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Israel; **°Hallym University, Department of Anatomy and Neurobiology, College of Medicine, Kangwon-Do, Korea; “*®Hallym University, Department of
Biomedical Gerontology, Chuncheon, Kangwon-do, Korea; and Anyang, Gyeonggi-do, Korea; “*’Hallym University, Department of Microbiology, Col-
lege of Medicine, Chuncheon, Gangwon, Korea; “**Hallym University, llsong Institute of Life Science, Chuncheon, Korea; ***Hallym University, School of
Medicine, Department of Physiology, Chuncheon, Korea; “**Hampton University, Department of Pharmaceutical Sciences, School of Pharmacy, Hamp-
ton, VA, USA; ***Hangzhou Normal University, Department of Pharmacology, School of Medicine, Hangzhou, China; ***Hannover Medical School,
Department for Clinical Inmunology and Rheumotology, Hannover, Germany; “*’Hannover Medical School, Department of Biochemistry, Hannover,
Germany; “®®Hannover Medical School, Institute of Molecular and Translational Therapeutic Strategies (IMTTS), Hannover, Germany; “**Hanyang Uni-
versity, College of Pharmacy, Ansan, Korea; *'°Harbin Medical University, College of Bioinformatics Science and Technology, Harbin, Heilongjiang,
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China; *'"Harbin Medical University, Department of Immunology, Heilongjiang Provincial Key Laboratory for Infection and Immunity, Harbin, China;
“12Harbor-UCLA Medical Center and Los Angeles Biomedical Research Institute, Division of Medical Genetics, Department of Pediatrics, Torrance, CA,
USA; “"*Harvard Medical School and Broad Institute, Boston, MA, USA; *"*Harvard Medical School, Boston, MA, USA; **Harvard Medical School, Brig-
ham and Women'’s Hospital, Department of Genetics, Division of Genetics, Boston, MA, USA; *'®Harvard Medical School, Dana Farber Cancer Institute,
Boston, MA, USA; *'”Harvard Medical School, Dana Farber Cancer Institute and Beth Israel Deaconess Medical Center, Department of Radiation Oncol-
ogy, Boston, MA, USA; *'®Harvard Medical School, Department of Cell Biology, Boston, MA, USA; *"*Harvard Medical School, Laboratory of Comparative
Immunology, Center for the Study of Inflammatory Bowel Disease, Massachusetts General Hospital Research Institute, Boston, MA, USA; ***Harvard
Medical School, Neurology Residency Program, Brigham and Women's Hospital and Massachusetts General Hospital, Boston, MA, USA; **'Harvard
Medical School, Ophthalmology, Boston, MA, USA; ***Harvard University, Department of Statistics, Cambridge, MA, USA; “*Harvard University, School
of Public Health, Department of Genetics and Complex Diseases, Boston, MA, USA; “**Health Research Institute Germans Trias i Pujol, Badalona, Spain;
“Hebrew University of Jerusalem, Faculty of Agriculture, Food, and Environment, Biochemistry and Food Science, Rehovot, Israel; “**Heidelberg Uni-
versity, Deutsches Krebsforschungszentrum, Proteostasis in Neurodegenerative Disease (B180), CHS Research Group at CellNetworks, Heidelberg, Ger-
many; **’Heidelberg University, Zentrum fiir Molekulare Biologie der Universitit Heidelberg (ZMBH), Heidelberg, Germany; “*®*Heinrich Heine
University, Institute of Clinical Chemistry and Laboratory Diagnostic, Medical Faculty, Duesseldorf, Germany; “**Heinrich-Heine-University, Institut fiir
Physikalische Biologie, Duesseldorf, Germany; “**Heinrich-Heine-University, Institute of Molecular Medicine, Diisseldorf, Germany; *'Systems-oriented
Immunology and Inflammation Research, Helmholtz Centre for Infection Research, Braunschweig, Germany; “*?Helsinki University, Central Hospital,
Medical Faculty, Division of Child Psychiatry, Helsinki, Finland; ***Helsinki University, Department of Medical Genetics, Helsinki, Finland; “**Henan Uni-
versity of Technology, College of Bioengineering, Zhengzhou, Henan Province, China; “**Hirosaki University Graduate School of Medicine, Hirosaki,
Japan; “**Hokkaido University Graduate School of Medicine, Department of Obstetrics and Gynecology, Sapporo, Hokkaido, Japan; **’Hokkaido Univer-
sity, Faculty of Pharmaceutical Sciences, Sapporo, Japan; “*®Hokkaido University, Research Faculty of Agriculture, Sapporo, Japan; “**Hong Kong Baptist
University, School of Chinese Medicine, Kowloon Tong, Hong Kong; **°Hong Kong Polytechnic University, Department of Health Technology and Infor-
matics, Faculty of Health and Social Sciences, Kowloon, Hong Kong; */'The Hong Kong University of Science and Technology, Clear Water Bay, Kow-
loon, Hong Kong; **?Hopital Beaujon, Paris, France; “**Hopital Européen Georges Pompidou, AP-HP, Paris, France; ***Hopital Kirchberg, Laboratoire de
Biologie Moléculaire et Cellulaire du Cancer, Luxembourg; ***Hopital Paul Brousse - Hopitaux Universitaires Paris-Sud, Biochimie et Oncogénétique, Vil-
lejuif, France; ***Hospital for Sick Children, Toronto, ON, Canada; **’Hospital Universitario Ramén y Cajal, CIBERNED, Neurobiology Department, Madrid,
Spain; **®Houston Methodist Research Institute, Genomic Medicine Program, Houston, TX, USA; ***Howard Hughes Medical Institute, Boston, MA, USA;
4>%Howard Hughes Medical Institute, Dallas, TX; “*'Huazhong Agricultural University, College of Animal Sciences and Technology, Wuhan, Hubei, China;
*52Huazhong Agricultural University, Department of Aquatic Animal Medicine, College of Fisheries, Wuhan, China; ***Huazhong University of Science
and Technology, Department of Biomedical Engineering, College of Life Science and Technology, Wuhan, Hubei, China; ***Hudson Institute of Medical
Research, Centre for Innate Immunity and Infectious Diseases, Clayton, Melbourne, Victoria, Australia; 455Hungkuang University, Department of Physical
Therapy, Taichung, Taiwan; “*®IATA-CSIC, Institute of Agrochemistry and Food Technology, Paterna (Valencia), Spain; “*7iBET, Instituto de Biologia
Experimental e Tecnoldgica, Oeiras, Portugal; **®lcahn School of Medicine at Mount Sinai, Department of Neuroscience, New York, NY, USA; **°Icahn
School of Medicine at Mount Sinai, Department of Pharmacology and Systems Therapeutics, New York, NY, USA; “°lcahn School of Medicine at Mount
Sinai, Departments of Neurology and Psychiatry, Center for Cognitive Health, Mount Sinai Alzheimer’s Disease Research Center, New York, NY, USA;
4T1cahn School of Medicine at Mount Sinai, Friedman Brain Institute, New York, NY, USA; *?lcahn School of Medicine at Mount Sinai, New York, NY,
USA; “63ICM, Institut de Recherche en Cancérologie de Montpellier, Montpellier, France; “**ICREA Catalan Institution for Research and Advanced Stud-
ies, Catalonia, Spain; “*IFOM - The FIRC Institute of Molecular Oncology, Milan, Italy; “®IIT University, School of Biotechnology, Orissa, India; **’IMIM-
Hospital del Mar CIBERES, Pompeu Fabra University, Barcelona Biomedical Research Park, Respiratory Medicine Department, Lung Cancer and Muscle
Research Group, Barcelona, Spain; “®Imperial College London, MRC Centre for Molecular Bacteriology and Infection, London, UK; “°Imperial College
London, National Heart and Lung Institute, London, UK; 47Olmperial College London, Neurogenetics Group, Division of Brain Sciences, London, UK;
“"llmperial College London, Section of Microbiology, MRC Centre for Molecular Bacteriology and Infection, London, UK; “’?Incheon National University,
Division of Life Siences, Incheon, Korea; *’?Indian Institute of Science, Department of Microbiology and Cell Biology, Bangalore, India; *’*Indian Institute
of Science, Microbiology and Cell Biology, Bangalore, India; *’*Indian Institute of Technology Guwahati, Department of Biosciences and Bioengineering,
Guwahati, Assam, India; *’®Indian Institute of Technology Kharagpur, Department of Biotechnology, Kharagpur, India; *’’Indiana University School of
Medicine, Biochemistry and Molecular Biology, Denver, CO, USA; *’®Indiana University School of Medicine, Department of Biochemistry and Molecular
Biology, Indianapolis, IN, USA; “°Indiana University School of Medicine, Department of Dermatology, Indianapolis, IN, USA; “®°Indiana University School
of Medicine, Department of Microbiology and Immunology, Indianapolis, IN, USA; “*'Indiana University School of Medicine, Department of Ophthal-
mology, Indianapolis, IN, USA; **2Indiana University School of Medicine, Department of Pathology and Laboratory Medicine, Indianapolis, IN, USA;
“83Indiana University School of Medicine, Richard L. Roudebush VA Medical Center, Division of Pulmonary, Critical Care, Sleep and Occupational Medi-
cine, Indianapolis, IN, USA; 484Inje University, Department of Rehabilitation Science, College of Biomedical Science & Engineering, u-Healthcare & Anti-
aging Research Center (u-HARC), Gimhae, Korea; “®*INMI-IRCCS “L. Spallanzani”, Rome, Italy; “**INRA, UMR 1019 Nutrition Humaine, Centre de Clermont
Theix, Saint Genés Champanelle, France; *’INRA, UMR866 Dynamique Musculaire et Métabolisme, Montpellier, France; *®3INRA, UR1067, Nutrion
Métabolisme Aquaculture, St-Pée-sur-Nivelle, France; **°INSERM U1065, C3M, Team 2, Nice, France; “°INSERM U1081, CNRS UMR7284, Institute of
Research on Cancer and Ageing of Nice (IRCAN), Nice, France; *'Centre Scientifique de Monaco, Biomedical Department, Monaco, Principality of Mon-
aco; **?University of Nice Sophia Antipolis, Institute of Research on Cancer and Ageing of Nice, CNRS UMR 7284/INSERM U1081, Nice, France;
“93INSERM U1118, Mécanismes Centraux et Périphétiques de la Neurodégénérescence, Strasbourg, France; ***INSERM U1138, Paris, France; ***INSERM
U1147, Paris, France; ***INSERM U830, Stress and Cancer Laboratory, Institut Curie, Paris, France; *’INSERM U862, Neurocentre Magendie, Bordeaux,
France; “*®INSERM U896, Montpellier, France; “*’INSERM U916, Université de Bordeaux, Institut Européen de Chimie et Biologie, Pessac, France;
S00INSERM U955, Faculté de Médecine de Créteil, UMR-S955, Créteil, France; *°'INSERM U964, CNRS UMR7104, Université de Strasbourg, Department of
Translational Medecine, Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMQ), llikirch, France; 502INSERM UMR1037, Centre de
Recherches en Cancérologie de Toulouse, Toulouse, France; *>)INSERM UMRS 1166, Unité de Recherche sur les Maladies Cardiovasculaires, du
Métabolisme et de la Nutrition, Paris, France; **/INSERM, Cordeliers Research Cancer, Paris, France; **’INSERM, U1081-UMR CNRS 7284, Nice, France;
S9INSERM, U1104, Marseille, France; *”’INSERM, U1127, CNRS, UMR 7225, Paris, France; *®*INSERM, U1138, Paris, France; **’INSERM, U970, Paris, France;
>1lnstitut d’Investigacions Biomediques August Pi | Sunyer (IDIBAPS), Hemato-oncology Department, Barcelona, Spain; ' 'Institut de Cancérologie de
Lorraine, Vandoeuvre-Lés-Nancy Cedex, France; *'Institut du Cancer de Montpellier, Montpellier, France; *"*Istituto Zooprofilattico Sperimentale del
Mezzogiorno, Department of Chemistry, Portici (Naples), Italy; >'*Institut Pasteur, CNRS URA2582, Cell Biology and Infection Department, Membrane
Traffic and Cell Division Lab, Paris, France; *'*Center for Infection and Immunity of Lille, Institut Pasteur de Lille, CNRS, INSERM, Lille Regional University
Hospital Centre, Lille University, Lille, France; >®Institut Pasteur, CNRS, URA2578, Unité Macrophages et Développement de I'lmmunité, Département
de Biologie du Développement et des Cellules Souches, Paris, France; *"Institut Pasteur, Department of Immunology, Paris, France; >'®Institut Pasteur,
INSERM, Biology of Infection Unit, Paris, France; >*°Institute for Clinical and Experimental Medicine, Centre for Experimental Medicine, Department of
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Metabolism and Diabetes, Prague, Czech Republic; **°Institute for Integrative Biology of the Cell, Université Paris-Saclay, Gif-sur-Yvette, France; **'Insti-
tute for Research in Biomedicine (IRB Barcelona), The Barcelona Institute of Science and Technology, Barcelona, Spain; **?Institute of Advanced Chem-
istry of Catalonia, Spanish Research Council (IQAC-CSIC), Department of Biomedicinal Chemistry, Barcelona, Spain; **Institute of Biochemistry and
Biophysics, Kazan, Russia; ***Institute of Biomedical Investigation (INIBIC), Aging, Inflamation and Regenerative Medicine, Corufia, Spain; >**Institute of
Cancer Research, Divisions of Molecular Pathology and Cancer Therapeutics, London, UK; 528|nstitute of Environmental Medicine, Division of Toxicol-
ogy, Karolinska Institute, Stockholm, Sweden; **Institute of Life Sciences, Bhubaneshwar, Odisa, India; **®Institute of Microbial Technology (IMTECH),
Cell Biology and Immunology Division, Chandigarh, India; **’Institute of Microbiology ASCR, v.v.i., Prague, Czech Republic; **Institute of Molecular Bio-
technology of the Austrian Academy of Sciences (IMBA), Vienna, Austria; >*'Institute of Molecular Genetics, National Research Council, Pavia, Italy;
>#|nstitute of Molecular Pathology and Biology, FMHS UO, Hradec Kralove, Czech Republic; ***Institute of Nuclear Chemistry and Technology, Centre
for Radiobiology and Biological Dosimetry, Dorodna, Poland; >**Instituto de Biologia Molecular y Celular de Rosario (IBR-CONICET), Rosario, Argentina;
>*|nstituto de Investigacién Biomédica de Salamanca (IBSAL), Hospital Universitario de Salamanca, Salamanca, Spain; >*®Instituto de Investigaciones
Biomédicas Alberto Sols, CSIC/UAM, Centro de Investigacion Biomédica en Red de Enfermedades Hepaticas y Digestivas (CIBERehd), Madrid, Spain;
¥|nstituto de Investigaciones Biomédicas Alberto Sols, CSIC/UAM, Madrid, Spain; **3Instituto de Investigaciones Biomedicas de Barcelona, CSIC-IDI-
BAPS and Centro de Investigacion en Red en enfermedades hepéticas y digestivas, CIBEREHD, ISCIIl, Barcelona, Spain; >**Instituto de Parasitologia y
Biomedicina Lépez Neyra (IPBLN), CSIC, Granada, Spain; >*®Instituto de Tecnologia Quimica e Biolégica Anténio Xavier, Universidade Nova de Lisboa,
Oeiras, Portugal; >*'Instituto Gulbenkian de Ciéncia, Oeiras, Portugal; >*Instituto de Investigaciones Biomédicas de Barcelona IIBB-CSIC, Liver Unit, Hos-
pital Clinic de Barcelona-IDIBAPS and CIBEREHD, Barcelona, Spain; **Instituto Leloir, Buenos Aires, Argentina; >**Instituto Nacional de Investigacién y
Tecnologia Agraria y Alimentaria (INIA), Departamento de Biotecnologia, Madrid, Spain; >**Instituto Nacional de Neurologia y Neurocirugia, Neuro-
chemistry Unit, Mexico City, Mexico; >*Instituto Nacional de Neurologia y Neurocirugia, Neuroimmunology and Neuro-Oncology Unit, Mexico City,
Mexico; >*Instituto Oswaldo Cruz, FIOCRUZ, Laboratério de Biologia Celular, Rio de Janeiro, Brazil; **®International Center for Genetic Engineering and
Biotechnology, Immunology Group, New Delhi, India; **’lowa State University, Department of Biomedical Science, lowa Center for Advanced Neurotox-
iclogy, Ames, IA, USA; **’lowa State University, Department of Genetics, Development and Cell Biology, Ames, IA, USA; **'lowa State University, Roy J.
Carver Department of Biochemistry, Biophysics, and Molecular Biology, Ames, 1A, USA; >*2IRCCS Casa Sollievo della Sofferenza, Medical Genetics Unit,
San Giovanni Rotondo (FG), ltaly; *>*IRCCS Neuromed, Pozzilli, IS, Italy; >>*IRCCS San Raffaele Pisana, Laboratory of Skeletal Muscle Development and
Metabolism, Rome, Italy; **IRCCS Santa Lucia Foundation, Rome, Italy; **IRCCS Santa Lucia Foundation, Department of Experimental Neurosciences,
Rome, Italy; >*7IRCCS Santa Lucia Foundation, Rome, ltaly; **#|RCCS, “C. Mondino” National Neurological Institute, Experimental Neurobiology Lab,
Pavia, Italy; >*°IRCCS, Istituto Dermopatico dell'lmmacolata, Rome, Italy; *°IRCCS-Istituto di Ricerche Farmacologiche Mario Negri, Department of
Molecular Biochemistry and Pharmacology, Milan, ltaly; *¢'IRCCS-Istituto di Ricerche Farmacologiche Mario Negri, Department of Neuroscience, Milan,
Italy; *®2IRCCS-MultiMedica, Milan, Italy; *®3IRCE, Institut d'Investigacions Biomediques August Pi i Sunyer (IDIBAPS), Barcelona, Spain; ***IRCM, INSERM,
U896, Institut de Recherche en Cancérologie de Montpellier, Montpellier, France; 565IRCM, Institut de Recherche en Cancérologie de Montpellier, Mont-
pellier, France; **°IRO, Institute for Research in Ophthalmology, Sion, Switzerland; **Istituto di Fisiologia Clinica, Siena, Italy; **®lstituto Giannina Gaslini,
UOC Medical Genetics, Genova, ltaly; **°Istituto Italiano di Tecnologia, Department of Drug Discovery and Development, Laboratory of Molecular Medi-
cine, Genoa, Italy; *”°Cancer Pharmacology Lab, AIRC Start-Up Unit, University of Pisa, Pisa, Italy; *"lstituto Ortopedico Rizzoli IOR-IRCCS, Laboratory of
Musculoskeletal Cell Biology, Bologna, Italy; *"?Istituto Superiore di Sanita, Department of Cell Biology and Neurosciences, Rome, Italy; >”?lIstituto Supe-
riore di Sanita, Department of Haematology, Oncology and Molecular Medicine, Rome, Italy; *”“Istituto Superiore di Sanita, Department of Infectious,
Parasitic and Imnmunomediated Diseases, Rome, Italy; 573|stituto Superiore di Sanita, Department of Therapeutic Research and Medicine, Evaluation
Section of Cell Aging, Degeneration and Gender Medicine, Rome, ltaly; *’Slstituto Superiore di Sanita, Rome, Italy; *”’Istituto Toscano Tumori, Siena,
Italy; >”®ltalian National Institute of Health, Department of Technology and Health, Rome, Italy; *”°IUF-Leibniz Research Institute for Environmental
Medicine, Duesseldorf, Germany; *2°J. Stefan Institute, Department of Biochemistry and Molecular and Structural Biology, Ljubljana, Slovenia; *®'Jadav-
pur University, Life Science and Biotechnology, Kolkata, West Bengal, India; *®2James J. Peters VA Medical Center, Bronx, NY, USA; *®Jawaharlal Nehru
University, School of Life Sciences, New Delhi, India; >®*Jesse Brown VA Medical Center, Department of Medicine, Chicago, IL, USA; *®*Jewish General
Hospital, Bloomfield Centre for Research in Aging, Lady Davis Institute for Medical Research, Montreal, Quebec, Canada; 586 Jewish General Hospital,
Department of Neurology and Neurosurgery, Department of Medicine, Montreal, Quebec, Canada; *®”Jewish General Hospital, Department of Oncol-
ogy, Montreal, Quebec, Canada; *®Jiangsu Institute of Nuclear Medicine, Wuxi, Jiangsu, China; *®°Jiangsu University, Department of Immunology,
Zhenjiang, Jiangsu, China; **°Jiangsu University, School of Pharmacy, Zhenjiang, Jiangsu, China; >*'Jikei University School of Medicine, Divison of Respi-
ratory Disease, Department of Internal Medicine, Tokyo, Japan; 592 jikei University School of Medicine, Research Center for Medical Sciences, Division of
Gene Therapy, Tokyo, Japan; >*3Jilin Medical University, Medical Research Laboratory, Jilin City, Jilin Province, China; ***Jinan University, Anti-stress and
Health Center, College of Pharmacy, Guangzhou, China; >°*Jinan University, Department of Inmunobiology, College of Life Science and Technology,
Guangzhou, China; **®Jinan University, Medical College, Division of Histology and Embryology, Guangzhou, Guangdong, China; **Jining Medical Uni-
versity, Shandong Provincial Sino-US Cooperation Research Center for Translational Medicine, Shandong, China; 5% Jinshan Hospital of Fudan Univer-
sity, Department of Urology, Shanghai, China; ***Johannes Gutenberg University Mainz, University Medical Center, Department of Medical
Microbiology and Hygiene, Mainz, Germany; ®®John Wayne Cancer Institute, Department of Neurosciences, Santa Monica, CA, USA; ®'Johns Hopkins
University, Bloomberg School of Public Health, Malaria Research Institute, Department of Molecular Microbiology and Immunology, Baltimore, MD,
USA; %°2Johns Hopkins University, School of Medicine, Baltimore, MD, USA; %°*Johns Hopkins University, School of Medicine, Department of Physiology
and Center for Metabolism and Obesity Research, Baltimore, MD, USA; *®*Johns Hopkins University, School of Medicine, Departments of Neurology,
Neuroscience and Pharmacology and Molecular Sciences; Neuroregeneration Program, Institute for Cell Engineering, Baltimore, MD, USA; *Johns
Hopkins University, School of Medicine, Institute for Cell Engineering and McKusick-Nathans Institute of Genetic Medicine, Baltimore, MD, USA;

