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ABSTRACT

BNIP3 is a mitochondrial cargo receptor that specifically targets mitochondria for
degradation at the autolysosome through a specialized form of autophagy called
mitophagy. BNIP3 is transcriptionally upregulated in response to a number of stressors,
including hypoxia, where it functions to decrease mitochondrial mass, limit ROS, and
promote the efficient use of limiting metabolites and oxygen. ULK1, the catalytic
component of the autophagy initiation complex, is best known for its role in stimulating
general autophagy, however recent work has demonstrated that ULK1 may also
promote mitophagy. The mechanism through which ULK1 specifically promotes
mitophagy remains poorly understood. Here we show that ULK1 phosphorylates BNIP3
on a critical serine residue (S17) adjacent to its amino terminal LIR motif to promote its
interaction with LC3 and mitophagy. Similarly, we found that ULK1 phosphorylates the
BNIP3 homolog, BNIP3L, on a homologous serine residue (S35), suggestive of an

expanded role of ULK1 in the specific regulation of mitophagy.

Additionally, we determined that ULK1 interaction promotes the stability of BNIP3
protein by limiting its turnover at the proteasome independent of S17 phosphorylation.
This stabilization of BNIP3 protein by ULK1 requires an intact BNIP3 “BH3” domain, and
deletion of this domain increases BNIP3 protein levels and decreases BNIP3 turnover
independent of ULK1. We found that this process of BNIP3 protein stabilization was
critical to the increase in BNIP3 protein levels upon hypoxic stress, as inhibition of ULK1
blocked BNIP3 protein upregulation in response to hypoxia. Together, the work in this
thesis expands our understanding of the mechanism through which ULK1 specifically

regulates mitophagy through the stabilization and phosphorylation of BNIP3.
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CHAPTER 1

INTRODUCTION

Autophagy in cellular stress response and homeostasis

Macroautophagy, hereby referred to as autophagy, is an evolutionarily conserved
process involving the sequestration, lysosomal degradation, and recycling of
intracellular components including damaged or dysfunctional organelles, protein
aggregates, intracellular pathogens, and other cytoplasmic components (Figure 1.1).%
As an adaptive process critical to maintaining cellular homeostasis, autophagy is
upregulated in response to a number of cellular stressors including nutrient deprivation,
growth factor depletion, oxidative stress, hypoxia, and pathogenic infection.? This
process is performed by a tightly regulated group of autophagy-related genes (ATGS)
which are essential for autophagosome formation and the delivery of autophagic cargo
to the lysosome. These ATG proteins can be grouped into the following functional
categories: initiation and phagophore nucleation, phagophore expansion, cargo

sequestration, autophagosome maturation, and fusion with the lysosome.?

Autophagy initiation is tightly regulated by cellular energy conditions through the
integration of upstream signals by ULK1 (UNC-51-like kinase 1). Under high-nutrient
conditions, ULK1 is inactivated following phosphorylation by the master growth
regulating kinase mTOR (mammalian target of rapamycin).3 However, upon declining
cellular energy levels, ULK1 activity is induced by AMPK (AMP-activated protein kinase)
phosphorylation.3# In response to cellular stressors, the ULK1 complex (composed of
ULK1, ATG13, FIP200, and ATG101) is activated and recruited to a

phosphatidylinositol-3-phosphate (PI3P)-rich initiation site.> PI3P-rich membrane
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Figure 1.1: Overview of the autophagy process. Under high-nutrient conditions,
ULK1 is inhibited by mTORC1. Under nutrient stress (depletion of amino acids or
growth factors), hypoxia, or low glucose, AMPK is stimulated and both inhibits mMTORC1
and activates ULK1. Activated ULK1 complex is recruited to a PI3P-rich ER-
mitochondrial contact site where it activates the PIBKC3 complex, which generates PI3P
which dictates the location of the phagophore isolation membrane. Phagophore
elongation is mediated by two ubiquitin-like systems. The first involves the formation of
the ATG5-ATG12-ATG16L1 complex, which acts as the E3 ligase in the second system.
The second system involves the cleaving of pro-LC3 by ATGA4 to yield LC3-I, followed
by conjugation of LC3-1 to PE by ATG7 and ATG3, forming LC3-1l. LC3-II decorates the
inner and outer surfaces of the phagophore membrane, aiding in autophagosome
development and recruiting autophagic cargo. After the autophagosome is sealed, it
fuses with the lysosome, forming the autolysosome, followed by degradation of the
sequestered cargo by lysosomal hydrolases. The degraded cargo, including amino
acids, nucleotides, and fatty acids, are then released into the cytoplasm for biosynthetic
reactions or catabolized for energy production.



domains can be found in a number of subcellular localizations including the
endoplasmic reticulum (ER), ER-mitochondria or ER-plasma membrane contact sites,
or the Golgi complex.5~° However, considering the localization of ATG14 to ER-
mitochondrial contact sites (also called mitochondria-associated membranes, or MAMS)
following starvation, it is believed that autophagy initiation mainly occurs at MAMs.®°
Following activation, the ULK1 complex enhances the activity of the Class-IlI
phosphoinositide-3-kinase (PIBKC3) complex (composed of VPS34, BECLIN-1, ATG14,
and p115) by phosphorylating BECLIN-1 and ATG14L.%%11 The catalytic component of
the PIBKC3 complex, VPS34, is a class Il PI3K that converts phosphatidylinositol (PI)
to PI3P, which dictates the location of phagophore formation.? This, in turn, recruits the
PI3P-binding protein WIPI2 to the phagophore, which is critical for the recruitment of

ATGs required for phagophore elongation.!3

Downstream of WIPI2 recruitment, there are two ubiquitin-like systems required
for phagophore elongation. First, the E1 enzyme ATG7 and E2 enzyme ATG10
conjugate ATG12 to ATG5.** ATG16L1 then binds ATG5 and homodimerizes to form
the heterohexamer ATG12-ATG5-ATG16L1 complex.'® This complex acts as an E3
ligase in the second ubiquitin-like conjugation system critical for autophagy. Acting
alongside the E1 ligase ATG7 and E2 ligase ATG3, the complex conjugates ATG8
family proteins to phosphatidylethanolamine (PE).'® The ATG8 family of proteins
includes eight members grouped into LC3 and GABARAP subfamilies.® Following
cleavage by ATG4 and conjugation to PE, LC3 becomes LC3-Il and is integrated into
the inner and outer membrane of the elongating phagophore, aiding in autophagosome

development and recruiting autophagic cargo.'”*° The continued elongation of the



phagophore membrane is not fully characterized, although it is thought that the
transmembrane protein ATG9 may act to deliver the necessary membrane material.?°
Following elongation, the phagophore is sealed to form a double-membrane vesicle
through a poorly understood mechanism that may involve different ATGS8 family
proteins.?! As the autophagosome matures, PE-conjugated ATG8 family proteins link
the autophagosome to the microtubule-based kinesin motors responsible for delivering
the autophagosome to the lysosome.?> ATG4 then acts to remove ATGS8 from the outer
autophagosome membrane for recycling.?® Finally, the autophagosome is fused with the
lysosome through a syntaxin-17 SNARE-driven mechanism promoted by ATG14, and
the sequestered cargo of the autolysosome is degraded by acidic lysosomal
hydrolases.??42> The degraded byproducts are later released into the cytoplasm for
reuse or catabolized for energy production.?® Lysosomal acidification and fusion of
autophagosomes with lysosomes can be experimentally inhibited by treatment with

bafilomycin A1, allowing the assessment of autophagic flux.26

Disturbance of autophagy has been implicated in aging and the progression of a
number of diseases, including neurodegenerative disease, immune and inflammatory
disease, and cancer.? The role of autophagy in cancer is strongly context-dependent,
with both pro- and anti-tumoral roles at various stages of cancer progression.
Autophagy is believed to play a tumor-suppressive role in tissues prior to the onset of
tumorigenesis by protecting cells against metabolic and oxidative stress, and loss of
autophagy has been associated with increased risk of cancer.?” However, it is important
to note that this cytoprotective function may also promote tumorigenesis by protecting

premalignant cells from genotoxic and inflammatory stress. The catabolic recycling of



cellular components can also provide cancer cells with metabolic plasticity, promoting
cell survival in suboptimal environments.?® Autophagy has also been implicated in
playing a context-dependent role in metastasis. Signals that trigger epithelial-
mesenchymal transition (EMT), such as hypoxia, also activate autophagy.?® Activation
of autophagy has been shown to downregulate major EMT transcription factors thereby
inhibiting EMT in many cancers.3%-32 Conversely, autophagy has been implicated in
promoting resistance to anoikis through a poorly defined process, as well as promoting
cell migration through focal adhesion turnover, both of which promote the metastatic
process.33-%6 The induction of autophagy has also been noted as a side effect of many
cancer therapies, leading to the proposal of co-treatment with pharmacological
autophagy inhibitors as a strategy to enhance therapeutic efficacy and reduce
resistance to treatment.3’-*% However, in some contexts, therapy-induced autophagy
activation has been shown to induce immunogenic cell death.**-*3 Therefore, it is
important to recognize the context-dependent role of autophagy when proposing the co-

treatment of patients with cancer therapies and autophagy inhibitors.

ULK1 regulation, function, localization, and known roles at the mitochondria
ULK1 (UNC-51-like kinase 1), the mammalian homolog of Atgl in yeast, is a
critical upstream modulator of autophagy initiation in mammalian cells.** Atgl was
originally identified through genetic screens in yeast.*>*’ Cells with atgl mutations died
at a faster rate under nutrient starvation and failed to accumulate autophagic bodies
upon protease inhibition, which linked autophagy to cellular metabolism.*> ULK1 (or
Atgl in yeast) acts as part of the autophagy initiation complex, sometimes referred to as

the ULK1 complex (or Atgl complex in yeast).®



The ULK1 complex is comprised of ULK1 and the noncatalytic subunits FIP200
(FAK family-interacting protein of 200 kDa), ATG13, and ATG101. FIP200 is a large
coiled-coil scaffolding protein which may play a role in the scaffolding and spatial
targeting of early autophagosomes.*® In yeast, FIP200 is replaced by either Atg11
during selective autophagy, or Atg17 during bulk autophagy, both of which are
scaffolding proteins.4®-5! Atgl17 further co-assembles with Atg29 and Atg31, which are
required for starvation-induced autophagy in yeast.>? ATG13 and ATG101
heterodimerize with each other via their HORMA domains, and ATG13 associates with
ULK1 via the C-terminal portion of its IDR (intrinsically disordered region).>3-% In yeast,

ATG13 is conserved (Atgl3), but there is no yeast homolog to ATG101.

The ULK1 protein sequence contains three general domains: the N-terminal
kinase domain, the S/P spacer, and the C-terminal domain (CTD) (Figure 1.2).5":% The
N-terminal kinase domain (amino acids 1-278) is essential for the kinase activity of the
protein, and contains a critical residue at lysine 46 (K46). Mutation of K46 to asparagine
(N) ablates the kinase function of ULK1. Utilizing arrayed degenerate peptide libraries,
recent studies have elucidated the optimal ULK1 phosphorylation consensus motif.5°
The ULK1 kinase domain strongly prefers serine as the phosphoacceptor residue over
threonine. Additionally the presence of leucine or methionine at the -3 position, and
aliphatic or aromatic hydrophobic residues at positions +1 and +2 enhance ULK1
binding.>® This preference for hydrophobic residues is unusual, as many
serine/threonine kinases are known to phosphorylate sites near proline or charged
residues.f%61 ULK1 is known to phosphorylate a number of protein targets essential for

starvation-induced autophagy, some of which will be outlined later in this section.®?
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Figure 1.2: Schematic of ULK1 protein domains and known phosphorylation sites.
The ULK1 protein sequence contains the following domains: the kinase domain, the S/P
spacer, and the C-terminal domain (CTD). The kinase domain contains a critical residue
at K47 that is required for ULK1 kinase function. The S/P spacer domain is the site for
many post-translational modification events. The most notable phosphorylation sites
(bolded) are S555 (AMPK) and S757 (mTOR), which promote and inhibit ULK1 activity
respectively, and are used as markers of ULK1 activation/inhibition via western blot.
The C-terminal domain is the site of the interaction of ULK1 with ATG13. Additionally,
residues 1038-1044 are believed to contain a motif that is required for a dominant-
negative autophagy inhibitory function via interaction with a yet unidentified autophagy-
regulating protein.

S757 mTOR Inhibits autophagy
S317, S467, S555, T574, S659, S777 | AMPK Promotes autophagy
T180 ULK1 Promotes autophagy
S1042, T1046 ULK1 Promotes degradation

Table 1.1: List of ULK1 phosphorylation sites. Over 30 phosphorylation events have
been reported for ULK1, although the functional significance and responsible kinases
for many of these events have not been experimentally verified. mMTOR and AMPK are
the primary regulators of ULK1 activity. The phosphorylation of S555 (AMPK) and S757
(mTOR) are used as markers of ULK1 activation/inhibition via western blot. ULK1 is
also known to autophosphorylate, which has been shown to either promote the activity
or degradation of ULK1.



The S/P spacer domain of ULK1 (amino acids 279-828), rich in serine and
proline residues, is the site for many post-translational modification events (Table
1.1).4458 ULK1 is hyperphosphorylated under nutrient-rich conditions, and
dephosphorylated upon starvation.®2 Over 30 phosphorylation events have been
reported for ULK1, although the functional significance and responsible kinases for
many of these events have not been experimentally verified.** Several of the more
characterized ULK1 post-translational modifications will be outlined later in this section.
ULK1 contains a LC3 interaction region (LIR) motif (FVMV) at amino acids 357-360.64-56
Through this domain, ULK1 is able to interact with ATG8-family proteins (i.e. LC3,
GABARAP), which act as scaffolds to recruit proteins to the phagophore surface. The
interactions of ULK1 with GABARAP and GABARAPLL1 are the strongest, however it
also interacts with GABARAPL2, LC3A, and LC3C. ULK1 can also interact with LC3B,
however this interaction is much weaker than that of other ATG8-family proteins.
Mutation of the critical residue at position 357 to alanine (F357A) abolishes the

interaction between ULK1 and ATG8-family proteins.*

The C-terminal domain (CTD) (amino acids 829-1051) of ULK1 shares homology
with that of yeast Atgl and is believed to play a role in its interaction with both proteins
and membranes.>”®® The C-terminus of Atgl is better characterized than that of ULK1,
and is known to contain an early autophagy targeting/tethering (EAT) domain. Work with
synthetic liposomes has suggested that the Atgl EAT domain acts as a dimeric
membrane curvature sensor that is capable of tethering liposomes between 20-30 nm.5”
The EAT domain is comprised of two antiparallel three-helix bundles called MIT

(microtubule-interacting and transport) domains.8¢° Each of these MIT domains are



known to bind to MIT-interacting motifs (MIMs) in the Atg13 C-terminus, which is
essential to the Atgl-Atg13 interaction.®® Similarly, the interaction of ULK1 and ATG13
is known occur in residues 829-1001 of the ULK1 CTD. Residues 1038-1044 of ULK1
contain an IERRLSA motif that is required for a dominant-negative inhibitory function,

likely through binding a yet unidentified autophagy-regulating protein.>8

ULK1 regulates autophagy in response to changes in nutrient status, integrating
AMPK and mTORC1 signaling. AMPK is a cellular sensor of low intracellular ATP
levels, and is also activated upon mitochondrial stress.”® AMPK binds to the S/P spacer
domain of ULK1 and regulates the initiation of autophagy via the phosphorylation of at
least 7 proposed sites (S317, S467, S555, T574, S637, S659, S777).7* Phosphorylation
of these sites by AMPK stimulates ULK1 activity in response to glucose starvation and
regulates ATG9 localization.337273 Of these residues, phosphorylation of S555 (ULK1
p-S555) is the best characterized, and is commonly used as an indicator of activate
ULK1. Conversely, phosphorylation of ULK1 at S757 (ULK1 p-S757) by mTORC1 is
used as an indicator of inactivated ULK1. mTORC1 is a kinase complex that promotes
cell growth and metabolism in response to metabolic and environmental signals.’
MTORC1 binds to the ULK1 kinase domain via the complex protein Raptor, and
phosphorylates ULK1 on S757. This phosphorylation event represses ULK1 kinase
activity by inhibiting the interaction between ULK1 and AMPK.2 Interestingly, S757
phosphorylation can be prevented through the phosphorylation of Raptor by AMPK,

which blocks the interaction of Raptor and ULK1.4

ULK1 is also known to undergo autophosphorylation to regulate its activity.8 In

yeast, autophosphorylation of the Atgl activation loop correlates with increased Atgl



kinase activity. The mutation of autophosphorylation sites disrupts starvation-induced
autophagy, but does not affect Atgl localization or complex formation.”’¢ This
autophosphorylation event may correspond with that of T180 in the activation loop of
ULK1, which has been shown to be required for ULK1 autophosphorylation activity.””:"®
Early studies noted that kinase dead (K46N or K461) ULK1 migrates with a lower
apparent molecular mass than wild-type ULK1 via western blot. Limited proteolysis of
wild-type ULK1 with chymotrypsin in vitro generated distinct protected fragments
ranging from approximately 350-380 residues. However, these distinct fragments were
not as efficiently detected following the proteolysis of kinase dead ULK1 (K46l),
consistent with internal regions of the protein being exposed to the protease.>® Based
on these results, it is hypothesized that the structure of ULK1 is regulated through
autophosphorylation, possibly between residues 278-351. Kinase active ULK1 is
proposed to undergo autophosphorylation to adopt a “closed” confirmation in which the
Atg13-binding CTD is folded closely to the kinase domain, hiding the dominant-negative
motif within the CTD. However, upon loss of autophosphorylation through ULK1 kinase
inactivation, ULK1 adopts an “open” conformation which exposes the dominant-negative

motif and inhibits autophagy.>8

In addition to phosphorylation, ULK1 is regulated by the acetylation and
ubiquitination of lysine residues. Upon growth factor withdrawal, the acetyltransferase
TIP60 is activated via phosphorylation by the growth factor-sensitive kinase GSK3B.
TIP60 then acetylates ULK1 on K162 and K606, stimulating ULK1 activity. This
regulation further links ULK1 activity and autophagy initiation to growth factor levels.” It

has also been observed that the activation of ULK1 upon amino acid starvation is
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accompanied by a decrease in ULK1 protein levels, possibly acting as a feedback
mechanism to limit autophagy as nutrients become available.** It is possible that this
mechanism may be regulated, in part, by ubiquitination.8%8! ULK1 is reported to be
degraded in a proteasome-dependent manner following ubiquitination by the Cullin E3
ligase complex. During prolonged starvation, ULK1 is autophosphorylated at residues
S1042 and T1046, which recruits the substrate adaptor protein KLHL20 and allows
Cullin-3-mediated ubiquitination.®? The E3-ligase NEDD4L may also regulate ULK1
degradation during prolonged starvation.®® These regulatory mechanisms may prevent

an excessive autophagic response in response to prolonged starvation.

ULK1 is known to phosphorylate a number of protein targets essential for
starvation-induced autophagy. First, ULK1 is known to phosphorylate members of the
ULK1 complex, including ULK1, ATG13, FIP200, and ATG101.5984-86 ATG13
phosphorylation is required for the clearance of depolarized mitochondria, while
understanding the significance of FIP200 and ATG101 phosphorylation requires
additional study.®* Downstream, ULK1 is known to regulate the VPS34 complex through
the phosphorylation of BECLIN-1 and ATG14L. These phosphorylation events enhance
VPS34 activity, PI3P production, and autophagy induction.'%!! ULK1 has also been
shown to directly phosphorylate VPS34, but the significance of this event is unclear.> In
addition to regulating VPS34 complex activity, ULK1 regulates its translocation to
autophagy initiation sites through the phosphorylation of AMBRAL, a protein that
mediates the tethering of the complex to the cytoskeleton.8” ULK1 may further regulate
autophagy initiation through the phosphorylation of ATG9, a protein thought to play a

role in supplying membranes for autophagosome biogenesis.?° ATG9 colocalizes to
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nascent autophagosomes in an ULK1-dependent manner in response to starvation.®8
ULKZ1 also affects the regulation of LC3 processing by phosphorylating ATG4B. ULK1
phosphorylation inhibits ATG4B activity, affecting the conversion of pro-LC3 to LC3-I
and the conversion of LC3-1l back into LC3-1.8° Finally, ULK1 activity may possibly act
on autophagosome maturation. Recent work demonstrates that ULK1 inhibition not only
blocks autophagy initiation, but also results in “stalled” autophagosomes that are
positive for both early and late autophagosome markers.?® The mechanism of this
blocking requires further study, but these results suggest additional ULK1 substrates

are involved in autophagosome maturation.

ULK1 may also regulate selective forms of autophagy, with evidence for a role in
the autophagic turnover of mitochondria.®>%? In response to mitochondrial
depolarization, the PINK-Parkin pathway ubiquitinates outer mitochondrial membrane
proteins which are recognized by the cargo receptors NDP52 and optineurin. These
cargo receptors are also known to regulate ULK1 mitochondrial recruitment, suggesting
that ULK1 may directly initiate autophagosome formation at depolarized mitochondria.®?
ULK1 has also been shown to translocate to the mitochondria under hypoxic conditions.
This recruitment to the mitochondria is believed to be dependent on the binding of ULK1
to the mitochondrial cargo receptor FUNDC1. Upon recruitment, ULK1 phosphorylates
FUNDCL1 in a manner which enhances the interaction of FUNDC1 with LC3 at the
phagophore surface.®? This phosphorylation event presumably specifically enhances

mitochondrial autophagy.

