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André du Toit

Dissertation presented for the degree of Doctor of

Philosophy of Science (Biochemistry) in the Faculty of

Science at Stellenbosch University

Supervisor: Prof. B. Loos

Co-supervisor: Prof. J.-H. S. Hofmeyr

April 2019



Declaration

By submitting this dissertation electronically, I declare that the entirety of the

work contained therein is my own, original work, that I am the sole author thereof

(save to the extent explicitly otherwise stated), that reproduction and publication

thereof by Stellenbosch University will not infringe any third party rights and

that I have not previously in its entirety or in part submitted it for obtaining any

qualification.

December 2018
Date: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Copyright c© 2019 Stellenbosch University 
All rights reserved.

i

Stellenbosch University  https://scholar.sun.ac.za



Acknowledgements

I would like to express my sincere gratitude to my supervisors, Prof Ben Loos

and Prof Jannie Hofmeyr, for their mentorship, constant guidance and patience,

and their acceptance of my dyslexia through their dedication in time and effort

in improving my writing skills. I wish to thank the Departments of Physiological

Sciences and Biochemistry, particularly the Disease Signalling Group (DSG), for

fellowship and support. Further thanks to Dr Annadie Krygsman, Dr. Danzil

Joseph, Mr. Noel Markgraaff, Mr. Ashwin Isaacs, Mrs. Lize Engelbrecht, Ms.

Rozanne Adams and Ms. Dumisile Lumkwana for technical support as well as Prof

Maryna Van De Venter at Nelson Mandela University (NMU) for providing access

to their high content screening microscopy platform and for her technical support.

I also wish to acknowledge Prof Noboru Mizushima for kindly providing GFP-LC3

MEF and HeLa cells used in this study. This work was supported by grants from

the National Research Foundation. I wish to thank my parents and friends for

their support. Finally, and most importantly, I would like to acknowledge the role

of faith in God that provided strength throughout the duration of this project, as

well as Aneeta Anne Sindhu for her love and support during the good and the bad.

ii

Stellenbosch University  https://scholar.sun.ac.za



This thesis is dedicated to God and Aneeta Anne Sindhu, as well as my family

and my supervisors.

iii

Stellenbosch University  https://scholar.sun.ac.za



Contents

Declaration i

Contents iv

List of Figures viii

List of Tables xi

Nomenclature xii

Summary xvi

Opsomming xx

1 Introduction 1

2 Literature review 4

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 The autophagy pathway . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 The core machinery of autophagy . . . . . . . . . . . . . . . 9

2.2.2 Metabolic regulation of autophagy . . . . . . . . . . . . . . 16

2.2.2.1 Metabolic triggers of autophagy . . . . . . . . . . . 16

2.2.2.2 Metabolic sensors that initiate autophagy . . . . . 20

2.2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 The physiological role of autophagy . . . . . . . . . . . . . . . . . . 26

2.4 Autophagy and human disease . . . . . . . . . . . . . . . . . . . . . 29

iv

Stellenbosch University  https://scholar.sun.ac.za



CONTENTS v

2.4.1 The lack of autophagy function has dire consequences in

neurodegenerative diseases . . . . . . . . . . . . . . . . . . . 29

2.4.2 Autophagy the double edged sword in cancer development . 31

2.4.3 Continuous cytoplasmic protein turnover keeps cells healthy 32

2.4.4 Autophagy’s cytoprotective properties make it an ideal ther-

apeutic target . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.5 Current methods for monitoring autophagy . . . . . . . . . . . . . . 34

2.5.1 Biochemical assays . . . . . . . . . . . . . . . . . . . . . . . 34

2.5.2 Electron microscopy . . . . . . . . . . . . . . . . . . . . . . 37

2.5.3 Fluorescence microscopy . . . . . . . . . . . . . . . . . . . . 38

2.5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.6 Computational modelling of autophagy . . . . . . . . . . . . . . . . 40

2.6.1 Autophagic flux is a measure of autophagic degradation ac-

tivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6.1.1 Vesicular pathway - the stepwise transformation of

the autophagic vesicles . . . . . . . . . . . . . . . . 41

2.6.1.2 Cargo degradation and its implications in protein

quality control . . . . . . . . . . . . . . . . . . . . 48

2.6.1.3 Vesicular pathway and cargo degradation contribute

to the autophagic activity . . . . . . . . . . . . . . 49

2.6.2 Modelling autophagy in a cell population . . . . . . . . . . . 50

2.6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 Laboratory Methods and Materials 53

3.1 General laboratory consumables . . . . . . . . . . . . . . . . . . . . 53

3.2 Cell culturing protocol . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3 Western blot analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.4 Proteomics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.5 Micro-patterning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.6 Fluorescence imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.7 Image analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.8 Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Stellenbosch University  https://scholar.sun.ac.za



CONTENTS vi

4 Autophagosome flux 64

4.1 Measuring autophagosome flux . . . . . . . . . . . . . . . . . . . . 65

4.2 Drug screening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2.1 Dose-response screening . . . . . . . . . . . . . . . . . . . . 72

4.2.1.1 Fixation-based drug screening . . . . . . . . . . . . 73

4.2.1.2 Live-cell based drug screening . . . . . . . . . . . . 77

4.2.1.3 Modulation of autophagy . . . . . . . . . . . . . . 82

4.2.1.4 Fixation and live-cell imaging . . . . . . . . . . . . 86

4.2.2 The transient time-dependent behaviour of autophagy . . . . 87

4.2.3 Screening autophagosomes . . . . . . . . . . . . . . . . . . . 92

4.3 Autophagosome flux markers . . . . . . . . . . . . . . . . . . . . . . 95

4.4 Autophagy system properties . . . . . . . . . . . . . . . . . . . . . 102

4.4.1 Modulation of cargo flow through the autophagy pathway . 103

4.4.2 Using micro-patterning to control cell shape and dissect the

autophagy process . . . . . . . . . . . . . . . . . . . . . . . 104

4.4.3 The relationship between autophagosome flux and cell size . 105

4.4.4 Tracking autophagosomes in non-patterned and patterned

cells under control and enhanced autophagy conditions . . . 107

5 Modelling and Supply-Demand Analysis 111

5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.3.1 Computer simulations . . . . . . . . . . . . . . . . . . . . . 114

5.3.2 Experimental studies . . . . . . . . . . . . . . . . . . . . . . 115

5.3.2.1 Cell culture . . . . . . . . . . . . . . . . . . . . . . 115

5.3.2.2 Chemicals . . . . . . . . . . . . . . . . . . . . . . . 115

5.3.2.3 Microscopy . . . . . . . . . . . . . . . . . . . . . . 115

5.3.2.4 Image Analysis . . . . . . . . . . . . . . . . . . . . 116

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.5 The kinetic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.6 Supply and demand analysis of autophagy . . . . . . . . . . . . . . 124

Stellenbosch University  https://scholar.sun.ac.za



CONTENTS vii

5.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.9 PySCeS-input files . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.9.1 Minimal model of autophagy . . . . . . . . . . . . . . . . . . 133

5.9.2 Extended model of autophagy . . . . . . . . . . . . . . . . . 134

6 Measuring autophagy at organ level 136

6.1 CLARITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.2 Tissue processing and imaging . . . . . . . . . . . . . . . . . . . . . 138

6.2.1 Staining and imaging of large brain tissue. . . . . . . . . . . 144

6.2.2 Immunofluorescence staining of brain slices. . . . . . . . . . 147

6.2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7 General discussion 154

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.2 Measuring autophagosome flux . . . . . . . . . . . . . . . . . . . . 156

7.3 Modulating autophagy . . . . . . . . . . . . . . . . . . . . . . . . . 161

7.4 Autophagosome flux markers . . . . . . . . . . . . . . . . . . . . . . 164

7.5 Autophagy system properties: cell size and vesicle dynamics . . . . 165

7.5.1 A contribution to autophagy degradative capacity through

autophagosome size? . . . . . . . . . . . . . . . . . . . . . . 166

7.5.2 Autophagosome flux and cell size . . . . . . . . . . . . . . . 167

7.5.3 Autophagosome trafficking . . . . . . . . . . . . . . . . . . . 167

7.5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.6 Supply and demand analysis of autophagy . . . . . . . . . . . . . . 169

7.7 Paving the way towards assessing autophagy in vivo . . . . . . . . . 170

7.8 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

Bibliography 173

Stellenbosch University  https://scholar.sun.ac.za



List of Figures

2.1 Autophagy pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Autophagy regulatory complexes . . . . . . . . . . . . . . . . . . . . . 12

2.3 Network representation of the autophagy process . . . . . . . . . . . . 41

3.1 Micro-patterning protocol . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.1 Graphic illustration of autophagosome flux measurement under basal

and induced conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Measuring autophagosome flux in autophagy-silenced MEF cells . . . . 67

4.3 Measuring autophagosome flux using LysoTracker blue and LAMP1-

RFP in MEF cells stably expressing GFP-LC3 . . . . . . . . . . . . . . 69

4.4 Measuring autophagy activity with an autophagic flux probe . . . . . . 71

4.5 Fixation-based screening of autophagy modulating drugs in the MEF

GFP-LC3 cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.6 Custom-machined microscope slides for high content live-cell imaging . 78

4.7 Verifying if the autophagy system is at steady state in HeLa GFP-LC3

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.8 Live-cell screening of autophagy modulating drugs in HeLa GFP-LC3

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.9 Dose–response model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.10 The transient time-dependent response of the autophagy system in

MEF GFP-LC3 cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.11 The transient time-dependent response of the autophagy system in

HeLa GFP-LC3 cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

viii

Stellenbosch University  https://scholar.sun.ac.za



LIST OF FIGURES ix

4.12 Manipulating the rate of fusion between autophagosomes and lysosomes 94

4.13 Heat map of protein markers identified using proteomic analysis of MEF

GFP-LC3 cells with known autophagosome flux . . . . . . . . . . . . . 97

4.14 Interaction network representation of autophagosome flux markers . . . 98

4.15 Modulation of cargo flow through the autophagy pathway . . . . . . . 104

4.16 Precision control of cell size using micro-patterning . . . . . . . . . . . 105

4.17 Cell size-dependent changes in autophagy variables . . . . . . . . . . . 107

4.18 Representative micrographs of non-patterned and patterned cells show-

ing autophagy pathway intermediates and tubulin network . . . . . . . 109

4.19 Changes in translocation rate and displacement of GFP-LC3 positive

puncta in MEF cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.1 Changes in the autophagy pathway entities over time . . . . . . . . . . 117

5.2 Network representation of the autophagy process . . . . . . . . . . . . 119

5.3 Overlaying the simulation curves on experimental data . . . . . . . . . 121

5.4 The transient time-dependent behaviour of the autophagy pathway in-

termediates after partial inhibition of fusion . . . . . . . . . . . . . . . 126

5.5 Co-response analysis of the steady-state autophagosome flux and auto-

phagosomes pool size . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.6 The combined rate characteristics of a supply–demand system . . . . . 129

6.1 A schematic representation of the clearing process of brain tissue using

CLARITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.2 3D-printed brain matrix slicer . . . . . . . . . . . . . . . . . . . . . . . 140

6.3 CLARITY passive clearing system . . . . . . . . . . . . . . . . . . . . 141

6.4 Passive clearing of brain tissue . . . . . . . . . . . . . . . . . . . . . . . 142

6.5 CLARITY active clearing system . . . . . . . . . . . . . . . . . . . . . 143

6.6 Whole brain samples cleared using passive and active clearing . . . . . 144

6.7 Histology of the cerebellum . . . . . . . . . . . . . . . . . . . . . . . . 146

6.8 Fluorescence micrographs of a mouse cerebellum stained with Nissl . . 151

6.9 Fluorescence micrographs of mouse cerebellum stained with LC3, p62

and Hoechst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

Stellenbosch University  https://scholar.sun.ac.za



LIST OF FIGURES x

6.10 Fluorescence micrographs of mouse cerebellum stained for LAMP2 and

nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.1 Combining our approach with the GFP-LC3-RFP-LC3∆G probe . . . 161

7.2 Conceptualisation of developing autophagy modulating therapies . . . . 163

Stellenbosch University  https://scholar.sun.ac.za



List of Tables

3.1 Details of data acquisition using mass spectrometry. . . . . . . . . . . . 59

4.1 Autophagy modulating drugs . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 The rate of autophagosome synthesis (vA) measured at two different

time points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.1 Functional variables of autophagy for basal and rapamycin (25 nM)

induced autophagy in MEF cells (A: autophagosomes; AL: autolyso-

somes; L: lysosomes). Derived variables are shown in italics. . . . . . . 116

xi

Stellenbosch University  https://scholar.sun.ac.za



Nomenclature

Abbreviations

3D: Three-dimensional

ACN: Acetonitrile

AGC: Automatic gain control

Beclin 1: BCL2 interacting protein 1

BSA: Bovine serum albumine

CO2: Carbon dioxide

dH2O: Distilled water

DMEM: Dulbecco’s Modified Eagle Medium

DMSO: Dimethylsulfoxide

ECL: Enhanced chemiluminescence

EDTA: Ethylenediaminetetraacetic acid

ER: Endoplasmic recticulum

FA: Formic acid

FBS: Foetal bovine serum

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

GFP: Green fluorescent protein

HeLa GFP-LC3: HeLa stably expressing GFP-LC3

IgG: Immunoglobulin G

KCl: Potassium chloride

KH2PO4: Potassium dihydrogen phosphate

xii

Stellenbosch University  https://scholar.sun.ac.za



NOMENCLATURE xiii

LAMP-2A: Lysosome-associated membrane protein-2A

LC3: Microtubule-associated protein 1 light chain 3

LC3-PE: Microtubule-associated light chain 3-phosphatidylethanolamine (LC3

II)

LCMS: Liquid chromatography mass spectrometry

LUT: Look up table LUT

MEF: Mouse embryonic fibroblast

MEF GFP-LC3: Mouse embryonic fibroblast stably expressing GFP-LC3

MMTS: Methyl-methanethiosulphonate

mTOR: Mechanistic target of rapamycin

Na2HPO4: Disodium hydrogen phosphate

Na3VO4: Sodium orthovanadate

NaCl: Sodium chloride

NaF: Sodium fluoride

p62: Nucleoporin p62 (SQSTM1)

PAGE: Polyacrylamide gel electrophoresis

PE: Phosphatidylethanolamine

PLL-g-PEG: Polylysine-grafted polyethyleneglycol

PMSF: Phenylmethylsulfonylfluoride

pmTOR: Phosphorylated mechanistic target of rapamycin

PVDF: Poly-vinylidene fluoride

PySCeS: Python Simulator for Cellular Systems

RIPA: Radio-immunoprecipitation

ROI: Region of interest

RT: Room temperature

SDS: Sodium dodecyl sulphate

SQSTM1: Sequestosome 1 (P62)

TBS-T: Tris-buffered saline and Tween 20

Stellenbosch University  https://scholar.sun.ac.za



NOMENCLATURE xiv

TCE: 2,2,2-Trichloroethanol

TCEP: Tris(carboxyethyl) phosphine

TEAB: Triethylammonium bicarbonate

TEM: Transmission electron microscopy

UVO: Ultra Violet Ozone

UVRAG: UV-radiation resistance-associated gene

Units Of Measurements

µs: microseconds

s: seconds

min: minute

h: hour

◦C: degree Celsius

kDa: kilodalton

mm: millimeter

µm: micrometer

nm: nanometer

g: gram

mg: milligram

µg: microgram

l: litre

ml: millilitre

µl: microlitre

fl: femtolitre

M: molar

mM: milliomolar

µM: micromolar

nM: nanomolar

Stellenbosch University  https://scholar.sun.ac.za



NOMENCLATURE xv

mW: milliWatt

Model Abbreviations

J : Flux

P : Phagophores

A: Autophagosomes

AL: Autolysosomes

AA: Amino acids

L: Lysosomes

mTOR: Mechanistic target of rapamycin

pmTOR: Phosphorylated mechanistic target of rapamycin

Coefficients

CJ
v : Flux-control coefficient

Cn
v : Concentration-control coefficient

εvn: Species elasticity coefficient

Model Variables

J : Autophagosome flux (nA/hr/cell)

vA: Autophagosome synthesis rate (nA/hr/cell)

τ : Transition time (hr)

nspecies: Species concentration (number/cell)

A: Autophagosomes (nA/cell)

AL: Autolysosomes (nAL/cell)

L: Lysosomes (nL/cell)

Stellenbosch University  https://scholar.sun.ac.za



Summary

Introduction. Autophagy is an evolutionarily-conserved cellular process of

self-digestion, wherein cytoplasm and organelles are sequestered and delivered to

lysosomes for degradation. Autophagy plays a vital role in maintaining cellular

function and proteostasis through the recycling of cellular components; it gener-

ates the building blocks for de novo synthesis and substrates for energy generation

during periods of nutrient deprivation. It also serves to protect cells against diverse

pathologies by removing potentially harmful proteins and organelles. Autophagy

has been linked to the progression of several diseases; the loss of autophagy func-

tion leads to the build up of toxic compounds, such as those associated with

neurodegeneration, while enhanced autophagy activity contributes to the resis-

tance of cancer against chemotherapeutic drugs. The role of autophagy in disease

has made it an attractive therapeutic target for the treatment of several diseases.

Clinical trials using autophagy modulators have already shown promising results.

The success of autophagy-targeting therapies depends, however, on our ability to

accurately measure autophagy and characterise autophagy modulators, as well as

unravelling its role in disease both on a mechanistic (single cell) and a global (whole

organ) level. We previously developed a fluorescence-based microscopy technique

for accurately measuring autophagosome flux that showed great promise.

Aims. The first aim of this project was to validate the reliability and appli-

cability of our approach to accurately measure autophagosome flux and autophagy

intermediates. The second aim was to use this technique for the screening of several

autophagy modulating-drugs and then, as our third aim, to identify novel biomar-

kers that could serve as indicators of autophagosome flux in a clinical setting. The

xvi
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SUMMARY xvii

fourth aim was to use our approach to investigate the underlying mechanism of

autophagy that could provide context for understanding the dynamic nature of

autophagy. Our fifth aim, as an extension of our previous modelling efforts, was

to perform supply and demand analysis to characterise the distribution of flux

and concentration control of the autophagic steady state. Our final aim was to

bridge the gap between in vitro and ex vivo by characterising the three-dimensional

spatial organisation of autophagy pathway intermediates in brain tissue.

Methods. A fluorescence-based imaging approach was employed to measure

autophagy variables in mouse embryonic fibroblasts (MEF) and HeLa cells that

stably express GFP-LC3. Cells were cultured in the presence of an acidotrophic

fluorescent dye that allows, in combination with GFP-LC3, the visualisation of

autophagosomes, autolysosomes and lysosomes. We calculated the autophago-

some flux as the initial rate of increase in the number of autophagosomes after

inhibition of fusion between autophagosomes and lysosomes using bafilomycin A1.

We validated the reliability and applicability of this approach through a series of

experiments: measuring autophagosome flux in autophagy-silenced cells, evaluat-

ing alternative probes, and comparing our approach to a recently-developed flux

probe. Then we used this approach to screen several clinically relevant autophagy

modulators and characterised their dose-response and time-response curves. Pro-

teomic analysis was performed on MEF cells with autophagy being induced by

25% and 75% using rapamycin and spermidine to identify novel biomarkers of

autophagosome flux. A partial-inhibition-of-fusion group was included to filter

false positive markers. To investigate the underlying mechanism of autophagy we

used our approach to (i) assess cytoplasmic cargo (volume) turnover by measuring

autophagosome size and flux before and after induction with rapamycin, spermi-

dine and FBS, (ii) determine changes in the tubulin-associated translocation rate

and displacement of autophagosomes in response to induction with rapamycin and

spermidine, and in response to partial inhibition with bafilomycin A1, by acquir-

ing an image series of MEF GFP-LC3 cells to analyse autophagosomal movement

with TrackMate, and (iii) assess whether autophagosome flux changed in rela-
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SUMMARY xviii

tion to cell size. For the supply and demand analysis the autophagic response to

rapamycin induction was used to determine the demand elasticity coefficient and

rate characteristics, while the supply elasticity coefficient and rate characteristics

were determined by incrementally decreasing the rate of fusion of autophagosomes

and lysosomes using bafilomycin A1 and measuring the autophagy variables. Fi-

nally, brains were harvested from mice and polymerised in an acrylamide and

paraformaldehyde solution. The hydrogel-tissue matrix was made transparent us-

ing a 3D-printed clearing station and stained for autophagy markers (LC3, p62

and LAMP2A). Tissue was imaged using a light-sheet and a confocal microscope.

Results. Our method quantified the autophagosome flux and the autophagy

intermediates in a reliable and robust manner, and was able to detect small changes

in autophagy activity, something that was not possible with the other flux probes.

It proved to be suitable for high-throughput platforms and was flexible enough

to accommodate a range of probes. Drug screening allowed for the characteri-

sation of the dose response curve with high precision, demonstrating that it is

possible to finely modulate autophagy. We identified several autophagosome flux

markers, the majority being cytosolic proteins that decrease with increasing auto-

phagosome flux. Moreover, proteomic analysis revealed that autophagy machinery

proteins are not best suited as flux markers. We were able to shed light on the

underlying mechanism of autophagy through a series of experiments that showed

that (i) mTOR-dependent induction of autophagy modulates both autophagosome

flux and autophagosome size, while mTOR-independent induction only modulates

autophagosome flux, (ii) autophagosome flux increases in relation to cell size, and

(iii) an increase in autophagosome flux leads to a decrease in the rate of auto-

phagosome translocation. Supply and demand analysis revealed that the supply

of autophagosomes (synthesis of autophagosomes) determines flux through the

autophagy vesicular pathway while the demand of autophagosomes (their fusion

with lysosomes) controls the homeostatic maintenance of autophagosomes under

normal physiological conditions. Finally, we demonstrated it is possible to assess

autophagy pathway intermediates in a three-dimensional neuroanatomical context.
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Conclusion. Our approach quantifies autophagy variables in a robust and

reliable manner and promises to be a technique of choice for characterising au-

tophagy modulators. Biomarkers identified in this study could serve as a starting

point for developing assays that can be used to measure autophagosome flux in a

clinical setting. The data generated in our study of the autophagy system con-

tributes to our understanding of autophagy as a whole and paves the way to the

point where we will be able to finely modulate autophagy.
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Opsomming

Inleiding. Autofagie is ’n evolusionêr-bewaarde sellulêre proses van selfver-

tering, waarin sitoplasma en organelle in vesikels gesekwestreer word en na liso-

some afgelewer word vir degradasie. Autofagie speel ’n belangrike rol in sellulêre

funksie en proteostase deur die herwinning van sellulêre komponente; dit genereer

beide boustene vir de novo sintese van protëıene en substrate vir energieproduk-

sie gedurende periodes van voedingstoftekorte. Dit beskerm ook selle teen diverse

siektetoestande deur die verwydering van potensieel skadelike protëıene en or-

ganelle. Autofagie is al geassosieer met verskeie siektes: ’n afname in autofagie

degradasiekapasiteit lei tot die opbou van skadelike protëıene, soos diè geassosieer

met neurodegenerasie, terwyl verhoogde autofagie-aktiwiteit bydra tot die robuust-

heid van kanker teenoor chemoterapeutiese middels. Hierdie eienskappe maak

autofagie ’n aantreklike terapeutiese teiken vir die behandeling van verskeie siek-

tes. Kliniese proewe wat van autofagiemoduleerders gebruik maak het alreeds

goeie resultate getoon. Die sukses van autofagie-geteikende terapieë hang af van

ons vermoë om autofagie akkuraat te meet en autofagiemoduleerders te karak-

teriseer, asook om autofagie se rol in siekte op ’n meganistiese (enkele sel) en ’n

globale (hele orgaan) vlak te ontrafel. Ons het voorheen ’n fluoressensie-gebaseerde

mikroskopiese tegniek om autofagosoomfluksie akkuraat te kan meet ontwikkel wat

belowende resultate getoon het.

Doel. Die doel van hierdie projek was eerstens om die betroubaarheid en

toepaslikheid van ons tegniek om die autofagosoomfluksie en sy intermediêre akku-

raat te kan meet te bevestig. Die tweede doel was om dit te gebruik om verskeie

autofagiemodulerende-middels te evalueer, en dan, as ons derde doel, om nuwe

xx
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OPSOMMING xxi

merkers te identifiseer wat as meetbare aanwysers van autofagosoomfluksie in ’n

kliniese omgewing te kan dien. Die vierde doel was om ons tegniek te gebruik om

van die onderliggende autofagiese meganisme te ondersoek om ons begrip van die

dinamiese aard van autofagie te verbeter. Ons vyfde doelwit, as uitbreiding van

ons vorige modelleringspogings, was om ’n aanbod-aanvraag analise te doen op

autofagie om die verspreiding van fluksie- en konsentrasiekontrole te karakteriseer.

Laastens, met die doel om die gaping tussen in vitro en ex vivo te oorbrug, het

ons ’n weefselverhelderingstegniek ge-evalueer om die 3-dimensionele organisasie

van autofagie intermediêre in breinweefsel te karakteriseer.

Metodes. Fluoressensie-gebaseerde afbeelding is gebruik om autofagie veran-

derlikes in muis embrioniese fibroblaste (MEF) en HeLa selle wat stabiele GFP-

LC3 uitdruk te meet. Selle is gekweek in die teenwoordigheid van ’n asidotrofiese

fluoresserende kleurstof wat in kombinasie met GFP-LC3 die visualisering van

autofagosome, autolisosome en lisosome moontlik maak. Die autofagosoomfluksie

is bereken as die aanvanklike snelheid waarmee autofagosome toeneem na inhibisie

van fusie van autofagosome en lisosome met bafilomisien. Die betroubaarheid en

toepaslikheid van hierdie tegniek is bevestig deur autofagosoomfluksie te meet in

selle waarin autofagie stilgemaak is, alternatiewe probes te evalueer, en ons be-

nadering met ’n onlangs ontwikkelde fluksie-probe te evalueer. Daarna het ons die

tegniek gebruik om verskeie klinies-relevante autofagiemoduleerders te evalueer en

hul dosis- en tyd-responskurwes te karakteriseer. Proteomiese analise is uitgevoer

op MEF selle waarvan die autofagosoomfluksie met 25% en 75% geinduseer is

deur rapamisien en spermidien om nuwe merkers van autofagosoomfluksie te iden-

tifiseer. ’n Groep selle waarvan die fusie gedeeltelik met bafilomisien geinhibeer

is is ingesluit om vals positiewes uit te filtreer. Om die onderliggende autofagiese

meganisme te ondersoek het ons ons benadering gebruik om (i) die verandering

in sitoplasmiese omset in respons op rapamisien, spermidien en FBS te bepaal

deur autofagosoomgrootte en autofagosoomfluksie te meet voor en na induksie,

(ii) die veranderinge in die tubulien-geassosieerde translokasietempo en verplasing

van autofagosome te bepaal in respons op rapamisien, spermidien en bafilomisien
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in MEF GFP-LC3 selle deur die verkryging van ’n beeldreeks om autofagosoom

beweging met TrackMate te ontleed, en (iii) te bepaal of autofagosoomfluksie in

verhouding tot selgrootte verander. Vir die aanbod-aanvraaganalise is die auto-

fagie respons op rapamisien gebruik om die aanvraag elastisiteitskoeffisiënt en

die aanvraag snelheidskarakteristiek van autofagosome te bepaal, terwyl die aan-

bod elastisiteitskoeffisiënt en aanbod-snelheidskarakteristiek bepaal is deur inkre-

mentele inhibisie van fusie met bafilomisien en meting van die autofagie veran-

derlikes. Laastens is gëısoleerde muisbreine gepolimeriseer in ’n akrielamied en

paraformaldehied-oplossing. Die hidrogel-weefselmatriks is deursigtig gemaak met

behulp van ’n 3D-gedrukte skoonmaakstasie en gekleur vir autofagiemerkers (LC3,

P62 en LAMP2A). Weefsel is afgebeeld deur gebruik te maak van ’n ligveld en ’n

konfokale mikroskoop.

Resultate. Ons benadering kon autofagosoomfluksie en autofagie-intermediate

op ’n betroubare en robuuste wyse kwantifiseer, en was in staat om klein ve-

randeringe in autofagie aktiwiteit te bespeur, iets wat nie moontlik was met die

ander fluksie-probes was nie. Dit is geskik vir hoë-deurset afbeeldingplatforms

en kan ’n reeks probes akkommodeer. Ons kon met hoë akkuraatheid die dosis-

responskurwes van autofagiese moduleerders karakteriseer, wat daarop wys dat dit

moontlik is om autofagie fyn te kan moduleer. Ons het verskeie autofagosoom-

fluksiemerkers gëıdentifiseer, waarvan die meerderheid sitosoliese protëıene was wat

afneem met toenemende autofagosoomfluksie. Proteoomanalise het ook getoon dat

die protëıene van die autofagie-masjinerie nie goeie fluksiemerkers is nie. Die aut-

ofagiestelsel se onderliggende meganisme is uitgelig deur ’n reeks eksperimente wat

gewys het dat (i) mTOR-afhanklike induksie van autofagie beide autofagosoom-

fluksie en autofagosoomgrootte moduleer, terwyl mTOR-onafhanklike induksie

slegs autofagosoomfluksie moduleer, (ii) autofagosoomfluksie toeneem met ’n toe-

name in selgrootte, en (iii) ’n toename in autofagosoomfluksie lei tot ’n afname in

die tempo van autofagosoomtranslokasie. Aanbod-aanvraaganalise het aangedui

dat die aanbod van autofagosome (sintese van autofagosome) die fluksie deur die

autofagiese vesikulêre pad bepaal, terwyl die aanvraag van autofagosome (fusie

Stellenbosch University  https://scholar.sun.ac.za



OPSOMMING xxiii

met lisosome) die homeostatiese instandhouding van autofagosome onder normale

fisiologiese toestande beheer. Laastens het ons gewys dat dit moontlik is om die

autofagie-intermediate in 3-dimensionele neuro-anatomiese konteks te beskryf.

Gevolgtrekking. Ons benadering kwantifiseer autofagie veranderlikes op ’n

robuuste en betroubare manier en blyk ’n goeie tegniek te wees vir die karakteris-

ering van autofagiemoduleerders. Die autofagiese fluksiemerkers wat in hierdie

studie gëıdentifiseer is kan dien as ’n beginpunt vir die ontwikkeling van toetse

wat effektief in ’n kliniese omgewing gebruik kan word om autofagosoomfluksie te

assesseer. Die data uit hiedie studie dra by tot ons begrip van autofagie as geheel

en stel ons in staat om autofagie fyn te moduleer.
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Chapter 1

Introduction

Autophagy was first observed in the 1950’s by Clark [39] and Novikoff [205] when

they found partially-digested organelles in a double membrane vesicle. Later in

1960’s de Duve and Wattiaux [44] coined the term autophagy and described the

stepwise progression of the autophagy vesicles. Initially, the reason as to why a cell

would digest parts of itself was perplexing, but as time progressed it became clear

that autophagy serves as a cellular degradation system. With the advent of the

twenty-first century, new molecular tools made it possible to unravel the molec-

ular machinery of autophagy as well as its regulatory mechanisms. While yeast

models revealed much of the molecular machinery involved in autophagy, it was

mouse models that made the importance of its physiological role apparent. Under

normal physiological conditions, autophagy serves as a homeostatic mechanism by

removing unused and non-functional proteins and organelles, thereby maintaining

cellular integrity. Even more so, it acts as an adaptive response to stress; for

instance, during periods of starvation autophagy supplies amino acids for energy

production by increasing protein degradation. On the other hand, the loss of au-

tophagy activity can have detrimental effects, and is implicated in the progression

of several diseases, most notably neurodegenerative diseases, due to the build-up of

harmful proteins and organelles that would otherwise be degraded via autophagy.

These attributes have led to autophagy being viewed as an attractive therapeutic

target for treating diseases as well as promoting overall health.

1
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CHAPTER 1. INTRODUCTION 2

Although preclinical trials of autophagy-targeting interventions have shown

promising results, the success of autophagy-targeting therapies depends on sev-

eral key factors. First, an in-depth understanding of the autophagy molecular

machinery and its regulation, and how defects in autophagy contribute to disease

pathology is required. Chapter 2 is an extensive literature review of the latter

aspect. Second, being able to accurately measure autophagy activity in order

to determine whether or not autophagic flux is too high or too low as well as

to characterise autophagy-modulating drugs in both healthy and diseased cells is

equally needed. There are a number of techniques used to assess autophagy that

are discussed in Chapter 2. Although they often generate invaluable information

about the internal workings of the autophagic machinery and its regulatory com-

ponents, they are not well suited to measuring the autophagosome flux, which we

have defined as the rate of flow through the pathway at steady state [168]. We

previously described a fluorescence-based microscopy method for measuring the

autophagosome flux in live cells [50]. As part of our aim of this study, we tested

the reliability of our approach and compared it to other techniques. Using our

approach we screened several clinical and autophagy modulating drugs, thereby

paving the way forward for controlling autophagy activity. Despite the usefulness

of our approach, employing it in a clinical setting will not be without its challenges,

and therefore, as an additional study, we set out to identify novel autophagosome

flux markers that could be easily assessed in a clinical setting. The results of these

investigations are described in Chapter 4.

Despite a great deal being known about the individual processes involved in

autophagy, its underlying mechanism remains poorly understood. This is in part

due to the complexity of reactions involved in the autophagy process. In order

to successfully exploit the autophagic system for therapeutic purposes, it is not

only necessary to be able to numerically quantify autophagic flux, but also to

be able to determine the degree of control each step exerts over the autophagic

system. One of the ways of gaining this type of insight is to use a computational

approach to interrogate complex networks such as autophagy by constructing a

mathematical model of the autophagic system with which the dynamic and steady-
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CHAPTER 1. INTRODUCTION 3

state behaviour of the system can be studied. In Chapter 2 we describe several

important computational studies of autophagy and how they contribute to our

understanding of its system properties. In Chapter 5 we describe the development

of a kinetic model of autophagy that simulates the experimentally-determined

time-course of the autophagic vesicles during the process of autophagy; this model

is similar to the type of model used to study metabolism. The way we developed

the model allowed us to associate the different steps in autophagy with different

parts of the time-course. We also describe the results of an experimental supply

and demand analysis to determine the distribution of the flux control of autophagy.

The link between autophagy and neurodegenerative diseases has lead to a con-

siderable amount of research to develop autophagy targeting therapies to treat

related diseases such as Alzheimer’s disease. Yet, little is known about the distri-

bution of autophagy activity or its pathway intermediates throughout the brain

and how it impacts disease pathology in the three-dimensional neuroanatomical

context. These type of insights would potentially aid in developing efficient au-

tophagy targeting therapies. With this in mind, we assessed an advanced tissue-

clearing technique, CLARITY, that captures cellular components ex vivo in a

transparent hydrogel matrix for its ability to determine the organisational distri-

bution of autophagy in the global context of the brain. In Chapter 6 we describe

the development of a minimal tissue clearing station and imaging approach, and

the data generated to assess its feasibility for characterisation of autophagy in the

global perspective.

Chapter 7 is a general discussion that places our results in the context of related

published work and maps out future studies that may build on the foundation laid

by our study.
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Chapter 2

Literature review

2.1 Introduction

Autophagy is an evolutionarily-conserved intracellular degradative process which

plays a critical role in maintaining cellular function. It acts as a homeostatic mech-

anism that sequesters and degrades intracellular components such as proteins and

organelles, thereby refreshing the cytoplasmic content by removing old, unused

and potentially harmful, proteins and organelles. Autophagy is a multi-step pro-

cess that is tightly regulated by a broad nutrient- and stress-sensing network. The

induction of autophagy activates the recruitment of autophagy-related proteins

(Atg) that partake in the formation and elongation of a cytoplasmic sequester-

ing vesicle known as a phagophore. Once matured, the developing phagophore

encapsulates cytoplasmic cargo into a double-membraned vesicle called an auto-

phagosome, that fuses with lysosomes to form autolysosomes, in which the hy-

drolytic degradation of autophagic cargo occurs. The digestive products, mainly

amino acids, are transported out of the autolysosome for recycling. Autophagy is

a constitutively active process that plays different roles in the cell depending on

the mode of activation. Constitutive (basal level) autophagy greatly contributes

to maintaining quality control and protecting the cell from nutrient fluctuations,

stress, and harmful proteins/organelles. In this way, autophagy preserves the cell’s

integrity, promoting cellular “health” and longevity. During periods of stress, such

4
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CHAPTER 2. LITERATURE REVIEW 5

as starvation, autophagy is upregulated and protects the cell by degrading pro-

teins and organelles to be used as energy reserves [228]. Moreover, abnormally

upregulated autophagy may result in autophagic cell death via the destruction of

essential regulatory mechanisms that may impair cellular function to the extent of

cellular demise [34].