5% Johns Hopkins University, School of Medicine, Neuroregeneration and Stem Cell Programs, Institute for Cell Engineering, Department of Neurology,
Department of Physiology, Baltimore, MD, USA; ”Johns Hopkins University, School of Medicine, Wilmer Eye Institute, Baltimore, MD, USA; *®®Johns
Hopkins, Bloomberg School of Public Health, Department of Biochemistry and Molecular Biology and Johns Hopkins Malaria Research Institute, Balti-
more, MD, USA; ®®Johns Hopkins, School of Medicine, Wilmer Eye Institute, Baltimore, MD, USA; ¢'®Juntendo University, Department of Research for
Parkinson’s Disease, Tokyo, Japan; ¢''Juntendo University, Graduate School of Medicine, Department of Cell Biology and Neuroscience, Tokyo, Japan;
62Juntendo University, Graduate School of Medicine, Department of Metabolism and Endocrinology, Tokyo, Japan; 5'*Juntendo University, Graduate
School of Medicine, Department of Neuroscience for Neurodegenerative Disorders, Tokyo, Japan; ®'*Juntendo University, Graduate School of Medicine,
Laboratory of Proteomics and Biomolecular Science, Tokyo, Japan; ¢'*Juntendo University, School of Medicine, Department of Cell Biology and Neuro-
science, Tokyo, Japan; 5'®Juntendo University, School of Medicine, Department of Gastroenterology, Tokyo, Japan; ©'”Juntendo University, Tokyo,
Japan; ®'®Kagoshima University, Graduate School of Medical and Dental Sciences, Division of Human Pathology, Department of Oncology, Course of
Advanced Therapeutics, Kagoshima, Japan; $*Kagoshima University, The Near-Future Locomoter Organ Medicine Creation Course, Graduate School of
Medical and Dental Sciences, Kagoshima, Japan; ®*°KAIST, Department of Biological Sciences, Daejon, Korea; 52'Kanazawa Medical University, Depart-
ment of Medicine, Ishikawa, Japan; 22Kanazawa Medical University, Diabetology and Endocrinology, Ishikawa, Japan; **Kanazawa University Graduate
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School of Medical Sciences, Department of Human Pathology, Kanazawa, Japan; 624anazawa University, Cell-bionomics Unit and Laboratory of Molec-
ular and Cellular Biology, Department of Biology, Faculty of Natural Systems, Institute of Science and Engineering, Ishikawa, Japan; ®**Kansas State Uni-
versity, Division of Biology, Manhattan, KS, USA; **Kachsiung Medical University Hospital, Department of Pathology, Kaohsiung City, Taiwan;
2Kaohsiung Medical University, Graduate Institute of Medicine, Kaohsiung, Taiwan; “*®Kachsiung Medical University, Faculty of Medicine, Department
of Pathology, Kaohsiung City, Taiwan; 629Kaohsiung Veterans General Hospital, Department of Medical Education and Research, Kaohsiung, Taiwan;
3%arlsruhe Institute of Technology, Institute of Toxicology and Genetics, Karlsruhe, Germany; ®'Karolinska Institute, Cancer Center Karolinska, Depart-
ment of Oncology-Pathology, Stockholm, Sweden; ®*Karolinska Institute, Center for Alzheimer Research, Department of Neurobiology, Care Sciences
and Society, Division for Neurogeriatrics, Huddinge, Sweden; %**Karolinska Institute, Department of Microbiology, Tumor and Cell Biology, Stockholm,
Sweden; **Karolinska Institute, Department of Physiology and Pharmacology, Stockholm, Sweden; ®**Karolinska Institute, Institute of Environmental
Medicine, Stockholm, Sweden; ***Kawasaki Medical School, Department of General Internal Medicine 4, Okayama, Japan; ®*’Kawasaki Medical School,
Department of Hepatology and Pancreatology, Kurashiki, Okayama, Japan; 5*Keimyung University, Daegu, Korea; ®**Keimyung University, School of
Medicine, Division of Gastroenterology and Hepatology, Department of Internal Medicine, Daegu, Korea; ®*°Keio University, Graduate School of Phar-
maceutical Sciences, Department of Biochemistry, Tokyo, Japan; ®*'Keio University, School of Medicine, Medical Education Center, Tokyo, Japan;
642KERBASQUE, Basque Foundation for Sciences, Bilbao, Spain; ®**King Saud University, College of Science, Department of Zoology, Riyadh, Saudi Ara-
bia; ***King’s College London, Cardiovascular Division, London, UK; *°King’s College London, Department of Basic and Clinical Neuroscience, loPPN,
London, UK; 5**King’s College, Randall Division of Cell and Molecular Biophysics, Muscle Signalling Section, London, UK; ®’Kobe University, Graduate
School of Health Sciences, Laboratory of Pathology, Division of Medical Biophysics, Hyogo, Japan; ®**Kobe University, Graduate School of Medicine,
Department of Orthopaedic Surgery, Hyogo, Japan; ®*’Komarov Botanical Institute RAS, Plant Ecological Physiology Laboratory, Saint Petersburg, Rus-
sian Federation; ®*°Konkuk University, Department of Animal Biotechnology, Seoul, Korea; ®*'Konkuk University, Department of Veterinary Medicine,
Seoul, Korea; %>*Konkuk University School of Medicine, Department of Ophthalmology, Seoul, Korea; **Konkuk University, School of Medicine, Depart-
ment of Anatomy, Seoul, Korea; ®*Korea Cancer Center Hospital, Department of Internal Medicine, Seoul, Korea; %**Korea University, Department of
Biotechnology, BK21-PLUS Graduate School of Life Sciences and Biotechnology, Seoul, Korea; ®*°Korea University, Department of Life Science and Bio-
technology, Seoul, Korea; *’Korea University, Department of Biotechnology, College of Life Sciences and Biotechnology, Seoul, Korea; ®*®Korea Univer-
sity, Division of Life Sciences, Seoul, Korea; ®*°KU Leuven and VIB, Vesalius Research Center, Laboratory of Neurobiology, Leuven, Belgium; 5°KU
Leuven, Clinical Division and Laboratory of Intensive Care Medicine, Department Cellular and Molecular Medicine, Leuven, Belgium; “'KU Leuven,
Department of Abdominal Transplant Surgery, Leuven, Belgium; ®?KU Leuven, Department of Cellular and Molecular Medicine, Leuven, Belgium;
853KU Leuven, Department of Imaging and Pathology, Leuven, Belgium; ®*KU Leuven, Laboratory for Cell Death Research and Therapy, Department of
Cellular and Molecular Medicine, Campus Gasthuisberg, Leuven, Belgium; ®**KU Leuven, Laboratory of Molecular and Cellular Signaling, Department of
Cellular and Molecular Medicine, Leuven, Belgium; **Kumamoto University, Institute of Resource Development and Analysis, Kumamoto, Japan;
567Kunming University of Science and Technology, Medical School, Kunmimg, Yunnan, China; ®®Kyoto Prefectural University of Medicine, Department
of Basic Geriatrics, Kyoto, Japan; **Kyoto Prefectural University of Medicine, Department of Cardiovascular Medicine, Graduate School of Medical Sci-
ence, Kyoto, Japan; °°Kyoto Prefectural University of Medicine, Department of Basic Geriatrics, Kyoto, Japan; " 'Kyoto Sangyo University, Department
of Life Sciences, Kyoto, Japan; ®Kyoto Sangyo University, Department of Molecular Biosciences, Faculty of Life Sciences, Kyoto, Japan; **Kyoto Uni-
versity, Department of Botany, Kyoto, Japan; ®“Kyoto University, Department of Cardiovascular Medicine, Kyoto, Japan; ®”°Kyoto University, Graduate
School of Medicine, Medical Innocation Center (TMK project), Kyoto, Japan; ®°Kyung Hee University, Graduate School of East-West Medical Science,
Seoul, Korea; ”’Kyungpook National University, Department of Physiology, School of Medicine, Jung-gu, Daegu, Korea; ”Kyushu University, Depart-
ment of Surgery and Science, Fukuoka, Japan; ©”°Olivia Newton-John Cancer Research Institute, Melbourne, Victoria, Australia; *°La Trobe University,
Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science, Melbourne, Victoria, Australia; ®'La Trobe University, Department
of Chemistry and Physics, Melbourne, Victoria, Australia; ®®2La Trobe University, School of Cancer Medicine, Melbourne, Victoria, Australia; ***Laboratory
for Biomedical Neurosciences NSI/EOC, Neurodegeneration Group, Torricella-Taverne, Switzerland; 684Laboratory for Proteolytic Neuroscience, RIKEN
Brain Science Institute, Wako, Saitama, Japan; *®Laboratory of Cellular Aging and Neurodegeneration, llsong Institute of Life Science, Anyang,
Gyeonggi-do, Korea; ®®Lancaster University, Faculty of Health and Medicine, Division of Biomedical and Life Sciences, Lancaster, UK; ®*’Latvian Bio-
medical Research and Study Centre, Riga, Latvia; ***Leiden University, Institute of Biology, Leiden, The Netherlands; ®®Leidos Biomedical Research, Inc.,
Frederick National Laboratory for Cancer Research, Nanotechnology Characterization Lab, Cancer Research Technology Program, Frederick, MD, USA;
59Medical University of Silesia, ENT Department, School of Medicine, Katowice, Poland; %°'Linképing University, Department of Clinical and Experi-
mental Medicine, Linkdping, Sweden; ®“Linkdping University, Department of Medical and Health Sciences, Linkoping, Sweden; 5®3Linkoping Univer-
sity, Experimental Pathology, Department of Clinical and Experimental Medicine, Faculty of Health Sciences, Linkoping, Sweden; **Liverpool School of
Tropical Medicine, Department of Parasitology, Liverpool, Merseyside, UK; **Lombardi Comprehensive Cancer Center, Georgetown University Medical
Center, Department of Oncology, Washington, DC, USA; ***Lomonosov Moscow State University, Faculty of Basic Medicine, Moscow, Russia; ®’London
Research Institute, Cancer Research UK, London, UK; *EUniversity College London Cancer Institute, London, UK; *Lorraine University, CITHEFOR
EA3452, Faculté de Pharmacie, Nancy, France; 7°°Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center, Torrance, CA; "°'Louisiana
State University Health Sciences Center, Department of Biochemistry and Molecular Biology, Shreveport, LA, USA; "®Louisiana State University Health
Sciences Center, Neuroscience Center of Excellence, New Orleans, LA, USA; “**Lovelace Respiratory Research Institute, Molecular Biology and Lung
Cancer Program, Albuquerque, NM, USA; **Ludwig-Maximilians-University Munich, Department of Pharmacy, Munich, Germany; “**Lund University,
Biomedical Centre, Department of Experimental Medical Science, Lund, Sweden; 7°Luxembourg Institute of Health and Centre Hospitalier de Luxem-
bourg, Luxembourg; "’Luxembourg Institute of Health, Laboratory of Experimental Hemato-Oncology, Department of Oncology, Luxembourg City,
Luxembourg; "*®Luxembourg Institute of Health, Department of Oncology, Luxembourg City, Luxembourg; *Maastricht University, Maastricht Radia-
tion Oncology (MaastRO) Lab, GROW — School for Oncology and Developmental Biology, Maastricht, The Netherlands; 7"®Maastricht University, Medical
Centre, NUTRIM, Department of Molecular Genetics, Maastricht, The Netherlands; "' 'Macau University of Science and Technology, State Key Laboratory
of Quality Research in Chinese Medicine, Macau, China; 7'*Mackay Memorial Hospital, Department of Radiation Oncology, Taipei, Taiwan; ”*Macquarie
University, Department of Biomedical Sciences, Faculty of Medicine and Health Sciences, Sydney, NSW, Australia; ’"*Magna Graecia University, Depart-
ment of Health Sciences, Catanzaro, Italy; "'>Mahidol University, Department of Anatomy, Faculty of Science, Bangkok, Thailand; ”'*Chulabhorn Inter-
national College of Medicine, Thammasat University, Pathum Thani, Thailand; ’'”Mahidol University, Salaya Campus, Institute of Molecular Biosciences,
Nakorn Pathom, Thailand; ""®Malaysian Institute of Pharmaceuticals and Nutraceuticals, Pulau Pinang, Malaysia; '*Mannheim University of Applied Sci-
ences, Institute of Molecular and Cell Biology, Mannheim, Germany; *°Masaryk University, Department of Biology, Faculty of Medicine, Brno, Czech
Republic; 7*'Massachusetts General Hospital and Harvard Medical School, Center for Human Genetic Research and Department of Neurology, Boston,
MA, USA; "2Massachusetts General Hospital and Harvard Medical School, Cutaneous Biology Research Center, Charlestown, MA; 72Massachusetts Gen-
eral Hospital and Harvard Medical School, Department of Molecular Biology; Department of Genetics, Boston, MA, USA; 7**Massachusetts General Hos-
pital and Harvard Medical School, Experimental Therapeutics and Molecular Imaging Laboratory, Neuroscience Center, Charlestown, MA, USA;
"ZMassachusetts General Hospital, Division of Infectious Disease, Boston, MA, USA; “*®Massachusetts Institute of Technology, Koch Institute for
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Integrative Cancer Research, Cambridge, MA, USA; 7?’Max Planck Institute for Biology of Ageing, Cologne, Germany; "*®Max Planck Institute of Bio-
chemistry, Group Maintenance of Genome Stability, Martinsried, Germany; 7>’Max Planck Institute of Biochemistry, Molecular Membrane and Organelle
Biology, Martinsried, Germany; "*°Max Planck Institute of Biophysical Chemistry, Department of Molecular Cell Biology, Géttingen, Germany; *'Max
Planck Institute of Psychiatry, Translational Research in Psychiatry, Munich, Germany; "**Mayo Clinic, Department of Biochemistry, Rochester, MN, USA;
33Mayo Clinic, Department of Neuroscience, Jacksonville, FL, USA; ”**Mayo Clinic, Division of Nephrology and Hypertension, Rochester, MN, USA;
*Mayo Clinic, Rochester, MN, USA; "**Mayo Clinic, Schulze Center for Novel Therapeutics, Division of Oncology Research, Department of Oncology,
Rochester, MN, USA; 7*’McGill University, Department of Anatomy and Cell Biology, Montreal, Canada; *®McGill University, Department of Biochemis-
try, Montreal, Quebec, Canada; "**McGill University, Department of Critical Care, Montreal, Quebec, Canada; “*°McGill University, Department of Neuro-
science, Montreal Neurological Institute, Montreal, QC, Canada; MGl University, Department of Pharmacology and Therapeutics, Montreal, Quebec,
Canada; "**McGill University, Goodman Cancer Research Centre and Department of Biochemistry, Montreal, Quebec, Canada; 7**McGill University,
Health Centre Research Institute, Meakins Christie Laboratories, Montreal, Quebec, Canada; **McGill University, Health Centre, Department of Medi-
cine, Montreal, Quebec, Canada; "**McGill University, Health Centre Research Institute, Meakins-Christie Laboratories, Montreal, Quebec, Canada;
45McGill University, Lady Davis Institute for Medical Research, Montreal, Quebec, Canada; ”*’McGill University, McGill Parkinson Program, Department
of Neurology and Neurosurgery, Montreal, QC, Canada; “*®McGill University, Montreal Neurological Institute, Montreal, QC, Canada; ““*McMaster Uni-
versity, Department of Biology, Hamilton, Ontario, Canada; ”°MD Anderson Cancer Center, Department of Cancer Biology, Houston, TX, USA; 7>'MD
Anderson Cancer Center, Department of Genomic Medicine, Houston, TX, USA; >>MD Anderson Cancer Center, Department of Gynecologic Oncology
and Reproductive Medicine, Houston, TX, USA; ">*Medical Center of the Johannes Gutenberg University, Mainz, Germany; ">*Medical College of Wis-
consin, Department of Biochemistry, Milwaukee, WI, USA; >>Medical College of Wisconsin, Department of Pediatrics, Milwaukee, W1, USA; "**Medical
Research Council (MRC), Toxicology Unit, Leicester, UK; ”>’Medical School Goethe University, Institute of Biochemistry I, Frankfurt, Germany; "**Medical
University of Graz, Division of Cardiology, Graz, Austria; ">Medical University of Graz, Institute of Molecular Biology and Biochemistry, Centre of Molec-
ular Medicine, Graz, Austria; “*°Medical University of Lodz, Department of Molecular Pathology and Neuropathology, Lodz, Poland; 7*'Medical Univer-
sity of Silesia, Department of Pharmacology, Katowice, Poland; "®*Medical University of South Carolina, Biochemistry and Molecular Biology, Charleston,
SC, USA; "*Medical University of South Carolina, Department of Biochemistry and Molecular Biology, Hollings Cancer Center, Charleston, SC, USA;
7%*Medical University of South Carolina, Department of Cell and Molecular Pharmacology and Experimental Therapeutics, Charleston, SC, USA; “**Medi-
cal University of South Carolina, Department of Ophthalmology, Charleston, SC, USA; “*®Medical University of South Carolina, Departments of Drug Dis-
covery and Biomedical Sciences, and Biochemistry and Molecular Biology, Charleston, SC, USA; 7*’Medical University of Vienna, Department of
Dermatology, CD Lab - Skin Aging, Vienna, Austria; “*®Medical University of Vienna, Department of Dermatology, Vienna, Austria; “*Medical University
of Vienna, Internal Medicine |, Vienna, Austria; ”°Medimmune, Respiratory, Inflammation and Autoimmunity Research Department, Gaithersburg, MD,
USA; “"Meiji University, Department of Life Sciences, Kanagawa, Japan; 7’?Memorial Sloan Kettering Cancer Center, New York, NY, USA; 7*Merck
KGaA, RandD Merck Serono, Darmstadt, Germany; "’*Merck Research Laboratories, Rahway, NJ, USA; >Miami VA Healthcare System and University of
Miami Miller School of Medicine, Oncology/Hematology, Miami, FL, USA; "”®Moffitt Cancer Center, Department of Tumor Biology, Tampa, FL, USA;
7Monash University, Centre for Inflammatory Diseases, Lupus Research Laboratory, Clayton, Victoria, Australia; “’®Monash University, Clayton Campus,
Department of Biochemistry and Molecular Biology, Melbourne, Victoria, Australia; ”°Monash University, Department of Biochemistry and Molecular
Biology, Victoria, Australia; “**Monash University, Department of Microbiology, Victoria, Australia; ”®'Monash University, School of Biological Sciences,
Melbourne, Victoria, Australia; “®2Mossakowski Medical Research Centre, Polish Academy of Sciences, Electron Microscopy Platform, Warsaw, Poland;
78cahn School of Medicine at Mount Sinai, Department of Medicine, New York, NY, USA; "®*Icahn School of Medicine at Mount Sinai, Department of
Otolaryngology, Tisch Cancer Institute at Mount Sinai, New York, NY, USA; "%Icahn School of Medicine at Mount Sinai, Department of Pharmacology
and Systems Therapeutics, New York, NY, USA; "®lcahn School of Medicine at Mount Sinai, Division of Hematology and Oncology, Department of Med-
icine, New York, NY, USA; "®Icahn School of Medicine at Mount Sinai, Division of Liver Diseases, New York, NY, USA; "®MRC Cancer Unit, University of
Cambridge, Hutchison/MRC Research Centre, Cambridge, UK; “**MRC Harwell, Mammalian Genetics Unit, Oxfordshire, UK; 7°MRC Human Immunology
Unit, Weatherall Institute of Molecular Medicine and BRC Translational Immunology Lab, NDM, Oxford, UK; “*'"MRC Laboratory of Molecular Biology,
Cambridge, UK; 7*MRC Mitochondrial Biology Unit, Cambridge, UK; >MRC Toxicology Unit, Leicester, UK; "**Nagasaki University Graduate School of
Biomedical Sciences, Department of Molecular Microbiology and Immunology, Nagasaki, Japan; 7**Nagasaki University, Department of Molecular
Microbiology and Immunology, Graduate School of Biomedical Sciences, Nagasaki, Japan; "*®Nagasaki University, Division of Dental Pharmacology,
Graduate School of Biomedical Sciences, Nagasaki, Japan; 7’Nagoya University School of Medicine, Nagoya, Japan; "*®Nagoya University, Research
Institute of Environmental Medicine, Nagoya, Aichi, Japan; ’Nanchang University, Institute of Life Science, Nanchang, China; 2°Nanjing Medical Uni-
versity, Center for Kidney Disease, 2nd Affiliated Hospital, Jiangsu, China; ¥'Nanjing Medical University, Department of Neurology, Nanjing First Hospi-
tal, Nanjing, China; #*Nanjing University School of Medicine, Jinling Hospital, Department of Neurology, Nanjing, China; **Nanjing University, Jiangsu
Key Laboratory of Molecular Medicine, Medical School and the State Key Laboratory of Pharmaceutical Biotechnology, Nanjing, Jiangsu Province,
China; 8*Nanjing University, School of Life Sciences, State Key Laboratory of Pharmaceutical Biotechnology, Nanjing, Jiangsu, China; 8°Nankai Univer-
sity, College of Life Sciences, Tianjin, China; ®*Nanyang Technological University, School of Biological Sciences, Singapore; 3’NARO Institute of Flori-
cultural Science, Tsukuba, Japan; 3®®NAS of Ukraine, Department of Molecular Genetics and Biotechnology, Institute of Cell Biology, Lviv, Ukraine;
80%Nasonova Research Institute of Rheumatology, Immunology and Molecular Biology Laboratory, Moscow, Russia; 8'°National Academy of Sciences of
Ukraine, Department of Biotechnology and Microbiology, Lviv, Ukraine; ' 'National and Kapodistrian University of Athens, Department of Cell Biology
and Biophysics, Faculty of Biology, Athens, Greece; #'*National Brain Research Centre, Manesar, Gurgaon, India; ®'*National Cancer Center, Cancer Cell
and Molecular Biology Branch, Division of Cancer Biology, Research Institute, Goyang, Korea; #"*National Cancer Center, Division of Cancer Biology,
Research Institute, Gyeonggi, Korea; 2'°National Center of Neurology and Psychiatry, Department of Degenerative Neurological Diseases, Kodaira,
Tokyo, Japan; 3'®National Center of Neurology and Psychiatry, Department of Neuromuscular Research, National Institute of Neuroscience, Tokyo,
Japan; 8""National Cheng Kung University, College of Medicine, Department of Pharmacology and Institute of Basic Medical Sciences, Tainan, Taiwan;
818National Cheng Kung University, Department of Microbiology and Immunology, College of Medicine, Tainan, Taiwan; 8'°National Cheng Kung Uni-
versity, Department of Pharmacology, Tainan, Taiwan; #°National Cheng Kung University, Institute of Clinical Medicine, Tainan, Taiwan; 3*'National
Cheng Kung University, Medical College, Department of Environmental and Occupational Health, Tainan, Taiwan; 32National Chung Hsing University,
Graduate Institute of Biomedical Sciences, Taichung, Taiwan; #3National Chung Hsing University, Institute of Molecular Biology, Taichung, Taiwan;
824National Chung-Hsing University, Institute of Biomedical Sciences, College of Life Sciences, Taichung, Taiwan; 8*National Fisheries Research and
Development Institute (NFRDI), Busan, Korea; #°National Health Research Institutes, Institute of Molecular and Genomic Medicine, Miaoli, Taiwan;
827National Health Research Institutes, Immunology Research Center, Miaoli, Taiwan; 3®National Health Research Institutes, Institute of Biotechnology
and Pharmaceutical Research, Miaoli County, Taiwan; 2°National llan University, Department of Biotechnology and Animal Science, Yilan City, Taiwan;
830National Institute for Basic Biology, Department of Cell Biology, Okazaki, Japan; #'National Institute for Basic Biology, Sokendai, Okazaki, Japan;
832National Institute for Infectious Diseases “L. Spallanzani” IRCCS, Rome, ltaly; 3*3National Institute for Infectious Diseases, Department of Epidemiol-
ogy and Preclinical Research, Translational Research Unit, Rome, Italy; #*National Institute of Biological Sciences, Beijing, China; #**National Institute of
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Gastoenterology, Laboratory of Experimental Immunopathology, Castellana Grotte (BA), Italy; 836National Institute of Infectious Diseases, Department
of Bacteriology |, Tokyo, Japan; ”National Institute of Neuroscience, National Center of Neurology and Psychiatry, Department of Degenerative Neuro-
logical Diseases, Tokyo, Japan; ®*®National Institute of Technology Rourkela, Department of Life Science, Rourkela, Odisha, India; ®*°National Institute
on Aging, Intramural Research Program, Laboratory of Neurosciences, Baltimore, MD, USA; #*°National Institute on Aging, National Institutes of Health,
Biomedical Research Center, RNA Regulation Section, Laboratory of Genetics, Baltimore, MD, USA; 84 National Institutes of Health, Cardiovascular
Branch, NHLB, Bethesda, MD, USA; **National Institutes of Health, Cell Biology and Physiology Center, National Heart, Lung, and Blood Institute,
Bethesda, MD, USA; #*National Institutes of Health, Cell Biology Section, Neurogenetics Branch, National Institute of Neurological Disorders and Stroke,
Bethesda, MD, USA; ®*“National Institutes of Health, Experimental Transplantation and Immunology Branch, National Cancer Institute, Bethesda, MD,
USA; 8 National Institutes of Health, Laboratory of Clinical Infectious Diseases, National Institute of Allergy and Infectious Diseases, Bethesda, MD, USA;
