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Abstract

The Sarco(endo)plasmic Reticulum Calcium ATPase 2a (SERCAZ2a) is the primary
cardiomyocyte calcium transporter and has been shown to be acetylated at higher levels
in the diabetic mouse heart. The objective of this study was to determine if SERCA2a
acetylation changes with high glucose exposure, which enzyme(s) deacetylate SERCAZ2a,
and which enzyme(s) acetylate SERCA2a. We hypothesized that increased SERCA2a
acetylation will have a negative effect on SERCAZ2a function and that the activities of
histone acetyltransferases (HATSs) and histone deacetylases (HDACS) regulate SERCA2a
acetylation. Our data demonstrates that high glucose increases SERCAZ2a acetylation and
leads to decreased SERCAZ2a activity in primary rat cardiomyocytes. SERCA2a
acetylation increased with inhibition of the sirtuins but Class | & I HDACs. SERCA2a
acetylation decreased with pan-inhibition of histone acetyltransferases (HATS) and
inhibition of GCN5 prior to glucose exposure. Together this data identifies the sirtuins

and GCNS5 as possible therapeutic targets to decrease SERCAZ2a acetylation.
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Chapter 1: Literature Review

Diabetes results in significant functional changes within the heart

Currently, there are 2 million Canadians living with diabetes and the incidence of
diabetes continues to rise L. In conjunction with this, the number of patients having
complications from diabetes will continue to rise accordingly. The most common cause
of medical complications and death in diabetics is cardiovascular disease 2. Diabetic
patients frequently suffer from a diabetic cardiomyopathy, which is defined as pathologic
changes in the structure and function of the heart which cannot be directly attributed to
other factors such as coronary artery disease or hypertension 3. There are several
pathophysiological changes that occur in the diabetic heart that appear to act
synergistically to impair cardiac function. Hyperglycemia is considered to be a key
trigger of this decline in cardiac function, due to its ability to trigger several of the
maladaptive changes that occur in the diabetic heart 3. Aggressive glycemic control has
been shown to reduce microvascular complications, with a 1% reduction in glycated
hemoglobin (HbA1C) leading to a 37% reduction in microvascular complications 4. The
benefits are less clear in regard to macrovascular complications. In older patients who
are at risk for, or have established cardiovascular disease, there was no significant benefit
to aggressive glycemic control 8. Conversely, in newly diagnosed patients with a low
HbA1C and no evidence of macrovascular disease, there appears to be a long lasting
benefit to aggressive glycemic control °.

Fatty acids are the primary energy source for the heart 6. In a non-diabetic state,

the heart is able to easily adapt and alter substrate utilization as needed 7. For example, in



chronic ischemic conditions the heart is able to utilize a larger proportion of glucose for
energy as glycolysis generates less oxygen demand than fatty acid oxidation 7. However,
when diabetes is present, there is an increase in fatty acid oxidation and a decrease in
glucose utilization as a result of reduced levels of glucose transporter (GLUT) -1 and -4
proteins, resulting in metabolic inflexibility 8. The complete mechanism as to why
GLUT-1 and GLUT-4 decrease in diabetes is not yet clear. However, the impairment of
insulin signaling can partially account for this effect as these are, at least in part, insulin-
dependent transporters °. Increased fatty acid oxidation requires a large amount of oxygen
to produce adenosine triphosphate (ATP), resulting in increased cardiac oxygen demand
and increased levels of toxic intermediates from fatty acid metabolism, which is called
lipotoxicity 3. Additionally, oxidative stress has also been suggested to play a role in the
diabetes-induced cardiac impairment. These increased levels of reactive oxygen species
(ROS) appear to originate from mitochondria as a result of increased fatty acid oxidation.
Higher levels of ROS appear to lead to mitochondrial uncoupling, further impairing
energetics in the myocardium . Compromised energetics appear to be causally linked to
the pathogenesis of heart failure and a low phosphocreatine (PCr) to ATP ratio has been
correlated to disease severity and poor prognosis in heart failure patients ¥ 3. Pinz et. al
14 suggest that this impairment of cellular energetics may play a role in a hypertrophied
heart by limiting energetic support to SERCAZ2a. The renin-angiotensin system also plays
a role in diabetic cardiomyopathy, as Angiotensin Il receptor density is increased in the
diabetic heart 1°. Furthermore activation of the renin-angiotensin system has been shown

to increase oxidative stress and both apoptosis and necrosis of human cardiomyocytes 26,



To examine the effects of diabetes, several cell culture models have been
developed. Although it doesn’t fully mimic the pathologic milieu of diabetes, one
commonly used approach is to introduce 25 mM glucose media to isolated
cardiomyocytes to mimic elevated glucose levels found in diabetics "8, Alternative
approaches in cell culture include treatments with 100 nM insulin ° or 200 uM palmitate
1920 These models result in similar contractile dysfunction to that experienced in humans

with diabetic cardiomyopathy 2L,

The importance of calcium in muscle contraction

Calcium (Ca?*) plays a crucial role in regulating the process of excitation
contraction coupling. In cardiac muscle, contraction is initiated when a depolarizing
stimulus causes L-type Ca?* channels to open within the T-tubules. The opening of the
L-type Ca?* channels results in increased entry of Ca?* into the cell 2. This Ca?* interacts
with the ryanodine receptors (RyR), which, in turn, release more intracellular Ca?* from
the sarcoplasmic reticulum. This process is called calcium-induced calcium release 2.
The concentration of free intracellular Ca?* increases by approximately tenfold during
this process 24. This increase facilitates the binding of Ca®* to the troponin complex
causing a conformational change, which reveals the actin-myosin binding sites on the
actin filament 2°. This conformational change allows myosin to interact with this binding
site, resulting in an attachment between actin and myosin. The attachment of myosin to
actin is coupled with ATP hydrolysis and a “power stroke” is generated. This power
stroke movement is the process responsible for the contraction of the muscle 2°.

To relax, intracellular Ca?* must be removed and restored to basal levels. Four

transporters contribute to Ca**removal: (1) the sarcolemmal Ca?* ATPase; (2)



mitochondrial Ca?* uniporter; (3) the Na*/Ca?* exchanger; and (4) the
Sarco(endo)plasmic Reticulum Calcium ATPase (SERCA) 24, Of these four transporters,
SERCA is responsible for moving the predominant proportion of Ca?* back into the
sarcoplasmic reticulum in mammals and replenishing calcium stores for subsequent
contractions %2, In rodents, 92% of cytosolic Ca?* is removed by SERCA2a; 2> whereas

in the human heart, SERCA2a removes approximately 70% of cytosolic Ca?* ?’.

Structure and function of SERCA

SERCA belongs to the P-type ATPase family, a group of proteins that couple
ATP hydrolysis to ion transport 8, Structurally, SERCA is a transmembrane protein with
a molecular mass of 110 kDa consisting of three distinct regions: the cytoplasmic head,
transmembrane helices, and luminal loops 2°. The cytoplasmic head of SERCA is present
on all SERCA isoforms and contains an actuator domain, phosphorylation domain, and
nucleotide binding domain. Each of these three domains has a unique role in the function
of SERCA. The nucleotide domain binds to adenosine and the phosphorylation domain
binds to the y-phosphate of the ATP molecule. Together, these two domains make up the
catalytic site of SERCA 0. When Ca?* binds to the actuator site, it produces an important
conformational change. Without the bound Ca?*, the ATP y-phosphate is unable to
interact with the SERCA phosphorylation domain 3. Binding of Ca?* to the two active
sites in the SERCA actuator domain occurs in a positive cooperative manner, where the
binding of the first Ca?* increases the affinity of the second site for Ca?* 2831, Thus,

SERCA transports 2 Ca?* ions for every 1 ATP hydrolyzed %8,



SERCA exists as several isoforms that are expressed in different tissues. In
muscle, the predominant isoform of SERCA present is determined by fiber type.
SERCAI1a is found in adult skeletal muscle while the SERCAZ1b isoform is found in
neonatal skeletal muscle 3. SERCA2a and SERCA2b are found in both slow twitch and
cardiac muscle; however, SERCAZ2a is significantly more abundant in these tissues, as
SERCAZ2b is the housekeeping isoform 3324, Finally, SERCAS isoforms are found in
non-muscles such as platelets and epithelial cells 3536, The primary structure of SERCA
is highly conserved between isoforms, with SERCAZ2a being approximately 84% similar
to SERCA1la and 75% similar to SERCA3 2. The differences between isoforms results
in different rates of Ca?* transport. For example, SERCAla has faster Ca?* kinetics, as it
possesses a turnover rate approximately two times faster than SERCA2a %73, The
maximum velocity of Ca?* transport (Vmax) is the maximal rate at which SERCA can
transport Ca?* into the SR 3. A higher Vmax allows for greater Ca* re-uptake into the
sarcoplasmic reticulum, resulting in an improved speed of relaxation “°. The activity of
SERCAZ2a at submaximal Ca?* concentrations can also be altered through a reduction in
Ca?* affinity of SERCA2a #1. These changes will be discussed in further detail later in
this document. Submaximal activity is described by the Caso, which is defined as the

concentration of Ca?* required to achieve 50% of Vmax (Figure 1) 4.



Figure 1. Example SERCA activity curve displaying Vmaxand Caso.
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Cardiac calcium transport is impaired in diabetes

The earliest pathological changes observed in diabetic cardiomyopathy are
alterations of Ca** homeostasis, myocardial structure, and metabolism 2. These changes
lead to an early onset of diastolic dysfunction and eventually systolic dysfunction, even in
the absence of ischemia 4. These negative changes have been observed in both Type |
and Type Il diabetes 3. Over time, extended periods of hyperglycemia leads to cellular
damage, which can negatively affect the Ca?* transport proteins of the heart resulting in a
significantly impaired function 44. This dysregulation of Ca?* handling, and more
specifically, impairment of Ca?* removal from the cytosol, has been observed in both
human 4546 and animal #” models of heart failure. This impairment of Ca?* handling has
been shown to experience a time dependent decay with the progression of the diabetic
cardiomyopathy 8. Diabetic hearts have decreased SERCA2a expression and activity,

however, there is currently no data correlating SERCAZ2a protein levels with glucose



control. In diabetic mice, SERCAZ2a protein content and maximal activity were
decreased by 21% and 32% respectively, leading to diastolic dysfunction #°. In the
diabetic population there is an increased incidence of sudden arrhythmic cardiac death °°.
This increased risk appears to be due to an increased incidence of cellular alternans,
which occurs when the heart rate exceeds the ability of the myocardium to cycle calcium
on a beat-to-beat basis %52, When SERCA2a was overexpressed by 37% in guinea pig
myocytes and intact hearts using an adenoviral vector, cellular alternans was suppressed
51, This data suggests that SERCA2a may play a key role in sudden arrhythmic cardiac
death. Together, these changes suggest that the functional status of SERCA2a may play

an important role in the balance between cardiac health and disease.

