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ABSTRACT OF THE DISSERTATION

Mitochondrial Quality Control is Essential for Cardiac Progenitor Cell and
Cardiac Function

by

Amabel Marie Cristobal Orogo

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2016

Professor Asa Gustafsson, Chair

Cardiac progenitor cells (CPCs) have the potential to repair the
myocardium after pathological injury. Mitochondria regulate stem cell function
and adapt to the metabolic needs of the differentiating cell. | investigated the
importance of mitochondria in CPC function and found that mitochondrial
biogenesis and network expansion occur during lineage commitment, and
blocking mitochondrial expansion along the tubulin network leads to impaired

differentiation.
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Aging is associated with accumulation of mitochondrial DNA (mtDNA)
mutations. | investigated the consequences of mtDNA mutations on CPC
function using mice with a proofreading-defective mitochondrial polymerase
gamma (POLG) enzyme. | demonstrated that acquisition of mtDNA mutations
impairs CPC survival, proliferation, and differentiation.

Autophagy is a process by which long-lived proteins and organelles are
engulfed by autophagosomes for delivery to lysosomes for degradation.
Mitophagy is the selective removal of dysfunctional mitochondria and is involved
in mitochondrial quality control. As cells age, mitophagy is necessary to clear
defective mitochondria to prevent their accumulation. Not much is known about
mitophagy in CPCs. Parkin is an E3 ubiquitin ligase that ubiquitinates proteins
on the outer mitochondrial membrane to facilitate mitophagy. Mitophagy
receptors such as BNIP3, NIX, and FUNDC1 can also mediate mitophagy
independently of Parkin and ubiquitination.

POLG CPCs have increased mitophagy, but this is not enough to rescue
their impaired function. POLG CPCs have intact mitophagy in response to acute
stress, but have impaired mitophagy in response to differentiation. | found that
gene expression of NIX and FUNDC1 increased during differentiation and likely
mediate mitophagy in CPCs.

Parkin promotes removal of damaged mitochondria in the myocardium
in response to acute stress. | investigated whether Parkin-mediated mitophagy

plays a role in clearing damaged mitochondria in the hearts of aging POLG

XViii



mice. Modifying Parkin levels by cardiac-specific overexpression or genetic
ablation did not alter autophagy and cardiac function. These results suggest that
Parkin-mediated mitophagy does not play a role in clearing mitochondria with
mtDNA mutations.

My findings demonstrate that mitochondrial quality control is essential for
cell homeostasis and survival. It is critical to understand mechanisms regulating
mitophagy in order to improve regenerative potential of CPCs and identify

potential targets for heart disease.
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CHAPTER 1: INTRODUCTION

Current Therapies for Heart Disease

Cardiovascular disease is the leading cause of mortality in the United
States and in the world, accounting for more than 17 million deaths per year
globally (Writing Group et al., 2016b). The American Heart Association (AHA)
has identified 7 risk factors that increase the risk for heart disease, which include
smoking, physical inactivity, poor diet/nutrition, obesity, high cholesterol, high
blood pressure, and diabetes (Writing Group et al., 2016a). Although many risk
factors can be addressed by modifying behaviors, certain health factors such
as family history and genetics cannot simply be altered by a change in lifestyle.
Aging is another maijor risk factor for developing cardiovascular disease, with
the prevalence and incidence of heart disease correlating with advancing age
in both men and women (Writing Group et al., 2016b).

Every year in the United States, about 610,00 people die of heart disease
and 735,000 people suffer from a heart attack (CDC, 2015). During a heart
attack or myocardial infarction (Ml), loss of blood flow to the heart leads to
oxygen and nutrient deprivation, resulting in loss of cardiomyocytes and
damage to heart muscle (Whelan et al., 2010). Interventions to reintroduce
oxygenated blood limit infarct size, but can also induce reperfusion injury and
further cell death (Freude et al., 2000). Thus, both permanent coronary

occlusion and ischemia/reperfusion after MI stimulate massive myocardial cell



death that can lead to cardiac dysfunction, pathological remodeling, and heart
failure (Whelan et al., 2010; Wencker et al.,, 2003). The simplest treatment
options for heart failure include oral medications such as angiotensin-converting
enzyme inhibitors, aldosterone antagonists, angiotensin receptor blockers, and
B-blockers (NHLBI, 2015). As heart failure worsens, medical procedures may
be necessary, and these include surgery (coronary artery bypass), implantable
devices (pacemakers, implantable cardioverter defibrillators, cardiac
resynchronization device, left ventricular assist devices), and heart transplants,
which are a last resort for end stage heart failure (NHLBI, 2015).

In the past decade, there has been great interest in utilizing regenerative
medicine for ischemic and dilated cardiomyopathies. Numerous clinical trials
have tested various allogeneic and autologous stem cell populations derived
from the bone marrow or the heart for safety and efficacy (Yousef et al., 2009;
Hare et al., 2012; Bartunek et al., 2013; Mushtaq et al., 2014; Heldman et al.,
2014; Bartunek et al.,, 2016; Chakravarty et al., 2016). Stem cells are an
attractive therapeutic strategy because of their potential to replace
cardiomyocytes lost after an MI or ability to stimulate resident progenitor cells
to generate new cardiomyocytes. Regenerating damaged myocardium using
stem cells continues to be an active and challenging area of research.
Therefore, it is important to identify the ideal cell populations and thoroughly
investigate their function in order to effectively utilize stem cells in patients with

heart failure.



Cardiac Progenitor Cells

The heart contains a pool of c-kit-positive cardiac progenitor cells (CPCs)
which have the potential to repair the myocardium after injury by secreting
paracrine factors and producing new cardiomyocytes and vasculature (Leri et
al., 2011). However, the functional role of endogenous CPCs in the myocardium
and how they contribute to repair are still unclear and controversial. Initial
studies reported that injection of CPCs into the infarct region leads to generation
of new cardiac myocytes and blood vessels by the CPCs (Beltrami et al., 2003).
Another report has shown that endogenous CPCs are required for both cardiac
homeostasis and regeneration after injury (Ellison et al., 2013). However, a
recent study has found that differentiation of endogenous CPCs into
cardiomyocytes occurs at a very low rate even after injury (van Berlo et al.,
2014). Another study reported that new cardiomyocytes are generated from pre-
existing myocytes and that endogenous CPCs do not play a critical role in
myocardial homeostasis and repair (Senyo et al., 2013). Finally, two recent
publications using in vivo lineage tracing studies show that c-kit positive CPCs
are endothelial in nature and contribute minimally to cardiomyocytes (Liu et al.,
2016; Sultana et al., 2015).

Nevertheless, although the functional role of endogenous CPCs is
controversial, it is clear that infusion of CPCs into the injured myocardium leads

to repair and improved function. For example, in animal models of myocardial



infarction or doxorubicin-induced cardiomyopathy, injection of CPCs reduces
injury and improves left ventricular function (Li et al., 2011; Fischer et al., 2009;
De Angelis et al., 2010). The use of autologous CPCs in patients with ischemic
cardiomyopathy is showing promising results in the SCIPIO clinical trial (Bolli et
al., 2011; Chugh et al., 2012). Thus, it is important to study the biology of CPCs
to further understand the mechanisms that underlie its positive effect on the

ischemic myocardium.

Mitochondria and Stem Cells

Mitochondria are the powerhouse of the cell and generate ATP through
oxidative phosphorylation. Various studies have demonstrated that
mitochondria are critical regulators of stem cell function. Embryonic, neuronal,
and mesenchymal stem cells have been reported to contain few immature
mitochondria that are clustered in the perinuclear region and rely on glycolysis
for energy production (Wang et al., 2010; Chung et al., 2007; Chen et al., 2008).
However, differentiation of stem cells requires metabolic reprogramming to
meet the increased energy demand that occurs concomitantly with a shift from
cytosolic anaerobic glycolysis to mitochondrial respiration (Chung et al., 2007;
Spitkovsky et al., 2004; Chung et al., 2010). Very little attention has been given
to the role of mitochondria in CPCs. Therefore, studying alterations that occur
in mitochondria during CPC differentiation will provide more insight on the role

of mitochondria in CPC survival and function.



Aging and Mitochondrial DNA Mutations

Studies have found that CPC function is reduced with age, which reduces
their regenerative capacity (Mohsin et al., 2013; Hariharan et al., 2015;
Goichberg et al., 2013). Stem cell therapies for cardiovascular disease primarily
target geriatric patients who also suffer from co-morbidities such as obesity,
diabetes, and smoking. All these factors may have a detrimental effect on the
function of the stem cell populations. Thus, autologous CPCs might have
reduced regenerative capacity once they are transplanted back into the patient’s
heart if the patient is unhealthy. The mechanisms underlying age-related
changes in CPC function are still unclear, and a deeper understanding of
biological processes that regulate CPC function and survival is needed so that
more effective strategies to repair the heart can be developed.

Mitochondria regulate several key processes in the cell including
metabolism, heme synthesis, and cell death. Mitochondria also produce energy
through oxidative phosphorylation (OXPHOS) which is critical for cellular
development, differentiation, and growth (Atamna, 2004; Nunnari &
Suomalainen, 2012; Xu et al., 2013). Mitochondria contain their own DNA that
is replicated independently of the nuclear DNA. The mitochondrial DNA
(mtDNA) encodes 37 genes and 13 of those are subunits of the respiratory
complexes or ATP synthase. The mtDNA is more susceptible to genetic

mutations than nuclear DNA because of constant exposure to reactive oxygen



species generated by the respiratory chain, less efficient DNA repair, and
absence of histones (Richter et al., 1988). Studies have reported that mtDNA
mutations and deletions accumulate with age in various tissues in humans and
rodents, which can lead to impaired mitochondrial function (Dai et al., 2009;
Corral-Debrinski, Shoffner, et al., 1992; Wanagat et al., 2002; Bratic & Larsson,
2013). Mutations in mtDNA in the heart have also been demonstrated after
treatment with cardiotoxic therapies such as doxorubicin (Lebrecht & Walker,
2007) or nucleoside reverse transcriptase inhibitors (Frerichs et al., 2002). In
addition, mtDNA mutations and damage have appeared in patients with
coronary atherosclerotic disease (Corral-Debrinski, Shoffner, et al., 1992) or
after myocardial infarction (lde et al., 2001).

The contribution of mtDNA mutations to aging has been confirmed by
studies in mice expressing a proofreading-deficient mitochondrial DNA
polymerase y (POLG). POLG is the only polymerase in the mitochondria and
has multiple functions to replicate, repair, and proofread the mtDNA. Therefore,
a mutation that leads to a defect in POLG function will have detrimental effects
on the mtDNA integrity. These mice accumulate mtDNA mutations in cells at a
faster rate than wild-type mice, which leads to an accelerated aging phenotype
and reduced lifespan (Trifunovic et al., 2004; Kujoth et al., 2005). Moreover,
accumulation of mtDNA mutations in the heart is associated with increased
oxidative damage and apoptosis, which results in the development of

cardiomyopathy at 13-14 months of age (Dai et al., 2010). Very little is known



about the effect of mtDNA mutations on CPC function, and studying the
consequences of accumulating mtDNA mutations will provide greater insight on

the critical role of mitochondria in CPCs.

Autophagy

Macroautophagy, commonly referred to as autophagy, is an
evolutionarily conserved process by which long-lived proteins and damaged
organelles are engulfed by autophagosomes and subsequently delivered to
lysosomes (Yang & Klionsky, 2010). During nucleation, BECLIN1 forms a
complex with VPS34 and VPS15 to initiate phagophore formation (Kihara et al.,
2001). ATG proteins facilitate assembly and elongation of the phagophore to
form the autophagosome membrane that surrounds cargo. During this step,
cytosolic LC3 | is conjugated to phosphatidylethanolamine to form LC3 I, which
is bound to the autophagosome (Ichimura et al., 2000). The mature double
membrane autophagosome then fuses with a lysosome, allowing contents to be
degraded by lysosomal enzymes (Figure 1.1). Autophagy is a cellular quality
control mechanism that maintains cellular homeostasis. Under normal
conditions, autophagy occurs at low levels to facilitate turnover of cytoplasmic
components, and is rapidly increased in response to stress or nutrient
deprivation (Mizushima, 2007). Alterations in autophagy are associated with

cardiovascular disease and aging (Nishino et al., 2000; Nakai et al., 2007;



Taneike et al., 2010; Gatica et al., 2015; Shirakabe et al., 2016). Therefore,

autophagy is now being considered a potential therapeutic target in the heart.

Mechanisms of Mitophagy

Autophagy was previously believed to be a nonselective bulk
degradation process, but more studies have emerged demonstrating that
autophagosomes can recognize and engulf specific organelles, including
peroxisomes (lwata et al., 2006), endoplasmic reticulum (Hanna et al., 2012),
and mitochondria (Quinsay et al., 2010) in mammalian cells. Mitophagy is the
selective removal of damaged mitochondria by autophagy, and is involved in
mitochondrial turnover and quality control in the heart (Kubli & Gustafsson,
2012). However, very little is known about mechanisms of mitophagy in CPCs.

The PINK1/Parkin mitochondrial quality control pathway has been mainly
studied in the brain in the context of Parkinson’s disease, but has also been
shown to play a role in clearing defective mitochondria in the heart in response
to stress (Kubli et al., 2013; Chen & Dorn, 2013; Dorn, 2016). PINK1 is a serine-
threonine kinase that is present on the outer mitochondrial membrane (OMM).
Under baseline conditions, intact mitochondrial membrane potential in healthy
mitochondria drives PINK1 import to the inner mitochondrial membrane (IMM),
where PINK1 is cleaved at the N-terminus and is recognized by the ubiquitin
proteasomal system for constitutive degradation (Greene et al., 2012; Yamano

& Youle, 2013). However, damaged mitochondria which have accumulated



unfolded proteins or cannot maintain intact membrane potential are unable to
import PINK1. This leads to accumulation of PINK1 on the OMM and recruitment
of Parkin, an E3 ubiquitin ligase (Narendra, Jin, et al., 2010; Jin & Youle, 2013).
Ubiquitin is linked to proteins on the OMM, and when PINK1 accumulates on
the OMM, it phosphorylates ubiquitin at the Ser65 residue (Koyano et al., 2014).
Parkin has high affinity for Ser65-phosphorylated ubiquitin, which drives its
recruitment to the OMM (Kazlauskaite et al., 2014). PINK1 phosphorylates
Parkin’s ubiquitin-like (UBL) domain at Ser65, stabilizing Parkin in its “open”
conformation and allowing Parkin to ubiquitinate its substrates on the OMM
(Kondapalli et al., 2012).

Parkin is present in the cytosol under baseline conditions but rapidly
translocates to depolarized mitochondria (Narendra et al., 2008). Parkin
ubiquitinates proteins on the OMM to facilitate mitophagy (Figure 1.2 A). Several
Parkin targets on the outer mitochondrial membrane have been identified,
including MFN1/2, MIRO1/2, VDAC, mitochondrial Hexokinase 1/2, FIS1,
TOM20, and TOM70, as well as autophagy adaptor SQSTM1/p62 (Sarraf et
al., 2013). MFN2 is a Parkin receptor and is necessary for Parkin recruitment to
uncoupled mitochondria, and its phosphorylation by PINK1 promotes Parkin
translocation to mitochondria (Chen & Dorn, 2013).

Ubiquitinated proteins on the OMM recruit adaptor proteins which can
bind to both the cargo and to LC3 Il present on the autophagosome membrane

(Figure 1.2 A). SQSTM1/p62 is an adaptor protein that contains a ubiquitin-
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associated domain and an LC3-interacting region that binds to LC3 (Lamark et
al., 2009). Interestingly, SQSTM1/p62 is not required for Parkin-mediated
mitochondrial clearance (Narendra, Kane, et al., 2010). Other adaptor proteins
such as NBR1 (Lamark et al., 2009), Optineurin (Wild et al., 2011), and NBP52
have been identified in other cells and serve similar functions as SQSTM1/p62.
Recent data has shown that NBR1 is also dispensable for Parkin-mediated
mitophagy (Shi et al., 2015). Optineurin recruitment to damaged mitochondria
is Parkin-dependent, but SQSTM/p62 is not required (Wong & Holzbaur, 2014).
Other adaptor proteins that have not yet been identified may compensate for
SQSTM1/p62 deficiency and require further investigation.

There are also autophagy receptors present on the mitochondrial
membrane that function independently of ubiquitin and adaptor proteins. The
mitophagy receptors BNIP3, NIX, and FUNDC1 are present on the OMM and
can directly bind to LC3 Il on the autophagosome membrane to mediate
selective removal of mitochondria in cells in response to hypoxia (Hanna et al.,

2012; Novak et al., 2010; Quinsay et al., 2010; Liu et al., 2012) (Figure 1.2 B).

Rationale and Specific Aims of the Thesis

Mitochondria are critical for generating ATP and regulating cell survival,
and must undergo alterations to meet the energy demands required for
differentiation and maintenance of proper cell function (Figure 1.3).

