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ABSTRACT

Rationale/Background: The adult mammalian heart has a very limited potential for
regeneration due to cardiomyocyte cell cycle withdrawal which occurs shortly after birth.
One potential avenue to repair the heart following stress/injury is to reprogram pre-
existing cardiomyocytes to re-enter the cell cycle. The E2F family is a group of
transcription factors which ubiquitously regulate the cell cycle, but it has previously been
difficult to fully appreciate their role in the post-natal myocardium due to either
redundancy or embryonic lethality of genetic models. Thus we generated a dominant
negative model of the E2F/Rb pathway via expression of the unique transcriptional
repressor E2F6 in postnatal myocardium. E2F6 transgenic (Tg) mice developed dose
dependent Dilated Cardiomyopathy (DCM) and sudden death without hypertrophy or
apoptosis. This was accompanied by the partial loss of E2F3 (critical for cardiac

development) and connexin-43 important for metabolic and electrical coupling.

Methods/Results: In this thesis E2F6-Tg mice were examined for markers of cardiac
differentiation/ function and exposed to stressors to evaluate the capacity for the E2F
pathway to regulate cardiomyocyte growth (isoproterenol) and death (doxorubicin and
cobalt chloride). E2F6-Tg mice were twice as sensitive to isoproterenol as their Wt
counterparts due to the observed activation of a fp-adrenergic survival pathway. Cardiac
hypertrophy in E2F6-Tg mice was accompanied by the rescue of E2F3 expression.
Treatment of neonatal cardiomyocytes isolated from Wt and E2F6-Tg pups with cobalt

chloride revealed a protective effect for E2F6 against apoptosis. Doxorubicin exposure



led to the loss of E2F6 protein and abolished its protective effect. Examination of
neonatal hearts and cardiomyocytes isolated from them demonstrated a shift in the cell
cycle and metabolic profiles of E2F6-Tg myocardium. Tg cardiomyocytes show
decreased glycolysis and a dramatic increase in the regulator of ketolysis, -
hydroxybutyrate dehydrogenase (BDH1), prior to DCM. The substrate of BDH1 (j3-
hydroxybutyrate) was demonstrated to influence the levels of CX-43 in cardiomyocytes.

E2F6 also deregulated expression of T-cap which has been linked to human DCM.

Conclusions: | provide evidence that the E2F pathway can regulate growth, death, and
differentiation through a variety of mechanisms which link the cell cycle and metabolism
to growth and survival to critically govern post-natal cardiac function. Furthermore, I
reveal a new biomarker (BDH1) for early DCM which may be useful in diagnosis/

treatment of idiopathic cases of disease.
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GENERAL INTRODUCTION

Cardiovascular diseases are the leading cause of non-communicable disease
deaths, killing 17.5 million people world-wide in 2012 (1). In Canada, research and
medical intervention has extended life for patients with cardiovascular disease (CVD)
such that the survival rate has increased by 75% in the past six decades (2). Although
such an improvement is astounding, it also means that there is a high rate of Canadians
living with CVD and that produces an estimated economic burden of $20.9 billion
annually. Furthermore, the quality of life for those patients with CVD and heart failure is

lessened.

The heart is a highly specialized organ whose function is to pump blood which
will be delivered to the whole body providing both oxygen and nutrients. The mammalian
heart is a four chambered organ consisting of numerous cell types. The contractile cells
which make up the bulk of the weight are cardiomyocytes. The basic contractile unit of
the cardiomyocyte is called the sarcomere, which is organized into thick (actin) and thin
(myosin) filaments giving cardiac muscle its striated appearance. In order for
cardiomyocytes to communicate with one another and exert force they have a highly
developed cell membrane called the sarcolemma which has deep invaginations called t-
tubules which are rich in proteins and ion channels for excitation-contraction coupling.
Cardiomyocytes also have gap junctions which form channels across cells allowing for
communication between cardiomyocytes. The main gap junction protein expressed in the

ventricles (the cardiac chambers which pump blood to the body) is connexin43. Such a



specialized force comes at a cost: metabolism, which is why ~40% of cardiomyocyte
volume is occupied by mitochondria.

In order for appropriate differentiation and post-natal cardiac development to
proceed, cardiomyocytes withdraw from the cell cycle shortly after birth. There is
evidence indicating a limited amount of cardiomyocyte division in adult myocardium, but
it is generally believed that growth in the adult heart is restricted to hypertrophy (3,4).
This leaves the heart very sensitive to injury, since there is a limited potential to divide
and replenish damaged tissue. Thus following injury, such as myocardial infarction, acute
toxin/viral exposure, or long term exposure to stresses caused by chronic hypertension,
chemotherapy, etc. the heart undergoes cardiac remodeling in an attempt to rescue
function. This usually involves the induction of the pathological hypertrophic program.
While initially this may be beneficial, it ultimately causes disorganization of the
contractile apparatus resulting in inadequate pump function, chamber dilation, and cell
death leading to heart failure (HF).

A tremendous amount of research has gone into the use of stem cells to replenish
the heart mainly including the use of non-embryonic stem cells derived from bone
marrow and induced pluripotent stem cells (5). While studies have demonstrated the
therapeutic effects of these techniques they are limited by the ability of the cells to
remain in the heart as well as the many barriers in place to collecting and using stem cells
in humans. Another avenue to repair the heart is a cell cycle based approach to stimulate
pre-existing cardiomyocytes to re-enter the cell cycle to divide. Recent studies have
demonstrated that, for a brief window of time, neonatal mice have the potential to

regenerate lost/damaged cardiac tissue (6). Cell lineage tracing revealed that the newly



regenerated cardiac tissue consisted of cells that came from pre-existing cardiomyocytes
and not stem cells (7). Finally, the promotion of physiological over pathological
hypertrophy and the inhibition of apoptosis is an attractive way to save the failing heart.
In order to achieve this thorough understanding of the cardiac cell cycle, in particular the
switch from a proliferative to differentiated state that happens in the perinatal period is

essential.

The Cell Cycle

The cell cycle is a tightly regulated process which exists in five phases and has
numerous checkpoints to inhibit abnormal cell proliferation. It begins in Gap 1(G;)
during which cells grow and prepare for cell division. Cells which remain in G, for
extended periods of time (such as cardiomyocytes) can exit the cell cycle and enter Gy,
after which they may re-enter the cell cycle or differentiate. When the appropriate growth
cues are received cells pass through a restriction point in G;, after which they are
committed to the cell cycle. The next stage is the synthesis (S) phase in which DNA is
duplicated, followed by a second preparatory phase Gap 2 (G). Next chromatin is
condensed and assembled at the mitotic plate (mitosis) and DNA and cellular components
are separated into two daughter cells in a process called cytokinesis. In the post-natal
heart cardiomyocytes can pass through the cell cycle without cytokinesis in a process

called endo-reduplication resulting in bi-nucleation.

Cell cycle regulation is managed in large by cyclin dependent protein kinases
(CDKs) which phosphorylate a wide range of proteins leading to the appropriate

expression of genes for coordinated induction and passage through the cycle. CDKs are
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activated by the binding of cyclins whose type and level of expression fluctuates
throughout the cycle. During G cyclin D associates with CDK4 and CDKG6, which is
important for passage through the G,/S restriction point. During S phase cyclins E or A
associate with CDK2 to create the S phase promoting factor, and cyclin B or A associates
with CDK1 to promote mitosis. While the embryonic heart contains large amounts of
cyclins and CDKSs, they are down-regulated in quiescent adult cardiomyocytes, which

correlates with cell cycle withdrawal (8).

CDK inhibitors (CDKIs) negatively regulate CDKs by competing with cyclins for
binding, thereby blocking cell cycle progression. They exist in two groups: Cip/Kip (p21,
p27, and p57) which broadly inhibit all CDKs and the Ink4 family (p15, p16, p18, and
p19) which selectively inhibit CDK4/6. In contrast to cyclins, Cip members are highly
expressed in adult cardiomyocytes which have permanently withdrawn from the cell

cycle (8).

Together cyclins and CDKIs respond to cellular signals to activate or inactivate
the appropriate CDK complexes throughout the cell cycle, and this appears to be crucial
to cardiac development. Deletion of CDK2 and CDK4 is embryonic lethal due to cardiac
defects, and hyperplasia is observed in mice which over express cyclin D and CDK2 (8).
These defects have been attributed to the deregulation of the pocket protein Rb, and
consequently its effect on the E2F pathway. In fact, the pocket protein and E2F families
are amongst the most widely studied targets of CDK complexes. This is because the
E2F/Pocket protein families play a pivotal role in cell cycle control by regulating the
expression and repression of genes involved in cellular proliferation, differentiation, and

death.



The E2F Family

The E2F family is a group of transcription factors which regulate the expression
of genes which are involved in a wide variety of cellular processes including but not
limited to cellular proliferation, checkpoint control, differentiation, and apoptosis. The
family consists of nine members (including two forms of E2F3) which are expressed in
both tissue and temporal specific manners allowing for the complex regulation of
mammalian tissues. In the past, E2Fs were generally categorized as transcriptional
activators (E2F1-3a) or repressors (E2F3b-E2F8) based on their capacity to activate gene
expression and drive cell proliferation in conditions of over-expression. It is now more
widely recognized that these categories are over-simplistic and in reality the outcome of
gene expression will be dictated by numerous factors including tissue type, temporal

expression, and the availability of other transcription factors.

E2F structure

All E2F family members share a conserved winged helix motif for DNA binding
(Figure 1). E2F1-6 also share a differentiation protein (DP) dimerization domain
consisting of a leucine zipper and a marked box motif. These family members require
heterodimerization with DP proteins to form functional DNA binding complexes. Instead
of binding to DP proteins, E2F7 and E2F8 have two DNA binding complexes which

allow them to form homo and heterodimers with one another (9,10).
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Figure 1: E2F/DP family Structure. Schematic of the E2F and DP family members. All
members share a DNA-binding domain and E2F1-6 dimerize with DPs through their
dimerization domain in order to form functional DNA-binding heterodimers. E2F7 and
E2F8 do not bind to DPs and instead have two DNA-binding domains. E2F1-5 share a C-
terminal domain that is responsible for transcriptional transactivation which also contains
a pocket-protein-binding domain. E2F1-3 share a cyclin-A-binding motif as well as a
nuclear localization signal in their amino-terminal while E2F4 and E2F5 share nuclear
export signals embedded in the DNA-binding domain. The C-terminus of E2F6 contains

a domain important for the recruitment of polycomb proteins for gene repression (11).

At their C-terminus E2F1-5 have a transactivation domain in common which
allows them to recruit the basal transcriptional machinery to activate gene expression

(Figure 1 and 2). Additionally, E2Fs may recruit histone acetyltransferases to relax



chromatin architecture, thereby facilitating gene expression (12). This is particularly
important at G,/S phase of the cell cycle to drive growth and proliferation (Figure 2).
Within the transactivation domain is a pocket protein binding motif, which when
occupied by the pocket proteins (Rb, p130, and p107) inhibits transcriptional activity.
The pocket proteins are able to recruit chromatin remodeling proteins such as histone
deacetylases (13) and methyltransferases (14) to silence gene expression. Repression of
E2F is crucial during Go and early G; phases of the cell cycle in order to block
proliferation (tumor suppressor) and also to achieve differentiation (Figure 2). In order to
drive proliferation pocket proteins must dissociate from E2Fs, which is achieved by the
cyclin dependent kinases, which phosphorylate pocket proteins when appropriate growth

cues are received.



Figure 2: The E2F/RB pathway is regulated throughout the cell cycle. During Gy E2F’s
transactivation domain is masked by pocket protein binding, resulting in E2F responsive
gene repression. Pocket proteins can recruit histone deacetylases (HDACSs) and histone
methyltransferases (HMETS) to actively repress gene activity by chromatin remodeling.
As cells transition into Gi/S phase, pocket proteins become phosphorylated by
cyclin/CDK complexes freeing E2F/DP complexes. Histone acetyl transferases (HATS)
are recruited to open chromatin architecture and the basal transcriptional machinery

activates the E2F-responsive genes necessary for cell cycle progression. (11)

E2F6: A non-classical E2F family member

The non-classical E2Fs include E2F 6-8 which do not contain transactivation or
pocket protein binding domains (Figure 1), and thus are not regulated by the conserved
E2F/Rb pathway. This adds another layer of complexity for E2F mediated gene

regulation, and makes them unique targets for modulation of the E2F pathway.



E2F6 was the first non-classical E2F family member to be recognized in the late
1990’s. Ectopic E2F6 was capable of repressing luciferase expression constructs
containing E2F-binding elements, leading to its recognition as a potent transcriptional
repressor (15,16,17,18). In support of its role as a repressor it has been demonstrated by
immunoprecipitation to interact with a group of chromatin remodeling enzymes called
the polycomb group (PcG) proteins. This group is responsible for the formation and
maintenance of heterochromatin during development (19). E2F6 interacts directly with
various members including Bmil and RYBP (20) and has also been isolated in PcG like
complexes (21). It was previously demonstrated that E2F6 only binds to promoters
during G; (22,23) at which time it is normally up-regulated (18,24). Since then E2F6 has
been isolated in repression complexes during Go as well (25,26). These complexes also
include other transcription factors such as Myc and Mga. Thus it seems highly plausible
that interactions with other proteins in different cell types and conditions could also

influence the behavior of E2F6.

The effect of E2F6 on the cell cycle is not entirely clear, but several studies have
demonstrated that it may delay progression in particular conditions. In growth arrested
NIH 3T3 cells, E2F6 expression delayed G; exit while unsynchronized NIH 3T3 and
SAOS-2 cells were not affected by E2F6 (27). In another study over-expression of E2F6
in unsynchronized U-2 OS led to a delay in S-phase exit (15). In contrast, embryonic
fibroblasts from E2F6™ mice did not display any alteration in the cell cycle even under
conditions of growth arrest (28). This can likely be attributed to functional compensation

by other E2F family members such as E2F4. This was demonstrated in a chromatin



immunoprecipitation (ChlP) study in which E2F4 replaced E2F6 at gene promoters

during G; and S phase in its absence (23).

The functional redundancy of E2F family members was highlighted in a ChIP
study in which E2F1, 4, and 6 were detected at similar gene promoters in HeLa and GM
cells (29). Surprisingly, 60% of the promoters E2F6 was detected at were genes which
were actively transcribed, providing evidence that E2F6 does not always behave as a
potent transcriptional repressor. Intriguingly, in Ntera2 cells E2F6 was the only E2F
family member which was detected at promoters of a unique set of genes (involved in
cell adhesion and glycoproteins), suggesting a novel role for gene regulation in these cells

(29).

E2F Family Member Functions

Given the size of the E2F/Rb families it is not surprising that there is a large level
of redundancy. This allows for complex gene regulation and given the importance of the
pathways regulated by E2F is likely intended to safeguard against disease due to
mutation. Despite the redundancy, individual knockouts have revealed some specific
roles for family members. A list of phenotypes associated with each family member is

described in Table 1.
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Table 1. Individual E2F/ Pocket protein family member knockouts.

Gene Phenotype Reference

E2F1 | Higher tumor incidence in adults (30) (31)

E2F2 | Increased susceptibility to infections, late-onset auto-immune | (32)
disease

E2F3 | 100% embryonic lethal in 129/sv pure strain. 75% embryonic | (33) (34)
lethality in C57BL/6 x 129/sv. Cardiac proliferation defects. (35)
Congestive heart failure in adults.

E2F4 | Defects in erythrocyte and gut epithelial differentiation. Early | (36)
death due to increased susceptibility to infection.

E2F5 | Choroid plexus differentiation defect leading to non-lethal (37)
hydrocephalus.
E2F6 | Homeotic transformations of the axial skeleton, defects in (28)

spermatocyte differentiation.

E2F7 | No defects noted. (38)
E2F8 | No defects noted. (38)
Rb | Rb” embryonic lethal, Rb™* develop pituitary and thyroid (39,40)
cancer
p130 | No defects noted. (42)
pl107 | No defects noted. (42)

The individual knockout studies reveal that only one E2F family member, E2F3,
is required for viability. Double and triple knockout (Table 2) of E2Fs reveal that the
requirement for E2F3 is related to the timing of its expression during development, since
E2F1 and E2F2 can compensate for its loss when under the control of the E2F3a

promoter (43). In the case of E2F repressors, there is less room for error. Deletion of
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more than one member in a subgroup (i.e. E2F4 and E2F5 or E2F7 and E2F8) is lethal
(Table 2). Since Rb is also required for embryonic viability Rb”* were studied. Deletion
of more than one pocket protein leads to embryonic lethality or cancer (Table 2 bottom).

Thus it seems that appropriate repression of the E2F pathway is critical to development.

Table 2. Double and Triple E2F/Pocket Protein Knockout Studies.

Genes Phenotype Reference
E2F1;E2F2; | Partial embryonic lethal, perinatal lethal. (43)
E2F3a Reduction in white adipose tissue deposits.
E2F4;E2F5 | Embryonic lethal due to differentiation (44)
defects.

E2F7;E2F8 | Embryonic lethal. Excess apoptosis (due to (38)
increased E2F1 and p53) and blood vessel

dilation.
Rb™: p130 | Increased tumor incidence. (45)
Rb™; p107 | Embryonic lethal. (42)

Rb”":p107 | Embryonic lethal. Increased proliferation in (46)
CNS and blood vessel endothelial cells, heart
defects.

p130;p107 | Neonatal lethal. Deregulated limb (42)
development.

E2F function in the heart

Regulation of the E2F pathway is also critical to normal cardiac development.
Deletion of E2F3 leads to partial embryonic lethality due to defects in cardiac
proliferation (35). Additionally, mice which survive to adulthood eventually develop

dilated cardiomyopathy and die of congestive heart failure late in life. Deletion of pRb
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and p107 is also embryonic lethal due to cardiac defects (46), and deletion of pRb
(cardiac restricted) and p130 causes abnormal cardiac hyperplasia (47). Furthermore, pRb
and p130 were demonstrated to be crucial in the maintenance of post-mitotic function in
adult cardiomyocytes (48). Thus appropriate repression of the E2F pathway by pocket
proteins is critical during both embryonic and postnatal cardiac development and

function.

E2Fs and Heart Failure:

When the heart is challenged by physical or chemical insult its initial response is
to remodel to increase cardiac function and output. This involves hypertrophy and shifts
in metabolism which although initially believed to be beneficial, eventually lead to
disruption of contraction and cell death (discussed below). The E2F/Rb pathway
regulates cell growth, death, and differentiation thus it is an attractive target for

therapeutic intervention.

Cardiac hypertrophy

Post-natal cardiac growth is restricted to hypertrophy which occurs under normal
conditions in response to increasing energy demands such as exercise and pregnancy in
what is termed physiological hypertrophy. Hypertrophy can also occur as a response to
physical and/or chemical challenges which results in a different set of processes resulting
in pathological hypertrophy, which will be discussed below (49,50). Hypertrophy can be
further sub-classified by the geometry in which the cardiomyocyte increases its size. In
concentric hypertrophy, sarcomeres are added in parallel which leads to a thickening of

the myocardial wall and less ventricular space. This occurs in response to pressure
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overload such as that caused by hypertension. In eccentric hypertrophy sarcomeres are
added in series which results in left ventricle dilation (51,50). This occurs in response to
volume overload such as after myocardial infarction and is believed to be a greater risk to

the heart.

During hypertrophy the myocardium undergoes major transcriptional changes in
which it reverts to a more fetal like gene program to induce cell growth. Some of the
major players include the induction of natriuretic peptides ANP and BNP as well as a
switch from the a-myosin heavy chain to f-myosin heavy chain (51). It is also associated
with an increase in overall protein synthesis and the induction of proto-oncogenes.
Pathological cardiac hypertrophy involves a variety of receptors which upon stimulation

activate signal transduction pathways (51,50,52) which are briefly summarized below.

One of the main pathways activating cardiac hypertrophy is the increase of
intracellular Ca?*which activates the calcineurin/ nuclear factor of activated T-cells
(NFAT) pathway. Calcineurin is a serine/threonine phosphatase which causes the de-
phosphorylation of NFAT and its subsequent translocation to the nucleus where it can
activate hypertrophic gene expression. Increased Ca’* also activates the Ca**/calmodulin-
dependent kinase Il (CaMKII) which can induce the transcription factor MEF-2 and the

expression of genes involved in hypertrophy.

