
importance for maintaining normal adult heart function (Figure 10).
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.

Figure 10: Cardiac specific knockdown of ribosomal proteins in the
adult results in post-developmental dilated cardiac phenotype
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Figure 10: Cardiac specific knockdown of ribosomal proteins in the adult
results in post-developmental dilated cardiac phenotype
A: Representative OCT images of Drosophila containing the following
transgenes: tub-Gal80ts, tinC-Gal4 drivers control; tub-Gal80ts, tinC-Gal4 and
UAS-RNAi for RpS15Aa; tinC-Gal4 and UAS-RNAi for RpS3; tub-Gal80ts, tinCGal4 and UAS-RNAi for RpS5a; tub-Gal80ts; tinC-Gal4 and UAS-RNAi for
mRpS33. Flies developed at 18° keeping the RNAi transgene from being
expressed. Adult flies were either kept at 18° (no knockd own) or moved to 27° to
turn on heart specific knockdown in the adult. B: Summary data showing that
with drivers only, heart function remains normal when adults are moved to 27°,
however heart function is significantly impaired when RNAi expression is induced
in the adult heart. N=9-17 flies per group shown in parenthesis. *p<.05 vs. 18°
control, unpaired t-test. No error bars are shown on mRpS33 at 18° since all
measurements of FS were 100%.

53

3.3

Discussion
In this study we demonstrate that RpS15Aa is a candidate gene for dilated

cardiomyopathy, and that cardiomyopathy is associated with the Minute
phenotype observed in many CRP gene deficiencies. Drosophila that are
heterozygous for CRP and MRP genes that did not cause a Minute phenotype in
general did not demonstrate abnormal cardiac function. However, deficiency of
mRpS33 appears to be an exception since a mutant, mRpS33f01766, had
abnormal heart function. We also demonstrated that post developmental,
cardiac specific knockdown of ribosomal protein genes that are associated with
the Minute phenotype results in an impairment of Drosophila heart function.
We narrowed the candidate region of a Minute locus on the X
chromosome to three coding regions using the custom deletion Df(1)f08066f07791 and showed that heart-specific RNAi knockdown of RpS15Aa, a gene
within the deletion, caused severe cardiac dysfunction in adult Drosophila.
Based on these observations, we also showed that many Minute stocks exhibit
cardiomyopathy in addition to the previously described characteristics that define
the Minute phenotype. The Minute stocks screened included deletions of CRP
genes as well as the one non-CRP gene eIF-2α [101]. Many Minute stocks have
poor viability, and deletions across these Minute loci are often not available in
many deletion collections. Our results suggest that cardiac abnormalities may
contribute to the poor viability of Minute flies. While we have not screened all the
Minute loci (17 of 61 loci were screened), we postulate that cardiomyopathy is
likely a common phenotype of the Minute syndrome.
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The mechanism for decreased cardiac function in Minute stocks is not
known. Previous work has suggested that a specific balance of all subunits is
needed in the ribosome such that ribosome assembly and translation capacity is
very sensitive to the least abundant component available [101]. Recent work
indicates that mutations in genes that specifically affect ribosomal assembly
result in marked decrease of functional ribosomes [114]. Prior work has also
investigated possible extra-ribosomal functions of some ribosomal proteins [119],
as well as tissue specific ribosomal activity [120, 121]. Alternatively, it has been
proposed that differences in basal expression of various ribosomal protein genes
could correspond with the differential sensitivity of the genes to haploinsufficiency
[101]. Therefore, heart size and function may be sensitive to decreases in CRPmediated translation, or subsets of CRPs could have heart-specific function as
well. It is interesting that knockdown of CRPs in the adult fly can cause a postdevelopmental phenotype. While the cardiac dysfunction is not as severe
compared to the corresponding mutation carried throughout development, the
post-developmental phenotype indicates that decreasing ribosomal subunits in
the adult can adversely affect heart function. The mechanism for the heart
phenotype may be due to a decrease in the translational capacity of cardiac
cells, or as previously mentioned, CRPs may have extra-ribosomal functions
important for the integrity of the heart.
MRPs are essential for cell growth and proliferation, and mutant alleles of
several MRP genes have been characterized in the fly, with defects in cell growth
and development [122-124]. In our screen, we observed that 28 of 29
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disruptions of non-Minute CRP or MRP genes retained a normal adult cardiac
function, representing 5 of 22 non-Minute CRPs and 24 of 75 MRPs. Therefore,
while all of these genes are required to produce proteins for proper ribosome
formation and protein translation, only a subset of ribosomal genes cause a
Minute phenotype, including cardiomyopathy. mRpS33 is the only exception we
identified where a heterozygous deficiency of a MRP gene causes significantly
dilated cardiomyopathy.
Human CRP and MRP genes have been established as candidates for
causing human syndromes and diseases [114, 115, 125-129]. Diamond
Blackfan anemia is associated with mutations in several haploinsufficient CRP
genes [125-127], and is characterized by congenital defects, including cardiac
abnormalities [127, 130]. Mutations in the gene encoding ribosomal protein
RPS19 have been identified in approximately 25% of Diamond Blackfan anemia
families and haploinsufficiency of several other CRP genes have subsequently
been found in affected patients [125]. Studies in transgenic mice expressing a
mutated RPS19 gene suggest that one mechanism by which mutations in RPS19
can cause Diamond Blackfan anemia is by its effect as a dominant negative
protein [131].
Other diseases that have decreased ribosomal biogenesis and function
are commonly associated with increased susceptibilities to cancer [129, 132134]. From human studies, disease-causing mutations often appear to disrupt
the biogenesis of the ribosome, and thus mutation in one gene is able to greatly
influence the translational capacity of the cell. In humans, hematopoietic tissues
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seem to be especially vulnerable to these ribosomopathies, which could be
explained by the high proliferation rate in these cells, however the tissue
specificity of these diseases of ubiquitous proteins is intriguing [114]. In addition,
several human MRP genes map to loci associated with disorders consistent with
impaired oxidative phosphorylation [115]. Mutations of human MRPS22 and
MRP16 have been shown to cause severe disease in the homozygous state
[135-137], showing that complete lack of a MRP is extremely detrimental. Future
investigation of human ribosomal protein gene mutations, both in the
heterozygous and homozygous states, may reveal insights into ribosomal biology
and cardiovascular disease.
Our data support the concept that alterations in ribosomal function can
cause cardiac dysfunction as shown by the marked cardiomyopathy in
Drosophila with a Minute phenotype. Additional investigation is needed to
address the mechanism underlying the sensitivity of cardiac tissues in Drosophila
to mutation in haploinsufficient ribosomal protein genes.
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Chapter 4: Deletion of Siah-Interacting Protein gene in
Drosophila causes cardiomyopathy