Mitochondria contain their own genome, and mtDNA mutations that accumulate
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with age can lead to generation of dysfunctional mitochondria that could have
detrimental consequences to cell function (Figure 1.4). Studying the effect of
mtDNA mutations on CPC function will provide greater insight on the role of
mitochondria in stem cells, and how to improve the therapeutic potential of
CPCs in the context of aging and heart disease. As cells age, they need to utilize
cellular processes such as mitophagy to clear accumulating defective
mitochondria. However, not much is known about the mechanisms of mitophagy
in CPCs. Parkin is expressed in the heart and plays a role in stress adaptation
by mediating clearance of depolarized mitochondria. However, the role of
Parkin-mediated mitophagy in aging hearts with accumulating mtDNA mutations
has not been examined. | hypothesize that mitochondrial quality control is
critical for maintaining optimal cardiac progenitor cell and cardiac function. | also
hypothesize that Parkin-mediated mitophagy plays a role in clearing damaged
mitochondria in CPCs and cardiomyocytes that have accumulated mtDNA

mutations. To investigate this hypothesis, | propose the following specific aims:

Aim 1: Investigate the functional importance of mitochondria in CPC
function and the consequence of mtDNA mutations

Hypothesis: Accumulating mtDNA mutations will produce dysfunctional
mitochondria that leads to impaired CPC function (survival, proliferation,

differentiation).
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Aim 2: Investigate functional role of Parkin-mediated mitophagy in the
aging myocardium

Hypothesis: Parkin-mediated mitophagy is impaired aging hearts due to mtDNA
mutations. Parkin deficiency will accelerate cardiac dysfunction, and
overexpressing Parkin in the heart will rescue the accelerated cardiac aging

phenotype.
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Figure 1.1: Overview of autophagy. In autophagy, the autophagosome
engulfs damaged proteins and organelles by forming a double-membrane
vesicle around the cargo. The autophagosome fuses with a lysosome and the
contents are degraded by lysosomal enzymes. Mitophagy is the selective
degradation of defective mitochondria by autophagy.
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A. Parkin-mediated

Figure 1.2: Mechanisms of mitophagy. A. Parkin is recruited to depolarized
mitochondria and ubiquitinates outer mitochondrial membrane proteins. The
mitochondria are sequestered in the autophagosome and eventually degraded
in the lysosome. B. Mitophagy receptors such as BNIP3, BNIP3L/NIX and
FUNDC1 are present on the outer mitochondrial membrane and recruit the
autophagosome by directly interacting with LC3 Il on the autophagosome
membrane.
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Figure 1.3: CPCs undergo mitochondrial reprogramming during lineage
commitment. Undifferentiated CPCs contain few mitochondria and must
upregulate mitochondrial biogenesis and oxidative phosphorylation upon

differentiation.
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Figure 1.4: Aging leads to impaired CPC function. A. Young CPCs have
functional mitochondrial quality control processes and expand healthy
mitochondria during differentiation. B. Aging is associated with increased
mtDNA mutations and reduced mitochondrial clearance by autophagy, leading
to accumulation of defective mitochondria and reduced function.



CHAPTER 2: EXPERIMENTAL METHODS AND MATERIALS

Animals

All experimental procedures were performed in accordance with
institutional guidelines and approved by the Institutional Animal Care and Use
Committee of the University of California San Diego. POLG*"* mice were
obtained from Dr. Tomas Prolla, University of Wisconsin-Madison (Kujoth et al.,
2005). Parkin” mice were obtained from Jackson Laboratories and their cardiac

phenotype has been previously characterized (Kubli et al., 2013).

Generation of Mouse Lines

D257A
G

Mice heterozygous for the POL mutation were crossed to generate

mice with WT and mutant POLGP#"AP%7A genotypes (Kujoth et al., 2005). Two

GD257A mlce

additional mouse lines were also generated. Heterozygous POL
were crossed with Parkin TG mice for several generations to obtain mice with
WT, POLGP?®™APXA  parkin TG, and POLGP*""P25"Aparkin TG genotypes.
The Parkin TG mice overexpress Parkin under the transcriptional control of the
cardiomyocyte-specific  a-myosin  heavy chain (a-MHC) promoter.

GP?"A mice were also crossed with Parkin™ mice to obtain

Heterozygous POL
mice with WT, POLGP®™AP27A" parkin™, and POLGP#""P25"A/parkin™
genotypes. These mice are referred to as WT, POLG, Parkin TG, POLG/Parkin

TG, Parkin KO, and POLG/Parkin KO throughout the text.

17
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Cardiac Progenitor Cell Isolation and Culture

C-kit positive CPCs were isolated from 2-month-old male wild-type FVB
mice. CPCs were also isolated from male mice homozygous for the POLGP*"*
mutation on a C57BIl/6 background (Kujoth et al., 2005), and control CPCs
isolated from wild-type, sex-matched litter mates. All c-kit positive adult CPCs
were isolated and cultured as previously described (Beltrami et al., 2003;
Fransioli et al., 2008), with slight modifications.

Mice were injected with heparin and anesthetized with ketamine-
xylazine. The heart was carefully removed from the chest and tied to a cannula
attached to a Langendorff Myocyte Isolation System (Radnoti). The heart was
then perfused with basic buffer for 10 minutes, followed by perfusion with
Collagenase Il digestion solution (Worthington Biochemical) for 9-10 minutes.
The heart was removed from the cannula and placed in a conical tube with
incubation buffer containing fatty acid-free BSA to stop further digestion. The
heart was minced into small pieces and resuspended using a sterile pipette to
dissociate cells, and the mixture was centrifuged at 100 x g for 1 minute at 4°C.
The supernatant was passed through a 30 um filter (Miltenyi) and subsequently
centrifuged at 600 x g for 10 minutes at 4°C. The supernatant was discarded
and the remaining cell pellet was resuspended in a solution containing 100 pl of
washing buffer and 20 ul of CD117/c-kit-conjugated magnetic microbeads. This
mixture was incubated on a rocker for 20 minutes at 4°C. The cells were passed

through a MiniMACS sorting column and c-kit-positive cells were selected using
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magnetic-activated cell sorting (Miltenyi). Finally, the cells eluted from the
magnetic column were resuspended in CPC growth media containing
Dulbecco’s Modified Eagle Medium and Ham’s F-12 medium (1:1 ratio), 10%
embryonic stem cell FBS, leukemia inhibitory factor (10 ng/ml), insulin
transferrin selenium, epidermal growth factor (20 ng/ml), basic fibroblast growth
factor (10 ng/ml), and antibiotic/antimycotic. Cells were allowed to grow
undisturbed for at least 5 days before replacing the growth media. CPCs were
expanded in culture for several passages until a sufficient number of cells were
obtained for experiments. To activate differentiation, CPCs were incubated in a-
Minimum Essential Medium containing antibiotic/antimycotic and 10 nM

dexamethasone for up to seven days.

Quantitative Polymerase Chain Reaction

Genomic DNA was extracted using GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich) and PCR amplified with TagMan Universal Master
Mix 1l. 18s rRNA was used as a control for nuclear DNA and d-loop for mtDNA
quantitation, using primer sequences previously described (Rikka et al., 2011).
For gene expression assays, RNA was extracted from CPCs using the RNeasy
Mini Kit (Qiagen) and from heart tissue using the RNeasy Fibrous Tissue Mini
Kit (Qiagen). cDNA was synthesized from 500 ng RNA using the QuantiTect
Reverse Transcription Kit (Qiagen) following manufacturer’s protocols. Tagman

primers for Ppargcla, Ppargc1b, Gata-4, Gata-6, Pecam1, Cox4i1, Cox1,
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Park2, PARKZ2 (human), Bnip3, Bnip3l/Nix, Fundc1, Myh7, Nppa, Sqstm1, Atg5,
Atg7, Becn1, Rab7, Pink1, Mfn2, Rn18s, and the TagMan Universal Master Mix
Il were purchased from Applied Biosystems/Life Technologies/Thermo Fisher
Scientific. gJPCR was carried out on a CFX96 Real-Time PCR Detection System
(Bio-Rad). Relative amounts of mMRNA were normalized to Rn18s and fold

change in gene expression was calculated using the 2(**“) method.

Subcellular Fractionation for Western Blot

Mice at were anesthetized with 100 mg/kg sodium pentobarbital and
hearts were snap-frozen in liquid nitrogen. Hearts were minced in
homogenization buffer containing 250 mM sucrose, 5 mM KH2PO4, 2 mM
MgClz, 10 mM MOPS pH 7.4, 1 mM EGTA, 0.1% fatty acid-free BSA, and
protease inhibitor cocktail (Roche). Hearts were homogenized by Polytron at
11,000 rpm, followed by 3-4 strokes using the Teflon tissue grinder to further
homogenize the tissue. Homogenates were incubated with 20% Triton X-100
buffer (1% final concentration) for 45 minutes to induce further cell lysis,
followed by centrifugation at 15,000 rpm for 20 minutes to obtain cleared whole
heart lysates. Protein concentration was determined by Bradford assay.

To obtain the mitochondrial fraction, whole heart homogenates were
centrifuged at 600 x g for 5 minutes at 4°C to remove nuclear contamination and
debris. The supernatant was transferred to a new tube and the centrifugation

step was repeated. The supernatant was collected and transferred to another



21

tube and centrifuged at 3000 x g for 10 minutes at 4°C. The resulting
supernatant contained the cytosolic fraction and the pellet contained the
mitochondrial fraction. The mitochondrial pellet was washed in homogenization
buffer and centrifuged at 3000 x g for 10 minutes at 4°C, and this wash step
was performed three times. The resulting mitochondria pellet was resuspended
and lysed in Triton X-100 lysis buffer containing 50 mM Tris-HCI, 150 mM NaCl,
1 mM EGTA, 1 mM EDTA, 1% Triton X-100, and protease inhibitor cocktail

(Roche).

Separation of Soluble and Insoluble Fractions

Hearts were minced in detergent-free lysis buffer containing 50 mM Tris-
HCI, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, and protease inhibitor cocktail
(Roche). Samples were homogenized using a Polytron at 22,000 rpm for 3
seconds and centrifuged at 6000 x g for 5 minutes at 4° C. Triton X-100 was
added to achieve a final concentration of 0.1%, and samples were incubated on
a rocker for 45 minutes at 4° C. Supernatant (soluble fraction) was transferred
to a fresh tube and protein concentration was determined by Bradford assay.
Soluble fractions were normalized in NUPAGE sample buffer and DTT. The
remaining pellets containing insoluble proteins were rinsed with detergent-free
lysis buffer and resuspended in 1X NuPAGE sample buffer with DTT. Both
soluble and insoluble samples were heated at 70° C for 10 minutes, followed by

centrifugation at 10,000 x g for 5 minutes.
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Western Blot

CPCs were prepared in Triton X-100 lysis buffer with protease inhibitor
and protein concentrations were determined using the Bradford assay.

Samples were loaded and run on Invitrogen NuPAGE Bis-Tris gels. The
membranes were probed with the following antibodies: MitoProfile Total
OXPHOS Rodent WB Antibody cocktail (MitoSciences), COX IV Subunit 4
(Invitrogen/Life Technologies), AMPK, p-AMPK, Hexokinase |, Hexokinase II,
PKM1/2, LC3, Parkin, GAPDH (Cell Signaling Technology), DLP1, Tim23 (BD
Biosciences), MFN1, TOM20, Ubiquitin (Santa Cruz Biotechnology), p62
(Abcam), PINK1 (Cayman), BNIP3, MFN2, Tubulin (Sigma-Aldrich), and Actin
(GeneTex). Membranes were imaged using a ChemiDoc XRS+ System (Bio-

Rad).

Mitochondrial Respiration Measurements of Isolated Mitochondria

Intact mitochondria were isolated from 2 month-old mice. Hearts were
minced in isolation buffer containing 100 mM KCI, 50 mM MOPS pH 7.4, 1 mM
EGTA, 5 mM MgSO,4, 1 mM ATP, and 0.2% fatty acid-free BSA. The tissue was
further homogenized with a Polytron tissue grinder at 11,000 rpm for 2.5
seconds, followed by 3-4 strokes with a Teflon tissue grinder. The heart
homogenate was centrifuged at 600 x g for 5 minutes at 4°C and the
supernatant was collected and centrifuged again. The supernatant was then

centrifuged at 3,000 x g for 10 minutes at 4°C to obtain a mitochondrial pellet.
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Two washes were performed with isolation buffer and the final wash was
performed with BSA-free isolation buffer. Finally, the mitochondrial pellet was
resuspended in 100 pl buffer containing 70 mM sucrose, 200 mM mannitol, 2
mM Tris base, and 20 mM HEPES pH 7.4. Mitochondrial protein concentrations
were determined using Bradford assay.

Oxygen consumption measurements were taken at 30°C using an
Oxygraph apparatus (Hansatech Instruments) as previously described (Kubli et
al., 2013). 125 ug of mitochondria were added to a final volume of 1 ml
respiration buffer containing 10 mM MgCl,, 100 mM KCI, 50 mM MOPS pH 7.0,
1 mM EGTA, 5 mM KH;PO4, and 0.2% fatty acid-free BSA. Complex I-
dependent oxygen consumption was measured using 2 mM pyruvate and 2 mM
malate as substrates. Complex [lI-dependent oxygen consumption was
measured using 5 uM rotenone to inhibit Complex | and 5 mM succinate as
substrate. Complex IV-dependent respiration was measured by addition of 1 yM
Antimycin A and 0.4 mM TMPD + 1 mM ascorbate. Oligomycin (5 pg/ml) was
added to inhibit ATP synthase followed by carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) (1 pM) to obtain maximal
respiration rate.

Intact mitochondria were also isolated from 6 month-old mouse hearts
and mitochondrial respiration was measured using the Seahorse XF96 Analyzer
(Seahorse Bioscience — Agilent Technologies) following a modified protocol

originally optimized in the Seahorse XF24 Analyzer (Rogers et al., 2011). Hearts
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were homogenized using a Polytron followed by a Teflon tissue grinder, in buffer
containing 70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA, and
0.5% fatty acid-free BSA. The homogenate was centrifuged at low speed (500
x g for 10 minutes at 4°C). The supernatant was collected and centrifuged at
12,000 x g for 10 minutes at 4°C to obtain a mitochondrial pellet. The pellet was
washed in buffer and centrifuged at 12,000 x g for 10 minutes at 4°C, and this
wash step was performed twice. Finally, the pellet was resuspended in a small
volume (~20 ul) of buffer and the protein concentration was determined by
Bradford assay. Mitochondria were plated on a 96-well microplate at densities
of either 0.5 pug or 1 ug per well. Assay media (70 mM sucrose, 220 mM
mannitol, 10 mM KH,PO4, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, 0.2% BSA,
and 4 mM ADP) containing different substrates were used to assess glucose
metabolism (10 mM pyruvate and 1 mM malate), fatty acid oxidation (40 uM
palmitoylcarnitine and 1 mM malate), and Complex Il-dependent oxygen
consumption (10 mM succinate and 2 uM rotenone). Oligomycin (2 yM) was
added to inhibit ATP synthase followed by three successive additions of 1.5 yM
FCCP to obtain maximal respiration rate. Data were analyzed using Wave for

Desktop (Seahorse Bioscience — Agilent Technologies).

Mitochondrial Respiration Measurements of CPCs
Mitochondrial oxygen consumption of monolayers of CPCs was

measured using the Seahorse XF96 analyzer (Seahorse Bioscience — Agilent
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Technologies), adapted from a previously described protocol (Rikka et al.,
2011). CPCs were plated at 2 x 10* or 1 x 10* cells per well 24 hours before
measurement of O, consumption rates. Assays were run in unbuffered, serum-
free DMEM containing 10 mM glucose, 3 mM glutamine, and 1 mM pyruvate.
CPCs were allowed to equilibrate on the plate before addition of 2 uM
oligomycin to measure ATP-linked respiration. Three successive additions of
500 nM FCCP were added to measure maximal respiration. Data were analyzed

using Wave for Desktop software (Seahorse Bioscience).

Immunofluorescence Microscopy

CPCs were treated with Compound C to inhibit AMPK pharmacologically
and treated with Nocodazole to inhibit microtubule polymerization.
Immunofluorescence was used to assess the effects of the pharmacological
treatments on mitochondrial morphology and differentiation. Cells were fixed in
4% paraformaldehyde (Ted Pella) in 1X PBS, permeabilized in 0.2% Triton X-
100 in 1X PBS, and blocked in 5% normal goat serum. CPCs and heart tissue
sections were stained with antibodies against CD117/c-kit (R&D Systems),
TOM20 (Santa Cruz Biotechnology), Tubulin (Sigma-Aldrich), COX IV
(Invitrogen), GATA-4 (Santa Cruz Biotechnology), p-AMPK (Cell Signaling
Technologies) and LAMP2 (Sigma-Aldrich). The CD117/c-kit fluorescent signal
was amplified using the TSA Plus Fluorescence System (Perkin Elmer). Cells

were incubated in Alexa Fluor 488 or 594 secondary antibodies (Life
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Technologies), followed by Hoechst 33342 (10 pg/ml, Life Technologies) to
stain nuclei. Cells were imaged using a Carl Zeiss Axio Observer Z1, and Z-
stacks were acquired using a high-resolution AxioCam MRm digital camera, a
63X oil immersion objective, and Zeiss AxioVision 4.8 software (Carl Zeiss). A

minimum of 100 cells per group were counted for each condition.

Transmission Electron Microscopy

Adult mouse hearts and CPCs were fixed in modified Karnovsky’s fixative
containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.15 M sodium
cacodylate buffer pH 7.4 for at least 4 hours, post-fixed in 1% osmium tetroxide
in 0.15 M cacodylate buffer for 1 hour, and stained with 2% uranyl acetate for 1
hour. Samples were embedded in Durcupan epoxy resin, sectioned on a Leica
UCT ultramicrotome, and mounted on carbon-coated copper slot grids. Sections
were stained with 2% uranyl acetate and Sato’s lead stain. Sections were
examined on a TECNAI G2 Spirit BioTWIN Transmission Electron Microscope

equipped with an Eagle 4k HS digital camera (FEI).

