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Abstract of the Dissertation
Goa, Regulation of Cardiac Autophagy
by
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2016

Receptors that activate the heterotrimeric G protein Ga, are thought to play a role in
the development of heart failure. Dysregulation of autophagy occurs in some
pathological cardiac conditions including heart failure, but whether Ga, is involved in
this process is unknown. A cardiomyocyte-specific transgenic mouse model of
inducible Ga, activation (termed Goa,Q209L) was used to address this question.
Autophagy is a quality control and recycling process in which double-membrane
vesicles called autophagosomes enclose intracellular materials and send them to
lysosomes for degradation. After 7 days of Ga,activation, Ga,Q209L hearts contained
more autophagic vacuoles than wild type (WT) hearts. Increased levels of proteins
involved in autophagy, including Vps34, Beclinl, Atg7, Atgl4, p62 and LC3-II, were
also seen. Real-time quantitative PCR showed a 4-fold upregulation in p62 mRNA
and a small increase in Atg7 mRNA, but mRNAs encoding the other proteins were
not transcriptionally upregulated. Inhibition of the Ca**-dependent protease calpain,
whose activity is increased in Go;Q209L hearts, did not block the increase in LC3-11

protein, suggesting that increased autophagy is not due to calpain activation.



LysoTracker staining and western blotting showed that the number and size of
lysosomes and lysosomal protein levels were increased in Ga,Q209L hearts, indicating
enhanced lysosomal degradation activity. Importantly, an autophagic flux assay
measuring LC3-II turnover indicated that autophagic activity is enhanced in
Go;Q209L hearts. Ga,Q209L hearts exhibited elevated levels of the Class III
phosphoinositide 3-kinase (Vps34) complex. As a consequence, Vps34 activity and
phosphatidylinositol 3-phosphate levels were higher in Ga,Q209L hearts than WT
hearts, thus accounting for the higher abundance of autophagic vacuoles. These results
indicate that an increase in autophagy is an early response to Ga, activation in the

heart.
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Chapter 1. Background

1-1. Gagin heart failure

1-1-1. Heart failure and its animal models

Heart failure (HF) is a clinical syndrome with primary symptoms including
dyspnea, fatigue, exercise intolerance and retention of fluid in the lungs and peripheral
tissues (1). According to the World Health Organization, cardiovascular diseases
(CVDs) are the leading cause of death, contributing to ~31% of deaths worldwide (2).
HF is the leading cause of mortality and morbidity in the United States (1). Despite
the development of multiple treatments, therapy for HF remains very unsatisfactory,
and the 5-year mortality rate is about 50% (3,4). Thus, there 1s a need to develop novel
preventative and reparative therapies (1).

There are many animal models designed to recapitulate the different types of
HF seen in human patients. For example, aortic constriction in mice and rats mimics
aortic stenosis-induced HF; coronary artery ligation in pigs and sheep induces dilated
ischemic cardiomyopathy; and hypertensive heart disease-induced HF is studied in a
spontaneously hypertensive rat (1). Large animal models such as dogs and pigs provide
a closer approximation of human HF conditions than rodents. However, small animal
models including transgenic mice provide opportunities for studying specific

molecular mechanisms of HF (1).

1-1-2. G proteins

G protein-coupled receptors (GPCRs) make up the largest family of
transmembrane receptors (5). More than 1,000 GPCRs are encoded in mammalian
genomes. The majority of GPCRs are sensory receptors, and about 400-500 GPCRs
recognize and transmit signals from hormones, neurotransmitters, and paracrine
factors into cells. Only a small fraction of GPCRs (~200) have identified physiological
ligands. Most of the others are called “orphan” GPCRs because no endogenous

ligands have been identified for them (6).



GPCRs couple to signaling partners known as heterotrimeric G proteins to
work coordinately to recognize extracellular ligands and transmit signals into cells. G
proteins are composed of three subunits: Ga and a dimer of Gf3 and Gy that never
separates. As illustrated in Fig. 1-1, upon activation by a ligand (Step A), the GPCR
induces exchange of GDP on Ga to GTP (Step B), which activates Ga. Gy then
dissociates from Ga-GTP (Step C), and both Ga-GTP and Gy subsequently transmit
signals through diverse effectors (Step D). Ga subunits have intrinsic GTPase activity
that downregulates Ga signaling by converting GTP to GDP (Step E). Ga-GDP then
re-associates with Gy (Step F) and the system is reset for the next activation cycle.

There are 36 heterotrimeric G proteins identified in mammalian genomes,
including 17 Ga subunits categorized into four classes, 7 G subunits, and 12 Gy
subunits (6-8). One GPCR can couple to different types of Ga subunits, and one Ga
subunit can associate with different Gy subunits; therefore, one GPCR can transmit
different signals into a cell based on the combination of G proteins it couples to.
Moreover, there are various regulatory mechanisms to fine-tune G protein signaling.
All of the above mechanisms enable G proteins to participate in a great number of
signaling pathways that generate different cellular responses under different conditions.

These complexities also increase the challenge of understanding GPCR signaling.

) A. Coupling

Receptor

‘{%’@{"«fff!.fs‘a’;?@&%?’e%c5%@59:&%%M@S%SGS?M@%@%@@5@?&%@@@&?@5@?@@@%@fﬁéféﬁ?«ﬁﬁ
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Figure 1-1. G protein signaling.



1-1-3. Gag in heart failure

The q subtype of the heterotrimeric G protein a subunit, Ga,, is activated by a
number of receptors whose agonists are upregulated in the progression of heart failure,
including angiotensin IT and catecholamines (9). Angiotensin II is a main component
in the renin-angiotensin-aldosterone pathway, whose activation is important in
maintaining cardiac output in the short term but also accelerates cardiac dysfunction
in the long term (10). Angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers are used to lower blood pressure and decrease the heart’s
workload in heart failure patients (11).

Ga, expression may also play a role in the development of heart failure.
A -695/-694 TT/GC polymorphism in the promoter region of GNAQ (the gene
encoding Ga, protein) has been reported to associate with human cardiac conditions.
The GC allele frequency 1s around 55% in Caucasians (12,13) and 64% in African
Americans (12). The GC site was shown to be a binding site for the Sp-1 transcription
factor (12,13). Two conflicting reports have described effects of the GC and TT alleles
on the regulation of GNAQ expression. Frey et al. showed that the GC allele increases
Gua, expression and results in enhanced activation of the Ga, pathway in vitro (13).
Moreover, echocardiography studies suggested that the GC allele in Caucasians is
associated with a higher risk of increased left ventricular mass but is not significantly
associated with wall thickness or systolic dysfunction (13). Liggett et al. showed that
the TT allele increases transcriptional activity using a reporter assay, but did not
analyze Gay mRNA levels (12). The authors tracked patient survival and suggested
that the TT allele increases the risk of heart failure death in African Americans but not
in the Caucasian population (12). These two studies suggest that upregulation of Gay
expression may play a role in the development of cardiac hypertrophy and heart failure
in humans, but more studies need to be done to measure the actual transcriptional
regulation of GNAQ in patient samples.

Using transgenic mice, it is well established that Goa, mediates cardiac
hypertrophy and heart failure induced by pressure overload. Transgenic expression of
Gua, alone in cardiomyocytes is enough to stimulate downstream signaling and trigger

pathological phenotypes (9,14), and blockade of Ga, signaling prevents pressure

3



overload-induced heart failure (15). Many pathways downstream of Ga, have been

suggested to contribute to the development of hypertrophy and heart failure.

1-1-4. Ga, signaling in the heart

In the cannonical Ga, signaling pathway, Ga, activates phospholipase C 3
(PLCpB), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,) to produce
inositol 1,4,5-trisphosphate (IP;) and diacylglycerol (DAG). IP; and DAG are effectors
of Ga,. IP; binds to the IP; receptor (IP;R) to trigger a release of Ca** from the
endoplasmic reticulum (or the sarcoplasmic reticulum (SR) in cardiomyocytes) into
the cytosol, and DAG activates conventional and novel isoforms of protein kinase C
(PKC). Increased cytosolic Ca®* can also activate conventional PKCs.

In one study, Ga, deficiency in cardiomyocytes led to altered
electrophysiological properties, reduced calcium transients, and reduced
cardiomyocyte size (16). Thus, it was proposed that persistent stimulation of the Ga,
signaling pathway at a low physiological level is an important contributor to the
maintenance of cardiomyocyte homeostasis (16). However, contractile function was
not reported in this study. In another study, absence of Ga, signaling did not cause
any morphological or functional abnormalities in the whole heart (15).

The altered electrophysiology could be explained by the fact that ion channels
are regulated by Ga, signaling. Production of DAG induces membrane curvature and
the opening of TRPC6, an inwardly and outwardly rectifying channel for Ca** and
Na* (17). In addition, activity of the KCNQI1/KCNEI1 potassium channel complex
has been shown to be strongly inhibited by transient depletion of PIP, in a cell line in
vitro (18). However, whether G activation in cardiomyocytes leads to local or general
PIP, depletion needs investigation.

Many molecular mechanisms underlying Gag-induced cardiac hypertrophy
and heart failure have been proposed. Sarcoplasmic reticulum calcium-ATPase-2
(SERCAZ2) and the Na*/Ca*" exchanger withdraw cytosolic calcium back into the SR
during contraction cycles. Ga, activation induces cytosolic Ca** overload through IP;-
induced Ca’" release from the SR and decreased expression of SERCA2 and the
Na*/Ca** exchanger (9,19). PKCa indirectly upregulates the phosphorylation of

4



phospholamban (PLB), which inhibits SERCA2 activity and also leads to increased
cytosolic calcium (20).

Increased Ca’* leads to loss of mitochondrial membrane potential and the
release of reactive oxygen species (ROS) and cytochrome c, which can then lead to
cardiomyocyte death. Ca?*/CaM-dependent protein kinase II (CaMKII§) and
calcineurin, a Ca**-dependent phosphatase, are proposed mediators in this process. In
the mouse, overexpression of catalase targeted to mitochondria prevented cardiac
hypertrophy induced by angiotensin II or heart failure induced by Ga, overexpression,
indicating that mitochondrial ROS plays important roles in Ga, signaling in the heart
(21). Knocking out CaMKII$ prevented mitochondrial ROS production in Ga,-
overexpressing transgenic mice and prevented Ga,-induced cardiac dysfunction.
Treatment of neonatal rat cardiomyocytes (NRCM) with a CaMKII$ inhibitor
reduced mitochondrial ROS production and prevented cell death induced by
Ga,Q209L, a constitutively active form of Ga, (22).

In NRCM, insulin-like growth factor-II (IGF-II) activated Ga, and induced
apoptosis through the activation of calcineurin. Calcineurin induces translocation of
Bad to mitochondria and the release of cytochrome c and apoptotic factors.
Knockdown of Ga, and calcineurin blocked IGF-II-induced apoptosis (23). In the
mouse, pharmacological inhibition of calcineurin by cyclosporin A blunted
myocardial hypertrophy induced by Ga, overexpression (24).

Calcium signaling in myocytes is unique compared to other types of cells due
to the cytosolic calcium oscillations during contraction. The cytosolic Ca**
concentration increases from ~100 nM at rest to ~1 uM during contraction, with peak
Ca* levels in the cleft between the sarcolemma/T-tuble and the SR reaching
approximately 400 uM (25). It remains unclear how calcineurin, CaMKII$ and PKC
differentiate between contractile Ca** and signaling Ca**. Two hypotheses are favored:
1) Ca**-sensitive signaling factors respond to a sustained elevation of diastolic Ca**
concentration; or 2) Ca?" signaling proteins concentrate at microdomains and

macromolecular complexes which are inaccessible to contractile Ca** (25).



In summary, all effectors downstream of Goa, in the cannonical signaling
pathway have been reported to contribute to Ga,-induced cardiac phenotypes;

calcium is of special importance in these pathways.



1-2. Autophagy

1-2-1. General characteristics

Autophagy is an intracellular degradation process, conserved in all eukaryotes,
in which double-membrane vesicles called autophagosomes enclose bulk intracellular
materials and send them to lysosomes for degradation (26). Under physiological
conditions, a basal level of autophagy removes damaged proteins and organelles and
recycles their constituent building blocks for other necessary metabolic uses, so that
cellular homeostasis is maintained (27). Autophagy is also an essential mechanism for
cells to cope with stress. For example, nutrient deprivation, hypoxia, oxidative stress,
hormones and exercise are all reported to induce autophagy, which allows the cell to
use its own components to produce nutrients and ATP that are necessary for survival
(28,29).

The autophagy machinery is composed of 37+ autophagy-related genes (ATG)
in yeast (30), the majority of which have mammalian orthologs. Only mammalian
proteins are mentioned in this thesis, unless otherwise noted. Eighteen of these
proteins organize into 6 protein complexes to execute the core steps of autophagy
(Figure 1-2) (31); the other ATG proteins participate in more specific autophagic

conditions (30).

1-2-2. Different subtypes of autophagy

Based on how substrates are delivered to lysosomes, autophagy is categorized
as macroautophagy, microautophagy and chaperone-mediated autophagy.
Macroautophagy is the most studied; in this process, cytoplasmic contents are
included into autophagosomes and delivered into lysosomes. Microautophagy takes
place locally in lysosomes, where lysosome membrane invagination isolates a small
amount of cytoplasm and delivers it into the lysosomal lumen for digestion. In
chaperone-mediated autophagy, specific proteins are recognized by chaperones,
unfolded and translocated into the lysosome (32). My research focused on

macroautophagy.