Hypertrophy can also be stimulated via catecholamines which bind to adrenergic
receptors (o and ). Adrenergic receptors belong to the G-protein coupled receptor family
which activate the heterotrimeric G-proteins (G, and Ggy). Upon stimulation, o-

adrenergic receptors bind to G,q and activate phospholipase C which produces
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diacylglycerol (DAG). DAG activates the mitogen activated protein kinases (MAPK) and
protein kinase C which results in hypertrophy and vasoconstriction. The B-adrenergic
receptors bind to G,s which activates adenylate cyclase which produces cyclic-AMP
(cCAMP). This activates the protein kinase A and MAPKSs which phosphorylate various
proteins resulting in hypertrophy, vasodilation, and increased contraction.
Catecholamines also activate the calcineurin/NFAT pathways and CaMKII pathways

described above.

Another major activator of cardiac hypertrophy is the release of cytokines, such as
the interleukin 6 family (IL-6) and cardiotrophin (CT-1). Cytokines binds to glycoprotein
130 and activate multiple signal transduction pathways including the JAK/STAT, MAPK,
and PI1(3)K/AKT which activate transcription factors which regulate the expression of

genes involved in cell growth.

In addition to the activation of transcription factors (such as MEF-2D, GATA4,
and NFAT), transcriptional reprogramming in hypertrophy is aided by changes in
chromatin architecture achieved by the competing activities of histone acetyltransferases
(HATS) and histone deacetylases (HDACS). Increased HAT activity is associated with the
increased transcription of genes involved in cell growth which can induce hypertrophy
and occurs after MI. In contrast, class |1 HDACs are exported from the nucleus during
hypertrophy thereby eliminating their inhibitory effect on transcription of pro-
hypertrophic genes. Class | HDACs also inhibit gene transcription, but their targets

include anti-hypertrophic genes, thus they have a pro-hypertrophic effect.
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Given that the E2F/Rb family regulates the transcription of genes involved in cell
growth, and their interaction with HATs and HDAC:s, it is not surprising that they have
been implicated in cardiac hypertrophy. In neonatal cardiomyocytes isolated from rats,
expression of the classical E2Fs induced hypertrophy and the fetal gene program (53),
which was partially recapitulated in vivo via adenoviral delivery of E2Fs (54).
Furthermore, blocking the E2F pathway via pharmacological inhibition of E2F/DP
dimerization blocked neonatal cardiomyocyte growth and induction of the fetal gene
program (55). This appears to be clinically relevant as E2F1 and Rb were up-regulated in
human congestive heart failure patients, which was reversed after left ventricle assistance
device implantation (56) indicating a reversible relationship between E2F and human

cardiac hypertrophy.
Cardiac metabolism

It has become increasingly apparent that there is a cross-talk between the cell
cycle and metabolism (57,58). In hypertrophy and heart failure changes in metabolism
are also observed (59) which may in part reflect the alterations in gene expression
observed when the heart reverts from its differentiated state to a more “fetal like” growth
state as described above. Such changes can have a drastic effect on the heart, which beats
~100000 times per day, requiring an enormous amount of energy, while holding only a
small ATP reserve. In fact, the heart accounts for ~10% of the body’s total energy
expenditure although it only makes up ~0.5% of the actual body weight (60). In the
fetus, and immediately following birth, the majority of the heart’s energy supply is

glucose, with less than 20% of the heart’s ATP production coming from fatty acid
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oxidation (61). As cardiomyocytes differentiate lipid oxidation increases to account for

~70% of the hearts energy utilization, which can increase further during exercise.

In general, during heart failure there is a decrease in lipid oxidation (62,61). Many
studies indicate that glycolysis is increased (as are many fetal genes/states), while others
have found that it remains unchanged. It is still up for debate whether these changes are a
beneficial or maladaptive, but in advanced heart failure there appears to be a lack of
energy in the heart which increases pathogenesis (63). Another major metabolic change
in heart failure is insulin resistance which is a major problem when the heart has switched
to rely more heavily on glucose (61). Ketone metabolism is increased during glucose
scarcity, such as the afore mentioned insulin resistance, as well as in response to fasting
and exercise (64). It has also been more recently recognized that ketone metabolism is
activated in humans in end stage heart failure and in mice during compensatory

hypertrophy (65,66).

Ketones are synthesized in the liver as a byproduct of lipid metabolism, and exist
in three main forms: B-hydroxybutyrate (B-OHB) (the most stable and abundant),
acetoacetate, and to a much lesser extent acetone. When glucose is scarce, they are
exported to the bloodstream where they can be taken up by tissues such as the brain and
heart. In order to be oxidized by the tri-carboxylic acid cycle, ketones must be in the
form of acetoacetate, thus the f-hydroxybutyrate dehydrogenase (BDH1) is important for
the interconversion of B-OHB to acetoacetate. In addition to increased ketolysis, BDH1
was also recently recognized to be up-regulated in HF (66). The level of ketones and their

oxidation can impact the heart’s ability to uptake and oxidize other nutrients (fatty acids,
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glucose, and lactate) thus a better understanding of their part in cardiac metabolism is

important.

As mentioned above, there is a cross-talk between metabolism and the cell cycle,
thus it comes as no shock that the E2F/Rb pathway has been implicated in both. In
particular, the focus has been put on Rb which, in association with E2F1, inhibits
oxidative phosphorylation and mitochondrial activity (57). E2F1 can also drive glycolysis
via promotion of the pyruvate dehydrogenase kinase 4 and cyclin D. This is especially
important in cancer in which deregulation of the E2F pathway can promote proliferation
and alter metabolism to shift towards glycolysis promoting tumor growth (57). The role

of the E2F pathway in cardiac metabolism remains to be explored.
Apoptosis

Cardiac apoptosis is a major contributing factor to heart failure in particular
following myocardial infarction and dilated cardiomyopathy. Since cardiomyocytes have
little to no capacity to regenerate, lost cells are replaced with collagen leading to

myocardial stiffening and a further reduction in cardiac output.

Apoptosis is a program designed to kill the cell without the release of debris
which would cause inflammation (necrosis) (67). In this signaling cascade pro-caspases
are cleaved thereby initiating a protein proteolytic cascade, DNA fragmentation, cell
shrinking, and membrane blebbing. Apoptosis can be initiated via extrinsic pathways
involving death receptors (TNF) and caspase-8, or via intrinsic mechanisms which
involve changes in the mitochondria which activate the apoptoptosome and caspase-9.

Ultimately both pathways lead to the activation of the “executioner” caspase: capsase-3.
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Intrinsic apoptosis can be initiated by negative factors including the withdrawal of
growth factors and hormones which normally suppress apoptosis, as well as by positive
factors such as hypoxia, radiation, toxins, and free radicals. These stimuli cause changes
in the permeability of the outer membrane of the mitochondria triggering the release of
pro-apoptotic proteins such as cytochrome ¢ and apoptosis inducing factor (AIF) (67).
Cytochrome c binds to the apoptotic protease activating factor (APAF1) and pro-caspase
9 forming the apoptoptosome, while AIF is released at a later stage of apoptosis and

causes nuclear fragmentation.

The regulation of apoptotic events is largely regulated by the Bcl-2 family of
proteins which consist of both pro (ex. Bax, Bid, Bad) and anti-apoptotic (Bcl-2, Bcl-x)
members which regulate the release of cytochrome c. The Bcl-2 families of proteins in
turn are principally regulated by the tumor suppressor protein p53, which is deregulated

in most cancers.

The E2F pathway is widely recognized to regulate apoptosis (68). Rb is also a
tumor repressor which was initially discovered for its mutation in retinoblastoma, and is
deregulated in many cancers resulting in aberrant E2F activation and proliferation. In
addition to driving proliferation, E2F1 also has the capacity to initiate apoptosis via
multiple mechanisms including both p53 dependent and independent actions. E2F1
induces the expression of the cyclin-dependent kinase inhibitor p14”*", which inhibits
MDM2 and thereby stabilizes p53 (69,70,71). It also has the capacity to interact directly
with p53 through its cyclin-A binding domain (72), thus the availability of cyclin-A is

important for regulating E2F1’s decision between life and death. E2F1 can also directly
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activate the expression of a variety of pro-apoptotic genes including caspases, bnip3, and

the p53 homologue: p73 (73,30).

E2F6 has been demonstrated to have anti-apoptotic properties in HEK-293 cells
which were treated with UV light (74) or exposed to the hypoxia mimetic agent cobalt
chloride (CoCl,) (75). This anti-apoptotic effect was believed to be achieved through
interference of the pro-apoptotic E2F1. E2F6 was also linked to prostate cancer and
resistance to apoptosis induced by chemotherapeutic agents (76,77,78). In these cases the
level of E2F6 is regulated by changes in expression of the microRNAs which targets it:
miR-31 and miR-185. When miR-31 is suppressed (by chromatin remodeling) cells are
resilient to death due to excess E2F6 (76) while treatment with an HDAC inhibitor

induced the activation of miR31 and the resultant loss of E2F6 and apoptosis (77).

Both E2F1 and E2F3 were demonstrated to activate apoptosis in neonatal
cardiomyocytes (53), as well as in the adult heart via viral administration (79). In

contrast, the role of E2F6 in cardiac apoptosis has yet to be evaluated.

E2F6 and Dilated Cardiomyopathy

Given the importance of the E2F pathway in the heart, and the complexity of the
E2F/Rb families we took a novel approach to assess the pathway via over-expression of
E2F6 to serve as a dominant negative regulator of the classical E2F pathway. Cardiac
specific expression was achieved using the cardiac a-myosin heavy chain promoter which
is pre-dominantly expressed in the postnatal period of cardiac development. During my
MSc 1 assessed these mice which developed dose dependent dilated cardiomyopathy

associated with the early loss of connexin-43- a regulator of cardiac communication and
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contraction, and E2F3, the major regulator of cardiac development (80). Surprisingly,
E2F6 expression resulted in the robust induction of gene expression, including E2F
responsive pathways, which was presumably due to competition and deregulation of
other E2F family members which would normally recruit Rb to repress gene expression.
Perhaps even more surprising, was the fact that E2F6-Tg mice displayed no evidence of
pathological hypertrophy or apoptosis which are usually enhanced by E2F activity and

activated in DCM and HF.

Dilated cardiomyopathy:

Dilated cardiomyopathy (DCM) is the second most common cardiomyopathy in
Canada and worldwide. It affects both sexes and is the most prevalent cardiomyopathy in
children (81). Approximately 40% of DCM cases are hereditary, many of which are
caused by mutations in genes which code for proteins which regulate force generation
and transmission such as those expressed in the sarcomere (i.e. troponins | and T, titin,
titin-cap, tropomyosin, and myosin heavy chain). Mutations in genes which regulate
nuclear structure such as lamin A and emerin also cause DCM. A more exhaustive list
can be found in the review published by McNally and colleagues in the Journal of
Clinical Investigation (82). In addition to mutations, DCM is induced by a variety of
factors including myocardial infarction, alcohol and toxins (such as anthracyclines),
thyroid disease, chronic hypertension, and viral infections, but in about one third of cases

the cause is unknown.

Dilated cardiomyopathy is characterized by the dilation of the left ventricle and

thinning of the myocardial wall. This causes disorganization of the sarcomere (the
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contractile unit of the heart) and leads to reduced systolic function which in humans is
described as a left ventricle ejection fraction of less than 50% and fractional shortening
less than 25% (83). DCM can also be accompanied by or cause arrhythmias and blood
clots. Since DCM has so many etiologies, histological results vary from patient to patient,
but usually cardiomyocyte loss is observed, nuclei are often enlarged and irregularly
shaped, and myofibril content is diminished (84). Dilated cardiomyopathy can be a
primary disease (most often in the case of genetic mutation) or can follow other
cardiovascular diseases and hypertrophy. One of the major problems in treating DCM is
that it can be asymptomatic for decades, and at the point in which symptoms arise, a

substantial amount of damage has already occurred.

Statement of the problem:

There are no treatments for DCM but current management strategies to improve
cardiac function in patients with the disease include pB-adrenergic receptor blockers,
angiotensin converting enzyme inhibitors, and diuretics. Patients with arrhythmias can
also have pace-makers and cardiac defibrillators implanted. The lack of treatment options
and mechanistic information about idiopathic DCM warrants interrogation. During my
MSc studies | contributed to the development of a mouse model of DCM by targeting the
E2F pathway in the postnatal myocardium via the purported repressor E2F6 (80).
Contrary to what was expected, these mice presented with an enhanced E2F response and
DCM but without changes in cardiac growth or apoptosis. Thus, I hypothesize that
expression of E2F6 in post-natal myocardium would impact growth, death, and

differentiation leading to DCM. Furthermore, | hypothesize that through the exploration
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of the E2F6-Tg model I will define how the E2F pathway regulates cardiomyocyte
growth, differentiation, and death with the hope of finding novel mechanisms,

biomarkers, and potential therapeutic targets for idiopathic DCM.

Objective/ Hypothesis 1:
E2F6 can repress pathological hypertrophy in myocardium.

In order to address if E2F6 could repress hypertrophy in myocardium | evaluated
cardiac growth during early post-natal cardiac development to determine if hypertrophy
preceded DCM. The capacity of E2F6 to block pathological hypertrophy was assessed
via administration of isoproterenol with osmotic mini pumps in Tg mice. These
experiments are described in the manuscript entitled “Interplay between the E2F pathway
and B-adrenergic signaling in the pathological hypertrophic response of myocardium”
which was published in the Journal of Molecular and Cellular Cardiology in July 2015
(Chapter 1).

Objective /Hypothesis 2:
E2F6 can repress apoptosis in cardiomyocytes

To determine if E2F6 can attenuate apoptosis in the heart, neonatal
cardiomyocytes were isolated from Wt and Tg mice and treated with the anthracycline
doxorubicin or the hypoxia agent CoCl; to induce DNA damage and death. This study is
described in the manuscript entitled “E2F6 Protein Levels Modulate the Apoptotic
Response in Cardiomyocytes” which is under consideration for publication in

Cardiovascular Research (Chapter 2).
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Objective/ Hypothesis 3:

E2F6 can inhibit the cardiac differentiation program via changes in the cell cycle.

To determine the impact of E2F6 on differentiation | assessed the expression of
proteins involved in the cell cycle and metabolism and their impact on the expression of
proteins which regulate cardiac contraction. This study is described in the manuscript
entitled “E2F6 Impairs Glycolysis and Activates BDH1 Prior to Dilated
Cardiomyopathy” which was published in PLoS One in January 2017 (Chapter 3) and is

also discussed in Chapter 2.
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CHAPTER 1

“Interplay between the E2F pathway and B-adrenergic signaling in the pathological

hypertrophic response of myvocardium”

Major JL, Salih M, and Tuana B.S. (2015) Journal of Molecular and Cellular

Cardiology, 84: 179-190.

Author contributions: JL Major performed experiments, analyzed data, and prepared the
manuscript under the supervision of BS Tuana. Technical support and advice was

provided by Maysoon Salih.
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Abstract

The E2F/Pocket protein (Rb) pathway regulates cell growth, differentiation, and
death by modulating gene expression. We previously examined this pathway in the
myocardium via manipulation of the unique E2F repressor, E2F6, which is believed to
repress gene activity independently of Rb. Mice with targeted expression of E2F6 in
postnatal myocardium developed dilated cardiomyopathy (DCM) without hypertrophic
growth. We assessed the mechanisms of the apparent failure of compensatory
hypertrophic growth as well as their response to the B-adrenergic agonist isoproterenol.
As early as 2 weeks, E2F6 transgenic (Tg) mice present with dilated thinner left
ventricles and significantly reduced ejection fraction and fractional shortening which
persists at 6 weeks of age, but with no apparent increase in left ventricle weight: body
weight (LVW:BW). E2F6-Tg mice treated with isoproterenol (6.1 mg/kg/day) show
double the increase in LVW:BW than their Wt counterparts (32% vs 16%, p-value:
0.007). Western blot analysis revealed the activation of the adrenergic pathway in Tg
heart tissue under basal conditions with ~ 2-fold increase in the level of B,-adrenergic
receptors (p-value: 8.9E — 05), protein kinase A catalytic subunit (PKA-C) (p-value:
0.0176), activated c-Src tyrosine-protein kinase (p-value: 0.0002), extracellular receptor
kinase 2 (ERK2) (p-value: 0.0005), and induction of the anti-apoptotic protein Bcl2 (p-
value 0. 0.00001). In contrast, a ~ 60% decrease in the cardiac growth regulator: AKT1
(p-value 0.0001) and a ~ four fold increase in cyclic AMP dependent phosphodiesterase
4D (PDE4D), the negative regulator of PKA activity, were evident in the myocardium of
E2F6-Tg mice. The expression of E2F3 was down-regulated by E2F6, but was restored

by isoproterenol. Further, Rb expression was down-regulated in Tg mice in response to
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isoproterenol implying a net activation of the E2F pathway. Thus the unique regulation of
E2F activity by E2F6 renders the myocardium hypersensitive to adrenergic stimulus
resulting in robust hypertrophic growth.

These data reveal a novel interplay between the E2F pathway, ,—
adrenergic/PKA/PDE4D, and ERK/c-Src axis in fine tuning the pathological hypertrophic
growth response. E2F6 deregulates E2F3 such that pro-hypertrophic growth and survival
are enhanced via [3,-adrenergic signaling however this response is outweighed by the
induction of anti-hypertrophic signals so that left ventricle dilation proceeds without any

increase in muscle mass.

Abbreviations
B-AR, beta adrenergic receptor;

DCM, dilated cardiomyopathy;

ERK, extracellular receptor kinase;

PDE4D, 5'3' cyclic AMP phosphodiesterase 4D;
PKA-C, protein kinase A catalytic subunit;

PIn, phospholamaban;

Rb, retinoblastoma gene product (pocket protein);
Ser, serine;

c-Src, protein tyrosine kinase
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Hypertrophy;
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E2Fs;

Protein kinase;
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Phosphodiesterase

Introduction

Cardiac stress induces remodeling in an attempt to increase left ventricle mass to
improve pump function, which is associated with an increase in cardiomyocyte size,
protein synthesis, and changes in gene expression (85) (51). In pathological hypertrophy,
reactivation of the fetal gene program occurs to promote cardiac growth in the post-natal
heart. While this is believed to initially be an adaptive response to improve cardiac output
it causes aberrant protein build up and sarcomere disorganization resulting in inadequate
pump function (52). Cardiac hypertrophy can be induced by multiple factors including
chronic adrenergic stimulation, growth factors and hormones, as well as, by mechanical
stress induced by pressure or volume overload (86).

The E2F/Pocket protein pathway controls cellular growth, differentiation and
death in all cells including those of the myocardium (68). In vivo loss of function studies
have elegantly defined a critical role of the E2F/Pocket protein family members in
physiological cardiac growth and development (47), (35)and (46). The classical pathway
involves E2F1-5 which transactivate gene expression with their dimerization partners, DP
proteins (DP1-3), and are negatively regulated by the pocket proteins Rb, p130, and p107
(68).

Over-expression of the classical E2F family members has been demonstrated to
induce hypertrophy and apoptosis in neonatal cardiomyocytes, while inhibition of E2F
activity with pharmacological block of heterodimerization with DP is sufficient to inhibit

neonatal cardiomyocyte hypertrophy (55), (53) and (54). Further, activation of the classic
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E2F/Rb family members has been noted in neonatal cardiomyocytes and mice stimulated
with hypertrophic agonists, as well as in human heart failure patients exhibiting
hypertrophy (55), (56) and (87). Thus, aberrant E2F expression can alter normal cardiac
growth patterns and furthermore, pathological stimuli can impact the E2F pathway.
E2F6-8 are unique family members which do not share the transactivation or pocket
protein binding domain and thus are able to regulate gene expression independently.
E2F6 is as a potent repressor of E2F responsive genes and can induce cell cycle arrest
through repression during G,/S phase of the cell cycle (15), (23), (24), (27) and (17). In
order to gauge the role of E2Fs in postnatal cardiac growth and function we previously
created a dominant negative transgenic (Tg) mouse model with the cardiac specific
expression of E2F6 (80). Expression of E2F6 resulted in dose dependent dilated
cardiomyopathy (DCM) and heart failure with sudden death (80). This was associated
with the loss of gap junction protein: connexin 43 which has been previously linked to
DCM and heart failure (80) (88) and (89). E2F3 was specifically down-regulated in
E2F6-Tg myocardium, and studies have shown that E2F3 is a critical regulator of growth
and development and its loss leads to DCM (35) and (80).

