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ABSTRACT

The heme metabolism pathway remains a novel therapeutic target for heart failure
treatment. However, how heme is regulated in the failing heart remains to be understood.
To investigate the molecular mechanisms underlying heme regulation and its potential
modulation by hypoxia inducible transcription factors, we investigated the expression of
heme regulatory enzymes and hypoxia inducible factors in clinical heart failure and
experimental heart failure rodent models. Here we show that heme regulatory enzymes -
delta-aminolevulinic acid synthases (ALAS) and heme oxygenases (HMOX) - and heme
bioavailability changed significantly in clinical and experimental rodent models of heart
failure over time, that (HMOX1) protein levels remained relatively unchanged or
decreased in experimental heart failure, and that HMOX1 expression is induced

synergistically in heme-replete hypoxia, likely by hypoxia inducible factor 2o (HIF2a).
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CHAPTER 1
Introduction

Heart failure is the complex end result of one or more cardiovascular diseases that
reduce the ability of the heart to meet the metabolic demands of the body. More than 26
million [1] individuals are currently living with heart failure, with a prevalence projected
to exceed 1 in every 3 individuals by 2030 [2] as more patients survive acute adverse
cardiac events (ex. myocardial infarction). The outcomes for heart failure patients are
poor — <50% survive more than five years after diagnosis [3]. Targeting the heme
metabolism pathway could be a novel approach to manage heart failure. Upregulation of
the stress-inducible enzyme heme oxygenase-1 (HMOX1) in the heart exerts
cytoprotection by catabolising pro-oxidant free-heme into the antioxidant biliverdin.
Heme catabolism additionally releases the anti-inflammatory and vasodilatory
gasotransmitter carbon monoxide (CO), and essential iron (Fe?*). CO contributes
indirectly to the reduction of oxidative stress and apoptosis through the soluble guanylyl
cyclase pathway [4], whereas Fe?" release coincides with increased production of
cytoprotective ferritin [5]. Induction of HMOX1 in experimental models of heart failure
has repeatedly demonstrated significant improvements in cardiac function and overall
survival, such as after acute myocardial infarction (AMI) [6-8]. Although pro-oxidant
when not encapsulated by hemoproteins, heme is otherwise an essential molecular
oxygen carrier required for oxygen-dependent metabolic processes. Understanding the
basic molecular mechanisms underpinning heme homeostasis in healthy cells and in heart
failure is critical to clinical translation of therapeutics designed to target the
cytoprotective benefits derived from altered heme metabolism. Here, we investigated
heme metabolism in clinical and experimental heart failure during the progression of an
AMI and in an experimental model of hypertension-induced heart failure. Given the
inter-dependency of heme and oxygen-dependent metabolism within the heart, we further
sought to elucidate the role of hypoxia inducible transcription factors (HIFs) in regulating
heme metabolism in the progression to heart failure.
1.1 Clinical Characteristics and Management of Heart Failure

Heart failure is the inability of the myocardium to meet the metabolic

requirements of the body. In a healthy patient, the volume of blood ejected from the



ventricle compared to the ventricle’s end diastolic volume (ejection fraction) typically
ranges from 60-80%. In heart failure, ejection fraction is reduced to 50% or less, resulting
in significantly impaired delivery of oxygenated blood to the rest of the body and an
inability to maintain the body’s essential functions. Heart failure stems from an inability
to contract (systolic dysfunction), to relax and fill with blood (diastolic dysfunction), or a
combination thereof.

Heart failure results in a number of physical limitations and symptoms.
Depending upon the degree of failure, heart failure patients can present with mild to
severe fatigue, dyspnea, coughing, edema, or irregular heart rate, even while at rest [9],
contributing to an inability to conduct basic physical activity. Frequently, patients will
appear asymptomatic as a result of initial cardiopulmonary adaptation (compensation) [9,
10]. Symptoms differ depending upon whether heart failure occurs in the left or right
ventricle. In left-sided heart failure, the left ventricle’s ability to eject blood is impaired,
which can result in pulmonary congestion characterized by an accumulation of pressure
through the pulmonary veins and lungs [11-13]. Congestion results in pulmonary
dysfunction by increasing fibrotic remodeling and pulmonary edema [13, 14], which
impairs gas exchange [15, 16]. Although left ventricular dysfunction is regularly
considered the most prominent cause of heart failure, there is significant overlap between
left and right-sided failure. Accumulation of blood and increased pressure through the
pulmonary vasculature as a result of left ventricular dysfunction can cause further
dysfunction through the pulmonary arteries. Consequently, an increased hemodynamic
load is placed on the right ventricle [11]. Right ventricular heart failure, whether the
result of left ventricular dysfunction, valvular dysfunction or of idiopathic origin,
compromises blood delivery to the lungs (causing shortness of breath and further
pulmonary edema and fibrosis); this results in congestion of blood within the peripheral
veins, and edema in the legs and abdomen [17]. If left untreated, edema can impair
mobility and cause severe pain by restricting peripheral circulation as it imposes external
pressure on the vasculature [13].

Treatment of heart failure is complex. Pathologies contributing to heart failure are
diverse and are further complicated by associated comorbidities (congenital birth defects,

valvular dysfunction, obesity, diabetes, hypercholesterolemia, and cardiomyopathies



stemming from idiopathic factors) [18]. However, the most prevalent causes of heart
failure are myocardial infarction or hypertension [3].
1.1.1 Heart Failure Resulting from an Acute Myocardial Infarction (AMI)

In a healthy human heart, coronary arteries supply oxygen and nutrient-rich blood
to the myocardium. In an acute myocardial infarction (AMI), the coronary arteries
become partially or completely occluded as a result of vasospastic constriction,
vulnerable atherosclerotic plaque rupture and/or platelet activated thrombus formation.
Occlusion of the coronary arteries results in ischemia, which translates to reduced
nutrient/oxygen delivery to cardiomyocytes and an accumulation of toxic metabolic
waste, such as lactic acid, due to anaerobic metabolism [19].

An AMI is divided into three primary stages: acute injury, early remodeling and
late remodeling. Initial occlusion of the coronary arteries results in a sudden drop in
blood supply to the myocardium (ischemia). Simultaneously, absence or reduction in
oxygen availability causes rapid accumulation of reactive oxygen species (ROS) and
subsequent apoptosis/necrosis [20]. Cardiomyocyte necrosis results in cytokine release
and systolic dysfunction with the resulting loss of contractile tissue [21]. Cytokine release
is both necessary for modulation of myocardial repair, such as through myofibroblast
differentiation and proliferation, as well as detrimental in the generation of ROS and
negative matrix remodeling by inflammatory cells [22].

Treatment must be rapidly administered to prevent expansion of the infarct
whether by further necrosis or apoptosis. Reperfusion of the coronary arteries may be
achieved through thrombolysis, percutaneous coronary intervention (stenting or balloon
angioplasty by coronary catheterization), or coronary artery bypass grafting. Reperfusion
of the occluded artery will not rescue necrotic tissue and, though necessary can cause
further accumulation of ROS through ischemia reperfusion (IR)-injury [23]. In many
instances, however, the coronary arteries remain permanently occluded and therapeutics
such as anti-platelet therapies, calcium channel antagonists and B-adrenergic antagonists
(B-blockers) aim to prevent further occlusion and reduce oxygen consumption by
decreasing the force of contraction and heart rate respectively.

In patients surviving the initial AMI, early remodeling results in structural and

morphological changes to the myocardium [24]. After AMI, stabilization of the



weakened ventricular wall becomes critical to preventing hemorrhagic rupture as the
heart undergoes eccentric hypertrophy and ventricular dilatation. Within the infarct zone,
deleterious cardiomyocyte remnants are removed from the infarct by macrophage
infiltration [24]. Increased hemodynamic load and cytokine stimulation signal rapid
fibroblast proliferation, differentiation and scar matrix production [25]. Fibroblasts are
essential mediators of extracellular matrix (ECM) remodeling through the deposition of
fibrin and fibronectin in the attempt to re-establish structural integrity [26]. Within the
peri-infarct region, surviving cardiomyocytes compensate for the loss of contractile tissue
and increased hemodynamic stress through hypertrophic remodeling [27, 28].

Additional structural changes are observed in later remodeling. In the
compensated heart, extensive fibroblast proliferation results in collagen reinforcement of
the existing scar and compensatory hypertrophy of the remaining viable cardiomyocytes
maintains cardiac output [29]. However, decompensation can emerge from excessive or
negative remodeling and previously preserved ejection fraction can then deteriorate [30].

Myocardial stretch, caused by eccentric ventricular hypertrophy/dilatation and
increased hemodynamic volume overload, coupled with simultaneous negative
extracellular matrix remodeling (i.e. via matrix metalloproteases), results in myocardial
slippage [31]. Myocardial slippage, misalignment of myosin and actin filaments, results
in an impaired ability to contract efficiently (systolic dysfunction), further contributing to
decreased oxygen delivering capabilities (i.e. ejection fraction). As the oxygen demands
of the surviving cardiomyocytes rise to meet the increased mechanical load,
neovascularization is essential to meet their metabolic needs [32, 33].

1.1.2 Heart Failure Resulting from Hypertension (Pressure Overload)

Hypertension is the persistent elevation of arterial blood pressure in excess of
100-140mmHg during systole and 60-90mmHg in diastole [34]. The two most prominent
factors contributing to hypertension include dysfunctional arterial endothelium and
excess renin-angiotensin-aldosterone system (RAAS) activity. Excess endothelial
production of vasoconstrictors (e.g. endothelin-1) in contrast to vasodilators (e.g. nitric
oxide, carbon monoxide (CO), and prostacyclin) can result in increased arterial resistance
[35]. Arterial resistance alone does not inevitably translate into an increase in blood

pressure. Coupled with impaired arterial tone, overactive RAAS contributes to



hypertension by increasing blood volume and angiotensin Il production. Angiotensin I1
acts as a vasoconstrictor, while aldosterone overproduction contributes to hypertension
by decreasing natriuresis through sodium reabsorption in the kidneys, osmotically
drawing water from the renal filtrate back into the bloodstream to increase blood volume
[36]. Increased arterial pressure is further propagated by subsequent stimulation of
vascular smooth muscle cell (VSMC) proliferation. An increase in blood volume,
concurrent with increased arterial resistance, exerts greater transmural force against the
vasculature instead of exerting shear stress. Reduction in shear stress results in vascular
smooth muscle proliferation [37]. Consequently, unrestricted proliferation of vascular
smooth muscle cells results in decreased luminal diameter, increasing the risk of
atherosclerosis and reducing renal perfusion. Decreased renal perfusion stimulates renin
synthesis and exacerbates hypertension through angiotensin II production and
vasoconstriction [38].

Hypertension is predominantly asymptomatic, even as pressure becomes
dangerously elevated, and is therefore routinely monitored for by family physicians.
Absence of symptoms results from the heart’s initial ability to adapt to the gradual
increase in arterial pressure [10]. To overcome the increase in peripheral resistance
(afterload), the myocardium must increase the force with which it contracts. Acutely, the
increase in afterload is met with compensatory concentric hypertrophy [12]. Chronically,
the persistent strain on the hypertrophied heart can result in decompensation [12] and
ultimately heart failure. This can result from insufficient neovascularization as well as
pathological remodeling. Interstitial fibrotic remodeling occurs as increased mechanical
load and transmural wall pressure stimulates fibroblast proliferation/differentiation, and
induces ECM remodeling. Although hypertrophy is initially beneficial to the
myocardium’s adaptation to increased afterload, fibrotically fixed hypertrophy can result
in decompensatory failure through decreased ventricular volume as well as both systolic
and diastolic dysfunction [12].

1.1.3 Clinical Management of Heart Failure

For patients with an underlying predisposition for heart failure and those who may

be unable to alter their lifestyle and cannot yet change their genetic predispositions,

pharmacological intervention is required [39]. B-adrenergic receptor antagonists, such as



propranolol, inhibit the binding of epinephrine and norepinephrine to 3-adrenergic
receptors. Antagonism of f-adrenergic receptors located in the heart decreases heart rate
through sympathetic inhibition. Consequently, demand for molecular oxygen declines
alongside cardiac output. Bi-receptor antagonism further inhibits renin synthesis through
1 receptors situated in the kidney. Non-selective -antagonists, such as carvedilol,
provides additional therapeutic benefit through antagonism of o -receptors to inhibit
vasoconstriction. Pharmacological reduction of blood volume is achieved through the
administration of diuretics, such as thiazides. Blood volume reduction and vasodilation is
further accomplished through RAAS antagonists, such as angiotensin II receptor blockers
(ARBs), angiotensin converting enzyme (ACE) inhibitors, aldosterone inhibitors, as well
as the more novel chymase inhibitors [26].

In patients where cardiovascular prognosis is in decline, surgical intervention may
be inevitable. Surgical intervention is significantly more complex and invasive (e.g. open
heart procedures). Intervention may include procedures such as the insertion of
ventricular assist devices (VADs) or cardiac transplant, which are reserved for end-stage
heart failure. VADs are implanted within the failing ventricle and mechanically propel
blood to the vasculature. Implantation of VADs are used as an intermediary bridge to
cardiac transplantation until a suitable donor heart becomes available. Although cardiac
transplants replace the injured heart altogether, the patient may have been placed on a
waitlist for a prolonged period of time. The procedure is costly and includes risk of
immune incompatibility, while not necessarily eliminating the factors that contributed to
the initial heart failure. Despite the array of advances in interventional medicine, there
exists no cure for heart failure. Current treatment options aim to alleviate symptoms and
delay decompensation, however the morbidity and mortality of patients diagnosed with
heart failure remain high. It is therefore critical to investigate novel therapeutic targets
aimed at improving not only survival but the overall cardiac function of heart failure
patients.

1.2 Preclinical Models of Heart Failure

Although patient biopsies provide valuable insight into the molecular signaling

involved in the human failing heart, they are frequently obtained from cardiac tissue prior

to transplant, thus providing only a brief snapshot of a complex series of molecular



mechanisms leading to the terminal stages of heart failure. Further, true molecular
signaling may be masked by concomitant comorbidities and prior pharmacological
intervention. Preclinical models thus provide critical insight into the detailed molecular
signaling as the heart progresses into failure. Although the incipient cause of preclinical
heart failure may not be identical in every aspect to those underlying patient heart failure,
preclinical models are invaluable for investigating altered signaling throughout
compensatory to decompensatory stages, as well as identifying novel pharmacological
targets and the optimal strategies for, or limitations of, potential interventions.

The successful translation of novel pharmacological compounds from basic
research to the clinic is heavily dependent upon the use of appropriate preclinical models.
The vast majority of preclinical trials exclusively employ young, male, genetically inbred
animals. However, clinical translation still requires assessment of therapeutic potential in
preclinical models that more accurately reflect patient demographics and disease (i.e. age
and sex appropriate models) [40].

1.2.1 Heart Failure by AMI

Surgical ligation of the left anterior descending coronary artery (LAD) is the
principal method used to model AMI-induced heart failure [41]. Permanent occlusion of
the LAD significantly reduces left ventricular perfusion and results in the rapid increase
in oxidative stress markers [42] and cardiomyocyte death. Similar to the infarcted human
heart, occlusion of the LAD in both murine and porcine models demonstrate
characteristic increases in left ventricular volume as the infarct expands, in addition to
decreased ejection fraction [42]. Although the coronary ligation model excludes clinical
contributing factors (e.g. atherosclerosis) and requires surgical proficiency, it most
closely reflects clinical AMI. The LAD ligation model further facilitates modeling of IR-
injury, allowing for equal opportunity to model patients who are eligible for reperfusion
as those that are ineligible. Other, less prominent models of volume-induced heart failure
include cryoinjury, electrocautery or subcutaneous isoproterenol infusion, which generate
myocardial weakening by direct cardiomyocyte necrosis [41]. Despite their simplicity,
these techniques are limited in their clinical translation as the remodeling is not deemed

to be as well aligned with either the LAD or IR-injury models.



1.2.2 Heart Failure by Chronic Hypertension

Preclinical modelling of hypertensive heart failure is significantly more complex.
As 95% of patient hypertension is idiopathic (defined as ‘primary hypertension’; [43]),
many preclinical models have emerged to investigate the interplay of genetic predisposal,
RAAS, sympathetic and endothelial dysfunctions. Transgenic modelling of hypertensive
heart failure primarily involves the use of either Dahl salt-sensitive or spontaneously
hypertensive (SHF/Mcc-facp) rat models [44]. Dahl rats develop systemic hypertension
at 18-20 weeks when fed a high-salt diet. Spontaneously hypertensive rats display a
gradual increase in systemic hypertension, followed by compensatory left ventricular
hypertrophy with preserved ejection fraction, increased interstitial fibrosis and
subsequent transition into decompensated heart failure at 18-24 months [44]. Transgenic
models offer the benefit of a more clinically relevant and non-invasive model through the
gradual pathogenesis of hypertension and chronic heart failure. However, Dahl salt-
sensitive and spontaneously hypertensive rat models are limited by their higher financial
costs; larger cohorts are required to account for discrepancies in age-matching and
delayed onset (18 weeks to 2 years) extends animal care costs considerably.

In addition to genetic models, aortic banding has become the most popular model
of hypertensive heart failure. Surgical placement of a restrictive band around the
ascending aorta of 3 week-old rats results in the gradual constriction of the aorta as the
rats mature, subsequently driving RAAS-induced heart failure through restricted renal
perfusion [41]. Aortic banding in rats may be either ascending [45], transverse [46] or
abdominal [47], but either demonstrates concentric left ventricular hypertrophy while
maintaining ejection fraction. At approximately 18 weeks of age, systolic and diastolic
dysfunction, as well as pulmonary edema, are observed [41]. That most models are
performed at an age where the animals transition into full adulthood could limit the
clinical parallel, yet there is clinical relevance in that a gradual development of
hypertension occurs. Aortic banding requires a high degree of technical surgical
proficiency in newly weaned rats, and even more so in small mice (of comparable age).
Despite the technical challenge, transverse aortic constriction (TAC) remains the most
broadly used model of hypertensive heart failure [41, 48]. In murine TAC, a ligature is

applied around the transverse segment of the aortic arch, between the brachiocephalic and



left common carotid arteries, and is constricted over a blunted 22-27-gauge needle. As
the needle is withdrawn, the aorta remains constricted to its diameter. Aortic constriction
reduces perfusion to the kidneys, while simultaneously generating increased afterload to
the left ventricle. TAC results in compensatory left ventricular hypertrophy, interstitial
fibrotic remodeling, and decompensation accompanied by the increased secretion of
inflammatory cytokines, systolic and diastolic failure. Although the TAC model does not
identically reflect the gradual onset of hypertensive heart failure in older humans, it
continues to provide a consistent response in the left ventricle and immediate insight into
the molecular pathways responsive to hypertensive adaptation [49].

1.3 Hypoxia in Heart Failure

As the largest consumer of molecular oxygen by mass, the myocardium requires a
constant supply of oxygen to maintain myocardial viability and function [50]. Without
oxygen, mitochondrial energy production via the electron transport chain would cease,
resulting in the accumulation of ROS, ATP deprivation, apoptosis or necrosis [51].
Persistent hypoxia, or low oxygen availability [52], such as that exhibited in the injured
myocardium is detrimental to proper cardiac function and thus remains a major
contributor to increased morbidity and mortality associated with heart failure [50].

1.3.1 Acute and Chronic Hypoxia in AMI- and Hypertension-Derived Heart Failure

Hypoxia occurs both acutely and chronically in AMI-derived heart failure.
Acutely, occlusion of the coronary arteries prevents oxygenated blood flow to
downstream tissue. In patients where percutaneous coronary intervention or a coronary
artery bypass graft is appropriate, hypoxic tissue can be reperfused and a continuous
supply of oxygen is reinstated. In the event of permanent coronary artery occlusion,
oxygen delivery is not reinstated and downstream tissue becomes necrotic.

