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(RIPST), Suwon, Korea; **Seoul National University, Department of Biological Sciences, Seoul, South Korea; **University of Calabria, Department of
Pharmacy, Health Science and Nutrition, Section of Preclinical and Translational Pharmacology, Cosenza, Italy; **Adam Mickiewicz University/Faculty
of Biology, Institute of Experimental Biology, Department of General Botany, Poznan, Poland; lowa State University, Department of Genetics,
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Development, and Cell Biology, Ames, IA, USA; ®Kunming University of Science and Technology, Medical School, Kunming, Yunnan, China;
“University of Texas Health Science Center at San Antonio, Department of Cell Systems and Anatomy, San Antonio, TX, USA; '®Jadavpur University,
Department of Mathematics, Centre for Mathematical Biology and Ecology, Kolkata, India; '°'Karolinska Institute, Department of Cell and Molecular
Biology, Stockholm, Sweden; " University of Siena, Department of Life Sciences, Siena, Italy; "®University of Urbino Carlo Bo, Department of
Biomolecular Sciences, Urbino, Italy; "*Telethon Institute of Genetics and Medicine (TIGEM), Federico Il University, Naples, Italy; Baylor College of
Medicine, Houston, TX, USA; "Institute for Research and Technology in Food and Agriculture (IRTA), Animal Breeding and Genetics Programme,
Caldes de Montbui, Spain; *Max Planck Institute of Molecular Plant Physiology, Potsdam-Golm, Germany; '“University of Malta, Department of
Physiology & Biochemistry, Msida, Malta; ®UCL Queen Square Institute of Neurology, Reta Lila Weston Institute, London, UK; '*Middle East
Technical University, Department of Biological Sciences, Ankara, Turkey; '"®°Michigan State University, Department of Biochemistry and Molecular
Biology, East Lansing, MI, USA; """Université Cote D'Azur, CNRS, Inserm, Institut de Biologie Valrose, Nice, France; '"?Universidade de Sao Paulo.
Department of Biochemistry, Institute of Chemistry, Sao Paulo, Brazil; "*University of Bologna, Department of Biomedical and Neuromotor
Sciences, Bologna, Italy; "“University of Rome Tor Vergata, Department of Biology, Rome, Italy; Istituto di Ricovero e Cura a Carattere Scientifico
(IRCCS) Fondazione Santa Lucia, Laboratory of Cell Signaling, Rome, Italy; "*Edinburgh Napier University, School of Applied Sciences, Edinburgh,
UK; "eUniversity of Michigan, Department of Neurology, Ann Arbor, MI, USA; ""7Pulmonology Department, Hospital del Mar-IMIM, Pompeu Fabra
University, CIBERES, Barcelona, Spain; ""University of Limerick, Department of Biological Sciences, Limerick, Ireland; University of Limerick, Health
Research Institute, Limerick, Ireland; '"Danish Cancer Society Research Center, Copenhagen, Denmark; '*°Rice University, Department of
Biosciences, Houston, TX, USA; "?'Columbia University, Department of Medicine, New York, NY, USA; 22ICAR-Indian Veterinary Research Institute,
FMD Vaccine Research Laboratory, Bengaluru, India; '2lowa State University, Department of Genetics, Development and Cell Biology, Ames, IA,
USA; '**The University of Texas M.D. Anderson Cancer Center, Department of Experimental Therapeutics, Houston, TX, USA; "*University of North
Texas Health Science Center, Department of Microbiology, Immunology & Genetics, Fort Worth, TX, USA; "*%University of Louvain, Louvain Institute
of Biomolecular Science and Technology (LIBST), Louvain-la-Neuve, Belgium; '?’University of South Carolina Upstate, Spartanburg, SC, USA;
2Institut National de la Santé et de la Recherche Médicale (INSERM) Unité 1138, Sorbonne University, Centre de Recherche des Cordeliers, Paris,
France; '*Francis Crick Institute, London, UK; UCL, Royal Free Hospital, London, UK; *°NUMEA, INRA, University Pau & Pays Adour/E2S UPPA, Saint-
Pée-sur-Nivelle, France; '*'Emory University School of Medicine, Division of Endocrinology, Metabolism and Lipids, Atlanta, GA, USA; *2University of
Pennsylvania, Perelman School of Medicine, PENN Center for Pulmonary Biology, Lung Epithelial Biology Laboratories, Philadelphia, PA, USA;
3Mater Research Institute, University of Queensland, Brisbane Australia; **Hannover Medical School, Department for Clinical Immunology and
Rheumatology, Hannover, Germany; "**Ludwig-Maximilians-Universitat Miinchen, Munich Cluster for Systems Neurology, Minchen, Germany;
%6University Medical Center of the Johannes Gutenberg University, Institute of Pathobiochemistry, Mainz, Germany; "*’University of Rome “Tor
Vergata”, Department of Clinical Sciences and Translational Medicine, Rome, Italy; "*®Tufts University, USDA Human Nutrition Research Center on
Aging, Laboratory for Nutrition and Vision Research, Boston, MA, USA; "*°Bar-llan University, Azrieli Faculty of Medicine, Safed, Israel; '*°Boston
University, Metcalf Science Center, Boston, MA, USA; #'Sorbonne Université, CNRS UMR8226, Institut de Biologie Physico-Chimique, Laboratoire de
Biologie Moléculaire et Cellulaire des Eucaryotes, Paris, France; **Fondazione lItaliana Fegato, Trieste, Italia OR ltalian Liver Foundation, Trieste,
Italy; "*University of Rome “Sapienza”, Department of Clinical and Molecular Medicine, Laboratory affiliated to Istituto Pasteur Italia Fondazione
Cenci Bolognetti, Rome, Italy; "**Centro Nacional de Biotecnologia-CNB-CSIC, Madrid, Spain; **Universidad Auténoma de Madrid, Departamento de
Biologia Molecular, Madrid, Spain; "“**University of Sao Paulo, Faculty of Pharmaceutical Sciences, Department of Pathophysiology, Sao Paulo, Brazil;
“University of Oklahoma Health Sciences Center/Stephenson Cancer Center, Department of Obstetrics and Gynecology, Section of Gynecologic
Oncology, Oklahoma City, OK, USA; “8UMR 7242 “Biotechnology and cellular signaling”, CNRS, lllkirch, France; **Washington University in Saint
Louis, School of Medicine, Department of Psychiatry, Saint Louis MO, USA; "°Universidad Francisco de Vitoria, Madrid, Spain; "'University of
Copenhagen, Department of Biology, Copenhagen, Denmark; '*2Lausanne University Hospital and Lausanne University, Institute of Pathology,
Department of Laboratory Medicine and Pathology, Lausanne, Switzerland; '**University of Cologne and University Hospital Cologne, Cologne
Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD), Cologne, Germany; Center for Molecular Medicine, Cologne,
Germany; ">*Queen Mary University of Lon-don, Blizard Institute, Centre for Cell Biology and Cutaneous Research, London, UK; *University of
Massachusetts Medical School, Department of Molecular, Cell and Cancer Biology (MCCB), Worcester, MA, USA; **Magna Graecia University,
Department of Health Sciences, Catanzaro, Italy; >’Université Paris Descartes, Institut Cochin, INSERM U1016, CNRS UMR8104, Paris, France;
158CNRS, Université de Bordeaux, Laboratoire de Biogenése Membranaire UMR5200, 33140 Villenave d'Ornon, Bordeaux, France; Université de
Bordeaux, CNRS, Laboratoire de Biogenése Membranaire UMR5200, Villenave d'Ornon, Bordeaux, France; '**University of Michigan, Department of
Ophthalmology and Visual Sciences, Ann Arbor, MI, USA; "®University of Montpellier, CNRS/UMR5235 LPHI, Montpellier, France; ''Ghent University,
VIB Center for Inflammation Research, Ghent, Belgium; "®2University of Oxford, Kennedy Institute of Rheumatology, Oxford, UK; '®*University of New
Mexico, Department of Molecular Genetics and Microbiology, Department of Neurology, Albuquerque, NM, USA; "*Comenius University,
Department of Biochemistry, Bratislava, Slovakia; ®*University of Oklahoma Health Sciences Center, Department of Obstetrics and Gynecology,
Oklahoma City, OK, USA; ®*Department of Biophysics, Post Graduate Institute of Medical Education and Research, Chandigarh, India; '*’Louisiana
State University Health Sciences Center-Shreveport, Department of Pathology and Translational Pathobiology, Shreveport, LA, USA; "*National
Institute of Technology, Department of Life Science, Laboratory of Mycobacterial Immunology, Rourkela, Odisha, India; "®*Michigan Technological
University, Department of Chemistry, Houghton, MI, USA; "7°Dalian Medical University, College of Basic Medical Sciences, Dalian, China; "'Garvan
Institute of Medical Research, St Vincent s Medical School, Faculty of Medicine, UNSW, Sydney, Australia; "72McGill University, Departments of
Medicine and Oncology and Segal Cancer Centre, Montreal, Quebec, Canada; "73Université Paris-Saclay, Inserm U1185, Le Kremlin-Bicétre, France;
74Federal University of Sdo Paulo, Department of Pharmacology, Paulista School of Medicine, Sao Paulo, Brazil; '7*University Hospital of North
Norway, The Heart and Lung Clinic; University of Tromso-The Artic University of Norway, Department of Clinical Medicine, Tromso, Norway;
76Norwegian University of Science and Technology, Department of Biomedical Laboratory Science, Trondheim, Norway; '’University of York,
Department of Biology, Heslington, UK; '78University of Valencia, Faculty of Medicine, Department of Physiology, Valencia, Spain; CIBERehd,
Valencia, Spain; "7°University of Lodz, Faculty of Biology and Environmental Protection, Lodz, Poland; '®Linkdping University, Department of
Clinical and Experimental Medicine, Faculty of Medicine and Health Sciences, Linkdping, Sweden; '®'Karolinska Institutet, Department of Women s
and Children s Health, Stockholm, Sweden AND Karolinska University Hospital, Pediatric Oncology, Stockholm, Sweden; '®?Indiana University School
of Medicine, Department of Microbiology and Immunology, Indianapolis, IN, USA; ®University of Zagreb, School of Medicine, Croatian Institute for
Brain Research, Zagreb, Croatia; '8*University of Pennsylvania, Department of Basic and Translational research, School of Dental Medicine,
Philadelphia, PA, USA; "®Burnet Institute, Melbourne, Australia; '®University College Cork, Department of Pharmacology and Therapeutics, County
Cork, Ireland; ¥INM, INSERM, University of Montpellier, Montpellier, France; '®8University of Padova, Department of Molecular Medicine, Padova,
Italy; "®Institut National de la Santé et de la Recherche Médicale, Centre de Recherche des Cordeliers, Sorbonne Université, Université de Paris,
Paris, France; "University of Camerino, School of Biosciences and Veterinary Medicine, Camerino, Italy; "'National Institutes of Health, Eunice
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Kennedy Shriver National Institute of Child Health and Human Development, Cell Biology and Neurobiology Branch, Bethesda, MD, USA; "?West
Virginia University, Department of Surgery, Morgantown, WV, USA; '3The Open University, School of Life, Health and Chemical Sciences, Faculty of
Science, Technology, Engineering and Mathematics, Milton Keynes, UK; "®*Albert Ludwigs University of Freiburg, Faculty of Medicine, Institute of
Molecular Medicine and Cell Research, Freiburg, Germany; **University Children s Hospital Zurich, Children s Research Center and Department of
Oncology, Zurich, Switzerland; "**University of Texas M.D. Anderson Cancer Center, Department of Leukemia, Houston, TX, USA; '¥’Case Western
Reserve University School of Medicine, Department of Pediatrics, Cleveland, OH, USA; InterRayBio, LLC, Baltimore, MD, USA; "*®Washington State
University, Department of Veterinary Microbiology and Pathology, College of Veterinary Medicine, Pullman, WA, USA; "*Université de Paris, PARCC,
INSERM, Paris, France; 2®°University of Alabama at Birmingham, Department of Ophthalmology and Visual Sciences, Birmingham, AL, USA;
WUniversity Paris 13, UMR_S942 Inserm; University of Paris, Bobigny, France; 2°2University Santiago de Compostela, Department of Pharmacology,
Veterinary Faculty, Lugo, Spain; 2*Baylor College of Medicine, Jan and Dan Duncan Neurological Research Institute and Department of Molecular
and Human Genetics, Houston, TX, USA; 2*Trinity College Dublin, School of Medicine, Trinity Translational Medicine Institute, Dublin, Ireland;
205Centro de Investigaciones Biologicas, CIB-CSIC, Madrid, Spain; 2°°Swedish University of Agricultural Sciences and Linnean Center for Plant
Biology, Uppsala BioCenter, Department of Molecular Sciences, Uppsala, Sweden; 2”Imperial College London, Department of Life Sciences, London,
UK; 26The Connecticut Agricultural Experiment Station, Center for Vector Biology and Zoonotic Diseases, Department of Environmental Sciences,
New Haven, CT, USA; ?*Inserm U1138, Centre de Recherche des Cordeliers, Sorbonne Université, Université de Paris, Paris, FRANCE; 2"°Goethe
University, University Hospital, University Cancer Center Frankfurt (UCT), Department of Medicine, Hematology/Oncology, Frankfurt, Germany;
Z1"Danube Private University, Department of Medicine/Dental Medicine, Krems/Donau, Austria; '?Universidad de Chile, Instituto de Nutricién y
Tecnologia de los Alimentos (INTA), Santiago, Chile; 2'*Centre des Sciences du GoUt et de I'Alimentation, AgroSup Dijon, CNRS, INRA, University of
Bourgogne Franche-Comté, Eye and Nutrition Research Group, Dijon, France; 2"*University of California San Francisco, Department of Medicine,
Zuckerberg San Francisco General Hospital and TraumaCenter, San Francisco, CA, USA; 2"*University of Copenhagen, Department of Biology,
Denmark; 2'*University of Pittsburgh, Department of Biological Sciences, Pittsburgh, PA, USA; 2""Washington University School of Medicine,
Department of Medicine, Saint Louis, MO, USA; #'8Genentech, Research & Early Development; 2'?David Geffen School of medicine at UCLA,
Department of Neurology, Los Angeles, CA, USA; 2*°University of Colorado, AMC, Department of Pharmacology, Aurora, CO, USA; 2*'University of
Minnesota, Hormel Institute, Austin MN, USA; 222University of Sao Paulo, School of Physical Education and Sport, Cellular and Molecular Exercise
Physiology Laboratory, Sao Paulo, SP, Brazil; *Hospital for Sick Children, Cell Biology Program, Toronto, ON, Canada; 2**Monash University, School
of Biological Sciences, Melbourne, Victoria, Australia; 2*University of Salento, Dept of Biological and Environmental Sciences and Technologies,
Lecce, Italy; 22°Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical Center, Omaha, NE, USA; 2*’University
of Arizona, Department of Molecular and Cellular Biology, Tucson, AZ, USA; *®Institut Pasteur, Biologie des Bactéries Intracellulaires and CNRS UMR
3525, Paris, France; 2*University of lowa, lowa City, IA, USA; 2*Montana BioAg. Inc. Missoula, MT, USA; #'Autophagy Research Center (ARC),
Santiago, Chile; Z2University of Pittsburgh, Aging Institute, Department of Medicine, Pittsburgh, PA, USA; 23University Duisburg-Essen, Essen
University Hospital, Department of Gastroenterology and Hepatology, Essen, Germany; 2**KU Leuven, Department of Cellular & Molecular Medicine,
Campus Gasthuisberg, Leuven, Belgium; #>University of Medicine and Pharmacy of Craiova, Department of Medical Genetics, Craiova, Romania;
26King's College London, School of Cardiovascular Medicine & Sciences, The Rayne Institute, St Thomas' Hospital, London, UK; 2*’The Rockefeller
University, Laboratory of Cellular and Molecular Neuroscience, New York, NY, USA; 28Stockholm University, The Wenner-Gren Institute, Department
of Molecular Biosciences, Stockholm, Sweden; ***Universidad Nacional Auténoma de México, Faculty of Sciences, Department of Cell Biology,
Fibrosis Lab, Mexico City, Mexico; 2°New York University School of Medicine, Skirball Institute and Department of Microbiology, New York, NY, USA;
2University of Las Palmas de Gran Canaria, Department of Physical Education and Research Institute of Biomedical and Health Sciences (IUIBS), Las
Palmas de Gran Canaria, Spain; Norwegian School of Sport Sciences, Department of Physical Performance, Oslo, Norway; **?Universita di Sassari,
Dipartimento di Scienze Biomediche, Sassari, Italy; 2**University of Urbino Carlo Bo, Department of Biomolecular Sciences, Urbino (PU), Italy;
244University of Louisville, Pediatric Research Institute, Department of Pediatrics, Louisville, KY, USA; 2**Rutgers University, The State University of
New Jersey, Department of Cell Biology and Neuroscience, Piscataway, NJ, USA; **University of Alabama, Department of Biological Sciences,
Tuscaloosa, AL, USA; 2*”University of Georgia, Department of Kinesiology, Athens, GA, USA; **Fondazione Policlinico Universitario “Agostino
Gemelli” IRCCS, Rome, Italy; Universita Cattolica del Sacro Cuore, Rome, Italy; 2*°University of Sdo Paulo, Department of Immunology, Laboratory of
Transplantation Immunobiology, Séo Paulo, SP, Brazil; 2°CNRS, Institut Curie, Paris, France; 2°'IBGC, CNRS and University of Bordeaux, Bordeaux,
France; 22University of London, The Royal Veterinary College, Department of Comparative Biomedical Sciences, UCL Consortium for Mitochondrial
Research, London, UK; #*3Loyola University, Stritch School of Medicine, Department of Microbiology and Immunology, Chicago, IL, USA;
Z4University of Ottawa, Department of Chemistry and Biomolecular Sciences and Department of Biochemistry, Microbiology and Immunology,
Host-Microbe Interactions Laboratory, Ottawa, ON, Canada; #**University of Rome “Tor Vergata”, Department of Biology, Rome, Italy ; 2*°Universidad
San Sebastian, Centro de Biologia Celular y Biomedicina (CEBICEM), Facultad de Medicina y Ciencia, Santiago, Chile; >*’Federal University of Séo
Paulo, Department of Medicine, Nephrology Division, Laboratory of Clinical and Experimental Immunology, Séo Paulo, SP, Brazil; 2*®University of
Genoa, Department of Earth, Environment and Life Sciences, Genoa, Italy; 2**University of Toronto, Sinai Health System, Lunenfeld-Tanenbaum
Research Institute, Toronto, Ontario, Canada; **°IRBLleida-University of Lleida,Department of Experimental Medicine, Lleida, Spain; %'Xiamen
University School of Medicine, Fujian Provincial Key Laboratory of Reproductive Health Research, Xiang'an, Xiamen, China; **Instituto de
Investigacién Biomédica de A Coruiia (INIBIC), Complexo Hospitalario Universitario de A Corufia (CHUAC), Sergas, Universidade da Corufa (UDC), A
Corufa, Spain; **University of Wisconsin, Department of Surgery, Madison, WI, USA; 2*Universidad Mayor, Center of Integrative Biology, and
Geroscience Center for Brain Health and Metabolism, Santiago, Chile; 2*Universidad Nacional Auténoma de México, Institute of Biotechnology,
Plant Molecular Biology Department, Cuernavaca, Morelos, México; 2%¢University of Coimbra, Faculty of Medicine and CNC-Center for Neuroscience
and Cell Biology, Coimbra, Portugal; 2’University of Arizona Cancer Center, Tucson, AZ, USA; 2®University of Campania L. Vanvitelli, Department of
Precision Medicine, Naples, Italy; Institute of Genetic Research, Biogem scarl, Laboratory of Molecular and Precision Oncology, Ariano Irpino (AV),
Italy; 2°Trev and Joyce Deeley Research Centre, BC Cancer, Victoria, British Columbia, Canada; #°Polytechnic University of Marche, Department of
Life and Environmental Sciences, Ancona, Italy; 2'Federal University of Rio de Janeiro, Institute of Microbiology, Department of Immunology, Rio de
Janeiro, Brazil; ?2University of Modena and Reggio Emilia, Department of Biomedical, Metabolic and Neural Sciences, Modena, Italy; ?*Centre de
Recherche en Cancerologie de Marseille (CRCM), INSERM U1068, CNRS UMR7258, Aix-Marseille Universit e U105, Institut Paoli-Calmettes, Parc
Scientifique et Technologique de Luminy, Marseille, France; ?“University Medical Center Hamburg-Eppendorf, Hamburg, Germany; DZHK (German
Center for Cardiovascular Research), partner site Hamburg/Kiel/Liibeck, Hamburg, Germany; 2”>University of Bristol, School of Biochemistry, Bristol,
UK; #’$University of Alabama at Birmingham, Department of Medicine, Pulmonary, Allergy, and Critical Care Medicine, Birmingham, AL, USA;
277Universitat Autonoma de Barcelona, Institute of Neuroscience, Barcelona, Spain; 2’2Aix Marseille Univ, IRD, AP-HM, SSA, VITROME, IHU-
Mediterranee Infection, Marseille, France; #”°University of Siena, Department of Life Sciences, Siena, Italy; 2%°University of New Mexico Health
Sciences Center, Division of Gastroenterology and Hepatology, Department of Internal Medicine, Albuquerque, NM, USA; #'Universidad de
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Valparaiso, Centro Interdisciplinario de Neurociencia de Valparaiso, Laboratory of Molecular Sensors, Valparaiso, Chile; 2#2Université de Paris,
Sorbonne Université, Centre de Recherche des Cordeliers, INSERM U1138, Team “Metabolism, Cancer & Immunity”, Paris, France; Gustave Roussy
Cancer Campus, Metabolomics and Cell Biology Platforms, Villejuif, France; 2Universidad de Concepcién, Department of Biochemistry and
Molecular Biology, Concepcién, Chile; 2#*Universidade de Lisboa, Faculty of Pharmacy, Research Institute for Medicines (iMed.ULisboa), Lisboa,
Portugal; Universidade NOVA de Lisboa, Faculdade de Ciéncias e Tecnologia, Departamento Ciéncias da Vida, UCIBIO, Caparica, Portugal;
5Universidad de La Laguna, Departamento de Ciencias Médicas Basicas, Tenerife, Spain; 2#®Universidad Nacional Auténoma de México (UNAM),
Instituto de Fisiologia Celular, Ciudad Universitaria, Ciudad de México, México; *"Division of Medical Genetics, Fondazione IRCCS-Casa Sollievo della
Sofferenza, San Giovanni Rotondo, Italy; 2*The Scripps Research Institute, Department of Molecular Medicine, La Jolla, CA, USA; 2#*University of
Coimbra, CNC - Center for Neuroscience and Cell Biology, Coimbra & Faculty of Pharmacy, Coimbra, Portugal; 2*°University of Pisa,
Interdepartmental Research Centre on Biology and Pathology of Aging, Pisa, Italy; 2'Biomedical Research Institute of Murcia, IMIB-Arrixaca,
Telomerase, Cancer and Aging Group, Surgical Department, Murcia, Spain; ?*?Danish Cancer Society Research Center, Center for Autophagy,
Recycling and Disease (CARD), Cell Stress and Survival Unit, Copenhagen, Denmark; IRCCS Bambino Gesu Children s Hospital, Department of
Pediatric Hemato-Oncology and Cell and Gene therapy, Rome, Italy; University of Rome Tor Vergata, Department of Biology, Rome, Italy; 2> Medical
University of Bialystok, Department of Pharmaceutical Biochemistry, Bialystok, Poland; **Ospedale San Raffaele and Vita-Salute San Raffaele
University, Division of Genetics and Cell Biology, Milano, Italy; 2**University of Minho, School of Medicine, Life and Health Sciences Research
Institute (ICVS), Braga, Portugal; **Universidade Federal de Sdo Paulo, Department of Morphology and Genetics, Sado Paulo, SP, Brazil ; 2’University
of Tuscia, Department for Innovation in Biological, Agro-food, and Forest systems (DIBAF), Viterbo, Italy; 2®Ege University, Faculty of Medicine,
Department of Medical Biology, Izmir, Turkey; 2*°Chonbuk National University, Jeonju, Chonbuk, Korea; 3*°Karolinska Institutet, Department of
Physiology and Pharmacology, Stockholm, Sweden; 3°'Kaohsiung Medical University, Department of Pathology, Kaohsiung City, Taiwan;
302University of Calcutta, Department of Biotechnology and Dr. B.C. Guha Centre for Genetic Engineering and Biotechnology, Kolkata, India; 3°*Saha
Institute of Nuclear Physics, Biophysics & Structural Genomics Division, HBNI, Kolkata, India; *°*Justus-Liebig-University Giessen, Institute of Medical
Microbiology, Giessen, Germany; 3%Université Cote d Azur, CNRS, IPMC, Sophia Antipolis, France; 3*University of Crete, School of Medicine,
Laboratory of Clinical Microbiology and Microbial Pathogenesis, Voutes, Heraklion, Crete, Greece; Foundation for Research and Technology,
Institute of Molecular Biology and Biotechnology (IMBB), Heraklion, Crete, Greece; *’University of East Anglia, School of Biological Sciences,
Norwich Research Park, UK; 2°The University of Hong Kong, LKS Faculty of Medicine, Department of Obstetrics & Gynaecology, Hong Kong, China;
309Queen s University, Department of Biomedical and Molecular Sciences, Kingston, Ontario, Canada; 3'°National Jewish Health, Department of
Academic Affairs, Denver, CO, USA; 3'"The Chinese University of Hong Kong, School of Life Sciences, Shatin N.T., Hong Kong, China; 3'?Tulane
University School of Medicine, Department of Pathology, New Orleans, LA, USA; 3"*National Cheng Kung University, College of Medicine,
Department of Microbiology and Immunology, Tainan, Taiwan; 3"University of California, Berkeley, Department of Molecular Biology and Cell
Biology, Berkeley, CA, USA; University of California, Berkeley, California Institute for Quantitative Biosciences, Berkeley, CA, USA; 3'*Southeast
University, School of Medicine, Department of Physiology, Nanjing, Jiangsu, China; 3'éInstitut de Génétique et de Biologie Moléculaire et Cellulaire
(IGBMC), INSERM U964, CNRS UMR7104,University of Strasbourg, Illkirch, France; 3"7NCR Biotech Science Cluster, Translational Health Science and
Technology Institute, Complex Analysis Group, Faridabad, India; 3'®Banaras Hindu University, Institute of Science, Department of Zoology, Lanka,
Varanasi, Uttar Pradesh, India; 3"°University of Washington, Department of Laboratory Medicine, Seattle, WA, USA; 3*Vanderbilt University Medical
Center, Vanderbilt Eye Institute, Nashville, TN, USA; 3?'Institute of Life Sciences, Bhubaneswar, Odisha, India; 32?Université Cote d Azur, INSERM,
CNRS, IPMC, team labeled Laboratory of Excellence (LABEX) Distalz, Valbonne, France; 32UCL Institute of Ophthalmology, London, UK; 32*National
Cheng Kung University, Department of Biochemistry and Molecular Biology, Tainan, Taiwan; 32*Academia Sinica, Institute of Biological Chemistry,
Taipei, Taiwan; 32¢University of Southern California, Center for Craniofacial Molecular Biology, Los Angeles, CA, USA; 3’Qingdao University, Institute
of Brain Science and Disease, Qingdao, Shandong, China; 32¢Johns Hopkins University School of Medicine, Department of Pathology, Baltimore, MD,
USA; 32°Army Medical University (Third Military Medical University), Daping Hospital, Center of Bone Metabolism and Repair, State Key Laboratory
of Trauma, Burns and Combined Injury, Trauma Center, Research Institute of Surgery, Laboratory for the Prevention and Rehabilitation of Training
Related Injuries, Chongging, China; 33°Third Military Medical University, Southwest Hospital, Institute of Pathology and Southwest Cancer Centre,
Chongging, China; *'Changhua Christian Hospital, Department of Otorhinolaryngology-Head and Neck Surgery, Changhua, Taiwan; **?Wuhan
Sports University, College of Health Science, Tianjiu Research and Development Center for Exercise Nutrition and Foods, Hubei Key Laboratory of
Exercise Training and Monitoring, Wuhan, Hubei, China; 33*College of Life Sciences, Nankai University, Tianjin, China; 3**Wuhan University, School of
Pharmaceutical Sciences, Zhongnan Hospital, Wuhan, China; 33°Duke University, Department of Medicine, Durham, NC, USA; 3¢Chinese Academy of
Sciences, Institute of Modern Physics, Lanzhou, China; 33”University of Sydney, Sydney Medical School, Renal Medicine, St Leonards, NSW, Australia;
38Temple University, Lewis Katz School of Medicine, Cardiovascular Research Center and Department of Physiology, Philadelphia, PA, USA;
33%Chinese Academy of Medical Sciences and Peking Union Medical College, Institute of Dermatology, Jiangsu Key Laboratory of Molecular Biology
for Skin Diseases and STls, Nanjing, Jiangsu, China; 3*°Institute of Nutrition and Health Shanghai Institutes for Biological Sciences (SIBS), Chinese
Academy of Sciences, Shanghai, China; 3*'Tsinghua University, School of Life Sciences, Beijing, C; 3*?Peking University School of Basic Medical
Science, Department of Immunology, Beijing, China; ***Research Institute in Oncology and Hematology, CancerCare Manitoba, Winnipeg, Manitoba,
Canada; ***Mackay Memorial Hospital, Department of Radiation Oncology, Taipei, Taiwan; 3**Sun Yat-sen University, School of Life Science,
Guangzhou, China; 3*¢Wuhan University, School and Hospital of Stomatology, Key Lab of Oral Biomedicine of Ministry of Education (KLOBME),
Wuhan, Hubei, China; 3*72nd Affiliated Hospital of Zhejiang University School of Medicine, Department of Respiratory and Critical Care Medicine,
Hangzhou, China; 3*8University of Texas Southwestern Medical Center, Department of Molecular Biology, Dallas, Texas, USA; ***Purdue University,
Department of Botany and Plant Pathology, West Lafayette, IN, USA; 3*°Zhejiang University, College of Pharmaceutical Sciences, Institute of
Pharmacology and Toxicology, Hangzhou, Zhejiang, China; 3*'Capital Medical University, Beijing Ditan Hospital, Liver Disease Center, Beijing, China;
332Northwestern University Feinberg School of Medicine, Department of Neurology & Lou & Jean Malnati Brain Tumor Institute, Chicago, IL, USA;
353Albert Einstein College of Medicine, Department of Genetics, Bronx, NY, USA; ***Department of Integrative Biology and Pharmacology, The
University of Texas Health Science Center, Houston, USA; 3**East China Normal University, School of Life Sciences, Shanghai, China; ***University of
Florida, Food Science and Human Nutrition Department, Gainesville, FL, USA; 3*’National Cancer Center Korea, Goyang, Gyeonggi, Korea;
3%8National University of Singapore, Yong Loo Lin School of Medicine, Department of Biochemistry, Singapore; ***Lomonosov Moscow State
University, A.N. Belozersky Institute of Physico-Chemical Biology, Moscow, Russia; **University of Pennsylvania, Department of Pathology and
Laboratory Medicine, Philadelphia, PA, USA; 3¢'National Cheng Kung University, College of Medicine, Department of Pharmacology, Tainan, Taiwan;
362 INSERM U1242, University of Rennes, Rennes, France; Centre de Lutte Contre le Cancer Eugéne Marquis, Rennes, France; 3¢3University of North
Carolina at Charlotte, Department of Biological Sciences, Charlotte, NC, USA; 3¢*University of Milano-Bicocca, Department of Biotechnology and
Biosciences, Milan, Italy; 3¢*University of Palermo, Dipartimento di Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche (STEBICEF), Palermo,
Italy; 3%Istituto di Fisiologia Clinica, Consiglio Nazionale delle Ricerche, Siena, Italy; Core Research Laboratory, Istituto per lo Studio, la Prevenzione
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of Human Genetics, Jena, Thuringia, Germany; #22University of Otago, School of Biomedical Sciences and Brain Health Research Centre, Department
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USA; 826McGill University Health Centre, Montréal, QC, Canada; #’West Virginia University, School of Medicine, Department of Physiology and
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of Molecular and Integrative Physiology, Ann Arbor, MI, USA; #°Centre de Recherche en Cancérologie de Marseille (CRCM), INSERM U1068, CNRS
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Pittsburgh, PA, USA; #°King's College London, Institute of Psychiatry, Psychology & Neuroscience, Department of Basic and Clinical Neuroscience,
Maurice Wohl Clinical Neuroscience Institute, London, UK; 8°Wonkwang Univesity, Department of Biological Sciences, lksan, Chunbuk, Korea; #'The
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Research Hospital, Department of Immunology, Memphis, TN, US; **lowa State University, lowa Center for Advanced Neurotoxicology, Department
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9%Weizmann Institute of Science, Department of Molecular Genetics, Rehovot, Israel; “'New York University School of Medicine, Department of
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College of Medicine, Departments of Medicine and Cell Biology and Wilf Family Cardiovascular Research Institute, Bronx, NY, USA; *®*University
College London, Department of Neuroscience, Physiology and Pharmacology, London, UK; ?®>University of Copenhagen, Department of
Neuroscience, Copenhagen, Denmark; **Perelman School of Medicine at the University of Pennsylvania, Department of Medicine (Hematology-
Oncology), Philadelphia, PA, USA; **Life Sciences Institute and Department of Molecular, Cellular and Developmental Biology, University of
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USA; "%7Indian Institute of Technology (IIT) Guwahati, Department of Biosciences and Bioengineering, Guwahati, Assam, India; **Virginia
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Jiao-Tong University School of Medicine, Institute of Neurology, Shanghai, China; '®°Université Paris-Sud, Institut des Neurosciences Paris-Saclay
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Toxicology and Therapeutics, Kansas City, KS, USA; '%Chinese Academy of Sciences, Institute of Zoology, State Key Laboratory of Stem cell and
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University, Department of Regulatory Biology, Saitama, Japan; °’Pontificia Universidad Catélica de Chile, Faculty of Biological Sciences,
Department of Physiology, Santiago de Chile, Chile; **8University of Texas Health Science Center at Houston, Department of Neurology,
Houston, TX, USA; **Weill Cornell Medicine, Rockefeller University Campus, Department of Pathology and Laboratory Medicine, New York,
NY, USA; ®London School of Hygiene & Tropical Medicine, Department of Infection Biology, London, UK; ™*'Max Planck Institute for the
Biology of Ageing, Cologne, Germany; '“°2Federal University of Ceara, Drug Research and Development Center, Fortaleza, CE, Brazil; "*Texas
Tech University, Department of Nutritional Sciences & Obesity Research Institute, Lubbock, TX, USA; ™%University of Miinster, Institute of
Medical Microbiology, Miinster, Germany; '**Indian Council of Medical Research - National AIDS Research Institute, Division of Molecular
Virology, Pune, MH, India; "%New York University Medical School, Laura and Isaac Permutter Cancer Center, Department of Radiation
Oncology, New York, NY, USA; "”University of Colorado Denver, Children's Hospital Colorado, Morgan Adams Foundation Pediatric Brain
Tumor Research Program, Aurora, CO; “*®Departmento de Biologia Celular e Histologia, Facultad de Biologia, Universidad de Murcia, Instituto
Murciano de Investigacién Biosanitaria (IMIB)-Arrixaca, Murcia, Spain; "°CNRS Biotechnology and cell signaling, Ecole Supérieure de
Biotechnologie de Strasbourg, Strasbourg University/Laboratory of excellence Medalis; University of Strasbourg Institute for Advanced Study,
Strasbourg, France; #°Barkatullah University, Department of Biochemistry & Genetics, Bhopal, India; *'""ICREA, Pompeu Fabra University
(UPF), Department of Experimental and Health Sciences, Ciberned, Barcelona, Spain; Spanish National Cardiovascular Research Center (CNIC),
Madrid, Spain; '?Hospital Nacional de Paraplejicos (SESCAM), UDI-HNP, Laboratory of Molecular Neuroprotection, Toledo, Spain;
“13University of Zirich, Institute of Experimental Immunology, Viral Immunobiology, Ziirich, Switzerland; '#'*Old Dominion University, Frank
Reidy Research Center for Bioelectrics, Norfolk, VA, USA; '*Royal College of Surgeons in Ireland, Department of Physiology & Medical
Physics, Dublin 2, Ireland; "'®University of Prince Edward Island, Charlottetown, Prince Edward Island, Canada; '*'”Genentech, Inc. Department
of Cancer Immunology, South San Francisco, CA, USA; “'8University of Helsinki, Faculty of Pharmacy, Division of Pharmacology and
Pharmacotherapy/Drug Research Program, Helsinki, Finland; *'*Washington University School of Medicine, Department of Obstetrics and
Gynecology, and Department of Pathology and Immunology, St. Louis, MO, USA; “*University of Rzeszow, Department of Animal Physiology
and Reproduction, Rzeszow, Poland; ?'Applied Biotechnology Research Center, Bagiyatallah University of Medical Sciences, Tehran, P.O. Box
19395-5487, Iran.; **University of Camerino, School of Pharmacy, Camerino, MC, Italy; "**Cornell University, Department of Entomology,
Ithaca, NY, USA; *?*Rutgers-New Jersey Medical School, Department of Cell Biology and Molecular Medicine, Newark, NJ, USA; "“*University
Hospital of Lausanne, Central Laboratory of Hematology, Lausanne, Switzerland; **Kyoto University, Department of Microbiology, Graduate
School of Medicine, Kyoto, Japan; '?’Gladstone Institute of Neurological Disease and University of California, San Francisco, Department of
Neurology, San Francisco, CA, USA; “®Tokyo Institute of Technology, School of Life Science and Technology, Yokohama, Japan; “*University
of Nebraska Medical Center, Department of Cellular and Integrative Physiology, Omaha, NE, USA; **°University of South Florida, Department
of Cell Biology, Microbiology, and Molecular Biology, Tampa, FL, USA; '#“Sapienza” University of Rome, Department of Clinical and
Molecular Medicine, Laboratory affiliated to Istituto Pasteur Italia Fondazione Cenci Bolognetti, Rome, Italy; **2University of Cambridge,
Cancer Research UK Cambridge Institute, Cambridge, UK; '**3Ben-Gurion University of the Negev, Faculty of Health Sciences, Department of
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Clinical Biochemistry and Pharmacology, and Soroka University Medical Center, Beer Sheva, Israel; ElaPharma, Ltd, Tel Aviv, Israel; ***Niigata
University, Brain Research Institute, Department of Neurosurgery, Niigata, Japan; '***Nelson Mandela University, Department of Biochemistry
and Microbiology, Port Elizabeth, South Africa; **¢Leibniz Institute of Plant Biochemistry, Department of Molecular Sensing, Halle, Germany;
437Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Bioengineering (IBl) and Swiss Institute for Experimental Cancer Research
(ISREC), Laboratory of Regenerative Hematopoiesis, Lausanne, Switzerland; Centre Hospitalier Universitaire Vaudois (CHUV), Departments of
Oncology and Laboratory Medicine, Hematology Service, Lausanne, Switzerland; "**University of Arizona, Department of Medicine, Tucson,
AZ, USA; 3°Georgia State University, Department of Biology, Atlanta, GA, USA; *°IRCCS Bambino Gesu Children s Hospital, Department of
Pediatric Hemato-Oncology and Cell and Gene Therapy, Rome, Italy; "4'University of Ferrara, Department of Morphology, Surgery and
Experimental Medicine, Ferrara, Italy; '*?Radboud University Medical Center, Department of Internal Medicine, Nijmegen, The Netherlands;
1443Karolinska Institutet, Department of Physiology and Pharmacology, Stockholm, Sweden; Karolinska University Hospital, Karolinska Institutet
and Pediatric Endocrinology Unit, Department of Women's and Children's Health, Stockholm, Sweden; "*University of Minnesota,
Department of Genetics, Cell Biology and Development, Minneapolis, MN, USA; ***Maastricht University Medical Center, CARIM School for
Cardiovascular Diseases, Department of Pathology, Maastricht, The Netherlands; **¢University Hospital Basel, Department of Biomedicine,
Ocular Pharmacology and Physiology, Basel, Switzerland; *#’University of Warwick, School of Life Sciences, Coventry, UK; '*4®King's College
London GKT School of Medical Education, London, UK; **The Chinese University of Hong Kong, School of Biomedical Sciences, Hong Kong,
China; "University of Clermont Auvergne, M2iSH (Microbes, Intestine, Inflammation and Susceptibility of the Host), UMR 1071 Inserm, INRA
USC 2018, CRNH, Clermont-Ferrand, France; '**'The University of Sydney, Kolling Institute, Renal Medicine, Sydney, New South Wales,
Australia; "*>2University of Kansas Medical Center. Department of Pharmacology, Toxicology and Thereapeutics, Kansas City, KS, USA; ">3Army
Medical University (Third Military Medical University), Daping Hospital, Center of Bone Metabolism and Repair, State Key Laboratory of
Trauma, Burns and Combined Injury, Trauma Center, Research Institute of Surgery, Laboratory for the Prevention and Rehabilitation of
Military Training Related Injuries, Chongging, China; '***Trinity College Dublin, Department of Clinical Medicine, Trinity Centre for Health
Sciences, Dublin, Ireland; ***University of Ferrara, Department of Pharmaceutical Sciences, Ferrara, Italy; '***National Hospital for Paraplegics
(SESCAM), Research Unit, Molecular Neuroprotection Group, Toledo, Spain; '*’Karolinska Institutet, Department of Neurobiology, Care
Sciences and Society, Division of Neurogeriatrics, Solna, Stockholm, Sweden; **%East Tennessee State University, Quillen College of Medicine,
Center of Excellence for Inflammation, Infectious Diseases, and Immunity, Department of Medicine, Johnson City, TN, USA; '*°ICMR-Vector
Control Research Center, Unit of Microbiology and Molecular Biology, Puducherry, India,; “°University of Kansas School of Medicine,
Department of Anatomy and Cell Biology, Kansas City, KS, USA; "¢'New York University School of Medicine, Departments of Psychiatry and
Cell Biology, and the Nathan Kline Institute, Orangeburg, NY, USA; '#2Santa Lucia Foundation IRCCS, Rome, Italy; *53Universidade do Algarve,
Campus de Gambelas, Department of Biomedical Sciences and Medicine & Centre for Biomedical Research, Faro, Portugal; '¢*Osaka
University, Graduate School of Dentistry, Osaka, Japan; '¢*Duke University, Department of Biology and Howard Hughes Medical Institute,
Durham, NC, USA; ™%University of Split, School of Medicine, Split, Croatia; '*¢’Doshisha University Graduate School of Brain Science,
Laboratory of Structural Neuropathology, Kyoto, Japan; '“*®Center for Molecular Biology of Heidelberg University (ZMBH) and German Cancer
Research Center (DKFZ), DKFZ-ZMBH Alliance, Heidelberg, Germany; *¢°Danish Cancer Society Research Center, Unit for Cell Death and
Metabolism, Center for Autophagy, Recycling and Disease, Copenhagen, Denmark; University of Copenhagen, Department of Cellular and
Molecular Medicine, Faculty of Health Sciences, Copenhagen N, Denmark; *”°University of Virginia, Department of Biology, Charlottesville, VA,
USA; ™ Trinity College Dublin, Trinity Translational Medicine Institute, Dublin, Ireland; '#7?David Geffen School of Medicine at UCLA,
Department of Microbiology, Immunology, and Molecular Genetics, Los Angeles, CA, USA; "“*Arizona State University, School of Life Sciences,
Tempe, AZ, USA; *Hopp Children's Cancer Center at NCT Heidelberg (KiTZ), Preclinical Program, Heidelberg, Germany; German Cancer
Research Center (DKFZ), and German Cancer Consortium (DKTK), Clinical Cooperation Unit Pediatric Oncology, Im Neuenheimer Feld,
Heidelberg, Germany; °National Institute of Infectious Diseases, Department of Bacteriology I, Toyama, Tokyo, Japan; '°University of
Iceland, Faculty of Medicine, Biomedical center, Reykjavik, Iceland; ¥’Hollings Cancer Center, Department of Biochemistry and Molecular
Biology, Charleston, SC, USA; *8Université de Paris, Centre de recherche sur l'inflammation, Team Gut Inflammation, Inserm, U1149, CNRS,
ERL8252, Paris, France,; ¥°Ewha Womans University, Department of Life Science, Immune and Vascular Cell Network Research Center,
National Creative Initiatives, Seoul, Korea; ™ Chosun University, School of Medicine, Gwangju, Korea; "'Yonsei University, Wonju, Korea;
482Yamaguchi University, Joint Faculty of Veterinary Medicine, Laboratory of Veterinary Pharmacology, Yoshida, Yamaguchi, Japan; #MRC
Laboratory of Molecular Biology, Cambridge, UK; '*®*Hyogo College of Medicine, Department of Genetics, Hyogo, Japan; '“®Stanford
University, School of Medicine, Department of Pathology, CA, USA; *80saka University, Laboratory of Mitochondrial Dynamics, Graduate
School of Frontier Biosciences, Osaka, Japan; '“®Tokyo Medical and Dental University, Tokyo, Japan.; “®Kyoto University of Advanced
Science, Faculty of Bioenvironmental Science, Kameoka, Kyoto, Japan; ®°University of Porto, REQUIMTE/LAQV, Faculty of Pharmacy, Porto,
Portugal; *°Amgen Inc., South San Francisco, CA, USA; 'University of California, Berkeley, Department of Nutritional Sciences and
Toxicology, Berkeley, CA, USA; Chan Zuckerberg Biohub, San Francisco, CA, USA; "**2Rutgers University, Center for Advanced Biotechnology
and Medicine, Piscataway, NJ, USA; **The Chinese University of Hong Kong, Lui Che Woo Institute of Innovative Medicine, Centre for
Cardiovascular Genomics and Medicine (CCGM), Shatin, Hong Kong, China; The Chinese University of Hong Kong, Faculty of Medicine,
Department of Medicine & Therapeutics, Shatin, Hong Kong, China; Xiamen University, Cardiovascular Hospital, Institute for Translational
Medicine, Xiamen, China ; *The University of lllinois at Chicago College of Medicine, Department of Pharmacology, Chicago, IL, USA;
1495pontificia Universidad Catdlica de Chile, Escuela de Medicina and Centro Interdisciplinario de Neurociencias, Facultad de Medicina,
Departamento de Neurologia, Santiago, Chile; ***University Miguel Hernandez, Institute of Research, Development, and Innovation in
Healthcare Biotechnology of Elche, Elche, Alicante, Spain; "’University of Pennsylvania Perelman School of Medicine and Division of
Neurology, The Children s Hospital of Philadelphia, Department of Neurology, Philadelphia, PA, USA; **8Goethe University, Institute for
Molecular Biosciences, Frankfurt/Main, Germany; '“**Tokyo Medical and Dental University (TMDU), Medical Hospital, Department of
Gastroenterology and Hepatology, Bunkyo-ku, Tokyo, Japan.; *°Suez Canal University, Faculty of Veterinary Medicine, Ismailia, Egypt;
1501University of Wisconsin-Madison, Laboratory of Cell and Molecular Biology and Departments of Botany and Genetics, WI, USA; °*King s
College London, School of Cardiovascular Medicine and Sciences, London, UK; '*%German Institute of Human Nutrition Potsdam-Rehbruecke,
Department of Molecular Toxicology, Nuthetal, Germany; *Institute of Molecular Bioimaging and Physiology (IBFM), CNR, Milan, Italy;
1305University of Southern California, Keck School of Medicine, Department of Molecular Microbiology and Immunology, Los Angeles, CA, USA;
1506University Medical Center Gottingen, Center for Biostructural Imaging of Neurodegeneration, Department of Experimental
Neurodegeneration, Gottingen, Germany; Max Planck Institute for Experimental Medicine, Gottingen, Germany; Newcastle University, The
Medical School, Institute of Neuroscience, Newcastle upon Tyne, UK; "*°’Oslo University Hospital and University of Oslo, Department of
Pathology, Tumor Immunology Lab, Oslo, Norway; Istanbul University, Cerrahpasa Faculty of Medicine, Medical Biology Department,
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Cerrahpasa, Istanbul, Turkey; >*University Cote d Azur, Institute for research on cancer and aging of Nice CNRS UMR 7284/INSERM U 1081,
Nice, France; Centre Scientifique de Monaco, Biomedical Department, Monaco Principality ; '*'°Texas Biomedical Research Institute, Host-
Pathogen Interactions Program, San Antonio, TX, USA; "'Columbia University, Department of Medicine, New York, NY, USA; '>'2Baylor
College of Medicine, Department of Molecular and Human Genetics, Houston, TX, USA; >'3Université de Paris, Centre de Recherche des
Cordeliers, Paris, France; >"IRCCS San Raffaele Scientific Institute, Division of Neuroscience, Milan, Italy; *'>University of Sdo Paulo,
Department of Parasitology, Sao Paulo, Brazil; >'®University of Rome Tor Vergata, Department of Clinical Sciences and Translational Medicine,
Rome, Italy; > Goethe University Frankfurt, Buchmann Institute for Molecular Life Sciences (BMLS), Frankfurt am Main, Germany; *'®Shanghai
Institute of Organic Chemistry, Chinese Academy of Sciences, Shanghai, China; *'°Affiliated Hospital of GuangDong Medical University, Key
Laboratory of Prevention and Management of Chronic Kidney Disease of Zhanjiang City, Zhanjiang, Guangdong, China; '>*Beth Israel
Deaconess Medical Center, Harvard Medical School, Boston, MA, USA; ">*'National Center of Biomedical Analysis, Beijing, China; **?Institut
Necker Enfants Malades (INEM), INSERM U1151/CNRS UMR 8253, Paris, France; ***The Children's Hospital of Philadelphia, Center for Applied
Genomics, Philadelphia, PA, USA; "2*University of Pittsburgh Medical Center, Department of Pediatrics, Pittsburgh, PA, USA; ">*University of
Alberta, Department of Biochemistry, Edmonton, Canada; ">*University of Salento, Department of Biological and Environmental Sciences and
Technologies (Di.S.Te.B.A.), Lecce, ltaly; *2’Universidad de Buenos Aires. facultad de farmacia y Bioquimica. Departamento de Microbiologia,
Inmunologia y Biotecnologia, catedra de inmunologia, Buenos Aires, Argentina. Universidad de Buenos Aires, CONICET, Instituto de Estudios
de la Inmunidad Humoral (IDEHU), Buenos Aires, Argentina; '*2®Danish Cancer Society Research Center, Computational Biology Laboratory,
Copenhagen, Denmark; *2°Max Perutz Labs, University of Vienna, Vienna Biocenter (VBC), Vienna, Austria; '>*°Quadram Institute Bioscience,
Department of Gut, Microbes and Health, Norwich, UK; '3'Dong-A University Medical School, Department of Molecular Neuroscience, Busan,
Korea; '*32Medical College of Wisconsin, Department of Biochemistry, Milwaukee, WI, USA; **Incheon National University, Division of Life
Sciences, College of Life Sciences and Bioengineering, Incheon, Korea; '>3*Yonsei University, Division of Biological Science and Technology,
Wonju, Korea; '***Chonnam National University, The Future Life & Society Research Center, Gwangju, Korea; '>3¢Chonbuk National University,
Department of VeterinaryMedicine, lksan, Korea; '*3’Ben Gurion University of the Negev, Department of Chemistry, Be er Sheva, Israel; **®KU
Leuven, Department of Cellular and Molecular Medicine & Leuven Kanker Instituut, Leuven, Belgium; '>3*Sanofi, Vitry Sur Seine, France;
1%49Mayo Clinic, Department of Physiology and Biomedical Engineering, Rochester, MN, USA; **'Baylor College of Medicine, Department of
Human and Molecular Genetics, Houston, TX, USA/ Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli (NA), Italy; '**2VA San Diego
Healthcare Systems and University of California, San Diego, Department of Anesthesiology, La Jolla, CA, USA; "*Internal Medicine 1,
Brandenburg Hospital, Faculty of Health Sciences, Joint Faculty of the Brandenburg University of Technology Cottbus Senftenberg, the
Brandenburg Medical School Theodor Fontane and the University of Potsdam, Brandenburg, Germany; >**IRCM, Institut de Recherche en
Cancérologie de Montpellier, INSERM U1194, Université de Montpellier, Institut régional du Cancer de Montpellier, Montpellier, France;
1545Universidad Nacional Auténoma de México, Instituto de Biotecnologia, Departamento de Medicina Molecular y Bioprocesos, Laboratorio
de Neuroinmunobiologia, Cuernavaca, Morelos, México; "***National Autonomous University of Mexico, Faculty of Chemistry, Department of
Biology, Mexico city, Mexico; ">#’Universidad de Chile, School of Medicine, Instituto de Ciencias Biomédicas, Santiago de Chile, Chile; **The
Fourth Military Medical University, National Key Discipline of Cell Biology, Department of Physiology and Pathophysiology, Xi'an, Shaanxi,
China; *Weizmann Institute of Science, Department of Plant and Environmental Sciences, Rehovot, Israel; ™>>°University of Buenos Aires,
School of Sciences, Department of Chemical Biology, C.A. Buenos Aires, Argentina; '*>'Centro de Investigaciones CSIC, Department of Cellular
and Molecular Biology, Madrid, Spain; >*2Sun Yat-Sen University, Sun Yat-sen Memorial Hospital, Department of Neurology, Guangzhou City,
Guangdong, China; **3*Fondazione G. Pascale, Istituto Nazionale Tumori IRCCS, Cell Biology and Biotherapy Unit, Naples, Italy; >>*University of
Coimbra, Rua Larga, Faculty of Medicine, Center for Neuroscience and Cell Biology (CNC), Coimbra, Portugal; University of Coimbra, Rua
Larga, Faculty of Medicine, bCIBB-Center for Innovative Biomedicine and Biotechnology, Coimbra, Portugal; '>>*Sdo Paulo State University,
College of Agronomy Sciences, Department of Bioprocesses and Biotechnology, Center for Evaluation of Environmental Impact on Human
Health (TOXICAM), Botucatu, SP, Brazil; '***University of Coimbra, CNC - Center for Neuroscience and Cell Biology, Coimbra & Faculty of
Pharmacy, Coimbra, Portugal; **’Florey Institute of Neuroscience and Mental Health, University of Melbourne, Melbourne, VIC, Australia;
1558Max Planck Institute for Biophysical Chemistry, Department of Neurobiology, Gottingen, Germany; '>>°University of Nebraska Medical
Center, Department of Pharmacology and Experimental Neuroscience, Omaha, NE, USA; '*¢°State University of New York, Upstate Medical
University, Departments of Medicine, Microbiology and Immunology, Biochemistry and Molecular Biology, Syracuse, NY, USA; '*5'Universita
degli Studi di Milano, Department of Biomedical and Clinical Sciences “L. Sacco”, Milan, Italy; *®2University of Calabria, Department of
Biology, Ecology and Earth Sciences, Centre for Microscopy and Microanalysis (CM2), Rende (CS), Calabria, Italy; **Baruch S. Blumberg
Institute, Pennsylvania Cancer and Regenerative Medicine Research Center, Wynnewood, PA, USA; Xavier University School of Medicine,
Woodbury, NY, USA; "®University of Copenhagen, Department of Biology, Copenhagen, Denmark; '>®*National Jewish Health and the
University of Colorado, Denver, CO, USA; ™*University of Oslo, Oslo University Hospital and Institute for Clinical Medicine, Department of
Ophthalmology, Center for Eye Research, Oslo, Norway; '*’Martin-Luther University, Institute of Physiological Chemistry, Halle (Saale),
Germany; *%8Ulm University, Institute of Biochemistry and Molecular Biology, Faculty of Medicine, Ulm, Germany; >*University of Cologne,
Center for Biochemistry, Cologne, Germany; *®Washington University, Division of Infectious Diseases, Department of Medicine and Molecular
Microbiology, St. Louis, MO, USA; ™"'Third Military Medical University, Department of Occupational Health, Chongqing, China; ’?Virginia
Polytechnic Institute and State University, School of Neuroscience, Blacksburg, VA, USA; *73University of Naples Federico Il, Department of
Molecular Medicine and Medical Biotechnology, Naples, Italy; >*Aix Marseille Université, CNRS, INSERM, CIML, Marseille, France; University of
Aveiro, Institute for Research in Biomedicine (iBIMED) and llidio Pinho Foundation, Department of Medical Sciences, Aveiro, Portugal;
1575Université Cote d Azur, Université Nice Sophia Antipolis, CEA/DRF/BIAM, Faculté de Médecine, UMR E-4320 TIRO-MATOs, Nice, France ;
576Karolinska Institutet, Department of Biosciences and Nutrition, SHuddinge, Sweden; *”’Federico Il University, Department of Translational
Medical Sciences, Naples, Italy; *78Consejo Superior de Investigaciones Cientificas (CSIC), Instituto de Biologia Molecular y Celular del Cancer
(IBMCC), Centro de Investigacion del Cancer (CSIC-Universidad de Salamanca), Universidad de Salamanca, Campus Unamuno, Salamanca.
Spain; *”°Oswaldo Cruz Foundation, Oswaldo Cruz Institute, Leprosy Laboratory, Rio de Janeiro, Brazil; '*®Tel Aviv University, School of
Neurobiology, Biochemistry and Biophysics, Tel Aviv, Israel; ™8'University of Ferrara, Department of Morphology, Surgery and Experimental
Medicine, Ferrara, Italy; *82The University of Texas MD Anderson Cancer Center, Department of Leukemia, Houston, TX, USA; "*8University of
Padua, Department of Biomedical Sciences, Padua, Italy; Italian National Research Counsil (CNR), Neuroscience Institute, Padua, Italy;
1584Radboud University Medical Center, Nijmegen, The Netherlands; ">®Ruhr-Universitdt Bochum, Medizinische Fakultat, Biochemie
Intrazelluldrer Transportprozesse, Bochum, Germany; *®Moscow State University, A.N.Belozersky Institute of Physico-Chemical Biology,
Laboratory of Structure and function of mitochondria, Moscow, Russia; *8UCL Queen Square Institute of Neurology, London, UK; *#8Polish
Academy of Sciences, Mossakowski Medical Research Centre, Laboratory of Ischemic and Neurodegenerative Brain Research, Warsaw, Poland;
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%89Monash Biomedicine Discovery Institute and Monash University, Department of Anatomy and Developmental Biology, Melbourne, Victoria,
Australia; **°Georg-August University Gottingen, Institute of Microbiology and Genetics, Department of Genetics of Eukaryotic
Microorganisms, Gottingen, Germany; '*°'Buchmann Institute & Institute of Biochemistry Il, Medical Faculty, Goethe University, Frankfurt,
Germany; '*92Cancer Research Center of Toulouse, UMR 1037 Inserm-university of Toulouse, Toulouse, France; *?*Universita degli Studi di
Milano, Dipartimento di Scienze Farmacologiche e Biomolecolari, Centro di Eccellenza per lo studio delle Malattie Neurodegenerative, Milano,
Italy; '***Mahidol University, Department of Microbiology, Faculty of Science, Ratchathewi, Bangkok, Thailand; ***Georg-August-Universitat
Gottingen, Institute for Microbiology and Genetics, Department of Molecular Microbiology and Genetics, Gottingen, Germany ; '*9Erasmus
University Medical Center, Department of Epidemiology; Division of Pharmacology, Department of Internal Medicine, Rotterdam, The
Netherlands; "**’The Hospital for Sick Children, Translational Medicine Program, Toronto, Canada; '**®University of Oxford, Nuffield
Department of Women s and Reproductive Health, Oxford, UK; ">**University of California, Davis, Department of Molecular and Cellular
Biology, Davis, CA, USA; "®®University of lowa, Department of Biology, Aging Mind and Brain Initiative, lowa City, IA, USA; **'Temple
University, Alzheimer's Center at Temple, Philadelphia, PA, USA; "©2CNRS, IBGC, UMR5095, Bordeaux, France; Université de Bordeaux, IBGC,
UMRS5095, Bordeaux, France; '5°*Eberhard Karls University Tlibingen, Interfaculty Institute of Cell Biology, Tiibingen, Germany; '***University of
Cyprus, Department of Biological Sciences, Bioinformatics Research Laboratory, Nicosia, Cyprus; '*®Lifelong Health, South Australian Health &
Medical Research Institute, North Terrace, Adelaide, Australia; *°*Cell and Developmental Biology Center. National Heart, Lung, and Blood
Institute, National Institutes of Health, Bethesda, MD, USA; '®“University of Wisconsin-Madison, Department of Medicine and Neuroscience,
Madison, WI, USA; '®%Dalhousie University, Department of Biochemistry and Molecular Biology, Dalhousie Medicine New Brunswick, Saint
John, NB, Canada; '®*National Center for Cell Science, Pune, India; '¢"°University of Lausanne, Department of Fundamental Neurosciences,
Lausanne, Switzerland; *"'Chinese Academy of Sciences, Kunming Institute of Zoology, Key Laboratory of Animal Models and Human Disease
Mechanisms of Chinese Academy of Sciences, Kunming, Yunnan, China; '¢'?Lanzhou University, School of Life Sciences, Lanzhou, China;
613Zhejiang University, College of Medicine, The First Affiliated Hospital, Malignant Lymphoma Diagnosis and Therapy Center, Hangzhou,
Zhejiang, China; '*™*China Pharmaceutical University, School of Basic Medicine and Clinical Pharmacy, State Key Laboratory of Natural
Medicines, Jiangsu Key Laboratory of Carcinogenesis and Intervention, Nanjing, China; '¢'*Sanofi, Biologics Research, 49 New York Ave,
Framingham, MA, USA; ¢'University of Waterloo, Department of Kinesiology, Waterloo, Ontario, Canada; '*"Instituto de Investigaciones
Biomedicas en Retrovirus y Sida, Universidad de Buenos Aires-CONICET, Argentina; '*'8NIH, Cell Biology and Physiology Center, National
Heart, Lung, and Blood Institute, Bethesda, MD, USA; '®"°University of Pittsburgh, Department of Pathology; University of Pittsburgh Cancer
Institute, Pittsburgh, PA, USA; '%2°Dartmouth College, Department of Chemistry, Hanover, NH, USA; '62'Boston University, Department of
Pathology and Laboratory Medicine, Boston, MA, USA; "*?Tehran University of Medical Sciences, Cancer Biology Research Center, Tehran, Iran;
1$23University of Naples Federico Il, Department of Translational Medical Sciences, Naples, Italy; '®**University Medical Center Goettingen,
Institute of Cellular Biochemistry, Gottingen, Germany; '¢>*University of Alabama at Birmingham, Cardiac Aging & Redox Signaling Laboratory,
Molecular and Cellular Pathology, Department of Pathology, Birmingham, AL, USA; '6*Johann Wolfgang Goethe-University, Institute of
Anatomy llI- 'Cellular and Molecular Anatomy', Frankfurt, Germany; '**’University of Birmingham, Institute of Metabolism and Systems
Research, Birmingham, UK; "2MRC Laboratory of Molecular Biology, Division of Protein and Nucleic Acid Chemistry, Cambridge, UK;
®2%|ndian Institute of Science, Department of Biochemistry, Bangalore, India; '®3°University of Texas Health Science Center at San Antonio,
Department of Molecular Medicine, San Antonio, TX, USA; '®*'Baylor College of Medicine, Department of Medicine, Houston, TX, USA; '%32The
University of Kansas Cancer Center, Division of Hematologic Malignancies and Cellular Therapeutics, Kansas City, KS, USA; '633All India
Institute of Medical Sciences, Department of Biotechnology, New Delhi, India; "¢**University of Southampton, Clinical and Experimental
Sciences, Faculty of Medicine, UK; '%3*Johns Hopkins University School of Medicine, Department of Otolaryngology/Head and Neck Surgery,
Head and Neck Cancer Research Division, Baltimore, MD, USA; "¢*Central University of Tamil Nadu, Thiruvarur, Tamil Nadu, India;
¢7University of Bologna, Department of Pharmacy and Biotechnology, Bologna, Italy; '®*8University of South Carolina School of Medicine,
Department of Pathology, Microbiology, and Immunology, Columbia, SC, USA; '®**Washington University School of Medicine, Department of
Medicine, Cardiovascular Division,| and John Cochran VA Medical Center, St. Louis, MO, USA; '**Johns Hopkins University, Bloomberg School
of Public Health, Biochemistry and Molecular Biology Department, Baltimore, MD, USA; ®*'University of Groningen, University of Groningen
Medical Center, Department of Biomedical Sciences of Cells and Systems, Groningen, The Netherlands; '**2Johannes Gutenberg University-
Mainz, Institute of Developmental Biology and Neurobiology, Mainz, Germany; '***Heinrich Heine University Diisseldorf, Medical faculty,
Institute of Biochemistry and Molecular Biology |, Diisseldorf, Germany; '***Hospital Nacional de Parapléjicos, Neuroprotection Group, Toledo,
Spain; ***The University of Texas MD Anderson Cancer Center, Institute for Applied Cancer Science (IACS), Translational Research to Advance
Therapeutics and Innovation in Oncology (TRACTION), Houston, TX, USA; '®**Karolinska Institutet, Department of Laboratory Medicine,
Division of Clinical Microbiology, Stockholm, Sweden; '**’Max Planck Institute of Psychiatry, Translational Research in Psychiatry, Munich,
Germany; '*“®University of Vienna, Cell Imaging and Ultrastructure Research (CIUS), Vienna, Austria; '***Wright State University, Department of
Biochemistry & Molecular Biology, Dayton, OH. USA; "**°University of Wyoming, College of Health Sciences, Laramie, WY, USA; '*'Qingdao
Agricultural University, College of Plant Health and Medicine, Qingdao, Shandong, China; '¢>2University of California, Los Angeles, David
Geffen School of Medicine, Department of Human Genetics, Los Angeles, CA, USA; '***University of Copenhagen, Department of Biology,
Copenhagen, Denmark; '¢**The Wilmer Eye Institute, Johns Hopkins University School of Medicine, Baltimore, MD, USA; "***Botucatu Medical
School, Séo Paulo State University, Botucatu, SP, Brazil; **Université Cote d Azur, INSERM, C3M, Nice, France; "**’Institut de Génétique et de
Biologie Moléculaire et Cellulaire, lllkirch, France; '**8University of Sydney, Department of Pathology and Bosch Institute, Sydney, NSW,
Australia; '%*°The Ohio State University, College of Veterinary Medicine, Department of Veterinary Biosciences, Columbus, OH, USA; "¢Thomas
Jefferson University, Department of Orthopaedic Surgery and Graduate Program in Cell Biology and Regenerative Medicine, Philadelphia, PA,
USA; '%®Josep Carreras Leukaemia Research Institute, Barcelona, Spain; '®2University of Padua, Department of Biomedical Sciences, Padua,
Italy; '¢3Middlesex University, Department of Natural Sciences, London, UK; '***University of Palermo, Dipartimento di Scienze e Tecnologie
Biologiche, Chimiche e Farmaceutiche (STEBICEF), Palermo, Italy; "**INSERM U1065, Centre Méditerranéen de Médecine Moléculaire (C3M),
Nice, France; Université de Nice Sophia Antipolis, UFR de Médecine, Nice, France; "***Baylor College of Medicine, Department of Molecular
Physiology & Biophysics, Houston, TX, USA; '®¢’Federal University of ABC (UFABC), Center for Natural and Human Sciences (CCNH), Santo
André, SP, Brazil; "*¢8University of Campinas (UNICAMP), School of Applied Science, Department of Sport Sciences, Limeira, Brazil; "**°Clinica
Universidad de Navarra, Metabolic Research Laboratory, CIBEROBN, IdiSNA, Pamplona, Spain; '*’°University of Barcelona, School of Medicine,
Unit of Anatomy, Department of Pathology and Experimental Therapeutics, Barcelona, Spain; L'Hospitalet de Llobregat, Institut d'Investigacié
Biomédica de Bellvitge -IDIBELL, Molecular Mechanisms and Experimental Therapy in Oncology Program (oncobell), Barcelona, Spain;
$7University of Alcald, Deparment of Systems Biology, Biochemistry and Molecular Biology, Alcalad de Henares, Madrid, Spain; '¢2Universidad
Autonoma de Nuevo Leon, School of Medicine, Department of Histology, Monterrey, Nuevo Leon, Mexico; '*”*University of Kansas Medical
Center, Department of Biochemistry and Molecular Biology, Kansas City, KS, USA; '**Kansas City University of Medicine and Biosciences,
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Department of Basic Science, Kansas City, MO, USA; '¢”*Goethe University Frankfurt, Institute of Biophysical Chemistry, Frankfurt am Main,
Germany; *’University of Gdansk, Faculty of Chemistry, Gdansk, Poland; 's”’University of Padova, Department of Biomedical Science, Padova,
Italy; '$7University of Perugia, Department of Experimental Medicine, Perugia, Italy; '”°Universita degli Studi di Catania, Dipartimento di
Chirurgia Generale e Specialita Medico-Chirurgiche, Catania, Italy; '*®CONICET-Universidad Nacional de Cuyo, Instituto de Histologia y
Embriologia de Mendoza, Mendoza, Argentina; "®'INSERM U1151, Institut Necker Enfants-Malades (INEM), Team 14, Université Paris
Descartes-Sorbonne-Paris Cité, Paris, France; '®®Huazhong University of Science and Technology, School of Basic Medicine, Wuhan, HuBei,
China; *®3Waksman Institute, Department of Genetics, Rutgers University, Piscataway, NJ, USA; "*®Naples University, Department of
Veterinary Medicine and Animal Productions, Naples, Italy; '®®>University of Wiirzburg, Institute of Pathology, Wiirzburg, Germany; '¢®Kiel
University and University Hospital Schleswig-Holstein, Campus Kiel, Institute of Clinical Molecular Biology, Kiel, SH, Germany; '*®’Georgetown
University, Department of Biology, Washington, DC, USA; '*®Columbia University, Department of Pathology and Cell Biology, New York, NY,
USA; "s®University of Illinois, Department of Anesthesiology, Chicago, IL, USA; '*®®Maastricht University Medical Centre, GROW-School for
Oncology and Developmental Biology, Maastricht Radiation Oncology (MaastRO) lab, Maastricht, The Netherlands; '*'Normandy University,
UNICAEN, INSERM, UMR-S U1237, Physiopathology and Imaging of Neurological Disorders (PhIND), Caen, France; '**?University of Sherbrooke,
Division of Rheumatology, Department of Medicine, Sherbrooke, QC, Canada; '**3Section on Eukaryotic DNA Replication, National Institute of
Child Health and Human Development, National Institutes of Health, Bethesda, MD,USA; ***University of Seville. School of Pharmacy,
Instituto de Biomedicina de Sevilla. Sevilla, Spain; ***University of Cambridge, Cambridge Institute for Medical Research, UK Dementia
Research Institute and Department of Medical Genetics, Cambridge, UK; '***Lomonosov Moscow State University, Chemistry Department,
Moscow, Russia; "*’University Medical Center Eppendorf, Institute for Medical Microbiology, Hamburg, Germany; '¢*®University of Graz,
Institute of Molecular Biosciences, NAWI Graz, Graz, Austria; '*°Charles University, Faculty of Medicine in Hradec Kralove, Department of
Medical Biology and Genetics, Hradec Kralove, Czech Republic; 7°University of Heidelberg, Mannheim University of Applied Sciences &
Interdisciplinary Center of Neurosciences (IZN), Faculty of Biotechnology, Mannheim, Germany; 7°'Fondazione IRCCS Istituto Neurologico
Carlo Besta, Neuromuscular Disease and Immunology Unit, Milan, Italy; University of Brescia, Unit of Biology and Genetics, Department of
Molecular and Translation Medicine, Brescia, Italy; '7°2Monash University, Australian Regenerative Medicine Institute, Clayton, Victoria,
Australia; 7%University of Ottawa, Department of Cellular and Molecular Medicine, Ottawa, ON, Canada; '"**National Research Council,
Institute of Food Sciences, Avellino, Italy; 7®National Research Council, Institute of Food Sciences, Avellino, Italy; '7*University of Calabria,
Department of Pharmacy, Health and Nutritional Sciences, Cosenza, Italy; %’N.N. Blokhin National medical research center of oncology,
Department of biomarkers and mechanisms of tumor angiogenesis, Moscow, Russia; '7°®Cancer Research UK Beatson Institute, Glasgow, UK;
1709niversity of Seoul, Department of Life Science, Seoul, Korea; ""University of Pittsburgh Medical Center, Pittsburgh, PA, USA;
7MConcordia University, Department of Biology, Montreal, Quebec, Canada; McGill University, Department of Anatomy and Cell Biology,
Quebec, Canada; 7"?Ernst-Ruska Centre for Microscopy and Spectroscopy with Electrons (ER-C-3/StructuralBiology), Forschungszentrum Jilich,
Jilich, Germany; '7'3Saitama University, Graduate School of Science and Engineering, Saitama, Japan; '7'*Rutgers New Jersey Medical School,
Department of Cell Biology and Molecular Medicine, Newark, NJ, USA; 7">Christian-Albrechts-University Kiel, Biochemical Institute, Kiel,
Germany; 7'*Mashhad University of Medical Sciences, Pharmaceutical Technology Institute, Biotechnology Research Center, Mashhad, Iran;
7170regon State University, College of Pharmacy, Department of Pharmaceutical Sciences, Portland, OR, USA; '"'®Boston Children s Hospital
and Harvard Medical School, Boston, MA, USA; "7"University of South Carolina, Department of Drug Discovery and Biomedical Sciences,
Columbia, SC, USA; ?°University of Sydney, Northern Clinical School, Kolling Institute of Medical Research, Sydney, NSW, Australia;
721|nstitute for Research in Biomedicine (IRB Barcelona), Cellular Plasticity and Disease Group, Barcelona, Spain; '7?2University of Toyama,
Sugitani, Toyama, Japan; 7?Cedars-Sinai Medical Center, Smidt Heart Institution, West Hollywood, CA, USA; '7?*The University of Tokyo,
Graduate School of Medicine, Department of Biochemistry and Molecular Biology, Tokyo, Japan; 7**University of Helsinki and Helsinki
University Hospital, Department of Virology, Helsinki, Finland; '7*Florida State University, Department of Nutrition, Food and exercise
Sciences, Tallahassee, FL, USA; "7#Institut Hospital del Mar d'Investigacions Mediques (IMIM), Research Group in Critical Disorders (GREPAC),
Barcelona, Spain; '72®Agricultural Biotechnology Research Institute of Iran (ABRII), Department of Systems Biology, Karaj, Iran; "7*University of
Miami, Department of Surgery and Sylvester Comprehensive Cancer Center, Miami, FL, USA; "7**University of Minho, School of Medicine, Life
and Health Sciences Research Institute (ICVS), Braga, Portugal; ICVS/3B s - PT Government Associate Laboratory, Braga/Guimaraes, Portugal;
73'National University of Cérdoba, Clinical Biochemistry Department, Cérdoba, Argentina; '732CABD/CSIC/Universidad Pablo de Olavide,
Departamento de Fisiologia, Anatomia y Biologia Celular, Sevilla, Spain; 7*3University of Malaga, Department of Molecular Biology and
Biochemistry, Malaga, Spain; "**Imperial College London, Section of Paediatric Infectious Disease, London, UK; '"3*INRS-Institut Armand-
Frappier, Laval, QC, Canada; '73*¢University of Padova, Department of Biomedical Science, Padova, Italy; "7*’European Institute of Oncology
(IEO) IRCCS, Department of Experimental Oncology, Milan, Italy; University of Milano, Department of Oncology and Hemato-Oncology, Milan,
Italy; 73Weill-Cornell, Englander Institute of Precision Medicine, Department of Radiation Oncology, New York, NY, USA; '7**National
Institutes of Health, National Institute of Allergy and Infectious Diseases, Vaccine Research Center, Bethesda, MD, USA; "7“°University of
Glasgow, Institute of Molecular, Cell and Systems Biology, Glasgow, Scotland, United Kingdom; '7#'Instituto de Biomedicina de Valencia, CSIC,
Valencia, Spain; '7*2Jawaharlal Nehru University, School of Life Sciences, New Delhi, India; '7**Baylor College of Medicine, Department of
Molecular and Human Genetics, Houston, TX, USA; "7**Hopwood Centre for Neurobiology, Lifelong Health Theme, South Australian Health
and Medical Research Institute, Adelaide, Australia; 7**Institute for Stem Cell Science & Regenerative Medicine (inStem), Bangalore,
Karnataka, India; "7*¢University of Maryland School of Medicine, Department of Anesthesiology, Shock, Trauma and Anesthesiology Research
Center, Baltimore, MD, USA; "7#University of Birmingham, Institute of Biomedical Research, Institute of Cancer and Genomic Sciences, College
of Medical and Dental Sciences, Edgbaston, Birmingham, UK; "7“®University of Delhi South Campus, Department of Genetics, New Delhi, India;
74%Folkhdlsan Research Center, Helsinki, Finland; '7*°Health Research Institute Germans Trias i Pujol, Innate Immunity Group, Badalona,
Barcelona, Spain; '>"Mayo Clinic, Department of Molecular Medicine, Rochester, MN, USA; "7*?National Institute of Mental Health and
Neurosciences, Department of Neurochmistry, Bengaluru, Karnataka, India; '7>*Duke University, Department of Molecular Genetics and
Microbiology, Durham, NC, USA; '7**Goethe University, Institute of Pharmacology and Toxicology, Frankfurt, Germany; '7>*University of Notre
Dame, Department of Biological Sciences, Notre Dame, IN ,USA; '7>Research Center Borstel - Leibniz Lung Center, Priority Area Infections,
Division Cellular Microbiology, Borstel, Germany; >’UCL Queen Square Institute of Neurology, Department of Clinical and Movement
Neurosciences, London, UK; '7*8University Hospital and University of Ziirich, Department of Gastroenterology and Hepatology, Ziirich,
Switzerland; 7**University of Calgary, Department of Comparative Biology & Experimental Medicine, Calgary, AB, Canada; " University of
Texas Medical Branch at Galveston, Institute for Human Infection and Immunity, Department of Biochemistry and Molecular Biology,
Galveston, TX, USA; "76'Amsterdam University Medical Centers location VUmc, Department of Clinical Genetics, Amsterdam, The Netherlands;
762University of Kaiserslautern, Phytopathology, Kaiserslautern, Germany; 7¢*IRCCS San Raffaele Scientific Institute, Division of Genetics and
Cell Biology, Milan, lItaly; '¢*Centro di Riferimento Oncologico, CRO-IRCCS, Molecular Oncology Unit, Aviano, Italy; 7%*Medical University of
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Graz, Gottfried Schatz research center, Graz, Austria; '7*®Medical University of Innsbruck, Institute for Cell Biology, Innsbruck, Austria;
767Vaccine Research Center, National Institutes of Health, Bethesda, MD, USA; '7%®Hannover Medical School, Department of Nephrology and
Hypertension, Hannover, Germany; '7**Ruhr-University Bochum, Department of Molecular Immunology, Bochum, Germany; "7°University
Grenoble Alpes and Inserm U1055, Laboratory of Fundamental and Applied Bioenergetics (LBFA), Grenoble, France; 7”'German Center for
Neurodegenerative Diseases, DZNE, Bonn, Germany and Department of Neurodegenerative Diseases and Geriatric Psychiatry, University Bonn,
Bonn, Germany; '77?Reseach Center Borstel, Leibniz Lung Center, Priority Research Area Infections, Junior Research Group Coinfection, Borstel,
Germany; '"73Johannes Kepler University Linz, Institute of Biophysics, Linz, Austria; '77*Mayo Clinic, Department of Biochemistry and Molecular
Biology, Division of Gastroenterology and Hepatology, Rochester, MN, USA; ”*Technische Universitdt Dresden, Institute for Physiological
Chemistry, Dresden, Germany; '"7University of Wuerzburg, Department of Vegetative Physiology, Wuerzburg, Germany; 7”’University of
Natural Resources and Life Sciences, Department of Applied Genetics and Cell Biology, Vienna, Austria; "778Mayo Clinic, Division of
Gastroenterology and Hepatology, Rochester, MN, USA; ""7°University of Luxembourg, Luxembourg Centre for Systems Biomedicine (LCSB),
Esch-sur-Alzette, Luxembourg; 7®University of Campania L. Vanvitelli, Dipartimento di Scienze Mediche Traslazionali, Naples, Italy;
781Department of Medical and Surgical Sciences and Biotechnologies, Sapienza University of Rome, Italy; IRCCS Neuromed, Pozzilli (IS), Italy;
782Helmholtz Centre for Infection Research, Braunschweig, Germany; '7#3University of Pittsburgh, Department of Surgery, Pittsburgh, PA, USA;
1784Rutgers Biomedical and Health Sciences, Rutgers University, Robert Wood Johnson Medical School, Department of Pharmacology, New
Brunswick , NJ, USA; "®National Research Council, Institute of Molecular Genetics, Pavia, Italy; 7®Albert Einstein College of Medicine, ,
Department of Developmental and Molecular Biology, Bronx, NY; Albert Einstein College of Medicine, Institute for Aging Studies, Bronx, NY,
USA; "78’The Barcelona Institute of Science and Technology, Institute for Research in Biomedicine (IRB Barcelona), Barelona, Spain; Universitat
de Barcelona, Departament de Bioquimica i Biomedicina Molecular, Barcelona, Spain; Instituto de Salud Carlos Ill, CIBER de Diabetes y
Enfermedades Metabdlicas Asociadas (CIBERDEM), Madrid, Spain; '7®Medical University of Graz, Division of Cardiology, Graz, Austria; 7Rice
University, Department of Bioengineering, Houston, TX, USA; "*°University of Illinois at Chicago, College of Medicine, Department of
Biochemistry and Molecular Genetics, Chicago, IL, USA; "7*"University of Oslo, Centre for Molecular Medicine Norway (NCMM), Oslo, Norway;
1792Cedars-Sinai Medical Center, Department of Medicine, Division of Digestive and Liver Diseases, Los Angeles, CA, USA; "723INRA-UPPA, UMR
1419 Nutrition, Métabolisme, Saint Pée-sur-Nivelle, France; 7**Pennsylvania State University, Department of Biochemistry and Molecular
Biology, University Park, PA, USA; 7%Alpert Medical School of Brown University/Rhode Island Hospital, Division of Cardiothoracic Surgery,
Providence, RI, USA; "7%lowa State University, Animal Science Department, Ames, 1A, USA; "7*’University of Wirzburg, Institute of Clinical
Neurobiology, Wiirzburg, Germany; '7*®Dokuz Eylul University, Izmir International Biomedicine and Genome Institute, Izmir, Turkey;
79%University of Alberta, Department of Laboratory Medicine and Pathology, Edmonton, AB, Canada; ®°Texas Tech University. Department of
Biological Sciences. Lubbock, TX, USA; '®Johns Hopkins University School of Medicine, Department of Cell Biology, Baltimore, MD, USA;
1802Telethon Institute of Genetics and Medicine (TIGEM), Naples, Italy; 3 Federico Il University of Naples, Naples, Italy; ®*“Indian Institute of
Science, Department of Microbiology and Cell Biology, Bangalore, KA, India; '®University of Bologna, Dipartimento di Scienze Biomediche e
Neuromotorie, Bologna, Italy; ®Shenzhen University Health Science Center, School of Dentistry, Shenzhen, Guangdong Province, China;
8%University of Alabama at Birmingham, Department of Pharmacology & Toxicology, Birmingham, AL, USA; '®”University of Washington,
Department of Medicine, Seattle, WA, USA; VA Puget Sound Health Care System, Seattle, WA, USA; '®8Soochow University, Institutes for
Translational Medicine, Suzhou, Jiangsu, China; ®°National Institute of Biological Sciences, Beijing, China; '®'°Freie Universitaet Berlin,
Department of Veterinary Medicine, Institute of Veterinary Biochemistry, Berlin, Germany; '®'"University of Michigan Medical School,
Department of Neurology, Ann Arbor, MI, USA; '82Johns Hopkins University, Department of Oncology, Sidney Kimmel Comprehensive Cancer
Center, Baltimore, MD, USA; '8'3Division of Stem Cell and Gene Therapy Research, Institute of Nuclear Medicine & Allied Sciences (INMAS),
Defence Research and Development Organization (DRDO), Timar Pur, New Delhi, India; *"*Thomas Jefferson University, Center for
Translational Medicine, Philadelphia, PA, USA; 8"*Women and Infants Hospital of Rhode Island-Warren Alpert Medical School of Brown
University, Departments of Pediatrics, Providence, RI, USA; 8'®University of Macau, Faculty of Health Sciences, Macau, China; '®'"The
University of Hong Kong, School of Chinese Medicine, Hong Kong, China; '®'®Nanjing Agricultural University, College of Animal Science and
Technology, Nanjing, Jiangsu, China; '®'°Total Toxicology Labs, Southfield, MI, USA; '¥2°Soochow University, College of Pharmaceutical
Sciences, Department of Pharmacology and Laboratory of Aging and Nervous Diseases, Suzhou, China; '®2'Fralin Biomedical Research
Institute, Roanoke, VA, USA; '®22National Institutes of Health, National Institute of Neurological Disorders and Stroke, Bethesda, MD, USA;
'823Van Andel Institute, Center for Epigenetics, Grand Rapids, MI, USA; '82*Fudan University, Zhongshan Hospital, Liver Cancer Institute,
Department of Liver Surgery & Transplantation, Shanghai, China; '®**Juntendo University Graduate School of Medicine, Department of
Treatment and Research in Multiple Sclerosis and Neuro-intractable Disease, Bunkyo-ku, Tokyo, Japan; '82National Chung-Hsing University,
Institute of Biomedical Sciences, Taichung City, Taiwan; '82”Jikei University School of Medicine, Research Center for Medical Sciences, Division
of Gene Therapy, Tokyo, Japan; '®26Tokyo Medical and Dental University, Department of Pathological Cell Biology, Tokyo, Japan; '®2*Tohoku
University, Graduate School of Agricultural Science, Sendai, Japan; '®°Geisel School of Medicine at Dartmouth, Department of Biochemistry
and Cell Biology, Hanover, NH, USA; 83'Kobe University Graduate School of Medicine, Center for Infectious Diseases, Division of Infectious
Disease Control, Kobe, Japan; '83?Agharkar Research Institute, Developmental Biology Group, Pune, India; Savitribai Phule Pune University,
Ganeshkhind, Pune, Maharashtra, India; **Mayo Clinic College of Medicine, Department of Experimental Pathology, Rochester, MN, USA;
1834-Shou University, School of Medicine for International Students, Kaohsiung, Taiwan; '®**Wuhan University, Medical Research Institute,
Wuhan, China; '8¢University of Calgary, Cumming School of Medicine, Departments of Medical Genetics and Biochemistry & Molecular
Biology, Calgary, Alberta, Canada; '®’Inserm U1138, Centre de Recherche des Cordeliers, Sorbonne Université, Université de Paris, Paris,
France; '®*Achucarro Basque Center for Neurosciences, University of the Basque Country, Leioa, Bizkaia, Spain; '®**Universidad de la
Republica, Facultad de Agronomia, Departamento de Biologia Vegetal, Montevideo, Uruguay; '®*°National Institutes of Health, NIEHS, RTP,
Durham, NC, USA; "®'David Geffen School of Medicine at University of California, Los Angeles, Department of Medicine, Division of
Dermatology, Los Angeles, CA, USA; "®2University of Surrey, School of Bioscience and Medicine, Department of Microbial Sciences, Stag Hill
Campus, Guildford, Surrey, UK; "®*3University of Oxford, Kennedy Institute of Rheumatology, Oxford, UK; '®*“4University of Bern, Institute of
Pharmacology, Bern, Switzerland; "8*INSERM UMR1163, Laboratory of Epithelial Biology and Disease, Imagine Institute, Paris Descartes
University, Sorbonne Paris Cité, Hopital Necker-Enfants Malades, Paris, France; '®*Boston University School of Medicine, Division of
Hematology & Medical Oncology, Department of Pharmacology & Experimental Therapeutics, Boston, MA, USA; '®Wayne State University
School of Medicine, Department of ophthalmology, Visual and Anatomical Sciences, Detroit, MI, USA; '84®Albert Einstein College of Medicine,
Department of Medicine, Bronx, NY, USA; ®*University of Pittsburgh, Department of Pharmacology & Chemical Biology, Pittsburgh, PA, USA;
1850Post Graduate Institute of Medical Education and Research (PGIMER), Department of Urology, Chandigarh, India; '®>'Biomedical Research
Institute of New Mexico, VA Healthcare System, Albuquerque, NM, USA; '82CSIR-National Physical Laboratory, Dr. K. S. Krishnan Marg, New
Delhi, India; "®*3University of Pittsburgh School of Medicine, Departments of Ophthalmology, Cell Biology, and Developmental Biology,
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Pittsburgh, PA, USA; '®4Sanjay Gandhi Postgraduate Institute of Medical Sciences, Department of Endocrinology, Lucknow, India; '®*North
Dakota State University, Department of Chemistry and Biochemistry, Fargo, ND, USA; '®*National Jewish Health, Department of Medicine,
Division of Allergy & Immunology, and Division of Pulmonary and Critical Care Medicine, Denver, CO, USA; '®’Democritus University of
Thrace, First Department of Internal Medicine & Laboratory of Molecular Hematology, Alexandroupolis, Greece; '®*3Masaryk University, Faculty
of Medicine, Department of Biology, Brno, Czech Republic; '®°Maastricht University Medical Center, School for Cardiovascular disease
(CARIM), Department of Pathology, Maastricht, The Netherlands; University of Edinburgh, Centre for Cardiovascular Science, Edinburgh, UK;
'80niversidade Federal de Séo Paulo, Paulista School of Medicine, Departament of Pharmacology, Sdo Paulo, Brazil; ®'Washington State
University, Institute of Biological Chemistry, Pullman, WA, USA; '82Edinburgh Cancer Research UK Centre, MRC Institute of Genetics and
Molecular Medicine, University of Edinburgh, Edinburgh, UK; '®3Dong-A University, College of Medicine, Department of Molecular
Neuroscience, Peripheral Neuropathy Research Center, Busan, Korea; '®4University of Geneva, Department of Biochemistry, Faculty of Science,
Switzerland; ®*University of Michigan, Department of Internal Medicine, Ann Arbor, MI, USA; '®¢Lomonosov Moscow State University,
Department of Biology, Moscow, Russia; '®¢’Duke University, Department of Medicine, Durham, NC, USA; 8KU Leuven, Department of
Imaging and Pathology, Leuven, Belgium; ®¢°Indian Institute of Technology Indore, Discipline of Biosciences and Biomedical Engineering,
Indore, Madhya Pradesh, India; '®7°Shandong University, School of public health, Department of Toxicology and nutrition. Jinan, Shandong,
China; ®"'Korea University, Department of Life Sciences, Seoul, Korea; ®72Guangzhou University of Chinese Medicine, Medical College of
Acupuncture-Moxibustion and Rehabilitation, Guangzhou, China; Hong Kong Baptist University, School of Chinese Medicine, Mr. and Mrs. Ko
Chi Ming Centre for Parkinson s Disease Research, Hong Kong SAR, China; ®3University of Colorado Anschutz Medical Campus, Division of
Cardiology, Aurora, CO, USA; "®*Hubei Key Laboratory of Cell Homeostasis, College of Life Sciences, Wuhan University, Wuhan, Hubei, China;
875Massachusetts General Hospital and Harvard Medical School, Department of Medicine, Endocrine Division, Boston, MA, USA; 8¢Université
de Bordeaux , Institut des Maladies Neurodégénératives (IMN), CNRS UMR 5293, Bordeaux, France; '®’University of Guelph, Department of
Food Science, Guelph, Canada; '®8University of California, San Diego, Department of Pediatrics, La Jolla, CA, USA; ®”°Department of Clinical
Psychopharmacology and Neurotoxicology, National Institute of Mental Health and Neurosciences, Bengaluru-560029, Karnataka, India;
'8%njversity of Kentucky, Department of Toxicology and Cancer Biology, Lexington, KY, USA; Institute of Molecular Biology and
Pathology, National Research Council (CNR), Rome, Italy; Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Fondazione Santa Lucia,
Laboratory of Cell Signaling, Rome, ltaly; "®2Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli (NA), Italy; '®Department of
Molecular Microbiology, Washington University School of Medicine, St. Louis, MO, USA; "®4Hannover Medical School, Department for Clinical
Immunology and Rheumatology, Hannover, Germany; '®>University of Western Ontario, Department of Physiology and Pharmacology,
London, Ontario, Canada; '®8Biomedical Research Foundation of the Academy of Athens, Laboratory of Neurodegenerative Diseases, Athens,
Greece; National and Kapodistrian University of Athens Medical School, First Department of Neurology, Athens, Greece; '®7Friedrich-
Alexander-Universitat Erlangen-Niirnberg, Department of Immune Modulation, University Hospital Erlangen, Erlangen, Germany; '8¢0slo
University Hospital, Institute for Cancer Research, Department of Molecular Cell Biology, Montebello, Oslo, Norway; '®8Technische Universitat
Dresden, Center for Regenerative Therapies Dresden, Dresden, Germany; '®*°Edinburgh Napier University, School of Applied Sciences,
Edinburgh, UK; "®University Medical Center Hamburg-Eppendorf, Children's Hospital, University Children's Research@Kinder-UKE, Hamburg,
Germany; '82Heinrich-Heine-University, Medical Faculty, Institute of Molecular Medicine |, Diisseldorf, Germany; '¥3IRCCS Fondazione Santa
Lucia, Rome, Italy; ®¥**The Ohio State University, Department of Cancer Biology and Genetics, Columbus, OH, USA; "®>University of California
San Diego, UCSD Moores Cancer Center, La Jolla, CA, USA; '®°Peking Union Medical College and Chinese Academy of Medical Sciences,
Peking Union Medical College Hospital, Department of Critical Care Medicine, Beijing, China; '®°’Case Western Reserve University School of
Medicine, Departments of Medicine and Pathology, Cleveland, OH USA; 8%®Rutgers University, New Jersey Medical School and Public Health
Research Institute, Newark, NJ, USA; "®°University of Madras, Department of Biochemistry, Guindy Campus, Chennai, India; '**Kolling
Institute, Department of Neurogenetics, University of Sydney and Royal North Shore Hospital, St Leonards NSW, Australia; **"Hangzhou
Normal University, Affiliated Hospital of Hangzhou Normal University, College of Medicine, Holistic Integrative Pharmacy Institutes and
Comprehensive Cancer Diagnosis and Treatment Center, Hangzhou, Zhejiang, China; *®lowa State University, Department of Kinesiology,
Ames, IA, USA; University of Nebraska Lincoln, Department of Agronomy and Horticulture, Center for Plant Science Innovation, Lincoln,
NE, USA; "**University of lllinois at Chicago, Department of Medicine, Chicago, IL, USA; **Shanghai Jiao Tong University, School of Medicine,
Ren Ji Hospital, Center for Reproductive Medicine, Shanghai, China; *Wuhan University, College of Life Sciences, Wuhan, Hubei, China;
1907Zhejiang University, School of Medicine, Department of Biochemistry, Hangzhou, Zhejiang, China; *®®University of Michigan, Department
of Radiation Oncology, Ann Arbor, MI, USA; University of Tennessee Health Science Center, Department of Physiology, Memphis, TN, USA;
1919%Experimental Physiopathology, Department of Sciences/Experimental Physiopatholgy, Medical School, University of Sao Paulo, Brazil;
1Swedish University of Agricultural Sciences, The Linnean Centre of Plant Biology in Uppsala, Department of Plant Biology, Uppsala,
Sweden; "2University of Pennsylvania, Perelman School of Medicine, Department of Medicine, Philadelphia, PA, USA; "*'*University of
Missouri, Division of Animal Science and Department of Obstetrics, Gynecology & Women s Health, Columbia, MO, USA; ""“Tokai University
School of Medicine, Department of Gastroenterology and Hepatology, Isehara, Kanagawa, Japan; ®'*York University, Department of Biology,
Toronto, Canada; "®'®University of Utah, Department of Nutrition and Integrative Physiology; Division of Endocrinology, Metabolism, and
Diabetes; Investigator, Molecular Medicine Program, Salt Lake City, UT, USA; *"’"Hong Kong Baptist University, Faculty of Science, Department
of Biology, Hong Kong, China; Hong Kong Baptist University, Golden Meditech Centre for NeuroRegeneration Sciences, Hong Kong, China;
918University of Nottingham, School of Medicine, MRC/ARUK Centre for Musculoskeletal Ageing Research and NIHR Nottingham BRC, Derby,
UK; "*University of Rzeszow, Collegium Scientarium Naturalium, Institute of Biology and Biotechnology, Department of Animal Physiology
and Reproduction, Kolbuszowa, Poland; '*2°Charité University Medicine Berlin, Department of Hepatology & Gastroenterology, Berlin,
Germany; "*?'University of Texas Health Science Center at Houston, McGovern Medical School, Department of Internal Medicine, Cardiology,
Houston, TX, USA; '¥22Sapienza University of Rome, Department of Experimental Medicine, Rome, Italy; *2*Tokyo University of Pharmacy and
Life Sciences, School of Life Sciences, Hachioji, Horinouchi, Tokyo, Japan; '*?*Chengdu Medical College, Department of Anatomy and Histology
and Embryology, Development and Regeneration Key Lab of Sichuan Province, Chengdu, China; *>*University of Glasgow, Institute of Cancer
Sciences, Glasgow, UK; "2°Penn State University College of Medicine, Department of Pediatrics, Hershey, PA, USA; ¥’Oslo University Hospital,
Institute for Cancer Research, Department of Molecular Cell Biology, Oslo, Norway; '°2The Hong Kong Polytechnic University, Faculty of
Health and Social Sciences, Department of Health Technology and Informatics, Hunghom, Hong Kong; **Inserm Unit 1195 - University of
Paris Su/Paris Saclay, Le Kremlin-Bicetre, France; ***Tokyo Medical and Dental University (TMDU), Institute of Biomaterials and
Bioengineering, Tokyo, Japan; '*'National Neuroscience Institute, Duke NUS Medical School, Singapore; '°*’Kyoto Prefectural University of
Medicine, Department of Anatomy and Neurobiology, Kyoto, Japan; '33RIKEN Center for Brain Science, Laboratory for Protein Conformation
Diseases, Wako, Saitama, Japan; '***UT Southwestern Medical Center, Department of Surgery, Dallas, Texas, USA; "*Hubei University of
Technology, National “111” Center for Cellular Regulation and Molecular Pharmaceutics, Wuhan, China; '*¢University of Chinese Academy of
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Sciences, Institute of Zoology, Chinese Academy of Sciences, State Key Laboratory of Membrane Biology, Beijing, China; '**”Juntendo
University School of Medicine, Department of Cell Biology and Neuroscience, Tokyo, Japan; '**®Harvard Medical School, Massachusetts
General Hospital, Cutaneous Biology Research Center, Charlestown, MA, USA; *°Institute of Neurosciences Paris-Saclay (Neuro-PSI) UMR 9197
CNRS, University Paris-Sud/University Paris-Saclay, Orsay, France; **°University Medicine Goettingen, Neurology, Department of Translational
Neurodegeneration, Center for Biostructural Imaging of Neurodegeneration (BIN), Goettingen, Germany; '*'Foundation for Research and
Technology-Hellas, Institute of Molecular Biology and Biotechnology, Heraklion, Crete, Greece; University of Crete, Medical School, Heraklion,
Crete, Greece; '®?Duke University, Department of Medicine; Duke University, Department of Molecular Genetics and Microbiology; Duke
University, Department of Immunology, Durham, NC, USA; Geriatric Research, Education, and Clinical Center, VA Health Care Center, Durham,
NC, USA; "#University of North Carolina, Department of Pathology, Chapel Hill, NC, USA; '***Nasonova Research Institute of Rheumatology,
Moscow, Russia; '®**Cardiff University, Division of Cancer and Genetics, Heath Park Way, Cardiff, UK; **Goethe-University, Faculty of
Medicine, Department of Clinical Pharmacology, Frankfurt, Germany; "#INSERM U955, Team “Virus Hepatology Cancers”, Créteil, France;
Université Paris-Est, UMR S955, UPEC, Créteil, France; *®Chulalongkorn University, Faculty of Allied Health Sciences, Age-Related
Inflammation and Degeneration Research Unit, Department of Clinical Chemistry, Bangkok, Thailand; **Chronic Diseases Research Center
(CEDOCQ), Faculdade de Ciéncias Médicas, Universidade Nova de Lisboa, Lisboa, Portugal; >°University of Liverpool, Department of Cellular
and Molecular Physiology, Liverpool, UK; **'Biological Research Center, CIB-CSIC, Madrid, Spain; '®>2University of Insubria, Department of
Biotechnology and Life Sciences, Varese, Italy; **Institut National de la Santé et de la Recherche Médicale (Inserm), Université de Paris, Paris
Cardiovascular Center - PARCC, Paris, France; >*University of Innsbruck, Institute of Biochemistry and Center for Molecular Biosciences
Innsbruck, Innsbruck, Austria; University Medical Center Groningen, University of Groningen, Section Systems Medicine of Metabolism and
Signaling, Laboratory of Pediatrics, Groningen, The Netherlands; Carl von Ossietzky University Oldenburg, School of Medicine and Health
Sciences, Department for Neuroscience, Oldenburg, Germany; '>*University of Kansas Medical Center, Department of Otolaryngology, Kansas
City, KS, USA; "*University of Nebraska Medical Center, Departments of Internal Medicine and Biochemistry and Molecular Biology, Omaha,
NE, USA; **’University of Colorado School of Medicine, Department of Pharmacology, Aurora, CO, USA ; '58CSIR-Institute of Genomics and
Integrative Biology, South Campus, New Delhi, India; '®**Hannover Medical School, Institute for Molecular and Therapeutic Strategies (IMTTS),
Hannover, Germany; *°University Medical Center Gottingen, Institute of Cellular Biochemistry, Gottingen, Germany; '*¢'South China
Agricultural University, Guangdong Provincial Key Laboratory of Agro-animal Genomics and Molecular Breeding/Guangdong Provincial
Sericulture and Mulberry Engineering Research Center, College of Animal Science, Guangzhou, China; '*52University of Defense, Faculty of
Military Health Sciences, Department of Radiobiology, Hradec Kralove, Czech Republic; "**University Hospital of Bonn, Institute of
Reconstructive Neurobiology, Bonn, Germany; '***University of Antwerp, Department of Biomedical Sciences, Peripheral Neuropathy Research
Group, Antwerp, Belgium; '*%*Concordia University, Department of Biology, Montreal, Quebec, Canada; '"**Wayne State University School of
Medicine, Department of Pharmacology, Detroit, MI, USA; ®’University of Zaragoza, Faculty of Veterinary-IIS Aragén, I1A2-CITA, CIBERNED,
Laboratory of Genetics and Biochemistry (LAGENBIO), Zaragoza, Spain; '**8Lewis Katz School of Medicine at Temple University, Center for
Translational Medicine, Philadelphia, PA, USA; **University of Oviedo, Department of Functional Biology, Physiology, Oviedo, Asturias, Spain;
1970njversity of Belgrade, Institute for the Application of Nuclear Energy (INEP), Belgrade, Serbia; '*'Zhejiang University, Life Sciences
Institute and Innovation Center for Cell Signaling Network, Hangzhou, China; ®72Northwestern University, Feinberg School of Medicine,
Department of Pathology, Chicago, IL, USA; '73The Francis Crick Institute, Molecular Cell Biology of Autophagy, London, UK; "**Oslo
University Hospital, Institute for Cancer Research, Department of Molecular Cell Biology, Oslo, Norway; 7>Centre de Recherche des
Cordeliers, INSERM, Université de Paris, Sorbonne Université, Paris, France; *7®University of Michigan, Department of Internal Medicine, Ann
Arbor, MI, USA; ""7Nagoya University Graduate School of Medicine, Department of Pathology and Biological Responses, Nagoya, Japan;
978University of Belgrade, Faculty of Medicine, Institute of Microbiology and Immunology, Belgrade, Serbia; '*”°University Federico Il of
Naples, Department of Molecular Medicine and Medical Biotechnology, Naples, Italy; *®°Universidade Federal do Rio de Janeiro, Institute of
Biophysics Carlos Chagas Filho, Immunobiology Program, Rio de Janeiro, RJ, Brazil; ®'National and Kapodistrian University of Athens, Faculty
of Biology, Department of Cell Biology and Biophysics, Panepistimiopolis, Athens, Greece; '#2University of Bern, Institute of Pathology,
Division of Experimental Pathology, Bern, Switzerland; *®Medical University of South Carolina, Department of Medicine, Division of
Rheumatology & Immunology, Charleston, SC, USA; "*®University of Hong Kong, Cardiology Division, Department of Medicine, Hong Kong,
China; '*®The University of Texas McGovern Medical School at Houston, Department of Neurobiology and Anatomy, Houston, TX, USA;
1986niversity of Southampton , Biological Sciences, Faculty of Environmental and Life Sciences, Highfield, Southampton, UK; "®’Universite de
Moncton, Department of Chemistry and Biochemistry, Moncton, NB, Canada; '*%Joef Stefan Institute, Department of Biochemistry and
Molecular and Structural Biology, Ljubljana, Slovenia; ®®University of Melbourne, Florey Institute of Neuroscience and Mental Health,
Parkville, VIC, Australia; **°University of Birmingham, Institute of Cancer and Genomic Sciences, Birmingham, UK; "°'Weill Cornell Medicine,
Department of Pathology and Laboratory Medicine, New York, NY, USA; '¥2Komarov Botanical Institute RAS, Laboratory of Molecular and
Ecological Physiology, Saint Petersburg, Russian Federation; **>Nottingham Trent University, School of Science and Technology, Nottingham,
UK; "**University of Oxford, John Radcliffe Hospital, Translational Gastroenterology Unit and Department of Paediatrics, Oxford, UK;
199|nstitute of Psychiatry and Neurology, First Department of Neurology, Warsaw, Poland; **Sechenov First Moscow State Medical University,
Institute for Regenerative Medicine, Moscow, Russia; '**’Mie University, Graduate School of Bioresources, Tsu, Japan; **®University of
Osnabriick, Department of Biology/Chemistry, Osnabriick, Germany; '®**University of Liverpool, Department of Cellular and Molecular
Physiology, Liverpool, UK; 2°®University of Tubingen, Center for Plant Molecular Biology (ZMBP), Tiibingen, Germany; 2®®'University of South
Florida, Morsani College of Medicine, Department of Molecular Medicine and USF Health Byrd Alzheimer's Research Institute, Tampa, FL, USA;
Institute for Biological Instrumentation of Russian Academy of Sciences, Laboratory of New Methods in Biology, Pushchino, Moscow region,
Russia; 2°©University of Milan, Department of Biosciences, Milan, Italy; 2°%University of Buenos Aires, Institute of Biochemistry and Molecular
Medicine, Pathophysiology Department, School of Pharmacy and Biochemistry, CONICET, Buenos Aires, Argentina; 2°**University of Oxford,
Nuffield Department of Clinical Neurosciences, Oxford, UK; 2°°Karolinska Institute, Department of Physiology and Pharmacology, Stockholm,
Sweden; 2°%University of Murcia, Internal Medicine Department; Biomedical Research Institute of Murcia IMIB-Virgen de la Arrixaca, Brain
Regionalization and Development Gen Unit, Murcia, Spain; 2°°’University of Porto, Faculty of Pharmacy, UCIBIO, REQUIMTE, Porto, Portugal;
2008Fyndacion Instituto Leloir and [IBBA, CONICET, Buenos Aires, Argentina; Laboratorio de Glicobiologia Celular y Genética Aplicada de
Levaduras, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina; 2°°Columbia University, Vagelos College of
Physicians and Surgeons, Department of Pathology and Cell Biology, New York, NY, USA; 2"Instituto de Investigaciones Biomedicas Alberto
Sols (CSIC-UAM), Madrid, Spain; Centro de Investigacién Biomédica en Red de Diabetes y Enfermedades Metabdlicas Asociadas (CIBERdem),
Instituto de Salud Carlos Ill, Madrid, Spain; 2°''Zhejiang University, School of Medicine, Department of Microbiology and Parasitology,
Hangzhou, China; *'2Vanderbilt University School of Medicine, Department of Pathology, Microbiology and Immunology, Nashville, TN, USA;
2013Center of Translational Immunlogy, University Medical Center Utrecht, Utrecht, The Netherlands; 2°'*Goethe University, Institute for
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Experimental Cancer Research in Pediatrics, Frankfurt am Main, Germany; 2°"*niversity Hospitals Leuven, Department of Neurology, Leuven,
Belgium; KU Leuven, Department of Neurosciences, Leuven, Belgium; 2°'KU Leuven, Clinical Division and Laboratory of Intensive Care
Medicine, Department of Cellular and Molecular Medicine, Leuven, Belgium; 2*"Instituto Oswaldo Cruz, LITEB/IOC, Fundagdao Oswaldo Cruz,
FIOCRUZ, Rio de Janeiro, Brazil; 2°'®University of Lausanne, Ludwig Institute for Cancer Research Lausanne, Department of Oncology UNIL
CHUV, Laboratory of Immunosenscence and Stem Cell Metabolism, Epalinges, Switzerland; 2°'*Scientific Institute, IRCCS E. Medea, Laboratory
of Molecular Biology, Bosisio Parini, Lecco, Italy; 2°?°lcahn School of Medicine at Mount Sinai, Department of Oncological Sciences, New York,
NY, USA; 221CSIC-UAM & CIBERER, Instituto de Investigaciones Biomédicas “Alberto Sols”, Neurobiology of Hearing Group, Madrid, Spain;
222niversidade do Porto, i3S-Instituto de Investigacdo e Inovacdo em Saude, Porto, Portugal; IPATIMUP - Institute of Molecular Pathology
and Immunology of the University of Porto, Cancer Drug Resistance Group, Porto, Portugal; FFUP - Faculty of Pharmacy of the University of
Porto, Department of Biological Sciences, Porto, Portugal; °**Harvard Medical School, Ophthalmology, Boston, MA, USA; 2°**University of
Oviedo, Department of Morphology and Cell Biology, Oviedo, Spain; 2°*Universitdtsklinikum Essen, Institute for Cell Biology (Cancer
Research), Essen, Germany; 2°2National Center for Tumor Diseases (NCT), Partner Site Dresden, Germany: German Cancer Research Center
(DKFZ), Heidelberg, Germany; Faculty of Medicine and University Hospital Carl Gustav Carus, Technische Universitdt Dresden, Dresden,
Germany; Helmholtz Association/Helmholtz-Zentrum Dresden - Rossendorf (HZDR), Dresden, Germany; °*’E6tvos Lorand University (ELTE),
Department of Genetics, Budapest, Hungary; 2°2University of Groningen, University Medical Center Groningen, Department of Hematology,
Groningen, The Netherlands; 2°°Tuscia University, Department of Ecological and Biological Sciences (DEB), Viterbo, Italy; 2°°EA 3842, Limoges
University, Faculty of Medicine, Limoges cedex, France; **'Biomedical Research Foundation, Academy of Athens, Center of Clinical,
Experimental Surgery and Translational Research, Athens, Greece; 2°*?Institut de Pharmacologie et de Biologie Structurale, UMR 5089 CNRS -
Université de Toulouse, Toulouse, France; 2°**University of Bristol, School of Biochemistry, Bristol, UK; 2°*University of Pittsburgh, Department
of Pathology, Pittsburgh, PA, USA; 2**RWTH Aachen University, Medical School, Institute of Biochemistry and Molecular Biology, Aachen,
Germany; 2%Washington University in St. Louis, Department of Medicine, St. Louis, MO, USA; 2°%”Service of Endocrinology, University Hospital
Doctor Peset, Foundation for the Promotion of Health and Biomedical Research in the Valencian Region (FISABIO)-Department of Physiology,
University of Valencia, Valencia, Spain; 2°*8University of Montpellier, UMR 5235, Montpellier, France; 2*°Universidade NOVA de Lisboa, CEDOC,
NOVA Medical School, Faculdade de Ciéncias Médicas, Lisboa, Portugal; 2°*°University of Helsinki, Institute of Biotechnology, Electron
Microscopy Unit, Helsinki, Finland; 2°4'VIB-KU Leuven Center for Brain & Disease Research, Leuven, Belgium; KU Leuven, Department of
Neurosciences, Leuven Brain Institute, Leuven, Belgium; 2°*2Vall d Hebron Research Institute (VHIR)-Network Center for Biomedical Research in
Neurodegenerative Diseases (CIBERNED)-Catalan Institution for Research and Advanced Studies (ICREA), Barcelona, Spain; 2**Institute of
Biomedicine of Valencia, Spanish Research Council (CSIC), Valencia, Spain; 2°**University Hospital La Paz Research Institute (IdiPAZ), Cancer
and Human Molecular Genetics Area Oto-Neurosurgery Research Group, Madrid, Spain; 2***University of Barcelona, Department of
Biochemistry and Molecular Biomedicine, Barcelona, Spain; 2°*Instituto de Investigaciones Biomédicas Alberto Sols; C.S..C./U.A.M.; Madrid,
Spain; 2°*#University of Toulouse, Institute of Metabolic and cardiovascular Diseases, INSERM UMR 1048, Toulouse, France; 2°*Universita
Cattolica del Sacro Cuore, Institute of Histology and Embryology, Rome, Italy; 2°*University of Zagreb School of Medicine, Department of
Physiology and Croatian Institute for Brain Research, Zagreb, Croatia; 2*ltalian Institute for Genomic Medicine (IIGM), Candiolo (TO), Italy;
Candiolo Cancer Institute, FPO-IRCCS, Candiolo (TO), Italy; 2°'Simon Fraser University, Department of Chemistry, Department of Molecular
Biology and Biochemistry, Burnaby, British Columbia, Canada; 2*>>Komarov Botanical Institute RAS, Laboratory of Molecular and Ecological
Physiology, Saint Petersburg, Russian Federation; 2°>*CNR/IRCCS Fondazione Santa Lucia, Institute for Systems Analysis and Computer Science,
Rome, Italy; 2°>*Eurac Research, Institute for Biomedicine, Bolzano, Italy; 2°*°Charité - Universitaitsmedizin Berlin, Department of Anesthesiology
and Intensive Care Medicine, Campus Charité Mitte and Campus Virchow-Klinikum, Berlin, Germany; 2°**Maastricht University Medical Center,
GROW School for Oncology, Department of Radiotherapy, Maastricht|, The Netherlands; 2°’Rheinische Friedrich-Wilhelms-Universitat, Institut
fiir Biochemie und Molekularbiologie (IBMB), Bonn, Germany; 2*2Institute for Biological Research “Sinisa Stankovic”, University of Belgrade,
Belgrade, Serbia; 2°*University of Oxford, Oxford Parkinson s Disease Centre, Department of Physiology, Anatomy and Genetics, Oxford, UK;
2060Fykushima Medical University, School of Medicine, Department of Anatomy and Histology, Fukushima, Japan; 2°¢'National Institute of
Neuroscience, National Center of Neurology and Psychiatry, Department of Peripheral Nervous System Research, Kodaira, Tokyo, Japan ;
2062University of California, Los Angeles, Department of Integrative Biology and Physiology, Los Angeles, CA, USA; 2°3The University of
Queensland, School of Chemistry and Molecular Biosciences and Australian Infectious Diseases Research Centre, St. Lucia, Brisbane,
Queensland, Australia; 2°*Babraham Institute, Cambridge, UK; 2°>University of Bonn, Department of Neurology, Molecular Cell Biology Unit,
Bonn, Germany; 2°Universidad Auténoma de Madrid, Centro de Biologia Molecular Severo Ochoa (CSIC-UAM & CIBERNED), Madrid, Spain;
2067St Jude Children s Research Hospital, Department of Pathology, Memphis, TN, USA; 2°%8Chang Gung University College of Medicine and
Chang Gung Memorial Hospital, Department of Cardiology, Taoyuan City, Taiwan; National Health Research Institutes, Institute of Cellular and
System Medicine, Zhunan, Taiwan; 2°°China Pharmaceutical University, School of Life Science and Technology, Nanjing, Jiangsu, China;
2070niversity of California Los Angeles, School of Dentistry, Division of Oral Biology and Medicine, Los Angeles, CA, USA; 27'Zhujiang Hospital
of Southern Medical University, Department of Neurology, Guangzhou, Guangdong Province, China; 2°7?Southern Medical University, School of
Basic Medical Sciences, Department of Bioinformatics, Guangzhou, China; 2°”3University of Michigan, Department of Internal Medicine,
Division of Hematology and Oncology, Ann Arbor, MI, USA; 2°7*Shanghai Ninth People's Hospital, National Clinical Research Center for Oral
Disease, Shanghai Jiao Tong Univeristy, School of Medicine, Shanghai, China; *”°Texas A&M College of Dentistry, Department of Endodontics,
Dallas, TX, USA; 2°’¢Third Military Medical University of China, Xingiao Hospital, Institute of Respiratory Diseases, Chongqing, China;
277Soochow University, Center for Circadian Clocks; School of Biology & Basic Medical Sciences, Medical College, Suzhou, Jiangsu, China;
2078CAS Center for Excellence in Nanoscience, CAS Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety, National Center for
Nanoscience and Technology (NCNST), Zhongguancun, Beijing, China; 2°”°China Agricultural University, College of Biological Sciences, State
Key Laboratory of Agro-Biotechnology and MOA Key Laboratory of Soil Microbiology, Beijing, China; 2°%°Soochow University, Hematology
Center of Cyrus Tang Hematology Institute, School of Medicine, Suzhou, China; 2%®'Johns Hopkins University, Department of Biochemistry and
Molecular Biology, Baltimore, MD, USA; 2%%2China Academy of Chinese Medical Sciences, Artemisinin Research Center and the Institute of
Chinese Materia Medica, Beijing, China; 2°83Shanxi Agricultural University, Shanxi Key Laboratory of Ecological Animal Science and
Environmental Veterinary Medicine, Taigu, Shanxi, China; 2°®*National University of Singapore, Yong Loo Lin School of Medicine, Department
of Physiology, Singapore; 2°#The Chinese University of Hong Kong, School of Public Health and Primary Care, Hong Kong, China; 2°®Fourth
Military Medical University, College of Stomatology, Department of Oral Anatomy and Physiology and TMD, Xi'an, China; 2°®’The First
Affiliated Hospital, Jinan University, Guangzhou, China; 2°®National University of Singapore, Department of Medicine, Cardiovascular Research
Institute, Singapore; 2°Huazhong Agricultural University, College of Horticulture and Forestry Science, Key Laboratory of Horticultural Plant
Biology (Ministry of Education), Wuhan, China; 2°°°Feinstein Institutes for Medical Research, Center for Immunology and Inflammation,
Manhasset, NY, USA; 2*'Cleveland Clinic, Department of Cardiovascular Medicine/Heart and Vascular Institute, Cleveland, OH, USA;
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2092Djabetes and Metabolism Research Institute, Department of Molecular & Cellular Endocrinology; City of Hope Medical Center, Beckman
Research Institute, Comprehensive Cancer Center, Duarte, CA, USA; 2**3University of Kentucky, Department of Ophthalmology and Visual
Sciences, Lexington, KY, USA; 2°“Xuzhou Medical University, Department of Anesthesiology, Xuzhou, Jiangsu, China; 2°**Stanford University
School of Medicine, Department of Neurosurgery, Palo Alto, CA, USA; 2°¢University of South Dakota, Division of Basic Biomedical Sciences,
Vermillion, SD, USA; 2°’Tsinghua University, School of Life Sciences, Beijing, China; 2°®Department of Biomedical Sciences, College of
Medicine, Florida State University, Tallahassee, FL 32306-4300; 2°°°Kaohsiung Medical University, School of Dentistry, College of Dental
Medicine, Kaohsiung, Taiwan; 2'®University of Southampton, Faculty of Environmental and Life Sciences, Biological Sciences, and the Institute
for Life Sciences, Southampton, UK; 2'°'Nanjing Agricultural University, College of Horticulture, Weigang NO. 1, Nanjing, China; 2'%Saint Louis
University, Department of Biology, Saint Louis, MO, USA; #'°Air Force Medical University, Xijing Hospital and School of Basic Medicine,
Department of Pathology, State Key Laboratory of Cancer Biology, Xi an, China; 2'**Affiliated Union Hospital of Fujian Medical University,
Fuzhou, Fujian, China; 2'®“Wenzhou Medical University, Key Laboratory of Biotechnology and Pharmaceutical Engineering, School of
Pharmaceutical Sciences, Wenzhou, China; #'°°Queen Mary University, Blizard Institute, Flow Cytometry Core Facility, London, UK; 2'*"Juntendo
University Graduate School of Medicine, Department of Metabolism & Endocrinology, Bunkyo-ku, Tokyo, Japan; 2'%Chiba University Graduate
School of Medicine, Department of General Medical Science, Chiba, Japan; 2'®University of Cincinnati College of Medicine, Cincinnati
Children s Research Foundation, Division of Pulmonary Biology, Department of Pediatrics, Cincinnati, OH, USA; 2""°University of Gdansk,
Department of Molecular Biology, Gdansk, Poland; 2'"'Department of Biological Sciences, University of Denver, Denver, CO, USA; 2'"2University
of Pennsylvania, Department of Anesthesiology, Philadelphia, PA, USA; 2'"®Indiana University School of Medicine, Department of Pediatrics,
Indianapolis, IN, USA; #''*Chinese Academy of Sciences, Institute of Biophysics, Beijing, China; 2'">Affiliated Cancer Hospital and Institute of
Guangzhou Medical University, Guangzhou, China; 2'"Institute of Complex Systems, ICS-6 (Structural Biochemistry), Forschungszentrum
Jlich, Julich, Germany; 2'"”Washington University School of Medicine, Department of Neurology, St. Louis, MO, USA; 2""8University of Bonn,
Pharmaceutical Institute, Section Pharmacology and Toxicology, Bonn, Germany; 2'"°University Hospital RWTH Aachen, Institute of Molecular
Pathobiochemistry, Experimental Gene Therapy and Clinical Chemistry (IFMPEGKC), Aachen, Germany; 2'*°Univ of Pittsburgh and Pittsburgh
VA HealthSystem, Department of Pathology, Pittsburgh, PA, USA ; 2'2'Stanford University, Department of Ophthalmology, Stanford, CA, USA;
2122Georg August University Gottingen, Institute of Microbiology and Genetics, Department of Genetics of Eukaryotic Microorganisms,
Gottingen, Germany; *'?*Harvard Medical School and Brigham & Women's Hospital, Precision Neurology Program & APDA Center for
Advanced Parkinson Research, Boston, MA, USA; 2'*University of Nottingham, School of Life Sciences, Queen s Medical Centre, Nottingham,
UK; 2'2>Scripps Research Institute, La Jolla, CA, USA; 2'*University of Cambridge, MRC Mitochondrial Biology Unit, Cambridge, UK;
2127Forschungszentrum lJiilich, Institute of Complex Systems (ICS-6), Jilich, Germany; Heinrich-Heine-Universitat Disseldorf Institut fiir
Physikalische Biologie, Diisseldorf, Germany; 2'2Amsterdam University Medical Centers, Location AMC, Tytgat Institute for Intestinal Research,
Department of Gastroenterology and Hepatology, Amsterdam, The Netherlands; 2'*Quadram Institute Bioscience, Norwich Research Park,
Norwich, Norfolk, UK; #'3°University of Edinburgh, MRC Institute of Genetics and Molecular Medicine, Scotland, UK; 2'*'Queensland University
of Technology, Centre for Tropical Crops and Biocommodities, Science and Engineering Faculty, Brisbane, Queensland, Australia; 2'*?Royal
Holloway University of London, Centre for Biomedical Sciences, Egham, Surrey, UK; 2'*3MRC Laboratory of Molecular Biology, Cambridge, UK;
2134National Institutes of Health, Laboratory of Clinical Immunology and Microbiology, National Institute of Allergy and Infectious Diseases,
Bethesda, MD, USA; #'3>University of Nebraska-Lincoln, Department of Plant Pathology, Lincoln, NE, USA; '*Friedrich-Alexander-Universitat
Erlangen-Nirnberg (FAU), Department of Stem Cell Biology, Erlangen, Germany; 2"*’University of Toronto, Faculty of Medicine, Department of
Immunology, Toronto, ON, Canada; 2'*®Department of Obstetrics and Gynecology, Weill Cornell Medicine, 1300 York Avenue, Box 35, New
York, NY, United States.; 2'**National Medicines Institute, Department of Drug Biotechnology and Bioinformatics, Warszawa, Poland; 2'*°MFP
CNRS UMR 5234, University of Bordeaux, Bordeaux, France; 2'*'Institut Pasteur, Membrane Biochemistry and Transport, Paris, France;
2142National University of Singapore, Yong Loo Lin School of Medicine, Department of Physiology, Singapore; National University Health
System, Centre for Healthy Ageing, Singapore; '“*School of Medicine, Shenzhen University, Shenzhen, China; 2"**University of Zurich, Institute
of Experimental Immunology, Switzerland, Zurich; 2'**Southwest Medical University, Luzhou Key Laboratory of Activity Screening and
Druggability Evaluation for Chinese Materia Medica, Jiangyang District, Luzhou, China; 2"**University of California San Diego, Department of
Neurosciences, La Jolla, CA, USA; 2'*Weizmann Institute of Science, Department of Plant and Environmental Sciences, Rehovot, Israel;
2148University of Maryland School of Medicine, Center for Shock, Trauma and Anesthesiology Research (STAR), Departments of Anesthesiology,
Anatomy & Neurobiology, Baltimore, MD, USA; #'**NHRI, Institute of Cellular and System Medicine, Zhunan, Taiwan; #'*°University of North
Dakota, Biochemistry and Molecular Biology School of Medicine and Health Sciences, Grand Forks, ND, USA; 2"*'Wenzhou Medical University,
State Key Laboratory of Ophthalmology, Optometry and Visual Science, School of Optometry and Ophthalmology and the Eye Hospital,
Wenzhou, China; 2"*2Soochow University, Department of Pathogenic Biology, Suzhou, Jiangsu Province, China; #'>3First Affiliated Hospital of
Xi an Jiaotong University School of Medicine, Center for Translational Medicine, Xi an, Shaanxi, China; #'**Zhejiang Provincial People's
Hospital, Department of Endocrinology, Hangzhou, China; 2'**Umea University, Umea Centre for Microbial Research (UCMR), Department of
Chemistry, Umed, Sweden; #'>*Zhejiang University School of Medicine, Department of Toxicology of School of Public Health, and Department
of Gynecologic Oncology of Women's Hospital, Hangzhou,China; 2'*’The Broad Institute of Harvard and MIT, Massachusetts General Hospital,
Harvard Medical School, Department of Molecular Biology, Cambridge, MA, USA; 2'*8Zhejiang University, Department of Biochemistry in
School of Medicine, Hangzhou, Zhejiang Province, China; 2'*°Shenzhen University, College of Medicine, Shenzhen, Guangdong, China; 2'®°The
University of Hong Kong, Department of Anesthesiology, Queen Mary Hospital, Hong Kong, China; 2'*"Wuhan University, Key Laboratory of
Combinatorial Biosynthesis and Drug Discovery, Ministry of Education, School of Pharmaceutical Sciences, Wuhan, China; 2'%2Shanghai Jiao
Tong University School of Medicine, Ruijin Hospital, Department of Otolaryngology & Head and Neck Surgery, Shanghai, China; 2'%3Friedrich-
Alexander University Erlangen-Niirnberg, University Hospital Erlangen, Department of Molecular Neurology, Erlangen Germany; *'%*Research
Department, National Neuroscience Institute, Singapore; 2'>Southern University of Science and Technology, Department of Biology,
Shenzhen, China; #'*®Sichuan University, West China Hospital, Centre of Geriatrics and Gerontology, Chengdu, China; 2'’University of
Electronic Science and Technology of China, School of Medicine, Chengdu, China; Sichuan Cancer Hospital @ Institute, Department of Clinical
Pharmacy, Sichuan Cancer Center; 2'®Wenzhou Medical University, School of Pharmaceutical Sciences, Wenzhou, China; 2'%*Sun Yat-sen
University, School of Life Sciences, Guangdong Provincial Key Laboratory of Plant Resources, State Key Laboratory of Biocontrol, Guangzhou,
China; 2'7°Queensland University of Technology, Institute of Health and Biomedical Innovation, Kelvin Grove, Brisbane, Queensland, Australia;
2171South China Agricultural University, College of Veterinary Medicine, Guangzhou, Guangdong, China; #'7?Southwest Hospital, Third Military
Medical University (Army Medical University), Key Laboratory of Hepatobiliary and Pancreatic Surgery, Institute of Hepatobiliary Surgery,
Chongging, China; #73University of Alabama at Birmingham, Division of Cardiovascular Disease, Department of Medicine, Birmingham, AL,
USA; #'7*Shanghai Jiao Tong University, School of Life Sciences and Biotechnology, Shanghai, China; 2'7°Georgia State University, The Center
for Molecular and Translation Medicine, Atlanta, GA, USA; 2'7*Biomedical Research Foundation of the Academy of Athens (BRFAA), Center of
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Clinical, Experimental Surgery, & Translational Research, Athens, Greece; 2'”’Shanghai Sixth People's Hospital, Department of Cardiovascular
Medicine, and Shanghai Jiaotong University School of Medicine, Shanghai Institute of Immunology, Shanghai, China; ?'78Institute of
Neurosciences and Department of Neurology of the Second Affiliated Hospital of Guangzhou Medical University, Guangzhou, China;
2179University of Michigan, Department of Molecular, Cellular and Developmental Biology, Ann Arbor, MI, USA; 2'®Purdue University,
Department of Botany and Plant Pathology, West Lafayette, IN, USA; 2'8'Shanghai Jiao Tong University School of Medicine, Shanghai General
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ABSTRACT ARTICLE HISTORY