This chapter was originally published in:
Michelle E. Casad, Lin Yu, Joseph Daniels, Matthew J. Wolf, Howard A.
Rockman. Deletion of Siah-interacting protein gene in Drosophila causes
cardiomyopathy. Mol Genet Genomics. 2012 Mar 8. [Epub ahead of print]

Lin Yu performed histological processing and analysis.
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4.1

Introduction
Mammalian Siah-interacting protein (SIP) is an adapter protein that binds

E3 ligase Siah, along with Skp1 and Ebi, to form a complex that ubiquitinates βcatenin and regulates β-catenin signaling by its degradation [138]. This complex
can be regulated by activated p53, providing a link between β-catenin downregulation and activated p53. SIP knockout mice display impaired cell cycle
checkpoint response in thymocytes as well as a decrease of β-catenin
degradation downstream of DNA damage induced p53 activation [139]. SIP is
developmentally up regulated in rat neonatal cardiomyocytes and SIP levels
correlate with both an increase in cardiomyogenic differentiation and a decrease
in β-catenin protein levels [140]. The SIP complex has been implicated in cellular
processes in a variety of tissues and tumors, however the exact role of SIP in
signaling pathways remains unclear [141]. The mammalian E3 ligase Siah
(seven in absentia homolog), was originally identified as an orthologue of
Drosophila E3 ligase Sina (seven in absentia). Drosophila Sina is important for
its role in eye neural development, and the only known ubiquitination substrate of
Drosophila Sina is the transcriptional regulator Tramtrack [142]. The Drosophila
gene orthologous to SIP has not been characterized in the Sina complex nor in
the Drosophila Armadillo pathway (β-catenin orthologue) (Table 4).
The mammalian SIP/Siah complex functions to regulate β-catenin levels in
parallel to the Wnt pathway. Wnt signaling acts to inhibit the axin/GSK-3/APC
complex, resulting in the translocation of β-catenin to the nucleus to bind Tcf and
activate transcription [78] (Table 1). β-catenin signaling is a well characterized
signaling pathway that is conserved from Drosophila to human, with the stability
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of β-catenin being the integral switch for signal transduction. In Drosophila the βcatenin orthologue Armadillo has been extensively characterized within Wnt
signaling in the fly. Armadillo is phosophorylated and degraded by the same Wnt
dependent context via proteins with close homology throughout the pathway.
Whereas the axin/GSK-3/APC complex is responsible for phophorylation of βcatenin resulting in its subsequent ubiquitination and degradation, the SIP
complex promotes the direct ubiquitination of β-catenin without phosphorylation
[138].
The fruit fly, Drosophila melanogaster, has many advantages to perform
forward genetic screens, including short breeding times, establishment of large
scale genetic tools to quickly characterize disruption of genes, and transgenic
systems to allow expression of genes of interest in very specific manners. These
advantages have propelled the fruit fly to become a useful tool for the study of
genes involved in human disease, including in the field of cardiovascular
research [55].
To identify novel genes that cause cardiomyopathy, we carried out a
deletion screen using optical coherence tomography (OCT) to phenotype adult
heart function [44]. Here we found disruption of the gene CG3226, orthologue of
mammalian Siah-Interacting protein, to cause cardiomyopathy in the fly. Since
mammalian SIP regulates β-catenin levels, we investigated how modulation of
Armadillo signaling would affect heart function in the adult fly.
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Table 4: Comparison of name and functions of orthologs
Gene

Protein Function

SIP (Siahinteracting
protein)
Siah
(seven in absentia
homolog)

Adapter in Siah
complex

Skp–Cullin–F box (SCF)
complex components

Ebi/Skp1

SCF complex
components, bind βcatenin and SIP

adherens junctions,
activation of wnt target
genes
Canonical wnt complex
for Armadillo
phosphorylation and
degradation
Tcf family transcriptional
regulator, binds
Armadillo in the nucleus
to activate transcription
of wnt genes

β-catenin

adherens junctions,
activation of wnt target
genes
Canonical wnt complex
for β-catenin
phosphorylation and
degradation
transcriptional
regulator, binds βcatenin in the nucleus
to activate transcription
of wnt genes

CG3226

inferred

Sina
(seven in
absentia)

E3 ligase, neurogenic
pathway

Ebi, SkpA

Armadillo

Pangolin

Protein Function

Mammals

Drosophila

Axn/APC/GSK3β

Gene

Axn/APC/GSK3β

Tcf/Lef
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E3 ligase, binds SIP