Dysfunctional autophagy, and ULK1, have been implicated in numerous human

diseases. Only one disease-associated single nucleotide polymorphism (SNP) in ULK1
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has been identified, implicating ULK1 with Crohn’s disease.®* However, altered ULK1
expression has been associated with a number of cancers. ULK1 expression correlates
with poor prognosis in breast, colorectal, nasopharyngeal, and gastric cancers.%>%
ULK1 down regulation results in inhibited cell growth, suggesting that autophagy acts as
a survival mechanism in these cancers. But this effect of ULK1 expression may be
context dependent, as an immunohistochemical analysis of breast cancer tissue
identified low ULK1 expression as an adverse marker for disease progression and
metastasis.®® Additionally, knockdown of ULK1 in hypoxia-treated cells results in cell
death, implying that tumor cells in hypoxic environments rely on ULK1-dependent
autophagy for survival. The clinical significance of ULK1 activity has become
increasingly important in light of the unexpected failures of mTOR inhibitors as
anticancer therapy. mTOR inhibition results in the activation ULK1 and autophagy,
which may provide tumor cells a survival mechanism during treatment. Several specific
inhibitors of ULK1 have recently been identified, including ULK-101, SBI-0206965, and
MRT68921.59-90.100 \Work has begun to test the efficacy of co-treatment with mTOR and
ULKZ1 inhibitors, with preliminary work showing that dual inhibition promoted apoptotic

cell death in cell lines.%®

Mitophagy in cellular stress response and homeostasis

Mitophagy is a selective form of macro-autophagy through which mitochondria
are preferentially targeted for degradation at the autolysosome.°! Mitophagy serves an
important housekeeping function by eliminating mitochondria that have become
dysfunctional, thus limiting the production of damaging reactive oxygen species (ROS).

In response to stresses such as hypoxia and nutrient deprivation, mitophagy can also
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promote the efficient use of limiting metabolites and oxygen by eliminating healthy
mitochondria to reduce overall mitochondrial mass. In order to specifically target
mitochondria for degradation via mitophagy, cells rely on the activity of a growing list of
mitochondrial cargo receptors (MCRs), which includes BNIP3, BNIP3L (NIX), FUNDC1,
and the mitochondrial substrates for Parkin/PINK-mediated ubiquitination.'°* Upon
localization to the mitochondria, these MCRs promote mitophagy through direct
interaction with LC3/GABARAP via conserved LC3 interaction regions (LIR) (Figure
1.3). The expression and activity of MCRs are modulated by the upstream sensing of

mitochondrial or environmental stressors that induce mitophagy.°*

The primary mechanism through which depolarized mitochondria are eliminated
by the cell involves Parkin/PINK-dependent mitophagy. PTEN-induced putative kinase-1
(PINK1) is a serine/threonine ubiquitin kinase that accumulates at the outer
mitochondrial membrane (OMM) upon membrane depolarization (AWwm). At the OMM,
PINK1 recruits and phosphorylates the E3 ubiquitin ligase Parkin within its ubiquitin-like
domain, derepressing Parkin auto-inhibition.®3192 PINK1 may also phosphorylate other
E3 ubiquitin ligases (e.g. MARCH5, ARIH1, and MUL1), however these interactions are
less well characterized.1°3-1%6 The de-repression of Parkin leads to the ubiquitination
and phosphorylation of proteins at the OMM, notably the voltage-dependent anion
channel-1 (VDAC-1) and Mitofusin-2 (Mfn2), which then interact with LIR-containing
cargo receptors optineurin (OPTN), NDP52, or p62/Sqstm1.93107-109 |n addition to
activation by mitochondrial depolarization, Parkin/PINK-dependent mitophagy is also
known to be activated upon the accumulation of unfolded proteins in the mitochondrial

matrix.110.111
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Figure 1.3: BNIP3 mediates mitophagy in response to hypoxia. Mitophagy is a
selective form of macro-autophagy through which mitochondria are preferentially
targeted for degradation at the autolysosome. In order to specifically target mitochondria
for degradation via mitophagy, cells rely on mitochondrial cargo receptors. Parkin/PINK
mediates the degradation of dysfunctional mitochondria to limit ROS. Stress-induced
mitochondrial cargo receptors, including BNIP3 (above) and BNIP3L, are upregulated in
response to cellular stresses such as hypoxia or nutrient depravation to promote the
efficient use of limiting metabolites and oxygen by reducing mitochondrial mass.
Mitochondrial cargo receptors, such as BNIP3, localize to the mitochondria and promote
mitophagy through direct interaction with LC3/GABARAP at the phagophore surface via
conserved LC3 interaction regions.
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BNIP3 and its homolog BNIP3L are tail-anchored (TA) proteins that integrate into
the OMM via their C-terminal transmembrane (TM) domains. The bulk of each protein
remains cytosolic upon integration, allowing their N-terminal LIR motifs to interact with
LC3/GABARAP at the phagophore surface.''2-114 At the OMM, BNIP3 and BNIP3L form
SDS-resistant homodimers, which recent evidence suggests is required for efficient
interaction with LC3/GABARAP.1%> BNIP3 and BNIP3L have also been reported to
heterodimerize, however the physiological context and effect of heterodimerization on
mitophagy remain undetermined.!!® Stressors, such as hypoxia and nutrient deprivation,
lead to the rapid transcriptional upregulation of BNIP3 and BNIP3L. Both proteins are
transcriptionally activated by HIF1a in response to hypoxia and elevated ROS.117.118
BNIP3 and BNIP3L are also known to be multiply phosphorylated, however little is
known about which kinases are responsible for regulating their levels and activity.
Transcriptional and post-translational regulation of BNIP3 and BNIP3L will be described
in greater detail in later sections of this chapter. Neither BNIP3 nor BNIP3L require
Parkin/PINK1 to promote mitophagy. However, BNIP3 facilitates, but is not required for,
PINK1 accumulation and Parkin recruitment to the OMM.'° Additionally, BNIP3L is a
ubiquitination target of Parkin and can promote Parkin/PINK1-dependent
mitophagy.*?%12! Parkin/PINK1 loss results in HIF1a accumulation, which may allow

compensation of mitophagy by BNIP3 and BNIP3L upon Parkin loss.122:123

Similar to BNIP3 and BNIP3L, FUNDC1 (FUN14 Domain Containing 1) promotes
hypoxia-induced mitophagy. FUNDC1 is a multi-pass protein that integrates into the
OMM with three TM domains. The cytosolic N-terminus of FUNDC1 contains a LIR motif

that interacts with LC3 family proteins.'?* Unlike BNIP3 and BNIP3L, which are
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predominantly transcriptionally regulated, FUNDCL1 activity is primarily regulated at the
post-translational level via phosphorylation.'?* In response to hypoxia, ULK1
phosphorylates S17, the residue adjacent to the FUNDC1 LIR motif, to enhance the
interaction of FUNDC1 and LC3B.%? FUNDC1-dependent mitophagy can be inhibited by
the phosphorylation of Y18 by oncogenic SRC, or the phosphorylation of S13 by Casein
Kinase 2 (CK2).°2 PGAM phosphatase, which also plays a role in PINK1 accumulation,
dephosphorylates S13 to promote LC3 interaction and mitophagy.'?® FUNDC1 also
appears to be required for the recruitment of DRP1 and Calnexin to mitochondrial-ER
junctions, as FUNDC1 mutants that cannot bind DRP1 cannot elicit mitophagy.'?® To
limit hypoxia-induced mitophagy, FUNDC1 may also be degraded at the proteasome
upon the ubiquitination of K119 by the E3 Ub ligase MARCHS5.1% While both
BNIP3/BNIP3L and FUNDC1-induced mitophagy are promoted by hypoxia, the extent to

which these processes overlap is unknown.

BNIP3: A stress-induced mitophagy receptor

BNIP3 (BCL2/Adenovirus E1B 19kDa Interacting Protein 3) is a tail-anchored
stress response protein that targets mitochondria for degradation at the autolysosome.
BNIP3 was initially identified in a yeast two-hybrid screen as a pro-apoptotic protein that
interacts with the anti-apoptotic proteins Bcl-2 and E1B 19kDa.'?’ Based on weak
homology to other Bcl-2 and Bcl-Xv interacting proteins, and BH3-only proteins in
particular, it was suggested that BNIP3 was a pro-apoptotic molecule. However, BNIP3
protein is highly expressed in healthy liver, heart, and muscle tissues in the absence of
cell death, casting doubt on the regulation of programmed cell death being a primary

role of BNIP3.1%8 Instead, more recent work has demonstrated that BNIP3 primarily acts
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as a mitochondrial cargo receptor.14128-131 BN|P3 integrates into the OMM via its C-
terminal transmembrane (TM) domain and interacts with LC3-1l at the surface of the
phagophore membrane via its cytosolic N-terminus to selectively target mitochondria for

degradation.t?8.131

The BNIP3 protein sequence contains the following domains: the N-terminal
domain, the LC3 interaction region (LIR), the PEST sequence, the Bcl-2 homology 3
(BH3) domain, the conserved domain (CD), and the C-terminal TM domain (Figure 1.4).
The N-terminal domain (amino acids 1-49) remains cytosolic upon integration of BNIP3
into the OMM. The primary known function of this domain is to heterodimerize with Bcl-2
and Bcl-XL.*27132 The heterodimerization of BNIP3 with Bcl-XL has been shown to
enhance the interaction of the BNIP3 LIR motif to LC3.132 LIR motifs allow the targeting
of autophagy receptors, such as BNIP3, to the LC3-family proteins anchored in the
phagophore membrane. The core LIR consensus sequence is four residues long, with
an aromatic residue (W/F/Y) at the first position and a hydrophobic aliphatic residue (L,
I, V) at the fourth position.** The BNIP3 LIR motif (amino acids 18-21), located within
the N-terminal domain, is the site of the interaction between BNIP3 and LC3-II, which is
critical for BNIP3-indcued mitophagy.''# Within the motif is a critical tryptophan residue
at position 18 of BNIP3, which when mutated to alanine (W18A) ablates the BNIP3-
LC3-Il interaction. Serine or threonine residues are found at the -1 position of 25% of
LIR motifs, many of which are proposed to be regulated via phosphorylation.%2133-136
Serine residues at positions 17 and 24 in BNIP3 have been reported as putative

phosphorylation sites, the modification of which are proposed to increase the interaction
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Figure 1.4: Schematic of BNIP3 protein domains. The BNIP3 protein sequence
contains the following domains: the N-terminal domain, the LC3 interaction region (LIR),
the PEST sequence, the “BH3” domain, the conserved domain (CD), and the C-terminal
TM domain. BNIP3 integrates into the outer mitochondrial membrane as a tail-anchored
protein, where it then homodimerizes via its TM domain. Following integration, the
majority of the BNIP3 protein sequence (amino acids 1-163) remains cytosolic, while the
C-terminal tail (amino acids 184-194) is localized in the mitochondrial intermembrane
space.
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of BNIP3 and LC3-11.233 However, the kinase responsible for these phosphorylation

events remains unknown.

BNIP3 is reported to contain a PEST sequence (amino acids 56-68), which is a
sequence rich in proline (P), glutamic acid (E), serine (S), and threonine (T) residues,
often flanked by charged amino acids.'3713® PEST sequences are commonly associated
with proteins that have short intracellular half-lives, and are therefore hypothesized to
play a role in targeting proteins for degradation at the proteasome.38139 BNIP3 is
known to be subject to both autophagic and proteasomal degradation, however the
mechanism through which BNIP3 is targeted to the proteasome and whether its PEST

sequence plays a role is not known.14°

BNIP3 was originally identified as a BH3-only protein due to its interaction with
E1B 19kDa and Bcl-2, as well as its putative BH3 domain (amino acids 109-118).%%7
BH3 domains typically consist of 11 amino acids.'** While there is no strict domain
conservation between the BH3-only proteins, an 11-residue consensus motif has been
proposed based on structural studies and sequence analyses.#? However, when
comparing the putative BH3 domain of BNIP3 to that of canonical BH3-only proteins
(e.g. BIM, PUMA, and NOXA), the BNIP3 BH3 domain is poorly conserved.4!
Additionally, the BH3 domain of pro-apoptotic proteins typically mediates
heterodimerization with pro-survival Bcl-2 family proteins.132143 However, in the case of
BNIP3, the BH3 domain is redundant for function, and heterodimerization with Bcl-2 and
Bcl-XL instead relies on the N-terminal domain.'32 Therefore, it remains to be
determined whether the putative BH3 domain of BNIP3 serves any function. Adjacent to

the putative BH3 domain lies the CD (amino acids 119-132)%44. This region of the BNIP3
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protein is homologous to that of the BNP3 homolog BNIP3L, however the significance of

this homologous sequence is unclear.

BNIP3 is a tail-anchored protein, with its C-terminal TM domain (amino acids
164-184) required for its localization to the mitochondria.*®> Tail-anchored proteins are a
class of membrane protein containing a single C-terminal TM domain, which is
integrated post-translationally into the target membrane (e.g. mitochondria, endoplasmic
reticulum, peroxisome).'#6-14° Upon integration of its TM domain into the OMM, the N-
terminal portion (amino acids 1-163) of BNIP3 remains cytosolic and a 10 amino acid C-
terminal tail (amino acids 184-194) is located within the mitochondrial intermembrane
space (IMS). It is reported that this 10 amino acid tail interacts with Opal in the IMS,
possibly inhibiting Opal-mediated mitochondrial fusion.'%%:1%1 Upon targeting BNIP3 to
the OMM, the TM domain forms SDS-resistant homodimers.'37:152 Homodimeric BNIP3
forms a right-handed parallel helix-helix structure with critical interfacial residues at
S172, H173, A176, L179, G180, 1183, and G184.153-155 Within this structure lies a
tandem glycine zipper motif (AxxxGxxxG), as well as intermonomeric hydrogen bonding
between residues S172 and H173, lending stability to the helix-helix interaction.153:156
The arginine residues that flank the TM domain, Arg185 and Argl86, are also important
for dimerization, possibly due to the proximity of these positively charged resides to
negatively charged lipid headgroups.'> Mutation of the interfacial residues, including
G180, blocks BNIP3 homodimerization, resulting in monomeric BNIP3. These BNIP3
dimerization mutants are known to have significantly reduced interaction with LC3 as
compared to wild-type, suggesting that BNIP3 dimer binds more strongly to LC3.114

Additional studies have suggested that the TM domain of BNIP3 may act as an acid-
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sensitive proton channel in the OMM, however these results have been inconsistent.1%7-

159

Unlike Parkin/PINK-mediated mitophagy, which specifically targets depolarized
mitochondria for degradation, BNIP3 is activated in response to metabolic stress to
promote mitophagic turnover and reduce mitochondrial mass.31:169 Hypoxia is a key
promoter of BNIP3 transcriptional upregulation.13%161 Under hypoxic conditions,
hypoxia-inducible factor-1 alpha (HIF1a) binds to the hypoxia response element (HRE)
in the BNIP3 promoter, resulting in the rapid transcriptional upregulation of
BNIP3.117.130.161 |n addition to hypoxia, BNIP3 is also transcriptionally regulated by
several other stress-related proteins including Rb/E2F, NF-kB, PPARa, FoxO3, p53,
oncogenic Ras, and GR.130.162-168 Transcriptional mechanisms take time to elicit a
response, therefore mechanisms often exist to post-translationally regulate the activity
of preexisting stress response proteins upon exposure to stress.'%% Preliminary work
suggests that BNIP3 is regulated post-translationally via phosphorylation and oxidation
events. Hypoxia-reoxygenation is reported to induce BNIP3 phosphorylation, while
dephosphorylation was coordinated with extreme acidosis.1’? BNIP3 is also reported to
act as a redox sensor, with increased oxidative stress reported to result in the oxidation
of the N-terminus and promotion of homodimerization.5® Additional work has suggested
that phosphorylated forms of BNIP3 may interact more strongly with binding partners,

including Bcl-2, Bcl-xL, Opal, and LC3.133.15L.171

BNIP3 protein is also known to play several specific roles in the liver. Unlike in
many other tissues, BNIP3 protein is constitutively expressed and stabilized in the liver,

however this expression is superinduced by PPARa in response to fasting.1?%164 BNIP3
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is also required for glucagon-induced mitophagy.’? Within the liver, BNip3 exhibits a
zonal expression pattern that correlates with levels of oxygenation in the tissue. BNIP3
is highly expressed around the hypoxic central vein of the liver lobule, while its
expression is lower around the oxygenated periportal vein.1’? This, in turn affects
mitochondrial mass, with lower mitochondrial mass correlating with high expression of
BNIP3. Metabolic activities, such as glutamine synthesis and the urea cycle, lipogenesis
and fatty acid oxidation, and gluconeogenesis and glycolysis, are spatially organized
across the liver lobule based on proximity to the periportal and central veins.1”3
Interestingly, loss of BNIP3 disrupts the metabolic zonation of the liver, such that
processes normally performed in proximity of the periportal vein, such as the urea cycle,
were expanded at the expense of central vein processes, such as glycolysis. These
results demonstrate that BNIP3-induced mitophagy plays an important role in the

coordination of metabolic processes in the liver.

BNIP3L: Similarities and differences in regulation and function

BNIP3L (BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like), also
known as NIX, was originally cloned from a human placenta cDNA library based on its
56% identical homology to BNIP3.174 Similar to BNIP3, BNIP3L was originally
characterized as a pro-apoptotic BH3-only protein which interacts with Bcl-2 and Bcl-
xL.1”®> However, BNIP3L is highly expressed during erythroid development and the
differentiation of both retinal ganglion and inflammatory macrophages in the absence of
cell death, contrary to a primary role in regulating programmed cell death.1’6:177 Instead,
more recent work has demonstrated that, like BNIP3, BNIP3L is a tail-anchored stress

response protein that acts as a mitochondrial cargo receptor in mitophagy.113178.179
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BNIP3L integrates into the OMM via its C-terminal TM domain and interacts with LC3-l
at the surface of the phagophore membrane via its cytosolic N-terminus to selectively
target mitochondria for degradation.*® Like that of BNIP3, the BNIP3L protein sequence
contains the following domains: the N-terminal domain, the LIR motif, the PEST
sequence, the BH3 domain, the CD, and the C-terminal TM domain (Figure 1.5). While
the history and chemistry of these domains was described in detail in the previous

section, additional detail specific to BNIP3L will be described below.

The N-terminal domain of BNIP3L (amino acids 1-76) is the site of the interaction
of BNIP3L with Bcl-2 and Bcl-XL. Within this domain lies the LIR motif (amino acids 36-
39) with a critical tryptophan residue at position 36 of BNIP3L, which when mutated to
alanine (W36A) blocks the interaction of BNIP3L with LC3-11.19* Serine residues at
positions 34 and 35 in BNIP3L have been reported as putative phosphorylation sites,
the modification of which are proposed to increase the interaction of BNIP3L and LC3-
11135 However, the kinase responsible for these phosphorylation events remains
unknown. BNIP3L is thought to contain a PEST sequence, however there is no
consensus on its location. While BNIP3L is known to be subject to both autophagic and
proteasomal degradation, whether its PEST sequence is involved in the targeting of
BNIP3L to the proteasome remains unknown.8 Like BNIP3, the putative BH3 domain
of BNIP3L (amino acids 133-144) is poorly conserved when compared to canonical
BH3-only proteins, and is redundant for function.4! Adjacent to the putative BH3
domain lies the CD (amino acids 145-156) which is a region of homology between
BNIP3L and BNIP3, however the significance of this homologous sequence is

unclear.® While no in-depth study has been performed on the BNIP3L TM domain
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Figure 1.5: Schematic of BNIP3L protein domains. Similar to its homolog, BNIP3, the
BNIP3L protein sequence contains the following domains: the N-terminal domain, the
LC3 interaction region (LIR), the “BH3” domain, the conserved domain (CD), and the C-
terminal TM domain. BNIP3L is also thought to contain a PEST sequence, however
there is no consensus on its location. BNIP3L integrates into the outer mitochondrial
membrane as a tail-anchored protein, where it then homodimerizes via its TM domain.
Following integration, the majority of the BNIP3L protein sequence (amino acids 1-185)
remains cytosolic, while the C-terminal tail (amino acids 208-219) is localized in the
mitochondrial intermembrane space.
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(amino acids 185-208), it is highly homologous to the BNIP3 TM domain. It contains all
of the critical interfacial residues of the BNIP3 domain at S196, H197, A200, L203,
G204, 1207, and G208, as well as the flanking charged residues at K209 and R210.
Upon integration of its TM domain into the OMM, the N-terminal portion (amino acids 1-
184) of BNIP3L remains cytosolic and an 11 amino acid C-terminal tail (amino acids
209-219) is located within the mitochondrial IMS.1%* Upon targeting BNIP3L to the
OMM, the TM domain forms SDS-resistant homodimers. BNIP3L homodimerization is
essential for its binding to LC3/GABARAP-family proteins at the phagophore
surface.'5180 BNIP3 and BNIP3L are also known to form heterodimers, however
understanding the significance and physiological context of this interaction requires

further investigation.%®

Much like BNIP3, BNIP3L is a stress response protein that is regulated both
transcriptionally and post-translationally. In response to hypoxia or increased levels of
ROS, both BNIP3 and BNIP3L are transcriptionally activated by HIF-1. Both proteins
are also transcriptionally regulated by p53, however while BNIP3 is repressed by p53,
BNIP3L is known to be transcriptionally upregulated.'8283 These data suggest that
BNIP3 and BNIP3L may play different roles in response to signals that activate p53,
such as DNA damage. Preliminary work has demonstrated that BNIP3L is regulated
post-translationally by both phosphorylation and ubiquitination.?%12! Several putative
phosphorylation sites (S34, S35, and S82) have been identified as modulating the
interaction of BNIP3L with LC3/GABARAP family proteins, however, the kinases
responsible for these events have yet to be identified.13>84 BNIP3L has also been

shown to be phosphorylated by PKA on S212 to prevent localization to the OMM and
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reduce rates of mitophagy.8 In addition to phosphorylation, BNIP3L is known to be
ubiquitinated by Parkin, which promotes Parkin/PINK1-mediated mitophagy.t2%-12

However, Parkin and PINK1 are not required for BNIP3L-induced mitophagy.