In 2008, we published the first set of guidelines for standardizing research in autophagy. Since Received 14 July 2020
then, this topic has received increasing attention, and many scientists have entered the field. Our Revised Vxx xxx xxxx
knowledge base and relevant new technologies have also been expanding. Thus, it is important Accepted Axx Xxx xxxx
to formulate on a regular basis updated guidelines for monitoring autophagy in different organ- KEYWORDS

isms. Despite numerous reviews, there continues to be confusion regarding acceptable methods Autophagosome; cancer;
to evaluate autophagy, especially in multicellular eukaryotes. Here, we present a set of guidelines flux; LC3; lysosome;
for investigators to select and interpret methods to examine autophagy and related processes, macroautophagy;
and for reviewers to provide realistic and reasonable critiques of reports that are focused on neurodegeneration;
these processes. These guidelines are not meant to be a dogmatic set of rules, because the phagophore; stress; vacuole
appropriateness of any assay largely depends on the question being asked and the system being

used. Moreover, no individual assay is perfect for every situation, calling for the use of multiple

techniques to properly monitor autophagy in each experimental setting. Finally, several core

components of the autophagy machinery have been implicated in distinct autophagic processes

(canonical and noncanonical autophagy), implying that genetic approaches to block autophagy

should rely on targeting two or more autophagy-related genes that ideally participate in distinct

steps of the pathway. Along similar lines, because multiple proteins involved in autophagy also

regulate other cellular pathways including apoptosis, not all of them can be used as a specific

marker for bona fide autophagic responses. Here, we critically discuss current methods of asses-

sing autophagy and the information they can, or cannot, provide. Our ultimate goal is to

encourage intellectual and technical innovation in the field.

