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ABSTRACT OF THE DISSERTATION

A Rab5 Endosomal Pathway Mediates Parkin-Dependent Mitochondrial Clearance

by

Babette Hammerling

Doctor of Philosophy in Biomedical Sciences
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Professor Asa Gustafsson, Chair

Mitochondria are critical for multiple cellular functions. However, damaged

mitochondria pose a lethal threat to cells that necessitates their prompt removal, and

failure to do so contributes to neurodegenerative and cardiovascular diseases.

Degradation of mitochondria is an important cellular quality control mechanism and is

mediated by two distinct pathways: one involving Parkin-mediated autophagy and the
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other dependent on mitophagy receptors. Mitochondrial disposal via autophagy is
dependent on damaged organelles being marked using several mechanisms including
ubiquitylation by Parkin. Here | report a novel pathway for mitochondrial elimination that
is dependent on functional Parkin but not on Drpl-mediated mitochondrial fission. This
pathway is also distinct from Rab9- and Ulk1/2-mediated alternative autophagy. | show
that mitochondria are sequestered by Rab5-positive early endosomes via the ESCRT
machinery. These vesicles mature into late endosomes before delivery to lysosomes for
degradation. Although this endosomal pathway is activated by stressors that also
activate mitochondrial autophagy, endosomal-mediated mitochondrial clearance is
initiated before autophagy. Moreover, in cells defective for autophagy, mitochondria are
eliminated as promptly and completely through this endosomal pathway as in wild type
cells. The autophagy protein Beclinl regulates activation of Rab5 and endosomal-
mediated degradation of mitochondria, suggesting crosstalk between these two
pathways. Abrogation of Rab5 and the endosomal pathway results in the accumulation
of damaged mitochondria and increases susceptibility to cell death in embryonic
fibroblasts and cardiac myocytes. | also demonstrate that the mitophagy receptor BNIP3
can utilize the Rab5-endosomal pathway to clear mitochondria in cells, independent of
Parkin. These data reveal a new mechanism for mitochondrial quality control mediated
by Rab5 and early endosomes. Defects in this pathway could be involved in or
contribute to a variety of disease states, and it may be possible to therapeutically target

it in order to compensate for impaired autophagy that is a result of disease or aging.
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CHAPTER 1: INTRODUCTION

1.1 Heart Disease and Mitochondria

It is estimated that there are currently 85.6 million Americans, greater than 1 in 3,
who have at least one type of cardiovascular disease (CVD) (Mozaffarian et al., 2016).
This number is expected to increase to 43.9% of the population by 2030. In addition to
their broad prevalence, CVDs are the primary cause of mortality in 1 in 3 cases, as well
as a contributing factor to 54% of deaths. The cost of treating these diseases is
approximately $316.6 billion annually, which is projected to triple by 2030. Thus it is
clear that CVDs present a significant and increasing burden on our health system and
economy. Better therapies are needed to both prevent and treat such diseases.

Mitochondria are pivotal to the function of the heart, as these organelles provide
the muscle with the ATP required for continuous heart contractions (Kubli and
Gustafsson, 2012). In fact, mitochondria make up 30% of each myocyte’s volume
(Schaper et al., 1985). Insults to the heart can damage mitochondria, and in turn,
damaged mitochondria can trigger cell death through the release of pro-death factors
and production of reactive oxygen species (ROS) (Honda et al., 2005; Kubli and
Gustafsson, 2012). For example, hypoxia, oxidative stress, DNA damage, cytosolic
calcium overload, and loss of growth factors can all trigger mitochondrial-mediated cell
death (Kubli and Gustafsson, 2012; Saelens et al., 2004). Mitochondria can initiate cell
death through BCL2-associated X protein / BCL2-antagonistic/killer (BAX/BAK)-
mediated membrane permeabilization or through opening of the mitochondrial

permeability transition pore (mPTP). Cell death, in turn, is a primary hallmark of CVDs



such as myocardial infarction (Ml), ischemia/reperfusion (I/R), and heart failure (Chiong
et al., 2011). Since cardiac myocytes are terminally differentiated and have limited
regenerative capabilities, permanent and excessive loss of individual myocytes can lead
to cardiac dysfunction and development of heart failure (Thornburg et al., 2011). In
order to protect against this, there are several levels of quality control that ensure

damaged mitochondria are removed from the cell before they can activate cell death.

1.2 Mitochondrial Quality Control at the Protein Level

Mitochondria have a variety of quality control mechanisms at the protein and
organelle level in order to maintain mitochondrial health and prevent cell death. Protein
levels of control can be found in each of the four compartments of the mitochondria: the
outer mitochondrial membrane (OMM), the intermembrane space (IMS), the inner

mitochondrial membrane (IMM), and the mitochondrial matrix.

1.2.1 Protein Level of Quality Control in the Mitochondrion

The mitochondrion contains four compartments, and each of these has several
enzymes that participate in protein quality control to ensure mitochondrial health. The
ubiquitin proteasome degradation system (UPS), known for its role in the breakdown of
cytosolic proteins, also contributes to degradation of mitochondrial proteins. These
proteins are post-translationally modified by ubiquitination, extracted from the
membrane, and delivered to the 26S proteasome, where they are finally degraded
(Figure 1.1) (Livnat-Levanon and Glickman, 2011). There are two mitochondrial

ubiquitin ligases that are localized on the cytosolic side of the OMM: March5 and



MULAN/MAPL (Kotiadis et al., 2014; Zhong et al., 2005). These proteins are
responsible for ubiquitinating proteins that need to be degraded, which marks them for
removal by the proteasome.

Protein quality control in the IMS is handled primarily by the protease HtrA2/Omi,
the only soluble quality control protease found in this compartment (Baker and Haynes,
2011). HtrA2 deficiency results in mitochondrial malfunction, altered mitochondrial
morphology, and ROS generation (Martins et al., 2004), which in turn damages
mitochondrial DNA (mtDNA) (Goo et al., 2013). Knockout mice of HtrA2 have smaller
hearts, and die by 30 days of age due to neurodegenerative disorder (Martins et al.,
2004). The mutant mnd2 mice, possessing a missense mutation in HtrA2, also die
young by day 30-40, but are rescued by wild-type HtrA2 gene expression in the central
nervous system (Kang et al., 2013). Nevertheless, these rescued mice develop an
accelerated aging phenotype in adulthood, display cardiac enlargement, and die by 12-
17 months of age.

Quality control in the IMM is primarily dependent on two members of the AAA
family: the m-AAA and i-AAA proteases. These protease complexes are embedded
within the IMS, with their catalytic domains either exposed to the matrix (m-) or the
intermembrane (i-) side. Deletion of a single gene encoding one of the two proteases in
yeast impairs the mutants’ respiratory capacity and results in aberrant mitochondrial
morphology. Although these AAA proteases are present in cardiac mitochondria (Lau et
al., 2012), little is known about their biological role or how these proteins are regulated

under pathological conditions.



The greatest level of mitochondrial protein regulation and quality control occurs in
the matrix of the mitochondrion. The matrix is very protein dense and contains the
mitochondrial translation machinery as well as enzymes of the TCA cycle and other
metabolic pathways. The matrix also contains two AAA proteases, Lon and ClpXP. Lon
removes oxidized proteins in the matrix, particularly iron-sulfur containing proteins (Bota
and Davies, 2002). Knockdown of Lon expression using RNAI in human lung fibroblasts
leads to abnormal mitochondrial function and morphology, as well as activation of
apoptosis (Bota et al., 2005). Human ClpXP is an ATP-dependent protease which plays
a role in the unfolded protein response and is composed of a double-stack of ClpP
subunits flanked on each end by a ClpX subunit (Figure 1.1) (Haynes et al., 2010; Kang
et al., 2005). In c. elegans, nascent polypeptides unbound by chaperones are degraded
by ClpP (Haynes et al., 2010). These degradation products are then transported into the
cytosol via HAF-1, a mitochondria-localized peptide transporter. These peptides activate
the transcription factor ZC376.7, which induces transcription of mitochondrial chaperone
proteins and CIpP. In the ClpP-deficient mouse hearts, levels of mitochondrial
chaperones are increased, respiratory supercomplexes are decreased, and there is an
approximate 4-fold increase in the accumulation of mtDNA (Gispert et al., 2013).

Peptides from numerous matrix and inner membrane proteins are exported from
mitochondria in an ATP-dependent manner (Augustin et al., 2005). Most likely, these
peptides are generated by proteases such as Lon and ClpXP, and then transported to
the cytosol where are they are ubiquitinated and subsequently degraded by the
proteasome. There is also evidence that the UPS participates in the normal turnover of

intra-mitochondrial proteins and that these proteins do not have to be cleaved by



proteases prior to export and degradation. In addition, inhibition of the proteasome
results in increased oxidation, diminished intramitochondrial protein translation,
increased glycolysis, and overall mitochondrial dysfunction in neurons (Sullivan et al.,
2004). These findings propose an interesting system which enables proteasome

degradation of proteins that are otherwise untouchable by the UPS.

1.2.2 Mitochondrial Derived Vesicles

When damage to mitochondria occurs on a larger scale, the refolding or
degradation by chaperones and proteases are inadequate. However, when the damage
is not enough to require removal of the entire mitochondrion via mitophagy, portions of
mitochondria may be pinched off instead and segregated for degradation (Figure 1.2).
These small vesicles, termed mitochondrial derived vesicles (MDVs), bud off
functionally respiring mitochondria at a steady rate under baseline conditions
(Soubannier et al., 2012a), and fuse with Lampl-positive late endosomes/lysosomes via
Stx17 and the SNARE complexes (McLelland and Lee, 2016). The formation of the
MDVs is significantly increased during oxidative stress (Soubannier et al., 2012a).
These vesicles transport oxidized proteins to the lysosomes for degradation, suggesting
that this is another mechanism of mitochondrial quality control. Interestingly, these
vesicles are formed independently of Drpl-mediated mitochondrial fission and
autophagy (Neuspiel et al., 2008). Soubannier et al. have also reported that cardiac
mitochondria form MDVs and that cargo of these MDVs is highly selective and depends
on the type of oxidative stress (Soubannier et al., 2012b). In mouse hearts, MDVs form

readily under baseline conditions and production is up-regulated in response to



doxorubicin-induced stress (Cadete et al., 2016). Intriguingly, it was also demonstrated
that the formation of these MDVs in response to oxidative stress requires the presence
of PINK1 and Parkin (McLelland et al., 2014). While PINK1 and Parkin have well
established roles in mitophagy, it appears that this role in MDV formation is a separate,

independent pathway, and is currently a subject under active investigation.

1.2.3 Autophagy and Mitophagy

1.2.3.1 Autophagy

There are three forms of autophagy: microautophagy, the direct delivery of
substrates into lysosomes, chaperone-mediated autophagy (CMA), the delivery of
substrates into lysosomes mediated through chaperone proteins, and macroautophagy,
the delivery of substrates to the lysosomes via sequestration by double-membrane
vesicles called autophagosomes. Macroautophagy, more commonly referred to as
“autophagy”, is the most studied of these three forms and is a general mechanism by
which the cell can degrade and recycle proteins and organelles (Mizushima et al., 2011,
Youle and Narendra, 2011). After an autophagy-triggering stress, the Vps34-Beclinl-
Vps15 complex can activate the autophagy pathway by initiating phagophore nucleation
(Kubli and Gustafsson, 2012). This membrane can derive from numerous sources such
as the plasma membrane, the golgi complex, the endoplasmic retirculum, or
mitochondria (Cook et al., 2014). Autophagy proteins (Atg) Atg5, Atgl2, and Atgl6L
form a complex that coordinates to elongate the phagophore into a cup-shaped
membrane that is capable of sequestering cargo. Cytosolic microtubule-associated

protein 1 light chain 3 (LC3-1) conjugates with phosphatidylethanolamine to form
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autophagosomal-membrane bound LC3-Il, which can be used as a marker for the
formation of autophagosomes (Kubli and Gustafsson, 2012). Once the phagophore
engulfs the cargo to be degraded, it matures into a fully-formed double membrane
vesicle called the autophagosome. This vesicle can then fuse with an endosome to form
an amphisome, or bypass this step and directly fuse with a lysosome, whose acid
hydrolases and peptidases degrade the contents of the vesicle.

It was long thought that autophagy was a non-selective process (Seglen et al.,
1990), but diligent research has proved this not to be the case. For instance,
ubiquitination is often used to mark proteins for degradations by the UPS, but it can also
direct substrates to the autophagy pathway (Kirkin et al., 2009). Autophagy can also
degrade specific organelles such as peroxisomes (Dunn et al., 2005) or mitochondria
(Wang and Klionsky, 2011).

Much of our understanding of autophagy comes from a variety of mouse models
in which autophagy is perturbed. At birth, autophagy is upregulated during a period of
starvation which is crucial to survival (Kuma et al., 2004). Mice deficient for Atg5, a gene
critical for autophagosome formation, die within one day of delivery and display
diminished amino acid concentrations in their bodies, as well as signs of energy
depletion (Kuma et al., 2004). Inducible heart-specific knockouts of Atg5 show different
effects depending on when the gene is ablated. Deletion in the adult mouse results in
rapid heart failure (Nakai et al., 2007). These hearts also have disorganized sarcomeres
and aberrant mitochondrial morphology. Conversely, embryonic deletion results in the
normal development of the heart, which only displays dysfunction after pressure

overload (Nakai et al., 2007). Interestingly, these mice begin to die at six months of age



and exhibit ventricular dilation, mitochondrial abnormalities, and declining heart function

(Taneike et al., 2010).

1.2.3.2 Mitophagy Receptors

Autophagy plays a major role in the removal of damaged mitochondria, in a
process called mitophagy. In mitophagy, damaged mitochondria are segregated from
the mitochondrial network and then sequestered by autophagosomes. There are
several mechanisms by which mitochondria can be recognized by autophagosomes.
Studies have discovered that there are proteins and lipids present in the outer
mitochondrial membrane that can directly function as mitophagy receptors, thus
eliminating the need for ubiquitination and adaptor proteins (Figure 1.3 b). For instance,
Nix/BNIP3L and BNIP3 are pro-apoptotic BH3-only proteins that are located on the
OMM in cells (Hanna et al., 2012; Novak et al., 2010). Although they are both known to
induce mitochondrial dysfunction and cell death, they can also direct mitochondria to
autophagosomes by directly binding to LC3 or gamma-aminobutyric acid receptor-
associated protein (GABARAP) on the autophagosome (Hanna et al., 2012; Novak et

al., 2010; Schwarten et al., 2009).

1.2.3.3 PINK1/Parkin

The best studied mechanism of mitophagy is the PINK1-Parkin pathway (Figure
1.3 a). In a healthy cell, the serine-threonine kinase PINK1 is imported into mitochondria
by the TOM complex and then actively degraded by MPP and PARL (Jin et al., 2010).
However, upon loss of mitochondrial membrane potential, PINK1 is no longer imported
and it accumulates on the OMM (Jin et al., 2010). PINK1 accumulation results in

recruitment of the E3 ubiquitin ligase Parkin (Jin et al., 2010; Narendra et al., 2008).
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Once recruited, Parkin initiates ubiquitination of several OMM proteins such as
Hexokinase |, VDAC1, Mitofusin (Mfn)1/2, and Miro (Geisler et al., 2010; Okatsu et al.,
2012; Tanaka et al., 2010; Wang et al., 2011). The addition of ubiquitin to mitochondrial
substrates serves as signal for autophagic degradation. For instance, the adaptor
protein p62 can bind to both ubiquitinated substrates via its ubiquitin associated domain
(UBA) and to LC3 on the autophagosomal membrane (Pankiv et al., 2007). Hence, it
physically links ubiquitin-tagged mitochondria to autophagosomes for engulfment by
binding both LC3 and ubiquitin simultaneously.

The importance of the PINK1/Parkin pathway in clearing dysfunctional
mitochondria in the heart has been demonstrated by several studies. For instance,
Parkin deficient mice have hampered recovery of cardiac contractility after sepsis
activation (Piquereau et al., 2013b), and impaired mitophagy after myocardial infarction,
resulting in reduced survival and larger infarct sizes relative to controls (Kubli et al.,
2013b). Parkin-mediated mitophagy also plays an important role in the preconditioning
process (Huang et al., 2011). More recently, it was found that Parkin also plays a key
role in the maturation of mitochondria in the neonatal heart, directing the metabolic shift
from carbohydrate to fatty acid oxidation after birth (Gong et al., 2015). PINK1-deficient
hearts are more susceptible to ex vivo I/R injury compared to wild type (Siddall et al.,
2013), and overexpression of PINK1 in HL-1 cardiac cells protects against simulated
I/R-mediated cell death (Siddall et al., 2013). Billia et al. found that PINK1 deficiency
leads to ventricular dysfunction and hypertrophy at 2 months of age (Billia et al., 2011).
These hearts have increased fibrosis, apoptosis, oxidative stress, and reduced

mitochondrial respiration (Billia et al., 2011; Siddall et al., 2013). This is in contrast to



Parkin” mice which have normal mitochondrial and cardiac function at this age (Kubli et
al., 2013b). Collectively, this suggests that the PINK1/Parkin pathway plays an
important role in clearing damaged mitochondria after stress and that PINK1 might have

additional functions in myocytes.

1.2.3.4 Fission/Fusion

To aid in the selective removal of damaged mitochondria from the mitochondrial
network, these organelles can undergo asymmetric fission. In this process, a
mitochondrion that has accumulated significant damage can segregate damaged
proteins to only one daughter mitochondrion (Twig et al., 2008). The second, healthy,
daughter has a higher membrane potential and may fuse back into the mitochondrial
network, while the damaged daughter can be cleared from the cell. Mitochondrial fission
is mediated by cytosolic Drp1 which forms a ring around the mitochondrion’s exterior
and pinches it into two daughters (Smirnova et al., 2001). Conditional, cardiac-specific
ablation of Drpl in the mouse results in enlarged mitochondria, cardiac myocyte death,
and lethal dilated cardiomyopathy (Song et al., 2015).

On the other side of the coin of mitochondrial fission is mitochondrial fusion.
Mitochondrial fusion prevents mitophagy and can therefore protect cells against
excessive degradation of mitochondria (Gomes et al., 2011). Fusion can also help to
rescue damaged mitochondria, by diluting out the damaged proteins or allowing wild
type mtDNA to compensate for defects (Chan, 2012), at the cost of reducing the health
of the overall network (Bhandari et al., 2014). Fusion of mitochondria involves two
components to form a functional mitochondrion: fusion of the outer membranes, as well

as fusion of the inner membranes. Outer membrane fusion is dependent on Mfnl and
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Mfn2 in mammals (Chen et al., 2003). Cardiac specific deletion of Mfn1/2 is embryonic
lethal and conditional deletion in the adult heart leads to mitochondrial dysfunction,
mitochondrial fragmentation, and a rapid progression to lethal dilated cardiomyopathy
despite no cardiac myocyte death (Chen et al., 2011; Song et al., 2015). Fusion of the
inner mitochondrial membranes is driven by the GTPase Opal (Chan, 2012). Knockout
of Opal is embryonic lethal, though heterozygotes display reduced mtDNA levels and
develop both cardiac and mitochondrial dysfunction by 12 months of age (Chen et al.,
2012). Cardiac-specific deletion of the protease Ymell results in stress-induced
processing of Opal (Wai et al., 2015). This processed, short form of Opal is impaired in
its mitochondrial fusion ability. As a result, these mice display fragmented mitochondria,
fibrosis, necrotic cell death, a metabolic switch to glucose oxidation, and ultimately

develop dilated cardiomyopathy.