In addition, E2F6 induced genes involved in the G,/S transition, increased BrdU
incorporation, reactivated the fetal gene program, and activated the extracellular receptor
kinase pathway (ERK) in adult myocardium (80). Despite all these indications of cardiac
hypertrophy, there was no increase in muscle mass noted in the adult E2F6-Tg
myocardium. We hypothesized that deregulation of the E2F pathway rendered Tg mice
incapable of orchestrating an increase in muscle mass and instead went straight to cardiac

dilation leading to heart failure. In order to test this hypothesis we examined the
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compensatory hypertrophic response with a focus on muscle build up in younger E2F6-
Tg mice and their response to the known hypertrophic agonist isoproterenol. While no
hypertrophy was apparent as early as two weeks, E2F6 expression rendered the
myocardium twice as sensitive to isoproterenol and resulted in marked activation of the
-adrenergic signaling pathway on the one hand while increasing PDE4D activity and a
decrease in the growth regulator AKT1 on the other. Interestingly, isoproterenol was able

to restore the levels of E2F3 which correlated with muscle build up in Tg mice.

Materials and methods

Mice and genotyping

B6C3F1 mice expressing the E2F6 transgene under control of the aMHC
promoter and genotyping were previously described (80). The protocol was approved by
the University of Ottawa Institutional Care Committee. All surgery was performed under

isoflurane anesthesia, and all efforts were made to minimize animal suffering.

Isoproterenol delivery

Isoproterenol delivery was based on two published studies (90) and (91) with the
following modifications. Six week old Wt and Tg mice were anesthetized with 2%
isoflurane. Mini-osmotic pumps (2001D, Alzet) containing either 0.9% saline or
isoproterenol-HCI (Sigma Aldrich) dissolved in 0.9% saline were implanted
subcutaneously for eight days. Isoproterenol was delivered at the “low” rate of
6.1 mg/kg/d or the “high” rate of 12.2 mg/kg/d. Mice were subsequently analyzed by

echocardiography and/or sacrificed for histological or biochemical analysis.
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Echocardiography

Echocardiography was performed on a VVevo 2100 high-resolution imaging
system (Visual Sonics, Toronto, ON, Canada) with a 40-MHz probe under 2% isoflurane
anesthesia. Cross-sectional M-mode recordings at the midventricular level were taken
and used to analyze left ventricle internal dimension, volume, wall thickness, mass,

fractional shortening, and ejection fraction with Vevo2100 1.4.1 software.
RNA isolation and reverse transcription-quantitative PCR

Total RNA extraction, first-strand cDNA synthesis, and gRT-PCR were
performed as previously described (80). Briefly, RNA was extracted from cardiac lysate
using the RNEasy Fibrous Tissue Mini Kit as per the manufacturer's protocol (Qiagen).
First-strand cDNA was synthesized from 2 pg RNA and oligoDT with SuperScriptIl
reverse transcriptase (Invitrogen) as per the manufacturer's protocol. gPCR was
performed in the g-Rotor (Qiagen) using Fast Start SYBR Green (Roche). Gene
expression was normalized against 18S rRNA, and fold inductions were calculated using
the AACimethod. Primer pairs used for qPCR are:

18S: 5'-CAGTTTCAGAGAGGTCTATTGCAC-3' (sense)
and 5'-GCACTCACATGCCCATACTACATA-3' (anti-sense)
AKT1: 5-ATAACGGACTTCGGGCTGTG-3' (sense)

and 5-CTCGAACAGCTTCTCGTGGT-3’ (anti-sense)

ANP 5'-AGAGAGAGAAAGAAACCAGAGTGG-3' (sense)

and 5'-GTCTAGCAGGTTCTTGAAATCCAT-3’ (anti-sense)
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BNP 5'-GCTGGAGCTGATAAGAGAAAAGTC-3' (sense)
and 5-CAGGAGGTCTTCCTACAACAATT-3' (anti-sense)

B,AR 5-TGGTGCGAGTTCTGGACTTC-3' (sense)

and 5-GATCCACTGCAATCACGCAC-3’ (anti-sense)
PKA-C 5-AAGAAGGGCAGCGAGCAG-3' (sense)

and 5-CGGTGCCAAGGGTCTTGAT-3' (anti-sense)

Western blot analysis

Following treatment with isoproterenol or saline cardiac lysates were prepared
using an electric tissue homogenizer in RIPA buffer containing protease and phosphatase
inhibitors (Roche). Protein concentrations were estimated with the BCA kit (Thermo
Scientific). Protein (10-40 pg) were resolved on 10% SDS-polyacrylamide gels and
transferred to polyvinylidene fluoride membranes. The blots were probed with the
antibodies (listed below) which were diluted in TBS-T containing 5% non-fat dry milk.
The conversion of ECL substrate (Roche) was detected using film (Denville Scientific).

Band signals were assessed by densitometry using Image Lab Software 4.0.1 (Bio-Rad).

The following primary antibodies were used: AKT1 (2938, 1:1000), P-AKT1 (ser-473)
(9018, 1:1000), ERK1/2 (4695, 1:4000), P-ERK1/2 (Thr 202/Tyr204) (4370, 1:1500),

Non-P-Src(tyr 416) (2102, 1:1000), and P-Src (tyr 416) (6943, 1:1000) were purchased
from Cell Signaling, 3,-AR (sc-568, 1: 2000), E2F3 (sc-878, 1:1000), and PKA-C (sc-
48412, 1:4000) were purchased from Santa Cruz Biotechnology, PLN (MA3-922,

1:20,000) was purchased from Affinity Bioreagents, P-PLN (ser16) (A010-12, 1:10,000)
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was purchased from Badrilla, f,-AR (ab36956, 1:2000) and a-tubulin (ab176560,
1:30,000) were purchased from Abcam, PDE4D (12918-1-AP, 1:2000) was purchased
from Proteintech, GAPDH (RGM2, 1:50,000) was purchased from Advanced
Immunochemicals, Rb (554,136, 1:500) was purchased from Badrilla, and anti-myc clone
9E10 (in-house, 1:500) was used for the detection of myc-tagged E2F6. Secondary
antibodies: anti-mouse (115-035-003, 1:10,000) and anti-rabbit (111-035-045, 1:10,000)
were purchased from Jackson Immunochemicals.
Immunohistochemistry

Hearts were extracted from mice under anesthesia with 2% isoflurane, washed in
PBS, and fixed in 10% neutral buffered formalin for 24 h. Hearts were embedded in
paraffin blocks and 5pum longitudinal sections were cut and stained with hematoxylin and

eosin.

Statistics
All data are presented as means + se. Two-group comparisons were done using

Student's t test using Graph Pad Prism (GraphPad, San Diego, CA, USA). A p-value of

< 0.05 was considered statistically significant.

Results

DCM without compensatory hypertrophy in E2F6 myocardium

We previously determined that postnatal cardiac expression of E2F6 results in
dilated cardiomyopathy (DCM) in the absence of any hypertrophy at the ages of three and
six months . We examined left ventricle (LV) structure of Wt and Tg mice at earlier ages
to determine if there was a hypertrophic response which preceded the presentation of

DCM. Echocardiographic examination of Wt and E2F6-Tg mice aged 2, 6, and 12 weeks
590



indicates that Tg hearts show statistically significant signs of dilated cardiomyopathy as
early as 2 weeks which worsen over time (Figure. 3). At 2 weeks Tg mice display a
significant increase in left ventricle internal dimension in both systole (LVIDs) (20%
increase p-value: 0.005) and diastole (LVIDd) (11% increase, p-value: 0.04) (Figure 3A
and 3B). They also show significant reduction in cardiac function as indicated by a lower
ejection fraction (EF) (18% decrease, p-value: 0.004) (Figure 3E) and fractional
shortening (FS) (21% decrease, p-value: 0.008) (Figure 3F) and a statistically
significantly thinner LV posterior wall thickness in diastole (LVPWd) (9% decrease, p-
value: 0.04) (Figure. 3D). No difference in body weight between Wt and Tg mice was
observed at any age (data not shown). We determined any changes in LV hypertrophy by
calculating the LV weight (determined by echo): body weight ratio (LVW: BW), and no

significant increase was noted at any age in Wt versus Tg hearts (Figure 3G).
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Figure 3. E2F6-Tg mice develop early dilated cardiomyopathy without significant
compensatory hypertrophic growth. Echocardiographic examination of Wt (white bar) and
Tg (black bar) mice aged 2, 6, and 12 weeks. (A-B) Left ventricle internal diameter in
systole (LVIDs) and diastole (LVIDd). (C-D) Left ventricle posterior wall thickness in

systole (LVPWs) and diastole (LVPWAd). (E) Ejection fraction. (F) Fractional shortening.
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(G) Left ventricle weight: body weight. Results are presented as the mean £ sem. *:
P < 0.05 vs respective Wt, **: P < 0.01 vs respective Wt. (2 wk n =7-9), (6 wk n =8-10),

(12 wk n = 5-6).

Examination of the expression of the fetal genes ANP and -MHC in 2 week old
Wt and Tg myocardium indicated that they remained unchanged (Appendix 1: Sup Fig
1). However, we have previously demonstrated that these genes are markedly reactivated
in six week old E2F6-Tg myocardium but in the absence of any hypertrophic growth

(80).
E2F6 expression sensitizes the hypertrophic response to isoproterenol

We tested the hypertrophic capacity of 6 week old E2F6-Tg mice by challenging
them with the B-adrenergic agonist isoproterenol. E2F6-Tg mice showed a two-fold
higher increase in LVW: BW in response to the low dosage of isoproterenol than their Wt
counterparts (Wt: 14%, p-value: 0.0144; Tg: 32% increase, p-value 0.0019) (Figure 4A
and 4B). Wt mice showed a significant increase in LVPW in response to this dose of
isoproterenol (11% increase, p-value: 0.02) (Figure 4C) and a slight improvement in
cardiac function as assessed by an increase in ejection fraction and fractional shortening
(Figure 4G and 4H). In contrast Tg mice did not display an increase in LVPW and
instead their hearts became more dilated (LVIDs: 17% increase, p-value: 0.02)

(Figure 4E) and pumped less efficiently as demonstrated by a lower ejection fraction
(37% decrease, p-value: 0.01) (Figure 4G) and fractional shortening (39% decrease, p-

value: 0.01) (Figure 4H).
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Figure 4. E2F6-Tg mice are twice as sensitive to isoproterenol. Examination of Wt and
Tg mice treated with saline (white bar) or low dose isoproterenol (black bar). (A) Left
ventricle weight: body weight. (B) Representative transverse sections of Wt and Tg hearts
stained with hematoxylin and eosin following treatment with saline or low dose
isoproterenol. (C—H) Echocardiographic examination of Wt and Tg mice treated with saline
or isoproterenol. (C-D) Left ventricle posterior wall thickness in systole (LVPWSs) and
diastole (LVPWd). (E-F) Left ventricle internal diameter in systole (LVIDd) and diastole
(LVIDs). (G) Ejection fraction. (H) Fractional shortening. Results are presented as the

mean + sem. (n = 9-11) *: P < 0.05 vs respective saline, **: P < 0.01 vs respective saline.

When treated with a higher dose of isoproterenol (12.2 mg/kg/d) both Wt and Tg
mice had a 25% mortality rate (2/8). Surviving mice showed a ~ 35% increase in LVW:
BW (Figure 5A). Quantitative PCR analysis confirmed our previous results indicating
that Tg mice had significantly higher expression of the fetal genes ANP (~ 20 fold, p-
value: 0.001) and BNP (~ 5 fold, p-value: 0.026) in saline alone (Figure 5B and 5C). In
response to isoproterenol Wt mice show a significant increase in ANP (~ 8 fold increase,
p-value 0.05) and BNP (~ 3 fold increase, p-value: 0.03). Echocardiography revealed that
only Wt mice show a significant increase in LVPWSs (20% increase, p-value: 0.008) in
response to “high” isoproterenol (Figure 5G). Both Wt and Tg mice show significant
increase in LVIDd (Figure 5G) and diminished cardiac function as indicated by a

decrease EF and FS in response to high isoproterenol (Figure 5H and 5I).
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Figure 5. High dose isoproterenol induces hypertrophy in Wt and Tg mice. Examination
of Wt and Tg mice treated with saline (white bar) or high dose isoproterenol (black bar).
(A) Left ventricle weight: body weight. (B) Fold induction of ANP and (C) BNP transcripts
in Wt and Tg mice treated with saline or isoproterenol determined by gPCR in relation to

18SrRNA. (D-E) Left ventricle posterior wall thickness in systole (LVPWSs) and diastole
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(LVPWA). (F-G) Left ventricle internal diameter in systole (LVIDs) and diastole (LVIDs).
(H) Ejection fraction. (I) Fractional shortening. Results are presented as the mean + sem.

(n =6-7) *: P <0.05vs respective saline, **: P < 0.01 vs respective saline.
E2F6 regulates the expression of -adrenergic receptors

In order to determine why Tg mice were more sensitive to 3-adrenergic
stimulation we examined the expression of the f-adrenergic receptors. Western blot
analysis with anti-f3,-AR revealed polypeptides which migrated with molecular weights of
~ 52, 72, and 150 kDa. The immune-reactivity of the 52 kDa polypeptide was specifically
blocked by a peptide designed to squelch the anti-f,-AR peptide antibodies, thus we
analyzed the expression of this protein as the ,-AR (Figure 6A). Saline treated Tg mice
have ~ 2 fold more B,-AR than their Wt counterparts (p-value: 8.9 x 10E — 05) (Figure 6A
and 6B). Both Wt and Tg mice respond to isoproterenol with a significant increase in f3,-

AR expression.

40



A Wt-NaCl ~ Tg-NaCl Wt-Iso Tg-Iso

caw
BA 150 = *kk c 150 = e % - g
= | = s
e < ™~
_:_ ek ke [
3 100« 1 S 100+
-2 a2
E % % Jek 3
| "
=] - Z 50
s 50 2
<
e o =
NaCl Iso NacCl Iso
D Wt-NaCl Tg-NaCl Wt-Iso Tg-Iso
E F = w
'ﬁ** l Tg
150 = 200 -
g g
£ 1004 £ 1504
3 3 ek
E I? 100+ e de de
5 50 3 m
§ & 50-
0 E 0 -
NacCl Iso NaCl Iso

41


http://www.sciencedirect.com/science/article/pii/S002228281500142X#gr4

Figure 6. g-Adrenergic pathway affected by E2F6 expression. Heart lysate from Wt and
E2F6-Tg mice treated with saline or isoproterenol were analyzed in Western blots followed
by quantification using densitometry with a-tubulin as loading control. (A) Immunoblotting
with anti-p,-AR and anti-,-AR and densitometric quantification: (B) B-AR; (C) B,-AR.
(D) Immunoblotting with anti-PKA-C and anti-PDE4D and densitometric quantification:
(E) PKA-C; (F) PDE4D. White bars represent Wt samples and black bars represent Tg
samples. Results are presented as the mean + sem. (n =4) *: P <0.05, **: P <0.01, ***:

P < 0.0001.

Immunoblotting with anti-f,-AR detected several polypeptides. Two polypeptides
which migrated at ~ 60 kDa were enriched in isolated microsomes and are similar to what
was previously demonstrated in the rat heart (Figure 6A) (92). The expression of these
polypeptides was approximately the same in Wt and Tg in conditions of saline only, but in
response to iso they were significantly increased in Wt cardiac tissue (1.8 fold increase, p-
value: 0.005), but not Tg (Figure 6C). This left E2F6-Tg hearts with 65% less B;-AR (p-

value: 0.004) than their Wt counterparts in response to isoproterenol.

E2F6 up-regulates PKA and PDE4D expression in myocardium
Following stimulation, the B-adrenergic receptors activate G-coupled signaling
proteins which in turn activate multiple pathways to regulate cell growth vs. death.
Adenylate cyclase lies downstream of G,, which synthesizes cyclic AMP-required to
activate protein kinase A. Western blot analysis of the catalytic subunit of protein kinase A
(PKA-C) revealed a single polypeptide which is ~ 40 kDa, similar to the predicted

molecular weight of PKA-C (42 kDa) (Figure 6D), which was up-regulated ~ 1.5 fold in
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Tg mice (p-value: 0.0176) under basal conditions (Figure 6E). In response to isoproterenol
its levels were increased further in Tg hearts.

We also examined one of the negative regulators of the 3-adrenergic pathway—
the cAMP-specific 3'5'-cyclic phosphodiesterase—PDEA4D. Western blot analysis revealed
two polypeptides ~ 90 kDa (Figure 6D) which correspond to known cardiac splice
variants: PDE4D-5 (higher molecular weight band) and PDE4D-8/9 (lower molecular
weight band) (93). An approximately four-fold increase in all splice forms of PDE4D was
observed in Tg hearts treated with saline only (p-value: 0.0004) (Figure 6F). In response to
isoproterenol both Wt and Tg mice exhibited a significant increase in PDE4D (p-value:
0.006 and 0.0006 respectively) but the difference between Wt and Tg was reduced from 4
fold to 3 fold.

In order to examine the impact of PKA on substrate phosphorylation in E2F6-Tg
myocardium we assessed the phosphorylation (ser16) on phospholamban (PLN) a well-
known substrate of PKA involved in calcium signaling. Western blot examination of total
PLN revealed a polypeptide which migrated just below 10kDa in SDS-PAGE representing
the PLN monomer (Figure 7A). Examination with phospho-PLN (ser 16) revealed a single
polypeptide which migrated just below 10kDa (Figure 7A). In response to isoproterenol
both Wt and Tg hearts showed an increase in phospho: total PLN (WT: 1.5 fold, p-value:

0.05) (Tg: 2.2 fold: p-value 0.008) (Figure 7B).
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lysate from Wt and E2F6-Tg mice treated with saline or isoproterenol were analyzed in
Western blots followed by quantification using densitometry. (A) Immunoblotting with
anti-phospholamban (PLN) and phospho-phospholamban (ser 16) (P-PLN) and (B)
Quantification of phospho/total PLN. White bars represent saline treated samples and black
bars represent samples. Results are presented as the mean + sem. (n=4) *: P <0.05, ***:

P <0.001.
E2F6 activates c-Src/ERK and Bcl2 in E2F6-Tg myocardium

In addition to PKA, stimulation of the B-adrenergic pathway has also been
reported to activate the c-Src tyrosine kinase which can activate the extracellular receptor
kinase (ERK) a known regulator of cardiac growth and survival signaling (94). We
previously noted an increase in ERK activation in adult E2F6-Tg myocardium (80).
Western blot analysis with phospho-ERK (Thr 202/Tyr 204) and total ERK antibodies
revealed a 44 kDa species corresponding to ERK1, and a 42 kDa species corresponding to
ERK2 in SDS-PAGE (Figure 8A). Similar to what we previously found in older E2F6-Tg
mice, the ratio of phospho-ERK1/ERK1 was not significantly changed in Tg mice

(Figure 8B), but ERK2 showed a ~ 9 fold activation (p-value: 0.0005) (Figure 8C).
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Figure 8. Activation of c-Src/ERK/Bcl2 Survival Pathway in E2F6-Tg myocardium.
Heart lysate from Wt and E2F6-Tg mice treated with saline or isoproterenol was analyzed
in Western blots followed by quantification using densitometry with a-tubulin or GAPDH
as loading controls. (A) Immunoblotting with anti-phosphorylated ERK1/2 and total
ERK1/2 and quantification of (B) phospho-ERK1/ERK1 and (C) phospho-ERK2/ERK2.
(D) Immunoblotting with anti-phosphorylated c-Src and non-phosphorylated c-Src and (E)
quantification of phospho/non-phosphorylated c-Src. (F) Immunoblotting with anti-Bcl2

and (G) quantification of Bcl2/Tubulin. White bars represent saline treated samples and
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black bars represent isoproterenol treated samples. Results are presented as the

mean £ sem. (n = 4) ***: P <0.001, ****: P <(0.0001.

Examination of Wt and Tg hearts with anti-phosphorylated (active) and non-
phosphorylated c-Src revealed a doublet ~ 60 kDa, the predicted size of c-Src (Figure 8D).
A 2 fold increase in the ratio of phosphorylated c-Src: non-phosphorylated c-Src was noted
in Tg mice in comparison to Wt (p-value 0.0002) (Figure 8E).
c-Src/ERK has been demonstrated to activate a survival signal through up regulation of the
anti-apoptotic/survival protein, Bcl2 (95). Western blot examination of Bcl2 revealed a
single polypeptide ~ 26 kDa which was barely detectable in Wt myocardium, but was

induced ~ 100 fold by E2F6 expression (p-value: 0.00001) (Figure 8F and 8G).

