Investigating mechanisms of
aggrephagy flux using small molecules:
Potential implications in
neurodegeneration

Thesis submitted for the degree of

DOCTOR OF PHILOSOPHY

by

S N Suresh

>

]

€>

(1l

.3

Autophagy Laboratory
Molecular Biology and Genetics Unit
Jawaharlal Nehru Centre for Advanced Scientific Research
Bangalore- 560064 (INDIA)

February, 2018






CERTIFICATE

This is to certify that work described in this thesis entitled “Investigating
mechanisms of aggrephagy flux using small molecules: Potential implications in
neurodegeneration” is the result of investigations carried out by Mr. S N Suresh in
Autophagy lab, Molecular Biology and Genetics Unit, Jawaharlal Nehru Centre for
Advanced Scientific Research, Bangalore, India, under my guidance and that the
results presented here have previously not formed the basis for the award of any other

diploma, degree or fellowship

RAVI MANJITHAYA
(Research Supervisor)

Associate Professor

Molecular Biology and Genetics Unit

Associate Faculty, NeuroScience Unit

Jawaharlal Nehru Centre for Advanced Scientific Research
Jakkur, Bangalore 560 064 INDIA

Date:






DECLARATION

I hereby declare that the thesis entitled “Investigating mechanisms of aggrephagy
flux using small molecules: Potential implications in neurodegeneration” is an
authentic record of research work carried out by me, under the guidance of Dr. Ravi
Manjithaya at Autophagy lab, Molecular Biology and Genetics Unit, Jawaharlal

Nehru Centre for Advanced Scientific Research, Bangalore.

In keeping with the norm of reporting scientific observations, due acknowledgement
has been given whenever work based on the findings of other investigators has been

cited. Any omission owing to oversight or misjudgement is regretted.

S N Suresh

Bangalore, India.

Date:






To
ﬂ\/ly famify....






Acknowledgement

This work was made possible only with the tremendous and overwhelming
support from many generous people.

First, | am extremely fortunate to have Dr. Ravi Manjithaya as my research
supervisor who has been an extremely motivating, enthusiastic scientific guide. |
am thankful to him for providing the intellectual freedom, cultivating scientific
rigor. | am deeply indebted to him for training me all aspects of science such as
framing the research problem, designing and executing experiments,
troubleshooting, writing and publishing manuscripts. | still remember my
experiment when | joined the lab was to perform 50 PCR reactions simultaneously
with him. | can recollect many such incidents. There are all memories that | will
always cherish! He has been extremely supportive and positive during all my low
times (from my health to unjustified criticism from editors and reviewers) and
never let my moral go down. He not only inspires you with his scientific abilities
but also with his people management skills.

| want to thank all my enthusiastic collaborators: Dr. Phalguni Anand Alladi
(NIMHANS), Dr. James Clement Chelliah, Dr. Govindaraju and Dr. Taslim Syed Arif
(C-CAMP) to make this work possible.

| want to thank Aparna ma’am for her sincere efforts towards reading this entire
thesis and manuscripts so patiently and providing suggestions. | thank Aditya for
making the lab dinners and outings so pleasant with his presence. | want to thank
Dr. G R Ramesh sir for teaching me how to use pipette and introducing me to the
benchwork (This environment is totally new as | was from B.Sc agriculture
background). My first year training period by him during Integrated PhD has
immensely helped me to cope with the lab projects. He would patiently forgive all
our trivial mistakes in experiments and correcting them.

| want to thank Prof. Hemalatha Balaram for accommodating me in her laboratory
for my lab rotation project.

| am grateful to Prof. Sheeba Vasu for being my external examiner and providing
the constructive inputs for my work.

| thank the present and past chairperson of MBGU: Prof. Ranga Uday Kumar and
Prof. Anuranjan Anand for creating the vibrant scientific environment in our
department.



| had an opportunity to interact with Prof. MRS Rao and immensely thankful to
him for critical inputs and suggestions for my work. | acknowledge all MBGU
faculties: Prof. Namita Surolia, Prof. Tapas Kumar Kundu, Prof. Maneesha Inamdar
and Prof. Kaustuv Sanyal for their course works and their suggestions during
annual work presentation.

| want to thank Dr. Aravinda Chavalmane who taught me the cell culture, animal
work and giving the experimental suggestions. He is very meticulous and always
an inspiration. | enjoyed the numerous brainstorming sessions with him over
coffee.

| thank Dr. Malini Pillai for her cell culture tips due to her immense experience.
She is very knowledgeable like Dr. Aravinda and had a wonderful discussions on a
range of topics.

| am immensely thankful to Vidyadhara and Aphang from NIMHANS for their help
in animal work. Without them, animal work would not have been possible.

| want to thank Dr. Sreedevi for her friendly gesture and our temple visits.

| want to thank immensely Dr. Lakshmi ma’am for her timely help in many
aspects: motivating, attending my thesis colloquium rehearsals, scientific
discussions and giving critical inputs for my thesis.

| had an opportunity to work with Shashank Rai, Abhik Paul and Meenakshi and
their help is acknowledged.

| want to thank my junior Veena for being critical in my work presentations and
her suggestions.

| want to acknowledge trainees and lab rotation students with whom | enjoyed
teaching: Neha, Kanika, Greg, Anindita and Swati.

| want to thank all present and past members of autophagy lab for creating a
lively environment: Gaurav, Piyush, Sunaina, Somya, Vishwa, Anushka, Banu,
Cuckoo, Mirudhula, Vidya, Dr. Mamta, Srikanth, Shreyas, Lakshmeesha, Arpitha,
Pallabi, Lalitha, Amol, Sarika, Dr. Mayur, Vijay.

| want to thank Ramjee for his timely help and maintaining wellness of the lab.

| thank MBGU-FACS facility and their associated personnel’s: Prof. Ranga Uday
Kumar (FACS In-Charge), Dr. Uttara, Swaroopa and Dr. Narendra.

| want to thank Dr. Prakash and Vasanth from animal house facility for their
immense help in conducting our animal experiments.



| want to thank MBGU confocal facility and Suma ma’am.

| want to thank JNCASR hostel, library, Dhanvantari, administrative and academic
sections for their indispensible role in completing my tenure.

| am immensely thankful to JNCASR for funding throughout my tenure.

| thank all my batchmates: Sunaina, Vikas, Lakshmi, Shweta, Surubhi, Amrutha,
Malini, Arpit and Vaijayanthi.

| thank all my JNCASR friends: Gopal, Kiruthika, Gowsica, Prabhu, Ram, Vijay A,
Lakshmeesha, Amrutha, Vijay J.

| thank all my MBGU and NSU friends and colleagues for their inputs and fruitful
interactions.

My sincere apologies to friends and people if | miss any of your names in my
acknowledgement.

| want to thank all my undergraduate friends for their moral support.

Last but not the least, | am extremely lucky and fortunate to have such a
supportive parents, brother, sister in law and Kanishya and without whom my
journey till now would not have been possible. | can’t thank them enough for
that. | want to thank Ramee who has been extremely supportive throughout my
journey and | am deeply indebted for his encouragement especially during all my
tough and low points of my life.

| thank Almighty God for making everything possible.

S N Suresh






TABLE OF CONTENTS

Abbreviations i
Synopsis \
List of publications and patents xi
Chapter 1: Introduction 1
Chapter 2: Materials and methods 41

Chapter 3: A novel autophagy modulator 6-Bio ameliorates SNCA/a-synuclein
toxicity 55

Chapter 4: Modulation of autophagy by a small molecule inverse agonist of
ERRua is neuroprotective 95

Chapter 5: Novel small molecule autophagy modulators AGK2 and PD180970
are neuroprotective 135

Chapter 6: A novel small molecule autophagy modulator TGR 63 ameliorates
Parkinsonism 161

Chapter 7: Rationally designed peptidomimetic modulators of ap toxicity in

Alzheimer's disease 183
Chapter 8: Summary and future directions 193
Reprints of publications 203

Permission letter from journal for image replication 244






Abbreviations

A600
AD
ALS
3-MA
A600
DA
GFP
HRP
L.p.

LOPAC

Compounds

MAPILC3B/LC3B

beta

MPTP
tetrahydropyridine

PD

Pep A

SD
SNpc
TH

CMA

Absorbance at 600 nm
Alzheimer disease
Amylotrophic lateral sclerosis
3-methyladenine

absorbance at 600 nm
dopamine

green fluorescent protein
horseradish peroxidase
intraperitoneally

Library of Pharmacologically Active

microtubuleassociated protein 1 light chain 3

I-methyl-4-phenyl-1,2,3,6-

Parkinson disease

pepstatin A

red fluorescent protein
standard deviation

substantia nigra pars compacta
tyrosine hydroxylase

Chaperone mediated autophagy



DTT Dithiothretol

FDA Food and drug administration
GFP Green fluorescent protein
GM Growth medium

HD Huntington disease

HTS High-throughput screen

PD Parkinson disease

RFP Red fluorescent protein

SD Standard deviation

SEM Standard error mean









Thesis Synopsis

Investigating mechanisms of aggrephagy flux using small
molecules: Potential implications in neurodegeneration

Submitted by

S N Suresh

Autophagy Laboratory
Molecular Biology and Genetics Unit
Jawaharlal Nehru Centre for Advanced Scientific Research

Jakkur, Bangalore-560064, India

Thesis Advisor: Dr. Ravi Manjithaya



Investigating mechanisms of aggrephagy flux using small
molecules: Potential implications in neurodegeneration

Introduction

Macroautophagy (herein autophagy) is an evolutionarily conserved intracellular
degradation pathway that delivers cytoplasmic contents to vacuole/lysosome for its
effective clearance. It is an essential pathway to maintain the cellular proteostasis and
overall homeostasis. Autophagy is also crucial to protect the cells from accumulation
of misfolded toxic protein aggregates. Thus, aggrephagy is a specific autophagy
pathway that selectively captures protein aggregates to enable them for lysosomal
mediated degradation'. Presence of toxic protein aggregates is the hallmark of many
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, Huntington’s and
Amyotrophic lateral sclerosis®. These misfolded protein aggregates are toxic, and the
consequence of this cytopathic effect is even more profound in the case of neurons as
they are mostly non-dividing and also indispensible. One of the cellular mechanisms
to tag the misfolded protein aggregates is to get them ubiquitinated. These are then
recognized by adaptors proteins such as p62, NBR1, NDP52, optineurin and tollip>.
These adaptors bind to ubiquitinated aggregates(cargo) at one end and LC3
(autophagy protein) at the other end, aiding formation of autophagosomes. The
autophagosomes then sequester these aggregates from the cytoplasm and eventually

fuse with lysosome to degrade the captured cargo.
Aim and scope of the study

In neurodegeneration, autophagy is dysfunctional as protein aggregates trap
autophagy proteins with them”. Also, autophagy functionality declines with age and
might contribute to late onset of neurodegeneration’. Interestingly, the autophagy
knock out (Atg5”) mice manifest neurodegeneration as they accumulate ubiquitin
positive protein aggregates in different regions of the brain with concomitant motor
deficits. On the other hand, the increase of autophagy flux (e.g., through
overexpression of Atg5) displays enhanced clearance of p62 adaptor (and presumably
its cargo such as ubiquitinated protein aggregates) with concomitant extension of life

span of mice significantly®. Pharmacological upregulation of autophagy mitigates the
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proteotoxicity and is beneficial in neurodegeneration’. Although proof-of-principle
experiments exist, several vital questions remain unanswered, such as, what stage of
autophagy is rate limiting or crucial pertaining to clearance of the toxic protein
aggregates. Thus, further studies to probe the mechanisms of aggrephagy are essential

to realize the therapeutic potential of this pathway in curbing neurodegeneration.
With this background, we set our aims for our study with following objectives,

1. Screening and identifying small molecule aggrephagy modulators using
proteotoxicity models.

2. Elucidate the mechanisms of aggrephagy using these small molecules.

3. Evaluate the neuroprotective potential of small molecules in preclinical

mouse model of Parkinson’s disease (PD).

The chapters are divided to address these important questions in the field of

aggrephagy and neurodegeneration.

Chapter 1 is a review of literature about the role of autophagy and aggrephagy
in proteotoxicity related diseases such as neurodegeneration. In these disorders, in
addition to the toxic accumulation or overproduction of protein aggregates, autophagy
is dysfunctional and detailing its underlying causes is essential to understand these
disease manifestations. Detailed description of aggrephagy pathway and its regulation
during pathological conditions will be discussed. Importantly, the upregulation of
autophagy by either genetic or pharmacological means to combat neurodegeneration
by clearing the toxic protein aggregates is also highlighted. In the end, the current and

future directions of this burgeoning field is summarized.
Chapter 2 describes materials and methods involved in this study.

Chapter 3 describes a novel autophagy modulator, 6-Bio and its potential to
ameliorate  SNCA/o-synuclein toxicity. Parkinson disease is a life-threatening
neurodegenerative movement disorder with unmet therapeutic intervention. We have
identified a small molecule autophagy modulator, 6-Bio that shows clearance of toxic
SNCA/a-synuclein (a protein implicated in synucleopathies) aggregates in yeast and
mammalian cell lines. 6-Bio induces autophagy and dramatically enhances

autolysosome formation resulting in SNCA degradation. Importantly, when tested in
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a preclinical mouse model of PD, 6-Bio also induced autophagy in dopaminergic
neurons of mice midbrain with a concomitant decrease in toxic protein aggregates.
Furthermore, immunohistology and behavior analyses revealed a neuroprotective
function for 6-Bio. Overall, these results suggest that 6-Bio could be a potential

therapeutic candidate for protein conformational disorders.

Chapter 4 illustrates a new function for estrogen related receptor alpha (ERRa)
in aggrephagy. ERRa negatively regulates autophagy and its small molecule inverse
agonist (XCT 790) is neuroprotective. We initially identified XCT 790 in a screen for
small molecule modulators for aggrephagy, that cleared a-synuclein aggregates in an
autophagy dependent, but an MTOR independent manner. Interestingly, this mTOR
independent XCT 790 modulation of autophagy is not mediated by AMPK. ERRa
keeps autophagy flux in check by inhibiting autophagosome formation. XCT 790
modulates autophagosome formation in an ERRa dependent manner as validated by
over expression (autophagy inhibited) and RNAi mediated knockdown (autophagy
induced) approaches. Furthermore, we show that in a basal state, ERRa is localized
on to the autophagosomes and upon autophagy induction by XCT 790, this
localization is lost and is accompanied with an increase in autophagy flux.
Additionally, in a preclinical mouse model of PD, XCT 790 exerted neuroprotective
effects in the dopaminergic neurons of brain by inducing autophagy to clear toxic

protein aggregates and ameliorated motor co-ordination deficits.

Chapter 5 is about the autophagy modulator TGS 63 that is neuroprotective
and attempts at its target identification. Through a small molecule screen, we
identified a small molecule C1, that mitigates a-synuclein and B-amyloid mediated
toxicities in yeast models of proteotoxicity. SAR (Structure Activity Relationship)
studies of CI1 identified TGS 63 as the most potent small molecule that curbs
proteotoxicity in autophagy-dependent manner. It induces autophagy in nutrient-rich
conditions, augments starvation-induced autophagy and clears toxic protein
aggregates. In mammalian cells, TGS 63 induces autophagy flux, by promoting
autolysosome formation in an MTOR independent manner. Furthermore, TGS 63 is
neuroprotective by inducing autophagy to clear toxic protein aggregates in the
preclinical mouse model of PD. It also ameliorates the behavioral deficits observed in

the mouse model of PD. As the target of TGS 63 is unknown, using click chemistry
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based methods, we have identified a specific subset of proteins that interact with TGS

63. Further attempts at validating the potential target(s) is described.

Chapter 6 describes the role of two small molecules AGK2 and PD 180970 in
modulating autophagy in various models such as yeast, mammalian cells and mouse.
In a yeast model of proteotoxicity, these small molecules rescue the a-synuclein
mediated toxicity in an autophagy dependent manner. Like in yeast, they induce
autophagy flux in mammalian cells. PD 180970 enhances autophagosomes formation
whereas AGK2 induced autolysosome formation. They were also cytoprotective
towards the SH-SYS5Y neuroblastoma cells when challenged with a-synuclein
mediated toxicity. In the preclinical mouse model of PD, PD 180970 is
neuroprotective as it mitigates the motor co-ordination impairments by inducing

autophagy to degrade the toxic misfolded protein aggregates in brain.

Chapter 7 is about peptidomimetic modulators of Amyloid Beta (Ap) toxicity
in Alzheimer's disease through autophagy. This chapter describes the investigation of
peptidomimetics in modulating autophagy in the yeast model of B-amyloid
proteotoxicity. The peptidomimetics were designed to solubilize B-amyloid in vitro,
and we tested for their solubilizing ability in the yeast cells that overexpress f-
amyloid. Initial results reveal that these peptidomimetics curb the B-amyloid mediated
toxicity in an autophagy dependent manner. Microscopic analyses revealed that, these
peptidomimetics clear toxic [-amyloid aggregates in the wild-type cells
overexpressing B-amyloid but not in the autophagy mutant. Toxic oligomers and
aggregates are substrates for autophagy. Our results suggest that the fibrils solubilized
by peptidomimetics could be degraded by autophagy mechanistically to alleviate the
B-amyloid toxicity.

Chapter 8 encompasses overall discussion of the work described in the
preceding chapters and proposes future directions. In summary, we identified several
novel small molecule aggrephagy modulators such as 6-Bio, XCT 790, AGK2,
PDI180970 and TGS 63. By employing these small molecules, we unveiled new
molecular players such as ERRa and GSK3f in aggrephagy. Surprisingly, both of
these negatively regulate autophagy that might be a prerequisite to maintain a steady
state of basal autophagy flux during normal growing conditions. We attempted to

identify the target of TGS 63 that might uncover a new player for aggrephagy. All the



small molecules are neuroprotective in mouse model of PD. In future, the possible
negative regulatory mechanism(s) will be probed further to understand how

autophagy is tightly regulated to maintain cellular homeostasis.
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Chapter 1: Introduction

Introduction

Neurodegenerative diseases (ND) are life threating with no cure. One of the main
pathophysiological hallmarks of neurodegeneration is the presence of misfolded toxic
protein aggregates in neurons'. Tau/B-amyloid, a-synuclein, Huntingtin polyQ repeats,
fused with sarcoma (FUS)/ TAR DNA-binding protein 43 (TDP43)/ superoxide dismutase
(SOD1) are misfolded protein aggregates primarily implicated in Alzheimer’s (AD)?
Parkinson’s (PD)’, Huntington’s (HD)* and Amyotrophic lateral sclerosis (ALS)’

respectively.

Alzheimer's disease (AD) is the most common form of dementia®. AD is characterized by
presence of two hallmark features 1) extracellular amyloid plaques and 2) intracellular tau
aggregates’. The amyloid plaque encompasses toxic, f-amyloid species generated from
enzymatic cleavage of amyloid precursor protein (APP)®. When tau proteins are
hyperphosphorylated by various enzymes, the tau aggregates or neurofibrillary tangles are

formed’.

Parkinson's disease (PD) is the second most common neurodegenerative disorder'’.
Presence of Lewy bodies, primarily composed of misfolded, toxic a-synuclein protein
aggregates is a hallmark of PD''. This accumulation of toxic aggregates in dopaminergic
neurons of Substantia Nigra pars compacta (SNpc) leads to its death that manifests the
12,13

pathogenesis

as SNCA, Parkin, PINK1 (PTEN-induced putative kinase 1) and LRRK2 (leucine-rich

. Most clinical cases of PD are sporadic in nature. Mutations in genes such

repeat kinase 2) also manifests PD'®. The hereditary cases for PD are less profound

compared to sporadic ones among populations.

Huntington's disease (HD) is an autosomal dominant disease caused by the abnormal
expansion of polyglutamine (CAG) repeats of the Huntingtin (HTT) gene'’. The resultant
protein leads to the formation of toxic aggregates in striatum'®. The penetrance of the
mutated huntingtin expanded polyQ repeats is very high'’. The gross behavioral symptoms
of HD are loss of motor co-ordination and cognitive dysfunction'’. The polyglutamine
repeats are around 36 in normal individuals whereas 36 to 130 lead to pathophysiological
conditions. The disease is a progressive one with an increase in number of polyglutamine
repeats; for instance, higher number of polyglutamine repeats leads to early onset of

. 1
disease!”.
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Lou Gehrig's disease or Amyotrophic Lateral Sclerosis (ALS) is a motor neuron disease
caused by the loss of motor neurons in both brain and spinal cord'®. Most clinical cases are
reported to be sporadic in nature with ~5-10% cases being genetic'”. This disease is

characterized by the presence of protein aggregates such as SOD1/TDP43/FUS'®,

The accumulation of toxic misfolded protein aggregates in neurons exerts toxicity and
compromised viability that are commonly associated with cellular pathophysiological
phenomena of above-mentioned neurodegeneration'®. The main causes for protein
aggregation are rarely genetic but mostly sporadic in nature. Neurons are post-mitotic
specialized cells and so cannot divide further to dilute out the aggregates unlike other cell
types>’. Furthermore, owing to the neuronal specialized shapes such as dendrites and axons,
the damaged organelles or misfolded proteins tend to accumulate over time*’. Importantly,
the neurogenesis event is sparse and thus unable to replace the dead neurons®'. Considering
this, neurons tremendously rely on protein quality control machineries for their maintenance
of homeostasis™>. Loss of such mechanism can also spontaneously lead to the development
of ND*. Sequestration of other intrinsically disordered proteins into protein aggregates is
one of the widely proposed pathophysiological mechanisms underlying aggregate toxicity™.
By doing so, the participating proteins in multiple essential cellular pathways are perturbed

making the overall homeostasis compromised leading to detrimental effect.

Cellular homeostasis is achieved through a balance of anabolic and catabolic states. Cells
possess several quality control mechanisms to identify, correct or remove dysfunctional or
potential toxic cellular components such as proteins and organelles. For example, inside
cells, at steady state, misfolded proteins are formed continuously and are fixed by
chaperones or cleared via the ubiquitin proteasome system and autophagy related
pathways®*. This maintains the proteostatic equilibrium in cells. Altered cellular states
resulting from expression of pathogenic levels or mutant forms of aggregate prone proteins
overwhelm these quality control systems and their buildup eventually can result in cell
death®**. This is the fate of brain cells in ND. We discuss this proteostatic central view as a
cause for ND and the potential reasons behind the failure of quality control systems with

emphasis on an autophagy related pathway, aggrephagy”.
Proteostasis

Protein quality control machineries ensure the proper folding of newly synthesized proteins

for their distinct function. This process is critical as 30% of these new proteins are prone to
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misfolding®®. The cellular quality control measures include unfolding, refolding and/or
degradation of the misfolded proteins®*. Not surprisingly, failure of protein quality control
poses a threat to the cellular vitality”>. This qualitative process of maintaining the
homeostasis of intracellular pool of functional and “healthy” proteins is called proteostasis.
Proteostasis as a function for cell survival becomes even more critical for those cells such
as neurons that cannot divide and thus dilute out the toxic protein aggregates™. In addition,
with age, the neuronal proteostatic machineries become incompetent and prone for

accumulation of damaged organelles and misfolded proteins®"**,

The presence of misfolded proteins activate chaperones to unfold and refold them in an
ATP-dependent manner. Misfolded proteins induce heat shock response (HSR) and heat
shock (HS) transcription factor HSF-1 that includes the upregulation of heat shock cognate
protein (Hsc70)*. The aim of enhancing chaperone expression and its activity is to prevent
protein aggregation. In certain scenarios, when protein aggregates overwhelm chaperone
capacity, the available chaperones themselves get trapped in protein aggregates®’”'.
Subsequently, these events also aggravate disease pathogenesis. An additional mechanism
that has been recently described, identifies misfolded proteins as early as they are
translating and then marks them for degradation. Such nascent misfolded polypeptides are
ubiquitinated at K-48 residue as a degradation mark in a process termed as cotranslational

ubiquitination (CTU)*. The polypeptide with this mark will be acted upon by proteasome

for its effective degradation. CTU happens within the active translation complexes™".

At the organellar level, accumulation of misfolded proteins inside lumen of endoplasmic
reticulum (ER) induces ER stress, which triggers one of the vital cellular adaptive
mechanisms known as unfolded protein response (UPR)*. UPR leads to suppression of
active protein translation, increases ER chaperone accumulation to unfold and/or degrade
these proteins to ameliorate the proteotoxicity>*. Postmortem brain analyses of AD, PD and
HD have revealed the correlation of UPR markers with protein aggregation and onset of

. - 35
disease pathogenesis™.

The fate of misfolded proteins not refolded by chaperones is marked for degradation
through ubiquitin-proteasome system (UPS) and/or autophagy. UPS degrades ubiquitinated,
soluble and short-lived proteins. The target protein is tagged by ubiquitin through three
enzymatic, namely ubiquitin- activating (El), - conjugating (E2) and —ligating (E3)
reactions’®. Ubiquitin is attached through its carboxyl residue to a specific lysine residue

through isopeptide linkage. One ubiquitin molecule is a target for another ubiquitin

5
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molecule and forms a polyubiquitin chain at its lysine residues at 48, 63 or at N-terminal
methionine residue®’. The polyubiquitin signal at K48 serves as a proteasome degradation
signal whereas K63 and N-terminal methionine signals serve other functions®’. It is also
proposed that K63 polyubiquitination may target a protein to autophagy but the exact

mechanism is unclear.

UPS has been shown to degrade several neurodegenerative disease related proteins such as
tau, SOD1 and a-synuclein®®. Inhibiting UPS causes disease related proteins to aggregate
and form inclusion bodies inside cells. Thus, UPS is essential for cells to prevent toxic
protein aggregate formation®®. It is believed that larger aggregates that cannot be resolved

by UPS are substrates of the autophagy machinery.
Aggrephagy: definition and modes

In 1960s, the Nobel laureate Christian De Duve observed double membrane vesicles
entrapping intracellular organelles and proteins and coined the term “self-eating” or
autophagy” . Nobel laureate Yoshinori Ohsumi tapped the power of yeast genetics to
elucidate the molecular mechanisms governing autophagy and contributed to discovering its

40
conserved nature from yeast to mammals™ .

Depending on the distinct molecular mechanisms, autophagy is broadly classified into three
types: Macroautophagy, Microautophagy and Chaperone mediated autophagy (CMA).
Macroautophagy is the most extensively studied process that has an indispensable role in
maintaining cellular and organismal homeostasis. During macroautophagy, a phagophore or
isolation membrane is formed and expands to form double membrane autophagosomes that
engulfs cellular cargoes. These cargoes are parts of cytosol constituting superfluous
organelles, pathogenic organisms, misfolded protein aggregates and/or damaged
mitochondria*'. These autophagosomes fuse with lysosomes to form autolysosomes and
eventually degrade its intraluminal cargoes. The degraded entities result in building blocks
that are recycled back to the cytosol for fueling other cellular pathways. Apart from
randomly sequestering portions of cytosol for degradation (general autophagy),
macroautophagy can be highly selective in the cargoes it captures. The selective autophagy
pathway that is involved in clearance of misfolded protein aggregates is called
aggrephagy”. Here, misfolded proteins that are tagged by ubiquitin are recognized by
adaptor proteins such as p62, NBR1 and NDP52 which in turn recruit autophagy proteins

such as LC3 to facilitate selective capture (Fig. 1).
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Thus, aggrephagy is a prominent defense mechanism against misfolded protein aggregate
mediated cellular toxicity. Microautophagy is the direct uptake of cargo by lysosomes
through membrane invagination. It can also occur through transportation of cargo through
late endosomes that is dependent on the chaperone Hsc70. Chaperone Mediated Autophagy
(CMA) is the selective degradative process of proteins that involves Hsc70 but is a vesicle
independent process. During CMA, the target protein is recognized by Hsc70 through a
specific amino acid motif, KFERQ and delivered to lysosome by interacting with LAMP2A

in an ATP-dependent manner.

Neurodegeneration model systems as tools to study aggrephagy

Numerous model systems have been utilized to study the aggrephagy and modulate it to
clear the protein aggregates. It is important to note that the cellular proteostatic machineries
are conserved from simple yeast to higher model such as rodents. I will brief the different
model systems used to understand the neurodegeneration pathogenesis with a special

emphasis on autophagy.
Yeast

The budding yeast (Saccharomyces cerevisiae) is a simple yet powerful tool to study the
cellular pathophysiological mechanisms underlying the protein toxicity*’. It recapitulates
the toxicity of protein aggregates as that of neurons. This is because the fundamental
cellular features and vital cellular pathways are conserved®. For instance, the membrane-
bound organelles such as mitochondria, Golgi, lysosome, endoplasmic reticulum and so on
exist in yeast. More importantly, the unfolded protein response is conserved as that of the
mammalian cells. The major advantages of yeast are short doubling time, existence of
genetic sources, amenable to genetic manipulation and scalable to high throughput genetic
and chemical screens. Also, around 3500 genes are found to be homologues to the ones in

44,45

human cells™™. Pioneering work by Susan Lindquist and her colleagues have shown that

yeast cells expressing aggregate prone genes and their variants that have been identified in
ND have been used to understand their pathobiology™. The fact that ER-Golgi trafficking

defect due to a-synuclein overexpression, can lead to cellular toxicity was first noted in

47,48

yeast and further validated in mammalian cells Several studies including ours have

identified novel peptidomimetics and small molecule autophagy modulators that ameliorate

43,49,50

ND related aggregate proteotoxicity Some of the obvious limitation of the yeast
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model is that it cannot recapitulate the complexities of neuronal network and

multicellularity that is present at the organ level.
Drosophila melanogaster

It is a multicellular eukaryote that exhibits both histological and behavioral phenotype
associated with neurodegeneration. Flies expressing the proteins such as a-synuclein, [-
amyloid, polyglutamine repeats and tau recapitulate many of the histological and behavioral
disease phenotypes associated with neurodegeneration'. 1In this model, the toxic proteins
are overexpressed in retina leading to rough-eye phenotype that forms a platform, which is
used extensively for genetic and chemical screens””. The advantages of working with flies
are short doubling time, multicellularity, availability of genetic resources and ability to
express proteins in a tissue-specific manner. Also, the fly model can unravel the basic
pathophysiological mechanisms underlying neurodegeneration. It is often used
synergistically with another disease model to validate the basic mechanisms. For e.g. a
small molecule screen performed on fly model identified mGLURS (GPCR) as a druggable
target that is abundantly expressed in brain™. Recently, regulation of protein QPCT
(glutaminyl cyclase) has been shown to curb neurodegeneration symptoms in fly model and

mammalian cells™.
Caenorhabditis elegans

It is one of the widely used models to study neurodegeneration for more than a decade. Pros
are the availability of genetic resources for this tiny transparent animal where all 302
neurons are mapped for their interactions and their short generation time>>. Genetic strains
were constructed that express toxic protein aggregates such as AP, a-synuclein, TDP43 and
polyglutamine repeats in either whole body or tissue specific manner. They not only form
visible aggregates but also show the behavior phenotype such as paralysis. Numbers of
genetic and chemical screens were conducted to identify modulators that rescue the
behavioral phenotype. This led to identification of small molecules that cleared toxic
protein aggregates and were further validated in higher model systems™°. Successful genetic
screens too have identified many genes such as LRRK2, the reduction of its kinase activity
rescued the dopaminergic deficit motor phenotype®’. Various regulators of HSR have been
tested in the worm model to treat proteotoxicity. Its transparent tissue enables for high

content imaging. More importantly, they also show typical ageing symptoms making them
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an ideal tool to investigate a comprehensively, the interplay of metabolism, ageing and

- 58,59
neurodegeneration” .

Rodents

It has been one of the widely used models by neurobiology researchers. They often mimic
the diverse ND symptoms at both histological and behavioral level. The main advantages
are availability and amenable to genetic manipulation that allows researchers to express the
protein at endogenous levels in tissue specific manner. Till date, this model has provided
significant insights into basic pathophysiological mechanisms of ND and continues to serve

as a preclinical drug-testing model for PD, AD, HD and ALS®*°".

The occurrence of neurodegeneration is majorly a sporadic event with poorly understood
etiological basis. However, in familial cases of AD, PD, HD and ALS, the genetic
mutation(s) are the underlying causes of disease phenotypes and these can be recapitulated

in animal models to a great extent.

Mutations in APP and presenilin 1 or 2 genes result in an autosomal dominant form of
AD®. Recently, a very robust mouse model, 5XFAD, having five familial AD mutations,
causing relatively early and aggressive presentation of AD, has been widely used as
compared to other models. It recapitulates the following disease phenotypes: B-amyloidosis,
plaques, neurite dystrophy, dendritic spine loss, neuroinflammation, neuronal loss and age-
dependent cognitive decline. Limitations of these models include the following: a)
evidences from positron-emission tomography (PET) suggest that mouse plaques are
significantly different from humans biochemically, and b) the neuronal loss is not profound

as that of humans®.

For the PD model, the transgenics are generated that express causative mutant genes such as
o-synuclein, PARKIN, PINKI and PARK7'. a-synuclein transgenic mice exhibit Lewy
bodies that is the histopathological hallmark of PD. These animals exert age-related
progressive movement deficits which is associated with dopaminergic neuronal loss.
However, transgenic mutants generated with other mutations do not exert dopaminergic

neuronal loss significantly®.

Mutations in genes such as TARDP (TDP-43), FUS and SOD1 drive the familial forms of
ALS'®. Mice transgenics overexpressing wild type or mutant TDP-43 proteins cause TDP-

43 inclusion bodies and loss of motor neurons with behavioral impairments. In addition,
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mice overexpressing mutant SOD-1 develops inclusion bodies, neuronal loss, gliosis,

tremor, hindlimb paralysis with significant reduction in lifespan®.

Expanded polyglutamine repeats (>36) of Huntingtin gene causes HD. Myriad of transgenic
mice with expanded polyQ repeats like R6/1, R6/2 and N171-Q82 have been generated that
recapitulate the symptoms of HD. All these models develop aggregate inclusions, neuronal
loss and motor-coordination deficits®®. The most profound HD mouse model is R6/2 that
shows aggregate inclusions (around one month), behavioral impairments (~2 months) and

eventually dies in 3-4 months of age®.
iPSC

iPSC technology enables researchers to generate human specific, disease relevant cell types
such as neurons directly from patient fibroblasts. The advancement of gene editing
techniques such as CRISPR-Cas9 has simplified genetic knock out/in studies in iPSC-
derived neurons to understand the pathogenesis of neurodegeneration. The potential of this
model system to shed light on basic disease pathology mechanisms is massive®. iPSC lines
for AD, PD, Niemann-Pick disease type C and ALS disease have been generated for their

biological investigations®”®

. Consequently, genetic or small molecule screens can be
performed using iPSC. The current limitations are: 1) hurdle in scaling up for high
throughput screening due to their relative slow propagation rates, 2) extensive and time-
consuming neuronal differentiation protocols. However, they can be used to validate the
data generated from non-human disease models. For example, yeast screen yielded the
NAB2 compound where it rescued the disease phenotype and validated its disease

modifying mechanisms in iPSC®.
Current understanding on the mechanistic insights of aggrephagy

These and other model systems have contributed immensely to unravel molecular aspects of
the process of aggrephagy and how aggrephagy is perturbed by various protein aggregates

is detailed below.
Substrate recognition

Protein aggregate (substrate) recognition by receptors/adaptors such as Alfy, p62/SQSTMI,
Optineurin and Cue5/Tollip, is one of the first steps of autophagy for its clearance’’. The
selectivity of autophagic cargo depends on specific receptors/adaptors that recognize it by
degradation marks. Autophagic receptors bind to the ubiquitinated substrates through their

respective domains to capture the aggregates. They also tether them to autophagic protein

10
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like LC3 to enable autophagosome formation around the aggregates. The brief description

pertaining to autophagic receptors are as follows:

Alfy: This multidomain scaffolding protein recognizes ubiquitinated protein aggregates for
their clearance. It contains the following domains: 1) Pleckstrin homology (PH)-BEACH
domain that binds to p62, 2) FYVE domain for PI3P binding, and 3) WD40 repeats that
interacts with Atg5. It colocalizes with ubiquitin positive p62 aggregates’'. It stabilizes the
LC3 and p62 interaction and also recruits Atg5 for the formation of autophagosomes that

facilitate huntingtin polyQ aggregate clearance’.

p62/SQSTM1: p62 is the adaptor for aggrephagy’”, mitophagy’®, pexophagy” and
xenophagy’®. It possesses several domains namely: 1) UBA domain that binds ubiquitin, 2)
PB1 domain for aggregation of cargoes, and 3) LC3 Interacting Region(LIR) motif for LC3
binding™®. It also has nuclear localization signal (NLS) and nuclear export signal (NES) for
nucleocytoplasmic shuttling””. p62 mutations have been linked to sporadic and familial
cases of ALS through impaired clearance of TDP-43 and SOD1"’. In Paget’s disease of
bone, patients with mutations in p62 are predisposed to ALS, a disease that is characterized
by p62 positive inclusions in neurons. Mutant p62 contributes to pathogenesis through
multitude of mechanisms and one of them is via over activation of nuclear factor-xB (NF-

kB) signaling®.

Optineurin: It binds to ubiquitinated proteins through its UBA and NF-kB Essential
Modulator (NEMO) domains”. On its other end, it binds to LC3 through LIR motif.
Genetic mutations of optineurin are also associated with ALS. Optineurin mutation is
associated with rare ALS mutations leading to TAR DNA-binding protein 43 (TDP-43)

inclusions®.

CueS: CueS5 is a recently identified yeast autophagy receptor that binds to ubiquitin through
its CUE domain and Atg8 via its AIM1 and AIM2 motifs®'. Its mammalian homologue is

Tollip which is essential for the huntingtin polyQ clearance.

Valosin-Containing Protein (VCP): It is a member of AAA+ family of ATPase and is
involved in the sorting of ubiquitinated cargoes through endolysosomal pathway. VCP
mutation is associated with Paget’s disease of bone and Fronto Temporal dementia (FTD).
Overexpression or knockdown of VCP in cells leads to appearance of autophagosomes that

are immature with accumulation of ubiquitin positive cargoes®”.

11
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Autophagosome formation

MTOR complex 1 (TORC1) negatively regulates autophagy (Fig. 1). Various stimuli in
neurons such as ATP, ER stress, and specific amino acids repress TORCI1 to activate ULK
complex (ULK1, FIP200, ULK2, Atgl01 and Atgl3)¥. Phosphorylation of ULKI1 at its
active site leads to subsequent phosphorylation of other components of complex for
initiating autophagy™. Although ULK1 phosphorylation is primarily regulated by TORCI,
it can be also independently modulated by AMP-activated protein kinase (AMPK)®. Also,
ULKI1 phosphorylation leads to the translocation of class III PI3 Kinase complex (beclinl,
Atgl4, VpslS5 and Vps34) to isolation membranes (also known as omegasome formation at
the ER) by phosphorylating one of its components, AMBRA®®. Vps34 activity generates
phosphatidylinositol-3-phosphate (PI3P) to bind to its effectors such as WIPI1 (WD repeat
domain phosphoinositide interacting 1) and WIPI2 (WD repeat domain phosphoinositide
interacting 2)*’. This is to catalyze the ubiquitination like reactions at the isolation
membrane that aid autophagosome formation. Atg5-Atgl2-Atgl6L complex is formed on
the isolation membrane in presence of Atg7 and Atgl0. This Atg5-Atgl2-Atgl6L catalyzes
the covalent attachment of phosphotidyl ethanolamine to LC3 that facilitates the closure of
autophagosome membranes®. Atg9 aims to supply membranes for the growing
autophagosomes by shuttling from various sources such as endoplasmic reticulum-
mitochondria contact sites®, Golgi’® and plasma membrane °' to autophagosome formation
site. ER has been suggested as a membrane source for autophagosomes formed at synapse

but the main source is not yet clear’>.

In neurons, autophagy induction is still an enigma. Conventionally, the key trigger for
autophagy is starvation that induces autophagy in numerous cell types’". However, even 48
hours of starvation did not induce GFP-LC3 puncta in brain but profoundly induced
autophagy in the liver’*. On the other hand, while caloric restriction induced autophagy in
cortical, Purkinje and motor neurons, nutrient starvation failed to induce autophagy in
cultured hippocampal neurons’”. These contradicting results may mirror the neuronal
specificity in inducing and regulating autophagy. Several studies have shed light about

“other” ways of modulating autophagy in the brain.

Recently,it has been shown that neuronal activity such as acute stimuli can trigger
autophagy. Upon high frequency stimulation, the Atg8 puncta are increased at
neuromuscular junctions (presynapse) in D. melanogaster’®. Although the molecular

players and its mechanism(s) are not yet elucidated, calcium signaling can be a key player.

12
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During exocytosis driven action potential, there is a remarkable increase in calcium levels at
presynapse’’. Calcium can either enhance or inhibit autophagy depending on the context
and notably calcium responsive proteins are abundant at presynapse. It is noteworthy to
mention that investigating calcium-mediated autophagy at presynapse can shed light on the
novel mechanistic aspects of neuronal autophagy. Interestingly, the presynaptic resident
proteins such as Endophilin A, Basoon and Synaptojanin 1 regulate autophagy by

interacting with autophagy related proteins”™.

Regulation of protein synthesis by TORC]1 is implicated in synaptic plasticity” (Fig. 2).
However, TORC1 mediated autophagy induction at presynapse has not been studied
extensively. Autophagy mediated degradation of GABA receptors and AMPA receptors

(that are involved in synaptic plasticity) at post-synapse induce long term depression'®.

In PD model, a-synuclein perturbs Rabla mediated Atg9 translocation to isolation
membrane leading to impairment of omegasome formation*’. Atg9 trafficking is also
abnormal in vacuolar protein sorting-associated protein 35 (VPS35), due to D620N

mutation that results in autosomal dominant case of PD'"!

. VPS35 (component of retromer
complex) recruits actin nucleation-promoting WASP and Scar homolog (WASH) complex
to endosomes. Mutation in VPS35 perturbs this recruitment to cause the abnormal Atg9
trafficking to impair autophagy'’’. The E122D Atg5 mutation has been identified in
childhood ataxia'®. This disease is characterized by loss of motor coordination and
cerebellar hypoplasia. This mutation decreases the affinity of Atg5 to Atgl2 and reduces the

autophagosome biogenesis and its flux'®.

B-propeller protein-associated neurodegeneration (BPAN) and the static encephalopathy of
childhood with neurodegeneration in adulthood (SENDA) are caused by de novo mutations
in WDR45'™ (Fig. 2). WDR45 gene encodes WIPI4, the key protein that bridges PI3P
production and LC3 lipidation for autophagosome maturation'”. Neuronal specific
knockout of WDR45 recapitulates some of the BPAN disease phenotype such as impaired
motor coordination, cognitive deficit and axonal swelling with accumulation of ubiquitin

positive aggregates' .

Hexanucleotide repeats in CO9ORF72 gene is one of the most common causes of ALS.
Different mechanisms have been proposed for this disease pathogenesis and perturbation of
autophagy is one of them. CO9ORF72 interacts with ULK1 and affects the phagophore
initiation complex'?’. In addition, COORF72 is a part of WD repeat domain 41 (WDR41)

13
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and Smith-Magenis syndrome chromosome region, candidate 8 (SMCRS) complex that is
involved in both vesicular trafficking and autophagy. This complex is a guanosine
diphosphate (GDP)/guanosine triphosphate (GTP) exchange factor (GEF) that activates the

small GTPases Rab39 and Rab8 for autophagosome formation'®.

Wild type huntingtin protein acts as a scaffold for autophagosome formation whereas its
mutant fails to recognize the cargo leading to “empty” autophagosomes'®. It also impairs

10 Mutant

autophagosome transport and further accumulation of autophagic substrates
huntingtin interacts with Rhes that is selectively expressed in striatum to inactivate it. Rhes
interacts with beclin 1 to induce autophagy by reducing the bcl2-beclin 1 interaction'".

Furthermore, MTOR is also sequestered in HD and spino-cerebellar ataxia 7 (SCA7)''%.

Autophagosome-lysosome fusion

Autophagosomes fuse with lysosomes to generate autolysosomes that digest the toxic
protein aggregates. In neurons, autophagosomes generated in axons are transported to the
lysosomes that are abundant near perinuclear MicroTubule-Organizing Centre (MTOC).
Microtubules and motor proteins such as dynein-dynactin complex are involved in
retrograde transport of autophagosomes towards neuronal cell body. Mutations in dynein
(axonal Charcot-Marie-Tooth hereditary neuropathy type 2) and dynactin (motor neuron
disease) motor protein complexes are implicated in neurodegeneration pathogenesis
indicating the importance of retrograde transport of autophagosomes to fuse with
lysosomes'". Interestingly, decreased dynein activity resulted in the accumulation of
autophagosomes, autolysosomes and p62 positive inclusions in motor neurons before the

onset of symptoms where the neurons degenerate upon clinical manifestations''*.

Amphisome formation (a fusion product of endosomes with autophagosome) is perturbed in
familial ALS and FTD (Fronto Temporal Dementia) and is associated with loss-of-function
mutations in CHMP2B (charged multivesicular body protein 2B). Mutant CHMP2B
neurons accumulate ubiquitin positive inclusions by disrupting the activity of ESCRT
machinery activity''>. Autophagy and endolysosomal pathways have significant crosstalk
pertaining to the use of cellular protein machineries. Mutations in an endolysosomal
pathway affects autophagy and vice versa''®. Endosomal maturation protein Rab7 is
essential for autophagic flux and its mutation is associated with bone related osteopetrosis
(lysosomal perturbation) and neurodegenerative CMT2 (autophagy flux perturbation)

diseases''’. Furthermore, Rab7 significantly influences lysosome positioning. ALS2 protein

14
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mutation, an activator of Rab5 perturbs ALS2 mediated Rab5 activation that hampers
amphisome formation as observed in familial cases of ALS''®. Thus, the coordinated
crosstalk of endolysosomal and autophagy pathways to clear toxic protein aggregates in

healthy cells goes awry in neurodegeneration (Fig. 1).

In neuronal specific interferon-f knockout of a transgenic mouse model, the
autophagosome-lysosome fusion process is affected with concomitant accumulation of
ubiquitin positive inclusion in neurons that lead to motor coordination and behavioral

impairments''®,

Regulation of lysosomal activity

Autophagosomes fuse with lysosomes for the clearance of its contents (Fig. 1). For this
process to be efficient, uncompromised lysosomal activity is essential. The lysosomal pH is
optimally (~4.5 to 5) maintained by proton pump vacuolar ATPase for the activity of
hydrolytic enzymes (proteases, peptidases, lipases and nucleases). lonic balance of
lysosomes is regulated by presence of numerous ion channels (calcium, chloride and
potassium). Lysosomal associated membrane protein-1 (LAMP1) and LAMP2 prevents the
self-digestion of lysosomes’. The functional integrity of lysosomes is compromised in most

. . 119
neurodegenerative disorders .

Lysosomes serve as key players in the initial stage of autophagy induction. Upon perceiving
the autophagy inducing stimuli, the TORCI1 localized on the lysosomal membrane is
repressed and that further allows activation of transcription factor EB (TFEB) to translocate
to the nucleus. TFEB activates genes involved in lysosomal biogenesis and autophagy
process. TORC1 regulation of TFEB is achieved through Rag-GTPase pathway”. TORC]
and TFEB activities are tightly controlled by the presence of intracellular and lysosomal
amino acid contents. If amino acids are limiting inside cells, for instance as in starvation,
the TORCI1 activity is repressed and is followed by translocation of dephosphorylated
TFEB to nucleus resulting in upregulation of autophagy. On the other hand, the surplus
amino acids lead to reactivation of TORC]1 to terminate the autophagy induction'”. The
androgen receptor polyQ repeat mutant (implicated in SBMA), interacts with TFEB and
suppresses autophagy at transcription level'*'. SCA3 transgenic animals show low levels of

sirtuin 1 (deacetylates numerous autophagy and its related proteins), parkin and beclin 1'**.

Zinc-finger protein with KRAB and SCAN domains 3 (ZKSCAN3) is a repressor of
autophagy and has an opposite function to that of TFEB. Inhibition of MTOR enhances
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TFEB accumulation in the cytosol. Down regulating ZKSCAN3 induces autophagosome
and lysosomal biogenesis'*’. Apart from this, around 20 different transcription factors are
reported to regulate autophagy at gene transcription level depending on the context of
stimuli. For instance, p53, forkhead box O3 (FOXO3) and microphthalmia-associated

transcription factor (MITF) profoundly affect autophagy gene expression'>*.