4.2

Results

4.2.1 Deficiency Df(1)Exel6240 causes cardiomyopathy
We initiated a screen of genomic deletions on the X chromosome from the
Exelixis deficiency collection [143] and identified Df(1)Exel6240/FM7c to have a
phenotype of dilated cardiomyopathy (Figure 11). In our screen, dilated
cardiomyopathy is defined as either: an enlarged end-diastolic dimension (EDD);
an enlarged end-systolic dimension (ESD); or a decreased fractional shortening
(FS) compared to the control laboratory stock w1118 (Figure 11). Since
Df(1)Exel6240/FM7c is a heterozygous deficiency, we examined cardiac
function in females crossed into a w1118 background to remove the effect of the X
chromosome balancer. Df(1)Exel6240/w1118 females had a similar phenotype as
observed in the original stock (Figure 12). The region deleted in Df(1)Exel6240
spans approximately 125kb in the cytologic region 6B2-6C4 of the X
chromosome (Figure 11).
4.2.2 Identification of the causative gene within Df(1)Exel6240
To identify the candidate gene(s) responsible for the dilated
cardiomyopathic phenotype observed in Df(1)Exel6240, we designed specific
custom deletions using transposons containing engineered FRT-sites [37]
(Figure 11). Mutant flies with custom deletions spanning the region
corresponding to the genomic deficiency of Df(1)Exel6240 were evaluated for
cardiac function by OCT. The 26kb and 51kb deletions, designated
Df(1)d02291-f00281and Df(1)e02477-d06059 had normal cardiac function
(Figure 11). However a 19kb deletion Df(1)f08054-d09974 phenocopied the
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Figure 11: Identification of a deletion on the X chromosome causing
dilated cardiomyopathy
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Figure 11: Identification of a deletion on the X chromosome causing
dilated cardiomyopathy
A. Representative 1 second duration M-mode recordings of Drosophila cardiac
function reflecting the change in cardiac chamber dimension over time. Control
w1118 and representative images of deficiency Df(1)Exel6240 , as well as custom
deletions Df(1)d02291 -f00281, Df(1)e02477-d06059, and Df(1)f08054-d09974.
B. Summary of cardiac function for control w1118 and deficiencies shown in (A).
Mean ± SEM for each group, n=8-20 per group show in parenthesis, *p<0.01
compared to w1118, one-way ANOVA. C. Schematic of the Df(1)Exel6240
deletion containing 10 genes on the X chromosome. Df(1)d02291 -f00281,
Df(1)e02477-d06059, and Df(1)f08054-d09974 represents the custom
recombination deletions.
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Figure 12: Confirmation of Df(1)Exel6240 phenotype
Df(1)Exel6420/Fm7c female flies were crossed to w1118 males to remove any
effect of the balancer chromosome on heart function. Representative images
show that Df(1)Exel6420/w1118 females maintain the cardiomyopathy observed in
the original stock, while Fm7c/w1118 females have normal heart function similar to
the control w1118 stock.
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dilated cardiomyopathic phenotype as we observed in the Df(1)Exel6240
deficiency (Figure 11). These data suggest that disruption of a gene(s) within
Df(1)f08054-d09974 is responsible for the dilated cardiomyopathy observed in
the larger deletion Df(1)Exel6240. The Df(1)f08054-d09974 deficiency is also
homozygous lethal, as it spans known lethal genes.
Since the 19kb deletion Df(1)f08054-d09974 contains four genes, we
obtained P-element insertion lines for the gene l(1)G0148, and a stock containing
a deletion mutant allele of Ctr1A, Ctr1A25 [98] to determine the effect of disruption
of these genes on adult heart function (Figure 13). All experiments that used
these mutant alleles were measured in heterozygous females, since the insertion
mutations in l(1)G0148 and deletion allele of Ctr1A are homozygous lethal.
Drosophila heterozygous for mutant Ctr1A25 and all of the three stocks
heterozygous for transposon insertions within l(1)G0148 (G0461, G0148, G0149)
had normal cardiac function (Figure 13). These data indicate that Ctr1A and
l(1)G0148 are not the causative genes for the phenotype found in the
Df(1)Exel6240 and Df(1)f08054-d09974 deletions.
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Figure 13: Neither Ctr1A nor l(1)G0148 disruption alters cardiac function
Schematic of the four genes within the Df(1)f08054-d09974 deficiency. Mutants
in l(1)G0148 and Ctr1A evaluated for cardiac function are delineated below each
gene. B. Heterozygous Ctr1A25/+ and heterozygous alleles of CG32742 do not
recapitulate the dilated phenotype observed in the Df(1)f08054-d09974
deficiency. Mean ± SEM for each group, n=5-22 per group show in parenthesis,
*p<0.01 compared to w1118, one-way ANOVA.
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4.2.3 CG3226 is the candidate gene for the abnormal cardiac function of
Df(1)Exel6240
To precisely identify the candidate gene responsible for the
cardiomyopathy observed in Df(1)Exel6240, we performed genetic rescue
experiments of the other two genes within the smaller candidate region, CG3224
and CG3226. We designed constructs containing the genomic DNA of CG3224
and CG3226, and used them to engineer transgenic flies. In contrast to the
abnormal cardiac phenotype of Df(1)Exel6240, Drosophila containing the
Df(1)Exel6240 deletion and a copy of the CG3226 genomic transgene had a
normal heart phenotype, indicating that additional expression of CG3226 rescued
the cardiomyopathy (Figure 14). However Drosophila containing Df(1)Exel6240
deficiency with one copy of the CG3224 genomic transgene continued to
demonstrate abnormal cardiac function (Figure 14). Similarly, the CG3226
genomic transgene, but not the CG3224 genomic transgene, was able to rescue
heart function of the smaller 19kb deletion Df(1)f08054-d09974 (Figure 15).
Increased expression of CG3224 and CG3226 in their respective transgenic
stocks was confirmed by RT-PCR (Figure 16).
To further confirm CG3226 as the causative cardiomyopathy gene we
performed heart specific rescue experiments. We cloned the cDNA of the genes
CG3224 and CG3226 and produced transgenic stocks with expression of each
gene under the control of a UAS promoter. Drosophila containing the
Df(1)Exel6240 deletion along with the heart specific tinC-Gal4 driver were
crossed into transgenic stocks with UAS-CG3226 or UAS-CG3224. Heart
specific expression of CG3226 rescued heart function in Df(1)Exel6240, whereas
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heart specific expression of CG3224 in the context of Df(1)Exel6240 was unable
to rescue heart function (Figure 17). Taken together, these results demonstrate
that CG3226 is a causative gene for cardiomyopathy, and it is involved in
regulating adult Drosophila heart function.
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Figure 14: Rescue of Df(1)Exel6240 with CG3226 genomic transgene
Df(1)Exel6240 with genomic transgene for CG3226 restores ESD and fractional
shortening, whereas genomic transgene for CG3224 does not. B. Representative
images of the rescue experiments described in A.
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Figure 15: Rescue of Df(1)f08054-d09974 with CG3226 genomic transgene
Rescue of Df(1)f08054-d09974 with genomic transgene for CG3226 restores
ESD and fractional shortening, whereas genomic transgene for CG3224 does
not. B. Representative images of the rescue experiments described in A.
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Figure 16: Genomic rescue constructs increase expression of CG3226 and
CG3224.
A. CG3226 genomic rescue transgene increases expression of CG3226 in the
context of deficiency Df(1)f08054-d09974. Average +/- SEM. n=3-5 per group,
p<.05 vs w1118, one-way Anova B. CG3224 genomic rescue transgene increases
expression of CG3224 in the context of deficiency Df(1)f08054-d09974. Average
+/- SEM. n=3-6 per group, * p<.05 vs w1118, one-way Anova.
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Figure 17: : Heart specific expression of CG3226 rescues heart function.
tinC-Gal4 driving heart specific expression of UAS-CG3226 rescues
Df(1)Exel6240 heart function, whereas heart specific expression of UASCG3224 remains dilated.
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4.2.4 CG3226 and Armadillo signaling
Drosophila CG3226 is orthologous to the mammalian gene Siahinteracting-protein (SIP) (InParanoid [144], and Ensembl (www.ensembl.org)).
Since SIP is part of a complex involved in β-catenin regulation in mammals [138,
139], we tested the hypothesis that Armadillo signaling (Drosophila β-catenin)
can regulate cardiac function in the fly.
To enhance Armadillo signaling, we used two strategies to increase
expression of Armadillo: 1) UAS-ArmS2 that encodes wild type Armadillo; and 2)
UAS-ArmS10 that encodes a constitutively active Armadillo [145]. The heartspecific overexpression of wild type Armadillo or constitutively active Armadillo
did not alter cardiac function compared to controls (Figure 18a). We then tested
the effects of reduced Armadillo expression using heart-specific knockdown of
Armadillo using siRNA [94], which resulted in markedly smaller hearts with
significantly reduced luminal dimensions (Figure 18b). To further clarify the
effect of reducing Armadillo signaling in the Drosophila heart, we examined two
additional transgenic stocks which result in the disruption of Armadillo signaling:
dTCFDN, a dominant negative construct of the transcriptional co-activator that is
deficient for transcriptional activation with Armadillo [146]; and Axin-GFP that
stabilizes the canonical Armadillo degradation complex resulting in enhanced
Armadillo degradation and reduced Armadillo signaling [147]. Heart-specific
overexpression of these transgenes also resulted in significant reduction in heart
dimensions as we observed with Armadillo knockdown (Figure 18b). End
Diastolic dimension of these flies was significantly decreased compared to w1118
controls (Figure 18c).
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We then performed histological analysis of the flies with heart specific
reduced Armadillo signaling to determine what may be the cause of the small
chamber size as seen by OCT. This technique allows investigation of the cardiac
wall thickness and general cellular morphology, but due to artifacts caused by
fixation and processing, histological analysis does not accurately reflect overall
chamber size. Transverse sections of heart tissue from the heart specific
knockdown of Armadillo resulted in a significant increase in heart wall thickness,
which was not observed with expression of either dTCFDN or Axin-GFP (Figure
18d&e). We also observed accumulation of material within the lumen of the
heart that occupies a large portion of the cross sectional area of the vessel
chamber (Figure 18d). This was not seen in control flies, but was observed with
Armadillo knockdown and Axn-GFP expression in the heart, however not in the
TcfDN flies (control: 1/7flies, Arm-siRNA 5/7 flies, Axn-GFP 7/8 flies, TcfDN 0/8
flies).
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Figure 18: Reduction of Armadillo signaling results in a small heart.
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Figure 18: Reduction of Armadillo signaling results in a small heart.
A: Overexpression of wild type (S2) or constitutively active (S10) Armadillo does
not phenocopy the dilated cardiac phenotype seen in Df(1)Exel6240. B & C:
Reduction of Armadillo signaling in the heart by tinc-Gal4 expression of UAS-Arm
siRNA, UAS-TcfDN, or UAS-AxnGFP, all result in a small heart chamber. Arrows
mark the small heart chamber resulting from decreased Armadillo signaling as
visualized by OCT. n=8-12 per group in parenthesis, *p<0.01 compared to w1118,
one-way ANOVA. D: Histological staining of transverse sections of Drosophila
hearts. Arrows demarcate the hearts imaged by transverse histological section.
E: Expression of Armadillo siRNA in the heart results in a thickened chamber
wall. *p<.05 compared to control, one-way ANOVA.
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4.3