Recent studies have shown that autophagy, or the lack thereof, contributes to

the progression of several diseases, including neurodegenerative diseases and can-

cer. For instance, the reduction in autophagic degradative capacity leads to the

build-up of deleterious protein aggregates in the neurons of Alzheimer’s Disease

(AD) patients [225], whereas in cancer, its upregulation is believed to contribute

to the resistance of cancerous cells [282]. Current treatment strategies aim to ex-

ploit autophagy as a therapeutic target. Although in the last decade physiological

and molecular studies have greatly contributed to our understanding of the ba-

sic molecular machinery involved in autophagy and its regulation, many details

remain unexplored. Specifically, understanding the degree of control regulatory

mechanisms have on autophagic activity could significantly impact drug develop-

ment and treatment methods. In view of this, creating a mathematical model of

the autophagic system could contribute greatly towards our understanding of the

autophagic system, and may shed light on areas that are less accessible by con-

ventional means, as well as aid in the process of developing enhanced therapeutic

strategies.

In this review we aim to describe the autophagy process, from its molecular

machinery to regulatory mechanisms, and its physiological role in maintaining

cellular integrity. Also, the consequences of dysfunctional autophagy in organism

development and its involvement in disease pathology will be discussed. With

the aim to exploit autophagy for therapeutic purposes, we point out several key

requirements for successfully modulate autophagy, one of which is understanding

the dynamic nature of the autophagy process, which remains poorly understood.

We will briefly review current techniques used in the field to measure autophagy

activity and highlight some of their inherent challenges in unravelling the nature

of the autophagy process.

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 2. LITERATURE REVIEW 6

Finally, we will review several computational models described in literature

and how they contribute to understanding the underlining properties of the au-

tophagy process. In recent years, a number of autophagic models have emerged

that are used to investigate various aspects of the autophagic system. Some of

these extensively model the autophagic regulatory mechanisms, i.e., the signalling

pathways [121], whereas others only focus on the autophagic pathway, i.e., the

vesicular machinery [22, 175]. The subject of this review is to discuss the use

of several computational models described in literature, with the emphasis being

on what is modelled (what is being investigated), the model itself (was it based

on experimental data and how was it parameterised, and was it validated with

independent experimental data), as well as how each model uniquely contributed

to the field. Given that these mathematical frameworks model various aspects of

the autophagic system, we will describe (in Section 2.6) the autophagy process

mechanistically, in conjunction with published models of which we highlight key

aspects.

2.2 The autophagy pathway

In all living organisms, cells are in a constant state of dynamic shifting to re-

move and replenish intracellular components in order to promote healthy growth

and development, as well as to adapt to changes in both the micro- and macro-

environment. The balance between cellular biosynthesis and intracellular degrada-

tion is crucial for maintaining cellular integrity. There are two major mechanisms

by which intracellular proteins are degraded: the ubiquitin-proteasome pathway

(UPS) and lysosomal proteolysis. The lysosomal pathway involves the sequestra-

tion and delivery of intracellular organelles/proteins to the lysosome where degra-

dation and recycling occurs through the autophagic pathway. The lysosomal path-

way can degrade both intra- and extracellular cargo. Extracellular proteins/cargo

can be transported to lysosomes via endocytosis or selectively recruited and deliv-

ered to lysosomes via phagocytosis. Autophagy comprises three distinct variants:

chaperone-mediated autophagy, microautophagy and macroautophagy. The most
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prevalent form of autophagy is macroautophagy. Macroautophagy, hereafter re-

ferred to as autophagy, is generally considered to be a non-selective process, but

recent evidence suggests that autophagy can also selectively target organelles and

proteins for degradation. One such example is the process of mitophagy, where

dysfunctional mitochondria are selectively targeted for degradation [220].

The autophagic pathway can be categorized into four distinct steps: initia-

tion, nucleation, maturation and cargo delivery, and degradation (Fig. 2.1). The

initiation process is regulated by an integrated network able to sense energy abun-

dance, nutrient levels (amino acids) and stress, which, once initiated, involves the

recruitment and coordination of more than 30 proteins known as the “core ma-

chinery” to the nucleation site. [160]. Scaffolding and lipidation proteins facilitate

the elongation of the phagophore at the nucleation site. During the development

of the phagophore, cytoplasmic cargo is engulfed. Once the growing phagophore

has matured it is called an autophagosome. The autophagosome is transported

to and fuses with a lysosome to form an autolysosome, in which the autophagic

cargo is delivered and degraded by lysosomal enzymes. The digestive products,

mainly amino acids, are released back into the cytoplasm for recycling. Several

key proteins are involved in the regulation and formation of autophagosomes and

the events that follow.
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2.2.1 The core machinery of autophagy

The core machinery proteins of autophagy can be grouped into several functional

units that are responsible for the various steps involved in the autophagy process

(Fig. 2.2). In this section we explore the mechanism of the induction and for-

mation of the phagophore and the subsequent events involved in the autophagy

process. It is important that an organism is able to increase or decrease au-

tophagy efficiently in order to adapt to both intracellular and extracellular stress.

One of the main regulators of autophagy is the mammalian target of rapamycin

complex 1 (mTORC1), generally considered to be the master growth regulator

that can suppress autophagosome synthesis [160]. mTORC1 forms hubs in sev-

eral signalling pathways that integrate diverse nutritional and environmental cues,

such as growth factors, energy levels, cellular stress, and amino acids. Moreover,

AMP-activated protein kinase (AMPK), a cellular energy sensor, is activated by

reduced ATP levels and the concomitant increase in the AMP level [103], which

inactivates mTORC1 and directly induces autophagy [54, 131, 159] and the synthe-

sis of Beclin1 [130]. These master regulators, as well as other regulatory proteins

(discussed in more depth in section 2.2.2) all contribute to the multifaceted regula-

tion of autophagy allowing for an integrated response to a wide array of metabolic

perturbations as well as environmental cues.

Induction, nucleation and the formation of the phagophore. The forma-

tion of the phagophore is the first step in the autophagy process that facilitates

encapsulation of cytoplasmic cargo. In mammalian cells phagophores are generally

formed near the endoplasmic reticulum (ER)-mitochondria contact sites [12]. In

response to stimuli, phagophore formation is initiated by the assembly and activa-

tion of a multi-protein complex which contains Atg13, Atg101, Unc-51-like kinase 1

(ULK1) and focal adhesion kinase family interacting protein of 200 kDa (FIP200,

also known as RBCC1) at the Atg9-containing membrane. During periods of

nutrient abundance, mTORC1 associates with the ULK1 complex and phosphory-

lates the conserved C-terminal domain (CTD) of ULK1 and Atg13, which inhibits

the ULK1 complex. In contrast, the inhibition of mTORC1 through nutrient
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deprivation results in its dissociation from the ULK1 complex, the subsequent au-

tophosphorylation of ULK1 brought about by its conformational change allowing

its kinase domain to autophosphorylate ULK as well as Atg13 and FIP200 [116].

Activation of this complex and phosphorylation of Atg9 initiates the elongation of

the pre-autophagosomal membrane by incorporating phospholipids from various

sources including, but not limited to, the mitochondria, ER, and recycled endo-

somes [155]. Although the exact source of the membrane remains debated, the

formation of the phagophore requires the recruitment of the ULK1 complex and

Atg14 [122], which facilitate the assembly of the autophagy specific class III phos-

phatidylinositol 3-kinase (PtdIns3K) complex [179], containing PtdIns3K itself,

PtdIns3K catalytic subunit type 3 (PIK3C3, better known as VPS34), PtdIns3K

regulatory subunit 4 (PI3KR4, better known as VPS15), Beclin1 (the mammalian

homologue of Atg6/Vps30), Atg14 (also known as Barkor and Atg14L), nuclear re-

ceptor binding factor 2 (NRBF2), and UV radiation resistance-associated protein

(UVRAG) [61, 106, 126, 127, 166, 170, 180, 244, 289]. The formation of the PI3K

complex permits production of phosphatidylinositol-3-phosphate (PI3P) which al-

lows for the targeting and recruitment of various other autophagy PI3P-binding

proteins and members of the WIPI family [214]. Moreover, the activation of Pt-

dIns3K complex promotes the formation of the Atg12-Atg5:Atg16L1 complex and

the subsequent local lipidation of LC3, which is vital for elongation of the mem-

brane and expansion of the developing autophagosome [246, 247]. The assembly of

the Atg12-Atg5:Atg16L1 complex and lipidation of LC3 involves the ubiquitin-like

enzymes Atg7, Atg3, Atg10 and Atg12-Atg5.

Atg12–Atg5:Atg16L1 complex formation. Atg7 is homologous to the

ATP-binding and catalytic sites of the E1 ubiquitin activation enzyme that acti-

vates and transfers Atg12 to Atg10, a ubiquitin-like E2 conjugating enzyme that

attaches it covalently to a lysine residue of Atg5 [68]. The conjugation of Atg12

to Atg5 is irreversible and does not require the substrate-specific E3 ligase ubiq-

uitination process. Atg12–Atg5 then further complexes with Atg16L1 to form

Atg12–Atg5:Atg16L1, which tetramerises by self-oligomerisation and acts as scaf-

folding by attaching to the developing autophagosome [89, 188].
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LC3 processing. Cytoplasmic LC3 is first cleaved by Atg4 to expose the

C-terminal glycine residue, which is then activated by Atg7 (similar to Atg12),

and transferred to Atg3, a ubiquitin-like E2 conjugating enzyme, to form LC3-I.

Atg12–Atg5 possesses a ubiquitin-like E3 conjugating site that conjugates LC3-

I with phosphatidylethanolamine (PE) to form LC3-PE (also known as LC3-II)

[82]. During periods of nutrient abundance the majority of LC3 remains in the

cytosol. When autophagy is induced, endogenous cytoplasmic LC3 reserves are

immediately mobilized, lipidated and incorporated into both the inner and outer

membrane of the growing autophagosome [118]. Interestingly, it has been sug-

gested that LC3 plays an important role in determining autophagosome mem-

brane curvature, thereby aiding in the regulation of the size of the autophagosome

[279]. The closing of the phagophore completes the maturation process, forming

the double-membraned autophagosome structure in which engulfed cytoplasmic

cargo resides. Although the exact mechanism remains elusive, GTPase RAB7A, a

member of the RAS oncogene family (RAB7A), has been shown to be essential to

the autophagosome maturation process [74, 110, 165].
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Cargo recognition and selectivity. Although in the past autophagy was gen-

erally considered to be a bulk degradation process, an increasing number of studies

have described various forms of autophagy that selectively engulf cargo such as ri-

bosomes (ribophagy) and protein aggregates (aggrephagy), or organelles such as

mitochondria (mitophagy) and peroxisomes (pexophagy) [65, 193, 242, 261]. One

of the first and best defined selective forms of autophagy is mitophagy, which

is the selective sequestration of mitochondria for lysosomal degradation. Selec-

tive autophagy is facilitated via autophagy receptor proteins, which are proteins

recognised by the autophagy machinery that mediate the binding of autophagy

substrates to the developing autophagosome and thereby promote its degradation

[242]. Many receptor proteins have been identified that are autophagy specific

(HSPA8, for example, is the main receptor for endosomal microautophagy but

not for chaperone-mediated autophagy [193, 261]), and they seem to be involved

in the recognition of autophagy substrates, which gives rise to various sub-forms
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of autophagy [62, 222]. Most of these receptors share an evolutionary-conserved

LC3-interacting region (LIR) that transports autophagy substrates into close prox-

imity of forming autophagosomes, enabling them to be sequestered. These include

Atg19, Atg32, Atg34, BNIP3, BNIP3L, FUNDC1, NBR1, NDP52, OPTN, p62,

PHB2, TAX1BP1 and TRIM5 [20, 36, 271]. Autophagy-specific receptor proteins

often contain ubiquitin-binding domains that allow them to recruit ubiquitinated

substrates to growing autophagosomes [125]. Furthermore, some receptors are

able to bind to the Atg12-Atg5:Atg16L1 complex (e.g., p62 and OPTN) and stim-

ulate conjugation of LC3 at the phagophore developing site [64]. Similarly, some

proteins of the TRIM protein family that act as receptors can also interact with

upstream components of the autophagy machinery, which include the ULK1 and

VPS34 complexes [135, 136]. Considering the ability of TRIM proteins to inter-

act with upstream regulatory components, it is conceivable that other autophagy

receptors may also have regulatory functions aside from cargo recognition.

Autophagosomes, the cargo carriers. Autophagosomes are transient double-

membraned vesicles that mediate the delivery of encapsulated cargo to lysosomes

for degradation [236]. Autophagosomes share many proteins with the late stage of

developing phagophores. The lack of hydrolytic enzymes in autophagosomes allows

for the easy detection of autophagic substrates, ubiquitinated or non-ubiquitinated,

and autophagy receptors [138]. LC3 protein is abundant on both the inner and

outer membrane of developing autophagosomes. However, once matured, LC3 is

efficiently removed by Atg4 from the surface of the outer membrane [155]. Once

LC3 is removed, autophagosomes fuse with lysosomes, or late endosomes, deliver-

ing cargo for degradation.

Fusion of autophagosomes with lysosomes delivers the autophagic cargo

for degradation. Once autophagosomes have matured they are able to fuse

with either endosomes or lysosomes to form what is called an amphisome or

autolysosome. The molecular machinery required for fusion involves many pro-

teins, most of which are shared with the endocytic pathway [7, 8]. The fusion

process is a critical step in the autophagy process and results in the delivery
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of cargo to the lysosome for degradation; the exact underlying mechanism re-

mains unclear, however. The fusion process is facilitated by the activation of the

GTPase RAB7A [74, 110, 165], pleckstrin-homology and RUN domain-containing

M1 (PLEKHM1) [182], the PI3P-binding protein tectonin beta-propeller repeat

containing 1 (TECPR1) [30], inositol polyphosphate-5-phosphatase E (INPP5E)

[88], ectopic P-granules autophagy protein 5 homolog (EPG5) [255], syntaxin

17 (STX17); soluble N-ethylmaleimide-sensitive factor activating protein recep-

tor (SNARE) proteins [60, 107, 198], and homotypic-fusion and vacuole protein-

sorting (HOPS) complexes [182]. The fusion of autophagosomes and lysosomes

is mediated by the same machinery that is used in vacuole fusion. The fusion

process requires lysosome-associated membrane protein 2 (LAMP2) and the small

GTPase Rab7 [110, 250]. Moreover, lysosome-associated membrane protein 2 B

(LAMP2B), Atg14 and the lipidated and phosphorylated forms of LC3 are also

involved in the formation of autolysosomes [49, 59, 202, 273]. In addition, some

of the regulatory and structural proteins involved in the formation can also reg-

ulate the fusion of autophagosomes with lysosomes. For instance, FYVE zinc

finger together with coiled-coil domain-containing 1 (FYCO1) and sorting nexin

18 (SNX18), which are involved in the formation of autophagosomes, also partici-

pate in the interaction of autophagosomes with the cytoskeleton and their fusion

with lysosomes [142, 207]. In contrast, Beclin1-interacting protein (RUBCN, bet-

ter known as RUBICON) and VPS34 can negatively regulate the fusion between

autophagosomes and lysosomes through the interaction with RUN [180].

Autolysosomes and cargo degradation. Autolysosomes are single-membrane

organelles that form upon fusion between autophagosomes and lysosomes [141].

Autolysosomes contain lysosomal enzymes, as well as endo/lysosomal markers such

as LAMP1, LAMP2, and the V-type ATPase. Autolysosomes have low levels of

LC3-II since it is cleaved by Atg4 from the outer membrane and released into

the cytosol; LC3-II in the inner membrane is degraded by lysosomal hydrolases

[137, 141]. A recent study suggests that disassembly of the inner autophago-

somal membrane may be supported by the Atg conjugation systems [259]. Upon
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completion of the fusion process, the inner compartment of the autophagosome,

containing the autophagic cargo, is exposed to lysosomal hydrolases such as pro-

teinases A and B, and cathepsin B and L [251] in an acidic environment that is

maintained through an ATP-dependent proton pump commonly known as V-type

ATPase [186]. The exposure of the autophagic cargo to the hydrolases results in

its degradation; the digestive products, mainly amino acids, are released back into

the cytoplasm where they are available as nutrients during periods of starvation

or as precursors for protein synthesis. Once the degradation of autophagy cargo

is completed, autolysosomes regenerate to lysosomes through a process called au-

tophagic lysosome reformation (ALR), whereby proto-lysosomal vesicles extrude

from autolysosomes to regenerate the lysosome [284]. Interestingly, the ALR pro-

cess is initiated by the reactivation of mTORC1 which in turn inhibits autophagy.

Autophagy vesicle translocation. Microtubules play a crucial role in the

translocation of both Atg proteins, such as Atg9, as well as autophagic vesicles,

particularly autophagosomes. The depolymerisation of microtubules by chemi-

cal intervention with nocodazole in primary rat hepatocytes has been shown to

have a detrimental effect on autophagy function [143], and deacetylation of mi-

crotubules and tubulin by deacetylase HDAC6 has been shown to play a role in

the autophagic degradation of polyglutamine aggregates [109, 208]. In mammalian

cell lines autophagosomes are predominately formed in peripheral areas of the cell

and actively transported towards the nuclear region of the cell where lysosomes

are highly concentrated for efficient fusion and clearance of autophagic cargo. Pos-

sible ’kiss-and-run’ events between autophagosomes and lysosomes may also occur

where there is a partial transfer of vesicle content while the two vesicles still remain

separate [111, 143]. The active transport of autophagosomes relies on the dynein

and kinesin motor proteins that transport them along the microtubule network.

Considering their role, it is not surprising that mutations in the dynein motor ma-

chinery impair autophagic clearance and lead to premature aggregate formation

[217]. The microtubule network therefore plays an important role in the autophagy

process, allowing it to proceed efficiently.
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2.2.2 Metabolic regulation of autophagy

Autophagy is a tightly-regulated intracellular process that fulfils vital biological

functions such as maintaining cellular integrity and adapting to stress by utilizing

endogenous energy reserves during periods of starvation. Autophagy can respond

rapidly to a wide range of metabolic and stress stimuli as a result of being regulated

by an extensive intracellular nutrient and stress-sensing network. The aim of this

section is to firstly discuss the metabolic triggers of autophagy, and secondly to

discuss the cellular sensors that monitor the abundance of metabolites and regulate

autophagy.

2.2.2.1 Metabolic triggers of autophagy

Given that autophagy plays an important role in cellular metabolism, its up or

down regulation in response to metabolic cues is essential. This is achieved by

multiple metabolic sensing pathways that monitor key metabolites, such as amino

acids and glucose, involved in energy production and protein synthesis. Moreover,

autophagy can also be upregulated by the accumulation of metabolic by-products

and toxic compounds in order to remove these potentially deleterious compounds.

Here some of key metabolic triggers that regulate autophagy will be discussed.

Adenosine triphosphate (ATP), the energy currency of the cell. The

“energy charge” — ([ATP] + 0.5[ADP])/([AMP] + [ADP] + [ATP]) — is a mea-

sure of the energy status of the cell when an active adenylate kinase is present

[10]. The energy charge decreases when ATP is not actively produced through ei-

ther oxidative phosphorylation or glycolysis to meet the cellular demand, leading

to the accumulation of ADP and AMP, respectively. The decrease in ATP and

increase in AMP levels induce autophagy via AMPK by inhibiting the mTORC1

complex and directly activating the ULK1 complex [86]. AMPK is highly sensitive

to fluctuations in AMP and ATP, and therefore plays a key role as a metabolic

master switch that regulates several intracellular metabolic pathways. Activation

of AMPK promotes ATP production by increasing the activity, and/or expression

of proteins involved in catabolic processes, such as glycolysis, fatty acid oxidation,
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ketogenesis, as well as autophagy. This upregulation leads to an increase in cytoso-

lic protein degradation, and the release of amino acids for energy production. In

contrast, inhibition of AMPK suppresses energy expenditure by effectively switch-

ing off biosynthetic pathways in order to preserve energy for essential metabolic

reactions required for survival. Interestingly, since autophagy also requires ATP, a

rapid reduction in ATP levels can result in a decrease in the energy charge below

the critical limit and trigger cell death rather than an adaptive autophagic response

[67]. Cells that predominantly depend on glycolysis for fuel are extremely sensitive

to glucose fluctuations and can rapidly upregulate autophagy when glucose levels

decrease [86]. In addition to AMPK regulation of autophagy, hexokinase II, which

catalyses the first step of glycolysis by phosphorylating glucose, has also been

shown to promote autophagy during periods of glucose withdrawal. Hexokinase II

directly interacts with mTORC1 and inhibits its activity, consequently inducing

autophagy [219]. Moreover, nicotinamide adenine dinucleotide (NAD), a coenzyme

found in all living cells, exists in both a reduced (NADH) or oxidized (NAD+)

state and is an essential substrate in redox reactions in multiple metabolic path-

ways, especially in glycolysis and oxidative phosphorylation. During nutrient-poor

conditions there is an accumulation of NAD+, whilst NADH levels decrease. The

consequent shift in the NADH/NAD+ ratio can also induce autophagy through the

activation of histone deacetylases of the sirtuin family [98]. In conclusion, glucose

deprivation results in changes in ATP/AMP, NADH/NAD+, and enzyme activity

that can either directly or indirectly regulate autophagy through a multi-pronged

network.

Amino acids are basic building blocks of life. Amino acids play a crucial

role in almost all biological processes and are potent activators of autophagy. A re-

duction in amino acid availability results in the activation of the nutritional stress

response. Even though amino acids are normally obtained from the extracellu-

lar environment, such as the blood stream during the fed state, they can also be

supplied via the breakdown of endogenous proteins during periods of starvation

through catabolic processes such as autophagy. Several mechanisms have been de-
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scribed through which autophagy can be induced by the availability of amino acids.

One such mechanism is through the Rag family of GTPases, together with the

Ragulator complex on the lysosome membrane, which facilitates the amino acid-

mediated mTOR recruitment to the lysosome surface where mTORC1 becomes

activated in the absence of amino acids. Furthermore, autophagy can also be in-

duced through the accumulation of uncharged tRNA resulting from the reduction

of available intracellular amino acids. The accumulation of tRNA species activates

Rag and consequently mTORC1. Moreover, a decline in amino acid levels results

in the depletion of α-ketoglutarate, which promotes autophagy together with the

inhibition of prolyl hydroxylase [51]. The absence of certain amino acids, in partic-

ular leucine, glutamate, and glutamine, can reduce intracellular acetyl-CoA stores

and induce autophagy by (de)acetylation of regulatory complexes [174]. Several

other proteins have also been implicated in amino acid regulation of autophagy,

including MAP4K3, phospholipase D, and PIK3C3; their exact involvement, how-

ever, remains uncertain. In summary, there are several mechanisms that contribute

to an extensive intracellular amino acid-sensing network that strongly links amino

acid levels to autophagy. However, the degree of control that each of these mecha-

nisms has over the autophagy pathway is not known. All these amino acid sensing

mechanisms contribute to the orchestration of autophagic responses to a shortage

of amino acids.

Acetyl coenzyme A (acetyl-CoA) is the central intermediate of many

pathways. Acetyl-CoA acts as an acetyl source for many biochemical reactions,

such as protein acetylation and energy production. Studies have shown that over

several hours of nutrient withdrawal there is a significant reduction in cytosolic

acetyl-CoA levels alongside induction of autophagy [174]. Similar trends have been

observed in several pharmacological studies where the inhibition of acetyl-CoA syn-

thesis, either through direct inhibition or substrate limitations, is accompanied by

the induction of autophagy [56]. In contrast, replenishment of intracellular acetyl-

CoA levels seems to inhibit starvation-induced autophagy in both cell culture and

mouse models [174]. Reduction of cytosolic acetyl-CoA appears to act as a stimu-
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lator of autophagy. This is thought to be facilitated by acetyl-CoA, which acts as

a donor of acetyl groups for acetyl transferases, which in turn regulate autophagic

machinery components, either at the transcriptional level by modulation through

histone acetylation, or at the post-translational level through protein acetylation

[158, 174]. The modulation of biochemical reactions through transcription takes

considerably longer than post-translational modifications, leading to autophagy’s

biphasic response to metabolic stress.

Cellular stress: ammonia, hypoxia and reactive oxygen species. Ammo-

nia, a stress-inducing toxic by-product of amino acid catabolism, has been shown

to activate autophagy [57]. In contrast to amino acid deprivation-induced au-

tophagy, ammonia-induced autophagy does not rely on either mTORC1 inhibition

[85] or ULK1 activation [32]. Harder et al. [85] have shown that ammonia-induced

autophagy occurs alongside the activation of AMPK and the unfolded protein

response (UPR). The UPR is a cellular stress response that is activated by an ac-

cumulation of unfolded or misfolded proteins in the lumen of the ER, resulting in

their degradation. Since both autophagy and UPR are involved in the removal of

potentially deleterious proteins, which could result from misfolding, it is not sur-

prising that they occur alongside each other. The role of the UPR in autophagy

induction is supported by studies demonstrating that elevated ER stress markers,

such as DNA damage-inducible transcript 3 (also known as C/EBP homologous

protein, CHOP) and heat shock 70 kDa protein 5 (HSPA5), are associated with

UPR during ammonia treatment [85]. Interestingly, tumours have been shown to

contain high autophagic activity, as well as generate high levels of ammonia due

to an increase in glutamine catabolism via glutaminolysis. Therefore, increased

autophagy resulting from elevated ammonia levels may play a role in protecting

tumour cells [73].

Reactive oxygen species (ROS) play important roles in cell signalling and home-

ostasis [48]. Acute ROS exposure can lead to extensive cellular damage and cell

death [31]. Although cells maintain tolerable levels of ROS, they are able to protect

themselves from damage caused by rapid increases in mitochondrial ROS through
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anti-oxidative strategies [31, 77]. It is well documented that ROS can induce au-

tophagy [31]. Accumulation of ROS beyond tolerable levels induces autophagy

by either activating nuclear factor kappa-light-chain-enhancer of activated B cells

(NK-kB) - receptor for AGEs (RAGE) pathway, or by inhibiting mTORC1 [31].

Hypoxia is the condition where oxygen levels decrease below 1% (hypoxic

stress). Hypoxia has been shown to have significant physiological effects during

embryo development, but may also occur in pathological conditions such as muscle

and brain injuries, cardiovascular ischaemia and tumours [69]. Studies show that

hypoxia can induce autophagy [18, 24, 210, 258]. Oxygen deprivation activates

hypoxia-inducible factor-1 (HIF-1) that promotes transcription of various genes

and activates anti-apoptotic Bcl-2 adenovirus E1a 19 kDa interacting protein 3

(BNIP3) and Nix. Activation of HIF-1 decreases mitochondrial biogenesis and

respiration, which promotes erythropoiesis and angiogenesis as adaptives response

to counteract the dangerous effects of oxygen deficiency [288]. BNIP3 induces

autophagy by competing with Beclin1 to bind with Bcl-2, which subsequently

promotes the dissociation of Bcl-2 and Beclin1, thereby inducing autophagy. More-

over, hypoxia can induce autophagy through an HIF-1 independent pathway that

involves the UPS, ER stress mechanisms, and AMPK [288].

2.2.2.2 Metabolic sensors that initiate autophagy

It is critical to cell survival that autophagy can respond to a wide range of stres-

sors in order to adapt to fluctuations in metabolites, extracellular signals, redox

potentials and extracellular conditions. There are several mechanisms that con-

tribute to a broad extracellular and/or intracellular nutrient- and stress-sensing

network that can initiate the autophagic response. Here the best characterised

metabolic/stress sensors, and how they contribute to the regulation of autophagy

are discussed.

AMP-activated protein kinase is a master energy regulator in cells.

AMPK is highly conserved in eukaryotes and plays a key role in maintaining cel-

lular energy homeostasis. It monitors the energy status of the cell by sensing
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fluctuations in the intracellular ratio between AMP/ADP and ATP ratio. AMPK

is a heterotrimeric protein that is composed of a catalytic α-subunit, a regula-

tory γ-subunit and a scaffolding β-subunit, all of which exist as multiple isoforms.

AMPK activity is regulated by the binding of either AMP or ADP (with greater

affinity for AMP) to the regulatory γ-subunit that prevents the dephosphorylation

of the α-subunit by blocking access of phosphatases to the threonine-172 residue,

which activates AMPK when phosphorylated. In contrast, the binding of ATP

to γ-subunit allows phosphatases to access the threonine residue [86]. Thus, a

reduction in the energy charge brought about by a decrease in ATP levels, and

an increase in AMP and ADP, will increase AMPK activity. The α-subunit can

be phosphorylated by serine/threonine kinase 11 (STK11, also known as LKB1),

calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2), and mitogen-

activated protein kinase kinase kinase 7 (MAP3K7, also known as TAK1) [86]. A

recent study showed that MAP3K7 is required for the starvation-induced phospho-

rylation of AMPK and activation of autophagy in cancer cells in vitro [41], and in

mouse hepatocytes in vivo [104]. AMPK induces autophagy through several mech-

anisms, with AMPK autophagic regulation via mTORC1 inhibition being the best

studied example. AMPK phosphorylates Raptor and tuberous sclerosis complexes

1 and 2 (TSC1 and TSC2), which negatively regulate mTROC1 [133]. Further-

more, AMPK can act directly on core components of the autophagy machinery to

phosphorylate and activate ULK1 and Beclin1 [131].

mTORC1 is a central regulator of cellular processes. mTORC1 plays a

crucial role in the induction of autophagy. It is composed of five proteins, in-

cluding mTOR itself, a regulatory-associated protein of mTOR (Raptor), mam-

malian lethal with SEC13 protein 8 (mLST8, also known as GβL), proline-rich

Akt substrate of 40 kDa (AKT1S1, better known as PRAS40), and DEP (Di-

shevelled, Egl-10 and Pleckstrin domain), domain-containing mTOR-interacting

protein (DEPTOR) [128, 129, 276], which is shared with the mammalian target

of rapamycin complex 2 (mTORC2). mTOR is the catalytic unit of both com-

plexes, which are structurally distinct from one another. mTORC also localizes

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 2. LITERATURE REVIEW 22

to different subcellular compartments and has different activation cues and func-

tion. mTORC1 functions as an energy-, nutrient- and redox sensor; its activity

is regulated by amino acids, energy reserves, nutrient availability, growth factors,

and oxidative stress. Its role is to control the translation of proteins in response

to growth factors and stimuli in the presence of adequate nutrients for cell growth

and proliferation [128].

Growth factors can activate mTORC1 via the receptor tyrosine kinase (RTK)-

Akt/PKB signalling pathway, thereby inhibiting autophagy whilst promoting pro-

tein synthesis through the activation of ribosomal protein S6 kinase (RPS6K, also

known as p70S6K) and eukaryotic translation initiation factor 4E binding protein

1 (EIF4EBP1) [237]. Activated mTORC1 can suppress autophagy by phospho-

rylating and inhibiting ULK1 [131], as well as Atg14 [286], AMBRA [201] and

transcription elongation factor b (TFEb) [234]. Although AMPK acts as a mas-

ter energy sensor that can directly induce autophagy, it is also able to negatively

regulate mTORC1 by activating TSC1 and TSC2, which in turn inhibit mTORC1

[86]. Moreover, AMPK can phosphorylate RAPTOR, which suppresses mTORC1

activity, thus promoting autophagosome synthesis [86].

Amino acid availability serves as a positive regulator of mTORC1, which, when

abundant, suppresses autophagy through various pathways, many of which remain

elusive. Given that lysosomes represent the major site of protein degradation and

amino acid recycling, they act as transient amino acid stores. Recent studies have

shown that mTORC1 and its regulators Rheb and Rag GTPases are closely asso-

ciated with the lysosomal surface [52]. The Rag GTPase complexes, together with

p14, p18, and MP1 protein complex, form a regulatory scaffold on the surface

membrane. This Ragulator-Rag complex acts as an amino acid-sensing system

that exists on the lysosomal surface and is able to assess surface amino acid abun-

dance within the lysosomal lumen, and therefore regulates mTORC1. The site of

localisation still remains elusive and may reflect a currently unknown function of

lysosomes to link with the abundance of intracellular amino acids [229]. Impor-

tantly, mTORC1 not only regulates lysosomal biogenesis and represses autophagy,

but also functions as a general regulator of anabolic reactions [237]. Moreover,
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α-ketoglutarate, which is a glutaminolysis intermediate, is a potent activator of

autophagy, even in the absence of amino acids, by means of a process which is

thought to be mediated by the lysosomal RHEB-dependent pathway [52]. Inter-

estingly, a recent study showed that a reduction in α-ketoglutarate abundance

extended life expectancy by inhibiting mTORC1, and consequently upregulating

autophagy [33].

Eukaryotic initiation factor 2 alpha (eIF2α) phosphorylation. eIF2α ki-

nases are a family of evolutionarily conserved serine/threonine kinases that form

part of the integrated stress response that limits protein synthesis together with

the activation of autophagy [151]. PERK, a transmembrane protein kinase of the

PEK family in the ER membrane, phosphorylates eIF2α, initiating a series of

events that decreases ER stress and inhibits general protein translation, whilst se-

lectively translating specific stress-related proteins, including selective autophagy

genes [87, 97]. The phosphorylation of eIF2α integrates various types of intra-

and extracellular stress signals that include amino acid deprivation, osmotic stress

and oxidative stress. Although the exact mechanism by which eIF2α contributes

to autophagic induction remains unclear, several mechanisms have been proposed,

including the notion that eIF2α affects the ER in such a manner that it promotes

the physical formation of the omegasome [151]. It has also been suggested that

that eIF2α stimulates autophagy through the transactivation of autophagy genes,

such as ATF4 transcription factor which promotes LC3 expression [184]. More-

over, there is evidence to suggest that eIF2α subunits interact with the autophagy

core machinery, although it is not clear whether or not they promote autophagy

[17].

Sirtuins and protein (de)acetylation. Sirtuins are class III histone deacety-

lases that catalyse the deacetylation of protein substrates by sensing environmental

stress [76]. In contrast to other deacetylases that hydrolase acetyl-lysine residues,

sirtuin-mediated deacetylation requires NAD+ hydrolysis for lysine deacetylation.

Sirtuin 1 (SIRT1) is the best studied of the sirtuin deacetylases, which mainly re-

side within the nucleus where it is responsible for the deacetylation of histones, in
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particular H1 and H2, as well as other proteins such as transcription factors [98].

Resveratrol, a plant-derived polyphenolic compound which has received much at-

tention in recent years due to its wide-ranging health benefits, can activate SIRT1

and promote autophagy [153]. Although Atg5, Atg7, Atg12 and LC3 have been

implicated in the SIRT1-induced autophagy cascade, the exact mechanism through

which autophagy is induced by SIRT1 activation remains elusive [156]. A recent

study suggests that SIRT1 is able to induce autophagy without the assistance of

its transcriptional cascade [194]. This implies that SIRT1 can stimulate autophagy

by either deacetylating proteins involved in autophagy, or by increasing the expres-

sion of Atg. Given that sirtuins form part of a broad intracellular network, it is

not surprising that SIRT1 can be activated by factors other than NAD+ [29]. For

instance, a low caloric diet has been shown to stimulate SIRT1 activity, whereas

a high-fat diet reduces SIRT1 activity [29].

The transfer of acetyl groups plays a major role in signalling cascades and the

post-translational modification of proteins, including histones. Histone acetyla-

tion is involved in nuclear remodelling of chromatin that can either result in its

condensation or expansion, thereby making genes accessible for translation. The

intracellular pool of acetyl-CoA relates directly to the overall protein acetylation

in a cell since the availability of acetyl-CoA, the sole donor of acetyl groups, deter-

mines the catalytic activity of several acetyltransferases [56, 174]. The availability

of intracellular acetyl-CoA has been linked to autophagy activity [157]. The E1A-

binding p300 protein (EP300), which acts as an intracellular acetyl-CoA sensor in

response to the transition between a fed and unfed state, has been shown to play

a major role in the regulation of autophagy by acetylating proteins of the core au-

tophagic machinery, such as Atg5, Atg7, Atg12, and LC3, autophagic regulatory

proteins such as AMPK, as well as non-Atg components required for autophagy

such as tubulin [174]. Although EP300 is implicated in autophagy regulation, it is

most likely that other acetyltransferases also play a role in autophagy regulation,

which is evident in yeast studies [174]. Moreover, acetyltransferases form part of

a broad intracellular autophagy regulating network that can inhibit or stimulate

proteins that are involved in the autophagic pathway. For instance, AMPK can
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activate MEC17 and inhibit EP300 activity [281]. Thus, the activation of AMPK

results in the hyperacetylation of α-tubulin, whilst inhibiting EP300 which seems

to have pro-autophagy effects [173]. In summary, both acetylation and deacetyla-

tion of proteins can have either an inhibitory or inducing effect on autophagy.