Based on substrate types, autophagy is categorized as nonselective autophagy,
in which bulk materials in the cytoplasm are included into autophagosomes
indiscriminately, and selective autophagy, in which only specific substrates are
directed into autophagosomes. Different types of selective autophagy based on
substrate are mitophagy (mitochondria), glycophagy (glycogen), peroxiphagy
(peroxisomes), etc. Different kinds of selective autophagy can happen in the same cell

at the same time.

1-2-3. Molecular mechanisms

1) Activation

Autophagy 1nitiates when the ULK1 (unc-51-like autophagy-activating kinase
1) complex (ULK1-Atgl3-Atgl01-FIP200) is assembled (Figure 1-2). ULKI1 is a
serine/threonine kinase. In nutritious conditions, mTORCI1 binds to and
phosphorylates ULK1 and mAtgl3 at multiple sites, which inhibits ULK1 activity.
Upon starvation, mTORCI is inactivated and AMPK becomes activated due to low
ATP levels. AMPK phosphorylates ULK1 and mAtg13 at multiple sites to activate the
ULK1 complex. At the same time, AMPK inhibits mTORCI, thus preventing
inhibitory phosphorylation of ULK1 by mTORC1 (33).

2) Autophagosome assembly-nucleation (initiation)

The ULK1 complex dictates the assembly of a complex that contains Vps34,
p150, Atgl4 and Beclinl. Vps34 and p150 are the catalytic and regulatory subunits,
respectively, of Class III phosphatidylinositol (PI) 3-kinase (PI3K). Vps34
phosphorylates PI at the 3’ hydroxyl position to generate PI 3-phosphate [PI(3)P].
Atgl4 mediates formation of the complex by binding to both Vps34-p150 and Beclinl
and directs it to a subdomain of an intracellular membrane source where nucleation of
autophagosome vesicles occurs (34). Binding to Beclinl and Atgl4 greatly increases
the lipid kinase activity of Vps34 so that PI(3)P is produced at the nucleation site,
leading to recruitment of proteins with PI(3)P binding domains and extension of the
growing autophagosomal membrane. The cup-shaped double-membrane sac is called

a phagophore or isolation membrane.



It is believed that a pre-existing membrane serves as the nucleation site for
autophagosome assembly. Various membrane structures have been proposed to play
this role, including Golgi membranes, subdomains of the endoplasmic reticulum (ER),
the mitochondrial outer membrane, ER-mitochondria contact sites, and the plasma

membrane (35). This may indicate that under different cellular contexts, different types

of autophagy take place.
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Figure 1-2. Important protein complexes in the autophagic pathway. Red
star indicates subunit with kinase activity.



3) Autophagosome assembly-elongation and enclosure

Proteins in two ubiquitin-like conjugation pathways promote phagophore
(isolation membrane) elongation, curvature, and closure into an autophagosome (32).
In one pathway, Atg7 is the E1-like enzyme and AtglO0 is the E2-like enzyme, and they
help to assemble an Atgl2-Atg5-Atgl6L1-WIPI2 complex (Figure 1-2). In the other
pathway, Atg7 is the E1-like enzyme and Atg3 is the E2-like enzyme, and the complex
Atgl2-Atg5 functions as an E3-like enzyme but conjugates phosphatidylethanolamine
(PE) to LC3-I. The lipidated protein, LC3-II, then inserts into the lipid bilayer to
facilitate membrane elongation (35). LC3-II is also important for the enclosure of the
phagophore to make an autophagosome; however, detailed molecular mechanisms for

the enclosure event have yet to be discovered.
Recognition and delivery of cargo into the forming autophagosome is mediated
by the adaptor proteins p62 (sequestosome 1), NBR1, optineurin, etc. These adaptors
bind to ubiquitinated proteins as well as to LC3-II, thus targeting autophagy substrates

into autophagosomes (36).

4) Fusion with lysosome

Upon enclosure of the phagophore, autophagosomes travel along the
cytoskeleton to fuse with proximal lysosomes. Live-cell microscopy has shown that
autophagosomes move along microtubule tracks towards the perinuclear region where
late endosomes and lysosomes predominantly locate. The small GTPase Rab7 and its
effector protein RILP play critical roles to bridge autophagosomes to the motor protein
dynein which carries out this movement. Loss of dynein led to accumulation of LC3-
IT and impaired autophagic clearance of aggregation-prone proteins (37). Actin was
also reported to help autophagosome trafficking, but only in selective autophagy that
targets protein aggregates and not in starvation-induced autophagy (37).

When the organelles come into proximity, membrane-tethering complexes and
SNARE proteins participate in docking and fusion of autophagosomes and late

endosomes/lysosomes.

5) Degradation and recycling
The fusion of autophagosomes and lysosomes creates ‘“autolysosomes”.

Autophagic cargos are then degraded by approximately 60 different lysosomal
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hydrolases, including sulphatases, glycosidases, peptidases, phosphatases, lipases and
nucleases. Various types of hydrolases allow the lysosome to hydrolyse a vast
repertoire of biological substrates, including glycosaminoglycans, sphingolipids,
glycogen and proteins (38). Soluble catabolites such as carbohydrates and amino acids
are then exported to the cytosol by specific transporters, while insoluble lipid

catabolites are transported through vesicular trafficking (39).

1-2-4. Autophagy regulation

mTORCI1 and AMPK are important nutrient and energy sensors that regulate
autophagy. However, in one RNA1 screen study, mTOR did not play an important
role in the regulation of basal autophagy, which maintains cellular homeostasis (40).
This may indicate that the regulation of basal autophagy is different from starvation-
induced autophagy. Moreover, based on current findings, Beclinl posttranslational
modification is central to autophagy regulation. Many signaling pathways regulate
Beclinl’s participation in Class III PI3K complexes and regulation of Vps34 activity,
which could bypass the ULK1 complex depending on cellular context (35).

1-2-5. Autophagy in cardiac physiology and pathology

The use of knockout mice has demonstrated that autophagy is essential for
normal cardiac function. Cardiac-specific Vps34 knockout mice developed cardiac
hypertrophy and died between 5 and 13 weeks of age (41). Cardiac-specific deletion of
Atg5 led to mitochondrial dysfunction, development of dilated cardiomyopathy, and
early death starting at 6 months of age (42). Moreover, inducible knockout of Atg5 in
the adult mouse heart led to left ventricular dilatation and contractile dysfunction, with
a disorganized sarcomere structure and mitochondrial misalignment and aggregation
(43). These results suggest that autophagy maintains mitochondrial homeostasis in the
normal heart and indicate that a deficiency in autophagy can lead to heart failure.

Accumulating evidence suggests that autophagy is dysregulated in CVD.
However, whether autophagy is protective or detrimental under these conditions is
still under debate (32). Increased autophagic activity was reported in the ischemic

myocardium (28,44) and preconditioned heart (28), and was thought to be protective
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against ischemia/reperfusion injury (28). However, another study described increased
autophagy as a maladaptive response to hemodynamic stress, as inhibition of

autophagy attenuated systolic dysfunction in a model of load-induced heart failure (45).
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Chapter 2. Activation of Ga, stimulates autophagy in the
heart via increasing Vps34 activity

2-1. Introduction

2-1-1. Model systems to study Ga, signaling in the heart

Gay’s role in the heart has been studied in mouse models and different types of
cardiomyocytes. Three major types of mouse models are: Transgenic or knockout mice
that directly modify Ga, or its activation by GPCRs; pressure overload models in
which Go, has been demonstrated to play important roles; and animals or
cardiomyocytes treated with angiotensin II, which activates the Gog-coupled

angiotensin II type 1 receptor (AT)) in the heart.

2-1-2. Summary of our Ga,Q209L heart failure model

Our laboratory previously constructed a heart failure model in which Ga,
signaling could be turned on and off at will in the heart of adult mice (9). A
constitutively active Ga, mutant with defective GTPase activity, Ga,Q209L, was
fused to a modified hormone-binding domain of the estrogen receptor (hbER), and
expressed specifically in cardiomyocytes under control of the o myosin heavy chain
(aMHC) promoter. The fusion protein is sequestered by heat shock protein (HSP) 70
and remains inactive under normal conditions; however, it becomes active when the
mouse 1s injected with tamoxifen, which is metabolized to 4-hydroxytamoxifen (4-
OHT) in vivo. 4-OHT binds to the hbER domain and releases Ga,Q209L-hbER from
HSP70, and Go;Q209L becomes functional.

Upon Ga, activation by tamoxifen injection, the mice quickly showed decreased
cardiac contractility around day 7, dilated cardiomyopathy around day 14, and overt
heart failure after 21 days, which was characterized by a 20% increase in body weight
due to peripheral edema (9,46). Moreover, many mice died beginning at 14 days of
tamoxifen injection, presumably due to heart failure or arrhythmia. Histological
examination of the myocardium after 28 days of tamoxifen injections showed

increased extracellular space, but no obvious evidence of cellular hypertrophy,
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apoptosis or necrosis. Only a minimal increase in interstitial fibrosis was observed.
Measurement of capacitance of isolated cardiomyocytes also did not show
cardiomyocyte hypertrophy. Cleavage of caspase 3 or poly (ADP-ribose) polymerase,
which would indicate apoptosis, was not detected by western blotting after 7 days of
tamoxifen injections (9,46).

The heart failure phenotype is caused by Ga, activation of PLCf, because
another mouse strain, Ga;Q209L-AA-hbER (called AA), in which two alanine
mutations block the ability of Ga,Q209L to activate PLCf, did not show any
pathological phenotype (9). Ga, activation led to dephosphorylation of
phospholamban (PLB), which binds to and inhibits sarcoplasmic reticulum Ca**
ATPase-2 (SERCA-2) activity. Decreased SERCA-2 activity led to reduced
withdrawal of Ca®* from the cytosol into the sarcoplasmic reticulum. The increase in
cytoplasmic Ca?* concentration led to activation of calpain, which cleaves
junctophilin-2, an important molecule in maintaining T-tubule structure. Thus, T-
tubules were disrupted and Ca** homeostasis was disturbed, which could explain the
decreased contractility of Ga,Q209L hearts (9,47). The link between PLCf3 and PLB
is not yet clear. Ga, activation also caused decreased activity of the L-type Ca*
channel, which initiates Ca®* influx and cardiomyocyte contraction. However, this
phenotype was not mediated by Ga, activation of PLCf and was not the cause of heart
failure, since it was also observed in AA mice which did not develop heart failure.

Surprisingly, Ga,Q209L-induced heart failure was reversed when Gay
signaling was terminated. When tamoxifen injections were stopped after 21 days of
administration, the mice which had already demonstrated severe heart failure
progressively recovered and reached nearly full cardiac contractility after 14 days of
recovery (46,47). Peripheral edema disappeared, extracellular space in the
myocardium shrank, and changes in PL.B phosphorylation and SERCA-2 activity that
were observed in failing Ga,Q209L hearts were reversed (46). These results were
consistent with our findings that contractility failure was not due to cardiomyocyte
death, but rather to a dysfunctional contractile apparatus. Thus, the heart has

reparative capacity when detrimental signals are stopped in this case.

14



2-1-3. Autophagy regulation by Ga,Q209L
Autophagy dysregulation has been demonstrated in pressure overload and
angiotensin Il-treated hearts and cardiomyocytes (21, 45); however, whether Ga,

signaling directly regulates autophagy is not clear yet.
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2-2. Results

2-2-1. Ga,Q209L activation leads to autophagic protein level increase

We first investigated how autophagic proteins are changed upon continuous
Ga, activation in the heart in a time course experiment (Fig. 2-1A). Two autophagy
indicators, p62 and LC3-II, were increased on day 1, day 3, and after day 5. Proteins
in the core autophagic machinery, i.e., Vps34, Beclinl, Atg7 and Atg5-Atgl2
conjugates, all increased after 5 days of tamoxifen injection. Interestingly,
ubiquitinated proteins, which are autophagy substrates, also increased greatly after 5
days of tamoxifen injection. More animals were used to confirm this response at three
time points (Fig. 2-1B). After 1 tamoxifen injection, p62 and LC3-II levels did not
behave in the same manner as in the time course experiment in Fig. 2-1A, which is
probably due to variation between animals. After 3 days of tamoxifen injections, p62
and LC3-II levels increased moderately. After 7 days of injections, p62 and LC3-11
levels increased greatly, and other proteins in the autophagy machinery also increased
(Fig. 2-1B).

Subsequently, mRINA level of these autophagic proteins at day 3 and day 7
were measured (Fig. 2-2). After 3 days of tamoxifen injections, Ga,Q209L hearts
showed a 2-fold increase in p62 mRNA as compared to WT hearts (Fig. 2-2A). After
7 days of tamoxifen injections, RT-qPCR showed a 4-fold upregulation in p62 mRNA
(Fig. 2-2B), which could account for the increased level of p62 protein in Ga,Q209L
hearts. Atg7 mRNA increased slightly, while LC3, Vps34, Beclinl and Atgl4 were not
transcriptionally upregulated (Fig. 2-2B). This result suggests that these proteins may
be stabilized post-translationally.

