REVIEW
Autophagy 8:4, 445–544; April 2012;

G

2012 Landes Bioscience

Guidelines for the use and interpretation
of assays for monitoring autophagy
Daniel J. Klionsky,1,2,3,* Fabio C. Abdalla,4 Hagai Abeliovich,5 Robert T. Abraham,6 Abraham Acevedo-Arozena,7 Khosrow Adeli,8
Lotta Agholme,9 Maria Agnello,10 Patrizia Agostinis,11 Julio A. Aguirre-Ghiso,12 Hyung Jun Ahn,13 Ouardia Ait-Mohamed,14
Slimane Ait-Si-Ali,14 Takahiko Akematsu,15 Shizuo Akira,16 Hesham M. Al-Younes,17 Munir A. Al-Zeer,18 Matthew L. Albert,19
Roger L. Albin,20,21 Javier Alegre-Abarrategui,22 Maria Francesca Aleo,23 Mehrdad Alirezaei,24 Alexandru Almasan,25
Maylin Almonte-Becerril,26 Atsuo Amano,27 Ravi Amaravadi,28 Shoba Amarnath,29 Amal O. Amer,30,31 Nathalie Andrieu-Abadie,32,33
Vellareddy Anantharam,34 David K. Ann,35 Shailendra Anoopkumar-Dukie,36 Hiroshi Aoki,37 Nadezda Apostolova,38
Giuseppe Arancia,39 John P. Aris,40 Katsuhiko Asanuma,41 Nana Y.O. Asare,42 Hisashi Ashida,43 Valerie Askanas,44 David S. Askew,45
Patrick Auberger,46,47 Misuzu Baba,48 Steven K. Backues,1 Eric H. Baehrecke,49 Ben A. Bahr,50 Xue-Yuan Bai,51 Yannick Bailly,52
Robert Baiocchi,53 Giulia Baldini,54 Walter Balduini,55 Andrea Ballabio,56,57 Bruce A. Bamber,58 Edward T.W. Bampton,59
Gábor Bánhegyi,60 Clinton R. Bartholomew,1 Diane C. Bassham,61 Robert C. Bast, Jr.,62 Henri Batoko,63 Boon-Huat Bay,64
Isabelle Beau,65 Daniel M. Béchet,66 Thomas J. Begley,67 Christian Behl,68 Christian Behrends,69 Soumeya Bekri,70 Bryan Bellaire,71
Linda J. Bendall,72 Luca Benetti,73 Laura Berliocchi,74 Henri Bernardi,75 Francesca Bernassola,76 Sébastien Besteiro,77
Ingrid Bhatia-Kissova,78 Xiaoning Bi,79 Martine Biard-Piechaczyk,80 Janice S. Blum,81 Lawrence H. Boise,82 Paolo Bonaldo,83
David L. Boone,84 Beat C. Bornhauser,85 Karina R. Bortoluci,86 Ioannis Bossis,87 Frédéric Bost,46 Jean-Pierre Bourquin,85
Patricia Boya,88 Michaël Boyer-Guittaut,89 Peter V. Bozhkov,90 Nathan R. Brady,91 Claudio Brancolini,92 Andreas Brech,93
Jay E. Brenman,94 Ana Brennand,95 Emery H. Bresnick,96 Patrick Brest,97 Dave Bridges,1 Molly L. Bristol,98 Paul S. Brookes,99
Eric J. Brown,100 John H. Brumell,101a,101b Nicola Brunetti-Pierri,56 Ulf T. Brunk,102 Dennis E. Bulman,103 Scott J. Bultman,104
Geert Bultynck,105 Lena F. Burbulla,106 Wilfried Bursch,107 Jonathan P. Butchar,108 Wanda Buzgariu,109 Sergio P. Bydlowski,110
Ken Cadwell,111 Monika Cahová,112 Dongsheng Cai,113 Jiyang Cai,114 Qian Cai,115 Bruno Calabretta,116 Javier Calvo-Garrido,117
Nadine Camougrand,118 Michelangelo Campanella,119,120 Jenny Campos-Salinas,121 Eleonora Candi,122 Lizhi Cao,123
Allan B. Caplan,124 Simon R. Carding,125,126 Sandra M. Cardoso,127 Jennifer S. Carew,128 Cathleen R. Carlin,129 Virginie Carmignac,130
Leticia A.M. Carneiro,131 Serena Carra,132,133 Rosario A. Caruso,134 Giorgio Casari,135 Caty Casas,136 Roberta Castino,137
Eduardo Cebollero,138,139 Francesco Cecconi,140,141 Jean Celli,142 Hassan Chaachouay,143 Han-Jung Chae,144 Chee-Yin Chai,145
David C. Chan,146 Edmond Y. Chan,147 Raymond Chuen-Chung Chang,148 Chi-Ming Che,149 Ching-Chow Chen,150