1.3 Compromised Mitochondrial Quality Control in Aging and Disease

The mechanisms underlying the development of heart failure are very complex
and not fully understood. However, recent studies have provided evidence that
mitochondrial dysfunction is an important contributor to both development of heart
failure and the aging process. For instance, mutations in genes that disrupt
mitochondrial function are associated with cardiac dysfunction in both mice (Thomas et
al., 2013) and humans (Marin-Garcia and Goldenthal, 2002). Also, mtDNA accumulates
mutations with age which leads to impaired mitochondrial respiration, increased ROS

production, and development of age-related cardiomyopathy (Kujoth et al., 2005).
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Multiple lines of evidence indicate that the accumulation of dysfunctional
mitochondria in diseased or aged tissues might, in part, be due to reduced
mitochondrial quality control. Several studies have reported that chronic stress and/or
aging affects proteins that are involved in the mitochondrial quality control pathways (at
all levels). Impairment of mitochondrial protein quality control processes that leads to
mitochondrial dysfunction and reduced mitophagy will result in accumulation of
dysfunctional mitochondria in the cell. First, the UPS system is important in the quality
control of mitochondrial proteins, particularly those on the OMM, and studies have found
that inadequate proteasomal degradation exists in animal models of heart disease and
in a large subset of human failing hearts (Wang and Robbins, 2014). Other studies have
reported that reduced activity of mitochondrial proteases can contribute to heart disease
and aging. For instance, mice that carry a mutation in HtrA2 that inactivates its protease
activity in non-neuronal tissues exhibit a phenotype of premature aging with weight loss,
osteoporosis, curvature of the spine, muscle atrophy, and cardiac hypertrophy (Plun-
Favreau et al., 2012). Moreover, studies have found that aging is associated with
reduced Lon protease activity in various tissues. For instance, Lon levels and activity in
skeletal muscle mitochondria from old mice is significantly decreased compared to
young mice, which correlates with increased levels of oxidized mitochondrial proteins
(Bota et al., 2002). This study also found that increased chronic oxidative stress in
MnSOD heterozygous mice exacerbates the effects of aging on reduced Lon activity.
Interestingly, Deval et al. found that Lon protein levels increases with age in rat hearts
while overall Lon activity remains unchanged, suggesting that there is an accumulation

of inactive Lon (Delaval et al., 2004). Furthermore, Hoshino et al. reported that Lon is
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subject to oxidative modifications which attenuate its protease activity in failing mouse
hearts (Hoshino et al., 2014). Thus, these studies demonstrate that chronic stress and
aging negatively affect proteins that are involved in mitochondrial quality control.

In addition, multiple studies indicate that autophagy diminishes with aging and it
has been proposed that the reduced autophagic response contributes directly to the
aging phenotype (Cuervo, 2008). For instance, tissue-specific knockouts of essential
autophagy genes results in the appearance of many age-associated problems, such as
the accumulation of inclusion bodies containing ubiquitinated proteins, accumulation of
lipofusin-containing lysosomes, disorganized mitochondria, and increased oxidative
stress (Hartleben et al., 2010; Komatsu et al., 2007; Nakai et al., 2007; Singh et al.,
2009). In contrast, increased autophagy delays aging and extends longevity. For
instance, caloric restriction is a potent physiological inducer of autophagy and is well
known to extend life span in animals. It reduces the incidence of diabetes,
cardiovascular disease, cancer, and brain atrophy (Colman et al., 2009; Omodei and
Fontana, 2011). Interestingly, selective activation of mitophagy by Parkin delays the
aging process. Cardiac specific Parkin transgenic mice are resistant to aging and aged
mice exhibit fewer dysfunctional mitochondria compared to age-matched wild type
controls (Hoshino et al., 2013). Similarly, Parkin overexpression extends life span and
improves mitochondrial function in Drosophila melanogaster (Rana et al., 2013). In
contrast, Parkin deficiency results in the accrual of abnormal mitochondria in aged
myocytes (Kubli et al., 2013a). This suggests that specifically activating Parkin-

mediated mitophagy might be cardioprotective. Balance between mitochondrial
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biogenesis and mitophagy is critical as excessive mitophagy can overtax the remaining

mitochondria, induce damage, and even initiate apoptosis.

1.4 The Endosomal-Lysosomal Pathway

The endosomal pathway is involved in the endocytosis of extracellular content
and plasma membrane receptors, and the subsequent shuttling of these endosomes
either back to the cell surface, through a recycling pathway, or degradation of
endosomal content through fusion with lysosomes (Huotari and Helenius, 2011). The
endosomal pathway has a large variety of roles, from receptor internalization and
degradation, transport of enzymes, and release of neurotransmitters, to bacterial and
viral pathogenesis (Huotari and Helenius, 2011; Sudhof, 2004). Disruption of the
endosomal pathway has been implicated in several neuropathologies including
Alzheimer's Disease (Xu et al., 2016), Down Syndrome (Xu et al., 2016), and
Parkinson’s Disease (Perrett et al., 2015). Both the brain and the heart are highly
metabolic organs and several studies suggest a link in pathologies between the two
(Finsterer and Wahbi, 2014; Kubli et al., 2013b; Mielcarek et al., 2014; Sun et al., 2015;
van Buchem et al., 2014). Thus, it is very likely that the endosomal pathway has an
important role in heart health and function. In fact, one study has shown that the EHD3
pathway, involved in endosomal trafficking in non-excitable and heterologous cells, has
a role in cardiac contractility by affecting expression and localization of ion exchangers
and calcium channels (Curran et al.,, 2014). However, more studies investigating
endosomal dysfunction and potential CVDs that could arise from such defects are

needed.
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The endosomal pathway is governed by Rab GTPase proteins. These GTPases
cycle between an active GTP-bound form and an inactive GDP-bound form (Stenmark,
2009). Particular Rab proteins can not only be used as markers for the different types of
endosomes, such as early endosomes (EEs), late endosomes (LEs), and recycling
endosomes, but they also impart specific functionalities. For instance, early endosomes
are marked by the GTPase Rab5. Rab5 enables early endosomes to fuse with one
another to form larger vesicles. As the vesicles mature, Rab5 is replaced by Rab7,
which enables fusion with lysosomes. Alternatively, EEs can become recycling
endosomes, in which case they are marked by Rab11 and Rab35 (slow recycling) or by
Rab4 (fast recycling). As EEs mature into LEs, they undergo a variety of changes. In
addition to the Rab5 to Rab7 switch, the endosomes enlarge, acidify, and form
intraluminal vesicles (ILVs). These ILVs are invaginations of the endosomal membrane
that form small vesicles within the endosome which contain ubiquitinated proteins.
Endosomes with ILVs are also called multivesicular bodies (MVBS).

ILVs are formed by the endosomal sorting complex required for transport
(ESCRT) complexes. These complexes (ESCRT-0, -I, -ll, and —Ill) are responsible for
the recognition, sequestration, and sorting of ubiquitinated proteins into ILVs (Henne et
al.,, 2011). ESCRT-0, composed of Hrs and Staml/2 proteins, is responsible for
recognition of ubiquitinated proteins to be sorted into the ILV (Williams and Urbe, 2007).
SiRNA depletion of Hrs reduces the number of ILVs found within EEs (Razi and Futter,
2006). Recruitment of the ESCRT-I complex is dependent on ESCRT-0 (Henne et al.,
2011). In mammalian systems, ESCRT-I is composed of Tsgl101, Vps28, Vps37, and

hMvb12 (Henne et al., 2011; Williams and Urbe, 2007). Of this complex, Tsgl1l01 is
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required for vacuolar morphology of endosomes. Depletion of this subunit impairs
receptor degradation and alters endosomal morphology (Doyotte et al., 2005; Razi and
Futter, 2006). Snf8, Eap20, and Eap45 together form the ESCRT-II complex. This
complex recruits ESCRT-IIl proteins to the endosome, and depletion of ESCRT-II
subunits results in missorting of vacuolar hydrolases (Williams and Urbe, 2007).
ESCRT-IlIl is made up of the proteins CHMP1 through CHMP7. ESCRT-Il is
responsible for vesicle budding of the ILV. This complex is disassembled by the Vps4-
Vtal complex, which is required for the complete formation of ILVs (Henne et al., 2011;
Williams and Urbe, 2007).

Due to the endosomal pathway’s ability to recognize and sequester ubiquitinated
cargo and its ability to fuse with lysosomes, it is possible that this pathway is involved in

the degradation of damaged proteins and organelles of the cell.

1.5 Rationale and Specific Aims of the Thesis

Heart disease places a large burden on our society: it is the leading cause of
death, claiming 1 out of every 3 lives, and costs us approximately $312.6 billion
annually (Go et al., 2013). Functional mitochondria are an integral component of cardiac
health, and are responsible for supplying the heart with vast amounts of energy in the
form of ATP. Mitochondria accumulate damage with age and through genetic and
environmental stressors (Kotiadis et al., 2014; Kujoth et al., 2005). These damaged
mitochondria can cause myocyte death and have been implicated in the development of

heart failure (Edgar et al., 2009; Hammerling and Gustafsson, 2014). The clearance of
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damaged mitochondria is thus important for myocytes survival and effective function of
the heart.

To date, the only known mechanism of whole-organelle mitochondrial clearance
is via the autophagy pathway. One mediator of mitophagy, Parkin, is recruited to
depolarized mitochondria membranes by the serine-threonine kinase PINK1 (Narendra
et al., 2008). Parkin ubiquitinates outer mitochondrial membrane proteins, marking the
organelle for degradation. Our lab has previously shown that in the absence of Parkin,
mitophagy in the heart is impaired under stress conditions, and leads to heart failure
and increased mortality after Ml (Kubli et al., 2013b). However, we have recently
discovered that Parkin still efficiently clears dysfunctional mitochondria in autophagy-

deficient Atg5” mouse embryonic fibroblasts (MEFs), suggesting that a novel

mechanism of mitochondrial clearance exists in cells. Therefore, | hypothesize Parkin-

mediated clearance of damaged mitochondria via the endosomal-lysosomal

pathway plays a critical role in maintaining a healthy network of mitochondria in

cells.

Aim 1. To characterize the role of endosomal clearance of mitochondria.
Hypothesis: The endosomal pathway significantly contributes to the clearance of

damaged mitochondria in cells to ensure cellular survival.

Aim 2: To determine the mechanism through which damaged mitochondria are

targeted to the endosomal pathway. Hypothesis: Parkin-mediated ubiquitination of
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mitochondrial substrates results in the sequestration of mitochondria by ESCRT

complexes.

Parts of Chapter 1 were originally published in the Journal of Molecular and
Cellular Cardiology. Hammerling, B. C., & Gustafsson, A. B. Mitochondrial quality
control in the myocardium: cooperation between protein degradation and mitophagy.
Journal of Molecular and Cellular Cardiology. 75: 122-130, 2014. © 2014 Elsevier Inc.

The dissertation author was the primary investigator and author of this paper.
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Figure 1.1 The mitochondrion contains many protein quality control proteins.
Outer mitochondrial membrane (OMM) E3 ubiquitin ligases such as March5 and MAPL
tag proteins for degradation by the 26S proteasome, which is also responsible for the
breakdown of the majority of ubiquitinated cytosolic proteins. Within the intermembrane
space (IMS), HtrA2 is the chief protease in charge of protein degradation. Two ATPases
Associated with diverse cellular Activity proteases, the matrix (m-) and the
intermembrane (i-) AAA, identify misfolded polypeptides on their respective side of the
IMM for degradation. Lon and ClpXP are the two most important QC proteases in the
mitochondrial matrix. Lon is primarily responsible for the removal of oxidized proteins.
ClpXP, composed of two ClpP subunits flanked by ClpX, plays a role in the unfolded
protein response, degrading proteins unbound by chaperones (pink and green).
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Figure 1.2. Mitochondrial-derived vesicles bud off and fuse with lysosomes for

degradation.

Small vesicles containing mitochondrial proteins and lipids bud off from mitochondria
under baseline conditions and under oxidative stress. Formation of these vesicles
requires the presence of PINK1 and Parkin. After budding off from the mitochondria,

these vesicles fuse with lysosomes for degradation.

20



a. PINK1/Parkin Pathway

Figure 1.3. Mitochondrial autophagy (mitophagy) can proceed through the
PINK1/Parkin or the Nix/BNIP3 pathways.

(&) Upon loss of mitochondrial membrane potential, PINK1 accumulates on the OMM
surface. PINK1 recruits Parkin, which ubiquitinates OMM proteins, thus inducing
engulfment of the mitochondrion by the autophagosome through p62 and LC3. (b) Nix
and BNIP3 function as autophagy receptors on mitochondria by binding to LC3 on the
autophagosome. Both pathways result in the autophagic sequestration of the
mitochondrion, fusion with a lysosome, and degradation of the organelle.
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CHAPTER 2: EXPERIMENTAL METHODS AND MATERIALS

Antibodies

The following antibodies were used for immunofluorescence (IF) and Western
blotting (WB) experiments: Actin (WB 1:2000; Sigma; no. A4700), Beclinl (WB 1:1000;
Santa Cruz; no. sc-11427), Chmp3 (IF 1:100; WB 1:1000; Santa Cruz; no. sc-67228),
Eeal (WB 1:1000; Cell Signaling; no. 3288), Gapdh (WB 1:2000, Genetex;
GTX627408), Hgs (IF 1:100; WB 1:1000; Abcam; no. ab155539), Lamp2 (IF 1:100;
Abcam; ab13524), Lamp2 (WB 1:1000; Santa Cruz; sc-18822), LC3 (WB 1:1000; Cell
Signaling; no. 4108), OxPhos Complex IV subunit 1 (IF 1:100; Life Technologies; no.
459600), p62 (WB 1:1000; ARP; no. 03-GP62-C), Rab5 (IF 1:100; WB 1:1000; Cell
Signaling; no. 3547), Rab7 (WB 1:1000; Cell Signaling; no. 9367), Snf8 (IF 1:100; WB
1:1000; Santa Cruz; no. sc-390747), Tim23 (IF 1:100; WB 1:1000; BD Biosciences; no.
611222), Tom20 (IF 1:200; WB 1:1000; Santa Cruz; sc-11415), Tsg101 (IF 1:100; WB
1:1000; Abcam; no. ab83), and tubulin (WB 1:2000; Sigma; no. T6074). Secondary
antibodies used were goat anti-mouse or goat anti-rabbit HRP, Alexa Fluor 488 or 594

(Life Technologies).

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. aMHC-Cre mice were obtained from Jackson Labs

(Stock no. 011038). Atg7"™* mice were obtained from Dr. Tomoki Chiba, Metropolitan
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Institute of Medical Science, Japan (Komatsu et al., 2005). Sprague Dawley rats were

obtained from Harlan Laboratories.

Myocardial Infarction

Mice were subjected to myocardial infarction by permanently ligating the left
anterior descending coronary artery as described previously (Huang et al., 2010).
Briefly, 8 to 12 week old WT or Atg7 cKO mice were anesthetized with isoflurane,
intubated, and ventilated. Pressure-controlled ventilation (Harvard Apparatus) was
maintained at 9 cm H,O. A 7-0 silk suture was placed around the LAD coronary artery
and then tightened. The suture was left in place, and the incision was immediately

closed.

Echocardiography

Echocardiography was performed as previously described (Kubli et al., 2013b)
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 (1.5% isoflurane, 98.5% O,). Mice were placed in a supine position on a
recirculating water warming pad maintained at 42°C while acquiring measurements.

Cardiac parameters were quantified using the VisualSonics software.

Mitochondrial Isolation and Extracellular Flux Analysis

To obtain intact mitochondria, 8 to 12 week old hearts were minced in 70 mM

sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA, 0.5% fatty acid-free BSA, pH
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7.2. Samples were then homogenized with a Polytron tissue grinder at 11,000 rpm for 3
seconds and then with a Potter-Elvehjem PTFE at 2000 rpm with 4 strokes of the pestle
before centrifugation three times at 600 x g for 5 mins at 4°C to remove debris.
Mitochondria were pelleted from the supernatant by centrifugation at 6000 x g for 10
mins at 4°C. Mitochondrial protein concentrations were determined using Bradford
assay.

Mitochondria respiration was measured using the Seahorse XF96 Analyzer
(Seahorse Bioscience — Agilent Technologies). Mitochondria were plated on to 8-well
Seahorse microplates at a density of 0.5 pg per well. Assay media (70 mM sucrose, 220
mM mannitol, 10 mM KH,PO,4, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, 0.2% fatty
acid-free 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 pM
palmitoyl-L-carnitine and 1 mM malate), and Complex Il-dependent oxygen
consumption (10 mM succinate and 2 pM rotenone). Oligomycin (2 uM) was added to
inhibit ATP synthase followed by three successive additions of 1.5 uM FCCP to obtain
maximal respiration rate and confirm mitochondria were functional. Data were analyzed

using Wave for Desktop (Seahorse Bioscience — Agilent Technologies).

Cells and Culture Conditions

Mouse embryonic fibroblasts (MEFs) were maintained in MEF culture media
(DMEM (Life Technologies) supplemented with 10% FBS (Life Technologies), 100 U/mL
penicillin (Gemini) and 100 pg/mL streptomycin (Gemini)) and cultured in a 5% CO,

atmosphere at 37 °C. WT and Atg5” MEFs were generously provided by Dr. Noboru
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Mizushima (The University of Tokyo, Japan); Primary WT and Atg7”- MEFs were kindly
provided by Dr. Toren Finkel (NIH, USA) (Lee et al., 2012); WT and Ulkl1” MEFs were
generously provided by Dr. Mondira Kundu (St. Jude Children's Research Hospital |,
USA)(Kundu et al., 2008); Ulk2” and UIk1/2"~ MEFs were obtained from Cancer
Research Technology Ltd. None of these cell lines are listed in the database of
commonly misidentified cell lines maintained by ICLAC. Neonatal cardiac myocytes
were prepared from 1-2 day old Sprague Dawley rats by enzymatic digestion of the
hearts (Karwatowska-Prokopczuk et al., 1998) and subsequent plating on gelatin-
coated Nunc™ Lab-Tek™ Chamber Slides (Thermo Scientific) in a 4:1 ratio DMEM (Life
Technologies) to M199 (Life Technologies) plus 10% FBS (Life Technologies), 100
U/mL penicillin (Gemini), 100 pg/mL streptomycin (Gemini), and 100 uM BrdU (Sigma).
Myocytes were cultured in serum-free media at 37°C with 5% CO,. Cell lines have not
been tested for mycoplasma contamination. Simulated ischemia/reperfusion was
initiated by incubating myocytes in ischemic buffer (125 mM NaCl, 8 mM KCI, 1.2 mM
KH,POy4, 1.25 mM MgSOy, 1.2 mM CaCl,, 6.25 mM NaHCO3, 20 mM 2-deoxyglucose, 5
mM Na-lactate, 20 mM HEPES, pH 6.6) and placing the dishes in hypoxic pouches
(GasPak™EZ, BD Biosciences), equilibrated to 95% N, 5% CO,. Reperfusion was
initiated by changing to Krebs-Henseleit buffer (110 mM NaCl, 4.7 mM KCI, 1.2 mM
KH,POy4, 1.25 mM MgSQ,4, 1.2 mM CaCl,, 25 mM NaHCO3;, 15 mM glucose, 20 mM
HEPES, pH 7.4). Normoxic control cells were maintained in Krebs-Henseleit buffer
throughout the experiment. Hypoxia experiments were performed by placing cells in
hypoxic buffer (MEF culture media as described above, plus 20 mM HEPES, pH 7.4

(Gibco) and placing the dishes in a 5% CO, atmosphere at 37 °C for normoxic controls,
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or in hypoxic pouches (GasPak™EZ, BD Biosciences), equilibrated to 95% N, 5% CO,

for hypoxic experimental conditions.