As heart failure emerges with progressive cardiomyocyte loss, chronic hypoxia
can occur in the peri-infarct region as transfer of mechanical load from the dying to the
surviving cardiomyocytes occurs. Increased hemodynamic strain results in compensatory
hypertrophy of the remaining cardiomyocytes through the addition of sarcomeric units
[53]. These units require additional ATP and thus increase the metabolic demand for

oxygen, of which supply is already limited by poor perfusion. Adequate angiogenesis



and/or neovascularization to the peri-infarct region thus becomes essential and is
indicated by an increase in capillary density.

In patients diagnosed with pressure-overload heart failure, oxygen availability is
characterized by chronic hypoxia leading up to decompensation. Similar to AMI, chronic
hypoxia in hypertension-derived heart failure is consequential of persistent metabolic
hypoxia as well as pathological fibrotic remodeling [54]. Moreover, chronic hypoxia can
occur as a result of increased interstitial fibrosis, which creates a barrier across which
oxygen diffusion occurs from vessel to myocyte mitochondria (marginally increased
further by myocyte hypertrophy) [16]. In the case of extensive perivascular fibrosis, this
can also result in vessel constriction [54].

1.4. Molecular Response to Cellular Hypoxia

In order to adapt to decreased oxygen availability, protein expression is
modulated to reduce intracellular stress, maintain cell viability and improve oxygen
delivery. The molecular response to intracellular hypoxia can thus be thematically
classified as: 1) attenuation of oxidative stress and inflammation and 2) the modification
of oxygen delivery and/or consumption to regain oxygen homeostasis. These responses
are largely mediated by the stress-inducible expression of heme-catabolizing enzyme
heme oxygenase-1 (HMOXT1) [55] and the pleiotropic expression of proteins regulated by
transcriptional factor hypoxia inducible factor 1 alpha (HIF1a) [56].

1.4.1 Hypoxia Inducible Factors (HIF1a and HIF2a)

Hypoxia inducible factors are the primary regulators of oxygen homeostasis. Two
isoforms exist: the well characterized, HIF 1o and the lesser characterized, HIF2a.. HIF 1o
is attributed to being the primary mediator of cell adaptation to hypoxia, as it is
responsible for the transcriptional regulation of over 200 genes, such as vascular
endothelial growth factor (VEGF), erythropoietin (EPO) and HMOX1 that increase
oxygen availability through angiogenesis, erythropoiesis [57-59], and cytoprotection.
HIF2a has received considerably less investigative attention. HIF1a and HIF2a are
heterodimeric transcription factors belonging to a family of basic helix-loop-helix, PAS-
domain proteins, which are composed of an a-subunit and a constitutively expressed [3-
subunit, also known as aryl hydrocarbon receptor nuclear translocator (ARNT/HIF3)

[60]. Due to the severe implications of low oxygen tension, HIF1a and HIF2a are
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continually synthesized and degraded despite oxygen homeostasis; HIF1a has been
reported to have a half-life of only 5 minutes [61]; though it is unclear whether
differences in stability exist between HIF1a and HIF2a. In normoxia, the o-subunit
undergoes oxygen-dependent prolyl hydroxylation, mediated by prolyl hydroxylases
PHDI1, PHD2 or PHD3, within its oxygen dependent degradation (ODD) domain.
Hydroxylation of the ODD results in an increased affinity to tumor suppressor, Von
Hippel-Lindau (VHL) protein, and subsequent HIFa targeting by the E3 ubiquitin ligase
complex for polyubiquitination, proceeded by proteosomal degradation [60] (Figure 1.1).
With intracellular hypoxia, HIFa forms a heterodimer with HIF3, thus enabling nuclear
translocation. Once in the nucleus, the heterodimer binds hypoxia response elements
(HREs) within the promoter region of target genes. This results in the formation of a
transcription initiation complex (TIC) with RNA polymerase and P300 coactivators, and
elicits an appropriate molecular physiological response. Although intracellular oxygen
availability is the primary means by which HIFs are stabilized, it is important to note the
existence of other hypoxia-independent stabilizers, most notably CoClz, which, by
inhibiting the hydroxylation of the ODD, results in an accumulation of HIF1a
independent of oxygen availability [62-64].

HIF1o and HIF2a are highly conserved and contain many overlapping functions
[61]. Both isoforms are critical to the regulation of cardiovascular development. Deletion
of either isoform during development is embryonically lethal [61]. In mice lacking
HIF1a, impaired cardiac development and erythropoiesis are observed [61]. In mice
lacking HIF2a., vascular defects and bradycardia are observed. Similarities in dysfunction
may be partially attributable to overlapping regulation of VEGF [61].

HIF1a and HIF2a also contain distinctly separate functions and are therefore are
not redundant to one another, but rather appear complementary. HIF2a is a
transcriptional regulator of erythropoietin (EPO) [65], while HIF 1a regulates
angiopoietins 1-and 2, stromal derived factor-1 and endothelin [61]. A distinct
characteristic of HIF2a is the presence of an iron response element (IRE) within its
transcript [66]. IREs are specific sequences located within the untranslated region (UTR)

of certain mRNA transcripts that enable regulation by iron bioavailability [67]. When
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Figure 1.1. Regulation of Hypoxia Inducible Factors in Intracellular Normoxia and Hypoxia. Under normoxic conditions,
hypoxia inducible factors HIF1a and HIF2a undergo hydroxylation by prolyl hydroxylases (PHDs) and are subsequently targeted by
the Von Hippel-Lindau (VHL) tumor suppressor protein, enabling polyubiquitination by the E3 ubiquitin complex and proteosomal
degradation. Under hypoxic conditions, HIF1o/ HIF2a forms a heterodimer with nuclear translocator HIF13/HIF2[B. Once in the
nucleus, the heterodimer binds hypoxia response elements (HREs) within the promoter region of target genes resulting in the
formation of a transcription initiation complex (TIC) with RNA polymerase and P300 coactivators. Adapted from Semenza, G.L. [68].
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intracellular iron levels are low, IREs are bound by iron response element binding
proteins (IREBPs), which inhibit mRNA translation. In the presence of iron, IREBPs are
released and mRNA translation is disinhibited. IREs have been identified in a number of
iron-related genes, such as ferritin [69]. As intracellular iron, such as that produced by
heme catabolism, binds the IREBP on ferritin-mRNA, the IREBP dissociates to allow
ferritin translation. Although most IRE-containing transcripts conform to this mode of
action, others do not [70]. For example, transferrin receptor mRNA, which is responsible
for intracellular re-uptake of iron, is stabilized by the presence of an IREBP. In heme
metabolism, the presence of an IRE within erythroid delta-aminolevulinic acid synthase-2
(ALAS?2) is a distinguishing feature from ALASI [71]. The presence of an IRE may
explain why HIF2a has been shown to transcriptionally regulate key iron regulatory
proteins including divalent metal transporter-1 (DMT-1), ferroportin, and hemoprotein
duodenal cytochrome B (DcytB) [72]. Interestingly, HIF2a - not HIF1a - also contains
four putative heme regulatory motifs that theoretically could enable protein interactions
with heme [73].
1.4.2 Regulation of Rate-Limiting Enzymes in Heme Metabolism

Heme, iron protoporphyrin IX, is essential for oxygen-dependent life as a result of
the oxygen binding capacity of its iron core [74]. Heme, the iron-containing prosthetic
group of the hemoprotein hemoglobin, is essential for sustaining oxygen-dependent
function through its roles in cellular respiration, formation of cytochromes, and globins.
The oxygen binding capacity of heme’s iron core enables it to serve in electron transport
and catalyze redox reactions. Proteins including the heme prosthetic/cofactor are termed
‘hemoproteins’ and include a wide array of function, such as the generation of immune
reactions in peroxidases, generating ATP or metabolizing drugs in Cytochrome C and
Cytochrome P450, and oxygen transport and storage in hemoglobin and myoglobin. Thus
heme is synthesized ubiquitously and is critical to cellular homeostasis and metabolic
processes involving oxygen. Although essential to cellular function, free heme can be
cytotoxic as its highly lypophilic regions enables destabilization of lipid membranes and
DNA by peroxidation and intercalation [75].

Heme is synthesized by a sequence of 8 enzymatic reactions, of which the first

and last 3 steps take place within the mitochondria [76] (Figure 1.2). Heme biosynthesis
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Figure 1.2. Regulation of Heme Synthesis by Rate-Limiting Delta-Aminolevulinic
Acid Synthase (ALAS1 and ALAS2). Delta-aminolevulinic acid synthase (ALASI or
ALAS?2) mediates the conversion of glycine and succinyl Co-A to 5-aminolevulinic acid
(5-ALA) in the mitochondria. Zinc-coupled 5-aminolevulinic acid dehydratase (ALAD)
converts 5-ALA into porphobilonogen (PBG) in the cytosol. PBG is then converted to
hydroxymethylbilane (HMB) by porphobilonogen deaminase (PBGD). HMB
converted to uroporphyrinogen III (UPB) by uroporphyrinogen III synthase (UROS).
UPB is subsequently converted into coproporphyrinogen III (CPP) by uroporphyrinogen
decarboxylase (UROD). Within the mitochondria, the conversion of CPP to
protoporphyrinogen IX (PPQ) is catalyzed by coproporphyrinogen III oxidase (CPO) and
oxygen. PPG is then converted to protoporphyrin IX (PP) by protoporphyrinogen oxidase
(PPO) and oxygen before chelating iron (Fe**) via ferrochelatase (Fechl) to form heme.
(ABCB10, ATP-binding -cassette subfamily-B member-10; Mfrnl, mitoferrin-1;
SLC25A38, Solute carrier family 25 member 38; TFR1, transferrin receptor-1).
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is catalyzed from glycine and succinyl Co-A by the rate-limiting enzyme ALAS [77].
Two highly conserved isoforms have been identified: ALAS1 and ALAS2. ALASI, also
named ALAS-H for its purported housekeeping properties, is believed to be
constitutively expressed while ALAS2 (ALAS-E) is the primary isoform responsible for
heme incorporation into red blood cells and is predominantly expressed in erythroid cells
[78].

Heme is catabolized by heme oxygenases, of which, two active isoforms have
been characterized, an inducible HMOX1 and a constitutive HMOX2 [79]. HMOX1 and
HMOX2 are responsible for the catabolism of heme into biliverdin, carbon monoxide
(CO), and essential Fe** (Figure 1.3). HMOXI is tightly regulated by its transcriptional
repressor Bach1 [80]. In the presence of heme, Bachl is released from the HMOX1
promoter and subsequently targeted for proteasomal degradation outside of the nucleus.
Historically, little attention was paid to HMOX1 or its metabolites, which were largely
considered to be waste products when discovered in 1968 by Tenhunen et al.[79] until
1992 when Nath et al. [81] characterized HMOX1 as cytoprotective against renal injury.
Since then, exploration of HMOXI as a potential cytoprotective strategy has dramatically
increased, especially in the context of ischemic injury [82].

HMOX1 collectively exerts its cytoprotective benefits by catabolism of pro-
oxidant free heme into potent antioxidant biliverdin; vasodilator and anti-inflammatory
agent, CO; and Fe?" which is rapidly sequestered by ferritin [82]. The binding of heme to
HMOXI1 results in targeted cleavage of heme’s a-methine bridge and opening of its
heterocyclic pyrrole ring to form the bile pigment biliverdin. Biliverdin is then converted
to bilirubin by biliverdin reductase, where it can then be bound to albumin and cleared by
the liver. However, bilirubin serves as an antioxidant by accepting electrons from free
radicals, thus attenuating ROS levels. The potency of bilirubin as an antioxidant stems
from its subsequent conversion back to biliverdin upon electron acceptance [83]. Heme
catabolism further results in endogenous CO production. Similar to nitric oxide, CO acts
as a vasodilator through activation of soluble guanalyl cyclase [4]. This is an important
property in the context of tissue hypoxia as vasodilation enables increased passage of
oxygenated blood to the hypoxic tissue. CO additionally serves as an anti-inflammatory

agent [84] through CO-mediated thrombosis inhibition, preventing aggregation and
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Figure 1.3. Regulation of Heme Catabolism by Heme Oxygenases (HMOX1 and
HMOX?2). Heme oxygenase 1 (HMOX1) is transcriptionally repressed by Bachl in the
absence of heme. HMOX1 and HMOX2 catabolize heme into biliverdin, carbon
monoxide (CO) and Fe?*. Biliverdin is reduced to bilirubin by biliverdin reductase (BVR)
and is excreted by the liver. CO activates hemoprotein soluble guanalyl cyclase (sGC) to
produce cyclic guanosine monophosphate (cGMP). Fe?" is chelated by ferritin. Upon
release from ferritin, Fe?" dissociates iron response element binding proteins (IREBPs)
from target iron response elements (IREs), enabling translation of the target mRNA.
(NADPH, nicotinamide adenine dinucleotide phosphate-oxidase).
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activation of platelet cytokine cascades.

Finally, catabolism of heme results in the release of Fe?". Although an essential
source of iron, iron derived from heme catalysis can contribute to the production of
hydroxyl radicals and the perpetuation of excess ROS formation through the Fenton
reaction [85]. Coordinating with HMOXT transcriptional activation is the simultaneous
upregulation of ferritin [5]. Ferritin, a 450 kDa globular protein cage, is the primary
intracellular site of iron storage in the cytosol. Release of iron from ferritin occurs by
lysosomal autophagy [86].

1.5 HMOX1 in Heart Failure

Current interventional strategies in heart failure management focus heavily on
attenuating RAAS signaling and sympathetic drive. Yet, morbidity and mortality in heart
failure persists. Targeting of the heme metabolism pathway provides a novel approach to
manage heart failure.

1.5.1 Therapeutic Potential of HMOX1 Induction

Modulation of the heme catabolism pathway has extensively been shown to
mitigate myocardial damage following AMI-induced heart failure. In Lewis rats, pre-
emptive delivery of adeno-associated HMOX1 gene reduced infarct size by 62% and
improved mortality by 25% 1 year after IR-injury [6]. In a similar study, pre-emptive
HMOXI1 delivery attenuated decreased ejection fraction by 27% 1.5 months after IR-
injury, while recovering ejection fraction fully after 3 months [87]. This was supported
by earlier findings that cardiac-specific (a-myosin heavy chain) HMOX1 transgenic mice
demonstrated a 40% reduction in AMI injury [7]. Due to the present translational
obstacles involved with HMOX1 gene delivery, hemin has also been investigated as a
novel strategy to ameliorate heart failure outcomes. Hemin, trade name Panhematin®, is
an FDA-approved heme surrogate used in the treatment of porphyrias. Hemin is derived
from red blood cells and differs from heme only by the presence of a chloride group
bound to heme’s iron core. Similar to endogenous heme, hemin acts as both inducer and
substrate of HMOX1. Hemin administration has been shown to reduce infarct expansion
and improve survival by approximately 40% when compared to vehicle-treated controls
in a preclinical models of permanent-ligation AMI [8]. Although less is known about the

therapeutic potential of targeting the heme metabolism pathway in pressure-overload
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heart failure, gene delivery studies have demonstrated delayed hypertension onset and
lowered blood pressure in spontaneously hypertensive rats [88].
1.5.2 Paradoxical Expression of HMOX1 in Human Failing Hearts

Although largely reported as an exclusively cytoprotective enzyme, recent reports
have shown that HMOXT can also exacerbate cardiovascular disease. HMOX1 levels in
obese patients act as positive predictors of chronic metabolic inflammation and insulin
resistance [89]. Within the same study, deletion of hepatic and adipose HMOX1 in
preclinical models of obesity independently prevented the reported negative effects.
Furthermore, transgenic mice overexpressing HMOX1 under the control of an a-myosin
heavy chain promoter demonstrated accelerated cardiac dysfunction, despite attenuated
interstitial fibrosis, following TAC, while simultaneously eliciting protection in
isoproterenol-induced cardiomyopathy [90]. These studies highlight an underlying
limitation to our basic understanding of HMOX1 that could limit its translation as a
therapeutic. Moreover, Khechaduri ef al. [91] challenged our understanding of HMOX1
as a stress/heme-inducible enzyme, showing an increase in heme content and heme
synthesizing enzyme ALAS2 in human heart failure without evidence of HMOX1
induction. Collectively, these studies highlight a biased understanding of HMOX1
towards its therapeutic benefits or context (temporally/spatially) and raises important
questions: If HMOXT is known to be cytoprotective and proportionally increased in the
presence of stress (oxidative, hypoxic or both) and heme - why is it insufficient to prevent
heart failure? Are there injuries/disease conditions or times at which HMOX1’s benefits
are limited by heme bioavailability? Is HMOX1 induction desensitized during
decompensatory heart failure? How is heme metabolism regulated in the progression of
heart failure and how might heme bioavailability be affected during heart failure or
influenced by hypoxia?
1.6 Summative Rationale

The morbidity and mortality of heart failure is high, despite progress in
pharmacological interventions (e.g. ACE inhibitors and 3-blockers). Heart failure is the
inability of the heart to meet the metabolic demands of the body as a consequence of
reduced blood ejection capacity (i.e. left ventricular ejection fractions <40%). Heart

failure is caused by various cardiovascular disease etiologies; AMI and hypertension are
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the two most prevalent [3]. AMI causes ischemic necrosis and the surviving
myocardium’s oxygen demands increase during compensation to the added mechanical
load (volume-overload). Scarring and insufficient neovascularization can cause
cardiomyocytes to become isolated and chronically hypoxic. The myocardium in
hypertension also experiences increased oxygen demands as it compensates for the
increased afterload due to peripheral resistance. This results in hypertrophy, perivascular
and interstitial fibrosis, and without adequate neovascularization, the partial pressure of
oxygen diffusion is reduced (pressure-overload). With increased oxygen demand (during
compensation), metabolic inefficiency (during decompensation) and with hypoxia, there
is an increased state of oxidative stress. The HMOX1 pathway has long been recognized
as integral to cytoprotection of cardiomyocytes during hypoxia (via HIF1a
transactivation) and oxidative stress (via Nrf2 transactivation) [92], which can be
augmented further by the presence of inflammation (via concomitant NF-kB
transactivation) [92]. HMOXI exerts cytoprotection by catabolizing pro-oxidant free-
heme into antioxidant biliverdin. Additionally, HMOX1 catabolism of heme releases Fe*"
and CO, which indirectly (by ferritin and cGMP mechanisms) reduce oxidative stress and
apoptosis, respectively. In pre-clinical models of AMI-driven heart failure, induction of
HMOX1 reduces mortality and preserves ventricular function [6], however,
overexpression of HMOX1 simultaneously exacerbates heart failure in pressure overload
[90]. We hypothesize that the paradoxical effects of HMOX1 in heart failure result from
differences in transcriptional regulation of heme metabolism by hypoxia severity or
duration.

Targeting of the heme metabolism pathway remains a novel approach to manage
heart failure. Understanding the molecular mechanisms regulating heme metabolism is
essential to expedite translation to the clinic and prevent adverse side effects using
existing medication strategies (eg. Pan-Hematin™). In particular, the elucidation of the
role of HIFs in maintaining heme homeostasis, using clinically parallel degrees and
duration of hypoxia, would be a critical step. The HIFs are potential key transcriptional
regulators of heme bioavailability in the failing heart. HIF 1o transcriptionally regulates
over 200 genes in response to acute hypoxia, including HMOX1. Yet, HMOXI1 levels

remain unchanged in recent findings from human failing hearts despite increased heme
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synthesis and hypoxia [91, 93]. The understanding of clinical-hypoxia is based on
experiments performed principally in acute, intense hypoxia models that do not reflect
the degree or duration of hypoxia experienced by cardiac patients. This is further
propagated in our understanding of HMOX1 regulation by HIF1a, which is purported to
be the primary mediator of hypoxia-induced expression. Contrary to HIF1a., the role of
HIF2a in hypoxia has been given short shrift and is often presumed to be a redundancy to
the roles of HIF 1 a.. Although less is known about HIF2a and its role in maintaining
oxygen homeostasis in heart failure, it is a potentially key regulator of heme
bioavailability. Similar to HIF1a, HIF2a has the capacity to bind hypoxia response
elements (HREs), binding sites putatively identified in HMOX1, ALASI and ALAS2
promoters. Unlike HIF1a, HIF2a contains four putative heme-regulatory motifs [73] and
an iron response element (IRE; the IRE-binding protein inhibits mRNA translation in the
presence of excess iron) within its transcript [66]. HIF2a has been shown to regulate
divalent metal transporter-1 (DMT-1), erythropoietin (EPO) and ferroportin-1 (FPN1),
independent of HIF1a [61], thus implicating it as the predominant regulator of ferro-
heme homeostasis.