Guang-Chao Chen,151 Guo-Qiang Chen,152 Min Chen,153 Quan Chen,154,155 Steve S.-L. Chen,156 WenLi Chen,157 Xi Chen,158
Xiangmei Chen,51 Xiequn Chen,159 Ye-Guang Chen,160 Yingyu Chen,161 Yongqiang Chen,162 Yu-Jen Chen,163 Zhixiang Chen,164
Alan Cheng,165 Christopher H.K. Cheng,166 Yan Cheng,167,168 Heesun Cheong,169 Jae-Ho Cheong,170 Sara Cherry,171
Russ Chess-Williams,172 Zelda H. Cheung,173 Eric Chevet,174 Hui-Ling Chiang,175 Roberto Chiarelli,10 Tomoki Chiba,176
Lih-Shen Chin,177 Shih-Hwa Chiou,178 Francis V. Chisari,24 Chi Hin Cho,179 Dong-Hyung Cho,180 Augustine M.K. Choi,181
DooSeok Choi,182 Kyeong Sook Choi,183 Mary E. Choi,184 Salem Chouaib,185 Divaker Choubey,186 Vinay Choubey,187
Charleen T. Chu,188,189 Tsung-Hsien Chuang,190 Sheau-Huei Chueh,191 Taehoon Chun,192 Yong-Joon Chwae,193 Mee-Len Chye,194
Roberto Ciarcia,195 Maria R. Ciriolo,141,196 Michael J. Clague,197 Robert S.B. Clark,198 Peter G.H. Clarke,199 Robert Clarke,200
Patrice Codogno,201 Hilary A. Coller,202 María I. Colombo,203 Sergio Comincini,204 Maria Condello,39 Fabrizio Condorelli,205
Mark R. Cookson,206 Graham H. Coombs,147 Isabelle Coppens,207 Ramon Corbalan,208 Pascale Cossart,209,210 Paola Costelli,211
Safia Costes,212 Ana Coto-Montes,213 Eduardo Couve,214 Fraser P. Coxon,215 James M. Cregg,216 José L. Crespo,217
Marianne J. Cronjé,218 Ana Maria Cuervo,219,220,221 Joseph J. Cullen,222 Mark J. Czaja,221,223 Marcello D’Amelio,224
Arlette Darfeuille-Michaud,225,226 Lester M. Davids,228 Faith E. Davies,229 Massimo De Felici,230 John F. de Groot,231
Cornelis A.M. de Haan,232 Luisa De Martino,233 Angelo De Milito,234 Vincenzo De Tata,235 Jayanta Debnath,236 Alexei Degterev,237
Benjamin Dehay,238 Lea M.D. Delbridge,239 Francesca Demarchi,240 Yi Zhen Deng,241 Jörn Dengjel,242 Paul Dent,243
Donna Denton,244,245 Vojo Deretic,246 Shyamal D. Desai,247 Rodney J. Devenish,248,249 Mario Di Gioacchino,250 Gilbert Di Paolo,251,252
Chiara Di Pietro,253 Guillermo Díaz-Araya,254 Inés Díaz-Laviada,255 Maria T. Diaz-Meco,256 Javier Diaz-Nido,257 Ivan Dikic,69,258
Savithramma P. Dinesh-Kumar,259 Wen-Xing Ding,260 Clark W. Distelhorst,261,262,263,264,265 Abhinav Diwan,266,267
Mojgan Djavaheri-Mergny,268 Svetlana Dokudovskaya,269 Zheng Dong,270 Frank C. Dorsey,272 Victor Dosenko,273
James J. Dowling,20,274 Stephen Doxsey,275 Marlène Dreux,276 Mark E. Drew,30 Qiuhong Duan,277 Michel A. Duchosal,278
Karen Duff,251,252 Isabelle Dugail,279,280 Madeleine Durbeej,130 Michael Duszenko,281 Charles L. Edelstein,282 Aimee L. Edinger,283
Gustavo Egea,284 Ludwig Eichinger,285 N. Tony Eissa,286 Suhendan Ekmekcioglu,287 Wafik S. El-Deiry,168,288 Zvulun Elazar,289
Mohamed Elgendy,290 Lisa M. Ellerby,291 Kai Er Eng,292 Anna-Mart Engelbrecht,293 Simone Engelender,294 Jekaterina Erenpreisa,295
Ricardo Escalante,117 Audrey Esclatine,65 Eeva-Liisa Eskelinen,296 Lucile Espert,80 Virginia Espina,297 Huizhou Fan,298 Jia Fan,299
Qi-Wen Fan,300 Zhen Fan,62 Shengyun Fang,301,302 Yongqi Fang,303 Manolis Fanto,304 Alessandro Fanzani,23 Thomas Farkas,305
Jean-Claude Farré,306 Mathias Faure,307 Marcus Fechheimer,308 Carl G. Feng,309 Jian Feng,310 Qili Feng,311 Youji Feng,312