Increasing cardiac SERCAZ2a content improves cardiac function

The two main causes of death in heart failure are fatal arrhythmias and declining
cardiac output, both of which have been linked with abnormal cardiac calcium
homeostasis %3. Cardiac dysfunction is commonly accompanied by decreased expression
and function of SERCAZ2a 4. Thus, attempts to restore cardiac function by improving
Ca?* handling by increasing SERCA2a function may be a therapeutic approach for heart
failure. It is well established that SERCAZ2a content is strongly associated with cardiac
function and left ventricular (LV) contractility. For example, transgenic mice with an
overexpression of SERCA2a demonstrated improved Ca?* handling and contractile
parameters with improvements in both intracellular calcium decline and myocyte
lengthening 5°-°7. Further, in heterozygous (SERCAZ2a+/-) mice where SERCAZ2a levels
were reduced by ~50% the progression to heart failure in response to pressure overload

was more rapid than in wild type mice %8. In humans with dilated cardiomyopathy in



which there is significant dysfunction of the LV, SERCAZ2a activity has been correlated
with contractility *°. In a study using transgenic, streptozotocin injected type 1 diabetic
mice, SERCAZ2a levels were reduced by 60% compared to control with an accompanying
66% reduction in Ca®* removal. When SERCA2a was conditionally overexpressed in
these mice with established diabetic cardiomyopathy using doxycycline based inducible
SERCAZ2a expression, both SERCAZ2a protein content and LV contractility were
normalized %, Liraglutide is an oral anti-hyperglycemic agent that has increased in
popularity due its beneficial effects on cardiovascular outcomes 6. This effect may be
due to the ability of liraglutide to increase SERCAZ2a content in cardiomyocytes and, as a
result, protect against ischemia/reperfusion injury. More recently, targeting cardiac
SERCAZ2a content as a therapeutic approach to treating heart failure has demonstrated
positive results in humans. Specifically, the Calcium Upregulation by Percutaneous
Administration of Gene Therapy in Cardiac Disease (CUPID) trial utilized an adenoviral
vector delivered by intracoronary infusion to over express SERCAZ2a in the hearts of 39
patients with chronic heart failure. Three concentrations (low dose, 6x10* DNase-
resistant particles; mid dose, 3x10'2 DNase-resistant particles; high dose, 1x10** DNase —
resistant particles) of treatment were compared to a placebo group to establish an
effective dose and measure outcomes. The CUPID trial demonstrated the safety of this
particular gene therapy and resulted in improved left ventricular end systolic and diastolic
values as well as functional capacity of patients ®1. Additionally, risk of receiving a left
ventricular assist device (LVAD), transplant, or death were reduced by 88% with high
dose AAV1/SERCA2a %%, Long-term follow up after 3 years showed that the number of

cardiovascular events and cardiac deaths were lowest in the high-dose intervention group



as compared to control, with a reduction of 82% over a three-year follow-up. No safety
concerns arose during the three-year follow-up, as there were no increases in adverse
events compared to placebo, further supporting the efficacy of this treatment. In fact, due
to the success of the trial, CUPID 2 was conducted to further assess the efficacy of this
treatment. CUPID 2 was a phase 2b, double-blind, placebo-controlled, multinational,
multicenter, randomized trial consisting of 250 patients with moderate to severe heart
failure, defined as New York Heart Association (NYHA) functional class Il to 1V ©2,
Although CUPID 2 did not meet its primary endpoint, it was reported that the proportion
of empty viral capsids was significantly lower in CUPID 2 (25%) compared to CUPID
(85%) which may have negatively affected transduction efficiency because there were
less empty capsids to reduce the activity of neutralizing antibodies on the active capsids
63, Indeed, a study published while CUPID 2 was being conducted demonstrated that the
ratio of full/empty capsids is crucial to the success of the gene transfer 6. The success of
the CUPID trial demonstrated that Ca?* handling and cardiac function can be improved
by increasing the quantity of SERCAZ2a in cardiac tissue. However, the failure of
CUPID2 demonstrates that there are limitations to using viral approaches in the heart.
Therefore, it is important to investigate alternative strategies. The clinical data supports
the evidence observed in animal models indicating SERCAZ2a is a therapeutic target in
models of diabetic cardiomyopathy.

Although it is not fully understood what factors influence SERCAZ2a protein
content in the heart, myocardial SERCAZ2a content is strongly associated with
mitochondrial transcription factor A (TFAM) and 2b (TFB2M) content, with

overexpression of these factors resulting in increased SERCA2a content 6°. Diabetes



reduces TFAM levels in the heart, which reduces SERCAZ2a protein content %667, TFAM
content and activity is reduced in diabetic cardiomyopathy and in heart failure heart 68,
Additionally, in a rat model of myocardial infarction, both TFAM and SERCA2a mRNA
were decreased post-infarct 8°. Exercise training may improve SERCAZ2a content through
the TFAM and TFB2M pathway ©°. Due to the intense metabolic demand of aerobic
exercise, exercise stimulates mitochondrial biogenesis, and concordantly, is correlated
with increased levels of the mitochondrial transcription factors TFAM and TFB2M. As
SERCAZ2a requires the highest free energy content compared to other ATPases, it is
logical that regulation of SERCAZ2a is closely associated with mitochondrial function and
energy production . Exercise training also appears to attenuate the hyperglycemia
induced decrease in TFAM protein, as was demonstrated by having male rats perform a
14-week aerobic exercise intervention . This suggests that exercise may exert its effects
on SERCAZ2a protein content by both reducing hyperglycemia and enhancing TFAM and
TFB2M protein content.

Adiponectin also appears to regulate SERCAZ2a content, as was demonstrated by
an increase of ~30% in SERCAZ2a content when H9C2 cardiomyoblasts were treated with
adiponectin enriched media. Adiponectin levels are decreased in diabetes and have been
shown to have an inverse relationship with the degree of insulin resistance %72,
SERCAZ2a content is also positively regulated by thyroid hormone (T4). When T4 and
T3 are low, as in hypothyroidism, SERCAZ2a content is reduced. Conversely, in
hyperthyroidism, SERCAZ2a levels and cardiac contractility are increased 2. T3 is able to
act on SERCAZ2a at a transcriptional level by binding to nuclear thyroid hormone

receptors and increasing the transcription of the SERCA2a gene >4, It is clear that there
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is a relationship between thyroid disorders and diabetes, although the pathophysiology is
unknown 7. Diabetics have a higher prevalence of thyroid dysfunction than the general
population, which could lead to reduced SERCAZ2a 78. Thus, diabetes negatively affects
SERCAZ2a protein content through reductions in TFAM, TFB2M, adiponectin, and T3. It
is possible that other pathways impacted by diabetes may also regulate SERCAZ2a protein

content.

Phospholamban and sarcolipin are regulators of SERCAZ2a activity

While the total protein content of SERCAZ2a present in cardiac tissue has a direct
effect on overall cardiac function, there are also several regulatory proteins that modify
the activity of SERCAZ2a in cardiac tissue, resulting in altered Ca?* cycling kinetics such
as Vmax or Caso ’’. Phospholamban (PLN) is a 52 amino acid protein located in the
sarcoplasmic reticulum that inhibits SERCAZ2a at submaximal Ca?* concentrations and is
highly expressed in cardiac muscle 8. The degree to which PLN interacts with
SERCAZ2a is controlled through its phosphorylation status. In the dephosphorylated state,
PLN interacts with SERCA2a, resulting in a reduced affinity of SERCA2a for Ca®*
(Figure 2) 4. SERCAZ2a inhibition by PLN occurs when cytosolic Ca?* levels are low,
when resting Ca?* concentrations are ~10 nM 427, This inhibitory effect is relieved at
high Ca?* concentrations, ~1 uM, when PLN becomes phosphorylated through one of
two pathways 7°. At high Ca?* concentrations, Ca?*/calmodulin kinase (CaMKI|)
phosphorylates PLN at the threonine!’ residue 8. Alternatively, PLN can become
phosphorylated at the serine® residue when B-adrenergic signaling increases cyclic AMP

(cAMP), leading to the activation of protein kinase A (PKA) 881 In either case,

11



SERCAZ2a activity at submaximal Ca?* concentrations is increased, leading to enhanced
rates of contraction and relaxation 28822782 Exercise appears to improve the function of
SERCAZ2a through modulating the relationship between SERCA2a and PLN. Kemi et al.
8 demonstrated an exercise induced increase in the SERCA2a/PLN ratio through
increased SERCA2a content with no accompanying change in the PLN content. This
relationship appeared to be further improved through the CaMK mediated
phosphorylation of PLN . Another study demonstrated that exercise training increased
the level of phosphorylated PLN, thereby relieving the inhibitory effects on SERCA2a 8.
Consistent with the results seen in other studies SERCA2a expression and Ca?* kinetics
were also improved with exercise 8. Thus, it appears that some of the functional
improvement that occurs as a result of exercise is due to a blunting of the inhibitory effect
of PLN. Conversely, diabetes can lead to higher levels of SERCAZ2a inhibition by PLN
8, Finally, while CaMK and PKA activities appear to be increased in diabetes, lower
levels of phosphorylated PLN are observed, which may be due to increased protein
phosphatase activity 8. As a result, PLN can more effectively inhibit SERCA2a activity
in diabetic models. Interestingly, the lipid lowering medication, pravastatin, was able to
reduce post-MI ventricular tachycardia and Ca?* alternans in part by reducing the amount
of active protein phosphatase and restoring Ca?* handling which resulted in higher levels
of phosphorylated PLN in pravastatin treated mice °°.

Therapeutic approaches that target PLN have yielded positive results for
improving heart function. When recombinant adeno-associated virus (AAV) was used to
deliver a pseudophosphorylated mutant of PLN to the hearts of cardiomyopathic

hamsters, they experienced increased Ca?* uptake and halted progression of systolic
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dysfunction by restoring LV contractility 8. Pharmacological interventions aiming to
improve the function of endogenous SERCAZ2a proteins can also enhance Ca?* cycling.
For example, istaroxime has been shown to restore SERCAZ2a function in failing hearts
and optimize Ca?* reuptake . This effect appears to occur through the ability of
istaroxime to effectively dissociate PLN from SERCAZ2a and thus, relieve the inhibitory
effects of PLN. Interestingly, the beneficial effects of istaroxime appear to be due to both
an increase in Vmax 8 and Ca?* affinity . Additionally, istaroxime increases intracellular
Na* by inhibiting Na*/K* ATPase, leading to a decrease in activity of the Na/Ca?*
exchanger and higher cytosolic Ca?*. Together, these produce effects a luso-inotropic
action and improve cardiac function °. Thus, it is evident that a drug therapy that
improves the function of existing SERCAZ2a is also a potential method to improve Ca?*
regulation in vivo. In addition to drug therapy, genetic manipulation of PLN can have a

beneficial effect on endogenous SERCA2a as was previously discussed.

