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Introduction

Macroautophagy (herein autophagy) is a major intracellular pathway that is indispensable
for maintaining cellular homeostasis. Autophagy has been evolutionarily conserved in
organisms ranging from yeast to humans. The word autophagy, which is Latin for self-
eating, was first coined by Christian de Duve (Deter et al., 1967). He identified autophagy
as a process of self-cannibalization which involves sequestration of cellular components
within double membrane structures called autophagosomes, which then fuse with
lysosomes to form autolysosomes wherein complex macromolecules are degraded and
recycled for cellular use. The rate at which dynamic turnover of cellular components occurs
by the process of autophagy is called ‘autophagic flux’. Basal level of autophagy occurs in
all cells and tissues, and is indispensable for maintaining cellular homeostasis by protein
and organelle turnover (Mizushima et al., 2004; Musiwaro et al., 2013). Cellular stresses

such as nutrient starvation, pathogen invasion, organellar damage and protein aggregation



can increase levels of autophagy as an adaptive stress response. As autophagy is central to
maintaining cellular homeostasis, dysfunctional autophagy has been attributed to a variety
of major human disease such as cancer, neurodegeneration and cardiovascular diseases
(Jiang and Mizushima, 2013).

Relevance of the study

The importance of autophagy in human physiology is well documented. Dysfunctional
autophagy has been implicated in neurodegenerative diseases, intracellular infections and
cancers. Pharmacological modulation of autophagy to restore its levels is being pursued as
an attractive therapeutic approach (Galluzzi L et al., 2017). A big challenge in the
application of autophagy modulators in therapy is the lack of specific and potent inhibitors.
Several popular autophagy inhibitors such as Bafilomycin Al and Chloroquine inhibit
autophagy as a result of affecting lysosomal pH and hence are not specific autophagy

modulators.

In this work, we have characterized a novel small molecule inhibitor of autophagy EACC
which blocks autophagic flux by preventing autophagosome-lysosome fusion.
Interestingly, EACC acts specifically on autophagy and does not affect other vesicular
trafficking pathways such as endocytosis. Further investigations into its mechanism of
action showed that EACC affects the translocation of autophagy specific SNARE Stx17
and its partner SNARE SNAP29 on autophagosomes without hindering the completion of
autophagosomes. Additionally, EACC mediated block in autophagy is reversible, and upon
removing EACC Stx17 can translocate to autophagosomes and mediate autophagosome-
lysosome fusion. As Stx17 trafficking is quite dynamic, molecules like EACC can be used
as a tool to study Stx17 trafficking as well as to identify molecular players involved in this

process.



Chapter 1: General introduction and scope of the present investigation

Chapter 1 contains the general introduction about the history of autophagy and the
physiological roles of autophagy. Different types of autophagy and the steps involved in
process of autophagy have also been covered. The chapter also covers the role of autophagy
in health and disease with special emphasis on neurodegeneration, cancer and intracellular
infections. Finally, this chapter summarizes the need for modulation of autophagy in
therapeutics. It talks in detail about pharmacological modulation of autophagy by the use
of autophagy inducers and inhibitors and the need for more specific and potent modulators.
Chapter 2: Identification of EACC as a novel and selective inhibitor of autophagic

flux

This chapter describe the assays performed to establish EACC as a late stage inhibitor of
autophagic flux. We showed that EACC inhibits autophagosome-lysosome fusion in a dose
dependent manner and causes accumulation of autophagic cargo, p62. EACC treatment
does not affect cell viability within the intended treatment time. We also showed that EACC
selectively inhibits autophagic flux but does not affect lysosomes or other vesicular

trafficking events culminating at lysosomes.

Chapter 3: Step-by-step dissection of the effect of EACC on the process of autophagy

In the previous chapter, we performed several assays to establish EACC as a selective
inhibitor of starvation induced autophagic flux. In this chapter, we have tried to understand
which step of autophagy is inhibited by EACC. By a step-by-step study of the autophagy
process, we conclude that EACC does not affect early steps of autophagy, i.e., autophagy
signalling, formation and elongation of the isolation membrane or cargo capture by

autophagosomes.



Chapter 4: EACC reversibly affects translocation of autophagosomal SNARE Stx17

onto autophagosomes

In this chapter, we perform several assays to obtain a detailed mechanistic insight into the
action of EACC. We showed that EACC affects the translocation of autophagy specific
SNARE Stx17 and its partner SNARE SNAP29 on autophagosomes. EACC inhibits the
interaction of Stx17 with the tethering complex HOPS and the lysosomal SNARE VAMPS.
We conclude that EACC renders autophagosomes ‘fusion incompetent’ but does not affect
the fusion competence of the lysosomes. Interesting, the action of EACC is reversible and
washing out EACC allows Stx17 translocation onto autophagosomes and rescues

autophagic flux.

Chapter 5: EACC sheds light on the regulation of autophagic flux via Stx17

trafficking

In chapter 5, we discuss the established role of Stx17 in mitochondrial dynamics in
conjunction with mitochondrial fission regulator Drpl. We show that presence of EACC
enhanced the interaction between Stx17 and Drp1. Furthermore, inhibiting this interaction
between Stx17 and Drpl by either genetic or chemical means not only allowed Stx17
translocation onto autophagosomes, but promoted autophagosome-lysosome fusion even

in presence of EACC.

Chapter 6: Discussion and future directions

Here we summarize all the chapters, discuss the implications of our findings and also
describe how this work could be taken ahead in future to address some of the major

questions in the field of autophagy.
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Chapter 1
Introduction

1.1 Overview

Cells are dynamic entities and hence are constantly exposed to physical and chemical
stressors. In order to survive and perform at an optimal level, cells must maintain a constant
environment within. This continuous strive to resist change and maintain a steady state is
termed as cellular homeostasis. One of the requirements to achieve cellular homeostasis is
the proper quality control of cellular components like proteins and organelles. Molecular
chaperones aid in proper folding of proteins and in refolding of misfolded proteins but if
even after intervention by chaperones a protein remains improperly folded, then it is
targeted to the proteolytic system. Ubiquitin-proteasome system and autophagy are the two
major proteolytic (quality control) pathways in the cells. Along with transcription and
translation, protein degradation helps to maintain a steady state.

Ubiquitin-proteasome system degrades short-lived and soluble unfolded proteins, but long-
lived proteins and insoluble protein aggregates are taken care of by autophagy. The
degradative potential of autophagy is not limited to proteins. Autophagy is the only
mechanism by which cells can get rid of damaged or superfluous organelles. Another
unique feature of autophagy is the recycling of simpler biomolecules. Since it culminates
at the lysosomes which are the cellular hubs for degradative enzymes, autophagy can
degrade macromolecules such as lipids, proteins and nucleotides into their basic
constituents which are further recycled back into the cytoplasm for reuse. This feature of
autophagy makes it indispensable in adaptive stress response. Mechanistically, autophagy
is an evolutionarily conserved intracellular degradation pathway in which cytoplasmic
components are captured in double membrane autophagosomes and are transported to

lysosomes for degradation and recycling. The upcoming subheadings would aim at
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explaining the genesis of this field, its molecular mechanism and its rising impact on human

health and disease.

1.2 History of macroautophagy

Nobel Prize winning Belgian cytologist and biochemist Christian de Duve coined the term
‘autophagy’ in 1963 at the Ciba Foundation Symposium on lysosomes. His ingenuity and
expertise in biochemical methods had led to the discovery of lysosomes in 1955. Several
groups (Ashford and Porter, 1962; Clark, 1957; Novikoff, 1959; Novikoff and Essner,
1962) reported the existence of a mechanism by which cells could isolate their own
components in membrane compartments which were later shown to contain lysosomal
enzymes (Novikoff and Essner, 1962). A comprehensive review written by Christian de
Duve and Robert Wattiaux (De Duve and Wattiaux, 1966) which sought out to assemble
all available knowledge involving lysosomes and associated structures at that point of time
coined the term ‘autophagic vacuole’ for membrane-lined vacuoles containing
morphologically recognizable cytoplasmic components.

The earliest links for the role of autophagy in catabolism were established when multiple
reports suggested that autophagy in rat liver cells was increased by nutrient limitation or
glucagon treatment and decreased by insulin (Amherdt et al., 1974; Deter and De Duve,
1967; Pfeifer, 1978). Seglen et al., reported that presence of amino acids particularly
leucine can strongly inhibit the rate of autophagy (Seglen and Gordon, 1984). Another
paper by the same group identified 3-methyladenine (3-MA) as the first specific inhibitor

of autophagy (Seglen and Gordon, 1982).

The knowledge that autophagy is inhibited by the presence of amino acids in rat hepatocytes
led to the establishment of reciprocal link between the phosphorylation of ribosomal S6

protein kinase and autophagy. Rapamycin, a molecule which could dephosphorylate and
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inhibit ribosomal S6 protein kinase was identified as an inducer of autophagy (Blommaart
etal., 1995).

In the thirty years following these discoveries, autophagy was mainly studied using
biochemical methods and electron microscopy. However, molecular characterization of
proteins involved in autophagy remained unaccomplished. Major breakthrough in this
regard came through when Yoshinori Ohsumi performed the first genetic screen in yeast to
dissect the autophagic process. Takeshige et al., first characterized the process of autophagy
in yeast (Takeshige et al., 1992). Yeast vacuole is easily observable under a phase contrast
microscope and when exposed to nitrogen starvation, there is an accumulation of
autophagic bodies in the vacuole. Tsukada and Ohsumi identified the first autophagy-
defective mutant, apgl which did not show any accumulation of autophagic bodies even in
nitrogen starvation conditions (Tsukada and Ohsumi, 1993). They also found 15
complementation groups which showed phenotypes similar to the apgl mutant. This led to
the identification of first 15 autophagy (apg) related genes. Baba et al., showed that the
process of autophagy in yeast is quite similar to the lysosomal system in mammalian cells
(Baba et al., 1994). As mentioned earlier, the very first studies in the field of autophagy
were mostly conducted on rat hepatocytes but the genius shift to the yeast system meant
relative ease of genetic manipulation which revolutionized the search for autophagy genes.
The 2016 Nobel Prize in Physiology or Medicine was awarded to Yoshinori Ohsumi “for

his discoveries of mechanisms for autophagy’.

Almost at the same time as Ohsumi, independent groups around the globe (Michael
Thumm, Daniel J Klionsky, William A Dunn, Suresh Subramani, Yasuyoshi Sakai and
Marten Veenhuis) also identified autophagy related genes involved in macroautophagy and
selective autophagy using the power of yeast genetics (Harding et al., 1995; Mukaiyama et

al., 2002; Sakai et al., 1998; Thumm et al., 1994; Titorenko et al., 1995; Yuan et al., 1997).
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These genes also partially overlapped with the list of genes identified by Ohsumi. In 2003,
the autophagy community agreed on a unified nomenclature for AuTophaGy-related genes

(Atgs) (Klionsky et al., 2003).

Mizushima et al., showed the importance of ATG5-12 conjugation system in
autophagosome biogenesis which was conserved from yeast to mammals (Mizushima et
al., 1998a). The second ubiquitin-like system involved in ATG8/LC3 lipidation was almost
simultaneously identified in yeast and mammalian cells (Ichimura et al., 2000; Kabeya et
al., 2000). LC3 has been studied extensively since and is considered as an autophagosomal

marker.

The importance of autophagy in human health and disease came into the picture with the
identification of an essential autophagy gene Beclinl as a tumor suppressor which was
mono-allelically deleted in 40-75% of sporadic breast and ovarian cancers (Liang et al.,
1999). This was a major finding suggesting the role of autophagy in preventing
tumorigenesis. Later studies showed that the role of autophagy in cancer is highly context
dependent and varies greatly depending on the type, stage and genetic makeup of the tumor
(White, 2012). A study by Ravikumar et al., showed that autophagy is responsible for
degradation of huntingtin aggregates (Ravikumar et al., 2002). Studies like these and
several others shed light on the neuroprotective role of autophagy. The most notable studies
on the role of autophagy in controlling intracellular infections were performed by Tamostu
Yoshimori and colleagues who showed intracellular pathogens like Streptococcus pyrogens
and Salmonella typhimurium trapped in autophagosome-like vesicles. Gutierrez et al.,
reported that autophagy is a defense mechanism that protects macrophages against

Mycobacterium tuberculosis infection (Gutierrez et al., 2004a).
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The last decade saw a surge in research into methods to modulate autophagy including
extensive research to identify chemical activators and inhibitors of autophagy which could
be of therapeutic interest for a variety of disorders. Hydroxychloroquine (HCQ), a
derivative of a well-studied autophagy inhibitor chloroquine (CQ) was the first autophagy
modulator to be approved by the Food and Drug Administration (FDA) for use in a variety

of cancers in conjunction with chemotherapeutic agents.

The field of autophagy has seen an exponential growth between the 1990s and the present
time both in terms of understanding the mechanism as well as its roles in health and disease.
However, a lot more work is required to unravel several underlying questions in the field
and to link the knowledge to autophagy’s role in human physiology, disease and

therapeutics.

1.3 Autophagy: Process and Function

As mentioned in earlier sections, macroautophagy (herein autophagy) is a lysosomal
mediated degradation pathway which is highly evolutionarily conserved from lower to
higher eukaryotes. Autophagy genes were first identified in yeast and later homologs of
most of them were identified in mammalian cells. The rate at which the dynamic turnover
of cellular components takes place via the process of autophagy is called autophagic flux.
As autophagy is a multistep process, it is important to study the autophagic flux which

accounts for all the steps of autophagy.

Using transgenic mice expressing the fluorescent autophagosome marker GFP-LC3,
Mizushima et al. showed that although autophagy is induced in all tissues as a response to
nutrient starvation, the rate of autophagic flux varies significantly across tissues. Muscle
fibres had the highest autophagic flux whereas significant levels of autophagy were not

observed in the brain even 48 hours post starvation. They even found differences in the
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basal autophagic flux because several tissues such as thymic epithelial cells, lens epithelial
cells and podocytes as well as some exocrine gland cells such as gastric chief cells and
seminal vesicle cells showed high basal levels of autophagy even under nutrient rich

conditions (Mizushima et al., 2004).

1.4 Types of autophagy

Depending on how the cargo is sequestered, autophagy is of three types: Macroautophagy,
Microautophagy and Chaperone mediated autophagy (CMA). In Macroautophagy, cargo is
sequestered in double membrane autophagosomes and taken to lysosomes.
Microautophagy is the direct invagination of cargo into the lysosomal lumen. This can
occur in bulk or selectively with the help of the chaperone Hsc-70 (Li et al., 2012).
Chaperone mediated autophagy (CMA) is the targeted delivery of proteins harbouring the
pentapeptide KFERQ to the lysosomes. The proteins are bound to chaperones such as Hsc-
70. This protein-chaperone complex then binds to the lysosomal membrane receptor
LAMP-2A which helps in its internalization into lysosomes (Kaushik and Cuervo, 2018).
Depending on the selectivity of cargo, autophagy is of two types: general and selective
autophagy. The core machinery required for the process is largely same in both general and
selective autophagy. The first selective autophagy receptor to be identified in mammalian
cells was p62/SQSTML1 (Bjorkoy et al., 2005). p62 can bind to ubiquitinated proteins via
the C-terminal Ubiquitin-associated (UBA) domain and to LC3 by the LC3 interacting
region (LIR) motif (Bjorkoy et al., 2009). Depending on the cargo captured, several

subcategories of selective autophagy have now been characterized.

1.4.1 Aggrephagy
Selective degradation of protein aggregates by autophagy is termed as aggrephagy.
Accumulation of undegraded protein aggregates due to dysfunctional autophagy is the

major hallmark of most age-related neurodegenerative disorders. Aggregate prone proteins

6



Chapter 1

like alpha-synuclein (Winslow et al., 2010), B-Amyloid (Pickford et al., 2008) and
huntingtin (Ravikumar et al., 2004) are very well studied autophagy substrates.
p62/SQSTM1, Neighbour of BRCAL1 (NBR1) and Optineurin (OPTN) are autophagic
adaptor proteins implicated in aggrephagy (Kirkin et al., 2009; Korac et al., 2013; Pankiv
et al., 2007). A PI3P- binding protein Alfy has been reported as a scaffold in autophagy.
Alfy binds to and facilitates complex formation between p62 and autophagy proteins

(Filimonenko et al., 2010).

1.4.2 Mitophagy

Mitochondria has indispensable roles in maintaining and regulating cellular energetics.
Mitophagy is the selective degradation of superfluous or damaged mitochondria. It was
first observed by Rodriguez-Enriquez et al. in cultured rat hepatocytes treated with
glucagon in absence of serum (Rodriguez-Enriquez et al., 2006). Improper removal of
damaged mitochondria can lead to Reactive oxygen species (ROS) accumulation and
increased oxidative stress in cells. Mitophagy has important physiological roles. During
erythrocyte development, removal of mitochondria in reticulocytes occurs by mitophagy
(Sandoval et al., 2008). Decrease in mitophagy is linked to several neurodegenerative
disorders such as Parkinson’s and Alzheimer’s disease (Kurihara et al., 2012; Redmann et
al., 2014). Major regulators of mammalian mitophagy are mitochondrial kinase PINK1 and
an E3 ubiquitin ligase Parkin. PINK1 accumulates on damaged mitochondria and enhances
translocation of Parkin from cytosol to mitochondria. Parkin ubiquitinates mitochondrial

proteins and induces mitophagosome formation (Kane et al., 2014; Narendra et al., 2008).

In the absence of Parkin, mitophagy can be regulated by various receptors such as
BCL2/adenovirus E1B 19kDa interacting protein 3 (BNIP3), FUN14 domain-containing

proteinl (FUNDC1) and NIX. These receptors are located on the outer mitochondrial
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membrane and have LIRs through which they can interact with LC3 family proteins (Villa

etal., 2018).

1.4.3 Xenophagy

Selective degradation of intracellular pathogens is termed as xenophagy. Pathogens like
Mycobacterium tuberculosis, Salmonella typhimurium, Shigella flexneri, Streptococcus
pyrogenes, Listeria monocytogenes and several others have been studied as substrates for
autophagy. The first evidence for xenophagy was shown with reference to capture of Group
A Streptococcus in autophagosome-like vacuole. The requirement of ATGS5 for this process
provided a solid link with autophagy (Nakagawa et al., 2004). S. typhimurium is also
captured in vacuoles decorated with LC3 and taken to lysosomes for degradation. They can
replicate significantly faster in ATG5 null MEFs (Birmingham et al., 2006). Nuclear dot
protein of 52kDa (NDP52) was later identified as an autophagy receptor for ubiquitinated

bacteria (Thurston et al., 2009).

1.4.4 Reticulophagy

ER stress results in unfolded protein response and induction of autophagy (Yorimitsu et al.,
2006). FAM134B reticulon family protein reside in ER and have been identified as
receptors for selective degradation of ER i.e. ‘ER-phagy’. Upon induction of ER-phagy,
FAM134B interacts with LC3 family proteins with the help of LIR motif and helps in

packaging of cargo in autophagosomes (Khaminets et al., 2015).

1.4.5 Ferritinophagy

Ferritinophagy is the selective degradation of ferritin, a protein involved in binding to
keeping free iron in check. When iron levels in the cell are low, the ferritinophagy receptor
NCOA4 binds to ferritin and promotes its degradation via autophagy (Mancias et al., 2015;

Mancias et al., 2014).
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1.5 Molecular mechanisms of Autophagy

The process of autophagy involves a sequential set of events comprising of:

e Induction of autophagy by signalling cues

e Vesicle nucleation by contribution from various membrane sources
e Elongation of phagophore, capture of cargo and closure

e Movement towards lysosomes

e Fusion of autophagosome with the lysosome

Degradation of cargo inside autolysosome and efflux of recycled products

1.5.1 Induction of Autophagy by signalling cues

The most well studied trigger of autophagy is nutrient starvation. Depletion of amino acids
and growth factors force a cell to induce autophagy for its survival. Mechanistic target of
rapamycin (mTOR) is a well conserved serine/threonine kinase which is the main sensor
of nutritional status of a cell. The inverse relationship between Tor (a homolog of mTOR
in Saccharomyces cerevisiae) activity and induction of autophagy was first reported by
Noda et al. They reported that adding rapamycin, a Tor inhibitor can induce autophagy
even in yeast growing in nutrient rich conditions (Noda and Ohsumi, 1998). In the presence
of amino acid signaling, mTORC1 phosphorylates Unc-51 like autophagy activating kinase
1 (ULK1), the mammalian homolog of yeast Atgl. ULK1 forms the first autophagy-
specific protein complex along with ATG13, ATG101 and focal adhesion kinase family
interacting protein of 200 kD (FIP200). mTORCL1 also phosphorylates ATG13 and
prevents its interaction with ULK1 (Ganley et al., 2009; Jung et al., 2009). In nutrient
starvation conditions or upon mTOR inhibition, ULK1 gets phosphorylated and activated
by 5 AMP-activated protein kinase (AMPK). ULK1 in turn phosphorylates Atg13 and

FIP200 and autophagy is induced (Kim et al., 2011).
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1.5.2 Vesicle nucleation by contribution from various membrane sources

In mammals, the origin of the autophagy initiation site i.e. phagophore is not well defined.
Phagophore biogenesis occurs as a result of extension of an ER-subdomain also referred to
as ‘omegasomes’. Omegasomes are rich in Phosphatidylinositol 3-phosphate (PI13P) and
are characterized by presence of PI3P-binding proteins such as WD repeat domain
phosphoinositide-interacting protein 2 (WIPI2) and Double FYVE domain containing
protein (DFCP1) (Hayashi-Nishino et al., 2009; Polson et al., 2010; Yla-Anttila et al.,
2009). Other membrane sources for phagophore biogenesis are mitochondria (Hailey et al.,
2010), ER-Golgi intermediate compartment (ERGIC) (Ge et al., 2013) recycling
endosomes (Puri et al., 2013), ER-Mitochondria contact sites (Hamasaki et al., 2013) and

more recently, ER-plasma membrane contact sites (Nascimbeni et al., 2017).

The second autophagy-specific complex is the class 111 Phosphoinositide 3-kinase (PI13K)
complex. The mammalian class Il PI3K complex comprises of the class 11l PI3Kinase
VPS34, Beclinl, p150 and ATG14. Class 111 PI3K complex is essential for phagophore
elongation by recruiting aforementioned PI13P-binding proteins and sequential recruitment
of downstream autophagy proteins (Funderburk et al., 2010). Beclinl, is a 60kDa Bcl2-
homology (BH)3-domain containing protein which is bound to Bcl2 protein in nutrient rich
conditions. Beclin1-Bcl2 association inhibits the autophagic activity of Beclinl (Pattingre
et al., 2005). The active ULK1 complex directly phosphorylates Beclinl at serine 14 and
activates the pro-autophagy VPS34 complex to promote autophagosome biogenesis

(Russell et al., 2013).