Discussion
In this study we performed a deficiency screen and identified that deletion

of CG3226, Drosophila SIP, is associated with cardiomyopathy. CG3226 is
orthologous to the mammalian gene Siah-interacting protein (SIP). Since SIP is
part of a complex that regulates β-catenin, we determined the effect of
manipulating Armadillo signaling (Drosophila β-catenin) in the fly heart. We
found that a heart specific decrease in Armadillo signaling resulted in decreased
lumen size in the adult heart.
Armadillo and Wnt signaling in Drosophila are important for development,
and Wnt signaling has been studied in the context of early embryonic heart
development [90, 91]. Metamorphosis of the larval heart involves remodeling of
differentiated myocytes into the functional adult heart [148]. In a study of transdifferentiation of the heart during metamorphosis, disruption of Wnt signaling
specifically during pupation was shown to cause alterations of myofibril
orientation and inflow tract formation in cardiac myocytes during the transition
from larval heart to adult morphology [77]. We also show that disruption of
Armadillo signaling in the fly produces a small heart phenotype when disrupted
with transgenes driven with tinC-Gal4, indicating the importance of Armadillo
signaling in determining heart shape. With histological techniques we show that
knock down of Armadillo resulted in a heart chamber with increased wall
thickness. Whether the increase in wall thickness is due to the reduction in
chamber size or an increase in size of individual cardiomyocytes is unknown. In
addition, we found the accumulation of intraluminal material in the hearts of these
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flies. We postulate that this is fat from the surrounding tissue, however further
studies will need to be performed to determine the tissue of origin of this material.
Due to the technique of OCT reflecting light, it is possible that the material inside
the heart could contribute to the smaller heart chamber dimension, since this
would distort the lumen size as visualized by OCT.
In mice, a variety of transgenic manipulations of β-catenin have shown its
importance in both cardiogenesis and adult heart phenotypes [81]. While a
considerable amount is known about the structure of SIP and function of
mammalian SIP, it is less clear whether the Drosophila orthologue of SIP
(CG3226) has similar function. Human SIP (calcyclin-binding protein) is highly
expressed in the brain and heart, as well as in many tumors [149]. SIP has been
characterized in detail with regards to binding partners and important structural
domains [138, 141, 150, 151]. Overexpression of SIP is protective against
hypoxia/reoxygenation injury in rat cardiomyocytes [140], and SIP regulates
endometrial cell apoptosis in the mouse uterus [152]. SIP was shown to change
subcellular localization with an increase in calcium concentration in neurons
[153], and was shown to interact with tubulin and actin in differentiating
neuroblastoma cells [154, 155], and can bind ERK1/2 and effect Elk-1 signaling
[156].
Drosophila SIP was able to replace mammalian SIP to complement an
interaction with mammalian Siah and Skp in yeast-three-hybrid experiments
[138], however the Drosophila gene has not been further characterized. Despite
the well characterized mammalian SIP complex, there has not been evidence of
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a genetic interaction with the Drosophila E3 ligase Sina in a mutagenesis screen
[157], nor a physical interaction (interfly.med.harvard.edu) with members of the
Sina E3 ligase complex characterized in the fly. Additionally, while the Sina
complex has been studied in the context of neuronal specification, these
Drosophila proteins have not been implicated in control of Armadillo degradation
or in adult heart function. While Drosophila Sina has only one known substrate,
mammalian Siah proteins have a variety of ubiquitination substrates, and have
been proposed to be involved with various signaling pathways [158, 159].
Recently, mammalian Siah E3 ligases have been shown to be involved in
neuronal migration [160] and regulation of mitochondrial fission in cardiac
ischemic injury [161]. Further work will be needed to precisely define the
functional role of Drosophila SIP (CG3226).
Drosophila is a valuable model system for investigation into human
disease, including cardiomyopathy. The Drosophila heart is sensitive to
alterations in structural and contractile proteins that can alter contractility [44, 70,
71], as well as signaling in pathways such as Notch, Rhomboid 3, SMAD, and
insulin and ribosomal functions can change heart function in flies [74, 75, 96,
162, 163]. Large scale RNAi screening and proteomics studies have also
identified complexes important for Drosophila heart function [76, 164]. Our study
adds Drosophila SIP, CG3226, as an intriguing new gene to investigate its role in
cardiomyopathy in the fly, as well as showing the importance of Armadillo
signaling in the Drosophila heart.
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In summary, we have found deletion of Drosophila SIP to cause
cardiomyopathy in the fly. While, we show that reducing levels of Armadillo
produces a small heart in adult Drosophila, additional studies will be needed to
determine the molecular mechanism by which SIP deficiency leads to
cardiomyopathy. Given the important role of SIP and armadillo signaling in
Drosophila heart function, we postulate that investigation into the role of SIP in
mammalian heart function could reveal new insights into human heart disease.
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Chapter 5: Discussion and future directions
5.1