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

445

László Fésüs,313 Ralph Feuer,314 Maria E. Figueiredo-Pereira,315 Gian Maria Fimia,316 Diane C. Fingar,317 Steven Finkbeiner,318
Toren Finkel,319 Kim D. Finley,320 Filomena Fiorito,233 Edward A. Fisher,321 Paul B. Fisher,322 Marc Flajolet,323
Maria L. Florez-McClure,324 Salvatore Florio,195 Edward A. Fon,325 Francesco Fornai,326 Franco Fortunato,327 Rati Fotedar,256
Daniel H. Fowler,29 Howard S. Fox,328 Rodrigo Franco,329 Lisa B. Frankel,330 Marc Fransen,331 José M. Fuentes,332 Juan Fueyo,231
Jun Fujii,333 Kozo Fujisaki,334 Eriko Fujita,335 Mitsunori Fukuda,336 Ruth H. Furukawa,308 Matthias Gaestel,337 Philippe Gailly,338
Malgorzata Gajewska,339 Brigitte Galliot,109 Vincent Galy,340 Subramaniam Ganesh,341 Barry Ganetzky,342 Ian G. Ganley,343
Fen-Biao Gao,344 George F. Gao,345 Jinming Gao,346 Lorena Garcia,347 Guillermo Garcia-Manero,348 Mikel Garcia-Marcos,349
Marjan Garmyn,350 Andrei L. Gartel,351 Evelina Gatti,352 Mathias Gautel,353 Thomas R. Gawriluk,354 Matthew E. Gegg,355
Jiefei Geng,356 Marc Germain,357 Jason E. Gestwicki,1,3,358 David A. Gewirtz,98 Saeid Ghavami,359 Pradipta Ghosh,360
Anna M. Giammarioli,361 Alexandra N. Giatromanolaki,362 Spencer B. Gibson,363 Robert W. Gilkerson,364 Michael L. Ginger,365
Henry N. Ginsberg,366 Jakub Golab,367 Michael S. Goligorsky,368 Pierre Golstein,352 Candelaria Gomez-Manzano,231,369
Ebru Goncu,370 Céline Gongora,371 Claudio D. Gonzalez,372 Ramon Gonzalez,373 Cristina González-Estévez,374
Rosa Ana González-Polo,332 Elena Gonzalez-Rey,121 Nikolai V. Gorbunov,375 Sharon Gorski,376 Sandro Goruppi,377
Roberta A. Gottlieb,320 Devrim Gozuacik,378 Giovanna Elvira Granato,195 Gary D. Grant,36 Kim N. Green,379 Aleš Gregorc,380
Frédéric Gros,381 Charles Grose,382 Thomas W. Grunt,383 Philippe Gual,46,47 Jun-Lin Guan,162,317 Kun-Liang Guan,384
Sylvie M. Guichard,385 Anna S. Gukovskaya,386 Ilya Gukovsky,386 Jan Gunst,387 Asa B. Gustafsson,388 Andrew J. Halayko,359,389
Amber N. Hale,354 Sandra K. Halonen,390 Maho Hamasaki,391 Feng Han,392 Ting Han,1,317 Michael K. Hancock,393 Malene Hansen,256
Hisashi Harada,394 Masaru Harada,395 Stefan E. Hardt,396 J. Wade Harper,356 Adrian L. Harris,397 James Harris,398 Steven D. Harris,399
Makoto Hashimoto,400 Jeffrey A. Haspel,181,401 Shin-ichiro Hayashi,402 Lori A. Hazelhurst,403 Congcong He,404 You-Wen He,405
