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ABSTRACT

PI3K is an evolutionarily conserved lipid kinase whose signaling pathway
mediates cellular processes such as growth, survival, and proliferation in response to
physiological and pathological, biochemical and biomechanical stimuli. The traditional
PI3K pathway relies on agonist mediated stimulation of PI3Ka through receptor
tyrosine kinases and PI3Ky through G-Protein coupled receptors (GPCRs), both of
which phosphorylate PIP; into PIP3, stimulating a plethora of downstream oncogenic
enzymes such as Akt, GSK-3p, and ERK. This pathway has been found to be important
in cardiomyocytes and cardiofibroblasts for regulating cardiac morphology and function.
However, evidence has suggested that this traditional pathway does not fully represent
the complexity of the PI3K signaling cascade. For instance, we demonstrated that PI3Ky
regulates calcium cycling through Kkinase independent interaction with
phosphodiesterase. Despite PI3KyKO hearts’ hyper-contractile baseline phenotype and
protection from isoproterenol mediated heart failure, these hearts rapidly develop
systolic dysfunction and dilated cardiomyopathy (DCM) in response to pressure
overload due to excess matrix metalloproteinase mediated degradation of N-cadherin
adhesion complexes. Our data also suggests a novel connection between the
PI3K/PTEN signaling cascade and Casein Kinase 2 (CK2), an enzyme that deactivates
PTEN in the absence of both PI3Ko and PI3Ky. This is likely a compensatory
mechanism by which the cell replaces the loss of PI3K mediated pro-survival signals
with activation of the CK2 pathway. Finally, our results demonstrate crosstalk between
GPCRs and PI3Ka via transactivation of growth factor receptors such as the epidermal

growth factor receptor (EGFR) challenging the traditional pathway’s perspective of



GPCR agonist mediated PI3K signaling. It is possible that physiological stressor
agonists such as angiotensin Il and catecholamines mediate ventricular hypertrophy and
fibrosis via PI3Ka instead of PI3Ky. Taken together, our results provide insight into the

regulation and the complexity of the PI3K/PTEN pathway.
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INTRODUCTION



1.1 Phosphoinositide 3-Kinase

Phosphoinositide 3-Kinase (PI3K) is an evolutionarily conserved family of lipid
kinases that is found in almost all cell types. It was originally discovered and described
by Lewis Cantley’s research group [1] and later found to regulate organ size in
Drosophila by Leevers et al. [2]. In 2000, Shioi et al showed that even in vertebrates,
PI3K regulates heart size [3]. Shioi’s study was one of the first to define a PI3K isoform
specific function in a vertebrate species. Since then, a variety of studies in different

organisms have described PI3K’s isoform specific functions.

The PI3K family of enzymes are separated into three classes, named Class I,
Class Il, and Class 111 PI13K, and each class has a distinct modulation of cellular activity
[4]. Class | PI3Ks are heterodimeric enzymes that mediate acute cellular responses to
biochemical agonists and biomechanical stress. Class | PI3Ks are unique enzymes
because unlike Class Il and Class Il PI3Ks, Class | PI3Ks are able to generate
phosphoinositide 3,4,5 triphosphate (PIP3) [5]. The latter two classes are involved in a
variety of other cellular mechanisms such as vesicle trafficking for Class Il and
autophagy for Class 111 [6, 7]. The focus of this thesis will be on Class | PI3Ks, which

are further subdivided into Class la and Class Ib.

1.2 Class la PI3K

Class la PI3Ks consist of three members, PI3Ka, PI3Kp, and PI3KS. These
enzymes are heterodimers that consist of a p110 catalytic subunit (p110a, p110p, and
pl110d), which interacts with an adaptor subunit (p85a, p85B, and pS55y) [8].

Cardiomyocytes only express PI3Ka and PI3Kf3, which primarily interact with p85a and



p85B [9, 10]. The catalytic p110 subunits of PI3Ka and PI3Kp have similar kinase
activity of phosphorylating the 3’-OH position of phosphoinositide 4,5 biphosphate
(PIP,), converting it into PIP3, thereby generating a second messenger to activate a
variety of downstream signaling cascades. The p85a and p85f adaptor subunits are both
expressed in the heart and have redundant functions [10]. In general, both p85s bind to
the Class la catalytic p110 subunits and recruit them to the phospho-tyrosine residues of
activated receptor tyrosine kinases (RTKSs) at the cell membrane via p85’s Src
Homology 2 (SH2) interaction domain [4, 11]. Simultaneously, the interaction of the
p85 subunit with RTKSs induces structural changes in the PI3K holo-enzyme and
activates the p110 subunit by exposing its catalytic site, which is normally flanked by
components of p85 [12]. This recruitment also places PI3K within proximity with PIP,,
its primary cellular substrate. Class la PI3Ks have the potential to phosphorylate not
only P1(4,5)P,, but also PI(4)P and PI into PI(3,4)P, and PI(3)P, in vitro [13]. However,

the physiological importance of these reactions is unknown.

Class la PI3Ks can be activated by both biochemical and biomechanical stressors.
One of the classical agonists for PI3Ka activation is insulin. Insulin receptors are RTKs
and stimulate PI3Ka to modulate the activity of several downstream enzymes such as
glycogen synthase and glycogen synthase kinase [14, 15]. Insulin-like Growth Factor 1
(IGF-1) also activates PI3Ka is a similar fashion and like many other growth factors
that activate PI3Ko, IGF-1 has been found to be important in regulating cellular
hypertrophy and survival [15, 16]. Recent evidence has suggested that non-growth

factor pro-hypertrophic agonists, such as angiotensin I, can also activate PI3Ka through



an atypical pathway called transactivation [17]. This concept will be explored in more

detail in Chapter 5.

Both PI3Ka and PI3KJ have been found to be expressed in cardiomyocytes but
only the physiological and cellular functions of PI3Ka have been explored in the heart
while PI3Kp’s role remains unclear. PI3Ka is necessary for embyronic activation of
pro-survival and growth pathways and is necessary for development as a PI3KaKO
mutation leads to embryonic lethality [3]. In order to study PI3Ka'’s role in the adult
cardiomyocytes, Izumo’s group generated PI3Ka Dominant Negative (PI3KaDN)
transgenic mutants, which over-express a dominant negative mutant p110a, a truncated
form that lacks kinase activity and strongly competes for interaction with p85 adaptor
subunits [3]. This gene was connected to the promoter region of aMHC so that the
mutant p110a is expressed in large quantities. This also allows for the inherent bypass

of embryonic development as cardiomyocyte expression of aMHC is postnatal.

While the physiological role of PI3Kf is unclear, the study of PI3KaDN and
PI3Ka constitutively active (PI3KaCA) mutants in mice has made clear indications that
PI3Ka is a direct determinant of organ and cell size [3]. This is consistent with previous
studies that have shown similar results in drosophila, illustrating the conservation of
PI3K through both vertebrate and invertebrate species [2]. These two mutant strains also
demonstrated a direct correlation between PI3Ka activity and basal Akt phosphorylation,
which regulates cardiac growth, metabolism, and survival [3, 18]. Recent studies have
also suggested that PI3Ko may regulate myocardial contractility to some degree but the
evidence to this is limited and more research is needed before conclusions can be drawn

[17].



1.3 Class Ib PI3K

The only member of Class Ib PI3K is PI3Ky. PI3Ky has identical catalytic
functions as Class la with the catalytic subunit p110y, but instead of interacting to p85
adaptors, it interacts with p101, an adaptor subunit that does not contain the SH2
domain necessary for phospho-tyrosine interaction [19]. PI3Ky is not regulated by
RTKs like PI3Ka and PI3Kp but by G-Protein coupled receptors (GPCRs). Specifically,
when GPCRs are activated by appropriate agonists, the heterotrimeric G-protein
dissociates into Ga and Gfy. The Gy subunits can interact with both the p110y and
pl01 domains to activate and recruit PI3Ky to the membrane. Once activated, PI3Ky
phosphorylates PIP, into PIP3, leading to the same downstream signaling cascade as
Class la PI3Ks [19, 20]. Interestingly, GBy has also been shown to interact with PI3KJ

suggesting potential crosstalk between GPCRs and Class la PI3Ks [21].

PI3Ky’s role in the heart was first explored by Joseph Penninger’s group, which
generated the whole body knockout mutant called PI3KyKO [22]. This group found that
unlike PI3Ka, PI3Ky was not necessary for embryonic development or baseline Akt
activity. In accordance, PI3KyKO mice did not demonstrate any changes in baseline
cardiac and cardiomyocyte size, suggesting that PI3KyKO does not play a role in
physiological cardiac development [9, 23]. However, PI3Ky was necessary for agonist
induced pathological myocardial remodeling, indicating that PI3Ky still participates in
the cellular response to extracellular agonists [24]. PI3Ky may also regulate
Extracellular signal-Regulated Kinase 1/2 (ERK 1/2) signaling as PI3KyKO hearts

demonstrated reduced baseline ERK 1/2 phosphorylation [22, 23].



Unlike PI3Ka, PI3Ky is not activated by growth factors. Instead, it responds
primarily to stressor agonists such as catecholamines and angiontensin Il. For instance,
it was demonstrated that PI3Ky is necessary for isoproterenol induced pathological
remodeling in the heart [24]. Because of this inherent response to stressor agonists,

PI3KY activity has been classically labelled as pathological and maladaptive.

Despite not regulating baseline cardiac morphology, PI13Ky plays a critical role in
the regulation of cyclic adenosine monophosphate (CAMP) in cardiomyocytes [23, 24].
Interestingly, PI3KyKO hearts have enhanced baseline contractility due to the lack of
p110y’s protein interaction with phosphodiesterase [23], which upregulates the latter’s
activity resulting in enhanced sarco-endoplasmic reticulum calcium ATPase 2a

(SERCAZ2a) activity and increased calcium cycling (explored in chapter 3).

1.4 PI3K Signaling Cascade

The conserved PI3K catalytic activity generates PIP3; from PIP,, which acts as a
second messenger to activate a variety of downstream signaling cascades (Figure 1.1).
Perhaps the most well known of these cascades is the Akt/PKB pathway, which is a key
regulator of cellular growth, survival and proliferation [25]. The generation of PIP;
recruits Akt to the membrane via PIP3’s interaction with Akt’s pleckstrin homology (PH)
domain, which is required for phosphoinositide mediated plasma membrane docking
[26, 27]. Phosphoinositide-Dependent Kinase 1 (PDK-1) then phosphorylates the Thr
308 residue of Akt [28]. Similarly, mammalian target of rapamycin complex 2
(mMTORC2) phosphorylates Akt at the Ser 473 residue [29]. Both of these

phosphorylated residues are required for the activation of Akt.



One of Akt’s most important downstream targets is Glycogen Synthase Kinase 3
(GSK-3). GSK-3 has two primary isoforms, GSK-3a and GSK-3p, which have a high
level of structural similarity but exhibit different roles in regulating cardiac growth and
the response to mechanical stress [30-32]. Both isoforms are normally constitutively
active in baseline conditions, phosphorylating and deactivating pro-hypertrophic
downstream targets such as the transcription factor c-jun [30]. When stimulated by
growth factors or biomechanical stretch, activated Akt phosphorylates and inactivates
GSK-3B, removing GSK-3B’s inhibition on downstream targets hence promoting
hypertrophic pathways [32, 33]. Similarly, GSK-3a negatively regulates cardiac
hypertrophy, suppressing it at baseline conditions [34]. However, GSK-3a has been
demonstrated to be more important for mediating cardiomyocyte apoptosis during

pressure overload than GSK-3p [31, 32].
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Figure 1.1 Canonical PI3K signaling cascade. RTKs or GPCRs activate PI3K, which
generates PIP3; from PIP,. This recruits Akt to the plasma membrane, allowing it to be
phosphorylated at Thr 308 by PDK1 and Ser 473 by mTORC2, resulting in Akt

activation. This leads to cellular growth, survival, and proliferation.



1.5PTEN

The tumor suppressor Phosphatase and Tensin Homolog (PTEN) is a negative
regulator of PI3K kinase activity and PIP3; concentration. PTEN is a lipid phosphatase
that dephosphorylates the 3’ phosphate group of PIP3, generating PIP, [35, 36]. PTEN
can be deactivated via phosphorylation at Ser 385, a reaction that is mediated by casein

kinase 2 (CK2) [37].

At the cellular level, PTEN negatively regulates cardiac hypertrophy and survival
as increased PTEN expression in neonatal rat cardiomyocytes induces apoptosis and
loss of PTEN results in increased PIP3 levels and spontaneous cardiac hypertrophy [9].
Mutants that lack PTEN activity also demonstrate an unexpected reduction in
cardiomyocyte contractility, which was originally argued to be due to reduced lipid
phosphatase activity [9, 23]. However, a later study demonstrated that PI3KyKO
cardiomyocytes are hyper-contractile due to kinase independent interaction with
phosphodiesterase (described in more detail in chapter 3) suggesting that the altered
baseline contractility of PTEN mutants likely does not originate from decreased
phosphatase activity [23]. Alternatively, it is possible that PTEN mutants modulate
basal contractility via increased PIP3; concentrations as increased IGF-1 receptor
expression in the heart, and hence increased PI3Ka activation, leads to enhanced

myocardial contractile function [38].

10



1.6 PI3K Mutants and Stress

1.6.1 Mutant Models

This thesis made use of three different mutant models: PI3KaDN, PI3KyKO, and

PI3KyKD.

The PI3KaDN mutant mouse was developed by Izumo’s group in an attempt to
generate a PI3Ka mutant mouse with suppressed PI3Ka activity [3]. Previous attempts
to use a PI3KaKO mutant discovered that complete ablation of pl110a results in early
embryonic lethality [3]. The PI3KaDN strain expresses a non-functional p110a that
retains the ability to bind with p85, hence competing against WT p110a. The mutated
gene is attached to the alpha myosin heavy chain (aMHC) promoter region to obtain
cardiomyocyte specific expression of the mutant p110a. This mutant loses 75% of its
pl10a activity, which is consistent with reduced baseline cardiomyocyte size.
Interestingly, PI3KaDN mutants retain normal ventricular contractile function
suggesting that PI3Ka may regulate size without impeding contractility [3, 39]. This
notion is supported by the PI3KaCA mutant strain, also generated by Izumo’s group,
which demonstrated baseline cardiac hypertrophy without a change in contractile
function [3]. A limitation of the PI3KaDN mutant strain is that it requires the expression
of a non-functional enzyme, which may allow for aberrant and unwanted protein

interactions and signaling. This model also does not completely remove PI3Ka activity.

The PI3KyKO mutant survives through embryonic development and is
phenotypically similar to WT. It was generated by Penninger’s group by deleting the

first 5000 base pairs from the p110y gene removing the first 670 amino acids containing

11



the PH domain and the G-protein binding domain, which completely ablates PI3Ky
activity [22]. As PI3Ky normally interacts with phosphodiesterase (PDE) hence
enhancing the latter’s activity, PI3KyKO mice have reduced PDE activity leading to
accumulation of cAMP and enhanced cardiomyocyte contractility without hypertrophy
[23]. This suggests that opposite to PI3Ka, PI3Ky may regulate contractility without
affect cardiomyocyte size. A weakness of the PI3KyKO mutant strain is that PI3Ky is
lost in all cells in the body. This could potentially result in systemic alterations that

affect the heart.

In order to study the mechanism by which PI3Ky regulates PDE activity, Pattruco
et al. generated the PI3KyKD mutant strain, which lacks PI3Ky activity but retains
PI3Ky’s protein structure. Interestingly, they observed that PI3KyKD mice were not
hyper-contractile, illustrating that PI3Ky regulates myocyte contractility via kinase

independent mechanisms [23].

1.6.2 Mutant Models and Stress

The PI3K signaling cascade consists of a wide variety of downstream enzymes,
many of which are activated during disease and stress. During pressure overload, WT
hearts have increased phosphorylation of Akt while PI3KyKO hearts do not, suggesting
that the increase in phospho-Akt is dependent on PI3Ky [23, 40]. It has also been
demonstrated that PI3KyKO hearts have reduced ERK 1/2 activation in response to
pressure overload [23]. Indeed, this reduced hypertrophic signaling partially contributes
to the rapid ventricular failure and decompensation in aortic banded PI3KyKO hearts,

but it is unlikely to be the primary cause. This is because PI3Ky kinase dead (PI3KyKD)

12



hearts, mutants which lack PI3Ky kinase activity, respond to pressure overload in a
similar fashion as WT hearts, suggesting that a kinase independent function of PI3Ky is
responsible for regulating the response to left ventricular pressure overload [23]. One
possibility that was proposed by Patrucco et al. (2004) is that the dysregulated cCAMP
levels in PI3KyKO hearts is the primary cause. PI3KyKO hearts lack PI3Ky, which
normally interacts with PDE to reduce cAMP levels and thus have elevated baseline
CAMP concentration, which increases even further after pressure overload [23].
Interestingly, the use of propranolol, which reduces cAMP production, could rescue
banded PI3KyKO hearts from decompensation, providing direct evidence that elevated
CAMP mediates this pathological remodeling [23, 40]. However, the exact mechanism
of this remodeling was unclear and will be explored as a part of this thesis (discussed in

more detail in chapter 3).