Mechanism of cardiomyopathy
An unanswered question from my dissertation work is the mechanism

whereby disruption of CG3226 or ribosomal protein genes causes
cardiomyopathy. While OCT allows the visualization of the beating Drosophila
cardiac chamber, it is not informative about any structural changes within the
cells that would be leading to the cardiomyopathy phenotype. Previous mutants
of specific contractile proteins have been shown to disrupt cardiac cellular
organization [44, 70, 71], however we have also seen mutants with dilated
cardiomyopathy without changes in cell morphology [96]. To address this issue I
have used tinC-GFP to visualize the dissected adult cardiac structures, as well
as phalloidin staining to observe changes in the actin fiber arrays.
I analyzed heart morphology in dissected hearts expressing tinC-GFP and
subsequently stained with phalloidin to compare w1118 control hearts with the
cardiomyopathic hearts we detected with OCT. RpS15Aa deletion Df(1)f08066f07791, and CG3226 deletions Df(1)f08054-d09974 and Df(1)Exel6240 crossed
into tinC-GFP stocks did not reveal any differences in cellular morphology (Figure
19). Additionally, the actin fiber staining did not show any differences in the
deficiencies versus control. These data suggest that deficiency of CG3226 or
RpS15Aa does not result in marked disorganization of contractile proteins, but
rather the cells enlarge without alterations in the contractile element architecture.
In addition I investigated the morphology of the hearts via transverse
section and H&E staining. Comparison of Df(1)f08054-d09974 and
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Df(1)Exel6240 deficiency stocks also did not reveal any morphological
differences (Figure 20). Parameters such as wall thickness were not significantly
altered compared to control. Because of fixation artifact, we believe that chamber
size seen on histological sectioning is distorted and not an accurate technique to
measure chamber dimensions. We have relied on the in vivo physiological
measurement of chamber dimension that we obtain with OCT imaging. In contrast, wall
thickness appears to be a histological phenotype not impacted greatly by fixation and
therefore we predominantly use histology to gain insight in to the thickness of the heart
tube wall.
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Figure 19: TinC-GFP confocal images to determine structural integrity of
myocardial cells.
Left column: GFP staining, Right column: overlay with Texas-red phalloidin
staining.
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Figure 20: H&E staining of transverse histological section of control
versus deficiency hearts. 100x magnification
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5.2

Additional interesting genes
The focus of my dissertation has been to determine causative genes for

