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EPIGRAPH

Though a little one, the master-word looms large in meaning. It is the open
sesame to every portal, the great equalizer in the world, the true philosopher's
stone which transmutes all the base metal of humanity into gold. The stupid
man among you it will make bright, the bright man brilliant, and the brilliant
student steady ... And the master-word is Work, a little one, as | have said, but
fraught with momentous consequences if you can but write it on the tables of

your heart and bind it upon your forehead.

-William Osler
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ABSTRACT OF THE DISSERTATION

MCL-1 is Essential for Myocardial Homeostasis and Autophagy
by
Robert Lee Thomas Il
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego 2014

Professor Asa Gustafsson, Chair

Myeloid cell leukemia-1 (MCL-1) is an anti-apoptotic BCL-2 protein that
is upregulated in several human cancers. MCL-1 is also highly expressed in
myocardium, but its function in myocytes has not been investigated. To study
this function, | generated inducible, cardiomyocyte-specific Mcl-1 knockout
mice and found that loss of MCL-1 in the adult heart led to rapid
cardiomyopathy, cardiac hypertrophy, fibrosis with loss of myocytes, and early
mortality.

Although MCL-1 is known to inhibit apoptosis, this process was not
activated in MCL-1-deficient hearts. Instead, ultrastructural analysis revealed

disorganized sarcomeres and swollen mitochondria in myocytes. | found that

XVi



loss of MCL-1 led to mitochondrial rupture, LDH release, and cardiac
inflammation that indicate myocardial necrosis. Mitochondria isolated from
MCL-1-deficient hearts also exhibited reduced respiration, impaired oxidative
phosphorylation enzyme activity, and reduced Ca*-mediated swelling. Taken
together, these data are consistent with mitochondrial damage and opening of
the mitochondrial permeability transition pore (mPTP). Double knockout mice
lacking MCL-1 and cyclophilin D, an essential regulator of the mPTP, exhibited
delayed progression to heart failure and extended survival.

Autophagy is normally enhanced in response to myocardial stress, but
induction of autophagy was impaired in MCL-1-deficient hearts. Accordingly, |
found that ablation of MCL-1 led to accumulation of autophagic substrates in
cardiac tissue. In addition, the loss of MCL-1 compromised mitochondrial
turnover in myocardium by disrupting PINK1/Parkin-mediated mitophagy.
Finally, my studies show that MCL-1 and Parkin do not directly interact in the
heart.

These data demonstrate that MCL-1 is essential for myocardial
homeostasis and induction of autophagy in cardiac myocytes. My dissertation
also raises concerns about potential cardiotoxicity for chemotherapeutics that

target MCL-1.
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Chapter 1: Introduction

A. MCL-1 and the BCL-2 protein family

Myeloid Cell Leukemia-1 (MCL-1) is an anti-apoptotic member of the
BCL-2 protein family, which regulates mitochondrial integrity and the intrinsic
pathway of apoptosis (Figure 1). BCL-2, the prototype member of this group,
was initially identified as a proto-oncogene in B-cell lymphoma, and its
overexpression prolongs cell survival by antagonizing apoptosis (Tsujimoto, et
al., 1985; Chen-Levy et al., 1989; Vaux et al., 1988; McDonnell et al., 1989).
Subsequent studies identified additional anti-apoptotic proteins such as BCL-
XL and MCL-1 (Boise et al., 1993; Kozopas et al., 1993) and pore forming pro-
apoptotic proteins such as BAX and BAK (Oltvai et al., 1993; Kiefer et al.,
1995). Under basal conditions, anti-apoptotic proteins promote cell survival by
binding to and inhibiting BAX and BAK. BH3-only proteins such as BIM,
NOXA, and BNIP3 can bind to the anti-apoptotic proteins’ BH domains,
displacing BAX and BAK and freeing them for activation. Upon activation, BAX
and BAK oligomerize on the outer mitochondrial membrane. The resulting
mitochondrial outer membrane permeabilization (MOMP) releases pro-
apoptotic factors such as cytochrome ¢ and AIF. These factors activate
caspases, leading to nuclear fragmentation, apoptotic body formation, and cell
clearance by phagocytes (Figure 2) (Gustafsson & Gottlieb, 2007; Czerski and

Nufiez, 2004; Volkmann, et al., 2013). During overwhelming cell stress, BAX
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and BAK may also promote the opening of a high-conductance channel in the
mitochondrial membrane known as the mitochondrial permeability transition
pore (MPTP) (Whelan et al., 2012). Pore opening is regulated by matrix
protein cyclophilin D (CypD) and allows rapid equilibration of ions and water
between the cytosol and mitochondrial matrix. The resulting osmotic stress
and dissipation of mitochondrial membrane potential lead to necrosis, a poorly
regulated process characterized by mitochondrial rupture, plasma membrane
disruption, and inflammation (Figure 2).

MCL-1, BCL-2, and BCL-X, are often co-expressed in the same tissue,
but knockout studies have revealed that they have distinct physiological roles.
For instance, BCL-2 knockout mice are viable but display growth retardation,
renal failure, and apoptosis of lymphocytes (Veis et al., 1993). BCL-X_ is
required for brain development, and BCL-X,-deficient mice do not survive past
embryonic day 13.5 (Motoyama et al., 1995). MCL-1 is also essential for
embryonic development, and global deletion results in lethality before
embryonic day 4 (Rinkenberger et al., 2000). Despite functional overlap with
BCL-2 and BCL-X., MCL-1 is distinguished by its short half-life and lack of a
BH4 domain (Krajewski et al., 1995; Zhou et al., 1997). PEST sequences in
the non-homologous N-terminal region facilitate rapid proteosomal
degradation of MCL-1 in response to cellular stress. N-terminal caspase-
cleavage sites also facilitate rapid MCL-1 degradation, allowing apoptosis to

proceed (Figure 1) (Thomas et al., 2010).



In the heart, several studies have established BCL-2 and BCL-X_ as
important pro-survival molecules, and elevated levels of these proteins protect
against myocardial ischemia/reperfusion injury (Chen et al., 2001; Imahashi et
al., 2004; Huang et al., 2003). BCL-2 also protects against p53-mediated
apoptosis in cardiac myocytes (Kirshenbaum & de Moissac, 1997) and
increases the calcium threshold for permeability transition pore opening in
heart mitochondria (Zhu et al., 2001). Although MCL-1 is highly expressed in
the heart (Wu et al., 1997), its role in this tissue has not previously been

characterized.

B. BCL-2 proteins and autophagy

In addition to their role in cell survival, BCL-2 family proteins regulate
autophagy. Autophagy is an evolutionarily conserved cellular recycling
process that sequesters cytotoxic protein aggregates, senescent organelles,
and other cellular debris in autophagic vesicles and delivers them to
lysosomes for destruction (Gustafsson & Gottlieb, 2008). During the process,
cellular contents are tagged with p62, the nascent phagophore envelopes
these substrates, and cytosolic LC3l is converted to autophagosome-bound
LC3Il via conjugation with phosphatidylethanolamine. The mature, double-
membrane autophagosome then fuses with a lysosome to form the final
autophagolysosome (Figure 3) (Levine & Kroemer, 2008). As the process

continues, autophagy degrades p62 and releases amino and fatty acids for
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biosynthesis and energy production. p62 and LC3 are well characterized
autophagy markers, but the balance between their synthesis and degradation
requires specialized flux experiments to accurately characterize cellular
autophagic activity (Iwai-Kanai et al., 2008; Terada et al., 2010).

Autophagy is a tightly regulated process, and the mammalian target of
rapamycin (mTOR) integrates intracellular and extracellular signals to match
autophagic activity with metabolic needs (Figure 4). Hormonal signals and
amino acids that signal nutrient abundance increase mTOR-mediated
repression, while stressors like starvation and hypoxia reduce mTOR-inhibitory
effects (Boya et al., 2013). In addition, BCL-2 family proteins interact with core
autophagic machinery such as BECLIN-1 to repress autophagy, and disruption
of this interaction is essential for autophagic initiation (Pattingre et al., 2005;
Maiuri et al., 2007). MCL-1 also interacts with BECLIN-1 (Germain et al., 2011;
Elgendy et al., 2011), but this interaction has not been characterized in the

heart.

C. Autophagy and mitophagy in the heart

Basal autophagy is essential for myocardial homeostasis, and mouse
models with disrupted autophagy develop heart failure in the absence of other
stress. For instance, cardiac specific deletion of ATG5, a critical autophagy
protein, leads to rapid cardiac failure and mitochondrial disorganization in adult

mice (Nakai et al., 2007). Similarly, my recent work demonstrates that loss of
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MCL-1 in the heart leads to impaired autophagy and rapidly culminates in
accumulation of dysfunctional mitochondria and heart failure (Thomas et al.,
2013). In clinical patients, Danon disease results from a LAMP-2 deficiency
that impairs fusion between autophagosomes and lysosomes and causes a
lethal cardiomyopathy (Nishino et al, 2000). In addition, autophagy is
responsible for clearing mitochondrial DNA (mtDNA) that has been released
from ruptured mitochondria. mtDNA that escapes from autophagy can activate
the Toll-like receptor 9-mediated inflammatory response. Interestingly,
disruption of this process can lead to myocarditis and dilated cardiomyopathy
(Oka et al., 2012). In contrast, pharmacologic activation of autophagy can be
cardioprotective (Sciarretta et al., 2012). In kidney allograft patients, for
instance, treatment with rapamycin/sirolimus inhibits mTOR and reduces
cardiac hypertrophy (Raichlin et al., 2008).

Although early work described autophagy as a non-selective, bulk-
degradation response during nutrient deficient conditions, recent studies have
demonstrated that autophagy can selectively target specific organelles
including mitochondria (Quinsay et al., 2010), endoplasmic reticulum (Hanna
et al., 2012), peroxisomes (Hutchins et al., 1999), and ribosomes (Kraft et al.,
2008). In order to maintain densely packed mitochondrial networks and meet
metabolic demands, cardiomyocytes utilize selective mitochondrial autophagy,
or mitophagy (Carreira et al., 2010; Shin et al., 2011). Damaged or senescent

mitochondria are labeled and isolated based on reduced membrane potential,



enclosed in autophagosomes, and delivered to lysosomes for degradation
(Twig et al., 2008). Efficient clearance of dysfunctional mitochondria prevents
activation of cell death pathways, protects against reactive oxygen species
(ROS) production, and preserves efficient production of ATP by the electron
transport chain (ETC) (Kubli and Gustafsson, 2012).

Mitophagy is regulated at several levels including mitochondrial
morphology and protein ubiquitination. Mitochondrial fission (DRP-1, FIS1)
and fusion proteins (MFN1, MFN2, OPA1) shape mitochondrial networks, and
selective fission and fusion events determine which mitochondria can be
targeted for autophagy (Figure 5) (Dorn, 2013; Zungu et al., 2011). For
example, network elongation during starvation precludes mitochondrial
destruction by mitophagy (Gomes et al., 2011). Myocardial autophagy is also
regulated by Parkin, an E3 ubiquitin ligase that is mutated in autosomal
recessive Parkinson’s disease (Kitada et al., 1998). Parkin is localized to the
cytosol, but translocates to mitochondria with reduced membrane potential
where it ubiquitinates protein targets (Narendra et al., 2010). The adaptor
protein p62 then binds ubiquitinated mitochondrial proteins and LC3 on
autophagosomes, recruiting autophagic membranes for mitochondrial
clearance (Figure 6). (Pankiv et al., 2007; Geisler et al., 2010). At present, little
is known about the specific protein targets Parkin ubiquitinates on
mitochondria. Recent studies have implicated voltage dependent anion

channels (VDACs), outer mitochondrial membrane proteins involved in ion



exchange, and MFN2 (Sun et al.,, 2012; Chen & Dorn, 2013). PINK1 is a
serine/threonine kinase that recruits Parkin to depolarized mitochondria. In
mitochondria with an intact membrane potential, PINK1 is imported and
degraded by mitochondrial proteases (Jin and Youle, 2013). In mitochondria
with reduced membrane potential, PINK1 breakdown is inhibited, causing it to
accumulate on the outer mitochondrial membrane and recruit Parkin through
direct interaction, Parkin phosphorylation, or phosphorylation of mitochondrial
targets (Figure 6) (Narendra et al., 2010; Matsuda et al., 2010; Xiong et al.,

2009; Kim et al., 2008).

D. Autophagy and cardiac stress

Autophagy and mitophagy are important adaptive stress responses that
are rapidly upregulated by cardiac injury (Gustafsson and Gottlieb, 2008). By
clearing damaged cellular components and providing amino and fatty acids to
support energy production, autophagy helps sustain cardiac myocyte viability.
Chronic ischemia, I/R injury, and heart failure are associated with extensive
mitochondrial damage. Damaged mitochondria can produce excessive ROS,
release pro-apoptotic factors, and trigger necrosis through permeability
transition pore opening (Elrod and Molkentin, 2013). In depolarized
mitochondria, the F1Fo-ATPase may also run in reverse, consuming ATP when
cellular stores are already low (Grover et al., 2004). Upregulating mitophagy

eliminates damaged mitochondria before they cause further harm to the cell.



While mitochondria are occasionally found in autophagosomes in control mice
by electron microscopy, up to 10% of the autophagosomes in the border zone
of a myocardial infarction contain mitochondria eight hours after the injury
(Hoshino et al., 2012). In addition, Parkin-mediated mitophagy is important for
clearance of damaged mitochondria and myocardial recovery after infarction.
Parkin-deficient hearts rapidly accumulate dysfunctional mitochondria which
contribute to cardiac dysfunction and reduced survival (Kubli et al., 2013).
However, autophagy is not always beneficial. In the setting of increased
myocardial demand such as pressure overload, enhanced autophagy
contributes to pathologic remodeling, contractile dysfunction, and cardiac
atrophy (Zhu, et al., 2007). Similarly, Matsui et al. demonstrated that AMPK-
independent autophagy can exacerbate cardiac damage during the
reperfusion phase of I/R injury (Matsui et al., 2007). In summary, cellular
context determines whether autophagy promotes survival or cell death. As
such, several regulatory pathways precisely modulate autophagic flux to meet

cellular needs.