Proliferation Assay

CPCs were seeded in a 12-well tissue culture plate and cell number was
determined after 24 and 72 hours by counting using a hemocytometer. CPCs
were also seeded in a 96-well black wall clear bottom plate (Corning) and cell

number was measured with the CyQUANT NF Cell Proliferation Assay Kit (Life
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Technologies). Fluorescence measurements were made using a SpectraMax

M3 microplate reader and SoftMax Pro 5.4 software (Molecular Devices).

Cell Death Assay

CPCs were treated with HyO2 (Sigma-Aldrich), Doxorubicin
Hydrochloride (Sigma-Aldrich), Sunitinib Malate (BioVision), or 2-deoxyglucose
(Sigma-Aldrich). Cells were stained with Hoechst 33342 (10 pg/ml, Life
Technologies) and YO-PRO-1 lodide (100 nM, Life Technologies) for 15
minutes and immediately imaged using a Carl Zeiss Axio Observer Z1 at 10X
magnification, AxioCam MRm digital camera, and Zeiss AxioVision 4.8 software

(Carl Zeiss).

Senescence Assay

CPCs were seeded in a 12-well tissue culture plate and the Senescence
Detection Kit (Abcam) was used to measure senescence-associated-f3-
galactosidase activity according to manufacturer’'s protocol. Cells were
observed under a brightfield microscope and at least 100 cells were counted

per well.

Glycolysis Assay
CPCs were seeded in a 12-well tissue culture plate and incubated in

growth medium for 4 days. L-lactate concentration in the growth medium was
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measured using a Glycolysis Cell-Based Assay Kit (Cayman Chemical)
according to manufacturer’s protocol. Colorimetric measurements were made
using a SpectraMax M3 microplate reader and SoftMax Pro 5.4 software

(Molecular Devices).

ATP Assay

ATP levels were measured using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, Madison, WI) according to the manufacturer's
protocol. CPCs (40,000 cells/100 ul) were added to a 96 well black wall clear
bottom plate (Corning). Luminescent measurements were made using a
SpectraMax M3 microplate reader and SoftMax Pro 5.4 software (Molecular

Devices).

Assessment of mitochondrial membrane potential

CPCs were incubated with tetramethylrhodamine methyl ester (TMRM)
(25 nM, Invitrogen) and Hoechst 33342 (10 pg/ml, Life Technologies) for 15
minutes at 37°C. Live cells were examined using a Carl Zeiss Axio Observer Z1
at 40X magnification. Fluorescence intensity was quantified using ImageJ

software.
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Assessment of Autophagy and Mitophagy

To assess baseline autophagic flux, CPCs were treated with DMSO or
50 nM Bafilomycin A1 (EMD Millipore) for 2 hours prior to homogenization and
Western blot analysis. To visualize lysosomes, CPCs were fixed and stained
with LAMP2 (Sigma-Aldrich). To assess mitochondrial autophagy, CPCs were
infected with an adenovirus encoding GFP-LC3 as previously described (Hanna
etal., 2012). Cells were treated with DMSO or 50 nM Bafilomycin A1 for 3 hours,
fixed, and stained with anti-TOM20.

To assess Parkin-mediated mitophagy, CPCs were infected with -gal or
mCherry-Parkin adenovirus and treated with 25 uM FCCP for 24 hours to induce
mitochondrial damage. Western blotting for TIM23 was used to assess
mitochondrial clearance in CPCs.

Cells were imaged at 63X magnification and Z-stacks acquired using a
Carl Zeiss Axio Observer Z1. LAMP2 staining was quantified using ImageJ
software. Mitophagy was assessed by analyzing colocalization between GFP-

LC3 positive autophagosomes and TOM20 labeled mitochondria.

Echocardiography

Echocardiography was performed as previously described (Kubli et al.,
2013) using a Vevo770 In Vivo Micro-Imaging System with an RMV707B 15-45
MHz imaging transducer (VisualSonics Inc.). Mice were maintained under light

anesthesia through a nose cone (0.5-1% isoflurane, 98-99.5% O,). Mice were
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placed in a supine position on a recirculating water warming pad while acquiring
measurements. Cardiac parameters were quantified using the VisualSonics

software.

Histology

Prior to tissue collection, mice were anesthetized with 100 mg/kg sodium
pentobarbital. Hearts were perfused with 200 mM KCI to induce arrest at
diastole before harvesting. Hearts were fixed in 10% neutral buffered formalin
for 24 hours and transferred to 70% dehydrant alcohol for another 24 hours.
Hearts were processed, embedded in paraffin, and cut into sections using a
microtome (Leica Biosystems).

To visualize general size and wall thickness, hearts were cut at the
coronal plane to obtain a 4-chamber view. Sections were cut at 10 um thickness
and stained with hematoxylin and eosin (H&E). Sections were imaged using a
Carl Zeiss Axio Observer Z1 camera attached to a dissection microscope (Zeiss

Stemi 2000-C). Images were taken at 1.0 X magnification.

Statistical Analyses
All values are expressed as means + standard error. Student’s t-test was
used to compare two sets of data. For data comparing more than 2 groups,

statistical analyses were performed using one-way or two-way ANOVA,
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followed by Tukey’s multiple comparison test (GraphPad Prism 7, GraphPad

Software, Inc.). P values < 0.05 were considered statistically significant.

Chapter 2, in part, was originally published in the Journal of Biological
Chemistry. Orogo AM, Gonzalez ER, Kubli DA, Baptista IL, Ong SB, Prolla TA,
Sussman MA, Murphy AN, Gustafsson AB. Accumulation of Mitochondrial DNA
Mutations Disrupts Cardiac Progenitor Cell Function and Reduces Survival. The
Journal of Biological Chemistry. 290(36):22061-75, 2015. © 2015 The American
Society for Biochemistry and Molecular Biology. The dissertation author was the

primary investigator and author of this paper.



CHAPTER 3: CARDIAC PROGENITOR CELLS UNDERGO

MITOCHONDRIAL REPROGRAMMING DURING DIFFERENTIATION

Introduction

Mitochondria are the major source of ATP in the cell and play a central
role in cellular bioenergetic function. Uncommitted CPCs contain few
mitochondria and must undergo metabolic changes during differentiation in
order to meet the increasing energy demand of the cell. Currently, little is known
about mitochondrial function and alterations that occur in CPCs during lineage
commitment. Various types of stem cells have to undergo a transition from
glycolysis to oxidative phosphorylation (OXPHOS) during differentiation by
upregulating mitochondrial biogenesis (Cho et al., 2006; Chung et al., 2007;
Wang et al., 2010). Increased mitochondrial mass and mitochondrial DNA
(mtDNA) are accompanied by increased synthesis of OXPHOS and antioxidant
proteins that permit efficient generation of ATP and removal of reactive oxygen
species (ROS) generated by the electron transport chain (ETC). Likewise,
CPCs contain few mitochondria that should expand during differentiation to
facilitate an energetic transition. Here, | have investigated the mitochondrial
reprogramming that occurs during CPC differentiation and demonstrate the

important role of mitochondria in differentiating CPCs.

32
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Results
CPC Differentiation is Accompanied by Mitochondrial Expansion

First, | isolated c-kit+ CPCs from the hearts of 10-12 week old WT mice
by magnetic-activated cell sorting. C-kit is a transmembrane receptor with
tyrosine kinase activity that is highly expressed on the surface of stem and
progenitor cells. C-kit binds to stem cell factor (SCF), which activates a signaling
cascade that leads to differentiation, growth, and proliferation (Matsui et al.,
2004). | incubated CPCs in differentiation medium (DM) containing 10 nM
dexamethasone, which has been shown to stimulate differentiation in mouse
and human CPCs after 7 days (Fransioli et al., 2008; D'Amario et al., 2011). |
examined the effects of differentiation on mitochondrial content and distribution
by fluorescence microscopy. At Day 0, undifferentiated CPCs had a large
nuclear-cytoplasmic ratio and contained few mitochondria, which were primarily
localized to the perinuclear region (Figure 3.1 A). After 7 days of differentiation,
CPCs grew larger in size and mitochondrial content increased (Figure 3.1 A).
The increase in mitochondrial content and cell size correlated with reduced c-
kit expression (Figure 3.1 A). Furthermore, | visualized mitochondrial
ultrastructure by transmission electron microscopy and found that the
undifferentiated CPC contained immature mitochondria with little cristae
structure. In contrast, after 7 days in DM, the mitochondria were longer and
more electron dense (Figure 3.1 B). In eukaryotic cells, the cytoskeleton plays

a role in organelle transport and cell morphology (Anesti & Scorrano, 2006).
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Since the CPCs increased in size and expanded their mitochondrial network
during differentiation, | investigated whether mitochondria moved along the
microtubules as they are transported to the cell periphery. | found that after
CPCs were incubated in DM for 7 days, mitochondria co-localized with tubulin
as they expanded their network (Figure 3.2).

When CPCs commit to a lineage, they downregulate c-kit expression and
upregulate transcription factors and proteins specific to that lineage (D'Amario
et al.,, 2011). | investigated whether CPCs commit to the cardiac myocyte
lineage by staining for GATA-4, an early cardiomyocyte marker. The GATA
family of zinc finger transcription factors regulate myocardial differentiation,
growth, and survival. GATA-4 is one of the earliest transcription factors
expressed in developing murine cardiac cells and is continually expressed in
cardiac myocytes throughout the life of the animal (Pikkarainen et al., 2004). |
found that at Day 0O, very few CPCs stained positive for GATA-4 (Figure 3.3 A
and B). After 7 days of differentiation, approximately 55% of CPCs stained
positive for GATA-4 (Figure 3.3 B). Cells positive for GATA-4 have also
expanded their mitochondria (Figure 3.3 A). Real-time quantitative PCR (qPCR)
confirmed increased transcripts of Gata-4, a cardiac lineage marker, in CPCs in
DM at Day 7. In addition, CPCs also increased gene expression of Gata-6, a
smooth muscle marker, and Pecam1, an endothelial cell marker (Figure 3.3 C).
These results indicate that CPC lineage commitment occurs concurrently with

expansion of mitochondria.
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Mitochondrial Biogenesis is Activated Upon CPC Differentiation

Mitochondrial biogenesis is defined as the growth and division of pre-
existing mitochondria, and this process is regulated by PGC-1a, a member of
the PPARYy co-activator (PGC) family of transcriptional co-activators (Rowe et
al., 2010). To examine activation of mitochondrial biogenesis, | measured PGC-
1a (Ppargc1a) mRNA levels by qPCR, and found significantly increased levels
after 7 days of differentiation (Figure 3.4 A). During mitochondrial biogenesis,
existing mitochondria must replicate their own genome (mtDNA) as they divide
to ensure that the new mitochondria also contain their own mtDNA. PGC-1a has
been shown to stimulate mitochondrial proliferation which correlated with an
increase in cellular mitochondrial DNA (mtDNA) content (Wu et al., 1999). |
measured mtDNA content by qPCR and confirmed that CPCs had increased
mtDNA content after 7 days in DM (Figure 3.4 B). CPCs also exhibited
significantly increased expression of mitochondrial OXPHOS protein subunits
(Figure 3.4 C). These proteins are part of the respiratory chain located in the
inner mitochondrial membrane and are important for generating ATP by
oxidative phosphorylation.

AMP-activated Protein Kinase (AMPK) is an intracellular energy sensor
activated in response to increased energy demand and has been reported to
act as an upstream regulator of PGC-1a (Rowe et al., 2010). Differentiation is
an energy-requiring process that increases demand for ATP. Therefore, |

investigated whether AMPK may be involved in the CPC differentiation process.
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| found increased phosphorylation of AMPK in cultured CPCs upon incubation
in differentiation medium, suggesting activation of AMPK (Figure 3.5 A). CPCs
have been reported to migrate to the border zone after a myocardial infarction,
where they differentiate into cells of various lineages (Fransioli et al., 2008;
Huang et al., 2010). | detected CPCs in the border zone of the mouse heart 7
days after myocardial infarction, and the CPCs stained positive for
phosphorylated AMPK (Figure 3.5 B). These results suggest that both PGC-1a

and AMPK are activated during CPC differentiation.

Inhibition of Mitochondrial Expansion Disrupts CPC Differentiation

To determine the importance of AMPK during CPC differentiation, |
inhibited AMPK activity and assessed its effect on CPC differentiation.
Treatment of CPCs with 10 uM of Compound C, an AMPK inhibitor, negatively
impacted mitochondrial expansion and differentiation. CPCs treated with
Compound C displayed mitochondrial clustering in the perinuclear region and
reduced GATA-4 nuclear staining after 7 days in DM (Figure 3.6 A). Surprisingly,
Compound C treatment led to a compensatory increase in PGC-1a expression
(Figure 3.6 B) and increased levels of mitochondrial OXPHOS proteins (Figure
3.6 C) after 7 days of differentiation. However, Compound C treatment led to a
decrease in tubulin levels (Figure 3.6 C) and impaired microtubule expansion
(Figure 3.7) suggesting that mitochondrial biogenesis is increased but their

movement and proper cellular localization is impaired.
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My data suggest that mitochondrial transport and network expansion
occurs via the microtubule network (Figure 3.2). To confirm the importance of
the tubulin network, | treated CPCs with 50 ng/ml of Nocodazole to disrupt
tubulin polymerization during 7 days of differentiation. CPCs treated with
Nocodazole exhibited mitochondrial and microtubule clustering around the
perinuclear region (Figure 3.7), which coincided with reduced GATA-4 staining
in the nucleus (Figure 3.8). Similar to the effects of Compound C, Nocodazole
treatment resulted in impaired mitochondrial expansion and differentiation in
CPCs. These results indicate that the microtubule network is essential for

mitochondrial network expansion in differentiating CPCs.

Discussion

| have demonstrated that differentiation of CPCs leads to activation of
mitochondrial biogenesis, which correlates with lineage commitment. The new
mitochondria are moved along the microtubule network to their new location.
Differentiating CPCs activated AMPK and PGC-1a, which are known regulators
of mitochondrial biogenesis. AMPK is also important for proper tubulin formation
(Nakano et al., 2010). Treatment with Compound C to inhibit AMPK or
treatment with Nocodazole to inhibit tubulin polymerization resulted in defective
mitochondrial expansion and impaired differentiation of CPCs. Thus,
maintaining an intact tubulin network is essential for mitochondrial network

expansion, and blocking mitochondrial expansion leads to defective
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differentiation. These results show that mitochondria play a critical role in CPC
differentiation. Interestingly, my data also show that activation of mitochondrial
biogenesis is not affected during differentiation despite inhibition of AMPK,
suggesting that there are other upstream regulators of PGC-1a that may
compensate for AMPK inactivation. Upstream regulators of PGC-1a include (-
adrenergic/cyclic AMP pathway, calcium/calmodulin-dependent protein kinase,
p38 MAPK, and nitric oxide (Finck & Kelly, 2006).

Adult stem and progenitor cells carefully regulate self-renewal and
differentiation to maintain tissue homeostasis. Adult stem cells such as
hematopoietic stem cells reside in hypoxic niches which promotes glycolytic
metabolism (Folmes et al., 2012). Although adult stem and progenitor cells do
not contain abundant mitochondria, they must be capable of undergoing a
metabolic transition and activating oxidative phosphorylation to support the
energy demands of differentiation. Since mitochondria are important for
regulating cellular metabolism, and metabolic plasticity is important for
regulating stemness and differentiation (Gaspar et al., 2014), then mitochondria
must play an important role in regulating stemness and differentiation in CPCs.

In addition to mitochondrial status, nutrient sensing pathways such as
AMPK allow cells to adapt to energy needs and activate the metabolic switch
(Ochocki & Simon, 2013). Mitochondrial biogenesis and metabolic shifts occur
early during differentiation of human embryonic stem cells into cardiomyocytes

(St John et al., 2005). However, it is still unclear whether activation of
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mitochondrial biogenesis precedes loss of pluripotency, or if loss of pluripotency
stimulates mitochondrial biogenesis and a metabolic shift (Wanet et al., 2015).
Increasing our understanding of the signals that activate mitochondrial
biogenesis in CPCs and the mechanisms of how mitochondria regulate CPC
self-renewal and differentiation will allow us to develop strategies to improve the

therapeutic potential of stem cells for cardiac regenerative medicine.