Similarly to PI3KyKO mice, PI3KaDN hearts exposed to aortic banding also
decompensate at an accelerated rate [18], though the mechanism for this is still under
investigation. On the contrary, PI3KaCA hearts are protected from the deleterious
effects of aortic banding, demonstrating no detectable left ventricular dilation or loss of
contractile function 1 week after banding [41]. This suggests that PI3Ka activity

mediates protective effects against biomechanical stress.

Opposite to PI3KyKO hearts, PI3KaDN tissue lysates demonstrate increased
baseline ERK 1/2 phosphorylation. Interestingly, PI3KaCA have baseline ERK 1/2

phosphorylation similar to WT despite demonstrating baseline hypertrophy [3].
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While pathological mechanical stress such as aortic banding induces hypertrophy
in PI3KaDN hearts, physiological stress such as exercise does not, suggesting that

PI3Ka is necessary for physiological and not pathological hypertrophy [18].

1.7 PI3K and Intercellular Transmission of Mechanical Force

Intercellular transmission of mechanical signals in the heart occurs via two
distinct mechanisms: by directly stretching and straining neighbouring cells and
paracrine signaling. The direct transmission of force between adjacent cardiomyocytes
is primarily propagated by cell-cell adhesion complexes called adherens junctions,
which are composed of cadherins (with N-cadherin being the primary cardiac isoform)
and catenins (oo and B). Though it is often assumed that like skeletal muscles,
cardiomyocytes experience mechanical stress only along its longitudinal axis via
intercalated discs, cardiomyocytes actually also experience lateral strain from the
surrounding ECM or from neighbouring cells, as well as exert lateral force to other cells
during contraction [42]. In fact, roughly 80% of N-cadherin between adjacent
cardiomyocytes is located in the peripheral membrane, away from intercalated discs
[43]. Furthermore, these lateral junctions allow cardiomyocytes to adhere to other cell
types, such as fibroblasts, as intercalated discs are only formed between cardiomyocytes.

Aside from propagating mechanical force, adherens junctions also interact with
PI3K to mediate Akt signaling [44]. Increased and decreased adherens junctions were
shown to respectively improve and weaken basal Akt phosphorylation [44]. However, it
is possible that this loss of AKT stimulation is indirectly due to weakened
mechanosensitivity as there is currently little evidence of direct interactions between

cadherins and the PI3K pathway.

14



1.8 Pharmacological Inhibitors of PI3K

Development of small-molecule inhibitors for PI3K was previously focused on
pan-PI3K inhibition due to the lack of understanding of isoform specific functions. The
PI3K inhibitors that were widely used in research were Wortmannin and LY294002,
both of which are pan-PI3K inhibitors with inhibitory effects on enzymes other than
PI3K. Wortmannin is an irreversible inhibitor of PI3K that forms covalent interactions
with the catalytic site of p110 [45, 46]. As all p110 catalytic sites are similar in structure,
Wortmannin is able to effectively inhibit all Class | PI3K isoforms. Wortmannin also
has a relatively low ICsq of 4 nM for PI3Ka and 9 nM for PI3Ky, demonstrating its high
potency as a PI3K inhibitor [46]. LY294002 is also widely used but unlike Wortmannin,
it is a reversible competitive inhibitor of PI3K’s ATP binding site. It has an ICs, of 0.55

uM for PI3Ka and 12 uM for PI3Ky [47].

The primary concerns with these two original PI3K inhibitors were their lack of
isoform specificity as well as their non-specific inhibition of non-PI3K Kkinases.
Wortmannin has been shown to be able to inhibit mTOR, while LY294002 inhibits
MTOR and Casein Kinase 2 [48-50]. In recent years, the use of Wortmannin or
LY294002 has become less necessary due to the advent of ZSTK474, a pan specific
PI3K inhibitor that has ICsy of 16 nM for PI3Ka and 49 nM for PI3Ky [50]. The most
beneficial aspect of this new inhibitor is that it has no known inhibitory side-effects on

any other kinases.

As the understanding of isoform specific roles of PI3K emerged, demand for

pharmacological inhibition of PI3K isoforms increased and a variety of specific
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inhibitors were developed. This thesis will only briefly discuss a few isoform specific

inhibitors of PI3K as detailed discussion of this topic can be found elsewhere [50].

PI-103 was originally developed as a PI3Ka specific inhibitor as a potential
therapy for cancer but was later suggested to be pan specific with an ICsy of 2 nM for
PI3Ka and 15 nM for PI3Ky [51, 52]. However, in cardiomyocytes where PI3K[ has no
clear role and PI3Kd is not expressed, PI-103 can still be reasonably used as a PI3Ka
inhibitor, especially considering that PI3Ky does not contribute to baseline Akt
activation [9]. Nevertheless, the use of PI-103 as a PI3Ka inhibitor should still be
confirmed via a secondary test, such as using a mutant model that lacks PI3Ka activity

like the PI3KaDN.

AS604850 is a PI3Ky inhibitor developed for the treatment of inflammatory
diseases such as rheumatoid arthritis. It exhibits an ICsy of 250 nM for PI3Ky and 4.5
uM for PI3Ka [53, 54]. Once again, its effectiveness should be confirmed with a mutant

model that lacks PI3KYy activity, such as the PI3KyKO.

1.9 Cardiac Hypertrophy

Cardiac hypertrophy is defined as the enlargement of the heart. While other
cardiac cell types also alter their sizes in response to hemodynamic changes,
cardiomyocyte hypertrophy is the primarily determinant of heart size as cardiomyocytes
account for 70-80% of cardiac mass [55]. Cardiac hypertrophy occurs as a
compensatory mechanism against biochemical and biomechanical stress. Though the
augmentation of cardiac muscle generally allows for increased contractile force, cardiac

hypertrophy is divided into physiological and pathological hypertrophy, with
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pathological hypertrophy being further divided into eccentric and concentric

hypertrophy.

Physiological hypertrophy occurs in response to exercise or growth factors. It is
characterized by proportional increases in the number of sarcomeric subunits both in
series and in parallel in cardiomyocytes. Ventricular weight, wall thickness, and
contractile function are all enhanced during physiological hypertrophy, yielding a
bigger heart in general [56]. This process is reversible and occurs in the absence of

ventricular decompensation, fibrosis, or heart failure [56, 57].

Pathological hypertrophy occurs when the heart is exposed to biomechanical or
biochemical stress during disease or genetic disorder, and is categorized into two types:
concentric hypertrophy and eccentric hypertrophy. Concentric hypertrophy is the
increase of sarcomeric subunits in parallel without proportional increase in series,
leading to increased wall thickness and contractility while reducing chamber size [58].
It originally occurs as an adaptive response to pressure overload, such as in
hypertension and aortic valvular stenosis, but chronic concentric hypertrophy eventually
becomes maladaptive and progresses to heart failure [58]. Pressure overload can be
simulated in the laboratory via aortic constriction. Concentric hypertrophy also occurs
in response to neurohormonal stress, which can also be experimentally simulated using

chronic chemical stimulation of the adrenergic or angiotensin pathway [24].

Eccentric hypertrophy is the increase of sarcomeric subunits in series without
proportional increase in parallel, leading to elongation of ventricular walls, increased

chamber size, and reduced systolic and diastolic functions [59]. This form of
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hypertrophy occurs in response to volume overload primarily to accommodate the
increase volumetric demand. Similarly to concentric hypertrophy, prolonged eccentric

hypertrophy will also result in heart failure [59].

As pathological hypertrophy progresses into decompensation, maladaptive
cellular and extracellular remodelling takes place and causes the heart to develop dilated
cardiomyopathy (DCM). DCM is morphologically similar to exacerbated eccentric
hypertrophy, with significant thinning of ventricular walls, severe fibrosis, and
disruption of the integrity of cell-cell and cell-ECM adhesion, characteristic of end stage
heart failure (reviewed in [58]). One of the cellular changes that lead to the progression
of pathological hypertrophy is excessive expression and activation of matrix
metalloproteinases (MMPs), which normally aid in ECM remodelling, leading to
aberrant degradation of important protein complexes [40]. In some disease models, the
alterations of MMPs are accompanied by changes in expression of their physiological
inhibitor tissue inhibitor of metalloproteinases (TIMPs). The loss of TIMPs during
stress or disease is detrimental for the heart and frequently leads to accelerated

decompensation [60, 61].

1.10 Hypothesis

1.10.1 Chapter 3

Hypothesis: PI3KyKO mice exposed to aortic banding develop rapid systolic
dysfunction and left ventricular dilation due to enhanced MMP-dependent cleavage of

N-cadherin adhesion complexes.

18



1.10.2 Chapter 4

Hypothesis: PI3KyKO/oDN double mutant mice will have small and

hypercontractile heart compared to WT mice.

1.10.3 Chapter 5

Hypothesis: Isoproterenol and angiotensin Il activation of Akt is mediated by

PI3Ka and not PI3KYy in a process called transactivation.
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Chapter 2

MATERIALS AND METHODS
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2.1 Animal Care

All experimental animals are handled in accordance with the institutional
guidelines of the Canadian Council on Animal Care. All experimental procedures have

been approved by the Animal Care and Use Committee.

2.2 Heart tissue collection and gravitometry

Prior to collecting heart tissue, mice were weighed using a calibrated scale

(VWR) and body mass was recorded.

Mouse hearts were excised after anesthesia via 2.25% isoflurane at 1 L/min flow
rate of O, and sternectomy using surgical scissors. Hearts were then washed briefly in
ice cold PBS to remove excess blood and weighed. The atria and right ventricle were
then removed and the left ventricle (LV) was weighed and snap-frozen in liquid

nitrogen.

After collecting heart tissue, the tibial length was measured using callipers to
standardize LV mass. Tibial length was used instead of body weight to assess body size

because body weight increases as mice age due to accumulation of body fat.

2.3 Isolation and culture of adult mouse cardiomyocytes and cardiofibroblasts

The protocol for isolation and culture of adult cardiomyocytes is derived from a
previous study [1]. 9-11 week old mice were injected with 0.05 mL of 1000 units/mL
heparin for 15 min and then anesthetized using 2% isoflurane (1 L/min O, flow rate)
provided through a nose cone. After opening the chest cavity, the heart was quickly

excised and perfused using a Langendorff system within 45 s. Following 3 min of
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perfusion with perfusion buffer (made from stock (Table 2.1)) (Table 2.2), the heart was
digested with digestion buffer (Table 2.3) for 7-8 min. After sufficient digestion, the
ventricles were removed, dissociated using forceps and transfer pipettes, and
resuspended in stopping buffer (Table 2.4). The isolated cardiomyocytes were then
exposed to increasing calcium concentrations (100 uM, 400 uM, and 900 uM) for 15
min each before being plated onto laminin coated culture dishes in plating buffer (Table
2.5) and placed at 37°C in a sterile 2% CO, incubator. The discarded stopping buffer
was set aside for cardiofibroblasts collection. One hour after plating, the plating buffer
was gently aspirated and replaced with culture buffer (Table 2.6) and then placed into

the incubator for 18 h before treatment.

The discarded stopping buffer was centrifuged at 20 g for 3 min and the
resulting supernatant was collected in a 15 mL conical tube. This was then centrifuged
at 1500 rpm for 5 min and the pellet was collected and washed in 10 % FBS DMEM
(GIBCO). The solution was once against centrifuged at 1500 rpm for 5 min and the
pellet was collected and plated onto a 10 cm culture dish in fibroblast culture buffer
(Table 2.7). The cardiofibroblasts were then passaged twice and placed into serum free

DMEM for 24 h prior to treatment.

Table 2.1 Stock Perfusion Buffer

Reagent Source Concentration
NaCl Fisher 113 mM
KCI Fisher 4.7 mM
KH,PO, EMD 0.6 mM
Na,HPO, EMD 0.6 mM
MgSQO,-7(H,0) EMD 1.2mM
NaHCO3 EMD 12 mM
HEPES Fisher 10 mM
Taurine Sigma-Aldrich 30 mM
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Table 2.2 Perfusion Buffer

Reagent Source Quantity
Stock Perfusion Buffer Table 2.1 490 mL
Dextrose EMD 059
500 mM 2,3-Butanedione | BDM from Sigma- 10 mL
Monoxime Solution Aldrich
Table 2.3 Digestion Buffer
Reagent Source Quantity
Perfusion Buffer Table 2.2 50 mL
Collagenase Type 2 Worthington 120 mg
Table 2.4 Stopping Buffer
Reagent Source Quantity
Perfusion Buffer Table 2.2 45 mL
Fetal Bovine Serum Sigma-Aldrich 5mL
Table 2.5 Plating Buffer
Reagent Source Quantity
MEM Eagle (M4780) Sigma-Aldrich 43 mL
Fetal Bovine Serum Sigma-Aldrich 5mL
500 mM 2,3-Butanedione | Sigma-Aldrich 1mL
Monoxime Solution
Penicillin Streptomycin Sigma-Aldrich 0.5mL
Fungizone Sigma-Aldrich 0.5mL
Table 2.6 Culture Buffer
Reagent Source Quantity
MEM Eagle (M4780) Sigma-Aldrich 47 mL
100 mg/mL Bovine Serum | Sigma-Aldrich 0.5mL
Albumin
Penicillin Streptomycin Sigma-Aldrich 0.5mL
Fungizone Sigma-Aldrich 0.5 mL
500 mM 2,3-Butanedione | Sigma-Aldrich 1mL
Monoxime Solution
Insulin-Transferin- GIBCO 0.5mL

Selenium
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Table 2.7 Fibroblast Culture Buffer

Reagent Source Quantity
DMEM GIBCO 44,5 mL
Penicillin Streptomycin Sigma-Aldrich 0.5mL
Fetal Bovine Serum Sigma-Aldrich 5mL

2.4 Preparation of cell lysates

Cell culture dishes were quickly aspirated to remove culture media and washed 3
times with ice cold PBS (Table 2.8). 100 uL of cell culture RIPA buffer (Table 2.9) was
then added to the plates before scraping with cell scrapers. The cell homogenates were
centrifuged at 14,000 g at 4°C for 10 min and the supernatant was collected and stored

at -80°C.

Table 2.8 PBS—pH 7.4

Reagent Source Quantity
NaCl Fisher 8.0g
KCI Fisher 0.2¢

Na,HPO, EMD 1.44 g

KH,PO, EMD 0.24 g

ddH,0 Add until 1 L
Total Volume 1L

2.5 Preparation of protein extract from tissue samples

LV myocardial tissue was cut on dry ice using a surgical scalpel and suspended
in RIPA protein extraction buffer (Table 2.9) with protease inhibitors (Calbiochem) and
phosphatase inhibitors (Sigma-Aldrich) in a 1.5 mL eppendorf tube designed as a mini
mortar. Using the appropriate pestle (VWR), the tissue was manually homogenized and

then vortexed for 1 min before being incubated on ice for 30 min. The sample was then
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vortexed again for 1 min and incubated on ice for 30 more min before being centrifuged

at 14,000 g at 4°C for 10 min. The supernatant was collected and stored at -80°C.

Table 2.9 RIPA Buffer

Reagent Source Quantity
1 M Tris-HCI (pH 7.4) Calbiochem 5SmL

1 M NaCl Fisher 15 mL
20% Sodium dodecyl BioRad 0.5mL

sulphate (SDS)
20% Nonidet-P40 (NP40) | Sigma-Aldrich 5mL

10% Sodium Deoxycholate | Sigma-Aldrich 5mL
0.5 M EDTA Sigma-Aldrich 1mL
ddeO 68.5 mL
Total Volume 100 mL

2.6 Membrane fractionation

Membrane fraction was extracted from LV frozen tissue in RIPA Buffer (50 mM
Tris-HCI, 150 mM NaCl, and 1 mM EDTA; pH 7.4) with DTT (1 mM), PMSF (1 mM),
protease inhibitor (Calbiochem) and phosphatase inhibitor cocktails (Sigma-Aldrich),
and centrifuged at 29,000 g for 45 min. This high speed centrifugation separated the
cystolic protein (supernatant) from the membrane protein (pellet). The pellet was
resuspended in 50 uL RIPA Buffer (containing DTT, PMSF, protease and phosphatase
inhibitors, with 0.25% sodium deoxycholate and 1% NP40) and then centrifuged at

15,000 for 20 min. This supernatant was stored at -80°C as the membrane fraction.

2.7 Determination of protein concentrations

Protein concentrations were quantified using the BioRad Colorimetric Assay Kit

according to the manufacturer’s instructions (BioRad). Protein samples were first
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diluted in 1:10 ratio using PBS and 5 pL of the diluted samples were pipetted into 96-

well plates in triplicates. As well, nine protein standards (Table 2.11) dissolved in PBS

were also pipetted into the same plate in triplicates. 25 uL of Reagent A’ was added to

each well containing samples followed by 200 uL of Reagent B (Table 2.10). The 96-

well plate was then wrapped in aluminum foil and gently agitated on a rocker for 5 min

at room temperature before being analyzed by a 96-well plate microplate reader. A

standard absorbance-concentration curve was generated using standards and was used to

determine concentrations based on absorbance at 750 nm.