E. MCL-1 and clinical care

Heart disease is the leading cause of mortality in the United States.
Based on the Framingham and NHANES studies, this burden is exacerbated
by several common comorbidities, including obesity, diabetes,

hypercholesterolemia, and hypertension (D’Agostino et al., 2008; Go et al.,



2013). Consequently, cardiac disease substantially increases health care
costs and utilization in the United States (Go et al., 2013). While existing
therapies significantly improve outcomes, little progress has been made in
preventing myocyte death and fibrosis after ischemic insult. Relative
stagnation in cardiac care, increasingly prevalent risk factors, and an aging
population highlight a critical need for novel therapeutic approaches. Proteins
that regulate mitochondrial integrity and function such as MCL-1 present a
new avenue for potential cardiac intervention.

In addition to its role in the myocardium, MCL-1 appears prominently in
current cancer literature. Aberrant expression of anti-apoptotic BCL-2 family
members is a defining feature of many cancers, and upregulation of these
proteins is strongly associated with resistance to current therapies (Kang &
Reynolds, 2009). MCL-1 overexpression is especially common among
malignancies, and the protein is associated with relapse and resistance to
chemotherapeutics including other BCL-2 family antagonists (Beroukhim et al.,
2010, Wuilleme-Toumi et al., 2005, Lin et al., 2007). Since BCL-2 family
inhibitors, such as ABT-737, can actually select for cancer cells that
overexpress MCL-1, MCL-1 antagonists have been developed to overcome
this resistance (Yecies et al., 2010, Nguyen et al., 2007, Wei et al., 2010).
New therapeutics continue to target mechanisms involving MCL-1 to improve
treatment outcomes for cancer patients, but their efficacy and toxicity remain

poorly characterized (Wei et al., 2012).


http://www.ncbi.nlm.nih.gov/pubmed?term=Kang%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=19228717
http://www.ncbi.nlm.nih.gov/pubmed?term=Reynolds%20CP%5BAuthor%5D&cauthor=true&cauthor_uid=19228717
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F. Rationale (hypothesis and specific aims)

Anti-apoptotic effects of MCL-1 have been extensively characterized in
malignancies. Conversely, little is known about the function of MCL-1 in
normal cells, including cardiac myocytes. Although myocytes typically
comprise less than a third of cells in the human heart, they occupy almost 80%
of cardiac volume (Vliegen et al., 1991). Cardiac myocytes are also the
functional units of contraction, and their survival after cardiac injury determines
clinical prognosis. Cardiovascular therapy particularly emphasizes myocyte
salvage because these cells are terminally differentiated and difficult to
replace (Mani, 2008).

In this study, | generated inducible, myocyte-specific Mcl-1 knockout
mice to investigate the hypothesis that MCL-1 is essential for mitochondrial
integrity and cardiac function in the adult heart. | discovered that ablation of
MCL-1 in adult myocytes led to mitochondrial dysfunction, impaired
autophagy, and rapid development of severe heart failure. These findings
indicate that MCL-1 is critical for cardiac homeostasis and have broad clinical
implications for the design of potential chemotherapeutic antagonists of MCL-
During these studies, | have addressed three major aims:

1. To characterize the functional role of MCL-1 in the myocardium
2. To investigate the role of apoptosis, the mitochondrial permeability
transition pore, and necrotic cell death in MCL-1 deficient hearts

3. To examine the role of MCL-1 in cardiac autophagy and mitophagy
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Figure 1: Protein homology of BCL-2 family proteins. Proteins in this family
feature characteristic BCL-2 homology (BH) domains that facilitate interactions
between them. Anti-apoptotic proteins are shown in blue, pro-apoptotic
proteins are shown in red, and BH3-only proteins are shown in green. Lack of
a BH4 domain and an extended N-terminal (N-term) regulatory region
distinguish MCL-1 from other anti-apoptotic proteins. Transmembrane (TM)
domains are present at the C-terminus (C-term) in most BCL-2 proteins.
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Figure 2: MCL-1 and mitochondrial regulation of cell death pathways. MCL-1
resides at mitochondria, which produce ATP and integrate cell death
pathways. Activation of the intrinsic pathway of apoptosis via BAX/BAK
releases pro-apoptotic factors such as cytochrome c¢, while necrosis is
associated with mitochondrial permeability transition pore opening.
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Figure 3: Overview of autophagy. Cellular components are targeted for
degradation using p62 and enveloped in a double membrane autophagosome.
During autophagosome formation, conjugation with phosphatidylethanolamine
(PE) converts cytosolic LC3-1 to membrane bound LC3-Il. Fusion with the
lysosome leads to degradation of autophagosome contents, releasing fatty
and amino acids for biosynthesis and energy production.
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Figure 4: Regulation of autophagy proteins. mTOR integrates signals from the
endocrine system, nutrient availability (aa = amino acid), and intracellular
stress to regulate initiation of autophagy. Once mTOR is inhibited, ULK1 and
BECLIN-1/VPS34 complexes initiate phagophore formation. Elongation of the
autophagosome membrane is carried out by the ATG5/12 and LC3
conjugation systems. The mature autophagosome is a double membrane
structure tagged with LC3-II.



16

Mitophagy

Mitochondrial
Damage

Fission

Fusion

Figure 5: Mitochondrial fission precedes mitophagy. DRP-1 translocates to
damaged mitochondria, leading to fission that selectively isolates dysfunctional
mitochondrial fragments. Mitochondria with low membrane potential (|W¥)
undergo mitophagy while functional mitochondria fuse and persist.
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Figure 6: The PINK1/Parkin pathway regulates mitophagy. PINK1 is targeted
to mitochondria. In mitochondria with high membrane potential (Ym), PINK1 is
imported and degraded. In damaged mitochondria with reduced WYm, PINK1
recruits Parkin, which ubiquitinates mitochondrial proteins to recruit
autophagosomes.



Chapter 2: Materials and methods
Mouse surgeries and cardiac-restricted ablation of the Mc/-1 gene

| carried out all animal experiments in accordance with institutional
guidelines and approval by the Institutional Animal Care and Use Committee
of the University of California, San Diego. We subjected adult mice to
myocardial infarction by permanently ligating the left anterior descending
coronary artery (LAD) as described previously (Kubli et al., 2013). Briefly, we
anesthetized 12-16-week-old C57BI/6J mice with isoflurane. We intubated and
ventilated (Harvard Apparatus) the animals. We then ligated the LAD with an
8-0 silk suture and immediately closed the chest with sutures and tissue
adhesive.

| crossed mice harboring a homozygous conditional null mutation in the
Mcl-1 gene (Mcl-1""%) (Opferman et al., 2003) with transgenic aMHC-
MerCreMer mice (Sohal et al., 2001) that express Cre recombinase under the
transcriptional control of the cardiomyocyte-specific a-myosin heavy chain
(aMHC) promoter to generate conditional cardiomyocyte-specific Mcl-1
knockout mice. | then crossed Mcl-1"/"%:MerCreMer+ mice with cyclophilin D
null mice (Ppif") (Baines et al, 2005) to generate Ppif”Mcl-
17ox/oX -\ erCreMer+ double knockout mice. All mice were on a C57BL/6J
background and | used Cre- littermates as controls. To selectively delete Mcl-1
in cardiomyocytes, | injected 8-10 week old mice with 80 mg/kg of tamoxifen

for five days (Koitabashi et al., 2009). | found that this dose resulted in the

18
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most rapid and effective knockdown of the Mecl-1 gene without causing
cardiotoxicity.
Echocardiography

| carried out echocardiography as described previously using a
VisualSonics Vevo 770 with an RMV707B 15-45-MHz imaging transducer
(Kubli et al., 2013). | anesthetized mice with 0.5-1.5% isoflurane in 95% O,
5% CO; and placed them on a recirculating water warming pad. | acquired all
scans under light anesthesia with heart rates > 500 bpm to avoid anesthetic
depression of heart rate and cardiac function (Yang et al., 1999).
qPCR for hypertrophy markers

We isolated RNA from cardiac tissue using a thiocyanate-phenol-
chloroform extraction protocol based on the method of Chomcyznski and
Sacchi (1987). Briefly, we homogenized cardiac tissue samples in TRIzol
reagent (Ambion), separated organic and aqueous layers by centrifugation,
precipitated RNA from the aqueous phase, and synthesized cDNA via reverse
transcriptase reaction using 1 ug of RNA and Oligo-dT primers (Thermo
Scientific). We then carried out gPCR using standard TagMan primers and
TagMan Universal Mastermix Il (Applied Biosystems) on a 7500 Fast Real-
Time PCR system (Applied Biosystems). We calculated fold difference
according to the comparative Cr (224°;) method using GAPDH as a control

(Schmittgen & Livak, 2008).


http://www.ncbi.nlm.nih.gov/pubmed?term=Schmittgen%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=18546601
http://www.ncbi.nlm.nih.gov/pubmed?term=Livak%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=18546601
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Histological analysis and immunofluorescence

| arrested hearts in diastole during tissue collection with 200 mM cold
KCI, fixed them in 4% paraformaldehyde, dehydrated them in 70% ethanol,
and embedded them in paraffin. | then stained sections with H&E or Masson’s
Trichrome. To determine the size of cardiomyocytes, we labeled transverse
sections with fluorescein isothiocyanate—labeled (FITC-labeled) wheat germ
agglutinin (WGA) (Sigma-Aldrich), counterstained nuclei with DAPI (Vector
Laboratories), and determined cross-sectional area of myocytes in the LV wall
using Image Pro Plus software as described previously (Xiang et al., 2011).
We stained sections for DNA fragmentation in situ as previously described
(Quinsay, et al., 2010) using terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) with fluorescein labeled nucleotides (Roche Applied
Science). To detect activated caspase-3, we incubated heart sections with an
antibody specific for cleaved caspase-3 (Cell Signaling Technology) and
counterstained nuclei with Hoechst 33342. We used sections from 3-4 hearts
in each group for staining and analyzed at least five different fields/sections in
each experiment.
LDH and caspase-3 activity assay

To determine LDH activity, we cleared blood samples by centrifugation
at 3,000 x g for 10 min at 4°C. We quantified LDH activity via colorimetric
assay by measuring the reduction of a tetrazolium salt to formazan (Biovision).

We determined caspase-3 activity in whole heart homogenates using a
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fluorescent caspase-3 activity assay (EMD Biosciences). We used HL-60 cells
treated with 0.5 pyg/mL actinomycin D for 24 hours as a positive control. We
measured fluorescence using a Molecular Devices SpectraMax M3
spectrophotometer.
Western blot analysis

| homogenized hearts in Triton X-100 lysis buffer (50 mM Tris-HCI, 150
mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100 plus cOmplete
Protease Inhibitor cocktail (Roche)), and cleared lysates by centrifugation at
20,000 x g at 4°C for 20 min. | ran samples on Invitrogen NuPAGE Bis-Tris
Gels and transferred proteins to nitrocellulose membranes. | incubated
membranes with the indicated antibodies and imaged them with a BioRad
ChemiDoc XRS+ imager. Antibodies were directed against MCL-1 (Rockland
#600-401-394, 1:1000), BCL-2 (BD Biosciences, 1:1000), BCL-X, (Santa Cruz
#sc-8392. 1:100), BAK (Millipore Upstate #06-536, 1:500), BAX (Cell Signaling
#2772, 1:1000), LC3 (Cell Signaling #4108, 1:1000), p62 (ARP #03-GP62-C,
1:1000), cleaved caspase-3 (Cell Signaling #9664, 1:1000), GAPDH (Cell
Signaling #2118, 1:1000), actin (Sigma #A4700, 1:1000), tubulin (Sigma
#T6074, 1:1000), ubiquitin (Santa Cruz, sc-8017 1:100), AIF (Cell signaling
#5318, 1:1000), BNIP3 (Sigma B7931, 1:1000), p84 (Genetex GTX70220,
1:1000), Complex lll subunit Core 2 (Invitrogen 459220, 1:1000), TIM23 (BD

Biosciences 611222, 1:1000), PINK1 (Cayman 10006283, 1:500), BIM (Cell
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Signaling 2819, 1:500), NOXA (Novus NB600-1159, 1:200), GFP (Clontech
632380 1:1000) and ATG5 (Abgent AP1812a, 1:1000)
Co-immunoprecipitation

| carried out co-immunoprecipitation experiments as previously
described (Hanna et al., 2012). Briefly, | co-transfected mouse embryonic
fibroblasts with myc-tagged MCL-1 and YFP-tagged Parkin using FUGENE 6
transfection reagent according to the manufacturer's protocol (Promega
E2691). After 24 hours, | harvested cells in Triton X-100 lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100 plus
cOmplete Protease Inhibitor cocktail (Roche)) and pre-cleared lysates with
protein G PLUS-agarose (Santa Cruz Biotechnology #SC-2002) for 1 hour. |
incubated lysates with anti-myc antibody (Sigma #M4439) overnight, captured
immunocomplexes with protein G PLUS-agarose beads, eluted proteins in 2X
LDS sample buffer, and analyzed samples by Western blot.
Electron microscopy

We performed transmission electron microscopy on heart sections as
previously described (Quinsay et al., 2010). The hearts were fixed in 2.5%
glutaraldehyde in 0.1M cacodylate buffer, post-fixed in 1% osmium tetroxide,
treated with 0.5% tannic acid and 1% sodium sulfate, cleared in 2-
hydroxypropyl methacrylate and embedded in LX112 (Ladd Research,

Williston, VT). We mounted sections on copper slot grids coated with parlodion
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and stained them with uranyl acetate and lead citrate for examination on a
Philips CM100 electron microscope (FEI, Hillsbrough OR).
Cellular fractionation

| isolated mitochondria from mouse cardiac tissue according to the
methods described in Sayen et al.,, 2003. Briefly, | collected hearts from
terminally anesthetized mice, minced them in homogenization buffer (250 mM
Sucrose, 5mM KH;PO4, 2 mM MgClz, 10mM MOPS, 1mM EGTA, 0.1% fatty
acid free bovine serum albumin (BSA)) and homogenized them by polytron at
11,000 RPM. | broke up homogenates using a teflon drill and centrifuged them
at 600 x g and 4°C for 5 minutes. | collected the supernatant and centrifuged it
at 3000 x g and 4°C for 10 min. The resulting pellet contained mitochondria
while the remaining supernatant constituted the cytosolic fraction. | washed
mitochondria in homogenization buffer, and re-centrifuged them twice at
3000g and 4°C for 10 min. For Western blot, | lysed the resulting mitochondrial
pellet in Triton-X 100 lysis buffer, and quantified protein concentration by
Bradford assay.
Mitochondrial swelling assay, oxygen consumption and Complex I/ll
activity

We isolated cardiac mitochondria from tamoxifen treated Mcl—1f/f, Mcl-
1"Cre+, Ppif”"Mcl-1", and Ppif”Mcl-1"Cre+ mice at one week and carried out
mitochondrial swelling assays as described previously (Quinsay et al., 2010).