Chapter 3, in part, was originally published in the Journal of Biological
Chemistry. Orogo AM, Gonzalez ER, Kubli DA, Baptista IL, Ong SB, Prolla TA,
Sussman MA, Murphy AN, Gustafsson AB. Accumulation of Mitochondrial DNA
Mutations Disrupts Cardiac Progenitor Cell Function and Reduces Survival. The
Journal of Biological Chemistry. 290(36):22061-75, 2015. © 2015 The American
Society for Biochemistry and Molecular Biology. The dissertation author was the

primary investigator and author of this paper.
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Figure 3.1: CPCs expand their mitochondria during differentiation. A.
Mitochondrial content increased and c-kit expression decreased in CPCs after
7 days of incubation in DM. Cells were fixed and stained with antibodies against
c-kit and Tom20. Scale bar = 20 ym. B. Transmission electron micrographs of
CPCs show that mitochondria (arrows) are immature at Day 0. At Day 7,
mitochondria appear elongated and have increased electron density. Scale bar
=1 um.
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Tubulin TOM20 Merged

Figure 3.2: Mitochondria co-localize with tubulin in differentiating CPCs.
Cells were fixed and stained with antibodies against Tubulin and TOMZ20. Scale
bar =20 pym.
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Figure 3.3: Mitochondrial expansion correlates with lineage commitment.
A. CPCs were positive for the cardiac lineage marker GATA-4 after 7 days of
differentiation. CPCs were fixed at Day 0 and Day 7 and stained with antibodies
against COXIV and GATA-4. Scale bar = 20 uym. B. Percentage of GATA-4
positive cells were quantified (n=3). C. Analysis of real-time qPCR of Gata-4
(n=6), Gata-6 (n=3), and Pecam1 (n=4) gene expression at day 0 and day 7.
(*p<0.05; **p<0.01)
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Figure 3.4: Mitochondrial biogenesis is activated upon CPC
differentiation. A. Real time qPCR of mitochondrial biogenesis regulator PGC-
1a (Ppargcia) gene expression at day 0 and day 7 (n=4). B. Real-time gPCR
of mtDNA content at day 0 and day 7 (n=8). C. Representative Western blot and
quantification of mitochondrial OXPHOS proteins before and after 7 days of
differentiation (n=3). (*p<0.05; **p<0.01, ***p<0.001)
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Figure 3.5: AMPK is activated during CPC differentiation. A.
Phosphorylation of AMPK was increased upon differentiation of cultured CPCs.
The presence of phosphorylated AMPK was assessed by Western blot and
bands were quantified (n=3). B. Mouse heart tissue sections were fixed and
stained with antibodies against c-kit and p-AMPK seven days post-myocardial
infarction. C-kit+ CPCs in the border zone stained positive for p-AMPK (arrows).
(*p<0.05)
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Figure 3.6: Inhibition of AMPK impairs CPC differentiation but not
mitochondrial biogenesis. A. CPCs treated with 10 yM Compound C
exhibited mitochondrial clustering in the perinuclear region and reduced staining
for GATA-4. Cells were stained with antibodies against COXIV and GATA-4.
Scale bar = 40 uym. B. CPCs treated with Compound C exhibited a
compensatory increase in PGC-1a (Ppargc1a) expression at 7 days of
differentiation (n=3). C. Representative Western blot of OXPHOS proteins and
Tubulin levels after Compound C treatment. (*p<0.05)
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Figure 3.7: Inhibition of the microtubule network impairs mitochondrial
expansion in CPCs. Differentiating CPCs had impaired mitochondrial
expansion along the microtubule network in the presence of Compound C. Cells
were stained for Tubulin and TOM20. Scale bar = 20 pym.
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Figure 3.8: Inhibition of the microtubule network impairs CPC
differentiation. CPCs had impaired mitochondrial network expansion and
differentiation after 7 days in the presence of 50 ng/ml Nocodazole. Cells were
stained for Tubulin, TOM20, and GATA-4. Scale bar = 20 um.
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CHAPTER 4: ACCUMULATION OF MITOCHONDRIAL DNA MUTATIONS

IMPAIRS CARDIAC PROGENITOR CELL SURVIVAL AND FUNCTION

Introduction

Mitochondria contain their own genome which encodes for several
subunits of the respiratory complexes and ATP Synthase. Mitochondrial DNA
(mtDNA) mutations accumulate with age in various tissues, and this can lead to
dysfunctional mitochondria (Dai et al., 2009; Corral-Debrinski, Horton, et al.,
1992; Wanagat et al., 2002; Khaidakov et al., 2003). Mitochondrial DNA
polymerase y (POLG) is the only DNA polymerase found in the mitochondria
and is responsible for both replication and repair of mtDNA (Kaguni, 2004). Mice
expressing a proofreading-deficient POLG enzyme accumulate mtDNA
mutations in cells faster than WT mice, which leads to accelerated aging and
reduced lifespan (Trifunovic et al., 2004; Kujoth et al., 2005). Thus, these mice
are useful tools to investigate the relationship between mtDNA mutations and
aging.

Mitochondria play an important role in regulating self-renewal and
differentiation of stem and progenitor cells. | have shown in Chapter 3 that
mitochondrial biogenesis is activated upon differentiation in cardiac progenitor
cells (CPCs), and mitochondrial expansion along the microtubule network
correlates with lineage commitment. However, very little is known about how

aging and accumulation of mtDNA mutations affect CPC function. The incidence

48
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of heart disease increases with age, and most candidates for autologous stem
cell therapy are older. CPCs from older patients have reduced regenerative
potential and may not be the optimal choice for restoring myocardial function
(Mohsin et al., 2013; Hariharan et al., 2015). Here, | investigated the effect of
accumulating  mtDNA mutations on CPC survival, proliferation, and
differentiation to better understand the relationship between aging and CPC

function.

Results
Accumulation of mtDNA mutations impairs CPC proliferation and
increases susceptibility to cell death

To explore the role of mitochondria in CPC function and survival, |
isolated CPCs from 2 month-old mice expressing a proofreading-defective
POLG enzyme and their wild-type (WT) litter mates. The POLG mice undergo
premature aging and develop cardiomyopathy with a reduced lifespan due to
accumulation of mtDNA mutations (Kujoth et al., 2005). However, at 2 months
of age, | observed no significant differences in body weight, heart weight/body
weight, or lung weight/body weight ratios (Figure 4.1 A) and cardiac function
measured by echocardiography (Figure 4.1 B) in POLG mice compared with
age-matched WT litter mates. To examine the effect of the POLG mutation on
mitochondrial respiration, mitochondria were isolated from the hearts of 2

month-old WT and POLG mice and mitochondrial oxygen consumption was
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assessed. | found no differences in Complex I, Complex IlI, and Complex IV
activity (Figure 4.2 A), respiratory control ratio (Figure 4.2 B), and mitochondrial
OXPHOS protein content (Figure 4.2 C). Furthermore, | examined mitochondrial
ultrastructure in the heart by transmission electron microscopy and observed
similar mitochondrial morphology and organization in WT and POLG hearts at
this age (Figure 4.2 D). Overall, these data indicate that the POLG mutation
does not affect cardiac and mitochondrial function at this early age.

Next, | investigated whether CPCs isolated from the hearts of these 2
month-old mice were affected by the mutated POLG. Proliferation is important
for self-renewal and maintenance of the CPC population in the heart, and | found
that the POLG CPCs had significantly reduced proliferation compared with WT
CPCs (Figure 4.3 A). Stem cells with declining replicative capacity undergo
senescence, which contributes to the aging process. | assessed the activity of
senescence-activated -galactosidase, which accumulates in senescent cells. |
found that the POLG CPCs exhibited increased accumulation of this enzyme
compared to WT CPCs (Figure 4. 3 B). In addition, the POLG CPCs were more
sensitive to cell death after treatment with H,O, (Figure 4.4 A). Treatment with
doxorubicin, an anthracycline topoisomerase inhibitor, or sunitinib, a tyrosine
kinase inhibitor, also resulted in increased cell death in POLG CPCs (Figure 4.4
B and C). These data suggest that accumulation of mtDNA mutations in the
POLG CPCs reduces their proliferative capacity, induces senescence, and

increases their susceptibility to stress.
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mtDNA mutations contribute to abnormal mitochondrial morphology and
reduced differentiation potential

Cells undergo alterations in mitochondrial morphology to adapt to
changes in cellular environment (Kasahara & Scorrano, 2014). When examining
the effect of accumulating mtDNA mutations on mitochondrial morphology, |
discovered that the mutant POLG CPCs contained fragmented mitochondria
under baseline conditions (Figure 4.5 A and B). Although WT CPCs increased
in cell size and expanded their mitochondrial network after incubation in DM,
POLG CPCs maintained their fragmented mitochondria. Instead, the
mitochondria clustered in the perinuclear region and failed to move in response
to the differentiation stimulus (Figure 4.5 A). The abnormal mitochondrial
morphology was also associated with reduced activation of the differentiation
program in the POLG CPCs. | observed significantly fewer GATA-4-positive
POLG CPCs compared with WT after incubation in DM (Figure 4.5 C). The
POLG CPCs also had significantly reduced levels of Gata-4 transcripts
compared with WT CPCs after incubation in DM (Figure 4.5 D). These data
demonstrate that accumulation of mtDNA mutations leads to abnormal
mitochondrial morphology and impaired activation of the differentiation program
in CPCs.

The fragmented mitochondrial morphology suggested that proteins
involved in mitochondrial dynamics may be altered in POLG CPCs. Surprisingly,

| observed a reduction in the mitochondrial fission protein DRP1 in POLG CPCs
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after 7 days in DM (Figure 4.6). Interestingly, mitochondrial fusion proteins
MFN1 and MFN2 were increased in WT CPCs, but not in POLG CPCs, upon
activation of differentiation (Figure 4.6). Thus, there is a shift in the balance
between fission and fusion proteins toward fusion in WT CPCs, but not in POLG
CPCs, upon activation of differentiation. Furthermore, | analyzed mitochondrial
ultrastructure in CPCs by transmission electron microscopy and saw drastic
differences between WT and POLG CPCs. Mitochondria in undifferentiated WT
CPCs had underdeveloped cristae that became more electron-dense upon
activation of the differentiation program (Figure 4.7). The mitochondria also
became more elongated. In contrast, mitochondria in POLG CPCs were swollen
with abnormal cristae structure under baseline conditions and failed to increase
cristae density after differentiation (Figure 4.7). These data suggest that
accumulation of mtDNA mutations leads to impaired mitochondrial dynamics

and differentiation program in the CPCs.

POLG CPCs have impaired mitochondrial biogenesis and energetics

The abnormal mitochondrial morphology and distribution in POLG CPCs
are indicators of defective mitochondrial function. Because the primary function
of mitochondria is to supply the cell with energy via oxidative phosphorylation
(OXPHOS), | compared mitochondrial OXPHOS protein levels between WT and
POLG CPCs. Incubation of WT CPCs in DM resulted in increased expression

of OXPHOS proteins. In contrast, POLG CPCs had reduced levels of select
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OXPHOS proteins, most notably in Complex Ill and Complex IV subunits
(Figure 4.8 A). | observed no increase in nuclear- and mitochondrial-encoded
subunits of Complex IV in the POLG CPCs after incubation in DM for 7 days
(Figure 4.8 B). The baseline protein levels were already significantly lowered in
POLG CPCs compared with WT at day 0. Interestingly, | found that Complex IV
Subunit 1 (Cox7) and Subunit 4 (Cox4i1) transcripts were similar in WT and
POLG CPCs at day 0 (Figure 4.8 C), suggesting that the differences in protein
levels between WT and POLG CPCs may be attributed to reduced protein
stability in the POLG CPCs.

| previously found that PGC-1a is upregulated in response to DM in WT
CPCs (Figure 3.4 A). Interestingly, | found that in contrast to WT CPCs, the
POLG CPCs failed to induce mitochondrial biogenesis transcriptional co-
activators PGC-1a or PGC-13 to the same extent as WT CPCs during
differentiation (Figure 4.9). Because the POLG mouse model accumulates
mtDNA mutations at an accelerated rate, and aging also leads to accumulation
of mtDNA mutations, | also compared mitochondrial content in CPCs from 3
month-old and 24 month-old mice. | found that CPCs from the aging mice had
reduced baseline levels of certain OXPHOS subunits at day 0 (Figure 4.10 A
and B), similar to the POLG CPCs. The CPCs from the 24 month-old mice also
failed to increase OXPHOS proteins during 7 days of incubation in DM (Figure

410 A and B). Overall, these data suggest that accumulation of mtDNA
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mutations and aging impair the activation of mitochondrial biogenesis in
response to differentiation.

The data indicated that POLG CPCs have abnormal mitochondrial
structure and contain reduced levels of critical proteins involved in OXPHOS.
Therefore, | assessed the level of mitochondrial respiration in WT and POLG
CPCs by measuring oxygen consumption using the Seahorse XF Analyzer. In
WT CPCs, increased oxygen consumption rate corresponded with increased
cell number in response to the mitochondrial uncoupler FCCP (Figure 4.11 A).
Surprisingly, POLG CPCs had no detectable oxygen consumption regardless of
cell number (Figure 4.11 B), indicating that these cells have shut down
mitochondrial respiration. The OXPHOS complexes are also responsible for
generating the mitochondrial membrane potential, which is used by the FoF-
ATPase for ATP synthesis (Hatefi, 1985). | confirmed that the POLG CPCs had
significantly reduced mitochondrial membrane potential as assessed by
reduced TMRM staining (Figure 4.12). TMRM uptake by mitochondria is
dependent on the membrane potential. However, cellular ATP levels were
similar in WT and POLG CPCs (Figure 4.13 A). Therefore, | examined whether
the POLG CPCs relied on glycolysis to support their energy demands by
assessing extracellular lactate, a glycolytic byproduct. | found that the POLG
CPCs had significantly increased extracellular L-lactate compared with WT
CPCs (Figure 4.13 B). The addition of 2-deoxyglucose to the growth medium to

inhibit glycolysis resulted in rapid death of the POLG CPCs (Figure 4.13 C).
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Overall, these data suggest that POLG CPCs depend on glycolysis to meet their
energy demands.

Studies have found that differentiation is associated with a metabolic
transition from glycolysis to OXPHOS (Chung et al., 2007; Chung et al., 2010).
Because the data indicate that POLG CPCs do not utilize OXPHOS for ATP
production and differentiation is associated with an increase in energy demand,
| examined the effect of differentiation on cell survival in these cells. | observed
that a significant number of POLG CPCs underwent cell death in DM (Figure
4.14 A). To gain further insight into the metabolic switch that occurs during
differentiation, | analyzed levels of glycolytic enzymes in WT and POLG CPCs.
| found that mitochondria-associated Hexokinase | increased in WT during
differentiation but remained low in POLG CPCs. Hexokinase Il, PKM1/2, and
GAPDH decreased with time upon incubation in DM in both WT and POLG
CPCs (Figure 4.14 B and C). These results suggest that both WT and POLG
CPCs down-regulated cytosolic glycolysis during differentiation. However,
because POLG CPCs are unable to concurrently activate OXPHOS, the
resulting energy deficiency combined with increased energy demand leads to

activation of cell death.

Discussion
In this chapter, | demonstrated that acquiring mtDNA mutations disrupted

mitochondrial function, which led to a decline in the replicative and regenerative
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capacities of CPCs. The POLG CPCs relied on glycolysis for energy production
and were unable to transition from glycolysis to mitochondrial respiration.
Activation of the differentiation program led to deactivation of glycolysis in both
WT and POLG CPCs, but the POLG CPCs were unable to meet the increased
energy demand and underwent cell death instead. These findings demonstrate
the importance of mtDNA integrity in CPC homeostasis and regenerative
potential, and the consequences of accumulating mtDNA mutations.

This study suggests that susceptibility to mtDNA mutations differs
between cells within the same tissue. At 2 months of age, the POLG mice had
normal cardiac structure and function, suggesting that post-mitotic tissues such
as the heart are less susceptible to mtDNA mutations than tissues with more
rapid cellular turnover such as CPCs. Although quiescent CPCs reside in niches
in the heart, they still proliferate to maintain their pool as well as migrate to the
border zone after a myocardial infarction where they can proliferate and
differentiate (Huang et al., 2010; Fransioli et al., 2008). In addition, isolating and
expanding CPCs in culture increases the frequency of mtDNA mutations and
accelerates the aging phenotype. Thus, accumulation of mtDNA in CPCs result
in dysfunctional mitochondria that could impair their ability to participate in the

repair process.

Chapter 4, in part, was originally published in the Journal of Biological

Chemistry. Orogo AM, Gonzalez ER, Kubli DA, Baptista IL, Ong SB, Prolla TA,
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Sussman MA, Murphy AN, Gustafsson AB. Accumulation of Mitochondrial DNA
Mutations Disrupts Cardiac Progenitor Cell Function and Reduces Survival. The
Journal of Biological Chemistry. 290(36):22061-75, 2015. © 2015 The American
Society for Biochemistry and Molecular Biology. The dissertation author was the

primary investigator and author of this paper.
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Figure 4.1: Baseline parameters and echocardiography of WT and POLG
mice at 2 months. A. Average body weight, heart weight/body weight, and lung
weight/body weight ratios of WT and POLG mice at 2 months of age (n=5). B.
Echocardiographic analysis of % fractional shortening, % ejection fraction, left
ventricular internal dimension at diastole (LVID; d), and left ventricular internal
dimension at systole (LVID; s) (n=4).