846National Institutes of Health, Laboratory of Immunoregulation, National Institute of Allergy and Infectious Diseases, Bethesda, MD, USA; ®*’National
Institutes of Health, National Cancer Institute, Urologic Oncology Branch, Bethesda, MD, USA; #*National Institutes of Health, National Heart, Lung, and
Blood Institute, Bethesda, MD, USA; #*°National Institutes of Health, National Institute of Allergy and Infectious Disease, Cytokine Biology Section,
Bethesda, MD, USA; ®*°National Institutes of Health, National Institute of Environmental Health Sciences, Clinical Research Program, Research Triangle
Park, NC, USA; 8'National Institutes of Health, National Institute on Aging, Biomedical Research Center, Laboratory of Neurosciences, Baltimore, MD,
USA; 8?National Institutes of Health, NIAID, Laboratory of Systems Biology, Bethesda, MD, USA; 3%3National Institutes of Health, NIAMS, Laboratory of
Muscle Stem Cells and Gene Regulation, Bethesda, MD, USA; #**National Institutes of Health, NIDDK, Genetics of Development and Disease Branch,
Bethesda, MD, USA; ®National Institutes of Health, NIDDK, LCMB, Bethesda, MD, USA; #%National Institutes of Health, Rocky Mountain Laboratories,
NIAID, Coxiella Pathogenesis Section, Hamilton, MT, USA; #”National Jewish Health, Denver, CO, USA; ®®Freiburg Institute for Advanced Studies
(FRIAS), University of Freiburg, Germany; #°National Neuroscience Institute, Singapore; ®°National Research Council (CNR), Institute of Translational
Pharmacology (IFT), Rome, Italy; #'National Research Council, Institute of Food Sciences, Avellino, Italy; 3¢*National Sun Yat-Sen University, Department
of Biological Sciences, Kaohsiung, Taiwan; 23National Taiwan University, Department of Life Science and Center for Biotechnology, Taipei, Taiwan;
864National Taiwan University, Department of Life Science, Institute of Molecular and Cellular Biology, Taipei, Taiwan; #*National Taiwan University,
Department of Life Science, Taipei, Taiwan; **National Taiwan University, Department of Pharmacology, College of Medicine, Taipei, Taiwan;
86’National Taiwan University, Department of Urology, College of Medicine, Taipei, Taiwan; 3®National Taiwan University, Graduate Institute of Brain
and Mind Sciences, College of Medicine, Taipei, Taiwan; *°National Taiwan University, Institute of Molecular Medicine, College of Medicine, Taipei, Tai-
wan; 8°Department of Cardiology, Nanhai Hospital Affiliated to Southern Medical University, Foshan, Guangdong Province, China; #'National Tsing
Hua University, Department of Chemical Engineering, Hsinchu, Taiwan; #National Tsing Hua University, Institute of Biotechnology, Institute of Sys-
tems Neuroscience, and Department of Life Science, HsinChu City, Taiwan; #>National University Cancer Institute, National University Health System,
Singapore; 8*National University of Ireland, Apoptosis Research Centre, Galway, Ireland; ¥>National University of Ireland, Pharmacology and Therapeu-
tics, Galway, Ireland; #°National University of Ireland, Regenerative Medicine Institute, Galway, Ireland; 8”’National University of Singapore, Depart-
ment of Biological Sciences, Singapore; &”®National University of Singapore, Department of Pharmacy, Singapore; #°National University of Singapore,
Department of Physiology, Singapore; #8°National University of Singapore, Department of Physiology, Yong Loo Lin School of Medicine, Singapore;
81National University of Singapore, Yong Loo Lin School of Medicine, Department of Biochemistry, Singapore; #*National University of Singapore,
Department of Microbiology and Immunology, Yong Loo Lin School of Medicine, National University Health System (NUHS), Singapore; #*Nationwide
Children’s Hospital, Center for Microbial Pathogenesis, Columbus, OH, USA; 84INCI, CNRS UPR3212, Institut des Neurosciences Cellulaires and
Intégratives, Strasbourg, France; 2°NCI/CCR, Basic Research Laboratory, Frederick, MD, USA; #Nencki Institute of Experimental Biology, Neurobiology
Center, Laboratory of Molecular Neurobiology, Warsaw, Poland; #’Neurodegenerative Diseases Research Group, Vall d’Hebron Research Institute-
CIBERNED, Barcelona, Spain; 88¥Neurogenomiks, Neurosciences Department, Faculty of Medicine and Odontology, University of Basque, Leioa, Spain;
889Neuroscience Research Institute, Santa Barbara, CA, USA; ®°Neurounion Biomedical Foundation, Santiago, Chile; ®'New York Blood Center, Lindsley
F. Kimball Research Institute, New York, NY, USA; 82New York Institute of Technology, Department of Biomedical Sciences, College of Osteopathic
Medicine, Old Westbury, NY, USA; 3*New York Medical College, Department of Medicine, Pharmacology, and Physiology, Valhalla, NY, USA; #%*New
York University Langone Medical Center, Nathan Kline Institute for Psychiatric Research, Orangeburg, NY, USA; 8°*New York University School of Medi-
cine, Departments of Neuroscience and Physiology, and Psychiatry, New York, NY, USA; 3*New York University School of Medicine, Skirball Institute,
Department of Microbiology, New York, NY, USA; 897New York University, Department of Psychiatry, New York NY; and Center for Dementia Research,
Nathan S. Kline Institute, Orangeburg, NY, USA; 38New York University, Department of Psychiatry, New York, NY, USA; 3°New York University, Nathan
Kline Institute, Orangeburg, NY, USA; 90Newcastle University, Campus for Ageing and Vitality, Institute for Cell and Molecular Biosciences and Institute
for Ageing, Newcastle upon Tyne, UK; °°"Newcastle University, The Medical School, Institute of Cellular Medicine, Newcastle upon Tyne, UK; “>New
York-Presbyterian Hospital/Weill-Cornell Medical Center, New York, NY, USA; °®Niigata University Graduate School of Medical and Dental Sciences,
Laboratory of Biosignaling, Niigata, Japan; ***Niigata University, School of Medicine, Department of Biochemistry, Niigata, Japan; °°NINDS, National
Institutes of Health, Synaptic Function Section, Bethesda, MD, USA; 906Nippon Medical School, Department of Cardiovascular Medicine, Tokyo, Japan;
““North Dakota State University, Department of Chemistry and Biochemistry, Fargo, ND, USA; °®*North Shore University Hospital, Department of Emer-
gency Medicine, Manhasset, NY, USA; *®Northeastern University, Department of Bioengineering, Boston, MA, USA; °*®Northern lllinois University,
Department of Biological Sciences, DeKalb, IL, USA; °'"Northwestern University, Department of Cell and Molecular Biology, Feinberg School of Medi-
cine, Chicago, IL, USA; *'*Northwestern University, Department of Neurology, Feinberg School of Medicine, Chicago, IL, USA; °**Northwestern Univer-
sity, Division of Hematology/Oncology, Chicago, IL, USA; °**Northwestern University, Feinberg School of Medicine, Department of Neurology, Chicago,
IL, USA; °**Northwestern University, Robert H. Lurie Comprehensive Cancer Center, Chicago, IL, USA; *'®Norwegian Veterinary Institute, Oslo, Norway;
?170bihiro University of Agriculture and Veterinary Medicine, National Research Center for Protozoan Diseases, Obihiro, Hokkaido, Japan; °'®0hio State
University, Department of Microbial Infection and Immunity, Columbus, OH, USA; °'°Ohio State University, Department of Molecular and Cellular Bio-
chemistry, Columbus, OH, USA; *?°Ohio State University, Department of Molecular Genetics, Columbus, OH, USA; 'Ohio State University, Department
of Surgery, Davis Heart and Lung Research Institute, Columbus, OH, USA; 220hjo State University, Department of Veterinary Biosciences, College of
Veterinary Medicine, Columbus, OH, USA; ®20hio State University, DHLRI, Department of Medicine, Columbus, OH, USA; **Ohio State University, The
James Comprehensive Cancer Center. Department of Molecular Virology, Immunology and Medical Genetics and Department of Surgery, Division of
Surgical Oncology, Columbus, OH, USA; ®**Ohio University, Division of Physical Therapy, Athens, OH, USA; °**Oregon Health and Science University,
Casey Eye Institute, Portland, OR, USA; ®’Oregon Health and Science University, Knight Cardiovascular Institute, Portland, OR, USA; ®*®Oregon State
University, Department of Pharmaceutical Sciences, College of Pharmacy, Corvallis, OR, USA; ®*?Osaka Prefecture University, Graduate School of Life
and Environmental Science, Osaka, Japan; ®*°Osaka University Graduate School of Dentistry, Department of Preventive Dentistry, Osaka, Japan;
910saka University Graduate School of Medicine, Department of Nephrology, Osaka, Japan; “*?Osaka University Graduate School of Medicine, Depart-
ment of Pediatrics, Osaka, Japan; ®**0Osaka University, Department of Genetics, Graduate School of Medicine, Laboratory of Intracellular Membrane
Dynamics, Graduate School of Frontier Biosciences, Osaka, Japan; ***Osaka University, Department of Genetics, Graduate School of Medicine, Osaka,
Japan; ®**0saka University, Graduate School of Dentistry, Osaka, Japan; *®Osaka University, Graduate School of Frontier Biosciences, Osaka, Japan;
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970slo University Hospital, Center for Eye Research, Oslo, Norway; “%0slo University Hospital, Centre for Cancer Biomedicine, Oslo, Norway; **°Oslo
University Hospital, Centre for Immune Regulation, Oslo, Norway; **°Oslo University Hospital, Department of Biochemistry, Institute for Cancer
Research, Oslo, Norway; **'Oslo University Hospital, Department of Molecular Cell Biology, Institute for Cancer Research, Oslo, Norway; °*?Oslo Univer-
sity Hospital, Institute for Microbiology, Oslo, Norway; ***University of Oslo and Oslo University Hospital, Prostate Cancer Research Group, Centre for
Molecular Medicine (Norway), Oslo, Norway; 944Otto—von—Guericke—University Magdeburg, Department of General, Visceral and Vascular Surgery, Mag-
deburg, Germany; **Otto-von-Guericke-University Magdeburg, Institute of Molecular and Clinical Inmunology, Magdeburg, Germany; ***Oviedo Uni-
versity, Morphology and Cellular Biology Department, Oviedo, Spain; **’Oxford University, Department of Oncology, Weatherall Institute of Molecular
Medicine, John Radcliffe Hospital, Molecular Oncology Laboratories, Oxford, UK; **®Paris Cardiovascular Research Center - PARCC, Clichy, France;
9%Paris Descartes University—Sorbonne Paris Cité, Imagine Institute, Paris, France; **°Paris Diderot University, Sorbonne Paris Cité, INSERM, CNRS, Paris,
France; ®'Peking University First Hospital, Department of Internal Medicine, Beijing, China; “>2Peking University First Hospital, Renal Division, Beijing,
China; ***Peking University, Department of Immunology, Beijing, China; ®**Peking University, Department of Medicine, Beijing, China; *>*Peking Uni-
versity, Health Science Center, Center for Human Disease Genomics, Beijing, China; ®>®Peking University, Health Science Center, Department of Bio-
chemistry and Molecular Biology, Beijing, China; *’Peking University, Institute of Nephrology, Key Laboratory of Renal Disease, Ministry of Health of
China, Key Laboratory of Chronic Kidney Disease Prevention and Treatment, Ministry of Education, Beijing, China; **®Pennsylvania State University, Col-
lege of Medicine, Department of Cellular and Molecular Physiology, Hershey, PA, USA; ®*°Pennsylvania State University, College of Medicine, Depart-
ment of Pediatrics, Hershey, PA, USA; °*®Pennsylvania State University, College of Medicine, Department of Pharmacology, Hershey, PA, USA;
%1pennsylvania State University, College of Medicine, Department of Pharmacology, Pennsylvania State University Hershey Cancer Institute, Hershey,
PA, USA; ***Laboratory of Translational Oncology and Experimental Cancer Therapeutics, Department of Hematology/Oncology and Molecular Thera-
peutics Program, Fox Chase Cancer Center, Philadelphia, PA, USA; ®*Pennsylvania State University, College of Medicine, Hershey Cancer Institute and
Department of Pediatrics, Hershey, PA, USA; °**Pennsylvania State University, Department of Biochemistry and Molecular Biology, Center for Eukaryotic
Gene Regulation, University Park, PA, USA; **Perelman School of Medicine at the University of Pennsylvania, Department of Genetics, Philadelphia, PA,
USA; ®®®Perelman School of Medicine at the University of Pennsylvania, Departments of Pediatrics and Systems Pharmacology and Translational Thera-
peutics, Philadelphia, PA, USA; *’Pfizer Inc., Drug Safety Research and Development, San Diego, CA, USA; “®Plymouth University, Peninsula School of
Medicine and Dentistry, Plymouth, UK; **Polish Academy of Sciences, Institute of Biochemistry and Biophysics, Warsaw, Poland; *’°Polytechnic Univer-
sity of Marche, Department of Clinical Science, Faculty of Medicine, Ancona, Italy; °”'Polytechnic University of Marche, Department of Life and Environ-
mental Sciences, Ancona, ltaly; ®’?Pontificia Universidad Catélica de Chile, Physiology Department, Santiago, Chile; °*Post Graduate Institute of
Medical Education and Research (PGIMER), Department of Biophysics, Chandigarh, India; °*Post Graduate Institute of Medical Education and Research
(PGIMER), Department of Urology, Chandigarh, India; **Program in Rare and Genetic Diseases, Centro de Investigacién Principe Felipe (CIPF), IBV/CSIC
Associated Unit at CIPF, Valencia, Spain; ®°Providence Portland Medical Center, Earle A. Chiles Research Institute, Portland, OR, USA; °””Public Health
England, Health Protection Services, Modelling and Economics Unit, Colindale, London, UK; 978pysan National University, Department of Biological Sci-
ences, Busan, Korea; ®’°Qilu Hospital of Shandong University, Cardiology, Jinan, Shandong, China; “®°Qilu Hospital of Shandong University, Department
of Traditional Chinese Medicine, Jinan, China; *'Qingdao University, Department of Neurology, Qingdao Municipal Hospital, School of Medicine, Qing-
dao, Shandong Province, China; ®®Queen Elizabeth Hospital, Department of Clinical Oncology, Kowloon, Hong Kong; “®*Queen Mary University of Lon-
don, Blizard Institute, Centre for Cell Biology and Cutaneous Research, London, UK; ®*Queen Mary University of London, Barts Cancer Institute, Center
for Molecular Oncology, London, UK; “®*Queen Mary University of London, Blizard Institute, Department of Neuroscience and Trauma, London, UK;
985Queen Mary University of London, Blizard Institute, Flow Cytometry Core Facility, London, UK; ®’Queen Mary University of London, Centre for Hae-
mato-Oncology, Barts Cancer Institute, London, UK; **Queens College of the City University of New York, Department of Biology, Flushing, NY, USA;
989Queen’s University of Belfast, Centre for Experimental Medicine, Belfast, UK; **°Radboud University Nijmegen Medical Center, Department of Inter-
nal Medicine, Division of Endocrinology, Nijmegen, The Netherlands; ®*'Radboud University Nijmegen Medical Center, Department of Internal Medi-
cine, Nijmegen, The Netherlands; “**Radboud University Nijmegen Medical Center, Department of Radiation Oncology, Nijmegen, The Netherlands;
93Radboud University, Institute for Molecules and Materials, Department of Molecular Materials, Nijmegen, The Netherlands; °**Regina Elena National
Cancer Institute, Experimental Chemotherapy Laboratory, Rome, Italy; **Research Center Borstel, Borstel, Germany; **Rice University, Chemical and
Biomolecular Engineering, Houston, TX, USA; ®"Rice University, Department of BioSciences, Houston, TX, USA; ®*®RIKEN Brain Science Institute, Labora-
tory for Developmental Neurobiology, Saitama, Japan; *°RIKEN Global Research Cluster, Glycometabolome Team, Systems Glycobiology Research
Group, Saitama, Japan; '°®Rio de Janeiro Federal University, Instituto de Biofisica Carlos Chagas Filho, Rio de Janeiro, Brazil; '%'Ritsumeikan University,
Department of Biotechnology, Shiga, Japan; '°®Rockefeller University, New York, NY, USA; '®3Roswell Park Cancer Institute, Department of Pharmacol-
ogy and Therapeutics, Buffalo, NY, USA; '°*Royal College of Surgeons in Ireland, Department of Physiology and Medical Physics, Dublin, Ireland;
19%5Royal Military College, Chemistry and Chemical Engineering, Kingston, ON, Canada; '°®Royal North Shore Hospital, Cardiovascular and Hormonal
Research Laboratory, Royal North Shore Hospital and Kolling Institute, Sydney, NSW, Australia; '®’Ruhr University Bochum, Biochemie Intrazellulirer
Transportprozesse, Bochum, Germany; 1008Ruhr University Bochum, Department of Molecular Cell Biology, Institute of Biochemistry and Pathobio-
chemistry, Bochum, Germany; '°*>Ruhr University Bochum, Medical Faculty, System Biochemistry, Bochum, Germany; '°'°Ruhr University Bochum, Uni-
versity Hospital Bergmannsheil, Department of Neurology, Heimer Institute for Muscle Research, Bochum, Germany; '°''Ruprecht-Karls-University
Heidelberg, Division of Pediatric Neurology, Department of Pediatrics, Heidelberg University Hospital, Heidelberg, Germany; '®"?Rush University Medi-
cal Center, Department of Anatomy and Cell Biology, Chicago, IL, USA; '°*Russian Academy of Sciences, Kazan Institute of Biochemistry and Biophys-
ics, Kazan, Tatarstan, Russia; '°"*Rutgers New Jersey Medical School, Department of Cell Biology and Molecular Medicine, Newark, NJ, USA; '°*Rutgers
University, Department of Cell Biology and Neuroscience, Piscataway, NJ, USA; '®'5Rutgers University, Molecular Biology and Biochemistry, Piscataway,
NJ, USA; '°"Rutgers University, New Jersey Medical School, Department of Cell Biology and Molecular Medicine, Newark, NJ, USA; '°'®Rutgers Univer-
sity, The State University of New Jersey, Department of Cell Biology and Neuroscience, Piscataway, NJ, USA; °'°Rutgers University, The State University
of New Jersey, Rutgers Cancer Institute of New Jersey, New Brunswick, NJ, USA; "°Rutgers University-Robert Wood Johnson Medical School, Pharma-
cology Department, Piscataway, NJ, USA; '°*'Rutgers University-Robert Wood Johnson Medical School, Rutgers Cancer Institute of New Jersey, Piscat-
away, NJ, USA; '°22Sabanci University, Molecular Biology, Genetics and Bioengineering Program, Istanbul, Turkey; '°2*SaBio, Instituto de Investigacién
en Recursos Cinegéticos IREC-CSIC-UCLM-JCCM, Ciudad Real, Spain; '°*Saint Louis University School of Medicine, Department of Molecular Microbiol-
ogy and Immunology, St. Louis, MO, USA; '°**Saitama Medical University, Saitama Medical Center, Department of General Thoracic Surgery, Saitama,
Japan; '°%®Saitama University, Graduate School of Science and Engineering, Saitama, Japan; '°%’San Diego State University, Department of Biology and
Center for Microbial Sciences, San Diego, CA, USA; '°%San Diego State University, Department of Biology, San Diego, CA, USA; '°2°San Paolo Hospital
Medical School, Unit of Obstetrics and Gynecology, Milano, Italy; '°°San Raffaele Institute, Dept. of Therapeutic Research and Medicine Evaluation, Sul-
mona, L'Aquila, Italy; '°'Sanford Burnham Prebys NCI-Cancer Center, Cell Death and Survival Networks Program, La Jolla, CA, USA; '°**Sanford Consor-
tium for Regenerative Medicine, La Jolla, CA, USA; '®*3Sanford Burnham Medical Research Institute, Cell Death and Survival Networks Program, La Jolla,
CA, USA; '%**sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA, USA; '®**Sangamo Biosciences, Richmond, CA, USA; '%¢Sanofi, Vitry Sur
Seine, France; '°’Sao Paulo University, Biochemistry Department; and Santo Amaro University, Life Sciences, Sao Paulo, Brazil; '**®Sapienza University
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of Rome, DAHFMO-Section of Histology, Rome, Italy; '°**Sapienza University of Rome, DAHFMO-Section of Anatomy, Rome, Italy; **°Sapienza Univer-
sity of Rome, Department of Biochemical Sciences “A. Rossi Fanelli”, Rome, Italy; '®*'Sapienza University of Rome, Department of Clinical and Molecular
Medicine, Rome, ltaly; '®**Sapienza University of Rome, Department of Experimental Medicine, Rome, Italy; '®**Sapienza University of Rome, Depart-
ment of Molecular Medicine, Rome, Italy; '®**Sapporo Medical University School of Medicine, Department of Pharmacology, Sapporo, Japan; '®**Scien-
tific Institute IRCCS Eugenio Medea, Bosisio Parini, Italy; 10465 cientific Institute IRCCS Eugenio Medea, Laboratory of Molecular Biology, Bosisio Parini,
Lecco, Italy; "°*Second Hospital of Lanzhou University, Key Laboratory of Digestive System Tumors, Gansu, China; '®*3Second Military Medical Univer-
sity, Department of Cardiothoracic Surgery, Changzheng Hospital, Shanghai, China; '***Second Military Medical University, Department of Pharmacol-
ogy, Shanghai, China; '°*°Second University of Naples, Department of Biochemistry and Biophysics, Naples, Italy; '°'Second University of Naples,
Department of Biochemistry, Biophysics and General Pathology, Naples, Italy; '°*?Semmelweis University, Department of Medical Chemistry, Molecular
Biology and Pathobiochemistry, Budapest, Hungary; '°>3*Semmelweis University, Institute of Human Physiology and Clinical Experimental Research,
Budapest, Hungary; '°**Seoul National University College of Medicine, Department of Advanced Education for Clinician-Scientists (AECS), Seoul, Korea;
19355eoul National University College of Medicine, Department of Ophthalmology, Seoul, Korea; **®Seoul National University College of Medicine,
Department of Physiology and Biomedical Sciences, Seoul, Korea; '%’Seoul National University College of Medicine, Neuroscience Research Institute,
Department of Medicine, Seoul, Korea; '®®Seoul National University Hospital, Department of Internal Medicine, Seoul, Korea; '°*Seoul National Uni-
versity, College of Pharmacy and Research Institute of Pharmaceutical Science, Seoul, Korea; '*°Seoul National University, Department of Biological
Sciences, Seoul, Korea; '®'Seoul National University, College of Pharmacy, Seoul, Korea; '°?Seoul National University, Department of Plant Science,
Seoul, Korea; '°*Seoul National University, Protein Metabolism Medical Research Center and Department of Biomedical Sciences, College of Medicine,
Seoul, Korea; '°*Seoul St. Mary’s Hospital, Department of Internal Medicine, Seoul, Korea; '®**Shandong Agricultural University, State Key Laboratory
of Crop Science, Tai'an, China; '°Shandong University, Department of Toxicology, Jinan, Shandong, China; '°”Shandong University, School of Chem-
istry and Chemical Engineering, Jinan, Shandong, China; '®*®Shandong University, School of Life Sciences, Jinan, China; '°**Shandong University, School
of Medicine, Department of Pharmacology, Jinan, Shandong Province, China; '°°Shanghai Institute of Materia Medica, Division of Antitumor Pharma-
cology, Shanghai, China; '%”'Shanghai Jiao Tong University, Bio-X Institutes, Shanghai, China; '®’?Shanghai Jiao Tong University, Department of Endo-
crinology and Metabolism, Affiliated Sixth People’s Hospital, Shanghai Diabetes Institute, Shanghai Key Laboratory of Diabetes Mellitus, Shanghai
Clinical Center for Diabetes, Shanghai, China; '”*Shanghai Jiao Tong University, School of Biomedical Engineering and Med-X Research Institute,
Shanghai, China; '°Shanghai Jiao Tong University, School of Life Sciences and Biotechnology, Shanghai, China; '°”>Shanghai Jiao Tong University,
School of Medicine, Center for Reproductive Medicine, Renji Hospital, Shanghai, China; '°”®Shanghai Jiao Tong University, School of Medicine, Depart-
ment of Biochemistry and Molecular Biology, Shanghai, China; '®”’Shanghai Jiao Tong University, School of Medicine, Department of Pharmacology
and Chemical Biology, Shanghai, China; '®”®Shanghai Jiao Tong University, School of Medicine, Key Laboratory of Cell Differentiation and Apoptosis of
Chinese Ministry of Education, Shanghai, China; '®’°Shanghai Jiao Tong University, School of Medicine, Renji Hospital, Shanghai, China; '°*°Shanghai
Jiao Tong University, School of Medicine, Shanghai Institute of Hypertension, Shanghai, China; '°®'Shanghai Jiao Tong University, School of Medicine,
Shanghai Institute of Immunology, Shanghai, China; '®**Shanghai Jiao Tong University, School of Medicine, State Key Laboratory of Medical Genomics;