1.7 Hypothesis and Objectives

We hypothesize that HIF2a regulates heme metabolism in heart failure.
Specifically, we propose that HIF2a, not HIF 1o, maintains heme homeostasis through
regulation of ALAS and HMOX in chronic hypoxia, typified in heart failure progression.
To elucidate the role of the HIFs in regulating heme metabolism in hypoxia, and thus
heart failure, the following objectives will be addressed:

1) Characterize HIF1a, HIF2a,, ALAS1, ALAS2, HMOX1, HMOX2 (heme
regulatory enzymes) levels in clinical heart failure using in silico microarray analyses of
human failing hearts obtained from the Gene Expression Omnibus (GEO);

2) Quantify heme content (by enzymatic assay) and heme regulatory enzymes (by
qPCR and immunoblotting) throughout the progression of both volume- and pressure

overload pre-clinical models of heart failure;
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3) Quantify heme content and regulatory enzymes using in vitro models of acute
and chronic, moderate or severe hypoxia, by manipulating atmospheric O
concentrations;

4) Quantify heme regulatory enzyme expression in heme-replete hypoxia by
administration of hemin (heme surrogate) to recapitulate heme-replete conditions
reported by Khechaduri ef al. in human heart failure [91];

5) Investigate the roles of HIF1a/2a in mediating heme regulatory enzymes in

hypoxia and heme-replete hypoxia by using adenoviral overexpression/shRNA vectors;
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CHAPTER 2
Materials and Methods

2.1 In Silico Microarray Analyses of Human Failing Hearts

The National Center for Biotechnology Information’s (NCBI’s) Gene Expression
Omnibus Gene Expression and Hybridization Array Repository (GEO; [94, 95]) is
comprised of user submitted high-throughput datasets from original research, in
compliance with the NCBI’s stringent Minimum Information About a Microarray
Experiment (MIAME) submission standards [96]. Microarray datasets pertaining to
human heart failure were obtained through the open-access data deposited in GEO
(Figure 2.1). Heme regulatory enzyme mRNA expression was investigated in biopsies of
male and female patients diagnosed with either dilated heart failure (Series Accession
GSE3586; [97] ) or idiopathic heart failure (Series Accession GSE1145). Cardiac
biopsies derived from either the left ventricle or the septal-wall were obtained from
explanted hearts prior to cardiac transplantation. Control biopsies were obtained from
organ donors whose hearts were unable to be transplanted. Data are expressed as relative
mRNA (logy-transformed).

2.2 Animal Care and Preclinical Models

Animal care and experimental procedures were approved by the Animal Care
Committee at the University of Guelph, and were carried out in accordance with the
guidelines established by the Canadian Council on Animal Care. Animals were
maintained on a 12:12 hour light:dark cycle with food and water provided ad libitum.
2.2.1 Volume Overload Heart Failure (AMI)

Adult male C57B1/6 mice (8 weeks of age) were subjected to AMI by permanent
ligation of the left anterior descending coronary artery (LAD) [98]. Animals were
anesthetized with 2%:100% isofluorane:O>, intubated, and ventilated (Harvard
Apparatus) at a rate of 200 breaths/min. Under sterile surgical conditions, a para-sternal
thoracotomy was performed and the LAD was ligated immediately below the
atrioventricular border using 7-0 Surgipro™ II polypropylene suture (Covidien; Figure
2.2). The thoracic incision was closed using 7-0 Prolene™ (Covidien). Sham-operated
animals underwent an identical operation, but without arterial ligation. Animals were

monitored twice daily for post-surgical complications. Age-matched sham and volume
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Figure 2.2. Surgical Model of Volume-Overload Heart Failure by Acute Myocardial
Infarction (AMI). Permanent ligation of the left anterior descending coronary artery
(LAD) occludes blood flow and results in necrosis and scarring of the downstream
myocardium.
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overload animals were sacrificed under anesthesia at 3 days, 1 week, 2 weeks, and 4
weeks after AML
2.2.2 Pressure Overload Heart failure by Transverse Aortic Constriction (TAC)

Adult male C57B1/6 mice (8 weeks of age) were subjected to cardiac pressure
overload by transverse aortic constriction [99]. Animals were anesthetized with 2%:100%
isofluorane:O;, intubated, and ventilated at a rate of 200 breaths/min. A parasternal
thoracotomy was performed and a ligature was applied around the transverse segment of
the aorta, between the brachiocephalic trunk and the left common carotid artery, and
constricted over a blunted 22-gauge needle using a silk 7-0 suture (Figure 2.3). Age-
matched sham and pressure overload animals were sacrificed under anesthesia at 2, 4 and
18 weeks post TAC surgery.
2.2.3 Tissue Collection and Preparation

Hearts were rapidly excised, frozen in liquid nitrogen and stored at -80°C until
further analysis. In AMI, the infarct was isolated by its characteristic pallor. Samples
were ground to powder in liquid nitrogen using a porcelain mortar and pestle. Samples
(10-15mg) were homogenized on ice for 30 seconds in 120ul NP-40-based lysis buffer
(1% NP-40) using a stainless steel tissue homogenizer (Omni-International). Lysis buffer
was prepared immediately before use with 10ul protease inhibitor cocktail (Sigma-
Aldrich), 10ul phosphatase inhibitor cocktail (Calbiochem), and 10ul activated sodium
orthovanadate (Calbiochem) per 100ul lysis buffer stock. Samples were placed on ice for
30 minutes and centrifuged at 2000 x rcf for 2min at 4°C to remove insoluble lipids and
matrix from the lysate. The supernatant was transferred to a fresh 1.5ml tube and
centrifuged at 1200 x rcf for 30 minutes at 4°C to pellet any residual insoluble material.
The supernatant was then transferred to a fresh 1.5ml tube using a 28 ’2-gauge insulin
syringe (Becton Dickinson) to shear DNA remaining in the sample. Total protein
concentration was determined using the bicinchonic acid (BCA) method (Pierce®)
according to the manufacturer’s instructions.
2.2.4 Neonatal Rat Cardiomyocyte (NRCM) Isolation

Neonatal Sprague-Dawley rat pups, between 1 and 2 days of age, were sacrificed
by decapitation. A total of 18 rat hearts were excised and placed in 50ml ice-cold 1X

phospho-buffered saline (PBS; Corning). The atria and non-cardiac tissue were removed
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Figure 2.3. Surgical Model of Pressure-Overload Heart Failure by Transverse
Aortic Contriction (TAC). Ligation of the aortic arch between the trunk of the
brachiocephalic and left common carotid arteries increases afterload in the left ventricle
while decreasing renal perfusion.
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from each heart in a petri dish containing 1X PBS. An incision was made in the hearts to
remove any blood remaining in the ventricles. Once complete, all hearts were transferred
to 50ml fresh ice-cold 1X PBS for a final rinse. Hearts were finely minced over a fresh
petri dish containing 1X PBS. Subsequent steps were performed in a Labconco®
Biological Safety Cabinet under sterile conditions.

Minced hearts were transferred to a T-25 cell culture flask (Corning) with a sterile
Pasteur pipette. Sterile 1X PBS (17ml), containing 1ml freshly prepared, sterile-filtered
(0.22um) Collagenase Type 2 (Worthington), Iml DNase I (Worthington), and 0.5ml
Trypsin (Worthington), was added for tissue dissociation. The flask was incubated at
37°C on a rotary shaker for 20min. The dissociated hearts were transferred to a 50ml tube
containing 20ml DF20 media: 500ml Dulbecco’s Modified Eagle Medium (DMEM)/F12
Medium; (Sigma-Aldrich) supplemented with 125ml fetal bovine serum (FBS; Sigma-
Aldrich), 1% penicillin/streptomycin (Invitrogen), and 50pg/ml gentamycin (Invitrogen).
Hearts were centrifuged at 800rpm for 1 minute at room temperature. Supernatant was
discarded and 17ml ice cold 1X PBS was added to the remaining pellet. The resuspended
cells were transferred to a new T-25 flask, supplemented with 1ml Collagenase, 1ml
DNase, and 0.5ml Trypsin, and incubated at 37°C on a rotary shaker for 20min. Cells
were once again transferred to a 50ml tube containing 20ml DF20 media and were
centrifuged at 300 x rcf for 7min at 4°C. Supernatant was discarded and 12 ml plating
media, containing 500ml DMEM/F12 media, 60ml horse serum (Invitrogen), 30ml FBS,
1% pen/strep, and 50pug/ml gentamycin, was added to the remaining pellet.

The cell suspension was transferred to a fresh 50ml tube over a 100um cell
strainer (BD Falcon) and triturated. The cell filtrate was transferred to a T-25 flask and
incubated at 37°C for 1h. NRCMs suspended in the media were transferred to a new T-25
flask, without disrupting the bottom surface of the flask, and were incubated for an
additional hour at 37°C. The supernatant was transferred to a sterile 15ml tube and
centrifuged at 1000 rpm for 2 minutes at room temperature. The supernatant was
aspirated and the remaining NRCM pellet was diluted in 18ml plating media. Viable cells
were counted by hemocytometer and Trypan Blue Solution 0.4% (Amresco); viable cells
were defined by Trypan Blue impermeability. NRCMs were seeded at 2x10° cells/35mm

Primaria’ (Corning) plate and were incubated at 37°C for 24h prior to treatment.
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2.3 Cell Culture

HO9C2 embryonic rat left ventricular cardiomyoblasts were expanded from frozen
stocks purchased from the American Type Culture Collection (ATCC) using plating
media containing Dulbeco’s Modified Eagle Medium-High Glucose (DMEM-HG;
Gibco®) supplemented with 10% FBS (Seradigm). For experiments, cells were seeded at
2x10% cells/35mm plate and cultured to 80% confluency at 37°C in a 95% air, 5%CO>
humidified atmosphere. All experiments were conducted on cells that were passaged at
least once following recovery from cryogenic storage and did not exceed 19 passages.
Cells were cultured for a minimum of 24h after passaging prior to experimental
treatment.
2.3.1 Serum Deprivation, Hypoxia and Drug Treatment

Proliferative HOC2 cells were converted to quiescent myotubules by complete
deprivation of FBS for 6 days [100], renewing the media with DMEM-HG without FBS
(differentiation media) every 72h. Experimental conditions were initiated on the 6" day
of differentiation. Experiments conducted in hypoxia were incubated in a HER Acell 150.1
CO; incubator (Thermo Scientific) with adjustable atmospheric O2/N> content. For
experiments conducted in hypoxia in excess of 24h, media was renewed with hypoxia-
conditioned media every 24h. A 10mM Hemin stock (Sigma-Aldrich) was prepared in
dimethyl sulfoxide (DMSO; Amresco) and was sonicated in a water bath for 40min.
Stock hemin in DMSO was stored at 4°C for a maximum of 3 months. Hemin stock was
sonicated for 10min prior to use and was diluted in media immediately preceding
treatment. N-Acetyl-L-Cysteine (NAC; Amresco) was prepared as a 3mM stock in sterile
1X PBS. NAC was sonicated in PBS for 10min prior to use and was diluted in media
immediately before treatment. Stock NAC was stored at 4°C and was used within 2
months.
2.3.2 Cell Viability Assay

Cell viability was determined using the resazurin method. HOC2 cells were seeded
at 12x10° cells/well in a 96-well plate with 100ul media/well. Following cell treatment,
media was carefully aspirated from the wells. All wells were rinsed twice with 100ul
sterile 1X PBS. Fresh media supplemented with 10% PrestoBlue™ Cell Viability

Reagent (Invitrogen) was added to each well and cells were incubated at 37°C for 3
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hours. Spectral absorbance was measured using a Synergy H4 Hybrid Reader (Biotek)
with excitation and emission wavelengths of 560 and 590nm respectively. Cell viability
was calculated through subtraction of the 560/590nm media-only control from its
respective cell treatment group.
2.4 Adenoviral Vector Transduction
2.4.1 HIF1o and HIF2a Constructs

Overexpression and knockdown of HIF1/2a was accomplished by transduction of
bicistronic adenoviral vectors developed in collaboration with Vector Biolabs (Figure
2.4). Human HIF overexpression vectors (Ad-RFP-h-HIF1a-HA and Ad-GFP-h-HIF2a-
Myc) were regulated by the cytomegalovirus (CMV) promoter in addition to a
downstream intermediate ribosomal entry site (IRES). Histidine tags (HA or Myc) were
integrated into the C-terminus of the human HIF proteins in the overexpression vectors.
Adenoviral knockdown was accomplished using mouse or rat-gene specific targeted
short-hairpin-loop RNA (shRNA; Ad-RFP-m-HIF1a-shRNA and Ad-GFP-r-HIF2a-
shRNA) under the control of the U6 promoter (Table 1.). Both overexpression and
shRNA adenovectors encoded fluorescent tags, red fluorescent protein (RFP) or green
fluorescent protein (GFP), permitting visualization of transduction. Adenoviruses were
aliquoted and stored at -80° in buffer containing DMEM supplemented with 2% bovine
serum albumin (BSA) and 2.5% glycerol. Titers ranged from 2.2x10'° to 6.0x10'° plaque
forming units (PFU)/ml, as determined by Vector Biolabs.
2.4.2 Transduction of Adenoviral Vectors into Host Cells

HO9C2 were plated as previously described. After 72h culture in differentiation
media, cells were transduced in fresh differentiation media containing 100 multiplicities
of infection (100 MOI) of adenovirus expressing either human HIF1a or HIF2a, or
mouse/rat-targeted HIF1oo shRNA. After 72h transduction (day 6 of differentiation),
media was renewed and treatment was initiated. Transduction efficiency was assessed
after 72h viral exposure at 85-95% by GFP/RFP visualization by fluorescence
microscopy and further confirmed by flow cytometry. Gene overexpression and

knockdown were confirmed by Western blot and qPCR analyses.
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Figure 2.4. Adenoviral Vector Construct Map. Representative bicistronic adenoviral
vector construct containing a CMV/U6 promoter region, reporter gene (ex. EGFP),
downstream intermediate ribosomal entry site (IRES), and a specific gene sequence (ex.
HIF2a, a.k.a. EPAS1) with tag (ex. Myc). Map image courtesy of Vector Biolabs.
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Table 1. Adenoviral shRNA Sequences

Vector shRNA sequence (hairpin underlined)

Ad-RFP-m/r-HIF1a-shRNA CCGG-AGTCGACACAGCCTCGATATGCTCGAGCATATC-
GAGGCTGTGTCGAC-TTTTTG

Ad-GFP-r-HIF2a.-shRNA
CCGG-AGCTTCCTGCGAACACATAAACTCGAGTTTATG-

TGTTCGCAGGAAGC-TTTTTG

GFP, green fluorescent protein; HIF, hypoxia inducible factor; m, mouse; r, rat; RFP, red
fluorescent protein.
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2.5 Microscopy

Images were acquired using an EVOS™ XL Cell Imaging System transmitted-
light microscope (Invitrogen) using appropriate Em:488+10nm/Ex:520+20nm detection
filters.
2.6 Flow Cytometry
2.6.1 Hypoxia Detection

For all flow cytometry, a minimum of 10, 000 cells/events were included for
analysis. Pimonidazole [101], gold (IIT) chloride trihydrate [102] (HAuCl4) and Alexa
Fluor®-conjugated maleimide were used to detect intracellular hypoxia. All reagents, cell
plates and tubes containing hypoxia-sensitive dyes were covered in aluminum foil and
experiments were conducted under reduced light conditions. A 10mM pimonidazole
(Sigma-Aldrich) stock, commercially recognized as Hypoxyprobe™, was prepared in
ddH>O and sonicated in a water bath for 10min. Stock pimonidazole was stored at 4°C for
up to 3 months. Pimonidazole stock was sonicated for Smin and diluted to working
solutions of either 100 or 200 uM in media immediately prior to use. Cells (4x10°
H9C2/60mm dish) were incubated with pimonidazole in hypoxia for 24h. Media was
subsequently aspirated and cells were rinsed with 1X PBS. Cells were incubated with
Trypsin EDTA, 1X (Corning) for Smin at 37°C. Once non-adherent, cells were
transferred to a sterile 15ml tube containing an equal volume of media and then
centrifuged at 500 x rcf for Smin at 4°C. The supernatant was carefully aspirated and cell
pellets were gently resuspended in 1 to 2ml media. Approximately 4x10° viable cells
were counted by hemocytometer with Trypan Blue solution and transferred to fresh Sml
polystyrene tubes (BD Falcon). Cells were pelleted by centrifugation at 500 x rcf for
Smin at 4°C, the supernatant was carefully aspirated and cells were rinsed in 1X PBS;
centrifugation and wash with 1X PBS was repeated. Cells were resuspended in 1ml 1X
PBS and fluorescence-activated cell sorting (FACS) analysis was performed using a
Gallios 10-color flow cytometer (Beckman Coulter) to determine the presence or absence
of pimonidazole within the cells.

A 20mM HAuCly (Sigma-Aldrich) stock was prepared in sterile 1X PBS and
sonicated for 30min before passing the solution through a 0.2um syringe filter. Stock

HAuCls was stored at 4°C for up to 4 months. HAuCls stock was sonicated for Smin and
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diluted to a working solution of 10uM in media immediately prior to use. Incubation and
preparation of HAuCls-exposed cells for FACS analysis was performed identically to that
previously outlined with pimonidazole. HAuCls was measured at an emission wavelength
of 532nm.

A 1mM stock solution of Alexa Fluor® 633-conjugated C5-maleimide (Thermo
Scientific) was prepared in DMSO. Stock maleimide was stored at 4°C for up to 4
months. Maleimide stock was diluted to a working solution of 10uM in media
immediately prior to use. Following exposure to hypoxia, media was rapidly replaced
with media containing 10uM maleimide, covered in aluminum foil and returned to either
normoxia or hypoxia for 2h. Cells were counted and washed in 1X PBS as previously
described. Maleimide was measured at an emission wavelength of 622 to 640nm.

Cobalt (IT) chloride (CoCl,) acts as a hypoxia mimetic by inhibiting the
hydroxylation and subsequent proteosomal degradation of the HIF . subunit [62], thus
artificially increasing HIF 1 a levels through stabilization. To ensure that the hypoxia-
sensitive dyes were responsive to hypoxia, independent of HIFa stabilization, CoCl, was
used as a negative control. A 10mM stock solution of CoCl (Santa Cruz) was prepared in
ddH>O and sonicated for 15min. Stock CoCl, was stored at 4°C for up to 5 months. CoCl;
stock was sonicated for Smin, diluted to a working solution of 100uM in media
immediately prior to use and incubated with the cells during hypoxia for up to 24h.

