UCSF
UC San Francisco Previously Published Works

Title

Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition)

Permalink

Ihttps://escholarship.org/uc/item/75g75986|

Journal

Autophagy, 12(1)

ISSN
1554-8627

Authors

Klionsky, Daniel J
Abdelmohsen, Kotb
Abe, Akihisa

Publication Date
2016-01-02

DOI
10.1080/15548627.2015.1100356

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-NonCommercial-

NoDerivatives License, available at |https://creativecommons.orgé licenses/bv—nc—nd/‘l.O/i

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/75g75986
https://escholarship.org/uc/item/75g75986#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

I? Autophagy == Taylor & Francis
Voo 13t 11 3008 Taylor & Francis Group

Autophagy

@ |SSN: 1554-8627 (Print) 1554-8635 (Online) Journal homepage: http://www.tandfonline.com/loi/kaup20

Guidelines for the use and interpretation of assays
for monitoring autophagy (3rd edition)

Daniel J Klionsky, Kotb Abdelmohsen, Akihisa Abe, Md Joynal Abedin,

Hagai Abeliovich, Abraham Acevedo Arozena, Hiroaki Adachi, Christopher
M Adams, Peter D Adams, Khosrow Adeli, Peter ] Adhihetty, Sharon G
Adler, Galila Agam, Rajesh Agarwal, Manish K Aghi, Maria Agnello, Patrizia
Agostinis, Patricia V Aguilar, Julio Aguirre-Ghiso, Edoardo M Airoldi, Slimane
Ait-Si-Ali, Takahiko Akematsu, Emmanuel T Akporiaye, Mohamed Al-Rubeai,
Guillermo M Albaiceta, Chris Albanese, Diego Albani, Matthew L Albert,
Jesus Aldudo, Hana Algul, Mehrdad Alirezaei, Iraide Alloza, Alexandru
Almasan, Maylin Almonte-Beceril, Emad S Alnemri, Covadonga Alonso,
Nihal Altan-Bonnet, Dario C Altieri, Silvia Alvarez, Lydia Alvarez-Erviti,
Sandro Alves, Giuseppina Amadoro, Atsuo Amano, Consuelo Amantini,
Santiago Ambrosio, Ivano Amelio, Amal O Amer, Mohamed Amessou,
Angelika Amon, Zhenyi An, Frank A Anania, Stig U Andersen, Usha P Andley,
Catherine K Andreadi, Nathalie Andrieu-Abadie, Alberto Anel, David K Ann,
Shailendra Anoopkumar-Dukie, Manuela Antonioli, Hiroshi Aoki, Nadezda
Apostolova, Saveria Aquila, Katia Aquilano, Koichi Araki, Eli Arama, Agustin
Aranda, Jun Araya, Alexandre Arcaro, Esperanza Arias, Hirokazu Arimoto,
Aileen R Ariosa, Jane L Armstrong, Thierry Arnould, lvica Arsov, Katsuhiko
Asanuma, Valerie Askanas, Eric Asselin, Ryuichiro Atarashi, Sally S Atherton,
Julie D Atkin, Laura D Attardi, Patrick Auberger, Georg Auburger, Laure
Aurelian, Riccardo Autelli, Laura Avagliano, Maria Laura Avantaggiati,
Limor Avrahami, Suresh Awale, Neelam Azad, Tiziana Bachetti, Jonathan

M Backer, Dong-Hun Bae, Jae-sung Bae, Ok-Nam Bae, Soo Han Bae, Eric H
Baehrecke, Seung-Hoon Baek, Stephen Baghdiguian, Agnieszka Bagniewska-
Zadworna, Hua Bai, Jie Bai, Xue-Yuan Bai, Yannick Bailly, Kithiganahalli
Narayanaswamy Balaji, Walter Balduini, Andrea Ballabio, Rena Balzan,
Rajkumar Banerjee, Gabor Banhegyi, Haijun Bao, Benoit Barbeau, Maria

D Barrachina, Esther Barreiro, Bonnie Bartel, Alberto Bartolomé, Diane C
Bassham, Maria Teresa Bassi, Robert C Bast Jr, Alakananda Basu, Maria
Teresa Batista, Henri Batoko, Maurizio Battino, Kyle Bauckman, Bradley L
Baumgarner, K Ulrich Bayer, Rupert Beale, Jean-Francois Beaulieu, George
R. Beck Jr, Christoph Becker, ] David Beckham, Pierre-André Bédard, Patrick
J Bednarski, Thomas ] Begley, Christian Behl, Christian Behrends, Georg MN
Behrens, Kevin E Behrns, Eloy Bejarano, Amine Belaid, Francesca Belleudi,
Giovanni Bénard, Guy Berchem, Daniele Bergamaschi, Matteo Bergami, Ben
Berkhout, Laura Berliocchi, Amélie Bernard, Monique Bernard, Francesca
Bernassola, Anne Bertolotti, Amanda S Bess, Sébastien Besteiro, Saverio
Bettuzzi, Savita Bhalla, Shalmoli Bhattacharyya, Sujit K Bhutia, Caroline
Biagosch, Michele Wolfe Bianchi, Martine Biard-Piechaczyk, Viktor Billes,
Claudia Bincoletto, Baris Bingol, Sara W Bird, Marc Bitoun, Ivana Bjedoy,
Craig Blackstone, Lionel Blanc, Guillermo A Blanco, Heidi Kiil Blomhoff,


http://www.tandfonline.com/loi/kaup20

Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Emilio Boada-Romero, Stefan Boéckler, Marianne Boes, Kathleen Boesze-
Battaglia, Lawrence H Boise, Alessandra Bolino, Andrea Boman, Paolo
Bonaldo, Matteo Bordi, Jurgen Bosch, Luis M Botana, Joelle Botti, German
Bou, Marina Bouché, Marion Bouchecareilh, Marie-Josée Boucher, Michael
E Boulton, Sebastien G Bouret, Patricia Boya, Michaél Boyer-Guittaut, Peter
V Bozhkov, Nathan Brady, Vania MM Braga, Claudio Brancolini, Gerhard H
Braus, José M Bravo-San Pedro, Lisa A Brennan, Emery H Bresnick, Patrick
Brest, Dave Bridges, Marie-Agnés Bringer, Marisa Brini, Glauber C Brito,
Bertha Brodin, Paul S Brookes, Eric ] Brown, Karen Brown, Hal E Broxmeyer,
Alain Bruhat, Patricia Chakur Brum, John H Brumell, Nicola Brunetti-Pierri,
Robert ] Bryson-Richardson, Shilpa Buch, Alastair M Buchan, Hikmet Budak,
Dmitry V Bulavin, Scott ] Bultman, Geert Bultynck, Vladimir Bumbasirevic,
Yan Burelle, Robert E Burke, Margit Burmeister, Peter Butikofer, Laura
Caberlotto, Ken Cadwell, Monika Cahova, Dongsheng Cai, Jingjing Cai, Qian
Cai, Sara Calatayud, Nadine Camougrand, Michelangelo Campanella, Grant
R Campbell, Matthew Campbell, Silvia Campello, Robin Candau, Isabella
Caniggia, Lavinia Cantoni, Lizhi Cao, Allan B Caplan, Michele Caraglia,
Claudio Cardinali, Sandra Morais Cardoso, Jennifer S Carew, Laura A
Carleton, Cathleen R Carlin, Silvia Carloni, Sven R Carlsson, Didac Carmona-
Gutierrez, Leticia AM Carneiro, Oliana Carnevali, Serena Carra, Alice Carrier,
Bernadette Carroll, Caty Casas, Josefina Casas, Giuliana Cassinelli, Perrine
Castets, Susana Castro-Obregon, Gabriella Cavallini, Isabella Ceccherini,
Francesco Cecconi, Arthur | Cederbaum, Valentin Cefia, Simone Cenci,
Claudia Cerella, Davide Cervia, Silvia Cetrullo, Hassan Chaachouay, Han-
Jung Chae, Andrei S Chagin, Chee-Yin Chai, Gopal Chakrabarti, Georgios
Chamilos, Edmond YW Chan, Matthew TV Chan, Dhyan Chandra, Pallavi
Chandra, Chih-Peng Chang, Raymond Chuen-Chung Chang, Ta Yuan Chang,
John C Chatham, Saurabh Chatterjee, Santosh Chauhan, Yongsheng Che,
Michael E Cheetham, Rajkumar Cheluvappa, Chun-jung Chen, Gang Chen,
Guang-Chao Chen, Guogiang Chen, Hongzhuan Chen, Jeff W Chen, Jian-
Kang Chen, Min Chen, Mingzhou Chen, Peiwen Chen, Qi Chen, Quan Chen,
Shang-Der Chen, Si Chen, Steve S-L Chen, Wei Chen, Wei-Jung Chen, Wen
Qiang Chen, Wenli Chen, Xiangmei Chen, Yau-Hung Chen, Ye-Guang Chen,
Yin Chen, Yingyu Chen, Yongshun Chen, Yu-Jen Chen, Yue-Qin Chen, Yujie
Chen, Zhen Chen, Zhong Chen, Alan Cheng, Christopher HK Cheng, Hua
Cheng, Heesun Cheong, Sara Cherry, Jason Chesney, Chun Hei Antonio
Cheung, Eric Chevet, Hsiang Cheng Chi, Sung-Gil Chi, Fulvio Chiacchiera,
Hui-Ling Chiang, Roberto Chiarelli, Mario Chiariello, Marcello Chieppa, Lih-
Shen Chin, Mario Chiong, Gigi NC Chiu, Dong-Hyung Cho, Ssang-Goo Cho,
William C Cho, Yong-Yeon Cho, Young-Seok Cho, Augustine MK Choi, Eui-

Ju Choi, Eun-Kyoung Choi, Jayoung Choi, Mary E Choi, Seung-Il Choi, Tsui-
Fen Chou, Salem Chouaib, Divaker Choubey, Vinay Choubey, Kuan-Chih
Chow, Kamal Chowdhury, Charleen T Chu, Tsung-Hsien Chuang, Taehoon
Chun, Hyewon Chung, Taijoon Chung, Yuen-Li Chung, Yong-Joon Chwae,
Valentina Cianfanelli, Roberto Ciarcia, Iwona A Ciechomska, Maria Rosa
Ciriolo, Mara Cirone, Sofie Claerhout, Michael J Clague, Joan Claria, Peter
GH Clarke, Robert Clarke, Emilio Clementi, Cédric Cleyrat, Miriam Cnop,
Eliana M Coccia, Tiziana Cocco, Patrice Codogno, J6rn Coers, Ezra EW Cohen,
David Colecchia, Luisa Coletto, Nuria S Coll, Emma Colucci-Guyon, Sergio
Comincini, Maria Condello, Katherine L Cook, Graham H Coombs, Cynthia
D Cooper, ] Mark Cooper, Isabelle Coppens, Maria Tiziana Corasaniti, Marco
Corazzari, Ramon Corbalan, Elisabeth Corcelle-Termeau, Mario D Cordero,
Cristina Corral-Ramos, Olga Corti, Andrea Cossarizza, Paola Costelli, Safia
Costes, Susan L Cotman, Ana Coto-Montes, Sandra Cottet, Eduardo Couve,
Lori R Covey, L Ashley Cowart, Jeffery S Cox, Fraser P Coxon, Carolyn B
Coyne, Mark S Cragg, Rolf ] Craven, Tiziana Crepaldi, Jose L Crespo, Alfredo



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Criollo, Valeria Crippa, Maria Teresa Cruz, Ana Maria Cuervo, Jose M Cuezva,
Taixing Cui, Pedro R Cutillas, Mark ] Czaja, Maria F Czyzyk-Krzeska, Ruben

K Dagda, Uta Dahmen, Chunsun Dai, Wenjie Dai, Yun Dai, Kevin N Dalby,
Luisa Dalla Valle, Guillaume Dalmasso, Marcello D'Amelio, Markus Damme,
Arlette Darfeuille-Michaud, Catherine Dargemont, Victor M Darley-Usmar,
Srinivasan Dasarathy, Biplab Dasgupta, Srikanta Dash, Crispin R Dass, Hazel
Marie Davey, Lester M Davids, David Davila, Roger ] Davis, Ted M Dawson,
Valina L Dawson, Paula Daza, Jackie de Belleroche, Paul de Figueiredo,
Regina Celia Bressan Queiroz de Figueiredo, José de la Fuente, Luisa De
Martino, Antonella De Matteis, Guido RY De Meyer, Angelo De Milito, Mauro
De Santi, Wanderley de Souza, Vincenzo De Tata, Daniela De Zio, Jayanta
Debnath, Reinhard Dechant, Jean-Paul Decuypere, Shane Deegan, Benjamin
Dehay, Barbara Del Bello, Dominic P Del Re, Régis Delage-Mourroux, Lea
MD Delbridge, Louise Deldicque, Elizabeth Delorme-Axford, Yizhen Deng,
Joern Dengjel, Melanie Denizot, Paul Dent, Channing ] Der, Vojo Deretic,
Benoit Derrien, Eric Deutsch, Timothy P Devarenne, Rodney ] Devenish,
Sabrina Di Bartolomeo, Nicola Di Daniele, Fabio Di Domenico, Alessia Di
Nardo, Simone Di Paola, Antonio Di Pietro, Livia Di Renzo, Aaron DiAntonio,
Guillermo Diaz-Araya, Ines Diaz-Laviada, Maria T Diaz-Meco, Javier Diaz-
Nido, Chad A Dickey, Robert C Dickson, Marc Diederich, Paul Digard, Ivan
Dikic, Savithrama P Dinesh-Kumar, Chan Ding, Wen-Xing Ding, Zufeng Ding,
Luciana Dini, Jérg HW Distler, Abhinav Diwan, Mojgan Djavaheri-Mergny,
Kostyantyn Dmytruk, Renwick CJ Dobson, Volker Doetsch, Karol Dokladny,
Svetlana Dokudovskaya, Massimo Donadelli, X Charlie Dong, Xiaonan

Dong, Zheng Dong, Terrence M Donohue Jr, Kelly S Doran, Gabriella D'Orazi,
Gerald W Dorn Il, Victor Dosenko, Sami Dridi, Liat Drucker, Jie Du, Li-Lin

Du, Lihuan Du, André du Toit, Priyamvada Dua, Lei Duan, Pu Duann, Vikash
Kumar Dubey, Michael R Duchen, Michel A Duchosal, Helene Duez, Isabelle
Dugail, Verdnica | Dumit, Mara C Duncan, Elaine A Dunlop, William A Dunn
Jr, Nicolas Dupont, Luc Dupuis, Raul V Duran, Thomas M Durcan, Stéphane
Duvezin-Caubet, Umamaheswar Duvvuri, Vinay Eapen, Darius Ebrahimi-
Fakhari, Arnaud Echard, Leopold Eckhart, Charles L Edelstein, Aimee L
Edinger, Ludwig Eichinger, Tobias Eisenberg, Avital Eisenberg-Lerner, N
Tony Eissa, Wafik S El-Deiry, Victoria El-Khoury, Zvulun Elazar, Hagit Eldar-
Finkelman, Chris JH Elliott, Enzo Emanuele, Urban Emmenegger, Nikolai
Engedal, Anna-Mart Engelbrecht, Simone Engelender, Jorrit M Enserink, Ralf
Erdmann, Jekaterina Erenpreisa, Rajaraman Eri, Jason L Eriksen, Andreja
Erman, Ricardo Escalante, Eeva-Liisa Eskelinen, Lucile Espert, Lorena
Esteban-Martinez, Thomas ] Evans, Mario Fabri, Gemma Fabrias, Cinzia
Fabrizi, Antonio Facchiano, Nils ] Feergeman, Alberto Faggioni, W Douglas
Fairlie, Chunhai Fan, Daping Fan, Jie Fan, Shengyun Fang, Manolis Fanto,
Alessandro Fanzani, Thomas Farkas, Mathias Faure, Francois B Favier,
Howard Fearnhead, Massimo Federici, Erkang Fei, Tania C Felizardo, Hua
Feng, Yibin Feng, Yuchen Feng, Thomas A Ferguson, Alvaro F Fernandez,
Maite G Fernandez-Barrena, Jose C Fernandez-Checa, Arsenio Fernandez-
Lépez, Martin E Fernandez-Zapico, Olivier Feron, Elisabetta Ferraro, Carmen
Verissima Ferreira-Halder, Laszlo Fesus, Ralph Feuer, Fabienne C Fiesel,
Eduardo C Filippi-Chiela, Giuseppe Filomeni, Gian Maria Fimia, John H
Fingert, Steven Finkbeiner, Toren Finkel, Filomena Fiorito, Paul B Fisher,
Marc Flajolet, Flavio Flamigni, Oliver Florey, Salvatore Florio, R Andres Floto,
Marco Folini, Carlo Follo, Edward A Fon, Francesco Fornai, Franco Fortunato,
Alessandro Fraldi, Rodrigo Franco, Arnaud Francois, Aurélie Francois, Lisa

B Frankel, lain DC Fraser, Norbert Frey, Damien G Freyssenet, Christian
Frezza, Scott L Friedman, Daniel E Frigo, Dongxu Fu, José M Fuentes, Juan
Fueyo, Yoshio Fujitani, Yuuki Fujiwara, Mikihiro Fujiya, Mitsunori Fukuda,
Simone Fulda, Carmela Fusco, Bozena Gabryel, Matthias Gaestel, Philippe



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Gailly, Malgorzata Gajewska, Sehamuddin Galadari, Gad Galili, Inmaculada
Galindo, Maria F Galindo, Giovanna Galliciotti, Lorenzo Galluzzi, Luca
Galluzzi, Vincent Galy, Noor Gammoh, Sam Gandy, Anand K Ganesan,
Swamynathan Ganesan, lan G Ganley, Monique Gannagé, Fen-Biao Gao,
Feng Gao, Jian-Xin Gao, Lorena Garcia Nannig, Eleonora Garcia Véscovi,
Marina Garcia-Macia, Carmen Garcia-Ruiz, Abhishek D Garg, Pramod Kumar
Garg, Ricardo Gargini, Nils Christian Gassen, Damian Gatica, Evelina Gatti,
Julie Gavard, Evripidis Gavathiotis, Liang Ge, Pengfei Ge, Shengfang Ge,
Po-Wu Gean, Vania Gelmetti, Armando A Genazzani, Jiefei Geng, Pascal
Genschik, Lisa Gerner, Jason E Gestwicki, David A Gewirtz, Saeid Ghavami,
Eric Ghigo, Debabrata Ghosh, Anna Maria Giammarioli, Francesca Giampieri,
Claudia Giampietri, Alexandra Giatromanolaki, Derrick ] Gibbings, Lara
Gibellini, Spencer B Gibson, Vanessa Ginet, Antonio Giordano, Flaviano
Giorgini, Elisa Giovannetti, Stephen E Girardin, Suzana Gispert, Sandy
Giuliano, Candece L Gladson, Alvaro Glavic, Martin Gleave, Nelly Godefroy,
Robert M Gogal Jr, Kuppan Gokulan, Gustavo H Goldman, Delia Goletti,
Michael S Goligorsky, Aldrin V Gomes, Ligia C Gomes, Hernando Gomez,
Candelaria Gomez-Manzano, Rubén Gémez-Sanchez, Dawit AP Gongalves,
Ebru Goncu, Qingqgiu Gong, Céline Gongora, Carlos B Gonzalez, Pedro
Gonzalez-Alegre, Pilar Gonzalez-Cabo, Rosa Ana Gonzalez-Polo, Ing Swie
Goping, Carlos Gorbea, Nikolai V Gorbunov, Daphne R Goring, Adrienne

M Gorman, Sharon M Gorski, Sandro Goruppi, Shino Goto-Yamada,

Cecilia Gotor, Roberta A Gottlieb, lllana Gozes, Devrim Gozuacik, Yacine
Graba, Martin Graef, Giovanna E Granato, Gary Dean Grant, Steven Grant,
Giovanni Luca Gravina, Douglas R Green, Alexander Greenhough, Michael T
Greenwood, Benedetto Grimaldi, Frédéric Gros, Charles Grose, Jean-Francois
Groulx, Florian Gruber, Paolo Grumati, Tilman Grune, Jun-Lin Guan, Kun-
Liang Guan, Barbara Guerra, Carlos Guillen, Kailash Gulshan, Jan Gunst,
Chuanyong Guo, Lei Guo, Ming Guo, Wenjie Guo, Xu-Guang Guo, Andrea

A Gust, Asa B Gustafsson, Elaine Gutierrez, Maximiliano G Gutierrez, Ho-
Shin Gwak, Albert Haas, James E Haber, Shinji Hadano, Monica Hagedorn,
David R Hahn, Andrew ] Halayko, Anne Hamacher-Brady, Kozo Hamada,
Ahmed Hamai, Andrea Hamann, Maho Hamasaki, Isabelle Hamer, Qutayba
Hamid, Ester M Hammond, Feng Han, Weidong Han, James T Handa, John
A Hanover, Malene Hansen, Masaru Harada, Ljubica Harhaji-Trajkovic, J
Wade Harper, Abdel Halim Harrath, Adrian L Harris, James Harris, Udo
Hasler, Peter Hasselblatt, Kazuhisa Hasui, Robert G Hawley, Teresa S Hawley,
Congcong He, Cynthia Y He, Fengtian He, Gu He, Rong-Rong He, Xian-Hui
He, You-Wen He, Yu-Ying He, Joan K Heath, Marie-Josée Hébert, Robert A
Heinzen, Gudmundur Vignir Helgason, Michael Hensel, Elizabeth P Henske,
Chengtao Her, Paul K Herman, Agustin Hernandez, Carlos Hernandez,
Sonia Hernandez-Tiedra, Claudio Hetz, P Robin Hiesinger, Katsumi Higaki,
Sabine Hilfiker, Bradford G Hill, Joseph A Hill, William D Hill, Keisuke Hino,
Daniel Hofius, Paul Hofman, Glinter U Hoglinger, J6rg Hohfeld, Marina

K Holz, Yonggeun Hong, David A Hood, Jeroen JM Hoozemans, Thorsten
Hoppe, Chin Hsu, Chin-Yuan Hsu, Li-Chung Hsu, Dong Hu, Guochang Hu,
Hong-Ming Hu, Hongbo Hu, Ming Chang Hu, Yu-Chen Hu, Zhuo-Wei Hu,
Fang Hua, Ya Hua, Canhua Huang, Huey-Lan Huang, Kuo-How Huang, Kuo-
Yang Huang, Shile Huang, Shigian Huang, Wei-Pang Huang, Yi-Ran Huang,
Yong Huang, Yunfei Huang, Tobias B Huber, Patricia Huebbe, Won-Ki Huh,
Juha ] Hulmi, Gang Min Hur, James H Hurley, Zvenyslava Husak, Sabah

NA Hussain, Salik Hussain, Jung Jin Hwang, Seungmin Hwang, Thomas IS
Hwang, Atsuhiro Ichihara, Yuzuru Imai, Carol Imbriano, Megumi Inomata,
Takeshi Into, Valentina lovane, Juan L lovanna, Renato V lozzo, Nancy Y Ip,
Javier E Irazoqui, Pablo Iribarren, Yoshitaka Isaka, Aleksandra ] Isakovic,
Harry Ischiropoulos, Jeffrey S Isenberg, Mohammad Ishaq, Hiroyuki Ishida,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Isao Ishii, Jane E Ishmael, Ciro Isidoro, Ken-ichi Isobe, Erika Isono, Shohreh
Issazadeh-Navikas, Koji Itahana, Eisuke Itakura, Andrei | Ivanov, Anand
Krishnan V lyer, José M Izquierdo, Yotaro Izumi, Valentina lzzo, Marja
Jaattela, Nadia Jaber, Daniel John Jackson, William T Jackson, Tony George
Jacob, Thomas S Jacques, Chinnaswamy Jagannath, Ashish Jain, Nihar
Ranjan Jana, Byoung Kuk Jang, Alkesh Jani, Bassam Janiji, Paulo Roberto
Jannig, Patric ] Jansson, Steve Jean, Marina Jendrach, Ju-Hong Jeon, Niels
Jessen, Eui-Bae Jeung, Kailiang Jia, Lijun Jia, Hong Jiang, Hongchi Jiang,
Liwen Jiang, Teng Jiang, Xiaoyan Jiang, Xuejun Jiang, Xuejun Jiang, Ying Jiang,
Yongjun Jiang, Alberto Jiménez, Cheng Jin, Hongchuan Jin, Lei Jin, Meiyan Jin,
Shengkan Jin, Umesh Kumar Jinwal, Eun-Kyeong Jo, Terje Johansen, Daniel
E Johnson, Gail VW Johnson, James D Johnson, Eric Jonasch, Chris Jones,
Leo AB Joosten, Joaquin Jordan, Anna-Maria Joseph, Bertrand Joseph, Annie
M Joubert, Dianwen Ju, Jingfang Ju, Hsueh-Fen Juan, Katrin Juenemann,
Gabor Juhasz, Hye Seung Jung, Jae U Jung, Yong-Keun Jung, Heinz Jungbluth,
Matthew ] Justice, Barry Jutten, Nadeem O Kaakoush, Kai Kaarniranta,
Allen Kaasik, Tomohiro Kabuta, Bertrand Kaeffer, Katarina Kagedal, Alon
Kahana, Shingo Kajimura, Or Kakhlon, Manjula Kalia, Dhan V Kalvakolanu,
Yoshiaki Kamada, Konstantinos Kambas, Vitaliy O Kaminskyy, Harm H
Kampinga, Mustapha Kandouz, Chanhee Kang, Rui Kang, Tae-Cheon Kang,
Tomotake Kanki, Thirumala-Devi Kanneganti, Haruo Kanno, Anumantha
G Kanthasamy, Marc Kantorow, Maria Kaparakis-Liaskos, Orsolya Kapuy,
Vassiliki Karantza, Md Razaul Karim, Parimal Karmakar, Arthur Kaser,
Susmita Kaushik, Thomas Kawula, A Murat Kaynar, Po-Yuan Ke, Zun-Ji

Ke, John H Kehrl, Kate E Keller, Jongsook Kim Kemper, Anne K Kenworthy,
Oliver Kepp, Andreas Kern, Santosh Kesari, David Kessel, Robin Ketteler,
Isis do Carmo Kettelhut, Bilon Khambu, Muzamil Majid Khan, Vinoth KM
Khandelwal, Sangeeta Khare, Juliann G Kiang, Amy A Kiger, Akio Kihara,
Arianna L Kim, Cheol Hyeon Kim, Deok Ryong Kim, Do-Hyung Kim, Eung
Kweon Kim, Hye Young Kim, Hyung-Ryong Kim, Jae-Sung Kim, Jeong Hun
Kim, Jin Cheon Kim, Jin Hyoung Kim, Kwang Woon Kim, Michael D Kim,
Moon-Moo Kim, Peter K Kim, Seong Who Kim, Soo-Youl Kim, Yong-Sun
Kim, Yonghyun Kim, Adi Kimchi, Alec C Kimmelman, Tomonori Kimura,
Jason S King, Karla Kirkegaard, Vladimir Kirkin, Lorrie A Kirshenbaum,
Shuiji Kishi, Yasuo Kitajima, Katsuhiko Kitamoto, Yasushi Kitaoka, Kaio
Kitazato, Rudolf A Kley, Walter T Klimecki, Michael Klinkenberg, Jochen
Klucken, Helene Knaevelsrud, Erwin Knecht, Laura Knuppertz, Jiunn-Liang
Ko, Satoru Kobayashi, Jan C Koch, Christelle Koechlin-Ramonatxo, Ulrich
Koenig, Young Ho Koh, Katja Kéhler, Sepp D Kohlwein, Masato Koike,
Masaaki Komatsu, Eiki Kominami, Dexin Kong, Hee Jeong Kong, Eumorphia
G Konstantakou, Benjamin T Kopp, Tamas Korcsmaros, Laura Korhonen,
Viktor | Korolchuk, Nadya V Koshkina, Yanjun Kou, Michael | Koukourakis,
Constantinos Koumenis, Attila L Kovacs, Tibor Kovacs, Werner J Kovacs,
Daisuke Koya, Claudine Kraft, Dimitri Krainc, Helmut Kramer, Tamara
Kravic-Stevovic, Wilhelm Krek, Carole Kretz-Remy, Roswitha Krick, Malathi
Krishnamurthy, Janos Kriston-Vizi, Guido Kroemer, Michael C Kruer, Rejko
Kruger, Nicholas T Ktistakis, Kazuyuki Kuchitsu, Christian Kuhn, Addanki
Pratap Kumar, Anuj Kumar, Ashok Kumar, Deepak Kumar, Dhiraj Kumar,
Rakesh Kumar, Sharad Kumar, Mondira Kundu, Hsing-Jien Kung, Atsushi
Kuno, Sheng-Han Kuo, Jeff Kuret, Tino Kurz, Terry Kwok, Taeg Kyu Kwon,
Yong Tae Kwon, Irene Kyrmizi, Albert R La Spada, Frank Lafont, Tim Lahm,
Aparna Lakkaraju, Truong Lam, Trond Lamark, Steve Lancel, Terry H
Landowski, Darius JR Lane, Jon D Lane, Cinzia Lanzi, Pierre Lapaquette,
Louis R Lapierre, Jocelyn Laporte, Johanna Laukkarinen, Gordon W Laurie,
Sergio Lavandero, Lena Lavie, Matthew ] LaVoie, Betty Yuen Kwan Law,
Helen Ka-wai Law, Kelsey B Law, Robert Layfield, Pedro A Lazo, Laurent



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Le Cam, Karine G Le Roch, Hervé Le Stunff, Vijittra Leardkamolkarn, Marc
Lecuit, Byung-Hoon Lee, Che-Hsin Lee, Erinna F Lee, Gyun Min Lee, He-

Jin Lee, Hsinyu Lee, Jae Keun Lee, Jongdae Lee, Ju-hyun Lee, Jun Hee Lee,
Michael Lee, Myung-Shik Lee, Patty ] Lee, Sam W Lee, Seung-Jae Lee, Shiow-
Ju Lee, Stella Y Lee, Sug Hyung Lee, Sung Sik Lee, Sung-Joon Lee, Sunhee
Lee, Ying-Ray Lee, Yong ] Lee, Young H Lee, Christiaan Leeuwenburgh,
Sylvain Lefort, Renaud Legouis, Jinzhi Lei, Qun-Ying Lei, David A Leib, Gil
Leibowitz, Istvan Lekli, Stéphane D Lemaire, John ] Lemasters, Marius K
Lemberg, Antoinette Lemoine, Shuilong Leng, Guido Lenz, Paola Lenzi,
Lilach O Lerman, Daniele Lettieri Barbato, Julia I-Ju Leu, Hing Y Leung, Beth
Levine, Patrick A Lewis, Frank Lezoualc'h, Chi Li, Fagiang Li, Feng-jun Li,
Jun Li, Ke Li, Lian Li, Min Li, Min Li, Qiang Li, Rui Li, Sheng Li, Wei Li, Wei Li,
Xiaotao Li, Yumin Li, Jiqin Lian, Chengyu Liang, Qiangrong Liang, Yulin Liao,
Joana Liberal, Pawel P Liberski, Pearl Lie, Andrew P Lieberman, Hyunjung
Jade Lim, Kah-Leong Lim, Kyu Lim, Raquel T Lima, Chang-Shen Lin, Chiou-
Feng Lin, Fang Lin, Fangming Lin, Fu-Cheng Lin, Kui Lin, Kwang-Huei Lin, Pei-
Hui Lin, Tianwei Lin, Wan-Wan Lin, Yee-Shin Lin, Yong Lin, Rafael Linden,
Dan Lindholm, Lisa M Lindqvist, Paul Lingor, Andreas Linkermann, Lance
A Liotta, Marta M Lipinski, Vitor A Lira, Michael P Lisanti, Paloma B Liton,
Bo Liu, Chong Liu, Chun-Feng Liu, Fei Liu, Hung-Jen Liu, Jianxun Liu, Jing-
Jing Liu, Jing-Lan Liu, Ke Liu, Leyuan Liu, Liang Liu, Quentin Liu, Rong-Yu
Liu, Shiming Liu, Shuwen Liu, Wei Liu, Xian-De Liu, Xiangguo Liu, Xiao-Hong
Liu, Xinfeng Liu, Xu Liu, Xueqin Liu, Yang Liu, Yule Liu, Zexian Liu, Zhe Liu,
Juan P Liuzzi, Gérard Lizard, Mila Ljujic, Irfan ] Lodhi, Susan E Logue, Bal

L Lokeshwar, Yun Chau Long, Sagar Lonial, Benjamin Loos, Carlos L6pez-
Otin, Cristina Lépez-Vicario, Mar Lorente, Philip L Lorenzi, Péter Lérincz,
Marek Los, Michael T Lotze, Penny E Lovat, Binfeng Lu, Bo Lu, Jiahong Lu,
Qing Lu, She-Min Lu, Shuyan Lu, Yingying Lu, Frédéric Luciano, Shirley
Luckhart, John Milton Lucocq, Paula Ludovico, Aurelia Lugea, Nicholas W
Lukacs, Julian ] Lum, Anders H Lund, Honglin Luo, Jia Luo, Shougqing Luo,
Claudio Luparello, Timothy Lyons, Jianjie Ma, Yi Ma, Yong Ma, Zhenyi Ma,
Juliano Machado, Glaucia M Machado-Santelli, Fernando Macian, Gustavo
C Maclintosh, Jeffrey P MacKeigan, Kay F Macleod, John D MacMicking, Lee
Ann MacMillan-Crow, Frank Madeo, Muniswamy Madesh, Julio Madrigal-
Matute, Akiko Maeda, Tatsuya Maeda, Gustavo Maegawa, Emilia Maellaro,
Hannelore Maes, Marta Magarifios, Kenneth Maiese, Tapas K Maiti, Luigi
Maiuri, Maria Chiara Maiuri, Carl G Maki, Roland Malli, Walter Malorni,
Alina Maloyan, Fathia Mami-Chouaib, Na Man, Joseph D Mancias, Eva-
Maria Mandelkow, Michael A Mandell, Angelo A Manfredi, Serge N Manié,
Claudia Manzoni, Kai Mao, Zixu Mao, Zong-Wan Mao, Philippe Marambaud,
Anna Maria Marconi, Zvonimir Marelja, Gabriella Marfe, Marta Margeta,
Eva Margittai, Muriel Mari, Francesca V Mariani, Concepcio Marin, Sara
Marinelli, Guillermo Marifio, lIvanka Markovic, Rebecca Marquez, Alberto M
Martelli, Sascha Martens, Katie R Martin, Seamus ] Martin, Shaun Martin,
Miguel A Martin-Acebes, Paloma Martin-Sanz, Camille Martinand-Mari,
Wim Martinet, Jennifer Martinez, Nuria Martinez-Lopez, Ubaldo Martinez-
Outschoorn, Moisés Martinez-Velazquez, Marta Martinez-Vicente, Waleska
Kerllen Martins, Hirosato Mashima, James A Mastrianni, Giuseppe Matarese,
Paola Matarrese, Roberto Mateo, Satoaki Matoba, Naomichi Matsumoto,
Takehiko Matsushita, Akira Matsuura, Takeshi Matsuzawa, Mark P Mattson,
Soledad Matus, Norma Maugeri, Caroline Mauvezin, Andreas Mayer,
Dusica Maysinger, Guillermo D Mazzolini, Mary Kate McBrayer, Kimberly
McCall, Craig McCormick, Gerald M McInerney, Skye C Mclver, Sharon
McKenna, John ] McMahon, lain A McNeish, Fatima Mechta-Grigoriou, Jan
Paul Medema, Diego L Medina, Klara Megyeri, Maryam Mehrpour, Jawahar
L Mehta, Yide Mei, Ute-Christiane Meier, Alfred ] Meijer, Alicia Meléndez,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Gerry Melino, Sonia Melino, Edesio Jose Tenorio de Melo, Maria A Mena,
Marc D Meneghini, Javier A Menendez, Regina Menezes, Liesu Meng, Ling-
hua Meng, Songshu Meng, Rossella Menghini, A Sue Menko, Rubem FS
Menna-Barreto, Manoj B Menon, Marco A Meraz-Rios, Giuseppe Merla,
Luciano Merlini, Angelica M Merlot, Andreas Meryk, Stefania Meschini,

Joel N Meyer, Man-tian Mi, Chao-Yu Miao, Lucia Micale, Simon Michaeli,
Carine Michiels, Anna Rita Migliaccio, Anastasia Susie Mihailidou, Dalibor
Mijaljica, Katsuhiko Mikoshiba, Enrico Milan, Leonor Miller-Fleming, Gordon
B Mills, lan G Mills, Georgia Minakaki, Berge A Minassian, Xiu-Fen Ming,
Farida Minibayeva, Elena A Minina, Justine D Mintern, Saverio Minucci,
Antonio Miranda-Vizuete, Claire H Mitchell, Shigeki Miyamoto, Keisuke
Miyazawa, Noboru Mizushima, Katarzyna Mnich, Baharia Mograbi, Simin
Mohseni, Luis Ferreira Moita, Marco Molinari, Maurizio Molinari, Andreas
Buch Moller, Bertrand Mollereau, Faustino Mollinedo, Marco Mongillo,
Martha M Monick, Serena Montagnaro, Craig Montell, Darren ] Moore,
Michael N Moore, Rodrigo Mora-Rodriguez, Paula | Moreira, Etienne Morel,
Maria Beatrice Morelli, Sandra Moreno, Michael | Morgan, Arnaud Moris,
Yuji Moriyasu, Janna L Morrison, Lynda A Morrison, Eugenia Morselli, Jorge
Moscat, Pope L Moseley, Serge Mostowy, Elisa Motori, Denis Mottet, Jeremy
C Mottram, Charbel E-H Moussa, Vassiliki E Mpakou, Hasan Mukhtar, Jean
M Mulcahy Levy, Sylviane Muller, Raquel Mufioz-Moreno, Cristina Mufoz-
Pinedo, Christian Mlinz, Maureen E Murphy, James T Murray, Aditya Murthy,
Indira U Mysorekar, Ivan R Nabi, Massimo Nabissi, Gustavo A Nader,
Yukitoshi Nagahara, Yoshitaka Nagai, Kazuhiro Nagata, Anika Nagelkerke,
Péter Nagy, Samisubbu R Naidu, Sreejayan Nair, Hiroyasu Nakano,

Hitoshi Nakatogawa, Meera Nanjundan, Gennaro Napolitano, Naweed |
Naqvi, Roberta Nardacci, Derek P Narendra, Masashi Narita, Anna Chiara
Nascimbeni, Ramesh Natarajan, Luiz C Navegantes, Steffan T Nawrocki,
Taras Y Nazarko, Volodymyr Y Nazarko, Thomas Neill, Luca M Neri, Mihai

G Netea, Romana T Netea-Maier, Bruno M Neves, Paul A Ney, loannis P
Nezis, Hang TT Nguyen, Huu Phuc Nguyen, Anne-Sophie Nicot, Hilde Nilsen,
Per Nilsson, Mikio Nishimura, Ichizo Nishino, Mireia Niso-Santano, Hua

Niu, Ralph A Nixon, Vincent CO Njar, Takeshi Noda, Angelika A Noegel,

Elsie Magdalena Nolte, Erik Norberg, Koenraad K Norga, Sakineh Kazemi
Noureini, Shoji Notomi, Lucia Notterpek, Karin Nowikovsky, Nobuyuki
Nukina, Thorsten Nurnberger, Valerie B O'Donnell, Tracey O'Donovan, Peter
J O'Dwyer, Ina Oehme, Clara L Oeste, Michinaga Ogawa, Besim Ogretmen,
Yuji Ogura, Young ] Oh, Masaki Ohmuraya, Takayuki Ohshima, Rani Ojha,
Koji Okamoto, Toshiro Okazaki, F Javier Oliver, Karin Ollinger, Stefan
Olsson, Daniel P Orban, Paulina Ordonez, Idil Orhon, Laszlo Orosz, Eyleen J
O'Rourke, Helena Orozco, Angel L Ortega, Elena Ortona, Laura D Osellame,
Junko Oshima, Shigeru Oshima, Heinz D Osiewacz, Takanobu Otomo, Kinya
Otsu, Jing-hsiung James Ou, Tiago F Outeiro, Dong-yun Ouyang, Hongjiao
Ouyang, Michael Overholtzer, Michelle A Ozbun, P Hande Ozdinler, Bulent
Ozpolat, Consiglia Pacelli, Paolo Paganetti, Guyléne Page, Gilles Pages,

Ugo Pagnini, Beata Pajak, Stephen C Pak, Karolina Pakos-Zebrucka, Nazzy
Pakpour, Zdena Palkova, Francesca Palladino, Kathrin Pallauf, Nicolas Pallet,
Marta Palmieri, Seren R Paludan, Camilla Palumbo, Silvia Palumbo, Olatz
Pampliega, Hongming Pan, Wei Pan, Theocharis Panaretakis, Aseem Pandey,
Areti Pantazopoulou, Zuzana Papackova, Daniela L Papademetrio, Issidora
Papassideri, Alessio Papini, Nirmala Parajuli, Julian Pardo, Vrajesh V Parekh,
Giancarlo Parenti, Jong-In Park, Junsoo Park, Ohkmae K Park, Roy Parker,
Rosanna Parlato, Jan B Parys, Katherine R Parzych, Jean-Max Pasquet,
Benoit Pasquier, Kishore BS Pasumarthi, Daniel Patschan, Cam Patterson,
Sophie Pattingre, Scott Pattison, Arnim Pause, Hermann Pavenstadt,
Flaminia Pavone, Zully Pedrozo, Fernando ] Pefia, Miguel A Pefialva, Mario



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Pende, Jianxin Peng, Fabio Penna, Josef M Penninger, Anna Pensalfini,
Salvatore Pepe, Gustavo JS Pereira, Paulo C Pereira, Verdnica Pérez-de la
Cruz, Maria Esther Pérez-Pérez, Diego Pérez-Rodriguez, Dolores Pérez-Sala,
Celine Perier, Andras Perl, David H Perlmutter, Ida Perrotta, Shazib Pervaiz,
Maija Pesonen, Jeffrey E Pessin, Godefridus ] Peters, Morten Petersen, Irina
Petrache, Basil | Petrof, Goran Petrovski, James M Phang, Mauro Piacentini,
Marina Pierdominici, Philippe Pierre, Valérie Pierrefite-Carle, Federico
Pietrocola, Felipe X Pimentel-Muifios, Mario Pinar, Benjamin Pineda, Ronit
Pinkas-Kramarski, Marcello Pinti, Paolo Pinton, Bilal Piperdi, James M

Piret, Leonidas C Platanias, Harald W Platta, Edward D Plowey, Stefanie
Pdggeler, Marc Poirot, Peter Polcic, Angelo Poletti, Audrey H Poon, Hana
Popelka, Blagovesta Popova, I1zabela Poprawa, Shibu M Poulose, Joanna
Poulton, Scott K Powers, Ted Powers, Mercedes Pozuelo-Rubio, Krisna Prak,
Reinhild Prange, Mark Prescott, Muriel Priault, Sharon Prince, Richard

L Proia, Tassula Proikas-Cezanne, Holger Prokisch, Vasilis ] Promponas,
Karin Przyklenk, Rosa Puertollano, Subbiah Pugazhenthi, Luigi Puglielli,
Aurora Pujol, Julien Puyal, Dohun Pyeon, Xin Qi, Wen-bin Qian, Zheng-
Hong Qin, Yu Qiu, Ziwei Qu, Joe Quadrilatero, Frederick Quinn, Nina Raben,
Hannah Rabinowich, Flavia Radogna, Michael ) Ragusa, Mohamed Rahmani,
Komal Raina, Sasanka Ramanadham, Rajagopal Ramesh, Abdelhaq Rami,
Sarron Randall-Demllo, Felix Randow, Hai Rao, V Ashutosh Rao, Blake

B Rasmussen, Tobias M Rasse, Edward A Ratovitski, Pierre-Emmanuel
Rautou, Swapan K Ray, Babak Razani, Bruce H Reed, Fulvio Reggiori, Markus
Rehm, Andreas S Reichert, Theo Rein, David ] Reiner, Eric Reits, Jun Ren,
Xingcong Ren, Maurizio Renna, Jane EB Reusch, Jose L Revuelta, Leticia
Reyes, Alireza R Rezaie, Robert | Richards, Des R Richardson, Clémence
Richetta, Michael A Riehle, Bertrand H Rihn, Yasuko Rikihisa, Brigit E Riley,
Gerald Rimbach, Maria Rita Rippo, Konstantinos Ritis, Federica Rizzi,
Elizete Rizzo, Peter ] Roach, Jeffrey Robbins, Michel Roberge, Gabriela

Roca, Maria Carmela Roccheri, Sonia Rocha, Cecilia MP Rodrigues, Clara

| Rodriguez, Santiago Rodriguez de Cordoba, Natalia Rodriguez-Muela,
Jeroen Roelofs, Vladimir V Rogov, Troy T Rohn, Barbel Rohrer, Davide
Romanelli, Luigina Romani, Patricia Silvia Romano, M Isabel G Roncero,
Jose Luis Rosa, Alicia Rosello, Kirill V Rosen, Philip Rosenstiel, Magdalena
Rost-Roszkowska, Kevin A Roth, Gael Roué, Mustapha Rouis, Kasper M
Rouschop, Daniel T Ruan, Diego Ruano, David C Rubinsztein, Edmund B
Rucker Ill, Assaf Rudich, Emil Rudolf, Ruediger Rudolf, Markus A Ruegg,
Carmen Ruiz-Roldan, Avnika Ashok Ruparelia, Paola Rusmini, David W
Russ, Gian Luigi Russo, Giuseppe Russo, Rossella Russo, Tor Erik Rusten,
Victoria Ryabovol, Kevin M Ryan, Stefan W Ryter, David M Sabatini, Michael
Sacher, Carsten Sachse, Michael N Sack, Junichi Sadoshima, Paul Saftig,
Ronit Sagi-Eisenberg, Sumit Sahni, Pothana Saikumar, Tsunenori Saito,
Tatsuya Saitoh, Koichi Sakakura, Machiko Sakoh-Nakatogawa, Yasuhito
Sakuraba, Maria Salazar-Roa, Paolo Salomoni, Ashok K Saluja, Paul M
Salvaterra, Rosa Salvioli, Afshin Samali, Anthony M) Sanchez, José A Sanchez-
Alcazar, Ricardo Sanchez-Prieto, Marco Sandri, Miguel A Sanjuan, Stefano
Santaguida, Laura Santambrogio, Giorgio Santoni, Claudia Nunes dos
Santos, Shweta Saran, Marco Sardiello, Graeme Sargent, Pallabi Sarkar,
Sovan Sarkar, Maria Rosa Sarrias, Minnie M Sarwal, Chihiro Sasakawa,
Motoko Sasaki, Miklos Sass, Ken Sato, Miyuki Sato, Joseph Satriano, Niramol
Savaraj, Svetlana Saveljeva, Liliana Schaefer, Ulrich E Schaible, Michael
Scharl, Hermann M Schatzl, Randy Schekman, Wiep Scheper, Alfonso
Schiavi, Hyman M Schipper, Hana Schmeisser, Jens Schmidt, Ingo Schmitz,
Bianca E Schneider, E Marion Schneider, Jaime L Schneider, Eric A Schon,
Miriam ] Schénenberger, Axel H Schénthal, Daniel F Schorderet, Bernd
Schréder, Sebastian Schuck, Ryan | Schulze, Melanie Schwarten, Thomas L