Figure 2. Example SERCAZ2a activity curve demonstrating the increased Caso due to the
binding of PLN, resulting in a decreased affinity of SERCA2a for Ca?*.
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Sarcolipin (SLN) is a 31 amino acid homologue of PLN that regulates SERCA2a
function in a similar manner as PLN, by binding directly to SERCA2a %. In fact, it
appears that both SLN and PLN bind in the same molecular groove within the SERCA2a
protein structure 8. However, the mechanism through which SERCA2a function is
altered appears to be slightly different. While PLN primarily alters affinity for Ca?*, SLN
decreases SERCA?2a activity by decreasing ATP binding capacity of SERCA2a %,
resulting in a reduced Vmax 8 (Figure 3). A mouse model suggested that the presence of
these regulatory proteins appears to be chamber specific, with PLN being the
predominant regulator in the ventricles while SLN is primary regulatory protein in the
atria 8. In humans, the highest expression of SLN is found in skeletal muscle, while
rodents have higher expression of SLN in cardiac muscle 789, Despite the attenuated
levels of SLN protein expressed in human heart tissue compared to skeletal muscle, SLN
still appears to play an important role in the balance between health and disease %. It was
recently demonstrated that SLN becomes dysregulated in humans with cardiovascular
disease %. Left ventricular tissue removed from patients undergoing surgery for mitral
valve regurgitation showed that SLN mRNA and protein level were increased 12- and 6-
fold, respectively compared to healthy controls %. In a mouse SLN knockout model, KO
mice had higher SERCAZ2a activity and contractility in the atria but not the ventricles,
compared to WT %, Conversely, when SLN was overexpressed in mouse ventricles, Ca?*
transport and rate of relaxation decreased accordingly %. While it is known that SLN can
modulate SERCAZ2a activity, its role in heart failure is less clear than that of PLN. This is
because there is a differential expression in small mammals, where SLN is found

primarily in the atria with low levels in skeletal muscle and ventricles, and large
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mammals, where the largest quantity is in fast twitch muscle rather than atria or ventricle
% As the role of SLN in cardiac contractility appears to be primarily in the atria and not

the ventricles, there have been no attempts to therapeutically manipulate it.

Figure 3. Example SERCAZ2a activity curve demonstrating the resultant decrease in
maximal activity due to SLN binding.
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Post-translational modifications regulate SERCAZ2a activity

Post-translational modifications change the activity of proteins. SERCAZ2a activity
is regulated by several post-translational modifications including Glutathionylation %,
Nitration 1%, Glycosylation 11, O-GInNAcylation %2, SUMOlyation 193104 and
Acetylation 103105 These post-translational modifications are outlined in Table 1. It was
previously thought that SERCA2a might be regulated by phosphorylation like other P-
type ATPases, such as the Na*/K*1%, Naraynan and Xu described a phosphorylation of
SERCAZ2a at serine 38 with an increase in Vmax 1%; however, that result has not been

replicated by other investigators 1%, Further studies using isolated cardiomyocytes,
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enriched sarcoplasmic reticulum vesicles and purified SERCAZ2a protein demonstrated
that the reported phosphorylation of SERCA2a is likely to be an unrelated
phosphoprotein and that serine 38 of SERCA2a is not a target for phosphorylation 109119,

Glutathionylation occurs when a disulfide bond is formed between a cysteine
residue of a protein and a glutathione molecule. SERCAZ2a can be glutathionylated at the
cysteine®’ residue, and when this occurs, SERCA2a activity is increased by
approximately 40% 1112, |n atherosclerotic conditions, cysteine®’* becomes
permanently oxidized which prevents glutathionylation and reduces the activation of
SERCAZ2a 112,

Nitration involves the addition of a nitro group to SERCA2a. Nitration of
SERCAZ2a leads to a drop in activity of approximately 25% in both slow twitch skeletal
muscle and high glucose perfused rat hearts 113114, SERCAZ2a nitration has been
demonstrated in the hearts of humans with dilated cardiomyopathy, in which the level of
SERCAZ2a nitration was shown to be double that of age-matched controls 1°.
Additionally, in rat hearts that were perfused with high glucose, the level of SERCA2a
nitration nearly doubled 4. While nitration of SERCA2a has been reported, the role that
it plays on the regulation of SERCAZ2a activity has not been determined.

Glycosylation occurs when a saccharide is attached to a protein. Increases in
glycosylation have been shown to reduce SERCA2a mRNA and protein by 25-45% while
increasing PLN by 40% 116117 Together, these effects reduce the Ca?* pumping of
SERCAZ2a, leading to a 35% decrease in relaxation rates which were used as an indirect

measure of SERCA2a 7. This modification occurs when glucose levels are high,
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therefore it is of interest when examining the relationship between diabetes and heart
disease 116:117,

O-GInNAcylation is a form of glycosylation in which a single O-linked N-
acetylglucosamine is attached to a serine of threonine residue 116118, O-GInNAcylation of
SERCAZ2a reduces SERCAZ2a activity by modifying SERCAZ2a directly as well as
modification of PLN, resulting is less phosphorylated PLN 116117119 " Rat cardiomyocytes
exposed to high glucose experienced a substantial increase in level of nuclear O-
GInNAcylation with an accompanying decrease of 28-37% in SERCA2a mRNA and 25%
reduction in SERCAZ2a expression although they did not measure corresponding changes

in SERCAZ2a activity 18,
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Table 1. Known posttranslational modifications of SERCAZ2a.

Post translational modification

Regulatory Process

Effect on SERCAZ2a

Glutathionylation

Disulphide bond at

cysteine®’* residue!?

Increased Vmax of

SERCAZ2 by ~40%!2!

Nitration Addition of Nitro group | Decreased Vmax of
to SERCA23100113 SERCA2a by ~259,100:113
Glycosylation Addition of Decrease in SERCA2a
carbohydrate group to MRNA and total protein
SERCA2a% expression of 37% and

30% respectively!t’122

O-gInNAcylation

N-acetylglucosamine
added to serine or

threonine residuel??

Reduced SERCA2a
protein expression by

25%122

SUMOlyation Addition of SUMO1 to | Increases Vmax of
lysine*® and lysine %8 | SERCAZ2a by improving
residues'®® ATP binding affinity!03.104
Acetylation Addition of an acetyl Likely decreases Vmax of

group to SERCAZ2a,
potentially at lysine®®,
lysine®°, and

lysine®32 residues'®

SERCAZ2a by decreasing

ATP binding affinity03.105
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SUMOylation of SERCAZ2a occurs when the small ubiquitin-like modifier-1
(SUMOL1) is ligated to the lysine* and lysine®® residues of SERCA2a 13, SUMO1 has
been suggested to have cardioprotective properties in the heart. A study by Kho et al.
showed that in mice with heart failure, total SUMOL levels decreased by 30-40% with a
corresponding, although unguantified by the authors, decrease in levels of SUMOylated
SERCA2a 1%, To further support this, when SUMO1 expression was increased using
lentiviral gene transfer in the pressure-overloaded heart of mice, both cardiac
performance and SERCAZ2a function were rescued. This increase in SUMOL1 led to
increased half-life from 4.9 to 5.9 days of SERCAZ2a as well as increased ATP binding
affinity, demonstrating a role of SUMO1 on protein stability and function 03,
Additionally, SUMO1-AAYV gene transfer in a pig model of ischemic heart failure
successfully improved cardiac function %4, Mechanistically, SUMO1 appears to improve
SERCAZ2a function by increasing its ATP binding affinity 1°3. Additionally, it has been
suggested that the beneficial effects of SUMOL are due to the fact that SUMO1 blocks
other post-translational modifications that occur at lysine residues, such as acetylation 24,
More recently, the small molecule N106 was shown to increase SUMOylation of
SERCAZ2a resulting in increased SERCAZ2a activity in a dose-dependent manner 2%, The
maximal dose resulted in a 200% increase in both SUMOylation of SERCA2a and
SERCAZ2a activity. This increase was accompanied by an increase in the contractile
properties of rat cardiomyocytes and improved ventricular function in mice subjected to

trans aortic constriction 125126,
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Acetylation

Histone acetylation is a modification of chromatin structure that is involved in
controlling DNA transcription, replication, and repair 127, Acetylation takes place at
lysine residues where the addition of an acetyl group prevents the formation of a positive
charge on the amino group (Figure 4). Generally, acetylation of histones by histone
acetyltransferases (HATS) leads to a decondensed chromatin and a more transcriptionally
active state 12, Conversely, when an acetyl group is removed from a histone by histone
deacetylases (HDACs), the DNA becomes wound more tightly, ultimately leading to
reduced transcription of that particular region *2°. In the long term this alteration of
transcription results in altered protein production. It is now known, that despite their
name, HATs and HDACs also act on non-histone targets and that lysine acetylation is
involved many cytoplasmic processes and many nuclear functions 1%, Acetylation of
non-histone targets was first observed by p300/CBP, which is capable of acetylating the
tumor suppressor transcription factor p53 at multiple sites 3. This acetylation process
results in increased DNA binding activity by p53 and a resulting increase in the activation
of its gene targets 1%, The discovery that acetylation can effectively alter protein activity
resulted in a drastic change in the traditional view of protein regulation. However,
whether acetylation of a protein activates or inhibits its activity is protein dependent. For
example, when PGC-1a is acetylated by GCNS5 it is deactivated 132133, Acetylation of
proteins appears to be linked to cellular energy status, where a high level of carbon flux

leads to acetylation of proteins and the promotion of an anabolic state and energy storage

134
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To gain a greater understanding of non-histone protein acetylation in cell
signaling, broad scale proteomic approaches have characterized acetylation sites in
human cells using mass spectrometry. Choudhary et al. 13 identified 3600 acetylation
sites in 1750 different proteins in human MV4-11 cells, which are derived from
macrophages. Foster et al. used a similar approach in guinea pig heart tissue to probe for
acetylated proteins. A total of 994 acetylation sites on 240 proteins were identified 1%,
Interestingly, 59% of acetylated proteins were mitochondrial, suggesting that acetylation
may have a key role in the regulation of metabolism 1%, Another significant finding of
the Forster et al. study was that SERCA2a is acetylated at three sites (lysine®®4, lysing®,
and lysine®3). Thus, it is possible that SERCA2a activity may be regulated by its
acetylation status 1%. However, this hypothesis has yet to be tested. Kho et al.1%
reported that acetylated SERCAZ2a was more prominent in failing hearts, which suggests
that the acetylation of SERCA2a may play a role in heart failure. However, they did not
present data to support this observation. Thus, the regulation of SERCAZ2a activity by
acetylation has yet to be directly examined. We have generated preliminary data
suggesting that the activity of constitutively acetylated SERCAZ2a is 30% lower than the
wild type SERCAZ2a (Figure 5). As a result, pharmacological manipulation of SERCA2a
acetylation may be an effective method to improve SERCAZ2a function. However, there
is currently very little definitive information regarding how SERCAZ2a is post-
translationally modified in any model, including models of diabetes. We have preliminary
data showing that acetylation of SERCAZ2a is increased twofold in streptozotocin injected

Sprague-Dawley rats, which is a model of type 1 diabetes characterized by impaired
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SERCAZ2a activity and left ventricular dysfunction (Figure 6). However, the HATs and

HDACS that regulate the acetylation of SERCAZ2a are still unknown.

Figure 4. lllustration of protein acetylation/deacetylation of target proteins.

Histone deacetylases act to remove acetyl groups from target proteins. Conversely,
histone acetyltransferase adds acetyl groups to target proteins. The balance of
deacetylase and acetyltransferase activity determines the acetylation state of a protein.
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Figure 5. Activity of constitutively acetylated SERCAZ2a samples from two trials (n=5)
were harvested 48 hours after transfection.

Maximal activity of the constitutively acetylated SERCA2aK464Q/K510Q/K533Q
mutant was 35% lower than that measured for the wild-type SERCAZ2a; whereas, the
activity of the acetylation deficient SERCA2aK464R/K510R/K533R mutant did not
differ from the wild-type SERCAZ2a. *, different from Control (P<0.05). #, different from
Acetylation-mimic SERCA2aK464/510/533Q mytant (P<0.05). Note: This figure has been
adapted with permission from Susser 1%,
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Figure 6. Preliminary data indicating that SERCAZ2a acetylation is increased by 2-fold in
the hearts of streptozotocin injected Sprague-Dawley Rats (p<0.05).