Introduction that can be used by researchers to plan and interpret their
experiments, by clinicians to evaluate the literature with
regard to autophagy-modulating therapies, and by both
authors and reviewers to justify or criticize an experimen-
tal approach.

Several fundamental points must be kept in mind as
we establish guidelines for the selection of appropriate
methods to monitor autophagy [2]. Importantly, there
are no absolute criteria for determining autophagic status
that are applicable in every single biological or experi-
mental context. This is because some assays are unsuita-
ble, problematic or may not work at all in particular cells,
tissues or organisms [1-4]. For example, autophagic
responses to drugs may be different in transformed versus
nontransformed cells, in confluent versus nonconfluent
cells, or in cells grown with or without glucose [5].
These guidelines are likely to evolve as new methodolo-
gies are developed and current assays are superseded.
Nonetheless, it is useful to establish a reference for accep-
table assays that can reliably monitor autophagy in many
experimental systems. It is important to note that in this
set of guidelines the term “autophagy” generally refers to
macroautophagy; other autophagy-related processes are
specifically designated when appropriate.

Many researchers, especially those new to the field, need
to determine which criteria are essential for demonstrat-
ing autophagy, either for the purposes’ of their own
research, or in the capacity of a manuscript or grant
review [1,2]. Acceptable standards are an important
issue, particularly considering that each of us may have
her/his own opinion regarding the answer. Furthermore,
as science progresses and the field evolves, the answer is
in part a “moving target” [3]. This can be extremely
frustrating for researchers who may think they have met
those criteria, only to find out that the reviewers of their
work disagree. Conversely, as a reviewer, it is tiresome to
raise the same objections repeatedly, wondering why
researchers have not fulfilled some of the basic require-
ments for establishing the occurrence of an autophagic
process. In addition, drugs that potentially modulate
autophagy are increasingly being used in clinical trials,
and screens are being carried out for new drugs that can
modulate autophagy for therapeutic purposes. Clearly, it
is important to determine whether these drugs are truly
affecting autophagy, and which step(s) of the process/es
is/are affected, based on a set of accepted criteria. To this
aim, we describe here a basic set of updated guidelines
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For the purposes of this review, the autophagic compartments
(Figure 1) are referred to as the sequestering (pre-autophagoso-
mal) phagophore (PG; previously called the isolation or seques-
tration =~ membrane [6,7,8], the double-membrane
autophagosome (AP; generated by scission of the phagophore
membrane [9,10]), the single-membrane amphisome (AM; gen-
erated by the fusion of the outer autophagosomal membrane
with endosomes) [11], the lysosome (LY), the autolysosome (AL;
generated by fusion of the outer autophagosomal membrane or
amphisome with a lysosome), and the autophagic body (AB;
generated by fusion of the outer autophagosomal membrane
with, typically, the vacuole in fungi and plants followed by the
release of the internal autophagosomal compartment into the
vacuole lumen). Except for cases of highly stimulated autophagic
sequestration (Figure 2), autophagic bodies are not seen in
animal cells, because lysosomes/autolysosomes are typically
smaller than autophagosomes [11]. One critical point is that
autophagy is a highly dynamic, multi-step process. Like other
cellular pathways, it can be modulated at several steps, both
positively and negatively. An accumulation of autophagosomes
measured by transmission electron microscopy (TEM) image
analysis [12], identified as green fluorescent protein (GFP)-
MAPILC3 (GFP-LC3) puncta under fluorescence microscopy,
or as changes in the amount of lipidated LC3 (LC3-II) on a
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western blot, could reflect a reduction in autophagosome turn-
over [13-15], or the inability of turnover to keep pace with
increased autophagosome formation (Figure 1B) [16]. For exam-
ple, inefficient fusion with endosomes and/or lysosomes, or
perturbation of the transport machinery [17], would inhibit
autophagosome maturation to amphisomes or autolysosomes
(Figure 1C), whereas decreased flux could also be due to ineffi-
cient degradation of the cargo once fusion has occurred [18].
Moreover, GFP-LC3 puncta and LC3 lipidation can reflect the
induction of a different/modified pathway such as LC3-asso-
ciated phagocytosis (LAP) [19], or the noncanonical destruction
pathway of paternal mitochondria after egg fertilization [20,21].

Thus, the use of autophagy markers such as LC3-II must be
complemented by assays to estimate overall autophagic flux, or
flow, to permit a correct interpretation of the results. That is,
autophagic activity includes not just the increased synthesis or
lipidation of Atg8/LC3/GABARAP (LC3 and GABARAP sub-
families constitute the mammalian homologs of yeast Atg8), or
an increase in the formation of autophagosomes, but, most
importantly, flux through the entire system, including lyso-
somes or the vacuole, and the subsequent release of the break-
down products. Therefore, autophagic substrates need to be
monitored dynamically over time to verify that they have
reached the lysosome/vacuole, and whether or not they are
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Figure 1. Schematic model demonstrating the induction of autophagosome formation when turnover is blocked versus normal autophagic flux, and
illustrating the morphological intermediates of autophagy. (A) The initiation of autophagy includes the formation and expansion of the phagophore, the
initial sequestering compartment, which expands into an autophagosome. Completion of the autophagosome requires an intraphagophore membrane
scission step and is followed by fusion of the outer autophagosomal membrane with lysosomes and degradation of the contents, allowing complete flux,
or flow, through the entire pathway. This is a different outcome than the situation shown in (B) where induction results in the initiation of autophagy,
but a defect in autophagosome turnover due, for example, to a block in fusion with lysosomes or disruption of lysosomal functions will result in an
increased number of autophagosomes. In this scenario, autophagy has been induced, but there is no or limited autophagic flux. (C) An autophagosome
can fuse with an endosome to generate an amphisome, prior to fusion with the lysosome. (D) Schematic drawing showing the formation of an
autophagic body in fungi. The large size of the fungal vacuole relative to autophagosomes allows the release of the single-membrane autophagic body
within the vacuole lumen. In cells that lack vacuolar hydrolase activity, or in the presence of inhibitors that block hydrolase activity, intact autophagic
bodies accumulate within the vacuole lumen and can be detected by light microscopy. The lysosome of most more complex eukaryotes is too small to

accommodate an autophagic body.
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Figure 2. An autophagic body in a large lysosome of a mammalian epithelial cell
in a mouse seminal vesicle in vitro. The arrow shows the single limiting membrane
covering the sequestered rough ER. Image provided by A.L. Kovacs.

degraded. By responding to perturbations in the extracellular
environment, cells tune the autophagic flux to meet intracellu-
lar metabolic demands and support repair mechanisms. The
impact of autophagic flux on cell death and human pathologies,
therefore, demands accurate tools to measure not only the
current flux of the system, but also its capacity [22], and its
response time, when exposed to a defined stress [23].

One approach to evaluate autophagic flux is to measure the
rate of general protein breakdown by autophagy [6,24,25]. It
is possible to arrest the autophagic flux at a given point, and
then record the time-dependent accumulation of an organelle,
an organelle marker, a cargo marker, or the entire cargo at the
point of blockage; however, this approach assumes there is no
feedback of the accumulating structure on its own rate of
formation [26]. Thus, the chase period should be kept short,
ideally with more than one time point. In an alternative
approach, one can follow the time-dependent decrease of an
autophagy-degradable marker following inhibition of protein
synthesis (with the caveat that the potential contribution of
other proteolytic systems needs to be experimentally
addressed). A potential complication here is that inhibition
of protein synthesis, for example, by cycloheximide (CHX),
can activate MTORCI signaling, which in turn impairs autop-
hagy [27]. In theory, these nonautophagic processes can be
assessed if degradation persists after blocking autophagic
sequestration [13,15,28]. The key issue is to differentiate
between the often transient accumulation of autophagosomes
due to increased induction, and their accumulation due to
inefficient clearance of sequestered cargos. This can be done
by both measuring the levels of autophagosomes at static time
points, and by measuring changes in the rates of autophagic
degradation of cellular components, or, in neurons, by assay-
ing autophagosome transport [18,29]. Multiple strategies have
been used to estimate “autophagy,” but unless the experiments
can relate changes in autophagosome quantity to a direct or
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indirect measurement for autophagic flux, the results may be
difficult to interpret [30]. A general caution regarding the use
of the term “steady state” is warranted at this point. It should
not be assumed that an autophagic system is at steady state in
the strict biochemical meaning of this term, as this implies
that the level of autophagosomes does not change with time,
and the flux through the system is constant. In these guide-
lines, we use “steady state” to refer to the baseline range of
autophagic flux in a system that is not subjected to specific
perturbations that increase or decrease that flux.

Autophagic flux refers to the entire process of autophagy
over a period of time, which encompasses the selection of cargo
and its inclusion within the autophagosome, the delivery of
cargo to lysosomes (via fusion of the latter with autophago-
somes or amphisomes) and its subsequent breakdown and
release of the resulting macromolecules back into the cytosol,
which may be referred to as productive or complete autophagy.
Thus, increases in the level of phosphatidylethanolamine (PE)-
modified Atg8-family proteins (Atg8-PE, or LC3/GABARAP-
II), or even the appearance of autophagosomes, are not mea-
sures of autophagic flux per se, but can reflect the induction of
autophagic sequestration and/or inhibition of autophagosome
or amphisome clearance. Also, it is important to realize that
while formation of Atg8-PE (or LC3/GABARAP-II) appears to
correlate with the induction of autophagy, we do not know, at
present, the actual mechanistic relationship between Atg8-PE
(or LC3/GABARAP-II) formation and the rest of the autopha-
gic process; indeed, some variants of autophagy proceed in the
absence of LC3-II [31-35].

In addition, as the metabolic control of autophagy is
becoming increasingly clear, highlighting a tight network
between the autophagy machinery, energy sensing pathways
and the cell’s metabolic circuits [36,37], mitochondrial para-
meters such as fission and fusion rate and the cell's ATP
demand should be monitored and correlated with autophagic
flux data. In this regard, the use of mitochondria-localized
mCherry-GFP tandem reporters (such as the mito-QC mouse
[38]), may be important in understanding how deregulated
mitophagy affects the progression of metabolic disorders,
including diabetes [39]. These types of studies will provide a
better understanding on the variability of autophagy and cell
death susceptibility.

As a final note, we also recommend that researchers refrain
from the use of the expression “percent autophagy” when
describing experimental results, as in “The cells displayed a
25% increase in autophagy.” Instead, it is appropriate to
indicate that the average number of GFP-Atg8-family protein
puncta per cell is increased or a certain percentage of cells
displayed punctate GFP-Atg8-family proteins that exceeds a
particular threshold (and this threshold should be clearly
defined in the Methods section), or that there is a specific
increase or decrease in the rate of cargo sequestration or the
degradation of long-lived proteins, when these are the actual
measurements being quantified.

In previous versions of these guidelines [1,3], the methods
were separated into two main sections—steady state and flux.
In some instances, a lack of clear distinction between the actual
methodologies and their potential uses made such a separation
somewhat artificial. For example, fluorescence microscopy was
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initially listed as a steady-state method, although this approach
can clearly be used to monitor flux as described in this article,
especially when considering the increasing availability of new
technologies such as microfluidic chambers. Furthermore, the
use of multiple time points and/or lysosomal fusion/degrada-
tion inhibitors can turn even a typically static method such as
TEM into one that monitors flux. Therefore, although we
maintain the importance of monitoring autophagic flux and
not just induction, this revised set of guidelines does not
separate the methods based on this criterion. Readers should
be aware that this article is not meant to present protocols, but
rather guidelines, including information that is typically not
presented in protocol papers. For detailed information on
experimental procedures we refer readers to various protocols
that have been published elsewhere [25] [40-56]. Finally,
throughout the guidelines we provide specific cautionary
notes, and these are important to consider when planning
experiments and interpreting data; however, these cautions
are not meant to be a deterrent to undertaking any of these
experiments or a hindrance to data interpretation.

Collectively, we propose the following guidelines for mea-
suring various aspects of selective and nonselective autophagy
in eukaryotes.

Nomenclature

To minimize confusion regarding nomenclature, we make the
following notes: In general, we follow the conventions established
by the nomenclature committees for each model organism when-
ever appropriate guidelines are available, and briefly summarize
the information here using “ATG1” as an example for yeast and
“ULK1” for mammals. The standard nomenclature of autophagy-
related wild-type genes, mutants and proteins for yeast is ATG1,
atgl (or atglA in the case of deletions) and Atgl, respectively,
according to the guidelines adopted by the Saccharomyces
Genome Database (https://www.yeastgenome.org/). For mam-
mals we follow the recommendations of the International
Committee on Standardized Genetic Nomenclature for Mice
(http://www.informatics.jax.org/mgihome/nomen/), which dic-
tates the designations Ulkl, ulkl and ULK1 (for all rodents),
respectively, and the guidelines for human genes established by
the HUGO Nomenclature Committee (http://www.genenames.
org/guidelines.html), which states that human gene symbols are
in the form ULKI and recommends that proteins use the same
designation without italics, as with ULK1; mutants are written for
example as ULK1™" [57]. For simplicity unless referring to a
specific species, the human gene/protein symbols and definitions
will be used throughout the guidelines.

Methods for monitoring autophagy

Transmission electron microscopy

Autophagy was first detected by TEM in the 1950s (reviewed
in ref [6].). This process was originally observed as focal
degradation of cytoplasmic areas performed by lysosomes.
Later analysis revealed that autophagy starts with the seques-
tration of portions of the cytoplasm by a special double-
membrane structure (termed the phagophore), which matures
into the autophagosome, also delimited by a double

membrane. Subsequent fusion events expose the cargo to the
lysosome (or the vacuole in fungi or plants) for enzymatic
breakdown.

The importance of TEM in autophagy research lies in
several qualities. It is the only tool that reveals the morphol-
ogy of autophagic structures at a resolution in the nm range;
shows these structures in their natural environment and posi-
tion among all other cellular components; allows their exact
identification; and, in addition, can support quantitative stu-
dies if the rules of proper sampling are followed [12].

Autophagy can be both selective and nonselective, and TEM
can be used to monitor both. In the case of selective autophagy, the
cargo is the specific substrate being targeted for sequestration—
bulk cytoplasm is essentially excluded. In contrast, during non-
selective autophagy, disposable cytoplasmic constituents are
sequestered. Sequestration of larger structures (such as big lipid
droplets, extremely elongated or branching mitochondria or the
entire Golgi complex) is rare, indicating an apparent upper size
limit for individual autophagosomes. However, it has been
observed that under special circumstances the potential exists for
the formation of huge autophagosomes, which can even engulf a
complete nucleus [28]. Cellular components that form large con-
fluent areas excluding bulk cytoplasm, such as organized, func-
tional myofibrillar structures, do not seem to be sequestered by
autophagy. The situation is less clear with regard to glycogen
[58-60].

Plant cell-specific structures called provacuoles have a strik-
ing similarity to a phagophore, but form in an autophagy-inde-
pendent manner [61]. These structures have been detected in
cells undergoing major changes in vacuolar morphology, such as
meristematic cells [62]. Thus, using TEM to detect autophago-
somes in plant cells must be done while comparing with an
appropriate autophagy-deficient control sample.

After sequestration, the content of the autophagosome and its
bordering double membrane remain morphologically
unchanged, and recognizable for at least several minutes.
During this period, the membranes of the sequestered organelles
(for example the ER or mitochondria) remain intact, and the
electron density of ribosomes is conserved at normal levels.
Degradation of the sequestered material and the corresponding
deterioration of ultrastructure commences and runs to comple-
tion within the amphisome and the autolysosome after fusion
with a late endosome and lysosome (the vacuole in fungi and
plants), respectively (Figure 1) [63]. The sequential morpholo-
gical changes during the autophagic process can be followed by
TEM [64]. The maturation from the phagophore through the
autolysosome is a dynamic and continuous process [65], and,
thus, the classification of compartments into discrete morpho-
logical subsets can be problematic; therefore, some basic guide-
lines for such classifications are offered below.

In the preceding sections the “autophagosome”, the “amphi-
some” and the “autolysosome” were terms used to describe or
indicate three basic stages and compartments of autophagy. It
is important to make it clear that for instances (which may be
many) when we cannot or do not want to differentiate among
the autophagosomal, amphisomal and autolysosomal stage we
use the general term “autophagic vacuole”. In the yeast autop-
hagy field, the term “autophagic vesicle” is used to avoid con-
fusion with the primary vacuole, and by now the two terms are
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used in parallel and can be considered synonyms. It is strongly
recommended, however, to use only the term “autophagic
vacuole” when referring to autophagy in more complex eukar-
yotic cells. Autophagosomes, also referred to as initial autop-
hagic vacuoles (AVi), typically have a double membrane. This
structure is usually distinctly visible by TEM as two parallel
membrane layers (bilayers) separated by a relatively narrower
or wider electron-translucent cleft, even when applying the
simplest routine TEM fixation procedure (Figure 3A) [66,67].
This electron-translucent cleft, however, is less visible in freeze-
fixed samples, suggesting it may be an artefact of sample pre-
paration (see Fig. S3 in ref [68].). Amphisomes [69] can some-
times be identified by the presence of small intralumenal
vesicles [70]. These intralumenal vesicles are delivered into
the lumen by fusion of the autophagosome/autophagic vacuole
(AV) limiting membrane with multivesicular endosomes, and
care should, therefore, be taken in the identification of the
organelles, especially in cells that produce large numbers of
multivesicular body (MVB)-derived exosomes (such as tumor
or stem cells) [71]. Late/degradative autophagic vacuoles/auto-
lysosomes (AVd or AVI) typically have only one limiting
membrane; frequently they contain electron-dense cytoplasmic
material and/or organelles at various stages of degradation
(Figure 3A and B) [63,72]; however, late in the digestion
process they may contain only a few membrane fragments
and be difficult to distinguish from lysosomes, endosomes, or
tubular smooth ER cut in cross-section. It is not always easy to
morphologically distinguish amphisomes, autolysosomes and
lysosomes, even for an expert [6]. A simple solution to assess
autophagy progression is to group all of these structures, which
are typically stained dark in TEM samples, and define them as
degradative compartments/vacuoles. As autophagy induction
leads to an increase of autophagosomes, amphisomes and auto-
lysosomes, an increase of degradative compartments per cell
area provides a simple measurement to determine whether this
degradative pathway is enhanced [73-75]. Unequivocal identi-
fication of these structures and of lysosomes devoid of visible
content requires immuno-EM detection of a cathepsin or other
lysosomal hydrolase (e.g., ACP2 [acid phosphatase 2, lysoso-
mal] [76,77]) that is detected on the limiting membrane of the
lysosome [78]. Smaller, often electron dense, lysosomes may
predominate in some cells and exhibit hydrolase immunoreac-
tivity within the lumen and on the limiting membrane [79].
In addition, structural proteins of the lysosome/late endo-
somes, such as LAMP1 and LAMP2 or SCARB2/LIMP-2, can
be used for confirmation. No single protein marker, however,
has been effective in discriminating autolysosomes from the
compartments mentioned above, in part due to the dynamic
fusion and “kiss-and-run” events that promote interchange of
components that can occur between these organelle subtypes.
Rigorous further discrimination of these compartments from
each other and other vesicles ultimately requires demonstrat-
ing the colocalization of a second marker indicating the pre-
sence of an autophagic substrate (e.g., LC3 and CTSD
[cathepsin D] colocalization) or the acidification of the com-
partment (e.g, mRFP/mCherry-GFP-LC3  probes or
LysoTracker™ dyes; see Tandem mRFP/mCherry-GFP fluores-
cence microscopy), Keima probes, or BODIPY-pepstatin A that
allows detection of CTSD in an activated form within an
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Figure 3. TEM images of autophagic vacuoles in isolated mouse hepatocytes. (A) One
autophagosome or early autophagic vacuole (AVi) and one degradative autophagic
vacuole (AVd) are shown. The AVi can be identified by its contents (morphologically
intact cytoplasm, including ribosomes, and rough ER), and the limiting membrane
that is partially visible as two bilayers separated by a narrow electron-lucent cleft, i. e,,
as a double membrane (arrow). The AVd can be identified by its contents, partially
degraded, electron-dense rough ER. The vesicle next to the AVd is an endosomal/
lysosomal structure containing 5-nm gold particles that were added to the culture
medium to trace the endocytic pathway. (B) One AVi, containing rough ER and a
mitochondrion, and one AVd, containing partially degraded rough ER, are shown.
Note that the limiting membrane of the AVi is not clearly visible, possibly because it is
tangentially sectioned. However, the electron-lucent cleft between the two limiting
membranes is visible and helps in the identification of the AVi. The AVd contains a
region filled by small internal vesicles (asterisk), indicating that the AVd has fused with
a multivesicular endosome. mi, mitochondrion. Image provided by E.-L. Eskelinen.

acidic compartment), and, when appropriate, by excluding
markers of other vesicular components [76,80,81].

The sequential deterioration of cytoplasmic structures
being digested can be used for identifying autolysosomes by
TEM. Even when the partially digested and destroyed struc-
ture of the cytoplasmic cargo cannot be recognized in itself, it
can be traced back to earlier forms by identifying preceding
stages of sequential morphological deterioration. Degradation
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Figure 4. Autophagosomes with recognizable cargo are rare in cells. (A) To assess relative rates of autophagosome formation, the lysosomal inhibitor bafilomycin A,
(10 nM) was applied for 2 h prior to fixation with 2% glutaraldehyde in order to trap newly formed autophagosomes (note that whereas short-term treatment with
bafilomycin A; in most cases primarily blocks autolysosomal degradation, it can also inhibit autophagosome-lysosome fusion). Two different PINK7 shRNA lines (A14
and D14) exhibit increased AV formation over 2 h compared to the control shRNA line. *, p > 0.05 vs. Control. (B) Autophagosomes in bafilomycin A;-treated control
cells contain a variety of cytoplasmic structures (left, arrow), whereas mitochondria comprise a prominent component of autophagosomes in bafilomycin A;-treated
(PINKT shRNA) cells (right, arrow). Scale bar: 500 nm. These data indicate induction of selective mitophagy in PINK1-deficient cells. This figure was modified from
Figure 2 published in Chu CT. A pivotal role for PINK1 and autophagy in mitochondrial quality control: implications for Parkinson disease. Human Molecular Genetics

2010; 19:R28-R37.

usually leads first to the increased electron density of still
recognizable organelles, then to vacuoles with heterogeneous
density, which become more homogeneous and amorphous,
mostly electron dense, but sometimes light (i.e., electron
translucent). It should be noted that, in pathological states,
it is not uncommon that active autophagy of autolysosomes
and damaged lysosomes (“lysophagy”) may yield populations
of double-membrane limited autophagosomes containing par-
tially digested amorphous substrate in the lumen. These struc-
tures, which are enriched in hydrolases, are seen in swollen
dystrophic neurites in some neurodegenerative diseases, and
in cerebellar slices cultured in vitro and infected with prions.
Alternatively, it is possible to inhibit the fusion of autophago-
somes and lysosomes using bafilomycin A; (a vacuolar-type
H"-translocating ATPase [V-ATPase] inhibitor). It is then
possible to both visualize the cargo(s) that are being actively
sequestered within AVi structures during the chase period, as
well as quantify their rates of formation provided the chase
period is kept short [82] (Figure 4).

It must be emphasized that in addition to the autophagic
input, other processes (e.g., endosomal, phagosomal, chaper-
one-mediated) also carry cargo to the lysosomes [64,65], in
some cases through the intermediate step of direct endosome
fusion with an autophagosome to form an amphisome. This
process is exceptionally common in the axons of neurons
[83,84]. Therefore, strictly speaking, we can only have a lytic
compartment containing cargos arriving from several possible
sources; however, we still may use the term “autolysosome” if
the content appears to be overwhelmingly autophagic. Note
that the engulfment of dying cells via phagocytosis also pro-
duces lysosomes that contain cytoplasmic structures, but in
this case, it originates from the dying cell [85]; hence the
possibility of an extracellular origin for such content must
be considered when monitoring autophagy in settings where
apoptotic cell death may be reasonably expected or
anticipated.

For many physiological and pathological situations, the
examination of both early and late autophagic vacuoles yields
valuable data regarding the overall autophagy status in the
cells [16,86]. Along these lines, it is possible to use

immunocytochemistry to follow particular cytosolic proteins
such as SOD1/Cu,Zn-superoxide dismutase and CA (carbonic
anhydrase) to determine the stage of autophagy; the former is
much more resistant to lysosomal degradation [87].

In some autophagy-inducing conditions it is possible to
observe multi-lamellar membrane structures in addition to
the conventional double-membrane autophagosomes, although
the nature of these structures is not fully understood. These
multi-lamellar structures may indeed be multiple double layers
of phagophores [88] and positive for LC3 [89], they could be
autolysosomes [90], or they may form as an artefact of fixation.
Depending on the cell type, it may be necessary to distinguish
these from myelin or surfactant, both of which are also multi-
lamellar. These multi-lamellar bodies are typical in lysosomal
storage diseases, such as Niemann-Pick disease type I [91] and
Parkinson disease (PD) [92-94]. In addition, cells treated with
U18666A, an inhibitor of cholesterol transport [95,96], or
chloroquine (CQ) that induces phospholipidosis [97], produce
numerous large multi-lamellar bodies with concentric mem-
brane stacks that represent dysfunctional lysosomes, containing
undegraded phospholipids and cholesterol. Multi-lamellar
bodies are formed through cellular autophagy, and the implica-
tion of various lysosomal enzymes in their formation suggests a
lysosomal nature. Initially, single or multiple foci of lamella
appear within an autophagic vacuole and then progress into
multi-lamellar structures [90,93] as they are getting filled with
lipids; these lipids are cholesterol-containing rafts in late endo-
cytic/lysosomes organelles [94].

Special features of the autophagic process may be clarified by
immuno-TEM with gold-labeling [98,99], using antibodies, for
example, to cargo proteins of cytoplasmic origin and to LC3 to
verify the autophagic nature of the compartment. LC3 immu-
nogold labeling also enables the detection of novel degradative
organelles within autophagy compartments. This is the case with
the autophagoproteasome [100] that consists of single-, double-,
or multiple-membrane LC3-positive autophagosomes costain-
ing for specific components of the ubiquitin-proteasome system
(UPS). It may be that a rich multi-enzymatic (both autophagic
and UPS) activity takes place within these organelles instead of
being segregated within different domains of the cell. Also in
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plants, TEM immunogold labelling for ATGS8 ultrastructural
detection can be performed. This can be approached using either
anti-GFP antibodies for GFP-ATGS8 fusion proteins, or anti-
ATGS8 antibodies for direct labeling [101,102]. Freeze-substitu-
tion followed by cryo embedding in acrylic resins is the most
convenient and feasible processing method for ATG8 immuno-
gold labelling in plant cells.

Although labeling of LC3 can be difficult, an increasing
number of commercial antibodies are becoming available,
including reagents that enable visualization of the GFP moiety
of GFP-LC3 reporter constructs [103]. It is important to keep in
mind that LC3 can be associated with nonautophagic structures
(see Xenophagy, and Noncanonical use of autophagy-related pro-
teins), and that LC3 puncta can be observed in autophagy-
deficient cells [104]. LC3 is involved in specialized forms of
endocytosis such as LC3-associated phagocytosis. In addition,
LC3 can decorate vesicles dedicated to exocytosis in nonconven-
tional secretion systems (reviewed in ref [105,106].). Antibodies
against an abundant cytosolic protein will result in high labeling
all over the cytoplasm; however, organelle markers work well.
Because there are very few characterized proteins that remain
associated with the closed autophagosomes, the choices for con-
firmation of their autophagic nature are limited. Furthermore,
autophagosome-associated proteins may be cell-, age-, sex- and/
or condition-specific. Sex-specific expression of autophagic mar-
kers are observed both in humans and in rats [107-111]. At any
rate, the success of this methodology depends on the quality of
the antibodies and also on the TEM preparation and fixation
procedures utilized. With immuno-TEM, authors should pro-
vide controls showing that labeling is specific. This may require a
quantitative comparison of labeling over different cellular com-
partments not expected to contain antigen and those containing
the antigen of interest.

It is difficult to clearly monitor autophagy in tissues of
formalin-fixed and paraffin-embedded biopsy samples retro-
spectively, because (a) tissues fixed in formalin have low or no
LC3 detectable by routine immunostaining, (b) because phos-
pholipids melt together with paraffin during the sample pre-
paration, and (c) immuno-EM of many tissues not optimally
fixed for this purpose (e.g., using rapid fixation) produces
low-quality images. Combining antigen retrieval with the
avidin-biotin peroxidase complex (ABC) method may be
quite useful for these situations. For example, immunohisto-
chemistry can be performed using an antigen retrieval
method, and then tissues are stained by the ABC technique
using a labeled anti-human LC3 antibody. After imaging by
light microscopy, the same prepared slides can be remade into
sections for TEM examination, which can reveal peroxidase
reaction deposits in vacuoles within the region that is LC3-
immunopositive by light microscopy [112].

In addition, statistical information should be provided due
to the necessity of showing only a selective number of sections
in publications. Again, we note that for quantitative data it is
necessary to use proper volumetric analysis rather than just
counting numbers of sectioned objects. On the one hand, it
must be kept in mind that even volumetric morphometry/
stereology only shows either steady-state levels, or a snapshot
in a changing dynamic process. Such data by themselves are
not informative regarding autophagic flux, unless carried out
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over multiple time points. Alternatively, investigation in the
presence and absence of flux inhibitors can reveal the
dynamic changes in various stages of the autophagic process
[13,22,55,113,114]. On the other hand, if the turnover of
autolysosomes is very rapid, a low number/volume in the
experimental compared to the basal condition, will not neces-
sarily be an accurate reflection of low autophagic activity; as
with autophagosomes, a smaller number of autolysosomes can
reflect increased degradation or decreased formation.
However, quantitative analyses indicate that autophagosome
volume in many cases does correlate with the rates of protein
degradation [115-117]. One potential compromise is to per-
form whole cell quantification of autophagosomes using
fluorescence methods, with qualitative verification by TEM
[118], to show that the changes in fluorescent puncta reflect
corresponding changes in autophagic structures.

One additional caveat with TEM, and to some extent with
confocal fluorescence microscopy, is that the analysis of a
single plane within a cell can be misleading and may make
the identification of autophagic structures difficult. Confocal
microscopy and fluorescence microscopy with deconvolution
software (or with much more work, 3-dimensional TEM) can
be used to generate multiple/serial sections of the same cell to
reduce this concern; however, in many cases where there is
sufficient structural resolution, analysis of a single plane in a
relatively large cell population can suffice given practical
limitations. EM technologies, such as focused ion beam scan-
ning electron microscopy (SEM), Serial Block Face-SEM, and
Automatic Tape-collecting Ultramicrotomy for SEM, should
make it much easier to apply 3-dimensional analyses. An
additional methodology to assess autophagosome accumula-
tion is correlative light and electron microscopy (CLEM),
which is helpful in confirming that fluorescent structures are
autophagosomes [119-122]. Along these lines, it is important
to note that even though GFP fluorescence will be quenched
in the acidic environment of the autolysosome, some of the
GFP puncta detected by fluorescence microscopy may corre-
spond to early autolysosomes prior to GFP quenching. These
numbers may increase substantially in pathological conditions
where lysosomal/autolysosomal acidification is impaired. The
mini Singlet Oxygen Generator (miniSOG) fluorescent flavo-
protein, which is less than half the size of GFP, provides an
additional means to genetically tag proteins for CLEM analy-
sis under conditions that are particularly suited to subsequent
TEM analysis [123], with the caveat that single oxygen targets
aromatic amino acids, promoting artefactual protein damage
as well as double bonds in lipids, promoting lipid peroxida-
tion [124]. Combinatorial assays using tandem monomeric
red fluorescent protein (mRFP)-GFP-LC3 (see Tandem
mRFP/mCherry-GFP fluorescence microscopy) or other mar-
kers for acidic autophagic vacuoles (e.g., Keima) along with
static TEM images should help in the analysis of flux and the
visualization of cargo structures [125].

Another technique that has proven quite useful for analyz-
ing the complex membrane structures that participate in
autophagy is 3-dimensional electron tomography [126-128],
and cryoelectron microscopy (cryo-EM; Figure 5) [129]. More
sophisticated, cryo-soft X-ray tomography (cryo-SXT) is an
emerging  imaging  technique used to  visualize
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Figure 5. Cryoelectron microscopy can be used as a three-dimensional approach to monitor the autophagic process. Computed sections of an electron tomogram of
the autophagic vacuole-rich cytoplasm in a hemophagocyte of a semi-thin section after high-pressure freezing preparation. The dashed area is membrane-free (A)
but tomography reveals newly formed or degrading membranes with a parallel stretch (B). Image published previously [4082] and provided by M. Schneider and P.

Walter.

autophagosomes [130]. Cryo-SXT extracts ultrastructural
information from whole, unstained mammalian cells as close
to the “near-native” fully-hydrated (living) state as possible.
Correlative studies combining cryo-fluorescence and cryo-
SXT workflow (cryo-CLXM) have been applied to capture
early autophagosomes. In order to study the structural biology
of purified autophagy components and complexes, high-reso-
lution cryo-EM combined with 3-dimensional structure deter-
mination is also increasingly being used as an alternative to X-
ray crystallography or nuclear magnetic resonance (NMR)
spectroscopy [131,132].

Finally, although only as an indirect measurement, the
comparison of the ratio of autophagosomes to autolysosomes
by TEM can support alterations in autophagy identified by
other procedures [133]. In this case, it is important to always
compare samples to the control of the same cell type and in
the same growth phase, and to acquire data at different time
points, as the autophagosome:autolysosome ratio varies in
time in a cell context-dependent fashion, depending on their
clearance activity. An additional category of lysosomal com-
partments, especially common in disease states and aged
postmitotic cells such as neurons, muscle cells and retinal
pigment epithelium, is represented by residual bodies. This
category includes ceroid and lipofuscin, lobulated vesicular
compartments of varying size composed of highly indigestible
complexes of protein and lipid, and abundant, mostly inac-
tive, acid hydrolases. Reflecting end-stage unsuccessful incom-
plete autolysosomal digestion, lipofuscin is fairly easily
distinguished from AVs and lysosomes by TEM but can be
easily confused with autolysosomes in immunocytochemistry
studies at the light microscopy level [76,134]; lipofuscin has
broad spectral emission, and is the main cause of autofluor-
escence in tissues.

TEM observations of platinum-carbon replicas obtained by
the freeze fracture technique can also supply useful ultrastruc-
tural information on the autophagic process. In quickly frozen
and fractured cells the fracture runs preferentially along the

hydrophobic plane of the membranes, allowing characteriza-
tion of the limiting membranes of the different types of
autophagic vacuoles, and visualization of their limited protein
intramembrane particles/integral membrane proteins (IMPs).
Several studies have been carried out using this technique on
yeast [135], as well as on mammalian cells or tissues including
the mouse exocrine pancreas [136], the mouse and rat liver
[137,138], mouse seminal vesicle epithelium [28,88], rat
tumor and heart [139], and cancer cell lines (e.g., breast
cancer MDA-MB-231) [140] to investigate the various phases
of autophagosome maturation, and to reveal useful details
about the origin and evolution of their limiting membranes
(6,141-144],].

The phagophore and the limiting membranes of autopha-
gosomes contain few, or no detectable, IMPs (Figure 6A,B),
when compared to other cellular membranes and to the
membranes of lysosomes. In subsequent stages of the autop-
hagic process the fusion of the autophagosome with an endo-
some and a lysosome results in increased density of IMPs in
the membrane of the formed autophagic compartments
(amphisomes, autolysosomes; Figure 6 C) [6, 28,135-138,
145, 146]. Autolysosomes are delimited by a single membrane
because, in addition to the engulfed material, the inner mem-
brane is also degraded by the lytic enzymes. Similarly, the
limiting membrane of autophagic bodies in yeast (and pre-
sumably plants) is also quickly broken down under normal
conditions. Autophagic bodies can be stabilized, however, by
the addition of phenylmethylsulphonylfluoride (PMSF) or
genetically by the deletion of the yeast PEP4 gene (see The
Cvt pathway, mitophagy, pexophagy, piecemeal microauto-
phagy of the nucleus and late nucleophagy in yeast and fila-
mentous fungi). Thus, another method to consider for
monitoring autophagy in yeast (and potentially in plants) is
to count autophagic bodies by TEM using at least two time
points [147]. The advantage of this approach is that it can
provide accurate information on flux even when the autopha-
gosomes are abnormally small [148,149]. Thus, although a

3170

3175

3180

3185

3190

3195

3200

3205



3210

3215

3220

3225

3230

3235

3240

3245

R

{‘D
¥

AUTOPHAGY 47

Figure 6. Different autophagic vacuoles observed after freeze fracturing in cultured osteosarcoma cells after treatment with the autophagy inducer voacamine [143].
(A) Early autophagosome delimited by a double membrane. (B) Inner monolayer of an autophagosome membrane deprived of protein particles. (C) Autolysosome
delimited by a single membrane rich in protein particles. In the cross-fractured portion (on the right) the profile of the single membrane and the inner digested
material are easily visible. Images provided by S. Meschini, M. Condello and A. Giuseppe.

high frequency of “abnormal” structures presents a challenge,
TEM is still very helpful in analyzing autophagy.

Cautionary notes: Despite the introduction of many new
methods, TEM maintains its special role in autophagy
research. There are, however, difficulties in utilizing TEM. It
is relatively time consuming and needs technical expertise to
ensure proper handling of samples in all stages of preparation
from fixation to sectioning and staining. It should be noted
that some of the hurdles linked to ultrathin section prepara-
tion can be overcome by using focused ion beam scanning
electron microscopy (FIB-SEM) technology, which enables the
operator to selectively ablate in a nanometer scale a previously
marked region of the sample by using a focused ion current
from a gallium source. The milling process can be interrupted
every few nanometers to take high-resolution images of cross
sections by the SEM column [150]. Moreover, the prospects
for application of cryopreparation techniques have been
improved; the notoriously slow process of freeze substitution
of frozen samples can be accelerated tremendously by sample
agitation using either an experimental setup or agitation
modules within automated freeze-substitution units [151,152].

After the criteria for sample preparation are met, an
important problem is the proper identification of autophagic
structures. This is crucial for both qualitative and quantitative
characterization, and needs considerable experience, even in
the case of one cell type. The difficulty lies in the fact that
many subcellular components may be mistaken for autopha-
gic structures. For example, some authors (or reviewers of
manuscripts) assume that almost all cytoplasmic structures
that, in the section plane, are surrounded by two (more or
less) parallel membranes are autophagosomes. Structures
appearing to be limited by a double membrane, however,
may include swollen mitochondria, plastids in plant cells,
cellular interdigitations, endocytosed apoptotic bodies, circu-
lar structures of lamellar smooth endoplasmic reticulum (ER),
and even areas surrounded by rough ER. Endosomes, phago-
somes and secretory vacuoles may have heterogeneous con-
tent that makes it possible to confuse them with
autolysosomes. Additional identification problems may arise
from damage caused by improper sample collection or fixa-
tion artefacts [66,67,153,154].

Whereas fixation of in vitro samples is relatively straight-
forward, fixation of excised tissues requires care to avoid
sampling a nonrepresentative, uninformative, or damaged
part of the tissue. For instance, if 95% of a tumor is necrotic,
TEM analysis of the necrotic core may not be informative,
and if the sampling is from the viable rim, this needs to be
specified when reported. Clearly, this introduces the potential
for subjectivity because reviewers of a paper cannot request
multiple images with a careful statistical analysis with these
types of samples. In addition, ex vivo samples are not typically
randomized during processing, further complicating the pos-
sibility of valid statistical analyses. Ex vivo tissue should be
fixed immediately and systematically across samples to avoid
changes in autophagy that may occur simply due to the
elapsed time ex vivo. It is recommended that for tissue sam-
ples, perfusion fixation should be used when possible. Rapid
freezing techniques such as high-pressure freezing followed by
freeze substitution (i.e., dehydration and chemical fixation at
low temperature) have a widely accepted potential for
improved sample preparation. Consequently, cryopreparation
protocols have been established for many molecular biological
model organisms and tissue culture [155]. Such cryoprepara-
tion techniques have already proven especially useful for
elucidation of autophagy in yeast [156,157].

Quantification of autophagy by TEM morphometry can be
very useful and accurate, but, unfortunately, unreliable proce-
dures still continue to be used. For the principles of reliable
quantification and to avoid misleading results, excellent
reviews are available [12 [158-160],]. In line with the basic
principles of morphometry we find it necessary to emphasize
here some common problems with regard to quantification.
Counting autophagic vacuole profiles in sections of cells (i.e.,
number of autophagic profiles per cell profile) may give
unreliable results, partly because both cell areas and profile
areas are variable and also because the frequency of section
profiles depends on the size of the vacuoles. However, estima-
tion of the number of autophagic profiles per cell area is more
reliable and correlates well with the volume fraction men-
tioned below [161]. There are morphometric procedures to
measure or estimate the size range and the number of sphe-
rical objects by profiles in sections [160]; however, such

3250

3255

3260

3265

3270

3275

3280

3285



3290

3295

3300

3305

3310

3315

3320

3325

3330

3335

3340

3345

48 (%) D.J. KLIONSKY

methods have been used in autophagy research only a few
times [42,149,162,163].

Proper morphometric procedures return data as pm3 autop-
hagic vacuole/um’ cytoplasm for relative volume (also called
volume fraction or volume density), or um” autophagic vacuole
surface/um’ cytoplasm for relative surface (surface density).
Examples of actual morphometric measurements for the char-
acterization of autophagic processes can be found in several
articles [22,154,160,164,165]. It is appropriate to note here that
a change in the volume fraction of the autophagic compartment
may come from two sources; from the real growth of its size in a
given cytoplasmic volume, or from the decrease of the cytoplas-
mic volume itself. To avoid this so-called “reference trap,” the
reference space volume can be determined by different methods
[158,166]. If different magnifications are used for measuring the
autophagic vacuoles and the cytoplasm (which may be practical
when autophagy is less intense) correction factors should always
be used.

In some cases, it may be prudent to employ tomographic
reconstructions of TEM images to confirm that the autopha-
gic compartments are spherical and are not being confused
with interdigitations observed between neighboring cells,
endomembrane cisternae or damaged mitochondria with
similar appearance in thin-sections (e.g., see ref [167].), but
this is obviously a time-consuming approach requiring
sophisticated equipment. In addition, interpretation of tomo-
graphic images can be problematic. For example, starvation-
induced autophagosomes should contain cytoplasm (i.e., cyto-
sol and possibly organelles), but autophagosome-related
structures involved in specific types of autophagy should
show the selective cytoplasmic target, but may be relatively
devoid of bulk cytoplasm. Such processes include selective
peroxisome or mitochondria degradation (pexophagy or
mitophagy, respectively) [168,169], targeted degradation of
pathogenic microbes (xenophagy) [170-175], a combination
of xenophagy and stress-induced mitophagy [176], as well as
the yeast biosynthetic cytoplasm-to-vacuole targeting (Cvt)
pathway [177]. Furthermore, some pathogenic microbes
express membrane-disrupting factors during infection (e.g.,
phospholipases) that disrupt the normal double-membrane
architecture of autophagosomes [178]. It is not even clear if
the sequestering compartments used for specific organelle
degradation or xenophagy should be termed autophagosomes
or if alternate terms such as pexophagosome [179], mitopha-
gosome and xenophagosome should be used, even though the
membrane and mechanisms involved in their formation may
be identical to those for starvation-induced autophagosomes.
Indeed, the double-membrane vesicle of the Cvt pathway is
referred to as a Cvt vesicle [180].

The confusion of heterophagic structures with autophagic
ones is a major source of misinterpretation. A prominent
example of this is related to cell death. Apoptotic bodies
from neighboring cells can be readily phagocytosed by surviv-
ing cells of the same tissue [181,182]. Immediately after pha-
gocytic uptake of apoptotic bodies, phagosomes may appear
as double membraned. The inner one is the plasma mem-
brane of the apoptotic body and the outer one is that of the
phagocytizing cell. The early heterophagic vacuole formed in
this way may appear similar to an autophagosome or, in a

later stage, an early autolysosome in that it contains recogniz-
able or identifiable cytoplasmic material. A major difference,
however, is that the surrounding membranes are the thicker
plasma membrane type, rather than the thinner sequestration
membrane type [153]. A good feature to distinguish between
autophagosomes and double plasma membrane-bound struc-
tures is the lack of the distended empty space (characteristic
for the sequestration membranes of autophagosomes)
between the two membranes of the phagocytic vacuoles. In
addition, engulfed apoptotic bodies usually have a larger
average size than autophagosomes [183,184]. The problem
of heterophagic elements interfering with the identification
of autophagic ones is most prominent in cell types with
particularly intense heterophagic activity (such as macro-
phages, and amoeboid or ciliate protists). Special attention
has to be paid to this problem in cell cultures or in vivo
treatments (e.g., with toxic or chemotherapeutic agents) caus-
ing extensive cell death.

The most common organelles confused with autophagic
vacuoles are mitochondria, ER, endosomes, and also (depend-
ing on their structure) plastids in plants. Due to the cisternal
structure of the ER, double membrane-like structures sur-
rounding mitochondria or other organelles are often observed
after sectioning [185], but these can also correspond to cis-
ternae of the ER coming into and out of the section plane
[66]. If there are ribosomes associated with these membranes
they can help in distinguishing them from the ribosome-free
double-membrane of the phagophore and autophagosome.
Observation of a mixture of early and late autophagic vacuoles
that is modulated by the time point of collection and/or brief
pulses of bafilomycin A; to trap the cargo in a recognizable
early state [55] increases the confidence that an autophagic
process is being observed. In these cases, however, the possi-
bility that feedback activation of sequestration gets involved in
the autophagic process has to be carefully considered. To
minimize the impact of errors, exact categorization of autop-
hagic elements should be applied. Efforts should be made to
clarify the nature of questionable structures by extensive pre-
liminary comparison in many test areas. Elements that still
remain questionable should be categorized into special groups
and measured separately. Should their later identification
become possible, they can be added to the proper category
or, if not, kept separate.

For nonspecialists it can be particularly difficult to distinguish
among amphisomes, autolysosomes and lysosomes, which are all
single-membrane compartments containing material that has
been more or less degraded. Therefore, we suggest in general
to measure autophagosomes as a separate category for a start,
and to compile another category of degradative compartments
(including amphisomes, autolysosomes and lysosomes). All of
the autophagic compartments increase in quantity upon true
autophagy induction; however, in pathological states, it may be
informative to discriminate among these different forms of
degradative compartments, which may be differentially affected
by disease factors. By applying both immuno-TEM and Airyscan
confocal imaging, it is possible to obtain a comprehensive and
quantitative analysis of LAMPI distribution in various autopha-
gic organelles in neurons [186,187]. A significant portion of
LAMP1-labeled organelles lack major lysosomal hydrolases,
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and LAMP1 intensity is not a sensitive readout to assess autop-
hagic deficits in familial amyotrophic lateral sclerosis-linked
motor neurons in vivo [188,189]. Thus, caution is warranted
when interpreting LAMP1-labeled autolysosomes and labeling a
set of active lysosomal hydrolases combined with various autop-
hagic markers would be necessary to assess degradative auto-
lysosomes under physiological and pathological conditions.

A new and fast developing technique is combining the
temporal resolution of time-lapse fluorescence microscopy
with the spatial resolution of super-resolution microscopy.
HEK293 cells that express recombinant proteins of interest
fused to fluorescent tags are imaged live to capture the for-
mation of autophagosomes, fixed on stage to “snap-freeze”
these structures, stained with appropriate antibodies, relo-
cated, and imaged at super resolution by direct stochastic
optical reconstruction microscopy [190].

Super-resolution microscopy techniques at [120 nm spatial
resolution via 3-color, 3-dimensional super-resolution fluor-
escence microscopy, makes it possible to image the structural
organization of the ULK1 complex that scaffolds the forma-
tion of cup-like structures located at SEC12-enriched remo-
deled ER-exit sites prior to LC3 lipidation. This cup scaffold
provides a structural asymmetry to enforce the directional
recruitment of downstream components, including the
ATGI12-ATG5-ATGI16L1 complex, WIPI2, and LC3, to the
convex side of the cup [191].

In yeast, it is convenient to identify autophagic bodies that
reside within the vacuole lumen, and to quantify them as an
alternative to the direct examination of autophagosomes.
However, it is important to keep in mind that it may not be
possible to distinguish between autophagic bodies that are
derived from the fusion of autophagosomes with the vacuole,
and the single-membrane vesicles that are generated during
microautophagy-like processes such as micropexophagy and
micromitophagy.

Conclusion: EM is an extremely informative and powerful
method for monitoring autophagy and is one of the few
techniques that shows autophagy in its complex cellular envir-
onment with subcellular resolution. The cornerstone of suc-
cessfully using TEM is the proper identification of autophagic
structures, which is also the prerequisite to get reliable quan-
titative results by TEM morphometry. EM is best used in
combination with other methods to ensure the complex and
holistic approach that is becoming increasingly necessary for
further progress in autophagy research.

Atg8-family protein detection and quantification

Atg8 and the Atg8-family proteins are the most widely mon-
itored autophagy-related proteins. In this section we describe
multiple assays that utilize these proteins.

Western blotting and ubiquitin-like protein conjugation sys-
tems. Atg8 is a ubiquitin-like protein that can be conjugated to
PE (and possibly to phosphatidylserine [PS] [192]). In yeast and
several other organisms, the conjugated form is referred to as
Atg8-PE. The mammalian homologs of Atg8 constitute a family
of proteins subdivided in two major subfamilies: MAP1LC3/LC3
and GABARAP. The former consists of LC3A (two splice var-
iants), LC3B, LC3B2 and LC3C, whereas the latter family
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includes GABARAP, GABARAPLI, and GABARAPL2/GATE-
16 [193]. After cleavage of the precursor protein mostly by the
cysteine protease ATG4B [194,195], the nonlipidated and lipi-
dated forms are usually referred to respectively as LC3-I and
LC3-1II, or GABARAP and GABARAP-PE, etc. The PE-conju-
gated form of Atg8-family proteins, although larger in mass,
shows faster electrophoretic mobility in SDS-PAGE gels, prob-
ably as a consequence of increased hydrophobicity. The posi-
tions of both the unconjugated (approximately 16-18 kDa) and
lipid conjugated (approximately 14-16 kDa) forms of the Atg8-
family proteins should be indicated on western blots whenever
both are detectable. The differences among the LC3/GABARAP
proteins with regard to function and tissue-specific expression
are not well defined; however, new evidence suggests that LC3
proteins have distinct subcellular distributions and mediate dif-
ferent types of selective autophagy [196,197]. Therefore, it is
important to indicate the isoform being analyzed just as it is
for the GABARAP subfamily, and to specify which antibody is
being used.

The mammalian Atg8 homologs share from 29% to 94%
sequence identity with the yeast protein and have all been
demonstrated to be involved in autophagosome biogenesis
[198]. LC3 proteins are involved in autophagosome forma-
tion, with participation of GABARAP subfamily members in
later stages of autophagosome formation [199]. Some evi-
dence, however, suggests that, at least in certain cell types,
the LC3 subfamily may be dispensable for bulk autophagic
sequestration of cytosolic proteins, whereas the GABARAP
subfamily is absolutely required [32]. Also, PINKI1-PRKN-
dependent mitophagy strongly requires the GABARAP sub-
family, with little or no requirement for the LC3 subfamily
[34,35]. Due to unique features in their molecular surface
charge distribution [200], emerging evidence indicates that
LC3 and GABARAP proteins may be involved in recognizing
distinct sets of cargoes for selective autophagy [201-203].
Nevertheless, in most published studies, LC3 has been the
primary Atg8-family homolog examined in mammalian cells
and the one that is typically characterized as an autophago-
some marker per se. Note that although this protein is
referred to as “Atg8” in many other systems, we primarily
refer to it in this section as LC3 to distinguish it from the
yeast protein and from the GABARAP subfamily, whereas we
generally refer to the “Atg8-family proteins” throughout the
rest of these guidelines. LC3, like the other Atg8 homologs, is
initially synthesized in an unprocessed form, proLC3, which is
converted into a proteolytically processed form lacking amino
acids from the C terminus, LC3-], and is finally modified into
the PE-conjugated form, LC3-II (Figure 7). Atg8-PE/LC3-II is
the only protein marker that is reliably associated with com-
pleted autophagosomes, but is also localized to phagophores.
In yeast, Atg8 protein levels increase at least 10-fold when
autophagy is induced [204]. In mammalian cells, however, the
total levels of LC3 do not necessarily change in a predictable
manner, as there may be an increase in the conversion of
LC3-I to LC3-II, or a decrease in LC3-II relative to LC3-I if
degradation of LC3-II via lysosomal turnover is particularly
rapid (this can also be a concern in yeast with regard to
vacuolar turnover of Atg8-PE). Both of these events can be
seen sequentially in several cell types as a response to total
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Figure 7. LC3-I conversion and LC3-Il turnover. (A) Expression levels of LC3-l and LC3-l during starvation. Atg5™* (wild-type) and atg5~~ MEFs were cultured in
DMEM without amino acids and serum for the indicated times, and then subjected to immunoblot analysis using anti-LC3 antibody and anti-tubulin antibody. E-64d
(10 pg/ml) and pepstatin A (10 pg/ml) were added to the medium where indicated. Positions of LC3-l and LC3-Il are marked. The inclusion of lysosomal protease
inhibitors reveals that the apparent decrease in LC3-Il is due to lysosomal degradation as easily seen by comparing samples with and without inhibitors at the same
time points (the overall decrease seen in the presence of inhibitors may reflect decreasing effectiveness of the inhibitors over time). Monitoring autophagy by
following steady-state amounts of LC3-Il without including inhibitors in the analysis can result in an incorrect interpretation that autophagy is not taking place (due
to the apparent absence of LC3-Il). Conversely, if there are high levels of LC3-Il but there is no change in the presence of inhibitors this may indicate that induction
has occurred but that the final steps of autophagy are blocked, resulting in stabilization of this protein. This figure was modified from data previously published in
ref. [30], and is reproduced by permission of Landes Bioscience, copyright 2007. (B) Lysates of four human adipose tissue biopsies were resolved on two 12%
polyacrylamide gels, as described previously [292]. Proteins were transferred in parallel to either a PVDF or a nitrocellulose membrane, and blotted with anti-LC3
antibody, and then identified by reacting the membranes with an HRP-conjugated anti-rabbit 1gG antibody, followed by ECL. The LC3-1I:LC3-I ratio was calculated
based on densitometry analysis of both bands. *, P< 0.05. (C) HEK 293 and Hela cells were cultured in nutrient-rich medium (DMEM containing 10% fetal calf serum)
or incubated for 4 h in starvation conditions (Krebs-Ringer medium) in the absence (-) or presence (+) of E-64d and pepstatin at 10 pg/ml each (Inhibitors). Cells were
then lysed and the proteins resolved by SDS-PAGE. Endogenous LC3 was detected by immunoblotting. Positions of LC3-I and LC3-Il are indicated. In the absence of
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nutrient and serum starvation. It is also possible that follow-
ing the induction of autophagy there is a decrease in both
LC3-T and LC3-II due to rapid LC3-I conversion together
with rapid LC3-II degradation [205]. In cells of neural lineage,
a high ratio of LC3-I to LC3-II is a common finding [206].
For instance, SH-SY5Y neuroblastoma cell lines display only a
slight increase of LC3-II after nutrient deprivation, whereas
LC3-I is clearly reduced. This is likely related to a high basal
autophagic flux, as suggested by the higher increase in LC3-II
when cells are treated with NH,Cl [207,208], although cell-
specific differences in transcriptional regulation of LC3 may
also play a role. In fact, stimuli or stress that inhibit transcrip-
tion or translation of LC3 might actually be misinterpreted as
inhibition of autophagy, and vice versa—stimuli or stress that
increase transcription or translation of LC3 might be misin-
terpreted as activation of autophagy. The LC3-LI:LC3-II ratio
can vary across brain cancer cells depending on the basal level
of autophagy, a phenomenon that can influence further ana-
lysis of autophagy activation upon stressful conditions such as
hypoxia [209]. Importantly, in brain spinal cord and dorsal
root ganglia tissue, LC3-I is much more abundant than LC3-II
[210,211] and the latter form is most easily discernible in
enriched fractions of autophagosomes, autolysosomes and
ER, and may be more difficult to detect in crude homogenate
or cytosol [212]. It is possible to readily detect both LC3-I and
LC3-II in brain and spinal cord lysates with the use of a gel
that allows sufficient separation of the LC3-I/LC3-II bands so
the strong LC3-I band does not interfere with detection of the
much weaker LC3-II band (e.g., a 4-20% gradient gel or a 4-
12% Bis-Tris gel using MES buffer) [213,214]. In studies of
the brain, immunoblot analysis of the membrane and cytosol
fraction from a cell lysate, upon appropriate loading of sam-
ples to achieve quantifiable and comparative signals, can be
useful to measure LC3 forms. For more accurate quantifica-
tion of LC3-I and LC3-II levels, a correction factor for differ-
ential immunoreactivity of the two forms can be obtained
through analyses of LC3-I and LC3-II protein levels upon
ATG4-mediated delipidation [32].