Lysosomal storage disorders (LSDs) illustrate the nexus between lysosomal dysfunction
and neurodegeneration. In LSDs, the unavailability of functional lysosomal hydrolytic
enzymes lead to defective autophagy that manifests disease pathology in brain. In Niemann
Pick type C (NPC) disease, the mutations of NPC/ and/or NPC2 genes lead to defective
cholesterol trafficking where profound autophagic vacuoles are observed in neurons'>. In
neuronal ceroid lipofuscinosis, the mutation in CLN3 gene reduces autolysosome formation,

whereas a Cathepsin D mutation that causes the same disease, decline in lysosomal

proteolysis is observed'*’,
Importance of basal autophagy in maintaining neuronal proteostasis

The systemic knockout of essential autophagy genes such as Atg5 and Atg7 resulted in

neonatal lethality due to starvation®'?’.

Interestingly, neuronal specific Atg5 KO transgenic animals were born normally and also
survived neonatal starvation. However, motor behavioral deficits were evident around 14
weeks of age. These animals also displayed partial loss of neurons in cerebellar Purkinje
cells and cerebral pyramidal cells. In addition, axonal swelling is noted in various brain
sections such as hippocampus, thalamus, pons and reticulate nucleus. Ubiquitin positive
inclusions are observed in brain indicating the impaired clearance of proteins by

autophagy™.

In another example of autophagy inhibition specifically in the neurons, neuron specific
Atg7 KO mice were similarly generated. These mice showed retarded growth at P14 and
motor behavioral deficits such as tremors and abnormal clasping around P21. Histological
analyses revealed cerebral cortex atrophy with complete loss of pyramidal neurons,
reduction in Purkinje cells with corresponding increase in glial cells that is a signature of
neuronal damage. Ubiquitin positive aggregates are observed at P56 in various brain
regions such as cerebral cortex, thalamus, hypothalamus and pontine nuclei. Interestingly,
the degree of punctate size is varied across different brain regions indicating the differential

response towards ablating autophagy that is governed by multitude of factors such as
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intracellular and extracellular milieu, electrical inputs/outputs and on the variation in the
levels of autophagy flux across various cell types. Interestingly, the proteasome activity is

uncompromised in knockout animals®

Systemic overexpression of Atg5, a key autophagy protein in a mice model significantly
enhanced the life span of animals by 17.2% through elevated autophagy'*®. Interestingly,
the mouse embryonic fibroblasts from Atg5 overexpressing transgenic exert enhanced

tolerance to oxidative stress that was autophagy-mediated'®.

These three studies indicate that basal autophagy is very critical for neuronal proteostasis by
degrading the protein aggregates at steady state and manifests neurodegeneration

pathogenesis when compromised.
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Figure 1. Autophagy pathway. Illustration of the molecular machineries involved in

various steps of autophagy. Reproduced this image with permission’”

Contribution of dysfunctional mitophagy and CMA in neurodegeneration

pathogenesis

Damaged mitochondria generate toxic reactive oxygen species (ROS), one of the crucial
factors that assaults cellular protein functions and impair the neuronal health'*’. Damaged
and depolarized mitochondria selectively are degraded in a specific autophagic process
called mitophagy'"’'. Mitochondrial associated proteins such as Parkin (E3 ubiquitin ligase),

phosphatase and tensin homolog-induced putative kinase 1 (PINK1) regulate mitophagy.
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PINK1 is a serine-threonine kinase localized on the mitochondrial outer membrane and is
activated upon membrane depolarization and phosphorylates its substrate Parkin. Parkin is
an E3-ubiquitin ligase that binds and ubiquitinates exposed mitochondrial membrane
proteins and activates a cascade of events that culminate in recruitment of key autophagy
proteins such as p62 and LC3 facilitating the mitochondrial clearance'. Mutations in
Parkin and PINK1 are associated with recessive forms of PD, characterized by the neuronal
accumulation of damaged mitochondria and that eventually trigger apoptosis either through

ROS mediated lysosomal membrane destabilization or through the intrinsic pathway'**.

Several studies illustrate the function of mitophagy receptors in nervous system. In parkin
knockout (KO) mice, the mitochondrial activity and synaptic plasticity of striatal neurons is
compromised'?®. Pinkl and Parkin knockout mice also display deficits in mitochondrial

respiration in striatum'>*,

LAMP2 and Hsc70 activities decline in dopaminergic neurons of PD patients and in a-
synuclein overexpressed transgenic mouse model'”>. LAMP2 and Hsc70 machineries are
prerequisite for Chaperone Mediated Autophagy (CMA) and its suboptimal activity
hampers CMA progression. Impaired CMA is linked to buildup of toxic protein aggregates
such as tau in frontotemporal lobar dementia with ubiquitin inclusions (FTLD-U) and a-

synuclein in PD"°,

Ageing and neurodegeneration

Ageing is one of the most commonly associated factors for decline in proteostasis and onset
of neurodegeneration'’’. The impact of ageing on the activity of various protein quality

control machineries is discussed below.

Poor cellular energetics owing to ageing-related reduced mitochondrial function and
deregulated energy, protein and lipid metabolism constrict the available ATP pool for
chaperone activity'>*. This could be one of the reasons for subdued activity of ATP
dependent chaperones and concomitant increase in activity of ATP independent chaperones

in aged brain'”

. In addition, cargo recognition by chaperones is reduced with ageing.
Presence of sustained cellular stress results in holding proteins in metastable states and this
then constantly engages chaperones thus acting as a ‘sink’ for chaperones'*. Age-related
modifications on proteins also negatively interfere with efficacy of chaperone activity. For
instance, the presence of glycation end products in long-lived proteins hamper the

chaperone function'*'. Though these modifications are identified and repaired by
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methionine sulfoxide reductases, their levels too plummet with age ™. Cells thus are known

to adapt to such age-related effects by regulating the pool of available chaperones.

Like the studies on chaperones, impact of ageing on proteasome and autophagy has been
well explored'*'*. There are accumulating evidences that enhancing proteasome or
autophagy by overexpressing their core components such as proteasomal subunits or core
autophagy genes extend the life span of several model organisms by reducing stress burden.
In S. cerevisiae, down regulating the negative regulator of UPS transcription, Ubr2 levels

146

enhance lifespan ™. In C. elegans, lifespan extension is achieved by Rpn6 overexpression

147

and/or caloric restriction (CR) In mouse models, overexpressing insulin like growth

factor (IGF1) or CR extends lifespan of animals significantly'*®.

In C. elegans, the pharmacological up-regulation of autophagy by resveratrol or spermidine
extends the lifespan'*. In an elegant study that genetically enhanced autophagy pathway by
overexpressing a key autophagy protein (Atg5) extended the life span by 17.2%'.
Interestingly, these mice cleared ubiquitinated proteins better that the wild type in brain and

elsewhere'**.
Crosstalk of autophagy and UPS

UPS and autophagy pathways were considered independent for a long time. Increasing
evidences suggest that ubiquitinated proteins can be a target for both UPS and also
autophagy'*’. For example, o-synuclein is a substrate for both degradative pathways''.
Monomers and dimers of misfolded proteins are proteasome substrates but not larger
aggregates, owing to the limitation of the 26S proteasome tunnel size'>>. Notably, the higher
order aggregate structures block the tunnel and choke the proteasomal structure'>. Co-
chaperone molecules such as C-terminus of Hsp70- interacting protein (CHIP) and Bcl-2-
associated athanogenel (BAG) are one of the first lines of interface between UPS and

autophagy'*

. These proteins interact with target proteins and direct them for either UPS or
autophagy. CHIP has E3 ubiquitin ligase activity that is associated with Hsc70. Its two
functional domains namely tetratricopeptide repeat domain for proteasomal degradation and

U-box domain is crucial for autophagy-mediated degradation'™.

Presence of polyubiquitin marks in target proteins at specific sites dictate their cellular
fates, for example, in general, K48 is for UPS mediated degradation whereas K63 is for

autophagy mediated degradation'®. In case of misfolded protein aggregates, the initial K48
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signal marked for UPS can be removed by de-ubiquitinase (DUB) and again attached with
K63 to direct them for autophagy- mediated degradation'’.

Apart from ubiquitin, the adaptor molecules such as p62 and NBR1 act as switches between
UPS and autophagy'®’. p62 interacts with ubiquitinated cargo via its ubiquitin-associated
(UBA) domain and with LC3 through its LC3 interacting region (LIR). It can also interact
with UPS though its ubiquitin like (UBL) domain. It interacts with NBR1 through PB1
domain and LC3 through LIR motif'>’. With these properties, p62 acts as a shuttle between

UPS and autophagy depending on various cellular cues.

Histone deacetylase 6 (HDACO6) is associated to microtubules through its interaction with
dynein motor proteins. It has BUZ domain that binds to ubiquitin and aids in retrograde
transport of proteins to microtubule organizing center (MTOC) near the nucleus periphery
where proteasomes are abundant. Furthermore, HDAC6 is also needed for retrograde

transport of autophagosomes to MTOC for the degradation of cargo'”’.
Transcellular propagation of toxic protein aggregates

Various research groups have demonstrated “prion-like” propagation of disease-associated

proteins such as a-synuclein, f-amyloid, tau and polyQ huntingtin across neurons'".

This discovery of cell-to-cell transfer of protein aggregates is a paradigm shift in
understanding the pathogenesis of neurodegeneration. This concept supports the Braak
hypothesis that explains the spatiotemporal regulation of disease manifestation'””. Braak
and his colleagues hypothesized that Lewy bodies traverse from gastrointestinal tract to
central nervous system. Earlier view postulated that protein aggregates accumulated in
specific regions of the brain, but now it is clear that they also spread across cells or neuronal
projections suggesting the spatiotemporal manifestation of disease pathology. For instance,
injection of fibrillar toxic species leads to the spreading of aggregates and neuronal death

that is directly routed through synapse'®.

The combinatorial factors such as specific neuronal susceptibility in addition to

transcellular migration of aggregates may attribute to the disease progression.
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Figure 2. Dysfunctional autophagy in neurodegeneration. The mechanistic aspects

underlying the impairment of autophagy flux by various disease associated protein

aggregates at selective steps are detailed here. Reproduced with permission’”.

Therapeutic strategies for ND

Potential disease modifying therapeutic interventions for neurodegeneration includes three
different strategies. First, preventing the toxic protein aggregate buildup. For instance, the
antisense oligonucleotides ameliorated the amyotrophic lateral sclerosis disease phenotype
under preclinical settings and showed significant safety in phase I clinical trial'®'. Second,
dissolving the culminated toxic protein aggregates inside the neurons. Various groups
identified small molecules and peptides that can bring about disintegration of the aggregate.
This has been a widely used tested for a number of years as a promising anti-
neurodegenerative therapeutic. For AD, few small molecule candidates that dissolve the
amyloid plaques are currently in the clinical trials in USA and Europe. Third and recent
approach is to promote cellular pathways to capture and degrade the protein aggregates by
either ubiquitin proteasome (UPS) or autophagy systems. Numerous groups have
demonstrated that neurodegeneration could be ameliorated by upregulating the activities of
cellular clearance systems such as proteasome or autophagy through small molecules or
peptides. Many small molecule screens have been reported that have identified the

druggable candidate(s) (target proteins or pathways). For e.g., Rilmenidine, an autophagy
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inducer is currently in clinical trial as a HD therapeutic in Europe (European Union Clinical

Trial Register website).
Chemical modulation of autophagy

As mentioned earlier, upregulation of autophagy gene expression enhances the longevity of
several model organisms'*®. Convincing evidences demonstrate that dysfunctional
autophagy contributes to the pathogenesis of neurodegeneration™. Importantly, autophagy
has the ability to clear toxic misfolded protein aggregates. Mechanisms that govern

50,162
7. Numerous

degradation of these aggregates is thus a therapeutically attractive target
studies demonstrated that pharmacological upregulation of autophagy to clear protein

aggregates is beneficial in ameliorating neurodegeneration.
MTOR dependent autophagy modulators

MTOR dependent modulators induce autophagy by repressing MTOR and these can be of
ATP competitive (e.g., Torinl) or non-ATP competitive (e.g., rapamycin). MTOR can be
found in two complexes such as TORCI (negative regulator of autophagy) and TORC2
(positive regulator of autophagy). Rapamycin and their analogs are relatively safer owing to
its non-ATP competitive mode of inhibition. The allosteric TORC1 inhibitor, rapamycin
was the first identified small molecule autophagy inducer. Rapamycin interacts with
FK506-binding protein 12 (FKBP12) to inhibit the TORC1 activity'®’. Rapamycin has been
demonstrated to be neuroprotective in various diseases such as PD, HD, AD and FTD in an

autophagy dependent manner'®

(Fig. 1). Limited absorption of rapamycin led to the
development of its analogs (rapalogs) such as everolimus, temsirolimus, and ridaforolimus.
Rapalogs are under rigorous investigation for their therapeutic potential in
neurodegeneration. For instance, Food and Drug Administration (FDA) approved
everolimus, a rapalog as a tuberous sclerosis therapeutic'®. Torinl, another rapalog inhibits

both TORC1 and TORC2 in a concentration dependent manner'®°.

There are other classes of modulators that indirectly inhibit MTOR activity. For instance,
metformin (Type II diabetes therapeutic) inhibits MTOR through regulating AMPK
pathway. Another AMPK activator, Nilotinib also exerts neuroprotection by inhibiting
MTOR activity and is currently under phase II clinical trial for PD therapy'®’. PI103
belongs to dual MTOR/class III PI3Kinase modulators that inhibit both MTOR and AKT
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pathways to induce autophagy. However, due to its rapid in vivo metabolism, PI103 is

currently unsuitable for neurodegenerative therapy'®®.

MTOR independent autophagy modulators

MTOR independent autophagy modulators are those that induce autophagy without
repressing the MTOR activity (Fig. 1). MTOR being the epicenter for cellular growth
signaling whose chronic inhibition exerts significant toxicity. These inhibitors are preferred
therapeutically since significant side effects such as impaired wound healing and
immunosuppression that are classically associated with MTOR inhibitors can be avoided.
Thus, these are also more suited for long-term drug administration. Small molecule
screening of FDA approved drugs revealed that several modulators ameliorated
neurodegeneration pathogenesis in various model systems in an MTOR independent
manner. This study revealed the involvement of two cyclical pathways namely
Gso/calpain/Ca2"'®and EPAC/cAMP/PLCe/Ins(1,4,5)P3'"° that are important for the
MTOR independent clearance of aggregates.

Rilmenidine, an imidazoline receptor inhibitor, enhances autophagy by reducing cAMP
levels. It has been shown to ameliorate neurodegeneration in various model systems such as
primary neurons and transgenic mouse models of HD. It is important to note that

rilmenidine is currently undergoing safety trials for HD in Europe'"".

Other drugs identified to regulate autophagy through the cyclical pathway are lithium,
valproic acid and carbamazepine. Carbamazepine and valproic acid repress inositol
synthesis, while lithium inhibits inositol monophosphatase to reduce Ins(1,4,5)P3 levels and

thus induce autophagy'”".

Modulators of Gsa/calpain/Ca2 pathway such as verapamil and amiodarone along with
calpain inhibitors such as calpeptin and calpastatin have shown to exert neuroprotective
potential by degrading the protein aggregates through an autophagy-mediated

mechanism'”’.

Trehalose clears a-synuclein and mutant huntingtin protein aggregates in autophagy
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dependent manner in various model systems . It has been shown to be neuroprotective in

tauopathy models as well'”®. It extends life span, curbs motor and cognitive deficits in

transgenic HD and ALS mouse models' .
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Aim and scope of the study

In neurodegeneration, autophagy is dysfunctional as protein aggregates trap autophagy
proteins with them. But the mechanistic aspects underlying the impairment of autophagy by
protein aggregates is not elucidated clearly. Also, autophagy functionality declines with age
and might contribute to late onset of neurodegeneration. Interestingly, the autophagy
knockout (Ath'/') mice manifest neurodegeneration as they accumulate ubiquitin positive
protein aggregates in different regions of the brain with concomitant motor deficits. On the
other hand, the increase of autophagy flux (e.g., through over-expression of Atg5) displays
enhanced clearance of p62 adaptor (and presumably its cargo such as ubiquitinated protein
aggregates) with concomitant extension of life span of mice significantly. Pharmacological
up-regulation of autophagy mitigates the proteotoxicity and is beneficial in
neurodegeneration. Although proof-of-principle experiments exist, several vital questions
remain unanswered, such as, what stage of autophagy is rate limiting or crucial, pertaining
to the clearance of toxic protein aggregates. Thus, further studies to probe the mechanisms
of aggrephagy are essential to realize the therapeutic potential of this pathway in curbing

neurodegeneration.
With this background, we set the aims for our study with the following objectives,

1. Screening and identifying small molecule aggrephagy modulators using

proteotoxicity models.
2. Elucidate the mechanisms of aggrephagy using these small molecules.

3. Evaluate the neuroprotective potential of small molecules in a preclinical mouse

model of Parkinson’s disease (PD).

To address this problem, we employed various model systems of proteotoxicity such as
yeast, mammalian cells and mouse. The late Prof. Susan Lindquist (Whitehead Institute,
MIT) generated yeast proteotoxicity models by over-expressing disease-associated proteins
such as a-synuclein, B-amyloid and FUS. We employed this phenotypic based screening
approach, rather than target based, upon considering the disease complexity. Yeast as a
proteotoxicity model has the following advantages: 1) it dies when disease associated
protein is over-expressed. 2) homologues with vital machineries of mammalian cells such
as protein folding and its quality control, UPR, vesicular trafficking, mitochondria,
peroxisomes and oxidative stress. 3) short doubling time. 4) available genetic resources and

also its 5) genetic manipulation amenability.
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'Hits' attained from yeast would be tested in proteotoxicity models of human cells and
mouse with a focus on using them as tools to understand autophagy (aggrephagy flux) and

also to realize their therapeutic potential.
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Chemicals and Antibodies

Yeast extract (RM027), peptone (RM667), dextrose (GRMO077), galactose (RM101) and
amino acids [leucine (GRMO054), methionine (GRM200), histidine (RMO051) and uracil
(RM264)] were purchased from HiMedia. 3-MA (M9281), 6-Bio (B1686), XCT 790
(X4753), PD 180970 (PZ0142), AGK2 (A8231), LOPAC (LO1280), anti-LC3B antibody
(L7543), MPTP (methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine, M0896), DMEM (D5648),
DMEM F-12 (D8900), penicillin and streptomycin (P4333), DAB (3, 3'-Diaminobenzidine,
D3939), Atto 663 (41176), lysine (L5501) and trypsin EDTA (59418C) were purchased
from Sigma-Aldrich. Anti-p-RPS6KB1 T389 antibody (9862) and total RPS6KB1 antibody
(9202), anti-p-GSK3B S9 antibody (5558) and total GSK3B antibody (9315), anti-p-
EIFAEBP1 T37/46 antibody (2855) and total EIFAEBP1 antibody (9452), anti-LAMP1
antibody (9091) and anti-rabbit IgG, horseradish peroxidase (HRP; 7074) antibody were
purchased from Cell Signaling Technology. Anti-TUBB/B-Tubulin (MA5-16308) and anti-
Tdh (MA5-15738) antibodies were purchased from Thermo Scientific. Yeast does not
express GAPDH but instead expresses three orthologs (Tdh1/2/3) of the mammalian
protein, and that the antibody was raised against recombinant GAPDH (Thermo Scientific).
Anti-APP/amyloid beta oligomer/Al1l (AB9234) was purchased from Merck Millipore.
Anti-Pgk1 (ab 38007) antibody was purchased from Abcam. Anti-GFP (11 814 460 001)
antibody was purchased from Roche. Anti TH/tyrosine hydroxylase (N196) antibody was
purchased from Santa Cruz Biotechnology. Anti-mouse IgG, HRP (172-1011) antibody was
purchased from Bio-Rad. CMAC-Blue (C2110) was purchased from Life Technologies.
Bafilomycin A1 (11038) was purchased from Cayman chemical. VECTASTAIN Elite ABC
Kit (PK-6200) was purchased from VECTOR laboratories.

Plasmid constructs, siRNA, shRNA and yeast strains

Plasmids used were GFP-Atg8 (pRS316) (gift from Y. Oshumi [Tokyo Institute of
Technology]), SNCA-GFP (pRS 306) under the galactose promoter (gift from Paulo
Ludovico) and GFP-bA 4, (pRS306). ptfLC3B' (gift from Tamotsu Yoshimori; Addgene,
21074), GFP-SNCA? (gift from David Rubinzstein; Addgene, 40822). pLKO.1-GSK3B-#1
was a gift from Alex Toker’ (Addgene, 32496). Scrambled shRNA was a gift from David
Sabatini* (Addgene, 1864). ERRa siRNA (L-003403-00) and scrambled siRNA (D-001810-

10-05) were procured from Dharmacon.
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Yeast media, culture conditions, growth assays and SNCA-GFP aggregate induction

Yeast media used for culturing were YPD (yeast extract, peptone and dextrose) for wild-
type (WT) GFP and autophagy mutant strains, SD-Ura (synthetic dextrose [2%] medium
without uracil) for culturing the SNCA-GFP strain and the GFP-Atg8-processing assay, SG-
Ura (synthetic galactose [2%] medium without uracil) to induce SNCA-GFP expression. All

strains were cultured at 30°C and 250 rpm.

Growth assays: In a 384-well plate, appropriate yeast strains were seeded (Agpo~0.07) with
or without drugs and incubated (80 pl, 30°C and 420 rpm) in a multiplate reader (Varioskan
Flash, Thermo Scientific, USA) for 48 h with automatic absorbance (Ag) recording every

20 min. Growth curves were plotted and analyzed using GraphPad Prism.

Induction of SNCA-GFP aggregates: To induce SNCA-GFP aggregates, the corresponding
strains were inoculated in SD-Ura medium. Secondary culture was inoculated from primary
inoculum until the absorbance at Agg reached 0.8/ml. Cells were washed twice with sterile

water and adding SG-Ura for 12 to 16 h induced aggregates.

Small molecule screen

To screen small molecule library LOPAC'*

in the S. cerevisiae SNCA toxicity model,
working plates containing 50 pM drugs in 1.5% DMSO (190 compounds/plate) were
prepared in a 384-well format. WT SNCA-GFP with or without small molecules and
untreated WT GFP were grown under optimized conditions (80 ul, 30°C and 420 rpm) for
36 h in a plate reader (Varioskan Flash, Thermo Scientific) in duplicates with automatic
absorbance (Aggo) recording every 20 min. Growth curves of untreated WT GFP and WT
SNCA-GFP strains were plotted and mid to late exponential phase time point of untreated
WT GFP strain was chosen as reference for data analysis. Its corresponding time point of
untreated and drug-treated WT SNCA-GFP strains were plotted separately in a box plot.
Small molecules that rescued the growth lag by >3 SD units of untreated WT SNCA-GFP

strain were considered as ‘Hits’.
SNCA-GFP degradation assays

To assess SNCA-GFP degradation efficacy by small molecules, after inducing SNCA-GFP

aggregate, adding dextrose turned off the galactose promoter. Cells were treated with small
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molecule(s) (50 uM) for 0, 6, 12 and 24 h. Subsequent degradation of SNCA-GFP levels

were analyzed using immunoblotting.
Mammalian cell culture

HeLa cells were maintained in DMEM containing 10% fetal bovine serum (Pan-Biotech,
P03-6510). Undifferentiated SH-SYSY cells were maintained in DMEM-F12 containing
10% fetal bovine serum (Life Technologies, 12500062). Cell lines were cultured in the
presence of 5% CO, at 37°C. To perform autophagy assays, equal numbers of subconfluent
HeLa cells were seeded in 6-well dishes, allowed to attach for 24 h, treated with small
molecules and/or 3-MA (5 mM) in growth medium for 2 h. For the GFP-SNCA degradation
assay, equal numbers of subconfluent SH-SYSY cells were seeded in 6-well dishes and
allowed to attach for 24 h. Cells were transfected with GFP-SNCA plasmid using
Lipofectamine 2000 (Life Technologies, 11668-019) and allowed to express for 24 h. Cells
were treated with small molecules for 24 h and fold GFP-SNCA levels were analyzed using

immuno blotting.

For the tandem RFP-GFP-LC3B assay, subconfluent cells were seeded in 60-mm
dishes, transfected with tandem RFP-GFP-LC3B plasmid construct and allowed to express
for 24 h. Later, cells were trypsinized, reseeded (10> cells) and allowed to attach on cover
slips in a 12-well plate. Cells were treated with or without small molecules for 2 h and

cover slips were processed for imaging.
Immunoblot analysis

Preparation of yeast lysates: Yeast strains (Ago=3) were resuspended in trichloroacetic acid

(12.5%, v/v) and stored at -80°C for at least half an hour. Samples were thawed on ice,
centrifuged (16000 x g, 10 min) and the pellet was washed twice with ice-cold acetone
(80%, v/v). Pellets were air dried, resuspended in lysis (1% SDS and 0.1 N NaOH) solution

and Laemmli buffer and boiled for 10 mins.

Preparation of mammalian cell lysates: After treatments, cells were collected in Laemmli
buffer to perform the LC3B processing assay, RPS6KB1, GSK3B and EIF4EBPI
immunoblotting. To validate GFP-SNCA degradation by small molecules, treated cells
were scraped and collected in growth medium. After washing with phosphate buffer, pellets

were lysed in Laemmli buffer and boiled for 10 mins. Samples were electrophoresed on
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SDS-PAGE (8-15%) and then transferred onto PVDF (Bio-Rad, 162-0177) membrane
using Transblot turbo (Bio-Rad). Transferred blots were stained with Ponceau S, probed
with appropriate primary antibodies overnight and subsequently with HRP-conjugated
secondary antibody. Signals were developed using enhanced chemiluminescence substrate
(Clarity, Bio-Rad), imaged using a gel documentation system (G-Box, Syngene, UK) and
bands were quantified using ImageJ software (NIH).

GFP-Atg8-processing assay

A S. cerevisiae strain with an GFP-Atg8 plasmid was grown in SD-U (synthetic dextrose
medium without uracil) under standardized conditions (30°C, 250 rpm). Using this, the
secondary culture was inoculated (Agp =0.2) and grown under the same standardized
conditions until the culture absorbance reached Agpo =0.7. For assessing the effect of small
molecules in inducing autophagy in growth conditions, the cells were transferred to SD-U
with small molecules for 6 h. To test the effect of small molecules in enhancing starvation-
induced autophagy, cells were washed twice and transferred to starvation medium with
small molecules and samples were collected for 0, 2, 4 and 6 h time pointsS. Proteins were
precipitated using trichloroacetic acid and resolved by SDS-PAGE (10%) followed by
immunoblotting. In the blot, "GFP-Atg8 accumulation" indicates the induction of Atg8
expression and "free GFP release" indicates the degradation of Atg8 in the vacuole. The
GFP-Atg8 protein is degraded in the vacuole (yeast lysosome); however, the GFP tag is
relatively more resistant to vacuolar hydrolases. The levels of GFP-Atg8 (intact fusion
protein) would indicate induction of Atg8 expression (which in turn is interpreted as
possible autophagy induction) whereas comparison to the total GFP (summation of GFP
signals from both full-length GFP-Atg8 and free GFP) indicates the autophagy flux®’
(turnover of the fusion GFP-Atg8 protein to free GFP).

Microscopy

Yeast cultures after respective treatments were washed, mounted on an agarose (2%) gel

pad and imaged.

For mammalian cell microscopy, after 2 h of treatment, coverslips were fixed using
4% paraformaldehyde (PFA; Sigma, 158127) and permeabilized using Triton X-100 (0.2%;
HiMedia, MBO031). Coverslips were mounted using antifade, Vectashield (Vector
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laboratories, H-1000). For antibody staining, coverslips were blocked in 5% BSA (Sigma,
RM105) for 1 h, incubated in primary antibody overnight and subsequently probed with

fluorescent-conjugated antibody. Coverslips were mounted using antifade, Vectashield.

Images were acquired using DeltaVision Elite widefield microscope (API, GE,
USA) with the following filters: DAPI (390/18 and 435/48), FITC (490/20 and 529/38),
TRITC (542/27 and 594/45) and Cy5 (632/22 and 676/34). Images were processed using
DV SoftWoRX software.

The tandem RFP-GFP-LC3B assay (sometimes referred to as traffic light assay) is
one test to assess autophagic flux in mammalian cells'. In this assay, autophagosomes
appear as yellow puncta. Unlike RFP, GFP fluorescence being pH sensitive, gets quenched

in the acidic pH environment of autolysosomes and thus appears red.

For the FITC-dextran uptake assay, after drug treatments, the HeLa cells were
incubated with FITC-dextran (70 kDa; Sigma, 46945) for 30 mins at 2 different temperature
conditions (37°C and 16°C).

Cell viability assay

SH-SYSY cells were seeded on 96-well plates and transfected with a plasmid encoding
GFP-SNCA only and/or cotransfected with GSK3B shRNA and GFP-SNCA. To cells, the
drugs were added (24 h) after 48 h of transfection. Then, the cell viability was measured
using the CellTitre-Glo® (Promega, G7570) and luminescence was measured using a

Varioskan Flash reader (Thermo Scientific).
Animal studies

All procedures in this study were approved by the JNCASR Institute Animal Ethical
Committee (IAEC) and conducted as per the guidelines of the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA). Inbred male C57BL/6

mice (3 to 4 months old) were used for all experimental cohorts.
Studies on MPTP mouse PD model
Mice were randomly allocated to 5 different study cohorts, viz., Placebo (n = 5), small

molecule-only (n = 5), MPTP (n = 5), MPTP+Pro (n = 3) and MPTP+Co (n = 5). As
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described previously®, 23.4 mg/kg MPTP.HCI (equivalent to 20 mg/kg free base) in 10
ml/kg body weight of saline was administered intraperitonially (i.p.) for 4 times at 2-h
intervals. Further, 5 mg/kg body weight of small molecule(s) in 100 pl of saline was
administered i.p. to the MPTP-injected animals by following either of the 2 different
regimens; the first regimen was comprised of a prophylactic, pretreatment which was begun
2 days prior to MPTP administration (MPTP+Pro); while the second involved treatment
given alongside the MPTP injection (MPTP+Co). In both the cases, small molecule(s) was
administered for 7 days post-MPTP administration daily (Fig. SS5A). The other
experimental cohorts included placebo, small molecule(s) only (daily i.p.) and MPTP alone
(daily vehicle) for 9 days. All mice were sacrificed 7 days post MPTP administration and

brains were processed for immunohistochemistry.
Immunohistochemistry

Mice were anaesthetized using Halothane BP (Piramal Healthcare) inhalation and perfused
intracardially with normal saline followed by 4% PFA in 0.1 M phosphate buffer, pH 7.4.
Mice brains were removed quickly and postfixed with 4% PFA for 24 to 48 h at 4°C.
Following cryoprotection in 15 and 30% sucrose (HiMedia, MB025), 40-um-thick coronal
cryosections of midbrain were collected serially on gelatinized slides. The
immunoperoxidase labeling protocol was identical to that reported’. Briefly, endogenous
peroxidase was quenched using H,0,(0.1%) in methanol (70%), followed by blocking of
nonspecific staining by a buffered solution (3%) of BSA for 4 h at room temperature.
Sections were incubated with TH primary antibody (1:500) followed by biotin-conjugated
secondary antibody (1:200 dilution; Vector Laboratories, BA-1400). Tertiary labeling was
performed with avidin-biotin complex solution (1:100; Vector Laboratories, PK-6200).
Staining was visualized using 3’-3’-diaminobenzidine (0.5%; Sigma, D3939) as a
chromogen in a solution of 0.1 M acetate imidazole buffer (pH 7.4) and H,O; (0.1%).
Negative controls were processed identically, except that the primary antibody was replaced

with dilution buffer.

For immunofluorescent-based double labeling, the sequential staining procedure
was followed'”. Brains sections were stained for TH and LC3B-APP/amyloid beta
oligomer/Al1 and images were acquired using a DeltaVision Elite widefield microscope

(API, GE).
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Stereological quantification of TH" dopaminergic neurons in SNpc

As described'', SNpc was delineated using the 4X objective of Olympus BX61 Microscope
(Olympus, Japan) equipped with Stereo Investigator Software Version 7.2 (Micro Bright
Field, USA). Stereological quantification was performed using optical fractionator probe
with slight modifications''. Briefly, every sixth midbrain section containing SNpc was
chosen and TH" cells were counted under the 100X objective, with a regular grid interval of
22,500 pm? (x=150 pm, y=150 um) and counting frame with an area of 3600 um? (x=60
um, y=60 pm). Mounted thickness was determined at every fifth site, which averaged to 25
um. A guard zone of 4 um was applied on either side, thus providing 17 pm of z-
dimension within the optical dissector. The quantification was performed starting with the
first anterior appearance of TH' neurons in SNpc to the caudal-most part. The SNpc volume
was determined by planimetry and total number of neurons according to mean measured

thickness were noted.
Densitometry-based image analysis

We used high magnification images of TH-stained nigral DAergic neurons, captured for
offline assessment of expression levels. Expression intensity was measured using a
Windows-based image analysis system (Q Win V3, Leica Systems, Germany). Cumulative
mean was derived from the values obtained from sampling, approximately 200 DAergic
neurons per animal. Intensity output measured on a grayscale of 0 to 255, where 0 equals
intense staining and 255 means absence of staining. Thus, lower gray values suggest higher

protein expression and vice versa.
In vivo blood brain barrier assay

Animals were randomly allocated for placebo control and drug treatment cohorts.
C57BL/6] mice were injected with placebo control or 6-Bio (5 mg/kg of body weight,
intraperitoneally) twice with a 24-h time interval. After second injection, the brains were
harvested at 15 min, 30 min, 60 min, 6 h, 12 h and 24 h by cervical dislocation. Mice brains
were immediately homogenized with RIPA buffer [25 mM Tris-HCL, 150 mM sodium
chloride, 1% NP-40 (v/v), 1% sodium deoxycholate (w/v) and 0.1% sodium dodecyl
sulphate (w/v)] with protease inhibitor cocktail [Roche, 11836170001]) for both treatment

cohorts. Homogenously macerated mouse brain sample (100 pl) was mixed with
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acetonitrile (ACN, 400 pl), formic acid (0.2%, v/v) and aceclofenac (100 ng/ml, an internal
standard; Sigma, A8861), vortexed for 10 min at 2000 rpm Orbital shaker (compact digital
microplate shaker, 88880024, Thermo Scientific, USA). Then, samples were centrifuged
and the supernatant was injected for LC MS/MS. Standard samples were prepared by
spiking 6-Bio standard into a blank control brain sample. Standard spiking was performed
such that resultant concentrations were 0, 10, 100, 500, 1000, 1500 and 2000 ng/ml of drug
in blank brain matrix. For LC, PE 200 (Perkin Elmer, USA) HPLC with an Agilent Zorbax
XDB C8 4.6X75 mm, 3.5-um column (Agilent Technologies, USA) was employed. The
following conditions were used for LC: Mobile phases (0.1% formic acid in water
(5%):methanol (95%), isocratic flow rate (0.7 ml/min), run time (4 min), injection volume
(15 pl) and needle wash solution (1:1 methanol:water mix containing 0.1% formic acid).
The mass spectrometry (API3000, AB Sciex, USA) was used with aceclofenac as an
internal control and data were processed using Analyst Software V1.4.2. Drug injections of
the various cohorts and preparations of the brain homogenates were performed at INCASR.
ACQUITY LABORATORIES performed the above mentioned LC-MS/MS analysis of the

brain samples.
Behavioral studies

Behavioral procedures used for this study were modified from refs'>'°. All the behavioral
experiments were done on 3- to 4-month-old, male C57BL/6J mice. Experimenters were
blind to the drug injected animals. Experimenters handled mice used for behavioral
experiments for 3 consecutive days prior to the training paradigm. Behavioral experiments
were designed in an order of low- to high-stress activity for mice. Therefore, the open field
test was conducted in the forenoon whereas the rotarod was performed in the afternoon.
Mice were habituated to the behavior room for 15 min every day before the start of
experiments. The light intensity was maintained at 100 lux throughout the experiment. Mice
were weighed every day before training or test to ensure their good health. Mice were
randomly allocated into 3 treatment cohorts: placebo control, MPTP and MPTP+Co. Data

were plotted using GraphPad prism 5 software.
Rotarod trials

The rotarod instrument was custom made at the mechanical workshop, National Centre of

Biological Sciences, Bengaluru, India. The rotating rod (diameter 3.3 cm) was made of
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Delrin and was textured to enhance the grip of mice. The rod was fixed at a height of 30 cm
from the cushioned platform where mice fell on to during training and test. The rod was
partitioned into 3 areas of 9.3-cm distance between each partition using discs (40-cm
diameter) made of Teflon. Mice were trained in the rotarod for 5 consecutive days prior to
drug injection. Each mouse was trained in the rotarod by gradually increasing the rotations
on every day. On day 1, mice were trained at 5 to 10 rpm (accelerated at 1 rpm/5 seconds),
11 to 15 rpm (accelerated at 1 rpm/5 seconds) on second day, 16 to 20 rpm (accelerated at 1
rpm/5 seconds) on the third day and at 20 rpm (fixed) on day 4 and 5. Mice were trained at
the above specific rpm thrice with 5-min interval between trials. The rod was rotated from 5
rpm to 20 rpm by manually changing the speed of the motor (nonautomated). During the
test (day 13 postinjection), the rotarod was started at 20 rpm. Mice were tested in a rotating
rotarod for a maximum of 60 sec and their latencies were noted down. At the end of each
trial, the rotarod was wiped with 70% ethanol and left for drying before placing the next set
of mice. The entire trial was video recorded using a DSLR camera (Nikon D5100) and
latencies were scored manually. The average time spent on the rotating rotarod across 3

trials were plotted as mean latency to fall.
Open field test

The open field arena (50 cm X 50 cm X 45 cm) was custom-made (JNCASR) using
plywood and the internal surface was coated with white polish. Mice were trained in the
open field for 2 consecutive days prior to drug injection. During training or testing, one
animal at a time was placed in the zone periphery in the open field arena and allowed to
explore the arena for 5 min. The activity was video recorded (SONY® color video camera,
Model no. SSC-G118, India) using software (SMART v3.0.04 from Panlab, Harvard
Apparatus, USA). After 5 min, the mouse was returned to its home cage. The open field
arena was then wiped using 70% ethanol and allowed to dry before placing the next mouse.
Distances travelled were analyzed offline by an experimenter who was not involved in

performing the experiment.
Statistical Analysis

Statistical analyses were performed using the unpaired Student t test and ANOVA (one-way
or two-way) followed by the post-hoc Bonferroni test in GraphPad Prism. Error bars were

expressed as mean + SEM.
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Abstract

Parkinson disease (PD) is a life-threatening neurodegenerative movement disorder with
unmet therapeutic intervention. We have identified a small molecule autophagy modulator,
6-Bio that shows clearance of toxic SNCA/a-synuclein (a protein implicated in
synucleopathies) aggregates in yeast and mammalian cell lines. 6-Bio induces autophagy
and dramatically enhances autolysosome formation resulting in SNCA degradation.
Importantly, neuroprotective function of 6-Bio as envisaged by immunohistology and
behavior analyses in a preclinical model of PD where it induces autophagy in dopaminergic
neurons of mice midbrain to clear toxic protein aggregates suggesting that it could be a

potential therapeutic candidate for protein conformational disorders.
Introduction

Parkinson disease is the second most common neurodegenerative disorder affecting 1% of
the aging population'. Motor abnormalities which are the major clinical clues for PD are
first manifested when about 60% of the nigral dopaminergic neurons are lost’, decreasing
dopamine levels. Although L-DOPA has been recommended for PD patients, it does not
halt neurodegeneration. Furthermore, the predominant side effect of continuous L-DOPA
administration is an occurrence of L-DOPA-induced dyskinesia among PD patients’. Thus,
there is an absolute need for better therapeutic agents to be made available for PD patients,

aiming to stop or reduce neurodegeneration.

One of the hallmarks of PD is formation of misfolded protein aggregates (Lewy bodies) due
to overexpressed SNCA or mutation in genes such as PINK]/ (PTEN induced putative
kinase 1), LRRK?2 (leucine rich repeat kinase 2) that lead to death of dopaminergic neurons.
The accumulation of these aggregates disrupts proteostasis machineries that process
misfolded proteins such as chaperones, proteasome or macroautophagy (hereafter
autophagy) leading to neuronal degeneration®. Misfolded SNCA aggregates are refractory
to proteostasis maintaining processes and the resultant cytotoxicity is further exasperated by
aging, as unlike mitotic cells non dividing neurons cannot dilute out these aggregates.” In
accordance, neuronal specific loss of autophagy function leads to aggregate formation and
subsequent neurodegeneration suggesting a role for basal autophagy in preventing
aggregate buildup®’. As autophagy is dysfunctional in many neurodegenerative disorders”,

57



Chapter 3: A novel autophagy modulator 6-Bio ameliorates SNCA/a-synuclein toxicity

several studies have pointed out that restoring proteostasis by up regulating autophagy can

eliminate these protein aggregates and restore cellular homeostasis®'°.

One of the main causes of this disease is the toxic build of protein aggregates leading to
neuronal death. We screened for small molecule drug-like compounds that clear such
protein aggregates (aggrephagy) and restore cell viability. Several model systems were
employed to identify and evaluate the small molecules for aggrephagy. Towards this, rather
than a conventional structure based drug designing, we sought for a phenotypic-based small
molecule screening in yeast and validated the results in higher model systems. In this study,
we identified a small molecule 6-Bio for its ability to clear SNCA aggregates and restore
cellular homeostasis. We further show that 6-Bio induces autophagy and strongly drives
autophagy flux resulting in aggregate clearance. We elucidated that 6-Bio modulates
autophagy flux through inhibiting GSK3B activity. GSK3B has been associated with
Alzheimer disease pathogenesis by modulating two processes namely (i) f-amyloid build
up and (ii) formation of neurofibrillary tangles''. It has been demonstrated at cellular level
experiments that inhibiting GSK3B would ablate the expression of SNCA'? suggesting its
role in synucleopathies. Finally, in a preclinical mice model of PD, 6-Bio showed potent

neuroprotective ability revealed by immunohistological and behavior analyses.
Results
Small-molecule screening reveals 6-Bio as a potent inducer of autophagy

The occurrence of protein aggregates and cytotoxicity by SNCA overexpression is also
recapitulated in the budding yeast, S. cerevisiae (Fig. 1, A to C)">. We employed this "out-
of-the-box" yeast model'* to screen for small molecules that would prevent cytotoxicity by

aggregate degradation.
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Figure 1. 8. cerevisiae SNCA toxicity model. (A to C) Growth curve (A4), growth rate (B)
and doubling time (C) of WT SNCA-GFP (red curve) versus WT GFP (black curve) strains.
*E*_P <0.001 as determined by one-way ANOVA analysis, and the post-hoc Bonferroni

test. Error bar indicates, mean + SEM.

We screened a small molecule library containing pharmacologically active compounds

(LOPAC'**) using an SNCA yeast toxicity assay (Fig. 2).
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Figure 2. Schema for small-molecule screening. Schematic representation of small-
molecule library screened in S. cerevisiae SNCA toxicity model. Induction of SNCA-GFP
overexpression was carried out in presence or absence of small-molecules from the LOPAC
library in duplicates. Growth was recorded as absorbance (Aspy) and a box plot for each
compound was plotted as described in methods (Small-molecule screen section). The “hits”
were compounds that rescued growth (= 3 SD units). They also showed free GFP in the
vacuole along with restoration of native localization of SNCA-GFP on the plasma
membrane (B) unlike other compounds that didn’t rescue growth lag or vehicle-treated

cells (A), scale bar: 2 um.
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Of the hits that rescued growth in this model was the SIRT2 inhibitor AGK2, which was
shown to rescue SNCA toxicity'® affirming the reliability of the assay and the 6-Bio
[(2'Z,3'E)-6-Bromoindirubin-3’-oxime]'® (Fig. 3A). Interestingly, 6-Bio did not affect the
growth of yeast cells (Fig. 3B).
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Figure 3. 6-Bio rescued SNCA toxicity. (A) Box plot demonstrating hits from a small

1280 .
C % screened in S.

molecule library of pharmacologically active compounds, LOPA
cerevisiae toxicity model of SNCA. Detailed screening methodology is explained in the
methods section. In the box plot, compounds that rescued the growth (denoted by
absorbance, Agpp) of WT SNCA-GFP strains >3 SD units (gray box) are considered hits
(blue) and the ones that do not are in green. WT GFP (black) and untreated WT SNCA-
GFP (red) represent the positive and negative controls. A representative plot for 100
compounds is shown. (B) Growth curve of WT GFP cells with or without 6-Bio (50 uM)

treatment.

In order to understand the involvement of 6-Bio in autophagy, GFP-Atg8 (GFP tagged
autophagy-related 8, a yeast autophagosome marker)-processing assay under both growth
and starvation conditions were employed. During growth conditions where autophagy is
barely detectable, 6-Bio dramatically induced autophagy (6-h time point, P <0.001 versus
untreated; Fig. 4) and also the flux (6h time point, P <0.001 versus untreated; Fig. 4).
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Figure 4. 6-Bio induces basal autophagy. Representative western blot of the GFP-Atg§-
processing assay under growth condition. WT strain expressing GFP-Atg8 treated with or
without 6-Bio (50 uM). Fusion protein GFP-Atg8 accumulation and free GFP release was
monitored across the time course (0 and 6 h). Tdh reactivity served as a loading control.
Representative graph for quantification of autophagic induction and flux (n=4). Statistical

analysis was performed using unpaired Student t test. Error bars, mean = SEM. ***-P <

0.001.

Similarly, 6-Bio treatment under starvation condition showed significant increase in
autophagy induction (4h and 6h time points, P <0.001 versus untreated; Fig. 5) and flux (4h
and 6h time points, P <0.01 and P <0.001, respectively versus untreated; Fig. 5) by 2 fold

in a time dependent manner suggesting 6-Bio augmented starvation-induced autophagy.
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Figure 5. 6-Bio induces starvation induced autophagy. Representative western blot for the
GFP-Atg8-processing assay. Fusion protein GFP-Atg8 accumulation and free GFP release
monitored across the time course (0, 2, 4 and 6 h) under starvation conditions in the WT
strain expressing GFP-Atg8 treated with 6-Bio (50 uM). Representative graph for
quantification of autophagic induction and flux (n = 3); * indicates nonspecific band. Pgkl
was assessed as loading control. Statistical analysis was performed using one-way ANOVA

and the post-hoc Bonferroni test. Error bars, mean £ SEM. ns-non significant, *-P < 0.05,

¥EP < 0.01, ¥*-P < 0.001.

We further tested 6-Bio for autophagy modulation in mammalian cells. Towards this, we
employed MAPILC3B/LC3B (microtubule associated protein 1 light chain 3 beta, a
mammalian autophagosome marker and an ortholog of yeast Atg8) processing and tandem
RFP-GFP-LC3B assays. In HeLa cells, 6-Bio increased LC3B-II (the autophagosome-
associated, processed form of LC3B-I) levels in a dose-dependent manner suggesting
autophagy modulation (Fig. 14). In the presence of lysosomal protease inhibitors, E64D and

pepstatin A, LC3B-II accumulation was significantly more than that of 6-Bio only and/or
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E64D and pepstatin A only (Fig. 6, A and B), validating that 6-Bio is indeed an autophagy

enhancer.
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Figure 6. LC3B processing by 6-Bio in presence of protease inhibitors, E64D and
pepstatin A. (A) Representative immunoblots for HelLa cells treated with 6-Bio (5 uM),
E64D (25 uM) plus pepstatin A (50 uM), and both (6-Bio and E64D plus pepstatin A) for 2
h. After treatments, lysates were analyzed for accumulation of LC3B-II by immunoblotting.
TUBB served as a loading control. (B) Quantification indicating the fold change of LC3B-I11
levels normalized with TUBB for the mentioned treatments. Statistical analysis was

performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +
SEM. *-P <0.05.
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In the tandem RFP-GFP-LC3B assay that reveals autophagy flux, 6-Bio treatment
dramatically increased autolysosome numbers (~9 fold, P <0.001, compared to control; Fig.