Table 2.10 Protein concentration quantification solution from BioRad (per sample)

Reagent Quantity
Reagent A 245 L
Reagent B 200.0 uL
Reagent S 0.5 puL
Reagent S’ (Reagent A + S) 25 pL

Table 2.11 Protein Standards

Standard Concentration of BSA in PBS
1 2.0 mg/mL
2 1.5 mg/mL
3 1.0 mg/mL
4 0.8 mg/mL
5 0.6 mg/mL
6 0.4 mg/mL
7 0.2 mg/mL
8 0.1 mg/mL
9 (Blank) 0.0 mg/mL
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2.8 Western blot analysis

After protein quantification (Chapter 2.7), protein samples were mixed with
loading buffer (Table 2.18) before being loaded into a 5% acrylamide loading gel (Table
2.12), separated by 8-12% SDS-PAGE gel electrophoresis (Table 2.13 and 2.15) and
transferred to nitrocellulose membrane (Millipore) (Table 2.17). The membrane was
blocked with 5% milk in Tris-Buffered Saline Tween-20 (TBST) for 2 h and then
incubated overnight at 4°C with a primary antibody. After the primary antibody was
removed, the membrane was washed 3 times with TBST for 15 min each. The
membrane was then incubated with an appropriate horseradish peroxidise coupled
secondary antibody at 1:5000 dilution in TBST for 2 h at room temperature, then
washed 3 times with TBST for 15 min each. Proteins were detected by enhanced
chemiluminescence (GE) using X-ray film (Fuji) and analyzed by the ImageJ software

(U.S. National Institutes of Health, Bethesda, MD).

Coomassie Blue staining was used as a protein loading control for several
western blots. Coomassie Blue was added to acrylamide gels after transferring and
incubated at room temperature for 30 min. The Coomassie Blue was then removed and

replaced with water and incubated overnight before being scanned.

Table 2.12 Loading Gel (5%)

Reagent Source Quantity
ddH,0 2.70 mL
1.0 M Tris-HCI (pH 6.8) Calbiochem 0.50 mL
10% SDS BioRad 0.04 mL
30% acrylamide BioRad 0.67 mL
10% ammonium persulfate BioRad 0.04 mL
TEMED J.T. Baker 0.004 mL
Total Volume 4 mL
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Table 2.13 Separating Gel

Quantity
Reagent Source 8% 10% 12%
ddH,0 462mL | 496mL | 3.29mL
1.5 M Tris-HCI (pH 8.8) | Calbiochem | 250 mL | 250mL | 2.50 mL
10% SDS BioRad 0.10 mL 0.10mL | 0.10 mL
30% acrylamide BioRad 267mL | 3.33mL | 4.00 mL
10% ammonium BioRad 0.10mL | 0.10mL | 0.10mL
persulfate
TEMED J.T.Baker | 0.01mL | 0.01mL | 0.01mL
Total Volume 10.00 mL | 10.00 mL | 10.00 mL
Table 2.14 Running Buffer (10x) pH 8.3
Reagent Source Quantity
Tris Base Calbiochem 30.3¢g
Glycine EMD 144 g
SDS BioRad 10 g
ddH,0 Add until 1 L
Total Volume 1L
Table 2.15 Running Buffer (1x)
Reagent Source Quantity
10x Running Table 2.15 100 mL
Buffer
ddH,0 900 mL
Total Volume 1L
Table 2.16 Transfer Buffer (10x) pH 8.3
Reagent Source Quantity
Tris Base Calbiochem 30.3¢g
Glycine EMD 144 g
ddH,0 Add until 1 L
Total Volume 1L
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Table 2.17 Transfer Buffer (1x)

Reagent Source Quantity

10x Transfer Buffer Table 2.18 100 mL

Methanol Fisher 200 mL

ddH,0 700 mL

Total Volume 1L
Table 2.18 Loading Buffer (5x)
Reagent Source Quantity

Glycerol Sigma-Aldrich 3.0 mL

SDS BioRad 08¢
0.5 M Tris-HCI (pH 6.8) Calbiochem 5.0 mL
0.1% bromophenol blue EMD 1.9 mL
100 uM DTT Thermo Scientific 0.1mL

2.9 Stripping western blot membranes

Nitrocellulose membranes were briefly rinsed in room temperature TBST before
being incubated in stripping buffer (Table 2.19) at 60°C for 30 min. The membranes

were then washed three times with TBST for 15 min each.

Table 2.19 Stripping Buffer

Reagent Source Quantity
ddH,0 16.6 mL

20% SDS BioRad 2.0 mL

1M Tris-HCI (pH 6.8) Calbiochem 1.26 mL
Beta-mercaptoethanol | Sigma Aldrich 140 pL
Total Volume 20 mL

2.10 Measurement of cAMP levels

The cAMP assay was performed following the protocol provided with the GE

Healthcare Amersham cAMP Biotrak Enzyme Immunoassay System. Isolated
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ventricular cells and LV myocardial tissue were homogenized with the provided lysis
reagent and centrifuged to remove debris. The homogenate was placed into the
appropriate wells in the provided 96-well plate and incubated with antiserum for 2 h at
4°C. After the incubation, CAMP peroxidase conjugate was pipetted into all the wells
except blanks and the plate was then incubated at 4°C for 1 h before the wells were
aspirated, washed, and dried. Enzyme substrate was then added to each well for 30 min
at room temperature before collecting the OD values at 630 nm. The OD values were
converted to concentrations using a standard curve prepared with provided standards.
The effects of beta adrenergic blockade using propranolol (25 nM) (Sigma) and specific
adenylate cyclase inhibition using 2’°,5’-dideoxyadenosine (DIDA; 30 uM) (Sigma) on

isoproterenol-induced elevation of CAMP were also examined using this assay.
2.11 RNA Extraction and cDNA Preparation

Total RNA was extracted from flash-frozen tissue or cardiofibroblasts using
TRIzol extraction protocol, and cDNA was synthesized from 1 ug RNA by using cDNA

PCR Solution (Table 2.20).

Table 2.20 cDNA PCR Solution (per sample)

Reagent Source Quantity
5X Buffer Invitrogen 4 uL
0.1 M Dithiothreitol Invitrogen 2 ulL
25 mM dNTP Invitrogen 1pulL
Superscript 11 Invitrogen 1ulL
RNase inhibitor Invitrogen 1uL
Total Volume 9 uL
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2.12 TagMan Real-time PCR

For each gene, a standard curve was generated using known concentrations of

cDNA (Table 2.21) as a function of the cycle threshold (CT). Expression analysis of the

reported genes was performed by TagMan Real-Time PCR using ABI 7900 Sequence

Detection System (Table 2.22). The SDS2.2 software (integral to ABI 7900 real-time

machine) fits the CT values for the experimental samples and generates values for

cDNA levels. All samples were run in triplicates in 384 well plates. 18S rRNA was used

as an endogenous control.

Table 2.21 TagMan cDNA Standards

Standard

Concentration (cDNA in PCR H,0)

1

2.00 ng/nL

1.00 ng/nL

0.50 ng/nL

0.25 ng/nL

0.125 ng/nL

OO WIN

0.0625 ng/nL

Table 2.22 TagMan reaction mix (per sample)

Reagent Source Quantity
Mastermix Applied Biosystems 8.33 uL
Forward Primer 0.50 puL
Reverse Primer 0.50 uL
Probe 0.50 uL
PCR H,0 517 pL
Total Volume 15.00 uL

2.13 Echocardiography

Transthoracic M-mode and Doppler echocardiographic examination at 1 wk and

3 wk post-AB were performed using an Acuson (R) Sequoia C256 system equipped

41



with a 15-MHz linear transducer (15L8) (Version 4.0, Acuson Corporation, Mountain
View, California) as previously described. Mice were placed on a heating pad and a
nose cone with 0.75-1% isoflurane in 100% oxygen was applied at 1 L/min. The
temperature was maintained at 36.5 to 37.5°C. Hair was removed using a surgical
shaver. Ultrasound gel was placed on the bare chest of the anesthetized mouse and the
ultrasound probe was placed in contact with the gel and scanning was performed over
30 min. Body temperature, heart rate, and blood pressures were constantly monitored
throughout the procedure. M-mode images were obtained for measurements of LV wall
thickness, LV end-diastolic diameter, and LV end-systolic diameter. M-mode images
were used to measure LV chamber sizes and wall thicknesses. Fractional shortening and

velocity of circumferential fractional shortening were calculated.

For the propranolol experiments, the echocardiographic measurements were made
using the Vevo 770 high-resolution imaging system equipped with a 30 MHz transducer

(RMV-707B; VisualSonics, Toronto, Canada).

2.14 Hemodynamic Measurements

The protocol for Hemodynamic Measurements is derived from a previous study
[2]. Mice were anesthetized via I.P. injection of ketamine and xylazine and laid in a
supine position; a small incision was made above the rib cage. The right carotid artery
was identified and subsequently cannulated with a 1.4 French Millar catheter, which
was inserted through the aorta into the left ventricle. Left ventricular pressures were

then recorded and assessed for left ventricular end diastolic pressure (LVEDP),
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maximum rate of pressure generation (+dP/dtmax) and maximum rate of pressure loss (-

dP/dtmin).
2.15 Statistical analysis

All data were plotted using the mean value + standard error mean with n
representing the sample size. One-way ANOVA was used to test for overall significance,
followed by the Student-Newman-Keuls test for multiple-comparison testing between

the various groups. All statistical analyses were performed with the SPSS software

(version 10.1).
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Chapter 3

PI3KyKO AND PRESSURE OVERLOAD
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3.1 Introduction:

Mechanotransduction plays a fundamental role in cardiac function and involves
interactions between the extracellular matrix (ECM) and intracellular cytoskeletal
proteins via cell adhesion complexes which are modulated by Class | PI3Ks [1].
Although PI3Ks and lipid phosphatases can modulate cytoskeletal interactions, stretch
can in turn activate Akt and GSK-3p activity in cardiomyocytes [2]. In the myocardium,
cell adhesion and cardiomyocyte stretch sensor machinery play key roles in the complex
mechanism leading to human DCM and associated heart failures, which are associated

with marked remodeling of ECM and cell adhesion complexes [3].

Loss of pl110y, the catalytic subunit of the PI3Ky complex, leads to enhanced
CAMP generation due to the loss of phosphodiesterase activity, resulting in enhanced
Ca®* cycling attributable primarily to increased phosphorylation and inhibition of
phospholamban (PLN) and increased SERCAZ2a activity [4-6]. As this is a key regulator
of myocardial contractility, baseline enhancements in Ca®* cycling, such as observed in

PI3KyKO hearts, can protect the heart from systolic dysfunction and DCM.

Aortic banding (AB) is the chronic constriction of the aorta leading to a constant
increase in left ventricular pressure and mechanical workload. WT hearts exposed to
AB demonstrate progressive pathological and concentric hypertrophy, fibrosis, and loss
of left ventricular contractile function as early as 4 weeks post AB [7, 8]. The conditions
of these hearts continue to deteriorate until they begin to decompensate and develop

DCM [9, 10]. Interestingly, PI3KyKO hearts develop rapid left ventricular dysfunction
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and DCM one wk post AB despite its enhanced Ca®* cycling, though the exact

mechanism leading to this paradoxical failure has not been described [5].

This chapter will explore the role of mechanotransduction and intercellular
adhesion complexes in the observed systolic dysfunction and DCM in PI3KyKO hearts

post AB.
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3.2 Methods:

3.2.1 Experimental animals

PI3KyKO, PI3KaDN, and PI3KyKD mice in C57B1/6 background have been
described [5, 11]. All experiments were performed in accordance with institutional
guidelines and Canadian Council on Animal Care. Only male mice of 8 to 9 weeks of
age and littermate WT controls were used. For the propranolol experiments, mice were
treated with propranolol in their drinking water (0.2 g/L) to deliver 15 mg/kg per day;
propranolol was withdrawn 1 day before the echocardiographic and hemodynamic
measurements. The broad-spectrum MMP inhibitor PD166793 (Pfizer Inc) was
administered orally by daily gavage. Because the rapid onset of ventricular dilation in
PI3KyKO mice, PD166793 treatment (30 mg/kg/day) began 3 days before AB and

continued until mice were euthanized.

3.2.2 Aortic Banding

8-9 wk old male mice weighing 20-25 g were anesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg). A topical depilatory agent was applied to the neck and
chest area to remove fur at and around the area of incision. The skin was cleaned with
Germex and Betadine. One dose of penicillin (10 mg/kg, 0.1 mL 1.P.) was administered
prior to start of surgery. Mice were placed supine and body temperature was maintained
at 37°C with a heating pad. Once the mouse reached surgical plane of anaesthesia as
confirmed by toe-pinching on both hind feet, a horizontal skin incision of 1 cm in length
was made at the level of second intercostal space. A 6-0 silk suture was passed under

the aortic arch. A bent 26-gauge needle was then placed next to the aortic arch and the
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suture was snugly tied around the needle and aorta between the left carotid artery and
the brachiocephalic trunk. The needle was quickly removed allowing the suture to
constrict the aorta. The incision was closed in layers and the mice were allowed to
recover on a warming pad until they were fully awake. Immediately after the surgery,
mice received one dose of buprenorphine and for the first 24 hours. The sham animals

underwent the same procedure without the aortic banding.
3.2.3 Hydroxyproline Assay

20 mg pieces of frozen LV tissue were sliced and placed into Eppendorf tubes for
lyophilisation at -110°C and 96 mTorr overnight. After lyophilisation, the frozen tissue
was crushed, weighed, transfer into glass test tubes, and suspended in 2 mL of 6 N HCI.
The samples were then incubated at 120°C for 3-5 hours until the acid fully evaporated

and then resuspended with 100 uL of ddH,O.

Samples were loaded onto a 96-well microplate and incubated with Cloramine T
(Table 3.1) at room temperature for 20 min to oxidize hydroxyproline, then Ehrlich’s
reagent (Sigma) was added, and plates were wrapped in aluminum foil and incubated at
60°C for 20 min. The concentration of hydroxyproline was determined using standards

(Table 3.3).

Table 3.1 Chloramine T (per sample)

Reagent Source Quantity
n-propanol Sigma-Aldrich 3.75 puL
Acetate-citrate buffer Table 3.2 30 puL
ddH,0O 3.75 uL

Total Volume 37.5 pL
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Table 3.2 Acetate-citrate Buffer

Reagent Source Quantity
Sodium acetate trinydrate | Sigma-Aldrich 120 g
Citric acid Sigma-Aldrich 46 ¢
Acetic acid (100%) Sigma-Aldrich 12 mL
Sodium hydroxide Sigma-Aldrich 349
ddH,0O TolL
Total Volume 1L

Table 3.3 Hydroxyproline Standards

Standard Concentration of L-4-Hydroxyproline methyl
ester hydrochloride (Sigma)
1.000 mg/mL
0.500 mg/mL
0.250 mg/mL
0.100 mg/mL
0.075 mg/mL
0.050 mg/mL
0.025 mg/mL

8 0.010 mg/mL
Blank 0.000 mg/mL

N[OOI IWIN|EF

3.2.4 Tissue fixation, histology, and TUNEL assay

For formalin fixation, hearts were excised as described in Chapter 2.2, arrested
with 1 M KCI, and fixed in 10% phosphate buffered formalin (VWR). After 36 hr of
fixation, the hearts were embedded in paraffin for sectioning at 10 um thickness per
section. Collagen volume fraction was measured using picrosirius red staining of the
section hearts and confocal microscopy. TUNEL assays were performed using ApopTag

Plus kit (Oncor, Gaithersburg, MD) to determine apoptosis via DNA fragmentation.
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3.2.5 Isolated cardiomyocyte contractility

Ventricular cardiomyocytes were placed in a Plexiglass chamber and
continuously perfused with oxygenated Tyrodes buffer (137 mM NaCl, 5.4 mM KCI, 10
mM glucose, 10 mM HEPES, 0.5 mM NaH,PO,4, 1 mM MgCl,, 1.2 mM CacCl,, and pH
7.4) at 2.5 mL/min at 36°C. Cardiomyocytes were stimulated at 1 Hz with a Grass S44
stimulator (pulse duration 3 ms; 15-20 V) and a video edge detector (Crescent
Electronics) was used to track myocyte contractions. Steady state contractions were
recorded at 1 kHz following a 4 min equilibrium period using a Phillips 800 camera
system (240 Hz) and Felix acquisition software (Photon Technologies Inc.).
Cardiomyocyte length, percent fractional shortening, shortening rate (+dL/dt) and

relaxation rate (-dL/dt) were determined at baseline.

3.2.6 Cell Adhesion Assay

The cell adhesion assay was performed in accordance with the protocol provided
by CELL BIOLABS, INC. CytoSelect 48-Well Cell Adhesion Assay (ECM Array,
Colorimetric Format) as previously described. Adult murine cardiomyocytes from sham
and 1 wk post AB hearts were freshly isolated and a hemocytometer was used to
determine cell concentration per mL. The concentration was adjusted to 100,000
cells/mL and the cells were plated into each well at 20,000 cells/well. The cells were
then placed into a 2% CO, sterile 37°C incubator for 60 min for cells to adhere. The
adherent cells were washed with PBS before 200 uL of the Cell Stain solution was
added for 10 min. The cells were then washed five times with PBS to remove excess

staining solution and left to air dry for 10 min. 200 uL of extraction solution was then
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added to each well and the plate was incubated for 10 min on a rocker. Once the color
of the solution stabilized, the 48-well plate was placed in a plate reader and absorbance
(A) was recorded at 560 nm. The reported A values are the raw A values of samples

minus the A value of a blank.
3.2.7 Gelatin Zymography

LV myocardial tissue was extracted as described in Chapter 2 using RIPA buffer
without EDTA (Table 3.8). After preparing samples and mixing with loading buffer, the
samples were loaded into the gel containing gelatin (Table 3.4). The gel was run at 30
mA per gel (set to constant Amps) for 1 hour, followed by 3 successive 20 min
incubations with 2.5% Triton X-100 solution at room temperature. The Triton X-100
solution was then replaced with incubation buffer (Table 3.5) and placed in a 37°C non-
sterile incubator for 48 hr. Gels were then stained with staining buffer (Table 3.6) in
room temperature overnight. Destaining buffer (Table 3.7) is then added to visualize
MMP2 and MMP9 bands. These zymograms were scanned using a GS 800 (BioRad)

calibrated densitometer.