Cell-surface nutrient receptors. Cell-surface nutrient receptors enable the

cell to respond to extracellular metabolite changes, and to physiological cues from

the brain and other organs. As an adaptive response to stress, autophagy has been

linked to cell-surface receptor signalling cascades, but the exact signalling cascades

involved remain unclear. It is speculated that the activation of these receptors

result in increases of intracellular inositol-1,4,5,-triphosphate, diacylglycerol and

cyclic AMP (cAMP), and are involved in autophagy regulation [269]. It has also

been found that several G protein-coupled receptors (GPCRs) present on the cell

surface assess nutrient availability in the extracellular microenvironment and can

communicate with the autophagic machinery. Several cell-surface receptors have

been identified, these include amino acid sensing receptors, γ-aminobutyric acid

B receptor 1 (GABBR1), G protein-coupled receptor family C group 6 member A

(GPRC6A), metabotropic glutamate receptors (mGluRs), calcium-sensing recep-

tors (CASR), and free fatty acid receptors.

2.2.3 Conclusion

There are several nutrient-sensing networks that monitor extracellular and/or in-

tracellular nutrient fluctuations and initiate an autophagic response. These sensing

networks overlap in their signalling cascades, so facilitating a multi-prong regula-

tion of autophagy. Moreover, since many of the proteins involved in the signalling

cascade are expressed as isoforms in a tissue specific manner, such as the AMPK

subunits, they contribute to differential regulation of autophagy throughout the

whole organism.
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2.3 The physiological role of autophagy

It is accepted that autophagy evolved as a degradation process. While it still con-

tinues to do so, its role has expanded and became a vital cellular process that acts

as an adaptive response to starvation and metabolic fluctuations. As previously

discussed, the autophagic machinery as well as its major regulatory mechanisms

that promote autophagy during periods of stress allow cells to either adapt (in the

case of nutrient poor conditions) or overcome (in the case of damaged organelles)

these stresses. Moreover, by playing an important role in protein quality control

and organism development, autophagy serves as more than just as an adaptive

response. Here the physiological role of autophagy will be discussed.

Protein quality control and its implications in organism development.

It is essential for cell growth and development that a fine balance between pro-

tein and organelle synthesis and degradation is maintained. Autophagy acts as a

protein quality control mechanism that prevents further damage to cellular com-

ponents by rapidly degrading proteins and compounds that can have deleterious

effects on vital cellular functions. Intracellular proteins can be broadly grouped

into two categories: short-lived and long-lived proteins [102, 123]. Although short-

lived proteins constitute less than 1% of protein content, they account for nearly

one-third of protein turnover due to their rapid degradation [123, 195]. It is widely

accepted that the ubiquitin-proteasome system is responsible for the degradation

of most short-lived proteins, while autophagy degrades long-lived proteins. In con-

trast to the selective degradation by the ubiquitin-proteasome system, autophagy

randomly sequesters cytosolic proteins, which may also contain short-lived pro-

teins in the growing autophagosome for degradation, albeit to a lesser degree. It

is only recently that the importance of basal autophagy has come to light through

knock-out studies implicating its role as a quality-control system necessary for or-

ganism development, particularly in hepatocytes and neuronal cells. Cell-specific

differences in autophagy could possibly be attributed to the importance of quality

control in non-dividing and post-mitotic cells, in comparison to rapidly dividing

cells where abnormal constituents can be rapidly diluted out if they are not de-
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graded.

The importance of basal autophagy was first observed in liver-specific Atg7

knock-out mice [148]. Mice developed multiple organ abnormalities, such as hep-

atomegaly [148]. A large accumulation of ubiquitin-positive aggregates was ob-

served in these hepatocytes. Neonates from Atg5 and Atg7 knock-out mice showed

minimal defects at birth, but had a reduced body size and exhibited suckling de-

fects compared to their wild type counterparts [148, 152]. Methodical analysis

of neonates revealed accumulation of ubiquitin-positive aggregates in hepatocytes

and some regions of the brain compared to other tissues such as skeletal muscle

and kidney [83], indicating that the importance of basal autophagy may be both

cell- and tissue-specific. Further studies using neuronal specific Atg5 and Atg7

knock-outs highlighted the significance of basal autophagy in the development of

the central nervous system leading to “neurodegeneration”. Although these mice

were born normally, they exhibited growth retardation and developed progressive

motor and behavioural defects [83, 146]. Examination of the brain revealed partial

loss of cerebellar neuronal cells and axonal swelling in various parts of the brain.

Atg7 knock-out seemed to be more fatal in mice compared to Atg5 knock-out,

suggesting that Atg7 may also serve functions other than autophagy in neurons,

especially since it has been implicated in the activation of LC3 homologs such

as γ-aminobutyric acid (GABA) protein family [266]. Moreover, inhibition of au-

tophagy in glial cells led to the accumulation of ubiquitinated proteins and resulted

in protein aggregate formation in the cytoplasm [83]. Therefore, it is possible that

protein aggregation results from impaired protein turnover. This highlights the

importance of basal autophagy in maintaining cellular integrity via the continuous

clearance of proteins, thereby preventing the accumulation of abnormal proteins

as well as protein aggregation.

Nutrient depletion is one of the most potent inducers of autophagy.

Autophagy is characteristically induced upon starvation. During periods of star-

vation the energy-sensor network, which monitors intracellular ATP, amino acids

and NADH levels, stimulates autophagy [151]. Upregulation of autophagy targets
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energy endogenous reserves, such as cytoplasmic proteins, for degradation in or-

der to supply amino acids for ATP synthesis, as well as the building blocks for

essential anabolic reactions [239]. Studies have shown that cells with defective

autophagic machinery are more susceptible to nutrient perturbation compared to

their wild type counterparts [151]. Moreover, autophagy can be regulated and in-

duced in a biphasic manner, first a rapid response to a stimulus that occurs within

minutes or hours [194, 252], and then a protracted response that relies on the tran-

scriptional regulation of Atg which occurs over several days to weeks [234, 268].

The rapid autophagy response does not involve de novo synthesis of proteins,

but rather relies on the rapid mobilization of endogenous reserves upon induction

by post-translational regulatory mechanisms such as phosphorylation and acety-

lation. In contrast, the protracted response modulates autophagy by regulating

the expression of several kinases and proteins that form part of the autophagic

core machinery, such as Atg1 and mTORC1 [17]. Protein expression is regulated

by transcriptional regulators such as TFEB and by histone modification through

acetylation which alters gene expression. Differences in the expression levels of

these proteins result in stoichiometric changes in the pathways that can either

result in signal amplification or reduction followed by a shift in the autophagic

response.

Autophagy occurs in all organs - albeit at specific activity. Although

most studies focus on investigating autophagy in neuronal and liver cells, au-

tophagy occurs throughout the whole organism and is differentially induced by

nutrient deprivation in a tissue-dependent manner [189]. It has been shown that

the maximal autophagic activity is reached after 24 hr of nutrient deprivation,

which is followed by a decrease in most tissues. However, in certain tissues, such

as the heart and slow-twitching muscle, the rate of autophagy continues to accel-

erate after 24 hr. Interestingly, minimal autophagy activity was initially reported

in the brain of mice during periods of food withdrawal [189], most likely because

neuronal cells are nutritionally protected by peripheral organs. However, recent

studies have shown that autophagy can be induced in neurons [3, 124]. Different
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autophagy activity in different tissue/cell types is to be expected given that they

differ in protein turnover and amino acid demand, which also links the expression

of various isoforms of autophagic regulator and core proteins.

2.4 Autophagy and human disease

Autophagy is essential for the survival of cells/organisms and plays an essential role

in differentiation and development. In the previous section the importance of basal

autophagy in maintaining cellular integrity via the continuous clearance of proteins

was discussed. Considering the importance of this pathway in promoting cellular

health, it is not surprising that its dysfunction has been increasingly associated

with pathology in recent years. The following section will discuss the consequence

of autophagic dysfunction.

2.4.1 The lack of autophagy function has dire

consequences in neurodegenerative diseases

The demand for autophagy differs among different cell types and may be partic-

ularly important in non-dividing cells, such as neurons [83, 146, 148, 149]. This

is evident in neuronal-specific Atg5 and Beclin1 knock-out mice that survived

the postnatal starvation period, during which they developed cumulative motor

deficits and exhibited abnormal reflexes and excessive ubiquitin-positive inclusion

bodies in their neuronal cells [83, 146]. The importance of autophagy in neuronal

cells becomes more apparent under disease conditions. Recent studies indicate

autophagy, in addition to the UPS, plays an indispensable role in maintaining

protein quality control via the clearance of disease-related mutant proteins. For

instance, Alzheimer’s disease, a chronic neurodegenerative disease commonly asso-

ciated with short-term memory loss and dementia, is characterised by the presence

of senile plaques as a result of undegraded amyloid beta (Aβ) deposits predomi-

nantly in the cerebral cortex [105]. These plaques are a product of dysfunctional

proteolytic cleavage of the amyloid precursor protein (APP) localised to the en-

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 2. LITERATURE REVIEW 30

docytic and secretory systems [203]. While under normal physiological conditions

autophagosomes are actively formed in synapses and along neuritic processes and

transported towards the peri-nuclear region for efficient clearance of autophagic

cargo, in Alzheimer’s disease patients the autophagosome maturation process and

their retrograde transport becomes impaired, thereby resulting in extensive ac-

cumulation of autophagic vacuoles together with neuronal dystrophy [203]. The

presence of both APP and its processing enzymes in these autophagosomes further

exacerbates Alzheimer’s disease pathology by increasing the substrate and enzyme

interaction time and consequently the number of Aβ plaques [285]. Another exam-

ple is Parkinson’s disease, a neurodegenerative disorder that predominately affects

dopaminergic neurons in the substantia nigra region of the midbrain. Parkinson’s

disease is characterised by the continual loss of dopaminergic neurons, leading

to motor-related complications such as tremors and rigidity. Although the exact

cause remains unclear, several factors have been shown to be involved in the pro-

gression of Parkinson’s disease. One such factor is the accumulation of α-synuclein

inclusion bodies termed Lewy Bodies in neurons. In contrast to healthy neurons

which degrade α-synuclein via chaperone-mediated autophagy, in Parkinson’s dis-

ease neuronal cell mutant variants of α-synuclein (A53T and A30P) bind to the

lysosomal membrane receptor and prevent their degradation, as well as that of

other substrates, all of which renders the cell more susceptible to cellular stress

[43].

Several studies have shown that upregulation of autophagy with rapamycin

[218, 218, 231], lithium chloride (LiCl) [197], spermidine [204, 204] or rilmenidine

[224] conferred positive effects and slowed down the progression of neurodegen-

eration. In light of autophagy function, the leading hypotheses are that au-

tophagy either indirectly suppresses aggregate formation by rapidly degrading

aggregate prone proteins, or directly eliminates inclusion bodies or protein ag-

gregates [21, 109]. Together with the autophagy machinery, autophagy receptor

proteins, such as p62, have also been shown to play a crucial role by preventing

spontaneous protein aggregate formation [147] through recognition and binding of

aggregate prone proteins to LC3 in the autophagic sequestering vesicle, thereby
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facilitating their degradation [21, 209]. However, it was recently proposed that

protein aggregates may serve as a possible cytoprotective mechanism to overcome

impaired protein turnover in autophagy compromised cells [9, 249] [83]. Nonethe-

less, the use of autophagy modulators has shown promising results in mouse mod-

els [197, 204, 204, 218, 218, 224, 231], paving the way forward for clinical trails.

However, the fine control and assessment of autophagy remains a challenge.

2.4.2 Autophagy the double edged sword in cancer

development

Autophagy has long been associated with the development of cancer, and it has

been proposed that the role of autophagy varies among the different stages of the

disease [23]. For instance, autophagy seems to act as a cancer-guarding mecha-

nism during normal cell development by efficiently removing cancer causing agents,

whilst already established tumours are able to exploit autophagic activity for pro-

tection against chemotherapeutic drugs [112, 177, 272]. Cancer is one of the first

diseases to be genetically associated with autophagic dysfunction [177]. Several

proteins involved in the autophagy process, such as Beclin1, Atg5 and UVRAG,

have been reported to be linked to cancer formation [164, 215]. Reportedly, 40–75%

of human breast, ovarian, and prostate cancer cases are caused by the monoallelic

deletion of BECN1, which encodes the Beclin1 protein [2, 166], and abnormal ex-

pression levels of Beclin1 in tumours have been linked to poor prognosis [70, 277].

Beclin1 is the regulator of the PtdIns3K complex that is required for the initi-

ation, nucleation, and assembly of the phagophore, and has biological roles in

anti-apoptosis [38] and endocytic trafficking [254]. Studies have shown that het-

erozygous disruption of Beclin1 in mice resulted in decreased autophagy, rendering

them more susceptible to the spontaneous development of tumours [215, 287]. This

indicates a possible mechanistic role for Beclin1 in tumorigenesis.

Although the genetic link between cancer and autophagic dysregulation sug-

gests that it may act as a tumour suppressor pathway, the exact underlying mech-

anisms remain unknown. Studies in autophagy-deficient yeast have shown an

increase in the frequency of mitochondrial DNA mutations implying that basal
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autophagy may have a role in preventing genotoxic stress and subsequent DNA

damage [161, 177]. Beclin1 or Atg5 knockdown mice epithelial cells show increased

DNA damage and tumorigenicity, supporting the role of Atg5 and Beclin1 in pre-

serving genomic integrity via autophagy [177]. In fact, given that the primary role

of autophagy is to promote cell survival and preserve cellular integrity, it indirectly

functions as a tumour suppressor by preserving gene stability. Under conditions

of metabolic stress, autophagy is also able to support tumour survival [243]. Un-

derstanding the pro-survival effects of autophagy is especially important since it

could potentially contribute to chemotherapeutic resistance in tumours. Stud-

ies have shown that the inhibition of autophagy increases cytotoxicity of cancer

chemotherapeutic agents and also increases their efficacy [1, 26]. Thus, the dis-

ruption of autophagy could serve as a therapeutic target to maximize the effects

of cytotoxic drugs in cancer treatment.

2.4.3 Continuous cytoplasmic protein turnover keeps cells

healthy

A feature of ageing cells is the accumulation of damaged proteins and organelles

in parallel with an increase in cellular stress susceptibility, even in the absence of

diseases. Build-up of damaged proteins and organelles, and the resultant formation

and accumulation of inclusion bodies, can have deleterious effects, particularly in

non-dividing and differentiated cells. It is worth noting that, compared with other

cell types, non-dividing cells characteristically exhibit earlier functional decline

with age [253]. Moreover, studies have shown that both macroautophagy and

chaperone-mediated autophagy activity decreases with age [42, 46]. Therefore, it

is conceivable that the cytoprotective role of autophagy is not only important for

maintaining cellular integrity, as a short-term response to stress (hours to days),

but that it also contributes to the overall longevity of the cell and/or organism.

Interestingly, studies have shown that caloric restriction, which is known to induce

autophagy, slows down the effects of ageing [90].
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2.4.4 Autophagy’s cytoprotective properties make it an

ideal therapeutic target

Autophagy has become an attractive target in neurodegenerative diseases to clear

toxic and damaging aggregate-prone proteins, and thereby promote cellular home-

ostasis. Whereas autophagy-modulating drugs conferred positive effects against

neurodegeneration, in cancer the pharmacological inhibition of autophagy has been

shown to improve the efficacy of chemotherapeutic drugs by disrupting autophagy’s

cytoprotective properties and thereby sensitising cancer cells [6, 26, 162]. Even

more so, studies have expanded on this design and showed that first increasing

autophagy before inhibiting it can further improve the efficacy of cancer therapies

[243]. Preclinical trials have shown that autophagy-targeting interventions can

increase the effects of cancer chemotherapeutic drugs [11, 40, 53, 275].

Despite these promising results there appears to be considerable confusion as

to how autophagy-therapies should be developed and used for the treatment of

several pathologies. The success of developing future autophagy-targeting thera-

pies requires three main factors: one, to accurately measure autophagy; two, to

characterise autophagy modulating drugs in cells and tissues; three, to unravel

the role of autophagy in disease pathology in order to identify modulating targets.

This would enable us to determine whether autophagy activity is too high or too

low, and adjust it accordingly to achieve the desired effect. In the following section

we will discuss the current methods used for monitoring autophagy, and how they

are utilized to characterise autophagy modulating drugs.

Thus, better characterising autophagy modulating drugs would play an im-

portant role in developing autophagy-targeting therapies as it would allow us to

determine various pharmacodynamic properties such as the minimum and maxi-

mum therapeutic dosage, the lethal dosage, as well as synergistic and antagonistic

drug effects. This would allow for the fine manipulation of autophagy using mini-

mal dosages to achieve the desired effect, whilst bypassing side effects. Moreover,

computational modelling provides a unique platform to interrogate and unravel

the system properties. Such an approach would deepen our understanding of the

contribution of autophagy to maintaining cellular “health” and its role in disease
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pathologies.

2.5 Current methods for monitoring autophagy

There have been rapid advances in the autophagy research field in the past decade,

driven by new molecular tools ushered in by the turn of the century. Novel tech-

niques such as genetic manipulation uncovered various proteins involved in au-

tophagy and the importance of this pathway in cellular processes ranging from

homeostasis to foetus/organism development. Many techniques were developed to

assess autophagy over the years [138–140, 190, 283]. In this section routinely used

techniques, including electron and fluorescence microscopy and biochemical assays

will be discussed. In light of understanding the dynamic properties of autophagy,

the inherent challenges that accompany these techniques, with emphasis on mea-

suring autophagy vesicles and/or activity over time, will be highlighted. Such

information about the autophagy process would be crucial for the development of

reliable computational models to investigate the underlining system properties.

2.5.1 Biochemical assays

Western blot analysis is a widely-used analytical technique in molecular research

to separate and detect specific proteins based on their molecular size. Generally,

autophagic activity is assessed by measuring the abundance of key autophagic ma-

chinery proteins (e.g., LC3), or autophagic receptors (e.g., p62) to report on au-

tophagic system/cargo progress. Traditionally, western blot analysis is performed

in conjunction with EM to provide ultrastructural detail of autophagosomes.

The most widely used technique to assess autophagic activity is by mon-

itoring LC3 turnover. LC3 has become a particularly attractive means for

assessing autophagic activity due to its direct relation to autophagosome forma-

tion. LC3 has several homologues among which LC3A and LC3B are the most

commonly assessed by western blot analysis. Endogenous LC3 usually yields two

distinct bands after separation on a sodium dodecyl sulphate–polyacrylamide gel
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electrophoresis (SDS-PAGE): the presence of one band represents LC3-I, which

is cytosolic, and the presence of two bands represents LC3-II, which is confined

to autophagosomes. The amount of LC3-II detected corresponds to the number

of autophagosomes, or more accurately, the overall abundance of the autophago-

somal membrane integrated with LC3-II [118]. LC3-I and LC3-II are detected on

the membrane at a molecular mass of approximately 16 kDa and 14 kDa respec-

tively. Although the true molecular mass of LC3-II is greater than that of LC3-I,

the conjugation of LC3 with PE causes it to migrate faster than LC3-I in SDS-

PAGE, presumably due to its extreme hydrophobicity. Not all LC3-II is localised

to autophagosomal membranes, the genetical or pharmacological suppression of

autophagy still results in a certain degree of LC3-II being generated, and conse-

quently detected via biochemical assays [84, 96, 178]. Therefore, either FM or EM

is used in conjunction with western blot analysis to accurately report autophagy

activity.

Under normal conditions, LC3 undergoes a series of biochemical reactions to

form LC3-II and becomes incorporated into the membrane of the growing auto-

phagosome. The fusion of autophagosomes with lysosomes results in the degrada-

tion of LC3-II, and thereby maintains low levels of LC3-II. Treatment of cells with

lysosomotropic agents, such as bafilomycin A1 or chloroquine, results in the accu-

mulation of autophagosomes and, consequently, LC3-II, since the de-acidification

of lysosomes prevents the fusion of autophagosomes and lysosomes [251]. The dif-

ference in LC3-II levels, both in the presence and absence of lysosomal inhibitors,

reflects the amount of LC3-II delivered to lysosomes for degradation. Therefore,

the rate at which LC3-II accumulates is proportional to the rate of autophago-

some turnover, and protein degradation, through autophagy, i.e., autophagy flux

[140, 190, 226].

Degradation of selective markers. Recent studies have revealed a number of

autophagy receptor proteins that facilitate the binding of specific substrates to the

growing autophagosome, thereby facilitating its degradation [65]. These receptors

are selectively incorporated into the autophagosome by associating with LC3 via
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the LIR motif of the receptor, thereby bringing the substrates into close proximity

of developing autophagosomes for sequestration, and consequently, degradation.

Of these autophagy receptors, p62 was the first to be described and remains the

best studied receptor protein. The total number of intracellular autophagy re-

ceptors, such as p62, correlates inversely with autophagic activity. Thus, a re-

duction in p62 abundance compared to basal conditions indicates an increase in

autophagic flux. The recent discovery of novel autophagy receptors makes it a

promising method not only to assess autophagic flux but also cargo specific degra-

dation. However, using autophagy receptors for autophagic flux analysis should be

performed with caution as they are transcriptionally regulated during autophagy

which may result in the inaccurate interpretation of autophagic flux at any given

time [89, 200].

General protein degradation. Long lived proteins are primarily degraded by

autophagy. Isotope labelling has been used for many years to study metabolic

fluxes, and assesses the make-up of biochemical pathways and networks. This

technique was vital in the initial days of metabolic pathway analysis when the

conversion of chemical compounds was tracked and traced by following the in-

corporation of heavy atoms into substrates to metabolic products. One of the

more historical methods, developed in the 1970s, involves the monitoring of radio-

labelled, long-lived proteins in cells over time [191]. The radioactive labelling

of long-lived proteins involves culturing cells with isotope-labelled amino acids

(commonly [14C] or [3H]-labelled leucine or valine) for several days, followed by

short-term culturing in normal growth media in order to remove all radio-labelled

short-lived proteins. The amount of radio-labelled amino acids released into the

cytoplasm is quantified and gives an indication of autophagic flux. This technique

provides precise numerical data that reflects the half-life of long-lived cellular pro-

teins.
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2.5.2 Electron microscopy

Electron microscopy (EM) is the most established method for monitoring au-

tophagic vesicles, and is still considered the gold standard in autophagy research.

Autophagy was first discovered in mammalian cells in the 1960s using EM whilst

studying lysosomes [44]. Autophagosomes were first described as double-mem-

braned structures that contain partially digested cytoplasmic content, such as mi-

tochondria or ER. The high resolution of EM micrographs makes it relatively easy

to identify autophagosomes given their unique morphological characteristics. In

contrast, autolysosomes are more difficult to identify since the cargo is either par-

tially or completely degraded and surrounded by a single membrane vesicle with

no other obvious characteristics distinguishing it from other single-membraned

vesicles.

One of the most notable advantages of EM is its high resolution compared to

optical microscopy, which allows for ultra-structural characterisation and morpho-

metric analysis of autophagic vesicles, such as dimensions and cargo analysis. EM

is a well-established method in the field of autophagy research and continues to

provide invaluable data in dissecting the autophagy process. However, a number

of challenges exist when utilizing EM; for instance, due to the constraints of sam-

ple preparation, which include fixation and sectioning, it does not reflect the true

dynamic nature of the autophagy process, but rather provides a snapshot of the

intracellular composition at one particular time point and on a single z-axis plane.

Therefore, the autophagic response cannot be monitored over time on a single

cell level. Furthermore, sectioning and imaging of EM samples only reflects the

autophagic vesicles visible in a single focal plane, which does not provide informa-

tion of the autophagic system in its entirety and therefore leads to the reporting

of underestimated vesicle numbers. Recent advances in EM technology allows the

3-dimensional imaging of EM embedded samples using serial block face EM [47].

Even though this does overcome previous limitations of imaging a single z layer

using EM to some degree, it still remains a laborious task and does not allow for

imaging of a single cell in a time dependent manner.
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2.5.3 Fluorescence microscopy

Fluorescence microscopy (FM) is a technique that enables the visualization and

localization of fluorescent proteins or probes in a cell that tag a specific protein

of interest. When these probes are excited at a particular wavelength, they emit

a fluorescence signal that is used to generate an image. FM has recently become

a popular tool amongst scientists since it requires considerably less expertise to

operate than EM to identify autophagic related structures. FM has a number of

advantages which makes it one of the most popular cell and molecular biological

research tools to study dynamic changes in the cell. Perhaps the biggest advantage

is the possibility to track distinct organelles or molecules over time using different

fluorophores simultaneously. Multicolour FM further enables us to assess possible

interactions between organelles or molecules by observing colocalization, i.e., when

two or more differently-labelled fluorescent molecules overlap. FM allows for the

observation of the dynamic processes that drive this structural organisation in liv-

ing cells in a non-invasive manner, making it an ideal tool to assess the autophagy

process, the recruitment of Atg, the formation of autophagosomes, and their sub-

sequent fusion with lysosomes. Moreover, FM allows for 3D characterization based

on a 3D data stack acquired through the z-plane. In contrast to conventional EM,

3D FM allows for whole cell characterisation of the autophagic system.

In autophagy research the most common application of FM is to monitor LC3

tagged with a fluorescent protein, typically green fluorescent protein (GFP) or

mCherry. LC3 undergoes ubiquitination-like processing and gets incorporated

into the growing phagophore and forms part of the autophagosome membrane,

which, after fusion with the lysosome, is cleaved from the autophagosomal outer

membrane, whilst the inner membranous LC3 is degraded by lysosomal hydro-

lases. Therefore, FM enables the visualisation of LC3 structures either as a diffuse

cytoplasmic pool or as puncta which mainly represent autophagosomes. However,

studies have shown that GFP is not immediately quenched and therefore auto-

phagosomes may only constitute a small fraction of GFP-positive puncta [50, 111].

Variations in the physical and chemical properties of fluorescence probes and the

autophagic vesicles have also been used to investigate the step-by-step transfor-

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 2. LITERATURE REVIEW 39

mation of autophagic vesicles more accurately. One such example is the mCherry-

GFP tandem construct, which has been adapted to overcome lysosomal quenching

of GFP [191]. In neutral or slightly basic conditions GFP is a stably folded protein;

however, under low pH conditions (such as inside the lysosomal milieu), GFP un-

dergoes denaturing, and the fluorescence signal is quenched. In contrast, mCherry

and other red fluorescence proteins (RFP) show increased fluorescence under acidic

conditions, and can readily be detected in autolysosomes. Therefore, the differ-

ences in the nature of these two fluorescence proteins allow distinction between

autophagosomes and autolysosomes as yellow and red puncta respectively, and

also allow for the monitoring of autophagy over time [139, 191]. Similar, chem-

ical properties of the autophagic vesicles have been skilfully used to distinguish

between autophagosomes, autolysosomes and lysosomes using GFP-LC3 and flu-

orescent dyes [50]. These acidotrophic dyes accumulate in a low pH environment

and emit a fluorescence signal. Therefore, the combination of GFP-LC3 present

in autolysosomes (which would otherwise been reported as autophagosomes) and

fluorescent dyes inside the acid lumen of autolysosomes allows for the detection of

the different autophagy intermediates.

In addition to directly labelling and monitoring autophagy vesicles, there are a

number of techniques with which to assess autophagy activity, or more accurately,

its degradative capacity. One such technique indirectly assesses autophagy activ-

ity by measuring cytoplasmic protein turnover using photo-activatable proteins

[144, 260]. These photo-activatable proteins are expressed in the cytoplasm; once

activated, they emit a fluorescence signal which is measured over time. The rate of

decay of the fluorescence signal can be used to indirectly assess autophagic degra-

dation [260]. Another technique is the recently developed GFP-LC3-RFP-LC3∆G

autophagic flux probe by Kaizuka et al. [120] that measures autophagy activity

based on the abundance of GFP-LC3 and RFP-LC3∆G [120]. This probe re-

lies on the endogenous Atg4 protease to cleave GFP-LC3-RFP-LC3∆G into equal

amounts of GFP-LC3 and RFP-LC3∆G. While GFP-LC3 undergoes lipidation

and is subsequently incorporated into the autophagy pathway where it is degraded,

RFP-LC3∆G is lipidated and thus resides stably in the cytoplasm where it can
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serve as an internal control. The GFP/RFP ratio can therefore be used to esti-

mate autophagic flux, although it does not measure the pool sizes of autophagic

vesicles.

2.5.4 Conclusion

It is clear that many techniques have been developed to investigate various aspects

of the autophagy process. Although these techniques have provided invaluable in-

formation on the autophagic system they are not without limitations; to achieve

a more accurate assessment of autophagic activity the standard practice is there-

fore to use several of these methods in combination. With the aim of modelling

the autophagy process, experimental measurements should reflect the dynamic

nature of the autophagy process quantitatively. Arguably, the greatest advan-

tage of FM is that it allows the autophagy process to be assessed in real time

using fluorescently-tagged autophagy proteins, which provides a powerful tool for

generating the quantitative real time data required to create autophagy models.

2.6 Computational modelling of autophagy

Autophagy is a complex process that involves the recruitment of more than 30

proteins in a highly orchestrated manner to give rise to autophagosomes, which

then requires additional proteins, such as transport and fusion proteins, for effi-

cient autophagic cargo clearance. While there have been considerable advances

in developing ever more accurate tools to assess autophagy, unravelling, in a lab-

oratory setting, the underlying mechanism of autophagy and its role in disease

pathology is challenging due to the complexity of interactions and tools avail-

able to accurately measure autophagy. In conjunction with experimental studies,

computational modelling is a powerful tool with which to investigate the system

properties of autophagy. Here several autophagy models will be discussed with

emphasis on the vesicular pathway and cargo degradation.
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2.6.1 Autophagic flux is a measure of autophagic

degradation activity

Autophagic flux is defined as a measure of autophagic degradation activity. This

definition rightfully points to the meaning of flux, namely the rate of autophagic

degradation. Taking into consideration the autophagy process - the encapsulation

of cargo in double-membraned vesicles and the fusion thereof with lysosomes for

the degradation of the cargo - we can distinguish between the vesicular machinery

of the autophagic system, and the cargo that is being degraded within this system.

The vesicular flux is the rate of flow along the vesicular pathway, whereas the cargo

degradation is the rate at which the autophagy cargo itself is being degraded within

the system. Together these two components form the autophagy process.

2.6.1.1 Vesicular pathway - the stepwise transformation of the

autophagic vesicles

The autophagic vesicular pathway starts with the formation of a phagophore, that,

once matured into an autophagosome, fuses with lysosomes to form autolysosomes

in which the autophagic cargo is degraded and recycled (Fig. 2.3). This stepwise

transformation of the autophagic vesicles forms the ’core’ network in autophagy

vesicular models used in computational research.

P A AL AA
v1 v2 v3

L

Figure 2.3: Network representation of the autophagy process: The minimal model de-
scribes autophagosome synthesis, fusion with lysosomes, and autophagosome breakdown
with the release of amino acids.
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A computational model rooted in experimental data can provide a reli-

able platform for investigating autophagy in a cellular system. The sim-

plest approach in constructing a model would be to start with a minimal model of a

system that can be systematically parameterised and expanded using experimental

data. Martin et al. [175] were one of the first groups to construct a computational

model of the autophagic vesicle dynamics using FM derived data. Their experi-

mental work centred around the measurement of GFP-LC3-II positive autophagic

vesicles over time in the absence and presence of autophagosome/lysosome fusion

inhibitor, bafilomycin A1. At basal levels, in the absence of lysosomal fusion in-

hibitor, the newly synthesised autophagosomes replenish the autophagosome pool

whilst being degraded by lysosomes. The GFP moiety of the GFP-LC3-II fusion

is pH sensitive and is quenched once delivered to the acidic lumen of the lysosome.

Thus, GFP-LC3-II selectively labels phagophores and autophagosomes while it

does not label autolysosomes. By completely inhibiting the fusion of autophago-

somes and lysosomes, autophagosome synthesis continues unimpeded and the rate

of accumulation of autophagosomes corresponds to the rate of autophagosome

synthesis. The use of a lysosomal fusion inhibitor to tease out the rate of auto-

phagosome synthesis was first described by Rubinsztein et al. [226] using western

blot analysis of LC3-II. However, it only relates a relative increase, or decrease,

in autophagosomal synthesis. Martin et al. [175] exploited FM to determine the

rate of autophagosome synthesis by treating cells with a lysosomal fusion inhibitor

and measuring the rate of autophagosome accumulation. The use of FM allowed

them to generate quantitative data of the autophagic system in real time, which

is necessary to construct a realistic model of autophagy.

Martin et al. [175] created a mechanistic and stochastic model of the autophagic

vesicle dynamics consisting of a series of biochemical reactions that are involved

in the formation of the phagophore, autophagosome maturation, and the degra-

dation process. For modelling purposes, they considered all the proteins used in

the model to be expressed at the same level and the parameters were determined

by parameter fitting so that the number of autophagosomes and the rate of syn-

thesis at steady state matched the experimentally observed values. They also

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 2. LITERATURE REVIEW 43

induced the autophagic system and incorporated it into the model by multiplying

the input parameter with an induction constant to simulate the induction of au-

tophagy. Analysis of the time course following induction of the autophagic system

showed a lag in the increase of vesicle formation, which was also accounted for in

the simulations. Sensitivity analysis of their model was performed to identify the

parameters that were the most influential on the lag and found that the rate of

recruitment of Atg12–Atg5-Atg16L1 scaffolding complex to the phagophore and

LC3-I to Atg12–Atg5:Atg16L1 complex had the greatest effect. The Atg12–Atg5-

Atg16L1 complex plays a key role in formation of autophagosomes by acting as

a scaffolding protein in the growing autophagosome as well as partaking in the

lipidation process of LC3 so that it can be incorporated. That the rate, and the

amount, at which Atg12–Atg5-Atg16L1 is recruited would influence the size and

the number of autophagosomes seems intuitive, but this is nevertheless a challeng-

ing aspect to assess experimentally. The model presented by Martin et al. [175]

clearly shows how these factors contribute to the growing autophagosome. Simula-

tions also demonstrated a positive correlation between LC3 levels and autophago-

some size in cells when they incrementally increased the concentration of LC3 that

resulted in an increase in the mean vesicle size. Their model prediction that LC3

plays a role in autophagosome curvature, and consequently size, is supported by

yeast and mammalian studies [199, 279]. Moreover, the strength of computational

modelling lies in its ability to generate testable predictions. Hence, Martin et al.

[175] predicted the contribution of Atg9 to autophagosome size and showed that a

reduction in Atg9 suppresses autophagy activity, a prediction that was supported

by their Atg9 siRNA experimental data. Moreover, analysis of their experimental

data suggests that vesicle turnover occurs at a rate proportional to the number of

vesicles in a cell, and that autophagosome degradation occurs by means of a first

order process. Therefore, the induction of autophagy would not only increase the

rate of autophagosome synthesis, but also increased its rate of degradation. Since

the number of lysosomes increases proportionally with autophagosomes, so will

the number of encounters between lysosomes and autophagosomes and, concomi-

tantly, the rate of autophagosome degradation. Therefore, if the lysosomes are
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not limiting, the rate of autophagosome degradation follows from the law of mass

action. Moreover, experimental data from Martin et al. [175] showed fluctuations

in the number of autophagosomes as a result of the intrinsic noise in autophago-

some dynamics, which was suggested to stem from a series of complex reactions

required for the formation of the phagophore/autophagosome.