7) indicating enhanced fusion of autophagosomes with lysosomes.
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Figure 7. Tandem RFP-GFP-LC3B assay. Representative microscopy images of ptf LC3B
transfected HeLa cells treated with 6-Bio (5 uM) and quantification of autophagosome and
autolysosome indicating fold change over its untreated counterpart (n = 25), scale bar: 15

um. Statistical analysis was performed using unpaired Student t test. Error bars, mean +

SEM. **-P < 0.01.

Next, we checked whether the lysosomal functions are perturbed by 6-Bio since it
specifically enhances autolysosomes. For this, we checked the lysosomal pH by
LysoTracker Deep Red staining upon 6-Bio treatment. HeLa cells were treated with 6-Bio
and/or E64D plus pepstatin A for 2 h, followed by treatment with LysoTracker Deep Red
for 20 min. LysoTracker Deep Red fluorescence intensity was reduced in presence of
protease inhibitors such as E64D and pepstatin A (Pep A). The fluorescence intensity of
LysoTracker Deep Red was found to be comparable between untreated and 6-Bio-treated
cells (Fig. 8B). Thus, we found no difference in both E64D + pep A only, 6-Bio and E64D
+pep A treatments (Fig. 8B). LysoTracker Deep Red staining indicated that there was no
change in lysosome acidification (Fig. 8). LAMP1 (lysosomal associated membrane protein

1)-positive vesicle intensities and distribution also were unaltered upon 6-Bio treatment
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suggesting that perhaps lysosomal functions were not perturbed by 6-Bio (Fig. 8A).
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Figure 8. Immunofluorescence analysis of HeLa cells treated with 6-Bio along with
lysomotropic agents. (A) Representative microscopy images of the tandem RFP-GFP-LC3B
assay of HeLa cells treated with 6-Bio that were later stained for LAMPI detection. (B)
Representative microscopy images of HelLa cells stained with LysoTracker Deep Red for
various treatments namely 6-Bio, [E64D (25 uM) + pepstatin A (50 uM)] and both. The

fold changes of fluorescence intensity (F.1.) for all mentioned treatments were quantified
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(C). Scale bar is 15 um. Statistical analysis was performed using one-way ANOVA and the

post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant, ***-P < (0.001.

To address if the molecule enters the cell via endocytosis, we carried out the tandem RFP-
GFP-LC3B assay at 16°C. At this temperature, endocytosis pathway is highly reduced as
evident by the significantly decreased cellular uptake of FITC-dextran (70 kDa) as
compared to37°C (Fig. 9C). However, the effect of 6-Bio in increasing fusion between
autophagosomes and lysosomes at 37°C (~10 fold, control vs 6-Bio-treated, P<0.001, Fig.
9, A and B) and 16°C (~8 fold, control vs 6-Bio-treated, P<0.001, Fig. 9, A and B) were
comparable suggesting that endocytosis did not play a predominant role in the action of 6-
Bio in modulating autophagy. These results suggest that 6-Bio affects autophagy

independent of endocytosis perhaps by passive diffusion.
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Figure 9. Autophagic modulation by 6-Bio at low temperature. (A) Representative
microscopy images of HeLa cells transiently transfected with RFP-GFP-LC3B construct.
48 h post transfection, the cells were treated with 6-Bio (5 uM) under 2 different
temperature conditions (16°C and 37°C). (B) Quantification of fold change in

autophagosomes and autolysosomes upon treatment with 6-Bio (5 uM) under the mentioned
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temperature conditions. (C) HeLa cells were incubated with FITC-Dextran (70 kDa) for 2
h under both low (16°C) and high (37°C) temperature conditions. Scale bar: 15 um.

Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni test.

Error bars, mean = SEM. ns-non significant, **-P < (.01, ***-P < 0.001.

From these 2 model systems, we noticed that 6-Bio not only induces autophagy but also
enhances starvation-induced autophagy and strikingly promotes autolysosome formation

without perturbing the lysosomal function.
6-Bio clears SNCA in an autophagy-dependent manner

Treatment of yeast cells overexpressing SNCA-GFP with 6-Bio, resulted in vacuolar
degradation of SNCA-GFP cytosolic aggregates with improved normal plasma membrane

localization suggesting possible involvement of autophagy-related pathways (Fig. 10).

SNCA-GFP CMAC-B MERGE

Untreated

6-Bio

Figure 10. 6-Bio clears SNCA-GFP aggregates. Microscopy images of WT SNCA-GFP
veast cells treated with or without 6-Bio (50 uM) for 16 h, vacuole stained with CMAC-Blue
(100 nM), scale bar: 2 um.
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In agreement with these observations, 6-Bio failed to rescue the SNCA-mediated toxicity in

autophagy gene mutants (atg/A, atg5A, atg8A, atglIA and atgl5A) (Fig. 11).
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Figure 11. 6-Bio fails to rescue growth lag in autophagy mutants expressing SNCA.
Growth plot of autophagy mutants (atglA, atg5A, atg8A, atgllA and atgl5A) expressing
SNCA-GFP observed with or without 6-Bio (50 uM).

Assays carried out to monitor degradation of SNCA-GFP aggregates in presence of 6-Bio
under non-starvation and starvation conditions revealed a time-dependent and significant
decrease in the SNCA-GFP levels in wild-type cells (Fig. 12, A and B) but not in an
autophagy mutant, atg/A (Fig. 12, C and D). These results suggest that 6-Bio treatment was
not only able to enhance starvation-induced autophagy but also resulted in a concomitant
decrease of SNCA-GFP demonstrating that the prosurvival effects of 6-Bio was due to
autophagy-dependent SNCA-GFP clearance.
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Figure 12. SNCA-GFP degradation assay. Western blots and its quantification for SNCA-

GFP degradation upon 6-Bio (50 uM) administration, in WT or autophagy mutant (atglA)

cells under growth (A and B) or starvation (C and D) conditions. Tdh reactivity or Pgkl

were assessed as loading controls. SD-U is growth medium while SD-N is nitrogen

starvation medium. Statistical analysis was performed using one-way ANOVA and the post-

hoc Bonferroni test. Error bars, mean + SEM. ns-non significant, *-P < 0.05, **-P < 0.01,

*HEP <0.001.
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Next, using an SNCA degradation assay model in a human neuroblastoma cell line (SH-
SY5Y) overexpressing GFP-SNCA, we observed that 6-Bio significantly reduced GFP-
SNCA levels (~2 fold, P <0.001 versus untreated). However, in the presence of the
autophagy inhibitor 3-methyladenine (3-MA), the GFP-SNCA levels did not change upon
6-Bio cotreatment suggesting that autophagy was the primary mechanism for degradation

(as also seen in the yeast model) (Fig. 12 and 13).
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Figure 13. GFP-SNCA degration assay in mammalian cells. GFP-SNCA transiently
transfected in SH-SY5Y cells were allowed to express for 24 h, treated with 6-Bio (5 uM), 3-
MA (5 mM) or both for 24 h post-transfection and assessed for GFP-SNCA degradation.
Western blot (below) and graph (above) indicating fold change in GFP-SNCA degradation
over untreated. TUBB was used as a loading control. Statistical analysis was performed

using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. ns-non
significant, ***-P < (0.001.

As MTOR negatively controls autophagy, we tested if 6-Bio affected MTOR (mechanistic
target of rapamycin) signaling. 6-Bio decreased phosphorylation levels of
RPS6KB1/p70s6K (ribosomal protein S6 kinase B1) and EIFAEBP1/4E-BP1 (eukaryotic
translation initiation factor 4E binding protein 1) in a dose-dependent manner (Fig. 3A),

indicating 6-Bio negatively regulated MTOR signaling. During normal growth conditions,
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MTOR is active (and phoshorylates RPS6KBland EIF4EBP1) and autophagy is
suppressed. Addition of 6-Bio results in autophagy induction by suppression of MTOR
activity as revealed by diminished phosphorylation of its substrates RPS6KBland
EIF4EBP1. 6-Bio is a potent GSK3B inhibitor and reduced phosphorylated (p)-GSK3B
indicates its reduced activity'’ (Fig. 14). These assays confirmed that 6-Bio treatment not
only induced autophagy but also enhanced the autophagic flux by promoting

autophagosome fusion with lysosomes in an MTOR-dependent manner.
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Figure 14. 6-Bio regulates autophagy in MTOR dependent manner. Representative
western blots indicating dose-dependent modulation of autophagy related proteins (LC3B,
RPS6KBland EIF4EBP1) by 6-Bio in HeLa cells. TUBB was used as a loading control.

Autophagy-dependent GSK3B-mediated neuro(cyto)protection by 6-Bio

We observed the significant reduction of GSK3B activity upon 6-Bio treatment as revealed
by the reduced p-GSK3B levels. To understand the GSK3B dependency of autophagic
activity by 6-Bio, we performed the knockdown studies in SH-SYS5Y cells. For this, GSK3B
shRNA was transiently transfected into cells and after 48h the GSK3B protein levels were
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reduced significantly (Fig. 16A). In SH-SYS5Y cells, when SNCA was overexpressed for 72
h, the cell viability was significantly affected (Fig. 16D). When these cells were treated

with 6-Bio, its viability was significantly increased and comparable to that of control (Fig.
15).
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Figure 15. 6-Bio neuro (cyto) protects SH-SY5Y cells in an autophagy-dependent
manner. Plot representing the cell viability of SNCA-overexpressing SH-SY5Y cells treated
with 6-Bio (5 uM) and/or 3-MA (100 nM, autophagy inhibitor). Statistical analysis was
performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. ***-P < 0.001.

Similar protection was noted in GSK3B-silenced SNCA-overexpressing cells. When GSK3B
expression was silenced, addition of 6-Bio only showed marginal cytoprotection as
compared to untreated cells with normal GSK3B expression (Fig. 16D). In fact, in silenced
cells, 6-Bio was not effective in cytoprotection over and above that offered by silencing
GSK3B but was cytotoxic (Fig. 16D). In addition, another GSK3B inhibitor, compound
VIII also exerted protection against SNCA-mediated toxicity (Fig. 16D). Using a direct
readout for autophagy (tandem RFP-GFP-LC3B assay), we employed a similar silencing
strategy to address the GSK3B and autophagy interplay in the presence of 6-Bio. In
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GSK3B-silenced cells, the autolysosomes were increased with concomitant reduction in
autophagosomes than that of its scrambled shRNA control (P < 0.001, Fig. 16, B and C).
Interestingly, the autophagosomes and autolysosomes formed in GSK3B-silenced cells were
similar to that of 6-Bio treatment. Notably, the autolysosomes formed in 6-Bio-treated,
GSK3B-silenced cells were significantly reduced than that of cells treated only with 6-Bio
(P < 0.001, Fig. 16, B and C). Although 6-Bio is known to affect other signaling pathways
such as PDK1 (pyruvate dehydrogenase kinase 1) and JAK-STAT3 ([Janus kinase]-[signal
transducer and activator of transcription 3])'*, our results suggest that 6-Bio primarily

modulates autophagy in a GSK3B-dependent manner.
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Figure 16. GSK3B-dependent autophagy modulation by 6-Bio. (A) SH-SY5Y cells were
transiently transfected with GSK3B shRNA for 48 h and then protein levels were analyzed

through immunoblotting (phospho-GSK3B and total-GSK3B), and then quantified. TUBB
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served as a loading control. (B) Representative microscopy images of the GFP-RFP-LC3B
assay in HelLa cells, transfected with either scrambled shRNA or GSK3B shRNA treated
with or without 6-Bio (5 uM) and then stained for p-GSK3B. (C) Quantification indicating
the fold change of autophagosomes and autolysosomes of all the above-mentioned
treatments. (D) Plot representing the cell viability readout of GSK3B-silenced SH-SY5Y
cells overexpressing GFP-SNCA (for 48 h) and then treated with 6-Bio (5 uM) and/or
compound VIII (10 uM) for 24 h. Cell viability was analyzed using CellTiter-Glo®
(Promega) assay. Increased RLU readout was indicative of more cell viability and vice-
versa. Statistical analysis was performed using unpaired Student t test or one-way ANOVA

and the post-hoc Bonferroni test. Error bars, mean = SEM. **-P < (.01, ***-P < 0.001.

6-Bio confers neuroprotection in a mouse MPTP-toxicity model

We then investigated the effect of 6-Bio in one of the widely employed preclinical model of
PD, MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model'’. It was reported
that 7 days post MPTP administration results in ~70% dopaminergic (DAergic) neuronal
loss in the substantia nigra pars compacta (SNpc) region of brain which leads to 80 to 90%
reduction in dopamine levels in the striatum'. In this model, 6-Bio was administered
(5mg/kg, intraperitoneally [i.p.]) in 2 different regimen (Fig. 18A): on the same day of
MPTP injections (coadministration, Co) or 2 days prior (prophylactic, Pro). In both cases,

6-Bio treatment was continued for 7 days post MPTP administration.
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Figure 17. Stereological quantification. Representative photomicrographs of TH'
immunostained dopaminergic neurons (A) in SNpc (arrow) of mouse midbrain. Placebo
control cohort, MPTP-treated (23 mg/kg body weight), 6-Bio (5 mg/kg body weight) or both
(Prophylaxis [MPTP+Pro]/Coadministration [MPTP+Co]), scale bar: 300 um.
Stereological (B) and densitometric quantification (C) indicating the number of TH'
DAergic and its intensity in SNpc neurons. Statistical analysis was performed using one-
way ANOVA and the post-hoc Bonferroni test. Error bars, mean £ SEM. ns-non significant,
P <0.01, ¥**-P < 0.001.

We then evaluated the status of DAergic neurons in SNpc. These neurons were identified
by TH (tyrosine hydroxylase) immunolabeling and were quantitated by unbiased stereology

and densitometry analysis. As expected, the number and health of DAergic neurons (as
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revealed by TH staining intensities) were significantly reduced in MPTP-treated mice (~3
fold, P <0.001 compared to placebo; Fig. 17, A to C and Fig. 18B). Strikingly, in both the
6-Bio treatment regimen, the number of DAergic neurons resembled almost that of placebo
or animals injected with 6-Bio only (Co or Pro ~2.5 fold versus MPTP, P <0.001; Fig. 17,
A to C and Fig. 18B). In addition, the decrease in SNpc volume upon MPTP administration
was not seen in 6-Bio-treated cohort (P <0.001 versus Co, P <0.01 versus Pro; Fig. 18C).

These observations in mouse model of PD reassert the neuroprotective nature of 6-Bio.
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Figure 18. Densiometric quantification. 6-Bio administration in the MPTP mouse model.

(A) Schema representing schedule of dosage administration of MPTP (23 mg/kg), 6-Bio (5

mg/kg) in mice groups. (B) Representative photomicrographs of TH' immunostained

DAergic neurons in SNpc of mouse midbrain of control, MPTP and 6-Bio or both

(Prophylaxis [MPTP+Pro] or Co administration [MPTP+Co]) groups. (C) Quantitative
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plot of SNpc volume of mouse brains for all the groups. Statistical analysis was performed
using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. ns-non
significant, **-P < 0.01, ***-P < 0.001.

6-Bio enhances autophagy and clears toxic protein aggregates in mouse brains

We then evaluated the autophagy and toxic aggregate levels in the DAergic neurons in
SNpc of midbrain. We observed the significant reduction of LC3B puncta per neuron in the
MPTP-treated cohort than that of placebo (~1.8 fold, placebo vs MPTP, P<0.001, Fig. 19,
A and B). Conversely, APP/amyloid beta oligomer/A1ll puncta were significantly higher
(~7 fold, placebo vs MPTP, P<0.001, Fig. 19, C and D). Along with decreased autophagy,
these SNpc (TH") neurons displayed toxic aggregate buildup. This reduced autophagy upon
administration of MPTP is in agreement with previous observations™. Furthermore, as seen
in cell culture models, 6-Bio treatment alone increased LC3B puncta per neuron (~2 fold,
placebo vs 6-Bio only, P<0.001, Fig. 19, A and B) suggesting that 6-Bio could induce
autophagy in mice brain by crossing the blood-brain barrier (Table 1). When 6-Bio was
coadministered along with MPTP, LC3B puncta per neuron increased (~2.5 fold, MPTP vs
MPTP+Co, P<0.001, Fig. 19, A and B) with a significant reduction in APP/amyloid beta
oligomer/A11-positive aggregates (~7 fold, MPTP vs MPTP+Co cohort, Fig. 19, C and D).
Strikingly, the aggregate numbers in MPTP+Co were comparable to that of control
suggesting that the 6-Bio treatment decreased the toxic aggregates to that of placebo
neurons (placebo vs MPTP+Co, ns, P>0.05, Fig. 19, C and D). These results imply that
autophagy was drastically induced in the MPTP and 6-Bio coadministered cohort that lead
to neuroprotection by clearance of the toxic aggregates. We observed reduced p-GSK3B
signals in DAergic neurons of the 6-Bio-treated cohorts, namely, 6-Bio only and MPTP+Co
(Fig. 20).
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Figure 19. 6-Bio induces autophagy in mice brain to clear toxic protein aggregates. (A)
Representative immuno-histofluorescent photomicrographs of various cohorts namely
control, MPTP (23 mg/kg of body weight), 6-Bio (5 mg/kg of body weight) and MPTP+Co
that were stained for LC3B (an autophagy marker) and TH (SNpc) in midbrain. Autophagic
modulation by 6-Bio were evaluated in DAergic neurons in SNpc and the LC3B puncta fold

82



Chapter 3: A novel autophagy modulator 6-Bio ameliorates SNCA/a-synuclein toxicity

change per neuron was quantified (B). (C) Representative immuno-histofluorescent
photomicrographs of the above mentioned cohorts were stained for APP/amyloid beta
oligomer/Al1 (toxic oligomers) and TH (SNpc) in midbrain. Aggregate clearance by 6-Bio
were evaluated in DAergic neurons in SNpc and the APP/amyloid beta oligomer/All
puncta fold change per neuron was quantified (D). Scale bar: 50 um. Statistical analysis
was performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean

+ SEM. ns-non significant, ***-P < 0.001.
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Figure 20. p-GSK3B levels in dopaminergic neurons of SNpc. Representative
photomicrographs of double immunofluorescence with p-GSK3B and TH (DAergic
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neurons) for various treatment cohorts, namely placebo, MPTP (23 mg/kg), 6-Bio (5 mg/kg)
and MPTP+Co. Scale bar: 50 um.

6-Bio ameliorates MPTP-induced behavioral deficits

To study whether 6-Bio can combat the MPTP-induced behavioral impairments in motor
coordination, locomotion and exploration abilities, we employed 2 widely used behavior
tests namely rotarod and the open field test. Stereology were performed on day 7 post
MPTP or placebo administrations, thus behavior experiments were conducted on day 13
i.e., day 7 post MPTP or placebo administrations. Behavior study scheme is illustrated in

Fig. 21.

In rotarod test, the latency to fall for MPTP cohort reduced significantly to that of placebo
cohort on day-13 post administration (MPTP versus placebo, P <0.001, Fig. 22A and Fig.
21, A and B) validating the MPTP-induced motor deficits in mice. Strikingly, the latency to
fall was increased in the 6-Bio-treated cohort compared to that of MPTP-treated cohort (Co
versus MPTP, P <0.001, Fig. 22A and Fig. 21, B and C). The latency to fall for the 6-Bio-
treated cohort was comparable with the placebo cohort (Co day 7 versus placebo, P >0.05,
Fig. 22A and Fig. 21, A and C).
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Figure 21. Behavior study design schema. Schema representing schedule of behavioral
studies on cohorts, namely Placebo (4), MPTP (B), MPTP+Co (C) and MPTP+Post (D).
In the MPTP+Co regimen, 6-Bio was injected 2 h before MPTP administration (C),
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whereas in the MPTP+Post regimen, 6-Bio was injected after 48 h of MPTP administration
(D). Dosage concentrations were MPTP (23 mg/kg) and 6-Bio (5 mg/kg).

Similar to the lack of motor coordination observed in rotarod, the total distance travelled by
MPTP-treated cohort in the open field test arena on dayl3 post injection was reduced
significantly compared to that of placebo (MPTP versus placebo, P <0.001, Fig. 22, B and
C and Fig. 21, A and B) affirming the MPTP-induced locomotion and exploratory
impairments. These impairments were improved after 6-Bio administration as the distance
travelled by mice increased dramatically (Co versus MPTP, P <0.001, Fig. 22, B and C and
Fig. 21, B and C) and matched control cohorts (Co versus placebo, P >0.05, Fig. 22, B and
C and Fig. 21, A and C). MPTP-induced impairments were not protected by 6-Bio when
administered after 48 h of MPTP (Post versus MPTP, P >0.05, Fig. 22, D and E and Fig
21, B and D).
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Figure 22. 6-Bio ameliorates MPTP-induced behavioral deficits. Effect of 6-Bio (5 mg/kg)
on (A) latency to fall of various cohorts namely Placebo, MPTP and MPTP+Co as assessed
by rotarod test (B) Representative trajectory maps of all mentioned cohorts as analyzed by
open field test. (C) Periphery distance travelled by all indicated cohorts as assessed by
open field test. Effect of 6-Bio (5 mg/kg) on various cohorts namely Placebo, MPTP and
MPTP+Post. (D) latency to fall of various cohorts namely Placebo, MPTP and
MPTP+Post as assessed by rotarod test. (E) Periphery distance travelled by all indicated

cohorts as assessed by the open field test. Both the rotarod and open field behavior
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analyses were performed on day 13 or day 7 post-MPTP or vehicle administrations. Both
the rotarod and open field behavior analyses were performed on day 13 or day 7 post-
MPTP/vehicle administrations. 6-Bio (5 mg/kg) was administrated either along with MPTP
(MPTP+Co) or post 48 h of MPTP administration (MPTP+Post). Statistical analysis was
performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +
SEM. ns-non significant, ***-P < 0.001.

Since the 6-Bio-treated cohort spent more time on the rotarod (as the placebo cohort) and
travelled more distance in open field unlike MPTP-treated, we therefore, can infer that 6-
Bio rescued the MPTP-induced motor, locomotion and exploratory impairments. We
observed that 6-Bio failed to protect the MPTP-induced behavioral deficits when
administered 48 h after MPTP dosage.

Discussion

Using an unbiased yeast high-throughput assay, we identified the small molecule 6-Bio that
rescued SNCA cytotoxicity in an autophagy-dependent manner. 6-Bio induced autophagy
even in growth conditions. Mechanistically, 6-Bio profoundly promoted autophagosome-
lysosome fusion as reflected in the high autolysosome numbers with hardly any unfused
autophagosomes. Increased autophagy induction and fusion resulted in degradation and
clearance of aggregated proteins with a concomitant rescue of cell viability and growth.
When tested in a preclinical model of PD, 6-Bio demonstrated remarkable neuroprotection

revealed by both immunohistology and behavioral analyses.

Apart from toxic accumulation of SNCA aggregates as Lewy bodies, proteostasis
machineries such as autophagy are also defunct in these dying neurons’. While
autophagosome formation has been shown to be defective in PD*, its accumulation has been
documented in the striata of human PD postmortem brains®'. Also, recent reports suggest
that apart from having a misfolding propensity, prion-like properties® of SNCA are
responsible for its spreading across neurons leading to aggravated neuronal death. Hence,
enhancing SNCA clearance through modulating autophagy would be beneficial.
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We show here using 2 model systems that aggregate clearance by 6-Bio is through
autophagy: using yeast genetics, our studies reveal that 6-Bio is unable to rescue SNCA-
mediated cytotoxicity in autophagy-defective mutants, while in mammalian cells,
pharmacological inhibition of autophagy by 3-MA abolishes 6-Bio effect. In addition,
although 6-Bio (50 uM) does not affect the growth of yeast cells, it strikingly increases
basal autophagy even in growth conditions, a situation where MTOR is active and is known
to suppress autophagy. Interestingly, 6-Bio induction of autophagy in mammalian cells
appears to be MTOR dependent. Furthermore, 6-Bio not only augments basal autophagy but
also enhances the starvation induced autophagy, demonstrating its strong autophagy
modulating potential. It is these properties that lead to a dramatic buildup of autolysosomes
upon 6-Bio treatment. Enhanced cargo degradation thus leads to clearing up of the

aggregates and preventing cytotoxicity by restoring cellular proteostasis.

The MPTP+6-Bio-treated cohort spent more time on the rotarod (as the placebo cohort) and
travelled more distance in open field unlike the MPTP-treated cohort, we therefore can infer
that 6-Bio rescued the MPTP-induced motor, locomotion and exploratory impairments.
Importantly, 6-Bio-induced behavioral performances were indistinguishable from that of the
placebo cohort. Thus, histological and behavioral analyses of the MPTP-induced preclinical
mouse model of PD highlights the neuroprotective abilities of 6-Bio as demonstrated by
preservation of nigral dopaminergic neurons and retention of motor coordination functions.
After 48 h of MPTP administration, most of the DAergic neurons would be ablated. Thus
after 48h of MPTP treatment, with highly depleted SNpc of DAergic neurons, 6 Bio was
unable to rescue behavioural deficits. These results suggest that 6-Bio primarily acts
through restoring autophagy function in the neurons to get rid of aggregates and perhaps
does not have neuroregenerative capabilities. Strikingly, our experiment revealed that 6-bio
enters the brain within 15 min after intraperitoneal administration and stayed as long as 24 h
(Table 1). The dramatic neuroprotection could be due to abundance of 6-Bio in the mice

brain that facilitates aggregate clearance through inducing autophagy.
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No Samples | Concentration
(ng/ml)

1 I15min  Vehicle 0

2 30 min  Vehicle 0

3 1 hr Vehicle 0

4 6 hr Vehicle 0

5 12 hr Vehicle 0

6 24 hr Vehicle 0

7 15 min 6-Bio 1830
8 30 min 6-Bio 2020
9 1 hr 6-Bio 1190
10 6 hr 6-Bio 991
11 12 hr 6-Bio 673
12 24 hr 6-Bio 382

Table 1. In vivo blood barrier assay. Mass spectrometric analysis of bioavailability of 6-

Bio in brain.

Our studies with other GSK3B inhibitors (with similar inhibitory potencies) reveal that
none of these can bring about autophagy induction as profoundly as 6-Bio (data not shown).
Though 6-Bio has been shown to modulate GSK3, PDK1 and JAK-STAT3 signaling
pathways'®, our results demonstrated that it modulates autophagy in GSK3B dependent
manner. 6-Bio docks with GSK3B better than other inhibitors such as indirubin,
hymenialdisine and meridianins™. It also increases the accumulation of CTNNB1/p-catenin
due to the inhibition GSK3B, promotes aggression of breast cancer*’. 6-Bio also indirectly

activates canonical WNTS5A signaling in the hippocampal neurons to protect them from Ab
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oligomers'?. Proof-of-principle demonstrations at the cellular level reveal that inhibiting
GSK3B reduces SNCA expression” and also results in b-amyloid clearance®. Thus,
GSK3B would be an attractive avenue as a therapeutic target for neurodegeneration. In PD,
autophagy is dysfunctional as the steps of autophagosome biogenesis® and the fusion
between autophagosome and lysosome are blocked*’. Because 6-Bio dramatically enhances
autophagosome-lysosome fusion by inhibiting GSK3B through crossing the blood-brain
barrier, it decreases the dramatic toxic protein aggregates in SNpc. Therefore, 6-Bio could
be a promising candidate with therapeutic potential especially in case of synucleopathies

including PD.

Our findings demonstrate that the neuroprotective role of 6-Bio is due to its
autophagosome-lysosome fusion-enhancing function, which results in SNCA aggregate
clearance, may have therapeutic potential for patients with PD and protein conformational

disorders.
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Abstract

Mechanistic insights into aggrephagy, a selective basal autophagy process to clear
misfolded protein aggregates, are lacking. Here, we report and describe the role of Estrogen
Related Receptor oo (ERRa), new molecular player of aggrephagy, in keeping autophagy
flux in check by inhibiting autophagosome formation. A screen for small molecule
modulators for aggrephagy identified ERRa inverse agonist XCT 790, that cleared a-
synuclein aggregates in an autophagy dependent, but an MTOR independent manner. XCT
790 modulates autophagosome formation in an ERRa dependent manner as validated by
siRNA mediated knockdown and over expression approaches. We show that, in a basal
state, ERRa is localized on the autophagosomes and upon autophagy induction by XCT
790, this localization is lost and is accompanied with an increase in autophagosome
biogenesis. In a preclinical mouse model of Parkinson’s disease, XCT 790 exerted
neuroprotective effects in the dopaminergic neurons of brain by inducing autophagy to clear
toxic protein aggregates and in addition, ameliorated motor co-ordination deficits. Using a
chemical biology approach, we unrevealed the role of ERRa in regulating autophagy that

can be a therapeutic target for neurodegeneration.
Introduction

Proteostasis machineries associated with the clearance of various cellular cargos including
toxic proteins and damaged organelles in eukaryotic cells primarily include the chaperone,
the Ubiquitin—Proteasome system (UPS) and the autophagy pathways'. UPS predominantly
degrades short-lived proteins via tagging them with Ubiquitin at specific amino acid
residues'. The bulk degradation of long-lived proteins or organelles is mediated largely by
the evolutionarily conserved cellular process referred to as macroautophagy (hereafter
autophagy). A selective degradation mechanism called aggrephagy can help cells to clear
the toxic, long-lived, aggregate-prone proteins. Misfolded and aggregate prone proteins are
substrates for autophagy”. Intracellular accumulation of misfolded protein aggregates is an
evident feature of several neurodegenerative diseases including Parkinson’s disease (PD).
Owing to their hydrophobic nature, these aggregates sequester cellular proteins thereby
perturbing cellular proteostasis machineries leading to neuronal death. Neurons are non-

dividing cells and can’t dilute out the aggregates and thus perhaps are more sensitive to
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proteotoxicity’. This condition is further exasperated upon aging as efficiency of
proteostasis decline. Recent studies highlight the importance of autophagy in curbing
cellular cytotoxicity as a consequence of impaired clearance of aggregate prone proteins.
Brain specific autophagy knockout mice (Atg5) display age related accumulation of protein
aggregates, which eventually leads to neurodegenerative phenotypes, indicating that basal
autophagy is vital for clearing protein aggregates’. Additionally, tissue-specific knockdown
of Atg7 in CNS of mice resulted in accumulation of inclusion bodies in autophagy-deficient
neurons’. Autophagy is shown to be dysfunctional during the neurodegenerative disease
pathology®. Thus, restoration of autophagy, through pharmacological approaches using
small molecules have been reported to be neuroprotective’’. Small molecule that induces or
restores defunct autophagy could aid in toxic aggregate clearance and essential for
maintaining the cellular and organismal homeostasis®®. Broadly, small molecule autophagy
modulators can be classified into MTOR-dependent or -independent types, depending on
their mechanism of action. Since MTOR has autophagy independent functions, targeting
MTOR could have adverse side effects in patients with immunosuppression and impaired
wound healing processes. Hence, this warrants for identifying new small molecules that are
MTOR-independent with potent aggrephagy function/induction capabilities. More
importantly, identifying the new molecular players that help to decipher mechanistic

interplay of autophagy and basic neuroprotective mechanisms remain a challenge.

In this study, we discovered a novel autophagy inducer, XCT 790 that was identified
previously in our laboratory from a high-throughput screening of library containing
pharmacologically active compounds (LOPAC'™) in yeast. XCT 790, a
thiadiazoleacrylamide, a most selective inverse agonist of the orphan nuclear receptor,
Estrogen-Related Receptor a (ERRa)’, was identified as a ‘Hit’. Due to lack of any known
natural ligand, XCT 790 has been used as a tool to delineate the lesser known functions of
ERRao in different biological processes'’. XCT 790, cleared o-synuclein aggregates in an
autophagy-dependent manner in both yeast and human neuronal cells. It significantly
induces autophagy through an mTOR-independent mechanism and ERRa-dependent
manner. This neuroprotective compound uncovers the role of ERRa in an autophagy
pathway. We found that ERRa inhibits autophagy in fed conditions, thus helps in regulating
the basal autophagic flux. Additionally, in a preclinical mouse model of PD, XCT 790 was
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found to have a neuroprotective role through clearing the toxic protein aggregates as

evidenced by immunohistological and behavior analyses.
Results

XCT 790 ameliorates a-synuclein toxicity through an autophagy-dependent

mechanism in yeast

As observed in neurons, overexpression of a-synuclein in S. cerevisiae, also causes toxic
protein aggregate formation that perturbs its growth leading to cell death ''. To identify
potential small molecules that could ameliorate a-synuclein-mediated cellular toxicity, we

screened a small molecule library, LOPAC'*

(Library Of Pharmacologically Active
Compounds) using the established a-synuclein yeast toxicity model''. Compounds were
screened for their ability to rescue the growth lag caused by a-synuclein overexpression in
yeast cells. a-synuclein overexpression perturbed growth related parameters in yeast. A
thiadiazoleacrylamide, XCT 790 was found to be one of the ‘Hits’ that showed significant

rescue of growth in yeast cells overexpressing a-synuclein (Fig. 1).
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Figure 1. XCT 790 as a hit that rescued a-synuclein-EGFP toxicity. Representative box
plot indicating chemical hits attained from small molecule library screened in a-synuclein
toxicity model of S. cerevisiae. In the box plot, small molecules that rescued the growth
(absorbance, Aspy) of wild-type (WT) o-synuclein-EGFP strain by >3 SD units (grey box)
are considered as hits (blue) and those do not rescue the growth are labeled in green. WT
EGFP (black) and untreated WT o-synuclein-EGFP (red) strains represent the positive and

negative controls of the screen.
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Treating wild-type (WT) yeast cells overexpressing a-synuclein with XCT 790 rescued
growth lag compared to that of untreated (~3.2 fold, WT a-syn cells; untreated vs XCT
treated, P < 0.001, Fig. 2, A to C). Toxic protein aggregates are known to be substrates of
the autophagy pathway for their effective cellular degradation®. Consistently, XCT 790
failed to rescue the growth lag in core autophagy mutant cells (azg/A) ascertaining its
autophagy-mediated rescue of cells from a-synuclein toxicity (atg/A a-syn cells; untreated
vs XCT 790 treated, P > 0.05, Fig. 2A). Also, in XCT 790 treated atgl/A cells
overexpressing o-synuclein, the growth related parameters like growth rate (untreated vs
XCT 790 treated, P > 0.05, Fig. 2D) and doubling time (untreated vs XCT 790 treated, P >
0.05, Fig. 2E) were unaltered compared to that of untreated.
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Figure 2. Growth curves. (A) Percent growth of yeast strains (WT EGFP, WT o-syn-
EGFP, atgld EGFP, atglA a-syn-EGFP) treated with XCT 790 (n=4, three independent
experiments). Growth rate and doubling time plots of XCT 790 treated WT a-syn-EGFP (B
and C) and atglA a-syn-EGFP (D and E) cells. Statistical analysis was performed using

one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean + SEM. ns-non
significant, ***-P < 0.001.
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XCT 790 did not affect yeast growth at 50 uM (growth rate; untreated vs XCT 790 treated,
P > 0.05: doubling time; untreated vs XCT 790 treated, P > 0.05, Fig 3. A to C).
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Figure 3. XCT 790 is non-toxic to yeast cells. (A) Growth curve and its related parameters
like growth rate (B) and doubling time (C) of XCT 790 treated WT EGFP. Statistical
analysis was performed using unpaired Student t test. Error bars, mean = SEM. ns-non

significant.

To wunderstand the autophagy modulation by XCT 790 in yeast, GFP-Atg8 (an
autophagosome marker) processing assay under both growth and starvation conditions was
performed. XCT 790 treatment dramatically induced autophagic flux in nutrient rich growth
conditions where autophagy was barely detectable (Autophagy induction; untreated vs XCT
treated, P < 0.001: Autophagy flux; untreated vs XCT 790 treated, P < 0.001, Fig. 4).
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Figure 4. XCT 790 induces basal autophagy. Representative western blot of GFP Atg8
processing assay that assessed the GFP-Atg8 processing after 6h of incubation in growth
conditions, in yeast cells treated with XCT 790. Fold change in autophagy induction
(EGFP-Atg8 band intensity normalized by loading control) and its flux (summation of
EGFP-Atg8 and free EGFP normalized by loading control) modulated by XCT 790 were
quantified (three independent experiments). PGK1 served as a loading control. Statistical
analysis was performed using unpaired Student t test. Error bars, mean + SEM. ***-P <

0.001.

Similarly, under starvation conditions XCT 790 significantly induced autophagic flux in a
time-dependent manner (untreated vs XCT 790 treated: Autophagy induction: 2h, P < 0.01;
4h, P < 0.001; 6h, P < 0.001: Autophagy flux; 2h, P < 0.001; 4h, P < 0.001; 6h, P < 0.001,
Fig. 5).
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Figure 5. XCT 790 augment starvation induced autophagy. Representative blot for GFP-
Atg8 processing of XCT 790 treated yeast cells monitored across time points under
starvation condition (2,4 and 6 h). Modulation of autophagy induction (total EGFP/PGKI)
and autophagy flux (free EGFP/PGK2) upon XCT 790 treatment, were quantified and then
plotted. PGK1 served as a loading control. Statistical analysis was performed using one-
way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. *-P < (.05, ***-P
< 0.001.

In yeast cells overexpressing a-synuclein-EGFP, XCT 790 treatment led to vacuolar
degradation of o-synuclein-EGFP with a restoration of normal plasma membrane
localization of a-synuclein-EGFP (~14 fold, untreated vs XCT 790 treated, P < 0.001, Fig.
6).
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Figure 6. Microscopy based a-synuclein-EGFP degradation assay in yeast. Microscopy
images of WT a-synuclein-EGFP treated with XCT 790 and then quantified for the vacuolar
free EGFP in fold (n=75 cells). Scale bar 5 um. Statistical analysis was performed using

unpaired Student t test. Error bars, mean = SEM. ns-non significant, ***-P < 0.001.

To validate this, we employed an a-synuclein-EGFP aggregate degradation assay in yeast.
XCT 790 treatment significantly clears a-synuclein-EGFP in wild-type strain (~2.5 fold,
untreated vs XCT 790 treated, P < 0.001, Fig. 7A) but not in an autophagy mutant
(untreated vs XCT 790 treated, ns, P > 0.05, Fig. 7B).

The study, for the first time (to the best of our knowledge) identifies XCT 790 as an

autophagy inducer with a potential to clear toxic protein aggregates.
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Figure 7. Immunoblotting based a-synuclein-EGFP degradation assay in yeast. (A)
Representative western blot for a-synuclein-EGFP degradation in WT a-synuclein-EGFP
strain analyzed after 24h of XCT 790 treatment and quantified for the levels of a-synuclein-
EGFP (three independent experiments). Gapdh served as a loading control. (B)
Representative western blot for a-synuclein-EGFP degradation in atgl A a-synuclein-EGFP
strain analyzed after 24h of XCT 790 treatment and quantified for the levels of a-synuclein-
EGFP (three independent experiments). Gapdh served as a loading control. Concentration
of XCT 790 used was 50 uM. Statistical analysis was performed using one-way ANOVA and

the post-hoc Bonferroni test. Error bars, mean = SEM. ns-non significant, ***-P < 0.001.

Modulation of mammalian aggrephagy by XCT 790

Considering that the autophagic mechanism is highly conserved between the yeast and the
mammalian systems, we validated the potential of XCT 790 to clear toxic a-synuclein
protein aggregates through autophagy in mammalian cells such as human neuroblastoma

SH-SYS5Y and HeLa cell lines.

To test the modulation of mammalian autophagy and its flux by XCT 790, we employed
western blot analysis based LC3 (autophagosome marker) and microscopy-based tandem

RFP-EGFP-LC3 assays. In tandem RFP-EGFP-LC3 assay, XCT 790 treatment significantly
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induced autophagosomes and autolysosome formation in both SH-SYS5Y (control versus
XCT 790 treated, autophagosomes, ~2 fold, P < 0.05; autolysosomes, ~4 fold, P < 0.01,
Fig. 9) and HeLa cells (control versus XCT 790 treated, autophagosomes, ~5 fold, P <
0.001; autolysosomes, ~2 fold, P < 0.001, Fig. 8).
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Figure 8. Tandem RFP-EGFP-LC3 assay in HeLa cells. Representative microscopy
images of tandem RFP-EGFP-LC3 assay in HeLa cells treated with XCT 790 for 2h. Yellow
puncta were autophagosomes and red were autolysosomes. Fold change in regulation of
autophagosomes and autolysosomes by XCT 790 were quantified. Scale bar was 15 um.
Statistical analysis was performed using unpaired Student t test. Error bars, mean = SEM.
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Figure 9. Tandem RFP-EGFP-LC3 assay in SH-SY5Y cells. Representative microscopy
images of tandem RFP-EGFP-LC3 assay in SH-SY5Y cells treated with XCT 790 for 2h.
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Yellow puncta were autophagosomes and red were autolysosomes. Fold change in
autophagosomes and autolysosomes upon XCT 790 treatment were quantified. Scale bar
was 15 um. Statistical analysis was performed using unpaired Student t test. Error bars,

mean = SEM. ns-non significant, *-P < 0.05, **-P < 0.01.

Additionally, XCT 790 treatment enhanced accumulation of LC3-II levels indicating the
induction of autophagy (~2.5 fold, untreated versus XCT 790, P < 0.001, Fig. 10). These

results clearly demonstrated that XCT 790 modulates mammalian autophagy as in yeast.
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Figure 10. LC3 processing assay. Representative western blot of LC3 processing assay in
SH-SY5Y cells treated with XCT 790 (2h) under growth condition and normalized LC3-11
levels were quantified. p-tubulin was used as a loading control. Statistical analysis was

performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. **-P < 0.01, ***-P < 0.001.

We then addressed the question whether XCT 790 protects SH-SYSY cells from EGFP-a-
synuclein mediated toxicity. Overexpression of EGFP-a-synuclein in SH-SYSY cells is
toxic and led to significant cell death as measured by cell viability assay (~4 fold, vector
control or untransfected versus a-syn transfected, Fig. 11). Upon administration of XCT
790 to cells overexpressing EGFP-a-synuclein, the cell viability increased significantly than
that of untreated (~4 fold, a-syn over expressed cells, untreated versus XCT 790 treated, P
< 0.001, Fig. 11) and was comparable to that of vector control (vector control versus a-syn
over expressed cells XCT 790 treated, ns, P > 0.05, Fig. 11). We observed the potential of
XCT 790 to protect from EGFP-a-synuclein toxicity is abrogated in presence of
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pharmacological autophagy inhibitor, 3-MA (a-syn overexpressed cells, XCT 790 versus
XCT 790+3-MA, ~4 fold, P < 0.001, Fig. 11) that is comparable to that of XCT 790
untreated (a-syn overexpressed cells, untreated versus XCT 790+3-MA, ns, P > 0.05, Fig.
11). These results clearly demonstrate that XCT 790 protects human neuroblastoma cells

from EGFP-a-synuclein mediated toxicity in an autophagy dependent manner.
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Figure 11. Neuro(cyto)protection assay in SH-SY5Y cells. Graph indicating the cell
viability read out of SH-SY5Y overexpressing EGFP-o-synuclein treated with XCT 790 in
presence of pharmacological autophagy inhibitor 3-MA. Cell viability was analyzed using
CellTitre Glo™ (Promega) assay. More RLU readout was indicative of more cell viability
and vice-versa. Statistical analysis was performed using one-way ANOVA and the post-hoc

Bonferroni test. Error bars, mean + SEM. ns-non significant, ***-P < 0.001.

We demonstrate that XCT 790 exerts protection to the cells against EGFP-a-synuclein
mediated toxicity by inducing autophagy which helps clear the toxic aggregates.

XCT 790 modulates autophagy through an MTOR independent pathway

Autophagy is regulated by MTOR (mechanistic target of rapamycin)-dependent and
MTOR-independent pathways that are amenable to chemical perturbations '>. To delineate
the mechanism of autophagy modulation by XCT 790, we examined the activity of MTOR
through monitoring its substrates such as P70S6K and 4EBP1. Upon XCT 790 treatment,
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MTOR activity was unaffected as revealed by protein levels of its substrates such as
phospho-P70S6K and phospho-4EBP1 which were comparable to nutrient rich condition
(Fig. 12). In contrast, the levels of phospho-P70S6K and phospho-4EBP1 were attenuated
under starvation conditions where autophagy was regulated in an MTOR-dependent
manner. Lithium Chloride (10mM), known to induce autophagy through an MTOR
independent mechanism served as positive control'® (Fig. 12). These observations asserted

that XCT 790 is an MTOR independent autophagy modulator.
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Figure 12. XCT 790 is an MTOR independent modulator. Representative western blots of
MTOR substrates like P70S6K (phospho and total form) and 4EBPI1 (phospho and total

form) regulation by various treatments like XCT 790, EBSS and LiCl. f-tubulin was used as
a loading control. Normalized p-P70S6K levels were quantified. Concentrations of XCT
790 and LiCl used were 5 uM and 10 mM. Statistical analysis was performed using one-
way ANOVA and the post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant,
*P <0.05.

We further examined whether XCT 790 exerts its effects through AMPK pathway, one of
the predominant MTOR-independent mechanisms known to regulate autophagy. It was
observed that treatment of XCT 790 for 2 hours did not affect the activity of AMPK, as
evident by the unchanged T172 phosphorylation of AMPK (Fig. 13) when compared to
nutrient rich conditions. AMPK promotes autophagy in an mTOR-independent manner by
directly activating Ulkl through phosphorylation of Ser555. Whereas, under nutrient
sufficiency, high MTOR activity inhibits Ulkl activation by phosphorylating Ulkl at

Ser757 and disrupting the interaction between Ulkl and AMPK'?. Therefore, we further
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examined the regulation of levels of activating (S555) and inhibitory (S757)
phosphorylation levels of ULK1 by XCT 790. Consistent with unchanged levels of
phosphorylated AMPK after treatment with XCT 790 for 2 hours, the downstream
phosphorylation of ULK1 at S555 was unaffected and comparable to nutrient rich
conditions (Fig. 13). This suggests that XCT 790 does not exert its effects through AMPK
pathway. Importantly, MTOR-dependent phosphorylation of ULKI1 at S757 remained
unaltered in XCT 790-treated cells unlike in starvation conditions, where a concomitant
decrease in the phospho-ULKI1 S757 protein levels is observed. These results further
confirm that XCT 790 acts through an MTOR-independent mechanism but not through
AMPK pathway.
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Figure 13. XCT 790 does not modulate AMPK pathway. Representative western blots of
signaling pathway proteins like AMPK (phospho and total form) and ULKI (phospho and
total form) regulation by XCT 790 and EBSS. Normalized p-AMPK, p-ULKI (S555), p-
ULKI1 (757) levels were quantified. p-tubulin was used as a loading control. Statistical
analysis was performed using one-way ANOVA and the post-hoc Bonferroni test. Error

bars, mean + SEM. ns-non significant, *-P < (.05, **-P < 0.01, ***-P < 0.001.
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XCT 790 induces autophagy through regulation of Estrogen-related receptor alpha
(ERRa)

XCT 790 was found to be the first potent and selective inverse agonist of ERRa’. To
elucidate the role of ERRa in contributing to the function of XCT 790 as an autophagy
inducer, we used the following two approaches: a) siRNA-based silencing of ERRa, b) over

expression of ERRa.

To evaluate the level at which the knockdown exerted its effects, cells were transfected with
siRNAs targeting ERRa. A non-targeting pool was used as a control. Post 48 hours of
transfection, the effect of knockdown on regulation of autophagy by ERRa was monitored
by microscopy-based tandem RFP-EGFP-LC3 assays. Knockdown efficiency was
confirmed by western blotting to be around 80% (Scrambled versus ERRa siRNA, P <
0.001, Fig. 14A). Consistent with the effect of XCT 790, knockdown of ERRa also resulted
in a significant induction of autophagosomes (~5 fold, Scrambled versus ERRa siRNA
treated, P < 0.001, Fig. 14B and C) and autolysosomes (~3 fold, Scrambled versus ERRa
siRNA treated, P < 0.001, Fig. 14B and C). Autophagosome and autolysosome numbers in
XCT 790 treated and ERRa downregulated cells were found to be comparable. These
results suggested that XCT 790 modulated autophagy through ERRa.
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Figure 14. Inhibition of ERRa induces autophagy. (A) ERRo protein levels after
transfecting either scrambled siRNA (100 picomoles) or ERRo. siRNA (100 picomoles) for
48h in HelLa cells were analyzed by western blotting and then quantified. f-tubulin was
used as a loading control. (B and C) Microscopy images (B) of tandem RFP-EGFP-LC3
assay in XCT 790 treated HeLa cells (2h) post ERRo. siRNA transfection (48h). Cells were
immunostained for ERRa in various treatments. Quantification (C) of autophagosomes
(vellow puncta) and autolysosomes (red puncta) modulated by XCT 790 treatment in ERRa
SiRNA transfected cells. Concentration of XCT 790 used was 5 uM. Scale bar used was 15
um. Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni
test. Error bars, mean + SEM. ***-P < (0.001.