In order to have evident and consistent results in the following experiments, I

chose to study Ga,Q209L hearts after 7 days of tamoxifen injections.
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Figure 2-1. Autophagic protein levels are increased in Ga;Q209L hearts. Autophagy-
related proteins in heart lysates of mice injected with tamoxifen for the indicated number
of days were detected by western blotting using the indicated antibodies. GAPDH is a
loading control. (A) A time course experiment in which mice were injected for 1 day (D1)
to 6 days (D6). (B) Mice were injected with tamoxifen continuously for the indicated

number of days.
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Figure 2-2. Autophagy gene expression is increased in Ga;Q209L hearts. WT and
GaqQ209L (QL) mice were injected with tamoxifen for 3 days (A) or 7 days (B), and the
normalized expression of autophagy-related genes in ventricular tissue was determined
by RT-gPCR. n=6 mice per group. Error bars show standard error of the mean. *, p<0.05;
** p<0.001; Student’s t-test.

2-2-2. Transmission electron microscopy (TEM) study shows that autophagosome
formation is increased in Ga,Q209L hearts

Autophagic vacuoles can be characterized into two categories: early or initial
autophagic vacuoles (AVi1 or autophagosomes), which are surrounded by a double
membrane and contain undigested cytoplasmic contents; and late or degradative
autophagic vacuoles (AVd), which result from the fusion of autophagosomes with
endosomes or lysosomes, have a single membrane, and contain electron-dense
digested material (48). We next investigated autophagic vacuole formation in
tamoxifen-injected GaQ209L vs. WT mice using TEM.

Low-magnification TEM images showed that the sarcomere structure of the

majority of Ga,Q209L cardiomyocytes was severely disrupted (Fig. 2-3A(b,c)),
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although there were some areas in which sarcomere structure was relatively well
preserved (Fig. 2-3A(c,d)). These results are consistent with our previous finding of
contractile failure in these animals (9,46,47). We also observed an increased number
of deformed mitochondria in sections of Ga,Q209L hearts (Fig. 2-3A(b) and Fig. 2-
3D).

We observed many more autophagic vacuoles in Ga,Q209L hearts than in WT
hearts (Fig. 2-3A and Fig. 2-3B). AVi’s containing mitochondria and glycogen were
observed in Ga;Q209L hearts (Fig. 2-3A(e,h)). Fig. 2-3A(f) shows an AVi containing
a mitochondrion fusing with an AVd. One type of very large empty vacuole seemed
to have resulted from digestion of several mitochondria (Fig. 2-3A(c,g)) and thus was
categorized as AVd. There were also smaller AVd’s containing digested cytosolic
material (Fig. 2-3A(b,1)). In Ga,Q209L hearts, the numbers of AViand AVd increased
proportionally as compared to WT, which indicates that autophagosome maturation
1s normal in Ga,Q209L hearts (Fig. 2-3B and Fig. 2-3C).

Another striking observation is that while WT hearts contained many lipid
droplets, Ga,Q209L hearts were deficient in this ultrastructure (Fig. 2-3A(a) and Fig.
2-3E). By contrast, we observed more lysosomes in Ga,Q209L hearts than in WT
hearts (Fig. 2-3A(b), Fig. 2-4C and Fig. 2-3F).

Some abnormal ultrastructures were often observed in Ga,Q209L hearts but
rarely appeared in WT hearts. Mitochondria enclosed in electron-dense membranes
were one such structure (Fig. 2-4A). Under higher magnification, the dense membrane
appeared to be a double layer membrane closely contacting the mitochondrion. The
thickness of one layer (marked by yellow bars in the figure) is 36.8 nm, close to the
thickness of a double membrane seen in a normal autophagosome (Figure 2-3B(e)),
which is 38.2 nm. Another abnormality in Ga,Q209L hearts was multi-layer
membrane structures (Fig. 2-4D). Similar ultrastructures were observed previously in
heart samples, and were called “myelin bodies” or “myelin-like structures” (49-51).
Although they were proposed to be artificial effects due to fixation during the sample
preparation process (52), the larger number of these structures in Ga,Q209L hearts

may indicate that they are specifically induced by Ga, activation (Fig. 2-4E).
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Figure 2-3. Autophagic vacuoles are increased in Ga;Q209L hearts. WT and
GayQ209L (QL) mice were injected with tamoxifen for 7 days. Heart sections were imaged
by TEM. (A) (a-d) Representative images from one WT (a) and three QL (b-d) hearts.
Cyan arrow head, lipid droplet; white arrow head, lysosome; cyan arrow, deformed
mitochondrion; white arrows, AVd. Bars, 2 um. (e-i) Higher magnification views of
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structures in QL hearts. (e) and (i) are boxed areas in (b); h is boxed area in (d). *,
mitochondrion in autophagic vacuole; yellow arrows, AVi; white arrows, AVd; yellow arrow
heads, isolation membrane. Bars, 500 nm. (B) Quantification of autophagic vacuoles (AVi
and AVd) in WT and QL hearts. 51 images from 5 sections of 3 WT hearts and 102 images
from 8 sections of 4 QL hearts were analyzed. Error bars are standard error of the mean.
“Profile” stands for the object being counted. (C) Quantification of AVi and AVd in each
section. The horizontal axis is labeled with animal identification. (D) Representative
images of a normal mitochondrion in a WT heart (top) and a deformed mitochondrion in a
QL heart (bottom). Bars, 500 nm. Bar graph on the right shows quantification of deformed
mitochondria in WT and QL heart sections. Error bars show standard error of the mean. *,
p<0.05, unpaired two-tailed t-test. (E) Quantification of lipid droplets in WT and QL heart
sections. Error bars show standard error of the mean. **, p<0.01, unpaired two-tailed t-
test. (F) Quantification of lysosomes in WT and QL heart sections. Error bars show
standard error of the mean. p=0.40, unpaired two-tailed t-test.
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Figure 2-4. Abnormal ultrastructures identified in Ga,Q209L heart. WT and
GayQ209L (QL) mice were injected with tamoxifen for 7 days. Heart sections were imaged
by TEM. (A) A representative image for a mitochondrion enclosed in electronic dense thick
membrane structure, which appears to be double layer membrane at higher magnification.
The thickness of one layer of the membrane (indicated by yellow bar) was about 36.8 nm,
calculated by an average of 7 measurements. (B) Quantification of mitochondria with
electronic dense membrane present in WT and QL heart sections. (C) Representative
image for lysosome (Ly), mitochondrion enclosed in dense membrane (star), and multi-
layer membrane structure (yellow arrows). (D) Two representative images for multi-layer
membrane structure (yellow arrows) present in QL hearts. (E) Quantification of the
structures (D) present in WT and QL heart sections.
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2-2-3. p62 forms aggregates, and does not always colocalize with LC3

p62 transcription has been shown to increase upon a number of cellular stresses
(53-55), as it plays a critical role in maintaining cellular homeostasis by forming
protein aggregates to sequester harmful proteins such as the negative redox regulator
Keap-1 (56,57). To investigate the subcellular distribution of p62, we performed
immunofluorescence (IF) microscopy using isolated cardiomyocytes. The signal was
very faint in WT cells, but we found that p62 formed large aggregates throughout the
sarcoplasm in Ga,Q209L myocytes (Fig. 2-5A and Fig. 2-5B). p62 aggregates were
also observed in cryosections of Ga,Q209L hearts, confirming that they were not an
artifact of cardiomyocyte isolation (Fig. 2-5C). Together with the result that p62
transcription is increased in Ga,Q209L hearts (Fig. 2-2A and 2-2B), these results
suggest that despite increased autophagy, p62 expression and aggregation are induced,
which may help fight against the stressed conditions such as elevated reactive oxygen
species (ROS) upon Ga, activation.

One important function of p62 is to deliver ubiquitinated autophagy substrates
to autophagosomes through its interaction with LC3. Thus, I checked whether LC3
colocalizes with p62. I crossed Ga,Q209L mice with a transgenic mouse line which
expresses GFP-LC3 in its entire body. In both isolated cardiomyocytes (Fig. 2-5D and
2-5E) and tissue cryosections (Fig. 2-5F), GFP-LC3 formed puncta with no large
aggregates upon Ga, activation. Moreover, higher magnification images showed that
most of the p62 and LC3 do not colocalize. These results suggest that the aggregated

form of p62 may not be delivered to autophagosomes efficiently.

2-2-4. Lysosome function is enhanced

The increased number of autophagosomes and LC3-II upregulation observed
in Ga,Q209L hearts could be due to impaired clearance of autophagosomes, although
the presence of digested material in AVd’s and autophagosomes containing
mitochondria fusing with AVd’s (Fig. 2-3A) would seem to be against this possibility.
To confirm that clearance of autophagosome cargo is not impaired in Go,Q209L

hearts, we next examined lysosomes by using LysoTracker Red to stain the acidic
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organelles in isolated cardiomyocytes. In WT cells, most of the acidic vesicles were
small and clustered around the nuclei (Fig. 2-6A). In Ga,Q209L cardiomyocytes,
enlarged vesicles appeared around the nuclei and throughout the length of the cell (Fig.

2-6A). The number of acidic vesicles per myocyte was larger in
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Figure 2-5. p62 forms aggregates in Ga;Q209L hearts and cardiomyocytes. (A-C)
WT and QL mice were injected with tamoxifen for 7 days. (A) p62 in isolated
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cardiomyocytes was visualized by immunofluorescence microscopy (63x magnification).
(B) The number of p62 aggregates per cell was analyzed using CellProfiler 2.0.
Cardiomyocytes isolated from 3 WT and 4 QL mice were analyzed. Bars show the mean
values. p<0.0001, Student’s t-test. (C) Images of heart cryosections (40x magnification).
Upper panels, differential interference contrast images. Lower panels, detection of p62 by
immunofluorescence microscopy. Nuclei were counterstained with DAPI. (D-G)
GaqQ209L mice were crossed with GFP-LC3 transgenic mice; the offspring which were
homozygous GFP-LC3, with or without GaqQ209L gene (WT or QL), were injected with
tamoxifen for 7 days. (D) GFP-LC3 in isolated cardiomyocytes was visualized by confocal
microscopy (63X magnification). (E) The number of GFP-LC3 puncta per cell was
analyzed using CellProfiler 2.0. (F) Images of GFP-LC3 pattern in heart cryosections (40x
magnification). (G) p62 was immunostained and visualized together with GFP-LC3 in
isolated cardiomyocytes. Yellow arrows indicate puncta or aggregates in which p62 and
GFP-LC3 colocalizes; green arrows indicate GFP-LC3 positive only puncta; red arrow
indicates p62 positive only puncta.

200+ &6
- v S v
3 % w0 ”
O 150 v <3 ~
g V' v EQ
2 vy
oo Yy 8 %530 "
8 1004 VY 8& a,a v!vv;
£ B vy >89 "‘ﬂ
o A v ‘&V J9 1
8 50 ¥ = x ata ~
g A LA A Sa
A A —-—10
Ky sl b ﬁW;
= aat Ny
0-_m_ 5 : '
WT QL WT oL
WT QL

Lamp-1‘—-~‘g_ '.“‘|
Lamp-2 [ (0 e
e S D A - 48 kD

CathepsinD| " S~ 34 kD

T —————. |+~ 14 KD

GAPDH | " S et S S S s e

24



Figure 2-6. Lysosomal activity is enhanced in GaqQ209L hearts and cardiomyocytes.
WT and Ga,Q209L (QL) mice were injected with tamoxifen for 7 days. (A) Isolated
cardiomyocytes were loaded with LysoTracker Red and imaged by confocal microscopy
(63x magnification). Representative cells are shown. (B) LysoTracker-positive puncta in
each cell were analyzed using CellProfiler 2.0. The left panel shows lysosomes per cell;
n=41 for WT and n=64 for QL. The right panel shows median lysosome area per cell; n=43
for WT and n=64 for QL. Bars show the mean values. p<0.0001, Mann-Whitney test (both
panels). (C) Lysosomal proteins in ventricular lysates were detected by western blotting
using the indicated antibodies. GAPDH is a loading control.

Go;Q209L cells than in WT cells (Fig. 2-6A and Fig. 2-6B). Furthermore, the average
size of the lysosomes in Ga;Q209L myocytes was larger than in WT cells (Fig. 2-6A
and Fig. 2-6B). Western blotting showed that levels of two lysosome-associated
membrane proteins (Lamp-1 and Lamp-2) that are important for lysosomal function
were elevated in Ga;Q209L hearts (Fig. 2-6C). Importantly, in an active lysosome,
immature pro-cathepsin D (52 kDa) is proteolytically cleaved into the intermediate
form (48 kDa), which is further cleaved to yield the two subunits of the mature form
(34 kDa and 14 kDa) (58). In Ga,Q209L hearts, both the intermediate and mature
forms of cathepsin D were increased, while the immature pro-cathepsin D was not
detected (Fig. 2-6C). Collectively, these data indicate that lysosomal activity is
enhanced in Ga,Q209L hearts.

