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The heart is the first organ to form in the embryo to support the growing
need for oxygen and nutrients. To form correctly, this vital organ requires a high
degree of regulation. Thus far, almost every known form of regulation that the
mammalian cell has evolved is utilized in the proper development of the heart.
Because the heart is so highly regulated, there are many steps at which a wrong turn
can be made, leading to congenital cardiovascular malformations, which occur in
one percent of all births and are the leading non-infectious cause of death in the first
year of life.

The majority of genes known to be involved in cardiogenesis in mammals are

grouped at nodes which control many simultaneous aspects of differentiation,
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morphology, and heart size. This thesis work will discuss three separate lines of
inquiry into cardiogenic nodes in mammalian heart development. The first deals
with post-translational regulation of the Myocardin-dependent transcriptional node.
The second story delves into the role of the Notch signaling pathway in human
disease and how Notch regulates Myocardin and its downstream target gene,
microRNA-1. The final account looks into regulation of protein translation through

microRNAs in the heart with emphasis on microRNA-1-2.
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CHAPTER 1. INTRODUCTION TO HEART DEVELOPMENT:

The heart is the first organ to form in the embryo, pumping blood by three weeks
of gestation when adequate nutrients and oxygen can no longer be provided to the
developing fetus by simple diffusion. Cardiogenesis is a complex process involving
multiple cell types and appears to be highly susceptible to perturbations, which result in
malformations of the heart. In humans, the resulting congenital cardiovascular
malformations (CCVM) have been reported to occur in approximately 8 out of every
1,000 live births (1), but this is likely an underestimate. The most common form of
CCVM, bicuspid aortic valve (BAV) is present in about 1-2% of all neonates, but is
generally excluded from estimates of CCVM since it is asymptomatic in childhood.
However, BAV often causes significant heart disease later in life (2). Overall, CCVM
remains the leading non-infectious cause of mortality in the first year of life (3).

Despite these statistics, advances in neonatal diagnosis and surgery in the past few
decades have reduced the morbidity and mortality for many CCVM (4). As a result, an
increasing number of survivors are reaching childbearing age and may be at risk for
transmitting disease at a higher frequency than the general population. A better
understanding of the molecular and genetic mechanisms involved in cardiogenesis and
CCVM could lead to future diagnostics aimed at identifying populations at greater risk
for having offspring with CCVM and ultimately towards therapies to prevent the

occurrence of CCVM.



CRITICAL EVENTS IN CARDIOGENESIS AS RELATES TO DISEASE:

Due to the complexity of development, this discussion will briefly review of
cardiac morphogenesis focusing on its relationship to diseases discussed herein. A more
complete review of heart development can be found in recent reviews (5-7). Clinical
reference books provide a more thorough description and visualization of the CCVM
described (8).

Heart Tube Formation

The heart begins forming by the second week of human gestation when a crescent
of mesoderm tissue commits to the cardiac lineage and differentiates into two distinct
pools of progenitors known as the first heart field (FHF) and second heart field (SHF). By
human embryonic day 21-23, this cardiac crescent tissue fuses at the embryonic primitive
streak to form a beating heart tube. Positioned at either end of the heart tube are the
outflow tract (OFT) and inflow tract (IFT). The OFT will eventually differentiate into the
aorta and pulmonary arteries while the IFT will become the atrioventricular canal. As the
heart tube begins to beat, SHF cells migrate from the pharyngeal mesoderm into the
anterior part of the tube (reviewed in (9)). As the SHF migrates in, the future atria at the
posterior end of the tube begin to kink and twist towards the left side of the embryo in the
first display of left-right chirality. At about the 6" week of human development, after
heart looping, cardiac neural crest cells (CNC) migrate from the neural tube into the OFT
and pharyngeal arches and are involved in patterning the aortic arch and in septation of
the OFT. While the cardiac cell lineages are well understood, the mechanisms underlying

subsequent morphogenetic events are complicated and remain to be elucidated.
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Figure 1: Mammalian Heart Development. Oblique views of whole embryos and frontal
views of cardiac precursors during human cardiac development are shown. (First panel)
First heart field (FHF) cells form a crescent shape in the anterior embryo with second
heart field (SHF) cells medial and anterior to the FHF. (Second panel) SHF cells lie
dorsal to the straight heart tube and begin to migrate (arrows) into the anterior and
posterior ends of the tube to form the right ventricle (RV), conotruncus (CT) and part of
the atria (A). (Third panel) Following rightward looping of the heart tube, cardiac neural
crest (CNC) cells also migrate (arrow) into the outflow tract from the neural folds to
septate the outflow tract and pattern the bilaterally symmetric aortic arch arteries (II1, IV,
and VI). (Fourth panel) Septation of the ventricles, atria, and atrioventricular valves
(AVV) results in the four-chambered heart. V, ventricle; LV, left ventricle; LA, left
atrium; RA, right atrium; AS, aortic sac; Ao, aorta; PA, pulmonary artery; RSCA, right
subclavian artery; LSCA, left subclavian artery; RCA, right carotid artery; LCA, left
carotid artery; DA, ductus arteriosus. (Borrowed with permission from Srivastava, Cell
2006 (REF), image by K.R. Cordes)

Septal Morphogenesis

In the final stages of cardiac morphogenesis, a complex parallel series of
remodeling events occur to align the IFT and OFT of the heart with their corresponding
chambers. During this time the cardiac septae also develop to divide the heart into four
distinct chambers. Atrial septal defects (ASD) occur when either the primum or

secundum septum does not fully form, creating a shunt for deoxygenated and oxygenated

blood to mix inappropriately between the atria. The interventricular septum, on the other



hand, is made up of muscular, membranous, and conotruncal components. Like ASD,
ventricular septal defects (VSD) can result from incomplete proliferation of
cardiomyocytes in the muscular septum and it is interesting that a subset of muscular
VSD and some ASD close spontaneously after birth. The membranous portion of the
interventricular septum is responsible for separating the chambers at the crest of the
septum, just below the aorta and pulmonary arteries. Similarly, the conotruncal septum is
derived from a muscle bundle separating the aorta and pulmonary arteries that normally
aligns with the muscular septum. Conotruncal septal defects typically arise from
misalignment of the conotruncal septum with the muscular septum and therefore do not
have the potential to close spontaneously. Finally, the atrioventricular canal cushions can
be malformed, resulting in an atrio-ventricular septal defect (AVSD) that allows
communication between both atria and both ventricles.

Outflow and Inflow Tract Morphogenesis

After the common OFT divides in a neural crest-dependent fashion into the two
great arteries, the vessels rotate to connect to their respective ventricles, with the aorta
connecting to the left ventricle and the pulmonary artery to the right ventricle.

The OFT and part of the IFT are also the precursors for all four cardiac valves,
which are necessary for unidirectional blood flow. The valves are thin fibrous tissue that
can open and close in a precise and flexible manner. The valves first develop at the
border between either the OFT and ventricle or the IFT/atria and the ventricle (10).
Extracellular matrix invades into these border zones between the endocardium and the
myocardium, creating “cushions” that are the first visible structure that will give rise to

the valve tissue. The myocardium then releases signaling factors that trigger the



endocardium to transdifferentiate into mesenchymal tissue (EMT) and then invade the
cardiac cushion extracellular matrix. In a poorly understood process, the valve tissue then
undergoes remodeling to form the mature valve. The mesenchymal cells proliferate and
presumably differentiate into the fibroblasts that will compose the valves. Finally, the
hypercellular valve tissue is remodeled, partially by apoptosis, into the mature, thin, valve
leaflet (10).

Thickened valve leaflets cannot properly open and close and are one of the most
common forms of childhood valvular disease. Thickening in any one of the four valves
can result in a narrowing of the valve opening (stenosis) or allow blood to regurgitate
across the valve. Severe thickening can result in complete obstruction across a valve as
seen in hypoplastic left heart syndrome (HLHS) and pulmonary atresia. These conditions
may result from excessive proliferation of valve cells or incomplete apoptotic loss during
leaflet remodeling.

Cardiac Conduction Development

While vital for correct heart function, relatively little is known about the
differentiation of the cardiac conduction system (reviewed in (11)). Work from model
organisms is beginning to elucidate the conduction system lineages and genes necessary
for their formation, but the cardiac conduction cells are specialized cardiomyocytes that

are electrically coupled and have quicker rates of spontaneous contraction (12-14).

CONGENITAL CARDIOVASCULAR DISEASE GENE DISCOVERY
Due to the multifactorial nature of the disease, the etiologies of CCVM in humans

are largely unknown. There are known environmental components, which have been



revealed from the increased risk of CCVM when a fetus is exposed to teratogens such as
alcohol or anti-epileptic drugs early in pregnancy (15,16). Over the past decade of a
number of single gene mutations that cause many forms of CCVM have revealed a
significant genetic contribution as well. Many of these highly informative mutations were
identified through the study of syndromes where multiple organs are affected. These
syndromes are reviewed below (Table 1).

While these syndromes have helped elucidate some of the mechanisms of CCVM,
the majority of CCVM occurs in isolation of any other organ malformation. Since 1998, a
small number of genes have been linked to CCVM by performing linkage analysis on
large families that have a clinical history consistent with autosomal dominant inheritance.
There are also a number of other genes that may be risk factors for isolated CCVM from
smaller preliminary studies that are not discussed here (Table 2).

Even though these families have provided clear evidence that single genes can
cause isolated CCVM, most cases of CCVM are sporadic, in that there is no immediate
family history. Recent work suggests that most of these sporadic CCVM are
multifactoral with no single gene being totally responsible (47). As work with NKX2.5
suggests, some of these sporadic cases will be due in part to mutations in NOTCHI,
JAGGEDI1, GATA4, MHC6, or TBXS, but each will probably account for less than 5%
of CCVM (40-42,63-66). Due to the scarcity of pedigrees that lend themselves to
forward genetic screens, new approaches will probably have to be taken to discover the
other genes involved in human CCVM. A good example was the recent evidence that
three copies of the mouse DSCR1 and DYRK 1a genes, which are located on human

chromosome 21, result in dysregulation of NFATc activity, which could then be



responsible for the CCVM seen in Down syndrome; while compelling, direct causality in
humans still needs to be shown (67). Because of this, more work will need to be done to
discover the common genetic polymorphisms that confer risk for sporadic CCVM. In the

post-genomic era, the discovery of such risk factors may now be possible.
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Haplotype Mapping of CCVM

The HapMap project (68) has identified 10,000,000 single nucleotide
polymorphisms (SNPs) that occur in at least 5% of the general population and can be
used to identify common variants associated with complex traits. Because genetic
recombination is relatively rare and not uniform across the entire genome, there are SNPs
that are in close proximity that will be inherited as blocks or haplotypes. The HapMap
project identified a core group of 500,000 common SNPs that describe the haplotypes of
most of the genome in four different ethnic groups. Using this core list, one could
investigate cohorts of CCVM patients and controls to determine which haplotypes occur
more often in the disease state. However, hundreds, maybe even thousands, of patients
will be necessary to determine which haplotypes are subtle risk modifiers and could
ultimately overlook the most deleterious risk factors that occurs in less than 5% of the
general population (69).
Copy Number Variation in Chromosomal Sub-centimorgan Duplications/Deletions

The incorporation of gene copy number as a potential genetic risk factor may also
be important as it is becoming clear that relatively small genetic duplications or deletions
may segregate with disease (70). Improved genome-wide bacterial artificial chromosome
(BAC) and oligonucleotide arrays will allow broader and more detailed screening for
such events. A combination of copy number evaluation with genome-wide SNP

associations may ultimately begin to reveal the genetic basis for common forms of

CCVM.



Candidate Gene Screen

Knowledge from model organisms could help elucidate the molecular
mechanisms underlying CCVM by allowing a shift from forward genetic positional
cloning of human pedigrees to reverse genetic screens of candidate genes. Over 150
genes have been implicated in the cardiogenesis of model organisms so far, and the
number continues to grow. From these candidates there is a clear bias for genes that act

as nodal points that can affect the expression or activity of many genes simultaneously.

REGULATORY NODES IN CARDIOGENESIS
Transcriptional Nodes

The classical central dogma of molecular biology places “DNA transcription into
mRNA” as the primary point where cellular components are produced. Transcription
factors, proteins that bind to DNA and activate the transcription of nearby mRNAs, can
be responsible for transcribing dozens if not hundreds of genes as parts of gene networks
or programs in temporal or spatial patterns. If either the DNA or the DNA binding protein
is mutated then part or all of a gene program may be disrupted or brought to a complete
halt. Not surprisingly, many of the genes that have been linked to CCVM in humans and
in model organisms regulate transcription either directly or indirectly.
TBX5 and Holt-Oram Syndrome

Holt-Oram Syndrome (HOS) leads to limb anomalies and cardiac defects that
include ASD, TOF, and atrioventricular conduction defects. Haploinsufficiency of 7TBX5
causes HOS and was the first single gene mutation described to cause human septation

defects (71,72). Individuals with HOS can display broad phenotypic variability,



sometimes having severe CCVM with subtle hand abnormalities, or vice versa. TBX5
missense mutations can lead to defects of either the limbs or the heart depending on the
domains affected (63). This has also provided an avenue for delineating the targets of
TBXS5 that give rise to the CCVM versus the hand abnormalities, such as Connexin 40,
which may underlie the conduction defects in HOS (13).
NKX2.5

Linkage of four families with histories of ASD and atrioventricular conduction
block to mutations in NKX2.5 was the first example of single gene mutations causing
non-syndromic CCVM (73). NKX2.5 sequence variants have also been found in sporadic
CCVM, although the contributions of these variants to the disease phenotype remains
uncertain (40-42,65,66). Subsequent studies of Nkx2.5 in mouse models suggests that
the conduction defect may be due to progressive loss of specialized conduction cells at
the atrioventricular node and therefore familial ASD populations may benefit from
periodic electrophysiologic monitoring (74).
GATA4

Another cause of septal defects (ASD, VSD, and AVSD), without conduction
abnormalities, was identified in two families that had mutations in the GATA4
transcription factor (75). One of the families harbored a frameshift mutation with a
premature stop codon that probably resulted in non-sense mediated decay of the mRNA.
The second family had a missense point mutation, Gly295Ser, that affects a residue
evolutionarily conserved from humans to yeast. Investigation of potential protein-protein
interactions based on the common phenotype observed in humans with GATA4, TBXS or

NKX2.5 mutations revealed that GATA4 not only binds to TBXS, but that GATA4
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Gly295Ser specifically disrupted this interaction. Strikingly, human mutations in TBX5
also disrupted interactions with GATA4 and NKX2.5. This provided evidence that a
transcriptional complex including all three proteins may be necessary for proper septation
of the human heart.
Translational Nodes

Most of the last two decades in human disease research has focused on
transcriptional regulation. The recent discovery of a novel mechanism for translational
regulation that utilizes small non-coding RNAs, microRNA (miR), has opened a whole
new avenue for study. Thus far, only a handful of microRNAs have been shown to affect
heart development (75) (mir133 DZ Wang 2005) and in humans no genes that regulate
translation have yet been linked to CCVM. On the other hand, changes in microRNA
expression has been characterized in multiple human disease states, including cardiac
hypertrophy (76), which makes them tantalizing candidates for CCVM as well.
Furthermore, multiple microRNAs have been characterized that target many of the same
nodes that are disrupted in human disease (75,77). To determine which microRNAs
should be treated as candidates for sequencing, it will be necessary to analyze their
expression pattern and function in vitro and in model organisms (78). Many tools that
were developed for the study of transcriptional node regulation are easily modified to the
study of microRNAs and the validation of their targets (75) (79) although the prediction
of which microRNA targets to focus on remains a difficulty for the field (75,80-82).
Post-Translational Nodes

Organogenesis requires finely regulated coordination of many cellular and

extracellular cues. The signaling pathways that recognize and transduce the appropriate
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response to these cues will many times carry out their program by post-translationally
regulating various transcription factors. Signaling pathways for cardiogenesis have been
shown to utilize post-translational modifications, such as adding phosphate, lipid, or even
protein adducts. Other times the signaling effectors will translocate to different cellular
compartments (i.e. the nucleus, etc.) to form larger order complexes, such as the mediator
for activating transcription.

Notch Pathway Signaling in Alagille Syndrome and Outflow Tract Defects

Alagille Syndrome is a complex disease characterized by liver disease, pulmonic
artery stenosis (PS), and occasionally tetralogy of Fallot (TOF) (83,84). Mutations in
JAGGEDI1 (JAG1), a transmembrane ligand for the Notch family of receptors, are found
in most cases of Alagille syndrome (33). Not surprisingly, mutations in the NOTCH2
receptor were also recently found to cause Alagille Syndrome in patients that lacked
Jaggedl mutations (34). Together, mutations in Jagged1 and Notch2 account for nearly
75-95% of all cases of Alagille Syndrome.

The most recent gene linked to isolated CCVM also belongs to the Notch signal
transduction pathway. A family with a history of OFT defects, predominately BAV
and/or early-onset aortic valve calcification was linked to chromosome 9q34-35.
Premature stop codons in the NOTCHI gene were found to segregate with the CCVM in
this family and a second unrelated family with a similar phenotype (85).

Given that three genes involved in Notch signal transduction have been
implicated in the proper development of the mammalian outflow tract, it seems likely that
other members of the Notch pathway may also be responsible for OFT and valvular

CCVM. Since HRT1 and HRT2 mediate the Notch signal [50], they may function as
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genetic modifiers for OFT defects such as BAV, pulmonic stenosis (PS), aortic stenosis
(AS), or even sporadic TOF.

RAS/RAF/MAPK Signal Transduction in the Noonan Syndrome Family (Cardio-
Facio-Cutaneous, Costello, and Noonan)

Three syndromes with many overlapping clinical symptoms have revealed a
signal transduction pathway controlling formation of the pulmonary valve. Mutations in
the PTPN11 gene, encoding the protein phosphatase Shp2, were linked to Noonan
syndrome, characterized by a thickening of the pulmonary valve leading to stenosis (23).
Patients with Noonan Syndrome may also have characteristic facial features and chest
deformities. Two other syndromes, Cardio-Facio-Cutaneous syndrome and Costello
syndrome, have similar clinical features but no mutations in PTPN11 could be linked to
them (24,86). One of the known roles of Shp2 involves the RAS/MAPK pathway, and
mutations in the RAS inhibitor, NF1, have been associated with patients with clinical
symptoms of Noonan and neurofibromatosis (25,26). In vitro studies of Noonan
syndrome mutations also found an increase in the MAPK/RAS signal transduction
pathway (87,88). Additionally, mice with PTPN] mutations exacerbated the valve
defects induced by hypomorphic epithelial growth factor alleles, which also affect
RAS/MAPK signaling (89).

Consistent with this, mutations in MEK1/2 (27), K-RAS (28), and B-RAF (28),
have recently been associated with CFCS, and mutations in H-RAS were observed in
Costello syndrome (29). However, K-RAS mutations were also recently discovered in
patients with Noonan syndrome (30), suggesting that there may be genetic overlap

between Noonan syndrome and CFCS. Given that valve stenosis can require multiple
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surgical interventions throughout life, and that the MAPK/RAS pathway has already
being studied as therapeutic targets for certain cancers, there could be a potential for non-
surgical therapies for patients suffering from cardiac valve stenosis by targeting these

oncogencs.