the heterozygote female Drosophila we found to have cardiomyopathy through a
deficiency screen. This approach has resulted in the identification of new
cardiomyopathy genes of CG3226 and Minute-causing ribosomal protein genes.
One limitation of this approach is the fact that we are looking for phenotypes in
flies that still maintain one endogenous copy of each of the genes, as we have
screened heterozygous females. Through the pursuit of the causative gene in
each deficiency, I have performed experiments that have resulted in interesting
findings, despite their lack of importance towards the goal of identifying the main
causative gene for each deficiency. The genes discussed below were identified
through analysis of siRNA knockdown or homozygous deletions, both of which
may involve a more complete disruption of the genes. These genes would not
have been found via only a deletion screen of heterozygous deficiencies, since
deficiency of one copy of the gene appears to be sufficient to maintain cardiac
function.
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5.2.1 Ctr1A
The gene for copper ion channel Ctr1A lies within the region deleted in
Df(1)Exel6240, discussed in Chapter 4, and therefore became a gene of interest.
Ctr1A also lies within the smaller custom deletion I created, which maintained a
dilated phenotype with the deletion of only 4 genes (Figure 11). This led to a
collaboration with a student in the Thiele lab, who had been characterizing Ctr1A
in the fly [98]. Ctr1A disruption causes larval lethality, therefore we screened
adult females heterozygous for mutant alleles of Ctr1A, which I demonstrated to
maintain normal cardiac function (Figure 13). However further investigation
using RNAi against Ctr1A expressed specifically in the heart resulted in
decreased heart function in Drosophila (Figure 21) which correlates closely with
the phenotype of dilated cardiomyopathy caused by the heart specific disruption
of copper transporter in mice [165]. Therefore, while heterozygous deficiency of
Drosophila Ctr1A is not sufficient to cause decreased heart function,
manipulation of Ctr1A with RNAi reveals the importance of Ctr1A in heart
function, an importance which is maintained in mammalian systems.
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Figure 21: Cardiac-specific knockdown of the Drosophila Ctr1A Cu ion
channel
(A) Knock down of Ctr1A in the dorsal vessel. Immunoblot of crudely dissected
Drosophila dorsal vessel from wild type (WT) and TinCGal4/UAS-Ctr1ARNAi flies
(Ctr1RNAi). Total tissue protein extracts were probed with anti-Ctr1A peptide
antibody or anti-ERK as a loading control. (B) Representative optical coherence
tomography (OCT) images for wild type and TinCGal4/UAS-Ctr1ARNAi flies. (C)
End systolic dimension (ESD) measurements for wild type and TinCGal4/UASCtr1ARNAi flies. Error bars, s.d., *P = 0.00073 versus wild type. (D) Fractional
shortening measurements for wild type and TinCGal4/UAS-Ctr1ARNAi flies.
Error bars, s.d., *P < 0.001 versus wild type. [165]
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5.2.2 CG3224
Another candidate gene from the deficiency identified in my original
screen Df(1)Exel6240, that was also contained within the smaller deletion
Df(1)f08054-d09974, is the gene CG3224. CG3224 is an uncharacterized
Drosophila gene, however bioinformatic data predict that this gene encodes a
zinc-finger protein that also binds DNA and is predicted to be involved in
transcriptional repression. CG3224 has recently been identified as a candidate
from an RNAi screen for neurogenesis [166].
I obtained UAS-siRNA line against CG3224, and crossed the stock with a
variety of drivers. Ubiquitous expression of CG3224 siRNA with actin5c-gal4, as
well as expression with the mesodermal driver 24B-Gal4 and muscle specific
dmef-Gal4 all resulted in lethality, with no adult progeny recovered. With
knockdown of CG3224 with the heart specific driver tinC-Gal4, I observed
several interesting phenotypes. First, there was a delay in the timing of eclosure
with the expression of CG3224 siRNA (Figure 22). From the first day that the
progeny without driver began eclosing, approximately 6 days later flies with both
the tinC-Gal4 driver and the UAS-siRNA to CG3224 began eclosing.
Additionally, the heart specific knockdown of CG3224 caused a significant
decrease in fractional shortening (Figure 22). Due to the fact that I did not
observe a delayed eclosion phenotype with the heterozygous deficiencies across
CG3224, as well as the fact that CG3224 expression did not rescue the heart
phenotype of the deficiencies, we did not pursue this candidate gene. We
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concluded that perhaps this siRNA construct knocks down CG3224 more than
the 50% of the deficiencies, which leads to the phenotypes observed.
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Figure 22: Heart specific knockdown of CG3224 results in delayed eclosion
and dilated heart phenotype
A: Knockdown of CG3224 in the heart results in a delay of eclosion compared to
control. B: Representative OCT images of heart specific knockdown of CG3224.
C: Heart specific knockdown of CG3224 results in significant decrease in
fractional shortening compared with controls. *p<.01 t-test vs no driver.
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5.2.3 Tim9a
Within the region deleted in deficiency Df(1)Exel6245, I made custom
smaller deletions to determine the causative gene. One 28kb deletion not
described in Chapter 3 is Df(1)d00378- e03642, which is a heterozygous deletion
which we found to display normal heart function (Figure 23) . However when I
screened siRNA lines for genes within Df(1)Exel6245, including genes within
Df(1)d00378-e03642, I found that knocking down Tim9a specifically in the heart
resulted in severe impairment of adult heart function (Figure 23). Driving the
siRNA to Tim9a with ubiquitously expressed actin5a-Gal4 resulted in lethality and
no adult progeny. Based on sequence similarity, Tim9a has been characterized
as a subunit of mitochondrial import inner membrane translocase, which is
involved in protein import into the mitochondrial inner membrane. This data
supports the idea that protein importation into the mitochondria within cardiac
cells is important for cardiac function.
5.2.4 Synaptotagmin 12
An additional smaller deletion I made within the Df(1)Exel6245 candidate
region was Df(1)f07791-f00785 (Figure 23). This deletion spanned coding region
CG10617, which has recently been specifically named Synaptotagmin12.
Df(1)f07791-f00785 is homozygous viable and OCT analysis reveals a
cardiomyopathy phenotype of this deficiency (Figure 23). We obtained siRNA
against Syt12, however heart specific knockdown with tinC-Gal4 did not produce
a heart phenotype. Synaptotagmins are important for intracellular trafficking,
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Figure 23: Additional genes of interest within Df(1)Exel6245
A: Smaller deletions designed to determine the causative gene of
cardiomyopathic deficiency Df(1)Exel6245.
B: Homozygous deletion Df(1)f07791-f00785 disrupts heart function, while
heterozygous deletion Df(1)d00378-e03682 does not. However heart specific
knockdown of Tim9a causes drastic reduction in heart function.
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including neurotransmitter release [167], however the specific Syt12 function has
not been characterized although it is predominantly expressed in the brain
(http://flyatlas.org/). From this data we concluded that Syt12 is important for
heart function, but it does not appear to be important specifically in cardiac cells,
but perhaps Syt12 is important for neural input to cardiac function.
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5.3 Conclusion
Through a screen of deficiency stocks of the X chromosome, I identified
two heterozygous deletions with the phenotype of cardiomyopathy. Using state
of the art genetic tools, I was able to determine that ribosomal protein RpS15Aa
was the haploinsufficient causative gene for one region, and I went on to show
that disruption of many Minute genes can cause cardiomyopathy. Additionally, I