The pattern of LC3-I to LC3-II conversion seems to be not
only cell specific, but also related to the kind of stress to which
cells are subjected. For example, SH-SY5Y cells display a strong
increase of LC3-II when treated with the proton gradient
uncoupler CCCP, a well-known disruptor of the mitochondrial
membrane potential and inducer of mitophagy (although it has
also been reported that CCCP may actually inhibit mitophagy
[215]). Thus, neither assessment of LC3-I consumption nor the
evaluation of LC3-II levels would necessarily reveal a slight
induction of autophagy (e.g., by rapamycin). Also, there is
not always a clear precursor/product relationship between
LC3-1 and LC3-II, because the conversion of the former to
the latter is cell type-specific and dependent on the treatment
used to induce autophagy. Accumulation of LC3-II, which is
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generally proportional with time, can be obtained through the
following: i) By interrupting the autophagosome-lysosome
fusion step (e.g., by depolymerizing acetylated microtubules
with vinblastine); ii) by inhibiting the ATP2A/SERCA Ca**
pump with thapsigargin [216]; iii) by specifically inhibiting
the V-ATPase with bafilomycin A; [217-219]; iv) or by raising
the lysosomal pH by the addition of CQ [220,221]. It should be
noted that some of these treatments may increase autophago-
some numbers by: i) Disrupting the lysosome-dependent acti-
vation of MTOR (mechanistic target of rapamycin kinase)
complex 1 (MTORCI1), a major suppressor of autophagy
induction [222,223] (note that the original term “mTOR” was
named to distinguish the “mammalian” target of rapamycin
from the yeast proteins [224]); ii) by inhibiting lysosome-
mediated proteolysis (e.g., with a cysteine protease inhibitor
such as E-64d, the aspartic protease inhibitor pepstatin A, the
cysteine, serine and threonine protease inhibitor leupeptin or
treatment with bafilomycin A;, NH,Cl or CQ [220, 225-227]);
ili) by inhibiting autophagosome-lysosome fusion (by treat-
ment with bafilomycin A; [218]). It should also be noted that
low concentration treatment with lysosomal inhibitors
increases lysosomal activity [228]. Western blotting can be
used to monitor changes in LC3 amounts (Figure 7) [30,229];
however, even if the total amount of LC3 does increase, the
magnitude of the response is generally less than that documen-
ted in yeast. It is worth noting that because the conjugated
forms of the GABARAP subfamily members are usually unde-
tectable without induction of autophagy in mammalian and
other vertebrate cells [230,231], these proteins might be more
suitable than LC3 to study and quantify subtle changes in
autophagy induction.

As Atg8-family proteins are often synthesized with a C-term-
inal extension that is removed by Atg4, this processing event can
be used to monitor Atg4 activity. For example, when GFP or tags
such as HA, MYC or FLAG are fused at the C terminus of Atg8
(Atg8-GFP, etc.), the epitope is removed in the cytosol to gen-
erate free Atg8 and the corresponding tag. This processing can
be easily monitored by western blot [232,233]. It is also possible
to use assays with an artificial fluorogenic substrate, or a fusion
of LC3B to PLA2 (phospholipase A2) that allows the release of
the active phospholipase for a subsequent fluorogenic assay
[234], and there is a Forster resonance energy transfer (FRET)-
based assay utilizing CFP- and YFP-tagged versions of LC3B and
GABARAPL2 that can be used for high-throughput screening
[235]. Another method to monitor ATG4 activity in vivo uses
the release of Gaussia luciferase from the C terminus of LC3 that
is tethered to actin [236]. Note that there are 4 homologs of yeast
Atg4 in mammals, and they have different activities with regard
to the Atg8-family proteins [237]. ATG4A is able to cleave the
GABARAP subfamily, but has very limited activity toward the
LC3 subfamily, whereas ATG4B is apparently active against
most or all of these proteins [194,195]. The ATG4C and

Figure 7. (Continued).

lysosomal protease inhibitors, starvation results in a modest increase (HEK 293 cells) or even a decrease (HeLa cells) in the amount of LC3-Il. The use of inhibitors
reveals that this apparent decrease is due to lysosome-dependent degradation. This figure was modified from data previously published in ref. [240], and is
reproduced by permission of Landes Bioscience, copyright 2005. (D) Sequence and schematic representation of the different forms of LC3B. The sequence for the
nascent (proLC3) from mouse is shown. The glycine at position 120 indicates the cleavage site for ATG4. After this cleavage, the truncated LC3 is referred to as LC3-l,
which is still a soluble form of the protein. Conjugation to PE generates the membrane-associated LC3-Il form (equivalent to Atg8-PE).
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ATG4D isoforms have minimal activity for any of the Atg8-
family protein homologs. In particular, because Atg4/ATG4 will
cleave a C-terminal fusion immediately, researchers should be
careful to specify whether they are using GFP-Atg8 (or GFP-
LC3/GABARAP; an N-terminal fusion, which can be used to
monitor various steps of autophagy) or Atg8-GFP (or LC3/
GBARAP-GFP; a C-terminal fusion, which can only be used to
monitor Atg4/ATG4 activity) [238].

Cautionary notes: There are several important caveats to
using Atg8/LC3-II/GABARAP-II to visualize fluctuations in
autophagy. First, changes in LC3-II amounts are tissue- and
cell context-dependent [239,240]. Indeed, in some cases, autop-
hagosome accumulation detected by TEM does not correlate
well with the amount of LC3-II (Talloczy Z, de Vries RLA, and
Sulzer D, unpublished results; Eskelinen E-L, unpublished
results). This is particularly evident in those cells that show low
levels of LC3-II (based on western blotting) because of an intense
autophagic flux that consumes this protein, or in cell lines having
high levels of LC3-II that are tumor-derived, such as HeLa cells
[240]. Conversely, the detectable formation of LC3-II is not
sufficient evidence for autophagy. For example, homozygous
deletion of Becnl does not prevent the formation of LC3-II in
embryonic stem cells even though autophagy is substantially
reduced, whereas deletion of Afg5 results in the complete
absence of LC3-II (see Fig. 6A and supplemental data in ref
[241].). The same is true for the generation of Atg8-PE in
yeast in the absence of VPS30/ATG6 (see Fig. 7 in ref [242].).
Thus, it is important to remember that not all of the autophagy-
related proteins are required for Atg8-family protein processing,
including lipidation [242]. Fluctuations in the detection and
amounts of LC3-I versus LC3-II present technical problems.
For example, LC3-I is very abundant in brain tissue, and the
intensity of the LC3-I band may obscure detection of LC3-II,
unless the polyacrylamide crosslinking density is optimized, or
the membrane fraction of LC3 is first separated from the cyto-
solic fraction [41]. Conversely, some cell lines have much less
visible LC3-I compared to LC3-II. In addition, tissues may have
asynchronous and heterogeneous cell populations, and this
variability may present challenges when analyzing LC3 by wes-
tern blotting.

Second, LC3-II also associates with the membranes of
nonautophagic structures. For example, some members of
the y-protocadherin family undergo clustering to form intra-
cellular tubules that emanate from lysosomes [243]. LC3-1II is
recruited to these tubules, where it appears to promote or
stabilize membrane expansion. Furthermore, LC3 can be
recruited directly to apoptotic cell-containing phagosome
membranes [244,245], macropinosomes [244], the parasito-
phorous vacuole of Toxoplasma gondii [246], and single-
membrane entotic vacuoles [244], as well as to bacteria-con-
taining phagosome membranes under certain immune acti-
vating conditions, for example, toll-like receptor (TLR)-
mediated stimulation in LC3-associated phagocytosis
[247,248]. Importantly, LC3 is involved in secretory traffick-
ing as it has been associated with secretory granules in mast
cells [249] and PC12 hormone-secreting cells [250]. LC3 is
also detected on secretory lysosomes in osteoblasts [251] and
in amphisome-like structures involved in mucin secretion by
goblet cells [252]. Therefore, in studies of infection of

mammalian cells by bacterial pathogens, the identity of the
LC3-1I labelled compartment as an autophagosome should be
confirmed by a second method, such as TEM. It is also worth
noting that autophagy induced in response to bacterial infec-
tion is not directed solely against the bacteria but can also be a
response to remnants of the phagocytic membrane [253].
Similar cautions apply with regard to viral infection. For
example, coronaviruses induce autophagosomes during infec-
tion through the expression of nsp6; however, coronaviruses
also induce the formation of double-membrane vesicles that
are coated with LC3-I, and this plays an autophagy-indepen-
dent role in viral replication [254,255]. Similarly, nonlipidated
LC3 marks replication complexes in flavivirus (Japanese ence-
phalitis virus)-infected cells and is essential for viral replica-
tion [256]. Along these lines, during herpes simplex virus type
1 (HSV-1) infection, an LC3" autophagosome-like organelle
that is derived from nuclear membranes and that contains
viral proteins is observed [257], whereas influenza A virus
directs LC3 to the plasma membrane via an LC3-interacting
region (LIR) motif in its M2 protein [258]. In addition, shed-
ding microvesicles isolated from HSV-1-infected cells are
positive for LC3-II, suggesting a role for the autophagic path-
way in microvesicle-mediated HSV-1 spread [259]. Moreover,
in vivo studies have shown that coxsackievirus (an entero-
virus) induces formation of autophagy-like vesicles in pan-
creatic acinar cells, together with extremely large autophagy-
related compartments that have been termed megaphago-
somes [260]; the absence of ATG5 disrupts viral replication
and prevents the formation of these structures [261]. Of note,
LC3 not only attaches to membrane lipids, but can also be
covalently linked to other proteins [262], thus complicating
interpretation of its distribution in cells.

Third, caution must be exercised in general when evaluat-
ing LC3 by western blotting, and appropriate standardization
controls are necessary. For example, LC3-I may be less sensi-
tive to detection by certain anti-LC3 antibodies; antibodies
targeting the N-terminal region show lower binding efficiency
of LC3-I compared to polyclonal antibodies against the entire
protein, leading to a different interpretation of LC3 turnover
(Figure 8) (C. Leschczyk, P. Cebollada Rica, U.E. Schaible,
unpublished results) [263]. Moreover, LC3-I is more labile
than LC3-II, being more sensitive to freezing-thawing and to
degradation in SDS sample buffer. Therefore, fresh samples
should be boiled and assessed as soon as possible and should
not be subjected to repeated freeze-thaw cycles. Alternatively,
trichloroacetic acid precipitation of protein from fresh cell
homogenates can be used to protect against degradation of
LC3 by proteases that may be present in the sample. A general
point to consider when examining transfected cells concerns
the efficiency of transfection. A western blot will detect LC3 in
the entire cell population, including those that are not trans-
fected. Thus, if transfection efficiency is too low, it may be
necessary to use methods, such as fluorescence microscopy,
that allow autophagy to be monitored in single cells. In
summary, the analysis of the gel shift of transfected LC3 or
GFP-LC3 can be employed to follow LC3 lipidation only in
highly transfectable cells [264].

When dealing with animal tissues, western blotting of LC3
should be performed on frozen biopsy samples homogenized in
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Figure 8. Different LC3B-I:LC3B-II ratios indicating turnover were assessed using
a mono- as well as polyclonal anti-LC3B antibody. Monocytes were isolated from
human whole blood and differentiated into monocyte-derived macrophages
(MDMs) by incubation in human CSF1/M-CSF for 1 week. To induce autophagy,
cells were starved by reducing the FCS concentration to 1% for one day.
Monocytes, and resting and starved MDMs were lysed with Laemmli buffer;
the proteins were separated by SDS-PAGE and analyzed by western blot.
Membranes were labeled using a monoclonal antibody to the N terminus of
LC3B (Novus, clone 1251D, NBP2-59800) or polyclonal antibodies (Sigma, L7543).
Relative intensity of LC3B-1 and LC3B-Il was quantified with Image Lab™ to
calculate LC3B-II:LC3B- ratios.

the presence of general protease inhibitors (C. Isidoro, personal
communication; see also Human) [265]. Caveats regarding
detection of LC3 by western blotting have been covered in a
dedicated review [30]. For example, PVDF membranes may
result in a stronger LC3-II retention than nitrocellulose mem-
branes, possibly due to a higher affinity for hydrophobic proteins
(Figure 7B; J. Kovsan and A. Rudich, personal communication),
and Triton X-100 may not efficiently solubilize LC3-II in some
systems [266]. Heating in the presence of 1% SDS, or analysis of
membrane fractions [41], may assist in the detection of the
lipidated form of this protein. This observation is particularly
relevant for cells with a high nucleocytoplasmic ratio, such as
lymphocytes. Under these constraints, direct lysis in Laemmli
loading buffer, containing SDS, just before heating, greatly
improves LC3 detection on PVDF membranes, especially when
working with a small number of cells (F. Gros, unpublished
observations) [267]. Analysis of a membrane fraction is particu-
larly useful for brain, where levels of soluble LC3-I greatly exceed
the level of LC3-1II.

One of the most important issues is the quantification of
changes in LC3-I1, because this assay is one of the most widely
used in the field and is rather prone to misinterpretation.
Levels of LC3-II should be compared not to LC3-I (see the
caveat in the next paragraph), but ideally to more than one
“housekeeping” protein (HKP) such as ACTB/f-actin. Actin
and other HKPs, however, are usually abundant and can easily
be overloaded on the gel [268] such that their density is
saturated and, as such, they are not detected within a linear
range. Moreover, actin levels may decrease when autophagy is
induced in many organisms from yeast to mammals. Similar
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considerations apply to GAPDH, at least in some cell types (L.
Galluzzi, personal communication) [269]. For any proteins
used as “loading controls” (including actin, tubulin, MAPK1
[270-272] and GAPDH) multiple exposures of the western
blot are generally necessary to ensure that the signals are
detected in the linear range when using film. Alternatively,
the western blot signals can be detected using a gel imaging
system compatible with secondary antibodies with infrared
fluorescence, or an instrument that takes multiple chemilu-
minescence exposures and automatically selects the optimal
exposure times. Another alternative approach is to stain for
total cellular proteins with Coomassie Brilliant Blue or
Ponceau Red [273] instead of using HKPs, but that approach
is generally less sensitive and may not reveal small differences
in protein loading. Stain-Free gels, which also stain for total
cellular proteins, have been shown to be an excellent alter-
native to HKPs [274].

It is important to realize that ignoring the level of LC3-I in
favor of LC3-II normalized to HKPs may not provide the full
picture of the cellular autophagic response [239,275]. For
example, in aging rat skeletal muscle, the increase in LC3-I
is at least as important as that for LC3-II [276,277]. Yet in
other settings, autophagy induction triggers a significant
decrease in LC3-I levels, along with an increase in LC3-II
levels, presumably due to its increased conversion into LC3-
II [278]. Quantification of both isoforms is therefore informa-
tive, but requires adequate conditions of electrophoretic
separation. This is particularly important for samples where
the amount of LC3-I is high relative to LC3-II (as in brain
tissues, where the LC3-I signal can be overwhelming). Under
such a scenario, it may be helpful to use 15% or 16% poly-
acrylamide gels or gradient gels to increase the separation of
LC3-I from LC3-II. Furthermore, because the dynamic range
of LC3 immunoblots is generally quite limited, it is imperative
that other assays be used in parallel in order to draw valid
conclusions about changes in autophagy activity.

Fourth, in mammalian cells LC3 is expressed as multiple
isoforms (LC3A, LC3B, LC3B2 and LC3C [279,280]), which
exhibit different tissue distributions and whose functions are
still poorly understood. A point of caution along these lines is
that the increase in LC3A-II versus LC3B-II levels may not
display equivalent changes in all organisms under autophagy-
inducing conditions, and it should not be assumed that LC3B
is the optimal protein to monitor [281]. A key technical
consideration is that the isoforms may exhibit different spe-
cificities for antisera or antibodies. Thus, it is highly recom-
mended that investigators report exactly the source and
catalog number of the antibodies used to detect LC3 as this
might help avoid discrepancies between studies (reporting
company and catalog number is a requirement for publishing
in the journal Autophagy [282]). The current commercialized
anti-LC3B antibodies also recognize LC3A, but do not recog-
nize LC3C, which shares less sequence homology. It is impor-
tant to note that LC3C possesses in its primary amino acid
sequence the DYKD motif that is recognized with a high
affinity by anti-FLAG antibodies. Thus, the standard anti-
FLAG M2 antibody can detect and immunoprecipitate over-
expressed LC3C, and caution has to be taken in experiments
using FLAG-tagged proteins (M. Biard-Piechaczyk and L.
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Espert, personal communication). Note that according to
Ensembl there is no LC3C in mouse or rat.

In addition, it is important to keep in mind the other
subfamily of Atg8 proteins, the GABARAP subfamily (see
above) [198,283]. Both starvation-induced autophagy and
PINK1-PRKN-dependent mitophagy, as noted above, predomi-
nantly require the GABARAP subfamily over the LC3 subfam-
ily [32,34,35]. Moreover, certain types of mitophagy induced by
BNIP3L/NIX are highly dependent on GABARAP and less
dependent on LC3 proteins [284,285]. Furthermore, commer-
cial antibodies for GABARAPLI also recognize GABARAP
[32,193], which might lead to misinterpretation of experiments,
in particular those using immunohistochemical techniques.
Sometimes the problem with cross-reactivity of the anti-
GABARAPL1 antibody can be overcome when analyzing
these proteins by western blot because the isoforms can be
resolved during SDS-PAGE using high concentration (15%)
gels, as GABARAP migrates faster than GABARAPL1 (M.
Boyer-Guittaut, personal communication; also see Fig. S4 in
ref [32].). Because GABARAP and GABARAPLI1 can both be
proteolytically processed and lipidated, generating GABARAP-I
or GABARAPLI-I and GABARAP-II or GABARAPLI-II,
respectively, this may lead to a misassignment of the different
bands. As soon as highly specific antibodies that are able to
discriminate between GABARAP and GABARAPL1 become
available, we strongly advise their use; until then, we recom-
mend caution in interpreting results based on the detection of
these proteins by western blot. Antibody specificity can be
assessed after complete inhibition of GABARAP (or any other
Atg8-family protein) expression by RNA interference [32,231].
In general, we advise caution in choosing antibodies for wes-
tern blotting and immunofluorescence experiments and in
interpreting results based on stated affinities of antibodies
unless these have been clearly determined.

As with any western blot, proper methods of quantification
must be used, which are, unfortunately, often not well dissemi-
nated; readers are referred to an excellent paper on this subject
(see ref [286].). Unlike the other members of the GABARAP
family, almost no information is available on GABARAPL3,
perhaps because it is not yet possible to differentiate between
GABARAPL1 and GABARAPL3 proteins, which have 94%
identity. As stated by the laboratory that described the cloning
of the human GABARAPLI and GABARAPL3 genes [283], their
expression patterns are apparently identical. It is worth noting
that GABARAPLS3 is the only gene of the GABARAP subfamily
that seems to lack an ortholog in mice [283]. GABARAPL3 might
therefore be considered as a pseudogene without an intron that
is derived from GABARAPLI. Hence, until new data are pub-
lished, GABARAPL3 should not be considered as the fourth
member of the GABARAP family. Another important considera-
tion is that lipidated LC3/GABARAP isoforms (particularly
GABARAP and GABARAPLI1) can be unstable in non-dena-
tured cell lysates due to ATG4B delipidation activity, even in the
presence of a protease inhibitor cocktail. This can result in an
underestimation of the true physiological levels of lipidated LC3/
GABARAP detected by western blotting. To avoid this artefact,
N-ethylmaleimide can be included in lysis buffer to irreversibly
inhibit ATG4B, or lysis can be performed under reducing and
denaturing conditions [287].

Fifth, in non-mammalian species, the discrimination of
Atg8-PE from the nonlipidated form can be complicated by
their nearly identical SDS-PAGE mobilities and the presence
of multiple isoforms (e.g., there are nine in Arabidopsis). In
yeast, it is possible to resolve Atg8 (the nonlipidated form)
from Atg8-PE by including 6 M urea in the SDS-PAGE
separating gel [288], or by using a 15% resolving gel without
urea (F. Reggiori, personal communication). Similarly, urea
combined with prior treatment of the samples with (or with-
out) PLD (phospholipase Dj that will remove the PE moiety)
can often resolve the ATGS8 species in plants [289,290]. It is
also possible to label cells with radioactive ethanolamine,
followed by autoradiography to identify Atg8-PE, and a C-
terminal peptide can be analyzed by mass spectrometry (MS)
to identify the lipid modification at the terminal glycine
residue. Special treatments are not needed for the separation
of mammalian LC3-I from LC3-II. However, in human cells,
pro-LC3B and LC3B-II are indistinguishable by western blot-
ting [291], and a PLD cleavage assay may be required to
discriminate between the two isoforms [287], which is parti-
cularly important under conditions where ATG4 activity is
reduced.

Sixth, it is important to keep in mind that ATGS, and to a
lesser extent LC3, undergoes substantial transcriptional and
posttranscriptional regulation. Accordingly, to obtain an
accurate interpretation of Atg8-family protein levels it is also
necessary to monitor the mRNA levels. Without analyzing the
corresponding mRNA, it is not possible to discriminate
between changes that are strictly reflected in altered amounts
of protein versus those that are due to changes in transcrip-
tion (e.g., the rate of transcription, or mRNA stability). For
example, in cells treated with the calcium ionophore A23187
or the ER calcium pump blocker thapsigargin, an obvious
correlation is found between the time-dependent increases
in LC3B-I and LC3B-II protein levels, as well as with the
observed increase in LC3B mRNA levels [216]. Clinically, in
human adipose tissue, protein and mRNA levels of LC3 in
omental fat are similarly elevated in obese compared to lean
individuals [292]. Post-translational modifications, such as
phosphorylation of LC3, may also affect its migration and/or
the avidity of certain antibodies [293].

Seventh, LC3-I can be fully degraded by the 20S protea-
some or, more problematically, processed to a form (LC3-T)
appearing equal in size to LC3-II on a western blot; LC3-T
was identified in HeLa cells and is devoid of the ubiquitin
conjugation domain, thus lacking its adaptor function for
autophagy [294].

Eighth, although it is usually possible to distinguish the
nonlipidated (LC3-I) and lipidated (LC3-II) forms of LC3
using standard SDS-PAGE and western blotting (see above),
some other protein separation systems fail to differentiate
between them. For example, the widely used WES system,
based on capillary electrophoresis and Simple Western™ tech-
nology (in which all assay steps, from protein separation,
immunoprobing, detection and analysis of data are fully auto-
mated), can solve many problems found in traditional western
blotting [295]; however, using this system it is not possible to
distinguish LC3-I and LC3-II forms (see Figure 9 for compar-
ison of separation of LC3 forms in traditional western blotting
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Figure 9. Detection of nonlipidated (LC3-l) and lipidated (LC3-ll) forms of the
LC3 protein using (A) traditional SDS-PAGE and western blotting or (B) the WES
System (WES - Automated Western Blots with Simple Western; ProteinSimple,
San Jose, CA, USA). HEK 293 cells were cultured in DMEM medium, containing
10% fetal bovine serum and a penicillin-streptomycin mixture, at 37°C in a
humidified atmosphere with 5% CO,. Cell cultures were treated with medium
devoid of fetal bovine serum (-FBS) or with chloroquine (CQ; final concentration
10 puM) for 2 h. The forms of the LC3 protein were detected using anti-LC3
antibodies (MBL International, PM036). Materials from the same samples were
used in experiments presented in panels A and B. The LC3-l and LC3-Il forms can
be effectively separated using traditional SDS-PAGE and western blotting,
whereas these two forms of LC3 cannot be distinguished by using the WES
system. Results provided by K. Pierzynowska, L. Gaffke and G. Wegrzyn.

and WES). Most likely, this is due to unusual (i.e., inconsis-
tent with the actual molecular mass) migration of LC3-II in
SDS-PAGE which does not take place during gel-free capillary
electrophoresis [296]. Therefore, although the WES system is
excellent for rapid and accurate detection of the vast majority
of proteins, and makes it possible to avoid various technical
problems met in traditional western blotting, including those
met in studies on subjects related to autophagy (see for
example [297,298]), it is not recommended for experiments
where it is important to resolve LC3-I and LC3-II. This
problem has been widely discussed with representatives of
the WES system manufacturer who confirmed that it is tech-
nically not possible to separate these two forms of LC3 using
Simple Western™ technology (K. Pierzynowska and G.
Wegrzyn, personal communication). Nonetheless, the WES
system can still be used to monitor changes in the total
amount of LC3, and can thus provide useful information,
especially in conjunction with other assays.

Conclusion: Atg8-family proteins are often excellent mar-
kers for autophagic structures; however, it must be kept in
mind that there are multiple LC3 isoforms, there is a second
family of mammalian Atg8-like proteins (GABARAPs), and
antibody affinity (for LC3-I versus LC3-II) and specificity (for
example, for LC3A versus LC3B) must be considered and/or
determined. Moreover, LC3/GABARAP levels on their own
do not address issues of autophagic flux. Finally, even when
flux assays are carried out, there is a problem with the limited
dynamic range of LC3/GABARAP immunoblots; accordingly,
this method should not be used by itself to analyze changes in
autophagy.
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Turnover of LC3-11/Atg8-PE: Autophagic flux. Autophagic
flux is often inferred on the basis of LC3-II turnover, mea-
sured by western blot (Figure 7C) [240] in both the presence
and absence of lysosomal, or vacuolar degradation. However,
it should be cautioned that such LC3 assays are merely indi-
cative of autophagic “carrier flux”, not of actual autophagic
cargo/substrate flux. It has, in fact, been observed that in rat
hepatocytes, an autophagic-lysosomal flux of LC3-II can take
place in the absence of an accompanying flux of cytosolic bulk
cargo [299]. The relevant parameter in LC3 assays is the
difference in the amount of LC3-II in both the presence and
absence of saturating levels of inhibitors, which can be used to
examine the transit of LC3-II through the autophagic path-
way; if flux is occurring, the amount of LC3-II will be higher
in the presence of the inhibitor [240]. Lysosomal degradation
can be prevented through the use of protease inhibitors (e.g.,
pepstatin A, leupeptin and E-64d), compounds that neutralize
the lysosomal pH such as bafilomycin A;, CQ or NH,CI
[17,206,220,226,300,301], or by treatment with agents that
block the fusion of autophagosomes with lysosomes (note
that CQ blocks autophagy predominantly by inhibiting autop-
hagosome-lysosome fusion [302] and that bafilomycin A; will
ultimately cause a fusion block as well as neutralize the pH
[218], but the inhibition of fusion may be due to a block in
ATP2A/SERCA activity [303]) [217-219], 304]. Alternatively,
knocking down or knocking out LAMP2 (lysosomal asso-
ciated membrane protein 2) represents a genetic approach to
block the fusion of autophagosomes and lysosomes (for exam-
ple, inhibiting LAMP2 in leukemic cells results in a marked
increase of GFP-LC3 puncta and endogenous LC3-II protein
compared to control cells upon autophagy induction during
myeloid differentiation [M.P. Tschan, unpublished data],
whereas in prostate cancer LNCaP cells, knocking down
LAMP2 prevents autophagy [305]) [306]. This approach,
however, is only valid when the knockdown of LAMP2 is
directed against the mRNA region specific for the LAMP2B
spliced variant, as targeting the region common to the three
variants would also inhibit chaperone-mediated autophagy
(CMA), which may result in the compensatory upregulation
of autophagy [133,307,308].

Increased levels of LC3-II in the presence of lysosomal
inhibition or interfering with autophagosome-lysosome fusion
alone (e.g., with bafilomycin A;), may be indicative of greater
induction and cargo sequestration, but to assess whether a
particular treatment alters complete autophagic flux through
substrate digestion, the treatment plus bafilomycin A; must be
compared with results obtained with treatment alone as well as
with bafilomycin A, alone. An additive or supra-additive effect
in LC3-II levels may indicate that the treatment enhances
autophagic flux (Figure 7C). Moreover, higher LC3-II levels
with treatment plus bafilomycin A; compared to bafilomycin
A, alone may indicate that the treatment increases the synthesis
of autophagy-related membranes. If the treatment by itself
increases LC3-II levels, but the treatment plus bafilomycin A,
does not increase LC3-II levels compared to bafilomycin A,
alone, this may indicate that the treatment induced a partial
block in autophagic flux. Thus, a treatment condition increas-
ing LC3-II on its own that has no difference in LC3-II in the
presence of bafilomycin A; compared to treatment alone may
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suggest a complete block in autophagy at the terminal stages
[309]. This procedure has been validated with several autop-
hagy modulators [310]. With each of these techniques, it is
essential to avoid assay saturation. The duration of the bafilo-
mycin A, treatment (or any other inhibitor of autophagic flux
such as CQ) needs to be relatively short (1-4 h) [311] to allow
comparisons of the amount of LC3 that is lysosomally degraded
over a given time frame under one treatment condition to
another treatment condition. A concentration-curve and
time-course standardization for the use of autophagic flux
inhibitors is required for the initial optimization of the condi-
tions to detect LC3-II accumulation and avoid nonspecific or
secondary effects, and to exclude the possibility of a remaining
residual flux, if inhibition is incomplete [312]. By using a rapid
screening approach, such as a colorimetric based-platform
method [313], it is possible to monitor a long time frame for
autolysosome accumulation, which closely associates with
autophagy activation [314-317]. Positive control experiments
using treatment with known autophagy inducers, along with
bafilomycin A, versus vehicle, are important to demonstrate
the utility of this approach in each experimental context.

In some circumstances it may be important to evaluate
alterations in autophagy flux once autophagy is induced by a
particular agent or genetic manipulation. In that case, steady-
state measurements are not adequate. This can be useful for
example to evaluate if a gene modification by itself enhances
or impairs autophagosome synthesis or degradation quantita-
tively (e.g., Clec16a [318-320]). With this aim, cells should be
treated with an autophagy inducer in the presence and
absence of a degradation inhibitor. As the LC3-II basal levels
in the steady state may be different, it is necessary to establish
a ratio to evaluate LC3-II synthesis and degradation flux.
Therefore, the synthesis ratio can be considered as the rate
of LC3-II levels in the presence of the inducer and the inhi-
bitor divided by the LC3-II level in the presence of the
inhibitor alone. Similarly, the degradation ratio would be the
ratio of LC3-II levels in the cells treated with the inducer and
the inhibitor divided by the LC3-II levels in the presence of
the inducer alone. By comparing LC3-II synthesis and degra-
dation ratios among different conditions, such as a gene
modification, we can evaluate whether autophagy flux is
modified by increasing or decreasing LC3-II synthesis or
degradation phases [321,322]. Alternatively, the degradation
can be determined by calculating LC3-II levels in the presence
of inducer and the inhibitor minus the levels in the presence
of inducer alone [323].

The same type of assay monitoring the turnover of Atg8-
PE can be used to monitor flux in yeast, by comparing the
amount of Atg8 present in a wild-type versus a pep4A strain
following autophagy induction [324]; however, it is important
to be aware that the PEP4 knockout can influence yeast cell
physiology (e.g., the inability to degrade and hence recycle
autophagic cargo may trigger a starvation response). PMSF,
which inhibits the activity of Prbl, can also be used to block
Atg8-PE turnover.

Due to the advances in time-lapse fluorescence microscopy
and the development of photoswitchable fluorescent proteins,
autophagic flux can also be monitored by assessing the half-
life of the LC3 protein [325,326] post-photoactivation, by

quantitatively measuring the autophagosomal pool size and
its transition time [327], or by quantifying the rate of autop-
hagosome formation [328]. Here, single-cell fluorescence live-
cell imaging-based approaches, in combination with micro-
patterning, have shown accurate quantitative monitoring of
autophagic flux that allows standardization of basal and
induced flux in key cell types and model systems [312,329]
(Figure 10). These approaches deliver invaluable information
on the kinetics of the system and the time required to clear a
complete autophagosomal pool. Nonetheless, care must be
taken for this type of analysis as changes in transcriptional/
translational regulation of LC3 might also affect the readout.

Finally, autophagic flux can be monitored based on the turn-
over of LC3-II, by utilizing a luminescence-based assay. For
example, a reporter assay based on the degradation of Renilla
reniformis luciferase (Rluc)-LC3 fusion proteins is well suited for
screening compounds affecting autophagic flux [330]. In this
assay, Rluc is fused N-terminally to either wild-type LC3 or a
lipidation-deficient mutant of LC3 (G120A). Because WT Rluc-
LC3, in contrast to Rluc-LC3%"2%4, specifically associates with
autophagosomal membranes, WT Rluc-LC3 is more sensitive to
autophagic degradation. A change in autophagy-dependent LC3
turnover can thus be estimated by monitoring the change in the
ratio of luciferase activities between the two cell populations
expressing either WT Rluc-LC3 or Rluc-LC3%"%4, In its sim-
plest form, the Rluc-LC3-assay can be used to estimate autopha-
gic flux at a single time point by defining the luciferase activities
in cell extracts. Moreover, the use of a live cell luciferase substrate
makes it possible to monitor changes in autophagic activity in
live cells in real time. This method has been successfully used to
identify positive and negative regulators of autophagy from cells
treated with microRNA, siRNA and small molecule libraries
[330-336].

Cautionary notes: The use of a radioactive pulse-chase ana-
lysis, which assesses complete autophagic flux, provides an alter-
native to lysosomal protease inhibitors [204]. Although such
inhibitors should still be used to verify that degradation is lyso-
some dependent. In addition, drugs must be used at concentra-
tions and for time spans that are effective in inhibiting fusion or
degradation, but that do not provoke cell death. Thus, these
techniques may not be practical in all cell types or in tissues
from whole organisms where the use of protease inhibitors is
problematic, and where pulse labeling requires artificial short-
term culture conditions that may induce autophagy. Another
concern when monitoring flux via LC3-II turnover may be seen
in the case of a partial autophagy block; in this situation, agents
that disrupt autophagy (e.g., bafilomycin A ;) will still result in an
increase in LC3-IL. Thus, care is needed in interpretation. For
characterizing new autophagy modulators, it is ideal to test
autophagic flux at early (e.g., 4 h) and late (e.g., 24 h) time
points, because in certain instances, such as with calcium phos-
phate precipitates, a compound may increase or decrease flux at
these two time points, respectively [204]. Moreover, it is impor-
tant to consider assaying autophagy modulators in a long-term
response in order to further understand their effects. Finally,
many of the chemicals used to inhibit autophagy, such as bafi-
lomycin A;, NH,CI or CQ (see Autophagy inhibitors and indu-
cers), also directly inhibit the endocytosis/uncoating of viruses
(D.R. Smith, personal communication), and other endocytic

4100

4105

4110

4115

4120

4125

4130

4135

4140

4145

4150

4155



4160

4165

4170

4175

Basal autophagy

Bafilomycin A
TAL — 6.7 E
=] nap = 164.5 ;
= |
Q :
@, ! -
74 = 0.53
na =134
:V:]basal =254

AUTOPHAGY (&) 57

Rapamycin-induced autophagy

Bafilomycin A
Tap =24 |
nap =251.2
74 = 0.16 : )
na = 16.7 e
4 Ji7L11'11,(:ed =105.4

Time

Figure 10. Measuring autophagic flux and pool size of pathway intermediates at the single-cell level: autophagosome, autolysosome and lysosome pool size and flux
data, characterizing MEF cells with a basal flux of 25 autophagosomes/h/cell, which increases upon rapamycin treatment to 105 autophagosomes/h/cell. Scale bar: 20

um. This figure was previously published in ref. [312].

events requiring low pH, as well as exit from the Golgi (S. Tooze,
personal communication). As such, agents that neutralize endo-
somal compartments should be used only with extreme caution
in studies investigating autophagy-virus interactions. One means
to address this is to carefully titrate the amounts of inhibitors to
use, because, for example, low nanomolar amounts of bafilomy-
cin A; can affect autophagy without apparently affecting acid-
ification during influenza virus infections [337].

One additional consideration is that it may not be absolutely
necessary to follow LC3-II turnover if other substrates are being
monitored simultaneously. For example, an increase in LC3-1I
levels in combination with the lysosomal (or ideally autophagy-
specific) removal of an autophagic substrate (such as an orga-
nelle [338,339]) that is not a good proteasomal substrate pro-
vides an independent assessment of autophagic flux. However, it
is probably prudent to monitor both turnover of LC3-II and an
autophagosome substrate in parallel, due to the fact that LC3
might be coupled to endosomal membranes and not just autop-
hagosomes, and the levels of well-characterized autophagosome
substrates such as SQSTM1/p62 can also be affected by protea-
some inhibitors [340].

Another issue relates to the use of protease inhibitors (see
Autophagy inhibitors and inducers). When using lysosomal pro-
tease inhibitors, it is of fundamental importance to assess proper
conditions of inhibitor concentration and time of pre-incubation
to ensure full inhibition of lysosomal cathepsins. In this respect,
1 h of pre-incubation with 10-20 uM E-64d is sufficient in most
cases, because this inhibitor is membrane permeable and rapidly
accumulates within lysosomes, but another frequently used inhi-
bitor, leupeptin, requires at least 6 h pre-incubation [78,341].
Moreover, pepstatin A is membrane impermeable (ethanol or
preferably DMSO must be employed as a vehicle) and requires a
prolonged incubation (> 8 h) and a relatively high concentration
(>50-100 puM) to fully inhibit lysosomal CTSD (Figure 11). An
incubation of this duration, however, can be problematic due to
indirect effects (see GFP-Atg8-family protein lysosomal delivery
and partial proteolysis). At least in neurons, pepstatin A alone isa
less effective lysosomal proteolytic block, and combining a lyso-
somal cysteine protease (i.e., cathepsin) inhibitor with it is most
effective [78]. Also, note that the relative amount of lysosomal
CTSB (cathepsin B) and CTSD is cell-specific and changes with
culture conditions. A possible alternative to pepstatin A is the
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Figure 11. Effect of different inhibitors on LC3-Il accumulation. SH-SY5Y human
neuroblastoma cells were plated and allowed to adhere for a minimum of 24 h,
then treated in fresh medium. Treatments were as follows: rapamycin (Rap), (A) 1
UM, 4 h or (B) 10 pM, 4 h; E-64d, final concentration 10 ug/ml from a 1 mg/ml
stock in ethanol (EtOH); NH,Cl (NH,"), final concentration 10 mM from a 1 M
stock in water; pepstatin A (Pst), final concentration 10 ug/ml from a 1 mg/ml
stock in ethanol, or 68.6 ug/ml from a 6.86 mg/ml stock in DMSO; ethanol or
DMSO, final concentration 1%. Pre-incubations in (B) were for 1 or 4 h as
indicated. 10 mM NH,Cl (or 30 pM CQ, not shown) were the most effective
compounds for demonstrating the accumulation of LC3-II. E-64d was also effec-
tive in preventing the degradation of LC3-Il, with or without a preincubation, but
ammonium chloride (or CQ) may be more effective. Pepstatin A at 10 pg/ml with
a 1-h pre-incubation was not effective at blocking degradation, whereas a 100
UM concentration with 4-h pre-incubation had a partial effect. Thus, alkalinizing
compounds are more effective in blocking LC3-Il degradation, and pepstatin A
must be used at saturating conditions to have any noticeable effect. Images
provided by C. Isidoro. Note that the band running just below LC3-I at approxi-
mately 17.5 kDa may be a processing intermediate of LC3-I; it is detectable in
freshly prepared homogenates, but is less visible after the sample is subjected to
a freeze-thaw cycle.

pepstatin A BODIPY® FL conjugate [342,343], which is trans-
ported to lysosomes via endocytosis. In contrast to the protease
inhibitors, CQ (10-40 uM) or bafilomycin A; (1-100 nM) can be
added to cells immediately prior to autophagy induction,
although in some cases a pre-incubation with bafilomycin A;
should be considered. bafilomycin A; requires ~30 min to

increase lysosomal pH [226,344]; therefore, a pre-incubation of
30 min is required in case of short autophagy induction times.
Because cysteine protease inhibitors may upregulate CTSD and
some such as E-64d and its derivatives have potential inhibitory
activity toward calpains, whereas bafilomycin A; can have
potential significant cytotoxicity, especially in cultured neurons
and pathological states, the use of both methods may be impor-
tant in some experiments to exclude off-target effects of a single
method.

Conclusion: It is important to be aware of the difference
between monitoring the steady-state level of Atg8-family pro-
teins and autophagic flux. The latter may be assessed by
following Atg8-family proteins in the absence and presence
of autophagy flux inhibitors (such as lysosomal degradation
inhibitors), and by examining the autophagy-dependent
degradation of appropriate substrates. In particular, if there
is any evidence of an increase in LC3-II (or autophagosomes),
it is essential to determine whether this represents an induc-
tion of autophagy and increased synthesis of LC3, or
decreased flux and the subsequent accumulation of LC3 due
to a block in fusion or degradation, through the use of
inhibitors such as CQ, bafilomycin A; or lysosomal protease
inhibitors. In the case of a suspected impaired degradation,
assessment of lysosomal function (i.e., pH or activity of lyso-
somal enzymes) is then required to validate the conclusion
and to establish the basis.

GFP-Atg8-family protein lysosomal delivery and partial pro-
teolysis. GFP-LC3B (hereafter referred to as GFP-LC3) has
also been used to follow flux. It should be cautioned that, as
with endogenous LC3, an assessment of autophagic GFP-LC3
flux is a carrier flux that cannot be equated with, and is not
necessarily representative of, an autophagic cargo flux. When
GFP-Atg8 or GFP-LC3 is delivered to a lysosome/vacuole, the
Atg8-family protein part of the chimera is sensitive to degrada-
tion, whereas the GFP protein is relatively resistant to hydro-
lysis (note, however, that GFP fluorescence is quenched by low
pH; see GEP-Atg8-family protein fluorescence microscopy and
Tandem  mRFP/mCherry-GFP  fluorescence  microscopy).
Therefore, the appearance of free GFP on western blots can
be used to monitor lysis of the inner autophagosome mem-
brane and breakdown of the cargo in metazoans (Figure 12A)
[324,345,346], or the delivery of autophagosomes to, and the
breakdown of autophagic bodies within, the fungal [347-349]
and plant vacuole [289,290,324,350]. Reports on Dictyostelium
discoideum and mammalian cells highlight the importance of
lysosomal pH as a critical factor in the detection of free GFP
that results from the degradation of fused proteins. In these cell
types, free GFP fragments are only detectable in the presence of
nonsaturating levels of lysosomotropic compounds (NH,Cl or
CQ) or under conditions that attenuate lysosomal acidity;
otherwise, the autophagic/degradative machinery appears to
be too efficient to allow the accumulation of the proteolytic
fragment (Figure 12B,C) [40,64,351]. Hence, a reduction in the
intensity of the free GFP band may indicate reduced flux, but it
may also be due to efficient turnover. Using a range of con-
centrations and treatment times of compounds that inhibit
autophagy can be useful in distinguishing between these possi-
bilities [352]. Because the pH in the yeast vacuole is higher than
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Figure 12. GFP-LC3 processing can be used to monitor delivery of autophagosomal
membranes. (A) atg5~ MEFs engineered to express Atg5 under the control of the Tet-
off promoter were grown in the presence of doxycycline (Dox; 10 ng/ml) for one week
to suppress autophagy. Cells were then cultured in the absence of drug for the
indicated times, with or without a final 2-h starvation. Protein lysates were analyzed
by western blot using anti-LC3 and anti-GFP antibodies. The positions of untagged
and GFP-tagged LC3- and LC3-l, and free GFP are indicated. This figure was modified
from data previously published in ref. [346], FEBS Letters, 580, Hosokawa N, Hara Y,
Mizushima N, Generation of cell lines with tetracycline-regulated autophagy and a
role for autophagy in controlling cell size, pp. 2623-2629, copyright 2006, with
permission from Elsevier. (B) Differential role of unsaturating and saturating concen-
trations of lysosomal inhibitors on GFP-LC3 cleavage. Hela cells stably transfected
with GFP-LC3 were treated with various concentrations of CQ for 6 h. Total lysates
were prepared and subjected to immunoblot analysis. (C) CQ-induced free GFP
fragments require classical autophagy machinery. Wild-type and atg5~ MEFs were
first infected with adenovirus GFP-LC3 (100 viral particles per cell) for 24 h. The cells
were then either cultured in regular culture medium with or without CQ (10 uM), or
subjected to starvation in EBSS buffer in the absence or presence of CQ for 6 h. Total
lysates were prepared and subjected to immunoblot analysis. Panel B and C are
modified from the data previously published in ref. [351].

that in mammalian or D. discoideum lysosomes, the levels of
free GFP fragments are detectable in yeast even in the absence
of lysosomotropic compounds [52]. Additionally, in yeast the
diffuse fluorescent haze from the released GFP moiety within
the vacuole lumen can be observed by fluorescence microscopy.

The dynamic movement to lysosomes of GFP-LC3, or of its
associated cargo, also can be monitored by time-lapse fluores-
cence microscopy, although, as mentioned above, the GFP fluor-
escent signal is more sensitive to acidic pH than other
fluorophores (see GFP-Atg8-family protein fluorescence micro-
scopy). A time-course evaluation of the cell population showing
GFP-LC3 puncta can serve to monitor the autophagic flux,
because a constant increase in the number of cells accumulating
GFP-LC3 puncta is suggestive of defective fusion of autophago-
somes with lysosomes. Conversely, a decline implies that GFP-
LC3 is delivered to properly acidified lysosomes and may, in
addition, reflect proteolytic elimination within them, although
the latter needs to be independently established. In either case, it
can be problematic to use GFP fluorescence to follow flux, as
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new GFP-LC3 is continuously being synthesized. A potential
solution to this problem is to follow the fluorescence of a photo-
activatable version of the fluorescent protein [353], which allows
this assay to be performed essentially as a pulse/chase analysis.
Another alternative to follow flux is to monitor GFP-LC3 fluor-
escence by adding lysosomal protease or fusion inhibitors to cells
expressing GFP-LC3 and monitoring changes in the number of
puncta. In this case, the presence of lysosomal inhibitors should
increase the number of GFP-LC3-positive structures, and the
absence of an effect on the total number of GFP-LC3 puncta or
on the percentage of cells displaying numerous puncta is indi-
cative of a defect(s) in autophagic flux [64,354]. The combina-
tion of protease inhibitors (to prevent the degradation of GFP)
or compounds that modify lysosomal pH and/or block fusion of
autophagosomes such as NH,Cl, bafilomycin A; or CQ, or
compounds that block fusion of autophagosomes with lyso-
somes such as bafilomycin A; or others (e.g., vinblastine) may
be most effective in preventing lysosome-dependent decreases in
GFP-LC3 puncta. However, because the stability of GFP is
affected by lysosomal pH, researchers may also consider the
use of protease inhibitors whether or not lysosomotropic com-
pounds or fusion inhibitors are included.

Cautionary notes: The GFP-Atg8 processing assay is used
routinely to monitor autophagy in yeast. One caveat, however,
is that this assay is not always carried out in a quantitative
manner. For example, western blot exposures need to be in
the linear range. Accordingly, an enzymatic assay such as the
Pho8A60 assay may be preferred (see Autophagic protein
degradation) [355,356], especially when the differences in
autophagic activity need to be determined precisely (note
that an equivalent assay has not been developed for more
complex eukaryotic cells); however, as with any enzyme
assay, appropriate caution must be used regarding, for exam-
ple, substrate concentrations and linearity. The Pho8A60 assay
also requires a control to verify equal Pho8A60 expression in
the different genetic backgrounds or conditions to be tested
[356]; differences in Pho8A60 expression potentially affect its
activity and may thus cause misinterpretation of results.
Another issue to keep in mind is that GFP-Atg8 processing
correlates with the surface area of the inner sphere of the
autophagosome, and thus provides a smaller signal than
assays that measure the volume of the autophagosome. Pgkl
(3-phosphoglycerate kinase)-GFP processing [52] is another
assay that can be used to monitor autophagy.

A thorough analysis of GFP proteolysis in plant roots
reveals the importance of normalizing to tissue-specific repor-
ter expression and autophagic activity range [102,357]. For
instance, GFP-ATGS8 expression in Arabidopsis thaliana is
typically highest in the root apical meristem, but the response
to the autophagy-inducing conditions in this root zone is
much lower compared to the rest of the root. Thus, excluding
this root zone from the samples for western blot provides a
much more reliable readout of the GFP-ATGS8 proteolysis.

As a note of caution, GFP-LC3 has been demonstrated to
be present in protein aggregates in an autophagy-unrelated
manner and this association is dependent on its interaction
with SQSTM1. This interaction poses potential difficulties to
distinguish LC3 bound to aggregates from those on autopha-
gosomes [358]. The main limitation of the GFP-LC3
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processing assay in mammalian cells is that its usefulness
seems to depend on cell type and culture conditions (N.
Hosokawa and N. Mizushima, unpublished data).
Apparently, GFP is more sensitive to mammalian lysosomal
hydrolases than to the degradative milieu of the yeast vacuole
or the lysosomes in Drosophila. Alternatively, the lower pH of
mammalian lysosomes relative to that of the yeast vacuole
may contribute to differences in detecting free GFP. Under
certain conditions (such as Earle’s balanced salt solution
[EBSS]-induced starvation) in some cell lines, when the lyso-
somal pH becomes particularly low, free GFP is undetectable
because both the LC3-II and free GFP fragments are quickly
degraded [273]. Therefore, if this method is used it should be
accompanied by immunoblotting and include controls to
address the stability of nonlysosomal GFP such as GFP-LC3-
L. It should also be noted that free GFP can be detected when
cells are treated with nonsaturating doses of inhibitors such as
CQ, E-64d and bafilomycin A;. The saturating concentrations
of these lysosomal inhibitors vary in different cell lines, and it
would be better to use a saturating concentration of lysosomal
inhibitors when performing an autophagic flux assay [273].
Therefore, caution must be exercised in interpreting the data
using this assay; it would be helpful to combine an analysis of
GFP-LC3 processing with other assays, such as the monitor-
ing of endogenous LC3-II by western blot.

Along these lines, a caution concerning the use of the
EGFP fluorescent protein for microscopy is that this fluoro-
phore has a relatively neutral pH optimum for fluorescence
[263], and its signal diminishes quickly during live cell ima-
ging due to the acidic environment of the lysosome. It is
possible to circumvent this latter problem by imaging paraf-
ormaldehyde-fixed cultures that are maintained in a neutral
pH buffer, which retains EGFP fluorescence (M. Kleinman
and J.J. Reiners, personal communication). Alternatively, it
may be preferable to use a different fluorophore such as
mRFP or mCherry, which retain fluorescence even at acidic
pH [341]. On the one hand, a putative advantage of mCherry
over mRFP is its enhanced photostability and intensity, which
are an order of magnitude higher (and comparable to GFP),
enabling acquisition of images at similar exposure settings as
are used for GFP, thus minimizing potential bias in interpre-
tation [342]. On the other hand, caution is required when
evaluating the localization of mCherry fusion proteins during
autophagy due to the persistence of the mCherry signal in
acidic environments; all tagged proteins are prone to show
enrichment in lysosomes during nonselective autophagy of
the cytoplasm, especially at higher expression levels. In addi-
tion, red fluorescent proteins (even the monomeric forms)
can be toxic due to oligomer formation [343]; the tendency
to form abnormal accumulations may be a general feature of
coral- and anemone-derived fluorescent proteins. Dendra2 is
an improved version of the green-to-red photoswitchable
fluorescent protein Dendra, which is derived from the octo-
coral Dendronephthya sp [344]. Dendra2 is capable of irrever-
sible photoconversion from a green to a red fluorescent form,
but can be used also as normal GFP or RFP vector. This
modified version of the fluorophore has certain properties
including a monomeric state, low phototoxic activation and
efficient chromophore maturation, which make it suitable for

Figure 13. Movement of activated pDendra2-hp62 (SQSTM1; orange) from the
nucleus (middle) to an aggregate in ARPE-19 cells, revealed by confocal micro-
scopy. Cells were exposed to 5 uM MG132 for 24 h to induce the formation of
perinuclear aggregates [4083]. The cells were then exposed to a UV pulse (the
UV-induced area is shown by red lines that are inside of the nucleus) that
converts Dendra2 from green to red, and the time shown after the pulse is
indicated. SQSTM1 is present in a small nuclear aggregate, and is shuttled from
the nucleus to a perinuclear large protein aggregate (detected as red). Scale bar:
5 pm. Image provided by K. Kaarniranta.

real-time tracking of LC3 and SQSTM1 (Figure 13 [359];). A
newer generation of photoswitchable proteins, EOS, are now
available that are brighter than Dendra2 and display more
efficient photoswitching (N.A. Castello and S. Finkbeiner, in
press). Another alternative to mRFP or mCherry is to use the
Venus variant of YFP, which is brighter than mRFP and less
sensitive to pH than GFP [345].

The pH optimum of EGFP is important to consider when
using GFP-LC3 constructs, as the original GFP-LC3 marker
[346] uses the EGFP variant, which may result in a reduced
signal upon the formation of amphisomes or autolysosomes.
An additional caveat when using the photoactivatable construct
PA-GFP [301] is that the process of activation by photons may
induce DNA damage, which could, in turn, induce autophagy.
Also, GFP is relatively resistant to denaturation, and boiling for
5 min may be needed to prevent the folded protein from being
trapped in the stacking gel during SDS-PAGE.

As noted above (see Western blotting and ubiquitin-like
protein conjugation systems), Atgd/ATG4 cleaves the residue
(s) that follow the C-terminal glycine of Atg8-family proteins
that will be conjugated to PE. Accordingly, it is critical that
any chimeras should be constructed with the fluorescent tag at
the amino terminus of Atg8-family proteins (unless the goal is
to monitor Atgd/ATG4 activity).

Finally, lysosomal inhibition needs to be carefully con-
trolled. Prolonged inhibition of lysosomal hydrolases (>6 h)
is likely to induce a secondary autophagic response triggered
by the accumulated undigested autophagy cargo. This second-
ary autophagic response can complicate the analysis of the
autophagic flux, making it appear more vigorous than it
would in the absence of the lysosomal inhibitors.

Conclusion: The GFP-Atg8 (or GFP-LC3/GABARAP)
processing assay, which monitors free GFP generated within
the vacuole/lysosome, is a convenient way to follow autop-
hagy, but it does not work in all cell types, and is not as easy
to quantify as enzyme-based assays. Furthermore, the assay
measures the flux of an autophagic carrier, which may not
necessarily be equivalent to autophagic cargo flux.

HaloTag-LC3 autophagosome completion assay. Upon pha-
gophore closure, LC3-II on the convex side of the membrane is
delipidated and recycled back into the cytosol, while that on the
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concave side is sequestered within the vacuole and delivered into
the lysosome for degradation [240]. Exploiting the topological
property of LC3, the HaloTag-LC3 (HT-LC3) assay is designed
to analyze the process of phagophore closure (Figure 14A) [360].
The HaloTag is a modified haloalkane dehalogenase that cova-
lently binds to synthetic HaloTag ligands [361]. The HT-LC3 assay
employs the HaloTag-conjugated LC3 reporter in combination
with membrane-permeable and -impermeable HaloTag ligands
labelled with two different fluorescent dyes to distinguish mem-
brane-unenclosed and -enclosed HT-LC3-I1. By sequentially incu-
bating plasma membrane-permeabilized HT-LC3-expressing cells
with a saturating dose of membrane-impermeable ligands (MILs)
followed by membrane-permeable ligands (MPLs), phagophores,
nascent autophagosomes, and mature autophagosomes or
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autolysosomes are visualized as MIL* MPL", MIL" MPL", and
MIL™ MPL" structures, respectively (Figure 14B). Because the
cytosolic HT-LC3-1 is released upon plasma membrane permea-
bilization, the assay provides a superior signal-to-noise ratio and
the data can be semi-quantitatively analyzed by confocal or fluor-
escence microscopy. As MPL fluorescent signals are not retained
in functional lysosomes, autophagic flux can also be measured by
monitoring MPL signal accumulation upon exposure to a lysoso-
mal inhibitor. Moreover, the assay has been successfully adapted to
a fluorescence-activated cell sorting (FACS)-based high-through-
put platform to screen genes required for phagophore closure
[362].

Cautionary notes: Similar to fluorescent protein(s)-tagged
LC3 assays, the HT-LC3 assay requires a system amenable to

Figure 14. The HaloTag-LC3 assay distinguishes phagophores, immature autophagosomes, and mature autophagosomes and autolysosomes. (A) Schematic diagram
of the HaloTag-LC3 (HT-LC3) assay. Cells expressing HT-LC3 are treated with a cholesterol-dependent plasma membrane permeabilizer to release cytosolic proteins
including HT-LC3-I and sequentially labeled with a saturated dose of membrane-impermeable HaloTag ligands (MILs) conjugated with Alexa Fluor 488 (or 660)
followed by membrane-permeable HaloTag ligands (MPLs) conjugated with tetramethylrhodamine to detect phagophores (MIL* MPL"), immature autophagosomes
(iAP; MIL* MPL"), and mature autophagosomes and autolysosomes (AP and AL; MIL™ MPL*). (B) U-2 OS cells were stably transduced with HT-LC3-encoding
lentiviruses, incubated in starvation medium or control complete medium in the presence or absence of 100 nM bafilomycin A; (BafA1) for 4 h, and subjected to the
HT-LC3 assay followed by confocal microscopy. Magnified images of the boxed (i) and arrow-indicated (ii-v) areas are shown in the right panels. Scale bars: 10 um (1

pm in the magnified images).
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exogenous introduction. In addition, the assay requires
plasma membrane permeabilization. Therefore, it would be
challenging to use the assay in 3-dimensional-cultured cells,
tissue samples, or live-cell imaging. Moreover, the current
method employs cholesterol-dependent pore-forming agents
such as recombinant perfringolysin O [363] and digitonin to
permeabilize the plasma membrane. Therefore, it would also
be challenging when a treatment or gene manipulation per-
turbs plasma membrane cholesterol distribution (e.g., pro-
longed treatment with a lysosomal inhibitor [Y. Takahashi
and H.G. Wang, personal communication]). Along this line,
because the plasma membrane cholesterol concentration is
different among cell types, it is important to find an optimal
permeabilization condition. If plasma membrane permeabili-
zation fails or is incomplete, diffuse MPL signals, which
represent cytosolic HT-LC3-I, will be detected in addition to
cytoplasmic HT-LC3-II foci. In addition, it is critical to ensure
the saturation of all available binding sites with each ligand. A
secondary incubation with the same type of ligands conju-
gated with a different fluorophore (e.g., primary incubation
with Alexa Fluor 488-conjugated MILs followed by secondary
incubation with Alexa Fluor 600-conjugated MILs) make it
possible to determine an appropriate staining condition.
Another concern for the assay is that the detection of mem-
brane-unenclosed HT-LC3-II relies on the accessibility of
MILs. Therefore, if the pore size of the closure site is too
small to pass through MILs, HT-LC3-II on the concave side of
phagophores will be falsely negative for MILs; the structure
will be detected as MIL™ MPL" in this case.

Conclusion: Using two HaloTag ligands with different
membrane permeability and fluorophores, the HT-LC3 assay
can determine each step of autophagy by distinguishing mem-
brane-unenclosed and -enclosed HT-LC3-II. However, unlike
a fluorescent protein-tagged LC3 assay, the HT-LC3 assay
requires several optimization steps to ensure the staining
specificity. Once optimized, this assay provides a superior
signal-to-noise ratio and is compatible with high-throughput
screening platforms.