CONCLUSIONS

Using the genes discovered in the syndromes and large families, a few, small
scale, candidate-gene-screen trials have already searched for mutations in patients with
no family history of CCVM. These screens, focusing on 4-10 genes, have thus far found
that mutations are relatively rare in individual genes, suggesting that the number of
candidates needs to be increased (90,91). On the other hand, the number of genes known
to play a role in cardiogenesis continues to grow, so any sequencing effort will need to
update their lists often. Traditional Sanger-reaction derived sequencing will probably
have to focus only on exonal coding sequence and nearby extend to intragenic introns and
intergenic enhancers/promoters. Newer methods of sequencing, such as the platforms
offered by Illumina and 454 will allow high throughput sequencing to search more and
more genes with less starting material. As the cost of sequencing continues to follow
Moore’s Law and gets below the $1,000/genome range, this type of candidate screen will

become increasingly tractable for the evaluation of complex traits like CCVM (92).
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CHAPTER 2. HUMAN SEQUENCE VARIANTS ARE ASSOCIATED WITH
OUTFLOW TRACT DEFECTS AND REVEAL MYOCARDIN
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ABSTRACT

Congenital cardiovascular malformations (CCVM) occur in nearly 1% of births
worldwide, but to date only a handful of genes have been linked to human CCVM. In a
search for novel CCVM mutations in candidate heart development genes we identified
two human sequence variations in Myocardin (MYOCD). These variations resulted in a
missense mutation at 1) codon 259 (K259R) or 2) codon 647 (Q647H). Genotyping of
multiple patient cohorts revealed that the Q647H variation was enriched in patients with
thickened/stenotic outflow tract valves, but that the K259R variation was too rare to
determine association.

Myocardin (MYOCD) is a transcriptional coactivator that promotes cardiac or
smooth muscle gene programs through its interaction with myocyte-enhancing factor
(MEF2) or serum-response factor (SRF).

Both the K259R and Q647H variations created hypomorphic cardiac isoforms in
in vitro reporter assays. Q647H resulted in attenuated transcriptional coactivation, but
had no effect on interactions between MYOCD and SRF. In silico sequence analysis
suggests that Q647H is near two potential phosphorylation sites for the mitogen activated

protein kinase (MAPK) and/or glycogen synthase kinase 3 beta (GSK3f). Mutations in
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the three serines nearest to Q647 revealed a potentially phospho-dependent activating
signal at the two predicted kinase recognition sites. Preliminary results suggest that
Q647H disrupts a GSK3p—dependent activation signal that may be dependent on priming
by a MAPK.

The K259R variation created a hypomorphic cardiac isoform with impaired SRF
binding but did not impair the smooth muscle isoform of MYOCD, which lacks the
amino terminus. The cardiac-specific amino terminus (MHD) acted in an autoinhibitory
fashion to bind and repress SRF-dependent MYOCD activity in vitro. Consistent with
these results, MYOCD-K259R had a greater response to amino terminus—dependent
inhibition. The amino terminus was also sufficient to impair MY OCD-dependent
fibroblast conversion into smooth muscle cells as well as cardiomyocyte hypertrophy.
Furthermore, the K259R mutation resulted in hyperacetylation of the MYOCD protein by
the p300 histone acetyltransferase. Overexpression of p300 was found to relieve MHD-
dependent autoinhibition of MYOCD through a disruption of the intramolecular
interactions between the MHD and MYOCD.

These findings identify novel mechanisms that regulate levels of MYOCD-
dependent activation of the SRF gene program and may have implications for human

congenital cardiovascular malformations.

INTRODUCTION
The majority of patients with CCVM have sporadic disease, with no immediate
family history of CCVM. Furthermore, CCVM is a multifactorial disease with many

contributing genetic factors (93,94). As such, classic genetic linkage analysis is highly
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unlikely to reveal genetic etiologies that have only minor contributions to the resultant
phenotype. Over 100 candidate genes are known to play a role in heart development
based upon expression analysis and genetic manipulation in model organisms.
Myocardin (MYOCD) was the first recognized member of a family of
transcriptional coactivators that bind to serum response factor (SRF) to activate cardiac or
smooth muscle gene programs (95). SRF-dependent activation of MYOCD is dependent
upon the ratio of SRF to MYOCD, and disproportionately high levels of SRF lead to
reduced MYOCD activity reminiscent of inhibitory feedback (95). The two other
MY OCD-related transcription factors (MRTF), MRTF-A (also known as MAL, MKL1,
or BSAC) and MRTF-B (MKL2), also co-activate SRF but to different extents (96) (rev.
in (97-99). All three members of the MYOCD family are coexpressed in the developing
myocardium and in distinct populations of smooth muscle cells (100-102). In mice,
targeted deletion of the SRF interaction domain in MYOCD or MRTF-B led to early
embryonic lethality from cardiovascular defects, apparently due to insufficient smooth
muscle specification in the distal aorta or outflow tract (100,101). Conditional deletion
of MYOCD from smooth muscle derived from the cardiac neural crest lineage resulted in
neonatal lethality due to outflow tract defects, including patent ductus arteriosus (103).
Cardiac and smooth muscle both express MYOCD, but the smooth muscle
isoform (MYOCD*M"P) lacks part of the MYOCD homology domain (MHD) (104). The
MHD, found in the amino terminus of cardiac MYOCD, contains three RPEL motifs that
regulate actin-dependent nuclear localization in MRTF-A/B but not in MYOCD (105).
While MYOCD is constitutively nuclear, its MHD contains a binding site for myocyte-

enhancing factor 2 (MEF2), which activates portions of the cardiac gene program that are
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distinct from the SRF-dependent program (104). MYOCD’s SRF binding motif is similar
to that in ELK1. In cardiac muscle, ELK1 and MYOCD compete for binding to SRF
(106), but the mechanisms that regulate MYOCD-SRF interactions or the SRF dose-
dependent decrease in MYOCD activity are unknown.

MYOCD is a potent inducer of cardiomyocyte hypertrophy and dominant
negative MYOCD, lacking the transactivation domain, can inhibit a variety of
hypertrophic stimuli (107). Furthermore, these hypertrophic stimuli are able to activate
the MYOCD protein post-translationally, but through an unknown mechanism (107). The
hypertrophic response in cardiomyocytes can be inhibited by activation of the GSK3b
kinase, which directly phosphorylates MYOCD (108). It is unknown whether
hypertrophic stimuli activate MYOCD solely by inhibiting GSK3f or through other
unknown post-translational modifications (109). Multiple members of the MAPK family
of kinases also are involved in the hypertrophic response. Phenylephrine is able to induce
hypertrophy through the extracellular response kinase (ERK) 1/2 but the stress activated
kinase, p38a, is able to inhibit hypertrophy both in vitro and in vivo (110).

Here, we describe one uncommon and one rare missense mutation that we
discovered in the gene encoding MYOCD of three patients with pulmonary or aortic
valve stenosis. Both mutations resulted in hypomorphic cardiac MYOCD. One mutation,
Q647H, was statistically associated with cardiac outflow tract defects, predominately
aortic and pulmonic valve stenosis. Q647H disrupts a kinase-dependent activation motif
between amino acids K644 to P653. The other mutation, K259R, despite creating a

DAMHD

hypomorphic cardiac isoform, did not affect activity of MYOC . In exploring the

mechanism, we found that the amino terminus regulated MYOCD activity in an
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autoinhibitory fashion by binding to MYOCD and disrupting SRF-dependent activation.
This autoinhibition was more pronounced in the MYOCD K259R mutant and was
regulated by p300-dependent MYOCD acetylation. These findings suggest a novel

mechanism for regulation of MYOCD activity in vivo.

MATERIALS AND METHODS

Plasmid Construction—FLAG-MYOCD truncations, atrial natriuretic
factor—luciferase (ANF-Luc), and smooth muscle 22 —luciferase (SM22 -Luc), were
kindly provided by Eric Olson, University of Texas Southwestern Medical School,
Dallas, TX and have been described (95). MHD truncations were created by PCR
amplification of MYOCD cDNA with added 5’ end Notl and 3’ end Xbal restriction
enzyme sites. K259R, R71R115>AA, and D130E135>AA were mutated with the
Quickchange II kit (Stratagene), according to the manufacturer’s instructions. All
mutations were confirmed by sequencing. Primer sequences are available upon request.

Cell Culture and Transfections—Cos-1 cells (American Type Culture Collection)
were maintained and passaged as described (111). Transfections were carried out in 12-
well dishes, unless otherwise indicated. Cells were transfected with 50 ng of each
reporter plasmid and 100 ng of each cDNA for 40-44 h and harvested in Passive Lysis
Buffer (Promega). Total amounts of DNA were kept constant with corresponding
expression vector without a cDNA insert. A CMV-LacZ plasmid was cotransfected for
internal transfection efficiency control (95). Western analysis was performed for all
transfected proteins to ensure equal expression. Luciferase assays were performed with a

PerkinElmer Victor3 plate reader as described (111).

19



CH310T1/2 cells (American Type Culture Collection) were maintained and
passaged as described, except that the plates were coated with 1% gelatin for 30 min
before passaging (112). Transfections were performed with FuGene6 (Roche), according
to the manufacturer’s instructions. Twenty-four hours after transfection, the cells were
switched to Dulbecco’s modified Eagle’s medium containing 2% horse serum. Seven
days later, immunocytochemistry and quantitative real-time (RT) PCR (Tagman, Applied
Biosystems) were performed. For each experiment, 500 ng of each cDNA was used for
each well of a six-well plate. A CMV-eGFP plasmid (100 ng, Amaxa) was cotransfected
as an internal control for transfection efficiency. Cells were transfected and counted
double-blind. Conversion efficiency was calculated as the number of SM-_-actin-positive
cells divided by the number of GFP-positive cells.

Primary cardiomyocytes were harvested from 0-2-day-old Sprague-Dawley rats
as described (107) with minor modifications. The cardiomyocytes were enzymatically
separated with 1 mg/ml pancreatin, plated on 0.1% gelatin-coated dishes, and infected 1
day later with lentivirus (pLenti6 Gateway System, Invitrogen) overexpressing protein
under control of the EF1 promoter. Twenty-four hours later, phenylephrine (PE) was
added to the medium (final concentration, 20 uM.) Forty-eight hours after infection,
immunofluorescence and quantitative RT-PCR were performed. Area calculations of the
alpha-actinin-positive cells were made using Image-Pro 5.0 software; control cells
without PE were set at an arbitrary value of 100 then each condition were set
proportionate to the control cells. Cardiomyocyte infection and area calculations were

performed double-blind.
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Quantitative RT-PCR—Whole RNA was purified with TRIreagent (Applied
Biosystems), treated with DNAfree DNAse (Ambion), and synthesized into cDNA with
poly-dT primers (Superscriptase III kit, Invitrogen), according to the manufacturer’s
instructions. RT-PCR was performed with Applied Biosystems 2X master mix and
Tagman primers (see Supplemental Table S1) as described (111). Analyses were
performed using the 20*“Y method.

Protein Interaction Assays—Coimmunoprecipitation (Co-IP) and electromobility
shift assays (EMSA) were performed as described (95). For Co-IP, 1 ug of FLAG-
MYOCD and 100 ng of hemagglutinin-tagged SRF were transfected, and harvested 40
hours later. For EMSA, protein was translated from 1 ug of each plasmid with the
Promega TnT kit. An oligonucleotide containing the c-fos CArG box (95) was >*P-
labeled with the Roche high-prime labeling kit.

Immunocytochemistry and Western Blot—Immunocytochemistry and Western
analysis were performed as described (111). Antibodies were diluted as follows: mouse
anti-SM-_-actin (Sigma), 1:1000; mouse anti-alpha-actinin (Sigma), 1:200; mouse anti-
FLAG (M2, Sigma) 1:5000 (Western) or 1:500 (immunocytochemistry); and mouse anti-
Myc (9a7, Santa Cruz Biotechnology), 1:1000. FITC- or TRITC-conjugated goat anti-
mouse secondary antibodies were used for immunocytochemistry, and alkaline
phosphatase-conjugated goat anti-mouse or goat anti-rabbit antibodies were used for
Western analysis (Jackson Immunologicals).

Knock In Strategy—Children’s Hospital Oakland Research Institute BACs
(BPRC, Library RPCI-22 #382-17B and #416-6H, derived from 129/Sv6 mice

(100,101)) were obtained for chromosome eleven that contain the mouse Myocardin
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gene. A 10 kilobasepair portion of Myocardin that spans exons 7-10, was obtained by
enzymatic digestion of the BACs with EcoRI, which was subsequently ligated with an
EcoRI digested pBluescript2 KS+ vector. The ligated plasmids were transformed into
chemically competent E.Coli (One Shot TOP10, Invitrogen). Colonies were screened for
exon 8 of Myocardin and then sequenced to confirm correct DNA sequence for the entire
10 Kb genomic region. K259R and an Avrll restriction enzyme site were introduced into
exon 8 by PCR sewing mutagenesis followed by ligation to insert the mutated exon 8 into
the targeting vector. A LoxP-Neomycin-LoxP resistance cassette (from the pDelboy 3
plasmid, kind gift of Olson lab) was inserted 1.5 Kb downstream of exon 8 into a Pacl
site in the midst of an evolutionarily non-conserved intronic region. Vector linearization
was performed using either Sspl or the Nhel and ApalLl restriction enzymes, followed by
agarose gel purification of the approximately 8 Kb digested band. Electroporation of the
DNA into E14 ES cells (derived from 129/0Ola mice), growth and picking of ES colonies
in selection media, and DNA purification from ES colonies has all been described
previously (113). Southern blot analysis was performed as previously described
(100,101) on DNA from ES colonies digested with EcoRI and BgllI. Probes for southern
analysis were a kind gift from DaZhi Wang (UNC Chapel Hill, (100,101)). Wildtype

bands were 10 Kb, while targeted ES cells are 7 Kb 5° bands and 5 Kb 3’ bands.
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RESULTS
Sequence Variants in the MYOCD Gene in Patients with Congenital Cardiac
Malformations

To bypass the limitations of using reverse genetics for genetic linkage in our
cohort of CCVM patients with no family history of disease, we decided to use a forward
genetic candidate gene screen. At the time of our study’s inception, approximately 100
genes were known to play a role in heart development based upon expression analysis
and genetic manipulation in mammals (Mus musculus), avians (Gallus gallus),
amphibians (Xenopus laevis), fish (Danio rerio), and invertebrates (Drosphila
melanogaster). An initial sequencing screen was performed of every known exon for
these 100 candidate genes in 60 patients (Garg et al., in preparation). From this
sequencing, 3 patients were found to harbor sequence variations in the MYOCD gene’s
coding sequence (GenBank Accession No. AF532596). Two of the patients (one Asian,
and one Caucasian) had G>C mutations at coding sequence residue 1943. This resulted in
a change at the wobble position of codon 647 (G1941C, Fig. 2.1C) of Glutamine to
Histadine (Q647H). The other patient (Hispanic) had an adenonsine-to-guanosine
mutation at residue 776 that resulted in an arginine substitution for a highly conserved
lysine at codon 259 (A776G, Fig. 2.1B). Each patient had thickened aortic or pulmonic
valve leaflets that resulted in valve stenosis (narrowing of outflow across the valve).
Neither of these mutations were present in 300 control chromosomes that were sequenced
along with the patients. Sequence alignments show that both K259 and Q647H are
evolutionarily conserved from all known mammals and in avians (Fig. 2.1D,E),

suggesting that both residues are under selective pressure and may be important for
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MYOCD function. K259R is also conserved in MRTF-A, but MRTF-B contains an
arginine at the corresponding codon (R288, Fig. 2.1D). In in vitro assays, MRTF-B is less
active than MYOCD or MRTF-A on most promoters (96). This appeared to be a
statistically rare confluence based upon the many varieties of CCVM present in the
cohort of 60 patients and the number of genes that were sequenced.

We next determined if either of the two sequence variations were present in other
patient cohorts. Tagman SNP assays (Applied Biosystems) were designed for K259R and
Q647H. Four separate patient cohorts were tested including, (1) 207 patients with various
CCVM from UT Southwestern, Dallas, Tx, (2) 1152 members of the Reynolds
Population from UT Southwestern, Dallas, Tx (which includes patients with adult onset
valve calcification), (3) 47 patients with Aortic valve stenosis from Dr. Paul Grossfeld
(UC San Diego), San Diego, Ca, (4) 267 patients with adult onset valve calcification
from Dr. Salah Mohammed, Liibeck, Germany, and (5) a family from Quebec, Canada
that has a history of bicuspid aortic valve, which is a risk factor for developing aortic
valve stenosis later in life. From this analysis the prevalence of the Q647H variation was
higher in the general population than our initial sequencing of 150 control patients
suggested; approximately 1.3% of all controls had one allele that was Q647H. During
analysis of racial genotypes, we observed that in Caucasian populations the prevalence of
Q647H was even higher, approximately 3.2% (11 QH vs 328 QQ), while only about 1%
of Hispanic controls had a Q647H allele (2 QH vs 212 QQ). We never observed a case of
homozygous Q647H, but the predicted incidence is very low, even in Caucasians only
about 1 in every 4400 people would be predicted to be homozygous. Strikingly, we

observed that even though there was broad variety in the types of CCVM that were
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present in the Dallas cohort, seven out of the eight patients that had MYOCD mutations
also had some form of outflow tract valve disease (Fig. 2.1F). When we analyzed the
cohorts for the prevalence of Q647H we found that patients who were specifically
diagnosed with childhood outflow tract defects (Dallas and San Diego) had a statistically
enriched prevalence of Q647H. Just over 7% of Caucasians in Dallas (5 QH vs 62 QQ,
p<0.05 versus controls, %* df=1, Fig. 2.1G) and 5% of Hispanics in San Diego (2 QH vs
35 QQ, p<0.01 versus controls, x> df=1, Fig. 2.1G) had Q647H. Taken together this was
about two to three fold more prevalent than the race matched controls, but because no
Q647H alleles were found in Dallas Hispanics (n=26) or San Diego Caucasians (n=9) we
did not achieve statistical significance when we merged the two geographical data sets
(p<0.11 versus controls, %> df=3). On the other hand, the patient populations for the adult
valve disease (Germany or Reynold’s population in Dallas) and non-outflow tract CCVM
(Philadelphia) did not show any signs of statistical enrichment for Q647H (p<0.20 for
either cohort versus controls, > df=1). Based on these results, Q647H is probably
associated with CCVM of the aortic and pulmonary valves, but not adult onset valve
disease, although a larger cohort will be needed to provide statistical significance.
K259R was found one time in a Hispanic control and not in any other patient
population (control n=1152, patients n=598, Fig. 2.1F). Due to the rarity of K259R, there
was statistical enrichment between the 212 Hispanic controls and 26 patients in Dallas (1
KR vs 25 KK, p<0.01, %* df=1) but a low frequency raises the issue of true significance.
When our calculations included the San Diego Hispanics we lost statistical significance
(1 KR vs 50 KK, p<0.19, %* df=1). To determine if K259R can reduce MYOCD activity

enough to disrupt cardiogenesis, we are attempting to create a mouse line that has had an
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arginine knocked-in to lysine 255 (which is homologous to human lysine 259) via
homologous recombination (Fig 2.1B).

The targeting vector was first digested with Sspl, generating a 5° long arm of 4
KB and a 3’ short arm 1.1 KB (Fig 2.2A). After electroporation and Neomyocin
selection, 500 colonies were collected and screened via southern blotting for targeting at
the MYOCD locus. Only one colony showed targeting at the 5’ arm (long arm) but the 3’
end was not targeted. [ hypothesized that the ineffective targeting was due to the length of
the 3’ arm and so the targeting vector was prepared for reelectroporation using a different
linearization protocol. The plasmid DNA was digested using ApaLl and Nhel to generate
a long arm of 4.6 KB and a short arm of 2.1 KB. This construct was then electroporated
and selection was repeated as before. Southern screening of 250 colonies revealed 1
colony with 5° and 3” arm targeting (Fig 2.2B). This colony, with targeting at both arms,
was sent to UC Davis for revival and expansion. Unfortunately, the colony would not
expand. At this time, since we were able to target the MYOCD locus, the linearized
targeting vector is being repurified and sent to the UCSF knockout core for a third round
of electroporation using the new linearization protocol.
MYOCD Sequence Variations K259R and Q647H are Hypomorphic and K259R Has
Reduced SRF Affinity

Both MYOCD sequence variations occurred in evolutionarily conserved regions.
Since the Q647H sequence variant was associated with CCVM we hypothesized that the
variations would affect MY OCD-dependent promoter activation of SRF-dependent
targets (95). Transient cotransfection of the 935—amino acid, cardiac-specific isoform of

MYOCD (MYOCD’*®) with luciferase reporters driven by the SM220~Luc or ANF-Luc
P
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promoter showed that K259R and Q647H MYOCD’* were hypomorphic compared to
wildtype (WT) MYOCD??* (Fig. 2.34,B). The reduced activity was not due to changes in
cellular localization, as WT, K259R, and Q647H MYOCD’* all localized to the nucleus
(Fig 2.3C).