Flux is the rate of flow along the vesicular pathway. We recently pub-

lished an approach that makes use of fusion inhibitors to measure the autophago-

some flux, which we define as the rate of flow, i.e., the transformation of autophagic

vesicles, along the vesicular pathway at steady state [50]. Our approach allows

for the steady state characterisation of the autophagy system in terms of (i) its

complete steady state pool size of the various autophagic intermediates (nA, nAL

and nL), (ii) the autophagosome flux, J (autophagosome/hour/cell), and (iii) the

transition time, τ , for the respective autophagic vesicles pool (τA and τAL). Our

approach has several advantages: one, acquiring z-stacks generates an accurate

measurement of the number of autophagic vesicles; two, using an acidotrophic

LysoTracker, in combination with GFP-LC3, allows a distinction between auto-

phagosomes and autolysosomes to be made; three, using small intervals to measure

autophagosome accumulation after treatment with bafilomycin A1 at steady state

produces more reliable flux data.

We constructed a computational model of autophagy (see Chapter 5), that suc-

cessfully simulated the time-dependent behaviour of the autophagic system. Our

modelling strategy was to start with a minimal model of autophagy using the sim-

plest possible rate equations, and then to extend the network scheme and modify

the kinetics parameters step by step in order to achieve a good fit to the experi-

mental data. This approach allowed an in-depth understanding of the contribution

of each part of the autophagic network to its time-dependent behaviour. Initially,

all steps in the reaction network were described using first order rate equations,

but to fit the simulated data to the experimental data more accurately the fusion

step between autophagosome and lysosomes required a higher rate order to reflect

the involvement of additional factors required in the fusion step. In our model the
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fusion step is an oversimplification of a series of events required from the point of

autophagosome maturation until complete fusion with lysosomes, which involves

inter alia the active translocation of vesicles along the tubulin network as well

as fusion proteins. The use of higher rate order is in contrast to Martin et al.

[175], who described the degradation, or the turnover, of autophagosomes with a

first-order rate equation. The reason for this may stem from the fact that they did

not distinguish between autophagosomes and autolysosomes. Our data suggests

that autophagosomes only constitute a small fraction of GFP-LC3 positive puncta,

while the rest are autolysosomes, a conclusion which is also supported by Jahreiss

et al. [111]. Thus, the turnover rate measured by Martin et al. [175] is more a

representation of autolysosome degradation. Following induction with rapamycin

there was an overall increase in GFP-LC3 positive puncta; with LysoTracker, how-

ever, we found that the number of autophagosomes remained unchanged while the

number of autolysosomes greatly increased. This suggests that autophagosomes

have a rather short half-life in the cell and are readily fused with lysosomes.

Our experimental data exhibited a lag in the autophagic response when it was

induced, which was also reported Martin et al. [175]. We contributed this lag time

to the signalling and recruitment of proteins upstream from the formation of the

phagophore. In our model we simplified this very complicated procees by incor-

porating it into a single reaction step, namely the dephosphorylation of mTOR,

which regulates the rate of autophagosome synthesis and, therefore, autophago-

some flux. Since rapamycin targets mTOR, we simulated its inductive effect by

changing the rate constant of the dephosphorylation of phospho-mTOR. In addi-

tion to the observed lag in autophagosomes response, the time course experiments

also revealed that, following induction, there was an overshoot in the number of

autophagosomes before they returne to their steady state number; this feature of

the timecourse had not been previously reported. Although only a minimal model

at this time, its distinction between autophagosomes and autolysosomes pool size

and measurement of the flux at steady state, probably reflects the dynamic na-

ture of the autophagic vesicular process more accurately than other models in the

literature.
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The vesicular pathway: more than just free-floating intracellular vesi-

cles. Despite the illusion created by imaging techniques that autophagy vesicles

are free-floating and move randomly within the cell, it is well established that they

are actively translocated in an orderly manner from the site of synthesis along the

microtubule network towards lysosomes [109, 143]. This transport process leads

to a complex and integrated relationship between spatial regulation of autophagy

vesicles and autophagy activity [150]. For instance, during periods of starvation

lysosomes cluster in the perinuclear region, which is thought to promote fusion

with autophagosomes. Indeed, autophagosomes are actively transported towards

the perinuclear region bringing them into close proximity of lysosomes, thereby

increasing the number of fusion events between lysosomes and autophagosomes.

It is clear that the tubulin network plays an important role in the autophagic

system [15, 143] and it is not surprising that it has been implicated in autophagy

dysfunction and, consequently, disease progression [109]. The kinetic and ther-

modynamic properties of tubulin governs the density distribution of the tubulin

network, which impacts the transport dynamics of autophagic vesicles and conse-

quently autophagy function.

Börlin et al. [22] created an agent-based model (ABM) of autophagy to investi-

gate the regulatory behaviour of spatio-temporal autophagy dynamics. Similar to

the previously-mentioned modelling attempts by other groups, they parameterised

their model using microscopy derived data from single cells. Börlin et al. [22] used

mCherry-LC3B and GFP-RAB7 to make the important distinction between auto-

phagosomes, autolysosomes and lysosomes, which they used to assess and model

their spatio-temporal dynamics. Their ‘core’ model of autophagy closely resembled

that of ours (see Chapter 5), but Börlin et al. [22] included autolysosome fusion

with other autophagosomes, as well as their degradation when autolysosomes had

reached the end of their lifetime. The ABM of Börlin et al. [22] made use of self-

defined functions and hierarchical ordering of procedures to create a description

of cellular processes; it simulated the temporal and spatial evolution of the au-

tophagic system, where each individual agent (autophagic vesicles) was governed

by its own parameter set that determined its behaviour and interaction with other
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agents. Although ABMs are not commonly used for biological modelling, they

have been used to capture emergent mitochondrial fusion and fission behaviour

[211], and apoptotic death receptor dynamics [232]. For modelling, Bandyopad-

hyay et al. [16] assumed that phagophores and autolysosomes move randomly,

while autophagosomes and lysosomes move directly towards or away from the nu-

cleus, in a manner that simulates their active transport along the cytoskeleton at

a rate that is independent of their size. The initial number of autophagosomes,

lysosomes and autolysosomes was based on experimentally derived data, whereas

all other parameters were generated using data-driven model parameter fitting

of basal autophagic activity [16]. Earlier modelling attempts by Börlin et al. [22]

demonstrated that their core model could not successfully simulate bafilomycin A1

treated conditions. They suggested that after 3 hours bafilomycin A1 treatment

could have resulted in lysosomal inhibition, which prevented protein degradation

and amino acid recycling, and thereby decreased mTOR activity and subsequently

increased autophagy activity. Börlin et al. [22] integrated nutrient uptake and recy-

cling in their model, so improving the accuracy of their simulation of autophago-

some, autolysosome and lysosome numbers, as well as the spatial patterns and

positioning of autophagic vesicles. Experimental data by Börlin et al. [22] showed

that under starvation conditions the number of autophagosomes, autolysosomes

and lysosomes increased, and surprisingly, that the number of autophagosomes

decreased when cells were treated with a lysosomal fusion inhibitor. It would be

expected that, following inhibition, the number of autophagosomes would increase,

which indeed is the case and is at the centre of determining autophagic flux using

western blot analysis and FM. It is possible that the decrease in autophagosomes

results from the time scale in which the autophagic vesicles were measured fol-

lowing inhibition, since it is well documented that other degradation systems such

as microautophagy and the UPS are upregulated to compensate for the lack of

protein turnover as a result of dysfunctional autophagy [154, 267]. Therefore, de-

pendency of protein turnover is shifted away from autophagy and proceeds at a

lower rate, so decreasing the number of autophagosomes. However, this notion

remains to be verified. The incorporation of spatio-temporal autophagy dynamics
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is a step forward in building autophagy models.

2.6.1.2 Cargo degradation and its implications in protein quality

control

In the past autophagy was generally considered to be a non-specific process that

involves the random engulfment of cytoplasmic material. However, autophagy

can also selectively clear specific cellular components such as mitochondria (mi-

tophagy), lipids (lipophagy) and ribosomes (ribophagy) [65]. Selective targeting

of proteins/organelles is brought about by adapter proteins that facilitate the en-

capsulation of target proteins/organelles in the growing autophagosome. Because

of the inherent difficulties in studying cargo degradation and the selective nature

of autophagy experimentally, only a few studies have attempted to model these

processes. Although it is possible to indirectly assess superfluous cargo degrada-

tion on the basis of autophagosome size and autophagosome flux, it has been the

time-honoured technique of using radio-labelled isotopes in track and trace ex-

periments that has generated data that has proved useful for modelling the cargo

degradation.

The Choi research group used assays with radio-labelled amino acids and

metabolic inert sugars, as well as ATP assays, to create a model that could

be used to investigate the implications of autophagy for cellular quality control

through cytoplasmic turnover [78–81]. They measured [14C]-sucrose recovered from

whole cell lysates and autophagosomes to assess cytoplasmic sequestration, while

[14C]-lactose and its hydrolytic product, [14C]-sucrose, were used to assess intra-

autolysosomal hydrolysis. Combined with [14C]-valine to determine rates of pro-

tein synthesis and degradation, these experiments generated a rather unique data

set of autophagy and its implications for the cytoplasmic protein content. In their

‘core’ model, the autophagy process was divided into several steps: autophagosome

synthesis, autolysosome formation, and intra-lysosomal hydrolysis, where intracel-

lular ATP and amino acids were considered to be the key molecules in the model

that bridged between protein/organelle synthesis and autophagic/non-autophagic

degradation. Although their network does include the vesicular pathway, the au-
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thors focused on creating a model that characterised the relationship between

autophagy activity and the corresponding cellular change. With that in mind, a

model of intracellular ATP and amino acids dependency was constructed, in which

the autophagic substrates included normal and abnormal/damaged proteins, each

sequestered at different rates. The end products of autophagic degradation, mostly

amino acids, can then be used to either generate new proteins or to produce ATP,

whilst the generation of new proteins also requires ATP.

Role of autophagy in cellular quality control. To investigate the role of

autophagy in protein/organelle quality control in response to perturbation of cel-

lular damage, Han et al. [78] manipulated the deterioration rate of proteins in

their model. Their simulations revealed a nonlinear relationship between damaged

and normal proteins/organelles degradation [78]. Whilst the degradation of pro-

teins/organelles increased proportionally with the accumulation of proteins/orga-

nelles, damaged proteins/organelles were exponentially degraded once a threshold

was reached. Han et al. [78] attributed this to the affinity of adaptor proteins

for the targeted proteins/organelles. Based on their results they concluded, in

accordance with the literature, that during periods of too low autophagy activity

the system loses the ability to maintain protein quality control, whilst induction

of autophagy improves cellular protein/organelle quality. Based on their model,

the authors concluded that the control over autophagic degradative capacity re-

sides with autophagosome synthesis rather than autolysosome formation and the

degradation of its cargo, and similar findings have also been reported by the other

groups [22, 175].

2.6.1.3 Vesicular pathway and cargo degradation contribute to the

autophagic activity

Autophagy, in particular the lack thereof, has been implicated in several diseases,

and has given rise to multiple hypotheses as to how autophagy contributes to dis-

ease progression. Some of the strongest suggestions include: (i) the inability of

the developing phagophore to sequester (toxic) proteins, (ii) impaired translocation
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of autophagosomes, and (iii) fusion with lysosomes and dysfunctional lysosomal

hydrolase activity [100, 113, 227]. Although we have up to now discussed the

autophagy process as separate components, i.e., the vesicular pathway and cargo

degradation, it is in reality a single pathway in which both components proceed

alongside each other. Although both the vesicular pathway and cargo degradation

are driven by their own molecular machinery, they do share some proteins, but it

is nevertheless reasonable to assume that it would be possible to differentially reg-

ulate the two components to achieve the desired goal. For instance, an increase in

general cytoplasmic cargo sequestration and degradation without changing auto-

phagosome flux can be achieved by increasing autophagosome size by enhancing

LC3 or Atg14 expression levels. Similarly, an improvement in the clearance of

specific proteins/organelles without affecting general cytoplasmic proteins can be

achieved by increasing adaptor proteins, whilst the vesicular pathway flux remains

unchanged. Insight into the unique interplay between the two components, as well

as other non-autophagy components such as the tubulin network, could aid in the

design of autophagy-related therapies through the identification of novel protein

targets.

2.6.2 Modelling autophagy in a cell population

The end goal of these models is to further our understanding of autophagy and its

pro-survival role so as to best exploit it for therapeutic purposes. However, most

of the models described here focus on autophagy at a single cell level, whilst ne-

glecting its broader impact. For instance, during periods of starvation autophagy

is upregulated to supply amino acids for energy production in order to sustain the

cell; amino acids can, however, also be released into the extracellular environment

to support neighbouring cells, thereby contributing to the pro-survival effects of

autophagy on a tissue level. Although we are far from modelling autophagy on such

a systemic level, it is worth noting work done by Jin and Lei [114] who created a

model of the effects of nutrient dynamics and autophagy on cell population growth

in response to starvation. Their model is within a population growth framework,

similar to those models used in ecology to study animal population patterns, to
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simulate yeast growth during periods of high and low nutrient abundance, and to

investigate the effects of autophagy on yeast population growth dynamics. For

modelling purposes they considered yeast cells that can be either in a normal

growth phase or in an induced autophagy phase in a container with a fixed volume

that is supplied with nutrients at a constant rate whilst nutrients are lost. Induced

autophagy cells were considered not to proliferate since growth arrest generally ac-

companies high autophagic activity, but they were nevertheless able to revert back

to the normal growth phase. Analysis of the mathematical framework highlighted

the importance of cell/population survival through the secretion of nutrients by

cells undergoing high autophagic activity when there is no access to external en-

vironmental nutrients. Although the mathematical framework presented by Jin

and Lei [114] is a general model with non-specific molecular level regulation, it is

biologically plausible and could be used in a robust manner with different types of

cells. Expansion of such models to include different cell/tissue could potentially

serve as a starting point for understanding autophagy on a systemic level.

2.6.3 Conclusion

The models presented here represent the minimal models in their respective fields,

making use of a variety of modelling platforms and computational tools. They con-

tribute to the foundations of a formal framework that could be developed further

to include more of the known molecular machinery involved in autophagy. To com-

prehensively model the autophagic pathway requires the incorporation of multiple

autophagy proteins, ranging from the signalling pathways to recruitment of struc-

tural proteins involved in the growing autophagosomes and their translocation, as

well as the fusion of autophagosomes and lysosomes. The increased complexity

of such a model would require reaction networks consisting of a large number of

proteins with their interactions, post-translational modifications and sub-cellular

localisation. These models would need to be able to simulate the processes over a

fast and slow time scale (i.e., hours to days) as well as be able to generate and test

predictions relevant to the global consequences of autophagy, particularly in dis-

ease scenarios. Moreover, possibly the most important feature of a computational
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model is that it can be used to generate novel experimentally-testable hypothe-

ses. Ultimately one hopes that such models could be to be used in personalised

medicine where they could assist in developing patient specific therapies to achieve

maximal drug efficiency with minimal side effects.
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Chapter 3

General Laboratory Methods and

Materials

3.1 General laboratory consumables

Sterile disposable 5 mL (SPL, # 91005), 10 mL (SPL, # 91010) and 25 mL (SPL,

# 91025) serological pipettes with pipette control (Pipetteman, PIPETBOY) were

used to transfer large liquid volumes and for cell culturing purposes. Disposable

pipette tips, 10 µL (Pipetman, # D10), 200 µL (Pipetman, # D200) and 1000 µL

(Pipetman, # D1000), and disposable filter pipette tips, 200 µL (QSP, # TF140-

200) and 1000 µL (QSP, # TF140-100) with Pipetman P20, P200, and P1000

(Pipetman Starter Kit) were used for cell culturing and general liquid handling.

Solutions and cell lysates were stored in either micro-centrifuge tubes, 0.5 mL

(Citotest, # 4610-1820), 1 mL (Citotest, # 4610-1816) and 2 mL (Citotest, # 4610-

1815), or in Falcon R© tubes, 15 mL (Biocom Biotech, # 50025) or 50 mL Falcon R©

tube (Biocom Biotech, # 50050).

3.2 Cell culturing protocol

Mouse Embryonic Fibroblast (MEF) and HeLa cells stably expressing GFP light

chain 3 (LC3) protein (a kind gift from Prof. Noboru Mizushima, Tokyo Univer-
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sity, Japan) and wild type MEF cells (a kind gift from Dr. Robea Ballo, Univer-

sity of Cape Town, South Africa) were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (Life Technologies, # 41965-039) supplemented with 10% fe-

tal bovine serum (FBS) (Biochrom, # S0615), 1% Penicillin-Streptomycin (Life

Technologies, # 15240-062) and maintained in a humidified atmosphere in the

presence of 5% CO2 at 37◦C. The sub-culturing of cells involved trypsinisation to

dissociate adherent cells from the flask surface; culture medium was removed, and

cells were washed with 0.01 M sterile phosphate buffered saline (PBS) (137 mM

sodium chloride (NaCl) (Sigma, # S7653), 10 mM phosphate (disodium hydrogen

phosphate (Na2HPO4) (Merck, # NIST2186II) and potassium dihydrogen phos-

phate (KH2PO4) (Merck, # NIST200B)) and 2.7 mM potassium chloride (KCl)

(Sigma, # P9541), adjusted to pH 7.4) and trypsinised (0.25% Trypsin-EDTA),

(Life Technologies, # 25200-072). Following the detachment of cells from flask

surface (3–5 min), the trypsin was then transferred to a 15 mL Falcon R© tube

and culture medium was added to the cell suspension at a 2:1 ratio. The cell

suspension was then centrifuged (Eppendorf Centrifuge 5804R) at 1500 rpm for

three min at room temperature (RT). The supernatant was then discarded, and

cells re-suspended in fresh culture medium. Cells were reseeded in tissue cul-

ture flasks, either a T25 (Porvair, # 500030), T75 (Porvair, # 500029) or T175

(Porvair, # 500028) depending on cell culturing needs. For further experimental

purposes, cells were maintained in a humidified incubator (Sheb Lab) supplied

with 100% carbon dioxide (Afrox, # 201-RC), or reseeded in petri-dishes (Sterlin,

# 90032), 8-chamber cover slip-based dishes CatnumNunc Lab-Tek155411, or on

micro-patterned slides.

3.3 Western blot analysis

Protein extraction. Culture medium was rapidly removed using a Vacusafe

aspirator (Integra) and rinsed twice with cold PBS. A volume of 150 µL of RIPA

buffer (50 mM Tris (Sigma, # D6750), 1% NP-40 (Sigma, # 74382), 1% sodium

dodecyl sulphate (SDS) (Sigma, # L3771), 0.25% sodium-deoxycholate (Sigma,
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# 30970), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) (Sigma-

Aldrich, # E6758), 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma, # P7626),

1 mM sodium orthovanadate (Na3VO4) (Sigma, # S6508), 1 mM sodium fluoride

(NaF) (Sigma, # S7920), 1 µg/mL leupeptin (Sigma, # L9783), 1 µg/mL apro-

tonin (Sigma, # A6279), 1 µg/mL benzamidine (Sigma, # B6506), 10 µg/mL

pepstatin (Sigma, # P4265), adjusted to pH 7.4) was added to the flasks or petri-

dishes, and cells were removed from the surface using a cell scraper (Porvair, #

500034). Cell lysates were then collected in microcentrifuge tubes and sonicated

using a Mixsonic (S-4000) for 4 sec with an amplitude setting of 4 on ice. Once

the foam had subsided, cell lysates were centrifuged at 8000 rpm at 4◦C for 10 min

using a Spectrafuge 16M centrifuge and the supernatant was then collected and

stored at -80◦C for further analysis.

Protein concentration determination. The determination of sample protein

concentration was performed using the Bradford protein assay. In brief, a protein

standard curve was established using bovine serum albumin (BSA) (Roche, #

10 735 078 001) dissolved RIPA buffer. The BSA concentrations ranged from 0

to 4 mg/mL. The protein standards were incubated with the Bradford reagent

(0.005% Coomassie Brilliant blue (Sigma, # B0770), 5% methanol (Sigma, #

34860), 10% phosphoric acid (Sigma, # W290017)) for five min in the dark and the

absorbance values were measured with a universal microplate reader (EL800) at a

wavelength of 595 nm. The absorbance value for 0 µg/µL was subtracted from the

absorbance value of the protein standard concentration range. The standard curve

was generated by plotting the absorbance values against protein concentration.

Lysates were incubated with the Bradford reagent for five min in the dark and

the absorbance value was determined by subtracting 0 µg/µL from the measured

absorbance value of the lysate at 595 nm. The protein concentration of the lysates

were determined by reading it off the standard curve.

Western blot analysis. For western blotting, 40 µg of total protein was mixed

with Laemmli’s buffer (6.5 mM Tris, 2% SDS, 5% β-mercaptoethanol (Sigma, #

M6250), 10% glycerol (Sigma, # G5516), 0.01% bromophenol blue (Sigma, #
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B0126), adjusted to pH 6.8) at a 2:1 volume ratio, and boiled for five min at 95◦C.

Protein separation was performed on a 12% TGXTMFastCastTMacrylamide gel

(Bio-Rad, # 161-0174). TGX R© FastCastTMacrylamide gels were prepared accord-

ing to the manufacturer’s instructions with the addition of 2,2,2-trichloroethanol

(TCE) (Sigma, # T54801) to final concentration of 0.625%. After completion

of the protein separation, gels were activated using the ChemiDocTMMP Sys-

tem pre-programmed gel activation protocol. Thereafter proteins were transferred

onto Immobilon R© FL polyvinylidene difluoride (PVDF) membrane (MilliQ, #

IPFL00010) as follows: the PVDF membrane was dipped in methanol and then

equilibrated in Towbin buffer (25 mM Tris, 192 mM glycine (Sigma, # G8898),

20% methanol, pH 8.3) for five min. The acrylamide gel was placed on top of the

PVDF membrane and sandwiched between two blotting filter papers (Bio-Rad, #

170-3955) equilibrated in Towbin buffer. The proteins were then electro-transferred

to the membrane using the Trans-Blot R© TurboTM(Bio-Rad, # 170-4155) system

according to the manufacturer’s instructions using the standard pre-programmed

transfer protocol for mixed protein weights. Following protein transfer, membranes

were washed with TBS-T (137 mM NaCl, 20 mM Tris, 0.1% Tween-20 (Sigma,

# P1379), pH 7.6) for five min and blocked with 5% milk in TBS-T for 1 hour

to prevent non-specific binding sites on the membranes. The membranes were

then washed with TBS-T three times for five min and incubated with primary

antibodies overnight at 4◦C in TBS-T solution. Recommended dilutions of the

following primary antibodies were used for mouse monoclonal anti-APG5 (Santa

Cruz, # SC-133158) and rabbit polyclonal anti-LAMP2 (Abcam, # ab18528).

Membranes were rinsed with TBS-T three times for five min and then incubated

with either peroxidase linked to anti-mouse IgG (Sigma, # A9044) or to anti-

rabbit IgG (Sigma, # A0545) in TBS-T solution for one hour at room temper-

ature. Membranes were rinsed with TBS-T three times for five min, exposed to

ClarityTMWestern ECL substrate and visualized using the ChemiDocTMMP Sys-

tem according to the manufacturer’s instructions.
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3.4 Proteomics

Proteomic analysis was performed on MEF-GFP cells treated with; rapamycin

(20 nM and 100 nM), spermidine (50 nM and 500 nM), 10 nM bafilomycin A1.

A control group was also included. Label-free protein quantification on the six

groups, which consisted of three biological replicates, was performed by The Center

for Proteomic & Genomic Research based in Cape Town, South Africa.

Protein extraction and quantification. Lysates were collected as described

in Section 3.3 and the total protein for each sample was quantified using the

QuantiPro BCA Assay Kit (Sigma, # QPBCA) according to the manufacturer’s

instructions.

Tube and Filter Passivation. The 30kDA weight cut-off (MWCO) centrifugal

filters and collection tubes (Millipore) were covered in a 5% TWEEN-20 (Thermo

Fisher Scientific, # P1362) solution and incubated overnight on a shaker at room

temperature. The centrifugal filters and collection tubes were removed and rinsed

with MilliQ water, and then covered with MilliQ water prior to incubation on a

shaker for 30 min. The MilliQ water was refreshed with MilliQ water, and then

incubated for 30 min on a shaker for a total of three times.

Tryptic Digestion. A total of 100 µg protein from each sample was trans-

ferred in a 1.5 mL LoBind Eppendorf tube (Sigma, # Z666505) and reduced

for 1 h at 60◦C with 10% of the sample volume of 50 mM tris(carboxyethyl)

phosphine (TCEP) (Fluka, # 646547). Thereafter, SDS concentration was diluted

with urea-triethyl ammonium bicarbonate buffer (8 M urea (Sigma, # U5128), 100

mM (TEAB) (Sigma, # T7408)) to 0.5%. Samples were placed on a passivated

centrifugal filter and concentrated down to 30 µL by centrifugation at 13000 g.

The retentate was alkylated using 100 µL 15 mM methyl methanethiosulphonate

(MMTS) (Sigma, # 208795) in urea-TEAB buffer for 15 min at 20◦C. The buffer

was replaced with 350 µL of 8 M urea in 100 mM TEAB buffer and centrifuged at

13000 g to reduce the volume to 30 µL. The retentate was washed a further five
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times with 100 µL urea-TEAB buffer followed with centrifugation to completely

remove SDS. The retentate was then washed twice with 100 µL 100 mM TEAB fol-

lowed with centrifugation at 13000 g to reduce urea concentration. Proteins were

digested by adding Sequencing Grade Modified Trypsin (Promega,#PRV5111) in

100 mM TEAB with a ratio of 50:1 protein:trypsin and then incubated for 18 h

at 37◦C. Peptides were collected in a passivated collection tube by centrifuga-

tion at 13000 g, washed twice using MilliQ water, followed by centrifugation at

13000 g. Samples were then dried and re-suspended in 0.1% trifluoroacetic acid

(TFA) (Sigma, # T6508).

LCMS. Liquid chromatography–mass spectrometry (LCMS) analysis was per-

formed with a Q-Exactive quadrupole-Orbitrap mass spectrometer coupled with

a Dionex Ultimate 3000 nano-HPLC system (Thermo Fisher Scientific). Peptides

were dissolved in 0.1% formic acid (FA) (Sigma, # 56302), 2% acetonitrile (ACN)

(Burdick & Jackson, # BJLC015CS) and loaded on a C18 trap column (300 µm

x 5 mm x 5 µm, Thermo Fisher Scientific). A C18 PepAcclaim column (75 µm x

25 cm x 2 µm, Thermo Fisher Scientific) was used for chromatographic separation.

The solvents used were solvent A: LC water (Burdick & Jackson, # BJLC365),

0.1% FA, and solvent B: ACN, 0.1% FA. A multi-step gradient for peptide separa-

tion was generated at 250 nl/min as follows: time change 42 min, gradient change:

8–20% solvent B; time change 10 min, gradient change: 20–3% solvent B. Column

was then washed for 10 min with 80% solvent B, and then re-equilibrated with 2%

solvent B for 15 min. The mass spectrometer was operated in positive ion mode

with a capillary temperature of 320◦C. The applied electrospray voltage was 1.95

kV. Details of data acquisition are shown in the table 3.1.

Data analysis. The relative protein quantification was determined using Proge-

nesis QI (Nonlinear) and was based on three biological replicates per condition us-

ing non-conflicting peptides. Data processing included peak picking, run alignment

and normalisation. For protein identification, a UniProt sourced Mus musculus ref-

erence proteome (10090) was downloaded on 26/11/2016 from www.uniprot.org.

The following protein markers were identified using a custom Python script based
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Table 3.1: Data acquisition using Q-Exactive quadrupole-Orbitrap mass spectrometer
coupled with a Dionex Ultimate 3000 nano-HPLC system.

Full Scan

Resolution 70,000 (@ m/z 200)

AGC target value 3x106

Scan range 350-2000 m/z

Maximal injection time (ms) 100

Data-dependent MS/MS

Inclusion Off

Resolution 17,500 (@ m/z 200)

AGC target value 1x105

Maximal injection time (ms) 50

Loop Count 15

Isolation window width (Da) 3

NCE (%) 27

Data-dependent Settings

Underfill ratio (%) 1

Charge exclusion 1, 7, 8, >8

Peptide match Preferred

Exclusion isotopes On

Dynamic exclusion (s) 60

on their relation to the change in autophagosome flux: proteins that increase with

increasing autophagosome flux, proteins that decrease with increasing autophago-

some flux, proteins that remain constant irrespective of the change in autophago-

some flux, and proteins that are involved in the autophagic process (Atg proteins,

transporting proteins, etc.).
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3.5 Micro-patterning

Micro-patterning has become a popular technique that has recently received par-

ticular interest in cell biology. The micron-size patterns allow for the study of

cell sensitivity to fine spatial cues and provide a means to standardize cell shapes.

Moreover, it immobilizes migratory cells, which allows for high-throughput screen-

ing over long periods of time. The protocol described here, adapted from Carpi

et al. [28], is a lithographic-based method for printing micro-patterns on a glass

with extra-cellular matrix proteins to promote cell adhesion. The backdrop is

filled with polylysine grafted polyethyleneglycol (PLL-g-PEG) that creates a non-

adhesive surface preventing cells from attaching. Fig. 3.1 illustrates the micro-

patterning process with representative images. A quartz photomask is required

to serve as the pattern template for transferring patterns onto the PLL-g-PEG

layer which is then filled with attachment proteins. A GDSII layout file was cre-

ated using the Python platform and gdsCAD 0.4.5 package of the pattern to be

etched into the chrome mask. The chrome mask was manufactured by Delta Mask,

Toppan, Netherlands.

Glass silanization and passivation. The glass coverslip was washed with 70%

Ethanol and dried using a dry-oven. Thereafter the coverslip was illuminated

with a deep UV lamp (185 nm) for 10 min using a UVO cleaner (Jelight, model

18). The distance used was dependent on the UVO model; here the coverslip

was placed 1 cm from the UV lamp. The coverslip was then placed on top of

a 30–150 µL drop of PLL-g-PEG solution (0.1 mg/mL PLL(20)-g[3.5]-PEG(2)

(Surface Solutions, Zurich), 10 mM Hepes (Sigma, # H3375), adjusted to pH

7.4) on a sheet of parafilm with the activated face in contact with the PLL-g-

PEG. The coverslip was incubated with the PLL-g-PEG solution for 1 hr at room

temperature. Thereafter, the coverslip was washed for two min in PBS and then

rinsed for two min in Millipore water.

UV illumination and protein attachment. The photomask was washed with

70% ethanol and dried with absorption paper. The non-chrome side of the pho-
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Glass Silanization

UV illumination

Passivation

Protein attachment

UV Lamp

PLL-g-PEG

Photomask

Cover-slip

Fibronectin

A B

Layout of pattern
design

After UV illumination of
PLL-g-PEG-FITC on

a cover-slip

Micro-patterning of
MEF cells on

fibronectin patterns

Figure 3.1: Micro-pattern on glass using deep UV. A) Illustration showing the micro-
patterning process. B) Top, layout design of the patterns to be printed on the cover-
slips; Middle, a micrograph of PLL-g-PEG-FITC on a cover-slip after UV illumination;
Bottom, micro-patterning of MEF cells on fibronectin patterns. Cells were expressing
GFP-LC3 and stained with LysoTracker Red. Scale bar 50 µm.

tomask was silanated by placing it with chrome side facing down in the UVO

cleaner and illuminating it for 10 min. The photomask was left to cool, and then

5 µL Millipore water was placed on the non-chrome of the mask. The coverslip

with the activated face was then placed on the drop of Millipore water in contact

with the photomask. Excess water was removed using absorbent paper. The pho-

tomask was placed with its chrome side towards the lamp in the UVO cleaner and

illuminated for 10 min. The mask was left to cool down and then submerged in

Millipore water with chrome side facing down (the coverslip facing upwards) until

the coverslip spontaneously floated. The coverslip was carefully removed to avoid

scratching the mask and placed on a 30–100 µL drop of 25 µg/mL of fibronectin

solution on parafilm with the illuminated surface in contact with the solution and

incubated for 2 hrs at room temperature. Thereafter, the coverslip was washed

for two min in Millipore water. At this point, the coverslip was ready for use. The
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coverslip was dried overnight at 4◦C and glued to our self-fabricated microscope

slide.

Seeding of the cells. Cells were harvested by trypsinization as described in 3.2.

Approximately 1000 cells were added to each well-containing culture medium and

placed in the incubator for 1–2 hrs to allow the cells to attach. Once cells started

to adhere on the patterns, the unattached cells were washed away using culture

medium.

3.6 Fluorescence imaging

General microscopy settings. Live cell imaging was performed using a Carl

Zeiss (Oberkochen, Germany) confocal microscope equipped with a humidified

chamber at 37◦C supplemented with 5% CO2. The raw image stacks/series was ac-

quired using a high NA objective (Olympus Plan APO N 60x/1.42 Oil/0.17/FN26.5)

using an Argon multiline laser 25 mW at 488 nm and Diode 405 nm CW/PS and

633 nm laser as a light source with a GaAsP detector. Laser power and master

gain were chosen for 405 nm (LysoTracker blue), 488 nm (GFP), 514 nm (Lyso-

Tracker red) and 633 nm (SiR Tubulin) to ensure an optimal signal/noise ratio

with minimal pixel saturation. Track filters were set as follows; LysoTracker blue:

410–471 nm, GFP: 490–597 nm, LysoTracker red: 566–690 nm and SiR Tubulin:

638–759 nm.

Z-stack image acquisition of a whole cell. Raw image stacks were acquired

to quantify the total number of autophagosomes, autolysosomes and lysosomes in

cells. The image frames were acquired using a 60x objective with 0.75–1 µm step

width between the individual image frames.

Time lapse image series acquisition. An image series was acquired to track

autophagosome trafficking behaviour under various treatment conditions. The

image series was acquired using a 60x objective with 20 image acquisition cycles

in 15 sec intervals. A fast scanning speed (pixel dwell time of 0.02 µs) was used
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to acquire time lapses of tubulin network and autophagy vesicles behaviour so as

not to bleach fluorophores and induce phototoxicity in cells.

3.7 Image analysis

Images were processed using ZEN 2011 imaging software (Carl Zeiss) and the

maximum intensity projections exported to Fiji (https://fiji.sc/)). Images

were deconvolved using the Deconvolution Lab plug-in (http://bigwww.epfl.

ch/) of Fiji to further improve the signal to background noise ratio.

Counting autophagy intermediates. The number of autophagosomes was

assessed by subtracting the red channel (LysoTracker positive puncta) from the

green channel (GFP positive puncta) and then using the “analyse particle” func-

tion to count the number of remaining puncta in Fiji. Similarly, lysosomes were

counted by subtracting the green channel from the red channel and the number

of remaining puncta was determined using the “analyse particle” function. The

number of autolysosomes was determined by counting the number of puncta in

the red channel and then subtracting the number of lysosomes. In the case of high

background noise, Fiji “click count” function was used to assess the number of

puncta.

Puncta tracking. The green channel was processed by setting threshold limits

on the image histogram such that only autophagosomes were visible—the green

fluorescence signal from the autolysosomes is weaker than that of autophagosomes.

Image series were analysed using “TrackMate” plug-in [256] in Fiji.

3.8 Statistics

Statistical analysis was performed with TIBCO Statistica 13 software using a one-

way ANOVA with the Fisher LSD post-test. Significance was indicated at p < 0.05.
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Chapter 4

Autophagosome flux

Autophagosome flux is defined as the rate of flow along the vesicular pathway of

the autophagy system [168]. We developed a method that allows for the quantifi-

cation of the autophagosome flux (J) and the steady-state number of autophagy

intermediates per cell: autophagosomes (nA), autolysosomes (nAL) and lysosomes

(nL). J is measured by inhibiting fusion of autophagosome and lysosome at steady

state and calculated from the subsequent initial rate of nA accumulation [50]. The

autophagic steady-state variables (J , nA, nAL and nL) can be used to derive several

other useful autophagy variables: the transit time, τ , which is the time required to

clear the pool of a particular autophagic vesicle, and the flux derivatives Jvol, the

rate at which the cytoplasm is being encapsulated and delivered to lysosomes for

degradation, and Jmem, the rate at which the cellular membrane is being utilised

by the autophagy machinery for autophagosome synthesis.

This chapter describes experiments that assess the reliability of our technique,

and how our approach has been used to screen several autophagy-modulating

drugs and to investigate the underlying mechanism of autophagy. In the first sec-

tion, we will assess the reliability and applicability of our approach by measuring

J in autophagy-deficient cells (negative control) and using alternative lysosomal

probes when characterising autophagy variables. We also compare our approach to

a recently-developed ratiometric autophagy flux probe. Next, we use our approach

to screen selected autophagy modulating drugs to characterise the dose-dependent

64

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. AUTOPHAGOSOME FLUX 65

changes in the autophagy variables as well as the transient time-dependent be-

haviour of autophagy intermediates in two cell lines. Taking advantage of con-

trolling J , we perform proteomic analysis on cells with a known increase in auto-

phagosome flux using two means of autophagy induction to identify novel markers

that correlated with J . We then further investigate the underlying mechanism of

autophagy, and explore the vesicle dynamics as well as the effects of cell size on

autophagosome flux.