Briefly, we suspended sixty micrograms of mitochondria in 100 pl of
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homogenization buffer (250 mM sucrose, 5 mM KH2POy4, 2 mM MgCl,, 10 mM
MOPS (pH 7.4), 1 mM EGTA and 0.1% fatty acid free BSA) and added them
to a 96-well plate. We monitored mitochondrial swelling by measuring
absorbance on a plate reader (Molecular Devices SpectraMax M3) at 520nm.
The procedures used for mitochondrial respiration have been described
previously (Kubli et al., 2013). We recorded mitochondrial oxygen
consumption at 30°C using a Clark-type oxygen electrode (Hansatech
Oxygraph) in 600 pl of respiration buffer (140 mM KCI, 1 mM EGTA, 10 mM
MOPS (pH 7.4), 10 mM MgCl;, 5 mM KH,;PO4, and 0.2% fatty acid-free BSA).
We measured complex | dependent respiration using 200 ug of mitochondria
with 5 mM of pyruvate and 5 mM of malate as a substrate and complex I
dependent respiration with 5 mM succinate as a substrate. We recorded ADP-
stimulated respiration rate (state 3) after the addition of 2 mM ADP,
oligomycin-insensitive respiration rate (state 4) after the addition of 2 uM
oligomycin, and the maximal respiration rate after uncoupling the mitochondria
with 2 uM FCCP. We expressed rates as nA O - min~' - mg”~" protein. As a
measure of mitochondrial integrity, we also calculated the respiratory control
ratio (RCR) (state 3 divided by state 4 in the presence of oligomycin). The data
reported represent three to four independent mitochondrial preparations
comprising two hearts each.

In separate experiments, we measured the enzymatic activity of

oxidative phosphorylation (OXPHOS) complexes | and Il as previously
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described (Frazier & Thorburn, 2012). To assess complex | activity, we
resuspended mitochondria in buffer (50 mM KH,PO4, 5 mM MgCl,, 50 uM
NADH, 1 mM KCN, 10 yM Antimycin A, and 0.1% docecyl maltoside)
and recorded oxidation of NADH at 340 nm in a spectrophotometer (Molecular
Devices) upon addition of 50 uM CoQ1. To assess Complex Il activity, we
resuspended mitochondria in buffer (50 mM KH,PO4, 5 mM MgCl,, 50 uM
CoQ1, 80 uyM DCIP, 1 mM KCN, 10 pyM Antimycin A, and 0.1% docecyl
maltoside) and recorded reduction of DCIP at 600 nm upon addition of 10 mM
succinate. We then calculated enzymatic activities using absorption
coefficients of 6.22 mM/1cm for NADH and 21 mM/1cm for DCIP.
In vivo autophagy experiments

| administered tamoxifen by intraperitoneal injection to Mcl-
1o \erCreMer+ and Mcl-1""*: MerCreMer- littermates for five days. One
week after the first injection (day 7), | injected these mice with 60 mg/kg
chloroquine (Sigma) or vehicle to block autophagic flux. Six hours later, |
harvested hearts for Western blotting experiments as described above. In
separate experiments, | evaluated autophagy in Mcl-1"*"*:MerCreMer+ and
Mcl-1"¥"%: MerCreMer- mice in response to exercise. One week after initiating
tamoxifen administration, | subjected mice to two 10 minute swimming
sessions in a 37°C water bath separated by a two hour resting period in

between. On day 8, the two swimming periods were extended to 20 minutes.



26

On day 9, the mice were subjected to swimming for up to 120 minutes
followed by immediate euthanasia and tissue collection.
Isolation of neonatal rat cardiomyocytes

We isolated myocytes from 1-2 day old Sprague-Daley rat pups using
an isolation system from Worthington based on the method of Toraason et al.
(1988). After overnight trypsinization and collagenase dissociation, we plated
cells on 1% gelatin coated tissue culture plates using 4:1 media (80% DMEM,
20% M199, 100 pyM BrdU, 1X Antibiotic-Antimycotic (Invitrogen), 10% fetal
bovine serum) as previously described (Xiang et al., 2011).
Analysis of autophagy in neonatal rat cardiomyocytes

Twenty four hours after plating, | infected neonatal rat cardiomyocytes
with adenoviruses encoding 3-gal or MCL-1 (100 MOI) in 2% heat-inactivated
serum in DMEM for 3 h. For imaging of autophagosomes, | co-infected cells
with GFP-LC3. After 3-4 h, cells were rinsed and cultured in serum free 4:1
media for 24 h. For the experiment, | incubated cells in DMEM with or without
glucose for six hours before imaging GFP-LC3 positive autophagosomes or
measuring endogenous LC3 processing by Western blot. We captured high
resolution fluorescence micrographs using a Carl Zeiss AxioObserver Z1 fitted
with a motorized Z-stage and an Apotome for optical sectioning. We acquired
Z-stacks in ApoTome mode using a high-resolution AxioCam MRm digital
camera, a 63X Plan-Apochromat (Oil-immersion) objective and Zeiss

AxioVision 4.8 software (Carl Zeiss). For western, | harvested cells in RIPA
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lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 0.5% sodium deoxycholate, 1%
Triton X-100 plus cOmplete Protease Inhibitor cocktail (Roche)). | prepared
samples with NUPAGE LDS Sample Buffer (Invitrogen #NP0008), ran them on
Invitrogen NuPAGE 12% Bis-Tris gels, and transferred proteins to
nitrocellulose membranes. | incubated these membranes with LC3 antibody
(Cell signaling #4108, 1:1000) and goat anti-rabbit HRP (Invitrogen Molecular
Probes, #G21234, 1:3333), added Pierce ECL chemiluminescent substrate
(Thermo Scientific #32209), and imaged the resulting bands with a BioRad
ChemiDoc XRS+ imager and Quantity One Software.
Cell death in neonatal rat cardiomyocytes

Twenty hours after plating, | infected neonatal rat cardiac myocytes with
an adenovirus encoding 3-gal or MCL-1 (100 MOI) in 2% heat-inactivated
serum in DMEM for 3 h. After 3-4 hours, | rinsed cells and cultured them in
serum free 4:1 media for 24 h. The next day, | treated the cells with
doxorubicin (0.5 uM) for 24 h. We measured apoptosis by quantifying
nucleosomes using an ELISA-based cell death assay (Roche #1774425) as
previously described (Del Re et al., 2007). We also stained live cells with YO-
PRO-1 (1 yM) and Hoechst (10 ug/mL) as described previously (Hamacher-
Brady et al., 2007) and imaged them using a Carl Zeiss AxioObserver Z1 with
a high-resolution AxioCam MRm digital camera, a 10X EC Plan-Neofluar
objective, and Zeiss AxioVision 4.8 software (Carl Zeiss).

Statistical analyses
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| expressed all values as mean + standard error of mean (SEM). |
performed statistical analyses using Student’s t-test. | assessed survival using
the Kaplan-Meier method and log-rank test. Throughout these experiments, |
considered p<0.05 significant.
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Chapter 3: Characterization of cardiac-specific MCL-1 knockout mice

Introduction

Early histologic characterization demonstrated that MCL-1 is highly
expressed in normal myocardium (Krajewski et al., 1995). Several publications
have characterized the anti-apoptotic functions of MCL-1 in malignancies
(Thomas et al., 2010), but the functional role of MCL-1 in the heart has not
been investigated. Recent literature also identified two isoforms of MCL-1, but
relatively little is known about the function of each isoform (Huang and Yang-
Yen, 2010). MCL-1 contains a mitochondrial targeting signal in the first 33
residues of its N-terminal region. Cells import a fraction of expressed MCL-1
into mitochondria with an intact membrane potential. N-terminal processing by
mitochondrial proteases then generates a smaller cleavage product that is
localized to the mitochondrial matrix (Huang & Yang-Yen, 2010). The larger,
uncleaved isoform of MCL-1 resides at the outer mitochondrial membrane and
protects against apoptosis; the smaller isoform appears to facilitate
mitochondrial fusion, respiration, and protein assembly (Figure 7) (Perciavalle
etal., 2012).

In this chapter, | discuss experiments that provided rationale for
generating a cardiac-specific MCL-1 knockout mouse. | confirmed that MCL-1
is expressed in myocardium and identified both isoforms of MCL-1 in murine

tissues, including cardiac tissue from mice subjected to myocardial infarction.

29
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Using a tamoxifen-driven lox-Cre system, | then selectively disrupted the gene
that encodes Mcl-1 in adult mouse hearts and characterized their rapid

progression to pathologic hypertrophy, heart failure, and early mortality.

A. MCL-1 is altered by cardiac stress and promotes myocyte survival

My initial characterization confirmed that MCL-1 is highly expressed in
the adult mouse heart relative to other tissues such as skeletal muscle and
brain (Figure 8). Both isoforms of MCL-1 are clearly expressed in different
tissues, including myocardium. Western blot analysis of mitochondrial and
cytosolic fractions and fluorescent co-localization experiments also confirmed
that MCL-1 primarily localizes to mitochondria (Figure 9A,B). To determine
how stress affects MCL-1 isoforms in the myocardium, | analyzed MCL-1
protein levels in border zone tissue from control and infarcted hearts at
different time points. The border zone surrounding an infarct contains
salvageable myoctes, and their survival influences recovery of cardiac function
and prognosis. After inducing myocardial infarction in adult mice, | found that
the outer mitochondrial membrane (OMM) form is rapidly degraded in the
border zone (t = 4 hours), whereas the matrix form is unchanged (Figure
10A,B). The OMM isoform is exposed to the cytosol, where it is subject to
ubiquitination and caspase cleavage that explain its rapid elimination (Weng et
al., 2005, Zhong et al., 2005). Meanwhile, the matrix isoform appears to be

protected from such degradation. Strikingly, OMM levels of MCL-1 are
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restored in border zone tissue 24 hours after the infarct, suggesting that
surviving cardiac tissue prioritizes MCL-1 expression. In addition, the matrix
form of MCL-1 is significantly increased at 24 hours, indicating that MCL-1
may play an adaptive role in mitochondrial preservation during the cardiac
stress response. Finally, | overexpressed MCL-1 in rat neonatal cardiac
myocytes to determine whether the protein protects against doxorubicin, a pro-
apoptotic chemotherapeutic with known clinical cardiac toxicity (Chatterjee et
al., 2010). Using YO-PRO-1 staining to measure membrane permeabilization
and a nucleosome ELISA assay to detect nuclear fragmentation, | found that
overexpression of MCL-1 reduced apoptotic cell death (Figure 11A,B). These
results demonstrate that MCL-1 is an important pro-survival protein in

myocytes.

B. Loss of MCL-1 leads to rapid contractile dysfunction, cardiac
hypertrophy, and early mortality

To further investigate the functional role of MCL-1 in the myocardium, |
employed inducible, myocyte-specific Mcl-1 knockout mice. These animals

were generated by crossing Mcl-1"1%

mice with transgenic mice expressing
MerCreMer under the control of the a-myosin heavy chain promoter to permit
tamoxifen-inducible deletion of the Mcl-1 allele in the adult heart (Figure 12).

The Mcl-1""%MerCreMer+ (Mcl-1"Cre+) mice were born at the expected

Mendelian frequency and were indistinguishable in appearance from control
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Mcl-1""MerCreMer- (Mcl-1") littermates. To delete MCL-1 in cardiac
myocytes, | administered tamoxifen for five days to eight to ten week old mice
(Figure 13A). Tamoxifen treatment reduced MCL-1 staining in cardiac tissue
sections from Mcl-1""Cre+ mice (Figure 13B). Western blotting of heart lysates
confirmed a reduction in MCL-1 protein levels in hearts of Mcl-1"Cre+ mice
without affecting MCL-1 levels in skeletal muscle (Figure 13C).

After treating Mcl-1"" and Mcl-1""Cre+ mice with tamoxifen, | monitored
cardiac function at weekly time points using transmural echocardiography.
Echocardiographic analysis of tamoxifen-treated Mcl-1"Cre+ mice revealed
surprisingly severe contractile dysfunction and left ventricular dilatation as
early as one week after initiating tamoxifen injection (EF=74.59%1.53%,
FS=42.60%1.36%, LVdD=3.5420.14mm for Mcl-1" mice vs. EF=47.5416.27%",
FS=24.31+3.68%**, LVdD=4.11+0.15mm*** for Mcl-1"Cre+; *** ***p<0.05)
(Figure 14A,B). Cardiac dysfunction in Mcl-1"Cre+ mice persisted out to four
weeks, corresponding with a significant increase in left ventricular diastolic
diameter. Cardiac functional deficiencies and dilatation amongst Mcl-1"Cre+
mice culminated in early mortality. Strikingly, all Mcl-1""Cre+ mice died within
29 days after the initiation of tamoxifen treatment (median survival = 16 days)
(Figure 15). Cardiac function was not impaired in tamoxifen treated Mcl-
1VT™WT MerCreMer+ mice, confirming that the cardiac dysfunction was not due

to off-target Cre recombinase activity (Table 1).
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Gene deletion in a homozygous knockout typically produces a more
severe phenotype than partial ablation in a heterozygote. Heterozygotes
reveal whether smaller reductions in protein expression are sufficient to induce
pathology, and can provide important insights into the mechanism of disease.
To compare the severity of complete MCL-1 ablation in cardiac myocytes with
the effects of partial ablation, | injected mice that were heterozygous for the
floxed MCL-1 allele (Mcl-1"* and Mcl-1"*Cre+) with tamoxifen and tracked their
cardiac function by echocardiography. After tamoxifen treatment, heart tissue
from MCL-1 heterozygous knockouts exhibited an intermediate level of MCL-1
by Western blot compared to control and homozygous knockout hearts (Figure
16). Similarly to homozygous knockouts, MCL-1 heterozygous knockouts
exhibited severely impaired cardiac function at one week compared to Cre-
controls ~ (EF=80.31+0.09%,  FS=48.68+2.23%  for  Mcl-1"" vs.
EF=47.85+4.92%*, FS=24.08+2.79%* for Mcl-1"*Cre+, p<0.05), but they
improved significantly by week two (EF=67.29+3.83, FS=37.28+2.69 for Mcl-
1" Cre+, p<0.05 compared to week one heterozygotes and week two
homozygotes). By the fourth week after tamoxifen treatment, Mcl-1"*Cre+
mice were functionally indistinguishable from Cre- littermates (Figure 17). This
recovery after partial ablation contrasts strongly with the irrecoverable, lethal
heart failure evident in Mcl-1""Cre+ mice.