Marie-Josée Hébert,406 Kim A. Heidenreich,407 Miep H. Helfrich,215 Gudmundur V. Helgason,408 Elizabeth P. Henske,181
Brian Herman,409 Paul K. Herman,410 Claudio Hetz,411 Sabine Hilfiker,412 Joseph A. Hill,413 Lynne J. Hocking,215 Paul Hofman,97
Thomas G. Hofmann,415 Jörg Höhfeld,416 Tessa L. Holyoake,408 Ming-Huang Hong,417 David A. Hood,418 Gökhan S. Hotamisligil,419
Ewout J. Houwerzijl,420 Maria Høyer-Hansen,421 Bingren Hu,422 Chien-An A. Hu,423 Hong-Ming Hu,424 Ya Hua,425 Canhua Huang,426
Ju Huang,101a Shengbing Huang,427 Wei-Pang Huang,428 Tobias B. Huber,429 Won-Ki Huh,430 Tai-Ho Hung,431 Ted R. Hupp,432
Gang Min Hur,433 James B. Hurley,434 Sabah N.A. Hussain,435 Patrick J. Hussey,436 Jung Jin Hwang,437 Seungmin Hwang,438
Atsuhiro Ichihara,439 Shirin Ilkhanizadeh,300 Ken Inoki,440 Takeshi Into,441 Valentina Iovane,233 Juan L. Iovanna,442 Nancy Y. Ip,443
Yoshitaka Isaka,444 Hiroyuki Ishida,445 Ciro Isidoro,137 Ken-ichi Isobe,446 Akiko Iwasaki,447 Marta Izquierdo,257 Yotaro Izumi,448
Panu M. Jaakkola,449 Marja Jäättelä,305 George R. Jackson,450 William T. Jackson,451 Bassam Janji,452 Marina Jendrach,453
Ju-Hong Jeon,454 Eui-Bae Jeung,455 Hong Jiang,231 Hongchi Jiang,456 Jean X. Jiang,457 Ming Jiang,458 Qing Jiang,459 Xuejun Jiang,460
Xuejun Jiang,461 Alberto Jiménez,462 Meiyan Jin,1,2 Shengkan Jin,463 Cheol O. Joe,464 Terje Johansen,465 Daniel E. Johnson,466
Gail V.W. Johnson,99 Nicola L. Jones,467 Bertrand Joseph,234 Suresh K. Joseph,468 Annie M. Joubert,469 Gábor Juhász,470
Lucienne Juillerat-Jeanneret,471 Chang Hwa Jung,472 Yong-Keun Jung,473 Kai Kaarniranta,474 Allen Kaasik,187 Tomohiro Kabuta,475
Motoni Kadowaki,476 Katarina Kagedal,477 Yoshiaki Kamada,478 Vitaliy O. Kaminskyy,479 Harm H. Kampinga,133
Hiromitsu Kanamori,480 Chanhee Kang,481 Khong Bee Kang,482 Kwang Il Kang,483 Rui Kang,484 Yoon-A Kang,96 Tomotake Kanki,485
Thirumala-Devi Kanneganti,486 Haruo Kanno,487 Anumantha G. Kanthasamy,34 Arthi Kanthasamy,34 Vassiliki Karantza,488
Gur P. Kaushal,489 Susmita Kaushik,219,220,221 Yoshinori Kawazoe,490 Po-Yuan Ke,156,491 John H. Kehrl,492 Ameeta Kelekar,493
Claus Kerkhoff,494 David H. Kessel,495 Hany Khalil,496 Jan A.K.W. Kiel,497 Amy A. Kiger,498 Akio Kihara,499 Deok Ryong Kim,500
Do-Hyung Kim,501 Dong-Hou Kim,502 Eun-Kyoung Kim,503 Hyung-Ryong Kim,504 Jae-Sung Kim,505 Jeong Hun Kim,506