2-2-5. Autophagic flux is increased

A standard biochemical method used to show autophagic activity is the
autophagic flux assay, in which protein accumulates when bafilomycin A1l is used to
block lysosomal degradation. This assay was performed on cardiomyocytes isolated
from WT and Ga,Q209L hearts. Consistent with our observations in the whole heart
(Fig. 2-1D), cardiomyocytes from Ga,Q209L mice showed increased levels of LC3-1I
as compared to WT in the absence of bafilomycin Al (Fig. 2-7). More importantly,
when the cells were treated with bafilomycin A1, LC3-II increased in both the WT
and Go;Q209L myocytes, indicating that autolysosomes are functional in Go;Q209L
cells (Fig. 2-7).
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Figure 2-7. Autophagic flux is intact in Ga;Q209L cardiomyocytes. WT and QL mice
were injected with tamoxifen for 7 days, and cardiomyocytes isolated from both groups
were treated with dimethyl sulfoxide (DMSO) or 100 nM bafilomycin Al (Baf Al) in ACCIT
medium for 6 h. Cell lysates were then analyzed by western blotting using the indicated
antibodies (upper panels). The experiment was repeated three times and one
representative result is shown. The lower bar graph shows LC3-II band density normalized
to GAPDH. The averages of four experiments are shown. n=4 for WT and n=5 for QL.
Error bars show standard error of the mean. *, p<0.05, Student’s t-test.
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2-2-6. Class III PI3K complex assembly is enhanced and Vps34 activity is
increased in GagQ209L hearts

The increase in protein expression of Beclinl, Vps34, and Atgl4 in Ga,Q209L
hearts suggests that the Class III PI3K complex that contains these components is also
upregulated. On the other hand, Beclinl and Vps34 can be found in other functionally
distinct complexes (59). To further explore the mechanism of increased autophagic
activity in Ga;Q209L hearts, we checked the formation of the autophagy-promoting
Beclinl/Vps34/Atgl4 complex using coimmunoprecipitation. We found that more
Vps34 and Atgl4 co-immunoprecipitated with Beclinl from Ga,Q209L hearts than
from WT hearts (Fig. 2-8A and Fig. 2-8B). In vitro lipid kinase assays demonstrated
that Vps34 activity was also enhanced in Beclinl immunoprecipitates from Goa,Q209L
hearts (Fig. 2-8C and Fig. 2-8D). To determine if these in vitro assays correlate with in
vivo PI(3)P levels, we isolated phospholipids from hearts and used an ELISA assay to
measure PI(3)P. PI(3)P levels tended to be higher in Ga,Q209L hearts as compared to
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WT hearts in mice injected with tamoxifen for 7 days, and after 14 days of injections
there was a statistically significant increase in PI(3)P in Ga,Q209L hearts (Fig. 2-8E).
These results suggest that activation of Ga,Q209L in the heart leads to increases in
assembly of the autophagy-initiation Beclinl/Vps34/Atgl4 complex, Vps34 activity,

and production of PI(3)P, which culminates in autophagosome formation.
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Figure 2-8. Increased formation of the autophagy initiation complex and Vps34
activity in GayQ209L hearts. WT and GaqQ209L (QL) mice were injected with tamoxifen
for 7 days except where otherwise noted. (A) Equal amounts of heart lysate protein from
two animals in each group were immunoprecipitated (IP) using a Beclinl antibody. The
IPs were analyzed by immunoblotting (IB) using the indicated antibodies (left panels). The
right panels (“Input”) show western blots of the same lysates without IP. IgG and GAPDH
are loading controls. (B) Protein bands from Beclinl IP/western blots using the method in
(A) were quantified by densitometry. Normalized Vps34/Beclinl (n=5 per group) and
Atgl14/Beclinl (n=6 per group) ratios are shown. Error bars show standard error of the
mean. **, p<0.01, Student’s t-test. (C) Vps34 activity assay. Heart lysates from one pair of
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WT and QL mice were IP’d using a Beclin1 antibody. 75% of each IP was subjected to a
Vps34 activity assay. The top panel shows an autoradiograph of 32P-labeled PI(3)P
produced in the assays. One assay contained 50 pM wortmannin (WM) to inhibit Vps34.
The remainder of each IP was subjected to IB using the indicated antibodies (lower panels).
The bottom panels (“Input”) show western blots of the same lysates without IP. (D) 32P-
labeled PI(3)P produced in Vps34 activity assays (n=3 mice per group) was quantified by
scintillation counting and normalized to the WT mean. Error bars show standard error of
the mean. *, p<0.05, Student’s t-test. (E) WT and QL mice were injected with tamoxifen
for 7 or 14 days. Phospholipids were extracted from frozen hearts and PI(3)P was
guantified and normalized to protein level. Each point represents one heart. Bars show
the mean values. Significance was determined by Mann-Whitney test.
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2-3. Discussion

Following cardiac injury, up-regulation of hormones leads to the activation of
GPCRs that promote progression to heart failure. Many reports have shown that
activation of receptors coupled to Ga;, Ga; or Ga, can modulate autophagy (60). The
study of how GPCRs regulate autophagy is complicated by the fact that receptors can
couple to multiple types of Ga proteins, and both the Ga and Gy dimers that are
released upon receptor activation signal to downstream effectors. The transgenic
approach I used here studied the effect of activated Ga, in isolation and revealed that
Ga, stimulates autophagy in the heart. Our Ga,Q209L mice exhibit contractile
dysfunction that develops into heart failure (9,46). An increase in cardiac autophagy
in this model is consistent with findings in other models of cardiac injury and heart
failure (28,32,45,49,61,62).

In contrast to our finding that Ga, stimulates autophagy, Zhang et al. used
siRNAs to knock down Gag,; in HeLa cells and saw increased autophagy, thus
concluding that Ga, inhibits this process (63). The discrepancy between our finding
and those of Zhang et al. (63) may be due to cell type-specific differences. Studies of
molecules in the canonical Ga, signaling pathway have reported mixed effects on
autophagy. In non-cardiac cells, elevation of intracellular IP; decreased autophagic
flux by an unknown mechanism, while the IP;R was shown to block autophagy by
binding to and sequestering Beclinl in a complex that cannot initiate autophagosome
formation (64,65). Similar observations were made in neonatal rat cardiomyocytes
(66). Increased cytosolic Ca®" concentration has been reported to induce or inhibit
autophagy, depending on cell type (67-69). Similarly, the Ca**-activated protease
calpain, which 1s 2 times more active in GaQ209L hearts than WT hearts (47), has
been reported to be essential for or inhibitory to autophagy (70,71). It is not clear how
the increases in IP;and the changes in Ca** handling that occur in Ga,Q209L hearts
contribute to the increase in autophagy seen here; calpain’s role is discussed in Chapter
3. A second target of Ga, is the Class 1A phosphoinositide 3-kinase PI3Ka, whose
activity suppresses autophagy (72,73). PI3Ka is inhibited by binding to Ga,Q209L
(74,75), which might contribute to the increase in autophagic flux in Ga,Q209L hearts.

A Ga subunit that is involved in pheromone signaling in yeast, Gpal, activates Vps34
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on endosomes through direct binding (76). Whether Ga, directly regulates Vps34 to
control autophagy in mammalian cells is unknown. Due to the multiple effects that
are initiated by activation of Ga, signaling, determining which signaling pathway is
the dominant driver of autophagy will need further investigation.

We found that Ga,Q209L activation increased the level of autophagy-related
proteins and the Vps34-Beclinl-Atgl4 complex. Several studies have shown that the
Vps34-p150-Beclinl-Atgl4 interaction stabilizes each component. In yeast, the
absence of Vps34, Vpsl5 (the yeast homolog of p150), or Atg6/Vps30 (the Beclinl
homolog in yeast) all led to degradation of Atgl4 (77). In HeLa cells, knockdown of
Vps34 reduced the level of Beclinl and Atgl4; knockdown of Beclin1 also reduced the
level of Atgl4 (78). In HCT 116 human colon cancer cells, knockdown of Atgl4
decreased the Beclinl level (79). It is possible that release of sequestered Beclinl from
non-autophagic complexes (i.e., Beclin1-IP;R) upon activation of Ga,Q209L permits
the formation of new Vps34-Beclin1-Atgl4 complexes. Stabilization of the proteins in
this complex would explain why we observed an increase in protein but not mRNA
levels in the Ga,Q209L heart. In addition to the Vps34-Beclinl-Atgl4 complex, we
observed a small increase in Atg7 transcription in Go;Q209L hearts after injection of
tamoxifen for 7 days. Other studies have described a stimulatory effect of Ga, on Atg7
transcription. Uveal melanoma cell lines harboring a constitutively active Ga, mutant
had a 2.1-fold higher level of Atg7 expression than WT cell lines (80). In the mouse
heart, Atg7 mRNA levels increased 2.3-fold after four weeks of angiotensin II infusion
(which activates the Gag-coupled AT, receptor) (81). Moreover, we observed increased
protein expression of Lamp-2 and increased cathepsin D proteolytic cleavage. These
data suggest that Go, enhances the expression of key proteins in organelles at every
level of the autophagy pathway.

p62 is considered to be an important mediator and substrate of autophagy, and
thus is degraded upon autophagy activation in most cell systems. However, similar to
what we observed in the Ga,Q209L heart, p62 content increased in cardiac tissue in
response to autophagic stimuli such as starvation and pressure overload (61,82,83).
Upregulation of p62 expression and its localization in aggregates were also seen in two

mouse models of cardiomyopathy caused by transgenic expression of misfolded
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proteins (84). A major function of p62 is to self-oligomerize and forms protein
aggregates to sequester harmful or toxic proteins. One such proteins is Keap-1, a
negative regulator of the master antioxidant protein Nrf2 (85,86). p62 aggregation
plays a critical role in promoting a cell’s antioxidant response (56,87). As ROS burst
1s largely involved in pressure overload-induced heart failure and Ga,-induced heart
failure (21,88,89), it is possible that p62 expression and aggregation are induced to
function as a stress response mechanism to alleviate the pathological condition.

I observed deformed mitochondria and an abnormal ultrastructure with
multiple layers of membrane in Ga,Q209L hearts (Fig. 2-4A & Fig. 2-4D). This
ultrastructure resembles “myelin bodies” or “myelin figures” observed in a transgenic
mouse heart failure model and a dilated cardiomyopathy patient sample, and have
been proposed to be a result of damaged mitochondria (49-51). It has been
demonstrated that Ga, causes loss of mitochondrial membrane potential, ROS
production and cytochrome ¢ release, which lead to apoptosis of cardiomyocytes
(21,90). We did not observe significant apoptosis in the Ga;Q209L heart; however, we
cannot exclude the possibility that mitochondrial damage could trigger a global
activation of autophagy.

I also observed an ultrastructure in which a mitochondrion is tightly wrapped
in electronic dense membrane. Some researchers interpret it as autophagosome
membrane (91); some think that it is a transition from damaged mitochondria to
myelin bodies (50). I think it may be an indication of mitophagy. Current theory of
mitophagy is that decrease of mitochondria membrane potential leads to accumulation
of PINKI1 on the mitochondria outer membrane; PINK1 then dimerizes and
autophosphorylates itself and becomes active. PINK1 then activates Parkin which
grows ubiquitin chains on mitochondria and recruit adaptor proteins, such as p62, and
autophagosome membrane (140, 141). My data could be an evidence showing that
autophagosome membrane is directly elongated on the outer membrane of a
mitochondrion.

In summary, I observed increased autophagy activity in the mouse heart when
Ga, signaling is enhanced. Increased Vps34-p150-Beclinl-Atgl4 complex formation

and increased Vps34 activity, increased Atg7 expression, and increased lysosome
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activity may all contribute to this phenotype. However, more investigation is needed

to uncover the detailed molecular mechanisms by which G, regulates autophagy.
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Chapter 3. Calpain is not the key mediator of autophagy
activation in the Ga;Q209L heart

3-1. Introduction

3-1-1. Calpain

Proteins in the Calcium Ion-Dependent Papain-Like protease (calpain) family
are cysteine proteases with significant substrate specificity which do not induce
widespread degradation of proteins. Calpains have been shown to have regulatory
roles in the cell cycle, contraction, apoptosis, cell migration, cell differentiation and
cellular signal transduction in muscle (92). A calpain is composed of one large catalytic
subunit and one small regulatory subunit. There are 16 human calpain genes
discovered, 14 of which encode large subunits and two of which encode small
regulatory subunits (93). Among the 14 catalytic subunits, calpain 1 (CAPN1) and
calpain 2 (CAPN2) are the most studied, especially in heart. Calpain 4 (CAPNSI) is
the small regulatory subunit for calpain 1 and calpain 2.

Calpains generally exist as inactive proenzymes that may be activated by
increases in intracellular calcium (92). Calpains respond to calcium concentrations
very differently: the concentration of Ca** giving half-maximal activity iz vitro, [Ca**]ys,
ranges from 2 to 75 uM for calpain 1 (u-calpain), and 200-1000 uM for calpain 2 (m-
calpain) (94). However, Ca** concentrations in non-contracting cells range from 50 to
300 nM normally, which is far lower than [Ca®*]ys in vitro. In cardiomyocytes, Ca**
sparks can reach up to 1~2 uM to activate the contractile apparatus (25), but this is still
at the lower limit of the activation concentration for calpains. One explanation for this
discrepancy is that ancillary mechanisms or factors should enhance the affinity of
calpains for calcium. For example, phosphatidylinositides reduced the Ca** demand
for calpain activation (94). Another explanation is that calpain molecules are anchored
to the cell membrane in the vicinity of Ca** channels where much higher Ca**
concentrations could form than the cytoplasmic average (25,94).