1.5.3 Elongation of phagophore, capture of cargo and closure
Elongation of the nascent isolation membrane requires two ubiquitin-like systems which
act at the ATG12-ATG5 conjugation step and the LC3 processing step. In the ATG12-

ATGS5 conjugation step, ATG12 is activated by E1-like enzyme ATG7 and is transferred
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to ATG10. Here, ATG10 which is an E2-like enzyme helps in linkage of ATG12 to ATG5
via covalent bonding. The ATG12-ATG5 conjugate further interacts with ATG16L1 and
forms a multimeric complex. This ATG12-ATG5-ATG16L1 complex transiently
associates with the phagophore and helps in arching of the elongating phagophore by
unequal recruitment of LC3 on the membrane (Mizushima et al., 1998a; Mizushima et al.,

1998h).

The second ubiquitin-like system is involved in the processing of LC3. LC3 is present as a
full-length protein in the cytoplasm which is cleaved by cysteine protease ATG4 to generate
a C-terminal exposed glycine residue, this is the LC3-1 form. The carboxy terminus of the
exposed glycine is activated by E1-like enzyme ATG7 and is transferred to the E2-like
enzyme ATG3. ATG3 attaches phosphatidylethanolamine (PE) to the exposed glycine
residue of LC3-1 which is now the LC3-11 form. LC3-1l binds to the inner and outer
autophagosomal membranes and is the only known protein present on the autophagosome
during and after its formation (Kabeya et al., 2000). Therefore, it is routinely used as an
autophagosomal marker. This nascent structure expands, captures cargo and closes to form

a double membrane autophagosome.

1.5.4 Movement towards lysosomes

Complete autophagosomes need to move towards the perinuclear area in the cell wherein
majority of the lysosomes are present. It is well documented that autophagosome-lysosome
fusion requires microtubules (Aplin et al., 1992; Kochl et al., 2006; Monastyrska et al.,
2009). Dynein-dynactin motor complex is utilized by autophagosomes for minus end

transport towards lysosomes (Gross et al., 2007).

11



Chapter 1

1.5.5 Fusion of autophagosome with the lysosome

Vesicle trafficking events inside the cell requires coordinated efforts by special classes of
proteins involved in trafficking namely Rabs, SNAREs and tethers. Rabs are small
GTPases involved in membrane trafficking. Each Rab is distinct in its location and hence
provides specificity or ‘molecular address’ to vesicles. Activity of a Rab protein is regulated
by GTP binding. Rab7 is located in late endosomes and lysosomes and is involved in
autophagosome-lysosome fusion. Knockdown of Rab7 causes a block in autophagic flux
(Gutierrez et al., 2004b; Jager et al., 2004). Thapsigargin, an ER-stress inducer blocks
autophagosome-lysosome fusion by preventing recruitment of Rab7 (Ganley et al., 2011).
Pleckstrin homology domain containing protein family member 1 (PLEKHM1) is a Rab
effector that interacts with Rab7, HOPS-SNARE complex and LC3 to facilitate
autophagosome-lysosome fusion (McEwan et al., 2015). HOPS complex comprising of
VPS33A, VPS11, VPS16, VPS18, VPS39 and VPS41 is a conserved multisubunit tethering
complex (Rieder and Emr, 1997). HOPS complex subunits like VPS33A interact with
autophagosomal SNARE Stx17 and help in bridging autophagosomal and lysosomal
membranes to enable docking and fusion (Jiang et al., 2014). Ectopic P granules protein 5
homolog (EPG5) is another tethering factor that has been reported to stabilize SNARE
complexes involved in fusion (Wang et al., 2016). Elegant studies by Noburo Mizushima’s
group identified Stx17, the first SNARE protein exclusively involved in autophagosome-
lysosome fusion. SNARE proteins are mediators of vesicle fusion and will be described in
greater detail in the upcoming parts. Stx17 is a Qa SNARE which forms a complex with
Qbc SNARE SNAP29. This SNARE complex formation occurs on complete
autophagosomes (Itakura et al., 2012). O-linked B-N-acetylglucosamine (O-GIcNAC)
transferase (OGT) mediated O-GIcNAcylation of SNAP-29 negatively affects Stx17-

SNAP29 complex formation (Guo et al., 2014). Stx17 recruitment on autophagosomes is
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aided by a small GTPase IRGM (Kumar et al., 2018). The Stx17-SNAP29 complex on
autophagosomes is stabilized by accessory proteins such as ATG14. ATG14 binds to the
SNARE domain of Stx17. This function of ATG14 is distinct from its roles in early steps
of autophagy (Diao et al., 2015). The Qabc Stx17-SNAP29 complex interacts with the R-
SNARE VAMP8/VAMP7 on lysosomes. This interaction is possible after these two
vesicles are docked with the help of the HOPS complex (Itakura et al., 2012; Jiang et al.,
2014; Takats et al., 2013). Recent studies by Noburo Mizushima’s group also identified
YKT6 as another autophagosomal SNARE. YKT6 depletion partially abrogated fusion in
wild type cells and completely in Stx17 KO cells (Matsui et al., 2018). Following the fusion
of autophagosomes with lysosomes, autolysosomes are formed. Figure 1 gives a pictorial

overview of the proteins involved in autophagosome-lysosome fusion.

O-GIcNAcylated SNAP29

- Starvation
Late endosome/lysosome

™\ Rab7
\
VAMP8 \
Rab7
LC3-II \
Autophagosome

Figure 1: A detailed schematic depicting the molecular players involved in

autophagosome-lysosome fusion. Reproduced with permission (Nakamura and Y oshimori,
2017).
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1.5.6 Degradation of cargo inside autolysosome and efflux of recycled products

Completion of the autophagic process requires degradation of autophagic cargo inside
autolysosomes. Maintenance of acidic pH inside lysosomes is not only important for
autophagosome-lysosome fusion but also for proper action of lysosomal hydrolases.
Deficiency of cysteine proteases like cathepsin B and D can block autophagic flux (Tatti et
al., 2012). Similar block can also be observed by using protease inhibitors such as E64D
and pepstatin. Figure 2 (below) gives a detailed pictorial representation of the molecular

players involved in the process of autophagy.
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(BCL-2) LVPS32 ) WIPL— £9) @csd

lPtdIns3P A

PAS Isolation
membrane
LC3-1l Autophagosome

Autolysosome

Figure 2: Molecular mechanisms of autophagy. The various stages of autophagy and the
proteins involved are depicted. Reproduced with permission (Choi et al., 2018).

1.6 SNARE proteins- Essential mediators of membrane trafficking

For survival of eukaryotic cells, proper membrane trafficking is of the utmost importance.
Molecules often are released from one cellular location and they need to be delivered to
another intracellular destinations for proper function. To achieve this, transport vesicles
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bud from an intracellular donor organelle and then target, dock and fuse with an acceptor
organelle. SNARE proteins mediate vesicle fusion with the target membranes. So far, more
than 30 SNAREs have been identified in mammalian cells. SNARE is an abbreviation for
Soluble NSF attachment proteins (SNAP) REceptor. The major SNARE superfamilies are
Syntaxins (Stx), Synaptosome-associated proteins (SNAP) and Vesicle associated
membrane protein (VAMP) which were also known as Synaptobrevins. The first process
where the functional role of SNAREs was characterized was neurotransmitter release.
VAMP1/synaptobrevin is present on the synaptic vesicle while Stx1 and SNAP-25 are
present on the synaptic cleft. These three SNARESs form a macromolecular complex that
spans both the membranes and brings them in close apposition. This allows synaptic vesicle
fusion with the plasma membrane and neurotransmitter release (Baumert et al., 1989;
Bennett et al., 1992; Oyler et al., 1989; Sollner et al., 1993b; Trimble et al., 1988). Several
important insights into the functional aspects of SNARES especially the ones involved in
neurotransmitter release have been obtained from studying actions of toxins that block the
same. Several botulinum and tetanus toxins cleave the SNAREs VAMP1, Stx1 or SNAP-
25 thereby hampering the process of fusion and subsequent release (Montecucco and

Schiavo, 1994).

SNAREs proteins have been classified as v-SNAREs (ideally present on the vesicle
membrane and includes SNAREs similar to VAMP1) and t-SNARE (ideally present on the
target membrane and includes SNAREs similar to Stx1 and SNAP-25). The SNARE
hypothesis proposed in 1993 gave the first working model to explain vesicle docking and
fusion. It postulated that each vesicle has a distinct v-SNARE that pairs up with a unique
cognate t-SNARE which is present at the appropriate target membrane (Sollner et al.,
1993a). But with the increasing body of knowledge, this classification based on the location

does not always hold true.
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Now, SNARESs have been reclassified based on their structure as Qa, Qnc and R-SNARES.
Mechanistically, upon interaction SNARESs form a bundle comprising of four alpha helices.
One alpha helix is contributed by Qa and R-SNARE each and two alpha helices are
contributed by Qoc SNARES. A zero ionic layer is the main site of interaction in the SNARE
complex. It is a hydrophilic region in the otherwise hydrophobic SNARE complex and is
formed by contribution of three glutamine (Q) residues (One by Qa SNARE and two by Qe
SNARE) and one arginine (R) residue contributed by the R-SNARE. Almost all the

characterized SNARE complexes are of the 3Q:1R type (Fasshauer et al., 1998).

Figure 3 (below) represents a simplified model for SNARE function. Vesicles are brought
close to and docked to the target membrane by the help of Rabs and tethers. Following this,
the cognate SNARE pairs interact and due to the tight pairing, the membranes are brought
into close apposition expelling water molecules at the interface. Lipid molecules between
the two interacting leaflets of the membrane flow towards each other leading to hemifusion
and formation of a new bilayer. Rupture of this bilayer forms the fusion pore and completes

the process of fusion (Chen and Scheller, 2001).
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Figure 3: A model of SNARE function. Reproduced with permission (Chen and Scheller,
2001).

1.7 Syntaxinl7: A multifaceted SNARE involved in autophagy and mitochondrial
dynamics

Syntaxinl7 (Stx17) belongs to the mammalian Syntaxin SNARE family and it has no
recognisable homolog in yeast. Early studies showed that it is predominantly present on the
smooth ER and is involved in trafficking from the smooth ER (Steegmaier et al., 2000;
Steegmaier et al., 1998). Stx17 has a ubiquitous expression in almost all mouse and human

tissues.

Stx17 has a long N-terminal cytoplasmic domain followed by a conserved SNARE motif
and two adjacent transmembrane domains at the C terminal end which is the unique feature
of Stx17 (other Syntaxins have been reported to have only one transmembrane domain). It
requires both of its transmembrane domains for membrane anchoring which together form
a hairpin-like structure (Itakura et al., 2012; Steegmaier et al., 2000). There are reports
suggesting Stx17 cycles between the ER and ERGIC and that it is essential for maintaining

the architecture of ERGIC and Golgi (Muppirala et al., 2011).

As mentioned earlier, Noburo Mizushima’s group identified Stx17, the first SNARE
protein exclusively involved in autophagosome-lysosome fusion. Stx17 is a Qa SNARE
which forms a complex with Qbc SNARE SNAP29 and R-SNARE VAMPS8 (VAMP7 in
Drosophila melanogaster). Stx17 has a reticular/tubular pattern in nutrient rich conditions,
suggesting ER/Mitochondrial localization. Upon nutrient starvation, Stx17 translocates to
complete autophagosomes assuming a punctate localization (Itakura et al., 2012; Takats et
al., 2013). Figure 4 shows a simplified model of Stx17 function in autophagosome-

lysosome fusion.
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Figure 4: A model of Stx17 function in autophagosome-lysosome fusion. Reproduced with
permission (ltakura et al., 2012).

In the past few years, additionally roles of Stx17 in processes other than autophagosome-
lysosome fusion have emerged. Reports suggest that Stx17 is required for the delivery of
stress-induced PINK1/parkin dependent Mitochondrial-derived vesicles (MDVs) to the late
endosomes or lysosomes. In this process, Stx17 forms a ternary SNARE complex with
SNAP29 and VAMP7 (McLelland et al., 2016). Stx17 also initiates PINKZ1/parkin
independent mitophagy upon depletion of outer mitochondrial membrane protein Fisl.
Fisl loss results in enhanced accumulation of Stx17 on mitochondria. Mitochondrial Stx17

recruits core autophagy proteins thereby initiating mitophagy (Xian et al., 2019).

Another important biological process in which Stx17 has been implicated is mitochondrial
dynamics. Mitochondria are highly dynamic organelles and they undergo coordinated
cycles of ‘fission’ and ‘fusion’ in order to maintain their shape, size and distribution. This

is referred to as ‘mitochondrial dynamics’. This dynamicity is regulated by two sets of
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proteins responsible for fission and fusion respectively. Fission is mediated by Drpl which
is a member of the large GTPase family Dynamin. Drpl is recruited from the cytosol to
form spirals around mitochondria that use energy from GTP hydrolysis to constrict and
sever both inner and outer membranes (Frank et al., 2001). Drp1 requires accessory proteins
such as Mff and Fisl to be recruited to the mitochondria (Otera et al., 2010). Fusion
between mitochondrial outer membranes is mediated by dynamin family members named
Mitofusinl (Mfn1) and Mitofusin2 (Mfn2) whereas fusion between mitochondrial inner
membranes is mediated by Opal (Chen et al., 2003; Cipolat et al., 2004). Physiologically,
fission generates new mitochondria and maintains quality control while fusion is enhanced
in time of high energy demand and stress. It mitigates damage by allowing functional
mitochondria to share components with damaged mitochondria. Fission is also required for
mitophagy so that the damaged parts of mitochondria can be cut off and packed into
mitophagosomes (Youle and van der Bliek, 2012). ER has also been implicated in fission.
It has been shown that ER tubules mark the constriction sites for mitochondrial fission

(Friedman et al., 2011).

Avrasaki et al., showed that Stx17 gets spatially regulated depending on the nutritional status
of the cell. In nutrient rich conditions wherein the basal autophagic flux is low, Stx17 is
present in raft-like structures on ER-Mitochondria contact sites where it assists in the
assembly of GTP-bound Drpl on mitochondria. Stx17 on mitochondria can also prolong
the activity of Drpl by preventing Protein kinase A (PKA) mediated inhibitory
phosphorylation of Drpl at serine 637.

Starvation redistributes Stx17 from ER-Mitochondria contact sites to autophagosomes
wherein it binds to autophagic proteins like LC3 and ATG14. This ensures proper
autophagic flux as well as mitochondrial elongation in order to maximize ATP production

during nutrient stress. Figure 5 provides a model of Stx17 function in mitochondrial
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dynamics and gives a simplified overview of its spatial regulation depending on nutritional

status of the cell (Arasaki et al., 2015).
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Figure 5: A model of Stx17 function in mitochondrial dynamics. Reproduced with

permission (Arasaki et al., 2015)

Starvation has been reported to redistribute Stx17 not only to complete autophagosomes
but also to mitochondrial associated membranes (MAM). Hamasaki et al., showed that
autophagosomes are formed at ER-mitochondria contact. Stx17 along with ATG14 is
involved in this process and the knockdown of Stx17 resulted in absence of functional
autophagosomes (Hamasaki et al., 2013). Although the role of ER-mitochondria contact
sites in autophagosome formation is now well recognized by the autophagy community,
the role of Stx17 in autophagosome formation at the MAM in the case of starvation
contradicts with other published findings which suggest that Stx17 interacts with Drpl in
nutrient rich conditions and translocates to complete autophagosomes in starvation
conditions to ensue autophagosome-lysosome fusion (Arasaki et al., 2015; Itakura et al.,

2012).
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1.8 Autophagy in health and disease
The role of autophagy in normal physiology and some of the major human diseases has

been explained under the following subheadings.

1.8.1 Physiological roles of autophagy
The physiological importance of autophagy is very well documented. The roles of

autophagy are described under the following subheadings.

1.8.1.1 Adaptive stress response to nutrient starvation
Autophagy is indispensable for adaptation to starvation through the generation of amino
acids. In both yeast and mammalian cells, autophagy is immediately activated following

amino acid withdrawal (Mizushima et al., 2010; Takeshige et al., 1992).

1.8.1.2 Intracellular quality control

Basal autophagy occurs constitutively at low levels in all cells. This is very consequential
for maintaining intracellular quality control. Mice with liver-specific ATG7 deletion
develop hepatomegaly and hepatic failure (Komatsu et al., 2005) and neuron specific ATG5
and ATG7 deletion results in neurodegeneration and progressive motor deficits (Hara et

al., 2006; Komatsu et al., 2006).

1.8.1.3 Development
Autophagy has several roles during mammalian development. Autophagy is important for
preimplantation development, survival during neonatal starvation, and erythropoietic and

lymphopoietic differentiation and adipogenesis (Mizushima and Levine, 2010).

1.8.1.4 Anti-aging
There is an inverse relationship between autophagy and aging. Caloric restriction which

also results in autophagic induction is a very effective method for extending the life spans
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of various species from yeast to mammals. Genetic studies also suggest that autophagy is
important for extending life span. A C. elegans mutant lacking the insulin signaling gene
daf-2 resulting in caloric restriction also shows a life extension phenotype, which is not
observed if autophagy-related genes are simultaneously mutated (Hansen et al., 2008;

Levine and Klionsky, 2004).

1.8.2 Autophagy in pathophysiology

As already explained in the previous sections, autophagy as an intracellular recycling
process has indispensable roles in cell growth, development and survival. Deregulation of
autophagic flux has been implicated in several human diseases such as cancer,
neurodegeneration and infectious diseases and thereby studying and understanding

autophagic flux in disease conditions is of crucial importance.

1.8.2.1 Autophagy in cancer

The role of autophagy in cancer has been rightly designated as a ‘double-edged sword’. It
depends on the type, stage and genetic context of the tumor. The tumor suppressor role of
autophagy in early tumorigenesis is well documented. Beclinl, a core autophagy protein
and a member of the PI3K complex has a clearly proven tumor suppressor role and its loss
is seen in 40-75% of breast, prostate and ovarian cancers. Mice with monoallelic deletion
of Beclinl are predisposed to liver tumors (Qu et al., 2003). Deletion of essential autophagy

genes like ATG5 and ATGY7 also results in hepatomas (Takamura et al., 2011).

Hampered quality control due to decreased autophagy function results in decreased protein
and organelle quality control and increased ROS production. A constitutive level of basal
autophagy is needed for cellular homeostasis and loss of autophagy leads to accumulation
of damaged mitochondria, DNA damage response, genomic instability and aneuploidy.

Chronic tissue damage can cause inflammation and contribute to tumor progression.
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Accumulation of the autophagy substrate p62 due to reduced autophagic flux results in
activation of the nuclear factor erythroid 2-related factor 2 (NRF2) signaling pathway.
NRF2 is generally bound to and kept in check by Kelch-like ECH-associated protein 1
(KEAP1L) but high levels of p62 binds to KEAP1 and frees NRF2 to activate antioxidant-

defence genes responsible for cell survival (Jaramillo and Zhang, 2013).

In primary tumors, autophagy prevents metastasis by limiting necrosis and inflammation
and managing nutrient stress (Degenhardt et al., 2006). There are few examples of
excessive autophagy resulting in cell death especially in cancer cells that are resistant to
apoptosis. Tamoxifen induced cell death in MCF7 cells which have mutated caspases are

marked by rapid induction of Beclinl levels (Scarlatti et al., 2004).

The first evidence that autophagy helped in survival of advanced cancers came from the
fact that it was highly upregulated in hypoxic tumor regions and promoted tumor cell
survival (Degenhardt et al., 2006). The elevated levels of autophagy help tumor cells to
survive oxygen stress and enhanced resistance to the lack of blood supply. Due to these
effects, autophagy is one of the mechanisms responsible for poor efficacy and acquired
resistance in anti-angiogenesis therapy and the combining anti-angiogenesis therapy with

autophagy inhibition is seen as a promising alternative (Nishikawa et al., 2010).

The best examples of pro-survival autophagy are the KRAS driven cancers such as non-
small cell lung cancers (NSCLC). ATG7 deficiency in KrasG12D-driven lung tumor

reduced tumor cell proliferation and tumor burden (Guo et al., 2013)

Autophagy defects in these Ras-driven tumors causes metabolic impairment and reduced
mitochondrial quality control leading to reduced tumor growth, survival, and malignancy.
Tumor cells obtain energy from aerobic glycolysis rather than oxidative phosphorylation.

This phenomenon called ‘Warburg effect” eliminates the need of oxygen which is a limiting
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factor particularly in hypoxic tumor regions (Warburg, 1956). On the other hand,
proceeding with aerobic glycolysis results in deficiency of substrates to run the Tri
carboxylic acid (TCA) cycle for ATP production. Autophagy comes to the rescue in this
scenario by scavenging biomolecules to produce more substrates for the TCA cycle (White,

2013).

Autophagy has a very consequential role during the process of invasion and metastasis. As
mentioned earlier that autophagy prevents metastasis during early tumorigenesis but it has
pro-survival roles during later stages of metastasis. Once tumor cells detach from the
extracellular matrix, a type of apoptotic cell death known as anoikis is initiated. This is to
prevent cells from leaving their designated location. Induced autophagy in these cells
provides ‘anoikis resistance’ (Fung et al., 2008). Studies have identified that inducing
autophagy by starvation results in increased metastasis and invasion of hepatocellular

carcinoma cells which is regulated by TGF-/Smad3 signaling (Li et al., 2013).
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Figure 6: The dual nature of autophagy in cancer. The role of autophagy in cancer depends
on the type, stage and genetic context of the tumor. Reproduced with permission (Singh et
al., 2018).

1.8.2.2 Autophagy in neurodegeneration

Autophagy as a cellular homeostasis process is exceedingly important in neurons because
they are post-mitotic and rely heavily on autophagy for protein and organellar quality
control. Deletion of key autophagy proteins such as ATG5 in mice leads to
neurodegeneration (Hara et al., 2006). Hampered autophagic flux due to deletion of ATG5
or ATG7 also affected neurogenesis and synaptic pruning (Kimetal., 2017; Xi et al., 2016).
The two hallmarks of neurodegenerative disorders like Alzheimer’s disease (AD),
Parkinson’s disease (PD) and Huntington’s disease (HD) is the accumulation of aggregated
and misfolded proteins such as beta-amyloid, alpha-synuclein and mutant huntingtin as
well as damaged mitochondria (Dikic and Elazar, 2018). As shown in Figure 7 autophagy
maintains neuronal health by eliminating toxic aggregates and ROS-generating damaged
mitochondria. In case of neurodegenerative disorders, autophagic flux decreases either due
to increasing age or a defect in autophagy often due to presence of pathogenic proteins.
Decreased autophagic flux thereby is not enough to remove the abovementioned toxic
species from the cell. Several autophagy proteins and effectors get trapped in aggregates
which renders them non-functional (Menzies et al., 2017). Mutant a-synuclein can bind to
and prevent the nuclear translocation of transcription factor EB (TFEB), thereby reducing
the transcriptional activation downstream autophagic and lysosomal genes (Decressac et

al., 2013).

In Huntington’s disease, both general autophagy and selective autophagy such as
mitophagy and aggrephagy are characterized by presence of empty autophagosomes.