Shanghai Institute of Hematology; Shanghai Rui Jin Hospital, Shanghai, China; '®®3*Shanghai Jiao Tong University, State Key Laboratory of Oncogenes
and Related Genes, Renji-Med X Clinical Stem Cell Research Center, Ren Ji Hospital, School of Medicine, Shanghai, China; '°®*University of Sharjah, Col-
lege of Medicine, United Arab Emirates; '®®*Shanghai Jiao Tong University, School of Medicine, Renji Hospital, Shanghai, China; ***Shanghai Medical
School of Fudan University, Department of Anatomy, Histology and Embryology, Shanghai, China; '°”Shanghai University of Traditional Chinese Medi-
cine, Department of Biochemistry, Shanghai, China; '°®®Shanghai Veterinary Research Institute, Shanghai, China; '®**Shantou University Medical Col-
lege, Cancer Research Center, Shantou, Guangdong, China; '®°Shantou University Medical College, Department of Biochemistry and Molecular
Biology, Shantou, China; ''Shin Kong Wu Ho-Su Memorial Hospital, Department of Urology, Taipei, Taiwan; '***Sichuan University, Aging Research
Group, State Key Lab for Biotherapy, West China Hospital, Chengdu, China; ®*Sichuan University, Key Laboratory of Bio-Resources and Eco-Environ-
ment of Ministry of Education, College of Life Science, Chengdu, Sichuan, China; '*Sichuan University, State Key Laboratory of Biotherapy/Collabora-
tive Innovation Center of Biotherapy, West China Hospital, Chengdu, China; '%*Sichuan University, State Key Laboratory of Biotherapy/Collaborative
Innovation Center of Biotherapy; West China Hospital, Chengdu, China; '°Sichuan University, West China Hospital, State Key Labortary of Biotherapy,
Sichuan, China; '°Sidra Medical and Research Centre, Doha, Qatar; '*®Simon Fraser University, Department of Molecular Biology and Biochemistry,
Burnaby, BC, Canada; '°*°Singapore Eye Research Institute, Singapore National Eye Center, Singapore; ''°°Sir Runrun Shaw Hospital, Medical School of
Zhejiang University, Department of Medical Oncology, Hangzhou, China; ''°'Sixth Affiliated Hospital of Sun Yat-Sen University, Gastrointestinal Insti-
tute, Department of Radiation Oncology, Guangzhou, Guangdong, China; 1102560chow University, College of Pharmaceutical Sciences, Jiangsu, China;
1193550chow University, Department of Neurology, Second Affiliated Hospital of Soochow University and Institute of Neuroscience, Suzhou, China;
1%500chow University, Department of Pathogenic Biology, Suzhou, Jiangsu, China; ''*Soochow University, School of Pharmaceutical Science, Depart-
ment of Pharmacology and Laboratory of Aging and Nervous Diseases, Suzhou, China; '"°Soochow University, School of Pharmaceutical Science,
Department of Pharmacology, Laboratory of Aging and Nervous Diseases, Su Zhou, Jiangsu Province, China; '’ Soochow University, School of Pharma-
ceutical Science, Department of Pharmacology, Suzhou, China; ''%Sorbonne Universités, CNRS, UPMC, Univ Paris 06, UMR 7622, IBPS, Paris, France;
1990rbonne Universités, UMR S1127, Paris, France; ' '®Sorbonne Universités, University Pierre and Marie Curie, Paris 6, Brain and Spine Institute,
INSERM U1127, CNRS UMR722, Paris, France; '""'Sorbonne Universités, UPMC Univ Paris 06, INSERM U1135, CNRS ERL 8255, Center for Immunology
and Microbial Infections — CIMI-Paris, Paris, France; '''*Sorbonne Universités, UPMC Univ Paris 06, INSERM UMRS974, CNRS FRE 3617, Center for
Research in Myology, Paris, France; '''*South China Normal University, College of Biophotonics, Guangdong, China; ''"*Southern Medical University,
Department of Cardiology, Nanfang Hospital, Guangzhou, China; ''*Southern Medical University, School of Pharmaceutical Sciences, Guangzhou,
Guangdong, China; '"®Spanish Council for Scientific Research, Institute for Advanced Chemistry of Catalonia, Department of Biomedicinal Chemistry,
Barcelona, Spain; '''’Spanish National Cancer Research Centre (CNIO), Cell Division and Cancer Group, Madrid, Spain; '''8St. Anna Kinderkrebsfor-
schung, Children’s Cancer Research Institute, Inmunological Diagnostics, Vienna, Austria; ''"°Howard Hughes Medical Institute, St. Jude Children’s
Research Hospital, Cell and Molecular Biology, Memphis, TN, USA; 11206t jude Children’s Research Hospital, Department of Immunology, Memphis, TN,
USA; "'?'st. Jude Children’s Research Hospital, Department of Pathology, Memphis, TN, USA; ''22St. Jude Children’s Research Hospital, Department of
Structural Biology, Mempbhis, TN, USA; ''23St. Jude Children’s Research Hospital, Memphis, TN, USA; ''2%St. Louis University School of Medicine, Depart-
ment of Biochemistry and Molecular Biology, St. Louis, MO, USA; ''#St. Marianna University School of Medicine, Department of Ophthalmology, Kawa-
saki, Kanagawa, Japan; ''2%St. Marianna University School of Medicine, Department of Physiology, Kanagawa, Japan; ''?’St. Paul’s Hospital, Centre for
Heart Lung Innovation, Vancouver, BC, Canada; ''?Stanford University, Department of Microbiology and Immunology, Stanford, CA, USA; ''*Stanford
University, Department of Radiation Oncology, Stanford, CA, USA; ''*Stanford University, School of Medicine, Department of Pathology, Stanford, CA,
USA; ""*'Stanford University, School of Medicine, Departments of Radiation Oncology and Genetics, Stanford, CA, USA; '"*2Stanford University, School
of Medicine, Stanford, CA, USA; "'*3State Key Laboratory of Kidney Diseases, National Clinical Research Center for Kidney Diseases, Department of
Nephrology, Chinese PLA General Hospital, Chinese PLA Institute of Nephrology, Beijing, China; ''**State University of New York, College of Medicine,
Departments of Medicine, Microbiology and Immunology, Biochemistry and Molecular Biology, Syracuse, NY, USA; ''**State University of New York,
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College of Nanoscale Science and Engineering, Albany, NY, USA; ''*®Stellenbosch University, Department of Physiological Sciences, Stellenbosch, South
Africa; ''¥’Stephen A. Wynn Institute for Vision Research, lowa City, 1A, USA; 1*®Stockholm University, Department of Neurochemistry, Stockholm, Swe-
den; ""**Stony Brook University, Department of Molecular Genetics and Microbiology, Stony Brook, NY, USA; "'*°Stony Brook University, Department of
Pathology, Stony Brook, NY, USA; '"*'Swedish University of Agricultural Sciences and Linnean Center for Plant Biology, Department of Chemistry and
Biotechnology, Uppsala BioCenter, Uppsala, Sweden; ''**Strathclyde Institute of Pharmacy and Biomedical Sciences, Glasgow, UK; ''*3Sun Yat-Sen Uni-
versity, Department of Neurology and Stroke Center, The First Affiliated Hospital, Guangzhou, China; ''**Sun Yat-Sen University, Department of Phar-
macology and Toxicology, School of Pharmaceutical Sciences, Guangzhou, China; '"**Sun Yat-Sen University, Key Laboratory of Gene Engineering of
the Ministry of Education, School of Life Science, Guangzhou, China; '"**Sun Yat-Sen University, School of Chemistry and Chemical Engineering,
Guangzhou, China; "Sun Yat-Sen University, School of Life Sciences, Guangzhou, China; ''*®Sun Yat-Sen University, State Key Laboratory of Biocon-
trol, School of Life Sciences, Guangzhou, China; ''*°Sun Yat-Sen University, State Key Laboratory of Oncology in South China, Cancer Center, Guangz-
hou, China; '"*°Yonsei University College of Medicine, Severans Biomedical Science Institute and Department of Internal Medicine, Seoul, Korea;
"37Sunnybrook Research Institute; and University of Toronto, Department of Biochemistry, Toronto, Ontario, Canada; ''>*Swedish University of Agricul-
tural Sciences and Linnean Center for Plant Biology, Department of Plant Biology, Uppsala BioCenter, Uppsala, Sweden; ''**Taichung Veterans General
Hospital, Department of Medical Research, Taichung City, Taiwan; '"**Taipei Medical University, Department of Biochemistry, College of Medicine, Tai-
pei City, Taiwan; '">*Taipei Medical University, Department of Microbiology and Immunology, Institute of Medical Sciences, Taipei, Taiwan; '"**Taipei
Medical University, Graduate Institute of Cancer Biology and Drug Discovery, College of Medical Science and Technology, Taipei, Taiwan; ''>’Tamkang
University, Department of Chemistry, Tamsui, New Taipei City, Taiwan; ''**Tampere University Hospital, Department of Gastroenterology and Alimen-
tary Tract Surgery, Tampere, Finland; '"**Technical University Munich, Institute of Human Genetics, Munich, Bavaria, Germany; ''®Technion-Israel Insti-
tute of Technology, The Rappaport Faculty of Medicine and Research Institute, Department of Biochemistry, Haifa, Israel; '®'Technion-Israel Institute of
Technology, Unit of Anatomy and Cell Biology, The Ruth and Bruce Rappaport Faculty of Medicine, Haifa, Israel; ''%*Technische Universitat Braunsch-
weig, Biozentrum, Braunschweig, Germany; ''®*Technische Universitit Miinchen, Department of Neurology, Munich, Germany; ''®*Technische Uni-
versitat Miinchen, Il. Medizinische Klinik, Klinikum rechts der Isar, Munich, Germany; ''®*Technische Universitat Miinchen, Plant Systems Biology,
Freising, Germany; ''®®Tel Aviv University, Department of Human Molecular Genetics and Biochemistry, Sackler School of Medicine, Tel Aviv, Israel;
167Te| Aviv University, Department of Neurobiology, Tel-Aviv, Israel; '"%®Tel Aviv University, Oncogenetic Laboratory, Meir Medical Center, Kfar Saba
and Sackler Faculty of Medicine, Tel Aviv, Israel; "**Tel Aviv University, Sackler Faculty of Medicine, Department of Cell and Developmental Biology, Tel
Aviv, Israel; "'"7°Tel Aviv University, Sackler Faculty of Medicine, Tel Aviv, Israel; """ 'Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli,
Naples, Italy; ''"?Temasek Life Sciences Laboratory, Singapore; ''7*Temple University, Sharro Institute for Cancer Research and Molecular Medicine,
Center for Biotechnology, College of Science and Technology, Philadelphia, PA, USA; ''7*Temple University, School of Medicine, Department of Bio-
chemistry; and Center for Translational Medicine, Philadelphia, PA, USA; '"*Texas A&M Health Science Center, Center for Cancer and Stem Cell Biology,
Institute of Biosciences and Technology, Houston, TX, USA; 176Texas A&M Health Science Center, Institute of Biosciences and Technology, Houston, TX,
USA; """"Texas A&M University Health Science Center, Center for Translational Cancer Research, Institute of Bioscience and Technology, Houston, TX,
USA; ""7®Texas A&M University Health Science Center, Center for Translational Cancer Research, Institute of Biosciences and Technology, Houston, TX,
USA; """°Texas A&M University, Department of Biochemistry and Biophysics, College Station, TX, USA; '"®°Texas A&M University, Department of Micro-
bial Pathogenesis and Immunology, Texas A&M Health Science Center, Bryan, TX, USA; ''®'Texas A&M University, Texas A&M Health Science Center,
College of Medicine, Institute of Biosciences and Technology, Houston, TX, USA; ''®2Texas A&M University, The Norman Borlaug Center, College Station,
TX, USA; ""®The Feinstein Institute for Medical Research, Laboratory of Developmental Erythropoiesis, Manhasset, NY; ''#*The Feinstein Institute for
Medical Research, North Shore LIJ Health System, Litwin-Zucker Research Center for the Study of Alzheimer's Disease, New York, NY, USA; ''®The First
Affiliated Hospital of Anhui Medical University, Department of Pulmonary, Anhui Geriatric Institute, Anhui, China; '"®The First Affiliated Hospital of
Harbin Medical University, Department of General Surgery, Harbin, Heilongjiang Province, China; ''®"The First Affiliated Hospital of Harbin Medical Uni-
versity, Key Laboratory of Hepatosplenic Surgery, Department of General Surgery, Harbin, China; '"®8The Fourth Military Medical University, Institute of
Orthopaedics, Xijing Hospital, Xi'an, Shanxi, China; '"**The Fourth Military Medical University, School of Basic Medical Sciences, Department of Physiol-
ogy, Xi'an, China; "'?°The Fourth Military Medical University, Xi'an, China; ''*'The Genome Analysis Centre (TGAC), Institute of Food Research, Gut
Health and Food Safety Programme, Norwich, UK; '"**The Helen F. Graham Cancer Center, Newark, DE, USA; **The Hospital for Sick Children, Depart-
ment of Paediatrics, Toronto, Ontario, Canada; ''®*The Institute of Cancer Research, Cancer Research UK Cancer Imaging Centre, Division of Radiother-
apy and Imaging, Sutton, Surrey, UK; ""**The Norwegian Radium Hospital, Faculty of Medicine, Oslo, Norway; ''**The People’s Hospital of Guangxi
Zhuang Autonomous Region, Department of Gastroenterology, Nanning, Guangxi, China; 197The People’s Hospital of Hainan Province, Medical Care
Center, Haikou, Hainan, China; '"*®The Scripps Research Institute, Department of Immunology and Microbial Science, La Jolla, CA, USA; '"**The Scripps
Research Institute, Department of Metabolism and Aging, Jupiter, FL, USA; ?*°The Scripps Research Institute, Department of Neuroscience, Jupiter, FL,
USA; *'The Second Hospital Affiliated to Guangzhou Medical University, Guangzhou Institute of Cardiovascular Disease, Guangzhou, Guangdong
Province, China; '2°2The Third Affiliated Hospital of Guangzhou Medical University, Department of Clinical Laboratory Medicine, Guangzhou, Guang-
dong, China; '**The Walter and Eliza Hall Institute of Medical Research, Development and Cancer Division, Parkville, VIC, Australia; '>**The Weizmann
Institute of Science, Department of Plant Sciences, Rehovot, Israel; '***The Wistar Institute, Philadelphia, PA, USA; "**The Wistar Institute, Program in
Molecular and Cellular Oncogenesis, Philadelphia, PA, USA; '**Third Military Medical University, Department of Biochemistry and Molecular Biology,
Chongging, China; *°®Third Military Medical University, Department of Neurosurgery, Southwest Hospital, Shapingba District, Chongging, China;
129Thjrd Military Medical University, Department of Occupational Health, Chongging, China; '2'°Third Military Medical University, Research Center for
Nutrition and Food Safety, Institute of Military Preventive Medicine, Chongqing, China; '*''Thomas Jefferson University Hospitals, Department of Radi-
ation Oncology, Philadelphia, PA, USA; '2'*Thomas Jefferson University, Department of Biochemistry and Molecular Biology, Philadelphia, PA, USA;
1213Thomas Jefferson University, Department of Pathology, Anatomy and Cell Biology, Philadelphia, PA, USA; '#'“Thomas Jefferson University, Depart-
ment of Pathology, Anatomy, and Cell Biology, Sydney Kimmel Medical College, Philadelphia, PA, USA; '2'*Thomas Jefferson University, Philadelphia,
PA, USA; "2'®Thomas Jefferson University, Sidney Kimmel Medical College, Philadelphia, PA, USA; '*'"Tianjin Medical University, Department of Bio-
chemistry and Molecular Biology, School of Basic Medical Sciences, Tianjin Key Laboratory of Medical Epigenetics, Tianjin, China; '2'®Tianjin Medical
University, Department of Inmunology, Tianjin Key Laboratory of Medical Epigenetics, Tianjin, China; *'*Tianjin Medical University, School of Pharma-
ceutical Sciences, Tianjin, China; '***Toho University, School of Medicine, Department of Biochemistry, Tokyo, Japan; '2*'Tohoku University, Depart-
ment of Developmental Biology and Neurosciences, Graduate School of Life Sciences, Sendai, Miyagi, Japan; >**Tohoku University, Department of
Neurology, Sendai, Japan; '***Tohoku University, Division of Biomedical Engineering for Health and Welfare, Sendai, Japan; '**Tohoku University,
Graduate School of Agricultural Sciences, Sendai, Japan; '?**Tohoku University, Graduate School of Life Sciences, Sendai, Miyagi, Japan; '***Tohoku
University, Laboratory of Bioindustrial Genomics, Graduate School of Agricultural Science, Miyagi, Japan; '*’Tohoku University School of Medicine,
Department of Orthopaedic Surgery, Miyagi, Japan; '**®Tokai University School of Medicine, Department of Molecular Life Sciences, Kanagawa, Japan;
129Tokushima Bunri University, Faculty of Pharmaceutical Sciences at Kagawa Campus, Sanuki City, Kagawa, Japan; '>*°Tokushima University, Division
of Molecular Genetics, Institute for Enzyme Research, Tokushima, Japan; '2*'Tokyo Denki University, Division of Life Science and Engineering,
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Hatoyama, Hiki-gun, Saitama, Japan; '*?Tokyo Institute of Technology, Frontier Research Center, Yokohama, Japan; ***Tokyo Institute of Technology,
Graduate School of Bioscience and Biotechnology, Tokyo, Japan; >**Tokyo Medical and Dental University, Center for Brain Integration Research, Bun-
kyo, Tokyo, Japan; '2**Tokyo Medical and Dental University, Department of Gastroenterology and Hepatology, Tokyo, Japan; '***Tokyo Medical and
Dental University, Medical Research Institute, Pathological Cell Biology, Tokyo, Japan; '*"Tokyo Medical University, Department of Biochemistry, Tokyo,
Japan; '*¥Tokyo Metropolitan Institute of Medical Science, Laboratory of Protein Metabolism, Tokyo, Japan; '**Tokyo University of Science, Depart-
ment of Applied Biological Science and Imaging Frontier Center, Noda, Chiba, Japan; '***Tokyo Women'’s Medical University, Department of Endocri-
nology and Hypertension, Tokyo, Japan; '2*'Tongji University School of Medicine, Department of Gastroenterology, Shanghai Tenth People’s Hospital,
Shanghai, China; ***Tongji University, School of Life Science and Technology, Shanghai, China; '***Toronto General Research Institute - University
Health Network, Division of Advanced Diagnostics, Toronto, Ontario, Canada; 12%Tottori University, Research Center for Bioscience and Technology,
Yonago, Japan; '**Translational Health Science and Technology Institute, Vaccine and Infectious Disease Research Centre, Faridabad, India; **Trev
and Joyce Deeley Research Centre; and University of Victoria, BC Cancer Agency; and Department of Biochemistry and Microbiology, Victoria, BC, Can-
ada; "**Trinity College Dublin, Department of Genetics, The Smurfit Institute, Dublin, Ireland; ***Trinity College Dublin, School of Biochemistry and
Immunology, Trinity Biomedical Sciences Institute, Dublin, Ireland; '**Trinity College Dublin, Smurfit Institute of Genetics, Dublin, Ireland; '**°Tsinghua
University, School of Life Sciences, Beijing, China; '>*'Tsinghua University, State Key Laboratory of Biomembrane and Membrane Biotechnology, Tsing-
hua University-Peking University Joint Center for Life Sciences, School of Life Science, Beijing, China; '***Tsinghua University, Zhou Pei-Yuan Center for
Applied Mathematics, Beijing, China; '***Tufts University, USDA Human Nutrition Research Center on Aging, Boston, MA, USA; '>**Tulane University
Health Sciences Center, Department of Pathology and Laboratory Medicine, New Orleans, LA, USA; '2*°U.S. Food and Drug Administration, Center for
Biologics Evaluation and Research, Silver Spring, MD, USA; '%°U.S. Food and Drug Administration, Center for Drug Evaluation and Research, Silver
Spring, MD, USA; '>*’UAE University, Cell Signaling Laboratory, Department of Biochemistry, College of Medicine and Health Sciences, Al Ain, Abu
Dhabi, UAE; '**8UCL Cancer Institute, London, UK; '**°UCL Cancer Institute, Samantha Dickson Brain Cancer Unit, London, UK; '2%°UCL Institute of Child
Health and Great Ormond Street Hospital for Children NHS Foundation Trust, London, UK; "?*'UCL Institute of Neurology, Department of Molecular
Neuroscience, London, UK; '2%2UCL Institute of Neurology, London, UK; '2°*UCL Institute of Ophthalmology, London, UK; '2*UCLA David Geffen School
of Medicine, Brain Research Institute, Los Angeles, CA, USA; ***UFRJ, Instituto de Biofisica Carlos Chagas Filho, Rio de Janeiro, Brazil; 2%Ulm University,
Institute of Pharmacology of Natural Compounds and Clinical Pharmacology, Ulm, Germany; **’Umea University, Department of Medical Biochemistry
and Biophysics, Umea, Sweden; '2UMR 1280, Nantes, France; "*?UMR CNRS 5286, INSERM 1052, Cancer Research Center of Lyon, Lyon, France;
1270UMRS 1138, Centre de Recherche des Cordeliers, Paris, France; '*"'Uniformed Services University of the Health Sciences, Department of Anesthesi-
ology, Bethesda, MD, USA; '?”?Uniformed Services University of the Health Sciences, Radiation Combined Injury Program, Armed Forces Radiobiology
Research Institute, Bethesda, MD, USA; '*3University of Texas, MD Anderson Cancer Center, Department of Experimental Therapeutics, Houston, TX,
USA; ?"Universidad Austral de Chile, Department of Physiology, Valdivia, Chile; '?”*Universidad Auténoma de Madrid, Centro de Biologia Molecular
Severo Ochoa, CIBERER, Madrid, Spain; 1278 ynjversidad Auténoma de Madrid, Centro Nacional de Biotecnologia (CNB-CSIC), Centro de Biologia Molecu-
lar Severo Ochoa, Departamento de Biologia Molecular, Madrid, Spain; '2”’Universidad Autonoma de Madrid, Departamento de Biologia Molecular,
Madrid, Spain; '?”®Universidad Auténoma de Madrid, Departamento de Biologfa, Madrid, Spain; '*°Universidad Complutense, School of Pharmacy,
Madrid, Spain; and CIBER de Diabetes y Enfermedades Metab olicas Asociadas (CIBERDEM), Instituto de Salud Carlos Ill, Madrid, Spain; '***Universidad
de Buenos Aires, Inmunologia, Facultad de Farmacia y Bioquimica, Buenos Aires, Argentina; '2#'Universidad de Castilla-La Mancha, Albacete, Spain;
1282 niversidad de Castilla-La Mancha, Facultad de Medicina, Departamento Ciencias Medicas, Albacete, Spain; *®Universidad de Castilla-La Mancha,
Laboratorio de Oncologia Molecular, Centro Regional de Investigaciones Biomédicas, Albacete, Spain; 1284 njversidad de Chile, Advanced Center for
Chronic Diseases (ACCDIS), Facultad de Ciencias Quimicas y Farmacéuticas, Santiago, Chile; ***Universidad de Chile, Advanced Center for Chronic Dis-
eases (ACCDIS), Santiago, Chile; ®®Universidad de Chile, Facultad de Ciencias Quimicas y Farmacéuticas, Santos Dumont, Santiago de Chile; *#’Uni-
versidad de Chile, Facultad de Ciencias, Departamento de Biologfa, Centro de Regulacién del Genoma, Santiago, Chile; '**®Universidad de Chile,
Instituto de Nutricion y Tecnologia de los Alimentos (INTA), Santiago, Chile; 1289ynjversidad de Cérdoba, Campus de Excelencia Agroalimentario
(ceiA3), Departamento de Genética, Cérdoba, Spain; '**°Universidad de Costa Rica, CIET, San José, Costa Rica; ' Universidad de Extremadura, Centro
de Investigacion Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), Departamento de Bioquimica y Biologia Molecular y Gené-
tica, Facultad de Enfermerfa y Terapia Ocupacional, Caceres, Spain; '2*?Universidad de Ledn, Area de Biologia Celular, Instituto de Biomedicina, Le6n,
Spain; '**Universidad de Navarra, Centro de Investigacion Medica Aplicada, Pamplona, Spain; '**Universidad de Oviedo, Departamento de Biologia
Funcional, Oviedo, Spain; 1295Universidad de Oviedo, Instituto Universitario de Oncologia, Departamento de Bioquimica y Biologia Molecular, Oviedo,
Spain; '**Universidad de Salamanca, Campus Miguel de Unamuno, Departamento de Microbiologia y Genética, Salamanca, Spain; '2*’Universidad de
Salamanca, Campus Unamuno, Instituto de Biologia Molecular y Celular del Cancer (IBMCC), Centro de Investigacion del Cancer, Salamanca, Spain;
12%8|nstituto de Biomedicina de Sevilla, Hospital Universitario Virgen del Rocio, Consejo Superior de Investigaciones Cientificas, Universidad de Sevilla,
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In 2008 we published the first set of guidelines for standardiz-
ing research in autophagy. Since then, research on this topic
has continued to accelerate, and many new scientists have
entered the field. Our knowledge base and relevant new tech-
nologies have also been expanding. Accordingly, it is important
to update these guidelines for monitoring autophagy in differ-
ent organisms. Various reviews have described the range of
assays that have been used for this purpose. Nevertheless, there
continues to be confusion regarding acceptable methods to
measure autophagy, especially in multicellular eukaryotes.