Besides calcium concentration, calpain activity is regulated in two other ways

in vivo. First, calpastatin is an endogenous calpain inhibitor that acts in a substrate
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competitive manner on calpain 1 and calpain 2 (95). Second, phosphorylation by
protein kinase A reduces calpain activity (92). Pharmacologically, there are several

calpain inhibitors that are often used in calpain research.

3-1-2. Calpain’s role in autophagy

Calpain has been reported to be essential for or inhibitory to autophagy in
different systems. In CAPNS1/~ mouse embryo fibroblasts, autophagosome
formation, lysosome function and long-lived protein degradation were all hampered
upon starvation or rapamycin treatment (70). Autophagy was increased in chronic
myeloid leukemia cells when imatinib treatment was used to induce ER stress and
activate calpain (96). However, calpain was also reported to cleave Atg5, Atg3, Beclinl
and other autophagy-related proteins in different systems (97-99), and calpain
inhibition induced autophagy (71,99,100).

In the heart, calpain tends to upregulate or positively correlate with autophagy.
In the rat cardiac myoblast cell line H9¢2, viral infection caused activation of calpain
and induction of autophagy, which impaired apoptosis of host cells and allowed viral
replication; application of a calpain inhibitor downregulated autophagy (101).
Ischemia/reperfusion induced cell death in neonatal rat cardiomyocytes and increased
calpain activity and autophagy activity at the same time (102). Exercise induced the
downregulation of calpain activity and autophagy activity in the hearts of both wild

type and hypertensive rats (103).

3-1-3. Calpain’s role in heart failure

The majority of studies of calpain in the heart focus on pathologic conditions.
There was one study showing that at baseline, only calpain 1 is active and affects the
ubiquitination of certain proteins, but does not change ubiquitination globally. In
different CVDs and CVD models, increased calpain activity in the heart was observed
(92).

In our Ga,Q209L heart failure mouse model, calpain activity was 2-fold higher
in Ga,Q209L hearts than wild type hearts after 7 days of tamoxifen treatment (47).

Administration of Calpain Inhibitor III (which is selective for Calpains 1 and 2)
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successfully prevented the development of several Ga,Q209L phenotypes:
phosphorylation of PLB, SERCA-2 activity, T-tubule organization and contractility
were all normal. These results indicate that calpain plays an important role in
Ga;Q209L-induced heart failure.

I decided to examine the role that calpain may play in the increased autophagy
in our Ga;Q209L heart failure model. Because both calpain activity and autophagy
are increased at the same time in several models of heart failure (101-103), I decided
to examine calpain’s role in autophagy at an early time point before significant

contractility dysfunction develops.
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3-2. Results

3-2-1. Calpain activity is increased in the heart early upon Ga, activation

Calpain activity was examined in Ga,Q209L hearts after tamoxifen injection
for 3 days, when cardiac contractility was not significantly reduced (fractional shorting
of 50.0% * 3.1% in WT hearts and 45.5% * 3.9% in Ga,Q209L hearts, p > 0.05, n =
4 for each group). Consistent with what we found before, calpain activity increased
~1.7- fold in Ga;Q209L hearts compared to WT (Fig. 3-1A). This indicates that

calpain is activated by Go,Q209L signaling, but is not secondary to heart failure.
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Figure 3-1. Calpain activation in GagQ209L hearts. WT and GayQ209L (QL) mice were
injected with tamoxifen for 3 days, and calpain activity in ventricular lysates was measured.
n=>5 for each group. Significance was determined by Student’s t-test.

3-2-2. Calpain inhibition has different effects on p62 and LC3-II in Ga,Q209L
heart

We have demonstrated that administration of Calpain Inhibitor III prevents
Ga,Q209L-induced heart failure (47). To determine the effect of calpain inhibition on
the Ga,Q209L-induced increase in autophagy, we applied Calpain Inhibitor III to
tamoxifen injected WT and Ga,Q209L mice and examined autophagic protein level
in the Ga,Q209L heart. Heart weight tended to increase in control Ga;Q209L mice
after 3 days of tamoxifen injections, and calpain inhibitor treatment tended to impede
the process; however, the changes were not significant (Fig. 3-2A).

As observed in Chapter 2, p62 and LC3-II protein levels were increased after 3

days of tamoxifen injections in Ga,Q209L hearts (Fig. 2-1), but to our surprise, calpain
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inhibitor administration did not prevent the increase (Figure 3-2B & Fig. 3-2C).
Moreover, in Ga,Q209L mice that were injected with tamoxifen for 14 days, although
the heart failure phenotype was prevented (47) and the p62 level was lowered by
calpain inhibition, the increase in LC3-II was only partially reversed (Fig. 3-2D).
These results suggest that calpain activation and the increase in autophagy are
probably parallel responses induced by Ga, activation, and the increase in autophagy

is not the direct cause of heart failure.
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Figure 3-2. Effect of calpain inhibition on p62 and LC3-Il levels. (A-C) WT and
GagQ209L (QL) mice were pretreated with DMSO or calpain inhibitor (Cal. Inh.) for 6 hours,
and then injected with tamoxifen plus DMSO (DMSO) or tamoxifen plus calpain inhibitor
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(Cal. Inh.) for 3 days. (A) Heart weight normalized to body weight (HW/BW) was calculated.
N is indicated inside each column. Significance was determined by Student’s t-test. (B)
The expression of p62 and LC3 in ventricular tissue was determined by western blotting.
GAPDH is a loading control. (C) Experiment in (B) was repeated twice and quantification
of p62 and LC3-II protein levels (normalized to GAPDH) is shown. Each point indicates
data of one mouse. *, p<0.05, Student’s t-test. (D) WT and Gay,Q209L (QL) mice were
treated the same way as in (A) but for 14 days. Autophagy-related proteins in ventricular
lysates of mice were detected by western blotting. GAPDH is a loading control.
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3-3. Discussion
Due to several reports suggesting that calpain activity and autophagy may be

enhanced in heart failure, I chose to study these two phenotypes at an early time point
after Ga, activation to minimize the possible confounding effects of heart failure or
contractile dysfunction. The results showed that both calpain activity and autophagy
increased because of Ga, signaling, not heart failure. Calpain could be activated
because of increased intracellular calcium concentration due to Gag activation.
However, there is not enough evidence to show that autophagy is directly activated by
Gay; it could be secondary to other cellular changes induced by Ga, activation.

Calpain inhibition prevented heart failure and the increase in p62 in Go;Q209L
mice injected with tamoxifen for 14 days, but did not change the p62 increase when
mice were injected with tamoxifen for 3 days. This may indicate that p62 upregulation
is an adaptive response to cellular stress. It is possible that the early increase in p62
expression 1s caused by Gag-induced stress (i.e., ROS production) independent of
calpain, but calpain induces sustained p62 upregulation and aggregation at a later stage.
When calpain is inhibited, high p62 expression is not sustained, and the p62 level goes
back to the level induced by Ga, alone.

When the calpain inhibitor was applied, LC3-II conversion was only partially
reduced. This indicates that calpain activation and the autophagy increase are
probably parallel responses induced by Ga, activation, and the autophagy increase
might be an adaptive response. The autophagy protein levels remained higher than in
WT hearts while heart failure was prevented, demonstrating that the increase in

autophagy is not a direct cause of heart failure in the Ga;Q209L heart.
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Chapter 4. Future directions

4-1. Possible molecular mechanisms for Gag activation of autophagy
Although I demonstrated that autophagy activity is increased in the Ga,Q209L

heart, the signaling event and molecular mechanism that activate autophagy is not

clear. Based on some preliminary data and literature, I would like to propose several

directions that may be pursued in the future.

4-1-1. Post-translational modification of autophagic proteins
1) Phosphorylation of Atgl4
In my Atgl4 western blots, I often observed a band that is detected by Atgl4
antibody but runs higher than the normal Atgl4 band in both Ga,Q209L heart lysates
and Ga,Q209L cardiomyocyte lysates (Fig. 4-1A & Fig. 4-1B). Moreover, in Beclinl
IP products, the Atgl4 co-precipitated with Beclinl was this higher molecular weight
form. I propose that it is either an unknown isoform of Atgl4, or post-translational

modified Atgl4.
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Figure 4-1. Possible post-translational modification on autophagic proteins in the
GaqQ209L heart and cardiomyocytes. WT and GayQ209L (QL) mice were injected with
tamoxifen for 7 days. (A) Ventricle lysates were analyzed using indicated antibodies;
GAPDH is a loading control. (B) Cardiomyocytes isolated from both groups were treated
with dimethyl sulfoxide (DMSO) or 100 nM bafilomycin Al (Baf Al) in ACCIT medium for
6 h. Cell lysates were then analyzed by western blotting using the indicated antibodies.
(C) Ventricle lysates were analyzed using indicated antibodies; GAPDH is a loading
control.
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Atgl4 seems to be one of the limiting factors regulating autophagic activity (34).
Atgl4 is reported to be phosphorylated by mTORC1 and ULK1. At high nutritional
condition, mMTORC1 phosphorylates Atgl4 at multiple sites (Ser3, Thr233, Ser383,
Serd440, and possible Ser223), and inhibits Vps34 activity (104). At low nutritional
condition, mMTORCI1 activity is diminished, Atgl4 phosphorylation by mTORCI is
removed, which allows activated ULK1 (which is also inhibited by mTROC1) to
phosphorylate Atgl4 at Ser29 site. The phosphorylation at Ser29 of Atgl4 greatly
increases Vps34’s kinase activity and PI(3)P production, thus stimulates
autophagosome formation (105).

Thus, studies can be done to determine if the upper band detected by Atgl4
antibody is due to phosphorylation by ULKI1. This could be done by pulling down
Atgl4 and detecting by p-Atg14-S29 antibody.

A more complete analysis is to do a Mass Spectrometry and analyze all the
phosphorylation sites on this protein. This analysis could also provide clues if the post-
translational modification is not due to phosphorylation.

2) Post-translational modification of other autophagic proteins

In my western blots, several autophagic proteins often showed upper bands
similar to that was observed in Atgl4 blots (Fig. 4-1C). This may indicates that a post-
translational modification mechanism is upregulated globally on autophagic proteins
upon Ga, activation. Similar studies can be performed to determine if post-

translational modifications are present in other proteins.

4-1-2. Gag interaction with autophagic proteins

In yeast, Gpal (the only Ga protein) binds to both Vps34 and Vpsl5; Gpal-
GDP form has higher affinity towards Vps15, while GTP form has higher affinity for
Vps34. Sequence similarity analysis shows that Vpsl5 resembles G and Atgl4 is
proposed to be similar to Gy (76). BLAST analysis on Gpal (yeast) shows that mouse
Ga;s have highest similarity with Gpal (yeast); mouse Ga, also has high similarity
with Gpal, but lacks ~ 120 amino acids which are present in the middle region of

Gpal. To test whether G protein interacts with Vps34 in mouse cardiac tissues,
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reciprocal co-immunoprecipitation using Vps34, Ga; and Ga, antibodies should be
done.

In a test co-immunoprecipitation experiment, both Beclinl and Ga,antibody
pulled down Atgl4 in WT heart lysate; however, only Beclinl antibody pulled down
Atgl4 in Ga,Q209L heart lysate (Fig. 4-2). This may indicate that Ga,interacts with
Atgl4 at basal state; upon Ga, activation, Atgl4 is released and engages in the
formation of Class III PI3K complex to initiate autophagy. Although the Go,antibody
did not successfully pull down endogenous Ga,, which makes the interpretation of the
result difficult, I think this is a direction worth trying. Reciprocal co-

immunoprecipitation using Atgl4 and Ga, antibodies should be done to test this

hypothesis.
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Figure 4-2. Protein interactions in the heart. WT and GoqQ209L (QL) mice were
injected with tamoxifen for 7 days. Ventricle lysates were incubated with different
antibodies (as indicated in the top) and the IP products were analyzed by western blotting.

4-1-3. IP;R downregulation

In non-cardiac cells, elevation of intracellular IP; decreased autophagic flux by
an unknown mechanism, while the IP;R was shown to block autophagy by binding to
and sequestering Beclinl in a complex that cannot initiate autophagosome formation

(45, 46). Similar observations were made in neonatal rat cardiomyocytes (47). Since
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IP;R is an important molecule in the Ga, signaling pathway, it will be worth checking

if similar mechanism is true in the Ga;Q209L heart.

4-1-4. Upstream signaling

Recent studies indicate that mTORCI1, ULK1 and AMPK are the most
important nutrients and energy sensors. The activity of these kinases in the Ga;Q209L
heart would be a direct link from Ga,Q209L to autophagy induction. The activity of
these kinases and how their activity may be regulated by Ga,Q209L should be further

investigated.
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4-2. Autophagy is protective

According to several studies (97,100), autophagy is protective under stress
conditions and inhibition of autophagy could lead to apoptosis. Mitochondria damage
has been observed in many Ga, activation models but was not obvious in the
Ga;Q209L heart (no change in mitochondria proteins, no caspase cleavage), which
may indicates that autophagy activation in the Ga,Q209L heart may actively remove
damaged mitochondria and protect cardiomyocytes from deleterious signals being
released.