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Schwarz, Sebastiano Sciarretta, Kathleen Scotto, A Ivana Scovassi, Robert
A Screaton, Mark Screen, Hugo Seca, Simon Sedej, Laura Segatori, Nava
Segev, Per O Seglen, Jose M Segui-Simarro, Juan Segura-Aguilar, Ekihiro
Seki, Christian Sell, Iban Selliez, Clay F Semenkovich, Gregg L Semenza,
Utpal Sen, Andreas L Serra, Ana Serrano-Puebla, Hiromi Sesaki, Takao
Setoguchi, Carmine Settembre, John J Shacka, Ayesha N Shajahan-Haq,
Irving M Shapiro, Shweta Sharma, Hua She, C-K James Shen, Chiung-Chyi
Shen, Han-Ming Shen, Sanbing Shen, Weili Shen, Rui Sheng, Xianyong
Sheng, Zu-Hang Sheng, Trevor G Shepherd, Junyan Shi, Qiang Shi, Qinghua
Shi, Yuguang Shi, Shusaku Shibutani, Kenichi Shibuya, Yoshihiro Shidoji,
Jeng-Jer Shieh, Chwen-Ming Shih, Yohta Shimada, Shigeomi Shimizu, Dong
Wook Shin, Mari L Shinohara, Michiko Shintani, Takahiro Shintani, Tetsuo
Shioi, Ken Shirabe, Ronit Shiri-Sverdlov, Orian Shirihai, Gordon C Shore,
Chih-Wen Shu, Deepak Shukla, Andriy A Sibirny, Valentina Sica, Christina ]
Sigurdson, Einar M Sigurdsson, Puran Singh Sijwali, Beata Sikorska, Wilian
A Silveira, Sandrine Silvente-Poirot, Gary A Silverman, Jan Simak, Thomas
Simmet, Anna Katharina Simon, Hans-Uwe Simon, Cristiano Simone, Matias
Simons, Anne Simonsen, Rajat Singh, Shivendra V Singh, Shrawan K Singh,
Debasish Sinha, Sangita Sinha, Frank A Sinicrope, Agnieszka Sirko, Kapil
Sirohi, Balindiwe JN Sishi, Annie Sittler, Parco M Siu, Efthimios Sivridis, Anna
Skwarska, Ruth Slack, Iva Slaninova, Nikolai Slavov, Soraya S Smaili, Keiran
SM Smalley, Duncan R Smith, Stefaan ] Soenen, Scott A Soleimanpour,
Anita Solhaug, Kumaravel Somasundaram, Jin H Son, Avinash Sonawane,
Chunjuan Song, Fuyong Song, Hyun Kyu Song, Ju-Xian Song, Wei Song, Kai
Y Soo, Anil K Sood, Tuck Wah Soong, Virawudh Soontornniyomkij, Maurizio
Sorice, Federica Sotgia, David R Soto-Pantoja, Areechun Sotthibundhu,
Maria Jodo Sousa, Herman P Spaink, Paul N Span, Anne Spang, Janet D
Sparks, Peter G Speck, Stephen A Spector, Claudia D Spies, Wolfdieter
Springer, Daret St Clair, Alessandra Stacchiotti, Bart Staels, Michael T
Stang, Daniel T Starczynowski, Petro Starokadomskyy, Clemens Steegborn,
John W Steele, Leonidas Stefanis, Joan Steffan, Christine M Stellrecht,
Harald Stenmark, Tomasz M Stepkowski, Stephan T Stern, Craig Stevens,
Brent R Stockwell, Veronika Stoka, Zuzana Storchova, Bjérn Stork, Vassilis
Stratoulias, Dimitrios ] Stravopodis, Pavel Strnad, Anne Marie Strohecker,
Anna-Lena Strém, Per Stromhaug, Jiri Stulik, Yu-Xiong Su, Zhaoliang Su,
Carlos S Subauste, Srinivasa Subramaniam, Carolyn M Sue, Sang Won Suh,
Xinbing Sui, Supawadee Sukseree, David Sulzer, Fang-Lin Sun, Jiaren Sun,
Jun Sun, Shi-Yong Sun, Yang Sun, Yi Sun, Yingjie Sun, Vinod Sundaramoorthy,
Joseph Sung, Hidekazu Suzuki, Kuninori Suzuki, Naoki Suzuki, Tadashi
Suzuki, Yuichiro ] Suzuki, Michele S Swanson, Charles Swanton, Karl
Sward, Ghanshyam Swarup, Sean T Sweeney, Paul W Sylvester, Zsuzsanna
Szatmari, Eva Szegezdi, Peter W Szlosarek, Heinrich Taegtmeyer, Marco
Tafani, Emmanuel Taillebourg, Stephen WG Tait, Krisztina Takacs-Vellai,
Yoshinori Takahashi, Szabolcs Takats, Genzou Takemura, Nagio Takigawa,
Nicholas ] Talbot, Elena Tamagno, Jerome Tamburini, Cai-Ping Tan, Lan Tan,
Mei Lan Tan, Ming Tan, Yee-Joo Tan, Keiji Tanaka, Masaki Tanaka, Daolin
Tang, Dingzhong Tang, Guomei Tang, Isei Tanida, Kunikazu Tanji, Bakhos

A Tannous, Jose A Tapia, Inmaculada Tasset-Cuevas, Marc Tatar, Iman
Tavassoly, Nektarios Tavernarakis, Allen Taylor, Graham S Taylor, Gregory A
Taylor, J Paul Taylor, Mark ] Taylor, Elena V Tchetina, Andrew R Tee, Fatima
Teixeira-Clerc, Sucheta Telang, Tewin Tencomnao, Ba-Bie Teng, Ru-Jeng
Teng, Faraj Terro, Gianluca Tettamanti, Arianne L Theiss, Anne E Theron,
Kelly Jean Thomas, Marcos P Thomé, Paul G Thomes, Andrew Thorburn,
Jeremy Thorner, Thomas Thum, Michael Thumm, Teresa LM Thurston, Ling
Tian, Andreas Till, Jenny Pan-yun Ting, Vladimir | Titorenko, Lilach Toker,
Stefano Toldo, Sharon A Tooze, Ivan Topisirovic, Maria Lyngaas Torgersen,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Liliana Torosantucci, Alicia Torriglia, Maria Rosaria Torrisi, Cathy Tournier,
Roberto Towns, Vladimir Trajkovic, Leonardo H Travassos, Gemma Triola,
Durga Nand Tripathi, Daniela Trisciuoglio, Rodrigo Troncoso, loannis P
Trougakos, Anita C Truttmann, Kuen-Jer Tsai, Mario P Tschan, Yi-Hsin Tseng,
Takayuki Tsukuba, Allan Tsung, Andrey S Tsvetkov, Shuiping Tu, Hsing-Yu
Tuan, Marco Tucci, David A Tumbarello, Boris Turk, Vito Turk, Robin FB
Turner, Anders A Tveita, Suresh C Tyagi, Makoto Ubukata, Yasuo Uchiyama,
Andrej Udelnow, Takashi Ueno, Midori Umekawa, Rika Umemiya-Shirafuiji,
Benjamin R Underwood, Christian Ungermann, Rodrigo P. Ureshino, Ryo
Ushioda, Vladimir N Uversky, Néstor L Uzcategui, Thomas Vaccari, Maria |
Vaccaro, Libuse Vachova, Helin Vakifahmetoglu-Norberg, Rut Valdor, Enza
Maria Valente, Francois Vallette, Angela M Valverde, Greet Van den Berghe,
Ludo Van Den Bosch, Gijs R van den Brink, F Gisou van der Goot, Ida ] van
der Klei, Luc JW van der Laan, Wouter G van Doorn, Marjolein van Egmond,
Kenneth L van Golen, Luc Van Kaer, Menno van Lookeren Campagne, Peter
Vandenabeele, Wim Vandenberghe, llse Vanhorebeek, Isabel Varela-Nieto,
M Helena Vasconcelos, Radovan Vasko, Demetrios G Vavvas, Ignacio Vega-
Naredo, Guillermo Velasco, Athanassios D Velentzas, Panagiotis D Velentzas,
Tibor Vellai, Edo Vellenga, Mikkel Holm Vendelbo, Kartik Venkatachalam,
Natascia Ventura, Salvador Ventura, Patricia ST Veras, Mireille Verdier,
Beata G Vertessy, Andrea Viale, Michel Vidal, Helena LA Vieira, Richard D
Vierstra, Nadarajah Vigneswaran, Neeraj Vij, Miquel Vila, Margarita Villar,
Victor H Villar, Joan Villarroya, Cécile Vindis, Giampietro Viola, Maria Teresa
Viscomi, Giovanni Vitale, Dan T Vogl, Olga V Voitsekhovskaja, Clarissa von
Haefen, Karin von Schwarzenberg, Daniel E Voth, Valérie Vouret-Craviari,
Kristina Vuori, Jatin M Vyas, Christian Waeber, Cheryl Lyn Walker, Mark J
Walker, Jochen Walter, Lei Wan, Xiangbo Wan, Bo Wang, Caihong Wang,
Chao-Yung Wang, Chengshu Wang, Chenran Wang, Chuangui Wang, Dong
Wang, Fen Wang, Fuxin Wang, Guanghui Wang, Hai-jie Wang, Haichao Wang,
Hong-Gang Wang, Hongmin Wang, Horng-Dar Wang, Jing Wang, Junjun
Wang, Mei Wang, Mei-Qing Wang, Pei-Yu Wang, Peng Wang, Richard C Wang,
Shuo Wang, Ting-Fang Wang, Xian Wang, Xiao-jia Wang, Xiao-Wei Wang, Xin
Wang, Xuejun Wang, Yan Wang, Yanming Wang, Ying Wang, Ying-Jan Wang,
Yipeng Wang, Yu Wang, Yu Tian Wang, Yuqing Wang, Zhi-Nong Wang, Pablo
Wappner, Carl Ward, Diane McVey Ward, Gary Warnes, Hirotaka Watada,
Yoshihisa Watanabe, Kei Watase, Timothy E Weaver, Colin D Weekes, Jiwu
Wei, Thomas Weide, Conrad C Weihl, Gunther Weindl, Simone Nardin Weis,
Longping Wen, Xin Wen, Yunfei Wen, Benedikt Westermann, Cornelia M
Weyand, Anthony R White, Eileen White, J Lindsay Whitton, Alexander J
Whitworth, Joélle Wiels, Franziska Wild, Manon E Wildenberg, Tom Wileman,
Deepti Srinivas Wilkinson, Simon Wilkinson, Dieter Willbold, Chris Williams,
Katherine Williams, Peter R Williamson, Konstanze F Winklhofer, Steven

S Witkin, Stephanie E Wohlgemuth, Thomas Wollert, Ernst ] Wolvetang,
Esther Wong, G William Wong, Richard W Wong, Vincent Kam Wai Wong,
Elizabeth A Woodcock, Karen L Wright, Chunlai Wu, Defeng Wu, Gen Sheng
Wu, Jian Wu, Junfang Wu, Mian Wu, Min Wu, Shengzhou Wu, William KK
Wu, Yaohua Wu, Zhenlong Wu, Cristina PR Xavier, Ramnik ] Xavier, Gui-Xian
Xia, Tian Xia, Weiliang Xia, Yong Xia, Hengyi Xiao, Jian Xiao, Shi Xiao, Wuhan
Xiao, Chuan-Ming Xie, Zhiping Xie, Zhonglin Xie, Maria Xilouri, Yuyan Xiong,
Chuanshan Xu, Congfeng Xu, Feng Xu, Haoxing Xu, Hongwei Xu, Jian Xu,
Jianzhen Xu, Jinxian Xu, Liang Xu, Xiaolei Xu, Yangqging Xu, Ye Xu, Zhi-Xiang
Xu, Ziheng Xu, Yu Xue, Takahiro Yamada, Ai Yamamoto, Koji Yamanaka,
Shunhei Yamashina, Shigeko Yamashiro, Bing Yan, Bo Yan, Xianghua Yan,
Zhen Yan, Yasuo Yanagi, Dun-Sheng Yang, Jin-Ming Yang, Liu Yang, Minghua
Yang, Pei-Ming Yang, Peixin Yang, Qian Yang, Wannian Yang, Wei Yuan Yang,
Xuesong Yang, Yi Yang, Ying Yang, Zhifen Yang, Zhihong Yang, Meng-Chao



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Yao, Pamela ] Yao, Xiaofeng Yao, Zhenyu Yao, Zhiyuan Yao, Linda S Yasui,
Mingxiang Ye, Barry Yedvobnick, Behzad Yeganeh, Elizabeth S Yeh, Patricia

L Yeyati, Fan Yi, Long Yi, Xiao-Ming Yin, Calvin K Yip, Yeong-Min Yoo, Young
Hyun Yoo, Seung-Yong Yoon, Ken-Ichi Yoshida, Tamotsu Yoshimori, Ken

H Young, Huixin Yu, Jane ] Yu, Jin-Tai Yu, Jun Yu, Li Yu, W Haung Yu, Xiao-
Fang Yu, Zhengping Yu, Junying Yuan, Zhi-Min Yuan, Beatrice YJT Yue, Jianbo
Yue, Zhenyu Yue, David N Zacks, Eldad Zacksenhaus, Nadia Zaffaroni, Tania
Zaglia, Zahra Zakeri, Vincent Zecchini, Jinsheng Zeng, Min Zeng, Qi Zeng,
Antonis S Zervos, Donna D Zhang, Fan Zhang, Guo Zhang, Guo-Chang Zhang,
Hao Zhang, Hong Zhang, Hong Zhang, Hongbing Zhang, Jian Zhang, Jian
Zhang, Jiangwei Zhang, Jianhua Zhang, Jing-pu Zhang, Li Zhang, Lin Zhang,
Lin Zhang, Long Zhang, Ming-Yong Zhang, Xiangnan Zhang, Xu Dong Zhang,
Yan Zhang, Yang Zhang, Yanjin Zhang, Yingmei Zhang, Yunjiao Zhang, Mei
Zhao, Wei-Li Zhao, Xiaonan Zhao, Yan G Zhao, Ying Zhao, Yongchao Zhao, Yu-
xia Zhao, Zhendong Zhao, Zhizhuang ) Zhao, Dexian Zheng, Xi-Long Zheng,
Xiaoxiang Zheng, Boris Zhivotovsky, Qing Zhong, Guang-Zhou Zhou, Guofei
Zhou, Huiping Zhou, Shu-Feng Zhou, Xu-jie Zhou, Hongxin Zhu, Hua Zhu,
Wei-Guo Zhu, Wenhua Zhu, Xiao-Feng Zhu, Yuhua Zhu, Shi-Mei Zhuang,
Xiaohong Zhuang, Elio Ziparo, Christos E Zois, Teresa Zoladek, Wei-Xing
Zong, Antonio Zorzano & Susu M Zughaier

To cite this article: Daniel ] Klionsky, Kotb Abdelmohsen, Akihisa Abe, Md Joynal Abedin,

Hagai Abeliovich, Abraham Acevedo Arozena, Hiroaki Adachi, Christopher M Adams, Peter D
Adams, Khosrow Adeli, Peter | Adhihetty, Sharon G Adler, Galila Agam, Rajesh Agarwal, Manish
K Aghi, Maria Agnello, Patrizia Agostinis, Patricia V Aguilar, Julio Aguirre-Ghiso, Edoardo M
Airoldi, Slimane Ait-Si-Ali, Takahiko Akematsu, Emmanuel T Akporiaye, Mohamed Al-Rubeai,
Guillermo M Albaiceta, Chris Albanese, Diego Albani, Matthew L Albert, Jesus Aldudo, Hana
Algul, Mehrdad Alirezaei, Iraide Alloza, Alexandru Almasan, Maylin Almonte-Beceril, Emad S
Alnemri, Covadonga Alonso, Nihal Altan-Bonnet, Dario C Altieri, Silvia Alvarez, Lydia Alvarez-
Erviti, Sandro Alves, Giuseppina Amadoro, Atsuo Amano, Consuelo Amantini, Santiago
Ambrosio, lvano Amelio, Amal O Amer, Mohamed Amessou, Angelika Amon, Zhenyi An,

Frank A Anania, Stig U Andersen, Usha P Andley, Catherine K Andreadi, Nathalie Andrieu-
Abadie, Alberto Anel, David K Ann, Shailendra Anoopkumar-Dukie, Manuela Antonioli, Hiroshi
Aoki, Nadezda Apostolova, Saveria Aquila, Katia Aquilano, Koichi Araki, Eli Arama, Agustin
Aranda, Jun Araya, Alexandre Arcaro, Esperanza Arias, Hirokazu Arimoto, Aileen R Ariosa,

Jane L Armstrong, Thierry Arnould, lvica Arsov, Katsuhiko Asanuma, Valerie Askanas, Eric
Asselin, Ryuichiro Atarashi, Sally S Atherton, Julie D Atkin, Laura D Attardi, Patrick Auberger,
Georg Auburger, Laure Aurelian, Riccardo Autelli, Laura Avagliano, Maria Laura Avantaggiati,
Limor Avrahami, Suresh Awale, Neelam Azad, Tiziana Bachetti, Jonathan M Backer, Dong-

Hun Bae, Jae-sung Bae, Ok-Nam Bae, Soo Han Bae, Eric H Baehrecke, Seung-Hoon Baek,
Stephen Baghdiguian, Agnieszka Bagniewska-Zadworna, Hua Bai, Jie Bai, Xue-Yuan Bai, Yannick
Bailly, Kithiganahalli Narayanaswamy Balaji, Walter Balduini, Andrea Ballabio, Rena Balzan,
Rajkumar Banerjee, Gabor Banhegyi, Haijun Bao, Benoit Barbeau, Maria D Barrachina, Esther
Barreiro, Bonnie Bartel, Alberto Bartolomé, Diane C Bassham, Maria Teresa Bassi, Robert C
Bast Jr, Alakananda Basu, Maria Teresa Batista, Henri Batoko, Maurizio Battino, Kyle Bauckman,
Bradley L Baumgarner, K Ulrich Bayer, Rupert Beale, Jean-Francois Beaulieu, George R. Beck
Jr, Christoph Becker, ] David Beckham, Pierre-André Bédard, Patrick ] Bednarski, Thomas ]
Begley, Christian Behl, Christian Behrends, Georg MN Behrens, Kevin E Behrns, Eloy Bejarano,
Amine Belaid, Francesca Belleudi, Giovanni Bénard, Guy Berchem, Daniele Bergamaschi,
Matteo Bergami, Ben Berkhout, Laura Berliocchi, Amélie Bernard, Monique Bernard, Francesca
Bernassola, Anne Bertolotti, Amanda S Bess, Sébastien Besteiro, Saverio Bettuzzi, Savita
Bhalla, Shalmoli Bhattacharyya, Sujit K Bhutia, Caroline Biagosch, Michele Wolfe Bianchi,
Martine Biard-Piechaczyk, Viktor Billes, Claudia Bincoletto, Baris Bingol, Sara W Bird, Marc
Bitoun, lvana Bjedov, Craig Blackstone, Lionel Blanc, Guillermo A Blanco, Heidi Kiil Blomhoff,
Emilio Boada-Romero, Stefan Bockler, Marianne Boes, Kathleen Boesze-Battaglia, Lawrence

H Boise, Alessandra Bolino, Andrea Boman, Paolo Bonaldo, Matteo Bordi, Jirgen Bosch,

Luis M Botana, Joelle Botti, German Bou, Marina Bouché, Marion Bouchecareilh, Marie-

Josée Boucher, Michael E Boulton, Sebastien G Bouret, Patricia Boya, Michaél Boyer-Guittaut,
Peter V Bozhkov, Nathan Brady, Vania MM Braga, Claudio Brancolini, Gerhard H Braus, José

M Bravo-San Pedro, Lisa A Brennan, Emery H Bresnick, Patrick Brest, Dave Bridges, Marie-



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Agnes Bringer, Marisa Brini, Glauber C Brito, Bertha Brodin, Paul S Brookes, Eric | Brown,
Karen Brown, Hal E Broxmeyer, Alain Bruhat, Patricia Chakur Brum, John H Brumell, Nicola
Brunetti-Pierri, Robert | Bryson-Richardson, Shilpa Buch, Alastair M Buchan, Hikmet Budak,
Dmitry V Bulavin, Scott ] Bultman, Geert Bultynck, Vladimir Bumbasirevic, Yan Burelle, Robert
E Burke, Margit Burmeister, Peter Butikofer, Laura Caberlotto, Ken Cadwell, Monika Cahova,
Dongsheng Cai, Jingjing Cai, Qian Cai, Sara Calatayud, Nadine Camougrand, Michelangelo
Campanella, Grant R Campbell, Matthew Campbell, Silvia Campello, Robin Candau, Isabella
Caniggia, Lavinia Cantoni, Lizhi Cao, Allan B Caplan, Michele Caraglia, Claudio Cardinali, Sandra
Morais Cardoso, Jennifer S Carew, Laura A Carleton, Cathleen R Carlin, Silvia Carloni, Sven R
Carlsson, Didac Carmona-Gutierrez, Leticia AM Carneiro, Oliana Carnevali, Serena Carra, Alice
Carrier, Bernadette Carroll, Caty Casas, Josefina Casas, Giuliana Cassinelli, Perrine Castets,
Susana Castro-Obregon, Gabriella Cavallini, Isabella Ceccherini, Francesco Cecconi, Arthur

| Cederbaum, Valentin Cefia, Simone Cenci, Claudia Cerella, Davide Cervia, Silvia Cetrullo,
Hassan Chaachouay, Han-Jung Chae, Andrei S Chagin, Chee-Yin Chai, Gopal Chakrabarti,
Georgios Chamilos, Edmond YW Chan, Matthew TV Chan, Dhyan Chandra, Pallavi Chandra,
Chih-Peng Chang, Raymond Chuen-Chung Chang, Ta Yuan Chang, John C Chatham, Saurabh
Chatterjee, Santosh Chauhan, Yongsheng Che, Michael E Cheetham, Rajkumar Cheluvappa,
Chun-Jung Chen, Gang Chen, Guang-Chao Chen, Guogiang Chen, Hongzhuan Chen, Jeff W
Chen, Jian-Kang Chen, Min Chen, Mingzhou Chen, Peiwen Chen, Qi Chen, Quan Chen, Shang-
Der Chen, Si Chen, Steve S-L Chen, Wei Chen, Wei-Jung Chen, Wen Qiang Chen, Wenli Chen,
Xiangmei Chen, Yau-Hung Chen, Ye-Guang Chen, Yin Chen, Yingyu Chen, Yongshun Chen, Yu-
Jen Chen, Yue-Qin Chen, Yujie Chen, Zhen Chen, Zhong Chen, Alan Cheng, Christopher HK
Cheng, Hua Cheng, Heesun Cheong, Sara Cherry, Jason Chesney, Chun Hei Antonio Cheung,
Eric Chevet, Hsiang Cheng Chi, Sung-Gil Chi, Fulvio Chiacchiera, Hui-Ling Chiang, Roberto
Chiarelli, Mario Chiariello, Marcello Chieppa, Lih-Shen Chin, Mario Chiong, Gigi NC Chiu,
Dong-Hyung Cho, Ssang-Goo Cho, William C Cho, Yong-Yeon Cho, Young-Seok Cho, Augustine
MK Choi, Eui-Ju Choi, Eun-Kyoung Choi, Jayoung Choi, Mary E Choi, Seung-Il Choi, Tsui-Fen
Chou, Salem Chouaib, Divaker Choubey, Vinay Choubey, Kuan-Chih Chow, Kamal Chowdhury,
Charleen T Chu, Tsung-Hsien Chuang, Taehoon Chun, Hyewon Chung, Taijoon Chung, Yuen-Li
Chung, Yong-Joon Chwae, Valentina Cianfanelli, Roberto Ciarcia, Iwona A Ciechomska, Maria
Rosa Ciriolo, Mara Cirone, Sofie Claerhout, Michael J Clague, Joan Claria, Peter GH Clarke,
Robert Clarke, Emilio Clementi, Cédric Cleyrat, Miriam Cnop, Eliana M Coccia, Tiziana Cocco,
Patrice Codogno, Jorn Coers, Ezra EW Cohen, David Colecchia, Luisa Coletto, Nuria S Coll,
Emma Colucci-Guyon, Sergio Comincini, Maria Condello, Katherine L Cook, Graham H Coombs,
Cynthia D Cooper, ] Mark Cooper, Isabelle Coppens, Maria Tiziana Corasaniti, Marco Corazzari,
Ramon Corbalan, Elisabeth Corcelle-Termeau, Mario D Cordero, Cristina Corral-Ramos, Olga
Corti, Andrea Cossarizza, Paola Costelli, Safia Costes, Susan L Cotman, Ana Coto-Montes,
Sandra Cottet, Eduardo Couve, Lori R Covey, L Ashley Cowart, Jeffery S Cox, Fraser P Coxon,
Carolyn B Coyne, Mark S Cragg, Rolf ] Craven, Tiziana Crepaldi, Jose L Crespo, Alfredo Criollo,
Valeria Crippa, Maria Teresa Cruz, Ana Maria Cuervo, Jose M Cuezva, Taixing Cui, Pedro R
Cutillas, Mark ) Czaja, Maria F Czyzyk-Krzeska, Ruben K Dagda, Uta Dahmen, Chunsun Dai,
Wenijie Dai, Yun Dai, Kevin N Dalby, Luisa Dalla Valle, Guillaume Dalmasso, Marcello D'Amelio,
Markus Damme, Arlette Darfeuille-Michaud, Catherine Dargemont, Victor M Darley-Usmar,
Srinivasan Dasarathy, Biplab Dasgupta, Srikanta Dash, Crispin R Dass, Hazel Marie Davey,
Lester M Davids, David Davila, Roger ] Davis, Ted M Dawson, Valina L Dawson, Paula Daza,
Jackie de Belleroche, Paul de Figueiredo, Regina Celia Bressan Queiroz de Figueiredo, José

de la Fuente, Luisa De Martino, Antonella De Matteis, Guido RY De Meyer, Angelo De Milito,
Mauro De Santi, Wanderley de Souza, Vincenzo De Tata, Daniela De Zio, Jayanta Debnath,
Reinhard Dechant, Jean-Paul Decuypere, Shane Deegan, Benjamin Dehay, Barbara Del Bello,
Dominic P Del Re, Régis Delage-Mourroux, Lea MD Delbridge, Louise Deldicque, Elizabeth
Delorme-Axford, Yizhen Deng, Joern Dengjel, Melanie Denizot, Paul Dent, Channing ] Der, Vojo
Deretic, Benoit Derrien, Eric Deutsch, Timothy P Devarenne, Rodney ] Devenish, Sabrina Di
Bartolomeo, Nicola Di Daniele, Fabio Di Domenico, Alessia Di Nardo, Simone Di Paola, Antonio
Di Pietro, Livia Di Renzo, Aaron DiAntonio, Guillermo Diaz-Araya, Ines Diaz-Laviada, Maria T
Diaz-Meco, Javier Diaz-Nido, Chad A Dickey, Robert C Dickson, Marc Diederich, Paul Digard,
Ivan Dikic, Savithrama P Dinesh-Kumar, Chan Ding, Wen-Xing Ding, Zufeng Ding, Luciana Dini,
Jorg HW Distler, Abhinav Diwan, Mojgan Djavaheri-Mergny, Kostyantyn Dmytruk, Renwick

C) Dobson, Volker Doetsch, Karol Dokladny, Svetlana Dokudovskaya, Massimo Donadelli, X
Charlie Dong, Xiaonan Dong, Zheng Dong, Terrence M Donohue Jr, Kelly S Doran, Gabriella
D'Orazi, Gerald W Dorn Il, Victor Dosenko, Sami Dridi, Liat Drucker, Jie Du, Li-Lin Du, Lihuan Du,
André du Toit, Priyamvada Dua, Lei Duan, Pu Duann, Vikash Kumar Dubey, Michael R Duchen,
Michel A Duchosal, Helene Duez, Isabelle Dugail, Verénica | Dumit, Mara C Duncan, Elaine

A Dunlop, William A Dunn Jr, Nicolas Dupont, Luc Dupuis, Raul V Duran, Thomas M Durcan,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Stéphane Duvezin-Caubet, Umamaheswar Duvvuri, Vinay Eapen, Darius Ebrahimi-Fakhari,
Arnaud Echard, Leopold Eckhart, Charles L Edelstein, Aimee L Edinger, Ludwig Eichinger,
Tobias Eisenberg, Avital Eisenberg-Lerner, N Tony Eissa, Wafik S El-Deiry, Victoria El-Khoury,
Zvulun Elazar, Hagit Eldar-Finkelman, Chris JH Elliott, Enzo Emanuele, Urban Emmenegger,
Nikolai Engedal, Anna-Mart Engelbrecht, Simone Engelender, Jorrit M Enserink, Ralf Erdmann,
Jekaterina Erenpreisa, Rajaraman Eri, Jason L Eriksen, Andreja Erman, Ricardo Escalante, Eeva-
Liisa Eskelinen, Lucile Espert, Lorena Esteban-Martinez, Thomas ) Evans, Mario Fabri, Gemma
Fabrias, Cinzia Fabrizi, Antonio Facchiano, Nils ] Feergeman, Alberto Faggioni, W Douglas Fairlie,
Chunhai Fan, Daping Fan, Jie Fan, Shengyun Fang, Manolis Fanto, Alessandro Fanzani, Thomas
Farkas, Mathias Faure, Francois B Favier, Howard Fearnhead, Massimo Federici, Erkang Fei,
Tania C Felizardo, Hua Feng, Yibin Feng, Yuchen Feng, Thomas A Ferguson, Alvaro F Fernandez,
Maite G Fernandez-Barrena, Jose C Fernandez-Checa, Arsenio Fernandez-Lépez, Martin E
Fernandez-Zapico, Olivier Feron, Elisabetta Ferraro, Carmen Verissima Ferreira-Halder, Laszlo
Fesus, Ralph Feuer, Fabienne C Fiesel, Eduardo C Filippi-Chiela, Giuseppe Filomeni, Gian Maria
Fimia, John H Fingert, Steven Finkbeiner, Toren Finkel, Filomena Fiorito, Paul B Fisher, Marc
Flajolet, Flavio Flamigni, Oliver Florey, Salvatore Florio, R Andres Floto, Marco Folini, Carlo
Follo, Edward A Fon, Francesco Fornai, Franco Fortunato, Alessandro Fraldi, Rodrigo Franco,
Arnaud Francois, Aurélie Francois, Lisa B Frankel, lain DC Fraser, Norbert Frey, Damien G
Freyssenet, Christian Frezza, Scott L Friedman, Daniel E Frigo, Dongxu Fu, José M Fuentes,
Juan Fueyo, Yoshio Fujitani, Yuuki Fujiwara, Mikihiro Fujiya, Mitsunori Fukuda, Simone Fulda,
Carmela Fusco, Bozena Gabryel, Matthias Gaestel, Philippe Gailly, Malgorzata Gajewska,
Sehamuddin Galadari, Gad Galili, Inmaculada Galindo, Maria F Galindo, Giovanna Galliciotti,
Lorenzo Galluzzi, Luca Galluzzi, Vincent Galy, Noor Gammoh, Sam Gandy, Anand K Ganesan,
Swamynathan Ganesan, lan G Ganley, Monique Gannagé, Fen-Biao Gao, Feng Gao, Jian-Xin
Gao, Lorena Garcia Nannig, Eleonora Garcia Véscovi, Marina Garcia-Macia, Carmen Garcia-
Ruiz, Abhishek D Garg, Pramod Kumar Garg, Ricardo Gargini, Nils Christian Gassen, Damian
Gatica, Evelina Gatti, Julie Gavard, Evripidis Gavathiotis, Liang Ge, Pengfei Ge, Shengfang

Ge, Po-Wu Gean, Vania Gelmetti, Armando A Genazzani, Jiefei Geng, Pascal Genschik, Lisa
Gerner, Jason E Gestwicki, David A Gewirtz, Saeid Ghavami, Eric Ghigo, Debabrata Ghosh,
Anna Maria Giammarioli, Francesca Giampieri, Claudia Giampietri, Alexandra Giatromanolaki,
Derrick ] Gibbings, Lara Gibellini, Spencer B Gibson, Vanessa Ginet, Antonio Giordano, Flaviano
Giorgini, Elisa Giovannetti, Stephen E Girardin, Suzana Gispert, Sandy Giuliano, Candece L
Gladson, Alvaro Glavic, Martin Gleave, Nelly Godefroy, Robert M Gogal Jr, Kuppan Gokulan,
Gustavo H Goldman, Delia Goletti, Michael S Goligorsky, Aldrin V Gomes, Ligia C Gomes,
Hernando Gomez, Candelaria Gomez-Manzano, Rubén Gomez-Sanchez, Dawit AP Gongalves,
Ebru Goncu, Qinggiu Gong, Céline Gongora, Carlos B Gonzalez, Pedro Gonzalez-Alegre, Pilar
Gonzalez-Cabo, Rosa Ana Gonzalez-Polo, Ing Swie Goping, Carlos Gorbea, Nikolai V Gorbunov,
Daphne R Goring, Adrienne M Gorman, Sharon M Gorski, Sandro Goruppi, Shino Goto-
Yamada, Cecilia Gotor, Roberta A Gottlieb, Illana Gozes, Devrim Gozuacik, Yacine Graba, Martin
Graef, Giovanna E Granato, Gary Dean Grant, Steven Grant, Giovanni Luca Gravina, Douglas

R Green, Alexander Greenhough, Michael T Greenwood, Benedetto Grimaldi, Frédéric Gros,
Charles Grose, Jean-Francois Groulx, Florian Gruber, Paolo Grumati, Tilman Grune, Jun-Lin
Guan, Kun-Liang Guan, Barbara Guerra, Carlos Guillen, Kailash Gulshan, Jan Gunst, Chuanyong
Guo, Lei Guo, Ming Guo, Wenjie Guo, Xu-Guang Guo, Andrea A Gust, Asa B Gustafsson, Elaine
Gutierrez, Maximiliano G Gutierrez, Ho-Shin Gwak, Albert Haas, James E Haber, Shinji Hadano,
Monica Hagedorn, David R Hahn, Andrew ] Halayko, Anne Hamacher-Brady, Kozo Hamada,
Ahmed Hamai, Andrea Hamann, Maho Hamasaki, Isabelle Hamer, Qutayba Hamid, Ester M
Hammond, Feng Han, Weidong Han, James T Handa, John A Hanover, Malene Hansen, Masaru
Harada, Ljubica Harhaji-Trajkovic, | Wade Harper, Abdel Halim Harrath, Adrian L Harris, James
Harris, Udo Hasler, Peter Hasselblatt, Kazuhisa Hasui, Robert G Hawley, Teresa S Hawley,
Congcong He, Cynthia Y He, Fengtian He, Gu He, Rong-Rong He, Xian-Hui He, You-Wen He, Yu-
Ying He, Joan K Heath, Marie-Josée Hébert, Robert A Heinzen, Gudmundur Vignir Helgason,
Michael Hensel, Elizabeth P Henske, Chengtao Her, Paul K Herman, Agustin Hernandez, Carlos
Hernandez, Sonia Hernandez-Tiedra, Claudio Hetz, P Robin Hiesinger, Katsumi Higaki, Sabine
Hilfiker, Bradford G Hill, Joseph A Hill, William D Hill, Keisuke Hino, Daniel Hofius, Paul Hofman,
Gunter U Hoglinger, Jorg Hohfeld, Marina K Holz, Yonggeun Hong, David A Hood, Jeroen JM
Hoozemans, Thorsten Hoppe, Chin Hsu, Chin-Yuan Hsu, Li-Chung Hsu, Dong Hu, Guochang
Hu, Hong-Ming Hu, Hongbo Hu, Ming Chang Hu, Yu-Chen Hu, Zhuo-Wei Hu, Fang Hua, Ya Hua,
Canhua Huang, Huey-Lan Huang, Kuo-How Huang, Kuo-Yang Huang, Shile Huang, Shigian
Huang, Wei-Pang Huang, Yi-Ran Huang, Yong Huang, Yunfei Huang, Tobias B Huber, Patricia
Huebbe, Won-Ki Huh, Juha J Hulmi, Gang Min Hur, James H Hurley, Zvenyslava Husak, Sabah
NA Hussain, Salik Hussain, Jung Jin Hwang, Seungmin Hwang, Thomas IS Hwang, Atsuhiro
Ichihara, Yuzuru Imai, Carol Imbriano, Megumi Inomata, Takeshi Into, Valentina lovane, Juan



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

L lovanna, Renato V lozzo, Nancy Y Ip, Javier E Irazoqui, Pablo Iribarren, Yoshitaka Isaka,
Aleksandra ] Isakovic, Harry Ischiropoulos, Jeffrey S Isenberg, Mohammad Ishaq, Hiroyuki
Ishida, Isao Ishii, Jane E Ishmael, Ciro Isidoro, Ken-ichi Isobe, Erika Isono, Shohreh Issazadeh-
Navikas, Koji Itahana, Eisuke Itakura, Andrei | lvanov, Anand Krishnan V lyer, José M Izquierdo,
Yotaro Izumi, Valentina Izzo, Marja Jaattela, Nadia Jaber, Daniel John Jackson, William T Jackson,
Tony George Jacob, Thomas S Jacques, Chinnaswamy Jagannath, Ashish Jain, Nihar Ranjan
Jana, Byoung Kuk Jang, Alkesh Jani, Bassam Janji, Paulo Roberto Jannig, Patric J Jansson, Steve
Jean, Marina Jendrach, Ju-Hong Jeon, Niels Jessen, Eui-Bae Jeung, Kailiang Jia, Lijun Jia, Hong
Jiang, Hongchi Jiang, Liwen Jiang, Teng Jiang, Xiaoyan Jiang, Xuejun Jiang, Xuejun Jiang, Ying
Jiang, Yongjun Jiang, Alberto Jiménez, Cheng Jin, Hongchuan Jin, Lei Jin, Meiyan Jin, Shengkan
Jin, Umesh Kumar Jinwal, Eun-Kyeong Jo, Terje Johansen, Daniel E Johnson, Gail VW Johnson,
James D Johnson, Eric Jonasch, Chris Jones, Leo AB Joosten, Joaquin Jordan, Anna-Maria Joseph,
Bertrand Joseph, Annie M Joubert, Dianwen Ju, Jingfang Ju, Hsueh-Fen Juan, Katrin Juenemann,
Gabor Juhasz, Hye Seung Jung, Jae U Jung, Yong-Keun Jung, Heinz Jungbluth, Matthew ] Justice,
Barry Jutten, Nadeem O Kaakoush, Kai Kaarniranta, Allen Kaasik, Tomohiro Kabuta, Bertrand
Kaeffer, Katarina Kagedal, Alon Kahana, Shingo Kajimura, Or Kakhlon, Manjula Kalia, Dhan V
Kalvakolanu, Yoshiaki Kamada, Konstantinos Kambas, Vitaliy O Kaminskyy, Harm H Kampinga,
Mustapha Kandouz, Chanhee Kang, Rui Kang, Tae-Cheon Kang, Tomotake Kanki, Thirumala-
Devi Kanneganti, Haruo Kanno, Anumantha G Kanthasamy, Marc Kantorow, Maria Kaparakis-
Liaskos, Orsolya Kapuy, Vassiliki Karantza, Md Razaul Karim, Parimal Karmakar, Arthur Kaser,
Susmita Kaushik, Thomas Kawula, A Murat Kaynar, Po-Yuan Ke, Zun-Ji Ke, John H Kehrl, Kate

E Keller, Jongsook Kim Kemper, Anne K Kenworthy, Oliver Kepp, Andreas Kern, Santosh

Kesari, David Kessel, Robin Ketteler, Isis do Carmo Kettelhut, Bilon Khambu, Muzamil Majid
Khan, Vinoth KM Khandelwal, Sangeeta Khare, Juliann G Kiang, Amy A Kiger, Akio Kihara,
Arianna L Kim, Cheol Hyeon Kim, Deok Ryong Kim, Do-Hyung Kim, Eung Kweon Kim, Hye
Young Kim, Hyung-Ryong Kim, Jae-Sung Kim, Jeong Hun Kim, Jin Cheon Kim, Jin Hyoung Kim,
Kwang Woon Kim, Michael D Kim, Moon-Moo Kim, Peter K Kim, Seong Who Kim, Soo-Youl

Kim, Yong-Sun Kim, Yonghyun Kim, Adi Kimchi, Alec C Kimmelman, Tomonori Kimura, Jason

S King, Karla Kirkegaard, Vladimir Kirkin, Lorrie A Kirshenbaum, Shuji Kishi, Yasuo Kitajima,
Katsuhiko Kitamoto, Yasushi Kitaoka, Kaio Kitazato, Rudolf A Kley, Walter T Klimecki, Michael
Klinkenberg, Jochen Klucken, Helene Knavelsrud, Erwin Knecht, Laura Knuppertz, Jiunn-Liang
Ko, Satoru Kobayashi, Jan C Koch, Christelle Koechlin-Ramonatxo, Ulrich Koenig, Young Ho
Koh, Katja Kéhler, Sepp D Kohlwein, Masato Koike, Masaaki Komatsu, Eiki Kominami, Dexin
Kong, Hee Jeong Kong, Eumorphia G Konstantakou, Benjamin T Kopp, Tamas Korcsmaros,
Laura Korhonen, Viktor | Korolchuk, Nadya V Koshkina, Yanjun Kou, Michael | Koukourakis,
Constantinos Koumenis, Attila L Kovacs, Tibor Kovacs, Werner | Kovacs, Daisuke Koya, Claudine
Kraft, Dimitri Krainc, Helmut Kramer, Tamara Kravic-Stevovic, Wilhelm Krek, Carole Kretz-Remy,
Roswitha Krick, Malathi Krishnamurthy, Janos Kriston-Vizi, Guido Kroemer, Michael C Kruer,
Rejko Kruger, Nicholas T Ktistakis, Kazuyuki Kuchitsu, Christian Kuhn, Addanki Pratap Kumar,
Anuj Kumar, Ashok Kumar, Deepak Kumar, Dhiraj Kumar, Rakesh Kumar, Sharad Kumar,
Mondira Kundu, Hsing-Jien Kung, Atsushi Kuno, Sheng-Han Kuo, Jeff Kuret, Tino Kurz, Terry
Kwok, Taeg Kyu Kwon, Yong Tae Kwon, Irene Kyrmizi, Albert R La Spada, Frank Lafont, Tim
Lahm, Aparna Lakkaraju, Truong Lam, Trond Lamark, Steve Lancel, Terry H Landowski, Darius
JR Lane, Jon D Lane, Cinzia Lanzi, Pierre Lapaquette, Louis R Lapierre, Jocelyn Laporte, Johanna
Laukkarinen, Gordon W Laurie, Sergio Lavandero, Lena Lavie, Matthew ] LaVoie, Betty Yuen
Kwan Law, Helen Ka-wai Law, Kelsey B Law, Robert Layfield, Pedro A Lazo, Laurent Le Cam,
Karine G Le Roch, Hervé Le Stunff, Vijittra Leardkamolkarn, Marc Lecuit, Byung-Hoon Lee, Che-
Hsin Lee, Erinna F Lee, Gyun Min Lee, He-Jin Lee, Hsinyu Lee, Jae Keun Lee, Jongdae Lee, Ju-
hyun Lee, Jun Hee Lee, Michael Lee, Myung-Shik Lee, Patty ] Lee, Sam W Lee, Seung-Jae Lee,
Shiow-Ju Lee, Stella Y Lee, Sug Hyung Lee, Sung Sik Lee, Sung-Joon Lee, Sunhee Lee, Ying-

Ray Lee, Yong | Lee, Young H Lee, Christiaan Leeuwenburgh, Sylvain Lefort, Renaud Legouis,
Jinzhi Lei, Qun-Ying Lei, David A Leib, Gil Leibowitz, Istvan Lekli, Stéphane D Lemaire, John |
Lemasters, Marius K Lemberg, Antoinette Lemoine, Shuilong Leng, Guido Lenz, Paola Lenzi,
Lilach O Lerman, Daniele Lettieri Barbato, Julia I-Ju Leu, Hing Y Leung, Beth Levine, Patrick A
Lewis, Frank Lezoualc'h, Chi Li, Fagiang Li, Feng-Jun Li, Jun Li, Ke Li, Lian Li, Min Li, Min Li, Qiang
Li, Rui Li, Sheng Li, Wei Li, Wei Li, Xiaotao Li, Yumin Li, Jigin Lian, Chengyu Liang, Qiangrong
Liang, Yulin Liao, Joana Liberal, Pawel P Liberski, Pearl Lie, Andrew P Lieberman, Hyunjung
Jade Lim, Kah-Leong Lim, Kyu Lim, Raquel T Lima, Chang-Shen Lin, Chiou-Feng Lin, Fang Lin,
Fangming Lin, Fu-Cheng Lin, Kui Lin, Kwang-Huei Lin, Pei-Hui Lin, Tianwei Lin, Wan-Wan Lin,
Yee-Shin Lin, Yong Lin, Rafael Linden, Dan Lindholm, Lisa M Lindqvist, Paul Lingor, Andreas
Linkermann, Lance A Liotta, Marta M Lipinski, Vitor A Lira, Michael P Lisanti, Paloma B Liton, Bo
Liu, Chong Liu, Chun-Feng Liu, Fei Liu, Hung-Jen Liu, Jianxun Liu, Jing-Jing Liu, Jing-Lan Liu, Ke
Liu, Leyuan Liu, Liang Liu, Quentin Liu, Rong-Yu Liu, Shiming Liu, Shuwen Liu, Wei Liu, Xian-De



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Liu, Xiangguo Liu, Xiao-Hong Liu, Xinfeng Liu, Xu Liu, Xueqin Liu, Yang Liu, Yule Liu, Zexian Liu,
Zhe Liu, Juan P Liuzzi, Gérard Lizard, Mila Ljujic, Irfan J Lodhi, Susan E Logue, Bal L Lokeshwar,
Yun Chau Long, Sagar Lonial, Benjamin Loos, Carlos L6pez-Otin, Cristina Lopez-Vicario, Mar
Lorente, Philip L Lorenzi, Péter L&rincz, Marek Los, Michael T Lotze, Penny E Lovat, Binfeng