4.1 Measuring autophagosome flux

In our previous work we characterised J , nA, nAL and nL under basal and rapamy-

cin-induced steady-state conditions. Fig. 4.1 shows a graphic illustration of the

progress curve of the autophagy variables measured over time under basal and

rapamycin induced conditions, where J is calculated from the initial rate of in-

crease of autophagosomes after the inhibition of fusion between autophagosomes

and lysosomes with 400 nM bafilomycin A1 [50]. As part of the protocol develop-

ment and validation, we performed a series of experiments to assess the reliability

of our protocol by (i) measuring J in ATG5-silenced autophagy (negative control),

(ii) assessing the autophagy variables (J , nA, nAL and nL) using another fluores-

cent lysosomal marker, namely red fluorescent protein conjugated to Lysosomal-

associated membrane protein 1 (RFP-LAMP1), and (iii) comparing our approach

to a recently developed ratiometric autophagy flux probe.
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Rapamycin Bafilomycin A1

Bafilomycin A1A

B

dA
dt = Jbasal

dA
dt = Jinduced

Time

Time

Figure 4.1: Graphic illustration of measuring autophagosome flux under basal and
induced conditions. The time dependent changes in autophagosomes ( ) and auto-
lysosomes ( ) are measured in (A) basal and (B) rapamycin-induced states.

Negative control. Autophagy was suppressed through ATG5 silencing that lim-

its the formation of the ATG5:ATG12 complex, thereby disrupting autophagosome

synthesis [140]. Autophagy was silenced in Mouse Embryonic Fibroblast (MEF)

cells that stably express GFP-LC3 using ATG5 L siRNA (Qiagen, # SI02633946)

and Lipofectamine R© 3000 (Thermo Fisher Scientific, # L3000001) according to

the manufacturer’s instructions. Two days after transfection was performed, there

was a significant decrease in ATG12:ATG5 protein levels as assessed by western

blot analysis (Fig. 4.2A). In keeping with our protocol, cells were patterned on fi-

bronectin disc shapes and nA, nAL and nL were measured over time in the absence

and presence of 400 nM bafilomycin A1 under basal conditions. Silencing of ATG5

resulted in a 68.9% decrease in J compared to the non-silenced control (Fig. 4.2B).
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Figure 4.2: Measuring autophagosome flux in autophagy-silenced cells. (A) Western
blot analysis of ATG12-ATG5. (B) The transient time dependent behaviour of auto-
phagosomes (•), autolysosomes (•) and lysosomes (•) in autophagy silenced MEF cells
and autophagosomes in control cells (•). Cells were treated with 400 nM bafilomycin A1

at 2 h to measure the autophagosome flux. (C) Representative images of autophagy-
silenced MEF cells. (n = 5). Scale bar: 20 µm.

Lysosomal markers. Our protocol made use of LysoTracker, a fluorescent aci-

dotrophic dye used to distinguish between the autophagosomes, autolysosomes and

lysosomes. Since bafilomycin A1 disrupts autophagy through the deacidification of
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lysosomes, it can lead to LysoTracker diffusing out of lysosomes and result in un-

reliable data. To assess the degree to which bafilomycin A1 potentially can effect

LysoTracker signal and J measurement, we repeated our protocol using MEFs

stably expressing GFP-LC3 and RFP-LAMP1 and co-stained with LysoTracker

blue. Cells were assessed under non-inducing conditions and treated with 400 nM

bafilomycin A1 and monitored for 4 h. Both LysoTracker blue and RFP-LAMP1

had similar nA, nAL and nL values at steady state (Fig. 4.3A and B). Determining

J using LysoTracker blue and RFP-LAMP1 also yielded similar results when using

the 30 min post inhibition time point (Fig. 4.3A and B). However, after 1 h of

bafilomycin A1 treatment the LysoTracker blue puncta count was notably lower

than that of the RFP-LAMP1 puncta count (Fig. 4.3C), the result of the dimin-

ishing pH gradient. Taken together, the use of LysoTracker to measure J , nA, nAL

and nL generates reliable measurements at least up until 1 h after the addition of

bafilomycin A1.
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Figure 4.3: Measuring autophagosome flux using LysoTracker blue and LAMP1-RFP
in MEF cells stably expressing GFP-LC3. Assessing the number of autophagosomes (•),
autolysosomes (•) and lysosomes (•) over time using LysoTracker blue (A) and LAMP1-
RFP (B). (C) Graph showing the total number of LysoTracker blue and LAMP1-RFP
puncta over time in cells. (D) Western blot images of LAMP2A. (E) Deconvolved rep-
resentative images of MEF cells expressing both GFP-LC3 and RFP-LAMP1 and co-
stained with LysoTracker blue. (n = 5). Scale bar: 20 µm.
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Autophagic flux probe. In recent years there has been a growing interest in

developing new/novel techniques to measure autophagy activity. One of the most

recent techniques developed to assess autophagy flux is based on the GFP-LC3-

RFP-LC3∆G ratio-metric probe developed by Kaizuka et al. [120]. The probe is

cleaved by ATG4 proteases into equal amounts of GFP-LC3 and RFP-LC3∆G.

GFP-LC3 is degraded by the autophagy machinery, whilst RFP-LC3∆G remains

in the cytosol. Therefore, the ratio of GFP to RFP is used to compare the au-

tophagy degradative capacity between treatments. To compare this technique to

our approach, we transiently transfected wild-type MEF cells with GFP-LC3-RFP-

LC3∆G plasmid using Lipofectamine R© 3000, and treated the cells under basal and

induced conditions using 25 nM rapamycin (Fig. 4.1). Despite an increase in auto-

phagosome flux of 25.4 A/hr/cell to 105.4 A/hr/cell after rapamycin treatment,

no significant changes were observed in the ratio of red/green fluorescent signal

over time (Fig. 4.4). A possible reason for this is that the plasmid is not expressed

strongly enough to detect changes in red/green fluorescent signal. This is an in-

herent challenge when using plasmids, which often require optimisation in order to

achieve sufficient fluorescence signal for experimental purposes. It also highlights

the potential drawback of our approach, since live-cell imaging of wild-type cells,

such as primary isolated cells, would require these cells to be transfected with

GFP-LC3 and/or RFP-LAMP1 plasmids in order to assess J . A possible means

to circumvent challenges associated with plasmid-based techniques would be to fix

cells at specific time points and stain them using immunofluorescent techniques.
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Figure 4.4: Measuring autophagy activity using GFP-LC3-RFP-LC3∆G probe. (A)
Ratio of red/green fluorescent signal over time of basal autophagy activity ( ) in cells
treated with 400 nM bafilomycin A1 at 2 h, and induced autophagy activity ( ) in
cells treated with 25 nM rapamycin at 2 h and 400 nM bafilomycin A1 at 6 h. (B and
C) Representative images of basal and rapamycin induced autophagy activity. Top: raw
representative images; bottom: representative hot-cold look up table (LUT) images of
the ratio between red/green fluorescent signal. (n = 5). Scale bar: 20 µm.
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Taken together, our results demonstrate that LysoTracker can be used as a suit-

able lysosomal marker within the given time frame when assessing autophagosome

flux. Compared to other autophagy activity probes, the direct assessment of auto-

phagosomes over time in the presence and absence of autophagosome/lysosome

fusion inhibitors sensitively detects small changes in the autophagy vesicular path-

way.

4.2 Drug screening

In light of autophagy’s cytoprotective properties, we set out to screen selected au-

tophagy modulating drugs with the aim of characterising the autophagy response

in terms of vA, the rate of autophagosome synthesis1, and nA, nAL and nL after

24 h treatment. The reason for treating cells for 24 h with the respective drugs,

rather than 6 h as previously described in our protocol (Fig. 4.1), was to max-

imise the probability for a steady state to be established. Then, using selected

concentrations of the respective drug that elicits an response we assessed the time

depended behaviour of the autophagy intermediates. Drugs that can either selec-

tively target autophagy regulatory complexes/proteins or can indirectly regulate

autophagy were selected on the basis of their clinical importance and modulating

capacity (table 4.1).

4.2.1 Dose-response screening

Drug screening was performed on MEF and HeLa cells stably expressing GFP-

LC3 and co-stained with LysoTracker red. Our first approach was to perform

a fixation-based drug screening of MEF cells on a high-content analysis system

based at Nelson Mandela Metropolitan University (NMMU). The fixation-based

method was not without its inherent challenges, and we therefore developed an in-

house live-cell “high-content” method to screen selected drugs in HeLa cells, and

1As discussed further on, we could not be absolutely sure that steady state had been reached
and, consequently, we could not be sure that the rate at which nA increased after bafilomycin A1

treatment was actually equal to J . For this reason we introduced the symbol vA for the observed
rate of autophagosome synthesis.
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Table 4.1: Autophagy modulating drugs.

Treatment Target Effect on
autophagy

References

D
ir

ec
t

m
o
d
u
la

ti
on

MRT67307 ULK ↓ [66, 212]

Rapamycin mTOR ↑ [117, 218, 231]

Metformin AMPK ↑ [235, 278]

Dorsomorphin AMPK ↑ and ↓ [99, 264]

In
d
ir

ec
t

m
o
d
u
la

ti
on

3-Methyladenine PI3K ↓ [108, 233, 275]

Lithium chloride IMPase ↑ [91, 230]

Rilmenidine Imidazoline ↑ [224, 274]

Spermidine Acetyltransferase ↑ [55, 204, 213]

FBS Nutrient abundance ↑ [96, 196, 218]

to assess the time-dependent behaviour of the autophagy variables of both MEF

and HeLa cells. In this section, we will report the results of the two approaches

and discuss the generated data.

4.2.1.1 Fixation-based drug screening

Our first approach was to characterise the autophagy drug response of selected

drugs by screening fixed MEF GFP-LC3 cells after 24 h treatment. The rate of

autophagosome synthesis, vA, was calculated from the difference in nA between

cells treated with and without bafilomycin A1 after 24 h treatment with the

selected drugs.

Experimental work flow. Screening plates were assembled by attaching a cov-

erslip (thickness 1 ≈ 0.13 to 0.16 mm) (Ted Pella, # 260462) to a 96 well bottom-

less frame plate (Separations, # 4TI-0224/F) using a non-toxic silicone elastomer

“glue” (AMT, # SM420). After the coverslip was secured to the plate, it was

briefly irradiated with UV. Approximately 20× 103 MEF cells were seeded into a

well and left overnight to adhere to the plate in culture medium. The following

day the culture medium was treated for 24 h with a medium containing 25 nM

LysoTracker red and the respective drugs. To determine vA, cells were treated
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with 400 nM bafilomycin A1 for an additional 30 min. Cells were fixed using 4%

paraformaldehyde (Sigma, # P6148) solution mixed with culture medium in a 1:1

ratio and stained for 5 min with Hoechst (Sigma, # 63493). The 96 well plates

were imaged using the ImageXpress Micro XLS Widefield high-content analysis

system and the images exported to Fiji for analysis as described in Section 3.7.

Screening results . Fig. 4.5 shows the drug dose-dependent changes of vA, nA,

nAL and nL in MEF GFP-LC3 cells. Analysis of the data shows that rapamycin,

spermidine, dorsmorphin, rilmenidine and FBS treatments exhibited modulation

ranges whereas mrt67307, metformin and LiCl had no effect on autophagy after

24 h. 3-Methyladenine inhibited autophagy at all the concentrations screened.

Data is further discussed and contextualised in Section 4.2.1.3.

We are unable to verify whether or not the autophagy system was at steady

state at 24 h and therefore we can only say that the rate of increase in nA as

measured here represents vA. To accurately measure J would require the dynamic

assessment of nA, nAL and nL over time to verify whether or not the autophagy

system is in steady state. Thus, the fixation approach described here is not ideally

suited for assessing J in cells. There are two potential improvements one can

make to verify whether or not the autophagy system is in steady state. One is to

fix cells at selected time points to assess changes in nA, nAL and nL, and if the

number of autophagy intermediates does not change over time, it would indicate

that the autophagy system is at steady state and therefore that vA equals J . Two,

to measure vA at selected time points in cells fixed before and after bafilomycin A1

treatment, and if vA remains constant it would indicate that the autophagy is also

at steady state.

There is a notable difference in nAL and nL between fixation-based imaging

(Fig. 4.5) and live-cell imaging (Fig. 4.8). Here paraformaldehyde was used as

fixative, which forms cross-links both within and between proteins, particularly

between lysine residues. Consequently, the fixation process results in limited dam-

age to the tertiary structure of the proteins that may account for the loss in GFP

fluorescent signal. The partial loss of GFP signal from the fixation process com-
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bined with the exposure of autolysosomal GFP to the luminal acidic environment

and proteolytic enzymes can result in further, if not the complete, quenching of

GFP signal. The loss in the GFP signal results in higher nL and lower nAL.

Since the fixation process only accounts for the partial loss in GFP signal from

autophagosomes, we can reasonably assume that nA is unaffected and that the

calculation of vA is correct. Also, considering that nL usually makes up about 1–5

puncta of the LysoTracker pool, adding nAL and nL together would represent a

more realistic nAL.
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1Figure 4.5: Fixation based screening of autophagy modulating drugs in the MEF GFP-
LC3 cell line. The autophagy drug response assessed after 24 h treatment by measuring
the autophagy variables; autophagosomes (•), autolysosomes (•) and lysosomes (•), and
the rate of autophagosome synthesis ( ). The error band depicts the standard error
of the mean (SEM) of autophagosomes ( ), autolysosomes ( ) and lysosomes ( ). (n
= 40).
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4.2.1.2 Live-cell based drug screening

In light of the aforementioned limitations of using the fixation approach, we set out

to develop a small in-house drug screening protocol that would allow for “high-

content” image acquisition using Carl Zeiss LSM780 confocal microscopy (Carl

Zeiss, Germany). The new approach is structured around assessing the autophagy

intermediates over time and verifying whether or not the autophagy system is

at steady state and then measuring J . There were several challenges associated

with adapting the confocal microscope for high throughput image acquisition.

The mobility of the objective was the greatest restraint when developing live-cell

screening protocol since the manoeuvrability of the objective is limited to a small

area and it requires the microscope objective to be submerged in oil for image

acquisition, which in turns further limits its area of movement as result of the oil

spreading too thin. We designed a compact microscope slide that would allow for

the minimal travel distance of the microscope objective between wells using CAD

software (Fig. 4.6A) that consisted of 12 wells in a 25 mm x 19 mm frame which

was machined from non-toxic acetal sheet (Maizy, # P500).

We screened the drugs for changes in nA, nAL, nL and vA/J in HeLa cells using

the live cell-based approach, and thereafter assessed the time-dependent behaviour

of the autophagy intermediates in both MEF and HeLa cells in its approach to

steady state. The transient time-dependent behaviour of the autophagy interme-

diates of the MEF cells was also used to infer whether or not the vA measured in

the previous section could be equated to J .

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. AUTOPHAGOSOME FLUX 78

24 mm22 mm

65 mm

5 mm

5 mm

45 mm
6 mm

A B

C

Figure 4.6: Custom-machined microscope slides for high content live-cell imaging.
(A) CAD design of the microscope slide. (B) Microscope slide machined from acetal
containing culture medium. (C) Microscope slide encased in the incubation chamber of
the Carl Zeiss LSM780 confocal microscope.

Experimental work flow. Slides were assembled by attaching a coverslip (thick-

ness ≈ 0.13–0.16 mm) (Fisherbrand, # 12544C) to our self-fabricated slide using

a non-toxic silicone elastomer “glue” (AMT, # SM420). After the coverslip was

secured to the slide, it was briefly irradiated with UV. The drug response screen-

ing was performed on approximately 40 × 103 HeLa cells seeded per well and

left overnight to attach to the coverslip in culture medium. The following day

the culture medium was refreshed and treated with drugs for 24 h, followed

by 30 min bafilomycin A1-treatment. To visualize autolysosomes and lysosomes,

culture medium was supplemented with 25 nM LysoTracker red 2 h prior to imag-

ing. The slide was placed in the heated chamber of the microscope maintained

at 5% CO2. Cells were imaged at three time points, 1 h apart, to assess the

time-dependent changes in nA, nAL and nL. To measure vA, cells were treated for

30 min with 400 nM bafilomycin A1. If there was no net change in the autophagy

intermediates over time (Fig. 4.7), it indicated that the autophagy system was at

steady state and therefore vA = J .

Approximately 15×103 MEF cells and 40×103 HeLa cells were seeded per well

and left overnight to attach in culture medium for the respective experiments. The

time-dependent behaviour was assessed in both MEF and HeLa cells. After the
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cells had attached, the culture medium was refreshed with medium supplemented

with 25 nM LysoTracker red 2 h prior to imaging. The slide was placed into the

heated chamber, supplied with 5% CO2, that encased the microscope objective.

An LCI “Plan-Apochromat”63x/1.4 Oil DIC M27 objective was used for image

acquisition with an Argon multiline laser 25 mW at 488 nm and 514 nm with

MBS 488/561/633 beam splitters with a GaAsP detector 32+2 PMT. Track filters

were set at 490–597 nm for GFP and 566–690 nm for LysoTracker red. Laser power

and master gain were chosen for 488 nm (GFP) and 514 nm (LysoTracker red)

and were set to ensure optimal signal to noise ratio with no pixel saturation. Cell

positions were recorded and used with the loop function to automatically acquire

images in z-stacks with 1 µm step width of all cells. Images were acquired every

hour for three time points and then treated with the respective drugs and imaged

for nine hours with 1 h intervals. As before, to measure vA/J , cells were treated

for 30 min with 400 nM bafilomycin A1 at the 11 h time point.
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Figure 4.7: Verifying if the autophagy system is at steady state in HeLa GFP-LC3
cells after 24 h treatment with 10 nM and 1 µM rapamycin; autophagosomes (•),
autolysosomes (•) and lysosomes (•). No net change is observed in the autophagy
intermediates over time (0 – 1 h) indicating that the autophagy system is at steady
state before measuring J . The error band shows the standard error of the mean (SEM)
of autophagosomes ( ), autolysosomes ( ) and lysosomes ( ). (n = 50).

Live-cell drug screening results. Fig. 4.8 shows the drug dose-dependent

changes in vA, nA, nAA and nL in HeLa GFP-LC3 cells. As before, vA was cal-
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culated from the increase in nA after bafilomycin A1 treatment. Analysis of the

data shows that rapamycin, spermidine, 3-methyladenine, LiCl, dorsmorphin, ril-

menidine and FBS were able to modulate autophagy, while metformin had no

effect on autophagy in HeLa cells. MRT67307 was the only drug that was able

to inhibit autophagy at the concentrations screened. The drug screening data is

further contextualised in Section 4.2.1.3.

Live-cell imaging allowed us to measure the autophagy intermediates over time

before using bafilomycin A1, thereby enabling us to verify whether or not the

autophagy system was at steady state before measuring vA. No changes were ob-

served in nA and nAL over the time course of imaging the cells, indicating that the

autophagy system was steady state prior to inhibiting the fusion of autophago-

somes and lysosomes, and therefore that vA = J . However, comparing vA after

24 h and 9 h treatments (experiments used to investigate the time-dependent

behaviour of autophagy on page 90) reveals that despite the fact there was no net

change in nA and nAL, indicating that autophagy was at steady state, J at 9 h

was not equal to J at 24 h (except for rapamycin and spermidine treated cells).

Thus, we cannot confidently say that the vA measured equals J . This is discussed

further on page 91.
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1Figure 4.8: Live-cell screening of autophagy modulating drugs in HeLa GFP-LC3
cells. The autophagy drug response assessed after 24 h treatment; autophagosomes (•),
autolysosomes (•) and lysosomes (•), and the rate of autophagosome synthesis ( ). The
error band depicts the SEM of autophagosomes ( ), autolysosomes ( ) and lysosomes
( ). (n = 50).
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4.2.1.3 Modulation of autophagy

In the previous sections, we characterised the drug dose-response of the autophagy

system. The data generated revealed important pharmacodynamic properties of

the autophagy system and, more importantly with respect to autophagy-targeting

therapies, that it is possible to finely modulate autophagy.

The success of our approach to characterise the dose-response profile lies in

accurate measurement of the autophagosome flux/synthesis rate and the complete

pool size of the autophagy intermediates at steady state over a wide drug concen-

tration range. The dose-response curves (Figs. 4.5 and 4.8) can be used to iden-

tify important pharmacodynamic properties that would allow developing safe and

effective autophagy targeting therapies. There have been only a few comprehen-

sive drug screening experiments to identify and (re)classify autophagy modulators

[120, 163, 172, 238], also using a fluorescence microscopy-based high-throughput

screening platform to evaluate large libraries of pharmaceutical. The most popular

method utilised to assess autophagic activity was by measuring the change in the

abundance of autophagosomes, either by measuring the overall fluorescence signal

from cells or by directly counting the number of autophagosomes, before and after

treatment with a fusion inhibitor [163, 172, 238]. In contrast to our results, these

studies did not distinguish between the autophagy intermediates and they did not

quantify flux, but rather expressed it as a fraction of nA after bafilomycin treat-

ment and nA before treatment. The duration of bafilomycin A1-treatment used to

determine flux was greater than 2 h and varied among screenings experiments, and

thus may affect the flux data since it allows more time for feedback mechanisms

to affect autophagy compared to our approach, which was only 30 min. Another

method used for screening was the ratiometric probe developed by Kaizuka et al.

[120]. Although it does not require fusion inhibitors to measure flux, it is unable

to quantify autophagosome flux as a rate.

Generally, the initial stage of screening is performed on all compounds using a

high concentration to identify potential modulators, which are then screened us-

ing a range of concentrations to determine the dose-response curve. Dose-response

screenings found in the literature are often limited to three or four concentrations
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[163, 172, 238]. The risk of using a small number of concentrations is that im-

portant characteristics such as maximum achievable autophagy activity/flux may

go unnoticed. For instance, the data generated by Kaizuka et al. [120] suggests

that the maximum autophagy flux was achieved using 0.1 µM rapamycin in HeLa

cells. In comparison, although we also found that autophagy was enhanced with

0.1 µM rapamycin, we could show that this was not the maximum achievable ac-

tivity/flux, which was only reached at 1 µM rapamycin. Another advantage of

using a large concentration range is that it can be used to determine the minimum

concentration required to induce autophagy. Here we found that rapamycin was

able to start inducing autophagy from ± 20 nM. Together, these properties can be

used to determine the therapeutic range, which is the range between the minimum

concentration at which a drug elicits a response and the maximum concentration

required to maximumly induced autophagy, in the case of rapamycin: 20 nM →
1 µM. Figs. 4.5 and 4.8 shows that drugs not only differ in their therapeutic range,

but that these therapeutic ranges differ between cell lines. Characterising drugs

in terms of their therapeutic ranges in various cell lines has major implications for

developing efficient autophagy targeting therapies.

In addition to the minimum and maximum concentrations, another advantage

of using a broad concentration range is that it allows us to determine at which

concentrations toxicity may occur. Although we did not explicitly quantify cell

death, we did observe morphological changes associated with apoptosis (blebbing,

cell shrinkage and chromatin condensation) at higher concentrations of several

drugs. This can be used to determine the maximum tolerated concentration that

will produce the desired effect without unacceptable toxicity. For instance, sper-

midine already starts to enhance autophagy in MEF at 2 nM, reaches maximum J

at 10 nM and remains safely upregulated up to 100 nM, but thereafter all cells die.

This is in contrast to HeLa cell, where autophagy started to respond with 50 nM

spermidine and reaches maximum J at 200 nM, whereafter it remains upregulated

with no cell death (Figs. 4.5 and 4.8). The maximum tolerated concentration,

together with therapeutic range, would allow us to score the drugs according to

their therapeutic index; which is a comparison of the concentration of a therapeu-
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tic drug required to yield a therapeutic effect, to the concentration that causes

toxicity. Similar toxicity analyses have been performed in research when evalu-

ating potential autophagy modulators [163]. Undoubtedly these factors play an

important role in comprehensively assessing drug responses and in moving drug

development (therapy) from in vitro experiments to in vivo and clinical studies.

The most notable feature of our drug screening (Figs. 4.5 and 4.8) is the use of

small concentration increments to measure autophagosome flux, which allowed us

to characterise the dose-response with high resolution. While it is common to use

three or four concentrations used for screening, Kaizuka et al. [120] did perform

detail screening of serum withdrawal in HeLa cells using their ratiometric probe.

They reported that FBS started to induce autophagy at 2% FBS (% of culture)

and reached maximum J at 1% FBS, which is nearly identical to our findings,

the only difference being that our cells died at 0% FBS where theirs did not. A

possible explanation is that they supplemented the culture medium with selected

amino acids. It is worth noting that the FBS screening experiments of Kaizuka

et al. [120] were performed over several hours allowing for generation of transient

profiles.

Another drawback with using three/four concentrations for drug screening is

that they need to be carefully selected based on cell types and drugs in order to

determine the autophagy modulation capacity of drugs. Although this in itself

may not have any serious consequences, it does, however, make it a laborious task

to perform. Here the concentration ranges were purposefully kept the same so that

we could fully characterise the dose-response, easily set screening plates, and eas-

ily compare differences in the pharmacodynamic properties (e.g. the effective and

toxic concentration) of the selected drugs. Moreover, using a standardised con-

centration range also affects the visualization of high content screening data. This

would be most beneficial for the visualization and interpretation of high through-

put screening data of large drug libraries spanning a broad range of concentrations

and cell types.

Our drug screening (Figs. 4.5 and 4.8) can be further enhanced by using drug

response curve models. A dose-response model describes the response in J to

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. AUTOPHAGOSOME FLUX 85

exposure to a specific drug in a cell/tissue-specific manner as a function of the

drug concentration. The Hill equation can serve as a good starting point to model

concentration dependent effects of a drug on J ;

J = Jbasal + (Jmax − Jbasal) ·
dη

Kh
d + dh

(4.1)

where d is drug concentration, Jbasal is the baseline autophagosome flux and

Jmax is the maximum induced flux. Kd is the EC50, the concentration causing

50% of a maximum effect, and h is the Hill coefficient that describes the steepness

of the drug-response curve.

Dose-response models can range from very simple models, e.g. equation 4.1,

to complex models which require multiple equations (e.g. drug response and cell

death models). Fig. 4.9 shows a cartoon of a mathematical expression fitted to

the experimental data (Fig. 4.5) to characterise the autophagy steady state drug

response curves (rapamycin, spermidine and FBS).

Drug response curve models can aid in the characterisation of the pharmaco-

dynamic properties of drugs in various cell types, which may allow us to determine

the concentrations at which a drug will be safe and effective, especially with those

with a narrow therapeutic index, for example, spermidine in MEF cells (Fig. 4.9).

Moreover, expanding these models to include drug exposure patterns, for instance,

continuous drug exposure (cell culture experiments), cyclic and intermittent drug

exposure (pharmacotherapy), would allow effective modulation of autophagy. The

characterisation of the autophagy steady state pharmacological properties as per-

formed here presents a promising way forward in developing effective autophagy

targeting therapies.
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Figure 4.9: A cartoon of a dose–response model: mathematical expressions fitted to
the experimental data (Fig. 4.5) to characterise the response curves of autophagosome
( ), autolysosome ( ) and autophagosome flux ( ). These models (and raw data)
can be used to determine important pharmacodynamic properties for the development
autophagy targeting therapies: the therapeutic concentration range ( ), a range of
concentrations wherein autophagy can be safely modulated, and the maximum tolerated
dose ( ), the highest drug concentration (range) that will produce the desired effect
without unacceptable toxicity. Toxic concentrations are also shown ( ).

4.2.1.4 Fixation and live-cell imaging

Limitations of using a fixed based method. Screening of the 96 well plates

using the ImageXpress Micro XLS Widefield allowed for the high content analysis,

but it was not without its inherent challenges. Arguably, the greatest limitation
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using a fixed based screening approach is that it does not allow for the real-time

assessment of the autophagy system, making it difficult to verify whether or not

the autophagy system is at steady state; it provides only a snapshot of the nA,

nAL and nL at a single time and allows us to measure only vA, not J . It is possible

to modify the protocol by fixing cells at specific times in order to elucidate the

time-dependent nature of the autophagy response. Nevertheless, the combination

of the destructive nature of the fixation process and the acidicity of autolysosomes

does result in inaccurate nAL and nL, making it a less favourable approach.

Advantages and disadvantages of live-cell imaging. Our “high-content”

live-cell based approach allowed us to measure the autophagy intermediates over

time, which was not possible using the fixation method. Also, the refined method

generated more reliable data of the autophagy intermediates counts since it is not

destructive to the fluorophores compared to the fixation method that quenched

the GFP signal. The addition of microscope stage control allowed for the auto-

matic multi-layered image acquisition of all the positions. However, recording the

positions used for image acquisition had to be done manually, a laborious task

when compared to ImageXpress Micro XLS Widefield, which sets all the positions

automatically. Moreover, the versatile design of our slide made it an ideal platform

for use with the micro-patterning technique (page 107). Despite the success of our

“high-content” live-cell based imaging approach, there still exist areas for further

development such as automated image positioning and on the fly image analysis,

which can be achieved by writing a macro for the Zen imaging software. Arguably

the greatest advantage of this approach is that it allows for the dynamic assessment

of autophagy over time in a “high-content” manner, making it an ideal approach

to assess the transient time-dependent response of the autophagy system.

4.2.2 The transient time-dependent behaviour of

autophagy

In the previous section, we characterised the drug dose-dependent response of

autophagy. The next step was to characterise the transient time-dependent be-
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haviour of autophagy. Continuing with the previous format, we set out to screen

for the transient time-dependent behaviour of both MEF and HeLa cells with the

selected drugs using a concentration that we know knew would elicit a response

(Figs. 4.5 and 4.8). Drugs that did not bring about an autophagy response in ei-

ther of the two cell lines were also included using what we deemed to be relatively

high concentrations—in case there would be a “short-lived” autophagy response

that were not able to observe when imaging after 24 h.

Time dependent behaviour of autophagy in MEF and HeLa cells. Figs. 4.10

and 4.11 show the quantitative analysis of the transient time-dependent behaviour

of nA, nAL and nL of the respective treatments over a 9 h period. In the case of

LiCl (MEF only) and metformin which did not elicit a response after 24 h, we

used a 10 µm LiCl and 10 µM metformin for MEF cells and 1 µM metformin for

HeLa cells. After 9 h of treatment the autophagosome synthesis rate was calcu-

lated from the initial rate of increase in nA after the complete inhibition of fusion

of autophagosomes and lysosomes with 400 nM bafilomycin A1.
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Figure 4.10: The transient time-dependent response of autophagosomes (•), autolyso-
somes (•) and lysosomes (•) in MEF GFP-LC3 cells. Autophagy intermediates were mea-
sured under basal conditions (0–2 h) and treated with the respective drugs/treatment at
2 h and monitored over a 9 h period. The fusion between autophagosome and lysosome
was inhibited using 400 nM bafilomycin A1 at the 11 h. The error band shows the SEM
of autophagosomes ( ), autolysosomes ( ) and lysosomes ( ).

(n = 20).
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Figure 4.11: The transient time-dependent response of autophagosomes (•), auto-
lysosomes (•) and lysosomes (•) in HeLa GFP-LC3 cells. Autophagy intermedi-
ates were measured under basal conditions (0–2 h) and treated with the respective
drugs/treatment at 2 h and monitored over a 9 h period. The fusion between auto-
phagosomes and lysosomes was inhibited using 400 nM bafilomycin A1 at the 11 h. The
error band depicts the SEM of autophagosomes ( ), autolysosomes ( ) and lysosomes
( ). (n = 50).
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Establishing a new steady state. The time-dependent analysis of the tran-

sient behaviour of nA and nAL shows that the autophagy system was at a steady

state prior to measuring vA, which therefore equals J . One would expect that

J measured at 9 h be the same as J at 24 h, but despite the fact that nA

and nAL remained constant over time, there were significant differences in J at

these two time points (Table 4.2). One reason for this could be that autophagy

responds to acute induction/inhibition in two phases, an initial response followed

by a long-term alteration/regulation of autophagy. Another reason could be that

using autophagic intermediates to verify whether or not steady state has been

established has inherent limitations, in particular that nA does not change much

upon intervention. Although nAL is potentially a better assessor of the autophagic

steady state, for neither nA not for nAL a 1 h interval is sufficient for ascertain-

ing whether the system is at steady state. This is especially the case where the

transition in autophagy activity occurs over long period (here, greater than 24 h).

Measuring vA over time is a more reliable means to verify if the autophagy system

is at steady state. Based on the data, we can confidently say that rapamycin- and

spermidine-induced autophagy is at steady state after 4–6 h treatment in MEF

cells since vA is similar at both 9 h and 24 h time points. In comparison, for

HeLa cells this was only achieved with rapamycin (Table 4.2).
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Table 4.2: The rate of autophagosome synthesis (vA) measured at 9 h and 24 h in
MEF and HeLa GFP-LC3 cells. vA: nA/hr/cell.

MEF HeLa

9 h 24 h 9 h 24 h

Rapamycin 42.2 42.7 94.0 87.3

Spermidine 38.6 41.7 43.8 61.4

MRT67307 12.8 20.1 56.6 14.2

3-Methyladenine 25.6 1.1 41.6 23.4

Metformin 41.0 21.8 56.2 41.8

LiCl 42.8 17.1 37.2 63.9

Dorsomorphin 23.2 28.9 38.8 53.5

Rilmenidine 18.4 50.7 48.8 80.8

FBS 22.6 45.1 40.6 53.8

Control 20.6 22.3 40.2 35.4

4.2.3 Screening autophagosomes

Most of the strategies for modulating autophagy target autophagosome forma-

tion. However, targeting downstream processes has also been successful; for ex-

ample, the inhibition of fusion sensitises tumour cells to chemotherapeutic agents.

High concentrations of fusion inhibitors will of course completely prevent fusion of

autophagosomes and lysosomes, but partial inhibition of fusion could potentially

be used as as modulating strategy. To explore this possibility we incrementally

inhibited fusion and assessed the time-dependent behaviour of autophagy.

MEF GFP-LC3 and HeLa GFP-LC3 were treated with 10 nM and 20 nM

bafilomycin A1 and the autophagy intermediates monitored for 9 h, at which time

J was measured using 400 nM bafilomycin A1 as described in Section 4.2.1.2. Al-

though treatment with 10 nM bafilomycin A1 increased nA and decreased nAL it

did not change the autophagosome flux in any of the two cell lines (Fig. 4.12). On

the other hand, 20 nM bafilomycin A1 further increased nA and decreased nAL in

both cell lines, while increasing J in MEF cells and decreasing J in HeLa cells
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(Fig. 4.12). This demonstrates two important points; first, that J can continue

unimpaired within a small degree of variation in the rate of fusion between auto-

phagosomes and lysosomes, and second, that if the fusion rate decreases beyond a

specific threshold it impairs autophagy activity. The exact mechanism responsible

for the regulation of autophagy in response to a decrease in the rate of fusion

remains unclear, but presumably involves the amino acid-sensing network.
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Figure 4.12: Manipulating the rate of fusion between autophagosomes and lysosomes.
The change in the number of autophagosomes (•), autolysosomes (•) and lysosomes (•)
over time under in MEF (left) and HeLa (right) cells. Pool sizes of the three autophagic
intermediates under basal conditions (A) in MEF and HeLa cells. Partial inhibition
of fusion between autophagosomes and lysosomes using 10 nM (B) and 20 nM (C)
bafilomycin A1 in MEF and HeLa cells. Complete inhibition of fusion at the 11 h with
400 nM bafilomycin A1. (D) Quantification of J under basal conditions and partial
inhibition of fusion between autophagosomes and lysosomes using 10 nM and 20 nM
bafilomycin A1 in MEF and HeLa cells. MEF, n = 20, HeLa, n = 50.
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4.3 Autophagosome flux markers

Considering the complexity of the autophagy process and cargo turnover, there

is presently no single marker that can be used in a stand-alone assay to monitor

autophagy in mammalian cells [140]. Although various autophagy markers for as-

sessing general autophagy activity have been described in the literature, none of

them directly indicate the rate at which the autophagy pathway proceeds. How-

ever, each of them does report on a particular feature of autophagy. For example,

LC3, a structural component of autophagosomes, is used to assess autophago-

some abundance, while p62, an autophagosome cargo receptor, is often used as a

degradative marker. Taking advantage of controlling J , we set out to perform pro-

teomic analysis on mTOR-dependent (rapamycin) and mTOR-independent (sper-

midine) induction of autophagy with similar incremental increases in J to identify

protein markers that correlate with flux. We chose two different induction meth-

ods to identify robust markers of autophagosome flux. We also included a partial

inhibition group using a low concentration of bafilomycin A1. Although the con-

centration of bafilomycin A1 used to partially inhibit fusion does not affect J ,

it does increase the number of autophagosomes (see Section 4.2.3). Under both

enhanced and partial inhibition conditions there was a higher nA compared to

basal levels, and, consequently, increased levels of autophagosome membrane com-

ponents. Thus, we used the partial inhibition group to filter out false positive

protein markers identified using rapamycin and spermidine.