Following functional characterization, | examined organ and tissue

samples from Mcl-1""Cre+ mice and Cre- controls to determine whether MCL-
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1 deficient hearts exhibit other pathologic signs of heart failure. Mcl-1"Cre+
hearts were enlarged by gross morphology (Figure 18A), and ventricle-to-body
and lung-to-body weight ratios were significantly increased compared to Mcl-
1" hearts two weeks after tamoxifen administration (Figure 18B). Increased
ventricle weight indicates cardiac hypertrophy, while atrial enlargement and
increased lung weight are signs of cardiac insufficiency and pulmonary
edema. Additional evidence of cardiac hypertrophy included significantly
increased myocyte fiber size (Figure 19A,B) and increased expression of
ventricular hypertrophy markers atrial natriuretic factor (ANF) and brain
natriuretic peptide (BNP) (Figure 20A) in Mcl-1"Cre+ hearts. In addition,
expression of a—myosin heavy chain (a-MHC) decreased while expression of
B—myosin heavy chain (B-MHC) increased upon loss of MCL-1 (Figure 20B).
This switch from adult to fetal MHC isoforms indicates reactivation of fetal

gene programs that are associated with pathological cardiac hypertrophy

(Gupta, 2007).

C. MCL-1 deficiency leads to cardiac fibrosis and loss of myocytes
Tissue sections from MCL-1 deficient hearts revealed signs of
extensive cardiac injury. Histological analysis revealed increased left
ventricular chamber dimensions and severe ventricular wall thinning in Mcl-
1""Cre+ hearts two weeks after tamoxifen treatment (Figure 21A). Left atrial

thrombus was also evident in the Mcl-1""Cre+ heart shown, demonstrating
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impaired hemodynamics (Figure 21B). H&E stained cross sections revealed
that loss of MCL-1 leads to myofibrillar disarray and myocyte degeneration
(Figure 22). Masson’s trichrome staining of heart sections from Mcl-1""Cre+
hearts demonstrated extensive interstitial fibrosis and loss of myocytes
throughout the left ventricle (Figure 23A,B) while gqPCR showed increased
transcription of collagen mRNA (Figure 23C). MCL-1 deficiency thus leads to
rapid, extensive myocardial tissue damage, loss of myocytes, and irreversible,

lethal cardiomyopathy.

Conclusion:

| have demonstrated that MCL-1 is essential for normal cardiac
function. The protein localizes to cardiac mitochondria, responds rapidly and
specifically to cardiac injury, and protects myocytes against cell death. MCL-1
ablation leads to contractile dysfunction, loss of myocytes, cardiac fibrosis,
and rapid heart failure in the absence of other stress. MCL-1 knockout mice
exhibit key clinical features of heart failure, including hypertrophy, cardiac
insufficiency, ventricular dilatation with wall thinning, and early mortality. The
observed ventricular dilatation exacerbates the pathology by increasing wall
stress, cardiac afterload and myocardial oxygen consumption (MVO2).
Dilatation also combines with low cardiac output to promote thrombus
formation (Lip & Gibbs et al., 1999). Strikingly, the intact Mcl-1 allele in

heterozygous knockouts preserves MCL-1 expression and allows the heart to
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recover functionally. These results suggest that maintaining MCL-1 in the
setting of cardiac stress facilitates cardiac recovery. Ultimately, the results
presented above led to studies addressing the cause of myocyte death and

cardiac dysfunction that will be discussed in the next chapter.
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Figure 7: Outer mitochondrial membrane (OMM) and matrix isoforms of MCL-
1. MCL-1 is processed at mitochondria to generate OMM and matrix isoforms.
Cleavage of N-terminal residues in the mitochondrial matrix produces a
smaller MCL-1 isoform on Western blot that appears to facilitate assembly of
proteins in the electron transport chain (blue).
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Figure 8: MCL-1 expression in murine tissues. Representative Western blot
shows MCL-1 is highly expressed in myocardium relative to tissues such as
skeletal muscle (SKM) and brain. The MCL-1 isoform doublet is also clearly
detectable in different tissues. Extensive post-translational modification of
MCL-1 may contribute to small diffences in gel migration.
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Figure 9: MCL-1 localizes to mitochondria A. Fractionation of cardiac lysate
shows that the majority of MCL-1 resides in the mitochondrial fraction B.
Fluorescent microscopy reveals that HA-tagged wild-type MCL-1 (green)
overexpressed in mouse embryonic fibroblasts colocalizes with networked
mitochondria stained for TOM20 (red).
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Figure 10: Myocardial infarction alters MCL-1 isoform expression. A.
Representative Western blot analysis of MCL-1 in control hearts and in the
border zone of the infarct. B. Quantitation of outer mitochondrial membrane
(OMM) and matrix MCL-1 isoforms (n = 5-6).
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Figure 11: MCL-1 overexpression reduces doxorubicin-mediated cell death in
myocytes. Neonatal rat cardiac myocytes were infected with an adenovirus
encoding B-gal or MCL-1 (100 MOI) and then treated with doxorubicin (0.5
MM) for 24 hours. A. Representative live cell images show fewer
permeabilized YO-PRO-1-positive cells (green) when MCL-1 s
overexpressed. B.. Quantification of apoptosis using nucleosome ELISA
shows increased apoptosis in B-gal-overexpressing myocytes. In contrast,
cells overexpressing MCL-1 are protected against doxorubicin-mediated cell
death (n = 4).
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Figure 12: Generation of cardiac specific Mcl-1 knockout mice. The use of the
a-myosin heavy chain promoter restricts MerCreMer fusion protein expression
to cardiac myocytes. Tamoxifen treatment induces nuclear translocation of the
MerCreMer complex, loxP recombination, and Mcl-1 deletion.




43

= =
=
A. f o
o < ™~ sl
= > = >
a 5 8 a
l l
——— i —>
—
Tamoxifen
Injections (5)
Cardiac Tissue
B Mcl-1% Mcl-1"Cre+
G. Heart Skeletal Muscle
Mecl-17 Mcl-1"Cre+ Mecl-17 Mcl-17Cre+
s - MCL-1 S ——— \CL-1

wwmmmmems GAPDH ~~ ssewsssmes GAPDH

Figure 13: Cardiac specific ablation of MCL-1. A. Tamoxifen treatment
schedule. B. MCL-1 ablation in myocardial tissue sections reduces MCL-1
staining by immunohistochemistry. C. Western blot analysis for MCL-1 in heart
and skeletal muscle two weeks after initiating tamoxifen treatment
demonstrates tissue specific MCL-1 ablation in myocardium from Cre+ mice.
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Figure 14: Echocardiography for Mcl-1" and Mecl-1"Cre+ mice. A.

Representative M-Mode echocardiograms at two weeks showed reduced
contractile function in Mcl-1"Cre+ hearts B. Echocardiographic analysis
revealed reduced ejection fraction (EF) and fractional shortening (FS) as well
as enlarged left ventricular diastolic dimension (LVDd) in Mcl-1"Cre+ mice (n

= 5-14, *p<0.05).
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Figure 15: Kaplan-Meyer analysis for Mcl-1""and Mcl-1""Cre+ mice. Survival is
significantly reduced in Mcl-1"Cre+ mice compared to Mcl-1" controls
(p<0.05). Median survival for Mcl-1"Cre+ mice = 16 days after initiating
tamoxifen treatment.



46

Table 1: Echocardiography data for Mcl-1""""Cre+ control mice. Activation
of Cre by tamoxifen does not lead to cardiac impairment in the absence of
floxed Mcl-1 alleles.

Week 0 Week 2 Week 4

EF (%) 79591202 7709+469 79831421

FS (%) 4747 +191 46.16+£3.95 4835%3.74

LVDd (mm) 3.50+0.14  3.88+0.41 3.71+£0.31
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Figure 16: Western blot for heterozygous MCL-1 ablation. Intermediate MCL-

1 levels persist in heterozygote floxed MCL-1 heart tissue despite extended
tamoxifen treatment (10 doses) over two weeks.
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Figure 17: Echocardiography in Mcl-1"* and Mcl-1"*Cre+ heterozygous mice.

Partial ablation of MCL-1

in heterozygotes leads to temporary cardiac

impairment followed by functional recovery. Heterozygotes in this experiment

received the standard 5-dose tamoxifen treatment

**p>0.05).

(n = 4-10, *p<0.05,
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Figure 18: Ablation of MCL-1 leads to cardiac hypertrophy and pulmonary
edema. A. Mcl-1"Cre+ hearts are enlarged on gross morphology one week
after initiating tamoxifen treatment. B. Ventricle weight and lung weight to body
weight ratios from Mcl-1"" and Mcl-1"Cre+ mice two weeks after tamoxifen
treatment (n = 15-17).
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Figure 19: Myocyte cross-sectional area in Mcl-1" and Mcl-1"Cre+ hearts A.
Representative images of wheat germ agglutinin (WGA) staining two weeks
after initiating tamoxifen treatment. (scale bar = 35 ym). B. Quantitation of
myocyte cross-sectional area (n = 4) two weeks after tamoxifen treatment.
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Figure 20: Analysis of hypertrophy markers by qPCR at two weeks. A. ANF
and BNP mRNA are significantly elevated in Mcl-1"Cre+ hearts (n = 9-10). B.
MHC isotype switching occurs in Mcl-1"Cre+ hearts two weeks after initiating
tamoxifen treatment (n = 9-10).
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A. Mecl-17  Mcl-1"Cre+

Figure 21: Ablation of MCL-1 leads to ventricular dilatation, atrial thrombosis,
and myocyte disorganization. A. H&E staining shows thinning of the left
ventricular wall in Mcl-1"Cre+ hearts two weeks after initiatin9 tamoxifen
treatment (scale bar = 5 mm). B. Left atrial thrombus in the Mcl-1"Cre+ heart

(scale bars: left = 500 mm; right = 100 mm).
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Figure 22: H&E staining in Mcl-1" and Mcl-1"Cre+ hearts. Representative
sections show marked myocyte disorganization and degeneration in Mcl-
1"Cre+ hearts two weeks after initiating tamoxifen treatment (scale bars: left =
500 mm, right = 100 mm).
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Figure 23: Fibrosis in MCL-1 deficient hearts. A. Representative sections
stained with Masson’s trichrome reveal extensive fibrosis in the left ventricle
(LV) of Mcl-1"Cre+ hearts two weeks after initiating tamoxifen treatment (scale
bars: left = 500 mm, right = 100 mm). B. Quantitation of fibrosis (n = 3) at two
weeks. C. gPCR analysis of Col1A1T mRNA levels at two weeks (n = 9-10).



Chapter 4: The role of apoptosis and necrosis in MCL-1 deficiency

Introduction

Loss of anti-apoptotic proteins such as BCL-2 typically leads to
increased apoptosis (Veis et al., 1993). Similarly, the loss of MCL-1 has been
shown to increase apoptosis in lymphoid cells (Opferman et al., 2003). The
relationship between MCL-1 and apoptosis in other cell types, however, varies
remarkably. Rinkenberger, et. al found no increase in apoptosis in Mc/-1 null
embryos (Rinkenberger et al., 2000). More recently, Germain et al. (2011)
demonstrated that MCL-1 ablation activates very little apoptosis in cortical
neurons. In fact, these studies found that apoptosis in the setting of MCL-1
deficiency often requires a second apoptotic stimulus.

In this chapter, | present data that addresses the mechanism of
myocyte death in MCL-1 deficient hearts. | investigated activation of apoptosis
and necrosis because both pathways have been implicated in the loss of
myocytes during cardiac injury and heart failure (Foo et al., 2005, Baines et
al., 2005, Nakayama, et al., 2007). In MCL-1 deficient hearts, | found no
evidence of increased apoptosis, but | observed several characteristic signs of
cardiac necrosis including mitochondrial swelling, release of lactate
dehydrogenase from ruptured myocytes, and extensive tissue inflammation.
Necrosis is associated with mitochondrial permeability transition pore (mPTP)

opening, which can be antagonized by deleting cyclophilin D (Baines et al.,

95
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2005). To evaluate the role of mPTP opening in MCL-1 deficient cardiac
myocytes, | generated Ppif”Mcl-1"""*Cre+ double knockout mice. | found
that cyclophilin D ablation does not rescue the Mcl-1 knockout phenotype but

delays progression of heart failure and prolongs survival.

A. MCL-1 deficiency does not activate apoptosis

Since MCL-1 is an anti-apoptotic protein, | investigated whether
apoptosis of myocytes contributed to damage in MCL-1-deficient hearts.
Activation of apoptosis was assessed by terminal deoxynucleotidyl transferase
UTP nick-end labeling (TUNEL) and immunostaining for cleaved (active)
caspase-3 in heart sections at one and two week time points (Figure 24,25).
Several apoptotic initiation pathways converge on caspase-3, an effector
caspase that initiates the execution phase of apoptosis. During this terminal
phase, cleaved-caspase-3 activates endonucleases and proteases that carry
out nuclear fragmentation and cytoskeleton disassembly (Taylor et al., 2008;
Parrish et al., 2013). Surprisingly, the number of TUNEL positive nuclei and
myocytes positive for cleaved caspase-3 was not significantly increased at
either time point after deletion of MCL-1. Since low-level apoptosis can still
cause extensive damage in terminally differentiated organs such as the heart
(Wencker et al., 2003), | employed several additional techniques to rule out

apoptotic activation in Mcl-1""Cre+ hearts.
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To determine whether the loss of MCL-1 activates terminal apoptosis in
Mcl-1"Cre+ hearts, | measured caspase-3 activity and cleaved-caspase-3
protein levels in cardiac tissue samples. Fluoresecent substrate processing
(Figure 26A) and cleaved caspase-3 expression (Figure 26B) were not
elevated in Mcl-1""Cre+ hearts.