found that deficiency of CG3226, the orthologue to mammalian Siah-interactingprotein, caused cardiomyopathy in the second candidate region, and I also
showed that alteration of armadillo signaling in the heart can cause change in
heart phenotypes.
Interestingly, using heart specific knockdown approaches to narrow
candidate genes within the large deletions, I discovered additional candidate
genes in the heart, such as Ctr1A, CG3224, and Tim9a. Knockdown of these
genes also greatly alters heart phenotype, indicating that multiple genes in a
given region can contribute to the maintenance of normal cardiac function, and
the method of screening (deletions, deficiencies, RNAi), can give a variety of
results depending on the heterozygous phenotype of the disruption as well as
effectiveness of knockdown in the heart.
These data demonstrate that deficiency screening in adult Drosophila is a
valuable strategy to identify novel cardiomyopathy genes. Of interest for future
studies will be to determine the cellular mechanism of the cardiomyopathy
phenotype. Specifically we would like to determine if the different genetic
pathways produce similar cellular alterations leading to decreased contractile
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function, or perhaps there are separate mechanisms for contractile dysfunction
that can occur via disruption of separate cellular pathways.
The two intervals I found were through screening deletions covering 3MB
of the 22MB X chromosome, approximately 14%. This screening method
assumed that we will find haploinsufficient genes for cardiomyopathy, given that
most of the large deletions screened were heterozygous and the deletions
caused homozygous lethality. This assumption of haploinsufficiency, that one
copy of a gene is not enough to maintain proper cellular function of the protein,
was initially validated by the study of sarcomeric protein mutants in our
laboratory’s first study using OCT to examine Drosophila cardiac function, which
also provided a proof of principle that the fly heart can provide an model of
dilated cardiomyopathy using genes known to cause human heart disease.
Mutants of both Drosophila troponin I and tropomyosin displayed phenotypes in
both heterozygous and homozygous mutants [44]. While the troponin I gene is
on the X chromosome, this gene was not covered by any of the large deletions I
screened. δ sarcoglycan, also on the X chromosome but not covered by any
deletions that I screened, has also been studied and shown to be important for
Drosophila heart function. Our lab showed that overexpressing a human mutant
of δ sarcoglycan in the Drosophila heart can cause dilated cardiomyopathy,
recapitulating the human phenotype. Additionally, using excision mutants in the
Drosophila δ sarcoglycan gene, the endogenous gene was also shown to be
important for cardiac function in the fly [44, 71]. These studies indicated that
analysis of known human dilated cardiomyopathy genes can be recapitulated by
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disrupting the corresponding genes in the fly, and that heterozygous mutants can
also cause cardiac defects. Our screen, therefore, had the aim of finding novel
genes that can affect cardiac function, and we were pleased to find deletion
intervals causing cardiac phenotypes that did not contain any known sarcomeric
or structural proteins. Furthermore, our laboratory’s application of screening
techniques of large heterozygous deletions and OCT imaging of the heart, also
identified the novel genes and pathways of both Rhomboid3/EGFR and
Weary/Notch in this way, with mutants of these proteins recapitulating the
heterozygous phenotype of the original large deletions in which they were
identified [75, 96].
In a recent publication of an RNAi screen knocking down over 7000 genes
in the heart, a positive hit relied on stress induced death as an outcome for heart
failure. Of the genes screened, which were selected for potential mammalian
homology, 4.6% of genes were lethal when knocked down in the heart, and 6.2%
of genes were shown to cause a defect when knocked down in the heart [76].
Results from this screen created a global network of heart function from
pathways from direct RNAi hits as well as their binding partners and genes
shown to be developmentally lethal. While many of the ribosomal genes picked
up in my screening methods were included in the hits found in this screen, my
other genes of interest were not identified. Variations in these results could be
for several reasons, however the most likely is due to the phenotype used for the
screen. The difference in evaluating gene function by examining mutants for in
vivo heart parameters versus using heat to induce heart rate stress and death
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could result from different mechanistic pathways of heart failure. 28 of 77
ribosomal proteins were identified with this screen. Interestingly, most of these
28 ribosomal genes identified are definite or likely Minute genes [101]. Mutants
in Minute genes have decreased viability, however the mechanism of this is not
known. This is perhaps not surprising since in my heart specific knockdown of
RpS15Aa I also observed a nearly lethal phenotype, even without heat-induced
stress. We can therefore conclude that ribosomal protein gene expression is
important for heart function in terms of dilation of the heart chamber and for heart
function for viability of the fly.
One implication of the fact that many of my other genes which I have
found to cause dilated cardiac chamber size, but not picked up on the heat
induced stress screen, is the question that do flies really need efficient heart
function? We use dilated cardiomyopathy in the fly as an indicator of disease
due to our interest in the human disease which is known to be detrimental to the
health of humans. However it is unclear as to any other effects of
cardiomyopathy on the physiology of the fly. In my research the Minute stocks I
worked with were certainly weak and had decreased viability, however my other
interval Df(1)Exel6240 did not have any decrease in viability compared to wild
type stocks. It is known that drastic changes to the heart result in lethality of the
fly, however it remains unclear to what extend a dilated heart compromises a fly
enough to effect viability. The results from my work suggest that there is a
context dependence on the gene of interest, and that cardiomyopathy does not
necessarily result in tremendous weakening of the fly.
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Future directions and mammalian implications:
The broader aim of my dissertation work is to ultimately identify novel
genes that could lead to new treatments for human heart disease. The data
presented here represents a first step in the discovery of candidate genes to
pursue towards potential therapies for human disease. As discussed in Chapter
3, ribosomal proteins are highly conserved throughout species; additionally,
mutations in several ribosomal protein genes have already been determined to
cause human disease. Diamond Blackfan anemia has been shown to be
caused by mutation in several human ribosomal genes, and the phenotype is
seen in patients carrying only one copy of the mutant alleles. RpL19 is the most
commonly found ribosomal protein mutated in these patients, but mutations in
other ribosomal subunits are found in smaller subsets of patients. In humans,
Diamond Blackfan anemia presents with a variety of clinical severity, including
anemia and multiple congenital defects, and the phenotype of DBA is variable
even among patients with the same mutation in the same gene. There is some
correlation between some physical malformation phenotypes and certain
ribosomal protein genes such as RPL5 and RPL11 [168, 169]. DBA patients also
have a predisposition for cancer, which has been linked to the fact that several
ribosomal subunits can affect p53 signaling [114].
Efforts to characterize ribosomal mutations in the mouse have also led to
interesting observations. In an attempt to investigate the gene that in humans is
most often causative for Diamond Blackfan anemia, a RpL19 knockout allele was
produced, however despite the homozygous knockout being early lethal, no