GFP-Atg8-family protein fluorescence microscopy. LC3B, or
the protein tagged at its N terminus with a fluorescent protein
such as GFP (GFP-LC3), has been used to monitor autophagy
through indirect immunofluorescence or direct fluorescence

Control

Rapamycin

microscopy (Figure 15), measured as an increase in punctate
LC3 or GFP-LC3 [364,365]. The detection of GFP-Atg8 (or
GFP-LC3/GABARAP/LGG-1/2) is also useful for in vivo studies
using transgenic organisms such as Saccharomyces cerevisiae
[366], Aspergillus nidulans [348], Caenorhabditis elegans [367],
D. discoideum [368], filamentous ascomycetes [369-373], Ciona
intestinalis [374], Drosophila melanogaster [375-377], A. thali-
ana [378], Zea mays [379], Trypanosoma brucei [380-382],
Leishmania major [383-385], Trypanosoma cruzi [386,387], zeb-
rafish [328,388] and mice [239]. “Super-resolution” fluorescence
images of GFP-LC3-positive phagophores have been shown in
platelets prepared from GFP-LC3 mice by “super-resolution”
microscopy (specifically, 3-dimensional structured illumination
microscopy/3D-SIM) to be similar to what was observed by
TEM [389,390]. It is also possible to use anti-Atg8-family protein
antibodies for immunocytochemistry or immunohistochemistry
(IHC) [265 [391-397],], procedures that have the advantages of
detecting the endogenous protein, obviating the need for trans-
fection and/or the generation of a transgenic organism, as well as
avoiding potential artefacts resulting from overexpression. For
example, high levels of overexpressed GFP-LC3 can result in its
nuclear localization, although the protein can still relocate to the
cytosol upon starvation. The use of imaging cytometry allows
rapid and quantitative measures of the number of LC3 puncta
and their relative number in individual or mixed cell types, using
computerized assessment, enumeration, and data display (e.g.,
see refs. [41,398]). In this respect, the alternative use of an
automated counting system may be helpful for obtaining an
objective number of puncta per cell. For this purpose, the
WatershedCounting3D plug-in for Image] may be useful
[399,400]. Changes in the number of GFP-Atg8 puncta can
also be monitored using flow cytometry (see Autophagic flux
determination using flow and multispectral imaging cytometry)
[382]. An alternative way to quantify LC3 immunofluorescence
staining is to estimate the percentage of LC3 signals originating
from puncta over total LC3 signals in the same cell [401]. This
approach is useful if it is difficult to define the number of puncta
per cell due to widely varying size or clustering of the puncta. A
key control to perform when using these approaches is the use of
a non-lipidatable mutant version of the Atg8-family protein that
does not associate with autophagosomes.

LC3-positive autophagosomes can be quantified by confocal
microscopy using a software program called Imaris (Oxford

Rapamycin + 3-MA

Figure 15. Changes in the detection and localization of GFP-LC3 upon the induction of autophagy. U87 cells stably expressing GFP-LC3 were treated with PBS (Control),
rapamycin (200 nM), or rapamycin in combination with 3-MA (2 mM) for 24 h. Representative fluorescence images of cells counterstained with DAPI (nuclei) are shown. Scale
bar: 10 um. This figure was modified from Figure 6 published in ref. [364], Badr et al. Lanatoside C sensitizes glioblastoma cells to tumor necrosis factor-related apoptosis-
inducing ligand and induces an alternative cell death pathway. Neuro-Oncology, 13(11):1213-24, 2011, by permission of Oxford University Press.
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Instruments). Confocal Z-stacks of samples immunolabeled
with an antibody to LC3 are reconstructed into 3-dimensional
animations with the aid of Imaris software. The Spot function in
Imaris automatically locates and enumerates autophagosomes
within individual cells based on size and intensity thresholds
[402,403].

Monitoring the endogenous Atg8-family proteins
obviously depends on the ability to detect these proteins in
the system of interest, which is not always possible. If the
endogenous amount is below the level of detection, the use of
an exogenous construct is warranted. In this case, it is impor-
tant to consider the use of stable transformants versus tran-
sient transfections. On the one hand, stable transformants
may have reduced background resulting from the lower gene
expression, and artefacts resulting from recent exposure to
transfection reagents (see below) are eliminated. Furthermore,
with stable transformants more cells can be easily analyzed
because nearly 100% of the population will express tagged
LC3. On the other hand, a disadvantage of stable transfectants
is that the integration sites cannot always be predicted, and
expression levels may not be optimal. Therefore, it is worth
considering the use of stable episomal plasmids that avoid the
problem of unsuitable integration [344]. An important advan-
tage of transient transfection is that this approach is better for
examining the immediate effects of the transfected protein on
autophagy; however, the transient transfection approach
restricts the length of time that the analysis can be performed,
and consideration must be given to the induction of autop-
hagy resulting from exposure to the transfection reagents (see
below). One word of caution is that optimizing the time of
transient expression of GFP-LC3 is necessary, as some cell
types (e.g., Hela cells) may require 1 day for achieving opti-
mal expression to visualize GFP-LC3 puncta, whereas neuro-
nal cell lines such as SH-SY5Y cells typically need at least 48 h
of expression prior to performing GFP-LC3 puncta analyses.
In addition, a double transfection can be used (e.g., with GFP-
LC3 and the protein of interest) to visually tag the cells that
express the protein being examined.

A disadvantage of transfecting GFP-LC3 with liposomes is
that frequently it leads to an unstable efficiency of transfec-
tion, causing a reduction in the number of cells effectively
expressing GFP-LC3, and degradation of the plasmid, thus
decreasing the numbers of GFP-LC3 puncta. Stable cell lines
expressing GFP-LC3 can be generated using lentiviral systems
and efficiently selected through antibiotic resistance leading to
uniform and prolonged expression levels. These stable cell
lines are sensitive to autophagy inducers as measured by the
LC3-II.LC3-I ratio by western blot, and also show increased
numbers of cytoplasmic GFP-LC3 puncta upon autophagic
stimuli (unpublished results R. Muiioz-Moreno, R.I. Galindo,
L. Barrado-Gil and C. Alonso).

In conclusion, there is no simple rule for the use of stable
versus transient transfections. When stable transfections are
utilized through a nonlentiviral system it is worthwhile
screening for stable clones that give the best signal to noise
ratio; when transient transfections are used, it is worthwhile
optimizing the GFP-LC3 DNA concentration to give the best
signal-to-noise ratio (note potential problems with transfec-
tions under Western blotting and ubiquitin-like protein
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conjugation systems). In clones, the uniformity of expression
of GFP-LC3 facilitates “thresholding” when scoring puncta-
positive cells (see below). However, there is also a need to be
aware that a single cell clone may not be representative of the
overall pool. Using a pool of multiple selected clones may
reduce artefacts that can arise from the selection and propa-
gation of individual clones from a single transfected cell
(although the use of a pool is also problematic as its composi-
tion will change over time). Another possibility is to select a
mixed stable population with uniform GFP-LC3 expression
levels by the use of a fluorescence-activated cell sorter (FACS)
[404]. Optimization, together with including the appropriate
controls (e.g., transfecting GFP-LC3%"*°* as a negative con-
trol), will help to overcome the effects of the inherent varia-
bility in these analyses. For accurate interpretations, it is also
important to assess the level of overexpression of the GFP-
LC3 constructs relative to endogenous LC3 by western blot.
Finally, a recent advent of CRISPR-Cas9 gene-editing tech-
nologies provides a promising alternative to overcome poten-
tial pitfalls of GFP-LC3 overexpression—the generation of
knockin cell lines, in which the coding sequence of GFP is
added in frame with the 5’ sequence (encoding the N-terminal
part) of endogenous LC3 [120,405].

An additional use of GFP-LC3 is to monitor colocalization
with a target during autophagy-related processes such as
organelle degradation or the sequestration of pathogenic
microbes [299-302]. Preincubation of cells stably expressing
GFP-LC3 with leupeptin can help stabilize the GFP-LC3 sig-
nal during fluorescence microscopy, especially under condi-
tions of induced autophagic flux. Leupeptin is an inhibitor of
lysosomal cysteine and serine proteases and will therefore
inhibit degradation of membrane-conjugated GFP-LC3 that
is present within autolysosomes.

Cautionary notes: Quantification of autophagy by measur-
ing GFP-LC3 puncta (or LC3 by immunofluorescence) can,
depending on the method used, be more tedious than mon-
itoring LC3-1I by western blot; however, the former may be
more sensitive and quantitative. Ideally, it is preferable to
include both assays and to compare the two sets of results.
In addition, if GFP-LC3 is being quantified, it is better to
determine the number of puncta corresponding to GFP-LC3
on a per cell basis (or per cell area basis) rather than simply
the total number (or percentage) of cells displaying puncta.
This latter point is critical because, even in nutrient-rich
conditions, cells display some basal level of GFP-LC3 puncta.
There are, however, practical issues with counting puncta
manually and reliably, especially if there are large numbers
per cell. Nevertheless, manual scoring may be more accurate
than relying on a software program, in which case it is
important to ensure that only appropriate puncta are being
counted (applicable programs include Image], Imaris, and the
open-source software CellProfiler [406]). Moreover, when
autophagosome-lysosome fusion is blocked, larger autophago-
somes are detected, possibly due to autophagosome-autopha-
gosome fusion, or to an inability to resolve individual
autophagosomes when they are present in large numbers.
Although it is possible to detect changes in the size of GFP-
Atg8-family protein puncta by fluorescence microscopy, it is
not possible to correlate size with autophagy activity without
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additional assay methods. Size determinations can be proble-
matic by fluorescence microscopy unless careful standardiza-
tion is carried out [407], and size estimation on its own
without considering puncta number per cell is not recom-
mended as a method for monitoring autophagy; however, it is
possible to quantify the fluorescence intensity of GFP-Atg8-
family proteins at specific puncta, which does provide a valid
measure of protein recruitment [408].

In addition to autophagosome size, the number of puncta
visible to the eye will also be influenced by both the level of
expression of GFP-LC3 in a given cell (an issue that can be
avoided by analyzing endogenous LC3 by immunofluorescence)
and by the exposure time of the microscope, if using widefield
microscopy. Another way to account for differential GFP-LC3
expression levels and/or exposure is to normalize the intensity of
GFP-LC3 present in the puncta to the total GFP-LC3 intensity in
the cell. This can be done either on the population level [306] or
individual cell level [404]. The approach to measuring the propor-
tion of total LC3 signals originating from puncta is also suitable
for quantification of immunofluorescence staining of endogenous
LC3. In many cell types it may be possible to establish a threshold
value for the number of puncta per cell in conditions of “low” and
“high” autophagy [409]. This can be tested empirically by expos-
ing cells to autophagy-inducing and -blocking agents. Thus, cell
populations showing significantly greater proportions of cells with
autophagosome numbers higher than the threshold in perturba-
tion conditions compared to the control cells could provide
quantitative evidence of altered autophagy. It is then possible to
score the population as the percentage of cells displaying numer-
ous autophagosomes. This approach will only be feasible if the
background number of puncta is relatively low. For this method, it
is particularly important to count a large number of cells and
multiple representative sections of the sample. Typically, it is
appropriate to score on the order of 50 or more cells, preferably
in at least three different fields, depending on the particular system
and experiment, but the critical point is that this determination
should be based on statistical power analysis. Accordingly, high-
content imaging analysis methods enable quantification of GFP-
LC3 puncta (or overall fluorescence intensity) in thousands of
cells per sample (e.g., see refs. [334,352,410]). When using auto-
mated analysis methods, care must be taken to manually evaluate
parameters used to establish background threshold values for
different treatment conditions and cell types, particularly as
many systems image at lower magnifications that may be insuffi-
cient to resolve individual puncta. Another note of caution is that
treatments affecting cell morphology, leading to the “rounding-
up” of cells for example, can result in apparent changes in the
number of GFP-LC3 puncta per cell. To avoid misinterpretation
of results due to such potential artefacts, manual review of cell
images is highly recommended. If cells are rounding up due to
apoptosis or mitosis, it is easy to automatically remove them from
analysis based on nuclear morphology (using DAPI or Hoechst
staining) or cell roundness. If levels of autophagy in the rounded-
up cells are of particular interest, images can be acquired as z-
stacks and either analyzed as a z-series or processed to generate
maximum projection or extended depth-of-field images and then
analyzed [411].

To allow comparisons by other researchers attempting to
repeat these experiments, it is critical that the authors also

specify the baseline number of puncta that are used to define
“normal” or “low” autophagy. Furthermore, the cells should be
counted using unbiased procedures (e.g., using a random start
point followed by inclusion of all cells at regular intervals), and
statistical information should be provided for both baseline and
altered conditions, as these assays can be highly variable. One
possible method to obtain unbiased counting of GFP-LC3
puncta in a large number of cells is to perform multispectral
imaging flow cytometry (see Autophagic flux determination
using flow and multispectral imaging cytometry) [412,413].
Multispectral imaging flow cytometry allows characterization
of single cells within a population by assessing a combination
of morphology and immunofluorescence patterns, thereby pro-
viding statistically meaningful data [414]. This method can also
be used for endogenous LC3, and, therefore, is useful for non-
transfected primary cells [415]. For adherent cell cultures, one
caution for flow cytometry is that the techniques necessary to
produce single cell suspensions can cause significant injury to
the cells, leading to secondary changes in autophagy. Therefore,
staining for plasma membrane permeabilization (e.g., cell death)
before versus after isolation is an important control, and allow-
ing a period of recovery between harvesting the culture and
staining is also advisable [416].

An important caveat in the use of GFP-LC3 is that this
chimera can associate with aggregates, especially when
expressed at high levels in the presence of aggregate-prone
proteins, which can lead to a misinterpretation of the results
[417]. Of note, GFP-LC3 can associate with ubiquitinated
protein aggregates [418]; however, this does not occur if the
GFP-LC3 is expressed at low levels (D.C. Rubinsztein, unpub-
lished observations). These aggregates have been described in
many systems and are also referred to as aggresome-like
induced structures (ALIS) [418-420], dendritic cell ALIS/
DCALIS [421], SQSTM1 bodies/sequestosomes [422,423]
and inclusions. Indeed, many microbe-associated molecular
patterns (MAMPs) described to induce the formation of
autophagosomes in fact trigger massive formation of
SQSTM1 bodies (L.H. Travassos, unpublished observations).
Inhibition of autophagy in vitro and in vivo leads to the
accumulation of these aggregates, suggesting a role for autop-
hagy in mediating their clearance [418,420,422,424,425]. One
way to control for background levels of puncta is to determine
fluorescence from untagged GFP.

The receptor protein SQSTML1 is required for the formation of
ubiquitinated protein aggregates in vitro (see SQSTM1I and related
LC3 binding protein turnover assays) [423]. In this case, the inter-
action of SQSTM1 with both ubiquitinated proteins and LC3 is
thought to mediate delivery of these aggregates to the autophagy
system [426,427]. Many cellular stresses can induce the formation
of aggregates, including transfection reagents [418], or foreign
DNA (especially if the DNA is not extracted free of endotoxin).
SQSTMI1-positive aggregates are also formed by proteasome inhi-
bition or puromycin treatment, and can be found in cells exposed
to rapamycin for extended periods where the rates of autophagy
are elevated [428]. Calcium phosphate transfection of COS7 cells
or lipofectamine transfection of MEFs (R. Pinkas-Kramarski,
personal communication), primary neurons (A.R. La Spada, per-
sonal communication) or neuronal cells (C.T. Chu, personal
communication [429];) transiently increases basal levels of GFP-
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LC3 puncta and/or the amount of LC3-II. One solution to this
artefact is to examine GFP-LC3 puncta in cells stably expressing
GFP-LC3; however, as transfection-induced increases in GFP-
LC3 puncta and LC3-II are often transient, another approach is
to use cells transfected with GFP, with cells subjected to a mock
time-matched transfection as the background (negative) control.
A lipidation-defective LC3 mutant where glycine 120 is mutated
to alanine is targeted to these aggregates independently of autop-
hagy (likely via its interaction with SQSTMI, see above); as a
result, this mutant can serve as another specificity control [418].
When carrying out transfections it may be necessary to alter the
protocol depending on the level of background fluorescence. For
example, changing the medium and waiting 24 to 48 h after the
transfection can help to reduce the background level of GFP-LC3
puncta that is due to the transfection reagent (M. 1. Colombo,
personal communication). Similarly, when using an mCherry-
GFP-SQSTM1 double tag (see Tandem mRFP/mCherry-GFP
fluorescence microscopy) in transient transfections it is best to
wait 48 h after transfection to reduce the level of aggregate
formation and potential inhibition of autophagy (T. Johansen,
personal communication). An additional consideration is that,
in addition to transfection, viral infection can activate stress path-
ways in some cells and possibly induce autophagy. Influenza virus
induces autophagy and autophagy is required for subsequent
viral-induced apoptosis [337]. Proteomic screens show that sev-
eral viruses, including influenza virus [430] and Zika virus [431],
can significantly alter the expression of numerous proteins
involved in autophagy and other cell stress pathways. This again
emphasizes the importance of appropriate controls, such as con-
trol viruses expressing GFP [432].

The formation and clearance of ubiquitinated protein aggre-
gates appear to represent a cellular recycling process. Aggregate
formation can occur when autophagy is either inhibited or when
its capacity for degradation is exceeded by the formation of pro-
teins delivered to the aggregates. In principle, formation of GFP-
LC3-positive aggregates represents a component of the autophagy
process. However, the formation of GFP-LC3-positive ubiquiti-
nated protein aggregates does not directly reflect either the induc-
tion of autophagy (or autophagosome formation) or flux through
the system. Indeed, formation of ubiquitinated protein aggregates
that are GFP-LC3 positive can occur in autophagy-deficient cells
[418]. Therefore, it should be remembered that GFP-LC3 puncta
likely represent a mix of ubiquitinated protein aggregates in the
cytosol, ubiquitinated protein aggregates within autophagosomes
and/or more “conventional” phagophores and autophagosomes
bearing other cytoplasmic cargo (this is one example where CLEM
could help in resolving this question [119]). In D. discoideum,
inhibition of autophagy leads to large ubiquitinated protein aggre-
gates containing SQSTM1 and GFP-Atg8, when the latter is co-
expressed [422]; the large size of the aggregates makes them easily
distinguishable from autophagosomes. Saponin treatment has
been used to reduce background fluorescence under conditions
where no aggregation of GFP-LC3 is detected in hepatocytes,
GFP-LC3 stably-transfected HEK 293 [432] and human osteosar-
coma cells, and in nontransfected cells [433]; however, because
treatment with saponin and other detergents can provoke artefac-
tual GFP-LC3 puncta formation [434], specificity controls need to
be included in such experiments. In general, it is preferable to
include additional assays that measure autophagy rather than
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relying solely on monitoring GFP-LC3. In addition, we recom-
mend that researchers validate their assays by demonstrating the
absence or reversal of GFP-LC3 puncta formation in cells treated
with pharmacological or RNA interference-based autophagy inhi-
bitors (Table 1). For example, 3-methyladenine (3-MA) is com-
monly used to inhibit starvation- or rapamycin-induced
autophagy [435], but it has no effect on BECNI-independent
forms of autophagy [118,208], and some data indicate that this
compound can also have stimulatory effects on autophagy (see
Autophagy inhibitors and inducers) [436,437], as well as induce cell
death at progressively higher concentrations [438].

Another general limitation of the GFP-LC3 assay is that it
requires a system amenable to the introduction of an exogenous
gene. Accordingly, the use of GFP-LC3 in primary non-transgenic
cells is more challenging. Here again, controls need to be included
to verify that the transfection protocol itself does not artefactually
induce GFP-LC3 puncta or cause LC3 aggregation. Furthermore,
transfection should be performed with low levels of constructs,
and the transfected cells should be followed to determine: i) when
sufficient expression for detection is achieved, and ii) that, during
the time frame of the assay, basal GFP-LC3 puncta remain appro-
priately low. In addition, the demonstration of a reduction in the
number of induced GFP-LC3 puncta under conditions of autop-
hagy inhibition is helpful. For some primary cells, delivering GFP-
LC3 to precursor cells by infection with recombinant lentivirus,
retrovirus or adenovirus [439], and subsequent differentiation
into the cell type of interest, is a powerful alternative to transfec-
tion of the already differentiated cell type [103].

To implement the scoring of autophagy via fluorescence
microscopy, one option is to measure pixel intensity. Because
the expression of GFP-LC3 may not be the same in all cells—as
discussed above—it is possible to use specific imaging software
to calculate the standard deviation (SD) of pixel intensity within
the fluorescence image and divide this by the mean intensity of
the pixels within the area of analysis. This will provide a ratio
useful for establishing differences in the degree of autophagy
between cells. Cells with increased levels of autophagic activity,
and hence a greater number of autophagosomes in their cytosol,
are associated with a greater variability in pixel intensity (i.e., a
high SD). Conversely, in cells where autophagy is not occurring,
GFP-LC3 is uniformly distributed throughout the cytosol, and a
variation in pixel intensity is not observed (i.e., a low SD; M.
Campanella, personal communication).

Although LC3-II is primarily membrane-associated, it is
not necessarily associated with autophagosomes as is often
assumed; the protein is also found on phagophores, the
precursors to autophagosomes, as well as on amphisomes
and phagosomes (see Western blotting and ubiquitin-like
protein conjugation systems) [247,440,441]. Along these
lines, yeast Atg8 can associate with the vacuole membrane
independent of lipidation, so that a punctate pattern does
not necessarily correspond to autophagic compartments
[442]. Thus, the use of additional markers is necessary to
specify the identity of an LC3-positive structure; for exam-
ple, ATG12-ATG5-ATG16L1 would be present on a phago-
phore, but not on an autophagosome, and thus
colocalization of LC3 with any of these proteins would
indicate the former structure. In addition, the site(s) of
LC3 conjugation to PE is not definitively known, and levels
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Table 1. Genetic and pharmacological regulation of autophagy.’

Method

Comments

1.

7.
8.
9.
10

1
12
13

16.

17.

18.

19.

20.

21.
22.
23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.
34.

35.

3-methyladenine

. 10-NCP
. 17-AAG

. ABG33
. AC220/quizartinib

. ACY-1215/ricolinostat

AZD8055
Akti-1/2
AR-12 (OSU-03012)

. AR7

. ARN5187
. AS-605,240
. ATG474A

14.
15.

Autophinib
Bafilomycin A,

Benzothiadiazole
Betulinic acid
Butein

C12TPP

Calcium

Carbamazepine
CB-5083
ccep

Chloroquine, NH,CI
Cinacalcet HCI

Clonidine
Concanamycin A

DFMO

DMMB
Docosahexaenoic
E-64 ¢

E-64d

Eriocalyxin B
ESC8

Everolimus

A PtdIns3K inhibitor that effectively blocks an early stage of autophagy by inhibiting the class Ill Ptdins3K, but it is important to note that
it is not a specific autophagy inhibitor. 3-MA also inhibits the class | PI3K and can thus, at suboptimal concentrations in long-term
experiments, promote autophagy in some systems [436,437], as well as affect cell survival through AKT and other kinases. 3-MA does not
inhibit BECN1-independent autophagy.

10-(4'-N-diethylamino)butyl)-2-chlorophenoxazine; an AKT inhibitor that induces autophagy in neurons [1950].

An inhibitor of the HSP90-CDC37 chaperone complex; induces autophagy in certain systems (e.g., neurons), but impairs starvation-
induced autophagy and mitophagy in others by promoting the turnover of ULK1 [647].

ABG33 (7-aminobenzo[cd]indol-2-(1 H)-one 33 is a small molecule inhibitor of ATG4B enzymatic activity in vitro. In cells, ABG33 results in
a dose-dependent increase in LC3B-II levels [2576].

An FLT3 inhibitor that enhances the inhibitory activity of spautin-1. A70 is an improved derivative of AC220. Treatment sensitizes cancer
cells to autophagy inhibition [5].

ACY-1215 is a selective HDAC6 inhibitor that inhibits the fusion of lysosomes with autophagosomes and abrogates the clearance of
autophagosomes [2577].

A catalytic MTOR inhibitor that acts as a potent autophagy inducer [2578].

An allosteric inhibitor of AKT1 and AKT2 that promotes autophagy in B-cell lymphoma [2579].

A broad-specificity anti-viral celecoxib-derivative that stimulates autophagosome formation and viral protein degradation [2580].

AR7 was developed as a highly potent and selective enhancer of CMA through antagonizing RARA/RARa; AR7 is the first small molecule
developed to selectively stimulate CMA without affecting autophagy [2581].

Lysosomotropic compound with a dual inhibitory activity against the circadian regulator NR1D2/REV-ERBP and autophagy [2582].

A selective PIK3CG/PI3Ky inhibitor that activates autophagy in the heart [2583].

An active site mutant of ATG4 that is defective for autophagy [2584].

An autophagy inhibitor that targets the lipid kinase PIK3C3/VPS34 [2585].

A V-ATPase inhibitor that causes an increase in lysosomal/vacuolar pH, and, ultimately, blocks fusion of autophagosomes with the
vacuole; the latter may result from inhibition of ATP2A/SERCA [303].

A chemical analog of salicylic acid, which can be used to induce autophagy and autophagosome formation in plant cells including A.
thaliana [128,2586].

A pentacyclic triterpenoid that promotes parallel damage in mitochondrial and lysosomal compartments, and, ultimately, jeopardizes
lysosomal degradative capacity, which results in autophagy-associated cell death [314] or aging [315].

A plant-derived natural molecule that induces autophagy through the activation of AMPK [2587].

Dodecyltriphenylphosphonium is a penetrating cation that selectively accumulates in mitochondria, uncouples oxidative
phosphorylation and stimulates autophagy and mitophagy without inhibition of autophagosome-lysosome fusion, in contrast to
protonophores [2588].

An intracellular signal that can promote autophagy at different steps. Calcium can be released from the ER upon physiological
stimulation or from lysosomal stores under stress conditions, or can enter from the extracellular space [2001]. However, calcium has a
complex effect as it can also inhibit autophagy, and the abrogation of calcium signaling can trigger autophagy [216,1990,1994,2589].
Induces autophagy by reducing inositol levels, and inhibits autophagy via neuronal voltage-gated sodium channels [1976,2590].

A selective inhibitor of VCP/p97-mediated protein degradation that activates autophagy in human cancer cells [2591,2592].

Carbonyl cyanide m-chlorophenylhydrazone is a prototype protonophore, uncoupler of oxidative phosphorylation that stimulates
autophagy via the AMPK-ULK1 pathway [671,672] or alternative pathways [2593] and mitophagy [339], but inhibits autophagosome-
lysosome fusion due to the increase of intralysosomal pH [215].

Lysosomotropic compounds that elevate/neutralize the lysosomal/vacuolar pH [225].

A calcimimetic that increases the sensitivity of CASR (calcium sensing receptor) to extracellular calcium. In some models, cinacalcet
induces the formation of GFP-LC3 puncta [494] during starvation, whereas in others it causes an increase in LC3-Il accumulation in basal
[1563,2594,2595] and CQ conditions [2594]. In a diabetic nephropathy model, the proposed pathway through cinacalcet-induced
autophagy is CAMKK2/CaMKKB-STK11/LKB1-AMPK-PPARGC1A/PGC1a to decrease oxidative stress, which results in a decrease of
apoptosis (increased BCL2:BAX ratio) and increased autophagy (increase of BECN1 and LC3-I to LC3-Il conversion) [2595]. Cinacalcet may
have a dual effect inducing autophagosome formation and inhibiting the late steps of autophagy.

Activates the imidazoline receptor, which decrease cAMP in cells. An MTOR-independent inducer of autophagy [1951]

A specific inhibitor of V-ATPases that reduces acidification of the lysosome or vacuole, and will block the degradation of autophagic
bodies within the vacuole [128,2586].

a-difluoromethylornithine is an irreversible inhibitor of ODC1 (ornithine decarboxylase 1) that blocks spermidine synthesis and ATG gene
expression [2596].

A photosensitizer derivative of methylene blue that promotes parallel damage in lysosomes and mitochondria after photoactivation with
red light, leading to accumulation of non-functional autolysosomes and autophagy-associated cell death [316].

An omega-3 polyunsaturated fatty acid, that has been described as acid (DHA) an activator of autophagy, which could potentially be
used in cancer therapy either alone or in combinatorial strategies, as well as in neurodegenerative, cardiovascular or infectious diseases
[2597-2599].

A derivative of E-64, a cysteine protease inhibitor.

A membrane-permeable cysteine protease inhibitor that can block the activity of a subset of lysosomal hydrolases; should be used in
combination with pepstatin A to inhibit lysosomal protein degradation. The ethyl ester of E-64 c.

An autophagy inducer that exerts anti-tumor activity in breast cancer by inhibition of the AKT-MTOR-RPS6KB signaling pathway [2600].
A cationic estradiol derivative that induces autophagy and apoptosis simultaneously by downregulating the MTOR kinase pathway in
breast cancer cells.

An inhibitor of MTORC1 that induces both autophagy and apoptosis in B-cell lymphoma primary cultures [2579].

(Continued)
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Method Comments

36. Ezetimibe A cholesterol absorption inhibitor that acts by binding to NPC1L1, which induces autophagy via MTORC1-dependent [2601] and
-independent [2602] pathways. Ezetimibe also activates TFEB and could potentially exert therapeutic effects on steatohepatitis and
fibrosis [2601,2602].

37. Fasudil An inhibitor of ROCK (Rho associated coiled-coil containing protein kinase) enhancing autophagy via phosphorylation of MAPK8/JNK1
and BCL2, and promoting BECN1-PIK3C3/VPS34 complex formation; shRNA-mediated approaches to inhibiting ROCK have similar results
[2603-2605].

38. Flavonoids A large class of polyphenols that have been described as autophagy modulators, which could potentially constitute useful adjuvant
agents of conventional therapies for different human pathologies such as cancer, neurodegenerative, cardiovascular, hepatic or
infectious diseases [2606].

39. Fumonisin B1 An inhibitor of ceramide synthesis that interferes with autophagy.

40. Gene deletion This method provides the most direct evidence for the role of an autophagic component; however, more than one gene involved in
autophagy should be targeted to avoid indirect effects.

41. HBHA Heparin-binding hemagglutinin of M. tuberculosis that inhibits autophagy. HBHA treatment inhibits LC3 expression and the maturation

42.

43.

44,

45,

46.

47.

48.

49.
50.
51.
52.

53.

54.
55.
56.
57.
58.
59.

60.

factors
61.
62.

63.
64.

65.

66.
67.
68.
69.

70.

71.

HMOXT induction

Knockdown

KU-0063794
Leupeptin

LV-320

MB

Melatonin

Metformin
microRNA
MK2206
MLN4924

Mycolactone

NAADP-AM
NED-19
NeuroHeal
NSC611216
NVP-BEZ235
p140/Lupuzor™

Pathogen-derived
Pepstatin A
PMI

Propolis
Protease inhibitors

Rapamycin

Resveratrol
RNAi

RSVAs
Saikosaponin-d

SAR405

SB02024

of autophagosomes, eventually inducing apoptosis [2607].

Mitophagy and the formation of iron-containing cytoplasmic inclusions and corpora amylacea are accelerated in HMOX1-transfected rat
astroglia and astrocytes of GFAP HMOX1 transgenic mice. Heme-derived ferrous iron and carbon monoxide, products of the HMOX1
reaction, promote autophagy in these cells [2608,2609].

This method (including miRNA, RNAi, shRNA and siRNA) can be used to inhibit gene expression and provides relatively direct evidence
for the role of an autophagic component. However, the efficiency of knockdown varies, as does the stability of the targeted protein. In
addition, more than one gene involved in autophagy should be targeted to avoid misinterpreting indirect effects.

An MTOR inhibitor that binds the catalytic site and activates autophagy [453,2610].

An inhibitor of cysteine, serine and threonine proteases that can be used in combination with pepstatin A and/or E-64d to block
lysosomal protein degradation. Leupeptin is not membrane permeable, so its effect on cathepsins may depend on endocytic activity.

A small molecule inhibitor of ATG4A and ATG4B enzymatic activity in vitro. In cells, LV-320 results in a dose-dependent increase in LC3B-
Il levels, reduces GABARAP levels and reduces autophagic flux [2611].

A phenothiazine photosensitizer that promotes specific photodamage in lysosomes when used at low doses and photoactivated with
red light. By targeting lysosomes to photodamage, MB can promptly switch autophagy to favor cell demise when parallel mitochondrial
membrane damage by hydrogen peroxide or rotenone occurs [316].

N-acetyl-5-methoxy tryptamine is a sleep-wake cycle regulating and antioxidant hormone that inhibits autophagy in animal models of
fibrosis [2612], cancer [2613] and acute organ failure [2614].

Activates both AMPK-dependent and -independent autophagy [2615-2617].
Can be used to reduce the levels of target mRNA(s) or block translation.
A small molecule inhibitor of AKT that is able to induce Autophagy independently of MTORC1 activity [973,2618].

A small molecule inhibitor of NAE (NEDD8 activating enzyme) [2619]; induces autophagy by blockage of MTOR activity via both DEPTOR
and the HIF1A-DDIT4/REDD1-TSC1/2 axis as a result of inactivation of cullin-RING ligases [2620].

A polyketide lactone and virulence exotoxin of Mycobacterium ulcerans that functions by blocking SEC61-dependent translocation of
proteins into the ER [2022]. Mycolactone induces the integrated stress response [2021] and autophagy [2020,2021].

Activates the lysosomal TPCN/two-pore channel and induces autophagy [1996].

Inhibits the lysosomal TPCN and NAADP-induced autophagy [1996].

A combination of acamprosate and ribavirin that activates SIRT1 and autophagy, promoting neuroprotection [2015,2016].
A small molecule inhibitor of ATG4B enzymatic activity in vitro [2576].

A dual inhibitor of PIK3CA/p110 and the MTOR catalytic site that activates autophagy [2621,2622].

Small peptide that inhibits LAMP2A overexpression in lupus B cells and binds to the NBD domain of HSPA8 [2623,2624]. Furthermore,
this drug has been described as a potent CMA inhibitor [2625].

Virally-encoded autophagy inhibitors including HSV-1 ICP34.5, Kaposi sarcoma-associated herpesvirus vBCL2, y-herpesvirus 68 M11, ASFV
vBCL2, HIV-1 Nef and influenza A virus M2 [848,1418,1423,1424,1966].

An aspartyl protease inhibitor that can be used to partially block lysosomal degradation; should be used in combination with other
inhibitors such as E-64d. Pepstatin A is not membrane permeable.

SQSTM1/p62-mediated mitophagy inducer is a pharmacological activator of autophagic selection of mitochondria that operates without
collapsing the mitochondrial membrane potential (A¥,,) and hence by exploiting the autophagic component of the process [714].

An inducer of autophagy that may be related with the classical autophagy pathway [2626].

These chemicals inhibit the degradation of autophagic substrates within the lysosome/vacuole lumen. A combination of inhibitors (e.g.,
leupeptin, pepstatin A and E-64d) is needed for complete blockage of degradation.

Binds to FKBP1A/FKBP12 and inhibits MTORC1; the complex binds to the FRB domain of MTOR and limits its interaction with RPTOR, thus
inducing autophagy, but only providing partial MTORC1 inhibition. Rapamycin also inhibits yeast TOR.

A natural polyphenol that affects many proteins [2627] and induces autophagy via activation of AMPK [2628, 2629].

Can be used to inhibit gene expression.

Synthetic small-molecule analogs of resveratrol that potently activate AMPK and induce autophagy [2630].

A natural small-molecule inhibitor of ATP2A/SERCA that induces autophagy and autophagy-dependent cell death in apoptosis-resistant
cells [1909].

A low-molecular-mass kinase inhibitor of PIK3C3/VPS34 that interacts within the ATP binding cleft of human PIK3C3 and inhibits
autophagy [1883].

Potent and selective PIK3C3/VPS34 inhibitor that binds in the active site of PIK3C3, thus inhibiting its catalytic function [2631].

(Continued)
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Method Comments

72. SBI-0206965 A highly selective ULK1 kinase inhibitor in vitro that suppresses ULK1-mediated phosphorylation events in cells, regulating autophagy
and cell survival [2632]. This compound is also an inhibitor of AMPK, competitively inhibiting ATP binding, and also inhibiting the
binding of AMPK to its substrates [2633].

73. Sorafenib An antitumoral inhibitor of tyrosine kinase receptors whose sustained administration induces a shift from early induction of survival
autophagy to apoptosis [2634].

74, SMER28 An MTOR-independent inducer of autophagy [2013].

75. Spautin-1 An autophagy inhibitor that acts via suppression of USP10 and USP13, and degradation of the PIK3C3/VSP34-BECN1 complex [2635].

76. Spermidine A chemical originally isolated from semen and enriched in many food products; it promotes autophagy flux by depleting cytosolic
HDAC4 to enhance MAP1S-mediated autophagy [956]. Spermidine maintains basal autophagy in NIH 3T3 cells and B cells of mice or
humans via hypusination of EIF5A and subsequent upregulation of TFEB [958].

77. Sulforaphane A natural isothiocyanate, alone and in combination with cytostatics induces cell death via autophagy, and elevates the level of LC3-II

[1905,2636,2637].
78. Tat-beclin 1
79. Thapsigargin

A cell penetrating peptide that potently induces autophagy [2004,2638].
An inhibitor of ATP2A/SERCA that inhibits autophagic sequestration through the depletion of intracellular Ca** stores [216,2639];

however, thapsigargin may also block fusion of autophagosomes with endosomes by interfering with recruitment of RAB7, resulting in

autophagosome accumulation [2640].

80. TMS
81. Torin1
[802].
82. TPCK An inducer of autophagic cell death.
83. TPPS,,

84. Trehalose
diseases [973, 2036, 2643-2645].
85. Tunicamycin
86. Vacuolin-1
87. Verteporfin
[2648].
88. Vinblastine
89. VP2.51
motor neuron disease [2649].

90. VPS34-IN1
and inhibits autophagy [2650].

91. Wortmannin
92. Yessotoxin (YTX)

Trans-3,5,4-trimethoxystilbene upregulates the expression of TRPC4, resulting in MTOR inhibition [2641].
A catalytic MTOR inhibitor that induces autophagy and provides more complete inhibition than rapamycin (it inhibits all forms of MTOR)

TPPS,, photoexcitation promotes mainly lysosomal damage leading to autophagy-associated cell death [317].
A membrane-protective agent [2642] and inducer of autophagy that may be relevant for the treatment of different neurodegenerative

A glycosylation inhibitor that induces autophagy due to ER stress [473,2646].
A RAB5A activator that reversibly blocks autophagosome-lysosome fusion [2647].
An FDA-approved drug; used in photodynamic therapy, but it inhibits the formation of autophagosomes in vivo without light activation

A depolymerizer of both normal and acetylated microtubules that interferes with autophagosome-lysosome fusion [304].
A small molecule, ATP-competitive inhibitor of GSK3B enzymatic activity in vitro. In vivo, VP2.51 modulates autophagy and ameliorates

A low-molecular-mass kinase inhibitor of PIK3C3/VPS34 similar to SAR-405 that interacts within the ATP binding cleft of human PIK3C3

An inhibitor of PI3K and PtdIns3K that blocks autophagy, but is not a specific inhibitor (see 3-MA above).
A small molecule marine compound that can potentially induce autophagic-associated cell death [1515]. YTX can induce various cell

death modalites [2651]; its molecular target and mode of action are not yet clarified.

of Atg8-PE/LC3-II can increase even in autophagy mutants
that cannot form autophagosomes [443]. One method that
can be used to examine LC3-II membrane association is
differential extraction in Triton X-114, which can be used
with mammalian cells [439], or western blot analysis of total
membrane fractions following solubilization with Triton X-
100, which is helpful in plants [289,290]. Importantly, we
stress again that numbers of GFP-LC3 puncta, similar to
steady state LC3-II levels, reflect only a snapshot of the
numbers of autophagy-related structures (e.g., autophago-
somes) in a cell at one time, not autophagic flux. A potential
solution to determine the effect of a given perturbation on
flux, is to count GFP-LC3 puncta at various time points
following the addition of 3-MA (to prevent formation of
new puncta), with the rate of puncta disappearance essen-
tially indicting the flux of disposal [444].

GFP-LC3 expression can perturb autophagy and cellular func-
tion, both in the basal state and disease models, as found in the
exocrine pancreas of GFP-LC3 mice [445]. Compared to the wild
type, the pancreatic ATG4B level is markedly decreased in GFP-
LC3 mice, resulting in an increase of the endogenous LC3-IL
These effects are organ specific (e.g., there are no effects on
ATG4B and LC3 levels in lung and spleen). Autophagic flux
analysis (using the lysosomal protease inhibitors E64d plus

pepstatin A) indicate that in GFP-LC3 pancreatic acinar cells the
basal autophagosome formation is enhanced several-fold but is
not fully counterbalanced by increased autophagic degradation.
As a result, the exocrine pancreas of GFP-LC3 mice displays
accumulation of enlarged autophagic vacuoles. GFP-LC3 expres-
sion affects functional parameters of acinar cells and worsens key
pathological responses in mouse models of acute pancreatitis. The
study referenced above demonstrates organ-specific effects of
GFP-LC3 expression and indicates that application of GFP-LC3
mice in disease models should be done cautiously.

Finally, we offer a general note of caution with regard to
GFP. First, the GFP tag is large, in particular relative to the
size of LC3; therefore, it is possible that a chimera may behave
differently from the native protein in some respects. Second,
GFP is not native to most systems, and as such (i) it may be
recognized as an aberrant protein and targeted for degrada-
tion, which has obvious implications when studying autop-
hagy, and (ii) it may elicit immune responses targeting GFP-
expressing cells in vivo. Third, some forms of GFP tend to
oligomerize, which may interfere with protein function and/or
localization. Fourth, EGFP inhibits polyubiquitination [446],
and may cause defects in other cellular processes. Fifth, not all
LC3 puncta represent LC3-II and correspond to autophago-
somes [255,256,447,448]. Accordingly, it would be prudent to
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complement any assays that rely on GFP fusions (to Atg8-
family proteins or any protein) with additional methods that
avoid the use of this fluorophore. Similarly, with the emer-
gence of “super-resolution” microscopy methods such as
photoactivated localization microscopy (PALM), new tags
are being used (e.g., the EosFP green-to-red photoconvertible
fluorescent protein, or the Dronpa GFP-like protein) that will
need to be tested and validated [449].

Conclusion: GFP-LC3 provides a marker that is relatively
easy to use for monitoring autophagy induction (based on the
appearance of puncta), or colocalization with cargo; however,
monitoring this chimera does not determine flux unless uti-
lized in conjunction with inhibitors of lysosomal fusion and/
or degradation. In addition, it is recommended that results
obtained by GFP-LC3 fluorescence microscopy are verified by
additional assays.

Tandem mRFP/mCherry-GFP fluorescence microscopy. A
fluorescence assay that is designed to monitor flux relies on the
use of a tandem monomeric RFP-GFP-tagged LC3 (tfLC3;
Figure 16) [344]. The GFP signal is sensitive to the acidic and/
or proteolytic conditions of the lysosome lumen, whereas mRFP
is more stable. Therefore, colocalization of both GFP and mRFP
fluorescence indicates a compartment that has not fused with a
lysosome, such as a phagophore, an amphisome or an autopha-
gosome [450]. In a pathological state where acidification
mechanisms are impaired, fusion may occur without GFP
becoming quenched, and additional markers of fusion must be
applied [451]. Although inhibiting lysosomal acidification may
impede fusion in some cell types, fusion may proceed in other
cell types under these conditions [218]. In contrast, an mRFP
signal without GFP corresponds to an autolysosome. Other
fluorophores such as mCherry are also suitable instead of
mRFP [423], and an image-recognition algorithm has been
developed to quantify flux of the reporter to acidified compart-
ments [452-454]. One of the major advantages of the tandem
mRFP/mCherry-GFP reporter method is that it enables simul-
taneous estimation of both the induction of autophagy and flux
through autophagic compartments. However, determining the
efficiency of the actual degradation of the substrate or carrier in
the lysosome still requires the use of lysosomal protease inhibi-
tors such as E64d and pepstatin. The competence of lysosomal
digestion of the substrate requires additional analysis using
methods described above. The use of more than one time
point allows visualization of increased early autophagosomes
followed by increases in late autophagosomes as an additional
assurance that flux has been maintained [293]. In addition, this
method can be used to monitor autophagy in high-throughput
drug screening studies [453]. The quantification of “yellow”
(where the yellow signal results from merging the red and
green channels) and “red only” puncta in a stable tandem-
fluorescent LC3-reporter cell line can be automated by a
Cellomics microscope that can be used to assess a huge popula-
tion of cells (1,000 or more) over a large number of random
fields of view [311,455]. In the presence of a lysosomal acidifica-
tion defect, additional markers of autophagosome-lysosome
fusion need to be applied to assess autophagy flux alterations
[451]. The use of late inhibitors of autophagy such as CQ or
bafilomycin A;, which prevent the formation of autolysosomes,
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is recommended as a useful experimental control for the visua-
lization of “yellow” puncta. Note that “green-only” dots may
occur under certain conditions due to more rapid maturation of
the GFP chromophore, allowing similar fusions to be used as
timers [456,457]. Notably, organelle-specific variations of the
tandem mRFP/mCherry-GFP reporter system have successfully
been used to analyze selective types of autophagy, such as pex-
ophagy [458,459], mitophagy [460-463] and reticulophagy
[464,465] in mammalian cells. This tandem reporter is techni-
cally less challenging in plant cells due to accumulation of red
fluorescent signal in the large relatively static plant vacuoles
instead of small mobile dot-like lysosomes. Optimization of the
tandem-tag assay for monitoring autophagic activity in plant
roots has been described, providing a pipeline for automated
high-throughput image analysis [357]. Importantly, in vivo sys-
tems to detect mitophagy have been generated employing
Drosophila [466] and mouse models [38].

An alternative dual fluorescence assay involves the Rosella pH
biosensor. This assay monitors the uptake of material to the
lysosome/vacuole and complements the use of the tandem
mRFP/mCherry-GFP reporter. The assay is based upon the
genetically encoded dual color-emission biosensor Rosella, a
fusion between a relatively pH-stable fast-maturing RFP variant,
and a pH-sensitive GFP variant. When targeted to specific cellular
compartments or fused to an individual protein, the Rosella
biosensor provides information about the identity of the cellular
component being delivered to the lysosome/vacuole for degrada-
tion. Importantly, the pH-sensitive dual color fluorescence emis-
sion provides information about the environment of the biosensor
during autophagy of various cellular components. In yeast, Rosella
has been successfully used to monitor autophagy of cytosol,
mitochondria (mitophagy) and the nucleus (nucleophagy)
[156,467,468]. Furthermore, the Rosella biosensor can be used as
a reporter under various conditions including nitrogen depletion-
dependent induction of autophagy [467,468]. The Rosella biosen-
sor can also be expressed in mammalian cells to follow either
nonselective autophagy (cytoplasmic turnover), or mitophagy
[467,469]. A Rosella-based mitophagy reporter mouse line has
been created to assess mitophagy activity in the heart [470].

Cautionary notes: The motion of puncta corresponding to
Atg8-family proteins can complicate the use of tandem
mRFP/mCherry-GFP-Atg-family protein reporters in live
imaging experiments. As a consequence, conventional confo-
cal microscopy may not allow visualization of colocalized
mRFP/mCherry-GFP puncta. In this case, mRFP/mCherry-
GFP colocalized puncta represent newly formed autophagic
structures whereas mRFP/mCherry-only puncta are ambigu-
ous. Spinning disk confocal microscopy or rapid acquisition
times may be required for imaging tandem mRFP/mCherry-
GFP proteins, although these techniques require a brighter
fluorescent signal potentially associated with undesirably
higher levels of transgene expression. Overexpression of
these sensors can target the proteins to acidified lysosomes,
which also results in mRFP/mCherry-only puncta. A good
control is the non-lipidatable form of the sensor expressed
at the same levels as the wild-type experimental sensor, to
assess baseline targeting of the tandem proteins to lysosomes
[471]. Another optimization is to use the mTagRFP-
mWasabi-LC3 chimera [472,473], as mTagRFP is brighter
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GFP LAMP1-CFP Merge
mRFP LAMPI1-CFP Merge
GFP mRFP Merge

Figure 16. The GFP and mRFP signals of tandem fluorescent LC3 (tfLC3, mRFP-GFP-LC3) show different localization patterns. Hela cells were cotransfected with plasmids
expressing either tfLC3 or LAMP1-CFP. Twenty-four h after the transfection, the cells were starved in Hanks balanced salt solution for 2 h, fixed and analyzed by microscopy. The
lower panels are a higher magnification of the upper panels. Bar: 10 um in the upper panels and 2 pm in the lower panels. Arrows in the lower panels point to (or mark the
location of) typical examples of colocalized signals of mRFP and LAMP1. Arrowheads point to (or mark the location of) typical examples of colocalized particles of GFP and mRFP
signals. This figure was previously published in ref. [344], and is reproduced by permission of Landes Bioscience, copyright 2007.

than mRFP and mCherry, and mWasabi is brighter than
EGFP [474]. An improved version of tfLC3 is pHluorin-
mKate2-hLC3 reporter (PK-hLC3), because pHluorin is
more sensitive to acidic pH (pKa 7.6, quenched at pH 6.5)
than EGFP and mWasabi [450,475]. In the latter case, how-
ever, organelles that only achieve a lower level of acidification,
such as amphisomes, may not be differentiated from fully
acidified (i.e., mature) lysosomes [476]. A good quantitative
technique for cells in suspension, which also require

identification by surface markers (such as immune cells), is
the detection of LC3-II by flow cytometry. Here LC3-I is
washed out after treatment with a mild detergent, and only
membrane-bound LC3-II is retained for staining with an anti-
LC3 antibody. Early fixation avoids the induction of artefacts
due to centrifugation or mixing. This approach has been
established for both cell lines [433] and primary cells [477].
Another possibility is to use fixed cells; however, this presents
an additional concern: The use of tandem mRFP/mCherry-GFP
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relies on the quenching of the GFP signal in the acidic autolyso-
some; however, fixation solutions are often neutral or weak bases,
which will increase the pH of the entire cell. Accordingly, the GFP
signal may be restored after fixation (Figure 17), which would
cause an underestimation of the amount of signal that corre-
sponds only to RFP (i.e., in the autolysosome). Thus, the tissue
or cell samples must be properly processed to avoid losing the
acidic environment of the autolysosomes. In addition, there may
be weak fluorescence of EGFP even in an acidic environment (pH
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between 4 and 5) [439,478]. Therefore, it may be desirable to
choose a monomeric green fluorescent protein that is more acid
sensitive than EGFP for assaying autophagic flux. For example,
the pHluorin-based probe (PK-hLC3) referred to above can solve
these problems [450]; in a PK-hLC3 transgenic mouse autophagic
responses in the neurons are easily detectable, whereas such
responses in the neurons of a GFP-LC3 transgenic mouse are
hardly recognized [479]. pHluorin-LC3-mCherry is also an
improved autophagic flux probe variant of GFP-LC3-RFP-

Merge

GFP Merge

Figure 17. GFP fluorescence in the autolysosome can be recovered upon neutralization of the pH. (A) GFP-LC3 emits green fluorescence in the autolysosomes of post-mortem
processed heart sections. Cryosections of 3.8% paraformaldehyde fixed ventricular myocardium from 3-week-old GFP-LC3 transgenic mice at the baseline (Control) or starved for
24 h (Starved) were processed for immunostaining using a standard protocol (buffered at pH 7.4). Most of the GFP-LC3 puncta are positive for LAMP1, suggesting that the
autolysosomes had recovered GFP fluorescence. (B) Colocalization between GFP-LC3 direct fluorescence (green) and indirect immunostaining for GFP (red). Sections processed
as in (A) were immunostained for GFP using a red fluorescence-tagged secondary antibody, and the colocalization with GFP fluorescence was examined by confocal microscopy.
Almost all of the red puncta emit green fluorescence. Scale bar: 10 um. Image provided by Xuejun Wang.
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LC3AG [480]. Finally, photobleaching, light-induced degradation
of fluorophores, is a significant problem in live-cell imaging [481].
When examining live tissue, it is important to remember that
marker fluorescence, particularly GFP fluorescence, can diminish
rapidly with the decay of cell physiology. The use of the minimal
possible exposure and light power level is therefore recom-
mended. If sequential acquisition of fluorescence emissions is
needed, they should be acquired in the order GFP then RFP, as
RFP exhibits higher photostability. The experimenter can also
take advantage of anti-fading media developed for live imaging
[482]. In some tissues (e.g., Drosophila brain) it may be necessary
to image each sample no more than 30-40 min after dissection of
the individual sample.

Another caution in the interpretation of the tandem fluores-
cent marker is that an enhanced degree of colocalization of GFP
and mRFP/mCherry might also be seen in the case of impaired
proteolytic degradation within autolysosomes or altered lysoso-
mal pH. This limitation may be overcome by incorporating two
strategies in the experimental design: i) direct measurement of
lysosomal pH in the in vitro model of interest, to discount
lysosomal alkanization as a cause for increased GFP* RFP*
puncta [483-485], and ii) Immunohistochemical analysis against
lysosomal markers such as CTSD and LAMP2. Whereas mea-
suring lysosomal pH or proteolytic activity in vivo or in fixed
tissue is not possible, colocalization of GFP™ RFP* puncta, or
target autophagic cargo with CTSD or LAMP2 may be indicative
of lysosomal dysfunction [485].

RFP-GFP-LC3 and GFP-LC3 (or other Atg8-family proteins)
methodology, which involves in vitro or in vivo overexpression of
the fluorescent construct, requires careful microscopy by includ-
ing a GFP-expressing control. A comparable in vitro or in vivo
system overexpressing GFP is necessary to “titer” the minimum
laser intensity, minimum gain, and offset parameters on the
confocal microscope that are required to detect true GFP.
Excessive laser intensity/gain often leads to an undesirable
increase in signal:background ratio, may also contribute to
increased false-positive counts, and often leads to rapid photo-
bleaching as well. The same laser intensity/gain/offset setting to
detect true GFP should strictly be applied to the RFP-GFP-LC3-
expressing in vitro or in vivo system of interest. The other experi-
mental positive control is CQ or bafilomycin A; treatment to
induce lysosomal alkalinization. The intensity/gain settings (suffi-
cient to detect true GFP) should be minimally sufficient to detect
GFP" RFP" puncta in CQ-treated samples. Autophagosomes,
typically, are 900 nm to 1.5 um in diameter. Low magnification
images (using 20X/40X objectives) do not provide enough resolu-
tion to obtain quantifiable data. Only higher magnification images
should be used to monitor autophagy. Once the microscope
“parameters” to detect GFP have been determined (using a
GFP-overexpressing control), it is important that the user cap-
tures the fluorescence images in the green channel in experimental
conditions, and the CQ treatment control, in a “blinded” manner;
Image], or other equivalent software, should be used for objective
quantification of GFP/RFP puncta (S. Ramachandra Rao and S.J.
Fliesler, upublished results).

Finally, expression of tandem mRFP-GFP-LC3 is toxic to
some cancer cell lines relative to GFP-LC3 or RFP-LC3 (K.S.
Choi, personal communication). By contrast, transgenic expres-
sion of mRFP-GFP-LC3 in neurons, which generates strong

fluorescence signals at low levels of expression of the reporter
construct, exhibit no evident toxicity or effects on baseline
autophagy or lifespan [451]. The cytotoxicity of DsRed and its
variants such as mRFP is associated with downregulation of
BCL2L1/Bcl-X; [486]. In contrast to mRFP-GFP-LC3, overex-
pression of mTagRFP-mWasabi-LC3 does not appear to be toxic
to HeLa cells (J. Lin, personal communication) or LNCaP cells
(N. Engedal, personal communication).

The Rosella assay has not been tested in a wide range of
mammalian cell types. Accordingly, the sensitivity and the spe-
cificity of the assay must be verified independently until this
method has been tested more extensively and used more widely.

Finally, it may be desirable to capture the dynamic behavior of
autophagy in real time, to generate data revealing the rate of
formation and clearance of autophagosomes over time, rather
than single data points. For example, by acquiring signals from
two fluorescent constructs in real time, the rate of change in
colocalization signal as a measure of the fusion rate and recycling
rate between autophagosomes and lysosomes can be assessed
[487]. Importantly, due to the integral dynamic relationship of
autophagic flux with the onset of apoptosis and necrosis, it is
advantageous to monitor cell death and autophagic flux para-
meters concomitantly over time, which FRET-based reporter
constructs make possible [488].

Tandem fluorescent markers show real-time changes in
autophagosome fusion with lysosomes, due to entry into an
acidic environment; however, fusion is not definitive evidence
of substrate or carrier degradation. Lysosomes may be able to
fuse, but be unable to degrade newly delivered cargo, as
occurs in some lysosomal storage diseases and aging-related
neurodegenerative diseases. Best practice would be to perform
an autophagic flux assay in parallel with quantification of
tandem fluorescent markers to confirm completion of carrier
flux.

Conclusion: The use of tandem fluorescent constructs,
which display different emission signals depending on the
environment (in particular, GFP fluorescence is sensitive to
an acidic pH), provides a convenient way to monitor autop-
hagic flux in many cell types.

Autophagic flux determination using flow and multispectral
imaging cytometry. Whereas fluorescence microscopy, in
combination with novel autophagy probes, has permitted
single-cell analysis of autophagic flux, automation for allow-
ing medium- to high-throughput analysis has been challen-
ging. A number of methods have been developed that allow
the determination of autophagic flux using flow cytometry
[300, 414, 433 [489-492], and commercial kits are now avail-
able for monitoring autophagy by flow cytometry. These
approaches make it possible to capture data or, in specialized
instruments, high-content, multiparametric images of cells in
flow (at rates of up to 1,000 cells/s for imaging, and higher in
nonimaging flow cytometers), and are particularly useful for
cells that grow in suspension. This quantitative method is
simple and can be used for high-content studies with simul-
taneous analysis of multiple parameters. This is especially
useful for the study of complex mixtures of cell types, for
example in the analysis of immune cells where it might
require discrimination of the autophagic state of each cell
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type or even subsets. The employment of a vital nuclear dye in
combination with other markers makes it possible not only to
exclude dead cells by detection of nuclear fragmentation, but
also to analyze a cell population in a specific cell cycle phase.
Notably, as living cells expressing fluorescence proteins are
amenable to analysis by flow cytometry, this method may also
be utilized to sort specific subpopulations for further
characterization.

Optimization of image analysis permits the study of cells with
heterogeneous LC3 puncta, thus making it possible to quantify
autophagic flux accurately in situations that might perturb normal
processes (e.g., microbial infection or drug treatment) [489,493].
Because EGFP-LC3 is a substrate for autophagic degradation, total
fluorescence intensity of EGFP-LC3 can be used to indicate levels
of autophagy in living mammalian cells [492]. When autophagy is
induced, the decrease in total cellular fluorescence can be precisely
quantified in large numbers of cells to obtain robust data; flux can
also be directly associated with an increase of detectable puncta
[413]. Moreover, current technology makes it possible to investi-
gate the colocalization of EGFP-LC3 puncta and other specific
proteins, identifying novel molecules degraded during autophagic
flux. In another approach, soluble EGFP-LC3-I can be depleted
from the cell by a brief saponin (or digitonin) extraction so that
the total fluorescence of EGFP-LC3 then represents that of EGFP-
LC3-II alone (Figure 18A) [432,433]. Because EGFP-LC3 trans-
fection typically results in high relative levels of EGFP-LC3-I, this
treatment significantly reduces the background fluorescence due
to non-phagophore and non-autophagosome-associated reporter
protein. By comparing treatments in the presence or absence of
lysosomal degradation inhibitors, subtle changes in the flux rate of
the GFP-LC3 reporter construct can be detected. If it is not
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desirable to treat cells with lysosomal inhibitors to determine
rates of autophagic flux, a tandem mRFP/mCherry-EGFP-LC3
(or similar) construct can also be used for autophagic flux mea-
surements in flow cytometry experiments (see Tandem mRFP/
mCherry-GFP fluorescence microscopy) [473,491].

These methods, however, require the cells of interest to be
transfected with reporter constructs. Because the saponin
extraction method can also be combined with intracellular
staining for endogenous LC3 protein, subtle changes in autop-
hagic flux can be measured without the need for reporter
transfections (Figure 18B).

In addition to GFP-LC3, a novel probe has emerged in
recent years: GFP-LC3-RFP-LC3AG and GFP-LC3-RFP
(without LC3AG) that bypass the weaknesses of GFP-LC3
[494]. This probe is cleaved by endogenous ATG4 and
releases an equal amount of GFP-LC3 and RFP-LC3AG (or
RFP) in the cells. While GFP-LC3 is lipidated and localizes to
phagophores and autophagosomes (as described previously),
the RFP-LC3AG (or RFP) cannot be conjugated with PE and
remains in the cytoplasm, acting as an internal control. The
GFP-LC3:RFP-LC3AG (or RFP) ratio (or GFP:RFP ratio)
indicates the autophagic flux. The advantage of this probe
compared to the “traditional” GFP-LC3 probe is that the
release of the internal control makes it possible to discrimi-
nate the changes of overall GFP-LC3 levels caused by the
autophagic flux to the ones resulting from variation of gene
expression. The measurement of both GFP-LC3 and RFP-
LC3AG (or RFP) can be performed in a high-throughput
manner using FACS for single-cell analysis or some plate
readers. The most precise way to monitor autophagy with
this probe is to use a single-cell derived colony of stable cell
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Figure 18. Saponin extraction allows quantification of LC3-Il fluorescence by FACS. (A) Schematic diagram of the effects of the saponin wash. Due to the
reorganization of the EGFP-LC3 reporter protein, induction of autophagosome formation does not change the total levels of fluorescence in EGFP-LC3-transfected
cells. However, extraction of EGFP-LC3-l with saponin results in a higher level of fluorescence in cells with proportionally higher levels of EGFP-LC3-Il-containing
autophagosomes. This figure was previously published in ref. [433]. (B) Saponin extraction can also be used to measure flux of endogenous LC3 protein. Human
osteosarcoma cells were starved of amino acids and serum by incubation in EBSS, for the indicated times in the presence or absence of a 1-h CQ (50 uM) treatment.
Cells were then washed with PBS containing 0.05% saponin and processed for FACS analysis for endogenous LC3. Image provided by K.E. Eng and G.M. McInerney.
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lines, in order to have the most homogeneous population.
This is also because the DNA sequence corresponding to
GFP-LC3-RFP-LC3AG sometimes undergoes homologous
recombination between the two LC3-encoding fragments dur-
ing retrovirus infection (this does not occur with GFP-
LC3-RFP).

Cautionary notes: Care must be taken when applying flow
cytometry measurements to adherent cells, particularly neu-
rons and other cells with interdigitated processes, as the pre-
paration of single cell suspensions entails significant levels of
plasma membrane disruption and injury that can secondarily
induce autophagy.