Poly-ADP-ribose-polymerase (PARP) is a nuclear DNA repair protein
that is cleaved into characteristic 89 and 24 kDa fragments during apoptosis
(Soldani et al., 2001). | did not detect an increase in PARP cleavage in Mcl-
1""Cre+ heart lysates at one or two week time points (Figure 27A). | also
fractionated cardiac lysates to look for evidence of apoptosis inducing factor
(AIF) translocation. In response to proapoptotic stimuli, AlF is released from
mitochondria and translocates to the nucleus where it causes caspase-
independent cell death (Susin et al.,, 1999). MCL-1-deficient hearts did not
exhibit AIF release from mitochondria or increased levels of AlF in the nucleus
(Figure 27B). Taken together, these data demonstrate that enhanced
apoptosis is not a significant contributor to the cardiac damage observed in
MCL-1-deficient hearts.

Cell susceptibility to apoptosis depends on a balance between anti-
apoptotic and pro-apoptotic proteins (Korsmeyer et al., 1993). To address the
seemingly paradoxical lack of apoptosis in MCL-1 deficient hearts, | quantified
other BCL-2 family proteins in cardiac lysates from Mcl-1"" and Mcl-1"Cre+

hearts. | found that BCL-2 and BCL-X_ were significantly upregulated upon
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deletion of MCL-1 (Figure 28A,B). Overexpression of BCL-2 or BCL-X. has
been shown to rescue MCL-1 deficient myeloid cells from apoptosis (Glaser et
al., 2012), and MCL-1 deficient hearts may upregulate these other anti-
apoptotic proteins as a compensatory mechanism. Pro-apoptotic BAX was
also upregulated in Mcl-1"Cre+ hearts after tamoxifen treatment, but the BCL-
2/BAX ratio was not altered (Figure 28C). MCL-1 is known to interact with the
BH3-only proteins BIM and NOXA, preventing them from activating apoptosis.
Translocation of these protiens to mitochondria has been shown to activate
MOMP and apoptosis (Han et al., 2007; Tong et al., 2005). Despite the loss of
MCL-1, the levels of these proteins at the mitochondria did not increase.
Similarly, the loss of MCL-1 did not change the level of the BH3-only protein
BNIP3 (Figure 29). In summary, in response to loss of MCL-1, the myocardium
upregulates other anti-apoptotic proteins, preserves the BCL-2/BAX balance,
and avoids translocation of BH3-only proteins to mitochondria. These changes
provide an explanation for the lack of apoptosis in MCL-1 deficient hearts, but

they do not account for the loss of myocytes.

B. Loss of MCL-1 in myocytes leads to mitochondrial swelling,
permeability transition, and necrosis with LDH release and inflammation

The lack of apoptosis in MCL-1 deficient hearts suggested that
myocytes were dying by another mechanism. To elucidate this process, |

examined cardiac ultrastructure using transmission electron microscopy (TEM)
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images from MCL-1-deficient hearts. Mitochondria in Mcl-1"Cre+ myocytes
exhibited signs of extensive damage one week after tamoxifen administration
including swelling and outer membrane rupture (Figure 30A). Outer membrane
rupture indicates that these mitochondria had undergone opening of the
mitochondrial permeability transition pore (mPTP), a prominent feature in
necrotic cell death. Other signs of necrosis included the presence of cellular
debris in the extracellular space from ruptured myocytes and the presence of
infiltrating inflammatory cells. In addition to ultrastructural evidence for cardiac
injury and myocyte death, circulating lactate dehydrogenase (LDH) activity
increased significantly in Mcl-1""Cre+ mice (Figure 30B). LDH is a cytosolic
enzyme that is released when cells rupture, and it previously served as a
clinical biomarker for cardiac injury (Aldous, 2013). Increased circulating LDH
indicates that the loss of MCL-1 leads to myocyte rupture. In addition, MCL-1
deficiency led to increased myocardial inflammation. Mcl-1"Cre+ hearts
exhibited increased CD45+ staining consistent with leukocyte infiltration
(Figure 31A) and elevated inflammation markers by qPCR (Figure 31B).
These inflammatory cytokines, including TNF-a, IL-6, and TGF-B, are elevated
in response to cardiac necrosis during cardiac injury. Although limited
inflammation can activate cardioprotective pathways, clear cellular debris, and
promote wound healing/stable scar formation, prolonged elevation of these
cytokines exacerbates heart failure by inducing hypertrophy, fibrosis, and

ventricular dilatation (Gullestad et al., 2012; Frangogiannis, 2012). Taken
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together, these findings indicate that myocyte cell death proceeds by necrosis
with mPTP opening.

Even unruptured mitochondria in Mcl-1"Cre+ hearts appeared
fragmented and exhibited extensive swelling and cristae remodeling by TEM.
Surprisingly, analysis of mitochondrial fission and fusion proteins in cardiac
lysates revealed no changes in MFN1/2, OPA1, FIS1 and DRP-1 levels
(Figure 32A,B). Despite extensive mitochondrial fragmentation, | did not detect
DRP-1 in the mitochondrial fraction from Mcl-1"Cre+ hearts (Figure 32C).
Lack of DRP-1 translocation indicates that conventional mitochondrial fission
was not activated. Co-immunoprecipitation (COIP) of MCL-1 in cardiac lysates
showed that MCL-1 and DRP-1 interact (Figure 33A), and this interaction is
enhanced by stress in cardiomyocytes (Figure 33B,C). Thus it is possible that
loss of MCL-1 at cardiac mitochondria may impair normal DRP-1 recruitment,
leading to aberrant mitochondrial dynamics.

Mitochondrial integrity and permeability transition can be evaluated in
vitro by subjecting isolated mitochondria to exogenous calcium stress. In the
myocardium, mitochondria normally buffer calcium fluxes, and [Ca®'] in the
mitochondrial matrix couples respiration with metabolic demand. In contrast,
calcium overload in response to stress such as ischemia/reperfusion injury
leads to mPTP opening, mitochondrial swelling, and necrosis (Gustafsson &
Gottlieb, 2008). Mitochondrial swelling assays (expressed as absorbance at

520nm) confirmed that isolated MCL-1-deficient cardiac mitochondria were
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swollen at baseline and exhibited modest calcium-induced swelling compared
to wild type cardiac mitochondria (Figure 34). Interestingly, the mPTP inhibitor
cyclosporine A initially blocked Ca®'-mediated swelling in MCL-1-deficient
mitochondria but after 15 min, it was no longer effective in preventing swelling.
These results suggest that MCL-1-deficient mitochondria can swell
independently of mPTP opening. Moreover, addition of recombinant MCL-1 to
mitochondria isolated from Mcl-1"Cre+ hearts did not reduce baseline swelling
and had no effect on Ca?*-mediated swelling, suggesting that MCL-1 is not a
direct regulator of the mPTP (Figure 35).

In addition to baseline swelling, mitochondria from Mcl-1""Cre+ hearts
exhibited impaired respiration and ETC complex activity one week after
tamoxifen treatment. Respiration was quantified by measuring oxygen
consumption in isolated mitochondria. State 3 respiration refers to functional
oxygen consumption during mitochondrial ATP production, state 4 addresses
“leak” consumption that takes place when ATP production is blocked/stopped,
and FCCP uncoupled respiration provides a measure of maximal respiratory
capacity in the absence of a proton gradient. The respiratory control ratio
(RCR) measures how tightly oxygen consumption and ATP production are
coupled in mitochondria, and healthy mitochondria exhibit higher RCR values.
Mitochondria isolated from Mcl-1"Cre+ hearts had reduced respiration rates
compared to Mcl-1"" (Table 2). There was also a significant reduction in the

respiratory control ratio between Mcl-1"" and Mcl-1"Cre+ mitochondria,
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confirming that mitochondria from MCL-1-deficient hearts are dysfunctional.
Although mitochondrial respiration was significantly reduced in the knockouts,
| expected to observe a much more severe decrease in function. However,
this modest decrease is most likely due to selection of healthy mitochondria
during the isolation process. Most of the damaged mitochondria may be lost
during the isolation process and as a result, the defects in respiration are often
underestimated.

To complement oxygen consumption data, the enzyme activities of
specific ETC complexes were directly measured by monitoring substrate
oxidation or reduction by isolated mitochondria with a spectrophotometer.
Analysis of the specific enzyme activities confirmed a ~40% reduction in
Complex | and a ~50% reduction in Complex Il activities in MCL-1-deficient
mitochondria (Figure 36). Together, these data indicate that loss of MCL-1
resulted in impairment of mitochondria, opening of the mPTP, and necrotic cell
death.

To further investigate the role of mPTP opening and necrosis in Mcl-
1""Cre+ hearts, | generated Ppif”Mcl-1"Cre+ double knockout mice. Ppif
encodes for cyclophilin D (CypD), which is an essential component of the
mPTP (Baines et al., 2005). | hypothesized that antagonizing pore opening
would reduce myocyte death and ameliorate the MCL-1 knockout phenotype.
Ejection fraction and fractional shortening in Ppif”Mcl-1""Cre+ mice were still

significantly reduced compared to Ppif”Mcl-1" mice one week after tamoxifen
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treatment (Figure 37A,B). Cardiac function in Ppif”Mcl-1"Cre+ mice, however,
was significantly better compared to Mcl-1"Cre+ mice at one week
(EF=69.24+4.98%*, ~ FS=39.57+3.78%*  for  Ppif"Mcl-1"Cre+ vs.
EF=47.54+6.27%, FS=24.31+3.68% for Mcl-1"Cre+; ***p<0.05), but the
functional differences between these groups were no longer significant at two
weeks (EF=61.81+4.82%", FS=34.53+3.68%" for Ppif Mcl-1"Cre+ vs.
EF=47.3145.57%, FS=24.78+3.33% for Mcl-1"Cre+; # #p>0.05). In addition,
CypD deletion delayed cardiac dilatation in MCL-1 deficient mice. LVDd did
not increase in Ppif”Mcl-1"Cre+ hearts until the fourth week after treatment,

1" hearts

at which point LVDd increased significantly compared to Ppif"Mcl-
(Figure 37B). Double knockout mice also developed cardiac hypertrophy and
pulmonary edema (Figure 38A), but had extended survival (up to 40 days, with
median survival = 37 days) compared to Mcl-1""Cre+ mice (median survival =
16 days) (Figure 38B). Interestingly, LDH activity in blood was not significantly
increased one week after initiating tamoxifen treatment (Figure 39). The LDH
data indicates that loss of CypD delays activation of cardiac necrosis in MCL-1
deficient hearts. Histological analysis of H&E stained sections revealed
myofibrillar disarray similar to what | observed in Mcl-1"Cre+ hearts (Figure
40). Consistent with previous reports (Baines et al., 2005), mitochondria from
both Ppif”Mcl-1" and Ppif”Mcl-1""Cre+ hearts were resistant to Ca**-mediated

swelling (Figure 41). Similar to Mcl-1"Cre+ mitochondria, Ppif’”Mcl-1""Cre+

mitochondria were already swollen at baseline, indicating that mitochondrial
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swelling occurs even in the absence of a functional mPTP. Next, |
investigated if lack of a functional mPTP led to activation of apoptosis upon
loss of MCL-1. However, MCL-1 deletion in Ppif’”Mcl-1""Cre+ mice did not lead
to an increase in TUNEL positive myocytes, or detectable levels of cleaved
caspase-3 in heart sections (Figures 42,43). Thus, lack of a functional mPTP

delays but does not rescue development of heart failure upon loss of MCL-1.

Conclusion

These data demonstrate that the loss of MCL-1 in cardiac myocytes
does not activate apoptosis. Instead, MCL-1 deficiency leads to mitochondrial
permeability transition and swelling, myocyte rupture with LDH release, and
cardiac tissue inflammation. These findings are consistent with myocardial
necrosis (Kung, et al. 2011, de Haan et al., 2013). In MCL-1 deficient hearts, |
observed increased BAX levels, which may drive both apoptosis and necrosis
(Whelan et al., 2012). In the setting of MCL-1 deficiency, however,
overexpression of other anti-apoptotic proteins such as BCL-2 may rescue
cells from apoptosis (Glaser et al.,, 2012). BCL-2 upregulation in MCL-1
deficient hearts may prevent apoptosis while allowing necrosis to proceed.
Deletion of cyclophilin D did not rescue MCL-1 deficient hearts but delays
progression to heart failure and reduces cardiac damage markers. These data
indicate that mPTP opening contributes to myocyte death and cardiac