Transient Transfections, Plasmids, and siRNA Knockdown

Cells were transiently transfected with DNA using Fugene 6 Transfection
Reagent (Promega) according to the manufacturer’'s instructions. Generation of
BNIP3W18A was prepared using site directed mutagenesis by PCR with BNIP3 wild
type as a template (Hanna et al., 2012). Myc vector and myc-BNIP3 were previously
described (Kubli et al., 2008). Cells transfected with BNIP3 constructs were rescued
with 50 uM ZVAD (Millipore, 627610) to inhibit apoptosis. YFP-Parkin was a gift from
Richard Youle (Addgene plasmid #23955)(Narendra et al., 2008); Myc-Parkin and HA-
Parkin were gifts from Ted Dawson (Addgene plasmids #17612, #17613) (Zhang et al.,
2000); EGFP-Rab5Q79L and EGFP-Rab5S34N were a gift from Qing Zhong (Addgene
plasmids #28046, #28045) (Sun et al., 2010); p40PX-EGFP was a gift from Michael
Yaffe (Addgene plasmid #19010) (Kanai et al., 2001); GFP-Rab9 and GFP-Rab9S21N
were gifts from Richard Pagano (Addgene plasmids #12663, #12664)(Choudhury et al.,
2002); mPlum-Mito-3 was a gift from Michael Davidson (Addgene plasmid #55988)(Day
and Davidson, 2009); and GFP-Rab5 and GFP-Rab7 were gifts from JoAnn Trejo
(UCSD, USA). Beclinl knockdown experiments were performed by transfecting 20 nM
AllStars Negative Control (Qiagen, no. S103650318; seq:
CAGGGTATCGACGATTACAAA) or Beclin 1 siRNA (Sigma, siRNA ID:
SASI_Mm01_00048143; seq: CUGAGAAUGAAUGUCAGAA) with HiPerFect

Transfection Reagent (Qiagen) for 96 h, according to the manufacturer’s instructions.
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Rab7 knockdown experiments were performed by transfecting 20 nM Rab7 siRNA
SMARTpool (Dharmacon, no. L-040859-02-0005; seqs: CAGCUGGAGAGACGAGUUU,
CGACAGACUUGUUACCAUG, GAGCGGACUUUCUGACCAA, and
CAGAAGUGGAACUGUACAA) or AllStars Negative Control siRNA with Dharmafect 4
Transfection Reagent (Dharmacon) for 96 h, according to the manufacturer’s
instructions. Knockdown of ESCRT proteins was performed by transfecting 20 nM
AllStars Negative Control, 80 nM Hgs siRNA SMARTpool (Dharmacon, no. L-055516-
01-0005, segs: CAAGAUACCUCAACCGGAA, AAGCAUCACUGCCGAGCAU,
CGUACAAUAUGCAGAAUCU, AGACAGACUCUCAGCCCAU), 40 nM Tsgl0l1l siRNA
(Sigma, siRNA ID: SASI_MmO01_00065312; seq: GGUACAAUCCCAGUGCGUU), 80
nM Snf8 siRNA SMARTpool (Dharmacon, no. L-049190-01-0005; seqgs:
UCGGAAUGGAGGUCUGAUA, GACUGAGUGUGGAGGGGUA,
CAAGAGAUCCGGAAGAAUC, CUACAUCAGCAGGUGUUAA), or 100 nM  Chmp3
SiRNA SMARTpool (Dharmacon, no. L-062411-01-0005; seqgs:
GUGAAAUGCAGGACAGUUA, GGGUUAACGUGCUGUGUUG,
UGAGAAGAGUAGAUUGAAU, GUACAGAAUGGCUUUGUUA), with  HiPerFect

Transfection Reagent (Qiagen) for 96 h, according to the manufacturer’s instructions

Adenoviral Infections and shRNA Knockdown

Cells were infected with adenoviruses in DMEM + 2% heat inactivated serum for
3 h and rescued with growth media. Experiments were performed 20 h later. Generation
of adenoviruses encoding mCherry-Parkin, mCherry-ParkinR42P, and mCherry-

ParkinG430D were previously described (Kubli et al., 2013b). The BNIP3 adenovirus
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was previously described (Hanna et al., 2012). The myc-Parkin, p40PX-EGFP, and
Drpl1K38E adenoviruses were generated using the pENTR directional TOPO cloning kit
(Invitrogen) followed by recombination into the pAd/CMV/V5-DEST Gateway vector
(Invitrogen). Ad-GFP-Rab5S34N was a gift from Pyong Woo Park (Boston Children’s
Hospital, USA)(Hayashida et al., 2008); Mfn2WT and Mfn2EE viruses were provided by
Gerald W. Dorn lI(Chen and Dorn, 2013). Ad-Beclinl shRNA was provided by Dr.
Junichi Sadoshima (Hariharan et al., 2013). Knockdown experiments were performed
by infecting cells with Ad-U6-scramble-RNAi control (Vector Biolabs, #1122) or Ad-

Beclinl shRNA and experiments were performed 96 h later.

Cell Death Assays

Cells transfected with empty myc vector myc-BNIP3, empty pEGFP-C1
(Clontech, 6084-1), or GFP-Rab5S34N (generously donated by JoAnn Trejo, UCSD)
were stained with BOBO-3 lodide (1:1000, Thermo Fisher Scientific, B3586) plus
Hoechst 33342 for 20 minutes. Cell death was assessed as the number of BOBO-3
positive cells divided by total number of Hoechst 33342 positive cells as described
(Rubinsztein et al., 2012). Cells infected with B-gal or myc-Parkin (MOI: 150) were
treated with vehicle or 5 mM 3-methyladenine (Sigma) for 30 min prior to DMSO
(Sigma) or 25 pM FCCP (Sigma) exposure. Cells with Rab7 knockdown were infected
with mCherry-Parkin (MOI: 150) and then re-transfected with control or Rab7 siRNA.
Cells overexpressing Ad-GFP or Ad-GFP-Rab5S34N (MOI: 75) plus Ad-myc-Parkin
(MOI: 150) were treated with DMSO or 25 uM FCCP for 24 h. Cells with ESCRT protein

knockdowns were infected with mCherry-Parkin (MOI: 75) and then re-transfected with
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control or ESCRT-specific sSiRNA for another 48 h. Cells were then treated with DMSO
or 25 uM FCCP for 24 h. In hypoxia cell death experiments, cells were infected with
mCherry-Parkin (MOI: 75) and Ad-GFP or Ad-GFP-Rab5S34N (MOI:40), placed in
hypoxic buffer, and kept at normoxia or hypoxia for 34 h as described above. To assess
viability, cells were stained with Yo-Pro-1 (1:1000; Life Technologies), propidium iodide
(1:3000; Life Technologies), or with Po-Pro-3 (1:1000; Life Technologies) plus Hoechst
33342 for 20 minutes. Cell death was assessed as the number of Yo-Pro-1, propidium
iodide, or Po-Pro-3 positive cells divided by total number of Hoechst 33342 positive

cells as described (Kubli et al., 2007).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde (Ted Pella Inc.) in Dulbecco’s
Phosphate Buffered Saline without calcium chloride and without magnesium chloride
(PBS) (Gibco, no. 14200-075), permeabilized with 0.2% Triton X-100 or 0.1% saponin
(for Lamp2 staining) in PBS, and blocked in 5% normal goat serum. Myocytes were
blocked with 5% normal goat serum plus 0.2% Tween20 in PBS (PST). Cells were
incubated with primary antibodies (4°C, overnight) in PBS (MEFs) or PST (myocytes),
rinsed with PBS, incubated with secondary antibodies (37°C, 1 h), and counter-stained
for nuclei with Hoechst 33342 (Invitrogen). Fluorescence images were captured using a
Carl Zeiss Axio Observer Z1 fitted with a motorized Z-stage with a 63X Plan-
Apochromat (oil immersion) objective. Z stacks of red and green fluorescence
separated by 0.6 um along the z-axis were acquired with an ApoTome using a high-

resolution AxioCam MRm digital camera and Zeiss AxioVision 4.8 software (Carl Zeiss).
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Mitochondrial clearance was scored on a per cell basis. Mitochondrial clearance
progresses through a well-documented series of steps including nuclear aggregation
prior to complete removal (Yoshii et al., 2011), thus cells displaying nuclear aggregation
or lack of mitochondria were scored as “cleared.” Endosomal and autophagic vesicles in
cells were quantified by counting the number of distinct, visible puncta in a maximal
projection image of each cell. Co-localization was determined by manually scoring the
number of puncta on single Z-stack slices that had clear signal in both red and green
image channels. All scoring of morphology and puncta counts were scored un-blinded
with respect to sample identity. Confocal images were captured on a Leica SPE Il
(Leica) inverted confocal microscope equipped with 405, 488, 561, and 637 nm lasers,
with 0.25 pm step size between optical sections. Assessment of mitochondrial
depolarization was performed by transfecting cells with HA-Parkin and GFP-Rab5,
treating with DMSO or 25 pM FCCP for 4h, and adding MitoTracker Red CMXROS
(Thermo Fisher Scientific, no. M7512) at a final concentration of 250 nM for 20 min prior

to fixation and subsequent staining.

Western Blot Analysis

Samples were lysed in 50 mM Tris-HCI, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 1% Triton X-100, and Complete protease inhibitor cocktail (Roche). Tissues
were homogenized with a Polytron tissue grinder at 22,000 rpm for 3 seconds. Lysates
were cleared by centrifugation at 20,000 x g for 20 min at 4°C. Proteins were separated
on NuPAGE Bis-Tris gels (Life Technologies) and transferred to nitrocellulose

membranes. Membranes were incubated with the indicated antibodies and imaged with
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a Bio-Rad ChemiDoc XRS+ imager. Band densitometry quantification was performed

using the software Quantity One (Bio-Rad).

Isolation of the Heavy Membrane Fraction

Atg5” MEFs were infected with mCherry-Parkin virus (MOI: 75) and were treated
with DMSO or 25 uM FCCP for 4 h. Cells were collected using a cell scraper and
incubated isolation buffer (220 mM mannitol, 70 mM sucrose, 1 mM EDTA, and 10 mM
HEPES at 7.4 pH) for 45 min on ice. Cells were homogenized using an Eppendorf
pestle and centrifuged for 10 min at 1000 x g to pellet unbroken cells. The supernatant
was collected and centrifuged for 15 min at 14000 x g to collect the heavy membrane
fraction. After removal of the supernatant, the remaining pellet was resuspended in

isolation buffer and separated by SDS-PAGE.

Endosome Pull Down and Mass Spectrometry

GFP-Rab5Q79L-positive endosomes were isolated from Atg5” MEFs using a
protocol adapted from Hanna et. al. 2012 (Hanna et al., 2012). Briefly, MEFs were
infected with mCherry-Parkin (MOI: 75) plus GFP or GFP-Rab5Q79L (MOI: 50) for 12 h.
After treatment with DMSO or 25 uM FCCP for 4 h, MEFs were homogenized in ice-cold
buffer (0.25 M sucrose, 20 mM Tris-HCI, pH 7.0) supplemented with protease inhibitors
(Roche) and then centrifuged for 5 min at 600 x g. The supernatants were incubated
with a monoclonal mouse GFP antibody coupled to MACS magnetic beads (Miltenyl
Biotech, 130-091-125) overnight before being applied to a MACS MS separation column

(Miltenyl Biotech, 130-042-201). Proteins were eluted in a buffer containing 50 mM Tris-
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HCI (pH 6.8), 120 mM DTT, 1% SDS, 1 mM EDTA, 0.005% bromophenol blue, and
10% glycerol. The proteins were separated on SDS-PAGE, subjected to in-gel trypsin
digestion, and analyzed by LC-MS/MS as described (Wu et al., 2014). The proteomics
analysis was done at the Rutgers University Neuroproteomics Core Facility (New
Jersey). Heat map was generated as a ratio of the spectra counts for a given condition
over the spectra counts for GFP DMSO for each protein. A value of 2 was added to

each spectra count in order to generate ratios.

Real Time quantitative PCR

RNA was extracted using the RNeasy Mini Kit (Qiagen) and reverse transcribed
to cDNA with the QuantiTect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s instructions. gqPCR was performed with standard TagMan primers and
TagMan Universal Mastermix Il (Applied Biosystems) on a 7500 Fast RealTime PCR
system (Applied Biosystems). Fold difference was calculated by the comparative C1(2
ACT) method against Gapdh or 18s (Schmittgen and Livak, 2008). Primers used
targeted mouse Rab5a  (Integrated DNA  Technologies; assay ID:
Mm.PT.56a.10093885), Rab5b (Integrated DNA Technologies; assay ID:
Mm.PT.56a.29871709), Rab5c (Integrated DNA Technologies; assay ID:
Mm.PT.56a.28760014), and Rab7 (Integrated DNA Technologies, assay ID
Mm.PT.58.10841588). Male and female mice, age 8-12 weeks, were used for gPCR of

hearts.

Electron Microscopy
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For the correlated light and electron microscopy, cells were plated on gridded
MatTek dishes (MatTek Corporation) and transfected with GFP-Rab5, nanobody
against GFP (VHH)-APEX2 (Kirchhofer et al., 2010), HA-Parkin, and mPlum-mito-3
using Fugene6 (Promega Inc.) according to the manufacturer’s instructions. Cells were
treated with 25 puM FCCP or DMSO for 4 hours, then fixed in 2.5% glutaraldehyde in
0.1M cacodylate buffer pH 7.4 for 1 hour on ice, and imaged on a Leica SPE Il (Leica)
inverted confocal microscope. For VHH-APEX2, the DAB staining was performed as
previously described (Lam et al., 2015). Cells were post-fixed in 1% osmium tetroxide
for 30 minutes on ice. After several washes in cold double distilled water, cells were
dehydrated in a cold graded ethanol series (20%, 50%, 70%, 90%, 100%) 3 minutes
each on ice, then washed in room temperature 100% ethanol, and embedded in
Durcupan ACM resin (Electron Microscopy Sciences, Hatfield, PA ). Sections were cut
using a diamond knife (Diatome) at a thickness between 200nm and 300nm for electron
tomography and collected on LuxFilm grids (Luxel Corporation). Colloidal gold particles
(5 and 10nm diameter) were deposited on each side of the sections to serve as fiducial
markers. EM data were obtained using FEI Titan high base microscope operated at
300kV; micrographs were produced using a 4k x 4k Gatan CCD camera (US4000). For
each section, montages of the cell of interest were acquired using the SerialEM
software package. The set of 2D EM maps of the cell under scrutiny was correlated with
the 3D light microscopy (LM) stack allowing a global registration of the two modalities.
This enabled the EM tracking of puncta representing the colocalization of the Rab5-GFP
and the mitochondrial signal in the LM volume. This was accomplished using an in-

house software allowing side-by-side comparison of multiple views across different
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microscopy modalities, and establishing an optimal 3D registration. For tomography,
double-tilt series were collected using the SerialEM package. For each series the
sample was tilted from -60 to +60 degrees, every 0.5 degree. Tomograms were
generated using iterative reconstruction procedure (Phan et al., 2017). To analyze
larger volumes consecutive sections were reconstructed serially. 3D reconstruction

modeling was done with the IMOD tomography software package (Kremer et al., 1996).

Statistical Analysis

All experiments were independently repeated in the laboratory. Data were
collected from experiments performed in at least triplicate, and expressed as mean +
s.e.m. No statistical method was used to predetermine sample size. Differences
between groups were assayed using repeated-measure ANOVA tests with Tukey or
Dunnett’s post hoc test or by Student’s t-test, as determined by the data type. The data
meet the assumptions of this test, and variances are similar between the groups that
are being compared. Differences were considered to be significant when p < 0.05.
Analyses were done un-blinded with respect to sample identity. Data were excluded if
transfection efficiency was less than 40%, or if cells appeared unhealthy in control

conditions.

Parts of Chapter 2 were originally published in Nature Communications.
Hammerling, B. C., Najor, R. H., Cortez, M. Q., Shires, S. E., Leon, L. J., Gonzalez, E.
R., Boassa, D., Phan, S., Thor, A., Jimenez, R. E., Li, H., Kitsis, R. N., Dorn Il, G. W,

Sadoshima, J., Ellisman, M. H., Gustafsson, A. G. A Rab5 Endosomal Pathway
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Parts of Chapter 2 were originally published in Small GTPases. Hammerling, B.
C., Shires, S. E., Leon, L. J., Cortez, M. Q., Gustafsson, A. G. Isolation of Rab5-Positive
Endosomes Reveals a New Mitochondrial Degradation Pathway Utilized by BINP3 and
Parkin. Small GTPases. 1-8, 2017; doi: doi:10.1080/21541248.2017.1342749. © 2017
Taylor & Francis Online. The dissertation author was the primary investigator and

author of this paper.
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CHAPTER 3: PARKIN DIRECTS AUTOPHAGY-INDEPENDENT MITOCHONDRIAL

CLEARANCE

3.1 Introduction

Despite autophagy’s importance under basal and stress conditions, autophagy-
deficient mice and cells are nonetheless viable (Kuma et al., 2004). Deletion of Atg5 in
the heart during early embryogenesis results in the development of mice that are
phenotypically normal (Nakai et al., 2007). However, when subjected to a pressure
overload model, these mice rapidly develop cardiac dysfunction and heart failure.
Similarly, adulthood ablation of this gene under baseline conditions induces heart
failure. This indicates that a lack of autophagy in the heart during development can be
compensated by other, unknown mechanisms. However in the adult heart, a sudden
loss of autophagy results in drastic, deleterious effects.

Recent studies indicate that pathways alternative to traditional autophagy exist
that can clear unwanted entire organelles including mitochondria. For instance,
autophagy-deficient erythrocytes are still able to eliminate all their organelles including
mitochondria during maturation through a process called alternative autophagy (Nishida
et al., 2009). This pathway derives its double-membrane autophagosomes from the
trans-golgi network and these vesicles are positive for Rab9. Moreover, similar to
autophagy, this pathway is dependent on the upstream regulator Ulkl (Honda et al.,
2014). However, the extent to which alternative autophagy is employed is unknown. In
addition to alternative autophagy, there may yet be other pathways that can

compensate for impaired autophagy.
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An important regulator of selective autophagy, and specifically mitophagy, is the
E3 ubiquitin ligase Parkin. Depolarization of mitochondria results in the accumulation of
the serine-threonine kinase PINK1 on the outer mitochondrial membrane. PINK1 then
recruits Parkin, which in turn labels proteins on the outer mitochondrial membrane with
ubiquitin. The ubiquitin then acts as a signal for degradation through the autophagy
pathway. Specifically, ubiquitin can be bound by adaptor proteins such as p62, and by
LC3 on the autophagosome. In this chapter, | investigate whether Parkin can promote
clearance of depolarized mitochondria in autophagy-deficient cells. We have performed
experiments to determine whether mitochondrial fission or fusion is required for this

process, and whether alternative Rab9-mediated autophagy is involved.

3.2 Results

3.2.1 Autophagy-Deficient Cells Clear Mitochondria After FCCP Treatment

To investigate whether Parkin-mediated mitochondrial clearance was altered in
autophagy-deficient cells, we utilized embryonic fibroblasts from Atg5 knockout mice
(Atg5” MEFs) and their control littermates (wild-type (WT) MEFs) (Kuma et al., 2004).
Atg5 is part of the Atg5/12/16 complex which is required for elongation of the
autophagosomal membrane; consequently, autophagosomes cannot form in absence of
Atg5 (Kuma et al., 2004). Consistent with previous studies, treatment of cells with the
mitochondrial uncoupler FCCP, led to formation of autophagosomes in WT but not Atg5
" MEFs (Figure 3.1). LC3-l is a cytosolic protein that becomes lipidated and

incorporated into autophagosomal membranes as LC3-Il, which can be visualized as

puncta when using the GFP-LC3 reporter (Kabeya et al., 2000). We found that under
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baseline conditions, neither WT nor Atg5” MEFs formed LC3-positive puncta (Figure
3.1 a). After treatment with FCCP, WT but not Atg5™ cells, had increased the formation
of LC3-puncta, indicating the generation of autophagosomes. Western blots for LC3
confirmed these results (Figure 3.1 b) as well as verified the accumulation of p62 in
autophagy-deficient cells. The autophagy adaptor p62/Sqstml binds to ubiquitinated
mitochondria and is degraded by autophagy along with the mitochondria (Okatsu et al.,
2010). Interestingly, p62 levels decreased when Atg5’ MEFs were treated with FCCP,
indicating that p62 is being degraded even in the absence of autophagy. Next, we
tested whether organelles such as mitochondria are also being degraded in addition to
the protein p62. Thus, we assessed changes in mitochondrial content in response to
FCCP treatment in WT and Atg5” MEFs overexpressing YFP-Parkin. FCCP is a potent
inducer of Parkin-mediated mitochondrial autophagy (Chen and Dorn, 2013). In both
WT and Atg5’ MEFs, FCCP treatment led to Parkin translocation to mitochondria by 12
hours post-treatment (Figure 3.2 a). By 48 hours, mitochondria were cleared from both
cell types. Intriguingly, the rate of mitochondrial clearance, as assessed by
immunfluorescent staining and Western blotting for the mitochondrial protein Tom20,
were similar in WT and autophagy-deficient cells (Figure 3.2 a-c).

| then tested primary MEFs isolated from Atg7” embryos to confirm that our
observations were not specific to Atg5” MEFs. Specifically, | wanted to verify that
knockout of another core autophagy gene, Atg7, would produce the same results. Also,
because the Atg5” MEFs are transformed with the SV40 virus, some compensatory
pathways may have developed in these cells. Indeed, | verified that FCCP-mediated

mitochondrial clearance also occurred in primary MEFs deficient for the autophagy-
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related gene Atg7 (Figure 3.3). Atg7”” MEFs showed mitochondrial clearance at the
same rate as their WT counterparts by immunofluorescence and Western blotting for
the mitochondrial proteins Tim23 and Tom20. These results indicate that the traditional

Atg5/7-dependent autophagy pathway is not required for mitochondrial clearance.

3.2.2 Functional Parkin is Required for FCCP-Mediated Mitochondrial Clearance

Mitochondria are large organelles that cannot be degraded through the ubiquitin-
proteasome system. As a result, they need to be sequestered by vesicles to be
eliminated from the cytosol. The best studied mechanism of mitochondria removal is via
Parkin-mediated mitophagy. Parkin mediates ubiquitination of depolarized or damaged
mitochondria. This results in engulfment by autophagosomes and degradation through
the autophagy pathway. Next, we wanted to test whether Parkin was required for
clearance of depolarized mitochondria in Atg5” MEFs. MEFs lack detectable levels of
Parkin (Ding et al., 2010), and overexpression of Parkin in Atg5” MEFs resulted in both
p62/Sgstml1 and Tom20 degradation after FCCP exposure, even though these cells are
defective in autophagy (Figure 3.4 a-c). This degradation only occurred in the presence
of Parkin, as overexpression of Bgal instead did not result in mitochondrial clearance
with FCCP. This indicates that Parkin is required for the clearance of mitochondria and
the adaptor protein p62 in autophagy-deficient cells.