Additionally, BNIP3L has been demonstrated to have several important functions
in tissue differentiation. BNIP3L-induced mitophagy has been implicated in erythroid
maturation. Erythroid cells undergo organelle removal and enucleation during terminal
differentiation.8® Erythrocytes of BNIP3L-null mice exhibited mitochondrial retention and
reduced lifespan, suggesting a critical role for BNIP3L in erythroid
development.176.187.188 A BNIP3L-dependent glycolytic switch also plays a role in the
differentiation of retinal ganglion and polarization of M1 macrophages, and BNIP3L-
dependent mitophagy is also required for the generation of robust natural killer cell

memory.177,l79,189

Both BNIP3 and BNIP3L are also known to interact with Ras homolog enriched in
brain (Rheb), however the outcomes of these interactions differ. Rheb is a small GTP-
binding protein that promotes the lysosomal localization and activity of the growth
promoting kinase mTOR. The binding of BNIP3 to Rheb repressed its activity, resulting
in decreased mTOR activity and decreased cell growth, which is consistent with a
tumor-suppressive role for BNIP3.1% The interaction of BNIP3L with Rheb occurred
upon high rates of oxidative phosphorylation (OXPHOS) to enhance mitochondrial
turnover and renewal. The interaction of Rheb with BNIP3L at the mitochondria affected
growth in an mTOR-independent manner through a tri-molecular complex with LC3.1°t
Additional work is required to elucidate the physiological significance of the interactions

of BNIP3 and BNIP3L with Rheb.
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Role of mitophagy and its regulators in cancer

Due to the critical role of mitophagy in maintaining cellular homeostasis, it is
unsurprising that many of the proteins involved in the mitophagic process have been
found to be dysregulated in human cancers. Dysregulation of mitophagy-related genes
has been shown to contribute to the Warburg Effect, affect HIF-1a stabilization, and
alter rates of OXPHOS, all of which play important roles in tumor cell progression and

survival,101.192

The genetic loci encoding for Parkin and PINK1 (PARK2 and PARK®,
respectively) are commonly disrupted in several human cancers. The PARK2 locus is
frequently deleted in breast, lung, bladder, and ovarian cancer, while mutations have
been linked to glioblastoma, lung, and colon cancer.1®31% Rare mutations in the PARK6
locus have been found in neuroblastoma, and expression is down-regulated in ovarian
cancer and glioblastoma.® The loss of either Parkin or PINK1 in KRas-driven
pancreatic ductal adenocarcinoma (PDAC) increased both tumor burden and
metastasis.'?319 Additionally, Parkin-null mice are sensitized to irradiation-induced
lymphomagenesis and susceptible to spontaneous hepatocellular carcinoma
(HCC).197.198 Due to their well-characterized role in mitophagy, Parkin and PINK1 have
been hypothesized to function in mouse and human disease by clearing depolarized
mitochondria to prevent excess ROS and Warburg metabolism.1°81%° However,
additional work has also demonstrated a role of Parkin and PINK1 in the suppression of
HIF1a stabilization.122123.1%5 The elevated levels of glycolysis and ROS observed in
Parkin- or PINK1-null mouse models of PDAC was rescued by the deletion of HIF1a.1%3

Parkin has been shown to ubiquitinate HIF1a on K477 to promote its degradation.*?? In
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human breast cancer, low Parkin levels correlate with high HIF1a levels and reduced
metastasis-free survival.'?2 However, it is also important to note that Parkin is poorly
expressed in most cancers and cell lines, and that other E3 ubiquitin ligases may
substitute for Parkin in mitophagy.?°® ARIH1, another E3 ubiquitin ligase, promotes drug
resistance when it is recruited by PINK1 to promote mitophagy in response to
chemotherapeutic agents. ARIH1 functions similarly to Parkin, however its mitochondrial
substrates remain uncharacterized.'% Investigating the roles of additional mitochondrial

E3 ubiquitin ligases in mitophagy remains an open area of interest in the field.

The genetic locus encoding for BNIP3 is commonly disrupted in several human
cancers. In various solid cancers, such as pancreatic and breast cancers, BNIP3 protein
levels are induced by hypoxia in early, pre-malignant stages of the disease but are
subsequently down-regulated as the tumors progress.?°1-203 Epigenetic silencing of
BNIP3 is associated with poor prognosis in a number of human cancers, including
hematological malignancies, lung, liver, gastric, and pancreatic cancer.201:204-206 The
BNIP3 locus is also known to be deleted in a number of cancers including prostate, and,
most frequently, triple negative breast cancer (TNBC).131:207 |n TNBC patients, the loss
of BNIP3 combined with high HIF1a expression is predictive of poor metastasis-free
survival. In mice, BNIP3 knockdown promoted tumor growth and metastasis in a 4T1
orthotopic model of mammary tumorigenesis, and the loss of BNIP3 in a MMTV-PyMT
mouse model of breast cancer increased tumor burden and accelerated the progression
to invasive and metastatic disease.*3! This phenotype was associated with reduced
mitophagy and increased ROS, which led to HIF-1a stabilization and increased

glycolysis. Quenching of ROS attenuated HIF1a and reduced metastasis, indicating that
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BNIP3 acts as a tumor suppressor by reducing mitochondrial mass and limiting ROS.13!
Similarly, work with the breast cancer cell line MCF7 demonstrated that resistance to
IFG-1 receptor kinase inhibitor was associated with reduced BNIP3 levels, increased
ROS, and increased glycolysis.?%® Conversely, BNIP3 has also been shown to promote
cancer cell survival, with high BNIP3 levels correlated with worse patient outcomes in
both kidney cancer and sarcoma.?%® These differences in the effect of BNIP3 on
tumorigenesis may be explained by differential roles of BNIP3 depending on cell type or
other factors. The BNIP3 homolog BNIP3L has also been implicated in tumor
progression. In the KPC model of PDAC, loss of BNIP3L delayed tumor progression
from the PanIN stage to malignant PDAC.21° Consistently, elevated BNIP3L expression
in PDAC patients was linked to worse prognosis. Why BNIP3 and BNIP3L are reported
to play opposing roles in PDAC development requires further investigation, however it
may be due to their expression in different cell types or at different stages of tumor

progression.

Changes in FUNDCL1 expression have also been implicated in cancer. In both
prostate and glioblastoma cells, silencing FUNDCL1 resulted in increased cellular motility
and invasion due to increased rates of focal adhesion assembly and disassembly.?!!
Similarly, decreased FUNDCL1 expression was associated with increased liver
metastasis in xenograft models, however this was also accompanied by decreases in
tumor cell proliferation.?*? A study of The Cancer Genome Atlas (TCGA) database found
an association between low levels of FUNDC1 and increased ROS and metastasis in
lung cancer, while increased FUNDC1 expression was associated with increased levels

of genes involved in mitochondrial bioenergetics.?'? Consequently, some have
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postulated that the effects of FUNDCL1 on cell proliferation, migration, and invasion may
be the result of mitophagy-independent functions of FUNDC1 in mitochondrial
bioenergetics. FUNDC1 knockdown in prostate cancer cells was associated with
increased degradation of electron transport chain (ETC) complexes and resulted in
lowered respiration rates, decreased levels of TCA cycle intermediates, and increased
ROS production.?! FUNDC1 knockdown resulted in the misfolding of the LonP
protease, which maintains the integrity of ETC complexes. Exogenous overexpression
of LonP rescued the metabolic effects of FUNDC1 knockdown, as well as the effects on
cell proliferation and invasion.?® These results suggest that the effect of FUNDC1 on

tumorigenesis may be independent of its mitophagy function.

Summary

Response to external stressors is essential to cell survival, resulting in the
development of a number of mechanisms to cope with a variety of cellular stressors.
Autophagy is an adaptive process that involves the sequestration, lysosomal
degradation, and recycling of intracellular components and other cytoplasmic contents.!
This process is critical to maintaining cellular homeostasis, and is upregulated in
response to a number of cellular stressors including oxidative stress, nutrient
depravation, and hypoxia.? The kinase ULK1, a major regulator of autophagy initiation,
regulates general autophagy in response to changes in nutrient status by integrating
AMPK and mTORCI1 signaling.#*¢2 In addition to its role in general autophagy, recent
work has suggested that ULK1 plays a role in forms of selective autophagy, including
the autophagic turnover of mitochondria, termed mitophagy.®*°2 Mitophagy serves an

important housekeeping function by eliminating mitochondria that have become
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dysfunctional, thus limiting the production of damaging ROS. In response to stresses
such as hypoxia and nutrient depravation, mitophagy can promote the efficient use of
limiting metabolites and oxygen by eliminating healthy mitochondria to reduce overall
mitochondrial mass.19%192 |n order to achieve this, cells rely on the activity of
mitochondrial cargo receptors, which specifically target mitochondria to the
autophagosome. These proteins include BNIP3, BNIP3L, FUNDC1, and Parkin/PINK1,
among others.*%! The mitochondrial cargo receptor BNIP3 is a stress response protein
that is transcriptionally upregulated in response to a number of stressors, including
hypoxia.t30:162-168 \While the transcriptional upregulation of BNIP3 in response to
stressors is well characterized, the role of post-translational modification in BNIP3

protein stability and BNIP3-induced mitophagy remains poorly understood.

ULK1 has recently been demonstrated to regulate the mitochondrial cargo
receptor FUNDC1 by phosphorylating a residue adjacent to its LIR motif, thereby
enhancing the interaction of FUNDC1 with ATG8 family proteins and increasing rates of
mitophagy.®? Interestingly, studies have suggested that the residues adjacent to the LIR
motifs of BNIP3 and BNIP3L (S17 and S35, respectively) are also phosphorylated, but
the kinase responsible remains unknown.*33135 The work in this dissertation explores
the hypothesis that BNIP3-induced mitophagy is regulated by the phosphorylation of
BNIP3 at S17 by ULK1, resulting in an increased affinity for LC3 and therefore an
increase in rates of mitophagy. In addition to the regulation of BNIP3-induced
mitophagy, we investigate a novel role for ULK1 in stabilizing BNIP3 protein by
protecting it from regulation by the proteasomal machinery. Taken together, the results

of this work explore an additional layer of post-translational regulation, key to the
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function of BNIP3 as a stress response protein. In concordance with the published work
on FUNDC1, these findings demonstrate and strengthen an additional role for ULK1 in
specifically upregulating mitophagy, as opposed to general autophagy, which may occur
upon specific cellular stressors, such as hypoxia or nutrient depravation. While this
study helps lay the foundation on which this role of ULK1 can be assessed, additional

work is required to fully understand the cellular context and scope of this role.
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CHAPTER 2
MATERIALS AND METHODS
Reagents
ULK-101 (MedChemExpress HY-114490) was used at 5 yM. MG132 (Enzo Life
Sciences BML-PI102) was used at 10 yM. Bafilomycin A1 (Enzo Life Sciences BML-
CM110) was used at 0.1 yM. Cycloheximide (Sigma 01810) was used at 10 pM.

Deferoxamine (Sigma BP987) was used at 260 yM.

Genotyping

Mice were weaned and had their tail tips snipped for genotyping at 3 weeks of
age by technicians at the University of Chicago Animal Resource Center. Tall tips were
digested overnight at 55°C in tail lysis buffer (100 mM Tris pH 8.0, 5 mM EDTA pH 8.0,
0.2% SDS, 200 nM NacCl, 100 nM proteinase K). Genomic DNA was isolated by
isopropanol precipitation, resuspended in nuclease-free deionized water, and used in
subsequent genotyping analysis. The following primers were used to detect the WT,
Floxed-in, and Floxed-out alleles: WT (intron 1), 5-GCATCACTAAGATCGAGCCT-3’;
Floxed-IN (exon 2), 5-CATGCTGGGCATCCAACAGT-3’; Floxed-OUT (intron 5),
5-ACCTTCCACTACACGGGATT-3'. These primers generate a 545 bp product for the
WT allele, a 645 bp product for the Floxed-in allele, and a 350 bp product for the

Floxed-out allele.

Whole cell protein extraction
For harvesting protein from cells, plates were washed in ice-cold DPBS followed
by scraping in 1 mL of DPBS containing protease and phosphatase inhibitors (0.5 mM

PMSF, 1 ug/mL aprotinin, 1 ug/mL leupeptin, 1 mM NasVOa4). Cells were pelleted at
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3000xg for 3 minutes at 4°C and resuspended in RIPA lysis buffer (10 mM Tris-HCI pH
8.0, 150 mM NacCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100) containing a
Roche PhosSTOP inhibitor cocktail in addition to the aforementioned protease and
phosphatase inhibitors. Samples were incubated on ice for 15 minutes with vortexing
every 5 minutes, and centrifuged at full speed for 15 minutes at 4°C. The supernatant
was transferred to fresh, pre-chilled Eppendorf tubes and protein concentration was

measured on a NanoDrop spectrophotometer and stored frozen at -80°C.

Immunoprecipitation

For harvesting protein from cells, plates were washed in ice-cold DPBS followed
by scraping in 1 mL of DPBS containing protease and phosphatase inhibitors (0.5 mM
PMSF, 1 ug/mL aprotinin, 1 pg/mL leupeptin, 1 mM NaszVOa). Cells were pelleted at
3000xg for 3 minutes at 4°C and resuspended in 250 yL NP-40 IP lysis buffer (50 mM
Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% IGEPAL, 0.01% B-mercaptoethanol),
and sonicated at 10% power for 5 seconds using a Fisher Sonic Dismembrator Model
500 while keeping samples cold in an ethanol-ice bath. Samples were incubated on ice
for 5 minutes and centrifuged at full speed for 15 minutes at 4°C. The supernatant was
transferred to fresh, pre-chilled Eppendorf tubes and protein concentration on a
NanoDrop spectrophotometer. For immunoprecipitation of exogenously-expressed
GFP-tagged proteins, 25 yL GFP-Trap or agarose control-Trap magnetic beads
(Chromotek) were washed twice in 500 uL IP lysis buffer using a magnetic bead rack,
followed by resuspension in 1 mL IP lysis buffer and addition of 2 mg protein lysate. For

FLAG-tagged proteins, 25 pL of anti-FLAG M2 magnetic beads (Sigma M8823) were

used. Lysates were incubated on beads for 1 hour at 4°C on a rotator followed by three
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1 mL washes with IP lysis buffer using a magnetic bead rack. Beads were transferred to
a fresh Eppendorf tube for the final wash and resuspended in 50 uL 2x sample loading
buffer (1:2:2 10x SDS:5x BPB: ddH20) and boiled for 10 minutes. Supernatant

containing denatured was transferred to a fresh Eppendorf tube and frozen at -80°C.

Western blot

Protein samples were denatured by boiling for 5 minutes with SDS reducing
sample buffer (400 mM Tris pH 6.8, 10% SDS, 500 mM (3-mercaptoethanol) and sample
loading dye (60% glycerol and bromophenol blue). The amount of protein loaded per
sample varied depending on the proteins being probed, but typically 75 ug was loaded
onto SDS-PAGE gels, followed by transfer to nitrocellulose (0.2 ym or 0.45 um pore,
GE Healthcare) or PVDF (0.45 pm pore, GE Healthcare) membranes. Membranes were
blocked in 5% nonfat milk in TBS/0.05% Tween (TBS-T) for 30 minutes at room
temperature for non-phosphorylated protein detection, and 5% BSA in TBS-T for 30
minutes at room temperature for phosphorylated protein detection. Primary antibodies
were incubated overnight at 4°C on a rocker, in 5% BSA/TBS-T for antibodies from Cell
Signaling Technology and in 5% nonfat milk/TBS-T for non-Cell Signaling Technology
antibodies. The next day membranes were washed three times with TBS-T for 10
minutes and incubated with HRP-conjugated secondary antibody (Dako) in 5% nonfat
milk/TBS-T for 2 hours at room temperature on a shaker. Membranes were washed
three times in TBS-T for 10 minutes and proteins were visualized by

chemiluminescence and exposure on X-ray film.
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Immunofluorescence & confocal microscopy

U20SABNIP3 cells were grown on sterile glass coverslips in 6-well tissue culture
plates overnight before transfection with HA-tagged BNIP3 mutants. At 20hr post
transfection, cells were treated with Bafilomycin A1 (100nM) for 4hr. Cells were fixed for
15 min in 4% paraformaldehyde at RT, and 10min in ice cold methanol at -20°C.
Coverslips were incubated in 0.1% Saponin in PBS for 10min, then blocked in 10% goat
serum in 0.05% TBS-T for 1hr. Coverslips were then incubated with primary antibodies
in 10% goat serum in TBS-T for 1hr at RT. Anti-TOMM20 (Abcam, ab56783, 1:200),
anti-LC3B (Cell Signaling, 3868S, 1:200), anti-HA-Tag (Bethyl, A190-106A, 1:200).
Coverslips were washed in TBS-T for 3x5 min, followed by incubation with Alexa Fluor
conjugated secondary antibodies (Thermo Fischer Scientific, 1:1000) for 1hr at RT.
Coverslips were washed in TBS-T for 3x5 min and mounted with 10uL ProlongGold
containing DAPI (Thermo Fisher, P36931). Slides were allowed to cure for 24hr in the
dark at RT, with subsequent storage at 4°C. Imaging was performed using the Leica
TCS SP8 laser scanning confocal microscope in the Integrated Microscopy Core Facility
at the University of Chicago. All images were collected using a 100X oil-immersion

objective. Ten representative images per sample were obtained.

Cell culture

Human cell lines were maintained in a humidified CO:2 incubator at 5% CO2 and
37°C. U20S, Sa0S2, PANC-1, and HEK-293T cell lines were cultured in Dulbecco’s
Modified Essential Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. HCC38 cells were cultured in Roswell Park Memorial

Institute (RPMI) media supplemented with 10% fetal bovine serum (FBS) and 1%
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penicillin/streptomycin. MiaPaca2 cells were cultured in DMEM supplemented with 10%
FBS, 2.5% horse serum, and 1% penicillin/streptomycin. Cells treated with hypoxia
were cultured in a humidified 37°C Tissue Culture Glove Box (Coy Laboratory Products)

at 5% CO2 and 1% Oa.

Transient transfections

For the transient transfection of human cell lines, including HEK-293T cells, cells
were seeded onto 10 cm plates at a density of 1.0x10° cells. The next day, 0.5 ug of
pLVX-IRES-hygro-HA-BNIP3 plasmid and/or 1.0 ug of pcdna3 FLAG-ULK1 plasmid
were added to Lipofectamine 3000 reagents at a 1:1 ratio (ug plasmid DNA:uL
Lipofectamine 3000) in 0.5 mL of Opti-MEM media and allowed to incubate for 15
minutes at room temperature. After incubation, the solution was added to the 10 cm
plates containing 8 mL of cell culture media. The plates were incubated in transfection
media overnight, washed once with DPBS and returned to cell culture media. Cell

lysates were harvested 36-48 hours post-transfection.

Stable transfections

For the stable transfection of human cell lines, cells were seeded onto 6 well
plates at a density of 2.0x10° cells. The next day 1.0 ug of plasmid and Lipofectamine
2000 reagent were added in a 1:1 ratio in 250 yL of Opti-MEM media and allowed to
incubate for 15 minutes at room temperature. After incubation, the solution was added
to the well containing 1 mL of cell culture media. The wells were incubated in
transfection media overnight, washed once with DPBS and returned to cell culture

media. Cells were selected 36-48 hours post transfection and either seeded sparsely
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onto 15 cm plates for clonal growth or expanded onto 10 cm plates for pooled growth.

Stable expression

Lentivirus production and transduction

Lentivirus were produced using Lenti-X™ Packaging Single Shots (Clontech)
using the manufacturer’s protocol. Briefly, 7 ug of diluted lentiviral vector plasmid was
added to the Lenti-X™ Packaging Single Shot, vortexed and incubated for 10 minutes.
The resulting nanoparticle complexes were added to 293T cells plated at 80-90%
confluence. The complexes were allowed to incubate overnight at 37°C, after which
additional fresh growth media was added. Viruses were collected at 48 hours by
centrifuging the growth media to pellet any contaminating cells and passing the
supernatant through a 0.45 ym pore filter. Lentiviral-containing media was frozen at

-80°C.

For infection, 500 uL of lentivirus was added to target cells in media containing 8
Mg/mL polybrene. Cells were transduced for 24 hours, followed by removal of viral
media, washing with PBS twice, and replacement with normal growth media. After 24
hours of growth post-transduction, cells were selected using the appropriate selective

marker to generate stable cell lines.