Table 3.4 Separating Gel for Zymography (8% with gelatine type-A)

Reagent Source Quantity

Gelatin type-A Sigma-Aldrich 36 mg
ddH,0 6.90 mL
1.5 M Tris-HCI (pH 8.8) Calbiochem 3.80 mL
10% SDS BioRad 0.15mL
30% acrylamide BioRad 6.90 mL
10% ammonium persulfate BioRad 0.15mL
TEMED J.T. Baker 0.06 mL

Total Volume 18 mL
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Table 3.5 Incubation Buffer

Reagent Source Quantity
2 M Tris-HCI Calbiochem 15 mL
2 M CaCl, Fisher 1.5mL
NaCl Fisher 5259
5% NaNj3 EMD 6.0 mL
ddH,0O Add until 600 mL
Total Volume 600 mL
Table 3.6 Staining Solution
Reagent Source Quantity
Coomassie blue EMD 4 mL
Methanol Fisher 50 mL
Acetic acid VWR 20 mL
ddH,0O 126 mL
Total Volume 200 mL
Table 3.7 Destaining Solution
Reagent Source Quantity
Methanol Fisher 10 mL
Acetic acid VWR 20 mL
ddH,0 470 mL
Total Volume 500 mL
Table 3.8 RIPA Buffer without EDTA
Reagent Source Quantity
1 M Tris-HCI (pH 7.4) Calbiochem 5mL
1 M NaCl Fisher 15 mL
20% Sodium dodecyl BioRad 0.5mL
sulphate (SDS)
20% Nonidet-P40 (NP40) Sigma-Aldrich 5mL
10% Sodium Deoxycholate | Sigma-Aldrich 5mL
ddeO 69.5 mL
Total Volume 100 mL
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3.2.8 Collagenase Activity Assay

The collagenase activity assay was conducted as described in the provided
protocol for EnzChek Gelatinase/Collagenase Assay Kit (Molecular Probes Inc).

Cytobuster extraction buffer (Table 3.9) was used to extract protein instead of RIPA.

Table 3.9 Cytobuster extraction buffer

Reagent Source Quantity

Cytobuster buffer Novagen 980.0 uL
Phosphatase inhibitor cocktail Calbiochem 10 pL
Protease inhibitor cocktail Calbiochem 10 pL

3.2.9 Confocal Fluorescence Microscopy

Formalin-fixed sections were permeablized with ice-cold methanol for 10 min,
blocked with goat serum and incubated with primary antibodies overnight at 4°C in a
humidified chamber. After several washes, the appropriate secondary antibodies were
added and the sections were incubated for 30 min at room temperature. The sections

were evaluated with a confocal microscope and associated software.

3.2.10 MMP/N-cadherin cleavage assay

N-cadherin Fc Chimera, which is a chimeric protein containing only the
extracellular domain of N-cadherin, was incubated with 1 nM, 10 nM, and 100 nM of
MMP2 and MT1-MMP for 15 min at 37°C. The 100 nM group was also incubated with
the MMP inhibitor, PD166793. Western blot analysis was used to test for cleavage of

N-cadherin.
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3.3 Results:
3.3.1 Accelerated Development of Ventricular Dilation and Pathological
Hypertrophy in PI3KyKO Mice in Response to Biomechanical Stress

In response to pressure overload, WT mice developed concentric hypertrophy
with increased wall thickness and reduction in chamber size at 1 and 3 weeks following
AB (Figure 3.1 A). In contrast, LV size dilated rapidly in PI3KyKO mice, characteristic
of eccentric remodeling at 1 and 3 week following AB as shown by trichrome-stained
four-chamber views (Figure 3.1 B). The early development of dilated cardiomyopathy
in the banded PI3KyKO mice was associated with increased interstitial myocardial
fibrosis at 3 weeks after AB as illustrated by picrosirius red staining (Figure 3.1 C) and
quantified as collagen volume fraction (Figure 3.1 D). Increased myocardial fibrosis in
banded PI3KYyKO mice was confirmed by the biochemical assessment of
hydroxyproline content (Figure 3.1 D) and occurred without a significant increase in
apoptosis (Figure 3.1 E-F). In banded PI3KyKO mice, mRNA expression profile
showed greater myocardial expression of the disease markers, atrial natriuretic factor
(ANF) (Figure 3.1 G), b-type natriuretic peptide (BNP) (Figure 3.1 H), and beta myosin
heavy chain (BMHC) (Figure 3.1 1) with morphometric features of hypertrophy (Table
3.10). Activation of several signaling pathways is a key mediator of the response to
biomechanical stress [12, 13]. Unlike in WT, phosphorylation of extracellular signal-
regulated kinase (ERK) 1/2 (Figure 3.2 A) and Akt (Figure 3.2 B) were not increased in
banded PI3KyKO mice after one week of pressure overload. However, following three
weeks of pressure overload, phosphorylation of ERK 1/2 was significantly increased in

PI3KyKO mice (Figure 3.2 A). The GSK-3 system is an important downstream
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mediator of PI3K/Akt signaling [8] and consistent with a loss of Akt signaling,
phosphorylated (phospho)-GSK-3a (Figure 3.2 C) and phospho—GSK-3p (Figure 3.2 D)
were not affected initially at one week and then showed a drastic reduction at three
weeks after AB in PI3BKyKO mice. Interestingly, baseline level of phospho—-GSK-3p
was significantly greater in PI3KyKO compared with WT mice (Figure 3.2 D). The
phosphorylation of focal adhesion kinase (FAK) is a fundamental response in
myocardial mechanical stretch and hypertrophy [14]. In the banded PI3KyKO mice,
increased phospho-FAK occurred earlier than in WT mice, consistent with an aberrant
response to biomechanical stress (Figure 3.2 E). These results show that PI3KyKO mice
developed rapid onset of adverse myocardial remodeling and pathological hypertrophy
in response to biomechanical stress with resultant alteration in the activation of
mechano-sensitive and Akt-dependent signaling cascades.
3.3.2 Uncoupling Between In Vivo Myocardial Contractility and Single-
Cardiomyocyte Contractility in Pressure Overloaded PI3KyKO Mice

To examine whether these differences in myocardial remodeling in WT and
PI13KyKO mice result in functional alteration, we used transthoracic echocardiography
to assess heart function. The LV chamber rapidly dilated with progressive decrements in
systolic function at 1 and 3 weeks in PI3KyKO mice (Figure 3.3 A-E; Table 3.11). In
contrast, banded WT mice developed increased wall thickness with reduced ventricular
size and preserved systolic function (Figure 3.3 A-D; Table 3.11). We further
characterized these functional alterations using invasive hemodynamic measurements,
which showed greater elevation in LV end diastolic pressure (Table 3.11) and reduced

myocardial contractility as assessed by +dP/dtna.x (Figure 3.3 D; Table 3.11) and -
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dP/dtmin (Figure 3.3 E; Table 3.11) in banded PI3KyKO mice. The early
decompensation of banded PI3KyKO hearts despite enhanced Ca?* cycling and
increased basal myocardial contractility (Figure 3.3; Table 3.11) [4-6] illustrate that the
cause of the systolic dysfunction may be extracellular, suggesting that myocardial cell
adhesion is compromised. Therefore, we hypothesized that isolated cardiomyocyte
contractility would remain elevated in banded PI3SKyKO mice. Increased
phosphorylation of PLN is a critical target of the elevated cAMP levels in PI3BKyKO
mice [4, 6]. Western blot analyses confirmed increased Ser 16 phospho-PLN in
PI3BKyKO compared with WT mice, which was preserved in response to pressure
overload (Figure 3.3 F).

Analysis of CAMP levels in the LV from PI3KyKO mice confirmed an elevated
basal level of cCAMP, which was maintained 1 wk after AB (Figure 3.3 G). Indeed,
ventricular cardiomyocytes isolated from banded PI3KyKO hearts showed increased
cell shortening (Figure 3.3 H) and rate of contractility (Figure 3.3 I) compared to WT
cardiomyocytes. Whereas ECM-based cell adhesion was intact in the PI3KyKO
cardiomyocytes under baseline conditions (sham), there was a reduction of
cardiomyocyte adhesion to collagen IV and laminin in response to pressure overload
(Figure 3.3 J). In contrast, cardiomyocyte adhesion from WT mice remained intact
following pressure overload (Figure 3.3 J). These results show that isolated
cardiomyocytes maintain increased contractility despite the early deterioration in whole
heart systolic function providing evidence that a primary defect in banded PI3KyKO
mice is disorganization of ECM and cell adhesion. Furthermore, this was evident

without significant increases in apoptosis (Figure 3.1E).

57



3.3.3 Selective Upregulation of MMP2 and MT1-MMP and MMP Inhibition
Mediated Rescue of Pressure Overloaded PI3KyKO Mice

Adverse remodeling of the ECM by MMPs is a key determinant of the response to
biomechanical stress. MMP2 (gelatinase A) and MMP13 (collagenase-3) genes contain
promoter regions encoding cCAMP-response elements (CRE), which binds CRE binding
protein (CREB) [15] and mediates cAMP-dependent increase in the synthesis of MMP2
[16] and MMP13 [17] whereas MT1-MMP expression is also positively regulated by
CAMP [18]. We hypothesize that elevated cAMP levels and increased biomechanical
stress synergistically increase MMP expression and/or activity in banded PI3KyKO
mice. In accordance, both MMP2 (Figure 3.4 A) and MT1-MMP (Figure 3.4 B)
myocardial mMRNA expression increased within 1 week of AB and persisted at 3 weeks
in PI3KyKO but not WT mice, whereas MMP13 expression was drastically increased in
PISBKyKO mice at 3 weeks after AB (Figure 3.4 C). In contrast, the non—cCAMP-
responsive MMP, MMP9 (gelatinase B) (Figure 3.4 D), showed no change in
expression in response to AB. To provide a more definitive connection between cCAMP
and MMP expression/activity, we also examined the mRNA expression of these MMPs
in banded PI3KaDN mice, which also develop an early dilated cardiomyopathy [19] and
in banded PI3KyKD mice, which lack PI3Ky kinase activity and signaling without
elevation of CAMP levels [5]. Consistent with our hypothesis, myocardial expression
levels of MMP2 (Figure 3.4 A), MT1-MMP (Figure 3.4 B), and MMP13 (Figure 3.4 C)
were not increased in PI3KaDN and PI3KyKD mice at 1 or 3 weeks post AB. Next, we
examined the changes in MMP expression in cultured adult ventricular cardiomyocyte

and cardiofibroblast fractions in response to the activation of cCAMP signaling using the
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[-adrenergic agonist, isoproterenol. The levels of cAMP in cardiomyocytes increase
significantly in response to isoproterenol stimulation preventable by B-adrenergic
blockade using propranolol (25 uM) and adenylate cyclase inhibition using 2,5-
dideoxyadenosine (DIDA) (30 uM; Figure 3.4 E). Western blot analysis showed an
early increase in Ser 133 CREB phosphorylation in cultured cardiomyocytes and
cardiofibroblasts (Figure 3.4 F) and shown quantitatively (Figure 3.4 G) in response to
[-adrenergic receptor stimulation. Consistent with activation of CREB, adult
cardiomyocytes stimulated with 100 nM isoproterenol for 24 hours showed increased
MRNA expression of cAMP-responsive MMPs, MMP2 (Figure 3.4 H), MT1-MMP
(Figure 3.4 1), and MMP13 (Figure 3.4 J). Importantly, the corresponding increases in
MRNA expression of MMP2, MT1-MMP, and MMP13 in both cardiomyocytes and
cardiofibroblasts were suppressible by both propranolol and DIDA (Figure 3.4 H-J).

We next assessed for biochemical evidence of increased MMP activity in the
PISBKyKO mice in response to pressure overload. Myocardial collagenase activity
significantly increased at 1 and 3 weeks after AB in PI3KyKO mice compared to WT
mice, which was suppressible by the MMP inhibitor PD166793 (Figure 3.5 A), whereas
gelatin zymography showed activation of MMP2 in banded PI3KyKO compared with
WT mice (Figure 3.5 B). MMP9 protein levels did not change in banded WT hearts,
whereas at 3 weeks post AB PI3KyKO hearts showed an increase (Figure 3.11), despite
minimal, in mMRNA levels (Figure 3.4 D), suggesting a post-transcriptional mechanism
for the increased MMP9 activity. Given the absence of increased MMP expression in
banded PI3KyKD mice, their myocardial collagenase activity was not elevated (Figure

3.5 A). Consistent with gelatin zymography analysis, Western blot analysis (Figure 5B)
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revealed increased myocardial levels of active MMP2 (64 kDa) and pro-MMP2 (72 kDa)
in banded PI3KyKO mice at 1 and 3 weeks after AB. Similarly, membrane fractionation
and analysis of MT1-MMP levels showed an earlier and greater increase in MT1-MMP
levels in banded PI3KyKO mice compared to WT mice (Figure 3.5 C).

The activity of MMPs is physiologically inhibited by tissue inhibitor of matrix
metalloproteinases (TIMPs), TIMP1, TIMP2, TIMP3, and TIMP4 with TIMP3 playing
a key role in the myocardial response to biomechanical stress [20, 21]. Interestingly,
TIMP1 expression levels increased similarly, whereas the expression of TIMP2 did not
change in banded WT and PI3KyKO mice (Figure 3.5 D). In contrast, expressions of
TIMP3 and TIMP4 increased at 3 weeks post AB in PI3BKyKO mice possibly
attributable to a negative-feedback response to increased MMP expression and activity
(Figure 3.5 D). Our data provide a link between the adverse myocardial remodeling in
banded PI3KyKO mice and the increase in expression and activity of MMPs.

Human recombinant MMP?2 rather than MT1-MMP cleaved human recombinant
N-cadherin Fc chimera in vitro and was inhibited by the MMP inhibitor, PD166793
(Figure 3.10). We hypothesized that MMP inhibition would lead to a marked protection
in banded PI3BKyKO mice. Daily treatment of banded PI3KyKO mice with the broad-
spectrum MMP inhibitor, PD166793 (30 mg/kg/day) [20], prevented the dilated
cardiomyopathy and fibrosis (Figure 3.5 E). This also reversed the upregulation of
disease markers, ANF and BNP, and ventricular dilation at end-diastole and end-systole,
resulting in improved systolic performance in banded PI3KyKO mice (Figure 3.5 F).

These results illustrate a key role of cAMP-mediated upregulation of MMP2 and MT1-
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MMP expressions in mediating the adverse myocardial remodeling in pressure
overloaded PI3KyKO mice.
3.3.4 Specific Loss of N-Cadherin from Adhesion Complexes While g-Adrenergic
Blocker Prevents Upregulation of MMP and Loss of N-Cadherin in Banded
PI3KyKO Mice

In addition to the degradation of the ECM, N-cadherin/B-catenin cell adhesion
complexes are also important cellular targets of activated MMPs [22, 23]. Western blot
analysis of the myocardial membrane fraction in banded WT and PI3KaDN mice
showed a modest increase in N-cadherin levels (Figure 3.6 A-B), whereas in banded
PI3KyKO mice, there was a 75% loss of N-cadherin levels (Figure 3.6 A-B). In contrast,
in the banded PI3KyKO (and PI3KaDN) mice, levels of B-catenin in the heart were
significantly increased compared to banded WT mice (Figure 3.6 C). The relative
preservation of N-cadherin levels in the PI3KyKD hearts is consistent with the critical
role of cAMP in mediating the loss of N-cadherin from cell adhesion complexes
independent of the PI3Ky lipid kinase activity. The quality of Western blot analysis was
confirmed by absence of the membrane specific protein (toll-like receptor 4) in the
cytosolic fraction and absence of the cytosol-specific protein (caspase-3) in the
membrane fraction (Figure 3.9). Immunofluorescence microscopy confirmed co-
localization of N-cadherin and B-catenin in the end-to-end and side-to-side connections
between cardiomyocytes in banded WT hearts (Figure 3.6 D). Consistent with our
Western blot analysis, there was an almost complete loss of N-cadherin from end-to-end
and side-to-side connections in the pressure overloaded PI3KyKO myocardium (Figure

3.6 E). Consistent with the ability of PD166793 to prevent MMP2-mediated cleavage of
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N-cadherin (Figure 3.10) and rescue the DCM in banded PI3KyKO mice (Figure 3.5),
Western blot analysis confirmed that PD166793 prevents the loss of membrane-
associated N-cadherin (Figure 3.6 F-G), resulting in more pronounced staining of N-
cadherin in myocardial cell adhesion junctions (Figure 3.6 H) in banded PI3KyKO mice
treated with PD166793.