Lu, Bo Lu, Jiahong Lu, Qing Lu, She-Min Lu, Shuyan Lu, Yingying Lu, Frédéric Luciano, Shirley
Luckhart, John Milton Lucocq, Paula Ludovico, Aurelia Lugea, Nicholas W Lukacs, Julian ) Lum,
Anders H Lund, Honglin Luo, Jia Luo, Shouging Luo, Claudio Luparello, Timothy Lyons, Jianjie
Ma, Yi Ma, Yong Ma, Zhenyi Ma, Juliano Machado, Glaucia M Machado-Santelli, Fernando
Macian, Gustavo C Maclintosh, Jeffrey P MacKeigan, Kay F Macleod, John D MacMicking, Lee
Ann MacMillan-Crow, Frank Madeo, Muniswamy Madesh, Julio Madrigal-Matute, Akiko Maeda,
Tatsuya Maeda, Gustavo Maegawa, Emilia Maellaro, Hannelore Maes, Marta Magarifios,
Kenneth Maiese, Tapas K Maiti, Luigi Maiuri, Maria Chiara Maiuri, Carl G Maki, Roland Malli,
Walter Malorni, Alina Maloyan, Fathia Mami-Chouaib, Na Man, Joseph D Mancias, Eva-Maria
Mandelkow, Michael A Mandell, Angelo A Manfredi, Serge N Manié, Claudia Manzoni, Kai

Mao, Zixu Mao, Zong-Wan Mao, Philippe Marambaud, Anna Maria Marconi, Zvonimir Marelja,
Gabriella Marfe, Marta Margeta, Eva Margittai, Muriel Mari, Francesca V Mariani, Concepcio
Marin, Sara Marinelli, Guillermo Marifio, lvanka Markovic, Rebecca Marquez, Alberto M
Martelli, Sascha Martens, Katie R Martin, Seamus ] Martin, Shaun Martin, Miguel A Martin-
Acebes, Paloma Martin-Sanz, Camille Martinand-Mari, Wim Martinet, Jennifer Martinez, Nuria
Martinez-Lopez, Ubaldo Martinez-Outschoorn, Moisés Martinez-Velazquez, Marta Martinez-
Vicente, Waleska Kerllen Martins, Hirosato Mashima, James A Mastrianni, Giuseppe Matarese,
Paola Matarrese, Roberto Mateo, Satoaki Matoba, Naomichi Matsumoto, Takehiko Matsushita,
Akira Matsuura, Takeshi Matsuzawa, Mark P Mattson, Soledad Matus, Norma Maugeri, Caroline
Mauvezin, Andreas Mayer, Dusica Maysinger, Guillermo D Mazzolini, Mary Kate McBrayer,
Kimberly McCall, Craig McCormick, Gerald M Mclnerney, Skye C Mclver, Sharon McKenna, John
J McMahon, lain A McNeish, Fatima Mechta-Grigoriou, Jan Paul Medema, Diego L Medina,
Klara Megyeri, Maryam Mehrpour, Jawahar L Mehta, Yide Mei, Ute-Christiane Meier, Alfred

J Meijer, Alicia Meléndez, Gerry Melino, Sonia Melino, Edesio Jose Tenorio de Melo, Maria A
Mena, Marc D Meneghini, Javier A Menendez, Regina Menezes, Liesu Meng, Ling-hua Meng,
Songshu Meng, Rossella Menghini, A Sue Menko, Rubem FS Menna-Barreto, Manoj B Menon,
Marco A Meraz-Rios, Giuseppe Merla, Luciano Merlini, Angelica M Merlot, Andreas Meryk,
Stefania Meschini, Joel N Meyer, Man-tian Mi, Chao-Yu Miao, Lucia Micale, Simon Michaeli,
Carine Michiels, Anna Rita Migliaccio, Anastasia Susie Mihailidou, Dalibor Mijaljica, Katsuhiko
Mikoshiba, Enrico Milan, Leonor Miller-Fleming, Gordon B Mills, lan G Mills, Georgia Minakaki,
Berge A Minassian, Xiu-Fen Ming, Farida Minibayeva, Elena A Minina, Justine D Mintern, Saverio
Minucci, Antonio Miranda-Vizuete, Claire H Mitchell, Shigeki Miyamoto, Keisuke Miyazawa,
Noboru Mizushima, Katarzyna Mnich, Baharia Mograbi, Simin Mohseni, Luis Ferreira Moita,
Marco Molinari, Maurizio Molinari, Andreas Buch Mgller, Bertrand Mollereau, Faustino
Mollinedo, Marco Mongillo, Martha M Monick, Serena Montagnaro, Craig Montell, Darren

J Moore, Michael N Moore, Rodrigo Mora-Rodriguez, Paula | Moreira, Etienne Morel, Maria
Beatrice Morelli, Sandra Moreno, Michael ] Morgan, Arnaud Moris, Yuji Moriyasu, Janna L
Morrison, Lynda A Morrison, Eugenia Morselli, Jorge Moscat, Pope L Moseley, Serge Mostowy,
Elisa Motori, Denis Mottet, Jeremy C Mottram, Charbel E-H Moussa, Vassiliki E Mpakou,

Hasan Mukhtar, Jean M Mulcahy Levy, Sylviane Muller, Raquel Mufioz-Moreno, Cristina
Mufioz-Pinedo, Christian MUnz, Maureen E Murphy, James T Murray, Aditya Murthy, Indira U
Mysorekar, lvan R Nabi, Massimo Nabissi, Gustavo A Nader, Yukitoshi Nagahara, Yoshitaka
Nagai, Kazuhiro Nagata, Anika Nagelkerke, Péter Nagy, Samisubbu R Naidu, Sreejayan Nair,
Hiroyasu Nakano, Hitoshi Nakatogawa, Meera Nanjundan, Gennaro Napolitano, Naweed |
Naqvi, Roberta Nardacci, Derek P Narendra, Masashi Narita, Anna Chiara Nascimbeni, Ramesh
Natarajan, Luiz C Navegantes, Steffan T Nawrocki, Taras Y Nazarko, Volodymyr Y Nazarko,
Thomas Neill, Luca M Neri, Mihai G Netea, Romana T Netea-Maier, Bruno M Neves, Paul A
Ney, loannis P Nezis, Hang TT Nguyen, Huu Phuc Nguyen, Anne-Sophie Nicot, Hilde Nilsen, Per
Nilsson, Mikio Nishimura, Ichizo Nishino, Mireia Niso-Santano, Hua Niu, Ralph A Nixon, Vincent
CO Njar, Takeshi Noda, Angelika A Noegel, Elsie Magdalena Nolte, Erik Norberg, Koenraad K
Norga, Sakineh Kazemi Noureini, Shoji Notomi, Lucia Notterpek, Karin Nowikovsky, Nobuyuki
Nukina, Thorsten Nurnberger, Valerie B O'Donnell, Tracey O'Donovan, Peter ] O'Dwyer, Ina
Oehme, Clara L Oeste, Michinaga Ogawa, Besim Ogretmen, Yuji Ogura, Young ) Oh, Masaki
Ohmuraya, Takayuki Ohshima, Rani Ojha, Koji Okamoto, Toshiro Okazaki, F Javier Oliver, Karin
Ollinger, Stefan Olsson, Daniel P Orban, Paulina Ordonez, Idil Orhon, Laszlo Orosz, Eyleen ]
O'Rourke, Helena Orozco, Angel L Ortega, Elena Ortona, Laura D Osellame, Junko Oshima,
Shigeru Oshima, Heinz D Osiewacz, Takanobu Otomo, Kinya Otsu, Jing-hsiung James Ou, Tiago
F Outeiro, Dong-yun Ouyang, Hongjiao Ouyang, Michael Overholtzer, Michelle A Ozbun, P
Hande Ozdinler, Bulent Ozpolat, Consiglia Pacelli, Paolo Paganetti, Guylene Page, Gilles Pages,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Ugo Pagnini, Beata Pajak, Stephen C Pak, Karolina Pakos-Zebrucka, Nazzy Pakpour, Zdena
Palkova, Francesca Palladino, Kathrin Pallauf, Nicolas Pallet, Marta Palmieri, Seren R Paludan,
Camilla Palumbo, Silvia Palumbo, Olatz Pampliega, Hongming Pan, Wei Pan, Theocharis
Panaretakis, Aseem Pandey, Areti Pantazopoulou, Zuzana Papackova, Daniela L Papademetrio,
Issidora Papassideri, Alessio Papini, Nirmala Parajuli, Julian Pardo, Vrajesh V Parekh, Giancarlo
Parenti, Jong-In Park, Junsoo Park, Ohkmae K Park, Roy Parker, Rosanna Parlato, Jan B Parys,
Katherine R Parzych, Jean-Max Pasquet, Benoit Pasquier, Kishore BS Pasumarthi, Daniel
Patschan, Cam Patterson, Sophie Pattingre, Scott Pattison, Arnim Pause, Hermann Pavenstadt,
Flaminia Pavone, Zully Pedrozo, Fernando ] Pefia, Miguel A Pefialva, Mario Pende, Jianxin
Peng, Fabio Penna, Josef M Penninger, Anna Pensalfini, Salvatore Pepe, Gustavo JS Pereira,
Paulo C Pereira, Verdnica Pérez-de la Cruz, Maria Esther Pérez-Pérez, Diego Pérez-Rodriguez,
Dolores Pérez-Sala, Celine Perier, Andras Perl, David H Perlmutter, Ida Perrotta, Shazib Pervaiz,
Maija Pesonen, Jeffrey E Pessin, Godefridus ] Peters, Morten Petersen, Irina Petrache, Basil

J Petrof, Goran Petrovski, James M Phang, Mauro Piacentini, Marina Pierdominici, Philippe
Pierre, Valérie Pierrefite-Carle, Federico Pietrocola, Felipe X Pimentel-Muifios, Mario Pinar,
Benjamin Pineda, Ronit Pinkas-Kramarski, Marcello Pinti, Paolo Pinton, Bilal Piperdi, James

M Piret, Leonidas C Platanias, Harald W Platta, Edward D Plowey, Stefanie Poggeler, Marc
Poirot, Peter Polcic, Angelo Poletti, Audrey H Poon, Hana Popelka, Blagovesta Popova, Izabela
Poprawa, Shibu M Poulose, Joanna Poulton, Scott K Powers, Ted Powers, Mercedes Pozuelo-
Rubio, Krisna Prak, Reinhild Prange, Mark Prescott, Muriel Priault, Sharon Prince, Richard L
Proia, Tassula Proikas-Cezanne, Holger Prokisch, Vasilis | Promponas, Karin Przyklenk, Rosa
Puertollano, Subbiah Pugazhenthi, Luigi Puglielli, Aurora Pujol, Julien Puyal, Dohun Pyeon,

Xin Qi, Wen-bin Qian, Zheng-Hong Qin, Yu Qiu, Ziwei Qu, Joe Quadrilatero, Frederick Quinn,
Nina Raben, Hannah Rabinowich, Flavia Radogna, Michael ] Ragusa, Mohamed Rahmani,
Komal Raina, Sasanka Ramanadham, Rajagopal Ramesh, Abdelhag Rami, Sarron Randall-
Demllo, Felix Randow, Hai Rao, V Ashutosh Rao, Blake B Rasmussen, Tobias M Rasse, Edward
A Ratovitski, Pierre-Emmanuel Rautou, Swapan K Ray, Babak Razani, Bruce H Reed, Fulvio
Reggiori, Markus Rehm, Andreas S Reichert, Theo Rein, David ] Reiner, Eric Reits, Jun Ren,
Xingcong Ren, Maurizio Renna, Jane EB Reusch, Jose L Revuelta, Leticia Reyes, Alireza R Rezaie,
Robert | Richards, Des R Richardson, Clémence Richetta, Michael A Riehle, Bertrand H Rihn,
Yasuko Rikihisa, Brigit E Riley, Gerald Rimbach, Maria Rita Rippo, Konstantinos Ritis, Federica
Rizzi, Elizete Rizzo, Peter ] Roach, Jeffrey Robbins, Michel Roberge, Gabriela Roca, Maria
Carmela Roccheri, Sonia Rocha, Cecilia MP Rodrigues, Clara | Rodriguez, Santiago Rodriguez
de Cordoba, Natalia Rodriguez-Muela, Jeroen Roelofs, Vladimir V Rogov, Troy T Rohn, Barbel
Rohrer, Davide Romanelli, Luigina Romani, Patricia Silvia Romano, M Isabel G Roncero, Jose
Luis Rosa, Alicia Rosello, Kirill V Rosen, Philip Rosenstiel, Magdalena Rost-Roszkowska, Kevin
A Roth, Gael Roué, Mustapha Rouis, Kasper M Rouschop, Daniel T Ruan, Diego Ruano, David
C Rubinsztein, Edmund B Rucker Ill, Assaf Rudich, Emil Rudolf, Ruediger Rudolf, Markus A
Ruegg, Carmen Ruiz-Roldan, Avnika Ashok Ruparelia, Paola Rusmini, David W Russ, Gian Luigi
Russo, Giuseppe Russo, Rossella Russo, Tor Erik Rusten, Victoria Ryabovol, Kevin M Ryan,
Stefan W Ryter, David M Sabatini, Michael Sacher, Carsten Sachse, Michael N Sack, Junichi
Sadoshima, Paul Saftig, Ronit Sagi-Eisenberg, Sumit Sahni, Pothana Saikumar, Tsunenori
Saito, Tatsuya Saitoh, Koichi Sakakura, Machiko Sakoh-Nakatogawa, Yasuhito Sakuraba, Maria
Salazar-Roa, Paolo Salomoni, Ashok K Saluja, Paul M Salvaterra, Rosa Salvioli, Afshin Samali,
Anthony M) Sanchez, José A Sanchez-Alcazar, Ricardo Sanchez-Prieto, Marco Sandri, Miguel

A Sanjuan, Stefano Santaguida, Laura Santambrogio, Giorgio Santoni, Claudia Nunes dos
Santos, Shweta Saran, Marco Sardiello, Graeme Sargent, Pallabi Sarkar, Sovan Sarkar, Maria
Rosa Sarrias, Minnie M Sarwal, Chihiro Sasakawa, Motoko Sasaki, Miklos Sass, Ken Sato, Miyuki
Sato, Joseph Satriano, Niramol Savaraj, Svetlana Saveljeva, Liliana Schaefer, Ulrich E Schaible,
Michael Scharl, Hermann M Schatzl, Randy Schekman, Wiep Scheper, Alfonso Schiavi, Hyman
M Schipper, Hana Schmeisser, Jens Schmidt, Ingo Schmitz, Bianca E Schneider, E Marion
Schneider, Jaime L Schneider, Eric A Schon, Miriam J Schénenberger, Axel H Schdonthal, Daniel
F Schorderet, Bernd Schréder, Sebastian Schuck, Ryan | Schulze, Melanie Schwarten, Thomas
L Schwarz, Sebastiano Sciarretta, Kathleen Scotto, A Ivana Scovassi, Robert A Screaton, Mark
Screen, Hugo Seca, Simon Sedej, Laura Segatori, Nava Segev, Per O Seglen, Jose M Segui-
Simarro, Juan Segura-Aguilar, Ekihiro Seki, Christian Sell, Iban Selliez, Clay F Semenkovich,
Gregg L Semenza, Utpal Sen, Andreas L Serra, Ana Serrano-Puebla, Hiromi Sesaki, Takao
Setoguchi, Carmine Settembre, John ] Shacka, Ayesha N Shajahan-Hag, Irving M Shapiro,
Shweta Sharma, Hua She, C-K James Shen, Chiung-Chyi Shen, Han-Ming Shen, Sanbing Shen,
Weili Shen, Rui Sheng, Xianyong Sheng, Zu-Hang Sheng, Trevor G Shepherd, Junyan Shi, Qiang
Shi, Qinghua Shi, Yuguang Shi, Shusaku Shibutani, Kenichi Shibuya, Yoshihiro Shidoji, Jeng-
Jer Shieh, Chwen-Ming Shih, Yohta Shimada, Shigeomi Shimizu, Dong Wook Shin, Mari L
Shinohara, Michiko Shintani, Takahiro Shintani, Tetsuo Shioi, Ken Shirabe, Ronit Shiri-Sverdlov,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Orian Shirihai, Gordon C Shore, Chih-Wen Shu, Deepak Shukla, Andriy A Sibirny, Valentina Sica,
Christina ] Sigurdson, Einar M Sigurdsson, Puran Singh Sijwali, Beata Sikorska, Wilian A Silveira,
Sandrine Silvente-Poirot, Gary A Silverman, Jan Simak, Thomas Simmet, Anna Katharina Simon,
Hans-Uwe Simon, Cristiano Simone, Matias Simons, Anne Simonsen, Rajat Singh, Shivendra

V Singh, Shrawan K Singh, Debasish Sinha, Sangita Sinha, Frank A Sinicrope, Agnieszka Sirko,
Kapil Sirohi, Balindiwe JN Sishi, Annie Sittler, Parco M Siu, Efthimios Sivridis, Anna Skwarska,
Ruth Slack, Iva Slaninova, Nikolai Slavov, Soraya S Smaili, Keiran SM Smalley, Duncan R Smith,
Stefaan ] Soenen, Scott A Soleimanpour, Anita Solhaug, Kumaravel Somasundaram, Jin H

Son, Avinash Sonawane, Chunjuan Song, Fuyong Song, Hyun Kyu Song, Ju-Xian Song, Wei
Song, Kai Y Soo, Anil K Sood, Tuck Wah Soong, Virawudh Soontornniyomkij, Maurizio Sorice,
Federica Sotgia, David R Soto-Pantoja, Areechun Sotthibundhu, Maria Jodo Sousa, Herman P
Spaink, Paul N Span, Anne Spang, Janet D Sparks, Peter G Speck, Stephen A Spector, Claudia

D Spies, Wolfdieter Springer, Daret St Clair, Alessandra Stacchiotti, Bart Staels, Michael T
Stang, Daniel T Starczynowski, Petro Starokadomskyy, Clemens Steegborn, John W Steele,
Leonidas Stefanis, Joan Steffan, Christine M Stellrecht, Harald Stenmark, Tomasz M Stepkowski,
Stephan T Stern, Craig Stevens, Brent R Stockwell, Veronika Stoka, Zuzana Storchova, Bjorn
Stork, Vassilis Stratoulias, Dimitrios ] Stravopodis, Pavel Strnad, Anne Marie Strohecker, Anna-
Lena Strém, Per Stromhaug, Jiri Stulik, Yu-Xiong Su, Zhaoliang Su, Carlos S Subauste, Srinivasa
Subramaniam, Carolyn M Sue, Sang Won Suh, Xinbing Sui, Supawadee Sukseree, David

Sulzer, Fang-Lin Sun, Jiaren Sun, Jun Sun, Shi-Yong Sun, Yang Sun, Yi Sun, Yingjie Sun, Vinod
Sundaramoorthy, Joseph Sung, Hidekazu Suzuki, Kuninori Suzuki, Naoki Suzuki, Tadashi Suzuki,
Yuichiro J Suzuki, Michele S Swanson, Charles Swanton, Karl Sward, Ghanshyam Swarup, Sean
T Sweeney, Paul W Sylvester, Zsuzsanna Szatmari, Eva Szegezdi, Peter W Szlosarek, Heinrich
Taegtmeyer, Marco Tafani, Emmanuel Taillebourg, Stephen WG Tait, Krisztina Takacs-Vellai,
Yoshinori Takahashi, Szabolcs Takats, Genzou Takemura, Nagio Takigawa, Nicholas | Talbot,
Elena Tamagno, Jerome Tamburini, Cai-Ping Tan, Lan Tan, Mei Lan Tan, Ming Tan, Yee-Joo

Tan, Keiji Tanaka, Masaki Tanaka, Daolin Tang, Dingzhong Tang, Guomei Tang, Isei Tanida,
Kunikazu Tanji, Bakhos A Tannous, Jose A Tapia, Inmaculada Tasset-Cuevas, Marc Tatar, Iman
Tavassoly, Nektarios Tavernarakis, Allen Taylor, Graham S Taylor, Gregory A Taylor, ] Paul Taylor,
Mark ] Taylor, Elena V Tchetina, Andrew R Tee, Fatima Teixeira-Clerc, Sucheta Telang, Tewin
Tencomnao, Ba-Bie Teng, Ru-Jeng Teng, Faraj Terro, Gianluca Tettamanti, Arianne L Theiss,
Anne E Theron, Kelly Jean Thomas, Marcos P Thomé, Paul G Thomes, Andrew Thorburn, Jeremy
Thorner, Thomas Thum, Michael Thumm, Teresa LM Thurston, Ling Tian, Andreas Till, Jenny
Pan-yun Ting, Vladimir | Titorenko, Lilach Toker, Stefano Toldo, Sharon A Tooze, Ivan Topisirovic,
Maria Lyngaas Torgersen, Liliana Torosantucci, Alicia Torriglia, Maria Rosaria Torrisi, Cathy
Tournier, Roberto Towns, Vladimir Trajkovic, Leonardo H Travassos, Gemma Triola, Durga
Nand Tripathi, Daniela Trisciuoglio, Rodrigo Troncoso, loannis P Trougakos, Anita C Truttmann,
Kuen-Jer Tsai, Mario P Tschan, Yi-Hsin Tseng, Takayuki Tsukuba, Allan Tsung, Andrey S Tsvetkov,
Shuiping Tu, Hsing-Yu Tuan, Marco Tucci, David A Tumbarello, Boris Turk, Vito Turk, Robin FB
Turner, Anders A Tveita, Suresh C Tyagi, Makoto Ubukata, Yasuo Uchiyama, Andrej Udelnow,
Takashi Ueno, Midori Umekawa, Rika Umemiya-Shirafuji, Benjamin R Underwood, Christian
Ungermann, Rodrigo P. Ureshino, Ryo Ushioda, Vladimir N Uversky, Néstor L Uzcategui,
Thomas Vaccari, Maria | Vaccaro, LibuSe Vachova, Helin Vakifahmetoglu-Norberg, Rut Valdor,
Enza Maria Valente, Francois Vallette, Angela M Valverde, Greet Van den Berghe, Ludo Van

Den Bosch, Gijs R van den Brink, F Gisou van der Goot, Ida ] van der Klei, Luc JW van der Laan,
Wouter G van Doorn, Marjolein van Egmond, Kenneth L van Golen, Luc Van Kaer, Menno

van Lookeren Campagne, Peter Vandenabeele, Wim Vandenberghe, llse Vanhorebeek, Isabel
Varela-Nieto, M Helena Vasconcelos, Radovan Vasko, Demetrios G Vawvas, Ignacio Vega-
Naredo, Guillermo Velasco, Athanassios D Velentzas, Panagiotis D Velentzas, Tibor Vellai, Edo
Vellenga, Mikkel Holm Vendelbo, Kartik Venkatachalam, Natascia Ventura, Salvador Ventura,
Patricia ST Veras, Mireille Verdier, Beata G Vertessy, Andrea Viale, Michel Vidal, Helena LA
Vieira, Richard D Vierstra, Nadarajah Vigneswaran, Neeraj Vij, Miquel Vila, Margarita Villar,
Victor H Villar, Joan Villarroya, Cécile Vindis, Giampietro Viola, Maria Teresa Viscomi, Giovanni
Vitale, Dan T Vogl, Olga V Voitsekhovskaja, Clarissa von Haefen, Karin von Schwarzenberg,
Daniel E Voth, Valérie Vouret-Craviari, Kristina Vuori, Jatin M Vyas, Christian Waeber, Cheryl

Lyn Walker, Mark ] Walker, Jochen Walter, Lei Wan, Xiangbo Wan, Bo Wang, Caihong Wang,
Chao-Yung Wang, Chengshu Wang, Chenran Wang, Chuangui Wang, Dong Wang, Fen Wang,
Fuxin Wang, Guanghui Wang, Hai-jie Wang, Haichao Wang, Hong-Gang Wang, Hongmin Wang,
Horng-Dar Wang, Jing Wang, Junjun Wang, Mei Wang, Mei-Qing Wang, Pei-Yu Wang, Peng
Wang, Richard C Wang, Shuo Wang, Ting-Fang Wang, Xian Wang, Xiao-jia Wang, Xiao-Wei Wang,
Xin Wang, Xuejun Wang, Yan Wang, Yanming Wang, Ying Wang, Ying-Jan Wang, Yipeng Wang,
Yu Wang, Yu Tian Wang, Yuqging Wang, Zhi-Nong Wang, Pablo Wappner, Carl Ward, Diane
McVey Ward, Gary Warnes, Hirotaka Watada, Yoshihisa Watanabe, Kei Watase, Timothy E



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

Weaver, Colin D Weekes, Jiwu Wei, Thomas Weide, Conrad C Weihl, GUnther Weindl, Simone
Nardin Weis, Longping Wen, Xin Wen, Yunfei Wen, Benedikt Westermann, Cornelia M Weyand,
Anthony R White, Eileen White, ] Lindsay Whitton, Alexander ] Whitworth, Joélle Wiels, Franziska
Wild, Manon E Wildenberg, Tom Wileman, Deepti Srinivas Wilkinson, Simon Wilkinson, Dieter
Willbold, Chris Williams, Katherine Williams, Peter R Williamson, Konstanze F Winklhofer,
Steven S Witkin, Stephanie E Wohlgemuth, Thomas Wollert, Ernst ] Wolvetang, Esther Wong, G
William Wong, Richard W Wong, Vincent Kam Wai Wong, Elizabeth A Woodcock, Karen L Wright,
Chunlai Wu, Defeng Wu, Gen Sheng Wu, Jian Wu, Junfang Wu, Mian Wu, Min Wu, Shengzhou
Wu, William KK Wu, Yaohua Wu, Zhenlong Wu, Cristina PR Xavier, Ramnik | Xavier, Gui-Xian
Xia, Tian Xia, Weiliang Xia, Yong Xia, Hengyi Xiao, Jian Xiao, Shi Xiao, Wuhan Xiao, Chuan-Ming
Xie, Zhiping Xie, Zhonglin Xie, Maria Xilouri, Yuyan Xiong, Chuanshan Xu, Congfeng Xu, Feng
Xu, Haoxing Xu, Hongwei Xu, Jian Xu, Jianzhen Xu, Jinxian Xu, Liang Xu, Xiaolei Xu, Yangqging

Xu, Ye Xu, Zhi-Xiang Xu, Ziheng Xu, Yu Xue, Takahiro Yamada, Ai Yamamoto, Koji Yamanaka,
Shunhei Yamashina, Shigeko Yamashiro, Bing Yan, Bo Yan, Xianghua Yan, Zhen Yan, Yasuo
Yanagi, Dun-Sheng Yang, Jin-Ming Yang, Liu Yang, Minghua Yang, Pei-Ming Yang, Peixin Yang,
Qian Yang, Wannian Yang, Wei Yuan Yang, Xuesong Yang, Yi Yang, Ying Yang, Zhifen Yang,
Zhihong Yang, Meng-Chao Yao, Pamela ] Yao, Xiaofeng Yao, Zhenyu Yao, Zhiyuan Yao, Linda

S Yasui, Mingxiang Ye, Barry Yedvobnick, Behzad Yeganeh, Elizabeth S Yeh, Patricia L Yeyati,
FanYi, Long Yi, Xiao-Ming Yin, Calvin K Yip, Yeong-Min Yoo, Young Hyun Yoo, Seung-Yong Yoon,
Ken-Ichi Yoshida, Tamotsu Yoshimori, Ken H Young, Huixin Yu, Jane ] Yu, Jin-Tai Yu, Jun Yu, Li
Yu, W Haung Yu, Xiao-Fang Yu, Zhengping Yu, Junying Yuan, Zhi-Min Yuan, Beatrice YJT Yue,
Jianbo Yue, Zhenyu Yue, David N Zacks, Eldad Zacksenhaus, Nadia Zaffaroni, Tania Zaglia, Zahra
Zakeri, Vincent Zecchini, Jinsheng Zeng, Min Zeng, Qi Zeng, Antonis S Zervos, Donna D Zhang,
Fan Zhang, Guo Zhang, Guo-Chang Zhang, Hao Zhang, Hong Zhang, Hong Zhang, Hongbing
Zhang, Jian Zhang, Jian Zhang, Jiangwei Zhang, Jianhua Zhang, Jing-pu Zhang, Li Zhang, Lin
Zhang, Lin Zhang, Long Zhang, Ming-Yong Zhang, Xiangnan Zhang, Xu Dong Zhang, Yan Zhang,
Yang Zhang, Yanjin Zhang, Yingmei Zhang, Yunjiao Zhang, Mei Zhao, Wei-Li Zhao, Xiaonan
Zhao, Yan G Zhao, Ying Zhao, Yongchao Zhao, Yu-xia Zhao, Zhendong Zhao, Zhizhuang ] Zhao,
Dexian Zheng, Xi-Long Zheng, Xiaoxiang Zheng, Boris Zhivotovsky, Qing Zhong, Guang-Zhou
Zhou, Guofei Zhou, Huiping Zhou, Shu-Feng Zhou, Xu-jie Zhou, Hongxin Zhu, Hua Zhu, Wei-
Guo Zhu, Wenhua Zhu, Xiao-Feng Zhu, Yuhua Zhu, Shi-Mei Zhuang, Xiaohong Zhuang, Elio
Ziparo, Christos E Zois, Teresa Zoladek, Wei-Xing Zong, Antonio Zorzano & Susu M Zughaier
(2016) Guidelines for the use and interpretation of assays for monitoring autophagy (3rd
edition), Autophagy, 12:1, 1-222, DOI: 10.1080/15548627.2015.1100356

To link to this article: http://dx.doi.org/10.1080/15548627.2015.1100356

@ Published online: 21 Jan 2016.

\]
CA/ Submit your article to this journal

||I| Article views: 13568

A
& View related articles &'

P

(&) View Crossmark data &

CrossMark

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=kaup20

(Download by: [University of California, Berkeley]

Date: 03 February 2016, At: 11:43 )


http://www.tandfonline.com/action/journalInformation?journalCode=kaup20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/15548627.2015.1100356
http://dx.doi.org/10.1080/15548627.2015.1100356
http://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/15548627.2015.1100356
http://www.tandfonline.com/doi/mlt/10.1080/15548627.2015.1100356
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2015.1100356&domain=pdf&date_stamp=2016-01-21
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2015.1100356&domain=pdf&date_stamp=2016-01-21
http://www.tandfonline.com/doi/citedby/10.1080/15548627.2015.1100356#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/15548627.2015.1100356#tabModule

Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

AUTOPHAGY T I & = .
2016, VOL. 12, NO. 1, 1-222 e aylor & Francis
http://dx.doi.org/10.1080/15548627.2015.1100356 Taylor &Francis Group

EDITORIAL

Guidelines for the use and interpretation of assays for monitoring autophagy
(3rd edition)

Daniel J Klionsky'’*>'74%* Kotb Abdelmohsen®*, Akihisa Abe'**”, Md Joynal Abedin'’®?, Hagai Abeliovich***,
Abraham Acevedo Arozena’®®, Hiroaki Adachi'®%, Christopher M Adams'®®°, Peter D Adams>’, Khosrow Adeli'®®',
Peter J Adhihetty'®%®, Sharon G Adler’®, Galila Agam®’, Rajesh Agarwal'>®’, Manish K Aghi'>*’, Maria Agnello'®?°,
Patrizia Agostinis®®*, Patricia V Aguilar'®®°, Julio Aguirre-Ghiso’®*"2¢, Edoardo M Airoldi®®*%2, Slimane Ait-Si-Ali'*’¢,
Takahiko Akematsu®'®, Emmanuel T Akporiaye'®”’, Mohamed Al-Rubeai'***, Guillermo M Albaiceta'?%*,

Chris Albanese®®, Diego Albani*®', Matthew L Albert®'’, Jesus Aldudo'?®, Hana Algiil''®*, Mehrdad Alirezaei''®%,
Iraide Alloza®**%%8, Alexandru Almasan206 Maylin Almonte-Beceril>**, Emad S Alnemri'?'?, Covadonga Alonso>**,
Nihal Altan- Bonnet848, Dario C Altieri'?°, Silvia Alvarez'*®’, Lydia Alvarez-Erviti'*>, Sandro Alves'?’,

Giuseppina Amadoro®®, Atsuo Amano®*, Consuelo Amantini'>**, Santiago Ambrosio'**?, lvano Amelio”>®

Amal O Amer®'®, Mohamed Amessou®°®, Angelika Amon’?¢, Zhenyi An'>3%, Frank A Anania®, Stig U Andersen®,
Usha P Andley?®’®, Catherine K Andreadi'®°, Nathalie Andrieu-Abadie®®?, Alberto Anel**?’, David K Ann°%,
Shailendra Anoopkumar Dukie®®®, Manuela Antonioli®**°®, Hiroshi Aoki'’®', Nadezda Apostolova?®?’,

Saveria Aquila'®®, Katia Aquilano'®6, K0|ch| Araki®®?, Eli Arama®®®® , Agustin Aranda®®, Jun Araya*®’,
Alexandre Arcaro1472 Esperanza Arias?®, Hirokazu Arimoto'?%®, Aileen R Ariosa'’*°, Jane L Armstrong
Thierry Arnould'””3, Ivica Arsov?'?°, Katsuhiko Asanuma®’?, Valerie Askanas'?%*, Eric Asselin'®7, Rymchlro Atarashi
Sally S Atherton®®, Julie D Atkin’'3, Laura D Attardi''®', Patrick Auberger'’®’, Georg Auburger®’®, Laure Aurellan”y,
Riccardo Autelli'®®?, Laura Avagliano'%?®'7*>, Maria Laura Avantagglat|364 Limor Avrahami''®®, Suresh Awale'?%¢,
Neelam Azad*®*, Tiziana Bachetti*®%, Jonathan M Backer®® , Dong-Hun Bae'?*?, Jae-sung Bae®’’, Ok-Nam Bae*®®,

Soo Han Bae®'"’, Eric H Baehrecke'”?°, Seung-Hoon Baek17 Stephen Baghdiguian'>°?,

Agnieszka Bagniewska-Zadworna?, Hua Bai®®, Jie Bai®®’, Xue-Yuan Bai' '3, Yannick Bailly®®*,

Kithiganahalli Narayanaswamy Balaji*’3, Walter Balduini?®®?, Andrea Ballabio®'®, Rena Balzan'’"", Rajkumar Banerjee?*°
Gabor Banhegyi'%>?, Haijun Bao?'?®, Benoit Barbeau'*®*, Maria D Barrachina?®®”’, Esther Barreiro*®’, Bonnie Bartel®”’,
Alberto Bartolomé?*?, Diane C Bassham®>°, Maria Teresa Bassi'®*¢, Robert C Bast Jr'?’?, Alakananda Basu'’%%,

Maria Teresa Batista'>’®, Henri Batoko'*?°, Maurizio Battino®’°, Kyle Bauckman?°?®, Bradley L Baumgarner'®®,

K Ulrich Bayer'>%, Rupert Beale'>**, Jean-Francois Beaulieu'*®°, George R. Beck Jr*®?°*, Christoph Becker**,

J David Beckham'>?*, Pierre-André Bédard’*°, Patrick J Bednarski*®', Thomas J Begley''**, Christian Behl'*'?,

Christian Behrends”>’, Georg MN Behrens*®, Kevin E Behrns'®?’, Eloy Bejarano®®, Amine Belaid*®°,

Francesca Belleudi'®’, Giovanni Bénard*®’, Guy Berchem’%, Daniele Bergamaschi®®?, Matteo Bergami'*°",

Ben Berkhout'**', Laura Berliocchi”'?, Amélie Bernard'’*, Monlque Bernard'***, Francesca Bernassola'®°,

Anne Bertolotti’?', Amanda S Bess?’?, Sébastien Besteiro'*>', Saverio Bettuzzi'®?, Savita Bhalla®'?,

Shalmoli Bhattacharyya973 Sujit K Bhutia®®8, Caroline Blagosch1159 Michele Wolfe Bianchi>2%'3781381,

Martine Biard-Piechaczyk®'?, Viktor Billes?*®, Claudia Bincoletto'*'*, Baris Bingol**°, Sara W Bird''?%, Marc Bitoun'''?,
lvana Bjedov'?*®, Craig Blackstone®*?, Lionel Blanc' '®?, Guillermo A Blanco'*°®, Heidi Kiil Blomhoff'®'?,

Emilio Boada-Romero'?’, Stefan Bockler'*®*, Marianne Boes'*??, Kathleen Boesze-Battaglia'®*>, Lawrence H Boise
Alessandra Bolino?°®3, Andrea Boman®®?, Paolo Bonaldo'®%*, Matteo Bordi®®’, Jiirgen Bosch®®®, Luis M Botana'>°,
Joelle Botti'*”®, German Bou'*®>, Marina Bouché'%*®, Marion Bouchecareilh'**', Marie-Josée Boucher'*°",

Michael E Boulton®®', Sebastien G Bouret'?%%, Patricia Boya'*?, Michaél Boyer—GU|ttaut1345, Peter V Bozhkov”‘”,
Nathan Brady>’*, Vania MM Braga*®®, Claudio Brancolini'®®’, Gerhard H Braus®>3, José M Bravo-San Pedro?99393208.1374
Lisa A Brennan®??, Emery H Bresnick?°??, Patrick Brest**°, Dave Bridges'?3?, Marie-Agnés Bringer'**, Marisa Brini'®%?,
Glauber C Brito'*'", Bertha Brodin®®', Paul S Brookes'®”?, Eric J Brown>*, Karen Brown'°®°, Hal E Broxmeyer*®,

Alain Bruhat*®®'33°, Patricia Chakur Brum'®%, John H Brumell**°, Nicola Brunetti-Pierri*'>"""",

Robert J Bryson-Richardson’®', Shilpa Buch'’”?, Alastair M Buchan'®'®, Hikmet Budak'%%2, Dmitry V Bulavin''#>%>1789,
Scott J Bultman'’?, Geert Bultynck®®®, Vladimir Bumbasirevic'*’°, Yan Burelle'**, Robert E Burke?'®?"7,

Margit Burmeister'”*°, Peter Biitikofer'*’?, Laura Caberlotto'®®”, Ken Cadwell®**®, Monika Cahova''?, Dongsheng Cai**
Jingjing Cai*®®®, Qian Cai'°'®, Sara Calatayud®°®’, Nadine Camougrand'>*?, Michelangelo Campanella'’®,
Grant R Campbell'>?*, Matthew Campbell'2*°, Silvia Campello®>®'8¢, Robin Candau'’®?, Isabella Caniggia
Lavinia Cantoni®, Lizhi Cao''®, Allan B Caplan'®¢, Michele Caragllam“, Claudio Cardinali'®*,

1930
794

286,287
I

1983

CONTACT Daniel J Klionsky @ klionsky@umich.edu @ Life Sciences Institute, University of Michigan, Ann Arbor, MI 48109-2216.
© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/15548627.2015.1100356

Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

2 (& D.J KLIONSKY ET AL.

Sandra Morais Cardoso'”?, Jennifer S Carew?%8, Laura A Carleton®”#, Cathleen R Carlin'’, Silvia Carloni2®®?,

Sven R Carlsson'?®’, Didac Carmona-Gutierrez'®**, Leticia AM Carneiro®'?, Oliana Carnevah971 Serena Carra
Alice Carrier'?, Bernadette Carroll®®, Caty Casas'***, Josefina Casas'''®, Giuliana Cassinelli***, Perrine Castets
Susana Castro-Obregon®'*, Gabriella Cavallini'®", Isabella Ceccherini’®®, Francesco Cecconi?®*>°>'884

Arthur | Cederbaum®?, Valentin Cena'?*'?®', Simone Cenci'*?*%°®*, Claudia Cerella®***, Davide CerV|a1996
Silvia Cetrullo'’8, Hassan Chaachouay®°*, Han—Jung Chae'®’, Andrei S Chagin®?**, Chee-Yin Chai®*®°%,
Gopal Chakrabarti'%?, Georgios Chamilos'®®', Edmond YW Chan''*?, Matthew TV Chan'®', Dhyan Chandra'%®,

Pallavi Chandra>*2, Chih-Peng Chang®'®, Raymond Chuen-Chung Chang'®3, Ta Yuan Chang®*®, John C Chatham'*3*,
Saurabh Chatterjee'®'°, Santosh Chauhan®%’, Yongsheng Che®?, Michael E Cheetham'?%3, Rajkumar Cheluvappa'’®,
Chun-Jung Chen'"*3, Gang Chen?®'%’¢, Guang-Chao Chen®, Guogiang Chen'%’8, Hongzhuan Chen'%”’, Jeff W Chen'*'%,
Jian-Kang Chen*’%3”", Min Chen?*°, Mingzhou Chen?'%*, Peiwen Chen'®%3, Qi Chen'®’#, Quan Chen'”?