Generation of CRISPR/Cas9 Bnip3-KO cell lines

The Bnip3 locus was genetically deleted in 293T and U20S cell lines. Bnip3
CRISPR/Cas9 and HDR plasmids were purchased from Santa Cruz Biotechnologies
(sc-400985 and sc-400985-HDR). Cell lines were transfected with 2 ug of each plasmid
using Lipofectamine 3000 at a ratio of 2:1 Lipofectamine to DNA. After 24 hours of
transfection, media was changed and dual fluorescence of GFP and RFP was

39



confirmed using the Incucyte S3 imaging system. Cells were selected 48-72 hours post-
transfection with 0.5-1 ug/mL puromycin and seeded sparsely onto 15 cm plates for
clonal growth. Single clones were isolated using cloning cylinders, expanded in 6-well
plates, and further expanded onto 10 cm plates. At confluence, plates were placed in a
hypoxia chamber (1% O2) for 16-24 hours and protein was extracted as described
previously. Lysates were run on western blots and probed for BNIP3 to confirm deletion
of the Bnip3 gene and the absence of BNIP3 protein compared to control parental cells.
The U20S cells with confirmed deletion of BNIP3 were transiently transfected with Cre
recombinase to remove the puromycin resistance genes and RFP, both of which were
flanked by loxP sites introduced by the CRISPR plasmids. RFP-negative cells were
sorted and collected at the Cytometry and Antibody Technology core at the University of
Chicago with the assistance of core staff. RFP deletion was then confirmed by western

blot.

Cloning

Site-directed mutagenesis was used for the generation of pLVX-IRES-hygro-HA-
BNIP3 plasmids expressing mutant forms of BNIP3, and pcdna3 FLAG-ULK1 plasmids
expressing mutant forms of ULK1. Primers were designed and recommended annealing
temperatures were calculated using the NEBaseChanger website. Site-directed
mutagenesis was then performed using the Q5 Site-directed Mutagenesis Kit (New

England BioLabs).

Growth curves
For manual cell counts, human cell lines were seeded at a density of 2x10* cells

per well in 6 well plates. Each condition was seeded in duplicate for each day of
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counting. The next day (D1), culture medium was changed. On D2 through D7, each
well was rinsed in PBS, trypsinized, and resuspended in media for counting by

hemocytometer.

For automated cell counts, U20S”BNIP3 cells were stably infected using Incucyte®
NucLight Green Lentivirus Reagent (Sartorius). Cells expressing NucLight Green were
selected as previously described. For cellular proliferation experiments, NucLight Green
expressing cells were seeded at a density of 2x10* cells per well in 6 well plates. Each
condition was seeded in duplicate. The next day (D1), culture medium was changed,
and the plates were placed in the Incucyte S3 Imaging system. The Incuyte S3 Imaging
system counted fluorescent nuclei at 25 defined locations in each well once per day for

D1 through D7. All counts were normalized to D1 values to account for seeding error.

Statistics

Data were plotted and analyzed using Graphpad Prism software and presented
as the mean + SEM. Statistical significance was determined using unpaired, two-tailed
Student’s t-test for comparisons of two groups. *p<0.05, **p<0.01, ***p<0.001,

***p<0.0001.

Analysis of oxygen consumption rates (Seahorse)

U20SABNIPS cells stably expressing pLVX-IRES-hygro-HA-BNIP3 mutants were
seeded in Seahorse XF96 microplates at a density of 2x10* cells/well. Following drug
treatments, cells were rinsed with DPBS prior to the addition of 175 uL of 1X DMEM
supplemented with 4.5 g/L glucose, 2 mM glutamine, and 1 mM sodium pyruvate, and
adjusted to a pH of 7.35. Following a 1-hour incubation in the absence of CO2, the
Seahorse Cell Mito Stress Test was performed according to the manufacturer’s protocol
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using the Seahorse XF96 analyzer in the Biophysics Core at the University of Chicago.
Data were normalized by cell density using Hoechst 33342 nuclear counterstain and
fluorescence quantification using a microplate reader. Normalized OCR data was then

analyzed using Agilent Seahorse Wave software.

Southern blot

During collaboration with the Transgenics/ES Cell Technology Mouse Core
Facility at the University of Chicago, a targeting vector was electroporated into murine
ES cells, which were grown and selected in 96-well plates. DNA was collected from the
ES cells using the Gentra Puregene Blood Kit (Qiagen) as described by the
manufacturer. To test for homologous recombination, PCR screening was used to find
likely-positive clones, followed by confirmation with Southern blot. 5 yg of DNA was
loaded into a 0.5% agarose gel. After the gel was finished running, it was submerged in
denaturation solution (0.5 M NaOH, 1.5 M NacCl) for 15 minutes, twice. The gel was then
submerged in neutralization solution (0.5 M Tris HCI pH 7.5, 1.5 M NacCl) for 15
minutes, twice, followed by equilibration for 10 minutes in 20X SSC (3 M NaCl, 0.3 M
Na citrate). DNA was transferred to a membrane overnight in transfer buffer (20X SSC),
followed by UV crosslinking to fix DNA to the blot. The blot was then incubated with DIG
Easy Hybridization buffer (Sigma) at 42°C for 30 minutes, followed by incubation with a
DIG-labeled probe overnight. The membrane was then washed for 5 minutes in washing
buffer and incubated in blocking solution (Sigma DIG Wash and Block Buffer Set) for 30
minutes. After blocking, the membrane was incubated in anti-AP antibody (1:2000) in
blocking buffer, followed by two 15-minute washes in washing buffer and equilibration

for 3 minutes in detection buffer (Sigma). The membrane was then placed face up in a
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development cassette and 1 mL of CDP-Star was added to the membrane. The

membrane was incubated for 15 minutes and exposed to X-ray film.

Lambda phosphatase assays

Cells were plated on two 10 cm dishes at 1x10° cells per plate. The following
day, one plate was placed in the hypoxia chamber (1% Oz concentration) overnight
while the other was left at atmospheric oxygen. Protein was then harvested as
described above, but in the absence of phosphatase inhibitors. Protein concentration
was measured by nanodrop. A total of 75 ug of the hypoxia-treated lysate was added to
10X Lambda Protein Phosphatase (APPase) buffer and MnClz (New England Biolabs),
and either left untreated, treated with 1 pL of APPase, or treated with 1 yL of APPase
and NasVOs (phosphatase inhibitor). All samples were then incubated for 30 minutes at
30°C, diluted 1:1 in 2x sample loading buffer (1:2:2 10x SDS:5x BPB: ddH20), and
boiled for 5 minutes. The atmospheric oxygen and hypoxic lysates were then run on a

western gel alongside the experimentally treated lysates as described above.

Recombinant protein expression in BL21 cells

pGEX2T-BNIP3 was transformed into BL21 cells and grown overnight on agar
plates at 37°C. A single colony was then grown overnight in 25 mL of LB-Amp. The
following day, the 25 mL culture was added to a 250 mL flask of LB-Amp and grown in a
37°C shaker for 1 hour. 275 uL of IPTG (stock 0.24 g/10 mL) was then added and the
cells were placed back in the shaker for 4 hours. The bacteria were centrifuged, and the
pellet was frozen overnight. The pellet was then thawed, resuspended in 50 mL NETN
buffer with inhibitors, and sonicated at 15% amplitude 3x10 sec with 10 sec rest. The

sonicated bacteria were then centrifuged and supernatant was added to 250 pL of a
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Glutathione Sepharose 4B (GE Healthcare) bead slurry. Following pulldown and 3
washes with the Glutathione Sepharose 4B beads, rBNIP3 was eluted from the beads
via thrombin cleavage (30 minutes at room temp). Recombinant protein was aliquoted
and stored at -80°C. Relative protein concentrations were determined using western
blots in which 1 pL, 3 uL, and 6 pL of each sample were run on a western, probed with

BNIP3 antibody (Sigma B7931), and band intensity was compared.

Radioactive in vitro kinase assays

Recombinant GST-BNIP3 and GST-BNIP3L was produced and purified as
described above. In vitro kinase assays were performed using recombinant ULK1
(ThermoFisher PV6430), 5X Kinase Buffer A (ThermoFisher PV3189), recombinant
BNIP3/BNIP3L, ATP (0.2 mM), ULK-101 (0.5 uM), and ATP [y-32P] (PerkinElmer
BLU002Z250UC). Assays were incubated at 37°C for 30 minutes, diluted 1:1 in 2x
sample loading buffer (1:2:2 10x SDS:5x BPB: ddH20), and boiled for 5 minutes.
Samples were loaded onto an SDS-PAGE gel overnight, followed by gel drying and

visualization by exposure on X-ray film.
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CHAPTER 3
ULK1 PROMOTES MITOPHAGY VIA PHOSPORYLATION OF BNIP3

Introduction

Autophagy is a highly conserved process through which cells maintain
homeostasis by sequestering, degrading, and recycling intracellular components
including dysfunctional organelles and other cytoplasmic contents.? Autophagy initiation
is regulated by the kinase ULK1, which phosphorylates and activates a number of
protein targets essential for starvation-induced autophagy. ULK1 integrates AMPK and
MTORCL1 signaling, allowing the cell to initiate autophagy in response to changes in
nutrient status and other stressors.%27t ULK1 may also regulate selective forms of
autophagy, with evidence for a role in mitophagy, the autophagic turnover of
mitochondria.®°?2 ULK1 has been implicated to localize mitochondria in response to
hypoxic stress where it is reported to phosphorylate the mitochondrial cargo receptor
FUNDCL1 adjacent to its LIR motif, enhancing its interaction with LC3 at the phagophore
surface to increase rates of mitophagy.®? While FUNDC1 is known to induce mitophagy
in response to hypoxia, it is not transcriptionally upregulated under these conditions.
However, the mitochondrial cargo receptors BNIP3 and BNIP3L are transcriptionally
upregulated in response to hypoxia and play an important role in upregulating
mitophagy in response to hypoxic stress.%! Similarly to FUNDC1, both BNIP3 and
BNIP3L have previously been reported to be phosphorylated adjacent to their
respective LIR motifs, however the kinases responsible for these phosphorylation

events remain unknown.133.135
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In this chapter, we sought to determine the kinase responsible for
phosphorylating BNIP3 and BNIP3L adjacent to their respective LIR motifs, and how
these phosphorylation events affect rates of mitophagy. Our findings led us to
investigate a novel role for ULK1 in phosphorylating both BNIP3 and BNIP3L,
suggesting a broader role for ULK1 in specifically regulating rates of mitophagy in

response to cellular stressors including hypoxia.

ULK1 phosphorylates BNIP3 and BNIP3L adjacent to the LIR motif

While the transcriptional regulation of BNIP3 is relatively well characterized, its
post-translational regulation remains poorly understood.'° To confirm that BNIP3 is
post-translationally regulated via phosphorylation, we began by performing an in vitro
phosphatase assay (Figure 3.1). Indeed, BNIP3 is a highly phosphorylated protein, and
the treatment of U20S cellular lysates with lambda protein phosphatase resulted in a
change of the BNIP3 protein banding pattern via western blot, with an increase in the
intensity of lower molecular weight bands. Both BNIP3 and its homolog BNIP3L have
previously been reported to be phosphorylated (serine 17 and 24 for BNIP3 and serine
34 and 35 for BNIP3L), but the kinase responsible for these phosphorylation events has
not been identified.33135 Interestingly, both S17 and S35 are adjacent to the critical
tryptophan residues in their respective LIR motifs, which are critical for the binding of
BNIP3 and BNIP3L to processed LC3 family member proteins (Figure 3.2).1°! Recent
work has shown that the mitochondrial cargo receptor FUNDCL1 is phosphorylated
adjacent to its LIR motif by the autophagy-regulating kinase ULK1, which led us to
consider whether ULK1 may also phosphorylate BNIP3 and BNIP3L.%? The optimal

ULK1 phosphorylation consensus sequence includes an affinity for serine (S) over
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Figure 3.1: BNIP3 is a highly phosphorylated protein. U20S cells were treated with
hypoxia to induce BNIP3 expression. A lysate was harvested in the absence of
phosphatase inhibitors and 75 ug of protein was either left untreated, treated with A
phosphatase (A PPase), or a combination of A PPase and phosphatase inhibitor
(Nas3VOa) at 30° for 30 minutes. The BNIP3 banding pattern shifted in the presence of A
PPase, but this shift was prevented by NasVOas, suggesting that BNIP3 is a
phosphorylated protein.

BNIP3L

LC3 interaction LC3 interaction
region (LIR) region (LIR)

Figure 3.2: BNIP3 and BNIP3L contain serine residues adjacent to their LIR
motifs. Schematic demonstrating the sequence surrounding (gray) the BNIP3 (left) and
BNIP3L (right) LIR motifs (black). Each LIR motif has a serine residue at the -1 position
(red), adjacent to the tryptophan residue critical for LC3 binding. These serine residues
have previously been reported to be phosphorylation sites, but the kinase(s) responsible
have not been identified.
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threonine (T) at the phosphorylation site, leucine (L) or methionine (M) at the -3 position,
and aliphatic or aromatic amino acids at positions +1 and +2.5° When we compared the
primary amino acid sequences surrounding S17 of BNIP3 and S35 of BNIP3L to the
published ULK1 phosphorylation consensus sequence, we found that both BNIP3 and
BNIP3L have leucine (L) at the -3 position, serine (S) at position 0, and tryptophan (W)
and valine (V) at positions +1 and +2. We then aligned the putative ULK1
phosphorylation sites of BINP3 and BNIP3L with validated ULK1 substrates and

observed strong sequence similarity (Table 3.1).5962

To examine whether BNIP3 and/or BNIP3L are phosphorylated by ULK1, we
performed in vitro kinase assays by incubating recombinant BNIP3 or BNIP3L protein
with recombinant ULK1 and 22P-y-ATP in the presence or absence of the ULK1 inhibitor
ULK-101.1% ULK1 is known to autophosphorylate, which acts as a useful internal
control for ULK1 activity in this assay. As expected, ULK1 autophosphorylation was
inhibited by the addition of ULK-101. Additionally, ULK1 strongly phosphorylated BNIP3
and BNIP3L in vitro, and this phosphorylation was inhibited by ULK-101 (Figure 3.3A,
lanes 4-5; Figure 3.3B, lanes 4-5). The mutation of S35 in BNIP3L to alanine (S35A)
ablated BNIP3L phosphorylation by ULK1. The mutation of S17 in BNIP3 to alanine
(S17A) decreased the phosphorylation of BNIP3 by ULK1, but did not eliminate ULK1
phosphorylation as effectively as the S35A mutation in BNIP3L, suggesting the
existence of additional ULK1 phosphorylation sites in BNIP3 (Figure 3.3A, lanes 4 and

7; Figure 3.3B, lanes 4 and 7).
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ULK1 substrate

Phosphorylation site

Protein sequence

BNIP3 S17 ESLOGSWVELH
BNIP3L S35 AGLNSSWVELP
ATG101 203 paLTGSVEITY
ATG9 S14 ORLEASYSDSP
ATG14 S29 RDLVDSVDDAE
BECLIN-1 S15 STMQVSFVCQOR
ATG4B S316 AELDPSIAVGF
FUNDC1 S17 ESDDDSYEVLD
VPS34 S249 SPILTSFELVK

Table 3.1: BNIP3 and BNIP3L sequences surrounding S17 and S35, respectively,
share sequence similarity with known ULK1 substrates. The primary amino acid
sequences of putative ULK1 phosphorylation sites in BNIP3 and BNIP3L were aligned
to ULK1 phosphorylation sites in validated ULK1 substrates (ATG101, ATGY9, ATG14,
BECLIN-1, ATG4B, FUNDC1, VPS34).5962 The optimal ULK1 phosphorylation
consensus sequence includes an affinity for serine (S) over threonine (T) at the
phosphorylation site, leucine (L) or methionine (M) at the -3 position, and aliphatic or
aromatic amino acids at positions +1 and +2.5° The putative ULK1 phosphorylation sites
in BNIP3 and BNIP3L share sequence similarity to known ULK1 targets as well as the
ULK1 target consensus sequence.
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Figure 3.3: BNIP3 and BNIP3L are phosphorylated by ULK1 on S17 and S35
respectively. (A) In vitro kinase assay testing the ability of recombinant ULK1 kinase to
phosphorylate recombinant BNIP3 (lanes 3 — 5) or BNIP3 mutated to S17A (lanes 6 -8)
in the presence or absence of ULK-101 to inhibit ULK1 kinase activity (lanes 2, 5, 8)
and using ULK1 autophosphorylation as a control for ULK1 activity (lower panel). (B) In
vitro kinase assay testing the ability of recombinant ULK1 kinase to phosphorylate
recombinant BNIP3L (lanes 3 — 5) or BNIP3L mutated to S35A (lanes 6 -8) in the
presence or absence of ULK-101 to inhibit ULK1 kinase activity (lanes 2, 5, 8) and using
ULK1 autophosphorylation as a control for ULK1 activity (lower panel). In each
guantification, levels are standardized relative to 1.00 representing the phosphorylation
of wild-type rBNIP3 (A) and rBNIP3L (B), respectively.
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Using the published ULK1 phosphorylation consensus sequence, we scrutinized
the BNIP3 primary amino acid sequence for additional phosphorylation sites and
identified three possible sites at serine 24, 172, and 190 (Table 3.2). These additional
sites have leucine (L) at the -3 position and serine (S) at position 0, however the
consensus for aliphatic or aromatic amino acids at positions +1 and +2 is poorly
maintained. Of the possible BNIP3 phosphorylation sites, only S17 is conserved in
BNIP3L. Additionally, two of the sites, S172 and S190, are located in domains
inaccessible from the cytosol following BNIP3 mitochondrial integration (in the TM
domain and intermembrane space, respectively) which may pose a challenge to
phosphorylation in vivo. To examine whether these sites are phosphorylated by ULK1,
we performed additional in vitro kinase assays on recombinant BNIP3 with either
individual or multiple serine residues mutated to alanine (Figure 3.4). Mutation of the
additional serine residues in combination with S17A had no effect on the ULK1
phosphorylation of BNIP3 when compared to S17A alone, suggesting that these sites
are not ULK1 phosphorylation targets. Due to the in vitro nature of this assay, it is
possible that ULK1 may be phosphorylating sites on BNIP3 with less specificity than in
a physiological setting, resulting in a nonspecific phosphorylation signal following the

S17A mutation. Therefore, we opted to proceed with studying S17 alone.
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S17 ESLOGSWVELH

S24 VELHFSNNGNG
S172 PSLLLSHLLAT
S190 RRLTTSTSTF

Table 3.2: The ULK1 target consensus motif is poorly maintained in additional
possible BNIP3 phosphorylation sites. The primary amino acid sequences of
additional possible ULK1 phosphorylation sites in BNIP3 were aligned to the putative
ULK1 phosphorylation site at S17 of BNIP3. The leucine is present at the -3 position of
all sites, but the aliphatic or aromatic amino acids at positions +1 and +2 are poorly
maintained

S17A

S17A S24A

S17A S24A  S172A

= WT S17A  S172A S172A S172A S190A

ULK-101: - - - + - - == - - -« - - - -
ULK1: + - + + - + - + - + - + - 4

p-BNIP3 - , . h ;

p-ULK1 - .

Fold change: 1.00 0.55 0.67 0.33 0.23 0.39

1 2 3 4 5 6 7 8 9 10 M1 12 13 14

Figure 3.4: ULK1 does not phosphorylate additional sites in BNIP3 in vitro. In vitro
kinase assay testing the ability of recombinant ULK1 kinase to phosphorylate different
mutant forms of BNIP3. Quantification levels are standardized relative to 1.00
representing the phosphorylation of wild-type rBNIP3.
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ULK1 mediated phosphorylation of BNIP3 on S17 promotes its interaction with
LC3B and mitophagy

Having identified S17 of BNIP3 as an ULK1 phosphorylation site, we next
examined how phosphorylation of S17 affected BNIP3-dependent mitophagy. Serine 17
was mutated to alanine (S17A) to produce a phospho-null mutant, or glutamic acid
(S17E) to mimic phosphorylation. We first examined the interaction of each mutant with
LC3B by transiently overexpressing HA-BNIP3 constructs in HEK-293T cells genetically
deleted for BNIP3 (293T2BNIP3) that were engineered to stably overexpress GFP-LC3
(293T-AB + GFP-LC3). The S17A mutation diminished the interaction of BNIP3 with
GFP-LC3 to a similar extent as mutation of the critical W18 residue in the BNIP3 LIR
motif to alanine (W18A), indicating that inhibiting phosphorylation of BNIP3 on S17 was
sufficient to block its interaction with LC3B (Figure 3.5). Mutation to S17E resulted in
apparently lower binding of HA-BNIP3 to GFP-LC3 than wild-type. However, blocking
autophagic turnover with 100 nM bafilomycin A1 in S17E-expressing cells resulted in a
greater increase in the binding of HA-BNIP3S17E to GFP-LC3 (6.68-fold increase in
dimer) when compared to the effect of bafilomycin A1 on HA-BNIP3WT (1.97-fold
increase in dimer). This result suggests that the S17E mutation promotes mitophagic

flux to a greater extent than wild-type.