To test my hypothesis that autophagy is protective, agents that inhibit
autophagy could be applied in Ga;Q209L heart together with tamoxifen. If increased

cell death is observed, then the result would support my hypothesis.
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4-3. p62’s role in cardiac health

4-3-1. p62 level may be an indicator of cardiac health
I observed that p62 protein level in heart correlates with heart weight (Fig. 4-
3). If this correlation is true, it would be worth studying if p62 could be an indicator of

cardiac heath and be used for cardiac disease prognosis.
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Figure 4-3. p62 level correlates with heart weight. (A) GagQ209L (QL) mice were
crossed with a whole body LC3KO mice. Offspring with indicated genotypes were injected
with tamoxifen for 7 days. Heart weight and body weight were measured; p62 level in
ventricle lysates was determined by western blotting and normalized by GAPDH. p62 level
was plotted against heart weight/body weight, and a linear regression was performed. (B)
WT and QL mice were injected with tamoxifen, tamoxifen with DMSO, or tamoxifen with
calpain inhibitor for 3 days. A linear regression analysis was done in the same way as in

(A).
4-3-2. p62 upregulation is a compensatory response

In Chapter 2, I discussed that p62 upregulation and aggregation may be a
compensatory and protective response to alleviate ROS stress upon Go,Q209L
activation. To further investigate this hypothesis, ROS level and ROS responsive
proteins in the Ga,Q209L heart can be measured. Also, p62 knockdown or knockout
in Ga,Q209L cardiomyocytes/hearts could be done to see if these manipulations

change the ROS level, worsen the contractile defect, and lead to myocyte death.
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4-4. Increased ubiquitinated protein level

We observed an increased level of ubiquitinated proteins in the Goa,Q209L
heart, which would normally be a result of blockade of proteasome activity or
autophagy. However, autophagy is enhanced, as I showed in Chapter 2. To determine
if proteasome activity might be blocked, Ga,Q209L cardiomyocytes were treated with
the proteasome inhibitor MG132. I found that ubiquitinated proteins accumulated
(data not shown), indicating that proteasome activity is present in the Go,Q209L
hearts.

My observation is supported by other studies in which increased global
ubiquitination was observed in mouse heart with pressure-overload—induced
hypertrophy and in NRCM activated by phenylephrine; MG132 treatment further
increased ubiquitinated protein levels in NRCM treated with phenylephrine (106).
Similarly, ischemia/reperfusion induced autophagy activation in mouse heart, but
increased ubiquitinated protein levels were also observed (107).

Similar to upregulation of p62 expression, the ubiquitin-proteasome system
(UPS) might be transcriptionally upregulated in the Ga,Q209L heart. In pressure-
overload—-induced hypertrophy of rat heart, 5 out of 6 examined proteins in the UPS,
including ubiquitin B, were upregulated transcriptionally (108). Thus, it might be
worth measuring mRNA levels of key proteins in the UPS to explain the increase in

ubiquitinated proteins in the GaQ209L heart.
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4-5. Find a cell line to study the molecular mechanism of Ga;Q209L
inducing autophagy

Autophagy 1s a dynamic process, which makes it hard to completely study its
mechanism in animal models. I tried several widely used cell lines to study the
mechanism, but these cell lines failed to replicate what I saw in Ga,Q209L heart. I
finally found some clues in HL-1 cells, a mouse atrial cardiomyocyte cell line. Future

cell biology and molecular studies could be carried out using this cell line.

4-5-1. MEF

We first tried to study the molecular mechanism in mouse embryonic
fibroblasts (MEFs). Not resembling what I saw in the Ga,Q209L heart, at basal level,
Ga,Q209L expression did not change LC3-II or ubiquitinated protein level; nor did it
increase autophagic flux. However, when the cells were serum starved to induce
autophagy, Ga,Q209L caused a great increase of LC3-II level and ubiquitinated
protein accumulation (Fig. 4-4A). This indicates that Ga,Q209L enhanced starvation
induced autophagy in MEFs.

I utilized a GFP-FYVE MEF cell line to study Vps34 activity upon Ga,Q209L
expression. FYVE domain is a PI(3)P binding domain; by conjugating FYVE to GFP,
PI(3)P generation could be easily visualized in cells. If there is not high level of PI(3)P,
overexpressed GFP-FYVE is diffused in cytosol; if PI(3)P is actively synthesized,
GFP-FYVE will localize to PI(3)P generation sites which are small vesicles, and
appear as “puncta” when visualized using fluorescent microscope. To our surprise,
Ga,Q209L expression tended to decrease GFP-FY VE puncta formation. Moreover,
the AA mutant which cannot activate PLC[ and did not cause GaQ209L phenotype
in heart, inhibited GFP-FYVE puncta formation even more (Fig. 4-4B & Fig. 4-4C).
This is opposite to the increased Vps34 activity I observed in the Ga,Q209L heart.
Thus, MEF is not a good model to study the molecular mechanism of Ga;Q209L-

induced autophagy in heart.
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Figure 4-4. Autophagy activity and Vps34 activity in Ga,Q209L expressing MEFs. (A)
MEFs were transiently transfected with a construct expressing Ga,Q209L (QL) protein or
an empty vector. 42 hour post transfection, cells were either untreated (UNT) or serum
starved (-Serum) for 6 h. Meanwhile, cells were treated with dimethyl sulfoxide (DMSO)
or 100 nM bafilomycin Al (Baf Al). Cell lysates were then analyzed by western blotting
using the indicated antibodies. (B) MEFs stably expressing GFP-FYVE protein were
transiently transfected with vector, HA-GaqQ209L, or HA-Ga,Q209L-AA (AA) proteins. 48
hour post transfection, cells were fixed, immunostained for HA tag, and visualized by
deconvolution microscopy (Zeiss; 60x magnification). GFP-FYVE puncta in vector
transfected cells or HA positive cells were quantified by CellProfiler 2.0 and shown in (C).
Bars indicate average of each group. p=0.0684 for QL vs. V, and p<0.0001 for AA vs. V;
student t-test.

4-5-2. aia-AR expressing Rat-1

Our laboratory previously established a cell line in which a;s-adrenergic
receptor (a;5-AR) was expressed in Rat-1 cell, a rat fibroblast cell line. Treatment of
this cell line with phenylephrine (PE) specifically stimulates a;5-AR which couples to
Gay,.

To see whether Vps34 activity is also increased by Ga, activation in this cell
line, I treated a;5-AR Rat-1 cells with PE for different durations (0.5 h to 24 h). As
shown in Fig. 4-5B, Vps34 activity began to decrease after 1 h of PE treatment and
kept at lower than basal level up to 24 h post treatment. This might be due to
desensitization of the receptor (109). Repeated experiments showed that Vps34 activity
was not increased by Ga,activation at 30 min (Fig. 4-5C). Protein levels of p62, LC3-
IT and Beclinl were not elevated as I saw in the Ga,Q209L heart (Fig. 4-5A). Thus,
a;a-AR Rat-1 cell line is not suitable for studying Ga, regulation of autophagy.
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Figure 4-5. Vps34 activity in phenylephrine (PE) activated Rat-1 a:a-AR cells. (A-B)
Rat-1 a1a-AR cells was treated with 10 uM PE for indicated time. Cells were collected in
Vps34 lysis buffer and performed Vps34 activity assay as described in Methods. (A)
Protein content in lysates was analyzed using western blotting. GAPDH is a loading
control. (B) 75% of each IP was subjected to a Vps34 activity assay. The top panel shows
an autoradiograph of *2P-labeled PI(3)P produced in the assays. “+” indicates a positive
control with human Vps34 protein. The remainder of each IP was subjected to
immunoblotting using the indicated antibodies (lower panels). IgG is a loading control. (C)
Same experiment as in (A-B) was done for three times, but with different PE treatment
time. Only assays 30 min after PE treatment were quantified. Left panel: 32P-labeled PI(3)P
were quantified by scintillation counting and normalized to the WT mean. Error bars show
standard error of the mean. Right panel: Protein bands from Beclinl IP/western blots were
guantified by densitometry. Normalized Vps34/Beclinl ratio is shown. Error bars show
standard error of the mean. Not significant for both panels, Student’s t-test. * Note: | forgot
to mix 0.5 hr IP2 beads before split them into western tube and Vps34 assay tube. So
there was little protein in IP samples and | used % of CPM to calculate average CPM for
that group.

4-5-3. HL-1

I then looked for cells of cardiac origin. HL-1 cells were derived from the AT-
1 mouse atrial cardiomyocyte tumor lineage. HL-1 cells can be serially passaged, yet
they maintain the ability to contract and retain differentiated cardiac morphological,

biochemical, and electrophysiological properties (110).

49



To create a model mimicking our Ga,Q209L heart, I made a lentiviral
construct carrying Ga,Q209L-hbER gene to deliver this fusion protein into HL-1 cells
at relatively higher efficiency. Because HL-1 cells need to be maintained at high
cellular density in order not to lose their spontaneous beating character, puromycin
selection was not performed. Thus, experiments were done using a heterogeneous pool
of cells, with Ga;Q209L expressing cells accounting for ~50% of the cells. Western
blotting of membrane fraction shows that upon adding 4-hydroxytamoxifen (4-OHT),
PKCa is mobilized to cell membrane and phosphorylated (Fig. 4-6A); thus, the
construct works and 4-OHT activates the Ga, signal. A time course showed that Ga,
activation led to increase of LC3-II level two days after Ga, activation, and a slight
increase of Beclinl protein level six days after Ga, activation. 4-OHT also led to
increase of LC3-II on Day 2 in parental cells; this is consistent with reports that 4-OHT
(tamoxifen) activates autophagy (Fig. 4-6B). Nevertheless, Ga,Q209L led to a higher
increase of LC3-II level. Because p62 level in HL-1 cells is originally high, the slight
increase of p62 level 1s not mimicking heart Ga,Q209L phenotype.

One method to test autophagic activity is to check LC3 puncta formation and
delivery to lysosomes using mCherry-GFP-LC3 fusion protein. Upon autophagy
induction, mCherry-GFP-LC3 localizes to autophagosome membrane and form
yellow puncta (red and green); if autophagosomes successfully fuse with lysosomes
and lysosomal pH is acidic as normal, the GFP fluorescence is quenched by low pH
while mCherry red fluorescence is not, thus red puncta are viewed. I transiently
transfected HL-1 cells with mCherry-GFP-LC3 and HA-tagged Ga,Q209L proteins.
In HA-Ga;Q209L positive cells, there are more yellow and red puncta formed at both
basal level and starvation, which demonstrates that autophagy activity is higher in

Ga;Q209L expressing HL-1 cells compared to control cells (Fig. 4-7).
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Figure 4-6. Autophagic protein level in GaqQ209L expressing HL-1 cells. HL-1 cells
were transduced with lentivirus carrying GaqQ209L-hbER gene, the transduction
efficiency was about 50%. Experiments were done using this heterogeneous pool of cells.
(A) After stimulation with 4-hydroxytamoxifen (4-OHT), membrane fraction of cells was
prepared and protein content was analyzed by western blotting using indicated antibodies.
(B) Parental and QL-hbER expressing HL-1 cells were treated with 4-OHT for indicated
time; 4-OHT was refreshed every day. Cell lysates were collected and analyzed by
western blotting using indicated antibodies.

4-5-4. Cultured adult mouse cardiomyocytes

This model is discussed in Chapter 5, Section 5-1-1.

4-5-5. Discussion

The different results from MEFs and a;,-AR Rat-1 cells suggest that in vitro cell
lines are not suitable for cardiac autophagy study. Thus far, HL-1 is the best cell line I
have found that somewhat mimics Ga,Q209L induced autophagic activity in heart.
However, high endogenous level of p62 in HL-1 cells may miss important molecular
mechanisms related to p62. Cultured adult mouse cardiomyocyte is a better model to
reflect in vivo condition. However, this system is limited by our ability to conduct

molecular manipulation. Future studies will need a combination of HL-1 and cultured
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cardiomyocytes to further delineate the molecular mechanism of Ga,Q209L-induced

autophagic response.
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Figure 4-7. Autophagic activity in GagQ209L expressing HL-1 cells. HL-1 cells were
transiently transfected with mCherry-GFP-LC3 and either vector or HA-GaqQ209L
constructs. 24 h post transfection, cells were re-plated at a lower density; 42 h post
transfection, cells were either untreated or serum starved for 6 h; 48 h post transfection,
cells were fixed, immunostained with HA antibody, and viewed under a confocal
microscope (63X magnification).
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4-6. Overview

Figure 4-8 is an illustration of the molecular events occurring in the heart upon

activation of Ga,. I propose that in the heart, Ga, activation leads to the activation of

calpain and other calcium responsive molecules, which may contribute to

mitochondria damage and its subsequent events. Increased p62 expression and
activation of autophagy may be a direct result of Ga, signaling, or may function to

clear out those detrimental damages as a compensatory response. Further

investigations are needed to precisely identify which regulatory signals are responsible

for the increased autophagy upon activation of Ga,, and confirm the role increased
autophagy plays in this heart failure model.

Ga,
PLCB
PIP, IP, + DAG
i mTORC1?
AMPK?
IP;R
PKCa

|

PKC !