Although autophagy induction and autophagosome biogenesis occur, the cargo recognition
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machinery fails to efficiently recognize misfolded proteins and damaged organelles
(Martinez-Vicente et al., 2010). Presenilin 1 (PS1) mutation which is present in Alzheimer's
disease disrupts proper lysosomal acidification resulting to a block in autophagosome-
lysosome fusion (Lee et al., 2015). Mutations and post-translational modifications of a-
synuclein impairs lysosome-associated membrane protein-2A (LAMP-2A) organization.
LAMP-2A is required for translocation of substrate proteins from the cytosol into the
lysosomal lumen and its disruption blocks degradation by chaperone-mediated autophagy

(Cuervo et al., 2004).
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Figure 7: Role of autophagy in neurodegeneration. Autophagy maintains neuronal cell
health by mediating protein and organellar quality control. Reproduced with permission
(Dikic and Elazar, 2018).

1.8.2.3 Autophagy in immunity
In addition to the role of autophagy in cellular homeostasis, it also has an intricate role in
innate and adaptive immunity. As explained in the previous parts, autophagy can capture

and degrade intracellular pathogens such as Mycobacterium tuberculosis, Salmonella
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typhimurium, Shigella flexneri, Streptococcus pyrogenes, Listeria monocytogenes and

several others.

Cells have surface and cytosolic pattern recognition receptors like Toll-like receptors
(TLRs) and NOD-like receptors (NLRs) which recognise pathogen-associated molecular
patterns (PAMPs) and recruit autophagic adaptors and proteins for their capture and
elimination. During M. tuberculosis infection, the innate immunity response is triggered.
After detection of bacteria by TLRs, the TLR-MyD88-NFKB signaling is initiated which
recruits DNA damage associated autophagy modulator 1 (DRAMZ1) which in turn induces
autophagy (Khan et al., 2016; van der Vaart et al., 2014). Immunity related GTPase IRGM
was shown to be involved in assembling core autophagy machinery in response to
intracellular infections (Chauhan et al., 2015). Another category of PAMPs that can activate
autophagy are the NLRs. NLRs can activate ULK1 and cause increased translocation of
ATG16L1 at the infection sites thereby enhancing the rate of autophagosome formation
(Irving et al., 2014). The process of autophagy therefore is very consequential for cell-

autonomous immunity.

Autophagy controls inflammation which is triggered by multiprotein complexes called
inflammasomes. These inflammasomes induce conversion of inactive cytokines into their
active forms. ROS and damaged mitochondria are shown to be triggers for NLPR3
inflammasome formation and by removing such harmful entities from the cell, autophagy
limits inflammatory response (Zhong et al., 2016). Autophagy also inhibits the production
of Typel Interferon (IFN-1) in response to the presence of viral RNA. Viral RNA can
trigger translocation of retinoic acid-inducible gene 1 (RIG-1) and the mitochondrial
antiviral signaling adaptor (MAVS) to mitochondria. Mitophagy can degrade the MAVS
complex located on mitochondria thereby limiting IFN-1 production (Lei et al., 2012; Zhao

etal., 2012).
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Autophagy has significant roles in immune cell development and function. It aids in
monocyte survival and monocyte-macrophage differentiation (Zhang et al., 2012).
Generation of free fatty acids by autophagy mediated lipid degradation supports essential
mitochondrial respiration during neutrophil differentiation (Riffelmacher et al., 2017).
Autophagy also supports survival of metabolically active Bla cells (Clarke et al., 2018).
Conventionally during immunogenic cross-presentation, antigens from the extracellular
environment are taken up by antigen presenting cells such as dendritic cells and degraded.
The resulting peptides are displayed on the surface by MHC class Il antigen-presenting
molecules leading to activation of CD4 T lymphocytes. Autophagy has been implicated in
the degradation of exogenous antigens therefore aiding in antigen presentation. The
autophagy gene ATG5 has been shown to be essential for dendritic cells to process and
present antigens for MHC class Il presentation (Lee et al., 2010). Figure 8 (below)
summarizes the role of autophagy in immunity. Impairment of autophagy can result in

exacerbated infection or inflammatory diseases such as Crohn’s disease.
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Figure 8: Role of autophagy in immunity. Reproduced with permission (Matsuzawa-
Ishimoto et al., 2018).

1.9 Modulation of autophagy in therapeutics

As the above subheadings have already covered in detail, autophagy is very consequential
for maintaining protein and organellar quality control and overall cellular homeostasis and
therefore deregulation of autophagic flux is crucial in development of some major human
diseases. In cancer, autophagy has a tumor suppressor role in early tumorigenesis and
largely cytoprotective function in established tumors. Decreased autophagy leads to
accumulation of misfolded protein aggregates and damaged mitochondria resulting in
neurodegeneration. Autophagy is also the effector in many adaptive and innate immunity

pathways. Owing to these observations, modulating i.e. enhancing or inhibiting autophagy
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is being seen as a very promising potential target in therapeutics. Autophagy as a pathway
is highly druggable and offers several crucial points to target.

The most important thing to understand before utilization of autophagy modulation in
therapy is how autophagy affects aetiology of the disease to be targeted. For example, if in
a diseased condition initiation of autophagy is affected, molecules which could act
upstream and boost vesicle nucleation will yield more potent effects than the ones which
could enhance lysosomal degradation (Galluzzi et al., 2017).

Autophagy modulation can be done by either genetic or pharmacological means. In case of
genetic modulation, whole-body knockouts of few autophagy genes like Beclinl are
embryonic lethal so the preferred approach is to generate tissue-specific or inducible
knockouts. Results obtained with these genetically altered models have implicated that
alterations of autophagy can be useful for wide range of clinically relevant disorders
(Galluzzi et al., 2017).

1.9.1 Pharmacological modulation of autophagy

Pharmacological modulation is advantageous over genetic manipulations because the
phenotype can be observed just on the addition of the compound and the action can
potentially be reversed on its withdrawal. The method is less laborious and the putative
modulators could be used as leads for pharmacological purposes in certain disease
conditions. Pharmacological modulation of autophagy entails usage of drugs, usually small

molecules which can induce or inhibit autophagy.

1.9.1.1 Autophagy inducers

Pharmacological induction of autophagy can be useful in neurodegenerative disorders,
infectious diseases, aging and metabolic disorders. By enhancing the autophagic flux,
inducers can aid in elimination of misfolded proteins, toxic aggregates, intracellular

pathogens. Autophagy inducers can additionally boost immunity, reduce inflammation,
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ROS and other harmful species which might cause genomic instability (Levine et al., 2015).
There are still significant challenges in the use of autophagy inducers. The first group of
autophagy inducers identified were rapamycin (and rapalogs) which are approved for
human use by the FDA but due to the inhibitory effect on mTORC, they cause
immunosuppression and other issues which make them unsuitable for long term use. There
are other FDA approved inducers such as lithium and metformin which have effects on
several pathways including autophagy and hence it is difficult to be certain that the effect
obtained is primarily due to autophagy induction or not. Additionally, for an inducer to be

used in neurodegenerative disorders, the biggest challenge is to ensure that it crosses the

blood-brain barrier. Table 1 lists the autophagy inducers identified so far and their targets.

Compound Mechanism of autophagy induction

FDA approved drugs

Carbamazepine Lowers inositol and |r|s(1.4.5)P3 levels

Clonidine Lowers cAMP levels

Lithium Lowers inosital and Ins(1,4,5)P, levels

Metformin Upregulates AMPK, which phosphorylates ULK1 and beclin 1

Rapamycin (and rapalogs)
Rilmenidine
Sodium valproate

Inhibits mTORC1
Lowers cAMP levels
Lowers inosital and Ir|s(1,4,!5)P3 levels

Verapamil Inhibits L-type Ca** channel, lowering intracytosolic Ca**

Trifluoperazine Unknown

Statins Depletion of geranylgeranyl diphosphate activates AMPK

Tyrosine kinase inhibitors Inhibit Akt-mTOR signaling and beclin 1tyrosine phosphorylation, increase beclin 1/Parkin interaction
Investigational drug

BH3 mimetics Disrupt binding between beclin 1and Bcl-2 family members

Nutritional supplements

(affeine Inhibits mTOR signaling

Omega-3 polyunsaturated fatty acids

Inhibit Akt-mTOR signaling; disrupt beclin 1and Bcl-2 binding

Resveratrol Activates sirtuin 1

Spermidine Acetylase inhibitor

Vitamin D Calcium signaling, hCAP18/LL37-dependent transcription of autophagy genes
Trehalose Unknown

Table 1: Autophagy inducers and their mechanism of action. Adapted with permission
(Levine et al., 2015).
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1.9.1.2 Autophagy inhibitors

Inhibitors of autophagy can be classified as early- or late-stage inhibitors. 3-MA,
Wortmannin, and LY294002 target the vesicle nucleation process by inhibiting class 111
PI3K (VPS34) and are classified as early stage inhibitors. On the other hand, drugs which
block autophagosome-lysosome fusion by most likely affecting the lysosomal pH are late
stage inhibitors. These include lysosomotropic drugs like monensin and
chloroquine/hydroxychloroquine  (CQ/HCQ) and vacuolar ATPase inhibitor
BafilomycinALl. The most well studied autophagy inhibitor is CQ which was first identified
as an anti-malarial drug. Autophagy inhibition using CQ has shown enhanced chemo-

sensitivity and tumor regression in xenograft models (Yang et al., 2011).

Autophagy inhibition also enhanced the antitumor effect of chemotherapy drugs and hence
CQ/HCQ is used in combinatorial therapy along with chemotherapy drugs. There are
currently several ongoing phase I/l clinical trials which are testing the combinatorial

approach in different cancers (Rosenfeld et al., 2014; Singh et al., 2018).

However so far, autophagy inhibition has shown limited success as a viable therapeutic
option in cancer. There are several reasons for this, the biggest being a lack of specific and
potent autophagy inhibitors. CQ/HCQ), the only FDA approved autophagy inhibitor, has a
long half-life and micromolar concentrations of it are needed to inhibit autophagy. These
factors limit its efficacy in human trials. Additionally, any molecule that affects lysosomal
pH will most likely affect a plethora of vesicular trafficking pathways culminating at the
lysosomes. Several in the scientific community have challenged chloroquine’s
classification as an autophagy inhibitor and they feel it should be more aptly characterized
as a lysosomal inhibitor. Even the early stage inhibitors of autophagy often act
indiscriminately on phosphatidylinositol 3-kinase pathway again causing a plethora of off-

target effects. Table 2 summarizes the status of various autophagy inhibitors and the major
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limitations in their development. It is very evident that successful application of autophagy
inhibitors in cancer therapy requires specific and potent inhibitors. This thesis describes
one such autophagy inhibitor which inhibits autophagosome-lysosome fusion but does not

affect lysosomal pH or function.

Agent Mode of action Blood-brain Status Major limitations
barrier permeant
Inhibitors (cont.)
Melatonin* Altered ROS Yes In clinical trials for Potentially interferes with
production treatment of awide panel ~ ROS-sensitive processes and has
of conditions been associated with autophagy
activation in some models
MRT67307 ULK1 inhibition Unknown In preclinical development Also inhibits ULK2, IKK and TBK1
MRT68921 ULK1 inhibition Unknown In preclinical development  Also inhibits ULK2
NSC185058 ATG4B inhibition Unknown In preclinical development  Exhibits improved selectivity for
the autophagic pathway
SAR405 VPS34 inhibition Unknown In preclinical development  Exhibits improved selectivity
compared with 3-MA and
wortmannin
SBI-0206965 ULK1 inhibition Unknown In preclinical development  Exhibits improved selectivity for
the autophagic pathway
VPS34-IN1 VPS34 inhibition Unknown In preclinical development  Exhibits improved selectivity
compared with 3-MA and
wortmannin
Wortmannin VPS34 inhibition No Experimental agent Inhibits various class IIl PI3Ks
Inhibitors
3-MA VPS34 inhibition Yes Experimental agent Inhibits various class [1l PI3Ks
Azithromycin Unknown Yes Approved for treatment Unclear MOA, blocks autophagic
of multiple bacterial flux
infections
Bafilomycin Al Lysosomal Yes Experimental agent Inhibitor of lysosomal functions
inhibition
Cardiac glycosides Na*/K*-ATPase Yes Extensively used in the Narrow therapeutic window but
inhibition past for treatment of specific for autosis
cardiac disorders
Chloroquine Lysosomal Yes Extensively used in the Inhibitor of lysosomal functions
inhibition past as an antimalarial
agent
Compound C AMPK inhibition Unknown In preclinical development  Potentially interferes with
(also known as AMPK-dependent processes
dorsomorphin)
Edavarone ROS scavenger Unknown Experimental agent Potentially interferes with many
ROS-sensitive processes
HCQ Lysosomal Yes Extensively used in the Inhibitor of lysosomal functions
inhibition past as an antimalarial
agent
L'Y294002 VPS34 inhibition Yes In clinical trials for the Exhibits improved selectivity
treatment of refractory compared with 3-MA and
neuroblastoma wortmannin but commonly
considered nonspecific
Lys05 Lysosomal Yes In preclinical development  Exhibits increased potency
inhibition compared with HCQ
Mdivi-1 Mitophagy Yes In preclinical development  Inhibitor of mitochondrial
inhibition fragmentation
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Table 2: Status of various autophagy inhibitors and the major limitations in their

development. Adapted with permission (Galluzzi et al., 2017).

1.10 Rationale of the present study

The importance of autophagy in human physiology is well documented. Dysfunctional
autophagy has been implicated in neurodegenerative diseases, intracellular infections and
cancers. Pharmacological modulation of autophagy to restore its levels is being pursued as
an attractive therapeutic approach but the field is lagging behind due to the lack of specific
and potent modulators. Since autophagy shares several molecular machineries with the
endocytic pathway and they both culminate at the lysosomes, hence developing inhibitors

specific to autophagy possesses unique challenges.

In this work, we have characterized a novel small molecule inhibitor of autophagy EACC
which blocks autophagic flux by preventing autophagosome-lysosome fusion.
Interestingly, EACC acts specifically on autophagy and does not affect other vesicular
trafficking pathways. Further investigations into its mechanism of action showed that
EACC affects the translocation of autophagy specific SNAREs Stx17 and its partner
SNARE SNAP29 on autophagosomes without hindering the completion of

autophagosomes.

Additionally, using EACC we linked the role of Stx17 in autophagic flux and mitochondrial
dynamics. EACC enhanced the interaction between Stx17 and Drpl even in starvation
conditions. Furthermore, inhibiting this interaction between Stx17 and Drpl by either
genetic or chemical means not only allowed Stx17 translocation onto autophagosomes, but
also restored autophagosome-lysosome fusion even in presence of EACC. Interestingly,
EACC mediated block in autophagy although quite robust can be reversed by washing. We

observed that upon removing EACC, Stx17 can translocate to autophagosomes and rescue
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autophagic flux. As Stx17 trafficking is quite dynamic, molecules like EACC can be used
as a tool to study Stx17 trafficking as well as to identify new molecular players involved in

the process.
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Chapter 2

Identification of EACC as a novel and selective inhibitor of
autophagic flux

2.1 Overview

In the introduction, we have described in detail the role of autophagy in maintaining protein
and organellar quality control and overall cellular homeostasis and also explained how
deregulation of autophagic flux is crucial in the development of some major human
diseases. Due to this intricate correlation of autophagy with health and disease, modulating
i.e. enhancing or inhibiting autophagy by using novel ‘drug-like’ molecules is being seen
as a very promising potential target in therapeutics. Autophagy being a multistep pathway,
is highly druggable and offers several crucial points to target. Additionally, although we
have exponentially improved our knowledge about the process of autophagy since the
1990s, there are still a lot of open questions in the field related to autophagosome
biogenesis, SNARE mediated vesicular trafficking in early and late steps of autophagy and
mechanisms regulating autophagic flux. Small molecule which can modulate autophagy
can also provide mechanistic insights into the process of autophagy and depending on their
target of action can be helpful in answering some of the big questions in the field.

Our laboratory has standardized a luciferase-based high-throughput screen for
identification of novel small molecule modulators of autophagy. The principle of the assay
is based on detection of the levels of luciferase activity in order to monitor the rate of
autophagic flux in S. cerevisiae. The strength of the assay is that it is not target-driven and
it can yield hits across all steps of autophagy. Owing to the conserved nature of autophagy,
the hits identified in yeast were later identified as inhibitors of autophagy in both yeast and

mammalian systems (Mishra et al., 2017a; Mishra et al., 2017b).
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Utilizing this assay, we performed a screening for 1999 compounds of the Microsource
Discovery Systems library and identified EACC as one of the hits. EACC stands for Ethyl
(2-(5-nitrothiophene-2-carboxamido) thiophene-3-carbonyl) carbamate. To test for its

potential to modulate autophagy, EACC was further tested in mammalian system.

2.2 Results

2.2.1 EACC inhibits autophagic flux

Starvation is a potent inducer of autophagic flux and in order to test if EACC could
modulate starvation induced autophagic flux, we treated HeL a cells with an increasing dose
of EACC in starvation conditions (2.5-25uM) and performed a LC3 processing assay
(Kabeya et al., 2000). An enhanced conversion of LC3 (LC3-1 to LC3-1I) was seen with
increasing dose of EACC (Fig. 2.1 A, B). This would mean either increase or a late stage
block in autophagic flux. To address this, we performed autophagic flux assay in which
accumulation of LC3-11 is analyzed in the presence or absence of a known autophagy
inhibitor, BafilomycinAl (BafAl). An autophagy inducer added along with BafAl will
increase LC3-I1 levels over and above that of BafAl alone. On the other hand, in case of
an inhibitor the LC3-I1 levels will remain unchanged (Mizushima and Yoshimori, 2007,
Mizushima et al., 2010). The accumulation of LC3-Il in combinatorial treatment with
BafAl was similar to that of BafAl alone. This suggests that EACC is an inhibitor rather

than an inducer of autophagic flux (Fig. 2.1 C, D).

To further validate these observations and dissect the step of autophagic flux affected by
EACC, we employed tandem-fluorescent-tagged LC3 reporter, mMRFP-GFP-LC3 (Kimura
et al., 2007). This reporter is based on the acid-labile nature of GFP. Using this reporter,
while autophagosomes appear yellow, autolysosomes (the fusion product of

autophagosomes with lysosomes) are seen as red because the green fluorescence of GFP
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gets quenched due the acidic nature of lysosomes. HeL a cells were transfected with mRFP-
GFP-LC3 construct and treated with increasing concentrations of EACC (2.5-25uM) for 2
hours in starvation conditions. We saw a significant dose dependent increase in the number
of autophagosomes (mMRFP*/GFP*) and a concomitant decrease in the number of

autolysosomes (MRFP*/GFP") (Fig. 2.1 E, F) in EACC treated cells.
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Figure 2.1: EACC inhibits autophagic flux

(A) HeLa cells were either left untreated, treated with BafAl (100nM) or EACC (2.5-
25uM) for 2 hours in starvation conditions. Samples were collected and immunoblotted for
anti-LC3 and anti-p-Actin antibodies. (B) Relative levels of LC3-II: B-Actin in untreated
versus treated samples were quantitated for 3 independent experiments. **P < 0.01, *P <
0.05, ns= non-significant (Two-way ANOVA, replicate means compared with Bonferroni
post-test) (C) HelLa cells were either left untreated or pretreated with BafAl (100nM) in
basal or starvation conditions for 1hour in order to block the autophagic flux. This was
followed by treatment with EACC (10uM) for 2 hours. Samples were collected and
immunoblotted for anti-LC3 and anti-B-Actin antibodies. (D) Relative levels of LC3-II: B-
Actin in untreated versus treated samples were quantitated for 3 independent experiments.
ns= non-significant (Student’s unpaired t-test) (E) HeLa cells transfected with tandem
tagged ptfLC3 (MRFP-GFP-LC3) construct were either left untreated, treated with BafAl
(100nM) or EACC (2.5-25uM) for 2 hours in starvation conditions. Scale=10 um. (F) The
number of autophagosomes (RFP*/GFP* structures) and autolysosomes (RFP*/GFP-
structures) per cell were counted using the cell counter plugin of ImageJ software. Data
shown represents number of autophagosomes (RFP*/GFP*) and autolysosomes
(RFP*/GFP") of a minimum of 45 cells from 3 independent experiments plotted as mean +
SEM. Statistical significance was analysed by Student’s unpaired t-test. ***P <0.001, **P
<0.01, *P < 0.05, ns= non-significant

2.2.2 EACC does not affect cell viability within the intended treatment time

In order to test if EACC significantly affects HelLa cell viability, we performed a cell
viability assay. The Cell-Titer Glo assay is based on the principle that production of ATP
from live cells can fuel conversion of luciferin to luciferase, the values of which can be
recorded in a luminometer. The relative luminescence values are compared to the untreated
control and converted into percentage. Fig. 2.2 A represents a graph of percent cell viability
five hours post treatment in starvation medium. EACC (10puM) did not significantly affect
the cell viability even five hours post starvation. All the upcoming experiments were

performed with 10uM EACC for a time period of two hours until stated otherwise.
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Figure 2.2: EACC does not affect cell viability within the intended treatment time

(A) HeLa cells were counted and equal numbers (1500 cells/well) were plated in 384 well
plate in growth medium. The following day, post washing with D-PBS, different
concentrations of EACC ranging from 100nM to 100uM were mixed in starvation media,
added onto the cells and incubated for five hours. Post incubation, CellTiter-Glo Reagent
was added to each well, and luminescence was measured using Varioskan Flash (Thermo
Fisher Scientific). Graph represents percent cell viability five hours post EACC treatment

in starvation conditions.

2.2.3 EACC causes accumulation of autophagic cargo

Next, we assessed the effect of EACC on autophagic adaptor p62/SQSTM1. p62 binds to
ubiquitinated cargo on one end via its UBA domain and to LC3 via its LC3 interacting
region (LIR) region on the other. This step helps in sequestration of cargo in
autophagosomes. As, p62 is also degraded by autophagy hence an accumulation of p62
hints at decreased autophagic flux. EACC treatment resulted in enhanced colocalization
between p62 and LC3 suggesting that EACC while inhibiting autophagic flux, did not
affect adaptor loading and LC3 recruitment (Fig. 2.3 A, B). This suggests that treatment

with EACC results in a late stage block in the autophagic flux.
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Figure 2.3: EACC causes accumulation of autophagic substrate p62

(A) Immunostaining with anti-SQSTM1/p62 antibody in RFP-LC3 transfected HeLa cells
treated with EACC (10uM) for 2 hours in starvation conditions. Scale=15 um (B) Graph
showing the mean intensity of colocalization between p62 and RFP-LC3 in control versus
EACC treated group. Mean intensity of colocalization was measured using colocalization
and analyse plugins of ImageJ software. Data shown here represents a minimum of 60 cells
from 3 independent experiments plotted as mean + SEM. Statistical significance was

analysed by Student’s unpaired t-test. *P < 0.05.