Shang-Der Chen'®, Si Chen®%®, Steve S-L Chen'®, Wei Chen?'%, Wei-Jung Chen®°, Wen Qiang Chen®”®, Wenli Chen''"3,
Xiangmei Chen'"3?, Yau-Hung Chen''*’, Ye-Guang Chen'%*?, Yin Chen'**’, Yingyu Chen®**°*>, Yongshun Chen?'>?,
Yu-Jen Chen’'?, Yue-Qin Chen''*, Yujie Chen'?%, Zhen Chen*3, Zhong Chen?'?3, Alan Cheng'’%,

Christopher HK Cheng'®*, Hua Cheng'’?%, Heesun Cheong®'*, Sara Cherry'®®, Jason Chesney'’%,

Chun Hei Antonio Cheung®'’, Eric Chevet'?>°, Hsiang Cheng Chi'*°, Sung-Gil Chi®*®, Fulvio Chiacchiera®®

Hui-Ling Chiang®®?, Roberto Chiarelli'®?°, Mario Chiariello®*>°°”>”7, Marcello Chieppa®*°, Lih-Shen Chin*%°,

Mario Chiong'?®*, Gigi NC Chiu®”®, Dong-Hyung Cho®’®, Ssang-Goo Cho®°, William C Cho®®?, Yong-Yeon Cho'%,
Young-Seok Cho'%*, Augustine MK Choi?°®*, Eui-Ju Choi®*®, Eun-Kyoung Choi*®”*%%%% jayoung Choi'®,

Mary E Choi®°®3, Seung-Il Choi*''®, Tsui-Fen Chou*'?, Salem Chouaib*%*, Divaker Choubey'’#, Vinay Choubey'®°,
Kuan-Chih Chow®??, Kamal Chowdhury”>°, Charleen T Chu'#®, Tsung-Hsien Chuang827 Taehoon Chun®*’,

Hyewon Chung®®?, Taijoon Chung®’?, Yuen-Li Chung''®*, Yong-Joon Chwae'?, Valentina Cianfanelli***,

Roberto Ciarcia'”’?, lwona A Ciechomska®®, Maria Rosa Ciriolo'®’6, Mara Cirone'®2, Sofie Claerhout
Michael J Clague'®®®, Joan Claria'**’, Peter GH Clarke'®®’, Robert Clarke®®', Emilio Clementi'®**'38 Cédric Cleyrat'’®",
Miriam Cnop '3, Eliana M Coccia®’*, Tiziana Cocco'**?, Patrice Codogno'*’*, Jorn Coers?’', Ezra EW Cohen'>*?,
David Colecchia®*>®””7, Luisa Coletto®®, Nuria S Coll'*3, Emma Colucci-Guyon®'®, Sergio Comlncml1829

Maria Condello®”®, Katherine L Cook?®”?, Graham H Coombs'®??, Cynthia D Cooper2076 J Mark Cooper'>*>,

Isabelle Coppens®®’, Maria Tiziana Corasaniti'*®”, Marco Corazzari*®>'®8*, Ramon Corbalan'>,

Elisabeth Corcelle-Termeau®', Mario D Cordero'®, Cristina Corral- Ramos1289 Olga Corti*®”"''%°, Andrea Cossarizza
Paola Costelli'®%, Safia Costes1518 Susan L Cotman’?', Ana Coto-Montes®*®, Sandra Cottet>®* 1688 , Eduardo Couve'*?’,
Lori R Covey'®"”, L Ashley Cowart’®?, Jeffery S Cox'3¢, Fraser P Coxon'*?’, Carolyn B Coyne'®*¢, Mark S Cragg'®"?,

Rolf J Craven'®’?, Tiziana Crepaldi'®®°, Jose L Crespo'>°?, Alfredo Criollo'?®°, Valeria Crippa®>%, Maria Teresa Cruz'®’°,
Ana Maria Cuervo®®, Jose M Cuezva'?’’, Taixing Cui'®”’, Pedro R Cutillas®®’, Mark J Czaja*’, Maria F Czyzyk-Krzeska'>"?,
Ruben K Dagda?°®®, Uta Dahmen'***, Chunsun Dai®°°, Wenjie Dai''®’, Yun Dai***?, Kevin N Dalby'®*,

Luisa Dalla Valle'®??, Guillaume Dalmasso'**°, Marcello D’Amelio>’, Markus Damme'®?, Arlette Darfeuille-Michaud'>*°,
Catherine Dargemont®*?, Victor M Darley—Usmar1433, Srinivasan Dasarathy®®”, Biplab Dasgupta®?, Srikanta Dash'**?,
Crispin R Dass**?, Hazel Marie Davey?®, Lester M Davids'>®°, David Davila**’, Roger J Davis'”*!, Ted M Dawson®%*,
Valina L Dawson®%, Paula Daza'®%®, Jackie de Belleroche®’®, Paul de Figueiredo''8%'"82,
Regina Celia Bressan Queiroz de Figueiredo'**, José de la Fuente'°?, Luisa De Martino
Antonella De Matteis''”", Guido RY De Meyer'**?, Angelo De Milito®*', Mauro De Santl2002 Wanderley de Souza'®,
Vincenzo De Tata'®%, Daniela De Zio**?, Jayanta Debnath'>*?, Reinhard Dechant®%3, Jean-Paul Decuypere®’'4'2,
Shane Deegan®’“, Benjamin Dehay'**?, Barbara Del Bello'?*?, Dominic P Del Re'®'’, Régis Delage-Mourroux'>*,

Lea MD Delbridge'”?*, Louise Deldicque'?*’, Elizabeth Delorme-Axford'’*°, Yizhen Deng''’?, Joern Dengjel'®*°,
Melanie Denizot'®®*, Paul Dent®*>', Channing J Der'”®*, Vojo Deretic'’2, Benoit Derrien®°®, Eric Deutsch'3#?,
Timothy P Devarenne''’®, Rodney J Devenish’’2, Sabrina Di Bartolomeo'®¢, Nicola Di Daniele'®%?,
Fabio Di Domenico'**°, Alessia Di Nardo'*?, Simone Di Paola''’", Antonio Di Pietro'*®?, Livia Di Renzo
Aaron DiAntonio?°®?, Guillermo Diaz-Araya'?®°, Ines Diaz- LaV|ada1437 Maria T Diaz-Meco'%**, Javier Diaz- Nido
Chad A Dickey'®'?, Robert C Dickson'®’8, Marc Diederich'%", Paul Digard'®'?, Ivan Dikic®®’,
Savithrama P Dinesh-Kumar''", Chan Ding'°®%, Wen-Xing Dmg1674 Zufeng Ding'**8, Luciana Dini
Jorg HW Distler'®', Abhinav Diwan?°®’, Mojgan Djavaheri-Mergny'**', Kostyantyn Dmytruk®, Renwick CJ Dobson
Volker Doetsch®®°, Karol Dokladny'”2°, Svetlana Dokudovskaya'**3, Massimo Donadelli*®®, X Charlie Dong*’8,
Xiaonan Dong'®*?, Zheng Dong>’°, Terrence M Donohue Jr'”7%2%38 Kelly S Doran'°?’, Gabriella D'Orazi'®¢,

Gerald W Dorn 11?°”8, Victor Dosenko’’, Sami Dridi'**", Liat Drucker''®?, Jie Du®', Li-Lin Du®3**, Lihuan Du***,

André du Toit' *®, Priyamvada Dua®®’, Lei Duan'®'?, Pu Duann®??, Vikash Kumar Dubey*’®, Michael R Duchen'*%’,
Michel A Duchosal'*°®, Helene Duez'*'®, Isabelle Dugail®®?, Verénica | Dumit**3, Mara C Duncan'’*?, Elaine A Dunlop®®,
William A Dunn Jr'®?", Nicolas Dupont'*’?, Luc Dupuis*®*>'3¢", Radl V Duran*®°, Thomas M Durcan’*?,

Stéphane Duvezin-Caubet'**?, Umamaheswar Duvvuri?®*?, Vinay Eapen®?, Darius Ebrahimi-Fakhari'®'",

Arnaud Echard®'?, Leopold Eckhart’®®, Charles L Edelstein'>®>, Aimee L Edinger''?, Ludwig Eichinger'>®*,

1318
1462

1694
’

1767

1775

1042
1275

1886
1558



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

AUTOPHAGY (&) 3

Tobias Eisenberg'®*?, Avital Eisenberg-Lerner’®®’, N Tony Eissa>*, Wafik S El-Deiry®®?, Victoria El-Khoury”®®
Zvulun Elazar®®®®, Hagit Eldar-Finkelman''®, Chris JH Elliott*°*®, Enzo Emanuele'®*°, Urban Emmenegger
Nikolai Engedal'®'3, Anna-Mart Engelbrecht''3¢, Simone Engelender''®, Jorrit M Enserink®*?, Ralf Erdmann1°°9,
Jekaterina Erenpreisa®’, Rajaraman Eri'®*%, Jason L Eriksen'®>*, Andreja Erman'®®, Ricardo Escalante®
Eeva-Liisa Eskellnen1648 Lucile Espert210 Lorena Esteban-Martinez'*?, Thomas J Evans'®*°, Mario Fabr|1581
Gemma Fabrias'''®, Cinzia Fabrizi'®*°, Antonio Facchiano®®, Nils J Feergeman'?%’, Alberto Faggioni'®*?,

W Douglas Fairlies79/681,682 , Chunhai Fan167 Daping Fan'®’, Jie Fan'*°, Shengyun Fang'’?', Manolis Fanto
Alessandro Fanzani'*®?, Thomas Farkas®', Mathias Faure'**°, Francois B Favier*®”"'*>3, Howard Fearnhead875,
Massimo Federici'®®3, Erkang Fei’®°, Tania C Felizardo®**, Hua Feng'?%, Yibin Feng'®*?, Yuchen Feng'’*>'7%°,
Thomas A Ferguson?®’®, Alvaro F Fernandez'?*®, Maite G Fernandez Barrena'???, Jose C Fernandez-Checa3®'9%°,
Arsenio Fernandez-Lépez'*°?, Martin E Fernandez-Zapico’>?, Olivier Feron'***, Elisabetta Ferraro®*,

Carmen Verissima Ferreira-Halder'>*’, Laszlo Fesus'®%, Ralph Feuer'%?® Fabienne C Fiesel”*?,

Eduardo C Filippi-Chiela'*%, Giuseppe Filomeni***'®’¢, Gian Maria Fimia®**'®’, John H Fingert''3"1¢"",

Steven Finkbeiner'>*?, Toren Finkel®*8, Filomena Fiorito>'*'””>, Paul B Fisher?®>®, Marc Flajolet'°°?, Flavio Flamigni
Oliver Florey>?, Salvatore Florio'’”>, R Andres Floto'>*%, Marco FoI|n|324, Carlo Follo''®, Edward A Fon¥,
Francesco Fornai>>*'#*°, Franco Fortunato'**°, Alessandro Fraldi''”", Rodrigo Franco'’”®, Arnaud Francois
Aurélie Francois®'", Lisa B Frankel'>®, lain DC Fraser®>?, Norbert Frey'®®!, Damien G Freyssenet'**®, Christian Frezza’®®
Scott L Friedman’®’, Daniel E Frlgo448 1653 Dongxu Fu989 José M Fuentes'?®", Juan Fueyo'?**, Yoshio Fujitani®'?,

Yuuki Fujiwara®*’, Mikihiro Fujiya*’, Mitsunori Fukuda'#?!, Simone Fulda*®3, Carmela Fusco®*?, Bozena Gabryel’®',
Matthias Gaestel*®’, Philippe Gailly'**%, Malgorzata Gajewska?®’>, Sehamuddin Galadari*''**’, Gad Galili'***,
Inmaculada Galindo®**, Maria F Galindo??°, Giovanna Galliciotti'*'®, Lorenzo Galluzzi***?9*°%'37% Luca Galluzzi*°*,
Vincent Galy''%, Noor Gammoh'®'3, Sam Gandy*®®°%?, Anand K Ganesan'>'®, Swamynathan Ganesan'**%,

lan G Ganley'®*®, Monique Gannagé'®**, Fen-Biao Gao'”*°, Feng Gao''®’, Jian-Xin Gao'°®?, Lorena Garcia Nannig
Eleonora Garcia Véscovi®**, Marina Garcia-Macia®', Carmen Garcia-Ruiz>*?, Abhishek D Garg'®??, Pramod Kumar Garg®’
Ricardo Gargini'?”¢, Nils Christian Gassen’', Damian Gatica'’*>"7*°, Evelina Gatti'®?'#°%®, Julie Gavard'?',

Evripidis Gavathiotis®’, Liang Ge'%®, Pengfei Ge*'®, Shengfang Ge'?’®, Po-Wu Gean®'?, Vania Gelmetti**°,

Armando A Genazzani'?%, Jiefei Geng*'?, Pascal Genschik'?®, Lisa Gerner'®'?, Jason E Gestwicki'>*°, David A Gewirtz?°®,
Saeid Ghavami'”'®, Eric Ghigo'?, Debabrata Ghosh*?, Anna Maria Giammarioli®710% , Francesca Giampieri®’®,

Claudia Giampietri'®, Alexandra Giatromanolaki**®, Derrick J Gibbings'®'’, Lara Glbellml1766 Spencer B Gibson'”"?,
Vanessa Ginet'®®’, Antonio Giordano''”*'874, Flaviano Giorgini'®®’, Elisa Giovannetti®’>2°®®, Stephen E Girardin'®”’,
Suzana Gispert®”®, Sandy Giuliano®®'*°?, Candece L Gladson?%, Alvaro Glavic'?®’, Martin Gleave'**?, Nelly Godefroy'’”°,
Robert M Gogal Jr'®**, Kuppan Gokulan®®*®, Gustavo H Goldman'>%, Delia Goletti®*?, Michael S Goligorsky®®*,
Aldrin V Gomes'?'?, Ligia C Gomes***, Hernando Gomez'#**, Candelaria Gomez-Manzano'®**,

Rubén Gémez-Sanchez'*®', Dawit AP Gongalves'®", Ebru Goncu?®*, Qinggiu Gong®’®, Céline Gongora®®*

Carlos B Gonzalez'?’*, Pedro Gonzalez-Alegre'®*?, Pilar Gonzalez-Cabo'?”°”>, Rosa Ana Gonzélez-Polo'*",

Ing Swie Goping'**®, Carlos Gorbea?°°?, Nikolai V Gorbunov'?’!, Daphne R Goring'®’¢, Adrienne M Gorman®’*
Sharon M Gorski®”'?8, Sandro Goruppi’??, Shino Goto-Yamada®’?, Cecilia Gotor**?, Roberta A Gottlieb'%,

lllana Gozes''’°, Devrim Gozuacik'°*?, Yacine Graba'“, Martin Graef’*’, Giovanna E Granato''”?, Gary Dean Grant
Steven Grant?>*, Giovanni Luca Gravina'®®, Douglas R Green''?3, Alexander Greenhough'*®*,

Michael T Greenwood'°°®, Benedetto Grimaldi®®®, Frédéric Gros'*°?, Charles Grose'®®’, Jean-Francois Groulx
Florian Gruber’®”, Paolo Grumati*®"'823, Tilman Grune®’®, Jun-Lin Guan'>’?, Kun-Liang Guan'*%°, Barbara Guerra
Carlos Guillen'®”, Kailash Gulshan®”, Jan Gunst®®®, Chuanyong Guo'**!, Lei Guo®**, Ming Guo'***, Wenjie Guo>*°,
Xu-Guang Guo'?%2, Andrea A Gust'?®°, Asa B Gustafsson'>>", Elaine Gutlerrezw33 Maximiliano G Gutierrez**?,

Ho-Shin Gwak?®®, Albert Haas'**°, James E Haber®?, Shinji Hadano1228 Monica Hagedorn®®, David R Hahn?®,

Andrew J Halayko'”"”, Anne Hamacher-Brady®’3, Kozo Hamada®?®, Ahmed Hamai'*”*, Andrea Hamann?®?,

Maho Hamasaki®**, Isabelle Hamer'””#, Qutayba Hamid'%*, Ester M Hammond'#?°, Feng Han?'°, Weidong Han?'33,
James T Handa®®?, John A Hanover®>®, Malene Hansen'%**, Masaru Harada'®"", Ljubica Harhaiji-Trajkovic'*®°,

J Wade Harper*'®, Abdel Halim Harrath®*?, Adrian L Harris®*’, James Harris’’/, Udo Hasler'®**, Peter Hasselblatt'*%*,
Kazuhisa Hasui®'®, Robert G Hawley®>?, Teresa S Hawley*?, Congcong He®'', Cynthia Y He®”’, Fengtian He'*?’,

Gu He'%?¢, Rong-Rong He***, Xian-Hui He*®*, You-Wen He?®, Yu-Ying He'*®?, Joan K Heath'?%, Marie-Josée Hébert'3>*,
Robert A Heinzen®*¢, Gudmundur Vignir Helgason'®*°, Michael Hensel'®'*, Elizabeth P Henske®, Chengtao Her?®”’,
Paul K Herman®?°, Agustin Hernandez'*'°, Carlos Hernandez*'®, Sonia Hernandez-Tiedra®?’, Claudio Hetz'>3%'>7°,

P Robin Hiesinger'®**, Katsumi Higaki1244, Sabine Hilfiker**!, Bradford G Hill'’®*, Joseph A Hill'*°,

William D Hill?°%3¢7:3%8:370 Keisuke Hino®’, Daniel Hofius''>?, Paul Hofman'’#%, Glinter U Hoglinger’”>'"°?,

Jorg Hohfeld'*®, Marina K Hol232113 Yonggeun Hong*®*, David A Hood?'?', Jeroen JM Hoozemans?®®/,

Thorsten Hoppe'>®?, Chin Hsu'®”>, Chin-Yuan Hsu'*', Li-Chung Hsu®*®, Dong Hu*', Guochang Hu'®>°, Hong-Ming Hu®’,
Hongbo Hu'>’, Ming Chang Hu'?®*, Yu-Chen Hu®”', Zhuo-Wei Hu'®?, Fang Hua'®?, Ya Hua'’', Canhua Huang'®®,
Huey-Lan Huang'**, Kuo-How Huang®’, Kuo-Yang Huang'*?, Shile Huang”®", Shigian Huang'®®', Wei-Pang Huang®®®
Yi-Ran Huang'?’?, Yong Huang**®, Yunfei Huang??, Tobias B Huber®>”®'%¢, Patricia Huebbe'®®, Won-Ki Huh'°®,

1982

645

1478

119,1365
’

1566
I

388

1033
!

1927
’



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

4 D. J. KLIONSKY ET AL.

Juha J Hulmi'®*'%”2 Gang Min Hur'?3, James H Hurley'>°>, Zvenyslava Husak'''8, Sabah NA Hussain”>%7%*,

Salik Hussain®°, Jung Jin Hwang™®, Seungmin Hwang1563 Thomas IS Hwang'%", Atsuhiro Ichihara'**°, Yuzuru Imai®'®
Carol Imbriano'”>, Megumi Inomata**, Takeshi Into**, Valentina lovane'®®, Juan L lovanna'?°, Renato V lozzo'*'?,
Nancy Y Ip**', Javier E Irazoqui*'®, Pablo Iribarren'3?, Yoshitaka Isaka®®', Aleksandra J Isakovic'>28,

Harry Ischiropoulos'>#°%, Jeffrey S Isenberg'®®°, Mohammad Ishag®*?, Hiroyuki Ishida'?**, Isao Ishii®*°, Jane E Ishmael®?,
Ciro Isidoro'3'?, Ken-ichi Isobe’®’, Erika Isono''®®, Shohreh Issazadeh-Navikas'>°®, Koji Itahana?’?, Eisuke Itakura'>°
Andrei | lvanov?°*?, Anand Krishnan V lyer*®®, José M Izquierdo'?’, Yotaro Izumi'°%, Valentina Izzo??%393°081374

Marja Jaattela®®', Nadia Jaber''*°, Daniel John Jackson'®*', William T Jackson'’?>, Tony George Jacob®®,

Thomas S Jacques'?°, Chinnaswamy Jagannath'®**, Ashish Jain®*"'8%, Nihar Ranjan Jana®'?, Byoung Kuk Jang®*°
Alkesh Jani'*®, Bassam Janji’®’, Paulo Roberto Jannig'®%?, Patric J Jansson'?*?, Steve Jean1360 Marina Jendrach'#°,
Ju-Hong Jeon'%?, Niels Jessen’, Eui-Bae Jeung'®’, Kailiang Jia®%', Lijun Jia**°, Hong Jiang'®>*, Hongchi Jiang' '®¢,
Liwen Jiang'®¢, Teng Jiang®", Xiaoyan Jiang'**3, Xuejun Jiang'”?, Xuejun Jiang’®?, Ying Jiang111 8% Yongjun Jlang
Alberto Jiménez'?%¢, Cheng Jin'”’, Hongchuan Jin?'?, Lei Jin'”%, Meiyan Jin'"*>'7*°, Shengkan J|n1020

Umesh Kumar Jinwal'®'8, Eun-Kyeong Jo'%*, Terje Johansen'®®?, Daniel E Johnson1843, Gail VW Johnson'®"?,
James D Johnson'*®’, Eric Jonasch'?*°, Chris Jones®%*, Leo AB Joosten®’, Joaquin Jordan'?®2, Anna-Maria Joseph'¢%,
Bertrand Joseph®?', Annie M Joubert'#°®, Dianwen Ju**', Jingfang Ju' 140 , Hsueh-Fen Juan®®*, Katrin Juenemann'***,
Gabor Juhasz*®, Hye Seung Jung'%®, Jae U Jung'®??, Yong-Keun Jung"’“’, Heinz Jungbluth?'%456%6,

Matthew J Justice®’”#%’, Barry Jutten’®®, Nadeem O Kaakoush'’®*, Kai Kaarniranta'®'", Allen Kaasik'®*’,
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Barbel Rohrer’®®, Davide Romanelli'®®®, Luigina Romani'®*°, Patricia Silvia Romano'**, M Isabel G Roncero'%??,

Jose Luis Rosa'*%’, Alicia Rosello®”’, Kirill V Rosen®**?**, Philip Rosenstiel'®®, Magdalena Rost-Roszkowska'*?,

Kevin A Roth'**?, Gael Roué>'?, Mustapha Rouis?°*?, Kasper M Rouschop’?, Daniel T Ruan®®, Diego Ruano'?*,

David C Rubinsztein'*, Edmund B Rucker I1I'®”7, Assaf Rudich®®, Emil Rudolf'*’, Ruediger Rudolf’',

Markus A Ruegg'“®?, Carmen Ruiz-Roldan'?®°, Avnika Ashok Ruparelia’®', Paola Rusmini'*'’, David W Russ®**

Gian Luigi Russo®®", Giuseppe Russo''”3, Rossella Russo'®", Tor Erik Rusten®*"'8% Victoria Ryabovol>%*,

Kevin M Ryan'®®’, Stefan W Ryter?***, David M Sabatini?'°%, Michael Sacher?*®”*’, Carsten Sachse%?, Michael N Sack®*',
Junichi Sadoshima'®'*, Paul Saftig'®®, Ronit Sagi-Eisenberg''®®, Sumit Sahni'®3?, Pothana Saikumar'®*8,

Tsunenori Saito”®, Tatsuya Saitoh'**°, Koichi Sakakura®®°, Machiko Sakoh-Nakatogawa'**?, Yasuhito Sakuraba'®?,
Marfa Salazar-Roa''"”, Paolo Salomoni'?*®, Ashok K Saluja'’®*, Paul M Salvaterra®®, Rosa Salvioli>’?, Afshin Samali®’*,

1922

631

1736

1903

1938
I



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

AUTOPHAGY (&) 7

Anthony MJ Sanchez'®®, José A Sa’nchez-AIcézar1305 Ricardo Sanchez-Prieto'?*?, Marco Sandri'®?®, Miguel A Sanjuan’”°
Stefano Santaguida’?®, Laura Santambrogio®3, Giorgio Santoni'*>%, Claudia Nunes dos Santos**”**°, Shweta Saran®®3,
Marco Sardiello>®, Graeme Sargent'?®°, Pallabi Sarkar''", Sovan Sarkar'*’?, Maria Rosa Sarrias***, Minnie M Sarwal'>*",
Chihiro Sasakawa'®', Motoko Sasaki®?*, Miklos Sass*?®, Ken Sato>°?, Miyuki Sato®°!, Joseph Satriano'>??,

Niramol Savaraj’’®, Svetlana Saveljeva®*, Liliana Schaefer*®?, Ulrich E Schaible®®>, Michael Scharl'*"",

Hermann M Schatzl'*®*, Randy Schekman'%®, Wiep Scheper?®®®2%792971 ‘Alfonso Schiavi®”®'8”7,

Hyman M Schipper>®%7#¢, Hana Schmeisser®*, Jens Schmidt'*?", Ingo Schmitz**"***, Bianca E Schneider®®

E Marion Schneider'*'°, Jaime L Schneider, Eric A Schon?'8, Miriam J Schonenberger?®®!, Axel H Schonthal'?%',
Daniel F Schorderet566 1688 Bernd Schroder'®, Sebastian Schuck®?’, Ryan J Schulze”?, Melanie Schwarten®?°,
Thomas L Schwarz”® Sebastlano Sciarretta®*'%'*'875 Kathleen Scotto'®®', A Ivana Scovassi>*', Robert A Screaton
Mark Screen*®?, Hugo Seca 86218631863 Gimon Sedej 58, Laura Segatori®®® 997, Nava Segev'®®", Per O Seglen'®°°,
Jose M Segui-Simarro'3%8, Juan Segura-Aguilar'>®®, Ekihiro Seki'®®, Christian Sell*®®, Iban Selliez*®2,
Clay F Semenkovich?°®, Gregg L Semenza®®, Utpal Sen'’%°, Andreas L Serra®®?°, Ana Serrano-Puebla
Hiromi Sesaki®®?, Takao Setoguchi®'?, Carmine Settembre?’*, John J Shacka'*3?, Ayesha N Shajahan- Haq

Irving M Shapiro'?'¢, Shweta Sharma'’'?, Hua She?*°, C-K James Shen'', Chiung-Chyi Shen*>*, Han-Ming Shen®®°
Sanbing Shen®’®, Weili Shen'°®, Rui Sheng''%, Xianyong Sheng®®, Zu-Hang Sheng®®, Trevor G Shepherd®'®,
Junyan Shi'"?”'*%° Qiang Shi*®*®, Qinghua Shi'®%, Yuguang Shi®8, Shusaku Shibutani®''?, Kenichi Shibuya®"’
Yoshihiro Shidoji'’’?, Jeng-Jer Shieh®2*, Chwen-Ming Shih''**, Yohta Shimada®®?, Shigeomi Shimizu'*3¢,

Dong Wook Shin*°, Mari L Shinohara®®®, Michiko Shintani®’, Takahiro Shintani'??®, Tetsuo Shioi®’*, Ken Shirabe®’?,
Ronit Shiri-Sverdlov’'®, Orian Shirihai®', Gordon C Shore”8, Chih-Wen Shu®?®, Deepak Shukla'®®°,

Andriy A Sibirny®'%'®% valentina Sica®®*3?*>°°®137* Christina J Sigurdson'*?3, Einar M Sigurdsson®>

Puran Singh Sijwali**®, Beata Sikorska’®°, Wilian A Silveira'®®?, Sandrine Silvente-Poirot' ***, Gary A Silverman'®*’,
Jan Simak'?>®, Thomas Simmet'?°°, Anna Katharina Simon’?°, Hans-Uwe Simon'**, Cristiano Simone'*®’,

Matias Simons®*°, Anne Simonsen'8'?, Rajat Singh?*, Shivendra V Singh'®*?, Shrawan K Singh®’#, Debasish Sinha®"’,
Sangita Sinha®®’, Frank A Sinicrope’®®, Agnieszka Sirko®®®, Kapil Sirohi'??, Balindiwe JN Sishi''*¢, Annie Sittler'''°,
Parco M Siu**°, Efthimios Sivridis*>®, Anna Skwarska®**, Ruth Slack'®'®, Iva Slaninova’?°, Nikolai Slavov®%,

Soraya S Smaili*'*, Keiran SM Smalley776 Duncan R Smith”"’, Stefaan J Soenen®®, Scott A Soleimanpour'’?°,

Anita Solhaug®'®, Kumaravel Somasundaram*’#, Jin H Son®"", Avinash Sonawane®®, Chunjuan Song*?, Fuyong Song
Hyun Kyu Song®°8, Ju-Xian Song™**°, Wei Song>®*, Kai Y S00°%®°, Anil K Sood”*%”2, Tuck Wah Soong®’?,

Virawudh Soontornniyomkij'***, Maurizio Sorice'%*?, Federica Sotgia'’"*, David R Soto-Pantoja®’’?,
Areechun Sotthibundhu’'®, Maria Joao Sousa'”*®, Herman P Spaink®®, Paul N Span®?, Anne Spang
Janet D Sparks'®”3, Peter G Speck®?°, Stephen A Spector'>**, Claudia D Spies'**, Wolfdieter Springer”*?, Daret St Clair'°%,
Alessandra Stacchiotti®?, Bart Staels'®?®, Michael T Stang'®*®, Daniel T Starczynowski*’!, Petro Starokadomskyy'?°°,
Clemens Steegborn'#®®, John W Steele'*%°, Leonidas Stefanis’*, Joan Steffan'>', Christine M Stellrecht'?”3,

Harald Stenmark®*°, Tomasz M Stepkowski®>*?, Stephan T Stern®®®, Craig Stevens?®?, Brent R Stockwell?2%2?",

Veronika Stoka®®°, Zuzana Storchova’?®, Bjorn Stork**°, Vassilis Stratoulias'®*®, Dimitrios J Stravopodis®'''*>2

Pavel Strnad'*°°, Anne Marie Strohecker®*, Anna-Lena Strom''?%, Per Stromhaug’®, Jiri Stulik>*?, Yu-Xiong Su'®’,
Zhaoliang Su”®, Carlos S Subauste'??, Srinivasa Subramaniam'2%, Carolyn M Sue'®*?, Sang Won Suh*®, Xinbing Sui*'**,
Supawadee Sukseree’®®, David Sulzer®'®, Fang-Lin Sun'?*?, Jiaren Sun'>8, Jun Sun'®%?, Shi-Yong Sun?%3, Yang Sun®"*,

Yi Sun'”*8, Yingjie Sun'%®8, Vinod Sundaramoorthy’'?, Joseph Sung'®®, Hidekazu Suzuki®®', Kuninori Suzuki'®’",

Naoki Suzuki'?%?, Tadashi Suzuki®*®, Yuichiro J Suzuki*®?, Michele S Swanson'’*?, Charles Swanton®®®, Karl Sward”®”,
Ghanshyam Swarup'??, Sean T Sweeney®°%°, Paul W Sylvester'’®", Zsuzsanna Szatmari**°, Eva Szegezdi®’#,

Peter W Szlosarek®®*, Heinrich Taegtmeyer'°®?, Marco Tafani'®*?, Emmanuel Talllebourg1364 Stephen WG Tait'®%’,
Krisztina Takacs-Vellai?®”, Yoshinori Takahashi®®*, Szabolcs Takats*?®, Genzou Takemura®®, Nagio Takigawa®®,

Nicholas J Talbot'®'’, Elena Tamagno'®?*, Jerome Tamburini'*’", Cai-Ping Tan''*¢, Lan Tan981 Mei Lan Tan”"81383

Ming Tan'%*, Yee-Joo Tan'#%?, Keiji Tanaka'?*, Masaki Tanaka®®®, Daolin Tang'®*8, Dingzhong Tang”g, Guomei Tang?'®
Isei Tanida®'®, Kunikazu Tanji**®, Bakhos A Tannous’?*, Jose A Tapia'®'®, Inmaculada Tasset-Cuevas®®, Marc Tatar’,
Iman Tavassoly’®>, Nektarios Tavernarakis>>%'>9*°%, Allen Taylor'**>?, Graham S Taylor'*’®, Gregory A Taonr269 270,271.273
J Paul Taylor'""®, Mark J Taylor®®*, Elena VTche'clna809 Andrew R Tee®’, Fatima Teixeira-Clerc®®*'3’?, Sucheta Telang1703
Tewin Tencomnao'®°, Ba-Bie Teng'?*, Ru-Jeng Teng’>®, Faraj Terro'®”’, Gianluca Tettamanti'®®, Arianne L Theiss>®,
Anne E Theron'#®, Kelly Jean Thomas?'®, Marcos P Thomé'3%3, Paul G Thomes'’”¢, Andrew Thorburn'%*,

Jeremy Thorner'>, Thomas Thum*°®, Michael Thumm?®¢, Teresa LM Thurston*®, Ling Tian'’?, Andreas Till'43"1>32,
Jenny Pan-yun Ting'’?*'”??, Vladimir | Titorenko??, Lilach Toker'*°", Stefano Toldo*%*’, Sharon A Tooze®”’,

lvan Topisirovic>®”74¢ Marla Lyngaas Torgersen®*®'19>18%7 | jliana Torosantucci®**°, Alicia Torriglia*®?,

Maria Rosaria Torr|5|1041 Cathy Tournier'”'?, Roberto Towns1741 Vladimir TraJkowc“‘e’9 Leonardo H Travassos®'
Gemma Triola®%2, Durga Nand Tripathi''”?, Daniela Trisciuoglio®*, Rodrigo Troncoso'?%*'%%8 |oannis P Trougakos
Anita C Truttmann'*%, Kuen-Jer Tsai®?°, Mario P Tschan'*"", Yi-Hsin Tseng'*°, Takayuki Tsukuba796 Allan Tsung'®*,
Andrey S Tsvetkov'®®', Shuiping Tu'%?, Hsing-Yu Tuan®”", Marco Tucci'*®°, David A Tumbarello'?%°, Boris Turk>®°,
Vito Turk®, Robin FB Turner'*°>, Anders A Tveita®*®, Suresh C Tyagi'’°®, Makoto Ubukata**?, Yasuo Uchiyama®'?

1151

133

1066

1463
!

1452



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

8 D. J. KLIONSKY ET AL.

Andrej Udelnow®**, Takashi Ueno®'?, Midori Umekawa'®", Rika Umemiya-Shirafu;ji®'’, Benjamin R Underwood®®,
Christian Ungermann'®'?, Rodrigo P. Ureshino®'?, Ryo Ush|oda672 Vladimir N Uversky''¢, Néstor L Uzcategui''’,
Thomas Vaccari*®®, Maria | Vaccaro'**8, Libuse Vachova®%°, Helin Vakifahmetoglu-Norberg®**, Rut Valdor'’”",
Enza Maria Valente'®®°, Francois Vallette'**%, Angela M Valverde®*’, Greet Van den Berghe®®, Ludo Van Den Bosch®*®,
Gijs R van den Brink'?, F Gisou van der Goot*®', Ida J van der Klei'®*, Luc JW van der Laan®**°, Wouter G van Doorn'>'?,
Marjolein van Egmond?®°®®, Kenneth L van Golen' 19216051606 , Luc Van Kaer?**®, Menno van Lookeren Campagne*’,
Peter Vandenabeele””, Wim Vandenberghe'*'3'%%3, |Ise Vanhorebeek660 lsabel Varela- Nieto®*’,
M Helena Vasconcelos'86%186318%5 Radovan Vasko®>®, Demetrios G Vavvas*?', Ignacio Vega-Naredo
Guillermo Velasco®?’, Athanassios D Velentzas'**?, Panagiotis D VeIentzasmg, Tibor Vellai**®, Edo Vellenga'*"’,
Mikkel Holm Vendelbo?, Kartik Venkatachalam'®*°, Natascia Ventura**®°’°, Salvador Ventura'*??, Patricia ST Veras®®°
Mireille Verdier'**®, Beata G Vertessy®?, Andrea Viale”', Michel Vidal'**®, Helena LA Vieira'*'>, Richard D Vierstra®°'?,
Nadarajah Vigneswaran'®**, Neeraj Vij''®, Miquel Vila>>'%*® Margarita Villar'°*3, Victor H Villar**®, Joan Villarroya®®,
Cécile Vindis'?®°, Giampietro Viola'®**, Maria Teresa Viscomi®>’, Giovanni Vitale'’>®, Dan T Vogl'8*2,
Olga V Voitsekhovskaja®*°, Clarissa von Haefen'**, Karin von Schwarzenberg’®*, Daniel E Voth'**°,
Valérie Vouret-Craviari'”®°, Kristina Vuori'®**, Jatin M Vyas’?, Christian Waeber'*??, Cheryl Lyn Walker''’¢,
Mark J Walker'®°®, Jochen Walter'*’®, Lei Wan*""*°, Xiangbo Wan''’", Bo Wang®®°, Caihong Wang?°®°,
Chao-Yung Wang'?’, Chengshu Wang'”', Chenran Wang1572 Chuangm Wang®”’, Dong Wang*'°, Fen Wang
Fuxin Wang'’®, Guanghui Wang''??, Hai-jie Wang'?®¢, Haichao Wang®®, Hong-Gang Wang®*°, Hongmin Wang
Horng-Dar Wang®’?, Jing Wang'**®, Junjun Wang'*>, Mei Wang?”?, Mei-Qing Wang**°, Pei-Yu Wang®°®, Peng Wang**°
Richard C Wang'®®?, Shuo Wang'®®, Ting-Fang Wang'', Xian Wang''%, Xiao-jia Wang?'*?, Xiao-Wei Wang?'??,
Xin Wang®, Xuejun Wang'®'?, Yan Wang'?*°, Yanming Wang“®*, Ying Wang®, Ying-Jan Wang®?', Yipeng Wang?"®
Yu Wang'®*°, Yu Tian Wang'*®8, Yuging Wang'*?°, Zhi-Nong Wang'**, Pablo Wappner>*?, Carl Ward'*”*,
Diane McVey Ward?°®*, Gary Warnes®®®, Hirotaka Watada®'?, Yoshihisa Watanabe®’®, Kei Watase'?3*,
Timothy E Weaver'*”", Colin D Weekes'*#, Jiwu Wei®®3, Thomas Weide'*°°, Conrad C WeihI*°®3, Giinther WeindI***,
Simone Nardin Weis'3%, Longping Wen'#%*, Xin Wen'”*>"7%°, Yunfei Wen’>%”>2, Benedikt Westermann'*%*,
Cornelia M Weyand''??, Anthony R White'”*, Eileen White'?'?, J Lindsay Whitton''?®, Alexander J Whitworth”®?,
Joélle Wiels'*®, Franziska Wild”'®, Manon E Wildenberg'?, Tom Wileman'®®, Deepti Srinivas Wilkinson'?3*,
Simon Wilkinson'®'*, Dieter Willbold*2%*?°, Chris Williams’>'%*, Katherine Williams?°*°, Peter R Williamson®*®,
Konstanze F Winklhofer'°%, Steven S Witkin?°??, Stephanie E Wohlgemuth'®*, Thomas Wollert’??,
Ernst J Wolvetang'®°®, Esther Wong®°¢, G William Wong®®, Richard W Wong®**, Vincent Kam Wai Wong”"",
Elizabeth A Woodcock??, Karen L Wright®®, Chunlai Wu’%?, Defeng Wu*®?, Gen Sheng Wu?°?°, Jian Wu*??,
Junfang Wu'”?2, Mian Wu'®%’, Min Wu'”?’, Shengzhou Wu?°%°, William KK Wu'®°, Yaohua Wu''®’, Zhenlong Wu'*°,
Cristina PR Xavier'°*'8%> Ramnik J Xavier*'?, Gui-Xian Xia'’®, Tian Xia'*'’, Weiliang Xia'°>"%%3, Yong Xia'?%,
Hengyi Xiao“’92 Jian Xiao'%*, Shi Xiao'*8, Wuhan Xiao'®®, Chuan-Ming Xie'’*’, Zhiping Xie'°”*, Zhonglin Xie'2%,
Maria Xilouri’?, Yuyan Xiong'®*?, Chuanshan Xu'®®, Congfeng Xu'®®', Feng Xu**?, Haoxing Xu'’*>, Hongwei Xu*'",
Jian Xu'®?, Jianzhen Xu'%°, Jinxian Xu*’%3”", Liang Xu'®’?, Xiaolei Xu735 Yangging Xu*'8, Ye Xu*%3, Zhi-Xiang Xu1431,
Ziheng Xu'/**"7? Yy Xue*>?, Takahiro Yamada436, Ai Yamamoto®?*, Koji Yamanaka’®?, Shunhei Yamashina®'®,
Shigeko Yamashiro'%'®, Bing Yan'?®’, Bo Yan%’, Xianghua Yan**", Zhen Yan?°'?, Yasuo Yanagi'®*°, Dun-Sheng Yang®**
Jin-Ming Yanggm, Liu Yang''®, Minghua Yang''®, Pei-Ming Yang''>®, Peixin Yang'’?%, Qian Yang''®°, Wannian Yang**’
Wei Yuan Yang®, Xuesong Yang>%, Yi Yang®®®, Ying Yang'®’?, Zhifen Yang''?°, Zhihong Yang'®*!, Meng-Chao Yao'’,
Pamela J Yao®', Xiaofeng Yao?*%, Zhenyu Yao'’#, Zhiyuan Yao'’*>"'/*°, Linda S Yasui®'®, Mingxiang Ye3%°,

Barry Yedvobnlck285 Behzad Yeganeh'®”?, Elizabeth S Yeh’®*, Patricia L Yeyati®®, Fan Yi'%, Long Yi'?'°,
Xiao-Ming Yin*®?, Calvin K Yip'*®¢, Yeong-Min Yoo?' '8, Young Hyun Y00°®?, Seung-Yong Yoon?*®', Ken-Ichi Yoshida’’",
Tamotsu Yoshimori®*3, Ken H Young'?>3, Huixin Yu®®®, Jane J Yu®, Jin-Tai Yu®®', Jun Yu'®?, Li Yu'?*', W Haung Yu?**,
Xiao-Fang Yu?'”, Zhengping Yu'?%, Junying Yuan*'®, Zhi-Min Yuan*?3, Beatrice YJT Yue'®*’, Jianbo Yue?®?,
Zhenyu Yue*®', David N Zacks'’*¢, Eldad Zacksenhaus'?*?, Nadia Zaffaroni*?*, Tania Zaglia'®®, Zahra Zakeri®®®
Vincent Zecchlnl788 Jinsheng Zeng''*, Min Zeng''®’, Qi Zeng', Antonis S Zervos'>®', Donna D Zhang'**/,
Fan Zhang®***, Guo Zhang''®®, Guo-Chang Zhang'®®**, Hao Zhang1089 Hong Zhang168 Hong Zhang®>?,
Hongbing Zhang'®®®, Jian Zhang®*, Jian Zhang®?', Jiangwei Zhang''’®, Jianhua Zhang'**?, Jing-pu Zhang'®'
Li Zhang®?, Lin Zhang1837 Lin Zhang'®8, Long Zhang?'*', Ming-Yong Zhang'”>, Xiangnan Zhang®*®,
Xu Dong Zhang'”®?, Yan Zhang'%®, Yang Zhang'®>*, Yanjin Zhang'’?°, Yingmei Zhang?°**?'%8, Yunjiao Zhang'®**,
Mei Zhao®'%, Wei-Li Zhao'?®?, Xiaonan Zhao'®®', Yan G Zhao'’®, Ying Zhao”°, Yongchao Zhao'’8, Yu-xia Zhao“®’,
Zhendong Zhao'®?, Zhizhuang J Zhao'®*?, Dexian Zheng'®*, Xi-Long Zheng'*®?, Xiaoxiang Zheng®'**,
Boris Zhivotovsky>?®®°¢, Qing Zhong'**""'**?, Guang-Zhou Zhou***, Guofei Zhou'®®, Huiping Zhou?%**,
Shu-Feng Zhou'®"’, Xu-jie Zhou®>*?>*%”, Hongxin Zhu'®’", Hua Zhu921, Wei-Guo Zhu®>®, Wenhua Zhu*'?’,
Xiao-Feng Zhu'"*°, Yuhua Zhu'*?, Shi-Mei Zhuang''*’, Xiaohong Zhuang'®®, Elio Ziparo'%*8, Christos E Zois**’
Teresa Zoladek®®®, Wei-Xing Zong''*°, Antonio Zorzano'?*>?"'32 and Susu M Zughaier®®®

1577
!

1175
1912
!



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

AUTOPHAGY 9

'A*STAR (Agency for Science, Technology and Research), Institute of Molecular and Cell Biology, Singapore; %A. Mickiewicz University, Department of
General Botany, Institute of Experimental Biology, Faculty of Biology, Poznan, Poland; *Aarhus University Hospital, Department of Nuclear Medicine and
PET Center, Aarhus, Denmark; *Aarhus University, Department of Biomedicine, Aarhus, Denmark; >Aarhus University, Department of Clinical Medicine,
Aarhus, Denmark; °Aarhus University, Department of Molecular Biology and Genetics, Aarhus, Denmark; ”Aarhus University, Medical Research
Laboratory, Institute for Clinical Medicine, Aarhus, Denmark; ®Alberystwyth University, Institute of Biological, Environmental and Rural Sciences,
Penglais, Aberystwyth, Wales, UK; °Academia Sinica, Institute of Biological Chemistry, Taipei, Taiwan; '®Academia Sinica, Institute of Biomedical
Sciences, Taipei, Taiwan; ''Academia Sinica, Institute of Molecular Biology, Taipei, Taiwan; '*Academic Medical Center, Department of Gastroenterology
and Hepatology, Amsterdam, The Netherlands; *Academic Medical Center, University of Amsterdam, Department of Cell Biology and Histology,
Amsterdam, The Netherlands; '*Aix Marseille Université, CNRS, IBDM, UMR 7288, Campus de Luminy, Marseille, France; "*Aix-Marseille Université, CNRS
UMR 7278, IRD198, INSERM U1095, Medicine Faculty, Marseille, France; '®Aix-Marseille Université, U2M, Centre d'lmmunologie de Marseille-Luminy,
Marseille, France; '”Ajou University, College of Pharmacy, Gyeonggido, Korea; '®Ajou University, School of Medicine, Department of Microbiology,
Gyeonggi-do, Korea; '?Akershus University Hospital, Oslo, Norway; 2°Akita University, Graduate School of Medicine, Akita, Japan; 2'Al Jalila Foundation
Research Centre, Dubai, UAE; 2Albany Medical College, Center for Neuropharmacology and Neuroscience, Albany, NY, USA; 2*Albert Einstein Cancer
Center, New York, NY, USA; 2*Albert Einstein College of Medicine, Bronx, NY, USA; 2*Albert Einstein College of Medicine, Department of Developmental
and Molecular Biology, Bronx, NY, USA; 2°Albert Einstein College of Medicine, Department of Developmental and Molecular Biology, Institute for Aging
Studies, Bronx, NY, USA; #Albert Einstein College of Medicine, Department of Medicine, Bronx, NY, USA; Z8Albert Einstein College of Medicine, Depart-
ment of Molecular Pharmacology, Bronx, NY, USA; 2°Albert Einstein College of Medicine, Department of Pathology, Bronx, NY, USA; *°Albert Einstein
College of Medicine, Departments of Biochemistry and of Medicine, Bronx, NY, USA; $1Albert Einstein College of Medicine, Departments of Medicine
(Endocrinology) and Molecular Pharmacology, Bronx, NY, USA; *2Albert Einstein College of Medicine, Departments of Medicine and Molecular Pharma-
cology, Bronx, NY, USA; *3Albert Einstein College of Medicine, Departments of Pathology, Microbiology and Immunology, New York, NY, USA; **Albert
Einstein College of Medicine, Montefiore Medical Center, Bronx, NY, USA; **Albert Ludwigs University, Renal Division, Freiburg, Germany; *°All India
Institute of Medical Sciences, Department of Anatomy, New Delhi, India; 37All India Institute of Medical Sciences, Department of Gastroenterology, New
Delhi, India; *3All India Institute of Medical Sciences, Department of Physiology, New Delhi, India; 3*Alpert Medical School of Brown University, Vascular
Research Laboratory, Providence Veterans Affairs Medical Center, Department of Medicine, Providence, RI, USA; 40Amorepaciﬁc Corporation RandD
Center, Bioscience Research Institute, Gyeonggi, Korea; *' Anhui University of Science and Technology, Department of Immunology and Medical Inspec-
tion, Huainan, Anhui, China; **Applied Genetic Technologies Corporation, Alachua, FL, USA; **Asahi University, Department of Internal Medicine, Gifu,
Japan; **Asahi University, School of Dentistry, Department of Oral Microbiology, Division of Oral Infections and Health Sciences, Mizuho, Gifu, Japan;
“**Asahikawa Medical University, Division of Gastroenterology and Hematology/Oncology, Department of Medicine, Hokkaido, Japan; “°Asan Medical
Center, Asan Institute for Life Sciences, Seoul, Korea; ’Asia University, Department of Biotechnology, Taichung, Taiwan; *®Atlanta Department of Veter-
ans Affairs Medical Center, Decatur, GA; *°Austral University-CONICET, Gene and Cell Therapy Laboratory, Pilar, Buenos Aires, Argentina; *’Autonomous
University of Barcelona (UAB), Department of Biochemistry and Molecular Biology, Barcelona, Spain; >'Babraham Institute, Cambridge, UK; >?Babraham
Institute, Signalling Program, Cambridge, UK; 53Baker IDI Heart and Diabetes Institute, Molecular Cardiology Laboratory, Melbourne, Australia; 54Baylor
College of Medicine, Department of Medicine, Houston, TX, USA; >*Baylor College of Medicine, Department of Molecular and Human Genetics, Hous-
ton, TX, USA; 56Baylor University Medical Center, Department of Internal Medicine, Division of Gastroenterology, Baylor Research Institute, Dallas, TX;
7Beatson Institute for Cancer Research, University of Glasgow, Glasgow, UK; *®Beckman Research Institute, City of Hope, Department of Molecular
Pharmacology, Duarte, CA, USA; **Beckman Research Institute, City of Hope, Department of Neuroscience, Irell and Manella Graduate School of Biolog-
ical Science, Duarte, CA, USA; ®Beechcroft, Fulbourn Hospital, Cambridge, UK; ©'Beijing Anzhen Hospital, Capital Medical University, Beijing Institute of
Heart, Lung, and Blood Vessel Diseases, Beijing, China; %?Beijing Institute of Pharmacology and Toxicology, State Key Laboratory of Toxicology and
Medical Countermeasures, Beijing, China; 5Beijing Jishuitan Hospital, Department of Molecular Orthopedics, Beijing Institute of Traumatology and
Orthopedics, Beijing, China; “Bellvitge Biomedical Research Institute (IDIBELL), L’Hospitalet, Cell Death Regulation Group, Barcelona, Spain; ®Bellvitge
Biomedical Research Institute (IDIBELL), Neurometabolic Diseases Laboratory, Barcelona, Spain; ®Ben-Gurion University, Department of Clinical Bio-
chemistry and the National Institute of Biotechnology in the Negev, Beer-Sheva, Israel; ¢’Ben-Gurion University of the Negev and Mental Health Center,
Department of Clinical Biochemistry and Pharmacology and Psychiatry Research Unit, Beer-Sheva, Israel; ®Bernhard Nocht Institute for Tropical Medi-
cine, Hamburg, Germany; ®Beth Israel Deaconess Medical Center, Medical Genetics, Boston, MA, USA; “°Binghamton University, State University of
New York, Binghamton, NY, USA; "'Bio21 Molecular Science and Biotechnology Institute, Department of Biochemistry and Molecular Biology, Parkville,
Victoria, Australia; "?Biochimie et Physiologie Moléculaire des Plantes, UMR5004 CNRS/INRA/UM2/SupAgro, Institut de Biologie Intégrative des Plantes,
Montpellier, France; “*Biomedical Research Foundation of the Academy of Athens, Center of Clinical, Experimental Surgery and Translational Research,
Athens, Greece; “*Biomedical Research Foundation of the Academy of Athens, Laboratory of Neurodegenerative Diseases, Athens, Attiki, Greece; Bio-
molecular Sciences and Biotechnology Institute (GBB), Groningen, The Netherlands; 7°BIOSS Centre for Biological Signalling Studies, Freiburg, Germany;
’Bogomoletz Institute of Physiology, National Academy of Sciences Ukraine, General and Molecular Pathophysiology Department, Kiev, Ukraine;
"8Boise State University, Department of Biological Sciences, Boise, ID, USA; "Boston Children’s Hospital, F.M. Kirby Neuroscience Center, Boston, MA,
USA; 2%Boston University, Department of Biology, Boston, MA, USA; 'Boston University, Department of Medicine, Boston, MA, USA; #Brandeis Univer-
sity, Department of Biology, Waltham, MA, USA; #Brescia University, Department of Clinical and Experimental Sciences, Brescia, Italy; #*Brigham and
Women's Hospital, Ann Romney Center for Neurologic Diseases, Department of Neurology, Harvard Medical School, Boston, MA, USA; #Brigham and
Women's Hospital, Harvard Medical School, Boston, MA, USA; #Brigham and Women'’s Hospital, Harvard Medical School, Department of Neurosurgery,
Boston MA; & British Columbia Cancer Agency, Genome Sciences Centre, Vancouver, BC, Canada; 2®British Columbia Cancer Agency, Terry Fox Labora-
tory, Vancouver, BC, Canada; ®*Broad Institute of MIT and Harvard, Cambridge, MA, USA; *Brown University, Department of Ecology and Evolutionary
Biology, Providence, R, USA; °'Brown University, Department of Molecular Biology, Cell Biology and Biochemistry, Providence, R, USA; **Budapest Uni-
versity of Technology and Economics, Institute of Enzymology, RCNC, HAS and Department of Applied Biotechnology, Budapest, Hungary; *C.S..C./U.
AM, Instituto de Investigaciones Biomédicas Alberto Sols, Madrid, Spain; *Cambridge University, Department of Medicine, Cambridge, UK; *Capital
Medical University, Center for Medical Genetics, Beijing Children’s Hospital, Beijing, China; **Capital Normal University, Beijing, China; >’ Cardiff Univer-
sity, Heath Park, Institute of Cancer and Genetics, Cardiff, Wales, UK; *®Cardiff University, Institute of Cancer and Genetics, Cardiff, Wales, UK; *°Cardiff
University, Systems Immunity Research Institute, Cardiff, Wales, UK; '®Case Western Reserve University, Department of Ophthalmology and Visual Sci-
ences, Cleveland, OH, USA; '°'Case Western Reserve University, Molecular Biology and Microbiology, Cleveland, OH, USA; '°Case Western Reserve Uni-
versity, School of Medicine, Department of Physiology and Biophysics, Cleveland, OH, USA; '*Case Western Reserve University, School of Medicine,
Division of Infectious Diseases and HIV Medicine, Department of Medicine, Cleveland, OH, USA; '®Catalan Institution for Research and Advanced Stud-
ies (ICREA), Barcelona, Spain; '®Catholic University of Korea, College of Pharmacy, Bucheon, Korea; '®Catholic University of Korea, Seoul, Korea;
197CEA/DSV/12;BM, INSERM U1169, Gene Therapy for Neurodegenerative Diseases, Fontenay-aux-Roses Cedex, France; '°®Cedars-Sinai Heart Institute,
Barbra Streisand Women's Heart Center, Los Angeles, CA, USA; 199Cedars-Sinai Medical Center, Department of Medicine, Los Angeles, CA, USA;