We next sought to assess the effects of FLAG-ULK1 on the interaction of HA-
BNIP3 and GFP-LC3. Interestingly, we found that overexpressing FLAG-ULK1 resulted
in an increase in overall protein levels of all forms of BNIP3 examined, suggesting that
ULK1 modulated BNIP3 protein levels (Figure 3.6, lanes 2-5 compared to lanes 6-9).

FLAG-ULKZ1 overexpression increased the interaction of HA-BNIP3VT and
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Figure 3.5: Mutation of S17 in BNIP3 modulates its LC3 interaction. Pulldown of
GFP-LC3 stably expressed in 293T cells with transiently expressed HA-BNIP3 (WT)
and different HA-BNIP3 mutants (W18A, S17A, S17E) or empty vector (EV) control, in
the presence or absence of 100 nM bafilomycin Al. Inputs to the pulldown are shown
on the left and the result of the pulldown on the right. HA-BNIP3S1E dimer pulldown with
GFP-LC3 increased by 6.68-fold with bafilomycin A1 while HA-BNIP3WT dimer pulldown
increased by 1.97-fold, suggestive of increased mitophagic flux with S17
phosphorylation.
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Figure 3.6: FLAG-ULK1 overexpression increases HA-BNIP3 protein levels.
Pulldown of GFP-LC3 stably expressed in 293T cells with transiently expressed HA-
BNIP3 (WT) and different HA-BNIP3 mutants (W18A, S17A, S17E) or empty vector
(EV) control, in the presence (lanes 6-9, 16-19) or absence (lanes 1-5, 10-15) of
exogenous FLAG-ULKL. Inputs to the pulldown are shown on the left and the result of
the pulldown on the right. Quantification levels are standardized relative to 1.0
representing the HA-BNIP3WT-expressing condition in the absence of FLAG-ULK1.
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HA-BNIP3S17E with GFP-LC3, however these increased interactions were proportionate
to the relative increases in the input BNIP3 protein levels. The interaction of HA-
BNIP3S17A with GFP-LC3 was also modestly enhanced by FLAG-ULK1 overexpression,
again possibly due to the increase in protein levels, while HA-BNIP3W18A still failed to
interact with GFP-LC3. These results suggest that the S17A mutation weakens but does
not abolish the interaction of HA-BNIP3 with GFP-LC3. The effect of ULK1 on BNIP3

protein stability will be assessed in depth later in the following chapter.

In order to further assess the effects of S17 phosphorylation status on BNIP3-
induced mitophagy, we transiently expressed HA-BNIP3 mutant constructs in U20S
cells genetically deleted for BNIP3 (U20S2BNIP3) The interactions of HA-BNIP3 with
endogenously expressed proteins were then visually assessed using
immunofluorescence imaging. Because the expression of HA-BNIP3 was transient and
not all cells expressed the vector, the non-expressing/BNIP3-null cells acted as a useful
BNIP3-null control within each image. Imaging of LC3B and TOMMZ20 in these cells
showed that HA-BNIP3WT, HA-BNIP3S17A and HA-BNIP3S17E expression increased the
overlap between TOMM20 and LC3B, while the HA-BNIP3W8A mutant, which is
deficient for LC3B binding, did not (Figure 3.7). Interestingly, the HA-BNIP3SY"A mutant,
which dramatically reduced binding to GFP-LC3 in 293T-ABNIP3 cells, was able to
promote overlap of LC3-TOMMZ20 staining. However, HA-BNIP3S7A did not decrease
mitochondrial staining as effectively as wild-type, suggesting decreased mitophagic
efficacy (Figure 3.7, bottom left). In contrast, the HA-BNIP3S1’E mutant strikingly
reduced mitochondrial staining in cells, consistent with a more effective clearance of

mitochondria by mitophagy (Figure 3.7, bottom right).
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Figure 3.7: Mutation of S17 in BNIP3 modulates colocalization of LC3 and
TOMM20. (A) Immunofluorescent staining for TOMMZ20 (green, mitochondria), LC3B
(magenta, autophagosomes), HA-BNIP3 (red) and DAPI (blue) in U20S2BNIP3 cells
transiently expressing HA-BNIP3, HA-BNIP3W8A HA-BNIP3S17A, or HA-BNIP3SL7E,
Cells expressing exogenous HA-BNIP3 are asterisked (*) and LC3B/TOMM20 overlap
is detected as white puncta (green and magenta overlap). (Done in collaboration with

Althea Bock-Hughes)
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Figure 3.7: Mutation of S17 in BNIP3 modulates colocalization of LC3 and
TOMM20 (continued). (B) Quantification of LC3B/TOMM20 overlap for each of the
different forms of BNIP3 compared to cells not expressing BNIP3. *p<0.05, **p<0.01,
***n<0.001, ***p<0.0001.
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To corroborate these findings, we then co-stained for TOMM20 and LAMP1, a
lysosomal marker, in order to examine mitochondrial turnover at the lysosome.
Consistent with the previous result, HA-BNIP357A displayed a diminished ability to
promote LAMP1 and TOMMZ20 overlap as compared to wild-type, suggesting a defect in
the targeting of mitochondria to the lysosome (Figure 3.8, bottom left). However, HA-
BNIP3S17A remained more effective than the mitophagy-null mutant HA-BNIP3W18A
(Figure 3.8, top right). Once again, HA-BNIP3S1’E expression resulted in a dramatic
decrease in TOMMZ20 staining, having essentially removed most of the cellular

mitochondrial mass via mitophagy (Figure 3.8, bottom right).

To assess the inconsistencies between the protein-protein interaction studies in
293TABNIP3 cells and the immunofluorescence colocalization studies in U20S2BNIP3 cells,
we then performed pulldowns in U20S28NIP3 cells co-expressing GFP-LC3 and HA-
BNIP3 mutants. We hypothesized that the interaction of GFP-LC3 and HA-BNIP3 in
U20S2BNIP3 cells would be consistent with the observed outcomes of the
immunofluorescence data as opposed to the previous pulldown data, possibly due
differences in the physiology of 293T cells. 293T cells are commonly used for
exogenous overexpression of proteins due easy transfectability and high rates of
expression, however these cells are typically not used for functional studies.?'* Indeed,
the results of the GFP-LC3 pulldown in U20S2BNIP3 cells were consistent with the
immunofluorescence data (Figure 3.9). HA-BNIP3S7A exhibited similar rates of GFP-
LC3 binding to wild-type in both the presence and absence of bafilomycin A1, consistent
with the immunofluorescence data in which we observed similar degrees of LC3B and

TOMM20 overlap. Interestingly, both HA-BNIP3WT and HA-BNIP3S17E displayed similar
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Figure 3.8: Mutation of S17 in BNIP3 modulates colocalization of LAMP1 and
TOMM20. Immunofluorescent staining for TOMMZ20 (green, mitochondria), LAMP1
(magenta, lysosomes), HA-BNIP3 (red) and DAPI (blue) in U20S2BNIP3 cells transiently
expressing HA-BNIP3, HA-BNIP3S7A or HA-BNIP3S17E, Cells expressing exogenous
HA-BNIP3 are asterisked (*) and LAMP1/TOMM20 overlap is detected as white puncta
(green and magenta overlap). (Done in collaboration with Althea Bock-Hughes)
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Figure 3.9: Mutation of S17 in BNIP3 modulates its LC3 interaction in U20S cells
consistent with immunofluorescence data. Pulldown of GFP-LC3 transiently
expressed in U20S2BNIP3 cells with stably expressed HA-BNIP3 (WT) and different HA-
BNIP3 mutants (W18A, S17A, S17E) or empty vector (EV) control, in the presence or
absence of 100 nM bafilomycin Al. Inputs to the pulldown are shown on the left and the
result of the pulldown on the right.
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levels of interaction with GFP-LC3 in the absence of bafilomycin A1, however blocking
autophagic flux resulted in a dramatic increase in the interaction of GFP-LC3 and HA-
BNIP3S17E as compared to wild-type (Figure 3.9, lanes 4 and 10). This effect on the
interaction is consistent with the striking removal of mitochondrial mass by HA-
BNIP3S1E in the immunofluorescence data, and is suggestive of enhanced
mitochondrial flux. Together, these findings indicate that the S17E mutation that mimics
ULK1 phosphorylation markedly increases mitophagy while the S17A mutation that

blocks ULK1 phosphorylation decreases mitophagy relative to wild-type BNIP3.

Mitochondrial turnover as aresult of S17 phosphorylation suppresses oxygen
consumption and cellular proliferation

Given the effect of S17 mutation on apparent rates of mitophagy and changes in
mitochondrial mass, we next examined its effect on mitochondrial respiration. Oxygen
consumption rates were measured in U20S2BNIP3 cells stably expressing HA-BNIP3
constructs. HA-BNIP3WT-expressing U20S2BNIP3 cells displayed repressed oxygen
consumption compared to cells expressing empty vector (EV), consistent with a
reduction in mitochondrial mass due to BNIP3-dependent mitophagy (Figure 3.10, red
versus black). The S17A mutant was modestly less effective than wild-type at
decreasing oxygen consumption, although the differences in basal oxygen consumption
rates were withing the margin of error (Figure 3.10, red versus blue). Strikingly,
expression of HA-BNIP3S17E resulted in a marked reduction in both basal and maximal
oxygen consumption rates, consistent with the dramatic reduction in mitochondrial mass

we observed in our immunofluorescence studies (Figure 3.10, green; Figure 3.7).
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Figure 3.10: Phosphorylation of S17 decreases oxygen consumption. Oxygen
consumption rate (OCR) of U20S2BNIP3 cells stably expressing HA-BNIP3, HA-
BNIP3S17A or HA-BNIP3S17E compared to empty vector control (EV). *p<0.05, **p<0.01,
***p<0.001, ***p<0.0001.
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Finally, given the effect of S17 mutation on oxygen consumption rates, we next
investigated how S17 mutation affects cellular proliferation. Previous work from our
laboratory has established a growth suppressive function for BNIP3, due in part to
decreased mitochondrial mass resulting from BNIP3-dependent mitophagy.*3!
Therefore, due to the effect of S17 mutation, particularly S17E, on mitochondrial mass,
we expected to observe an effect on cellular proliferation. To assess this effect, we
generated U20S2BNIP3 cells stably co-expressing a nuclear GFP marker (NucLight-GFP)
and HA-BNIP3 constructs. Consistent with previous observations, overexpression of
HA-BNIP3WT decreased cellular proliferation as compared to empty vector (Figure 3.11,
red line). Similarly, expression of HA-BNIP3S17A resulted in a decrease in cellular
proliferation indistinguishable from that of wild-type (Figure 3.11, blue line). Finally, in
line with the immunofluorescence and oxygen consumption rate data, expression of HA-
BNIP3S1E |ed to a dramatic slowdown in the growth of U20S2BNIP3 cells (Figure 3.11,
green line). Taken together, these results indicate that the phosphorylation of S17 on
BNIP3 by ULK1 promotes the interaction of BNIP3 with LC3, increases mitophagy,

lowers rates of cellular respiration, and decreases cellular proliferation.
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Figure 3.11: Phosphorylation of S17 decreases cellular proliferation. Cellular
proliferation rate of U20S2BNIP3 cells stably expressing HA-BNIP3, HA-BNIP3S17A or HA-
BNIP3S17E compared to empty vector control (EV). Comparison of HA-BNIP3 to HA-
BNIP3S17A was not significant. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001.
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Conclusions

In this chapter, we identified a novel role for ULK1 in regulating BNIP3-induced
mitophagy through phosphorylation of S17, adjacent to its LIR motif. In addition to
BNIP3, we also identified BNIP3L as an ULK1 target that is phosphorylated adjacent to
its LIR motif at S35. Both S17 of BNIP3 and S35 of BNIP3L closely matched the
established ULK1 consensus motif, and mutation of these sites decreased
phosphorylation by ULK1 in in vitro kinase assays.>® Mutation of S17 did not fully ablate
the in vitro phosphorylation of BNIP3 by ULK1, suggesting the possibility of additional
sites. However, further analysis of the BNIP3 sequence yielded only poor patches to the
ULK1 consensus motif, and mutation of these sites did not affect in vitro
phosphorylation. Therefore, it is likely that the remaining phosphorylation signal is due
to nonspecific phosphorylation as a result of the highly concentrated conditions of the

assay.

We next sought to determine the effects of S17 phosphorylation on the
interaction of BNIP3 and LC3. Phospho-null mutation of S17 to alanine (S17A) greatly
decreased the interaction of HA-BNIP3 to GFP-LC3 in a 293T exogenous protein
expression system. Phosphomimetic mutation of S17 to glutamic acid (S17E) slightly
decreased the interaction of HA-BNIP3 with GFP-LC3 as compared to wild-type.
However, treatment with the inhibitor bafilomycin A1, which inhibits turnover of
autophagosomes at the lysosome, yielded a greater change in S17E pulldown than that

of wild-type, suggesting that S17E results in enhanced autophagic flux.

In order to gain a greater understanding of the effects of S17 status on

mitophagy, we next assessed the colocalization of mitochondria with GFP-LC3 in the

66



presence of HA-BNIP3 mutants in an osteosarcoma cell line. Interestingly, in this
system S17A mutation resulted in mitochondrial and GFP-LC3 localization that was less
than that of wild-type but greater than the LC3-binding-null W18A mutant, in contrast
with the previous pulldown results. Additionally, S17E mutation strikingly reduced
mitochondrial staining in cells relative to wild-type, consistent with a more effective
clearance of mitochondria by mitophagy. To address the discrepancy between the
pulldown and immunofluorescence data, we next assessed the interaction of HA-BNIP3
and GFP-LC3 in the osteosarcoma cell line. Interestingly, these results were consistent
with the immunofluorescent data, suggesting that 293T cells, which are infrequently
used for assessment of cell physiology, may yield slightly different results, possibly due

to physiological defects in mitophagy.

Given the effect on rates of mitophagy, we next sought to assess the effect of
S17 phosphorylation on oxygen consumption rates and cellular proliferation. Consistent
with the pulldown and immunofluorescence data, S17A oxygen consumption rates and
cellular proliferation were similar to that of wild-type. Expression of S17E, however,
resulted in dramatically reduced oxygen consumption rates and cellular proliferation.
These results are consistent with S17E decreasing mitochondrial mass due to

increased rates of mitophagy.

Taken together, the above results indicate that mimicking ULK1 phosphorylation
at S17 markedly increases mitophagy while blocking S17 phosphorylation decreases
mitophagy relative to wild-type (Figure 3.12). Interestingly, these results are consistent
with those reported for the ULK1 phosphorylation of FUNDC1, suggesting a broader

role for ULK1 in the specific upregulation of mitophagy as opposed to general
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autophagy. This regulation of several mitophagy cargo receptors by ULK1 may
emphasize the critical nature of mitophagy, specifically, in response to cellular stressors
such as hypoxia. How intracellular conditions, such as hypoxia, trigger the specific

upregulation of mitophagy by ULK1 should be the focus of future studies.

Finally, we aimed to determine how FLAG-ULK1 overexpression affected the
interaction of HA-BNIP3 with GFP-LC3, expecting to find enhanced interaction of wild-
type HA-BNIP3 with GFP-LC3 in the presence of FLAG-ULK1. This result was
unexpectedly obfuscated by an observation that FLAG-ULK1 overexpression
dramatically increased HA-BNIP3 protein levels, irrespective of S17 status, suggesting
a distinct, mitophagy-independent mechanism of BNIP3 stabilization by ULK1. In the
next chapter, we focus on uncovering the mechanism of this mitophagy-independent

regulation of BNIP3 stability by ULK1.
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Figure 3.12: Model of the phosphorylation of S17 in BNIP3 by ULK1. BNIP3
integrates into the OMM in response to hypoxia and nutrient stress. Following ULK1
recruitment to the mitochondria, phosphorylation of S17 by ULK1 promotes mitophagy,
thereby decreasing mitochondrial mass, oxygen consumption, and cellular proliferation.
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CHAPTER 4

ULK1 PROMOTES THE STABILIZATION OF BNIP3 BY INHIBITING ITS

PROTEASOMAL TURNOVER

Introduction

In the previous chapter, we described our novel finding that ULK1 regulates the
interaction of BNIP3 with LC3 via phosphorylation of S17 of BNIP3. This
phosphorylation event was shown to result in increased mitochondrial turnover by
BNIP3-induced mitophagy, as well as decreased rates of oxygen consumption and
cellular proliferation, likely due to decreased mitochondrial mass. Interestingly, we also
noted that overexpression of FLAG-ULK1 resulted in increased levels of HA-BNIP3
protein, possibly due to an effect of FLAG-ULK1 on HA-BNIP3 protein stabilization. Our
work with phospho-null and phosphomimetic mutants of S17 showed no indication of an
effect on protein stability outside of changes in rates of mitophagy, and protein levels of
S17-mutant constructs of HA-BNIP3 were equally affected by FLAG-ULK1

overexpression, suggesting a mitophagy- and S17-independent mechanism.

Previous studies have demonstrated that BNIP3 acts as a stress response
protein through increased rates of transcription in response to cellular stressors
including hypoxia.®* However, many stress response proteins are regulated both
transcriptionally and post-translationally in response to cellular stressors.° Little is
known about the post-translational modification or stabilization of existing BNIP3 protein

in response to hypoxia and other stressors.

In this chapter, we examined the mechanism through which the presence of

active ULK1 affects BNIP3 protein levels. We investigated the effects of ULK1 protein
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inhibition by ULK-101 on endogenous BNIP3 protein levels, and how this inhibition
effects levels of BNIP3 protein in response to hypoxic stress. We also further explored
the effect of FLAG-ULK1 overexpression on HA-BNIP3 protein levels. We assessed a
series of HA-BNIP3 point and domain deletion mutants for resistance to FLAG-ULK1-
induced BNIP3 protein stabilization and found that deletion of the “BH3” domain
resulted in increased protein stability in the absence of FLAG-ULK1 and resistance to
FLAG-ULK1-induced protein stabilization. We also identified the ULK1 domain
responsible for interaction with BNIP3 and determined that deletion of this domain
ablates the stabilization effect on HA-BNIP3 protein. Finally, we sought to identify the

domain or domains of BNIP3 responsible for interaction with ULK1.

ULK1 promotes BNIP3 and BNIP3L protein stability by preventing their
proteasomal degradation