K259 is not contained in the SRF-binding B-box, but does lie within the lysine-
rich basic domain that is necessary for SRF binding (95). We hypothesized that the
reduction in MYOCD K259R and Q647H activity was due to a corresponding reduction
in binding between MYOCD and SRF. In co-IP assays we were unable to detect an
interaction between MYOCD’* K259R and SRF, but WT MYOCD?*° showed normal
SRF binding (Fig 2.3D). In the more sensitive EMSA, MYOCD’* K259R bound to SRF
but with less affinity than WT MYOCD’** (Fig 2.3E). Q647H MYOCD’** bound to SRF
normally though (Fig 2.3E).

MRTF-B is a weaker activator than MYOCD or MRTF-A, and we hypothesized
this may be due, in part, to the evolutionarily divergent arginine at codon 288. Mutation
of arginine 288 to lysine (R288K) increased MRTF-B-dependent activation of SM22a.-
Luc nearly 5-fold (Fig 2.3F). While this was still well below the levels achieved with
MYOCD or MRTF-A in vitro, it demonstrates that the two basic amino acids are not
functionally equivalent in this domain and that an arginine at this residue of the MYOCD
family of proteins is sufficient to limit their transactivation potential of MYOCD
proteins.

MYOCD Q647H is Located Near And Dysregulates Predicted Kinase Phosphorylation

Motifs
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Q647H is located in an evolutionarily conserved region that has no known
function. This region is highly enriched for serines, from amino acids 615 to 712 there

are 27 serines out of the 98 residues (MotifScan, http://myhits.isb-sib.ch/cgi-

bin/motif scan). Multiple of these serines near to Q647 (including S650 and 654) are

predicted to be phosphorylated, especially serine 654 (NetPhos,

http://www.cbs.dtu.dk/services/NetPhos), but no program used predicted phosphorylation

of Serine 645.

We hypothesized that Q647H was hypomorphic due to the dysregulation of the
predicted phosphorylation sites at S650 or S654. The serines closest to Q647 (Fig. 2.1E,
S645, 650 and 654) were mutated to either glutamates (S>E) to mimic the negative
charge of phosphorylation or to alanines (S>A) to mimic constant dephosphorylation.
Mutation of S645 to either E or A had no appreciable effect on MYOCD activity, but
mimicking phosphorylation with either S650E or S654E increased MY OCD-dependent
activation of the SM22-Luc reporter (Fig. 2.44). Conversely, S650A and S654A reduced
MY OCD-dependent activation of the SM22-Luc reporter (Fig. 2.44). Along with the in
silico predictions, this suggests that the serines near to Q647 are phosphorylated to
activate MYOCD, and that Q647H may disrupt one or more of these phosphorylation
events.

Wnt/GSK3f/ f-Catenin signaling is known to lead to cardiac valve stenosis in
zebrafish when Wnt is hyperactivated or when GSK3f has been inhibited (114,115).
GSK3p binds to serines that have already been phosphorylated by a priming kinase. After
binding to the primed site GSK3b then proceeds to phosphorylate serines or threonines

that are separated by four amino acids towards the N-terminus of the binding serine
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(S/TxxxP-S). MYOCD serine 650 would be a predicted GSK3f phosphorylation site if
S654 were first primed by another kinase. To test whether GSK3p played a role in the
Q647H partial loss of function, we transiently coexpressed constitutively active GSK3f
(S9A) along with WT and Q647H MYOCD’®. While this research was on going, it was
recently shown that GSK3p is able to inhibit MYOCD by directly phosphorylating at six
serines (S455, 459, 463, 624, 628, and 632, (108)).

Contrary to the initial hypothesis but in agreement with the published report,
GSK3p overexpression inhibited WT MYOCD in a dose dependent manner on the
SM22-Luc reporter (Fig. 2.4B). Surprisingly though, Q647H MYOCD displayed a
different dose response curve where the lowest doses of GSK3f highly activated Q647H.
Higher levels of GSK3f activated Q647H less and MYOCD Q647H was inhibited at the
highest doses of GSK3f (Fig. 2.4B). Inhibition of GSK3f by LiCl relieved both the
activation and inhibition of WT and Q647H confirming that this differential effect was
dependent upon GSK3f (Fig. 2.4C). We hypothesize that the Q647H mutation is
disrupting a kinase-dependent activation signal that utilizes low levels of GSK3p activity,
probably through other effecters. Higher levels of GSK3p activity though are able to
directly phosphorylate MYOCD and leads to MYOCD inhibition. Without the
S650/S654-dependent activation signal, MYOCD Q647H would have a lower basal
activity in cells.

Cardiac But Not Smooth Muscle Myocardin K259R Is Hypomorphic and Has Reduced
SRF Affinity
Since MYOCD is expressed in both cardiac and smooth muscle lineages that

affect the outflow tract valves, we tested whether K259R affected the MYOCD*™"™® in a
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similar fashion to the cardiac isoform. While Q647H MYOCD*™® was hypomorphic in
comparison to WT MYOCD*"" in contrast to what was observed with MYOCD?>’,
K259R MYOCD*™ was functionally normal in luciferase reporter assays using the
SM22_promoter (Fig. 2.54). Furthermore, WT and K259R MYOCD*""P showed
similar SRF binding affinities, as assessed by ColP (Fig. 2.5B) and EMSA (Fig. 2.5C).
The MYOCD MHD Inhibits MYOCD-Dependent Transcription in Vitro by Binding to
MYOCD and Blocking Its Interaction with SRF

Based on the differences in functional consequences of MYOCD K259R between
cardiac and smooth muscle isoforms, we investigated whether MYOCD’s MHD acts in
an autoinhibitory fashion by disrupting SRF-dependent MYOCD activation (116).
Expression of amino acids 1-195 alone inhibited transactivation by MYOCD on the SRF-
dependent reporters described earlier, and expression of amino acids 1-149 did so in a
dose-dependent manner; however, amino acids 1-129 did not inhibit MYOCD activity
(Fig. 34). Truncation of the MHD amino terminus revealed that amino acids 1-30 were
dispensable for inhibition of MYOCD transactivation (Fig. 2.64). Thus, the minimal
MYOCD autoinhibitory domain lies between amino acids 30 and 149.

MRTF-A’s MHD has been well characterized as an actin-dependent regulator of
nuclear localization (105,117); however, MYOCD is thought to be constitutively nuclear
(95,105). Like MRTF-A, MYOCD contains two conserved RPEL motifs in the minimal
inhibitory MHD. There is one evolutionarily divergent RPEL motif that is partially in the
minimal inhibitory MHD, but due to its lack of conservation, it was discounted from the
experiments. In previous reports, mutation of the RPEL motif’s conserved arginines to

alanine disrupted the MHD-dependent nuclear localization of MRTF-A (105). We found
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that mutation of the two conserved RPEL motifs (R71A, R115A) had no effect on the
MHD’s ability to inhibit MYOCD activity, suggesting that the RPEL motifs are not
necessary for autoinhibition (Fig. 2.6B). Another known motif within the MHD is the
MEF2 binding site, located in the first 17 amino acids of MYOCD (118). Since amino
acids 1-30 were not necessary for inhibition, the MEF2 binding domain may also be
dispensable for inhibition of SRF-dependent MYOCD activity (Fig. 2.64).

Since the RPEL and MEF2 binding motif were not necessary, and MHD1-129
was insufficient to inhibit MYOCD coactivation, we focused on amino acids 129149,
Sequence analysis identified no recognizable motifs, but revealed two acidic residues that
are conserved from humans to amphibians: aspartate 130 (D130) and glutamate 135
(E135). Mutation of these two negatively charged residues to uncharged alanines
(DE>AA) disrupted the autoinhibition (Fig. 2.6B).

Next, we investigated whether the MHD was a true autoinhibitory domain that
directly binds to MYOCD via intramolecular interactions. In Co-IP experiments,
truncated MHD that contained the minimal autoinhibitory domain bound to MYOCD,
although the 30-149 construct had less affinity than the 1-149 construct (Fig. 2.6C).
Furthermore, mutation of both D130 and E135 blocked MYOCD:MHD interactions, but
mutation of the conserved RPEL motifs did not. This finding may explain why MHD
containing DE>AA mutations was not inhibitory in the luciferase reporter assays.

Consistent with the hypothesis that MYOCD K259R is hypomorphic due to its
increased autoinhibition, K259R MYOCD*™® displayed more MHD-dependent

inhibition than WT MYOCD*™"P (Fig. 2.6D).
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The MYOCD MHD Inhibits MYOCD-Dependent Smooth Muscle Production and
Cardiomyocyte Hypertrophy and Disrupts Normal Cardiac Morphogenesis

MYOCD has a limited capacity to transdifferentiate CH310T1/2 fibroblasts into
smooth muscle cells (112). Since truncations of MYOCD lacking the MHD showed

greater smooth muscle conversion than MYOCD??

, we hypothesized that this
phenomenon might be explained by amino terminus autoinhibition. We therefore tested
whether introduction of MHD1-149 would repress MY OCD-dependent smooth muscle
conversion (Fig. 2.74,B). MYOCD*™"® converted approximately 40% of transfected
10T1/2 fibroblasts into SM-a-actin-positive cells within 7 days. Consistent with our in
vitro reporter assay results, MHD1-149 inhibited the conversion efficiency by about 50%
(Fig. 2.74,B). Neither the RPEL motifs nor the MEF2 binding domain was necessary, but
the two acidic residues (D130, E135) were required for effective inhibition (Fig. 2.7B).
We next tested the mRNA transcript levels of multiple MYOCD target genes by
quantitative RT-PCR to determine if MHD-dependent inhibition affected genes other
than SM-a-actin. MHD-dependent inhibition extended to multiple other direct MYOCD
targets such as SM22a, ANF, and smooth muscle calponin (Fig. 2.7C).

We determined whether the MHD affects MYOCD activity in cardiomyocytes.
MYOCD induces a hypertrophic response in primary cardiomyocytes (107,108), and a
dominant-negative MYOCD (DN-MYOCD) inhibited hypertrophic responses to
chemicals such as PE. We hypothesized the MHD might mimic that effect. Indeed, WT

but not DE>AA MHD 1-149 inhibited PE-induced cardiomyocyte hypertrophy, as
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assessed by measurements of cell surface area (Fig. 2.84,B). With the in vitro
experiments above, this observation suggests that the inhibition of hypertrophy was
dependent on SRE/MYOCD and independent of MEF2, since the DE>AA mutant still
retained the MEF2 binding domain. The hypertrophic response is normally accompanied
by an increase in expression of the ANF, BNP and Sk-a-actin transcripts and a decrease
in GSK3p expression (107,108). Consistent with the calculations of surface area, DN-
MYOCD and WT MHD inhibited the PE-induced changes in hypertrophic gene
expression to a greater extent than the mutant MHD (Fig. 2.8C). Strikingly, the WT
MHD was almost as effective as DN-MYOCD at inhibiting the hypertrophic response in
cardiomyocytes, indicating that autoinhibition is very effective at regulating MYOCD
activity (Fig. 2.8C).

To test whether the MHD would have any effect in vivo, we transgenically
overexpressed MHD1-149 in the developing heart under control of the B-myosin heavy
chain (B-MHC) promoter (B-MHC-MHD"", (119)). p-MHC-MHD"" mice did not
survive to weaning, and embryonic day (e)17.5 embryos had a thin myocardium with
muscular and membranous ventricular septal defects (VSDs, n=2), although gross heart
failure was not evident (Fig. 2.8D). These cardiac defects were not observed in transgenic
embryos expressing the mutant MHD (B-MHC-MHDP**%, n=2), which failed to inhibit
MYOCD in vitro (Fig. 2.8D). Both transgenic mouse lines, MHDY" and MHDP**4,
were non-viable suggesting that only some of the effect of the MHD is directly through
inhibition of MYOCD-dependent SRF target genes.

The Histone Acetyltransferase, p300, Acetylates MYOCD To Regulate MHD

Autoinhibition
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In vitro, transfected MYOCD protein is responsive to extracellular hypertrophic
stimuli on synthetic promoters apparently without affecting steady state protein levels
(107). MYOCD is sumoylated by the PIAS]1 ligase and associates with the histone
acetyltransferase (HAT), p300, which acetylates proteins (109,120). Both of these
activities are dependent upon lysine residues, and in these instances arginine is not able to
replace the post-translationally modified lysines (109,120). Therefore, MYOCD may be
post-translationally modified at K259 to directly or allosterically disrupt MHD binding to
MYOCD. We hypothesized that K259 is a site of acetylation by p300 and that K259R
may disrupt that acetylation.

DNA binding proteins, including histones and multiple transcription factors, are
post-translationally acetylated by p300 (121). Acetylation can result in either activation
(122) or repression of transcription factor activity (123). To determine if MYOCD is
directly acetylated, we overexpresssed MYOCD and p300 in the presence of deacetylase
inhibitors and then immunoprecipitated MYOCD. Using an antibody for pan-acetylated-
lysines revealed that, as we hypothesized, WT MYOCD*™® was directly acetylated.
Furthermore, we observed approximately similar levels of acetylation in K259R as
compared to WT MYOCD*™"  although we did see slight hyperacetylation of K259R
compared to wildtype in some experiments (Fig. 2.94, Data not shown). Truncations of
MYOCD that lacked the basic domain showed reduced acetylation, but truncations
lacking the transactivation domain — where p300 binds to MYOCD — showed higher
levels of acetylation as compared to WT (Fig. 2.94). Full length MRTF-B was also
acetylated and the mutation R288K showed slightly higher levels of acetylation as

compared to WT (Fig. 2.9B).
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It was shown previously that p300 could increase and HDACS could decrease
MYOCD-dependent activity (124). We next tested whether WT or K259R MYOCD?*
responded differently to p300 and HDACS in the SM22-Luc reporter assay. WT
MYOCD responded in a dose dependent manner to both p300 and HDACS (Fig. 2.9C).
K259R MYOCD also responded in a dose dependent manner, until the highest
concentrations of p300 where there was a response plateau (Fig. 2.9C). Because K259R
responded in a dose dependent manner to HAT activity, we hypothesized that MHD-
dependent autoinhibition was stronger in K259R and that autoinhibition would act
antagonistically to p300. We found that the transcriptional activity of MYOCD was
dependent upon the relative levels of p300 and MHD1-149, such that the MHD could
counteract p300-dependent MYOCD activation in a dose dependent manner and vice
versa (Fig. 2.9D). Furthermore, preliminary results show that p300 is able to inhibit the
binding between MHD1-149 and MYOCD in a dose dependent manner (Fig. 2.9F). This
suggests that p300 and MHD-dependent autoinhibition exert opposing influences on each
other, in part through their actions on MYOCD. More experiments will be necessary to
determine how K259R MYOCD is both acetylated and hypomorphic in the reporter

assays shown.

DISCUSSION

This study shows that MYOCD has the potential for dynamic intramolecular and
post-translational regulation of the SRF-dependent gene program. Two human mutations,
K259R and Q647H, resulted in attenuated activation of a cardiac isoform of Myocardin.

The Q647H sequence variation was statistically enriched in Caucasian and Hispanic
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patients with congenital outflow tract valve disease. The Q647H variation is located near
multiple potential kinase phosphorylation sites and disrupts a potential GSK33-dependent
signal that activates MYOCD.

In contrast to the full-length cardiac isoform, the K259R mutation in a smooth
muscle isoform that lacked the amino terminus displayed no appreciable difference from
WT in vitro. This observation led to the discovery that the amino terminus acted as an
inhibitor of SRF-dependent Myocardin activity. Neither the MEF2 binding site nor the
RPEL motifs in the amino terminus were necessary for this effect, we did find that two
evolutionarily conserved acidic residues within the amino terminus were necessary for
MHD-dependent inhibition. In conjunction with our observation that mutation of arginine
288 to lysine, in MRTF-B, was able to increase transcriptional activity, this suggests that
autoinhibition is a novel mechanism for regulating the activity of the Myocardin family.

Interestingly, inclusion of amino acids 149-195 in the MHD constructs increased
the binding affinity and inhibitory activity towards MYOCD. Of those 46 amino acids
only 7 are conserved with amphibians and 5 of those are acidic (e.g., D130 and E135;
data not shown). It is hypothetically possible for a direct interaction between the MHD’s
acidic residues and lysine 259 or even the entire lysine-rich basic domain. Alternatively,
the increased length of the arginine side chain, compared to lysine, may disrupt MYOCD
folding in a way that blocks SRF binding. As was already mentioned, post-translational
modification probably will also play a role. Ultimately though, the protein structure of
MYOCD will need to be solved to see what role the MHD plays as an inhibitor of

MYOCD’s activity in cardiac tissue.
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We found that MYOCD was acetylated directly by p300, that K259R was slightly
hyperacetylated, and that p300 was able to counteract the effects of MHD binding and
autoinhibition. Superficially this data appears to be contradictory, but there are possible
explanations as to how K259R is hyperacetylated and still hypomorphic. One possible
explanation is that because K259R is hypomorphic in MYOCD**, but not MYOCD*V"'P,
the hyperacetylation that is observed in K259R MYOCD**"® may be a compensatory
mechanism by the cell to attempt to increase MY OCD-dependent activity that the MHD
normally blocks. Multiple avenues of evidence support this hypothesis, 1) mutant MRTF-
B is both hyperacetylated and more active than WT in reporter assays, 2) K259R
MYOCD shows stronger response to MHD-dependent autoinhibition compared to WT,
and 3) p300 and the MYOCD MHD counter one another. Alternatively, the MHD and
autoinhibition may be involved in a negative feedback loop that the cell uses to repress
MY OCD-activation. In such a case the K259R mutation would be hyperactive early and
repress its own activity at the timepoint when we assay for activity. Given that MYOCD
can be inhibited by overexpression of SRF (95), this feedback loop is a formal
possibility. To test these possibilities it will necessary to check the acetylation state of
WT and K259R MYOCD®® as well as K259R MYOCD lacking the transactivation
domain. Hypothetically, overexpression of the MHD may inhibit p300-dependent
MYOCD acetylation. It will also be necessary to determine what residues in the MYOCD
protein are directly acetylated. Since MYOCD is still acetylated even when the basic
domain is deleted it is unlikely that K259 is a site of direct acetylation. There is also

always the possibility that p300 may not be the only HAT to acetylate MYOCD since
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deletion of the p300 binding domain in the TAD actually resulted in more acetylation of
MYOCD.

VSDs were observed in f-MHC-MHD"" embryos, but were not observed in
animals overexpressing the mutant MHD. The lack of VSDs in mutant MHD transgenics
suggests that the inhibition of endogenous MYOCD could have caused a portion of the
morphogenetic defects caused by WT MHD. On the other hand, MHD mutations that
cannot inhibit SRF-dependent MYOCD activity did not rescue all of the defects that were
observed. This implies that other inherent, or even off-target effects of the MHD could be
behind the neonatal lethality. It is formally possible that overexpression of the MHD
bound and sequestered endogenous free actin or disrupted the Myocardin/MEF2
transcriptional complex. Although these possibilities confound further interpretation of
the transgenic results, we simply conclude that overexpression of the MHD elicited
effects in vivo through a mechanism that was dependent on the conserved acidic residues.