>

400
300
200
100

nmol O2/min/mg protein
o

Complex |

State 3 State 4 Maximal

EWT EPOLG

Complex IV

500
400
300
200
100

nmol O2/min/mg protein

State 3 State 4 Maximal

EWT mPOLG

o

WT POLG
——

|

ATP Synthase
coxin

COX v

coxi

coxl

——— I X0 (]3]

2 Months
Complex I
5 400
e
2 300
£
< 200
£
~ 100
o
s 0
E State 3 State 4 Maximal
EWT ®POLG
Respiratory Control Ratio
< 8
[}
E 6
172
4
Q
s 2
7]
0

o

Complex | Complex Il Complex IV
EWT EPOLG

59

Figure 4.2: Mitochondrial function is not impaired in POLG mouse hearts
at 2 months. A. Respiration measurements of isolated mitochondria from the
hearts of 2 month-old WT and POLG mice. Oxygen consumption was measured
after addition of substrates and inhibitors specific for Complex I, Complex Il, and
Complex IV activity using an oxygen electrode (n=3). B. Respiratory control ratio
was calculated by dividing state 3/state 4 oxygen consumption (n=3). C.
Representative Western blot of mitochondrial OXPHOS proteins in WT and
POLG mouse hearts at 2 months of age (n=2). D. Transmission electron
micrographs show normal mitochondrial ultrastructure in the hearts of 2 month-
old WT and POLG mice. Scale bar =1 uym.
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Figure 4.3: POLG CPCs exhibit reduced proliferation and increased
senescence. A. WT and POLG CPCs were incubated in growth medium for up
to 3 days and proliferation was determined by assessing changes in cell number
(n=4) or by CyQUANT fluorescence (n=9). B. Senescence-activated -
galactosidase activity was detected in WT and POLG CPCs (n=3). (*p<0.05;
***p<0.001)
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Figure 4.4: POLG CPCs are more sensitive to stress. WT and POLG CPCs
were treated with A. H2O, (n=3), B. Doxorubicin (n=3), and C. Sunitinib (n=3).
CPCs were treated for 24 hours and cell death was assessed using YO-PRO-1
staining. (*p<0.05; **p<0.01; ***p<0.001)
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Figure 4.5: POLG CPCs have abnormal mitochondrial morphology and
impaired differentiation. A. The mitochondrial network in POLG CPCs had a
fragmented appearance at both day 0 and day 7 of differentiation. Cells were
fixed and stained for TOM20 and GATA-4. Scale bar = 20 ym. B. Quantitation
of percentage of cells containing fragmented mitochondria (n=3). C.
Quantitation of percentage of cells positive for GATA-4 (n=3). D. Real-time
gPCR analysis of Gata-4 transcript levels in WT and POLG CPCs at day 0 and
day 7 (n=4). (***p<0.001)
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Figure 4.6: Western blots of mitochondrial fusion and fission proteins in
WT and POLG CPCs. Representative Western blots and band quantitation of
mitochondrial fission protein DRP1 (n=4) and mitochondrial fusion proteins
MFN1 (n=5) and MFN2 (n=4) in WT and POLG CPCs at day 0 and day 7 in DM.
(*p<0.05; **p<0.01; ***p<0.001)
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Figure 4.7: Transmission electron micrographs show abnormal
mitochondrial ultrastructure in POLG CPCs. Transmission electron
micrographs of WT and POLG CPCs under baseline conditions and after
incubation in DM. CPCs contain morphologically immature mitochondria.
Mitochondrial electron density increased in WT CPCs after 7 days of
differentiation. POLG CPCs had abnormal mitochondrial structure with very little
cristae structure. Scale bar = 500 nm.
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Figure 4.8: Western blots and qPCR analysis of OXPHOS proteins in WT
and POLG CPCs. A. Representative Western blots revealed reduced levels of
selective OXPHOS subunits in POLG CPCs. B. Quantitation of mtDNA-
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CHAPTER 5: MITOCHONDRIAL AUTOPHAGY IS IMPORTANT FOR

CARDIAC PROGENITOR CELL DIFFERENTIATION

Introduction

Accumulation of mtDNA mutations can lead to defects in proteins
encoded by the mtDNA, resulting in mitochondrial dysfunction. Cells must
maintain a healthy population of mitochondria to maintain optimal cellular
function. Mitochondrial autophagy or mitophagy is a process that cells use to
remove dysfunctional mitochondria. When the cell undergoes mitophagy,
defective mitochondria are sequestered in autophagosomes and subsequently
degraded in lysosomes (Kubli & Gustafsson, 2012). Mitophagy can occur
through different mechanisms. The most well-characterized mechanism of
mitophagy is Parkin-mediated. In this process, the E3 ubiquitin ligase Parkin
translocates from the cytosol to damaged mitochondria, where it ubiquitinates
protein substrates on the outer mitochondrial membrane. These ubiquitinated
proteins are recognized by the adaptor protein p62, which then recruits LC3 Il
bound to the autophagosome membrane. The cargo is sequestered and the
contents are degraded in the lysosome.

Another mechanism of mitophagy is mediated by mitophagy receptors
such as BNIP3, BNIP3L/NIX, and FUNDC1. These receptors are found in the

outer mitochondrial membrane (OMM) and directly bind to LC3 Il on the
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autophagosome membrane. This process does not require ubiquitin or adaptor
proteins.

A recent study has reported that mitophagy is required for differentiation
of skeletal myoblasts into mature myotubes (Sin et al., 2016). This study
demonstrated that myoblasts activated mitophagy during early differentiation to
remove old mitochondria. Mitochondrial biogenesis was activated
simultaneously to re-populate cells with new and more functionally efficient
mitochondria. Damage to mtDNA can impair mitochondrial quality control in
various tissues such as skeletal muscle (Joseph et al., 2013). Erythrocytes from
mice with the POLG mutation exhibit defects in mitochondrial clearance during
erythroid maturation (Li-Harms et al., 2015; Ahlqvist et al., 2015).

Aging is associated with accumulation of mtDNA mutations and reduced
autophagy (Larsson, 2010; Rubinsztein et al., 2011). | have shown that POLG
CPCs accumulate defective mitochondria which results in impaired
differentiation, suggesting that these cells could have impaired mitophagy.
Here, | have examined whether mitophagy was increased or impaired in POLG
CPCs under baseline conditions. | also investigated whether activation of

mitophagy is required for CPC differentiation.
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Results
POLG CPCs have increased mitophagy at baseline

| have shown in Chapter 4 that mitochondria from POLG CPCs had
abnormal mitochondrial morphology and impaired mitochondrial respiration.
These defects suggested the presence of dysfunctional and depolarized
mitochondria, which have been shown to trigger mitophagy. Therefore, |
examined whether POLG CPCs had increased levels of mitophagy at baseline
in an attempt to clear the defective mitochondria. First, | assessed whether
autophagic flux was altered in POLG CPCs at baseline. To assess flux, cells
were treated with vehicle (DMSO) or bafilomycin A1 to inhibit the fusion between
autophagosomes and lysosomes. The presence of bafilomycin A1 leads to
accumulation of LC3 ll-positive autophagosomes. | found that both WT and
POLG CPCs accumulated similar levels of the autophagy marker LC3 Il in the
presence of bafilomycin A1 (Figure 5.1 A and B). This suggests that autophagic
flux is not affected in POLG CPCs and that a similar number of autophagosomes
are formed at a steady state in both WT and POLG CPCs. | also assessed
whether there were differences in lysosomal activity by LAMP2 staining, but |
found no significant differences in lysosomal content between WT and POLG
CPCs (Figure 5.1 C and D). These data suggest that baseline autophagic flux
is not altered in POLG CPCs.

Next, | assessed the level of mitophagy in WT and POLG CPCs at

baseline by monitoring TOM20-labeled mitochondria sequestered in GFP-LC3-
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positive autophagosomes. Cells were treated with bafilomycin A1 to prevent
degradation of autophagosomes containing mitochondria, as observed by
increased formation of GFP-LC3 puncta in both WT and POLG CPCs (Figure
5.2). In addition, | found that POLG CPCs exhibited a significantly higher
number of GFP-LC3-positive autophagosomes that co-localized with TOM20-
labeled mitochondria compared with WT (Figure 5.2). This suggests that the

level of mitophagy is higher in POLG CPCs under baseline conditions.

POLG CPCs have intact mitophagy in response to stress

After characterizing mitophagy at baseline, | then assessed the ability of
POLG CPCs to induce mitophagy in response to stress. CPCs were treated with
the mitochondrial uncoupler FCCP, which induces mitochondrial depolarization
and mitophagy. Other cell types such as HeLa and mouse embryonic fibroblasts
(MEFs) require the presence of Parkin to clear mitochondria in response to
mitochondrial uncouplers (Narendra et al., 2008; Geisler et al., 2010).
Therefore, | also overexpressed Parkin in one set of CPCs to determine whether
Parkin is required to activate autophagy in CPCs. | found that both WT and
POLG CPCs accumulated similar levels of LC3 Il after treatment with FCCP
(Figure 5.3 A and B). | also found that Parkin overexpression did not enhance
LC3 Il accumulation when compared to cells expressing -gal control. These
results suggest that POLG CPCs can activate autophagy to the same extent as

WT CPCs in response to FCCP.
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Next, | examined whether mitochondrial clearance was induced in POLG
CPCs by assessing protein levels of inner mitochondrial membrane protein
TIM23 after FCCP treatment. | found that WT and POLG CPCs both had
reduced TIM23 protein levels (Figure 5.4 A and B). These results suggest that
the mitophagy response to FCCP-induced stress is intact in POLG CPCs and
that overexpression of Parkin is not required for promoting mitochondrial

degradation.

POLG CPCs have impaired mitophagy in response to differentiation

The data indicated that POLG CPCs still have intact autophagy and
mitophagy pathways. Next, | assessed whether autophagy and mitophagy were
activated in CPCs during differentiation. WT and POLG CPCs were infected
with GFP-LC3 to monitor autophagosome formation during 3 days of incubation
in DM. | found that LC3 puncta significantly increased at day 2 and day 3 of
differentiation in WT CPCs (Figure 5.5 A and B). The number of LC3 puncta
also increased in POLG CPCs but not to the same extent as WT CPCs (Figure
5.5 A and B), suggesting that POLG CPCs still activate autophagy during
differentiation, but not as robustly as WT CPCs. To assess mitophagy, | also
stained WT and POLG CPCs for TOM20 and visualized colocalization of
TOM20-positive mitochondria with GFP-LC3 positive autophagosomes. | found
that WT CPCs had significantly increased co-localization between mitochondria

and autophagosomes over 3 days of incubation in DM. However, POLG CPCs
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did not exhibit a significant increase in mitochondrial co-localization during the
same time period (Figure 5.6 A and B). Overall, these data suggest that POLG
CPCs have reduced activation of autophagy and are unable to activate

mitophagy during differentiation.

Mitophagy receptors mediate mitophagy response during CPC
differentiation

There are different pathways that can mediate mitophagy, so | sought to
determine which pathway was involved in the mitophagy response during CPC
differentiation. Since Parkin is a well-known regulator of mitophagy, | decided to
assess changes in Parkin during CPC differentiation. Surprisingly, | found no
detectable levels of Parkin protein by Western blotting in CPCs (Figure 5.7 A).
Real-time gPCR confirmed that CPCs did not express Parkin and that it did not
increase in response to differentiation (Figure 5.7 B). This suggests that Parkin
is not involved in the mitophagy response during CPC differentiation. Next, |
examined whether differentiation-stimulated mitophagy occurred via the
mitophagy receptors. | examined transcript levels of three known mitophagy
receptors, Bnip3, Nix, and Fundc1 under baseline conditions and during
differentiation. | found that Bnip3 gene expression did not change in WT and
POLG CPCs after 7 days of differentiation (Figure 5.8). On the other hand, Nix
and Fundc1 transcripts increased after 7 days in the WT CPCs but did not

increase in the POLG CPCs (Figure 5.8). This suggests that NIX and FUNDC1
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are involved in the mitophagy response during CPC differentiation, and the

signals activating mitophagy during differentiation are impaired in POLG CPCs.

Discussion

Here, | demonstrated that the POLG CPCs had an increased level of
mitophagy at baseline compared to WT, but this was not sufficient to rescue
their impaired function. Although my initial hypothesis predicted that CPCs with
POLG mutations had impaired mitophagy in general, my data showed that both
autophagy and mitophagy in response to stress are fully functional. However,
activation of mitophagy in response to differentiation was impaired in POLG
CPCs. The data suggest that activation of mitophagy in POLG CPCs differs in
response to stress versus differentiation.

Mitochondrial degradation is coupled to mitochondrial biogenesis
(Andres et al., 2015), but the underlying mechanism of this cross-talk is still
unclear. The data suggest that mitochondrial biogenesis is impaired in POLG
CPCs. It is possible that reduced mitochondrial biogenesis also affects the rate
of mitochondrial turnover and an imbalance may lead to inefficient turnover of
dysfunctional mitochondria. The relationship between mitochondrial
degradation and synthesis in POLG CPCs requires further investigation.

Surprisingly, Parkin was not expressed in CPCs at baseline and after
differentiation, confirming that Parkin-mediated mitophagy is not involved in

clearing defective mitochondria in CPCs. However, CPCs appeared to activate
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other mitophagy receptors. NIX is involved in mitochondrial clearance in
erythrocytes during maturation (Ahlqvist et al., 2015), but could also play a role
in CPC/adult progenitor cell maturation. Future studies will address whether Nix
plays a role in CPC differentiation and mitochondrial biogenesis. Since
mitochondria are important for regulating stemness and differentiation in other
stem cell populations (Joshi & Kundu, 2013) and in CPCs (Chapter 3), defects
in mitophagy during differentiation may also affect the fate of differentiating

CPCs.

Chapter 5, in part, was originally published in the Journal of Biological
Chemistry. Orogo AM, Gonzalez ER, Kubli DA, Baptista IL, Ong SB, Prolla TA,
Sussman MA, Murphy AN, Gustafsson AB. Accumulation of Mitochondrial DNA
Mutations Disrupts Cardiac Progenitor Cell Function and Reduces Survival. The
Journal of Biological Chemistry. 290(36):22061-75, 2015. © 2015 The American
Society for Biochemistry and Molecular Biology. The dissertation author was the

primary investigator and author of this paper.
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Representative Western blot shows similar levels of LC3 Il protein in both WT
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CHAPTER 6: MITOCHONDRIAL DNA MUTATIONS AND PARKIN-

MEDIATED MITOPHAGY

Introduction

Mice harboring the POLGP?*"* mutation accumulate mtDNA mutations in
tissues throughout the body and have been reported to display cardiac
dysfunction after 13-14 months (Dai et al., 2010). Accumulation of mtDNA
mutations can lead to dysfunctional mitochondria which must be cleared by the
cell to maintain homeostasis and survival. Parkin is an E3 ubiquitin ligase that
mediates mitophagy in cells and has been shown to play an important role in
adapting to acute stress in the myocardium (Kubli et al., 2013). Parkin has also
been reported to eliminate mitochondria with mutations in the mtDNA-encoded
Cox1 gene, suggesting that Parkin may facilitate clearance of mitochondria with
mtDNA mutations (Suen et al., 2010).

| have shown that CPCs isolated from POLG mice show defects in
survival, proliferation, and differentiation. These cells also have abnormal
mitochondrial morphology and defective respiration. Therefore, | hypothesized
that cardiomyocytes in the hearts of POLG mice would also accumulate mtDNA
mutations at an accelerated rate, leading to accumulation of dysfunctional
mitochondria. Thus, | predict that POLG mice will develop cardiac defects earlier

than WT mice.
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Accumulation of mtDNA damage with age can impair mitochondrial
quality control in tissues such as skeletal muscle and hematopoietic cells
(Joseph et al., 2013; Ahlqvist et al., 2015; Li-Harms et al., 2015). On the other
hand, enhancing mitophagy can rescue aging phenotypes and lead to increased
lifespan (Ranaetal., 2013; LaRocca et al., 2014; Cui et al., 2013). This suggests
that accumulation of mtDNA mutations with age may also lead to impaired
mitophagy in the heart. However, the mechanism by which mtDNA mutations
impair mitophagy is unclear. In this study, | investigated the role of Parkin-
mediated mitophagy in the hearts of POLG mice. | generated POLG x Parkin
TG and POLG x Parkin KO mice in parallel and monitored their cardiac function
over 12 months to determine whether modulating Parkin levels in hearts with
the POLG mutation will affect the development of age-related cardiac defects. |
hypothesize that cardiac-specific Parkin overexpression will reduce the aging
phenotype and Parkin deficiency will accelerate cardiac dysfunction in POLG

hearts.

Results
Mice with the POLG mutation develop cardiac hypertrophy and have
reduced Parkin

To investigate the effect of accumulating mtDNA mutations on the aging
heart, WT and POLG mice were aged to 6 months. At this time point, | began to

see modest differences in baseline cardiac parameters and mitochondrial
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function. POLG mice had a small but significant reduction in body weight and
increased heart weight/body weight ratios compared to age-matched WT mice
(Figure 6.1 A). However, | observed no differences in lung weight/body weight
ratios (Figure 6.1 A) or cardiac function assessed by echocardiography (Figure
6.1 B). Next, we measured respiration of isolated mitochondria from the hearts
of WT and POLG mice using the Seahorse XF Analyzer. Different substrates
were used to assess pyruvate, long-chain fatty acid, and succinate-driven
respiration. There was a trend of reduced mitochondrial function in POLG mice,
which was significant using pyruvate/malate as substrates (Figure 6.2 A). |
compared mitochondrial OXPHOS proteins and found that COX | and COX IV
protein subunits were significantly reduced in POLG mice at 6 months (Figure
6.2 B). These data indicate that POLG mice begin to develop cardiac
hypertrophy and mitochondrial respiration defects at 6 months of age, but this
did not seem to affect cardiac function.