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

10 D. J. KLIONSKY ET AL.

"%Cedars-Sinai Medical Center, VAGLAHS-UCLA, Pancreatic Research Group, Los Angeles, CA, USA; '"'Center for Dementia Research, Nathan S. Kline
Institute, Orangeburg, NY, USA; ""*Center of Experimental Medicine, Institute for Clinical and Experimental Medicine, Prague, Czech Republic; '*Center
of Investigation and Advanced Studies, Cinvestav-IPN, Mexico City, Mexico; '"*College of Science, Central China Normal University, Wuhan, China;
"3Central Michigan University, College of Medicine, Mt. Pleasant, MI, USA; ""®Central South University, Department of Pediatrics, Xiangya Hospital,
Changsha, Hunan, China; "7Central University of Venezuela, Institute for Anatomy, Caracas, Venezuela; "8Centre Antoine Lacassagne, Nice, France;
""9Centre de Recherche du CHU de Québec, Faculty of Pharmacy, Québec, Canada; '*°Centre de Recherche en Cancérologie de Marseille (CRCM),
INSERM U1068, CNRS UMR 7258, Aix-Marseille Université, Institut Paoli-Calmette, Parc Scientifique et Technologique de Luminy, Marseille, France;
121Centre de Recherche en Cancérologie de Nantes-Angers, CNRS UMR6299, INSERM U892, Nantes, France; '**Centre for Cellular and Molecular Biol-
ogy, Council of Scientific and Industrial Research, Hyderabad, India; 1ZCentre for Research in Agricultural Genomics (CSIC-IRTA-UAB-UB), Bellaterra,
Catalonia, Spain; "**UMR 1324 INRA, 6265 CNRS, Université de Bourgogne Franche-Comté, Centre des Sciences du Goiit et de I'Alimentation, Dijon,
France; '**Centre National de la Recherche Scientifique, Institut de Biologie Moléculaire des Plantes, Unité Propre de Recherche, Strasbourg, France;
126Centre National de la Recherche Scientifique, Sorbonne Universités UPMC Univ Paris 06, UMR 8226, Laboratoire de Biologie Moléculaire et Cellulaire
des Eucaryotes, Institut de Biologie Physico-Chimique, Paris, France; '*’Centro Andaluz de Biologia Molecular y Medicina Regenerativa, Consejo Supe-
rior de Investigaciones Cientificas, Sevilla, Spain; '**Centro de Biologia Molecular “Severo Ochoa” (UAM/CSIC), Centro de Investigacion Biomedica en
Red sobre Enfermedades Neurodegenerativas (CIBERNED), Madrid, Spain; **Centro de Biologia Molecular “Severo Ochoa” (UAM/CSIC), Consejo Supe-
rior de Investigaciones Cientificas, Universidad Auténoma de Madrid, Department of Cell Biology and Immunology, Madrid, Spain; *°Centro de Biolo-
gia Molecular “Severo Ochoa” (UAM/CSIC), Department of Virology and Microbiology, Madrid, Spain; '*'Centro de Investigacion Principe Felipe,
Valencia, Spain; **Centro de Investigacién y Asistencia en Tecnologia y Disefio del Estado de Jalisco, AC, Unidad de Biotecnologia Médica y Farmacéu-
tica, Guadalajara, Jalisco, México; **Centro de Investigaciones Bioldgicas (CSIC), Department of Cellular and Molecular Biology, Madrid, Spain; '>*Cen-
tro de Investigaciones en Bioquimica Clinica e Inmunologia (CIBICI-CONICET), Universidad Nacional de Cérdoba, Departamento de Bioquimica Clinica,
Facultad de Ciencias Quimicas, Cérdoba, Argentina; '**Centro de Pesquisas Aggeu Magalhaes/FIOCRUZ-PE, Departamento de Microbiologia, Recife, PE,
Brazil; "**Chang Gung Memorial Hospital, Department of Pathology, Chiayi, Taiwan; *’Chang Gung University, Chang Gung Memorial Hospital, Depart-
ment of Cardiology, Internal Medicine, Taoyuan, Taiwan; *®Chang Gung University, College of Medicine, Department of Neurology, Kachsiung Chang
Gung Memorial Hospital, Kaohsiung, Taiwan; '**Chang Gung University, Department of Biochemistry and Molecular Biology and Graduate Institute of
Biomedical Sciences, College of Medicine, Taoyuan County, Taiwan; '*°Chang Gung University, Department of Biochemistry, College of Medicine,
Taoyuan, Taiwan; '*'Chang Gung University, Department of Biomedical Sciences, College of Medicine, Taoyuan, Taiwan; '**Chang Gung University,
Molecular Regulation and Bioinformatics Laboratory, Department of Parasitology, Taoyuan, Taiwan; '**Chang Jung Christian University, Department of
Bioscience Technology, Tainan, Taiwan; '**Changzheng Hospital, The Second Military Medical University, Department of Cardiothoracic Surgery,
Shanghai, China; "*>Charité - Universitatsmedizin Berlin, Department of Anesthesiology and Intensive Care Medicine, Campus Charité Mitte and Cam-
pus Virchow-Klinikum, Berlin, Germany; 146Charité - Universitatsmedizin Berlin, Department of Neuropathology, Campus Charité Mitte, Berlin, Germany;
% Charles University in Prague, Faculty of Medicine in Hradec Kralove, Department of Medical Biology and Genetics, Hradec Kralove, Czech Republic;
8Charles University in Prague, Faculty of Science, Department of Genetics and Microbiology, Prague, Czech Republic; '*°Ditmanson Medical Founda-
tion Chia-Yi Christian Hospital, Center for Translational Medicine, Chiayi City, Taiwan; *°Chiba University, Department of Nanobiology, Chiba, Japan;
>Chiba University, Medical Mycology Research Center, Chiba, Japan; '>*Children’s Hospital of Philadelphia, Research Institute, Philadelphia, PA, USA;
133Children’s Hospital, Department of Neurology, Boston, MA, USA; '**China Academy of Chinese Medical Sciences, Institute of Basic Medical Sciences
of Xiyuan Hospital, Beijing, China; '>>China Agricultural University, College of Animal Science and Technology, State Key Laboratory of Animal Nutrition,
Beijing, China; *China Agricultural University, Department of Animal Nutrition and Feed Science, Beijing, China; '*’China Agricultural University,
Department of Nutrition and Food Safety, Beijing, China; *®China Medical University, Department of Microbiology, Taichung, Taiwan; '*°China Medical
University, School of Chinese Medicine, Taichung, Taiwan; '*°Chinese Academy of Medical Sciences and Peking Union Medical College, Department of
Physiology, Institute of Basic Medical Sciences, Beijing, China; ®'Chinese Academy of Medical Sciences and Peking Union Medical College, Institute of
Medicinal Biotechnology, Beijing, China; '®*Chinese Academy of Medical Sciences and Peking Union Medical College, MOH Key Laboratory of Systems
Biology of Pathogens, Institute of Pathogen Biology, Beijing, China; '®*Chinese Academy of Medical Sciences and Peking Union Medical College, Molec-
ular Immunology and Cancer Pharmacology Group, State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia
Medica, Beijing, China; '®*Chinese Academy of Medical Sciences and Peking Union Medical College, National Laboratory of Medical Molecular Biology,
Institute of Basic Medical Sciences, Beijing, China; '®*Chinese Academy of Sciences, CAS Key Laboratory of Infection and Immunity, Institute of Biophys-
ics, Beijing, China; '®Chinese Academy of Sciences, Division of Medical Physics, Institute of Modern Physics, Lanzhou, Gansu Province, China; '*’Chi-
nese Academy of Sciences, Division of Physical Biology and Bioimaging Center, Shanghai Synchrotron Radiation Facility, Shanghai Institute of Applied
Physics, Shanghai, China; '®®Chinese Academy of Sciences, Institute of Biophysics, State Key Laboratory of Biomacromolecules, Beijing, China; '5°Chi-
nese Academy of Sciences, Institute of Hydrobiology, Wuhan, Hubei, China; '"°Chinese Academy of Sciences, Institute of Microbiology, Beijing, China;
7Chinese Academy of Sciences, Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences, Shanghai, China; '7Chinese
Academy of Sciences, Institute of Zoology, Beijing, China; '*Chinese Academy of Sciences, Key Laboratory of Developmental and Evolutionary Biology,
Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences, Shanghai, China; '"“Chinese Academy of Sciences, Shenzhen Insti-
tutes of Advanced Technology, Guangdong, China; '*Chinese Academy of Sciences, South China Botanical Garden, Guangzhou, China; "7®Chinese
Academy of Sciences, State Key Laboratory of Biomacromolecules, Institute of Biophysics, Beijing, China; '7”Chinese Academy of Sciences, State Key
Laboratory of Mycology, Institute of Microbiology, Beijing, China; "®Chinese Academy of Sciences, State Key Laboratory of Stem Cell and Reproductive
Biology, Institute of Zoology, Beijing, China; 7°Chinese Academy of Sciences, State Key Laboratory of Plant Cell and Chromosome Engineering, Insti-
tute of Genetics and Developmental Biology, Beijing, China; '®°Chinese University of Hong Kong, Department of Anaesthesia and Intensive Care, Hong
Kong; "®'Chinese University of Hong Kong, Department of Anaesthesia and Intensive Care, Shatin, NT, Hong Kong; '®Chinese University of Hong Kong,
Institute of Digestive Diseases, Department of Medicine and Therapeutics, State Key Laboratory of Digestive Disease, Hong Kong; '®#*Chinese University
of Hong Kong, Institute of Digestive Diseases, Shatin, Hong Kong; '®*Chinese University of Hong Kong, School of Biomedical Sciences, Faculty of Medi-
cine, Shatin, NT, Hong Kong; "®#*Chinese University of Hong Kong, School of Chinese Medicine, Faculty of Medicine, Shatin, NT, Hong Kong; '®**Chinese
University of Hong Kong, School of Life Science, Centre for Cell and Developmental Biology and State Key Laboratory of Agrobiotechnology, Sha Tin,
Hong Kong; '®’Chonbuk National University, Department of Pharmacology, Medical School, Chonbuk, Korea; '®Christian Albrechts University, Institut
fiir Biochemie, Kiel, Germany; "®Christian-Albrechts-University of Kiel, Department of Nephrology and Hypertension, Kiel, Germany; '*°Chulalongkorn
University, Department of Clinical Chemistry, Faculty of Allied Health Sciences, Bangkok, Thailand; '°'Chungbuk National University, College of Veteri-
nary Medicine, Cheongju, Chungbuk, Korea; '>Chungnam National University, School of Medicine, Department of Biochemistry, Infection Signaling
Network Research Center, Cancer Research Institute, Daejeon, Korea; '**Chungnam National University, School of Medicine, Department of Pharmacol-
ogy, Daejeon, Korea; '**Chungnam National University, School of Medicine, Infection Signaling Network Research Center, Daejeon, Korea; '**Chung-
Shan Medical University, Institute of Medicine, Taichung, Taiwan; '*°CIBER de Diabetes y Enfermedades Metabélicas Asociadas (CIBERDEM), Instituto de
Salud Carlos Ill, Barcelona, Spain; '*’CIBER de Enfermedades Raras (CIBERER), Valencia, Spain; '*®CIBERER Spanish Network for Rare Diseases, Madrid,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

AUTOPHAGY 11

Spain; '®*CIBERNED, ISCIII, Unidad Asociada Neurodeath, Madrid, Spain; 2®Cincinnati Children’s Hospital Medical Center, Division of Clinical Pharmacol-
ogy, Cincinnati, OH, USA; 2°'Cincinnati Children’s Hospital Medical Center, Division of Experimental Hematology and Cancer Biology, Cincinnati, OH,
USA; 2*Cincinnati Children’s Hospital Medical Center, Division of Oncology, Cincinnati, OH, USA; 2City University of Hong Kong, Department of Bio-
medical Sciences, Kowloon Tong, Hong Kong, China; 2**City University of New York, Department of Biology, Queens College and The Graduate Center,
Flushing, NY, USA; 2*Cleveland Clinic, Cleveland, OH, USA; *®*Cleveland Clinic, Department of Cancer Biology, Cleveland, OH, USA; °’Cleveland Clinic,
Department of Cellular and Molecular Medicine, Cleveland, OH, USA; 2°®Cleveland Clinic, Taussig Cancer Institute, Cleveland, OH, USA; 2°°CNR, Institute
of Cell Biology and Neurobiology and IRCCS Santa Lucia Foundation, Rome, Italy; '°CNRS UM, Centre d'études d’agents Pathogénes et Biotechnologies
pour la Santé, Montpellier, France; 2''CNRS, Immunopathology and Therapeutic Chemistry, Institut de Biologie Moléculaire et Cellulaire, Strasbourg,
France; 2'>CNRS, UMR 7280, Marseille, France; 2'*CNRS, UMR 5534, Villeurbanne, France; 2'*Colonia Ciudad Universitaria, Neurodevelopment and Phys-
iology Department, Neuroscience Division, Instituto de Fisiologia Celular, UNAM, Mexico, DF, Mexico; 2'*Colorado Mesa University, Department of Bio-
logical Sciences, Grand Junction, CO, USA; 2'®Columbia University Medical Center, Department of Neurology, New York, NY, USA; 2'"Columbia
University Medical Center, Department of Pathology and Cell Biology, New York, NY, USA; 2'®Columbia University Medical Center, New York, NY, USA;
21%Columbia University, College of Physicians and Surgeons, Department of Pediatrics, New York, NY, USA; 2°Columbia University, Department of Bio-
logical Sciences, New York, NY, USA; ??'Columbia University, Department of Chemistry, New York, NY, USA; ***Columbia University, Department of
Medicine, New York, NY, USA; 22Columbia University, Department of Neurology, New York, NY, USA; ***Columbia University, Taub Institute for Alz-
heimer’s Disease Research, Department of Pathology and Cell Biology, New York, NY, USA; 2>Comenius University in Bratislava, Department of Bio-
chemistry, Faculty of Natural Sciences, Bratislava, Slovak Republic; 2*°Complejo Hospitalario Universitario de Albacete, Unidad de
Neuropsicofarmacologia, Albacete, Spain; ?2’Complutense University, Instituto de Investigaciones Sanitarias San Carlos (IdISSC), Department of Bio-
chemistry and Molecular Biology |, School of Biology, Madrid, Spain; 22Concordia University, Biology Department, Montreal, Quebec, Canada; **’Con-
cordia University, Department of Biology, Montreal, Canada; *°Consejo Superior de Investigaciones Cientificas (CSIC), Centro de Investigaciones
Biolégicas, Madrid, Spain; 2'Consejo Superior de Investigaciones Cientificas (CSIC), Institute of Parasitology and Biomedicine Lopez-Neyra, Granada,
Spain; 2**Consejo Superior de Investigaciones Cientificas (CSIC), Instituto de Bioquimica Vegetal y Fotosintesis, Sevilla, Spain; 23Consejo Superior de
Investigaciones Cientificas (CSIC), Universidad de Salamanca, Campus Miguel de Unamuno, Instituto de Biologia Molecular y Celular del Cancer, Centro
de Investigacién del Cancer, Salamanca, Spain; 2**Consejo Superior de Investigaciones Cientificas (CSIC), Universidad de Salamanca, Experimental Ther-
apeutics and Translational Oncology Program, Instituto de Biologia Molecular y Celular del Cancer, Salamanca, Spain; 2**Consiglio Nazionale delle
Ricerche, Core Research Laboratory, Siena, Italy; 2**BioCruces Health Research Institute, Cruces University Hospital, Stem Cells and Cell Therapy Labora-
tory, Barakaldo, Spain; 2’CSIC-UAM and CIBERER, Institute for Biomedical Research “Alberto Sols”, Madrid, Spain; 2*3CSIR-Centre for Cellular and Molec-
ular Biology, Hyderabad, India; Z°CSIR, Indian Institute of Chemical Technology, Biomaterials Group, Hyderabad, India; 2*°CSS-Mendel Institute,
Neurogenetics Unit, Rome, Italy; 2*'Curtin University, School of Biomedical Sciences, Perth, Australia; 2**Curtin University, School of Pharmacy, Bentley,
Australia; 2**Dalhousie University, Biochemistry and Molecular Biology, Halifax, NS, Canada; 244palhousie University, Department of Microbiology and
Immunology, Halifax, Nova Scotia, Canada; 2**Dalhousie University, Department of Pediatrics, Halifax, Nova Scotia, Canada; >*°Dalhousie University,
Department of Pharmacology, Halifax, Nova Scotia, Canada; *’Dalian Medical University, Cancer Center, Institute of Cancer Stem Cell, Dalian, Liaoning
Province, China; **®Dalian Medical University, Department of Environmental and Occupational Hygiene, Dalian, China; 2**Dalian Medical University,
Department of Food Nutrition and Safety, Dalian, China; °°Dalian Medical University, Institute of Cancer Stem Cell, Dalian, China; >*'Danish Cancer
Society Research Center, Cell Death and Metabolism Unit, Center for Autophagy, Recycling and Disease, Copenhagen, Denmark; 2*?Danish Cancer Soci-
ety Research Center, Cell Stress and Survival Unit, Copenhagen, Denmark; 23Danish Cancer Society Research Center, Unit of Cell Stress and Survival
(CSS), Copenhagen, Denmark; >**Danish Cancer Society Research Center, Unit of Cell Stress and Survival, Copenhagen, Denmark; **Dartmouth College,
Department of Chemistry, Hanover, NH, USA; *®Democritus University of Thrace, Department of Pathology, Alexandroupolis, Greece; **’Democtitus
University of Thrace, Laboratory of Molecular Hematology, Alexandroupolis, Greece; *®Democritus University of Thrace, Medical School, Department of
Pathology, Alexandroupolis, Greece; 2*?Democritus University of Thrace, School of Medicine, Alexandroupolis, Greece; **Denver VAMC, Denver, CO,
USA; 2" Department of Cellular and Molecular Medicine, Center for Biological Research and Center for Biomedical Network Research on Rare Diseases,
Madrid, Spain; 252Department of Medical Chemistry, Molecular Biology and Pathobiochemistry, Budapest, Hungary; **Dong-A University, College of
Medicine and Mitochondria Hub Regulation Center, Department of Anatomy and Cell Biology, Busan, Korea; 2**Dong-Eui University, Department of
Chemistry, Busan, Korea; ***Drexel University, College of Medicine, Department of Pathology, Philadelphia, PA, USA; 25Duke University, Department of
Medicine, Human Vaccine Institute, Durham, NC, USA; 2’Duke University, Department of Molecular Genetics and Microbiology, Durham, NC, USA;

28D yke University, Department of Ophthalmology, Durham, NC, USA; 2°Duke University, Medical Center, Department of Immunology, Durham, NC,
USA; °Duke University, Medical Center, Department of Medicine, Durham, NC, USA; ?"Duke University, Medical Center, Department of Molecular
Genetics and Microbiology, Durham, NC, USA; ?*Duke University, Nicholas School of the Environment, Durham, NC, USA; 2*Duke-NUS Graduate Medi-
cal School, Cancer and Stem Cell Biology Program, Singapore; 2”“Dulbecco Telethon Institute and Telethon Institute of Genetics and Medicine (TIGEM),
Naples, Italy; ”°Durham VA Medical Center, GRECC, Durham, NC, USA; 2”°DZNE, German Center for Neurodegenerative Diseases, and CAESAR Research
Center, Bonn, Germany; %’”East China Normal University, School of Life Science, Shanghai, China; 2’®East China Normal University, Shanghai, China;
2%Eberhard Karls University Tiibingen, Interfaculty Institute of Cell Biology, Tiibingen, Germany; **Institute for Research in Biomedicine, Bellinzona,
Switzerland, Universita Svizzera italiana, Lugano, Switzerland; 2'Ecole Polytechnique Federale de Lausanne, Global Health Institute, School of Life Sci-
ences, Lausanne, Switzerland; ®Edinburgh Napier University, School of Life, Sport and Social Sciences, Edinburgh, UK; ?*Edinburgh University, MRC
Human Genetics Unit, Edinburgh, UK; ?®*Ege University, Faculty of Science, Department of Biology, Bornova, lzmir, Turkey; 2>Emory University, Depart-
ment of Biology, Atlanta, GA, USA; 2®Emory University, Department of Cell Biology, Atlanta, GA, USA; ?’Emory University, Department of Hematology
and Medical Oncology, Atlanta, GA, USA; 2®Emory University, School of Medicine, Department of Microbiology and Immunology, Atlanta, GA, USA;
ZEmory University, School of Medicine, Department of Pharmacology and Neurology, Atlanta, GA, USA; 2°Emory University, School of Medicine,
Department of Pharmacology, Atlanta, GA, USA; 2°'Emory University, School of Medicine, Division of Digestive Diseases, Atlanta, GA, USA; *>Emory
University, School of Medicine, Emory Vaccine Center and Department of Microbiology and Immunology, Atlanta, GA, USA; ***Emory University, School
of Medicine, Winship Cancer Institute, Atlanta, GA, USA; ***Emory University, Division of Endocrinology, Metabolism, and Lipids, Department of Medi-
cine, Atlanta, GA, USA; **Emory University, Winship Cancer Institute, Department of Hematology and Medical Oncology, Atlanta, GA, USA; 2*°E6tvos
Lorand University, Department of Anatomy, Cell and Developmental Biology, Budapest, Hungary; 2*’Eotvos Lorand University, Department of Biologi-
cal Anthropology, Budapest, Hungary; 2°®E6tvos Lordnd University, Department of Genetics, Budapest, Hungary; 2*°Centre de Recherche des Cordeliers,
Equipe 11 labellisée par la Ligue Nationale contre le Cancer, Paris, France; **°Erasmus MC-University Medical Center Rotterdam, Department of Surgery,
Rotterdam, The Netherlands; **'Ernst-Moritz-Arndt University, Institute of Pharmacy, Greifswald, Germany; **>ETH Zurich, Department of Biology, Insti-
tute of Molecular Health Sciences, Zurich, Switzerland; ***ETH Zurich, Institute of Biochemistry, Zurich, Switzerland; ***ETH Zurich, Institute of Molecular
Health Sciences, Zurich, Switzerland; 3*ETH Zurich, Institute of Molecular Systems Biology, Zurich, Switzerland; 3°ETH Ziirich, LFW D 18.1, Ziirich, Swit-
zerland; *°’ETH Zurich, ScopeM (Scientific Center for Optical and Electron Microscopy), Zurich, Switzerland; 3*®®European Institute of Oncology (IEO),
Department of Experimental Oncology, Milan, Italy; ***European Molecular Biology Laboratory (EMBL), Structural and Computational Biology Unit,



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

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

Heidelberg, Germany; 31%yelina’s Children Hospital, Guy’s and St. Thomas’ Hospital NHS Foundation Trust, Department of Paediatric Neurology, Neu-
romuscular Service, London, UK; 3''Ewha W. University, Brain and Cognitive Sciences/Pharmacy, Seoul, Korea; *'?Federal University of Rio de Janeiro,
Insititute of Microbiology, Department of Immunology, Rio de Janeiro, Brazil; *'*Federal University of Rio de Janeiro, Institute of Biophysics Carlos Cha-
gas Filho, Laboratory of Inmunoreceptors and Signaling, Rio de Janeiro, Brazil; 3"*Federal University of Sao Paulo, Department of Pharmacology, Pau-
lista School of Medicine, Sao Paulo, Brazil; *'*Federico Il University, Department of Translational Medicine, Naples, Italy; 3'®Federico Il University,
Telethon Institute of Genetics and Medicine (TIGEM), Department of Medical and Translational Sciences, Naples, Italy; >'’First Hospital of Jilin Univer-
sity, Changchun, Jilin, China; 3'®First Hospital of Jilin University, Department of Neurosurgery, Changchun, China; >'°FISABIO, Hospital Dr. Peset, Valen-
cia, Spain; **°Flinders University, School of Biological Sciences, Bedford Park, South Australia, Australia; 2'Florida Atlantic University, Department of
Biological Sciences, Jupiter, FL, USA; 322Forida Atlantic University, Schmidt College of Medicine, Department of Biomedical Sciences, Boca Raton, FL,
USA; **Florida International University, Department of Dietetics and Nutrition, Miami, FL, USA; ***Fondazione IRCCS Istituto Nazionale dei Tumori,
Department of Experimental Oncology and Molecular Medicine, Milan, Italy; ***Food and Drug Administration (FDA), Division of Biochemical Toxicol-
ogy, National Center for Toxicological Research (NCTR), Jefferson, AR, USA; **Forschungszentrum Juelich, ICS-6/Structural Biochemistry, Juelich, Ger-
many; 3*’George Washington University, Department of Biochemistry and Molecular Medicine, Washington, DC, USA; **®Foundation for Research and
Technology - Hellas, Heraklion, Crete, Greece; 3**Fourth Military Medical University, Department of Biochemistry and Molecular Biology, Xi'an, China;
3%%Fourth Military Medical University, Department of Oral Anatomy and Physiology and TMD, College of Stomatology, Xi'an, China; **'Fourth Military
Medical University, Department of Pulmonary Medicine, Xijing Hospital, Xi’an, Shaanxi Province, China; ***The Francis Crick Institute, Mill Hill Labora-
tory, London, UK; 3*Freiburg University, Center for Biological Systems Analysis (ZBSA), Core Facility Proteomics, Freiburg, Germany; ***Freie Universitit
Berlin, Institute of Pharmacy (Pharmacology and Toxicology), Berlin, Germany; 3**Freshwater Aquaculture Collaborative Innovation Center of Hubei
Province, Wuhan, China; ***Friedrich-Alexander-University Erlangen-Niirnberg, Department of Medicine 1, Erlangen, Germany; **’Fudan University
Shanghai Medical College, Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Institute of Biomedical Sciences,
Shanghai, China; 3*3Fudan University Shanghai Medical College, Key Laboratory of Molecular Virology, Shanghai, China; ***Fudan University, Cancer
Center, Department of Integrative Oncology, Shanghai, China; ***Cancer Institute, Fudan University Shanghai Cancer Center, Collaborative Innovation
Center of Cancer Medicine, Department of Oncology, Shanghai Medical College, Fudan University, Shanghai, China; >*'Fudan University, Department of
Biosynthesis, Key Laboratory of Smart Drug Delivery, Ministry of Education, School of Pharmacy, Shanghai, China; >***Fudan University, Department of
Neurosugery, Shanghai, China; ***Fujian Provincial Hospital, Department of Urology, Fuzhou, China; 3**Gdansk University of Technology, Department of
Pharmaceutical Technology and Biochemistry, Gdansk, Poland; ***Geisel School of Medicine at Dartmouth, Department of Biochemistry, Hanover, NH,
USA; **SGeisel School of Medicine at Dartmouth, Department of Microbiology and Immunology, Lebanon, NH, USA; **Geisinger Clinic, Weis Center for
Research, Danville, PA, USA; **Genentech Inc., Department of Cancer Immunology, South San Francisco, CA, USA; 3*Genentech Inc., Department of
Immunology, South San Francisco, CA, USA; ***Genentech Inc., Department of Neuroscience, South San Francisco, CA, USA; **'Genentech Inc., Depart-
ment of Translational Oncology, South San Francisco, CA, USA; $2Genentech Inc,, Immunology and Infectious Diseases, South San Francisco, CA, USA;
353Georg-August-Universitit Gottingen, Department of Molecular Microbiology and Genetics, Institute of Microbiology and Genetics, Géttingen, Ger-
many; *>*Georg-August-Universitat Gottingen, Institute of Microbiology and Genetics, Department of Genetics of Eukaryotic Microorganisms,
Gottingen, Germany; >>>Georg-August-University Gottingen, Department of Nephrology and Rheumatology, Gottingen, Germany; 3**Georg-August-
University Gottingen, Institute of Cellular Biochemistry, Gottingen, Germany; >*’George Mason University, Manassas, VA, USA; ***George Washington
University, Department of Anatomy and Regenerative Biology, Washington, DC, USA; ***George Washington University, Flow Cytometry Core Facility,
Washington, DC, USA; **®Georgetown University Medical Center, Department of Neuroscience, Washington, DC, USA; *¢'Georgetown University Medi-
cal Center, Department of Oncology, Washington, DC, USA; **?Georgetown University, Department of Pharmacology and Physiology, Washington, DC,
USA; *%3*Georgetown University, Lombardi Comprehensive Cancer Center, Departments of Oncology and Pathology, Washington, DC, USA; ***George-
town University, Lombardi Comprehensive Cancer Center, Washington, DC, USA; 3°Georgia Regents University, Cancer Center, Department of Medi-
cine, Augusta, GA, USA; **Georgia Regents University, Department of Neurology, Augusta, GA, USA; *’Georgia Regents University, Department of
Orthopaedic Surgery, Augusta, GA, USA; *®Georgia Regents University, Institute for Regenerative and Reparative Medicine, Augusta, GA, USA; 3*Geor-
gia Regents University, Medical College of Georgia, Augusta, GA, USA; 3"°Georgia Regents University, Medical College of Georgia, Department of Cellu-
lar Biology and Anatomy, Augusta, GA, USA; *”'Georgia Regents University, Medical College of Georgia, Department of Medicine, Augusta, GA, USA;
372German Cancer Research Center (DKFZ), Clinical Cooperation Unit (CCU) Pediatric Oncology, Heidelberg, Germany; >German Cancer Research Cen-
ter (DKFZ), Lysosomal Systems Biology, Heidelberg, Germany; *”*German Cancer Research Center (DKFZ), Systems Biology of Cell Death Mechanisms,
Heidelberg, Germany; *”*German Center for Neurodegenerative Diseases (DZNE), Munich, Germany; *’®German Institute of Human Nutrition, Depart-
ment of Molecular Toxicology, Nuthetal, Germany; 3”’Ghent University, Department of Biomedical Molecular Biology, Inflammation Research Center,
VIB, Methusalem Program, Gent, Belgium; *Girona Biomedical Research Institute (IDIBGI), Catalan Institute of Oncology (ICO), Catalonia, Spain;
379Goethe University Medical School, Experimental Neurology, Frankfurt am Main, Germany; *°Goethe University of Frankfurt, Institute of Biophysical
Chemistry, Frankfurt am Main, Germany; 381Goethe University School of Medicine, Institute of Biochemistry Il and Buchmann Institute for Molecular Life
Sciences, Frankfurt am Main, Germany; *®?Goethe University, Institue of Pharmacology and Toxicology, Frankfurt am Main, Germany; *¥3Goethe Univer-
sity, Institute for Experimental Cancer Research in Pediatrics, Frankfurt, Germany; ***Goethe University, Institute for Molecular Biosciences, Molecular
Developmental Biology, Frankfurt, Hesse, Germany; ***Goncalo Moniz Research Center, Oswaldo Cruz Foundation, FIOCRUZ-BA, Laboratory of Pathol-
ogy and Biointervention, Salvador, BA, Brazil; 386Graduate School of Cancer Science and Policy, Department of System Cancer Science, Goyang, Korea;
3%/ Graduate School of Hallym University, Chuncheon, Kangwon-do, Korea; 3%Griffith University, Menzies Health Institute Queensland, Australia;
38Guangzhou Medical University, Department of Human Anatomy, School of Basic Science, Guangzhou, Guangdong, China; ***Gunma University
Graduate School of Medicine, Department of Otolaryngology-Head and Neck Surgery, Gunma, Japan; **' Gunma University, Laboratory of Molecular
Membrane Biology, Institute for Moleclualr and Cellular Regulation, Gunma, Japan; 3***Gunma University, Laboratory of Molecular Traffic, Institute for
Moleclualr and Cellular Regulation, Gunma, Japan; ***Gustave Roussy Cancer Campus, Villejuif, France; ***Gustave Roussy Comprehensive Cancer Cen-
ter, Villejuif, France; **Gustave Roussy Institute, Villejuif, France; ***Gyeongsang National University School of Medicine, Department of Biochemistry
and Convergence Medical Science and Institute of Health Sciences, JinJu, Korea; **’Hadassah Hebrew University Medical Center, Endocrinology and
Metabolism Service, Department of Medicine, Jerusalem, Israel; **®*Hadassah Hebrew University Medical Center, Department of Neurology, Jerusalem,
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
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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-
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Group, State Key Lab for Biotherapy, West China Hospital, Chengdu, China; ®*Sichuan University, Key Laboratory of Bio-Resources and Eco-Environ-
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amine; PI3K, phosphoinositide 3-kinase; PMN, piecemeal microautophagy of the nucleus; PMSF,
phenylmethylsulfonylfluoride; POF, postovulatory follicle; PSSM, position-specific scoring matrix; PtdIns3K, phospha-
tidylinositol 3-kinase; PtdIns3P, phosphatidylinositol 3-phosphate; PTM, posttranslational modification; PVM, parasi-
tophorus vacuole membrane; gRT-PCR, quantitative real-time reverse transcription polymerase chain reaction; RBC,
red blood cell; RCBs, Rubisco-containing bodies; Rluc, Renilla reniformis luciferase; ROS, reactive oxygen species; SD,
standard deviation; SKL, serine-lysine-leucine (a peroxisome targeting signal); SOD, superoxide dismutase; TEM,
transmission electron microscopy; tfLC3, tandem fluorescent LC3; TORC1, TOR complex I; TR-FRET, time-resolved
fluorescence resonance energy transfer; TVA, tubulovesicular autophagosome; UPR, unfolded protein response;
UPS, ubiquitin-proteasome system; V-ATPase, vacuolar-type H-ATPase; xLIR, extended LIR-motif
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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
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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-
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dependent activation of MTOR (mechanistic target of rapamy-
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),

161,162

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 thus
colocalization of LC3 with any of these proteins would indicate
the former structure. In addition, the site(s) of LC3 conjugation
to PE is not definitively known, and levels of Atg8-PE/LC3-II
can increase even in autophagy mutants that cannot form auto-
phagosomes.”> One method that can be used to examine LC3-
I membrane association is differential extraction in Triton X-
114, which can be used with mammalian cells,”>' or western
blot analysis of total membrane fractions following solubiliza-
tion with Triton X-100, which is helpful in plants.***'*> Impor-
tantly, we stress again that numbers of GFP-LC3 puncta,
similar to steady state LC3-II levels, reflect only a snapshot of
the numbers of autophagy-related structures (e.g., autophago-
somes) in a cell at one time, not autophagic flux.

Finally, we offer a general note of caution with regard to
using GFP. First, the GFP tag is large, in particular relative to
the size of LC3; therefore, it is possible that a chimera may
behave differently from the native protein in some respects.
Second, GFP is not native to most systems, and as such it may
be recognized as an aberrant protein and targeted for degrada-
tion, which has obvious implications when studying autophagy.
Third, some forms of GFP tend to oligomerize, which may
interfere with protein function and/or localization. Fourth,
EGFP inhibits polyubiquitination®® and may cause defects in
other cellular processes. Fifth, not all LC3 puncta represent
LC3-II and correspond to autophagosomes.'#%!'?!3%73%8
Accordingly it would be prudent to complement any assays
that rely on GFP fusions (to Atg8/LC3 or any protein) with
additional methods that avoid the use of this fluorophore. Simi-
larly, with the emergence of “super-resolution” microscopy
methods such as photoactivated localization microscopy
(PALM), new tags are being used (e.g., the EosFP green to red
photoconvertible fluorescent protein, or the Dronpa GFP-like
protein) that will need to be tested and validated.””

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

e. Tandem mRFP/mCherry-GFP fluorescence microscopy

A fluorescence assay that is designed to monitor flux relies
on the use of a tandem monomeric RFP-GFP-tagged LC3
(tfLC3; Fig. 11).** The GFP signal is sensitive to the acidic
and/or proteolytic conditions of the lysosome lumen,
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Table 1. Genetic and pharmacological regulation of autophagy.’

Method

Comments

1.

15.
16.
17.

30.

31.

32.

34.
35.

36.
37.

38

39.

40.
41.
42.
43.
44,

3-methyladenine

10-NCP
17-AAG

Akti-1/2
AR7

ARN5187
ATG4<*A
Bafilomycin A,
Betulinic acid

Calcium

Chloroquine, NH,Cl
DFMO

E-64d
ESC8

Everolimus
Fumonisin B1
Gene deletion

HMOX1 induction

Knockdown

KU-0063794
Leupeptin

microRNA
MLN4924

NAADP-AM
NED-19
NVP-BEZ235
Pathogen-derived

Pepstatin A
Protease inhibitors

PMI

Rapamycin

Resveratrol
RNAi

RSVAs
Saikosaponin-d

Tat-Beclin 1
Thapsigargin

T™MS
Torin1

Trehalose
Tunicamycin
Vacuolin-1
Vinblastine
Wortmannin

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

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

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

An allosteric inhibitor of AKT1 and AKT2 that promotes autophagy in B-cell lymphoma."*

AR7 was developed as a highly potent and selective enhancer of CMA through antagonizing RARA/RARw; AR7 is the first small molecule
developed to selectively stimulate CMA without affecting macroautophagy.**®

Lysosomotropic compound with a dual inhibitory activity against the circadian regulator NR1D2/REV-ERBS and autophagy.

An active site mutant of ATG4 that is defective for autophagy.'**®

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

A pentacyclic triterpenoid that promotes paralell damage in mitochondrial and lysosomal compartments, and, ultimately, jeopardizes
lysosomal degradative capacity.”*®

An autophagy activator that can be released from ER or lysosomal stores under stress conditions; however, calcium can also inhibit
autophagy.zm']z“

Lysosomotropic compounds that elevate/neutralize the lysosomal/vacuolar pH.'s®

a-difluoromethylornithine, an irreversible inhibitor of ODC1 (ornithine decarboxylase 1) that blocks spermidine synthesis and ATG gene
expression.'*%°

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

A cationic estradiol derivative that induces autophagy and apoptosis simultaneously by downregulating the MTOR kinase pathway in
breast cancer cells.

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

An inhibitor of ceramide synthesis that interferes with macroautophagy.

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

Mitophagy and the formation of iron-containing cytoplasmic inclusions and corpora amylacea are accelerated in HMOX1-transfected rat
astroglia and astrocytes of GFAP-HMOX1 transgenic mice. Heme derived ferrous iron and carbon monoxide, products of the HMOX1
reaction, promote macroautophagy in these cells.'*°15%2

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

An MTOR inhibitor that binds the catalytic site and activates autophagy.>*'>®*

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

Can be used to reduce the levels of target mRNA(s) or block translation.

A small molecule inhibitor of NAE (NEDDS activating enzyme);'*** induces autophagy by blockage of MTOR signals via DEPTOR and the
HIF1A-DDIT4/REDD1-TSC1/2 axis as a result of inactivation of CUL/cullin-RING ligases.'**>"%%/

Activates the lysosomal TPCN/two-pore channel and induces autophagy.'?*®

Inhibits the lysosomal TPCN and NAADP-induced autophagy.'?*

A dual inhibitor of PIK3CA/p110 and the MTOR catalytic site that activates autophagy.'>%®'>%°

Virally-encoded autophagy inhibitors including HSV-1 ICP34.5, Kaposi sarcoma-associated herpesvirus vBCL2, y-herpesvirus 68 M11,
ASFV vBCL2, HIV-1 Nef and influenza A virus M2,366892896897,902

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

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

p62 (SQSTM1)-mediated mitophagy inducer is a pharmacological activator of autophagic selection of mitochondria that operates
without7c1tgllapsing the mitochondrial membrane potential (AW,,) and hence by exploiting the autophagic component of the
process.

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

A natural polyphenol that affects many proteins''® and induces autophagy via activation of AMPK.>'"1512

Can be used to inhibit gene expression.

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

A natura1lsir‘nall—molecule inhibitor of ATP2A/SERCA that induces autophagy and autophagy-dependent cell death in apoptosis-resistant
cells.

A cell penetrating peptide that potently induces macroautophagy.

An inhibitor of ATP2A/SERCA that inhibits autophagic sequestration through the depletion of intracellular Ca** stores;?'®"'> however,
thapsigargin may also block fusion of autophagosomes with endosomes by interfering with recruitment of RAB7, resulting in
autophagosome accumulation.''®

Trans-3,5,4-trimethoxystilbene upregulates the expression of TRPC4, resulting in MTOR inhibition.

A catalytic1r\1/I9T30R inhibitor that induces autophagy and provides more complete inhibition than rapamycin (it inhibits all forms of
MTOR).

An inducer of autophagy that may be relevant for the treatment of different neurodegenerative diseases.

A glycosylation inhibitor that induces autophagy due to ER stress.'*?°

A RAB5A activator that reversibly blocks autophagosome-lysosome fusion.

A depolymerizer of both normal and acetylated microtubules that interferes with autophagosome-lysosome fusion.??’

An inhibitor of PI3K and PtdIns3K that blocks autophagy, but not a specific inhibitor (see 3-MA above).

1200

1497

1495

1513

1080,1226

1517

1241,1518,1519

1521

'This table is not meant to be complete, as there are many compounds and genetic methods that regulate autophagy, and new ones are being discovered routinely.
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Figure 11. The GFP and mRFP signals of tandem fluorescent LC3 (tfLC3, mRFP-GFP-LC3) show different localization patterns. HelLa cells were cotransfected with plasmids
expressing either tfLC3 or LAMP1-CFP. Twenty-four h after transfection, the cells were starved in Hanks balanced salt solution for 2 h, fixed and analyzed by microscopy.
The lower panels are a higher magnification of the upper panels. Bar: 10 um in the upper panels and 2 um in the lower panels. Arrows in the lower panels point to (or
mark the location of) typical examples of colocalized signals of mRFP and LAMP1. Arrowheads point to (or mark the location of) typical examples of colocalized particles
of GFP and mRFP signals. This figure was previously published in ref. 264, and is reproduced by permission of Landes Bioscience, copyright 2007.

whereas mRFP is more stable. Therefore, colocalization of
both GFP and mRFP fluorescence indicates a compartment
that has not fused with a lysosome, such as the phagophore
or an autophagosome. In contrast, a mRFP signal without

GFP corresponds to an amphisome or autolysosome. Other
fluorophores such as mCherry are also suitable instead of
mRFP,*"’ and an image-recognition algorithm has been
developed to quantify flux of the reporter to acidified
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compartments.”**>*> One of the major advantages of the
tandem mRFP/mCherry-GFP reporter method is that it
enables simultaneous estimation of both the induction of
autophagy and flux through autophagic compartments with-
out requiring the use of any lysosomal inhibitors. The com-
petence of lysosomal digestion of the substrate requires
additional analysis using methods described above. The use
of more than one time point allows visualization of
increased early autophagosomes followed by increases in
late autophagosomes as an additional assurance that flux
has been maintained.’*’ In addition, this method can be
used to monitor autophagy in high-throughput drug screen-
ing studies.’*' The quantification of “yellow only” (where
the yellow signal results from merging the red and green
channels) and “red only” dots in a stable tandem-fluores-
cent LC3-reporter cell line can be automated by a Cellomics
microscope that can be used to assess a huge population of
cells (1,000 or more) over a large number of random fields
of view.>>*** Notably, organelle-specific variations of the
tandem mRFP/mCherry-GFP reporter system have success-
fully been used to analyze selective types of autophagy, such
as pexophagy”*®> and mitophagy’****” in mammalian cells.

An alternative dual fluorescence assay involves the Rosella
pH biosensor. This assay monitors the uptake of material to the
lysosome/vacuole and complements the use of the tandem
mRFP/mCherry-GFP reporter. The assay is based upon the
genetically encoded dual color-emission biosensor Rosella, a
fusion between a relatively pH-stable fast-maturing RFP vari-
ant, and a pH-sensitive GFP variant. When targeted to specific
cellular compartments or fused to an individual protein, the
Rosella biosensor provides information about the identity of
the cellular component being delivered to the lysosome/vacuole
for degradation. Importantly, the pH-sensitive dual color fluo-
rescence emission provides information about the environment
of the biosensor during autophagy of various cellular compo-
nents. In yeast, Rosella has been successfully used to monitor
autophagy of cytosol, mitochondria (mitophagy) and the
nucleus (nucleophagy).348'3 >0 Furthermore, the Rosella biosen-
sor can be used as a reporter under various conditions
including nitrogen depletion-dependent induction of auto-
phagy.*****° The Rosella biosensor can also be expressed in
mammalian cells to follow either nonselective autophagy (cyto-
plasmic turnover), or mitophagy.”*’

Cautionary notes: The use of tandem mRFP/mCherry-
GFP-LC3/Atg8 reporters in live imaging experiments can be
complicated by the motion of LC3/Atg8 puncta. As a conse-
quence, conventional confocal microscopy may not allow
visualization of colocalized mRFP/mCherry-GFP puncta. In
this case, GFP colocalized puncta represent newly formed
autophagic structures whereas mRFP/mCherry-only puncta
are ambiguous. Spinning disk confocal microscopy or rapid
acquisition times may be required for imaging tandem
mRFP/mCherry-GFP proteins, although these techniques
require a brighter fluorescent signal associated with what
may be undesirably higher levels of transgene expression.
One solution is to use the mTagRFP-mWasabi-LC3 chi-
mera,”' as mTagRFP is brighter than mRFP1 and mCherry,
and mWasabi is brighter than EGFP.**> Another possibility
is to use fixed cells; however, this presents an additional

AUTOPHAGY (&) 57

concern: The use of tandem mRFP/mCherry-GFP relies on
the quenching of the GFP signal in the acidic autolysosome;
however, fixation solutions are often neutral or weak bases,
which will increase the pH of the entire cell. Accordingly,
the GFP signal may be restored after fixation (Fig. 12),
which would cause an underestimation of the amount of
signal that corresponds only to RFP (i.e., in the autolyso-
some). Thus, the tissue or cell samples must be properly
processed to avoid losing the acidic environment of the
autolysosomes. In addition, there may be weak fluorescence
of EGFP even in an acidic environment (pH between 4 and
5).29%%1 Therefore, it may be desirable to choose a mono-
meric green fluorescent protein that is more acid sensitive
than EGFP for assaying autophagic flux.