2.6.2 CM-H2DCFDA Measurement of ROS

Intracellular measurement of oxidative stress was performed using chloromethyl
2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Life Technologies). A ImM
CM-H:DCFDA stock was prepared in DMSO. Stock CM-H2DCFDA was stored at -80°C
for no longer than 1 month. CM-H2DCFDA stock was diluted to a working solution of
5uM in media immediately prior to use. Following treatment, cells were incubated with
CM-H2DCFDA for an additional 30 minutes at experimental oxygen condition(s). Media
was rapidly aspirated and cells were quickly rinsed with 1X PBS. Cells were incubated
for Smin with Accutase™ Cell Detachment Solution (Innovative Cell Technologies) at
37°C. Viable cells were immediately counted (approximately 4x10° H9C2/60mm plate)
and transferred to fresh flow cytometer tubes. Cells were pelleted by centrifugation at 500

x rcf for Smin at 4°C; the supernatant was carefully aspirated and cells were rinsed in 1X
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PBS. Centrifugation and wash with 1X PBS was repeated. Cells were resuspended in 1ml
1X PBS. Fluorescence was measured at an emission wavelength of 520nm.
2.7 Quantitative Polymerase Chain Reaction (qPCR)
2.7.1 TRIzol Extraction of RNA from Tissue

RNA was isolated by TRIzol® extraction (Invitrogen) in accordance with the
manufacturer’s instructions. Tissue was briefly homogenized in 1ml TRIzol® prior to
extraction. RNA samples were purified by DNase treatment (Qiagen) and RNA integrity
was verified by Agilent 2100 BioAnalyzer analysis (Agilent Technologies). RNA
concentration was determined spectrophotometrically using a NanoDrop ND1000
(Thermo Scientific). cDNA was synthesized using SuperScript I Reverse Transcriptase
(Invitrogen). qPCR was performed by Real-Time PCR 7500 detection system (Applied
Biosystems) using Platinum SYBR Green qPCR Supermix (Invitrogen).
2.7.2 TRIzol® Extraction of RNA from Cell Culture

RNA was isolated by TRIzol® extraction in accordance with the manufacturer’s
instructions. Media was aspirated and cells were rinsed with 1X PBS. Cells were scraped
and harvested in 1ml of 1X PBS. Samples were collected in 1.5ml RNase/DNase-free
tubes and centrifuged at 10,000 x rcf for Smin at 4°C. PBS was aspirated and the cell
pellet was sonicated for at 20kHz, 30% amplitude (QSonica Sonicators) in 500ul
TRIzol® reagent for 10s. An additional 500ul of TRIzol® and 200ul chloroform (Sigma-
Aldrich) were added. Samples were repeatedly inverted by hand for 15s before
incubation at room temperature for 3min. Samples were centrifuged at 12,000 x rcf for
15min at 4°C to separate the phases: the upper, colorless aqueous phase was transferred to
a fresh RNase/DNase-free tube, while the lower phenol-red organic and interphases were
discarded. Ice-cold 100% isopropanol (500ul; Sigma-Aldrich) was added to the aqueous
phase and the tubes were repeatedly inverted by hand for 15s before incubation at room
temperature for 10 minutes. Samples were centrifuged at 12,000 x rcf for 10 minutes at
4°C to pellet the RNA (faint white to semi-translucent). Once the supernatant was
carefully discarded, the RNA pellet was rinsed and vortexed in 1ml ice-cold 75% ethanol
(Commercial Alcohols) prepared in UltraPure™ RNase/DNase-free ddH>O (Invitrogen).
Samples were centrifuged at 7500 x rcf for 5 minutes at 4°C. The ethanol wash was

discarded and the RNA pellet was briefly air-dried for Smin by inverting the tubes onto a

34



clean surface. The pellet was suspended in 25ul RNase/DNase-free H>O, vortexed and
briefly spun down.

RNA was examined for degradation using the automated QIAxcel Advanced
microcapillary electrophoresis system (Qiagen) in accordance with the manufacturer’s
guidelines. Briefly, 1ul of QRNA Ladder (Qiagen) and 1ul of Denaturing Buffer (Qiagen)
were added to the first strip tube in a series of 12. In subsequent tubes, 4ul Denaturing
Buffer was added to 4ul sample RNA. To avoid equipment damage, all tubes were topped
to a total volume of 10ul with Dilution Buffer (Qiagen) before running. RNA migration
was internally normalized to a Qiagen Intensity Marker. Total RNA, as well as the
260:280nm ratio, were quantified using the Take3 microplate spectrophotometer (Biotek)
and Synergy H4 Hybrid Reader. Reverse transcriptase reactions were conducted prior to
RNA storage at -80°C.

2.7.3 Complementary DNA (cDNA) Synthesis

A 20ul cDNA reaction mix was prepared by loading the volume equivalency of
Inug RNA template and 4ul 5X qScript™ cDNA SuperMix (Quanta Biosciences) into
RNase/DNase-free strip-tubes and topping the remaining volume to 20ul with
UltraPure™ ddH>O. The reaction mix was briefly vortexed and centrifuged prior to
incubation at 25°C for 5 minutes, 42°C for 30 minutes, 85°C for 5 minutes and then held
at 4°C using a Mastercycler Nexus Gradient Thermocycler (Eppendorf). cDNA was
stored at -20°C.

2.7.4 Applied Biosystems® SYBRGreen qPCR

Primer-pairs (Invitrogen, Table 2) were designed using OLIGO Primer Analysis
Software V6.31 (Molecular Biology Insights, Inc.) and incorporated all transcript variants
identified in NCBI’s GenBank RefSeq database. To design primers specific to a single
species (ex. human or rat-specific HIF2a), human and rat mRNA sequences were first
aligned using Clustal Omega (V1.2.2). Aligning segments were deleted and primers were
designed using the remaining base pair fragments. Predicted primer products were cross-
referenced with NCBI’s Basic Local Alignment Search Tool (BLAST) to ensure target
gene sequence specificity. Primer-pairs were investigated for dimerization using the
automated QIAxcel Advanced microcapillary electrophoresis system. For each primer

pair under investigation, a reaction mix was prepared by addition of Sul pooled cDNA,
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Table 2. Primer Sequences and Annealing Temperatures of Oligonucleotides used in

qPCR

Target Primer sequence (5°-3’) Annealing temperature (°C)

MsActB F1 TGTGATGGTGGGAATGGGTCAGA 51
R1 TGTGGTGCCAGATCTTCTCCATGT

MsAlasl  Fl CATACCCACATAGTAGCCAGAAT 57
R1 GTCAACAGCAGAAACACCTAAC

MsAlas2  Fl ACATCATCTCTGGAACTCTTGG 57
R1 GGTCAGGTTCTGCTTTGTCT

MsBachl F1 CCAGAACCTTGAGTCGGAAAT 57
R1 GGTCAGGTTCTGCTTTGTCT

MsHMOXI1 F1 CTCTCTTCTCTTGGGCCTCTAA 58
R1 TGTCAGGTATCTCCCTCCATTC

MsHMOX2 F1 GGGACCCAATTCTACCTGTTT 58
R1 CTCCTCCACAATCCTCTCTTTG

MsHPRT! Fl1 GGCCTCCCATCTCCTTCATG 60
R1 CAGTCCCAGCGTCGTGATTA

MsHIFla Fl CCCATTCCTCATCCGTCAAATA 57
R1 GGCTCATAACCCATCAACTCA

HuHIF2a FI ATG CGC TAG ACT CCG AGA A 60
R1 TGC AGG TTG CGA GGG TTGTAG A

RtHIF2a F1 AGT TGG AAA GCC GGA AGA 60
R1 CGT AGG GCC TAA ATGTAATGGT

MsRpl32 F1 CACCAGTCAGACCGATATGTGAAAA 61

R1 TGTTGTCAATGCCTCTGGGTTT

ActB, B-actin; ALAS, aminolevulinic acid synthase; F1, forward primer; HIF, hypoxia inducible
factor; HMOX, heme oxygenase; Hu, human; Ms, mouse; R1, reverse primer; Rpl32, ribosomal
protein L32; Rt, rat.
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37.5ul AccuStart II GelTrack PCR SuperMix (2X; Quanta Biosciences™), 0.375ul
100uM forward primer, 0.375ul 100uM reverse primer, and 31.75ul nuclease-free water
to a 0.5ml tube. The reaction mix was briefly vortexed and centrifuged prior to incubation
at 94°C for Imin, 10 cycles of incubation at 94°C for 30s, 65°C for 30s and 72°C for 40s,
25 cycles of incubation at 94°C for 30s, 55°C for 30s and 72°C for 40s, incubation at 72°C
for 4min and then held at 4°C. PCR product was column purified by MinElute PCR
Purification Kit (Qiagen) to remove nucleotide fragments and primers prior to
quantification by QIAxcel (DNA High Resolution) microcapillary electrophoresis in
accordance with the manufacturer’s guidelines. Only one band was observed. Total copy
number (molecules) was calculated using the quantified amplicon amount (ng) and
dsDNA amplicon length (base pairs):

Xng * 6.0221 X 10?>molecules/mole

660g 9
(N * mole) *1x10°ng/g

where X was equal to the total amount of amplicon (ng) and N was equal to the length of
dsDNA (base pairs). The average mass of 1 base pair of dsSDNA was expressed as
660g/mole. To form an 8-point standard curve, PCR product was serially diluted in
RNase, DNase-free ddHO from 1x10® to 1x10? copies/ul. A no-template control (NTC)
consisting of nuclease-free water served as the 8™ point. Sample cDNA (10ul) was
diluted to 1 in 3 in RNase/DNase-free water.

Diluted cDNA and standard curves (2ul) were added to a 96-well qPCR plate in
duplicate. qPCR mastermix was prepared by combining 5Sul PerfeCTa SYBR Green
FastMix Low ROX (2X), 1ul forward primer (100uM), 1ul reverse primer, and 1ul
nuclease-free water. The mastermix was gently vortexed and 8ul was added to each well
containing either standard curve, NTC or sample cDNA. The qPCR plate was sealed and
briefly centrifuged. The reaction mix was incubated at 95°C for 20s, 35 cycles of
incubation at 95°C for 1s and 60°C for 20s, and 20°C for Smin (ViiA7 96-well fast block;
Applied Biosystems). Relative mRNA levels were normalized to MsHPRT1 expression

and expressed as AACT.
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2.8 Immunoblotting
2.8.1 Cell Collection and Lysate Preparation

Cells were harvested on ice by aspirating the media, gently rinsing cells with 1X
PBS and scraping the cells in freshly prepared lysis buffer (60-120ul/35mm plate)
containing sodium orthovanadate and protease and phosphatase inhibitor cocktails as
previously described. Harvest of hypoxic cells was performed with plates on ice in less
than 60 seconds to minimize re-oxygenation effects. Cell lysates were transferred to fresh
1.5ml tubes and were left on ice for 30 minutes before sonicating the samples on ice for
10 seconds at 20kHz, 30% amplitude using the QSonicator. Total protein concentrations
were quantified by BCA. Protein samples (8-251g) were boiled at 99°C for Smin in 4X
Laemmli Buffer with dithiothreitol (DTT).
2.8.2 Western Blotting

Boiled samples (8-25n1g) were separated (3.5% stacking gel) and resolved via
10% Mini-Protean sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) or by 4-20% Criterion™ TGX™ PreCast Gels (BioRad). Samples were loaded
alongside 10ul Precision Plus Protein™ Standards Kaleidoscope™ ladder (BioRad) and
were run at constant voltage until the dye front migrated to the bottom edge of the gel
(approximately 2 hours). Mini-Protean self-cast gels were run at 90V at room
temperature in 1X Tris/Glycine/SDS Electrophoresis Buffer (BioRad); Criterion™ gels
were run at 90V for 30 minutes and 120V on ice. Samples were wet-transferred to
nitrocellulose (0.2um; BioRad) at 100V for 1 hour 30 minutes at 4°C. Membranes were
briefly rinsed in ddH20O and equal protein transfer was confirmed by incubating the
membranes in Pierce® Reversible Memcode Stain for 5 min. The stained blot was
labeled and imaged using a ChemiDoc™ MP Imaging System before removing the stain
using Pierce® Stain Eraser. Membranes were then blocked in 5% skim-milk in 1X Tris-
Buffered-Saline-Tween 20 (TBS-T) for 45 minutes. Membranes were subsequently
incubated at 4°C overnight in primary antibody (1% skim-milk in TBS-T with sodium
azide) targeting ALASI1 (1:1000, #VMAO00203KT, BioRad), ALAS2 (1:1000, #sc-166-
139, Santa Cruz), HIF1a (1:400, #AF1935, R&D Systems), HIF2a (1:1000,
#VMAO00083Kt, BioRad), HMOXT1 (1:2000, #ab82585, Abcam), or Myogenin (1:1000,

#14688, ProteinTech). Blots were then incubated with secondary horseradish peroxidase
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(HRP)-conjugated anti-goat (1:1000, #sc-2056, Santa Cruz), HRP-conjugated anti-mouse
(1:2000, #sc-2055, Santa Cruz), or HRP-conjugated anti-rabbit (1:2000-5000, #sc-2054,
Santa Cruz) IgG for 2h in 5% milk at room temperature. Immunoreactivity was detected
using Clarity™ Western Enhanced Chemiluminescence Substrate (BioRad) or
SuperSignal® West Dura Extended Duration Substrate with a ChemiDoc™ MP Imaging
System. Membranes were then stripped by incubation in 25ml 0.5M Tris-HCI/SDS buffer
supplemented with 125ul B-mercaptoethanol (OmniPur®) for 1 hour and reprobed.
2.8.3 Densitometry

Densitometric measurements were completed using ImageL.ab™ Software v5.0
(BioRad). Relative integrated density was calculated as the density of the target protein
normalized to the total protein density of the respective memcode-stained lane. As such,
quantitative results were only statistically analyzed from a single membrane blot with
multiple N-values or biological replicates. Otherwise, blot-to-blot analysis was performed
qualitatively as a fold change relative to a common control (as stated). [Note: variation in
Western blot conditions and development, as well as statistical validity in twice-
normalized samples precludes statistical analysis across blots. Membrane blots that best
represented the degree of change from multiple independent trials were used as
representative blots (i.e. 2-trials, the blot with the least degree of change was shown; 3-
trials, the blot most approximating the mean degree of change was shown.
Rearrangement of bands within an individual blot was denoted by a vertical dashed line.
2.9 Heme Content Assay

Heme content in tissue and cell lysates was quantified by Heme Colorimetric
Assay (BioVision). Lysates were diluted, so as to fall within the linear portion of the
hemin standard curve ( > 40fmol and < 200fmol). Tissue lysates were diluted between 1
in 100 (TAC) and 1 in 3500 in ddH>O (AMI, peri-infarct). Cell lysate was diluted 1 in
800 in ddH>O. Samples (10ul) were directly added to the wells of a clear-bottomed 96-
well plate (in triplicate) and were topped with 40ul assay buffer. The hemin standard was
dissolved in 100ul DMSO (10uM) immediately before use. The 10uM standard was
subsequently diluted to 100nM by transfer of 10ul hemin standard to 990ul Assay Buffer,
and further diluted by addition of 100ul of 100nM standard into 900ul assay buffer
(10nM). In triplicate, 20, 16, 12, 8, 4, and Oul of the 10nM hemin standard was added to
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their corresponding wells and were topped with 30, 34, 38, 42, 46, and 50ul assay buffer
respectively. At that time, the hemin probe was warmed to 37°C for 2 minutes and the
enzyme mix was dissolved in 500ul assay buffer. Due to the light-sensitivity of the assay
probe, subsequent steps were completed in a semi-dark room, protected from light.
Immediately before use, a reaction mix (50ul/sample) was prepared by addition of
reagents in the following order: enzyme mix (3ul), hemin substrate (2ul), assay buffer
(43ul), and hemin probe (2ul). The reaction mix was quickly added to both standard and
sample wells while taking care to avoid bubble formation within the well. The 96-well
assay was immediately placed in a Synergy H4 Hybrid Reader at room temperature and
the optical density (OD)/Absorbance at 570nm was read in Kinetic Mode at 2 minute
intervals for 2 hours. Heme content per ug protein was extrapolated from the standard
curve OD and sample data were plotted as fmol heme/pg protein or fmol heme/ng
protein.

2.10 Statistical Analyses

Results are expressed as mean + standard deviation (SD) unless otherwise stated.
Statistical significance between treatments was determined in GraphPad Prism 6
(GraphPad Software Inc.) using Student’s two-tailed t-Test (comparisons involving two
groups) or One-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test (P-value <0.05 was considered significant). In the event of high
variability, as determined by Brown-Forsythe test, a Kruskal-Wallis test was performed.
Sample populations were considered significantly different if both Kruskal-Wallis and
Tukey’s multiple comparison tests demonstrated P-values <0.05.

In silico and in vivo analyses, N-values were representative of individual patients
or animals. /n vitro, an independent trial was defined as the replication of an experiment
on a separate occasion/date. A biological replicate was defined as cell culture wells or
plates placed under identical experimental conditions for an independent trial (i.e.
different day replicates). A technical replicate was defined as a cell culture wells or plates
under identical experimental conditions within an independent trial (i.e. same-day

replicate).
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CHAPTER 3
Results

3.1 Heme Metabolism and Hypoxia Gene Expression in Human Failing Hearts

To independently confirm whether patients in heart failure differentially express
rate-limiting enzymes for heme metabolism (ALAS/HMOX) and/or the two major
isoform proteins regulating gene expression in hypoxia (HIF1o/HIF2a), we analyzed
open-access microarray data-sets from the Entrez Gene Expression Omnibus (GEO)

(http://www.ncbi.nlm.nih.gov/geoprofiles/). First, we searched for studies in GEO related

to human heart failure using mesh terms [10]. Five potential data-profiles were
discovered. Two data-profiles were sufficiently diverse and complete for a comparison of
the genes of interest; yet, data for either ALAS2 or HMOX2 were not reported in the
microarray analysis data sets analyzed. The first data-set pertained to idiopathic heart
failure (GSE1145) and the second to dilated heart failure (GSE3586, [97]). ALAS1 gene
expression was elevated in both idiopathic and dilated heart failure (Figure 3.1-A, E,
respectively) in the subjects under study. Relative HMOX1 expression in heart failure
subjects did not vary significantly from control subjects in either data set (Figure 3.1-B,
F). HIF1a expression compared to control samples was significantly lower in idiopathic
heart failure (Figure 3.1-C), but did not vary significantly from controls in dilated heart
failure (Figure 3.1-G). HIF2a expression did not vary significantly from controls in
either idiopathic or dilated heart failure (Figure 3.1-D, H). These data indicate that at end-
stage heart failure (where hearts are explanted for transplantation) gene expression of
heme synthesizing enzyme, ALASI, is significantly increased, but that hypoxia sensitive
transcription factor HIF1a is decreased in heart failure in subjects from a study of
idiopathic heart failure, but not dilated heart failure.
3.2 Heme Metabolism and Hypoxia Gene Expression in Preclinical Models of Heart
Failure

AMI and TAC are two widely used preclinical models used to investigate heart
failure. Here we sought to determine whether the rate-limiting heme regulatory enzymes

or hypoxia sensitive transcription factors would be altered throughout the progression of
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Figure 3.1. Microarray Analysis of Rate-Limiting Heme Metabolism Enzymes and
Hypoxia Inducible Factors in Human Idiopathic and Dilated Heart Failure. mRNA
(logo-transformed) was analyzed in heart failure (HF) patients using public microarray
datasets. (A-D) Left ventricular biopsies were obtained from patients with idiopathic
heart failure at the time of explant (N=15); control biopsies were obtained from non-
failing donor hearts (N=10). (E-H) Cardiac septal wall and left ventricle apex (HMOX1)
biopsies were obtained from dilated cardiomyopathy heart failure patients (N=11-15) and
control biopsies (N=5-13). ALAS1 was higher in (A) idiopathic and (E) dilated
cardiomyopathy heart failure. (B, F) HMOX1 did not vary significantly with heart
failure. (C) HIFla was lower in idiopathic heart failure. (D) HIF2a did not vary
significantly in idiopathic heart failure. Neither (G) HIFlo nor (H) HIF2a varied
significantly in dilated heart failure. (**, P<0.01; **** P<(0.0001).
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heart failure. Traditionally, the actin gene has been used to internally normalize gene
expression in the heart, however, actin gene levels varied wildly throughout AMI and
TAC progression (data not shown). The degree of cytoskeletal remodeling involved in
both models necessitated the use of an alternate housekeeping gene to normalize gene
expression samples; thus, gene expression was normalized to ribosomal subunit protein
L32 (Rpl32). Real-time quantitative PCR analyses was conducted during the
compensatory phase after onset of AMI or TAC at 2-weeks and the decompensatory
phase at 18-weeks (as determined by cardiac functional analysis). Quantitative PCR
showed no significant difference in cardiac expression of ALAS1 or ALAS2 2 weeks
after AMI in mice, relative to sham (Figure 3.2-A, B). In 18week post-AMI mice, both
ALASI and ALAS?2 cardiac gene expression was significantly lower compared to sham
animals (Figure 3.2-A, B). However, ALAS1 was lower, whereas ALAS2 was
significantly higher in 2 week TAC (Figure 3.2-G, H). Cardiac HMOX1 expression was
higher in both 2 and 18 week AMI and TAC mice (Figure 3.2-C, I). HMOX2 expression
did not vary significantly in either AMI or TAC hearts (Figure 3.2-D, J). HIF1a
expression was not different at 2weeks but was significantly higher in 18 week AMI
hearts compared to sham (Figure 3.2-E,). HIF1a was significantly higher in 18 week
TAC, relative to both sham and 2 week TAC (Figure 3.2-K). HIF2a expression did not
vary significantly with AMI at either 2 or 18 weeks (Figure 3.2-F) but was significantly
lower in 2 week TAC (Figure 3.2-L).