This is a model of type 1 diabetes characterized by impaired SERCAZ2a activity and left
ventricular dysfunction. Immunoprecipitation was performed using acetyl-lysine
antibody followed by western blotting using an anti-SERCAZ2a antibody. Note: This
figure has been adapted with permission from Susser 3.
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Histone deacetylases
There are currently 18 known HDACSs, which can be divided into two distinct

groups, as outlined in Table 2.32" The first group is a family of zinc-dependent HDACs
that are structurally related to the yeast Hdal/Rpd3 proteins, and are considered to be the
“classical” HDACs. The second group of HDACs, the NAD*-dependent sirtuin family,
are mammalian homologues of the Silent information regulator 2 (Sir2) protein and were
originally discovered in yeast 136137, The sirtuins will be discussed in further detail in the
following section. These two groups can be further divided into four classes based on the
level of sequence conservation compared to their yeast counterparts. Class | consists of

HDAC1, HDAC2, HDAC3, and HDACS, which are most closely related to yeast RPD3
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and are localized primarily within the nucleus 1%, Class Il is made up of two subclasses:

subclass lla, which contains HDAC4, HDACS5, HDAC7, and HDAC9 and subclass Ilb

containing HDAC6 and HDAC10 %36, Class Il HDACS are related to yeast HDA1 and

are able to shuttle between nucleus and cytoplasm 3. Class 11 is made up of sirtuins 1-

7, while the only member of Class IV is HDAC111?/,

Table 2. HDACSs by class, cellular location, and compound(s), which alter activity.

HDAC HDACs!3%® Cellular Inhibitor40-142 | Activator'4?
Class Location?38139
Class | HDAC1, HDAC2, Nucleus Trichostatin A,
HDAC3, HDACS8 FK228
Class 1A HDACS5, HDACY7, Nucleus and Trichostatin A,
HDAC9 cytoplasm MC1568
Class 11B HDACG6, HDAC10 Cytoplasm Trichostatin A,
Bufexamac
Class IV HDAC11 Nucleus and
cytoplasm
Sirtuins SIRT1-7 Nucleus, Nicotinamide NAD*

cytoplasm, and

mitochondria

Inhibitors of HDACs were discovered before the HDACs themselves were

discovered %6, HDACs inhibitors can be divided by their structural classes which include
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hydroxamates, cyclic peptides, aliphatic acids, and benzamides 3. While these
inhibitors are effective on the classical HDACSs, they are ineffective in inhibiting the
sirtuin deacetylases, which do not contain a zinc-binding site. In contrast, the Sirtuins
can be inhibited broadly by nicotinamide, a metabolite of NAD* 140, These inhibitors can
cause cell cycle arrest, apoptosis, senescence, production of ROS and mitotic cell death
144~ A variety of HDAC inhibitors have shown promise as anti-cancer agents 44, More
recently, HDAC inhibitors have also shown promise in the treatment of infectious
diseases 1> and prevention of pathological remodeling of the heart 146147, Due to these
promising clinical effects, novel inhibitors are continuing to be developed and

characterized. The HDACs targeted by commonly used inhibitors are listed in Table 2.

Sirtuins have a role in the balance between health and disease

Of all the deacetylases, the sirtuin family of deacetylases are some of the most
interesting due to their apparent beneficial role in aging and metabolism %3°. The sirtuin
family is outlined in Table 3. Sirtuins can be activated by physiological interventions
such as caloric restriction and exercise or by pharmacological methods and have been
shown to extend the lifespan and improve health in a variety of organisms from yeast to
mammals 148, The beneficial effects of the NAD* precursor nicotinamide riboside on
mouse muscle stem cells were attenuated when SIRT1 was knocked out 4%, Given this
promising data, the beneficial therapeutic effects of the NAD*-sirtuin axis cannot be

ignored 15°,
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Table 3. Location of sirtuins within the cell.

Sirtuin Location?48151.152
SIRT1 Nucleus, Cytoplasm
SIRT2 Cytosol
SIRT3 Mitochondria, Cytosol, Nucleus
SIRT4 Mitochondria
SIRT5 Mitochondria
SIRT6 Nucleus
SIRT7 Nucleus

Sirtuins also appear to be relevant in the pathogenesis of heart disease, with the
effects of SIRT1 and SIRT3 being the most extensively studied forms in the
cardiovascular system 1. Additionally, SIRT6 has been shown to prevent the
development of cardiac hypertrophy 3. In the cardiomyocytes derived from calorically
restricted rats, expression of SIRT1-4 and -7 is increased while the expression of SIRT5-
6 is unchanged %%, SIRT1 is primarily nuclear, but can shuttle between nucleus and
cytoplasm 1. SIRT2 is located exclusively in the cytoplasm 4. SIRT3 has been
detected in the nucleus, mitochondria, and cytoplasm %2, SIRT4-5 are strictly found in
mitochondria 148 while SIRT6-7 have only been detected within the nucleus 148, therefore,
it is unlikely that SIRT4-7 are responsible for the deacetylation of SERCAZ2a based on
their subcellular distribution.

In mice subjected to transverse aortic constriction, SIRT1 overexpression

attenuated fibrosis, cardiac hypertrophy, and dysfunction as compared to the non-
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transgenic control. However, high levels of SIRT1 overexpression stimulated
cardiomyopathy %, It is possible these deleterious effects occurred due to excessive
NAD* consumption by extreme levels of SIRT1 leading to ATP deficiency. SIRT1
heterozygous mice develop obesity and insulin resistance while SIRT1 overexpression
leads to decreased fasting serum insulin, glucose, and cholesterol 37158, SIRT1 has also
been shown to increase in response to exercise in the heart and skeletal muscle of rats
159.160 - Further, SIRT1 plays a role in improving cardiac function in a diabetic
cardiomyopathy by increasing SERCA2a expression 161, The beneficial effects of
metformin, a commonly prescribed diabetes drug, appear to be through activation of the
SIRT1 pathway 12,

The activity of another member of the sirtuin family, SIRT3, also appears to have
a positive effect on heart structure and function. Phenotypically, SIRT3 KO mice are
similar to SIRT1 deficient mice but experience an increase in obesity, insulin resistance,
and hyperlipidemia in response to a high fat diet 13, When SIRT3 null mice were
exposed to stress stimuli they experienced significant negative cardiac hypertrophic
effects, while mice expressing SIRT3 were protected 64, Additionally, the hearts of
SIRT3 knockout mice experienced significantly less recovery of cardiac function after
exposure to ischemia than their wild-type (WT) counterparts 1¢°, High fat feeding results
in the hyperacetylation of mitochondrial proteins and a downregulation of SIRT3 in wild-
type mice %6, SIRT3 have been shown to play a role in human health and increased in
the skeletal muscle of overweight adolescents in response to exercise, even without
caloric restriction 1¢7. Sirtuin levels have been shown to be decreased by diabetes, aging

and obesity 18,
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Histone acetyltransferases

HATS use acetyl-coenzyme A (acetyl-CoA) as a cofactor to add an acetyl group to
a lysine residue. To date, more than 22 different HATs have been discovered in human
and murine cells, which have been divided into 3 categories based on structural
characteristics: GNAT, p300/CBP, and MYST %, The better characterized HATS are

listed in Table 4.

Table 4. Histone acetyltransferases and their classifications.

HAT Family HATs!34.169.170
GNAT GCN5, GCN5L1, PCAF, Hatl, Elp3 Hpa2
MYST Tip60, MOZ, Sas 2, Sas3, MOF, Esal,
MORF, Hbol
p300/CBP p300, CBP, R1t109

One histone acetyltransferase of particular interest is general control non-
depressible 5 (GCNS5). Increased interaction of GCN5 with PGC-1a occurs during
caloric excess leading to increased PGC-1a acetylation and a reduction in its
transcriptional activity. In contrast, caloric restriction results in reduced GCN5
interaction with PGC-1a resulting in its decreased acetylation and increased activity 171,
PGC-1a has been shown to be regulated through phosphorylation and acetylation 172,
The actions of GCN5 have been shown to be opposed by SIRT1 173175, PGC-10. can be
deacetylated by SIRT1 and SIRT3, leading to its activation 172176, PGC-1a. can also be
phosphorylated by AMP-activated protein kinase (AMPK), which stabilizes the protein

172 AMPK can then be activated by SIRT1 and SIRT3 and once AMPK is activated, it
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can phosphorylate liver kinase B1 (LKB1) 17/:178  |KB1 then phosphorylates and
activates AMPK 177178 AMPK can also activate SIRT1 through its role in elevating
NAD* levels, suggesting that these proteins have a synergistic relationship *7°. Exercise
also appears to increase in PGC-1a activity as a result of decreased interaction with
GCNS5 8, 1t is currently unknown if GCN5 interacts with SERCA2a.

The HAT p300 has been shown to readily undergo autoacetylation when high
levels of acetyl-CoA are present %, Further to this, high glucose conditions have been
shown to increase the activity of p300, which can then acetylate SIRT2 and decrease its
activity 18218 This relationship appears to be reciprocal, with SIRT2 deacetylating p300
resulting in decreased p300 activity *%. Because of this, p300 is another HAT of
particular interest in diabetes, where systemic glucose levels are dysregulated.
Additionally, p300 has been shown to acetylate PGC-1a 84, Another HAT that readily
undergoes autoacetylation resulting in increased activity is Tip60 185, Deacetylation of
Tip60, and thus, lower acetylation of its downstream targets has been shown to occur
through the actions of SIRT1 18518 n addition to regulating the activity of Tip60,
SIRT1 has also been shown to deacetylate proteins that have been acetylated by Tip60,
such as histone H4K16 and lysine'?° of p53 187.188,

Very little information is currently available regarding HAT inhibitors,
particularly on their site specificities. Anacardic acid has been shown to be a non-
specific, broad spectrum HAT inhibitor 126:18% Various derivatives of anacardic acid have
been synthesized in order to find HAT inhibitors with more specific actions **°, One such
derivative is MG149, which has been shown to selectively inhibit Tip60 and MOZ, which

are members of the MYST family 1°1. p300/CBP inhibition has also been achieved
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through the use of a small molecule inhibitor, C646 1°2. Finally, the GCN5 network has
been shown to be effectively inhibited by CPTH2 19319 However, it is currently

unknown if HAT inhibitors influence SERCAZ2a acetylation.
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Chapter 2: Study Design and Methods

Statement of problem
While it is currently known that SERCAZ2a can be acetylated 19, it is still unclear
which HDAC(s) and HAT(s) are responsible for this posttranslational modification of
SERCAZ2a. We know that high glucose increases acetyltransferase activity and reduces
deacetylase activity, but we do not know if high glucose results in increased acetylation
of SERCAZ2a. As such, we intend to address these literature gaps by examining three
objectives:
1) To determine if high glucose exposure alters the acetylation level of
SERCAZ23;
2) To identify the HDAC(s) responsible for the regulation of SERCA2a
acetylation; and,
3) To identify the HAT(s) responsible for the regulation of SERCAZ2a acetylation

under high glucose conditions.