We addressed this question through another approach to understand the autophagy
modulation upon overexpression of ERRa. In ERRa overexpressed cells, we found more
autophagosomes (~2 fold, P < 0.01, ERRa overexpressed versus untreated) and less
autolysosomes (~2 fold, P < 0.01, ERRa overexpressed versus untreated) than that of
control (Fig. 15, A and B). From this, we could interpret that autophagy was inhibited at its

autophagosome to lysosome fusion step upon over expression of ERRa. When ERRa over
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expressed cells were treated with XCT 790, more autophagosomes (~2 fold, P < 0.01,
ERRa overexpressed versus untreated) and less autolysosomes (~2 fold, P < 0.01, ERRa
overexpressed versus untreated) than that of untreated were found (Fig. 15, A and B). This
autophagic scenario was similar to that of only ERRa over expressed cells
(Autophagosomes; ERRa over expressed + XCT 790 versus ERRa overexpressed only, ns,
P > 0.05 and Autolysosomes; ERRa over expressed + XCT 790 versus ERRa
overexpressed only, ns, P > 0.05, Fig. 15, A and B). When ERRa was over expressed, the
autophagic modulating ability of XCT 790 was indeed abrogated.

Collectively, these results suggested that XCT 790 is modulating autophagy through ERRa.
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Figure 15. ERRa overexpression inhibits autophagy. Microscopy images (A) of tandem
RFP-EGFP-LC3 assay in XCT 790 treated HeLa cells (2h) post ERRa. Flag transfection
(48h). Cells were immunostained for ERRa in all treatment groups. Quantification (B) of
autophagosomes (yellow puncta) and autolysosomes (red puncta) modulated by XCT 790
treatment in ERRa Flag transfected cells. Concentration of XCT 790 used was 5 uM. Scale
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bar used was 15 um. Statistical analysis was performed using one-way ANOVA and the
post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant, **-P < 0.01, ***-P

<0.001.

ERRa regulates autophagy by localizing onto autophagosomes

From knock down and over expression of ERRa studies, there was a clear indication that
ERRa could modulate the autophagy pathway. Autophagy was induced when ERRa was
downregulated (Fig. 14, B and C) but inhibited when overexpressed (Fig. 15, A and B). We
examined whether active transcription was required for autophagic function of XCT 790.
Upon XCT 790 treatment in presence of actinomycin D, the autophagosomes and
autolysosomes were similar to that of only XCT 790 (XCT 790+Act D versus XCT 790
only, P > 0.05, Fig. 16, A and B). This result indicates that autophagic activity of XCT 790

remains unaffected when active transcription was inhibited.
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Figure 16. Autophagy modulating activity by XCT 790 is transcription independent. (A)
Representative microscopy images of tandem RFP-EGFP-LC3 assay in HeLa cells co-
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treated with XCT 790 and actinomycin D (act D). (B) Fold change of autophagosomes and
autolysosomes across various treatments were plotted. Scale bar 15 um. Statistical analysis
was performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. ns-non significant.

Then, we attempted to check whether ERRa localizes to autophagic related structures such
as autophagosomes and autolysosomes. PCC of ERRa with autophagosomes (~0.85) were
found to be significantly more than that with autolysosomes (~0.3) under nutrient rich
condition (~2.5 fold, autophagosomes versus autolysosomes, P > 0. 001, Fig. 17, A and B).
In basal autophagy conditions, colocalization of ERRa with autophagosomes was
significantly reduced in ERRa silenced and XCT 790 treated cells (~3.5 fold, untreated or
scrambled siRNA versus ERRa siRNA, P < 0.001, Fig. 17, A and B). Significantly more
ERRa colocalize with autophagosomes when ERRo was overexpressed (control or
scrambled siRNA versus ERRa overexpressed, P < 0.001, Fig. 17, A and B).
Colocalization of ERRa with autolysosomes was not regulated when compared to that of
control (control or scrambled siRNA versus ERRa siRNA or XCT 790 or ERRa
overexpressed, P > 0.05, Fig. 4A, C) suggesting that ERRa might not interact with the

autolysosomes. ERRa could most likely localized to autophagosomes than autolysosomes.

These results pointing that possibly, ERRa might regulate autophagy through its

localization on the autophagosomes.
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Figure 17. ERRa localizes onto autophagosomes to modulate autophagy. (1) Microscopy
images of tandem RFP-EGFP-LC3 assay in HeLa cells transfected (48 h) with either ERRa
siRNA or ERRa Flag treated with XCT 790 for 2 h. Cells were immunostained for ERRa.
(B) PCC (Pearson’s Colocalization Coefficient) analyses of ERRa with either

autophagosome (yellow) or autolysosomes (red) in HeLa cells transfected (48 h) with either
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ERRa siRNA or ERRa Flag treated with XCT 790 for 2 h were plotted. Scale bar was 15
um. Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni
test. Error bars, mean + SEM. ns-non significant, *-P < (.05, ***-P < 0.001.

XCT 790 alleviates the MPTP induced dopaminergic neuronal loss

A significant proportion of dopaminergic neurons in Substantia Nigra pars compacta
(SNpc) were lost after MPTP treatment (~68%, MPTP versus Vehicle, P < 0.001, Fig. 19,
A and B) as previously described'®. Co-administration of XCT 790 with MPTP, however
alleviated this loss by 80% (MPTP+Co versus Vehicle, P < 0.05; XCT 790 versus MPTP, P
< 0.01, Fig. 19, A and B). In a congruent manner, volume of SNpc reduced significantly
after MPTP injection (MPTP versus Vehicle, P < 0.01, Fig. 18), whereas the shrinkage was
prevented by approximately 85% when MPTP and XCT 790 were administered together
(MPTP+Co versus MPTP, P < 0.01, Fig. 18 and 19B).
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Figure 18. Scheme for injection regimen. Dosage regimen of XCT 790 in various cohorts
namely vehicle, MPTP (23 mg/kg of body weight) and MPTP+Co (MPTP; 23 mg/kg of
body weight and XCT 790; 5 mg/kg of body weight).
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Figure 19. Stereological quantification. (A) Representative photomicrographs of whole
brain and SNpc for various cohorts namely vehicle, MPTP (23 mg/kg of body weight) and
MPTP+Co (Co-administration of MPTP and XCT 790: MPTP; 23 mg/kg of body weight
and XCT 790; 5 mg/kg of body weight). (B) Graph representing the unbiased stereological
quantification of TH-ir DA neurons in SNpc for above mentioned cohorts. Scale bar is 600
um. Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni
test. Error bars, mean + SEM. **-P < (.01, ***-P < (0.001.

Cellular Tyrosine Hydroxylase (TH) expression was preserved in XCT 790 co-

treatment group

The cellular TH expression of individual TH-immunoreactive (TH-ir) dopaminergic
neurons, as measured by densitometry, was significantly reduced in surviving neurons in
MPTP group (MPTP versus Vehicle, P < 0.001, Fig. 20, A and B). TH expression in the
nigral neurons of MPTP and XCT 790 co-treated mice was comparable to the vehicle
control group. Thus XCT 790 significantly alleviated the MPTP-induced depletion of
cytoplasmic TH expression (MPTP+Co versus MPTP, P < 0.001, Fig. 20, A and B).
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Figure 20. Densiometric quantification. (A) Plot indicating the densitometric
quantification, measure of TH intensity in DAergic neurons. (B) Plot indicating the nigral
volume measured for the cohorts. Statistical analysis was performed using one-way ANOVA

and the post-hoc Bonferroni test. Error bars, mean = SEM. **-P < (.01, ***-P < 0.001.

XCT 790 enhances autophagy and clears toxic protein aggregates in an in vivo mouse

model of PD

In neurons, the autophagy process is indispensable for clearing the misfolded toxic protein
aggregates °. During the neurodegenerative progression, autophagy is defunct and becomes
incompetent to maintain cellular proteostasis’. To delineate the mechanism of
neuroprotective action of XCT 790, we examined the autophagy status in the various mice
treatment cohorts. Our yeast and cell lines results strongly indicated that XCT 790 might
exert neuroprotection through modulating autophagy. In an MPTP toxicity model, the LC3
puncta per neuron was reduced significantly than vehicle treated (~ 0.8 fold, vehicle versus
MPTP treated, P < 0.01, Fig. 21) indicating dysfunctional autophagy during
neurodegenerative disease progression. Interestingly, the cohort with XCT 790 only
exhibits significantly increased LC3 puncta per cell compared to the vehicle treated cohort
(~3 fold, vehicle versus XCT 790 only, P < 0.001, Fig. 21). This demonstrated that XCT
790 is a strong autophagy inducer in the dopaminergic neurons of SNpc. We observed a
significantly increased LC 3 puncta per cell in the MPTP and XCT 790 co-administered
cohort than the vehicle treated ones (~3 fold, vehicle versus MPTP+Co, P < 0.001, Fig. 21).
These results demonstrated that XCT 790 could induce autophagy in the brain and
strikingly surpass the autophagic deficit caused due to pathogenesis.
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Figure 21. XCT 790 induces autophagy in dopaminergic neurons in SNpc of mice
midbrain. Representative fluorescent IHC photomicrographs of DAergic neurons in SNpc
double stained for LC3 (autophagy marker) and TH (SNpc marker) antibodies for various
cohorts namely vehicle, MPTP, XCT only and MPTP+Co. Graph representing the LC3
puncta per neuron for various cohorts. Scale bar is 50 um. Statistical analysis was
performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. *-P < 0.05, **-P < 0.01, ***-P < 0.001.

During protein aggregation, the toxic misfolded protein oligomeric species would
accumulate in the neurons'”. We examined whether autophagy induction by XCT 790 could
clear the toxic oligomeric intermediates in the neurons. In a vehicle treated cohort, the
occurrences of aggregates were significantly less compared to that of MPTP treated cohort
(~6.5 fold, vehicle versus MPTP treated, P < 0.001, Fig. 22). These observations

reaffirming that toxic misfolded protein aggregates are formed during disease pathology.
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Upon co-administration of MPTP along with XCT 790, we observed a significant reduction
in the toxic aggregates compared to that of MPTP only treated cohort (~6 fold, MPTP
versus MPTP+Co, P < 0.001, Fig. 22). We found that aggregate reduction in the MPTP+Co
cohort was comparable to that of vehicle treated cohort (MPTP+Co versus vehicle, ns, P >
0.05. Fig. 22) indicating its strong potential to clear misfolded toxic protein aggregates. In
addition, the presence of aggregates in a steady state level of cells in the XCT 790 only
cohort was comparable to the vehicle ones (vehicle versus XCT 790 only, ns, P > 0.05, Fig.
22). This result indicated that administrated dosage regimen was not exerting any
proteotoxic stress to the neurons. We demonstrated that XCT 790 could clear the
pathological toxic misfolded protein aggregates upon disease progression, one of the main

causatives of neurodegeneration.

Mechanistically XCT 790 exerts neuroprotection by clearing misfolded protein aggregates

through inducing autophagy as demonstrated in an in vivo preclinical mouse model of PD.
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Figure 22. XCT 790 clears toxic protein oligomers in dopaminergic neurons in SNpc of
mice midbrain. Representative IHC photomicrographs of SNpc DAergic neurons double
stained for All (toxic oligomer marker) and TH (dopaminergic neuronal marker)
antibodies for the above mentioned cohorts. Plot indicating the All puncta per DAergic
neuron in SNpc was quantitated for all cohorts. Scale bar is 50 um. Statistical analysis was
performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. ns-non significant, ***-P < 0.001.
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XCT 790 ameliorated MPTP-induced behavioral impairments

Parkinson’s disease patients exhibit movement disorder symptoms such as motor co-
ordination and locomotion disabilities that can be recapitulated in a MPTP mouse toxicity
model. As our data shows neuroprotective role of XCT 790 at both cellular and tissue level,
we wished to test whether its effect can be translated to behavioral level. To address this,
we performed a set of well-known behavioral experiments — Rotarod and Open Field tests —
that are specific for assaying the movement disorders. The scheme followed for the

behavioral paradigm is illustrated in figure 23.
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Figure 23. Scheme followed for the behavior paradigm. Scheme indicating the dosage
regimen of various cohorts such as vehicle, MPTP and MPTP+Co followed for the
behavioral study.

To test the exploratory ability of mice, the distance travelled in the periphery zone of open
field arena was compared across different cohorts. We observed that distance travelled in
the peripheral zone was drastically reduced in MPTP treated cohort compared to that of
vehicle treated cohort (MPTP versus vehicle control, P < 0.001, Fig. 24, D and E) on both
day 13 and day 15, validating the MPTP’s effect on exploratory ability. Upon co-
administration of XCT 790 along with MPTP, the distance travelled was significantly more
than the MPTP cohort (Co versus MPTP cohort, P < 0.001, Fig. 24, D and E), and more
importantly comparable to the vehicle treated cohort on both day 13 and day 15 (Co versus
vehicle control, P > 0.05, Fig. 24, D and E). Importantly, exploratory behavior of various

cohorts was evident in the represented trajectory maps (Fig. 24C).

Rotarod test, another standard behavioral assay to test motor co-ordination was also
employed. In this test, the time spent by mice on a horizontal rotating rod (latency to fall)
was used to assay the motor co-ordination ability across different cohorts. In parallel to the
results observed in case of Open Field, the co-treated cohort showed improved latency to
fall compared to the MPTP treated cohort (Co versus MPTP cohort, P < 0.001, Fig. 24, A
and B) which showed reduced latency to fall against vehicle treated cohort on both day 13
and day 15 (MPTP versus vehicle control, P < 0.001, Fig. 24, A and B). Also the results of
vehicle treated and co-treated cohorts were fairly comparable (Co versus vehicle control, P

> 0.05, Fig. 24, A and B) on both days.

Therefore, these results suggest restoration of exploratory and motor coordination abilities
in MPTP toxicity model, upon administration of XCT 790. Therefore, XCT 790 ameliorates

the behavioral disabilities of MPTP treated mouse model.
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Figure 23. XCT 790 ameliorates MPTP-induced behavioral impairments. Latency to fall
for various cohorts such as vehicle, MPTP and MPTP+Co on both day 13 (A) and 15 (B)

were monitored using rotarod test. (C) Representative trajectory maps were indicated for

all the mentioned cohorts. (D and E) Plots indicating the peripheral distance travelled by

mice were assessed through open field test on both day 13 (D) and 15 (E). Statistical
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analysis was performed using one-way ANOVA and the post-hoc Bonferroni test. Error

bars, mean + SEM. ns-non significant, ***-P < 0.001.

Discussion

There are no therapeutic interventions available for neurodegeneration. New strategies to
curb neurodegeneration involve identification of druggable targets and novel small
molecules are necessary. In this study, we identified the small molecule XCT 790 as a novel
ERRo mediated autophagy modulator that ameliorates o-synuclein toxicity and exerts

neuroprotection in a preclinical mouse model of PD.

Lewy bodies are primarily due to the aggregation of misfolded proteins such as a-synuclein
that exert cellular toxicity leading to neuronal death'®. Such aggregates result in
perturbation of cellular homeostasis due to exaggerated proteotoxicity that triggers
apoptosis and eventual loss of neurons®. In addition, cellular proteostasis efficacy and also
compensatory action among protein quality control machineries decline with age; as a result
the relatively non-diving neuronal population are more susceptible to proteostatic insult'’,
Crucial protein quality control pathways like autophagy are impaired in neurodegenerative
disease pathologies”. Neurons with defective autophagy hamper the turnover of proteins and
harbor protein aggregates such as ubiquitin positive inclusions and Lewy bodies’. Genetic
ablation of neuronal autophagy function results in progressive accumulation of neuronal
aggregates and such mice manifest neurodegenerative symptoms’. Conversely, genetically
enhancing autophagy flux results in, among other things, marked clearance of autophagy
adaptors (p62) that are involved in ubiquitin aggregate capture and perhaps contributing to
the extended life span of such mice'®. Corroborating such observations, pharmacological
studies have implied that autophagy inducing small molecules have therapeutic potential as
they restore autophagy flux which eventually mitigates neuronal loss and improves motor

5,7,19

co-ordination in models of PD™""". In this context, our study reveals the small molecule

XCT 790 as an autophagy enhancer that exerts neuroprotective action.

Autophagy a tightly regulated process; is maintained at low (basal) levels during fed

condition and elevated in presence of stress such as starvation®. This low level of autophagy
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is maintained by negative regulation of MTOR. We now show that in addition to MTOR
pathway, ERRa too negatively regulates autophagy flux. When the ERRa inverse agonist
XCT 790 relieves this regulation, the number of autophagosomes and autolysosomes
increase several folds. Furthermore, it is known that MTOR activity is not perturbed in
absence of ERRa*’. We therefore investigated the interdependence of MTOR and ERRa in
controlling autophagy and we show that XCT 790 exerts its autophagy inducing effect
independent of MTOR signaling, a well-desired characteristic for further drug development
to combat adverse side effects. In addition, MTOR regulates transcription of Ubiquitin
Proteasome System (UPS) related genes leading to degradation of ERRa upon induction of
autophagy by rapamycin®. Our results suggest that autophagy inhibiting activity of ERRa
in nutrient rich conditions is through an MTOR independent mechanism. In autophagy
triggering conditions, where its basal inhibitory activity needs to be removed, ERRa gets

ubiquitinated and degraded by UPS™, that is corroborated well with our findings.

Among the MTOR independent pathways, AMPK also regulate autophagy flux. Previously,
XCT 790 was reported to modulate AMPK pathway in ERRa independent fashion®'. We
observed XCT 790 modulates autophagy by not regulating the AMPK pathway, one of the
reported MTOR independent pathways, but through subcellular ERRa localization

dynamics.

Interestingly, this control of autophagy levels by ERRa is seemingly independent of its
transcriptional role. Instead we find increased translocation of ERRa to the autophagosomes

upon XCT 790 treatment.

XCT 790 is reported to be the most selective inverse agonist of ERRa. Though it is known

that ERRo. localizes primarily in the cytoplasm™ >

, its cytoplasmic function is not yet
reported. Thus, apart from its transcriptional function in nucleus™, our findings reveal a

cytoplasmic role for ERRa in autophagy.
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Abstract

Aggrephagy-the selective autophagy pathway that is involved in clearance of protein
aggregates has neuroprotective potential especially in neurodegenerative diseases. We
identified and characterized two small molecule aggrephagy modulators AGK2 and
PD180970 that induce autophagy and clear toxic a-synuclein aggregates in an
evolutionarily conserved manner across yeast and mammalian cell lines. Both the small
molecules induce autophagy in an MTOR independent manner, a desirable characteristic for
therapeutic intervention. PD180970 promotes autophagosome formation whereas AGK2
enhances  autophagosome-lysosome  fusion.  Furthermore, @ PD180970  exerted
neuroprotective ability in a preclinical mouse model of Parkinson’s Disease (PD) by

inducing autophagy to degrade toxic protein aggregates.
Introduction

Parkinson’s disease is a progressive movement disorder and second most commonly
occurring neurodegeneration with no cure'. Around 6.2 million people are affected with PD
and 117,400 deaths occurred globally in 2015>. PD symptoms include hampered motor
coordination, tremor, bradykinesia, stiffness and dementia occurring mostly at the advanced
stage of disease’. Other neurological problems include altered sensory perception,
emotional and circadian rhythm’. The cause of PD can be sporadic and genetic. L-DOPA is
the only symptomatic medication available for PD patients but does not prevent the
progression of neurodegenerative pathogenesis®. Furthermore, long term administration of
L-DOPA has profound side effects such as dyskinesia’. In advanced stages of the disease,
surgical intervention by Deep Brain Stimulation (DBS) reduces motor symptoms but only

for a period for 2-3 years’.

Post-mortem analyses of PD brains revealed the presence of protein aggregates known as
Lewy bodies (LB) which is a hallmark of disease’. LB consists primarily of misfolded a-
synuclein with a subset of tau aggregates’. These aggregates cause death of dopaminergic
neurons in Substantia Nigra pars compacta (SNpc) of midbrain. Dopaminergic neurons are
specifically vulnerable to a-synuclein misfolding and their aggregation leads to LB
genesis®. o-synuclein is predominantly present in brain but smaller amounts are also present

in heart and muscles’. In neurons, it is mainly found in presynapse and probably functions
y presynap p y
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in exocytosis by interacting with phospholipids of membranes to release neurotransmitters

including dopamine’.

a-synuclein is an intrinsically disordered protein that has a propensity to aggregate inside
cells in response to various stimuli'’. The exact mechanism(s) of a-synuclein aggregation is
not yet clear. In steady state equilibrium, it exists in an unstructured a-helical and B-sheets
rich conformations'’. Evidence suggests that it forms an intermediate conformation that is
rich in B-sheets which eventually leads to aggregation’. Various factors such as cellular
milieu, a-synuclein levels and/or mutations enhance aggregation by significantly increasing

the intermediate B-sheet conformation population’.

Protein quality control machineries that govern aggregate clearance to maintain cellular
proteostasis are chaperones, proteasome and autophagy''. Over time, the aggregates
overwhelm the capacity of chaperones and proteasome'’. The larger misfolded protein
aggregates are also substrates for degradation by autophagy mediated lysosomal
degradation-a process known as aggrephagy'. In PD, the aggregates also impair autophagy
at specific steps making it dysfunctional'®. Proof-of-principle experiments have elegantly
demonstrated that clearing o-synuclein aggregates is beneficial and cytoprotective'.
Genetic and pharmacological upregulation of autophagy have been shown to degrade toxic

. . 15,16
protein aggregates and exert neuroprotection > .

Previously, phenotypic based small molecule screen for aggrephagy conducted in our
laboratory revealed several hits such as 6-Bio'>, AGK2 and PD180970. AGK2 has already
been reported in a fly model, to be neuroprotective by inhibiting sirtuin 2'”. However,
autophagic modulating ability of AGK2 is not reported. In this study, we characterized the
small molecules AGK2 and PDI180970 for their ability to regulate aggrephagy
mechanistically in various proteotoxic model systems such as yeast, mammalian cells and a
preclinical mouse model. Both small molecules abrogate a-synuclein mediated toxicity in
yeast and mammalian cells in an autophagy-dependent manner. Mechanistically, they
enhance autophagy without modulating the MTOR activity and so they are called MTOR
independent autophagy modulators. We show that PD180970 exerts neuroprotection in
preclinical mouse model of PD by inducing autophagy to clear the toxic protein oligomers.

PD180970 also ameliorated the MPTP induced motor and behavioral impairments.

138



Chapter 5: Novel small molecule autophagy modulators AGK2 and PD180970 are neuroprotective

Results

AGK2 and PD180970 rescue a-synuclein toxicity in an autophagy dependent manner

in yeast

Overexpression of a-synuclein in the budding yeast S. cerevisiae affects its growth and
eventually causes death, replicating the cytotoxic phenotype seen in diseased neurons'®. We
screened a small molecule library using this a-synuclein toxicity model to identify ‘hits’
that rescue the growth lag (WT EGFP versus WT a-syn-EGFP, P < 0.001, Fig. 1A). We
identified the small molecules AGK2 (P < 0.01, versus untreated, Fig. 1A) and PD180970
(P < 0.001, versus untreated, Fig. 1B) as hits that significantly enhanced the growth of
wild-type a-synuclein overexpressing strain. Both AGK2 (50 uM) and PD180970 (50 uM)
did not perturb the growth of wild-type yeast cells (Fig. 2).

EE3 s$keock

e e

WTEGFP WTa-syn-EGFP  WT a-syn-EGFP
+
AGK2 PD180970

WT EGFP  WT a-syn-EGFP WT a-syn-EGFP
+

Figure 1. AGK2 and PD180970 abrogate a-synuclein toxicity in yeast. Growth curves of
o-synuclein overexpressing wild-type yeast strain treated with AGK2 (A) and PD180970
treatments (B). Statistical analysis was performed using one-way ANOVA and the post-hoc
Bonferroni test. Error bars, mean £ SEM. **-P < (.01, ***-P < (0.001.
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Figure 2. AGK2 and PD180970 are non-toxic to yeast cells. Growth curves of wild type
cells expressing only EGFP upon AGK2 (A) and PD180970 treatments (B).

As toxic protein oligomers and aggregates are known to be substrates of autophagy
pathway'®, we tested the ability of these hits to rescue growth in autophagy deficient cells.
In a core autophagy mutant (azg/A) strain, both AGK2 (P > 0.05, versus untreated, Fig.
3A) and PDI180970 (P > 0.05, versus untreated, Fig. 3B) failed to rescue growth,
suggesting that these small molecules might act through autophagy.

Fkk
jd [ 08] ——e——
ns ns
S 1 2 0.67
2 M
< o4 < o
02 02 ———
—— ==
0.0 T T T 0.0 T T T
atgIA EGFP atgIA o-syn-EGFP atgIA a-syn-EGFP atgIA EGFP atgIA o-syn-EGFP atgIA a-syn-EGFP
+ +
AGK2 PD 180970

Figure 3. AGK2 and PD180970 rescued yeast cells a-synuclein toxicity is an autophagy-
dependent. Growth curves of o-synuclein overexpressing autophagy mutant yeast strain

upon AGK2 (A) and PD180970 treatments (B). Statistical analysis was performed using
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one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean + SEM. ns-non
significant, ***-P < 0.001.

We then asked whether AGK2 and PD180970 could modulate autophagy temporally using

the EGFP-Atg8 processing assay in starvation conditions.
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Figure 4. EGFP-Atg8 processing assay. Wild type cells expressing EGFP-Atg8 were
treated with AGK2 and samples were collected at various time points (0,2,4 and 6 h) to
analyse the autophagy flux. Statistical analysis was performed using one-way ANOVA and
the post-hoc Bonferroni test. Error bars, mean + SEM. ***-P < (0.001.
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The release of free EGFP from the EGFP-Atg8 fusion protein is a measure of ‘autophagy
flux’. AGK2 (2 h, 4 h and 6 h time points, P < 0.001 versus untreated; Fig. 4) and
PD180970 (2 h, 4 h and 6 h time points, P < 0.01 versus untreated; Fig. 5) treatment
significantly enhanced free EGFP release across different time points than that of untreated.
These results demonstrate that AGK2 and PD180970 enhance starvation-induced autophagy

and help cells cope with a-synuclein induced proteotoxicity.
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Figure 5. EGFP-Atg8 processing assay. Wild type cells expressing EGFP-Atg8 treated
with PD180970 and samples were collected at various time points (0,2,4 and 6 h) to
analyse the autophagy flux. Statistical analysis was performed using one-way ANOVA and

the post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant, **-P < 0.01.
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AGK2 and PD180970 clear a-synuclein aggregates in an autophagy dependent manner

in yeast

Clearing toxic a-synuclein aggregates is one of the robust cellular defense mechanisms to
combat its cytotoxicity'’. Towards this, we tested the ability of AGK2 and PD180970 to
clear a-synuclein aggregates in growth conditions using a-synuclein-EGFP degradation
assay. Upon AGK2 (P < 0.001, versus untreated, Fig. 6A) and PD180970 (P < 0.001,
versus untreated, Fig. 7A) treatment, wild-type a-synuclein-EGFP overexpressing strain

displayed significantly reduced a-synuclein-EGFP levels.
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Figure 6. Immunoblotting based oa-synuclein-EGFP assay. Both wild type (A) and
autophagy mutant (B) strains overexpressing o-synuclein-EGFP treated with AGK2 and
analysed for total a-synuclein-EGFP protein levels. Statistical analysis was performed
using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. ns-non
significant, ***-P < 0.001.

Interestingly, this reduction was not seen in the core autophagy mutant (atg/A) strain for
both AGK2 (P > 0.05, versus untreated, Fig. 6B) and PD 180970 (P > 0.05, versus
untreated, Fig. 7B) treatments, suggesting that the clearance was through an autophagy

dependent mechanism.
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Figure 7. Immunoblotting based a-synuclein-EGFP assay. Both wild type (A) and
autophagy mutant (B) strains overexpressing a-synuclein-EGFP treated with PD 180970
and analysed for total a-synuclein-EGFP protein levels. Statistical analysis was performed
using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. ns-non
significant, ***-P < (0.001.

AGK2 and PD180970 induced autophagy in mammalian cells

To investigate if these hits also regulate autophagic flux in mammalian cells, we performed
fluorescence microscopy based tandem RFP-GFP-LC3 assay and immunoblotting
experiments. AGK2 (5 uM) treated cells showed increased number of autophagosomes (~2
fold, P < 0.001, compared to control; Fig. 8) and autolysosomes (~4 fold, P < 0.001,
compared to control, Fig. 8) than that of untreated cells. The high numbers of
autolysosomes suggested that AGK2 promoted autophagy flux. PDI180970 (1 uM)
treatment on the other hand, enhanced the autophagic flux as revealed by significant
increase in both autophagosomes (~4 fold, P < 0.001, compared to control; Fig. 8) and also
autolysosomes (~2 fold, P < 0.001, compared to control; Fig. 8). Apart from increased
autophagy flux, the increase in autophagosome numbers suggested that PD180970, in

addition, might enhance autophagosome biogenesis and/or maturation step.
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Figure 8. Microscopic tandem RFP-EGFP-LC3 assay. HelLa cells transiently expressing
RFP-EGFP-LC3 were treated with AGK2 and PD180970 for 2 h. Graphs indicate the fold
change or number of puncta per cell of autophagosomes and autolysosomes upon
appropriate small molecule treatments. Scale bar is 15 um. Statistical analysis was

performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. ***-P < 0.001.
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LC3 immunoblotting revealed that both AGK2 (P < 0.001, versus untreated, Fig. 9A) and
PD180970 (P < 0.001, versus untreated, Fig. 9B) treatments enhanced the conversion of
LC3-I to LC3-II as compared to untreated. In the presence of lysomotrophic agent such as
bafilomycin A1, LC3-II accumulation was greater than that of bafilomycin Al only in both
AGK2 (P <0.001, versus Baf Al, Fig. 9A) and PD 180970 (P < 0.001, versus Baf A1, Fig.
9B), thus indicating that AGK2 and PD180970 are autophagy enhancers.

A

£

AGK2 - - + +

E

Baf Al

= b s

Control BafAl AGK2 BafAl
+

AGK2

LC3-1

Fold change
(LC3-I1/B-tubulin)
S =N W A

LC3-11

p-tubulin

=2

B z2x

L

X

PD 180970 - - + +

L
L

Baf Al = + - +

=
|

LC3-1

Fold change
(LC3-1I/B-tubulin)

<

LC3-1I

Control Baf A1PD 180970 Baf Al
+
PD 180970

Figure 9. LC3 processing assay. Immunoblotting analyses of LC3 processing upon AGK2
(A) and PD180970 (B) treatments with or without bafilomycin Al and LC3-II protein levels
were quantified. Statistical analysis was performed using one-way ANOVA and the post-hoc
Bonferroni test. Error bars, mean £ SEM. *-P < (.05, ***-P < (0.001.
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We next investigated if the modulation of autophagy by AGK2 and PD180970 is via
MTOR dependent or independent mechanisms. The phosphorylation status of MTOR
substrates such as P70S6K and 4EBP1 reveals MTOR activity. The phospho-forms of these
substrates are only present when MTOR is active. The phosphorylated P70S6K levels and
isoforms of 4EBP1 in AGK2 and PD180970 treatments are comparable to that of nutrient
rich conditions (Fig. 10, A and B) suggesting that both of them acting in an MTOR

independent manner.
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Figure 10. Signalling analyses. Investigating the modulation of mTOR signaling pathway
by AGK?2 (A) and PD180970 (B).
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In mammalian cells, cytoprotection against a-synuclein toxicity by AGK2 and

PD180970 is autophagy-dependent

We examined the cytoprotective ability of these two small molecules in a a-synuclein
toxicity model of human neuroblastoma SH-SYS5Y cells. When a-synuclein was
overexpressed, cell viability was significantly compromised as compared to vector control
or untransfected. Cell viability was significantly enhanced when treated with AGK2 (P <
0.001, versus untreated, Fig. 11) and/or PD 180970 (P < 0.001, versus untreated, Fig. 11)
than that of untreated o-synuclein overexpressing cells. The cytoprotection exerted by
AGK2 and PD180970 were comparable. Interestingly, this apparent cytoprotection by these
hits were significantly reduced when cells along with AGK2 (P > 0.05, versus 3-MA, Fig.
11) or PD 180970 (P > 0.05, versus 3-MA, Fig. 11) were co-administered with the
pharmacological autophagy inhibitor, 3-Methly adenine (3-MA). There was no significant
decrease in viability of cells treated with 3-MA only in a-synuclein overexpressing cells
ruling out the possibility of its toxicity (P > 0.05, versus 3-MA, Fig. 11). Thus, both small

molecules exerted cytoprotective effects in an autophagy-dependent manner.
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Figure 11. Cytoprotection assay. SH-SY5Y cells were transiently overexpressed with o-

synuclein for 48 h. We then treated them with autophagy enhancers such as AGK2 and PD
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180970 with or without autophagy inhibitor (3-MA) for 24 h. After 72 h, the cell viability
was measured for all treatments and plotted. Statistical analysis was performed using one-
way ANOVA and the post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant,
**EP < 0.001.

PD 180970 mitigates MPTP induced neuronal loss

In order to test if the autophagy dependent cytoprotection extends in an in vivo situation, we
employed a preclinical mouse model of PD, MPTP (1- methyl-4-phenyl-1, 2,3,6-
tetrahydropyridine) toxicity model”. As AGK2 has been shown to exert in vivo
neuroprotection, we tested only PDI180970 (5 mg/kg body weight). Upon MPTP
administration, around 70% dopaminergic neurons are ablated in Substantia Nigra pars
compacta (SNpc) region of the brain with a concomitant reduction in the midbrain
dopamine levels®’. In MPTP+Co regimen, MPTP was administered along with PD180970
on the same day. Tyrosine hydroxylase (TH), a dopaminergic neuronal marker, was used to
quantify neuronal numbers using unbiased stereology while the TH intensity was measured
by densitometry. Upon MPTP administration, there was a significant loss of dopaminergic
neurons and reduced TH intensity compared to that of saline cohort (P < 0.001, versus
saline, Fig. 12) confirming the MPTP induced neuronal loss. Interestingly, the neuronal
numbers in MPTP+Co cohort was significantly more than that of MPTP treated cohort
indicating the neuroprotective potential of PD 180970 (P < 0.001, MPTP versus
MPTP+Co, Fig. 12, A and B). The TH intensity in MPTP+Co cohort animals was also
significantly more than that of MPTP treated cohort (P < 0.01, MPTP versus MPTP+Co,
Fig. 12, A and D). The reduction in SNpc volume due to MPTP administration was
significantly alleviated upon PD180970 treatment (P < 0.05, MPTP versus MPTP+Co, Fig.
12C). These results demonstrate the neuroprotective ability of PD 180970 in a preclinical

mouse model of PD.
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Figure 12. Stereological analyses. (4) Representative micrographs of SNpc brain sections
of various cohorts namely control, MPTP and MPTP+Co. Quantitation of neuronal number
(B), SNpc volume (C) and TH intensity (D) of all cohorts. Statistical analysis was
performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. *-P < 0.05, **-P < 0.01, ***-P < 0.001.

PD 180970 clears toxic protein oligomers by inducing autophagy in SNpc

We next examined the ability of PD180970 to induce autophagy to clear toxic protein
oligomers in SNpc of midbrain. The intracellular accumulation of misfolded protein
oligomers exerts cellular toxicity by promoting the sequestration of vital cellular
components”'. In MPTP-treated cohort, there was a significant down-regulation of LC3B
puncta per neuron (P < 0.05, vehicle versus MPTP, Fig. 13, A and B) along with significant
upregulation of toxic protein oligomers than that of saline treated (P < 0.001, vehicle versus
MPTP, Fig 14, A and B). This observation is in line with the previous observations mase in
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this mouse model of neurodegeneration'”. Thus, autophagy is perturbed in MPTP-treated
animals along with concomitant build-up of toxic protein oligomers. In PD180970 treated
cohort, the LC3B puncta per neuron was more (P < 0.001, MPTP versus
MPTP+PD180970, Fig. 13, A and B) with significant decrease in toxic protein oligomers
compared to MPTP treated cohort (P < 0.001, MPTP versus MPTP+PD180970, Fig. 14, A
and B). These results show that PD180970 treatment stimulates autophagy, which results in

clearance of toxic protein oligomers in the SNpc.
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Figure 13. Immunohistochemistry of autophagy marker in SNpc. Representative
fluorescent microscopy images of TH positive dopaminergic neurons co-stained with LC3
for all cohorts. (B) Quantitation of LC3 puncta per neuron for all cohorts. n=50
neurons/cohort and N=3. Scale bar is 50 um. Statistical analysis was performed using one-
way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. *-P < (.05, ***-P
<0.001.

151



Chapter 5: Novel small molecule autophagy modulators AGK2 and PD180970 are neuroprotective

A
TH/A11
(D]
p—
5
o p—(
<
ot
B
[al
ns
E g 104 *kk *kk
> 5
; 2 8
7
235 6
o S
= =Y
o ]
S F oo
%)
= = < 0
A= Vehicle MPTP PD 180970 MPTP+Co
A © only

MPTP+Co

Figure 14. Immunohistochemistry of toxic protein aggregates in SNpc. Representative
fluorescent microscopy images of TH positive dopaminergic neurons co-stained with toxic
oligomers (A11) for all cohorts. (B) Quantitation of LC3 puncta per neuron of all cohorts.
n=50 neurons/cohort and N=3. Scale bar is 50 um. Statistical analysis was performed

using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean = SEM. ns-non

significant, ***-P < (0.001.

PD180970 mitigates MPTP-induced behavioral impairments

Upon MPTP administration, these mice manifest Parkinsonian-like movement disorder such

as exploratory and locomotory deficits*>. We used rotarod (locomotory behavior) and open
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field (exploratory behavior) tests for assessing the ability of PD 180970 to ameliorate the
MPTP-induced behavioral deficits. The behavior experiments were carried on day 13 and

day 15 of MPTP or saline administrations.

In the rotarod test, latency to fall, was significantly reduced in the MPTP cohort as
compared to that of saline cohort (day 13™and day 15™) (P < 0.001, vehicle versus MPTP,
Fig. 15, A and B), confirming its motor coordination impairments. Interestingly, in PD
180970 cohort, the latency to fall, was significantly increased compared to MPTP cohort on
both days (P < 0.001, MPTP versus MPTP+Co, Fig. 15, A and B), and was found to be

comparable to that of saline cohort on both days (P>0.05, MPTP+Co versus saline, Fig. 15,
A and B).

A Day 13 B Day 15
* %k % % %
60- Il | 60- | e e e & ke |
) -T- A) '
Q9 QD
4 @ T
- 40 = 404
& &
it =t
& 20 & 204
= =
] ]
« «
= = 0
Vehicle MPTP  MPTP+PD 180970 Vehicle MPTP  MPTP+PD 180970

Figure 15. Rotarod analyses. Quantification of rotarod analyses as latency to fall (in sec)
performed on day 13 (4) and 15 (B) for all cohorts namely vehicle or control, MPTP and
MPTP+PD 180970. Statistical analysis was performed using one-way ANOVA and the

post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant, ***-P < (0.001.

The MPTP cohort also exhibited exploratory deficits, as it covered significantly lesser
distance in open-field arena as compared to that of saline cohort on both day 13 and day 15
(P < 0.001, vehicle versus MPTP, Fig. 16, A to D). The distance travelled by PD 180970
cohort mice was significantly improved than that of MPTP cohort on both day 13 and day
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15 (P < 0.001, MPTP versus MPTP+Co, Fig. 16, A to D). Similar to our observation in
rotarod test, the improvement of exploratory behavior in PD 180970 cohort mice was
comparable to that of saline cohort on both days 13 and 15 (P > 0.05, MPTP+Co versus
saline, Fig. 16, A to D). Thus, PD 180970 treatment improved both locomotory and

exploratory abilities to alleviate MPTP induced behavioral impairments.
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Figure 16. Open field test. Quantification of open field analyses data as distance (in cm)
travelled on open field arena performed on day 13 (A) and 15 (B) with representative
trajectory maps (C and D) for all cohorts. Statistical analysis was performed using one-way
ANOVA and the post-hoc Bonferroni test. Error bars, mean £ SEM. ns-non significant, ***-
P <0.001.
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Discussion

a-synuclein protein aggregates are toxic to neuronal cells as they disrupt a plethora of
cellular processes such as mRNA translation”, endosome trafﬁcking24, redox imbalance®,
proteasome and autophagy®®. Currently, there are various evidences suggesting that a-
synuclein attain prion-like conformation, which helps them to spread across cells”’. These
efforts to understand the mechanisms of neurodegeneration reveal the complexity of
pathogenesis at cellular and organismal level®®. Thus, clearing a-synuclein protein
aggregates might be beneficial for neuronal viability and to curb neurodegeneration related
pathogenesis®. Multiple evidences suggest that due to several factors aggrephagy is
dysfunctional during neurodegeneration and thus the cells fail to cope up with the
increasing aggregate burden'®. Interestingly, autophagy induction either by genetic or
pharmacological means has been shown to clear protein aggregates to alleviate

- 30,31
neurodegeneration” .

We identified and characterized the two small molecules AGK2 and PD 180970 as
aggrephagy modulators in diverse models such as yeast, mammalian cells and mouse. In
yeast, both small molecules enhanced the starvation-induced autophagy and also cleared a-
synuclein aggregates in an autophagy dependent manner. These hits also induced autophagy
in mammalian cells. Autophagic flux assay revealed that PD 180970 enhanced the
formation of autophagosomes whereas AGK2 aided the fusion of autophagosomes with
lysosomes. Like in yeast, these hits, also protected neuronal cells against a-synuclein
toxicity in an autophagy-dependent manner in mammalian cells. In an autophagy mutant
strain of yeast, the small molecules failed to rescue growth lag due to a-synuclein toxicity.
Likewise, in mammalian cells, the small molecules failed to protect the neuronal cells from
a-synuclein mediated toxicity upon pharmacological inhibition of autophagy. Thus, by both
genetic and pharmacological means, in two model systems, we demonstrate that these small
molecules display autophagy dependent neuroprotective action. More importantly, our

results reiterate that autophagy is conserved from yeast to mammalian cells.

Under cellular steady state conditions, the a-synuclein is acetylated to prevent it from
attaining the toxic oligomer conformation’”. Various factors such as ageing and
pathological conditions upregulate the sirtuin2 activity to generate the deacetylated forms of
a-synuclein. AGK2, the sirtuin2 inhibitor is shown to be neuroprotective in Drosophila
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model of PD'". Sirtuin2, the NAD" dependent deacetylase is predominantly expressed in
brain whose levels enhance with ageing®. In PD, the increased sirtuin2 activity aggravate
proteotoxicity by deacetylating the a-synuclein at various lysine residues®*. Acetylation of
a-synuclein prevents its aggregation and thus is shown to be neuroprotective in primary
cortical neurons®>. On the other hand, dopaminergic neuronal loss is observed when
acetylation of a-synuclein is blocked. Genetic downregulation of sirtuin2 suppresses o-
synuclein aggregation and its toxicity. Transgenic sirtuin2 knock out mice are protected
from either a-synuclein or MPTP mediated toxicities. Also, sirtuin2 knock down cells
shows increased accumulation of LC3-II with concomitant degradation of p62 that confirms
the enhanced autophagic activity’”. Prior evidences suggest the connection between
autophagy and sirtuin2 but has not been explored much. Apart from the post-translational
aspects of protein, we investigated how sirtuin2 inhibition using a small molecule (AGK2)
regulates autophagy. Our results show that in mammalian cells, the AGK2 enhanced
autophagosome lysosome fusion whereas PD180970 increased autophagosome biogenesis
or maturation. These small molecules can now be used as tools to understand regulation of
autophagy at different steps. Both AGK2 and PD180970 induce autophagy in an MTOR
independent manner. This property is pharmacologically desirable as inhibiting MTOR, an
important survival and growth-related pathway, leads to severe side effects such as

immunosuppression and perturbed wound healing®.

In a preclinical mouse model of PD, the neuroprotective ability of PD180970 is illustrated
from both histological and behavioral results. PD180970 protects the dopaminergic neurons
from MPTP mediated toxicity significantly. This could be possible due to the ability of
PD18970 to induce autophagy and clear toxic protein oligomers in dopaminergic neurons of
SNpc. Furthermore, in a preclinical mouse model of PD, PDI80970 showed
neuroprotective ability by increasing autophagy with concomitant degradation of toxic

protein oligomers.

In conclusion, small molecule aggrephagy modulators such as AGK2 and PD180970 may
have therapeutic implications in neurodegenerative diseases such as PD and other

synucleopathies.
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Abstract

Aggrephagy is a selective autophagy process to clear the toxic protein aggregates.
Accumulation of toxic protein aggregates is one of the main pathophysiological hallmarks
of neurodegenerative diseases. We identified a small molecule TGR 63 that potently
induced autophagy in model systems such as yeast, mammalian cells and mouse. Due to its
autophagy inducing potential, TGR 63 also ameliorated a-synuclein toxicity. Notably, TGR
63 is neuroprotective in a mice model of Parkinson’s disease and ameliorated the motor
impairments. We also attempted to identify the in vivo target of TGR 63 using mass

spectrometry.
Introduction

At the neuronal level, cytotoxicity due to accumulation of misfolded proteins is one of the
main drivers of neurodegenerative diseases (ND) such as Alzheimer’s (AD), Parkinson’s
(PD), Huntington’s (HD) and Amyotrophic Lateral Sclerosis (ALS)'. Although the
occurrence of ND can be sporadic or genetic in nature, sporadic cases are strikingly more
abundant than genetic cases. Protein misfolding is not an uncommon phenomenon inside a
cell at steady state. For constant surveillance of protein misfolding, cells are equipped with
protein quality control machineries such as chaperone, ubiquitin-proteasome system (UPS)
and autophagy pathways’. Owing to various factors such as ageing, genetic predisposition
and so on, the misfolded proteins overwhelm the chaperone and proteasome that results in
the accumulation of toxic protein aggregates’. Once such aggregates form, cells rely on
autophagy machinery to clear them®. This selective autophagy pathway that helps in

clearing the toxic protein oligomers and aggregates is known as aggrephagy”.

Protein aggregates exert toxicity to cells by sequestering the vital intracellular proteins and
thus important cellular pathways go awry". Neurons mostly do not divide further as they are
terminally differentiated and thus these post-mitotic cells are unable to dilute out aggregates
due to absence of cell division®. In addition to this limitation, owing to their specialized
architecture, damaged organelles and protein aggregates accumulate in specific locations
inside neurons which make them even more vulnerable for proteotoxicity such as impeding
intracellular trafficking®. For these reasons, the neurons heavily rely on their protein quality
control machineries to maintain the proteostasis by preventing or degrading the toxic

protein aggregates’. Age related progressive decline in efficiency of these quality control
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pathways further propel the cytotoxicity potential of these aggregates’. And perhaps, as the
proverbial final nail on the coffin, the aggregates themselves sequester core proteins that
maintain proteostasis including members of autophagosomes, thus further weakening the
cellular ability to clear the aggregates. Genetic studies on either ablation or overexpression
of autophagy pathways in the brain have profoundly indicated the prowess of this pathway
to engage and clear steady state misfolded proteins®'®. In fact, the accumulation of
ubiquitin aggregates and appearance of ND like phenotype in brain specific KO of
autophagy function reveals the important contribution of autophagy pathways in

maintaining cellular homeostasis' .

Thus, such proof-of-concept studies have shown that autophagy is not only vital to prevent
the occurrence of neurodegeneration but also has therapeutic potential. Therefore, it is
important to understand the process of this selective autophagy pathway, aggrephagy in
detail by identifying the critical (and potentially novel) molecular players and elaborating
their functions. Towards this, we employed a chemical biology approach to identify potent

small molecule modulators of aggrephagy.

In this study, we performed yeast based phenotypic, small molecule screen to identify the
modulators that curb a-synuclein toxicity. We identified the novel, synthetic small molecule
TGR 63 and used it to characterize yeast and mammalian autophagy. We tested for their
neuroprotective potential in a preclinical mouse model of PD. Finally, we describe steps

taken to identify the in vivo cellular target of TGR 63.