dysfunction in MCL-1 deficient mice, but other mechanisms are involved.
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Figure 24: TUNEL staining in Mcl-1" and Mcl-1"Cre+ heart sections. Staining
shows TUNEL positive cells (green) and nuclei (blue). A. Representative
images of TUNEL staining from two different hearts at one and two weeks
after initiation of tamoxifen injections. Arrows mark TUNEL positive nuclei
(scale bar = 50 ym). B. Quantitation of TUNEL positive myocytes (n = 3—4).
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Figure 25: Staining for cleaved caspase-3 in Mcl-1" and Mcl-1"Cre+ heart
sections. Immunostaining shows tropomyosin (green), cleaved caspase-3
(red), and nuclei (blue). A. Representative images of hearts at one and two
weeks after initiation of tamoxifen injections (scale bar = 50 pm). B.
Quantitation of myocytes positive for cleaved caspase-3 (n = 3—-4).
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Figure 26: Loss of MCL-1 in myocytes does not activate caspase-3. A.
Caspase-3 activity assay in heart lysates two weeks after initiating tamoxifen
treatment. Positive control consists of HL-60 cells treated with 0.5 mg/mL
actinomycin D for 24 hours (n = 3-6, *p<0.001 vs. Mcl-1"). B. Representative
Western blot for cleaved caspase-3 at two weeks. Positive control consists of
HL-1 cells treated with 1 yM staurosporine for eight hours.
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Figure 27: Western blot analysis for apoptotic markers. A. Representative
Western blot shows that loss of MCL-1 does not activate PARP cleavage. B.
Western blot analysis of cellular fractionation shows that MCL-1 ablation does
not induce AIF translocation to the nucleus two weeks after initiating tamoxifen
treatment.
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Figure 28: Analysis of BCL-2 family proteins in Mcl-1" and Mcl-1"Cre+
hearts. A. Representative Western blot shows that loss of MCL-1 leads to
upregulation of other anti-apoptotic proteins in cardiac lysates two weeks after
initiating tamoxifen treatment. B. Quantitation of BCL-2 protein levels (n = 7,
*p<0.05 vs. Mcl-1™). C. No significant difference in the BCL-2/BAX protein
ratio was detected between Mcl-1"" and Mcl-1"Cre+ hearts by western blot (n
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Figure 29: Western blot analysis for BH3-only proteins. Samples consist of
mitochondrial fractions from cardiac lysates collected two weeks after initiating
tamoxifen treatment. Loss of MCL-1 in cardiac tissue does not alter protein
levels of BIM and NOXA, which are binding partners of MCL-1. In addition,
MCL-1 deficiency does not change BNIP3 protein levels.
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Figure 30: Ablation of MCL-1 leads to degeneration of mitochondria and
myocyte rupture. A. Ultrastructural images reveal the presence of swollen
mitochondria (white arrows) in MCL-1-deficient hearts one week after initiating
tamoxifen injections (scale bars: left panels = 2 mm, top and middle right = 0.5
mm,; bottom right = 1 mm). B. LDH activity in blood at one week (n = 5-6).
Loss of MCL-1 leads to increased LDH activity in blood samples.
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Figure 31: Loss of MCL-1 leads to cardiac inflammation A. Representative
CD45+ staining in cardiac sections collected two weeks after initiating
tamoxifen treatment. Leukocyte infiltration is increased in Mcl-1"Cre+ hearts
(scale bar = 50 ym). B. Analysis of inflammatory markers by qPCR at two
weeks (n = 5-8).
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Figure 32: Analysis of mitochondrial fusion and fission proteins in Mcl-1" and
Mcl-1"Cre+ hearts. Lysates were prepared from cardiac tissue collected one
week after initiating tamoxifen treatment. A. Western blot shows no change in
mitochondrial fusion protein (MFN1, MFN2, and OPA1) levels. B. Western blot
shows no change in mitochondrial fission protein (DRP-1 and FIS1) levels. C.
Western blot analysis of cytosolic and mitochondrial fractions demonstrate that
DRP-1 is only detectable in the cytosol.
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Figure 33: MCL-1 and DRP-1 interact in cardiac myocytes. A.
Immunoprecipitation of MCL-1 from cardiac lysate reveals that DRP-1
interacts with MCL-1 in the heart. B. Serum starvation in neonatal rat cardiac
myocytes for 24 hours leads to mitochondrial fission. C. COIP between DRP-1
and MCL-1 demonstrates that stress enhances their interaction in neonatal rat
cardiac myocytes.
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Figure 34: Swelling assay for mitochondria isolated from Mcl-1"" and Mcl-
1"Cre+ hearts. Mitochondria were isolated one week after initiating tamoxifen
injections and treated with 250 uM calcium with or without 1 pM CsA.
Mitochondria from Mcl-1"Cre+ hearts exhibit lower baseline absorbance and
swell less in response to calcium. Cyclosporine A treatment prevents swelling
in mitochondria from Mcl-1"" hearts, but swelling still occurs in mitochondria
from Mcl-1"Cre+ hearts.
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Figure 35: Addition of recombinant MCL-1 does not alter mitochondrial
swelling. Prior to the swelling assay, mitochondria were incubated with 1 ug of
Glutathione S-Transferase (GST)-tagged recombinant MCL-1. Mitochondria
from Mcl-1"Cre+ hearts are still swollen at baseline and exhibit limited
swelling in response to Ca®" stress.
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Table 2: Respiration of mitochondria isolated from Mcl-1" and Mcl-1"Cre+
mice. Mitochondria were isolated from cardiac tissue one week after initiating

tamoxifen treatment. Rates are nAtoms O/min/mg protein (*p<0.05 vs. Mcl-1"
n=3-4).

Complex |: Pyruvate/Malate

Genotype State 3 State 4 FCCP RCR
Mcl-1t% 268.9+8.8 31.2+42 1 275.5+99 8.67+1.16
Mcl-1%Cre+ 247 31557 48.9+3 4% 2409 4% 5.07+0.57F

Complex Il: Succinate

Genotype State 3 State 4 FCCP RCR
Mcl-1tf 428 4+8 1 120 4+4 2 347 9+18 4 3.56+0.23
Mcl-1%Cre+ 332+5 6™ 115.4+13 3 287 3+13.3* | 2.91+0.18"
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Figure 36: Complex | and complex Il activities in isolated mitochondria from
Mcl-1" and Mcl-1"Cre+ hearts. Mitochondria were isolated one week after
initiating tamoxifen treatment (n = 4).
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Figure 37: Echocardiography in Ppif”"Mcl-1" and Ppif’"Mcl-1"Cre+ mice. A.
Representative M-Mode echocardiograms two weeks after initiating tamoxifen
treatment. B. Echocadiographic analysis revealed reduced ejection fraction
(EF) and fractional shortening (FS) in Ppif”"Mcl-1"Cre+ mice. Left ventricular

diastolic dimension (LVDd) is not significantly increased until four weeks (n =
4-19, *p<0.05)
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Figure 38: Organ weights and survival curve for Ppif’"Mcl-1"" and Ppif’Mcl-
1"Cre+ mice. A. Ventricle weight and lung weight to body weight ratios are
significantly increased in Ppif’”"Mcl-1"Cre+ mice two weeks after initiating
tamoxifen treatment (n = 17-21). B. Kaplan-Meyer analysis revealed early
mortality in Ppif”"Mcl-1"Cre+ mice (p<0.05).
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Figure 39: LDH activity in blood from Ppif”"Mcl-1"" and Ppif’"Mcl-1"Cre+
mice. LDH activity was not significantly increased in Ppif’"Mcl-1"Cre+ mice
one week after tamoxifen treatment (n = 5-6).
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Figure 40: H&E staining in Ppif’ Mcl-1" and Ppif”Mcl-1"Cre+ hearts.
Representative sections show myocyte disorganization and degeneration in
Ppif”"Mcl-1"Cre+ hearts two weeks after initiating tamoxifen treatment (scale
bars: left = 500 um; right = 100 um).



) pM 500 pM e 1mIM
Ppif--Mcl-1%
Ca=*
0.7 - \l/
S 05 -
=04 -
)]
< 03 -
0.2 T T T | |
0 5 10 15 20 25
Time (min)
Ppif--Mcl-1"Cre+
D? =] Cazv
=06 - \l/
é 0.5 _‘%
=04 -
i
< 03 -
[}2 I I I I |
D 5 10 15 20 25
Time (min)

Figure 41: Swelling assay for mitochondria isolated from Ppif”"Mcl-1"" and

84

Ppif""Mcl-1"Cre+ hearts. Mitochondria were isolated one week after initiating

tamoxifen treatment.

Even mitochondria subjected to high calcium

concentrations (0.5 and 1 mM) resist swelling. Regardless, mitochondria from
Ppif"Mcl-1"Cre+ hearts are swollen at baseline relative to mitochondria from

Ppif"Mcl-1" hearts.
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Figure 42: TUNEL staining in Ppif’”"Mcl-1" and Ppif’”"Mcl-1"Cre+ hearts. A.
TUNEL (green) and nuclear (blue) staining of heart sections. Representative
images of TUNEL staining from two different hearts at one and two weeks
after initiation of tamoxifen injections. Arrows mark TUNEL positive nuclei.
Scale bar = 50 um. B. Quantitation of TUNEL-positive nuclei in heart sections

(n=3).
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Figure 43: Staining of cleaved caspase-3 in Ppif “Mcl-1"" and Ppif’Mcl-
1"Cre+ hearts. A. Immunostaining of heart sections for tropomyosin (green),
cleaved caspase-3 (red), and nuclei (blue). Representative images of hearts at
one and two weeks after initiation of tamoxifen injections. Arrow shows a
myocyte positive for cleaved caspase-3 (scale bar = 50 um). B. Quantitation of
myocytes positive for cleaved caspase-3 in heart sections (n = 3).



Chapter 5: Loss of MCL-1 leads to impaired autophagy

Introduction

In the last chapter, | described extensive mitochondrial dysfunction,
swelling and rupture that result from MCL-1 ablation in the adult heart. The
heart normally activates autophagy to clear dysfunctional mitochondria and
prevent further damage to cardiac myocytes. The resulting autophagosomes
exhibit a characteristic double membrane structure that can be identified in
electron micrographs (Mizushima, et al., 2010). Surprisingly, | found no
evidence of autophagosome formation in ultrastructural images from MCL-1
deficient hearts. To further investigate this observation, | quantified autophagy
markers in Mcl-1”" and Mcl-1"Cre+ cardiac tissue. Autophagy is a dynamic
process with ongoing synthesis and degradation of autophagic markers such
as LC3 and p62. To determine how autophagy is impaired, | conducted
autophagy flux experiments in vivo that block autophagosome/lysosome fusion
(lwai-Kanai et al.,, 2008). When this degradation step is blocked,
autophagosome accumulation provides an aggregate measure of autophagic
activity. In addition, | examined autophagy activation in the heart in response
to physiologic stress. The ability to upregulate autophagy is an important
survival mechanism for cardiomyocytes (Gustafsson & Gottlieb, 2008). To
expand on the mechanism of autophagic impairment in MCL-1 deficiency, |

assessed the level of several core autophagic proteins, and explored the
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interaction between MCL-1 and Parkin, an E3 ubiquitin ligase responsible for
mitophagy. Finally, | examined whether MCL-1 overexpression affects

autophagy similarly to the other anti-apoptotic BCL-2 proteins.

A. Autophagy is impaired in MCL-1 deficient hearts under basal and
stressed conditions

Although autophagy is normally induced to remove damaged organelles
and protein aggregates, no autophagosomes were identified in tamoxifen
treated Mcl-1"Cre+ hearts by electron microscopy. The lack of autophagy was
striking given the extent of myocardial damage and mitochondrial dysfunction
in MCL-1-deficient myocytes. To investigate whether autophagy was impaired
in MCL-1-deficient hearts, we assessed the levels of LC3II/LC3l and p62 in
Mcl-1" and Mcl-1""Cre+ hearts two weeks after tamoxifen administration. The
conversion of LC3I to LC3lIl is indicative of autophagosome formation (Kabeya
et al., 2000), whereas the p62 protein is degraded by autophagy and
accumulates in cells when autophagic flux is reduced or impaired (Komatsu et
al., 2007). We found significantly reduced LC3II/LC3I ratios and accumulation
of p62 in Mcl-1""Cre+ hearts two weeks after tamoxifen injection (Figure 44A-
C). Total LC3 levels were unaffected, indicating that the loss of MCL-1
impaired LC3 processing rather than LC3 expression (Figure 44B).

Since reduced LC3Il levels can be caused by decreased

autophagosome formation or excessive degradation, we investigated the
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effect of MCL-1 deficiency on autophagic flux. One week after initiating
tamoxifen injections, Mcl-1" and Mcl-1"Cre+ mice were injected with
chloroquine, which inhibits fusion between autophagosomes and lysosomes
and causes LC3Il to accumulate if autophagosome formation is intact (lwai-
Kanai et al., 2008). Accumulation of LC3Il occurred in Mcl-1" hearts after
chloroquine treatment as expected, but no such increase was observed in Mcl-
1""Cre+ hearts (Figure 45A,B). These results indicate that the loss of MCL-1
compromises autophagsome formation in the heart.

Recent studies have shown that acute exercise causes induction of
autophagy in the myocardium (He et al.,, 2012). To investigate if autophagy
could still be induced in MCL-1-deficient hearts, we subjected Mcl-1""and Mcl-
1""Cre+ mice to swimming one week after tamoxifen injections. We observed
enhanced LC3 processing and p62 degradation in Mcl-1"" hearts but not in
Mcl-1""Cre+ hearts after up to 120 minutes of swimming (Figure 46A,B,C).
Taken together, these results demonstrate that the loss of MCL-1 impairs
autophagosome formation in cardiac myocytes. Notably, in contrast to the two
week time-point, resting Mcl-1"Cre+ hearts collected during the swimming
study (9 days after initiating tamoxifen injections) did not exhibit reduced
LC3Il/I ratios (Figure 46B). However, there was still a significant accumulation
of p62 at this earlier time point (Figure 46C), suggesting that baseline

autophagic flux is still impaired and progressively worsens after loss of MCL-1.
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B. MCL-1 ablation disrupts core autophagy proteins and leads to
substrate accumulation

Based the observation that autophagosome formation was impaired, |
hypothesized that the loss of MCL-1 might alter the expression of critical
autophagic proteins. BECLIN-1, ATG5, and LAMP-2 have been shown to play
essential roles in phagophore formation, autophagosome elongation, and
lysosomal fusion, respectively (Levine & Kroemer, 2008; Boya et al., 2013). By
targeting key proteins in each step, | attempted to narrow down which part of
the autophagy pathway was affected. Remakably, BECLIN-1 was significantly
reduced in MCL-1 deficient hearts (Figure 47A). BECLIN-1 promotes initial
formation of the phagophore, and decreased BECLIN-1 expression reduces
autophagic flux (Qu et al., 2003). As such, reduced BECLIN-1 levels may
contribute to impaired autophagic initiation and flux observed in MCL-1
deficient hearts. | found no significant difference in ATGS5 levels (Figure 47B).
Although the MCL-1 deficient phenotype recapitulates many of the pathologic
signs present in cardiac specific, Atg5 conditional knockout mice, the effects of
MCL-1 deficiency appear to proceed by another mechanism (Nakai et al.,
2007). LAMP-2 is important for lysosomal function but also plays a role in
chaperone-mediated autophagy of soluble, cytosolic proteins (Bandyopadhyay
et al., 2010). Interestingly, LAMP-2 levels were increased in MCL-1-deficient
hearts (Figure 47C), suggesting that there might be a compensatory increase

in alternative degradation pathways.
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Autophagic substrates such as ubiquitinated proteins and lipids typically
accumulate in cells when autophagy is impaired (Hara et al., 2006; Sarkar, et
al., 2013). Ubiquitin is used to mark proteins and organelles that need to be
removed by autophagosomes, and disruption of autophagy leads to
accumulation of ubiquitin-containing aggregates (Nakai et al., 2007). | found a
significant increase in ubiquitinated proteins in MCL-1 deficient hearts,
demonstrating substrate accumulation in the myocardium (Figure 48A,B).
Ubiquitinated proteins are also prone to aggregate formation, and these
aggregates can have additional cytotoxic effects (Hara et al., 2006).