; V. a
p-PLB 4|SERCA2 — Ca® \ o i

- : ; "~ Autophagy
Calpaln CaMKlls Calcineurin .
A p62

\ AY
/ 5 it
o \||
/// ‘\\
Junctophilin-2 \ /
ROS A

Mltochondrla e

Ay

T-tubule

Figure 4-8. An illustration of molecular events in the Ga,Q209L heart. Grey
background: canonical Gag signaling; orange background: events identified by our
laboratory; blue background: events identified by other laboratories (not yet confirmed in

our GagQ209L model); yellow background: events identified by me. Dash line indicates
links proposed yet to be confirmed in our GagQ209L model.
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Chapter 5. Methods

5-1. Development of protocols

Autophagy research in cardiac tissue is not new, but has been restrained by the
limitations of animal models and lack of a good cell line model. A shortcoming of
small animal models is that animals need to be sacrificed for sample collection, which
only allows samples at one time point to be examined. In addition, systematic error
due to animal variance and human manipulation is much larger in animal models than
in cell lines. In my research, I adopted some methods that have been published and

optimized them for autophagy research in cardiomyocytes.

5-1-1. Adult mouse cardiomyocyte culture

No cell line has been demonstrated to perfectly mimic cardiac tissue behaviors
(111). Thus, the best experiment would be done directly using adult cardiomyocytes.
The length of adult cardiomyocyte culture varies depending on the technician’s
technique and many unknown factors. Cultured adult mouse cardiomyocytes can live
for up to 96 h (112). Cardiomyocytes of adult rabbit and rat were reported to be viable
for up to 6 days and 14 days in culture, respectively, although changed morphology or
reduced ion channel performance took place at later stages of culture (113-117). Thus,
in most studies, experiments are performed on cultured adult cardiomyocytes between
24 h and 72 h after isolation (118-121).
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Figure 5-1. Adult mouse cardiomyocytes in culture. Cardiomyocytes were isolated
from one adult wild type mouse and cultured in ACCIT medium for 2 days. Representative
differential interference contrast (DIC) images taken using a confocal microscope are
shown. Left panel: 20x magnification; Right panel: 60x magnification.

Based on a protocol provided by Dr. Caimei Zhang in Dr. Long-Sheng Song’s
laboratory, I established a protocol for culturing ventricular cardiomyocytes isolated
from adult mice 8 to 12 weeks old. Cardiomyocytes remained viable and showed a
striated pattern for up to 3 days (Fig. 5-1). The cultured cardiomyocytes were
responsive to insulin stimulation (Fig. 5-2), were capable of ectopically expressing
proteins transduced by adenoviral infection (Fig. 5-3A), and were able to execute
lentiviral shRNA-mediated protein knockdown (Fig. 5-3B). We used adenoviral
delivery of a constitutively active PI3K catalytic subunit, p110a, to show that p110a
regulates the electrophysiologic properties of a sodium channel in cultured adult
mouse cardiomyocytes (122). In summary, this culture protocol will be a powerful tool
to study the cell biology of adult cardiomyocytes. The detailed protocol is described in
Section 5-2.

WT Akita
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P-Akt (S473) | = s -‘

Total AKt | e s aees G

GAPDH ‘ -—_4

Figure 5-2. Cultured adult mouse cardiomyocytes are responsive to growth factor
stimulation. Cardiomyocytes were isolated from WT and type 1 diabetic Ins2® (Akita)
mice and cultured in ACCIT medium. Cells were incubated in insulin-free ACCIT medium
for 3 h, and then stimulated with or without 100 nM insulin for 5 min. Cell lysates were
collected and analyzed by western blotting using the indicated antibodies. GAPDH is a
loading control.
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Figure 5-3. Protein expression and knockdown in adult mouse cardiomyocytes. (A)
Cardiomyocytes were isolated from WT and Akita mice and cultured in ACCIT medium.
Adenoviruses expressing GFP or HA-tagged constitutively active p110a (HA-CAp110a)
were added to the culture medium 4 h after recovery. Cell lysates were collected 48 h
post-transduction and analyzed by western blotting using the indicated antibodies.
GAPDH is a loading control. (B) Cardiomyocytes were isolated from one adult WT mouse
and plated in ACCIT medium. After ~16 h of recovery, the cells were left untreated (UNT)
or infected with lentiviruses carrying shRNA to GFP or to insulin receptor B (gene name
Insr; two different ShRNAs were used) for 16 h. Then the medium was changed to fresh
ACCIT medium. The cells were lysed in General Lysis Buffer 72 h post-transduction.
Lysates were analyzed by western blotting using an anti-insulin receptor  (IRB) antibody
which detects both precursor and mature forms of IRB. GAPDH is a loading control.

5-1-2. PI(3)P level measurement in cardiac tissue

Based on the protocol from the PI(3)P ELISA kit and several publications (123-
126), I developed the current protocol for phospholipid extraction from cardiac tissue
and PI(3)P ELISA. Utilizing Vps34™" mice from our collaborator, Dr. Wei-Xing Zong,
I was able to validate this assay. Vps34"" mice were crossed with cMHC-MerCreMer

4% animals with or without the tamoxifen-activated Cre

mice (127) to generate Vps3
recombinase (MerCreMer) expressed specifically in cardiomyocytes. Injection of
tamoxifen results in deletion of the Vps34 genes in the heart of Vps34"?/MerCreMer
animals but not in control Vps34"" mice that do not express MerCreMer. As shown
in Fig. 5-4, two independent experiments showed that Vps34 knockout (KO) hearts
have a lower level of PI(3)P than control hearts. PI(3)P levels appeared to be sensitive
to long-term storage of the tissue at -80 °C, so in subsequent experiments the frozen
heart tissue was stored for no longer than 2 weeks before processing. Also, it seems
that it takes more than one week for Vps34 protein to be completely turned over, as

the PI(3)P level decreased to a larger degree in cardiac tissue of Vps34 KO mice

collected 19 days vs. 8 days after tamoxifen treatment.
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Figure 5-4. PI(3)P ELISA validation using Vps34 knockout (KO) hearts. At 5 weeks of
age, Vps34"/MerCreMer mice (Vps34 KO) and Vps34"" mice (Control) were injected with
tamoxifen (Tamox) at the indicated dose for 5 days. Day 1 is the day of the first injection.
At the day of harvest, the hearts were quickly excised, trimmed of atria and aorta, frozen
in liquid nitrogen, and stored at -80 °C. Phospholipids were extracted from frozen
ventricles and analyzed by PI(3)P ELISA. The amount of PI(3)P was normalized by protein
mass in the same amount of tissue used to extract phospholipids. Two experiments were
done with different experimental conditions as indicated in the graph.

5-1-3. PI(3)P immunofluorescence microscopy

Fluorescence microscopy is a powerful tool to detect the subcellular
localization as well as qualitative amounts of molecules. Localization of exogenous
GFP-FYVE protein to membranes is a standard method to detect PI(3)P generation in
cells (as discussed in Chapter 4). However, the lack of a readily available adenovirus
expressing GFP-FYVE and resistance to other gene transfer methods make it hard to
utilize GFP-FYVE in cardiomyocytes. Moreover, ectopically expressed lipid-binding
fusion proteins such as GFP-FYVE may interfere with endogenous lipid function and
are potentially toxic (128). Thus, determining the amount and subcellular localization
of PI(3)P in cardiomyocytes is a challenge. I have developed a PI(3)P staining protocol
based on Dr. Gerald R. V. Hammond’s publication in 2009 (129). I validated this
protocol in Vps34 KO MEFs.

MEFs derived from Vps34"? mice were infected with adenoviruses expressing
GFP or Cre recombinase with GFP to generate control or Vps34 KO MEFs,

respectively. After 7 days of infection, Vps34 protein was undetectable by western
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blotting in Vps34 KO cells and residual GFP fluorescence was very low (41). These
cells were used to detect PI(3)P utilizing a commercially available antibody to PI(3)P
and immunofluorescence microscopy. As shown in Fig. 5-5A, PI(3)P-positive signals
in control cells localized to the perinuclear region, while the signal in Vps34 KO cells
was absent or very much reduced. Moreover, when control cells were treated with 300
nM wortmannin (WM) to inhibit Vps34 activity, PI(3)P staining was essentially
abolished, as expected. Interestingly, PI(3)P staining was still seen in control cells
treated with 1 uM WM, the reason for this is not clear. PI(3)P staining was not seen in
Vps34 KO cells treated with either concentration of WM.

Because adenoviruses do not infect Vps34™™ cells at 100% efficiency, the Vps34
KO MEFs I used are a mixed population of Vps34-expressing and Vps34 KO cells.
Vps34 KO cells grow more slowly than control cells, so after 7 days of culture the
percentage of control cells in a mixed culture will have increased. One distinguishing
characteristic of Vps34 KO MEFs is that they have numerous enlarged vacuoles (41).
The results in Fig. 5-5B show that cells full of vacuoles (i.e., Vps34 KO cells) had
diminished PI(3)P staining, while cells with normal morphology (i.e., Vps34-
expressing cells) had obvious PI(3)P-positive perinuclear staining. This indicates that
the PI(3)P staining protocol successfully detects endogenous PI(3)P.

Optimization of the protocol for PI(3)P staining in cardiomyocytes would be

the next step.
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Figure 5-5. PI(3)P immunofluorescence microscopy in Vps34 KO MEFs. Vps34"
MEFs were infected with adenoviruses expressing GFP (Control) or Cre recombinase with
GFP (Vps34 KO). Immunostaining of PI(3)P was carried out 7 days after infection when
GFP signal was undetectable. (A) Cells were treated with DMSO, 300 nM wortmannin
(WM), or 1 pM WM for 1 h, and then were fixed and immunostained with anti-PI(3)P

antibody. DAPI was used as a counter stain. Images were taken using a confocal
microscope at 63x magnification. (B) Vps34 KO MEFs were fixed and immunostained with
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anti-PI(3)P antibody and visualized under a confocal microscope at 100x magnification.
DAPI was used as a counter stain. Left panels, immunofluorescence microscopy; right
panels, differential interference contrast (DIC) microscopy.
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5-2. List of Methods

Animals

C57BL/6J mice were purchased from the Jackson Laboratory and used as wild
type (WT) controls. Generation and characterization of transgenic Ga,Q209L mice in
the C57BL/6J background were described previously (9,46,47,130). GFP-LC3

4ﬂ/ fl

transgenic mice and Vps34™" mice were provided by Dr. Wei-Xing Zong’s laboratory.

]7’1 s, kita

(Akita) mice were purchased from the Jackson Laboratory. oaMHC-
MerCreMer mice were provided by Dr. Jeffery D. Molkentin’s laboratory. All
protocols for animal experiments were approved by the Stony Brook University

Animal Care and Use Committee.

Materials

Antibodies were obtained from the following sources: p62 (Abnova
HO00008878-M01), LC3 (Cell Signaling 2775), Vps34 (Cell Signaling 4263), Beclinl
(Santa Cruz sc-10086), Atg7 (Cell Signaling 2631), Atgl4 (a gift from Dr. Zhenyu Yue,
Icahn School of Medicine at Mount Sinai), GAPDH (Sigma G8795), Ga,/1; (Santa
Cruz sc-392), normal goat IgG (Santa Cruz sc-2028), normal goat serum (Jackson
Immuno Research 005-000-121), cathepsin D (Santa Cruz sc-6486), PI(3)P (Echelon
Z-P003), insulin receptor B (Santa Cruz sc-711), ubiquitin (Santa Cruz sc-8017), and
Alexa Fluor 647-conjugated goat anti-mouse IgG secondary antibody (Invitrogen
A21236). The monoclonal antibodies against Lamp-1 (1D4B) and Lamp-2 (ABL-93),
developed by J.T. August, were obtained from the Developmental Studies Hybridoma
Bank, created by the NICHD of the NIH and maintained at the University of Iowa,
Department of Biology, Iowa City, IA 52242. Specialty chemicals were obtained from
the following sources: blebbistatin (Sigma B0560), bafilomycin Al (Enzo BML-
CM110), protease inhibitor cocktail (Sigma P8340), tamoxifen (Sigma T5648),
Medium 199 (Sigma M4530), LysoTracker Red (Invitrogen L7528), laminin
(Invitrogen 23017-015), insulin-transferrin-selenium (Gibco 41400), Liberase TM
Research Grade (Roche 05401127001), and Calpain Inhibitor III (Bachem N-1535).
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Cell culture, transfection and serum starvation

Generation of mouse embryonic fibroblasts (MEFs) (131), GFP-FYVE MEFs
(131), Vps34 KO MEFs (41), and Rat-1 fibroblasts stably transfected with the human
aa-adrenergic receptor (132) were described previously. Cells were maintained in
DMEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100
ug/ml streptomycin, and cultured in a 5% CO, atmosphere at 37 °C. Transfections
were done using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. To serum starve cells, cells were washed in PBS twice and then incubated in

DMEM without serum for 6 h.

Viral constructs

Adenoviral HA-CAp110a was constructed by Dr. Eileen So Carpenter in our
laboratory (122). shRNA constructs to IRP in the lentiviral pLKO.1 vector were
purchased from Sigma Aldrich (SHCLNG-NM_010568; shInsrl: TRCN0000023574;
shinsr2: TRCN0000023575TRC). Lentiviral packaging constructs A8.91 and vesicular
stomatitis virus G protein (VSV-G) were provided by Dr. Wei-Xing Zong’s laboratory.

Tamoxifen treatment
Tamoxifen was sonicated in autoclaved peanut oil at 10 mg/ml. WT or
Ga,Q209L mice 8 to 12 weeks old were injected with tamoxifen intraperitoneally at 1

mg per day for 3, 7 or 14 days as indicated.