Results

TGR 63 protects yeast cells from a-synuclein toxicity in an autophagy dependent

manner

In pursuit of a novel structural scaffold for small molecule modulators for aggrephagy, we
screened a custom-made small molecule library against a-synuclein mediated toxicity. We
employed a-synuclein toxicity model of S. cerevisiae as a screening assay'>. When a-
synuclein is overexpressed, the growth of yeast was impeded significantly than that of wild
type (P < 0.001 versus wild-type cells; Fig. 1). Small molecules that rescue the growth lag
significantly were considered as ‘Hits’. Upon screening custom made in house synthetic

library, we observed that TGR 63 significantly alleviates a-synuclein mediated growth
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deficit in yeast (P < 0.001 versus untreated; Fig. 1). TGR 63 is not toxic to yeast cells (Fig.
2).
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Figure 1. Percent growth of wild-type (WT) yeast cells overexpressing a-synuclein in
presence and absence of TGR 63. Graph indicating the percent growth of WT cells treated
with or without TGR 63. Statistical analysis was performed using one-way ANOVA and the

post-hoc Bonferroni test. Error bars, mean + SEM. ***-P < (0.001.
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Figure 2. Growth assay. WT GFP cells treated with or without TGR 63 for 48 h and their

absorbance was plotted.

An array of cellular pathways chaperones, UPS and autophagy can combat a-synuclein
mediated proteotoxicity'>'*. As toxic protein oligomers and aggregates are substrates for
autophagy”, we tested if TGR 63 rescued o-synuclein mediated toxicity in an autophagy

dependent manner. TGR 63 failed to rescue the growth lag in a core autophagy mutant
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strain (atglA) overexpressing a-synuclein (P > 0.05 versus untreated; Fig. 3), indicating

that TGR 63 rescued a-synuclein proteotoxicity mediated by autophagy.
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Figure 3. Percent growth of atgIA strain over expressing a-synuclein in the presence and
absence of TGR 63. Graph indicating the percent growth of core autophagy mutant yeast
cells treated with or without TGR 63. Statistical analysis was performed using one-way
ANOVA and the post-hoc Bonferroni test. Error bars, mean + SEM. ns-non significant, ***-
P <0.001.

TGR 63 cleared a-synuclein in an autophagy dependent manner

We then tested whether TGR 63 could degrade a-synuclein-EGFP in yeast cells. Upon
treating WT cells overexpressing a-synuclein-EGFP with TGR 63, we observed a
significant reduction in the a-synuclein-EGFP protein level (P < 0.001 versus untreated;
Fig. 4A). To reveal the autophagy dependency of TGR 63, we checked the a-synuclein-
EGFP clearance in core autophagy mutant strain. In core autophagy mutant strain, we

observed no significant difference in the clearance of a-synuclein-EGFP protein levels upon

addition of TGR 63 (P > 0.05 versus untreated; Fig. 4B).

These results indicate that the TGR 63 clears a-synuclein-EGFP protein levels in an

autophagy dependent manner that corroborates with the yeast growth assays.
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Figure 4. a-synuclein-EGFP clearance assay in yeast. Representative western blots and
the quantification of a-synuclein-EGFP protein levels in WT (A) and core autophagy
mutant strain (B). Statistical analysis was performed using one-way ANOVA and the post-

hoc Bonferroni test. Error bars, mean = SEM. ns-non significant, ***-P < (0.001.

TGR 63 is an autophagy inducer

Next, we examined if TGR 63 could induce autophagy in yeast. Towards this, we
performed a EGFP-Atg8 (N-terminally tagged EGFP to Atg8, the autophagosome marker)
processing assay in presence of nutrient rich or starvation medium with and without TGR

63. Autophagy flux can be measured by the amount of free EGFP released"”.

In nutrient rich condition, the free EGFP released in TGR 63 treated cells was significantly

more than that of untreated (P < 0.001 versus untreated; Fig. 5).

Upon TGR 63 treatment, autophagy induction is significantly increased than that of

untreated across different time points in starvation conditions (Fig. 6).

These results indicate that TGR 63 has the potential to induce basal autophagy and also

augment starvation-induced autophagy.
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Figure 5. EGFP-Atg8 processing assay in nutrient rich conditions. WT cells expressing
EGFP-Atg8 treated with or without TGR 63 for 6 h in growth or nutrient rich conditions.
Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni test.

Error bars, mean = SEM. ns-non significant, **-P < (.01.
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Figure 6. EGFP-Atg8 processing assay in starvation conditions. WT cells expressing
EGFP-Atg8 treated with or without TGR 63 for various time points (0,2,4 and 6 h) in

starvation conditions. * indicates a non-specific band.

168



Chapter 6: A novel small molecule autophagy modulator TGR 63 ameliorates Parkinsonism

We then tested if the autophagy inducing ability of TGR 63 is conserved in higher eukaryotes
such as mammalian cells. To address this, we employed immunoblotting and fluorescence
microscopy based tandem RFP-EGFP-LC3 processing assays in SH-SYSY cells that stably
expressing RFP-EGFP-LC3. Upon TGR 63 treatment, we observed significantly more
number of autolysosomes (P < 0.001 versus untreated; Fig. 7) with concomitant reduction in
autophagosomes (P < 0.01 versus untreated; Fig. 7) than that of untreated suggesting that

TGR 63 notably increased the autophagosome lysosome fusion.

EGFP RFP MERGE
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1 Autophagosomes
Em Autolysosomes
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Figure 7. Tandem RFP-EGFP-LC3 assay. SH-SY5Y cells stably expressing RFP-EGFP-
LC3 cells were treated with or without TGR 63 for 2 h and quantified the number of
autophagosomes and autolysosomes. Scale bar: 15 um. Statistical analysis was performed

using unpaired Student t test. Error bars, mean = SEM. **-P < 0.01, ***-P < 0.001.
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Immunoblotting experiments also confirmed that in presence of TGR 63, LC3-II levels were
significantly more than that of untreated (P < 0.001 versus untreated; Fig. 8). When cells
were co-treated with TGR 63 and a lysomotrophic agent such as bafilomycin Al, the LC3-II
levels accumulated significantly more than that of bafilomycin A1 only (P < 0.001 versus Baf

Al; Fig. 8). These autophagy flux experiments revealed that TGR 63 is indeed an autophagy

inducer.
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Figure 8. LC3 processing assay. Inmunoblotting analysis of LC3-1I conversion from LC3-1
treated with or without TGR 63 for 2 h. Normalized LC3-II levels were quantified across
various treatments. Statistical analysis was performed using one-way ANOVA and the post-

hoc Bonferroni test. Error bars, mean = SEM. *-P < (.05, ***-P < (0.001.

TGR 63 is an MTOR independent autophagy enhancer

Autophagy induction can be MTOR independent or dependent. We checked the MTOR
dependency of TGR 63. MTOR activity can be revealed from the level of its substrates such
as phospho P70S6K and 4EBP1. Upon TGR 63 treatment, the phospho level of P70S6K was
comparable to that of untreated (Fig. 9). Also, the isoforms of 4EBP1 was similar to that of
untreated upon addition of TGR 63 (Fig. 9). In TGR 63 treated condition, both phospho
P70S6K and isoforms of 4EBP1 were distinctly different from that of starvation condition
(Fig. 9).

These results clearly indicate that TGR 63 is an MTOR independent autophagy enhancer.
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Figure 9. Immunoblotting analyses of MTOR activity. Western blotting to probe for levels of
MTOR substrates such as P70S6K and 4EBP1 in SH-SYS5Y cells treated with TGR 63 for 2 h.

TGR 63 protects neuronal cells from a-synuclein toxicity in an autophagy dependent

manner

We further wanted to test if the autophagy inducing ability of TGR 63 was potent enough to
impart cytoprotection in cell culture model of aggregate toxicity. When a-synuclein was
transiently overexpressed in SH-SY5Y neuroblastoma cells for 72 h, cell viability was
significantly affected (P < 0.001 versus vector control; Fig. 10) confirming a-synuclein
mediated cytotoxicity. In such an experimental set up, upon TGR 63 treatment, cell viability
was significantly increased than that of untreated or vector control (P < 0.001 versus
untreated; Fig. 10). In a-synuclein overexpressing cells, when TGR 63 is co-administered
with 3-methyl adenine (3-MA, pharmacological autophagy inhibitor), cell viability was
dramatically reduced than that of TGR 63 treatment (P < 0.001 versus 3-MA treated; Fig.
10). Treatment of TGR 63 alone (5 uM) was non-toxic to SH-SY5Y cells for a period of 72
h. These results indicate that TGR 63 is cytoprotective to cells that overexpressed a-

synuclein in an autophagy-dependent manner.
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Figure 10. Cytoprotection assay in SH-SYSY cells. SH-SY5Y cells were transiently
transfected with GFP- a-synuclein for 48 h and then treated with compounds such as TGR
63 and/or 3-MA for 24 h. Cell viability was measured using Cell-Titre Glo reagent.
Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni test.

Error bars, mean £ SEM. ***-P < (0.001.

Target identification of TGR 63

In order to identify its cellular target, we covalently attached TGR 63 to silica beads. We
incubated TGR 63 bound and control beads with SH-SYS5Y lysates to pull down its in vivo
interacting partners and the experimental scheme is illustrated (Fig. 11A). The bound beads
(TGR 63 or control) fractions were electrophoresed and silver stained to identify the
differential protein profile. We noted a significant difference in the protein profiles between
TGR 63 bound and control beads lysate fractions (Fig. 11B). The control and TGR 63
bound fractions on gel were excised and given for mass spectrometry. Mass spectrometry
analyses identified 145 unique proteins in the TGR 63 bound fraction. To ascertain true
interacting partners of TGR 63, we plan to perform genetic screen by knocking down all

145 genes and analyze the autophagy response in presence or absence of TGR 63. Towards
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this, 145 genes will be silenced in tandem RFP-GFP-LC3 stable cells i.e., autophagy
reporter cell line and quantify the autophagy status in presence and absence of TGR 63

(Fig. 11C).
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Figure 11. Target identification of TGR 63. (A) Schema representing the pull down
protocol. (B) Silver stained gel of control [silica (si) beads] or silica conjugated TGR 63
(small molecule, SM) pull down lysates. (C) Schema indicating the genetic screen intended
to perform in autophagy reporter or cytoprotection assays upon SiRNA mediated knock

down of 145 genes.

MPTP induced neuronal loss is mitigated by TGR 63

To further explore the cytoprotective abilities of TGR 63, we extended our studies in a
preclinical mouse model of Parkinson’s disease, the MPTP toxicity model'®. MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a neurotoxin that specifically ablates the
dopaminergic (DAergic) neurons (around 70%) in Substantia Nigra pars compacta (SNpc)
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of midbrain with concomitant reduction of dopamine levels in striatum'®'’. We co-
administered MPTP (23 mg/kg of bodyweight, 4 doses a day at 2 h interval) and TGR 63 (5
mg/kg of body weight) at the same day (MPTP+Co). TGR 63 dosage was continued for 7
days post MPTP administration. Using tyrosine hydroxylase (TH) staining, unbiased
stereology was performed to quantitate number of neurons'®. TH staining intensity was
interpreted as health of DAergic neurons. Both number and health of DAergic neurons were
significantly reduced in MPTP cohort than that of vehicle control, thus confirming MPTP
induced impairments (P < 0.01 versus vehicle, Fig. 12, A to C). In MPTP+Co regimen, the
number (P < 0.05 versus MPTP, Fig. 12, A and B) and health (P < 0.05 versus MPTP, Fig.
12, A and C) of DAergic neurons were significantly increased than that of MPTP only
cohort. The protected neuronal number and health in MPTP+Co cohort was comparable to
that of vehicle control. In addition, the MPTP induced reduction in SNpc volume was

significantly ameliorated in MPTP+Co regimen (P < 0.05 versus MPTP, Fig. 12, A and D).

Collectively, these results suggested that TGR 63 is neuroprotective in preclinical mouse
model of PD.
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Figure 12. Stereological analyses. (A) Representative photomicrographs of whole brain
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and SNpc regions of various cohorts namely vehicle, MPTP and MPTP+Co. Quantitation
of TH immunoreactive neuronal number (B), TH intensity (C) and SNpc volume (B) of
above mentioned cohorts. Statistical analysis was performed using one-way ANOVA and

the post-hoc Bonferroni test. Error bars, mean = SEM. *-P < (.05, ***-P < (0.001.

TGR 63 clears toxic protein oligomers by inducing autophagy in SNpc

We then investigated the mechanistic aspects underlying the neuroprotective potential of
TGR 63. Using immunochemistry-based assay, we tested for the autophagy inducing ability
of TGR 63 (LC3 puncta in TH" cells) with toxic oligomer clearance (APP/Bamyloid/A11
oligomer specific puncta in TH" cells) in mice model as it did for yeast and mammalian
cells. In MPTP cohort, the LC3 puncta per dopaminergic neuron was reduced significantly
than that of vehicle control (P < 0.05 versus vehicle; Fig. 11, A and B) with increased
presence of toxic All protein oligomers (P < 0.001 versus vehicle; Fig. 11, C and D),

indicating the MPTP induced impairment of autophagy.
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Figure 13. Immunohistological analyses. (A) Representative photographs of double
staining of DAergic neurons with TH (dopaminergic neuronal marker) and LC3 (autophagy
marker) of various cohorts such as vehicle, MPTP, TGR 63 only and MPTP+Co. (B) Graph
representing the quantification of LC3 puncta per neuron for all cohorts. (C)
Representative photographs of double staining of DAergic neurons with Al1 (toxic protein
oligomer marker) and TH of various cohorts such as vehicle, MPTP, TGR 63 only and
MPTP+Co. (D) Graph representing the quantification of Al1 puncta per neuron for all
previously mentioned cohorts. Scale bar is 50 um. Statistical analysis was performed using
one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean £ SEM. ns-non
significant, *-P < (.05, ***-P < 0.001.

In MPTP+Co regimen, the LC3 puncta was increased significantly than that of vehicle
control (P < 0.001 versus vehicle; Fig. 11, A and B). This was accompanied by significant
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reduction in A11 puncta per neuron suggesting the clearance of toxic protein oligomers than
that of MPTP cohort (P < 0.001 versus MPTP; Fig. 11, C and D). Importantly, the
administration of TGR 63 alone increased number of LC3 puncta per dopaminergic neuron
confirming its autophagy inducing ability as it did in other models (P < 0.001 versus
vehicle; Fig. 11, A and B). We observed no toxic A1l puncta in TGR 63 alone cohort

indicating its non-toxic nature.

Thus, TGR 63 induced autophagy in DAergic neurons of SNpc to degrade the toxic protein

oligomers.
MPTP induced behavioral impairments are ameliorated by TGR63

We then studied whether TGR 63 can ameliorate the MPTP-induced behavioral
impairments such as exploration and locomotory deficits. We employed two popularly used
behavior tests such as rotarod (to assess locomotion) and open field (to assess
exploration)”>. We performed behavior experiments on day 13 (day 7 post-MPTP
injections) and day 15 (day 9 post-MPTP injections) with double-blinded approach.

In rotarod test, the latency to fall, of animals in MPTP cohort was reduced significantly than
that of vehicle control indicating the MPTP-induced locomotory deficit on both day 13 and
15 (P < 0.001 versus vehicle; Fig. 14, A and B). In MPTP+Co cohort, latency to fall, was
dramatically increased than that of MPTP cohort on both days (P < 0.001 versus MPTP;
Fig. 14, A and B). We noted that latency to fall, in MPTP+Co cohort was comparable to

that of vehicle control cohort.
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Figure 14. Rotarod test. Latency to fall of animals from various cohorts namely vehicle,

MPTP and MPTP+Co observed on day 13 (A) and day 15 (B). Statistical analysis was
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performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean +

SEM. ***-P < 0.001.

The total distance travelled by animals in an open field arena suggests the exploratory
ability of animals. In MPTP alone cohort, the total distance travelled by animals was
significantly decreased, confirming the MPTP induced exploratory deficit (P < 0.001
versus vehicle; Fig. 15, A and B). In MPTP+Co cohort, the total distance travelled by
animals was improved significantly than that of MPTP cohort on both days (P < 0.001
versus MPTP; Fig. 15, A and B). Importantly, the distance travelled by animals in
MPTP+Co cohort was comparable to that of vehicle control.

These results confirm that TGR 63 can ameliorate the MPTP induced behavioral deficits

such as exploration (open field test) and locomotion (rotarod).
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Figure 15. Open field test. Distance travelled by animals of various cohorts namely
vehicle, MPTP and MPTP+Co recorded on day 13 (A) and day 15 (B). Statistical analysis

was performed using one-way ANOVA and the post-hoc Bonferroni test. Error bars, mean

+ SEM. ***-P < 0.001.
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Discussion

In this study, we identified the small molecule TGR 63 as an aggrephagy inducer that
significantly curbs a-synuclein mediated proteotoxicity in model systems such as yeast and
mammalian cell lines. In a preclinical mouse model of PD, TGR 63 induced autophagy,

cleared toxic protein oligomers and significantly prevented motor impairments.

By screening a custom made in-house small molecule library to identify small molecules
that ameliorate proteotoxicity due to overexpression of a-synuclein in yeast model, we

identified a novel small molecule hit, TGR 63.

One of the profound cellular mechanisms to degrade toxic protein aggregates is the
selective autophagy process, aggrephagy®. Due to its size and hydrophobicity, the toxic
oligomers are substrates for autophagy for their effective clearance'’. We observe that TGR
63 curbs proteotoxicity in an autophagy dependent manner that was revealed by both
genetic and pharmacological approaches. In addition, TGR 63 had the ability to augment
starvation-induced autophagy in yeast. Furthermore, in mammalian cells, it significantly
enhanced autophagy flux by increasing autolysosome formation. Importantly, TGR 63
induced autophagy in dopaminergic neurons of mice midbrain that correlated with

clearance of toxic protein oligomers.

The potential of TGR 63 in modulating aggrephagy in various models such as yeast,
mammalian cells and mice reiterate the fact of evolutionarily conserved nature of

autophagy.

TGR 63 induced autolysosome formation similar that of 6-Bio. It is important to mention
that revealing the mode of action of TGR 63 might reveal the mechanistic insights on one of

the bottlenecks of autophagy pathway (i.e.) autophagosome-lysosome fusion.

We attempted to identify the in vivo interacting partners of TGR 63 using the click
chemistry and pull down based approaches. Mass spectrometry identified the set of putative
145 protein interacting partners. We aim to perform the genetic screen to identify the in vivo

cellular target of TGR 63.
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Abstract

Alzheimer’s disease is one of the devastating illnesses mankind is facing in the 21 century.
The main pathogenic event in Alzheimer’s disease is believed to be the aggregation of the
B-amyloid (AB) peptides into toxic aggregates. Molecules that interfere with this process
may act as therapeutic agents for the treatment of the disease. Use of recognition unit based
peptidomimetics as inhibitors are a promising approach, as they exhibit greater protease
stability compared to natural peptides. Here, we present peptidomimetic inhibitors of Af}
aggregation designed based on the KLVFF (P1) sequence that is known to bin A
aggregates. We improved inhibition efficiency of P1 by introducing multiple hydrogen
bond donor-acceptor moieties (thymine/barbiturate) at the N-terminal (P2 and P3), and
blood serum stability by modifying the backbone by incorporating sarcosine (N-
methylglycine) units at alternate positions (P4 and P5). The activity of P4 and P5 were
studied in a yeast cell model showing AP toxicity. P4 and P5 could rescue yeast cells from

AP toxicity and AP aggregates were cleared by the process of autophagy.
Introduction

The potential approach to clear the intracellular toxic protein aggregates is through
enhancing the phenomenon of aggrephagy. Aggrephagy, a cellular mechanism of selective
autophagy, involves degradation of misfolded proteins or aggregates essential for cellular
homeostasis'. Presence of A aggregates downregulate autophagy, which is known to play
a pivotal role in clearing and neutralizing the toxic effects caused by AB’. Designed small
molecules or peptides which influence autophagy may also act as probable therapeutics’.
Yeast has been popularly used as a simple model organism in literature to study A toxicity
and screen AP inhibitors®. S. cerevisiae is a eukaryote and, hence, shares phenomenal
homology with the human genome®. It also recapitulates the fundamental processes of a
eukaryotic cell-like transcription, translation and also its metabolism. Yeast model also
provides a platform to study the autophagy-based regulation. In this report, we study the
inhibition efficiency of modified core sequences of the AP peptide (KLVFF). We prepared
mimetics of this peptide by performing two types of synthetic modifications - first, by
introducing a hydrogen bond donor-acceptor moiety at the N terminal of the core sequence,
and, subsequently introducing unnatural amino acid units to block hydrogen bonding

between AB42 monomers. These modifications also conferred proteolytic resistance to the
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derived peptidomimetics (the parent peptide KLVFF contains natural amino acids and is not
resistant to endoproteases). Further, inhibitory activity was studied in the yeast (S.
cerevisiae) model, which expresses AP42, to assess the ability of peptidomimetics as
therapeutic agents and to understand their mechanism of action in reducing Ap42 toxicity.
Thus, we report on the study of structural fine tuning and inhibitory activities of
peptidomimetics towards preventing the formation of AB42 aggregates and dissolving the

preformed toxic aggregates.
Results
Peptidomimetics were non-toxic to cells

In presence of all peptidomimetics, the WT GFP culture growth curves were examined
(Fig. 1). The concentration of peptidomimetics used was 300 uM. In peptide treated cells,
the growth curves were similar to that of untreated sample. No significant growth lag or

drop in absorbance (Agg) in presence of peptidomimetics were observed.
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Figure 1. Analysis of peptidomimetics toxicity in yeast. Growth curves of WI GFP in
presence or absence of all peptidomimetics (PI1-P5) were plotted. Concentration of

peptidomimetics used was 300 uM.

Peptidomimetics (4 and 5) abrogated the f-amyloid toxicity in yeast

All peptidomimetics were screened for their ability to ameliorate the toxicity due to -

amyloid. To test this, we used the S. cerevisiae model of B-amyloid (BA ;.42) N-terminally
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tagged GFP expressing strain. Compared to that of WT GFP strain, the growth curve of WT
GFP BA exhibited severe lag which didn't enter the exponential phase due to B-amyloid
toxicity. Apparent growth lag displayed by WT GFP BA strain that of WT GFP property
was used for screening the peptidomimetics (Fig. 2A). Among five peptidomimetics,
growth curves of WT GFP BA strain in P1 to P3 treated were similar to that of its untreated.
However, the P4 and P5 treated curves were like WT GFP. Hence, we inferred that P4 and
PS5, but not others, rescued the growth lag in WT GFP BA strain (Fig. 2, B and C). This

result indicates that P4 and P5 rescued the yeast cells from f-amyloid toxicity.
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Figure 2. Screening of peptidomimetics. All peptidomimetics were screened in WT GFP pA
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strain and concentration used was 300 uM (a). Growth parameters like growth rate and
doubling time of WT GFP BA strain in presence and absence of P4 (b) and P5 (c) were
analyzed. Statistical analysis was performed using one-way ANOVA and the post-hoc
Bonferroni test. Error bars, mean + SEM. ns-non significant, *-P < 0.05, **-P < (.01, ***-

P <0.001.

Peptidomimetics degrade p-amyloid

B-amyloid protein (1-42) was N terminally tagged with GFP. In a cell, f-amyloid protein
(tagged with GFP) aggregate clearance by peptidomimetics would be marked by presence
of free GFP in the vacuole. The free GFP was observed in the vacuole in culture treated
with peptides 4 and 5 but was absent in P1 and untreated (Fig. 3). Pertaining to P4 and P5,
diffused GFP signal in the vacuole co-localized with vacuolar stained dye, CMAC-Blue,
suggesting that incubating cells with these peptides resulted in GFP BA aggregates being

degraded in the vacuole to release free GFP.

WT GFP BA GFP CMAC-B MERGE

Untreated

P1

P4

P5
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Figure 3. P4 and P5 degraded f-amyloid. Degradation of GFP f-amyloid in WT GFP pA
strain in presence of Pl1, P4 and P5. Vacuoles stained with CMAC-Blue. Scale bar: 5 um.
Concentration of peptides used, 300 uM.

Peptides failed to rescue the p-amyloid toxicity in autophagy mutant

Autophagy has been shown to play a key role in degrading the B-amyloid oligomers or
fibrils'. Degradation of protein aggregates by selective autophagy mechanism is defined as
aggrephagy. In a cellular context, the disaggregated fibrils are captured and released into the
vacuole for degradation through autophagy. To investigate whether the appearance of free
GFP in the vacuoles of cells treated with P4 and P5 was due to autophagy, we repeated the
growth rescue experiment in cells defective in autophagy (atgl A mutant). Although P4 and
PS5 were able to rescue the growth lag in WT GFP BA strain, they failed to do so in atglA
GFP BA strain (Fig. 4).

1.04
—e— atg1A GFP
0.84 — atg1AGFPBA
——  atg1A GFPBA+P1
° 0.64 —*— atg1AGFPRA+P3
&% —— atg1A GFPBA+P4
0.4 —=— atg1a GFPA+PS
0.2
0-0 1 L] L] 1
0 500 1000 1500
Time (min)

Figure 4. Growth assays of peptidomimetics in GFP fA strain. Growth curves of Pl (a),
P3, P4 and P5 were examined at concentration of 300 uM.
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In addition, free vacuolar GFP was not seen in atgl A GFP BA strain treated with P4 and P5
(Fig. 5) similar to untreated and P1 treated cells. The peptides neither reduced the AP
toxicity nor degraded GFP PA in the autophagy mutant. This clearly indicated that
autophagy was responsible for clearing the AP aggregates, when treated with P4/P5 in WT
GFP BA cells.

atgl AGFP BA

Untreated

P1

P4

P5

Figure 5. P4 and P5 failed to degrades f-amyloid in a core autophagy mutant strain.
Degradation of GFP f-amyloid in atgld GFP PA strain in presence of Pl, P4 and PS5.

Vacuoles stained with CMAC-Blue. Scale bar: 7.5 um. Concentration of peptides used,
300 uM.

Discussion

Autophagy plays a key role in degrading the toxic f-amyloid oligomers or fibrils causing
catastrophe inside a cell to maintain its homeostasis’. In this study, we have employed S.

cerevisiae model expressing GFP tagged B-amyloid that exhibits severe growth lag as
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compared to the wild type. Among all peptidomimetics, only P4 and P5 rescued this growth
defect due to B-amyloid, but not others. Rescued growth was comparable to the wild type
where almost entire lag was restored by P4 and P5. Toxicity analysis of peptidomimetics in
cells revealed that all peptides (300 uM) are indeed non-toxic. Growth curve of WT GFP
strain in presence and absence of peptidomimetics remains similar. Subsequent analysis of
these peptidomimetics in aggregate clearance revealed that P4 and PS5 stimulated f-amyloid
degradation which is seen by the accumulation of vacuolar free GFP. The mechanism of
action of these peptidomimetics is unclear. It is possible that they either interact with the
aggregates to make them accessible or recognizable to the autophagy machinery or they
may directly induce autophagy flux which then results in aggregate clearance. These

hypothesis forms the basis of our future work.
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Autophagy (in this context macroautophagy) is an intracellular degradation and recycling
process that is conserved from yeast to mammals'. Not surprisingly, it is therefore a vital
requirement to maintain cellular and organismal homeostasis’. Apart from regular
housekeeping functions, it also aids cells to cope with various stressful situations such as
starvation, intracellular infection and accumulation of misfolded protein aggregates. In
particular, misfolded aggregation of intrinsically disordered proteins such as a-synuclein, -
amyloid, hyper-phosphorylated tau and TDP43 are reported to be the underlying basis for
neurodegenerative pathogenesis’. These protein aggregates are toxic as they sequester the
key cellular proteins including transcription factors that are necessary to maintain the
upkeep of essential cellular pathways. Thus, in these protein aggregation driven
neurodegeneration, most of such cellular pathways become awry thereby perturbing the
cellular homeostasis. Plethora of studies has highlighted the beneficial effects of clearing
these disease associated protein aggregates in curbing proteotoxicity and enhancing cell
viability. In the initial stages of protein aggregation, chaperones and the ubiquitin
proteasome system (UPS) help in preventing their build up inside cells’. However, once the
misfolded toxic aggregates overwhelm the cells with their numbers and size, the cells rely
heavily on the (macro)autophagy machinery to clear them®. The specific pathway of
macroautophagy that deals with clearing protein aggregates is called aggrephagy.
Aggregates not only choke chaperone and the UPS functions, but also sequester them in
aggregates themselves, thus making them unavailable for other cellular processes. Not
surprisingly, autophagy is also perturbed by the presence of toxic protein aggregates.
Aggregates hamper various steps of autophagy depending on the context of disease
associated proteins. In addition to disrupting cellular pathways, the aggregates also damage
organelles such as mitochondria and ER. Taken together, this cumulative failure of the
proteostasis machinery results in compromised cellular homeostasis. As a result, the hardest
hit are the post-mitotic and specialized cells like neurons that do not divide and hence
cannot dilute out these lethal aggregates. Several studies have elegantly elucidated the
importance of basal autophagy in maintaining cellular homeostasis by clearing the protein
aggregates. Neuron specific genetic ablation of autophagy by knocking out the key
autophagy genes such as Atg5 and Atg7 lead to the manifestation of neurodegenerative
symptoms such as accumulation of ubiquitin positive aggregates, behavioral deficits and
reduced survivability” ©. On the other hand, upregulation of autophagy by overexpressing

Atg5 protein enhanced lifespan of transgenic mice’. Furthermore, pharmacological
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upregulation of autophagy by small molecules has been shown to clear toxic protein
aggregates and ameliorate neurodegeneration®'’. The latter studies have also identified
novel molecular players and provided mechanistic insights into regulation of autophagy. In
addition, these small molecules have also revealed their therapeutic potential in aggregate

driven neurodegenerative disorders.

Although scientific literature has ample evidences to connect autophagy and
neurodegeneration, there are several unanswered questions in this field. The underlying
mechanism(s) behind how aggregates derail autophagy in neurons is not yet completely
elucidated. Mechanistic aspects underlying the rate-limiting step(s) of aggrephagy is an
enigma. How much autophagy can the cells do? What is the threshold of aggregate build up
beyond which autophagy may not succeed in cytoprotection? Can nuclear aggregates be as
efficiently cleared as their cytoplasmic counterparts? These are some questions that need to
be addressed and hence, autophagy regulation turns out to be much more complex than

earlier envisaged.

My study was aimed at understanding the regulation of aggrephagy using small molecules
as a tool. Towards this, we generated yeast based models of proteotoxicity by
overexpressing the disease associated proteins such as a-synuclein (PD) and B-amyloid
(AD). Growth of yeast is hampered significantly upon overexpression of these toxic,
disease associated proteins. This phenotypic growth defect is tapped as an assay to screen
for small molecules that ameliorate the growth deficit associated with proteotoxicity. We
screened numerous, structurally diverse small molecule libraries such as LOPAC'*, in-
house custom made compounds and peptidomimetics. Hits obtained were 6-Bio, XCT 790,
AGK2, PD180970 and TGR 63. Amongst them, AGK2 has been previously reported to be
neuroprotective by abrogating a-synuclein mediated toxicity in fly models'?, thus validating
our approach to identify aggrephagy inducers. In addition, we also identified
peptidomimetics that clear f-amyloid mediated toxicity in yeast in an autophagy dependent

manncr.

All the hits that curbed proteotoxicity were mediated via autophagy. Several of them could
enhance autophagy even in nutrient rich conditions (e.g., 6-Bio, XCT 790 and TGR 63) and
furthermore, they augmented starvation mediated autophagy (e.g., AGK2 and PD180970).
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After the initial studies in yeast, we tested if these small molecules would regulate
mammalian autophagy. Autophagic flux analyses in cells surprisingly revealed that all the
hits modulated autophagy. This observation that the small molecules modulate both yeast
and mammalian autophagy reiterates the fact that autophagy is a conserved process from

yeast to mammals.

Interestingly, the hits induced autophagy by affecting various stages of autophagy flux. For
e.g., 6-Bio enhanced autophagosome and lysosome fusion dramatically and resulted in large
number of autolysosomes. Like 6-Bio, TGR63 and AGK2 also enhanced autolysosome
formation. In contrast, treatment of cells with XCT 790 and PD180970 increased
autophagosome numbers suggesting that they induce autophagosome biogenesis. Thus,
these small molecules can now be employed to investigate autophagy flux and to identify
the molecular player(s) (potential targets of these hits) that act at either autophagosome
biogenesis or at autophagosome-lysosome fusion steps. We also tested whether these hits
also affected other trafficking pathways such as those associated with lysosomes. For e.g.,
6-Bio does not perturb the lysosomal pH or endocytosis, and it appears to enter cells by

passive diffusion.

MTOR is a central pathway required for cell growth and proliferation, and is also a negative
regulator of autophagy. While several studies routinely induce autophagy by shutting down
MTOR, therapeutically MTOR independent autophagy induction is preferred. It is not
surprising that clinical trials conducted for long-term administration of MTOR dependent
autophagy modulators such as rapamycin led to unwanted side effects such as
immunosuppression and the complications arising therein''. From a basic research point of
view, mechanistic studies on such MTOR independent autophagy inducers will also provide
novel insights into the diverse pathways that cells employ to control autophagy. Except 6-

Bio, all our hits induced autophagy in an MTOR independent manner.

The small molecule library that we screened, LOPAC'*™

, contains pharmacologically
active compounds whose cellular target(s) are previously reported. The primary known
target for our hits 6-Bio, XCT 790, AGK2 and PD 180970 is glycogen synthase kinase-f3

(GSK3-B)"?, estrogen related receptor a (ERRa)"?, Sirtuin2'* and Src kinase'” respectively.
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Figure 1. Structure of small molecules hits. (Source: Sigma-Aldrich website).

6-Bio enhanced autophagy in a GSK3-f dependent manner suggesting that its mode of
action of autophagy induction is through its canonical reported target. Down regulating
GSK3-B through RNAI also induced autophagy similar to 6-Bio. In addition, Compound
VIII'®, another structurally different pharmacological inhibitor of GSK3-B increased basal
autophagy. Thus, apart from the reported functions of GSK3-, we show a new role in the

context of autophagy, which is to enhance autophagosome-lysosome fusion.

The known cellular target for XCT 790 is ERRa'’. Our studies also suggest that XCT 790
modulation of autophagy is ERRa-mediated. ERRa is a cytosolic resident orphan receptor
involved in transcription of metabolism related genes such as those involved in oxidative
phosphorylation. ERRa down regulation induced autophagy, whereas its overexpression
inhibited autophagy. Interestingly, although a recent report suggested that ERRa induced
autophagy in a transcriptional manner’, our studies reveal a non-transcriptional role. We
find that ERRa localizes to the autophagosomes and treatment of XCT 790 results in
degradation of ERRa. The ERRa free autophagosomes appear to readily fuse with the
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lysosomes thus enhancing the formation of autolysosomes. This results in efficient

clearance of aggregate proteins and cytoprotection.

ERRa has a non-canonical LIR motif and further biochemical studies such as pull down and
site directed mutagenesis of LIR motif might answer whether ERRa interacts with LC3 for

its recruitment on autophagosomes.

The cellular target of TGR 63 is not yet known. We are attempting to identify the target by
click chemistry in conjunction with affinity chromatography. Among the various strategies,
TGR 63 compound was eventually functionalized with alkyne for its tethering to silica
beads. TGR 63 bound silica beads were then employed to pull down bound proteins to
identify its putative interacting partners using the neuronal cell (SH-SYSY) lysates.
Unconjugated beads were used as controls. Mass spectrometry revealed a dataset of
putative 145 proteins as interacting partners of TGR 63. We now intend to knock down all
145 genes through siRNA approach and analyze the autophagic flux through microscopy
based tandem RFP-GFP-LC3 assay with and without TGR 63 to identify the target that is
responsible for its autophagy effect. In parallel, cytoprotection screen in human neuronal
cells overexpressing a-synuclein will be conducted using the siRNA library of 145 genes,
with and without TGR 63. Overlapping hits or genes from the two screens might identify
the putative cellular target(s) of TGR 63. As none of these 145 genes have been known in
literature to regulate autophagy, these screens thus hold the potential to reveal new

molecular player(s) in autophagy.

Finally, we tested these small molecule hits (except AGK?2) in a preclinical mouse model of
Parkinson’s disease (PD) to understand the regulation of neuronal aggrephagy and evaluate
their therapeutic potential. We employed an MPTP toxicity model where this toxin is
known to ablate dopaminergic neurons (DA) in Substantia Nigra pars compacta (SNpc).
One of the effects of this toxin on DA neurons is the production of toxic oligomers along
with mitochondrial dysfunction that leads to their death. This specific loss of a vast
population of DA neurons in SNpc leads to motor co-ordination and behavioral

impairments.

In this model, all hits induced autophagy in DA neurons of SNpc with a concomitant
clearance of toxic protein aggregates. In addition, we showed that 6-Bio crosses the blood

brain barrier to induce neuronal autophagy. Also, the autophagy induction by these hits,
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significantly exerted neuroprotection against MPTP induced toxicity. Furthermore, the
treated mice displayed marked improvement in motor coordination. Thus, these in vivo
experiments demonstrated not only the autophagy inducing abilities of these hits but also

revealed their therapeutic potential in PD.

Among the hits obtained, the extent of neuroprotection obtained with 6-Bio is more as
compared to others. But, 6-Bio is sparingly soluble in saline and this drawback gives an
opportunity to design its analogues with improved solubility and potency. This is part of the

ongoing and future work.

In conclusion, my thesis utilizes a chemical biology approach to identify novel molecular
players for autophagy modulation. These small molecules can be further used as a tool to
probe specific stages of the autophagy process such as autophagosome induction (XCT 790
and PD 180970) and autolysosome formation (6-Bio, AGK2 and TGR 63). They also
exhibit promising therapeutic potential for neurodegenerative disease such as
synucleopathies. The mechanism of action of these hits in terms of achieving modulation of
autophagy flux through binding to their targets will be the key future direction that this
study has opened up. Continued efforts towards this end will reveal specific regulatory

process that govern autophagy flux.
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ABSTRACT

Parkinson disease (PD) is a life-threatening neurodegenerative movement disorder with unmet therapeutic
intervention. We have identified a small molecule autophagy modulator, 6-Bio that shows clearance of
toxic SNCA/a-synuclein (a protein implicated in synucleopathies) aggregates in yeast and mammalian cell
lines. 6-Bio induces autophagy and dramatically enhances autolysosome formation resulting in SNCA
degradation. Importantly, neuroprotective function of 6-Bio as envisaged by immunohistology and
behavior analyses in a preclinical model of PD where it induces autophagy in dopaminergic (DAergic)
neurons of mice midbrain to clear toxic protein aggregates suggesting that it could be a potential

therapeutic candidate for protein conformational disorders.

Introduction

Parkinson disease is the second most common neurodegenera-
tive disorder affecting 1% of the aging population." Motor
abnormalities which are the major clinical clues for PD are first
manifested when about 60% of the nigral DAergic neurons are
lost,” decreasing dopamine levels. Although L-DOPA has been
recommended for PD patients, it does not halt neurodegenera-
tion. Furthermore, the predominant side effect of continuous
L-DOPA administration is an occurrence of L-DOPA-induced
dyskinesia among PD patients.” Thus, there is an absolute need
for better therapeutic agents to be made available for PD
patients, aiming to stop or reduce neurodegeneration.

One of the hallmarks of PD is formation of misfolded pro-
tein aggregates (Lewy bodies) due to overexpressed SNCA or
mutation in genes such as PINKI (PTEN induced putative
kinase 1), LRRK2 (leucine rich repeat kinase 2) that leads to
death of DAergic neurons. The accumulation of these aggre-
gates disrupts proteostasis machineries such as chaperones, pro-
teasome or macroautophagy (hereafter autophagy) leading to
neuronal degeneration.* Misfolded SNCA aggregates are refrac-
tory to proteostasis maintaining processes and the resultant
cytotoxicity is further exasperated by aging, as unlike mitotic
cells, nondividing neurons cannot dilute out these aggregates.*
In accordance, neuronal specific loss of autophagy function
leads to aggregate formation and subsequent neurodegeneration
suggesting a role for basal autophagy in preventing aggregate
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buildup.”” As autophagy is dysfunctional in many neurodegen-
erative disorders,” several studies have pointed out that restoring
proteostasis by upregulating autophagy can eliminate these pro-
tein aggregates and restore cellular homeostasis.* '

One of the main causes of this disease is the toxic buildup of
protein aggregates leading to neuronal death. We screened for
small molecule drug-like compounds that clear such protein
aggregates (aggrephagy) and restore cell viability. Several model
systems were used to identify and evaluate the small molecules
for aggrephagy. Toward this, rather than a conventional struc-
ture based drug designing, we sought for a phenotypic-based
small molecule screening in yeast and validated the results in
higher model systems. In this study, we identified a small mole-
cule 6-Bio for its ability to clear SNCA aggregates and restore
cellular homeostasis. We further show that 6-Bio induces auto-
phagy and strongly drives autophagy flux resulting in aggregate
clearance. We elucidated that 6-Bio modulates autophagy flux
through inhibiting GSK3B activity. GSK3B has been associated
with Alzheimer disease pathogenesis by modulating 2 processes
namely (i) B-amyloid buildup and (ii) formation of neurofibril-
lary tangles."' It has been demonstrated at cellular level experi-
ments that inhibiting GSK3B would ablate the expression of
SNCA'? suggesting its role in synucleopathies. Finally, in a pre-
clinical mouse model of PD, 6-Bio showed potent neuroprotec-
tive ability revealed by immunohistological and behavior
analyses.
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Results

Small-molecule screening reveals 6-Bio as a potent inducer
of autophagy

The occurrence of protein aggregates and cytotoxicity by
SNCA overexpression is also recapitulated in the budding
yeast, Saccharomyces cerevisiae (Fig. S1, A to C)."> We used
this “out-of-the-box” yeast model'* to screen for small mol-
ecules that would prevent cytotoxicity by aggregate degrada-
tion. We screened a small molecule library containing
pharmacologically active compounds (LOPAC'**°) using an
SNCA yeast toxicity assay (Fig. 1A, Fig. S2). Of the hits
that rescued growth in this model was the SIRT2 inhibitor
AGK2, which was shown to rescue SNCA toxicity'® affirm-
ing the reliability of the assay, and the compound 6-Bio
[(2'Z,3'E)-6-Bromoindirubin-3"-oxime]'® (Fig. S3A). Inter-
estingly, 6-Bio did not affect the growth of yeast cells
(Fig. 1B). To understand the involvement of 6-Bio in auto-
phagy, GFP-Atg8 (GFP tagged autophagy-related 8, a yeast
autophagosome marker)-processing assay under both
growth and starvation conditions were used. During growth
conditions where autophagy is barely detectable, 6-Bio dra-
matically induced autophagy (6 h time point, P <0.001 vs
untreated; Fig. 1C) and also the flux (6 h time point, P
<0.001 vs untreated; Fig. 1C). Similarly, 6-Bio treatment
under starvation condition showed significant increase in
autophagy induction (4 h and 6 h time points, P <0.001 vs
untreated; Fig. 1D) and flux (4 h and 6 h time points, P
<0.01 and P <0.001, respectively vs untreated; Fig. 1D) by
2-fold in a time-dependent manner suggesting 6-Bio aug-
mented starvation-induced autophagy.

We further tested 6-Bio for autophagy modulation in mam-
malian cells. Toward this, we used MAP1LC3B/LC3B (microtu-
bule associated protein 1 light chain 3 B, a mammalian
autophagosome marker and an ortholog of yeast Atg8) process-
ing and tandem RFP-GFP-LC3B assays. In HeLa cells, 6-Bio
increased LC3B-II (the autophagosome-associated, processed
form of LC3B-I) levels in a dose-dependent manner suggesting
autophagy modulation (Fig. 3A). In the presence of lysosomal
protease inhibitors, E64D and pepstatin A, LC3B-II accumula-
tion was significantly more than that of 6-Bio only and/or
E64D and pepstatin A only (Fig. S9, A and B), validating that
6-Bio is indeed an autophagy enhancer. In the tandem RFP-
GFP-LC3B assay that reveals autophagy flux, 6-Bio treatment
dramatically increased autolysosome numbers (~9-fold,
P <0.001, compared with control; Fig. 1E) indicating enhanced
fusion of autophagosomes with lysosomes.

Next, we checked whether the lysosomal functions are per-
turbed by 6-Bio since it specifically enhances autolysosomes.
For this, we checked the lysosomal pH by LysoTracker Deep
Red staining upon 6-Bio treatment. HeLa cells were treated
with 6-Bio and/or E64D plus pepstatin A for 2 h, followed by
treatment with LysoTracker Deep Red for 20 min. LysoTracker
Deep Red fluorescence intensity was reduced in presence of
protease inhibitors such as E64D and pepstatin A (Pep A). The
fluorescence intensity of LysoTracker Deep Red was found to
be comparable between untreated and 6-Bio-treated cells
(Fig. S10B). Thus, we found no difference in both E64D + pep
A only, 6-Bio and E64D + pep A treatments (Fig. S10B).

LysoTracker Deep Red staining indicated that there was no
change in lysosome acidification (Fig. S10). LAMP1 (lysosomal
associated membrane protein 1)-positive vesicle intensities and
distribution also were unaltered upon 6-Bio treatment suggest-
ing that perhaps lysosomal functions were not perturbed by 6-
Bio (Fig. S10A).

To address whether the molecule enters the cell via
endocytosis, we performed the tandem RFP-GFP-LC3B
assay at 16°C. At this temperature, endocytosis pathway is
highly reduced as evident by the significantly decreased cel-
lular uptake of FITC-dextran (70 kDa) as compared with
37°C (Fig. S11C). However, the effect of 6-Bio in increasing
fusion between autophagosomes and lysosomes at 37°C
(~10-fold, control vs 6-Bio-treated, P <0.001, Fig. S11, A
and B) and 16°C (~8-fold, control vs 6-Bio-treated, P
<0.001, Fig. S11, A and B) were comparable suggesting that
endocytosis did not play a predominant role in the action
of 6-Bio in modulating autophagy. These results suggest
that 6-Bio affects autophagy independent of endocytosis
perhaps by passive diffusion.

From these 2 model systems, we noticed that 6-Bio not only
induces autophagy but also enhances starvation-induced auto-
phagy and strikingly promotes autolysosome formation with-
out perturbing the lysosomal function.

6-Bio clears SNCA in an autophagy-dependent manner

Treatment of yeast cells overexpressing SNCA-GFP with 6-Bio,
resulted in vacuolar degradation of SNCA-GFP cytosolic aggre-
gates with improved normal plasma membrane localization
suggesting possible involvement of autophagy-related pathways
(Fig. 2A). In agreement with these observations, 6-Bio failed to
rescue the SNCA-mediated toxicity in autophagy gene mutants
(atgIA, atg5A, atg8A, atgl1A and atgl5A) (Fig. S3B).

Assays performed to monitor degradation of SNCA-GFP
aggregates in presence of 6-Bio under nonstarvation and star-
vation conditions revealed a time-dependent and significant
decrease in the SNCA-GFP levels in wild-type cells (Fig. 2, B
and D and Fig. §4, B and C) but not in an autophagy mutant,
atglA (Fig. 2, C and E and Fig. $4, D and E). These results sug-
gest that 6-Bio treatment was not only able to enhance starva-
tion-induced autophagy but also resulted in a concomitant
decrease of SNCA-GFP demonstrating that the prosurvival
effects of 6-Bio was due to autophagy-dependent SNCA-GFP
clearance.