The above data indicate that mitochondria were affected in POLG hearts
at 6 months of age. Previous studies have reported that Parkin is upregulated
in the heart in response to mitochondrial stress (Kubli et al., 2013; Kubli et al.,
2015; Song et al., 2015). To investigate whether Parkin is upregulated in
response to stress caused by accumulating mtDNA mutations, | investigated
Parkin levels in 6 month WT and POLG hearts. | hypothesized that POLG hearts
will upregulate Parkin expression to activate Parkin-mediated mitophagy and

clear defective mitochondria. Consistent with this, | found that Parkin gene
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expression increased at 6 months (Figure 6.3 A). Surprisingly, Parkin protein
levels in the heart were significantly reduced in POLG mice (Figure 6.3 B).
Parkin translocates to dysfunctional mitochondria to promote their clearance
(Narendra et al., 2008; Kubli et al., 2013). | isolated mitochondria from the hearts
of 6 month WT and POLG mice and found that Parkin protein levels were
significantly reduced in the mitochondrial fraction of the POLG mice (Figure 6.3
C). These data suggest that accumulation of mtDNA mutations in the heart
leads to upregulation of Parkin gene expression. However, increased mRNA
message did not translate to increased protein. Reduced Parkin in the
mitochondrial fraction of POLG hearts also suggests that accumulation of
mtDNA mutations impairs Parkin recruitment to the mitochondria.

Aging POLG mice have increased levels of ROS and oxidative stress in
their tissues (Logan et al., 2014; Dai et al., 2010). It has been reported that
Parkin can be subjected to oxidative modification (Meng et al., 2011; Winklhofer
et al., 2003; Wong et al., 2007), which leads to Parkin protein misfolding and
aggregation. To examine whether reduced Parkin levels in POLG mouse hearts
is due to increased misfolding and aggregation, | measured the presence of
Parkin in soluble and insoluble fractions. | found insoluble Parkin present in both
WT and POLG hearts (Figure 6.4 A and B). The percentage of total Parkin in
the insoluble fraction was not different in WT and POLG hearts (Figure 6.4 B).
The data suggest that the majority of Parkin does not end up in the insoluble

fraction in POLG hearts. Thus, Parkin aggregation is not necessarily the cause
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of reduced Parkin levels in POLG mice. There could be a defect in Parkin

translation or increased Parkin degradation that leads to reduced Parkin protein.

Parkin-mediated mitophagy is impaired in POLG mice and Parkin
overexpression does not enhance mitophagy

The data from the 6 month-old mice led to the hypothesis that
accumulation of mtDNA mutations contributes to reduced Parkin-mediated
mitophagy, which would lead to more rapid accumulation of damaged
mitochondria. To examine if restoration of Parkin would enhance mitochondrial
turnover and prevent cardiac aging, | generated a mouse line by crossing POLG
mice with Parkin TG mice. | aged the mice for 12 months and analyzed their
cardiac function at 2, 6, and 12 months. At 12 months, | found that both POLG
and POLG/Parkin TG mice had reduced body weight and increased heart
weight/body weight ratios compared to WT and Parkin TG (Figure 6.5 A). H&E
staining of heart sections from 12 month mice revealed that POLG, Parkin TG,
and POLG/Parkin TG mice had enlarged hearts compared to WT mice (Figure
6.5 B). Furthermore, these same groups appeared to upregulate gene
expression of cardiac hypertrophy markers beta-myosin heavy chain (B-MHC)
and atrial natriuretic peptide (ANP) (Figure 6.5 C).

The POLG, Parkin TG, and POLG/Parkin TG mice all developed cardiac
hypertrophy at 12 months. When comparing cardiac function among the 4

genotypes, echocardiographic analysis showed that at 12 months, the POLG



93

and POLG/Parkin TG mice had significantly increased % fractional shortening
(% FS) and % ejection fraction (% EF) compared to the other 2 groups (Table
6.1). This could be a compensatory mechanism to maintain cardiac contractility
in response to increased mitochondrial damage caused by the POLG mutation.
When examining the effect of age on cardiac parameters, the POLG/Parkin TG
mice significantly increased % FS and % EF at 12 months compared to 2
months (Table 6.1). Interventricular septal thickness at diastole (IVS; d) and left
ventricular posterior wall thickness at diastole (LVPW; d) are parameters used
to assess left ventricular (LV) hypertrophy. IVS; d increased over 12 months in
all groups, suggesting that aging leads to hypertrophy, even in WT hearts (Table
6.1). Left ventricular internal dimension at diastole (LVID; d) is used to assess
left ventricular dilation, and the POLG and POLG/Parkin TG mice had increased
LVID; d over 12 months (Table 6.1). These data show that aging leads to cardiac
hypertrophy, and Parkin overexpression did not delay cardiac aging.

To determine whether Parkin overexpression will enhance the clearance
of defective mitochondria in POLG mice, | assessed proteins involved in
autophagy and mitophagy by Western blot in hearts of 12 month old mice.
Parkin TG and POLG/Parkin TG mice had increased LC3 Il levels compared to
non-transgenic mice (Figure 6.6 A). Levels of adaptor protein p62 were reduced
in POLG and POLG/Parkin TG mice (Figure 6.6 A). On the other hand, real-
time qPCR of Sqgstm1 showed that hearts with the POLG mutation appeared to

upregulate p62 (Figure 6.6 B), suggesting that more p62 is being produced as
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other p62 proteins are being degraded via autophagy. Furthermore, transcripts
for autophagy genes Afg5 and Atg7 also appeared to slightly increase in Parkin
TG and POLG/Parkin TG (Figure 6.6 B), suggesting that transgenic mice had
increased autophagy. Interestingly, transcripts for autophagy genes Becn1 and
Rab7 increased in POLG and POLG/Parkin TG (Figure 6.6 B). BECLIN1 is
involved in phagophore complex initiation (Kihara et al., 2001), while RAB7
plays a role in maturation of late autophagic vacuoles (Jager et al., 2004). These
data suggest that autophagic flux is increased in POLG and POLG/Parkin TG
hearts.

Next, | examined Parkin levels in the hearts of 12 month-old mice. | found
that POLG hearts had reduced Parkin protein compared to WT hearts at 12
months (Figure 6.7 A). Parkin transgene overexpression in Parkin TG mice
resulted in increased ubiquitinated proteins as expected (Figure 6.7 A).
However, POLG mice overexpressing Parkin (POLG/Parkin TG) had reduced
Parkin transgene protein levels and ubiquitination in the heart compared to
Parkin TG mice (Figure 6.7 A). Interestingly, real-time qPCR data showed that
endogenous Parkin (mouse Park2) was upregulated in POLG and POLG/Parkin
TG hearts at 12 months (Figure 6.7 B). Parkin transgene (human PARK?2)
expression did not alter transcript levels of endogenous Parkin (Figure 6.7 B).
These findings suggest that expression of the Parkin transgene did not enhance
ubiquitination in hearts with the POLG mutation. In addition, the POLG mutation

may regulate endogenous Parkin transcripts in the heart.
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Although there was minimal Parkin aggregation in the POLG hearts at 6
months, | investigated whether accumulation of mtDNA mutations with age
could lead to increased Parkin aggregation. In particular, | detected Parkin in
both soluble and insoluble fractions of 12 month hearts (Figure 6.7 C). Soluble
Parkin protein levels were lower in the POLG hearts compared to WT. However,
the percentage of total Parkin in the insoluble fraction was similar in WT and
POLG hearts (Figure 6.7 C). POLG/Parkin TG hearts had more soluble Parkin
protein compared to POLG hearts (Figure 6.7 C). Interestingly, the percentage
of total Parkin in the insoluble fraction was lower in the POLG/Parkin TG hearts
compared to Parkin TG hearts (Figure 6.7 C), indicating that less Parkin ended
up in the insoluble fraction in POLG/Parkin TG hearts. Thus, increased Parkin
aggregation is unlikely to be the mechanism for reduced Parkin protein levels in
mice with the POLG mutation. Because the Parkin transgenic protein is also low
in hearts with the POLG mutation, it is possible that the POLG mutation leads
to increased degradation of both endogenous and transgenic Parkin protein.

Next, | assessed whether increasing Parkin levels in the heart would
enhance mitophagy by measuring proteins in the mitochondrial fraction from
hearts of 12 month old mice. | observed that there was reduced Parkin
translocation to the mitochondria and reduced ubiquitination of mitochondrial
proteins in POLG/Parkin TG hearts compared to Parkin TG hearts (Figure 6.8
A). Furthermore, | found increased p62 protein in the mitochondrial fraction of

Parkin TG hearts, but did not see the same increase in the POLG/Parkin TG
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mitochondrial fraction (Figure 6.8 A). Even though POLG/Parkin TG hearts had
reduced Parkin and p62 in the mitochondria compared to Parkin TG, LC3 I
recruitment was not decreased (Figure 6.8 A).

PINK1 is a kinase that accumulates on the outer mitochondrial
membrane (OMM), where it phosphorylates ubiquitin to recruit and activate
Parkin (Nguyen et al., 2016). PINK1 also phosphorylates MFN2 and promotes
Parkin-mediated ubiquitination of MFNZ2 in the heart (Chen & Dorn, 2013). Since
PINK1 and MFN2 play a role in Parkin recruitment to the mitochondria, |
determined whether levels of these proteins are altered in the hearts of 12
month mice. | assessed protein levels in the mitochondrial fraction by Western
blot and found no differences in PINK1 accumulation in the mitochondria (Figure
6.8 B). However, Parkin receptor MFN2 was increased in the mitochondria of
Parkin TG and POLG/Parkin TG (Figure 6.8 B). Hearts with the POLG mutation
had increased Pink1 and MfnZ2 transcripts (Figure 6.8 C). The data suggest that
despite Parkin overexpression, hearts with the POLG mutation have reduced
Parkin and p62 recruitment to the mitochondria, but this is not due to reduced
PINK1 or MFN2. The presence of LC3 Il in POLG/Parkin TG mitochondria
suggest that these hearts can still utilize Parkin-independent mechanisms to
recruit LC3 to defective mitochondria.

Since the data seemed to suggest that Parkin-mediated mitophagy was
impaired in mice with POLG mutations, cardiomyocytes could utilize alternative

mechanisms involving mitophagy receptors to compensate for the defect in
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Parkin recruitment. | examined BNIP3 and NIX, which have been shown to
mediate selective removal of mitochondria in cardiomyocytes (Quinsay et al.,
2010; Kubli et al., 2015; Dorn, 2010). | saw no differences in BNIP3 and NIX
protein in the mitochondrial fraction (Figure 6.9 A), but transcripts of Bnip3 and
Bnip3l/Nix increased in POLG and POLG/Parkin TG hearts (Figure 6.9 B).
These data suggest that increased mitophagy might be occurring through

BNIP3.

Parkin deficiency does not accelerate cardiac aging or impair mitophagy

To further explore the role of Parkin-mediated mitophagy in the heart, |
generated another mouse line by crossing POLG mice with Parkin KO mice to
investigate the effect of Parkin deficiency on cardiac aging. Similar to the POLG
x Parkin TG line, | analyzed their cardiac function at 2, 6, and 12 months. At 12
months, | found that POLG and POLG/Parkin KO mice had reduced body weight
and increased heart weight/body weight ratios compared to WT and Parkin KO
mice (Figure 6.10 A). H&E staining showed cardiac hypertrophy in the
POLG/Parkin KO heart compared to the smaller Parkin KO heart (Figure 6.10
B). Moreover, increased transcripts of Myh7 ( p-MHC) and Nppa (ANP) in 12
month POLG and POLG/Parkin KO hearts confirm that the POLG mutation
leads to activation of cardiac hypertrophy (Figure 6.10 C), consistent with data

from the POLG x Parkin TG line.
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Next, | measured cardiac function by echocardiography and saw no
differences in % FS and % EF between the 4 genotypes at 12 months of age
(Table 6.2), indicating that Parkin deficiency did not accelerate cardiac
dysfunction. Interestingly, POLG mice had increased IVS; d over 12 months,
while values for the other 3 genotypes remained similar after 12 months (Table
6.2). LVID; d increased in all groups with age, and was significant in Parkin KO
and POLG/Parkin KO mice. At 12 months, LVID; d was higher in POLG and
POLG/Parkin KO mice than the other 2 groups (Table 6.2). This data suggests
that aging leads to cardiac dilation which is more pronounced in Parkin-deficient
mice. However, at 12 months, hearts with the POLG mutation were more dilated
than hearts without the POLG mutation (Table 6.2).

Next, | determined whether Parkin deficiency will reduce autophagy in
aging hearts with the POLG mutation. | examined autophagy proteins in whole
heart lysates from 12 month old mice and saw no differences in LC3 Il (Figure
6.11 A) suggesting no impairment in autophagosome formation in Parkin-
deficient hearts. However, there was a slight reduction of p62 levels in POLG
and POLG/Parkin KO (Figure 6.11 A). Real-time gPCR showed no differences
in transcript levels of Atg5, Atg 7, and Becn1 (Figure 6.11 B). Interestingly, there
was a significant increase in Rab7 transcripts in the POLG/Parkin KO hearts
(Figure 6.11 A). These data confirm that autophagic flux is increased in mice

with the POLG mutation.
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Next, | assessed mitophagy by measuring protein levels in the
mitochondrial fraction of 12 month hearts. Levels of LC3 Il and p62 were similar
(Figure 6.12 A) There was reduced PINK1 protein in the mitochondria of Parkin
KO hearts, but Pink1 and Mfn2 transcripts were similar among all groups (Figure
6.12 B). The reduced PINK1 protein in the mitochondria of Parkin KO hearts
could be due to lack of Parkin.

Because Parkin-deficient hearts with the POLG mutation can still recruit
LC3 Il and p62 to the mitochondria, this suggests that other mechanisms can
mediate mitophagy independently of Parkin. | assessed protein levels of
mitophagy receptor BNIP3 and found that levels were similar among all groups
(Figure 6.12 A). However, Bnip3 transcripts appeared to increase only in POLG
and POLG/Parkin KO hearts (Figure 6.12 B), suggesting that mitochondria with
POLG mutations mainly rely on BNIP3-mediated mitophagy to clear defective
mitochondria. Interestingly, Bnip3I/Nix transcripts were significantly increased
only in POLG/Parkin KO mice (Figure 6.12 B). Since BNIP3 and NIX are both
involved in mitochondrial clearance and serve redundant functions (Dorn,
2010), the data suggest that Parkin does not play a role in clearing these
dysfunctional mitochondria. Instead, mitophagy receptors might be involved in
clearing excessive dysfunctional mitochondria caused by mtDNA mutations.
Data from the POLG x Parkin KO mice show that Parkin deficiency did not

accelerate cardiac dysfunction in aging mice with the POLG mutation.
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Discussion

The present study demonstrates that the POLG mutation leads to
impaired Parkin-mediated mitophagy, and that Parkin does not play a major role
in clearing defective mitochondria in aging hearts. This is a novel and surprising
finding in contrast to Parkin’s established role in adapting to acute cardiac stress
such as after an Ml (Kubli et al., 2013). POLG mice with cardiac-specific Parkin
transgene overexpression still had reduced Parkin protein levels, suggesting
that the POLG mutation somehow affects Parkin protein stability and/or
degradation. Accumulation of mtDNA mutations lead to increased mitochondrial
ROS production, which could lead to Parkin misfolding and protein aggregation.
However, the data showed that Parkin aggregates did not accumulate in the
insoluble fraction, ruling out this potential mechanism for reduced Parkin levels.
Future studies will examine mechanisms of Parkin degradation to determine
how mtDNA mutations and aging may affect Parkin protein function.

Since Parkin is a well-known regulator of mitophagy in cardiomyocytes,
Parkin deficiency was predicted to accelerate cardiac aging in mice with the
POLG mutation. However, | did not see worsening cardiac function in
POLG/Parkin KO mice compared to POLG mice alone. In addition, hearts from
Parkin-deficient mice still had intact mitophagy, and Bnip3 and Bnip3Il/Nix
transcripts increased in hearts with the POLG mutation, indicating that these
hearts rely on Parkin-independent mechanisms to clear dysfunctional

mitochondria due to accumulating mtDNA mutations.
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Overall, these data show that Parkin-mediated mitophagy is not the
primary mechanism that the aging heart utilizes to clear mitochondria with
accumulating mtDNA mutations. Neither overexpression nor lack of Parkin
affected clearance of mitochondria with mtDNA mutations, suggesting that
Parkin protein function is affected by the POLG mutation, rather than Parkin
functioning upstream to regulate clearance of dysfunctional mitochondria with

mtDNA mutations.
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Figure 6.1: Baseline parameters and echocardiography of WT and POLG
mice at 6 months. A. Average body weight, heart weight/body weight, and lung
weight/body weight ratios of WT and POLG mice at 6 months of age (n=6-9). B.
Echocardiographic analysis of % fractional shortening, % ejection fraction, left
ventricular internal dimension at diastole, and left ventricular internal dimension
at systole (n=5-6). (*p<0.05; ***p<0.001; n.s., not significant)
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Figure 6.2: Mitochondrial respiration and OXPHOS proteins in WT and
POLG mouse hearts at 6 months. A. Mitochondria were isolated from the
hearts of 6 month-old WT and POLG mice. Substrates and inhibitors to measure
glucose metabolism, fatty acid oxidation, and Complex Il activity were added
and oxygen consumption was measured using the Seahorse XF96 Analyzer.
(n=3). B. Western blot and quantitation of mitochondrial OXPHOS proteins from
hearts of WT and POLG mice at 6 months of age showed reduced levels of
COX | and COX IV in POLG mice (n=3). (*p<0.05; n.s., not significant)
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Figure 6.3: Real-time qPCR and Western blot of Parkin in WT and POLG
mouse hearts at 6 months. A. Real-time gPCR analysis of Park2 (Parkin) gene
expression in hearts of 2, 4, and 6 month-old WT and POLG mice (n=3). B.
Western blot and quantitation of Parkin protein levels from whole heart lysates
and mitochondrial fraction of hearts from 6 month-old WT and POLG mice (n=3).
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Figure 6.4: Soluble and insoluble Parkin in hearts of WT and POLG mice
at 6 months. A. Western blot of soluble and insoluble Parkin protein levels from
whole heart lysates of 6 month-old WT and POLG mice (n=3). B. Quantitation
of % insoluble Parkin in WT and POLG whole heart lysates (n=3).