Given the key role of integrin complexes in mediating cell adhesion in the heart
[24], we also examined changes in integrin levels in response to pressure overload.
Western blot analysis of membrane fractions showed increased protein levels of
integrins in WT hearts at 1 and 3 weeks after AB and a delayed increase in the
PI13KyKO hearts, which significantly increased only at 3 weeks after AB (Figure 3.12).

We then tested the hypothesis that elevated CAMP plays a key in vivo role in the
adverse remodeling in banded PI3KyKO mice by using the nonspecific -adrenergic
blocker propranolol at a dose that has been previously shown to normalize elevated
CAMP levels [5]. Propranolol treatment normalized the mRNA expression of MMP2,
MT1-MMP, and MMP13 (Figure 3.7 A-C) with similar changes seen in the expression
of disease markers, ANF, BPMHC, and BNP (Figure 3.7 D-F). Consistent with a
reduction in MMP expression, elevated collagenase activity in the banded PI3KyKO
mice was normalized in response to propranolol (Figure 3.7 C) with relative
preservation of N-cadherin levels in the myocardial membrane fraction (Figure 3.7 D).
These biochemical and cellular changes imply that cardiac function was rescued in
banded PI3KyKO mice treated with propranolol. Echocardiographic assessment showed
a near normalization of the increased LV dilation and improved fractional shortening

with invasive hemodynamic parameters showing marked increase in +dP/dtma. and -
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dP/dtmin in the banded PI3KyKO mice treated with propranolol (Figure 3.7 L-M). These
results highlight a key reversible defect in the N-cadherin system in the PI3KyKO mice
in response to biomechanical stress caused by cAMP-dependent upregulation of MMP
activity.
3.3.5 Beta-Blocker Therapy Prevents the Adverse Remodeling in Response to
Chronic Pressure Overload

The beneficial effects of B-blocker therapy in the banded PI3KyKO mice suggest
that p-blockade may have a similar protective role in a long-term (9 weeks) WT AB
model as the PI3KyKO AB model. Aortic banding for nine weeks resulted in marked
increase in expression of hypertrophy markers, a-skeletal actin, BMHC and BNP
(Figure 3.8 A) in association with LV dilation and reduced systolic function (Figure 3.8
B). Propranolol treatment prevented the adverse remodeling and systolic dysfunction in
response to chronic biomechanical stress (Figure 3.8 A-B). Quantitative assessment of
cardiac systolic function using echocardiography showed significant improvement in
fractional shortening and reduction in LV end-diastolic dimension (Figure 3.8 B).
Similarly, invasive hemodynamic measurements revealed a restoration of an elevated
LV end-diastolic pressure and normalization of +dP/dtyax and —dP/dtmi, in response to
chronic B-blocker therapy (Figure 3.8 C). These functional changes correlated with a
reduction of MMP2 and MT1-MMP expression without a differential effect on MMP13
expression (Figure 3.8 D), suggesting that propranolol exerts cardioprotection by
reducing MMP expression in fibroblasts. Western blot analysis showed a higher level of
membrane-associated N-cadherin with an equivalent increase in [-catenin levels

resulting in preservation of the myocardial N-cadherin/f-catenin ratio (Figure 3.8 E) in
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response to chronic B-blocker therapy. Our results highlight a novel mechanism of
chronic B-blocker therapy in preventing the adverse myocardial remodeling in pressure

overload—induced heart failure.
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3.4 Discussion:

The response to biomechanical stress is a fundamental response in heart disease
and plays a key adaptive role in response to a pressure overloaded state characteristic of
hypertension and aortic valvular stenosis. Mechanotransduction plays a fundamental
role in cardiac structure and function and involves a concerted interaction between ECM,
intracellular cytoskeletal proteins, and cell adhesion complexes [1, 25]. Advanced heart
failure in response to myocardial injury including biomechanical stress leads to
impaired Ca®* cycling and strategies aimed at enhancing Ca®* cycling are currently
being developed as therapies for heart failure [26, 27]. Loss of PI3Ky increases basal
CAMP levels, enhances SERCA2 function and Ca®** cycling, and increases basal
myocardial contractility [4-6]. In the heart, loss of PI3Ky prevents phosphorylation of
Akt in response to GPCR agonists [5, 28, 29], and PI3KyKO mice are resistant to the
pathological effects of B-adrenergic stimulation [28]. Despite these biochemical changes,
PISBKyKO mice show enhanced susceptibility to biomechanical stress [5], and we
provide direct evidence that the primary defect is compromised cell-adhesion/ECM
linked to elevated cAMP levels. In contrast, in PI3KyKD mice, which have normal
myocardial CAMP levels [5], there is no upregulation of MMPs with preservation of N-
cadherin levels, consistent with the ability of these mice to maintain normal systolic
function in response to early biomechanical stress [5].

The PIBK/PTEN system may also have a more direct role in the cardiac response
to biomechanical stress [1, 2]. Whereas PI3K and lipid phosphatases can modulate
cytoskeletal interactions, stretch can in turn activate Akt and GSK-3f activity [2].

Indeed, loss of PTEN prevents pressure overload—induced heart failure [9], whereas loss
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of Aktl/PKBa leads to a rapid onset of ventricular dilation and systolic dysfunction in
response to pressure overload [30]. Consistent with a critical role of PI3Ky in
pathological GPCR signaling [5, 28, 29], phosphorylation of ERK 1/2 is impaired in
response to early biomechanical stress in the PI3KyKO mice [5]. However, this
differential response is lost at three weeks post AB, which is likely driven by severe
disruption of the ECM and/or cell adhesion leading to GPCR—independent activation of
ERK 1/2 in the PI3KyKO mice. Despite equivalent basal phospho-Akt levels in WT and
PI3KYKO hearts, basal phospho—GSK-3f3 was increased in the PI3KyKO mice, likely
mediated by PKA [31] given the chronic elevation of myocardial CAMP levels in these
mice. The diverse downstream effects of elevated basal phospho—GSK-33 [32] may
have contributed to the adverse remodeling in the PI3KyKO mice. Elevated cCAMP
levels in response to increased biomechanical stress leads to increased MMP expression,
active (cleaved) MMP2 and collagenase activity, resulting in adverse myocardial
remodeling. As MMP2 and MT1-MMP expressions are increased at 1 week post AB
and they are primarily expressed by fibroblasts, the early decompensation and heart
failure is likely due to fibroblast mediated degradation of intercalated discs. In addition
to degrading various components of the ECM, increased MMP activity can also
adversely modify cell-cell adhesion complexes. Cardiomyocyte cell adhesion
complexes provide an important mechanism by which cardiomyocytes (and
cardiofibroblasts) are anchored to the ECM while allowing force transmission to the
intracellular cytoskeletal network [25, 26]. In particular, we have shown that increased
MMP expression and activity can regulate N-cadherin function through proteolytic

degradation [22, 23, 33]. Cardiac-specific loss of N-cadherin in the heart leads to DCM
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attributable to loss of the integrity of cell adhesion junctions [34]. Because of their
homophilic binding and adhesive specificities, N-cadherin/p-catenin complex is
required for cadherin-mediated cell adhesion and linkage to the actin cytoskeleton. The
delayed increase in membrane 1D and a7B integrins in the banded PI3KyKO hearts
may have also contributed to the early onset of DCM [24]. In addition, MT1-MMP is a
potent collagenase that also targets other ECM components, such as fibronectin [35],
laminin [35], and integrin [36] while activating MMP13 (collagenase-3), thereby
amplifying the collagen-degradation process [37, 38].

Our results are consistent with the conclusion that elevated cAMP (and its
downstream effects) is the primary driver of the adverse remodeling in banded
PI3KYKO mice rather than loss of PI3Ky kinase activity and signaling. Our findings
may help to explain the cardiomyopathy in experimental models with enhanced [-
adrenergic signaling (and cAMP levels) [39, 40] and lack of a protection against
pressure overload and tumor necrosis factor—induced heart failure despite enhanced
Ca®* cycling in the PLN knockout mice [41, 42]; specifically, we demonstrated that
PI3KyKO mice, which also have enhanced Ca?* cycling like the PLN knockout, rapidly
develop heart failure in response to stress. Although Ca?* transients in cardiomyocytes
were normalized in tumor necrosis factor—induced cardiomyopathy in a PLN-null
background, global systolic function remained depressed and unchanged [42]. We
propose that enhancing cell-cell adhesion and cell-ECM interaction promotes the
salutary effects of enhanced intracellular Ca®* cycling on whole heart function and
booster the therapeutic potential of normalizing intracellular Ca?* cycling in patients

with heart failure. Increased sympathetic nervous system activity and p-adrenergic
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receptor signaling are key aspects of the pathophysiology of heart failure [43] and in
catecholamine-mediated cardiomyopathies [44, 45]. B-adrenergic receptor blockers
improve clinical outcomes in patients with chronic heart failure [43]. In contrast, agents
that increase myocardial CAMP such as PDE3 inhibitors are associated with adverse
outcomes and increased mortality in patients with heart failure [46]. Our data support a
novel role of B-adrenergic blocker in reducing MMP expression and/or activity and

preservation of cell adhesion, thereby curtailing adverse myocardial remodeling.
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Figure 3.1 Development of early-onset dilated cardiomyopathy in response to
biomechanical stress in PI3KyKO mice. Four-chamber trichrome stained heart
sections showed concentric hypertrophy in WT mice (A) with ventricular dilation and
eccentric remodeling in PI3KyKO mice (B) in response to aortic banding. Increased
interstitial fibrosis shown using PSR staining (left panel) (C) and quantification of the
collagen volume fraction (CVF) (D) without differences in apoptosis between WT and
PI3KyKO was shown using TUNEL staining (left panel) (E) and quantified as percent
of apoptotic nuclei (right panel) (F). (n = 5 per group). RT-PCR demonstrated that
expression of hypertrophy disease markers showed early and markedly increased
expression of ANF (G), BNP (H) and BMHC (1) in banded PI3KyKO mice compared to
WT mice. (n =5 for sham groups and n = 7 for AB groups; *p < 0.05 compared with

the WT group; graphs are plotted as mean = SEM)
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Figure 3.2 Alterations in signaling are observed in response to biomechanical stress
in PI3BKYKO mice. Western blot analysis (left panel) and quantification (right panel)
showing increased phosphorylation of the MAPK, extracellular regulated kinase 1/2
(ERK 1/2) (A) with loss of Ser 473 Akt phosphorylation (B) in the banded PI3KyKO
mice. Western blot analysis (left panel) and quantification (right panel) showing
preservation of glycogen synthase kinase 3a (GSK-3a) (C) and GSK-33 (D)
phosphorylation in banded WT mice but with a loss of phosphorylation in the banded
PI3KyKO mice while earlier phosphorylation of focal adhesion kinase (FAK) occurs in
the banded PI3KyKO mice (E). Open column = sham; full column = 1 wk post aortic-
banding; hatched column = 3 wks post aortic-banding. (n = 5 per group; *p < 0.05
compared with the corresponding sham group; #p < 0.05 compared with WT sham;

graphs are plotted as mean £ SEM)
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Figure 3.3 Uncoupling between in vivo myocardial contractility and isolated single
cardiomyocyte contractility in PI3KyKO mice in response to early biomechanical
stress. M-mode echocardiograms (A) and in vivo quantitative assessment of heart
function showing baseline hyper-contractility followed by rapid and marked ventricular
dilation (B) and reduction in systolic function based on fractional shortening (C) and
invasive hemodynamic measurement of -dP/dty;, (D) and +dP/dtyax (E) at 1 week post
aortic banding. LVEDD = LV End-Diastolic Dimension. (n = 8 for sham groups; n = 12
for AB groups.) Western blot analysis (left) and quantification (right) using myocardial
membrane fractions showing increased phosphorylated PLN (F) at baseline and in
banded PI3KyKO mice with myocardial CAMP levels (G) showing elevated levels in
PI3BKyKO at baseline and at 1 week post AB (H). (n = 5 for all groups.) Single
cardiomyocyte contractility measurements showing basal hyper-contractility based on
percent (H) and rate of change (+dL/dt) (I) of cell shortening in PI3KyKO mice, which
persists in response to 1 week of pressure overload. (n = 8 for sham groups; n = 12 for
AB groups.) (J) ECM-based cell adhesion of isolated adult LV cardiomyocytes
following 1 week of aortic banding showing an increase in fibronectin adhesion in WT
cardiomyocytes and a marked decrease in adhesion to collagen IV and laminin in
PI3KyKO cardiomyocytes. FN = fibronectin; Col | = collagen I; Col IV = collagen IV
and LN = laminin; (n = 4 for WT and PI3KyKO; *p < 0.05 compared with

corresponding WT group; graphs are plotted as mean = SEM)
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Figure 3.4 Upregulation of myocardial matrix metalloproteinase expression in
banded PI3KyKO mice with beta-adrenergic receptor stimulation of MMPs
expression in isolated adult cardiomyocytes and cardiofibroblasts. Expression
profiling of MMPs revealed upregulation of myocardial MMP2 (A), MT1-MMP (B)
and MMP13 (C) expression without a change in MMP9 (D) expression in the banded
PI3KyKO mice compared to banded WT, PI3KaDN and PI3Ky-KD mice. (*p < 0.05
compared with all other groups) (E) Normalization of elevated cAMP levels in cultured
adult cardiomyocytes in response to beta adrenergic receptor stimulation using
isoproterenol (100 nM) by beta adrenergic receptor blockade using propranolol (25 uM)
and adenylate cyclase inhibition using 2',5'-dideoxyadenosine (DIDA; 30 uM); (n =5
for each group.) Western blot analyses showed early phosphorylation of cAMP-
response element (CRE) binding protein (CREB) in response to beta adrenergic receptor
stimulation using isoproterenol (100 nM) in cultured adult cardiomyocytes and
cardiofibroblasts (F) and shown quantitatively (G). (n = 5 for each group. “p < 0.05
compared with the control group. Analysis of mMRNA expression showed that long-term
beta adrenergic receptor stimulation using isoproterenol (100 nM) leads to an
upregulation of mRNA expression of MMP2 (H), MT1-MMP (I) and MMP13 (J) in
cultured adult cardiomyocytes and cardiofibroblasts which was prevented by the beta
adrenergic receptor blocker, propranolol (25 uM) and adenylate cyclase inhibition using
2',5'-dideoxyadenosine (DIDA; 30 uM). (n = 5 for each group; *p < 0.05 compared with

all other groups; graphs are plotted as mean £ SEM)
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Figure 3.5 Increased collagenase activity and MMP?2 activation with prevention of
the dilated cardiomyopathy by broad spectrum MMP inhibition was observed in
banded PI3KyKO mice. Increased myocardial collagenase activity in banded
PI3KyKO mice (A) was suppressed by the MMP inhibitor, PD166793 (30 mg/kg/day),
while gelatin zymography showed increased pro-MMP2 and active MMP2 levels in the
banded PI3KyKO mice (B). Western blot analysis and quantification showed increased
expression of active MMP2 (64 kDa) and pro-MMP2 (72 kDa) (C) and membrane-
fractionated MT1-MMP (D) in banded PI3KyKO tissue lysate at 1 week and 3 weeks
post AB. (n = 4 for sham group and AB groups; *p < 0.05 compared with the sham
group.) Expression profile of tissue inhibitors of matrix metalloproteinases (TIMPs)
showed equivalent upregulation in TIMP1 (E) without alteration in TIMP2 (F), while
TIMP3 (G) and TIMP4 (H) levels increased in banded PI3KyKO mice. (n = 6 for sham
group and n = 8 for AB groups; “p < 0.05 compared with the sham group; *p < 0.05
compared with the WT group.) Treatment with the broad spectrum MMP inhibitor,
PD166793 (30 mg/kg/day), prevented the dilated cardiomyopathy (I) and disruption of
the extracellular collagen network shown as picrosirius red staining (J) while reversing
the upregulation of disease markers, ANF (K) and BNP (L), ventricular dilation at end-
diastole (M) and end-systole (N), and reduction in systolic performance (O) in banded
PI3KyKO mice. (n = 8 for each group; *p < 0.05 compared with all other groups; graphs

are plotted as mean £ SEM)
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Figure 3.6
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Figure 3.6 Selective loss of N-cadherin from myocardial membrane fraction and
the cell-adhesion complexes in the myocardium from banded PI3KyKO mice.
Western blot analysis of the myocardial membrane fraction (A) and quantification (B)
showing a selective loss of N-cadherin levels without alterations in B-catenin levels (C)
in banded PI3KyKO mice while the level of N-cadherin increases in banded WT and
PI3KaDN mice (*p < 0.05 compared with the corresponding sham group).
Immunofluorescence microscopy of the myocardial B-catenin and N-cadherin proteins
showing end-to-end connections (top panel) and side-to-side connections (bottom panel)
in banded WT (D) and PI3KyKO (E) mice with a distinct loss of N-cadherin in the
banded PI3KyKO mice. Western blot analysis of the myocardial membrane fraction (F)
and quantification (G), and immunofluorescence microscopy of myocardial B-catenin
and N-cadherin proteins (H) showing that MMP inhibitor preserved N-cadherin in
banded P13KyKO mice (n =5 for all groups; *p < 0.05 compared with all other groups;