We performed proteomic analysis on MEF GFP-LC3 cells in which the auto-

phagosome flux was increased by ±25% and ±75% after 12 h through mTOR-

dependent and -independent induction using rapamycin (20 nM and 50 nM) and

spermidine (100 nM and 500 nM) respectively. It is worth pointing out that when

comparing the spermidine concentrations with the drug dose-response graphs, the

concentrations used here resulted in cell death after 24 h. Preliminary data

showed that after 12 h of spermidine exposure the autophagy system was at

steady state and there was no cell death. Proteins were grouped into those that

increased with J , those that decreased with J , those that remained constant with

a change in J , and those directly involved in autophagy, especially in the transport
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of autophagosomes (Fig. 4.13). An interaction network representation of identified

autophagosome flux markers that increased and decreased with autophagosome is

shown Fig. 4.14
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Figure 4.13: Heat map of protein markers identified using proteomic analysis of MEF
GFP-LC3 cells with known autophagosome flux. Autophagosome flux was enhanced by
25% (low rapamycin and spermidine) and by 75% (high rapamycin and spermidine) to
determine which proteins change with increasing autophagosome flux. Partial inhibition
with bafilomycin A1 was included to increase the number of autophagosomes and auto-
lysosomes without changing the autophagosome flux, allowing us to distinguish markers
that relate only to autophagosome flux. Protein markers are grouped into those who
increase, decrease and remain the same with increasing autophagosome flux. Protein
abundance is expressed as fold change relative to control.
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A

B

Figure 4.14: Network representation of autophagosome flux markers that increase
(A) and decrease (B) with autophagosome flux. Coloured nodes: autophagosome flux
markers; White nodes: proteins that interact with autophagosome flux markers. Node
connection: known interactions from curated databases ( ); experimentally deter-
mined interactions ( ). Predicted interactions: gene neighbourhood ( ); gene fu-
sions ( ); gene co-occurrence ( ); text-mining ( ); co-expression ( ). Images
generated using STRING database of known and predicted protein-protein interactions
(https://string-db.org/).
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Cargo proteins as a measure of J. Considering that autophagosome flux is

a measure of its degradative activity, cargo proteins would intuitively make ideal

markers of autophagosome flux. The majority of the potential biomarkers that

were identified were cytosolic proteins that decrease with increasing J , suggesting

that they form part of the cargo (Fig. 4.13). When assessing these proteins two

major trends came to light, the first of which was the increase in abundance of

these proteins when treated with bafilomycin A1, and second the difference in the

levels of these proteins between the rapamycin and spermidine groups despite their

having similar autophagosome fluxes.

The apparent increase in many of these cytosolic proteins following partial

inhibition of fusion stemmed from the increase in nA. Under bafilomycin A1-treated

conditions there was no net change in cytoplasmic turnover, but the increase in

nA (which is greater compared to induced conditions, see Fig. 4.12) led to an

accumulation of undigested autophagy cargo. As a result, a greater abundance of

these proteins was detected in the bafilomycin A1 treated group compared to the

other groups. Although one would intuitively think that cargo proteins would act

as suitable indicators of autophagosome flux, since their abundance is dependent

on the rate of autophagy, it was clear that this can be misleading. This was

particularly relevant in the case of sequestosome-1, better known as p62, which is

commonly used as a cargo marker for the clearance of proteins/aggregates due to its

mediating role in cargo degradation [21, 140, 191, 209]. Indeed, many studies have

shown that there is an abnormal accumulation of p62 with the loss of autophagy

activity [72, 147]. However, we found that an increase in p62 can also occur

with an increase in nA (typically associated with impaired autophagy) without

any change in the autophagosome flux. Thus, a change in p62 can result from two

distinct mechanisms, either a loss of function (decrease in autophagosome flux, and

consequently, protein turnover) or a change in phenotype (change in the number

of autophagy intermediates without a change in J), which makes it ill-suited as

a flux marker. Ideally, autophagosome flux markers should only change with a

change in flux. However, p62 is an important cargo marker that provides valuable

information on cargo behaviour and should be used in combination with other
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assays or protein markers to derive a complete picture of the autophagy system.

Another aspect that needs addressing is the difference in the abundance of

cargo proteins despite the autophagosome flux being similar between the mTOR-

dependent and -independent induced autophagy groups. Proteomic analysis re-

vealed that the large majority of these proteins were more affected by mTOR-

targeted induction of autophagy (Fig. 4.13). This is most likely as a result of an in-

herent increase in autophagosome size associated with mTOR-induced autophagy

which further increases cytosolic turnover compared to mTOR-independent in-

duction (see Fig. 4.15). This highlights the importance of distinguishing between

autophagy machinery (and autophagosome flux) and cargo, and that cytosolic

cargo turn requires equal attention.

Autophagy machinery as a measure of J. Since an increasing autophago-

some flux would likely require more autophagy-related proteins in order to main-

tain high levels of autophagy activity, it is surprising that we did not find any

autophagy-related proteins that increased proportionally with autophagosome flux

(Fig. 4.13). In fact, expanding this criterion to include a broad range of proteins

associated with autophagy, such as dynein motors and transport/fusion factors,

did not reveal any correlation with autophagosome flux. This clearly shows that

the abundance of autophagy proteins, such as Atg5, Atg7, LC3, etc., are not in-

dicative of degradative activity. This has been noted by others and is the reason

why these markers are assessed with and without bafilomycin A1 over time to infer

autophagy activity [140, 191, 226].

Further analysis of the proteomic data revealed several biomarkers that in-

creased with autophagosome flux. This included histone-binding protein RBBP 4

and 7, eukaryotic translation initiation factor 4H and protein phosphatase 1 reg-

ulatory subunit 12A, all of which are related, in some way or another, to protein

synthesis [221, 270]. The exact reason why these proteins increase remains unclear,

but considering the increase in cytosolic protein turnover, it presumably relates to

the inherent change in protein synthesis in order to replace degraded proteins, so

as to not compromise cellular function and integrity. The advantage of using these
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“protein synthesis” markers that reflect cargo turnover as a means to measure flux

is that it circumvents the limitations of using cargo proteins associated with phe-

notypical changes. This raises the question of whether other markers associated

with the protein synthesis, such as mRNA, could serve as potential markers for

autophagosome flux and cytosolic cargo turnover.

Loading controls for J. Loading controls are an important part of immunode-

tection assays in that they compensate and correct for sample-to-sample variation.

Standardising protein abundance using an internal control protein is the most com-

monly used method [45]. Ideally, the control protein should be unrelated to the

autophagy process and must be present in all samples, so that reference protein

abundance depends completely on sample concentration. Housekeeping proteins,

such as actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), are typi-

cally used as internal controls because they are constitutively expressed throughout

all cells of an organism.

Proteomic analysis revealed that GAPDH decreases with an increase in auto-

phagosome flux (Fig. 4.13). This has particular relevance in autophagy research,

where GAPDH is used as loading control [4, 13, 101]. In the event of high au-

tophagy activity, the increased rate of protein turnover leads to a decrease in

GAPDH levels. If the abundance of the target protein is normalized to GAPDH,

it would result in the reporting of higher target protein abundance. Therefore,

it is advisable to avoid using cytosolic proteins as loading controls due to the

potential impact of autophagy on their abundance, which includes many of the

housekeeping proteins that are typically used. Nonetheless, proteomic analysis

revealed two cytosolic proteins that could potentially serve as loading controls,

namely 6-phosphogluconolactonase (6PGL), a cytosolic enzyme that catalyzes the

third step of the pentose phosphate pathway [183] in all organsisms, and dnaj

homolog subfamily B member 4, a chaperone protein involved in the folding of

proteins [75]. Interestingly, the reasons why GAPDH is considered a good house-

keeping protein for standardising protein abundance also applies to 6PGL, yet

6PGL is never used as internal control. Since there is no reason why 6GPL would
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not make an ideal loading control (beyond what would relate to both GAPDH and

6PGL), GAPDH is most likely utilized is because it was the first of that class of

housekeeping proteins to be used and there has been no reason to use another.

Intuitively, structural proteins such as tubulin and actin, and nuclear proteins

such as histones and telomeres would serve as better loading controls since their

abundance would most probably not be affected by autophagy activity. While

both tubulin and actin are commonly used, and are gaining popularity as a loading

control in autophagy research [14, 35, 145], the use of nuclear proteins seems to be

non-existent. It is interesting to note that we did find some variation in tubulin and

microtubule-associated proteins levels between treatments (Fig. 4.13). In addition

to tubulin and actin, proteomic analysis revealed novel markers associated with

the structural network that could potentially serve as loading controls: twinfilin-1,

an actin monomer-binding protein conserved in mammals [262], and serpin H1, a

collagen-binding protein that may act as a collagen-specific chaperone [216]. These

markers may improve our standardisation of western blot analysis in the context

of monitoring autophagy and autophagy-related processes in vitro, and potentially

in samples derived from patients.

4.4 Autophagy system properties

The time-dependent analysis of MEF cells with the different drugs highlighted

intriguing aspects of the autophagy system, such as the relationship between au-

tophagy intermediates and cell size, and that the differential response to drugs was

not only limited to changes in vA but in some cases changes in autophagosome size.

These observations raise several questions about the underlying properties of au-

tophagy. Can the overall autophagy degradative activity be finely controlled by

including the targeting of autophagosome size? Does J increase with cell size? In

this section, we address these questions by investigating the underlying mechanism

of autophagy, with emphasis on autophagosome dynamics and cell size/geometry.
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4.4.1 Modulation of cargo flow through the autophagy

pathway

Induction of autophagy through mTOR-dependent and -independent pathways

using two different concentrations of rapamycin and spermidine led to a similar

increase in J after 9 h (Fig. 4.15). From the analysis of time-dependent changes

in autophagosome size it became clear that there was an increase in autophago-

somes size when treated with rapamycin, but not when treated with spermidine

(Fig. 4.15). Although both may have similar J , the increase in autophagosome

size in rapamycin-treated cells resulted in an increase in Jvol that was 3.7 times

higher than that in spermidine-treated cells. We also assessed cells subjected to

FBS withdrawal, which mimics starvation-induced autophagy and occurs through

the mTOR-dependent pathway. This induction resulted in a time-dependent auto-

phagosome size profile comparable to that of rapamycin induced autophagy, but

surprisingly, it did not result in an increase in J after 9 h. However, the increase

in autophagosomes as a result of FBS withdrawal leads an 8.3 fold increase in Jvol

compared to basal autophagy and surprisingly a 3.1 fold increase in Jvol compared

to spermidine-treated cells which had a higher J . The table in Fig. 4.15B shows

that an increase in J does not lead to a corresponding increase in Jvol. These

findings suggest that Jvol may present an additional, potentially even more sensi-

tive, means to assess autophagy activity. Moreover, the induction of autophagy

through FBS withdrawal resulted in an increase in J after 24 h, suggesting that

acute amino acid withdrawal can elicit a biphasic response.
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Figure 4.15: Modulation of cargo flow through the autophagy pathway. (A) Graphs
showing the transient time-dependent behaviour of autophagosomes (•) and their cor-
responding diameter ( ) over time in MEF cells. Cells were treated with the respective
drugs/conditions at 2 h and fusion-inhibited at 11 h with 400 nM bafilomycin A1. (B)
Table depicting the autophagosome flux (J) and the rate of flow of cargo, the cytoplas-
mic volume degraded through autophagy (Jvol), under various treatment conditions for
9 h. * vs Baseline (0–2 h), p < 0.05 in MEF cells. (n = 15)

4.4.2 Using micro-patterning to control cell shape and

dissect the autophagy process

MEF cells are highly proliferating and migrating cells that give rise to a large

array of cell shapes/sizes and metabolic demands in a cell population. As a result

MEF cell populations can exhibit a considerable degree of internal variability in

autophagy activity. The resulting intercellular variation in cell populations can
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mask the subtle differences between treatment groups. With the aim of further

exploring the underlying mechanism of autophagy, such as the relationship between

cell size and autophagosome flux, and how these changes in autophagosome flux

can affect autophagosome trafficking, we used micro-patterning to manipulate cell

size and shape. We could control cells with high precision to produce highly ordered

cells. Fig. 4.16 shows that patterned cells are characterised by a highly organised

tubulin network with a distinct distribution profile of autophagy intermediates, in

contrast to non-patterned cells that presented an asymmetrical tubulin network

with uneven distribution of autophagosomes and lysosomes throughout the cell.
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Figure 4.16: Precision control of cell size using micro-patterning. Micro-patterned cells
(top) show a highly organised tubulin network with radial distribution of autophagy in-
termediates, while non-patterned cells (bottom) are characterized by an asymmetric
tubulin arrangement with a non-uniform distribution profile of autophagy pathway in-
termediates. Autophagosomes (•), autolysosomes (•), lysosomes (•), tubulin network
( ) and vector map ( ) generated using OrientationJ in Fiji. Scale bar: 10 µm.

4.4.3 The relationship between autophagosome flux and

cell size

One of the questions that can be asked about the systems properties of autophagy

is whether or not J is proportional to cell size. Here we assessed the relationship

between J and cell size using GFP-LC3 MEF cells that were patterned on disc
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shapes with fixed diameters of 30, 40 and 50 µm, measuring their steady state J ,

nA, nAL and nL under both basal and rapamycin-induced conditions.

Patterns were printed onto coverslips as described in Section 3.5 and glued to

12-well slide plates using silicone elastomer. Once the cells adhered to the printed

pattern, they were incubated in culture medium supplemented with 25 nM Lyso-

Tracker red to distinguish between autophagosomes, autolysosomes and lysosomes.

We measured J , nA, nAL and nL at 6 h under both control and rapamycin-induced

conditions. As before, J was calculated from the initial increase in nA after the

inhibition of fusion between autophagosome and lysosome using 400 nM bafilo-

mycin A1. Z-stack images were acquired of cells before and after bafilomycin A1

treatment for both basal and rapamycin treatment groups and the total number

of nA, nAL and nL was quantified as described in Sections 3.6 and 3.7.

The data showed that not only autophagy intermediates increased with cell

size, but that J also increased proportionally to cell size (Fig. 4.17). Therefore,

J does not proceed at a fixed rate in cells, but rather in a dynamic fashion in

relation to cell size (volume). Determination of rapamycin-induced autophagosome

flux (Jinduced) showed a trend similar to that of basal autophagy, where Jinduced

increased proportionally with increasing cell size. When considering the relative

change in J (Jinduced/Jbasal) we found that smaller cell sizes (30 µm and 40 µm)

were more sensitive to rapamycin (±2-fold increase) compared to 50 µm cell size

(±1.5-fold increase).
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Figure 4.17: Cell size-dependent changes in autophagy variables. Autophagosomes (•),
autolysosomes (•) and autophagosome flux ( ) of MEF GFP-LC3 cells patterned on
30, 40 and 50 µm diameter disc shapes under basal and rapamycin-induced conditions.
(A) Autophagosome flux variables under basal conditions. Density maps of the tubulin
network are shown in the background of the respective cell size. (B) Enhanced autophagy
after 6 h of treatment with 200 nM rapamycin. (C) Representative images of basal and
rapamycin-induced autophagy after 6 h treatment. * vs 30 µm, p < 0.05, # vs 40 µm,
p < 0.05.(n = 5). Scale bar: 10 µm.

4.4.4 Tracking autophagosomes in non-patterned and

patterned cells under control and enhanced

autophagy conditions

Next we explored how the autophagosome tubulin-associated translocation rate

and displacement distance in the cell responded to induction of autophagy as well

as to partial inhibition of fusion between autophagosomes and lysosomes. As be-

fore, autophagy was induced through both mTOR-dependent and -independent

pathways using rapamycin and spermidine respectively, using precision control

of J to achieve a similar J with both inducers. A partial inhibition group was
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also included using bafilomycin A1 which had a similar J to that of control (Sec-

tion 4.2.3).

Live-cell imaging was used to perform tubulin network assessment of auto-

phagosome trafficking behaviour. The tubulin network was visualised with an

SiR-Tubulin kit (SpiroChrome, # CY-SC002) (SiR-Tubulin dye and Verapamil),

while autophagosomes, autolysosomes and lysosomes were assessed using Lyso-

Tracker blue with GFP-LC3 stably expressed in MEF cells. Cells were patterned

on coverslips and maintained in culture medium containing 0.1 µM SiR-Tubulin,

10 µM Verapamil and 25 nM LysoTracker blue, and treated with 200 nM rapa-

mycin, 20 nM spermidine and 10 nM bafilomycin A1 for 6 h. Raw image series

were acquired and the trafficking behaviour of autophagosomes was assessed as

described in Sections 3.6 and 3.7.

The autophagosome translocation rate and displacement analysis revealed dis-

tinct differences between treatment groups in patterned cells, while non-patterned

cells exhibited an irregular profile due to large variation within treatment groups

(Fig. 4.19A). Induction of autophagy in non-patterned cells led to significant in-

creases in autophagosome translocation rate upon treatment with spermidine,

while it did not change after induction with rapamycin. Autophagosomal dis-

placement showed significant differences between spermidine and bafilomycin A1

treatment groups only in non-patterned cells. On the other hand, patterned cells

displayed distinct differences between non-induced (control and bafilomycin A1

group) and induced autophagy (rapamycin and spermidine) treatment groups. To

our surprise, we observed a significant decrease in both autophagosome displace-

ment and translocation rate (Fig. 4.19). Further analysis of the tubulin network

revealed that autophagosomes consistently associated with tubulin, and were thus

actively transported along the tubulin network. These data suggest that an in-

creased J , which is accompanied primarily by an increase in autolysosomes, leads

to a decrease in autophagosome translocation rate and displacement, potentially as

a result of tubulin network crowding effects. Moreover, overall autophagosome size

appears to be larger in the rapamycin-treated cells, compared to autophagosomes

observed in the other groups (Fig. 4.18), which is in agreement with our earlier
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findings. Assessment of the low versus high velocity transport tracks in patterned

and non-patterned cells shows that there are no regional preferences for increased

or decreased rate of transport (Fig. 4.19B), suggesting that cell size and tubulin

network organisation is unlikely to be involved in the regional translocation rate

and displacement behaviour of autophagosomes.
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Figure 4.18: Representative micrographs of non-patterned and patterned cells showing
autophagy pathway intermediates and the tubulin network.
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Figure 4.19: Changes in translocation rate and displacement of GFP-LC3 positive
puncta under basal and induced conditions. (A) Graphs showing the changes in dis-
placement and translocation rate of GFP-LC3 positive puncta after induction through
mTOR dependent (200 nM rapamycin) and independent (20 nM spermidine) pathway,
and after partial inhibition of fusion between autophagosomes and lysosomes (10 nM
bafilomycin A1). (B) Representative micrographs of low and high velocity transport
tracks of non-patterned and patterned cells. * vs Control, p < 0.05; # vs bafilomy-
cin A1, p < 0.05. (n = 5).
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Chapter 5

Modelling and Supply-Demand

Analysis of Autophagy Vesicle

Dynamics

This chapter, presented here an article in preparation, describes the experimental

procedure to measure the synthesis and turnover of autophagosomes, autolyso-

somes and lysosomes. The data were used to construct a model of autophagy and

to perform supply and demand analysis of autophagosomes. While the minimal

model presented here was developed during my MSc-study (Sections 5.4 and 5.5 are

directly from my MSc thesis), the supply and demand analysis of autophagosomes

and the related experiments described in Section 5.6 form part of the PhD-study.

5.1 Abstract

Macroautophagy (autophagy) is an intracellular degradation pathway that is es-

sential for homeostasis and survival during periods of cellular stress and metabolic

perturbations. It is a well-orchestrated process that involves the coordination of

more than 30 proteins. Abnormalities such as a reduction in the capacity for au-

tophagic degradation or excessive degradation can have deleterious effects on the

cell, most evident in human pathologies such as neurodegeneration and cancer. An

111
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effective strategy for studying complex cellular processes such as autophagy is to

build computational models rooted in biological data, that may serve as in silico

tools to analyse the regulation, control and behaviour of these cellular processes.

However, only a few such autophagic models are described in the literature, and

even fewer of these are rooted in biological data. Here we present the development

of a data-derived kinetic model of autophagic vesicle dynamics that describes the

stepwise transition of phagophore to autolysosome in a mammalian system.

We used fluorescence-based microscopy techniques and live cell imaging to mea-

sure the synthesis and turnover of autophagosomes, lysosomes and autolysosomes

in single cells. Our model provided a close fit to the experimental data and its

stepwise construction allowed a deeper understanding of the contribution of each

step to the autophagic process. The data also allowed us to perform a supply-

demand analysis around autophagosomes, from which the elasticity coefficients

of the supply and demand with respect to autophagosomes could be calculated;

these results clearly showed that under basal conditions the autophagosome flux

is controlled by the supply processes that form autophagosomes.

5.2 Introduction

Macroautophagy, referred to hereafter as autophagy, is an evolutionarily conserved

process that degrades and recycles cellular components. Autophagy is a tightly

regulated process that plays an essential role in cell metabolism and proteostasis,

and when deregulated can have deleterious effects on the cell. Autophagy, in

particular its deregulation, has been implicated in several diseases, which has made

autophagy an attractive therapeutic target. However, the effective and precise

modulation of such a complex process remains a challenge, especially since the

dynamics of autophagy has proved to be difficult to study experimentally. In

order to be able to modulate autophagy we need to understand how the different

steps in the autophagic pathway contribute to its behaviour.

Computational modelling is a powerful tool for studying complex systems such

as autophagy. The goal of computational modelling is to simulate the behaviour
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of the system based on the known properties of the system components, so as to

analyse the regulation, control and behaviour of reaction networks that underlie

cellular processes. A successful computational model can provide valuable insight

and serve as a complement to experimental studies. There are only a few compu-

tational models of autophagy in the literature that model unique aspects of the

autophagic process such as vesicle dynamics, regulatory pathways and crosstalk

between autophagy and apoptosis. The major problem with these models is that

they are often based on data obtained with outdated techniques that result in inac-

curate or estimated autophagy vesicle counts and flux measurements. We recently

described a method to characterise the dynamics of autophagy in terms of its com-

plete steady-state autophagy vesicle pool size, autophagosome flux and transition

times for the respective pools [50]. This method addresses the limitations of cur-

rent techniques, and yields experimental data that allows the construction of a

computational model of the dynamics of autophagy.

The autophagic pathway is a series of stepwise transformations of membrane-

bound vesicles accompanied by a flow of cytoplasmic material, which is degraded

during the process. We previously defined autophagosome flux as the rate of

turnover of autophagomes in steady state [168]. This definition of autophagosome

flux is similar to that of metabolic flux used in metabolic control analysis studies,

where it refers to the rate of turnover of metabolites in steady state [92, 119]. A

number of techniques exist are routinely used to measure the autophagic activ-

ity, such Western blot analysis, fluorescence and transmission electron microscopy

[191]. Although with these techniques it is possible to assess whether or not au-

tophagic activity is occurring, and whether it has increased or decreased, they are

not well suited to express the autophagic activity as a rate, which is required to

measure autophagosome flux. However, our recently developed method generates

the data necessary to characterise and model the autophagic process in terms of

its steady state pool size, autophagosome flux and transition time in a single cell

[50].

This fluorescence microscopy driven technique measures the autophagosome

flux based on the quantitative assessment of the number of autophagosomes, auto-
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lysosomes and lysosomes over time. Inhibiting the fusion of autophagosomes and

lysosomes with bafilomycin A1 at steady state and measuring the initial rate of

accumulation of autophagosomes allows the steady-state autophagosome flux to

be calculated. In addition to quantifying the autophagosome flux, this method

also quantifies the time-dependent behaviour of the autophagy system during the

transition period in which a steady state is established. Here we describe the de-

velopment of a data-driven kinetic model that simulates the time-course behaviour

of the autophagic vesicles during the autophagy process. Our plan was to begin

with a model of the autophagic process using the simplest possible rate equations,

and then, step by step, expand the network scheme and modify the kinetics so as

to achieve a good fit to our experimental data. Such an approach allowed us to

develop a deeper understanding of the contribution of each part of the autophagic

network to its time-dependent behaviour. In the discussion section we will assess

and discuss implications of our model and compare its strength with published

computer based models and highlight key differences.

5.3 Methods and Materials

5.3.1 Computer simulations

The kinetic model of autophagy described here is based on the experimental data

shown in the Fig. 5.1, data that was obtained in a study described in [50]. The

model was developed using PySCeS (the Python Simulator for Cellular Systems

[206], a console-based simulation platform written in the Python programming

language that makes use of the Scientific Libraries for Python (SciPy) and Nu-

merical Python (NumPy) libraries. These libraries are collections of mathematical

algorithms for scientific applications. PySCeS parses an input file and converts it

into a model object that can simulate the time-dependent behaviour and calculate

the steady-state numbers of the different autophagic vesicles.
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5.3.2 Experimental studies

The experimental procedure is based on our recently-described protocol for mea-

suring the autophagosome flux [50]. In short, the protocol is based on a fluores-

cence microscopy technique with which the changes with time in the number of

autophagosomes, autophagolysosomes and lysosomes are quantitatively measured

in a single cell. The autophagosome flux is quantified as the rate of increase in the

number of autophagosomes after complete inhibition of the fusion of autophago-

somes and lysosomes with bafilomycin A1 when the autophagic system is in steady

state. The flux was measured in the basal steady-state, in the steady state that

obtained after induction of autophagy with rapamycin, and in the steady-state

that obtained after partial inhibition with bafilomycin A1. The latter two modula-

tions allowed us to respectively calculate the demand and supply elasticities with

respect to the number of autophagosomes.

5.3.2.1 Cell culture

Mouse Embryonic Fibroblast (MEF) cells that stably express GFP light chain 3

(LC3) protein were maintained in Dulbecco’s modified Eagle’s medium (DMEM)

(Life Technologies, #41-965-039), supplemented with 10% fetal bovine serum

(Biochrom, #S-0615) and penicillin-streptomycin (Life Technologies, #15-140-

122).

5.3.2.2 Chemicals

400 nM Bafilomycin A1 (LKT Laboratories Inc., # B-0025) was used as auto-

phagosome and lysosome fusion inhibitor and 25 nM Rapamycin (Sigma-Aldrich,

# R-0395) as autophagy inducer. Lysotracker Red (Thermo Fisher, # L-7528)

fluorescence probe was used to identify autophagic vesicles using live cell imaging.

5.3.2.3 Microscopy

Cells were seeded onto CYTOO micro-patterned slides with large fibronectin disc

shapes (CYTOO, #10-003-10). Fluorescence microscopy was performed with an
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Olympus IX81 wide-field microscope, suited for live cell imaging, using a 60X oil

immersion objective. Image stacks were captured using an automated z-stack and

stage control. Autophagic vesicles (autophagosomes, lysosomes, autolysosomes)

were measured over time in the presence and absence of Rapamycin (25 nM) and

bafilomycin A1 (400 nM).

5.3.2.4 Image Analysis

The image processing and deconvolution was performed using Cell R and images

analysed with ImageJ (http://rsbweb.nih.gov/ij/download.html) with a modified

WatershedCounting3D plug-in [71] and custom Python script data extraction au-

tomation.

5.4 Results

Table 5.4 shows the steady-state values of basal and rapamycin-induced autophagic

variables as obtained by the experimental measurements described in [50]. Fig. 5.1

shows how autophagic vesicles change over time under basal and rapamycin-

induced conditions. The time-course after partial inhibition with bafilomycin A1

is shown in Fig. 5.4.

Table 5.1: Functional variables of autophagy for basal and rapamycin (25 nM) induced
autophagy in MEF cells (A: autophagosomes; AL: autolysosomes; L: lysosomes). Derived
variables are shown in italics.

Variable Unit Basal Induced

Autophagosome flux, J A/h/cell 25.4 105.4

Number of autophagosomes, nA A/cell 13 17

Number of autolysosomes, nAL AL/cell 165 251

Number of lysosomes, nL L/cell 1 1

Autophagosomal transition time, τA h 0.53 0.16

Autophagolysosomal transition time, τAL h 6.7 2.4
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Figure 5.1: The changes in autophagosomes (•), autolysosomes (•) and lysosomes (•)
over time. (A) Pool sizes of the three autophagic intermediates under basal conditions (0
- 2 h) and after inhibition of fusion with 400 nM bafilomycin A1 at 2 h; (B) Enhanced
autophagy after 25 nM rapamycin treatment at 2 h and after inhibition of fusion with 400
nM bafilomycin A1 at 6 h; (C) Control: pool sizes of the three autophagic intermediates
under basal conditions (0 - 8 h). (n = 10).
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5.5 The kinetic model

Fig. 5.2 shows three representations of the autophagic pathway. The simplest rep-

resentation (Fig. 5.2A) accounts for the formation of autophagosomes (A), fusion

with lysosomes (L) to form autolysosomes (AL), and degradation of autolysosomal

cargo to amino acids (AA); this served as our starting point in the modelling

process. We subsequently extended this pathway to include the biogenesis and

degradation of lysosomes (Fig. 5.2B) and the mTOR/pmTOR system (Fig. 5.2C).

PySCeS input files for the process networks shown in Fig. 5.2 described the

stoichiometry and kinetics of the steps in the autophagic pathway (see appendix

5.9). Each step in the autophagic pathway was treated as a reaction of which the

reactants are the autophagic intermediate vesicles. All reactions were considered

to be irreversible and product-insensitive since it is accepted that autophagosomes

cannot convert back to phagophores, and autolysosomes cannot not convert back

to autophagosomes and lysosomes. For each reaction a rate equation with mass-

action kinetics was defined, and all parameters and intermediates were initialised.

The autophagy vesicles were quantified in terms of number of counted puncta in a

single cell. The input file also included events that simulate (i) partial or complete

inhibition of the fusion of autophagosomes and lysosomes, and (ii) the induction of

the autophagic system upon treatment with rapamycin as seen in the experimental

data (Fig. 5.1).

We started with a minimal model (Fig. 5.2A) using the simplest possible kinet-

ics to describe the reaction rates. At first all reaction equations were considered

to be first-order with respect to all species:

v1 = k1 · nP

v2 = k2 · nA · nL

v3 = k3 · nAL

The ‘concentrations’ in these rate equations are quantified in terms of number of

vesicles per cell.
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Figure 5.2: Network representation of the autophagy process: (A) describes the syn-
thesis of autophagosomes, fusion with lysosomes, the formation of autolysosomes with
the subsequent release of amino acids. The number of phagophores nP and the number
of lysosomes nL are fixed parameters in this model. In (B) the biogenesis and degra-
dation of lysosomes are incorporated, turning nL into a variable. In (C) the network is
extended to include the mTOR/pmTOR cycle, with mTOR incorporated into the rate
equation for step 1. P: phagophores, A: autophagosomes, AL: autolysosomes, AA: amino
acids, L: lysosomes, LB: lysosome precursor, LD: lysosome degradation product. In the
kinetic models of (B) and (C) LB and LD are dummy variables necessary for defining
the models.

The experimentally determined basal flux of 25.4 autophagosomes/hour/cell

was simulated by setting the kinetic parameters of the rate reactions as follows:

nP = 1, nL = 1, [AA] = 0, k1 = 25.4 h−1, k2 = 25.4/13 n−1.h−1, k3 = 25.4/165 h−1.

The initial values of nA and nAL were set to zero. The reasoning behind the chosen
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parameter values is as follows:

• Since the first step in the pathway was considered to be irreversible and

insensitive to downstream events, it completely determines the steady-state

autophagosome flux under all conditions. With nP = 1, the initial rate of v1

was set to 25.4 autophagosomes/hour/cell by making k1 = 25.4 h−1.

• The rates v2 and v3 were now fixed at 25.4 autophagosomes/hour/cell. This

allowed nA to be set at its experimentally-determined basal steady-state

value of 13 by setting k2 to 25.4/13 n−1.h−1, calculated from v2 = 25.4 =

k2(13)(1).

• Similarly, to set nAL to its experimentally-determined basal steady-state

value of 165, k3 was set to 25.4/165 h−1, calculated from v3 = 25.4 =

k3(165)(1).

The time-dependent behaviour of the system was simulated with PySCeS using

the above parameters. The inhibition of fusion between autophagosomes (A) and

lysosomes (L) by bafilomycin A1 was simulated by creating an event that set k2 to

zero at 2 h. Fig. 5.3 A shows the simulated data of basal conditions and indicates

a good fit to the experimental data up to 30 min after bafilomycin A1 treatment.

After that there are unknown processes that change the rates of autophagosome

formation and autophagosome degradation which our model (and all the extensions

discussed below) could not account for.

After induction of autophagy by rapamycin a new experimental steady-state

autophagosome flux of 105.4 autophagosomes/hour/cell was established. This was

simulated by increasing the value of nP from 1 to 105.4/25.4 at t = 2 h (calculated

from v1 = k1 · nP = (25.4)(105.4/25.4)). As above, the inhibition of fusion by

bafilomycin A1 was simulated by setting k2 to zero at t = 6 h. Fig. 5.3 B shows

how the rapamycin-induced simulated curves compare to the experimental data.

Although the new steady-state autophagosome flux was by design a perfect fit (the

slopes following inhibition of fusion were equal for both simulated and experimental

data), the steady-state values for nA and nAL were higher than the experimental
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Figure 5.3: Overlaying the simulation curves on experimental data. Left-hand graphs
show the determination of basal flux; right-hand graphs show the determinations of in-
duced flux. (A,B) the minimal model of autophagy in Fig. 5.2 A with first-order rate
equations; (C,D) the minimal model of autophagy in Fig. 5.2 A with higher-order rate
equations; (E,F) the minimal model expanded to include lysosomal formation and degra-
dation (Fig. 5.2 B); (G,H) further addition of the mTOR/pmTOR system (Fig. 5.2 C).
The autophagosomal (–), autolysosomal, (–), and lysosomal (–) simulated behaviour,
superimposed on experimental data (Fig. 5.1).

values: nA = 54 instead of 17, nAL = 385 instead of 251. The only way to lower

these values without affecting the basal and induced flux was by adjusting the
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kinetic orders of nA and nAL in the rate equations for v2 and v3 respectively. We

therefore introduced terms for these kinetic orders in our rate equations as follows:

v1 = k1 · nP

v2 = k2 · nh2A · nL

v3 = k3 · nh3AL

These modifications to our equations of course required us to recalculate k2

and k3 as k2 = 25.4/13h2 and k2 = 25.4/165h3 . By trial and error we settled on the

values of h2 = 5 and h3 = 3.4, which lowered nA and nAL to the required values of

17 and 251 respectively. These modifications to our minimal model brought the

simulation very close to the experimental profile (Fig. 5.3D). Although the effect

on the simulation of basal autophagosome flux was negligible (compare Fig. 5.3C to

Fig. 5.3A), the decrease in nAL in the 30 min period after bafilomycin A1-treatment

was slightly better approximated with the incorporation of h2 and h3.

Our simulation still did not match the experimental profile in the two-hour

period after induction with rapamycin, during which nA nearly doubled to 23

autophagosomes/cell and then decreased to its new steady-state value of 17. This

initial increase in nA after induction was accompanied by a slower increase in

nAL. The only way to introduce this effect into the simulation was by making the

lysosome pool a variable as in the extended scheme in Fig. 5.2B. It was important

that not only regeneration of lysosomes in step 3 was included, but also de novo

biogenesis and degradation of lysosomes (steps 4 and 5), which allows nL to vary

independently from nAL (without these steps nL and nAL form a moiety-conserved

cycle that would have forced their sum to be constant, something that is clearly
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not true in the cell).

v1 = k1 · nP

v2 = k2 · nh2A · nL

v3 = k3 · nh3AL

v4 = k4 · nLB

v5 = k5 · nL

The kinetic properties of steps 4 and 5 had to be set to values that ensured

both that nL returned to a value of 1 in the induced steady state and that the

initial increase in nA after induction (and the concomitant decrease in nL and

slower increase in nAL) occurred during the two hours after induction. The first

criterion was satisfied if, at an nLB-value of 1, k4 = k5. Note that in steady state,

v1 = v2 = v3, which implies that v4 = v5 (for nL to be in steady state), and

therefore that k4(1) = k5nL. For nL to be 1 in steady state, k4 therefore had to

equal k5. By trial and error we found that the second criterion was satisfied when

k4 = k5 = 80.