Outflow tract valves are composed of both the second heart field and neural crest
(5). MYOCD-null mutant embryos only survive to embryonic day 10.5, before the
formation of cardiac valves, precluding the ability to examine MYOCD’s role in these
tissues (100). Selective ablation of the MYOCD gene from neural crest resulted in patent
ductus arteriousus, but had no effect on valve morphogenesis (103) suggesting that
MYOCD may play a role in the second heart field. To determine whether the K259R
mutation contributed to the CCVM in our patient or cosegregated with the true disease-
causing mutation as part of a haplotype block, it will be necessary to generate a mouse
model of K259R, which we have begun. If the knock-in mouse has defects similar to

those in our patient, such as pulmonic stenosis or other outflow tract defects, it would
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also provide a valuable tool for understanding valve development. Most genes that are
known to play a role in valve development (e.g., vascular endothelial growth factor,
nuclear factor of activated T cells 1, and Notchl) are expressed in the endocardium of the
prevalve tissue and respond to paracrine signals, such as transforming growth factor-f3
family members, that are released from the muscle tissue surrounding the valves (125)
(10). Since MYOCD is expressed in the myocardium, it may be well situated to induce
these paracrine signals (95). Alternatively, Myocardin expression is induced by
transforming growth factor-f3 and acts as a tumor suppressor in precancerous
mesenchyme (126). Thus, MYOCD may be involved in guiding early cardiac
mesenchymal progenitors into fully differentiated valve tissue and any reduction in its
activity could result in overproduction of undifferentiated valve progenitors and

thickened valves.
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FIGURE 2.1. Discovery of Evolutionarily Conserved Myocardin Sequence
Variations Associated With Outflow Tract Valve Disease. A4, schematic of
MYOCD’* showing the locations of known domains and the K259R and Q647H
sequence variations. MHD, MYOCD homology domain; K, lysine rich basic domain; B,
ELK1-like B-box; QQ, polyglutamine tract; SAP, SAF/Acinus/PIAS domain; LZ, leucine
zipper; TA, transactivation. B and C, Chromatographs showing heterozygous non-sense
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mutations (B) K259R or (C) Q647H in MYOCD. D and E, Sequence alignment showing
evolutionary conservation of MYOCD (D) K259R and (E) Q647H in humans,
chimpanzees, etc., MRTF-B has an arginine at aligned position for MYOCD K259. F,
List of the CCVM that was diagnosed in the eight patients that had outflow tract diseases.
One patient (not shown) had a cardiac conduction defect that is probably not related to an
outflow tract abnormality. G, Incidence of Q647H in various cohorts with subsets of
outflow tract disease. Groups are divided by self-reported racial identity. Dallas and San
Diego cohorts consist of predominately aortic/pulmonic valve stenosis, French-Canadian
cohort is a familial case of bicuspid aortic valve, German cohort is a large cohort of
patients diagnosed with adult onset aortic valve disease (predominately valve
calcification). Statistical analysis is a two-tailed Chi-square analysis, with expected
values calculated from the control population. *,p<0.05.
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FIGURE 2.2. Generation of Mice with Targeted Knock-In of MYOCD
K259R. 4, Targeting strategy for homologous recombination of K259R in the
endogenous MYOCD locus. A floxed-Neomycin resistance cassette (NEO) was inserted
into a Pacl site 3’ to exon 8. The wildtype and mutant targeted allele (before and after
excision of NEO) are shown with the targeting vector. Inserted mutation and Avrll
restriction site for genotyping are indicated in red. B, Genomic Southern analysis of ES
cell colonies with targeted (-/-) and untargeted (+/+) MYOCD K259R alleles.
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and K259R has Reduced SRF Binding Affinity. 4 and B, effect of the K259R mutation
on MYOCD’® coactivation of the SM22 —Luc (4) and ANF-Luc (B) promoters C,
nuclear co-localization of FLAG-tagged WT and K259R MYOCD’** D, HA-tagged SRF
(HA-SRF) coimmunoprecipitates with WT but not K259R FLAG-tagged MYOCD’*. E,
EMSA with **P-labeled c-fos CArG-box oligonucleotide. SRF impedes oligonucleotide,
and MYOCD forms a ternary complex with SRF to further impede mobility. K259R
MYOCD showed a weaker ability to form the ternary complex. F, effect of the R288K
mutation on MRTF-B coactivation of the SM22 —Luc promoter R288 corresponds to
same codon as K259 in MYOCD. Values are the mean + SD of three experiments in
triplicate. Statistical differences were calculated using the Student’s t-test. *, p<0.05 vs

WT MYOCD.
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Sites and Dysregulates GSK3pB-Dependent Signals. 4, Mutation of putative
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Statistical differences were calculated using the Student’s t-test. *, p<0.05 vs WT
MYOCD, #, p<0.05 vs Q647H MYOCD.

44



120 - SM22 Luciferase

1004
80 4
60 4
40 4
204

Relative Luciferase
Units (% of WT)

o
L

SM22- WT K259R
Luc MYOCD DMHD
DMHD

B IP: anti-Fla
SRF +

MYOCD WT DMHD —
MYOCD K259R DMHD —
IB:HA e
IB: FLAG . — [~

C SRF + — + +
MYOCDDMHD — + + -—
MYOCD K259RDMHD — — —

MYOCD + SRF i e
SARF =———s - - —

FIGURE 2.5. Loss of MYOCD MHD rescues K259R. 4, WT and K259R
MYOCD*M® activate SM22-Luciferase similarly. B and C, MYOCD::SRF binding
experiments. B, ColP showing similar levels of binding of HA-tagged SRF with WT and
K259R FLAG-tagged MYOCD*™P. C, EMSA of *P labeled c-fos CArG-box
oligonucleotide. WT and K259R MYOCD*™® show similar levels of SRF ternary
complex formation. Values are the mean + SD of three experiments in triplicate.

45



>
(o3 )

SM22 Luciferase SM22 Luciferase
g 120 = 120 = "
Eg 1004 1004
[
=, 80+ 80+
@0
35\0 60 = 60
2o a0 404
wE
35 204 20+
1 0 0
MYOCD AMHD = + + + + + + MYOCD AMHD = + + + +
MHD = - 1-195  1-149  1-129 30-149 60-149 MHD 1-149 = - WT DE>AA RR>AA
C ss33 D
QE Q x INHIBIT
[= =2} (=1 =13
2383%8283% 323z wmp BIND 102
mycMHD — 3 1 288 t L1838 ORI o O] ++ ++
FLAG-MYOCD AMHD 4 = = = = = + 4+ + + + + - = + +
- v @O ¢ ¢
e = v EOCE T
IP: FLAG
IB:FLAG - . o - 30-149 I -+
- - | 60-149 . .
mow: R - o0
= pe-a [IICTI TS -
eiFae LELL roan [T ¢+
E F UAS Luciferase
SM22 Luciferase L 5100 + ;
=0
o 1204 59 aod t
SE 100 * 8%
" [
5= — g0 601
L 804 EH
5° 33 404
d32 604 g&'
2a a0 52 201
T < 2o
S5 204 & 0
= 0= GAL4-MHD1-149 = - + + + +
MYOCD AMHD = + - + + +
- - WT K259R
MYOCD AMHD WT K259R MHD 1-149 = - - - + -
MHD 1-149 - - - + + + SRF = - - - - +

FIGURE 2.6. The MYOCD MHD acts as an autoinhibitory domain by
binding to and repressing MYOCD-dependent in vitro activity. A, truncation of MHD
to determine minimal inhibitor of MYOCD dependent activation of the SM22 promoter.
B, mutation of conserved acidic residues D130,E135>AA but not RPEL motif
R72,R115>AA relieved MHD inhibition. C, Co-IP of myc-tagged MHD truncations with
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Luciferase reporter. Both extra free MHD1-149 and SRF are able to inhibit this
interaction. Values are the mean + SD of three experiments in triplicate. Statistical
differences were calculated using the Student’s t-test. *, p<0.05 vs MYOCD; #, p<0.05
vs WT MHD 1-149; }, p<0.05 vs GAL4-MHD149; 1, p<0.05 vs GAL4-MHD149 and
MYOCD*"™.
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FIGURE 2.7. The MHD of MYOCD inhibits MYOCD-dependent conversion
of fibroblasts into smooth muscle cells. 4, 10T1/2 cells transfected with MYOCD with
or without MHD were subjected to conversion protocol for 7 days and stained for SM-_-
actin: TRITC, red, nuclei: DAPI, blue. B, double blind count of the number of transfected
fibroblasts that converted in to SM-_-actin-positive cells. CMV-GFP was used as an
internal control for transfection efficiency. For each conversion condition, experiments
were performed three times in duplicate, and GFP-positive and TRITC-positive cells
were counted in four randomly selected fields. Values are mean + S.E.M. (n=8 fields of
cells). C, quantitative RT-PCR for MYOCD-dependent genes: ANF, Sm22 , and smooth
muscle calponin. Cotransfection of WT but not DE>AA MHD inhibited MYOCD-
dependent gene expression. Values are the mean + SD of two biological replicates in
technical duplicates. Statistical differences were calculated using the Student’s t-test. *,
p<0.05 vs MYOCD, #, p<0.05 vs WT MHD 1-149.
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FIGURE 2.8. The MYOCD MHD inhibits PE-dependent cardiomyocyte
hypertrophy. 4 and B, MHD inhibition of phenylephrine (PE)-dependent cardiomyocyte
hypertrophy. A. Immunocytochemistry of neonatal rat cardiomyocytes subjected to PE
(20 uM) for two days after being infected for one day with lentivirus that overexpresses
WT (WT) or mutant (DE>AA) MHD, or dominant negative MYOCD (DN-MYOCD). a.-
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Actinin: TRITC, red, Nuclei: DAPI, blue. B, double-blind calculation of a.-Actinin
positive cell surface area of infected cardiomyocytes. Fields of cells in each condition
were randomly selected and area calculations were made using Image-Pro 5.0 Software.
Values are mean = SEM) compared to the control, which is assigned a value of 100
(n=80). C, quantitative RT-PCR for hypertrophy-dependent genes: ANF, BNP, Skeletal
muscle a-actin, and GSK3. Infection with lentivirus overexpressing DN-MYOCD and
WT-MHD but not DE>AA MHD inhibited the hypertrophy-dependent gene expression.
D, Transverse sections of transgenic mice overexpressing the MHD under control of the
BMHC promoter. Transgenic mice with BMHC driving WT MHD (middle panel) show
signs of muscular (arrow) and membranous VSD (arrowhead) that were not seen in
control mice (left panel) or transgenic mice that overexpress mutant MHD (DE>AA,
right panel). Error bars represent SD of three biological replicates in technical duplicate.

Statistical differences were calculated using the Student’s t-test. *, p<0.05 vs PE alone, #,
p<0.05 vs PE with WT MHD.
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FIGURE 2.9. p300 Acetylates MYOCD Directly to Inhibit MHD-Dependent
Autoinhibition and Binding. 4 and B, Immunoprecipitation of MYOCD and MRTF-B
in the presence of HDAC inhibitors and the histone acetyltransferase, p300. Western
analysis of acetylated lysines (Acetyl-K) revealed that MYOCD K259R showed similar
levels of acetylation compared to WT in the absence of the MHD (A4). Truncation of the
basic domain attenuated acetylation while loss of the TA domain, the p300 binding site,
resulted in increased acetylation. B, MRTF-B R288K acetylation was increased compared
to WT. C, Effect of activation by p300 and inhibition by HDACS5 on WT and K259R
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MYOCD?* coactivation of the SM22 —Luc promoter. K259R was hypomorphic
compared to WT MYOCD when transfected alone, but K259R and WT responded
proportionately to HDAC and p300, except at the highest doses of p300. D, Contradictory
action between MHD-dependent autoinhibition and p300. MYOCD (100 ng) was
cotransfected with p300 (250 ng, 500 ng, or 750 ng) or MHD (50 ng, 100 ng, or 200 ng)
respectively. E, Myc tagged MHD1-149 coimmunoprecipitates with MYOCD but binds
with less affinity in the presence of increasing amounts of p300.
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Table 1:

Gene Alias Assay |ID#

GAPDH Mm99999915_g1
MYOCD MmO01325104_m1
Nppa ANF Mm01255748 g1
Nppb BNP MmO00435304_g1
ACTA1 Skeletal Muscle Actin Mm00808218_g1
GSK3p MmO00444911_m1
Cnn1 Smooth Muscle Calponin | Mm00487035_g1
Transgellin SM22a. Mm00441660_m1

Table 2.1. List of Tagman Assays Used.
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CHAPTER 3: MUTATIONS IN NOTCH1 CAUSE AORTIC VALVE DISEASE

Vidu Gargl’s, Alecia N. Muth"’, Joshua F. Ransom'’, Marie K. Schluterman', Robert
Barnes™", Isabelle N. King'”’, Paul D. Grossfeld® and Deepak Srivastava'>*>’

'Departments of Pediatrics, “Molecular Biology and Internal Medicine, and “the
McDermott Center for Human Growth and Development, , University of Texas
Southwestern Medical Center, Dallas, Texas. *Children's Medical Center, Dallas, Texas.
Department of Pediatrics, Division of Cardiology, University of California, San Diego
"Gladstone Institute of Cardiovascular Disease and Department of Pediatrics, University
of California, San Francisco

ABSTRACT

Calcification of the aortic valve is the third leading cause of heart disease in
adults(127). The incidence increases with age, and it is often associated with a bicuspid
aortic valve present in 1-2% of the population(128). Despite the frequency, neither the
mechanisms of valve calcification nor the developmental origin of a two, rather than
three, leaflet aortic valve is known. Here, we show that mutations in the signaling and
transcriptional regulator NOTCH1 cause a spectrum of developmental aortic valve
anomalies and severe valve calcification in non-syndromic autosomal-dominant human
pedigrees. Consistent with the valve calcification phenotype, Notchl transcripts were
most abundant in the developing aortic valve of mice, and Notchl repressed the activity
of Runx2, a central transcriptional regulator of osteoblast cell fate. The hairy-related
family of transcriptional repressors (Hrt), which are activated by Notchl signaling,
physically interacted with Runx2 and repressed Runx?2 transcriptional activity
independent of histone deacetylase activity. These results suggest that NOTCH1

mutations cause an early developmental defect in the aortic valve and a later de-

repression of calcium deposition that causes progressive aortic valve disease.
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INTRODUCTION

Abundant evidence suggests a major inherited component to the etiology of aortic
valve disease in children and adults(129) 4(130). The most severe type of aortic valve
obstruction in children results in failure of the fetal left ventricle to grow, a condition
known as hypoplastic left heart syndrome. About 10% of relatives of hypoplastic left
heart syndrome patients have bicuspid aortic valve, often undiagnosed, suggesting a
common genetic etiology with phenotypic heterogeneity(131). The valve calcification
often observed in bicuspid aortic valve is a result of inappropriate activation of

osteoblast-specific gene expression(132), but the mechanism is unknown.

MATERIALS AND METHODS:

Clinical phenotype evaluation and DNA collection— The congenital heart disease
families and individuals were ascertained for genetic linkage analyses at Children's
Medical Center, Dallas (University of Texas Southwestern Medical Center) and the
University of California, San Diego. Clinical evaluations and genetic studies were
performed in accordance with human subject guidelines after informed consent according
to the protocol approved by the individual Institutional Review Boards. Family members
were studied by history, physical examination, 12-lead electrocardiogram, and
echocardiography. Medical records were reviewed for individuals who had died.
Cardiologists reviewed all phenotypic information. Genomic DNA for genetic analyses
was extracted from peripheral lymphocytes.

Genetic linkage analysis—Autosomal genome linkage analysis was performed

with 372 polymorphic DNA markers at approx10-cM intervals (ABI Mapping Set v2.5).
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Markers were genotyped in all family members, and linkage analysis was performed with
GENEHUNTER as described(44,133). In brief, initial linkage analysis of family A,
assuming 90% penetrance and a disease allele frequency of 1.5%, demonstrated the
highest LOD score on chromosome 9q34-35. Phenotypic analysis assuming 100%
penetrance yielded a single peak at 9q34-35 and a maximum LOD score of 3.5.

Identification of NOTCH 1 mutations—All NOTCHI1 exons were sequenced
bidirectionally to search for sequence variations in the probands of families A and B.
Exons containing R1108X and H1505del mutations were amplified by PCR for each
additional family member and sequenced bidirectionally. Sequences of the 42 primer
pairs for the 34 NOTCHI1 exons are available on request. PCR amplification was
performed with the BD Biosciences Advantage GC Genomic PCR kit following the
manufacturer's instructions, with annealing at 60 °C. Screening of identified human
NOTCHI mutations was performed with allelic discrimination assays and the ABI Prism
7900 HT Sequence Detection System using TagMan probes on DNA from participants in
the Dallas Heart Study, as described(134).

Radioactive-section in situ hybridization—35S-labelled antisense riboprobes were
synthesized with T7 RNA polymerase (MAXIScript, Ambion) from 400-bp partial mouse
Notchl ¢cDNA or plasmids encoding Hrtl and Hrt2. With these riboprobes, radioactive-
section in situ hybridization was performed on paraffin-embedded sections of E11.5,
E13.5 and E17.5 mouse embryos, as described(135).

Luciferase assays—COS7 cells were transfected using Fugene 6 (Roche)
according to the manufacturer's instructions. The reporter plasmid (250 ng), p6OSE2

luciferase(136), and CMV beta-galactosidase expression plasmid (50 ng) to control for
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transfection efficiency were transfected along with Runx2 expression plasmid (100 ng)
and Hrtl, Hrt2, Notchl intracellular domain and Hrt2 deletion expression plasmids (300-
1,000 ng). Hrt2 deletion constructs were generated as described(137) and protein levels
of mutants kept constant. To inhibit HDAC activity, trichostatin A diluted to 0.1 uM in
dimethyl sulphoxide (DMSO) was added 24 h before collecting cell lysates.
Simultaneous duplicate experiments with an identical amount of DMSO served as a
control. Immunoblots verified appropriate protein expression. Luciferase activity was
measured 40 h after transient transfection as described(137) and was normalized to LacZ
expression to generate relative luciferase activity (Fig. 3a) or expression of Hrt and
Runx?2 proteins (Fig. 3¢). At least three independent experiments were performed in
duplicate.

Quantitative RT-PCR—Total RNA from COS?7 cells collected 40 h after
transfection with empty vector and Notch1 intracellular domain expression plasmid was
purified with the Trizol method (Invitrogen). Total RNA (1 ug) was reverse transcribed
using the Superscript First Strand Synthesis System for RT-PCR (Invitrogen). PCR
analysis was performed using primers specific for Hrtl and Hrt2. Glyceraldehyde 3-
phosphate dehydrogenase (G3PDH) RNA was amplified as a loading control. An
annealing temperature of 56 °C was used for PCR analysis. Negative controls for each
sample used non-reverse-transcribed RNA.

GST pull-down assay—Mouse GST-Hrt2 fusion proteins were purified with
glutathione Sepharose 4 Fast Flow beads (Roche) for 12 h and washed twice in binding
buffer (300 mM NaCl, 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1% Triton X-100, 1%

NP-40, 0.1% SDS, 0.5 mM dithiothreitol). 35S-labelled Runx2 protein was synthesized
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using the T7 TNT coupled reticulocyte lysate system (Promega) according to the
manufacturer's instructions. Labeled protein was incubated with GST fusion protein (2
ug) for 8-10 h at 4 °C in binding buffer with 1 mg of nonfat dried milk to compete for
nonspecific interactions. Bound proteins were analyzed by SDS-PAGE and

autoradiography.

RESULTS

We identified a family of European-American descent spanning five generations
with 11 cases of congenital heart disease (Fig. 3.14). Clinical evaluations demonstrated
autosomal-dominant inheritance of congenital heart disease. Nine affected family
members had aortic valve disease (Fig. 3.1B,G). In eight, an abnormal aortic valve was
the only cardiac malformation; six had bicuspid aortic valve, and seven developed
calcific aortic stenosis, including three cases in the setting of a three leaflet valve. One
family member (IV-4) had an associated abnormal mitral valve, resulting in mitral
stenosis, and a ventricular septal defect. An isolated ventricular septal defect or tetralogy
of Fallot with a bicuspid pulmonary valve was identified in two other affected family
members (III-4 and IV-1, respectively). Four family members have required aortic valve
replacement for severe calcification. No cardiac conduction abnormalities, neurological
deficits, or other birth defects were identified. Detailed clinical phenotype information for
this family is shown in Supplementary Fig. 3.44.