graphs are plotted as mean £ SEM).
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Figure 3.7
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Figure 3.7 The non-specific beta receptor blocker, propranolol (15 mg/kg/day),
prevents the molecular, biochemical and functional deterioration in response to
biomechanical stress in PI3KyKO mice. Treatment with propranolol prevents the
increased expression of MMPs including MMP2 (A), MT1-MMP (B) and MMP13 (C)
and disease markers such as ANF (D), BMHC (E) and BNP (F) in banded PI3KyKO
mice (*p < 0.05 compared with all other groups). Propranolol suppressed of the
increased myocardial collagenase activity (G). Western blot analysis (H) and
quantitative analysis (I) showed restoration of the membrane N-cadherin levels in
banded PI3KyKO mice (*p < 0.05 compared with all other groups). Reduction in LV
dilation and preservation of systolic function in banded PI3KyKO mice based on
echocardiographic parameters, LV end diastolic dimension (J) and fractional shortening
(K), and hemodynamic assessment, +dP/dtmax (L) and -dP/dtyi, (M) in response to
treatment with propranolol. (n=8 for all groups; *p < 0.05 compared with all other

groups; graphs are plotted as mean + SEM).
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Figure 3.8 Chronic beta-blocker prevents pressure-overload induced adverse
remodeling and preserves systolic function in WT mice. Expression profile of
hypertrophy disease markers show increased expression of a-skeletal actin, BMHC and
BNP in banded WT mice at 9 week, which was not observed with propranolol treatment
(A) (n =5 per group). Echocardiographic assessment of systolic function with M-mode
echocardiograms, fractional shortening and LV end-diastolic dimension showing a
marked reduction in LV dilation and increase in fractional shortening in response to
propranolol (B). FS = fractional shortening; LVEDD = LV end-diastolic dimension.
Invasive hemodynamic assessment show marked reduction in LVEDP and prevention of
the deterioration in myocardial contractility based on +dP/dtmax and —dP/dtmi, in
response to chronic beta blocker therapy (C) (n = 6 for WT sham and n = 8 for WT AB
groups). Expression of MMPs show a marked increase in MMP2, MT1-MMP and
MMP-13 levels and a normalization of MMP and MT1-MMP in response to chronic
beta blocker therapy (D) (n = 5 per group). Western blot analysis revealed a greater
increase in myocardial N-cadherin levels with equivalent increase in B-catenin levels
leading to a relative preservation of the N-cadherin/B-catenin ratio in response to
chronic beta blocker therapy (E). (n = 5 per group; *p < 0.05 compared with all other
groups; #p < 0.05 compared with WT + AB 9 wk; #p < 0.05 compared with WT sham

group; graphs are plotted as mean = SEM).
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Figure 3.9 Purity of membrane fractionation. The purity of protein fractionation was
confirmed using western blot for caspase-3 (a cytosolic protein) and toll-like receptor 4
(a membrane bound protein). Caspase-3 protein was only found in the cytosolic fraction
and not the membrane fraction whereas toll-like receptor 4 protein was present in the

membrane fraction but not in the cytosolic fraction.
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Figure 3.10
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Figure 3.10 MMP2, but not MT1-MMP, cleaves human recombinant N-cadherin
Fc Chimera. N-cadherin Fc Chimera (NCAD, 100 ng) was incubated with 3 different
concentrations of human recombinant MMP2 or MT1-MMP and the MMP inhibitor
(MMPi, PD166793 (10 uM)) for 4 hours at 37°C. Western blot detected bands at 65, 60,

and 40 kDa representing fragments of the N-cadherin Fc Chimera.
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Figure 3.11 MMP9 protein levels in WT and PI3KyKO hearts. MMP9 protein levels
increase in the PI3KyKO hearts 3 weeks after AB but not at 1 week after AB whereas
WT hearts showed no changes in MMP9 protein levels. (n = 4 for each group; *p < 0.05

compared with WT sham; graphs are plotted as mean = SEM)

90



wT PI3Ky-KO

Sh 1wk 3wk Sh 1wk 3wk

BIDIntegrin powm sm SR com  Sew .S

B R S SR e ——

«7B Integrin

Ponceaured R W 8 B

= N N w
e v @

e

£1D Integrin/Ponceau Red (AU)

P P
ey

wT

2

PI3Ky-KO

«78 Integrin/Ponceau Red (AU)

Figure 3.12

3 Sham
=3 1 week AB
207 W 3 weeks AB
.
1.54
1.04
0.54
0.0

WT  PI3KyKO

91



Figure 3.12 1D and a7B integrin protein levels in WT and PI3KyKO hearts. 1D
and a7B integrin protein levels increased in WT hearts 1 and 3 weeks after AB. Both
integrins increased in the PI3BKyKO at 3 weeks after AB. (n = 4 for each group; *p <
0.05 compared with sham. #p < 0.05 compared with 1 week AB; graphs are plotted as

mean £ SEM)
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Table 3.10

TIMP 1

Forward Primer:
Reverse Primer:
Probe:

5'-CATGGAAAGCCTCTGTGGATATG-3'
5'-AAGCTGCAGGCACTGATGTG-3'
5'-FAM-CTCATCACGGGCCGCCTAAGGAAC-TAMRA-3'

TIMP2

Forward Primer:
Reverse Primer:
Probe:

5'-CCAGAAGAAGAGCCTGAACCA-3'
5'-GTCCATCCAGAGGCACTCATC-3'
5'-FAM-ACTCGCTGTCCCATGATCCCTTGC-TAMRA-3'

TIMP3 | Forward Primer 5'-CCG CAG CGG ACC ACA AC-3
(294): 5'- CCG GAT CAC GAT GTC GGA G-3'
Reverse Primer 5'- FAM-CTA CCA TGA CTC CCT GGC TT-TAMRA-3'
(427):
Probe (376): 5'- GGA TCA CGA TGT CGG AGT TGC-3'
Reverse primer2
(423):
TIMP 4 | Forward Primer: 5~TGCAGAGGGAGAGCCTGAA-3'

Reverse Primer:
Probe:

5'-GGTACATGGCACTGCATAGCA-3'
5'-FAM-CCACCAGAACTGTGGCTGCCAAATC-TAMRA-
3'

MMP-9

Forward Primer:
Reverse Primer:
Probe:

5’-CGAACTTCGACACTGACAAGAAGT -3’
5’- GCACGCTGGAATGATCTAAGC-3’
5’-TCTGTCCAGACCAAGGGTACAGCCTGTTC -3’

MMP-2

Forward Primer:
Reverse Primer:

5’-AACTACGATGATGACCGGAAGTG -3’
5’-TGGCATGGCCGAACTCA -3’

MMP- | Forward Primer: 5’-GGGCTCTGAATGGTTATGACATTC -3’
13 Reverse Primer: 5’-AGCGCTCAGTCTCTTCACCTCTT -3’
Probe: 5’-AAGGTTATCCCAGAAAAATATCTGACCTGGGATTC
-3
MMP- | Forward Primer: 5’- AGGAGACAGAGGTGATCATCATTG -3
14 Reverse Primer: 5’- GTCCCATGGCGTCTGAAGA -3°
MTI- Probe: 5’-FAM- CCTGCCGGTACTACTGCTGCTCCTG-TAMRA -
MMP 37
ANF Forward Primer: 5'-GGA GGA GAA GAT GCC GGT AGA-3
Reverse Primer: 5'-GCT TCC TCA GTC TGC TCA CTC A-3'
Probe: 5'-TGA GGT CAT GCC CCC GCA GG-3'
BNP Forward Primer: 5'-CTG CTG GAG CTG ATA AGA GA-3'
Reverse Primer: 5-TGC CCA AAG CAG CTT GAG AT-3'
Probe: 5-FAM-CTC AAG GCA GCA CCC TCC GGG-TAMRA-3'
PB-MHC | Forward Primer: 5-GTGCCAAGGGCCTGAATGAG-3'

Reverse Primer:
Probe:

5'-GCAAAGGCTCCAGGTCTGA-3'
5'-ATCTTGTGCTACCCAGCTCTAA-3'
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Table 3.10 RT-PCR primers and probes. The sequence to all RT-PCR primers and

probes used in TagMan analysis.
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Table 3.11

WT+ PI3KYKO+ WT+AB PI3KYKO+AB WT+AB PI3KyKO+AB

SHAM SHAM Iwk post-AB 1 wkpost-AB 3 wks post-AB 3 wks post-AB
N 8 8 10 10 10 10
HR (bpm) 55414 549%12 561£14 548£15 539£16 568+17
PWT (mm) 0.68+0.06 0.6710.05 0.7410.09 0.73£0.11 0.86+0.12° 0.8410.14%
LVEDD (mm) 3.81%+0.11 3.7940.12 3.78+0.14 4.41+0.2% 3.65+0.17 5.53140.23*
LVESD (mm) 1.71+0.09 1.52+0.1* 1.69+0.16 2.63£0.18* 1.69+0.21 4.58+0.19*
FS (%) 55.1+1.8 59.9+1.9% 55325 40.3+2.8% 53.8+3.1 17.244.2%
VCFe (cire/s) 10.8£0.32 12.94£0.4*  10.940.38 7.48+0.31* 10.9£0.45 4.52+0361*
+dP/dt gy 10131£301 12893+276%  9935+378 7138+£330%* 99844423 5012+359*
(mmHg/s)
-dP/dty, 99454252 12671+311 94714283 6902+363%* 61451369 4875+408%*
(mmHg/s)
LVEDP (mmHg) 5.23+1.96 6.56+2.7 7.71£2.8 12.8£2.2% 9.23+4.1 19.3£3.9%
LVW/BW (mg/g) 3.75+0.13 3.71x0.17 4.1710.21 4.22140.24 5.63+0.22° 5.69+0.29"
HW/BW (mg/g) 4.9+0.15 4.88+0.15 5.21+0.23 5.28+0.27 6.27+0.41° 6.3140.38"

AB. aortic banded: SHAM. sham-operated: HR. heart rate: PWT. posterior left ventricular wall thickness:
LVEDD., left ventricular end diastolic diameter: LVESD. left ventricular end systolic diameter: FS. fractional
shortening: VCFc, velocity of circumferential shortening corrected for heart rate; +dP/dfy,,. maximum first
derivative of the change in left ventricular pressure; and -dP/dty;,. minimum first derivative of the change in
left ventricular pressure: LVEDP. left ventricular end-diastolic pressure. *p<0.05 compared with the
corresponding WT+AB group: *p<0.05 compared with corresponding SHAM group.
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Chapter 4

PI3KyKO/aDN DOUBLE MUTANT HEARTS

Tagman RT-PCR was performed by Dr. Xiuhua Wang. Invasive hemodynamic analysis was conducted
by Fung Lan Chow. Echocardiography was performed by CVRC core and analyzed by Ratnadeep Basu.
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4.1 Introduction:

In the heart, the two primary PI3K isoforms are PI3Ka and PI3Ky. Although
PI3K} is also expressed, its role in the myocardium remains unknown. Previous studies
showed that PI3Ka and PI3Ky have unique roles in the heart and they are activated by
RTKs and GPCRs, respectively [1]. Each also regulates a different aspect of cardiac
physiology. Specifically, PI3Ka has been linked to the regulation of cardiomyocyte size
and PI3Ky to the regulation of cardiomyocyte contractility via interacting with PDE and

regulating intracellular cAMP levels [2, 3].

As mentioned in chapter 1, PTEN dephosphorylates PIP3 into PIP, as the primary
indirect negative regulator of PI3K activity. PTEN loss of function mutant mices were
used to demonstrate the isoform specific functions of PI3Ka and PI3Ky as the PTEN
mutant mouse has a hypertrophic heart that reduced ventricular contractility, the exact

opposite of PI3KaDN and PI3KyKO mutant strains combined [3, 4].

Though the isoform specific roles of PI3Ka and PI3Ky in the heart have each
been independently described, no study has investigated whether their roles overlap or
whether they compensate for each other in the absence of each other. Crackower and
Oudit et al. (2002) suggested that PI3Ka and PI3Ky’s respective regulation of
morphology and function may be independent of each other [3]. This study will
generate a PI3Ky/a loss of function double mutant (PI3KyKO/aDN) to investigatge the
redundant and non-redundant regulatory roles of PI3Ka and PI3Ky on cardiomyocyte

size and contractility.
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4.2 Methods:

4.2.1 Heart tissue collection

Left ventricles from WT, PI3KaDN, PI3KyKO, and PI3KyKO/aDN were

collected at 3 and 6 months of age and snap frozen in liquid nitrogen.

4.2.2 Western blot analysis

Protein extracts were analyzed via western blot using the following antibodies:
Akt (phospho-(Ser 473) Akt, phospho-(Thr 308) Akt, and total-Akt), GSK-3p (phospho-
(Ser 9) GSK-3pB and total-GSK-3B), GSK-3a (phospho-(Ser 21) GSK-3a and total-
GSK-3a), ERK 1/2 (phospho-(Thr 202/Tyr 204) ERK 1/2 and total ERK 1/2), p110p

(total p110p and total a-tubulin), and CK2 (CK2a and CK2a’).

4.2.3 Immunoprecipitation assay

LV myocardial tissue were homogenized with RIPA buffer (Table 2.9) and
centrifuged to remove debris. 1:1000 of PTEN antibody (Cell Signaling) was added and
the samples were incubated for 1 hour at 4°C under gentle agitation. 20 mg of Protein A
Sepharose (Sigma Aldrich) was then added and the samples were incubated at 4°C
overnight under rotary agitation. After the incubation period, samples were centrifuged
and the supernatant was removed. Pellets were washed with ice-cold PBS five times and
then resuspended in RIPA buffer. SDS loading buffer (Table 2.18) was then added and
the samples were incubated in 95°C for 5 min prior to freezing and storing in a -80°C

freezer.
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4.2.4 Phosphatase Activity Assay

Phosphotase Activity Assay was conducted using the Echelon Malachite Green

Phosphatase Activity Assay. Phosphate standards are first prepared using the provided

0.1 mM phosphate standard solution and 25 uL of each standard is pipetted into each

well in a 96-well plate pre-coated with PIP3. 25 uL of enzyme reactions and blanks were

then pipetted into the appropriate wells. This is followed by adding 100 uL of Malachite

Green Solution and incubation for 15 min at room temperature. Absorbance was

recorded at 660 nm and converted into free phosphate concentration using standards

(Table 4.1).

Table 4.1 Phosphate standard for phosphatase activity assay

Standard

Phosphate concentration (pmol/25 plL)

|

2,000

1,800

1,600

1,400

1,200

1,000

800

600

O O NOOOIRIWIN

400

10

200

11 (Blank)

0
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4.3 Results:

4.3.1 Left Ventricular mass in WT, PI3KyKO, PI3KaDN, and PI3KyKO/PI3KaDN

(DM) mice at 3 and 6 months.

Baseline LV mass was measured at 3 and 6 months of age and standardized to
tibial length (Figure 4.1). Similar to previous studies, there is no difference in LV mass
between WT and PI3KyKO, while PI3KaDN LV mass is significantly lower than the
WT at both time points [2, 3]. At 3 months, DM LV mass was significantly lower than
WT and PI3KyKO and is comparable to PI3KaDN. However, the LV mass of DM mice
at 6 months is significantly higher than PI3KaDN mice and comparable to both WT and

PI3KyKO.

MRNA expression profiling of LV extracts demonstrated that DM hearts have
significantly higher baseline levels of atrial natriuretic factor (ANF) (Figure 4.2 A), b-
type natriuretic peptide (BNP) (Figure 4.2 B), and beta myosin heavy chain (BMHC)
(Figure 4.2 C), all indicators of hypertrophy and stress [5, 6], as compared to WT,

PI3KyKO, and PI3KaDN.

4.3.2 Augmented activation of Akt and MAPK signaling cascades and expression

of hypertrophy markers in DM LV as compared to WT, PI3KyKO, and PI3KaDN.

Despite DM hearts having a smaller LV size at 3 months compared to WT, Akt
and MAPK signaling cascades are hyper-activated compared to of WT, PI3KyKO, and
PI3KaDN (Figure 4.3). Specifically, westerns blot analysis of DM LV protein extract
demonstrated markedly increased phosphorylation of Akt at both Ser 473 and Thr 308
residues (Figure 4.3 A). In accordance, both GSK-3p and GSK-3a, which are well-
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known downstream substrates of the PI3K/Akt signaling cascade [7, 8], are both hyper-
phosphorylated in the DM hearts as compared to the other three genotypes (Figure 4.3
B), which stimulates downstream pro-hypertrophic and pro-survival pathways. When
comparing to WT and PI3KyKO, PI3KaDN exhibited lower baseline phosphorylation
of both Akt and GSK-3p (Figure 4.3 C). This is expected as PI3Ka regulates Akt
activity under unstressed conditions [2, 5, 9]. Interestingly, baseline phospho-GSK-3a
was not decreased in PI3KaDN hearts, suggesting that basal GSK-3a activity may be

regulated by another enzyme (Figure 4.3 D).