Our strategy for objective 1 was to isolate primary rat cardiomyocytes and
incubate them with high glucose (25 mM) media to examine potential changes in
SERCAZ2a acetylation. To accomplish objectives 2 and 3, we used small molecule
inhibitors of HDACs and HATS in a rat primary cardiomyocyte model to examine the

pathways involved in SERCAZ2a acetylation.
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Hypotheses
We hypothesized that increased SERCA2a acetylation will have a negative effect
on SERCAZ2a function and that acetylation of SERCAZ2a is regulated by the activities of

histone acetyltransferases (HATS) and histone deacetylases (HDACSs.)

Three specific hypotheses were tested:
1) High glucose exposure increases the acetylation of SERCA2a
2) The HDAC that deacetylates SERCAZ2a is of the sirtuin family.

3) That the HAT GCNS5 acetylates SERCAZ2a after high glucose exposure.

Objective 1: Our general approach to determine if high glucose alters SERCA2a
acetylation was to culture primary rat cardiomyocytes in the presence of high glucose (25
mM) media. We measured the changes in acetylation after exposing the cardiomyocytes
to glucose at 1, 2, 4, and 18 hours by Western blotting with an anti-acetylated lysine
antibody and measured the levels of the 110 kDa band where SERCAZ2a resides. We
hypothesized that acetylation would progressively increase with the duration of exposure
to high glucose. To confirm that the increase in acetylation at the 110 kDa band was
indeed resulting from an increase in acetylated SERCA2a, immunoprecipitation was
performed after 18 hours of high glucose exposure to pull down the target protein and

those samples were then examined by Western blotting.
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Cardiomyocyte isolation

Twelve-week-old, adult male Sprague Dawley rats (~ 250 grams) were purchased
from Central Animal Care at University of Manitoba. Animals were treated in
accordance with the guidelines of the University of Manitoba Animal Protocol
Management and Review Committee and the Canadian Council on Animal Care. All rats
were fed ad libitum with a standard rat chow diet.

Rats were anesthetized by an intraperitoneal injection of ketamine-xylazine
(90:100 mg-kg*) and the heart was removed and promptly placed in ice cold phosphate
buffered saline (PBS). Extraneous tissue was removed from the heart, which was then
secured by the aorta onto the cannula of a Langendorff system using surgical suture.
Langendorff perfusion was used as this is the most reliable method to isolate high quality
cardiomyocytes 1%. The heart was perfused with oxygenated Ca?* free buffer containing
90 mmol-L* NaCl, 10 mmol-L* KCI, 1.2 mmol-L"* KH2PO4, 5 mmol-L"* MgSQO4+7H:0,
15 mmol-L* NaHCOs, 30 mmol-L* Taurine, and 20 mmol-L* Glucose. After washing,
the heart was perfused with 20 mL of Ca?* free buffer supplemented with 100 mg BSA
(Sigma-A7030), 32 mg Collagenase Type 2 (Worthington LS004177), and 15 uL of
100mM CaCl2+2H20 for 30 minutes.

After digestion, atria were removed and discarded. Ventricles were transferred to
a 50 mL centrifuge tube where the cardiomyocytes were washed twice with of Ca®* free
buffer supplemented with 100 mg BSA (0.2%) and 130 uL. of 100 mM CaCl2+2H20 (260
uM). Cells were then washed once with Ca?* buffer containing 0.4% BSA, 520 uM
CaCl2+2H20, and 2500 U penicillin-streptomycin. Final wash buffer contains 0.4% BSA,

1.04 uM CaCl2+2H20, and 2500 U penicillin-streptomycin. After the final wash the
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buffer was removed and Medium 199 media (Gibco) was added. Cells were then plated
on 100 mm Nunclon delta treated cell culture dishes (Thermo Scientific). Media was

changed after 2 hours.

High glucose exposure

All cells were cultured in M199 media, which has a glucose concentration of 5
mM. To generate the high glucose condition, additional glucose was added to the M199
media to bring the glucose concentration to 25 mM. This model has previously been
used to mimic the elevated glucose levels that are present in severely diabetic rats that
results in impaired calcium cycling as occurs with diabetic cardiomyopathy 1718116 To
examine the time course of high glucose effects, the glucose concentration was brought to

25 mM for 1 hour, 2 hours, 4 hours, and 18 hours prior to harvest.

Cell collection

Treated cardiomyocytes were collected in PBS and centrifuged for 1 minute at
100 g to pellet. The PBS was then removed. One-hundred and fifty uL. of non-
denaturing lysis buffer containing 20 mM Tris HCI (pH 8), 137 mM NacCl, 10% Glycerol,
and 1% Triton X-100 supplemented with 5 mM nicotinamide and 5 uM trichostatin
(deacetylase inhibitors) and protease inhibitors was added, and the pellet was
resuspended by vortex. Cells were then incubated on ice for 10 minutes and were spun at
12500 g for 3 minutes to pellet cell debris. The supernatant was transferred to a separate
tube and the pellet was discarded. Excess supernatant was snap frozen in an Eppendorf

tube using liquid nitrogen.
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Western blotting

Total protein content of the lysates was quantified using a DC (detergent
compatible) protein assay (Bio-Rad Laboratories). Thirty micrograms of protein were
loaded and resolved on 7.5% - 15% SDS-polyacrylamide gels, based on protein size, and
transferred onto polyvinylidene difluoride membranes (PVDF; Bio-Rad Laboratories).
Membranes were blocked in 5% BSA in tris-buffered saline tween (TBST) for one hour.
After blocking, blots were immuno-labeled with protein specific primary antibodies (e.g.
Acetylated Lysine) followed by three 10 minute washes with TBST. Blots were then
incubated in specific secondary antibody and washed an additional 3 times in TBST for
10 minutes each. Electrochemiluminescence (ECL) reagents (Bio-Rad Laboratories)
were added to membranes and visualized with the Fluor-S-Max Multilmager (Bio-Rad
Laboratories). Results of condition were normalized to -actin followed by

normalization to control.

Immunoprecipitation

To determine acetylation status, cardiomyocyte lysates were first
immunoprecipated using an anti-SERCAZ2a antibody (Santa Cruz 8094). Protein G
Magnetic beads (Bio-Rad Laboratories) were first washed three times in PBS and 0.1%
Tween 20. After washing, beads were coated with 5 pL of primary antibody and rotated
end over end for 10 minutes at room temperature. After pre-coating, beads were washed
three times in PBS and 0.1% Tween 20. Beads were then added to a volume of lysate

containing 500 pg of protein and rotated end over end for 1 hour. Washes were
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performed three times in PBS and 0.1% Tween 20. Beads were then incubated at 70°C in
40 pL of 2X Laemmeli buffer (Bio-Rad Laboratories) for 10 minutes to elute the protein
bound to the beads. A Western blot with an acetylated lysine antibody (Cell Signalling
#9441) was then performed with these samples. Results of each condition were
normalized to SERCAZ2a followed by normalization to control. Samples from multiple
conditions were run on a single blot. For this document, two example blots were

generated which were then trimmed to display specific conditions in the results section.

Objective 2: The influence of HDACs on SERCAZ2a acetylation were examined by
adding HDAC inhibitors to the rat primary cardiomyocytes for 18 hours in normal
glucose (5 mM) media (Figure 7). This timeline was chosen based on the results
observed in objective 1, which showed that maximal acetylation of SERCAZ2a occurred at
4 hours and was maintained through to 18 hours when exposed to high glucose. To gain
insight as to which HDACs might interact with SERCAZ2a, 10 mM nicotinamide was
used to inhibit the sirtuin class of HDACs. In a second experiment, 1uM Trichostatin A
(TSA) was used to inhibit all non-sirtuin HDACSs. If TSA caused a change in SERCA2a
acetylation, we planned to use 1uM FK 228, 1uM MC 1568 and 500 uM bufexamac to
inhibit Class I, Ila, and I1b histone deacetylases, to determine the role of each HDAC
class in the increased SERCAZ2a acetylation (Figure 8). However, as TSA did not alter
SERCAZ2a acetylation, these experimental conditions were not performed. Control
conditions consisted of normal (5 mM) glucose media without inhibitors. The methods
used to obtain cardiomyocytes and measure SERCAZ2a acetylation in this objective were

the same as those described in objective 1. In addition, we also used a SERCAZ2a activity
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assay to determine if SERCAZ2a activity was altered by any of the experimental

conditions.

Measurement of SERCAZ2a activity

Measurement of SERCAZ2a activity was performed using the spectrophotometric
assay as described by Duhamel et al. /" using a plate reader (SPECTRAmax; Molecular
Devices). This assay measures the amount of ATP hydrolysis that occurs when
stimulated by different concentrations of Ca%*. The assay buffer was prepared using 4.25
mL ATPase buffer, 15 pL lactate dehydrogenase, 15 pL pyruvate kinase and 8.8 pL
ionophore. lonophore is added to prevent back inhibition by accumulation of Ca?* in the
SR 19, The SERCAZ2a inhibitor cyclopiazonic acid (CPA) 1" was used in one sample in
order to determine background ATPase activity. This value was then subtracted from
total Ca?* stimulated ATPase activity, thus allowing the calculation of SERCA2a activity
alone. The output values are then used to calculate the kinetic properties of Ca?*-
dependent SERCAZ2a activity. The kinetic parameters of interest are maximal SERCA2a
activity, Hill coefficient, and Caso. This protocol allows for comparison and analysis of 3

samples per plate.
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Figure 7. Experimental flow using HDAC inhibitors.

Two hours after plating, media was changed and HDAC inhibitors were added to the
cardiomyocytes for 18 hours. Cardiomyocytes were then collected and added to non-
denaturing lysis buffer supplemented with deacetylase and protease inhibitors.
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Figure 8. Inhibitors of HDACs.

Trichostatin A was used to inhibit Class | and Class I HDACs that contain a zinc-binding
site. If an increase in acetylation was observed, further probing using FK228, MC1568,
and Bufexamac would have been used to examine if the HDAC responsible for
SERCAZ2a deacetylation is of Class I, Class Ila, of Class Ilb, respectively. Nicotinamide
was used to inhibit all sirtuins while NAD* was used to activate the sirtuins to evaluate
their role in the acetylation status of SERCAZ2a. There are currently no known chemical
activators or inhibitors for Class IV HDACS.
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Objective 3: To determine which HAT might interact with SERCAZ2a, 3 uM anacardic
acid was used to broadly inhibit all HATs. Preliminary trials using anacardic acid to
broadly inhibit HATs did not result in any differences in SERCAZ2a acetylation as
compared to control. We speculate that the reason for this is likely that, in its baseline
state, SERCAZ2a is minimally acetylated. Thus, we introduced a high glucose stimulus, as
we have previously observed that 25 mM glucose results in higher levels of acetylation of
SERCAZ2a. Cardiomyocytes were pretreated for 1 hour with HAT inhibitors prior to the
addition of 25 mM glucose. The cardiomyocytes were then exposed to the high glucose
conditions in addition to the HAT inhibitor for 18 hours before being harvested. This
allowed us to determine which HATS play a role in the acetylation of SERCAZ2a by
looking at which inhibitors prevented the increases induced by high glucose exposure
(Figure 9). We targeted specific acetyltransferases using 5 uM C646, 1 uM MG149 and
10 uM CPTH2 to selectively inhibit p300/CBP, Tip60 and MOZ, and GCNS5,
respectively (Figure 10). The methods used to obtain cardiomyocytes and to examine
SERCAZ2a acetylation and activity in this objective were the same as previously described

in objectives one and two.
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Figure 9. Experimental flow using HAT inhibitors.
Two hours after plating, media was changed, and HAT inhibitors were added to the
cardiomyocytes for 1 hour. Following pre-treatment, glucose was added to bring glucose
concentration to 25 mM for 18 hours. Cardiomyocytes were then collected and added to
non-denaturing lysis buffer supplemented with deacetylase and protease inhibitors
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Figure 10. Targets of HAT inhibitors.
Anacardic acid was broadly used to inhibit all HATSs to examine if this results in a
decrease in acetylated SERCAZ2a. Small molecule inhibitors C646, MG149, and CPTH2
were then used to inhibit p300 and CBP, TIP60 and MOZ, and GCNS5 respectively.
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Statistical analysis