We do not find exact alignment between clinical subjects and pre-clinical models
of heart failure of gene expression profiles of heme regulating enzymes or hypoxia
sensing transcription factors. However, both human and murine data clearly demonstrated
altered gene expression in heme synthesizing ALAS enzymes. In AMI, both ALAS1 and
ALAS?2 expression is reduced by up to 50%, which is similar to 2 week TAC for ALASI,
but not ALAS?2 (increased by up to 50%) and, in human subjects, ALAS1 was as much as
2-fold elevated. HIF 1o was lower in human subjects and elevated in late stage murine
models of heart failure. Consistent with HMOX2 being a low level constitutive enzyme,
no changes were discovered. Likewise, consistent with HMOX1 being induced during
stress, we found significantly increased expression in both AMI and TAC during both the

compensatory and decompensatory phase of the murine models of heart failure — yet no
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Figure 3.2. Gene Expression of Rate-Limiting Heme Metabolism Enzymes and
Hypoxia Inducible Factors in Pre-Clinical Models of Heart Failure. Hearts were
harvested from C57B1 mice following 2 and 18 week AMI (A-F; N=3-4) and TAC (E-L;
N=4-5). Gene expression was internally normalized to Rpl32 and relative to sham (N=4-
5). (A-B) ALAS1 and ALAS2 were lower in 18 week AMI. (G) ALASI was lower in 2
week TAC. (H) ALAS2 was significantly higher in 2 week TAC. (C) HMOX1 was
significantly higher with AMI. (B) HMOX2 did not vary significantly in AMI. (I)
HMOX1 was significantly higher with TAC. (E) HIF1a was higher in 18 week AMI. (F)
HIF2a did not vary significantly with AMI. (K) HIFla was higher in 18 week TAC
relative to both sham and 2 week TAC. (L) HIF2a was lower in 2 week TAC. (*,
P<0.05; *** P<0.001; * Indicates significance vs. sham, { indicates significance
between 2 and 18 week groups).
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difference was observed in HMOX1 in human heart failure subjects. Interestingly, human
subjects showed either a decline or no change in HIF1 o, whereas in the murine models
HIF1a was significantly higher in the decompensatory phase of both AMI and TAC.
These results could be due to fundamental differences in heart failure stages, regional
cardiac anatomical sampling differences or speciation. However, gene expression per se
does not determine the degree of protein expression, nor the degree of heme
bioavailability (i.e. nominal, deplete, replete or toxic) and these remained to be explored.
3.3 Heme Metabolism and Hypoxia Protein Expression in Preclinical Models of
Heart Failure
3.3.1 Heme Metabolism and Hypoxia Protein Expression in the Infarcted Left
Ventricle

In order to distinguish between changes in heme metabolism regulating enzymes
in the surviving myocardium compared to the more fibrotic scar, heme regulatory
enzyme expression was investigated in the infarcted left ventricle and the peri-infarct
region of AMI mice by western blotting. In the isolated infarct, ALAS1 was significantly
decreased at 1-week post-AMI (Figure 3.3-A, and blot quantified, D), while ALAS2 did
not vary significantly from sham (Figure 3.3-B, and blot quantified, E). HMOX1 levels
were gradually increased from sham to 1-week post-MI; HMOX1 returned to baseline by
2 weeks post MI (Figure 3.3-C, and blot quantified, E). It is noteworthy to appreciate the
changes in protein profiles by whole membrane staining, likely indicative of the reduced
myofiber and increased fibrotic proteins (Figure 3.3-G), however whole lane
quantification of membranes did not show any significant bias to lane normalization.
3.3.2 Heme Metabolism and Hypoxia Protein Expression in the Peri-Infarct Tissue

In the peri-infarct tissue, ALAS1 was significantly decreased in 2 and 4 week
AMI (Figure 3.4-A, and blot quantified, D). ALAS2 was gradually and significantly
increased by 2 and 4 week AMI in the peri-infarct tissue (Figure 3.4-B, and blot
quantified, E). In contrast to the isolated infarct, HMOXI1 levels were significantly
increased by 3 days post-MI, but returned to baseline by 1-week post-MI (Figure 3.4-C,
and blot quantified, F). These data show that region selection (infarct zone and peri-
infarct zone), for AMI tissues, influence the altered state of heme regulatory enzyme

expression. HMOX1 was significantly elevated by 3-days post-AMI and sustained
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Figure 3.3. Infarcted Left Ventricle Expression of Rate-Limiting Heme Metabolism
Proteins Over Time. Infarcts were obtained from C57B1 mouse hearts 3 days (N=4), 1
week (N=5), 2 weeks (N=4), and 4 weeks (N=5) post AMI surgery; control hearts were
obtained from mice post sham surgery (N=4). (A) ALAS1 was significantly decreased at
1 week post-myocardial infarct (MI). (B) ALAS2 did not vary significantly with MI. C)
HMOXI1 was significantly increased at 1 week post MI. (D) Representative ALASI-
probed membrane displayed specific prominent ALASI1-bands at 70 kDa. (E)
Representative ALAS2-probed membrane displayed specific prominent ALAS2-bands at
65 kDa. (F) Representative HMOX1-probed membrane displayed specific prominent
HMOX1-bands at 32 kDa. (G) Pierce® Memcode staining demonstrated uniform protein
loading on the membrane prior to antibody probe. (ns, P>0.05; *, P<0.05; **, P<0.01).
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Figure 3.4. Peri-Infarct Left Ventricle Expression of Rate-Limiting Heme
Metabolism Proteins Over Time. The peri-infarct regions of the myocardium were
obtained from C57B1 mouse hearts 3 days (N=4), 1 week (N=5), 2 weeks (N=5), and 4
weeks (N=5) post AMI surgery; control hearts were obtained from mice post sham
surgery (N=4). (A) ALASI1 was significantly decreased at 2 and 4 weeks post MI relative
to sham and 3 days post MI. (B) ALAS2 was significantly increased at 2 and 4 weeks
post MI relative to sham and 3 days post MI. (C) HMOXI1 was significantly increased at
3 days post MI, however expression was returned to sham-like levels from 1 to 2 weeks
post MI. (D) Representative ALASI-probed membrane displayed specific prominent
ALASI-bands at 70 kDa. (E) Representative ALAS2-probed membrane displayed
specific prominent ALAS2-bands at 65 kDa. (F) Representative HMOXI-probed
membrane displayed specific prominent HMOXI1-bands at 32 kDa. (G) Pierce®
Memcode staining demonstrated uniform protein loading on the membrane prior to
antibody probe. (ns, P>0.05; *, P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001).
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expression for up to 1-week in the infarct but not peri-infarct tissues. Interestingly, the
protein expression of HMOX1 in AMI is more transient, resolving by 2-weeks in contrast
to our gene expression data. Likewise, the protein expression of ALAS1 and ALAS2
were in agreement with gene expression data, but demonstrably greater differences in the
peri-infarct region show that ALASI protein expression is significantly reduced in
exchange for significantly elevated ALAS2 expression. In order to determine whether
this contributes to a change in heme bioavailability we next quantified heme content in
the peri-infarct regions of post-AMI cardiac tissues (Figure 3.5). There was substantial
variability in heme content across samples in 3-day, 1-week and 2-week AMI and no
significant difference was determined. However, in comparison to sham and 4-week AMI
the early peri-infarct heme content appears to be in a state of flux and in some animals
was increased 3-6 fold comparatively to the tightly clustered sham levels of heme,
suggesting some animals are in a heme-replete state during the early post-AMI peri-
infarct myocardium (a more powered analysis may be appropriate).
3.3.3 Heme Metabolism and Hypoxia Protein Expression in TAC Hearts

In TAC hearts, ALAS1 was significantly decreased in 2, 4 and 18-week TAC
(Figure 3.6-A, and blot quantified, D). ALAS2 did not vary significantly with TAC
(Figure 3.6-B, and blot quantified, E). HMOXI1 protein was significantly decreased in 18-
week TAC (Figure 3.6-C, and blot quantified, F). In agreement with the gene expression
data there was a significant reduction in ALAS]1 protein by 2-weeks. However, though
gene expression returned to sham levels, ALASI protein expression remained
significantly lower than sham. A reduction in ALAS1 was observed in both AMI and
TAC animals (unlike human subjects where ALAS1 gene expression was elevated). TAC
hearts did not show a commensurate increase in ALAS2, as was observed in TAC gene
expression and peri-infarct AMI. Likewise, TAC myocardium showed a significant
reduction in HMOX1 protein expression contrary to the increased gene expression in
TAC and unlike the AMI (see Table 3. for a summary report). To determine whether
TAC myocardium heme bioavailability was altered, heme content analysis was
performed. Interestingly, heme content was progressively and significantly higher by 18-
week TAC (Figure 3.7-C). This onset of a heme-replete state is curious given that there

was a reduction in the rate-limiting ALAS1 heme-synthesis enzyme. Further, this heme-
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Figure 3.5 Time-Dependent Changes in Cardiac Heme Content of Peri-Infarct Left
Ventricle Tissue. (A) Raw kinetic plotting of hemin-standard reaction progression.
Standard curve optical densities (OD) were derived from the phase of linear growth at
time = 10 minutes. (B) Heme content was interpolated through linear regression from a
hemin standard curve (R?=0.9672). (C) Cardiac heme content in the peri-infarct region at
3 days (N=5), 1 week (N=5), 2 weeks (N=5), and 4 weeks (N=4) post AMI surgery;
control hearts were obtained from mice post sham surgery (N=5). Heme content did not
vary significantly in AMI (ns, P>0.05).
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Figure 3.6. Time-Dependent Changes in Cardiac Heme Regulatory Enzyme Protein
Expression after TAC. Hearts were obtained from C57B1 mice 2 weeks (N=3-4), 4
weeks (N=4-5), and 18 weeks (N=3-4) post TAC; control hearts were obtained from mice
post sham surgery (N=5). (A) ALAS1 was significantly decreased with TAC. (B) ALAS2
did not differ significantly with TAC. (C) HMOX1 was significantly decreased at 18
week TAC. (D) Representative ALAS1-probed membrane displayed specific prominent
ALAS1-bands at 70 kDa. (E) Representative ALAS2-probed membrane displayed
specific prominent ALAS2-bands at 65 kDa. (F) Representative HMOXI-probed
membrane displayed specific prominent HMOXI1-bands at 32 kDa. (G) Pierce®
Memcode staining demonstrated uniform protein loading on the membrane prior to
antibody probe. (*, P<0.05; **, P<0.01; **** P<0.0001).
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Figure 3.7. Time-Dependent Changes in Cardiac Heme Content after TAC. (A) Raw
kinetic plotting of hemin standard reaction progression. Standard curve optical densities
(OD) were derived from the phase of linear growth at time = 20 minutes. (B) Heme
content was interpolated through linear regression from a hemin standard curve
(R?=0.9671). (C) Heme content in the mouse myocardium at 2 weeks (N=5), 4 weeks
(N=4), and 18 weeks (N=3) post TAC surgery; control hearts were obtained from mice
post sham surgery (N=5). Heme content was significantly higher in the mouse
myocardium following 4 and 18 week TAC. (ns, P>0.05; *, P<0.05).
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replete state was evident without enacting an increase in the heme-inducible HMOX1
catalytic enzyme. The mechanisms that would regulate these changes remain to be
defined, but could be related to the degree of tissue hypoxia and/or oxidative stress
caused by the model of heart failure.

We next sought to identify protein changes in HIF 1o and HIF2q, but these were
not readily detectable in mouse myocardium (Figure 3.8-B,D) by Western Blot. To
ensure that the antibodies used were valid as commercially indicated, we conducted an
immuno-validation study. Only two primary Anti-HIF1a and Anti-HIF2a antibodies
were capable of detecting the respective antigen by western blot in vivo and in vitro. The
R&D Systems #AF1935 (Figure 3.8-A) Anti-HIF 1o detected faint bands in mouse and
rat myocardium in the range of molecular weight for HIF1a and exactly at the predicted
molecular weight for human HIF 1o during hypoxia in rat H9C2 cells expressing a human
HIF1a transgene (Figure 3.8-B). However, a HIF2a primary antibody from BioRad
#VMAOOO83KT (Figure-3.8C) was only capable of detecting the respective human
antigen by western blot in vitro (HEPG2 hepatocarcinoma cells) as confirmed by
exposure to 1% O: for 24h alone and with overexpression of a human HIF2a transgene
(Figure 3.8-D). We defined a valid western blot antibody as being: commercially
designed to react (or predicted to react) with human, mouse and rat antigen; at or near the
predicted molecular weight of the full-length protein; confirmed to demonstrate both a
physiological response to hypoxia and gain or loss of antigenicity by genetic
manipulation (such as, by over-expressing a transgene or knocking down the protein of
interest using sShRNA). Numerous commercial HIF1a antibodies failed to meet these
minimal validity standards (Figure 3.9-A), many of which produced extensive non-
specificity or detection of what might be degraded antigen. There are few commercial
HIF2a antibodies available and we were limited only to human antigenicity (Figure 3.9-
B). Molecular validation of HIF1a and HIF2a was thus limited by western blotting and
may require de novo antibody generation or other methodological approaches, such as
nuclear isolation, non-denaturing conditions, immunocytochemistry or
immunohistochemistry approaches. Given the challenge of evaluating the molecular

mechanisms of heme regulating enzymes by hypoxia inducible factors in vivo, a more
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Figure 3.8 Detection of HIF1a and HIF2a by Western Blot. (A) Commercial product
datasheet of polyclonal Goat Anti-Human/Mouse/Rat HIF1a primary antibody
(Cat#AF1935; R&D Systems) demonstrated physiological induction of HIF1a in A549
human lung carcinoma cells exposed to 1% Oz for an unspecified amount of time. (B)
HIFla was detected in H9C2 myotubules overexpressing HIF1a in 1% O for 24h, but
was undetectable in mouse or rat heart by Western blot of whole tissue lysates. (C)
Commercial product datasheet of monoclonal Mouse Anti-Human/Mouse/Rat HIF2a
primary antibody (Cat#VMAOO0083KT). (D) HIF2a induction was faintly detected in
HEPG?2 hepatocarcinoma cells following 24h at 1% O, and detected readily in HEPG2
overexpressing HIF2a at 1% O for 24h. HIF2a was undetectable in rat whole heart by
Western blot of whole tissue lysates.
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Figure 3.9 In Vitro Validation of Primary Anti-HIF1a and Anti-HIF2a Antibodies.
(A) Anti-HIF1a (110 kDa) primary antibodies were tested in HOC2 cells exposed to
either normoxia (21% O3) or 1% O2 for 24h. Primary antibody AF1935 of R&D Systems
was validated in H9C2 myotubules. A total of (N=13) antibodies were trialed; 12 failed
to detect physiological induction of HIFla in hypoxia. (B) Anti-HIF2a (120 kDa)
primary antibodies were tested in HEPG2 cells exposed to either normoxia (21% O>) or
1% Oy for 24h. Primary antibody VMAOOOS3KT (BioRad) was validated in HEPG2

only.
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defined in vitro conditional experimental approach was appropriate.
3.4 A HIF-Independent In Vitro-Indicator of Hypoxia at Low Oxygen Tension

The most common means of confirming intracellular hypoxia is to measure
increased HIF 1 a protein expression/stability. However, other means of stabilizing
HIF1a, independent of intracellular hypoxia, are known [62-64]. Further, not all cells
demonstrate physiologically/metabolically similar states of hypoxic stress (i.e. lung vs
bone parenchyma) at the same low-oxygen tensions or durations [103-107]. Thus, it was
necessary to confirm intracellular hypoxia in our in vitro model independent of HIF 1o
expression to ensure that hypoxia was present under experimental conditions (1%
atmospheric oxygen (1% O2) in HOC2 cells).

Detection of low oxygen tension by FACS was used to quantitatively assess
metabolic hypoxia in H9C2 cells (Figure 3.10). The commercial hypoxia indicator,
HypoxyProbe™ (Pimonidazole; Figure 3.10-A), or HAuCl4 (Figure 3.10-B), failed to
demonstrate an increase in fluorescent intensity in response to 24h 1% O in H9C2 cells.
These initial assays may require additional amplification, for example by secondary anti-
body labeling (as suggested by the commercial supplier in the case of HypoxyProbe), and
thus were not sufficiently sensitive to our purpose. However, AlexaFluor 633 Cy5-
conjugated Maleimide (Figure 3.10-C) demonstrated a marked increase in fluorescent
intensity in response to 1% O» for 24hr. Importantly, the maleimide intensity did not
increase in response to the hypoxia-mimetic, CoCl,. The mechanism by which Maleimide
is indicative of low oxygen tension is shown in Figure 3.11. Thus, in addition to proving
cellular hypoxia in an in vitro model of low oxygen through stabilization of HIF1a, we
were able to confirm the presence of intracellular hypoxia using one of three reported
biochemical means of detection.