Users of the saponin or digitonin extraction method
should carefully titrate detergent concentrations and times of
treatment to ensure specific extraction of LC3-I in their sys-
tems. Also, it has been observed in some cell types that
saponin treatment can lead to nonautophagic aggregation of
LC3 [434], which should be controlled for in these assays (see
GFP-Atg8-family protein fluorescence microscopy). Similarly,
for treatment with other detergents, such as Triton X-100, it
is also important to carefully titrate the concentrations and
times of treatment.

Cell membrane permeabilization with digitonin and
extraction of the nonmembrane-bound form of LC3 allows
combined staining of membrane-associated LC3-II protein
and any markers for detection of autophagy in relation to
other cellular events/processes. Based on this approach, a
method for monitoring autophagy in different stages of the
cell cycle was developed [495]. Thus, the presence of basal or
starvation-induced autophagy is detected in G, S, and G/M
phases of the cell cycle in MEFs with doxycycline-regulated
ATGS expression. In these experiments, cells were gated based
on their DNA content and the relative intensity of GFP-LC3-
IT and LC3-II expression. This approach might also be used
for the detection of autophagic flux in different stages of the
cell cycle, or the subG; apoptotic cell population by measur-
ing accumulation of LC3-II in the presence or absence of
lysosomal inhibitors.

Although GFP-LC3 can be used as a reporter for flow
cytometry, it is more stable (which is not necessarily ideal
for flux measurements) than GFP-SQSTM1 or GFP-NBRI1
(NBR1 is an autophagy receptor with structural similarity to
SQSTM1 [496]). GFP-SQSTM1 displays the largest magnitude
change following the induction of autophagy by amino acid
deprivation or rapamycin treatment, and may thus be a better
marker for following autophagic flux by this method (con-
firmed in SH-SY5Y neuronal cell lines stably expressing GFP-
SQSTM1; E.M. Valente, personal communication) [497]. In
addition, to reduce/eliminate potential effects on transcription
or translation of the reporter, a doxycycline-inducible version
of GFP-SQSTM1 can be used [497]. Flow cytometry for LC3,
SQSTM1 or using commercial autophagy kits can also be used
to measure autophagy in a specific cell sub-population iso-
lated from tissue. For example, this approach can measure
autophagy levels specifically in microglia and infiltrating
macrophages in the mouse brain after traumatic brain injury
(M. Lipinski, unpublished data).

Using purification of intracellular vesicles, flow cytometry
can be adapted for a deeper understanding and better

characterization of individual autophagosomes. Single organelle
fluorescence analysis can be applied for the analysis of endo-
somes [498], mitochondria [499], phagosomes [500], autopha-
gosomes and lysosomes [501], using various fluorescent probes.

Finally, probes measuring the autophagic flux without requir-
ing transfection or permeabilization have also been developed.
Such methods are based on dyes that selectively label autophagic
vesicles (autophagosomes and autolysosomes) but not lyso-
somes, and are used for both primary cells [502,503] and cell
lines [504,505] from different species (including non-mammals).
See also: https://bio-protocol.org/e1090.

Conclusion: Medium- to high-throughput analysis of
autophagy is possible using flow and multispectral imaging
cytometry (Figure 19). The advantage of this approach is that
larger numbers of cells can be analyzed with regard to GFP-
LC3 puncta, cell morphology and/or autophagic flux, and
concomitant detection of surface markers can be included,
potentially providing more robust data than is achieved with
other methods. A major disadvantage, however, is that flow
cytometry only measures changes in total GFP-LC3 levels,
which can be subject to modification by changes in transcrip-
tion or translation, or by pH, and this approach cannot
accurately evaluate localization (e.g., to autophagosomes) or
lipidation (generation of LC3-II) without further permeabili-
zation of the cell.

Autophagosome-lytic compartment fusion. Technical limita-
tions have prevented insight into the mechanism of autopha-
gosome-lytic compartment fusion. Disrupting genes encoding
components that play a role in membrane fusion in intact
cells may not only affect autophagy directly but will affect
general vesicular trafficking, which can cause indirect effects
on autophagy. In addition, if a fusion component is involved
in early steps of autophagosome formation, this requirement
will mask its function in late stages of autophagy such as
fusion with the lytic compartment. As a result, it is difficult
to analyze the molecular mechanisms of autophagosome-lytic
compartment fusion in intact cells.

In vitro reconstitutions of autophagosome-vacuole and
autophagosome-lysosome fusion have partially overcome
this problem and made it possible to identify relevant proteins
and their functions in this specific step of autophagy. Both
autophagosome-vacuole fusion in yeast and autophagosome-
lysosome fusion in mammals has been recently reconstituted,
using partially purified fractions of autophagosomes,
vacuoles/lysosomes and cytosol [506-508].

Immunohistochemistry and immunofluorescent staining.

Immunodetection of ATG and related proteins (particularly
LC3 and BECN1) has been reported as a prognostic factor in
various human carcinomas, including lymphoma [265,509],
breast carcinoma [510,511], endometrial adenocarcinoma
[512,513], head and neck squamous cell carcinoma [514-516],
hepatocellular carcinoma [517,518], gliomas [519], non-small
cell lung carcinomas [520], pancreatic [521] and colon adeno-
carcinomas [522-524], as well as in cutaneous and uveal mela-
nomas [525,526]. Unfortunately, the reported changes often
reflect overall diffuse staining intensity rather than appropriately
compartmentalized puncta. Therefore, the observation of
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Figure 19. Assessing autophagy with multispectral imaging cytometry. (A) Bright Detail Intensity (BDI) measures the foreground intensity of bright puncta (that are 3
pixels or less) within the cell image. For each cell, the local background around the spots is removed before intensity calculation. Thus, autophagic cells with puncta
have higher BDI values. (B) Media control (untreated wild type), rapamycin-treated wild-type and atg5~" MEFs were gated based on BDI. Representative images of
cells with high or low BDI values. Scale bar: 10 pm. Images provided by M.L. Albert.

increased levels of diffuse LC3 staining (which may reflect a
decrease in autophagy) should not be used to draw conclusions
that autophagy is increased in cancer or other tissue samples
[527]. Assessing LC3 puncta fails to show prognostic significance
in non-small cell lung cancer [528,529]. Importantly, this kind of
assay should be performed as recommended by the Reporting
Recommendations for Tumor Marker Prognostic Studies
(REMARK) [530]. As we identify new drugs for modulating
autophagy in clinical applications, this type of information may
prove useful in the identification of subgroups of patients for
targeted therapy [531-533].

In the brain of hypoxic-ischemic encephalopathy dead
human newborns, LC3 immunostaining on paraffin sections
has been used to quantify increased autophagosome presence
in dying neurons as shown by increased LC3-positive dots
[534,535]. In mouse and rat tissues, endogenous LC3, ATG4B,
and ATG9A have been detected by immunohistochemical
analyses using both paraffin sections and cryosections [85,
391 [536-539],]. When autophagosomes are absent, the loca-
lization pattern of LC3 in the cells of various tissues is diffuse
and cytosolic. Moreover, intense fibrillary staining of LC3 is
detectable along dendrites of intact neurons, whereas granular

staining for LC3 appears mainly in the perinuclear area of
neurons in CTSD- or CTSB- and CTSL (cathepsin L)-defi-
cient mouse brains [393]. LC3 puncta are also observed in
mice in the peripheral nerves, specifically in Schwann cells
after neurodegeneration [540], and Paneth cells of the small
intestine from human Crohn disease patients and mouse
models of intestinal inflammation driven by ER-stress and
acute radiation injury exhibit strong LC3 puncta staining
[541-543]. In various neurodegenerative states, LC3 puncta
may be numerous in neurites, especially within dystrophic
swellings and, in many cases, these vacuoles are amphisomes
or autolysosomes, reflecting the delayed or inhibited degrada-
tion of LC3 despite the presence of abundant hydrolase activ-
ity [76,83]. In developing inner ear and retinal tissue in
chicken, BECN1 is detected by immunofluorescence; in
chick retina AMBRAL is also detected [393-395]. IHC using
ABC and 3,3'-diamino-benzidine (DAB) as chromogen has
also been used to detect AMBRAI, thus accomplishing a
complete map of AMBRA1 protein distribution in the
mouse brain, and highlighting differential expression in neu-
ronal/glial cell populations. Differences in AMBRA1 content
have been related to specific neuronal features and properties,

5430

5435

5440

5445



5450

5455

5460

5465

5470

5475

5480

5485

5490

5495

5500

5505

76 (&) D.J. KLIONSKY

particularly concerning susceptibility to neurodegeneration,
during aging and amyloid pathology [544]. AMBRAI and
BECNI1 IHC distribution have also been studied in rat brain,
after anti-NGF administration, which results in increased
levels of autophagic proteins in specific brain regions (olfac-
tory bulb, neocortex and hippocampus), suggesting NGF-
modulated autophagic pathways [545]. In mouse platelets,
endogenous PtdIns3P, the product of the BECN1-PIK3C3/
VPS34 protein complex-mediated enzymatic reaction, can be
detected using recombinant GST-2xFYVE followed by anti-
GST immunofluorescence [389]. Finally, in non-mammalian
vertebrates, BECN1 is detected during follicular atresia in the
ovary of three fish species using paraffin sections; a punctate
immunofluorescent staining for BECN1 is scattered through-
out the cytoplasm of the follicular cells when they are in
intense phagocytic activity for yolk removal [546].

Cautionary notes: One problem with LC3 IHC is that in
some tissues this protein can be localized in structures other
than autophagosomes. For example, in murine hepatocytes
and cardiomyocytes under starved conditions, endogenous
LC3 is detected not only in autophagosomes but also on
lipid droplets [547]. In neurons in ATG7-deficient mice, LC3
accumulates in ubiquitin- and SQSTM1-positive aggregates
[548]. In neurons in aging or neurodegenerative disease
states, LC3 is commonly present in autolysosomes and may
be abundant in lipofuscin and other lysosomal residual
bodies [76]. Similarly, accumulation of large LC3-positive
puncta occurring during methamphetamine intoxication
does not derive from stagnant autophagic vacuoles. In fact,
the polarization of LC3 within granules is greatly reduced
and LC3 IHC even monitored by confocal microscopy
demonstrates cytosolic accumulation of the protein, which,
despite being increased, loses its polarization within autop-
hagic granules [549]. This is clearly demonstrated by count-
ing stoichiometrically immunogold-stained LC3 particles
within the cytosol compared with granules. Thus, immuno-
detection of LC3 in cytoplasmic granules is not sufficient to
monitor autophagy in vivo. To evaluate autophagy by the
methods of THC, it is necessary to identify the autophago-
somes directly using the ABC technique for TEM observa-
tion (see Transmission electron microscopy) [77]. Peroxidase
depositions in the vacuoles indicate LC3 expression, detected
by IHC, and therefore identify those structures as autophagic
vacuoles [550].

Conclusion: It has not been clearly demonstrated that IHC
of ATG proteins in tissues corresponds to autophagy activity,
and this area of research needs to be further explored before
we can make specific recommendations.

LC3-HiBiT reporter assay. The Autophagy LC3-HiBiT
reporter assay system is a method that measures autophagic
flux by monitoring total LC3-reporter levels [551]. A plasmid
coding for a human LC3B is tagged to a HiBiT peptide
through a linker. The approach is based on the high affinity
of the HiBiT peptide to the inactive luciferase subunit LgBiT,
that, upon binding, produces an active NanoBiT luciferase
that generates luminescence proportional to the amount of
autophagy. It is recommended to generate stable cell lines
using G418 selection to avoid the variability due to

transfection efficiencies among different cell lines and experi-
ments. The amount of LC3-reporter within the cell can be
measured by the addition of lysis buffer mixed with the LgBiT
protein and the substrate. After incubation at room tempera-
ture for 10 min, luminescence can be measured in a micro-
plate reader (integration time of 0.5-2 s) and it is stable for up
to three h. Induction of autophagy, such as through starva-
tion, or MTORCI inhibition via PP242 treatment or siRNA
knockdown of RPTOR, decrease luminescence readings.
Conversely, blockade of autophagy flux, for example by treat-
ment with CQ, increases the luminescence readings (Figure
20A). A major advantage of this reporter system is that it
allows for determination of autophagic flux upon exposure to
a large number of conditions at the same time and, therefore,
is suitable for large-scale screens using 96- or 386-well plate
formats.

Cautionary notes: One caveat to the immunostaining vali-
dation of cells that stably express LC3-HiBiT is the inability of
widely-used LC3 antibodies (such as the LC3B antibody from
Cell Signaling Technology [2775] that targets the N terminus
of LC3B) to recognize the amino terminal HiBiT-tagged LC3
resolved on protein blots. This limitation can be overcome by
the use of the Nano-Glo® HiBiT blotting system (Promega,
N2410) that detects the amino terminal HiBiT-tagged LC3B-1/
II as proteins of approximately 55 kDa (Figure 20B,C). For
conditions that might affect cell number/viability, it is recom-
mended to prepare a separate culture plate(s) with an iden-
tical treatment condition(s) in parallel for cell number/
viability measurement (e.g., using Hoechst staining of the
nucleus followed by quantification). Alternatively, the
Autophagy LC3-HiBiT reporter assay system could also be
multiplexed with the CellTox™ Green Cytotoxicity Assay
(Promega, G8741) for cell viability assessment within the
same sample well.

In vitro enzymatic lipidation of human Atg8-family proteins:
Preparation of fluorescent Atg8-PE conjugates. After activa-
tion by ATG4B, covalent attachment of an Atg8-family pro-
tein to PE is mediated by a ubiquitin-like chain of enzymatic
steps involving the El-like ATG7 and the E2-like ATGS3.
These reactions can be reconstituted in vitro, using recombi-
nant purified proteins, liposomes and ATP. To study the role
of these protein-lipid complexes in membrane tethering and
fusion processes, the enzymatically driven lipidation reaction
of the human Atg8-family proteins can be reconstituted.
Reaction systems including ATG7, ATG3, ATP, and lipo-
somes lead to the formation of a more rapidly migrating
band that is readily visualized by Coomassie Brilliant Blue
staining. To confirm the lipidation reaction, conjugation mix-
tures are prepared with liposomes containing 10% of the
fluorescent phospholipid derivative NBD-PE. In each case,
reactions lead to the formation of fluorescent, faster-migrating
bands representing the lipidated products of Atg8-family pro-
teins [552].

SQSTM1 and related LC3-binding protein turnover assays

In addition to LC3, SQSTMI1, or other receptors such as
NBR1, can also be used as protein markers, at least in certain
settings [30,553]. For example, SQSTM1 can be detected as
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Figure 20. HiBiT-LC3B imitates endogenous LC3B response upon autophagy perturbation. (A) Principle of the Autophagy LC3-HiBiT reporter assay system. (B)
HCT116 (parent) and stable HCT116-LC3 HiBIiT cell lines were exposed to vehicle control (Veh Ctrl), chloroquine (CQ; 25 pM) or the CSNK1A1/CK1a (casein kinase 1
alpha 1) inhibitor D4476 (10 pM) for 24 h, which increases LC3 abundance [4084]. Cell lysates (30 pg) were resolved in 12% SDS-PAGE gels and transblotted to
nitrocellulose membranes. Nano-Glo HiBiT Blotting System (Promega, N2410) was used to detect HiBiT-LC3B (expected molecular size of 55 kDa) using Tris-buffered
saline supplemented with 0.1% Tween 20. The HiBiT-LC3B blot was imaged after 20 min incubation with the substrate. Loading control (KIF11/Eg5; Cell Signaling
Technology, 4203) and endogenous LC3B (Cell Signaling Technology, 2775) were detected via standard immunoblotting (leftmost lane in immunoblots: protein
ladder). Image provided by John J.E. Chua and Jit K. Cheong. (C) U20S LC3 HiBIT cells treated with autophagy inducers or inhibitors. Effect on autophagic flux was
measured in cells incubated in normal or starvation medium (HBSS) alone or containing bafilomycin A; (50 nM) or torin1 (25 nM) for 3 h using the HiBiT
luminescence assay. Bars are mean * s.e.m. of triplicate samples. ***P < 0.001 vs. untreated normal media control; t-test. AU, arbitrary units. Image provided by Silvia
Vega-Rubin-de-Celis.
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puncta by IHC in cancer cells or primary neurons, similar to
LC3 [515]; however, note that it is critical to freshly cut
formalin fixed paraffin embedded/FFPE tissue before IHC
for LC3 [554,555]. The SQSTMI1 protein serves as a link
between LC3 and ubiquitinated substrates [119]. SQSTM1
and SQSTMI1-bound polyubiquitinated proteins become
incorporated into the completed autophagosome and are
degraded in autolysosomes, thus serving as an index of autop-
hagic degradation (Figure 21). In addition, SQSTMI1 can also
bind RNA substrates, which controls RNA turnover via auto-
lysosomes [556]. Inhibition of autophagy can correlate with
increased levels of SQSTM1 in mammals, C. elegans and
Drosophila, suggesting that steady state levels of this protein
reflect the autophagic status [81, 536 [557-562],]. Deficiency
of the LIR domain-containing, SQSTM1-interacting SPRED2
results in an accumulation of SQSTM1 in the heart in vivo,
accompanied by an altered LC3 turnover and reduced autop-
hagy [563]. Similarly, decreased SQSTM1 levels are associated
with autophagy activation; however, similar to LC3-II, lyso-
somal inhibitors (such as CQ) can be used to assess increased
autophagy flux based on an accumulation of SQSTMI1
[86,564]. The phosphorylation of SQSTM1 at Ser403 appears
to regulate its role in the autophagic clearance of ubiquiti-
nated proteins, and anti-phospho-SQSTM1 antibodies can be
used to detect the modified form of the protein [427].
Cautionary notes: SQSTM1 changes can be cell-type and
context specific. In some cell types, there is no change in the
overall amount of SQSTM1 despite strong levels of autophagy
induction, verified by the tandem mRFP/mCherry-GFP-LC3
reporter as well as ATG7- and lysosome-dependent turnover
of cargo proteins (C.T. Chu, personal observation). In other
contexts, a robust loss of SQSTM1 does not correlate with
increased autophagic flux as assessed by a luciferase-based
measure of flux [336]; a decrease of SQSTM1 can even relate
to a blockage of autophagy due to cleavage of the protein,

A Wild-type
Time (h): 0 0.5 2
SQSTM1 +—

atg5”-
Time (h): 0 0.5 2
SQSTM1{—

B A5 - -

SQSTM1+4+—

Figure 21. Regulation of the SQSTM1 protein during autophagy. (A) The level of
SQSTM1 during starvation. Atg5™* and atg5~" MEFs were cultured in DMEM
without amino acids and serum for the indicated times, and then subjected to
immunoblot analysis using anti-SQSTM1antibody (Progen Biotechnik, GP62). This
figure was previously published in ref. [30], and is reproduced by permission of
Landes Bioscience, copyright 2007. (B) The level of SQSTM1 in the brain of
neural-cell specific atg5 knockout mice. Image provided by T. Hara.

together with other autophagy proteins, by caspases or cal-
pains [565].

In some systems, even transgenic constructs may not allow
reliable detection of SQSTMI1. For instance, although very
informative to monitor autophagy levels in the C. elegans
embryo, SQST-1::GFP (a tagged version of the C. elegans
SQSTM1 homolog) is not detectable in most adult tissues
unless it is stabilized with background mutations such as
rpl-43  (encoding the ribosomal protein RPL-43).
Stabilization of SQST-1:GFP via rpl-43 mutation does not
affect the degradation of the autophagy substrates so far
tested, and reduced SQST-1::GFP signal is observed in condi-
tions of increased autophagic flux such as starvation [566];
however, animals show signs of generalized sickness, and
altered lifespan, and RNAi against some autophagy genes (e.
g., vps-34) leads to increased, instead of reduced, SQST-1::
GFP signal (E.J. O’Rourke, personal communication).
SQSTM1 changes can be treatment specific such that che-
motherapy-induced autophagy increases LC3-II without
changing SQSTMI1, whereas radiation-induced autophagy
increases LC3-II and decreases SQSTMI1 in ERBB2/HER2-
overexpressing mouse mammary carcinoma cells [567].

SQSTM1 may be transcriptionally upregulated under some
conditions [419 [568-571],], as observed in several C. elegans
longevity models [572,573], further complicating the interpre-
tation of results. For example, SQSTM1 upregulation, and at
least transient increases in the amount of SQSTMI, is seen in
some situations where there is an increase in autophagic flux
[574-576]. One such case is seen during retinoic acid-induced
differentiation of acute myeloid leukemia (AML) cells where
SQSTM1 is upregulated [569] with concomitant increased
autophagic flux [577]. Synovial fibroblasts obtained from
patients with rheumatoid arthritis also exhibit a significant
upregulation of SQSTM1 with concomitant increased autop-
hagy flux [578]. Activation of a signaling pathway, e.g., RAF1/
Raf-MAP2K/MEK-MAPK/ERK, can also upregulate SQSTM1
transcription [579]. SQSTM1 mRNA is also upregulated fol-
lowing prolonged starvation, which can restore the SQSTM1
protein level to that before starvation [580,581]. In the same
way, physical exercise, especially when performed during
starvation, increases the SQSTMI1 mRNA level in skeletal
muscle, and can lead to an incorrect interpretation of autop-
hagic flux if only the protein level is measured [582,583].
Another instance when both mRNA and protein levels of
SQSTM1 are elevated, even though autophagic flux is not
impaired, is observed in aneuploid human and murine cells
that are generated by introduction of one or two extra chro-
mosomes [584,585].

The SQSTMI protein level also increases when autophagy
needs to be triggered. SQSTMI expression can be positively
regulated post-transcriptionally by the ELAVL1/HuR protein
which binds to the SQSTMI transcript in ARPE19 cells
exposed to 24-h MG132 treatment [359]. Two-h AICAR +
MG132 pro-autophagic cotreatment similarly induces the
binding of ELAVLI/HuR protein to SQSTMI mRNA, its
loading on polysomes and its translation into de novo protein,
an effect that is required to trigger autophagy and is prevented
by the protein synthesis inhibitor puromycin [586]. Moreover,
SQSTMI1 can be regulated by the integrated stress response,
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which can promote accumulation of protein in cells that is
dependent on the EIF2S1/elF2a pathway of translational con-
trol (R.E. Simmonds, personal communication). Thus, appro-
priate positive and negative controls are needed prior to the
use of SQSTM1 as a flux indicator in a particular cellular
context, and we recommend monitoring the SQSTM!I
mRNA level as part of a complete analysis, or determining
the SQSTM1 protein level in the presence of the transcription
inhibitor actinomycin D or the p-EIF2S1 antagonist ISRIB.

Of interest, SQSTM1 overexpression at both the gene and
protein levels can be observed in muscle atrophy induced by
cancer, though not by glucocorticoids, suggesting that the
stimulus inducing autophagy may also be relevant to the
differential regulation of autophagy-related proteins [587].
One solution to problems relating to variations in SQSTM1
expression levels is to use a HaloTag®-p62 (SQSTM1) chimera
[588]. The chimeric protein can be covalently labeled with
HaloTag® ligands, and the loss of signal can then be mon-
itored without interference by subsequent changes in protein
synthesis. Similarly, a stable cell line expressing EGFP-tagged
SQSTM1 under the control of an inducible promoter can be
used to assess the rates of SQSTM1 degradation, taking into
account the limitations outlined above (see Autophagic flux
determination using flow and multispectral imaging cytometry)
[497]. A similar system exists in Drosophila in which a GFP-
tagged ref(2)P/SQSTMI1 can be expressed using the UAS-
GAL4 system [589]. It is worth noting that tetracycline can
reduce autophagy levels; therefore, the appropriate control of
only tetracycline addition has to be included if using an
inducible promoter that responds to this drug [590].
Furthermore, the toxicity of tetracycline antibiotics toward
mitochondria is well known (these drugs induce a mitochon-
drial unfolded protein response) [591], such that their use
may trigger mitophagy, or other mitochondrial signaling
events that interface with the autophagic machinery, thus
complicating the interpretation of any results. Yet another
solution is to employ a radioactive pulse-chase assay to mea-
sure the rates of SQSTM1 degradation [592].

SQSTMI contains a LIR as well as a ubiquitin binding
domain and appears to act by linking ubiquitinated substrates
with the autophagic machinery. Nonetheless, it would be pru-
dent to keep in mind that SQSTM1 contains domains that
interact with several signaling molecules [593], and SQSTM1
may be part of MTORC1 [594]. Thus, SQSTM1 may have
additional functions that need to be considered with regard to
its role in autophagy. In the context of autophagy as a stress
response, the complexity of using SQSTM1 as an autophagy
marker protein is underscored by its capacity to modulate the
NFE2L2/NRF2 anti-oxidant response pathway through a
KEAP1 binding domain [595,596]. In fact, SQSTM1 may, itself,
be transcriptionally induced by NFE2L2 [597]. Furthermore, it
is preferable to examine endogenous SQSTMI1 because over-
expression of this protein leads to the formation of protein
inclusions. In fact, even endogenous SQSTM1 becomes Triton
X-100-insoluble in the presence of protein aggregates and when
autophagic degradation is inhibited; thus, results with this
protein are often context-dependent.

Indeed, there is a reciprocal crosstalk between the UPS and
autophagy, with SQSTM1 being a key link between them
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[598,599]. First, SQSTMI participates in proteasomal degra-
dation, and its level may also increase when the proteasome is
inhibited [600]. Accordingly, the SQSTMI1 degradation rate
should be analyzed in the presence of a proteasomal inhibitor
such as epoxomicin or lactacystin to determine the contribu-
tion from the proteasome (see Autophagy inhibitors and indu-
cers for potential problems with MG132) [601]. Second, the
accumulation of SQSTM1 due to autophagy inhibition can
impair UPS function by competitively binding ubiquitinated
proteins, preventing their delivery to, and degradation by, the
proteasome [602]. Inhibition of autophagy by treatment with
3-MA (5 mM, 4 h) increases the accumulation of MAPT/tau
oligomers within neurites of primary transgenic (prepared
from PS19 mouse embryos, expressing the frontotemporal
dementia P301S mutant MAPT [603]) cultured neurons,
reducing their access to the soma and lysosomes for degrada-
tion [604]. Furthermore, USP14, a major proteasomal deubi-
quitinase that regulates degradation through the proteasome,
interacts with the UBA domain of SQSTM1 as well as LC3. In
addition, levels as well as chromatin recruitment of USP14 are
upregulated in autophagy-deficient cells upon DNA damage,
and knockdown of SQSTMI1 in autophagy-deficient cells
decreases USP14 levels [605,606]. These data clearly indicate
that autophagy regulates USP14 degradation in an SQSTM1-
dependent manner. Accordingly, it may be advisable to mea-
sure the UPS flux by using Ub%’®V-GFP, a ubiquitin-protea-
some activity reporter [607], when SQSTMI1 accumulation is
observed. Thus, it is very important to determine whether
autophagy alone or in conjunction with the UPS accounts
for substrate degradation induced by a particular biological
change. A number of stressors that impair the UPS induce the
aggregation/dimerization of SQSTM1, and this can be seen by
the detection of a high molecular mass (~150 kDa) protein
complex by western blot, which is recognized by SQSTM1
antibodies [564,608,609] Although the accumulation of this
protein complex can be related to the accumulation of ubi-
quitinated SQSTM1-bound proteins, or the dimerization/
inactivation of SQSTM1 [564,610], evaluation of the ratio
between SQSTM1 aggregates/dimers and SQSTM1 monomers
is likely a better measurement of changes in SQSTMI
dynamics linked to autophagy or the UPS.

SQSTMLI is also a substrate for CASP6 (caspase 6) and
CASP8 (as well as CAPNI1 [calpain 1]), which may confound
its use in examining cell death and autophagy [611]. This is
one reason why SQSTM1 degradation should also be analyzed
in the presence of a pan-caspase inhibitor such as Q-VD-OPh
before concluding that autophagy is activated based on a
decrease of this protein [565]. Another issue is that some
phosphatidylinositol 3-kinase (PtdIns3K) inhibitors such as
LY294002, and to a lesser extent wortmannin (but apparently
not 3-MA) [435], can inhibit protein synthesis [612]; this
might in turn affect the turnover of SQSTMI1 and LC3,
which could influence conclusions that are drawn from the
status of these proteins regarding autophagic flux or ALIS
formation. Accordingly, it may be advisable to measure pro-
tein synthesis and proteasome activity along with autophagy
under inhibitory or activating conditions [613]. With regard
to protein synthesis, it is worth noting that this can be mon-
itored through a nonradioactive method [614].
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Western blot analysis of cell lysates prepared using NP40-
or Triton X-100-containing lysis buffers in autophagic condi-
tions typically shows a reduction in SQSTM1 levels. However,
this does not necessarily indicate that SQSTM1 is degraded,
because SQSTM1 aggregates are insoluble in these detergent
lysis conditions [419,615]. Moreover, in some instances
SQSTML1 levels do not change in the soluble fractions despite
autophagic degradation, a finding that might be explained by
simultaneous transcriptional and translational induction of
the gene encoding SQSTMI, because the soluble fraction
accounts only for the diffuse or free form of SQSTMI.
Accumulation of SQSTM1 in the Triton X-100-insoluble frac-
tion can be observed when autophagy-mediated degradation
is inhibited. Under conditions of higher autophagic flux,
accumulation of SQSTM1 in Triton X-100-insoluble fractions
may not be observed, and SQSTMI1 levels may be reduced or
maintained. The simplest approach to circumvent many of
these problems is using lysis buffer that allows identification
of the entire cellular pool of SQSTM1 (e.g., containing 1%
SDS); however, additional assessment of both Triton X-100-
soluble and -insoluble fractions will provide further informa-
tion regarding the extent of SQSTM1 oligomerization [548].
Note, when performing a western blot using an SQSTMI1
antibody, it is always a good idea to include a positive control
in which SQSTM1 accumulates, such as an atg8a mutant (e.g.,
see Fig. S3 in ref [616].).

To conclusively establish SQSTMI1 degradation by autop-
hagy, SQSTM1 levels in both Triton X-100-soluble and -inso-
luble fractions need to be determined upon treatment with
autophagy inducers in combination with autophagy inhibitors,
such as those that inhibit the autolysosomal degradation steps
(e.g., protease inhibitors, CQ or bafilomycin A;). Additionally,
an alteration in the level of SQSTMI1 may not be immediately
evident with changes observed in autophagic flux upon certain
chemical perturbations (S. Sarkar, personal communication).
Whereas LC3 changes may be rapid, clearance of autophagy
substrates may require a longer time. Therefore, if LC3 changes
are assessed at six h or 24 h after a drug treatment, SQSTMI
levels can be tested not only at the same time points, but also at
later time points (24 h or 48 h) to determine the maximal
impact on substrate clearance. An alternative method is immu-
nostaining, with and without autophagy inhibitors, for
SQSTM1, which will appear as either a diffuse or punctate
pattern. Experiments with autophagy inducers and inhibitors,
in combination with western blot and immunostaining ana-
lyses, best establish autophagic degradation based on SQSTM1
turnover. A final point, however, is that empirical evidence
suggests that the species-specificity of antibodies for detecting
SQSTM1 must be taken into account. For example, some
commercial antibodies recognize both human and mouse
SQSTM1, whereas others detect the human, but not the
mouse protein [617]. Another issue with detecting SQSTM1
in the context of human diseases is that it can be mutated (e.g.,
in Paget disease of bone) [618]. Thus, care should be taken to
ensure that potential mutations are not affecting the epitopes
that are recognized by anti-SQSTMI1 antibodies when using
western blotting to detect this protein.

As an alternative, the SQSTM1:BECN1 protein level ratio
can be used as a readout of autophagy [619]. Because both

decreased SQSTM1 levels and increased BECN1 levels corre-
late with enhanced autophagy, a decreased SQSTM1:BECN1
protein level ratio (when derived from the same protein
extract) may, cautiously, be interpreted as augmented autop-
hagy, keeping in mind that SQSTMI gene expression varies
significantly under different conditions and may obscure the
meaning of a change in the amount of SQSTMI protein.
Another substantial alternate is analysis of neomycinepho-
sphotransferase II (NeoR) degradation. NeoR is an exclusive
autophagic substrate [620,621]. NeoR-GFP degradation is
completely blocked by autophagic inhibitors such as 3-MA,
but does not respond to inhibitors of proteasomal degrada-
tion. Inhibition of autophagy leads to accumulation of NeoR-
GFP, resulting in enhanced GFP fluorescence [621]. NeoR-
GFP gene expression is not affected by most autophagy indu-
cers including H,0, (that transcriptionally upregulate
SQSTM1), however, degradation can be evaluated by accu-
mulation of NeoR-GFP puncta under confocal microscopy or
by analyzing total protein level by western blot of GFP.

As a general note, using ratios of the levels of proteins
changing in opposite directions, rather than the protein levels
themselves, could be beneficial because it overcomes the load-
ing normalization issue. The often-used alternative approach
of housekeeping proteins to normalize for loading biases
among samples is sometimes problematic as levels of the
HKPs change under various physiological, pathological and
pharmacological conditions [269 [622-626],].

Finally, a novel protein family of autophagy receptors,
named CUET (from Cue5/TOLLIP), was identified, which in
contrast to SQSTMI1 and NBR1 has members that are present
in all eukaryotes [627,628]. The CUET proteins also possess a
ubiquitin-binding CUE-domain and an Atg8-family interact-
ing motif (AIM)/LIR sequence that interacts with Atg8-family
proteins. In their absence, cells are more vulnerable to the
toxicity resulting from aggregation-prone proteins, showing
that CUET proteins, and more generally autophagy, play a
critical evolutionarily conserved role in the clearance of cyto-
toxic protein aggregates [627]. Experiments in yeast have
shown that Cue5 and the cytoplasmic proteins that require
this autophagy receptor for rapid degradation under starva-
tion conditions could be potentially good marker proteins for
measuring autophagic flux [629]. Studies with mammalian
immune cells indicate that TOLLIP is primarily responsible
for the final step of autophagy, and facilitates the fusion of
lysosomes with autophagosomes, lipid droplets, or peroxi-
somes [630]. TOLLIP may fulfill its critical function of lyso-
some fusion through its interaction with phospholipid
[631,632]. TOLLIP-deficient monocytes are defective in lyso-
some fusion and are programmed into an inflamed state with
elevated CCR5 and enhanced expression of chemokines such
as CCL2/MCP1 [631,633]. Pathologically, TOLLIP-deficient
mice tend to develop more severe atherosclerosis as well as
neurological defects [633,634].

Another recent study demonstrated a functional link
between CLEC16A and disrupted mitophagy in murine sple-
nic immune cells and showed that incomplete mitophagy
predisposes clecl6a knockout mice to a cascade of altered
immune signaling functions resulting in pathogenic inflam-
mation [319,320].
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Special caution must be taken when evaluating SQSTM1
levels in models of protein aggregation. Small protoaggregates
often stain positively for SQSTM1 and may be similar in size
to autophagic puncta. Similarly, GFP-u/GFP-degron reporters
(designed as an unstable variant that undergoes proteasome-
dependent degradation) will mark SQSTMI1-positive protein
inclusions [635]. Finally, some types of aggregates and inclu-
sions will release soluble SQSTMI1 or GFP-u/GFP-degron
under cell lysis or denaturing conditions, which can skew
the interpretation of soluble SQSTMI1 and/or proteasomal
function, accordingly.

Conclusion: There is not always a clear correlation
between increases in LC3-II and decreases in SQSTMI.
Thus, although analysis of SQSTM1 can assist in assessing
the impairment of autophagy or autophagic flux, we recom-
mend using SQSTM1 only in combination with other meth-
ods detailed in these guidelines to monitor flux. See also the
discussion in Autophagic flux determination using flow and
multispectral imaging cytometry.

(1) TOR/MTOR, AMPK and Atgl/ULKI. Atgl/ULK1
are central components in autophagy that likely act
at more than one stage of the process. There are
multiple ULK isoforms in mammalian cells including
ULK1, ULK2, ULK3, ULK4 and STK36 [636]. ULK3
is a positive regulator of the Hedgehog signaling
pathway [637], and its overexpression induces both
autophagy and senescence [638]. Along these lines,
ectopic ULK3 displays a punctate pattern upon star-
vation-induced autophagy induction [638]. ULK3,
ULK4 and STK36, however, lack the domains present
on ULK1 and ULK2 that bind ATG13 and RB1CC1/
FIP200 [639]. Thus, ULK3 may play a role that is
restricted to senescence and that is independent of
the core autophagy machinery. ULK2 has a higher
degree of identity with ULK1 than any of the other
homologs, but they may have both similar and dis-
tinct functions that are tissue- or cell-type specific
[640-644]. Specifically in relation to autophagy, phar-
macological inhibition of ULK1 and ULK2, with the
compound MRT68921, blocks the process, and
expression of a drug-resistant ULK1 mutant is suffi-
cient to rescue this block [457]. However, at least in
some cell types, ULK2 can likely compensate for loss
of ULKI. For instance, in LNCaP cells, combined
knockdown of ULK1 and ULK2 provides a substan-
tially stronger inhibition of basal and starvation-
induced autophagic sequestration and degradation
activity than knockdown of ULKI alone (N.
Engedal, personal communication). ULK1 activity
can also be inhibited by the expression of a domi-
nant-negative ULK1 mutant [645,646]. The stability
and activation of ULK1, but not ULK2, is dependent
on its interaction with the HSP90-CDC37 chaperone
complex. Pharmacological or genetic inhibition of the
chaperone complex increases proteasome-mediated
turnover of ULK1, impairing its kinase activity and
ability to promote both starvation-induced autophagy
and mitophagy [647]. In addition, ULKI1 is
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ubiquitinated for its activation through TRAF6-
dependent K63-linked ubiquitination [501], or for
degradation  through  CUL3-KLHL20-dependent
K48-linked ubiquitination [648]. GCA (grancalcin)
inhibits K48-linked ubiquitination and activates
TRAF6-dependent K63-linked ubiquitination of
ULKI1 to induce autophagy [649].

AMPK (AMP-activated protein kinase) is a multimeric
serine/threonine protein kinase comprised of PRKAA1/
AMPKal or PRKAA2/AMPKa2 (a, catalytic), the PRKAB1/
AMPKP1 or PRKAB2/AMPKP2 (B, scaffold), and the
PRKAG1/AMPKyl, PRKAG2/AMPKy2 or PRKAG3/
AMPKy3 (y, regulatory) subunits. The enzyme activity of
AMPK is dependent on phosphorylation of the PRKAA2/
a2-subunit on Thrl172 (corresponds to Thrl83 in al)
[459,460], and, therefore, can be conveniently monitored by
western blotting with a phosphospecific antibody against this
site. Depending on the stimulus and cell type, Thr172 is
phosphorylated either by CAMKK2/CaMKK, STK11/LKB1
or MAP3K7/TAKI. Inhibition of AMPK activity is mediated
primarily by Thr172-dephosphorylating protein phosphatases
such as PPP1/PP1 (protein phosphatase 1) and PPP2/PP2A
(protein phosphatase 2) [650]. Thr172 dephosphorylation is
modulated by adenine nucleotides that bind competitively to
regulatory sites in the PRKAG/y-subunit. AMP and ADP
promote phosphorylation and AMPK activity, whereas Mg®
*_ATP has the opposite effect [651]. Moreover, Thr172 phos-
phorylation and AMPK activation can be enhanced by
PRKDC (protein kinase, DNA-activated, catalytic subunit)-
mediated phosphorylation of PRKAG1/AMPKYy1, which pro-
motes the lysosomal localization of the AMPK complex [652].
Thus, AMPK acts as a fine-tuned sensor of the overall cellular
energy charge that regulates cellular metabolism to maintain
energy homeostasis. Overexpression of a dominant negative
mutant (R531G) of PRKAG2, the y-subunit isoform 2 of
AMPK that is unable to bind AMP, makes it possible to
analyze the relationship between AMP modulation (or altera-
tion of energetic metabolism) and AMPK activity [653,654].
Activation of AMPK is also associated with the phosphoryla-
tion of downstream enzymes involved in ATP-consuming
processes, such as fatty acid (ACAC [acetyl-CoA carboxylase])
and cholesterol (HMGCR [3-hydroxy-3-methylglutaryl-CoA
reductase]) biosynthesis.

The role of AMPK in autophagy is complex and highly
dependent on both cell type and metabolic conditions. In
yeast, the AMPK ortholog Snfl shows autophagy inhibitory
functions dependent on its ability to inhibit cytosolic Accl
(acetyl-CoA carboxylase)-mediated lipogenesis, which is
required for autophagy in stationary phase cells [655].
AMPK also exerts autophagy inhibitory effects through dis-
tinct ULK1-dependent effects on autophagosome formation
and lysosomal acidification in cancer cell lines [656].
Furthermore, as noted above, there are two isoforms of the
catalytic subunit, PRKAA1/AMPKal and PRKAA2/AMPKa2,
and these may have distinct effects with regard to autophagy
(C. Koumenis, personal communication) [657]. In liver cells,
AMPK suppresses autophagy at the level of cargo sequestra-
tion, as indicated by the rapid sequestration-inhibitory effects
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of a variety of AMPK activators, whereas it appears to stimu-
late autophagy in many other cell types, including fibroblasts,
colon carcinoma cells and skeletal muscle [658-667], and
there appears to be a completely AMPK-dependent type of
autophagy [668]. Autophagy-promoting effects of AMPK are
most evident in cells cultured in a complete medium with
serum and amino acids, where cargo sequestration is other-
wise largely suppressed [664]. Amino acids acutely activate
AMPK, which sustains autophagy under nutrient sufficiency
[669]. Presumably, AMPK antagonizes the autophagy-inhibi-
tory effect of amino acids (at the level of phagophore assem-
bly) by phosphorylating proteins involved in MTORCI1
signaling, such as TSC2 [670] and RPTOR/raptor [670] as
well as the MTORCI1 target ULKI (see below) [671-673].

Compound C is an effective and widely used inhibitor of
activated (phosphorylated) AMPK [674,675]. However, being a
nonspecific inhibitor of oxidative phosphorylation [676,677],
this drug has been observed to inhibit autophagy under condi-
tions where AMPK is already inactive or knocked out [678,679],
and it has even been shown to stimulate autophagy by an AMP-
independent mechanism [677,680]. Compound C thus cannot
be used as a stand-alone indicator of AMPK involvement, but
can be used along with shRNA-mediated inhibition of AMPK.

TORCI is an autophagy-suppressive regulator that integrates
growth factor, nutrient and energy signals. In most systems,
inhibition of MTOR leads to induction of autophagy, and
AMPK activity is generally antagonistic toward MTOR function.
MTORCI mediates the autophagy-inhibitory effect of amino
acids, which stimulate the MTOR protein kinase through a
RRAG GTPase heterodimer. INS (insulin) and growth factors
activate MTORCI through upstream kinases including AKT/
protein kinase B and MAPK1/ERK2-MAPK3/ERK1 when the
energy supply is sufficient, whereas energy depletion may induce
AMPK-mediated MTORCI1 inhibition and autophagy stimula-
tion, for example, during glucose starvation. In contrast, amino
acid starvation can strongly induce autophagy even in cells
completely lacking AMPK catalytic activity [681]. The impact
of MTORCI on autophagy is furthermore underlined in the
pathological setting of a lysosomal storage disease based on
insufficient MTORCI1 activation and subsequent increased
autophagosome formation due to hereditary TBCK (TBCl
domain containing kinase) deficiency [682,683].

MTORCI1-mediated autophagy is negatively regulated by
SHOC2, a scaffold protein that activates the RAS-RAF-MAPK
signaling pathway [684,685]. Specifically, SHOC2 binds to
RPTOR and dislodges it from MTORCI, leading to
MTORCI inactivation and autophagy induction [686,687].
Thus, MTORC1 signaling can be negatively regulated by
MAPK signaling.

AMPK and MTORCI regulate autophagy through coordi-
nated phosphorylation of ULKI1. Under glucose starvation,
AMPK apparently promotes autophagy by directly activating
ULK1 through phosphorylation, although the exact AMPK-
mediated ULK1 phosphorylation site(s) remains controversial
(Table 2) [667 [671-673],]. Under conditions of nutrient suffi-
ciency, high MTORCI1 activity prevents ULK1 activation by phos-
phorylating alternate ULK1 residues and disrupting the
interaction between ULK1 and AMPK. There are commercially
available phospho-specific antibodies that recognize different

forms of ULKI. For example, phosphorylation at Ser556 in
human (corresponds to Ser555 in mouse), an AMPK site, is
indicative of increased autophagy in response to nutrient stress,
whereas Ser758 in human (corresponds to Ser757 in mouse) is
targeted by MTOR to inhibit autophagy. Even the autophagy-
suppressive effects of AMPK could, conceivably, be mediated
through ULK1 phosphorylation, for example, at the inhibitory
site Ser638 [688]. AMPK inhibits MTORCI1 by phosphorylating
and activating TSC2 [670], as well as by phosphorylating the
MTOR binding partner RPTOR [689]. Therefore, AMPK is
involved in processes that synergize to activate autophagy, by
directly activating ULK1, and indirectly impairing MTOR-depen-
dent inhibition of ULKI1. In addition, IPMK (inositol polypho-
sphate multikinase) can act as a scaffold protein to influence
AMPK-dependent ULK phosphorylation [690]. The identifica-
tion of ULK1 as a direct target of MTORC1 and AMPK represents
a significant step toward the definition of new tools to monitor the
induction of autophagy. ULK1 and ATG13 are also phosphory-
lated by CCNB/cyclin B in mitosis to activate autophagy [691].
In addition to ULK1 regulation by AMPK and MTORCI1
under conditions of glucose starvation, in skeletal muscle
ULK1 is activated by MAPK11/p38p in response to a tumor
burden through phosphorylation of Ser555 in mice. Despite
AMPK activation (phosphorylation on Thrl72) by factors
released from tumor cells, inhibition of AMPK with compound
C does not alter ULK1 phosphorylation on Ser555 and activation
of autophagy in these conditions. Conversely, MAPKI11 gain-
and loss-of-function assays indicate that MAPK11 is a key acti-
vator of ULK1 and autophagy in the cancer milieu [692].
Further studies directed at identifying physiological substrates
of ULK1 will be essential to understand how ULK1 activation
results in initiation of the autophagy program. So far, several
ULK]1 substrates have been reported, and these can be classified
into 4 subgroups: 1) components of the ULK1 complex; 2) com-
ponents of the class IIT PtdIns3K complex I; 3) other autophagy-
related proteins; or 4) non-autophagy-related proteins. Numerous
groups have shown that ULK1 autophosphorylates and transpho-
sphorylates its binding partners ATG13, RB1CC1, and ATG101
(646, 647 [693-701],]. So far, only the ULK1 autophosphorylation
at Thr180 and Ser1047, and the phosphorylation of ATGI13 at
Ser318 (human isoform 2) have been shown to be functionally
relevant. ATG13 phosphorylation at Ser318 by ULK1 is required
for efficient clearance of damaged mitochondria [647]. The func-
tional relevance of ULK1-dependent phosphorylation of RBICC1
and ATGIO1 awaits further clarification. With regard to the
components of the class III PtdIns3K complex I, ULK1-dependent
phospho-acceptor sites have been identified in PIK3C3/VPS34
(phosphatidylinositol 3-kinase catalytic subunit type 3), BECN1,
ATG14, and AMBRA1 [695 [702-706],]. Following amino acid
starvation or MTOR inhibition, the activated ULK1 phosphory-
lates ATG14 on Ser29 and BECN1 on Ser14 and Ser30, enhancing
the activity of the complexes containing ATG14 and PIK3C3/
VPS34. These ATG14 and BECN1 phosphorylations by ULK1 are
required for full autophagic induction in response to amino acid
starvation or MTOR inhibition [702,705]. ULK1-dependent phos-
phorylation of BECN1 at Ser30 also stimulates autophagosome
formation in response to hypoxia [706]. Next to the two autop-
hagy-initiating complexes, other ATG proteins have been identi-
fied as ULK1 substrates, notably ATG4B, ATG9A, and ATG16L1

6070

6075

6080

6085

6090

6095

6100

6105

6110

6115

6120

6125



AUTOPHAGY 83

Table 2. Phosphorylation targets of AKT, AMPK, GSK3B, MTORC1, PKA and Atg1/ULK1.

Protein and
phosphorylation site Main kinase Function Ref
Acc1 (51157 in yeast)  Snf1 Inhibits de novo lipogenesis required for stationary phase autophagy [655]
AMBRA1 S52 MTORC1 Inhibits AMBRA1-dependent activation of ULK1 [741]
Atg1 TORC1 Inhibits Atg1 kinase activity [744]
Atg1 PKA Regulation of kinase activity [2652]
ATG4B S316 ULK1 Inhibits ATG4B activity and LC3 processing [708]
Atg9 Atg1l Recruitment of Atg protein to the PAS [2653]
ATG9 S14 ULK1 Promotes ATG9 trafficking in response to starvation [707]
ATG9 S761 AMPK Participates in the recruitment of lipids to the phagophore [2654]
Atg13 TORC1 Interaction with Atg1, assembly of Atg1 kinase complex [744,
2655]
Atg13 PKA Regulates localization to the PAS [2656]
ATG13 S318 ULK1 Required for clearance of depolarized mitochondria [647]
ATG14 S29 ULK1 Promotes autophagy by increasing PtdIns3K complex activity [702,
2657]
BECN1 S14 ULK1 Increases the activity of the PtdIns3K [705]
BECN1 S30 ULK1 Activates the ATG14-containing PtdIns3K complex and stimulates autophagosome [706]
formation in response to amino acid starvation, hypoxia, and MTORCT inhibition.
BECN1 S90 MAPKAPK2-MAPKAPK3 Stimulates autophagy [2658]
BECN1 S91, S94 (S93, AMPK Required for glucose starvation-induced autophagy [868]
S96 in human)
BECN1 Y229, Y233 EGFR Inhibits autophagy [775]
BECN1 S234, 5295 AKT Suppresses autophagy [774]
BECN1 unknown site  ERBB2/HER2 Inhibits autophagy [2659,
2660]
CCNY (cyclin Y) S326  AMPK Stimulates interaction with CDK16 and promotes autophagy [762]
FUNDC1 S17 ULK1 Promotes mitophagy by enhancing FUNDC1 binding to LC3 [735]
HTT S421 AKT Activates HTT clearance [2661]
LC3 S12 PKA Inhibits autophagy by reducing recruitment to phagophores [293]
MTOR S2448 AKT Correlates with the activity of MTORC1 [2662]
MTOR 52481 Autophosphorylation Necessary for MTORC1 formation and kinase activity [2663]
NBR1 T586 GSK3A/B Modulates protein aggregation [2664]
RPS6KB T389 MTORC1 (apparently indirect, through Necessary for protein activity [2665]
reduction of dephosphorylation)
RPS6KB S371 GSK3B Necessary for T389 phosphorylation and the activity of RPS6KB [2666]
RPTOR S$792 AMPK Suppresses MTORC1 [689]
RUBCNL/Pacer S157 MTORC1 Repress RUBCNL interaction with STX17 and HOPS complex [2667]
SQSTM1 S293 AMPK (S293/5294 in rat and human  Promotes autophagic cell death [657]
sequence, respectively)
SQSTM1 S403 ULK1 (also TBK1, CSNK, CDK1) Promotes autophagic degradation of SQSTM1 and its substrates [2668]
TFEB S122, S142, S211  MTORC1 Inhibits TFEB nuclear translocation [970-
972,
2669]
TFEB S467 AKT1 Inhibits TFEB nuclear translocation [973]
TSC2 AMPK Negative regulator of MTORC1 [670]
T1227, 51345
ULK1 S317, S555, AMPK Required for mitophagy, mitochondrial homeostasis, and cell survival [672]
S574, S673
ULK1 S467, S777 AMPK Increase the kinase activity of ULK1 and promote autophagy [672,
(mouse) 673]
ULK1 S757/5758 MTORC1 Facilitates ULK1 interaction with AMPK [688]
(mouse/human)
ULK1 S757 MTORC1 Prevents ULK1 interaction with AMPK [673]
ULK1 S637 MTORC1, AMPK Facilitates ULK1 interaction with AMPK [688]
ULK1 (uncertain site Autophosphorylation Modulates the conformation of the C-terminal tail and prevents its interaction with [646,
between 278 and ATG13 699]
351)
USP14 5432 AKT Overcomes negative regulation of DNA repair [2670]
UVRAG 5498 MTORC1 Negatively regulates autophagosome and endosome maturation [2671]
UVRAG S550, S571 MTORC1 Activates the PtdIns3K-UVRAG complex to regulate autolysosomal tubulation [2672]

[707-709]. Finally, there are several ULK1 substrates that are not
specifically ATG proteins. These proteins are involved in the
execution of autophagy, or fulfill additional cellular functions.

These substrates include RPTOR, AMPK, SQSTM1, FUNDCI,
DAPK3, MAPK14/p38alpha, FLCN, enzymes involved in glucose
metabolic flux, DENND3, SMCRS, TBK1, PDPK1, SECI6A,
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SEC23A, SEC23B, EXOC7, SDCBP, STING1/TMEM173,
CDC37, MADIL1, VCP/p97, DVL1, NR3C2, YAP1, WWTRI,
and RIPK1 [710-735]. The ULK1-dependent phosphorylation of
RPTOR leads to inhibition of MTORCI [711,718], and the ULK1-
dependent inhibitory phosphorylation of AMPK subunits appears
to generate a negative feedback loop [710]. Note that caution
should be taken to use appropriate inhibitors of phosphatases (e.
g., sodium fluoride, and B-glycerophosphate) in cell lysis buffer
before analyzing the phosphorylation of AMPK and ULK1 at
serine and threonine sites.

MTORCI activity can be monitored by following the phos-
phorylation of its substrates, such as EIF4EBP1/4E-BP1/
PHAS-I and RPS6KB/p70S6 kinase or the latter’s downstream
target, RPS6/S6, for which good commercial antibodies are
available [736-738]. In mammalian cells, the analysis should
focus on the phosphorylation of S6K1 at Thr389, and
EIF4EBP1 at Ser65, a serum-responsive and rapamycin-sensi-
tive site; phosphorylation of EIF4EBP1 at Thr37 and Thr46
primes the protein for phosphorylation at Ser65, and although
directly phosphorylated by MTORCI, the modifications at
Thr37 and Thr46 are only partially sensitive to serum and
rapamycin [739]. The MTORCI1-dependent phosphorylation
of EIF4EBP1 can be detected as a molecular mass shift by
western blot [736]. Examining the phosphorylation status of
RPS6KB and EIF4EBP1 may be a better method for monitor-
ing MTORCL activity than following the phosphorylation of
proteins such as RPS6, because the latter is not a direct
substrate of MTORC1 (although RPS6 phosphorylation is a
good readout for RPS6KB1/2 activities, which are directly
dependent on MTOR), and it can also be phosphorylated by
other kinases such as RPS6KA/RSK. Whereas RPS6KB1/2
phosphorylates RPS6 at Ser235, Ser236, Ser240, and Ser244,
RPS6KA/RSK exclusively phosphorylates RPS6 at Ser235 and
Ser236 in vitro and in vivo in a manner independent of
MTORCI [740]. Thus, the use of RPS6 phospho-Ser240/244
antibody is necessary for monitoring cellular MTORCI-
RPS6KB1/2 activity specifically in western blot or
immunocytochemistry.

Furthermore, the mechanisms that determine the selectivity
as well as the sensitivity of MTORCI for its substrates seem to be
dependent on the integrity and configuration of MTORCI. For
example, rapamycin strongly reduces RPS6KB1 phosphoryla-
tion, whereas its effect on EIF4EBP1 is more variable. In the
case of rapamycin treatment, EIF4EBP1 can be phosphorylated
by MTORCI until rapamycin disrupts MTORC1 dimerization
and its integrity, whereas RPS6KB1 phosphorylation is quickly
reduced when rapamycin simply interacts with MTOR in
MTORCI (see Autophagy inhibitors and inducers for informa-
tion on catalytic MTOR inhibitors such as torinl) [739]. Because
it is likely that other inhibitors, stress, and stimuli may also affect
the integrity of MTORCI, a decrease or increase in the phos-
phorylation status of one MTORCI substrate does not necessa-
rily correlate with changes in others, including ULK1. Therefore,
reliable anti-phospho-ULK1 antibodies should be used to
directly examine the phosphorylation state of ULKI, along
with additional experimental approaches to analyze the role of
the MTOR complex in regulating autophagy. The MTORC1-
mediated phosphorylation of AMBRALI on Ser52 has also been
described as relevant to ULKI regulation and autophagy

induction [703,741]. In line with what is described for ULK1,
the anti-phospho-AMBRA1 antibody, which is commercially
available, could be used to indirectly measure MTORCI activity
[741].

Activation/assembly of the Atgl complex in yeast (com-
posed of at least Atgl-Atgl3-Atgl7-Atg31-Atg29) or the
ULKl complex in mammals (ULK1-RBICCI-ATG13-
ATG101) is one of the first steps of autophagy induction.
Therefore, activation of this complex can be assessed to
monitor autophagy induction. In yeast, dephosphorylation of
Atgl3 is associated with activation/assembly of the core com-
plex that reflects the reduction of TORC1 and PKA activities.
Therefore, assessing the phosphorylation levels of this protein
by immunoprecipitation or western blotting [742-745] can be
used not only to follow the early steps of autophagy but also
to monitor the activity of some of the upstream nutrient-
sensing kinases. Because this protein is not easily detected
when cells are lysed using conventional procedures, a detailed
protocol has been described [746]. In addition, the autopho-
sphorylation of Atgl at Thr226 is required for its kinase
activity and for autophagy induction; this can be detected
using phospho-specific antibodies, by immunoprecipitation
or western blotting (Figure 22) [747,748]. In Drosophila,
TORCI1-dependent phosphorylation of Atgl and Atgl-depen-
dent phosphorylation of Atgl3 can be indirectly determined
by monitoring phosphorylation-induced electromobility
retardation (gel shift) of protein bands in immunoblot images
[423,509,510]. Nutritional starvation suppresses TORCI-
mediated Atgl phosphorylation [423,509] while stimulating
Atgl-mediated Atgl3 phosphorylation [589,749,750]. In
mammalian cells, the phosphorylation status of ULK1 at the
activating sites (Ser317, 777 [position in the murine sequence,
not conserved in human], 467, 556, 638, or Thr575 in the
human sequence) or dephosphorylation at inactivating sites
(Ser638, 758 in the human sequence) can be determined by
western blot using phospho-specific antibodies [672-674],
688, 751, 752]. In general, the core complex is stable in
mammalian cells, although, as noted above, upstream inhibi-
tors (MTOR) or activators (AMPK) may interact dynamically
with it, thereby determining the status of autophagy.

Alternatively, the activation of the ULK1 complex can be
monitored by assessing the localization pattern of ATG13 by
immunofluorescence. In fact, following ULK1 complex activa-
tion, ATGI13 relocates to the omegasome, which results in a
punctate pattern [753,754]. In mesothelioma ex vivo 3-dimen-
sional models, the percentage of tumor cells with ATG13 puncta
correlates with the level of autophagy, and the analysis of ATG13

p-HA-Atg1
HA-Atg]

Figure 22. S. cerevisiae cells transformed with a plasmid encoding HA-Atg1 were
cultured to mid-log phase and shifted to SD-N (minimal medium lacking nitro-
gen that induces a starvation response). Immunoblotting was done with anti-HA
antibody. The upper band corresponds to autophosphorylation of Atg1. This
figure was modified from data previously published in ref. [747], and is repro-
duced by permission of the American Society for Cell Biology, copyright 2011.
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puncta has been proposed as an assay to monitor autophagy in
mesothelioma formalin-fixed, paraffin-embedded and 3-dimen-
sional models [755]. In the same model, the ULK1/2 inhibitor
MRT68921 blocks both autophagy and the formation of ATG13
puncta [756]. As a cautionary note, ATG13 puncta do not reflect
autophagy in traditional monolayer cultures of mesothelioma
cells. Therefore, studies in 3-dimensional models of other
tumors are needed to confirm the validity of ATG13 as a marker
of autophagy.

One additional topic that bears on ULK1 concerns the pro-
cess of LC3-associated phagocytosis (see Noncanonical use of
autophagy-related proteins). LAP is a type of phagocytosis in
macrophages that involves the conjugation of LC3 to single-
membrane pathogen-containing phagosomes, a process that
promotes phagosome maturation [247]. Although ULKI1 is not
required for the clearance of cell corpses by LAP, in mammals
[245], and UNC-51 (the Atgl/ULKI1 homolog in C. elegans) is
not required for the clearance of neuroblast corpses in larval
worms or released cell fragments in worm embryos [757,758], it
is important to note that an increased number of apoptotic cell
corpses persist during embryonic development in unc-51 mutant
worms [759], suggesting that UNC-51 could have a role in cell
death or cell corpse clearance. A recent study shows that pan-
creatic acinar cells also have the ability to process post-exocytic
organelles via LAP [760]. LAP-deficient tumor-associated
macrophages also aid in promoting an anti-tumor response in
T cells in a tumor microenvironment [761].

An additional substrate that is required for efficient
AMPK-induced autophagy is CCNY (cyclin Y)-CDK16
[762]. AMPK phosphorylates CCNY, which promotes its
interaction with CDK16, a PCTAIRE kinase family member.
The loss of CCNY-CDK16 impairs AMPK-stimulated autop-
hagy, whereas overexpression of CCNY-CDK16 is sufficient
to induce autophagy. This outcome is dependent on the
catalytic activity of CCNY-CDK16, albeit the substrates of
this kinase have not been identified yet.