One-way analysis of variance between factors (ANOVA) and independent t-tests
were used to detect differences between groups in objective 1. For objective 2, control
versus HDAC inhibitor was analyzed by student T-test for independent samples. For
objective 3, a one-way ANOVA was used for between-group comparisons of control,
high glucose, and high glucose + HAT inhibitor. SERCA activity assays were analyzed
by one-way ANOVA for between group comparisons. When significant differences (p
<0.05) were identified by ANOVA, a Tukey post-hoc test was used to identify
differences between specific means. A sample size calculation determined that n=5 would
be required to detect a 20% difference between groups with 80% power using a two-
tailed alpha of 0.05. Smaller sample sizes were needed to detect larger differences

between groups.
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Chapter 3: Results

Objective 1 — Effect of high glucose on SERCAZ2a acetylation

To determine whether high glucose modulates acetylation of SERCAZ2a, we
exposed rat primary cardiomyocytes to high glucose conditions for up 18 hours. All cells
were harvested after 18 hours. Western blotting techniques looking at the 110 kDa band
revealed that there was a 30% increase in acetylation at 4 hours, which was maintained
up to 18 hours of exposure (Figure 11). Immunoprecipitation with acetylated lysine was
used to detect the acetylation status of PGC-1a as a positive control for the high glucose
conditions, 1™*. High glucose resulted in a two-fold increase in PGC-1a. acetylation
(Figure 12). Immunoprecipitation was then used to confirm that the increase in acetyl-
lysine at the 110 kDa band was SERCAZ2a-acetylation, which revealed a 37% increase in
acetylated SERCAZ2a (Figure 13). SERCAZ2a assays were used to determine calcium
dependent SERCAZ2a activity of samples. High glucose significantly impaired SERCA2a

function by decreasing Vmax by 38% and Caso by 25% (Figure 14).
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Figure 11. Acetylated-lysine at 110kDa from rat primary cardiomyocytes treated with

high glucose.

(A) A representative Western blot performed with acetylated lysine and B-actin
antibodies on cardiomyocyte lysate. (B) Graphical representation of A demonstrating
that high glucose (25 mM) exposure for 4 and 18 hours is capable of increasing
acetylation of SERCAZ2a in adult rat primary cardiomyocytes. Acetylation calculated A-
L/actin, experimental conditions reported relative to control. * different from Control
(P<0.05). #, different from 1h (P<0.05). &, different from 2h (P<0.05). Graph represents

the mean + SEM (n=2).
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Figure 12. Acetylated PGC-1a in rat primary cardiomyocytes treated with high glucose.

(A) Representative blot performed with PGC-1a. antibody on IP samples followed by
acetylated lysine antibody which was performed after stripping. (B) Graphical
representation of A demonstrating that high glucose (25 mM) exposure for 18 hours is
capable of increasing acetylation of PGC-1a. in adult rat primary cardiomyocytes.
Acetylation calculated as PGC-1a /A-L, high glucose reported relative to control. *
different from Control (P<0.05). Graph represents the mean + SEM (n=3).
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Figure 13. Acetylated SERCAZ2a in rat primary cardiomyocytes treated with high
glucose.

(A) Representative blot performed with acetylated lysine antibody on IP samples
followed by SERCAZ2a antibody which was performed after stripping. (B) Graphical
representation of A demonstrating that high glucose (25 mM) exposure for 18 hours is
capable of increasing acetylation of SERCAZ2a in adult rat primary cardiomyocytes.
Acetylation calculated as A-L/SERCAZ2a, high glucose reported relative to control. *
different from Control (P<0.05). Graph represents the mean + SEM (n=6).
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Figure 14. Calcium-dependent SERCAZ2a activity from rat primary cardiomyocytes
treated with high glucose.

(A) Maximal SERCAZ2a activity (Vmax) and (B) Calcium sensitivity, Caso. *, different
from Control (P<0.05). Graph represents the mean £ SEM (n=5).
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Objective 2 — HDAC inhibition

To identify the class of HDACSs controlling acetylation of SERCAZ2a,
cardiomyocytes were exposed to different small molecule inhibitors of the HDACs for 18
hours. Nicotinamide was used to inhibit the Class 11l HDACs (Sirtuins).
Immunoprecipitation with acetylated lysine was used to examine the acetylation status of
PGC-1a as a positive control, since it is known to be hyperacetylated when exposed to
nicotinamide 14, PGC-1a acetylation increased by 70% (Figure 15). The results of the
immunoprecipitation experiments indicate an increase in SERCAZ2a acetylation by 36%
(Figure 16). SERCAZ2a assays were used to determine calcium dependent SERCA2a
activity of samples. Nicotinamide significantly impaired SERCAZ2a function by

decreasing Vmax by 33%. Caso was unchanged (Figure 17).

Figure 15. Acetylated PGC-1a in rat primary cardiomyocytes treated with nicotinamide.
(A) Representative blot performed with PGC-1a antibody on IP samples followed by
acetylated lysine antibody which was performed after stripping. (B) Graphical
representation of A demonstrating that nicotinamide (10 mM) exposure for 18 hours is
capable of increasing acetylation of PGC-1a in adult rat primary cardiomyocytes.
Acetylation calculated as PGC-1a /A-L, nicotinamide condition reported relative to
control. * different from Control (P<0.05). Graph represents the mean = SEM (n=3).
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Figure 16. Acetylated SERCAZ2a in rat primary cardiomyocytes treated with

nicotinamide.
(A) A representative blot performed with acetylated lysine antibody on IP samples

followed by SERCAZ2a antibody performed after stripping. (B) Graphical representation

of A demonstrating that nicotinamide (10 mM) exposure for 18 hours is capable of
increasing acetylation of SERCAZ2a in adult rat primary cardiomyocytes. Acetylation
calculated as A-L/SERCAZ2a, nicotinamide condition reported relative to control. *,
different from Control (P<0.05). Graph represents the mean = SEM (n=5).
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Figure 17. Calcium-dependent SERCAZ2a activity from rat primary cardiomyocytes
treated with nicotinamide.

(A) Maximal SERCAZ2a activity (Vmax) and (B) Calcium sensitivity, Caso. *, different
from Control (P<0.05). Graph represents the mean £ SEM (n=5).
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Trichostatin A was used to inhibit Class | and Class Il HDACSs to examine if non-
sirtuin HDACs modulate SERCAZ2a acetylation. Western blot with Acetylated Histone
H3 K9/K14 antibody was used as a positive control for 1uM Trichostatin A. Acetylation
of histone H3 K9/K14 increased 27-fold with Trichostatin A (Figure 18). Results of
immunoprecipitation indicated no increase in SERCAZ2a acetylation with inhibition of
Class I and Class Il (non-sirtuin) HDACSs using Trichostatin A (Figure 19). Trichostatin

A did not significantly alter SERCAZ2a function (Figure 20).

Figure 18. Acetyl-histone H3 (K9/14) in rat primary cardiomyocytes treated with TSA.
(A) A representative Western blot performed with acetyl-histone H3 (K9/K14) and -
actin antibodies on cardiomyocyte lysate. (B) Graphical representation of A
demonstrating that TSA (1 uM) exposure for 18 hours is capable of increasing
acetylation of histone H3 K9/14 in adult rat primary cardiomyocytes. Acetylation
calculated as Acetyl-H3(K9/K14)/ B-actin, TSA condition reported relative to control. *,
different from Control (P<0.05). Graph represents the mean + SEM (n=2).
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Figure 19. Acetylated SERCAZ2a in rat primary cardiomyocytes treated with TSA.

(A) A representative blot performed with acetylated lysine antibody on IP samples
followed by SERCAZ2a antibody performed after stripping. (B) Graphical representation
of A demonstrating that TSA (1 uM) exposure for 18 hours did not increase acetylation
of SERCAZ2a in adult rat primary cardiomyocytes. Acetylation calculated as A-
L/SERCAZ2a, TSA condition reported relative to control. *, different from Control
(P<0.05). Graph represents the mean + SEM (n=5).
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Figure 20. Calcium-dependent SERCAZ2a activity from rat primary cardiomyocytes

treated with TSA.
(A) Maximal SERCAZ2a activity (Vmax) and (B) Calcium sensitivity, Caso. Graph
represents the mean + SEM (n=5).
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Objective 3 — Effect of HATs on glucose induced SERCAZ2a acetylation

To identify HATS that are responsible for acetylation of SERCA2a,
cardiomyocytes were exposed to small molecule inhibitors of the HATSs for 1 hour prior
to glucose exposure to determine which HATSs were responsible for the high glucose
induced acetylation. Cardiomyocytes were pretreated with anacardic acid to determine if
broad inhibition of all HATs could prevent the increase in SERCAZ2a acetylation induced
by glucose. Immunoprecipitation with acetylated lysine was used to examine the
acetylation status of PGC-1a, which has been shown to be acetylated by GCN5 as a
positive control for HAT inhibition by anacardic acid 4. PGC-1a acetylation did not
differ from control when pre-treated with anacardic acid prior to high glucose (Figure
21). One hour of pre-treatment with anacardic acid attenuated glucose induced
SERCAZ2a acetylation (Figure 22). However, anacardic acid was not able to fully rescue

the decrease Vmax and Caso caused by high glucose treatment (Figure 23).
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Figure 21. Acetylated PGC-1a in rat primary cardiomyocytes treated with anacardic acid
and high glucose.

(A) Representative blot performed with PGC-1a antibody on IP samples followed by
acetylated lysine antibody which was performed after stripping. (B) Graphical
representation of A demonstrating that anacardic acid (3uM) exposure for 1 hour prior to
18 hours of high glucose can prevent the increase in acetylation of PGC-1a caused by
high glucose in adult rat primary cardiomyocytes. Acetylation calculated as PGC-1a. /A-
L, experimental condition reported relative to control. * different from Control (P<0.05).
#, different from High Glucose (P<0.05). Graph represents the mean + SEM (n=3).
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Figure 22. Acetylated SERCAZ2a in rat primary cardiomyocytes treated with anacardic
acid and high glucose.

(A) A representative blot performed with acetylated lysine antibody on IP samples
followed by SERCAZ2a antibody performed after stripping. (B) Graphical representation
of A demonstrating that anacardic Acid (3 uM) exposure for 1 hour prior to and during

18 hours of high glucose exposure can prevent glucose induced acetylation of SERCA2a

in adult rat primary cardiomyocytes. Graph represents the mean = SEM (n=4) that
anacardic Acid attenuated the glucose induced increase in SERCAZ2a acetylation.
Acetylation calculated as A-L/SERCAZ2a, experimental conditions reported relative to
control. *, different from Control (P<0.05). #, different from high glucose (P<0.05).
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Figure 23. Calcium-dependent SERCAZ2a activity from rat primary cardiomyocytes
treated with anacardic acid and high glucose.