3.5 Heme Metabolism and Hypoxia Inducible Factor Protein Expression in Acute
Moderate or Severe Hypoxia

The effect of acute moderate (8% O>) and severe hypoxia (1% O2) in HOC2
myotubules is shown in Figure 3.12. HIF1a was increased in myotubules exposed to 1%
O: for 24h (+15-fold; +23-fold vs. normoxia 24h), but there was no observable difference
in 8% Oz (Figure 3.12-A). ALASI did not vary markedly in hypoxia (Figure 3.12-B; -
1.3-fold, -1-fold, 8% O> vs normoxia; +1.2-fold, +2-fold , 1% O vs normoxia). HMOX1
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Figure 3.10. Maleimide is Indicative of Low Oxygen Tension by Fluorescence-
Activated Cell Sorting (FACS). Fluorescence-activated cell sorting of proliferative
HIC2 cells exposed to normoxia alone (21% O2; green), normoxia with 100uM CoCI2
(black), or 1% O for 24h (blue) with either (A) 100uM Pimonidazole, (B) 10uM
HAuCls, or (C) 10uM AlexaFluor 633 C5 Maleimide. (A-B) Fluorescence did not
increase markedly in cells exposed to 1% O,. (C) Maleimide fluorescence increased
empirically in hypoxic cells in comparison to normoxic and CoClx-treated cells.
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Figure 3.11. Thiol Formation and Maleimide Binding in Hypoxia. Cellular disulfide
bonds are more readily broken in low oxygen tension as a result of increased intracellular
reactive oxygen species formation that, in conjunction with decreased pH from hypoxia,
form thiol (sulfhydryl) groups that react with Maleimide and retain it within the cell
along with its fluorophore-conjugate for detection.
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Figure 3.12. Dose-Dependent Effects of Acute Moderate or Severe Hypoxia on Heme
Regulatory Enzyme Expression. Proliferative HOC2 cells were differentiated without
FBS for 6 days and exposed to either normoxia (21% O3z), 8% Oz or 1% O for 24h. (A)
HIF1a was increased after 24h in 1% O, but not in 8% O». (B) ALASI1 did not vary
markedly in hypoxiaz. (C) HMOX1 was increased in 1% O: after 24h, but not in 8% Oo.
(D) ALAS2 decreased with hypoxia. (E) Representative HIF2o-probed membrane;
HIF20 was probed on a fresh membrane but was not detectable in H9C2 cells. (F)
Representative HIF 1 a-probed membrane displayed prominent HIF1a-bands at 110 kDa.
(G) Representative ALAS1-probed membrane displayed prominent ALAS1-bands at 70
kDa. (H) Representative ALAS2-probed membrane displayed prominent ALAS2-bands
at 65 kDa. (I) Representative HMOX1-probed membrane displayed prominent HMOX1-
bands at 32 kDa. (J) Pierce® Memcode staining demonstrated uniform protein loading
on the membrane prior to antibody probe. Results are representative of 2 independent
trials.
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induction was observed in 1% O2 (+22-fold, +116-fold vs normoxia) but there was no
observable difference in 8% O» (Figure 3.12-C). ALAS2 was decreased in 8% O2 (-2.4-
fold, -1.4-fold vs normoxia) and 1% O> (Figure 3.12-D; -2.6-fold, -1.4-fold vs normoxia).
Heme content was increased in 8% Oz and 1% O after 24h (Figure 3.13 C).
3.6 Heme Metabolism and Hypoxia Inducible Factor Protein Expression in Chronic
Moderate or Severe Hypoxia

The effect of chronic (72h) moderate and severe hypoxia in HOC2 myotubules is
shown in Figure 3.14. There was no observable difference in HIF 1a protein expression in
8% O2; HIF1a was only increased in 1% O after 24h (+15-fold, +23-fold vs normoxia
24h) and 72h at 1% O (+1-fold, +1.1-fold vs 1% O> 24h). (Figure 3.14-A). There was no
observable difference in ALAS1 with chronic hypoxia in comparison to acute hypoxia
(Figure 3.14-B). HMOXI1 expression was increased after 24h at 1% O, (+5.2-fold, +22-
fold vs normoxia 24h) and was elevated in normoxia over time under culture conditions
(+3.2-fold, +3.3-fold vs normoxia 24h), 8% O (+2.8-fold, +5-fold vs normoxia 24h) and
1% O2 (+3.9-fold, +8.1-fold vs normoxia 24h) after 72h. (Figure 3.14-C). ALAS2 could
be modestly decreased in normoxia (-1.4-fold, -3.5-fold vs normoxia 24h), or 8% O (-
4.5-fold, +2-fold vs 8% O» 24h) after 72h (Figure 3.14-D). There was no observable
difference in ALAS2 protein expression in 1% O; after 72h vs normoxia 72h (Figure
3.14-D).
3.7 Effect of HIF1a/2a Overexpression and HIF1a Knockdown on Heme
Synthesizing Enzymes under Hypoxic Conditions

To elucidate the role of HIF1a and HIF2a in heme regulation, H9C2 myotubules
were transduced with adenoviral vectors carrying the transgene, or ShRNA for either of
the HIF isoforms. Confirmation of adenoviral transduction was visually achieved by
fluorescence microscopy (Figure 3.15). Adenoviral vectors targeting HIF 1 were
visualized by RFP (Figure 3.15-B). Vectors targeting HIF2a were visualized by GFP
(Figure 3.15-C). Transduction efficiency and MOI were determined by FACS (Figure
3.16). H9C2 cells transduced with an MOI of 300 demonstrated a 2.7-fold increase in
GFP intensity compared to cells transduced with an MOI of 100. However, cells
transduced with an MOI of 100 demonstrated a transduction efficiency of >95%.,

whereas cells transduced with an MOI of 300 demonstrated a transduction efficiency
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Figure 3.13. Increased Heme Content in H9C2s Exposed to Acute Moderate or
Severe Hypoxia. (A) Raw kinetic plotting of hemin standard reaction progression.
Standard curve optical densities (OD) were derived from the phase of linear growth at
time = 40 minutes. (B) Heme content was interpolated through linear regression from a
hemin standard curve (R*=0.9953). (C) Heme content in HOC2 myotubules exposed to
normoxia (21% 0O2), 8% O> or 1% O for 24h. Heme content was increased when
exposed to either 8% Oz or 1% Oz. Error bars are representative of mean + standard error
of the mean (SEM) of 3 technical replicates.
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Figure 3.14. Protein Expression of Rate-Limiting Heme Metabolism Enzymes and
Hypoxia Inducible Factor in Moderate or Severe Hypoxia. H9C2 cells were
differentiated without FBS for 6 days and exposed to either normoxia (21% O2), 8% O:
or 1% Oy for 24h or 72h. (A) HIF1a was increased after 24h and 72h in 1% O», but was
not increased in 8% O>. (B) ALASI did not vary markedly between acute (24h) and
chronic (72h) hypoxia. (C) HMOXI1 was increased after 24h in 1% O». After 72h,
HMOX1 was increased in all treatments with highest expression observed in cells
exposed to 1% Oz. (D) ALAS2 remained decreased in 72h hypoxia in 8% Oz and 1% Ox.
ALAS2 was decreased in normoxia after 72h. There was no observable difference in
ALAS?2 between 72h time points.(E) Representative HIF1a-probed membrane displayed
prominent HIFla-bands at 110 kDa. (F) Representative ALASI1-probed membrane
displayed prominent ALASI-bands at 70 kDa. (G) Representative ALAS2-probed
membrane displayed prominent ALAS2-bands at 65 kDa. (H) Representative HMOX1-
probed membrane displayed prominent HMOX1-bands at 32 kDa. (I) Pierce® Memcode
staining demonstrated uniform protein loading on the membrane prior to antibody probe.
Results are representative of 2 independent trials.
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Figure-3.15. Confirmation of Adenoviral Transduction by Fluorescence Microscopy.
Bright-field and fluorescence-filtered images of HO9C2 myotubules after 3-day
transduction with adenoviral vectors. (A) Non-transduced cells did not display
fluorescence by microscopy, however (B) Ad-RFP- and (C) Ad-GFP- transduced cells
displayed red and green fluorescence respectively.
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Figure 3.16. Optimizing Adenoviral Transduction Efficiency by Fluorescence-
Activated Cell Sorting (FACS). Proliferative H9C2 cells were transduced with Ad-h-
HIF2a-Myc for 72h at either 100 or 300 multiplicity of infection (MOI). (A) H9C2 cells
transduced with an MOI of 300 (green) demonstrated a 2.7-fold increase in GFP intensity
compared to cells transduced with an MOI of 100 (blue). (B) Bright-field and GFP-
filtered views of HIC2 cells without adenoviral transduction. (C) Bright-field and GFP-
filtered views of H9C2 cells transduced with a MOI of 100. (D) Bright-field and GFP-
filtered views of HOC2 cells transduced with an MOI of 300.
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>99% - only a 4% increase despite the usage of 3-fold more vector. An MOI of 100 was
thus used thereafter for experimentation.

To confirm precise shRNA design, HIF1o/2a shRNA targets were aligned with
their respective mRNA sequences by Clustal Omega (V1.2.2) to confirm sequence
specific targeting (Figure 3.17). Western blot analysis was performed to confirm
adenoviral overexpression and knockdown of HIF1a (Figure 3.18). HIF 1 a protein
expression was increased in HO9C2 myotubules exposed to 1% O» for 24h (+5-fold, +6.1-
fold, +18-fold vs normoxia) and was subsequently knocked down with Ad-m/r-HIF 1 a-
shRNA (-5-fold, -5.2-fold, -30-fold vs 1% O;24h). HIF1a was induced in normoxia by
Ad-h-HIF1a-HA (+2.1-fold, +2.8-fold, +4.9-fold vs normoxia 24h) transduction and was
markedly increased in conjunction with 1% O» for 24h (+1.4-fold, +2.2-fold, +4.5-fold vs
1% O224h). To confirm targeting of HIF2a by adenoviral vectors, qPCR was performed
in H9C2 myotubules incubated with either HIF1a/2a overexpression or knockdown
vectors and exposed to 1% O for 24h (Figure 3.19). qPCR was performed using human
(Hu) and rat (Rt)-specific primers. Gene expression was internally normalized to HPRT1
and compared to a normoxic control for fold change expression. HO9C2 myotubules
transduced with Ad-h-HIF2a-Myc overexpression vector demonstrated >2000-fold
increase in human-specific mRNA (Figure 3.19-A). HIF2a overexpression did not
demonstrate cross-over effects on HIF1a. Rat-specific HIF2a primers were unable to
confirm knockdown of endogenous HIF2a (Figure 3.19-B).

To verify whether adenoviral HIF1a expression was affected by HIF2a
overexpression, HIF1a was measured in HOC2 myotubules overexpressing human
HIF2a in normoxia or 1% O- for 24h (Figure 3.20). HIF1a levels were generally not
affected by HIF2a overexpression in either normoxia (-2.5-fold, -1.4-fold, +1-fold,
HIF2a overexpression vs non-transduced cells) or 1% O (-1.1-fold, +1.1-fold, +1.1-fold
vs non-transduced cells at 1% O»).

To investigate the effect of HIF1a overexpression and knockdown on heme
regulatory enzymes, HOC2 myotubules were incubated with adenoviral vectors and

exposed to either normoxia or 1% O> for 24h. ALASI (+1.4-fold, +1.9-fold vs normoxia
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A.

Human HIF1z mRNA (RefSeq:BC012527.2) CTTTAGATAGCAAGACTTTCCT(AGTCGACACAGCCTGGATATGAAATTTTCTTATTGTG 1020
Mouse HIF1c. mRNA {RefSeq:NM_010431.2) CTTTAGATAGCAAGACATTTCT(AGTCGACACAGCCTCGATATGAAATTTTCTTACTGTG 1189
Rat HIF1¢ mRNA (RefSeq:AF057308.1) CTTTAGACAGCAAGACATTTCTJAGTCGACACAGCCTCGATATGAAATTTTCTTACTGTG 792
Ad-mirHIF1¢-shRNA Target --------————-——--—-—--—— JAGTCGACACAGCCTCGATATG} ——————————-———~ 21
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Human HIF2c mRNA (RefSeq:NM_001430.4) CATGCGACTGGCAATHAGCTTCCTGCGAACACALRARCTCCTCTCCTCAGTTTGCTCTGAAAACGAGTCCGAAGCCGAAGCT 759

Mouse HIF2c mRNA (RefSeq:NM_010137.3) CATGCGCCTGGCCATJAGCTTC CTICGRACACATAAGCTCCTGTCCTCAGTCTGCTCTGAAAATGAATCTGAAGCTGAGGCC 668

Rat HIF2o mRNA (RefSeq:NM_023090.1) CATGCGCCTGGCCATJAGCTTCCTGCGAACACATAAACTCCTGTCTTCAGTGTGCTCTGARAATGAATCTGAAGCCGAGGCT 329
Ad-r-HIF20-shRNA Target -—--———————————] AGCTTC CTGCGAACACATARRA ——— = — = = == — e 21
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Figure 3.17 Confirmation of Vector shRNA Sequence Alignment by Clustal Omega. Human, mouse, and rat (A) HIFla and (B)
HIF2a nucleotide mRNA sequences were aligned by Clustal Omega (V1.2.2.) and labeled (boxed sequences) according to the
adenoviral shRNA target sequences respectively. Identical nucleotide alignment across all species and shRNA target was denoted by
*. Gaps in * and boxing identified single nucleotide changes between aligned sequences. (A) Ad-m/r-HIF1a-shRNA aligned 100%
with both mouse and rat reference sequences thus a single vector was predicted to block either species expression. (B) A rat-specific
shRNA targeted sequence was required due to alignment of the gene across species.
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Figure 3.18. HIF1la Overexpression and Knockdown by Adenoviral Vectors under
Hypoxic Conditions. H9C2 cells were differentiated without FBS for 6 days (of which
the final 3 days were incubated with adenoviral vectors) and exposed to either normoxia
(21% 0O2) or 1% O> for 24h. (A) HIFla was decreased in cells transduced with Ad-m-
HIF1a-shRNA and exposed to 1% O,. HIF1a was increased in cells transduced with Ad-
h-HIF1a-HA in normoxia, and further elevated in 1% O,. (B) Representative HIF1a-
probed membrane displayed prominent HIF1a-bands at 110 kDa. (C) Pierce® Memcode
staining demonstrated uniform protein loading on the membrane prior to antibody probe.
Results are representative of 3 independent trials.
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Figure 3.19 HIF2a Overexpression and Knockdown by Adenoviral Vectors under
Hypoxic Conditions-without Cross-Over Effects during HIF1a Overexpression or
Knockdown under Hypoxic Conditions. HOC2 cells were differentiated without FBS
for 6 days (of which the final 3 days were incubated with adenoviral vectors) and
exposed to either normoxia, (21% O2z) or 1% O> for 24h. Gene expression was internally
normalized to HPRT1 and compared to a normoxic control for fold change expression.
(A) HI9C2 myotubules transduced with Ad-h-HIF2a-Myc overexpression vector
displayed >2000-fold increase in human-specific mRNA. Ad-h-HIFla-HA
overexpression vectors did not affect the expression of HIF2a.. (B) HOC2 cells transduced
with Ad-r-HIF2a-shRNA did not confirm knockdown of endogenous HIF2a. Primers
designed to target rat (Rt) HIF2a did not cross-react with the human overexpression
mRNA.
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Figure 3.20. HIFla Expression has no Cross-Over-Effects during HIF2a
Overexpression under Hypoxic Conditions. H9C2 cells were differentiated without
FBS for 6 days (of which the final 3 days were incubated with adenoviral vectors) and
exposed to either normoxia (21% O2) or 1% O for 24h. (A) HIFla expression in
normoxia and 1% O2 was not increased or decreased with Ad-h-HIF2a-Myc
transduction. (B) Representative HIF1a-probed membrane displayed prominent HIF1a-
bands at 110 kDa. (C) Pierce® Memcode staining demonstrated uniform protein loading
on the membrane prior to antibody probe. Results are representative of 3 independent
trials.
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24h) and ALAS2 (+1.2-fold, -1.1-fold vs normoxia 24h) were slightly increased or
generally unaffected by HIF 1 overexpression in normoxia after 24h (Figure 3.21-A, B).
In cells exposed to 1% O> for 24h, HIF1a knockdown increased ALAS1 (+4.2-fold,
+4.6-fold vs 1% O 24h); there was no observable difference in ALAS2 from hypoxic
controls (Figure3.21-A, B respectively). HIF1a overexpression in 1% O; also increased
ALASI levels (+3.5-fold, +3.5-fold vs 1% O 24h). There was no observable difference
in HMOXI1 in response to HIF 1o overexpression in normoxia (Figure 3.22). HMOX1was
increased with HIF 1o overexpression in conjunction with 1% O (-2-fold, +1.4-fold,
+1.7-fold vs 1% O3 24h). Increased HMOX1 in 1% O> was attenuated with HIF 1 o
knockdown (-1.57-fold, -2.2-fold, -24-fold vs 1% O2 24h).

To investigate the effect of HIF2a overexpression on heme regulatory enzymes,
HI9C2 myotubules were incubated with adenoviral vectors and exposed to either
normoxia or 1% O for 24h. ALAS1 was increased in response to HIF2a overexpression
in both normoxia (+1.3-fold, +2.5-fold vs normoxia 24h) and 1% O (+1.3-fold, +2-fold
vs normoxia 24h) after 24h (Figure 3.23-A). There was no observable difference in
ALAS?2 with HIF2a overexpression (Figure 3.23-B). Interestingly, HMOX1 was
increased with HIF2a overexpression in normoxia (+26.7-fold, +62-fold, +126.7-fold vs
normoxia 24h) and synergistically increased in conjunction with 1% O (+5.5-fold, +6.9-
fold, +10-fold vs 1% O3 24h) after 24h (Figure 3.24). Heme content was increased with
HIF2a and HIF 1 overexpression in normoxia and in 1% O; after 24h compared to sham
(Figure 3.25-C). HIF1a knockdown resulted in increased heme content levels in
normoxia, elevated beyond the increase observed in hypoxia.
3.8 Dose- and Time-Dependent Changes in Heme Regulatory Enzyme Protein
Expression with Hemin