2.2.4 EACC reduces LAMP1 and LC3 interaction and autolysosome formation

The process of autophagy proceeds by fusion of autophagosomes with the hydrolase rich
lysosomes to form autolysosomes. In order to further understand the inhibitory action of
EACC on autophagic flux, we checked the colocalization between the autophagosome
marker LC3 and the lysosomal marker, LAMPL. In RFP-LC3 transfected HeL a cells treated
with EACC, we saw a decrease in the percentage of autolysosomes (RFP-LC3*/LAMP1")
(Fig. 2.4 A, B). A similar decrease in number of autolysosomes was also observed in EACC
treated cells immunostained for endogenous LC3 and LAMP1 (Fig. 2.4 C, D). To further
understand if EACC directly impedes LC3-LAMP1 interaction endogenous
immunoprecipitation (IP) was employed. Control and EACC treated lysates were subjected

to IP using LC3 antibody. The levels of LC3-11 were significantly high as compared to
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untreated control in both LC3 input and LC3 immunoprecipitate but the levels of
endogenous LAMPL1 in the LC3 IP as detected by immunoblotting remains unchanged

indicating that treatment with EACC reduced interaction between LC3 and LAMP1 (Fig.

2.4E).
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Figure 2.4: EACC inhibits autolysosome formation

(A) RFP-LC3 transfected HelLa cells were immunostained with anti-LAMP1 antibody and
treated with EACC (10pM) for 2 hours in starvation conditions. Scale=10 um (B) Graph
showing percent colocalization between LAMP1 and RFP-LC3 (autolysosomes) in
starvation conditions and EACC treatment. The number of colocalized dots were counted
using colocalization and cell counter plug-ins of ImageJ software and plotted with respect
to total number of LC3 puncta. Data shown here represents a minimum of 45 cells from 3
independent experiments plotted as mean + SEM. Statistical significance was analysed by
Student’s unpaired t-test. ***P < 0.001. (C) HeLa cells were treated with EACC (10uM)
for 2 hours in starvation conditions and immunostained with anti-LC3 and anti-LAMP1
antibody. Scale=15 um. (D) Graph showing the mean intensity of colocalization between
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LC3 and LAMP1 measured as in Figure 2.3 B. Data shown here represents a minimum of
45 cells from 3 independent experiments plotted as mean + SEM. Statistical significance
was analysed by Student’s unpaired t-test. ***P < 0.001. (E) HeLa cells were treated with
EACC (10uM) for 2 hours in starvation conditions and immunoprecipitated with anti-LC3
antibody. Anti-Mouse IgG was used as an isotype control. The immunoprecipitates were
immunoblotted with anti-LAMP1 and anti-LC3 antibodies.

2.2.5 EACC does not affect lysosomes or other vesicular trafficking culminating at
lysosomes

The most common mode of blocking autophagic flux particularly at the late stage is by
impeding lysosomal pH or function. Lysosomes harbor variety of hydrolases which require
an acidic pH to function. v-ATPases present on the lysosomal membranes pump protons to
maintain optimal acidic pH inside lysosomes. Lysosomes also need glycoproteins like
LAMP1 to maintain membrane integrity so that the proteolytic enzymes do not leak into
the cytoplasm and cause damage. Most widely used late stage autophagy inhibitors such as
chloroquine and BafAl affect the acidic pH of lysosomes. As the autophagy process
requires macromolecular degradation in lysosomes and recycling of simpler biomolecules
for its completion, protease inhibitors like E64D and pepstatin can also block autophagic
flux by causing accumulation of undegraded cargo in lysosomes. As lysosomes are a
culminating point for several vesicular trafficking pathways, the major downside of using
inhibitors that affect lysosomes is that in addition to inhibiting autophagy they also impede
processes like endocytosis. We have already seen that EACC causes a late step block in
autophagic flux. We further wanted to investigate if this effect of EACC on autophagic flux
is because it affects lysosomal pH or function. To test this, we checked the expression of
LAMP1 in presence or absence of EACC. HelLa cells treated with EACC were either
immunostained or immunoblotted with LAMP1 antibody. We did not observe any

significant change in the LAMP1 expression in control versus treated cells (Fig. 2.5 A-D).
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According to some reports, lysosomal positioning can also regulate autophagic flux

(Korolchuk et al., 2011).

We also did not see any obvious difference in lysosomal positioning in EACC treated cells

(Fig. 2.5 A, B).

Although EACC did not affect the overall levels of lysosomes, we still wanted to check if
similar to BafAl and CQ it causes a loss of acidification of lysosomes. To test the effect of
EACC on lysosomal acidification, we used Lysotracker Deep Red which is a probe that
preferentially accumulates in acidic compartments. The intensity of Lysotracker staining
remained unchanged in EACC treated cells but was diminished in v-ATPase inhibitor

BafAl treated cells suggesting that EACC does not affect lysosomal pH (Fig. 2.5 E, F).

As mentioned before, lysosomal hydrolases are important for completion of the autophagy
pathway. We checked the expression and processing of Cathepsin B (CTSB) which is a
lysosomal cysteine protease that gets cleaved inside the lysosomes to release its
proteolytically active mature form. EACC treatment did not impede the conversion of pro-

cathepsin B to mature-cathepsin B (Fig. 2.5 G).

Finally, in order to test the effect of EACC on other vesicular trafficking pathways such as
endocytosis, we performed the Epidermal Growth Factor Receptor (EGFR) degradation
assay. In order to regulate Epidermal Growth Factor (EGF) signaling when excess EGF is
present, EGFR bound to the ligand EGF gets internalised via endocytosis and gets degraded
in lysosomes upon EGF treatment. Hence, the temporal decrease in levels of EGFR after
EGF pulse is indicative of endocytic trafficking of the receptor to the lysosomes. The rate
of EGFR degradation with time followed a comparable trend in EACC treated versus

untreated cells thereby showing that EACC does not affect endocytosis (Fig. 2.5 H, I).
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These results clearly indicate that EACC is a selective inhibitor of autophagosome-

lysosome fusion and it does not affect lysosomes or other vesicular trafficking pathways.

This is a desirable trait in an autophagy inhibitor because being a selective inhibitor of

autophagy avoids a plethora of side effects that arises from lysosomal inhibition.
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Figure 2.5: EACC causes accumulation of autophagic substrate p62

(A) HeLa cells were treated with EACC (10uM) for 2 hours in starvation conditions and
immunostained with anti-LAMP1 antibody. Scale=10 um (B) Graph represents the mean
intensity of LAMPL1 staining which was measured using analyse plugin in ImageJ. Data
shown here represents a minimum of 60 cells from 3 independent experiments plotted as
mean + SEM. Statistical significance was analysed by Student’s unpaired t-test. ns=non-
significant. (C) HeLa cells were treated with EACC (10uM) for 2 hours in starvation
conditions and immunoblotted with anti-LAMP1 and anti-B-Tubulin antibodies. (D)
Relative levels of LAMP1: B-Tubulin in untreated versus treated samples were quantitated
for 3 independent experiments. Statistical significance was analysed by Student’s unpaired
t-test. ns= non-significant (E) HeLa cells were either treated with BafAl (100nM) in basal
conditions or EACC (10uM) in starvation conditions for 2 hours. Lysotracker Deep Red
(100nM) was added in the media in the last 15 minutes of treatment. Cells were fixed and
imaged. Scale=15 pum (F) Graph showing the mean intensity of lysotracker staining
measured as in Figure 2.5 B. Data shown here represents a minimum of 45 cells from 3
independent experiments plotted as mean + SEM. Statistical significance was analysed by
Student’s unpaired t-test. ***P < 0.001, ns=non-significant. (G) Samples collected after
EACC treatment were immunoblotted with anti-cathepsin-B and anti--Tubulin antibodies.
(H) HeLa cells were serum starved for 3 hours and either left untreated or pre-treated with
EACC prior to addition of EGF (100ng/ml) for the indicated time periods. Samples were
collected and immunoblotted for anti-EGFR and anti-p-Tubulin antibodies. (I) Relative
levels of EGFR: B-Tubulin in untreated versus treated samples were quantitated for 3

independent experiments.

2.3 Discussion

We used a yeast based high-throughput assay already established in the laboratory to screen
the Microsource Discovery Systems library and obtained EACC as a hit. Owing to the
conserved nature of autophagy, EACC could modulate autophagic flux in mammalian
systems as well. By performing LC3 processing assay and the autophagic flux assay, we

showed that treatment with EACC caused a dose dependent accumulation of LC3-I1 over
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and above that of the starvation control. Upon performing the mRFP-GFP-LC3 reporter-
based assay, we saw an accumulation of yellow autophagosomes and a concomitant

decrease in red autolysosomes with an increasing dose of EACC.

We further showed that EACC does not significantly affect cell viability. Treatment with
EACC resulted in accumulation of the autophagic cargo p62 and a decrease in LC3-LAMP1
interaction and autolysosome formation. Furthermore, EACC did not affect LAMP1 levels
or lysosomal positioning. By using a fluorescent dye that preferentially accumulates in the
acidic organelles, we showed that EACC, unlike other widely used autophagy inhibitors
BafAl and CQ does not affect lysosomal pH. EACC did not affect the activity of the
lysosomal hydrolase Cathepsin B (CTSB). Interestingly, EACC also did not inhibit the

trafficking and processing of endocytic cargo.

These results together establish EACC as a selective late-stage inhibitor of the autophagic
flux. Surprisingly, the action of EACC to modulate autophagy was limited to starvation
induced autophagic flux. In the later chapters, we will try to get more details about the

mechanistic aspects of the autophagy inhibition mediated by EACC.
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Chapter 3

Step-by-step dissection of the effect of EACC on the process of
autophagy

3.1 Overview
In the previous chapter, we performed several assays to establish EACC as a selective
inhibitor of starvation induced autophagic flux. The next obvious question is which step of

autophagy is inhibited by EACC. Three possible steps at which EACC might be acting are:

1. Induction stage prior to isolation membrane formation
2. Isolation membrane formation and elongation to form autophagosomes

3. When mature autophagosomes fuse with lysosomes to form autolysosomes

As we observe plenty of conjugated LC3 in presence of EACC even over and above that
of starvation control, the action of EACC is most likely focused at the penultimate step of
autophagy i.e. fusion of autophagosomes with lysosomes. We still tested the effect of
EACC on all the steps of autophagy process and performed a step-by-step analysis for the
same. Autophagy is a multistep process and the hierarchical order in which different

autophagy related proteins participate is very well studied.

Autophagy is triggered by nutrient starvation which results in shut down of the major
nutrient sensor in the cell i.e. mammalian target of rapamycin and its effectors. Following
this, the ULK1 complex comprising of ULK1, ATG13, ATG101 and FIP200 assembles.
ULK1 activates several other proteins of the autophagy pathway which leads to assembly
of the second complex comprising of VPS34, Beclinl, ATG14 and p150. This complex
generates PI3P which is important for recruiting PI3P binding proteins such as DFCP1 and

WIPI2 to the phagophore assembly site (PAS) wherein isolation membrane formation
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occurs. Elongation of isolation membrane and its conversion into an autophagosome
requires two ubiquitin like systems involving the ATG5-ATG12-ATG16L1 complex and
LC3 (Itakura and Mizushima, 2010; Mercer et al., 2018; Shibutani and Yoshimori, 2014).
Our results so far suggest that EACC selectively affected autophagic flux. So, our next

approach was to narrow down to the step of autophagy at which EACC acts.

3.2 Results

3.2.1 The accumulation of LC3 upon EACC treatment is not dependent on enhanced
transcription or translation.

Firstly, we checked whether the accumulation of LC3-I1 upon EACC treatment is
dependent on enhanced transcription or translation. We pretreated HelLa cells with
transcription inhibitor Actinomycin D (ActD) or translation inhibitor cycloheximide
(CHX) in basal (GM) or starvation conditions (Starv.) for 1 hour. The accumulation of
LC3-I1 in presence of EACC remained unchanged even after pretreating with Actinomycin

D or cycloheximide (Fig. 3.1 A-D).

62



Chapter 3

e
A GM Starv. B. 3 ‘.
kDa GOM ActD Starv. EACC ActD EACC+ActD Y ns
= w4
=
16— LC3-I 8 és_
RN essamsEB (1c3-n 338
20
(33— | — — . c— . — B'Tubulin E \u-/l'
C o
Starv. EACC ActD EACC+ActD
C. D. £
GM Starv. § 4 ns
kba GM CHX Starv. CHX EACC EACC+CHX T N
LC3-I =5
16—| e S S - . icn 3 g
o B
20
43| w— a— = |3-TUbUlIN  F L
[6)
x

Starv. CHX EACC EACC+CHX

Figure 3.1: The accumulation of LC3 upon EACC treatment is not dependent on

enhanced transcription or translation

(A) HelLa cells were either left untreated or pretreated with Actinomycin D (ActD) in basal
(GM) or starvation conditions (Starv.) for 1 hour in order to block transcription. This was
followed by treatment with EACC (10uM) for 2 hours in presence of Actinomycin D.
Samples were collected and immunoblotted for anti-LC3 and anti-pB-Tubulin antibodies.
(B) Relative levels of LC3-1I: B-Tubulin in untreated versus treated samples were
quantitated for 3 independent experiments. Statistical significance was analysed by
Student’s unpaired t-test. ns=non-significant. (C) HeLa cells were either left untreated or
pretreated with cycloheximide (CHX) in basal or starvation conditions for 1 hour in order
to block protein translation. This was followed by treatment with EACC (10uM) for 2 hours
in presence of cycloheximide. Samples were collected and immunoblotted for anti-LC3
and anti-pB-Tubulin antibodies. (D) Relative levels of LC3-11: B-Tubulin in untreated versus
treated samples were quantitated for 3 independent experiments. Statistical significance

was analysed by Student’s unpaired t-test. ns=non-significant.

3.2.2 EACC does not affect induction of autophagy
Next, we tested the effect of EACC on mTOR signaling. Nutrient starvation which is the

most potent inducer of autophagy, inhibits mMTOR complex. Inhibition of MTOR leads to
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dephosphorylation of mTOR substrates P70S6 kinase and Eukaryotic translation initiation
factor 4E (elF4E)-binding protein 1 (4EBP1) (Fingar et al., 2002). HelLa cells treated with
EACC were immunoblotted for phospho-P70S6 kinase and phospho-4EBP1. We observed
loss of phosphorylation of these substrates in EACC treated cells similar to that of control
which suggested that mTOR is inhibited (Fig. 3.2 A). Upon mTOR inhibition, ULK1 gets
dephosphorylated at serine 757 position which allows assembly of ULK1 complex and
induction of autophagy (Kim et al., 2011). Unaltered dephosphorylation of mTOR
substrates and ULKL1 in presence of EACC suggested that the early signaling events that
lead to autophagy induction are not perturbed. We also checked the expression of proteins
involved in early and middle stages of the autophagy pathway such as ATG14, ATG5 and

ATG16L1 and found that they were unchanged upon EACC treatment (Fig. 3.2 B).
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Figure 3.2: EACC does not affect induction of autophagy

(A) HelLa cells were either left untreated or treated with BafAl (100nM) or EACC (10uM)
for 2 hours in starvation conditions. Samples were collected and immunoblotted with anti-
phospho-P70S6K (T389), anti-P70S6K, anti-phospho-4EBP1 and anti-4EBP1 antibodies.
(B) Samples collected after EACC treatment were immunoblotted with anti-phospho-
ULK1 (S757), anti-ATG14, anti-ATG5, anti-ATG16L1 and anti-B-Actin antibodies.
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3.2.3 EACC does not affect isolation membrane formation

As mTOR mediated control of autophagy was unaltered, we next investigated the effect of
EACC on molecular events that lead to autophagosome biogenesis. Autophagosome
biogenesis begins with isolation membrane or phagophore formation upon autophagy
induction. The phagophore assembly site (PAS) is characterized by the presence of
Phosphatidylinositol 3-phosphate (P13P) generated by Vacuolar protein sorting 34 (VPS34)
kinase complex activity. PI3P-binding proteins like Double FYVE-domain-containing
protein 1 (DFCP1) and WD repeat domain phosphoinositide-interacting protein 2 (WIPI2)
recognize and bind to PI3P and this event is important for isolation membrane formation
(Axe et al., 2008; Dooley et al., 2014; Hayashi-Nishino et al., 2009). In addition, this
nascent membrane is also marked by ATG14 (Hamasaki et al., 2013; Itakura and
Mizushima, 2010). In order to look at autophagosome biogenesis sites, we checked the
triple colocalization between ATG14, DFCP1 and LC3 in control and EACC treated cells.
The percentage of LC3 puncta with ATG14 and DFCP1 remained unchanged upon EACC
treatment (Fig. 3.3 A, B). We also looked at the colocalization between LC3 and WIPI2
and the results again suggest that the number of sites of autophagosome biogenesis are
unaffected upon EACC treatment (Fig. 3.3 C, D). These results suggest that EACC does

not affect isolation membrane formation.
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Figure 3.3: EACC does not affect isolation membrane formation

(A) HeLa cells co-transfected with mCherry-DFCP1, GFP-LC3 and HA-ATG14 were
either left untreated or treated with EACC and immunostained with anti-HA antibody.
Scale=15 pm, 1um (B) Graph showing the percent of LC3 puncta colocalizing with DFCP1
and ATG14. This population represents immature autophagosomes. The number of
colocalized dots were counted and plotted as in Fig. 2.4 B. Data shown here represents a
minimum of 50 cells from 3 independent experiments plotted as mean + SEM. Statistical
significance was analysed by Student’s unpaired t-test. ns=non-significant. (C) GFP-LC3
transfected Hel a cells were treated with EACC (10uM) for 2 hours in starvation conditions
and immunostained with anti-WIPI12 antibody. Scale=15 um (D) Graph showing the
percent of LC3 puncta colocalizing with WIPI2. This population represents isolation

membrane. The analysis was done similarly as in 3D. Data shown here represents a
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minimum of 45 cells from 3 independent experiments plotted as mean + SEM. Statistical

significance was analysed by Student’s unpaired t-test. ns=non-significant

3.2.4 EACC does not affect expansion of the isolation membrane

Expansion of the isolation membrane and formation of autophagosome takes place by
sequential recruitment of ATG5-12/16 complex and LC3. The ATG12-ATG5 conjugate
interacts with ATG16L1 and forms a multimeric complex. This ATG12-ATG5-ATG16L1
complex transiently associates with the isolation membrane and helps in recruitment of
LC3 on the membrane (Fujita et al., 2008; Mizushima et al., 1998a; Mizushima et al.,

1998b).

In HeLa cells transfected with RFP-LC3, the colocalization between ATG5 and LC3 as
well as ATG16L1 and LC3 that represents expanding isolation membrane was

comparable to that of starvation control (Fig. 3.4 A-D).
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Figure 3.4: EACC does not affect expansion of the isolation membrane

(A) HeLa cells were transfected with RFP-LC3, treated with EACC and immunostained
with anti-ATG5 antibody. Scale=15 um (B) Graph showing the mean intensity of
colocalization between ATG5 and RFP-LC3 measured as in Fig. 2.3 B. Data shown here
represents a minimum of 45 cells from 3 independent experiments plotted as mean + SEM.
Statistical significance was analysed by Student’s unpaired t-test. ns=non-significant. (C)
RFP-LC3 transfected HeLa cells were treated with EACC (10uM) for 2 hours in starvation
conditions and immunostained with anti-ATG16L1 antibody. Scale=15 um (D) Graph
showing the mean intensity of colocalization between ATG16L1 and RFP-LC3 measured
as in Fig. 2.3 B. Data shown here represents a minimum of 45 cells from 3 independent
experiments plotted as mean £ SEM. Statistical significance was analysed by Student’s

unpaired t-test. ns=non-significant.

In the previous chapter we have checked if cargo recognition was affected by EACC. The

colocalization analysis of the autophagy adaptor p62/SQSTM1 with LC3 showed enhanced
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colocalization between these proteins (Fig. 2.3 A, B). These results indicate that signaling
events leading to autophagy induction, the isolation membrane formation and expansion
and cargo recognition remains unaltered in presence of EACC. The accumulation of

autophagic cargo suggests that EACC is a late-stage inhibitor of autophagic flux.

3.3 Discussion
In the previous chapter, we performed detailed analysis to show that EACC is a selective
inhibitor of autophagic flux. This chapter focuses on trying to understand the effect of

EACC on early steps of autophagy.

Pre-treatment with transcription and translation inhibitors showed that EACC does not
enhance transcription or translation of LC3. Nutrient starvation inhibits mTOR and its
substrates and induces autophagy. We observed that EACC did not affect the
dephosphorylation of MTOR substrates and in turn induction of autophagy. ULKZ1, the first
autophagy protein in the hierarchical order, gets phosphorylated and inhibited by active
mTOR. Induction of autophagy by starvation leads to dephosphorylation and activation of
ULKZ1. This dephosphorylation event was unchanged upon EACC treatment. 3-MA and
wortmannin, the earliest autophagy inhibitors to be identified (Blommaart et al., 1997;
Seglen and Gordon, 1982) act on the autophagy process by inhibiting Pl3kinases.
Generation of PI3P by the action of PI3kinases is important for binding of PI3P-binding
proteins such as WIP12 and DFCP1 and isolation membrane formation. We looked at two
different markers of the isolation membrane and their colocalization with EACC and

showed that EACC treatment does not affect isolation membrane formation.

We also checked the effect of EACC on expansion of the isolation membrane. Action of
ATG5-12/16 complex is important for recruitment of LC3 and expansion of

autophagosomes. We observed that EACC does not affect the expansion of
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autophagosomes by quantitating the mean intensity of colocalization between ATG16L1
and ATG5 with LC3. This data is further corroborated with colocalization analysis of the
autophagy adaptor p62/SQSTM1 with LC3 which showed enhanced colocalization
between these proteins and thereby suggests the cargo loading is unaffected in presence of

EACC.

As autophagy is a multi-step process and a block in any of the steps could lead to an overall
block in autophagic flux, it is important to do a step-by-step analysis to understand the
effect of an autophagy modulator. The results in this chapter suggest that EACC does not
affect the early steps of autophagy. They also corroborate the findings of the last chapter
that EACC treatment most likely causes an accumulation of mature autophagosomes. It
also suggests that EACC might be acting on the penultimate step of autophagy i.e.
autophagosome-lysosome fusion. The upcoming chapter focuses on studying the effect of
EACC on various molecular players involved in the process of autophagosome-lysosome

fusion.
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Chapter 4
EACC reversibly affects translocation of autophagosomal SNARE

Stx17 onto autophagosomes

4.1 Overview

In the previous chapters, we have performed several assays to show that EACC is a
selective inhibitor of autophagic flux. We showed that although EACC blocks
autophagosome-lysosome fusion, unlike BafAl or CQ it does not affect lysosomal pH or
function or the other vesicular trafficking pathways culminating at the lysosomes. In
Chapter 2, we looked at the early steps of autophagy in order to understand the effect of
EACC on the same. We showed that induction of autophagy, isolation membrane

formation, its elongation and cargo capture is unaffected in presence of EACC.