E2F6 down-regulates cardiac growth regulator AKT1

Western blot analysis of the major cardiac isoform of AKT involved in cardiac
growth—AKT1 (also known as protein kinase B) using a polyclonal antibody revealed 2
polypeptides, one of which was ~ 60 kDa the predicted molecular weight of AKT1
(Figure 9A), the other which was ~ 70 kDa and showed a similar expression pattern.
Densitometry of the 60 kDa polypeptide revealed a ~ 60% reduction in the amount of
AKT1 in Tg hearts in saline only conditions (p-value: 0.0006) (Figure 9B). Analysis of
AKT1 phosphorylation at serine 473, which is necessary for its activation, (with a specific
phospho antibody) revealed a 60 kDa phospho-peptide which was reduced in Tg
myocardium (Figure 9C) by ~ 33% (p-value: 0.04). The ratio of P-AKT1/AKT1 was
significantly increased by ~ 1.4 fold in Tg myocardium in saline only conditions (p-value:

0.04) (Figure 9D).
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Figure 9. AKT1 activity is deregulated in E2F6-Tg myocardium. Heart lysate from Wt
and E2F6-Tg mice treated with saline or isoproterenol were analyzed in Western blots
followed by quantification using densitometry with GAPDH as loading control. (A)
Immunoblotting with anti-AKT1 and phospho-AKT1 (ser-473) and quantification of (B)
AKT1/GAPDH, (C) phospho-AKT1/GAPDH, and (D) phospho-AKT1/AKT1. White bars
represent Wt samples and black bars represent Tg samples. Results are presented as the

mean = sem. (n = 4) *:P <0.05, **:P < 0.01, ***: P <0.001.

In response to isoproterenol total AKT1 levels were reduced by ~ 30% in Wt
myocardium (p-value: 0.05) while Tg were unchanged such that isoproterenol treatment
resulted in Wt and Tg having the same amount of total AKT. In contrast, P-AKT1 was
reduced by ~ 90% in Tg myocardium in response to isoproterenol (p-value: 0.003) (Figure

9A and 9C) as was the P-AKT1/AKT1 ratio (p-value 0001) (Figure 9D). In Wt hearts, P-
4/
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AKT1 was reduced by the same amount as total AKT1 (~ 30%, p-value: 0.009) which

resulted in no change in the activation status of AKTL.

E2F6 differentially affects ,-AR, PKA-C, and Aktl mRNA
Since E2F6 is believed to serve as a transcriptional repressor, we assessed the
transcript levels of various genes whose protein products were deregulated in Tg
myocardium to determine if they were modulated at the transcriptional level. QPCR
analysis of PKA-C mRNA revealed a ~ 2.5 fold increase in its transcript levels in Tg
myocardium (Figure 10A) while the ,-AR and AKT1 mRNA levels were not significantly

changed (Figure 10B and 10C).
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Figure 10. Effect of E2F6 on p~AR, PKA-C, and AKT1 mRNA. QPCR was performed
on cDNA from Wt and Tg myocardium to determine the fold induction of (A) PKA-C (B)
B.,-AR and (C) AKTL. Fold inductions were calculated in relation to 18sRNA. Results are

the mean + sem. (n =5) *: P <0.05.
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E2F6 deregulates E2F3/Rb expression in myocardium

In order to evaluate the effect of the E2F6 repressor on the E2F pathway in
response to hypertrophic stimulation we examined the levels of E2F family members. In
particular, we examined the expression of the E2F3 (including E2F3A and E2F3B) since it
is the only E2F family member critical to both neo-natal and postnatal cardiac growth, and
Rb because it is the major pocket protein expressed in postnatal development (35) and (48).
Western blots with anti-E2F3 revealed 3 major bands in cardiac lysates (Figure 11A),
which we previously described based on reference to control cell lysates (80). The doublet
which appears at ~ 45 kDa represents E2F3B and a higher molecular weight doublet
~ 55 kDa, present at much lower levels, represents E2F3A. A non-specific polypeptide

(42 kDa) was detected by this antibody which remained unchanged.
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Figure 11. Deregulation of E2F3/Rb in Tg Mice under hypertrophic stimulation. Heart
lysate from Wt and E2F6-Tg mice treated with saline or isoproterenol were analyzed in
Western blots followed by quantification using densitometry with o-tubulin as loading
control. (A) Immunoblotting with anti-E2F3 and quantification of (B) E2F3A/a-tubulin and
(C) E2F3B/a-tubulin. (D) Immunoblotting with anti-Rb and quantification of (E) high
molecular weight Rb/a-tubulin and (F) low molecular weight Rb/a-tubulin. White bars
represent Wt samples and black bars represent Tg samples. Results are presented as the

mean + sem. (n = 3-4) *: P <0.05, **: P <0.01, ***: P <0.001, ****P < 0.0001.

Similar to what we previously found, E2F3B was drastically reduced (~ 80%, p-
value: 0.0001) in Tg hearts under saline conditions (Figure 11A and 11C). Levels of
E2F3B were decreased in Wt hearts in response to isoproterenol, and were significantly
increased by ~ 8 fold in Tg hearts (p-value 0.04). E2F3A is expressed at low levels in adult

myocardium in Wt and Tg hearts and was not different under basal conditions (Figure 11A
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and 11B). Levels of E2F3A did not change in response to isoproterenol in Wt hearts, but
Tg hearts responded with a ~ 6 fold increase in E2F3A (p-value: 6.02E — 05) (Figure 11B).
Western blot examination with anti-RDb revealed two polypeptides of ~ 100kDa which
likely correspond to the phosphorylated (higher molecular weight) and non-phosphorylated
(lower molecular weight) forms of the Rb protein (Figure 11D). Analysis of both higher
and lower molecular weight polypeptides revealed no significant changes in Rb under
saline conditions. In Wt and Tg myocardium there was a shift from the higher molecular
weight polypeptide in saline to the lower molecular weight polypeptide in response to
isoproterenol (Figure 11D). In Wt hearts the lower molecular weight polypeptide was
significantly increased by 5 fold (p-value 0.02) but not in Tg hearts (Figure 11E). The
higher molecular weight polypeptide was significantly reduced in Tg hearts but not Wt
resulting in ~ 90% less high molecular weight Rb in isoproterenol treated Tg myocardium

(p-value: 0.03) (Figure 11F).

Discussion

Studies here reveal an intriguing cross-talk between the major regulators of
cellular growth and death: the E2F pathway, AKT1, and B-adrenergic signaling in the
control of pathological hypertrophy in vivo. The targeted expression of E2F6 in mouse
myocardium resulted in dilated cardiomyopathy as early as 2 weeks which increased in
severity over time in the absence of any change in muscle mass. Surprisingly, these mouse
hearts exhibit activation of the f-adrenergic signaling pathway including the specific
increase in 3, receptor protein levels, PKA activity, and c-Src/ERK activation. Despite

these indicators of growth, and a re-activation of the fetal gene program, E2F6-Tg mice fail
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to elicit any notable cardiac hypertrophy. Activation of the negative regulator of the cCAMP
pathway, PDE4D, and a reduction in cardiac growth regulator, AKT1, noted in E2F-Tg
mouse myocardium may attenuate the pro-hypertrophic growth signals thus potentially
limiting any increase in muscle mass. Further, the specific loss of E2F3 which is rescued by
adrenergic stimulation suggests that this E2F family member may play a critical role in the
hypertrophic response of the postnatal myocardium. The data also imply that normal E2F
activity is necessary to fine tune the signals that impinge upon mechanisms encompassing
[-adrenergic/PKA/PDEA4D, c-Src/ERK, and AKT in control of cardiac hypertrophy. The
disruption of the E2F pathway results in an imbalance between pro and anti-hypertrophic
signals such that E2F6-Tg mice are unable to mount a compensatory hypertrophic growth
response and instead proceed directly to cardiac dilation.

E2F6-Tg hearts show a specific 2-fold up-regulation of the protein levels of
B3, adrenergic receptor under saline conditions while 3,-AR is unchanged. A 1.5 fold
increase in the catalytic subunit of PKA protein was also evident and was reflected by a
similar increase in transcript levels indicating that E2F6 upregulated its expression via a
transcriptional mechanism. E2F6 Tg mice also presented with increased activation of c-Src
which is most likely due to phosphorylation by Ga. in response to adrenergic
stimulation (96). c-Src can activate the mitogen activated protein kinase signaling pathway
via the Ras family of small GTPases and p-arrestin resulting in an increase in ERK activity
associated with cardiac growth (97) and (98). Thus E2F6 expression stimulated the pro-
hypertrophic p,-adrenergic signaling pathway resulting in PKA and c-Src/ERK activation,

but without the expected increase in cardiac muscle mass.
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Examination of one of the downstream targets of PKA, phospholamban, revealed
that its phosphorylation status at serine 16 was not changed by E2F6 expression. Further,
no changes in the phosphorylation of another of PKA's substrates, troponin I, were noted
(Appendix 1: Sup Fig 2). This indicates that activation of PKA did not result in the
targeted phosphorylation of these protein substrates involved in excitation-contraction
coupling. Physiological response to PKA activation requires targeting via A kinase
anchoring proteins (AKAPS), thus it is possible that it did not compartmentalize with the
appropriate AKAP and substrate (99). Examination of the negative regulator of CAMP
signaling, PDE4D, revealed a four-fold increase in its protein levels in E2F6 Tg
myocardium. PDE4D was demonstrated to regulate cAMP levels in the sarcoplasmic
reticulum micro-domains which contain SERCAZ2a and phospholamban (100). This
suggests that the 4 fold increase in PDE4D in Tg myocardium could result in enhanced
CAMP degradation in the domain containing PLN, thus negating any phosphorylation due
to the increased PKA.

Another explanation for the discrepancy between pro-hypertrophic signals and the
apparent failure to elicit a significant muscle growth response could be the ~ 60% reduction
in AKT1, a critical regulator of both physiological and pathological hypertrophy (101).
Adrenergic stimulation activates the Phosphatidylinositol 3-kinase which phosphorylates
and activates AKT1. AKT1 phosphorylates a negative regulator of cardiac growth: the
glycogen synthase GSK3 resulting in its inactivation and allowing for cardiac growth.
Thus the down-regulation of AKT1 and its phosphorylation could represent the heart's
attempt to counteract the up regulation of the hypertrophic -adrenergic system in response

to deregulated E2F activity.
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AKT1 transcript levels were not altered in E2F6 Tg myocardium indicating that
its down-regulation involved post-transcriptional mechanisms. Paradoxically, the
phosphorylation of AKT1 at serine 473, the site which is necessary for its activity, also
targets AKT1 for degradation by the proteasome (102) and (103). Although AKT1 and P-
AKT1 were reduced in Tg myocardium, the ratio of P-AKT1/AKT1 was increased
suggesting that this could be the potential mechanism for its post-transcriptional loss in Tg
myocardium.

It is notable that adrenergic stimulation with isoproterenol did not rescue the
levels of AKT1 in Tg myocardium, and decreased AKT1 expression in Wt hearts. These
data indicate that the loss of AKT1 may represent a compensatory response to counter
adrenergic stimulation, but that it is not sufficient to block hypertrophy. Protein kinase A
was increased in both Wt and Tg myocardium following adrenergic stimulation, and PKA
targets GSK3p to control muscle growth (104). Thus the up-regulation of PKA in response
to isoproterenol may compensate the decrease in AKT1 allowing cardiac hypertrophy to
proceed in Wt and Tg mice (104).

Despite the absence of hypertrophy even in very young E2F6-Tg mice, they were
capable of mounting a hypertrophic growth response to f-adrenergic receptor stimulation
which was much more robust than that observed in their Wt counterparts. The most
obvious explanation for this effect is that Tg mice have double the amount of B,receptors to
respond to the hypertrophic stimulus. Furthermore, the signaling proteins downstream of
the B-receptors including PKA, c-Src, and ERK are already activated and primed for
signaling in E2F6-Tg myocardium. Thus E2F6 is capable of upregulating the critical

components of the pro hypertrophic signaling cascade which are effectively utilized by
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isoproterenol enabling an immediate and potent growth response to the drug. PKA-C
appears to be activated at the transcriptional level while 3,-AR, ¢-SRC, and ERK are
activated via post-transcriptional mechanisms.

Another key factor contributing to the hyper-sensitivity of Tg myocardium to
isoproterenol is that cardiac remodeling has already been activated as have anti-
hypertrophic genes ANP and BNP. Isoproterenol does not induce further activation of ANP
or BNP transcripts in E2F6-Tg mice, most likely because they are already highly up-
regulated. Thus, while isoproterenol induces ANP/BNP and a modest increase in LV
muscle mass and cardiac performance in Wt mice, Tg mice have already activated these
remodeling genes and proceed directly to a robust hypertrophic response. In fact, the
response of Tg mice to low dose isoproterenol is almost indistinguishable to the response
of Wt to the high dose which leads to marked LV hypertrophy and decreased contractility
that would be expected during heart failure in response to prolonged -adrenergic
stimulation (105). In addition to regulating cardiac growth both E2F and f-adrenergic
signaling pathways also regulate cell death. In general, B,-AR and E2F activation are
associated with the induction of apoptosis in cardiomyocytes, while B,-AR and repression
of E2F are believed to enhance survival (95), (106), (73) and (107). In support of this,
repression of the E2F pathway via E2F6 led to the specific up-regulation of pro-survival .-
AR and repressed the induction of pro-apoptotic 3,-AR in response to isoproterenol. The
[3,-adrenergic receptor was specifically demonstrated to activate the anti-apoptotic protein
Bcl2 via the ERK pathway (95) and both were up-regulated in E2F6-Tg myocardium. In
other studies it was demonstrated that the induction of ERK via 3,-AR was dependent on c-

Src which is also activated in E2F6-Tg mice and can be induced via mechanical stretch
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such as that imposed by dilation (98,108,109). Thus the activation of 3,-AR, c-Src, ERK,
and Bcl2 may reflect the attempt of E2F6-Tg myocardium to mount a survival signal
following the stress of cardiac dilation which is not related to growth, hence the lack of
significant hypertrophy in these mice. In agreement, while ERK is often associated with
hypertrophy, ERK1"~ ERK2" mice can elicit cardiac growth in response to hypertrophic
stimuli, but show increased cell death indicating that ERK is required for survival, but not
growth in response to hypertrophic insult (110). Consistent with the activation of a survival
pathway, no apoptosis was detected in E2F6 mice at this stage (80), and further, E2F6 has
been demonstrated to inhibit apoptosis in cell culture (74,75). We observed an increase in
apoptosis in much older mice (6 months), at which point less than 40% of mice are alive,
suggesting that apoptosis was a consequence of end stage heart failure and not the
underlying cause of the DCM (80).

It is notable that E2F3 null mice which survive into adulthood also develop late
onset DCM, which was attributed to the loss of E2F3B (35). E2F6-Tg mice develop a much
more severe and earlier onset DCM which is associated with the specific loss of E2F3B as
well as the failure to increase the protein levels of the activator E2Fs (80). Thus the specific
deregulation of E2F3B by E2F6 induces cardiac dilation in the absence of a compensatory
hypertrophic response. Isoproterenol rescues E2F3B expression, induces E2F3A, and
attenuates the repressor Rb such that the E2F pathway is restored resulting in a robust
hypertrophic response. This study demonstrates that E2F6 can uniquely modulate E2F
activity and the hypertrophic response in postnatal myocardium through mechanisms
encompassing B-adrenergic signaling and stress related kinases and may serve as a novel

target in cardiac remodeling.
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Abstract

Aims: The E2F/Rb pathway regulates cell growth, differentiation, and death. In
particular, E2F1 promotes apoptosis in all cells including the heart. E2F6, which
represses E2F activity, demonstrates anti-apoptotic properties, but its role in the heart
remains to be evaluated. We previously assessed the role of E2F6 in postnatal
myocardium in a transgenic (Tg) mouse which developed dilated cardiomyopathy (DCM)
in the absence of pathological growth or apoptosis. In this study we evaluate the anti-

apoptotic potential of E2F6 in the heart.

Methods and Results: Neonatal cardiomyocytes (NCM) from E2F6-Tg hearts showed
significantly less caspase-3 cleavage, a lower Bax/Bcl2 ratio, and improved cell viability
in response to various doses of cobalt chloride (CoCl2). In contrast, no difference in
apoptotic markers or cell viability was observed in response to Doxorubicin (Dox)
between Wt and Tg NCM. Dox caused a rapid and dramatic loss of E2F6 protein in Tg
NCM within 6hrs to non-detectable levels at 12 hrs. CoCl, also promoted a loss of E2F6,
but it was still detectable at 24hrs. The level of e2f6 transcript was unchanged in Wt, but
was decreased in Tg NCM in response to Dox which was due to decreased levels of the
a-MHC gene (whose promoter was used to drive the E2F6 transgene). In HeLa, Dox
induced a dose dependent upregulation of the pro-apoptotic E2F1 protein with a marked
reduction in E2F6 levels while CoCl, caused a reduction in E2F1 without affecting E2F6.
In HelLa, Dox induced Checkpoint kinase-1 activation and the loss of E2F6 via post-
transcriptional mechanisms. E2F6 up-regulated cyclin-E expression and decreased the

contractile protein teliothenin in E2F6-Tg myocardium.
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Conclusions: These data imply that E2F6 may serve to protect cardiomyocytes from

apoptosis and improve survival although it can adversely impact differentiation leading to

DCM. Strategies to modulate its levels may be useful therapeutically to mitigate cell

death associated disorders.

Keywords: doxorubicin, cobalt chloride, cell survival, dilated cardiomyopathy, heart

failure

Non-standard Abbreviations and Acronyms:

oMHC- alpha myosin heavy chain

Chk- checkpoint kinase

DCM- Dilated Cardiomyopathy

Dox- Doxorubicin

NCM- Neonatal Cardiomyocytes

Rb-Retinoblastoma protein

T-cap- teliothenin

Tg- Transgenic

TnT-troponin T

60



Introduction

The heart has an estimated cardiomyocyte renewal rate of only ~1%, which is a
major obstacle in its repair following ischemia or exposure to toxins which induce
apoptosis. (4) Instead of cardiomyocyte proliferation after injury, the dead tissue is
replaced with collagen secreted by fibroblasts in a process called fibrosis. (111) This
causes the heart to stiffen and lose contractile force which leads to a cycle of blood not
being expelled from the heart, cardiomyocyte stretching, and cell death. Thus, finding
new ways to promote cardiac survival and limit apoptosis are key to treating the diseased

heart.

The E2F/pocket protein pathway is a major regulator of apoptosis in all cell types.
(68) The E2F family consists of eight transcription factors which regulate the expression
of genes which regulate a multitude of fate decisions in the cell. (112,113) E2Fs1-5 are
evolutionarily conserved family members which are negatively regulated by binding of
the Retinoblastoma protein (Rb) family (113,112). The induction of apoptosis by E2F1
has been the most extensively studied. E2F1 can induce apoptosis via direct regulation of
pro-apoptotic genes including caspases, bnip3, and p73 (73,30). It can also activate

apoptosis via expression of the cyclin dependent kinase inhibitor p14”~*

, thereby
inhibiting MDM2 and stabilizing p53, or it can directly bind to p53 via its cyclin-A
binding domain to activate p53 dependent apoptosis. (69,70,72,71) Forced expression of

E2F1 has been demonstrated to induce apoptosis in neonatal cardiomyocytes as well as in

adult myocardium. (53,79,54)
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E2F6 is a novel member of the E2F family which is capable of regulating E2F
dependent transcription independently of Rb. (15,16,20) It has been demonstrated to be
anti-apoptotic in HEK cells against UV damage and the hypoxia mimetic, cobalt chloride,
an effect which was partially attributed to its ability to out-compete the pro-apoptotic
E2F1. (75,74) The regulation of E2F6 via microRNAs, including miR-31 and miR-185,
was related to the efficacy of the chemotherapeutic induction of apoptosis in prostate
cancer and triple negative breast cancer respectively. (114,115,78) More recently, it was
discovered that the Epstein Barr Virus Nuclear antigen 3 (EBNAS3), which is necessary
for EBV immortalization and the induction of EBV cancers, binds to and stabilizes E2F6
which inhibited the pro-apoptotic E2F1. (116) These studies suggest that E2F6 is an
important player in regulating apoptosis in cancer cells, but there is a lack of information

evaluating the potential for E2F6 to regulate apoptosis in the heart.