To investigate the interplay of increased heme on heme regulatory enzyme and
HIF expression in vitro, we first established a non-toxic, heme-replete state in HOC2
cells. First, cell viability was measured by PrestoBlue assay in both proliferative and
quiescent H9C2 in response to increased hemin concentration (Figure 3.26). Proliferative
HOC?2 viability was sustained above 85% from 5-200uM hemin after 24h; survival of
proliferative H9C2 was distinctly reduced with 400uM hemin after 24h (Figure 3.26-A).
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Figure 3.21. Effect of HIFla Overexpression and Knockdown on Heme
Synthesizing Enzymes under Hypoxic Conditions. HOC2 cells were differentiated
without FBS for 6 days (of which the final 3 days were incubated with adenoviral
vectors) and exposed to either normoxia (21% O2) or 1% O> for 24h. (A) ALASI was
moderately increased with HIF1o overexpression and was decreased in 1% O, HIF1a
knockdown increased ALASI in normoxia and hypoxia. (B) ALAS2 was moderately
increased with HIFl o overexpression in normoxia and decreased in 1% O2. ALAS2 was
relatively unchanged with HIFla transduction in 1% Oz for 24h. (C) Representative
ALAS1-probed membrane displayed prominent ALASI-bands at 70 kDa. (D)
Representative ALAS2-probed membrane displayed prominent ALAS2-bands at 65 kDa.
(E) Pierce® Memcode staining demonstrated uniform protein loading on the membrane
prior to antibody probe. Results are representative of 2 independent trials.
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Figure 3.22. Effect of HIFla Overexpression and Knockdown on HMOXI1
Expression under Hypoxic Conditions. H9C2 cells were differentiated without FBS for
6 days (of which the final 3 days were incubated with adenoviral vectors) and exposed to
either normoxia (21% O2) or 1% O for 24h. (A) HMOX1 was slightly increased in cells
transduced with HIF 1o overexpression in normoxia. HMOX1 was increased in hypoxia
and was further increased with HIF 1o overexpression. HMOXI1 levels in hypoxia were
attenuated in cells transduced with HIF1a-shRNA. (B) Representative HMOX1-probed
membrane displayed prominent HMOXI1-bands at 32 kDa. (C) Pierce® Memcode
staining demonstrated uniform protein loading on the membrane prior to antibody probe.
Results are representative of 3 independent trials.
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Figure 3.23. Effect of HIF2a Overexpression on Heme Synthesizing Enzymes under
Hypoxic Conditions. HOC2 cells were differentiated without FBS for 6 days (of which
the final 3 days were incubated with adenoviral vectors) and exposed to either normoxia
or 1% O> for 24h. (A) ALAS1 was modestly increased with HIF2a overexpression.. (B)
ALAS?2 did not vary markedly with HIF2a overexpression. (C) Representative ALAS]1-
probed membrane displayed prominent ALASIbands at 70 kDa. (D) Representative
ALAS2-probed membrane displayed prominent ALAS2-bands at 65 kDa. (E) Pierce®
Memcode staining demonstrated uniform protein loading on the membrane prior to
antibody probe. Results are representative of 2 independent trials.
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Figure 3.24. Effect of HIF2a Overexpression on HMOX1 Expression under Hypoxic
Conditions. HOC2 cells were differentiated without FBS for 6 days (of which the final 3
days were incubated with adenoviral vectors) and exposed to either normoxia or 1% O
for 24h. (A) HMOXI1 was increased with HIF2a overexpression in normoxia. HMOX1
expression was further increased in hypoxia with HIF2a overexpression. (B)
Representative HMOX1-probed membrane displayed prominent HMOX1-bands at 32
kDa. (C) Pierce® Memcode staining demonstrated uniform protein loading on the
membrane prior to antibody probe. Results are representative of 3 independent trials.
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Figure 3.25. Effect of HIF1/2a Overexpression and HIF1la Knockdown on Heme
Content under Hypoxia. Heme content in H9C2 myotubules exposed to either normoxia
or 1% O: for 24h was quantified by Heme Colorimetric Assay. (A) Raw kinetic plotting
of hemin standard reaction progression. Standard curve optical densities (OD) were
derived from the phase of linear growth at time = 40 minutes. (B) Heme content was
interpolated through linear regression from a hemin standard curve (R*=0.9953). (C)
Heme content in adenovirally transduced H9C2 myotubules exposed to normoxia (21%
02) or 1% O, for 24h. Heme content was increased in hypoxia in non-transduced cells.
HIF1la and HIF2a overexpression increased heme content relative to non-transduced
cells. HIF1a knockdown resulted in the largest increase in heme content; increased heme
content was attenuated in hypoxia. Error bars are representative of mean * standard error
of the mean (SEM) of 2-3 technical replicates.
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Figure-3.26. Establishing a Non-Toxic, Heme-Replete State in H9C2. PrestoBlue
viability assay and dose-response of hemin in (A, C) Proliferative H9C2 and (B, D)
HO9C2 myotubules over 24h (N=8 biological replicates). (A) Proliferative HOC2 survival
was markedly reduced from 200uM to 400uM hemin. (B) Survival of HOC2 myotubules
was prominently reduced from 5uM to 25uM hemin. (C) Spindle-shaped, proliferative
HO9C2 cardiomyoblasts at 80% confluency. (D) Contact inhibited, quiescent H9C2
myotubules after serum-withdrawal differentiation displaying parallel alignment,
increased 3-dimensional depth and elongated spindle morphology. (E) HIF1a expression
was not affected by hemin treatment. (F) ALASI expression was elevated in quiescent
myotubules in comparison to proliferating HOC2 cells. ALAS1 was not affected by
hemin treatment. (G) HMOXI1 expression demonstrated a dose-dependent induction with
hemin treatment. A 25uM dose of hemin in proliferative H9C2s was comparable to a
2.5uM dose of hemin in H9C2 myotubules for HMOXI1 expression. (H) Pierce®
Memcode staining demonstrated uniform protein loading on the membrane prior to
antibody probe.
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Differentiated H9C2 myotubules were not as tolerant to hemin; cell viability was
decreased to below 25% at 25uM hemin (Figure 3.26-B). As well, given the extended
culture for myotubules in 96-well plates, there was considerable variability compared to
proliferative HOC2. HIF 1o was not increased in response to hemin administration (Figure
3.26-E). ALASI1 was higher in H9C2 than in proliferative cells; ALAS1 did not vary with
escalating hemin concentration (Figure 3.26-F). HMOX1 expression demonstrated a
dose-dependent induction with hemin treatment; a 25uM dose of hemin in proliferative
H9C2s was comparable to a 2.5uM in H9C2 myotubules for HMOX1 induction (Figure
3.26-G). H9C2 myotubule differentiation was confirmed by transient myogenin (Figure
3.27; +79-fold, +460-fold after 24h serum deprivation vs subconfluence) Heme content
was lower in HOC2 myotubules than in proliferative HOC2; myotubules exposed to
2.5uM hemin for 24hr raised heme content in myotubules near levels observed in
proliferative H9C2 cells (Figure 3.28-C).

To determine the time-dependent induction of HMOX1 by hemin, HOC2
myotubules were treated with either vehicle or 2.5uM hemin for 4h, 24h or 72h (Figure
3.29). HMOX1 was visibly increased at 4h and peaked by 24h before attenuating at 72h
(Figure 3.29-A). H9C2 myotubules were subsequently exposed to vehicle or 2.5uM
hemin for 24h to investigate the protein expression of heme regulatory enzymes under
heme-replete conditions (Figure 3.30). There was no observable difference in ALASI
with hemin whereas ALAS2 was modestly increased (Figure 3.30-A, B respectively;
ALAS2, +1.45-fold, +3-fold vs vehicle). HMOX1 was markedly increased (+31-fold,
+880-fold vs vehicle) with 2.5uM hemin (Figure 3.30-C).

3.9 Heme Metabolism and Hypoxia Inducible Factor Protein Expression in Heme-
Replete Hypoxia

Increased heme content and intracellular markers of hypoxia have been previously
reported in human heart failure [93, 108]. To investigate the effect of heme-replete
hypoxia on heme regulatory enzyme and hypoxia inducible factor protein expression,
HI9C2 myotubules were exposed to either vehicle, 2.5uM hemin, vehicle in 1% O,
2.5uM hemin in 1% O2, or 2.5uM hemin in 1% O, with SuM antioxidant N-acetyl
cysteine (NAC) for 24h (Figure 3.31). HIF1a levels were significantly and

synergistically increased in heme-replete hypoxia when compared to either hemin or
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Figure 3.27. Molecular Confirmation of H9C2 Differentiation by Transient
Myogenin Expression. Proliferative H9C2 were differentiated into contact-inhibited,
quiescent myotubules by serum-withdrawal (1% FBS) for 1 or 7 days. (A) Myogenin was
not detected in sub-confluent, proliferative HOC2. Myogenin expression was increased in
HOC2 cells after 1 day of serum-withdrawal and attenuated after 7 days withdrawal. (B)
Representative Myogenin-probed membrane displayed prominent Myogenin-bands at 34
kDa. (C) Pierce® Memcode staining demonstrated uniform protein loading on the
membrane prior to antibody probe. Results are representative of 2 independent trials.
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Figure 3.28. Heme Content in Proliferative HOC2, Myotubules and Heme-Replete
Myotubules. (A) Raw kinetic plotting of hemin standard reaction progression. Standard
curve optical densities (OD) were derived from the phase of linear growth at time = 40
minutes. (B) Heme content was interpolated through linear regression from a hemin
standard curve (R?=0.9953). (C) Heme content was lower in HOC2 myotubules than
myoblasts and 2.5uM hemin for 24hr raised heme content in myotubules near levels
observed in proliferative H9C2, thus a heme-replete state in myotubules is similar to
proliferative H9C2s. Error bars are representative of mean + standard error of the mean
(SEM) of 3 technical replicates.
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Figure 3.29. Time-Dependent Induction of HMOX1 by Hemin. H9C2 myotubules
were exposed to either vehicle or 2.5uM hemin for 4h, 24h or 72h. (A) HMOXI1 was
increased at 4h and peaked at 24h, before attenuating at 72h. (B) Representative
HMOX1-probed membrane displayed prominent HMOX1-bands at 32 kDa. (C) Pierce®
Memcode staining demonstrated uniform protein loading on the membrane prior to
antibody probe.
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Figure 3.30. Protein Expression of Rate-Limiting Heme Metabolism Enzymes under
Heme-Replete Conditions. H9C2 myotubules were exposed to vehicle or 2.5uM hemin
for 24h. (A) ALASI1 did not vary markedly with hemin. (B) ALAS2 increased modestly
with hemin (C) HMOX1 was markedly increased with hemin administration. (D)
Representative ALAS1-probed membrane displayed specific prominent ALASI-bands at
70 kDa. (E) Representative ALAS2-probed membrane displayed specific prominent
ALAS2- bands at 65 kDa. (F) Representative HMOXI1-probed membrane displayed
specific prominent HMOXIl1-bands at 32 kDa. (G) Pierce® Memcode staining
demonstrated uniform protein loading on the membrane prior to antibody probe. Results
are representative of 2 independent trials.
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Figure 3.31. HMOXI1 and HIFla are Elevated in Heme-Replete Hypoxia. H9C2
myotubules were exposed to vehicle, 2.5uM hemin, 1% O with vehicle, both hemin in
1% Oa, or hemin, 1% O; and 5SuM N-acetyl cysteine (NAC) for 24h (N=2-3 biological
replicates). (A) HIF1a induction in hypoxia was increased in hypoxia-and-hemin-treated
cells. Induction of HIF1a was significantly attenuated with SuM NAC. (B) ALAS1 was
significantly increased in hypoxia-and-hemin-treated cells. (C) HMOXI1 was
significantly increased in hypoxia-and-hemin-treated cells. Synergistic HMOXI
induction in hypoxia-and-hemin-treated cells was not attenuated by 5uM NAC. (D)
ALAS?2 did not vary significantly between treatments. (E) Representative HIF 1 a-probed
membrane displayed prominent HIF1a-bands at 110 kDa. (F) Representative ALAS1-
probed membrane displayed specific prominent ALASI1-bands at 70 kDa. (G)
Representative ALAS2-probed membrane displayed specific prominent ALAS2- bands at
65 kDa. (H) Representative HMOX1-probed membrane displayed specific prominent
HMOX1- bands at 32 kDa. (I) Pierce® Memcode staining demonstrated uniform protein
loading on the membrane prior to antibody probe. Results are representative of 3
independent trials.
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hypoxia alone; HIF1a induction was significantly attenuated by NAC (Figure 3.31-A).
ALASI1 was increased in heme-replete hypoxia (Figure 3.31-B). HMOX1 was
significantly and synergistically increased in heme-replete hypoxia when compared to
either hemin or hypoxia alone; unlike HIF1o, HMOX1 induction was not attenuated by
NAC (Figure 3.31-C). ALAS2 did not vary significantly between treatments (Figure
3.31-D).

Synergistic HMOX1 induction in heme-replete hypoxia has been previously
reported in proliferative HOC2 exposed to SuM hemin and anoxia for 18h [109].
However, the synergistic induction was interpreted as an increase in oxidative stress. As
such, we examined proliferative H9C2 exposed to either vehicle, 25uM hemin, vehicle in
1% O2, 25uM hemin in 1% Oa, or 25uM hemin in 1% O with 5SuM NAC for 24h (Figure
3.32). Synergistic HMOXI1 induction in heme-replete hypoxia was conserved in
proliferative HOC2 (Figure 3.32-A) as identified in myotubules (Figure 3.31). To
determine whether oxidative stress significantly contributed to synergistic HMOX1
induction in heme-replete hypoxia, proliferative H9C2 were incubated with ROS-
sensitive CM-H,DCFDA. CM-H2DCFDA fluorescence was quantified by FACS. Hemin-
treated and 1% O:-treated cells demonstrated an increase in fluorescent intensity when
compared to normoxic controls (Figure 3.33). Heme-replete hypoxia-treated cells did not
show a marked increase in fluorescent intensity compared to either hemin or hypoxia
alone. CM-H>DCFDA intensity was drastically attenuated by SuM NAC in heme-replete
hypoxia-treated cells. To verify whether the synergistic induction of HMOX1 was unique
to H9C2 cells, neonatal rat cardiomyocytes (NRCMs) were exposed to either vehicle,
2.5uM hemin, vehicle in 1% Oz, or 2.5uM hemin in 1% O for 24h (Figure 3.34). In
NRCMs, both hemin and hypoxia alone demonstrated significant induction of HMOX1,
yet synergistic HMOXI1 induction was conserved in heme-replete hypoxia.

3.10 HIF2a Overexpression Synergistically Increases HMOX1 Levels in Heme-
Replete Hypoxia

To investigate the effect of HIF1a/2a overexpression and HIF1a knockdown on
HMOXT expression in heme replete normoxia, HOC2 myotubules were exposed to
vehicle or 2.5uM hemin for 24h with, or without, adenoviral HIF transgene

overexpression/shRNA (Figure 3.35). There was no observable difference in HIF1a
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Figure 3.32. Elevation in HMOX1 Expression in Heme-Replete Hypoxia is
Conserved in Proliferative H9C2. Proliferative H9C2s were exposed to vehicle, 25uM
hemin, 1% O with vehicle, both hemin in 1% Oz, or hemin, hypoxia and 5SuM N-acetyl
cysteine (NAC) for 24h (N=2-3 biological replicates). (A) HMOX1 was increased in
hypoxia and further elevated in hemin-treated cells. HMOX1 was synergistically induced
in hypoxia-and-hemin-treated cells. Synergistic induction was not significantly attenuated
with 5uM NAC. (B) Representative HMOXI1-probed membrane displayed specific
prominent HMOX1- bands at 32 kDa. (C) Pierce® Memcode staining demonstrated
uniform protein loading on the membrane prior to antibody probe. Results are

representative of 3 independent trials.
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Figure 3.33. CM-H:DCFDA Quantification of Reactive Oxygen Species (ROS) in
Heme-Replete Hypoxia. FACS-derived geometric means of proliferative HOC2 cells
incubated with or without SuM CM-H>DCFDA for 30min following 24h normoxia (21%
02) with vehicle, normoxia with 25uM hemin, 1% O> with vehicle, 1% O; with 25uM
hemin, or 1% O; with 25uM hemin and 5uM N-acetyl cysteine (NAC). Hemin-treated
and 1% O»-treated cells demonstrated an increase in fluorescent intensity in comparison
to normoxic controls. Hemin-and-hypoxia-treated cells did not show a marked increase in
fluorescent intensity compared to either hemin or hypoxia alone. CM-H>DCFDA
intensity was attenuated by SuM NAC in hemin-and-hypoxia-treated cells.
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Figure 3.34. Elevation in HMOX1 Expression in Heme-Replete Hypoxia is
Conserved in Neonatal Rat Cardiomyocytes. Neonatal rat cardiomyocytes (NRCMs)
were exposed to vehicle, 2.5uM hemin, 1% O» with vehicle, or both hemin and 1% O-,
(N=3 biological replicates). (A) HMOX1 was increased in hypoxia and hemin-treated
cells. HMOX1 was synergistically induced in hypoxia-and-hemin-treated cells. (B)
Representative HMOX 1-probed membrane displayed specific prominent HMOX1- bands
at 32 kDa. (C) Pierce® Memcode staining demonstrated uniform protein loading on the
membrane prior to antibody probe.
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Figure 3.35. Overexpression of HIFla Does Not Recapitulate Increased HMOX1
Expression Observed in Hypoxia. HOC2 myotubules were exposed to vehicle or 2.5uM
hemin for 24h with, or without, adenoviral transduction. (A) HIF1a was induced with
Ad-h-HIF1a-HA overexpression. (B) HMOX1 was increased in hemin-treated cells and
with HIF2a overexpression. (C) Pierce® Memcode staining demonstrated uniform
protein loading on the membrane prior to antibody probe. Results are representative of 2
independent trials.
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levels between cells overexpressing HIF Lo in vehicle or hemin in normoxia (Figure 3.35-
A). HIF 1a knockdown did not attenuate HMOX1 induction by hemin (Figure 3.35-B).
Overexpression of HIF 1o in a heme-replete state did not recapitulate the synergistic
increase in HMOX1 expression observed in heme-replete hypoxia. HMOX1 was,
however, increased with HIF2a overexpression and hemin (+11.3-fold, +36.5-fold vs
hemin 24h).

To investigate the effect of HIF1a/2a overexpression and HIF1a knockdown on
HMOX1 expression in heme-replete hypoxia, HOC2 myotubules were exposed to 2.5uM
hemin or hemin and 1% O» for 24h with, or without adenoviral HIF transgene
overexpression/shRNA (Figure 3.36). HMOX1 induction in heme-replete hypoxia may
have been slightly attenuated with HIF 1o knockdown (-2.4-fold, -1.5-fold vs heme-
replete hypoxia). HMOXT1 in heme-replete hypoxia was slightly increased with HIF1a
overexpression when compared to non-transduced controls (+2.6-fold, -1.3-fold vs heme
replete hypoxia). There was no observable difference in HMOX1 levels between cells
overexpressing HIF 1 a in heme-replete hypoxia and HIF2a overexpression with hemin.
HMOXI levels were markedly increased with HIF2a overexpression in heme-replete
hypoxia (+2.5-fold, +3.9-fold vs HIF1a overexpression in heme-replete hypoxia). HIF2a
overexpression synergistically increased HMOX1 levels in heme-replete hypoxia (+1.6-

fold, +12-fold vs non-transduced heme-replete hypoxia).
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Figure-3.36. HIF2a Overexpression Synergistically Increases HMOX1 Levels in
Heme-Replete Hypoxia. H9C2 myotubules were exposed to 2.5uM hemin or hemin and
1% O for 24h with, or without adenoviral transduction. (A) HMOX1 induction in hemin-
and-hypoxia treated cells was attenuated with Ad-m-HIF1a-shRNA. HMOX1 in Ad-h-
HIFla-HA-transduced hemin-and-hypoxia-treated cells was increased approximately 2-
fold higher than non-transduced cells. HMOX1 was synergistically increased in hemin-
and-hypoxia-treated cells transduced with Ad-h-HIF2a-Myc. (B) Representative
HMOX1-probed membrane displayed prominent HMOX1-bands at 32 kDa. (C) Pierce®
Memcode staining demonstrated uniform protein loading on the membrane prior to
antibody probe. Results are representative of 2 independent trials.
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CHAPTER 4
Discussion

4.1 Summary of Findings

Much of our understanding of clinical-hypoxia stems from models of acute,
intense hypoxia that are not reflective of the degree or duration of hypoxia experienced
by cardiac patients. Further, it is within these models that the basic premise of
cytoprotection by HMOX1 induction by HIF1 o in hypoxia is based. HIF1a is credited as
the primary mediator of oxygen homeostasis in the intracellular response to hypoxia,
however, little consideration has been given to the role of HIF2a in the myocardium or
heme metabolism despite it containing putative heme binding motifs. Similarly, the role
of ALAS enzymes in regulating heme bioavailability in the myocardium has been
virtually unexplored. Here we show for the first time that heme regulatory enzymes and
heme bioavailability differ in their responses to AMI and TAC-induced heart failure over
time. Unexpectedly, HMOX1 protein levels were elevated only transiently in AMI and
otherwise remained relatively unchanged or decreased in experimental models of heart
failure, nor was there evidence of change in HMOXI in clinical heart failure. However,
HMOX1 is increased by HIF2a overexpression and HMOX1 was synergistically
increased in heme-replete hypoxia in the presence of HIF2a overexpression (see
summary, Table 3.).