Jin Cheon Kim,507 John K. Kim,1,508 Peter K. Kim,101a,509 Seong Who Kim,510 Yong-Sun Kim,511,512 Yonghyun Kim,513 Adi Kimchi,514
Alec C. Kimmelman,515 Jason S. King,516 Timothy J. Kinsella,517 Vladimir Kirkin,518 Lorrie A. Kirshenbaum,359,519
Katsuhiko Kitamoto,520 Kaio Kitazato,521 Ludger Klein,522 Walter T. Klimecki,523 Jochen Klucken,524 Erwin Knecht,525 Ben C.B. Ko,526
Jan C. Koch,527 Hiroshi Koga,220,221 Jae-Young Koh,528 Young Ho Koh,511 Masato Koike,529 Masaaki Komatsu,530 Eiki Kominami,531
Hee Jeong Kong,532 Wei-Jia Kong,533 Viktor I. Korolchuk,534 Yaichiro Kotake,535 Michael I. Koukourakis,536 Juan B. Kouri Flores,26
Attila L. Kovács,470 Claudine Kraft,537 Dimitri Krainc,538 Helmut Krämer,539 Carole Kretz-Remy,540 Anna M. Krichevsky,541
Guido Kroemer,279,542 Rejko Krüger,106 Oleg Krut,543 Nicholas T. Ktistakis,544 Chia-Yi Kuan,545 Roza Kucharczyk,546 Ashok Kumar,547
Raj Kumar,548 Sharad Kumar,244,245 Mondira Kundu,549 Hsing-Jien Kung,550 Tino Kurz,102 Ho Jeong Kwon,551 Albert R. La Spada,552,553
Frank Lafont,554 Trond Lamark,465 Jacques Landry,555 Jon D. Lane,556 Pierre Lapaquette,557 Jocelyn F. Laporte,558 Lajos László,470
Sergio Lavandero,347,413 Josée N. Lavoie,555 Robert Layfield,559 Pedro A. Lazo,560 Weidong Le,561,562 Laurent Le Cam,371
Daniel J. Ledbetter,354 Alvin J.X. Lee,563 Byung-Wan Lee,564 Gyun Min Lee,464 Jongdae Lee,360 Ju-Hyun Lee,565 Michael Lee,566
Myung-Shik Lee,567 Sug Hyung Lee,568 Christiaan Leeuwenburgh,569 Patrick Legembre,570 Renaud Legouis,571 Michael Lehmann,572
Huan-Yao Lei,573 Qun-Ying Lei,574 David A. Leib,575 José Leiro,576 John J. Lemasters,577 Antoinette Lemoine,578 Maciej S. Lesniak,579
Dina Lev,580 Victor V. Levenson,581 Beth Levine,404 Efrat Levy,565,583 Faqiang Li,584 Jun-Lin Li,585 Lian Li,177 Sheng Li,562,586 Weijie Li,587
Xue-Jun Li,588 Yan-bo Li,589 Yi-Ping Li,590 Chengyu Liang,591 Qiangrong Liang,592 Yung-Feng Liao,593 Pawel P. Liberski,594
Andrew Lieberman,358 Hyunjung J. Lim,595 Kah-Leong Lim,596 Kyu Lim,597 Chiou-Feng Lin,598 Fu-Cheng Lin,599 Jian Lin,600
Jiandie D. Lin,1,317 Kui Lin,601 Wan-Wan Lin,150 Weei-Chin Lin,286,602 Yi-Ling Lin,156 Rafael Linden,603 Paul Lingor,527
Jennifer Lippincott-Schwartz,604 Michael P. Lisanti,605 Paloma B. Liton,606 Bo Liu,426 Chun-Feng Liu,607 Kaiyu Liu,608 Leyuan Liu,609