Fig. 5.3F shows that, although we could now simulate the initial overshoot of

nA after induction, it was too fast. This was due to our making the induction event

instantaneous, whereas in reality it would be a slower process that depends on the

rate of dephosphorylation of pmTOR to mTOR, which is the protein complex

that activates autophagy. We therefore incorporated the pmTOR/mTOR cycle

into our model (Fig. 5.2C):

v1 = k1 · nP · nmTOR

v2 = k2 · nh2A · nL

v3 = k3 · nh3AL

v4 = k4

v5 = k5 · nL

v6 = k6 · npmTOR

v7 = k7 · nmTOR
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In the rate equation for v1 mTOR appears as a reactant, so that the rate of

autophagy depends linearly on nmTOR. This served our purpose, but is probably

too simple and a more realistic rate equation will be developed in the future.

With nP = 1 and nmTOR = 1 the set k1-value of 25.4 ensured the correct basal

autophagosome flux. But, instead of increasing nP by a factor of 105.4/25.4 to

simulate induction, we now had to ensure that nmTOR increased with time from

a value of 1 to 105.4/25.4 (with nP now reset to its original value of 1.0). The

simplest way of ensuring a pre-induction steady-state nmTOR-value of 1 was to

set k6 to 1 and k7 to 105.4/25.4, while initialising nmTOR to 1 and npmTOR to

25.4/105.4. With these values v6 = v7, and the mTOR/pmTOR cycle was in

steady state. To simulate induction by rapamycin nmTOR had to increase from

1 to 105.4/25.4. Because the mTOR/pmTOR cycle is a moiety-conserved cycle,

i.e., the sum of nmTOR and npmTOR is constant, switching the k7/k6 ratio from

105.4/25.4 to 25.4/105.4 would switch nmTOR and npmTOR to 105.4/25.4 and 1

respectively, so that nmTOR would increase by the required factor of 105.4/25.4.

This switch in k7/k6 was done by multiplying k6 with the factor (105.4/25.4)2.

We now had to also multiply k6 and k7 by the same time-scaling factor to

simulate the rate of the induction process itself, i.e., the time taken for nmTOR to

change from 1.0 to 105.4/25.4. A factor of 0.08 (determined by trial and error)

gave the desired result. Fig 5.3G and H show that with all these extensions of and

modifications to our simple model we now had a near-perfect simulation of our

experimental data for both basal and induced autophagy.

5.6 Supply and demand analysis of autophagy

The model of autophagy described here is a simple linear pathway of which we

defined the first step to be insensitive to downstream intermediates; this forced the

control of autophagosome flux in the model to reside in the first step. In reality,

autophagy is a complex process that involves the recruitment of more than 30

proteins in a highly organised manner to give rise to the functional units of the

autophagy pathway, which in turn are regulated by amino acid availability (the
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end product of the autophagy process) and energy abundance.

In the traditional sense, computational modelling of metabolic processes re-

quires the isolation of all of the enzymes/proteins involved in the pathway exper-

imentally in order to study their kinetic properties separately from one another.

However, applying this approach to characterise the enzymes/proteins involved in

autophagy process would be impractical (if not impossible) due to the complexity

of interactions in assembling autophagosomes, and of the subsequent events such

as fusion with lysosomes to form autolysosomes. This is where the supply-demand

analysis framework of Hofmeyr and Cornish-Bowden [94] comes into its own in that

it does not require information on the kinetics or activity of the enzymes/proteins

involved the in the pathway. All that is required is the ability to perturb the

activities of the processes that synthesise and degrade a chosen intermediate in a

pathway. By reducing the autophagy process to a supply-demand system in which

autophagosome synthesis (supply) and autophagosome degradation (demand) are

linked by the autophagosome pool, it is possible to determine the control of the

supply and demand blocks over the steady-state flux and concentration of auto-

phagosomes by measuring the response of these steady-state variables to small

perturbations in the supply and demand. Above we described how to measure

steady-state responses to rapamycin induction of autophagy. However, we also

needed to determine how the autophagic steady state responded to perturbations

of the demand for autophagosomes. This was achieved by partially inhibiting the

fusion of autophagosomes with lysosomes, waiting until a new steady-state was

established, and then measuring the flux as before by complete inhibition of fusion

with bafilomycin A1. Fig. 5.4 shows the experiments with basal conditions and

partial inhibitions with 10 nM and 20 nM bafilomycin A1.
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Figure 5.4: The transient time-dependent changes in autophagosomes (•), autolyso-
somes (•) and lysosomes (•). (A) Pool sizes of the three autophagic intermediates under
basal conditions (0–11 h) and after inhibition of fusion with 400 nM bafilomycin A1

at 11 h; (B,C) Partial inhibition of autophagosome/lysosome fusion with 10 nM and
20 nM bafilomycin A1 treatment at 2 h and after inhibition of fusion with 400 nM
bafilomycin A1 at 11 h. (n = 40).

Fig. 5.5 shows the so-called co-responses [93] of the steady-state autophago-
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some flux and autophagosome pool size as measured by fluorescence microscopy in

response to perturbation of the supply and demand of autophagosomes. The slopes

of the tangents to the supply and demand rate characteristics at the steady-state

point (Fig. 5.5) are equal to the so-called supply and demand elasticity coefficients.

An elasticity coefficient quantifies the sensitivity of a rate v to a perturbation a

variable x that directly affects this rate, and is mathematically defined as

εvx =
∂ ln v

∂ lnx
(5.1)

The perturbation of the autophagosome supply by rapamycin allows the calcula-

tion of the demand elasticity from the concomitant co-response of autophagosome

flux and autophagosome pool size; similarly, the perturbation in the autophago-

some demand by bafilomycin A1 allows the calculation of the demand elasticity.

From the values of the supply and demand elasticities the flux- and concentra-

tion-control coefficients can be calculated. A control coefficient quantifies the

sensitivity of a steady-state variable such as a flux or concentration with respect

to a perturbation is the activity of a step in the system, and is mathematically

defined as:

CX
vi

=
∂ lnX

∂ ln vi
(5.2)

where X is a flux J or a concentration, here nA.

The flux-control coefficients can be expressed in terms of supply and demand

elasticities [94], and calculated as follows:

CJ
vsupply

=
ε
vsupply
nA

εvdemand
nA − εvsupplynA

=
1, 15

1, 15− 0
= 1

CJ
vdemand

=
εvdemand
nA

εvdemand
nA − εvsupplynA

=
0

1, 15− 0
= 0

The concentration-control coefficients can also be expressed in terms of supply

and demand elasticities [94], and calculated as follows:

CnA
vsupply

=
1

εvdemand
nA − εvsupplynA

=
1

1, 15− 0
= 0.87

CnA
vdemand

=
−1

εvdemand
nA − εvsupplynA

=
−1

1, 15− 0
= −0.87
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Figure 5.5: Co-response of the steady-state autophagosome flux and autophagosome
pool size in response to perturbation of the supply and demand of autophagosome. (A)
Log-log demand rate characteristic determined by increasing the supply of autophago-
somes with rapamycin; (B) Log-log supply rate characteristic determined by perturbing
the demand of autophagosomes with bafilomycin A1. The slopes of the tangents to
the supply (–) and demand (–) rate characteristics at the steady-state point are the
elasticities of the supply and demand rates with respect to autophagosomes. (n = 40).

From the calculated flux-control coefficients one can see that flux through the

autophagy pathway is, in agreement with our model, completely determined by

the autophagosome supply. The distribution of flux and concentration control

around the steady state can be visualised by plotting the intersection of the sup-

ply and demand co-responses in Fig. 5.5 in logarithmic space, as shown in Fig. 5.6.

These curves are also known as log-log rate characteristics. Comparing equal fold-

changes in the supply and demand clearly shows that flux control resides in the

supply of autophagosomes, while the regulation of autophagosome number resides

in the demand. The steepness of the slope of the demand (here −1.15) determines

the degree of homeostatic regulation of autophagosome number, since the steeper

the slope of the demand rate characteristic, the narrower the magnitude of vari-

ation in autophagosome number, and the better the homeostatic maintenance of

autophagosomes.
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Figure 5.6: The rate characteristics of a supply–demand system plotted in log-log
space, showing the steady state where the supply (–) and demand (–) rate charac-
teristics intersect; J is the steady-state autophagosome flux, and n̄A is the steady-state
autophagosome concentration. The thick lines are the experimental curves from Fig. 5.5,
while the thin lines are hypothetical extrapolations. The dotted lines show a fixed per-
centage increase or decrease in supply (A) and demand (B) of autophagosomes. The
shaded regions show the magnitude of the responses in J and n̄A.

5.7 Discussion

The autophagy process is characterised by the formation and degradation of au-

tophagic vesicles in the cytoplasm. It is an essential process that maintains cellular

integrity and proteostasis by lysosome-mediated degradation of damaged proteins

and organelles. Thus, deregulation of autophagy can result in a variety of patho-

logical conditions. Although the regulation and the molecular machinery of the

autophagy pathway is increasingly understood, the control of the pathway activ-

ity remains challenging. Why is this important? An increasing number of studies

have produced promising results with regard to treating neurodegenerative diseases

through modulation of autophagy [224]. But, to finely manipulate the autophagic

process for therapeutic purposes, we need to know which processes control the

autophagosome flux, and a computational model of autophagy can assist in devel-

oping effective manipulation strategies.
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A well-defined model of the autophagic system needs to be rooted in exper-

imental data that not only reflects steady-state characteristics, but also the dy-

namic nature of the autophagic system when it is in transit between steady states.

This requires the continuous assessment of the autophagic process in live cells,

and should quantitatively distinguish between the pool sizes of the different au-

tophagic vesicles. Our fluorescence microscopy method allows the characterization

of the autophagic system in terms of (i) the steady state pool size of the vari-

ous autophagic intermediates (nA, nAL and nL), (ii) the autophagosome flux, J ,

and (iii) the transition time, τ , for the respective autophagic vesicle pools (τA

and τAL). The experimentally-determined time-dependent behaviour of these au-

tophagic variables provided a strong foundation for the construction of the com-

putational model of autophagy described above. Although at this stage it is only

a minimal model, it already reflects more accurately the dynamics of autophagy

as compared to other models in literature

There are a few studies in the literature that describe computer models and

simulations of various aspects of the autophagic system. Choi and co-workers

[78–81] developed several comprehensive models of the autophagic system with

the aim to unravel the underlying mechanism of autophagy and its role in disease

pathologies. These models were used to investigate various aspects of autophagy,

such as its basic dynamics and oscillatory behaviour, its involvement in the transi-

tion from cell death to life, and its role in cellular quality control. Although these

models provide the opportunity to investigate the relationship between autophagy

activity and the corresponding cellular changes, they do not satisfactorily provide

a quantitative account of the dynamic nature of autophagy generally observed in

experiments. These models are often based on a theoretical framework and param-

eterised with data derived from isotopic labelling techniques from the late 1980’s

and onwards. Although stable isotope labelling is an effective tool for flux analysis

and provides a solid base for a computational modelling, it is less suited for the

autophagic pathway as it reveals little about how the autophagic variables, such

as autophagosome flux and pool sizes of autophagic vesicles, depend on network

parameters.
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Recently, Brady and co-workers [22] and MacKeigan and co-workers [175] made

use of fluorescence microscopy to measure the synthesis and turnover of autophagic

vesicles over time in a single cell in the presence and absence of an autophagic in-

ducer and inhibitor. Brady et al. focused their model on the dynamic interaction

of the vesicles themselves: fusion of autophagosomes with either lysosomes or auto-

lysosomes, autolysosomes fusing with autolysosomes or lysosomes, etc. MacKeigan

et al. investigated a model centred around the reactions required for the isolation

of the membrane for the formation of autophagic vesicles, including some of the

regulatory processes governing the formation of phagophores and how they affect

autophagic vesicle dynamics. Although these studies distinguished themselves

from other studies in the literature in that they model the dynamic nature of the

autophagic vesicles, certain factors were not considered. First, they did not con-

firm that the autophagic system was at a steady state prior to measuring flux.

At steady state the rate of autophagosome synthesis equals the rate of its degra-

dation, and the rate of autolysosome synthesis equals the rate of its degradation;

the autophagosome flux therefore equals any of the individual rates. If the num-

ber of autophagosomes/autolysosomes per cell remains constant, the system is in

steady state. Fluctuations in the autophagosome/autolysosome number over time

indicate that the system is not in a steady state, but rather in a transition phase

between steady states. Measuring the rate of autophagosome synthesis during the

transition phase will not represent the flux. Second, these studies did not accu-

rately distinguish between the different autophagic vesicles, and could therefore

not quantify their respective pool sizes. It is generally assumed that GFP-LC3-II

puncta/dots indicate autophagosomes, but it is becoming ever more evident that

GFP-LC3-II puncta do not represent autophagosomes only. Newly formed auto-

lysosomes are still able to emit green fluorescence as the GFP is not immediately

quenched. These factors all influence the accuracy of characterizing autophagic

variables and the concomitant computational model derived from the data.

The advantage of starting with a minimal model and then, step by step, ex-

panding the network scheme and modifying the kinetics, allowed us a greater

understanding of the role that each part plays in the autophagic model. One such
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aspect that we need to address is the use of variable kinetic orders in the rate

equations for the formation and degradation of autolysosomes in order to achieve

our experimentally autophagosome and autolysosome steady state values. This

suggests that processes are influenced by other factors. One can only speculate

at this point what these factors could represent. For instance, step 2 represents

the fusion of autophagosomes with lysosomes which requires a multitude of fac-

tors such as those processes that are associated with the translocation of vesicles,

tethering proteins, microtubules [181] and dynein motors [58], and a number of

fusion proteins [280]. The incorporation of such factors in the model and simula-

tions would be of great interest since they have been suggested to form part of the

pathogenesis of diseases [109, 134, 143, 181, 203, 217]. The here described model

could form a platform for the inclusion of such data.

The PySCeS metabolic control analysis module can be used to calculate the

control and elasticity coefficients of a steady state. However, our kinetic model

of autophagy does not allow us to draw confident conclusions about the control

of autophagosome flux and concentrations of autophagic vesicles, since we defined

the first step to be insensitive to downstream intermediates which automatically

confers flux control to the first step in the scheme. However, the experimental

supply and demand analysis allowed us to determine the elasticities of supply and

demand rate with respect to autophagosomes and calculate the flux and concen-

tration control coefficients without needing any enzymes/proteins to be isolated

and characterised, and regardless of feedback mechanisms (for instance amino acid

feedback on mTOR) and moiety conservation (autolysosomes and lysosomes pool).

By plotting the rate characteristics together we could visualise the distribution of

flux and concentration control around the steady state, providing insight about

system behaviour around the steady state, and showing that in our experimental

system the supply of autophagosomes controls the flux.

Although the kinetic model presented here is a simplification of the autophagy

process, it still provided an excellent fit to the experimental data. It will serve

as a good starting point for future work, where we plan not only to validate the

kinetic model with experimental data of autophagy other than that what was used
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here to parameterise our model, but also to expand the model by including other

autophagy regulators such as amino acid feedback, as well as the factors that are

involved with the translocation of the autophagic vesicles, namely microtubules

and dynein motors. Such an expanded model could serve as a starting point for

understanding autophagy in different cell types in healthy and diseased states.
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5.9 PySCeS-input files

5.9.1 Minimal model of autophagy

# Autophagy model

# L

# |

# P ---> A ---> AL ---> AA

# P: phagophores

# A: autophagosomes

# L: lysosomes

# AL: autolysosomes

FIX: P L AA

R1: P = A k1*P

R2: A + L = AL k2*(A**h2)*L

R3: AL = AA k3*AL**h3

#Init
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P = 1.0

AA = 0.0

L = 1.0

#InitPar

h2 = 5.0

h3 = 3.4

k1 = 25.4

k2 = 25.4/(13.0**5.0)

k3 = 25.4/(165.0**3.4)

#InitVar

A = 13.0

AL = 165.0

# Event 1 - Simulating Rapamycin Induction

Event: Induction, _TIME_ > 2, 0 {P = 105.4/25.4}

# Event 2 - Simulating Inhibiton with Bafilomycin A1

Event: Inhibition, _TIME_ > 6, 0 {k2 = 0.0}

5.9.2 Extended model of autophagy

# Extended autophagy model

# LD <---- L <---- LB

# | |

# P ---> A ---> AL ---> AA

# ^

# -> T -

# | |

# - pT <-

# P: supply of autophagosomes which is controlled by T/pT

# A: autophagosomes

# L: lysosomes

# AL: autolysosomes

# AA: amino acids

# pT: phosphorylated mTOR

# T: mTOR

# LD: lysosome degradation

# LB: lysosome biosynthesis

FIX: P AA LB LD
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R1: P = A k1*P*T

R2: A + L = AL k2*L*A**h2

R3: AL = AA + L k3*AL**h3

R4: LB = L k4*LB

R5: L = LD k5* L

R6: pT = T k6*pT

R7: T = pT k7*T

#Init

P = 1.0

LB = 1.0

D = 0.0

LD = 0.0

AA = 0.0

#InitPar

h2 = 5.0

h3 = 3.4

k1 = 25.4

k2 = 25.4/(13.0**5.0)

k3 = 25.4/(165.0**3.4)

k4 = 80.0

k5 = 80.0

k6 = 0.08*1.0

k7 = 0.08*(105.4/25.4)

#InitVar

A = 13.0

AL = 165.0

L = 1.0

pT = 105.4/25.4

T = 1.0

# Event 1 - Simulating Rapamycin Induction

Event: Induction, _TIME_ > 2, 0 {k6 = 0.08*(105.4/25.4)*(105.4/25.4)}

# Event 2 - Simulating Inhibition with Bafilomycin A1

Event: Inhibition, _TIME_ > 6, 0 {k2 = 0.0}
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Chapter 6

Measuring autophagy ex vivo at

organ level

It is well known that autophagy occurs in all cells and tissues of the mammalian

system, that it proceeds at different rates and responds differently when induced,

such as during periods of nutrient starvation [189]. Although western blot analysis

of isolated tissue provides valuable information on autophagy proteins, it reveals

little about cell specific distribution. The interrogation of tissue with light and spe-

cific fluorescent labels has become an increasingly attractive and powerful research

tool to better understand and assess autophagy. Harvesting and sectioning of tis-

sue limits the interrogation of autophagy to a single plane. To fully understand

the role of autophagy on tissue physiology and its role in disease progression, it is

important to characterise the distribution of autophagy not only in a cell specific

manner but also in the context of an entire organ.

The CLARITY technique makes tissues transparent and so enhances the study

of neuronal circuits by improving deep tissue imaging of whole brain samples [37].

In this part of the study, as proof of concept to achieve single cell resolution of

autophagy pathway intermediates, we aimed to clear brain tissue and perform

immunofluorescence on autophagy-related proteins, with the emphasis on gener-

ating 3D-data to characterise autophagy in the brain. In doing so, we also aimed

to develop an economical and effective approach to clearing multiple brain sam-

136
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ples concomitantly within a reasonable amount of time using limited reagents and

clearing solution. The goal was to use readily available materials in a common

laboratory setting in combination with the 3D-printing of specifically designed

components suitable for rodent brain tissue processing.

6.1 CLARITY

CLARITY is a technique that embeds proteins and nucleic acids into a hydrogel

matrix, allowing for removal of light scattering lipids using detergents (Fig. 6.1).

The first step involves infusion of the brain tissue with a paraformaldehyde and

acrylamide mixture which captures proteins and DNA in their native form.

Paraformaldehyde facilitates the attachment of proteins and DNA to acrylamide

and is necessary to establish linkages between the cellular components and the

acrylamide monomer which is then polymerized into a gel. While cellular com-

ponents are held firmly in place, lipids can be washed from the gel with an ionic

detergent through passive diffusion or actively using electrophoretic methods [37].

Both passive and active clearing methods rely on lipid-collecting sodium dodecyl

sulphate (SDS) micelles to diffuse into the tissue and remove the lipids, rendering

it transparent. Passive clearing, as the name suggests, relies on passive diffusion

of the SDS micelles into the hydrogel-embedded tissue by incubating it in clear-

ing solution until it becomes transparent. Electrophoretic tissue clearing takes

advantage of the ionic charge on the SDS, which actively draws the ionic SDS mi-

celles through hydrogel-embedded tissue for faster clearing using an electric field.

The lipophilic properties of micelles which form in the detergent solution clears the

hydrogel-embedded tissue by picking up lipids as they pass through the gel leaving

the majority of non-lipid components unaffected. The removal of light scattering

lipids makes the hydrogel-embedded tissue transparent while cellular components

retain original spatial position.

As part of our aim to characterise autophagy, we set out to design and 3D print

passive and active clearing stations for tissue processing.
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Step 1: Protein and nucleic acid polymersation

Step 2: Tissue/gel hybridization.

Step 3: Tissue clearing

Proteins

Phospholipids

Membrane

Polyacrylamide gel

Figure 6.1: A schematic representation of the clearing process of brain tissue using
CLARITY. (Step 1) The tissue is infused with a paraformaldehyde and acrylamide mix-
ture, capturing proteins and nucleic acids. (Step 2) The polymerisation of the mixture
forms a matrix wherein proteins and nucleic acids are embedded. (Step 3) Lipids are
removed from the gel using detergents, rendering the brain transparent. Adapted from
Rojczyk-Golebiewska et al. [223].

6.2 Tissue processing and imaging

In this section, we describe the protocol for infusing hydrogel into brain tissue and

clearing it using a self-designed passive and active clearing station. Our goal was

to first clear whole brain tissue and assess the achievable resolution, i.e., identify

autophagosomes and lysosomes using fluorescence dyes. Our second goal was to

perform immunostaining on brain slices in order to visualise autophagy-related

proteins. The reason for using brain slices is to overcome the inherent challenges of

antibody penetration into the hydrogel-embedded tissue. Therefore, brain tissue
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was sectioned into 1 mm slices to achieve a more uniform immunofluorescence

staining. From the data we could then infer whether or not it was possible to

assess autophagy intermediates in the brain and form a global picture of their

distribution, and also identify potential pitfalls of this approach.

Hydrogel preparation and tissue embedding. The hydrogel solution (4%

Acrylamide (Sigma, # 01697), 0.25% Thermal initiator VA-044 (Wako-chem, #

27776-21-2), 4% paraformaldehyde (Sigma, # P6148) in PBS, adjusted to pH 7.6)

was prepared freshly on the day of tissue harvesting. Thermal initiator VA-044

acted as the source of free radicals for the polymerisation of the hydrogel. At low

temperature (4◦C) the initiator is inert, allowing for the hydrogel monomers to in-

fuse uniformly into the tissue during incubation. At higher temperatures (>30◦C)

the initiator molecule decomposes and generates free radicals which initiate poly-

merization of the acrylamide monomer.

For this study GFP-LC3 transgenic mice were used. Ethical approval was

granted through the Division of Research and Development at Stellenbosch Uni-

versity (SUACUD15-00023). GFP-LC3 transgenic mice were housed at room tem-

perature with an approximate humidity of about 50% and a 12 hr light/dark cycle.

GFP-LC3 transgenic mice were culled by cervical dislocation and perfused briefly

with PBS to remove blood cells as much as possible to prevent their incorpora-

tion into the hydrogel matrix, since they could act as a source of autofluorescence.

Once the brain had been harvested, it was placed in a 50 mL falcon tube contain-

ing approximately 15 mL hydrogel solution and incubated for two days at 4◦C.

Thereafter, isopropanol was added to the brain/hydrogel tube to create an oxygen

barrier between the solution and the air. Oxygen acts as a free radical quencher

that can inhibit acrylamide polymerization. The tube was placed in a heated bath

for three hours at 38◦C to allow for the polymerisation of the hydrogel matrix.

The brain was then removed, and the excess gel gently removed using tissue paper.

Brain tissue was then either sliced into sections or kept whole for clearing. Brain

tissue was sliced into 1 mm sections using the brain matrix slicer (Fig. 6.2), which

was designed with Blender (https://download.blender.org/release/Blender2.79),
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an open-source 3D computer graphics software toolset. The brain matrix slicer

was 3D printed using PLA filament and a MakerBot Replicator Z18 3D Printer.

A B

C D

Figure 6.2: 3D-printed brain matrix slicer. (A) 3D model of the brain matrix slicer
created with Blender. (B) Brain matrix slicer printed with a MakerBot Replicator
Z18 3D Printer using PLA filament. (C) Mouse brain fitted in the matrix slicer. (D)
Sectioning brain into 2 mm slices using razor blades. Scale bar: 1 cm.

Passive clearing. Brain slices and whole brains were cleared passively by plac-

ing them in 5 mL falcon tubes containing 40 mL of clearing solution (200 mM

Boric acid (Sigma, # B6768), 4% SDS, adjusted to pH 8.5) and incubated in a

water bath at 38◦C until the tissue becomes transparent. To reduce the time

required for passive clearing, brain tissue was placed in a cage that fitted inside

the falcon tube which was connected to a reservoir containing 500 mL clearing

solution (Fig. 6.3). Clearing solution was continuously circulated through the

tube using a pump (AQUA Maxi 104). The cage was printed from PLA fila-

ment on a MakerBot Replicator Z18 3D Printer. Mesh was glued to the cage
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and attached to the lid of the falcon tube using a non-toxic silicone elastomer

“glue” (AMT, # SM420). Clearing solution pH was monitored daily using pH

strips (Sigma, # P4536) and refreshed either weekly or once the pH was below

7, until the tissue became completely transparent. The STL file of the passive

clearing cage (Fig. 6.3A) can be found at (https://drive.google.com/open?

id=1fP7fnCExLzNlKsbcZH0CHOdqM8ODfzq6).

A

B

C D

Figure 6.3: CLARITY passive clearing system. (A) 3D model of the CLARITY pas-
sive clearing tray designed with Blender. (B) CLARITY passive clearing tray printed
with MakerBot Replicator Z18 3D Printer using PLA filament. (C) Fully assembled
CLARITY passive clearing system. (D) CLARITY passive clearing station in a water
bath.

Fig. 6.4 shows the clearing of a brain slice and a whole brain over time using

passive clearing. The 1 mm brain slices were transparent after two weeks of in-

cubation in clearing solution. The whole brain required between 1–2 months of

incubation in clearing solution to become transparent. Over the time course of

passively clearing the tissue it swelled to approximately 1.5 times its original size.

This is a common effect of tissue clearing and results from the hydrophilic proper-

ties of the gel. Swelling of the hydrogel-embedded tissue can be advantageous since

it increases pore size in the hydrogel allowing for deeper antibody penetration. Af-

ter the staining step, the samples were incubated in mounting media that made
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the tissue even more transparent and caused it to shrink back to its anatomical

size.

A B 0 day 7 days 14 days C

Figure 6.4: Passive clearing of brain slices and whole tissue. (A) Passive clearing of
brain tissue. (B) Clearing of a brain slice and whole brain over time. (C) Brain slice
mounted between a coverslip and glass slide filled with mounting media for confocal
imaging.

Active clearing. Passive clearing of tissue with SDS micelles is a slow process,

which can be accelerated by taking advantage of the ionic charge of the SDS

micelles. By placing an electric field over the tissue, the negatively-charged micelles

can be actively drawn through the hydrogel-embedded tissue, increasing the speed

at which whole tissue samples are cleared. We designed a chamber based on the

design of Chung and Deisseroth [37], that fitted into a 50 mL falcon tube housing

a removable cage inbetween two platinum wires (Sigma, # 349402). A whole

brain was placed between the platinum wires inside the cage. A constant voltage

of 15 V electric current was applied over the platinum wires encasing the brain

using Power Pac 1000 (Bio-Rad). The clearing solution temperature was kept at

38◦C. The pH of the clearing solution was monitored every day using pH strips

(Sigma, # P4536) and refreshed either once the pH was below 7 or after one

week, until the tissue became completely transparent. Applying an electrical field

can cause the generation of H+ ions causing the solution to become more acidic

and generate heat that can damage the brain tissue. It is important to have a
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strong continuous stream of clearing solution circulating through the chamber to

avoid build-up of harmful by-products that can cause damage to the brain. The

STL file of the active clearing cage (Fig. 6.5A) can be downloaded at (https:

//drive.google.com/open?id=1fP7fnCExLzNlKsbcZH0CHOdqM8ODfzq6).

A

B C

D

E

Figure 6.5: CLARITY active clearing system. (A) 3D model of the CLARITY active
clearing tray designed with Blender. (B and C) CLARITY active clearing tray 3D-
printed using PLA filament. (D) Fully assembled CLARITY active clearing system with
falcon tube, power supply and clearing solution reservoir. (E) CLARITY experimental
set-up with clearing solution reservoir in a heated water bath and the falcon tube placed
in spill container.

Fig. 6.6 shows the active and passive clearing of a whole brain. After 4 days of

clearing the brain with the two methods, the actively-cleared brain was consider-

ably lighter than the passively-cleared brain. However, after one week of clearing,

the actively-cleared brain became yellowish with signs of tissue damage (black

marks). Although the active clearing produced better results at day 4, excess

clearing using electrophoresis therefore resulted in tissue damage and discolouring

that can affect imaging penetration depth. This is a common problem when using

active clearing [37]. It is possible to circumvent these problems by fine adjustments

in voltage settings and the flow rate of clearing solution, as well as by combining
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active with passive clearing—first actively clearing for 2–4 days followed by passive

clearing. Since the passively-cleared brain was sufficiently transparent for fluores-

cence imaging, we decided to continue using it for all subsequent experiments.

Passive Clearing

0 day 4 days 7 days

Active Clearing

Figure 6.6: Whole brain samples cleared using passive and active clearing. Top:
actively-cleared brain tissue using 15 V at day 4 and 7; Bottom: passively-cleared brain
at day 4 and 7.

Tissue storing. Once the brain samples were transparent, they were washed by

incubating the tissue in washing solution (0.1% Tween 20 (Sigma, # P1379) in

PBS, pH 7.6 (PBS-T)) overnight for small tissues such as brain slices or for two

days for large samples such as whole brain tissue at room temperature. At this

point, the brain tissue could be refrigerated in PBS-T supplemented with 0.02%

sodium azide (NaN3) (Sigma, # S2002) for later use.

6.2.1 Staining and imaging of large brain tissue.

Our first goal was to stain a whole mouse brain using fluorescent dyes to assess

the achievable resolution when imaging a large sample. After clearing the brain

and washing it with PBS-T for two days, it was incubated in 2 mL Nissl staining

solution for three days; the staining solution consisted of Nissl stain (Thermo

Fisher Scientific, # N21480) in a 1:100 ratio with PBS-T. Thereafter the brain

was washed overnight in PBS-T and incubated in the mounting solution (85%
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glycerol (Sigma, # G5516) in de-ionized water) for one day. Thereafter the brain

was placed in the imaging chamber (Fig. 6.4C) filled with mounting solution.

A Zeiss light sheet Z.1 microscope (Carl Zeiss, Germany) was used to image

the cerebellum. Light sheet microscopy is a fluorescence microscopy technique that

focuses a laser light sheet in the direction perpendicular to the sample, illuminating

one thin slice of the sample at a time. The advantage of this technique is that

it allows rapid image acquisition with little to no sample photobleaching, while

producing high resolution images. Multiple z-stacks were acquired using a Plan-

Apochromat 5x/0.16 M27 objective with a step with of 10 µm. An Argon multiline

laser at 488 nm was used for image acquisition with appropriate beam splitters and

a GaAsP detector 32+2 PMT. The sample was illuminated from both the right

and left side in the chamber. The laser power and gain were set individually for

the right and left side illumination to achieve the optimal signal/noise ratio. After

image acquisition, the raw right/left illuminated images were stitched together

using the Zen 2011 imaging software.

Cerebellum anatomy. Due to limited access to the light sheet microscope,

only one mouse cerebellum was acquired instead of the whole brain. Therefore,

we decided to focus on the mouse cerebellum, which has distinct cell populations

such as the purkinje cells, with known autophagy activity. Fig. 6.7 shows the gross

anatomy of the cerebellum. The cerebellum plays an important role in motor

control. It does not initiate movement, but rather contributes to coordination

and precision of movement by integrating input from sensory systems to fine-tune

motor activity.
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A B

M

P

G

Figure 6.7: Histology of the cerebellum. (A) An overview of the cerebellar cortex
showing the granular and molecular layers within the complex folia. (B) A zoomed-in
image of the cerebellar cortex illustrating the molecular layer (M), a layer of Purkinje
cells (P) and the granular layer (G).

Imaging results. Fig. 6.8 shows micrographs of cleared mouse cerebellum

acquired using a light sheet microscope, with which the whole cerebellum could be

3D-imaged, revealing the overall spatial arrangement of the molecular and granu-

lar layers of the cerebellum as well as the nuclei of individual cells. While nuclei

were readily detected in the periphery of the tissue, the centre was not stained

due to poor penetration of Nissl stain through the whole tissue. This is a common

challenge associated with staining large tissue samples [245]. While it possible to

achieve uniform staining with small molecule probes, such as Nissl and Hoechst,

through longer periods of incubation, permeabilization is required for immuno-

histochemistry [245]. Nonetheless, because we wanted to assess image resolution

capacity when imaging large tissues, the images generated were sufficient for fur-

ther analysis.

From the images acquired, we were able to identify individual nuclei of cells in

the whole cerebellum. Nuclei were near the limit of the resolving capability of the

5x objective. Considering that autophagosomes can be smaller by a factor of 50

compared to nuclei, it makes it impractical to quantify autophagy intermediates

in a whole brain when using the 5x objective. Although the light sheet microscope

is equipped with higher magnifying objectives that might allow to achieve the
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desired resolution, it requires the brain to be sectioned for imaging with 20x and

40x objectives. For the next step, a confocal microscope with a 40x objective was

used for the image acquisition of mouse brain slices immunofluorescently stained

for autophagy-related proteins.

6.2.2 Immunofluorescence staining of brain slices.

In the previous section, we showed that we were able to stain and image a whole

cerebellum using a fluorescent tracer probe. However, since no such probes are

available to visualize autophagosomes, we used antibody-based staining of 1 mm

mouse cerebellum brain slices. After the brain slices were cleared and washed

with PBS-T, they were stained with primary antibodies by incubating the slices in

100 µL of antibody solution (0.02% NaN3 in PBS-T, supplemented with the respec-

tive antibody in a 1:50 ratio) in an Eppendorf tube for one week on a bench-top

shaker at room temperature. To assess autophagy in brain tissue we used anti-

rabbit LC3 (Cell Signalling, # 2775S), anti-mouse p62 (Abcam, # ab56416) and

anti-rabbit LAMP2 (Abcam, # ab18528). After incubation with primary anti-

bodies, brain tissue was washed with PBS-T overnight and incubated in 100 µL

secondary antibody solution (0.02% NaN3 in PBS-T, supplemented with the re-

spective secondary antibody in a 1:50 ratio) for one week. Secondary antibodies

used include anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, # A11001) and

anti-mouse Alexa Fluor 688 (Thermo Fisher Scientific, # A21235). Thereafter the

brain tissue was washed in PBS-T overnight. To stain nuclei, brain slices were

incubated overnight using Hoechst (Sigma, # 63493) in a 1:100 ratio in PBS-T.

The brain tissue was washed with PBS-T overnight and then incubated in mount-

ing solution until the next day. Brain tissue was then mounted between a glass

slide and cover-slip using a putty-like adhesive (Prestik) and filled with mounting

solution (Fig. 6.4C).