We previously explored the function of the E2F pathway in the post-mitotic heart
via expression of E2F6 in a transgenic (Tg) mouse. Expression of E2F6 led to E2F
dependent gene activation including genes involved in the cell cycle and DNA damage
repair due to competitive binding for E2F/Rb sites and the down-regulation of cardiac
transcriptional regulator: E2F3. (80,35). This resulted in E2F6 dose dependent dilated
cardiomyopathy (DCM), surprisingly without the normally expected pathological
hypertrophic or apoptotic responses (80).We detected the specific stimulation of a -
adrenergic survival signaling pathway in E2F6-Tg myocardium which induced the anti-
apoptotic protein Bcl2 via the ERK signaling cascade. In the present study we evaluate
the capacity for E2F6 to protect the heart from apoptosis by exposing neonatal

cardiomyocytes (NCM) from Wt and E2F6-Tg mice to chemical apoptotic insult.
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Materials and Methods

Transgenic (Tg) mice with cardiac specific expression of E2F6 (B6C3F1) were
bred with WT and genotyped as previously described (80). Neonatal cardiomyocytes
(NCM) were collected from Wt and E2F6-Tg mice as previously described (117). HeLa
(Passage 3) were obtained from ATCC and grown in DMEM with 10% FBS. NCM and
HeLa were starved for 24 hours prior to the addition of cobalt chloride (CoCl,) (250uM-
1000uM) or Doxorubicin (Dox) (0.5uM-1.0uM) for 24hrs unless otherwise indicated.
Cell viability was determined using the Cell Titer Blue kit (Promega). Protein and RNA
analyses were performed using standard methods as previously described (117). A
detailed methods section and lists of primers and antibodies used can be found in the

online supplement (Appendix 2).
Results

Genes involved in DNA replication and repair are upregulated in E2F6-Tg

myocardium

Previously performed microarray analysis in E2F6-Tg hearts detected a
significant induction of genes involved in DNA repair (80). Reverse-transcription real
time PCR (RT-gPCR) analysis of Wt and E2F6-Tg myocardium confirmed the up-
regulation of: bim2- a helicase involved in DNA replication and repair (4-fold increase,
p<0.05), rad51-a recombinase involved in double strand break repair- (2 fold increase, p<
0.05), and chk1- a cell cycle kinase involved in single strand repair (3.6 fold increase, p<

0.05) (Figure 12). In contrast, Dnaja3 (otherwise known as hsp40)-a chaperone protein
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involved in apoptosis signaling mRNA levels were not altered in Tg myocardium.

(Figure 12).

Fold Induction mRNA

i R mI

blm2 dnaja3 rad51 chk1

COwWt IR Tg

Figure 12. E2F6 induces the expression of genes involved in DNA replication and
repair in Tg myocardium. Fold induction of blm2, rad 51, chkl, and dnaja3 mRNA in
Wt (white bars) and Tg (black bars) neonatal myocardium at post-natal day seven. Fold
inductions were calculated in reference to gapdh. Results are presented as the mean *

SEM. (n=4-7) *p<0.05 vs Wt.
E2F6 protects neonatal cardiomyocytes from cobalt chloride induced apoptosis

E2F6-Tg mice develop early DCM without signs of apoptosis, and with enhanced
cell survival programing suggesting that E2F6 may be anti-apoptotic in the heart

(80,118). E2F6 was previously demonstrated to have a protective effect against CoCl,
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induced apoptosis in HEK-293 cells. (75) In order to determine if E2F6 could serve to
protect the heart against apoptosis, neonatal cardiomyocytes (NCM) were isolated from
Wt and Tg hearts, exposed to different concentrations of CoCl,, and assayed for cell
survival and apoptosis. NCM were exposed to CoCl; for a 24hr period which was
demonstrated to induce apoptosis in HIC2 cells (rat cardiomyocyte line). (119) Cell
viability analysis indicated that E2F6 had a significant protective effect on cardiomyocyte
survival post exposure to CoCl; (250,500 and 1000uM) (Figure 13A). E2F6 consistently
and significantly increased NCM survival from 12% to as much as 50% at the highest

dose of CoCl; (p<0.05) (Figure 13A).
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Figure 13: E2F6 protects neonatal cardiomyocytes from cobalt chloride induced
apoptosis. (A) Percent viability of Wt and Tg NCM following 24hr treatment with the
indicated amounts of CoCl,. Results are presented as the mean + SEM (n=8). *p<0.05 vs
Wt for each treatment. (B) Representative western blot of Wt and Tg NCM lysate
following 24hr treatment with 500uM CoCl, examined with: anti-capsase3, anti-Bax, and
anti-Bcl2. Cleaved caspase 3 is denoted by an arrow. GAPDH was used as a loading
control. Myc-E2F6 represents E2F6 derived from the transgene. (C) Quantification of
cleaved caspase 3/full length caspase 3 and Bax/Bcl2 ratios based on densitometry of Wt
and Tg cardiomyocytes treated with CoCl,. Results are presented as the mean + SEM

(n=3-4). *p<0.05 vs CoCl, treated Wt.

To further assess the potential for E2F6 to protect against apoptosis in
cardiomyocytes Wt and Tg NCMs were treated with 500uM CoCl, and examined for
molecular markers. While full length caspase 3 (~30kDa) was detected in all samples,
cleaved caspase 3 (~19kDa, denoted by arrow) was only detectable in CoCl; treated
samples (Figure 13B). The ratio of cleaved caspase 3/full length caspase 3 was six times
greater in Wt in comparison to Tg (p<0.05) indicative of less caspase activation and
apoptosis in E2F6-Tg NCM (Figure 13C). Western analysis with pro-apoptotic anti-Bax
(~20kDa) and anti-apoptotic anti-Bcl2 (~26kDa) (Fig 2B) revealed a significantly lower
Bax/Bcl2 ratio in Tg cardiomyocytes (~60% less, p<0.05) (Figure 13C) also indicative

of less apoptosis.
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Doxorubicin induces apoptosis in Wt and E2F6-Tg neonatal cardiomyocytes

Wt and Tg NCMs were next exposed to the chemotherapeutic agent doxorubicin
which is known to have damaging effects on the heart. (120) Cell viability analysis
demonstrated a similar impact on cell survival in Wt and Tg cardiomyocytes treated with
0.5uM or 1.0uM doxorubicin (~75% survival) (Figure 14A). Western blot analysis with
anti-caspase 3 detected a similar amount of caspase 3 cleavage in Dox treated Wt and Tg
NCMs (Figure 14B and 14C). Similarly, the level of p53 acetylation was equivalent in
Wt and Tg Dox treated cells suggesting that E2F6 did not protect cardiomyocytes from
Dox induced apoptosis. It is notable that myc-E2F6 protein was undetectable in Tg

cardiomyocytes following the doxorubicin treatment (Figure 14C).
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Figure 14. Doxorubicin induces apoptosis in Wt and Tg neonatal cardiomyocytes. (A)
Percent viability of Wt and Tg NCM following 24hr treatment with the indicated
amounts of Dox. Results are presented as the mean + SEM (n=8). *p<0.05 vs Wt for each
treatment. (B) Representative western blot of Wt and Tg NCM lysate following 24hr
treatment with 0.5uM Dox examined with: anti-capsase3, anti-p53, and anti-acetyl-p53.
Cleaved caspase 3 is denoted by an arrow. GAPDH was used as a loading control. Myc-
E2F6 represents E2F6 derived from the transgene. (C) Quantification of cleaved caspase
3/full length caspase 3 and acetyl p53/ p53 ratios based on densitometry of Wt and Tg
cardiomyocytes treated with Dox. Results are presented as the mean + SEM (n=4).

*p<0.05 vs Dox treated Wt.
Doxorubicin promotes E2F6 loss in neonatal cardiomyocytes and HelLa

To estimate the effect of Dox on the disappearance of myc-E2F6 protein (derived
from the transgene), NCM were isolated from Tg mice and treated with 0.5uM
doxorubicin for 0 to 24hrs. Western blot analysis with anti-myc revealed that ~60% of
the expressed myc-E2F6 protein was lost by 6 hours (p-value <0.05) and it was virtually
undetectable in all samples 12hr post Dox exposure (Figure 15A and 15B). Myc-E2F6
was also decreased in response to CoCl, (500uM), but there was increased variability
between samples and overall was less than that observed in response to Dox (Figure

15C, 15D, and 13B).
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Figure 15. Transgenic E2F6 protein is lost in response to apoptotic agents. (A)
Representative western blot of Tg NCM lysate treated with 0.5uM doxorubicin for 0-24
hours examined with anti-myc and anti-caspase 3. Cleaved caspase 3 is denoted by an
arrow. GAPDH was used as a loading control. (B) Quantification of myc-E2F6 protein
levels in response to doxorubicin. Results are presented as the mean + SEM (n=3).
*p<0.05 vs time 0. (C) Representative western blot of Tg NCM lysate treated with
500uM CoCl;, for 0-24 hours examined with anti-myc. GAPDH was used as a loading

control. (D) Quantification of myc-E2F6 protein levels in response to CoCl,. Results are

presented as the mean + SEM (n=3). *p<0.05 vs time 0.
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To determine if the effects on E2F6 were specific to cardiomyocytes or the
transgene itself, we treated HeLa cells with Dox or CoCl, and examined endogenous
levels of E2Fs. Doxorubicin exposure (24hr) led to the dose-dependent down-regulation
of endogenous E2F6 protein in these cells (Figure 16A and 16B). In contrast, the pro-
apoptotic E2F1 was up-regulated in HeLa in response to doxorubicin treatment (Figure
16A and 16B). CoCl; had no effect on endogenous E2F6 protein levels in HeLa while

E2F1 protein levels were decreased (Figure 16C and 16D).
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Figure 16. E2F6 and E2F1 protein levels are deregulated by apoptotic agents in HelLa
cells. (A) Representative western blot of HeLa following 24hr treatment with the
indicated amounts of doxorubicin examined with: anti-E2F6, anti-E2F1, and anti-caspase
3. Cleaved caspase 3 is denoted by an arrow. GAPDH was used as a loading control. (B)
Quantification of E2F6 and E2F1 protein levels in HelLa in response to Dox. Results are
presented as the mean £ SEM (n=3). *p<0.05 vs untreated. (C) Representative western
blot of HeLa following 24hr treatment with the indicated amounts of CoCl, examined
with anti-E2F6 and anti-E2F1. GAPDH was used as a loading control. (D) Quantification
of E2F6 and E2F1 protein levels in HeLa in response to CoCl,. Results are presented as

the mean + SEM (n=3). *p<0.05 vs untreated.
Dox promotes E2F6 down-regulation via post-transcriptional mechanisms

RT-qPCR was performed on RNA isolated from HeLa cells to determine if the
Dox mediated deregulation of E2F6 and E2F1 were via transcriptional or post-
transcriptional mechanisms. No significant changes in either e2f6 or e2f1 transcripts were
observed in response to 0.5uM or 1uM doxorubicin (Figure 17A) suggesting that their
levels are regulated post-transcriptionally in HeLa. Transcript levels of e2f6 were not

examined in response to CoCl; since the protein was stable.
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Figure 17. Mechanisms of E2F regulation in HelLa and cardiomyocytes. (A) Fold
induction of e2fl and e2f6 mMRNA in HelLa following 24hr treatment with Dox. Fold
inductions were calculated in reference to gapdh. Results are presented as the mean *
SEM (n=8). *p<0.05 vs untreated. (B) Western blot of HelLa lysate following 24hr
treatment with doxorubicin examined with anti-Chkl and anti-p-Chkl1. ©
Quantification of p-Chk1/Chk1 in HeLa. Results are presented as the mean + SEM (n=3).

*p<0.05 vs untreated. (D) Fold induction of e2f6 and a-mhc mRNA in Wt and Tg NCM
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following 24hr treatment. Fold inductions were calculated in reference to 18S. Results are
presented as the mean = SEM (n=6). *p<0.05 vs Wt untreated. WYP<0.05 vs Tg untreated.
(E) Western blot of Wt and Tg NCM lysate following 24hr treatment of doxorubicin
examined with anti- Chk1 and anti- p-Chk1. ** Loading control is section of total protein

on blot using pre-stained protein loading buffer (Instant Bands, EZ Biolab).

It was demonstrated that E2F6 is phosphorylated by the Checkpoint kinase
(Chk1) following DNA replication stress which led to its dissociation from DNA. (121)
Since Chk1 is also activated by DNA damage, (122) and its mMRNA was upregulated in
E2F6-Tg mice (Figure 12) we predicted that Chk1 might be involved in the post-
transcriptional regulation of E2Fs by Dox. Western blot with anti-Chk1 in HelLa detected
a polypeptide ~56kDa which was not altered by dox treatment (Figure 17B). Western
blot with anti-p-Chk1 (active) detected a doublet ~56kDa which showed a robust increase
in response to Dox (Figure 17B). The overall ratio of p-Chk1/Chk1 was significantly

increased by Dox in HeLa (Figure 17C).

We next examined NCM to determine the mechanism of E2F6 loss and if it was
similar to that observed in HeLa. RT-qPCR indicated that E2F6-Tg NCM have ~26 fold
higher levels of e2f6 transcript due to the transgene (p<0.05), but this level drops to only
six fold higher (p<0.05) following exposure to doxorubicin (Figure 17D). In contrast, the
level of endogenous e2f6 in Wt-NCM did not significantly change in response to dox
exposure (Figure 17D). We next examined a-Myosin heavy chain (aMHC) transcript
levels to determine if the E2F6 transgene was reduced due to a change in its promoter
(aMHC). RT-gPCR revealed that the levels of a-mhc transcript were reduced by 80% in

response to dox in both Wt and Tg NCM (Figure 17D).
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Western blot examination of Chk1 in NCM revealed that it is expressed at similar
levels in Wt and Tg cells, but is not detectable following exposure to doxorubicin
(Figure 17E). The phosphorylated form of Chk1 was not detected in treated or untreated

NCM (Figure 17E).
E2F6 impacts differentiation to induce dilated cardiomyopathy

Our data in cardiomyocytes above and those reported by others in different cell
types indicate that E2F6 has anti-apoptotic properties, which may explain why E2F6-Tg
mice do not display the increased levels of apoptosis usually observed in DCM. Since
apoptosis is not the underlying cause of DCM in Tg hearts we examined other
mechanisms and noted that the G,/M cyclin, cyclin-B1, was specifically down-regulated
in E2F6-Tg myocardium implying a change in the cell cycle (117). Further analysis by
western blot shows that the S phase cyclin, cyclin-E1, is up-regulated by ~4 fold (p-value

<0.05) in E2F6-Tg pup hearts (Figure 18A and 18B).
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Figure 18. E2F6-Tg hearts show alteration in cell cyclins and cardiac proteins. (A)
Representative western blot of Wt and Tg cardiac tissue examined with anti-cyclin-E1.
GAPDH was used as a loading control. Myc-E2F6 represents E2F6 derived from the
transgene. (B) Quantification of cyclin-E1 protein levels. Results are presented as the
mean + SEM. (n=5). *p<0.05 vs Wt. (C) Representative western blot of Wt and Tg
cardiac tissue examined with anti-T-cap and anti-TnT. Tubulin was used as a loading
control. (D) Quantification of T-cap protein expression. Results are presented as the mean

+ SEM. (n=3). *p<0.05 vs Wt.

As changes in cell cycle dynamics can lead to changes in differentiation we
examined cardiac specific gene expression in E2F6-Tg mice. Our initial microarray
analysis predicted the down-regulation of the sarcomere protein, teliothenin, otherwise

known as titin-cap (T-cap) (80).Western blot analysis with anti T-cap detects a
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polypeptide ~19kDa which is down-regulated by ~70% in E2F6-Tg myocardium
(p<0.05) (Figure 18C and 18D). No change was observed in another sarcomere protein,

Troponin-T (TnT), levels in E2F6 hearts (Figure 18C).
Discussion

The E2F pathway is known to critically regulate proliferation, apoptosis, and
differentiation thus it has been studied extensively in cancer biology in terms of
inhibiting growth and increasing death in tumors. In fact, almost all cancers are
associated with aberrant E2F/Rb activity. (123,124) Less is known about how the E2F
pathway affects apoptosis in the myocardium, and even less is known about how the
atypical E2Fs, such as E2F6, contribute to apoptosis in the heart. In recent studies we
manipulated the E2F/Rb pathway in vivo in the postnatal heart by expressing the
repressor E2F6 (80,117,118).While the E2F pathway was deregulated and the mice
presented with DCM, there was surprisingly no significant increase in apoptosis which is
normally a hallmark of the disease. In the current study we find that E2F6 confers some
resilience towards cobalt chloride induced apoptosis in cardiomyocytes, but not to
doxorubicin. This specific protection appears to be related to the levels of E2F6 protein
(derived from the transgene) which are more profoundly downregulated following
doxorubicin exposure compared with CoCl, thereby suggesting that E2F6 may serve to
protect. In HelLa cells Dox differentially impacts endogenous levels of the E2Fs by
upregulation of the pro-apoptotic E2F1 while downregulating E2F6. By contrast, CoCl,
treatment in HeLa caused no change in E2F6 and decreased the levels of apoptotic-E2F1

implying protection.
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Mechanism of E2F deregulation during apoptosis

It does not appear that E2F6 levels are decreased by caspase 3 given that its
down-regulation in both HelLa and cardiomyocytes occurs prior to the activation of the
protease. It was demonstrated that E2F6 is phosphorylated by the Chk1 kinase (in
response to DNA replication stress) which resulted in its inability to bind to gene
promoters and an increase in E2F1 activity. (121) In our study we found that the
activation status of Chk1 (p-Chk1) is increased in HeLa in response to Dox at the same
time as E2F6 is down-regulated and E2F1 is up-regulated. Thus it is possible that Chk1
plays a part in E2F deregulation in response to Dox. In support, Chk1 and Chk2 were
demonstrated to phosphorylate and stabilize E2F1 promoting apoptosis. (125,126)
Furthermore, endogenous e2f6 transcript levels remain unaltered in both HeLa and Wt-

NCM suggesting it is normally regulated at the post-transcriptional level.

Although Chk1 has the potential to regulate E2F in HeLa, it does not appear to do
so in myocardium, as it is down-regulated in response to Dox in both Wt and Tg NCM.
Instead, myc-E2F6 protein levels are reduced via transcriptional mechanisms which are
likely related to the 80% reduction in a-mhc transcript since the transgene is under

control of its promoter.

E2F6 protects cardiomyocytes from apoptosis via multiple mechanisms during

cardiac development

In our previous studies we uncovered the activation of a survival pathway
involving B,-AR, c-src, ERK, and the 100-fold increase in Bcl2, supporting the notion

that E2F6 may confer resilience against cell death in the heart (118). In culture the overall
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Bax/Bcl2 ratio was decreased in Tg NCM in response to dox, but without drug treatment
there was no difference in Bcl2 levels. The discrepancy in Bcl2 levels can be attributed to
that fact that the B2-AR survival pathway is likely only induced later on in E2F6-Tg
myocardium to compensate and protect against the stretch caused by DCM. In support of
this we did not observe the activation of the stretch sensitive c-src in neonatal Tg hearts

(Appendix 2: Sup Fig 3).
E2F6 induces DCM via deregulation of cell cycle not apoptosis

In cultured cardiomyocytes E2F6 likely protects via inhibition of E2F1 as was
previously demonstrated in HEK-293 cells. (75,74) In older neonates we observed the
activation of a DNA replication and repair gene profile. This activation could reflect a
cell survival pathway and/or a defect in the cell cycle, which is supported by the observed
changes in cyclin E and B1. A delay in cell cycle re-entry was observed in NIH-3T3 cells
over-expressing E2F6 following serum starvation implying that E2F6 does have the

capacity to alter cell cycle dynamics. (16)

Thus the DCM initiated by E2F6 appears to be related to changes in
differentiation program which impacts the function of critical proteins such as connexin-
43, involved in cardiomyocyte communication, and BDHL1, involved in metabolic
signaling (80,117). Our data here further support this notion since the muscle specific T-
cap, involved in contraction, was significantly downregulated by E2F6. This is
particularly notable as mutations in T-cap as well as the proteins it interacts with (titin
and CSRP-encoded muscle LIM protein) are detected in human dilated and hypertrophic

cardiomyopathy. (127,128) Any defect in differentiation is likely linked to the down-
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regulation of E2F3 in Tg myocardium (80,118), and the displacement of Rb (which
cannot interact with E2F6), which normally represses E2F gene expression during cardiac

and skeletal muscle development. (35,129,130,47)
Conclusions

In summary, the data here support a role for E2F6 levels in cardiac cell survival
and the potential for protection in drug induced cell death. Our data is consistent with
findings in other cell types where E2F6 has been implicated in attenuating apoptosis. The
data suggests multiple mechanisms by which E2Fs modulate cell growth, survival and

function in early and postnatal cardiac development.
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Abstract

Rationale- The E2F pathway plays a critical role in cardiac growth and development,
yet its role in cardiac metabolism remains to be defined. Metabolic changes play
important roles in human heart failure and studies imply the ketogenic enzyme [-

hydroxybutyrate dehydrogenase | (BDH1) is a potential biomarker.