Parkin is a ubiquitin ligase and there are known nonfunctional Parkinson’s
disease associate mutants, ParkinR42P or ParkinG430D, which are defective in
ubiquitin-like and RING2 domains, respectively (Sriram et al., 2005). As a result, these

mutants are impaired in their ability to ubiquitinate substrates such as mitochondria. |
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found that ParkinR42P or ParkinG430D were unable to efficiently clear their
mitochondria in response to FCCP when overexpressed in MEFs (Figure 3.4 d,e). Thus,
these findings indicate that Parkin-mediated ubiquitination is a prerequisite for

degradation of depolarized mitochondria in autophagy-deficient cells.

3.2.3 Membrane-lon Permeabilization, but not DNA Damage, Induces
Mitochondrial Clearance

| wanted to test whether mitochondrial clearance was driven by any variety of
cellular stress, or if it was only specifically triggered by mitochondrial depolarization. In
addition to using FCCP, which depolarizes mitochondria by increasing membrane
permeability to H*, | tested whether valinomycin, which depolarizes mitochondria by
permeabilizing the membrane to K*, would also promote mitochondrial clearance in the
absence of autophagy. Indeed, | found that valinomycin treatment resulted in clearance
of mitochondria in both WT and Atg5” MEFs in the presence of Parkin (Figure 3.5 a,b).
In contrast, DNA damage by Actinomycin D, an inhibitor for RNA synthesis which
induces apoptosis (Martin et al., 1990), did not promote mitochondrial clearance in WT
and Atg5”™ MEFS (Figure 3.5 c,d). These results indicate that mitochondrial stress, but

not DNA damage, induces mitochondrial clearance in Atg5”" MEFs.

3.2.4 Mitochondrial Fission and Fusion Proteins are not Required for
Mitochondrial Clearance
Mitochondria are highly dynamic organelles and undergo fission or fusion to

adapt to changes in the cellular environment. Fission occurs in response to
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mitochondrial stress and has been linked to mitophagy. To investigate whether
mitochondrial fission is a prerequisite for clearance, | decided to manipulate proteins
involved in the regulation of fission and fusion. The mitochondrial fission protein, Drp1,
mediates asymmetrical fission allowing for segregation and selective removal of
depolarized mitochondrial fragments by autophagy (Twig et al., 2008). However,
inhibiting Drpl-mediated mitochondrial fission by overexpressing the dominant negative
DrplK38E did not affect Parkin-mediated mitochondrial clearance in Atg5” MEFs
(Figure 3.6). In opposition to the process of mitochondrial fission is fusion. The proteins
Mfn1/2 are responsible for fusion of the outer mitochondrial membrane (van der Bliek et
al., 2013). Promoting mitochondrial fusion by overexpression of Mfn2 or
Mfn2(T111E/S442E), which lacks mitochondrial fusion activity but is a constitutive
Parkin receptor (Chen and Dorn, 2013; Gong et al., 2015), did not affect Parkin-
mediated mitochondrial clearance in response to FCCP treatment in Atg5” MEFs
(Figure 3.7). Thus, our data suggest that mitochondrial clearance can still occur in the
absence of Drpl-mediated mitochondrial fission or in the presence of excess
mitochondrial fusion proteins. This is in agreement with the fact that Drp1-deficient mice
do not have defective mitochondrial clearance (Song et al., 2015), suggesting that

mitochondria clearance can occur independently of mitochondria fission.

3.2.5 Mitochondrial Clearance is not Dependent on Alternative Autophagy
There are reports of an alternative form of autophagy that occur in Atg5/7-
deficient cells that derive their membranes from the trans-golgi network. These vesicles

are also double-membraned and are Rab9 positive (Nishida et al., 2009). To examine
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whether Atg5/7-independent alternative autophagy contributes to mitochondrial
clearance, we examined Atg5” MEFs for the presence of Rab9-positive vesicles.
Although the number of Rab9-positive vesicles significantly increased after FCCP
treatment, there was little colocalization between Rab9 and mitochondria in these cells
by immunofluorescent analysis (Figure 3.8 a-c). This suggests that mitochondria are not
being sequestered by these vesicles. Also, overexpression of Rab9S21N, a dominant
negative mutant of Rab9 (Choudhury et al., 2002), failed to reduce Parkin-mediated
mitochondrial clearance in Atg5” MEFs by 24 hours (Figure 3.8 d,e).

Both alternative autophagy and traditional mitophagy pathways require the
upstream Unc-51 Like Autophagy Activating Kinase 1 (Ulkl) (Kundu et al., 2008;
Nishida et al., 2009). We confirmed that neither Ulk1 nor its homologue Ulk2 is required
for Parkin-mediated clearance in response to FCCP treatment. In fact, we observed
similar levels of mitochondrial clearance in WT, Ulk1”, UIk2”, and UIk1/2” MEFs
overexpressing Parkin (Figure 3.9). Thus, these results confirm that neither traditional
nor alternative autophagy is required for Parkin-mediated mitochondrial clearance in

Atg5” MEFs.

3.3 Discussion

In this chapter, | report that autophagy-deficient Atg5”™ or Atg7” MEFs are
capable of clearing damaged mitochondria upon FCCP treatment. Moreover, this
clearance is induced by mitochondrial membrane depolarization, but not by other
stressors such as DNA damage. This highlights the fact that mitochondrial quality

control is a distinct and regulated process independent of general protein and organelle
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homeostasis. It is already known that mitochondrial depolarization can trigger
PINK1/Parkin-mediated mitophagy (Matsuda et al., 2010; Narendra et al., 2008). Other
stressors that affect mitochondria, such as hypoxia, oxidative stress, and cytosolic
calcium overload, are also capable of inducing mitophagy (Kubli and Gustafsson, 2012;
Saelens et al.,, 2004). Our data suggest that mitochondrial depolarization can also
induce mitochondrial clearance independent of traditional Atg5/7-mediated autophagy.

Interestingly, | also found that mitochondrial clearance in autophagy-deficient
cells is dependent on functional Parkin. This suggests that a new downstream pathway
for mitochondrial clearance is reliant on Parkin-mediated ubiquitination. Again, such
redundancies point to the importance of having functional mitochondrial clearance.
However, this raises an intriguing possibility that patients harboring disease-associated
mutants of Parkin not only have defects in traditional Parkin-mediated mitophagy but
also defects in this alternative, potentially compensatory, pathway.

Mitochondria are thought to undergo asymmetric fission in order to segregate
oxidized and otherwise damaged proteins within the mitochondrion from the healthy
components (Dorn and Kitsis, 2015). This separation then allows for the damaged
mitochondrion to be preferentially cleared from the cell. The data here demonstrate that
mitochondrial clearance can occur independently of the fission protein Drpl. This is
perhaps due to the fact that all the mitochondria are simultaneously depolarized, and
asymmetrical fission is not possible. This is confirmed by the fact that Drpl-deficient
mice are still able to clear mitochondria (Song et al., 2015). Interestingly, Drpl-
deficiency leads to excessive mitophagy confirming the importance of Drpl in mediating

asymmetrical fission
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It has been shown that alternative autophagy can be stimulated in cells with
deficient-autophagy. This pathway still forms double-membrane autophagosomes,
however their source material is different. Membranes are derived from the trans-golgi
network and have been implicated in the clearance of mitochondria from erythrocytes
(Honda et al., 2014; Nishida et al., 2009). Also, HelLa cells undergoing starvation or
hypoxia have also been reported to clear a portion of their mitochondria through the
alternative autophagy pathway, and most significantly, this pathway is required for a
metabolic switch and pluripotency in iPSC reprogramming (Hirota et al., 2015; Ma et al.,
2015). While alternative autophagy is clearly an important pathway, our data here
preclude both traditional and alternative autophagy, suggesting that an additional
pathway for mitochondrial quality control might exist in cells. Given that the cell already
has several pathways for protein and organelle quality control, including the UPS,
traditional-, and alternative-autophagy pathways, the discovery of yet another pathway
highlights the importance of such cellular homeostasis. Thus, if any one of these
pathways is impaired, there are still several backup mechanisms in place to ensure
removal of toxic protein aggregates and organelles. In the next chapter, | test the
hypothesis that the endosomal pathway is involved in mitochondrial clearance in these

cells.

Parts of Chapter 3 were originally published in Nature Communications.
Hammerling, B. C., Najor, R. H., Cortez, M. Q., Shires, S. E., Leon, L. J., Gonzalez, E.
R., Boassa, D., Phan, S., Thor, A., Jimenez, R. E., Li, H., Kitsis, R. N., Dorn Il, G. W.,

Sadoshima, J., Ellisman, M. H., Gustafsson, A. G. A Rab5 Endosomal Pathway
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Mediates Parkin-Dependent Mitochondrial Clearance. Nature Communications. 8:
14050, 2017; doi:10.1038/ncomms14050 © 2017 Nature Publishing Group. The

dissertation author was the primary investigator and author of this paper.
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Figure 3.1. Atg5” MEFs are autophagy deficient.

(a) Representative images of WT and Atg5” MEFs overexpressing GFP-LC3. Scale
bars=20 pum. (b) Western blot for LC3, p62, and Gapdh in WT and Atg5” MEFs
overexpressing Parkin after treatment with 25 uM FCCP for 9 h.
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Figure 3.2. FCCP mediates mitochondrial clearance in Atg5” MEFs.

(a) Representative images of WT and Atg5” MEFs overexpressing YFP-Parkin. Cells
were fixed at the indicated time points (in hours) after treatment with FCCP (25 uM) and
stained with antl -Tom20 to label mitochondria. Scale bars=20 um. (b) Quantification of
WT and Atg5" MEFs with cleared mitochondria by Tom20 staining after FCCP
treatment (n=100 cells screened for mitochondria in 3 independent experlments) (c)
Western blot time course of Tom20 protein levels in WT and Atg5” MEFs
overexpressing Parkin after FCCP treatment (25 pM). Nuclei were counterstained with
Hoechst 33342 (blue). All values are meansts.e.m from independent experiments.
Statistical significance was calculated using ANOVA followed by Dunnett's test for
multiple comparison.
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Figure 3.3. Autophagy machinery is not required for mitochondrial clearance.

(a) Representative images of primary WT and Atg7” MEFs infected with mCherry-
Parkin and treated with DMSO or 25 pM FCCP. Cells were fixed at the indicated time
points (in hours) and stained with anti-Tom20 to label mitochondria. Scale bars=20 um.
Nuclei were counterstained with Hoechst 33342 (blue). (b) Quantification of WT and
Atg7” MEFs with cleared mitochondria by Tom20 staining after 25 pM FCCP treatment
(n=150 cells screened for mitochondria in 3 independent experiments). (c)
Representative Western blot time course of Tim23 and Tom20 protein levels in WT and
Atg7” MEFs overexpressing Parkin after FCCP treatment (25 pM). (d) Band
densitometry of Tim23 and Tom20 protein levels from panel ¢ (n=3, **p<0.01,
***pn<0.001 vs 0 h Tim23; #p<0.05, ##p<0.01 vs 0 h Tom20). All values are
meanszs.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 3.4. Mitochondrial clearance is dependent on Parkin.

(a) Western blot for p62 and Tom20 in Atg5” MEFs overexpressing Ad-Bgal or Ad-
Parkin after treatment with DMSO or FCCP (25 uM) for 24 h. (b,c) Band densitometry of
p62 (b) and Tom20 (c) protein levels from panel a (n=3, **p<0.01). (d) Representative
images of Atg5”~ MEFs infected with mCherry, mCherry-Parkin, mCherry-ParkinR42P,
or mCherry-ParkinG430D were treated with DMSO or 25 pM FCCP for 24 h. Cells were
fixed and stained with anti-Tom20 to label mitochondria. Arrowheads show colocalizing
puncta. Scale bars=20 pm. (e) Quantification of Tom20-positive cells after FCCP
treatment (n=300 cells screened for mitochondria in 3 independent experiments,
***p<0.001). Nuclei were counterstained with Hoechst 33342 (blue). All values are
meanszs.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 3.5. Membrane depolarization, but not DNA damage, can trigger
mitochondrial clearance.

(a) Representative images of WT and Atg5” MEFs infected with mCherry-Parkin and
treated with DMSO or 10 puM valinomycin for 24 h. After treatment, cells were fixed and
stained with anti-Tom20. Scale bars=20 pum. (b) Quantification of mitochondrial
clearance in response to valinomycin (n=200 cells screened for mitochondria in 3
independent experiments, **p<0.001 vs DMSO). ). (c) Representative images of WT
and Atg5” MEFs overexpressing mCherry-Parkin and treated with DMSO or
actinomycin D (0.05 pg/mL) for 24 h. Cells were stained with anti-Tom20. (d)
Quantification of mitochondrial clearance (n=200 cells screened for mitochondria in 3
independent experiments) in response to actinomycin D. Scale bars=20 pm. Nuclei
were counterstained with Hoechst 33342 (blue). All values are meansts.e.m from
independent experiments. Statistical significance was calculated using ANOVA followed
by Dunnett’s test for multiple comparison.
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Figure 3.6. Drpl-mediated mitochondrial fission is not required for FCCP-
mediated mitochondrial clearance.

(a) Representative images of Atg5” MEFs overexpressing Parkin and B-gal or
DrplK38E. After 25 uM FCCP treatment (24 h), cells were fixed and stained with anti-
Tom20. Scale bars=20 pm. (b) Quantification of cells undergoing mitochondria
clearance (n=200 cells screened for mitochondria in 3 independent experiments,
***p<0.001 vs DMSO). All values are meansts.e.m from independent experiments.
Statistical significance was calculated using ANOVA followed by Dunnett’s test for
multiple comparison.
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Figure 3.7. Affecting mitochondrial fusion does not alter FCCP-mediated
mitochondrial clearance.

(a) Representative images of Atg5” MEFs overexpressing mCherry-Parkin plus Bgal,
Mfn2 or MIn2EE. After treatment with 25 puM FCCP for 24 h, cells were fixed and
stained with anti-Tom20. Scale bars=20 um. (b) Quantification of cells undergoing
mitochondria clearance (n=150 cells screened for mitochondria in 3 independent
experiments, **p<0.001 vs DMSO). (c) Representative images of Atg5” MEFs
overexpressing mCherry-Parkin and Mito-GFP (localizes to mitochondrial matrix) plus
Mfn2 or Mfn2EE. Scale bars=20 um. (d) Western blot for Tom20, Tim23, and GAPDH in
Atg5” MEFs overexpressing Parkin plus Ad-B-gal, Ad-Mfn2, or Ad-Mfn2EE. Nuclei were
counterstained with Hoechst 33342 (blue). All values are meanszs.e.m from
independent experiments. Statistical significance was calculated using ANOVA followed
by Dunnett’s test for multiple comparison.
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Figure 3.8. Rab9-mediated alternative autophagy does not contribute to Parkin-
mediated clearance in Atg5’" MEFs.

(a) Representative images of Atg5” MEFs transfected with GFP-Rab9 and HA-Parkin.
After 25 uM FCCP treatment, cells were fixed and stained with anti-Tom20 to label
mitochondria. Scale bars=20 um. (b,c) Quantification of GFP-Rab9 positive puncta (b)
and their colocalization (c) with Tom20 labeled mitochondria in Atg5™ MEFs (n=45 cells
scored for number of puncta in 3 independent experiments, ***p<0.001, ***P<0.0001 vs
0 h, ns=not significant). (d) Representative images of Atg5” MEFs transfected with HA-
Parkin plus GFP or GFP-Rab9S21N. After treatment with FCCP for 24 h, cells were
fixed and stained with anti-Tom20. Scale bars=20 pum. (d) Quantification of
mitochondrial clearance in response to 25 puM FCCP (n=200 cells screened for
mitochondria in 3 independent experiments, ***p<0.001 vs GFP+DMSO) cells. Nuclei
were counterstained with Hoechst 33342 (blue). All values are meansts.e.m from
independent experiments. Statistical significance was calculated using ANOVA followed
by Dunnett’s test for multiple comparison.
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Figure 3.9. Ulk1/2 are not required for Parkin-mediated clearance of damaged
mitochondria.

(a) Representative images of WT, Ulk1l”, Ulk2", and Ulk1/2” MEFs transfected with
HA-Parkin, treated with 25 uM FCCP (24 h), and stained with anti-Tom20 to label
mitochondria. Scale bars=20 um. (b) Quantification of cells undergoing mitochondrial
clearance (n=550 cells screened for mitochondria in 3 independent experiments,
****n<0.0001 vs DMSO). (c) Representative Western blots for Tom20, Tubulin, and
GAPDH in WT, Uk1”, Ulk2”, and Ulk1/2"" MEFs infected with Ad-Bgal or Ad-Parkin
after treatment with DMSO or FCCP (25 um) for 24 h. (d) Band densitometry of Tom20
levels (n=3, *p<0.05 vs B-gal + FCCP). Nuclei were counterstained with Hoechst 33342
(blue). All values are meanszs.e.m from independent experiments. Statistical
significance was calculated using ANOVA followed by Dunnett's test for multiple
comparison.
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CHAPTER 4: EARLY ENDOSOMES SEQUESTER MITOCHONDRIA VIA ESCRT

COMPLEXES, MATURE, AND ARE DEGRADED

4.1 Introduction

Endosomes, though primarily known for their role in receptor recycling and
degradation, have several aspects in common with the autophagy pathway. First, they
can recognize ubiquitinated proteins, such as plasma membrane receptors that are
marked for internalization and for delivery to endosomes. Second, these vesicles are
involved in sequestration and transport, and third, they fuse with lysosomes to degrade
their cargo. The endocytic vesicles of this pathway are regulated and can be identified
by their Rab GTPases. Early endosomes are marked by the small GTPase Rab5, which
is a critical regulator of their biogenesis and function (Zeigerer et al., 2012). Rab5 also
mediates endocytosis and enables homotypic fusion between early endosomes into
larger vesicles (Stenmark, 2009). As these early vesicles mature, they become more
acidic, develop intraluminal vesicles (ILVs), and Rab5 is replaced by the GTPase Rab7,
which marks late endosomes (Huotari and Helenius, 2011). Rab7 also enables
endosomal fusion with lysosomes.

Endosomes can recognize and sequester ubiquitinated proteins through the
ESCRT complexes. These complexes, ESCRT-O0, -I, -ll, and —Ill, can be found on the
endosome surface where they bind ubiquitinated proteins and pull them into the
endosome through a process of invagination and scission (Campsteijn et al., 2016).
Each complex, except for ESCRT-III, can directly bind ubiquitinated proteins and assist

in the recruitment of subsequent complex. ESCRT-III promotes inward vesicle budding,
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and the ESCRT complexes are disassembled by Vps4-Vtal. Together, the ESCRTs
produce intraluminal vesicles within the endosomes. While these vesicles are reported
to be approximately 40-100 nm in size (Williams and Urbe, 2007), it is possible that they
can grow in size to accommodate larger cargo. In the previous chapter, | showed that
depolarized mitochondria can be cleared from autophagy-deficient cells, and this
process is dependent on the E3 ubiquitin ligase Parkin. Thus in this chapter, |

investigate whether the endosomal pathway is involved in their clearance.