In this chapter, we look at the various molecular players involved in autophagosome-
lysosome fusion and the effect of EACC on them. Stx17 was identified as an
autophagosomal Qa SNARE. Stx17 has a reticular/tubular pattern in nutrient rich
conditions, suggesting ER/Mitochondrial localization. Upon nutrient starvation, Stx17
translocates to complete autophagosomes assuming a punctate localization (Itakura et al.,

2012).

Firstly, we checked the status of Stx17 upon EACC treatment. By performing various
assays, we showed that EACC inhibits the translocation of Stx17 onto autophagosomes and
LC3-Stx17 interaction. The autophagosomes in presence of EACC were devoid of not only
Stx17 but also SNAP29. We further looked at the interaction of Stx17 with the accessory

protein ATG14. Stx17-ATG14 colocalization was reduced upon EACC treatment.
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Next, we also checked the effect of EACC on the interaction of Stx17 with the tethering
complex HOPS and the lysosomal R-SNARE VAMPS (lItakura et al., 2012; Jiang et al.,
2014). EACC inhibited the interaction of Stx17 with HOPS subunit VPS33A and the
lysosomal SNARE VAMPS8 but does not affect lysosomal SNARE localization. We
concluded that EACC renders autophagosomes ‘fusion incompetent’ but does not affect the
fusion competence of the lysosomes. Interestingly, the action of EACC is reversible and
washing out EACC allows Stx17 translocation back onto autophagosomes and rescues

autophagic flux.

4.2 Results

4.2.1 EACC inhibits translocation of SNARE Stx17 onto autophagosomes

Noburu Mizushima’s group identified Stx17 as an autophagosomal SNARE that
translocates to autophagosomes upon induction of autophagy. Stx17 is Qa SNARE that
partners with Quc SNARE SNAP29 and endo/lysosomal R-SNARE VAMP8 with the help
of multi-subunit tethering complex like HOPS and Rab proteins like Rab7. Depletion of
Stx17 blocked autophagic flux by inhibiting fusion of autophagosomes with lysosomes

(Itakura et al., 2012).

We co-transfected HelLa cells with FLAG-Stx17 and GFP-LC3 and quantitated the
colocalization between Stx17 and LC3. Similar to previous reports, in nutrient rich
conditions, Stx17 depicted a reticulate/tubular pattern suggesting an ER/mitochondrial
localization. Upon induction of autophagy by nutrient starvation, Stx17 forms more puncta
which have significant colocalization with LC3. This colocalization increased even further
in the presence of a late-stage inhibitor such as BafAl which blocks fusion causing

accumulation of autophagosomes without affecting the autophagosomal SNAREs (Itakura
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et al., 2012). Interestingly, upon EACC treatment the number of colocalized puncta

between Stx17 and LC3 reduced significantly (Fig. 4.1 A, B).

A recent publication showed that the pathogenic bacterium Legionella pneumophila can
block autophagic flux in order to escape autophagic capture by degrading Stx17 (Arasaki
et al., 2017). However, presence of EACC did not affect significantly Stx17 expression

(Fig. 4.1 C).

We further performed a Co-Immunoprecipitation (Co-IP) assay in order to further
understand the effect of EACC on LC3-Stx17 interaction. We transfected HeLa cells
with either FLAG-Stx17 or an empty vector and treated them with EACC, 48 hours after
transfection. We probed for the levels of LC3-11 in Flag-Stx17 immunoprecipitates. The
relative levels of LC3-Il in FLAG-Stx17 IP (after normalising it to input LC3) was

reduced upon EACC treatment (Fig. 4.1 D, E).

In order to corroborate the decrease in LC3-Stx17 interaction upon EACC treatment, we
performed a proximity ligation assay to quantitate endogenous protein-protein interactions
between LC3 and Stx17. The number of PLA positive dots representing LC3-Stx17
interaction decreased upon EACC treatment (Fig. 4.1 F, G). These results together suggest
that EACC affects the starvation induced translocation of the autophagosomal SNARE

Stx17 onto autophagosomes.
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Figure 4.1: EACC inhibits the translocation SNARE Stx17 onto autophagosomes

(A) HeLa cells co-transfected with FLAG-Stx17 and GFP-LC3 were treated with BafAl
(200nM) or EACC (10uM) for 2 hours in starvation conditions and immunostained with
anti-FLAG antibody. Scale=15 pum, 1um (B) Graph represents the number of colocalized
dots of FLAG-Stx17 and GFP-LC3. The number of colocalized dots were counted as
mentioned in Fig. 2.4 B. Data shown here represents a minimum of 45 cells from 3
independent experiments plotted as mean + SEM. Statistical significance was analysed by
Student’s unpaired t-test. ***P < 0.001 (C) Samples from EACC or BafAl treated HelLa
cells were immunoblotted with anti-Stx17 and anti-p-Actin antibodies. (D) Co-IP analysis
of interaction between FLAG-Stx17 and endogenous LC3B in HeLa cells either left
untreated or treated with EACC. Relative levels of LC3B-II in untreated and EACC treated
cells are mentioned. (E) Data indicates mean = SEM of relative levels of LC3B-I1 in FLAG-
Stx17 IP normalized to Input LC3B-1l from 3 independent experiments. Statistical
significance was analysed by Student’s Paired t-test. *P < 0.05. (F) HeLa cells treated with
or without EACC were subjected to PLA with LC3-Stx17 antibody pair. Scale=10 pum (G)
The number of PLA positive dots representing LC3-Stx17 interaction were counted using
the cell-counter plugin of ImageJ. Graph represents the number of PLA positive dots
representing LC3-Stx17 interaction plotted as mean + SEM. Statistical significance was

analysed by Student’s unpaired t-test. ***P < 0.001

4.2.2 EACC also inhibits the translocation of SNAP29 onto autophagosomes

Stx17 is a Qa SNARE that partners with Qoc SNARE SNAP29 (Guo et al., 2014; Itakura et
al., 2012). In Hela cells, transfected with FLAG-SNAP29, Myc-Stx17 and RFP-LC3, the
percentage of autophagosomes having both SNAP-29 and Stx17 was reduced in EACC
treated cells as compared to control (Fig. 4.2 A, B). Interestingly, the colocalization
between the partner SNAREs Stx17 and SNAP29 was largely unaffected post EACC

treatment (Fig 4.2 C).
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Figure 4.2: EACC also inhibits the translocation of SNAP29 onto autophagosomes

(A) HeLa cells co-transfected with MY C-Stx17, RFP-LC3 and FLAG-SNAP29 were either
left untreated or treated with EACC and immunostained with anti-FLAG and anti-MYC
antibodies. Scale=15 um (B) Graph represents the percentage of LC3 puncta colocalizing
with Stx17 and SNAP-29. The number of colocalized dots were counted as mentioned in
Fig. 2.4 B. Data shown here represents a minimum of 45 cells from 3 independent
experiments plotted as mean + SEM. Statistical significance was analysed by Student’s
unpaired t-test. ***P < 0.001. (C) Graph showing the mean intensity of colocalization
between FLAG-SNAP29 and MY C-Stx17 measured as explained in Fig. 2.3 B. Data shown
here represents a minimum of 45 cells from 3 independent experiments plotted as mean +
SEM. Statistical significance was analysed by Student’s unpaired t-test. ns=non-

significant.
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4.2.3 Presence of EACC reduces the interaction between Stx17 and ATG14

In addition to the Qa and Qbc SNAREs, ATG14 is also involved in autophagosome-
lysosome fusion. It binds to the SNARE domain of Stx17 and stabilizes the Stx17-SNAP29
complex on autophagosomes. ATG14 binding to Stx17 can enhance the fusion capabilities
of the autophagic SNAREs. This function of ATG14 is independent of its role in
autophagosome biogenesis (Diao et al., 2015; Hamasaki et al., 2013). EACC treatment

reduced the mean intensity of colocalization of ATG14 and Stx17 (Fig. 4.3 A, B).
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Figure 4.3: Presence of EACC reduces the interaction between Stx17 and ATG14
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(A) HeLa cells co-transfected with FLAG-Stx17 and HA-ATG14 were treated with EACC
and immunostained with anti-FLAG and anti-HA antibodies. Scale=15 um (B) Graph
showing the mean intensity of colocalization between FLAG-Stx17 and HA-ATG14
measured as explained in Fig. 2.3 B. Data shown here represents a minimum of 30 cells
from 3 independent experiments plotted as mean + SEM. Statistical significance was
analysed by Student’s unpaired t-test. **P < 0.01.

Overall, all these results suggest that EACC renders autophagosomes ‘fusion incompetent’
by preventing Stx17 translocation onto autophagosomes. These autophagosomes are also
devoid of SNAP29. Finally, EACC treatment reduces the interaction between Stx17 and

ATG14.

79



Chapter 4

4.2.4 EACC treatment inhibits the interaction of Rab7 with LC3

Apart from SNARESs, autophagosome-lysosome fusion also requires accessory proteins
like small GTPase RAB7 and multi-subunit tethering complex HOPS. RAB7 interacts with
Stx17 and LC3 and is essential for autolysosome formation (Hyttinen et al., 2013). While
control cells showed significant association of RAB7 with LC3, EACC treatment decreased
the percentage of LC3 puncta that colocalized with RAB?7 reiterating that EACC affects

autophagosome-lysosome fusion (Fig. 4.4 A, B).
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Figure 4.4: EACC treatment inhibits the interaction of Rab7 with LC3

(A) GFP-LC3 transfected HelLa cells were treated with EACC and immunostained with
anti-RAB7 antibody. Scale=10 um (B) Graph represents the number of LC3 puncta
colocalizing with RAB7. The number of colocalized dots were counted as in Fig. 2.4 B.
Data shown here represents a minimum of 45 cells from 3 independent experiments plotted
as mean = SEM. Statistical significance was analysed by Student’s unpaired t-test. *P <
0.05.
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4.2 5 EACC inhibits the interaction of tether HOPS with Stx17

HOPS is a multi-subunit tethering complex comprising of VPS33A, VPS16, VPS41,
VPS18, VPS11, VPS39. HOPS subunits interact with Stx17 and directly promote
autophagosome-lysosome fusion. HOPS complex can bridge autophagosomal and
lysosomal membranes and facilitate SNARE complex formation (Jiang et al., 2014; Takats
et al.,, 2014). In HelLa cells co-transfected with FLAG-Stx17 and HA-VPS33A, we
calculated the Pearson’s Correlation Coefficient (PCC) between Stx17 and VPS33A. We
observed that the colocalization between HOPS specific subunit VPS33A and Stx17 was
decreased in presence of EACC (Fig. 4.5 A, B). In HeLa cells co-transfected with HA-
VPS33A and FLAG-Stx17, we performed a Co-IP assay using FLAG-tagged magnetic
beads. EACC treatment reduced the levels of HA-VPS33A in FLAG-Stx17
immunoprecipitate (Fig. 4.5 C). These results together suggest that EACC inhibits the

interaction of tether HOPS with Stx17.
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Figure 4.5: EACC inhibits the interaction of tether HOPS with Stx17 (A) HeLa cells
co-transfected with FLAG-Stx17 and HA-VPS33A were either left untreated or treated
with EACC (10uM) for 2 hours. Scale=10 um (B) Graph showing Pearson’s Correlation
Coefficient (PCC) between Stx17 and VPS33A. PCC was measured using SoftWorx
software from DeltaVision. Data shown here represents a minimum of 45 cells from 3
independent experiments plotted as mean = SEM. Statistical significance was analysed by
Student’s unpaired t-test. *P < 0.05. (C) HeLa cells transfected with FLAG-Stx17 and HA-
VPS33A or only HA-VPS33A were either left untreated or treated with EACC. IP was
performed using FLAG-tagged magnetic beads and the levels of HA-VPS33A and FLAG-

Stx17 was checked by immunoblotting.

4.2.6 EACC inhibits the interaction of lysosomal SNARE VAMPS8 with Stx17 but
does not affect lysosomal ‘fusion competence’

Our experiments so far suggested that EACC treatment resulted in accumulation of ‘fusion
incompetent” autophagosomes devoid of autophagosomal SNAREs. We further tested if
EACC could affect the ‘fusion competence’ of lysosomes. As shown in chapter 2, EACC
treatment did not perturb EGFR degradation which hints that lysosomes are competent
enough to fuse with the incoming traffic. We further investigated the status of the fusion
machinery on lysosomes, in particular the R-SNARE VAMPS required for autolysosome
formation (ltakura et al., 2012). In HelLa cells transfected with GFP-VAMP8 and
immunostained for LAMP1, there was no apparent change in VAMP8 and LAMP1
association after EACC treatment as compared to control (Fig. 4.6 A, B). As EACC
prevents Stx17 translocation onto autophagosome and blocks autophagosome-lysosome
fusion, we checked the colocalization between Stx17 and the lysosomal R-SNARE
VAMP8. EACC treatment in cells co-transfected with FLAG-Stx17 and GFP-VAMP8

showed decreased colocalization between Stx17 and VAMPS (Fig. 4.6 C, D).
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To further consolidate these findings, we used immunoprecipitation assay to check the
effect of EACC on Stx17-VAMPS interaction. In HeLa cells co-transfected with GFP-
VAMPS8 and FLAG-Stx17, we performed a Co-IP assay using GFP-Trap beads. EACC
treatment reduced the levels of FLAG-Stx17 in GFP-VAMP8 immunoprecipitate (Fig. 4.6

E).

These results suggest that EACC treatment reduces Stx17 interaction with tethering
complex HOPS and the lysosomal R-SNARE VAMPS8. All these factors collectively

prevent autophagosome-lysosome fusion and block autophagic flux.

A. o-LAMP1 GFP-VAMPS8 MERGE B. D.
: ns *

Starv.

LAMP1+VAMPS
Stx17+VAMPS

EACC

04
Star. EACC Starv.  EACC

FLAG-Stx17+GFP-VAMP8

E. Control Empty y—‘—\

FLAG-Stx17 GFP-VAMP8  MERGE KDa beads GFP  Starv. EACC
43 —| s s |IB: Flag
43 —

s ww |IP: GFP

43 |- s e s 0DUL Flag

43 —
- s s | Input: GFP
33— - ~ |(VAMPS)
29 —
-_ Input: GFP

Fig. 4.6: EACC inhibits the interaction of lysosomal SNARE VAMPS8 with Stx17 but

does not affect lysosomal ‘fusion competence’
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(A) GFP-VAMPS8 transfected Hel a cells were immunostained with anti-LAMP1 antibody.
Scale=10 um (B) Graph representing the mean intensity of colocalization between LAMP1
and VAMPS8. The mean intensity of colocalized dots was measured as in Fig. 2.3 B. Data
shown here represents a minimum of 45 cells from 3 independent experiments plotted as
mean + SEM. Statistical significance was analysed by Student’s unpaired t-test. ns=non-
significant. (C) HeLa cells co-transfected with FLAG-Stx17 and GFP-VAMP8 were either
left untreated or treated with EACC. Scale=10 pm (D) Graph representing the mean
intensity of colocalization between Stx17 and VAMP8. The mean intensity of
colocalization was measured as in. Fig. 2.3 B Data shown here represents a minimum of
45 cells from 3 independent experiments plotted as mean + SEM. Statistical significance
was analysed by Student’s unpaired t-test. *P < 0.05 (E) HeLa cells transfected with
FLAG-Stx17 and GFP-VAMP8 or FLAG-Stx17 and Empty GFP Vector were either left
untreated or treated with EACC. IP was performed using control agarose beads or GFP-
Trap beads and the levels of GFP-VAMP8 and FLAG-Stx17 was checked by

immunoblotting.

4.2.7 The action of EACC is reversible

Thus far, we have shown that EACC inhibits autophagic flux by accumulating fusion
incompetent (Stx17 negative) autophagosomes. In order to understand if the effect of
EACC is reversible, we carried out EACC wash out experiments and followed autophagic

flux and loading of Stx17 onto autophagosomes.

We divided EACC treated cells into three subgroups. In the first group, cells in starvation
media were treated with EACC for one hour and lysates were collected. In the second
group, after a similar treatment with EACC for one hour, cells were washed with DPBS
and kept in starvation medium without EACC for three hours and lysates were collected.
In the third group, the treatment with EACC was allowed to go on for four hours and lysates
were collected after that. All the lysates were probed for LC3-11 expression. The

accumulation of LC3-1I upon EACC treatment was observed after lhour treatment.
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Washing out EACC, decreased the accumulation of LC3-Il similar to the levels of

starvation control (Fig. 4.7 A, B).

We observed a rescue in autophagic flux by washing out EACC, so in order to further
corroborate our immunoblotting based results and to understand if the rescue we observe
is due to an increase in autolysosome number, we utilized tandem tagged mRFP-GFP-LC3
construct. HelLa cells transfected with mRFP-GFP-LC3 were treated with EACC in a
similar manner as explained above. After one-hour treatment, we saw a significant increase
in the number of autophagosomes (MRFP*/GFP*) and a concomitant decrease in the
number of autolysosomes (MRFP*/GFP-) as compared to control. After washing out EACC,
the autophagosome and autolysosome numbers became comparable to that of control (Fig.
4.7 C-E). These results suggest that washing out EACC can reverse the block in

autophagosome-lysosome fusion.

Previous experiments have shown that EACC inhibits translocation of Stx17 to
autophagosomes. So, next we tested if the rescue in autolysosome number upon washing
out EACC was due to restoration of the SNARE Stx17 onto autophagosomes. In HeLa cells
transfected with FLAG-Stx17 and RFP-LC3, we counted the number of Stx17*
autophagosomes before and after EACC wash-out. There were very few LC3*/Stx17*
puncta in cells treated with EACC for four hours. On the other hand, the number of
LC3*/Stx17* puncta in cells in which EACC was washed out after an hour was similar to

that of control. (Fig. 4.7 F-H).
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Fig. 4.7: The action of EACC is reversible

(A) We divided EACC treated cells into three subgroups. In the first group, cells in
starvation media were treated with EACC for one hour and lysates were collected. In the
second group, after a similar treatment with EACC for one hour, cells were washed with
DPBS and kept in starvation medium without EACC for three hours and lysates were
collected. In the third group, the treatment with EACC was allowed to go on for four hours
and lysates were collected after that. All the lysates were probed for LC3B-II expression.
(B) Relative levels of LC3-11: B-Actin in untreated versus treated samples were quantitated
for 3 independent experiments. *P < 0.05, ns= non-significant (Two-way ANOVA,
replicate means compared with Bonferroni post-test) (C) HeLa cells were transfected with
tandem tagged mRFP-GFP-LC3 construct for 48 hours and treatment was carried out as
explained above. Scale: 15 um (D, E) The number of autophagosomes (RFP*/GFP*
structures) and autolysosomes (RFP*/GFP- structures) per cell in various treatment
conditions were counted using the cell counter plugin in ImageJ. Data shown represents
number of autophagosomes (RFP*/GFP*) and autolysosomes (RFP*/GFP") for a minimum
of 45 cells from 3 independent experiments plotted as mean + SEM. Statistical significance
was analysed by Student’s unpaired t-test. *P < 0.05, ns= non-significant. (F) HeLa cells
transfected with FLAG-Stx17 and GFP-LC3 were treated with EACC (10uM) as explained
above and immunostained with anti-FLAG antibody. Scale: 10 um (G, H) Graph represents
the number of LC3 puncta colocalizing with Stx17. The number of colocalized dots was
counted as mentioned in Fig. 2.4 B. Data shown here represents a minimum of 45 cells
from 3 independent experiments plotted as mean + SEM. Statistical significance was

analysed by Student’s unpaired t-test. ***P < 0.001, ns=non-significant.

4.3 Discussion
In this chapter, we show that EACC inhibits the translocation of autophagosome specific

SNARE Stx17 thereby blocking autophagosome-lysosome fusion.

We had previously shown that EACC causes accumulation of LC3-1I over and above that
of starvation induced autophagy and that the increase in LC3-Il is due to a block in
autophagic flux rather than autophagy induction. Additionally, upon probing each step in

the process of autophagy, we narrow down the action of EACC to the penultimate step of

87



Chapter 4

autophagic flux, i.e. fusion of autophagosomes with lysosomes resulting in accumulation
of autophagosomes., We further concluded that EACC does not affect the localization of
R-SNARE VAMPS8 present on lysosomes and thereby the ability of lysosomes to fuse with

other incoming traffic.

Previous published literature has shown that during autophagosome-lysosome fusion, first
Stx17 gets loaded on autophagosomes followed by SNAP29 recruitment. This Qanc SNARE
complex is stabilized by ATG14. Subsequently, successful fusion ensues when SNARE
pairing (Qa Stx17, Qoc SNAP29 and the lysosomal R-SNARE VAMPS) is promoted by
small GTPase RAB7 and tethering complex HOPS (Diao et al., 2015; Guo et al., 2014;

Itakura et al., 2012; Jiang et al., 2014; Takats et al., 2014).

The striking feature of EACC is that it blocks autophagosome-lysosome fusion by
impairing Stx17 loading onto autophagosomes. As per our knowledge, we have not come
across any other report suggesting a chemical modulator of autophagy that can selectively
prevent Stx17 translocation thereby rendering autophagosomes ‘fusion incompetent’. The
exact mechanism by which Stx17 is translocated onto complete autophagosomes is not very
clear. A recent report suggested that Stx17 recruitment to autophagosomes occurs via
interaction with a small GTPase IRGM and mammalian ATG8 proteins (Kumar et al.,
2018). We propose that identification of Stx17 binding partners in presence or absence of
EACC could give a clue regarding the target of EACC as well as help in identification of
any other accessory factors that might be involved in Stx17 recruitment on

autophagosomes.

Furthermore, we also showed that the action of EACC is reversible. Washing out EACC
can rescue the block in autophagic flux because Stx17 is now able to translocate to

autophagosomes and participate in further fusion events. Hence, we propose that due to
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the reversible nature of its action, EACC can be used as a useful tool to study the dynamic

Stx17 trafficking.
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Chapter 5
EACC sheds light on the regulation of autophagic flux via Stx17
trafficking

5.1 Overview

In the past chapters, we have identified and characterized EACC as an inhibitor of
autophagosome-lysosome fusion. We further showed that the effect of EACC is selective
to autophagy and it does not affect the lysosomal pH or function or other vesicular
trafficking pathways such as endocytosis that culminate at the lysosomes. In order to further
understand the mechanism of action of EACC, we did a step-by-step analysis for all the

steps of autophagy.

EACC treatment did not affect induction of autophagy or the steps that lead to
autophagosome biogenesis such as isolation membrane formation or its expansion. We
further showed that EACC blocks autophagic flux by inhibiting translocation of
autophagosomal SNAREs onto autophagosomes without impeding the lysosomal ‘fusion
competence’. It also decreases the interaction between the autophagosomal SNARE Stx17
and the tethering complex HOPS as well the lysosomal SNARE VAMPS8. These factors are

collectively responsible for the block in autophagic flux mediated by EACC.