Next, using an SNCA degradation assay model in a human
neuroblastoma cell line (SH-SY5Y) overexpressing GFP-SNCA,
we observed that 6-Bio significantly reduced GFP-SNCA levels
(~2-fold, P <0.001 vs untreated). However, in the presence of
the autophagy inhibitor 3-methyladenine (3-MA), the GFP-
SNCA levels did not change upon 6-Bio cotreatment suggesting
that autophagy was the primary mechanism for degradation (as
also seen in the yeast model) (Fig. 2, C and E; Fig. 2F and
Fig. $4, D and E). As MTOR (mechanistic target of rapamycin)
negatively controls autophagy, we tested if 6-Bio affected
MTOR signaling. 6-Bio decreased phosphorylation levels of
RPS6KB1/p70s6K (ribosomal protein S6 kinase Bl) and
EIF4EBP1/4E-BP1 (eukaryotic translation initiation factor
4E binding protein 1) in a dose-dependent manner (Fig. 3A),
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absorbance, Agoo) of WT SNCA-GFP strains > 3 SD units (gray box) are considered hits (blue) and the ones that do not are in green. WT GFP (black) and untreated WT
SNCA-GFP (red) represent the positive and negative controls. A representative plot for 100 compounds is shown. (B) Growth curve of WT GFP cells with or without 6-Bio
(50 M) treatment. (C) Representative western blot of the GFP-Atg8-processing assay under growth condition. WT strain expressing GFP-Atg8 treated with or without 6-
Bio (50 M). Fusion protein GFP-Atg8 accumulation and free GFP release was monitored across the time course (0 and 6 h). Tdh reactivity served as a loading control.
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Representative microscopy images of ptf LC3B transfected Hela cells treated with 6-Bio (5 M) and quantification of autophagosome and autolysosome indicating fold
change over its untreated counterpart (n = 25), scale bar: 15 pm. Statistical analysis was performed using the Student unpaired t test, 2-way ANOVA and the post-hoc
Bonferroni test. Error bars, mean & SEM ns-nonsignificant, *-P <0.05, **-P <0.01, ***-P <0.001.
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indicating 6-Bio negatively regulated MTOR signaling. During
normal growth conditions, MTOR is active (and phoshorylates
RPS6KB1 and EIF4EBP1) and autophagy is suppressed. Addi-
tion of 6-Bio results in autophagy induction by suppression of
MTOR activity as revealed by diminished phosphorylation of
its substrates RPS6KB1 and EIF4EBPI. 6-Bio is a potent

GSK3B inhibitor and reduced phosphorylated (p)-GSK3B indi-
cates its reduced activity'” (Fig. 3A and Fig. 2F). These assays
confirmed that 6-Bio treatment not only induced autophagy
but also enhanced the autophagic flux by promoting autopha-
gosome fusion with lysosomes in an MTOR-dependent
manner.
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dependent modulation of autophagy related proteins (LC3B, RPS6KB1and EIF4EBP1)

by 6-Bio in HeLa cells. TUBB was used as a loading control. (B) to (D) Representative

photomicrographs of TH* immunostained DAergic neurons (B) in SNpc (arrow) of mouse midbrain. Placebo control cohort, MPTP-treated (23.4 mg/kg body weight), 6-
Bio (5 mg/kg body weight) or both [Prophylaxis (MPTP+-Pro)/Coadministration (MPTP+Co)], scale bar: 300 xm. Stereological (C) and densitometric quantification (D) indi-
cating the number of TH DAergic neurons and their intensity in SNpc neurons. Statistical analysis was performed using the Student unpaired t test, one-way ANOVA and
the post-hoc Bonferroni test. Scale bar: 50 m. Error bars, mean + SEM ns-nonsignificant, **-P < 0.01, ***-P < 0.001.

Autophagy-dependent GSK3B-mediated neuro(cyto)
protection by 6-Bio

We observed the significant reduction of GSK3B activity upon
6-Bio treatment as revealed by the reduced p-GSK3B levels
(Fig. 2F and Fig. 3A). To understand the GSK3B dependency of
autophagic activity by 6-Bio, we performed the knockdown
studies in SH-SY5Y cells. For this, GSK3B shRNA was tran-
siently transfected into cells and after 48 h the GSK3B protein
levels were reduced significantly (Fig. S8A). In SH-SY5Y cells,

when SNCA was overexpressed for 72 h, the cell viability was
significantly affected (Fig. S8D). When these cells were treated
with 6-Bio, its viability was significantly increased and compa-
rable to that of control (Fig. S7). Similar protection was noted
in GSK3B-silenced SNCA-overexpressing cells. When GSK3B
expression was silenced, addition of 6-Bio only showed mar-
ginal cytoprotection as compared with untreated cells with
normal GSK3B expression (Fig. S8D). In fact, in silenced cells,
6-Bio was not effective in cytoprotection over and above that
offered by silencing GSK3B but was cytotoxic (Fig. S8D). In
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addition, another GSK3B inhibitor, compound VIII also
exerted protection against SNCA-mediated toxicity (Fig. S8D).
Using a direct readout for autophagy (tandem RFP-GFP-LC3B
assay), we used a similar silencing strategy to address the
GSK3B and autophagy interplay in the presence of 6-Bio. In
GSK3B-silenced cells, the autolysosomes were increased with
concomitant reduction in autophagosomes than that of its
scrambled shRNA control (P < 0.001, Fig. S8, B and C). Inter-
estingly, the autophagosomes and autolysosomes formed in
GSK3B-silenced cells were similar to that of 6-Bio treatment.
Notably, the autolysosomes formed in 6-Bio-treated, GSK3B-
silenced cells were significantly reduced than that of cells
treated only with 6-Bio (P < 0.001, Fig. S8, B and C). Although
6-Bio is known to affect other signaling pathways such as
PDK1 (pyruvate dehydrogenase kinase 1) and JAK-STAT3
[(Janus kinase)-(signal transducer and activator of transcrip-
tion 3)],"® our results suggest that 6-Bio primarily modulates
autophagy in a GSK3B-dependent manner.

6-Bio confers neuroprotection in a mouse MPTP-toxicity
model

We then investigated the effect of 6-Bio in one of the widely
used preclinical models of PD, MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) mouse model."”” It was reported
that 7 d post MPTP administration results in ~70% DAergic
neuronal loss in the substantia nigra pars compacta (SNpc)
region of brain which leads to 80% to 90% reduction in dopa-
mine levels in the striatum.'” In this model, 6-Bio was adminis-
tered [5mg/kg, intraperitoneally (ip.)] in 2 different regimen
(Fig. S5A): on the same day of MPTP injections (coadministra-
tion, Co) or 2 d prior (prophylactic, Pro). In both cases, 6-Bio
treatment was continued for 7 d post- MPTP administration.
We then evaluated the status of DAergic neurons in SNpc.
These neurons were identified by TH (tyrosine hydroxylase)
immunolabeling and were quantitated by unbiased stereology
and densitometry analysis. As expected, the number and health
of DAergic neurons (as revealed by TH staining intensities)
were significantly reduced in MPTP-treated mice (~3-fold, P
<0.001 compared with placebo; Fig. 3, B to D and Fig. S5B).
Strikingly, in both the 6-Bio treatment regimen, the number of
DAergic neurons resembled almost that of placebo or animals
injected with 6-Bio only (Co or Pro ~2.5-fold vs MPTP, P
<0.001; Fig. 3, B to D and Fig. S5B). In addition, the decrease
in SNpc volume upon MPTP administration was not seen in 6-
Bio-treated cohort (P <0.001 vs Co, P <0.01 vs Pro; Fig. S5C).
These observations in mouse model of PD reassert the neuro-
protective nature of 6-Bio.

6-Bio enhances autophagy and clears toxic protein
aggregates in mouse brains

We then evaluated the autophagy and toxic aggregate levels in
the DAergic neurons in SNpc of midbrain. We observed the
significant reduction of LC3B puncta per neuron in the MPTP-
treated cohort than that of placebo (~1.8-fold, placebo vs
MPTP, P <0.001, Fig. 4, A and B). Conversely, APP/amyloid g
oligomer/A11 puncta were significantly higher (~7-fold, pla-
cebo vs MPTP, P <0.001, Fig. 4, C and D). Along with

decreased autophagy, these SNpc (TH™) neurons displayed
toxic aggregate buildup. This reduced autophagy upon admin-
istration of MPTP is in agreement with previous observations.*
Furthermore, as seen in cell culture models, 6-Bio treatment
alone increased LC3B puncta per neuron (~2-fold, placebo vs
6-Bio only, P <0.001, Fig. 4, A and B) suggesting that 6-Bio
could induce autophagy in mice brain by crossing the blood-
brain barrier (Fig. S13). When 6-Bio was coadministered along
with MPTP, LC3B puncta per neuron increased (~2.5-fold,
MPTP vs MPTP+Co, P <0.001, Fig. 4, A and B) with a signifi-
cant reduction in APP/amyloid 8 oligomer/A11-positive aggre-
gates (~7-fold, MPTP vs MPTP+Co cohort, Fig. 4, C and D).
Strikingly, the aggregate numbers in MPTP+-Co were compara-
ble to that of control suggesting that the 6-Bio treatment
decreased the toxic aggregates to that of placebo neurons (pla-
cebo vs MPTP+Co, ns, P >0.05, Fig. 4, C and D). These results
imply that autophagy was drastically induced in the MPTP and
6-Bio coadministered cohort that lead to neuroprotection by
clearance of the toxic aggregates. We observed reduced p-
GSK3B signals in DAergic neurons of the 6-Bio-treated
cohorts, namely, 6-Bio only and MPTP+Co (Fig. S13).

6-Bio ameliorates MPTP-induced behavioral deficits

To study whether 6-Bio can combat the MPTP-induced behav-
ioral impairments in motor coordination, locomotion and
exploration abilities, we used 2 widely used behavior tests
namely rotarod and the open field test. Stereology were per-
formed on d 7 post MPTP or placebo administrations, thus
behavior experiments were conducted on d 13 ie., d 7 post
MPTP or placebo administrations. Behavior study scheme is
illustrated in Fig. S6.

In rotarod test, the latency to fall for MPTP cohort reduced
significantly to that of placebo cohort on d 13 postadministra-
tion (MPTP vs placebo, P <0.001, Fig. 5A and Fig. S6, A and
B) validating the MPTP-induced motor deficits in mice. Strik-
ingly, the latency to fall was increased in the 6-Bio-treated
cohort compared with that of MPTP-treated cohort (Co vs
MPTP, P <0.001, Fig. 5A and Fig. S6, B and C). The latency to
fall for the 6-Bio-treated cohort was comparable with the pla-
cebo cohort (Co d 7 vs placebo, P >0.05, Fig. 5A and Fig. S6, A
and C).

Similar to the lack of motor coordination observed in
rotarod, the total distance traveled by MPTP-treated cohort in
the open field test arena on d 13 postinjection was reduced sig-
nificantly compared with that of placebo (MPTP vs placebo, P
<0.001, Fig. 5B, C and Fig. S6, A and B) affirming the MPTP-
induced locomotion and exploratory impairments. These
impairments were reduced after 6-Bio administration as the
distance traveled by mice increased dramatically (Co vs MPTP,
P <0.001, Fig. 5, B and C and Fig. S6, B and C) and matched
control cohorts (Co vs placebo, P >0.05, Fig. 5, B and C and
Fig. S6, A and C). MPTP-induced impairments were not pro-
tected by 6-Bio when administered after 48 h of MPTP (Post vs
MPTP, P >0.05, Fig. 5, D and E and Fig S6, B and D).

Since the 6-Bio-treated cohort spent more time on the
rotarod (as the placebo cohort) and traveled more distance in
open field unlike MPTP-treated, we therefore, can infer that 6-
Bio rescued the MPTP-induced motor, locomotion and
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exploratory impairments. We observed that 6-Bio failed to pro-
tect the MPTP-induced behavioral deficits when administered
48 h after MPTP dosage.

Discussion

Using an unbiased yeast high-throughput assay, we identified
the small molecule 6-Bio that rescued SNCA cytotoxicity in an
autophagy-dependent manner. 6-Bio induced autophagy even

in growth conditions. Mechanistically, 6-Bio profoundly pro-
moted autophagosome-lysosome fusion as reflected in the high
autolysosome numbers with hardly any unfused autophago-
somes. Increased autophagy induction and fusion resulted in
degradation and clearance of aggregated proteins with a con-
comitant rescue of cell viability and growth. When tested in a
preclinical model of PD, 6-Bio demonstrated remarkable neu-
roprotection revealed by both immunohistology and behavioral
analyses.
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field behavior analyses were performed on d 13 or d 7 post MPTP or vehicle administrations. Both the rotarod and open field behavior analyses were performed on d 13
or d 7 post MPTP/vehicle administrations. 6-Bio (5 mg/kg) was administrated either along with MPTP (MPTP+-Co) or post 48 h of MPTP administration (MPTP-+Post). Dos-
age regimens are illustrated in Fig. S4. Statistical analysis was performed using one-way ANOVA and the post-hoc Bonferroni test. Scale bar: 50 um. Error bars, mean +

SEM ns-nonsignificant, ***-P < 0.001.

Apart from toxic accumulation of SNCA aggregates as Lewy
bodies, proteostasis machineries such as autophagy are also
defunct in these dying neurons.” While autophagosome forma-
tion has been shown to be defective in PD,* its accumulation
has been documented in the striata of human PD postmortem
brains.”! Also, recent reports suggest that apart from having a
misfolding propensity, prion-like properties®* of SNCA are
responsible for its spreading across neurons leading to aggra-
vated neuronal death. Hence, enhancing SNCA clearance
through modulating autophagy would be beneficial.

We show here using 2 model systems that aggregate clear-
ance by 6-Bio is through autophagy: using yeast genetics, our

studies reveal that 6-Bio is unable to rescue SNCA-mediated
cytotoxicity in autophagy-defective mutants, while in mamma-
lian cells, pharmacological inhibition of autophagy by 3-MA
abolishes 6-Bio effect. In addition, although 6-Bio (50 uM)
does not affect the growth of yeast cells, it strikingly increases
basal autophagy even in growth conditions, a situation where
MTOR is active and is known to suppress autophagy. Interest-
ingly, 6-Bio induction of autophagy in mammalian cells
appears to be MTOR dependent. Furthermore, 6-Bio not only
augments basal autophagy but also enhances the starvation
induced autophagy, demonstrating its strong autophagy modu-
lating potential. It is these properties that lead to a dramatic
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buildup of autolysosomes upon 6-Bio treatment. Enhanced
cargo degradation thus leads to clearing up of the aggregates
and preventing cytotoxicity by restoring cellular proteostasis.

The MPTP+6-Bio-treated cohort spent more time on the
rotarod (as the placebo cohort) and traveled more distance in
open field unlike the MPTP-treated cohort, we therefore can infer
that 6-Bio rescued the MPTP-induced motor, locomotion and
exploratory impairments. Importantly, 6-Bio-induced behavioral
performances were indistinguishable from that of the placebo
cohort. Thus, histological and behavioral analyses of the MPTP-
induced preclinical mouse model of PD highlights the neuropro-
tective abilities of 6-Bio as demonstrated by preservation of nigral
DAergic neurons and retention of motor coordination functions.
After 48 h of MPTP administration, most of the DAergic neurons
would be ablated. Thus after 48 h of MPTP treatment, with
highly depleted SNpc of DAergic neurons, 6 Bio was unable to
rescue behavioral deficits. These results suggest that 6-Bio pri-
marily acts through restoring autophagy function in the neurons
to get rid of aggregates and perhaps does not have neuroregenera-
tive capabilities. Strikingly, our experiment revealed that 6-bio
enters the brain within 15 min after intraperitoneal administra-
tion and stayed as long as 24 h (Table S2). The dramatic neuro-
protection could be due to abundance of 6-Bio in the mice brain
that facilitates aggregate clearance through inducing autophagy.

Our studies with other GSK3B inhibitors (with similar inhibi-
tory potencies) reveal that none of these can bring about auto-
phagy induction as profoundly as 6-Bio (data not shown).
Though 6-Bio has been shown to modulate GSK3, PDK1 and
JAK-STAT3 signaling pathways,"® our results demonstrated that
it modulates autophagy in GSK3B dependent manner. 6-Bio
docks with GSK3B better than other inhibitors such as indirubin,
hymenialdisine and meridianins.” It also increases the accumula-
tion of CTNNB1/B-catenin due to the inhibition GSK3B, thus
promoting aggression of breast cancer cells.** 6-Bio also indirectly
activates canonical WNT5A signaling in the hippocampal neu-
rons to protect them from Ap oligomers."> Proof-of-principle
demonstrations at the cellular level reveal that inhibiting GSK3B
reduces SNCA expression” and also results in S-amyloid clear-
ance.”® Thus, GSK3B would be an attractive avenue as a therapeu-
tic target for neurodegeneration. In PD, autophagy is
dysfunctional as the steps of autophagosome biogenesis* and the
fusion between autophagosome and lysosome are blocked.”
Because 6-Bio dramatically enhances autophagosome-lysosome
fusion by inhibiting GSK3B through crossing the blood-brain bar-
rier, it decreases the dramatic toxic protein aggregates in SNpc.
Therefore, 6-Bio could be a promising candidate with therapeutic
potential especially in case of synucleopathies including PD.

Our findings demonstrate that the neuroprotective role of 6-
Bio is due to its autophagosome-lysosome fusion-enhancing
function, which results in SNCA aggregate clearance, and thus
may have therapeutic potential for patients with PD and pro-
tein conformational disorders.

Methods
Chemicals and antibodies

Yeast extract (RM027), peptone (RM667), dextrose (GRM077),
galactose (RM101) and amino acids [leucine (GRMO054),
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methionine (GRM200), histidine (RMO051) and wuracil
(RM264)] were purchased from HiMedia. 3-MA (M9281), 6-
Bio (B1686), LOPAC (L0O1280), anti-LC3B antibody (L7543),
MPTP (methyl-4-phenyl-1,2,3,6-tetrahydropyridine, M0896),
DMEM (D5648), DMEM F-12 (D8900), penicillin and strepto-
mycin (P4333), DAB (3,3'-Diaminobenzidine, D3939), Atto
663 (41176), lysine (L5501) and trypsin EDTA (59418C) were
purchased from Sigma-Aldrich. Anti-p-RPS6KB1 T389 anti-
body (9862) and total RPS6KB1 antibody (9202), anti-p-
GSK3B S9 antibody (5558) and total GSK3B antibody (9315),
anti-p-EIF4EBP1 T37/46 antibody (2855) and total EIF4EBP1
antibody (9452), anti-LAMP1 antibody (9091) and anti-rabbit
IgG, horseradish peroxidase (HRP; 7074) antibody were pur-
chased from Cell Signaling Technology. Anti TUBB/S-Tubulin
(MA5-16308) and anti Tdh (MA5-15738) antibodies were
purchased from Thermo Scientific. Yeast does not express
GAPDH but instead expresses 3 orthologs (Tdh1/2/3) of the
mammalian protein, and that the antibody was raised against
recombinant GAPDH (Thermo Scientific). While the antibody
has been used in yeast studies, publication cannot be inter-
preted as validation unless there is supporting experimental
data that the antibody indeed detects yeast Tdh. Anti-APP/
amyloid S oligomer/A11 (AB9234) was purchased from Merck
Millipore. Anti-Pgkl (ab 38007) antibody was purchased from
Abcam. Anti-GFP (11 814 460 001) antibody was purchased
from Roche. Anti TH/tyrosine hydroxylase (N196) antibody
was purchased from Santa Cruz Biotechnology. Anti-mouse
IgG, HRP (172-1011) antibody was purchased from Bio-Rad.
CMAC-Blue (C2110) was purchased from Life Technologies.
Bafilomycin A, (11038) was purchased from Cayman chemical.
VECTASTAIN Elite ABC Kit (PK-6200) was purchased from
VECTOR laboratories.

Plasmid constructs, shRNA and yeast strains

Plasmids used were GFP-Atg8 (pRS316) [gift from Y. Oshumi
(Tokyo Institute of Technology)], SNCA-GFP (pRS 306) under
the galactose promoter (gift from Paulo Ludovico) and GFP-
BA_y, (pRS306). ptfLC3B** (gift from Tamotsu Yoshimori;
Addgene, 21074), GFP-SNCA?% (gift from David Rubinzstein;
Addgene, 40822). pLKO.1-GSK3B-#1 was a gift from Alex
Toker*° (Addgene, 32496). Scrambled shRNA was a gift from
David Sabatini’' (Addgene, 1864). All yeast strains in this study
are listed in Table S1.

Yeast media, culture conditions, growth assays and SNCA-
GFP aggregate induction

Yeast media used for culturing were YPD (yeast extract, pep-
tone and dextrose) for wild-type (WT) GFP and autophagy
mutant strains, SD-Ura [synthetic dextrose (2%) medium with-
out uracil] for culturing the SNCA-GFP strain and the GFP-
Atg8-processing assay, SG-Ura [synthetic galactose (2%)
medium without uracil] to induce SNCA-GFP expression. All
strains were cultured at 30°C and 250 rpm.

Growth assays: In a 384-well plate, appropriate yeast strains
were seeded (Ago~0.07) with or without drugs and incubated
(80 ul, 30°C and 420 rpm) in a multiplate reader (Varioskan
Flash, Thermo Scientificc USA) for 48 h with automatic
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absorbance (Agq) recording every 20 min. Growth curves were
plotted and analyzed using GraphPad Prism.

Induction of SNCA-GFP aggregates: To induce SNCA-GFP
aggregates, the corresponding strains were inoculated in SD-
Ura medium. Secondary culture was inoculated from primary
inoculum until the absorbance at Agyy reached 0.8/ml. Cells
were washed twice with sterile water and adding SG-Ura for 12
to 16 h induced aggregates.

Small molecule screen

To screen small molecule library LOPAC'*® in the S. cerevisiae

SNCA toxicity model, working plates containing 50 uM drugs
in 1.5% DMSO (190 compounds/plate) were prepared in a 384-
well format. WT SNCA-GFP with or without small molecules
and untreated WT GFP were grown under optimized condi-
tions (80 ul, 30°C and 420 rpm) for 36 h in a plate reader (Var-
ioskan Flash, Thermo Scientific) in duplicates with automatic
absorbance (Agg) recording every 20 min. Growth curves of
untreated WT GFP and WT SNCA-GFP strains were plotted
and mid to late exponential phase time point of untreated WT
GEFP strain was chosen as reference for data analysis. Its corre-
sponding time point of untreated and drug-treated WT SNCA-
GFP strains were plotted separately in a box plot. Small mole-
cules that rescued the growth lag by >3 SD units of untreated
WT SNCA-GEFP strain were considered as ‘hits’.

SNCA-GFP degradation assays

To assess SNCA-GFP degradation efficacy by 6-Bio, after
inducing SNCA-GFP aggregate, the galactose promoter was
turned off by adding dextrose. Cells were treated with 6-Bio (50
uM) for 0, 6, 12 and 24 h. Subsequent degradation of SNCA-
GFP levels were analyzed using immunoblotting (Fig. S4A).

Mammalian cell culture

Hela cells were maintained in DMEM containing 10% fetal
bovine serum (Pan-Biotech, P03-6510). Undifferentiated SH-
SY5Y cells were maintained in DMEM-F12 containing 10%
fetal bovine serum (Life Technologies, 12500062). Cell lines
were cultured in the presence of 5% CO, at 37°C. To perform
autophagy assays, equal numbers of subconfluent HeLa cells
were seeded in 6-well dishes, allowed to attach for 24 h, treated
with 6-Bio (5 M) and/or 3-MA (5 mM) in growth medium
for 2 h. For the GFP-SNCA degradation assay, equal numbers
of subconfluent SH-SY5Y cells were seeded in 6-well dishes
and allowed to attach for 24 h. Cells were transfected with
GFP-SNCA plasmid using Lipofectamine 2000 (Life Technolo-
gies, 11668-019) and allowed to express for 24 h. Cells were
treated with 6-Bio (5 ©M) for 24 h and fold GFP-SNCA levels
were analyzed using immunoblotting.

For the tandem RFP-GFP-LC3B assay, subconfluent cells
were seeded in 60-mm dishes, transfected with tandem RFP-
GFP-LC3B plasmid construct and allowed to express for 24 h.
Later, cells were trypsinized, reseeded (10° cells) and allowed to
attach on coverslips in a 12-well plate. Cells were treated with
or without 6-Bio (5 uM) for 2 h and coverslips were processed
for imaging.

Immunoblot analysis

Preparation of yeast lysates: Yeast strains (Agpo = 3) were resus-
pended in trichloroacetic acid (12.5%) and stored at -80°C for
at least half an hour. Samples were thawed on ice, centrifuged
(16000 x g, 10 min) and the pellet was washed twice with ice-
cold acetone (80%). Pellets were air-dried, resuspended in lysis
(1% SDS and 0.1 N NaOH) solution and Laemmli buffer and
boiled for 10 min.

Preparation of mammalian cell lysates: After treatments, cells
were collected in Laemmli buffer to perform the LC3B process-
ing assay, RPS6KB1, GSK3B and EIF4EBP1 immunoblotting.
To validate GFP-SNCA degradation by 6-Bio, treated cells were
scraped and collected in growth medium. After washing with
phosphate buffer, pellets were lysed in Laemmli buffer and
boiled for 10 min. Samples were electrophoresed on SDS-PAGE
(8-15%) and then transferred onto PVDF (Bio-Rad, 162-0177)
membrane using Transblot turbo (Bio-Rad). Transferred blots
were stained with Ponceau S, probed with appropriate primary
antibodies overnight and subsequently HRP-conjugated second-
ary antibody. Signals were developed using enhanced chemilu-
minescence substrate (Clarity, Bio-Rad), imaged using a gel
documentation system (G-Box, Syngene, UK) and bands were
quantified using Image] software (NTH).

GFP-Atg8-processing assay

An S. cerevisiae strain with an GFP-Atg8 plasmid was grown in
SD-U (synthetic dextrose medium without uracil) under stan-
dardized conditions (30°C, 250 rpm). Using this, the secondary
culture was inoculated (Agpp = 0.2) and grown under the same
standardized conditions until the culture absorbance reached
Agoo = 0.7. For assessing the effect of 6-Bio (50 uM) in induc-
ing autophagy in growth conditions, the cells were transferred
to SD-U with 6-Bio for 6 h. To test the effect of 6-Bio in
enhancing starvation-induced autophagy, cells were washed
twice and transferred to starvation medium with 6-Bio and
samples were collected for 0, 2, 4 and 6 h time points.** Pro-
teins were precipitated using trichloroacetic acid and resolved
by SDS-PAGE (10%) followed by immunoblotting. In the blot,
“GFP-Atg8 accumulation” indicates the induction of Atg8
expression and “free GFP release” indicates the degradation of
GFP-Atg8 in the vacuole. The GFP-Atg8 protein is degraded in
the vacuole (yeast lysosome); however, the GFP tag is relatively
more resistant to vacuolar hydrolases. The levels of GFP-Atg8
(intact fusion protein) would indicate induction of Atg8 expres-
sion (which in turn is interpreted as possible autophagy induc-
tion) whereas comparison to the total GFP (summation of GFP
signals from both full-length GFP-Atg8 and free GFP) indicates
the autophagy flux'>** (turnover of the fusion GFP-Atg8 pro-
tein to free GFP).

Microscopy

Yeast cultures after respective treatments were washed,
mounted on an agarose (2%) pad and imaged.

For mammalian cell microscopy, after 2 h of treatment, cov-
erslips were fixed using 4% paraformaldehyde (PFA; Sigma,
158127) and permeabilized using Triton X-100 (0.2%;
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HiMedia, MB031). Coverslips were mounted using antifade,
Vectashield (Vector laboratories, H-1000). For antibody stain-
ing, coverslips were blocked in 5% BSA (Sigma, RM105) for
1 h, incubated in primary antibody overnight and subsequently
probed with fluorescent-conjugated antibody. Coverslips were
mounted using antifade, Vectashield.

Images were acquired using DeltaVision Elite widefield
microscope (API, GE, USA) with following filters: DAPT (390/
18 and 435/48), FITC (490/20 and 529/38), TRITC (542/27 and
594/45) and Cy5 (632/22 and 676/34). Images were processed
using DV SoftWoRX software.

The tandem RFP-GFP-LC3B assay (sometimes referred to as
traffic light assay) is one test to assess autophagic flux in mam-
malian cells.”® In this assay, autophagosomes appear as yellow
puncta. Unlike RFP, GFP fluorescence being pH sensitive, gets
quenched in the acidic pH environment of autolysosomes and
thus appears red.

For the FITC-dextran uptake assay, after drug treatments,
the HeLa cells were incubated with FITC-dextran (70 kDa;
Sigma, 46945) for 30 min at 2 different temperature conditions
(37°C and 16°C).

Cell viability assay

SH-SY5Y cells were seeded on 96-well plates and transfected
with a plasmid encoding GFP-SNCA only and/or cotransfected
with GSK3B shRNA and GFP-SNCA. To cells, the drugs were
added (24 h) after 48 h of transfection. Then, the cell viability
was measured using the CellTitre-Glo® (Promega, G7570) and
luminescence was measured using a Varioskan Flash reader
(Thermo Scientific).

Animal studies

All procedures in this study were approved by the JNCASR
Institute Animal Ethical Committee (IAEC) and conducted as
per the guidelines of the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA). Inbred
male C57BL/6] mice (3 to 4 mo old) were used for all experi-
mental cohorts.

Studies on MPTP mouse PD model

Mice were randomly allocated to 5 different study cohorts, viz.,
Placebo (n = 5), 6-Bio-only (n = 5), MPTP (n = 5),
MPTP+Pro (n = 3) and MPTP+Co (n = 5). As described pre-
viously," 23.4 mg/kg MPTP.HCI (equivalent to 20 mg/kg free
base) in 10 ml/kg body weight of saline was administered i.p.
for 4 times at 2 h intervals. Further, 5 mg/kg body weight of 6-
Bio in 100 ul of saline was administered i.p. to the MPTP-
injected animals by following either of the 2 different regimens;
the first regimen comprised a prophylactic, pretreatment which
was begun 2 d before MPTP administration (MPTP+Pro);
while the second involved treatment given alongside the MPTP
injection (MPTP+Co). In both the cases, 6-Bio was adminis-
tered for 7 d post MPTP administration daily (Fig. S5A). The
other experimental cohorts included placebo, 6-Bio only (daily
i.p.) and MPTP alone (daily vehicle) for 9 d. All mice were
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killed 9 d post MPTP administration and brains were processed
for immunohistochemistry.

Immunohistochemistry

Mice were anaesthetized using Halothane BP (Piramal Health-
care, India) inhalation and perfused intracardially with normal
saline followed by 4% PFA in 0.1 M phosphate buffer, pH 7.4.
Mice brains were removed quickly and postfixed with 4% PFA
for 24 to 48 h at 4°C. Following cryoprotection in 15 and 30%
sucrose (HiMedia, MB025), 40-pum-thick coronal cryosections
of midbrain were collected serially on gelatinized slides. The
immunoperoxidase labeling protocol was identical to that
reported.’ Briefly, endogenous peroxidase was quenched using
H,0,; (0.1%) in methanol (70%), followed by blocking of non-
specific staining by a buffered solution (3%) of BSA for 4 h at
room temperature. Sections were incubated with TH primary
antibody (1:500) followed by biotin-conjugated secondary anti-
body (1:200 dilution; Vector Laboratories, BA-1400). Tertiary
labeling was performed with avidin-biotin complex solution
(1:100; Vector Laboratories, PK-6200). Staining was visualized
using 3’-3’-diaminobenzidine (0.05%; Sigma, D3939) as a chro-
mogen in a solution of 0.1 M acetate imidazole buffer (pH 7.4)
and H,0, (0.1%). Negative controls were processed identically,
except that the primary antibody was replaced with dilution
buffer.

For immunofluorescent-based double labeling, the sequen-
tial staining procedure was followed.”® Brain sections were
stained for TH and LC3B-APP/amyloid B oligomer/All and
images were acquired using a DeltaVision Elite widefield
microscope (API, GE).

Stereological quantification of TH™ DAergic neurons
in SNpc

As described,”® SNpc was delineated using the 4X objective of
Olympus BX61 Microscope (Olympus, Japan) equipped with
Stereo Investigator Software Version 7.2 (Micro Bright Field,
USA). Stereological quantification was performed using optical
fractionator probe with slight modifications.”® Briefly, every
sixth midbrain section containing SNpc was chosen and TH*
cells were counted under the 100X objective, with a regular grid
interval of 22,500 um? (x = 150 um, y = 150 xm) and count-
ing frame with an area of 3600 um® (x = 60 um, y = 60 m).
Mounted thickness was determined at every fifth site, which
averaged to 25 pum. A guard zone of 4 um was applied on
either side, thus providing 17 pum of z-dimension within the
optical dissector. The quantification was performed starting
with the first anterior appearance of TH* neurons in SNpc to
the caudal-most part. The SNpc volume was determined by
planimetry and total numbers of neurons according to mean
measured thickness were noted.

Densitometry-based image analysis

We used high magnification images of TH-stained nigral
DAergic neurons, captured for offline assessment of expression
levels. Expression intensity was measured using a Windows-
based image analysis system (Q Win V3, Leica Systems,
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Germany). Cumulative mean was derived from the values
obtained from sampling, approximately 200 DAergic neurons
per animal. Intensity output measured on a grayscale of 0 to
255, where 0 equals intense staining and 255 means absence of
staining. Thus, lower gray values suggest higher protein expres-
sion and vice versa.

In vivo blood brain barrier assay

Animals were randomly allocated for placebo control and
drug treatment cohorts. C57BL/6] mice were injected with
placebo control or 6-Bio (5 mg/kg of body weight, intraper-
itoneally) twice with a 24 h time interval. After second
injection, the brains were harvested at 15 min, 30 min,
60 min, 6 h, 12 h and 24 h by cervical dislocation. Mice
brains were immediately homogenized with RIPA buffer
[25 mM Tris-HCL, 150 mM sodium chloride, 1% NP-40
(Roche, 11332473001), 1% sodium deoxycholate (Sigma-
Aldrich, D6750) and 0.1% sodium dodecyl sulfate with pro-
tease inhibitor cocktail (Roche, 11836170001)] for both
treatment cohorts. Homogenously macerated mouse brain
sample (100 pl) was mixed with acetonitrile (ACN, 400 ul),
formic acid (0.2%) and aceclofenac (100 ng/ml, an internal
standard; Sigma, A8861), vortexed for 10 min at 2000 rpm
Orbital shaker (compact digital microplate shaker,
88880024, Thermo Scientific, USA). Then, samples were
centrifuged and the supernatant was injected for LC MS/
MS. Standard samples were prepared by spiking 6-Bio stan-
dard into a blank control brain sample. Standard spiking
was performed such that resultant concentrations were 0,
10, 100, 500, 1000, 1500 and 2000 ng/ml of drug in blank
brain matrix. For LC, PE 200 (Perkin Elmer, USA) HPLC
with an Agilent Zorbax XDB C8 4.6x75 mm, 3.5-um col-
umn (Agilent Technologies, USA) was used. The following
conditions were used for LC: Mobile phases (0.1% formic
acid in water (5%):methanol (95%), isocratic flow rate
(0.7 ml/min), run time (4 min), injection volume (15 wl)
and needle wash solution (1:1 methanol:water mix contain-
ing 0.1% formic acid). The mass spectrometry (API3000,
AB Sciex, USA) was used with aceclofenac as an internal
control and data were processed using Analyst Software
V1.4.2. Drug injections of the various cohorts and prepara-
tions of the brain homogenates were performed at JNCASR.
Acquity laboratories, India performed the above mentioned
LC-MS/MS analysis of the brain samples.

Behavioral studies

Behavioral procedures used for this study were modified
from.>”** All the behavioral experiments were done on 3-
to 4-mo-old male C57BL/6] mice. Experimenters were blind
to the drug injected animals. Experimenters handled mice
used for behavioral experiments for 3 consecutive d before
the training paradigm. Behavioral experiments were
designed in an order of low- to high-stress activity for
mice. Therefore, the open field test was conducted in the
forenoon whereas the rotarod was performed in the after-
noon. Mice were habituated to the behavior room for
15 min every day before the start of experiments. The light

intensity was maintained at 100 Ix throughout the experi-
ment. Mice were weighed every day before training or test
to ensure their good health. Mice were randomly allocated
into 3 treatment cohorts: placebo control, MPTP and 6-Bio.
Data were plotted using GraphPad prism 5 software.

Rotarod trials

The rotarod instrument was custom made at the mechanical
workshop, National Center for Biological Sciences, Bengaluru,
India. The rotating rod (diameter 3.3 cm) was made of Delrin
and was textured to enhance the grip of mice. The rod was
fixed at a height of 30 cm from the cushioned platform where
mice fell on to during training and test. The rod was parti-
tioned into 3 areas of 9.3-cm distance between each partition
using discs (40-cm diameter) made of Teflon. Mice were
trained in the rotarod for 5 consecutive d before drug injec-
tion. Each mouse was trained in the rotarod by gradually
increasing the rotation on every day. On d 1, mice were
trained on 5 to 10 rpm (accelerated at 1 rpm/5 seconds), 11 to
15 rpm (accelerated at 1 rpm/5 seconds) on second day, 16 to
20 rpm (accelerated at 1 rpm/5 seconds) on the third d and at
20 rpm (fixed) for d 4 and 5. Mice were trained at the above
specific rpm for 3 times with 5-min interval between trials.
The rod was rotated from 5 rpm to 20 rpm by manually
changing the speed of the motor (nonautomated). During the
test (d 13 postinjection), the rotarod was started at 20 rpm.
Mice were tested in a rotating rotarod for a maximum of
60 seconds and their latencies were noted down. At the end of
each trial, the rotarod was wiped with 70% ethanol and left
for drying before placing the next set of mice. The entire trial
was video recorded using a DSLR camera (Nikon D5100,
India) and latencies were scored manually. The average time
spent on the rotating rotarod across 3 trials were plotted as
mean latency to fall.

Open field test

The open field arena (50 cm x 50 cm x 45 cm) was custom-
made (JNCASR) using plywood and the internal surface was
coated with white polish. Mice were trained in the open field
for 2 consecutive days before drug injection. During training or
testing, one animal at a time was placed in the zone periphery
in the open field arena and allowed to explore the arena for
5 min. The activity was video recorded (SONY® color video
camera, Model no. SSC-G118, India) using software (SMART
v3.0.04 from Panlab, Harvard Apparatus, USA). After 5 min,
the mouse was returned to its home cage. The open field arena
was then wiped using 70% ethanol and allowed to dry before
placing the next mouse. Distances traveled were analyzed off-
line by an experimenter who was not involved in performing
the experiment.

Statistical analysis

Statistical analyses were performed using the unpaired Student
t test and ANOVA (one-way or 2-way) followed by the post-
hoc Bonferroni test in GraphPad Prism. Error bars were
expressed as mean = SEM.
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RFP, red fluorescent protein;

SD, standard deviation;

SEM, standard error mean;
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Alzheimer’s disease is one of the devastating illnesses mankind is facing in the 21* century. The main
pathogenic event in Alzheimer’s disease is believed to be the aggregation of the f-amyloid (AB) peptides into
toxic aggregates. Molecules that interfere with this process may act as therapeutic agents for the treatment of
the disease. Use of recognition unit based peptidomimetics as inhibitors are a promising approach, as they
exhibit greater protease stability compared to natural peptides. Here, we present peptidomimetic inhibitors
of AP aggregation designed based on the KLVFF (P1) sequence that is known to bind Af aggregates. We
improved inhibition efficiency of P1 by introducing multiple hydrogen bond donor-acceptor moieties
(thymine/barbiturate) at the N-terminal (P2 and P3), and blood serum stability by modifying the backbone
by incorporating sarcosine (N-methylglycine) units at alternate positions (P4 and P5). The peptidomimetics
showed moderate to good activity in both inhibition and dissolution of AP aggregates as depicted by
thioflavin assay, circular dichroism (CD) measurements and microscopy (TEM). The activity of P4 and P5
were studied in a yeast cell model showing AP toxicity. P4 and P5 could rescue yeast cells from Ap toxicity
and AP aggregates were cleared by the process of autophagy.

halt its progression'. Over the past two decades, tremendous efforts have been devoted to understanding
the pathogenesis of AD”. Although the detailed mechanism of neurodegeneration encountered in AD is
not entirely understood yet, several reports indicate that the fibrillar aggregation of B—amyloid (AB) 36 —42
peptides and, in particular, highly toxic AB42 play a key role in the pathogenesis of AD**®. The AB36—42 peptides
are derived from a transmembrane protein called amyloid precursor protein (APP). Amyloidogenic pathway for
processing of APP by enzymes - and y—secretases lead to the release of A36—42 peptides and their deposition
in the brain as plaques’. Hence, the development of molecular agents that are capable of inhibiting the AP fibril
formation or dissolution of the preformed toxic AP fibrillar aggregates are key concepts for AD treatment®®.
Elucidation of the structural properties of A fibrils in the recent years has enabled the design of inhibitors for
fibril formation'®™*¢. The hydrophobic core residues from 11 to 25 in AB40/42 is very crucial for their assembly
into fibrils, and these short peptide sequences have a recognition ability towards A polypeptides. The pentapep-
tide sequences KLVFF or LVFFA can recognize AP polypeptides and, therefore be used as recognition units in the
design of inhibitors for A fibrillization. For example, Tjernberg et al.”” demonstrated that A, 5 binds residues
25 to 35 of AP and prevents fibril formation. Soto and co-workers'® rationally designed a proline-containing
residue (LPFFD), which is known to be a B-sheet breaker and was found to inhibit the fibrillization of AB
aggregation. KLVFF-conjugated oligolysine or oligoglutamic acid units were useful means of generating binders
to A, which resulted in the formation of large aggregates that might lead to reduced cell toxicity'*-*'. A tetramer
of KLVFF was designed and was found to inhibit the transformation of AB42 soluble oligomers into fibrils and
also promoted the dissolution of preformed AB42 aggregates®. Conjugation of hydrophobic moieties with A
recognition unit was also attempted to construct inhibitors of AP aggregation. Cholic acid as a hydrophobic
moiety at the N-terminal of LVFFA and its D-analog sequence strongly inhibited the A fibrillization*. Ferrocene
attached at the N-terminal of KLVFF showed inhibitory action towards AP42 aggregates. Methylation of amide
groups in short recognition peptides is also an effective means of designing AP inhibitors. These N-methylated
peptides were able to cap growing [-sheets, blocking one face of the AP polypeptide from participating in
hydrogen bond driven fibrillar aggregation due to lack of amide proton and sterically hindered N-methyl groups.

ﬁ lzheimer’s disease (AD) is a major contributor of dementia with no clinically accepted treatment to cure or
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Furthermore, the chemical modifications at the N-terminal and amide
N-methylated designed peptides also provided extra stability towards
proteases® . Several N-methylated peptides based on recognition
sequence (KLVFF) have been systematically synthesized and analysed
for their ability to function as fibrillar inhibitors and their effect on the
AB toxicity. Digit et al.*® synthesized an analog peptide D-[chGly-Tyr-
chGly-chGly-mLeu] -NH, (ch = cyclohexyl, male = N-methyl lysine)
to demonstrate its striking inhibitory activity. Introducing N-methyl
analogs of natural amino acids at alternating positions of recognition
peptide have also shown promising activity in both inhibition and
dissolution of AP aggregates®. A completely synthetic analog of the
recognition peptide with N-substituted amino acids (peptides) have
been shown to have prominent inhibition activity towards AP aggre-
gates™. Designing hybrid peptide-peptoid based modulators targeting
hydrogen bonding involved in B-sheet formation and subsequent
elongation leading to fibrillar aggregates has not been addressed ade-
quately in the literature. Therefore, developing hybrid peptide-peptoid
based modulators aiming to target multiple phases of AP42 aggrega-
tion would provide highly efficient inhibitors.

Another potential approach is through enhancing the phenom-
enon of aggrephagy. Aggrephagy, a cellular mechanism of selective
autophagy, involves degradation of misfolded proteins or aggregates
essential for cell homeostasis®'. Presence of AP aggregates down-
regulates autophagy, which is known to play a pivotal role in the
clearance and neutralizing the toxic effects caused by AB. Designed
small molecules or peptides which influence autophagy may also act
as probable therapeutics™. Yeast has been popularly used as a simple
model organism in literature to study AP toxicity and screen A
inhibitors®. Saccharomyces cerevisiae is a eukaryote and, hence,
shares phenomenal homology with the human genome™. It also
recapitulates the fundamental processes of a human-like transcrip-
tion, translation and also its metabolism™. Yeast model also provides
a platform to study the autophagy-based regulation®.

In this report, we present effective inhibition of AB42 aggregation
using hybrid peptide-peptiod modulators based on the core
sequences of AP peptide (KLVFF). The hybrid peptide-peptoids
modulators were designed to act on multiple phases of AB42
aggregation by introducing a non-amino acid moiety with multiple
hydrogen bond donor-acceptor sites, at the N-terminal to target
AP42 B-sheet formation. The introduction of peptoid monomers
(sarcosine) at alternative positions of the recognition motif
(KLVFF) prevents the oligomerization of AB42 monomers upon
its binding through the face of amino acids. Furthermore, the hybrid
peptide-peptoid modulators were anticipated to confer proteolysis
resistance to the derived peptidomimetics, thus increasing their
biostability and bioavailability (the parent peptide KLVFF contains
natural amino acids and is not resistant to endoproteases). Thioflavin
T (ThT) binding, assayed by fluorescence spectroscopy, was used to
probe AB42 fibril formation and effect of peptidomimetic inhibitors
on their growth. Circular dichroism (CD) was used to study the effect
of inhibitors on the secondary structure of AB42 aggregates. The
morphological analysis of AB42 in the absence and presence of pep-
tidomimetic inhibitors was investigated using transmission electron
microscopy (TEM). The structural integrity and stability of inhib-
itory peptides and peptidomimetics was analyzed in the presence of
proteases. Further, inhibitory activity was studied in the yeast
(Saccharomyces cerevisiae) model, which expresses AP42, to assess
the ability of peptidomimetics as therapeutic agents and to under-
stand their mechanism of action in reducing AB42 toxicity. Thus, we
report on the study of structural fine tuning and inhibitory activities
of peptidomimetics towards preventing the formation of AB42
aggregates and dissolving the preformed toxic aggregates (Fig. 1).

Results and Discussion

Design strategy for Peptidomimetics. The principle of the design
was to rationally introduce a minimum number of simple chemical

modifications into a small recognition peptide sequence extracted
from AP42, which is considered crucial for B-sheet conformation
and fibrillogenesis. These peptidomimetics bind and stabilize the
amyloidogenic conformational population of AB42 and inhibit its
aggregation into toxic amyloid aggregates. The chemical
modifications are aimed at interfering with hydrogen bonding
found in the B-sheet conformations of AB42%. Inhibition of B-
sheet formation in AP42 affects its self-assembly to fibrillar
aggregates. We considered KLVFF (AB16-20) as the recognition
sequence, which has been reported in the literature to interact with
AP42 and its aggregates'®. Although KLVFF (P1) has the ability to
interfere with fibrillization, the extent of inhibition is very marginal
due to higher stabilization of AB42 B-sheet conformations than the
AB42/KLVFF complex®®. To enhance the stabilization of Af42/
KLVFF complex we introduced small organic moieties with
multiple hydrogen bond donors and acceptors at the N-terminal of
KLVFF (Fig. 1). This specially chosen organic moiety could
participate in hydrogen bonding to form much stronger AB42/
inhibitor complex. We selected two organic moieties, thymine and
barbiturate, as N-terminal pendent functionalities to obtain peptides
P2 and P3, respectively as shown in Fig. 1. These organic moieties
contain multiple hydrogen bond donor and acceptor centers, which
are capable of forming additional hydrogen bonds with B—sheet
forming AP42 monomer or AP42 aggregates®. Subsequently, we
performed inhibition studies and concluded that the extent of
inhibition was moderate, and moreover, the blood serum or protease
stability of P2 and P3 was not encouraging. The next level of
modification was then considered on P2 as it displayed better
inhibition activity over P3. Meredith et al. used N-substituted amino
acids at alternate positions of KLVFFAE, where a-substituents of Leu,
Phe and Ala were attached to amide nitrogen atom. These
modifications were presumed to help retain the recognition ability
and inhibition of AP40 fibrillogenesis or dissolution of AB40 fibrils.
In this case, the inhibitor was anticipated to work by blocking the
hydrogen bonding intereactions. However, involvement of other
noncovalent interactions from the o-substituents either in the
inhibitor or APB40 were not considered in the design®. It should be
noted that the fibrillogenesis of AP40/42 is guided by both hydrogen
bonding and other noncovalent interactions™. Thus, we intend to target
the key role of hydrogen bonding in AP42 aggregation as well as
minimizing other noncovalent interactions among AP42 and
modulators, in our design strategy. Keeping this in mind, we
introduced sarcosine (Sr) in alternate positions of P2 to obtain P4
(Thymine-Sr-Leu-Sr-Phe-Sr-Ala) and P5 [Thymine-Lys-Sr-Val-Sr-
Phe-Sr) (Fig. 1). We hypothesized that the peptidomimetics P4 and
P5 would interact with AP42 through the face containing normal
amino acids (blocking hydrogen bonding) while minimizing other
noncoavelent interactions to prevent the fibrillogenesis of A342*.