ERK is a well investigated MAPK that closely participates in both physiological
and pathological growth of the heart. As previously reported, basal phosphorylation of
ERK 1/2 is similar among WT, PI3KyKO, and PI3KaDN hearts [2, 10]. On the other
hand, DM hearts exhibited hyper-phosphorylation of ERK 1/2 (Figure 4.3 B). Whether
this is a PI3K dependent process is unknown as ERK can be phosphorylated
independently of PI3K [11, 12]. Furthermore, protein levels of PI3Kp were not different
between the four genotypes, as measured by western blot analysis of pl110p, the

catalytic unit of PI3Kf (Figure 4.4 A).

4.3.3 Increased phosphorylation and deactivation of PTEN in DM mice as

compared to WT, PI3KyKO, and PI3KaDN.

Consistent with the hyper-activation of PI3K/Akt and MAPK signaling cascades,
phosphorylation of PTEN at the Ser 385 residue, and hence deactivation, is augmented

in DM LV as compared to WT, PI3KyKO, and PI3KaDN (Figure 4.4 B). Similarly,
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purified PTEN from the LV protein extracts from the four genotypes indicate that DM

hearts have reduced PIP3; phosphatase activity (Figure 4.4 C).

To test the hypothesis that PTEN activity is reduced due to deactivation of PTEN
instead of due to reduced expression of PTEN, immunoblot analysis of total PTEN
levels from LV extracts were standardized to a-tubulin levels. This confirmed that the
observed difference in PTEN activity is primarily due to increased phosphorylation of

PTEN in DM as compared to WT, PI3KyKO, and PI3KaDN (Figure 4.4 A).

4.3.4 Increased CK2a’ protein level in DM mice as compared to WT, PI3KyKO,

and PI13KaDN.

Western blot analysis of DM LV protein extracts were used to measure Casein
Kinase 2 o’ (CK2a’) and CK2a protein levels. CK2a’ and CK2a are the catalytic
subunits of CK2, an endogenous PTEN kinase [13]. Baseline level of the CK2a’
catalytic subunit in DM was higher compared to WT, PI3KyKO, and PI3KaDN (Figure
4.5). On the other hand, this increase is not observed in the CK2a catalytic subunit,

suggesting partial alteration in CK2 activity in DM hearts (Figure 4.5).

4.3.5 Partial enhancement of systolic function in DM hearts as compared to WT

and PI3KaDN hearts.

B-mode and M-mode echocardiography demonstrated significant increases in the
contractile function of DM hearts compared to WT and PI3KaDN as measured by
enhanced velocity of circumferential fractional shortening (VcFc) (Figure 4.6 C). Not

surprisingly, VcFc values were similar between DM hearts and PI3KyKO hearts as
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previous studies have indicated that lack of the physical presence of pl110y increases

basal contractility via enhancing calcium cycling (Figure 4.6 C).

Invasive hemodynamic measurements were used to assess systolic and diastolic
function via determining the maximum rate of pressure generation (+dP/dtma.) and
pressure loss (-dP/dtyn) in the LV (Figure 4.6 A-B). The +dP/dtm.x value of the DM LV
is significantly higher than WT and PI3KoDN and closely resemble PI3KyKO,
suggesting a hyper-contractile phenotype (Figure 4.6 A). Interestingly, the -dP/dtn;,
value of DM hearts is not enhanced and resembles WT and PI3KaDN instead of
PI3KyKO suggesting that the mechanism of contractility regulation may differ between
DM and PI3KyKO (Figure 4.6 B). Overall, the functional phenotype of DM hearts

demonstrates enhanced systolic function and preserved diastolic function.

4.3.6 Increased baseline cAMP levels and phosphorylation of PLN in PI3KyKO

and DM mice compared to WT and PI3KaDN.

cAMP levels were measured from LV extracts from WT, PI3KyKO, PI3KaDN,
and DM hearts using the GE Amersham cAMP Enzyme Immunoassay Kit. DM hearts
have significantly higher baseline cAMP levels as compared to WT and PI3KaDN
hearts, but have similar cAMP levels as PI3KyKO hearts (Figure 4.6 D). This result is
consistent with previous studies investigating the basal contractility of the PI3KyKO
mutant [3, 10]. A similar pattern is observed in PLN phosphorylation, where DM and
PI3KyKO have similar phospho-PLN levels and both are higher than that of WT and

PI3KaDN (Figure 4.6 E).
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4.4 Discussion:

The complex regulation and structure of the PI3K signaling pathway is an active
area in cardiac research and the use of PI3K isoform specific inhibitors proves to be a
potential treatment in the future. However, more research is currently necessary for the
identification of redundant and non-redundant roles of PI3Ka and PI3Ky before the
pursuit of drug development. While the traditional model views PI13Ka and PI3Ky as
having distinct up-stream activation but similar down-stream signaling cascades, the
current study suggests that this simple concept does not fully represent the actuality of

P13Ka and PI3Ky signaling in the heart.

The suppression of PI3Ka activity in PI3KaDN hearts leads to reduction of
baseline cardiomyocyte and ventricular size [3, 14]. Similarly Akt, GSK-3p, and GSK-
3a activation is also reduced accordingly while no changes are observed in ERK 1/2
activation. Furthermore, as previously described, no changes in contractile function are
observed in PI3KaDN hearts [3]. These findings suggest that PI3Ka regulates heart size

independently of contractile function.

On the other hand, the loss of PI3Ky in PI3KyKO hearts does not result in
alterations in the Akt signaling cascade or changes in cardiomyocyte or ventricular size,
but instead enhances baseline contractility, demonstrating that contrary to P13Ka, PI3Ky

regulates contractile function independently of heart size.

These observations indicate that the PI3Koa and PI3Ky pathways may be
dissimilar despite having almost identical kinase activities. Interestingly, the current

study shows that the dual loss of PI3Ka and PI3Ky results in an early paradoxical
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increase in Akt, GSK-3pB, GSK-3a, and ERK phosphorylation, which are accompanied
by a delayed hypertrophic response observable by 6 months of age. This radical change
in signaling is likely due to a compensatory pro-survival response by cardiomyocytes in
the absence of the two primary PI3K isoforms in the heart. We investigated two
potential causes for this paradoxical signaling, which are an increase in PI3Kf activity

or a decrease in PTEN activity.

We found no significant differences in pl110p protein levels suggesting that
alteration of PI3Kf activity may not be the cause of the augmented Akt signaling
pathways. On the other hand, it remains a possibility that over-expression of the
pl10aDN protein outcompetes pl10p interaction with p85 thus limiting the latter’s

signaling capacity in PI3KaDN and DM hearts.

Although there are also no significant differences in PTEN protein levels between
the four genotypes, PTEN phosphorylation/deactivation is significantly increased in DM
hearts, which is accompanied by a similar reduction of PTEN phosphatase activity. It is
possible that the loss of PTEN activity over-compensates the loss of PI3K activity

leading to the hyper-activation of downstream pathways.

Studies in tumour cells have suggested that PTEN activity is directly regulated via
phosphorylation by Casein Kinase 2 (CK2) at the Ser 385 residue [13, 15] (Figure 4.7).
Our results illustrate that CK2a’, one of the catalytic subunits of CK2, but not CK2a, is
upregulated in DM hearts compared to the other three genotypes. One potential
explanation for the increased CK2 mediated inhibition of PTEN is that in the absence of

PI3K, p53 activity increases, leading to increased expression of CK2a’ [16].
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Our findings suggest that in the absence of both PI3Ka and PI3Ky, there is a
paradoxical activation of the PI3K signaling cascade due to upregulation of CK2

mediated deactivation of PTEN activity.
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Figure 4.1 DM hearts have reduced LV weight at 3 months but not at 6 months of
age. Baseline left ventricular weights were standardized to tibial length at 3 and 6
months of age and plotted as bar graphs (n = 8; *p < 0.05 compared with WT group;

graphs are plotted as mean £ SEM).
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Figure 4.2 DM hearts demonstrated enhanced baseline expression of ANF, BNP,
and PMHC. mRNA expression levels of the hypertrophy markers ANF (A), BNP (B),
BMHC (C) are standardized against mRNA expression of 18S. The quantified values of
gene expression are displayed in bar graphs (n = 6; *p < 0.05 compared with WT group;

graphs are plotted as mean £ SEM).
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Figure 4.3
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Figure 4.3 Western blot analysis shows that DM hearts have enhanced baseline
phosphorylation of PI3K signaling cascade. Left ventricular protein extracts from the
respective genotypes were subjected to western blot analysis. The western blots shown
are representative of Akt (phospho-(Ser 473) Akt, phospho-(Thr 308) Akt, and total Akt)
(A), GSK-3p (phospho-(Ser 9) GSK-3p and total GSK-3B) (B), GSK-3a (phospho-(Ser
21) GSK-3a and total GSK-3a) (C), and ERK 1/2 (phospho-(Thr 202/Tyr 204) ERK 1/2
and total ERK 1/2) (D) (n = 8; *p < 0.05 compared with WT group; graphs are plotted

as mean = SEM).
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Figure 4.4
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Figure 4.4 DM hearts have reduced baseline PTEN phosphatase activity without
changes in PTEN protein levels due to enhanced phosphorylation of PTEN. Left
ventricular protein extracts from the respective genotypes were subjected to western
blot analysis (A-B) and immunoprecipitation for PTEN followed by PIP; phosphatase
activity assay (C). The western blot shown is representative of baseline PTEN (phopho-
(Ser 385) PTEN and total PTEN) signaling (A-B) and p110p (A). The quantified values
of the western blot and the PIP3 phosphatase activity assay are displayed in bar graphs

(n =8; *p < 0.05 compared with WT group; graphs are plotted as mean + SEM).
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Figure 4.5 DM hearts have increased protein levels of CK2a’ but not CK2ae than
WT, PI3KyKO, and PI3KaDN. Left ventricular protein extracts from the respective
genotypes were subjected to western blot analysis. The western blots shown are
representative for CK2a’ and CK2a as standardized to a-tubulin. The quantified values
of the western blots are displayed in the bar graphs (n = 8; *p < 0.05 compared with WT

group; graphs are plotted as mean = SEM).
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Figure 4.6 Echocardiographic and hemodynamic measurements of LV function
demonstrated that DM and PI3KyKO hearts have enhanced contractile function
than WT or PI3KaDN. Echocardiography was used to measure the velocity of
circumferential fractional shortening (VcFc) (C) while invasive hemodynamics were
used to measure the maximum rate of contraction (+dP/dty.x) (A) and the maximum rate
of relaxation (-dP/dtmin) (B). CAMP levels were measured using LV myocardial tissue
extracted from the respective genotype (D). LV protein extracts from the respective
genotypes were subjected western blot analysis. The western blot shown is
representative of baseline PLN (phospho-(Ser 16) PLN and total PLN) (E). The
quantified values of each experiment are displayed in the bar graphs (n = 9; *p < 0.05

compared with WT group; graphs are plotted as mean £ SEM).
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Figure 4.7
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Figure 4.7 A schematic of PTEN phosphorylation and deactivation. PTEN is
phosphorylated and inactivated by GSK-33 and CK2. GSK-3f phosphorylates PTEN at

Ser 370 and CK2 phosphorylate PTEN at Ser 385.
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Table 4.2

ANF Forward Primer: 5'-GGA GGA GAA GAT GCC GGT AGA-3'

Reverse Primer: 5'-GCT TCC TCA GTC TGC TCA CTC A-3'

Probe: 5'-TGA GGT CAT GCC CCC GCA GG-3'
BNP Forward Primer: 5-CTG CTG GAG CTG ATA AGA GA-3'

Reverse Primer: 5'-TGC CCA AAG CAG CTT GAG AT-3

Probe: 5-FAM-CTC AAG GCA GCA CCC TCC GGG-TAMRA-3'
P-MHC | Forward Primer: 5'-GTGCCAAGGGCCTGAATGAG-3'

Reverse Primer:
Probe:

5'-GCAAAGGCTCCAGGTCTGA-3'
S'-ATCTTGTGCTACCCAGCTCTAA-3'
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Table 4.2 RT-PCR primers and probes. The sequence to all RT-PCR primers and

probes used in TagMan analysis.
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Chapter 5

TRANSACTIVATION OF PI3Ka
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5.1 Introduction:

PI3K is a family of conserved lipid kinases that are responsible for activation of
growth and survival pathways in response to extracellular agonist mediated signals [1].
The two types of receptors that activate PI3K signaling are RTKs and GPCRs. In
cardiomyocytes, RTKs and GPCRs have traditionally been known to activate PI3Ka
and PI3Ky respectively, each leading to a similar downstream modulation of Akt and
MAPK activity [1, 2]. However, recent studies suggested that growth factor receptors
may also be necessary for mediating MAPK activation by GPCR agonists and this novel
signaling pathway has been termed transactivation [3-5]. For example, angiotensin 1l
mediated activation of the MAPK pathway in cancer cell lines requires the activation of

EGFR [6, 7].

In cardiomyocytes, transactivation is initiated by GPCR stimulation and followed
the activation of extracellular proteases and sheddases. These proteolytic enzymes exert
autocrine and paracrine cleavage of membrane bound growth factors, which
subsequently activate their respective receptors, leading to transactivation of PI3Ka [3,
4]. Indeed, Noma et al (2007) demonstrated in cancer cell lines and neonatal
cardiomyocytes that isoproterenol stimulation of ERK 1/2 can be blocked via the
pharmacological inhibition of either growth factor receptors or MMPs [3]. Similarly,
Chen et al (2006) found that angiotensin Il treatment of porcine kidney cells increased
the phosphorylation of EGFR and that angiotensin Il mediated hypertrophy was blocked
with treatment of an EGFR inhibitor [8]. Several studies have also demonstrated similar
EGFR dependent transactivation pathways in other cell types [9-11]. Gefitinib is a

potent EGFR inhibitor that selectively binds to EGFR with higher potency than other
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ErbB receptors [12]. As EGFR inhibitors are clinically used for certain types of cancer
treatment, the use of Gefitinib in mitigating agonist mediated heart disease may prove

effective.

Given PI3Ka’s role in regulating cardiac hypertrophy in adult cardiomyocytes, it
is possible that transactivation of EGFR by GPCR agonists activates hypertrophic
signaling cascades via PI3Ka. This chapter will focus on identifying the transactivation
pathway in adult cardiomyocytes using PI3K isoform specific inhibitors and PI3K

mutant strains.
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5.2 Methods:

5.2.1 Cell culture

Adult cardiomyocytes were pre-treated with either 10 uM gefitinib, 10 nM of
P1-103, or 1 uM of AS604850 for 15 min then treated with either 100 nM isoproterenol
or 100 nM angiotensin Il for 15 min. After, the cells were washed with ice cold PBS

and cell lysate was collected according to Chapter 2.4.
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5.3 Results:

5.3.1 Isoproterenol mediated activation of Akt signaling requires PI3Ka but not

PI3KYy.

WT, PI3KaDN, and PI3KyKO adult cardiomyocytes were pre-treated with PI-
103 or AS604850 (Figure 5.1) before being treated with 100 nM of isoproterenol. WT
cardiomyocytes showed a significant increase in Akt phosphorylation in response to
isoproterenol (Figure 5.1 A) and this response was blocked by PI-103 but not by
AS604850 demonstrating that PI3Ka but not PI3Ky is needed for this response. Indeed,
while PI3KaDN cardiomyocytes did not have increased Akt phosphorylation when
treated with isoproterenol, PI3KyKO cardiomyocytes showed normal Akt

phoshporylation similar to WT (Figure 5.1 B-C).

Consistent with the fact that PI3KaDN mutants retain 25% of PI3Ka activity,
application of PI-103 in PI3KaDN further suppressed baseline Akt phosphorylation
(Figure 5.1 C). While it is true that PI-103 reduces baseline Akt phosphorylation, the
fact that PI3KaDN cardiomyocytes lacked a response to isoproterenol demonstrated that

PI3Ka activity is necessary for isoproterenol induced Akt phosphorylation (Figure 5.2).

5.3.2 Gefitinib blocks angiotensin Il but not isoproterenol mediated activation of

Akt.

Pre-treatment of adult cardiomyocytes with EGFR inhibitor gefitinib inhibited
angiotensin Il mediated phosphorylation of Akt at both the Ser 473 and Thr 308

residues (Figure 5.3 A) demonstrating the linkage between angiotensin receptor and
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EGFR. However, gefitinib only inhibits isoproterenol mediated phosphorylation of Akt

at the Thr 308 and not Ser 473 residue (Figure 5.2 B).
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5.4 Discussion:

The traditional PI3K signaling cascade consists of exclusive activation of PI3Ka
and PI3Ky by RTKs and GPCRs, respectively. Our results showed that this canonical
perspective does not fully represent the complexity of the PI3K signaling cascade in
vivo, particularly in adult cardiomyocytes. Interestingly, our results have demonstrated
that isoproterenol induced transactivation of Akt in cardiomyocytes via stimulation of
EGFR and subsequent transactivation of PI3Ka. The use of the EGFR inhibitor,
gefitinib, only partially blocked isoproterenol mediated Akt phosphorylation, preventing
phosphorylation of Thr 308 but not Ser 473 residue, suggesting that p adrenergic
receptor induced transactivation is not limited to the EGFR pathway. It is possible,
however, that the unknown pathway make still involve activation of proteases leading to
shedding of other membrane bound growth factors; hence, future analysis of the
potential of protease inhibitors in blocking transactivation will be required. It is also
possible that the initial activation of the B adrenergic receptor leads to activation of

kinases that activates PI3Ka intracellularly, such as the Src kinase [3].