Next, we were trying to understand the reasons for inhibition of Stx17 translocation
mediated by EACC. According to published reports, Stx17 in nutrient rich conditions is
present in ER, Mitochondria and ER-Mitochondria contact sites. Here, it interacts with the
mitochondrial fission regulator protein Drpl, assists in its assembly and ensures
mitochondrial fission. Whereas upon nutrient starvation, Stx17 translocates onto
autophagosomes and regulates autophagosome-lysosome fusion (Arasaki et al., 2015;

Itakuraetal., 2012). In presence of EACC, as the starvation mediated translocation of Stx17
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was blocked, we wondered if the role of Stx17 in mitochondrial dynamics and its role in

autophagic flux was connected.

In this chapter, we showed that EACC treatment led to enhanced mitochondrial fission
which hinted at it having a role in mitochondria. We further showed that EACC enhances
Stx17-Drpl interaction even in starvation conditions. Furthermore, inhibiting this
interaction between Stx17 and Drpl by either genetic or chemical means not only allowed
Stx17 translocation onto autophagosomes, but promoted autophagosome-lysosome fusion

even in presence of EACC.

5.2 Results

5.2.1 EACC enhances mitochondrial fragmentation
In the presence of EACC, Stx17 is not present on the autophagosomes even in starvation
conditions. Next, we decided to observe the effect of EACC on other organelles where

Stx17 is located such as mitochondria.

HeLa cells transfected with DsRed-Mito7, were treated with a well-studied mitochondrial
uncoupler Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (10uM) in GM or EACC
(10uM) for 2 hours in starvation conditions and imaged (Fig. 5.1 A). CCCP increases the
proton permeability across the mitochondrial inner membrane, and dissipates
the mitochondrial membrane potential. This results in enhanced mitochondrial fission (Lim
et al., 2001). Starvation on the other hand, results in mitochondrial elongation which
maximizes ATP production (Arasaki et al., 2015). With the help of Mitochondrial Network
Analysis (MiNa), an Image J plugin, we measured the length of mitochondrial branches in
all treatment conditions which was then divided by the number of independent skeletons or
fragments. This value is termed as the summed branch length mean (Valente et al., 2017).

An increase in fragmentation, leads to decrease in the summed branch length mean values.
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EACC treatment decreased the summed branch length mean as compared to starvation
control. Interestingly, the mitochondrial fragmentation in presence of EACC was not as
drastic as that of CCCP treatment. Secondly, treatment with EACC did not result in
accumulation of swollen mitochondria which is a hallmark of CCCP treatment (Fig. 5.1 A,
B). Hence, we concluded that EACC enhances mitochondrial fragmentation as compared
to starvation control but the enhanced fragmentation was less dramatic as compared to that

of the mitochondrial uncoupler CCCP.
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Figure 5.1: EACC enhances mitochondrial fragmentation
(A) HelLa cells transfected with DsRed-Mito7 were treated with CCCP (10uM) in GM or
EACC (10uM) for 2 hours in starvation conditions. Scale=10 pm, 1um (B) Graph
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represents the summed branch length mean calculated in Image J using the Mitochondrial
Network Analyzer (MiNa) plugin. Data shown here represents 20 panels (~7 cells per
panel) for each treatment condition across 3 independent experiments plotted as mean +

SEM. Statistical significance was analysed by Student’s unpaired t-test. ***P < 0.001

5.2.2 EACC treatment enhances Stx17-Drpl interaction

So far, we had two major observations upon EACC treatment. First was the block in
autophagic flux due to inhibition of Stx17 translocation from ER, mitochondria and ER-
mitochondria contact sites onto autophagosomes. Secondly, we observed enhanced
mitochondrial fragmentation upon EACC treatment. Based on these two observations, our
hypothesis was to test whether the increase in mitochondrial fragmentation and block in
autophagic flux seen upon EACC treatment is due to enhanced Stx17-Drp1 interaction even
in starvation conditions.

In order to test this hypothesis, we transfected HeLa cells with GFP-LC3, FLAG-Stx17 and
mCherry-Drpl. These cells were were either left untreated, treated with EACC, or pre-
treated with Mdivil (50uM for 1 hour) followed by EACC treatment for 2hours and
immunostained with anti-FLAG antibody (Fig. 5.2 A). Mitochondrial division inhibitor 1
(Mdivil) is a quinazonilone derivative that inhibits Drpl-dependent mitochondrial fission.
Mdivil inhibits Drpl self-assembly and GTPase activity (Cassidy-Stone et al., 2008; Ruiz
et al., 2018; Tanaka and Youle, 2008).

As Stx17 interacts with Drpl in a GTP-dependent manner and helps in Drpl self-assembly
(Arasaki et al., 2015), we used Mdivil to disrupt Stx17-Drp1l interaction.

In HeLa cells transfected with GFP-LC3, FLAG-Stx17 and mCherry-Drpl, EACC
treatment resulted in decreased colocalization between Stx17 and LC3 and enhanced
colocalization between Stx17 and Drpl as compared to the starvation control. On the other
hand, pre-treatment with Mdivil (50uM for 1 hour) to disrupt Stx17-Drpl interaction

followed by EACC treatment for 2hours resulted in the levels of mean intensity of
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colocalization for Stx17-LC3 and Stx17-Drpl almost comparable to the starvation control

(Fig. 5.2 B, C).

In order to corroborate the increase in Drp1-Stx17 interaction upon EACC treatment, we
performed a proximity ligation assay to quantitate endogenous protein-protein interactions
between Drpl and Stx17. HelLa cells transfected with HA-Drpl were either left untreated
or treated with EACC. The number of PLA positive dots representing Drpl-Stx17
interaction increased upon EACC treatment (Fig. 5.2 D, E). These results together suggest
that EACC treatment decreases the interaction between LC3-Stx17 and increases the
interaction between Drp1-Stx17 and the use of Drp1 inhibitor such as Mdivil can overcome

this effect of EACC.
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Figure 5.2: EACC treatment enhances Stx17-Drp1 interaction

(A) HeLa cells co-transfected with FLAG-Stx17, GFP-LC3 and mCherry-DRP1 were
either left untreated, treated with EACC, or pre-treated with Mdivil (50uM for 1 hour)
followed by EACC treatment for 2hours and immunostained with anti-FLAG antibody.
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Scale=10 um (B) Graph showing the mean intensity of colocalization between FLAG-
Stx17 and GFP-LC3 measured as explained in Fig. 2.3 B. Data shown here represents a
minimum of 45 cells from 3 independent experiments plotted as mean £ SEM. Statistical
significance was analysed by Student’s unpaired t-test. ***P < 0.001, ns=non-significant.
(C) Graph showing the mean intensity of colocalization between FLAG-Stx17 and
mCherry-Drpl measured as explained in Fig. 2.3 B. Data shown here represents a
minimum of 45 cells from 3 independent experiments plotted as mean £ SEM. Statistical
significance was analysed by Student’s unpaired t-test. ns=non-significant. (D) HeLa cells
transfected with HA-Drpl and treated with or without EACC were subjected to PLA with
HA and Stx17 antibody pair. Scale=15 um (E) The number of PLA positive dots
representing HA-Drpl and Stx17 interaction were counted using the cell-counter plugin of
ImageJ. Graph represents the number of PLA positive dots representing HA-Drpl and
Stx17 interaction plotted as mean + SEM. Statistical significance was analysed by Student’s
unpaired t-test. ***P < 0.001

5.2.3 Pretreatment with Drpl inhibitor Mdivil rescues autophagic flux

In the last part, we showed that EACC treatment decreases the interaction between LC3-
Stx17 and increases the interaction between Drp1-Stx17 and the use of Drpl inhibitor such
as Mdivil can overcome this effect of EACC. We further wanted to test if inhibiting Drp1-
Stx17 interaction by genetic and chemical methods can rescue the block in autophagosome-

lysosome fusion mediated by EACC.

HelLa cells transfected with tandem tagged mRFP-GFP-LC3 construct for 48 hours were
either left untreated, treated with EACC, or pre-treated with Mdivil (50uM for 1 hour)
followed by EACC treatment for 2hours. In EACC treatment as previously reported, we
saw an accumulation of autophagosomes and a concomitant decrease in autolysosomes. On
the other hand, in HeLa cells pre-treated with Mdivil the number of autolysosomes was
comparable to that of the starvation control (Fig. 5.3 A-C). Hence, Mdivil mediated Drpl

inhibition could rescue autophagic flux even in presence of EACC.
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Figure 5.3: Pretreatment with Drp1 inhibitor Mdivil rescues autophagic flux

(A) HeLa cells transfected with tandem tagged mRFP-GFP-LC3 construct for 48 hours
were either left untreated, treated with EACC, or pre-treated with Mdivil (50uM for 1 hour)
followed by EACC treatment for 2hours. Scale: 15 um (B, C) The number of
autophagosomes (RFP*/GFP* structures) and autolysosomes (RFP*/GFP- structures) per
cell in various treatment conditions were counted using the cell counter plugin in ImageJ.
Data shown represents number of autophagosomes (RFP*/GFP*) and autolysosomes

(RFP*/GFP") for a minimum of 45 cells from 3 independent experiments plotted as mean +

99



Chapter 5

SEM. Statistical significance was analysed by Student’s unpaired t-test. ***P < 0.001, **P

<0.01, *P < 0.05, ns= non-significant.
5.2.4 Overexpression of the dominant negative Drpl rescues autophagic flux

Next, we overexpressed the dominant negative (K38A) form of Drpl. In this mutant, a
critical lysine is converted to alanine which reduces the GTP-binding ability of Drpl
(Smirnova et al., 2001; Ugarte-Uribe et al., 2014). Since, the Drp1-Stx17 interaction is
GTP-dependent (Arasaki et al., 2015), overexpression of Drp1K®#A can inhibit Drp1-Stx17

interaction.

HeLa cells transfected with tandem tagged mRFP-GFP-LC3 and HA-Drp1 or HA-Drp1K384
for 48 hours were either left untreated or treated with EACC. In HeLa cells transfected with
MRFP-GFP-LC3 and HA-Drp1, the number of autolysosomes in EACC treated cells was
significantly lower than the starvation control whereas in HelLa cells transfected with
MRFP-GFP-LC3 and HA-Drp1¥®®A  the number of autolysosomes was increased

significantly even in EACC treated cells (Fig. 5.4 A-C).

Hence, inhibiting the enhanced Drp1-Stx17 interaction by overexpression of Drp1<%4

could rescue autophagic flux even in the presence of EACC.
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Figure 5.4: Overexpression of the dominant negative Drp1 rescues autophagic flux

(A) HelLa cells transfected with tandem tagged mRFP-GFP-LC3 and HA-Drpl or HA-
Drp1K38A for 48 hours were either left untreated or treated with EACC. Scale: 25 pum (B,
C) The number of autophagosomes (RFP*/GFP* structures) and autolysosomes
(RFP*/GFP- structures) per cell in various treatment conditions were counted using the cell
counter plugin in ImageJ. Data shown represents number of autophagosomes (RFP*/GFP™)

and autolysosomes (RFP*/GFP?) for a minimum of 45 cells from 3 independent
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experiments plotted as mean £ SEM. Statistical significance was analysed by Student’s
unpaired t-test. ***P < 0.001, **P < 0.01, *P < 0.05, ns= non-significant.

5.2.5 Silencing of Drp1 rescues autophagic flux

Finally, we performed siRNA mediated silencing of Drpl to see if this could rescue the
autophagic flux even in the presence of EACC. First to check the efficiency of Drpl siRNA,
HeLa cells were either left untransfected or transfected with scrambled siRNA or siRNA
against Drpl and immunoblotted for Drp1 and B-Actin. The levels of Drpl were decreased
significantly post silencing (Fig. 5.5 A). Next, HelLa cells transfected with siRNA against
Drpl (1.5pug) and tandem tagged mRFP-GFP-LC3 construct for 48 hours were either left
untreated or treated with EACC. The number of autophagosomes and autolysosomes in
Drp1l silenced HeLa cells were now similar to the starvation control even in presence of
EACC (Fig. 5.5 B-D). Hence, disrupting the Drp1-Stx17 interaction by silencing Drpl

could rescue autophagic flux even in presence of EACC.
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Figure 5.5: Silencing of Drp1 rescues autophagic flux

(A) HeLa cells were either left untransfected or transfected with scrambled siRNA or
siRNA against Drpl were immunoblotted for Drp1 and B-Actin. (B) HeLa cells transfected
with siRNA against Drpl (1.5pg) and tandem tagged mRFP-GFP-LC3 construct for 48
hours were either left untreated or treated with EACC. The same experiment was performed
with scrambled siRNA control but it has not been shown here. Scale: 10 um (C, D) The
number of autophagosomes (RFP*/GFP* structures) and autolysosomes (RFP*/GFP-
structures) per cell in various treatment conditions were counted using the cell counter
plugin in ImageJ. Data shown represents number of autophagosomes (RFP*/GFP*) and
autolysosomes (RFP*/GFP") for a minimum of 45 cells from 3 independent experiments
plotted as mean = SEM. Statistical significance was analysed by Student’s unpaired t-test.

ns= non-significant.

5.2.6 Overexpression of Drpl dominant negative allows Stx17 translocation onto
autophagosomes even in presence of EACC

Previously, we showed that inhibiting the enhanced Drpl-Stx17 interaction by

overexpression of Drp1X®A could rescue autophagic flux even in the presence of EACC.
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Finally, we wanted to understand if this rescue in autophagic flux is because the
autophagosomal SNARE Stx17 can now translocate to autophagosomes which we do not

observe in presence of EACC (as has been shown in the previous chapter).

HeLa cells transfected with FLAG-Stx17, GFP-LC3 and HA-Drp1 or HA-Drp1X%A for 48
hours were either left untreated or treated with EACC and immunostained with anti-FLAG
or anti-HA antibodies. EACC treatment significantly reduced the mean intensity of
colocalization of LC3 and Stx17 in HeLa cells overexpressing HA-Drpl. On the other hand,
the mean intensity of colocalization of LC3 and Stx17 was rescued and was similar to that
of starvation control even in presence of EACC in HeLa cells overexpressing HA-Drp1K38A
(Fig. 5.6 A, B). Hence, we conclude that inhibiting the enhanced Drpl1-Stx17 interaction
by overexpression of Drp1X3A could rescue autophagic flux by allowing translocation of

Stx17 onto autophagosomes even in EACC treated cells.
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Fig. 5.6: Overexpression of Drpl dominant negative allows Stx17 translocation onto

autophagosomes even in presence of EACC

(A) HeLa cells transfected with FLAG-Stx17, GFP-LC3 and HA-Drp1 or HA-Drp1%%A for
48 hours were either left untreated or treated with EACC and immunostained with anti-
FLAG or anti-HA antibodies. (B) Graph showing the mean intensity of colocalization
between Flag-Stx17 and GFP-LC3 in HA-Drp1 or HA-Drp1K3A overexpressing cells were
measured as explained in Fig. 2.3 B. Data shown here represents a minimum of 45 cells
from 3 independent experiments plotted as mean + SEM. Statistical significance was

analysed by Student’s unpaired t-test. ***P < 0.001, ns=non-significant.
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5.3 Discussion

In this chapter, we looked at non-autophagic roles of Stx17 particularly in regulating
mitochondrial dynamics. According to published reports, in nutrient rich conditions Stx17
is present in ER, Mitochondria and ER-Mitochondria contact sites (Arasaki et al., 2015;
Itakura et al., 2012). Arasaki et al., also showed that there it interacts with the mitochondrial
fission regulator protein Drpl, assists in its self- assembly and in mitochondrial fission.
Whereas upon nutrient starvation, Stx17 translocates onto autophagosomes and regulates
autophagosome-lysosome fusion which also results in mitochondrial elongation (Arasaki

et al., 2015; Itakura et al., 2012).

We had previously shown that in presence of EACC, the starvation mediated translocation
of Stx17 was blocked which resulted in inhibition of autophagosome-lysosome fusion and
caused accumulation of autophagosomes. Additionally, we observed that EACC enhanced
mitochondrial fragmentation. Based on these two observations, we tested our hypothesis
whether the increase in mitochondrial fragmentation and block in autophagic flux seen
upon EACC treatment is due to enhanced Stx17-Drpl interaction even in starvation
conditions.

We observed that the Stx17-Drpl interaction is enhanced in EACC treatment which was
reciprocal to the effect of EACC on Stx17-LC3 interaction which decreases significantly
in the presence of EACC. Furthermore, pre-treatment of cells with a chemical inhibitor of
Drpl such as Mdivil resulted in the colocalization for Stx17-LC3 and Stx17-Drpl being
similar to that of starvation control.

This suggested that EACC not only inhibited Stx17 translocation onto autophagosomes but
also enhanced the interaction between Drpl and Stx17. Additionally, disrupting the GTP-
dependent Stx17-Drp1l interaction by the use of genetic or chemical inhibitors of Drpl can

potentially rescue the autophagic flux.
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Finally, we showed that inhibiting the enhanced Drp1-Stx17 interaction by use of Mdivil
(Cassidy-Stone et al., 2008; Ruiz et al., 2018; Tanaka and Youle, 2008), overexpression of
Drp1K38A (Smirnova et al., 2001; Ugarte-Uribe et al., 2014) or by Drp1 silencing could
rescue autophagic flux even in the presence of EACC and this rescue was due to restored

translocation of Stx17 onto autophagosomes.
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Discussion and Future Directions

6.1 Discussion

The past decade has seen a deluge of studies involving genetic or pharmacological
interventions to restore autophagic flux in pathophysiological conditions such as
neurodegeneration, cancer and infections with considerable success. This has led to an
escalated interest in identifying new small molecule modulators of autophagy that could
potentially be of therapeutic value. Several groups have performed luminescence or
fluorescence based chemical biology screens for the same (Chauhan et al., 2015; Jo et al.,
2011; Min et al., 2018). Our laboratory has standardized a luminescence based high
throughput assay to screen for small molecule modulators of autophagy in yeast. The
principle of the assay is based on the detection of levels of luciferase activity in order to
monitor the rate of autophagic flux in S. cerevisiae (Mishra et al., 2017b). The screen
identified two novel inhibitors of yeast and mammalian autophagy, Bayll and ZPCK
(Mishra et al., 2017a). The strength of the assay is that unlike target-driven screens which
focus on a particular step in the pathway, this assay focuses on the entire pathway and
therefore it can yield hits across all steps of autophagy.

Using this assay, we screened ~200,000 molecules across different libraries and obtained
several hits. We tested one of the hits, EACC for its potential to modulate autophagy in
mammalian cells. We showed that EACC caused an accumulation of LC3-1l over and
above that of starvation induced autophagy. Furthermore, by using some of the staple
assays of the field, we deduced that the increase in LC3-11 is most likely due to a block in
autophagosome-lysosome fusion rather than autophagy induction. As discussed previously

in the introduction, the most commonly used late-stage inhibitors of autophagy
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Bafilomycin Al and chloroquine are not autophagy inhibitors in the truest sense because
they primarily affect lysosomal pH and the block in autophagic flux that is observed upon
their addition is a consequence of their effects on the lysosome. Therefore, we wanted to
test if the late-stage block caused by EACC was due to an effect on lysosomal pH or
function. We tested the effect of EACC on lysosomal number, pH and function and ruled
out that EACC is affecting the lysosomes. Another issue that arises while working with a
lysosomal inhibitor rather than a true autophagy inhibitor is that lysosomes are the final
destination for several vesicular trafficking pathways including autophagy and endocytosis.
Therefore, a lysosomal inhibitor will not only block the autophagic flux but will have
secondary effects on other vesicular trafficking pathways such as endocytosis. In order to
further potentiate the finding that the inhibitory nature of EACC is specific to autophagy,
we followed the degradation of an endocytic cargo EGFR and found the degradation pattern
of EGFR remained unchanged upon EACC treatment.

Following this, we set out to understand the process of autophagosome-lysosome fusion in
greater detail. As it was clear that the action of EACC was specific to the autophagy
pathway, we wanted to focus on the candidate proteins which are involved in
autophagosome-lysosome fusion but not in fusion of other vesicles with the lysosomes.
Itakura et al., identified Stx17 as the first specific SNARE involved in autophagosome-
lysosome fusion. Stx17 is a Qa SNARE which forms a complex with Qo SNARE SNAP29.
This SNARE complex formation occurs on complete autophagosomes (ltakura et al.,
2012). Stx17 has been reported to be present in ER, mitochondria and ER-mitochondria

contact sites in nutrient rich conditions (Arasaki et al., 2015; Itakura et al., 2012).

According to already published reports, fusion step proceeds temporally by first
translocation/loading of Stx17 on autophagosomes followed by SNAP29 recruitment. This

Qac SNARE complex is stabilized by ATG14. Autophagosome-lysosome docking is
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mediated by small GTPase RAB7 and tethering complex HOPS. Subsequently, successful
fusion occurs when membranes of the two vesicles are brought in close apposition and a
trans-SNARE complex comprising of Qa Stx17, Qoc SNAP29 and the lysosomal R-SNARE
VAMPS is formed (Diao et al., 2015; Guo et al., 2014; Itakura et al., 2012; Jiang et al.,

2014; Takats et al., 2014).

We observed that EACC consistently impaired Stx17 loading onto autophagosomes. This
was very intriguing because as per our knowledge, there were no reports suggesting any
chemical modulator of autophagy that could selectively prevent Stx17 translocation thereby
rendering autophagosomes ‘fusion incompetent’. There are reports which suggest that in
order to prevent being captured and degraded by autophagy some pathogens like
Legionella pneumophila can degrade Stx17 to block the autophagic flux (Arasaki et al.,
2017). However, EACC did not affect Stx17 expression. Although EACC affected the
translocation of Stx17 on autophagosomes and therefore the interaction of LC3 with
Stx17 and its partner SNARE SNAP29, it did not significantly affect the interaction of
Stx17 with SNAP29. This could mean that although EACC is affecting the function of
Stx17 and SNAP29 in autophagosome-lysosome fusion, the other trafficking processes
mediated by Stx17-SNAP29 interaction such as fusion of MDVs with lysosomes

(McLelland et al., 2016) most likely remains unaffected.

We further showed by analysing the presence of lysosomal R-SNARE VAMPS that the
lysosomal ‘fusion competence’ remained unaltered in the presence of EACC but as
expected, there is decreased interaction between Stx17 and HOPS subunit VPS33A as
well Stx17 and VAMPS. So, we concluded that the block in autophagosome-lysosome
fusion that we see upon EACC treatment is due to impaired translocation of the SNARE
Stx17 onto autophagosomes and reduced interaction of Stx17 with the tethering complex

HOPS and the cognate lysosomal SNARE VAMPS.
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The next major question was to address how Stx17 translocation is regulated. As
mentioned before, Stx17 gets spatially regulated depending on the nutritional status of the
cell. Since, Stx17 was not getting translocated to autophagosomes in starvation, we sought

out to understand the reasons behind it.