Adult mouse cardiomyocyte isolation and culture

The basic protocol was provided by Dr. Long-Sheng Song (University of lowa)
and a few modifications were made (112,133). Mice were anesthetized under 3%
isoflurane, and hearts were removed and mounted on a Langendorff apparatus.
Retrograde perfusion was performed by gravity pressure. Hearts were first perfused
with MyoBuffer (137 mM Na(Cl, 5.4 mM KClI, 2 mM MgSQO,, 0.33 mM NaH,PO,, 10
mM HEPES, 10 mM taurine, 10 mM glucose, and 100 U-100 pg/ml penicillin-

62



streptomycin, pH 7.4) for 3 min and then with 5 pg/ml Liberase TM in MyoBuffer
plus 0.1 mM CaCl,. When the hearts became soft, they were dismounted and perfused
manually with Stop Buffer (MyoBuffer plus 1% bovine serum albumin (BSA)) with
0.2 mM CaCl,. The tissue was minced and disrupted in Stop Buffer with 0.2 mM CaCl,
using a Pasteur pipet. The suspension was filtered through 200 pm nylon mesh into a
15 ml centrifuge tube. Cardiomyocytes of good quality quickly settled to the bottom
and the supernatant was removed. Cardiomyocytes were washed sequentially with
Stop Buffer containing 0.5 mM CaCl, and 1.0 mM CaCl,, then resuspended in Plating
Medium (ACCIT medium (Medium 199, 2 mM L-carnitine, 5 mM creatine, 5 mM
taurine, 2 mg/ml BSA, 100 U-100 pg/ml penicillin-streptomycin, 10 ul/ml insulin-
transferrin-selenium, 2 mM glutamine, and 25 uM blebbistatin) (134) with 5% fetal
bovine serum). Cardiomyocytes were plated onto laminin-coated cell culture dishes
and incubated in a 5% CO, atmosphere at 37°C for 2 h. After incubation, healthy, rod-
shaped cardiomyocytes adhered to the dish; dead and unhealthy cells were aspirated
and fresh ACCIT medium was added. Treatments were carried out after a 2-h

incubation in ACCIT medium.

Transmission electron microscopy (TEM)

Mice were anesthetized under 3% isoflurane, and hearts were quickly removed
and retrograde perfused manually with 7 ml MyoBuffer and then 7 ml fixative (2%
paraformaldehyde (PFA) and 2.5% glutaraldehyde in phosphate-buffered saline (PBS),
pH 7.4). The endocardium was cut into ~1 mm? cubes in fixative at room temperature
and stored overnight in fixative at 4°C. Later procedures were done as described
previously (131). In short, fixed samples were placed in 2% osmium tetroxide in PBS,
pH 7.4, for 1 h, then dehydrated in a graded series of ethanol, and embedded in Embed
812 resin. Ultra-thin sections of 80 nm were placed on formvar-coated copper grids or
mesh. Sections were counterstained with uranyl acetate and lead citrate and viewed
with an electron microscope (FEI Tecnail2 BioTwinG?) at 80 kV. Images were
acquired with a CCD digital camera system (model XR-60; Advanced Microscopy
Techniques Corp.). 10-15 pictures were taken from each section using a uniform

random sampling method (135) at a magnification of 9300x. Images to show detailed
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structure were taken at a magnification of 30,000x or higher. Organelles were counted

using 9300x images and normalized by an area of 156.75 um? per image.

Western blotting

Mice were anesthetized under 3% isoflurane and killed by cervical dislocation.
Hearts were quickly removed and the atria and aorta were trimmed off. Ventricles
were homogenized in General Lysis Buffer (10 mM sodium pyrophosphate, 50 mM
HEPES, pH 7.5, 1% Triton X-100, 50 mM NaCl, 50 mM NaF, 5 mM EDTA, pH 8.0,
200 uM sodium orthovanadate, 0.2 mM phenylmethanesulfonyl fluoride (PMSF), and
1 ul/ml protease inhibitor cocktail) using a glass dounce homogenizer on ice. Crude
lysates were centrifuged at 13,500 rpm for 20 min at 4°C. Supernatants were collected
and protein concentration was quantified using a Bradford assay (Bio-Rad). Proteins
were separated by SDS-PAGE and electrophoretically transferred onto PVDF. The
membranes were blocked with 5% non-fat dry milk in Tris-buffered saline plus 0.1%
Tween 20 for 1 h, incubated with primary antibody overnight at 4°C, and incubated
with horse radish peroxidase-conjugated secondary antibody for 1-2 h at room
temperature. Enhanced chemiluminescence substrate (Thermo Pierce) was then
applied to the blot, and signals were captured using a FluorChem E system
(ProteinSimple). The density of each band was analyzed using AlphaView software
(ProteinSimple).

Cultured cardiomyocytes were lysed in Lysis Buffer B (1% sodium
deoxycholate, 1% SDS, 1% Triton X-100, 10 mM Tris, pH 8.0, and 0.14 M NaCl) and
sonicated to fragment DNA. Crude lysates were centrifuged at 13,500 rpm for 15 min
at 4°C, and the protein concentration of the supernatant was quantified using a BCA

assay (Thermo Scientific). Proteins were then analyzed by western blotting.

RNA extraction and real-time quantitative PCR (RT-qPCR)

RNA was isolated from pieces of fresh ventricle weighing 40-50 mg using the
RNeasy kit (QIAGEN) following the manufacturer’s protocol. cDNA was made from
1.6 pg of RNA using the iScript cDNA synthesis kit (Bio-Rad), and cDNA made from
40 ng of RNA was added to each qPCR reaction. Reactions were done in triplicate.
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RT-qPCR was carried out using TagMan gene expression assays (Applied Biosystems),
and gene expression relative to GAPDH was calculated using the AACq method
(136,137). For each gene, the value obtained for one of the WT animals was assigned
as 1, and values obtained for the other WT and Ga,Q209L animals were normalized
to it. Quality controls were performed following MIQE guidelines (137). Relative
standard curves were performed for each TagMan assay to ensure that PCR efficiency
was between 90% and 110% and that the cDNA did not contain factors that inhibit
PCR. The TagMan assays used were: p62, Mm00448091_m1; LC3, Mm00782868_sH;
Vps34, Mm00619489_m1; Beclinl, Mm01265461_m1; Atgl4, Mm00553733_m1;
Atg7, Mm00512209_m1; and p150, Mm00661451_m].

PI(3)P level

Fresh ventricles were snap frozen in liquid nitrogen and stored at -80°C. The
tissue was pulverized using a liquid nitrogen-cooled stainless steel mortar and pestle,
and phospholipids were extracted following the protocol in the PI(3)P Mass ELISA
Kit (Echelon) with modifications (124-126). The powder was transferred to a 15 ml
glass tube and incubated on ice for 5 min in 7 ml 0.5 M trichloroacetic acid (TCA).
The powder was then washed with 5 ml of 5% TCA containing 1 mM EDTA and then
with 5 ml water. 8% of the suspension was then removed for the purpose of protein
amount normalization. The powder was centrifuged down, sonicated in Lysis Buffer
B, and the protein was quantified using the BCA assay. The rest of the powder was
pelleted and depleted of neutral lipids by extracting with 6 ml of methanol:chloroform
(2:1) for 10 min at room temperature. Acidic lipids were obtained by extracting the
tissue with 4.5 ml of methanol:chloroform:HCI (80:40:1) for 15 min at room
temperature. PI(3)P in this fraction was then extracted by adding 1.5 ml of chloroform
and 2.7 ml of 0.1 M HCI. The lower organic phase was transferred into a 1.5 ml tube,
dried under vacuum, and stored at -20°C. PI(3)P was measured using the PI(3)P Mass
ELISA Kit following the manufacturer’s protocol. The amount of PI(3)P was

normalized to the amount of protein extracted from tissue of an equal mass.
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Beclinl immunoprecipitation (IP) and Vps34 activity assay

Freshly collected ventricles were homogenized on ice in Vps34 Lysis Buffer (20
mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 100 mM NaF, 10 mM
sodium pyrophosphate, 1% NP-40, 10% glycerol, 0.1 mM sodium orthovanadate, 0.2
mM PMSF, and 1 pl/ml protease inhibitor cocktail) and centrifuged at 13,500 rpm for
20 min at 4°C. The protein concentration of the supernatants was quantified by
Bradford assay. Samples containing 50 pg of protein were used for western blotting,
and samples containing 2 mg of protein were used for Beclinl IP/western blots and
Vps34 activity assays. Vps34 was co-precipitated with anti-Beclinl antibody overnight
at 4°C, and the precipitates were pulled down with protein G agarose beads for 1-2 h
at4°C. For Beclinl IP/western blots, the beads were washed with Vps34 Lysis Buffer,
boiled in SDS sample buffer, and subjected to western blotting. For Vps34 assays, the
beads were washed 3 times with Vps34 Lysis Buffer and then twice with a buffer
containing 50 mM Hepes, pH 7.5, 100 mM NaCl and 1 mM EGTA. 25% of each
sample was boiled in SDS sample buffer and subjected to western blotting. The
remainder was assayed for Vps34 activity by measuring incorporation of **P into L-a-
phosphatidylinositol as previously described (131). For each heart sample, duplicate

IPs were performed and average radioactivity from both Vps34 assays was calculated.

LysoTracker Red staining and confocal microscopy

Cardiomyocytes isolated as described above were plated on laminin-coated
glass-bottom dishes (MatTek Corporation). After incubation in ACCIT medium for 2
h, cardiomyocytes were loaded with 67 nM LysoTracker Red for 30 min. Cells were
washed twice with ACCIT medium and images were taken using an Olympus
Fluoview FV1000 system. The same voltage and magnification were used for each
image. Images were exported into TIFF files using FluoView2.0 software (Olympus).
The number and area of LysoTracker Red-positive puncta in each cardiomyocyte were
analyzed using CellProfiler 2.0 (Broad Institute) (138,139), and statistical analysis was
done using GraphPad Prism 4.0.
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Immunofluorescence (IF) microscopy for proteins

Cardiomyocytes were isolated as described above, except that Ca**-free Tyrode
Buffer (137.7 mM NaCl, 2.3 mM NaOH, 1 mM MgCl,, 10 mM glucose, 5 mM
HEPES, and 5.4 mM KCI) was used instead of MyoBuffer solutions during the
Langendorff perfusions, and Ca**-free KB solution (83 mM KCl, 30 mM K,HPQ,, 5
mM MgSO,, 5 mM sodium pyruvate, 5 mM B-hydroxy-butyric acid (sodium salt), 5
mM creatine, 20 mM taurine, 10 mM glucose, 0.5 mM EGTA, and 5 mM HEPES)
was used instead of Stop Buffer solutions for the manual perfusion, mincing and
washing steps. Cardiomyocytes were plated on laminin-coated glass coverslips. After
45 min at room temperature, the KB solution was aspirated and the cells were fixed
using 4% PFA in PBS for 20 min. The cells were then permeablized using 0.1% Triton
X-100 in PBS, blocked using 5% normal goat serum in PBS, and incubated with mouse
anti-p62 antibody in 5% goat serum in PBST (PBS with 0.1% Tween 20) at 4°C
overnight. The samples were then incubated with goat anti-mouse IgG secondary
antibody conjugated to Alexa Fluor 647 (1:300) in PBST at room temperature for 1 h.
Nuclei were stained with DAPI (1 pg/ml in PBS) for 5 min at room temperature.
Coverslips were mounted using Immu-Mount and dried overnight. Images were
acquired and analyzed using the same method as for LysoTracker Red staining.

For IF microscopy of tissue sections, hearts were retrograde perfused with Ca**-
free Tyrode Buffer and then with 4% PFA. Tissue was fixed for 24 h at 4°C, and then
the PFA was removed by four PBS washes over 3-4 h. The tissue was then soaked in
30% sucrose in PBS overnight, equilibrated in 30% sucrose and OCT (1:1) for 30 min,
and then embedded in OCT and stored at -80°C. IF staining of 7 um cryosections was

then performed.

IF microscopy for PI(3)P

Control and Vps34 KO MEFs were plated on 0.02% gelatin-coated cover slips
and cultured overnight. Cells were fixed in a 1:1 solution of 8% PFA:PBS for 15 min.
Cells were washed with PBS containing 50 mM NH,CI, and then permeabilized with
20 uM digitonin in Buffer A (20 mM PIPES, pH 6.8, 137 mM NaCl, and 2.7 mM KCl)

for 3 min. After washing, cells were blocked with 5% normal goat serum (NGS) and
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50 mM NH,CI in Buffer A for 45 min, and then incubated with PI(3)P antibody at a
1:50 dilution in 5% NGS in Buffer A for 1 h. goat anti-mouse IgG secondary antibody
conjugated to Alexa Fluor 488 (1:200) in 5% NGS in Buffer A was added and
incubated for 1 h. After washing, samples were post-fixed for 5 min with 2% PFA, and
washed with 50 mM NH,CI in Buffer A. Nuclei were stained with DAPI (1 ug/ml in
Buffer A) for 5 min. Coverslips were mounted using Immu-Mount and dried overnight.
All procedures were done at room temperature. Images were acquired and analyzed

using the same method as for LysoTracker Red staining.

Statistical analysis
Student’s t-test was performed in Microsoft Excel 2013; Mann-Whitney test

was performed in Prism GraphPad4.0.
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