In addition to clearing organelles and proteins, autophagy also plays a
role in mobilization of fatty acids from lipid droplets through a process called
lipophagy (Singh, et al., 2009). Disruption of autophagy in disorders such as
Niemann-Pick disease leads to toxic lipid accumulation, and stimulating
autophagy with rapamycin improves cell viability (Sarkar et al., 2013). In MCL-
1 deficient hearts, electron microscopy revealed the presence of numerous,
large lipid droplets in tissue sections (Figure 49). Their accumulation suggests
that autophagic impairment in MCL-1 deficient hearts is comprehensive,

affecting various substrates and metabolic pathways.

C. Loss of MCL-1 leads to reduced PINK1/Parkin activity
| have shown that the loss of MCL-1 compromises mitochondrial

integrity and autophagy. The PTEN-induced putative kinase 1 (PINK1)/Parkin
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pathway is important in regulating autophagy of dysfunctional mitochondria in
myocytes (Kubli & Gustafsson, 2012). To examine if loss of MCL-1 affects
mitophagy, | examined the PINK1/Parkin pathway. Although Parkin levels
increased in Mcl-1"Cre+ cytosolic fractions, Parkin was not found on the
damaged mitochondria in Mcl-1""Cre+ hearts (Figure 50). These data
suggested that MCL-1 might participate in Parkin recruitment. To investigate
this possibility, | used COIP to determine whether MCL-1 directly interacts with
Parkin under basal or stress conditions. To mimic mitochondrial damage, |
treated cells with FCCP for four hours. This short time point was chosen
because Parkin translocation to depolarized mitochondria is rapid (Kubli et al.,
2013), and extended FCCP treatment leads to mitophagy which is likely to
have degraded the proteins of interest. Although | successfully pulled down
MCL-1 in both basal and FCCP treated conditions, | found no association with
Parkin under either condition (Figure 51).

While | was conducting these experiments, a proteomics study was
published that predicted MCL-1 was a potential substrate for Parkin-mediated
ubiquitination and degradation (Sarraf et al., 2013). Indeed, the regulatory
region of MCL-1 contains several ubiquitination sites and other ubiquitin
ligases have been shown to promote MCL-1 degradation (Thomas et al. 2010,
Zhong et al., 2005,) To investigate the possibility of Parkin-mediated MCL-1
clearance, | overexpressed MCL-1 in mouse embryonic fibroblasts (MEF)

using transient transfection. | then evaluated MCL-1 protein levels in response
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to Parkin overexpression with or without mitochondrial stress. If MCL-1 is a
Parkin substrate, | hypothesized, then Parkin overexpression should increase
MCL-1 degradation. In fact, | found that Parkin overexpression did not alter
MCL-1 dynamics under basal conditions or in response to FCCP treatment
(Figure 52). To recapitulate these results in vivo, | examined MCL-1 levels in
wild-type and Parkin-transgenic mice subjected to two weeks of pressure
overload induced by trans-aortic constriction (TAC). These mice selectively
overexpress Parkin in cardiac myocytes using the a-myosin heavy chain
promoter. Pressure overload serves as a chronic cardiac stressor that leads to
pathologic hypertrophy and mitochondrial dysfunction (Bugger, et al. 2010).
No changes in MCL-1 levels were detected in response to Parkin
overexpression, TAC, or a combination of these two conditions (Figure 53).
Thus, in keeping with my results in MEF’s, Parkin levels did not alter MCL-1
protein levels under basal or stressed conditions. These data indicate that
MCL-1 is not a substrate for Parkin ubiquitination, nor is MCL-1 directly
involved in Parkin recruitment to mitochondria.

To further investigate how MCL-1 ablation disrupts Parkin recruitment, |
studied the effects of MCL-1 deficiency on the accumulation of PINK1 at
mitochondria. PINK1 normally accumulates on depolarized mitochondria,
where it recruits Parkin to mark mitochondria for autophagy. If the
PINK1/Parkin pathway operated normally in MCL-1 deficient hearts, extensive

mitochondrial damage should elevate PINK1 levels at mitochondria well above
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baseline. Instead, | found that PINK1 was significantly reduced at mitochondria
in MCL-1-deficient hearts (Figure 54A,B). The loss of MCL-1 may disrupt
PINK1 expression, recruitment, or stabilization at mitochondria. Regardless,
disrupted PINK dynamics reveals a mechanism by which the loss of MCL-1
also disrupts mitochondrial autophagy. This disruption may allow damaged
mitochondria to accumulate, eventually overwhelming cardiac myocytes and
triggering necrosis.

Although my data suggest that MCL-1 is required for induction of
autophagy in cardiac myocytes, overexpression of MCL-1 has been reported
to inhibit autophagy in neurons (Germain et al., 2011). Similarly, anti-apoptotic
BCL-2 and BCL-X_ have been shown to inhibit autophagy in mammalian cells
(Pattingre et al., 2005; Maiuri et al., 2007). Therefore, we investigated the
effect of MCL-1 on induction of autophagy in neonatal rat cardiac myocytes.
Interestingly, overexpression of MCL-1 had no effect on the number of GFP-
LC3 positive autophagosomes or LC3Ill/l levels in myocytes after glucose
deprivation (Figure 55). These findings suggest that MCL-1 does not function
as a negative regulator of autophagy in myocytes. These characteristics
distinguish MCL-1 from other anti-apoptotic BCL-2 proteins and suggest a

potential unique role for MCL-1 in myocytes.
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Conclusion:

In this chapter, | have shown that MCL-1 deficiency impairs cardiac
autophagy, alters the expression of critical autophagic proteins, and disrupts
the PINK1/Parkin mitophagy pathway. Impaired autophagic flux leads to
accumulation of autophagic substrates that may contribute to cytotoxicity. In
addition, loss of MCL-1 eliminates the heart’s ability to activate autophagy in
response to stress. These data indicate degradation of MCL-1 during
myocardial injury may compromise survival mechanisms and exacerbate
cardiac damage.

Loss of MCL-1 prevents Parkin recruitment to mitochondria, but | found
no evidence that these two proteins directly interact. As such, MCL-1 does not
appear to function as a Parkin receptor on mitochondria. Despite proteomic
models predicting that MCL-1 is Parkin substrate, Parkin overexpression and
activation do not alter MCL-1 dynamics. Future studies will be required to
elucidate the relationship between MCL-1 and PINK1. Alternatively, MCL-1
deficiency may affect Parkin mediated mitophagy through independent, global
effects on the cell.

In cardiomyocytes, MCL-1 acts differently than other anti-apoptotic
proteins. Unlike BCL-2 and BCL-X,, MCL-1 overexpression does not repress
autophagy. The subcellular localization of MCL-1 may explain these
differences. In 2005, Pattingre et al.,, demonstrated that BCL-2 at the

endoplasmic reticulum inhibits autophagy while mitochondrial targeted BCL-2
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does not. Due to high mitochondrial content in cardiomyocytes and robust
mitochondrial trafficking of MCL-1, the protein may be unavailable to interact
with autophagy proteins in the heart. The interaction between MCL-1 and

autophagy machinery will require further characterization
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Figure 44: Western analysis of autophagy markers in Mcl-1" and Mcl-1"Cre+
hearts. A. Representative Western blots of heart lysates prepared two weeks

after initiation of tamoxifen administration. B. Quantitation analyses of LC3Il/I

and total LC3 levels C. Quantitation analysis of p62 (n = 6-13).
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Figure 45: Assessment of autophagic flux in vivo. A. Representative Western
blot for Mcl-1" and Mcl-1"Cre+ hearts collected from vehicle or chloroquine
treated mice one week after initiating tamoxifen treatment B. Quantitation of
LC3Il/I levels in chloroquine treated mice shows that MCL-1 ablation leads to
reduced LC3Il accumulation (n =4-6).
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Figure 46: Activation of autophagy in response to exercise. A. Representative
Western blot of heart lysates after resting or acute swimming. B. Quantitation
of LC3II/l levels shows that Mcl-1”Cre+ mice do not activate LC3 conversion
in response to swimming (n = 4-8). C. Quantitation of p62 levels reveals
baseline accumulation and lack of degradation in response to exercise in Mcl-

1"Cre+ mice (n = 3-4).
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Figure 47: Western analysis of autophagy proteins in Mcl-1"" and Mcl-1"Cre+
hearts. Lysates were prepared from cardiac tissue collected two weeks after
initiating tamoxifen injections. A. BECLIN-1 protein levels are reduced in Mcl-
1"Cre+ hearts (n=4). B. MCL-1 ablation does not significantly alter ATG12 or
ATGS5 levels (n=4). C. LAMP-2 levels are significantly elevated in Mcl-1"Cre+
hearts (n=4).
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Figure 48: Western analysis of ubiquitin levels in Mcl-1" and Mcl-1"Cre+
hearts A. Representative Western blot reveals increased protein ubiquitination
in Mcl-1"Cre+ hearts two weeks after initiating tamoxifen treatment. B.
Ubiquitination is significantly increased in Mcl-1"Cre+ hearts (n = 4).
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Figure 49: Lipid accumulation in MCL-1 deficient hearts. Lipid droplets are
much larger in MCL-1"Cre+ tissue. Black arrows mark lipid droplets, left scale
bar = 5um, right scale bar = 1uym.
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Figure 50: Cellular fractionation for Parkin in Mcl-1"" and Mcl-1"Cre+ hearts.
Western blot shows that cytosolic Parkin is increased but does not translocate

to mitochondria in Mcl-1”"Cre+ hearts one week after initiating tamoxifen
treatment.
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Figure 52: Parkin overexpression does not affect MCL-1 degradation in
response to mitochondrial damage. MCL-1 and Parkin were overexpressed in
MEFs using transient transfection. A. Western for MCL-1 degradation after
10uM FCCP treatment at two hours B. Western for MCL-1 degradation after
10uM FCCP treatment at six hours.
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Figure 53: MCL-1 is not degraded by Parkin in vivo. A. Parkin overexpression
in transgenic hearts does not alter MCL-1 levels under basal conditions. B.
Chronic stress from TAC (2 weeks) does not reduce MCL-1 levels. C.
Pressure overload in Parkin transgenic hearts (2 weeks) does not lead to
increased MCL-1 degradation.
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Figure 54: PINK1 levels at mitochondria in MCL-1"and MCL-1"Cre+ hearts.
A. Representative Western blot for PINK1 in the mitochondrial fraction from
cardiac lysates one week after initiating tamoxifen treatment. B. Quantitation
of PINK1 reveals reduced PINK1 protein levels at mitochondria in MCL-
1”Cre+ hearts (n = 3).
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Figure 55: Overexpression of MCL-1 in neonatal cardiac myocytes does not
inhibit activation of autophagy. A. Representative images of myocytes infected
with B-gal or MCL-1 plus GFP-LC3 after six hours of glucose deprivation
(scale bar = 20um). B. Western blot for endogenous LC3 in myocytes infected
with B-gal or MCL-1 after six hours of glucose (Glu) deprivation. C.
Quantitation of endogenous LC3Il and LC3I levels in neonatal myocytes (n=4).



Chapter 6: Discussion and conclusion

My dissertation research addresses the function of MCL-1 in the heart.
This function was previously uncharacterized, and my studies demonstrate
that MCL-1 is essential for cardiac homeostasis in adult myocardium. Loss of
MCL-1 in cardiac myocytes leads to mitochondrial dysfunction, cardiac
necrosis, and rapid development of heart failure. MCL-1 deficiency also
disrupts initiation of autophagy under basal conditions and in response to
physiological stress. Thus, these findings suggest that in addition to its anti-
apoptotic role, MCL-1 is critical in maintaining mitochondrial function and

initiating autophagy in cardiac myocytes under normal conditions (Figure 56).

A. MCL-1 expression and processing in cardiac myocytes

My studies show that MCL-1 is highly expressed in normal cardiac
tissue. Although the OMM and matrix isoforms of MCL-1 were previously
described (Perciavalle et al., 2012), my work is the first to identify these
isoforms in the myocardium and demonstrate their differential regulation in
response to stress. Myocardial infarction rapidly reduces OMM MCL-1 levels
while matrix levels persist. 24 hours after infarction, border zone tissue
restores OMM MCL-1 levels and upregulates the matrix isoform. These protein
dynamics suggest that MCL-1 is involved in the balance between cell death
and survival pathways in vulnerable cardiac myocytes. After cardiac injury,

rapid degradation of the anti-apoptotic, OMM isoform may allow apoptosis to
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proceed in critically damaged cells. In the meantime, upregulation of the
matrix isoform may preserve mitochondrial function in cells that survive this
apoptotic window, allowing surviving myocytes to maintain ATP production
and recover. The mechanism of this isoform shift remains unclear. OMM MCL-
1 may selectively be degraded because it is exposed to cytosolic ubiquitin
ligases and caspases while the matrix isoform is protected. Alternatively, MCL-
1 on the outer mitochondrial membrane could be selectively imported and
cleaved to simultaneously reduce OMM and increase matrix isoforms. Further
study will be required to determine which proteins participate in MCL-1

trafficking, and how this process is regulated.

B. MCL-1 ablation leads to mitochondrial dysfunction and necrosis
rather than apoptosis

Surprisingly, loss of MCL-1 does not substantially activate apoptosis.
Instead, my data suggests that it leads to mitochondrial dysfunction, opening
of the mPTP, and subsequent necrotic cell death. Although the anti-apoptotic
BCL-2 proteins are well known to regulate the intrinsic pathway of apoptosis,
recent studies suggest that this family also plays important roles in other
cellular processes including autophagy (Pattingre et al., 2005; Maiuri et al.,
2007) and mitochondrial morphology (Berman et al., 2009; Perciavalle et al.,
2012). Studies have provided some evidence that MCL-1 has functions

beyond regulating apoptosis. For instance, global deletion of MCL-1 results in
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peri-implantation embryonic lethality, but Mcl-1" embryos display normal
nuclear architecture and no increase in apoptosis (Rinkenberger et al., 2000).
MCL-1 is also important in facilitating mitochondrial fusion and for proper
assembly of the F{Fo-ATP synthase (Perciavalle et al., 2012). Our data show
clearly that loss of MCL-1 does not result in massive loss of myocytes due to
apoptosis. Instead, loss of MCL-1 leads to mitochondrial swelling and
rupturing of the outer mitochondrial membrane. MCL-1 deletion also results in
cardiac inflammation, another consequence of necrosis (Frangogiannis, 2012).
Cyclophilin D is an important regulator of the mPTP, and mice deficient in
CypD are resistant to stresses that promote necrotic cell death (Baines et al.,
2005). Interestingly, | found that Ppif deletion delays development of cardiac
dysfunction and significantly extends survival in MCL-1 deficient mice. These
findings suggest that opening of the mPTP and necrotic cell death contribute
to the loss of myocytes and development of heart failure, but they are not the
underlying cause of the heart failure observed in the MCL-1-deficient mice.
Incubation with recombinant MCL-1 has no effect on mitochondrial swelling,
indicating that MCL-1 is not a direct regulator of the mPTP. Rather, opening of
the mPTP most likely occurs as a consequence of mitochondrial impairment
due to MCL-1 deficiency.