We decided to observe the effect of EACC on other organelles such as mitochondria where
Stx17 is located. Interestingly, EACC treatment caused enhanced mitochondrial
fragmentation. As already explained in the introduction, Stx17 gets spatially regulated
depending on the nutritional status of the cell. In nutrient rich conditions wherein the basal
autophagic flux is low, Stx17 is present on ER-Mitochondria contact sites where it assists
in the assembly of GTP-bound Drpl on mitochondria and mitochondrial fragmentation.
Starvation redistributes Stx17 from ER-Mitochondria contact sites to autophagosomes
wherein it binds to autophagic proteins like LC3 and ATG14. This ensures proper
autophagic flux as well as mitochondrial elongation in order to maximize ATP production

during nutrient stress (Arasaki et al., 2015).

Upon EACC treatment, our two main observation were that Stx17 translocation on
autophagosomes is impaired even in starvation conditions and we also observed enhanced
mitochondrial fragmentation. Linking the two observations, we wanted to check if the
excessive mitochondrial fragmentation seen upon EACC treatment was due to enhanced
Stx17-Drp1 interaction and could this be the reason for decreased LC3-Stx17 interaction
and the concomitant block in autophagic flux. As the interaction of Stx17 and Drpl on
mitochondria is GTP dependent (Arasaki et al., 2015), we used a chemical inhibitor Mdivil
which impairs GTP binding as well as a non-hydrolysable GTP mutant of Drp1 (Drp1%%4)
to disrupt Stx17-Drpl interaction. We observed that EACC enhanced association of Stx17
with Drpl even in starvation conditions. This enhanced interaction was attenuated upon

pre-treatment with Mdivil.
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Additionally, by performing traffic light assay in conjunction with multiple genetic and
chemical methods to inhibit Drpl, we observed a rescue in autophagosome-lysosome
fusion even in presence of EACC. Hence, by inhibiting the interaction between Stx17 and
Drpl by either genetic or chemical means not only allowed Stx17 translocation onto

autophagosomes, but also restored the autophagic flux even in presence of EACC.

This suggests that there is a critical balance between mitochondrial dynamics and
autophagy mediated by Stx17. EACC enhances Stx17-Drpl interaction even in starvation
thereby impairing the intended function of Stx17 in starvation i.e. to mediate
autophagosome-lysosome fusion.

Furthermore, we also showed that the action of EACC is reversible. The block in
autophagic flux is rescued after washing out EACC because Stx17 is now able to
translocate to autophagosomes and participate in further fusion events. As Stx17
trafficking is a dynamic event, molecules like EACC which reversibly impair this

translocation can be a useful tool to study Stx17 trafficking.

In conclusion, molecules like EACC can fill the lacuna that exists in the field due to the
lack of specific autophagy inhibitors and provide further mechanistic insights into the

process of autophagy and its regulation.

6.2 Future directions

As mentioned previously, EACC is a reversible inhibitor of Stx17 translocation onto
autophagosomes. Molecules like EACC which reversibly impair this translocation can be
used as a useful tool to study Stx17 trafficking. The exact mechanism by which Stx17
translocates to mature autophagosomes is still unclear. A recent report suggested that Stx17
recruitment to autophagosomes occurs via interaction with a small GTPase IRGM and

mammalian ATG8 proteins (Kumar et al., 2018). Stx17 has been suggested to have various
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cellular locations including ER, mitochondria, ER-mitochondria contact sites and even
cytosol (Arasaki et al., 2015; Itakura et al., 2012). The recruitment of Stx17 onto
autophagosomes could either be vesicle-mediated or by direct connections between
autophagosomes and ER/mitochondria or ER-mitochondria contact sites. The latter is more
unlikely because it is known that mature autophagosomes do not retain connections with
the above-mentioned organelles. In case the translocation of Stx17 is indeed vesicle-
mediated, we propose that EACC could be useful in identification of such vesicles. Vesicles
from cells either left untreated or treated with EACC can be isolated and purified followed
by immunoprecipitation of Stx17 and mass spectrometry to identify the protein components
of the vesicle.

We also cannot rule out the involvement of other accessory proteins which decide and
regulate the location of Stx17 in response to nutrient status of the cell. Immunoprecipitation
of Stx17 in starvation with or without EACC followed by mass spectrometry can potentially
give us a list of interacting partners of Stx17 in presence and absence of EACC and bring
us closer towards identification of other accessory proteins regulating this process.
Furthermore, we would like to understand which site in the cell is the major source for
Stx17 trafficking onto autophagosomes. As EACC affects not only the autophagic flux but
also mitochondrial dynamics, we would like to understand if ER-mitochondria contact sites
are an important source for Stx17 trafficking. First, we would like to study the effect of
EACC on ER-mitochondria by employing high-resolution microscopy and other methods
(Csordas et al., 2018; Lopez-Crisosto et al., 2015; Wu et al., 2018). An important point to
note here is that ER-mitochondria sites are also implicated as membrane sources for
autophagosomes biogenesis (Hamasaki et al., 2013). We do see an accumulation of
autophagosomes upon EACC treatment but as there are several other membrane sources

known which contribute to autophagosome biogenesis (Tooze, 2013), we cannot
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completely rule out the effect of EACC on ER-mitochondria contact sites. Keeping in mind
the reported role of Stx17 in autophagosome biogenesis at the MAM (Arasaki et al., 2017,
Hamasaki et al., 2013), it will worth probing the effect of Stx17-Drpl interaction on the
type and the composition of autophagosomes that accumulate upon EACC treatment.
Finally, we would like to disrupt the ER-mitochondria contact sites either by RNA
interference of tethering proteins such as Mfn2, IP3 receptor (IP3R) or Phosphofurin acidic
cluster sorting protein 2 (PACS2) or by pharmacological inhibition of the ER-to-
mitochondria Ca2+ signaling by targeting the IP3R and Voltage dependent anion channel
(VDAC) (Lopez-Crisosto et al., 2015) and see if that affects the translocation of Stx17 onto
autophagosomes after washing out EACC.

We would also like to do some chemical studies with EACC to identify which molecular
structures are important for its biological activity. Finally, the most challenging future work
will involve identifying the target of EACC by affinity-based target identification methods
(Futamura et al., 2013) with Biotin-tagged versions of EACC. We believe that further
studies with EACC will provide some interesting mechanistic insights into the process of

autophagosome-lysosome fusion and its regulation.
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Materials and methods

7.1 Cell culture

HeLa cells were maintained in growth medium comprising of Dulbecco's Modified Eagle's
Medium (DMEM) (Sigma-Aldrich, D5648) supplemented with 3.7 g/L sodium bicarbonate
(Sigma-Aldrich, S5761) plus 10% Fetal Bovine Serum (FBS) (Gibco, 10270-106) and 100
units/ml of Penicillin and Streptomycin (Gibco, 15140-122) at 5% CO. and 37°C.
Autophagy was induced by washing cells with Dulbecco’s Phosphate Buffered Saline (D-
PBS) (Sigma-Aldrich, D5773) and incubating them in starvation media/Earle’s Balanced
Salt Solution (Sigma-Aldrich, E7510) made to 1X and supplemented with 2.2 g/L sodium

bicarbonate for 2 hours until otherwise stated.

7.2 Plasmids used in the study

Plasmids used in the study were as follows: ptfLC3 (mRFP-GFP-LC3) (Addgene plasmid
#21074) and pmRFP-LC3 (Addgene plasmid #21075) were gifts from Tamotsu Yoshimori.
FLAG-Stx17 (Addgene plasmid #45911) and FLAG-SNAP29 (Addgene plasmid#45915)
were gifts from Noburu Mizushima. GFP-VAMP8 was a gift from Thierry Galli (Addgene
plasmid #42311), mCherry-DFCP1was a gift from Do-Hyung Kim (Addgene plasmid
#86746), HA-hATG14 was a gift from Noburu Mizushima (Addgene plasmid #24294),
mCh-Drpl was a gift from Gia Voeltz (Addgene plasmid #49152), DsRed2-Mito7 was a
gift from Michael Davidson (Addgene plasmid #55838), pcDNA3-Drp1¥®A was a gift
from Richard Youle and Alexander Van der Bliek (Addgene plasmid #45161). Plasmid
containing HA-VPS33A was a kind gift from Dr. Mahak Sharma, IISER Mohali. Plasmid

containing HA-Drpl was a kind gift from Dr. Patrick D’Silva, 11Sc Bangalore. Myc-Stx17
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plasmid was a kind gift from Dr. Viktor Korolchuk, Newcastle University. GFP-LC3
plasmid was generated in lab by excising out mRFP fragment from mRFP-GFP-LC3

plasmid.

7.3 Antibodies and reagents used in the study

The following primary antibodies were used: LC3 (MBL, M152-3), LC3B (Sigma-Aldrich,
L7543), B-Actin (CST, 4970), LAMP1 (CST, 9091), p62/SQSTM1 (Abcam, ab56416), p-
Tubulin (DHSB, E7), cathepsin-B (Cloud Clone Corp., PAC964Hu01), EGFR (Santa Cruz
Biotechnology, sc-03), phospho-P70S6K (T389) (CST, 9234), Total P70S6K (CST, 9202),
phospho-4EBP1 (CST, 2855), Total 4EBP1 (CST, 9452), phospho-ULK1 (S757)
(CST,6888), ATG14 (CST, 5504), ATG5 (CST, 12994), ATG16L1 (CST, 8089), WIPI2
(Abcam, ab105459), Stx17 (Sigma-Aldrich, HPA001204), FLAG (Sigma-Aldrich, F3165),
FLAG (Sigma-Aldrich, F1804), HA (CST, 3724), Myc (Abcam, ab9106), RAB7 (CST,

9367), GFP (Roche, 11814460001), Drpl (CST, 5391), Mouse 1gG (Genei, IGP3).

Secondary antibodies used were Goat Anti-mouse 1gG (H+L) HRP conjugate (Biorad,
1721011), Goat Anti-rabbit IgG (H+L) HRP conjugate (Biorad, 1706515). Fluorescent
secondary antibodies used were Atto 633 (goat anti-rabbit 1gG, Sigma-Aldrich, 41176),
Atto 488 (goat anti-rabbit IgG, Sigma-Aldrich, 41057), Alexa 647 (goat anti-mouse 1gG,

Invitrogen, A21236), Alexa 405 (goat anti-mouse 1gG, Invitrogen, A31556).

Chemicals used in this study were EACC (Life Chemicals, F1358-0554), Bafilomycin Al
(Sigma-Aldrich, B1793), Actinomycin D (Sigma-Aldrich, A1410), Cycloheximide
(Sigma-Aldrich, C7698), EGF (Thermo Fisher Scientific, PHG0311L), Mdivi-1 (Sigma-
Aldrich, M0199). Lysotracker Deep Red (L12492) was purchased from Thermo
Fisher Scientific. Proximity Ligation Assay kit (DU0O92101) was purchased from Sigma-

Aldrich.
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Scrambled siRNA (SIC001) and siRNA against human Drpl (EHU081751) were

purchased from Sigma-Aldrich.

7.4 Protocols used in the study

7.4.1 Immunofluorescence

Approximately 1 million cellsplated on top of coverslips placed in 60 mm cell culture
dishes for transfection. The following day, transfection was done on a 60 mm dish with
HeLa cells at 60-70% confluency. Cells were transfected using 5ul of Lipofectamine 2000
(Invitrogen, 11668-019) and 2.5ug of DNA (2:1 ratio) diluted in 100ul of OPTI-MEM
(Invitrogen, 31985-070) separately. 48 hours after transfection, cells were either left
untreated or treatment with EACC was done for 2 hours. Starvation was induced by treating
cells with Earle’s balanced salt solution (EBSS). After treatment, cells were fixed in 4%
paraformaldehyde and permeabilized using 0.25% Triton X-100. Overnight incubation
with primary antibody was done at 4°C. Excess antibody was washed with PBS and
coverslips were incubated with appropriate fluorescent secondary antibody. The coverslips

were mounted with Vectashield antifade reagent (H-1000/ H-1200, Vector laboratories).

Imaging for HelLa cells was carried out using DeltaVision microscope, GE (Olympus
60X/1.42, Plan ApoN, excitation and emission filter Cy5, FITC, DAPI and TRITC,

polychroic Quad).

7.4.2 Immunoprecipitation

For immunoprecipitation assays, approximately 8 million cells from a confluent 200mm
dish were lysed in lysis buffer (20 mM Tris-HCI pH 7.2, 2 mM MgClz, 150 mM NaCl,
0.5% NP-40) supplemented with protease inhibitor/phosphatase inhibitor cocktails for 30
minutes at 4°C and centrifuged at 13000 g for 15 minutes. Five hundred micrograms to one

milligram protein was incubated with specific primary antibody at 4°C (2 hours to

121



Chapter 7

overnight) on tube rotator followed by incubation with Protein G Dynabeads (Invitrogen,
#10004D) for 2 hours at 4°C. The beads were washed thrice with ice-cold PBS and the
proteins were eluted from washed beads by boiling for 5 minutes in 2x Laemmli sample

buffer and proceeded for Immunoblot analysis.

For immunoprecipitation with GFP-Trap beads (Chromotek), a similar number of cells
were lysed in lysis buffer recommended by the manufacturer (10 mM Tris-HCI pH 7.2,
0.5mM EDTA, 150 mM NaCl, 0.5% NP-40) supplemented with protease
inhibitor/phosphatase inhibitor cocktails for 30 minutes at 4°C and centrifuged at 13000 g
for 15 minutes. One milligram protein from the supernatant was used and

immunoprecipitation was performed by following manufacturer’s instructions.

7.4.3 Immunoblotting

Following appropriate treatments, approximately 0.8 million cells from each well of a 6-
well dish were washed with ice cold PBS. Cells were then lysed in 100ul of sample buffer
(10% w/v SDS, 10 mM DTT, 20% v/v glycerol, 0.2 M Tris-HCI pH 6.8, 0.05% w/v
bromophenol blue) and then collected using a rubber cell scraper. The lysates were boiled
at 99°C for 15 minutes and stored at —20°C. Immunoblotting was performed using standard

methods.

Blots were incubated overnight with above mentioned primary antibodies. Secondary
antibody used at 1:10,000 was goat anti-mouse (Bio-Rad # 172-1011) or goat anti- rabbit
antibody (Bio-Rad # 172-1019) conjugated to HRP. Blots were developed by using ECL
substrate (Bio-Rad #170-5061) and images captured using auto capture or series capture
program in Gel documentation system (Syngene G-Box, UK). ImageJ software (NIH) was

used for quantitation of band intensities.

122



Chapter 7

7.4.4 CellTiter-Glo cell viability assay

Toxicity of the compound was monitored by CellTiter-Glo cell viability assay (Promega,
G7570). HeLa cells were counted and equal numbers (1500 cells/well) were plated in 384
well plate in growth medium. The following day, different concentrations of EACC ranging
from 100nM to 100uM were mixed in starvation media, added onto the cells and incubated
for five hours. After five hours, 15ul CellTiter-Glo Reagent was added to each well, and

luminescence measured using Varioskan Flash (Thermo Fisher Scientific).

7.4.5 EGFR trafficking

HelLa cells were plated on 6 well plates and allowed to attach. The following day,
approximately 0.8 million cells from each well of a 6-well dish were washed with PBS and
then starved in DMEM (serum free media) for 3 hours. Pre-treatment with EACC was
carried out for 1 hour, following which cells were pulsed with 100ng/ml of EGF and

samples were collected at 0, 1, 2 and 3-hour intervals.

7.4.6 Lysotracker staining

Lysotracker staining was performed in HeLa cells according to manufacturer’s protocols.

7.4.7 Proximity Ligation Assay
Proximity ligation assay was performed in HeLa cells according to manufacturer’s

protocols.

7.5 Analysis parameters used in the study

7.5.1 Colocalization analysis and mean intensity calculation

ImageJ software (NIH) was used to calculate the mean intensity of staining or mean
intensity of colocalization. Images were opened using the split channel plugin. In case of
colocalization, Colocalization plugin in the analysis tool was used to obtain the colocalized

area between two channels as a separate window. The intensity was measured using the
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analyse measure plugin in analysis tools. Cell counter plugin was used to count the number

of colocalized structures.

7.5.2 Statistical analysis and image preparation

Statistical analysis was performed using GraphPad Prism (GraphPad Software). Statistical
analyses were performed by comparing the means using the Paired/Unpaired Student t-test
or Two-way ANOVA followed by the Bonferroni post-test to compare replicate means by
row. Images were prepared using Softworx software (GE healthcare). Some fluorescent
MIP images had their brightness and contrast modified equally in control and treatment

conditions just for the purpose of visualization.
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A reversible autophagy inhibitor blocks

autophagosome-lysosome fusion by preventing

Stx17 loading onto autophagosomes

Somya Vats and Ravi Manjithaya*
Autophagy Laboratory, Molecular Biology and Genetics Unit, Jawaharlal Nehru Centre for Advanced Scientific
Research, Jakkur, Bangalore-560064, India

ABSTRACT Autophagy is an evolutionarily conserved intracellular lysosomal degradation
pathway. It is a multistep process involving de novo formation of double membrane autopha-
gosomes that capture cytosolic constituents (cargo) and eventually fuse with lysosomes where-
in the cargo gets degraded and resulting simpler biomolecules get recycled. In addition to
their autophagy function, several of the autophagy-related proteins work at the interface of
other vesicular trafficking pathways. Hence, development of specific autophagy modulators
that do not perturb general endo-lysosomal traffic possesses unique challenges. In this article,
we report a novel small molecule EACC that inhibits autophagic flux by blocking
autophagosome-lysosome fusion. Strikingly, unlike other late stage inhibitors, EACC does not
have any effect on lysosomal properties or on endocytosis-mediated degradation of EGF re-
ceptor. EACC affects the translocation of SNAREs Stx17 and SNAP29 on autophagosomes
without impeding the completion of autophagosomes. EACC treatment also reduces the
interaction of Stx17 with the HOPS subunit VPS33A and the cognate lysosomal R-SNARE
VAMPS. Interestingly, this effect of EACC although quite robust is reversible and hence EACC
can be used as a tool to study autophagosomal SNARE trafficking. Our results put forward a
novel method to block autophagic flux by impeding the action of the autophagosomal SNAREs.
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transported to lysosomes to form a single membrane degrada-
tive compartment called autolysosomes. Inside autolysosomes,
by the action of lysosomal hydrolases, simpler biomolecules are
generated that are recycled back to the cytoplasm for reuse. The
rate at which this multistep dynamic process occurs inside cells is
referred to as autophagic flux. All these steps are tightly regu-
lated and are constantly occurring inside a cell at a basal rate;
however, this basal autophagic flux varies according to cell type
and environmental cues. Basal autophagic flux and its appropri-
ate responsiveness to external perturbations are critical to main-
tain cellular homeostasis. On the other hand, external stress
stimuli such as nutrient limitation or starvation lead to an increase
in autophagic flux.

Dysfunctional autophagic flux has been associated with several
human diseases. Impaired autophagic flux has been associated with
neurodegenerative and infectious diseases while excessive autoph-
agy sustains survival of several types of solid tumors. Therefore,
pharmacological modulation of autophagy and its application in
various disease scenarios has garnered a lot of interest (Mizushima,
2007; Glick et al., 2010; Rubinsztein et al., 2012; Deretic et al., 2013;
Nixon, 2013; Singh et al., 2018).
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Induction of autophagy is tightly regulated inside cells. The mam-
malian target of rapamycin (MTOR) senses cellular nutrient status and
regulates cell growth. In the case of nutrient limitation, mTOR is de-
activated, which leads to dephosphorylation of Unc-51-like autoph-
agy activating kinase1 (ULK1) and allows assimilation of the ULK1
complex. This complex translocates to the phagophore or isolation
membrane where it promotes assembly of the second complex com-
prising BECLIN1, ATG14, p150, and VPS34. Expansion of this isola-
tion membrane requires conjugation of the ATG5-12/ATG16L1 com-
plex thatin turn brings LC3-Il to autophagosomal membrane. Double
membrane autophagosomes capture cytoplasmic cargo by binding
to ubiquitinated cargo via the LC3 interacting region (LIR) present in
adaptor proteins like SQSTM1/pé2. Finally, these autophagosomes
should fuse with lysosomes so that the captured cargo can be de-
graded by action of lysosomal enzymes (Bento et al., 2016).

Autophagosome-lysosome fusion, similar to all vesicle fusion
events, involves the action of soluble NSF (N-ethylmaleimide—
sensitive factor) attachment protein receptors (SNAREs; Bonifacino
and Glick, 2004; Cai et al., 2007). In yeast, autophagosome-vacuole
fusion requires SNAREs Vam3 (Qa), Vti1 (Qb), Vam7 (Qc), and R-
SNARE YKTé (Darsow et al., 1997; Sato et al., 1998; Ishihara et al.,
2001; Surpin et al., 2003). In mammalian cells, autophagosome-—
lysosome fusion is orchestrated by the concerted action of autopha-
gosomal Qa-SNARE Syntaxin17 (Stx17), Qbc-SNARE SNAP29,
lysosomal R-SNARE VAMP8, homotypic fusion and protein sorting
(HOPS) tethering complex, small GTPase RAB7, and accessory
proteins like ATG14 (takura et al., 2012; Hyttinen et al., 2013; Jiang
et al., 2014; Diao et al., 2015).

Stx17 is abundantly present in endoplasmic reticulum and is in-
volved in smooth endoplasmic reticulum membrane trafficking dy-
namics (Steegmaier et al., 1998, 2000). Stx17 is unique among the
Syntaxin family because it possesses a unique C-terminal hairpin
structure that is important for its localization to autophagosomes.
Interestingly, the translocation of Stx17 occurs only on complete
autophagosomes and not on partially formed autophagosomes.
This functions as a regulatory step that prevents fusion of incom-
pletely formed autophagosomes with lysosomes (Itakura et al.,
2012). Upon its translocation, Stx17 along with its partner SNARE
SNAP29 interact with VAMP8 resulting in the formation of a parallel
four-helix bundle consisting of Qa, Qbc, and R-SNAREs (ltakura
et al., 2012; Guo et al., 2014). This SNARE bundle is stabilized by
ATG14 whose role at this step is largely independent of its role in
early steps of autophagy (Hamasaki et al., 2013; Diao et al., 2015).

In this article, we report a novel small molecule inhibitor of
autophagy EACC that blocks autophagosomal-lysosomal fusion.
EACC inhibits autophagic flux by selectively affecting the transloca-
tion of Stx17 on autophagosomes. The autophagic pathway and the
endocytic pathway both culminate at the lysosomes and share some
components of the fusion machinery such as RAB7 and the HOPS
complex (Hyttinen et al., 2013; Jiang et al., 2014; Takats et al., 2014).
Owing to this, selectively modulating autophagy without perturbing
the endo-lysosomal system is difficult. Our investigations into the
mechanism of EACC revealed that its action is largely specific to
the process of autophagy. Most importantly, the action of EACC is
reversible and hence can be used as a tool to study the dynamic
recruitment of autophagy-specific SNAREs.