Our studies thus far have indicated a role for ULK1 in phosphorylating BNIP3 and
BNIP3L. In the case of BNIP3, exogenous expression of a phosphomimetic mutant
resulted in an increased interaction with LC3 as compared to wild-type, leading to
enhanced mitochondrial clearance via mitophagy. Given these results, we next sought
to determine the effect of ULK1 inhibition on endogenous BNIP3 and BNIP3L. It is well
established that BNIP3 and BNIP3L are induced by hypoxia and localize to
mitochondria to promote hypoxia-induced mitophagy.1°* ULK1 was also reported to be
induced and recruited to mitochondria by hypoxia, therefore we speculated that ULK1
may be modulating the mitophagy functions of BNIP3 and BNIP3L during hypoxia.®?
Following 8 hours at 1% oxygen, BNIP3 and BNIP3L protein levels were maximally

induced in both parental U20S and Saos2 cells, and these levels were sustained
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through 16 hours (Figure 4.1, Figure 4.2). Surprisingly, ULK1 protein levels were not
significantly affected by hypoxia as observed by western or immunofluorescence, nor
was ULK1 activity as indicated by no change in phospho-S555 ULK1 or ULK1-medaited
phospho-S29 ATG14 levels (Figure 4.1, Figure 4.2, Figure 4.3). These results suggest
that ULK1 is constitutively active in these osteosarcoma cell lines. When we inhibited
ULK1 using ULK-101 following 16 hours of growth in hypoxia, we observed decreased
phosphorylation of S555 of ULK1 and S29 of ATG14 despite no change in ULK1 or
ATG14 levels, consistent with ULK-101 effectively inhibiting ULK1 kinase activity.
Interestingly, after 16 hours of growth in hypoxia, ULK-101 treatment markedly
decreased levels of both BNIP3 and BNIP3L protein, suggesting increased rates of
BNIP3 and BNIP3L turnover in the absence of ULK1 activity (Figure 4.1, Figure 4.2).
This decrease in hypoxia-induced BNIP3 levels following ULK-101 treatment was
further confirmed via immunofluorescence in U20S cells (Figure 4.4). In order to
determine the cellular mechanism through which this turnover occurs, we added MG132
or bafilomycin Az, to inhibit the proteasome or block autophagic turnover, respectively.
Surprisingly, treatment with MG132 appeared to inhibit the effect of ULK-101 on BNIP3
and BNIP3L protein levels, while bafilomycin A1 had no effect. This result suggested
that ULK-101 promotes BNIP3 and BNIP3L turnover at the proteasome, which further

implies that ULK1 limits the proteasomal degradation of BNIP3 and BNIP3L.
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Figure 4.1: ULK1 inhibition limits BNIP3 accumulation under hypoxia in U20S
cells. Western blot for BNIP3, BNIP3L, ULK1, pS555-ULK1, ATG14, pS29-ATG14 and
B-actin on. Whole cell lysates from U20S cells exposed to hypoxia for 0, 4, 8 or 16
hours (lanes 1- 4) or for 16 hours in the presence of vehicle control and/or ULK-101,
MG132 or bafilomycin Al (lanes 6 — 10). Quantification levels are standardized relative
to 1.0 representing the 16-hour hypoxia timepoint.
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Figure 4.2: ULK1 inhibition limits BNIP3 accumulation under hypoxia in Saos2
cells. Western blot for BNIP3, BNIP3L, ULK1, pS555-ULK1, ATG14, pS29-ATG14 and
B-actin on. Whole cell lysates from Saos2 cells exposed to hypoxia for 0, 4, 8 or 16
hours (lanes 1- 4) or for 16 hours in the presence of vehicle control and/or ULK-101,
MG132 or bafilomycin Al (lanes 6 — 10). Quantification levels are standardized relative
to 1.0 representing the 16-hour hypoxia timepoint.
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Figure 4.3: ULK1 protein levels are not significantly affected by hypoxiain U20S
cells. Immunofluorescent staining for TOMM20 (green, mitochondria), ULK1 (red,
autophagosomes) and DAPI (blue) in U20S cells at atmospheric oxygen (top panels) or
1% oxygen/hypoxia (bottom panels). (Done in collaboration with Althea Bock-Hughes)
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Figure 4.4: Immunofluorescence demonstrating ULK1 inhibition limits BNIP3
accumulation under hypoxiain U20S cells. Immunofluorescent staining for TOMM20
(green, mitochondria), BNIP3 (red, autophagosomes) and DAPI (blue) in U20S cells at
atmospheric oxygen (Untreated), plus ULK1 inhibitor (+ ULK-101), 1% oxygen (hypoxia)
or the combination of 1% oxygen plus the ULK1 inhibitor (hypoxia + ULK-101). (Done in
collaboration with Althea Bock-Hughes)
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Much of the analysis of BNIP3 and BNIP3L expression levels has largely focused
on their transcriptional regulation by a number of transcription factors, including HIF1.10%
However, we have found that BNIP3 protein levels are also strongly regulated post-
translationally through proteasomal degradation. BNIP3 levels are induced upon 4
hours of treatment with MG132 alone in all cell lines tested, including U20S, Saos2,
HCC38, and Pancl (Figure 4.5). Interestingly, stably expressed exogenous HA-BNIP3
in MiaPacaz2 cells, which are epigenetically silenced for endogenous BNIP3, also
demonstrate a rapid stabilization of HA-BNIP3, indicating that the effects of MG132 on
BNIP3 protein levels are not mediated through increased BNIP3 transcription (Figure
4.6). These results suggest that, like many stress response proteins, BNIP3 is
consistently being expressed at a basal level and turned over at the proteasome in the
absence of an expression-inducing stress, such as hypoxia. Treating cells grown in
hypoxia with MG132 did not result in a further increase of BNIP3 protein levels,
suggesting that hypoxia inhibits proteasomal turnover of BNIP3 protein (Figure 4.1,
Figure 4.2). Combined with the observation that ULK-101 decreased BNIP3 protein
levels in hypoxia-treated cells, these results further suggest that hypoxia limits the

proteasomal degradation of BNIP3 in a manner that is dependent on ULK1.
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Figure 4.5: BNIP3 is turned over at the proteasome in the absence of stress. (A-D)
Western blot for endogenous BNIP3 in U20S (A), Saos2 (B), Panc-1 (C), HCC38 (D)
cells in response to MG132 treatment for 0, 4, 8, 16, 24 hours.
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Given this observed role for ULK1 in limiting the proteasomal degradation of
BNIP3, we next sought to determine how rapidly ULK1 inhibition increased the rate of
BNIP3 protein turnover. Following 16 hours of treatment with DFO, which stabilizes
HIF1a to increase BNIP3 expression without inducing ROS, we washed out the DFO
and treated cells with cycloheximide to inhibit protein synthesis in the presence or
absence of MG132 and ULK-101. Monitoring BNIP3 levels under these conditions
allowed us to assess how inhibition of the proteasome or ULK1 affected the rate of
decay of BNIP3. Following removal of DFO in the presence of cycloheximide, BNIP3
protein decayed rapidly and was barely detectable after 4 hours (Figure 4.7). However,
treatment with MG132 blocked the decay of BNIP3, such that 4 hours of co-treatment
with cycloheximide with MG132 resulted in similar protein levels as those seen at O
hours following removal of DFO. Conversely, upon treatment with ULK-101 we
observed a more rapid decay in BNIP3 protein levels, such that BNIP3 was barely
detectable upon 2 hours of co-treatment with cycloheximide and ULK-101 following
removal of DFO. Combining MG132 and ULK-101 treatment in the presence of
cycloheximide following removal of DFO protected BNIP3 against decay, suggesting
that ULK1 inhibition was causing the proteasomal degradation of BNIP3. These results
indicate that ULK1 activity acts to stabilize BNIP3 protein levels by blocking its turnover

at the proteasome.
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Figure 4.7: Inhibition of ULK1 increases the rate of BNIP3 protein decay. Western
blot for endogenous BNIP3 in U20S cells treated overnight with DFO to induce BNIPS3,
then washed out for DFO and immediately treated with cycloheximide (CHX) to block
new protein synthesis and either MG132 to inhibit the proteasome and/or ULK-101 to
inhibit ULK1 kinase activity. Visualized BNIP3 levels from western bands were
guantified via densitometry and graphed. Quantification levels are standardized relative
to 1.0 representing the 0-hour CHX (left, lane 2) and 0-hour CHX + ULK-101 (right, lane

7) timepoints, respectively.
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ULK1 protects BNIP3 from proteasomal degradation in a manner dependent on its
“BH3” domain

After having established that ULK1 inhibition leads to the proteasomal turnover of
endogenous BNIP3, we aimed to uncover how ULK1 acts to block BNIP3 turnover at
the proteasome. Overexpressing FLAG-ULK1 stabilized HA-BNIP3 protein
independently of S17 mutation (Figure 3.6), therefore we explored the ability of FLAG-
ULKZ1 to protect a variety of HA-BNIP3 mutants from degradation. In addition to the
S17A and S17E mutants we have described thus far, we also assessed the effects of
FLAG-ULK1 overexpression on HA-BNIP3 constructs with domain deletions a the
“‘BH3”, PEST, and TM domains, as well as a point mutation at G180A (Figure 4.8). As
compared to BH3-only proteins, the BNIP3 “BH3” domain (amino acids 109-119) is very
poorly conserved with only 2 of the 11 residues of the consensus sequence
maintained.'* No function of the BNIP3 “BH3” domain has been determined, as BNIP3
is known to bind Bcl2 and Bcl-X. independently of its “BH3” domain and remains
capable of promoting mitophagy in its absence (ABH3).%2” The BNIP3 PEST domain
(amino acids 56-68) was originally identified based on an enrichment of proline (P),
glutamic acid (E), serine (S), and threonine (T) which is found in other proteins targeted
for proteasomal degradation.3-2° Mutation of G180 to alanine (G180A) within the
transmembrane domain of BNIP3 prevents dimerization of BNIP3 but allows the
integration of BNIP3 into the outer mitochondrial membrane as a monomer.*>> Deletion
of the transmembrane domain (amino acids 164-184; ATM) prevents both dimerization

and integration of BNIP3 into the outer mitochondrial membrane. 3’
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Figure 4.8: Schematic of BNIP3 point mutants and domain deletions. Wild-type,
point mutants (S17A, S17E, G180A), and domain deletion mutants (ABH3, APEST,
ATM) of HA-BNIP3 were produced for pulldown assays. The ABH3 and APEST
deletions have no previously characterized function. The G180A mutation blocks BNIP3
dimerization. The ATM mutation blocks BNIP3 integration into the OMM, as well as

BNIP3 dimerization.
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To assess the effect of ULK1 on BNIP3 stability, we compared levels of HA-
BNIP3 wild-type and mutant protein in the presence or absence of exogenously
expressed FLAG-ULK1 (Figure 4.9). As we previously observed (Figure 3.6), FLAG-
ULK1 overexpression increased the protein levels of HA-BNIP3WT, HA-BNIP3S17A and
HA-BNIP3S7E  indicating that FLAG-ULK1 could promote BNIP3 protein stabilization
independently of serine 17 phosphorylation (Figure 4.9, lanes 1-3 compared to lanes 8-
10). Similarly, protein levels of the APEST mutant were also increased by FLAG-ULK1
overexpression, suggesting that ULK1 stabilization of BNIP3 does not require the PEST
domain (Figure 4.9, lane 5 compared to lane 12). Additionally, FLAG-ULK1
overexpression stabilized the G180 mutant, indicating that BNIP3 dimerization was not
required for ULK1-induced stabilization (Figure 4.9, lane 6 compared to lane 13). Of
note, protein levels of the ATM mutant were minimally affected by FLAG-ULK1
overexpression, suggesting that the stabilizing effect of ULK1 on BNIP3 protein may
rely on the integration of BNIP3 into the outer mitochondrial membrane (Figure 4.9, lane
7 compared to lane 14). Interestingly, deletion of the “BH3” domain increased BNIP3
protein levels independently of FLAG-ULK1 expression, exhibiting the highest protein
expression levels of all HA-BNIP3 constructs (Figure 4.9, lane 4 compared to lanes 1-3
and 5-7). The ABH3 mutant exhibited no change in protein levels upon FLAG-ULK1
overexpression (Figure 4.9, lane 4 compared to lane 11). Taken together, these results
suggest that residues within the BNIP3 “BH3” domain promote the proteasomal
degradation of BNIP3 and that this degradation may be suppressed by ULK1 in a

manner dependent on BNIP3 integration into the outer mitochondrial membrane.
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Figure 4.9: Deletion of the “BH3” domain of BNIP3 blocks the stabilization effect
of ULK1. Western blot for HA-BNIP3 and different mutant forms of HA-BNIP3
expressed in 293T cells in the presence (lanes 8-14) or absence (lanes 1-7) of
exogenous FLAG-ULK1. Quantification levels are standardized relative to 1.0
representing the HA-BNIP3%WT-expressing condition in the absence of FLAG-ULK1.
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Having established the increased protein level of the ABH3 mutant and its
resistance to ULK1 stabilization, we next investigated how the turnover of HA-BNIP3WT
and HA-BNIP328H3 differ, and how this turnover is affected by FLAG-ULK1. Cells
expressing HA-BNIP3VT and HA-BNIP32BH3 were treated with cycloheximide to inhibit
protein synthesis and HA-BNIP3 protein levels were monitored over time. We again
noted that levels of the ABH3 mutant were higher than that of wild-type and observed
that the ABH3 mutant did not decay as rapidly over time (Figure 4.10, lanes 1-6
compared to lanes 7-12). Overexpression of FLAG-ULKZ1 resulted in levels of HA-
BNIP3WT that were similar to that of HA-BNIP32BH3 \while levels of HA-BNIP32BH3
remained unchanged. In the absence of FLAG-ULK1, wild-type HA-BNIP3 protein levels
were visibly different following 4 hours of cycloheximide treatment. However, in the
presence of FLAG-ULK1, the decay was slowed, with visible differences in protein
levels following 8 hours of cycloheximide treatment (Figure 4.10, lanes 1-6 compared to
lanes 13-18). Conversely, the turnover of HA-BNIP328H3 protein appeared to be

relatively unaffected by the presence of FLAG-ULK1 as compared to HA-BNIP3WT,

Based on our understanding of ULK1 phosphorylating BNIP3 on S17, we next
sought to investigate the effect of combining the “BH3” domain deletion with either S17A
or S17E on BNIP3 stability. Combining S17A or S17E with ABHS3 increased levels of
each combination mutant compared to the single mutation of S17A or S17E, but did not
increase protein levels to that of ABH3 alone (Figure 4.11). Overexpression of FLAG-
ULK1 increased levels of the combination mutants to levels comparable to that of the
ABH3 mutant alone. The observation that deletion of the “BH3” domain in combination

with the S17A and S17E mutants stabilizes BNIP3 in the absence of FLAG-ULK1, but
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Figure 4.10: The ABH3 form of BNIP3 is stabilized in the absence of UKL1.
Western blot for HA-BNIP3 in cells expressing HA-BNIP3WT or HA-BNIP328H3 mutant, in
the presence or absence of FLAG-ULK1. Cells were treated with cycloheximide (CHX)
to block new protein synthesis and harvested over time.
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Figure 4.11: BNIP3 S17/ABH3 combination mutants are more stable that WT but
further stabilized by ULK1. Western blot for HA-BNIP3 and different mutant forms of
HA-BNIP3 expressed in 293T cells in the presence (lanes 7 - 12) or absence (lanes 1-6)
of exogenous FLAG-ULK1. Quantification levels are standardized relative to 1.0
representing the HA-BNIP3WT-expressing condition in the absence of FLAG-ULK1.
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not to the extent to which it is stabilized in the presence of ULK1 suggests that the
S17A/ABH3 and S17E/ABH3 mutants are still being turned over in the absence of ULK1
and that mutation of S17 affects BNIP3 protein turnover. These results further support
the importance of the “BH3” region of BNIP3 in the stabilization of BNIP3 protein by

ULK1, acting alongside ULK1-regulated post-translational events at S17.

Given the role of the BNIP3 “BH3” domain in the ULK1 stabilization of BNIP3, as
well as the effect of S17 phosphorylation by ULK1 on BNIP3-induced mitophagy, we
next assessed whether deletion of the “BH3” domain affected HA-BNIP3 and GFP-LC3
interaction. Once again, deletion of the “BH3” domain resulted in increased protein
levels relative to HA-BNIP3WT. An increase in HA-BNIP32BH3 pulldown with GFP-LC3
relative to wild-type was observed, however this is likely explained by the increased HA-
BNIP3 protein levels in the input, and not due to an enhancement in binding (Figure
4.12). Interestingly, while the combination of S17A and S17E mutation with “BH3”
domain deletion did result in an increase in HA-BNIP3 protein levels relative to WT,
there was no observed change in HA-BNIP3 and GFP-LC3 interaction compared to the
observed results with S17A and S17E mutation alone (Figure 4.12, Figure 3.5). Similar
to our previous results with single mutants, interaction of HA-BNIP3S17AABHS with GFP-
LC3 was undetectable, and the interaction of GFP-LC3 with HA-BNIP3S17E/ABH3 a5 |ess
than that of wild-type. These results indicate that while the “BH3” domain deletion may
enhance HA-BNIP3 and GFP-LC3 interaction via increased HA-BNIP3 protein levels,
the phosphorylation status of S17 has a dominant effect in determining the interaction

with GFP-LC3.
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Figure 4.12: Deletion of the “BH3” domain increases HA-BNIP3 protein levels but
does not affect LC3 interaction. Pulldown of GFP-LC3 stably expressed in HEK-293T
cells with transiently expressed HA-BNIP3 (WT) and different HA-BNIP3 mutants
(DBH3, S17A/DBH3, S17E/DBH3) in the presence or absence of 100 nM bafilomycin
Al. Inputs to the pulldown are shown on the left and the result of the pulldown on the
right. Quantification levels are standardized relative to 1.0 representing the HA-
BNIP3WT-expressing condition in the absence of BafA1.



BNIP3 interacts with ULK1 via its C-terminal domain

Having uncovered two ways through which ULK1 affects BNIP3 stability and
function, we next assessed how these two proteins interact. In order to determine the
domain through which ULK1 interacts with BNIP3, we created FLAG-ULK1 vectors with
domain deletions in regions previously identified as interaction sites with autophagy
proteins. Deletion sites included amino acids 278-351 in the S/P spacer domain, amino
acids 829-1051 constituting the entire c-terminal domain (CTD) which mediates
interactions with ATG13 and other proteins, as well as the very C-terminal 14 amino
acids from 1038-1051 which is believed to be required for the inhibitory dominant
negative autophagy function of ULK1 (Figure 4.13).58 Additionally, we mutated the
active site at lysine 46 to asparagine (K46N) to create a kinase-dead mutant.
Unfortunately, deletion of amino acids 278-351 as well as the K46N mutation resulted in
unstable forms of FLAG-ULK1 that we were unable to express to adequate levels for
comparison to wild-type and the remaining mutants (data not shown). Therefore, we

proceeded with wild-type, A829-1051, and A1038-1051.

FLAG-ULK1 wild-type and mutants were co-overexpressed with wild-type HA-
BNIP3, followed by FLAG-ULK1 pulldown. Wild-type HA-BNIP3 efficiently pulled down
with FLAG-ULKZ1, indicating that BNIP3 is another autophagy protein that interacts with
ULK1 (Figure 4.14). Interestingly, expression of the ACTD FLAG-ULK1 mutant resulted
in reduced levels of HA-BNIP3 WT as compared to the effect of FLAG-ULK1%WT,
suggesting that FLAG-ULK12C™P was incapable of stabilizing HA-BNIP3 protein (Figure
4.14, lane 3 compared to lane 4). Further supporting this observation, deletion of the

CTD markedly decreased the binding of HA-BNIP3 to FLAG-ULK1 (Figure 4.14, lane 7
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Figure 4.13: Schematic of ULK1 point mutant and domain deletions. Wild-type,
K46N point mutant, and domain deletion mutants (A278-351, A829-1051, A1038-1051)
of FLAG-ULK1 were produced for pulldown assays. The K46N and A278-351 mutants
were unstable and unable to express at adequate levels for study alongside wild-type
and the remaining mutants. The A829-1051 deletion accounts for the entire ULK1 c-
terminal domain (CTD). The A1038-1051 deletion accounts for the last 14 amino acids
of ULK1, which are thought to bind an unknown autophagy regulator protein critical for a
dominant-negative autophagy inhibitory function of ULK1.
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Figure 4.14: BNIP3 interacts with the ULK1 CTD (amino acids 829-1051). Pulldown
of FLAG-ULKZ1 stably expressed in 293T cells with transiently expressed HA-BNIP3
(WT) and different mutant forms of FLAG-ULK1 (full-length, A 829-1051, A1038-1051).
Inputs to the pulldown are shown on the left and the result of the pulldown on the right.
Quantification of HA-BNIP3 pulldown was adjusted for background signal in the empty
vector lane. Quantification levels are standardized relative to 1.0 representing the
FLAG-ULK1%"T-expressing condition.
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compared to lane 6). Unexpectedly, FLAG-ULK1A1038-1051 expression resulted in
increased HA-BNIP3 protein levels relative to FLAG-ULK1WT (Figure 4.14, lane 4
compared to lane 2), as well as enhanced binding to HA-BNIP3 (Figure 4.14, lane 8
compared to lane 6). These results suggest that deletion of amino acids 1038-1051 may
have removed sequences that allow the interaction of FLAG-ULK1 with another protein
that normally competes with BNIP3 for ULK1-binding. Together, these findings indicate
that BNIP3 is another autophagy protein that interacts with ULK, and support a model in
which ULK1 binds BNIP3 via its CTD to protect BNIP3 from degradation and

phosphorylate BNIP3 on S17 to boost rates of mitophagy.

ULKT1 interacts with BNIP3 at multiple sites, possibly including its “BH3” domain
Given our results demonstrating that ULK1 phosphorylates BNIP3 on S17, we
next worked to determine how mutation of BNIP3 at S17 affected ULK1 binding to
BNIP3. Wild-type FLAG-ULK1 was co-overexpressed alongside wild-type HA-BNIP3 or
constructs mutated at S17 followed by FLAG-ULK1 pulldown in the presence or
absence of the ULK1 active site inhibitor ULK-101. Treatment with ULK-101 resulted in
an increased interaction of FLAG-ULK1 with all forms of HA-BNIP3 tested (Figure 4.15,
lanes 9-16). This result is consistent with a hypothesis that an active kinase dissociates
from its substrate following phosphorylation, and that inhibition of the kinase active site
may delay or stop said detachment. In support of this hypothesis, HA-BNIP3S17A which
is unable to be phosphorylated, exhibited increased binding to FLAG-ULK1 as
compared to wild-type HA-BNIP3 (Figure 4.15, lanes 11-12 and 13-14). HA-BNIP3S7E,

which mimics phosphorylation, interacted with FLAG-ULK1 at levels similar to that of
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Figure 4.15: S17 mutation affects the interaction of BNIP3 with ULK1. Pulldown of
FLAG-ULK1 transiently expressed in 293T cells with transiently expressing HA-BNIP3
(WT) and different HA-BNIP3 mutants (S17A, S17E) or empty vector (EV) control in the
presence or absence of ULK-101. Inputs to the pulldown are shown on the left and the

result of the pulldown on the right.
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wild-type (Figure 4.15, lanes 11-12 and 15-16). In the absence of ULK-101, this may be
due to the phosphorylation of HA-BNIP3WT by FLAG-ULK1, resulting in a similar protein
conformation at the S17 site between wild-type and S17E mutant. However, this does
not explain why HA-BNIP3WT and HA-BNIP3S17E exhibit similar binding affinity to FLAG-
ULK1 in the absence of ULK-101. We hypothesized that this may be due to FLAG-ULK1
interacting with HA-BNIP3 via multiple domains. Docking domains, or substrate binding
regions that are not part of the active site, are frequently observed in kinase-substrate
interactions and aid in substrate recognition and specificity.?'®> Similarly, while the ULK1
kinase domain likely interacts with the region surrounding S17, the CTD of ULK1 may

interact with a separate BNIP3 domain.