Objective- To define the role of the E2F pathway in cardiac metabolism and dilated

cardiomyopathy (DCM) with a focus on BDHL1.

Methods and Results- We previously developed transgenic (Tg) mice expressing the
transcriptional repressor, E2F6, to interfere with the E2F/Rb pathway in post-natal
myocardium. These Tg mice present with an E2F6 dose dependent DCM and deregulated
connexin-43 (CX-43) levels in myocardium. Using the Seahorse platform, a 22%
decrease in glycolysis was noted in neonatal cardiomyocytes isolated from E2F6-Tg
hearts. This was associated with a 39% reduction in the glucose transporter GLUT4 and
50% less activation of the regulator of glucose metabolism AKT2. The specific reduction
of cyclin B1 (70%) in Tg myocardium implicates its importance in supporting glycolysis
in the postnatal heart. No changes in cyclin D expression (known to regulate
mitochondrial activity) were noted and lipid metabolism remained unchanged in neonatal
cardiomyocytes from Tg hearts. However, E2F6 induced a 40-fold increase of the Bdhl
transcript and 890% increase in its protein levels in hearts from Tg pups implying a
potential impact on ketolysis. By contrast, BDH1 expression is not activated until
adulthood in normal myocardium. Neonatal cardiomyocytes from Wt hearts incubated

with the ketone B-hydroxybutyrate (B-OHB) showed a 100% increase in CX-43 protein
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levels, implying a role for ketone signaling in gap junction biology. Neonatal
cardiomyocyte cultures from Tg hearts exhibited enhanced levels of BDH1 and CX-43

and were not responsive to f-OHB.

Conclusions- The data reveal a novel role for the E2F pathway in regulating glycolysis in
the developing myocardium through a mechanism involving cyclin B1. We reveal BDH1
expression as an early biomarker of heart failure and its potential impact, through ketone

signaling, on CX-43 levels in E2F6-induced DCM.

Introduction

The failing heart shows transcriptional and metabolic remodeling which may have
detrimental effects on cardiac function (59,131). Given the extensive energy requirements
of the heart, and its limited ATP reserve, understanding the mechanisms which regulate
cardiac metabolism is critical to the understanding of heart function and failure (132,62).
In the normal adult heart, fatty acid oxidation accounts for up to 90% of the ATP
production while glycolysis supplies the remainder. (61). The heart shows a remarkable
capacity to adapt to substrate utilization under stress. In the failing heart, a reduction of
fatty acid oxidation and changes in glycolysis are observed (61,63). It was recently
demonstrated that there is an increase in ketone metabolism and the ketogenic enzyme, f3-
hydroxybutyrate dehydrogenase 1 (BDH1), in human and mouse heart failure

(133,134,66,65).

Ketones are synthesized in the liver and exist in three main forms: p-
hydroxybutyrate (3-OHB) the most stable and abundant form, acetoacetate, and acetone

(135). Ketone bodies arise from the incomplete oxidation of long chain fatty acids. They
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are utilized as an alternative energy source when glucose is scarce, such as during fasting,
exercise, and in many disease states such as diabetes (135,136). Glucose is a vital nutrient
source in the developing heart and during heart failure, thus ketones could be an
important alternative energy source during metabolic stress (59). It is therefore critical to
understand how the heart uses ketones to adapt to substrate utilization during cardiac

development and disease.

The E2F family is a group of nine transcription factors which regulate cell
proliferation, hypertrophy, and death (113,68). Recently, the transcriptional activator,
E2F1, has been demonstrated to promote glycolysis via regulation of the pyruvate
dehydrogenase kinase (PDK4) and inhibition of histone deacetylases (HDACS) to
regulate metabolism (137,138,139,140). In association with its modulator,
Retinoblastoma protein (Rb), E2F1 can also repress oxidative phosphorylation (141,142).
E2F6 is a unique E2F family member which is believed to repress E2F responsive genes
independently of Rb (27,20). We previously examined the contribution of the E2F
pathway in post-natal mouse myocardium by cardiac specific expression of E2F6 which
led to the early-onset of dilated cardiomyopathy (DCM) without hypertrophy or apoptosis
(80) Contrary to expectation, E2F6-Tg mice showed activation of E2F responsive genes
(80). This was achieved via down-regulation of E2F3 (critical for cardiac development)
and competitive binding at E2F sites which are normally repressed via E2F/Rb in the
post-natal heart (143,75,27). In essence, E2F6 serves as a dominant negative of E2F/Rb

in the heart.

E2F6-Tg mice display an early reduction in connexin-43 (CX-43) and reduced

conductivity which is a hallmark of DCM and heart failure (35). Here we further examine
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the changes in the post-natal myocardium of E2F6-Tg mice with the view to define early
bio-markers and novel pathways which may be useful for understanding and treating
idiopathic DCM. We note the early induction of BDH1 in neonatal Tg myocardium and a
relationship between ketones and CX-43 expression in cardiomyocytes. We further note
that deregulation of the E2F pathway impairs glycolysis which may have triggered the

induction of BDH1 and the resulting changes in CX-43 leading to DCM.

Methods

Mice and Genotyping

Previously described Tg mice with cardiac specific expression of E2F6 (under
control of the a-Myosin heavy chain promoter) (B6C3F1) were bred with WT (B6C3F1)
mice (80). All animal work was conducted according to the University of Ottawa’s
institutional animal care committee guidelines. The protocols were approved by the
University of Ottawa's institutional animal care committee: cmm-1725, cmm-1723. All
possible steps were taken to ameliorate animal suffering. Mouse pups were euthanized
by decapitation. Adult mice were euthanized via carbon dioxide inhalation.
Approximately 110 mice were used in this study. This number was required in order to

obtain sufficient sample size for appropriate biochemical and statistical analyses.

Genotyping was performed via DNA extraction from mouse ear (adult) or tail
(pup) clip and PCR using the Phire Tissue Direct (Thermo Scientific) kit as per the
manufacturer’s instructions. Primers spanning the 6" intron of E2F6 were used

(ATCACAGTACATATTAGGAGCAC- sense, and GGTGCGGCTACCAGTCTACA-
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anti-sense) which result in the amplification of a long fragment (988bp) in Wt mice and a

long and short fragment (342bp) in Tg mice which were separated on a 1.3% agarose gel.

RNA Analyses

RNA was extracted from cardiac lysate at post-natal day 7 using the RNEasy
Fibrous Tissue Mini Kit as per the manufacturer’s protocol (Qiagen). First-strand cDNA
was synthesized from 2ug RNA and oligoDT with SuperScriptll reverse transcriptase
(Invitrogen) as per the manufacturer's protocol. gPCR was performed in the g-Rotor
(Qiagen) using Fast Start SYBR Green (Roche) according to the manufacturer’s
instructions. Gene expression was normalized against Gapdh, and fold inductions were
calculated using the AAC; method. Primer pairs used for gPCR are: Bdh1:
AAGCACTGGAAGCAGACACAT (sense), ACACTTAGGGCTTTTCCTGGG (anti-
sense), Oxctl: CTGGAGTTTGAGGACGGCAT (sense),
TCCGCATCAGCTTCGTCTTT (anti-sense), GLUTA4:
GCAGATCGGCTCTGACGATG (sense), GCCACGTTGCATTGTAGCTC (anti-sense),
and Gapdh: GCAGTGGCAAAGTGGAGATT (sense) and

TCTCCATGGTGGTGAAGACA (anti-sense).

Western Blot

Neonatal cardiomyocytes were rinsed twice with PBS and frozen at -80°C. Plates
were thawed on ice in RIPA (50mM Tris (pH 7.4), ImM EDTA, 150uM NaCl, 0.25%
deoxycholic acid, 1% NP-40) containing protease and phosphatase inhibitors (Roche).

Plates were scraped and lysates were syringed with a 21G needle. Cardiac lysates were
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prepared with an electric tissue homogenizer in RIPA with protease and phosphatase

inhibitors.

Cardiac and cell lysates were centrifuged at 12800g for 10min at 4°C. Protein
concentrations were determined using the BCA assay (Thermo Scientific). Lysates (13-
50ug) were run on gradient (5-15%) SDS-PAGE gels in 3X loading dye (Cell Signaling).
Gels were transferred to PVDF membrane (Millipore) in transfer buffer (25mM Tris,
190mM Glycine, 20% methanol) overnight at 4°C. Membranes were blocked in TBST
(AM Tris, 290mM NaCl, 0.1% Tween, pH7.2) with 5% milk. The blots were probed with
primary and secondary antibodies (listed below) which were diluted in TBST with 5%
milk. The conversion of ECL substrate (Roche) was detected on film. Band signal

intensities were quantified by densitometry using Image Lab Software4.0.1 (Bio-Rad).

The following primary antibodies were used: GLUT4 (2213, 1:1000), AKT2
(6063, 1:1000), p-AKT2 (ser 479) (8599, 1:1000), cyclin D1 (2978, 1:1000), cyclin D3
(2936, 1:2000), and cyclin B1 (4138, 1:1000) were purchased from Cell Signaling, BDH1
(MA5-15594, 1:1000) and GAPDH (MA5-15738, 1:5000) were purchased from Thermo
Scientific, CX-43 (ab11370, 1:100000) was purchased from Abcam, OXCT1 (12175-1-
AP, 1:10000) was purchased from Proteintech, and myc (which detects myc-tagged
E2F6) (11667149001, 1:2000) was purchased from Roche. Secondary antibodies anti-
mouse (115-035-003, 1:15000) and anti-rabbit (111-035-045, 1:15000) were purchased

from Jackson Immunochemicals.
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Neonatal Cardiomyocyte Isolation and Treatment

Hearts were collected from Wt and Tg mice at post-natal day 1 following
decapitation. Hearts were rinsed in HBSS and incubated in 0.5% trypsin dissolved in
HBSS overnight at 4°C while genotyping was performed. Hearts were grouped in twos or
threes (by genotype) for digestion with 0.5% Collagenase type 11 (Gibco) dissolved in
HBSS (4x10min). Cells were collected after each digestion via centrifugation at 3000g
for 3 minutes and resuspended in DMEM supplemented with 10% FBS, 1%
penicillin/streptomycin, and 1% non-essential amino acids. Total suspensions were plated
on uncoated 10cm dishes to remove fibroblasts (45min x2). Cardiomyocytes were seeded
onto 0.1% gelatin coated plates (300000/well on XF°24 well plate for Seahorse metabolic
analysis, or 1x10%/well on 6 well plates for ketone treatment) and allowed to attach for 48

hours in a 37°C incubator with 5% CO..

Paired neonatal cardiomyocytes were treated with or without 3.8mM (-
hydroxybutyrate (Sigma) dissolved in water for 24 hours, or used for glycolysis and fatty

acid oxidation measurements (described below).

Seahorse Glycolysis Measurement

Cardiomyocyte media was replaced with bicarbonate and glucose free DMEM
containing 2mM glutamine. The extracellular acidification rate (ECAR) was measured
using an XF°24 Extracellular Flux Analyzer (Seahorse Bioscience). Triplicate pre-
injection readings were taken to establish a baseline, followed by triplicate reading after
sequential treatment with 20mM glucose, 2mg/mL oligomycin, and 100mM 2-deoxy-

glucose. ECAR was corrected to baseline pre-injection measurements.
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Seahorse Fatty Acid Oxidation Measurement

Cardiomyocytes were starved for 24hr in substrate limited medium (DMEM,
0.5mM glucose, 1.0mM Glutamine, 0.5mM L-carnitine, 1% FBS) and replaced with fatty
acid oxidation assay medium (111mM NaCl, 4.7mM KCI, 1.25mM CaCl,, 2.0mM
MgSQO,, NaH,PO,, 2.5mM glucose, 0.5mM L-carnitine, and 5mM HEPES).
Cardiomyocytes were treated with or without 40uM etomoxir for 15min. The oxygen
consumption rate (OCR) was measured using the XF®24 Extracellular Flux Analyzer
(Seahorse Bioscience). Triplicate pre-injection readings were recorded to establish
baseline and cardiomyocytes were sequentially treated with either 17uM BSA or 100 uM
palmitate conjugated to BSA and: 2mg/mL oligomycin, 1uM Carbonyl cyanide-4-
trifluoromethoxy phenylhydrazone, and 1uM Antimycin-A. OCR was corrected to

baseline pre-injection measurements.

Statistical Analyses

All data were analyzed with a student t-test with the exception of the protein
expression data in (Figure 23D) which was analyzed with a two way mixed ANOVA

with repeated measures. The level of significance was set at P<0.05 in all cases.

Results

E2F6 Induces the Early Expression of BDH1 in Neonatal Myocardium

E2F6 expression in postnatal myocardium led to dose dependent DCM associated
with decreased levels of CX-43 (80). Our previous microarray results predicted the up-

regulation of Bdhl in E2F6-Tg hearts thus we performed RT-g-PCR on mRNA collected
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from Wt and Tg pup hearts for validation. A 40 fold increase of Bdh1 transcript was
detected in Tg myocardium (P<0.05) (Figure 19A). BDH1 protein was barely detectable
in Wt pup hearts but was markedly upregulated by 890% (P<0.05) in E2F6 Tg hearts at
post-natal day 1 (P1) (Figure 19B and 19C). Since BDHL1 is up-regulated in the failing
adult human heart (65) we examined its expression at 6 weeks of age, at which time Tg
mice show full onset of DCM (118). Western blot analysis did not reveal any difference

in BDH1level between Tg and Wt hearts at this time (Figure 19B and 19C).
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Figure 19. E2F6 Activates BDH1 Expression in Neonatal Myocardium. (A) Bdhl (B-
hydroxybutyrate dehydrogenase 1) and Oxctl (succinyl-CoA: 3-oxoacid-CoA
transferase) transcript levels in Wt and Tg myocardium 7 days after birth. Expression is
normalized to Gapdh. Results represent mean+tSEM values (n=5-7). (B) Representative
immunoblots of protein from Wt and Tg mouse myocardium at post-natal day 1 (pups)
and 6wks of age (adult) examined with the anti-BDH1 and anti-OXCT1l. (C)
Densitometric quantification of BDH1 and OXCT1 expression from immunoblots.
Expression is normalized against GAPDH. Results represent mean=SEM values (n=4).
(D) Immunoblot of protein from Wt and Tg myocardium with BDH1 at the indicated

time points after birth.*P<0.05.

We next examined the developmental expression of BDH1 protein in post-natal
myocardium between P1 and 6wks. In normal developing myocardium BDH1 protein is
undetectable at P1 and appears at 6 weeks of age (Figure 19D). On the other hand, in
E2F6-Tg hearts, BDH1 expression appears to be maximally expressed as early as P1 with
this level maintained at P7, 3 weeks, and 6 weeks. It should be noted that symptoms of
DCM arise as early as 2 weeks in E2F6-Tg mice (118), thus BDHL1 is markedly elevated
prior to the early development of DCM and maintained at this level into adulthood

(Figure 19D).

The induction of BDH1 expression by E2F6 was specific since the succinyl CoA:
3-oxoacid CoA transferase (OXCT1) (another rate limiting enzyme in ketone
metabolism) was not changed at the mRNA (Figure 19A) or protein level in heart tissue

from pup or adult E2F6-Tg mice (Figure 19B and 19C).
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E2F6 Impairs Glycolysis in Neonatal Cardiomyocytes

Since ketone metabolism is increased when glucose is scarce, we measured
glycolysis in in Tg mice to gauge whether changes in glycolytic rates may have
stimulated BDH1 expression. We used the Seahorse method to monitor the extracellular
acidification rate (ECAR) as a measure of glycolysis which produces lactic acid. In
nutrient starved neonatal cardiomyocytes (pre-injection) ECAR measurements were
similar in Wt and Tg, but Tg ECAR readings were lower following the addition of
glucose and oligomycin (inhibitor of ATP synthase that drives glycolysis) (Figure 20A).
The competitive inhibitor of glucose, 2-Deoxy-glucose (2-DG), caused the ECAR
readings to return to baseline in both Wt and Tg cardiomyocytes demonstrating the
specificity of the experiment to glucose (Figure 20A). Calculation of basal glycolysis
revealed a 22% decrease in E2F6 expressing cardiomyocytes (P<0.05) (Figure 20B). No

significant changes in glycolytic capacity or reserve were noted.
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Figure 20. E2F6 Impairs Glycolysis in Neonatal Cardiomyocytes. (A) Glycolytic rates
for Wt and Tg neonatal cardiomyocytes pre-injection, and following the sequential
addition of: glucose, oligo (oligomycin), and 2-DG (2-deoxy glucose). ECAR
(extracellular acidification rate) is normalized against pre-injection rates. Results
represent meantSEM values (n=8). (B) Glycolytic measurements (basal glycolysis,
glycolytic capacity, glycolytic reserve) in Wt and Tg neonatal cardiomyocytes. (C)

Representative immunoblot analyses of protein extracts from Wt and Tg myocardium at
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postnatal day 1 with anti: GLUT 4 (glucose transporter 4), T-AKT2 (total protein kinase
B), and p-AKT2 (phospho (ser 474)- protein kinase B). (D) Densitometric quantification

of immunoblots. Expression is normalized against GAPDH (n=4). *P<0.05.

Glucose entry into cardiomyocytes is a rate limiting step in glycolysis, thus we
examined changes in the cardiac glucose transporter: GLUT4.Western blot analysis of
protein isolated from Wt and Tg myocardium at P1 with anti-GLUT4 detected a GLUT4
monomer of ~50kDa and high molecular weight polypeptides which are GLUT4
oligomers (Figure 20C). Quantification of all polypeptides revealed a 39% decrease in
total GLUT4 protein (P<0.05) (Fig 2D). RT-g-PCR revealed no change in GLUT4
transcript levels in Tg myocardium (Appendix 3: Sup Fig 4) indicating its loss is post-

transcriptional.

We also examined the expression of another major regulator of glucose
metabolism: AKT2 (also known as protein kinase B). Western blot analysis with anti-
total AKT2 (T-AKT2) revealed a 100% increase in E2F6-Tg hearts (P<0.05), while
analysis of phosphorylated (active) AKT2 revealed no change (Figure 20C and 20D).
The ratio of phospho: total AKT2 was decreased by ~50% (P<0.05) in Tg myocardium

indicating less AKT2 activation as a fraction of the total AKT2 pool (Figure 20D).

E2F6 Does Not Impact Fatty Acid Oxidation in Neonatal Cardiomyocytes

In the failing human heart the up-regulation of BDHL1 is believed to be an
adaptation to a decrease in lipid metabolism (134,66). Thus, we also assessed lipid
metabolism in neonatal cardiomyocytes from Wt and Tg mice. We used the seahorse

method to measure the oxygen consumption rate (OCR) which revealed no change in
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fatty acid oxidation in E2F6-expressing cardiomyocytes at pre-injection, or following the
sequential addition of palmitate (fatty acid), oligomycin (inhibitor of ATP synthase),
Carbonyl cyanide-4-phenylhydrazone (FCCP/uncoupler) or antimycin-A (electron
transport chain inhibitor) (Figure 21). Cardiomyocytes treated with etomoxir (inhibitor
of fatty acid entry) showed no significant increase in OCR beyond baseline, thereby

demonstrating the specificity of the experiments to fatty acids (Appendix 3: Sup Fig 5).
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Figure 21. E2F6 Does Not Impact Fatty Acid Oxidation in Neonatal Cardiomyocytes.
Oxygen consumption rate (OCR) in Wt and Tg neonatal cardiomyocytes following 24hr
glucose starvation. Results were normalized against baseline (pre-injection).
Cardiomyocytes were sequentially incubated with BSA or palmitate, oligo (oligomycin),
FCCP (Carbonyl cyanide-4-phenylhydrazone), and Anti-A (Antimycin-A). Results

represent mean=SEM values (n=7-8).
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E2F6 Deregulates Cyclin Expression in Myocardium

The E2F/Rb pathway is believed to drive glycolysis via the transcriptional

regulation of cyclins (144). Thus, we examined the expression of various cyclins in Wt

and Tg myocardium at post-natal day 1. Cyclin D1 and D3 expression levels were not

altered in cardiac tissue from E2F6-Tg mice (Figure 22A) while cyclin B1 was reduced

by 70% in E2F6-Tg myocardium (P<0.05) (Figure 22A and 22B).
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Figure 22. E2F6 Deregulates Cyclin B1 Expression in Myocardium. (A) Representative
immunoblot of protein isolated from Wt and Tg myocardium at post-natal day 1 with
anti- cyclin D1, anti-cyclin D3, and anti-cyclin B1. (B) Densitometric quantification of
cyclin immunoblots. Expression is normalized against GAPDH. Results represent

mean+SEM values (n=4). *P<0.05.