For example, a key point that needs to be emphasized is that
there is a difference between measurements that monitor the num-
bers or volume of autophagic elements (e.g., autophagosomes or
autolysosomes) at any stage of the autophagic process versus those
that measure flux through the autophagy pathway (i.e., the com-
plete process including the amount and rate of cargo sequestered
and degraded). In particular, a block in macroautophagy that
results in autophagosome accumulation must be differentiated
from stimuli that increase autophagic activity, defined as increased
autophagy induction coupled with increased delivery to, and degra-
dation within, lysosomes (in most higher eukaryotes and some pro-
tists such as Dictyostelium) or the vacuole (in plants and fungi). In
other words, it is especially important that investigators new to the
field understand that the appearance of more autophagosomes
does not necessarily equate with more autophagy. In fact, in many
cases, autophagosomes accumulate because of a block in trafficking
to lysosomes without a concomitant change in autophagosome

biogenesis, whereas an increase in autolysosomes may reflect a
reduction in degradative activity. It is worth emphasizing here that
lysosomal digestion is a stage of autophagy and evaluating its com-
petence is a crucial part of the evaluation of autophagic flux, or
complete autophagy.

Here, we present a set of guidelines for the selection and
interpretation of methods for use by investigators who aim to
examine macroautophagy and related processes, as well as for
reviewers who need to provide realistic and reasonable critiques
of papers that are focused on these processes. These guidelines
are not meant to be a formulaic set of rules, because the appro-
priate assays depend in part on the question being asked and
the system being used. In addition, we emphasize that no indi-
vidual assay is guaranteed to be the most appropriate one in
every situation, and we strongly recommend the use of multiple
assays to monitor autophagy. Along these lines, because of the
potential for pleiotropic effects due to blocking autophagy
through genetic manipulation, it is imperative to target by gene
knockout or RNA interference more than one autophagy-
related protein. In addition, some individual Atg proteins, or
groups of proteins, are involved in other cellular pathways
implying that not all Atg proteins can be used as a specific
marker for an autophagic process. In these guidelines, we con-
sider these various methods of assessing autophagy and what
information can, or cannot, be obtained from them. Finally, by
discussing the merits and limits of particular assays, we hope to
encourage technical innovation in the field.
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Introduction

Many researchers, especially those new to the field, need to
determine which criteria are essential for demonstrating
autophagy, either for the purposes of their own research, or in
the capacity of a manuscript or grant review.' Acceptable
standards are an important issue, particularly considering that
each of us may have his/her own opinion regarding the answer.
Unfortunately, the answer is in part a “moving target” as the
field evolves.” This can be extremely frustrating for researchers
who may think they have met those criteria, only to find out
that the reviewers of their papers have different ideas. Con-
versely, as a reviewer, it is tiresome to raise the same objections
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repeatedly, wondering why researchers have not fulfilled some
of the basic requirements for establishing the occurrence of an
autophagic process. In addition, drugs that potentially modu-
late 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 is affected, based on a set of
accepted criteria. Accordingly, we describe here a basic set of
contemporary guidelines 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
experimental approach.

Several fundamental points must be kept in mind as we
establish guidelines for the selection of appropriate methods to
monitor autophagy.” Importantly, there are no absolute criteria
for determining autophagic status that are applicable in every
biological or experimental context. This is because some assays
are inappropriate, problematic or may not work at all in partic-
ular cells, tissues or organisms.”® For example, autophagic
responses to drugs may be different in transformed versus non-
transformed cells, and in confluent versus nonconfluent cells,
or in cells grown with or without glucose.” In addition, these
guidelines are likely to evolve as new methodologies are devel-
oped and current assays are superseded. Nonetheless, it is use-
ful to establish guidelines for acceptable assays that can reliably
monitor autophagy in many experimental systems. It is impor-
tant to note that in this set of guidelines the term “autophagy”
generally refers to macroautophagy; other autophagy-related
processes are specifically designated when appropriate.

For the purposes of this review, the autophagic compart-
ments (Fig. 1) are referred to as the sequestering (pre-autopha-
gosomal) phagophore (PG; previously called the isolation or
sequestration membrane™®),” the autophagosome (AP),® the
amphisome (AM; generated by the fusion of autophagosomes
with endosomes),” the lysosome, the autolysosome (AL; gener-
ated by fusion of autophagosomes or amphisomes with a lyso-
some), and the autophagic body (AB; generated by fusion and
release of the internal autophagosomal compartment into the
vacuole in fungi and plants). Except for cases of highly stimu-
lated autophagic sequestration (Fig. 2), autophagic bodies are

Figure 1. Schematic model demonstrating the induction of autophagosome for-
mation when turnover is blocked versus normal autophagic flux, and illustrating
the morphological intermediates of macroautophagy. (A) The initiation of auto-
phagy includes the formation of the phagophore, the initial sequestering compart-
ment, which expands into an autophagosome. Completion of the autophagosome
is followed by fusion 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 auto-
phagy, 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 lyso-
some. (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 higher eukaryotes
is too small to allow the release of an autophagic body.
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Figure 2. An autophagic body in a large lysosome of a mouse epithelial cell from a
seminal vesicle in vitro. The arrow shows the single limiting membrane covering
the sequestered rough ER. Image provided by A.L. Kovécs.

not seen in animal cells, because lysosomes/autolysosomes are
typically smaller than autophagosomes.>®'° 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 autophago-
somes (measured by transmission electron microscopy [TEM]
image analysis,'" as green fluorescent protein [GFP]-MAP1LC3
[GFP-LC3] puncta, or as changes in the amount of lipidated
LC3 [LC3-II] on a western blot), could, for example, reflect a
reduction in autophagosome turnover,'*'* or the inability of
turnover to keep pace with increased autophagosome forma-
tion (Fig. 1B)."® For example, inefficient fusion with endosomes
and/or lysosomes, or perturbation of the transport machin-
ery,'® would inhibit autophagosome maturation to amphisomes
or autolysosomes (Fig. 1C), whereas decreased flux could also
be due to inefficient degradation of the cargo once fusion has
occurred.'”” Moreover, GFP-LC3 puncta and LC3 lipidation can
reflect the induction of a different/modified pathway such as
LC3-associated phagocytosis (LAP),'"® and the noncanonical
destruction pathway of the paternal mitochondria after
fertilization."**°

Accordingly, 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 syn-
thesis or lipidation of Atg8/LC3 (LC3 is the mammalian homo-
log of yeast Atg8), or an increase in the formation of
autophagosomes, but, most importantly, flux through the entire
system, including lysosomes or the vacuole, and the subsequent
release of the breakdown products. Therefore, autophagic sub-
strates need to be monitored dynamically over time to verify
that they have reached the lysosome/vacuole, and whether or
not they are degraded. By responding to perturbations in the
extracellular environment, cells tune the autophagic flux to

meet intracellular metabolic demands. The impact of autopha-
gic 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,”’ and its response time, when
exposed to a defined stress.”

One approach to evaluate autophagic flux is to measure the
rate of general protein breakdown by autophagy.®*” It is possi-
ble 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, sometimes incor-
rectly referred to as autophagic flux, does not assess complete
autophagy because the experimental block is usually induced
(at least in part) by inhibiting lysosomal proteolysis, which pre-
cludes the evaluation of lysosomal functions. In addition, the
latter assumes there is no feedback of the accumulating struc-
ture on its own rate of formation.** In an alternative approach,
one can follow the time-dependent decrease of an autophagy-
degradable marker (with the caveat that the potential contribu-
tion of other proteolytic systems and of new protein synthesis
need to be experimentally addressed). In theory, these nonauto-
phagic processes can be assessed by blocking autophagic
sequestration at specific steps of the pathway (e.g., blocking fur-
ther induction or nucleation of new phagophores) and by mea-
suring the decrease of markers distal to the block point.'>'***
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 seques-
tered cargos by both measuring the levels of autophagosomes
at static time points and by measuring changes in the rates of
autophagic degradation of cellular components.'” Both pro-
cesses have been used to estimate “autophagy,” but unless the
experiments can relate changes in autophagosome quantity to a
direct or indirect measurement for autophagic flux, the results
may be difficult to interpret.*® 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
guidelines, we use steady state to refer to the baseline range of
autophagic flux in a system that is not subjected to specific per-
turbations that increase or decrease that flux.

Autophagic flux refers to the entire process of autophagy,
which encompasses the inclusion (or exclusion) of cargo within
the autophagosome, the delivery of cargo to lysosomes (via
fusion of the latter with autophagosomes or amphisomes) and
its subsequent breakdown and release of the resulting macro-
molecules back into the cytosol (this may be referred to as pro-
ductive or complete autophagy). Thus, increases in the level of
phosphatidylethanolamine (PE)-modified Atg8/LC3 (Atg8-PE/
LC3-II), or even the appearance of autophagosomes, are
not measures 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/LC3-II appears to
correlate with the induction of autophagy, we do not know, at
present, the actual mechanistic relationship between Atg8-PE/
LC3-II formation and the rest of the autophagic process;
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indeed, it may be possible to execute “self-eating” in the
absence of LC3-11.>

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 indi-
cate that the average number of GFP-Atg8/LC3 puncta per cell
is increased or a certain percentage of cells displayed punctate
GFP-Atg8/LC3 that exceeds a particular threshold (and this
threshold should be clearly defined in the Methods section), or
that there is a particular 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 a previous version of these guidelines,” the methods were
separated into 2 main sections—steady state and flux. In some
instances, a lack of clear distinction between the actual method-
ologies and their potential uses made such a separation some-
what artificial. For example, fluorescence microscopy was
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 sepa-
rate 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.”®*>** 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 hin-
drance to data interpretation.

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

A. Methods for monitoring autophagy
1. Transmission electron microscopy

Autophagy was first detected by TEM in the 1950s (reviewed in
ref. 6). It was originally observed as focal degradation of cyto-
plasmic areas performed by lysosomes, which remains the hall-
mark of this process. Later analyses revealed that it starts with
the sequestration of portions of the cytoplasm by a special
double-membrane structure (now termed the phagophore),
which matures into the autophagosome, still bordered by a
double membrane. Subsequent fusion events expose the cargo
to the lysosome (or the vacuole in fungi or plants) for enzy-
matic breakdown.

The importance of TEM in autophagy research lies in sev-
eral qualities. It is the only tool that reveals the morphology of
autophagic structures at a resolution in the nm range; shows
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these structures in their natural environment and position
among all other cellular components; allows their exact identifi-
cation; and, in addition, it can support quantitative studies if
the rules of proper sampling are followed."'

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 sequestra-
tion—bulk cytoplasm is essentially excluded. In contrast, dur-
ing nonselective autophagy, the various cytoplasmic
constituents are sequestered randomly, resulting in autophago-
somes in the size range of normal mitochondria. Sequestration
of larger structures (such as big lipid droplets, extremely elon-
gated 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.” Cellular components that form large confluent areas
excluding bulk cytoplasm, such as organized, functional myofi-
brillar structures, do not seem to be sequestered by macroau-
tophagy. The situation is less clear with regard to glycogen.**’

After sequestration, the content of the autophagosome and
its bordering double membrane remain morphologically
unchanged, and clearly recognizable for a considerable time,
which can be measured for at least many minutes. During this
period, the membranes of the sequestered organelles (for exam-
ple, the ER or mitochondria) remain intact, and the density of
ribosomes is conserved at normal levels. Degradation of the
sequestered material and the corresponding deterioration of
ultrastructure commences and runs to completion within the
amphisome and the autolysosome after fusion with a late endo-
some and lysosome (the vacuole in fungi and plants), respec-
tively (Fig. 1).** The sequential morphological changes during
the autophagic process can be followed by TEM. The matura-
tion from the phagophore through the autolysosome is a
dynamic and continuous process,*’ and, thus, the classification
of compartments into discrete morphological subsets can be
problematic; therefore, some basic guidelines are offered below.

In the preceding sections the “autophagosome,” the “amphi-
some” and the “autolysosome” were terms used to describe or
indicate 3 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 autoph-
agy field the term “autophagic vesicle” is used to avoid confu-
sion with the primary vacuole, and by now the 2 terms are used
in parallel and can be considered synonyms. It is strongly rec-
ommended, however, to use only the term “autophagic vacu-
ole” when referring to macroautophagy in higher eukaryotic
cells. Autophagosomes, also referred to as initial autophagic
vacuoles (AVi), typically have a double membrane. This struc-
ture is usually distinctly visible by EM as 2 parallel membrane
layers (bilayers) separated by a relatively narrower or
wider electron-translucent cleft, even when applying the sim-
plest routine EM fixation procedure (Fig. 3A).>*>" This elec-
tron-translucent cleft, however, is less visible or not visible in
freeze-fixed samples, suggesting it is an artifact of sample prep-
aration (see ref. 25, 68 and Fig. S3 in ref. 52). In the case of
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Figure 3. TEM images of autophagic vacuoles in isolated mouse hepatocytes. (A)
One autophagosome or early initial 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 2 bilayers separated by a narrow elec-
tron-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, contain-
ing 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 vis-
ible, possibly because it is tangentially sectioned. However, the electron-lucent
cleft between the 2 limiting membranes is visible and helps in the identification of
the AVi. The AVd contains a region filled by small internal vesicles (asterisk), indi-
cating that the AVd has fused with a multivesicular endosome. mi, mitochondrion.
Image provided by E.-L. Eskelinen.

nonselective autophagy, autophagosomes contain cytosol and/
or organelles appearing morphologically intact as also
described above.**** Amphisomes® can sometimes be identi-
fied by the presence of small intralumenal vesicles.”> 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, espe-
cially in cells that produce large numbers of multivesicular
body (MVB)-derived exosomes (such as tumor or stem cells).>®
Late/degradative autophagic vacuoles/autolysosomes (AVd or
AL) typically have only one limiting membrane; frequently
they contain electron dense cytoplasmic material and/or organ-
elles at various stages of degradation (Fig. 3A and B);*®*
although 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-sec-
tion. Unequivocal identification of these structures and of lyso-
somes devoid of visible content requires immuno-EM
detection of a cathepsin or other lysosomal hydrolase (e.g.,
ACP2 [acid phosphatase 2, lysosomal]*”>®) that is detected on
the limiting membrane of the lysosome.”® Smaller, often elec-
tron dense, lysosomes may predominate in some cells and
exhibit hydrolase immunoreactivity within the lumen and on
the limiting membrane.®

In addition, structural proteins of the lysosome/late endo-
some, 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 com-
partments mentioned above, in part due to the dynamic fusion
and “kiss-and-run” events that promote interchange of compo-
nents that can occur between these organelle subtypes. Rigor-
ous further discrimination of these compartments from each
other and other vesicles ultimately requires demonstrating the
colocalization of a second marker indicating the presence of an
autophagic substrate (e.g., LC3-CTSD [cathepsin D] colocaliza-
tion) or the acidification of the compartment (e.g., mRFP/
mCherry-GFP-LC3 probes [see Tandem mREP/mCherry-GFP
fluorescence microscopy], or Bodipy-pepstatin A detection of
CTSD in an activated form within an acidic compartment),
and, when appropriate, by excluding markers of other vesicular
components.57’6l’62

The sequential deterioration of cytoplasmic structures being
digested can be used for identifying autolysosomes by TEM.
Even when the partially digested and destroyed structure can-
not be recognized in itself, it can be traced back to earlier forms
by identifying preceding stages of sequential morphological
deterioration. Degradation usually leads first to increased den-
sity of still recognizable organelles, then to vacuoles with heter-
ogenous density, which become more homogenous and
amorphous, mostly electron dense, but sometimes light (ie.,
electron translucent). It should be noted that, in pathological
states, it is not uncommon that active autophagy of autolyso-
somes and damaged lysosomes (“lysosophagy”) may yield pop-
ulations of double-membrane limited autophagosomes
containing partially digested amorphous substrates in the
lumen. These structures, 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.®®

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,**®> in some
cases through the intermediate step of direct endosome fusion
with an autophagosome to form an amphisome. This process is
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exceptionally common in the axons of neurons.®® Therefore,
strictly speaking, we can only have a lytic compartment con-
taining 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
apoptotic cells via phagocytosis also produces lysosomes that
contain cytoplasmic structures, but in this case it originates
from the dying cell; hence the possibility of an extracellular ori-
gin for such content must be considered when monitoring
autophagy in settings where apoptotic cell death may be rea-
sonably expected or anticipated.