Studying inhibition and dissolution efficiency by thioflavin assay
and CD measurements. ThT assay has been widely used to monitor
the transformation of AP42 monomers to fibrillar aggregates. We
employed ThT assay to evaluate the ability of our peptidomimetic
candidates to either prevent fibril assembly (inhibition) or to break
down preformed fibrils of AB42 (dissolution). For the inhibition
assay all the peptidomimetics (P2, P3, P4 and P5) along with
control peptide P1 were added at 0 h of the experiment, whereas
for the aggregates reversal (dissolution) assay they were added to
AB42 fibrillar aggregates grown for 2 days. Once they had
been incubated together, AB42/inhibitors were analyzed using
ThT by measuring the fluorescence changes. First, we performed
concentration-dependent experiments where different ratios of P1,
P2, P3, P4 and P5 were incubated with fixed concentrations of A342
(20 uM) and its aggregates to study their effect on both inhibition
and reversal assay, respectively. Experiments were performed at
stoichiometric ratios (AP42/inhibitor) of 1:0.2, 1:1, and 1:2 with
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Figure 1 | Peptidomimetic inhibitors. (a), Inhibiton and dissolution of AP42 aggregates, and their evaluation in yeast model for Alzheimers disease.

(b), Structures of peptide and peptidomimetic inhibitors.

the fixed concentration of AB42 of 20 pM. Inhibition experiments
demonstrated that P4 and P5 were able to prevent AB42 aggregation
as indicated by a reduction in the fluorescence intensity of ThT up to
95% in case of 1:2 stoichiometric ratio after four days of incubation
at 37°C (Fig. 2). Conversely, P1, P2 and P3 showed low to moderate
inhibition efficiencies of 20%, 55% and 40%, respectively for 1:2
stoichiometry. Similar trends were observed in the case of fibril
reversal assay with dissolution efficiencies of 20% (P1), 45% (P2),
34% (P3), 80% (P4) and 80% (P5), for 1:2 stoichiometric ratios
(Fig. 2). Thus, P4 and P5 were found to be promising as they
displayed a pronounced effect on both inhibition and reversal
assay. However, the efficiencies of P4 and P5 were only marginally

better in inhibition assay compared to reversal assay with a difference
of about 15%. Increasing the molar ratio of peptides (> 2 fold) did
not lead to improvements in inhibition or reversal assay and,
therefore, we performed all our further experiments with 1:2
stoichiometry of AB42:inhibitor (20 uM :40 pM).

Next, we performed time-dependent assays to monitor the effect
of inhibitors on the growth kinetics of AB42 monomers to fibrillar
aggregates and dissolution of toxic aggregates. A sigmoid growth
curve was obtained for AP42 fibrillization, which has been well-
reported in the literature®. P1 showed a slight variation in the growth
curve, indicating least effect on the AP42 aggregation, whereas P2
and P3 showed decreased growth phase to < 60%, signifying mod-
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Figure 2 | Inhibition and reversal data of AB42 aggregates studied by ThT
assay. The data in (a) and (b) show the effects of different stoichiometries
of P1, P2, P3, P4 and P5 on the aggregation of 20 pM AB42 (on day 4 for
the inhibition assay and day 6 for the reversal assay). Molar ratios
(Ap42:peptide) 0f 1:0,1:0.2, 1:1 and 1:2 were used for each peptide.
Values are the normalized maximal fluorescence intensity at 485 nm
compared to that of the control (AP42 with no inhibitor). P4 and P5
showed most prominent effect in both the experiments compared to other
three peptides (P1-P3). Each experiment was repeated three times (n = 3).
Error bars represent the standard deviation (SD) of the fluorescence
measurement.

erate inhibition efficiency. P4 and P5 were most competent among
all the candidates with an inhibition efficiency of > 90% as shown in
Fig. 3. During the growth phase, AP42:P4/P5 complex showed a
slight enhancement in fluorescence (9 h), which decreased at further
time points indicating that AP42 aggregates formed at a faster rate
during the growth phase, but at further time points inhibitors man-
aged to dissolve the aggregates and showed a decrease in fluor-
escence®. In time-dependent reversal assays, a similar order of
efficiency was observed where P1/AB42 complex showed a slight
decrement in fluorescence and P2 and P3 were moderately active
in dissolving the AB42 aggregates with efficiencies of 35% and 25%,
respectively. P4 and P5 again exhibited best dissolution efficiencies
of 68% and 75% on the AP42 aggregates. To further validate the
inhibition efficiency of our most efficient inhibitor P5, we performed
dot blot analysis in a time dependent manner using specific antibody
for AP42 aggregates™. AB42 (20 uM) aggregates were incubated with
P5 in 1:2 stoichiometry and their influence on the dissolution is
quantified at different time points (6, 12, 24 and 48 h) by measuring
chemiluminescence intensity (supplementary Fig. S1). The dot blot
analysis data clearly supported our ThT dissolution assay of AB42
aggregates with P5 as shown in Fig. 3b.

To further validate our results, we performed CD studies. AB42
aggregates are predominantly made of -sheet assembly, which can
be assessed by CD measurements. Hence, a decrease in B-sheet con-
tent and corresponding characteristic CD signal intensity directly
correlate with the inhibition efficiencies of inhibitors. In this assay,
we monitored the intensity of negative CD band centered at 218 nm,
characteristic of a B-sheet structure and a decrease in its intensity was
correlated with a reduction in the toxic AB42 aggregates (supple-
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Figure 3 | Kinetics of P1-P5 on inhibition and reversal of AB42 fibril
using ThT assay. A 20 uM of AB42 monomers (a) or their aggregates (b)
were incubated with inhibitors (P1, P2, P3, P4 and P5) at 37°Cin 1:2
stoichiometry and their influence on fibrillization or dissolution is
quantified by measuring ThT fluorescence intensity, which is represented
as normalized fluorescence intensity at 485 nm for a given time point. Each
experiment was repeated three times (n = 3). Error bars represent the
standard deviation (SD) of the fluorescence measurement.

mentary Fig. S2). In these CD measurements, samples similar to ThT
fluorescence assays were used to allow for direct comparison between
the two experiments. In the case of inhibition assay, AB42 monomers
were incubated with inhibitor candidates for 4 days at 37°C and then
CD measurements were performed to evaluate the inhibition effi-
ciency. AB42/P1 mixture showed a slight decrease in B-sheet content
(deduced by a decrease in negative band at 218 nm). AP42/P2
showed a slight blue shift and > 50% reduction in CD intensity (a
decrease in intensity at 218 nm compared to the AB42 control, P1) as
compared to untreated AP42 while P3 showed only ~30% decrease
in B-sheet content. Supporting our results obtained in the ThT assay,
P4 and P5 emerged as efficient inhibitors as they exhibited > 80%
inhibition (corresponding to a decrease in CD band intensity at
218 nm) of the formation of AP42 aggregates (Fig. 4). In the reversal
assay, AP42 aggregates were incubated with the inhibitor candidates
for six days at 37°C and then, CD measurements were performed.
CD data was in excellent agreement with the dissolution efficiency
obtained in reversal assay experiments monitored by the ThT assay
(Fig. 2). P2 and P3 showed moderate dissolution efficiencies of 40%
and 25%, respectively towards the AP42 aggregates. P4 and P5
showed appreciable dissolution efficiencies of > 75% (Fig. 4).
Overall, inhibition and dissolution efficiencies obtained in the ThT
fluorescence assay and CD measurements were in good agreement.

To prove that the above results were purely due to changes in AB42
and had not been altered by the self-aggregation of inhibitory pep-
tides, we performed a time-dependent assay over a period of 10 days
where all the inhibitor candidates (P1- P5) were incubated at 37°C
and their effect on the fluorescence of ThT was monitored.
Fluorescence enhancement shown by inhibitor (P1- P5) alone was
almost negligible, which was further confirmed by CD measurement,
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Figure 4 | Studying Inhibition and reversal assay of AB42 aggregates by
CD measurements. The data in (a) and (b) show the effects of P1, P2, P3,
P4 and P5 (40 pM) on the aggregation of 20 uM AP42 (on day 4 for the
inhibition assay and day 6 for the reversal assay). Insets in (a) and (b) shows
the intensity of negative signal at 218 nm (represents [3-sheet content)
observed in corresponding experiments. P4 and P5 effectively decreased
the B-sheet content corresponding to AB42 aggregates compared to P1-P3.

even on the tenth day of incubation modulator peptides did not
adopt any secondary conformations (supplementary Fig. S3)*.

TEM Analysis. To further consolidate our conclusions drawn from
the ThT assay and CD measurements, we performed TEM to analyze
the effect of P4 and P5 on the process of fibrillization and preformed
toxic aggregates of AP42 (Fig. 5). All the experiments were
performed with 20 pM of AB42 in PBS buffer (10 mM, pH 7.4).
For inhibition experiments, AB42 monomers were incubated with
P4 or P5 for 6 days at 37°C while for reversal experiments preformed
AB42 aggregates were incubated with P4 or P5 for 12 days at 37°C.
Ap42, when incubated in PBS buffer at 37°C for two days, showed the
presence of long fibrillar aggregates (Fig. 5a). P1 was used as a
negative control as it did not show any significant changes in the
inhibition or dissolution experiments as monitored in the ThT assay
and CD measurements. P1 incubated with AP42 showed the
presence of fibrillar aggregates in both inhibition and reversal
experiments as shown in Figures 5b and 5e, respectively. In
contrast, P4 showed complete absence of fibrils in the inhibition
experiment confirming the prevention of fibrillar growth of Ap42
(Fig. 5¢). In the case of reversal experiment, there were no signs of
fibrils in P4 (Fig. 5f). Similarly, P5 showed the absence of fibrillar
aggregates in inhibition (Fig. 5d) and reversal (Fig. 5g) experiments.
Further, the observed globular morphology of P4 treated AP42
fibrillar aggregates as shown in Fig. 5f could be misunderstood as
toxic oligomeric species. To investigate this, we performed a dot blot
analysis where AB42 (20 pM) aggregates were incubated with P4 and
P5 in 1:2 (AP42: inhibitor) stoichiometry for 12 days at 37°C and
then treated with A1l antibody (which specifically binds to toxic
AP42 oligomeric species) followed by treatment with secondary

antibody and finally chemiluminescence intensity was measured.
Positive control, AP42 oligomers showed a signal, whereas AB42+
P4 and AP42+ P5 did not show any signal indicating absence of
toxic oligomeric species. To further verify the findings, toxicity assay
was performed where yeast cells (Saccharomyces cerevisiae) were
incubated with AP42 oligomers (50 uM) and AB42 (50 uM)
aggregates which were treated with P4 in 1:2 (AP42:P4)
stoichiometry, at 37°C and their effect on the growth curve was
monitored. AP42 oligomers showed high toxicity (Fig. S5),
whereas APB42+P4 sample showed least effect on the growth curve
of yeast cells. Therefore, the dot blot analysis and toxicity assay
confirms that globular structures seen in Fig. 5f are not toxic Ap42
oligomeric species (supplementary Fig. S4 and Fig. S5)*'. Therefore,
TEM data confirmed that P4 and P5 were involved in the inhibition
and dissolution of toxic aggregates, which is in agreement with the
conclusions drawn from other experiments.

Blood plasma and proteolytic stability for peptiomimitics. The
impact of N-terminal modification (P2 and P3) and Sr (N-
methylglycine) substitution (P4 and P5) in P1 were investigated
for their proteolytic stability towards blood plasma proteases™.
The assay involved the incubation of peptides (50 pM) with blood
serum at 37°C for a period of 24 h and assessing the amount of intact
peptides at different time points (0, 3, 6, 12 and 24 h) using RP-
HPLC. P1 exhibited greatest susceptibility towards the serum
proteases with a serum half-life of ~3 h, and 80% of the P1 was
degraded at 24 h (Fig. 6). In contrast to that, P2 and P3 with
modified N-terminal of P1 (thymine and barbiturate, respectively)
showed a better protease stability towards blood plasma. Both P2 and
P3 followed almost a similar path of degradation with time, where
they showed a half-life of ~10 h. This was 3 times higher compared
to P1 indicating that the N-terminal modification with a non-amino
acid moiety had enhanced the blood protease stability by interfering
with the degradation ability of proteases. At 24 h, both P2 and P3
were degraded to 70%, which was comparable to P1 suggesting that
stability of both P2 and P3 decreased with time. Remarkably, P4 and
P5 were very stable towards blood plasma proteases in comparison to
the other peptides (P1, P2 and P3). After 24 h, more than 90% of P4
and P5 were intact with P5 exhibiting relatively higher stability than
P4 (Fig. 6). Proteolytic enzymes generally recognize the specific
amide bond between the natural amino acids and cleave them. In
the case of P1, P2 and P3 all the amino acids were natural (except N-
terminal modifications in P2 and P3, which showed marginally
higher stability) and could be easily recognized by proteases; these
peptides thus, degraded with time. On the other hand, P4 and P5
with an unnatural amino acid (Sr: N-methylglycine) in alternate
positions were not recognized by the blood plasma proteases,
resulting in their high blood plasma protease stability.

To further validate these results, we performed a stability assay for
P1-P5 (50 pM) in the presence of proteolytic enzymes trypsin and
pepsin. Enzymes trypsin and pepsin are well-known to cleave the C-
terminal of lysine and amide bond involving aromatic amino acids,
respectively®. Peptides were incubated with both the enzymes at
37°C for 24 h, and the amount of the residual intact peptide was
monitored in each case at different time points (0, 3, 6, 12 and 24 h)
using RP-HPLC. P1, P2 and P3 were less stable, of which P1 degra-
dation was fastest followed by P2 and P3. However, P4 and P5 were
highly stable under similar conditions and > 90% of the peptidomi-
metics was intact after 24 h of incubation in the presence of both the
enzymes suggesting their poor recognition by the two proteases
(supplementary Fig. S6). Overall, the stability assays with blood
plasma and proteolytic enzymes led to similar conclusions and con-
firmed the stability, order P5>P4>>P3~P2>P1.

Designed Peptidomimetics NullifyAf Toxicity in an Autophagy-
Dependent Manner. All the peptides and their analogs (P1-P5) were
screened for their ability to ameliorate the toxicity caused by AB42 in
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Figure 5 | Electron microscopy examination to study the effect of P1, P4 and P5 on AB42 fibrillization and dissolution of aggregates. P1, P4 and P5 were
incubated with 20 pM of AB42 monomers or their aggregates at 37°C in 1:2 (AP42 :inhibitor) stoichiometry and analyzed on day 6 for the
inhibition assay and day 12 for the reversal assay experiments. Inhibition assay: AB42 a, AB42 + P1b, AP42 + P4 c,and AB42 + P5 d. Reversal assay: AP42
+ Ple, AB42 + P4 f, and AB42 + P5 g. P1 showed least effect on morphology of AB42 fibrils, whereas P4 and P5 showed prevention of AB42 fibrils
formation in inhibition assay and dissolution of AP42 aggregates in reversal assay. Scale bar: 100 nm.

a Saccharomyces cerevisiae model. N-terminal of AP42 was tagged
with GFP (WT GFP BA) while the WT GFP strain was used as a
control. To study the non-toxic nature of inhibitor candidates, their
influence on culture growth curves of WT GFP were analyzed
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Figure 6 | Serum stability of inhibitors. Inhibitors (50 pM) (P1-P5)were
incubated in human blood serum (HBS) and were analyzed at different
time points over a duration of 24 h to determine the percentage of intact
inhibitor. P1, P2 and P3 degraded with time, whereas P4 and P5 showed
high stability towards the serum proteases. Each experiment was repeated
three times (n = 3). Error bars represent the standard deviation (SD) of the
fluorescence measurement.

(supplementary Fig. S7). In P1-P5 (300 uM) treated cells, the
growth curves were similar to that of the untreated sample. No
significant growth lag or drop in absorbance (Aggy) was observed
in the presence of peptides. On the other hand, the growth curve of
WT GFP BA exhibited a severe lag with the culture not entering the
exponential phase due apparently to AP toxicity®. The apparent
growth lag displayed by WT GFP BA strain compared to WT GFP
was used for screening the inhibitors (Fig. 7a). Among five inhibitors,
growth curves of WT GFP A strain in the presence of peptides P1,
P2 and P3 appeared similar to that of untreated cells. However, the
cells treated with peptides P4 and P5 displayed a growth pattern
similar to that of WT GFP. Hence, it is inferred that peptides P4
and P5, but not the others, successfully rescued the growth lagin WT
GFP PBA strain. Upon P4 and P5 treatments, various growth
parameters like growth rate and doubling time in WT GFP BA
strain showed significant rescue comparable to that of WT GFP
were the growth rate was increased whereas doubling time was
reduced evidently (supplementary Fig. S8).

Next, we probed if the inhibitors were able to clear the A aggre-
gates (tagged with GFP) in vivo. For this, we performed a microscopy
assay wherein the GFP BA appear as punctate dots when present as
aggregates while its clearance in the vacuole is marked by the pres-
ence of free GFP. GFP BA-expressing cells, when either untreated or
treated with peptide P1, displayed characteristic punctate formation
inside the cells and no free GFP was present in the vacuole (Fig. 8a).
The free GFP was observed in vacuoles in culture treated with P4 and
P5, but was absent in P1 (control) and untreated cells (Fig. 8a) of WT
GFP BA strain. Pertaining to P4 and P5, diffused GFP signal in the
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Figure 7 | Screening of inhibitors in a yeast model of Ap toxicity. (a), All
inhibitor candidates were screened in WT GFP BA strain at the
concentration of 300 puM. (b), Investigation of P1, P4 and P5 in the atgl4
GFP BA strain by monitoring growth curves at peptide concentrations of
300 pM. Each experiment was repeated three times (n = 3). Error bars
represent the standard deviation (SD) of the measurement.

vacuole co-localized with the vacuolar lumen staining dye CMAC-
Blue, suggesting that incubating cells with these peptides resulted in
GFP PA aggregates being degraded in the vacuole to release free GFP.
Autophagy has been shown to play a key role in degrading the B-
amyloid oligomers or fibrils*>. Degradation of protein aggregates by
selective autophagy mechanism is defined as aggrephagy®. In cel-
lular context, the disaggregated fibrils are captured and released into
the vacuole for degradation through autophagy. To investigate
whether the appearance of free GFP in the vacuoles of cells treated
with P4 and P5 was due to autophagy, we repeated the growth rescue
experiment in cells defective in autophagy (Aatgl mutant). Although
P4 and P5 were able to rescue the growth lag in WT GFP BA strain,
they failed to do so in atglA GFP BA strain (Fig. 7b). In addition,
vacuolar free GFP was not seen in atgIA GFP BA strain treated with
P4 and P5 (Fig. 8b) similar to untreated and P1 treated cells. The
peptides neither reduced the A toxicity nor degraded GFP BA in the
autophagy mutant. This clearly indicated that autophagy was
responsible for clearing the AP aggregates, by P4/P5 treatments in
WT GFP BA cells.

Conclusion

In conclusion, we rationally designed recognition unit based pepti-
domimetic inhibitors, which target hydrogen bonding and other
noncovalent interactions necessary for AP aggregation to form toxic
aggregates in Alzheimer’s disease progression. ThT fluorescence
assay and CD data confirmed that peptides with N-terminal thym-
ine-modification (P2) and peptidomimetics containing N-terminal
thymine and sarcosine (N-methylglycine) in alternate positions of
KLVFFA (P4 and P5) exhibited both inhibition and dissolution abil-
ity towards AP42 aggregates with the latter two being considerably

more efficient. TEM analysis demonstrated that P4/P5 treated Ap42
monomers or its aggregates showed no signs of fibrillar aggregates
compared aggregates found in control study, which further
strengthen our hypothesis that P4 and P5 are involved in inhibition
and dissolution of AP42 aggregates. Furthermore, peptidomimetics
P4 and P5 showed high stability towards blood serum and proteo-
Iytic enzymes like trypsin and pepsin compared to P1-P3.
Therapeutic contenders P4 and P5 were tested in a Saccharomyces
cerevisiae model of AP42, where they could rescue the yeast cells
from AP42 toxicity by clearing them through the autophagy path-
way. Although down-regulation of autophagy is implicated in
Alzheimer’s disease, for the first time we validated the role of active
autophagy in clearance of toxic AP aggregates using peptidomi-
metics. These results on rationally designing peptidomimetic inhi-
bitors for tackling AP42 toxicity in Alzheimer’s disease will strongly
impact the identification of novel drug candidates for this hitherto
incurable disease.

Methods

Synthesis of Peptide and its Mimetics, Purification, and Analysis. The control
peptide P1 (KLVFF), N-terminal modified peptides P2 (Thymine-Lys-Leu-Val-Phe-
Phe) and P3 (Barbiturate-Lys-Leu-Val-Phe-Phe), and the N-methyl glycine
(sarcosine: Sr) substituted peptidomimetics P4 (Thymine-Sr-Leu-Sr-Phe-Sr-Ala)
and P5 (Thymine-Lys-Sr-Val-Sr-Phe-Sr) were synthesized following standard 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry on an automated peptide synthesizer
Syro II from MultiSynTech. Rink amide resin (Novabiochem) was used as a solid
support in the synthesis with an amide at the C-terminal. Fmoc-protected sarcosine
(Sr) was prepared using standard protection procedure and directly used for the
synthesis of P4 and P5 using the peptide synthesizer. Amino acids were coupled using
HBTU as the activating reagent, DIPEA as the base and DMF as solvent; for
deprotection of Fmoc 40% piperidine in DMF was used. P1, P2 and P3 were
synthesized with a coupling time of 1 h per amino acid, whereas for P4 and P5
coupling time was increased to 2 h to obtain higher coupling yields. All the peptides
and peptidomimetics were purified using a reverse-phase (RP) preparative HPLC on
C18 column at 40°C. Product purity was greater than 99% as ascertained by analytical
HPLC. The molecular masses of the peptides and their mimetics were verified with
HRMS (Q-TOF) analysis.

Preparation of AB42 fibrillar aggregates and oligomers. AP42 peptide (0.25 mg)
(Calbiochem, Merck) was dissolved in hexafluoro-2-propanol (HFIP, 0.2 mL) and
incubated at room temperature for 1 h. HFIP was then removed by the flow of
nitrogen and further dried under vacuum. HFIP-treated AP42 was then dissolved in
10 mM PBS buffer to a concentration of 200 uM at pH 7.4. The solution was
incubated at 37°C for 48 h with constant shaking for fibril formation. The formation
of AP42 fibrillar aggregates was confirmed by ThT fluorescence, CD measurements
and electron microscopy. For oligomers, HFIP-treated AB42 dissolved in 10 mM PBS
buffer and incubated at 4°C for 24 h**.

Fluorescence Spectroscopy. Fluorescence spectral measurements were carried out
using Perkin Elmer Model LS 55 fluorescence spectrophotometer. Maximum
fluorescence of ThT was observed with the excitation and emission wavelengths set to
450 and 483 nm, respectively. A ThT concentration of 5-10 uM was used for amyloid
fibrillization and dissolution assay based on the AP42 fibrillar concentration.

Circular Dichroism. The circular dichroic (CD) spectra were recorded using a Jasco
J-815 spectrometer under nitrogen atmosphere. Peptides were dissolved in 10 mM

PBS buffer at pH 7.4 at concentrations of 20 pM. A 10 mm path length was used for
the measurements. Four to five scans were acquired from 200 to 300 nm.

Fibrillogenesis and Fibril Dissolution Assays. Prior to the experiment, P1, P2, P3,
P4 and P5 were dissolved in HFIP and were evaporated under a stream of dry
nitrogen. The dried samples were re-suspended in 10 mM PBS buffer at pH 7.4. An
aliquot of AP42 peptide was then added to the solution with or without one of the
inhibitor P1, P2, P3, P4 and P5. The mixtures were vortexed for approximately 30 s
and then incubated at 37°C for 2-3 days without shaking. The final concentration of
AP42 in the mixture was 20 pM. For a dissolution experiment, A342 was incubated
alone for 2 days to allow fibrils to form. An aliquot of the formed fibrils in 10 mM PBS
buffer was then added to the inhibitor peptidomimetics. The amount of fibrils
remaining intact was assayed using that fluorescence, CD measurements and
transmission electron microscopy as described below.

Transmission Electron Microscopy (TEM). An aliquot of appropriately formed
samples of AP42 aggregates, AB42-inhibitor and AP42 aggregate-inhibitor (5 pL)
were adsorbed onto 200-mesh carbon and formavar-coated grids for 2 min and
washed for 1 min with distilled water. The samples were negatively stained with 2%
uranyl acetate for 5 min and washed for 1 min with distilled water**. The samples
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Figure 8 | Degradation of GFP AP in monitored by fluorescence microscope. (a), WT GFP BA and (b), atgl BA strains were treated with P1 (control), P4
and P5 and vacuoles stained with CMAC-Blue Scale bars: 7.5 pm (a) and 5 pm (b). Concentration of P1/P4/P5: 300 uM.

were air-dried overnight and viewed with a JEOL, JEM 3010 instrument operating at
300 kV.

Dot Blot Analysis. PVDF membranes (Sigma aldrich) were activated by incubating
them in methanol solution for 5 min followed by washing with 10 mM PBS buffer
(3X). Samples were spotted on the membranes (in triplicate) and non-specific sites
were blocked by soaking in 5% BSA in PBS buffer, and skim milk (0.5-1 hour, RT).
Then membranes were incubated with either primary antibody A11 (1:3000) for
oligomer or Anti-beta-amyloid 1-42 antibody (Merck millipore) for AB42 fibrillar
aggregates at 4°C for overnight and then washed with PBS buffer (3 X 5 min). These
membranes were further incubated with anti-mouse secondary antibody (1 :10000)
conjugated with horseradish peroxidase (HRP) for 30 min at RT. These membranes
were washed with PBS buffer (3 X 5 min), incubated with enhanced
chemiluminescence (ECL) reagent for 1 min and recorded the chemiluminescence in
SYNGENE G-box. The signals from the unknown samples were compared to that of
standard and concentration was estimated*.

Serum Stability Assay. Human blood serum (HBS) was used to determine serum
stability of the inhibitors. The HBS was centrifuged to remove the lipid component,
and the supernatant was incubated at 37°C. 50 Mm of each inhibitor (P1, P2, P3, P4
and P5) was incubated in HBS and then 40 pL triplicate aliquots were removed at 0, 1,
3,6, 10, 16, and 24 h. Each serum sample was quenched with 40 pL of 6 M urea and
incubated at 4°C for 10 min. Then, each serum sample was quenched with 40 pL of
trichloroacetic acid (20%) and incubated for another 10 min at 4°C to precipitate the
serum proteins. The samples were centrifuged for 10 min, and 200 pL of the
supernatant was analyzed on RP-HPLC using a linear gradient of solvent B (0.3 mL/
min flow rate). The control samples containing equivalent amounts of inhibitors in
PBS buffer were subjected to the same treatment procedure. The percentage recovery
of inhibitors was detected by integration at 254 nm™.

Protease Stability Assay. Preliminary stability assays were performed using the
enzymes pepsin and trypsin. For all assays, peptides were incubated with the enzyme
at 37°C for 24 h. All digestion assay data were analyzed by RP-HPLC. Trypsin and
pepsin stocks were prepared in 100 mM ammonium bicarbonate (NH,HCO;) buffer
(pH 8) and 100 mM formic acid buffer (pH 2), respectively. All the peptides/
peptidomimetics (P1, P2, P3, P4 and P5) were incubated with trypsin and pepsin
enzymes in 100 mM NH,HCO; buffer (pH 8) and formic acid buffer (pH 2),
respectively, at 37°C. The trypsin reactions were halted with 0.05% formic acid, and
the pepsin reactions were halted with 100 mM NH,HCO;. Then the samples were
analyzed by RP-HPLC using a linear gradient of solvent B (0.3 mL/min flow rate);
similar data points were collected at various time points between 0 and 24 h (1 h,3 h,
6 h, 12 hand 24 h) during incubation and analyzed in triplicates. The percentages of
recovered peptide/peptidomimetics were detected by integration at 254 nm*.

Yeast Media, Plasmids and Media Used. Wild type (BY4741; Mat o; his3A1; leu2A0;
met15A0; ura3A0) and autophagy mutant (atgl A;BY4741; Mat o his3A1; leu2A0;

met15A0; ura3A0; atgl: KanMX4) strains of yeast were employed. Plasmids pRS 416
GFP, pRS 416 BA were gifted by Ian Macreadie (CSIRO, Australia)*”**. The plasmid
PRS 306 Gal PA was generated by sticky end ligation of vector pRS 306 Gal (Spe I/Xho
I) and insert GFP- BA (Spe I/Xho I) obtained from the plasmid under pRS 416 vector
backbone. These plasmids were used to generate sSNS1, sSSNS50 and sSNS51 strains

expressing GFP only, GFP-tagged f-amyloid (AB) protein in wild type and autophagy
mutant, respectively. These strains expressed genomically integrated GFP tagged AP
or GFP only under an inducible galactose promoter. SD-Ura (Synthetic Dextrose
without uracil) media and galactose (2%) were used for protein induction.

Yeast Culturing and Growth Assay. Strains were inoculated into SD-Ura growth
medium and incubated overnight (250 rpm, 30°C). Secondary culture was inoculated
(absorbance = A4 around 0.2 OD) from the primary inoculum and incubated as
above till Aggo reached 0.8 OD. High throughput growth curve analysis (using
Varioskan Flash, Thermo Scientific) in the presence and absence of peptides

(300 uM) was performed by automatically recording Aggo every 20 min in a 384-well
plate.

B-Amyloid Degradation Assay. The cells were inoculated in SD-Ura medium under
appropriate conditions (250 rpm, 30°C). Secondary culture was inoculated from this
primary inoculum and incubated till Agoo reached 0.8. Then, cells were washed twice
with sterile water. Subsequently, the AP proteins were induced in yeast cells by
incubating them in 2% galactose. During the induction, these cells were incubated in
the presence or absence of peptidomimetics (300 uM). After 12 h, 7-amino-4-
chloromethylcoumarin-Blue (CMAC-Blue) was added and incubated further for 2 h
after which cultures were imaged on a fluorescent widefield microscope (DV Elite,
Deltavision).

Vacuole Staining by CMAC-Blue. CMAC Blue dye (Life technologies) was used to
stain the yeast vacuole. Excitation and emission peaks for CMAC-Blue were 350 nm
and 450 nm, respectively. Dye was added to the culture at a final working

concentration of 100 nM, incubated for 30 min (250 rpm, 30 uC) and then imaged.

Fluorescence Microscopy. Cells were washed and mounted on agarose pad (2%) and
imaged using Delta Vision Elite widefield microscope with FITC and DAPI filters.
The collected images were processed using Axiovision or DV SoftWoRX software.
The excitation CWL/BP and emission CWL/BP for filters used were 490/20 and 529/
38(FITC), 390/18 and 435/48 (DAPI).
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eco Synthesis of Hybrid Cyclic Peptoids and Identification of

Kolla Rajasekhar,” Nagarjun Narayanaswamy,® Piyush Mishra,” S. N. Suresh,®’

Ravi Manjithaya,” and T. Govindaraju*®

Cyclic peptoids are potential candidates for diverse biological
activities. However, applications of cyclic peptoids are limited
by the synthetic difficulties, conformational flexibility of large
cyclic peptoids, and lack of secondary amide in the backbone.
Herein, an elegant methodology for the synthesis of small and
medium-size cyclic hybrid peptoids is developed. “N-Alkyl and
“N-acyl substituents in N-(2-aminoethyl)glycine monomers en-
force intra- and intermolecular cyclization to form stable six-
and 12-membered cyclic products, respectively. NMR studies
show inter- and intramolecular hydrogen bonding in six- and
12-membered cyclic peptoids, respectively. Screening of
a cyclic peptoid library resulted in the identification of a poten-
tial candidate that enhanced autophagic degradation of cargo
in a live cell model. Such upregulation of autophagy using
small molecules is a promising approach for elimination of in-
tracellular pathogens and neurodegenerative protein aggre-
gates.

Peptides have emerged as promising therapeutic agents in
recent years owing to their inexpensive synthesis, efficacy, spe-
cificity, and low toxicity. However, high susceptibility to pro-
teolysis, flexibility, short half-life, denaturation, and poor target
delivery and bioavailability make peptides practically less
viable candidates for therapeutics. The deficiencies of linear
peptides can be addressed by macrocyclization and crosslink-
ing, which provide proper conformational stability.! Although
cyclic peptides offer relative stability and cell penetration effi-
ciency, they also suffer from low in vivo stability and bioavaila-
bility. To address the inherent drawbacks of natural peptides,
promising peptidomimetics have been developed.” In particu-
lar peptoids, oligomers of N-substituted glycine with distinct
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unnatural structure, possess numerous advantages. Peptoids
have long half-lives owing to proteolytic resistance and good
cell permeability resulting in greater bioavailability.”) However,
major limitations of peptoids are their conformation flexibility
and lack of secondary interactions, which can reduce the selec-
tivity and sensitivity. Yet again, the macrocyclization of pep-
toids has been pursued to restrict conformational flexibility.”
Applications of cyclic peptoids are limited by the synthetic pro-
cedures and lack of secondary amide in the backbone. The
most challenging aspect of cyclic peptidomimetics synthesis is
the ring-closure event.™ The yields obtained in cyclization of
longer oligomers are very moderate and the cyclization of
short oligomers suffers from poor yields." An increase in ring
size of cyclic peptidomimetics reduces bioactivity as a result of
enhanced flexibility. This reiterates the importance of small/
medium-size cyclic peptoids.

The linear and cyclic peptidomimetics have been studied for
antimicrobial activity, DNA interaction, and autophagy modula-
tion.” Autophagy is a key mechanism for long-lived protein
degradation and organelle turnover, and serves as a critical
adaptive response that recycles energy and nutrients during
starvation or stress. Small molecules have been utilized as
probes to understand mechanisms as well as the relationship
between autophagy and disease.”

Herein, we report coupling-reagent-free differential cycliza-
tion of N-(2-aminoethyl)glycine (aeg) hybrid peptoid monomer
into six- and 12-membered cyclic peptoids. In the literature,
aeg has been used extensively as a backbone unit for the syn-
thesis of peptide nucleic acids.”! Our choice of aeg monomer
stemmed from the fact that among other advantages, small
and medium-size hybrid cyclic peptoids are formed with sec-
ondary amide bonds and stable conformation. Further, we em-
ployed a simple design strategy wherein “N-alkyl substituents
keep the flexibility intact, whereas “N-acyl substituents intro-
duce rigidity and restricted bond rotation in the aeg backbone.
Thus, aeg monomers with distinct “N substituents and confor-
mational features are expected to follow different modes of
cyclization. To the best of our knowledge, this is the first
report wherein aeg monomer has been used for direct synthe-
sis of six- and 12-membered hybrid cyclic peptoids under cou-
pling-reagent-free conditions. This cyclic peptoid library was
screened to identify modulators of the autophagy process.

The aeg backbone was synthesized from mono tert-butoxy-
carbonyl (Boc)-protected ethylenediamine 1 (Scheme 1). The
amine 1 was subjected to controlled mono-“N-alkylation by
treatment with bromomethyl acetate using KF celite to obtain
Boc-protected aeg methyl ester 2. Then, the second “N-alkyla-
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1
Bromomethyl acetate,
KF celite, CH3CN

y
I

N
N O
2
R-CH,Br, R'-COOH,
Et;N, 65 °C, HBTU, HOBt,
CH5CN DIPEA, DMF
R R’
2 N9 2 Y9
M An M ~n A
0" N o} 0" N O
H H
R = phenyl 3a R’ = benzyl 3g
a-naphthyl 3b naphth-1-ylmethyl 3h
B-naphthyl 3c naphth-2-yimethyl 3i
4-nitrophenyl 3d 4-nitrobenzyl 3j
4-methoxyphenyl 3e 4-methoxybenzyl 3k

Scheme 1. Synthesis of Boc-protected “N-alkyl (3a-e) and “N-acyl (3 g-k)
modified aeg methyl ester monomers. HBTU = 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate, HOBt = N-hydroxybenzo-
triazole, DIPEA = N,N-diisopropylethylamine, DMF = N,N-dimethylformamide.

tion of amine 2 was performed with bromomethyl derivatives
using triethylamine as base to obtain excellent yields of
methyl esters of Boc-protected “N-alkyl-aeg monomers 3a-
e (Scheme 1). The amine 2 was coupled to acetic acid deriva-
tives to yield methyl esters of Boc-protected “N-acyl-aeg mono-
mers 3 g-k. The Boc-protected “N-benzyl-aeg methyl ester mo-
nomer (3a) was subjected to in situ Boc deprotection and sub-
sequent cyclization at 110°C in sec-butanol containing 1%
acetic acid (Table 1).”) The monomer 3a underwent intramolec-
ular cyclization to form six-membered cyclic product 4a. Inter-
estingly, under similar conditions “N-(2'-phenylacetyl)-aeg
methyl ester (3g) gave a very good yield of 12-membered
hybrid cyclic peptoid 4g through intermolecular cyclization
(Table 2). To ascertain the generality of this differential cycliza-
tion, we tested variable functionalities for “N-alkyl and “N-acyl
substituents (Tables 1 and 2). All the monomers were subjected
to in situ Boc deprotection and subsequent cyclization. The
peptoid monomers with a- and B-naphthalene functionalities
(*N-alkyl: 3b, 3c and *N-acyl: 3 h, 3i, respectively) were chosen
to demonstrate if ring cyclization is independent of the type of
aromatic moiety and position of attachment. Monomers
having electron-withdrawing (4-nitrophenyl, 3d and 3j) and
-donating (4-methoxyphenyl, 3 e and 3 k) groups were selected
to study the influence of electronic effects on cyclization. Inter-
estingly, the propensity of differential cyclization was found to
be general, as the “N-alkyl- and “N-acyl-substituted aeg mono-
mers formed six- and 12-membered products (4b-e and 4h-
k), respectively. The monomer 3 f with ethyl linker in the “N-
alkyl substituent also gave six-membered product 4 f (Table 1).
This further confirmed our assumption that the flexibility of
“N-alkyl-aeg favors intramolecular cyclization. In contrast, the
carbonyl group of the “N-acyl substituent of aeg not only re-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Intermolecular cyclization of “N-alkyl-aeg monomers to six-mem-

bered cyclic products.
R
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>L J?\ 1‘)?\ 1. TFA (50 %), CH,Cl, (N
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[a] Yields reported are of purified products.

stricted its free rotation but also rigidified the molecular con-
formation, thus favoring intermolecular cyclization to form 12-
membered products. To extend the scope of this methodology,
we synthesized adenine- and thymine-functionalized 12-mem-
bered products 41 and 4m (Table 2).

NMR and high-resolution mass spectroscopy (HRMS) product
analysis confirmed the “N-alkyl- and “N-acyl-enforced differen-
tial cyclization of aeg methyl ester monomers. The 'H NMR
spectra (in labeled dimethyl sulfoxide, [D{]DMSO) of monomer
units (e.g., 3d and 3j) showed singlets at 1.5 and 3.7 ppm cor-
responding to Boc and methyl ester (—OCHj;) groups, respec-
tively. In addition to the expected disappearance of the proton
peak for the Boc group in the respective spectra of products
(4d and 4j), peaks for free amine (—NH,) and —OCH; were
absent, which indicates the possible cyclization of monomers
(Figure 1a). The "H NMR spectrum of product from 3d showed
four peaks (2, 3, 5, and 7)) in the region 2.4-4.0 ppm, a broad
peak at 7.85 ppm, and two doublets at 7.51-7.49 and 8.18-
8.15 ppm corresponding to four —CH, amide protons (H,) and
four aromatic protons, respectively, which confirmed a six-
membered cyclo-aeg structure for product 4d (HRMS, mass =
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cyclic products.

Table 2. Intermolecular cyclization of “N-alkyl-aeg monomers to 12-membered
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3C DEPT-135 (distortionless enhancement by polariza-
tion transfer) studies (Figure S1 in the Supporting Infor-
mation).

Next, we investigated the hydrogen-bonding patterns

7L I AN . i in representative examples 4d and 4j by temperature-
E O~ 2. sec-butanol, 110 °C K/H\H) and concentration-dependent studies."” '"H NMR study

z revealed the presence of intermolecular hydrogen-

bonding interactions in 4d (Figure S2). For 4j, '"H NMR

Reactant Product Yield (%)@ | spectra showed an upfield shift of 0.33 and 0.39 ppm,
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respectively, for the amide protons H, and H. with in-
creasing temperature from 25 to 95°C, thus confirming
strong hydrogen-bonding interactions (Figure 1b). The
nature of hydrogen bonding in 4j was validated by
a concentration-dependent NMR study. 'H NMR spectra
with a decrease in concentration (dilution) of 4j (3.8,
1.9, 0.95, 047, and 0.23 mm) did not show change in
the peak position of H, and H,, which is possible only in
the case of intramolecular hydrogen-bonding interac-
tions (Figure S3). Such intramolecular hydrogen bond-
ing can guide the structural conformation of cyclic pep-
tidomimetics similar to that observed in cyclic pep-
tides."

Temperature coefficient (Adyu/AT) values' of H,
and H. were found to be —4.46 and —5.7 ppb, respec-
tively. Therefore the strength of hydrogen bonding is
moderate and amide protons are less shielded from the
[DJDMSO. 'H NMR spectra of 4j (Figure S4) in CD,CN
with increase in temperature showed an upfield shift of
H, and H, (0.146 and 0.09 ppm) with temperature coef-
ficient values —2.3 and —3.62 ppb, respectively (Fig-
ure S5). The higher values of the temperature coefficient
suggest stronger hydrogen bonding and shielding of
amide protons from the solvent (CD;CN). Interestingly,
the difference in upfield shifts of H, and H. and their
corresponding temperature coefficient values suggest
two hydrogen bonds with different bond length, which
is evidence for a nonsymmetrical conformation of 4j.
Further, two sets of proton peaks of 4j merge at higher
temperature (>65°C) to form one set, thereby demon-
strating the transformation from nonsymmetrical to
symmetrical conformation (Figure 1b).") The 'H-
BC HSQC spectrum obtained was remarkably well dis-

[a] Yields reported are of purified products.

persed, indicative of a nonrepetitive folded conforma-
tion (Figure S6). The energy-minimized structure

236.1055, [M+H]"). The spectrum of product from 3j (Fig-
ure 1a) showed a completely different splitting pattern includ-
ing two amide peaks at 8.05 and 8.12 ppm for H, and H,, re-
spectively, which indicated the possible product as either
a trimer or a cyclic dimer. The trimer was ruled out by HRMS
analysis (549.1664, [M+Nal*), thus confirming the 12-mem-
bered cyclic dimer (aeg-aeg) product 4j. Surprisingly, seven
peaks in the region 3.0-4.3 ppm (2, 3, 5, 9, 11, 14, and 20) cor-
responding to protons of eight —CH, groups revealed that 4j
exists as a nonsymmetrical cyclic homodimer. The nonsymmet-
rical structure of 4j was further established by *C NMR and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

showed the trans conformation for amides, which al-

lowed the conclusion that the molecule exists in a low-
energy stable state (Figure 1c). The model structure also re-
vealed two intramolecular hydrogen bonds between secondary
amide protons and “N-carbonyls (H, and C'*>=0 and H. and
C'°=0; Figure 1d). The two intramolecular hydrogen bonds in
4j exhibit different bond lengths (1.96 and 2.01 A for H, and
H,, respectively), which supports the inference deduced from
'H NMR spectroscopy. The observed differential cyclization can
be understood from the structural aspects of aeg monomers.
The flexible “N-alkyl-aeg methyl esters follow Baldwin rules of
intramolecular cyclization (Figure 57)."” The terminal amine at-
tacks the electrophilic methyl ester carbonyl group without
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affect specific cellular processes
such as autophagy. Cyclic pep-
> toids (4a-m) were tested for
their ability to affect autophagy,
a biological process involved in

7

J

the turnover of proteins and or-
ganelles. The degradation of
a cargo marker indicative of se-
lective autophagy was followed

over time in the yeast Pichia pas-
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)
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Figure 1. NMR studies and energy-minimized structure of 4j. a) Comparative '"H NMR spectra of cyclic products 4d
and 4j ([DgDMSO). b) Variable-temperature 'H NMR spectra of 4j (in [DgDMSO). ¢, d) Energy-minimized model
structure of 4j showing trans amides and intramolecular hydrogen bonds (mmmm), respectively.

any hindrance to form six-membered products (4a-e), whereas
in “N-acyl-aeg methyl esters, conformational rigidity prevents
the intramolecular reaction. Alternatively, intermolecular nucle-
ophilic attack of the free amine of one monomer onto the
methyl ester carbonyl group of another monomer is energeti-
cally favored to form 12-membered products (4 g-m).

The cyclic peptoids being amphipathic in nature, we envis-
aged them to be permeable to biological cell membranes."
We wanted to test if these peptoids are bioactive against cellu-
lar phenomena such as cell viability, and whether they would

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

inset) at much earlier time
points than for the untreated
cells (Figure 2f, inset). To further
confirm the activity of cyclic
peptoid 4a, GFP-autophagy-re-
lated protein 8 (GFP-Atg8) proc-
essing assay was performed. The
cells were transferred to starva-
tion conditions and free GFP re-
leased from GFP-Atg8 fusion
protein was used as an indicator
of autophagy flux. There were
higher free GFP levels in cells
treated with peptoid 4a, which
suggests an increase in autopha-
gic flux (Figure 3). Thus, upregu-
lation of autophagy by using
small molecules such as 4a is a promising approach towards
elimination of intracellular pathogens and neurodegenerative
protein aggregates.”

In summary, an elegant methodology for the synthesis of
hybrid cyclic peptoids has been developed. The conformation-
al flexibility and rigidity of the “N-alkyl- and “N-acyl-substituted
N-(2-aminoethyl)glycine backbone enforce intra- and intermo-
lecular cyclization, respectively, to form six- and 12-membered
products. Unlike classical peptoids, our hybrid cyclic peptoids
exhibit stable conformation and contain secondary amides
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www.chempluschem.org

CHEMPLUSCHEM

Firefly activity

(3} -
o o
x X
- =
o o
IS o

a)
=
[
E
[
®
BORS B B p* b:@ob.é‘ 52 50 10 4O 4 B
Compounds
c)1.0 d) s00
0.8
£ 450
§ 0.6 — Untreated % —F
< — 4a (50 pm) £
04 i= 400
0.2
0.04 v . " .
0 1000 2000 3000 Untreated
Time/min
f)

Starvation (min)

Time/h
e)1.0x10°
< ns
o
ns Es .0x10 -4 %
—+ 3 —_—
4a treated Untreated 4a treated

£
E
c
=
©
2
2
i)
n

Figure 2. Autophagy studies in yeast. a) Time taken for a 50% decrease in cargo activity for the control (DMSO) and 4a-m at 50 um; purple area denotes

3 standard deviation (SD) units. b) Dose response of 4a (1, 25, and 50 um) with time. Growth analysis of Saccharomyces cerevisiae in the presence and absence
of 4a was performed: c) growth curve, d) growth rate, e) doubling time were plotted using GraphPad Prism. f, g) Microscopy images showing degradation of
peroxisomes (GFP) in the vacuole (arrowheads) in untreated (f) and 4 a-treated (g) cells. Scale bar: 4 um. DIC =differential interference contrast, GFP =green

fluorescent protein.
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Figure 3. GFP-Atg8 processing assay. Peptoid 4a increases GFP-Atg8 proc-
essing, as evident in later time points (at 4 and 6 h) relative to that of un-
treated cells. Atg8 =autophagy-related protein 8.

that may be useful for providing secondary interactions.
Screening of a cyclic peptoids library gave an effective rate en-
hancer (4a) of autophagy. We are now working towards struc-
ture-activity relationships on 4a as well as expanding our syn-
thetic methodology to access the diverse hybrid cyclic peptoid
library for numerous biological applications.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

General synthetic procedure for N-alkyl-“N-(2-aminoethyl)-
glycine methyl ester monomers

Triethylamine (2 mmol) was added to a solution of 2 (1.1 mmol) in
acetonitrile (15 mL) at room temperature under an argon atmos-
phere and the mixture was stirred for 15 min. Then bromomethyl
derivatives were added and the reaction mixture was heated at
reflux (81°C) for 6-8 h. The reaction was monitored by TLC, and on
completion of reaction, the solvent was evaporated and the crude
product was purified by silica gel column chromatography.