On the other hand, angiotensin Il mediated activation of Akt was completely
ablated by pre-treatment with gefitinib, likely due to intrinsic differences in downstream
activation of signaling cascades between adrenergic receptors and angiotensin receptors.
Indeed, it has been suggested that angiotensin receptors rely entirely on EGFR for

transactivation [6].

We also showed that the transactivation of EGFR by isoproterenol requires PI3Ka,

as the loss of PI3Ka activity in PI3KaDN cardiomyocytes and in WT cardiomyocytes
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treated with the PI3Ka inhibitor prevented Akt phosphorylation. Though it is arguable
that the reduction in Akt phosphorylation upon treatment of the PI3Ka inhibitor is due
to the inhibitor’s effects on baseline Akt activation, the use of PI3KaDN mutants further
validated that PI3Ka is indeed necessary for isoproterenol mediated transactivation of
Akt. We also demonstrated that the transactivation of Akt via isoproterenol treatment is
mediated solely by PI3Ka as PI3Ky inhibitors and PI3KyKO mutant cardiomyocytes

exhibited similar Akt phosphorylation in response to isoproterenol as WT.
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Figure 5.1
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Figure 5.1 PI-103, but not TGX-221 or AS604850, reduces baseline Akt
phosphorylation in WT adult cardiomyocytes. WT adult cardiomyocytes were treated
with PI-103 (PI3Ka inhibitor), TGX-221 (PI3Kp inhibitor), or AS604850 (PI3Ky
inhibitor) and phospho-(Ser 473) and phospho-(Thr 308) Akt were standardized to total
Akt and plotted as bar graphs (n = 8; *p < 0.05 compared to WT group; graphs are

plotted as mean £ SEM).
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Figure 5.2
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Figure 5.2 Isoproterenol mediated Akt phosphorylation can be blocked by PI-103
and AS604850. Adult cardiomyocyte protein extracts from respective groups were
subjected to western blot analysis. The concentration of isoproterenol used was 100 nM
and the concentrations of PI-103 and AS604850 were 10 nM and 1 uM respectively.
The western blots shown are representative of Akt (phospho-(Ser 473) Akt, phospho-
(Thr 308) Akt, and total Akt). The quantified values of the western blots are displayed
in bar graphs (n = 8; *p < 0.05 compared to WT group; graphs are plotted as mean *

SEM).
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Figure 5.3 Pre-treatment with gefitinib inhibits angiotensin Il mediated activation
and partially inhibits isoproterenol mediated activation of Akt signaling. Adult
cardiomyocyte protein extracts from the treatment groups were subjected to western
blot analysis. The concentrations of isoproterenol, angiotensin Il and gefitinib used were
100 nM, 100 nM, and 10 uM respectively (A-B). The western blots shown are
representative of Akt (phospho-(Ser 473) Akt, phospho-(Thr 308) Akt, and total Akt).
The quantified values of the western blots are displayed in bar graphs (n = 8; *p < 0.05

compared to WT group; graphs are plotted as mean £ SEM).
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Chapter 6

DISCUSSION, LIMITATIONS, FUTURE DIRECTIONS, AND

CONCLUSION
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6.1 General Discussion:

The PI3K signaling cascade plays an integral role in the heart’s morphology and
function at both basal and stimulated states. The isoform specific roles of Class I PI13Ks
were explored in this thesis, which provided insight into novel aspects to the PI3K’s

cellular role, modes of activation, and crosstalk pathways.

In this thesis, we have made the following observations:

Chapter 3:

1. PIBKyKO mice rapidly develop heart failure in response to pressure overload
due to excess MMP expression and MMP mediated cleavage of N-cadherin
adhesion complexes.

2. The maladaptive remodelling of N-cadherin adhesion complexes in PI3KyKO
mice post AB can be reversed by blocking elevations in cAMP or blocking
MMP activity.

3. The maladaptive cardiac remodelling observed in PI3KyKO mice post AB can

be observed in WT mice after 9 weeks of AB.

Chapter 4:

1. PI3KyKO/aDN mutants have small hearts at 3 months of age but normalize by 6
months.
2. PI3KyKO/aDN mutant hearts are hyper-contractile at 6 months of age due to

enhanced cAMP.
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3. The dual loss of PI3Ka and PI3Ky leads to the paradoxical hyper-activation of

Akt and ERK signaling pathways due to inactivation of PTEN.

Chapter 5

1. PI3Ka is necessary for isoproterenol mediated phosphorylation of Akt.

2. EGFR is involved in angiotensin Il induce transactivation of Akt.

6.1.1 Kinase independent role of PI3Ky in the response to pressure overload

induced heart failure.

PI3Ky has a number of cellular functions in cardiomyocytes, including GPCR
agonist mediated signaling and contractile functional regulation. In combination with
previous studies, which explored PI3Ky’s kinase function in an agonist mediated heart
failure mouse model [1], we have shown that PI3Ky has dual protective and

pathological functions in heart disease, leading to a controversial role in vivo.

Heart disease is comprised of both biochemical and biomechanical features. One
of the biochemical aspects of heart disease is the upregulation of angiotensin Il and
catecholamine pathways. Chronic administration of angiotensin Il via mini osmotic
pumps generates systemic hypertension in WT mice but not in PI3KyKO mice, an effect
that was observed independent of changes in heart rate [2]. Furthermore, PI3Ky is
necessary for angiotensin Il mediated vasoconstriction, further exemplifying its role in
hypertension mediated pressure overload [2]. Isoproterenol, a B adrenergic agonist,
mediates pathological remodeling and fibrosis of the myocardium in a PI3Ky dependent
process [1]. Interestingly, phenylephrine, an agonist of the a adrenergic receptor, also
mediates a hypertensive response in WT mice as well as PI3KyKO mice, suggesting
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that certain GPCR agonists may stimulate the heart and vasculature independently of
PI3Ky [2]. Furthermore, it has also been shown that phenylephrine is capable of
transactivation of EGFRs in vascular cells thus suggesting a possible mechanism by
which PI3KyKO mice are not resistant to phenylephrine induced hypertension [3, 4]. It
would be interesting to explore whether phenylephrine can mediate a hypertensive

response in the absence of PI3Ka.

In the case of biochemically mediated pathological response of the cardiovascular
system, the loss of PI3Ky is generally protective. However, as discussed in chapter 3,
PI3KyKO mice are very sensitive and highly prone to biomechanical stress, rapidly
developing systolic dysfunction and DCM when exposed to pressure overload. This was
not observed in PI3KyKD mice, which retain a loss of function mutant isoform of p110y,
illustrating that PI3Ky’s interaction with phosphodiesterase (PDE) is key for modulating

PI3KYy’s protective effects in cardiomyocytes.

The combination of the current data with previous data suggests that while the
loss of PI3Ky’s kinase activity can protect the cardiovascular system from biochemical
stressors [1], the loss of p110y’s physical interaction with PDE will only exacerbate
cardiac damage from mechanical stress. From the pharmacological perspective, the
development of drugs to inhibit PI3Ky’s kinase activity can be cardioprotective as long
as the inhibitor does not interfere with PDE interaction or activity. Disruption of
intracellular concentrations of cCAMP may lead to adverse effects downstream as
illustrated by the unsuccessful clinical trials involving PDE inhibitors and the animal
models involving beta adrenergic receptor transgenic mutants [5-7]. Current drug

developments are underway for finding a compound that selectively inhibits PI3Ky in
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hope of developing a therapy for inflammatory disorders such as rheumatoid arthritis [8].
Our data suggests that the development of small molecule inhibitors or peptide
inhibitors could be useful but PDE activity should be tested. We also demonstrate the
potential cardiac toxicity of drugs that target the translation of p110y such as RNA

interference therapies or antisense oligonucleotides.

6.1.2 Regulation of PI3K signaling cascade by CK2 activity

Chapter 4 indicates the potential linkage between the PI3SK/PTEN signaling
cascade and Casein Kinase 2 (CK2). Previous efforts to delineate PI3K isoform specific
roles in the heart involved the generation of the loss of function PTEN mutant, which
exhibited a phenotype exactly opposite to the combined phenotypes of PI3KaDN and
PI3KyKO mutants [9]. This was demonstrated the differential modulation of
morphology and contractile function by PI3Koa and PI3Ky. Our study aimed at
validating this conclusion in adult cardiomyocytes via generating a mouse model that
lacked both PI3Ka and PI3Ky, the PI3KyKO/aDN double mutant (DM) mutant model,
but arrived at the surprising conclusion that dual loss of the two primary PI3K isoforms
in the heart resulted in hyper-activation of PI3K regulated kinases such as Akt and ERK.
We also found that DM mutants had depressed PTEN activity and increased CK2a’
protein levels suggesting that a potential negative feedback loop may exist to maintain
baseline activation of growth and survival pathways. The hyper-activation that we
observed can be attributed to an over-compensatory response of this feedback loop.
Though CK2 has been previously shown to down-regulated PTEN activity in cancer
cells in the same manner discussed in chapter 4, our data remains correlative and a

direct causality of PTEN inhibition by CK2 in cardiomyocytes cannot be implied.
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Interestingly, while our results suggest a pro-hypertrophic role of CK2 in the heart,
another study demonstrated that CK2 activity declines in response to hypertrophic
agonists and used this as evidence to argue that CK2 is anti-hypertrophic [10]. Though
that argument is plausible, it is also possible that a reduction of CK2’s activity in
response agonists such as phenylephrine and TNFa indicates an auto-regulatory
mechanism, which cardiac cells could use as a negative feedback loop to prevent
exaggerated responses to external stimuli. Nevertheless, our data has provided novel

evidence for a potential relationship between PI3K and CK2.

6.1.3 Transactivation of PI3Ka by GPCR stressor agonists

The process of transactivation has been extensively investigated in other cell
types, including some studies in cardiomyocytes [11, 12]. Our traditional understanding
of activation of Class I PI3Ks dictates the exclusive activation of PI3Ka and PI3Ky by
receptor tyrosine kinases and GPCR agonists, respectively. However, our data suggests
that in adult cardiomyocytes, beta adrenergic receptor stimulation activates the Akt
pathway only via PI3Ka and the absence or presence of PI3Ky makes no significant
differences on Akt phosphorylation. On the other hand, a previous study has
demonstrated that isoproterenol mediated pathological remodeling of the myocardium
and ERK activation are dependent on PI3Ky, suggesting that PI3Ky may activate
MAPK instead of the Akt cascade [1]. Patrucco et al (2004) suggested that the loss of
PI3Ky prevents the activation of Akt and ERK in response to pressure overload,
supporting our results [13]. The difference in our results could be attributed to the
complexity of the heart’s response to both the biomechanical and biochemical

components of pressure overload as well as the differences between an in vitro and in
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vivo model. For instance, it is possible that biomechanical, but not biochemical,
activation of Akt depends on PI3Ky. It is also likely that other stressor agonists are
released systemically during pressure overload that do not follow the same

transactivation pathway as catecholamines.

6.2 Limitations:

There are several limitations to the techniques and mutant models that we used in
this study. For instance, isolation and generation of adult cardiomyocytes is an in vitro
technique that is more representative of cardiomyocytes in a physiological setting than
neonatal cardiomyocyte cultures. However, unlike neonatal cardiomyocytes, adult
cardiomyocytes are not myogenic and thus lose the chronic biomechanical stimulation
that they would normally experience in vivo. Because it has previously been
demonstrated that mechanical force can stimulate Akt, our adult cardiomyocyte in vitro
model is not truly representative of cardiomyocytes in a baseline physiological state.
Although adult cardiomyocytes have been reported to survive for up to 72 hours post
isolation with progressive loss of cellular integrity [14], our lab has only been able to
maintain these cells for 48 hours. Such a short length of survival makes it difficult to
test for long term effects of chemical agonists thus our results only include acute and

short term measurements.

In chapter 3, we used AB as a model of pressure overload. However, the clinical
applicability of this model is limited due to its severity and acute nature. AB is an
artificial generation of the pressure overload experienced in the left ventricle during

conditions such as hypertension and aortic valvular stenosis, both of which are
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progressive disorders. Nevertheless, AB is a readily accessible model of pressure
overload and has generally been accepted as a useful tool for testing the heart’s response

to mechanical stress.

The mutant model PI3KaDN is designed to generate a mouse with PI3Ka activity
deficient cardiomyocytes. This transgenic model requires the over-expression of a
dominant negative isoform of p110a. The over-expression of a protein could introduce
unpredicted side-effects due to atypical protein interactions. To reduce this risk, the
PI3KaDN is used as a heterozygous mutant where cardiomyocytes retain 1 copy of the
WT pl10a gene, retaining roughly 25% of WT PI3Ka activity [15]. Ultimately, the

PI3KaDN model is imperfect as it does not completely abolish PI3Ka activity.

The use of propranolol, PD166793, gefitinib, P1-103, and AS604850 in our
studies carries limited clinical relevance as these drugs were all administered prior to
the onset of biochemical or biomechanical stress hence their effects do not represent
‘rescue’ or ‘prevention of progression’ but instead represent ‘prevention prior to onset’.
Nevertheless, our purpose for using these drugs was not to generate a clinically
applicable scenario but simply to test their respective signaling pathways and thus can
still generate valid results. Furthermore, in the cases of PI-103 and AS604850, which
are PI3K inhibitors, we confirmed the results with the usage of mutant models thus

enhancing the validity of our observations.

In chapter 4, the link between PTEN and CK2 was implied but not directly tested.
To overcome this, in vitro analysis of PTEN activity using pharmacological or genetic

inhibition of CK2 would be necessary. In addition, it was assumed that a reduction of
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PTEN lead to the hyper-activation of Akt signaling cascades but was never directly
tested. One way to overcome this would be to measure PIP3 levels in DM mice, though

the complications of this measurement process make it difficult to pursue.

6.3 Future directions:

In chapter 3, we have dissected the mechanism for the rapid failure of PI3KyKO
heart when exposed to pressure overload. Izumo’s group also showed a rapid failure of
PI3KaDN in response to pressure overload [16, 17], but our results indicate that this
occurs in a MMP and N-cadherin independent manner, as MMP expression was not
altered and N-cadherin levels were retained in PI3KaDN mice post AB [18]. As
intercellular adhesion complexes are not jeopardized in PI3KaDN mice post AB, it is
possible that the observed failure is due to an intracellular process. Studies have shown
that gelsolin, an enzyme that cleaves actin filaments and promotes cytoskeletal
remodeling, is regulated by PIP,/PIP; levels [19-21]. A future study could investigate

the role of gelsolin in PI3KaDN mice post AB.

Also in chapter 3, we utilized propranolol as our beta blocker in an attempt to
rescue the loss of N-cadherin in vivo. As propranolol is replaced by newer and more
specific beta blockers in the treatment of cardiovascular diseases, it would be interesting

and perhaps more appropriate to use other B blockers to obtain more clinical relevance.

In chapter 4, one of the limitations is our correlative conclusion of CK2’s
regulation of PTEN. If this pathway is correct, then we would have identified an
important relationship between the CK2 and PISK/PTEN pathways in the heart. Future

experiments could test ability of TBBz, a CK2 specific inhibitor, in ablating the
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augmented activation of Akt and GSK-3 in DM adult cardiomyocytes. The same
experiment can also be extended to an in vivo model using mini-osmotic pumps for

chronic administration of CK2 inhibitors in DM mice.

In chapter 5, we provided evidence for a mechanism of transactivation for
angiotensin 1l and isoproterenol in adult cardiomyocytes in vitro by using the EGFR
inhibitor gefitinib. As gefitinib is currently being used as a therapy for certain types of
cancer, it may be interesting to explore its potential for protecting the heart against
angiotensin Il or isoproterenol induced pathological remodeling and heart failure. Hence,
the use of gefitinib in an in vivo mouse model with chronic administration of
angiotensin 11 or isoproterenol by mini-osmotic pumps may help extrapolate the

transactivation pathway in a physiological setting.

A fundamental assumption proposed in this thesis is that the GPCR agonist
mediated transactivation of RTKs relies on the shedding of membrane bound growth
factors by of proteases. This assumption could be tested in future studies by using
pharmacological inhibitors of proteases such as MMPs and A Dysintegrin and

Metalloproteinases.

6.4 Conclusion:

This thesis explored the isoform specific functions and crosstalk of PI3Ky and
PI3Ka by utilizing pharmacological agents and mutant models. We identified the kinase
independent role of PI3Ky in protecting the heart from mechanical stress and
demonstrated the importance of cell-cell adhesion complexes in intercellular force

transduction. We also showed evidence that PI3Ky may not be as important as PI3Ka in
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mediating Akt activation in response to GPCR agonists in adult cardiomyocytes as beta
adrenergic stimulation leads to transactivation of PI3Ka. We also illustrated that CK2
may have an important role in maintaining Akt signaling via inhibition of PTEN in the
absence of both PI3Ka and PI3Ky, while this function is not prominent in the absence

of only one PI3K isoform.

Since PI3K is a modulator of both cardiac morphology and function, this thesis
provides important insight on the isoform specific roles of Class | PI3Ks in the heart
and acts as a precedent for future studies in the development of treatments for heart

disease.
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