For many physiological and pathological situations, exami-
nation of both early and late autophagic vacuoles yields valu-
able data regarding the overall autophagy status in the cells."
Along these lines, it is possible to use immunocytochemistry to
follow particular cytosolic proteins such as SOD1/CuZn super-
oxide dismutase and CA/carbonic anhydrase to determine the
stage of autophagy; the former is much more resistant to lyso-
somal degradation.®”

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®® and positive for LC3,%” they could be autolyso-
somes,”” or they may form artifactually during fixation.®®

Special features of the autophagic process may be clarified by
immuno-TEM with gold-labeling,”"”> 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 makes it possible to detect novel degrada-
tive organelles within autophagy compartments. This is the
case with the autophagoproteasome” where costaining for LC3
and ubiquitin-proteasome system (UPS) antigens occurs. The
autophagoproteasome consists of single-, double-, or multiple-
membrane LC3-positive autophagosomes costaining for spe-
cific components of the UPS. It may be that a rich multi-enzy-
matic (both autophagic and UPS) activity takes place within
these organelles instead of being segregated within different cell
domains.

Although labeling of LC3 can be difficult, an increasing
number of commercial antibodies are becoming available,
among them good ones to visualize the GFP moiety of GFP-
LC3 reporter constructs.”* It is important to keep in mind that
LC3 can be associated with nonautophagic structures (see Xen-
ophagy, and Noncanonical use of autophagy-related proteins).
LC3 is involved in specialized forms of endocytosis like LC3-
associated phagocytosis. In addition, LC3 can decorate vesicles
dedicated to exocytosis in nonconventional secretion systems
(reviewed in ref. 75,76). Antibodies against an abundant cyto-
solic 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
completed autophagosome, the choices for confirmation of its
autophagic nature are limited. Furthermore, autophagosome-
associated proteins may be cell type-specific. At any rate, the
success of this methodology depends on the quality of the anti-
bodies and also on the TEM preparation and fixation proce-
dures utilized. With immuno-TEM, authors should provide

AUTOPHAGY (&) 37

controls showing that labeling is specific. This may require
quantitative comparison of labeling over different cellular com-
partments not expected to contain antigen and those contain-
ing the antigen of interest.

In clinical situations it is difficult to demonstrate autophagy
clearly in tissues of formalin-fixed and paraffin-embedded
biopsy samples retrospectively, because (1) tissues fixed in for-
malin have low or no LC3 detectable by routine immunostain-
ing, because phospholipids melt together with paraffin during
the sample preparation, and (2) immunogold electron micros-
copy 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, immunohistochemistry can be performed using an
antigen retrieval method, 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.”” In addition, sta-
tistical information should be provided due to the necessity of
showing only a selective number of sections in publications.

We note here again 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 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.'>*"”®7>** On the
other hand, if the turnover of autolysosomes is very rapid, a
low number/volume will not necessarily be an accurate reflec-
tion of low autophagic activity. However, quantitative analyses
indicate that autophagosome volume in many cases does corre-
late with the rates of protein degradation.**®* One potential
compromise is to perform whole cell quantification of autopha-
gosomes using fluorescence methods, with qualitative verifica-
tion by TEM,* 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 identi-
fication 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 struc-
tural resolution, analysis of a single plane in a relatively large
cell population can suffice given practical limitations. Newer
EM technologies, including focused ion beam dual-beam EM,
should make it much easier to apply three-dimensional analy-
ses. An additional methodology to assess autophagosome accu-
mulation is correlative light and electron microscopy (CLEM),
which is helpful in confirming that fluorescent structures are
autophagosomes.**® Along these lines, it is important to note
that even though GFP fluorescence will be quenched in the
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Figure 4. Cryoelectron microscopy can be used as a three-dimensional approach to monitor the autophagic process. Two 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*'® and provided by M. Schneider and P. Walter.

acidic environment of the autolysosome, some of the GFP
puncta detected by light microscopy may correspond to early
autolysosomes prior to GFP quenching. The mini Singlet Oxy-
gen Generator (miniSOG) fluorescent flavoprotein, which is
less than half the size of GFP, provides an additional means to
genetically tag proteins for CLEM analysis under conditions
that are particularly suited to subsequent TEM analysis.®” Com-
binatorial assays using tandem monomeric red fluorescent pro-
tein (mRFP)-GFP-LC3 (see Tandem wmRFP/mCherry-GFP
fluorescence microscopy) along with static TEM images should
help in the analysis of flux and the visualization of cargo
structures.®®

Another technique that has proven quite useful for analyz-
ing the complex membrane structures that participate in
autophagy is 3-dimensional electron tomography,**** and cry-
oelectron microscopy (Fig. 4). More sophisticated, cryo-soft X-
ray tomography (cryo-SXT) is an emerging imaging technique
used to visualize autophagosomes.”’ Cryo-SXT extracts ultra-
structural information from whole, unstained mammalian cells
as close to the “near-native” fully-hydrated (living) state as pos-
sible. Correlative studies combining cryo-fluorescence and
cryo-SXT workflow (cryo-CLXM) have been applied to capture
early autophagosomes.

Finally, although only as an indirect measurement, the com-
parison of the ratio of autophagosomes to autolysosomes by
TEM can support alterations in autophagy identified by other
procedures.”” 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 activ-
ity. It may also be necessary to distinguish autolysosomes from
telolysosomes/late secondary lysosomes (the former are actively
engaged in degradation, whereas the latter have reached an end
point in the breakdown of lumenal contents) because the lyso-
some number generally increases when autophagy is induced.

An additional category of lysosomal compartments, especially
common in disease states and aged postmitotic cells such as
neurons, is the residual body. This category includes ceroid and
lipofuscin, lobulated vesicular compartments of varying size
composed of highly indigestible complexes of protein and lipid
and abundant, mostly inactive, acid hydrolases. Reflecting
end-stage unsuccessful incomplete 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.””

TEM observations of platinum-carbon replicas obtained by
the freeze fracture technique can also supply useful ultrastructural
information on the autophagic process. In quickly frozen and
fractured cells the fracture runs preferentially along the hydro-
phobic plane of the membranes, allowing characterization of the
limiting membranes of the different types of autophagic vacuoles
and visualization of their limited protein intramembrane particles
(IMPs, or integral membrane proteins). Several studies have been
carried out using this technique on yeast,” as well as on mamma-
lian cells or tissues; first on mouse exocrine pancreas,”* then on
mouse and rat liver,”>”® mouse seminal vesicle epithelium,*>°® rat
tumor and heart,”” or cancer cell lines (e.g., breast cancer MDA-
MB-231)*® to investigate the various phases of autophagosome
maturation, and to reveal useful details about the origin and evo-
lution of their limiting membranes.****

The phagophore and the limiting membranes of autophago-
somes contain few, or no detectable, IMPs (Fig. 5A, B), when
compared to other cellular membranes and to the membranes of
lysosomes. In subsequent stages of the autophagic process the
fusion of the autophagosome with an endosome and a lysosome
results in increased density of IMPs in the membrane of the
formed autophagic compartments (amphisomes, autolysosomes;
Fig. 5C).5*>9396103104 Aytolysosomes are delimited by a single
membrane because, in addition to the engulfed material, the
inner membrane is also degraded by the lytic enzymes. Similarly,
the limiting membrane of autophagic bodies in yeast (and
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Figure 5. Different autophagic vacuoles observed after freeze fracturing in cultured osteosarcoma cells after treatment with the autophagy inducer voacamine.”®' (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.

presumably plants) is also quickly broken down under normal
conditions. Autophagic bodies can be stabilized, however, by the
addition of phenylmethylsulfonylfluoride (PMSF) or genetically
by the deletion of the yeast PEP4 gene (see The Cvt pathway,
mitophagy, pexophagy, piecemeal microautophagy of the nucleus
and late nucleophagy in yeast and filamentous 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 2 time points.'” The advantage of this approach is
that it can provide accurate information on flux even when the
autophagosomes are abnormally small."**'"” Thus, although a
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 (contrasting). After all these
criteria are met, we face the most important problem of proper
identification of autophagic structures. This is crucial for both
qualitative and quantitative characterization, and needs con-
siderable experience, even in the case of one cell type. The diffi-
culty lies in the fact that many subcellular components may be
mistaken for autophagic structures. For example, some authors
(or reviewers of manuscripts) assume that almost all cyto-
plasmic structures that, in the section plane, are surrounded by
2 (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,
circular structures of lamellar smooth endoplasmic reticulum
(ER), and even areas surrounded by rough ER. Endosomes,
phagosomes and secretory vacuoles may have heterogenous
content that makes it possible to confuse them with autolyso-
somes. Additional identification problems may arise from
damage caused by improper sample taking or fixation
artifacts.50,51,108,109

Whereas fixation of in vitro samples is relatively straight-
forward, fixation of excised tissues requires care to avoid sam-
pling 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 sub-
jectivity 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 ran-
domized during processing, further complicating the possibil-
ity 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. For
yeast, rapid freezing techniques such as high pressure freezing
followed by freeze substitution (i.e., dehydration at low tem-
perature) may be particularly useful.

Quantification of autophagy by TEM morphometry has
been rather controversial, and unreliable procedures still
continue to be used. For the principles of reliable quantifi-
cation and to avoid misleading results, excellent reviews are
available.'''*''? In line with the basic principles of mor-
phometry 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, estimation of
the number of autophagic profiles per cell area is more reli-
able and correlates well with the volume fraction mentioned
below.”® There are morphometric procedures to measure or
estimate the size range and the number of spherical objects
by profiles in sections;''’ however, such methods have been
used in autophagy research only a few times.*>'%7>!1%114

Proper morphometry described in the cited reviews will
give us data expressed in wum’ autophagic 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 characterization
of autophagic processes can be found in several
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articles.*"19% 1 BIS18 Tt i appropriate to note here that a
change in the volume fraction of the autophagic compart-
ment may come from 2 sources; from the real growth of its
size in a given cytoplasmic volume, or from the decrease of
the cytoplasmic volume itself. To avoid this so-called “refer-
ence trap,” the reference space volume can be determined
by different methods.''>'"” If different magnifications are
used for measuring the autophagic vacuoles and the cyto-
plasm (which may be practical when autophagy is less
intense) correction factors should always be used.

In some cases, it may be prudent to employ tomo-
graphic reconstructions of the TEM images to confirm that
the autophagic 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. 118), but this is obviously a time-consuming
approach requiring sophisticated equipment. In addition,
interpretation of tomographic images can be problematic.
For example, starvation-induced autophagosomes should
contain cytoplasm (i.e., cytosol 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 mitochon-
dria degradation (pexophagy or mitophagy, respec-
tively),"'*'?% targeted degradation of pathogenic microbes
(xenophagy),'*''*° a combination of xenophagy and stress-
induced mitophagy,'”” as well as the yeast biosynthetic
cytoplasm-to-vacuole targeting (Cvt) pathway.'”® Further-
more, some pathogenic microbes express membrane-dis-
rupting factors during infection (e.g., phospholipases) that
disrupt the normal double-membrane architecture of auto-
phagosomes.'*” It is not even clear if the sequestering com-
partments used for specific organelle degradation or
xenophagy should be termed autophagosomes or if alter-
nate terms such as pexophagosome,'** mitophagosome and
xenophagosome should be used, even though the mem-
brane and mechanisms involved in their formation may be
identical to those for starvation-induced autophagosomes;
for example, the double-membrane vesicle of the Cvt path-
way is referred to as a Cvt vesicle."”

The confusion of heterophagic structures with autophagic
ones is a major source of misinterpretation. A prominent
example of this is related to apoptosis. Apoptotic bodies
from neighboring cells are readily phagocytosed by surviv-
ing cells of the same tissue.'**'*> Immediately after phago-
cytic uptake of apoptotic bodies, phagosomes may have
double limiting membranes. The inner one is the plasma
membrane 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 autophago-
some or, in a later stage, an early autolysosome in that it
contains recognizable or identifiable cytoplasmic material. A
major difference, however, is that the surrounding mem-
branes are the thicker plasma membrane type, rather than
the thinner sequestration membrane type (9-10 nm, versus
7-8 nm, respectively).'” A good feature to distinguish
between autophagosomes and double plasma membrane-

bound structures is the lack of the distended empty space
(characteristic for the sequestration membranes of autopha-
gosomes) between the 2 membranes of the phagocytic
vacuoles. In addition, engulfed apoptotic bodies usually
have a larger average size than autophagosomes.'**'*® The
problem of heterophagic elements interfering with the iden-
tification of autophagic ones is most prominent in cell types
with particularly intense heterophagic activity (such as mac-
rophages, and amoeboid or ciliate protists). Special atten-
tion has to be paid to this problem in cell cultures or in
vivo treatments (e.g., with toxic or chemotherapeutic
agents) causing extensive apoptosis.

The most common organelles confused with autophagic
vacuoles are mitochondria, ER, endosomes, and also
(depending on their structure) plastids in plants. Due to the
cisternal structure of the ER, double-membrane-like struc-
tures surrounding mitochondria or other organelles are
often observed after sectioning,136 but these can also corre-
spond to cisternae of the ER coming into and out of the
section plane.’® 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, (a vacuolar-
type H"-ATPase [V-ATPase] inhibitor) to trap the cargo in
a recognizable early state*’ increases the confidence that an
autophagic process is being observed. In these cases, how-
ever, the possibility that feedback activation of sequestration
gets involved in the autophagic process has to be carefully
considered. To minimize the impact of errors, exact catego-
rization of autophagic elements should be applied. Efforts
should be made to clarify the nature of questionable struc-
tures by extensive preliminary comparison in many test
areas. Elements that still remain questionable should be cat-
egorized 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 distin-
guish among amphisomes, autolysosomes and lysosomes,
which are all single-membrane compartments containing more
or less degraded material. 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
these compartments increase in quantity upon true autophagy
induction; however, in pathological states, it may be informa-
tive to discriminate among these different forms of degradative
compartments, which may be differentially affected by disease
factors.

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 autopha-
gosomes. However, it is important to keep in mind that it
may not be possible to distinguish between autophagic bod-
ies 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.
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Conclusion: EM is an extremely informative and powerful
method for monitoring autophagy and remains the only technique
that shows autophagy in its complex cellular environment with
subcellular resolution. The cornerstone of successfully using TEM
is the proper identification of autophagic structures, which is also
the prerequisite to get reliable quantitative results by EM mor-
phometry. 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.

2. Atg8/LC3 detection and quantification

Atg8/LC3 is the most widely monitored autophagy-related pro-
tein. In this section we describe multiple assays that utilize this
protein, separating the descriptions into several subsections for
ease of discussion.

a. Western blotting and ubiquitin-like protein conjugation
systems
The Atg8/LC3 protein is a ubiquitin-like protein that can be
conjugated to PE (and possibly to phosphatidylserine'*’). 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 2 major subfami-
lies: MAP1LC3/LC3 and GABARAP. The former consists of
LC3A, B, B2 and C, whereas the latter family includes
GABARAP, GABARAPLI and GABARAPL2/GATE-16."*
After cleavage of the precursor protein mostly by the cysteine
protease ATG4B,"””'" the nonlipidated and lipidated forms
are usually referred to respectively as LC3-I and LC3-II, or
GABARAP and GABARAP-PE, etc. The PE-conjugated form
of Atg8/LC3, although larger in mass, shows faster electropho-
retic mobility in SDS-PAGE gels, probably as a consequence of
increased hydrophobicity. The positions of both Atg8/LC3-I
(approximately 16-18 kDa) and Atg8-PE/LC3-II (approxi-
mately 14-16 kDa) should be indicated on western blots when-
ever both are detectable. The differences among the LC3
proteins with regard to function and tissue-specific expression
are not known. Therefore, it is important to indicate the iso-
form being analyzed just as it is for the GABARAP subfamily.
The mammalian Atg8 homologs share from 29% to 94%
sequence identity with the yeast protein and have all, apart
from GABARAPLS3, been demonstrated to be involved in auto-
phagosome biogenesis.'*' The LC3 proteins are involved in
phagophore formation, with participation of GABARAP sub-
family members in later stages of autophagosome formation, in
particular phagophore elongation and closure.'** Some evi-
dence, however, suggests that at least in certain cell types the
LC3 subfamily may be dispensable for bulk autophagic seques-
tration of cytosolic proteins, whereas the GABARAP subfamily
is absolutely required.'** Due to unique features in their molec-
ular surface charge distribution,'** emerging evidence indicates
that LC3 and GABARAP proteins may be involved in recogniz-
ing distinct sets of cargoes for selective autophagy.'*>'*” Never-
theless, in most published studies, LC3 has been the primary
Atg8 homolog examined in mammalian cells and the one that
is typically characterized as an autophagosome marker per se.
Note that although this protein is referred to as “Atg8” in many
other systems, we primarily refer to it here as LC3 to
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distinguish it from the yeast protein and from the GABARAP
subfamily. LC3, like the other Atg8 homologs, is initially syn-
thesized in an unprocessed form, proLC3, which is converted
into a proteolytically processed form lacking amino acids from
the C terminus, LC3-1, and is finally modified into the PE-con-
jugated form, LC3-II (Fig. 6). Atg8—PE/LC3-II is the only pro-
tein marker that is reliably associated with completed
autophagosomes, but is also localized to phagophores. In yeast,
Atg8 amounts increase at least 10-fold when autophagy is
induced."® In mammalian cells, however, the total levels of
LC3 do not necessarily change in a predictable manner, as there
may be increases 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 con-
cern 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 nutrient and serum starvation. In
cells of neuronal origin a high ratio of LC3-I to LC3-II is a com-
mon finding."*” For instance, SH-SY5Y neuroblastoma cell
lines display only a slight increase of LC3-II after nutrient dep-
rivation, 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,'>*!"!
although cell-specific differences in transcriptional regulation
of LC3 may also play a role. In fact stimuli or stress that inhibit
transcription or translation of LC3 might actually be misinter-
preted as inhibition of autophagy. Importantly, in brain tissue,
LC3-I is much more abundant than LC3-II and the latter form
is most easily discernable in enriched fractions of autophago-
somes, autolysosomes and ER, and may be more difficult to
detect in crude homogenate or cytosol.'** Indeed, when brain
crude homogenate is run in parallel to a crude liver fraction,
both LC3-I and LC3-II are observed in the liver, but only LC3-1
may be discernible in brain homogenate (L. Toker and G.
Agam, personal communication), depending on the LC3 anti-
body used.”® In studies of the brain, immunoblot analysis of
the membrane and cytosol fraction from a cell lysate, upon
appropriate loading of samples to achieve quantifiable and
comparative signals, can be useful to measure LC3 isoforms.
The pattern of LC3-I to LC3-II conversion seems not only
to be 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 mitochon-
drial uncoupler CCCP, a well-known inducer of mitophagy
(although it has also been reported that CCCP may actually
inhibit mitophagy'>*). Thus, neither assessment of LC3-I con-
sumption 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-I and LC3-II, because the conversion of the for-
mer to the latter is cell type-specific and dependent on the
treatment used to induce autophagy. Accumulation of LC3-II
can be obtained by interrupting the autophagosome-lysosome
fusion step (e.g., by depolymerizing acetylated microtubules
with vinblastine), by inhibiting the ATP2A/SERCA Ca*"
pump, by specifically inhibiting the V-ATPase with bafilomy-
cin A,">>"7 or by raising the lysosomal pH by the addition of
chloroquine,'**"*® although some of these treatments may
increase autophagosome numbers by disrupting the lysosome-



Downloaded by [FORTH] at 06:11 03 February 2016

42 (&) D.J.KLIONSKY ET AL.

dependent activation of MTOR

cin [serine/threonine kinase] complex 1 [MTORCI; note that
the original term “mTOR” was named to distinguish the
“mammalian” target of rapamycin from the yeast proteins
a major suppressor of autophagy induction),

(mechanistic target of rapamy-  inhibiting lysosome-mediated proteolysis (e.g., with a cysteine
protease inhibitor such as E-64d, the aspartic protease inhibi-
tor pepstatin A, the cysteine, serine and threonine protease
inhibitor leupeptin or treatment with bafilomycin A,;, NH,Cl

or chloroquine'*®'**!%*), Western blotting can be used to
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Figure 6. (For figure caption see page 43)
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monitor changes in LC3 amounts (Fig. 6);2%'%> however, even
if the total amount of LC3 does increase, the magnitude of the
response is generally less than that documented in yeast. It is
worth noting that since the conjugated forms of the
GABARAP subfamily members are usually undetectable with-
out induction of autophagy in mammalian and other verte-
brate cells,'"*>'®” these proteins might be more suitable than
LC3 to study and quantify subtle changes in autophagy
induction.