A genome-wide scan of available family members revealed linkage of the
congenital heart disease phenotype to a single locus on chromosome 9q34-35 between

D9S1826 and D9qter (logarithm of odds (LOD) score, 3.5, theta = 0), spanning
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approximately 3 megabases (approx9 cM) (for haplotype data, see Supplementary Fig.
3.5). Review of 30 known (and 57 predicted) genes revealed NOTCH1, which encodes a
transmembrane receptor (2,556 amino acids) that functions in a highly conserved
intracellular signaling pathway involved in cellular differentiation, cell fate and lateral
inhibition(138). Direct sequencing of NOTCHI in an affected patient revealed a
heterozygous C-to-T transition of nucleotide 3322 that predicted a premature stop codon
instead of arginine at position 1108 in the extracellular domain (Fig. 3.1C). All affected
subjects who were clinically evaluated had the R1108X mutation, suggesting autosomal-
dominant inheritance of the disease phenotype with complete penetrance (Fig. 3.14). The
mutant allele was not detected in unaffected family members or in 1,136 unrelated
subjects of diverse ethnicity (Supplementary Fig. 3.6), making it unlikely that R1108X is
a rare polymorphism. In the proband (the index case), sequencing of 100 additional
regulatory genes essential for, or expressed during, cardiac development identified no
other linked mutations, consistent with a monogenic etiology (V.G. and D.S.,
unpublished observations).

Direct sequencing of NOTCHI1 in a smaller, unrelated Hispanic family with aortic
valve disease revealed a second mutation that segregated with three affected family
members, all with bicuspid aortic valve (Fig. 3.1D,FE). The proband (III-1) also had mitral
valve atresia, hypoplastic left ventricle and double-outlet right ventricle; his sibling (I1I-
2) and mother (II-1) had aortic valve calcification and stenosis. Family member II-2 had
an ascending aortic aneurysm (Fig. 3.1E; see also Supplementary Fig. 3.4B) but no aortic
valve disease. A single base pair deletion at position 4515 that segregated with aortic

valve disease in this family was not found in 1,138 ethnically diverse controls (Fig. 3.1F;
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see also Supplementary Fig. 3.6). This deletion resulted in a frameshift mutation
(H1505del) that predicted a severely altered protein containing 74 incorrect amino acids
at the carboxy terminus of the extracellular domain followed by a premature stop codon
(Fig. 3.1F). These NOTCH1 mutations generate truncated transcripts that probably
undergo nonsense-mediated decay(139) and provide compelling genetic evidence that
NOTCHI haploinsufficiency results in human congenital heart disease, although
dominant-negative effects cannot formally be ruled out.

To determine whether Notchl expression during development correlates with the
predominant phenotype in humans, we performed in situ hybridization at multiple stages
during cardiogenesis, focusing on Notchl transcripts in cardiac valves and their
precursors in mice. At mouse embryonic day (E) 11.5, Notchl messenger RNA
transcripts were abundant in the outflow tract mesenchyme, which gives rise to the
valves, and in the endocardium (Fig. 3.24-D). By E13.5, when septation of the common
arterial trunk occurs, Notchl was expressed at high levels in the endothelial layer (Fig.
3.2E-H) and mesenchyme of aortic valve leaflets (Fig. 3.2G,H), possibly explaining the
increased dose sensitivity of the aortic valve. These findings suggest a role for Notch
signaling in the morphological development of the aortic valve. Disruption of Notchl in
mice results in death by E9.5 from vascular endothelial defects, precluding analysis of the
aortic valve(140), but in fish and frogs Notch1 appears to be important for early valve
development(141).

NOTCHI encodes a large protein containing an extracellular domain with 36
tandem epidermal growth factor (EGF)-like repeats and three cysteine-rich Notch/LIN-12

repeats, an intracellular domain with six ankyrin repeats, and a transactivation domain.

A0



The Notch signaling pathway is highly conserved across species(138). Notch receptors
(1-4) interact with Delta(1-4) or jagged(1, 2)/serrate, resulting in two independent
cleavages, first by a metalloprotease(142,143) and then by presenilin(144,145), that
release the Notch intracellular domain from the membrane, in a manner similar to that
first described for sterol response element binding protein(146). Notch intracellular
domain translocates to the nucleus, where it interacts with the DNA-binding protein CSL
(CBF-1, suppressor of hairless, and Lag-1) to activate downstream target genes, including
members of the hairy/enhancer of split (Hes) family of transcriptional repressors. This
pathway participates in cell fate determination and differentiation during organogenesis
throughout the embryo and is regulated by glycosylation of the extracellular EGF-like
repeats in Notchl (147).

Although haemodynamic alterations induced by bicuspid aortic valve may
contribute to calcification, several family members with tricuspid aortic valves also
developed calcification. This observation, along with the severity of calcification, led us
to test whether NOTCH1 may directly affect calcium deposition. A proposed cellular
mechanism by which valvular calcification develops is via differentiation of valvular
cells into osteoblast-like cells(132), including upregulation of genes, such as
osteopontin(148). Expression of osteopontin, osteocalcin and other osteoblast-specific
genes is directly regulated by upstream cis-elements that bind to the transcription factor
Runx2(136). Because Runx?2 is upregulated in mouse and rabbit models of valvular
calcification(149,150), we investigated whether Notch1 normally represses Runx?2
activation. In the fibroblast cell line COS7, constitutively active Notchl intracellular

domain repressed Runx2-induced activation of luciferase through a multimerized Runx2-
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binding cis-element normally present upstream of osteocalcin (Fig. 3.34). Although
Runx2 can be inhibited by histone deacetylase (HDAC) activity(151), Notch1-mediated
repression of Runx2 was unaffected by the potent HDAC inhibitor trichostatin A,
suggesting that it was HDAC-independent.

Notch directly activates the hairy family of transcriptional repressors, the central
mediators of Notch's effects on gene expression. The heart and vasculature are enriched
in the hairy-related transcriptional repressors Hrtl and Hrt2, which mediate the Notch
signal(135,152). Hrtl and Hrt2, also known as Hey1 and Hey2, were co-expressed in the
endothelial lining of the murine aortic valve leaflet at E17.5, as well as in the
endocardium and vascular endothelium (Fig. 3B-D). As with Notchl, Hrtl and Hrt2
inhibited Runx2 activation of the osteocalcin enhancer. Using Hrt2 truncation mutants,
we determined that the basic helix-loop-helix (bHLH) domain of Hrt2 is necessary for
full Hrt2-mediated repression of Runx2 (Fig. 3E,F). Moreover, semi-quantitative RT-
PCR demonstrated upregulation of Hrtl and Hrt2 transcripts in COS7 cells transfected
with Notchl intracellular domain (Fig. 3G). In glutathione S-transferase (GST) pull-down
studies performed to investigate the mechanism of Hrt2-mediated repression, Hrt2 and
Runx2 specifically interacted (Fig. 3.3H), consistent with the repression we observed and
the reported in vitro interaction between Hes1 and Runx2 (153). The bHLH domain of
Hrt2 can recruit HDACs(154); however, as with Notch1, Hrt repression of Runx2
activation was not dependent on HDAC activity (Fig. 3.3). These data suggest that Hrt
proteins repress Runx2 through a physical interaction, and may mediate Notchl

repression of Runx2.
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NOTCH Inhibits MYOCD-Dependent miR-1 Expression

We hypothesized that NOTCH1 and MYOCD may epistatically interact in valve
tissue because of two additional facts. First, NOTCH1 and multiple members of the
NOTCH signaling pathway are linked to both Aortic and Pulmonic valve disease
(36,83,155) similar to our findings with the MYOCD mutations. In this same line, the
Runx2 pathway inhibits MY OCD-dependent control of smooth muscle differentiation
(156). Secondly, the NOTCH:JAGGED1 pathway was recently shown to activate smooth
muscle genes synergistically with MYOCD but no physical interaction was shown (157).
Because hypomorphic alleles of MYOCD or NOTCH can lead to OFT valve disease, we
hypothesized that MYOCD would activate NOTCH1-dependent target genes that are
involved in OFT development. The NOTCHI1 intracellular domain is known to activate a
luciferase reporter driven by the Hrt2 promoter (33). WT MYOCD®* was able to weakly
activate Hrt2-Luc, but in conjunction with the NOTCHI1 intracellular domain was able to
synergistically induce activation of Hrt2-Luc much more (Fig. 3.74). MYOCD induction
of Hrt2 and Hrt2 inhibition of MYOCD may be a mechanism used by MYOCD to
regulate MYOCD and/or NOTCH-dependent activity in various boundaries in the body,
such as between OFT valve endocardium and the surrounding muscle.

Previous reports have shown that MYOCD and SRF are able to activate enhancers
that drive expression of the muscle specific microRNA cluster, miR-1/miR-133a (119). It
was striking that the enhancers for the two separate clusters drove expression in either the
atria (miR-1-1/miR-133a-2) or in the ventricles (miR-1-2/miR-133a-1). This expression
was reminiscent of the expression patterns of Hrtl and Hrt2, which had atrial and

ventricular specific expression respectively in early development (158). We hypothesized
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that since NOTCH was able to inhibit some MYOCD target genes that NOTCH may also
regulate microRNA tissue specificity through Hrt-mediated inhibition, such as when Hrt2
inhibits atrial gene expression (159). As hypothesized, Hrtl and Hrt2 were able to inhibit
MYOCD dependent transcription of luciferase driven by the miR-1-2 promoter (Fig.
3.7B). Furthermore, whole heart tissue from embryonic Hrt2 null mice showed a small
but consistent increase in total miR-1 and miR-133 expression levels (Fig. 3.7C). These
data suggest that NOTCHI can regulate MYOCD in a context dependent manner and that

NOTCHI can regulate the expression of the microRNA-1/133a cluster.

DISCUSSION:

Somatic NOTCH1 mutations have been identified in human blood cancers(160),
but the discovery of NOTCH1 mutations as a cause of aortic valve calcification and
aortic valve anomalies represents the first demonstration of NOTCH1 germline mutations
in human disease. The families reported here provided insights into the cause of a
common human developmental malformation (bicuspid aortic valve) and revealed a
potential mechanism mediated by NOTCH1 mutations that may predispose to endothelial
dysfunction and inflammation underlying abnormal cardiovascular calcification events.
Further studies of the NOTCHI1 signaling pathway in the adult calcific process may
identify preventative and pharmacological approaches to slow this age-related disease.

Whereas the role of NOTCHI in preventing aortic valve calcification is relevant
for adult-onset disease, its essential function in normal development of the valve is
equally intriguing. Bicuspid and even unicuspid aortic valves typically contain a ridge

where the valve leaflets did not separate in utero (Fig. 3.1G). In extreme cases, blood
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flow may be so restricted that the left ventricle fails to grow, resulting in hypoplastic left
heart syndrome, the most frequent cause of death in children with congenital heart
disease. As bicuspid aortic valve and hypoplastic left heart syndrome may represent
extremes of the aortic valve disease spectrum, the discovery of NOTCHI as a cause of
bicuspid aortic valve and a hypoplastic left ventricle in the same family suggests that
NOTCHI mutations may be the genetic basis for hypoplastic left heart syndrome in some
patients. Future studies of NOTCH1 mutations in this population may reveal those at risk

for a subset of severe congenital heart lesions.
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Figure 3.1: NOTCH1 mutations segregate with familial aortic valve disease.

A, Kindred with five generations (indicated with Roman numerals) affected by congenital
heart disease and valve calcification. Participating members of each generation are
indicated numerically. Deceased family members (slash) were unavailable for mutation
analysis. Squares, males; circles, females. B, Cardiac phenotype in affected family
members. Al, aortic insufficiency; AS, aortic stenosis; AV, aortic valve; BAV, bicuspid
aortic valve; TOF, tetralogy of Fallot; VSD, ventricular septal defect. C, Sequence
chromatogram of affected family members. D, Kindred with three members affected by
congenital heart disease. E, Cardiac phenotype of family B. DORV, double-outlet right
ventricle; HLV, hypoplastic left ventricle; MA, mitral atresia; MS, mitral stenosis. F,
Sequence chromatogram of affected members in family B. G, Schematic of normal
trileaflet aortic valve, bicuspid aortic valve and calcified aortic valve.
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Figure 3.2: Cardiac expression of mouse Notchl mRNA by radioactive-section in situ
hybridization.

A-D, Transverse sections of E11.5 mouse embryos through endocardium (arrowhead)
and endocardial cushions (asterisk) of the outflow tract (oft). C, D, High-magnification
images of A, B, as depicted by box in A. e, endocardium; nt, neural tube. E-H,
Transverse sections through E13.5 embryonic heart. G, H, High-magnification of aortic
valve (AoV) region outlined by box in E. The asterisk indicates AoV mesenchyme.
Sections in A, C, E and G are bright-field images of B, D, F and H, respectively. la, left
atrium; lv, left ventricle; ra, right atrium; rv, right ventricle.
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Figure 3.3: Notchl, Hrtl and Hrt2 repress Runx2 transcriptional activity.

A, Relative luciferase activity in COS7 cells transfected with Flag-Runx2 and Runx2-
dependent osteocalcin enhancer (p6OSE2) luciferase reporter with or without co-
transfection of the indicated concentrations of Myc-Notch1 intracellular domain, in the
presence of trichostatin A (TSA) or vehicle (DMSO). B-D, Coronal section in situ
hybridization through aortic valve (arrows) of E17.5 mouse embryos (C, D). Panel B is a
bright-field image. Ao, aorta; lv, left ventricle; rv, right ventricle. E, Relative luciferase
activity directed by Runx2 with co-transfection of Hrtl, Hrt2 or Hrt2 mutant proteins.
Numbers indicate amino acid positions of mutant proteins. F, Schematic and summary of
Hrt2 mutant protein effects on Runx2. B, basic domain; HLH, helix-loop-helix domain;
orange, orange domain; Y/T, YXPW-TEIGAF motif. G, Semi-quantitative RT-PCR of
Hrtl, Hrt2 and G3PDH in COS?7 cells with or without transfection of Notch intracellular
domain. H, Pull-down assays with GST-Hrt2 fusion protein and 35S-labelled Runx2. I,
Relative luciferase activity of Runx2 with Hrtl or Hrt2 in the presence of trichostatin A
or DMSO control. Luciferase data are shown as percentage of Runx2 activation
(normalized to 100%); mean plus minus s.d. are shown.

A0



'umouun=M {JuUspIoDY S[0IYSA JI0IOW=YAIN ‘UoloJeul [eipiesoAw=|p

‘uoisuspedAy=N1H ‘luepiooe JB|NOSEACIqeIsd=Y\ ) ‘iedued=y, ‘108jep |eldes JejnoljusA=SA ‘10]ed jo ABojellel=40] ‘shsolele
snjonp ueled=yad ‘1eyewaoed=d ‘@AjeA [BINW=AW ‘SISOU]S [BANW=S|\ ‘Juswiaoe|dal aAjBA [BIJIW=YAN ‘BISa11e [RIIW=Y\ ‘S|o1IjuaA
ye| onsejdodAy=ATH ‘@|ouuaA JYbLI 19]IN0 S|qNOP=AHOQ ‘esessip Heay [eausbuoo=gHo ‘@AleA oiuoe pidsnoig=Avgd ‘wsAinaue oiuoe
Bujpusdse=yYy ‘juswisoe|del 1001 d1lioe=HOY ‘juswiade|del eA|eA J1LoB=HAY ‘Aousiolnsul olLOBR=|Y ‘SISOUS]S JI1IOB=SY :SuoljelAeIqqy

[EULION Lallll

[EULION €-lll

S8A + Avd Sv ¢l

Alabins aAneled d/s - + AVE AHOO ‘ATH 'V -l

INd d/s "HoY d/s vV ON i 13/jes| eaiyl [EULION cll

Hoy d/s vy S8A + Avg SvY Ll

n = 5 n n cl

n = = n n -l
ylea( jo asne) saseasip/saljewoue [epuabuod 1aylo juswaoeiday | Aebing ABojoydiop aHo

SA|EA DIUOY BA|BA JIUOY
gl 0._=mE EwEmEm_nE:m

[ELLION e-A

- - AVE BLI0E Ose pale|ip Sy L-A

HAW d/s ‘ainsojo gsA /s - + Avd AN @inyoesed ‘SN 'ASA | ¥-Al

n = . n n €-Al

laplosip ainzias - - 18|je8| @aly} QY Z-Al

fiebins Jaye lunys uocjsielep dis - + 19|je8| @iy} Ad pidsnoig 401 1-Al

YAN n - 2 n n 6-lll

n - . Avd v 8-lll

[ELLION Z-1l

uoissaldap ‘N.IH OA £¢ 'sa\ + Avd v 9-lll

yiesp usppns wisijogwa feunal OA 9z 'se\ & Avd eHoe Ose pale|lp gy S-lll

JEENESE] SIS0I|00S - - n asA P

VO dulein 5 5 18/jes| 8aly} AV [eulouge €-lll

[ELLION c-lll

[EULION Sl

HAY 18}e YAD N1H OA 9/ 'SeA + Avd SY cll

v iseaiq 'WAD "elwapidiljedAy ‘N1H 0A 69 'seA + leljes| @aiyl | euoe ose pae|ip 'Y 'SY -l

oAzgle | n - - n N Z-l

0A 99 Je yQ uojoD n - - [l N Ll
yieaQ jo asne) saskasip/saljewoue [epuabuos JaylQ jusweoeidey | Miebing | ABojoydiop ado

SA|EA JILOY SAJEA JILOY

70



Supplementary Figure 3.4: Clinical phenotype of Family A and Family B.

1A and 1B show the detailed clinical phenotypes of individuals in Families A and B
respectively, as described in Fig. 1. Key for abbreviations is shown. Shaded rows
represent unaffected family members who did not have a NOTCH mutation.
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Supplementary Figure 3.5: Pedigree of Family A with haplotype data.

Mapping within linked region on chromosome 9q. The region between markers D9S158
and D9S1838 was shared among affected individuals as shown by black colored box.
Parentheses indicate predicted haplotypes while the haplotype was unable to be
determined in those marked with “?”.
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NOTCH1 Genetic . - . | Overall SNP Frequency in - SNP Frequency by
Abnormality Ethnicity of kdentified Family Control Population Ethnicity Ethnicity

R1108X European-American (Family A) 0/1136 European-American 0/349
African-American 0/543
Hispanic 0/217
Other 0127
H1505del Hispanic (Family B) 0/1138 European-American 0/350
African-American 0/544
Hispanic 0/217
Other 0/27

Supplementary Figure 3.6: Ethnicity data for NOTCH1 polymorphisms.

For each genetic abnormality identified in NOTCH 1, the ethnicity of the family is shown.
The allele frequencies of the genetic abnormalities in each ethnic population are also

shown.
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Figure 3.7: MYOCD and NOTCHI1 Synergistically Interact and HRT1/2 Inhibits
MYOCD-Dependent miR-1 expression

A, effect of MYOCD?? cotransfected with the NOTCHI intracellular domain (ICD) on
HRT2-Luc. B, effect of HRT1, 2, or 3 cotransfected with MYOCD on miR-1-2-Luc. C,
quantitative RT-PCR for total microRNA in the miR-1 and miR-133a family. Whole
heart mRNA was collected from E13.5 HRT2 null embryos and WT littermate controls.
*, p<0.05 vs control.
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ABSTRACT

MicroRNAs (miRNAs) are genomically encoded small RNAs used by organisms
to regulate the expression of proteins generated from messenger RNA transcripts. The in
vivo requirement of specific miRNAs in mammals through targeted deletion remains
unknown, and reliable prediction of mRNA targets is still problematic. Here, we show
that miRNA biogenesis in the mouse heart is essential for cardiogenesis. Furthermore,
targeted deletion of the muscle-specific miRNA, miR-1-2, revealed numerous functions
in the heart, including regulation of cardiac morphogenesis, electrical conduction, and
cell cycle control. Analyses of miR-1 complementary sequences in mRNAs upregulated
upon miR-1-2 deletion revealed an enrichment of miR-1 “seed matches” and a strong
tendency for potential miR-1 binding sites to be located in physically accessible regions.
These findings indicate that subtle alteration of miRNA dosage can have profound
consequences in mammals and demonstrate the utility of mammalian loss-of-function

models in revealing physiologic miRNA targets.
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INTRODUCTION

Many complex cellular, developmental, and homeostatic processes depend on
precise spatiotemporal regulation of protein levels, some of which function as “rheostats”
to execute programs in a quantitative fashion. The dose-sensitivity of proteins involved in
the development and maintenance of organs is highlighted by the numerous human
diseases caused by heterozygous mutations that result in haploinsufficiency
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM). This is particularly true for
the heart. The heart is one of the most conserved organs at the molecular level (161-163)
and is the organ most affected by disease in childhood and adult populations (164).
Human heart disease can involve abnormalities in morphogenesis, muscle maintenance
and function, and cardiac rhythm. Damage to heart muscle is typically irreversible as
cardiomyocytes terminally exit the cell cycle postnatally and have little or no
regenerative capacity, despite niches of cardiac progenitors that may contribute to basal
turnover of myocytes (165-169). Networks of transcription factors regulate heart
development and maintenance in a dose-dependent manner, but the effects of
translational regulation on the titration of these pathways are largely unknown.