Another caution in the interpretation of the tandem fluores-
cent marker is that colocalization of GFP and mRFP/mCherry
might also be seen in the case of impaired proteolytic degrada-
tion within autolysosomes or altered lysosomal pH. Finally,
expression of tandem mRFP-GFP-LC3 is toxic to some cancer
cell lines relative to GFP-LC3 or RFP-LC3 (K.S. Choi, personal
communication). The cytotoxicity of DsRed and its variants
such as mRFP1 is associated with downregulation of BCL2L1/
Bcl-x..*>? In contrast to mRFP-GFP-LC3, overexpression of
mTagRFP-mWasabi-LC3 does not appear to be toxic to HeLa
cells (J. Lin, personal communication).

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

Finally, it may be desirable to capture the dynamic behavior
of autophagy in real time, to generate data revealing the rate of
formation and clearance of autophagosomes over time, rather
than single data points. For example, by acquiring signals from
2 fluorescent constructs in real time, the rate of change in
colocalization signal as a measure of the fusion rate and recy-
cling rate between autophagosomes and lysosomes can be
assessed.”* Importantly, due to the integral dynamic relation-
ship of autophagic flux with the onset of apoptosis and necro-
sis, it is advantageous to monitor cell death and autophagic flux
parameters concomitantly over time, which FRET-based
reporter constructs make possible.**>

In addition, as the metabolic control of autophagy is becom-
ing increasingly clear, highlighting a tight network between the
autophagy machinery, energy sensing pathways and the cell’s
metabolic circuits,>>***” mitochondrial parameters such as fis-
sion and fusion rate as well as the cell’s ATP demand should be
monitored and correlated with autophagic flux data. This will
provide a better understanding of the variability of autophagy
and cell death susceptibility.

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

Conclusion: The use of tandem fluorescent constructs,
which display different emission signals depending on the
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Figure 12. GFP fluorescence in the autolysosome can be recovered upon neutralization of the pH. (A) GFP-LC3 emits green fluorescence in the autolysosomes of post-
mortem processed heart sections. Cryosections of 3.8% paraformaldehyde-fixed ventricular myocardium from 3-wk-old GFP-LC3 transgenic mice at the baseline (control)
or starved for 24 h (starved) were processed for immunostaining using a standard protocol (buffered at pH 7.4). Most of the GFP-LC3 puncta are positive for LAMP1, sug-
gesting that the autolysosomes had recovered GFP fluorescence. (B) Colocalization between GFP-LC3 direct fluorescence (green) and indirect immunostaining for GFP
(red). Sections processed as in (A) were immunostained for GFP using a red fluorescence-tagged secondary antibody, and the colocalization with GFP fluorescence was
examined by confocal microscopy. Almost all of the red puncta emit green fluorescence. Image provided by Xuejun Wang.
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environment (in particular, GFP fluorescence is sensitive to an
acidic pH), provides a convenient way to monitor autophagic
flux in many cell types.

f. Autophagic flux determination using flow and
multispectral imaging cytometry

Whereas fluorescence microscopy, in combination with novel
autophagy probes, has permitted single-cell analysis of autopha-
gic flux, automation for allowing medium- to high-throughput
analysis has been challenging. A number of methods have been
developed that allow the determination of autophagic flux using
flow cytometry,”>>*!1327:3%8361 and commercial kits are now
available for monitoring autophagy by flow cytometry. These
approaches make it possible to capture data or, in specialized
instruments, high-content, multiparametric images of cells in
flow (at rates of up to 1,000 cells/sec for imaging, and higher in
nonimaging flow cytometers), and are particularly useful for
cells that grow in suspension. Optimization of image analysis
permits the study of cells with heterogeneous LC3 puncta, thus
making it possible to quantify autophagic flux accurately in sit-
uations that might perturb normal processes (e.g., microbial
infection).’***** Since EGFP-LC3 is a substrate for autophagic
degradation, total fluorescence intensity of EGFP-LC3 can be
used to indicate levels of autophagy in living mammalian
cells.’®® When autophagy is induced, the decrease in total cellu-
lar fluorescence can be precisely quantified in large numbers of
cells to obtain robust data. In another approach, soluble EGFP-
LC3-I can be depleted from the cell by a brief saponin extraction
so that the total fluorescence of EGFP-LC3 then represents that
of EGFP-LC3-II alone (Fig. 13A).*****” Since EGFP-LC3 trans-
fection typically results in high relative levels of EGFP-LC3-I,
this treatment significantly reduces the background fluorescence
due to nonautophagosome-associated reporter protein. By com-
paring treatments in the presence or absence of lysosomal deg-
radation inhibitors, subtle changes in the flux rate of the GFP-
LC3 reporter construct can be detected. If it is not desirable to

Accumulation of

autophagosomes

Saponin
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treat cells with lysosomal inhibitors to determine rates of auto-
phagic flux, a tandem mRFP/mCherry-EGFP-LC3 (or similar)
construct can also be used for autophagic flux measurements in
flow cytometry experiments (see Tandem mRFP/mCherry-GFP
fluorescence microscopy).>>®

These methods, however, require the cells of interest to be
transfected with reporter constructs. Since the saponin extrac-
tion method can also be combined with intracellular staining
for endogenous LC3 protein, subtle changes in autophagic flux
can be measured without the need for reporter transfections
(Fig. 13B).

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

Users of the saponin extraction method should carefully titrate
saponin concentrations and times of treatment to ensure specific
extraction of LC3-I in their systems. Also, it has been observed in
some cell types that saponin treatment can lead to nonautophagic
aggregation of LC3,*® which should be controlled for in these
assays (see GFP-Atg8/LC3 fluorescence microscopy).

Cell membrane permeabilization with digitonin and extrac-
tion of the nonmembrane-bound form of LC3 allows combined
staining of membrane-associated LC3-II protein and any
markers for detection of autophagy in relation to other cellular
events/processes. Based on this approach, a method for moni-
toring autophagy in different stages of the cell cycle was devel-
oped.’® Thus, the presence of basal or starvation-induced
autophagy is detected in Gy, S, and G,/M phases of the cell
cycle in MEFs with doxycycline-regulated ATG5 expression. In
these experiments cells were gated based on their DNA content
and the relative intensity of GFP-LC3-II and LC3-II expression.
This approach might also be used for the detection of autopha-
gic flux in different stages of the cell cycle or subG, apoptotic
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Figure 13. Saponin extraction allows quantification of LC3-Il fluorescence by FACS. (A) Schematic diagram of the effects of the saponin wash. Due to the reorganization of
the EGFP-LC3 reporter protein, induction of autophagosome formation does not change the total levels of fluorescence in EGFP-LC3-transfected cells. However, extraction
of EGFP-LC3-I with saponin results in a higher level of fluorescence in cells with proportionally higher levels of EGFP-LC3-Il-containing autophagosomes. This figure was
previously published in ref. 327. (B) Saponin extraction can also be used to measure flux of endogenous LC3 protein. Human osteosarcoma cells were starved of amino
acids and serum by incubation in EBSS, for the indicated times in the presence or absence of a 1 h chloroquine (50 M) treatment. Cells were then washed with PBS con-
taining 0.05% saponin and processed for FACS analysis for endogenous LC3. Image provided by K.E. Eng and G.M. McInerney.
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Figure 14. Assessing autophagy with multispectral imaging cytometry. (A) Bright Detail Intensity (BDI) measures the foreground intensity of bright puncta (that are 3 pix-
els or less) within the cell image. For each cell, the local background around the spots is removed before intensity calculation. Thus, autophagic cells with puncta have
higher BDI values. (B) Media control (untreated wild type), rapamycin-treated wild-type and atg5”" MEFs were gated based on BDI. Representative images of cells with

high or low BDI values. Scale bar: 10 .«m. Images provided by M.L. Albert.

cell population by measuring accumulation of LC3-II in the
presence or absence of lysosomal inhibitors.

Although GFP-LC3 can be used as a reporter for flow
cytometry, it is more stable (which is not necessarily ideal
for flux measurements) than GFP-SQSTM1 or GFP-NBRI1
(NBR1 is a selective autophagic substrate with structural
similarity to SQSTM1°®*). GFP-SQSTMI1 displays the largest
magnitude change following the induction of autophagy by
amino acid deprivation or rapamycin treatment, and may
thus be a better marker for following autophagic flux by
this method (confirmed in SH-SY5Y neuronal cell lines sta-
bly expressing GFP-SQSTMI1; E.M. Valente, personal
communication).>®®

Conclusion: Medium- to high-throughput analysis of auto-
phagy is possible using flow and multispectral imaging cytome-
try (Fig. 14). The advantage of this approach is that larger
numbers of cells can be analyzed with regard to GFP-LC3
puncta, cell morphology and/or autophagic flux, and concomi-
tant detection of surface markers can be included, potentially
providing more robust data than is achieved with other meth-
ods. A major disadvantage, however, is that flow cytometry only
measures changes in total GFP-LC3 levels, which can be subject
to modification by changes in transcription or translation, or by
pH, and this approach cannot accurately evaluate localization

(e.g., to autophagosomes) or lipidation (generation of LC3-II)
without further permeabilization of the cell.

dg. Immunohistochemistry

Immunodetection of ATG proteins (particularly LC3 and
BECNI1) has been reported as a prognostic factor in various
human carcinomas, including lymphoma,'?’** breast carci-
noma,*® endometrial adenocarcinoma,”®** head and neck
squamous cell carcinoma,>”%372 hepatocellular carcinoma,>”>374
gliomas,”” non-small cell lung carcinomas,’’® pancreatic’”” and
colon adenocarcinomas,”®>*" as well as in cutaneous and uveal
melanomas.’®"*** Unfortunately, the reported changes often
reflect overall diffuse staining intensity rather than appropriately
compartmentalized puncta. Therefore, the observation of
increased levels of diffuse LC3 staining (which may reflect a
decrease in autophagy) should not be used to draw conclusions
that autophagy is increased in cancer or other tissue samples.
Importantly, this kind of assay should be performed as recom-
mended by the Reporting Recommendations for Tumor Marker
Prognostic Studies (REMARK).*** As we identify new drugs for
modulating autophagy in clinical applications, this type of infor-
mation may prove useful in the identification of subgroups of
patients for targeted therapy.***%
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In mouse and rat tissues, endogenous LC3, ATG4B, and
ATGO9A have been detected by immnohistochemical analyses
using both paraffin sections and cryosections.*****”>* When
autophagosomes are absent, the localization pattern of LC3 in
the cells of various tissues is diffuse and cytosolic. Moreover,
intense fibrillary staining of LC3 is detectable along dendrites
of intact neurons, whereas granular staining for LC3 appears
mainly in the perikarya of neurons in CTSD- or CTSB- and
CTSL (cathepsin L)-deficient mouse brains.*>> LC3 puncta are
also observed in mice in the peripheral nerves, specifically in
Schwann cells after neurodegeneration,”® and Paneth cells of
the small intestine from human Crohn disease patients and
mouse models of intestinal inflammation driven by ER-stress
exhibit strong LC3 puncta staining.’”"*** In various neurode-
generative states, LC3 puncta may be numerous in neurites,
especially within dystrophic swellings and, in many cases, these
vacuoles are amphisomes or autolysosomes, reflecting the
delayed or inhibited degradation of LC3 despite the presence of
abundant hydrolase activity.””*® In developing inner ear and
retinal tissue in chicken, BECN1 is detected by immunofluores-
cence; in chick retina AMBRAL1 is also detected.”*"* Finally,
in non-mammalian vertebrates, BECN1 was detected during
follicular atresia in the ovary of 3 fish species using paraffin sec-
tions; a punctate immunostaining for BECNI1 is scattered
throughout the cytoplasm of the follicular cells when they are
in intense phagocytic activity for yolk removal.**®

Cautionary notes: One problem with LC3 IHC is that in
some tissues this protein can be localized in structures other
than autophagosomes. For example, in murine hepatocytes
and cardiomyocytes under starved conditions, endogenous
LC3 is detected not only in autophagosomes but also on
lipid droplets.”” In neurons in ATG?7-deficient mice, LC3
accumulates in ubiquitin- and SQSTMI-positive aggre-
gates.””® In neurons in aging or neurodegenerative disease
states, LC3 is commonly present in autolysosomes and may
be abundant in lipofuscin and other lysosomal residual bod-
ies.”” Thus, immunodetection of LC3 in cytoplasmic gran-
ules is not sufficient to monitor autophagy in vivo. To
evaluate autophagy by the methods of immunohistochemis-
try, it is necessary to identify the autophagosomes directly
using the ABC technique for TEM observation (see Trans-
mission electron microscopy).”

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

3. SQSTM1 and related LC3 binding protein turnover
assays

In addition to LC3, SQSTM1/p62 or other receptors such as
NBRI, can also be used as protein markers, at least in certain
settings.”®**” For example, SQSTMI can be detected as puncta
by THC in cancer cells, similar to LC3.””> The SQSTM1 protein
serves as a link between LC3 and ubiquitinated substrates.®*
SQSTM1 and SQSTM1-bound polyubiquitinated proteins
become incorporated into the completed autophagosome and
are degraded in autolysosomes, thus serving as an index of
autophagic degradation (Fig. 15). Inhibition of autophagy
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Figure 15. Regulation of the SQSTM1 protein during autophagy. The level of
SQSTM1 during starvation. Atg5™* and atg5”~ MEFs were cultured in DMEM with-
out amino acids and serum for the indicated times, and then subjected to immu-
noblot analysis using anti-SQSTM1 antibody (Progen Biotechnik, GP62). This figure
was previously published in ref. 26, and is reproduced by permission of Landes Bio-
science, copyright 2007.

correlates with increased levels of SQSTM1 in mammals and
Drosophila, suggesting that steady state levels of this protein
reflect the autophagic status.®**>***** Similarly, decreased
SQSTML1 levels are associated with autophagy activation. The
phosphorylation of SQSTM1 at Ser403 appears to regulate its
role in the autophagic clearance of ubiquitinated proteins, and
anti-phospho-SQSTMI1 antibodies can be used to detect the
modified form of the protein.***

Cautionary notes: SQSTM1 changes can be cell type and
context specific. In some cell types, there is no change in the
overall amount of SQSTM1 despite strong levels of autophagy
induction, verified by the tandem mRFP/mCherry-GFP-LC3
reporter as well as ATG7- and lysosome-dependent turnover of
cargo proteins (C.T. Chu, personal observation). In other con-
texts, a robust loss of SQSTMI1 does not correlate with
increased autophagic flux as assessed by a luciferase-based mea-
sure of flux;**® a decrease of SQSTM1 can even relate to a
blockage of autophagy due to cleavage of the protein, together
with other autophagy proteins, by caspases or calpains.**
SQSTM1 may be transcriptionally upregulated under certain
conditions,””*°*** further complicating the interpretation of
results. For example, SQSTM1 upregulation, and at least tran-
sient increases in the amount of SQSTM1, is seen in some sit-
uations where there is an increase in autophagic flux.*'**'?
One such case is seen during retinoic acid-induced differentia-
tion of AML cells where SQSTM1 is upregulated*”” with con-
comitant increased autophagic flux.*"> Activation of a signaling
pathway, e.g., RAF1/Raf-MAP2K/MEK-MAPK/ERK, can also
upregulate SQSTM1 transcription.*'* SQSTM1 mRNA is also
upregulated following prolonged starvation, which can restore
the SQSTM1 protein level to that before starvation.*'>*'® In the
same way, physical exercise, especially when performed during
starvation, increases the SQSTM1 mRNA level in skeletal mus-
cle, and can lead to an incorrect interpretation of autophagic
flux if only the protein level is measured.*”*'®* Another
instance when both mRNA and protein levels of SQSTM1 are
elevated even though autophagic flux is not impaired is
observed in aneuploid human and murine cells that are gener-
ated by introduction of 1 or 2 extra chromosomes.*'**** Thus,
appropriate positive and negative controls are needed prior to
the use of SQSTM1 as a flux indicator in a particular cellular
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context, and we recommend monitoring the SQSTMI mRNA
level as part of a complete analysis, or determining the
SQSTM1 protein level in the presence of actinomycin D.

Of interest, SQSTM1 hyperexpression at both gene and pro-
tein levels can be observed in muscle atrophy induced by can-
cer, though not by glucocorticoids, suggesting that the stimulus
inducing autophagy may also be relevant to the differential reg-
ulation of autophagy-related proteins.**' One solution to prob-
lems relating to variations in SQSTM1 expression levels is to
use a HaloTag®-p62 (SQSTM1) chimera.*** The chimeric pro-
tein can be covalently labeled with HaloTag® ligands, and the
loss of signal can then be monitored without interference by
subsequent changes in protein synthesis. Similarly, a stable cell
line expressing EGFP-tagged SQSTM1 under the control of an
inducible promoter can be used to assess the rates of SQSTM1
degradation, taking into account the limitations outlined above
(see Autophagic flux determination using flow and multispectral
imaging cytometry).”®> A similar system exists in Drosophila in
which a GFP-tagged SQSTM1 can be expressed using the UAS-
GAL4 system.** It is worth noting that tetracycline can reduce
autophagy levels; therefore, the appropriate control of only tet-
racycline addition has to be included if using an inducible pro-
moter that responds to this drug.*** Yet another solution is to
employ a radioactive pulse-chase assay to measure the rates of
SQSTM1 degradation.***

SQSTMLI contains a LIR motif as well as a ubiquitin binding
domain, and appears to act by linking ubiquitinated substrates
with the autophagic machinery. Nonetheless, it would be pru-
dent to keep in mind that SQSTMI1 contains domains that
interact with several signaling molecules,*** and SQSTM1 may
be part of MTORC1.**” Thus, it may have additional functions
that need to be considered with regard to its role in autophagy.
In the context of autophagy as a stress response, the complexity
of using SQSTM1 as an autophagy marker protein is under-
scored by its capacity to modulate the NFE2L2/NRF2 anti-oxi-
dant response pathway through a KEAP1 binding
domain.****** In fact, SQSTM1 may, itself, be transcriptionally
induced by NFE2L2.**° Furthermore, it is preferable to examine
endogenous SQSTMI1 because overexpression of this protein
leads to the formation of protein inclusions. In fact, even
endogenous SQSTM1 becomes Triton X-100-insoluble in the
presence of protein aggregates and when autophagic degrada-
tion is inhibited; thus, results with this protein are often con-
text-dependent. Indeed, there is a reciprocal crosstalk between
the UPS and autophagy, with SQSTMI1 being a key link
between them.*' First, SQSTM1 participates in proteasomal
degradation, and its level may also increase when the protea-
some is inhibited.*”*> Accordingly, the SQSTM1 degradation
rate should be analyzed in the presence of an inhibitor such as
epoxomicin or lactacystin to determine the contribution from
the proteasome (see Autophagy inhibitors and inducers for
potential problems with MG132).**> Second, the accumulation
of SQSTM1 due to autophagy inhibition can impair UPS func-
tion by competitively binding ubiquitinated proteins, prevent-
ing their delivery to, and degradation by, the proteasome.***
Accordingly, it may be advisable to measure the UPS flux by
using Ub®’®V-GFP, a ubiquitin-proteasome activity reporter,
when SQSTM1 accumulation is observed. Thus, it is very

important to determine whether autophagy alone or in con-
junction with the UPS accounts for substrate degradation
induced by a particular biological change. A number of stres-
sors that impair the UPS induce the aggregation/dimerization
of SQSTMI, and this can be seen by the detection of a high
molecular mass (150 kDa) protein complex by western blot,
which is recognized by SQSTM1 antibodies (R. Franco, per-
sonal communication).**>*** Although the accumulation of
this protein complex can be related to the accumulation of
ubiquitinated SQSTM1-bound proteins, or the dimerization/
inactivation of SQSTM1 (R. Franco, personal communica-
tion),*” evaluation of the ratio between SQSTM1 (aggregates/
dimers) and SQSTM1 monomers is likely a better measurement
of changes in SQSTM1 dynamics linked to autophagy or the
UPS.

SQSTML1 is also a substrate for CASP6/caspase 6 and
CASP8 (as well as CAPN1/calpain 1), which may confound
its use in examining cell death and autophagy.*® This is
one reason why SQSTMI1 degradation should also be ana-
lyzed in the presence of a pan-caspase inhibitor such as Q-
VD-OPh before concluding that autophagy is activated
based on a decrease of this protein.*”> Another issue is that
some phosphatidylinositol 3-kinase (PtdIns3K) inhibitors
such as LY294002, and to a lesser extent wortmannin (but
apparently not 3-MA),>* can inhibit protein synthesis;**
this might in turn affect the turnover of SQSTM1 and LC3,
which could influence conclusions that are drawn from the
status of these proteins regarding autophagic flux or ALIS
formation. Accordingly, it may be advisable to measure pro-
tein synthesis and proteasome activity along with autophagy
under inhibitory or activating conditions. With regard to
protein synthesis, it is worth noting that this can be moni-
tored through a nonradioactive method.**’

Western blot analysis of cell lysates prepared using NP40- or
Triton X-100-containing lysis buffers in autophagic conditions
typically shows a reduction in SQSTMI levels. However, this
does not necessarily indicate that SQSTM1 is degraded, because
SQSTM1 aggregates are insoluble in these detergent lysis condi-
tions.>'”**! Moreover, in some instances SQSTM1 levels do not
change in the soluble fractions despite autophagic degradation,
a finding that might be explained by simultaneous transcrip-
tional induction of the gene encoding SQSTMI, since the solu-
ble fraction accounts only for the diffuse or free form of
SQSTM1. Accumulation of SQSTMI1 in the Triton X-100-insol-
uble fraction can be observed when autophagy-mediated degra-
dation is inhibited. Under conditions of higher autophagic flux,
accumulation of SQSTM1 in Triton X-100-insoluble fractions
may not be observed and SQSTMI levels may be reduced or
maintained. The simplest approach to circumvent many of
these problems is using lysis buffer that allows identification of
the entire cellular pool of SQSTMI (e.g., containing 1% SDS);
however, additional assessment of both Triton X-100-soluble
and -insoluble fractions will provide further information
regarding the extent of SQSTMI oligomerization.””® Note,
when performing a western blot using an SQSTMI antibody, it
is always a good idea to include a positive control in which
SQSTM1 accumulates, such as an atg8a mutant (e.g., see
Fig. S3 in ref. 442).
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To conclusively establish SQSTM1 degradation by auto-
phagy, SQSTMI levels in both Triton X-100-soluble and
-insoluble fractions need to be determined upon treatment
with autophagy inducers in combination with autophagy
inhibitors, such as those that inhibit the autolysosomal deg-
radation steps (e.g., protease inhibitors, chloroquine or bafi-
lomycin A;). Additionally, an alteration in the level of
SQSTM1 may not be immediately evident with changes
observed in autophagic flux upon certain chemical perturba-
tions (S. Sarkar, personal communication). Whereas LC3
changes may be rapid, clearance of autophagy substrates
may require a longer time. Therefore, if LC3 changes are
assessed at 6 h or 24 h after a drug treatment, SQSTM1 lev-
els can be tested not only at the same time points, but also
at later time points (24 h or 48 h) to determine the maxi-
mal impact on substrate clearance. An alternative method is
immunostaining, with and without autophagy inhibitors, for
SQSTM1, which will appear as either a diffuse or punctate
pattern. Experiments with autophagy inducers and inhibi-
tors, in combination with western blot and immunostaining
analyses, best establish autophagic degradation based on
SQSTM1 turnover. A final point, however, is that empirical
evidence suggests that the species specificity of antibodies
for detecting SQSTM1 must be taken into account. For
example, some commercial antibodies recognize both
human and mouse SQSTMI, whereas others detect the
human, but not the mouse protein.**> Another issue with
detecting SQSTM1 in the context of human diseases is that
it can be mutated (e.g., in Paget disease of bone).*** Thus,
care should be taken to ensure that potential mutations are
not affecting the epitopes that are recognized by anti-
SQSTM1 antibodies when using western blotting to detect
this protein.

As an alternative, the SQSTM1:BECN1 protein level ratio
can be used as a readout of autophagy.**> Since both decreased
SQSTMI1 levels and increased BECNI1 levels correlate with
enhanced autophagy (as noted in the present article), a
decreased SQSTMI1:BECNI1 protein level ratio (when derived
from the same protein extract) may, cautiously, be interpreted
as augmented autophagy, keeping in mind that SQSTMI gene
expression varies significantly under different conditions and
may obscure the meaning of a change in the amount of
SQSTM1 protein. As a general note, using ratios of the levels of
proteins changing in opposite directions, rather than the pro-
tein levels themselves, could be beneficial since it overcomes
the loading normalization issue. The often-used alternative
approach of housekeeping proteins to normalize for loading
biases among samples is sometimes problematic as levels of the
HKPs change under various physiological, pathological and
pharmacological conditions.****>

Finally, a novel protein family of autophagy receptors,
named CUET (from Cue5/Tollip), was identified, which in con-
trast to SQSTM1 and NBR1 has members that are present in all
eukaryotes.*’ The CUET proteins also possess a ubiquitin-
binding CUE-domain and an Atg8-family interacting motif
(AIM)/LIR sequence that interacts with Atg8/LC3. In their
absence, cells are more vulnerable to the toxicity resulting from
aggregation-prone proteins showing that CUET proteins, and
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more generally autophagy, play a critical evolutionarily con-
served role in the clearance of cytotoxic protein aggregates.*”!
Experiments in yeast have shown that Cue5 and the cyto-
plasmic proteins that require this autophagy receptor for rapid
degradation under starvation conditions could be potentially
good marker proteins for measuring autophagic flux.

Special caution must be taken when evaluating SQSTM1
levels in models of protein aggregation. Small protoaggre-
gates often stain positively for SQSTM1 and may be similar
in size to autophagic puncta. Similarly, GFP-u/GFP-degron
reporters (designed as an unstable variant that undergoes
proteasome-dependent degradation) will mark SQSTMI-
positive protein inclusions. Last, some types of aggregates
and inclusions will release soluble SQSTM1 or GFP-u/GFP-
degron under cell lysis or denaturing conditions, which can
skew the interpretation of soluble SQSTM1 and/or protea-
somal function, accordingly.

Conclusion: There is not always a clear correlation between
increases in LC3-II and decreases in SQSTM1. Thus, although
analysis of SQSTMI1 can assist in assessing the impairment of
autophagy or autophagic flux, we recommend using SQSTM1
only in combination with other methods detailed in these
guidelines to monitor flux. See also the discussion in Autopha-
gic flux determination using flow and multispectral imaging
cytometry.

4. TOR/MTOR, AMPK and Atg1/ULK1

Atgl/ULK1 are central components in autophagy that likely act
at more than one stage of the process. There are multiple ULK
isoforms in mammalian cells including ULK1, ULK2, ULK3,
ULK4 and STK36.** ULK3 is a positive regulator of the
Hedgehog signaling pathway,** and its overexpression induces
both autophagy and senescence.*>* Along these lines, ectopic
ULK3 displays a punctate pattern upon starvation-induced
autophagy induction.”®* ULK3, ULK4 and STK36, however,
lack the domains present on ULK1 and ULK2 that bind
ATG13 and RB1CCI1/FIP200.*** Thus, ULK3 may play a role
that is restricted to senescence and that is independent of the
core autophagy machinery. ULK2 has a higher degree of iden-
tity with ULKI than any of the other homologs, and they may
have similar functions that are tissue specific. However, ULK1
may be the predominant isoform involved in autophagy, as
knockdown of ULK2 does not affect movement of ATG9.*>
Similarly, pharmacological inhibition of ULK1 and ULK2, with
the compound MRT68921, blocks macroautophagy and
expression of a drug-resistant ULK1 mutant is sufficient to res-
cue this block.**” The stability and activation of ULK1, but not
ULK2, is dependent on its interaction with the HSP90-CDC37
chaperone complex. Pharmacological or genetic inhibition of
the chaperone complex increases proteasome-mediated turn-
over of ULKI, impairing its kinase activity and ability to pro-
mote both starvation-induced autophagy and mitophagy.**®
AMP-activated protein kinase (AMPK) is a multimeric ser-
ine/threonine protein kinase comprised of PRKAA1/AMPKax1
or PRKAA2/AMPKa2 («, catalytic), the PRKAB1/AMPKp1 or
PRKAB2/AMPKB2 (B, scaffold), and the PRKAG1/AMPKy1,
PRKAG2/AMPKy2 or PRKAG3/AMPKy3 (y, regulatory)
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subunits. The enzyme activity of AMPK is dependent on phos-
phorylation of the PRKAA/a-subunit on Thr172,*%*® and,
therefore, can be conveniently monitored by western blotting
with a phosphospecific antibody against this site. In some cells,
Thr172 is phosphorylated by CAMKK2/CaMKKp, whereas in
others it is a substrate of the STK11/LKBI kinase. Regulation of
AMPK activity is mediated primarily by Thr172-dephosphory-
lating protein phosphatases such as PPP1/PP1 (protein phos-
phatase 1) and PPP2/PP2A (protein phosphatase 2).**' Thr172
dephosphorylation is modulated by adenine nucleotides that
bind competitively to regulatory sites in the PRKAG/y-subunit.
AMP and ADP inhibit dephosphorylation and promote AMPK
activity, whereas Mg>"-ATP has the opposite effect.*® Thus,
AMPK acts as a fine-tuned sensor of the overall cellular energy
charge that regulates cellular metabolism to maintain energy
homeostasis. Overexpression of a dominant negative mutant
(R531G) of PRKAG2, the y-subunit isoform 2 of AMPK that is
unable to bind AMP, makes it possible to analyze the relation-
ship between AMP modulation (or alteration of energetic
metabolism) and AMPK activity.**>*** Activation of AMPK is
also associated with the phosphorylation of downstream enzymes
involved in ATP-consuming processes, such as fatty acid (ACAC
[acetyl-CoA carboxylase]) and cholesterol (HMGCR [3-hydroxy-
3-methylglutaryl-CoA reductase]) biosynthesis.

The role of AMPK in autophagy is complex and highly
dependent on both cell type and metabolic conditions. Further-
more, as noted above, there are 2 isoforms of the catalytic sub-
unit, PRKAA1/AMPKal and PRKAA2/AMPKw2, and these
may have distinct effects with regard to autophagy (C. Koume-
nis, personal communication). In liver cells, AMPK suppresses
autophagy at the level of cargo sequestration, as indicated by
the rapid sequestration-inhibitory effects of a variety of AMPK
activators, whereas it appears to stimulate autophagy in many
other cell types, including fibroblasts, colon carcinoma cells
and skeletal muscle.****”> Autophagy-promoting effects of
AMPK are most evident in cells cultured in a complete medium
with serum and amino acids, where cargo sequestration is oth-
erwise largely suppressed.”’® Presumably, AMPK antagonizes
the autophagy-inhibitory effect of amino acids (at the level of
phagophore assembly) by phosphorylating proteins involved in
MTORCI signaling, such as TSC2** and RPTOR"” as well the
MTORCI target ULK1 (see below). 76478

Compound C is an effective and widely used inhibitor of
activated (phosphorylated) AMPK.*”***° However, being a
nonspecific inhibitor of oxidative phosphorylation,**"***
this drug has been observed to inhibit autophagy under
conditions where AMPK is already inactive or knocked
out,”* and it has even been shown to stimulate autophagy
by an AMP-independent mechanism.**>*** Compound C
thus cannot be used as a stand-alone indicator of AMPK
involvement, but can be used along with shRNA-mediated
inhibition of AMPK.

TORCI is an autophagy-suppressive regulator that integra-
tes growth factor, nutrient and energy signals. In most systems,
inhibition of MTOR leads to induction of autophagy, and
AMPK activity is generally antagonistic toward MTOR func-
tion. MTORCI mediates the autophagy-inhibitory effect of
amino acids, which stimulate the MTOR protein kinase
through a RRAG GTPase dimer. INS/insulin and growth

factors activate MTORCI through upstream kinases including
AKT/protein kinase B and MAPKI1/ERK2-MAPK3/ERK1
when the energy supply is sufficient, whereas energy depletion
may induce AMPK-mediated MTORCI inhibition and auto-
phagy stimulation, for example, during glucose starvation. In
contrast, amino acid starvation can strongly induce autophagy
even in cells completely lacking AMPK catalytic activity.**

AMPK and MTORCI regulate autophagy through coordi-
nated phosphorylation of ULKI. Under glucose starvation,
AMPK promotes autophagy by directly activating ULK1
through phosphorylation, although the exact AMPK-medi-
ated ULK1 phosphorylation site(s) remains unclear
(Table 2).*”>*7*® Under conditions of nutrient sufficiency,
high MTORCI activity prevents ULKI1 activation by phos-
phorylating alternate ULK1 residues and disrupting the inter-
action between ULK1 and AMPK. There are commercially
available phospho-specific antibodies that recognize different
forms of ULKI. For example, phosphorylation at Ser555, an
AMPK site, is indicative of increased autophagy in response
to nutrient stress, whereas Ser757 is targeted by MTOR to
inhibit autophagy. Even the autophagy-suppressive effects of
AMPK could, conceivably, be mediated through ULK1 phos-
phorylation, for example, at the inhibitory site Ser638.**
AMPK inhibits MTOR by phosphorylating and activating
TSC2.**” Therefore, AMPK is involved in processes that syn-
ergize to activate autophagy, by directly activating ULK1, and
indirectly impairing MTOR-dependent inhibition of ULKI.
The identification of ULKI as a direct target of MTORCI and
AMPK represents a significant step toward the definition of
new tools to monitor the induction of autophagy. However,
further studies directed at identifying physiological substrates
of ULK1 will be essential to understand how ULK1 activation
results in initiation of the autophagy program. Along these
lines, ULK1 phosphorylates AMBRA1,**® and the MLCK-like
protein Sqa,**” as well as ATGI13, ATGY9 and RBICCl/
FIP200.****%*%% Furthermore, following amino acid starva-
tion or MTOR inhibition, the activated ULK1 phosphorylates
BECN1 on Serl4, enhancing the activity of the complexes
containing ATG14 and PIK3C3/VPS34. This BECN1 phos-
phorylation by ULK1 is required for full autophagic induc-
tion.*”* In addition, ULK1 binds to, and phosphorylates,
RPTOR, leading to inhibition of MTORC1.%® Furthermore,
ULK1 itself appears to be able to mediate inhibitory AMPK
phosphorylation to generate a negative feedback loop.*”® Note
that caution should be taken to use appropriate inhibitors of
phosphatases (e.g., sodium fluoride, and beta-glycerophos-
phate) in cell lysis buffer before analyzing the phosphorylation
of AMPK and ULKI at serine and threonine sites.

TORCI activity can be monitored by following the phos-
phorylation of its substrates, such as EIF4EBP1/4E-BP1/
PHAS-I and RPS6KB/p70S6 kinase or the latter’s down-
stream target, RPS6/S6, for which good commercial antibod-
ies are available.””*” In mammalian cells, the analysis
should focus on the phosphorylation of RPS6KB1/S6K1 at
Thr389, and EIF4EBP1 at Thr37 and Thr46, which are
directly phosphorylated by MTORC1.* The MTORCI-
dependent phosphorylation of EIF4EBP1 can be detected as
a molecular mass shift by western blot.*”” Examining the
phosphorylation status of RPS6KB and EIF4EBP1 may be a
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Table 2. Phosphorylation targets of AKT, AMPK, GSK3B, MTORC1, PKA and Atg1/ULK1.

AUTOPHAGY 65

Protein and phosphorylation site Main kinase Function Ref
AMBRA1 552 TORC1 Inhibits AMBRA1-dependent activation of ULK1 501
Atg1 TORC1 Inhibits Atg1 kinase activity 504
Atg1 PKA Regulation of kinase activity 1s22
Atg9 Atg1 Recruitment of Atg protein to the PAS 493
Atg13 TORC1 Interaction with Atg1, assembly of Atg1 kinase complex 5041523
Atg13 PKA Regulates localization to the PAS 1524
BECN1 S14 ULK1 Increases the activity of the PtdIns3K 04
BECN1 590 MAPKAPK2- Stimulates macroautophagy 1525
MAPKAPK3
BECN1 S91, 594 (593, 596 in human) AMPK Required for glucose starvation-induced macroautophagy 1526
BECN1 Y229, Y233 EGFR Inhibits macroautophagy 523
BECN1 5234, 5295 AKT Suppresses macroautophagy 522
LC3 512 PKA Inhibits macroautophagy by reducing recruitment to phagophores 343
MTOR 52448 AKT Correlates with the activity of MTORC1 1527
MTOR 52481 Autophosphorylation  Necessary for MTORC1 formation and kinase activity 1528

NBR1 T586 GSK3A/B Modulates protein aggregation 1529
RPS6KB T389 MTORC1 (apparently  Necessary for protein activity 1530
indirect, through
reduction of
dephosphorylation)
RPS6KB S371 GSK3B Necessary for T389 phosphorylation and the activity of RPS6KB 1531
RPTOR 5792 AMPK Suppresses MTORC1 47
SQSTM1 $403 ULK1 (also TBK1, Promotes autophagic degradation of SQSTM1 and its substrates 1532
CSNK, CDK1)
ULK1 S555 AMPK (direct) Necessary for ATG13-ULK1 interaction and for autophagy mediated by ULK complex 477
ULK1 $317, S467, S555, 574, S777 AMPK (direct) Necessary for the kinase activity of ULK1 477478
ULK1 S757 MTORC1 Prevents ULK1 interaction with AMPK 478
ULK1 S758 MTORC1 Facilitates ULK1 interaction with AMPK 478,12
ULK1 S637 MTORC1, AMPK Facilitates ULK1 interaction with AMPK 4772

ULK1 (uncertain site between 278 and 351) Autophosphorylation  Modulates the conformation of the C-terminal tail and prevents its interaction with ATG1

492,1533
3

better method for monitoring MTORCI activity than follow-
ing the phosphorylation of proteins such as RPS6, because
the latter is not a direct substrate of MTORCI (although
RPS6 phosphorylation is a good readout for RPS6KB1/2
activities, which are directly dependent on MTOR), and it
can also be phosphorylated by other kinases such as
RPS6KA/RSK. Furthermore, the mechanisms that determine
the selectivity as well as the sensitivity of MTORCI for its
substrates seem to be dependent on the integrity and config-
uration of MTORCI. For example, rapamycin strongly
reduces RPS6KB1 phosphorylation, whereas its effect on
EIF4EBPI is more variable. In the case of rapamycin treat-
ment, EIF4EBP1 can be phosphorylated by MTORCI until
rapamycin disrupts MTORC1 dimerization and its integrity,
whereas RPS6KB1 phosphorylation is quickly reduced when
rapamycin simply interacts with MTOR in MTORCI1 (see
Autophagy inhibitors and inducers for information on cata-
lytic MTOR inhibitors such as torin1).’” Since it is likely
that other inhibitors, stress, and stimuli may also affect the
integrity of MTORCI, a decrease or increase in the phos-
phorylation status of one MTORCI substrate does not neces-
sarily correlate with changes in others, including ULKI.
Therefore, reliable anti-phospho-ULK1 antibodies should be
used to directly examine the phosphorylation state of ULKI,
along with additional experimental approaches to analyze
the role of the MTOR complex in regulating autophagy. The
MTORCI1-mediated phosphorylation of AMBRA1 on Ser52
has also been described as relevant to ULK1 regulation and
autophagy induction.****°' In line with what is described for
ULKI1, the anti-phospho-AMBRA1 antibody, which is

commercially available, could be used to indirectly measure
MTORCI activity.”*!

Activation/assembly of the Atgl complex in yeast (com-
posed of at least Atgl-Atgl3-Atgl7-Atg31-Atg29) or the ULK1
complex in mammals (ULK1-RB1CC1/FIP200-ATG13-
ATGI101) is one of the first steps of autophagy induction.
Therefore, activation of this complex can be assessed to moni-
tor autophagy induction. In yeast, dephosphorylation of Atgl3
is associated with activation/assembly of the core complex that
reflects the reduction of TORC1 and PKA activities. Therefore,
assessing the phosphorylation levels of this protein by immu-
noprecipitation or western blotting>*>>°* can be used not only
to follow the early steps of autophagy but also to monitor the
activity of some of the upstream nutrient-sensing kinases.
Because this protein is not easily detected when cells are lysed
using conventional procedures, a detailed protocol has been
described.” In addition, the autophosphorylation of Atgl at
Thr226 is required for its kinase activity and for autophagy
induction; this can be detected using phospho-specific antibod-
ies, by immunoprecipitation or western blotting (Fig. 16).””°%
In Drosophila, TORC1-dependent phosphorylation of Atgl
and Atgl-dependent phosphorylation of Atgl3 can be indi-
rectly determined by monitoring phosphorylation-induced
electromobility retardation (gel shift) of protein bands in
immunoblot images.****°>*'® Nutritional starvation suppresses
TORCI1-mediated Atgl phosphorylation,*****” while stimulat-
ing Atgl-mediated Atgl3 phosphorylation.*******'® In mam-
malian cells, the phosphorylation status of ULKI1 at the
activating sites (Ser317, 777, 467, 555, 637, or Thr574) or
dephosphorylation at inactivating sites (Ser637, 757) can be
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Figure 16. S. cerevisae cells transformed with a plasmid encoding HA-Atg1 were
cultured to mid-log phase and shifted to SD-N (minimal medium lacking nitrogen
that induces a starvation response). Inmunoblotting was done with anti-HA anti-
body. The upper band corresponds to autophosphorylation of Atg1. This figure
was modified from data previously published in ref. 508, and is reproduced by per-
mission of the American Society for Cell Biology, copyright 2011.

determined by western blot using phospho-specific antibod-
ies.77478480486.51L512 1y general, the core complex is stable in
mammalian cells, although, as noted above, upstream inhibi-
tors (MTOR) or activators (AMPK) may interact dynamically
with it, thereby determining the status of autophagy.

One additional topic that bears on ULK1 concerns the pro-
cess of LC3-associated phagocytosis (see Noncanonical use of
autophagy-related proteins). LAP is a type of phagocytosis in
macrophages that involves the conjugation of LC3 to single-
membrane pathogen-containing phagosomes, a process that
promotes phagosome acidification and fusion with lyso-
somes.'®* Although ULK1 is not required for LAP, in this con-
text it is important to note that UNC-51 (the Atgl homolog in
C. elegans) is required for apoptotic cell corpse clearance (a
process corresponding to LAP) during embryonic development
in worms,”"? whereas this process is mediated by LAP in mam-
mals,"®® and does not require UNC-51 in C. elegans Q cell neu-
roblasts.”™ In  human macrophages infected with
Mycobacterium tuberculosis, MORN2 is recruited at the phago-
some membrane containing M. tuberculosis to induce the
recruitment of LC3, and subsequent maturation into phagoly-
sosomes. In addition, MORN?2 drives trafficking of M. tubercu-
losis to a single-membrane compartment. Thus, in certain
conditions MORN?2 can be used to help to make the distinction
between autophagy and LAP.>"

Cautionary notes: A decrease in TORCI activity is a good
measure for autophagy induction; however, TORC1 activity
does not necessarily preclude autophagy induction because there
are TOR-independent mechanisms that induce autophagy both
in mammals and yeast.”'*>** Along these lines, whereas in most
systems inhibition of MTOR leads to the induction of auto-
phagy, there are instances in commonly used cancer cell lines in
which MTOR appears to be a positive effector.”' Also, MTOR
suppression does not always induce autophagy, such as when
BECNI undergoes inhibitory phosphorylation by the growth
factor signaling molecules EGFR and AKT.****** Note that the
effect of everolimus in EGFR-transgenic mice is not mainly
attributable to autophagy although it suppresses MTOR and
induces autophagy in EGFR-driven lung cancer cell lines.”** In
adult skeletal muscle, active MTORCI1 phosphorylates ULKI at
Ser757 to inhibit the induction of autophagosome formation.
Thus, induction of autophagy requires inhibition of MTORC1
and not of MTORC2.>*>**® There is also evidence that inhibition
of MTORCIL is not sufficient to maintain autophagic flux, but
requires additional activation of FOXO transcription factors for
the upregulation of autophagy gene expression.**® In addition,
MTORCI is downstream of AKT; however, oxidative stress
inhibits MTOR, thus allowing autophagy induction, despite the

concomitant activation of AKT." Also, persistent MTORC1
inhibition can cause downregulation of negative feedback loops
on IRS-MTORC2-AKT that results in the reactivation of
MTORC2 under conditions of ongoing starvation.”*>*'%>*
Along these lines, both TORCI1 and autophagy can be active in
specific cell subpopulations of yeast colonies.”*® Thus, it is neces-
sary to be cautious in deciding how to monitor the TOR/MTOR
pathway, and to verify that the pathway being analyzed displays
TOR/MTOR-dependent inhibition.

In addition, the regulation of autophagy by MTOR can be
ULK1-independent. During mycobacterial infection of macro-
phages, MTOR induces the expression of MIR155 and MIR31
to sustain the activation of the WNT5A and SHH/sonic hedge-
hog pathways. Together, these pathways contribute to the
expression of lipoxygenases and downregulation of IFNG-
induced autophagy.”® Signaling pathways can be monitored by
western blotting, and TagMan miRNA assays are available to
detect these miRNAs.