In most organisms, Atg8/LC3 is initially synthesized with a
C-terminal extension that is removed by the Atg4 protease.
Accordingly, it is possible to use this processing event to moni-
tor Atg4 activity. For example, when GFP is fused at the C ter-
minus of Atg8 (Atg8-GFP), the GFP moiety is removed in the
cytosol to generate free Atg8 and GFP. This processing can be
easily monitored by western blot.'*® It is also possible to use
assays with an artificial fluorogenic substrate, or a fusion of
LC3B to phospholipase A2 that allows the release of the active
phospholipase for a subsequent fluorogenic assay,'®” and there
is a fluorescence resonance energy transfer (FRET)-based assay
utilizing CFP and YFP tagged versions of LC3B and GABA-
RAPL2/GATE-16 that can be used for high-throughput screen-
ing.'”® 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.”' Note that there are 4 Atg4 homologs
in mammals, and they have different activities with regard to
the Atg8 subfamilies of proteins.'”> 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.*”>'*® The ATG4C and ATG4D
isoforms have minimal activity for any of the Atg8 homologs.
In particular because a C-terminal fusion will be cleaved imme-
diately by Atg4, researchers should be careful to specify
whether they are using GFP-Atg8/LC3 (an N-terminal fusion,
which can be used to monitor various steps of autophagy) or
Atg8/LC3-GFP (a C-terminal fusion, which can only be used to
monitor Atg4 activity).'”

Cautionary notes: There are several important caveats to
using Atg8/LC3-1I or GABARAP-II to visualize fluctuations in
autophagy. First, changes in LC3-II amounts are tissue- and
cell context-dependent.'*'”* Indeed, in some cases, autopha-
gosome accumulation detected by TEM does not correlate well
with the amount of LC3-II (Z. Talléczy, R.L.A. de Vries, and
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D. Sulzer, unpublished results; E.-L. Eskelinen, 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 MDA-MB-231."7* Conversely, without careful quantification
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 dele-
tion of Atg5 results in the complete absence of LC3-II (see
Fig. 5A and supplemental data in ref. 176). The same is true for
the generation of Atg8-PE in yeast in the absence of VPS30/
ATG6 (see Fig. 7 in ref. 177). Thus, it is important to remember
that not all of the autophagy-related proteins are required for
Atg8/LC3 processing, including lipidation.'”” Vagaries in the
detection and amounts of LC3-I versus LC3-II present techni-
cal problems. For example, LC3-I is very abundant in brain tis-
sue, 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 cytosolic fraction.** Conversely, certain cell lines have
much less visible LC3-I compared to LC3-II. In addition, tis-
sues may have asynchronous and heterogeneous cell popula-
tions, and this variability may present challenges when
analyzing LC3 by western blotting.

Second, LC3-II also associates with the membranes of non-
autophagic structures. For example, some members of the
PCDHGC/y-protocadherin family undergo clustering to form
intracellular tubules that emanate from lysosomes.'”® LC3-II is
recruited to these tubules, where it appears to promote or sta-
bilize membrane expansion. Furthermore, LC3 can be
recruited directly to apoptotic cell-containing phagosome
membranes,'””'®® macropinosomes,'”” the parasitophorous
vacuole of Toxoplasma gondii,'®" and single-membrane entotic
vacuoles,'” as well as to bacteria-containing phagosome mem-
branes under certain immune activating conditions, for exam-
ple, toll-like receptor (TLR)-mediated stimulation in
LC3-associated  phagocytosis.'**'®  Importantly, LC3 is
involved in secretory trafficking as it has been associated with
secretory granules in mast cells'®* and PC12 hormone-secret-
ing cells.'® LC3 is also detected on secretory lysosomes in
osteoblasts'®® and in amphisome-like structures involved in

Figure 6. (See previous page for Figure 6.) LC3-| conversion and LC3-Il turnover. (A) Expression levels of LC3-l and LC3-Il during starvation. Atg.

57/ (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 £g/ml) and pepstatin A (10 1g/ml) were added to the medium where indicated. Positions of LC3-I and LC3-II 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 inhib-
itors at the same time points (the overall decrease seen in the presence of inhibitors may reflect decreasing effectiveness of the inhibitors over time). Monitoring auto-
phagy 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-II). Conversely, if there are high levels of LC3-II 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. 26,
and is reproduced by permission of Landes Bioscience, copyright 2007. (B) Lysates of 4 human adipose tissue biopsies were resolved on 2-12% polyacrylamide gels, as
described previously.?'” 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 IgG antibody, followed by ECL. The LC3-I/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 ;«g/ml each (Inhibitors). Cells were then lysed and the proteins resolved by SDS-
PAGE. Endogenous LC3 was detected by immunoblotting. Positions of LC3-l and LC3-II are indicated. In the absence of 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. 174, 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 mem-
brane-associated LC3-Il form (equivalent to Atg8—PE).
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mucin secretion by goblet cells.'"®” Therefore, in studies of
infection of mammalian cells by bacterial pathogens, the iden-
tity of the LC3-II labeled 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 bac-
terial infection is not directed solely against the bacteria but
can also be a response to remnants of the phagocytic mem-
brane.'®® Similar cautions apply with regard to viral infection.
For example, coronaviruses induce autophagosomes during
infection through the expression of nsp6; however, coronavi-
ruses also induce the formation of double-membrane vesicles
that are coated with LC3-1, the nonlipidated form of LC3 that
plays an autophagy-independent role in viral replication.'®"'*
Similarly, nonlipidated LC3 marks replication complexes in
flavivirus (Japanese encephalitis virus)-infected cells and is
essential for viral replication.'”’ Along these lines, during her-
pes simplex virus type 1 (HSV-1) infection, an LC3* autopha-
gosome-like organelle that is derived from nuclear membranes
and that contains viral proteins is observed,'”> whereas influ-
enza A virus directs LC3 to the plasma membrane via a LC3-
interacting region (LIR) motif in its M2 protein.'”> Moreover,
in vivo studies have shown that coxsackievirus (an enterovi-
rus) induces formation of autophagy-like vesicles in pancreatic
acinar cells, together with extremely large autophagy-related
compartments that have been termed megaphagosomes;'** the
absence of ATGS5 disrupts viral replication and prevents the
formation of these structures.'®

Third, caution must be exercised in general when evaluating
LC3 by western blotting, and appropriate standardization con-
trols are necessary. For example, LC3-I may be less sensitive to
detection by certain anti-LC3 antibodies. Moreover, LC3-I is
more labile than LC3-II, being more sensitive to freezing-thaw-
ing 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. Alterna-
tively, 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 nec-
essary to use methods, such as fluorescence microscopy, that
allow autophagy to be monitored in single cells. The critical
point is that the analysis of the gel shift of transfected LC3 or
GFP-LC3 can be employed to follow LC3 lipidation only in
highly transfectable cells.'*®

When dealing with animal tissues, western blotting of LC3
should be performed on frozen biopsy samples homogenized in
the presence of general protease inhibitors (C. Isidoro, personal
communication; see also Human)."”” Caveats regarding detec-
tion of LC3 by western blotting have been covered in a review.*
For example, PVDF membranes may result in a stronger LC3-
I retention than nitrocellulose membranes, possibly due to a
higher affinity for hydrophobic proteins (Fig. 6B; J. Kovsan and
A. Rudich, personal communication), and Triton X-100 may
not efficiently solubilize LC3-1I in some systems.'*® Heating in
the presence of 1% SDS, or analysis of membrane fractions,**
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 num-
ber of cells (F. Gros, unpublished observations)."”” Analysis of
a membrane fraction is particularly useful for brain where lev-
els of soluble LC3-I greatly exceed the level of LC3-II.

One of the most important issues is the quantification of
changes in LC3-II, because this assay is one of the most widely
used in the field and is often prone to misinterpretation. Levels
of LC3-II should be compared to actin (e.g., ACTB), but not to
LC3-I (see the caveat in the next paragraph), and, ideally, to
more than one “housekeeping” protein (HKP). Actin and other
HKPs are usually abundant and can easily be overloaded on the
gel’® such that they are not detected within a linear range.
Moreover, actin levels may decrease when autophagy is induced
in many organisms from yeast to mammals. For any proteins
used as “loading controls” (including actin, tubulin and
GAPDH) multiple exposures of the western blot are generally
necessary to ensure that the signals are detected in the linear
range. An alternative approach is to stain for total cellular pro-
teins with Coomassie Brilliant Blue and Ponceau Red,*" but
these methods are 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 excel-
lent alternative to HKPs.***

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.'>**%* For example,
in aging skeletal muscle the increase in LC3-I is at least as
important as that for LC3-I1.>°***® Quantification of both iso-
forms is therefore informative, but requires adequate condi-
tions of electrophoretic separation. This is particularly
important for samples where the amount of LC3-I is high rela-
tive 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 gradient gels to increase the separation of LC3-I from LC3-
IT and/or cut away the part of the blot with LC3-I prior to the
detection of LC3-II. Furthermore, since 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 con-
clusions about changes in autophagy activity.

Fourth, in mammalian cells LC3 is expressed as multiple
isoforms (LC3A, LC3B, LC3B2 and LC3C**®*%7), 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.”*® A
key technical consideration is that the isoforms may exhibit
different specificities for antisera or antibodies. Thus, it is
highly recommended that investigators report exactly the
source and catalog number of the antibodies used to detect
LC3 as this might help avoid discrepancies between studies.
The commercialized anti-LC3B antibodies also recognize
LC3A, but do not recognize LC3C, which shares less
sequence homology. It is important to note that LC3C
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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 overexpressed LC3C, and
caution has to be taken in experiments using FLAG-tagged
proteins (M. Biard-Piechaczyk and L. Espert, personal com-
munication). Note that according to Ensembl there is no
LC3C in mouse or rat.

In addition, it is important to keep in mind the other sub-
family of Atg8 proteins, the GABARAP subfamily (see
above).'*"*% Certain types of mitophagy induced by BNIP3L/
NIX are highly dependent on GABARAP and less dependent
on LC3 proteins.”'**"" Furthermore, commercial antibodies for
GABARAPLI also recognize GABARAP,"”®'** which might
lead to misinterpretation of experiments, in particular those
using immunohistochemical techniques. Sometimes the prob-
lem with cross-reactivity of the anti-GABARAPLI 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 GABARAPLI (M. Boyer-Guittaut, personal communica-
tion; also see Fig. S4 in ref. 143). Because GABARAP and
GABARAPLI1 can both be proteolytically processed and lipi-
dated, 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 GABARAPLI become available, we strongly
advise their use; until then, we advise 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.'*>'®” In general, we advise caution in choos-
ing antibodies for western blotting and immunofluorescence
experiments and in interpreting results based on stated affini-
ties 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 disseminated;
readers are referred to an excellent paper on this subject (see
ref. 212). 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 GABA-
RAPL1 and GABARAPL3 proteins, which have 94% identity.
As stated by the laboratory that described the cloning of the
human GABARAPLI and GABARAPL3 genes,”” their expres-
sion patterns are apparently identical. It is worth noting that
GABARAPL3 is the only gene of the GABARAP subfamily that
seems to lack an ortholog in mice.** 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.

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 9 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,”"’
or by using a 15% resolving gel without urea (F. Reggiori,
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personal communication). Similarly, urea combined with prior
treatment of the samples with (or without) phospholipase D
(that will remove the PE moiety) can often resolve the ATGS8
species in plants.*'**' It is also possible to label cells with
radioactive ethanolamine, followed by autoradiography to iden-
tify Atg8-PE, and a C-terminal peptide can be analyzed by
mass spectrometry to identify the lipid modification at the ter-
minal glycine residue. Special treatments are not needed for the
separation of mammalian LC3-I from LC3-II.

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 accu-
rate interpretation of Atg8/LC3 protein levels it is also neces-
sary 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 transcription (e.g., the
rate of transcription, or the stability of the message). For exam-
ple, 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.*'® Clinically, in human adipose tissue, pro-
tein and mRNA levels of LC3 in omental fat are similarly ele-
vated in obese compared to lean individuals.*'”

Seventh, LC3-I can be fully degraded by the 20S proteasome
or, more problematically, processed to a form appearing equal
in size to LC3-II on a western blot (LC3-T); LC3-T was identi-
fied in HeLa cells and is devoid of the ubiquitin conjugation
domain, thus lacking its adaptor function for autophagy.*'®

Eighth, a general issue when working with cell lines is that
we recommend that validation be performed to verify the cell
line(s) being used, and to verify the presence of genetic altera-
tions as appropriate. Depending on the goal (e.g., to indicate
general applicability of a particular treatment) it may be impor-
tant to use more than one cell line to confirm the results. It is
also critical to test for mycoplasma because the presence of this
contaminant can significantly alter the results with regard to
any autophagic response. For these reasons, we also recom-
mend the use of low passage numbers for nonprimary cells or
cell lines (no more than 40 passages or 6 months after thawing).

Finally, we would like to point out that one general issue
with regard to any assay is that experimental manipulation
could introduce some type of stress—for example, mechanical
stress due to lysis, temperature stress due to heating or cooling
a sample, or oxidative stress on a microscope slide, which
could lead to potential artifacts including the induction of
autophagy—even maintaining cells in higher than physiologi-
cally normal oxygen levels can be a stress condition.”*” Special
care should be taken with cells in suspension, as the stress
resulting from centrifugation can induce autophagy. This point
is not intended to limit the use of any specific methodology,
but rather to note that there are no perfect assays. Therefore, it
is important to verify that the positive (e.g., treatment with
rapamycin, torinl or other inducers) and negative (e.g., inhibi-
tor treatment) controls behave as expected in any assays being
utilized. Similarly, plasmid transfection or nucleofection can
result in the potent induction of autophagy (based on increases
in LC3-II or SQSTM1/p62 degradation). In some cell types, the
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amount of autophagy induced by transfection of a control
empty vector may be so high that it is virtually impossible to
examine the effect of enforced gene expression on autophagy
(B. Levine, personal communication). It is thus advisable to
perform time course experiments to determine when the trans-
fection effect returns to acceptably low levels and to use appro-
priate time-matched transfection controls (see also the
discussion in GFP-Atg8/LC3 fluorescence microscopy). This
effect is generally not observed with siRNA transfection; how-
ever, it is an issue for plasmid expression constructs including
those for shRNA and for viral delivery systems. The use of
endotoxin-free DNA reduces, but does not eliminate, this prob-
lem. In many cells the cationic polymers used for DNA trans-
fection, such as liposomes and polyplex, induce large
tubulovesicular autophagosomes (TVAs) in the absence of
DNA.**° These structures accumulate SQSTM1 and fuse slowly
with lysosomes. Interestingly, these TVAs appear to reduce
gene delivery, which increases 8-10 fold in cells that are unable
to make TV As due to the absence of ATG5. Finally, the precise
composition of media components and the density of cells in
culture can have profound effects on basal autophagy levels
and may need to be modified empirically depending on the cell
lines being used. Along these lines various types of media, in
particular those with different serum levels (ranging from
0-15%), may have profound effects with regard to how cells
(or organs) perceive a fed versus starved state. For example,
normal serum contains significant levels of cytokines and hor-
mones that likely regulate the basal levels of autophagy;
thus, the use of dialyzed serum might be an alternative for these
studies. In addition, the amino acid composition of the
medium/assay buffer may have profound effects on initiation
or progression of autophagy. For example, in the protozoan
parasite Trypanosoma brucei starvation-induced autophagy
can be prevented by addition of histidine to the incubation
buffer.”*' For these reasons, the cell culture conditions
should be fully described. It is also important to specify dura-
tion of autophagy stimulation, as long-term autophagy can
modify signal transduction pathways of importance in cell
survival.”*?

Conclusion: Atg8/LC3 is often an excellent marker for auto-
phagic structures; however, it must be kept in mind that there
are multiple LC3 isoforms, there is a second family of mamma-
lian 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 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
immunoblots; accordingly, this method should not be used by
itself to analyze changes in autophagy.

b. Turnover of LC3-1I/Atg8-PE

Autophagic flux is often inferred on the basis of LC3-II turn-
over, measured by western blot (Fig. 6C)'”* in the presence and
absence of lysosomal, or vacuolar degradation. However, it
should be cautioned that such LC3 assays are merely indicative
of autophagic “carrier flux”, not of actual autophagic cargo/sub-
strate 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.**’
The relevant parameter in LC3 assays is the difference in the
amount of LC3-1II in the presence and absence of saturating lev-
els of inhibitors, which can be used to examine the transit of
LC3-II through the autophagic pathway; if flux is occurring,
the amount of LC3-II will be higher in the presence of the
inhibitor."”* 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;, chloroquine or NH,CI,'®!#*158:164224225 o1 1y
treatment with agents that block the fusion of autophagosomes
with lysosomes (note that bafilomycin A, will ultimately cause
a fusion block as well as neutralize the pH,15 % but the inhibition
of fusion may be due to a block in ATP2A/SERCA activ-
ity?2°),!35-157:227 Alternatively, knocking down or knocking out
LAMP2 (lysosomal-associated membrane protein 2) represents
a genetic approach to block the fusion of autophagosomes and
lysosomes (for example, inhibiting LAMP2 in myeloid leuke-
mic cells results in a marked increase of GFP-LC3 dots and
endogenous LC3-II protein compared to control cells upon
autophagy induction during myeloid differentiation [M.P.
Tschan, unpublished data]).**® This approach, however, is only
valid when the knockdown of LAMP?2 is directed against the
mRNA region specific for the LAMP2B spliced variant, as tar-
geting the region common to the 3 variants would also inhibit
chaperone-mediated autophagy, which may result in the com-
pensatory upregulation of macroautophagy.”>***>*

Increased levels of LC3-II in the presence of lysosomal inhi-
bition or interfering with autophagosome-lysosome fusion
alone (e.g., with bafilomycin A;) may be indicative of auto-
phagic carrier flux (to the stage of cargo reaching the lyso-
some), but to assess whether a particular treatment alters
complete autophagic flux through substrate digestion, the treat-
ment 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 (Fig. 6C).
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 mem-
branes. 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 increasing LC3-II on its own that has no
difference in LC3-II in the presence of bafilomycin A; com-
pared to treatment alone may suggest a complete block in
autophagy at the terminal stages.”>' This procedure has been
validated with several autophagy modulators.*> With each of
these techniques, it is essential to avoid assay saturation. The
duration of the bafilomycin A, treatment (or any other inhibi-
tor of autophagic flux such as chloroquine) needs to be rela-
tively short (1-4 h)**? 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
dose-curve and time-course standardization for the use of auto-
phagic flux inhibitors is required for the initial optimization of
the conditions to detect LC3-II accumulation and avoid non-
specific or secondary effects. By using a rapid screening
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approach, such as a colorimetric-based platform method,*** it
is possible to monitor a long time frame for autolysosome accu-
mulation, which closely associates with autophagy efficiency.>*
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. 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 pep4 A strain following autophagy induction;**® however, it is
important to be aware that the PEP4 knockout can influence
yeast cell physiology. PMSF, which inhibits the activity of Prb1,
can also be used to block Atg8-PE turnover.

An additional methodology for monitoring autophagy relies
on the observation that in some cell types a subpopulation of
LC3-II exists in a cytosolic form (LC3-11s).2*”?** The amount
of cytosolic LC3-IIs and the ratio between LC3-I and LC3-IIs
appears to correlate with changes in autophagy and may pro-
vide a more accurate measure of autophagic flux than ratios
based on the total level of LC3-I1.*** The validity of this method
has been demonstrated by comparing autophagic proteolytic
flux in rat hepatocytes, hepatoma cells and myoblasts. One
advantage of this approach is that it does not require the pres-
ence of autophagic or lysosomal inhibitors to block the degra-
dation of LC3-IL

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®*’ post-photoactivation or by quantitatively
measuring the autophagosomal pool size and its transition
time.**! These approaches deliver invaluable information on
the kinetics of the system and the time required to clear a com-
plete autophagosomal pool. Nonetheless, care must be taken
for this type of analysis as changes in translational/transcrip-
tional 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.>** In this
assay, Rluc is fused N-terminally to either wild-type LC3
(LC3™T) or a lipidation-deficient mutant of LC3 (GI120A).
Since Rluc-LC3"", in contrast to Rluc-LC3%'2°4, specifically
associates with the autophagosomal membranes, Rluc-LC3"W"
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 2 cell populations expressing either Rluc-LC3""
or Rluc-LC3°"*°* In its simplest form, the Rluc-LC3-assay can
be used to estimate autophagic 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 moni-
tor changes in autophagic activity in live cells in real time. This
method has been successfully used to identify positive and neg-
ative regulators of autophagy from cells treated with micro-
RNA, siRNA and small molecule libraries.?**%8

Cautionary notes: The main caveat regarding the measure-
ment of LC3-IIs/LC3-I is that this method has only been tested
in isolated rat hepatocytes and H4-II-E cells. Thus, it is not yet
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known whether it is generally applicable to other cell types.
Indeed, a soluble form of LC3-II (i.e., LC3-IIs) is not observed
in many standard cell types including HeLa, HEK 293 and
PC12. In addition, the same concerns apply regarding detection
of LC3-I by western blotting. It should be noted that the LC3-
IIs/LC3-I ratio must be analyzed using the cytosolic fractions
rather than the total homogenates. Furthermore, the same cav-
eats mentioned above regarding the use of LC3 for qualitatively
monitoring autophagy also apply to the use of this marker for
evaluating flux.

The use of a radioactive pulse-chase analysis, which
assesses complete autophagic flux, provides an alternative to
lysosomal protease inhibitors,"*® although such inhibitors
should still be used to verify that degradation is lysosome-
dependent. In addition, drugs must be used at concentrations
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-II. Thus, care is needed in inter-
pretation. 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, since in certain instances, such as with cal-
cium phosphate precipitates, a compound may increase or
decrease flux at these 2 time points, respectively.*> Moreover,
it is important 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 auto-
phagy, such as bafilomycin A;, NH,CI (see Autophagy inhibi-
tors and inducers) or chloroquine, also directly inhibit the
endocytosis/uncoating of viruses (D.R. Smith, personal com-
munication), and other endocytic events requiring low pH, as
well as exit from the Golgi (S. Tooze, personal communica-
tion). As such, agents that neutralize endosomal compart-
ments should be used only with extreme caution in studies
investigating autophagy-virus interactions.

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-II
levels in combination with the lysosomal (or ideally autophagy-
specific) removal of an autophagic substrate (such as an organ-
elle*****%) that is not a good proteasomal substrate provides 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 auto-
phagosomes, and the levels of well-characterized autophago-
some substrates such as SQSTMI1 can also be affected by
proteasome inhibitors.>”!