MicroRNA (miRNA)-mediated control of protein expression is likely a widely
used mechanism for post-transcriptional regulation of important cellular pathways (170-
174). Nearly 500 mammalian miRNAs are transcribed in the nucleus and undergo
successive processing events by the enzymes Drosha and Dicer to ultimately yield mature
miRNAs of ~20-22 nucleotides (172,173,175). Mature miRNAs typically bind to target
mRNAs by partial sequence matching after becoming incorporated into the RNA-induced

silencing complex (RISC), resulting in degradation of the mRNA transcript and/or
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translational inhibition. Disruption of miRNAs in Caenorhabditis elegans and
Drosophila suggest several ways by which miRNAs may control cellular events. In some
cases, they function to “fine-tune” physiologic events, but in others they function as
molecular “switches” (176-184). miRNAs can also function in a “fail-safe” mechanism
to silence mRNAs that are unwanted in specific cell lineages (185,186). In mice,
interference with miRNA biogenesis by tissue-specific deletion of Dicer revealed a
requirement of miRNA function during limb outgrowth, (187) and in development of
skin progenitors (188). However, the in vivo requirement of specific miRNAs in
mammals through targeted deletion remains unknown.

We and others have described muscle-specific miRNAs, such as the bicistronic
miR-1 and miR-133 cluster, and miR-206. miR-1 and —133 are expressed in cardiac and
skeletal muscle and are transcriptionally regulated by the myogenic differentiation factors
MyoD, Mef2, and serum response factor (SRF) (176,178,189-192). An ancient genomic
duplication likely resulted in two distinct loci for the miR-1/miR-133 cluster in
vertebrates, with identical mature sequences derived from the duplicated loci. In
Drosophila, deletion of the single miR-1 gene (dmiR-1), expressed specifically in cardiac
and somatic muscle, results in a defect in muscle differentiation or maintenance
(176,178). dmiR-1 targets the Notch ligand, Delta, a known regulator of cardiogenesis
and myogenesis in flies (178). In contrast, overexpression of miR-1 in mouse cardiac
progenitors has a negative effect on proliferation, where it targets the transcription factor
Hand2, which is involved in myocyte expansion (189). Similar to the heart, miR-1
overexpression in cultured skeletal myoblasts promotes skeletal muscle differentiation, as

does the related but skeletal muscle—specific miR-206 (191,193). miR-133
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overexpression curiously prevents skeletal muscle differentiation, suggesting that
differential processing from the bicistronic transcript may regulate cellular decisions of
differentiation or proliferation (191). Although significant dysregulation of miRNA
expression has been reported in cardiac disease (194,195), it remains unknown if the
heart requires miRNA function for normal development or maintenance.

A major obstacle in understanding how miRNAs regulate cellular events has been
identifying mRNAs that are directly targeted by a specific miRNA. While a few targets
have been validated at the protein level for miR-1 and several other miRNAs, each
miRNA likely targets tens of different mRNAs (196-199). Bioinformatic approaches
rewarding a high-degree of Watson-Crick base-pairing at nucleotides 2—7 at the 5" end of
the miRNA (the so-called “seed match”) and its mRNA target have been informative, but
specificity remains a problem in efficiently identifying targets (197,198,200-202). We
proposed that accessibility of the miRNA binding site within the mRNA, as defined by
the local secondary structure and free energy characteristics of the mRNA, may be an
important predictor of true miRNA:mRNA interactions (189). We had found that most
validated miRNA targets exist in locally accessible regions of mRNAs, although
mammalian targets have generally been validated in overexpression models that may not
accurately reflect endogenous requirements (170). The true importance of target
accessibility in mammalian physiologic settings has awaited generation of in vivo loss-
of-function models to better ascertain criteria for miRNA:mRNA interactions at a
genome-wide level.

In this report, we examine the effects of a global loss of miRNAs during cardiac

development and use targeted deletion to examine the requirement of a specific miRNA,
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miR-1-2. We demonstrate that the functions of miR-1 are dose-sensitive and that miR-1-2
regulates cardiac morphogenesis, cardiac conduction and the cardiac cell cycle. Using
the loss-of-function model, we characterize miR-1-2 targets and evaluate the importance

of miRNA target accessibility along with seed matching in determining miRNA targets.

MATERIALS AND METHODS
Generation of Dicer Conditional Null or miR-1-2 Null Mice — Dicer™ " mice
(187) and Nkx2.5-Cre mice (203) have been described previously and were intercrossed

flow/lox ice. Genotyping was performed as described. To

to generate Nkx2.5-Cre; Dicer
generate miR-1-2 null mice, Sv129 embryonic stem (ES) cells were electroporated with
the targeting vector. Nde I or Sac [ digests of genomic DNA were used for Southern blot
genotyping of 5" or 3" recombination, respectively. Two of the 1500 colonies screened
were properly targeted and injected into C57BL6 blastocysts to generate high percentage
chimeras that were bred to recover heterozygous mice with germline transmission.

RNA in Situ Hybridization, Quantitative Real-Time PCR and RT-PCR Analysis —
RNA in situ hybridizations of whole embryos were performed as described (Yamagishi et
al., 2003). qPCR was performed using the ABI 7900HT (TagMan, Applied Biosystems)
per the manufacturer’s protocols. Primer sets for Mib! spanned exons 19-20 (Taqman:
MmO00523008 m1l) or exons 12-13; sequences are in Supplementary Methods.
Expression levels were normalized to Gapdh expression. Semi-quantitative RT-PCR was
done in the linear range of amplification. Statistical analysis was performed using the

two-tailed student’s t-test.

Immunohistochemistry and Western blot Analysis — Histological sectioning and
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hematoxylin & eosin staining were performed according to standard practices.
Immunohistochemistry was performed on paraffin embedded sections (7 um) as
described in Supplement Material. Western blots were performed as described previously
(189) on heart tissues from P10 mice. Irx5 antibody (kindly provided by C.C. Hui) was
used at 1:100 dilution; goat polyclonal Hand2 (Santa Cruz Biotechnology) at 1:100
dilution, and Dicer C-20 antibody (Santa Cruz Biotechnology) at 1:100 dilution.

Quantification of Cardiomyocyte Cell Numbers — Cardiomyocytes from adult
hearts were isolated as previously described using an alkaline dissociation method
(204,205). Cell suspension (10 wl) was loaded onto a Fuchs-Rosenthal counting chamber
(Hausser Scientific). Cardiomyocytes in the counting chamber were distinguished from
fibroblasts by cytoplasmic size and the presence of sarcomeres. The numbers of
cardiomyocytes per mm® of counting chamber were evaluated 8 times per heart (n=3).

Sequence Analysis and Free Energy Calculations — Mouse 3 UTR sequences
were retrieved from the RefSeq database (http://www.ncbi.nlm.nih.gov/RefSeq/).
Bioinformatic analyses of miRNA binding sites were performed as described with AG’s
determined using mFold (Zhao et al., 2005). Determination of motif occurrence
assessment is described in Supplementary Methods.

Noninvasive Assessment of Heart Function — Transthoracic echocardiography
was used for noninvasive serial assessment of cardiac function in mice using a Vevo 770
ultrasound machine (VisualSonics). Cardiac electrophysiological function was assessed
by surface electrocardiograms as described in Supplementary Methods. Mean, standard
deviation, and standard error of the mean were calculated for each genotype, and all

pairwise statistical comparisons were made with t-tests.
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Cell Culture and Transfection Assays — Irx5 3" UTR was cloned into a pGL-TK
vector as described (189) and introduced into Cos cells with or without a plasmid
containing miR-1. Luciferase assays were performed as described previously (189).

Microarray Analysis — Mouse genome-wide gene expression analysis was
performed using Affymetrix mouse genome 430 2.0 array. RNA was extracted from
E11.5 or P10 whole heart tissue using Trizol reagent (Invitrogen) per manufacturer’s
protocol. Microarray analysis was performed in triplicate from independent biologic
samples according to the standard Affymetrix GeneChip protocol. Data was analyzed
with GeneSpring software (Agilent Technologies). Details of statistical analyses can be

found in Supplementary Materials.

RESULTS
Disruption of the Dicer Allele in Cardiac Progenitors

To assess the global requirement of miRNAs in the mouse heart, we deleted a
floxed Dicer allele (187), using Cre-recombinase under control of the endogenous
Nkx2.5 regulatory region, which directs expression in cardiac progenitors by embryonic
day (E) 8.5 (203). Dicer, which is essential for processing of pre-miRNAs into the
mature form (206), was efficiently deleted in the heart, and the embryos died from
cardiac failure by E12.5 (Figure 1). Embryos lacking Dicer in the developing heart
exhibited pericardial edema and a poorly developed ventricular myocardium. Most
markers of initial cardiac differentiation and patterning, such as Tbx5, Hand1, Hand2,
and Mlc2v were normal (Figure 1). Microarray analysis of E11.5 hearts in triplicate,

before obvious signs of dysfunction, revealed upregulation of several genes, such as the
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endoderm marker alpha fetoprotein and the skeletal muscle—specific gene, fast skeletal
troponin; numerous genes were also downregulated, including ones encoding the
homeodomain only protein (Hop), myoglobin, and the potassium channel Kend2 (Supp.
Figure 1). The early lethality in the Dicer mutant revealed an essential requirement for
miRNA function in the developing heart.

One of the most abundant and specific miRNAs affected in the Dicer mutant heart
was miR-1. miR-1-1 and miR-1-2 are both specific for cardiac and skeletal muscle and
are co-transcribed as bicistronic messages with miR-133a-2 and miR-133a-1,
respectively, but have unique expression patterns (189,191,207). Using PCR primers
specific for each miRNA, we found that both were present in the embryonic and postnatal
heart, although miR-1-2 expression began slightly earlier in the embryonic heart (Figure
1).

Targeted Deletion of miR-1-2 in Mice

To define the in vivo function of a specific miRNA in mammals, we targeted the
21-nt mature miR-1-2 sequence for deletion by homologous recombination in mouse
embryonic stem (ES) cells. miR-1-2 is transcribed as a 2.5-kilobase (kb) message
containing miR-1-2 and miR-133a-1 sequences (191). The miR-1-2/miR-133a-1 gene
resides in a 14.6-kb genomic region between the 12" and 13" exons of the Mind bomb1
(Mib1) locus, involved in Notch signaling (Koo et al., 2005) in an antisense orientation
and is regulated by an independent SRF-dependent enhancer in the heart and MyoD-
dependent enhancer in skeletal muscle (Figure 2) (189). Gene targeting was designed to
remove the mature 21-nt miR-1-2 sequence, while leaving the rest of the transcribed

sequence, enhancer region, and Mib/ exons intact (Figure 2).
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Mice heterozygous for miR-1-2 survived without any apparent abnormalities and
reproduced efficiently. miR-1-2 heterozygotes were intercrossed, and in the surviving
homozygous mutants, we confirmed the absence of the miR-1-2 transcript with PCR
primers specific for the pre-form of miR-1-2. The miR-133a-1 pre-form was transcribed
intact, and we did not detect compensatory changes in miR-1-1 levels. Importantly, Mib1
transcript levels were unchanged in the miR- /-2 mutant with efficient transcription
through the targeted locus, as determined by quantitative real-time RT-PCR (qPCR)
using primers crossing the 19™-20™ exon (Figure 2). PCR across exons12 and 13 revealed
normal splicing of exons surrounding the targeted locus (Figure 2). Thus, we specifically
targeted the miR-1-2 locus without affecting nearby genes.

Cardiac Morphogenetic Defects in miR-1-2 Mutants

Genotyping of offspring from miR-1-2 heterozygous intercrosses revealed 50%
lethality by weaning (Figure 3). Mendelian ratios were observed in offspring until E15.5,
but thereafter, death occurred at varying times, ranging from E15.5 to just after birth. The
external anatomy of mutant embryonic hearts was unremarkable, except for occasional
enlargement. Skeletal muscle was grossly normal. However, histologic analysis revealed
a large ventricular septal defect (VSD) in half of the embryos (Figure 3). Failure of
ventricular septation results in death within hours after birth in mice, but some miR-1-2""
embryos also exhibited pericardial edema before birth, consistent with primary
myocardial dysfunction in utero contributing to embryonic demise.

VSDs can result from dysregulation of myriad events during
cardiogenesis, and it is likely that miR-1-2 regulates numerous genes during this process.

Our previous studies demonstrated a highly conserved miR-1 binding site in the 3-UTR
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of a critical cardiac transcription factor, Hand2, that responded to overexpression of miR-
1 by inhibiting translation (189). Precise dosage of Hand2 is essential for normal
cardiomyocyte development and morphogenesis (208-214). The mRNA levels of Hand2
were unchanged in miR-1-2 mutants, but the protein levels were increased approximately
fourfold as seen by western blots (Figure 3), consistent with Hand2 being a physiologic
miR-1 target in vivo.
Cardiac Electrophysiologic Defects in miR-1-2 Mutants and miR-1-2 Regulation of
IrxS

The miR-1-2 homozygous mice that survived post-natally exhibited a range of
phenotypes. In some cases (~15%), mice developed rapid dilation of the heart and
ventricular dysfunction with evidence of atrial thrombi and death by 2—-3 months of age.
The rest were remarkably normal with no dysfunction by echocardiography nor evidence
of scarring, but many suffered sudden death. Because abnormalities in cardiac conduction
and repolarization often cause sudden death, we performed surface electrocardiography
in mutant mice and their littermates. The average heart rate of mutants was significantly
lower than wild-type littermates, and the normal delay between atrial and ventricular
depolarization (the PR interval) was shortened (Figure 4). In addition, ventricular
depolarization, manifested by the QRS complex, was significantly prolonged in the
mutant hearts. Synchronous depolarization of ventricular myocytes is coordinated by
rapid conduction through the atrioventricular bundle, bundle branches, and Purkinje
fibers. The increased width and the morphology of the QRS complex in the mutants was
typical of abnormal conduction along one of the bundle branches (bundle branch block),

a finding that in humans can be associated with an increased risk of sudden death (215).
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In our search for potential miR-1 targets that might explain aspects of the cardiac
conduction abnormalities, we found that the 3"-UTR of Irx5 had a well-conserved miR-1
binding site (Figure 4) and was located in a region of very high free energy (5" DG: -8.5;
3" DG: -2.8), suggesting a locally accessible site. Irx5 belongs to the Iroquois family of
homeodomain-containing transcription factors and regulates cardiac repolarization by
repressing a key potassium channel, Kend2 (216). We therefore cloned the miR-1
binding site (5x) from the Irx5 3’-UTR or the entire Irx5 3’-UTR into the luciferase
reporter 3’-UTR, with transcription of luciferase under control of a constitutively active
thymidine kinase promoter. Introduction of these reporter plasmids into tissue culture
cells resulted in high levels of luciferase activity. Addition of miR-1 into this system
resulted in a significant reduction in luciferase activity, which was specific for miR-1, as
introduction of miR-133 did not result in a significant change in activity (Figure 4). Since
miRNAs can repress protein production by affecting either mRNA stability or translation,
we assessed both mRNA and protein levels in miR-1-2 mutant hearts. qPCR revealed a
nearly twofold increase in Irx5 mRNA levels in miR-1-2 null hearts compared to wild
type, and western blots showed an approximately fivefold increase in Irx5 protein
accumulation by densitometry (Figure 4). Consistent with the upregulation of Irx5, we
found that transcripts of the Irx5 target gene Kcnd2 were downregulated in the mutant
hearts (Figure 4). These data provide compelling evidence that miR-1 regulates the
cardiac electrical system and directly targets Irx5.
miR-1-2 Regulates Cardiac Cell Cycle and Karyokinesis

Although the vast majority of adult miR-1-2 mutants had normal cardiac function,

we often observed thickening of the walls of the heart by echocardiography. We
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confirmed this observation by assessing the heart-to-body weight ratios of mice sacrificed
at 4-6 months of age. The mutant mice had a significant increase in this ratio (Figure 5).
Histologic analysis revealed no evidence of myocyte hypertrophy or fibrosis, suggesting
that the increased weight may be due to hyperplasia. Dissociation of heart muscle in
wildtype and mutants and assessment of cell number revealed a 20% increase in the
number of cardiomyocytes in miR-1-2 null mice (Figure 5). The normal variance among
animals was minimal, and this represented a significant degree of hyperplasia (p<0.001).
Closer histologic examination of the adult hearts revealed that many myocytes appeared
to be undergoing nuclear division. Immunohistochemistry with antibodies recognizing
phosphohistone H3 (PH3) (217), a marker for mitotic nuclei, and cardiac a.-actinin to
mark cardiomyocytes, revealed the unusual presence of mitotic adult cardiomyocytes
(Figure 5). Post-natal mouse cardiomyocytes typically undergo a single round of nuclear
and sometimes cellular division in the first two weeks of life, before terminally exiting
the cell cycle (218,219). At post-natal day 10 (P10), we consistently found a significant
increase in PH3-positive myocytes (~threefold, p<0.02), indicating increased
proliferation in the miR-1-2 mutants (Figure 5). PH3-positive myocytes—never observed
in adult wild-type mice—were found in 2—3-month-old mutant animals, although the
number of PH3-positive cells was highly variable ranging from a few cells to the large
number of cells indicated in a highly affected adult miR-7-2 mutant heart.
Enrichment of miR-1 Seed Matches among mRNAs Upregulated in miR-1-2
Mutants

A major benefit of studying mice that lack a specific miRNA is the ability to

investigate mRNAs that may be upregulated upon loss-of-function of the miRNA, a
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subset of which may be direct miRNA targets. These would represent targets regulated at
the level of mRNA stability rather than via translational inhibition (220). To address this,
we performed mRNA expression microarray analyses of P10 wildtype and mutant hearts,
well before any obvious dysfunction. 45 protein-coding genes were significantly
upregulated and 25 downregulated in miR-1-2 null hearts (Figure 6). The dysregulated
genes clustered into several major categories, including upregulation of cardiac
transcription factors, such as Irx5 (as described above), Irx4, Hrt2, Hand1 and Gata6. In
addition, we observed upregulation of numerous cell-cycle regulators and concomitant
downregulation of tumor suppressor genes (Figure 6). qPCR of candidate dysregulated
genes validated over 80% of those tested, suggesting that the subtle dysregulation of
numerous regulatory genes may contribute to the miR-7-2 mutant cardiac irregularities.
qPCR data of a subset of cell cycle and tumor suppressor genes and genes encoding
cardiac transcription factors are consistent with the proliferative phenotype of the mutant
(Figure 6).