Given the apparent role of the “BH3” domain in the ULK1 stabilization of BNIP3,
we next tested the interaction of HA-BNIP32813 and S17/ABH3 combination mutants
with FLAG-ULK1. Once again, HA-BNIP32BH3 and the S17/ABH3 combination mutants
displayed higher protein levels than that of wild-type or the S17 mutants alone (Figure
4.16, lanes 5-7). As observed in the previous experiment, HA-BHIP3S17A interacted
more strongly with FLAG-ULK1 than wild-type, and HA-BNIP3S7E interacted to a similar
degree as wild-type (Figure 4.16, lanes 9-11). The amount of HA-BNIP328H3 protein
pulled down by FLAG-ULK1 was similar to that of wild-type, however when accounting
for the increased input levels of HA-BNIP328H3 relative to wild-type, the “BH3” deletion
may have decreased binding to FLAG-ULK1 (Figure 4.16, lanes 9 and 12). The
interaction of HA-BNIP3S17A88H3 gand FLAG-ULK1 was decreased as compared to S17A

alone, and interestingly, was similar to that of the “BH3” deletion mutant, suggesting that
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Figure 4.16: Deletion of the “BH3” domain may decrease the interaction of BNIP3
with ULK1. Pulldown of FLAG-ULK1 transiently expressed in 293T cells with transiently
expressing HA-BNIP3 (WT) and different HA-BNIP3 mutants (S17A, S17E, ABH3,
S17A/ABH3, S17E/ABH3) or empty vector (EV) control. Inputs to the pulldown are
shown on the left and the result of the pulldown on the right. Quantification levels are
standardized relative to 1.0 representing the HA-BNIP3“T-expressing condition.
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the “BH3” domain may play a dominant role over the S17 phosphorylation site in the
interaction of BNIP3 and ULK1 (Figure 4.16, lanes 10 and 12-13). Finally, the S17E and
“‘BH3” deletion combination mutant had dramatically reduced binding as compared to all
forms of HA-BNIP3 tested, suggesting an additive effect (Figure 4.16, lane 14). This is
consistent with a model in which the ULK1 CTD binds to BNIP3, possibly at the “BH3”
domain, followed by phosphorylation of BNIP3 at S17 by the ULK1 kinase domain
(Figure 4.17). It is important to note, however, that the S17E/ABH3 combination mutant
does not fully inhibit the interaction of FLAG-UKL1 and HA-BNIP3, which implies that
additional BNIP3 domains may be involved in the interaction. Based on the size
disparity between ULK1 and BNIP3, it is not unreasonable to posit that the ULK1 CTD
may interact with multiple BNIP3 domains, likely including the “BH3” domain (Figure

4.17).

Conclusions

In this chapter, we identified a novel role for ULK1 in promoting BNIP3 stability by
limiting its turnover at the proteasome. We found that BNIP3 protein levels are rapidly
increased upon inhibition of the proteasome, indicative of proteasomal regulation of
BNIP3. However, treating cells grown in hypoxia with proteasome inhibitors did not
further increase protein levels, suggesting that hypoxia inhibits proteasomal turnover of
BNIP3. Interestingly, treating cells grown in hypoxia with the ULK1 inhibitor ULK-101
resulted in decreased BNIP3 protein levels which was reversed by proteasomal
inhibition, suggesting that hypoxia limits the proteasomal degradation of BNIP3 in a

manner that is dependent on ULK1. These results were further supported by observing
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Figure 4.17: Model of the stabilization of BNIP3 protein by ULK1. Like many stress
response proteins, Bnip3 is consistently expressed but BNIP3 protein is rapidly turned
over at the proteasome in the absence of stress (likely due yet unknown ubiquitination
events). We find that ULK1 stabilizes BNIP3 protein under stressors such as hypoxia or
nutrient stress, which increases BNIP3 protein levels to allow mitophagy to proceed. It
remains unknown whether ULK1 always phosphorylates BNIP3 on S17 following the
stabilization of BNIP3.
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differences in the decay of endogenous BNIP3 protein in the presence of ULK-101,

proteasomal inhibition, or a combination thereof.

Conversely, we observed that FLAG-ULK1 overexpression protected HA-BNIP3
from degradation. As observed in the previous chapter, this stabilizing effect was
independent of S17 phosphorylation status, suggesting that an additional domain or
domains may be involved. Indeed, upon testing a number of HA-BNIP3 point mutants
and domain deletions, we found that HA-BNIP3 with a deleted “BH3” domain was
relatively unaffected by the overexpression of FLAG-ULKZ1. Interestingly, the ABH3 HA-
BNIP3 mutant also exhibited increased protein levels and protein stability relative to
wild-type in the absence of FLAG-ULK1. Deletion of the “BH3” domain had no
observable effect on the binding of HA-BNIP3 to GFP-LC3 after adjusting for increased
protein levels due to “BH3” deletion. Combinations of S17 mutation with “BH3” domain
deletion behaved similarly to that of S17 mutation alone, suggesting that the effect of

S17 status on GFP-LC3 binding was unaffected by “BH3” domain status.

We next sought to determine the domains of FLAG-ULK1 required for interaction
with HA-BNIP3. Using domain deletion mutants of FLAG-ULK1, we found that the ULK1
CTD is required for interaction with HA-BNIP3. Consistent with this observation, FLAG-
ULK12CTP was also incapable of stabilizing wild-type HA-BNIP3 protein, suggesting that
the interaction between HA-BNIP3 and the FLAG-ULK1 CTD is responsible for HA-
BNIP3 stabilization. Interestingly, this domain is known to bind other autophagy-related
proteins, including ATG13, and further work is necessary to determine the cellular
conditions under which ULK1 binds BNIP3 as opposed to other autophagy-related

binding partners.5® We also observed that FLAG-ULK1 deleted for the final 14 C-
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terminal amino acids (A1038-1051) increased HA-BNIP3 protein levels greater than that
of wild-type FLAG-ULK1, as well as enhanced the interaction of HA-BNIP3 with FLAG-
ULKZ1. This region of ULK1 is believed to be important for the inhibitory dominant
negative autophagy function of ULK1, however the proteins responsible for binding this
region remain unknown.%® Our observations suggest that the proteins responsible for
binding this region of ULK1 may compete with the ability of BNIP3 to bind the CTD,
although further work is necessary to determine the cellular context and significance of

this event.

Finally, we sought to determine the domains of HA-BNIP3 required for interaction
with FLAG-ULK1. We found that HA-BNIP3 with a S17A mutation exhibited increased
interaction with FLAG-ULK1 as compared to wild-type HA-BNIP3, while the S17E
mutant bound to FLAG-ULK1 in a manner similar to that of wild-type. This observation is
consistent with a hypothesis that kinases detach from their substrates following the
phosphorylation event, which would explain the increased binding of the phospho-null
S17A mutant and the similarity between the phosphomimetic S17E mutant and the wild-
type construct which is able to be phosphorylated by FLAG-ULK1. However, this
hypothesis does not explain the similarity between the binding of FLAG-ULK1 to wild-
type and S17E mutated HA-BNIP3 in the presence of ULK1 inhibition, which suggests
that the interaction between the proteins may involve additional domains of BNIP3.
FLAG-ULK1 and HA-BNIP3 sharing multiple binding sites is unsurprising, as we would
expect the N-terminal kinase domain of ULK1 to interact with S17 of BNIP3, but we
observed that the C-terminal domain of FLAG-ULK1 is critical to HA-BNIP3 binding.

Based on its resistance to FLAG-ULK1-indcued protein stabilization, we next tested
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whether deletion of the HA-BNIP3 “BH3” domain affected the interaction between
FLAG-ULK1 and HA-BNIP3. We found that deletion of the “BH3” domain appeared to
slightly decrease the interaction of the two proteins, but more importantly, the
combination of S17E with ABH3 dramatically decreased the interaction of HA-BNIP3
and FLAG-ULK1, suggesting an additive effect. It is important to note, however, that the
interaction was not entirely abolished by this combination of mutants, suggesting that
additional domains of BNIP3 may be involved in the interaction with ULK1. Based on
the molecular weight disparity between BNIP3 and ULKZ1, it is entirely feasible that
multiple domains of BNIP3 may interact with the ULK1 CTD, and future work must be

done to elucidate the identity of these domains.

Our studies have identified a novel function for ULK1 in regulating the stability of
BNIP3 by blocking its proteasomal turnover. As will be discussed in Chapter 6, this role
may have clinical significance, as ULK1 inhibitors are currently being tested in
combination with mTOR inhibition in an attempt to overcome the failure of mTOR
inhibitors in clinic.5%1090.216-218 previous work from our lab has identified a growth-
suppressive function of BNIP3 in human cancers.'3! BNIP3 is also known to play a
number of important roles in liver homeostasis.*?®172 Our observations in this study
indicate that ULK1 inhibition would decrease BNIP3 protein levels, possibly resulting in
a loss of liver homeostasis or a growth-promoting phenotype in healthy tissues,
however this hypothesis requires additional study. We have also identified the first
known function of the poorly conserved BNIP3 “BH3” domain as a regulator of BNIP3
protein stability. How the presence of this domain promotes protein turnover in the

absence of ULK1 remains unknown, however we hypothesize that it may be the site of
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ubiquitination or SUMOylation events. Indeed, there are two lysine residues present in
this domain (at positions 111 and 112), however initial work with these sites has yielded

no indication of post-translational events (data not shown).
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CHAPTER 5
DEVELOPMENT OF A Bnip3 CONDITIONAL KNOCKOUT MOUSE MODEL

Introduction

Genetically engineered mouse models are tools commonly used to study human
disease due to the pathophysiological similarities between many diseases in mice and
humans. In order to assess the role of BNIP3 in cancer progression and metastasis, our
lab has utilized mouse models of tumorigenesis crossed with mice carrying a whole-
body (constitutive) knockout of Bnip3. Crossing Bnip3 knockout mice with the MMTV-
PyMT mouse mammary tumor model revealed that BNIP3-induced mitophagy delays
tumor progression by preventing the accumulation of dysfunctional mitochondria and
excess production of ROS, further establishing a growth-suppressing role for BNIP3 in
cancer!3l, Similar projects have been initiated in other tumor types, including pancreatic
ductal adenocarcinoma and hepatocellular carcinoma. While constitutive knockouts are
useful for characterizing the effects of a protein in diseases, including cancer, there are
drawbacks. Some proteins, including BNIP3, play important roles in specific tissues,
and loss of these roles by constitutive knockout may affect phenotypes in the modeling
of a disease. For example, BNIP3 is highly expressed in liver tissue, and work from our
lab has shown that it plays an important role in lipid metabolism, metabolic
homeostasis, and zonation in the liver, especially in response to fasting.1?8172
Constitutive knockout of Bnip3 to study tumorigenesis in mammary or pancreatic tissue
would also result in knockout in the liver. The resulting effect on lipid metabolism or liver

function may affect the phenotypes observed in the tumorigenesis model. Constitutive
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models are also unable to assess the effects of the loss of a protein at different stages

of tumorigenesis, as the gene is knocked out in all tissues at all times.

To solve these problems, methods for conditional knockout models have been
developed, including Cre/loxP technology. Cre recombinase, originally derived from the
P1 bacteriophage, excises “floxed” regions of DNA, meaning DNA located between two
loxP sites.?® A loxP site is a 34 base pair sequence composed of two palindromic
recognition sequences flanking a spacer region.??° The loxP sites are genetically
engineered into murine embryonic stem (ES) cells, which can be injected into a
blastocyst to produce a chimeric mouse in which the modified ES cells may be
incorporated in the germ line. In order to conditionally knockout the floxed gene in a
specific tissue, mice are engineered to express Cre recombinase controlled by cell-
specific promoters and enhancers, such as the albumin (Alb) promoter which
exclusively expresses Cre recombinase in the liver.??! In this case, the loxP sites will
only be exposed to Cre in liver tissue, leading to tissue-specific excision of the DNA
sequence. It is also possible to temporarily induce Cre expression by using an
exogenous inducer such as tamoxifen or tetracycline, which allows investigators to

knockout floxed genes of interest at a certain age or stage of disease.??!

In this chapter, we sought to develop a conditional Bnip3 knockout mouse model
for future studies in the lab. This model is now being used in several grant-funded

research projects studying metabolic phenotypes and tumor progression.
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Developing a Bnip3 conditional knockout mouse model

In order to develop a Bnip3 conditional knockout mouse model, we collaborated
with the Transgenics/ES Cell Technology Mouse Core Facility at the University of
Chicago. Through this collaboration with the core, we generated a targeting vector with
5" and 3’ homology arms that would allow homologous recombination of a target
sequence containing cis placement of loxP sites in the same directional orientation
between exons 1 and 2, as well as exons 5 and 6 (Figure 5.1). Therefore, expression of
Cre recombinase would result in the excision of Bnip3 exons 2-5, effectively knocking
out expression of the protein (Figure 5.1D). The targeting vector also contained a Neo
cassette for selection in murine embryonic stem (ES) cells, which was flanked by FLP
recombinase target (FRT) sites for excision by flippase recombinase (FLP) after
development of the mouse (Figure 5.1B and Figure 5.1C). Following targeting vector
linearization, electroporation into ES cells, and initial screening of 192 clones using
PCR, we next performed a Southern blot on 8 positive clones to confirm homologous
recombination at the 3’ end of the targeted sequence, at the request of our collaborators
in the core facility (Figure 5.2). Based on signal intensity in the 3’ Southern Blot (Figure
5.2, lanes 2 and 3), clones 19 and 23 were selected for implanting into pseudopregnant

females.
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A Wild-type allele (mouse ch7):

Exon 1 Exon2 Exon3 Exon4 | Exon5 m

B Floxed-in allele:

Exon 1 Exon2 Exon3 Exon4 | Exon5 | - ‘ m—

C Floxed-in allele (Neo removed by FLP):

Exon 1 Exon2 Exon3 Exon4 | Exon5 | m

D Floxed-out allele:

;

4 L]

Figure 5.1: Schematic of the wild-type, floxed-in, and floxed-out Bnip3 alleles.
Introns and non-coding sequence are represented by lines. Bnip3 exons are
represented by dark gray boxes. LoxP sites are represented by red triangles. The
neomycin cassette is represented by a light gray box. FRT sites are represented by
white boxes. A) The wild-type murine Bnip3 allele on chromosome 7 contains 6 exons.
B) LoxP sites and a neomycin cassette (for selection in ES cells) flanked by FRT sites
were inserted between exons 1-2 and 5-6 using a targeting construct. C) The neomycin
cassette was excised by crossing floxed-in mice with FLP-expressing mice. D) Exons 2-
5 of Bnip3 can be conditionally excised by crossing floxed-in mice with mice expressing
cre in specific tissues.
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Figure 5.2: Southern blot to detect 3’ integration of the targeting construct. A
Southern blot was performed to confirm integration of the targeting construct in ES
clones following electroporation and selection. The Southern probe was designed to
detect integration of the 3’ end of the targeting construct. Due to signal strength, clones
19 and 23 were selected for implanting into pseudopregnant females.
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The chimeric offspring were bred to achieve Bnip3 "WT mice as genotyped by the
presence or absence of the 3’ end of the inserted sequence. These mice were then
crossed with a number of Cre-expressing mice, including Alb-Cre (liver), Pdx1-Cre
(pancreas), and Mox2-Cre (embryonic), in order to test the efficacy of the loxP sites for
Bnip3 deletion in specific tissues. We collected pancreas samples from two Bnip3 ™WT
mice, one positive and one negative for Pdx1-Cre, as well as tail and spleen samples
for negative controls, and performed PCR analysis to detect wild-type and floxed-in
alleles. We expected to observe both the wild-type and floxed-in alleles in the tail and
spleen samples, and an absence of the floxed-in band in the pancreas sample.
Surprisingly, no reduction in the floxed-in allele was observed in the pancreas sample
as compared to tail and spleen, suggesting that Cre was unable to excise the sequence
between the two loxP sites (Figure 5.3). Similar results were observed in mice
expressing Cre in other tissues regardless of age, maternal inheritance of Cre, or tissue

site.
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Figure 5.3: Testing of pancreatic deletion of Bnip3 in Bnip3 "WT mice. Bnip3 VT and
Bnip3 "™T mice as well as a Bnip3 "™WT mouse expressing Pdx1-Cre were sacrificed,
and tail, spleen, and pancreas samples were collected for DNA extraction followed by
PCR using primers designed to detect wild-type and floxed-in alleles. No Bnip3 deletion
was observed in the pancreas of the Pdx1-Cre-positive mouse, indicating that cre was
unable to excise the sequence between the two loxP sites.
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To determine why Bnip3 deletion was not occurring in tissues expressing Cre, we
designed PCR primers to amplify the loxP site and surrounding sequence of both the 5’
and 3’ sites (Figure 5.4). These primers were then utilized in amplifying the
aforementioned sequences in the targeting vector, as well as DNA collected from the
positive ES cells as previously measured by Southern blot (Figure 5.2). Following
amplification, we excised the expected floxed-in and wild-type bands, purified the DNA,
and submitted it for sequencing. The 3’ primers were designed with one of the primers
located within the inserted Neo cassette sequence, so only the presence or absence of
a floxed allele could be detected, with no expected wild-type control band (Figure 5.4A).
Consistent with the Southern blot and our previous genotyping, the targeting vector and
all of the ES clones yielded the expected PCR product and were positive for the 3’ loxP
site by sequencing. The 5’ primers were designed with both primers located in wild-type
mouse genomic sequence and therefore both the wild-type and floxed-in alleles could
be detected, with the floxed-in allele containing approximately 90 base pairs of inserted
sequence (Figure 5.4B). Consistent with our inability to observe a floxed-out allele in
Cre-expressing mice from clones 19 and 23, we observed no 5’ floxed-in allele in ES
clones 19, 23, or 47. To confirm these results, both the wild-type and floxed-in PCR
products were sequenced, and as expected, no 5’ loxP site was observed in the

sequence of ES clones 19, 23, or 47.
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Figure 5.4: PCR ampilification of the 5’ and 3’ |oxP sites of selected ES clones for
sequencing. Sequences surrounding the 5’ and 3’ loxP sites in selected ES clones
were amplified via PCR and visualized by agarose gel for analysis. Bands were then
excised, purified, and submitted for sequencing (data not shown). A) Visualization of the
3’ loxP site, which was previously tested via Southern Blot. The targeting vector and all
ES clones were positive for presence of the 3’ loxP site. Primer design did not allow
detection of wild-type alleles. B) Visualization of the 5’ loxP site. Primer design allowed
the detection of both wild-type (lower band) and loxP-containing (upper band) alleles.
ES clones 19, 23, and 47 were not positive for the 5’ loxP site, suggesting an error in
homologous recombination had occurred.
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Based on the PCR and sequencing results, we decided implant ES cell clone 67
into pseudopregnant females. The resulting chimeric mice were then bred to yield mice
with a Bnip3 ™WT genotype. These mice were then distributed to members of the lab and
crossed with a number of Cre-expressing mice, including Alb-Cre (liver), Pdx1-Cre
(pancreas), and MCK-Cre (muscle) to eventually achieve Bnip3 ¥ Cre-positive mice.
The lab then collected tail and pancreas samples from a Pdx1-Cre-negative; Bnip3 "
mouse, tail and pancreas samples from a Pdx1-Cre-positive; Bnip3 ¥ mouse, tail and
muscle samples from an MCK-Cre-positive; Bnip3 ! mouse, and a tail sample from a
Bnip3 wild-type mouse to assess the presence of wild-type, floxed-in, and floxed-out
bands via PCR (Figure 5.5). As expected, the wild-type allele was detected in the Bnip3
wild-type mouse. Only the floxed-in allele was detected in the Cre-negative tissue
samples, as well as the tail samples from each Bnip3 " mouse. Finally, the floxed-out
allele was detected in the pancreatic tissue of the Pdx1-Cre-positive mouse, as well as
the muscle tissue of the MCK-Cre-positive mouse. Floxed-in allele was detected in Cre-
expressing tissues, but this is likely due to the presence of cells of different lineages
residing within the tissue samples, including fibroblasts and immune cells. These PCR
results demonstrate that Bnip3 exons 2-5 are indeed being excised only within the
tissues of interest, and that we have successfully developed a conditional Bnip3
knockout mouse model for future studies. However, the absence of BNIP3 protein will
need to be confirmed via western blot and immunohistochemistry for each tissue of

interest.
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Figure 5.5: Testing of pancreas-specific and muscle-specific deletion of Bnip3in
Bnip3 " mice. Bnip3 ! mice expressing no cre, Pdx1-Cre (pancreas), or MCK-Cre
(muscle) were sacrificed and tail and either pancreas or muscle samples were collected
for DNA extraction followed by PCR using primers designed to detect wild-type, floxed-
in, and floxed-out alleles. The floxed-in allele was detected in all tissue samples of
Bnip3 ¥ mice. Detection in cre-expressing tissues was likely due to the presence of
cells of different lineages residing within the tissue samples (e.qg. fibroblasts). The
floxed-out allele was detected in the pancreas sample of the Pdx1-Cre-positive mouse
as well as the muscle sample of the MCK-Cre-positive mouse, demonstrating tissue-
specific deletion of Bnip3. (Done in collaboration with Cara Anderson and Grazyna
Bozek)
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Conclusions