4.2 Results:

4.2.1 Endosomes Sequester Damaged Mitochondria and Activation Requires
Beclinl

Our findings in chapter 3 demonstrate clearly that depolarized mitochondria are
able to be cleared from autophagy-deficient cells. Therefore, we sought to test the
hypothesis that mitochondria are being sequestered into endosomes that ultimately fuse
with lysosomes for degradation. The endosomal-lysosomal degradation pathway plays
a role in cellular quality control by degrading ubiquitinated plasma membrane proteins
(Marchese et al., 2008). However, it is currently unknown if this pathway also
participates in the degradation of entire organelles such as mitochondria. We
discovered that mitochondrial depolarization with FCCP led to a rapid increase in the
number of Rab5 positive early endosomes in WT and Atg5” MEFs and that a significant
number of these endosomes colocalized with mitochondria after treatment (Figure 4.1
a-f). We confirmed that these colocalizing mitochondria are depolarized by lack of

mitotracker Red staining (Figure 4.1 g). Moreover, at these early time points, within 8
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hours, there is negligible cell death in response to the FCCP exposure (Figure 4.1 h).
Therefore, it is unlikely that these mitochondria within early endosomes are a result of
endocytosis from neighboring, dead cells. | also confirmed that treatment with the K+
protonophore valinomycin, but not the DNA-damaging agent Actinomycin D, caused an
increase in the number of Rab5-positive vesicles in both WT and Atg5” MEFs (Figures
4.2), consistent with their respective ability to trigger mitochondrial clearance (Figures
3.4). Another defining characteristic of early endosomes is the generation of the lipid
phosphatidylinositol 3-phosphate (PI(3)P) at the membrane by the Vps34 PI3K complex
(Maxfield and McGraw, 2004). Several critical Rab5 interacting proteins, such as Eeal,
Rabenosyn-5, and Rabankyrin-5, bind to PI(3)P at the endosome (Stenmark, 2009). To
monitor activity of the Vps34 PI3K complex on Rab5-positive endosomes, we
overexpressed a GFP conjugated PX domain from p40, which specifically binds PI(3)P
at the early endosomes (Kanai et al., 2001). We observed an increase in the
colocalization between p40PX-EGFP and Rab5 in both WT and Atg5” MEFs after
FCCP treatment (Figure 4.3). These findings suggest that endosomal activity and
sequestration of dysfunctional mitochondria into endosomes occur even in cells with
intact autophagy.

There is cross talk between the various degradation pathways and it is possible
that some of the autophagy molecules might also function to regulate the endosome-
lysosomal degradation pathway. Beclinl is a known component of the Vps34 PI3K
complex. Therefore, we examined whether Beclinl was found on the “activated” early
endosomes. We found that there is increased colocalization between p40PX-EGFP and

Beclinl in both WT and Atg5”™ MEFs after FCCP treatment (Figure 4.4 a-c). We also
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observed a significant increase in Beclinl and Rab5 colocalization in Atg5” MEFs in
response to FCCP treatment (Figure 4.4 d-f), confirming that Beclinl is found on the
early endosomes. Furthermore, silencing of Beclinl with siRNA suppressed the
increase in the number of Rab5-positive endosomes and the colocalization between
Rab5 and mitochondria in Atg5” MEFs upon FCCP treatment (Figure 4.5). Ulk1 is an
upstream regulator of both traditional and alternative autophagy (Kundu et al., 2008;
Nishida et al., 2009). However, it is possible that Ulk2 can compensate for Ulk1 activity.
Therefore we examined cells deficient for both Ulk1/2 and found no defect on early
endosomal activity in response to FCCP treatment (Figure 4.6). This is consistent with
the fact that these knockout lines still display mitochondrial clearance (Figure 3.9).
Thus, our data indicate that early endosome formation and Rab5-mediated

mitochondrial clearance requires the presence of Beclinl, but not Ulk1/2.

4.2.2 Mitochondria Accumulate in Constitutively Active Rab5Q79L-Positive
Endosomes

The small GTPase Rab5 functions in the biogenesis and homotypic fusion of
early endosomes (Zeigerer et al., 2012). Mutating the glutamine to leucine at amino acid
residue 79 in the GTPase domain results in a constitutively active Rab5 that is unable to
hydrolyze bound GTP. Thus, overexpression of Rab5Q79L in cells leads to fusion of
early endosomes resulting in oversized endosomes with an average size of 2 - 5 um
that are unable to mature into late endosomes (Stenmark et al., 1994a; Stenmark et al.,
1994b). Here, | confirmed that overexpression of Rab5Q79L led to formation of

enlarged early endosomes (EEE) in both wild type (WT) and the autophagy-deficient
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Atg5” MEFs overexpressing Parkin (Figure 4.7 a,b). | also observed the presence of a
significant number of mitochondria inside the EEEs after treatment with FCCP (Figure
4.7 b,c). This suggests that depolarized mitochondria accumulate inside the EEEs in
both WT and Atg5” MEFs. We usually observe approximately 6-10 mitochondria per
cell, where each colocalizes with a single Rab5-positive early endosomes after FCCP
treatment. In contrast, each enlarged Rab5Q79L-positive endosome usually contains
several mitochondria inside of them (Figure 4.7 c). This is likely due to the fact that
Rab5Q79L-positive endosomes accumulate fragmented mitochondria through
homotypic fusion and that these vesicles are unable to mature.

Next, we aimed to perform proteomics analysis of isolated Rab5-positive
endosomes to confirm mitochondrial content. The conversion from Rab5-positive early
endosomes to Rab7-posititve late endosomes occurs very rapidly, on the timescale of a
few minutes (Rink et al., 2005). Due to the transient number of early endosomes
containing mitochondria present in cells at any given time, it was challenging to isolate a
sufficient number of Rab5-positive vesicles for proteomics analysis. Thus, we took
advantage of cells overexpressing Rab5Q79L which accumulate the EEEs containing
mitochondria. We have previously isolated intact GFP-positive autophagosomes using
antibody against GFP conjugated to magnetic beads (Hanna et al., 2012). Here, we
adapted this protocol to isolate Rab5-positive endosomes. We used anti-GFP
conjugated to magnetic beads to capture the enlarged Rab5-positive vesicles from Atg5
" MEFs (Figure 4.8 a). After confirming that we successfully pulled down endosomes by
blotting for the markers Rab5 and Eeal (Figure 4.8 b), but not lysosomal protein

Lamp2, the purified endosomes were resolved on one-dimensional SDS-PAGE,
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subjected to in-gel tryptic digestion and analysis by LC MS/MS. The mass spectrometry
confirmed the presence of mitochondrial proteins in GFP-Rab5Q79L labeled
endosomes. The number of mitochondrial proteins was also increased after FCCP
treatment (Figure 4.8 c). Furthermore, GFP-Rab5Q79L-labeled endosomes contained
higher levels of proteins related to endosomal cargo and mitophagy than controls after
FCCP treatment (Figure 4.8 c). These results confirm the presence of mitochondria

within Rab5-positive early endosomes.

4.2.3 Correlated Light and Electron Microscopy Confirms Mitochondria inside
Rab5-Positive Early Endosomes

To further confirm that mitochondria were internalized into Rab5-positive
endosomes, we performed correlated light and 3D electron tomography. Using this
technique, we are able to identify colocalization events by immunofluorescence and
then perform 3D electron tomography of these same events. This allows us to confirm
that the colocalization truly represents mitochondria inside early endosomes and not
that they are merely adjacent to one another. We observed labeled mitochondria
(mPlum-mito) colocalizing with GFP-Rab5 positive early endosomes after FCCP
treatment by confocal microscopy. These colocalization events were confirmed at high
resolution by correlated electron microscopy using a nanobody against GFP fused to an
EM-compatible probe APEX2 (Lam et al., 2015), which can oxidize diaminobenzidine
(DAB) into an EM contrasting agent for easier identification (Figure 4.9), and

subsequent tomographic analysis (Figure 4.10). The electron tomographic volumes
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confirmed the presence of entire mitochondria contained within intraluminal vesicles,

which themselves were inside single membrane Rab5 positive endosomes.

4.2.4 Mitochondria are Sequestered into Endosomes via ESCRT Complexes

| then wanted to investigate the mechanism by which mitochondria are
sequestered by early endosomes. The endosomal ESCRT complexes, ESCRT-O, -I, -II,
and —lll, bind ubiquitinated cargo and pull them into the endosome through a process of
invagination and scission (Campsteijn et al., 2016). Each complex is composed of a
variety of proteins, and knockdown of key subunits impairs function of the whole
complex (Williams and Urbe, 2007). | found colocalization between mitochondria and
key proteins in the various ESCRT complexes, Hgs (ESCRT-0), Tsgl01 (ESCRT-I),
Snf8 (ESCRT-II) and Chmp3 (ESCRT-III) after treatment with FCCP in Atg5" MEFs
(Figure 4.11 a). Next, we isolated the heavy membrane fraction, which is enriched in
mitochondria, by density-dependent centrifugation. This confirmed a significant increase
in several of these ESCRT proteins and Rab5 after FCCP treatment (Figure 4.11 b,c).
Because the centrifugation force used to pellet the heavy membrane fraction is too low
to spin down isolated early endosomes (Goldman et al., 1998), this suggests the
ESCRT proteins and Rab5 are associated with mitochondria. We were also able to
identify a mitochondrion in the process of being engulfed by an early endosome in an
electron tomographic volume (Figure 4.11 d), which morphologically supports the
ESCRT model of membrane invagination and subsequent scission. These data suggest

that ESCRT complexes are involved in mitochondrial sequestration into endosomes.
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In addition, knockdown of Hgs, Tsgl01, and Snf8 proteins led to decreased
mitochondrial clearance and increased cell death in response to FCCP (Figure 4.12).
Damaged mitochondria, if not cleared, can cause cell death, through release of pro-
death factors and excessive production of reactive oxygen species (Chen and Zweier,
2014; Kubli and Gustafsson, 2012). Thus, reduced removal of the mitochondria in cells
with ESCRT protein knockdown might be contributing to the enhanced FCCP-mediated
cell death. Interestingly, knockdown of Chmp3 (ESCRT-IIl) did not lead to reduced
mitochondrial clearance or significantly enhance FCCP-mediated cell death. This may
be due to incomplete knockdown of Chmp3 or compensation by other subunits in the
ESCRT-III complex. These data further support the hypothesis that mitochondria are

recognized and sequestered into endosomes by the ESCRT complexes.

4.2.5 Mitochondria-Containing Endosomes Mature and are Degraded

Finally, | wanted to confirm that mitochondria engulfed in Rab5-postive vesicles
were delivered to lysosomes for degradation. Early endosomes mature into late
endosomes before fusing with lysosomes and this maturation involves a switch from
Rab5 to Rab7 (Rink et al., 2005). We found that there was a significant increase in the
number of Rab7 positive endosomes and that a significant number of mitochondria
colocalized with Rab7 in Atg5” MEFs after FCCP treatment (Figure 4.13 a-c). Late
endosomes then fuse with lysosomes where the cargo is degraded. In agreement with
this, we observed a significant increase in the number of LAMP2-positive lysosomes
and their colocalization with mitochondria in Atg5” MEFs after FCCP treatment (Figure

4.13 d-f). Overall, these findings suggest that dysfunctional mitochondria are
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sequestered inside early endosomes, which mature into late endosomes, and are

subsequently delivered to lysosomes for degradation.

4.3 Discussion

Here, | report that damaged mitochondria are sequestered by Rab5-positive
endosomes in both wild-type and Atg5” MEFs. Not only is this a novel role for
endosomes, but it also suggests that this pathway can be utilized by WT cells with intact
autophagy to clear damaged organelles. More studies are required to determine under
what conditions and to what extent WT cells and tissues utilize this pathway for quality
control degradation. For instance, while alternative autophagy is specifically utilized in
erythrocyte maturation and iPS reprogramming (Honda et al., 2014; Ma et al., 2015),
the endosomal pathway may have a specific role for mitochondrial clearance in some
yet-to-be-identified process.

| also report here that the activation of the endosomal pathway is dependent on
Beclinl, a known upstream regulator of both the traditional and alternative autophagy
pathways (Funderburk et al., 2010). Beclinl has also been implicated in the endosomal
pathway as its binding partners UVRAG and Rubicon have been reported to interact
with the early endosomal protein Eeal (Funderburk et al., 2010). Our data further
support the notion that Beclinl is an upstream regulator of the endosomal pathway.
What determines the preferential binding partners of Beclinl, and thus which
downstream pathway is activated, is of interest. Not only would the answer to this
guestion provide insight into the cellular mechanisms of protein and organelle quality

control, but perhaps Beclin1’s preferential binding partners can be swayed through
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genetic or pharmacological intervention in order to promote or inhibit a particular
downstream degradation pathway.

The experiments using Rab5Q79L, a constitutively active form of Rab5, more
clearly demonstrate mitochondrial sequestration and accumulation within early
endosomes. In fact, our correlated light and electron microscopy data show that several
mitochondria can be found within a single endosome, even in the absence of
Rab5Q79L overexpression (Figure 4.9 b,g). This further illustrates the point that
endosomes are able to change in size, from the typically reported 20-50 nm (Hopkins
and Trowbridge, 1983), to accommodate larger cargo such as mitochondria.
Interestingly, the EM also confirms that the mitochondria are contained within single-
membrane vesicles, which is in contrast to autophagy which generates a double
membrane-vesicle. This further substantiates that this process is distinct from, and not
another variant of, autophagy.

| also report here that ESCRT complexes are involved in the recognition and
sequestration of damaged mitochondria into endosomes, and that knockdown of these
complexes impairs mitochondrial clearance and increases FCCP-mediated cell death.
Interestingly, it has been reported that knockdown of ESCRT complexes increases the
number of autophagosomes, suggesting a connection between these two pathways
(Raiborg and Stenmark, 2009). However, it appears that ESCRTs can mediate fusion
between autophagosomes and lysosomes and may be involved in the final closure of
the autophagosome. Thus in the absence of ESCRTs, autolysosomes cannot form.
While this may explain the results in WT MEFs, it would not account for the clearance

observed in autophagy-deficient MEFs. Here, the only explanation is that mitochondria
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cannot be sequestered in endosomes in the absence of the ESCRT complexes.
Furthermore, not only does this provide a mechanism by which endosomes can engulf
mitochondria, but it fits with the earlier data in which we determined that Parkin-
mediated ubiquitination is required for mitochondrial clearance. In this model, Parkin
ubiquitinates damaged mitochondria, and this tag is recognized by the ESCRT
complexes which results in the sequestration of mitochondria into the endosomes.
Lastly, we have shown that once mitochondria are sequestered by endosomes, these
vesicles mature into late endosomes and fuse with lysosomes for degradation. This
confirms that the mitochondria are being eliminated through this pathway, and it is not
an aberrant sequestration event with no resolution.

In conclusion, here | have provided evidence that the endosomal-lysosomal
pathway is capable of sequestering and degrading damaged mitochondria in the
presence of Parkin. To date, this is a novel role for the endosomal pathway. In the next
chapter, 1 examine whether this pathway has functional significance, and whether it
plays a role in cardiac myocytes. Cardiac myocytes are terminally differentiated and are
sensitive to mitochondria-induced cell death (Kubli and Gustafsson, 2012). Thus, it is
likely that these cells employ a variety of quality control mechanisms to ensure the

health of the mitochondrial network.

Parts of Chapter 4 were originally published in Nature Communications.
Hammerling, B. C., Najor, R. H., Cortez, M. Q., Shires, S. E., Leon, L. J., Gonzalez, E.
R., Boassa, D., Phan, S., Thor, A., Jimenez, R. E., Li, H., Kitsis, R. N., Dorn I, G. W,

Sadoshima, J., Ellisman, M. H., Gustafsson, A. G. A Rab5 Endosomal Pathway
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Mediates Parkin-Dependent Mitochondrial Clearance. Nature Communications. 8:
14050, 2017; doi:10.1038/ncomms14050 © 2017 Nature Publishing Group. The
dissertation author was the primary investigator and author of this paper.

Parts of Chapter 4 were originally published in Small GTPases. Hammerling, B.
C., Shires, S. E., Leon, L. J., Cortez, M. Q., Gustafsson, A. G. Isolation of Rab5-Positive
Endosomes Reveals a New Mitochondrial Degradation Pathway Utilized by BINP3 and
Parkin. Small GTPases. 1-8, 2017; doi: doi:10.1080/21541248.2017.1342749. © 2017
Taylor & Francis Online. The dissertation author was the primary investigator and

author of this paper.
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Figure 4.1. Depolarized mitochondria are sequestered in Rab5-positive early
endosomes in WT and Atg5” MEFs.

(a,b) Representative images of WT (a) and Atg5” (b) MEFs overexpressing GFP-Rab5,
myc-Parkin, and stained with anti-COX IV to label mitochondria. Arrowheads show
colocalizing puncta. Scale bars=20 pm. (c,d) Quantification of GFP-Rab5 positive
puncta (c) and their colocalization (d) with COX IV labeled mitochondria in WT cells in
response to 25 pM FCCP (n=45 cells scored for number of puncta in 3 independent
experiments, *p<0.05,**p<0.01 vs 0 h). (e,f) Quantification of GFP-Rab5 positive
puncta (e) and their colocalization (f) with COX IV labeled mitochondria in Atg5™ cells in
response to 25 puM FCCP (n=45 cells scored for number of puncta in 3 independent
experiments, *p<0.05, **p<0.01, ***p<0.001 vs O h). (g) Representative images of WT
and Atg5” MEFs transfected with GFP-Rab5 and HA-Parkin, treated with DMSO or 25
MM FCCP for 4 h, and stained with MitoTracker Red CMXRos (MT Red). After
treatment, cells were fixed and stained with anti-Tom20. Scale bars=20 pm.
Arrowheads show colocalizing puncta. (h) Quantification of cell death. WT or Atg5™
cells overexpressing mCherry-Parkin were exposed to FCCP (25 uM) for 0, 4, or 8 h
and stained with Yo-Pro-1 (n=100 cells screened for cell death in 3 independent
experiments). Nuclei were counterstained with Hoechst 33342 (blue). All values are
meansts.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 4.2. Rab5 is activated by mitochondrial depolarization, but not DNA
damage.

(a) Representative images of WT and Atg5” MEFs infected with mCherry-Parkin and
treated with DMSO or 10 puM valinomycin for 4 h. After treatment, cells were fixed and
stained with anti-Rab5. Scale bars=20 um. (b,c) Quantification of Rab5-positive vesicles
in WT (b) and Atg5” (c) cells (n=30 cells scored for number of puncta in 3 independent
experiments, **p<0.01, **p<0.001). Nuclei were counterstained with Hoechst 33342
(blue). All values are meanstzs.e.m from independent experiments. Statistical
significance was calculated using ANOVA followed by Dunnett's test for multiple
comparison.
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Figure 4.3. Rab5 colocalizes with active V/ps34 in WT and Atg5” MEFs with FCCP.
(a) Representative images of WT and Atg5™ MEFs overexpressing p40PX-EGFP after
DMSO or FCCP treatment (25 uM). Cells were stained with anti-Rab5 to label early
endosomes. Scale bars=20 um. (b,c) Quantification of puncta positive for p40OPX-EGFP
and Rab5 in WT (b, n=40 cells scored for number of puncta in 4 mdependent
experiments, *p<0.05, *p<0.01, ***p<0.001, ****p<0.0001 vs DMSO) and Atg5’ (c,
n=40 cells scored for number of puncta in 3 independent experiments, *p<0.05 vs
DMSO) cells. Nuclei were counterstained with Hoechst 33342 (blue). All values are
meansts.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 4.4. Beclinl colocalizes with active Vps34 in WT and Ath"' MEFs after
FCCP treatment.

(a) Representative images of WT and Atg5” MEFs overexpressing p40PX-EGFP, and
HA-Beclinl. Cells were treated with DMSO or FCCP (25 uM) for 4 h. Arrowheads show
colocalizing puncta. Scale bars=20 pum. (b,c) Quantification of puncta positive for
p40PX-EGFP and HA-Beclinl in WT (b) and Atg5” (c) cells (n=40 cells scored for
number of puncta in 4 independent experiments, **p<0.01, ***p<0.001, ****p<0.0001 vs
0 h). (d) Representative images for Atg5” MEFs expressing HA-Beclinl, treated with
DMSO or 25 pM FCCP and stained with anti-HA and anti-Rab5. Scale bars=20 pum. (e,f)
Quantification of Rab5 positive puncta (e) and their colocalization (f) with Beclinl in
response to treatment (n=35 cells scored for number of puncta in 4 independent
experiments, *p<0.05, **p<0.001, ***p<0.0001 vs DMSO). Nuclei were counterstained
with Hoechst 33342 (blue). All values are meansts.e.m from independent experiments.
Statistical significance was calculated using ANOVA followed by Dunnett’s test for
multiple comparison.
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Figure 4.5. Knockdown of Beclinl impairs mitochondrial clearance.

(a) Western blot for Beclinl and Actin in Ath"' MEFs transfected with 20 or 40 nM
Beclinl siRNA for 96 h. (b) Representative images of Parkin-expressing Atg5” MEFs
transfected with control or Beclinl siRNA, treated with DMSO or FCCP (25 uM) for 4 h.
Fixed cells were stained with anti-Rab5 and anti-COX IV. Scale bars=20 ym. (c,d)
Quantification of Rab5 positive puncta (c) and their colocalization (d) with COX IV
labeled mitochondria in untransfected (un), control (con), or 20 nM Beclinl siRNA
transfected Atg5” cells expressing Parkin in response to DMSO or 25 pM FCCP (n=30
cells scored for number of puncta in 4 independent experiments, ***p<0.001). Nuclei
were counterstained with Hoechst 33342 (blue). All values are meanszs.e.m from
independent experiments. Statistical significance was calculated using ANOVA followed
by Dunnett’s test for multiple comparison.
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Figure 4.6. Ulk1/2-deficiency has no effect on early endosomal activity in
response to FCCP treatment.