One problem in monitoring assembly of the ULK1 complex
is the low abundance of endogenous ULKI1 in many systems,
which makes it difficult to detect phospho-ULK1 by western
blot analysis. In addition, Atgl/ULK1 is phosphorylated by
multiple kinases, and the amount of phosphorylation at differ-
ent sites can increase or decrease during autophagy induction.
Thus, although there is an increase in phosphorylation at the
activating sites upon induction, the overall phosphorylation
states of ULK1 and ATG13 are decreased under conditions that
lead to induction of autophagy; therefore, monitoring changes
in phosphorylation by following molecular mass shifts upon
SDS-PAGE may not be informative. In addition, such phos-
phorylation/dephosphorylation events are expected to occur
relatively early (1-2 h) in the signaling cascade of autophagy.
Therefore, it is necessary to optimize treatment time condi-
tions. Finally, in Arabidopsis and possibly other eukaryotes, the
ATGI and ATGI3 proteins are targets of autophagy, which
means that their levels may drop substantially under conditions
that induce autophagic turnover.**®

At present, the use of Atgl/ULKI kinase activity as a tool to
monitor autophagy is limited because only a few physiological
substrates have been identified, and the importance of the
Atgl/ULK1-dependent phosphorylation has not always been
determined. Nonetheless, Atgl/ULK1 kinase activity appears to
increase when autophagy is induced, irrespective of the path-
way leading to induction. As additional physiological substrates
of Atgl/ULKI are identified, it will be possible to follow their
phosphorylation in vivo as is done with analyses for MTOR.
Nonetheless, it must be kept in mind that monitoring
changes in the activity of Atgl/ULK1 is not a direct assay for
autophagy, although such changes may correlate with auto-
phagy activity. Furthermore, in some cells ULK1 has functions
in addition to autophagy, such as in axonal transport and out-
growth, and its activity state may thus reflect its role in these
processes.””*>** Accordingly, other methods as described
throughout these guidelines should also be used to follow auto-
phagy directly.

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

Conclusion: Assays for Atgl/ULK1 can provide detailed
insight into the induction of autophagy, but they are not a
direct measurement of the process. Similarly, since MTOR sub-
strates such as RPS6KB1 and EIF4EBP1 are not recommended
readouts for autophagy, their analysis needs to be combined
with other assays that directly monitor autophagy activity.

5. Additional autophagy-related protein markers

Although Atg8/LC3 has been the most extensively used protein
for monitoring autophagy, other proteins can also be used for
this purpose. Here, we discuss some of the more commonly
used or better-characterized possibilities.

a. Atg9

Atg9 is the only integral membrane Atg protein that is essential
for autophagosome formation in all eukaryotes. Mammalian
ATGY displays partial colocalization with GFP-LC3.>*® Perhaps
the most unique feature of Atg9, however, is that it localizes to
multiple discrete puncta, whereas most Atg proteins are detected
primarily in a single punctum or diffusely within the cytosol.
Yeast Atg9 may cycle between the phagophore assembly site
(PAS) and peripheral reservoirs;”* the latter correspond to tubu-
lovesicular clusters that are precursors to the phagophore.””
Anterograde movement to the PAS is dependent on Atgll,
Atg23, Atg27 and actin. Retrograde movement requires Atgl-
Atgl3, Atg2-Atgl8 and the PtdIns3K complex 1.°** Mutants
such as atgl A accumulate Atg9 primarily at the PAS, and this
phenotype forms the basis of the “transport of Atg9 after knock-
ing out ATGI” (TAKA) assay.'” In brief, this is an epistasis
analysis in which a double-mutant strain is constructed (one of
the mutations being atgl A) that expresses Atg9-GFP. If the sec-
ond mutated gene encodes a protein that is needed for Atg9
anterograde transport, the double mutant will display multiple
Atg9-GFP puncta. In contrast, if the protein acts along with or
after Atgl, all of the Atg9-GFP will be confined to the PAS.
Monitoring the localization of ATGY9 has not been used
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extensively in higher eukaryotes, but this protein displays the
same type of dependence on Atgl/ULK1 and PtdIns3P for
cycling as seen in yeast,”>>>*® suggesting that it is possible to fol-
low this ATG9 as an indication of ULK1 and ATG13 function.***

b. Atg12-Atg5
ATGS5, ATGI12 and ATGI6L1 associate with the phagophore
and have been detected by fluorescence or immunofluorescence
(Fig. 17).>**°*° The endogenous proteins form puncta that can
be followed to monitor autophagy upregulation. Under physio-
logical conditions, these proteins are predominantly diffusely
distributed throughout the cytoplasm. Upon induction of auto-
phagy, for example during starvation, there is a marked
increase in the proportion of cells with punctate ATG5, ATG12
and ATG16L1. Furthermore, upstream inhibitors of autopha-
gosome formation result in a block in this starvation-induced
puncta formation, and this assay is very robust in some mam-
malian cells. Conversely, downstream inhibition of autophagy
at the level of autophagosome elongation, such as with inhibi-
tion of LC3/GABARAP expression, results in an accumulation
of the phagophore-associated ATG5, ATG12 and ATG16L1
immunofluorescent puncta.541

ATGI12-ATGS5 conjugation has been used in some studies to
measure autophagy. In Arabidopsis and some mammalian cells
it appears that essentially all of the ATG5 and ATG12 proteins
exist in the conjugated form and the expression levels do not
change, at least during short-term starvation.>'*>>%>40->%
Therefore, monitoring ATG12-ATG5 conjugation per se may
not be a useful method for following the induction of auto-
phagy. It is worth noting, however, that in some cell lines free
ATG5 can be detected,”* suggesting that the amount of free
ATG5 may be cell line-dependent; free ATG5 levels also vary
in response to stress such as DNA damage.”** One final para-
meter that may be considered is that the total amount of the
ATGI12-ATG5 conjugate may increase following prolonged
starvation as has been observed in hepatocytes and both mouse
and human fibroblasts (A.M. Cuervo, personal communication;
S. Sarkar, personal communication).

Chloroquine

Figure 17. Confocal microscopy image of HCT116 cells immunostained with antibody specific to human ATG12. Cells were starved for 8 h or treated with chloroquine
(50 M) for 3 h. Scale bar: 10 .«m. Image provided by M. Llanos Valero, M.A. de la Cruz and R. Sanchez-Prieto.
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c. ATG14

Yeast Atgl4 is the autophagy-specific subunit of the Vps34 com-
plex I,>** and a human homolog, named ATG14/ATG14L/BAR-
KOR, has been identified.”**>** ATG14 localizes primarily to
phagophores. The C-terminal fragment of the protein, named
the BATS domain, is able to direct GFP and BECNI to autopha-
gosomes in the context of a chimeric protein.” ATG14-GFP or
BATS-GFP detected by fluorescence microscopy or TEM can be
used as a phagophore marker protein; however, ATG14 is not
localized exclusively to phagophores, as it can also be detected
on mature autophagosomes as well as the ER.*****" Accordingly,
detection of ATG14 should be carried out in combination with
other phagophore and autophagosome markers. A good anti-
body that can be used to detect endogenous ATG14 is now avail-
able commercially (D.-H. Kim, personal communication).

d. ATG16L1

ATGI16L1 has been used to monitor the movement of plasma
membrane as a donor for autophagy, and thus an early step in the
process. Indeed, ATGI16LL1 is located on phagophores, but not on
completed autophagosomes.*****> ATGI6L1 can be detected by
immuno-TEM, by immunostaining of Flag epitope-tagged
ATGI16L1, and/or by the use of GFP-tagged ATG16L1.

e. Atg18/WIPI family

Yeast Atg18>>*** and Atg21>* (or the mammalian WIPT homo-
logs®™) are required for both macroautophagy (i.e., nonselective
sequestration of cytoplasm) and autophagy-related processes (e.g.,
the Cvt pathway,”**> specific organelle degradation,'’® and

autophagic elimination of invasive microbes'?>'*>!?>126:358)

These proteins bind phosphatidylinositol 3-phosphate (PtdIns3P)
that is present at the phagophore and autophagosome™”>* and
also PtdIns(3,5)P,. Human WIPI1 and WIPI2 function down-
stream of the class III phosphatidylinositol 3-kinase complex I
(PIK3C3/VPS34, BECNI1, PIK3R4/VPS15, ATG14) and upstream
of both the ATG12 and LC3 ubiquitin-like conjugation sys-
tems.”*>**"*%> Upon the initiation of the autophagic pathway,
WIPI1 and WIPI2 bind PtdIns3P and accumulate at limiting
membranes, such as those of the ER, where they participate in the
formation of omegasomes and/or autophagosomes. On the basis
of quantitative fluorescence microscopy, this specific WIPI protein
localization has been used as an assay to monitor autophagy in
human cells.”® Using either endogenous WIPI1 or WIPIL2,
detected by indirect fluorescence microscopy or EM, or transiently
or stably expressed tagged fusions of GFP to WIPI1 or WIPI2,
basal autophagy can be detected in cells that display WIPI puncta
at autophagosomal membranes. In circumstances of increased
autophagic activity, such as nutrient starvation or rapamycin
administration, the induction of autophagy is reflected by the ele-
vated number of cells that display WIPI puncta when compared
to the control setting. Also, in circumstances of reduced autopha-
gic activity such as wortmannin treatment, the reduced number of
WIPI puncta-positive cells reflects the inhibition of autophagy.
Basal, induced and inhibited formation of WIPI puncta closely
correlates with both the protein level of LC3-1I and the formation
of GFP-LC3 puncta.”***** Accordingly, WIPI puncta can be
assessed as an alternative to LC3. Automated imaging and analysis
of fluorescent WIPI1 (Fig. 18) or WIPI2 puncta represent an

Control

Image
acquisition

GFP-WIPI1
puncta
analysis

Starvation Wortmannin

Figure 18. Automated WIPI1 puncta image acquisition and analysis monitors the induction and inhibition of autophagy. Stable U20S clones expressing GFP-WIPI1 were
selected using 0.6 ng/ml G418 and then cultured in 96-well plates. Cells were treated for 3 h with nutrient-rich medium (control), nutrient-free medium (EBSS), or with
233 nM wortmannin. Cells were fixed in 3.7% paraformaldehyde and stained with DAPI (5 p.g/ml in PBS). An automated imaging and analysis platform was used to deter-
mine the number of both GFP-WIPI1 puncta-positive cells and the number of GFP-WIPI1 puncta per individual cell.*’”° Cells without GFP-WIPI1 puncta are highlighted in
red (cell detection) and purple (nuclei detection), whereas GFP-WIPI1 puncta-positive cells are highlighted in yellow (GFP-WIPI1 puncta detection), green (cell detection)
and blue (nuclei detection). Scale bars: 20 ;«m. Images provided by S. Pfisterer and T. Proikas-Cezanne.
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efficient and reliable opportunity to combine the detection of
WIPI proteins with other parameters. It should be noted that there
are 2 isoforms of WIPI2 (2B and 2D),”** and in C. elegans WIPI4
(EPG-6) has been identified as the WIPI homolog required for
autophagy.®® Thus, these proteins, along with the currently
uncharacterized WDR45B/WIPI3, provide additional possibilities
for monitoring phagophore and autophagosome formation.

Cautionary notes: With regard to detection of the WIPI pro-
teins, endogenous WIPI1 puncta cannot be detected in many cell
types,” and the level of transiently expressed GFP-WIPI1 puncta
is cell context-dependent;>*”® however, this approach has been
used in human and mouse cell systems*’***® and mCherry-Atgl18
also works well for monitoring autophagy in transgenic Drosoph-
ila,"* although one caution with regard to the latter is that GFP-
Atgl8 expression enhances Atg8 lipidation in the fat body of fed
larvae. GFP-WIPI1 and GFP-WIPI2 have been detected on the
completed (mature) autophagosome by freeze-fracture analysis,'**
but endogenous WIPI2 has not been detected on mRFP-LC3- or
LAMP2-positive autophagosomes or autolysosomes using immu-
nolabeling.>* Accordingly, it may be possible to follow the forma-
tion and subsequent disappearance of WIPI puncta to monitor
autophagy induction and flux using specific techniques. As with
GFP-LC3, overexpression of WIPI1 or WIPI2 can lead to the for-
mation of aggregates, which are stable in the presence of PtdIns3K
inhibitors.

f. BECN1/Vps30/Atg6

BECNI1 (yeast Vps30/Atg6) and PIK3C3/VPS34 are essential
partners in the autophagy interactome that signals the onset of
autophagy,”*>****> and many researchers use this protein as a
way to monitor autophagy. BECN1 is inhibited by its binding
to the anti-apoptotic protein BCL2.”*® Autophagy is induced by
the release of BECN1 from BCL2 by pro-apoptotic BH3 pro-
teins, phosphorylation of BECN1 by DAPKI (at Thrll9,
located in the BH3 domain),”®” or phosphorylation of BCL2 by
MAPKS/JNK1 (at Thr69, Ser70 and Ser87).%°*°%° The relation-
ship between BECN1 and BCL2 is more complex in developing
cerebellar neurons, as it appears that the cellular levels of BCL2
are, in turn, post-translationally regulated by an autophagic
mechanism linked to a switch from immaturity to matu-
rity.”’**”! It is important to be aware, however, that certain
forms of macroautophagy are induced in a BECN1-indepen-
dent manner and are not blocked by PtdIns3K inhibitors.**>”>
Interestingly, caspase-mediated cleavage of BECN1 inactivates
BECNI1-induced autophagy and enhances apoptosis in several
cell types,””> emphasizing that the crosstalk between apoptosis
and autophagy is complex.

Although a population of BECN1 may localize in proximity
to the trans-Golgi network,””* it is also present at the ER and
mitochondria.’®® In keeping with these observations, in cerebel-
lar organotypic cultures BECN1 co-immunoprecipitates with
BCL2 that is primarily localized at the mitochondria and ER;
and in a mouse model of neurodegeneration, autophagic
vacuoles in Purkinje neurons contain partially digested organ-
elles that are immunoreactive for BCL2.”“*” In addition,
BECN1 and PIK3C3/VPS34 can be present in multiple
complexes, so caution must be exercised when monitoring
localization. On induction of autophagy by various stimuli the
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presence of BECN1- and PIK3C3/VPS34-positive macroaggre-
gates can be detected in the region of the Golgi complex by
immunofluorescence.'”*”® Thus, BECN1-GFP puncta detected
by fluorescence microscopy or TEM may serve as an additional
marker for autophagy induction;>”” however, it should be noted
that caspase cleavage of BECN1 can be detected in normal cul-
ture conditions (S. Luo, personal communication), and cleaved
BECNT1 is translocated into the nucleus,””® thus care needs to
be taken with these assays under stress conditions in which
more pronounced BECNI cleavage occurs. In addition, as with
any GFP chimeras there is a concern that the GFP moiety inter-
feres with correct localization of BECN1. To demonstrate that
BECNI or PtdIns3K macroaggregates are an indirect indication
of ongoing autophagy, it is mandatory to show their specific
association with the process by including appropriate controls
with inhibitors (e.g., 3-MA) or autophagy gene silencing. When
a BECNI1-independent autophagy pathway is induced, such
aggregates are not formed regardless of the fact that the cell
expresses BECN1 (e.g., as assessed by western blotting; C. Isi-
doro, personal communication). As BECNI-associated
PtdIns3K activity is crucial in autophagosome formation in
BECN1-dependent autophagy, the measurement of PtdInsk3K
in vitro lipid kinase activity in BECN1 immunoprecipitates can
be a useful technique to monitor the functional activity of this
complex during autophagy modulation,”**%**57

g. DRAM1

DRAMI is a gene induced by activated TP53 in response to dif-
ferent types of cellular stress, including DNA damage.”®>*%"
DRAMI is a small hydrophobic protein with 6 transmembrane
domains. It is detected as a subpopulation in the Golgi and cis-
Golgi, colocalizing with GOLGB1/giantin and GOLGA2/
GM130, and also in early and late endosomes and lysosomes,
colocalizing with EEA1 and LAMP2.>®' The elimination of
DRAMI by siRNA blocks autophagy,”®"*** as effectively as
elimination of BECN1, indicating it is an essential component
for this process, although its mechanism of action is not
known. The time course of autophagy as a consequence of
DRAMI activation can be monitored by immunoblot by fol-
lowing the disappearance of the VRKI protein, a direct target
of this process.”®" Detection of DRAMI RNA is very easy by
quantitative real-time reverse transcription polymerase chain
reaction (QRT-PCR) during autophagy; **>**' however, detec-
tion of the DRAMI protein is very difficult because of its small
size and hydrophobicity, features that complicate the genera-
tion of specific antibodies, which in general have very low sen-
sitivity. A commercial DRAMI1 antibody may allow the
detection of this protein in rat skeletal muscle (D.W. Russ, per-
sonal communication).

h. ZFYVE1/DFCP1

ZFYVEI binds PtdIns3P that localizes to the ER and Golgi.
Starvation induces the translocation of ZFYVEI to punctate
structures on the ER; the ER population of ZFYVE1 marks the
site of omegasome formation.”® ZFYVEI partially colocalizes
with  WIPI1 upon nutrient starvation®® and also with
WIPI2.>*



Downloaded by [University of California, Berkeley] at 11:43 03 February 2016

70 D. J. KLIONSKY ET AL.

i. STX17

STX17 is a SNARE protein that is recruited to completely
sealed autophagosomes, but not to phagophores.”**>** As little
STX17 is present on autolysosomes, STX17 is enriched on com-
pleted autophagosomes among autophagy-related structures.
However, STX17 as a competence factor may be recruited just
prior to fusion of autophagosomes with lysosomes, and not all
autophagosomes are positive for this protein. Moreover, it is
also present at the ER and mitochondria.

j- TECPR1
TECPRI binds ATG5 through an AFIM (ATGS5 [five] interact-
ing motif). TECPR1 competes with ATG16L1 for binding to
ATGS, suggesting that there is a transition from the ATG5-
ATGI16L1 complex that is involved in phagophore expansion
to an ATG5-TECPR1 complex that plays a role in autophago-
some-lysosome fusion. TECPR1 thus marks lysosomes and
autolysosomes.”*®

Conclusion: Proteins other than Atg8/LC3 can be moni-
tored to follow autophagy, and these can be important tools to
define specific steps of the process. For example, WIPI puncta
formation can be used to monitor autophagy, but, similar to
Atg8/LC3, should be examined in the presence and absence of
lysosomal inhibitors. Analysis of WIPI puncta should be com-
bined with other assays because individual members of the
WIPI family might also participate in additional, uncharacter-
ized functions apart from their role in autophagy. At present,
we caution against the use of changes in BECNI1 localization as
a marker of autophagy induction. It is also worth considering
the use of different markers depending on the specific autopha-
gic stimuli.

6. Sphingolipids

Sphingolipids are ubiquitous membrane lipids that can be pro-
duced in a de novo manner from the ER or by cleavage of
sphingomyelin by phosphodiesterases (sphingomyelinases).
The multiple different metabolites of the sphingolipid pathway,
which are distinct by even a single double bond, carbon chain
length of the fatty acid, or presence of a phosphate group, can
have quite varied cellular functions. Sphingolipids were first
recognized for their role in the architecture of membrane
bilayers affecting parameters such as bilayer stiffness, neighbor-
ing lipid order parameter and microdomain/raft formation.
They also act as second messengers in vital cellular signaling
pathways and as key determinants of cellular homostasis in
what is called a sphingolipid rheostat.”® Sphingolipids partici-
pate in the formation of different membrane structures and
subcellular organelles, such as mitochondria and ER, and are
also involved in the fusion and biophysical properties of cell
membranes.”®

Ceramides, positioned at the core of sphingolipid metabo-
lism, play several roles that affect multiple steps of macroauto-
phagy, by inhibition of nutrient transporters,”® by modulation
of BCL2-BECN1 association at the level of AKT signaling,5 o0
and by regulation of mitophagy.”" The latter function is regu-
lated by a particular ceramide species, steroyl (C18:0)-cer-
amide, a sphingolipid generated by CERSI (ceramide synthase
1). C18-ceramide, in association with LC3-II, targets damaged

mitochondria for autophagic sequestration in response to cer-
amide stress, leading to tumor suppression.””' > The binding
of ceramide to LC3-II can be detected using anti-ceramide and
anti-LC3 antibodies by immunofluorescence and confocal
microscopy, co-immunoprecipitation using anti-LC3 antibody
followed by liquid chromatography-tandem mass spectrome-
try, using appropriate standards (targeted lipidomics), or label-
ing cells with biotin-sphingosine to generate biotin-ceramide,
and immunoprecipitation using avidin-columns followed by
western blotting to detect LC3-I1. It should be noted that inhib-
itors of ceramide generation, and mutants of LC3 with altered
ceramide binding (F52A or I135A), and/or that are conjugation
defective (e.g., G120A), should be used as negative controls.

Other sphingolipids are also involved in autophagy. For
example, accumulation of endogenous sphingosine-1-phos-
phate, a pro-survival downstream metabolite from ceramide
triggers ER-stress associated macroautophagy, by activation of
AKT.®* In addition, gangliosides, have been implicated in
autolysosome morphogenesis.””> To analyze the role of ganglio-
sides in autophagy, 2 main technical approaches can be used:
co-immunoprecipitation and fluorescence resonance energy
transfer. For the first method, lysates from untreated or auto-
phagy-induced cells have to be immunoprecipitated with an
anti-LC3 polyclonal antibody (a rabbit IgG isotypic control
should be used as a negative control). The obtained immuno-
precipitates are subjected to ganglioside extraction, and the
extracts run on an HPTLC aluminum-backed silica gel and
analyzed for the presence of specific gangliosides by using
monoclonal antibodies. Alternatively, the use of FRET by flow
cytometry appears to be highly sensitive to small changes in
distance between 2 molecules and is thus suitable to study
molecular interactions, for example, between ganglioside and
LC3. Furthermore, FRET requires ~10 times less biological
material than immunoprecipitation.

Conclusion: Sphingolipids are bioactive molecules that play
key roles in the regulation of autophagy at various stages,
including upstream signal transduction pathways to regulate
autophagy via transcriptional and/or translational mechanisms,
autolysosome morphogenesis, and/or targeting phagophores
to mitochondria for degradation via sphingolipid-LC3
association,***>%%>%

7. Transcriptional, translational and posttranslational
regulation

The induction of autophagy in certain scenarios is accompanied by
an increase in the mRNA levels of certain autophagy genes, such as
ATG7,7> ATG8/Lc3°%° ATGY™" Atg12®” and Atgl4,”
and an autophagy-dedicated microarray was developed as a high-
throughput tool to simultaneously monitor the transcriptional reg-
ulation of all genes involved in, and related to, autophagy.®** The
mammalian gene that shows the greatest transcriptional regulation
in the liver (in response to starvation and circadian signals) is Ulk1,
but others also show more limited changes in mRNA levels includ-
ing Gabarapll, Bnip3 and, to a minor extent, Lc3b (J.D. Lin, per-
sonal communication). In several mouse and human cancer cell
lines, ER stress and hypoxia increase the transcription of Le3/LC3,
Atg5/ATG5 and Atgl2/ATGI2 by a mechanism involving the
unfolded protein response (UPR). Similarly, a stimulus-dependent
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increase in LC3B expression is detected in neural stem cells
undergoing autophagy induction.’” Increased expression of
Atg5 in vivo after optic nerve axotomy in mice®® and
increased expression of Atg7, Becnl and Lc3a during neuro-
genesis at different embryonic stages in the mouse olfactory
bulb are also seen.®”” LC3 and ATG5 are not required for the
initiation of autophagy, but mediate phagophore expansion
and autophagosome formation. In this regard, the transcrip-
tional induction of LC3 may be necessary to replenish the
LC3 protein that is turned over during extensive ER stress-
and hypoxia-induced autophagy.®*>**® In the clinical setting,
tissue expression of ATG5, LC3A and LC3B and their respec-
tive proteins accompanies elevated autophagy flux in human
adipose tissue in obesity.*'”**” Thus, assessing the mRNA lev-
els of LC3 and other autophagy-related genes by northern blot
or qRT-PCR may provide correlative data relating to the
induction of autophagy. Downregulation of autophagy-related
mRNAs has been observed in human islets under conditions
of lipotoxicity*”” that impair autophagic flux.®' It is not clear
if these changes are sufficient to regulate autophagy, however,
and therefore these are not direct measurements.

Several transcription factors of the nuclear receptor super-
family modulate gene expression of autophagy genes. For
instance, NR1D1/Rev-erba represses Ulkl, Bnip3, Atg5, Park2/
parkin and Becnl gene expression in mouse skeletal muscle by
directly binding to regulatory regions in their DNA sequences.
Consistently, nr1d1”" mice display an increased LC3-II/LC3-I
ratio, as well as PARK2 and BNIP3 protein levels, elevated
autophagic flux as measured upon different inhibitor (3-MA,
NH,CI, bafilomycin A; and chloroquine) treatment and auto-
phagosomes detected by EM of skeletal muscle sections.®'' The
nuclear receptors PPARA (peroxisome proliferator-activated
receptor alpha) and NR1H4/FXR (nuclear receptor subfamily
1, group H, member 4) also regulate hepatic autophagy in
mice. Indeed, PPARA and NR1H4 compete for the control of
lipophagy in response to fasting and feeding nutritional cues,
respectively.®' NR1H4 may also inhibit autophagy via inhibi-
tion of CREB-CRTC2 complex assembly.®"> Consistent with in
vitro studies utilizing human cancer cell lines,*"**" in human
adipose tissue explants, E2F1 binds the LC3B promoter, in
association with increased expression of several autophagy
genes and elevated adipose tissue autophagic flux.”'”**" In this
instance, classical promoter analysis studies, including chroma-
tin immunoprecipitation and ATG promoter-luciferase con-
structs provide insights on the putative transcriptional
regulation of autophagy genes by demonstrating promoter
binding in situ, and promoter activity in vitro.*’

Of note, large changes in Atg gene transcription just prior to
Drosophila salivary gland cell death (that is accompanied by an
increase in autophagy) are detected for Atg2, Atg4, Atg5 and
Atg7, whereas there is no significant change in Atg8a or Atg8b
mRNA.®'*"” Autophagy is critical for Drosophila midgut cell
death, which is accompanied by transcriptional upregulation of
all of the Atg genes tested, including Atg8a (Fig. 19).**"'® Simi-
larly, in the silkworm (Bombyx mori) larval midgut®'® and fat
body,”*® the occurrence of autophagy is accompanied by an
upregulation of the mRNA levels of several Atg genes. Tran-
scriptional upregulation of Drosophila Atg8a and Atg8b is also
observed in the fat body following induction of autophagy at
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Figure 19. pGFP-Atg8a can be used to monitor autophagy in Drosophila mela-
nogaster. The autophagosome marker pGFP-Atg8a, results in expression of Atg8a
fused to GFP from the endogenous Atg8a promoter.?®' Live imaging of gastric
caeca from Drosophila melanogaster midgut pGFP-Atg8a puncta (green) and
Hoechst 33342 (blue). Midgut from early third instar larvae prior to the onset of
cell death (top) and from dying midgut at 2 h after puparium formation (bottom).
Bar: 25 pm. Image provided by D. Denton and S. Kumar.

the end of larval development,®*' and these genes as well as

Atg2, Atg9 and Atgl8 show a more than 10-fold induction dur-
ing starvation.”** Atg5, Atg6, Atg8a and Atgl8 are upregulated
in the ovary of starved flies,*”’ and an increase in Drosophila
Atg8b is observed in cultured Drosophila I(2)mbn cells follow-
ing starvation (S. Gorski, personal communication). An upre-
gulation of plant ATG8 may be needed during the adaptation
to reproductive growth; a T-DNA inserted mutation of rice
ATG8b blocked the change from vegetative growth to repro-
ductive growth in both homozygous and heterozygous plant
lines (M.-Y. Zhang, unpublished results).

Similarly, the upregulation of autophagy-related genes (Lc3,
Gabarapll, Bnip3, Atg4b, Atgl2l) has been documented at the
transcriptional and translational level in several other species
(e.g., C. elegans,®** mouse, rat, human,** trout, Arabidopsis
and maize) under conditions of ER stress,’** and diverse types
of prolonged (several days) catabolic situations including can-
cer cachexia, diabetes mellitus, uremia and fasting >'>*6%626-628
Along these lines, ATG9 and ATGI6LI are transcriptionally
upregulated upon influenza virus infection (H. Khalil, personal
communication), and in C. elegans, the FOXA transcription
factor PHA-4 and the TFEB ortholog HLH-30 regulate the
expression of several autophagy-related genes (see Methods
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and challenges of specialized topics/model systems. C. ele-
gans).®*+9*>17%% Such prolonged induction of the expression of
ATG genes has been thought to allow the replenishment of crit-
ical proteins (e.g., LC3 and GABARAP) that are destroyed dur-
ing autophagosome fusion with the lysosome.®”® The
polyamine spermidine increases life span and induces auto-
phagy in cultured yeast and mammalian cells, as well as in
nematodes and flies. In aging yeast, spermidine treatment trig-
gers epigenetic deacetylation of histone H3 through inhibition
of histone acetyltransferases, leading to significant upregulation
of various autophagy-related transcripts.®*!

In addition to the ATG genes, transcriptional upregulation
of VMPI (a protein that is involved in autophagy regulation
and that remains associated with the completed autophago-
some) can be detected in mammalian cells subjected to rapa-
mycin treatment or starvation, and in tissues undergoing
disease-induced autophagy such as cancer.””* VMPI is an
essential autophagy gene that is conserved from Dictyostelium
to mammals,”*>®** and the VMP1 protein regulates early steps
of the autophagic pathway.’®’ VMP1 is poorly expressed in
mammalian cells under nutrient-normal conditions, but is
highly upregulated in cells undergoing autophagy, and the
expression of VMPI1 induces autophagosome formation. The
GLI3 transcription factor is an effector of KRAS that regulates
the expression and promoter activity of VMPI, using the his-
tone acetyltransferase EP300/p300 as a co-activator.***

A gene regulatory network, named CLEAR (coordinated
lysosomal expression and regulation) that controls both lyso-
some and autophagosome biogenesis was identified using a
systems-biology approach.®*>®>%*¢ The basic helix-loop-
helix transcription factor TFEB acts as a master gene of the
CLEAR network and positively regulates the expression of
both lysosomal and autophagy genes, thus linking the
biogenesis of 2 distinct types of cellular compartments that
cooperate in the autophagic pathway. TFEB activity is regu-
lated by starvation and is controlled by both MAPK1/ERK2-
and MTOR-mediated phosphorylation at specific serine
residues;**>**”%%® thus, it can serve as a new tool for monitor-
ing transcriptional regulation connected with autophagy.
TFEB is phosphorylated by MTORCI on the lysosomal sur-
face, preventing its nuclear translocation. A lysosome-to-
nucleus signaling mechanism transcriptionally regulates auto-
phagy and lysosomal biogenesis via MTOR and TFEB.**® A
very useful readout of endogenous TFEB activity is the evalua-
tion of TFEB subcellular localization, as activation of TFEB
correlates with its translocation from the cytoplasm to the
nucleus. This shift can be monitored by immunofluorescence
using antibodies against TFEB. TFEB localization may also be
studied to monitor MTOR activity, as in most cases TFEB
nuclear localization correlates with inhibition of MTOR. How-
ever, due to the low expression levels of TFEB in most cells
and tissues, it may be difficult to visualize the endogenous
protein. Thus a TFEB nuclear translocation assay was devel-
oped in a HeLa cell line stably transfected with TFEB-GFP.
This fluorescence assay can be used to identify the conditions
and factors that promote TFEB activation.®®® TFE3 and MITF,
2 other members of the MiT/TFE family of transcription fac-
tors, in some cases can compensate for TFEB and are regu-
lated in a similar manner.%>*%*

Similar to TFEB, the erythroid transcription factor GATAL1
and its coregulator ZFPM1/FOGI induce the transcription of
multiple genes encoding autophagy components. This develop-
mentally regulated transcriptional response is coupled to
increases in autophagosome number as well as the percent of
cells that contain autophagosomes.®*' FOXO transcription fac-
tors, especially FOXO1 and FOXO3, also play critical roles in
the regulation of autophagy gene expression.******** A zinc
finger family DNA-binding protein, ZKSCAN3 is a master
transcriptional repressor of autophagy and lysosome biogene-
sis; starvation and MTOR inhibition with torinl induce
nucleus-to-cytoplasm translocation of ZKSCAN3.*** Finally,
CEBPB/C/EBPg is a transcription factor that regulates auto-
phagy in response to the circadian cycle.®**

Although less work has been done on post-transcriptional
regulation, several studies implicate microRNAs in controlling
the expression of proteins associated with auto-
phagy.243,247,248,645—647

Cautionary notes: Most of the ATG genes do not show
significant changes in mRNA levels when autophagy is
induced. Even increases in LC3 mRNA can be quite modest
and are cell type- and organism-dependent.®*® In addition,
it is generally better to follow protein levels, which, ulti-
mately, are the significant parameter with regard to the ini-
tiation and completion of autophagy. However, ATG
protein amounts do not always change significantly and the
extent of increase is again cell type- and tissue-dependent.
Finally, changes in autophagy protein levels are not suffi-
cient evidence of autophagy induction and must be accom-
panied by additional assays as described herein. Thus,
monitoring changes in mRNA levels for either ATG genes
or autophagy regulators may provide some evidence sup-
porting upregulation of the potential to undergo autophagy,
but should be used along with other methods.

Another general caution pertains to the fact that in any
cell culture system mixed populations of cells (for example,
those undergoing autophagy or not) exist simultaneously.
Therefore, only an average level of protein or mRNA
expression can be evaluated with most methods. This means
that the results regarding specific changes in autophagic
cells could be hidden due to the background of the average
data. Along these lines, experiments using single-cell real-
time PCR to examine gene expression in individual cardio-
myocytes with and without signs of autophagy revealed that
the transcription of MTOR markedly and significantly
increases in autophagic cells in intact cultures (spontane-
ously undergoing autophagy) as well as in cultures treated
with proteasome inhibitors to induce autophagy (V. Dos-
enko, personal communication). Finally, researchers need to
realize that mammalian cell lines may have mutations that
alter autophagy signaling or execution; this problem can be
avoided by using primary cells.

Conclusion: Although there are changes in ATG gene
expression that coincide with, and may be needed for, auto-
phagy, this has not been carefully studied experimentally.
Therefore, at the present time we do not recommend the
monitoring of ATG gene transcription as a general readout
for autophagy unless there is clear documentation that the
change(s) correlates with autophagy activity.
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8. Posttranslational modification of ATG proteins

Autophagy is controlled by posttranslational modification
(PTM) of ATG proteins such as phosphorylation, ubiquitina-
tion, acetylation, oxidation and cleavage, which can be moni-
tored to analyze the status of the process.>*>*3%21%-223:649-652
The global deacetylation of proteins, which often accompanies
autophagy, can be conveniently measured by quantitative
immunofluorescence with antibodies specifically recognizing
acetylated lysine residues.®>> Indeed, depletion of the nutrient
supply causes autophagy in yeast or mammalian cells by reduc-
ing the nucleo-cytosolic pool of acetyl-coenzyme A, which pro-
vides acetyl groups to acetyltransferases, thus reducing the
acetylation level of hundreds of cytoplasmic and nuclear pro-
teins.®>* A global deacetylation of cellular proteins is also
observed in response to so-called “caloric restriction mimetics”,
that is, a class of pharmacological agents that deplete the
nucleo-cytosolic pool of acetyl-coenzyme A, inhibit acetyltrans-
ferases (such as EP300) or activate deacetylases (such as
SIRT1). All these agents reduce protein acetylation levels in
cells as they induce autophagy.®>> One prominent ATG protein
that is subjected to pro-autophagic deacetylation is LC3.%°*%*

9. Autophagic protein degradation

Protein degradation assays represent a well-established meth-
odology for measuring autophagic flux, and they allow good
quantification. The general strategy is first to label cellular pro-
teins by incorporation of a radioactive amino acid (e.g., ["*C]-
or [*H]-leucine, ["*C]-valine or [*°S]-methionine; although
valine may be preferred over leucine due to the strong inhibi-
tory effects of the latter on autophagy), preferably for a period
sufficient to achieve labeling of the long-lived proteins that best
represent autophagic substrates, and then to follow this with a
long cold-chase so that the assay starts well after labeled short-
lived proteins are degraded (which occurs predominantly via
the proteasome). Next, the time-dependent release of acid-solu-
ble radioactivity from the labeled protein in intact cells or per-
fused organs is measured.>*****® Note that the inclusion of the
appropriate unlabeled amino acid (i.e., valine, leucine or methi-
onine) in the starvation medium at a concentration equivalent
to that of other amino acids in the chase medium is necessary;
otherwise, the released ['*C]-amino acid is effectively re-incor-
porated into cellular proteins, which results in a significant
underestimation of protein degradation. A newer method of
quantifying autophagic protein degradation is based on L-azi-
dohomoalanine (AHA) labeling.“o When added to cultured
cells, L-azidohomoalanine is incorporated into proteins during
active protein synthesis. After a click reaction between an azide
and an alkyne, the azide-containing proteins can be detected
with an alkyne-tagged fluorescent dye, coupled with flow
cytometry. The turnover of specific proteins can also be
measured in a pulse-chase regimen using the Tet-ON/OFF
or GeneSwitch systems and subsequent western blot analy-
Sis.661_663

In this type of assay a considerable fraction of the measured
degradation will be nonautophagic, and thus it is important to
also measure, in parallel, cell samples treated with autophagy-
suppressive concentrations of 3-MA or amino acids, or
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obtained from mutants missing central ATG components
(however, it is important to note that these controls are only
appropriate assuming that nonautophagic proteolytic activity
remains unchanged, which is unlikely); these values are then
subtracted from the total readouts. The complementary
approach of using compounds that block other degradative
pathways, such as proteasome inhibitors, may cause unex-
pected results and should be interpreted with caution due to
crosstalk among the degradative systems. For example, block-
ing proteasome function may activate autophagy.****” Thus,
when using inhibitors it is critical to know whether the inhibi-
tors being used alter autophagy in the particular cell type and
context being examined. In addition, because 3-MA could have
some autophagy-independent effects in particular settings it is
advisable to verify that the 3-MA-sensitive degradation is also
sensitive to general lysosomal inhibitors (such as NH,Cl or
leupeptin).

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

Another assay that could be considered relies on the limited
proteolysis of a BHMT (betaine-homocysteine S-methyltrans-
ferase) fusion protein. The 44-kDa full-length BHMT protein is
cleaved in hepatocyte amphisomes in the presence of leupeptin
to generate 32-kDa and 10-kDa fragments.®”**”> Accumulation
of these fragments is time dependent and is blocked by treat-
ment with autophagy inhibitors. A modified version of this
marker, GST-BHMT, can be expressed in other cell lines where
it behaves similar to the wild-type protein.”’* Additional sub-
strates may be considered for similar types of assays. For exam-
ple, the neomycin phosphotransferase II-GFP (NeoR-GFP)
fusion protein is a target of autophagy.®”> Transfection of lym-
phoblastoid cells with a plasmid encoding NeoR-GFP followed
by incubation in the presence of 3-MA leads to an accumula-
tion of the NeoR-GFP protein as measured by flow
cytomcf:try.676

A similar western blot assay is based on the degradation
of a cytosolic protein fused to GFP. This method has been
used in yeast and Dictyostelium cells using GFP-Pgkl and
GFP-Tkt-1 (phosphoglycerate kinase and transketolase,
respectively). In this case the relative amount of free GFP
versus the complete fusion protein is the relevant parameter
for quantification; although it may not be possible to detect
clear changes in the amount of the full-length chimera,
especially under conditions of limited flux.’>*” As described
above for the marker GFP-Atg8/LC3, nonsaturating levels
of lysosomal inhibitors are also needed in Dictyostelium
cells to slow down the autophagic degradation, allowing the
accumulation and detection of free GFP. It should be noted
that this method monitors bulk autophagy since it relies on
the passive transit of a cytoplasmic marker to the lysosome.
Consequently, it is important to determine that the marker
is distributed homogeneously in the cytoplasm.
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One of the most useful methods for monitoring auto-
phagy in Saccharomyces cerevisiae is the Pho8A60 assay.
PHO8 encodes a vacuolar phosphatase, which is synthesized
as a zymogen before finally being transported to and acti-
vated in the vacuole.””” A molecular genetic modification
that eliminates the first 60 amino acids prevents the mutant
(Pho8A60) from entering the ER, leaving the zymogen in
the cytosol. When autophagy is induced, the mutant zymo-
gen is delivered to the vacuole nonselectively inside auto-
phagosomes along with other cytoplasmic material. The
resulting activation of the zymogen can be easily measured
by enzymatic assays for phosphatase activity.”*’ To mini-
mize background activity, it is preferable to have the gene
encoding the cytosolic phosphatase (PHO13) additionally
deleted (although this is not necessary when assaying cer-
tain substrates).

Cautionary notes: Measuring the degradation of long-lived
proteins requires prior radiolabeling of the cells, and subse-
quent separation of acid-soluble from acid-insoluble radioactiv-
ity. The labeling can be done with relative ease both in cultured
cells and in live animals.’ In cells, it is also possible to measure
the release of an unlabeled amino acid by chromatographic
methods, thereby obviating the need for prelabeling;®”® how-
ever, it is important to keep in mind that amino acid release is
also regulated by protein synthesis, which in turn is modulated
by many different factors. In either case, one potential problem
is that the released amino acid may be further metabolized. For
example, branched chain amino acids are good indicators of
proteolysis in hepatocytes, but not in muscle cells where they
are further oxidized (A.]. Meijer, personal communication). In
addition, the amino acid can be reincorporated into protein;
for this reason, such experiments can be carried out in the pres-
ence of cycloheximide, but this raises additional concerns (see
Turnover of autophagic compartments). In the case of labeled
amino acids, a nonlabeled chase is added where the tracer
amino acid is present in excess (being cautious to avoid using
an amino acid that inhibits autophagy), or by use of single pass
perfused organs or superfused cells.””***" The perfused organ
system also allows for testing the reversibility of effects on pro-
teolysis and the use of autophagy-specific inhibitors in the
same experimental preparation, which are crucial controls for
proper assessment.

If the autophagic protein degradation is low (as it will be in
cells in replete medium), it may be difficult to measure it reli-
ably above the relatively high background of nonautophagic
degradation. It should also be noted that the usual practice of
incubating the cells under “degradation conditions,” that is, in
a saline buffer, indicates the potential autophagic capacity
(maximal attainable activity) of the cells rather than the auto-
phagic activity that prevails in vivo or under rich culture condi-
tions. Finally, inhibition of a particular degradative pathway is
typically accompanied by an increase in a separate pathway as
the cell attempts to compensate for the loss of degradative
capacity.”*>°*® This compensation might interfere with control
measurements under conditions that attempt to inhibit
macroautophagy; however, as the latter is the major degradative
pathway, the contributions of other types of degradation over
the course of this type of experiment are most often negligible.
Another issue of concern, however, is that most

pharmacological protease inhibitors have “off target” effects
that complicate the interpretation of the data.

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

Conclusion: Measuring the turnover of long-lived proteins
is a standard method for determining autophagic flux.
Newer proteomic techniques that compare protein levels in
autophagy-deficient animals relative to wild-type animals are
promising,®®" but the current ratiometric methods are affected
by both protein synthesis and degradation, and thus analyze
protein turnover, not just degradation.