In this chapter, we collaborated with the Transgenics/ES Cell Technology Mouse
Core Facility at the University of Chicago to develop a Bnip3 conditional knockout
mouse model. This model will allow us to specifically delete Bnip3 in tissues of interest
while maintaining normal levels of expression in other tissues. This model has a vast
variety of potential uses. First, our lab will utilize his model to create genetically
“cleaner” models of a number of human diseases already studied by the lab, including
pancreatic and liver cancer, as well as metabolic disorders such as fatty liver disease.
Upon crossing the Bnip3 floxed mouse with tamoxifen-inducible Cre, we can also study
the effects of BNIP3 loss at different stages of molecular pathogenesis or
tumorigenesis. For example, the molecular pathogenesis of hepatocellular carcinoma,
which involves steatosis followed by NASH.??2 Finally, we have also acquired a
conditional knockout model of the Bnip3 homolog Bnip3Il. Recent work has
demonstrated BNIP3L acts as a growth promoter in the progression of pancreatic ductal
adenocarcinoma while our unpublished work with a constitutive and conditional
knockout of Bnip3 indicates a growth suppressive role for BNIP3.21 Crossing a
combination of the Bnip3 and Bnip3l conditional knockout models with a pancreas-
specific Cre would allow us to determine which effect is dominant in future studies

piecing apart the functional differences between these homologous proteins.
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CHAPTER 6
DISCUSSION

Summary and significance

The work presented in this dissertation identifies a previously unknown function
for ULK1 in regulating mitophagy. We show that ULK1 promotes the interaction of
BNIP3 with LC3 by phosphorylating BNIP3 at S17. Mimicking phosphorylation of S17
resulted in increased overlap of LC3 with mitochondria as well as decreased
mitochondrial mass as compared to wild-type BNIP3, suggestive of increased rates of
mitophagy (Figure 3.12). In addition to BNIP3, our work identifies S35 of BNIP3L
(homologous to S17 of BNIP3) as an ULK1 phosphorylation site. Both S17 of BNIP3
and S35 of BNIP3L had previously been reported to be phosphorylated, but the identity
of the kinase responsible remained unknown.'33135 ULK1 has also previously been
shown to phosphorylate both FUNDC1 and Bcl2-L-13 to promote their respective
interactions with LC3 family proteins thereby increasing rates of mitophagy.%223 Taken
together, these results further support an emerging role for ULK1 in specifically
upregulating mitophagy. Canonically, ULK1 is known to promote general autophagy in
response to changes in nutrient status via the phosphorylation of Beclinl and ATG14,
however our work suggests that under specific cellular contexts, ULK1 also specifically
upregulates the turnover of mitochondria via mitophagy.’* Work in this dissertation as
well as the literature suggest that hypoxic stress may be one such context. Future
studies are required to elucidate the intracellular signaling necessary to specifically

promote ULK1 to perform its mitophagy-enhancing function.
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In addition to phosphorylating BNIP3 at S17 to promote LC3 interaction, we show
that ULK1 also affects BNIP3 protein stability (Figure 4.17). ULK1 inhibition with ULK-
101 repressed BNIP3 protein levels in a manner dependent on the proteasome,
suggesting that ULK1 acts to block BNIP3 proteasomal turnover. Interestingly, this
repressed turnover was not due to changes in mitophagy, as treatment with bafilomycin
A1 was unable to rescue the ULK-101 treatment phenotype. BNIP3 is traditionally
believed to act as a stress response protein based on its dramatic transcriptional
upregulation in response to a number of cellular stressors, most notably hypoxia.t0t
However, in order to rapidly respond to cellular stress, many stress response proteins
are continuously expressed at basal levels and ultimately degraded in the absence of
stressors. Upon initiation of stress, these existing proteins are stabilized by covalent
modification or other rapid mechanisms to block their turnover while the transcriptional
machinery upregulates additional expression (Figure 6.1A).1%° Our work with
proteasomal inhibitors indicates that like other stress response proteins, BNIP3 is also
expressed in the absence of stress and turned over at the proteasome. Further,
treatment with ULK-101 resulted in proteasomal turnover of BNIP3 in hypoxia-treated
cells, suggesting that the stabilization of BNIP3 protein under hypoxic stress is

dependent on the covalent modification or binding of BNIP3 by ULK1 (Figure 6.1B).

116



Stressor

Transcription Stress Stress Cellular
. =P broteins _I State

Factor Genes

B Low O,

Increased

mitopha
Upregulated phagy

HIF-1a )  Bnip3 = BNIP3 _I Hypoxia
expression A

| |
= ULK1-induced
stabilization

| ]
]
]
*

Figure 6.1: Model of the epigenetic and post-translational regulation of stress
response proteins. A) Cellular response to external stressors often involves both
transcriptional (solid outer lines) and post-translational (dotted inner lines) mechanisms.
Transcription factors are activated by the stressor or cellular state, leading to the
upregulation of stress-response genes. However, existing stress-response proteins may
be stabilized through post-translational modification or other rapid mechanisms in order
to increase the rate of response. Adapted from Zhang et al.1¢° B) Bnip3 is
transcriptionally upregulated by HIF-1a in response to hypoxic stress. Our work
demonstrates that in addition to this transcriptional control, BNIP3 protein is also
stabilized by ULK1. Stabilization of BNIP3 protein results in increased rates of
mitophagy to limit O2 consumption and ROS generation in response to hypoxia.
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Conversely, we demonstrated that overexpression of ULK1 leads to a
stabilization of BNIP3 protein, resulting in increased BNIP3 protein levels. Stabilization
of BNIP3 occurred independently of S17 phosphorylation, as both S17A and S17E
mutant forms of BNIP3 were stabilized to the same degree as wild-type. Following the
test of several point- and domain deletion mutants of BNIP3, we identified two domain
deletion mutants with resistance to ULK1-induced BNIP3 protein stabilization. First,
BNIP3 protein harboring a deletion of the transmembrane domain (ATM), which is
required for integration of BNIP3 into the OMM, was relatively unaffected by ULK1
overexpression. This suggests that ULK1 may be stabilizing BNIP3 at the mitochondria
following its integration into the OMM. Second, BNIP3 protein with a deleted “BH3”
domain (ABH3) appeared resistant to the effects of ULK1 overexpression. Interestingly,
the ABH3 form of BNIP3 exhibited increased protein levels relative to wild-type, as well
as increased protein stability in the absence of ULK1. These results suggest that ULK1-

induced stabilization of BNIP3 protein may rely on the BNIP3 “BH3” domain.

To further understand how the interaction of BNIP3 and ULK1 affected BNIP3
protein levels, we sought to determine which domain of ULK1 was required for the
interaction. We found that the ULK1 C-terminal domain was required for the interaction
of ULK1 with BNIP3. The ULK1 CTD is known to bind autophagy related proteins,
including ATG13, suggesting that BNIP3 is yet another autophagy-related protein
known to interact with ULK1.%8 Interestingly, overexpression of a CTD-null form of ULK1
(ACTD) failed to increase levels of BNIP3 protein, suggesting that the ability of ULK1 to

bind BNIP3 is critical for its effect on BNIP3 stability.
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Uncovering the domains of BNIP3 necessary for ULK1 binding requires
additional study. We found that blocking S17 phosphorylation (S17A) resulted in
increased binding to ULK1, while a phosphomimetic mutant of BNIP3 (S17E) interacted
with ULK1 to a similar extent as wild-type. This interaction between S17 of BNIP3 and
ULK1 almost certainly occurs at the N-terminal ULK1 kinase domain. Meanwhile, the
ULK1 C-terminal domain appears to act as a docking domain to aid in substrate
anchoring and specificity.?*> Preliminary results from our work suggest that the ULK1
CTD may, in part, interact with the BNIP3 “BH3” domain, as “BH3” deletion led to a
slight decrease in BNIP3 and ULK1 interaction relative to wild-type. Importantly,
combination of ABH3 and S17E mutation dramatically decreased the interaction of
BNIP3 with ULK1, suggesting an additive effect. However, it is important to note that the
combination of mutations did not fully ablate the interaction, and that additional BNIP3
domains may play a role in the interaction of BNIP3 with ULK1. To hypothesis that the
ULK1 CTD may interact with multiple domains of BNIP3 is not unreasonable
considering the size disparity between the ULK1 CTD and the cytosolic N-terminus of
BNIP3 following integration into the OMM. Further work combining domain deletions of
BNIP3 is necessary in order to fully understand the domains required for interaction with

ULK1.

Under what cellular contexts does ULK1 phosphorylate and/or stabilize BNIP3?
Our study into the post-translational regulation of BNIP3 has uncovered two

modes of BNIP3 regulation by the kinase ULK1. We show that ULK1 phosphorylates

BNIP3 on S17, adjacent to its LIR motif, to promote its interaction with LC3 at the

autophagosome. Additionally, ULK1 stabilizes BNIP3 protein by blocking its
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proteasomal turnover, leading to increased BNIP3 protein levels. Taken together, we
find that ULK1 has a dual effect on promoting BNIP3-induced mitophagy in response to
hypoxia. While our endogenous studies were done in the context of hypoxia, the scope

of cellular contexts under which ULK1 regulates BNIP3 remains unknown.

In addition to hypoxia, BNIP3 is known to be transcriptionally regulated by
several other stress-related proteins including NF-kB, PPARa, FoxO3, and p53.130:162-
168 For many stress response proteins, transcriptional upregulation is accompanied by
post-translational stabilization to increase the rapidity of stress response.6® While
performing our study, we sought to determine the contexts under which S17 is
phosphorylated, which would also suggest ULK1 binding. To do so, we worked with a
company to design a pS17-BNIP3 phospho-specific antibody, however this process has
high rates of error and the final antibody did not recognize its epitope (data not shown).
Therefore, we focused our attention on studying the effects of ULK1 inhibition on
endogenous BNIP3 in response to the best characterized context of BNIP3 induction,
hypoxia. We found that BNIP3 protein is stabilized by ULK1 binding, however whether
and how BNIP3 stabilization occurs under additional cellular contexts has yet to be
determined. Interestingly, ULK1 is also known to be regulated by a number of the same
stress-related proteins as BNIP3. For example, PPARa and FoxO3 are known to
transcriptionally upregulate both BNIP3 and ULK1.2?4-2?6 Understanding the
mechanisms of BNIP3 stabilization concurrent with transcriptional upregulation is critical
to understanding its function as a stress response protein. Future studies will focus on
whether ULK1 stabilizes BNIP3 under each of these contexts, or if other proteins

perform similar roles under different contexts.
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It also remains unclear whether BNIP3 competes with other autophagy-related
proteins to bind the ULK1 CTD. Further study of ULK1 CTD interactors and their
potential competition with BNIP3 may shed additional light onto the contexts in which
ULK1 regulates BNIP3 stability. For example, the CTD is known to bind ATG13, which
is a critical component of the ULK1 complex responsible for autophagy initiation.
Whether both ATG13 and BNIP3 can interact with ULK1 simultaneously or if the
interaction with either ATG13 or BNIP3 promotes general autophagy versus mitophagy,
respectively, remains unknown. Simultaneous binding or separate pools of ULK1
binding either protein may be the most likely outcome, as ATG13 interaction with ULK1

is required for the clearance of depolarized mitochondria by autophagy.8!

In addition to finding that the CTD is required for BNIP3 interaction, our work
demonstrated an effect of the 14-most C-terminal amino acids (amino acids 1038-1051)
of ULK1 on BNIP3 binding. Deletion of amino acids 1038-1051 of ULK1 resulted in an
increase in the stabilization of BNIP3 as compared to wild-type ULK1, as well as an
enhancement in the interaction of ULK1 and BNIP3 that could not be fully explained by
the increase in BNIP3 protein levels. The final 14 amino acids of the ULK1 protein
sequence are believed to be required for the inhibitory dominant negative autophagy
function of ULK1 via the binding of an unknown protein.>® These results suggest that
this unknown protein competes with BNIP3 for ULK1 binding, as the presence of the
unknown protein binding site decreases the interaction of BNIP3 with ULK1 (Figure 6.2).
It is possible that this unknown protein interaction and the subsequent dominant
negative function not only helps to decrease rates of autophagy following cessation of

stress, but may also inhibit the interaction of ULK1 with BNIP3 in order to block BNIP3
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Figure 6.2: Model of competitive binding of ULK1 with either BNIP3 or unknown
autophagy regulator protein X. Our work demonstrated that deletion of the last 14
amino acids of ULK1 (1038-1051) resulted in an increase in HA-BNIP3 protein levels
relative to wild-type ULK1, as well as an increase in ULK1 and BNIP3 interaction
beyond the increase in protein levels. 1038-1051 is thought to be the binding site for an
unknown autophagy-regulating protein (X) which is responsible for the dominant-
negative autophagy inhibitory function of ULK1. Our results suggest that BNIP3 and
protein X may compete for ULK1 binding, and that the binding of ULK1 to protein X
promotes BNIP3 protein degradation, possibly in the absence of stress.
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stabilization and decrease protein levels in the absence of stress. Although outside of
the scope of our current study, identifying the unknown protein that interacts with ULK1
amino acids 1038-1051 through a proteomics approach may shed additional light onto

the contexts under which ULK1 stabilizes BNIP3 protein.

How is BNIP3 turned over at the proteasome?

Our work with proteasomal inhibitors indicates that like other stress response
proteins, BNIP3 is constantly expressed at low levels in the absence of stress, followed
by degradation at the proteasome. Upon hypoxic stress, BNIP3 protein is stabilized,
likely via a mechanism dependent on the binding of the ULK1 CTD to BNIP3. However,

the mechanism by which ULK1 blocks BNIP3 proteasomal turnover remains unknown.

BNIP3 and its homolog BNIP3L are tail-anchored proteins that do not possess N-
terminal mitochondrial-targeting signal peptides. Instead, these proteins are post-
translationally integrated into the OMM via a mechanism reliant on the positively
charged residues flanking their moderately hydrophobic C-terminal transmembrane
domains.1%%:157.227 Many tail-anchored OMM proteins are known to be regulated by the
ubiquitin proteasome system.??8 Parkin is one of several mitochondrial-associated E3
ubiquitin ligases, well known for its role in targeting depolarized mitochondria to the
autophagosome.% However, studies have also demonstrated a role for parkin in
stimulating the retrotranslocation, and subsequent proteasomal degradation, of
mitochondrial proteins by the AAA-ATPase p97, through a process termed the

mitochondrial-associated degradation system,.228-230

Based on the evidence presented in this dissertation, we hypothesize that the
binding of ULK1 to BNIP3 is blocking the retrotranslocation and subsequent degradation

123



of BNIP3 by limiting the access of p97 and E3 ubiquitin ligases to BNIP3 at the OMM. In
addition to our evidence of ULK1 inhibition enhancing the proteasomal turnover of
endogenous BNIP3 under hypoxia, we found that transmembrane domain-null (ATM)
BNIP3, which is unable to integrate into the OMM, was relatively unaffected by ULK1-
induced BNIP3 stabilization as compared to wild-type. These results suggest that ULK1-
induced stabilization takes place at the surface of the OMM. Additionally, the large size
of ULK1 (112 kDa) as compared to BNIP3 (21.4 kDa) would allow ULK1 binding to
effectively hinder the interaction of BNIP3 with other binding partners, possibly including
E3 ubiquitin ligases. Assessing potential interactions between BNIP3 and p97 or E3
ubiquitin ligases, and how these interactions regulate BNIP3 turnover will be the subject

of future investigation.

In addition to understanding how ULK1 blocks the proteasomal turnover of
BNIP3, future work must also determine the mechanism by which BNIP3 is targeted to
the proteasome in the absence of ULK1. Our work suggests a novel function for the
BNIP3 “BH3” domain in regulating this process. BNIP3 was originally identified as a
“BH3-only” protein, however the purported BH3 domain of BNIP3 is poorly
conserved.*®"41 The domain was originally believed to play a role in the interaction of
BNIP3 with Bcl-2 and Bcl-XL, however these interactions instead rely on the BNIP3 N-
terminus.'?” Our work demonstrates that deletion of the BNIP3 “BH3” domain increases
BNIP3 protein levels and enhances BNIP3 stability. While “BH3” deletion appeared to
increase the binding of BNIP3 to LC3, this observation was simply the result of
increased protein levels, meaning loss of the “BH3” domain did not affect the affinity of

BNIP3 to hind LC3. These observations set forth a model in which the BH3 domain
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limits mitophagy by promoting the proteasomal turnover of BNIP3. Consistent with a
role in proteasomal turnover, BNIP3 lacking a “BH3” domain was also resistant to
ULK1-induced BNIP3 stabilization. At this time, it is not clear how the “BH3” domain
promotes the proteasomal degradation of BNIP3, however there are two lysine residues
(at positions 111 and 112) located within the domain. It is possible that these residues
may be subject to ubiquitination or SUMOylation to promote BNIP3 turnover, however
preliminary results have yielded no supporting evidence (data not shown). Dissecting
the mechanism of BNIP3 targeting to the proteasome, and which E3 ligases are

responsible will be the focus of future studies.

Do effects on mitophagy and BNIP3 protein levels impact the clinical success of
co-treatment with mTORC1 and ULK1 inhibitors?

The mechanistic target of rapamycin complex 1 (mMTORC1) is considered a
principal regulator of cell metabolism and growth, coordinating signals from a variety of
upstream pathways in response to changes in nutrient-, oxygen-, and growth factor
status.?3! Due to its importance in cell growth and proliferation, aberrant expression of
upstream regulators leading to the constitutive activation of mTORC1 has been reported
in a wide variety of solid tumors.?'6 Therefore, drugs that selectively bind to and inhibit
MTORC1 were anticipated to elicit an anti-tumor effect by hindering cell metabolism and
lipid and protein synthesis. Sadly, first-generation mTORCL1 allosteric inhibitors, broadly
called “rapalogs”, were generally cytostatic instead of cytotoxic, and tumors often
regrew upon cessation of treatment.?3? This was believed to be due to their inability to
completely inhibit mTOR signaling, which led to the development of ATP-competitive

inhibitors of MTOR. These drugs are often called PISBK/mTOR inhibitors, as they are
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also known to inhibit PI3K due to high sequence homology in the hinge region of each
kinase.?®3 A number of PI3K/mTOR inhibitors appeared promising in pre-clinical studies,
however clinical trial results have been mixed.?1® For example, a phase /Il trial of the
PI3K/mTOR inhibitor BEZ235 was ended early due to toxicity and lack of clinical
efficacy. In fact, patients had shorter progression-free survival and trended toward
shorter overall survival as compared to patients treated with the rapalog Everolimus.?'8
The PISK/mTOR inhibitor PF-0469152 also demonstrated limitations when tested in a
variety of solid tumors. While PI3K was down-regulated, no objective tumor response

was observed.?1?

Some groups have hypothesized that the failure of ATP-competitive mTOR
inhibitors in the clinic may actually be due to the upregulation of autophagy in response
to mTOR inhibition. Autophagy plays a paradoxical role in the stages of tumorigenesis.
During transformation and tumor initiation, autophagy is upregulated in response to
oxidative stress, which limits genomic instability and suppresses transformation.3*
However, during malignant progression, autophagy is utilized to meet the metabolic
demands of the cell, as well as support anoikis resistance and dormancy.?** mTOR
regulates autophagy via the phosphorylation of ULK1 (at S757) and ATG13, which
represses the activity of the ULK1 complex responsible for autophagy initiation.386 At
least seven ULK1 inhibitors have been developed since 2015, including ULK-101 and
SBI-0206965.5%19° Recent work has demonstrated that treatment of nutrient-deprived
cells with mTOR inhibitors resulted the upregulation of autophagy, leading to cell

survival.>® However, co-treatment of the same nutrient-deprived cells with both mTOR
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and ULK1 selective inhibitors blocked the upregulation of autophagy, inducing cell

death.%®

While these early co-treatment results appear promising, the extent to which the
cell death-inducing effects of ULK1 inhibition are due to specific effects on mitophagy as
opposed to general autophagy remains unknown. Our work, in combination with work
on FUNDC1 and Bcl2-L-13, support an emerging role for ULK1 in specifically
upregulating mitophagy as opposed to general autophagy in nutrient stressed cells.
Further work should be done to determine if the survival of cells treated with mTOR
inhibitors alone is due to the specific upregulation of mitophagy by ULK1 as opposed to
upregulation of general autophagy. Understanding the importance of mitochondrial
mass, mitochondrial function, and mitophagy to the survival of mTOR inhibitor-treated
cells may yield additional drug targets for co-treatment in the event that co-treatment
with mTOR and ULK1 inhibitors is toxic or fails to induce cell death in the context of

specific tumor types.

Finally, it is also important to note that our findings indicate that ULK1 inhibition
results in increased turnover of BNIP3. Initial work studying co-treatment with mTOR
and ULKZ1 inhibitors has focused on the apparent synthetic lethality observed in nutrient-
deprived cells. The effects of BNIP3 loss in healthy cells co-treated with mTOR and
ULKZ1 inhibitors remains unknown. Work from our lab and others has demonstrated that
BNIP3 acts as a growth-suppressor, and loss of BNIP3 promotes tumor growth and
metastasis.!3! BNIP3 expression is commonly disrupted in a number of human
malignancies, including liver, gastric, and pancreatic cancer.29%.205206 BNIP3 is also

known to play important roles in the liver, and how downregulation of BNIP3 via
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inhibition of ULK1 will affect liver homeostasis remains unknown.*?8172 Additionally,
unpublished work from our lab has indicated that BNIP3 may have mitophagy-
independent functions and that these functions may play a role in the growth-
suppressive phenotype of BNIP3-expressing cells. Therefore, due to the potential of
metabolic or tumorigenic effects of BNIP3 loss following treatment with ULK1 inhibitors,
future investigation should focus on the effects of co-treatment with mTOR and ULK1

inhibitors on healthy, nutrient abundant tissues, with a particular focus on the liver.
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