Our research provides a series of novel findings. This is the first time that rate-
limiting heme regulatory enzyme levels were investigated in AMI or TAC models
throughout the progression to failure. Further, this is the first time that heme regulatory
enzyme levels, HIFs and heme content have been simultaneously measured in the context
of heart failure or hypoxia as an inter-related molecular pathway. Importantly, this is the
first time that HIF2a overexpression, either directly or indirectly, has been shown to
modulate HMOX1 levels. The findings presented here collectively improve our
understanding of the complex relationships between heart failure, hypoxia, HIFs and
heme regulatory enzymes. These findings may provide insight into the potential
therapeutic targeting of the cytoprotective heme metabolism pathway or how increased

heme bioavailability could act to sensitize HIF2a-related mechanisms which may also
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Table 3. Summary of Clinical and Preclinical Observational Results

Species Model/condition Heme ALASI1 ALAS2 HMOX1 HMOX2 HIF1la HIF20, Reference
Human  Heart failure T NM T -/- NM NM NM [89]
Human Idiopathic heart failure NM ) NM -/- NM J -/- Eadie et. al.
Human Dilated heart failure NM 0 NM -/- NM -/- -/- Eadie et. al
Rat AMI NM NM NM ) NM ) ) [91]

Mouse  AMI (mRNA) NM J J T /- 1) /- Eadie et. al
Mouse  AMI (protein, infarct) NM 2 -/- T(early) NM ND ND Eadie et. al
Mouse  AMI (protein, peri-infarct) T(variable) ¥ T T(early) ND ND ND Eadie et. al
Mouse  TAC ( mRNA) NM 2 J T /- T 2 Eadie et. al
Mouse  TAC (protein) 0 2 -/- 2 ND ND ND Eadie et. al

-/-, no change; ALAS, delta-aminolevulinic acid synthase; AMI, acute myocardial infarction; HIF, hypoxia inducible factor; HMOX, heme oxygenase;
ND, not detected; NM, not measured; TAC, transverse aortic constriction.
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be a contributing factor to HMOX1 desensitization in heart failure. These findings lead to
a greater basic molecular understanding of HIF2a, heme metabolism and heart failure.
4.2 Expression of Heme Regulatory Enzymes and Hypoxia Inducible Factors in
Clinical Heart Failure

HMOXI is a stress-inducible, cytoprotective enzyme and has been extensively
reported to be induced by increased intracellular heme content (mediated through the
inhibition of transcriptional repressor Bachl [80], oxidative stress [92] and/or
inflammation [92]). However, it has been previously reported by Khechaduri ez al. [91]
that HMOX1 protein levels remained unchanged, despite measured increases in heme
content in human failing hearts. The myocardium in heart failure is in a state of chronic
stress and so it is unclear why HMOX1 was not elevated either by oxidative stress,
hypoxic stress or the heme-replete state. Our investigation into heme regulatory protein
expression in heart failure patients, as well as in pre-clinical models revealed similar
results to that of Khechaduri ef al., in that HMOXI1 protein remained unchanged in
human heart failure [91]. However, in contrast to their report, we observed a significant
increase in ALAS1 in human subjects, whereas they identified an increase in ALAS2,
and did not measure ALASI.

A limitation to our in silico analyses obtained from the open-access GEO database
is that microarray datasets, despite complying to NCBI’s Minimum Information About a
Microarray Experiment (MIAME) submission standards [96], datasets were often missing
one or more target genes of interest (i.e. ALAS2, HMOX2), so we were unable to
confirm altered ALAS2 expression in our human subjects at this time. This may be the
result of either a limited gene library or hybridization technique. Further, such findings
are also potentially influenced by demographics, comorbidities and medical therapies.
Nevertheless, our finding that ALAS1 expression is higher than control subjects adds
further insight into heme metabolism and hypoxia inducible factor gene expression in the
context of human heart failure. Although the extent of hypoxia within the cardiac
biopsies is unclear, it is presumed — based on our understanding of molecular oxygen
supply and demands within the failing heart (whether it be dilated or idiopathic heart
failure) — that clinical biopsies were obtained from hearts undergoing some degree of

hypoxia. It is thus unclear why HIF1a gene expression was decreased in end-stage
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idiopathic heart failure in the left ventricle. Regulation of HIFs at the transcriptional level
remains to be fully understood (i.e. what transcription factors regulate HIFs?). More
detailed studies of human heart failure are required. Additionally, dedicated studies of
heme metabolism and hypoxia-related factors should be measured using quantitative PCR
or RNA-sequencing, proteomics and metabolomics.

The foremost limitation of investigating rate-limiting heme regulatory enzyme
and HIF expression in heart failure remains that cardiac biopsies are only obtained
immediately during explant for the purpose of transplant, that is in the terminal stage of
heart failure when all other forms of intervention have been exhausted. This masks the
sequence of molecular events that occurs during the window of therapeutic intervention
between initial onset and terminal failure and makes it difficult to distinguish between
causal and consequential molecular signalling.

4.3 Expression of Heme Regulatory Enzymes and Hypoxia Inducible Factors in
Preclinical Heart Failure

We investigated the expression of heme metabolism enzymes and hypoxia
inducible factors in experimental heart failure models over time. Considering the vast
number of studies investigating the putative therapeutic benefits elicited by HMOX1
induction in myocardial injury [6-8, 92]), it was surprising that heme metabolism
enzymes had never yet been measured, concurrently, throughout the progression of either
model of heart failure. In AMI, we did not observe a statistically significant increase in
heme bioavailability, however an increase in overall variability was observed from 3 days
to 2 weeks post-AMI in comparison to sham and end-stage heart failure. It is unclear why
such variability exists. Further studies will examine whether a correlation exists between
heme bioavailability and cardiac function in AMI.

Most studies do not account for regional differences in the myocardium (i.e. left,
right ventricles, atria or septum), particularly relevant to cardiac samples in AMI (infarct
region vs. peri-infarct region). We showed distinct differences in ALAS1, ALAS2 and
HMOXIT protein expression between the infarct and peri-infarct regions of left ventricle
tissue (Table 3.). This may be the result of different cell compositions and roles between
the two regions; the peri-infarct region consists primarily of tentatively viable, yet

hypertrophying cardiomyocytes, whereas the infarct consists predominantly of infiltrating
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leukocytes/macrophages, fibroblasts and myofibroblasts. The limitation of isolating the
infarct by its discoloration, however, is that minor cross-contamination of molecular
signalling may still occur and thus immunohistochemistry should further be used to
characterize the distinct anatomical and cellular expression. For clinical translation, it
becomes important to distinguish between regions when identifying the potential
therapeutic window specific to either the surviving myocardium or remodelling scar wall,
otherwise important molecular information can be masked either in the infarct or peri-
infarct region, which have very different adaptive requirements (i.e. myelofibrosis in the
scar, hypertrophy/neovascularisation in the peri-infarct, HMOX1 transience in the infarct
vs the peri-infarct).

Here we are the first to identify that within the peri-infarct left ventricle tissue,
rate limiting heme synthesis enzymes, ALAS1 and ALAS2, demonstrated isotype
switching. ALAS1 was decreased in AMI, whereas ALAS2 was steadily increased over
time. This change in ALAS?2 is in agreement with the observed increase in ALAS2
protein expression reported in human failing hearts [91]. Over this same period, heme
content varied wildly, but lacked statistical significance across timepoints. These results
should be examined further with higher N-values or corroborated to cardiac functional
parameters over time. Interestingly, despite higher gene expression in 2 and 18 week
AMI, HMOX1 protein levels were only increased after the 3 day AMI before returning to
near-sham levels. The increase in HMOX1 protein expression may be attributable to the
previously characterized early ischemic and/or inflammatory phase [110].

Although we were unable to detect HIF 1o and HIF2a in whole heart, Jiirgensen
et al. have previously characterized the temporal-spatial accumulation of both protein
isoforms within the nucleus of cardiomyocytes following coronary ligation, presuming
that their antibodies were appropriately selective to the isoforms [93]. HIF1a
accumulation was reported along the peri-infarct border, while HIF2a accumulation
occurred within the remote regions of the peri-infarct zone. Further, HIF2a levels were
observed to be elevated over the entire 4week period after coronary artery ligation,
wheras HIF 1o accumulation is attenuated by 7 days. This continues to suggest a

complementary role between the two isoforms, where HIF1a may be responsible for
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mediating the cellular response to more sudden and severe hypoxia but HIF2a may in
turn regulate an adaptive response in lower, more chronic hypoxia.

After TAC, we observed a significant increase in heme bioavailability.
Khechaduri et al. demonstrated a similar increase in heme content in clinical heart failure
biopsies using an iron-dependent assay to interpret heme content [91]. Using heat and
acid, Khechaduri et al. removed the heme’s iron core, which then reacted with oxalic acid
for detection. However, the use of oxalic acid is limited by its crystalline properties:
differences in “heme” content by this method are indirect and may be attributable to
differences in crystal formation time and light refraction, independent of iron chelation.
As well, their assay did not account sufficiently for other sources of iron. Distinguishing
between intracellular iron-mediated molecular mechanisms and iron involved in heme
metabolism is challenging considering the risk of non-heme iron contamination. We have
used a superior method of heme quantification, using direct measures of the enzymatic
conversion of heme to biliverdin. It remains to be fully understood whether this increase
in heme content with TAC originates predominantly from heme synthesis, from
hemoprotein breakdown, or from reduced HMOX1 activity. In TAC, we speculate that
this may be the result of free heme release as ALAS]1 levels are decreased and ALAS2
levels remain relatively unchanged. In AMI, however, isotype switching is observed and
it is unknown what differences in enzymatic activity (if any) exist between ALASI and
ALAS2.

Cardiac heme regulatory enzyme expression in TAC differed from AMI.
Following TAC, both ALAS1 and ALAS2 protein expression were not in agreement with
their respective mRNA expression, however this was not entirely unexpected as ALAS is
also regulated by post-transcriptional modification and mRNA stability [111]. ALAS1
protein expression was significantly decreased with TAC. However, ALAS2 remained
relatively unchanged. Heme content gradually increased with TAC, yet HMOXT1 protein
expression was decreased over time. The gradual decrease in HMOXI in response to
TAC is interesting as previous reports have shown detrimental, not therapeutic, effects of
cardiac-specific HMOX1 overexpression in mice after TAC [90], in contrast to extensive
studies of AMI [6, 8, 87]). The differences may be related to the duration of HMOX1

expression or the severity and type of stress in the myocardium. In AMI, after the initial
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ischemia causes oxidative and hypoxic stress further injury is caused by excessive
inflammation. However, in TAC there is believed to be continuous chronic oxidative
stress due to metabolic contractility demands to maintain cardiac output, hypertrophy and
increased angiotensin II [112]. Further, hypoxia and nutrient deprivation likely builds
chronically in TAC as interstitial perivascular fibrosis accumulates [54]. These findings
could indicate that the balance between therapeutic or detrimental effects of HMOX1
expression levels depend on other endogenous signalling mechanisms. This may also
suggest that decreased or unchanging HMOX1 levels could be an adaptive response to
myocardial injury in some contexts.

A limitation to the use of whole hearts in investigating heme regulatory enzyme
and hypoxia inducible factor expression is that of its cellular makeup. As previously
discussed, pathological cardiac remodeling increases the activation and infiltration of
fibroblasts and macrophages respectively within the myocardium. Even in consideration
to the cardiomyocytes of the whole heart, this classification includes distinct cells of the
atrioventricular node, bundles of HIS, septum, and right or left ventricles-each serving a
distinctly different role within the heart, and thus potentially exerting divergent heme
metabolism and hypoxia inducible factor responses. Nonetheless, whole heart studies are
critical to placing heme regulatory enzyme and hypoxia inducible factor expression
within the context of these cell-cell interactions as well as the functional myocardium as a
whole. In future studies, we will seek to minimize this by characterizing the septum, and
right and left ventricles specifically to detail changes in these regions. Performing
additional in vitro experiments on non-cardiomyocytes from the heart (specifically
fibroblasts or vascular cells) would also provide added information. As well, detailed
immunohistochemical analysis is required to identify the specific cells in which the

changes are predominantly occurring.
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4.4 HIF2a as a Novel Regulator of HMOXI1 in Hypoxia

HIF1a has been extensively studied in acute, severe conditions of hypoxia. It is
under these conditions that HIF1a has been shown to transactivate the HMOXI1 promoter
[113] to elicit protection from hypoxic and oxidative stress [114, 115], though this may
not persist in chronic states [90, 116]. Interestingly, the byproduct of heme catabolism,
CO has also shown to be capable of stabilizing HIF1a [117]. We sought to compare
heme metabolism and hypoxia inducible factor expression in various severity and
duration of hypoxia. Protein expression did not vary markedly between 24h and 72h
hypoxia in 8% O2 or 1% O». The degree of moderate (8% O-) hypoxia may have posed a
limitation as, relative to H9C2 myotubules, oxygen tension may not have been lowered to
a level of intracellularly moderate hypoxia. This further limited our ability to investigate
whether HIF2a adopted the role of primary regulator of oxygen homeostasis in chronic,
moderate hypoxia. Decreasing oxygen levels to 8% O> from the normal culture
conditions (21% O», 2.6-fold lower) was presumed to accomplish moderate hypoxia and
further gradation studies are warranted.

To elucidate the effect of HIF1a and HIF2a overexpression and HIF1a
knockdown on rate-limiting heme metabolism enzyme protein expression, H9C2
myotubules were transduced with adenoviral vectors encoding human HIF1o/2a or
HIF1a shRNA. Due to a limited ability to measure HIF2a gene and protein expression
and not being able to confirm knockdown of HIF2a in H9C2s, adenoviral HIF2a shRNA
vectors were not able to be included in the present study. In agreement with previous
reports [113], HIF1a overexpression increased HMOXT levels in 1% O> and HMOX1
induction in 1% Oz was attenuated by HIF1a knockdown. For the first time, we have
shown that HIF2a overexpression increases HMOX1 levels in both normoxia and
hypoxia. It remains unclear whether differences exist between HIF 1o and HIF2a
stabilization or rate of transcription for different target genes.

In contrast to our initial hypothesis, we did not find that ALAS or HMOX1 was
regulated by HIF2a in chronic/moderate hypoxia. It is unclear why HMOX1 levels were
increased after 72h at baseline. In alignment with our intitial hypothesis, we have shown

that HIF2a regulates HMOX1, either directly or indirectly. Expression of either HIF1a
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or HIF2a increased heme bioavailabilty to a similar degree. Surprisingly, HIF1a
knockdown also resulted in further relative increase in heme bioavailabilty, both in
normoxia and after 24h at 1% O;. Considering the role of heme as an essential oxygen
carrier, and HIF 1« as a principle mediator of oxygen homeostasis in hypoxia, it is
unclear why HIF 1o knockdown increases heme bioavailability. Further experimental
replication is required to confirm these results but compensation, maybe by HIF2a, could
be implicated. Moving forward, additional optimization and validation of our HIF2a
shRNA vector, or use of short-interfering RNA, will be of utmost priority to elucidate the
mechanisms of HMOX1 regulation by HIF2a definitively.
4.5 Synergistic HMOX1 Induction in Heme-Replete Hypoxia is Independent of ROS
but Amplified by HIF2a Overexpression

In heart failure a heme-replete and hypoxic state have been previously reported
[91, 93]. We defined a heme-replete state as a high level of heme exposure, without overt
heme-toxicity. Thus, we sought to characterize rate-limiting heme metabolism and
hypoxia inducible factor protein expression in H9C2 myotubules in heme-replete hypoxia
(2.5uM hemin and 1% Oz, 24h; see Table 4. for a summary report). In agreement with
Foresti et al., 2001 [109], we observed synergistic increase in HMOX1 levels in H9C2
cells under heme-replete hypoxia. However, administration of SuM NAC and
confirmation of ROS reduction in heme-replete hypoxia by CM-H2DCFDA proved that
HMOXI levels were synergistically increased in heme-replete hypoxia, independent of
ROS in contrast to the mechanism purported by Foresti et al. Synergistic increase in
HMOXIT protein, independent of ROS expression was conserved across proliferative
HOC2 and NRCMs. It could be hypothesized that, in low oxygen tension, abundant heme
releases the transcriptional repressor Bachl from the HMOX1 promoter region. This
would provide an opportunity for transactivation by HIF1a and/or HIF2a.. Thus, HOC2
myotubules were transduced with adenoviral vectors to overexpress or knockdown
HIF1o or HIF2o.. We find that increased transgene of HIF2a, more than HIF 1o,
synergistically increased HMOX1 levels in heme-replete hypoxia. This additional
synergism may be the result of a HIF2a. stabilization by the putative heme-regulatory

motifs found in HIF2o [118]. Further experiments involving HIF2a knockdown and
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Table 4. Summary of In Vitro Observational Results

Cell Type Condition Heme ALASI1 ALAS2 HMOX1 HMOX2 HIF1a HIF20, Reference
HI9C2 (p) Heme-replete hypoxia NM NM NM 1) NM T NM [107]
H9C2 (p)  Heme-replete hypoxia ~ NM -/- -/- 1) NM ND ND Eadie et. al.
H9C2 (d)  Heme-replete hypoxia ~ NM -/- -/- ) NM ) ND Eadie et. al.
H9C2 (p)  Hemin NM NM NM 0 NM NM NM [119]
H9C2 (p)  Hemin NM /- NM T ND ND ND Eadie et. al.
H9C2 (d)  Hemin NM /- /- ) ND ND ND Eadie et. al.
H9C2 Hypoxia NM NM NM 0 NM NM NM [120]
H9C2 (d)  Hypoxia 0 -/- 2 ) ND ) ND Eadie et. al
NRCM Heme-replete hypoxia ~ NM -/- -/- ) NM ND ND Eadie et. al
NRCM Hypoxia NM NM NM NM NM 0 NM [121]

-/-, no change; ALAS, delta-aminolevulinic acid synthase; ARCM, adult rat cardiomyocyte; d, differentiated; HIF, hypoxia inducible factor; HMOX,
heme oxygenase; ND, not detected; NM, not measured; NRCM, neonatal rat cardiomyocyte; p, proliferative.
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immunoprecipitated pulldown, subsequent probing for heme and the HMOX1 promoter
sequence using the adenoviral HIF2a Myc tag, are required to better understand how
HIF2a regulates HMOX1 levels.

4.6 Implications for Pharmacological Management of Heart Failure

The findings reported here continue to bring about new perspectives and
questions regarding the pharmacological targeting of the heme metabolism pathway in
heart failure, questions that have failed to be addressed adequately. Namely, when do we
target heme metabolism and how might we best achieve therapeutic efficacy? It remains
unclear whether the changes in heme bioavailability and the relatively unchanged
expression of HMOX1 is adaptive or maladaptive. If adaptive then elevating heme
bioavailability would be appropriate. However, if maladaptive then only HMOX1 based
therapies would be appropriate. Yet, this could also be context dependent — for example,
requiring a heme based approach for preventing heart failure in hypertension heart
failure, whereas a HMOX1 strategy would be effective in ischemia induced heart failure.
Still we lack sufficient context to determine the best strategy for clinical pharmacology
translation at this time.

With the advent of prolyl hydroxylase inhibitors, or “HIF” stabilizers, as potential
treatment options for tissue hypoxia or ischemia, our finding that HIF2a can
synergistically increase HMOX1 is further implicated in the treatment of heart failure.
HIF stabilizers aim to increase vascularization to hypoxic tissue and harness the
pleiotropic effects of transcription factor therapy to produce multiple mRNA products
(greater than 200 in the case of HIF1a)). However, our finding that HIF2a is implicated
in the increase of HMOX1 more prominently than HIF1a it is unclear whether HIF-
stabilizers can be isotype selective and whether this is essential to their therapeutic
potential.

Moving forward, it will also be important to take into consideration the existing
clinical standards of care. One of the limitations to preclinical modeling of heart failure,
and one that we hope to address in the future, is that not only are the patient
demographics not being reflected in animal models (i.e. sex and age) but neither are the
effects of standard medications. It remains unclear how medications such as: [3-

antagonists, angiotensin-converting enzyme inhibitors, antiplatelet agents or statins affect
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heme bioavailability or heme regulatory enzyme expression, thus potentially resulting in
discordance or risk of adverse side effects from therapeutic heme metabolism-targeting as
we translate preclinical models to patients.
4.7 Conclusions

In conclusion, the current study characterizes heme regulatory enzyme expression
comparatively throughout volume and pressure overload-induced heart failure and shows
for the first time that HIF2a is a novel regulator of HMOX1. Further understanding of
heme regulation with respect to HIF2a is required to optimize therapeutic targeting of the

heme metabolic pathway in heart failure.
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