Brain slices were imaged using a Carl Zeiss LSM780 (Carl Zeiss, Germany) con-

focal microscope, which has the advantage of being able to produce high-resolution

z-stack images of brain slices with no specific modifications required. CLARITY

slides were placed on the microscope stage with the coverslip side facing the ob-
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jective. Raw image stacks were acquired using a 10x (EC Plan-Neofluar 10x/0.3

M27) and a 40x (LD Plan-Nuofluar 40x/0.6 Corr M27) objective with 1–5 µm step

width between image frames depending on the objective. Lasers strength illumi-

nation/excitation outputs were chosen using an Argon multiline laser 25 mW at

488 nm and 514 nm to ensure an optimal signal/noise ratio with minimal satura-

tion using a GaAsP detector 32+2 PMT. Images were processed using Zen 2011

imaging software

Imaging results. The passive clearing design used here did not damage the

delicate samples and allowed us to interrogate the intact brain structures using

immunofluorescence labelling. Figs. 6.9 and 6.10 show the results of a cerebellum

slice stained for autophagy markers. The autophagy vesicles can be distinguished

in a manner similar to the approach described in Chapter 4 by immunostaining

for autophagosomes and lysosomes using LC3 and LAMP2 antibodies respectively.

However, since both LC3 and LAMP2 antibodies were rabbit-derived they could

not be used together, and therefore separate immunostaining experiments were

performed. p62 was also included in experiments since it is valuable marker for

autophagy cargo.

LC3 and LAMP2 puncta were distributed throughout all three cell layers of

the cerebellum, with the highest abundance of puncta observed in the molecular

layer. In contrast, while p62 aggregates were also present in all three cell layers,

they were more abundant in the granular layer compared to the Purkinje cell and

molecular layers. The data suggest that autophagy activity indeed differs between

neuronal cell types [171]. The few studies in the literature that assessed autophagy

in the cerebellum [5, 248, 263] most commonly used western blot analysis of LC3

and p62 protein [5, 248, 263], which has the inherent limitation that it only allows

the measurement of LC3 and p62 protein levels in brain regions and cannot dis-

criminate between cell types. On the other hand, both fluorescence and electron

microscopy have also been used to assess autophagy at a single cell level in brain

tissue, allowing for the characterisation of autophagy in different cell types [5, 248].

However, limitations in the experimental set-up restricts sample interrogation to
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a single plane.The data we generated using CLARITY allowed us to quantify the

complete number of autophagy pathway intermediates in the cerebellum.

The cell structure of Purkinje cells is clearly visible in Fig. 6.9 due to the

fluorescence signal in the cytoplasm. This may result from either high levels of

cytoplasmic LC3 or of the intrinsic background associated with these specific cell

lines. Regardless of the background noise observed, we were able to identify auto-

phagosomes inside the cells. The well-defined Purkinje cells do give the impression

that many of the LC3 and p62 puncta are not associated with cells since they are

located outside the Purkinje cells. The molecular layer contains mostly the axons

of the cells from the granular layer and the dendrites of Purkinje cells. However,

glial cells are also found in the molecular layer, which provides support and insu-

lation for surrounding neurons. Staining for nuclei highlighted glial cells residing

between the Purkinje cell dendrites and granular cell-derived axons (Fig. 6.9).

Fig. 6.9 also shows the small neuronal cells densely localized together in the gran-

ular layer consists. While glial cells had more LC3 puncta than Purkinje cells,

further investigation is needed to ascertain whether this also translates in into

higher autophagosome flux in glial cells.

The high degree of autofluorescence observed originated mostly from blood

vessels, which is an inherent problem in the use of CLARITY [37, 257]. Although

it does make the images aesthetically more pleasing, the autofluorescence over-

powers the fluorescence signal of p62 under low magnification making it difficult

to detect. It was only under high magnification that p62 signal became apparent.

Moreover, the strong autofluorescence makes it difficult to separate true p62 signal

from background noise using threshold techniques. One possible way of removing

autofluorescence would be to treat tissue with hydrogen peroxide to quench aut-

ofluorescence and then perform immunofluorescent staining.

6.2.3 Conclusion

We have shown that it is possible to detect autophagy pathway intermediates using

immunohistochemistry in cleared brain tissue and characterise their overall spatial

arrangement. Moreover, analysis of LC3, p62 and LAMP2 puncta distribution
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revealed that autophagy occurs throughout the cerebellum cortex, and with regard

to characterising autophagy in the brain, that autophagy differs between cell layers.

This approach presents a promising way forward for assessing autophagy activity

in whole organs. Although we were able to clear and stain whole brain tissue,

uniform staining of cellular components and resolving fine structures remained

challenging. Here, the recently-developed mouse model (GFP-LC3-RFP-LC3∆G

probe) may be useful to assess autophagy in whole organs [120]. Nevertheless,

immunostaining of sectioned brain tissue provides a practical method to assess

autophagy activity in brain tissue while keeping the three-dimensional neuronal

arrangement. Such an approach would be important for unravelling autophagy’s

role in the progression of diseases in the context of whole organs and would aid

in developing autophagy-targeting therapies. Taken together, it may be possible

to measure the autophagosome flux and pool sizes, transferring the previously

described method in Chapter 4 to a tissue screening approach.
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Figure 6.9: Achieving single cell resolution in mouse cerebellum stained with LC3,
p62 and Hoechst. Top; overview of a single layer micrograph of cerebellum acquired
using the 10x objective. Scale bar: 200 µm. Middle; maximum intensity projection of
27 image layers showing granular layer (left), Purkinje cell layer (middle) and molecular
layer (right) using the 40x objective. Autofluorescence from blood vessels can be seen
in the red channel. Scale bar: 20 µm. Bottom; a zoomed in area of one of the layers
showing LC3 (autophagosomes) and p62 aggregates inside Purkinje cells. Scale bar:
10 µm.
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Figure 6.10: Achieving single cell resolution in mouse cerebellum stained for LAMP2
and nuclei. Top; an overview of mouse cerebellum acquired using the 10x objective.
Scale bar: 200 µm. Middle; a single layer showing molecular layer (left), Purkinje cell
layer (middle) and granular layer (right) using the 40x objective. Scale bar: 20 µm.
Bottom; a zoomed in area showing LAMP2 puncta. Scale bar: 20 µm.
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Chapter 7

General discussion

7.1 Introduction

Despite advances in unravelling the mechanistic behaviour of autophagy and its

molecular defects in pathologies, there still remains confusion around which tools

and systems should be used to assess the dynamics of autophagy accurately and

in a way that allows for better screening of drugs and subsequent fine-tuning of

autophagy in a clinical setting.

We distinguish between the vesicular machinery of the autophagy system and

the cargo that is being degraded within this system. Autophagosome flux is the

rate of flow along the vesicular pathway, whereas cargo clearance is the rate of

cargo degradation within the vesicular system. We developed a technique that

accurately measures the autophagosome flux based on counting the autophagy in-

termediates over time, and then at steady state blocking the fusion of autophago-

somes and lysosomes and calculating the autophagosome flux from the initial rate

of increase in the autophagosomes. In light of the clinical importance of being

able to accurately modulate autophagy, the aim of this study was to evaluate the

reliability and flexibility of this technique, and its practicality as a tool in assess-

ing autophagosome flux in cells at basal level, as well as when treated with known

autophagy inducers.

Our first aim was to assess the reliability and flexibility of our technique. This

154
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included setting up a suitable negative control and evaluating alternative probes

for measuring the autophagosome flux. Our second aim was to use our approach

to perform high-throughput screening of several known autophagy modulating

drugs in two cell lines, as well as to characterize the transient time-dependent

response of the autophagy system. Our data showed that we could characterise

the drug-dose autophagy response in different cell lines, making it possible to

finely control autophagy activity. However, using fluorescence probes and high-

resolution imaging platforms to distinguish between structures on a micrometre

scale would still be difficult to implement practically in a clinical setting. To be

successful, autophagy-targeting therapies would require the clinician and doctors

to be able to easily and accurately assess autophagy, and adjust it according to

the pathology and degree of deviation from normal behaviour. With this in mind

our third goal was to identify novel biomarkers that can be used as measurable

indicators of autophagosome flux collected at a single time point without requiring

a labour-intense microscope setup.

Arguably the greatest advantage of live cell imaging is that it reveals the dy-

namic nature of cellular components, providing real time data on the inner work-

ings of the cell. Often in autophagy research the main goal is to determine the

role of autophagy in disease and the potential therapeutic effect of manipulating

autophagy, while the more integrated aspects of autophagy are overlooked. Our

fourth goal was to tease out some of the underlying mechanism of autophagy. Data

generated by these studies provided context and contributed to our understand-

ing of the system as a whole, and thereby allowed us to generate new testable

hypotheses that could aid the improvement of autophagy-targeting interventions.

Finally, we aimed to bridge the gap between in vitro and in vivo studies by

characterising autophagy in the brain through a microscopy approach. Promising

results in pre-clinical trials has made autophagy an attractive target for treat-

ing neurodegenerative diseases. However, because of the inherent limitations of

the imaging techniques used up to now, little is known about the overall distri-

bution of autophagy activity in the brain and how it affects the progression of

diseases. Recently, a technique was developed that transforms intact tissue into
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a gel-hybrid form that can be imaged using fluorescence microscopy. We evalu-

ated this fluorescence-hydrogel imaging technique to see whether it could resolve

autophagy intermediates in brain tissue at a single cell level.

7.2 Measuring autophagosome flux

Our fluorescence microscopy-based approach allows for the numerical quantifica-

tion of autophagosome flux and the autophagy pathway intermediates. It centres

around distinguishing between and measuring the total pool sizes of autophago-

somes, autolysosomes and lysosomes over time, which allows us to characterise the

autophagy steady-state and time-dependent behaviour. This approach proved to

be a powerful tool to characterise autophagy due to its versatility, sensitivity and

quantitative capabilities.

Despite the usefulness of our approach, it is not without its challenges. Our

method relies on measuring the autophagosomes, autolysosomes and lysosomes

pool sizes over time in the presence and absence of a fusion inhibitor, such as

bafilomycin A1. Bafilomycin A1 acts by inhibiting the membrane-bound V-ATPase

proton-pump in autolysosomes and lysosomes; this leads to the de-acidification of

the lumen of these vesicles, which prevents the fusion of lysosomes with autophago-

somes. Thus, when using acidotrophic fluorescent dyes such as LysoTracker, the

signal is quenched in the presence of bafilomycin A1. Despite this, we have shown

that there is a time window after bafilomycin A1 treatment during which reliable

data can be obtained. This window was determined by comparing the transient

time-dependent behaviour of the autophagy intermediates using both LysoTracker

and RFP-LAMP1 (Fig. 4.3). Its duration is likely to differ between the cell lines

and the concentration of LysoTracker used, and it would therefore be advisable to

measure this time window with fluorescently-tagged lysosomal markers. Consid-

ering the labour-intensiveness of this task, one may ask why then use acidotrophic

dyes at all? Arguably the greatest advantage of using acidotrophic dyes is that it

allows for effortless and uniform fluorescent labelling of autolysosomes and lyso-

somes throughout cell population in living cells, due to the inherent properties of
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the probe. Moreover, it allows for the acquisition of high-contrast images, making

it ideal for automated and highly accurate puncta counting. When it comes to the

automated analysis of large data sets generated by high-throughput screening this

is critical.

The use of fluorescent probes has gained popularity because of the ease with

which they selectively label organelles, in contrast to plasmid-based techniques

which can be both challenging and laborious. To label autophagosomes with

fluorescently-tagged structural proteins requires cells to be transfected with appro-

priate vectors. There are many obstacles associated with plasmid- or virus-based

cell transfection: low transfection efficiency, reduced cell viability following trans-

fection, and non-reproducible transfection results. These obstacles would pose

serious problems for measuring autophagic variables in primary cell lines which

are known to be difficult to transfect. Here we made use of cell lines that stably

express GFP-LC3 in order to circumvent many of these challenges. Nevertheless,

the heterogeneous expression of GFP-LC3 throughout the cell population remains

an inherent obstacle. The level of GFP-LC3 expression directly relates to the ac-

curacy of detecting autophagosomes and autolysosomes [191]. In some instances,

little or no GFP signal could be detected, which made it impossible to identify

autophagosomes. The inhomogeously-distributed signal further complicated im-

age analysis, rendering simple threshold algorithms problematic and in some cases

impractical. Even the more sophisticated threshold functions, such as the adaptive

threshhold algorithm used in our studies to detect puncta, are not unproblematic.

Considering the importance of LC3 in autophagy, a potential means to achieve

sufficient GFP signal throughout the whole population would be to knock out the

endogenous LC3 gene so that only GFP-LC3 is expressed.

Another aspect that needs to be discussed is the potential risk of misidentify-

ing whether the autophagy system is at steady state in cases where the transition

occurs very slowly (Table 4.2). We found that with most of the drugs screened

there was a slow temporal response, which when measuring the autophagy inter-

mediates over a period of three hours showed no net change, thus suggesting that

the autophagy system was in steady state. Drug screening performed by Kaizuka
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et al. [120] with the autophagic flux probe showed that the autophagy response

can occur over days. Therefore, verifying whether it is at steady state using hourly

intervals may be insufficient when the response is slow. It is important to keep

these intrinsic properties of the autophagy system in mind, namely that not all

autophagy modulating drugs cause a response on the same time scale, and adjust

the time intervals at which puncta are counted accordingly.

Recent advances in molecular techniques have led to the development of novel

probes for assessing autophagy activity, such as the GFP-LC3-RFP-LC3∆G probe

by Kaizuka et al. [120]. This probe is used to assess autophagic flux by expressing

the abundance of GFP and RFP signal as a ratio. There are a number of advan-

tages associated with using GFP-LC3-RFP-LC3∆G probe. First, it relies on the

average fluorescence intensity of cells to estimate autophagy activity, and therefore

does not require high resolving imaging platforms, making it ideal for high-content

analysis/drug discovery platforms such as cytometry. Second, it allows continual

assessment of autophagy activity without requiring the inhibition of fusion, thus

making it simpler to characterize the transition of the autophagy system to a new

steady state. Despite these advantages it cannot be used to quantify autophagy

activity as a rate and, compared to our approach, is limited in its ability to resolve

small changes in autophagy activity (Fig. 4.4).

Another method for assessing autophagy activity is based on monitoring the

decay of cytosolic proteins [260]. Although this only indirectly correlates with

autophagy degradative activity, it remains one of the most accurate means of

measuring this property. This method uses cytosolic photo-activatable fluorescent

probes, that, once activated, can be used to estimate the autophagy activity by

measuring the rate of decay of the fluorescence signal in the cytoplasm. From this

data the turnover rate of the cytosolic protein pool or, more accurately, of the

fluorescent protein pool, can be calculated and used to compare treatment inter-

ventions. Although this technique does allow for the direct assessment of cytosolic

protein turnover, which is at the core of many autophagy-disease related stud-

ies, it does not discriminate between cytosolic protein degradation via autophagy

and via the ubiquitin-proteasome pathway. Another disadvantage is that this
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approach provides no information on the autophagy pathway intermediates and

their transient time-dependent behaviour. Let us consider the following example

to highlight these disadvantages. During the initial stages of disease progression,

where the rate of autophagosome and lysosome fusion decreases, the autophago-

some flux is unaffected because the rate of autophagosome synthesis controls the

flux (see Chapter 5) until the point where fusion impairment becomes so severe

that it leads to autophagy arrest. While in the early stages of the disease there are

measurable changes in the autophagy machinery, e.g., an accumulation in auto-

phagosomes, the cytosolic protein turnover remains indistinguishable from that of

normal cells. This can be particularly important in a clinical setting where the

accumulation of autophagosomes could potentially be used to identify the early

stages of a disease where treatment can prevent irreversible failure. Thus, using

cytosolic fluorescent probes in isolation is inadequate to characterise the full extent

of the role of autophagy in disease progression.

As discussed earlier, our method for the measurement of the autophagosome

flux and the autophagy intermediates is not without its limitations, but these can

be lessened by combining our approach with other probes. Combining our ap-

proach with cytosolic photo-activatable fluorescent probes should generate a more

complete picture of the autophagy system, enabling us to determine the rate of cy-

tosolic protein turnover (cargo flux) as well as the rate along the vesicular pathway

(autophagosome flux). Ideally this could be done by measuring both the rate of

decay of the cytosolic photo-activatable fluorescent probe and the time-dependent

changes in autophagy intermediate pool sizes. This would be the best-case sce-

nario, but given the difficulties of using cytosolic photo-activatable fluorescent

probes it would not be trivial to combine them with our approach in a single ex-

periment. One could potentially scale down the use of cytosolic fluorescent probes

by only measuring their rate of decay at two or three key time points, but this

would be sub-optimal. The second possibility is to combine our approach with

the GFP-LC3-RFP-LC3∆G autophagic flux probe (Fig. 7.1). This probe would

allow us to easily monitor autophagy activity under low magnification in order to

characterise the transitioning profile, and whether the system is at steady state

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 7. GENERAL DISCUSSION 160

using the ratio of GFP/RFP. LysoTracker blue and GFP-LC3 from the GFP-LC3-

RFP-LC3∆G construct could then be used to determine the complete autophagy

intermediate pool sizes at selected times points at high magnification, and once the

autophagy system is at steady state, measure the autophagosome flux accurately.

The first will generate a more complete picture of the autophagy system, en-

abling us to determine the rate of cytosolic protein turnover (cargo flux) as well as

the rate along the vesicular pathway (autophagosome flux). Ideally this would be

accomplished by measuring both the rate of decay of cytosolic photo-activatable

fluorescent probe and the time-dependent changes in autophagy intermediate pool

sizes. This would be the best-case scenario, but given the nature of experimental

set-up of using cytosolic photo-activatable fluorescent probes it would be difficult

to combine them with our approach in a single experiment. One could potentially

scale down the use of cytosolic fluorescent probes by only measuring their rate

of decay at two or three key time points, but this would be sub-optimal. The

second, although it may not directly measure cytosolic turnover, does provide a

rough indication of cytosolic turnover that could be easily incorporated into our

workflow (Fig. 7.1). The GFP-LC3-RFP-LC3∆G probe would allow us to easily

monitor autophagy activity under low magnification in order to characterise the

transitioning profile, and whether the system is at steady state using the ratio

of GFP/RFP. LysoTracker blue and GFP-LC3 from the GFP-LC3-RFP-LC3∆G

construct could then be used to determine the complete autophagy intermediate

pool sizes at selected times points at high magnification, and once the autophagy

system is at steady state, measure the autophagosome flux accurately.
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Figure 7.1: An illustration of using our approach in combination with the GFP-LC3-
RFP-LC3∆G probe to effortlessly assess autophagy. The autophagic flux probe allows
for the assessment of autophagy activity over time using the GFP/RFP ratio, while
the complete autophagy intermediates pool size is measured using GFP-LC3 and Lyso-
Tracker blue. The graph also shows the change in the rate of autophagosome synthesis,
vA, over time from basal steady state to the new enhanced steady state which can easily
be assessed using the autophagic flux probe.

7.3 Modulating autophagy

The success of autophagy-targeting therapies depends on the accurate characteri-

sation of autophagy modulating drugs. Dose-responses can be used to determine

the required dose to achieve a desired effect as well as the therapeutic index for a

drug, thereby determining the efficacy and safety of a drug.

We have shown that our approach allows us to accurately measure autophago-

some flux (not merely pool size) in response to a range of autophagy modulating

drugs, which can be used to generate detailed dose-response curves. From the

data generated (Figs. 4.5 and 4.8 show the raw data and Fig. 4.9 show a cartoon

dose-response model fitted to selected drugs) we were able to describe possible

therapeutic ranges in terms of minimum and maximum effective concentrations

between autophagy activity can be modulated. In addition, the maximum toler-

ated and toxic concentrations can also be identified to avoid possible unwanted

side effects. Here, future cytotoxicity screenings will be of value.

Although screening autophagy modulating drugs in itself is not novel [120, 163,
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172], what sets our work apart is that we characterise the dose-response profile in

terms of autophagosome flux/synthesis rate and the complete pool size of the

autophagy intermediates with high precision at steady state over a wide range

of concentrations. Although we have screened fewer drugs compared to others

[120, 163, 172], the level of characterisation achieved may be the most detailed

description of these drugs available to date. The characterisation of the autophagy

steady state and dose response as performed here presents a promising way forward

for identifying best suitable autophagy modulators.

Fig. 7.2 shows our conceptualisation of developing and fine tuning the control

of autophagy. Screening large drug libraries using a wide concentration range with

high precision would allow for the scoring of drugs according to their therapeutic

index in a cell/tissue (and disease state) specific manner. This would allow us to

determine concentrations required to achieve a maximal effect, thereby enabling

to offset deviation in autophagy by either enhancing (neurodegeneration) or de-

creasing (cancer) autophagy while avoiding adverse effects on other cells/tissues.

Furthermore, data generated can be used to create dose-response models to design

treatment interventions using a combination of drugs at their minimal dosages to

achieve maximal efficiency.
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Figure 7.2: Conceptualisation of developing autophagy modulating therapies using
our approach. Pharmacodynamic analysis of autophagy modulating drugs allows for
the identification of the therapeutic concentration range ( ), where it is possible to
safely modulate autophagy, as well as determining the concentration that would lead to
adverse effects. Pharmacodynamic analysis of autophagy modulating drugs in key cell
types is a critical aspect for developing therapies. These pharmacodynamic parameters
in combination with a computational approach will further aid in the optimisation (and
patient-centred approach) of autophagy targeting therapies. (Hypothetical data shown).
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7.4 Autophagosome flux markers

Targeting autophagy in a clinical setting requires clinicians and clinician scientists

to be able to easily assess autophagy activity in patients. Despite the usefulness

of our microscopy-based approach, it remains a challenging and laborious task

to implement in a clinical setting. For instance, one of the greatest foreseen dif-

ficulties would be the ability to consistently and uniformly label the autophagy

intermediates in primary cells using plasmids for live cell imaging. In such cases

biomarkers may present a more promising method as a measurable indicator for

autophagosome flux.

There are a number of biomarkers that are routinely used in western blot anal-

ysis to assess autophagy activity both in vitro and in vivo. These biomarkers are

however inherently unsuitable to assess autophagosome flux, as they usually re-

flect on the abundance of autophagy components rather than autophagosome flux.

One of the most accepted and predominately recommended techniques to assess

flux relies on comparing relative changes in LC3 protein levels in the presence and

absence of autophagosome/lysosome fusion inhibitors, such as bafilomycin A1, to

infer whether or not autophagy activity has changed. Although this approach

indicates autophagy activity, it remains limited in its capacity to reflect auto-

phagosome flux based on a single point.

Taking advantage of a controlled autophagosome flux, we used proteomic anal-

ysis to reveal autophagosome flux biomarkers by using both mTOR-dependent and

-independent induced autophagy with similar incremental increases in autophago-

some flux in order to identify autophagosome flux markers (Fig. 4.13). Although

proteomics has been used in the past to create an autophagy interaction network

[17] and to elucidate its role in diseases [19, 132], it has never been employed to

identify autophagosome flux biomarkers.

In light of the role of autophagy in cytosolic turnover, it is not surprising that

most of the biomarkers that we identified were cytosolic proteins that decreased

with increasing autophagosome flux. Such markers would be an ideal indicator

of autophagy as they directly relate to cargo turnover, which is at the core of

autophagy-targeting therapies. However, many of these markers were influenced
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by phenotypical changes of autophagy, i.e., an increase in the number of autophago-

somes while flux remained unchanged. Proteins associated with protein synthesis,

on the other hand, were unaffected by these phenotypical changes and increased

with flux. The exact reason why these proteins increased remain unclear, but

presumably it relates to proteostasis. This raises the question of whether other

components of protein synthesis, such as mRNA, could serve as measurable indi-

cators of autophagosome flux.

Taken together, the biomarkers identified in this study may serve as suitable

starting points for developing assays that can be used in a clinical setting to

assess autophagosome flux and cytosolic turnover. Future work would require

extensive testing of these markers to determine their effectivity in reporting on

autophagosome flux and cytosolic turnover. If shown to be specific and reliable,

these biomarkers would allow clinicians to easily measure autophagy activity and

compare it to databases for screening, diagnoses and therapeutic interventions.

7.5 Autophagy system properties: cell size and

vesicle dynamics

Over the past two decades, we have learnt much about the molecular machinery

of the autophagy system and its regulatory network in the mammalian system.

An increasing number of studies have shown that targeting autophagy presents

a promising way forward in treating various diseases such neurodegeneration [25,

203, 240] and cancer [100, 112, 243, 265], while other studies [120, 163, 172],

including ours, have developed increasingly accurate tools to measure autophagy

activity and characterise autophagy-modulating drugs that would enable us to

control autophagy more effectively. Nevertheless, some aspects of the underlying

mechanism of autophagy, such as the change in vesicle behaviour response to

induction, are often overlooked. The study of these fundamental properties can be

used to create or improve existing computational models of autophagy which could

then further deepen our understanding of the autophagy process. Here we took

advantage of our experimental data to expand our understanding of the systemic
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properties of autophagy, with a focus on autophagosome size, cell size and vesicle

translocation rate.

7.5.1 A contribution to autophagy degradative capacity

through autophagosome size?

The time-dependent analysis of rapamycin-treated cells revealed an increase in

autophagosome size compared with spermidine-treated cells. As a result, although

both rapamycin- and spermidine-treated cells had similar fluxes, treatment with

rapamycin increased the cytoplasmic protein turnover considerably. This suggests

that autophagic protein turnover can be modulated over and above simply in-

creasing flux. The modulation of cytosolic cargo turnover in yeast model systems

through autophagosome size and flux has been suggested previously [115], but

accurate assessment remained a challenge. Using our approach we were able to

accurately quantify both autophagosome size and autophagosome flux, which al-

lowed us to derive a measure of cytosolic cargo turnover (Fig. 4.15). This may

make future studies of the interplay between these two components more effica-

cious, especially where the pathology lies in cargo recognition.

Our data showed that inducing autophagy through the mTOR-dependent path-

way leads to a bimodal response in autophagy, while the mTOR-independent path-

way mainly affects autophagosome flux (Fig. 4.15). We know that the amount of

PtdIns3P recruited to the phagophore site contributes to the regulation of auto-

phagosome size [27]. This may explain why the induction of autophagy via mTOR

resulted in a bimodal response because the recruitment of PtdIns3P is regulated

by mTOR activity via the ULK complex [63]. In comparison, spermidine, which

is thought to induce autophagy through EP300 acetyltransferase [194], changes

the overall acetylproteome, increasing the rate of autophagosomes synthesis [213].

This requires further attention in future studies, especially when screening drugs

for efficiency and magnitude of autophagy induction since it highlights two major

cellular control systems for fine-tuning autophagy activity.
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7.5.2 Autophagosome flux and cell size

The cytoprotective role of autophagy in cells stems, at least in part, from con-

tinual cytoplasmic turnover, which prevents the build-up of unused as well as

potentially deleterious proteins and organelles [34, 100, 187]. It is well established

that autophagy occurs at different rates in all cells in the mammalian system [189],

presumably to meet the cell-specific metabolic and proteostatic demands. Con-

sidering this important function of autophagy, one of the questions asked about

the autophagy system relates to whether or not it proceeds in relation to cell size

(cytoplasmic volume). As trivial as it may seem, investigating the relationship be-

tween autophagy activity and cell size is challenging, since comparing autophagy

activity of two cell types with different sizes would inherently be flawed by dif-

ferences in the inherent cell-specific autophagy activity. In our study, in order to

dissect the relationship between autophagosome flux and cells size, we purpose-

fully utilized a micro-patterning approach to control and standardize cell size. Our

data shows that autophagy activity increases with increasing cell size, indicating

that it does not proceed at a single or fixed rate (Fig. 4.15). Therefore, cell size is

a contributing factor in the regulation of autophagy.

7.5.3 Autophagosome trafficking

At the core of the autophagy machinery lies the encapsulation of cargo into

autophagosomes which are dynein-dependently transported along the tubulin net-

work to the perinuclear region where they fuse with lysosomes for degradation.

[111, 192]. Despite the fact that most of the research in the autophagy field is

directed towards the autophagy machinery, particularly autophagosome forma-

tion and its implications in diseases, the trafficking behaviour of autophagosomes

is usually overlooked even though it plays an important functional role. Taking

advantage of being able to finely control autophagy and cell shape, we assessed

autophagosome trafficking behaviour under various conditions that resulted in an

increase in autophagosome and autolysosome abundance.

Our results showed that equal induction of autophagy with rapamycin and
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spermidine led to a similar increase in autophagosomes flux and the respective au-

tophagy intermediates pool sizes. Induction of autophagy led to a decrease in rate

of autophagosome translocation and displacement compared to control in the rate

of tubulin-associated translocation of autophagosomes and how far in the cell they

are displaced relative to the control. Due to the overall increase in the autophagy

intermediates after induction, it is reasonable to conjecture that the decrease in

the autophagosome translocation rate is a result of the tubulin network becom-

ing congested. However, despite the increase in autophagosomes following partial

inhibition with bafilomycin A1 (where autophagosome flux was equal to control)

(Fig. 4.12), there was no change in the autophagosome translocation rate and

displacement (Fig. 4.19). The reason for the decrease in autophagosome translo-

cation rate and displacement with induction of autophagy remains unclear. The

formation of autophagosomes and the translocation thereof is an energy-requiring

process [63, 169]. A decrease in localized ATP seems an unlikely cause for the

decrease in translocation rate, since enhanced autophagy may increase metabolite

substrate generation which contributes to an energetically favourable environment

[169]. Moreover, “congestion” or “crowding” on the tubulin network per se also

seems unlikely since the autophagosome translocation rate in the partial inhibi-

tion group was the same as that of the control, while having considerably more

autophagosomes being translocated on the tubulin network.

Considering that autophagosome translocation rate is linked to the rate of auto-

phagosomes being processed (synthesis→ translocation→ fusion with lysosomes),

we speculate that the decrease in the autophagosome translocation rate stems from

less cytoskeleton motor protein, primarily dynein, binding to autophagosomes. We

reason that under enhanced autophagy conditions there is greater flux of dynein

motors towards the perinuclear region resulting in the reduction of available mo-

tors in the periphery for translocating autophagosome. This deserves to be further

studied.

The efficient translocation of organelles is essential in all eukaryotic cells. For

example, single point mutations in dynein motors or their regulatory machinery

result in a range of neurological diseases in humans, such as Alzheimer’s disease
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[167, 185]. Even more so, mutations in dynein motors have also been shown to

impair autophagic clearance of aggregate-prone proteins [217]. In these cases, mal-

functioning of autophagy is due to a knock-on effect of impaired dynein function,

which renders autophagy-modulating drugs ineffective. This scenario is similar

in cases where a dysfunctional microtubule network is the source of defective au-

tophagy. However, knowing the defect in the pathology provides new avenues for

developing effective therapies. It could well be that in these cases the use of gene

therapy in combination with autophagy modulating drugs could serve as an ef-

fective tool to replace dysfunctional motors (or any other defective components)

while enhancing the clearance of protein build-up, thereby aiding in recovery.

7.5.4 Conclusion

Taken together, through a series of experiments, we found several highly relevant

phenomena concerning the underlying mechanism of autophagy. The first finding

is that autophagy can be modulated through both the synthesis rate of auto-

phagosomes and the regulation of autophagosome size. The second finding is that

autophagy activity and its responsiveness to drugs is closely linked to cell size.

The third finding is that the induction of autophagy through rapamycin and sper-

midine decreases the autophagosome translocation rate and displacement. These

studies deepen our understanding of the autophagy system, so providing a context

for interpreting experimental data and developing more accurate computational

models of autophagy.

7.6 Supply and demand analysis of autophagy

To finely manipulate autophagy for therapeutic purposes requires a deeper under-

standing of underlying principles and the degree of control regulatory mechanisms

exert over autophagosome flux. A main aim of the work described in this thesis

was to determine whether the control of autophagosome flux lies with the synthe-

sis of or the demand for autophagosomes. We previously constructed a minimal

model of autophagy that closely fitted our experimental data. However, at this
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stage of the development of our kinetic model of autophagy, we could not draw

confident conclusions about the control of autophagosome flux and concentrations

of autophagic vesicles.

Taking advantage of the framework of supply and demand analysis [94] we were

able to experimentally determine the elasticity coefficients of supply and demand

rate with respect to autophagosome number. For these elasticity coefficients we

could calculate the flux- and concentration-control coefficients without needing

any enzymes/proteins to be isolated and characterised, and regardless of feedback

mechanisms (for instance amino acid feedback on mTOR) and moiety conservation

(autolysosomes and lysosomes pool). By plotting the combined log-log rate char-

acteristics we could visualise the distribution of flux- and concentration-control

around the steady state, providing insight about system behaviour under normal

physiological conditions. This approach presents a promising way forward in char-

acterising autophagy in diseased cells that would guide the development of effective

autophagy-targeting therapies.

7.7 Paving the way towards assessing

autophagy in vivo

The important role of autophagy in pathology has generated extensive research to

develop autophagy targeting therapies, especially for neurodegenerative diseases

where the loss of autophagy function results in the build-up of toxic compounds,

and ultimately neuronal death [176, 240, 260]. Yet, little is known about the distri-

bution of autophagy throughout the brain under normal physiological conditions

and how it impacts disease progression in the three-dimensional neuroanatomical

context. The success of these therapies depend on an in-depth understanding of

the precise role of autophagy on a cellular level and whole organ level.

Recently, novel techniques that allow for live cell imaging of in vivo neurons

have been developed [95, 241]. Despite their benefits, their spacial resolution and

capacity to label proteins of interest still pose serious limits. An advanced tissue-

clearing technique, termed CLARITY, captures cellular components in situ in

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 7. GENERAL DISCUSSION 171

an optically transparent hydrogel matrix, enabling three-dimensional imaging of

whole brain tissue to assess the organisational distribution of autophagy markers

in the overall global context of the brain.

We developed a relatively simple and cost-effective solution to brain tissue

clearing, utilising materials readily available in a basic laboratory setting that also

caters for 3D printing of sample chambers. It satisfactorily cleared tissue sam-

ples for fluorescence microscopy without causing damage to their delicate features,

allowing brain tissue to be visualised in a three-dimensional neuroanatomical con-

text. More importantly with regard to autophagy, we were able to achieve single

cell resolution in these samples, identifying autophagy pathway intermediates such

as autophagosomes and lysosomes as well as protein cargo. These results demon-

strate that autophagic flux analysis in vivo with high precision as demonstrated

in Chapter 4 is indeed possible.

7.8 Concluding remarks

The major focus on autophagy in recent years, driven by the hope of exploiting it

for therapeutic purposes, has led to the development of novel tools and techniques

to assess this process. The method described and applied here allows for the

quantification of autophagosome flux and its steady state intermediates in a reliable

manner. The capacity to detect small changes in the autophagy variables makes

it an ideal method for characterising autophagy-modulating drugs. Furthermore,

its design makes it suitable for high-throughput platforms and is flexibile enough

to accommodate a wide range of probes. Data generated by this method, in

combination with a computational approach, can contribute to our understanding

of the autophagy system and its role in healthy cells and disease progression, and

so guide the development of safe and effective autophagy-targeting therapies.

Despite the usefulness of our approach, it remains a challenging task to imple-

ment it in a clinical setting. The biomarkers identified in this study may serve as

a starting point for developing assays that are more suitable in a clinical setting

to assess autophagosome flux and cytosolic turnover. Future work would require
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extensive testing of these markers to determine their robustness on reporting auto-

phagosome flux and cytosolic turnover. If shown to be specific and reliable, it would

allow clinicians to easily measure the autophagy activity for screening, diagnostic

and therapeutic interventions.

In-depth understanding of the precise role of autophagy in healthy and dis-

ease states on both a cellular level and whole organ level would be important to

the success of autophagy targeting therapies. This is particularly relevant in the

case of neurodegenerative diseases, where the loss of autophagy function results in

the build-up of toxic compounds that begin in one particular region and spread

throughout the brain. Here we showed that advanced fluorescence-hydrogel imag-

ing techniques may present a useful tool to characterise autophagy in the brain

with single cell resolution. This may guide in the selection of drugs based on their

regional effects on autophagy for precision targeting.
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B., Herker, E., Fahrenkrog, B., Fröhlich, K.-U., Sinner, F., Tavernarakis, N.,

Minois, N., Kroemer, G. and Madeo, F. [2009] “Induction of autophagy by

spermidine promotes longevity” Nat. Cell. Biol. 11, 1305–1314.

Stellenbosch University  https://scholar.sun.ac.za



BIBLIOGRAPHY 180

[56] Eisenberg, T., Schroeder, S., Andryushkova, A., Pendl, T., Küttner,
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R., Debnath, J. and Passegué, E. [2013] “FOXO3A directs a protective au-

tophagy program in haematopoietic stem cells” Nature 494, 323–327.

[269] Wauson, E. M., Dbouk, H. A., Ghosh, A. B. and Cobb, M. H. [2014]

“G protein-coupled receptors and the regulation of autophagy” Trends En-

docrinol. Metab. 25, 274–282.
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