General synthetic procedure for “N-acyl-N-(2-aminoethyl)gly-
cine methyl ester monomers

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU, 1.2 mmol) was added to a solution of acetic acid
derivatives (1 mmol) in DMF, followed by N-hydroxybenzotriazole
(HOBT, 1.2 mmol) at ice-cooled temperature under an argon atmos-
phere. The reaction mixture was stirred until a clear solution was
obtained, then compound 2 (1.1 mmol) followed by N,N-diisopro-
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pylethylamine (DIPEA, 3 mmol) were added slowly in portions and
the reaction mixture was stirred for 5-6 h at room temperature.
The reaction was monitored by TLC, and on completion the reac-
tion mixture was poured into water and extracted with CHCl;. The
organic layer was dried over Na,SO,, the solvent was evaporated,
and the crude product was purified by silica gel column chroma-
tography.

General synthetic procedure for cyclization

Trifluoroacetic acid (TFA) in dichloromethane (1:1, v/v; 5mL) and
a few drops of triisopropylsilane (TIPS) were added to a solution of
Boc-protected “N-alkyl-N-(2-aminoethyl)glycine or “N-acyl-N-(2-ami-
noethyl)glycine monomers (200 mg) at ice-cooled temperature.
The reaction mixture was stirred for 1 h, concentrated, and the ob-
tained product was dissolved in sec-butanol (10 mL) and heated at
reflux at 110°C under an argon atmosphere for 10-12 h. Reaction
was monitored by TLC, and on completion of the reaction, the sol-
vent was evaporated and the crude product was purified by silica
gel column chromatography.

Yeast culture and growth assay

S. cerevisiae (strain BY 4741) was inoculated into YPD (1% yeast ex-
tract, 2% peptone, and 2% dextrose) medium and incubated for
8h (30°C, 250 rpm). From this primary inoculum, the secondary
culture was inoculated and incubated as above until the culture
absorbance (600 nm) reached 0.8. High-throughput growth curve
analysis in the presence and absence of 4a (50 pm) was performed
using a Varioskan Flash apparatus from Thermo Scientific by re-
cording the absorbance (600 nm) after every 20 min in a 384-well
plate. The autophagy assay was performed in the yeast P, pastoris,
in which degradation of cargo was followed over time upon induc-
tion of autophagy. The time taken for a 50% decrease in cargo ac-
tivity was plotted for untreated cells and the compounds at 50 pm
concentration. Triplicate values for the control were plotted and
a difference of 3 standard deviation (SD) units between the test
and control was considered as significant. For the fluorescence mi-
croscopy assay, S. cerevisiae cells were checked for selective degra-
dation of peroxisomes through autophagy with or without com-
pound 4a. Microscopic images were obtained using a Zeiss confo-
cal microscope.

GFP-Atg8 processing assay

S. cerevisiae strain containing the GFP-Atg8 (pRS 416 vector back-
bone) plasmid was grown in synthetic complete medium lacking
uracil (SC-URA) under appropriate conditions (30°C, 250 rpm).
From this, a secondary culture was inoculated at As,=0.2 and
grown as above until Ag,, reached 0.65. The cultures were trans-
ferred to SD-N (nitrogen starvation) medium at Ag,, =3, separately
with and without 4a (50 um), and at time points (0, 1, 2, 4, and
6 h) were collected at Aqy equivalent of 3. Proteins were precipitat-
ed using trichloroacetic acid and samples were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (10%) followed

by immunoblotting and probing with anti-GFP primary antibody
(1:3000) and anti-mouse secondary antibody (1:10000).
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Abstract | Autophagy is an evolutionarily conserved intracellular deg-
radation process in which cytoplasmic components are captured in
double membrane vesicles called autophagosomes and delivered to lys-
osomes for degradation. This process has an indispensable role in main-
taining cellular homeostasis. The rate at which the dynamic turnover of
cellular components takes place via the process of autophagy is called
autophagic flux. In this review, we discuss about the orchestrated events
in the autophagy process, transcriptional regulation, role of autophagy
in some major human diseases like cancer, neurodegeneration (aggre-
phagy), and pathogenesis (xenophagy). In addition, autophagy has non-
canonical roles in protein secretion, thus demonstrating the multifaceted
role of autophagy in intracellular processes.

‘ CrossMark

1 Introduction

Autophagy, an intracellular evolutionarily con-
served process, involves engulfment of unwanted
proteins and organelles by double-membrane
vesicles, called autophagosomes, which then fuse
with the lysosomes/vacuole, and the engulfed
cargo is subsequently degraded. It is a cell sur-
vival mechanism under stress conditions and it
also play important roles in many other intra-cel-
lular processes like protein and organelle turno-
ver and transport of some of the vacuolar
enzymes. This process can be divided into various
steps, including autophagy induction, nucleation,
autophagosome formation, maturation, fusion
with the lysosomes/vacuole, degradation of the
cargo, and recycling of the precursor molecules,
such as amino acids, lipids, and nucleotides, back
to the cytoplasm. Autophagy is a tightly regulated
cellular mechanism and its flux varies depending
on the cell type(s) of an organism. Autophagy is
involved in various physiological roles, such as
cellular homeostasis, embryonic development,
antigen presentation, protein quality control, and
maintenance of the amino-acid pool during star-
vation conditions. It is also implicated in various
pathophysiological diseases, such as infection,
cancer, diabetes, and neurodegeneration.

J. Indian Inst. Sci. IVOL 97:1179-94 March 2017ljournal.iisc.ernet.in

Although autophagy is predominantly a
cytosolic event, the nucleus exerts a consider-
able control in the extent of autophagy response,
especially during adverse conditions, such as
starvation. Depending on the cargo it captures,
autophagy is broadly classified as general and
selective autophagy. For example, as a response
to nutrient deprivation, general autophagy is
triggered where it captures random portion of
cytosol. In contrast, selective autophagy ensures
specific capture of cytosolic cargo, such as dam-
aged or superfluous organelles. When selective
autophagy captures and degrades mitochondria,
the process is termed as mitophagy. Similarly,
autophagic degradation of peroxisomes (pex-
ophagy), Golgi (golgiphagy), ER (ER-phagy),
ribosomes (ribophagy), etc., have been docu-
mented.! The genes comprising the autophagy
machinery are named as ATG (AuTophaGy
related gene).!

2 Process of Autophagy
2.1 Autophagy Induction
The initial characterization of autophagy flux
with respect to involvement of molecular play-
ers was carried out in yeast extensively. Although
recycling of the cytoplasmic contents happens at
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Phagophore Assembly Site
(PAS): The site inside cells
that gives birth to autophago-
somes.
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steady state levels by basal autophagy, autophagy
flux increases drastically when it is induced.
Autophagy induction happens when the cells
are under stress conditions, such as amino acid
starvation' (Fig. 1). Alternatively, autophagy can
also be induced using drugs, such as rapamycin,’
which targets the TOR (Target of Rapamycin), a
major serine-threonine kinase involved in nutri-
ent sensing and cell growth regulation.” Both
amino-acid starvation and rapamycin inhibit
TOR activity and induce autophagy. Under the
nutrient rich conditions, TOR is active and it
negatively regulates kinase activity of Atgl by
hyper-phosphorylating Atgl3 and thus disturb-
ing the Atgl-Atgl3 association, required for
downstream processes of autophagy." When
autophagy is induced either by nutrient limita-
tion or by rapamycin, TOR becomes inactive and
does not phosphorylate Atgl3 and thus increases
affinity of Atgl3 towards Atgl, further passing the
signal for nucleation of different autophagy pro-
teins (Fig. 1).

Induction (Starvation)

A

2.2 Nucleation of Autophagy Proteins

When autophagy is induced, nucleation of
autophagy proteins takes place at a site called the
pre-autophagosomal structure or phagophore
assembly site (PAS) which is present near the vac-
uole. The very first autophagy-related protein
(ATG) that is recruited at PAS is Atgl7. Atgl7 and
Atgll act as scaffold in general autophagy and
selective autophagy, respectively.” In general
autophagy, Atgl7 interacts with Atg31 which then
interacts with Atg29 and thus forms a ternary
complex. Atgl7 also interacts with Atgl3 and thus
links the trimer to Atgl.®® Recent study showed
that Atgl tethers Atg9 vesicles at PAS.” Atg9 is a
transmembrane protein required for autophagy,
and its transport from peripheral sources, such as
mitochondria, ER, to PAS is believed to be impor-
tant for providing a membrane source for the for-
mation of autophagosomes.'® ' Atg23 and Atg27
are involved in anterograde transport of Atg9,
wherein Atg9 vesicles are brought to PAS.'” Ret-
rograde transport of Atg9 from PAS to peripheral
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Figure 1: Schematic demonstrating the various steps in the autophagy process. The yeast and human

autophagy proteins involved in nucleation, expansion, autophagosome maturation and completion, fusion,
and degradation processes are mentioned.
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membrane sources require Atgl, Atg2, and
Atg18."? Another complex important for PAS for-
mation and initiation of autophagosomes is Class
III PI3-K complex (VPS34, Atg6/VPS30, VPS15,
and Atgl4) which forms PI3P (Phosphatidylino-
sitol-3-phosphate) that is present in the
autophagosomal membranes.'* Graef et al. in
2013 also have shown that the PAS containing
multiple Atg proteins are tethered to ER exit sites.
Localization of all these ATG proteins and the
hierarchy of the complexes they form at the PAS
have been determined. These orchestrated signal-
ing events lead to a double membrane vesicle for-
mation called an autophagosome '° (Fig. 1).

2.3 Biogenesis, Maturation,
and Completion of Autophagosomes

The initiation of the autophagosome biogenesis
starts with formation of an isolation membrane
at PAS. Atg8 is one of the important proteins that
is present on the inner and outer membrane of
the autophagosomes and it remains associated
with the autophagosomes throughout the process
of autophagy right from the formation of isola-
tion membrane to the autophagosome degrada-
tion in the vacuole.'® Atg8 is inserted in the
autophagosomal membranes in the form of Atg8-
PE (Phosphatidylethanolamine). Two ubiquitin-
like conjugation systems help in the formation of
Atg8-PE, the first being the Atg7-Atg3—Atgl0
conjugation system and the second Atg5-Atgl2—
Atgl6."7 Atg4 is a cysteine protease that helps in
conjugation of Atg8 with PE by cleaving the
C-terminal Arg residue and exposes the Gly for
conjugation. The recycling Atg8 from the Atg8-
PE present at the outer membrane of the
autophagosomes also requires Atg4 for the cleav-
age of PE from Atg8. Thus, Atg4 plays dual role of
conjugation and recycling of Atg8.'® As explained
earlier, the membrane source for autophagosome
formation is further contributed by transport of
Atg9 vesicles along with Atg41."” Thus, Atgs,
along with Atg4, Atg7—Atg3—Atgl0 complex, and
Atg5-Atgl12—Atgl6 help in autophagosome for-
mation and maturation (Fig. 1). An important
protein required for autophagosome completion
is a PI3P phosphatase, Ymrl in the absence of
which recycling of the Atg proteins from the
autophagosomal membrane is blocked and the
Atg proteins remain associated with autophago-
somes inside the cytoplasm.”’ Once the
autophagosomes are completely formed, they are
transported to the vacuole and are fused with the
vacuole.
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2.4 Fusion of Autophagosomes

As in the case of any vesicle destined to fuse with
a membrane, autophagosomes also involve three
major conditions for fusion with the vacuole—
(1) interaction of Rab like GTPase, (2) tethering
to the vacuole, and (3) SNARE-pair interactions
leading to membrane fusion.

Ypt7, an yeast Rab GTPase, was shown to be
involved in the homotypic vacuolar fusion along
with Sec17 and Sec18.?'"% Tethering of the vesi-
cles is mediated by a complex called as the class C
VPS complex or the Homotypic fusion and Vacu-
olar Protein Sorting complex also known as
HOPS. HOPS consists of six subunits Vpsl18,
Vpsll, Vpsl6, Vps33, Vps39, and Vps4l.42°
HOPS complex functions as an effector for
Ypt7.2

A number of SNARE proteins also mediate
the process of membrane fusion. Vam3 is a
v-SNARE (also a syntaxin homologue) that local-
izes to the vacuolar membrane and has been
shown to be important for both cytoplasm to
vacuole delivery of Apel and for the fusion of
autophagosomes to the vacuole.”” Vam7 was later
shown to be functioning together with Vam3 in
vacuolar fusion.”® Another v-SNARE Vtil was
reported to interact with Vam3 in both alkaline
phosphatase pathway (Golgi-vacuole) and CVT
pathway (one of the selective autophagy path-
ways). Along with these two other proteins which
form a complex and function in the fusion step
are Cczl and Monl which were identified in a
screen of mutants defective in autophagy and
CVT pathways.”

The fusion of outer membrane of the
autophagosomes leads to the delivery of single
membrane autophagic bodies into the vacuolar
lumen which is then degraded.

2.5 Degradation of Autophagosomes
and Its Contents

Takeshige et al. reported that yeast strain which
was defective in vacuolar proteinases showed
accumulation of autophagic bodies inside the
vacuole.” Pep4 and Prbl were the two mutants
that accumulated autophagic bodies post star-
vation. Aut5/Cvtl7 was identified to be an
important component of the degradation
machinery owing to its lipase activity.”" Cvt17
was shown to be the lipase which degrades
the membrane of the autophagic body in the
vacuole.”® Moreover, acidification of the yeast
vacuoles was shown to be important for the
degradation per se.*
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SNARESs: Proteins involved in
fusion of cytoplasmic vesicles.

Tethering complexes-HOPS:
Tethering complexes-HOPS-
Multi subunit protein
complex that help anchor-
ing autophagosomes and
lysosomes.

Phagophore/isolation
membrane: The beginning
structure that grows into an
autophagosome.

CVT pathway: Cytoplasm-to-
Vacuole pathway that delivers
proteins from cytoplasm to
the vacuole.

Autophagic bodies: Single
membrane vesicles inside
yeast vacuoles as a result
of autophagosome vacuole
fusion.
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2.6 Recycling of Degradation Products
One of the major roles of autophagy is to pro-
vide nutrients to the cell during nutrient limiting
conditions. This requires not only degradation of
part of cytoplasm but also effective recycling of
the breakdown products to the cytoplasm. Aut4
which was later named as Atg22 was first identi-
fied to be involved in the degradation step as the
mutants of Aut4 accumulated autophagic bodies
in the vacuole.”

3 Autophagy in Higher Eukaryotes

The highly conserved nature of autophagy
assisted in the identification of orthologs of
yeast autophagy genes in mammals. As in yeast,
autophagy in mammals is responsible for cel-
lular homeostasis and quality control. Basal lev-
els of autophagy in the cell remove misfolded
proteins and damaged organelles. Induced
autophagy, on the other hand, combats nutri-
ent starvation, intracellular bacterial infection,
oxidative stress, genomic damage, or accumu-
lation of toxic protein aggregates (Fig. 2). The
process of autophagy begins with the assimi-
lation of tetrameric ULK1 complex compris-
ing of ULKI, FIP200, AtglOl, and Atgl3 at
the membrane nucleation site or ‘Phagophore
assembly site’ (PAS). The ULK1 kinase activ-
ity is necessary for recruiting the Class III PI3-K
complex I kinase, Vps34 along with regulatory
subunits Beclinl, p150, Atgl4L, and AMBRA1 at
the PAS. The PI3P produced by Vps34 activity
brings FVYE domain containing proteins, such
as WIPI2 and DFCPI, to the nucleation site.”* *
Expansion of the phagophore is facilitated by
Atg9 which brings membrane from various
cellular organelles as well as the two conjuga-
tion systems; Atg5—Atgl2—Atgl6L and LC3.°% 77
Ubiquitin like protein Atgl2 is activated by El
ligase Atg7, transferred to E2 ligase Atgl0 and
eventually conjugates with Atg5. The Atg5—Atgl2
non-covalently binds to Atgl6L and forms an
Atg5-Atg12/Atgl6L complex which is targeted to
the PAS. The second conjugation system involves
LC3, an ubiquitin like protein, which is generally
present in the cytoplasm. It is cleaved by protease
Atg4 to expose a C-terminal glycine which gets
conjugated to phosphatidylethanolamine (PE)
with the help of Atg7 and Atg3 which are E1 and
E2 ligases, respectively. The PE conjugated LC3
binds to the inner and outer membranes of the
expanding autophagosome.’®™*’ The autophago-
some cargo recognition and capture are facilitated
by ubiquitin-binding adaptor proteins like p62/
SQSTM1 which bind to polyubiquitinated cargo
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on one end and LC3 through the LC3 interacting
region (LIR) on the other end.*' Isolation mem-
brane nucleation and elongation, cargo recogni-
tion and capture, and eventual closure result in
the completion of double-membrane autophago-
somes. Once completed, autophagosomes move
along microtubules assisted by cytoskeletal motor
proteins dynein and dynactin to fuse with lys-
osomes. The fusion of autophagosomes with
lysosomes is mediated by small GTPases Rab7,
autophagosomal SNARE Syntaxinl7 (Stx17),
lysosomal SNARE VAMPS, and tethering proteins
of HOPS complex. Proper lysosomal function is
important for autophagosome-lysosome fusion
as autophagy inhibitors BafilomycinA1 and Chlo-
roquine (CQ) inhibit fusion by affecting lysoso-
mal pH. The end function of autophagic process
is the degradation of cargo inside lysosomes by
hydrolases like CathepsinB/D and recycling of
biomolecules.”” *> 43

4 Signaling Regulation of Autophagy

The highly conserved serine/threonine kinase
mTOR (mammalian Target Of Rapamycin)
senses nutrient signals in a cell and regulates its
growth and division. Two complexes of mTOR,
mTORCI, and mTORC?2 are localized to different
subcellular compartments. In the presence of
amino acids and growth factors like Insulin-like
growth factor (IGF), protein kinase B (PKB/Akt)
is activated by phosphoinositide-dependent
kinase-1 (PDK1). Akt phosphorylates TSC1
which blocks its interaction with TSC2, and
hence, TSC1/2 complex is not formed which
allows small GTPase Rheb to remain active. The
mTORCI complex is targeted to the lysosome by
Ragulator-Rag complex where it is activated by
Rheb and the active mTORCI, in turn, negatively
regulates autophagy by inhibitory phosphoryla-
tion of ULK1 hence preventing ULK1 complex
formation. During nutrient and metabolic
stresses, the low levels of ATP in cells are sensed
by AMPK which phosphorylates and activates
TSC1/2 complex thereby inactivating Rheb and
further mTORCI1, hence allowing autophagy
upregulation. AMPK also directly regulates
autophagy independent of mTOR by phospho-
rylating and activating ULK1 independent of
mTOR.**

5 Transcriptional Regulation

of Autophagy
Understanding the process of autophagy
in an unabridged manner requires study of
nuclear events that control autophagy along
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Figure 2: Canonical and non-canonical autophagy flux: under basal levels, autophagy helps in main-
taining the cellular homeostasis by getting rid of cellular waste and superfluous components. Stimulation
through several factors, such as starvation, stress, or chemicals, leads to induction of autophagy. The
initiation complex comprising of Atg1 complex and Class Il PIS3K complex along with several accessory
proteins helps in nucleation at the site of autophagosome biogenesis also referred to as Pre-autophago-
somal structure (PAS). Addition of membrane from several different sources leads to the expansion of
autophagosomal membrane (phagophore). Atg9 along with accessory proteins is known to provide mem-
brane to the developing phagophore from different sources, such as plasma membrane, endoplasmic
reticulum, mitochondria, and Golgi. A ubiquitin ligase like system delivers Atg8 to the developing mem-
brane and leads to the autophagosome expansion around the cargo and finally captures of the cargo.
The cargo could be: (1) destined for degradation inside the lysosome through the canonical form of
autophagy or; (2) could be secreted out of the cell through non-canonical function of autophagy referred
to as unconventional protein secretion. (1) The cargo destined for degradation could comprise of cyto-
plasmic components like misfolded proteins, dysfunctional or damaged organelles or superfluous com-
ponents under the basal levels of autophagy. However, autophagy also serves a cytoprotective role by
getting rid of any intracellular pathogen or protein aggregates. The mature autophagosome along with its
constituents fuses with the lysosome. Lysosomal enzymes act upon the cargo and degrade it into simpler
building blocks like amino acids and ATP that are eventually pumped back into the cytosol to be reused
by the cell. (2) Many newly synthesized or processed peptides could also be taken up by the autophagy
machinery and delivered to the plasma membrane for secretion out of the cell. Such phenomenon of
unconventional protein secretion through autophagy has been observed for several peptides that lack any
conventional leader sequences for secretion.

with cytoplasmic process that unfold during
autophagy. Nuclear regulation of autophagy
is mediated by transcription factors, miRNAs,
epigenetic marks, and histone modifications.
These factors regulate both rapid and long-term
responses to autophagy. More than about 20
transcription factors are now known to regu-
late autophagy.*® Transcriptional regulation of
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autophagy can be via both mTOR-dependent
and independent mechanisms. The first clue to
the transcriptional regulation of autophagy came
when in the yeast cells; Atg8 was found to be
transcriptionally up-regulated via inactivation of
the TOR signaling cascade.'®

Studies by Settembre et al. gave new impetus
to transcriptional regulation of autophagy. They
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identified TFEB as the master positive regula-
tor of autophagy. The two extensively studied
major regulators of autophagy are TFEB and
ZKSCAN3.*”> 8 TEEB is a basic-helix-loop-helix-
leucine zipper transcription factor which is a
master positive regulator of autophagy. It controls
expression from nexus of genes involved in lyso-
some biogenesis (and function) and autophagy.
It regulates the expression of genes that contain
Coordinated Lysosomal Expression and Regula-
tion (CLEAR) DNA sequences.”” ZKSCAN3 is
a zinc finger family protein that contains KRAB
(KRuppel-Associated Box) and SCAN domains.
Silencing of ZKSCAN3 shows induction in
autophagy and lysosome biogenesis, while their
presence down-regulates the expression of large
array of genes involved in autophagy and lyso-
some biogenesis."” ** TFEB and ZKSCAN3 play
antagonistic role to each other in regulating
expression of autophagy genes. Under nutrient
rich conditions, mTORCI in its active state phos-
phorylates TFEB on the lysosome membrane pre-
venting it from entering the nucleus. This, in turn,
prevents the activation of the genes harboring
CLEAR DNA sequences. On the contrary, ZKS-
CAN3 has an antagonistic role. It is present in the
nucleus where it down-regulates the expression
of multitude of genes involved in autophagy and
lysosome biogenesis. During starvation condi-
tions, calcineurin dephosphorylates TFEB allow-
ing it to enter the nucleus and positively regulate
the expression of genes involved in autophagy
and lysosome biogenesis. Concomitant to TFEB
translocation to the nucleus, ZKSCAN3 is relo-
cated to the cytoplasm releasing the negative
control on the expression genes of autophagy
and lysosome biogenesis.*” Core autophagy genes
transcriptionally regulated by TFEB are ATG4,
ATG9, BCL2, LC3, SQSTM1, UVRAG, WIPI, and
by ZKSCAN3 are ULK1 and WIPI, respectively.

Similarly there are other TFs, such as hypoxia
inducing factor (HIF-1),”° FOXO,”! p53,
NF-kB,” and many others, that play a direct or
indirect role in autophagy under different envi-
ronmental stress conditions.

Transcriptional regulation of autophagy has
also been addressed in the yeast model. Here,
Ume6, Pho23, and Rph1/KDM4 are the three
master transcriptional repressors of autophagy
related genes in yeast.”*° Ume6 is associated
with histone deacetylase complex which includes
Sin3 and Rpd3, and negatively regulates the
transcription of Atg8. Under nutrient replete
conditions, the absence of any of these three
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components leads to an increase in Atg8, and
consequently, autophagic activity is augmented.
During autophagy, a protein kinase named
Rim15 is responsible for phosphorylating Ume6,
thereby dissociating it from Sin3 and Rpd3. The
absence of Rim15 from cells leads to reduction in
the synthesis of Atg8 at basal level. The authors
have demonstrated Rim15 as a positive regula-
tor of autophagy that acts upstream of Ume6 to
regulate Atg8 synthesis.* Pho23 is another tran-
scriptional repressor of autophagy that negatively
regulates ATG9 and thus controls the frequency
of autophagosome formation. It also down-reg-
ulates the expression of other autophagy-related
genes, such as ATG7, ATG14, and ATG29. Studies
show that deletion of PHO23 in yeast cells leads
to an increase in the autophagosome forma-
tion and the number of autophagic bodies. This
increase is possibly due to an increase in the levels
of Atg9.”> Rph1/KDM4 is a histone demethylase
that negatively regulates the expression of ATG?7,
ATGS8, ATG9, ATG14, and ATG29. It regulates
autophagy in histone demethylase independ-
ent manner. In nutrient rich conditions, Rphl
keeps autophagy induction under check. How-
ever, under starvation, Rphl phosphorylation
by Rim15 causes partial degradation of this pro-
tein, thereby leading to induction of autophagy.”®
Thus, as in mammalian cells, yeast too has tran-
scriptional machinery devoted to control expres-
sion of autophagy genes.

In many genetic and neurodegenerative dis-
eases, autophagy becomes dysfunctional. Mech-
anisms that promote autophagy and mediate
cellular clearance of toxic protein aggregates are
being identified that serve as the novel thera-
peutic targets. For example, over expression of
TFEB rescues cytoxicity of a-synuclein in rat
model of Parkinson’s disease®” and also clears the
polyQ Huntingtin protein.® Recently, HEP14
and HEP15 (small molecules) have been shown
to increase biogenesis of lysosomes by activating
TFEB. This increases the clearance of the cyto-
toxic aggregates from the cell and also increases
the degradation of lipid droplets.*” Thus, modu-
lating the expression of TFs can help enhance
autophagy which may be beneficial in alleviating
disease conditions.

6 Autophagy in Disease

Dysfunctional autophagy is implicated in various
diseases and disorders, such as cancer, intracellu-
lar infections, and neurodegeneration.
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7 Cancer

The role of autophagy in maintaining cellu-
lar homeostasis is undeniably important and
any perturbations in this can accumulate dam-
aged organelles, oxidative stress, and misfolded
proteins in a cell leading to genomic damage
and even tumorigenesis. This concept was very
elegantly proven in experiments with mice hav-
ing deletion of essential autophagy genes like
BECLIN, ATG5, and ATG7 which made them
prone to spontaneous tumors.”” Beclinl dele-
tions were also identified in human breast, pros-
tate, and ovarian cancer samples.”” However,
understanding the role of autophagy in cancer
is not as simple as that. Autophagy can also pro-
vide survival advantage to tumor cells in a solid
tumor which are facing nutrient limitation and
hypoxia. Cancers, such as pancreatic and lung
cancer, have been shown to have high basal lev-
els of autophagy. On gene deletion of essential
autophagy genes, tumor regression occurred in
these cells. Hence, the role of autophagy in can-
cer is complex and requires an understanding of
the stage and type of cancer. It definitely prevents
the onset of tumorigenesis by limiting genomic
damage but may be pro-cancer in established
tumors.®' =%

8 Xenophagy
Autophagy, apart from serving as a metabolic
pathway providing building blocks like amino
acids during conditions of nutritional stress, is
also involved in degrading intracellular patho-
gens. The process of capturing and eliminating
intracellular pathogens by autophagy is called as
xenophagy. The process of xenophagy provides a
broad spectrum of defense mechanism to capture
bacterial, viral, and protozoan pathogens. Pleth-
ora of studies in recent times has shown that xen-
ophagy acts as a part of innate immune system
against huge number of intracellular pathogens
in both phagocytic and non-phagocytic cells.
Although the conventional autophagy was
discovered in 1963 by de Duve,** xenophagy
remained unknown until electron micrographs
of guinea pig polymorphonuclear leukocytes
(PMNs) infected with Rickettsiae (Gram-negative
pleomorphic bacteria) showed autophagosome
like structures containing bacteria.® Following
this, notable discoveries on xenophagy in Group
A Streptococcus,®® Mycobacterium,®” Salmonella,®
Shigella,”® HIV,® Sindibis virus,”! Toxoplasma’
showed that xenophagy is a conventional defense
mechanism of host against various pathogen

types.
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8.1 Pathogen Capture by Xenophagy

Post entry, some pathogens escape into cytosol
to prevent fusion with lysosomes. This also pro-
vides them with sufficient nutrition from the
cytosol to replicate efficiently.”> These cytosolic
pathogens are targeted by xenophagy machinery
that captures them in double membrane vesi-
cles (xenophagosomes) and delivers them to the
lysosomes.”

Recognition of cargo for xenophagic capture
occurs via ubiquitination of the pathogens which,
in turn, is recognized by autophagy adaptor pro-
teins like p62, NDP52, Optineurin, and NBR1.
These adaptors bridge interactions with the ubiq-
uitin and the autophagy machinery by interacting
with LC3. This enables autophagosome forma-
tion around the pathogen.”” Pathogen-specific
adaptor proteins like septins (in case of Shigella
and Listeria) and Tecprl (in case of Shigella) are
also shown to recruit autophagy machinery to the
pathogens.”® 7’

Salmonella enterica serovar Typhimurium is
a well-studied pathogen that gets restricted by
xenophagy. Inside the host cells, Salmonella can
reside either inside membrane bound endosomes
or enter into cytosol by rupturing the endosomes.
There are temporal changes in the intracellular
Salmonella replicating niche in terms of morphol-
ogy and recruitment of host factors. At later time
points (6-8 h p.i), membrane bound endosomes
develop into replicative vesicles for salmonella
called as Salmonella Containing Vacuole (SCVs)
which is characterized by its tubular structure.
Adaptors like p62, NDP52, and optineurin rec-
ognize ubiquitin positive Salmonella, and NDP52
also recognizes galectin that are bound to dam-
aged Salmonella containing endosomes. In a
ubiquitin independent pathway, Salmonella gets
captured to autophagosomes through diacylglyc-
erol present on SCVs. Almost 25-30% of intra-
cellular bacteria are shown to be captured by
autophagosomes at early time points like 1 h post
infection and the recruitment drastically falls at
later points.®® One of the speculated reasons for
surpassing xenophagy is translocation of Salmo-
nella virulence effectors, especially sseL which has
deubiquitinase activity that could essentially pre-
vent the ubiquitination of the pathogen. Another
reason being repression of autophagy by Salimo-
nella at later time points through mTOR activa-
tion.”® 7

The mechanism of subversion differs between
pathogens. Another example is in the case of Shi-
gella flexneri which causes shigellosis can escape
from the phagosome/endosome and move within
the host cells by directing actin polymerization
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using its virG gene. VirG is an outer membrane
protein that accumulates on one end of the bac-
terium and mediates bacteria’s polar movement.
It is also known to be the target of autophagy
machinery via interaction with Atg5. Recent stud-
ies have shown that an effector protein of Shigella,
IcsB, acts as anti-Atg5-binding protein, by hav-
ing a strong affinity for the same binding region
on VirG as that of Atg5. Hence, mutants of icsB
are captured by autophagosomes more rapidly.*’
Thus, although xenophagy exists, it is suppressed/
subverted by most pathogens to evade detection
and capture.

Impairment of xenophagy is also known to
play role in the chronic infection of Crohn’s dis-
ease. Genome Wide Association Studies (GWAS)
have provided evidence for the contribution of
two autophagy genes, ATG16L1,*° and immu-
nity-related GTPase M (IRGM) in the disease
pathogenesis.’’ Subsequent studies show that
single-nucleotide polymorphism occurring at
ATGI16L1 (T300A) does not impair the general
autophagy process but show deficits in intracel-
lular bacterial clearance.®?

8.2 Signaling Pathways of Xenophagy
Recent studies have shed light on signaling path-
ways that lead to xenophagy activation even prior
to ubiquitination of pathogens. Pattern recogni-
tion receptors are host proteins of immune sys-
tem that recognize pathogen products initiating
anti-microbial signals. These receptors could be
either membrane bound (e.g., Toll-like receptors)
or cytoplasmic (e.g., NOD-like receptors). Both
are shown to play role in inducing xenophagy.®> #*
IRGM is human gene shown to interact with
NOD2 during infection, and together, they
recruit Ulkl and Beclinl to initiate autophagy.®
Similarly, membrane bound TLR4 has been
shown to be involved in LPS-induced xenophagy.
This activation also facilitates incorporation of
VPS34 to autophagy vesicle formation.

Among other genetic factors that regulate
xenophagy, TFEB, a mammalian transcription
factor whose role is well studied in lysosomal
biogenesis gets activated during Staphylococcus
aureus infection in a pathogen-specific manner,
while a similar effect is not seen in E.coli infec-
tion. In addition to lysosomes biogenesis, HLH30
(Caenorhabditis elegans homolog of TFEB) is also
shown to induce number of autophagy genes,
such as Atg2, Atgl6, ULK1, among others. TFEB
activation also seems to increase the tolerance to
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bacterial infection by prolonging the life span of
infected C.elegans in comparison to autophagy
mutants.®®

In addition to the immediate innate response
that xenophagy elicits, considerable research has
been done to find its contribution to adaptive
immunity in macrophages and antigen presenting
cells. Atg5-deficient dentritic cells show reduced
MHC class II representation of antimicrobial
peptides and this, in turn, also affects the T-cell
priming.®” These cells also show reduced IL2 and
interferon gamma production in response to viral
infections.

These studies suggest that xenophagy is a con-
served innate immunity pathway that pathogens
evade to establish infection. Thus, enhancing
xenophagy that rescind the block imposed by the
pathogens would enhance the host immunity to
fight against infectious agents. In this direction,
screening for compounds that could enhance
clearance of intracellular pathogens by xenophagy
has been done for pathogens like Toxoplasma and

Mycobacterium., %

9 Aggrephagy

One of the hallmarks of life threatening neuro-
degenerative diseases is neuronal death caused
by accumulation of misfolded toxic protein
aggregates, such as a-synuclein, f-amyloid, hun-
tingtin polyQ repeats, FUS, and TDP43. Cellular
proteostasis involving the clearance of superflu-
ous cellular organelles and other cargos, includ-
ing toxic proteins, is maintained through the
chaperones, the Ubiquitin—Proteasome System
(UPS), and the autophagy pathways.”” Chap-
erone and UPS functions are choked by the
misfolded protein aggregates. Misfolded pro-
teins are substrates for autophagy.”’ A selective
autophagy pathway, aggrephagy, is a cellular
degradation mechanism to clear the toxic, mis-
folded proteins. Recent studies highlight the
importance of autophagy in maintaining organ-
ismal homeostasis. Brain-specific autophagy
knockout mice (Atg5) accumulate p62 protein
aggregates in neurons, and subsequently mani-
fest neurodegenerative phenotypes, illustrating
the vital role of basal autophagy for aggregate
clearance.”

Autophagy is dysfunctional in neurodegen-
erative disease pathologies.”’ Thus, restoring
autophagy through pharmacological approaches
using small molecules has been reported to have
beneficial neuroprotective effects.”* >
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10 Non-canonical Roles of Autophagy
Besides the canonical role of cellular homeostasis
and degradation, autophagy process also has
some moonlighting functions which are underex-
plored. Involvement of autophagy machinery is
seen in several contexts which do not involve cap-
ture and delivery of the cargo to the lysosome for
degradation via a double membraned autophago-
some. Such non-canonical autophagy processes
include LC3-Associated Phagocytosis (LAP) and
autophagy mediated unconventional protein
secretion are two such examples. These non-
canonical functions were explicitly put forth in a
recent review by the pioneers in the field.”® Some
of the pleiotropic functions of autophagy include
their role in cell survival and apoptosis, cellular
transport, secretion, signaling, transcriptional
and translational responses, membrane organiza-
tion, and microbial pathogenesis.

The non-canonical roles can be looked upon
from two diverse perspectives:

1. As macroautophagy involves formation of
vesicles and membranous structures, these
could be harnessed by other cellular and
non-cellular processes.

2. Moonlighting functions of Atg proteins.

10.1 Harnessing Autophagy Machinery
for Other Cellular Processes

The prime role of autophagy is turnover and
is accompanied by the process of dynamic
membrane biogenesis.”” *® The double lay-
ered autophagosome membrane formation to
entrap cargoes is an orchestrated, dynamic pro-
cess with the involvement of several Atg proteins
and requires PI3-K activity. This property has
been elegantly exploited by the pathogens that
infect mammalian cells. Virus and bacteria have
evolved mechanisms not only to evade the deg-
radative action of autophagy but also to hijack
the host autophagy machinery for their multi-
plication. In this section, we will focus only on
the non-canonical role of autophagy proteins
in microbial pathogenesis. LC3 in mammals
mediates the recruitment of the substrates onto
the autophagosomes via their LC3-interacting
regions (LIR). Some of the examples that utilize
the Atg proteins besides their degradative func-
tions are discussed below:

1. Influenza A virus redirects LC3-conjugated
membranes meant for autophagy to the cell
surface for budding of stable viruses.” The
ion-channel matrix protein of the virus

J. Indian Inst. Sci. IVOL 97:1179-94 March 2017ljournal.iisc.ernet.in

. In  Mycobacterium
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(M2) recruits the central player of
autophagosomal membrane or the landing
pad of cargo receptor, LC3, inhibiting the
fusion to lysosomes, thereby aiding in the
transport of virions to the plasma mem-
brane.'”

tuberculosis  infection,
Atg5 is found to play a unique role of pro-
tection by preventing PMN-mediated
immunopathology. Knockout studies sup-
port an additional, ATG16L1 independent
role of ATG5 in protecting the mice from M.
tuberculosis infection.'"!

. Another study from an unbiased siRNA

screen has indicated the involvement of
ATG13 and FIP200 in the picornavirus rep-
lication that is independent of their canoni-
cal autophagy functions.'”® The host and
the viruses exploit the autophagy machinery
along with the autophagy-related membra-
nous structures to either restrict or enhance
viral replication that is non-canonical of the
autophagy functions. Autophagy proteins,
including Beclinl, LC3, Atg4B, Atg5, Atg7,
and Atgl2, positively regulate the Hepati-
tis C viral replication,'”® whereas in murine
norovirus, some of the autophagy proteins
are required by the IFN-y activated mac-
rophages to inhibit viral replication com-
plex.!” Non-involvement of ULK com-
plex distinguishes the non-canonical from
canonical autophagy.'® There is a general
notion that a single ATG gene deletion leads
to specific block in the autophagy process,
but the above-mentioned examples provide
evidence that the Atg proteins also exhibit
many of the non-canonical roles during
viral infection.'%

. In Mouse Hepatitis Virus (MHV) infec-

tion, as unlipidated LC3 (LC3-I) promotes
viral replication in Double-Membrane
Vesicles (DMVs) without utilizing ATG5'"”
and LC3-IL,'% it suggests that the canonical
autophagy is not involved. Detailed analy-
sis of the vesicles indicates that the DMVs
are another LC3-presenting membrane that
is distinct from the canonical double mem-
brane autophagosomes.

. Zikavirus, a member of the Flaviviridae fam-
ily, causes microcephaly affecting the cen-
tral nervous system.'’” This virus produces
a variety of intracytoplasmic inclusions
termed as “virus factories” in the infected
cells. The zika virus infected skin fibroblasts
demonstrate that the virus not only blocks
the autophagic flux but also hijacks the
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autophagic machinery for its own replica-
tion 110: 111

In all the above examples, we see that the
ability to form membrane structures of the
autophagy proteins is being exploited by the
virions to promote their viral budding and rep-
lication, thereby aiding in their survival and
infection.

10.2 Moonlighting Functions of Atg
proteins
(i) Role in Unconventional Protein Secretion

Beyond its role of cellular self-eating and
homeostasis, autophagy proteins also play an
important role in unconventional protein secre-
tion whose mechanism is not well elucidated.

The conventional secretory proteins enter
endoplasmic reticulum via signal peptides,
whereas the unconventional secretory proteins
destined for secretion follow an alternate traf-
ficking route. The process by which proteins
that are devoid of canonical leader sequence still
get secreted is termed as unconventional protein
secretion.

Extensive studies of two main cargoes studied
till this date have provided us clues on autophagy-
mediated unconventional protein secretion.

1. First, the secretion of mature cytokine, IL1-
B, is found to be controlled by the process
of autophagy.''? Its secretion is presumed
to involve Rab proteins and MVBs.!"® The
matured form of the IL1-f is released out-
side the cell after cleavage from its precur-
sor form. Although Caspase-1 mediated
IL1-P release is reported, elegant studies by
Zhang et al, 2015 have demonstrated that
the translocation of the unconventional
secretory protein, IL1-f into a secretory vesi-
cle, is mediated by autophagy, multivesicular
bodies (MVBs), and Golgi-associated pro-
teins (Golgi Reassembly Stacking Protein-
GRASPs).

2. The second cargo is the Acyl-CoA-binding
protein (Acbl) that gets secreted outside
the cell by unconventional protein secre-
tion upon starvation in yeast. Genetic stud-
ies in yeast''* have demonstrated that Acbl
is unconventionally secreted via vesicles
and are captured in a new compartment
called CUPS (Compartment for Uncon-
ventional Protein Secretion).!'®  These
studies in yeast have revealed that the core
autophagy machinery is a necessary requi-
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site for autophagosome construction, sug-
gesting that secretory autophagosomes must
be formed. This secretion is found to be
GRASP-dependent and autophagy-medi-
ated, and plays an important role in peroxi-
some biogenesis providing some clues on
membrane source for autophagosome bio-

genesis.'!®

Multiple lines of evidence demonstrate the
interplay of autophagy and unconventional pro-
tein secretion in the clinical and pathophysiologi-
cal context.

1. The GRASP-dependent unconventional
secretion of CFTR, the Cystic Fibrosis
Transmembrane conductance Regulator,
demonstrates a physiological relevance of
unconventional protein secretion in the
cystic fibrosis disease. Autophagy-mediated
trafficking of CFTR leads to proper inser-
tion of the protein to the plasma mem-
brane, whereas the transgenic overexpres-
sion of GRASP rescued the phenotype of the
AF508-CFTR mice.'"’

2. Autophagy plays a significant role in polar-
ized secretion of lysosomal contents in oste-
oclastic bone resorption.'!®

3. Impairment of autophagosome-lysosome
fusion promotes tubulin polymerization-
promoting protein (TPPP/p25a) to secrete
a-synuclein, the hallmark protein of Par-
kinson’s disease, in an unconventional man-
ner.'"”

4. Another unconventionally secreted protein,
Insulin Degrading Enzyme (IDE), was found
to be mediated through autophagy-based
unconventional secretion upon statin induc-
tion'? and also has disease relevance in Alz-
heimer’s disease.'?!

5. Secretion of B-amyloid aggregates formed
in the Alzheimer’s disease is also mediated
by autophagy. Knockout studies in mice
neuronal Atg7 was found to influence the
B-amyloid secretion thereby affecting the
plaque formation, a pathological hallmark
of AD.'*?

6. Atgl6L1l not only regulates cellular
autophagy but also acts as Rab33A effec-
tor by secreting the hormone from the
dense core vesicles of the neuroendocrine
PCI12 cells.'”® Another example of the com-
bined role of Atg5, Atg7, Atg4B, and LC3 is
observed in the polarized secretion of lyso-
somal contents (cathepsin) in the osteo-
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clasts."!® Defects in Atg4B and Atg5 in mice
are found to manifest balance related disor-
ders due to deficient secretion of otoconins
by vestibular sensory cells in the inner
ear. 124 125

(ii)  Role in cell division:

The non-canonical role of autophagy proteins
has gained significance, especially in microbial
pathogenesis. The functional importance of local-
ization of PfAtg8 to apicoplast, a four membrane-
bound non-photosynthetic plastid, provides
clue for non-canonical function of autophagy
in Plasmodium falciparum."* In the apicompl-
exan parasite Toxoplasma gondii, TgATGS is vital
for normal replication of the parasite inside the
host cell. Recent studies have demonstrated that
another key role of apicoplasts bound TgATGS is
involved in centrosome-driven inheritance of the
organelle during cell division.'?’

In the Zika virus infected patients, microceph-
aly is brought about by the abnormal function
of centrosomes affecting neural brain devel-
opment.'?® 2 As this process is coupled with
hijacked autophagy machinery, it is presumed
that autophagy proteins are probably involved in
cell division too.

(iii) Role in inflammatory disease control:

The LC3-Associated Phagocytosis (LAP) is
one of the prime non-canonical functions of
autophagy that is required for effective clearance
of apoptotic cells.*’ In canonical autophagy, LC3
conjugates to the autophagosomal membranes
facilitating maturation upon fusion with lys-
osomes. Rubicon, a Beclin-1-binding protein, is
found to be required for LAP but not for canoni-
cal autophagy.®! In Systemic Lupus Erythema-
tosus (SLE), the pathogenesis is brought about
by the defects in clearance of dying cells. LAP is
found to inhibit autoinflammatory responses
caused by dying cells implicating its link in
inflammatory disease control of SLE.!”> Even in
viral RNA-mediated infection, the immunostim-
ulatory RNA (isRNA)-mediated type I interferon
production is negatively regulated by the Atgl2—
Atg5 conjugate'” ¥ demonstrating its sup-
pressor activity in the innate antiviral immune
signaling aiding cell survival.

Studies reveal interplay between inflam-
masomes (multiprotein complex that activates
caspase-1) and autophagy. While autophagy
negatively regulates inflammasome activa-
tion, autophagy induction is dependent on the
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presence of specific inflammasome sensors.
Autophagosomes degrade inflammasomes via the
selective autophagic receptor p62 and autophagy
plays a role in the biogenesis and secretion of the
proinflammatory cytokine IL-1p.'74-15

The involvement of the adaptor protein,
ATG16L1, in the inflammatory bowel disease
(Crohn’s disease) is characterized by dramatic
increase in commensal bacteria.'* Deletion stud-
ies in ATG16L1-WD repeat domain and T300A
mutant of mouse embryonic fibroblasts did not
affect xenophagy or the normal autophagic func-
tion indicating its differential role in Crohn’s
disease.'*

(iv) Role in lipidogenesis and development:

Lipid droplet formation in mammalian white
adipocytes involves massive cytoplasmic remod-
eling within the cells. Besides the conventional
roles in autophagy, several autophagy genes have
been implicated to have “non-autophagy roles”
For example, Atg2 and LC3 are also involved in
lipid droplet biogenesis in mouse hepatocytes and
cardiac myocytes,'*> > while knockout stud-
ies in mice for Atg5 and Atg7 have revealed their
additional roles in adipogenesis.'*> ** The mice
fed with high fat diet in the Atgl2 lacking pro-
opiomelanocortin expressing neurons exhibited
aggravated obesity which demonstrates an auxil-
iary function of Atgl2 in diet-induced obesity.'**
In addition, Atg5-independent non-canonical
autophagy generates autophagosomes in a Rab9-
dependent manner. Such Atg5-independent
autophagy is found to be required for iPSC
reprogramming that mediates mitochondrial
clearance.'*

The versatility of the autophagy proteins in
all the cellular processes opens new avenues to
explore its moonlighting functions. It is impera-
tive to understand the discrete functions of the
autophagy proteins besides their central role in
degradation and cellular homeostasis.

10.3 Open Questions in Autophagy

Although the field has garnered much inter-
est now with the award of the Nobel Prize to
Prof. Yoshinori Ohsumi for his contributions
to understanding the mechanism of autophagy,
several autophagy-related frontiers remain
unchallenged. Questions pertaining to under-
standing basal autophagy and the mechanisms
that regulate it are still open. How various
intracellular membrane sources contribute to
autophagosome biogenesis and the factors that

@ Springer jﬁ%ﬁﬁ

89



Sarika Chinchwadkar et al.

govern autophagosome size and number is still an
active area of research. In spite of identification
of a conserved set of core autophagy proteins,
their actual roles in autophagosome construc-
tion and mechanisms regulating autophagosome-
lysosome fusion are not clear. The contribution
of autophagy in cell death is controversial and
the case of “cell death by over eating oneself” is
highly debatable."*”> *® Finally, restoration of
impaired autophagy in several disease states via
small molecule autophagy modulators has been
shown to be promising in many cases, but bon-
afide and exclusive modulators are still elusive.
Discovery of such small molecules will not only
further our understanding of autophagy flux but
will also fuel the tremendous therapeutic poten-
tial autophagy holds.
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