(A) Maximal SERCAZ2a activity (Vmax) and (B) Calcium sensitivity, Caso. *, different
from Control (P<0.05). Graph represents the mean + SEM (n=4).
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C646 was used to determine if p300/CBP inhibition could prevent the increase in
SERCAZ2a acetylation induced by glucose. Immunoprecipitation with acetylated lysine
was used to assess the acetylation status of PGC-1a as p300 has been shown to acetylate
it 184, PGC-1a. acetylation did not differ from control when pre-treated with C646 prior
to high glucose treatment (Figure 24). No change in SERCAZ2a acetylation was observed
with pre-treatment using C646 compared to high glucose (Figure 25). As no change in
acetylation was observed with C646 treatment, SERCAZ2a activity assays were not

performed for C646 samples.

Figure 24. Acetylated PGC-1a in rat primary cardiomyocytes treated with C646 and

high glucose.

(A) Representative blot performed with PGC-1a antibody on IP samples followed by
acetylated lysine antibody which was performed after stripping. (B) Graphical
representation of A demonstrating that C646 (5uM) exposure for 1 hour prior to 18 hours
of high glucose can prevent the increase in acetylation of PGC-1a. caused by high glucose
in adult rat primary cardiomyocytes. Acetylation calculated as PGC-1a. /A-L,
experimental condition reported relative to control. * different from Control (P<0.05). #,
different from high glucose (P<0.05). Graph represents the mean = SEM (n=2).
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Figure 25. Acetylated SERCAZ2a in rat primary cardiomyocytes treated with C646 and
high glucose.

(A) A representative blot performed with acetylated lysine antibody on IP samples
followed by SERCAZ2a antibody performed after stripping. (B) Graphical representation
of A demonstrating that C646 (5 uM) exposure for 1 hour prior to and during 18 hours of
high glucose exposure does not prevent glucose induced acetylation of SERCAZ2a in adult
rat primary cardiomyocytes. Graph represents the mean + SEM (n=4) that C646 did not
reduce the glucose induced increase in SERCAZ2a acetylation. Acetylation calculated as
A-L/SERCAZ2a, experimental conditions reported relative to control. *, different from
Control (P<0.05).
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MG149 was used to determine if inhibition TIP60 and MOZ could prevent the
increase in SERCAZ2a acetylation induced by glucose. Several concentrations of MG149
were used with the goal of TIP60/MOZ inhibition, however all concentrations resulted in
a significant reduction in cell viability. Due to the reduction in cell viability with MG149
treatment SERCAZ2a activity assays were not performed on MG149 samples. While a

formal viability assay was not performed, in future work calcein-AM and ethidium
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homodimer-1 could be used to visualize the number of live and dead cells %1%, Ina
paper released after the design of this project, the authors describe a significant reduction
in cell viability of precision cut lung slices above a threshold concentration of MG149,

which corroborates our results 1,

CPTH2 was used to determine if inhibition of GCN5 could prevent the increase in
SERCAZ2a acetylation induced by glucose. Immunoprecipitation with acetylated lysine
was used to assess the acetylation status of PGC-1a as GCN5 is known to acetylate PGC-
la 74, PGC-1la acetylation was not different from control when pre-treated with CPTH2
prior to high glucose (Figure 26). One hour of pre-treatment with CPTH2 resulted in
attenuation of glucose induced SERCAZ2a acetylation (Figure 27). However, CPTH2
was not able to fully reverse the decrease Vmax and Caso caused by high glucose (Figure
28). As there was a similar effect size to that seen with anacardic acid, we did not try a

condition with all 3 specific inhibitors.
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Figure 26. Acetylated PGC-1a in rat primary cardiomyocytes treated with CPTH2 and
high glucose.

(A) Representative blot performed with PGC-1a antibody on IP samples followed by
acetylated lysine antibody which was performed after stripping. (B) Graphical
representation of A demonstrating that CPTH2 (10uM) exposure for 1 hour prior to 18
hours of high glucose can prevent the increase in acetylation of PGC-1a caused by high
glucose in adult rat primary cardiomyocytes. Acetylation calculated as PGC-1a /A-L,
experimental condition reported relative to control. * different from Control (P<0.05). #,
different from high glucose (P<0.05). Graph represents the mean + SEM (n=3).
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Figure 27. Acetylated SERCAZ2a in rat primary cardiomyocytes treated with CPTH2 and
high glucose.

(A) A representative blot performed with acetylated lysine antibody on IP samples
followed by SERCA2a antibody performed after stripping. (B) Graphical representation
of A demonstrating that CPTH2 (10 uM) exposure for 1 hour prior to and during 18
hours of high glucose exposure can prevent glucose induced acetylation of SERCA2a in
adult rat primary cardiomyocytes. Graph represents the mean + SEM (n=6) that CPTH2
attenuated the glucose induced increase in SERCAZ2a acetylation. Acetylation calculated
as A-L/SERCAZ2a, experimental conditions reported relative to control. *, different from
Control (P<0.05). #, different from high glucose (P<0.05).
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Figure 28. Calcium-dependent SERCAZ2a activity from rat primary cardiomyocytes
treated with CPTH2 and high glucose.

(A) Maximal SERCAZ2a activity (Vmax) and (B) Calcium sensitivity, Caso. *, different
from Control (P<0.05). Graph represents the mean £ SEM (n=4).
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Chapter 4: Discussion

It is known that SERCAZ2a can be acetylated at 3 sites, however, the enzymes that
regulate this process have not yet been identified. Thus, the objectives of this study were
to determine if high glucose exposure alters the acetylation level of SERCA2a (Objective
1), to identify the HDAC(s) responsible for the regulation of SERCAZ2a acetylation
(Objective 2), and finally, to identify the HAT(s) responsible for the regulation of

SERCAZ2a acetylation under high glucose conditions.

High glucose exposure increases SERCAZ2a acetylation

A high glucose state influences several mechanisms known to impair SERCA2a
activity. These mechanisms include post-translational modifications and protein-protein
interactions. High glucose treatment leads to nitration of SERCA, which decreases Vmax
by ~25% 113114 SERCAZ2a inhibition can also occur through alterations in expression
levels of PLN or through decreased phosphorylation of PLN in the diabetic heart 117:2%,
Increased interaction of SERCAZ2a with PLN has also been documented in streptozotocin
injected rats, in which plasma glucose levels were high 8. It has been demonstrated that
mutation of two lysine residues within the nucleotide binding domain of SERCAZ2a,
lysine*® and lysine®®, leading to a notable reduction in ATP binding affinity 2°22°2, This
effect occurs by preventing SUMOylation of SERCAZ2, and results in decreased
SERCAZ2a function 201292, The work presented in this thesis is the first to determine that
high glucose increases SERCAZ2a acetylation in primary cardiomyocytes. It is unclear
why SERCAZ2a acetylation decreased after 1 hour of glucose exposure. This could be

addressed using time-matched controls in future studies. When SERCAZ2a acetylation
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was examined using immunoprecipitation (Figure 13), we determined that SERCA2a
acetylation was increased by 37% compared to control when incubated in 25 mM glucose
media. This finding suggests that SERCA?2a acetylation is indeed enhanced in
cardiomyocytes when exposed to high glucose conditions in cell culture. Assessment of
SERCAZ2a activity determined that high glucose significantly impaired SERCA2a
function by decreasing Vmax by 38% and Caso by 25%. That observation supports
previous work by our group which demonstrated a 32% decrease in the Vmax 0f SERCA2a
in low-dose streptozotocin injected mice fed a high fat diet. The decrease in Vmax was
accompanied by a 32% decrease in SERCA2a protein content 4°. This thesis provides
data that suggests acetylation as a novel mechanism contributing to impairment of
SERCAZ2a activity in a high glucose state. Lysine 464, lysine 510, and lysine 533 of
SERCAZ2a all reside within the cytoplasmic nucleotide binding domain and can be
acetylated 203204, Recent data from our lab demonstrated that a SERCA2a mutant which
mimics constitutively acetylated at all 3 acetylation sites, resulted in a 30% decrease in
Vmax compared to an acetylation deficient mutant 3. This supports the idea that the
increased acetylation within the nucleotide binding domain of SERCAZ2a results in a
corresponding decrease in Vmax due to a change in ATP binding affinity. However, the
acetylation profile induced by high glucose remains unclear. It is still unknown whether
high glucose causes acetylation at a specific acetylation site and if each site plays a role
in decreasing SERCA2a Vmax. In addition to this, it is unclear as to why acetylation does
not increase to a greater extent than 37% in high glucose. This is likely accounted for by
the fact that only a subset of total SERCAZ2a is acetylated in the cell. Further research

will need to be conducted to further elucidate the localization of SERCAZ2a acetylation.
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High glucose treatment also increased the Caso of SERCAZ2a. This change was
unexpected. Caso is @ measure of calcium sensitivity and the primary mechanism through
which Casp is altered is by binding with PLN. Thus, the decrease in Caso may be due to
increased inhibitory activity by PLN, which is known to decrease the calcium sensitivity
of SERCA in the presence of high glucose . Due to the length of glucose treatment, it is
possible that this happened through a decrease in phosphorylated PLN (p-PLN) rather
than a change in PLN protein level 1*°. However, we did not measure PLN or p-PLN and
thus, cannot make any definitive conclusions on the role of PLN. PLN phosphorylation
was not measured because previous work from our lab using Cos-1 mutants expressing
constitutively acetylated SERCA2a demonstrated no change in calcium sensitivity as
compared to control cells. This data is further supported by the fact that Cos-1 cells do
not express, thus demonstrating the key role of PLN in modulating calcium sensitivity
and that the acetylation induced changes in Vmax are independent of this 203204,
Furthermore, it is unlikely that SERCAZ2a acetylation alters the inhibitory action of PLN
as the acetylation sites of SERCAZ2a are not in close proximity to the residues of
SERCAZ2a with which PLN interacts 203204, It is also possible that post-translational
modifications of SERCAZ2a other than acetylation occurred to cause the change in
calcium sensitivity. The pleiotropic effects of high glucose exposure are one of the
limitations of this model in examining post-translational modifications. Thus, we also
used chemical inhibition of HDACs and HATS to determine the pathways involved with

SERCAZ2a acetylation by targeting them more directly.

SERCAZ2a activity has been shown to be regulated by multiple different post-

translational modifications including glutathionylation %, nitration %, glycosylation 1%,
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O-GInNAcylation 102, SUMOlyation 193194 and acetylation 19319  All of these can be
influenced by high glucose and thus, further research must be conducted to elucidate the
specific roles and conditions of each modification. Additionally, this research should
examine different combinations of post-translational modifications, as there is some
evidence that post-translational modifications may influence one another. It has been
suggested that SUMOlIyation increases ATP binding affinity and that this may occur
through antagonism to acetylation 2%, However, we do not know if other post-
translational modifications interact to increase or decrease SERCAZ2a acetylation. We
made the decision not to measure all the post-translational modifications of SERCA2a
that occur in the high glucose model because the primary goal of this project was to
confirm if high glucose can increase acetylation of SERCA2a. Therefore, we used
alternative methods to increase acetylation to corroborate the acetylation changes that

occurred in the high glucose condition.