106

A. 12 Months 12 Months
Body Weight Heart Weight/Body Weight
501 X | 10 *
45 A % 9 1 *
404 — 8{ r—mmm
35 1 7 1 ==
g 30 1 o 6 -
® 25 A T 51
&5 20 1 € 4
15 1 3 A
10 A 2 A
5 1 1
0 - 0 -
o <O <& N NG «© <
4(\ Q()\/ &\Q &\o QO “-}o &
2 2 0 &
< N ? X
< <
B. POLG Parkin TG POLG/Parkin TG
C. Myh7 Nppa
S 25 3
% z
[ o 15 T
2o X 210
810 g
o
z° 5 °
£ 0 < o o o £ o
R A o o ©
QO" &\o &\o 4“ Qov ‘-_\o« ‘..\Q«
> > S R\
Q c,\Q QQ c’\Q‘b
& 0"

R

Figure 6.5: Characterization of baseline parameters and cardiac
hypertrophy in POLG x Parkin TG mice at 12 months. A. Body weight and
heart weight/body weight ratios of POLG x Parkin TG mice at 12 months (n=6-
11). B. H&E staining of 12 month POLG x Parkin TG hearts. C. Real-time gPCR
analysis of B-MHC (Myh7) and Atrial Natriuretic Peptide (Nppa) in hearts of 12
month-old POLG x Parkin TG mice (n=4). Scale Bar = 2 mm. (*p<0.05)
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Table 6.1: Echocardiography of POLG x Parkin TG mouse heart function.
WT n=3-6, POLG n=7-11, Parkin TG n=5-7, POLG/Parkin TG n=5-11.
(*p<0.05 vs. 2 months, * vs. 6 months, # vs. WT, § vs. POLG, & vs. Parkin TG)

Mean Value + SEM
2 Months 6 Months 12 Months
WT 31.82+1.64 30.47 £2.16 28.87 + 0.64
% FS POLG 32.25+1.69 32.92 £ 1.01 3598 +1.39 #
Parkin TG 35.15+2.80 32.46 £ 1.96 31.43+1.34
POLG/Parkin TG 34.79 £ 1.85 32.87 £1.15 38.30 + 1.56 &
WT 60.11 £ 2.30 57.88 + 3.25 55.58 + 0.93
% EF POLG 60.75 £ 2.40 61.57 £ 1.46 65.29+1.81#
Parkin TG 64.60 £ 3.79 60.96 + 2.84 59.53 + 1.96
POLG/Parkin TG 64.34 £ 2.53 58.54 + 2.65 68.43 + 1.89 "&
WT 0.80 £ 0.07 0.87 £0.03 0.99+0.02*
IVS;d (mm) POLG 0.75+0.03 0.84 £ 0.03 1.08 £ 0.03 *»
’ Parkin TG 0.76 £ 0.06 0.87 £ 0.04 1.06 £ 0.05 *
POLG/Parkin TG 0.74 £ 0.05 0.89+0.03* 1.08 + 0.04 *»
WT 1.20+0.14 1.15+0.07 1.36 £ 0.04
IVS;s (mm) POLQ 1.16 £ 0.05 1.23+£0.03 1.49 + 0.03 *A
’ Parkin TG 1.23+£0.05 1.20 £ 0.08 1.43 +0.08 A
POLG/Parkin TG 1.13 £ 0.06 1.19+0.03 1.59 + 0.07 *M#
WT 4.29 £ 0.17 4.31£0.08 4.57 + 0.06
LVID;d POLG 4.08 + 0.08 4.32 £0.08 470 £0.10 *A
(mm) Parkin TG 4.01+0.16 4.07 £0.10 424+0.099%
POLG/Parkin TG | 4.04 +0.12 4.08 £ 0.07 4.57 £ 0.10 *A
WT 2.92+0.12 3.00+£0.13 3.25+0.03
LVID;s POLG 2.77 £ 0.1 2.91+0.08 3.02+£0.12
(mm) Parkin TG 2.62 +0.21 2.75+0.12 2.91+0.10
POLG/Parkin TG | 2.64+0.12 2.75+0.08 276 £0.10 #
WT 0.70 £0.05 0.76 £ 0.03 0.74 £ 0.03
LVPW;d POLG 0.72 £0.02 0.81+£0.04 0.74 £0.03
(mm) Parkin TG 0.70 £ 0.06 0.81 £0.05 0.87+0.05*
POLG/Parkin TG 0.72 £ 0.01 0.81 £0.02 0.82 £ 0.04
WT 1.01 £ 0.06 1.11 £ 0.06 1.11 £ 0.04
LVPW;s POLG 1.10 £ 0.04 1.18 £ 0.02 1.19 £ 0.05
(mm) Parkin TG 1.07 £ 0.04 1.18 £ 0.03 1.25+0.07
POLG/Parkin TG 1.10 £ 0.02 1.15+0.03 1.30 £ 0.06 *»
WT 1.63+0.17 1.66 £ 0.17 1.54 +0.12
MV E/A POLG 1.68 £ 0.11 1.55+0.09 1.70 £ 0.1
ratio Parkin TG 1.68 + 0.06 2.01£0.19 1.96 £ 0.23
POLG/Parkin TG 1.57 £ 0.05 1.70 £ 0.08 1.97 £0.28

FS indicates fractional shortening; EF, ejection fraction; IVS;d, interventricular
septal thickness at diastole; IVS;s, interventricular septal thickness at systole;
LVID:;d, left ventricular internal dimension at diastole; LVID;s, left ventricular
internal dimension at systole; LVPW;d, left ventricular posterior wall thickness
at diastole; LVPW;s, left ventricular posterior wall thickness at systole; MV E/A
ratio, mitral valve early peak velocity/atrial peak velocity.
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Figure 6.6: Autophagy in POLG x Parkin TG mouse hearts at 12 months.
A. Representative Western blots and quantitation of LC3 and p62 expression
from whole heart lysates of 12 month POLG x Parkin TG mice (n=4). B. Real-
time gPCR of Sqstm1, Atg5, Atg7, Becn1, and Rab7 in 12 month POLG x Parkin

TG mouse hearts (n=4). (*p<0.05)
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Figure 6.7: Parkin expression in POLG x Parkin TG mouse hearts at 12
months. A. Representative Western blots and quantitation of Parkin and
ubiquitin expression from whole heart lysates of 12 month POLG x Parkin TG
mice (n=4). B. Real-time gPCR of mouse Park2 and human PARK2 transcripts
in 12 month POLG x Parkin TG mouse hearts (n=4). C. Western blots of soluble
and insoluble Parkin protein levels and quantitation of % insoluble Parkin from
whole heart lysates of 12 month-old POLG x Parkin TG mice (n=2). (*p<0.05;

*+%%0<0.0001)
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Figure 6.8: Mitophagy in POLG x Parkin TG mouse hearts at 12 months. A.
Representative Western blots and quantitation of Parkin, ubiquitin, LC3, and
p62 expression in isolated mitochondria from hearts of 12 month POLG x Parkin
TG mice (n=4). B. Representative Western blots and quantitation of PINK1 and
MFN2 expression in isolated mitochondria from the hearts of 12 month POLG x
Parkin TG mice (n=4). C. Real-time qPCR analysis of Pink1 and Mfn2 gene
expression in hearts of 12 month-old POLG x Parkin TG mice (n=4). (*p<0.05;
**p<0.01)
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Figure 6.9: Mitophagy receptors in POLG x Parkin TG mouse hearts at 12
months. A. Representative Western blots and quantitation of BNIP3 and NIX
expression in isolated mitochondria from hearts of 12 month POLG x Parkin TG
mice (n=4). B. Real-time gPCR analysis of Bnip3 and Bnip3l/Nix gene
expression in hearts of 12 month-old POLG x Parkin TG mice (n=4).
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Figure 6.10: Characterization of baseline parameters and cardiac
hypertrophy in POLG x Parkin KO mice at 12 months. A. Body weight and
heart weight/body weight ratios of POLG x Parkin KO mice at 12 months (n=5-
7). B. H&E staining of 12 month Parkin KO and POLG/Parkin KO hearts. C.
Real-time qPCR analysis of B-MHC (Myh7) and Atrial Natriuretic Peptide (Nppa)
in hearts of 12 month old POLG x Parkin TG mice (n=4). Scale Bar = 2 mm.
(*p<0.05)
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Table 6.2: Echocardiography of POLG x Parkin KO mouse heart function.
WT n=6, POLG n=5, Parkin KO n=6-7, POLG/Parkin KO n=6-7.
(*p<0.05 vs. 2 months, * vs. 6 months, # vs. WT, § vs. POLG, & vs. Parkin KO)

Mean Value + SEM
2 Months 6 Months 12 Months
WT 35.20 £ 3.02 34.67 £0.23 35.96 + 1.81
% FS POLG 31.80 £ 1.53 32.64 £2.52 35.03 £ 1.01
Parkin KO 36.95+1.73 37.47 £1.08 35.89 + 3.02
POLG/Parkin KO 3479 £1.15 30.81+1.15& 33.37£2.10
WT 64.56 + 3.85 64.16 £ 0.32 65.67 £2.42
% EF POLG 60.22 £ 2.20 61.05 £ 3.46 64.46 £ 1.42
Parkin KO 67.61+2.23 68.02 £ 1.33 65.19 £ 4.52
POLG/Parkin KO 65.05 £ 1.59 58.78 + 1.63 & 61.98 + 3.02
WT 0.95+0.09 0.92+0.03 0.97 £0.02
IVS;d (mm) POLG 0.75+£0.02 0.92 £0.04 1.13+0.07 *
’ Parkin KO 115+ 010 % 0.89+0.04* 0.94+0.059%
POLG/Parkin KO 0.91+£0.11 0.85+0.04 0.89+0.059%
WT 1.38+£0.10 1.28 £ 0.06 1.35+0.04
IVS;s (mm) POLQ 1.21 £ 0.04 1.28 £ 0.03 1.56 + 0.09 *A
’ Parkin KO 1.45 +0.07 1.26 £ 0.06 1.39 + 0.08
POLG/Parkin KO 1.29+0.11 1.16 £ 0.06 1.18+0.06 $
WT 3.91+£0.09 4.27 £0.13 4.25 + 0.06
LVID;d POLG 4.07 £0.09 4.23+0.13 4.44 £0.10
(mm) Parkin KO 3.54+0.16 3.97+0.13* 4.08+0.12*
POLG/Parkin KO 3.41 +0.07 #$ 4.11+0.08 * 440+0.12 *&
WT 2.53+0.14 2.79 £0.08 2.72 £0.09
LVID;s POLG 2.77 £0.10 2.88+0.14 2.89+0.10
(mm) Parkin KO 224+0.14 % 248 +0.08 $ 2.63+0.20
POLG/Parkin KO 222+0.07 9% 2.84 +0.08 *& 295+0.17*
WT 0.88 £ 0.08 0.76 £ 0.05 0.85+0.03
LVPW;d POLG 0.71£0.04 0.69+0.04 0.78 £ 0.05
(mm) Parkin KO 0.94 + 0.06 0.80 £ 0.05 0.71£0.02 *#
POLG/Parkin KO 0.92+0.11 0.75+£0.02 0.77 £0.04
WT 1.32+0.14 1.22 £ 0.04 1.34 £ 0.03
LVPW;s POLG 1.08 + 0.05 1.10 £ 0.05 1.26 £ 0.08
(mm) Parkin KO 1.11 £ 0.05 1.21 £ 0.05 1.21 £ 0.05
POLG/Parkin KO 1.25+0.15 1.19 £ 0.05 1.27 £ 0.07

FS indicates fractional shortening; EF, ejection fraction; IVS;d, interventricular
septal thickness at diastole; IVS;s, interventricular septal thickness at systole;
LVID:;d, left ventricular internal dimension at diastole; LVID;s, left ventricular
internal dimension at systole; LVPW;d, left ventricular posterior wall thickness
at diastole; LVPW:;s, left ventricular posterior wall thickness at systole.
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Figure 6.11: Autophagy in POLG x Parkin KO mouse hearts at 12 months.
A. Representative Western blots and quantitation of LC3 and p62 expression
from whole heart lysates of 12 month POLG x Parkin KO mice (n=4). B. Real-
time qPCR of Atg5, Atg7, Becn1, and Rab7 in 12 month POLG x Parkin KO
mouse hearts (n=4). (*p<0.05; **p<0.01)
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Figure 6.12: Mitophagy in POLG x Parkin KO mouse hearts at 12 months.
A. Representative Western blots and quantitation of LC3, p62, PINK1, and
BNIP3 expression in isolated mitochondria from hearts of 12 month POLG x
Parkin KO mice (n=4). B. Real-time gPCR analysis of Pink1, Mfn2, Bnip3, and
Bnip3I/Nix gene expression in hearts of 12 month-old POLG x Parkin KO mice
(n=4). (*p<0.05; **p<0.01)



CHAPTER 7: DISCUSSION

Introduction

My dissertation research addresses the role of mitochondrial quality
control in regulating cardiac progenitor cell function and cardiac aging. My
studies demonstrate that mitochondrial biogenesis and network expansion
occur during CPC lineage commitment, and that accumulation of mtDNA
mutations impairs CPC survival, proliferation, and differentiation. Both WT and
POLG CPCs activate autophagy and mitophagy in response to acute stress.
However, POLG CPCs exhibited impaired mitophagy activation in response to
differentiation. Gene expression of mitophagy receptors NIX and FUNDC1, not
Parkin, increase during differentiation and may play a role in mediating the
mitophagy in CPCs. In contrast to the CPCs, the myocardium is remarkably
resistant to the POLG mutation. Parkin has been shown to play a critical role in
cardiomyocytes by promoting removal of damaged mitochondria in response to
acute stress. My studies investigated the role of Parkin in clearing damaged
mitochondria due to accumulating mtDNA mutations. | found that aging led to
cardiac hypertrophy, and modifying Parkin levels by cardiac-specific
overexpression or genetic ablation did not affect autophagy, mitophagy, and
cardiac function in POLG mice. My data suggest that Parkin-mediated
mitophagy is impaired and is not the primary mechanism that aging hearts utilize

to clear mitochondria with accumulating mtDNA mutations. Thus, my findings

116
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from both CPCs and hearts with the POLG mutation suggest that Parkin-
mediated mitophagy does not play a role in clearing mitochondria with

accumulating mtDNA mutations.

Mitochondrial biogenesis and network expansion correlate with cardiac
progenitor cell differentiation

Mitochondria regulate stemness, self-renewal, and differentiation in
many stem cell populations (Rehman, 2010; Ito & Suda, 2014; Kasahara &
Scorrano, 2014). My studies show that mitochondria also play an important role
in CPC differentiation. Activation of AMPK and PGC-1a leads to activation of
mitochondrial biogenesis and expansion of mitochondria along the microtubule
network, which correlates with lineage commitment.

The differentiation stimuli and upstream signals that regulate
mitochondrial reprogramming and activate mitochondrial expansion in CPCs
have not been fully elucidated. Although | show that AMPK and PGC-1a are
activated in CPCs, it is not clear whether lineage commitment precedes
mitochondrial expansion, or whether mitochondrial biogenesis occurs before
differentiation. It is also possible that these two events occur simultaneously.
Signaling pathways that have been reported to regulate CPC proliferation and
differentiation include Pim1 (Samse et al., 2015), Notch1 (Boni et al., 2008;
Gude et al., 2015), stem cell factor (SCF) (Vajravelu et al., 2015), sphingosine

1-phosphate (S1P) (Castaldi et al., 2016), and CAMKII (Quijada, Hariharan, et
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al., 2015). It will be important to determine what signals originating from cells in
the border zone stimulate CPCs to proliferate and differentiate, and how these
signaling pathways affect mitochondrial reprogramming. Expansion of the
mitochondrial network is important because it allows cells to adjust to the
increased energy demand. Failure of stem cells to undergo a metabolic
transition could lead to reduced survival, which could negatively affect their
repair potential when injected into patients. Elucidating the potential signals that
regulate mitochondrial expansion could identify targets that may improve the

quality of CPCs and other stem cells used in the clinic.

Accumulation of mtDNA mutations impairs CPC survival, proliferation,
and differentiation

Mitochondrial quality control is important in many stem cell populations
(Joshi & Kundu, 2013; Vazquez-Martin et al., 2016), so it is not surprising that
my studies also show the importance of maintaining a healthy population of
mitochondria in CPCs. | demonstrate that accumulation of mtDNA mutations
leads to mitochondrial dysfunction, which impairs cell survival, proliferation and
differentiation. | also show that POLG CPCs rely on glycolysis for energy
production and are unable to transition to mitochondrial respiration upon
activation of differentiation.