Wencker et al., demonstrated that low levels of apoptosis can lead to a
lethal cardiomyopathy (Wencker et al., 2003). | have not excluded the

possibility that very low levels of apoptosis may contribute to lethality in MCL-
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1-deficient mice. However, the lethal cardiac phenotype in MCL-1 knockout
mice is exceptionally rapid, indicating that low levels of apoptosis alone are
insufficient to produce this phenotype. The absence of significant apoptosis is
not surprising since this process is energy dependent. Our data show that loss
of MCL-1 leads to defects in mitochondrial respiration which will lead to
reduced cellular ATP levels and potentially an inability undergo apoptosis.
Interestingly, a companion paper by Wang et al. also reports that loss of MCL-
1 leads to rapid development of heart failure, and they discovered that mice
lacking BAX/BAK were more resistant to loss of MCL-1 than the CypD
knockout mice in our study (Wang et al, 2013). Although the triple
BAX/BAK/MCL-1 knockout mice had improved cardiac function and survival,
this study also found little evidence of apoptosis upon deletion of MCL-1 in
heart tissue (Wang et al., 2013). Thus, the results from our study and the
study by Wang et al., suggest the intriguing possibility that BAX/BAK are
master regulators of mitochondria-mediated cell death (Thomas et al., 2013;
Wang et al., 2013). In fact, a recent study by Whelan et al., found that BAX is
an essential regulator of mPTP opening and necrotic cell death in the heart
(Whelan et al., 2012). They reported that the BAX/BAK double knockout mice
are resistant to both apoptotic and necrotic cell death. These studies confirm
that the regulation of cell survival and death by the BCL-2 family proteins is
much more complex than initially anticipated. Similarly, previous studies from

the Gustafsson lab suggest that BNIP3 induces both apoptosis and necrosis
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via BAX/BAK (Kubli et al., 2007; Quinsay et al., 2010). These studies
demonstrate that BNIP3 induces permeabilization of the inner mitochondrial
membrane as evident by calcein AM release from the matrix in both wild type

(WT) and CypD-deficient cells (Quinsay et al., 2010).

C. MCL-1 deficiency leads to impaired autophagy and mitophagy

My dissertation also demonstrates that loss of MCL-1 leads to impaired
induction of autophagy. Studies have found that autophagy is essential for
homeostasis in the heart under both baseline conditions and in response to
stress (Nakai et al, 2007; Matsui et al., 2007; Nishida et al., 2009).
Autophagy is also very important in clearing damaged mitochondria in
myocytes before they cause harm to the cell (Kubli et al., 2013). Thus,
mitochondrial dysfunction combined with inability to clear damaged
mitochondria via autophagy as a result of MCL-1 deficiency will quickly be
detrimental to the myocyte and accelerate development of heart failure. The
finding that MCL-1 deficiency results in impaired autophagy is unexpected
since the anti-apoptotic BCL-2 proteins have been reported to inhibit induction
of autophagy by sequestering BECLIN-1 (Pattingre et al., 2005; Maiuri et al.,
2007). A previous study found that deletion of MCL-1 in cortical neurons led to
activation of autophagy (Germain et al., 2011). However, this study found that
the levels of other BCL-2 proteins did not change upon loss of MCL-1 in

neurons. In contrast, | found a compensatory upregulation of BCL-2 and BCL-
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X. after deletion of MCL-1 in the heart, which could repress autophagy via
increased interaction with BECLIN-1. Combined with reduced BECLIN-1 levels
in MCL-1 deficient hearts, BCL-2 and BCL-X_ upregulation may reduce
autophagosome formation to a level that is insufficient for cardiomyocyte
survival. Although the phenotype | observed in MCL-1 deficient hearts
resembles the rapid cardiac failure associated with deficient autophagy in
ATG5 knockout mice, ATG5 levels were unchanged in Mcl-1""Cre+ hearts
(Nakai et al., 2007). Thus, impairment of autophagy is mediated by another
mechanism than ATG deficiency in these hearts. Finally, loss of MCL-1 led to
upregulation of LAMP-2, which participates in chaperone-mediated autophagy
pathways.

The extent of mitochondrial damage in MCL-1 deficient hearts suggests
that MCL-1 is required for mitochondrial function. My data shows that MCL-1
deficiency disrupts the PINK1/Parkin pathway. In Mcl-1"Cre+ hearts, Parkin
accumulates in the cytosol even though mitochondria are dysfunctional.
However, MCL-1 does not appear to interact directly with Parkin by co-
immunopreciptation, so it is unlikely to function as a Parkin receptor on
mitochondria. Conversely, Parkin overexpression does not alter MCL-1
degradation under basal or stressed conditions, indicating that MCL-1 is not a
Parkin substrate. Instead, the loss of MCL-1 appears to disrupt PINK1
accumulation on damaged mitochondria. PINK1 levels should be elevated

above baseline in the setting of the mitochondrial damage in Mcl-1"Cre+
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hearts, and deficient PINK1 accumulation may explain why Parkin is not
recruited to these mitochondria. The resulting loss of mitophagy is likely to
exacerbate mitochondrial dysfunction and myocyte death. Additional studies
will be needed to determine whether PINK1/Parkin-mediated mitophagy can
be activated in Mcl-1”Cre+ hearts in response to stress.

In addition to compromising mitophagy, PINK1 dysregulation in MCL-1
deficient hearts may disrupt mitochondrial trafficking and ETC maintenance.
PINK1 can phosphorylate MIRO, an atypical Rho GTPase that tethers
mitochondria to the tubulin network. Phosphorylation of MIRO1 by PINK1
leads to ubiquitination by Parkin and proteosomal degradation, isolating
damaged mitochondria from tubulin transport and the mitochondrial network
(Wang et al., 2011). The PINK1/Parkin pathway also regulates selective
turnover of specific respiratory chain components (Vincow et al., 2013). Thus,
disrupting this pathway may compromise several mitochondrial maintenance
mechanisms.

The potential role for MCL-1 in mitophagy is especially interesting in the
heart because the process plays a central role in cardiac injury and failure.
Cardiovascular disease correlates with energetic and metabolic derangements
that severely affect mitochondrial function. These include substrate switching
to glyocolytic fuel sources, excess ROS production, lipid accumulation,
mitochondrial permeabilization, and deficiencies in mitochondrial coupling (Luk

et al., 2012; Aubert et al., 2013; Gustafsson & Gottlieb, 2008; Boudina et al.,
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2005) In addition, autophagy in the heart declines with age, exacerbating
mitochondrial dysfunction and cardiac senescence (Dutta et al., 2012). Novel
therapies that maintain mitochondrial integrity and efficiency by facilitating
mitophagy have potential to improve clinical outcomes and prevent
progression to heart failure. Further study will be required to determine

whether MCL-1 expression can be used to promote mitophagy in the heart.

D. Potential pathways for stabilizing MCL-1

Loss of terminally differentiated cardiac myocytes results in a reduced
ability to sustain contractile function and can lead to the development of heart
failure. Thus, increased understanding of pathways that regulate survival of
myocytes is critical for the identification of new therapeutic targets to treat or
prevent heart failure. MCL-1 plays an important role in cardiac myocyte
survival, and preserving endogenous MCL-1 in the setting of heart disease
may represent a novel therapeutic opportunity. Since MCL-1 is a potential
oncogene, the protein is a poor candidate for gene therapy. Instead, efforts to
preserve MCL-1 expression could target proteins that govern post-translational
regulation of MCL-1. MCL-1 ubiquitin ligase E3 (MULE) targets MCL-1 for
proteosomal degredation, while USP9X deubiquitinase stabilizes MCL-1
(Zhong et al., 2005; Schwickart et al., 2010). Modulating these regulatory
proteins could promote MCL-1 stability, and they may prove to be better drug

targets than MCL-1 itself.
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A second regulatory pathway involves the chaperone protein HSP70.
HSP70 is involved in protein trafficking to mitochondria and HSP70
overexpression has been shown to prevent MCL-1 degradation in the setting
of stress (Young et al, 2003). Specifically, HSP70 prevents MCL-1
ubiquitination by MULE and promotes continued MCL-1 synthesis
(Stankiewicz et al., 2009; Liu et al., 1992). HSP70 also participates in transport
and assembly of mitochondrial matrix protiens (Kang et al., 1990), and may
play a role in the matrix accumulation of MCL-1 after myocardial infarction.
Activating HSP70 in the setting of cardiac injury may protect mitochondria by
preserving the expression of MCL-1 and other mitochondrial protiens. HSP70
also interacts with co-chaperones such as BAG3 that stabilize MCL-1 (Boiani
et al., 2013) providing additional potential targets for intervention.

Finally, recent work by Ekholm-Reed et al., demonstrates that Parkin
actually degrades a multisubunit ubiquitin ligase named Fbw7f in neurons,
leading to MCL-1 stabilization and enhanced cell survival in the setting of
oxidative stress (Ekholm-Reed et al., 2013). If a similar pathway operates in
the heart, then Parkin upregulation in the cytosol may have resulted from the
heart's attempt to preserve declining MCL-1 levels. This study also
corroborates my finding that crosstalk between Parkin and MCL-1 proceed

through protein intermediates rather than direct interaction.
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E. Potential cardiac toxicity of chemotherapeutic MCL-1 antagonists

A number of BCL-2 family protein inhibitors have entered clinical trials
for the treatment of leukemia, lymphoma, and solid tumors (Azmi et al., 2011).
Some of these specifically target MCL-1 in an effort to counter its anti-
apoptotic effects (Dash et al., 2011). Unfortunately, our study suggests that
antagonizing MCL-1 may lead to significant cardiotoxicity. Indeed my studies
demonstrate that targeting MCL-1 may rapidly lead myocardial dysfunction. By
compromising both autophagy and mitochondrial function, MCL-1 inhibitors
are likely to affect the cells’ energy supply. Although these effects on
mitochondria may potentiate chemotherapeutic cytotoxicity, the Warburg effect
reduces dependence on mitochondrial respiration in many malignancies by
upregulating glycolytic machinery (Bensinger & Christofk, 2012). In contrast,
cardiac myocytes rely on mitochondria for ATP to maintain contraction and
exhibit the greatest mitochondrial density of any tissue in the body, making the
heart especially vulnerable to antagonists that target MCL-1. The story of
double-edged chemotherapeutics with cardiotoxicity is familiar from our
experience with anthracyclines such as doxorubicin. Despite this concern,
BCL-2 family inhibitors may become useful chemotherapeutics.
Chemotherapeutic proteosome inhibitors such as Bortezomib exhibit
pronounced drug toxicity that can be moderated using transient dosing and
recovery periods (Hainsworth, et al., 2008). In order to evaluate the effects of

partial MCL-1 reduction in the myocardium, | monitored cardiac function in
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tamoxifen-treated mice that were heterozygous for the floxed-MCL-1 allele. |
found that partial MCL-1 ablation in the heart produces transient cardiac
dysfunction that improves with time. These results suggest that temporary,
reversible MCL-1 blockade may be therapeutically viable. Further
characterization of MCL-1 in the heart, however, will be required to employ

MCL-1 antagonists safely.

F. Future Studies

My current findings recommend a number of future studies that would
extend the scope and impact of the work presented here. This dissertation
implicates a number of potential protein binding partners for MCL-1 in the
heart. MCL-1 appears to interact with DRP-1, but the significance of this
interaction has not been characterized. After MCL-1 deletion, DRP-1 is not
recruited to mitochondria despite mitochondrial dysfunction. Fission is
necessary for mitochondrial pruning by mitophagy, and compromised DRP-1
function may contribute to mitochondrial disorganization in MCL-1 deficient
hearts. MCL-1 may also interact with PINK1 to promote PINK1 accumulation
on dysfunctional mitochondria. Although MCL-1 deficient hearts exhibit
mitochondrial impairment with paradoxically reduced PINK1 levels, a specific
relationship linking MCL-1 and PINK1 has not been clarified. Finally, BH
domain binding partners of MCL-1 have been extensively characterized, but

no studies have comprehensively addressed MCL-1 interactions with other
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protein families. My data demonstrates that MCL-1 deletion alters the
expression of BECLIN-1 and LAMP-2 and reduces autophagic flux in the
heart. MCL-1 may interact with other autophagic proteins, and new binding
partners may potentially be identified in cardiac myocytes using MCL-1
immunoprecipitation followed by mass spectrometry to analyze associated
protein complexes.

Having identified outer mitochondrial membrane and matrix isoforms of
MCL-1 across murine tissues including myocardium, future efforts should
address the function of each isoform in myocytes. Monitoring the dynamics of
endogenous MCL-1 in vitro provides an opportunity to accessibly study
individual isoform dynamics in response to apoptotic (i.e. staurosporine),
necrotic (i.e. peroxide), autophagic (i.e. starvation), mitochondrial (i.e. FCCP),
and ischemic (I/R) stressors. In addition, genetic constructs have been
developed that can be used to overexpress outer mitochondrial and matrix
MCL-1 isoforms individually (Perciavalle et al., 2012). Studies that establish
how the individual isoforms affect mitochondrial morphology, mitochondrial
autophagy/clearance, and cell survival in cardiac myocytes are likely to

provide important new insights into the functions of MCL-1 in the heart.

G. Summary
My results demonstrate that the loss of MCL-1 leads to rapid

mitochondrial dysfunction, impaired autophagy, and heart failure in the
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absence of stress. To my knowledge, this is the first study that selectively
deletes an anti-apoptotic BCL-2 family protein in the heart, and explores the
function of MCL-1 in that organ. My dissertation also suggests that therapies
that preserve endogenous MCL-1 have therapeutic potential for cardiovascular
disease. Finally, chemotherapeutics that target MCL-1 must be carefully

designed to avoid cardiotoxicity.
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