Sirtuins are involved in the regulation of SERCAZ2a acetylation

Diabetes and aging are both major risk factors for cardiovascular disease and both
have also been shown to decrease sirtuin function 168205 |n addition to this, NAD*, the
substrate for the sirtuins, is reduced in cardiac disease 2°62%7, Together, this suggests that
a multifactorial decrease in sirtuin activity might play a role in the pathophysiology of
diabetic heart disease. Current data suggests that aggressive glycemic control does not
significantly reduce macrovascular complications in patients with established
cardiovascular disease. However, for patients with no macrovascular disease, tighter

glycemic control is recommended. It is possible that this group of patients are the ones
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who might benefit most from SERCAZ2a therapy, as calcium cycling is one of the earliest

changes that occurs in diabetic cardiomyopathy 2.

Inhibition of sirtuins increases SERCA2a acetylation

Due to the relationship between the sirtuins, diabetes, and cardiovascular disease,
we examined the role of sirtuins deacetylases on the acetylation status of SERCA2a as a
possible mechanism for the increased SERCAZ2a acetylation seen in high glucose
conditions. When the sirtuin family (Class 111 HDACs) were inhibited by using 10 mM
nicotinamide, we observed a 36% increase in acetylation of SERCA2a (Figure 16).
Assessment of SERCAZ2a activity demonstrated a corresponding 33% decrease in V max.
This change matches with the change in acetylated SERCA2a observed when
cardiomyocytes were treated with high glucose. Caso was unchanged with nicotinamide
treatment but Caso was changed in the high glucose condition. This suggests that the
inhibition of the sirtuins with nicotinamide might influence SERCA2a more specifically
than treatment with high glucose. Nicotinamide acts by inhibiting the sirtuins, and as a
result, it may have a more direct influence on acetylation than high glucose treatment 2°7.
Together, this data strongly suggests that the sirtuin family is involved in the
deacetylation of SERCAZ2a, with impairment of the sirtuins leading to increased

SERCAZ2a acetylation and decreased SERCA2a maximal activity.

Inhibition of GCN5 prevents the glucose-induced increase SERCA2a acetylation
When the HATSs were broadly inhibited using anacardic acid for 1 hour prior to
glucose exposure, the glucose-induced increase in acetylation was attenuated, suggesting

that one of the HATS inhibited by anacardic acid is involved in the acetylation of
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SERCAZ2a (Figure 22). This effect also occurred when GCN5 was inhibited which
makes sense, as the actions of GCN5 have been shown to oppose that of the sirtuins
172114175 - Unexpectedly, assessment of SERCA2a activity determined that although
broad inhibition of the HATs and GCN5 prevented SERCAZ2a acetylation in high glucose
conditions, Vmax and Caso was not rescued. The first reason for this disconnect is cell-
stress or off target effects caused by the HAT inhibitors. A qualitative observation in our
study was that when cells were treated with anacardic acid, they appeared to have
decreased survival with more dead cells being present prior to harvesting. This suggests
that at the concentration used, anacardic acid may have had a negative effect on other
cellular processes resulting or may have potentially caused an alternative post-translation
of SERCAZ2a. It has been documented that anacardic acid is an inducer of endoplasmic
reticulum stress and this effect may account for the impaired SERCAZ2a activity in these
samples 2%, An alternative explanation as to why the Vmax did not improve is that
glucose treatment resulted in an alternative post-translational modification which could
impair calcium-cycling and that this change was not prevented by HAT inhibition. This
could also be the reason for the lack of improvement in Caso, however it is more likely
that this change is due to a change in p-PLN as previously described. Targeting GCN5
could play a crucial role in treating diabetic cardiomyopathy and heart failure. However,
further research must be done to more specifically elucidate the role of GCN5 in
SERCAZ2a acetylation and if inhibition of GCN5 can recover SERCAZ2a activity if it is

more directly targeted.

While this data suggests that the sirtuin family is involved in SERCA2a

deacetylation, it does not identify which sirtuin is specifically responsible for the changes
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observed. Due to the cellular locations of the sirtuins, SIRT1-3 are the most likely to be
involved as all of them have been detected in the cytoplasm 20°-211 The beneficial of
effect of sirtuin activity on SERCAZ2a function has been demonstrated using resveratrol, a
SIRT1 activator. Resveratrol treatment resulted in upregulation SERCA2a and improved
cardiac function 2%, While that study did not look at acetylation, based on our data that
demonstrates a role of the sirtuins on SERCAZ2a acetylation, it is possible that some of the
improvements in cardiac function occurred due to decreased SERCA2a acetylation in
addition to the increased SERCAZ2a content. It is currently unknown whether SERCA2a
is deacetylated directly by the sirtuins or if they deacetylate another cytosolic HDAC
which subsequently deacetylates SERCA2a. Additionally, there are several other
proteins that are involved in SERCAZ2a activity regulation. Thus, it is possible that the
sirtuins influence these proteins which then modify SERCAZ2a activity. One example is
AMPK, which can increase expression and activity of SERCAZ2a and is known to be
activated through deacetylation by SIRT3 212213 Thus, further experiments are needed to
determine the specific role and sirtuin involved in the regulation of SERCA2a
acetylation. This data demonstrates the role of the sirtuins in the deacetylation of
SERCAZ2a. Due to this, therapies targeting sirtuin activity or protein levels could
potentially be effective in treating diabetic cardiomyopathy or heart failure when there

are high levels of acetylated SERCA2a.
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Non-sirtuin pathways are unlikely to be involved in SERCA2a acetylation

To examine the role of non-sirtuin HDACSs, we inhibited Class | and Class Il
HDACSs using Trichostatin A. This did not result in any increase of SERCA2a
acetylation (Figure 19). Additionally, Vmax did not change with inhibition of Class | and
Class I HDACs. Caso was unchanged in both Trichostatin A and Nicotinamide
treatment. Class | HDACs are located primarily in the nucleus and because of this, it is
unsurprising that they do not act on the cytoplasmic acetylation sites of SERCA2a 214,
Class I HDACs are capable of shuttling between nucleus and cytoplasm based on
phosphorylation status, however our data suggests that even with this ability they are not
involved in SERCAZ2a acetylation 2*4, However, even without acting on SERCAZ2a,
HDACSs have been shown to play a role in the heart. HDAC inhibition with TSA has
been shown to prevent pathological hypertrophy in a transverse aortic constriction model
of pressure overload 2%, Thus, although Class | and Il HDACs do not appear to act on

SERCAZ2a acetylation, targeting them under different circumstances may be beneficial.

Implications and future directions

Together, this thesis provides preliminary data that may have implications for the
use of SERCAZ2a acetylation strategies in the context of diabetes-induced heart disease,
where glucose levels are high. One approach to management would be to prevent the
acetylation of SERCAZ2a by blocking the acetylation sites on the SERCAZ2a protein.
Alternatively, increasing the activity of the sirtuins or decreasing GCN5 activity could be
used to alter the level of SERCAZ2a acetylation in the heart. This may help prevent the

negative changes to calcium cycling and impairment of SERCAZ2a that occurs in the
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diabetic heart. These techniques could likely be accomplished through pharmacological
methods. Due to the success of CUPID 1, targeting SERCAZ2a in humans is a valid
strategy to improve cardiac function. However, even though a percutaneous intervention
is less invasive than surgery, it is still considered an invasive procedure. By using
pharmacological approaches to improve SERCAZ2a activity it may be possible to avoid
the risks associated with these types of procedures.

To confirm the findings of this thesis, further studies should be performed. One
aspect of this would be to further characterize the mechanism of SERCAZ2a acetylation on
activity and to see if specific acetylation sites have different effects of SERCAZ2a activity.
Additionally, a FITC assay could be employed to identify structural changes in the ATP
binding domain and if this is indeed the mechanism through which acetylation alters
activity. Inaddition to this, cell culture experiments with mutants that mimic acetylation
at single and double sites should be performed to assess if there is a specific acetylation
site responsible for the changes seen when SERCAZ2a is acetylated. Experiments to
assess whether there is a critical concentration of glucose at which SERCAZ2a acetylation
increases should be performed by exposing cells to various levels of glucose and
assessing acetylation. Additionally, the role of SIRTs could be solidified through gain
and loss experiments. Upregulation of SIRTs would be expected to decrease SERCA2a
acetylation with downregulation of SIRTSs increasing SERCAZ2a acetylation. Finally, an
in vivo using mice overexpressing SIRTs and mice under expressing SIRTs could be
exposed to diabetogenic conditions to compare changes in SERCAZ2a acetylation and the

resulting cardiac function.
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Study Limitations

One of the limitations of our study is the use of chemical inhibitors to influence
post-translational modifications. While the inhibitors we used have been shown to affect
the HATs and HDACSs that they were used to examine, it is unknown if they have other
off target effects that may have influenced SERCAZ2a activity or cell viability. This
decrease in viability was particularly evident in the cells treated with MG149, which were
excluded due to decreased cell survival in comparison to other conditions. A similar
decrease in viability was described above a threshold concentration of ~10uM MG149 in
another study using precision-cut lung slices that was released after our study had
finished 1%°. Although that concentration was higher than the concentrations used in our
study, it is possible that the cardiomyocytes have a higher sensitivity to the compound
and resulted in a similar effect. This demonstrates one of the limitations of using
chemical inhibitors. However, as this is preliminary research in the area, the methods
are appropriate. Future experiments could use sShRNA or adenoviral transfection to
decrease or increase protein levels of the targets we have identified in this study. A
second limitation of the experiment was the high glucose model. While this model is a
commonly used model to mimic a diabetic state, high glucose has many other effects on
the cell. Due to this, we cannot exclude the role of other post-translational modifications
of SERCAZ2a on the changes in activity we saw. Further studies are needed to better
clarify the conditions and time courses of glucose exposure that influence various post-
translational modifications of SERCA2a. Another study limitation is that SERCA2a
protein content was not directly measured. However, as the half-life of SERCAZ2a protein

is 4.9 days 2%, it is unlikely that SERCA2a concentration changed between conditions.
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The final limitation of our study is that it is a cell culture model. This model is
commonly used to examine signaling pathways, however, generalizability is always a
limitation. Therefore, animal studies using transgenic mice to examine the sirtuins and
GCN5 as we have identified in this study could be used to better demonstrate the role of

these proteins in vivo.

Conclusions

Our study is novel because it is the first to demonstrate that high glucose results in
increased acetylation of SERCAZ2a with a corresponding decrease in SERCAZ2a activity.
This demonstrates one of the ways in which high glucose levels might result in impaired
calcium cycling in the diabetic heart. Furthermore, we have shown that inhibition of the
sirtuins is able to increase the acetylation of SERCAZ2a and decrease maximal SERCA2a
activity. As the sirtuins are also impaired by high glucose, this data helps us to better
understand the pathophysiology of the impaired calcium-cycling that occurs in a high
glucose state which may also occur in diabetes. As the sirtuins are activated by both
dietary and exercise interventions this also helps to illustrate the mechanism as to why
these interventions have a positive effect on cardiovascular health. Finally, we
demonstrated that broad inhibition of the HATS as well as specific inhibition of GCN5
results in a decrease in SERCAZ2a acetylation. Together, this data will help to inform
future work to further our understanding of the role of post-translational modifications of
SERCAZ2a in the heart and develop strategies targeting these post-translational

modifications to better treat patients with diabetic cardiomyopathy and heart failure.
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