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phenotype was found in the heterozygous mouse that would indicate a
hematologic abnormality [170]. This surprising result, that the heterozygous
knockout mouse did not recapitulated the human disease shown to be caused by
haploinsufficiency of human RpL19, points to potential variation in the regulation
of the compensation of gene expression in a heterozygous state, or to alterations
of possible extra-ribosomal functions between the mammalian species. Further
investigation of RpL19 resulted in the study of a mouse expressing a potential
dominant negative allele that is found in human patients. Many human disease
causing alleles of RpL19 are predicted to affect translation or stability of the
protein, however other disease- associated missense mutations have unknown
effects on the protein and are predicted to involve a dominant negative
mechanism [131]. A transgenic model of overexpression of a human mutant
gene with a disease-causing point mutation in RpL19 resulted in early embryonic
lethality with constitutive expression, and with a DBA-like phenotype with
conditional expression only later in development. These studies show that the
haploinsufficient disease of ‘ribosomopathy’ in humans is not easily necessarily
easily recapitulated in mice, and that even different alterations of the gene can
present a variety of phenotypes.
Additional complexity for ribosomal disease has been shown by tissuespecific effects of ribosomal protein mutations. This is one question posed by the
haploinsufficiency of Minute flies as well has the hematological phenotypes seen
in humans. Why are these tissues sensitive to the mutation, when the ribosomal
complex is thought to play a constitutive role in the cell? Recently, mutation in
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mouse RPL38 has been shown to be responsible for patterning defects during
development, and this mutation causes specific changes in protein expression
rather than a global alteration of translation [121]. It is known that ribosomal
proteins can have extra-ribosomal functions, but this example of tissue-specific
effects shows there can be dynamic regulation of individual ribosomal proteins.
A remaining question from our study of Minute mutations is why the heart would
be sensitive to haploinsufficiency of these genes. The heart could be sensitive to
changes in translational capacity of the cell, or there could be a heart specific
pathway that is specifically affected by these mutations.
The investigation of ribosomal mutations as modifiers of heart disease
models in the mouse could provide insight into the effect of decreased ribosomal
function on the progression of heart failure. Stressing the heart of mice
heterozygous for ribosomal protein genes by transaortic constriction to cause
pressure overload and hypertrophy, or by inducing myocardial infarction, and
comparing to the same procedure in wild type controls could provide some
indication if ribosomal proteins could be haploinsufficient with regards to heart
phenotypes in the mouse.
mTOR pathways, including a downstream increase in protein translation,
are part of hypertrophy of cardiac myocytes. Therefore it will be interesting to
determine the effect of ribosomal mutations on the heart response. Rapamycin,
as an inhibitor of mTOR, has been shown to inhibit hypertrophic responses in
vitro and in vivo, and therefore is a candidate for investigation for treatment of
heart disease [171]. The determination of the effects of genetic manipulation of
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ribosomal protein genes will complement the biochemical data showing the
importance of translational responses to pathological stress on the heart as well
as developmental processes.
The implication of my observation that haploinsufficiency of many
ribosomal genes in Drosophila can cause a cardiomyopathy correlates well with
the Minute phenotypes as a syndrome in Drosophila, however this work could
provide the opportunity to look for specific genes that cause or modify heart
disease in humans as well. Further characterization of heart phenotypes in
mammalian model systems as well as human patients could lead to interesting
insights of the role of ribosomal proteins in human heart disease. A challenge of
this hypothesis is the number of ribosomal protein genes, since a search for a
causative ribosomal protein allele for a particular disease would require
investigation into many genes, not just one candidate [172]. One advantage of
using Drosophila as a model for cardiomyopathy, is that if an mutation was found
that correlated with a human heart phenotype, we could easily test these alleles
from human patients by using transgenic constructs expressing human genes
and their mutants in the fly. This would provide a rapid indication of the effect of
the mutation on heart function in an in vivo system, and would provide some
indication if an allele found would be considered important for human heart
disease.
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As discussed in Chapter 4, the identification of uncharacterized gene
CG3226 as a causative gene for cardiomyopathy in the fly, also provides an
opportunity to explore new avenues for investigation of the gene in mammalian
models of heart failure or its possible role in human heart disease. Several
studies have looked at potential in vivo roles for the orthologue of CG3226, SiahInteracting-protein (SIP). Interestingly, one study had revealed an upregulation
of SIP in developing postnatal rat cardiomyocytes, as well as an upregulation of
SIP during hypoxia/reoxygenation stress in neonatal cardiomyocytes, indicating a
possible role for SIP in development, and a protective role of SIP during cardiac
stress [140]. However, subsequent characterization of the homozygous SIP
knockout mouse did not reveal any overt cardiac phenotypes [139]. Further
characterization of this knockout model using cardiovascular stress protocols
could reveal a role for SIP in the effects of heart disease. Given the results of the
hypoxia/reoxygenation study showing a protective role for SIP, it would be
particularly interesting to investigate the effect of myocardial infarction on the SIP
knockout mice.
Human SIP/Cacyclin-binding protein is expressed in the heart [149],
therefore alterations in expression of this protein could have potential effects on
human heart function. At Duke we have access to human genomic DNA
samples from thousands of heart failure patients and control patients. Therefore
we could screen for polymorphisms associated with cardiac disease by
sequencing genomic DNA from the heart disease patients and normal controls,
and association studies of the identified gene polymorphisms could be performed
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to determine if a particular variant is correlated with heart failure. Additionally, we
could test any polymorphisms found by transgenically putting the human allele
into the fly to determine if particular variants of the gene may be causative for
heart phenotypes in the fly.
I determined that disruption of Armadillo signaling in the heart leads to
important phenotypes in the adult Drosophila heart. While β catenin signaling
has shown to be important for many tissues in the body, most of the mutations
identified in human samples have been in various cancers [173]. Since β catenin
has been identified as important for heart development and alteration of heart
disease phenotypes, it will be informative to screen human samples for mutations
within the β catenin gene as well as other members of the pathway. Of interest
would certainly be any mutation that did not cause any significant congenital
defect, but then had an effect on the response to hypertrophic signaling in
cardiac myocytes, showing an effect in the post-developmental heart.
The continued pursuit of the genes and pathways discussed in my
dissertation will hopefully lead to a more extensive knowledge of the genes that
regulate Drosophila heart function, as well as the potential to translate these
finding into novel strategies or the identification and treatment of human heart
disease.
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