If some of the mRNAs upregulated upon miR-1-2 deletion were direct targets, we
would expect a disproportionate percentage of sequence complementarity with miR-1 in
their 3’-UTRs (221). We therefore analyzed the 3"-UTRs for Watson-Crick base-pairing
with varying stretches of residues between nucleteotides 1 and 8 of miR-1, encompassing
the seed match. We compared the occurrence of motifs that had sequence matching with
5" or 3" regions of miR-1 in mRNAs upregulated or downregulated in miR-/-2 mutants
with the frequency of such motifs in over 26,000 mRNA 3’-UTRs encoded by the mouse
genome. We did the same analysis for enrichment of seed matches with a second

miRNA, miR-124, as a control.
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There was no statistical enrichment for miRNA complementarity among mRNAs
downregulated in mutants. However, we observed significant enrichment for matches
with miR-1 positions 1-8, 2—8, 2-7, and 1-7 among mRNAs upregulated in miR-1-2
mutants (Figure 7, p<0.001). An upward slope in the graphical depiction (Figure 7B—D)
of tabular data indicates enrichment of miR-1 seed matches in upregulated genes.
Although nearly 50% of upregulated genes had 2-7 seed matches, the six nucleotide
complementarity did not effectively discriminate between up- and downregulated genes.
However, 12/45 upregulated mRNAs (27%) had a miR-1 match of at least seven
nucleotides in the 5" region compared to 2/25 in the downregulated group (p<0.0001). No
enrichment of 3’-sequence matches was observed in the upregulated genes. As an
important control, there was no enrichment for 5" matches of miR-124 with the
upregulated genes in the miR- /-2 mutant (Figure 7).

Accessibility of miRNA Binding Sites Defined by Local Free Energy

The degree of Watson-Crick base-pairing, particularly in the 5” end of the
miRNA, is a major criterion in defining miRNA:mRNA interactions
(197,198,201,222,223). However, many mRNA targets predicted by sequence
matching fail validation tests in vivo (189,202). There is increasing recognition that
contextual features may also govern this interaction (171,224-226). Earlier, we proposed
physical accessibility of the mRNA target region as a potential contextual feature and
found that nearly all miRNA targets validated at the level of protein regulation were
found preferentially in regions of high free energy (AG) and unstable secondary structure

(170,189). Quantification of the AG for 70 nucleotides flanking each side of the miRNA

binding site and evaluation of the secondary structure of the target site itself allowed
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establishment of potential criteria to enhance target prediction. Since few miRNA targets
have been described in mammals, the validity of this model remains uncertain.

The generation of miR-1-2 mutants provided an opportunity to test whether
upregulated mRNAs that contain seed matches are more frequently located in high AG
areas than would be expected randomly. We calculated the AG of 70 nt immediately
flanking the 5" and 3" sides of each miR-1 binding site in mRNAs upregulated in miR-1-2
mutants and determined if it was above or below the species average. The ratio of regions
flanking miR-1 binding sites with higher than average free energy compared to those
with lower than average free energy was quantified as the “free energy index.” In mice,
there is a relatively equal distribution of high or low AG regions among 70 nucleotide 3°-
UTR fragments, resulting in an average index of 1.17 among 100 randomly selected
sequences. However, among the mRNAs upregulated in the miR- /-2 mutant, the index
was 6.69, indicating significant enrichment of miR-1 binding sites that are located in
more accessible regions (Figure 8 and Supp. Table 1; Supp. Fig. 2; p< 0.01).

We extended the evaluation of this index to other targets that have been validated
in 1) miRNA loss-of-function models in vivo or 2) in reporter assays involving
endogenous rather than overexpressed miRNAs, given the potential for non-physiologic
interactions upon overexpression (202). The free energy index in validated C. elegans
miRNA targets was 5.67 (species average, 0.92; p< 0.001), suggesting that these targets
were also preferentially located in accessible regions as defined by free energy of
flanking regions (Figure 8, Supp. Fig. 3). In Drosophila the index was 3.0 for validated
targets (species average, 0.67), but the number of targets was insufficient for statistical

analysis. Evaluation of a number of other miRNA targets validated at the protein level in
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tissue culture or through overexpression studies revealed that they too were almost
always in areas with at least one high AG flanking region (Supp. Table 2).

The recent in vivo experimental testing of 16 specific C. elegans 1sy-6 target sites
with perfect seed pairing revealed striking discordance between the predicted and
validated Isy-6 binding sites, although the reason for this discrepancy was unclear (202).
We tested the utility of the free energy index on the experimentally validated (2/16) or
non-validated (14/16) Isy-6 targets. The index among non-validated sites was 1.33 (close
to species average), while both validated sites were in very high AG regions (Figure 8).
This evaluation suggests a strong predictive value of the index, at least in this setting, and
may explain why certain Isy-6 predicted targets were not true targets in vivo based on

target site accessibility.

DISCUSSION

In this report, we demonstrate that miRNA function in cardiac progenitors is
necessary for cardiogenesis and show that disruption of just one of the two miR-1 family
members, miR-1-2, has profound consequences for development and maintenance of the
heart. Mice lacking miR-1-2 have a spectrum of abnormalities, including VSDs in a
subset that suffer early lethality, cardiac rhythm disturbances in those that survive, and a
striking myocyte cell-cycle abnormality that leads to hyperplasia of the heart with nuclear
division persisting post-natally. Remarkably, a redundant miR-1-1 locus did not
compensate for loss of miR-1-2, at least for many aspects of its function. While it is likely
that mice lacking both miR-1-1 and miR-1-2 will have even more profound abnormalities,

the range of defects upon deletion of miR-/-2 highlights the ability of miRNAs to
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regulate multiple diverse targets in vivo. Using the loss-of-function model, we
determined in vivo miR-1-2 targets, including the cardiac transcription factor, Irx5, and
used this model to evaluate the importance of miRNA target accessibility and of seed
matching in determining miRNA targets.
miR-1-2 Regulates Cardiac Morphogenesis

In animals and in humans, increases in copy number or gain-of-function
mutations can be as consequential as loss-of-function, sometimes causing similar
phenotypes (227-229). The sensitivity of the heart to gene or protein dosage is reflected
in the nearly 1% of live human births that are affected by cardiac malformations, with
ventricular septal defects being the most frequent (230). Interestingly, many genes that
cause VSDs when deleted in mice were upregulated in the miR-7-2 mutants. These
included Hrt2/Hey2, a member of the hairy family of transcriptional repressors that
mediates Notch signaling (135,152,231), which itself causes heart discase (Garg et al.,
2005) and Hand1, a bHLH transcription factor involved in ventricular development and
septation (211). Hand2, a close relative of Hand1, was not upregulated at the mRNA
level but the Hand?2 protein levels were increased, consistent with our previous report of
miR-1 directly targeting Hand2 for translational repression (189). Hand?2 and Hand1 are
partially redundant and progressive loss of the four combined alleles cause increasingly
severe heart defects suggesting that proper titration of Hand dosage is important for
cardiogenesis (211,232). Gata6, a transcription factor partially redundant with Gata4
(233), was also upregulated. GATA4 heterozygosity in humans causes VSDs, suggesting

this family of genes also plays a role in ventricular septation (44). Subtle dysregulation of
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numerous developmental genes may contribute to the embryonic defects observed in
miR-1-2 mutants.
miR-1-2 Regulation of Cardiac Conduction

Disruptions in cardiac rhythm are frequent causes of sudden death in humans and
frequently require placement of pacemakers and defibrillators (234). In miR-1-2 mutants,
we observed an abnormality in the propagation of cardiac electrical activity despite
normal anatomy and function. Normally, depolarization and repolarization of
cardiomyocytes are determined by the properties of a specialized network of
cardiomyocytes, the cardiac conduction system (235). The transcriptional regulation of
these cells requires precise dosages of several transcription factors (Cheng et al., 2003).
One of these factors, Irx5, functions with the co-repressor Smyd1 to repress the
potassium channel, Kend2 in an endocardial-to-epicardial transmural gradient within
ventricular myocytes (216,236,237). Loss of Irx5 disrupts this pattern, resulting in
ventricular repolarization abnormalities and predisposition to arrhythmias.

Of particular relevance to the findings in the mir-/-2 mutants, combined loss of
function of Irx5 and Irx4 causes prolongation of the PR interval (B.G. Bruneau,
unpublished observations). We showed that miR-1-2 mutants have the opposite
phenotype, with a shortened PR interval, and that Irx5 is a direct target of miR-1. The
increase in protein levels of Irx5 in miR- -2 mutants was greater than the increase in
mRNA levels, raising the possibility that miR-1-2 may regulate both mRNA translation
and stability via the Irx5 3’-UTR, although this may simply reflect an accumulation of
protein. The increase in Irx5 protein levels in miR-1-2 mutants corresponded to a

decrease in the Irx5 target gene, Kcnd?2, as expected, as well as increased Irx4 mRNA
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levels. The decrease in Kend2 was also observed in Dicer mutant embryos, likely due to
loss of miR-1.

In addition to the short PR interval, electrocardiography also revealed a broad
QRS complex with features of bundle branch block, which can be associated with sudden
death in humans, although the contribution of Irx5 dysregulation to this feature remains
to be tested.
Cell-Cycle Dysregulation in miR-1-2 Mutants

miR-1-2 mutants displayed an increase in mitotic nuclei at P10 that continued to
varying degrees, even in the adult. The hyperplasia of mutant hearts and the upregulation
of genes that promote the cell cycle were consistent with miR-/-2-mediated regulation of
cell-cycle events in the mammalian heart. Manipulation of the cardiac cell cycle could
potentially stimulate regenerative capacity of the heart but this has proved challenging
given the stringent cell cycle control in cardiomyocytes (238). Karyokinesis in
differentiated cardiomyocytes is not normally observed. In miR- /-2 mutants, karyokinesis
occurs in the adult heart, and the general molecular “threshold” for cell cycling may be
lower, given the upregulation of cell-cycle genes and downregulation of tumor
suppressors. While we observed an increased number of cardiomyocytes in the hearts of
adult mutants, this is likely a result of the early increase in proliferation, as we do not
have evidence that cytokinesis persists in the adult. Consistent with our findings,
overexpression of miR-1 and the related miR-206 in skeletal myoblasts results in
inhibition of DNA synthesis and withdrawal from the cell cycle (Kim et al., 2006). It

will be interesting to determine if the cell cycle threshold is also affected in miR-1-2
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mutant cardiac progenitor cells as they begin to differentiate into myocytes, possibly
allowing greater expansion of such cells after injury.

Sequence Matching and Target Site Accessibility during miRNA:mRNA
Interactions

Some features of miRNA-mRNA interactions have been revealed through elegant
bioinformatics and experimental approaches (197,222,223,239), but the limited number
of validated miRNA targets reflects our incomplete knowledge of the “rules” of miRNA
target prediction. Base-pairing between nucleotides 2—7 of the miRNA and its target site
is important. However, many conclusions regarding base-pairing have been drawn from
overexpression of miRNAs, in which non-physiologic miRNA-mRNA interactions may
occur and siRNA-like off-target effects may be observed (240,241).

The miR-1-2"" mouse model described here provided a unique model to address
the question of endogenous targets in a mammalian model. Our findings that mRNAs
upregulated in hearts lacking miR-1-2 were enriched for sequence matches with miR-1 nt
1-8, 1-7 or 2—8 was consistent with the concept of seed match significance. As suggested
by previous studies, matches to only 2—7 occurred with higher frequency than would be
expected in upregulated genes, but this feature was not useful in discriminating between
up- and downregulated genes in the miR-1-2"" model, suggesting that a 7-nt match may
be more predictive .

Another potential feature of miRNA:target site interactions may involve local
accessibility of the binding site. Significant portions of mRNA sequences are hidden, and
only local single-strand regions are accessible for binding to single-strand RNA. Thus,

complex RNA secondary structures may have inhibitory effects on miRNA-mRNA
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interactions. In earlier work, we found that validated miRNA target sites typically had
destabilizing elements or had high free energy in regions flanking the 5" or 3" ends of the
target site (189). Several additional miRNA targets have been validated in vivo, and we
continue to find that most miRNA binding sites reside in areas of high free energy.
Analysis of upregulated mRNAs in miR-/-2 mutants that contain miR-1 binding sites
revealed a strong bias toward sites in areas of high free energy. We attempted to quantify
this bias with a free energy index that allows determination of the likelihood that target
sets are located in accessible areas and therefore may be more likely to be true targets.
Analysis of putative C. elegans Isy-6 targets provided further evidence of flanking free
energy as a criterion for target prediction (202). Indeed, insertion of a Isy-6 binding site
into a favorable region of lin-28 allowed targeting by Isy-6, but introduction of an equally
matched Isy-6 site into a free energy area of unc-54 did not result in effective targeting.
Our findings suggest that RNA accessibility, as assessed by free energy of flanking
regions, may be a critical feature of miRNA target recognition. The accessibility of an
mRNA binding site may be a factor that is regulated by cells via RNA binding proteins or
other mechanisms that modulate RNA secondary structure. This may be analogous to
DNA-binding proteins that function as transcriptional regulators only when local
chromatin modifications render cis-elements accessible for interaction with transcription
factors. RNA accessibility as a criterion for target recognition, if upheld as more targets
are identified and validated, has the potential to rapidly accelerate the pace of biological
discovery related to miRNA biology, as specificity of target prediction has been one of

the most significant obstacles in this nascent field.
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FOOTNOTES
Microarray data has been submitted and can be accessed by GEO accession

number GSE7333.
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Figure 1. miRNA Biogenesis Is Necessary for Cardiogenesis

(A) Quantitative RT-PCR for relative mRNA levels of Dicer’s RNAse III domain. (B)
Protein level of Dicer in wild type (WT) or Nkx2.5-Cre; Dicer™/Dicer™ embryos
measured by western blot using an antibody that recognizes the RNAse III domain. (C,D)
Nkx2.5-Cre; Dicer"/Dicer™ (mutant) embryos showed developmental delay and
pericardial edema (arrow) at E12.5. (E,F) Transverse sections of E11.5 embryos showing
thin-walled myocardium in mutant. (G-N) Whole-mount in situ hybridization with
indicated cardiac markers in wild type and mutant E9.5 embryos. (O) RT-PCR using
primers specific for miR-1-1 or miR-1-2 in wild type hearts at E8.5, E10.5, E12.5 and
P10 with or without reverse transcriptase (RT). ra, right atrium; la, left atrium; rv, right

ventricle; lv, left ventricle; h, head; ht, heart; pa, pharyngeal arch; Im, lateral mesoderm;
Ib, limb bud.
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Figure 2. Generation of Mice with Targeted Deletion of miR-1-2

(A) Schematic of the miR-1-2 and miR133a-1 locus between the 12" and 13™ exons of
Mind bombl (Mibl); arrow indicates direction of transcription of the miRNAs, opposite
of Mib] transcription. (B) Targeting strategy for deletion of miR-1-2 by replacement of
21 nucleotides with the Neomycin (Neo) resistance cassette using homologous
recombination. The wild type (wt) and mutant (mt) loci are shown with the targeting
vector (tv). Mature miR-1-2 sequence is indicated in red, pre-miR-1-2 in purple. TK,
thymidine kinase. (C) Genomic southern analysis of wild-type (+/4), miR-1-2
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heterozygous (+/—) or homozygous (—/—) mice using 5 or 3" probes, after digesting
genomic DNA with Nde I or Sac 1, respectively. (D) RT-PCR of wild-type and miR-1-2
null hearts showing specific loss of miR-1-2 in comparison to miR-133a-1 and absence of
miR-1-1 upregulation. (E) Real-time qPCR results in WT or mutant hearts showing intact
transcription of the MibI gene using primers 3~ of the miRNA locus (exons 19-20). Data
are presented as means +/- SEM.(F) RT-PCR using primers spanning exons 12 and 13
showing normal splicing across the targeted region.
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Figure 3. Partial Penetrance of Cardiac Morphogenetic Defects in miR-1-2 Mutants
(A) Genotypes of mice from miR-1-2"" intercrosses. Absolute numbers are shown with
percentages in parenthesis. *p<0.025. (B, C) Transverse sections of wild type (WT) or
miR-1-2"" hearts at E15.5 showing ventricular septal defect (arrowhead). (D) qPCR of
Hand2 showing similar levels of Hand2 mRNA in miR-/-2 mutant and WT hearts. Data
are presented as means +/- SEM. (E) Western blot of protein lysate from WT or mutant
hearts showing increased Hand2 protein level in mutant, quantified by densitometry. rv,
right ventricle; lv, left ventricle.
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Figure 4. Cardiac Electrophysiologic Defects in miR-1-2 Mutants and miR-1-2
Regulation of Irx5

(A) Electrocardiographic parameters of wild-type (+/+), miR-1-2"", and miR-1-2"" adult
mice. P<0.05 was considered significant. bpm, beats per minute; msec, milliseconds. (B,
C) Representative diagrams of electrocardiograms in lead II indicate the location of PR
and QRS intervals. The second peak in the QRS complex (R') was observed in 58% of
mutant and only 14% of wild-type mice (p<0.05). (D) Sequence alignment between miR-
1 and the 3’-UTR of Irx5 in several species. 5” seed matching is shown with Watson-
Crick base pairing in blue and non-Watson-Crick G::U wobble in yellow; sequence
matching in the 3" end is boxed in light gray. (E) Luciferase activity in Cos cells with the
Irx5 miR-1 binding site (5x) or 3’-UTR of Irx5 cloned into the luciferase 3 -UTR. Values
relative to luciferase reporter alone are shown. Data are presented as means +/- SEM. (F)
qPCR of Irx5 mRNA in WT or miR- -2 mutants showing 1.8-fold increase in mutants
(n=3). (G) Western blot of protein lysates of postnatal day 10 (P10) WT or miR-1-2
mutant hearts with Irx5- or a-tubulin specific antibodies showing an increase in Irx5
protein in mutants, quantified by densitometry. (H) qPCR of the Irx5 target gene, Kcnd2,
showing downregulation in the miR-/-2 mutant. Data are presented as means +/- SEM. *
indicates p< 0.05.
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Figure 5. Cardiomyocyte Hyperplasia and Proliferation in miR-1-2 Mutants

(A) The heart weight to body weight (HW/BW) ratio was greater in miR-1 -27" adult mice
than in wild-type (WT) mice with data from individual mice shown. Bars indicate
averages, *p< 0.05. (B) Coronal sections stained with H & E showing similar
cardiomyocyte diameter between adult WT and miRI-2"" hearts and lack of hypertrophy.
(C) Quantitation of cardiomyocyte number from dissociated WT or miR-1 =27 adult
hearts (n=3). (D) H & E of cardiac sections from adult hearts suggestive of mitotic nuclei
in miR-1-2"" animals (white arrows). (E) Immunohistochemistry using phosphohistone
H3 (PH3, green), a-actinin (red) or DAPI (blue) antibodies demonstrating PH3-positive
cardiomyocytes in the adult miR-7-2 mutant. (F) Coronal sections of P10 and adult hearts
showing an increase in the number of PH3" nuclei in mutants compared to WT. (G)
Quantification of PH3" nuclei per section of P10 heart, showing average of multiple
sections each from five WT or miR-1-2 mutant mice. Data are presented as means +/-
SEM. *p<0.05.
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Figure 6. Dysregulated Genes in miR-1-2"" Hearts
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(A) Genes that were consistently up- or downregulated in the miR1-2" hearts at P10 by
microarray analysis. (B) Validation of gene dysregulation in miR-1-2"" P10 hearts
compared to WT by qPCR. Data are presented as means +/- SEM. Dotted line indicates
wild type expression levels for each gene set at one.
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Figure 7. Enrichment of miR-1 5 Seed Matches among Genes Upregulated in miR-1-
27" Hearts

(A) Table showing the occurrence of miR-1 sequence matches in 3°-UTRs of all mRNAs
of the mouse genome compared to genes up- or downregulated in miR-1-2"" hearts at
P10. The occurrence of motifs that had sequence matching with 5” or 3" regions of miR-1
is shown. Similar analysis for miR-124 was performed as a control. P values represent
comparison with the genome-wide analysis. (B, C, D) Graphical depiction of the
enrichment of miR-1 or miR-124 sequence matches among genes up- or downregulated
in miR-1-2 mutants versus the expected number from the mouse genome. A positive
slope is indicative of enrichment of sequence matching in the upregulated vs
downregulated genes.
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A BOrganism miRNA  Target Site 5°70bp 3°70bp Validation