Another issue relates to the use of protease inhibitors (see
Autophagy inhibitors and inducers). When using lysosomal
protease 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.
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In this respect, 1 h of pre-incubation with 10 ug/ml E-64d is
sufficient in most cases, since this inhibitor is membrane per-
meable and rapidly accumulates within lysosomes, but
another frequently used inhibitor, leupeptin, requires at least
6 h pre-incubation.’® 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 pg/ml) to
fully inhibit lysosomal CTSD (Fig. 7). An incubation of this
duration, however, can be problematic due to indirect effects
(see GFP-Atg8/LC3 lysosomal delivery and proteolysis). At
least in neurons, pepstatin alone is a less effective lysosomal
proteolytic block, and combining a cysteine protease inhibitor
with it is most effective.”® 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 pepstatin A, BODIPY® FL conjugate,**>*>’
which is transported to lysosomes via endocytosis. In contrast
to the protease inhibitors, chloroquine (10-40 ;M) or bafilo-
mycin A; (1-100 nM) can be added to cells immediately
prior to autophagy induction. Because cysteine protease
inhibitors upregulate CTSD and have potential inhibitory
activity toward calpains and other cysteine proteases, whereas
bafilomycin A, can have potential significant cytotoxicity,
especially in cultured neurons and pathological states, the use
of both methods may be important 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/LC3 and
autophagic flux. The latter may be assessed by following Atg8/
LC3 in the absence and presence of autophagy inhibitors, and
by examining the autophagy-dependent degradation of appro-
priate substrates. In particular, if there is any evidence of an
increase in LC3-II (or autophagosomes), it is essential to deter-
mine whether this represents increased flux, or a block in
fusion or degradation through the use of inhibitors such as
chloroquine or bafilomycin A;. In the case of a suspected
impaired degradation, assessment of lysosomal function is then
required to validate the conclusion and to establish the basis.

c. GFP-Atg8/LC3 lysosomal delivery and partial proteolysis

GFP-LC3B (hereafter referred to as GFP-LC3) has also been
used to follow flux. It should be cautioned that, as with endoge-
nous LC3, an assessment of autophagic GFP-LC3 flux is a car-
rier 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/LC3 part
of the chimera is sensitive to degradation, whereas the GFP
protein is relatively resistant to hydrolysis (note, however, that
GFP fluorescence is quenched by low pH; see GFP-Atg8/LC3
fluorescence microscopy and Tandem mRFP/mCherry-GFP fluo-
rescence microscopy). Therefore, the appearance of free GFP on
western blots can be used to monitor lysis of the inner autopha-
gosome membrane and breakdown of the cargo in metazoans
(Fig. 8A),7%****% or the delivery of autophagosomes to, and
the breakdown of autophagic bodies within, the fungal and
plant vacuole.*'**!'%2*256 Reports on Dictyostelium and mam-
malian cells highlight the importance of lysosomal pH as a crit-
ical factor in the detection of free GFP that results from the
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Figure 7. 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 uM, 4 h; E-64d, final concentration 10 1g/ml from a 1 mg/ml
stock in ethanol (EtOH); NH,CI (NH,™), final concentration 10 mM from a 1 M stock
in water; pepstatin A (Pst), final concentration 10 g/ml from a 1 mg/ml stock in
ethanol, or 68.6 £g/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,4CI (or 30 1M chloroquine, not shown) were the most effective compounds for
demonstrating the accumulation of LC3-Il. E-64d was also effective in preventing
the degradation of LC3-II, with or without a preincubation, but ammomium chlo-
ride (or chloroquine) may be more effective. Pepstatin A at 10 ng/ml with a 1 h
pre-incubation was not effective at blocking degradation, whereas a 100 «M con-
centration with 4 h pre-incubation had a partial effect. Thus, alkalinizing com-
pounds 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-l at approximately 17.5 kDa
may be a processing intermediate of LC3-l; it is detectable in freshly prepared
homogenates, but is less visible after the sample is subjected to a freeze-thaw
cycle.

degradation of fused proteins. In these cell types, free GFP frag-
ments are only detectable in the presence of nonsaturating lev-
els of lysosomotropic compounds (NH,CI or choroquine) or
under conditions that attenuate lysosomal acidity; otherwise,
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Figure 8. 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 doxycyline (Dox; 10 ng/ml) for one week to suppress autophagy. Cells were then cultured in the absence of drug for the indi-
cated 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-l and LC3-l, and free GFP are indicated. This figure was modified from data previously published in ref. 255, FEBS Letters, 580, Hosokawa N, Hara Y, Miz-
ushima 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 concentrations of lysosomal inhibitors on GFP-LC3 cleavage. Hela cells stably transfected with GFP-LC3
were treated with various concentrations of chloroquine (CQ) for 6 h. Total lysates were prepared and subjected to immunoblot analysis. (C) CQ-induced free GFP frag-
ments 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 ©M), or subjected to starvation in EBSS 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. 257.

the autophagic/degradative machinery appears to be too effi-
cient to allow the accumulation of the proteolytic fragment
(Fig. 8B,C).”**” 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 concentrations and treat-
ment times of compounds that inhibit autophagy can be useful
in distinguishing between these possibilities.”*® Since the pH in
the yeast vacuole is higher than that in mammalian or Dictyos-
telium lysosomes, the levels of free GFP fragments are detect-
able in yeast even in the absence of lysosomotropic
compounds.’® 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

fluorescent signal is more sensitive to acidic pH than other fluo-
rophores (see GFP-Atg8/LC3 fluorescence microscopy). A time-
course evaluation of the cell population showing GFP-LC3
puncta can serve to monitor the autophagic flux, since a constant
increase in the number of cells accumulating GFP-LC3 puncta is
suggestive of defective fusion of autophagosomes with lysosomes.
Conversely, a decline implies that GFP-LC3 is delivered to prop-
erly acidified lysosomes and may, in addition, reflect proteolytic
elimination within them, although the latter needs to be indepen-
dently established. In either case, it can be problematic to use
GFP fluorescence to follow flux, as new GFP-LC3 is continuously
being synthesized. A potential solution to this problem is to fol-
low the fluorescence of a photoactivatable version of the fluores-
cent protein,”” which allows this assay to be performed
essentially as a pulse-chase analysis. Another alternative to follow
flux is to monitor GFP-LC3 fluorescence by adding lysosomal
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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 indicative of a defect(s) in auto-
phagic flux.**®® The combination of protease inhibitors (to prevent
the degradation of GFP) or compounds that modify lysosomal
pH such as NH,CI or chloroquine, or compounds that block
fusion of autophagosomes with lysosomes such as bafilomycin
A, or others (e.g., vinblastine) may be most effective in prevent-
ing lysosome-dependent decreases in GFP-LC3 puncta. How-
ever, because the stability of GFP is affected by lysosomal pH,
researchers may also consider the use of protease inhibitors
whether or not lysosomotropic compounds 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 degrada-
tion),”*"*%* especially when the differences in autophagic activity
need to be determined precisely (note that an equivalent assay
has not been developed for higher eukaryotic cells); however, as
with any enzyme assay, appropriate caution must be used regard-
ing, for example, 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;*®" 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 corre-
lates with the surface area of the inner sphere of the autophago-
some, and thus provides a smaller signal than assays that
measure the volume of the autophagosome. Therefore, Pgkl-
GFP processing™ or the Pho8A60 assay are generally more sensi-
tive assays.

The main limitation of the GFP-LC3 processing assay in
mammalian cells is that it 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 rela-
tive to that of the yeast vacuole may contribute to differen-
ces in detecting free GFP. Under certain conditions (such
as Earle’s balanced salt solution [EBSS]-induced starvation)
in some cell lines, when the lysosomal pH becomes particu-
larly low, free GFP is undetectable because both the LC3-II
and free GFP fragments are quickly degraded.””” Therefore,
if this method is used it should be accompanied by immu-
noblotting and include controls to address the stability of
nonlysosomal GFP such as GFP-LC3-I. It should also be
noted that free GFP can be detected when cells are treated
with nonsaturating doses of inhibitors such as chloroquine,
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 lyso-
somal inhibitors when performing an autophagic flux

Figure 9. Movement of activated pDendra2-hp62 (SQSTM1; orange) from the
nucleus (middle) to an aggregate in ARPE-19 cells, revealed by confocal micros-
copy. Cells were exposed to 5 M MG132 for 24 h to induce the formation of peri-
nuclear aggregates.?'®® 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 aggregrate, and is shuttled from the nucleus
to a perinuclear large protein aggregate (detected as red). Scale bar: 5 um. Image
provided by K. Kaarniranta.

assay.””” Therefore, caution must be exercised in interpret-
ing the data using this assay; it would be helpful to combine
an analysis of GFP-LC3 processing with other assays, such
as the monitoring 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 fluorophore has
a relatively neutral pH optimum for fluorescence,** and its sig-
nal diminishes quickly during live cell imaging due to the acidic
environment of the lysosome. It is possible to circumvent this
latter problem by imaging paraformaldehyde-fixed cultures
that are maintained in a neutral pH buffer, which retains EGFP
fluorescence (M. Kleinman and J.J. Reiners, personal communi-
cation). Alternatively, it may be preferable to use a different flu-
orophore such as mRFP or mCherry, which retain fluorescence
even at acidic pH.>** On the one hand, a putative advantage of
mCherry over mRFP is its enhanced photostability and inten-
sity, which are an order of magnitude higher (and comparable
to GFP), enabling acquisition of images at similar exposure set-
tings as are used for GFP, thus minimizing potential bias in
interpretation.”*> 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 addition,
red fluorescent proteins (even the monomeric forms) can be
toxic due to oligomer formation.”*® Dendra2 is an improved
version of the green-to-red photoswitchable fluorescent protein
Dendra, which is derived from the octocoral Dendronephthya
sp.”*” Dendra2 is capable of irreversible photoconversion from
a green to a red fluorescent form, but can be used also as a nor-
mal GFP or RFP vector. This modified version of the fluoro-
phore has certain properties including a monomeric state, low
phototoxic activation and efficient chromophore maturation,
which make it suitable for real-time tracking of LC3 and
SQSTM1 (Fig. 9; K. Kaarniranta, personal communication).
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.*%®
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The pH optimum of EGFP is important to consider when
using GFP-LC3 constructs, as the original GFP-LC3 marker”®
uses the EGFP variant, which may result in a reduced signal
upon the formation of amphisomes or autolysosomes. An addi-
tional caveat when using the photoactivatable construct PA-
GFP** 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 pro-
tein conjugation systems), Atg4/ATG4 cleaves the residue(s)
that follow the C-terminal glycine of Atg8/LC3 that will be con-
jugated to PE. Accordingly, it is critical that any chimeras be
constructed with the fluorescent tag at the amino terminus of
Atg8/LC3 (unless the goal is to monitor Atg4/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 secondary
autophagic response can complicate the analysis of the auto-
phagic flux, making it appear more vigorous than it would in
the absence of the lysosomal inhibitors.

Conclusion: The GFP-Atg8/LC3 processing assay, which
monitors free GFP generated within the vacuole/lysosome, is a
convenient way to follow autophagy, 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 car-
rier, which may not necessarily be equivalent to autophagic
cargo flux.

d. GFP-Atg8/LC3 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 fluo-
rescence microscopy (Fig. 10), measured as an increase in
punctate LC3 or GFP-LC3.>°>”° The detection of GFP-LC3/
Atg8 is also useful for in vivo studies using transgenic organ-
isms such as Caenorhabditis elegans,””" Dictyostelium discoi-
deum,”” filamentous ascomycetes,””>>”” Ciona intestinalis,””®
Drosophila melanogaster,””**"  Arabidopsis thaliana,”®* Zea
mays,”®® Trypanosoma brucei,”*"****® Leishmania major**®>%
and mice.'> Tt is also possible to use anti-LC3/Atg8 antibodies

Control

Rapamycin
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for  immunocytochemistry —or  immunohistochemistry
(IHC),""****** procedures that have the advantages of detect-
ing the endogenous protein, obviating the need for transfection
and/or the generation of a transgenic organism, as well as
avoiding potential artifacts 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. 44, 295). 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 pur-
pose, the WatershedCounting3D plug-in for Image] may be
useful.”>>**” 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).**!

Monitoring the endogenous Atg8/LC3 protein obviously
depends on the ability to detect it 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 important to consider the use of
stable transformants versus transient transfections. On the one
hand, stable transformants may have reduced background
resulting from the lower gene expression, and artifacts 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. There-
fore, it is worth considering the use of stable episomal plasmids
that avoid the problem of unsuitable integration.”** An impor-
tant advantage 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 autophagy 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

Rapamycin + 3-MA

Figure 10. Changes in the detection and localization of GFP-LC3 upon the induction of autophagy. U87 cells stably expressing GFP-LC3 were treated with PBS, 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. 270, 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, 13:1213-24, 2011, by permission of Oxford University Press.
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some cell types (e.g., HeLa cells) may require 1 day for achiev-
ing optimal expression to visualize GFP-LC3 puncta, whereas
neuronal cell lines such as SH-SY5Y cells typically need at least
48 h of expression prior to performing GFP-LC3 puncta analy-
ses. 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 transfection,
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
(R. Munoz-Moreno, R. I. Galindo, L. Barrado-Gil and C.
Alonso, unpublished results).

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 screen-
ing for stable clones that give the best signal-to-noise ratio;
when transient transfections are used, it is worthwhile optimiz-
ing the GFP-LC3 DNA concentration to give the best signal-to-
noise ratio. 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 artifacts
that can arise from the selection and propagation of individual
clones from a single transfected cell (although the use of a pool
is also problematic as its composition will change over time).
Another possibility is using fluorescence-activated cell sorter
(FACS) sorting to select a mixed stable population with uni-
form GFP-LC3 expression levels.””® Optimization, together
with including the appropriate controls (e.g., transfecting GFP-
LC3%"%°* as a negative control), will help overcome the effects
of the inherent variability in these analyses. For accurate inter-
pretations, it is also important to assess the level of overexpres-
sion of the GFP-LC3 constructs relative to endogenous LC3 by
western blot.

An additional use of GFP-LC3 is to monitor colocalization
with a target during autophagy-related processes such as organ-
elle degradation or the sequestration of pathogenic
microbes.”**°* Preincubation of cells stably expressing GFP-
LC3 with leupeptin can help stabilize the GFP-LC3 signal dur-
ing fluorescence microscopy, especially under conditions of
induced autophagic flux. Leupeptin is an inhibitor of lysosomal
cysteine and serine proteases and will therefore inhibit degrada-
tion 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 monitor-
ing LC3-II by western blot; however, the former may be more
sensitive and quantitative. Ideally, it is preferable to include
both assays and to compare the 2 sets of results. In addition, if

GFP-LC3 is being quantified, it is better to determine the num-
ber of puncta corresponding to GFP-LC3 on a per cell basis (or
per cell area basis) rather than simply the total number (or per-
centage) 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’®). More-
over, when autophagosome-lysosome fusion is blocked, larger
autophagosomes are detected, possibly due to autophagosome-
autophagosome 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/LC3 puncta by fluorescence microscopy, it is not possible
to correlate size with autophagy activity without additional
assay methods. Size determinations can be problematic by fluo-
rescence microscopy unless careful standardization is carried
out,”® and size estimation on its own without considering
puncta number per cell is not recommended as a method for
monitoring autophagy; however, it is possible to quantify the
fluorescence intensity of GFP-Atg8/LC3 at specific puncta,
which does provide a valid measure of protein recruitment.**
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 immunofluores-
cence) 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 popula-
tion level®® or individual cell level.**® 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.”®”’
This can be tested empirically by exposing cells to autophagy-
inducing and -blocking agents. Thus, cell populations showing
significantly greater proportions of cells with autophagosome
numbers higher than the threshold in perturbation conditions
compared to the control cells could provide quantitative evi-
dence of altered autophagy. It is then possible to score the pop-
ulation as the percentage of cells displaying numerous
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. Typi-
cally, it is appropriate to score on the order of 50 or more cells,
preferably in at least 3 different trials, depending on the partic-
ular 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. 243,
258, 308). When using automated analysis methods, care must
be taken to manually evaluate parameters used to establish
background threshold values for different treatment conditions
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and cell types, particularly as many systems image at lower
magnifications that may be insufficient 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 artifacts, 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 stain-
ing) 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
than analyzed.**

To allow comparisons by other researchers attempting to
repeat these experiments, it is critical that the authors also spec-
ify the baseline number of puncta that are used to define “nor-
mal” 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).”'® Multispec-
tral imaging flow cytometry allows characterization of single
cells within a population by assessing a combination of mor-
phology and immunofluorescence patterns, thereby providing
statistically meaningful data.’’' This method can also be used
for endogenous LC3, and, therefore, is useful for nontrans-
fected primary cells.”’’> 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 allowing a
period of recovery between harvesting the culture and staining
is also advisable.’"

An important caveat in the use of GFP-LC3 is that this chi-
mera 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.’* Of note,
GFP-LC3 can associate with ubiquitinated protein aggre-
gates;”'> however, this does not occur if the GFP-LC3 is
expressed at low levels (D.C. Rubinsztein, unpublished observa-
tions). These aggregates have been described in many systems
and are also referred to as aggresome-like induced structures
(ALIS),*">7" dendritic cell ALIS,*'® SQSTMI1/p62 bodies/
sequestosomes”'” and inclusions. Indeed, many pathogen-asso-
ciated molecular patterns (PAMPs) described to induce the for-
mation 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 accu-
mulation of these aggregates, suggesting a role for autophagy in
mediating their clearance.’'>?'®**°*>> One way to control for
background levels of puncta is to determine fluorescence from
untagged GFP.
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The receptor protein SQSTML1 is required for the formation
of ubiquitinated protein aggregates in vitro (see SQSTM1I and
related LC3 binding protein turnover assays).”' In this case, the
interaction of SQSTM1 with both ubiquitinated proteins and
LC3 is thought to mediate delivery of these aggregates to the
autophagy system.’>>*** Many cellular stresses can induce the
formation of aggregates, including transfection reagents,”'® or
foreign DNA (especially if the DNA is not extracted endotoxin
free). SQSTM1-positive aggregates are also formed by protea-
some inhibition or puromycin treatment and can be found in
cells exposed to rapamycin for extended periods where the rates
of autophagy are elevated.’*> Calcium phosphate transfection of
COS7 cells or lipofectamine transfection of MEFs (R. Pinkas-
Kramarski, personal communication), primary neurons (A.R.
La Spada, personal communication) or neuronal cells (C.T.
Chu, personal communication) transiently increases basal lev-
els of GFP-LC3 puncta and/or the amount of LC3-II. One solu-
tion to this artifact 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 back-
ground (negative) control. A lipidation-defective LC3 mutant
where glycine 120 is mutated to alanine is targeted to these
aggregates independently of autophagy (likely via its interaction
with SQSTM1, see above); as a result, this mutant can serve as
another specificity control.’’® 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. I. Colombo, personal communi-
cation). Similarly, when using an mCherry-GFP-SQSTM1 dou-
ble 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 com-
munication). An additional consideration is that, in addition to
transfection, viral infection can activate stress pathways in
some cells and possibly induce autophagy, again emphasizing
the importance of appropriate controls, such as control viruses
expressing GFP.***

Ubiquitinated protein aggregate formation and clearance
appear to represent a cellular recycling process. Aggregate for-
mation can occur when autophagy is either inhibited or when
its capacity for degradation is exceeded by the formation of
proteins 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-posi-
tive ubiquitinated protein aggregates does not directly reflect
either the induction of autophagy (or autophagosome forma-
tion) or flux through the system. Indeed, formation of ubiquiti-
nated protein aggregates that are GFP-LC3 positive can occur
in autophagy-deficient cells.”'> Therefore, it should be remem-
bered that GFP-LC3 puncta likely represent a mix of ubiquiti-
nated 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
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this question®®). In Dictyostelium, inhibition of autophagy leads
to huge ubiquitinated protein aggregates containing SQSTM1
and GFP-Atg8, when the latter is co-expressed; the large size of
the aggregates makes them easily distinguishable from auto-
phagosomes. Saponin treatment has been used to reduce back-
ground fluorescence under conditions where no aggregation of
GFP-LC3 is detected in hepatocytes, GFP-LC3 stably-trans-
fected HEK 293°%° and human osteosarcoma cells, and in non-
transfected cells;’*” however, because treatment with saponin
and other detergents can provoke artifactual GFP-LC3 puncta
formation,”® specificity controls need to be included in such
experiments. In general, it is preferable to include additional
assays that measure autophagy rather than relying solely on
monitoring GFP-LC3. In addition, we recommend 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 inhibi-
tors (Table 1). For example, 3-MA is commonly used to inhibit
starvation- or rapamycin-induced autophagy,”* but it has no
effect on BECN1-independent forms of autophagy,®>'”' and
some data indicate that this compound can also have stimula-
tory effects on autophagy (see Autophagy inhibitors and
inducers).**°

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 pri-
mary nontransgenic cells is more challenging. Here again,
controls need to be included to verify that the transfection
protocol itself does not artifactually induce GFP-LC3 puncta
or cause LC3 aggregation. Furthermore, transfection should
be performed with low levels of constructs, and the trans-
fected cells should be followed to determine 1) when suffi-
cient expression for detection is achieved, and 2) that,
during the time frame of the assay, basal GFP-LC3 puncta
remain appropriately low. In addition, the demonstration of
a reduction in the number of induced GFP-LC3 puncta
under conditions of autophagy inhibition is helpful. For
some primary cells, delivering GFP-LC3 to precursor cells
by infection with recombinant lentivirus, retrovirus or ade-
novirus,””' and subsequent differentiation into the cell type
of interest, is a powerful alternative to transfection of the
already differentiated cell type.”*

To implement the scoring of autophagy via fluorescence
microscopy, one option is to measure pixel intensity. Since
the expression of GFP-LC3 may not be the same in all cells—
as discussed above—it is possible to use specific imaging soft-
ware 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 autopha-
gosomes in their cytosol, are associated with a greater variabil-
ity in pixel intensity (i.e, a high SD). Conversely, in cells
where autophagy is not occurring, GFP-LC3 is uniformly dis-
tributed throughout the cytosol and a variation in pixel inten-
sity 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 precur-
sors to autophagosomes, as well as on amphisomes and phago-
somes (see Western blotting and ubiquitin-like protein
conjugation systems).'*>*>>>**> 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.’”®* Thus, the use of additional
markers is necessary to specify the identity of an LC3-positive
structure; for example, ATGI12-ATG5-ATG16L1 would be
present on a phagophore, but not an autophagosome, and t