Cautionary notes: A decrease in TORC1 activity is a good
measure for autophagy induction; however, TORCI activity does
not necessarily preclude autophagy induction because there are
TOR-independent mechanisms that induce autophagy both in
mammals and yeast [763-767] Along these lines, the disassocia-
tion of the AMPK-MTORCI axis is observed in some AML cells
such as the KG-1 cell line, as well as in primary AML cells treated
with the specific AMPK agonist GSK621 [768,769]. The co-acti-
vation of AMPK and MTORCI1 in these cancer cells is associated
with increased autophagy flux, with AMPK as the major regulator
of autophagy in these conditions [768,769]. Whereas in most
systems inhibition of MTOR leads to the induction of autophagy,
there are instances in commonly used cancer cell lines and influ-
enza A virus-infected cells in which MTOR appears to be a
positive effector [770,771]. Also, MTOR suppression does not
always induce autophagy, such as when BECN1 undergoes inhi-
bitory phosphorylation by the growth factor signaling molecules
EGFR and AKT, when microglia are activated by lipopolysacchar-
ide (LPS), a TLR4 ligand [772], or during Salmonella infection
[773-775]. Note that the effect of everolimus in EGFR-transgenic
mice is not mainly attributable to autophagy although it sup-
presses MTOR and induces autophagy in EGFR-driven lung
cancer cell lines [776]. In adult skeletal muscle, active MTORC1
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phosphorylates ULK1 at Ser757 to inhibit the induction of autop-
hagosome formation. Thus, induction of autophagy requires inhi-
bition of MTORCI1 and not of MTORC2 [777,778]. There is also
evidence that inhibition of MTORCI is not sufficient to maintain
autophagic flux, but requires additional activation of FOXO tran-
scription factors for the upregulation of autophagy gene expres-
sion [662]. In addition, MTORC1 is downstream of AKT;
however, oxidative stress inhibits MTOR, thus allowing autop-
hagy induction, despite the concomitant activation of AKT [207].
For neural cells, following administration of the class I phosphoi-
nositide 3-kinase (PI3K) inhibitor LY294002, the phosphorylation
levels of AKT and MTOR decrease, and the ratio of LC3-I1:LC3-I
is higher in the inhibitor-treated injury group than in the simple-
injury group [779]. Also, persistent MTORCI inhibition can cause
downregulation of negative feedback loops on IRS-MTORC2-
AKT that results in the reactivation of MTORC2 under conditions
of ongoing starvation [581,780,781]. Along these lines, both
TORCI and autophagy can be active in specific cell subpopula-
tions of yeast colonies [763]. Similarly, mature autophagosomes
and MTOR accumulate in the TOR-autophagy spatial coupling
compartment (TASCC) during RAS-induced senescence [782].
Thus, it is necessary to be cautious in deciding how to monitor the
TOR/MTOR pathway, and to verify that the pathway being ana-
lyzed displays TOR/MTOR-dependent inhibition.

Another point is that the regulation of autophagy by
MTOR can be ULKI-independent. During mycobacterial
infection of macrophages, MTOR induces the expression of
MIRI155 and MIR3I to sustain the activation of the WNT5A
and SHH/sonic hedgehog pathways. Together, these pathways
contribute to the expression of lipoxygenases and downregu-
lation of IFNG-induced autophagy [783]. Signaling pathways
can be monitored by western blotting, and TagMan miRNA
assays are available to detect these miRNAs.

One problem in monitoring assembly of the ULK1 com-
plex is the low abundance of endogenous ULKI in many
systems, which makes it difficult to detect phospho-ULK1 by
western blot analysis. In addition, Atgl/ULK1 is phosphory-
lated by multiple kinases, and the amount of phosphorylation
at different sites can increase or decrease during autophagy
induction. Thus, although there is an increase in phosphor-
ylation at the activating sites upon induction, the overall
phosphorylation states of ULK1 and ATG13 are decreased
under conditions that lead to induction of autophagy; there-
fore, monitoring changes in phosphorylation by following
molecular mass shifts upon SDS-PAGE may not be informa-
tive. In addition, such phosphorylation/dephosphorylation
events are expected to occur relatively early (1-2 h) in the
signaling cascade of autophagy. Therefore, it is necessary to
optimize treatment time conditions. Finally, in Arabidopsis
and possibly other eukaryotes, the ATG1 and ATG13 proteins
are targets of autophagy, which means that their levels may
drop substantially under conditions that induce autophagic
turnover [350].

At present, the use of Atgl/ULKI kinase activity as a tool to
monitor autophagy is limited because only a few physiological
substrates have been identified, and the importance of Atgl/
ULKI1-dependent phosphorylation has not always been deter-
mined. Nonetheless, Atgl/ULK1 kinase activity appears to
increase when autophagy is induced, irrespective of the pathway
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leading to induction. As additional physiological substrates of
Atg1/ULK1 are identified, it will be possible to follow their phos-
phorylation in vivo as is done with analyses for MTOR.
Nonetheless, it must be kept in mind that monitoring changes in
the activity of Atgl/ULK1 is not a direct assay for autophagy,
although such changes may correlate with autophagy activity.
Furthermore, the ULK1 substrates described above and additional
ULKI-interacting proteins (e.g., PARP1) [784] already indicate
that ULK1—next to its essential role for the induction of autop-
hagy—participates in several additional physiological processes
including axon guidance during brain development, type I inter-
feron production, ER-Golgi trafficking, regulation of chaperone
function, mitosis, stress granule dynamics, WNT-CTNNB1/f-
catenin signaling, NR3C2/mineralocorticoid receptor signaling,
and non-autophagic regulation of cell death. In a C. elegans
Parkinson disease model, RNAi knockdown of UNC-51/ULK1
results in the accumulation of a human SNCA-GFP fusion [785].
Accordingly, the ULK activity state may thus reflect its role in these
processes [786-792]. Therefore, other methods as described
throughout these guidelines should also be used to follow autop-
hagy directly.

Finally, there is not a complete consensus on the specific
residues of ULK1 that are targeted by AMPK or MTOR.
Similarly, apparently contradictory data have been published
regarding the association of AMPK and MTOR with the
ULKI1 kinase complex under different conditions. Therefore,
caution should be used in monitoring ULK1 phosphorylation
or the status of ULK1 association with AMPK until these
issues are resolved.

Conclusion: Assays for Atgl/ULKI can provide detailed
insight into the induction of autophagy, but they are not a direct
measurement of the process. Similarly, because MTOR sub-
strates such as RPS6KB1 and EIF4EBP1 are not recommended
readouts for autophagy, their analysis needs to be combined with
other assays that directly monitor autophagy activity.

Estimation of Ptdins3K (PIK3C3/VPS34) activity
PIK3C3/VPS34 is highly conserved through evolution, and
belongs to the class III PtdIns3K that phosphorylates the 3'-OH
position of phosphatidylinositol (PtdIns) to synthesize PtdIns3P
[793,794]. PtdIns3P is essential for the regulation of endocytic
pathways and for the generation of various types of autophago-
somes and phagosomes. However, PIK3C3/VPS34 cannot be
found alone in the cell but mainly is present in two types of
mutually exclusive complexes, complexes I and II. Complex I is
composed of PIK3C3/VPS34, PIK3R4/VPS15/p150, BECNI,
ATG14 and NRBF2 for mammals, or Vps34, Vpsl5, Vps30/
Atg6, Atgl4 and Atg38 for yeast. Complex II replaces ATG14/
Atgl4 with UVRAG, or Vps38 for mammals and yeast, respec-
tively [795-799]. Complex I regulates autophagy, whereas com-
plex II regulates endocytic pathways, LAP, and cytokinesis [800-
802]. Both in yeast and mammals, PIK3C3/VPS34 shows higher
activity in complexes than on its own. For example, yeast com-
plexes I and II show higher activity than a Vps34-Vpsl15 hetero-
dimer [800], and human PIK3C3 activity is increased by
coexpressing it with PIK3R4/VPS15 [803]. Also, various post-
translational modifications of the subunits of complexes I and II
affect the kinase activity [804].

The most commonly used method to estimate PIK3C3/
VPS34 activity is to immunoprecipitate the protein complex
from cells, immobilize it on beads, mix with the substrate
(PtdIns) and radioactive ATP, then measure the PtdIns3P
production by autoradiography. Furthermore, two commer-
cial kits are available; an ELISA-based kit from Echelon (K-
3300), and a kit for measuring ADP generation from ATP
from Promega (V6930). The PIK3C3/VPS34 activity is
affected by enzyme concentration and substrate structure.
First, for all methods it is important to estimate the concen-
tration and purity of immobilized PIK3C3/VPS34 complex
by Coomassie Brilliant Blue or silver staining. Second, the
PtdIns structure and the environment where PtdIns is sur-
rounded such as the length of acyl chain, and the size and
composition of liposomes largely affect the activity. The
PtdIns provided with the Echelon kit is water-soluble diC8-
PtdIns. There are also PtdIns:phosphoserine mixture sub-
strates at a 1:9 molar ratio (Thermo Fisher, PV5122), or at
a 1:3 molar ratio (Promega, V1711). Although they are good
substrates for drug screening, they are not physiological. If
researchers are examining the kinase activity to reflect the
intracellular conditions, it is recommended to make lipo-
somes that mimic the lipid compositions of the organelle
of interest. Therefore, it is necessary to describe the lipid
compositions of liposomes, the catalog number for each lipid
species, and procedures for making liposomes (just sonica-
tion, or whether the liposome size was adjusted by extrud-
ing) for publication.

For ADP-Glo assays, because it measures the ATP-ADP
conversion, if the purified enzyme is contaminated with cha-
perones, the ATPase activities of the latter dominate the
values. Therefore, it is important to check the purity of the
purified enzyme in advance and additionally measure the
luminescence values of the enzyme without substrate. Also,
the measured luminescence values need to be subtracted by
the background values, which can be the intercept value of the
standard curve or the measured luminescence of a mixture of
0% ADP and 100% ATP (this should contain ATP in case of
impurities). This means that the enzyme concentration needs
to be adjusted high enough so that the luminescence values of
enzyme plus substrate are higher than the background values
(i.e., the measured luminescence values of enzyme without
substrate or the mixture of 0% ADP and 100% ATP). The
above points need to be considered not only for the PIK3C3/
VPS34 assays, but also for all lipid kinase and phosphatase
activity assays.

Additional autophagy-related protein markers

Although Atg8-family proteins have been the most extensively
used proteins for monitoring autophagy, other proteins can
also be used for this purpose. Here, we discuss some of the
more commonly used or better-characterized possibilities.

Atg9/ATG9A. Atg9/ATGOA is the only integral membrane
Atg protein that is essential for autophagosome formation in
all eukaryotes. Mammalian ATG9A displays partial colocali-
zation with GFP-LC3 [805], and ATG9A deficiency in the
mouse brain causes axon-specific lesions including neuronal
circuit dysgenesis [806]. Perhaps the most unique feature of
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Atg9, however, is that it localizes to multiple discrete puncta,
whereas most Atg proteins are detected primarily in a single
punctum or diffusely within the cytosol. Yeast Atg9 may cycle
between the phagophore assembly site (PAS) and peripheral
reservoirs [807]; the latter correspond to tubulovesicular clus-
ters that are precursors to the phagophore [808]. Anterograde
movement to the PAS is dependent on Atgll, Atg23, Atg27
and actin. Retrograde movement requires Atgl-Atgl3, Atg2-
Atgl8 and the PtdIns3K complex I [809]. Mutants such as
atglA accumulate Atg9 primarily at the PAS, and this pheno-
type forms the basis of the “transport of Atg9 after knocking
out ATGI” (TAKA) assay [148]. In brief, this is an epistasis
analysis in which a double-mutant strain is constructed (one
of the mutations being atgIA) that expresses Atg9-GFP. If the
second mutated gene encodes a protein that is needed for
Atg9 anterograde transport, the double mutant will display
multiple Atg9-GFP puncta. In contrast, if the protein acts
along with or after Atgl, all of the Atg9-GFP will be confined
to the PAS. One such example is a septin complex that
regulates Atg9 retrograde transport. The temperature-sensi-
tive point mutations in Cdcl0 (P3S and G44D) show accu-
mulation of Atg9 at the PAS at non-permissive temperatures
[810]. Monitoring the localization of ATG9A has not been
used as extensively in more complex eukaryotes, but this
protein displays the same type of dependence on Atgl/ULK1
and PtdIns3P for cycling as seen in yeast [805,809], suggesting
that it is possible to follow this ATG9A as an indication of
ULK1 and ATG13 function [646,805,809].

There are two conserved classical adaptor protein sorting
signals within the cytosolic N terminus of ATGY, which
mediate trafficking of ATGY9 from the plasma membrane
and trans-Golgi network (TGN) via interaction with AP-1/2
[707,811]. SRC phosphorylates ATG9 at Tyr8 to maintain its
endocytic and constitutive trafficking in unstressed condi-
tions. In response to starvation, phosphorylation of ATGY at
Tyr8 by SRC, and at Ser14 by ULKI, functionally cooperate to
promote interactions between ATG9 and the AP-1/2 complex,
leading to redistribution of ATG9 from the plasma membrane
and juxta-nuclear region to the peripheral pool for autophagy
initiation [707]. Furthermore, the localization of mammalian
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Figure 23. Confocal microscopy image of HCT116 cells immunostained with antibody specific to human ATG12. Cells were starved for 8 h or treated with CQ (50 pM)
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ATGOA is regulated by cellular sphingomyelin levels. In cells
with excess sphingomyelin, ATG9A is trapped in juxtanuclear
recycling endosomes, and its failure to be recruited to autop-
hagic membranes results in defective phagophore closure
[812]. In neurons ATGY localizes to axons and presynaptic
sites, and requires active transport by the kinesin motor
KIF1A to direct its localization into distal neurites [29,537].

ATG9 is also conserved in plants including the model plant
A. thaliana. A protease protection assay with microsomes
isolated from A. thaliana cells shows that ATG9 has a similar
membrane topology, with its N- and C-termini facing the
cytosol [128]. Subcellular analysis indicates that A. thaliana
ATG9 displays similar discrete puncta within the cytosol in
close proximity to the trans-Golgi network and late endo-
somes, whereas ATG9-GFP fusion proteins show a transient
association with the autophagosomal marker ATG8. However,
in contrast to the yeast and mammalian afg9 mutants,
Arabidopsis atg9 mutants accumulate numerous abnormal
tubular autophagosomal structures, which are dynamically
associated with the ER membranes. Using 3-dimensional elec-
tron tomography analysis, direct connections between these
ATGS8-positive tubular structures and the ER have been
observed, implying that plant ATG9 plays an essential role
in autophagosome progression from the ER, particularly
under stress conditions [128]. Recently, the homotrimeric
structure of A. thaliana ATGY9 was resolved by cryo-EM at
subnanometer resolution, which provides a structural basis
for future studies of ATG9 function in eukayotes [129].

Atgl2-Atg5. ATG5, ATG12 and ATGI6L1 associate with the
phagophore and have been detected by fluorescence and
immunofluorescence (Figure 23) [813,814]. The endogenous
proteins form puncta that can be followed to monitor autop-
hagy upregulation. Under non-stressed, nutrient-rich condi-
tions, these proteins are predominantly diffusely distributed
throughout the cytoplasm. Upon induction of autophagy, for
example during starvation, there is a marked increase in the
proportion of cells with punctate ATG5, ATGI12 and
ATGI6L1. Furthermore, upstream inhibitors of autophago-
some formation result in a block in this starvation-induced

Chloroquine

for 3 h. Scale bar: 10 pm. Image provided by M. Llanos Valero, M.A de la Cruz and R. Sanchez-Prieto.
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puncta formation, and this assay is very robust in some
mammalian cells. Conversely, downstream inhibition of
autophagy at the level of phagophore expansion, such as
with inhibition of LC3/GABARAP expression, results in an
accumulation of the phagophore-associated ATG5, ATGI2
and ATGI16L1 immunofluorescent puncta [815]. Moreover,
PLSCR1 (phospholipid scramblase 1) may play an inhibitory
role in the autophagic process interfering with ATGI12-
ATG5-ATG16L1 complex formation and phagophore elonga-
tion as shown through co-immunoprecipitation experiments.
Indeed, PLSCR1 binds the ATG12-ATG5 complex preventing
ATGI6L1 association [413]; therefore, the evaluation of active
complexes by co-immunoprecipitation and subsequent
immunoblotting analysis can be a further indirect way to
evaluate autophagy activation.

ATGI12-ATG5 conjugation has been used in some studies
to measure autophagy. In Arabidopsis and some mammalian
cells it appears that essentially all of the ATG5 and ATGI2
proteins exist in the conjugated form, and the expression
levels do not change, at least during short-term starvation
[289,813,814,816]. Therefore, monitoring ATG12-ATG5 con-
jugation per se may not be a useful method for following the
induction of autophagy. It is worth noting, however, that in
some cell lines free ATG5 can be detected [817], suggesting
that the amount of free ATG5 may be cell line-dependent; free
ATGS levels also vary in response to stress such as DNA
damage [818]. Furthermore, free ATG12 can be detected in
some cell lines and tissues and has ATG5-independent roles
in cell signaling [819-821].0ne final parameter that may be
considered is that the total amount of the ATGI2-ATG5
conjugate may increase following prolonged starvation as
has been observed in hepatocytes and both mouse and
human fibroblasts (A.M. Cuervo, personal communication;
S. Sarkar, personal communication), even though in these
conditions part of the ATG12-ATGS5 population is secreted
in association with exosomes [822].

ATGI4. Yeast Atgl4 is the autophagy-specific subunit of the
Vps34 complex I [796], and a human homolog, named ATG14/
ATG14 L/BARKOR, has been identified [795,798,799,823].
ATG14 localizes primarily to phagophores. The C-terminal frag-
ment of the protein, named the BATS domain, is able to direct
GFP and BECNI1 to autophagosomes in the context of a chimeric
protein [824]. ATG14-GFP or BATS-GFP detected by fluores-
cence microscopy or TEM can be used as a phagophore marker
protein; however, ATG14 is not localized exclusively to phago-
phores, as it can also be detected on mature autophagosomes as
well as the ER [824,825]. Accordingly, detection of ATG14
should be carried out in combination with other phagophore
and autophagosome markers. A good antibody that can be used
to detect endogenous ATG14 by immunostaining has been
described [702].

ATGI16L1. ATGI16L1 has been used to monitor the move-
ment of plasma membrane as a donor for autophagy, and thus
an early step in the process. Indeed, ATG16L1 is located on
phagophores, but not on completed autophagosomes
[455,826]. ATG16L1 can be detected by immuno-TEM, by
immunostaining of Flag epitope-tagged ATG16L1, and/or by

the use of GFP-tagged ATG16L1. ATG16L1 is phosphorylated
on a serine residue at amino acid position 278 by ULK1 under
autophagy-inducing conditions. Detection of endogenous
phospho-ATGI16L1 [827] has been demonstrated as a novel
method to monitor autophagy induction. Because ATG16L1
is specifically located on phagophores but not complete
autophagosomes, phospho-ATG16L1-based autophagy assays
are unaffected by a late stage autophagy block, and thus able
to circumvent a major caveat of LC3-based assays while ser-
ving as an alternative tool with unique advantages to monitor
autophagy.

ATGI6L1 is ubiquitinated by the GAN (gigaxonin) E3
ligase, through interaction with the WD40 domain [828].
GAN causes the clearance of ATG16L1 in cell lines, whereas
its repression in primary neurons derived from the gan™”
mouse induces an abnormal bundling of ATG16L1 within
the soma. Action of GAN is dynamic, as restoration of its
expression using lentiviral vector clears the aggregate and the
endogenous ATGI6L1, respectively, in GAN mutant and
wild-type neurons. GAN mutant neurons exhibit a failure in
producing autophagosomes over time upon autophagy induc-
tion, hence leading to a defective autophagic flux in subse-
quent steps. Thus, GAN is the first E3 ligase fine-tuning
autophagosome production through ATGI6LI.

Finally, the coding polymorphism of ATG16L1 (T300A,
rs2241880), which is associated with Crohn disease, renders
the protein sensitive to CASP3- and CASP7-mediated clea-
vage in the WD40 domain; this leads to decreased ATG16L1
function and can be detected by western blot [829,830].

Cautionary notes: The expression level of ATG16L1 does
not always correlate with other components of the autophagic
machinery, and in some cases may be altered in a manner that
is independent of autophagy; for example, this can be seen in
samples from patients with acute myeloid leukemia (P.
Ludovico, unpublished results).

Atgl8/WIPI family. Yeast Atgl8 [831,832] and Atg21 [443]
(or the mammalian WIPI homologs [833]) are required for
both autophagy (i.e., nonselective sequestration of cytoplasm)
and autophagy-related processes (e.g., the Cvt pathway
[834,835], specific organelle degradation [168], and autopha-
gic elimination of invasive microbes [171,172,174,175,836]).
These proteins bind PtdIns3P that is present at the phago-
phore and autophagosome [837,838] and also PtdIns(3,5)P,.
Furthermore, fluorescence stopped-flow [839] and chemical
cross-linking assays [840] show that Atgl8 oligomerizes upon
membrane binding, whereas it is mainly monomeric when
unbound. Human WIPI1 and WIPI2 function downstream
of the class III phosphatidylinositol 3-kinase complex I
(PIK3C3/VPS34, BECN1, PIK3R4/VPS15, ATG14, NRBF2)
and upstream of both the ATG12 and LC3 ubiquitin-like
conjugation systems [837,841,842]. Upon the initiation of
the autophagic pathway, WIPI1 and WIPI2 bind PtdIns3P
and accumulate at limiting membranes, such as those of the
ER, where they participate in the formation of omegasomes
and/or autophagosomes [843,844]. On the basis of quantita-
tive fluorescence microscopy, this specific WIPI protein loca-
lization has been used as an assay to monitor autophagy in
human cells [838].
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Using either endogenous WIPI1 or WIPI2, detected by
indirect fluorescence microscopy or EM, or transiently or
stably expressed tagged fusions of GFP to WIPI1 or WIPI2,
basal autophagy can be detected in cells that display WIPI
puncta at autophagosomal membranes. In circumstances of
increased autophagic activity, such as nutrient starvation or
rapamycin administration, the induction of autophagy is
reflected by the elevated number of cells that display WIPI
puncta when compared to the control setting. Also, in cir-
cumstances of reduced autophagic activity such as upon wort-
mannin treatment, the reduced number of WIPI puncta-
positive cells reflects the inhibition of autophagy. Basal,
induced and inhibited formation of WIPI puncta closely cor-
relates with both the protein level of LC3-II and the formation
of GFP-LC3 puncta [838,842]. Accordingly, WIPI puncta can
be assessed as an alternative to LC3. Automated imaging and
analysis of fluorescent WIPI1 (Figure 24) or WIPI2 puncta
represent an efficient and reliable opportunity to combine the
detection of WIPI proteins with other parameters. It should
be noted that there are two isoforms of WIPI2 (2B and 2D)
[842], and in C. elegans EPG-6/WDR45/WIPI4 has been
identified as the WIPI homolog required for autophagy
[845]. Thus, these proteins, along with the currently unchar-
acterized WDR45B/WIPI3, provide additional possibilities for
monitoring phagophore and autophagosome formation.

Cautionary notes: With regard to detection of the WIPI
proteins, endogenous WIPI1 puncta cannot be detected in

Control

Image
acquisition

GFP-WIPI1
puncta
analysis
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many cell types [837], and the level of transiently expressed
GFP-WIPI1 puncta is cell context-dependent [837,838].
However, this approach has been used in human and mouse
cell systems [664,838] and mCherry-Atgl8 also works well for
monitoring autophagy in transgenic Drosophila [183],
although one caution with regard to the latter is that GFP-
Atgl8 expression enhances Atg8 lipidation in the fat body of
fed larvae. GFP-WIPI1 and GFP-WIPI2 have been detected
on the completed (mature) autophagosome by freeze-fracture
analysis [144], but endogenous WIPI2 has not been detected
on mRFP-LC3- or LAMP2-positive autophagosomes or auto-
lysosomes using immunolabeling [837]. Accordingly, it may
be possible to follow the formation and subsequent disappear-
ance of WIPI puncta to monitor autophagy induction and
flux using specific techniques. As with GFP-LC3, overexpres-
sion of WIPI1 or WIPI2 can lead to the formation of aggre-
gates, which are stable in the presence of PtdIns3K inhibitors.

BECN1/Vps30/Atg6. BECNI (yeast Vps30/Atg6) and PIK3C3/
VPS34 are essential partners in the autophagy interactome that
signals the onset of autophagy [796,846,847], and many
researchers use this protein as a way to monitor autophagy.
Binding to the anti-apoptotic protein BCL2 inhibits BECN1
[848]. BECNI also binds other anti-apoptotic BCL2-family
members via its putative BH3 domain [849,850]. Autophagy is
induced by the release of BECNI1 from BCL2 by pro-apoptotic
BH3 proteins, phosphorylation of BECN1 by DAPK1 and

Starvation Wortmannin

Figure 24. Automated WIPI1 puncta image acquisition and analysis monitors the induction and inhibition of autophagy. Stable U20S clones expressing GFP-WIPI1

were selected using 0.6 ug/ml G418 and then cultured in 96-well plates. Cells were treated for 3 h with nutrient-rich medium (Control), nutrient-free medium (EBSS),
or with 233 nM wortmannin. Cells were fixed in 3.7% paraformaldehyde and stained with DAPI (5 pg/ml in PBS). An automated imaging and analysis platform was
used to determine the number of both GFP-WIPI1 puncta-positive cells and the number of GFP-WIPI1 puncta per individual cell [664]. Cells without GFP-WIPI1 puncta
are highlighted in red (cell detection) and purple (nuclei detection), whereas GFP-WIPIT puncta-positive cells are highlighted in yellow (GFP-WIPI1 puncta detection),

green (cell detection) and blue (nuclei detection). Bars: 20 um. Images provided by S. Pfisterer and T. Proikas-Cezanne.
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DAPK2 (at Thr119, located in the BH3 domain) [851,852], or
phosphorylation of BCL2 by MAPK8/JNKI1 (at Thr69, Ser70 and
Ser87) [853,854]. Release of BECN1 can also be achieved by the
expression of the F121 A mutant, which leads to enhanced basal
autophagy in vivo [855]. The relationship between BECN1 and
BCL2 is more complex in developing cerebellar neurons, as it
appears that the cellular levels of BCL2 are, in turn, post-trans-
lationally regulated by an autophagic mechanism linked to a
switch from immaturity to maturity [856,857]. It is important
to be aware, however, that certain forms of autophagy are
induced in a BECN1-independent manner and are not blocked
by PtdIns3K inhibitors [118,858,859]. Interestingly, caspase-
mediated cleavage of BECN1 inactivates BECN1-induced autop-
hagy and enhances apoptosis in several cell types [860], empha-
sizing that the crosstalk between apoptosis and autophagy is
complex.

Although a population of BECN1 may localize in proxi-
mity to the trans-Golgi network [861], it is also present at the
ER and mitochondria [848]. In keeping with these observa-
tions, in cerebellar organotypic cultures BECN1 co-immuno-
precipitates with BCL2 that is primarily localized at the
mitochondria and ER; and in a mouse model of neurodegen-
eration, autophagic vacuoles in Purkinje neurons contain
partially digested organelles that are immunoreactive for
BCL2 [856,862]. In addition, as BECN1-PIK3C3/VPS34 are
the major source of cellular PtdIns3P lipids and can be pre-
sent in multiple complexes that act during endosome matura-
tion in addition to autophagy [863], caution must be exercised
when monitoring localization. On induction of autophagy by
various stimuli, the presence of BECN1- and PIK3C3/VPS34-
positive macroaggregates can be detected in the region of the
Golgi complex by immunofluorescence [207,864]. Thus,
BECNI1-GFP puncta detected by fluorescence microscopy or
TEM may serve as an additional marker for autophagy induc-
tion [865]; however, it should be noted that caspase cleavage
of BECNI1 can be detected in normal culture conditions (S.
Luo, personal communication), and cleaved BECN1 is trans-
located into the nucleus [866]. Thus, care needs to be taken
with these assays under stress conditions in which more
pronounced BECN1 cleavage occurs. In addition, as with
any GFP chimeras there is a concern that the GFP moiety
interferes with correct localization of BECNI.

To demonstrate that BECN1 or PtdIns3K macroaggregates
are an indirect indication of ongoing autophagy, it is manda-
tory to show their specific association with the process by
including appropriate controls with inhibitors or preferably
by autophagy gene silencing. When a BECNI-independent
autophagy pathway is induced, such aggregates are not
formed regardless of the fact that the cell expresses BECN1
(e.g., as assessed by western blotting; C. Isidoro, personal
communication). As BECNI1-associated PtdIns3K activity is
crucial in autophagosome formation in BECNI1-dependent
autophagy, the measurement of PtdInsk3K in vitro lipid
kinase activity in BECN1 immunoprecipitates can be a useful
technique to monitor the functional activity of this complex
during autophagy modulation [774,775,867]. It is important
to note that an in vitro lipid kinase assay with BECN1 immu-
noprecipitates represents the total PtdIns3K activity and does
not make it possible to distinguish between the production of

PtdIns3P by PIK3C3/VPS34 in complex I versus that in com-
plex II. Therefore, the most accurate measure of complex-
specific activity of the class 3 PtdIns3K would be an in vitro
lipid kinase assay using ATG14 and UVRAG immunopreci-
pitates [868,869].

STX17. STX17 is a SNARE protein implicated in autophago-
some-endolysosome fusion in cooperation with SNAP29 and
VAMPS8 [795,870]. STX17 was initially reported to be
recruited to completely sealed autophagosomes, but not to
phagophores [871-875]. STX17 as a competence factor may
be recruited just prior to fusion of autophagosomes with
lysosomes, and not all autophagosomes are positive for this
protein. However, later studies demonstrate that upon starva-
tion STX17 colocalizes with the omegasome marker ZFYVE1/
DFCP1 [876,877], consistent with the view that STX17 is also
implicated in autophagosome formation in starvation-induced
autophagy [872,873,877] and mitophagy [878,879]. In fed
cells, STX17 principally localizes to the ER, mitochondria-
associated ER membranes (MAMSs), and mitochondria [871-
873]. Some STX17 is phosphorylated by TBK1 at Ser202, and
the phosphorylated form localizes to the Golgi apparatus
[877]. STX17 also has a critical role in mediating the retro-
grade transport of autophagosomes upon their fusion with
late endosome (LEs) in distal neuronal axons [880,881].
Neurons are highly polarized cells with long axons, and thus
face special challenges to transport AVs toward the soma
where mature lysosomes are relatively enriched. LE-loaded
dynein-SNAPIN motor-adaptor complexes are recruited to
AVs upon STX17-mediated LE-AV fusion. This motor shar-
ing ride-on service enables neurons to maintain effective
autophagic clearance in the soma, thus reducing autophagic
stress in axons.

TECPR1. TECPR1 binds ATG5 through an AFIM (ATG5
[five] interacting motif). TECPR1 competes with ATG16L1
for binding to ATGS5, suggesting that there is a transition
from the ATG5-ATG16L1 complex that is involved in phago-
phore expansion to an ATG5-TECPR1 complex that plays a
role in autophagosome-lysosome fusion [882]. TECPRI1 thus
marks lysosomes and autolysosomes [883].

ZFYVEI/DFCP1. ZFYVEI1 binds PtdIns3P that localizes to
the ER and Golgi. Starvation induces the translocation of
ZFYVEI to punctate structures on the ER; the ER population
of ZFYVE] marks the site of omegasome formation [884].
ZFYVE] partially colocalizes with WIPI1 upon nutrient star-
vation [842] and also with WIPI2 [837].

Conclusion: Components of the autophagic machinery other
than Atg8-family proteins can be monitored to follow autop-
hagy, and these can be important tools to define specific steps of
the process. For example, WIPI puncta formation can be used to
monitor autophagy, but, similar to Atg8-family proteins, should
be examined in the presence and absence of lysosomal inhibi-
tors. Analysis of WIPI puncta should be combined with other
assays because individual members of the WIPI family might
also participate in additional, uncharacterized functions apart
from their role in autophagy. At present, we caution against the
use of changes in BECNI localization as a marker of autophagy
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induction, given its other cellular roles. It is also worth consider-
ing the use of different markers depending on the specific
autophagic stimuli.

Sphingolipids

Sphingolipids are ubiquitous membrane lipids that can be pro-
duced in a de novo manner in the ER and Golgi apparatus or by
cleavage involving phosphodiesterases (sphingomyelinases),
hydrolases (glycosphingolipid glycosidases), sphingolipid cera-
mide N-deacylase (SCDase), phosphatases (acting on sphingo-
sine-1-phosphate [S1P] and ceramide-1-phosphate) or lyases (e.
g., SGPL1 [sphingosine-1-phosphate lyase 1]) [885-887]. For
instance, SGPLI is a ubiquitiously expressed enzyme having a
wide-range of functions in different cellular processes, including
proliferation, motility and death. Moreover, SGPLI is a critical
determinant for the degredation of the sphingolipid S1P. The
S1P pathway is a crucial mechanism for neuronal autophagy by
providing PE for LC3 conjugation [888,889]. Ablation and dele-
tion of Sgpl1I result in reduced autophagic activity in mouse brain
[888]. Likewise, mutations in SGPL1 and alterations in neuronal
autophagy lead to severe neurodevelopmental phenotypes ran-
ging from fetal hydrops to congenital brain malformations and
neuropathies in humans [890]. The multiple different metabo-
lites of the sphingolipid pathway, which are distinct by even a
single double bond, carbon chain length of the fatty acid, or
presence of a phosphate group, can have quite varied cellular
functions. Sphingolipids were first recognized for their role in
the architecture of membrane bilayers affecting parameters such
as bilayer stiffness, neighboring lipid order parameter and
microdomain/raft formation. They also act as second messen-
gers in vital cellular signaling pathways and as key determinants
of cellular homeostasis in what is called a sphingolipid rheostat
[891]. Sphingolipids participate in the formation of different
membrane structures and subcellular organelles, such as mito-
chondria and ER, and are also involved in the fusion and bio-
physical properties of cell membranes [892]. Moreover, they are
constitutive components of MAMs, subdomains of the ER that
interact with mitochondria [893].

Ceramides, positioned at the core of sphingolipid metabo-
lism, play several roles that affect multiple steps of autophagy,
by inhibition of nutrient transporters [894], by modulation of
BCL2-BECNT1 association at the level of AKT signaling [895],
and by regulation of mitophagy [896]. The latter function is
regulated by a particular ceramide species, stearoyl (C18:0)-
ceramide, a sphingolipid generated by CERS1 (ceramide
synthase 1). C18-ceramide, in association with LC3-II, targets
damaged mitochondria for phagophore sequestration in
response to ceramide stress, leading to tumor suppression
[896-900]. The binding of ceramide to LC3-II can be detected
using anti-ceramide and anti-LC3 antibodies by immuno-
fluorescence and confocal microscopy, co-immunoprecipita-
tion wusing anti-LC3 antibody followed by liquid
chromatography-tandem MS, using appropriate standards
(targeted lipidomics), or labeling cells with biotin-sphingosine
to generate biotin-ceramide, and immunoprecipitation using
avidin columns followed by western blotting to detect LC3-IL.
It should be noted that inhibitors of ceramide generation,
mutants of LC3 with altered ceramide binding (F52A or
I35A), and/or that are conjugation defective (e.g., G120A),
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should be used as negative controls [901]. The generation of
C18-ceramide in the outer mitochondrial membrane, which
recruits LC3-containing phagophores for mitophagy induc-
tion, is regulated through the trafficking of the metabolic
enzyme CERS1 by RPL29P31/pl17/PERMIT [901]. shRNA-
mediated knockdown or deletion of this gene prevent mito-
phagy in response to cellular stress both in cultured cells and
in knockout mice [901]. Thus, colocalization of CERS1 or
RPL29P31/p17/PERMIT with TOMM20 using immunofluor-
escence can also be used to detect mitophagy signals in
response to acute or chronic stress in situ and in vivo.

Other sphingolipids are also involved in autophagy. For
example, accumulation of endogenous sphingosine-1-phos-
phate, a pro-survival downstream metabolite from ceramide
triggers ER-stress associated autophagy, by activation of AKT
[902], excess sphingomyelin inhibits phagophore closure by
disturbing the trafficking of ATG9A [812], and SMPD1/acid
sphingomyelinase inhibits autophagy through the activation
of the MTOR pathway [903], whereas it is required for LC3-
associated phagocytosis [904]. Likewise, dihydroceramides,
the penultimate metabolite of ceramide biosynthesis have
been implicated in the regulation of autophagy [905].
Specifically, changes in the levels of C16:0 and C18:0 dihy-
droceramides cause the destabilization of autolyososomal
membranes thereby leading to the induction of autophagy-
associated cell death [906]. In addition, gangliosides, have
been implicated in autolysosome morphogenesis [907].
Moreover, a molecular interaction of the ganglioside GD3
with core-initiator proteins of autophagy, such as AMBRA1
and WIPII, is revealed within lipid microdomains in MAMs,
indicating that MAM raft-like microdomains can play a role
in the initial organelle scrambling activity that finally leads to
the formation of the autophagosome [908].

To analyze the role of gangliosides in autophagy, two main
technical approaches can be used: co-immunoprecipitation and
Forster resonance energy transfer. For the first method, lysates
from untreated or autophagy-induced cells have to be immuno-
precipitated with an anti-LC3 polyclonal antibody (a rabbit IgG
isotypic antibody should be used as a negative control). The
obtained immunoprecipitates are subjected to ganglioside
extraction, and the extracts run on an HPTLC aluminum-backed
silica gel and analyzed for the presence of specific gangliosides by
using monoclonal antibodies. Alternatively, the use of FRET by
flow cytometry appears to be highly sensitive to small changes in
distance between two molecules, and is thus suitable to study
molecular interactions, for example, between ganglioside and
LC3. Furthermore, FRET requires ~10 times less biological
material than immunoprecipitation.

Conclusion: Sphingolipids are bioactive molecules that
play key roles in the regulation of autophagy at various stages,
including upstream signal transduction pathways to regulate
autophagy via transcriptional and/or translational mechan-
isms, autolysosome morphogenesis, and/or targeting phago-
phores to mitochondria for degradation via sphingolipid-LC3
association [276, 897, 899-901, 909].

Transcriptional and translational regulation
The induction of autophagy in certain scenarios is accompa-
nied by an increase in the mRNA levels of certain autophagy-
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related genes, such as ATGI [910], ATG6 [911], ATG7
[912,913], ATG8/Lc3 [64, 473, 914-916], GABARAPLI
[473,916], ATG9 [917], Atgl2 [918], ATG13 [473,916], Atgl4
[919], ATG29 [910], WIPII [473,916], and SQSTM1 [64], and
an autophagy-dedicated microarray was developed as a high-
throughput tool to simultaneously monitor the transcriptional
regulation of all genes involved in, and related to, autophagy
[920]. The mammalian gene that shows the greatest transcrip-
tional regulation in the liver (in response to starvation and
circadian signals) is UlkI, but others also show more limited
changes in mRNA levels including Gabarapll, Bnip3 and, to a
minor extent, Lc3b [921]. In skin cancer and HeLa cells ULK1
and ULK?2 expression is negatively regulated at the transcrip-
tional level by the chromatin non-histone protein HMGA1
(high mobility group AT-hook 1) [922]. In several mouse and
human cancer cell lines, ER stress and hypoxia increase the
transcription of Lc3/LC3, GABARAPLI, Atg5/ATGS5, Atgl2/
ATGI2, ATG13, and WIPII by a mechanism involving the
unfolded protein response (UPR). Similarly, a stimulus-
dependent increase in LC3B expression is detected in neural
stem cells undergoing autophagy induction [923]. The
ATGYA promoter, similar to those of BNIP3 and BNIP3L,
but in contrast to other ATG family members such as ATG5
and ATG?7, contains HIF1A-responsive elements and is tran-
scriptionally activated in hypoxic glioblastoma cells [209].
Increased expression of Atg5 in vivo after optic nerve axotomy
in mice [924] and increased expression of Atg7, Becnl and
Lc3a during neurogenesis at different embryonic stages in the
mouse olfactory bulb are also seen [925]. LC3 and ATGS5 are
not required for the initiation of autophagy, but mediate
phagophore expansion and autophagosome formation. In
this regard, the transcriptional induction of LC3 may be
necessary to replenish the LC3 protein that is turned over
during extensive ER stress- and hypoxia-induced autophagy
[918,926]. Of note, however, a recent study showed that
although tunicamycin-induced ER stress activates autophagy
and triggers a strong transcriptional increase in LC3 mRNA
and protein levels (via ATF4), depletion of LC3 does not
reduce ER stress-induced autophagy [473].

In the clinical setting, tissue expression of ATG5, LC3A
and LC3B and their respective proteins accompanies elevated
autophagy flux in human adipose tissue in obesity [292,927].
Thus, assessing the mRNA levels of LC3 and other autophagy-
related genes by northern blot or reverse transcriptase poly-
merase chain reaction (RT-PCR) may provide correlative data
relating to the induction of autophagy; in addition, proteomic
profiling of de novo protein synthesis in starvation-induced
autophagy using bioorthogonal noncanonical amino acid tag-
ging can further validate the function of the corresponding
proteins in autophagy induction [928]. However, a time
course may be necessary to obtain accurate information
because mRNA levels are likely to change substantially over
time. In addition, mRNA may be sequestered in P-bodies,
resulting in suppression of protein translation and time-
dependent loss of autophagy-related proteins, as was shown
for AMBRA1 and BECNI in cells exposed to the hypoxia
mimetic CoCl, [929]. Downregulation of autophagy-related
mRNAs has been observed in human islets under conditions
of lipotoxicity [571] that impair autophagic flux [930]. It is

not clear if these changes are sufficient to regulate autophagy,
however, and therefore these are not direct measurements.

Several transcription factors of the nuclear receptor super-
family modulate expression of genes related to autophagy. For
instance, NR1D1/Rev-erba modulates autophagy-associated
genes in a tissue-specific manner. Whereas NR1D1 represses
Ulkl, Bnip3, Atg5, Becnl and Prkn/park2/parkin gene expres-
sion in mouse skeletal muscle [931] as well as ulkla and
atp6vid in zebrafish larvae [932] by directly binding to regula-
tory regions in their DNA sequences, STRAS suppresses autop-
hagy and at the same time transcriptionally represses Nrldl
and, thereby, inhibits the expression of UlkI in mouse testis
[933]. NR1D1 upregulates UlkI by direct engagement of distal
RAR-related orphan receptor DNA elements as evaluated in
stra8”" nrld1™" double-knockout mice. Moreover, in human
macrophages, NR1D1 promotes lysosome biogenesis and
autophagy, contributing to its antimicrobial properties against
M. tuberculosis [934]. Whereas NR1DI represses autophagic
flux in skeletal muscles, it upregulates the expression of autop-
hagy- and lysosome-associated genes in mouse testis and
human macrophages. Furthermore, NR1D1 induces mitochon-
drial biogenesis in skeletal muscles, leads to improved oxidative
capacity of cells, and induces lysosome biogenesis in human
macrophages, augmenting antimicrobial properties.

The nuclear receptors PPARA and NR1H4/FXR also reg-
ulate hepatic autophagy in mice. Indeed, PPARA and NR1H4
compete for the control of hepatic lipophagy in response to
fasting and feeding nutritional cues, respectively [921]. In
addition, activation of PPARA-mediated autophagy and the
lysosomal pathway in the nervous system, contributes to Af
clearance, and thus reduces Alzheimer disease (AD)-like
pathology and cognitive decline in a mouse model [935].
NR1H4 may also inhibit autophagy via inhibition of CREB-
CRTC2 complex assembly [936]. Consistent with in vitro
studies utilizing human cancer cell lines [937,938], in human
adipose tissue explants, E2F1 binds the LC3B promoter, in
association with increased expression of several autophagy
genes and elevated adipose tissue autophagic flux [292,927].
In this instance, classical promoter analysis studies, including
chromatin immunoprecipitation and ATG promoter-lucifer-
ase constructs, provide insights into the putative transcrip-
tional regulation of autophagy genes by demonstrating
promoter binding in situ, and promoter activity in vitro [927].

Of note, large changes in Atg gene transcription just prior to
Drosophila salivary gland cell death (that is accompanied by an
increase in autophagy) are detected for Atg2, Atg4, Atg5 and
Atg7, whereas there is no significant change in Atg8a or Atg8b
mRNA [939,940]. Autophagy is critical for Drosophila midgut
cell death, which is accompanied by transcriptional upregula-
tion of all of the Atg genes tested, including Atg8a (Figure 25)
[375,941]. Similarly, in the silkworm (Bombyx mori) larval
midgut [942], fat body [943] and silk gland [944] the occur-
rence of autophagy is accompanied by an upregulation of the
mRNA levels of several Atg genes. Transcriptional upregulation
of Drosophila Atg8a and Atg8b is also observed in the fat body
following induction of autophagy at the end of larval develop-
ment [945], and these genes as well as Afg2, Atg9 and Atgl8
show a more than 10-fold induction during starvation [946].
Atg5, Atg6, Atg8a and Atgl8 are upregulated in the ovary of
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Figure 25. Clonal analysis of autophagy in the Drosophila larval midgut. Inhibition of autophagy in somatic clone cells marked by GFP (green, outlined) have
decreased levels of mCherry-Atg8a puncta (red) compared to the control wild-type cells (non-GFP) with nuclei in blue (merged image, right panel). Bar: 20 um. Image

provided by D. Denton and S. Kumar.

starved flies [947], and an increase in Drosophila Atg8b is
observed in cultured Drosophila /(2)mbn cells following starva-
tion (S. Gorski, personal communication). An upregulation of
plant ATG8 may be needed during the adaptation to reproduc-
tive growth; a T-DNA inserted mutation of rice ATG8b blocked
the change from vegetative growth to reproductive growth in
both homozygous and heterozygous plant lines (M.-Y. Zhang,
H. Budak, unpublished results).

Similarly, the upregulation of autophagy-related and -asso-
ciated genes (Atgdb, Atgl2, Atgl3, Bnip3, Gabarapll, Lc3,
WIPI1) has been documented at the transcriptional and transla-
tional level in several other species (e.g., C. elegans [948], mouse,
rat, human [949], trout, Arabidopsis and maize) under conditions
of ER stress [473,918], and diverse types of prolonged (several
days) catabolic situations including cancer cachexia, diabetes mel-
litus, uremia and fasting [290, 662 [950-953],]. Along these lines,
the mRNA levels of atgl, atg8a/b and sqstml increase in D.
discoideum upon infection with the fish and frog pathogen
Mycobacterium marinum [64], a close relative of M. tuberculosis.
Similarly, ATG9 and ATGI6L1 are transcriptionally upregulated
upon influenza virus infection (H. Khalil, personal communica-
tion), and in C. elegans, the FOXA transcription factor PHA-4 and
the TFEB (transcription factor EB) ortholog HLH-30 regulate the
expression of several autophagy-related genes (see Methods and
challenges of specialized topics/model systems. C. elegans)
[573,948]. Such prolonged induction of the expression of ATG
genes has been thought to allow the replenishment of critical
proteins (e.g., LC3 and GABARAP) that are destroyed during
autophagosome fusion with the lysosome [954].

The polyamine spermidine increases life span and induces
autophagy in cultured yeast and mammalian cells, as well as
in nematodes, flies and mice. In aging yeast, spermidine
treatment triggers epigenetic deacetylation of histone H3
through inhibition of histone acetyltransferases, leading to
significant upregulation of various autophagy-related tran-
scripts [955]. In mammalian cells, spermidine promotes
autophagy flux by depleting cytosolic HDAC4 to enhance

the acetylation and stability of MAPIS (microtubule-asso-
ciated protein 1S) to prolong mouse lifespan and prevent
liver fibrosis and hepatocellular carcinomas [956]; however,
the functional relevance of autophagy for liver fibrosis and
cancer is highly dependent on the cell type. Whereas autop-
hagy maintains cellular homeostasis in hepatocytes, Kupffer
cells (macrophages), and liver sinusoidal endothelial cells,
thereby counteracting fibrogenesis in the liver, it is the
prime process of providing energy for the activation of hepa-
tic stellate cells, which leads to collagen production and fibro-
genesis [957]. Spermidine also drives the hypusination of the
translation factor EIF5A, which in turn controls the transla-
tion of TFEB to rejuvenate B cell immunity [958]. In addition,
spermidine stimulates mitophagy in cardiomyocytes and pre-
vents typical age-related cardiac deterioration in an autop-
hagy-dependent manner [959]. IPMK, can alter histone H4
acetylation and influence gene expression of LC3B, BNIP3,
BNIP3L, SQSTM1, GABARAPLI and ATG12; loss of IPMK in
liver prevents lipophagy and liver regeneration [621,690].

In addition to spermidine, melatonin, a hormone present
in both mammals and plants, plays a critical role in inducing
the expression of ATG genes under heat stress in tomato
[960]. Both foliar application of an optimal dose of melatonin
and the overexpression of the ASMT (N-acetylserotonin O-
methyltransferase) gene results in an upregulation of the
expression of ATG genes and the formation of autophago-
somes leading to the degradation of denatured proteins result-
ing from heat stress in tomato [960]. Under cadmium stress,
HSFA1A (heat shock factor 1A) promotes the accumulation
of melatonin through directly activating the transcription of
COMT1 (caffeate O-methyltransferase 1), a key gene in mel-
atonin biosynthesis [961], indicating that HSFA1A might
mediate autophagy in response to stress in plants. Indeed,
silencing of HSFAIA completely blocks drought stress-
induced expression of ATGI0 and ATGI8F, whereas the
expression of these genes is increased in HSFAIA-overexpres-
sing plants [962]. An electrophoretic mobility shift assay and
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ChIP-qPCR analysis show that HSFA1A binds to the promo-
ters of these two ATG genes and directly regulates their
expression to trigger autophagy under drought stress in
tomato plants [962]. Furthermore, BZR1 (brassinazole-resis-
tant 1), a phytohormone brassinosteroid-activated transcrip-
tion factor, induces the expression of ATG2 and ATG6 to
form autophagosomes, which mediate the response to nitro-
gen starvation in tomato [963].

In addition to the ATG genes, transcriptional upregulation
of VMPI can be detected in mammalian cells subjected to
rapamycin treatment or starvation, and in tissues undergoing
disease-induced autophagy such as cancer [964]. VMPI is an
essential autophagy gene that is conserved from D. discoideum
to mammals [422,965], and the VMP1 protein regulates early
steps of the autophagic pathway and is essential for correct
functioning of membrane contact sites between the ER and
other organelles including autophagosomes [841,966]. VMP1
is poorly expressed in mammalian cells under nutrient-nor-
mal conditions, but is highly upregulated in cells undergoing
autophagy, and the expression of VMP1 induces autophago-
some formation. The GLI3 transcription factor is an effector
of KRAS that regulates the expression and promoter activity
of VMPI, using the histone acetyltransferase EP300/p300 as a
co-activator [967].

A gene regulatory network, named CLEAR (coordinated
lysosomal expression and regulation) that controls both lyso-
some and autophagosome biogenesis was identified using a
systems-biology approach [949,968,969,635,636]. The basic
helix-loop-helix transcription factor TFEB acts as a master
gene of the CLEAR network and positively regulates the
expression of both lysosomal and autophagy genes, thus link-
ing the biogenesis of two distinct types of cellular compart-
ments (i.e., autophagosomes and lysosomes) that cooperate in
the autophagic pathway. TFEB activity is regulated by starva-
tion and is controlled by both MAPK1/ERK2-, MTOR-, and
AKT-mediated phosphorylation at specific serine residues
[949,970-973]; thus, it can serve as a new tool for monitoring
transcriptional regulation connected with autophagy. TFEB is
phosphorylated by MTORC1 on the lysosomal surface, pre-
venting its nuclear translocation. A lysosome-to-nucleus sig-
naling mechanism transcriptionally regulates autophagy and
lysosomal biogenesis via MTOR and TFEB [971]. TFEB phos-
phorylation on specific residues also occurs in the nuclear
compartment and enables TFEB nuclear export [974-976].
Thus, TFEB activity is tightly regulated by different phosphor-
ylation events that control TFEB nuclear import and export
rates. Therefore, a very useful readout of endogenous TFEB
activity is the evaluation of TFEB subcellular localization, as
activation of TFEB correlates with its relocalization from the
cytoplasm to the nucleus. This shift can be monitored by
immunofluorescence using antibodies against TFEB. TFEB
localization may also be studied to monitor MTOR activity,
as in most cases TFEB nuclear localization correlates with
inhibition of MTOR. However, due to the low expression
levels of TFEB in most cells and tissues, it may be difficult
to visualize the endogenous protein. Thus, a TFEB nuclear
translocation assay was developed in a HeLa cell line stably
transfected with TFEB-GFP. This fluorescence assay can be
used to identify the conditions and factors that promote TFEB

activation [971]. TFE3 and MITF, two other members of the
MiT/TFE family of transcription factors, in some cases can
compensate for TFEB and are regulated in a similar manner
[973,977,978]. In response to histone deacetylase inhibitors,
TFEB acetylation exerts an important function in control of
its transcriptional activity and lysosomal function [979].
Finally, an AMPK-SKP2-CARMI1 signaling cascade has also
been reported to play a role in transcriptional regulation of
autophagy [980]; CARMI exerts a transcriptional coactivator
function on autophagy and lysosomal genes through TFEB.
Similar to TFEB, the erythroid transcription factor GATAL1
and its coregulator ZFPM1/FOGI as well as the myeloid
master regulator SPI1/PU.1 induce the transcription of multi-
ple genes encoding autophagy components. This developmen-
tally regulated transcriptional response is coupled to increases
in autophagosome number as well as the percent of cells that
contain autophagosomes [981-983]. FOXO transcription fac-
tors, especially FOXO1 and FOXO3, also play critical roles in
the regulation of autophagy gene expression [662,919,984]. A
zinc finger family DNA-binding protein, ZKSCAN3, is a
master transcriptional repressor of autophagy and lysosome
biogenesis; starvation and MTOR inhibition with torinl
induce nucleus-to-cytoplasm translocation of ZKSCAN3
[985]. The expression of the transcription factor EGR1 (early
growth response 1) is rapidly increased upon nutrient depri-
vation and can directly increase transcription of multiple
components of the autophagy machinery. The EGR1 DNA-
binding motif is significantly enriched in the promoters/
enhancers of autophagy-associated genes; EGRI positively
regulates the transcription of these genes (including ATG2A,
ATGI14, ATG3, ATG13, ATGI01, LC3B, PIK3C3, PPMID,
ULK1, and ZFYVEI), and thereby increases the autophagic
flux [986]. Transcription factor NFE2L2/NRF2, considered as
the master regulator of cellular homeostasis, modulates the
expression of autophagy-related genes, including the already
mentioned Sgstml but also Atg2b, Atgdd, Atg5, Atg7,
Calcoco2/Ndp52, Gabarapll and Ulkl [987]. Moreover,
NFE2L2/NRF2 is a regulator of Lamp2a transcription, and
therefore, it controls CMA [988]. This transcription factor
may have a relevant role upon stressful conditions, including
proteotoxic or oxidative insults. Finally, CEBPB/C/EBPp is a
transcription factor that regulates autophagy in response to
the circadian cycle in mice [989] and zebrafish [932].
Although less work has been done on post-transcriptional
regulation, several studies implicate microRNAs in controlling
the expression of proteins associated with autophagy [332-
334, 990-993]. In this context, an important player is repre-
sented by MIR27A. Autophagy implementation is linked to
ATP and HMGBI release and ecto-CALR (calreticulin) expo-
sure in HCT116 colon cancer cells with knockdown of
MIR27A. This pathway is active in basal conditions, as indi-
cated by the presence of the mature LC3-II form and acquisi-
tion of autophagic morphological features (large bodies,
multiple or multilobated nuclei, cytosolic vacuoles and gran-
ules) when compared to control and MIR27A-overexpressing
HCT116 cells. Methotrexate treatment triggers autophagy in
time-course experiments, as the mature LC3-II form rapidly
increases following MIR27A knockdown, whereas the change
is limited in control and MIR27A-overexpressing HCT116
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cells. Treatment with the lysosomotropic agent CQ confirms
that the higher LC3-II levels reveal an augmented autophagic
flux leading to autophagosome development. The mature
LC3-1I form shows a remarkable dose-dependent increase
upon MIR27A knockdown with respect to control and espe-
cially MIR27A-overexpressing HCT116 cells [994].

Cautionary notes: Most of the ATG genes do not show
significant changes in mRNA levels when autophagy is
induced. Even increases in LC3 mRNA can be quite modest
and are cell type- and organism-dependent [995]. In addition,
it is generally better to follow protein levels, which, ultimately,
are the significant parameter with regard to the initiation and
completion of autophagy. However, ATG protein amounts do
not always change significantly, and the extent of increase is
again cell type- and tissue-dependent. Finally, changes in
autophagy protein levels are not sufficient evidence of autop-
hagy induction and must be accompanied by additional assays
as described herein. Thus, monitoring changes in mRNA
levels for either ATG genes or autophagy regulators may
provide some evidence supporting upregulation of the poten-
tial to undergo autophagy, but should be used along with
other methods.

Another general caution pertains to the fact that in any cell
culture system mixed populations of cells (for example, those
undergoing autophagy or not) exist simultaneously.
Therefore, only an average level of protein or mRNA expres-
sion can be evaluated with most methods. This means that the
results regarding specific changes in autophagic cells could be
hidden due to the background of the average data. Along
these lines, experiments using single-cell qPCR to examine
gene expression in individual cardiomyocytes with and with-
out signs of autophagy reveal that the transcription of MTOR
markedly and significantly increases in autophagic cells in
intact cultures (spontaneously undergoing autophagy) as
well as in cultures treated with proteasome inhibitors to
induce autophagy (V. Dosenko, personal communication).
Finally, researchers need to realize that mammalian cell lines
may have mutations that alter autophagy signaling or execu-
tion; this problem can be avoided by using primary cells.

Conclusion: Although there are changes in ATG gene
expression that coincide with, and may be needed for, autop-
hagy, in most cases this has not been carefully studied experi-
mentally. Therefore, at the present time we do not
recommend the monitoring of ATG gene transcription as a
general readout for autophagy unless there is clear documen-
tation that the change(s) correlates with autophagy activity.

Posttranslational modifications

Autophagy is controlled by posttranslational modification
(PTM) of ATG proteins such as phosphorylation, ubiquitina-
tion, acetylation, O-GlcNAcylation, N6-methyladenosine mod-
ification, oxidation and cleavage, which can be monitored to
analyze the status of the process [293, 611, 767, 775, 996-1000].
The global deacetylation of proteins, which often accompanies
autophagy, can be conveniently measured by quantitative
immunofluorescence and western blotting with antibodies spe-
cifically recognizing acetylated lysine residues [1001]. Indeed,
depletion of the nutrient supply causes autophagy in yeast or
mammalian cells by reducing the nucleo-cytosolic pool of acetyl-
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coenzyme A, which provides acetyl groups to acetyltransferases,
thus reducing the acetylation level of hundreds of cytoplasmic
and nuclear proteins [1002]. A global deacetylation of cellular
proteins is also observed in response to so-called “caloric restric-
tion mimetics”, that is, a class of pharmacological agents that
deplete the nucleo-cytosolic pool of acetyl-coenzyme A, inhibit
acetyltransferases (such as EP300) or activate deacetylases (such
as SIRT1). All these agents reduce protein acetylation levels in
cells as they induce autophagy [1003]. One prominent ATG
protein that is subjected to pro-autophagic deacetylation is
LC3 [1004,1005]. Moreover, SIRT1 inhibition by EX-527
decreases the lipidation of LC3 [1006]. Recently, ULK1 O-
GlcNAcylation was shown to be crucial for autophagy initiation
[1007,1008]; this modification potentiatiates AMPK-dependent
phosphorylation of ULK1 and allows binding to and phosphor-
ylation of ATG14, and subsequent activation of PIK3C3/VPS34.

Another mechanism through which autophagy-related
proteins are regulated is by means of S-nitrosylation, the
covalent binding of nitric oxide (NO) to specific cysteine
residues [1009]. High levels of free NO have been linked to
an overall inhibitory effect on autophagic machinery [1010].
Conversely, the modulation of the amount of S-nitrosylated
proteins triggered by changes in the activity or expression of
the denitrosylase ADH5/GSNOR (alcohol dehydrogenase 5
[class III], chi polypeptide), seems to have no major effects
on nonselective autophagy, whereas there is an effect on the
recognition of damaged mitochondria to be targeted for selec-
tive mitophagy [1011,1012]. Persulfidation (S-sulfhydration)
plays an important role in mitophagy-related proteins such as
PRKN, whose catalytic activity is stimulated by persulfidation,
whereas nitrosylation inactivates it [1013]. Mitophagy is also
promoted by persulfidation of USP8 (ubiquitin specific pepti-
dase 8), which enhances deubiquitination of PRKN [1014].
Other important autophagy-related proteins such as ATG3,
ATG5, ATG7 and ATGI8A in plants are also targets for
persulfidation, but the role of this modification needs further
clarification [1015].

Phosphorylation of other autophagic proteins plays a cri-
tical role in the regulation of autophagy activity. For example,
CSNK2 (casein kinase 2) and ULK1 induce phosphorylation
of SQSTM1 at serine 403 and serine 409, respectively, increas-
ing the binding affinity of SQSTMI for ubiquitin, and enhan-
cing the autophagic degradation of ubiquitinated proteins
[427,714]. Also, EGFR signaling induces multi-site tyrosine
phosphorylation of BECNT1 to inhibit core autophagy machin-
ery activation [775].

Finally, N6-methyladenosine (m°A) mRNA modification
plays an important role in regulating autophagy. ULKI
mRNA undergoes m°A modification in the 3’ UTR, and the
m°A-marked ULKI transcripts can further be targeted for
degradation by YTHDEF2 (YTH N6-methyladenosine RNA
binding protein 2). Moreover, FTO (FTO alpha-ketoglutarate
dependent dioxygenase) reverses the m°A mRNA modifica-
tion of ULKI transcripts, thereby promoting the initiation of
autophagy [1016].