Ketones Regulate Connexin-43 in Neonatal Cardiomyocytes

Recent evidence indicates that ketones can enhance CX-43 protein in endothelial
cells via the Extracellular Receptor Kinase (ERK) pathway (145). We previously noted
the deregulation of ERK activity and a loss of CX-43 protein in adult Tg mice (80), and
in the present study we detected a 50% down-regulation of CX-43 protein at post-natal

day 1 (P<0.05) (Figure 23A and 23B).
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Figure 23. p-OHB Regulates CX-43 Protein Expression in Neonatal Cardiomyocytes.
(A) Representative immunoblot of protein isolated from Wt and Tg myocardium at post-
natal day 1 with anti-CX-43. (B) Densitometric quantification of CX-43 immunoblot.
Expression is normalized against GAPDH. Results represent mean+SEM values (n=4).
(C) Representative immunoblot analyses of protein from Wt and Tg neonatal
cardiomyocytes following incubation with or without B-OHB (B-hydroxybutyrate). (D)

Densitometric quantification of CX-43 in treated and non-treated neonatal
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cardiomyocytes. Expression is normalized against GAPDH. Results represent the
mean+SEM values (n=3-5). (E) Representative immunoblot analysis of BDH1 in Wt and

Tg neonatal cardiomyocytes. *P<0.05.

We hypothesized that the excess BDH1present in Tg hearts could limit the
amount of B-OHB in the cardiomyocyte via its conversion to acetoacetate and subsequent
availability for the ketone catabolic pathway. This could in turn inhibit the signaling
capacity of B-OHB (the most stable and abundant ketone) and thus may contribute to the
observed down-regulation of CX-43 in Tg hearts. To test this we examined the amount
of CX-43 in neonatal cardiomyocytes incubated with or without the B-OHB. Wt
cardiomyocytes incubated with B-OHB showed a 100% increase of CX-43 (P<0.05)
(Figure 23C and 23D), similar to what was recently reported in endothelial cells (145).
In contrast, B-OHB had no significant impact on CX-43 expression in Tg cardiomyocytes

supporting our hypothesis that BDH1 reduces ketone signaling.

Surprisingly, the reduction of CX-43 noted in vivo (Figure 23A) was reversed in
culture of Tg cardiomyocytes (Figure 23B). In order to rule out the possibility that
BDH1 was reduced in culture, thereby reversing its effect on CX-43 expression, we
assessed its level in cultured cardiomyocytes. Western blot with anti-BDH1 detected its
presence in neonatal cardiomyocytes cultured from Tg mice, but not Wt, indicating that
its loss is not responsible for the rescue of CX-43 in culture (Figure 23E). This suggests
the presence of factors in the culture media which specifically promote expression of CX-
43 in neonatal cardiomyocyte from Tg hearts. In support of this hypothesis, Tg
cardiomyocytes showed an increase in CX-43 expression over time in culture (Appendix
3: Sup Fig 6).
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Discussion

The E2F pathway regulates early cardiac development through mechanisms that
impact cell proliferation, hypertrophy, and death (47,53,146,55). We previously
demonstrated that the E2F pathway can also impact post-natal cardiac function via
manipulation of the pathway in vivo with the repressor E2F6 (80). E2F6 resulted in dose
dependent DCM associated with inappropriate activation of E2F responsive genes, but
without changes in cardiac growth or death (80). Further, our data also revealed that the
E2F pathway can impact p-adrenergic signaling in the post-natal heart (118). Here we
demonstrate that deregulation of the E2F pathway impairs glycolysis in the developing
postnatal myocardium, and markedly enhances that expression of the ketogenic enzyme,
BDH1, which was linked to the down-regulation of CX-43. Thus we present notable
evidence that appropriate modulation of the E2F pathway is critical for regulating cardiac

metabolism and, consequently, function of post-natal myocardium.

E2F6-Tg mice present with an early reduction of CX-43 and a defect in cardiac
function potentially accounting for the noted DCM and sudden death (80). Recent studies
demonstrated that B—~OHB can enhance CX-43 expression in endothelial cells (145)
which we have now also noted in Wt neonatal cardiomyocytes. This suggests that ketones
may uniquely modulate the gap junction levels in different cell types. It should be noted
that CX-43 expression was rescued in culture of Tg cardiomyocytes while BDH1 was
still highly expressed. Thus other factors appear to have an effect on CX-43 expression in
culture conditions. In this regard, multiple MAPK pathways have been implicated in the

post-transcriptional regulation of CX-43, and these were deregulated in E2F6-Tg mice
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(147), (145) (80). It is possible that deregulation of MAPKSs may have sensitized E2F6-

Tg cardiomyocytes to growth factors in the culture media.

Despite differences in vitro and in vivo both neonatal cardiomyocytes and hearts
from Tg mice show a marked induction of BDH1 and a diminished capacity to regulate
CX-43 expression. In the heart, Tg-mice do not enhance CX-43 levels to the appropriate
level required for cardiac function, and in culture, Tg cardiomyocytes are unresponsive to
CX-43 ketone signaling pathways. In both cases this likely involves the marked
induction of BDH1 protein which could diminish the available B-OHB (via its conversion
to a less stable ketone) thereby driving it towards the ketone catabolic pathway and
reducing its ability to act as a signaling molecule to enhance the amount of CX-43. The
resulting down-regulation of CX-43 in Tg myocardium would alter cardiomyocyte
communication and function from a very young age, potentially leading to the early
DCM noted. In this regard, CX-43 is reported to be down-regulated in the diabetic rat
heart and in many types of heart failure (148,149,150,151). Further, metabolic
remodeling is known to occur in heart failure with enhanced BDH1 and ketone signaling
(65,66). Hence our data here may critically serve to link enhanced BDH1 and the loss of
CX-43 in the adult failing heart as well. It has previously been demonstrated that an
increase in BDHL1 transcript levels in both mouse and human cardiac tissue is associated
with enhanced BDH1 activity and ketone metabolism (66,65). While we have not
measured BDH1 activity here, the robust increase in both transcript and protein levels

induced by E2F6 imply an enhanced BDH1enzyme activity as early as postnatal day 1.

The relationship between E2F, BDHL1, and CX-43 highlights the emerging idea

that ketones not only serve as energy substrates, but are also important signaling
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molecules which can regulate gene expression during nutrient scarcity/adaptation.
Ketones can initiate undefined signaling cascades via binding to G-protein coupled
receptors, or by direct interaction with and inhibition of HDACs (64,152). RbD recruits
HDAC:S to repress E2F responsive genes (14,13), which we have shown to be inhibited
by E2F6 expression in the heart (80). Furthermore, we found that E2F6 also regulates G-
coupled protein receptor signaling pathways (118), suggesting a novel relationship
between E2F/Rb, HDACSs, and ketones which critically impacts myocardial growth,

function, and metabolism.

It is plausible that BDH1 was induced by E2F6 in Tg myocardium to compensate
for the impairment in glycolysis (which is the major source of energy in the neonatal
heart). The decrease in GLUT4 protein could have limited glucose entry to E2F6-Tg
cardiomyocytes, and when coupled with the observed decrease in AKT2 activation
(which regulates glucose homeostasis) could account for the impaired glycolysis (153).
Alterations in glucose metabolism have been previously linked to the E2F/Rb pathway as
demonstrated by double knock-out of E2F1/E2F2 which impaired insulin production and
caused diabetes (154). Additionally, studies have demonstrated that E2F/Rb promote
glycolysis over oxidative phosphorylation in muscle and fat tissue via the deregulation of
cyclin, in particular cyclin D1 (144,155). Thus it is a logical extension that E2F6, which
inhibits E2F/Rb activity, would also inhibit glycolysis. E2F6-Tg mice express less
cyclinB1 which could represent a delay in the cardiac cell cycle (i.e. not reaching mitosis)
similar to what was observed in E2F6 expressing 3T3 cells which accumulated in S phase
(27). Such a shift in the cell cycle could cause a shift in the metabolic profile as well. The

specific change in cyclin B1 may involve the reduction of E2F3 in E2F6-Tg myocardium
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since it is a critical regulator of the cell cycle during perinatal cardiac development
(35,80). This suggests that E2F3 may also be a key regulator of cyclin B1 and glycolysis
in the heart. Further, since fatty acid oxidation is not increased in response to the
depression of glycolysis, ketolysis may be a necessary adaptation as an alternative energy

source.

It is interesting to note that BDH1 levels were not increased in the adult (6wk old)
Tg-myocardium which are experiencing heart failure. This may reflect the fact that fatty
acids are the major energy substrate at this time and fatty acid metabolism appeared to be
unaffected in E2F6 Tg mice. This implies that the induction of BDH1 may be an early
marker for metabolic stress/changes in the myocardium that precede heart failure. There
is a window of overlap between enhanced BDH1 expression and the early symptoms of
DCM around 3 weeks supporting the correlative relationship (118). This may be
particularly useful information for ~40% of cases of idiopathic dilated cardiomyopathy

and early-onset of disease.

The robust increase of Bdhl transcript by E2F6 at birth and the lack of change in
other ketogenic enzymes, such as OXCT1, imply a specific role for E2Fs through a
transcriptional mechanism. A basic promoter analysis did not detect an E2F consensus
binding site in the Bdhl promoter (Appendix 3: Sup Fig 7). This does not rule out direct
transcriptional regulation as E2F6 has been demonstrated to bind to DNA at non-
consensus sites and activate transcription (25,29). A nuclear-factor (NF)-kappaB site was
predicted by the promoter analysis 1938bp upstream of the BDH1 transcription start site
(core score 1.00). This is of particular interest because E2Fs can bind to and de-regulate

NF-kappaB in the context of inflammation and metabolism (156,157). Thus it is possible
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that the deregulation of E2Fs in E2F6-Tg myocardium may have enabled NF-kappaB to
flip a metabolic switch activating BDH1 in the neonatal heart. In support of this, E2F1-3
levels normally drop in the adult myocardium (8) when we have demonstrated that BDH1

is normally expressed.

The data here demonstrate a novel role for the E2F pathway in regulating
metabolism in post-natal myocardium since its perturbation by E2F6 leads to aberrant
glycolysis and the induction of the ketogenic enzyme: BDH1. These changes appear to
impact ketogenic signaling to deregulate CX-43 levels and thereby disrupt cardiac
function. The potent early induction of BDHL1 prior to a discernable cardiac pathology
implies that BDH1 is an early biomarker of metabolic stress and DCM. The information
here could provide new insight into the early diagnosis and potential treatment options in

idiopathic cases of DCM.
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GENERAL DISCUSSION

The works in this thesis elucidate the in vivo capacity for the E2F pathway to
regulate cell death, hypertrophy, and differentiation in the post-natal heart by
manipulating its activity with E2F6 in a cardiac specific Tg mouse model. E2F6-Tg mice
developed early onset DCM without hypertrophy or apoptosis suggesting that E2F6 had
protective properties against these pathological processes. My data clearly shows that
E2F6 deregulates E2F3 which is a master regulator of the cardiac cell cycle and the only
E2F family member required for viability. | propose that via alteration of E2F3 (and
subsequently its association with Rb), E2F6 altered the dynamics of cell cycle withdrawal
in Tg myocardium leading to metabolic changes which impact differentiation and
function leading to DCM (summarized in Figure 24). Use of the E2F6-Tg model may
aid in the understanding of idiopathic cases of DCM which may prove to be of

significance in the field.
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Figure 24: A summary model for E2F6 induced dilated cardiomyopathy. E2F6
expression inhibits E2F3 with impacts on cell cycle/metabolism and thereby cardiac
differentiation via inhibition of E2F3/Rb. These changes cause the down-regulation of
CX-43 and T-Cap leading to cardiac remodeling which proceeds directly to dilation
without hypertrophy or apoptosis via inhibition of E2F3 and E2F1. Dilation activates the
stretch sensitive c-src and a B.-AR survival pathway, which protects Tg myocardium
from apoptosis. Activation of the 3, pathway sensitizes the heart to isoproterenol leading
to the rescue of E2F3 and the induction of pathological hypertrophy. The increased
activity of ERK may also impact the post-transcriptional loss of CX-43 via miR-206 (80)

which enhances disease progression.
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E2F6: a potential therapeutic tool in heart failure
The lack of hypertrophy and apoptosis in E2F6-Tg mice is particularly curious

given that these are hallmarks of heart failure and DCM. Cell growth and apoptosis are
well known to be regulated by the E2F pathway thus I hypothesized that E2F6 had
repressed them. When challenged with the hypertrophic agent, isoproterenol, E2F6-Tg
mice were not resilient, but instead were twice as sensitive as their Wt counterparts. Their
increased sensitivity can likely be attributed to activation of a , adrenergic receptor
pathway. Intriguingly, E2F3 was downregulated in Tg myocardium and was rescued by
isoproterenol, suggesting that E2F activity is central and necessary for cardiac
pathological hypertrophy to occur (Figure 24). In support of this notion, Bicknell and
colleagues found that E2F/DP activity was necessary for pathological hypertrophy in
NCM (55). Thus it seems that the E2F pathway, in particular E2F3, is critical to regulate

cardiac pathological hypertrophy in vitro and in vivo.

The B, adrenergic pathway described in Chapter 1 was previously demonstrated to
activate cell survival in cardiomyocytes (95). Thus I hypothesized that its activation
could explain the lack of apoptosis in Tg mice despite their advanced disease. In support
of its anti-apoptotic properties, E2F6 was capable of attenuating the apoptotic response to
cobalt chloride in cardiomyocytes. In contrast to the adult heart, the protection conferred
to NCM by E2F6 did not include an increase in Bcl-2. In cancer cell lines E2F6 inhibited
apoptosis via inhibition of E2F1 (Figure 24) (75,78). E2F6 was able to out-compete
E2F1 for DNA binding in in vitro assays (15,17), and we previously detected the
presence of myc-E2F6 on gene promoters in adult Tg myocardium (80). This suggests

that E2F6 has the capacity to out-compete pro-apoptotic E2F family members in the
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heart. Unlike in cancer cell lines (such as HeLa used in Chapter 2), my preliminary data
suggests that E2F1 was not up-regulated in cardiomyocytes in response to doxorubicin
(Appendix 4: Sup Fig 8). This suggests that another E2F family member may be
responsible for inducing apoptosis. In addition to E2F1, E2F3 was also capable of
inducing apoptosis in neonatal cardiomyocytes (53). Furthermore, | demonstrated that
E2F3 expression was enhanced by isoproterenol along with the $;-AR which can induce
cardiomyocyte cell death (95). Since E2F6 repressed E2F3 expression in Tg
myocardium it is possible that E2F6 may exert protection against apoptosis in
cardiomyocytes via inhibition of E2F3. Thus future experiments should focus on the

balance between the repressor E2F6 and activators: E2F1 and E2F3 in cardiomyocytes.

Although E2F6 holds promise for battling apoptosis in the heart, my studies were
limited by the reduction of myc-E2F6 in response to drug exposure. In the case of
doxorubicin the loss of E2F6 was similar (albeit more rapid) to what | observed in HeLa
cells treated with dox, but via completely different mechanisms. In HeLa and Wt-NCM
e2f6 transcript levels did not change in response to dox, implying that endogenous E2F6
protein was deregulated at the post-transcriptional level by dox. Post-transcriptional
regulation of E2F6 also appears to be important in cardiac development in which its
transcript is maintained while protein is decreased (Appendix 4: Sup Fig 9). Unlike
other E2F family members, E2F6 is not targeted to the proteasome via p19”~*, and the
mechanisms which regulate its turn-over are not known. Bertoli and colleagues found
that E2F6 was phosphorylated by Chk1 in HEK cells which were subjected to DNA
replication stress (121). Chks have also been demonstrated to phosphorylate and stabilize

pro-apoptotic E2F1. Thus it is possible that E2F6 was down-regulated and E2F1 was up-
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regulated at the post-transcriptional level by Chk1 phosphorylation. Phosphorylation of
E2F6 could signal for its degradation, or its dissociation from DNA could destabilize it,
thereby leaving E2F1 (which is stabilized by Chk) free to induce apoptosis. The use of

commercially available Chk1/2 inhibitors could be used to test this hypothesis.

In cardiomyocytes, Chk1 is unlikely to regulate E2Fs given the fact that it is
undetectable following dox exposure. Since E2F1 does not appear to be up-regulated by
dox (Appendix 4: Sup Fig 8), and E2F6 is normally expressed at very low levels in the
post-natal heart, this is not particularly surprising. In fact, it is reasonable to propose that
the lack of E2F6 in adult myocardium may actually sensitize it to doxorubicin exposure
resulting in cardiomyopathy. Additionally, the interruption of a-mhc by dox, which
caused the loss of the E2F6 transgene (via its promoter), may also sensitize the heart to

dox (120).

In contrast to dox, cobalt chloride did not deregulate E2F6 protein levels and
decreased the pro-apoptotic E2F1 in HeLa. Although myc-E2F6 was retained in Tg
cardiomyocytes for a longer period of time (than in response to dox) and did convey
some resilience to apoptosis it was still down-regulated. Since E2F6 protein is stable in
HeLa in response to CoCl,, it is compelling to predict that myc-E2F6 is down-regulated
at the level of its aMHC promoter (which is reduced by dox and in heart failure), but this
remains to be confirmed by RT-gPCR. If it is merely a problem of promoters, the
potential to use E2F6 as a therapeutic target to reduce apoptosis in the heart would be
increased. Future experiments should also explore the response of Tg cardiomyocytes (or

perhaps rat cardiomyocytes transfected with E2F6 under the control of a different
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promoter) with other apoptotic agents and hypoxia/re-oxygenation to determine if E2F6

could be a useful tool for cardio-protection.

Similarly, the ability of E2F6 to protect against other hypertrophic agents should
also be evaluated. In particular, the ability for E2F6 to regulate the alpha adrenergic
response could be tested (via administration of angiotensin or endothelin) which could
prove a valuable tool against hypertension. Another useful model of hypertrophy in mice
is trans-aortic constriction (TAC). This could prove problematic in Tg mice since TAC is
usually performed on adult mice due to the difficulty of the surgery on such a small
animal, and the Tg mouse heart is already compromised by DCM. In support of this, the
pre-existing DCM likely contributed to the increased sensitivity of Tg mice to
isoproterenol. It is probable that since Tg myocardium was already remodeled it could
not remodel itself any further upon stimulation. In support of this, while Wt mice showed
an activation of the fetal gene program after iso administration, the program was already

activated in Tg mice and was not further increased by drug exposure.

An alternative to using adult Tg mice would be to treat neonatal cardiomyocytes
from Wt and Tg mice. It would also be beneficial to extract normal adult cardiomyocytes
(using the Langendorf system) and infect them with E2F6 (via adenovirus). This way the
cells would not be initially compromised and would be more similar to the adult diseased
heart. To take it one step further, E2F6 could also be delivered to adult mice prior to the
administration of hypertrophic and/or apoptotic reagents and tested for increased survival

and cardiac performance in vivo.
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Mechanisms for E2F6 induced dilated cardiomyopathy
While it is astounding that E2F6-Tg mice develop DCM without preceding

hypertrophy and the limited induction of apoptosis, the question still remains: why do
they develop DCM? | believe the answer to this question is hidden in the cell cycle
during early post-natal cardiac development. When one thinks of the E2F pathway, the
cell cycle immediately comes to mind as E2F regulates virtually all facets of it including:
cell cycle gene repression during Go, the induction of genes involved in growth during G;
and DNA replication during S-phase, and checkpoint control. As mentioned, the exact
role of E2F6 in the cell cycle remains undefined although evidence has demonstrated that

E2F6 can cause an accumulation of cells in S-phase and delay cell cycle re-entry (27).