(a) Representative images of WT or Ulk1/2™ transfected with p40PX-EGFP and treated
with 25 pM FCCP for 0 or 4 h. After treatment, cells were fixed and stained with anti-
Rab5. Scale bars=20 um. (b) Quantification of colocalization between Rab5 and p40PX-
EGFP positive puncta (n=30 cells scored for number of puncta in 3 independent
experiments, **p<0.001). Nuclei were counterstained with Hoechst 33342 (blue). All
values are meansts.e.m from independent experiments. Statistical significance was
calculated using ANOVA followed by Dunnett’s test for multiple comparison.

74



myc- WT MEFs Atg5” MEFs

myc Parkin
DMSO  FCCP DMSO  FCCP -
I S > 251 T T
E =l E =y o 5
< < ! % 20 -
56 - . — Atg5 8 o=
T £8 15 -
50 -- Parkin o=
- > S ({1 10 -
15 - —_— e [LC3I 6 1 W
— Lc3n g T 5
o
0 -

WT  Atg5™

Merge

EDMSO mFCCP

37-| ~—-—|Gapdh
g HIE BAES D
kDa

Figure 4.7. Mitochondria accumulate in enlarged Rab5Q79L-positive early
endosomes.

(a) Western blot for Atg5, Parkin, LC3, and p62 levels in WT and Atg5” MEFs
overexpressing myc or myc-Parkin. (b) Representative images of WT and Ath"' MEFs
overexpressing GFP-Rab5Q79L plus myc-Parkin. Cells were treated with DMSO or 25
UM FCCP for 4 h, and then fixed and stained with anti-COX IV to visualize mitochondria.
Nuclei were counterstained with Hoechst 33342 (blue). Scale bars=20 pum. (c)
Quantification of mitochondria inside GFP-Rab5Q79L positive vesicles (n=3, **p<0.01
vs DMSO). EE=enlarged endosomes. Nuclei were counterstained with Hoechst 33342
(blue). All values are meanszs.e.m from independent experiments. Statistical
significance was calculated using ANOVA followed by Dunnett's test for multiple
comparison.
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Figure 4.8. Pulldown of Rab5Q79L-positive endosomes enriches for

mitochondrial markers.

(a) Scheme for isolation of GFP-labeled vesicles. (b) Immunoprecipitation (IP) of GFP
(GFP) or GFP-Rab5Q79L (Rab5) with anti-GFP coupled to magnetic beads confirms
enrichment for GFP-Rab5Q79L as well as endogenous Rab5. Pulldown also enriches
for the early endosome marker Eeal. The lysosomal protein Lamp2 was undetectable
unless blot was subjected to a long (10 min) exposure. (c) Heatmap of proteins from
endosome isolation identified by mass spectrometry. Values were generated using a
ratio of each sample to the GFP DMSO control. Scale is in fold change over GFP
DMSO control.
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Figure 4.9. Mitochondria are found inside Rab5-positive early endosomes by
correlated light and electron microscopy.

(a) Confocal microscopy of WT (a) and Atg5” (b) MEFs transfected with GFP-Rab5,
VHH-APEX2, mPlum-mito3, and HA-Parkin and treated with DMSO or FCCP (25 uM)
for 4 h. Scale bars=20 um. Overlay of confocal inset with electron microscopy of the
same cell. Confocal images and electron micrographs of colocalizing puncta (boxes) are
shown enlarged and indicated with arrowheads. Note: first inset in (a) is found adjacent
to the nuclear envelope, but within the cytosol. Scale bar=200 nm. (c-j) Arrowheads
mark instances of colocalization between mPlum-mito tagged mitochondria (red) and
GFP-Rab5 endosomes (green) in WT (c-f) and Atg5™ (g-j) MEFs after FCCP (25 uM, 4
h) treatment (colored images). Correlated electron microscopy of these puncta show
mitochondria inside the lumen of single-membrane vesicles. EM Scale bars= 200 nm.
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Figure 4.10. Tomographic Analysis Confirms Mitochondria Within Early
Endosomes.

(a) Serial panels of tomographic analysis shows three mitochondria within early
endosomes, surrounded by cytoplasmic material. (b) The identity of the mitochondria
and the endosomes were confirmed by correlated confocal microscopy. Red= outline of
mitochondria, blue= outline of engulfed cytoplasm surrounding the mitochondria, green=
outline of the early endosome. Scale bars= 200 nm.
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Figure 4.11. ESCRT complexes participate in sequestratlon of mitochondria.

(a) Confocal maximal image projections of Atg5” MEFs infected with mCherry-Parkin
and treated with DMSO or 25 pM FCCP for the indicated time. Cells were stained with
anti-Tim23 or anti-Tom20 (white) to label mitochondria, and for the indicated ESCRT
protein (green). Enlarged boxes are single optical slices with arrowheads showing
colocalization. Scale bars=20 um. (b) Representative Western blot of isolation of the
mitochondrial enrlched heavy membrane fraction after 0, 1, or 4 h of 25 uM FCCP
treatment in Ath MEFs overexpressing Parkin. Tim23 is shown as a mitochondrial
loading control. (c) Band densitometry of protein levels from panel b (n=3, *p<0.05,
**pn<0.01, ns= not significant vs 0 h FCCP). (d) Single slice of an electron tomogram
showing mitochondria (red) partially sequestered by an early endosome (green) in Atg5
" MEFs (left). Scale bar = 200 nm. 3D reconstructed model of mitochondria (red) and
endosome (green, right). All values are meansts.e.m from independent experiments.
Statistical significance was calculated using ANOVA followed by Dunnett’s test for
multiple comparison.
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Figure 4.12. Confirmation of ESCRT knockdown and the effect on mitochondria
clearance.

(a) Western blots confirming siRNA knockdown of Hgs, Tsg101, Snf8, and Chmp3 by
siRNA after 96 h. Un= untransfected, con= control siRNA transfected. (b) Images
showing mitochondrial clearance after ESCRT protein knockdown. After ESCRT protein
knockdown, Atg5” cells were infected with mCherry-Parkin, and treated with DMSO or
25 pM FCCP for 12 h. Fixed cells were stained with anti-Tom20 to label mitochondria.
(c) Quantification of cell death. Atg5” MEFs were exposed to DMSO or FCCP (25 uM)
for 24 h after siRNA knockdown and then stained with Po-Pro-3. (n= 200 screened for
cell death in 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001 ns= not
significant). Nuclei were counterstained with Hoechst 33342 (blue). Arrowheads indicate
individual cells. Scale bars=20 um. All values are meansts.e.m from independent
experiments. Statistical significance was calculated using ANOVA followed by Dunnett’s
test for multiple comparison.
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Figure 4.13. Mitochondria in late endosomes are delivered to lysosomes.

(a) Representative images of Atg5” MEFs overexpressing GFP-Rab7, HA-Parkin, and
stained with anti-COX IV to label mitochondria. Arrowheads show colocalizing puncta.
Scale bars=20 upm. (b,c) Quantification of GFP-Rab7 positive puncta (b) and their
colocalization (c) with COX IV labeled mitochondria in Atg5” MEFs in response to 25
UM FCCP (n=45 cells scored for number of puncta in 3 independent experiments,
*p<0.05,**p<0.01, ***p<0.001 vs O h). (d) Representative images of cells
overexpressing MitoDsRed, HA-Parkin and stained with anti-Lamp2 to label lysosomes.
Arrowheads show colocalizing puncta. Scale bars=20 um. (e,f) Quantification of Lamp2
positive puncta (e) and their colocalization (f) with MitoDsRed in Atg5” MEFs in
response to 25 pM FCCP (n=40 cells scored for number of puncta in 3 independent
experiments, *p<0.05,**p<0.01 vs 0 h). Nuclei were counterstained with Hoechst 33342
(blue). All values are meanszs.e.m from independent experiments. Statistical
significance was calculated using ANOVA followed by Dunnett's test for multiple
comparison.
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CHAPTER 5: REMOVAL OF MITOCHONDRIA VIA THE ENDOSOMAL PATHWAY

PROTECTS AGAINST CELL DEATH

5.1 Introduction

As a response to stress, autophagy is activated fairly rapidly, and autophagic
degradation is initiated in MEFs on the order of a few hours (Figure 3.1) (Narendra et
al., 2008). However, this is limited by the fact that autophagosomes need to be
generated de novo once there is demand. For instance, in PINK1/Parkin-mediated
mitophagy, LC3-ll-positive autophagosomes can be observed anywhere between 1 to 9
hours after CCCP or FCCP treatment, depending on the cell type (Figure 3.1) (Hollville
et al., 2014; Narendra et al., 2008). This is followed by mitochondrial clearance via
mitophagy anywhere between 12 to 48 hours (Figures 3.2, 3.3) (Hollville et al., 2014;
Narendra et al., 2008). In contrast to autophagosomes, an entire network of endosomes
is present in the cell at any given moment. In addition, the identity and function of an
individual endosome can be rapidly altered by the exchange of particular Rab proteins
on the endosomal surface (Stenmark, 2009). For example, a Rab5-positive early
endosome can become a fast recycling endosome by the gain of Rab4. In regards to
degradation capacity and speed, endosomes are responsible for the internalization and
degradation of EGFR, and this undergoes measurable degradation within 1 to 2 hours
(Sigismund et al., 2008). Thus, endosomes could potentially be redirected for quicker
organelle clearance, before autophagosomes can be formed.

If damaged mitochondria are not rapidly cleared, they can cause an increase in

cell death through the release of pro-death factors and excessive reactive oxygen
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species (Honda et al., 2005; Kubli and Gustafsson, 2012). Thus, their clearance from
the cell is critical. Myocytes within the heart are terminally differentiated, thus the loss of
any one results in a permanent loss in cardiac function (Anversa et al.,, 2002).
Furthermore, these myocytes also contain 30% mitochondria by volume, which means
that there are many mitochondria which can produce ROS and release pro-death
factors if damaged (Piquereau et al., 2013a). Also, the heart unlike MEFs, expresses
endogenous Parkin and is heavily reliant on oxidative phosphorylation. Thus,
impairment of efficient clearance of damaged mitochondria is detrimental to heart
function (Kubli et al., 2013b). Given the importance of mitochondrial quality control in
the heart, it is likely that there are multiple pathways that can compensate for one
another in addition to mitophagy. In this chapter, | study the timing of activation of the
endosomal pathway as well as determine this pathway’s functional role in cardiac

myocytes and the heart.

5.2 Results

5.2.1 Early Endosome Pathway is Activated Before Autophagy

Autophagy is triggered by cellular stress and takes a few hours to be in full effect
(Bampton et al., 2005). We wanted to examine whether the activation of the autophagy
and endosomal pathways was simultaneous or sequential in WT cells. In order to test
this, we overexpressed GFP-LC3 and stained for Rab5, to monitor the formation of
autophagosomes and early endosomes respectively, in WT MEFs which have both
pathways intact. Interestingly, we observed a rapid, but transient, increase in the

number of Rab5-positive endosomes in response to FCCP treatment, which peaked at
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4 hours post FCCP treatment and then declined. In contrast, the number of
autophagosomes increased progressively but more slowly over time (Figure 5.1). This
indicates that the endosomal pathway might be activated as a first response in order to

clear damaged mitochondria.

5.2.2 Endosomal Removal of Mitochondria Reduces Cell Death

Next we wanted to explore the functional importance of the endosomal
degradation pathway, and what effects resulted if this pathway is inhibited. First, we
utilized 3-MA and Bafilomycin Al to pharmacologically inhibit the endosomal-lysosomal
pathway. 3-MA is a PI3K inhibitor that inhibits Vps34 and disrupts formation of both
endosomes and autophagosomes (Hirosako et al., 2004). Bafilomycin Al is an inhibitor
of the vacuolar proton ATPase in cells, which prevents vesicular fusion of both
endosomes and autophagosomes with lysosomes (Drose and Altendorf, 1997). We
found that inhibition of Vps34 by 3-MA or disrupting acidification of endosomes and
lysosomes with Bafilomycin Al led to increased cell death at baseline conditions (Figure
5.2 a-d). Interestingly, once paired with FCCP, 3-MA and Bafilomycin Al both further
increased susceptibility to cell death in WT and Atg5” MEFs (Figure 5.2 a-d). This
suggests that mitochondrial depolarization coupled with inhibition of multiple clearance
pathways is significantly detrimental to the cell. Next, we tested the hypothesis that
knockdown of the late endosome protein Rab7 would increase cell death as
mitochondria-containing endosomes would be unable to mature and fuse with
lysosomes. Indeed, we found that knockdown of Rab7 led to increased FCCP-mediated

cell death in WT and Atg5” MEFs (Figure 5.2 e-g). Subsequently, we wanted to test

86



whether abrogating Rab5 produced similar effects. Rab5 exists as three isoforms with
overlapping functions and all three isoforms are expressed in MEFs (Figure 5.3 a,b),
making it challenging to target with siRNA. There exists, though, a dominant negative
form of Rab5, Rab5S34N, which targets all three isoforms of Rab5. Using Rab5S34N,
we effectively reduced FCCP-mediated mitochondrial clearance in Atg5” MEFs (Figure
5.3 c,d). Overexpression of Rab5S34N also caused increased FCCP-mediated cell
death in both WT and Atg5” MEFs. Intriguingly, the Atg5” MEFs were significantly
more susceptible to Rab5 inhibition than WT cells (Figure 5.3 e). In addition, we
observed that inhibition of the endosomal pathway alone led to an increase in cell death
in both WT and Atg5” MEFs, confirming the importance of the endosomal pathway in
cellular homeostasis. However, because the endosomal pathway is involved in many
cellular processes, we cannot rule out the possibility that these results are influenced by
other stresses induced by inhibition of the endosomal pathway.

To determine why WT cells were less susceptible to abrogation of the endosomal
pathway, we examined the relationship between the autophagy and endosomal
pathways in WT cells. Specifically, we wanted to test the hypothesis that WT cells are
able to compensate for impaired endosomal activity by enhancing autophagic activity.
Interestingly, inhibition of the endosomal pathway led to increased autophagic activity
under both baseline conditions and after stress (Figure 5.4 a-c). This suggests that the
endosomal pathway participates in significant degradative activity that can be
compensated by the autophagy pathway. Although abrogating Rab5 alone led to
increased autophagic activity, we did not observe an increase in mitophagic activity

under baseline conditions (Figure 5.4 d,e). Thus, these data suggest that there is cross
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talk between the two pathways and that the autophagy pathway can compensate when

the endosomal pathway is impaired.

5.2.3 Neonatal Cardiomyocytes Utilize the Endosomal Pathway for Mitochondrial
Clearance

Maintaining a functional population of mitochondria is critical for cardiac myocyte
function. They are highly active cells that require large amounts of energy supplied by
mitochondrial oxidative phosphorylation. Since myocytes are post-mitotic, it is critical for
these cells to efficiently remove dysfunctional mitochondria before they can cause harm.
Furthermore, cardiac myocytes express endogenous Parkin, unlike MEFs, making them
a more physiologically relevant model. Therefore, | investigated if the endosomal
pathway contributes to clearing damaged mitochondria in cardiac myocytes. Myocardial
ischemia/reperfusion is associated with mitochondrial damage and activation of
mitophagy (Hamacher-Brady et al., 2007), and is a more physiologic stress than
treatment with FCCP. Interestingly, | found that simulated ischemia/reperfusion (sl/R)
led to a rapid, transient increase in the number of Rab5-positive endosomes upon
reperfusion (Figure 5.5 a,b). Simulated ischemia/reperfusion has many effects on the
cell, so it is currently unclear if mitochondrial dysfunction is the only trigger for increased
endosome formation. However, | observed that many of the endosomes colocalized
with mitochondria in the myocytes (Figure 5.5 c). In addition, similar to MEFs, all three
isoforms of Rab5 are expressed in the heart (Figure 5.5 d). Thus to abrogate Rab5
activity we overexpressed Rab5S34N and found that this led to increased sl/R-mediated

cell death (Figure 5.5 e). We also confirmed that Beclinl regulates endosomal activity in
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myocytes in response to stress, as it does in the MEFs. Knockdown of Beclinl using
Ad-shRNA completely abrogated the increase in Rab5-positive endosomes and their
colocalization with mitochondria in myocytes in response to sl/R or FCCP treatment
(Figure 5.6). These data confirm that Rab5 and the endosomal pathway also contribute

to clearing impaired mitochondria in cardiac myocytes.

5.2.4 Atg7 Conditional Knockout Mice Retain Normal Heart Function

| wanted to test whether the endosomal pathway has a role in mitochondrial
quality control in cardiac myocytes in vivo. To do this, we crossed homozygous
Atg7"®/™°% mice with heterozygous mice expressing Cre recombinase driven by the
cardiomyocyte-specific a-myosin heavy chain (aMHC) promoter to produce cardiac-
specific, Atg7 conditional knockouts (cKO) mice. While the Atg7 cKO mice display
slightly enlarged hearts compared to their WT littermates, they have normal cardiac
function at 8 to 12 weeks of age (Figure 5.7). Isolated mitochondria from the hearts of
WT and Atg7 cKO mice also showed similar State 3 respiration with a variety of
substrates (Figure 5.8). Succinate, a Complex Il substrate, showed no impairment in
respiration between either hearts indicating that Complexes Il through V are able to
respire normally (Figure 5.8 a). Cardiac myocytes preferably rely on fatty acid oxidation,
and a switch to carbohydrate metabolism is indicative of either fetal or failing hearts
(Razeghi et al., 2001). Thus, | tested both pyruvate, an end product of glycolysis, and
palmitoyl-L-carnitine, a known intermediate in mitochondrial fatty acid oxidation, to

determine if there was any difference in substrate respiration. Both of these substrates
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showed comparable rates of oxygen consumption, confirming that Atg7 cKO cardiac
mitochondria have normal function even in the absence of autophagy (Figure 5.8 b,c).

Western blotting for LC3 confirms that Atg7 cKO hearts are deficient in
autophagy (Figure 5.9 a). Thus | wondered whether the endosomal pathway was able to
compensate for a lack of autophagy since these hearts have normal function and
mitochondrial respiration up to 12 weeks of age. While mRNA levels of all three Rab5
isoforms and Rab7 were similar between WT and Atg7 cKO hearts, | found a significant
increase in the protein levels of Rab7 in hearts in the absence of autophagy (Figure
5.9). This suggests that the endosomal pathway may be upregulated in autophagy-
deficient hearts as a compensatory mechanism.

Autophagy is important for mitochondrial removal after myocardial infarction (Ml),
and this removal is crucial in the recovery process (Kubli et al., 2013b). We have
previously found that lack of Parkin-mediated mitochondrial clearance leads to
enhanced injury and susceptibility to MI. Interestingly, Atg7 cKO hearts did not show
exacerbated impairment in cardiac function at 7 days post Ml compared to WT controls
(Figure 5.10). This suggests that these hearts are utilizing some other compensatory

pathway in the heart to repair cellular damage.

5.3 Discussion

In chapter 5, | have shown that activation of endosomal-mediated mitochondrial
clearance precedes activation of the autophagy pathway. | propose that uptake of
mitochondria into endosomes acts as a first line of defense to rapidly eliminate

dysfunctional mitochondria. Early endosomes are continuously synthesized and exist in
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a network in cells (Zeigerer et al., 2012), whereas autophagosomes are synthesized de
novo upon demand (Rubinsztein et al., 2012). Therefore, dysfunctional mitochondria
can be more rapidly sequestered by the early endosomes. However, it is likely that if the
number of damaged mitochondria exceeds the capacity of endosomal-mediated
degradation, then the autophagy pathway is also activated. A similar coordination and
sequential activation has been observed for the traditional autophagy and chaperon-
mediated autophagy (CMA) pathways in response to stress such as starvation and
oxidative stress (Kaushik et al., 2008). Traditional autophagy is rapidly activated in
response to stress but then there is a switch to CMA if the stress is prolonged. Future
studies need to determine the context and timing of activation of these various
pathways in cells. Our data also show that autophagic activity is increased when Rab5
activity is abrogated, suggesting that autophagic degradation is compensating when
endosomal activity is impaired.

| have additionally demonstrated that neonatal cardiomyocytes also utilize the
endosomal pathway when exposed to simulated ischemia-reperfusion. Inhibition of this
pathway also led to increased cell death in WT MEFs, autophagy-deficient MEFs, and
neonatal cardiomyocytes upon stress. Particularly considering the WT MEFs and
neonatal cardiomyocytes, if autophagy were sufficient for removal of damaged
mitochondria, then there should be no increase in the extent of cell death with
endosomal inhibition. As expected, autophagy-deficient MEFs had even higher levels of
cell death than WT MEFs. These data suggest that endosomal-mediated mitochondrial
clearance is an important pathway through which damaged mitochondria may be

removed from the cell, and may be a point of therapeutic intervention in the heart.
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Previous studies have shown that inhibition of Parkin-mediated mitophagy is
dispensable at baseline conditions (Kubli et al., 2013b). However, it is crucial for repair
and heart function after myocardial infarction. Interestingly, Atg7-deficient hearts have
normal function at baseline and are not more susceptible to Ml than WT hearts, so it is
possible that the endosomal pathway is compensating for impaired mitophagy in vivo.
Additional studies need to be conducted to see if this is the case.