10. Selective types of autophagy

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

a. The Cvt pathway, mitophagy, pexophagy, piecemeal
microautophagy of the nucleus and late nucleophagy in
yeast and filamentous fungi

The precursor form of aminopeptidase I (prApel) is the major
cargo of the Cvt pathway in yeast, a biosynthetic autophagy-
related pathway.'*® The propeptide of prApel is proteolytically
cleaved upon vacuolar delivery, and the resulting shift in
molecular mass can be monitored by western blot. Under star-
vation conditions, prApel can enter the vacuole through non-
selective autophagy, and thus has been used as a marker for
both the Cvt pathway and autophagy. The yeast Cvt pathway is
unique in that it is a biosynthetic route that utilizes the auto-
phagy-related protein machinery, whereas other types of selec-
tive autophagy are degradative. The latter include pexophagy,
mitophagy, reticulophagy, ribophagy and xenophagy, and each
process has its own marker proteins, although these are typi-
cally variations of other assays used to monitor the Cvt pathway
or autophagy. One common type of assay involves the process-
ing of a GFP chimera similar to the GFP-Atg8/LC3 processing
assay (see GFP-Atg8/LC3 lysosomal delivery and proteolysis).
For example, yeast pexophagy utilizes the processing of Pex14-
GFP and Potl/Fox3/thiolase-GFP,***°® whereas mitophagy
can be monitored by the generation of free GFP from Om45-
GFP, Idh1-GFP, Idpl-GFP or mito-DHFR-GFP.®%*¢8>-6%8
Localization of these mitochondrially targeted proteins (or spe-
cific MitoTracker dyes) or similar organelle markers such as
those for the peroxisome (e.g., GFP-SKL with Ser-Lys-Leu at
the C terminus that acts as a peroxisomal targeting signal, acyl-
CoA oxidase 3 [Aox3-EYFP] that allows simultaneous
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Figure 20. S. cerevisae cells were cultured to mid-log phase and shifted to SD-N for
the indicated times. Samples were taken before (+) and at the indicated times
after () nitrogen starvation. Immunoblotting was done with anti-phospho-SIt2
and anti-phospho-Hog1 antibody. This figure was modified from data previously
published in ref. 508, and is reproduced by permission of the American Society for
Cell Biology, copyright 2011.

observation of peroxisome-vacuole dynamics with the single
FITC filter set, or GFP-catalase) can also be followed by fluores-
cence microscopy.”>>***%* ! In addition, yeast mitophagy
requires both the Slt2 and Hogl signaling pathways; the activa-
tion and phosphorylation of Slt2 and Hogl can be monitored
with commercially available phospho-specific antibodies
(Fig. 20).°*® It is also possible to monitor pexophagy in yeasts
by the disappearance of activities of specific peroxisome
markers such as catalase, alcohol oxidase or amine oxidase in
cell-free extracts,””* or permeabilized cell suspensions. Catalase
activity, however, is a useful marker only when peroxisomal
catalases are the only such enzymes present or when activities
of different catalases can be distinguished. In S. cerevisiae there
are 2 genes, CTTI and CTAI, encoding catalase activity, and
only one of these gene products, Ctal, is localized in peroxi-
somes. Activities of both catalases can be distinguished using
an in-gel activity assay after PAGE under nondenaturing condi-
tions by staining with diaminobenzidine.®”>%* Plate assays for
monitoring the activity of peroxisomal oxidases in yeast colo-
nies are also available.®®**> The decrease in the level of endog-
enous proteins such as alcohol oxidase, Pex14 or Potl can be
followed by western blotting,>>****%® TEM,”® fluorescence
microscopy >>>7"7%% or laser confocal scanning microscopy of
GFP-labeled peroxisomes.”*”**

Bimolecular fluorescence complementation (BiFC) may be
useful to study protein-protein interactions in the autophagic
pathway.”>”7% In this assay, a protein of interest is cloned into
a vector containing one half of a fluorescent reporter (e.g.,
YFP), while a second protein is cloned into a different vector
containing the other half of the reporter. Constructs are
cotransfected into cells. If the 2 proteins of interest interact, the
2 halves of the reporter are brought into close proximity and a
fluorescent signal is reconstituted, which can be monitored by
confocal microscopy. This assay can be used to determine pro-
tein interactions without prior knowledge of the location or
structural nature of the interaction interface. Moreover, it is
applicable to living cells, and relatively low concentrations of
recombinant protein are required to generate a detectable
signal.
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In yeast, nonselective autophagy can be induced by nitrogen
starvation conditions, whereas degradative types of selective
autophagy generally require a carbon source change or ER
stress for efficient induction. For example, in S. cerevisiae, to
induce a substantial level of mitophagy, cells need to be precul-
tured in a nonfermentable carbon source such as lactate or
glycerol to stimulate the proliferation of mitochondria
(although this is not the case in Pichia pastoris). After sufficient
mitochondria proliferation, shifting the cells back to a ferment-
able carbon source such as glucose will cause the autophagic
degradation of superfluous mitochondria.®®® It should be noted
that in addition to carbon source change, simultaneous nitro-
gen starvation is also required for efficient mitophagy induc-
tion. This is possibly because excessive mitochondria can be
segregated into daughter cells by cell division if growth contin-
ues.”® A similar carbon source change from oleic acid or meth-
anol to ethanol or glucose (with or without nitrogen starvation)
can be used to assay for pexophagy.””® Mitophagy can also be
induced by treatment with ROS, to induce mitochondria dam-
age.”” In addition, mitophagy can be induced by culturing the
cells in a nonfermentable carbon source to post-log phase. In
this case, mitophagy may be induced because the energy
demand is lower at post-log phase and the mitochondrial mass
exceeds the cell’s needs.””'*”"" It has been suggested that this
type of mitophagy, also known as “stationary phase mito-
phagy,” reflects a quality-control function that culls defective
mitochondria that accumulate in nondividing, respiring
cells.”"? The recently developed tool PMI that pharmacologi-
cally induces mitophagy without disrupting mitochondrial res-
piration”"” should provide further insight as it circumvents the
acute, chemically induced, blockade of mitochondrial respira-
tion hitherto adopted to dissect the process. Similarly, pexo-
phagy can be induced by culturing the cells in a peroxisome
proliferation medium to post-log phase (J.-C. Farré, unpub-
lished results). Along these lines, it should also be realized that
selective types of autophagy continuously occur at a low level
under noninducing conditions. Thus, organelles such as peroxi-
somes have a finite life span and are turned over at a slow rate
by autophagy-related pathways.”"*

Piecemeal microautophagy of the nucleus (PMN, also
micronucleophagy) is another selective autophagic subtype,
which targets portions of the nucleus for degradation.”">”"” In
S. cerevisiae, the nuclear outer membrane, which is continuous
with the nuclear ER, forms contact sites with the vacuolar
membrane. These nucleus-vacuole junctions (NV]s) are gener-
ated by interaction of the outer nuclear membrane protein
Nvjl with the vacuolar protein Vac8.”'® Nvjl further recruits
the ER-membrane protein Tsc13, which is involved in the syn-
thesis of very-long-chain fatty acids (VLCFAs) and Swhl/
Oshl, a member of a family of oxysterol-binding proteins.
Upon starvation the NVJs bulge into the vacuole and subse-
quently a PMN-vesicle pinches off into the vacuole. PMN
vesicles thus contain nuclear material and are limited by 3
membranes with the outermost derived from the vacuole, and
the 2 inner ones from the nuclear ER. It is not clear which
nuclear components are removed by PMN, but since PMN is
not a cell death mechanism per se, most likely superfluous
material is recycled. During PMN the NV]Js are selectively
incorporated into the PMN vesicles and degraded. Accordingly,
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PMN can be monitored using the proteins that are associated
with the NVJs as markers. To quantitatively follow PMN, an
assay analogous to the above-described GFP-Atg8/LC3 proc-
essing assay has been established using either GFP-Swh1/Osh1
or Nvjl-GFP. These GFP chimeras are, together with the
PMN-vesicles, degraded in the vacuole. Thus, the formation of
the relatively proteolysis-resistant GFP detected in western
blots correlates with the PMN rate. In fluorescence microscopy,
PMN can be visualized with the same constructs, and a chimera
of mCherry fused to a nuclear localization signal (NLS-
mCherry) can also be used. To assure that the measured PMN
rate is indeed due to selective micronucleophagy, appropriate
controls such as cells lacking Nvj1 or Vac8 should be included.
Detailed protocols for the described assays are provided in
ref. 719.

Late nucleophagy (LN) is another type of selective degra-
dation of the nucleus, which specifically targets bulk nucleo-
plasm for degradation after prolonged periods (20-24 h) of
nitrogen starvation.””° LN induction occurs in the absence
of the essential PMN proteins Nvjl and Vac8 and, there-
fore, the formation of NVJs. Although some components of
the core Atg machinery are required for LN, Atgll and the
Vps34-containing PtdIns3K complex I are not needed. LN
can be monitored by employing a nuclear-targeted version
of the Rosella biosensor (n-Rosella) and following either its
accumulation (by confocal microscopy), or degradation (by
immunoblotting), within the vacuole.”** Dual labeling of
cells with Nvjl-EYFP, a nuclear membrane reporter of
PMN, and the nucleoplasm-targeted NAB35-DsRed.T3
(NAB35 is a target sequence for the Nab2 RNA-binding
protein, and DsRed.T3 is the pH-stable, red fluorescent
component of n-Rosella) allows detection of PMN soon
after the commencement of nitrogen starvation, whereas
delivery to the vacuole of the nucleoplasm reporter, indica-
tive of LN, is observed only after prolonged periods of
nitrogen starvation. Few cells show simultaneous accumula-
tion of both reporters in the vacuole indicating PMN and
LN are temporally and spatially separated.”*

In contrast to unicellular yeasts, filamentous fungi form an
interconnected mycelium of multinucleate hyphae containing
up to 100 nuclei in a single hyphal compartment. A mycelial
colony grows by tip extension with actively growing hyphae at
the colony margin surrounded by an older, inner hyphal net-
work that recycles nutrients to fuel the hyphal tips. By labeling
organelle markers with GFP it is possible to show in Aspergillus
oryzae that macroautophagy mediates degradation of basal
hyphal organelles such as peroxisomes, mitochondria and
entire nuclei.”*' In contrast to yeast, PMN has not been
observed in filamentous ascomycetes.””> In Magnaporthe ory-
zae, germination of the condiospore and formation of the
appressorium are accompanied by nuclear degeneration in the
spore.””> The degradation of nuclei in spores requires the non-
selective autophagy machinery, whereas conserved components
of the PMN pathway such as Vac8 and Tscl3 are dispensable
for nuclear breakdown during plant infection.”*’ Nuclei are
proposed to function in storage of growth-limiting nutrients
such as phosphate and nitrogen.”**”** Similar to nuclei, mito-
chondria and peroxisomes are also preferentially degraded in
the basal hyphae of filamentous ascomycetes.””>7%"7237726

Cautionary notes: The Cvt pathway has been demonstrated
to occur only in yeast. In addition, the sequestration of prApel
is specific, even under starvation conditions, as it involves the
recognition of the propeptide by a receptor, Atgl9, which in
turn interacts with the scaffold protein Atgl1.”?”7** Thus,
unless the propeptide is removed or ATG19 is deleted, prApel
is recognized as a selective substrate. Overexpression of prApel
saturates import by the Cvt pathway, and the precursor form
accumulates, but is rapidly matured upon autophagy induc-
tion.””® In addition, mutants such as vac8A and tlg2A accumu-
late prApel under rich conditions, but not during
autophagy.”®”** Accordingly, it is possible to monitor the
processing of prApel when overexpressed, or in certain mutant
strains to follow autophagy induction. However, under the lat-
ter conditions it must be kept in mind that the sequestering
vesicles are substantially smaller than typical autophagosomes
generated during nonselective autophagy; the Cvt complex
(prApel bound to Atgl9) is smaller than typical peroxisomes
or mitochondrial fragments that are subject to autophagic deg-
radation. Accordingly, particular mutants may display com-
plete maturation of prApel under autophagy-inducing
conditions, but may still have a defect in other types of selective
autophagy, as well as being unable to induce a normal level of
nonselective autophagy.'® For this reason, it is good practice
to evaluate autophagosome size and number by TEM. Actually,
it is much simpler to monitor autophagic bodies (rather than
autophagosomes) in yeast. First, the vacuole is easily identified,
making the identification of autophagic bodies much simpler.
Second, autophagic bodies can be accumulated within the vacu-
ole, allowing for an increased sample size. It is best to use a
strain background that is pep4A vps4A to prevent the break-
down of the autophagic bodies, and to eliminate confounding
vesicles from the multivesicular body pathway. One caveat to
the detection of autophagic bodies, however, is that they may
coalesce in the vacuole lumen, making it difficult to obtain an
accurate quantification. Finally, it is important to account for
biases in sample sectioning to obtain an accurate estimate of
autophagic body number or size.'*

In general, when working with yeast it is preferable to use
strains that have the marker proteins integrated into the chro-
mosome rather than relying on plasmid-based expression,
because plasmid numbers can vary from cell to cell. The GFP-
Atg8, or similar, processing assay is easy to perform and is suit-
able for analysis by microscopy as well as western blotting;
however, particular care is needed to obtain quantitative data
for GFP-Atg8, Pex14-GFP or Om45-GFP, etc. processing
assays (see cautionary notes for GFP-Atg8/LC3 lysosomal deliv-
ery and proteolysis). An alternative is an organelle-targeted
Pho8A60 assay. For example, mitoPho8A60 can be used to
quantitatively measure mitophagy.®* In addition, for the GFP-
Atg8 processing assay, 2 h of starvation is generally sufficient to
detect a significant level of free (i.e., vacuolar) GFP by western
blotting as a measure of nonselective autophagy. For selective
types of autophagy, the length of induction needed for a clearly
detectable free GFP band will vary depending on the rate of
cargo delivery/degradation. Usually 6 h of mitophagy induction
is needed to be able to detect free GFP (e.g., from Om45-GFP)
by western blot under starvation conditions, whereas stationary
phase mitophagy typically requires 3 days before a free GFP
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band is observed. However, as with animal systems (see Animal
mitophagy and pexophagy), it would be prudent to follow more
than one GFP-tagged protein, as the kinetics, and even the
occurrence of mitophagic trafficking, seems to be protein spe-
cies-dependent, even within the mitochondrial matrix.”*°

Care should be taken when choosing antibodies to assess the
degree of mitochondrial protein removal by autophagy; the
quality and clarity of the result may vary depending on the spe-
cifics of the antibody. In testing the efficiency of mitophagy
clearer results may be obtained by using antibodies against
mtDNA-encoded proteins. This experimental precaution may
prove critical to uncover subtle differences that could be missed
when evaluating the process with antibodies against nuclear
encoded, mitochondrially imported proteins (M. Campanella,
personal communication).

b. Aggrephagy
Aggrephagy is the selective removal of aggregates by

macroautophagy.”>' This process can be followed in vitro (in
cell culture) and in vivo (in mice) by monitoring the levels of
an aggregate-prone protein such as an expanded polyglutamine
(polyQ)-containing protein or mutant SNCA/«-synuclein (syn-
uclein, alpha [non A4 component of amyloid precursor]). Lev-
els are quantified by immunofluorescence, immunogold
labeling or traditional immunoblot. In yeast, degradation of
SNCA aggregates can be followed by promoter shut-off assays.
Espression of the inducible GALI promoter of GFP-tagged
SNCA is stopped by glucose repression. The removal of aggre-
gates is thus monitored with fluorescence microscopy. The con-
tribution of autophagy to SNCA aggregate clearance can be
studied by the use of different autophagy mutants or by phar-
macological treatment with the proteinase B inhibitor
PMSF.”**7** Similarly, fluorescently tagged aggregated proteins
such as polyQ80-CFP can be monitored via immunoblot and
immunofluorescence. In addition to fluorescence methods,
aggregates formed by a splice variant of CCND2 (cyclin D2)
can also be monitored in electron-dense lysosomes and auto-
phagosomes by immunogold labeling and TEM techniques.”**
A polyQ80-luciferase reporter, which forms aggregates, can
also be used to follow aggrephagy.”> A nonaggregating
polyQ19-luciferase or untagged full-length luciferase serves as a
control. The ratio of luciferase activity from these 2 constructs
can be calculated to determine autophagic flux.

Autophagic degradation of endogenous aggregates such as
lipofuscin can be monitored in some cell types by fluorescence
microscopy, utilizing the autofluorescence of lipofuscin par-
ticles. Although under normal conditions almost 99% of the
lipofuscin particles are located in the autophagosomes/lyso-
somes, an impairment of macroautophagy leads to free lipofus-
cin in the cytosol.””*”*” The amount of lipofuscin in primary
human adipocytes can be reduced by activation of macroauto-
phagy, and the amount of lipofuscin is dramatically reduced in
adipocytes from patients with type 2 diabetes and chronically
enhanced macroautophagy.”*

Cautionary notes: Caution must be used when performing
immunoblots of aggregated proteins, as many protein aggregates
fail to enter the resolving gel and are retained in the stacking gel.
In addition, the polyQ80-luciferase in the aggregated state lacks
luciferase activity whereas soluble polyQ80-luciferase retains
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activity. Therefore, caution must be used when interpreting results
with these vectors, as treatments that increase aggrephagy or
enhance protein aggregation can lead to a decrease in luciferase
activity.*® Finally, soluble polyQ reporters can be degraded by the
proteasome; thus, changes in the ratio of polyQ19-luciferase:
polyQ80-luciferase may also reflect proteasomal effects and not
just changes in autophagic flux.

c. Allophagy
In C. elegans, mitochondria, and hence mitochondrial DNA,
from sperm are eliminated by an autophagic process. This pro-
cess of allogeneic (nonself) organelle autophagy is termed
“allophagy.””*>”*° During allophagy in C. elegans, both paternal
mitochondria and membranous organelles (a sperm-specific
membrane compartment) are eliminated by the 16-cell stage
(100-120 min post-fertilization).”*"”** The degradation process
can be monitored in living embryos with GFP::ubiquitin, which
appears in the vicinity of the sperm chromatin (labeled for
example with mCherry-histone H2B) on the membranous
organelles within 3 min after fertilization. GFP fusions and
antibodies specific for LGG-1 and LGG-2 (Atg8/LC3 homo-
logs), which appear next to the sperm DNA, membranous
organelles and mitochondria (labeled with CMXRos or mito-
chondria-targeted GFP) within 15 to 30 min post-fertilization,
can be used to verify the autophagic nature of the degradation.
TEM can also be utilized to demonstrate the presence of mito-
chondria within autophagosomes in the early embryo.
Conclusion: There are many assays that can be used to
monitor selective types of autophagy, but caution must be used
in choosing an appropriate marker(s). The potential role of
other degradative pathways for any individual organelle or
cargo marker should be considered, and it is advisable to use
more than one marker or technique.

d. Animal mitophagy and pexophagy

There is no consensus at the present time with regard to the
best method for monitoring mitophagy in animals. As with any
organelle-specific form of autophagy, it is necessary to demon-
strate: i) increased levels of autophagosomes containing mito-
chondria, ii) maturation of these autophagosomes that
culminates with mitochondrial degradation, which can be
blocked by specific inhibitors of autophagy or of lysosomal deg-
radation, and iii) whether the changes are due to selective mito-
phagy or increased mitochondrial degradation during
nonselective autophagy. Techniques to address each of these
points have been reviewed.*>”**

Antibodies against phosphorylated ubiquitin (p-S65-Ub)
have very recently been described as novel tools to detect the
activation of PINKI1-PARK2-mediated mitophagy.”** p-S65-
Ub is formed by the kinase PINK1 specifically upon mitochon-
drial stress, and is amplified in the presence of the E3 Ub ligase
PARK2 (reviewed in ref. 745).74 p-S65-Ub antibodies have
been used to demonstrate stress-induced activation of PINKI
in various cells including primary human fibroblasts (Fig. 21).
Phosphorylated poly-ubiquitin chains specifically accumulate
on damaged mitochondria, and staining with p-S65-Ub anti-
bodies can be used, in addition to translocation of PARK?2, to
monitor the initiation of mitophagy. Given the complete con-
servation of the epitopes across species, mitochondrial p-S65-
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Figure 21. PINK1-dependent phosphorylation of ubiquitin (p-565-Ub) upon mitophagic stress. (A) Human dermal fibroblasts from healthy controls or Parkinson disease
patients carrying a PINK1 loss-of-function mutation (Q456X) were treated with valinomycin for the indicated times and lysates were analyzed by western blot. The p-S65-
Ub signal is almost undetectable under nonstress conditions in controls, but is strongly induced in a PINK1 kinase-dependent manner during its stabilization on the outer
mitochondrial membrane. MFN2 serves as a control substrate and VCL (vinculin) as a loading control. (B) HeLa cells stably expressing GFP-PARK2 (wild type) were treated
with CCCP for the indicated times, fixed and stained with p-565-Ub (red) and GFP-PARK2 (green) as well as mitochondrial (TOMM20, cyan) and nuclear (Hoechst, blue)
markers. The p-S65-Ub staining is almost undetectable in nonstressed cells, but rapidly accumulates on damaged mitochondria where it functions to activate PARK2. On
mitochondria, PINKT and PARK2 together amplify the p-565-Ub signal. Scale bar: 10 um. Image provided by F.C. Fiesel and W. Springer.

Ub could also be detected in mouse primary neurons upon
mitochondrial depolarization. Furthermore, the p-S65-Ub sig-
nal partially colocalizes with mitochondrial, lysosomal, and
total ubiquitin markers in cytoplasmic granules that appear to
increase with age and disease in human postmortem brain sam-
ples.”** Along with the excellent performance of p-S65-Ub anti-
bodies in a range of applications, these findings highlight the
potential for future biomarker development.

Ultrastructural analysis at early time points can be used to
establish selective mitophagy, although a maturation inhibitor
may be needed to trap early autophagosomes with recognizable
cargo (Fig. 22). Depending on the use of specific imaging tech-
niques, dyes for living cells or antibodies for fixed cells have to
be chosen. In any case, transfection of the phagophore and
autophagosome marker GFP-LC3 to monitor the initiation of
mitophagy, or RFP-LC3 to assess mitophagy progression, and
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visualization of mitochondria (independent of their mitochon-
drial membrane potential) makes it possible to determine the
association of these 2 cellular components. Qualitatively, this
may appear as fluorescence colocalization or as rings of GFP-
LC3 surrounding mitochondria in higher resolution
images.”*””*® For live cell imaging microscopy, mitochondria
should be labeled by a matrix-targeted fluorescent protein
transfection or by mitochondria-specific dies. When using
matrix-targeted fluorophores for certain cell lines (e.g., SH-
SY5Y), it is important to allow at least 48 h of transient expres-
sion for sufficient targeting/import of mitochondrial GFP/RFP
prior to analyzing mitophagy. MitoTracker probes are lipo-
philic cations that include a chloromethyl group and a fluores-
cent moiety. They concentrate in mitochondria due to their
negative charge and react with the reduced thiols present in
mitochondrial matrix proteins.”**”7>' After this reaction the

bafilomycin

Figure 22. Autophagosomes with recognizable cargo are rare in cells. (A) To assess relative rates of autophagosome formation, the fusion inhibitor bafilomycin A; (10 nM)
was applied for 2 h prior to fixation with 2% glutaraldehyde in order to trap newly formed autophagosomes. Two different PINKT shRNA lines (A14 and D14) exhibit
increased AV formation over 2 h compared to the control shRNA line. *, p < 0.05 vs. Control. (B) Autophagosomes in bafilomycin A;-treated control cells contain a variety
of cytoplasmic structures (left, arrow), while mitochondria comprise a prominent component of autophagosomes in bafilomycin A;-treated (PINKT shRNA) cells (right,
arrow). Scale bar: 500 nm. These data indicate induction of selective mitophagy in PINK1-deficient cells. This figure was modified from Figure 2 published in ref. 1951,
Chu CT. A pivotal role for PINK1 and autophagy in mitochondrial quality control: implications for Parkinson disease. Human Molecular Genetics 2010; 19:R28-R37.
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probe can be fixed and remains in the mitochondria indepen-
dent of altered mitochondrial function or mitochondrial mem-
brane potential.”**”**”>* This method can thus be used when
cells remain healthy as the dye will remain in the mitochondria
and is retained after fixation, although, as stated above, accu-
mulation is dependent on the membrane potential. In addition,
some of the MitoTracker probes, including MitoTracker Green
FM and MitoTracker Red FM, are not well retained after fixa-
tion. Antibodies that specifically recognize mitochondrial pro-
teins such as VDAC, TOMM20 or COX4I1 (cytochrome c
oxidase subunit IV isoform I) may be used to visualize mito-
chondria in immunohistochemical experimental proce-
dures.””” In neuronal cells, stabilized PINK1 on the
mitochondrial outer membrane that accumulates in response to
certain forms of acute mitochondrial damage is also a useful
marker because it differentiates between healthy mitochondria
and those that have lost their membrane potential. Redistribution
of cardiolipin to the outer mitochondrial membrane acts as an
elimination signal for mitophagy in mammalian cells, including
primary neurons, and an ANXAS5 (annexin A5) binding assay
for externalized cardiolipin can also be considered a good marker
for damaged mitochondria and early mitophagy.'*® Colocaliza-
tion analyses of mitochondria and autophagosomes provide an
indication of the degree of autophagic sequestration. TEM can
be used to demonstrate the presence of mitochondria within
autophagosomes (referred to as mitophagosomes during mito-
phagy), and this can be coupled with bafilomycin A; treatment
to prevent fusion with the lysosome.*” To quantify early mito-
phagy, the percentage of LC3 puncta (endogenous, RFP- or
GFP-LC3 puncta) that colocalize with mitochondria and the
number of colocalizing LC3 puncta per cell—as assessed by
either confocal microscopy or high-throughput imaging—in
response to mitophagic stimuli can be employed as well.”>° In
addition, the percentage of lysosomes that colocalize with mito-
chondria can be used to quantify macroautophagy-mediated
delivery of mitochondria. Overall, it is important to quantify
mitophagy at various stages (initiation, progression, and late
mitophagy) to identify stimuli that elicit this process.”””*®

The fusion process of mitophagosomes with hydrolase-con-
taining lysosomes represents the next step in the degradation
process. To monitor the amount of fused organelles via live cell
imaging microscopy, ~MitoTracker® Green FM and
LysoTracker® Red DND-99 may be used to visualize the fusion
process (Fig. 23). Independent of the cell-type specific concentra-
tion used for both dyes, we recommend exchanging

Hoechst MitoTracker Green FM

LysoTracker Red Merge
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MitoTracker® Green FM with normal medium (preferably phe-
nol-free and CO, independent to reduce unwanted autofluores-
cence) after incubation with the dye, whereas it is best to
maintain the LysoTracker® Red stain in the incubation medium
during the acquisition of images. Given that these fluorescent
dyes are extremely sensitive to photobleaching, it is critical to per-
form live cell mitophagy experiments via confocal microscopy,
preferably by using a spinning disc confocal microscope for long-
term imaging experiments. For immunocytochemical experi-
ments, antibodies specific for mitochondrial proteins and an anti-
body against LAMP1 (lysosomal-associated membrane protein 1)
can be used. Overlapping signals appear as a merged color and
can be used as indicators for successful fusion of autophagosomes
that contain mitochondria with lysosomal structures.””” To mea-
sure the correlation between 2 variables by imaging techniques,
such as the colocalization of 2 different stainings, we recommend
some form of correlation analysis to assess the value correlating
with the strength of the association. This may use, for example,
Image] software or other colocalization scores that can be derived
from consideration not only of pixel colocalization, but also from
a determination that the structures have the appropriate shape.
During live-cell imaging, the 2 structures (autophagosomes
and mitochondria) should move together in more than one
frame. Mitophagy can also be quantitatively monitored using
a mitochondria-targeted version of the pH-dependent Keima
protein.”®® The peak of the excitation spectrum of the protein
shifts from 440 nm to 586 nm when mitochondria are deliv-
ered to acidic lysosomes, which allows easy quantification of
mitophagy (Fig. 24). However, it should be noted that long
exposure time of the specimen to intense laser light lead to a
similar spectral change. Finally, a mitochondrially-targeted
version of the tandem mCherry-GFP fluorescent reporter (see
Tandem mRFP/mCherry-GEP fluorescence microscopy) using a
targeting sequence from the mitochondrial membrane protein
FIS1°**** can be used to monitor mitophagic flux.**’

The third and last step of the degradation process is the
monitoring of the amount of remaining mitochondria by
analyzing the mitochondrial mass. This final step provides
the opportunity to determine the efficiency of degradation of
dysfunctional, aged or impaired mitochondria. Mitochon-
drial mass can be measured by a flow cytometry technique
using MitoTracker® Green FM or MitoTracker Deep Red
FM,”*® on a single cell basis, by either live cell imaging or
immunocytochemistry (using antibodies specifically raised
against different mitochondrial proteins). Alternatively,

20x zoom

Figure 23. Human fibroblasts showing colocalization of mitochondria with lysosomes. The degree of colocalization of mitochondria with lysosomes in human fibroblasts
was measured via live cell imaging microscopy at 37°C and 5% CO, atmosphere using the ApoTome® technique. LysoTracker® Red DND-99 staining was applied to mark
lysosomal structures (red), and MitoTracker® Green FM to visualize mitochondria (green). Hoechst 33342 dye was used to stain nuclei (blue). A positive colocalization is
indicated by yellow signals (merge) due to the overlap of LysoTracker® Red and MitoTracker® Green staining (white arrows). Scale bars: 10 um. Statistical evaluation is
performed by calculating the Pearson’s coefficient for colocalizing pixels. Image provided by L. Burbulla and R. Kriiger.
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Figure 24. Detection of mitophagy in primary cortical neurons using mitochondria-targeted Keima. Neurons transfected with mito-Keima were visualized using 458-nm
(green, mitochondria at neutral pH) and 561-nm (red, mitochondria in acidic pH) laser lines and 575-nm band pass filter. Compared with the control (A) wild-type PINK1
overexpression (B) increases the number of the mitochondria exposed to acidic conditions. Scale bar: 2 um. (C) Quantification of red dots suggests increased mitophagy
in wild-type PINK1 but not in the kinase dead (kd) PINK1%2"*M-overexpressing neurons. Image provided by V. Choubey and A. Kaasik.

mitochondrial content in response to mitophagic stimuli (in
the presence and absence of autophagy inhibitors to assess
the contribution of mitophagy) in live or fixed cells can be
quantified at the single-cell level as the percentage of cytosol
occupied by mitochondrial-specific fluorescent pixels using
NIH Image].””® Immunoblot analysis of the levels of mito-
chondrial proteins from different mitochondrial subcompart-
ments is valuable for validating the data from flow cytometry
or microscopy studies, and it should be noted that outer
mitochondrial membrane proteins in particular can be
degraded by the proteasome, especially in the context of
mitochondrial depolarization.”**”®> EM can also be used to
verify loss of entire mitochondria, and PCR (or fluorescence
microscopy) to quantify mitochondrial DNA (mtDNA). A
reliable estimation of mtDNA can be performed by real-time
PCR of the MT-ND2 (mitochondrially encoded NADH
dehydrogenase 2) gene expressed as a ratio of mtDNA:
nuclear DNA by normalizing to that of TERT (telomerase
reverse transcriptase) genomic DNA.”®> The spectrophoto-
metric measurement of the activity of CS (citrate synthase),
a mitochondrial matrix enzyme of the TCA cycle, which
remains highly constant in these organelles and is considered
a reliable marker of their intracellular content, can also be
used to estimate the mitochondrial mass.”®?

In addition to monitoring the steady state levels of different
steps of mitophagy—whether by single-cell analyses of LC3
mitochondrial colocalization or by immunoblotting for mito-
chondrial markers—investigation of the mitophagic flux is
needed to determine whether mitophagy is impaired or acti-
vated in response to stimuli, and at which steps. Therefore,
appropriate treatment (pharmacological inhibition and/or
siRNA-mediated knockdown of ATG genes) may be applied
to prevent mitochondrial degradation at distinct steps of the
process. A recent method using flow cytometry in combina-
tion with autophagy and mitophagy inhibitors has been devel-
oped to determine mitophagic flux using MitoTracker
probes.”’

Certain cellular models require stress conditions to measure
the mitochondrial degradation capacity, as basal levels are too
low to reliably assess organelle clearance. However, one
exception has been identified in Drosophila where large
numbers of mitochondria are cleared by mitophagy during

developmentally triggered autophagy.”** Hence, in many cases,
it may be useful to pretreat the cells with uncoupling agents,
such as CCCP, that stimulate mitochondrial degradation and
allow measurements of mitophagic activity; however, it should
be kept in mind that, although helpful to stimulate mitochon-
drial degradation, this treatment is not physiological and pro-
motes the rapid degradation of outer membrane-localized
mitochondrial proteins. In part for this reason a milder mito-
phagy stimulus has been developed that relies on a combination
of antimycin A and oligomycin, inhibitors of the electron trans-
port chain and ATP synthase, respectively;®° this treatment is
less toxic, and the resulting damage is time dependent. Another
method to induce mitophagy is by expressing and activating a
mitochondrially localized fluorescent protein photosensitizer
such as Killer Red.”®® The excitation of Killer Red results in an
acute increase of superoxide, due to phototoxicity, that causes
mitochondrial damage resulting in mitophagy.””” The advan-
tage of using a genetically encoded photosensitizer is that it
allows for both spatial and temporal control in inducing mito-
phagy. Finally, the forced targeting of AMBRAL to the external
mitochondrial membrane is sufficient to induce massive
mitophagy.”*®

A new classification suggests that mitophagy can be divided
into 3 types.”*” Type 1 mitophagy, involves the formation of a
phagophore, and typically also requires mitochondrial fission;
the PtdIns3K containing BECN1 mediates this process. In con-
trast, type 2 mitophagy is independent of BECN1 and takes
place when mitochondria have been damaged, resulting in
depolarization; sequestration involves the coalescence of GFP-
LC3 membranes around the mitochondria rather than through
fission and engulfment within a phagophore. In type 3 mito-
phagy, mitochondrial fragments or vesicles from damaged
organelles are sequestered through a microautophagy-like pro-
cess that is independent of ATG5 and LC3, but requires PINK1
and PARK?2.

Although the process of pexophagy is prominent and well
described in yeast cells,’”*”” relatively little work has been
done in the area of selective mammalian peroxisome degra-
dation by autophagy (for a review see ref. 771). Typically,
peroxisomes are induced by treatment with hypolipidemic
drugs such as clofibrate or dioctyl phthalate, which bind to a
subfamily of nuclear receptors, referred to as peroxisome
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proliferator-activated receptors.”’> Degradation of excess

organelles is induced by drug withdrawal, although starvation
without prior proliferation can also be used. EPASI activa-
tion in liver-specific vhl”™ and vhl”" hifla”’” mice reduces per-
oxisome abundance by pexophagy, whereas ER and
mitochondrial protein levels are not affected.””> Pexophagy
can also be induced by the expression of a nondegradable
active EPAS] variant.””> Induction of pexophagy in response
to endogenous and exogenous reactive oxygen species (ROS)
and reactive nitrogen species has been observed in mamma-
lian cells. In this setting, pexophagy is induced via ROS/reac-
tive nitrogen species-mediated activation of ATM,””*”7
repression of MTORCI and phosphorylation of PEX5 by
ATM;”7®7”7 ATM phosphorylation of PEX5 at S141 triggers
PEX5 ubiquitination and binding of SQSTMI to peroxisomes
targeted for pexophagy.””” Loss of peroxisomes can be fol-
lowed enzymatically or by immunoblot, monitoring enzymes
such as ACOX/fatty acyl-CoA oxidase (note that this enzyme
is sometimes abbreviated “AOX,” but should not be confused
with the enzyme alcohol oxidase that is frequently used in
assays for yeast pexophagy) or CAT/catalase, and also by
EM, cytochemistry or immunocytochemistry.””®”7®" Finally, a
HaloTag®-PTS1 marker that is targeted to peroxisomes has
been used to fluorescently label the organelle.”* An alterna-
tive approach uses a peroxisome-specific tandem fluoro-
chrome assay (RFP-EGFP localizing to peroxisomes by the
C-terminal addition of the tripeptide SKL, or a peroxisomal
membrane protein tagged with mCherry-mGFP), which has
been used to demonstrate the involvement of ACBD5/
ATG37, NBR1 and SQSTM1 in mammalian pexophagy.**>”%

Cautionary notes: There are many assays that can be used to
monitor specific types of autophagy, but caution must be used
in choosing an appropriate marker(s). To follow mitophagy it is
best to monitor more than one protein and to include an inner
membrane or matrix component in the analysis. In particular,
it is not sufficient to follow a single mitochondrial outer mem-
brane protein because these can be degraded independently of
mitophagy. Although the localization of PARK2 to mitochon-
dria as monitored by fluorescence microscopy is associated
with the early stages of protonophore uncoupler (CCCP)-
driven mitochondria degradation,”’ this by itself cannot be
used as a marker for mitophagy, as these events can be dissoci-
ated.”®* Moreover, mitophagy elicited in a number of disease
models does not involve mitochondrial PARK2 transloca-
tion,145-347:785 Along these lines, recent studies implicate an
essential role for TRAF2, an E3 ubiquitin ligase, as a mitophagy
effector in concert with PARK2 in cardiac myocytes; whereby
mitochondrial proteins accumulate differentially with defi-
ciency of either, indicating nonredundant roles for these E3
ubiquitin ligases in mitophagy.”®® This finding necessitates an
integrated approach to assess mitophagy based on a broad eval-
uation of multiple mitochondrial effectors and proteins.

PARK? translocates to damaged mitochondria and ubiquiti-
nates a wide range of outer membrane proteins including
VDACI, MFN1/2 and TOMM20/TOM20.7>>7¢762787 Thig
results in the preferential degradation of mitochondrial outer
membrane proteins by the proteasome, while inner membrane
proteins and mitochondrial DNA”*® remain intact. Monitoring
loss of a single protein such as TOMM20 by western blot or
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fluorescence microscopy to follow mitophagy may thus be mis-
leading, as noted above.”*” MitoTracker dyes are widely used to
stain mitochondria and, when colocalized with GFP-LC3, they
can function as a marker for mitophagy. However, staining
with MitoTracker dyes depends on mitochondrial membrane
potential (although MitoTracker Green FM is less sensitive to
loss of membrane potential), so that damaged, or sequestered
nonfunctional mitochondria may not be stained. In vitro this
can be avoided by labeling the cells with MitoTracker before the
induction by the mitophagic stimuli.”**”* One additional point
is that MitoTracker dyes might influence mitochondrial motil-
ity in axons (D. Ebrahimi-Fakhari, personal communication).

Although it is widely assumed that macroautophagy is the
major mechanism for degradation of entire organelles, there
are multiple mechanisms that may account for the disappear-
ance of mitochondrial markers. These include proteasomal
degradation of outer membrane proteins and/or proteins that
fail to correctly translocate into the mitochondria, degrada-
tion due to proteases within the mitochondria, and reduced
biosynthesis or import of mitochondrial proteins. PINK1 and
PARK?2 also participate in an ATG gene-independent path-
way for lysosomal degradation of small mitochondria-derived
vesicles.””® Furthermore, the PINK1-PARK2 mitophagy path-
way is also transcriptionally upregulated in response to star-
vation-triggered generalized autophagy, and is intertwined
with the lipogenesis pathway.””'7** In addition to mitophagy,
mitochondria can be eliminated by extrusion from the cell
(mitoptosis).”*>”**7>>7** Transcellular degradation of mito-
chondria, or transmitophagy, also occurs in the nervous sys-
tem when astrocytes degrade axon-derived mitochondria.””®
Thus, it is advisable to use a variety of complementary meth-
ods to monitor mitochondria loss including TEM, single cell
analysis of LC3 fluorescent puncta that colocalize with mito-
chondria, and western blot, in conjunction with flux inhibi-
tors and specific inhibitors of autophagy induction compared
with inhibitors of the other major degradation systems (see
cautions in Autophagy inhibitors and inducers). To monitor
and/or rule out changes in cellular capacity to undergo mito-
chondrial biogenesis, a process that is tightly coordinated
with mitophagy and can dictate the outcome following mito-
phagy-inducing insults especially in primary neurons and
other mitochondria-dependent cells, colocalization analysis
after double staining for the mitochondrial marker TOMM?20
and BrdU (for visualization of newly synthesized mtDNA)
can be performed (Fig. 25).

Likewise, although the mechanism(s) of peroxisomal protein
degradation in mammals awaits further elucidation, it can
occur by both autophagic and proteasome-dependent mecha-
nisms.””” Thus, controls are needed to determine the extent of
degradation that is due to the proteasome. Moreover, 2 addi-
tional degradation mechanisms have been suggested: the action
of the peroxisome-specific LONP2/Lon (lon peptidase 2, perox-
isomal) protease and the membrane disruption effect of 15-
lipoxygenase.””®

e. Chlorophagy

Besides functioning as the primary energy suppliers for plants,
chloroplasts represent a major source of fixed carbon and nitro-
gen to be remobilized from senescing leaves to storage organs
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Figure 25. Confocal microscopy deconvolved (AutoQuant X3) images and colocalization image analysis (ImageJ 1.47; Imaris 7.6) through a local approach showing peri-
nuclear mitochondrial biogenesis in hippocampal neuronal cultures. The upper channels show TOMM20 (green channel), BrdU (for visualization of newly synthesized
mitochondrial DNA, red channel), and merged fluorescence channels. Overlay, corresponds to the spatial pattern of software thresholded colocalized structures (white
spots) layered on the merged fluorescence channels. Surface Plot, or luminance intensity height, is proportional to the colocalization strength of the colocalized structures
(white spots). Plot Profile, corresponds to the spatial intensity profiles of the fluorescence channels of the white line positioned in the Merge image. Yellow arrows indi-
cate a qualitative evaluation of the spatial association trends for the fluorescence intensities. Arrows pointing up indicate an increase in the colocalization, while arrows

pointing down show a decrease. Scale bar: 2 m. This figure was modified from previously published data

and newly developing tissues. As such, the turnover of these
organelles has long been considered to occur via an autophagy-
type mechanism. However, while the detection of chloroplasts
within autophagic body-like vesicles or within vacuole-like
compartments has been observed for decades, only recently has
a direct connection between chloroplast turnover and auto-
phagy been made through the analysis of afg mutants com-
bined with the use of fluorescent ATG8 reporters.””>** In fact,
it is now clear that chlorophagy, the selective degradation of
chloroplasts by macroautophagy, can occur via several routes,
including the encapsulation of whole chloroplasts, or the bud-
ding of chloroplast material into small distinct autophagic
vesicles called Rubisco-containing bodies (RCBs) and ATI1
plastid-associated bodies (ATI-PS), which then transport chlo-
roplast cargo to the vacuole.””>*"' Chloroplasts produce long
tubes called stromules that project out from the organelle outer
membrane. Recent studies suggest that stromules are part of
the chlorophagy process, by which the stromule tips presum-
ably containing unwanted or damaged chloroplast material are
engulfed by autophagic membranes using ESCRTII endocytic
machinery that depends on ATG8.***> The appearance of RCBs
is tightly linked with leaf carbon status, indicating that chlor-
ophagy through RCBs represents an important route for recy-
cling plant nutrients provided in plastid stores.

f. Chromatophagy

Autophagy has been known for its pro-survival role in cells
under metabolic stress and other conditions. However, exces-
sively induced autophagy may be cytotoxic and may lead to cell
death. Chromatophagy (chromatin-specific autophagy) comes
into view as one of the autophagic responses that can contrib-
ute to cell death.*”> Chromatophagy can be seen in cells during
nutrient depletion, such as arginine starvation, and its pheno-
type consists of giant-autophagosome formation, nucleus mem-
brane rupture and histone-associated-chromatin/DNA leakage
that is captured by autophagosomes.***> Arginine starvation can
be achieved by adding purified arginine deiminase to remove

187 and provided by F. Florenzano.

arginine from the culture medium, or by using arginine-drop-
out medium. The degradation of leaked nuclear DNA/chroma-
tin can be observed by fluorescence microscopy; with GFP-LC3
or anti-LC3 antibody, and LysoTracker Red or anti-LAMPI,
multiple giant autophagosomes or autolysosomes containing
leaked nuclear DNA can be detected. In addition, the chroma-
tophagy-related autophagosomes also contain parts of the
nuclear outer-membrane, including NUP98 (nucleoporin
98kDa), indicating that the process involves a fusion event.**®

g. Ferritinophagy

Ferritinophagy is a selective form of autophagy that functions
in intracellular iron processing.*** Iron is recruited to ferritin
for storage and to prevent the generation of free radical
iron.?*>%% To release iron from ferritin, the iron-bound form is
sequestered within an autophagosome.*”’” Fusion with a lyso-
some leads to breakdown of ferritin and release of iron. Fur-
thermore, iron can be acidified in the lysosome, converting it
from an inactive state of Fe’™ to Fe’".*** Iron can be
detected in the autolysosome via TEM.**® Colocalization of
iron with autolysosomes may also be determined utilizing cal-
cein AM to tag iron.***®'® NCOA4 is a cargo receptor that
recruits ferritin to the autophagosome.®**

h. Intraplastidial autophagy

Intraplastidial autophagy is a process whereby plastids of some
cell types adopt autophagic functions, engulfing and digesting
portions of the cytoplasm. These plastids are characterized by
formation of invaginations in their double-membrane envelopes
that eventually generate a cytoplasmic compartment within the
plastidial stroma, isolated from the outer cytoplasm. W. Nagl
coined the term “plastolysome” to define this special plastid
type.*'" Initially, the engulfed cytoplasm is identical to the outer
cytoplasm, containing ribosomes, vesicles and even larger organ-
elles. Lytic activity was demonstrated in these plastids, in both
the cytoplasmic compartment and the stroma. Therefore, it was
suggested that plastolysomes digest themselves together with
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their cytoplasmic cargo, and transform into lytic vacuoles. Intra-
plastidial autophagy has been reported in plastids of suspensor
cells of Phaseolus coccineus®'' and Phaseolus vulgaris,*'> where
plastids transformed into autophagic vacuoles during the senes-
cence of the suspensor. This process was also demonstrated in
petal cells of Dendrobium®" and in Brassica napus microspores
experimentally induced towards embryogenesis.*'* All these
reports established a clear link between these plastid transforma-
tions and their engagement in autophagy. At present, descrip-
tions of this process are limited to a few, specialized plant cell
types. However, pictures of cytoplasm-containing plastids in
other plant cell types have been occasionally published, although
the authors did not make any mention of this special plastid
type. For example, this has been seen in pictures of fertile and
Ogu-INRA male sterile tetrads of Brassica napus,®"> and Phaseo-
lus vulgaris root cells.®'® Possibly, this process is not as rare as
initially thought, but authors have only paid attention to it in
those cell types where it is particularly frequent.

i. Lipophagy
The specific macroautophagic degradation of lipid droplets rep-
resents another type of selective autophagy.®'’ Lipophagy
requires the core autophagic machinery and can be monitored
by following triglyceride content, or total lipid levels using
BODIPY 493/503 or HCS LipidTOX neutral lipid stains with
fluorescence microscopy, cell staining with Oil Red O, the cho-
lesterol dye filipin II1,*'® or ideally label-free techniques such as
CARS or SRS microscopy. BODIPY 493/503 should be used
with caution, however, when performing costains (especially in
the green and red spectra) because this commonly used fluores-
cent marker of neutral lipids is highly susceptible to bleed-
through into the other fluorescence channels (hence often
yielding false positives), unlike the LipidTOX stain that has a
narrow emission spectrum.®’® In addition, BODIPY 493/503
cannot be used to monitor lipophagy in C. elegans because it
stains both lipid droplets and the lysosome.*** TEM can also be
used to monitor lipid droplet size and number, as well as lipid
droplet-associated double-membrane structures, which corre-
spond to autophagosomes.®'”**"** The transcription factor
TFEB positively regulates lipophagy,®** and promotes fatty acid
B-oxidation,*** thus providing a regulatory link between differ-
ent lipid degradation pathways.*** Accordingly, TFEB overex-
pression rescues fat accumulation and metabolic syndrome in a
diet-induced model of obesity.****** The regulation of expres-
sion of lipid droplet regulators (such as the PLIN/perilipin fam-
ily) and of autophagy adaptors (such as the TBC1D1 family)
during starvation and disease is one of several areas in this topic
that deserves further exploration.**®*®

Cautionary notes: With regard to changes in the cellular
neutral lipid content, the presence and potential activation of
cytoplasmic lipases that are unrelated to lysosomal degradation
must be considered.

j. Lysophagy

Lysophagy is a selective macroautophagy process that partici-
pates in cellular quality control through lysosome turnover. By
eliminating ruptured lysosomes, lysophagy prevents the subse-
quent activation of the inflammasome complex and innate
immune response.®*>%*
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k. Oxiapoptophagy

There are now several lines of evidence indicating that
autophagy is an essential process in vascular functions.
Autophagy can be considered as atheroprotective in the
early stages of atherosclerosis and detrimental in advanced
atherosclerotic plaques.®”’ Currently, little is known about
the molecules that promote autophagy on the cells of the
vascular wall. As increased levels of cholesterol oxidation
products (also named oxysterols) are found in atheroscle-
rotic lesions,*** the part taken by these molecules has been
investigated, and several studies support the idea that some
of them could contribute to the induction of auto-
phagy.>*»%** It is now suggested that oxysterols, especially
7-ketocholesterol, which can be increased under various
stress conditions in numerous age-related diseases not only
including vascular diseases but also neurodegenerative dis-
eases,”” could trigger a particular type of autophagy termed
oxiapoptophagy (OXIdation + APOPTOsis + auto-
PHAGY)*® characterized by the simultaneous induction of
oxidative stress associated with apoptosis and autophagic cri-
teria in different cell types from different species.*”%* As
oxiapoptophagy has also been observed with 7p-hydroxycho-
lesterol and 24S-hydroxycholesterol, which are potent inducers
of cell death, it is suggested that oxiapoptophagy could charac-
terize the effect of cytotoxic oxysterols.**”

l. Reticulophagy

Starvation in yeast induces a type of selective macroautophagy
of the ER, which depends on the autophagy receptors Atg39
and Atg40.%*® ER stress also triggers an autophagic response,®*’
which includes the formation of multi-lamellar ER whorls and
their degradation by a microautophagic mechanism.**' ER-
selective autophagy has been termed ER-phagy or reticulo-
phagy.**>** Selective autophagy of the ER has also been
observed in mammalian cells,*** and FAM134B has been iden-
tified as an ER-specific macroautophagy receptor that appears
to be functionally homologous to Atg40.*** Since reticulophagy
is selective, it should be able to act in ER quality control,**®
sequester parts of the ER that are damaged, and eliminate pro-
tein aggregates that cannot be 