Aging is associated with accumulation of mtDNA damage in tissues

including the heart (Kujoth et al., 2007). The susceptibility to mtDNA mutations
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can differ between cells within the same organ. It is likely that CPCs from young
2 month-old mice are more sensitive to accumulation of mtDNA mutations than
cardiomyocytes because they are proliferative and constantly replicating
mitochondria during cell division. In contrast, hearts from mice of the same age
do not show any cardiac or mitochondrial dysfunction due to the senescent
phenotype of cardiomyocytes.

Accumulating mtDNA mutations can also have differential effects
depending on the type of stem cells and differentiation state. POLG CPCs rely
on glycolysis and are able to survive at baseline conditions, although they
proliferate less efficiently. However, they are sensitive to stress and
differentiation stimulus, and are unable to transition to mitochondrial OXPHOS
which leads to cell death. Similarly, iPSCs derived from fibroblasts and aged in
culture also have abnormal mitochondria and fail to undergo neurogenesis
(Masotti et al., 2014). In contrast, iPS cells generated from POLG mice exhibit
hyperactive glycolytic activity during differentiation to compensate for OXPHOS
defects (Wahlestedt et al., 2014). It is interesting that the failure to undergo the
metabolic switch from glycolysis to mitochondrial OXPHOS leads to severe
consequences (cell death) in an adult progenitor cell population such as CPCs,
but only leads to increased glycolysis and arrested differentiation in iPS cells.
These findings suggest that reprogramming somatic cells into iPS cells may
yield a pluripotent phenotype but does not take into account changes in

mitochondria that regulate cell differentiation. Thus, it is important to deepen our
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understanding of mitochondrial biology in CPCs and other stem cells if they are
to be used clinically.

Autophagy is reduced with age and failure to clear defective mitochondria
could lead to impaired cell function (Rubinsztein et al., 2011). Cells utilize
mitophagy to clear dysfunctional mitochondria (Kubli & Gustafsson, 2012), and
replacement of old mitochondria with new mitochondria has been shown to be
required for myoblast differentiation (Sin et al., 2016). | have found that the
mitophagy response is intact in POLG CPCs at baseline and when exposed to
acute stress such as FCCP, but is impaired with differentiation. | have also found
that the mitophagy response in CPCs does not involve Parkin and is likely
mediated by BNIP3L/NIX and FUNDC1. These findings indicate that mitophagy
is a mechanism used by CPCs to maintain mitochondrial homeostasis, respond
to stress, and adapt to energy-requiring stimuli such as differentiation. | have
also shown that AMPK activation is important for CPC differentiation and proper
formation of the mitochondrial network. AMPK has been shown to
phosphorylate ULK1 to activate mitophagy (Egan et al., 2011). It is possible that
the upstream signals to activate mitophagy in POLG CPCs are also impaired in
iPS cells, and could explain why these stem cells cannot proceed to
differentiation. These observations further support the important role of
mitochondria in regulating stem cell function. Therefore, continued study of

mitophagy in stem cells will contribute to our knowledge of stem cell biology.
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Defective POLG is expected to produce errors only in mtDNA-encoded
genes, but these defects can consequently affect not only mitochondrial function
but also overall cellular function. Although nuclear-to-mitochondrial
(anterograde) signaling is well-studied, mitochondrial-to-nuclear (retrograde)
signaling has not been fully explored in mammalian cells and has mainly been
studied in yeast (Liu & Butow, 2006). Changes in mitochondrial function that
lead to changes in nuclear gene expression and cell function could have
implications for stem cell differentiation and aging. Mitochondrial retrograde
signaling due to mtDNA mutations and changes in mtDNA copy number have
been studied in tumorigenesis (Guha & Avadhani, 2013). A recent study also
demonstrates that mitochondrial dynamics regulate the fate of neural stem cells
via ROS and NRF2-mediated retrograde signaling (Khacho et al., 2016).
Nuclear factor, erythroid 2-like 2 (NRF2) is a transcription factor that is normally
sequestered in the cytoplasm and translocates to the nucleus in response to
oxidative stress (Dinkova-Kostova & Abramov, 2015). NRF2 can activate
downstream target genes to regulate antioxidant response and has been shown
to regulate self-renewal and stemness in hESCs (Jang et al., 2014). It is
possible that retrograde signaling also plays a role in regulating the fate of CPCs
and other stem cell populations.

The RTG pathway, identified in yeast, involves Rtg protein complexes
which are transcriptional activators that translocate from mitochondria to cytosol

to nucleus and activate expression of genes involved in metabolic
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reprogramming (Liu & Butow, 2006). More recently, different branches of the
RTG pathway have been shown to activate different gene targets, suggesting
that mitochondrial status can promote divergent metabolic reprogramming and
affect distinct cellular processes (Palkova & Vachova, 2016). Due to its
similarities to the RTG pathway in yeast, NFkB has been postulated to mediate
the retrograde signaling pathway in mammalian cells (Jazwinski & Kriete, 2012).
Further investigation of the role of NFkB in CPCs and other stem cells may

provide valuable insight on regulation of stem cell function.

Parkin-mediated mitophagy does not play a role in clearing dysfunctional
mitochondria in aging hearts with accumulating mtDNA mutations

The heart cannot efficiently regenerate after stress or injury and relies on
organelle quality control to maintain homeostasis and optimal function.
Cardiomyocytes depend on mitochondria to generate ATP for contractile
function, and utilize mitophagy to remove dysfunctional mitochondria induced
by acute stress (Kubli & Gustafsson, 2012). Parkin-mediated mitophagy is the
most well-characterized mechanism for clearing depolarized and dysfunctional
mitochondria. Many studies have investigated the role of Parkin in the context
of neurodegenerative disorders such as Parkinson’s, Alzheimer’s, and
Huntington’s disease (Khalil et al., 2015; Ye et al., 2015; Shaltouki et al., 2015),
and others have studied its role in the heart (Chen & Dorn, 2013; Kubli et al.,

2013; Song et al., 2015).
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If defects in mitophagy lead to disease, and if Parkin-mediated mitophagy
is the primary pathway, then lack of Parkin would be expected to have
detrimental effects. However, my data does not support this prediction.
Interestingly, genetic animal models of Parkin deficiency do not have
dopaminergic or behavioral defects and do not recapitulate symptoms of
Parkinson’s disease (Goldberg et al., 2003; Perez & Palmiter, 2005). A recent
study investigated the role of Parkin in vivo by crossing Parkin-deficient mice
with POLG mice (Pickrell et al., 2015). Although they reported degeneration of
dopaminergic neurons and some mild behavioral defects in 12 month old mice,
they did not observe differences in the number of somatic mtDNA mutations,
indicating that Parkin is not necessarily involved in selectively removing
mitochondria with accumulating mtDNA mutations (Pickrell et al., 2015).

To my knowledge, my studies are the first to explore the role of Parkin-
mediated mitophagy in hearts of aging mice with accumulating mtDNA
mutations. Although Parkin plays a critical role in adapting to acute stress such
as an MI, my findings show that Parkin is not the only protein that facilitates
mitophagy in the heart. Hearts with the POLG mutation appear to upregulate
BNIP3 and NIX, suggesting that these mitophagy receptors are important for
removing mitochondria with mtDNA mutations. Data from the Parkin-deficient
mice also show that BNIP3 and NIX can mediate mitophagy in the absence of
Parkin. These data suggest that stress-induced mitophagy is mediated by

Parkin, and maintenance of mitochondrial quality is likely mediated by
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mitophagy receptors BNIP3 and NIX. In addition, data from the CPCs show that
mitophagy receptors NIX and FUNDC1 are likely involved in baseline
mitochondrial maintenance and differentiation-induced mitophagy, consistent
with the essential role of NIX in removal of mitochondria during erythroid
differentiation (Sandoval et al., 2008).

The presence of the POLG mutation increases the probability of
generating mitochondria with many errors. Cardiac-specific Parkin
overexpression was predicted to clear these mitochondria so the cells retain
only the healthy mitochondria, and rescue cardiac dysfunction caused by the
POLG mutation. However, my findings show that Parkin overexpression in
POLG hearts did not affect cardiac function when compared to POLG hearts.

Cells must maintain a balance between mitophagy and mitochondrial
biogenesis, and failure to do so can lead to accumulation of dysfunctional
mitochondria and development of disease (Andres et al., 2015). POLG CPCs
exhibited impaired mitochondrial biogenesis during differentiation, and it is
possible that mitochondrial biogenesis could also be impaired in
cardiomoyocytes with the POLG mutation. In contrast to the previous
hypothesis of Parkin overexpression rescuing cardiac dysfunction, an alternate
outcome is that excessive Parkin-mediated mitophagy in POLG hearts could
potentially deplete the remaining mitochondria and lead to cell death. However,
my data do not show that POLG/Parkin TG hearts had worsening cardiac

function compared to POLG mice alone. Thus, cardiac function was mainly
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affected by the presence of the POLG mutation, not by the absence or presence

of Parkin.

Future studies

There is continued interest in gaining a deeper understanding of
mechanisms of myocardial regeneration after pathological injury (Broughton &
Sussman, 2016). Various examples of engineered CPCs have been shown to
improve CPC function (Mohsin et al., 2012; Mohsin et al., 2013; Quijada,
Salunga, et al., 2015). Future studies will address other upstream regulators of
mitochondrial biogenesis in CPCs to determine what other pathways could be
targeted for therapeutic value.

Since Parkin is not expressed in CPCs, future studies will continue to
investigate the role of other mitophagy receptors in mediating mitophagy in
CPCs. Bnip3l/Nix and Fundc1 gene expression appeared to increase with
differentiation, suggesting that they play a role in differentiating CPCs. Silencing
gene expression by siRNA will determine whether these proteins are critical for
differentiation and mitochondrial biogenesis. Conversely, overexpressing NIX
and FUNDC1 in POLG CPCs will determine if defects in mitophagy can be
rescued and if this will restore CPC function.

Parkin levels are reduced in the hearts of POLG mice, and it will be
important to determine whether the reduced Parkin is due to increased

proteasomal degradation. There is also less Parkin recruited to mitochondria,
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even though PINK1 and MFN2 are present, suggesting that there could be
defects in Parkin protein, PINK1 or MFN2 activity, or impaired signals from the
mitochondria. Future studies will assess cardiomyocyte hypertrophy,
pathological remodeling, and apoptosis in the hearts of POLG x Parkin TG and
POLG x Parkin KO mice to further confirm cardiac defects. My data only
provides information regarding cardiac function at baseline, but does not
address the effect of stress on cardiac function. Thus, future studies will induce
MI in mice to determine whether Parkin plays a role in adapting to acute cardiac
stress. These studies will provide insight on whether aging POLG mice are more
sensitive to acute stress and if Parkin overexpression will improve cardiac
function in this setting. If Parkin is activated in an M| stress model, Parkin activity
can be measured by blotting for phosphorylated ubiquitin and phosphorylated
Parkin.

Mitochondrial DNA sequencing is in progress to determine if
cardiomyocytes accumulate mtDNA mutations over time, and if POLG hearts
have increased mutation rates compared to WT. In addition, mitochondrial
respiration will be assessed in the hearts of 12 month old mice to determine if
accumulating mtDNA mutations impair mitochondrial function. Furthermore,
mitochondrial OXPHOS protein levels and PGC1a (Ppargcia) and PGC-1p
(Ppargc1b) transcripts will be assessed to determine if mitochondrial biogenesis

is impaired in cardiomyocytes with the POLG mutation.
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Proposed model and potential mechanisms regulating mitophagy in the
aging heart

Although Parkin is involved in regulating mitophagy after acute stress, it
is not involved in clearing mitochondria with mtDNA mutations. Based on my
findings, | propose a model of the mechanism of clearance of mitochondria with
mtDNA mutations. In this model, acute stress causes mitochondrial membrane
depolarization and recruits Parkin to damaged mitochondria, where it facilitates
clearance by autophagy (Figure 7.1). With aging, mtDNA mutations accumulate,
which induces chronic stress. The signals that recruit Parkin to the mitochondria
may be impaired in cardiomyocytes with the POLG mutation. My data from
CPCs and hearts of mice with the POLG mutation show that Parkin is not
important in age-related mitophagy, and cells instead upregulate mitophagy
receptors BNIP3 and NIX to clear these defective mitochondria (Figure 7.1).
Tissues with the POLG mutation produce ROS which are involved in various
signaling pathways. It is possible that mtDNA mutations increase ROS which
can affect Parkin protein folding and function, or mtDNA mutations can stimulate
mitochondrial retrograde signaling that may regulate nuclear gene expression

to modify Parkin’s activity.

Therapeutic relevance
Despite the controversy about the exact contribution of CPCs in cardiac

regeneration (van Berlo & Molkentin, 2016), CPCs have been shown to migrate
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to the border zone after Ml (Fransioli et al., 2008) and are thought to assist in
repair by secreting paracrine factors. A recent study tested multiple injections of
CPCs in rat hearts and found cumulative beneficial effects on cardiac structure
and function (Tokita et al., 2016). However, the exact mechanism by which
CPCs induced repair and improvement in this model was not explored. CPCs
used in the SCIPIO clinical trial led to modest cardiac improvement despite
unknown mechanism (Chugh et al., 2012). There is also continued interested in
using CPCs in clinical trials. The CONCERT-HF trial combines CPCs and
mesenchymal stem cells (MSCs) and is currently recruiting patients for Phase
Il (ClinicalTrials.gov, 2016). Thus, several important questions need to be
addressed regarding CPCs: 1) why is the heart unable to efficiently regenerate
after pathological injury, 2) why do stem cells engraft poorly and only induce
modest improvement, and 3) what signals (either endogenous or exogenous)
and pathways can be targeted to robustly activate CPCs and other repair
mechanisms? It is possible that repeated dosing of CPCs in the injured heart
enhances repair due to increased retention, and positive feedback signals from
the engrafted CPCs enhance the survival of incoming CPCs.

POLG CPCs had impaired survival, proliferation, and differentiation, and
these findings suggest that there are limitations to using CPCs or other stem
cells derived from aging patients. Even though using autologous CPCs may be
advantageous because they avoid an immune response, these CPCs may not

be the most optimal cells to use in regenerative therapy. CPCs from aging
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hearts will not survive the hostile environment of the failing heart and have
reduced probability of survival and engraftment (Quijada & Sussman, 2014).
Thus, it is important to learn more about the biology of these cells so that we
can develop protocols to select only the youngest and healthiest cells with
optimal function. In addition, we can also modify signaling pathways to
rejuvenate these CPCs and enhance their regenerative potential (Mohsin et al.,
2013; Hariharan et al., 2015). Therefore, understanding the mitochondrial
biology of CPCs will increase our knowledge of stem cell biology, which could
lead to strategies to improve therapies for heart disease.

Autophagy is a potential target for development of new therapies for
cardiovascular disease (Orogo & Gustafsson, 2015). Parkin is an established
regulator of mitophagy, and targeting Parkin is believed to increase mitophagy
and improve mitochondrial quality control. More studies are clarifying the role of
Parkin in clearing defective mitochondria and emerging evidence suggests that
Parkin is involved in a mitophagy pathway that responds to acute cardiac injury,
and this is distinct from alternative mitophagy pathways that promote
mitochondrial quality control under homeostatic conditions (Dorn, 2016). My
findings are in agreement with this conclusion.

Acute stress from an MI is distinct from chronic stress such as
accumulating mtDNA mutations. Therefore, strategies to target autophagy and
mitophagy should take into consideration that many factors such as aging can

lead to development of cardiovascular disease, and these different factors could



130

induce different stress responses that involve distinct signaling pathways.
Targeting Parkin-mediated mitophagy may be insufficient to remove
dysfunctional mitochondria, or may lead to excessive mitochondrial removal and
detrimental effects. Thus, Parkin may not be the best target to prevent or delay
age-related heart disease.

Mitochondrial dysfunction is implicated in the pathogenesis of
Parkinson’s disease (Exner et al., 2012; Yamano et al., 2016), and impairment
of Parkin-mediated mitophagy leads to mitochondrial dysfunction and neuronal
degeneration (Cai et al., 2012; Ashrafi et al., 2014). Although Parkin plays a
neuroprotective role in the brains of aging mice with mtDNA mutations (Pickrell
et al.,, 2015), my data suggest that Parkin is not important in age-related
mitophagy in the heart. Thus, the mechanisms executing mitophagy in the heart
and brain might be different, and this observation could have important

implications for designing therapies that are specific to each organ.

Concluding remarks

My findings have implications for the therapeutic potential of CPCs.
Mitochondria are critical for stem self-renewal and differentiation, and using the
most optimal stem cells in the clinic will improve their therapeutic potential.
Autophagy and mitophagy are potential targets for heart disease, but because
it is such fundamental cellular process, interventions that target a specific

protein or pathway could have unintended consequences. Mitochondrial quality
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control is essential for cell homeostasis and survival. Therefore, it is critical to
understand the mechanisms that regulate this process in stem cells and the

heart in order to pave the way for new therapies for heart disease.
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Figure 7.1: Proposed model of mitophagy in cardiomyocytes with mtDNA
mutations. Acute stress, such as an MI, causes mitochondrial membrane
depolarization. Parkin is recruited to the OMM, where it ubiquitinates proteins
and facilitates mitophagy. With aging, mtDNA mutations accumulate and lead
to chronic stress in the mitochondria. This could impair Parkin protein function
or impair signals that lead to Parkin recruitment. Mitochondria rely on mitophagy
receptors to clear dysfunctional mitochondria due to mtDNA mutations.
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