Interestingly, it seems that the autophagy pathway can at least partially
compensate for impaired endosomal function. Since autophagy has not been studied in
the context of endosomal-inhibition, it is unclear what contribution each pathway truly
has in regards to protein and organelle quality control in the cell. The fact that
Rab5S34N alone increases autophagic activity under baseline and stress conditions
hints at this being the case. | propose that much of intracellular degradation that is fully
attributed to autophagy instead has a significant component of clearance through the
endosomal-lysosomal pathway. More studies are required to tease apart the role of

each of these pathways, and the conditions that drive them.

Parts of Chapter 5 were originally published in Nature Communications.
Hammerling, B. C., Najor, R. H., Cortez, M. Q., Shires, S. E., Leon, L. J., Gonzalez, E.
R., Boassa, D., Phan, S., Thor, A., Jimenez, R. E., Li, H., Kitsis, R. N., Dorn I, G. W,
Sadoshima, J., Ellisman, M. H., Gustafsson, A. G. A Rab5 Endosomal Pathway
Mediates Parkin-Dependent Mitochondrial Clearance. Nature Communications. 8:
14050, 2017; doi:10.1038/ncomms14050 © 2017 Nature Publishing Group. The

dissertation author was the primary investigator and author of this paper.
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Figure 5.1. Endosomal clearance is activated prior to autophagy.

(@) Representative images of WT MEFs overexpressing GFP-LC3, treated with 25 uM
FCCP for the indicated time, and stained with anti-Rab5. Scale bars=20 um. (b)
Quantification of Rab5 and GFP-LC3 positive vesicles in WT cells (n=40 cells scored for
number of puncta in 3 independent experiments, *p<0.05, **p<0.01 vs 0 hours for Rab5,
#p<0.05 vs 0 h for GFP-LC3). All values are meansts.e.m from independent
experiments. Statistical significance was calculated using ANOVA followed by Dunnett’s
test for multiple comparison.
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Figure 5.2. Abrogation of the endosomal-lysosomal degradation pathway
increases susceptibility to cell death.

(a,b) Quantification of cell death in response to FCCP +/- 3-MA treatment. WT (a) or
Ath"‘ (b) MEFs expressing Parkin were incubated with 5 mM 3-MA and DMSO or
FCCP (25 uM) for 24 h. Cell death was assessed by Yo-Pro-1 uptake (n=350 cells
screened for cell death in 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001).
(c,d) Quantification of cell death in response to FCCP +/- Baf Al treatment. WT (c) or
Atg5” (d) MEFs were incubated with 50 nM Bafilomycin A1 and DMSO or FCCP (25
UM) for 24 h. Cell death was assessed by Yo-Pro-1 uptake (n=350 cells screened for
cell death in 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001). (e) Western
blot of Rab7 in Atg5” MEFs after siRNA transfection. (f,g) Quantification of cell death
WT (f) or Atg5™" (g) or cells were exposed to DMSO or FCCP (25 pM) for 24 h after
siRNA knockdown and then stained with Yo-Pro-1 (f: n=470, g: n=175 cells, screened
for cell death in 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001). All values
are meanszs.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 5.3. Dominant-negative Rab5S34N overexpression impairs FCCP-mediated
mitochondrial clearance.

(a,b) gPCR for Rab5 isoforms in WT MEFs (a), and Atg5” MEFs (b). (c) Representative
images of Atg5” MEFs expressing Parkin infected with GFP or GFP-Rab5S34N, treated
with 25 pM FCCP (0 or 12 h), and stained with anti-COX IV and Hoechst 33342 (blue).
Scale bars=20 um. (d) Quantification of cells undergoing mitochondria clearance (n=85
cells screen for mitochondria in 3 independent experiments, *p<0.05). (e) Quantification
of cell death in WT and Atg5” MEFs infected with myc-Parkin and Bgal (con) or
Rab5S34N. Cells were exposed to DMSO or FCCP (25 uM) for 24 h. Cell death was
assessed by Po-Pro-3 uptake (n=160 cells screened for cell death in 4 independent
experiments, **p<0.01, ****p<0.0001). All values are meansts.e.m from independent
experiments. Statistical significance was calculated using ANOVA followed by Dunnett’s
test for multiple comparison.
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Figure 5.4. Endosomal inhibition increases autophagic, but not mitophagic,
activity under baseline and after stress.

(a) Western blot for LC3 and p62 levels in WT MEFs expressing Parkin infected with (3-
gal (control) or Rab5S34N and treated with DMSO or FCCP (25 uM) for 4 h. (b,c) Band
densitometry of LC3Il (b) and p62 (c) protein levels (n=3, *p<0.05, **p<0.01, ns=not
significant). (d) Western blot for Tim23 and Tom20 protein levels in WT MEFs
expressing Parkin infected with B-gal (control) or Rab5S34N and treated with DMSO or
FCCP (25 uM) for 4 h. (e) Band densitometry of Tim23 and Tom20 proteins levels from
panel d (n=3, data are not significant). All values are meansts.e.m from independent
experiments. Statistical significance was calculated using ANOVA followed by Dunnett’s
test for multiple comparison.
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Figure 5.5. Activation of endosomal-mediated mitochondrial degradation in
cardiac myocytes.

(a) Representative images of neonatal myocytes subjected to normoxia or simulated
ischemia/reperfusion (sl/R). After the treatment, cells were fixed and stained with anti-
Rab5 and anti-COX IV. Arrowheads show colocalizing puncta. Scale bar=10 um. (b,c)
Quantification of Rab5 positive puncta (b) and their colocalization (c) with COX IV
labeled mitochondria in neonatal cardiac myocytes (n=36 cells scored for number of
puncta in 3 independent experiments, *p<0.05 vs normoxia). (d) gPCR for Rab5
isoforms in WT mouse hearts. (e) Quantification of cell death. Cells were exposed to
normoxia or 2 h of simulated ischemia plus 8 h of reperfusion. Cell death was assessed
by propidium iodide staining (n=170 cells screened for cell death in 3 independent
experiments, **p<0.01). Nuclei were counterstained with Hoechst 33342 (blue). All
values are meansts.e.m from independent experiments. Statistical significance was
calculated using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 5.6. Knockdown of Beclinl in neonatal cardiomyocytes impairs
mitochondrial clearance after FCCP or sl/R.

(a) Western blot of Beclinl knockdown in myocytes. (un=uninfected, scr=scramble
shRNA, parentheses indicate MOI). (b) Representative images of neonatal myocytes
after Beclinl knockdown. After treatment, cells were stained with anti-Rab5 and anti-
COX IV. Scale bar=10 um. Arrowheads show colocalization. Enlarged boxes without
arrowheads show non-colocalizing puncta. (c,d) Quantification of Rab5 positive puncta
(c) and their colocalization (d) with COX IV labeled mitochondria in neonatal cardiac
myocytes. Cells were treated with scramble (scr) or Beclinl shRNA (MOI=50) and
subjected to normoxia or 2 h of simulated ischemia plus 60 min of reperfusion before
fixation and staining with anti-Rab5 and anti-COX IV (n=30 cells scored for number of
puncta in 3 independent experiments, **p<0.001). (e,f) Quantification of Rab5 positive
puncta (e) and their colocalization with COX IV labeled mitochondria (f) in neonatal
cardiac myocytes. Cells were subjected to FCCP (10 uM) for 6 h before fixation and
staining with anti-Rab5 and anti-COX IV (n=30 cells scored for number of puncta in 3
independent experiments, *p<0.05, **p<0.01, ***p<0.0001). Nuclei were counterstained
with Hoechst 33342 (blue). All values are meanss.e.m from independent experiments.
Statistical significance was calculated using ANOVA followed by Dunnett’s test for
multiple comparison.
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Figure 5.7. Autophagy-deficient hearts are larger than WT but are functionally
comparable.

(a) Heart weight (HW, in mg) and lung weight (LW, in mg) to tibia length (TL, in mm)
ratios in both WT and Atg7 cKO hearts (n= 5 WT, 8 Atg7 cKO, *p<0.05). (b) Percent
fractional shortening (FS) and ejection fraction (EF) in WT and Atg7 cKO hearts at 8 to
12 weeks of age (n=12 WT, 10 Atg7 cKO, data are not significant). All values are
meansts.e.m from independent experiments. Statistical significance was calculated
using Student’s t-test.
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Figure 5.8. Maximal mitochondrial respiration in WT and autophagy-deficient
mouse hearts.

(a,b,c) Maximal oxygen consumption rates (OCR) in mitochondria isolated from WT and
Atg7 cKO hearts. Mitochondria were give either succinate (n=6 WT, 6 Atg7 cKO) (a),
palmitoyl-L-carnitine (n=5 WT, 5 Atg7 cKO) (b), or pyruvate (n= 6 WT, 6 Atg7 cKO) (c)
as oxidative phosphorylation substrates (data are not significant). All values are
meansts.e.m from independent experiments. Statistical significance was calculated

using Student’s t-test.
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Figure 5.9. Rab7 protein levels are upregulated in autophagy-deficient hearts.
(a,b) Rab5 isoforms (a) or Rab7 (b) mMRNA levels in WT and Atg7 cKO hearts. (c)
Representative Western blots for LC3, Rab7, Rab5, and Tubulin in WT and Atg7 cKO
hearts. (d) Band densitometry of Rab5 and Rab7 levels (n= 5 WT, 8 Atg7 cKO,
*p<0.05). All values are meansts.e.m from independent experiments. Statistical
significance was calculated using ANOVA followed by Dunnett's test for multiple
comparison (a) or by Student’s t-test (b,d).
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Figure 5.10. Autophagy-deficient hearts are no more susceptible to Ml injury than
WT hearts.

(a,b) Percent fractional shortening (a) and ejection fraction (b) in WT and Atg7 cKO
hearts prior to or 7 days after myocardial infarction (MI) (n=13 WT, 7 Atg7 cKO, data are
not significant). All values are meansts.e.m from independent experiments. Statistical
significance was calculated using Student’s t-test.
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CHAPTER 6: MITOPHAGY RECEPTOR BNIP3 CAN UTILIZE THE ENDOSOMAL-

LYSOSOMAL PATHWAY TO ELIMINATE MITOCHONDRIA

6.1 Introduction

In addition to Parkin-mediated mitophagy, mitochondrial clearance can also be
directly mediated by mitophagy receptors such as Nix and BNIP3 (Ney, 2015). These
proteins do not rely on the ubiquitination of mitochondria in order to promote clearance.
Instead, these proteins localize to the outer mitochondrial membrane where they directly
bind LC3 on autophagosomal membranes. This binding event causes sequestration of
the mitochondria into the autophagosome (Figure 1.3 b). Initially well known for its role
in cell death, BNIP3 was found to activate autophagy in MEFs undergoing hypoxia
(Zhang et al., 2008). In the heart where BNIP3 exhibits high levels of expression, BNIP3
is activated in response to ischemia/reperfusion injury, and increases autophagy in HL-1
myocytes subjected to ischemia/reperfusion (Hamacher-Brady et al.,, 2007).
Additionally, mere overexpression of either Nix or BNIP3 in the cell promotes
mitochondrial clearance (Ding et al., 2010; Hanna et al., 2012). It is unknown whether
these receptor proteins are also able to utilize the endosomal-lysosomal pathway. In
this chapter, | examine whether BNIP3 overexpression is able to induce mitochondrial

clearance in autophagy-deficient cells.

6.2 Results
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6.2.1 BNIP3 Overexpression Causes Mitochondrial Clearance in Autophagy-
Deficient Cells

| wondered whether mitophagy receptors like BNIP3 were able to promote
mitochondrial clearance in the absence of autophagy. Indeed, | found that both WT and
autophagy-deficient Atg5” MEFs were able to clear mitochondria upon overexpression
of BNIP3 alone (Figure 6.1). The mutant BNIP3W18A contains a tryptophan to alanine
amino-acid substitution in the LC3-interacting region (Hanna et al.,, 2012). This
abrogates its ability to interact with LC3 and is unable to dock mitochondria to
autophagosomes. Overexpression of BNIP3 and BNIP3W18A led to increased
colocalization between p40PX-EGFP and Rab5 in Atg5” MEFs (Figure 6.2). P40PX-
EGFP binds PI(3)P at early endosomes, providing a readout for VPS34 PI3K activity
(Kanai et al., 2001). This suggests that both WT and mutant BNIP3 are able to promote

activation of the endosomal pathway in autophagy-deficient cells.

6.2.2 BNIP3 Utilizes the Endosomal-Lysosomal Pathway to Clear Mitochondria
Our data show that BNIP3 is able to promote mitochondrial clearance in
autophagy-deficient cells. | next wanted to test whether BNIP3 was also able to utilize
the endosomal-lysosomal pathway for the mitochondrial clearance. First, | confirmed the
accumulation of mitochondria inside enlarged Rab5Q79L-positive endosomes in both
WT and Atg5” MEFs overexpressing BNIP3 (Figure 6.3). This suggests that mitophagy
receptors can also utilize the endosomal pathway to clear mitochondria. Furthermore,
BNIP3 is known to induce mitochondrial dysfunction and cell death when overexpressed

in cells (Regula et al.,, 2002; Rikka et al., 2011; Vande et al., 2000). Therefore, to
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examine whether removal of mitochondria by Rab5-positive endosomes was a
protective response activated by the cell, we examined the effects of modulating Rab5
activity on cell viability. We found that overexpression of BNIP3 caused a significant
increase in cell death as measured by BOBO-3 uptake in cells with compromised
plasma membranes in both WT and Atg5” MEFs (Figure 6.4). We also found that the
presence of GFP-Rab5Q79L did not change BNIP3-mediated cell death in either WT or
Atg5” MEFs (Figure 6.4 a), suggesting that merely sequestering mitochondria in
vesicles is not sufficient to protect against cell death. In contrast, overexpression of
BNIP3 plus the Rab5 dominant negative, Rab5S34N, led to a significant increase in
BNIP3-mediated cell death in Atg5” MEFs but not in WT MEFs (Figure 6.4 b). This is
most likely due to the fact that the WT cells still have intact autophagy to clear
mitochondria. These data indicate that BNIP3 is able to cause the sequestration of
mitochondria inside Rab5-positive early endosomes, and that coupling BNIP3

overexpression with inhibition of the endosomal pathway is toxic to the cell.

6.3 Discussion

In this chapter, | have shown that the mitophagy receptor BNIP3 is also able to
utilize the endosomal pathway for mitochondrial clearance. However, how BNIP3
causes engulfment of mitochondria into Rab5-positive endosomes is currently unknown.
The ESCRT machinery is responsible for engulfing cargo into the endosome but these
complexes recognize ubiquitinated cargo. BNIP3 is not an E3 ubiquitin ligase, therefore
it is possible that BNIP3 is activating one of the resident mitochondrial E3 ubiquitin

ligases to label mitochondria with ubiquitin. There are two mitochondrial ubiquitin
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ligases on the cytosolic side of the OMM: March5 and MULAN/MAPL (Kotiadis et al.,
2014; Zhong et al., 2005). It is possible that either, or both, of these ubiquitinates
mitochondria to be bound by ESCRTs and sequestered into endosomes. More studies
would have to be conducted to determine whether mitochondria are ubiquitinated in this
form of BNIP3-mediated mitochondrial clearance.

Alternatively, given that BNIP3 can directly tether mitochondria to
autophagosomes, ubiquitination of mitochondria may not be required. There is evidence
in the literature that cargo can be sequestered inside endosomes in an ESCRT-
independent, and thus ubiquitin-independent, manner (Babst, 2011). For instance,
BNIP3 may directly tether mitochondria to endosomes through an unknown protein
interaction. More studies are required to determine how BNIP3 promotes the

sequestration of damaged mitochondria inside early endosomes.

Parts of Chapter 6 were originally published in Nature Communications.
Hammerling, B. C., Najor, R. H., Cortez, M. Q., Shires, S. E., Leon, L. J., Gonzalez, E.
R., Boassa, D., Phan, S., Thor, A., Jimenez, R. E., Li, H., Kitsis, R. N., Dorn I, G. W.,
Sadoshima, J., Ellisman, M. H., Gustafsson, A. G. A Rab5 Endosomal Pathway
Mediates Parkin-Dependent Mitochondrial Clearance. Nature Communications. 8:
14050, 2017; doi:10.1038/ncomms14050 © 2017 Nature Publishing Group. The
dissertation author was the primary investigator and author of this paper.

Parts of Chapter 6 were originally published in Small GTPases. Hammerling, B.
C., Shires, S. E., Leon, L. J., Cortez, M. Q., Gustafsson, A. G. Isolation of Rab5-Positive

Endosomes Reveals a New Mitochondrial Degradation Pathway Utilized by BINP3 and
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Parkin. Small GTPases. 1-8, 2017; doi: doi:10.1080/21541248.2017.1342749. © 2017
Taylor & Francis Online. The dissertation author was the primary investigator and

author of this paper.
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Figure 6.1. BNIP3 overexpression results in mitochondrial clearance in Atg5”
MEFs.

(a) Representative images of mitochondrial clearance in WT or Atg5” MEFs infected
with mito-GFP plus B-gal or BNIP3 for 24 h. Scale bars=20 um. (b) Quantification of
mitochondrial clearance in response to BNIP3 (n=100 cells screened for mitochondria in
3 independent experiments, ***p<0.001 vs B-gal). Scale bars=20 um. All values are
meansts.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 6.2. BNIP3 overexpression induces Rab5 activation.

(a) Representative images of Atg5” MEFs transfected with myc, BNIP3, or BNIP3W18A
plus p40PX-EGFP for 24 h and stained with anti-Rab5. Scale bars=10 pm. (b)
Quantification of puncta positive for pAOPX-EGFP and Rab5 in Atg5™ cells (n=35 cells
scored for number of puncta in 4 independent experiments, *p<0.05 vs myc). All values
are meanszs.e.m from independent experiments. Statistical significance was calculated
using ANOVA followed by Dunnett’s test for multiple comparison.
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Figure 6.3. Mitochondria are sequestered in Rab5-positive enlarged endosomes in
BNIP3 overexpressing cells.

(a) Western blot for BNIP3 in WT and Atg5” MEFs overexpressing myc or myc-BNIP3.
(b) Representative images of WT and Atg5” MEFs overexpressing GFP-Rab5Q79L
plus empty vector or BNIP3. 24 h post-transfection, the cells were fixed and stained with
anti-COX IV to label mitochondria. (c) Quantification of mitochondria inside GFP-
Rab5Q79L positive vesicles in (n=4, *p<0.05, **p<0.01 vs Control). EEE=enlarged early
endosomes. All values are meansts.e.m from independent experiments. Statistical
significance was calculated using ANOVA followed by Dunnett's test for multiple
comparison.
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Figure 6.4. BNIP3 overexpression increases cell death.

(a) Quantification of BOBO-3 positive (dead) cells. Sequestration of mitochondria in
Rab5Q79L-positive vesicles has no effect on BNIP3-mediated cell death in WT and
Atg5” MEFs. (b) Quantification of BOBO-3 positive (dead) cells. Abrogation of Rab5
activity increases susceptibility to BNIP3-mediated cell death in Atg5” MEFs. Cell death
was assessed by BOBO-3 lodide uptake in cells overexpressing the indicated
constructs (n=3, *p<0.05, **p<0.01, ***p<0.001). All values are meansts.e.m from
independent experiments. Statistical significance was calculated using ANOVA followed
by Dunnett’s test for multiple comparison.
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CHAPTER 7: DISCUSSION

7.1 Introduction

Autophagy has been extensively studied since its first description in the 1960s
(Deter and De Duve, 1967). Its importance is highlighted by the founding of the journal
Autophagy in 2005, which is dedicated to its study, and by the 2016 Nobel Prize in
Physiology or Medicine awarded to Dr. Yoshinori Ohsumi for his discoveries of the
mechanisms of autophagy (Nobelprize.org, 2016). This pathway is critical under a
variety of conditions including starvation and immunity (Tanida, 2011). Defects in this
pathway contribute to various disease conditions such as neurodegenerative diseases,
diabetes, and cancer. Autophagy has been shown to be essential for the early neonatal
starvation period (Kuma et al., 2004) and under homeostatic conditions (Nakai et al.,
2007). Autophagy is also dysregulated in a variety of cardiovascular diseases (Tanida,
2011) and is critical for the removal of damaged mitochondria in the borderzone after
myocardial infarction (Kubli et al., 2013b).