M. mxsgrlgug (AG) (4G)  method
9 C. elegans lin-4 lin-14 | -7.7 -3.4 1
avg. AG==7.2 ., -
miR1-27~ Downregulated i ) |||I[ ;'Z _12
Genes = ’
v -5.0 -8.3
miR1-27~ Upregulated * v =2 =106
Genes Vi -9.3 -8.7
Vi -3.2 -3.0
C. e’egans Lin-28 | -0.6 -10.1 1
Average let-7 lin-41 [ -0.6 -76 1
1l 9.4 7.2
C. elegans daf-12 1 -1.6 -10.2 1
Validated Sites *% I 89 14
pha-4 | -10.1 -3.9 1
D. melanogaster Il -6.5 —-6.6
Average Iss-4 | -17.6 -35 1
1l -9.2 -1.8
D. melanogaster lin-57 | -15 -39 1
Validated Sites I 84 88
Fr—T——— 1} -5.9 —4.7
0123 4656 v 2.3 -0.7
Free Energy Index VY-S B0 |
\ 0.2 -0.3
Vil -0.7 -3.8
Vil -0.3 -9.0
C Ras | -1.4 -1.9 1
Targetswith  Validation 5 70bp 3 70bp L =20 =555
complementary in vivo (AG) (AG) Nhr-25 | 6.5 =71 1
Isy-6 site L} -4.2 -1.0
cog-1 Yes = 7 il 4.6 -0.5
Lin-28 winsysbinding sie)  YES 0.3 -0.8 Die-1 | -15.8 —45 1
C0O2B8.4 No -6.0 -5.5 1} 2.2 -0.4
F55G1.12 No 9.1 5.6 T14B1.1 | 7.7 —4.9 2
T23E1.1 No -6.9 —-20.5 1l 4.1 -0.2
T14G12.2 No -6.5 -6.9 i 4.9 -0.3
Cot-1 No -85 -8.4 C35E7.4 | 2.8 -1.8 2
T04C9.2 No -9.9 -10.7 UNC-129 | —-4.0 -0.7 2
C27H6.3 No -6.6 -13 Isy-6 cog-1 | -1.1 -1.7 1
C48.D5.2 No 2.4 1.7 miR-273  Die-1 I -3.8 -0.3 2
T20G5.9 No -11.4 102 1l 4.1 55
RO7E3.5 No -5.4 -7.6 miR-61 Vav-1 | -0.7 -3.2 2
F59A6.1 No -6.9 -6.8 Drosophila  miR-7 Yan | 5.2 -1.5 1
F40H3.4 No —6.1 -6.3 (avg. AG=-8.5) 1} —45 -7.0
ZK637.13 No -6.5 -6.6 miR-278  Expand | -16.3 -6.1 1
UNnc54 with isy-6 binding site)  NO -1.5 -11.2 1} -6.6 -5.6
Figure 8. Bias of miRNA Target Sites to “Accessible” Regions Defined by High Free
Energy

(A) Free energy index of miR-1 binding sites was defined by flanking regions (70
nucleotides) adjacent to either side of the binding site with calculated free energy (AG)
above the species average divided by the number of flanking regions below the average.
*p<0.01, **p<0.001. (B) List of miRNAs and their target sites within direct mRNA
targets validated in vivo. The AG of 70 nt genes flanking each miRNA binding site on the
5" or 3" side is shown. Validation method by protein levels in loss-of-function models (1)
or by repression of reporters by endogenous levels of miRNA activity (2) is indicated.
(C) Analysis of free energy surrounding experimentally validated and non-validated Isy-6
targets in vivo (202). The two validated targets were in much higher AG regions than
either the C. elegans average (—7.2) or the non-validated targets, all of which were in low
AG regions.
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Supplementary Table 1

mRNA Site Flanking sequence AG
(70 nt)
Upregulated in miR-1-27
Speg I -22.9 -21.9
Bex4 | -10.4 5.4
Mapre2 | -17.3 -7.0
Prps2 | —6.5 —4.1
Slc25a23 | -9.8 —-12.4
Il -2.3 -19.4
1] -8.5 -15.4
Wdr40b | -10.2 -10.6
Gataé | -13.9 -10.2
Efna5 | -8.6 -11.1
Gadd45b I -15.7 -2.3
Rbbp9 | -15.4 -9.5
Sh3kbp1 | -15.9 -8.9
Xpo6 | -17.0 -19.2
I -15.8 -57
Downregulated in miR-1-27
Kend2 | -9.7 —4.8
Atpla2 | -16.3 -21.5
Supplementary Table 2
Organism miRNA Target Site Flanking sequence AG
(70 nt)
D. melanogaster bantam Hid I -3.4 -8.6
Ave.AG =-85 Il -9.5 -9.2
1] -1.3 -4.1
v —24.7 -19.2
v -8.6 -7.2
miR-9a Sens I -6.6 -8.8
I -6.8 -6.5
Il -8.7 —6.2
miR-1 Delta I —-6.6 -3.2
M. musculus
Ave.AG =134 miR-196 Hoxb8 [ -12.8 -1.6
miR-1 Hand2 I -4.6 -13.1
H. sapiens
Ave.AG =13.2 Let-7 Ras | -7.2 -8.0
Il -16.5 —4.8
I -13.6 =3.1
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS

This work provides evidence for transcriptional, translational and post-
translational regulation of heart development through multiple nodes. First, sporadic
mutations in the transcription factor gene MYOCD were found to be associated with OFT
valve disease. Both mutations were hypomorphic but for different reasons. Q647H
disrupted putative kinase phosphorylation sites, while K259R disrupted SRF binding
through a novel autoinhibitory domain. This autoinhibition was antagonized by the
histone acetyltransferase, p300. Second, familial mutations in the NOTCH]1 signal
transduction pathway were found to be associated with aortic valve disease. These
mutations revealed a role for NOTCHI1 and its targets Hrt1/2 to repress calcification/bone
formation in the valve leaflets. Notch signaling inhibits bone formation by repressing the
osteoblast transcription factor RUNX2. Notch and Myocardin were also found to
cooperate with or antagonize each other depending on the genomic location being
targeted. One of the regions where Notch inhibits MYOCD was the promoters for
microRNA-1. Finally, translational regulation in heart development was studied by the
genetic perturbation of microRNAs in general and microRNA-1-2 specifically. The
microRNA-processing enzyme Dicer was necessary for proper heart development and
miR-1-2 was necessary for heart development, cardiac muscle cell cycle control, and
proper cardiac conduction. Furthermore, microRNA target prediction rules were refined
based upon the predicted secondary structure and accessibility of microRNA binding

sites.
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Valve Disease and Human Mutations

The two sequence variations in myocardin described here show potential
association with a subset of CCVM, specifically stenosis in the outflow tract valves.
Stenosis can occur whenever the valves are malformed and blood flow across the valves
is impeded. This failure can occur either by decreasing the diameter of the arterial lumen
above/below the valve or via a thickening of the valve leaflets directly. It is possible that
myocardin mutations are responsible for only one of these specific subtypes of valve
stenosis and that stronger statistical association would emerge from better
characterization of the patient phenotype. The study of a MYOCD-dependent mouse
model — either the K259R knock-in or MYOCD conditional deletion from the heart —
may also provide a better understanding of how MYOCD is involved in OFT
development. Since Q647H is more prevalent in the general population than K259R, it
may also be worthwhile to generate a knock-in mouse of this mutation as well.

Unidirectional blood flow through the body is vital for oxygenation of the rest of
the body. The formation of the valve leaflets is very tightly regulated, controlled by many
known signaling pathways and through multiple morphogenetic events. Based on genetic
studies in mice and other model organisms, the predominant areas where valvulogenesis
is most likely to go afoul are at 1) preparation of extracellular matrix (ECM) in the valve
cushions, 2) endothelial to mesenchymal transformation (EMT) and subsequent invasion
of the valve ECM by these mesenchymal cells, 3) proliferation and differentiation of the
mesenchyme (and other invading cells) into one of the multiple valve leaflet cell types, 4)

thinning and remodeling of the valve leaflets through apoptosis and reorganization (125).
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Based upon known properties of MYOCD though, I hypothesize that MYOCD will be
involved in either EMT or in regulating the differentiation of valve tissue (126,242).

In the process of studying the Q647H mutation, it was shown that the serines at
codon 650 and 654 could increase activity of MYOCD if they are mutated into
phosphomimetic glutamates. Extrapolated from that, if Q647H disrupts phosphorylation
at S650 and S654 and thus reduces MYOCD activity, then creating S650E and/or S654E
in the Q647H background should rescue the partial loss of activity. Alternatively, the
sequence surrounding Q647 (a.a. 644-KSP[Q/H]HISLPPSP-655) also provides clues as
to how Q647H may reduce MYOCD activity. With three prolines surrounding Serine
654, it is highly predicted to be phosphorylated by a proline directed kinase, such as the
MAPK family. This includes the ERK family of kinases that are known to be involved in
Noonan’s syndrome and cardiac valve stenosis through the RAS/MAPK pathway
(28,87). It is hypothetically possible that ERK phosphorylates MYOCD at S654 to
activate parts of the valve gene program and that Q647H would affect that activation
signal. Q647H is also in the middle of a docking domain for p38, which is another class
of kinases that are related to ERK and that, are known to activate MYOCD’s cofactor,
MEF2c (243). The docking domain consensus motif is Lysine-Xaa-Xaa-Xaa-Xaa-
Hydrophobic-Xaa-Hydrophobic and KSPOHISL perfectly matches the consensus. This
docking domain may recruit MAPK family members that phosphorylate S654 to activate
MYOCD, with Q647H disrupting the docking domain in this instance. Alternatively, the
docking domain may recruit an inhibitory kinase with phosphorylation of S650 providing

a negative charge to disrupt the hydrophobic residues. In this situation, Q647H could
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enhance the docking domain or inhibit S650 phosphorylation. Mutation of the Lysine at
codon 644 may reveal what, if any, role the putative docking domain plays.

The other kinase predicted to phosphorylate near Q647H, GSK3p, was able to
inhibit WT MYOCD when overexpressed but showed activation of Q647H in the
presence of low levels of GSK3p activity relative to the amount of MYOCD present.
This suggests that Q647H blocks an activation signal that is dependent upon GSK3p3,
possibly through a secondary effect on another MYOCD inhibitor. How MYOCD may be
regulated by MAPK does not elucidate a mechanism through which GSK3f generates
this effect. GSK3[3 was previously shown to inhibit MYOCD by phosphorylating six of
eight serines at S455,459,463,467,624,628,632, and 636, with an unknown priming
kinase for S467/636 (108). Mutation of all eight serines in this motif (8xA) was able to
block GSK3f dependent MYOCD inhibition. S650 is predicted to be GSK3f
phosphorylation site in the event of a priming kinase that phosphorylates S654. It’s
possible that GSK3f both activates and inhibits MYOCD depending on the site of
phosphorylation and depending on the activity of the priming kinases targeting S467/636
versus S654. If this were true, creation of 8xA with Q647H would be predicted to rescue
MYOCD activity by relieving the GSK3f inhibitory signal. Conversely, mutating Q647H
to also contain S654A should completely block the putative GSK3p activation signal. In
other words, QS647,654HA would not be able to be activated in the presence of low (or
any) levels of GSK3p. It will also be necessary to perform in vitro kinase assays to
determine if serine 650 is phosphorylated by GSK3p directly. This would provide strong
evidence for a GSK3p activation signal for MYOCD. Since activation of the Wnt/p3-

catenin pathway promotes valve stenosis and releases GSK3p from binding to f3-catenin



(244), it is possible that Wnt (probably at low concentrations) may promote MYOCD
activation in the presence of the correct priming kinase for GSK3§.

The MHD-dependent autoinhibition was also regulated by post-translational
modifications, lysine acetylation. More work will be necessary to conclude how
acetylation affects MYOCD autoinhibition. There is residual acetylation even when the
p300 binding domain is removed from MYOCD, suggesting that p300 is recruited to
MYOCD through another protein such as SRF. Possibly, the residual acetylation is due to
another HAT other than p300, such as CBP (245). This seems plausible since CBP is
associated with Notch pathway activation (246). Since deletion of the basic domain still
resulted in partial acetylation, it seems less likely that K259 or the rest of the basic
domain is a site of acetylation, but instead might be a binding/recruitment domain for a
HAT. K259 acetylation cannot be ruled out though, until it has been determined which
residues are acetylated within MYOCD. The MYOCD*™"® isoform was used in the
acetylation Western analysis because it is expressed at higher amounts compared to the
MYOCD’* isoform, but it will probably still be useful to compare the acetylation states
of WT and K259R MYOCD*. Once the acetylation patterns are known, mutation of the
acetylated residues should help elucidate which residues are necessary for activation of
transcription versus those involved in the relief from autoinhibition. It would also be
fruitful to determine how deletion of the autoinhibitory domain without deleting the
MEF?2 binding motif would affect MYOCD activity.

Both MYOCD mutations will almost certainly affect valve formation through
altered gene expression, so it will be eventually necessary to determine which MYOCD

target genes are involved in valve development. More experimental evidence is needed,
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but the preliminary results showing MYOCD can synergize with NOTCHI to activate the
Hrt2 promoter may be a link between the NOTCH and MYOCD gene programs. Multiple
Notch pathway members are involved in OFT and valve development, making this a
tantalizing avenue to follow up on (36,83,155). It will be necessary to more formally
show that MYOCD binds to the promoter regions and activates the expression of Hrt1/2
in vivo. Also, since NOTCH specifically inhibited SRF-dependent MYOCD genes, it is
possible that NOTCH is targeting the MYOCD:MEF2 pathway for synergistic activation.
Alternatively, MYOCD is in a signaling feedback loop with the TGF-B/SMAD pathway
(126,247,248), which may inhibit cell proliferation and promote differentiation in the
valve tissue.
NOTCH and Hrtl/2 Repress Myocardin-Dependent miR-1/miR-133a Expression
Given the overlapping expression patterns of Hrtl/miR-1-1 and Hrt2/miR-1-2 and
the preliminary results that the Notch pathway is able to inihibit MYOCD-dependent
miR-1/miR-133a expression, there is probably an interesting and dynamic regulation of
microRNAs by NOTCH, but more in depth analysis will be needed. Hrt2 can inhibit
miR-1/miR-133a expression, but it needs to be formally shown that this is a Notch-
dependent process. Overexpression of the NOTCH1-ICD in the context of MYOCD-
dependent activation of the miR-1-2-Luc reporter would be the logical first step. Even
though we observed Hrt-dependent repression of upstream miR-1 promoter (119),
another MEF2-dependent promoter was also recently described (249) and it may be this
or another unknown element that controls the miR-1 upregulation in the Hrt2 null hearts.
One could also inhibit Notch activity with the y-secretase inhibitor, DAPT, and determine

if miR-1 is upregulated. Alternatively, utilization of the JAG1 expressing 10T 1/2 cell line
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created by Proweller et al. 2005 could be used to simulate Notch signaling when mixed
with HL-1 cells transfected with MYOCD and miR-1-2-Luc. If Notch-dependent Hrt2
expression is necessary for inhibiting miR-1-2, then we would hypothesize that JAG1-
10T1/2 cells would inhibit miR-1-2-Luc while normal 10T1/2 cells would not. While the
Tagman miRNA primers are useful for studying mature miR expression, miR-1-1 and
miR-1-2 cannot be differentiated because they have the same mature sequence. It would
be more useful to look at each miR-1 cluster separately using primers specific to each
cluster. Also, the Hrtl and Hrt2 null mice will probably offer a useful way to study this
regulation in more detail, but if our hypothesis is correct about tissue specific regulation
then separating the ventricle from the atria should reveal a stronger deregulation of the
separate clusters. Ultimately, it will be necessary to show that Hrt1 and/or Hrt2 are bound
to the DNA promoters for the separate miR-1 clusters, which can probably be determined
using either EMSA or chromatin immunoprecipitation (33,250).
microRNAs in Heart Development

MYOCD is able to activate the expression of both miR-1/133a clusters, and a
MEF2-dependent enhancer has been described that drives miR-1-2 expression in the OFT
pre-valve tissue but not the atrioventricular canal (249). No valve abnormalities were
observed in miR-1-2 null mice, which suggests that miR-1 is not one of the MYOCD
target genes that give rise to the valve abnormalities seen in the patients. Although, there
is still the formal possibility that disruption of miR-1-1, miR-133a-1, miR-133a-2, or
some combination of all four microRNAs will lead to improper valve development. On
the other hand, miR-1-2 knockout mice displayed multiple heart defects that display the

importance of gene dosage and translational regulation in heart development.
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The best possible way to determine which miR-1 targets are responsible for the
each of the three sets of defects will be to epistatically rescue the effect of miR-1
inhibition of mRNA translation. As shown, loss of miR-1-2 will lead to an upregualtion
of its direct targets, so a proportionate reduction of miR-1 targets should counter-act the
upregulation in miR-1-2 nullizygous animals. Breeding heterozygous mutations for miR-
1 targets such as Hand2 or Delta-like 1 (78) into the miR-1-2 null background might
rescue the embryonic lethality. miR-1-2-dependent conduction abnormalities may be
rescued by partial loss of Irx5, although Cx43 (251) was recently shown to be a target
and seems to be a better candidate based on its role in the cardiac conduction systerm
(252). Currently, the only published miR-1 target that may account for the proliferating
adult cardiomyocytes is Cdk9 (195) but no knockout mouse has been described. It might
be possible to use primary rat cardiomyocytes with viral-mediated miR-1 inhibition using
sponges (79) or antagomirs (253) to mimic the cardiomyocyte proliferative increase seen
in the miR-1-2 null mice for the purpose of tesing Cdk9 or other targets.

Finally, the potential of accessibility for miRNA binding site(s) within a given
mRNA is being experimentally studied and may play a key role in miRNA translational
inhibition although possibily with a more complex set of rules than originally proposed
(81,82). In silico prediction of mRNA secondary structure is immature, but
experimentally determining the structure by either NMR or X-ray crytalography of any
3’UTR and hypothetical binding site will be very difficult due to the large size and
flexibility of long mRNAs respestively. This also brings up the obvious possibility that if
mRNA secondary structure affects accessibility then it also seems likely that tertiary

structures will be able to affect miRNA:mRNA interactions as well.



There are many classes of RNA editing enzymes that may also be involved in the
miRNA:mRNA targeting. Adenosine to Inosine conversion by ADARs has been shown
to change which mRNA is targeted by miR-376 (254). APOBEC3G is best known for its
ability to alter Cytidine to Uracil in HIV viral transcripts, but was also able to block
miRNA repression without altering miRNA or mRNA sequence (255). In contrast to
poly-adenosine tails classically added to the 3’ end of mRNA molecules, the recently
described poly-uracil polymerases (PUPs) are able to add poly-uracil tails to the 3° end of
single stranded RNAs, including miRNAs (256). The addition of these extra nucleotides
could alter the sequence recognition between a miRNA and its mRNA target adding yet
another level of complexity. Finally, it is possible that RNA helicases could relax
secondary structure to allow better access by miRNAs. One such cardiac specific RNA
helicase, CHAMP, was able to inhibit both cardiomyocyte proliferation and hypertrophy
in vitro (257). While this effect could be due multiple changes on any number of mRNA
or miRNAs, it is interesting that miR-1 has been shown to be antagonistic to
cardiomyocyte proliferation (111,119,178). Furthermore, overexpression of miR-133a
was able to inhibit cardiac hypertrophy (258). Hypothetically, the CHAMP-dependent
reduction in proliferation and hypertrophy could be due to increased 3’UTR accessibility
for miR-1/133. Determining if CHAMP can increase miRNA-dependent inhibition of 3’
UTRs in luciferase reporter assays could easily test this possibility.

As more miRNA targets are discovered the rules that govern miRNA:mRNA
interactions will become better understood and lead to better in silico prediction tools.
This will in turn probably help tease out the exceptions to these rules where novel

regulatory events occur and an understanding of how the cell controls miRNA inhibition.
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A more complete understanding of these rules and regulations of miRNA translational
regulation will be necessary in the long run to realize the promise of miRNA/siRNA

based therapies in patients.
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