RESULTS

EACC inhibits autophagic flux

Recent reports from our lab described a luciferase-based high-
throughput screen for identification of novel small molecule modu-
lators of autophagy (Mishra et al., 2017a,b). Utilizing this assay, we
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screened 1999 compounds of the Microsource Discovery Systems
library and identified EACC as one of the hits. EACC stands for ethyl
(2-(5-nitrothiophene-2-carboxamido) thiophene-3-carbonyl) carba-
mate. To test for its potential to modulate autophagy, EACC was
further tested in mammalian systems.

Starvation is a potent physiological inducer of autophagic flux
and we wanted to test whether EACC could modulate starvation-
induced autophagic flux. We treated Hela cells with an increasing
dose of EACC in starvation conditions (2.5-25 pM) and probed for
LC3 expression. An enhanced conversion of LC3 (LC3-I to LC3-II)
was seen with increasing dose (Figure 1, A and B). This would
indicate either induction or a block in autophagic flux. To address
this, we analyzed the accumulation of LC3-Il in the presence or
absence of a known autophagy inhibitor, bafilomycin A1 (BafA1). An
autophagy inducer added along with BafA1 will increase LC3-Il
levels over and above that of BafA1 alone. On the other hand, in
the case of an inhibitor the LC3-Il levels will remain unchanged
(Mizushima and Yoshimori, 2007; Mizushima et al., 2010). EACC
caused an accumulation of LC3-II that was similar to that of BafA1.
The combined treatment of BafA1 and EACC did not cause further
accumulation of LC3-Il, suggesting that EACC is an inhibitor rather
than an inducer of autophagic flux (Figure 1, C and D).

To validate these observations and further dissect the step of
autophagic flux affected by EACC, we employed tandem-fluores-
cent-tagged LC3 reporter, mRFP-GFP-LC3 (Kimura et al., 2007).
Using this reporter, while autophagosomes appear yellow, autolyso-
somes (the fusion product of autophagosomes with lysosomes) are
seen as red because the green fluorescence of GFP gets quenched
due the acidic nature of lysosomes. Hela cells transfected with
mRFP-GFP-LC3 construct were treated with increasing concentra-
tions of EACC (2.5-25 pM) for 2 h. We saw a significant dose-depen-
dent increase in the number of autophagosomes (mRFP*/GFP*) and
a concomitant decrease in the number of autolysosomes (mRFP*/
GFP) (Figure 1, E and F) in EACC-treated cells. Subsequent experi-
ments were carried out at 10 uM concentration for a period of 2 h
and at this concentration, cell viability was unaffected even up to a
period of 5 h (Supplemental Figure S1A). Next, we assessed the
effect of EACC on autophagic adaptor p62/SQSTM1. p62 binds to
ubiquitinated cargo via the UBA domain and LC3 via its LC3 inter-
acting region (LIR) region. This step helps in sequestration of cargo
in autophagosomes. p62 is degraded by autophagy and hence
decreased autophagic flux leads to accumulation of this protein.
EACC treatment resulted in increased colocalization between p62
and LC3 suggesting that EACC, while inhibiting autophagic flux, did
not affect adaptor loading and LC3 recruitment (Figure 1, G and H).
These results together suggest that EACC inhibits autophagic flux
most likely at the later stages.

EACC blocks autophagosome-lysosome fusion but does not
affect endo-lysosomal function
To further understand the inhibitory action of EACC on autophagic
flux, we checked the colocalization between the autophagosome
marker LC3 and the lysosomal marker, LAMP1. In line with our previ-
ous observations, we saw a decrease in the percentage of autolyso-
somes (RFP-LC3*/LAMP1*) in RFP-LC3 transfected Hela cells
treated with EACC (Figure 2, A and B). A similar decrease in number
of autolysosomes was also observed in EACC-treated cells immu-
nostained with LC3 and LAMP1 (Supplemental Figure S2, A and B).
To dissect the effect of EACC on LC3-LAMP1 interaction endog-
enous immunoprecipitation (IP) was employed. Control and EACC-
treated lysates were subjected to IP using LC3 antibody. We
observed that in EACC-treated lysates, the levels of LC3-Il were
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EACC inhibits autophagic flux. (A) Hela cells were either left untreated or treated
with BafA1 (100 nM) or EACC (2.5-25 pM) for 2 h in starvation conditions. Samples were
collected and immunoblotted for anti-LC3 and anti—B-actin antibodies. (B) Relative levels of
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untreated vs. treated samples were quantitated for three independent experiments. ns =

nonsignificant. Statistical significance was analyzed by Student’s unpaired t test. (E) HeLa cells

transfected with tandem-tagged ptfLC3 (MRFP-GFP-LC3) construct were either left untreated or
treated with BafA1 (100 nM) or EACC (2.5-25 pM) for 2 h in starvation conditions. Scale = 10 ym.

(F) The autophagosomes (RFP*/GFP* structures) and autolysosomes (RFP*/GFP- structures) per
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significantly high as compared with control
in both LC3 input as well as immunoprecipi-
tates, but the levels of LAMP1 in the LC3 IP
as detected by immunoblotting remains
unchanged indicating decreased interaction
between LC3 and LAMP1 (Figure 2C).

Autophagic flux inhibition can also be
achieved by affecting lysosomal function. As
other commonly used late stage autophagy
inhibitors (chloroquine and BafA1) affect
lysosomal function, we investigated whether
the effect of EACC on autophagic flux
impinged on lysosomes and related path-
ways. To test this, we checked the expres-
sion of LAMP1 in the presence or absence
of EACC. Hela cells treated with EACC
were immunoblotted with LAMP1 antibody.
There was no significant change in the
LAMP1 expression in control versus treated
cells (Figure 2, D and E). We also did not see
any obvious difference in lysosomal posi-
tioning or LAMP1 signal intensity in EACC-
treated cells (Figure 2, F and G). Although
the overall levels of lysosomes remain un-
changed, we wondered whether there was
loss of acidification of lysosomes that stalls
all fusion events as seen in chloroquine and
BafA1 treatments. To test the effect of
EACC on lysosomal acidification, we used
LysoTracker Deep Red, which preferably
accumulates in acidic compartments. The
intensity of LysoTracker staining was dimin-
ished in BafA1-treated cells but remained
unchanged in EACC-treated cells suggest-
ing that EACC does not affect lysosomal pH
(Figure 2, H and I).

cell were counted using the cell counter
plug-in of ImageJ software. Data shown
represent the number of autophagosomes
(RFP*/GFP*) and autolysosomes (RFP*/GFP-)
as compared with control of a minimum of
45 cells from three independent experiments
plotted as mean + SEM. Statistical
significance was analyzed by Student'’s
unpaired t test. ***, P<0.001; **, P< 0.01;
*, P < 0.05; ns = nonsignificant.

(G) Immunostaining with anti-SQSTM1/p62
antibody in RFP-LC3 transfected Hela cells
treated with EACC (10 uM) for 2 hin
starvation conditions. Scale = 15 pm.

(H) Graph showing the mean intensity of
colocalization between p62 and RFP-LC3 in
control vs. EACC-treated group. Mean
intensity of colocalization was measured
using colocalization and analyze plug-ins of
ImageJ software. Data shown here
represents a minimum of 60 cells from three
independent experiments plotted as mean +
SEM. Statistical significance was analyzed by
Student’s unpaired t test. *, P < 0.05.
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Next, we investigated whether the EACC-treated lysosomes
harbored functional hydrolases. We checked the expression and
processing of cathepsin B (CTSB), a lysosomal cysteine protease
that is cleaved inside the lysosomes to release a proteolytically
active mature form. EACC treatment did not impede the conversion
of procathepsin B to mature cathepsin B (Figure 2J).

Finally, we tested whether these lysosomes received and pro-
cessed endocytic pathway cargo upon EACC treatment by perform-
ing epidermal growth factor receptor (EGFR) degradation assay.

Upon EGF treatment, EGF bound to EGFR gets internalized via
endocytosis and gets degraded in lysosomes. Hence, the temporal
decrease in levels of EGFR after EGF pulse is indicative of endocytic
trafficking of the receptor to the lysosomes. We found that the rate
of EGFR degradation with time followed a comparable trend in
treated versus untreated cells (Figure 2, K and L).

These results clearly indicate that EACC prevents autophago-
some-lysosome fusion without affecting lysosomes and other
vesicular trafficking pathways in general.

EACC does not affect early autophagic events

Our results so far suggest that EACC selectively affected autophagic
flux. So, our next approach was to narrow down to the step of au-
tophagy at which EACC acts.

First, we tested the effect of EACC on mTOR signaling. In nutri-
ent starvation conditions, mTOR is inhibited, which allows induction
of autophagy. The status of mTOR can be predicted by the phos-
phorylation status of its substrates P70Sé kinase and eukaryotic
translation initiation factor 4E (elF4E)-binding protein 1 (4EBP1).
Hela cells treated with EACC were immunoblotted for phospho-
P70S6 kinase and phospho-4EBP1. Loss of phosphorylation of these
substrates suggested that mTOR is inhibited in EACC-treated cells
similar to that of control (Figure 3A). Active mTOR phosphorylates
ULK1 at serine 757 and shuts down autophagy, whereas in starva-
tion, inhibition of mTOR activity leads to dephosphorylation of ULK1
at 757 position and induction of autophagy. Unaltered dephosphor-
ylation events of mTOR substrates and ULK1 in the presence of
EACC suggested that the early signaling events that lead to starva-
tion-mediated induction of autophagy is not perturbed (Figure 3, A
and B). We also checked whether the massive accumulation of LC3-
Il upon EACC treatment is dependent on enhanced transcription or
translation (Supplemental Figure S3, A-D).

Furthermore, relative levels of proteins involved in early and
middle stages of the autophagy pathway such as ATG14, ATG5, and
ATG16L1 were not changed upon EACC treatment (Figure 3B).

As mTOR-mediated control of autophagy was unaltered, we
next investigated the effect of EACC on molecular events that lead
to autophagosome biogenesis. Isolation membrane or phagophore
formation upon autophagy induction is characterized by the pres-
ence of phosphatidylinositol-3-phosphate (PI3P) generated by vacu-
olar protein sorting 34 (VPS34) kinase complex activity. This local
increase in PI3P is recognized by PI3P-binding proteins like double
FYVE-domain-containing protein 1 (DFCP1) and WD repeat domain
phosphoinositide-interacting protein 2 (WIPI2). In addition, this na-
scent membrane is also marked by ATG14 (Itakura and Mizushima,
2010; Hamasaki et al., 2013). Triple colocalization results between
ATG14, DFCP1, and LC3 in control and EACC-treated cells sug-
gested that there was no decrease in number of autophagosome
biogenesis sites (Figure 3, C and D).

As mentioned above, WIPI2 is an effector of mammalian PI3Ps
that is recruited to omegasomes and marks the sites of autophago-
some biogenesis. We looked at the colocalization between LC3
and WIPI2 and the results again suggest that the number of sites of
autophagosome biogenesis (omegasomes) is unaffected upon
EACC treatment (Figure 3, E and F). A similar trend was also
observed in EACC-treated cells immunostained with LC3 and WIPI
antibodies (Supplemental Figure S3E).

Developing autophagosomes undergo expansion of the phago-
phore and are characterized by localization of the ATG5-12/16
complex. In Hela cells transfected with RFP-LC3, the colocalization
between ATG5 and LC3 as well as ATG16L1 and LC3 that repre-
sents expanding phagophores also was comparable to that of
control (Supplemental Figure S3, F-).

As shown earlier, we also tested whether cargo recognition was
affected by EACC. The colocalization analysis of the autophagy
adaptor p62/SQSTM1 with the autophagosome membrane marker
LC3 showed increased association between these proteins (Figure 1,
G and H). Taken together, these results indicate that signaling events
leading to autophagy induction, the number of autophagosome
biogenesis sites, expansion of the phagophore, and cargo recogni-
tion remain unaltered in the presence of EACC. Thus, it is likely that
the autophagic flux inhibition due to EACC may be affecting some
downstream steps.

EACC inhibits autophagy by preventing SNARE Stx17
loading on autophagosomes

As all our previous observations suggested that autophagosome
formation is unaffected upon EACC treatment, we next tested
whether these accumulated autophagosomes have the molecular

2 hin starvation conditions and immunoprecipitated with anti-LC3 antibody. Anti-mouse IgG was used as an isotype
control. The immunoprecipitates were immunoblotted with anti-LAMP1 and anti-LC3 antibodies. (D) Hela cells were
treated with EACC (10 uM) for 2 h in starvation conditions and immunoblotted with anti-LAMP1 and anti-B-tubulin
antibodies. (E) Relative levels of LAMP1:B-tubulin in untreated vs. treated samples were quantitated for three
independent experiments. Statistical significance was analyzed by Student’s unpaired t test. ns = nonsignificant. (F) HeLa
cells were treated with EACC (10 pM) for 2 h in starvation conditions and immunostained with anti-LAMP1 antibody.
Scale = 10 pm. (G) Graph represents the mean intensity of LAMP1 staining that was measured using the analyze plug-in
in ImageJ. Data shown here represent a minimum of 60 cells from three independent experiments plotted as mean =
SEM. Statistical significance was analyzed by Student’s unpaired t test. ns = nonsignificant. (H) HelLa cells were either
treated with BafA1 (100 nM) in basal conditions or EACC (10 uM) in starvation conditions for 2 h. LysoTracker Deep Red
(100 nM) was added in the media in the last 15 min of treatment. Cells were fixed and imaged. Scale = 15 pm. (I) Graph
showing the mean intensity of LysoTracker staining measured as in D. Data shown here represent a minimum of 45 cells
from three independent experiments plotted as mean + SEM. Statistical significance was analyzed by Student’s unpaired
t test. ***, P < 0.001; ns = nonsignificant. (J) Samples collected after EACC treatment were immunoblotted with anti-
cathepsin B and anti-B-tubulin antibodies. (K) HeLa cells were serum starved for 3 h and either left untreated or
pretreated with EACC before addition of EGF (100 ng/ml) for the indicated time periods. Samples were collected and
immunoblotted for anti-EGFR and anti—B-tubulin antibodies. (L) Relative levels of EGFR:B-tubulin in untreated vs. treated

samples were quantitated for three independent experiments.
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EACC does not affect early autophagic events. (A) HelLa cells were either left untreated or treated with
BafA1 (100 nM) or EACC (10 pM) for 2 h in starvation conditions. Samples were collected and immunoblotted with
anti-phospho-P70S6K (T389), anti-P70S6K, anti-phospho-4EBP1, and anti-4EBP1 antibodies. (B) Samples collected after
EACC treatment were immunoblotted with anti-phospho-ULK1 (5757), anti-ATG 14, anti-ATGS5, anti-ATG16L1, and
anti—-B-actin antibodies. (C) Hela cells cotransfected with mCherry-DFCP1, GFP-LC3, and HA-ATG14 were either left
untreated or treated with EACC and immunostained with anti-HA antibody. Scale = 15 um, 1 pm. (D) Graph showing the
percent of LC3 puncta colocalizing with DFCP1 and ATG14. This population represents immature autophagosomes. The
colocalized dots were counted and plotted as in Figure 2B. Data shown here represent a minimum of 50 cells from three
independent experiments plotted as mean = SEM. Statistical significance was analyzed by Student’s unpaired t test. ns =
nonsignificant. (E) GFP-LC3 transfected Hela cells were treated with EACC (10 pM) for 2 h in starvation conditions and
immunostained with anti-WIPI2 antibody. Scale = 15 pm. (F) Graph showing the percent of LC3 puncta colocalizing with
WIPI2. This population represents omegasomes. The analysis was done similarly as in D. Data shown here represent a
minimum of 45 cells from three independent experiments plotted as mean + SEM. Statistical significance was analyzed
by Student’s unpaired t test. ns = nonsignificant.
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machinery required for fusion with lysosomes. Elegant studies by
Noburu Mizushima’s group identified Stx17 as an autophagosomal
SNARE that translocates to autophagosomes and interacts with
SNAP29 and endo/lysosomal SNARE VAMP8 with the help of a
multisubunit tethering complex like HOPS. Depletion of Stx17
blocked autophagic flux by inhibiting fusion of autophagosomes
with lysosomes (Itakura et al., 2012).

In Hela cells cotransfected with FLAG-Stx17 and GFP-LC3, we
quantitated the colocalization between Stx17 and LC3. Similar to
previous reports, in basal conditions, Stx17 depicted a reticulate
pattern suggesting ER/mitochondrial localization. Upon induction
of autophagy, the Stx17 staining pattern became punctate and
showed significantly increased colocalization with LC3. This colocal-
ization increased further in the presence of BafA1 because this
treatment blocks fusion by affecting lysosomal pH but does not
affect autophagosomal SNARE assembly (Itakura et al., 2012). Inter-
estingly, upon EACC treatment the colocalization between Stx17
and LC3 reduced significantly (Figure 4, A and B).

A recent report showed that the pathogenic bacterium Legio-
nella pneumophila can block autophagy by degrading Stx17
(Arasaki et al., 2017). However, the presence of EACC did not affect
levels of Stx17 expression (Figure 4C).

To further dissect the effect of EACC on LC3-Stx17 interaction
we performed coimmunoprecipitation (Co-IP) analysis. In Hela
cells, transfected with either FLAG-Stx17 or an empty vector and
either left untreated or treated with EACC, we probed for the levels
of LC3-Il. The relative levels of LC3-Il in FLAG-Stx17 IP (after normal-
izing it to input LC3) were reduced upon EACC treatment (Figure 4,
D and E).

Stx17 is a Qa SNARE that partners with Qbc-SNARE SNAP29
(Itakura et al., 2012; Guo et al., 2014). The autophagosomes hav-
ing both SNAP-29 and Stx17 were fewer in EACC-treated cells as
compared with control (Figure 4, F and G). Interestingly, the colo-
calization of the partners SNARE Stx17 and SNAP29 was largely
unaffected post EACC treatment (Figure 4H). In addition to these
SNAREs, ATG14 also participates in autophagosome-lysosome
fusion, where it binds to the SNARE domain of Stx17 and stabilizes
the Stx17-SNAP29 complex on autophagosomes. This function of
ATG14 is independent of its role in autophagosome biogenesis
(Hamasaki et al., 2013; Diao et al., 2015). EACC treatment reduced
ATG14 and Stx17 colocalization (Figure 4, | and J).

Overall, all these results suggest that EACC renders autophago-
somes fusion incompetent by preventing Stx17 translocation onto
autophagosomes.

EACC does not affect RABs, tethers, and lysosomal SNARE
but prevents their interaction with LC3 and Stx17

Apart from SNAREs, autophagosome-lysosome fusion also requires
accessory proteins like small GTPase RAB7 and multisubunit tether-
ing complex HOPS.

Through its interaction with Stx17 and LC3, RAB7 is required for
autolysosome formation (Hyttinen et al., 2013). Although control
cells showed significant association of RAB7 with LC3, EACC treat-
ment revealed decreased RAB7 and LC3 colocalization, reiterating
that EACC renders autophagosomes fusion incompetent (Figure 5,
A and B).

Multisubunit tethering complex HOPS through its interaction
with Stx17 promotes autophagosome-lysosome fusion (Jiang et al.,
2014; Takats et al., 2014). We addressed whether this interaction
was altered in the presence of EACC by colocalization analysis
between HOPS-specific subunit VPS33A and Stx17. In Hela cells
cotransfected with FLAG-Stx17 and HA-VPS33A, we calculated
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Pearson’s correlation coefficient (PCC) between Stx17 and VPS33A.
Colocalization between Stx17 and VPS33A decreased in EACC
treatment (Figure 5, C and D).

Although EACC treatment resulted in accumulation of fusion-
incompetent autophagosomes, we further tested whether the
lysosomes were competent to receive incoming vesicles for fusion.
As shown in Figure 2, K and L, unperturbed EGFR degradation
hinted at unaltered lysosomal competence in the presence of
EACC. We further investigated the status of the fusion machinery
on lysosomes, in particular the v-SNARE VAMP8 required for autol-
ysosome formation (ltakura et al., 2012). In Hela cells transfected
with GFP-VAMP8 and immunostained for LAMP1, there was no
apparent change in VAMP8 and LAMP1 association after EACC
treatment as compared with control (Figure 5, E and F). Because
EACC prevents Stx17 translocation onto autophagosome and
blocks autophagosome-lysosome fusion, as expected, treatment
with EACC in cells cotransfected with FLAG-Stx17 and GFP-
VAMP8 showed decreased colocalization between Stx17 and
VAMP8 (Figure 5, G and H).

To further consolidate these findings, using immunoprecipitation
assays we checked the effect of EACC on Stx17-HOPS and Stx17-
VAMP8 interactions. Cells cotransfected with HA-VPS33A and
FLAG-Stx17 were either left untreated or treated with EACC and
subjected to IP using FLAG-tagged magnetic beads. We observed
that in EACC-treated lysates, the levels of HA-VPS33A were reduced
in FLAG-Stx17 immunoprecipitates (Figure 5I).

We also performed a Co-IP using GFP-Trap beads in cells
cotransfected with GFP-VAMP8 and FLAG-Stx17. EACC treat-
ment reduced the levels of FLAG-Stx17 in GFP-VAMP8 Co-IP
(Figure 5J).

Taken together, these results suggest that EACC treatment
renders autophagosomes “fusion incompetent” by preventing
Stx17 translocation onto them. It also reduces Stx17 interaction with
tethers (VPS33A) and the lysosomal R-SNARE VAMP8. All these
factors collectively prevent autophagosome-lysosome fusion and
block autophagic flux.

The action of EACC is reversible

Thus far, EACC appears to inhibit autophagic flux by accumu-
lating fusion-incompetent (Stx17-negative) autophagosomes. We
wondered whether this effect of EACC is reversible. Toward this, we
carried out EACC washout experiments and followed autophagic
flux and loading of Stx17 onto autophagosomes.

We divided EACC-treated cells into three subgroups. In the first
group, cells in starvation media were treated with EACC for 1 h and
lysates were collected. In the second group, after a similar treat-
ment with EACC for 1 h, cells were washed with Dulbecco phos-
phate buffered saline (DPBS) and kept in starvation medium with-
out EACC for 3 h and lysates were collected. In the third group, the
treatment with EACC was allowed to go on for 4 h and lysates were
collected after that. All the lysates were probed for LC3-Il expres-
sion. The robust accumulation of LC3-Il in EACC treatment was
seen as early as 1 h. Interestingly, this accumulation of LC3-Il was
abrogated after washing out EACC (Figure 6, A and B).

We next corroborated our immunoblotting-based results by
utilizing the tandem-tagged mRFP-GFP-LC3 construct. Hela cells
transfected with mRFP-GFP-LC3 were treated with EACC in a
similar manner as explained above. After 1-h treatment, we saw a
significant increase in the number of autophagosomes (mRFP*/
GFP*) and a concomitant decrease in the number of autolyso-
somes (MRFP*/GFP-) as compared with control. After washing out
EACC, the autophagosome and autolysosome numbers became
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comparable to that of control (Figure 6,
C-E). Taken together these results suggest
that the block in autophagosome-lyso-
some fusion can be reversed by washing
out EACC.

We have shown that EACC inhibits trans-
location of Stx17 to autophagosomes. So,
next we tested whether the localization of
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