Autophagic protein degradation
Protein degradation assays represent a well-established meth-
odology for measuring autophagic flux, and they allow good
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quantification. The general strategy is first to label cellular
proteins by incorporation of a radioactive amino acid (e.g.,
["*C]- or [ H]-leucine, [**C]-valine or [*’S]-methionine;
although valine may be preferred over leucine due to the
strong inhibitory effects of the latter on autophagy), prefer-
ably for a period sufficient to achieve labeling of the long-
lived proteins that best represent autophagic substrates, and
then to follow this with a long cold-chase so that the assay
starts well after labeled short-lived proteins are degraded
(which occurs predominantly via the proteasome). Next, the
time-dependent release of acid-soluble radioactivity from the
labeled protein in intact cells or perfused organs is measured
[4,25,1017]. Note that the inclusion of the appropriate unla-
beled amino acid (i.e., valine, leucine or methionine) in the
starvation medium at a concentration equivalent to that of
other amino acids in the chase medium is necessary; other-
wise, the released ['*C]-amino acid is effectively re-incorpo-
rated into cellular proteins, which results in a significant
underestimation of protein degradation. A newer method of
quantifying autophagic protein degradation is based on L-
azidohomoalanine (AHA) labeling [1018,1019]. When added
to cultured cells, L-azidohomoalanine is incorporated into
proteins during active protein synthesis. After a click reaction
between an azide and an alkyne, the azide-containing proteins
can be detected with an alkyne-tagged fluorescent dye,
coupled with flow cytometry. The turnover of specific pro-
teins can also be measured in a pulse-chase regimen using the
Tet-ON/OFF or GeneSwitch systems and subsequent western
blot analysis [1020-1022].

In this type of assay a considerable fraction of the measured
degradation will be nonautophagic, and thus it is important to
also measure, in parallel, cell samples treated with autophagy-
suppressive concentrations of 3-MA, SAR-405, bafilomycin A,
CQ, ammonia, or amino acids, or generated under conditions of
amino acid depletion, or in samples obtained from mutants
missing central ATG components; these values are then sub-
tracted from the total readouts. The complementary approach of
using compounds that block other degradative pathways, such as
proteasome and ER-associated degradation (ERAD) inhibitors,
can also provide valuable information [216]. However, these
inhibitors may sometimes cause unexpected results and should
be interpreted with caution due to potential nonspecific effects
and crosstalk among the degradative systems. For example,
blocking proteasome function may activate autophagy [613
[1023-1026],], although those studies did not assess long-lived
protein degradation. Studies that have directly compared the
effects of proteasomal and lysosomal degradation inhibitors—
alone and in combination—on long-lived protein degradation
have demonstrated that proteasomal and lysosomal inhibitors
have near perfectly additive effects [216,1027], thus suggesting
that the crosstalk between the proteasomal and autophagic sys-
tems does not appreciably affect the results obtained in the long-
lived protein degradation assay (although this does not exclude
the possibility that this may occur under other conditions, so this
needs to be tested from case to case). Conversely, interference
with the CMA pathway does seem to activate a compensatory
form of autophagy that increases the overall degradation of long-
lived proteins [133,307]. In general, when using inhibitors, it is
critical to know whether the inhibitors being used alter

autophagy in the particular cell type and context being exam-
ined. In addition, because 3-MA could have some autophagy-
independent effects in particular settings it is advisable to verify
that the 3-MA-sensitive degradation is also sensitive to specific
class III PtdIns3K inhibitors such as SAR-405, and to general
lysosomal inhibitors (such as NH,CI or leupeptin) [25,216].

The use of stable isotopes, such as '>C and '°N, in quantitative
MS-based proteomics allows the recording of degradation rates
of thousands of proteins simultaneously. These assays may be
applied to autophagy-related questions enabling researchers to
investigate differential effects in global protein or even organelle
degradation studies [1028,1029]. Stable isotope labeling with
amino acids in cell culture (SILAC) can also provide compara-
tive information between different treatment conditions, or
between a wild type and mutant.

Another assay that could be considered relies on the lim-
ited proteolysis of a BHMT (betaine-homocysteine S-methyl-
transferase) fusion protein. The 44-kDa full-length BHMT
protein is cleaved in hepatocyte amphisomes in the presence
of leupeptin to generate 32-kDa and 10-kDa fragments [1030-
1033]. Accumulation of these fragments is time dependent
and is blocked by treatment with autophagy inhibitors. A
modified version of this marker, GST-BHMT, can be
expressed in other cell lines where it behaves similar to the
wild-type protein [1034]. Additional substrates may be con-
sidered for similar types of assays. For example, the neomycin
phosphotransferase II-GFP (NeoR-GFP) fusion protein is a
target of autophagy [620]. Transfection of lymphoblastoid
cells with a plasmid encoding NeoR-GFP followed by incuba-
tion in the presence of 3-MA leads to an accumulation of the
NeoR-GFP protein as measured by flow cytometry [1035].

A similar western blot assay is based on the degradation of
a cytosolic protein fused to GFP. This method has been used
in yeast and D. discoideum cells using GFP-Pgkl and GFP-
Tkt-1 (phosphoglycerate kinase and transketolase, respec-
tively). In this case the relative amount of free GFP and the
complete fusion protein is the relevant parameter for quanti-
fication; although it may not be possible to detect clear
changes in the amount of the full-length chimera, especially
under conditions of limited flux [40,52]. As described above
for the marker GFP-Atg8-family proteins, nonsaturating
levels of lysosomal inhibitors are also needed in D. discoideum
cells to slow down the autophagic degradation, allowing the
accumulation and detection of free GFP. It should be noted
that this method monitors bulk autophagy because it relies on
the passive transit of a cytoplasmic marker to the lysosome.
Consequently, it is important to determine that the marker is
distributed homogeneously in the cytoplasm.

Recently, the fluorescent coral protein Keima, which is resis-
tant to lysosomal degradation, and which can be used to measure
autophagic cargo flux to acidic environments [1036] has been
fused (through genetic engineering) to a variety of cellular pro-
teins, for example ribosomal, proteasomal, mitochondrial, or
cytosolic proteins [1037]. These fusion proteins are proteolytically
cleaved off from Keima and degraded (whereas Keima is stable).
The cleavage can be detected by western blotting for Keima, where
an increase in non-fused Keima reflects delivery of the fusion
proteins to lysosomes. Thus, this approach represents a very
versatile method to determine delivery of various cargo for
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lysosomal proteolysis and thereby monitor both nonselective and
selective autophagy [1037]. Generation of stable cell lines with
inducible expression of the Keima fusion proteins may provide a
more reliable result under certain conditions. For example, during
oxidative stress the expression of the Keima fusion proteins
themselves seem to be increased, possibly due to stress-induced
activation of the CMV promoter. More reliable data are produced,
especially for the high-turnover probe Keima-LC3, by inducing
expression of the Keima-probe prior to the stimulus of interest,
and then following the generation of cleaved Keima during a
chase period (M. Torgersen, unpublished results).

Of note, however, the assay only assesses proteolytic activ-
ity, and cannot be used to tell whether the cargo has reached
fully active autolysosomes or whether the degraded cargo is
recycled to the cytosol. This is as opposed to the long-lived
protein degradation assay, which is a true end-point measure-
ment of autophagy, because it (with the inclusion of proper
controls) can measure the amount of degraded, free amino
acids (and short peptides) that have been released from the
autolysosomes.

One of the most useful methods for monitoring autophagy
in S. cerevisiae is the Pho8A60 assay. PHO8 encodes a vacuo-
lar phosphatase, which is synthesized as a zymogen before
finally being transported to and activated in the vacuole
[1038]. A molecular genetic modification that eliminates the
first 60 amino acids prevents the mutant (Pho8A60) from
entering the ER, leaving the zymogen in the cytosol. When
autophagy is induced, the mutant zymogen is delivered to the
vacuole nonselectively inside autophagosomes along with
other cytoplasmic material. The resulting activation of the
zymogen can be easily measured by enzymatic assays for
phosphatase activity [356]. To minimize background activity,
it is preferable to have the gene encoding the cytosolic Phol3
phosphatase additionally deleted (although this is not neces-
sary when assaying certain substrates).

Cautionary notes: Measuring the degradation of long-
lived proteins requires prior radiolabeling of the cells, and
subsequent separation of acid-soluble from acid-insoluble
radioactivity. The labeling can be done with relative ease
both in cultured cells and in live animals [4], and has recently
been scaled down to minimize the amount of radioactivity
needed in cell culture experiments [25]. In cells, it is also
possible to measure the release of an unlabeled amino acid
by chromatographic methods, thereby obviating the need for
prelabeling [1039]; however, it is important to keep in mind
that amino acid release is also regulated by protein synthesis,
which in turn is modulated by many different factors. In
either case, one potential problem is that the released amino
acid may be further metabolized. For example, branched
chain amino acids are good indicators of proteolysis in hepa-
tocytes, but not in muscle cells where they are further oxi-
dized (A.J. Meijer, personal communication). In addition, the
amino acid can be reincorporated into protein; for this reason,
such experiments can be carried out in the presence of CHX,
but this raises additional concerns (see Turnover of autophagic
compartments). In the case of labeled amino acids, a nonla-
beled chase is added where the tracer amino acid is present in
excess (being cautious to avoid using an amino acid that
inhibits autophagy), or by use of single-pass perfused organs
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or superfused cells [1040,1041]. The perfused organ system
also allows for testing the reversibility of effects on proteolysis
and the use of autophagy-specific inhibitors in the same
experimental preparation, which are crucial controls for
proper assessment.

If the autophagic protein degradation is low (as it will be in
cells in replete medium), it may be difficult to measure it
reliably above the relatively high background of nonautopha-
gic degradation. It should also be noted that the usual practice
of incubating the cells under “degradation conditions,” that is,
in a saline buffer, indicates the potential autophagic capacity
(maximal attainable activity) of the cells rather than the
autophagic activity that prevails in vivo or under rich-culture
conditions. Finally, inhibition of a particular degradative
pathway is typically accompanied by an increase in a separate
pathway as the cell attempts to compensate for the loss of
degradative capacity [1025]. This compensation might inter-
fere with control measurements under conditions that attempt
to inhibit autophagy; however, as the latter is the major
degradative pathway, the contributions of other types of
degradation over the course of this type of experiment are
most often negligible. Another issue of concern, however, is
that most pharmacological protease inhibitors have “off tar-
get” effects that complicate the interpretation of the data.

The Pho8A60 assay requires standard positive and negative
(such as an atglA strain) controls, and care must be taken to
ensure the efficiency of cell lysis. Glass beads lysis works well
in general, provided that the agitation speed of the instrument
is adequate. Instruments designed for liquid mixing with
lower speeds should be avoided. We also recommend against
holding individual sample tubes on a vortex, as it is difficult to
maintain reproducibility; devices or attachments are available
to allow multiple tubes to be agitated simultaneously. Finally,
it is also important to realize that the deletion of PHOS8 can
affect yeast cell physiology, especially depending on the
growth conditions, and this may in turn have consequences
for the cell wall; cells under starvation stress generate thicker
cell walls that can be difficult to degrade enzymatically.

Conclusion: Measuring the turnover of long-lived proteins
is a standard method for determining autophagic flux. Newer
proteomic techniques that compare protein levels in autop-
hagy-deficient animals relative to wild-type animals are pro-
mising [1042,1043], but the current ratiometric methods are
affected by both protein synthesis and degradation, and thus
analyze protein turnover, rather than degradation.

Selective types of autophagy

Although autophagy can be nonselective, in particular during
starvation, there are many examples of selective types of
autophagy.

The Cvt pathway, mitophagy, pexophagy, piecemeal micro-
autophagy of the nucleus and late nucleophagy in yeast and
filamentous fungi. The precursor form of aminopeptidase I
(prApel) is the major cargo of the Cvt pathway in yeast, a
biosynthetic autophagy-related pathway [177]. The propeptide
of prApel is proteolytically cleaved upon vacuolar delivery, and
the resulting shift in molecular mass can be monitored by
western blot. Under starvation conditions, prApel can enter
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the vacuole through nonselective autophagy, and thus has been
used as a marker for both the Cvt pathway and autophagy.

The yeast Cvt pathway is unique in that it is a biosynthetic
route that utilizes the autophagy-related protein machinery,
whereas other types of selective autophagy are degradative. The
latter include pexophagy, mitophagy, reticulophagy and xeno-
phagy, and each process has its own marker proteins, although
these are typically variations of other assays used to monitor the
Cvt pathway or autophagy. One common type of assay involves
the processing of a GFP chimera similar to the GFP-Atg8 proces-
sing assay (see GFP-Atg8-family protein lysosomal delivery and
partial proteolysis). For example, yeast pexophagy utilizes the
processing of Pex14-GFP and Potl/Fox3/thiolase-GFP
[1044,1045], whereas mitophagy can be monitored by the genera-
tion of free GFP from Om45-GFP, Idh1-GFP, Idp1-GFP or mito-
DHEFR-GFP [1046-1050]. Important differences, however, can be
observed between GFP chimera of endogenous mitochondrial
proteins and an artificial construct such as mito-DHFR-GFP
[1051]. In filamentous fungi, NBRI1-dependent pexophagy can
be monitored by inducing peroxisome proliferation through
growth in fatty acid-containing medium and shifting the myce-
lium back to complete medium to visualize DsRED-labeled per-
oxisome degradation in the vacuole [1052]. Localization of
mitochondrially-targeted proteins (or specific MitoTracker®
dyes) or similar organelle markers such as those for the peroxi-
some (e.g., GFP-SKL with Ser-Lys-Leu at the C terminus that acts
as a peroxisomal targeting signal, Aox3 [acyl-CoA oxidase 3]-
EYFP that allows simultaneous observation of peroxisome-
vacuole dynamics with the single FITC filter set, or GFP-Ctal
[catalase A]) can also be followed by fluorescence microscopy
[831, 1045 [1053-1055],]. In addition, yeast mitophagy requires
both the Slt2 and Hogl signaling pathways; the activation and
phosphorylation of Slt2 and Hogl can be monitored with com-
mercially available phospho-specific antibodies (Figure 26) [747].
It is also possible to monitor pexophagy in yeasts by the disap-
pearance of activities of specific peroxisome markers such as
catalase, alcohol oxidase or amine oxidase in cell-free extracts
[1056], or permeabilized cell suspensions. Catalase activity, how-
ever, is a useful marker only when peroxisomal catalases are the

N + - - - -

Time (min): 0 30 60 120 240
p-SIt2-GFP
S1t2-GFP

N+ - - - -

Time (min): 0 30 60 120 240
p-Hog1-GFP
Hogl-GFP

Figure 26. S. cerevisiae cells were cultured to mid-log phase and shifted to SD-N
for the indicated times. Samples were taken before (+) and at the indicated times
after (-) nitrogen starvation. Immunoblotting was done with anti-phospho-SIt2
and anti-phospho-Hog1 antibody. This figure was modified from data previously
published in ref. [747], and is reproduced by permission of the American Society
for Cell Biology, copyright 2011.

only such enzymes present or when activities of different catalases
can be distinguished. In S. cerevisiae there are two genes, CTT1
and CTAI, encoding catalase activity, and only one of these gene
products, Ctal, is localized in peroxisomes. Activities of both
catalases can be distinguished using an in-gel activity assay after
PAGE under nondenaturing conditions by staining with diami-
nobenzidine [1057,1058]. Plate assays for monitoring the activity
of peroxisomal oxidases in yeast colonies are also available [1054].
The decrease in the level of endogenous proteins such as alcohol
oxidase, Pex14 or Potl can be followed by western blotting [831
[1059-1062], TEM  [1063], fluorescence  microscopy
[831,1064,1065] or laser confocal scanning microscopy of GFP-
labeled peroxisomes [1066,1067].

In yeast, nonselective autophagy can be induced by nitro-
gen-starvation conditions, whereas degradative types of selec-
tive autophagy generally require a carbon source change or ER
stress for efficient induction. For example, in S. cerevisiae, to
induce a substantial level of mitophagy, cells need to be pre-
cultured in a nonfermentable carbon source such as lactate or
glycerol to stimulate the proliferation of mitochondria
(although this is not the case in Komagataella phaffii/Pichia
pastoris). After sufficient mitochondria proliferation, shifting
the cells back to a fermentable carbon source such as glucose
will cause the autophagic degradation of superfluous mitochon-
dria [1047]. It should be noted that in addition to carbon
source change, simultaneous nitrogen starvation is also
required for efficient mitophagy induction. This is possibly
because excessive mitochondria can be segregated into daugh-
ter cells by cell division if growth continues [1047]. A similar
carbon source change from oleic acid or methanol to ethanol or
glucose (with or without nitrogen starvation) can be used to
assay for pexophagy [1068]; whereas a shift to glucose induces
micropexophagy, a shift to ethanol induces macropexophagy
[1061]. Mitophagy can apparently be induced in Magnaporthe
oryzae by treatment with ROS to induce mitochondrial damage
[1069]; however, ROS or mitochondrial oxidative phosphoryla-
tion uncouplers such as CCCP do not induce mitophagy in S.
cerevisiae [1048,1070]. Mitophagy can be induced by culturing
yeast cells in a nonfermentable carbon source to post-log phase
or before nitrogen starvation [1070,1071]. In this case, mito-
phagy may be induced because the energy demand is lower at
post-log phase and the mitochondrial mass exceeds the cell’s
needs [169,1072,1073]. It has been suggested that this type of
mitophagy, also known as “stationary phase mitophagy,”
reflects a quality-control function that culls defective mitochon-
dria that accumulate in nondividing, respiring cells [1074].
Furthermore, there is some evidence that mitophagy can be
induced in cells cultured with a fermentable carbon source such
as glucose by a shift from nutrient-rich to nitrogen-starvation
conditions, which makes it possible to examine mitophagy even
in respiratory-deficient cells, although the amount of mito-
chondrial turnover may be quite low [1075]. Similarly, pexo-
phagy can be induced by culturing the cells in a peroxisome
proliferation medium to post-log phase (J.-C. Farré, unpub-
lished results). Along these lines, it should also be realized that
some types of selective autophagy continuously occur at a low
level under noninducing conditions. Thus, organelles such as
peroxisomes have a finite life span and are turned over at a
slow rate by autophagy-related pathways [1076].
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Piecemeal microautophagy of the nucleus (PMN, also
termed micronucleophagy) is another selective autophagic
subtype, which targets portions of the nucleus for degradation
[157,1077,1078]. In S. cerevisiae, the nuclear outer membrane,
which is continuous with the nuclear ER, forms contact sites
with the vacuolar membrane. These nucleus-vacuole junctions
(NV]Js) are generated by interaction of the outer nuclear
membrane protein Nvjl with the vacuolar protein Vac8
[1079]. Nvjl further recruits the ER-membrane protein
Tsc13, which is involved in the synthesis of very-long-chain
fatty acids (VLCFAs) and Swh1/Oshl, a member of a family
of oxysterol-binding proteins. Upon starvation the NV]s bulge
into the vacuole and subsequently a PMN-vesicle pinches off
into the vacuole. PMN vesicles thus contain nuclear material
and are limited by three membranes with the outermost
derived from the vacuole, and the two inner ones from the
nuclear ER. It is not clear which nuclear components are
removed by PMN, but because PMN is not a cell death
mechanism per se, it seems most likely that superfluous
material is recycled. During PMN the NVJs are selectively
incorporated into the PMN vesicles and degraded.
Accordingly, PMN can be monitored using the proteins that
are associated with the NVJs as markers. To quantitatively
follow PMN, an assay analogous to the above-described GFP-
Atg8 processing assay has been established using either GFP-
Swh1/Oshl or Nvjl-GFP. These GFP chimeras are, together
with the PMN-vesicles, degraded in the vacuole. Thus, the
formation of the relatively proteolysis-resistant GFP detected
in western blots correlates with the PMN rate. In fluorescence
microscopy, PMN can be visualized with the same constructs,
and a chimera of mCherry fused to a nuclear localization
signal (NLS-mCherry) can also be used. To assure that the
measured PMN rate is indeed due to selective PMN/micro-
nucleophagy, appropriate controls such as cells lacking Nvjl
or Vac8 should be included. Detailed protocols for the
described assays are provided in ref [1080].

Late nucleophagy (LN) is another type of selective degra-
dation of the nucleus, which specifically targets bulk nucleo-
plasm for degradation after prolonged periods (20-24 h) of
nitrogen starvation [721]. LN induction occurs in the absence
of the essential PMN proteins Nvjl and Vac8 and, therefore,
the formation of NVJs. Although, some components of the
core Atg machinery are required for LN, Atgll and the
Vps34-containing PtdIns3K complex I are not needed. LN
can be monitored by employing a nuclear-targeted version
of the Rosella biosensor (n-Rosella) and following either its
accumulation (by confocal microscopy), or degradation (by
immunoblotting), within the vacuole [1081]. Dual labeling of
cells with Nvj1-EYFP, a nuclear membrane reporter of PMN,
and the nucleoplasm-targeted NAB35-DsRed. T3 (NAB35 is a
target sequence for the Nab2 RNA-binding protein, and
DsRed.T3 is the pH-stable, red fluorescent component of n-
Rosella) allows detection of PMN soon after the commence-
ment of nitrogen starvation, whereas delivery to the vacuole of
the nucleoplasm reporter, indicative of LN, is observed only
after prolonged periods of nitrogen starvation. Few cells show
simultaneous accumulation of both reporters in the vacuole,
indicating that PMN and LN are temporally and spatially
separated [1081].
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In contrast to unicellular yeasts, filamentous fungi form an
interconnected mycelium of multinucleate hyphae containing
up to 100 nuclei in a single hyphal compartment. A mycelial
colony grows by tip extension with actively growing hyphae at
the colony margin surrounded by an older, inner hyphal net-
work that recycles nutrients to fuel the hyphal tips. By labeling
organelle markers with GFP it is possible to show in
Aspergillus oryzae that autophagy mediates degradation of
basal hyphal organelles such as peroxisomes, mitochondria
and entire nuclei [1082]. In contrast to yeast, PMN has not
been observed in filamentous ascomycetes. In M. oryzae,
germination of the condiospore and formation of the appres-
sorium is accompanied by nuclear degeneration in the spore
[373]. The degradation of nuclei in spores requires the non-
selective autophagy machinery, whereas conserved compo-
nents of the PMN pathway such as Vac8 and Tscl3 are
dispensable for nuclear breakdown during plant infection
[1083]. Nuclei are proposed to function in storage of
growth-limiting nutrients such as phosphate and nitrogen
[1084,1085]. Similar to nuclei, mitochondria and peroxisomes
are also preferentially degraded in the basal hyphae of fila-
mentous ascomycetes [373 [1082-1086],].

Cautionary notes: The Cvt pathway has been demon-
strated to occur only in yeast. In addition, the sequestration
of prApel is specific, even under starvation conditions, as it
involves the recognition of the propeptide by a receptor,
Atgl9, which in turn interacts with the scaffold protein
Atgll [1087,1088]. Thus, unless the propeptide is removed
or the genes encoding Atgll or Atgl9 are deleted, prApel is
recognized as a selective substrate. Overexpression of prApel
saturates import by the Cvt pathway, and the precursor form
accumulates, but is rapidly matured upon autophagy induc-
tion [408]. In addition, mutants such as vac84 and tlg2A
accumulate prApel under nutrient-rich conditions, but not
during autophagy [745,1089]. Accordingly, it is possible to
monitor the processing of prApel when overexpressed, or in
certain mutant strains to follow autophagy induction.
However, under the latter conditions it must be kept in
mind that the sequestering vesicles are substantially smaller
than typical autophagosomes generated during nonselective
autophagy; the Cvt complex (prApel bound to Atgl9) is
smaller than typical peroxisomes or mitochondrial fragments
that are subject to autophagic degradation. Accordingly, par-
ticular mutants may display complete maturation of prApel
under autophagy-inducing conditions, but may still have a
defect in other types of selective autophagy, as well as being
unable to induce a normal level of nonselective autophagy
[148]. For this reason, it is good practice to evaluate autopha-
gosome size and number by TEM. Actually, it is much simpler
to monitor autophagic bodies (rather than autophagosomes)
in yeast. First, the vacuole is easily identified, making the
identification of autophagic bodies much simpler. Second,
autophagic bodies can be accumulated within the vacuole,
allowing for an increased sample size. It is best to use a strain
background that is pep4A vps4A to prevent the breakdown of
the autophagic bodies, and to eliminate confounding vesicles
from the multivesicular body pathway. One caveat to the
detection of autophagic bodies, however, is that they may
coalesce in the vacuole lumen, making it difficult to obtain
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an accurate quantification. Finally, it is important to account
for biases in sample sectioning to obtain an accurate estimate
of autophagic body number or size [147].

In general, when working with yeast it is preferable to use
strains that have the marker proteins integrated into the
chromosome rather than relying on plasmid-based expres-
sion, because plasmid numbers can vary from cell to cell.
The GFP-Atg8, or a similar, processing assay is easy to per-
form and is suitable for analysis by microscopy as well as
western blotting; however, particular care is needed to obtain
quantitative data for GFP-Atg8, Pex14-GFP or Om45-GFP,
etc. processing assays (see cautionary notes for GFP-Atg8-
family protein lysosomal delivery and partial proteolysis).

A pHluorin-Atg8 chimera can be used to determine the
breakdown of autophagic bodies in budding yeast by live cell
fluorescence microscopy. In WT cells, fluorescence of
pHluorin-Atg8 is detectable at neutral pH in the cytosol and
at the PAS or on autophagosomes, but not at the lower pH
within the vacuole upon starvation. In mutants that are either
deficient in vacuolar peptidases (atg424, pep4A, prbIA, prclA)
or vacuolar acidification (vma4A) pHluorin-Atg8 is not
quenched and pHluorin-Atg8-positive vesicular structures
are detected inside their vacuoles, suggesting that autophagic
bodies are not efficiently lysed. Hence, pHluorin-Atg8 is a
useful tool to detect defects in the breakdown of autophagic
bodies inside vacuoles [1090].

An alternative method to monitor selective autophagy is to
use an organelle-targeted Pho8A60 assay. For example,
mitoPho8A60 can be used to quantitatively measure mitophagy
[1048]. In addition, for the GFP-Atg8 processing assay, 2 h of
starvation is generally sufficient to detect a significant level of
free (ie., vacuolar) GFP by western blotting as a measure of
nonselective autophagy. For selective types of autophagy, the
length of induction needed for a clearly detectable free GFP
band will vary depending on the rate of cargo delivery/degrada-
tion. Usually 6 h of mitophagy induction is needed to be able to
detect free GFP (e.g., from Om45-GFP) by western blot under
starvation conditions, whereas stationary phase mitophagy typi-
cally requires 2 days before a free GFP band is observed.
However, as with animal systems (see Animal mitophagy and
pexophagy), it would be prudent to follow more than one GFP-
tagged protein, as the kinetics, and even the occurrence of
mitophagic trafficking, seems to be protein species-dependent,
even within the mitochondrial matrix [1091]. The use of an
artificial, non-mitochondrial protein as a chimeric mitophagy
reporter (such as mtDHFR-GFP) can apparently be used as a
reporter for “general” mitophagy as it does not appear to have
any endogenous “selectivity” cues [1051].

Aggrephagy. Aggrephagy is the selective removal of aggre-
gates by autophagy [1092]. This process can be followed in
vitro (in cell culture) and in vivo (in mice) by monitoring the
levels of an aggregate-prone protein such as an expanded
polyglutamine (polyQ)-containing protein or mutant MAPT/
tau or SNCA/a-synuclein (synuclein alpha). Levels are quan-
tified by immunofluorescence, immunogold labeling, filter-
trap assay or traditional immunoblot. In yeast, degradation
of SNCA aggregates can be followed by promoter shut-off
assays. Expression of the inducible GALI promoter of GFP-

tagged SNCA is stopped by glucose repression. The removal
of aggregates is thus monitored with fluorescence microscopy.

The relationship between SNCA clearnace and autophagy has
also been exploited in yeast studies during chronological aging
with SNCA expressed under the control of a constitutive pro-
moter [347,349,366,629]. In this model, SNCA toxicity is depen-
dent on Atgll [366] and promotes cell cycle re-entry, S-phase
arrest, and DNA damage response activation, which is respon-
sible for a dramatic increase in autophagy [349]. This selective
pathway of autophagy has been termed genotoxin-induced tar-
geted autophagy (GTA) and, in addition to Atgll, requires the
involvement of the Mecl and Rad53 kinases [1093].

The contribution of autophagy to SNCA aggregate clear-
ance can be studied by the use of different autophagy mutants
or by pharmacological treatment with the proteinase B inhi-
bitor PMSF [1094-1096]. Similarly, fluorescently tagged aggre-
gated proteins such as polyQ80-CFP can be monitored via
immunoblot and immunofluorescence. In addition to fluor-
escence methods, aggregates formed by a splice variant of
CCND2 (cyclin D2) can also be monitored in electron-dense
lysosomes and autophagosomes by immunogold labeling and
TEM techniques [1097]. A polyQ80-luciferase reporter, which
forms aggregates, can also be used to follow aggrephagy
[1098]. A nonaggregating polyQ19-luciferase or untagged
full-length luciferase serves as a control. The ratio of luciferase
activity from these two constructs can be calculated to deter-
mine autophagic flux.

Autophagic clearance of mutated human HTT (hunting-
tin) protein with a polyQ expansion (HTT103Q) can also be
observed in budding yeast. After overnight induction from a
galactose inducible promotor, HTT103Q proteins form
inclusion bodies in yeast cells. When glucose is added into
the cell culture to shut off HTT103Q expression, obvious
vacuolar localization of the protein is detected within 1 h,
and this localization depends on the core autophagy machin-
ery. Moreover, the absence of the ubiquilin protein Dsk2 and
some heat-shock proteins compromises the vacuolar locali-
zation of HTT103Q [1099,1100]. Therefore, mutated HTT
protein can be used as a model substrate to study
aggrephagy.

Autophagic degradation of endogenous aggregates such as
lipofuscin can be monitored in some cell types by fluorescence
microscopy, utilizing the autofluorescence of lipofuscin parti-
cles. Although under normal conditions almost 99% of the
lipofuscin particles are located in autophagosomes or lyso-
somes, an impairment of autophagy leads to free lipofuscin in
the cytosol [1101,1102]. The amount of lipofuscin in primary
human adipocytes can be reduced by activation of autophagy,
and the amount of lipofuscin is dramatically reduced in adi-
pocytes from patients with type 2 diabetes and chronically
enhanced autophagy [396]. Monitoring autophagy in tissues
with lipofuscin accumulation is not possible using a mouse
reporter model expressing GFP-LC3, because cytosolic lipo-
fuscin appears as a hyperfluorescent punctum in the green
channel [485]. A tandem tagged LC3 reporter model (CAG-
mRFP-EGFP-LC3 [1103]) will be better suited to study
pathologies involving lipofuscin accumulation. Image], or
other equivalent software, should be utilized to detect GFP-
positive puncta that colocalize with RFP-positive structures.
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Cytosolic lipofuscin will appear as an RFP-independent GFP
(green) punctum.

Similarly, TFEB overexpression either in neurons or oligo-
dendrocytes reduces neurodegeneration and the pathological
burden of SNCA in many experimental models of synuclei-
nopathies reported by independent investigators [1104-1106].

Cautionary notes: Caution must be used when performing
immunoblots of aggregated proteins, as many protein aggre-
gates fail to enter the resolving gel and are retained in the
stacking gel. This drawback can be bypassed by performing a
filter-trap assay in which protein extracts are forced by mild
suction through a nitrocellulose membrane, and protein
aggregates larger than the nitrocellulose pores are stuck on
the membrane and can then be detected by traditional immu-
noblot [1107]. In addition, the polyQ80-luciferase in the
aggregated state lacks luciferase activity, whereas soluble
polyQ80-luciferase retains activity. Therefore, caution must
be used when interpreting results with these vectors, as treat-
ments that increase aggrephagy or enhance protein aggrega-
tion can lead to a decrease in luciferase activity [1108]. Finally,
soluble polyQ reporters can be degraded by the proteasome;
thus, changes in the ratio of polyQ19-luciferase:polyQ80-luci-
ferase may also reflect proteasomal effects and not just
changes in autophagic flux.

Allophagy. In C. elegans, mitochondria, and hence paternal
mitochondrial DNA, from sperm are eliminated by an autopha-
gic process. This process of allogeneic (nonself) organelle autop-
hagy is termed “allophagy” [1109,1110]. During allophagy in C.
elegans, both paternal mitochondria and membranous orga-
nelles (a sperm-specific membrane compartment) are eliminated
by the 16-cell stage (100-120 min post-fertilization) [1111,1112].
The degradation process can be monitored in living embryos
with GFP::ubiquitin, which appears in the vicinity of the sperm
chromatin (labeled for example with mCherry-histone H2B) on
the membranous organelles within 3 min after fertilization. GFP
fusions and antibodies specific for LGG-1 and LGG-2 (Atg8-
family protein homologs), which appear next to the sperm DNA,
membranous organelles and mitochondria (labeled with
CMXRos or mitochondria-targeted GFP) within 15 to 30 min
post-fertilization, can be used to verify the autophagic nature of
the degradation. TEM [1113-1115] can also be utilized to
demonstrate the presence of mitochondria within autophago-
somes in the early embryo. The respective functions of LGG-1
and LGG-2 have been addressed by RNAi depletion or through
the use of genetic loss-of-function mutants Igg-1(tm3489) and
lgg-2(tm5755). LGG-1 is essential for allophagosome formation,
whereas LGG-2 contributes to their efficient maturation [1114].
Ubiquitination of the substrates was first described for the
membranous organelles and not for sperm-inherited mitochon-
dria [1111,1112], but studies suggest that ubiquitination of
sperm-mitochondria could be required for the initial step of
allophagy [1116,1117]. The autophagy receptor ALLO-1 and its
kinase IKKE-1 are required for the recruitment of LGG-1
around sperm-inherited organelles [1116]. This autophagy tar-
geting requires both the ubiquitination of substrates and the loss
of sperm mitochondrial membrane potential [1116,1118,1119].
Conclusion: There are many assays that can be used to
monitor selective types of autophagy, but caution must be
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used in choosing an appropriate marker(s). The potential
role of other degradative pathways for any individual orga-
nelle or cargo marker should be considered, and it is advisable
to use more than one marker or technique.

Animal mitophagy and pexophagy. There is no consensus at
the present time with regard to the best method for monitor-
ing mitophagy in animal cells. As with any organelle-specific
form of autophagy, it is necessary to demonstrate: i) increased
levels of phagophores interacting with, or autophagosomes
containing, mitochondria; ii) maturation of these autophago-
somes that culminates with mitochondrial degradation, which
can be blocked by specific inhibitors of autophagy or of
lysosomal degradation; and iii) whether the changes are due
to selective mitophagy or increased mitochondrial degrada-
tion during nonselective autophagy. Techniques to address
each of these points have been reviewed [55,1120]. Note that
a common misconception is that mitophagy can be monitored
via RT-qPCR of mRNA transcripts encoding mitophagy-asso-
ciated factors (e.g., PINK1, PRKN, etc.); in fact, changes in
mRNA levels of these factors do not necessarily reflect mito-
phagic activity and should not be used to infer changes in
mitophagy in the absence of other assays.

The following methods can be used to follow all forms of
mitophagy: Ultrastructural analysis by TEM at early time
points can be used to establish selective mitophagy. It should
be noted that a detailed handbook on how to specifically
dissect the several phases of the mitophagic process by TEM
is not available. This should ideally include an initial phase of
mitochondrial fragmentation, followed by formation of a
double-layered membrane that expands around the selected
organelle to form a double-membrane mitophagosome that
contains mitochondria-like structure. TEM can be used to
demonstrate the presence of mitochondria within these vesi-
cles, and this can be coupled with bafilomycin A; or CQ
treatment to prevent fusion with the lysosome to trap early
autophagosomes with recognizable cargo [55] (Figure 4). In
the later phase, and in the absence of maturation inhibitors, it
might become difficult to clearly identify mitochondria-like
structures inside the mitophagosomes; however, these should
be appropriate in size, retain a double-membrane structure,
and contain remnants of mitochondrial cristae. Depending on
the use of specific imaging techniques, dyes for living cells or
antibodies for fixed cells have to be chosen. In any case,
transfection of the phagophore and autophagosome marker
GFP-LC3 to monitor the initiation of mitophagy, or RFP-LC3
to assess mitophagy progression, and visualization of mito-
chondria (independent of their mitochondrial membrane
potential) makes it possible to determine the association of
these two cellular compartments. Qualitatively, this may
appear as fluorescence colocalization or as rings of GFP-LC3
surrounding mitochondria in higher-resolution images
[201,1113,1121].

Care must be taken in interpreting these results, as some
data indicate that autophagosomes form at ER-mitochondria
contact sites [872]; hence, there will be some degree of colo-
calization between forming (non-mitophagic) autophago-
somes and mitochondria. Fluorescence microscopy-based
approaches for monitoring autophagosome or lysosome
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colocalization with mitochondria in cells in which cytoplasm
is almost fully occupied by mitochondria, such as brown
adipocytes, may be particularly challenging. Background
thresholds should be accurately set to avoid false positive
results.

For live-cell imaging microscopy, mitochondria should be
labeled by a matrix-targeted fluorescent protein through trans-
fection or by the use of mitochondria-specific dyes. When using
matrix-targeted fluorophores for certain cell lines (e.g, SH-
SY5Y), it is important to allow at least 48 h of transient expres-
sion for sufficient targeting/import of mitochondrial GFP/RFP
prior to analyzing mitophagy. Among the MitoTracker® probes
are lipophilic cations that include a chloromethyl group and a
fluorescent moiety. These probes concentrate in mitochondria
due to their negative charge and react with the reduced thiols
present in mitochondrial matrix proteins [1122-1124]. After this
reaction, the probe can be fixed and remains in the mitochon-
dria independent of subsequent alterations in mitochondrial
function or mitochondrial membrane potential
[1123,1125,1126]. This method can thus be used when cells
remain healthy when the dye is applied, as the dye will remain
in the mitochondria and is retained after fixation, although, as
stated above, accumulation is dependent on the membrane
potential. In addition, it is important to note that the various
mitochondrial dyes are not identical in terms of their properties,
and not all are suitable for use following fixation. For example,
MitoTracker® Green FM is not retained well after aldehyde
fixation, whereas MitoTracker® Red CMXRos works under
these conditions. Although in some cases it is convenient to
utilize the fixation step, it is possible to evaluate fresh, unfixed
cells, and, consequently, with less manipulated mitochondria,
obtain good results with both flow cytometry and confocal
microscopy [1127]. Transfection with mitochondrially targeted
fluorescent proteins can also be used with similar results to
MitoTracker® Green FM [201]. Antibodies that specifically
recognize mitochondrial proteins such as VDAC, TOMM20/
TOM20 (translocase of outer mitochondrial membrane 20),
SOD2 (superoxide dismutase 2), HSPD1/HSP60 (heat shock
protein family D [Hsp60] member 1), HSPA9/mtHSP70 or
COZX4I1 (cytochrome ¢ oxidase subunit 411) may be used to
visualize mitochondria in immunohistochemical experimental
procedures [1128-1132] or in human patient samples [1133].

Colocalization analyses of mitochondria and autophago-
somes provide an indication of the degree of autophagic

Hoechst MitoTracker Green FM

LysoTracker Red

sequestration. To quantify early mitophagy, the percentage
of LC3 puncta (endogenous, RFP- or GFP-LC3 puncta) that
colocalize with mitochondria and the number of colocalizing
LC3 puncta per cell—as assessed by confocal microscopy—in
response to mitophagic stimuli can be employed as well
[1134]. Of note, PINK-PRKN-dependent mitophagy is inde-
pendent of the LC3 subfamily, but strongly requires the
GABARAPs [34,35]. Conversely, LC3 is involved in cardioli-
pin-mediated mitophagy [201]. Thus, monitoring of more
than on Atg8 subfamily may be necessary. In addition, the
percentage of lysosomes that colocalize with mitochondria
can be used to quantify autophagy-mediated delivery of mito-
chondria. Furthermore, induction of mitophagy also pro-
motes the formation of ring-shaped/spheroid mitochondria
interacting with structures positive for LC3 and lysosomal
proteins (based on immuno-EM). It is not clear whether
these structures represent forming autophagomes dedicated
to the degradation of mitochondria, or whether they represent
a distinct process of mitochondrial dynamics [1135,1136].
Overall, it is important to quantify mitophagy at various
stages (initiation, progression, and late mitophagy) to identify
stimuli that elicit this process [1137,1138].

The fusion process of mitophagosomes with hydrolase-
containing lysosomes represents the next step in the degrada-
tion process. To monitor the amount of fused organelles via
live cell imaging microscopy, MitoTracker® Green FM and
LysoTracker™ Red DND-99 may be used to visualize the
fusion process (Figure 27). Independent of the cell-type spe-
cific concentration used for both dyes, we recommend
exchanging MitoTracker® Green FM medium with normal
medium (preferably phenol red-free and CO, independent
to reduce unwanted autofluorescence) after incubation with
the dye, whereas it is best to maintain the LysoTracker™ Red
stain in the incubation medium during the acquisition of
images. Given that these fluorescent dyes are extremely sensi-
tive to photobleaching, it is critical to perform live cell mito-
phagy experiments via confocal microscopy, preferably by
using a spinning disc confocal microscope for long-term
imaging experiments. For immunocytochemical experiments,
antibodies specific for mitochondrial proteins and an anti-
body against LAMP1 (lysosomal associated membrane protein
1) can be used. Overlapping signals appear as a merged color
and can be used as indicators for successful fusion of autop-
hagosomes that contain mitochondria with lysosomal

Merge 20x zoom

Figure 27. Human fibroblasts showing colocalization of mitochondria with lysosomes. The degree of colocalization of mitochondria with lysosomes in human
fibroblasts was measured via live cell imaging microscopy at 37°C and 5% CO, atmosphere using the ApoTome® technique. LysoTracker™ Red DND-99 staining was
applied to mark lysosomal structures (red), and MitoTracker™ Green FM to visualize mitochondria (green). Hoechst 33342 dye was used to stain nuclei (blue). A
positive colocalization is indicated by yellow signals (Merge) due to the overlap of LysoTracker™ Red and MitoTracker™ Green staining (white arrows). Scale bar: 10
um. Statistical evaluation is performed by calculating the Pearson’s coefficient for colocalizing pixels. Image provided by L. Burbulla and R. Kriiger.
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structures [1139]. To measure the correlation between two
variables by imaging techniques, such as the colocalization of
two different fluorescent signals, we recommend some form
of correlation analysis to assess the value correlating with the
strength of the association. This may use, for example, Image]
software or other colocalization scores that can be derived
from consideration not only of pixel colocalization, but also
from a determination that the structures have the appropriate
shape. During live-cell imaging, the two structures (autopha-
gosomes and mitochondria) should move together in more
than one frame. Mitophagy can also be quantitatively mon-
itored using a mitochondria-targeted version of the pH-
dependent Keima protein [1036]. The peak of the excitation
spectrum of the protein shifts from 440 nm to 586 nm when
mitochondria are delivered to acidic lysosomes, which can
provide a quantitative readout of mitophagy (Figure 28).
However, it should be noted that long exposure time of the
specimen to intense laser light leads to a similar spectral
change. mt-Keima in combination with flow cytometry has
been wused to quantitatively monitor mitophagy flux
[1130,1140,1141].

It is important to note that in a process distinct from
mitophagy, mitochondria and lysosomes can also become
dynamically tethered to one another in a RAB7A-GTP hydro-
lysis-dependent manner at inter-organelle mitochondria-lyso-
some contact sites, which are important for regulating
mitochondrial dynamics [1142-1144]. Thus, high-resolution
microscopy and preferably live cell imaging are strongly
recommended to differentiate mitophagy (which results in
mitochondria engulfed within the lysosomal membrane)
from stably tethered mitochondria-lysosome contacts (mito-
chondria that are in contact [<10 nm] from a lysosome and
can subsequently untether from one another without under-
going bulk mitochondrial degradation).

Finally, a mitochondria-targeted version of the tandem
mCherry-GFP fluorescent reporter (see Tandem mRFP/
mCherry-GFP  fluorescence microscopy) using a targeting
sequence from the mitochondrial membrane protein FIS1
[460,461] can be used to monitor mitophagic flux [460]. In
addition, transgenic mice and Drosophila expressing mt-
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Keima, mito-QC or mt-mCherry-GFP provide useful tools
for analysis of mitophagy in vivo in many physiological and
pathological conditions [38, 466, 1145-1148]. The tandem
fluorescent and the mitochondrially-targeted Keima fluores-
cence microscopy approaches both assess delivery of mito-
chondria to acidic (endo-lysosomal) environments. To
evaluate whether these acidic environments are proteolytically
active, the cleavage of ectopically expressed TOMM?20-Keima
(or other mitochondria-targeted Keima fusion proteins) can
be followed by western blotting [1037]. Whereas TOMM20 is
sensitive to proteolytic enzymes, Keima is resistant, and thus
the appearance of free Keima in the western blot indicates
arrival of the mitochondria-targeted fusion protein to a pro-
teolytic environment (lysosomes). The fold-change in
TOMM20-Keima cleavage upon treatment with an autophagic
stimulus can be compared with the fold change in the clea-
vage of a cytosolic Keima fusion protein (e.g., LDHB-Keima),
to thereby assess the degree of selectivity of the autophagic
response towards mitochondria over cytosolic proteins.

The third and last step of monitoring the degradation process
is to examine the amount of remaining mitochondria by analyz-
ing the mitochondrial mass. This final step provides the oppor-
tunity to determine the efficiency of degradation of
dysfunctional, aged or impaired mitochondria. Mitochondrial
mass can either be measured by a flow cytometry technique
using MitoTracker® Green FM (or MitoTracker® Deep Red FM
to monitor mitochondria with a polarized membrane) [1123] on
a single-cell basis, by either live cell imaging or immunocyto-
chemistry (using antibodies specifically raised against different
mitochondrial proteins or, less specifically, by staining with
acridine orange 10-nonyl bromide applied after chemical fixa-
tion [1149,1150]). Alternatively, mitochondrial content in
response to mitophagic stimuli (in the presence and absence of
autophagy inhibitors to assess the contribution of mitophagy) in
live or fixed cells can be quantified at the single-cell level as the
percentage of cytosol occupied by mitochondrial-specific fluor-
escent pixels using NIH Image] [1138,1151], specifically by using
the MiNA plugin [1152]. One caveat of the latter is that mito-
chondrial mass may be overestimated when organelle swelling
has occurred. Immunoblot analysis of the levels of
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Figure 28. Detection of mitophagy in primary cortical neurons using mitochondria-targeted Keima. Neurons transfected with mito-Keima were visualized using 458-
nm (green, mitochondria at neutral pH) and 561-nm (red, mitochondria in acidic pH) laser lines and 575-nm band pass filter. Compared with the control (A) wild-type
PINK1 overexpression (B) increases the number of the mitochondria exposed to acidic conditions. Scale bar: 2 pm. (C) Quantification of red puncta suggests increased

mitophagy in wild-type PINK1 but not in the kinase dead (kd) PINK1 K219M

-overexpressing neurons. Image provided by V. Choubey and A. Kaasik.
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mitochondrial proteins from different mitochondrial subcom-
partments is valuable for validating the data from flow cytometry
or microscopy studies, and it should be noted that OMM pro-
teins, such as MFNs (mitofusins), TOMM complex proteins, and
VDAGs, but also PRKN, can be degraded by the proteasome,
especially in the context of mitochondrial depolarization [1153-
1155]. EM can also be used to verify loss of entire mitochondria,
and qPCR (or fluorescence microscopy) to quantify mitochon-
drial DNA. A reliable estimation of mtDNA copy number per
cell can be performed by qPCR of the MT-ND1 (mitochondrially
encoded NADH dehydrogenase 1) or MT-ND2 gene expressed
as a ratio of mtDNA:nuclear DNA by normalizing to that of the
single nuclear-encoded PKM (pyruvate kinase M1/2) or TERT
(telomerase reverse transcriptase) genomic DNA [764]. The
spectrophotometric measurement of the activity of CS (citrate
synthase) [1156], a mitochondrial matrix enzyme of the tricar-
boxylic acid cycle, which remains highly constant in these orga-
nelles and is considered a reliable marker of their intracellular
content, has been used as a marker of mitochondrial mass in a
variety of systems [1156-1159]. Mitophagy induction can also be
examined by using mitochondrial fractionation followed by
immunoblot to detect the levels of mitophagic or autophago-
some-associated proteins (e.g., PRKN, LC3-II and SQSTM1) in
the mitochondrial fraction. The levels of mitochondria-localized
DNM1L/Drpl (dynamin 1 like), which is involved in mitochon-
drial fission, could also be used to detect early events of mito-
phagy induction, because mitochondrial fission is required for
mitophagy [1160], although mitochondrial DNMIL levels do
not necessarily reflect a change in mitophagy.

Each of these techniques to monitor structures associated
with the different steps of mitophagy—whether by single-cell
analyses of Atg8-family protein mitochondrial colocalization
or by immunoblotting for mitochondrial markers—can be
combined with strategic use of inhibitors to determine
whether mitophagy is impaired or activated in response to
stimuli, and at which steps. Therefore, appropriate treatment
(pharmacological inhibition and/or siRNA-mediated knock-
down of ATG genes) may be applied to prevent mitochondrial
degradation at distinct steps of the process. A recent method
using flow cytometry in combination with autophagy and
mitophagy inhibitors has been developed to determine mito-
phagic flux using MitoTracker® probes [1123]. Alternatively,
mitophagic flux can be monitored by flow cytometry in cells
from mito-Keima mice. In this case, it is important to remove
dead cells on the basis of SYTOX Blue staining. As a positive
control of the assay, carbonyl cyanide p-trifluoromethoxyphe-
nyl-hydrazone (FCCP) is a potent mitochondrial uncoupler
that stimulates mitophagic activity [1161].

Certain cellular models require stress conditions to mea-
sure the mitochondrial degradation capacity, as basal levels
are too low to reliably assess organelle clearance. Exceptions
include developmental clearance of large amounts of mito-
chondria as observed in erythrocyte maturation [1162], and
during neuronal development where massive mitophagy is
essential to promote a metabolic change towards glycolysis
that is required for neurogenesis [1151]. Hence, it may be
useful to treat cells with uncoupling agents, such as CCCP,
that stimulate mitochondrial degradation and allow measure-
ments of mitophagic activity. In this scenario, it has recently

been proposed that assessing the amount of mitochondrial
proteins through western blot at basal level and after CCCP
administration in human cells may be useful to assess the
mitophagic flux [1163,1164]; however, it should be kept in
mind that this treatment is not physiological and promotes
the rapid degradation of outer membrane-localized mitochon-
drial proteins in addition to the loss of mitochondrially-
derived ATP used for cellular work. In part for this reason a
milder mitophagy stimulus has been developed that relies on a
combination of antimycin A (AMA) and oligomycin, inhibi-
tors of the electron transport chain and ATP synthase, respec-
tively [1165]; this treatment is less toxic, and the resulting
damage is time dependent. However, this treatment not only
blocks ATP production by mitochondria but also substantially
enhances mitochondrial ROS production inducing mitochon-
drial damage. The pharmacological compound PMI that phar-
macologically induces mitophagy without disrupting
mitochondrial respiration [1166] should provide further
insight as it circumvents the acute, chemically induced, block-
ade of mitochondrial respiration. In addition, the molecule
cloxyquin (not to be confused with chloroquine) also induces
mitophagy via a mild uncoupling mechanism [444]. In certain
conditions/cell types, mitophagy can be induced by NAD-
boosting strategies [1167,1168]. Another method to induce
mitophagy is by the treatment of cells with hypoxia-inducing
and iron-deprivation agents. Mitochondria are the major site
for oxygen consumption, and deprivation of oxygen induces
receptor (FUNDCI1, BNIP3, BNIP3L)-dependent mitophagy
[1169-1171] Treatment of animals including mice, Drosophila
and C. elegans [1145,1148,1172] under hypoxic conditions or
by exposure to iron-deprivation agents (deferiprone/DFP)
induces mitochondrial degradation in different tissues,
although the degrees of mitophagic activation are not the
same in different organs. More specific induction of mito-
phagy can be achieved by expressing and activating a mito-
chondrially-localized fluorescent protein photosensitizer such
as Killer Red [1173]. The excitation of Killer Red results in an
acute increase of superoxide, due to phototoxicity, that causes
mitochondrial damage resulting in mitophagy [462]. The
advantage of using a genetically encoded photosensitizer is
that it allows for both spatial and temporal control in indu-
cing mitophagy. The forced targeting of AMBRAL to the
external mitochondrial membrane is sufficient to induce
mitophagy [1174], and expression of constitutively active
MAPKI1 is sufficient to drive mitophagy in otherwise unin-
jured tumor cells [1138]. Finally, mitophagy can also be
induced in vitro in different cell types by inhibiting the
proteasome with the specific inhibitor IU1 [1175]. This type
of mitophagy is induced following proteasome recruitment to
mitochondria to expose the inner mitochondrial membrane
mitophagy receptor PHB2 [1176], and is PINK1- and PRKN-
independent [1175].

Mitochondrial turnover, mitochondrial oxidative stress
and mitophagy can also be monitored through the use of
MitoTimer, a time-sensitive fluorescent protein that targets
to the mitochondrial matrix; the emission of MitoTimer shifts
from green to red over time [1177-1179]. A lentiviral induci-
ble system encoding MitoTimer is available allowing the con-
trolled expression of this transgene in a wide range of cells
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[1180]. A constitutively active plasmid DNA encoding
MitoTimer as well as inducible transgenic flies and mice
allow quantification of mitochondrial structure (fluorescent
labeling of mitochondria), oxidative tension (red:green ratio)
and mitophagy (pure red puncta that are positive for the
mitochondrial protein COX4I1/Cox4 and the lysosomal mar-
ker LAMP1) in a variety of tissues, organs and whole animals
[1177, 1179, 1181-1187]. Mitophagy can be monitored in
mouse primary cells by exploiting the mitoQC mouse
model, which ubiquitously expresses a GFP-mCherry tandem
protein targeting the mitochondrial outer membrane [38],
and the mt-Keima mouse model, which expresses a pH-sen-
sitive protein targeting the mitochondrial matrix [1145].

It is important to keep in mind that there are multiple
distinct or partially overlapping pathways of cargo recognition
for selective mitophagy [1188]. These include PINK1-PRKN-
dependent pathways utilizing p-S65-Ub, receptor-mediated
mitophagy involving LIR-domain proteins, and the recogni-
tion of mitochondrial phospholipids such as cardiolipin by
the LC3 phagophore system [201,1189,1190]; among others.
Thus, it would be inappropriate to conclude that selective
mitophagy is not occurring if markers of only one cargo
recognition system are considered.

Antibodies against phosphorylated ubiquitin (p-S65-Ub)
have been described as novel tools to detect PINK1-PRKN-
mediated mitophagy [1191-1193]. p-S65-Ub is formed by the
kinase PINKI1 specifically upon mitochondrial stress, and is
amplified in the presence of the E3 Ub ligase PRKN
(reviewed in [1194]) [1195]. p-S65-Ub antibodies have
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been used to demonstrate stress-induced activation of
PINKI1 in various cells including primary human fibroblasts
(Figure 29) and dopaminergic neurons differentiated from
iPS cells [1193]. Phosphorylated poly-ubiquitin chains spe-
cifically accumulate on damaged mitochondria, and staining
with p-S65-Ub antibodies can be used, in addition to trans-
location of PRKN, to monitor the initiation of mitophagy.
Given the complete conservation of the epitopes across spe-
cies, mitochondrial p-S65-Ub can also be detected in mouse
primary neurons upon mitochondrial depolarization and
park/PRKN-deficient Drosophila. Furthermore, the p-S65-
Ub signal partially colocalizes with mitochondrial, lysoso-
mal, and total ubiquitin markers in cytoplasmic granules that
appear to increase with age and disease in human postmor-
tem brain samples [1191,1193]. Examination of the phos-
phorylation status of outer mitochondrial membrane
(OMM) autophagy receptors such as FUNDCI and
BNIP3L is also useful for measuring mitophagy activity
[1196,1197]. Note that care should be taken when choosing
antibodies to assess the degree of mitochondrial protein
removal by autophagy; the quality and clarity of the result
may vary depending on the specifics of the antibody. In
testing the efficiency of mitophagy, clearer results may be
obtained by using antibodies against mitochondrial DNA
(mtDNA)-encoded proteins. This experimental precaution
may prove critical to uncover subtle differences that could
be missed when evaluating the process with antibodies
against nuclear encoded, mitochondrially imported proteins
(M. Campanella, personal communication).

GFP-
PARK2 TOMM20 p-S65-Ub Hoechst Merge

Figure 29. PINK1-dependent phosphorylation of ubiquitin (p-S65-Ub) upon mitophagic stress. (A) Human dermal fibroblasts from healthy controls or PD patients
carrying a PINK1 loss-of-function mutation (Q456X) were treated with valinomycin for the indicated times, and lysates were analyzed by western blot. The p-S65-Ub
signal is almost undetectable under nonstress conditions in controls, but is strongly induced in a PINK1 kinase-dependent manner during its stabilization on the
outer mitochondrial membrane. MFN2 serves as a control substrate and VCL (vinculin) as a loading control. (B) HeLa cells stably expressing GFP-PRKN (wild type)
were treated with CCCP for the indicated times, fixed and stained with p-S65-Ub (red) and GFP-PRKN (green) as well as mitochondrial (TOMM20, cyan) and nuclear
(Hoechst, blue) markers. The p-S65-Ub staining is almost undetectable in nonstressed cells, but rapidly accumulates on damaged mitochondria where it functions to
activate PRKN. On mitochondria, PINK1 and PRKN together amplify the p-S65-Ub signal. Scale bar: 10 um. Image provided by F.C. Fiesel and W. Springer.
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Stabilized, unprocessed PINK1 that accumulates on the mito-
chondrial outer membrane in response to certain forms of acute
mitochondrial damage can be used to differentiate between
healthy mitochondria and those that have lost their membrane
potential. However, caution should be taken with this approach
in cells where mitochondria exhibit physiological uncoupling
and lowered membrane potential, such as thermogenic brown
adipocytes. Similarly, redistribution of cardiolipin to the OMM
acts as an elimination signal to trigger mitophagy induction in
mammalian cells, including primary neurons [201]. In addition,
during CCCP-induced mitophagy, the hexameric protein
NME4/NDPKD/NM23-H4 localizes to the mitochondrial inter-
membrane space, binds cardiolipin and facilitates its redistribu-
tion to the OMM [1189], and the ANXAS5 (annexin A5) binding
assay for externalized cardiolipin can be used as a marker for
damaged mitochondria and early mitophagy [201]. The charge
of multiple anionic phospholipids present on the OMM can
change in response to mild alterations in mitochondrial func-
tion. These signals are important to the regulation of protein
signaling between mitochondria and the cytosol. Changes in
surface charge can be estimated by detecting the binding of
ANXAS5. Mild metabolic insults (e.g., a 50% inhibition of the
mitochondrial enzyme OGDH/ketoglutarate dehydrogenase)
increase ANXAS5 binding nearly three-fold, while stimulating
translocation of DNMI1L and LC3 to mitochondria without
altering cardiolipin translocation, ATP or the mitochondrial
membrane potential [1198]; DNMIL is a fundamental compo-
nent of mitochondrial fission, which helps facilitate mitophagy.
Finally, many of the LIR domain-containing mitophagy recep-
tors undergo transcriptional upregulation during developmental
stages when mitochondria are eliminated, or during hypoxia
[1151,1188]. Changes in their expression can be used to gauge
the potential for undergoing mitophagy, rather than as an esti-
mate of mitophagy activity.

Previously, it was suggested that mitophagy can be divided
into three types [1199]; however, this was based largely upon
in vitro data. In vivo data from reporter animals suggests a
simpler classification that has reached consensus in the field.
In terms of mitophagy classifications in vitro: Type 1 mito-
phagy, involves the formation of a phagophore, and typically
also requires mitochondrial fission; the PtdIns3K complex
containing BECN1 mediates this process. In contrast, type 2
mitophagy is independent of BECN1 and takes place when
mitochondria have been damaged [118], resulting in depolar-
ization; sequestration involves the coalescence of GFP-LC3
membranes around the mitochondria rather than through
fission and engulfment within a phagophore. Receptor-depen-
dent mitophagy is found in the BECN1-independent pathway.
In type 3 mitophagy, mitochondrial fragments or vesicles
from damaged organelles are sequestered through a micro-
autophagy-like process named micromitophagy that is inde-
pendent of ATG5 and LC3, but requires PINK1 and PRKN; in
mammals, this process occurs through the formation of mito-
chondria-derived vesiclessMDVs, small vesicles delivering
damaged mitochondrial components to lysosomes for
degradation.

Although the process of pexophagy is prominent and well
described in yeast cells [1059,1200], relatively little work has
been done in the area of selective mammalian peroxisome

degradation by autophagy (for a review see ref [1201].).
Typically, peroxisomes are induced by treatment with hypo-
lipidemic drugs such as clofibrate, ciprofibrate or dioctyl
phthalate, which bind to a subfamily of nuclear receptors,
referred to as PPARs (peroxisome proliferator activated recep-
tors) [1202]. Of note, while inducing peroxisomal prolifera-
tion, PPARA/PPARa may regulate neuronal autophagy, in
physiological or pathological settings, such as AD models
[921,1203]. Degradation of excess organelles is induced by
drug withdrawal, although starvation without prior prolifera-
tion can also be used. EPASI activation in liver-specific vl
and vhl”" hifla””" mice reduces peroxisome abundance by
pexophagy, whereas ER and mitochondrial protein levels are
not affected [774]. Pexophagy can also be induced by amino
acid starvation, which induces the stabilization of the perox-
isomal E3 ubiquitin ligase PEX2 [1204]. PEX2 is destabilized
by MTORCI1 such that the overexpression of PEX2 can induce
pexophagy. PEX2 ubiquitinates PEX5 and ABCD3/PMP70
(ATP binding cassette subfamily D member 3), which then
recruit NBR1 to target the peroxisome for pexophagy [1204].
The action of PEX2 is counteracted by the deubiquitinating
enzyme USP30 [1205,1206]. Pexophagy can also be induced
by the expression of a nondegradable active EPASI variant
[1207]. Induction of pexophagy in response to endogenous
and exogenous reactive oxygen species (ROS) and reactive
nitrogen species has been observed in mammalian cells. In
this setting, pexophagy is induced via ROS- or reactive nitro-
gen species-mediated activation of ATM/ataxia telangiectasia
mutated (ATM serine/threonine kinase) [1208,1209], repres-
sion of MTORC1 and phosphorylation of PEX5 by ATM
[1210,1211]; ATM phosphorylation of PEX5 at S141 triggers
PEX5 ubiquitination and binding of SQSTM1 to peroxisomes
targeted for 