For a long time, it was believed that autophagy was the only pathway involved in
degrading organelles such as mitochondria. In my dissertation research, | have
uncovered a previously unidentified mechanism of mitochondrial clearance that exists in
cells. My data show that autophagy-deficient cells are still able to efficiently clear their
mitochondria through the endosomal-lysosomal degradation pathway. This clearance is
dependent upon functional Parkin and the upstream regulator Beclinl, yet is not
mediated through alternative autophagy. These mitochondria are sequestered into

Rab5-positive early endosomes via the ESCRT complexes, which mature and fuse with
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lysosomes for degradation. Interestingly, this pathway is activated prior to autophagy
and is utilized by neonatal cardiac myocytes. Inhibition of this pathway increases stress-
mediated cell death. Lastly, the mitophagy receptor BNIP3 is also able to utilize this
pathway for the removal of mitochondria.

Further study of endosomal-mediated mitochondrial clearance will be important.
Now that we understand that this pathway can clear organelles such as damaged
mitochondria, it will be important to investigate if this pathway is utilized under other
conditions or whether it is altered in disease states. As such, this pathway has the

potential to be therapeutically targeted to manipulate or mitigate these states.

7.2 Identification of the Endosomal Pathway in the Degradation of Mitochondria

by Parkin and BNIP3

The data presented here show that the delivery of mitochondria into the
endosomes is distinct from autophagic engulfment. First, we find mitochondria within
single-membrane, not double-membrane, vesicles. Second, these mitochondria can be
sequestered in the absence of core autophagy genes: Atg5 or Atg7. Third, in contrast to
both autophagy and Atg5/7-independent alternative autophagy, this pathway is not
dependent on Ulk1/2. Fourth, sequestration of damaged mitochondria requires the
ESCRT complexes. Furthermore, while Rab5-positive endosomes are typically
described as being 20-50 nm in size in the literature (Hopkins and Trowbridge, 1983), it
was surprisingly to find that these vesicles can enlarge to 500-700 nm in size (Figures
4.9, 4.10) in order to accommodate the larger mitochondria. This suggests a greater

versatility of endosomes than was previously thought. Moreover, 3D reconstruction of
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electron tomographic volumes clearly shows that mitochondria are engulfed via a
process involving invagination of the vesicle membrane. The data also show that
mitochondria inside the vesicles are surrounded by intraluminal membranes. These are
produced by the invagination and scission of the limiting membrane and this is
reminiscent of ESCRT-dependent processes. The ESCRT complexes are responsible
for cargo capturing and sorting as well as membrane invagination and scission (Henne
et al.,, 2011). This is in contrast to autophagy, where a cup-shaped phagophore
membrane binds to ubiquitinated cargo via autophagy receptors such as p62 and Nbrl,
and then encloses around the cargo to form a double-membrane autophagosome (Kubli
and Gustafsson, 2012).

In chapter 5, | show that activation of endosomal-mediated mitochondrial
clearance precedes activation of the autophagy pathway. | propose that uptake of
mitochondria into endosomes acts as a first line of defense to rapidly eliminate
dysfunctional mitochondria. Early endosomes are continuously synthesized and exist in
a network in cells (Zeigerer et al., 2012), whereas autophagosomes are synthesized de
novo upon demand (Rubinsztein et al., 2012). Therefore, dysfunctional mitochondria
can be more rapidly sequestered by the early endosomes. However, it is likely that if the
number of damaged mitochondria exceeds the capacity of endosomal-mediated
degradation, then the autophagy pathway is also activated. A similar coordination and
sequential activation has been observed for the traditional autophagy and chaperon-
mediated autophagy (CMA) pathways in response to stress such as starvation and
oxidative stress (Kaushik et al., 2008). Traditional autophagy is rapidly activated in

response to stress but then there is a switch to CMA if the stress is prolonged. Our data
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also show that autophagic activity is increased when Rab5 activity is abrogated,
suggesting that autophagic degradation is compensating when endosomal activity is
impaired. However, it still needs to be determined if the endosomal pathway is
increased when autophagy is abrogated. Moreover, future studies need to determine
the context and timing of activation of these various pathways in cells.

In the absence of Atg5/7, alternative autophagy has been shown to play a role in
degradation of specific organelles and proteins. | have also shown that alternative
autophagy is not responsible for the mitochondrial clearance seen in our model. This
suggests that there are multiple pathways by which damaged organelles can be cleared
from the cell. It is also quite possible that in addition to conventional autophagy,
alternative autophagy, and endosomal-mediated clearance, there are mechanisms of
clearance that have yet to be discovered. A recent study reported that mitochondria can
also be directly delivered to lysosomes via catalytically inactivated GAPDH (Hwang et
al., 2015). An impairment in this process, which is also known as microautophagy (Li et
al., 2012), plays a role in Huntington’s disease (Hwang et al., 2015). In addition, when
there is limited damage, the mitochondrion can repair itself by eliminating damaged
lipids and protein via mitochondrial-derived vesicles that bud off from mitochondria and
then fuse with the lysosomes (Soubannier et al.,, 2012a). Interestingly, it has been
shown that transcellular degradation of mitochondria exists in certain areas in the CNS
where mitochondria are internalized and degraded by adjacent astrocytes (Davis et al.,
2014). Thus, it is clear that multiple quality control mechanisms exist to ensure rapid
clearance of dysfunctional mitochondria. This redundancy ensures that mitochondria

can be removed before they cause unnecessary cell death even if one of the pathways
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is impaired or not functioning properly. Alternatively, different stressors may trigger
different downstream clearance pathways, specific to their mode of effect. Our data
suggest that the endosomal-lysosomal system is but one pathway through which
mitochondria can be eliminated. Clearly, multiple levels of mitochondrial quality control
exist to ensure mitochondrial health and it is very possible that additional, currently
unidentified, pathways of mitochondrial quality control exist in cells.

Protein and mitochondrial quality control has proven to be pivotal in Parkinson’s
disease. Parkinson’s disease can be broken into rare, familial or more common,
sporadic cases. The protein Parkin is mutated in some forms of familial Parkinson’s,
whereas the endosomal pathway has been found to be defective in several sporadic
forms as well (Hattori and Mizuno, 2004; Perrett et al., 2015). Both of these lead to
abrogated mitochondrial clearance, which suggests that the accumulation of damaged
mitochondria might be a link in their pathogenesis. Sporadic cases of Parkinson’s are
thought to be due to age-related or environmentally-induced defects (Benmoyal-Segal
and Soreq, 2006). Thus, it is possible that age-related factors, such as increased ROS,
impair proteins involved in regulating the endosomal pathway.

In agreement with the physiologic importance of the endosomal pathway in
Parkinson’s disease, | also provide evidence that blocking the endosomal pathway
leads to increased cell death, particularly in cells that are deficient in autophagy.
Moreover, | show that neonatal cardiac myocytes also utilize this pathway for
mitochondrial clearance, and too are susceptible to cell death in its absence upon
stress. Not only does this suggest that the endosomal pathway has an

underappreciated function in protein and organelle homeostasis, but it shows that
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energy-intensive cells like myocytes rely on this pathway. Since the heart has a vast
number of mitochondria, and its myocytes are terminally differentiated with limited
capacity to self-renew (Anversa et al., 2002), it is unsurprisingly then that there are
several mechanisms by which damaged mitochondria can be removed before cell death
is induced. This notion is supported by the fact that mice lacking autophagy in the heart
develop normally, do not accumulate dysfunctional mitochondria, and display normal
cardiac function up to 12 weeks of age or after stress. More studies are needed to
determine the effects of endosomal inhibition on development, in response to stress,
and its role in the heart.

One limitation of the experiments presented here is the use of FCCP to induce
mitochondrial clearance. FCCP is reported to de-acidify all the compartments within the
cell, including endosomes (Yamashiro et al., 1983). As such, it is possible that
maturation of endosomes would be impaired, as one of the hallmarks of maturation
involves vesicle acidification (Huotari and Helenius, 2011). However, we confirmed that
endosomal maturation is not affected. Not only are mitochondria found to colocalize with
Rab7-positive late endosomes and Lamp2-positive lysosomes, but the number of
colocalization events increases along a time course, suggesting that progression
through the pathway is uninhibited (Figure 4.13). This agrees with the various reports
using CCCP to induce mitophagy as well (Choubey et al., 2014; Narendra et al., 2008;
Tanaka et al., 2010). CCCP or FCCP would similarly be expected to inhibit lysosomal
acidification and thus mitochondrial degradation through PINK1-Parkin-mediated

mitophagy, but this does not appear to be the case.
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7.3 Molecular Mechanism

Furthermore, it is clear that many of the proteins involved in cellular quality
control regulate multiple quality control pathways. For instance, Beclinl appears to be a
central regulator of the endosomal, traditional and alternative autophagy pathways
(McKnight et al., 2014; Nishida et al., 2009). Similarly, the Rab proteins are well known
for their roles in regulating endosomal trafficking, but recent studies have found that
some of the Rab proteins can also regulate autophagy (Jean et al., 2015; Roy et al.,
2013). Parkin is known to mark mitochondria for autophagic degradation and here we
demonstrate that Parkin also labels mitochondria for the endosomes. Both endosomes
and autophagosomes recognize ubiquitinated targets (Raiborg and Stenmark, 2009).
Parkin is also involved in the formation of a subset of MDVs that are destined for
delivery to late endosomes/lysosomes (McLelland et al., 2014). Although the Rab5
pathway described in our study and formation of MDVs both utilize the endosomal-
lysosomal degradation pathway and are independent of Atg5, these are clearly two
distinct mechanisms of mitochondrial quality control. First, we observe that entire
mitochondria are sequestered inside large (=500 nm) single membrane Rab5-positive
early endosomes. In contrast, MDVs are small vesicles (70-150 nm) containing select
mitochondrial proteins and lipids that bud off the outer mitochondrial membrane
mitochondria which are then delivered directly to LAMP1-positive late
endosomes/lysosomes. Finally, our data show that the mitochondria are captured by the
early endosomes through ESCRT-mediated membrane invagination and subsequent
scission, whereas MDVs directly fuse with late endosomes/lysosomes via Stx17 and

SNARE complexes to deliver their content (McLelland and Lee, 2016). Thus, it is likely
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that formation of MDVs occurs when there is limited damage in an attempt to avoid
degradation of the entire mitochondrion. However, when the damage is too extensive,
then the entire mitochondrion is sequestered inside a Rab5-positive early endosome.

The data presented in chapter 4 illustrate that the endosomes can sequester
damaged mitochondria via the ESCRT complexes, mature into late endosomes, and
fuse with lysosomes for cargo degradation. Furthermore, the endosomal degradation
pathway seems to be under the regulation of Beclinl. As an upstream regulator of both
the autophagy and endosomal pathways, it may simultaneously activate both pathways
equally, or there may be other levels of regulation that drive either autophagy or
endosomal-degradation depending on the specific cellular conditions. For instance,
Beclinl could form different protein complexes, each of which would drive one particular
downstream pathway. Alternatively, Beclinl may undergo various posttranslational
modifications that would favor activation of either the endosomal or autophagy
pathways. Future studies should investigate the extent of each pathway’s activation and
whether this can be shifted. If such a shift could be induced, it may prove to be a useful
therapeutic option in patients or cell types with impaired or insufficient activity.

Up until this point, 1 have shown that Parkin, a mediator of mitophagy, is also
capable of recruiting the endosomal pathway to induce mitochondrial clearance. In
chapter 6, | have also confirmed that the mitophagy receptor BNIP3 can promote
sequestration of mitochondria into Rab5-positive endosomes and that this process
occurs independently of autophagy. | also found that abrogation of Rab5 led to
increased susceptibility to BNIP3-mediated cell death in both WT and autophagy-

deficient MEFs, suggesting that this is a protective mechanism activated by cells. BNIP3
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is known to induce autophagy and mitophagy when overexpressed in cells (Hamacher-
Brady et al., 2007; Rikka et al., 2011; Zhang et al., 2016). Thus, additional studies are
needed to examine if BNIP3 simultaneously activates autophagy and endosomal-
mediated mitochondrial clearance or if their timing of activation is different. Moreover,
the mechanism by which BNIP3 can activate the endosomal pathway needs to be
further examined. BNIP3 may directly tether mitochondria to endosomes, or it may
activate a residential mitochondrial ubiquitin ligase, such as March5 or MULAN/MAPL.
This ligase could then ubiquitinate mitochondria to be bound and sequestered by
ESCRTs. Lastly, these studies illustrate that there are several mechanisms of activating
the endosomal pathway for protein and organelle homeostasis. Thus far | have shown
that both Parkin and BNIP3 can activate the endosomal pathway to clear damaged
mitochondria. This underscores the idea that there are several redundant pathways for
protein and organelle quality control within the cell to remove critically damaged
organelles such as mitochondria.

While the work | have presented here is both exciting and novel, there are a few
limitations to this study. Although overexpression of proteins is very useful tool to study
protein function and signaling pathways, there is always the concern that the
overexpression interferes with normal cell function. To study Parkin-mediated
mitochondrial degradation, we relied on overexpression of Parkin in cells. One
advantage is that we can study Parkin and mutants in cells such as MEFs that have no
detectable levels of endogenous Parkin. Second, using fluorescently tagged Parkin has
allowed us and numerous other investigators (Chen and Dorn, 2013; Geisler et al.,

2010; Narendra et al., 2008) to monitor translocation of Parkin to mitochondria in live
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cells in response to stress. The disadvantages are that to visualize and study Parkin in
cells, the protein is expressed at levels that are well above the normal physiological

levels in cells and tissues.

7.4 Model

In light of the new findings illustrating a novel Parkin-mediated mitochondrial
clearance pathway through the endosomal-lysosomal pathway, | propose a model of
endosomal-mediated mitochondrial degradation (Figure 7.1). In this model, stress
associated with mitochondrial damage induces Parkin recruitment and ubiquitination of
proteins on the outer mitochondrial membrane. The ubiquitinated mitochondrion is
recognized and captured by the ESCRT complexes on the early endosome. The
ESCRT machinery then induces invagination and subsequent scission of the
endosomal membrane, leading to internalization of the mitochondrion in the lumen of
the endosome. The early endosome then matures and fuses with a lysosome for cargo
degradation. Thus, damaged mitochondria may either be degraded through the
endosomal-lysosomal pathway as a first response or through the autophagy pathway

when the stress is prolonged (Figure 7.2).

7.5 Relevance to Disease and Therapeutic Potential

While the endosomal pathway has a role in receptor recycling and degradation, it
has not until now, been implicated in larger scale levels of protein and organelle quality
control such as the removal of mitochondria. As such, it is unknown if there are any

diseases that are a direct result of impairment of this pathway, or if impairment
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contributes to already known pathologies, such as in Parkinson’s patients with Parkin
mutations. Now that we know the full capabilities of the endosomal pathway, this
pathway can be studied in the context of diseases states.

It is known that heart function is intricately linked to mitochondrial health. Thus,
clearance of damaged mitochondria is critical to the continued survival of individual
cardiac myocytes. Our studies here show not only that the endosomal pathway can help
in the clearance of damaged mitochondria, but that cardiac myocytes in vitro utilize this
mechanism in response to mitochondrial damage. Future studies need to examine the
role of the endosomal-lysosomal degradation pathway in vivo, and determine whether
any dysfunctions in this pathway result or contribute to known cardiovascular diseases.

Furthermore, it is possible that one can therapeutically target the endosomal-
lysosomal pathway to compensate for other diseases states, such as impaired
autophagy. However, to address this, some remaining questions need to be answered.
For instance, if the endosomal-lysosomal pathway can be driven by overexpression of a
protein or the presence of a drug, this may compensate for defects caused by impaired
of insufficient autophagy. Given that | obtained similar results with endogenous Rab5
and overexpression of GFP-Rab5 indicates that Rab5 is not a rate-limiting step.
However, if other downstream proteins, such as Rab7, are rate-limiting, these can then
be targeted. Further studies are required so that we can better understand the interplay

between the endosomal and other pathways, and test ways to alter its function.

7.6 Future Studies
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The work presented here adds significant impact to the fields of autophagy,
mitochondrial quality control, and endosomal function. It also highlights the coordination
between multiple mitochondrial quality control pathways. However, this work raises
several new questions that need to be explored in future studies.

In this work, | have described a new phenomenon of mitochondrial clearance that
uses the endosomal-lysosomal pathway. In addition, | have also identified some details
in regards to the downstream steps of the mechanism from Beclinl involvement, to
Parkin-mediated ubiquitination, ESCRT-mediated sequestration, endosome maturation,
and fusion with lysosomes. However, | have not yet examined the signaling pathways
upstream of this process. Damaged mitochondria can affect ATP levels and production
of ROS. Studies must be performed to determine if either, or both, of these are
responsible for the activation of the endosomal pathway. Furthermore, it would be of
interest to see if the trigger or triggers is specific for endosomal degradation or if both
autophagy and endosomal degradation are activated concurrently by the same stimuli.
Additionally, more experiments need to be performed in order to determine how BNIP3
overexpression activates endosomal engulfment of mitochondria. Whether ESCRT
complexes are involved, and if not, what is involved, also needs to be determined.

The electron microscopy data clearly show that mitochondria are contained
within intraluminal vesicles, within the endosomes. Given that ILVs can be released as
exosomes, the question is raised whether these mitochondria can be expelled into the
extracellular space as large exosomes. Large membrane-bound vesicles which can
contain mitochondria, have been reported to be released from touch neurons in c.

elegans (Melentijevic et al., 2017). Whether these two mechanisms are related has yet
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to be determined. Moreover, if these mitochondria can be released as exosomes, the
next question becomes what is their final destination? In the brain, neurons can pass
their mitochondria to glia cells for degradation (Davis et al., 2014), so perhaps a similar
mechanism exists in the heart and other tissues. Perhaps several mechanisms of
clearance are activated under severe stress in order to clear the damage as quickly as
possible, thus implementing mitophagy, endosomal-mediated clearance, and
extracellular release simultaneously. Extracellular release also raises its own questions
including how does this affect the immune system and a systemic inflammatory
response. More studies need to be performed to determine to what extent, and under
what conditions a mitochondrion may be degraded through any one of these pathways.
At the level of the whole organism, we have yet to explore whether this
phenomena exists outside of MEFs or the heart. Since the brain is also highly
metabolically active like the heart, it may also make use of this pathway. Already there
are some links between these two organs. For instance, Parkin plays an important role
in mitochondrial maintenance in both tissues (Kubli et al., 2013b; Palacino et al., 2004).
Several neurodegenerative diseases, like Huntington’s disease, epilepsy, and
amyotrophic lateral sclerosis, also display cardiac abnormalities (Finsterer and Wahbi,
2014; Mielcarek et al., 2014). Thus, studying the regulation and dysregulation of the
endosomal pathway may bring to light the mechanism for some neuropathologies. In
both the brain and the heart, more work must also be done to study the role of

endosomal-mediated degradation in development and in response to stress.

7.7 Concluding Remarks
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Quality control pathways are important for cellular health, and defects in these
pathways contribute to several disease states. Specifically, mitochondrial dysfunction
contributes both to heart failure and the aging process (Baker and Haynes, 2011; Kujoth
et al., 2005; Marin-Garcia and Goldenthal, 2002). With an aging population and a high
incidence of cardiovascular diseases, accounting for 30% of all deaths (Mozaffarian et
al., 2016), it is critical that we understand the underlying mechanisms in order to combat
them. The work presented here introduces a new pathway of mitochondrial quality
control that adds to the list of existing quality control mechanisms, and may provide an

avenue for tackling diseases.
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Figure 7.1. Model of endosomal sequestration and degradation of a damaged
mitochondrion.

Stress, such as FCCP or sl/R, induces Parkin recruitment and ubiquitination of proteins
in the outer mitochondrial membrane. The ubiquitinated mitochondrion is captured by
the ESCRT complexes on the early endosome. The ESCRT machinery induces
invagination and subsequent scission of the endosome membrane, leading to
internalization of the mitochondrion in the lumen of the endosome.
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Figure 7.2. Endosomal- or autophagy-mediated degradation of mitochondria.
Stress-induced mitochondrial damage can promote clearance of mitochondria through

the endosomal pathway (left) or autophagy (right). Both pathways result in the
mitochondria-containing vesicle fusing with a lysosome for degradation.
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