My initial microarray/qPCR analysis of Tg hearts (P7) during my MSc revealed
alterations in cell cycle related genes, in particular those involved in S phase implying a
potential accumulation (80). We did observe an increase in BrdU incorporation in adult
Tg- myocardium (a common observation in HF) but there was no increase in neonatal
pup hearts (80). The BrdU experiment was performed at P7 to mirror the micro-arrays,
but it is possible that a difference could be observed at an earlier time, especially when
considering that cardiomyocytes withdraw from the cell cycle a few days after birth (day
5). Thus, a potential defect or delay in cell cycle withdrawal could have occurred which
was no longer detectable at P7. | did observe an increase in the S-phase cyclin (cyclin E1)
and a decrease in the G,/M phase cyclin (cyclin B1) in younger Tg hearts, which would
imply a prolonged S phase. In order to fully assess this possibility, future studies should
include the evaluation of more cell cycle markers and fluorescent activated cell sorting in

Wt vs. Tg NCM.
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As alluded to in the manuscripts, a defect in the cell cycle of Tg mice would
likely be related to the down-regulation of E2F3 (Figure 24). In embryonic stem cells,
Oct3/4 expression inhibited proliferation with increased expression of E2F6 and reduced
E2F3, and was reversible by the addition of E2F3 (158). In post-natal myocardium
growth does not include cardiomyocyte proliferation, but a similar phenomenon was
observed in the context of hypertrophy. In essence, E2F6 inhibited pathological growth in
the diseased heart with a reduction of E2F3 and this was reversed by iso and the rescue of

E2F3 expression.

In addition to growth and proliferation, E2F3 was demonstrated to regulate early
cardiac development (35,129). Furthermore, in a partial mixed strain of E2F3” in which
a quarter of mice survive into adulthood, 85% of those go on to develop late-onset DCM
(35). This implies that E2F3 is also important to adult cardiac structure and function. It
was suggested by the authors that this phenotype could be caused by the disorganization
of sarcomere proteins. This is quite feasible as mutations in sarcomere proteins make up
about one third of all cases of DCM. In our study, | demonstrated a 70% decrease in the
amount of the sarcomere protein: Titin-cap. This protein is important for recruiting
proteins like muscle lim protein to the z-line, and point mutations which inhibit T-cap

function cause DCM (127).

It is interesting to note that the time of contractile perturbation is also important,
as exemplified by the over-expression of tropomodulin which caused early onset DCM
when it accumulated shortly after birth, but was asymptomatic when expressed later on in
development (159). This suggests that the cardiomyocyte is particularly sensitive during

this critical time-point of peri-natal development and cell cycle withdrawal. Thus, if E2F6
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caused an alteration in cardiac function early on it could have major consequence like
early-onset DCM. | noted a significant decrease in connexin43 in E2F6-Tg mice which
occurred as early as P1. The loss of CX-43 was demonstrated in a desmin model of DCM
(160), and generally speaking its down-regulation is a hallmark of HF (89). Thus the
down-regulation of critical players in cardiac function and contraction (such as CX-43
and T-cap) at an early age could imply a defect or delay in cell cycle withdrawal which

leads to aberrant differentiation and DCM (Figure 24).

E2F3 was also demonstrated to be an important player in skeletal muscle
differentiation and development (161). | attempted to explore the role of E2F6 in muscle
development by expressing E2F6 in C2C12 cells (murine myoblast cell line) and
inducing differentiation via serum starvation (replacing feeding media with 2% horse
serum induces myotube formation). This resulted in a 30% reduction in the fusion index
(measure of differentiation) of myc-E2F6 transfected C2C12 in comparison to 6myc-
empty vector transfected cells (Appendix 4: Sup Fig 10). Unfortunately, the mechanisms
for this defect could not be fully explored because myc-E2F6 expression was lost on the
first day of serum starvation (when selection media was removed). These results imply
that E2F6 has a negative effect on differentiation, which is supported by its reduced
expression during C2C12 differentiation (Appendix 4: Sup Fig 11) and cardiac

development (80).

To maintain a differentiated state E2F3 would impart its activity via the
recruitment of the pocket proteins. In fact, deletion of Rb and p130 in myocardium led to
hyperplasia in vivo (47), and in cardiomyocytes inhibited post-mitotic differentiation

(143). Itis also interesting to note that Rb’s repressor function was inhibited in an
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emerin model of DCM due to its inappropriate nuclear docking and subsequent E2F gene
activation (162,163). Since E2F6 can out-compete for DNA binding (we detected it at
E2F responsive gene promoters in Tg hearts), and it does not interact with pocket
proteins it is logical that E2F6 would inhibit pocket protein mediated repression and
differentiation, especially when considering that Rb’s localizer, E2F3, is down-regulated.
This is supported by the transcriptional activation of hundreds of genes in E2F6-Tg
hearts, in particular E2F responsive genes (80). Chromatin Immunoprecipitation (ChIP)
of Rb would be required to validate its displacement in Tg myocardium, but this has
proven difficult since the antibodies which best detect Rb in the heart target its binding

domains which are inaccessible during ChiP.

Rb and E2F1 have also been implicated in regulating cellular metabolism. In
general, they tend to drive glycolysis over oxidative phosphorylation. Given that E2F6
seems to impair E2F/Rb function in Tg myocardium it was perhaps not surprising that we
observed metabolic changes in E2F6-Tg neonates. Metabolic shifts, or “metabolic
remodeling” has been recognized as an important change during HF and connected to the
cell cycle. E2F6-Tg mice present with impaired glycolysis without a compensatory
increase in fatty acid oxidation. Since glucose is still an important energy source for the
young cardiomyocyte (and the failing heart), this could have a detrimental effect on Tg
hearts shortly after birth as well as in their diseased state. We detected the expression of
the ketogenic enzyme: BDH1 at post-natal day 1, six weeks prior to when it is detectable
in the normal heart. The potent early induction of this enzyme implies that it could
increase ketone metabolism and affect ketone signaling pathways. Of particular interest,

is the potential for BDHZ1expression in the down-regulation of CX-43 (Figure 24).
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Unfortunately, we were not capable of fully assessing our hypothesis (that excess BDH1
reduced B-OHB and thereby CX-43- Figure 24) since CX-43 was rescued in culture
conditions. Despite this complication, Tg-cardiomyocytes did not increase CX-43 in
response to B-OHB like their Wt counterparts, thereby implying that BDH1 could have
inhibited B-OHB signaling in Tg NCM. Future studies should focus on the mechanism
for the transcriptional up-regulation of BDH1. Co-transfection of cells with a BDH1
luciferase construct and E2F family members could be used to determine if it is a direct
transcriptional target of E2F.
Perspective

In summary, E2F6 appears to impact multiple facets which determine cardiac
development and function, ultimately causing DCM in Tg mice. Given these results it
would be beneficial to screen human samples of DCM for mutations in E2F coding
regions and upstream sequences to determine if mutations in E2F occur in DCM. Further,
our results imply that BDH1 may be an early biomarker of the disease, and that further
investigation of the interplay between the cell cycle and metabolism could be useful in
the detection and treatment of DCM. This is especially important since DCM has no cure
and its cause remains unknown in one third of patients. Finally, the studies reported in
this thesis have unveiled the potential for E2F6 in promoting cell survival via multiple
mechanisms throughout post-natal cardiac development implying a therapeutic potential

for E2F6 in a wide range of cardiac diseases.
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APPENDICES

Appendix 1: Supplemental Information for Chapter 1
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Supplemental Figure 1. Fetal gene program is not activated in 2 Week old Tg Hearts.
Fold induction of ANP and B—MHC transcripts in 2 week old Wt (white) and Tg (black)
myocardium calculated by gPCR in relation to 18SrRNA. Results are presented as the

mean + SEM. (n=5-6).
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Supplemental Figure 2. Phosphorylation status of troponin I (Tnl) is not changed in
Tg myocardium. (A) Western blot analysis of phosphorylated (p-Tni) and total (Tni) in
Wt and Tg cardiac lysates. (B) Densitometric quantification of p-Tni/Tni. Results are

presented as the mean = SEM. (n=4).
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Appendix 2: Supplemental Information for Chapter 2

Online Materials and Methods Supplement
Mice & Genotyping

Transgenic (Tg) mice with cardiac specific expression of E2F6 (B6C3F1) under
control of the a-MHC promoter were bred with WT B6C3F1 (80). All animal work was
performed in accordance with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised
2011). The protocols were approved by the University of Ottawa's institutional animal
care committee: cmm-1725, cmm-1723. All possible steps were taken to ameliorate

animal suffering. Mouse pups were euthanized by decapitation.

Genotyping was performed via DNA extraction from mouse ear (adult) or tail
(pup) clip and PCR using the Phire Tissue Direct (Thermo Scientific) kit as per the
manufacturer’s instructions. Primers spanning the 6" intron of E2F6 were used
(ATCACAGTACATATTAGGAGCAC- sense, and GGTGCGGCTACCAGTCTACA-
anti-sense) which result in the amplification of a long fragment (988bp) in Wt mice and a

long and short fragment (342bp) in E2F6-Tg mice.
Neonatal Cardiomyocyte Isolation

Neonatal cardiomyocytes isolation was performed as previously described (117).
Briefly, hearts were collected from Wt and Tg mice at P1, rinsed in HBSS, and incubated
in 0.5% trypsin dissolved in HBSS overnight at 4°C. Hearts were digested in 0.5%
Collagenase type Il (Gibco) dissolved in HBSS and cells were collected after each
digestion via centrifugation at 3000g for 3 minutes and resuspended in feeding media
(DMEM, 16% media-199,10% horse serum, 5% FBS, 1% penicillin/streptomycin, and
1% non-essential amino acids). Total suspensions were plated on uncoated 10cm dishes

to remove fibroblasts. Cardiomyocytes were seeded (1x10%well on 6 well plates for
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protein analysis or 1x10°/well on 96 well plate for viability assay) onto 0.1% gelatin

coated plates and allowed to attach for 48 hours in a 37°C incubator with 5% CO..
HeLa Cell Culture

HeLa (passage 3) were obtained from ATCC and suspended in feeding media
(DMEM supplemented with 10% FBS and 1% penicillin/streptomycin). Cells were kept
in a 37°C incubator with 5% CO,.

Induction of Apoptosis and Cell Viability Assay

Cardiomyocyte and/or HeLa feeding media was replaced with starving media
(DMEM, 16% media-199, 1% FBS, 1% penicillin/streptomycin) for 24hr prior to the
addition of doxorubicin (0.25uM-1uM) or cobalt-chloride (250uM -1000uM) for 24
hours except where indicated. For the cell viability analysis cell titer blue reagent
(resazurin-10ul) was added to each well and cells were incubated at 37°C with 5% CO,
for 3 hours as per the manufacturer’s protocol (Promega). Absorbance at 570nm and
590nm were recorded by the Synergy H1 plate-reader (Biotek). Percent viability was
calculated as the difference between 570 and 590nM readings in treated cells compared

to their own untreated controls. Viability experiments were performed in triplicate (n=8).
Protein Extraction and Western Blot

Protein extraction and western blot was performed as previously described (117).
Briefly, lysates were collected in RIPA (50mM Tris (pH 7.4), ImM EDTA, 150uM
NaCl, 0.25% deoxycholic acid, 1% NP-40) containing protease and phosphatase
inhibitors (Roche) and 5mM sodium butyrate to inhibit histone deacetylases. Lysates
were centrifuged at 12800g for 10min at 4°C and protein concentrations were determined
using the BCA assay (Thermo Scientific). Lysates (20-40ug) were run on gradient (5-
15%) SDS-PAGE gels in 3X loading dye (Cell Signaling). Gels were transferred to
PVDF membrane (Millipore) in transfer buffer (25mM Tris, 190mM Glycine, 20%
methanol) overnight at 4°C. Membranes were blocked and antibodies were diluted in
TBST (1M Tris, 290mM NacCl, 0.1% Tween, pH7.2) containing 5% milk. Following
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ECL (Roche), band signals were assessed by densitometry using Image Lab Software
4.0.1 (Bio-Rad).

The following primary antibodies were used: p53(2524, 1:1000, mouse), acetyl
p53 (lys379) (2570, 1:1000, rabbit), caspase 3 (9662,1:1000, rabbit), Chk1(2G1D5)
(2360, mouse, 1:1000), p-Chk1(Ser345) (2348,1:1000, rabbit), and cyclin E1 (HE12)
(4129, 1:1000, mouse) were purchased from Cell Signaling, Bcl2 (sc-3782, 1:500,
mouse) and E2F1 (sc-251, 1:1000, mouse) were purchased from Santa Cruz
Biotechnology, a-Tubulin (ab176560, 1:30000, rabbit) and Teliothenin (T-cap)
(ab133646, mouse, 1:1000) were purchased from Abcam, GAPDH (MA5-15738, 1:5000,
mouse) was purchased from Thermo-Scientific, anti-E2F6 (MABES57, 1:500, mouse) was
purchased from Millipore, and myc (11667149001, 1:2000, mouse) was purchased from
Roche. Secondary antibodies: anti-mouse (115-035-003, 1:20000) and anti-rabbit (111-
035-045, 1:20000) were purchased from Jackson Immunochemicals.

RNA isolation and Reverse Transcription real time PCR

Total RNA extraction, first-strand cDNA synthesis, and gqRT-PCR were
performed as previously described (80). Briefly, RNA was extracted from HelLa and
NCM using the RNEasy kit (Qiagen) and from cardiac lysate using the RNEasy Fibrous
Tissue Mini Kit as per the manufacturer’s protocol (Qiagen). First-strand cDNA was
synthesized from 1ug RNA and oligoDT with SuperScriptll reverse transcriptase
(Invitrogen) as per the manufacturer's protocol. gPCR was performed in the g-Rotor
(Qiagen) using Fast Start SYBR Green (Roche). Gene expression was normalized against
18S rRNA or gapdh as indicated, and fold inductions were calculated using the AAG;

method. Primer pairs used for gPCR are:

18S: 5’-CAGTTTCAGAGAGGTCTATTGCAC-3’ (sense) and 5°-
GCACTCACATGCCCATACTACATA-3’ (anti-sense),

Chkl: 5’-CGCCACATCAGGTGGTATGT-3’ (sense) and 5°-
GGACACGTAGGCTGGGAAAA (anti-sense),

Rad51: 5’- TGTACATTGACACCGAGGGC-3’ (sense) and 5°-
CCGCCCTGAGTAGTCTGTTC-3’ (anti-sense),
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BIm2: 5’-TAAGCCTGAGTGAGGATCATGGC-3’ (sense) and 5°-
TTTGTGGAGTGGAGACTCAGTG-3’ (anti-sense),

E2F6: 5°-AAGGGGCGGAGATGATGACC-3’ (sense) and 5°-
GCCCCAAAGTTGTTCAGGTCAGAT -3’ (anti-sense),

human E2F6: 5’>-GTATGCAGCCTTGCTGTTGA-3’ (sense) and 5°-
AGTCCCTCAAGGAGCTCACA -3’ (anti-sense),

human E2F1: 5’-GGGCTCTAACTGCACTTTCG-3’ (sense) and 5°-
AGGGAGTTGGGGTATCAACC -3’ (anti-Sense)

Statistics

Data were analyzed with a student t-test (Figures: 12, 13C/D, 14 C/D, 18), or
ANOVA (one-way Figures: 15B/D. 16B/D, 17C) (two way Figures: 13A, 14A, 17A,
17D) with Bonferroni post-hoc test. The level of significance was set at P<0.05 in all
cases.
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Supplemental Figure 3. Src not up-regulated in E2F6-Tg pup hearts. Representative
immunoblot of Wt and Tg myocardium at postnatal day 1 probed with anti-src and p-src.

(B) Quantification of p-src: non-p-src based on densitometry.
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Appendix 3: Supplemental Information for Chapter 3
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Supplemental Figure 4. GLUT4 Transcription is Not Altered in E2F6-Tg
myocardium. GLUT4 transcript levels from Wt and Tg myocardium 7 days after birth.

Expression is normalized to Gapdh. Results represent mean+SEM values (n=5-7).
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Supplemental Figure 5. Seahorse Method of OCR is Specific to Fatty Acids.
Normalized oxygen consumption rate (OCR) of Wt and Tg neonatal cardiomyocytes
following 24hr glucose starvation and treatment with etomoxir. Cardiomyocytes were
treated with either BSA or palmitate, followed by the addition of oligomycin (Oligo),
Carbonyl cyanide-4-phenylhydrazone (FCCP), and Antimycin-A (Anti-A). Results

represent mean+SEM values (n=7-8).
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Supplemental Figure 6. CX-43 Expression is Increased in Tg Cardiomyocytes with
Time in Culture. (A) Representative immunoblot of CX-43 in neonatal cardiomyocytes

from Tg mice at 16, 36, and 72hr post-plating. (B) Quantification of CX-43 immunoblots.

Results are presented as the mean £ SEM (n=3). *P<0.05.
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4/20/2016

P-Match_Search - Output

Thank you for using P-Match at Host - It's Wed, 20.4.2016 - 19:45 MEZ

Start a new search

The name of your search is:

Search for sites by WeightMatrix library:

Sequence file:
Matrix groups:
Cut-offs:

Scanning sequence ID: default_0

343AA

matrixTFP60pm.dat

default.seq

vertebrates

to minimize false positive matches

View a graphical | flat output of the following search results

matrix position core matrix sequence (always the factor name site acc
identifier (strand)d-scored-score (+)-strand is shown)
V$ARP1 01 264 (+) 0.969 ©.947 ttataGCCTGacctta ARP-1 RO7378
VSCREL @1 450 (-) 1.e8@ ©.996 GGTTTataaa -Rel RO5886
V$CREL_©1 902 (+) 1.000 ©0.999 ctaagAAACC c-Rel RO5886
VENFKAPPABES 01 1938 (-) 1.e08 1.800 GGAAActcca NF-kappaB (p65) Re5862
V$CREL_01 1938 (-) 1.008 1.000 GGAAActcca c-Rel R@5892
VENKX25_02 2708 (-) 1.e08 1.000 gTATTAag Nkx2-5 RO7668
VSEVI1 @85 4054 (-) ©.980 ©.986 taTAGGTagtg Evi-1 RO6227
VEHLF 81 4250 (+) 1.00@ 1.080 GTTACacaac HLE RO7817
VSEVI1 @5 4481 (+) 1.000 ©.982 tagtAGATAtt vi-1 RO6227
VESTAT 01 4535 (+) 1.e00 1.000 TTCTCagaa TATX R@7561
VENKX25_02 4996 (+) 1.800 1.000 CtTAATAC Nkx2- RB7668
Total sequences length=5008
Total number of sites found=11
Frequency of sites per nucleotide=0.0802
Start a new search

http:/www.gene-regulation. legi-bin/publprogr atch.cgi M

Supplemental Figure 7. Promoter Analysis of Bdhl. Analysis was performed using P-

Match. The DNA sequence 5000bp upstream of the transcription start site of Bdhl was

analyzed against the vertebrate core matrix.
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Appendix 4: Supplemental Figures for Discussion
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Supplemental Figure 8: E2F1 is decreased after dox (0.5uM 24hr) exposure in
neonatal cardiomyocytes. Western blot examined with anti E2F1. E2F1 is denoted by the

* (correct band determined by comparison to E2F1 expression vector).
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Supplemental Figure 9: E2F6 is down-regulated post-transcriptionally in the
myocardium after birth. (A) Fold induction of E2F family members in the heart at
various stages during murine development. Fold Inductions were calculated in reference
to GAPDH (n=6). (B) Representative western blot of cardiac lysates from mice at various
stages during development probed with anti-E2F6. (C) Quantification of E2F6 protein in

the mouse heart in comparison to GAPDH.
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Supplemental Figure 10: E2F6 inhibits myoblast fusion. Transient transfection of
C2C12 with (A) 6-myc or (B) E2F6. Cells were stained with mf20 (red) and DAPI (blue).

Fusion index (C) n=8 fields of view. ** P-value<0.01
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Supplemental Figure 11: E2F6 is down-regulated post-transcriptionally during C2C12
differentiation Day 0-Day 4. (A) Fold induction of E2F6 transcript relative to GAPDH
(n=3). (B) Western blot analysis of E2F6 protein levels during differentiation. Over-

expression of E2F6 in C2C12 is shown on the right as a positive control for anti-E2F6.
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