© 2012 Landes Bioscience.
Do not distribute.

446

Autophagy

Volume 8 Issue 4

Qiong A. Liu,610 Wei Liu,611 Young-Chau Liu,612 Yule Liu,160 Richard A. Lockshin,613 Chun-Nam Lok,149 Sagar Lonial,82
Benjamin Loos,293 Gabriel Lopez-Berestein,62 Carlos López-Otín,614 Laura Lossi,615 Michael T. Lotze,484 Peter Lőw,470 Binfeng Lu,616
Bingwei Lu,617 Bo Lu,618 Zhen Lu,62 Frédéric Luciano,46,47 Nicholas W. Lukacs,358 Anders H. Lund,330 Melinda A. Lynch-Day,1,2
Yong Ma,456 Fernando Macian,619 Jeff P. MacKeigan,620 Kay F. Macleod,621 Frank Madeo,622 Luigi Maiuri,623 Maria Chiara Maiuri,279
Davide Malagoli,624 May Christine V. Malicdan,625 Walter Malorni,361,626 Na Man,627 Eva-Maria Mandelkow,628 Stéphen Manon,118
Irena Manov,629 Kai Mao,1,2 Xiang Mao,630 Zixu Mao,177,631 Philippe Marambaud,632 Daniela Marazziti,253 Yves L. Marcel,633
Katie Marchbank,634 Piero Marchetti,635 Stefan J. Marciniak,636 Mateus Marcondes,4 Mohsen Mardi,637 Gabriella Marfe,76
Guillermo Mariño,638 Maria Markaki,639a Mark R. Marten,513 Seamus J. Martin,640 Camille Martinand-Mari,641 Wim Martinet,642
Marta Martinez-Vicente,643 Matilde Masini,644 Paola Matarrese,645 Saburo Matsuo,646 Raffaele Matteoni,253 Andreas Mayer,647
Nathalie M. Mazure,648 David J. McConkey,580,649 Melanie J. McConnell,650 Catherine McDermott,651 Christine McDonald,652
Gerald M. McInerney,292 Sharon L. McKenna,653 BethAnn McLaughlin,654 Pamela J. McLean,538 Christopher R. McMaster,655
G. Angus McQuibban,509 Alfred J. Meijer,656 Miriam H. Meisler,508 Alicia Meléndez,613,657 Thomas J. Melia,658 Gerry Melino,59,659
Maria A. Mena,660 Javier A. Menendez,661 Rubem F. S. Menna-Barreto,662 Manoj B. Menon,337 Fiona M. Menzies,663
Carol A. Mercer,664 Adalberto Merighi,615 Diane E. Merry,665 Stefania Meschini,39 Christian G. Meyer,666 Thomas F. Meyer,18
Chao-Yu Miao,667 Jun-Ying Miao,668 Paul A.M. Michels,95 Carine Michiels,669 Dalibor Mijaljica,248 Ana Milojkovic,670
Saverio Minucci,290 Clelia Miracco,671 Cindy K. Miranti,672 Ioannis Mitroulis,673 Keisuke Miyazawa,674 Noboru Mizushima,675
Baharia Mograbi,97 Simin Mohseni,677 Xavier Molero,678 Bertrand Mollereau,679 Faustino Mollinedo,560 Takashi Momoi,680
Iryna Monastyrska,232 Martha M. Monick,681 Mervyn J. Monteiro,301,682 Michael N. Moore,683 Rodrigo Mora,684 Kevin Moreau,663
Paula I. Moreira,127 Yuji Moriyasu,685 Jorge Moscat,256 Serge Mostowy,686 Jeremy C. Mottram,687 Tomasz Motyl,339
Charbel E.-H. Moussa,688 Sylke Müller,687 Sylviane Muller,381 Karl Münger,689 Christian Münz,690 Leon O. Murphy,691
Maureen E. Murphy,692 Antonio Musarò,693 Indira Mysorekar,694 Eiichiro Nagata,695 Kazuhiro Nagata,696 Aimable Nahimana,697
Usha Nair,1 Toshiyuki Nakagawa,698 Kiichi Nakahira,181 Hiroyasu Nakano,699 Hitoshi Nakatogawa,700 Meera Nanjundan,701
Naweed I. Naqvi,241 Derek P. Narendra,702 Masashi Narita,703 Miguel Navarro,412 Steffan T. Nawrocki,128 Taras Y. Nazarko,306
Andriy Nemchenko,413 Mihai G. Netea,704 Thomas P. Neufeld,705 Paul A. Ney,706 Ioannis P. Nezis,93 Huu Phuc Nguyen,707
Daotai Nie,708 Ichizo Nishino,709 Corey Nislow,710 Ralph A. Nixon,565 Takeshi Noda,391 Angelika A. Noegel,285 Anna Nogalska,44
Satoru Noguchi,709 Lucia Notterpek,711 Ivana Novak,712 Tomoyoshi Nozaki,713 Nobuyuki Nukina,714 Thorsten Nürnberger,715
Beat Nyfeler,691 Keisuke Obara,499 Terry D. Oberley,716 Salvatore Oddo,717 Michinaga Ogawa,718 Toya Ohashi,719,720 Koji Okamoto,721
Nancy L. Oleinick,264,722,723 F. Javier Oliver,121 Laura J. Olsen,2 Stefan Olsson,724 Onya Opota,725 Timothy F. Osborne,726
Gary K. Ostrander,727 Kinya Otsu,728 Jing-hsiung James Ou,591 Mireille Ouimet,633 Michael Overholtzer,460 Bulent Ozpolat,62
Paolo Paganetti,729 Ugo Pagnini,233 Nicolas Pallet,730 Glen E. Palmer,731 Camilla Palumbo,76 Tianhong Pan,732
Theocharis Panaretakis,234 Udai Bhan Pandey,733 Zuzana Papackova,112 Issidora Papassideri,734 Irmgard Paris,735 Junsoo Park,736
Ohkmae K. Park,192 Jan B. Parys,105 Katherine R. Parzych,1,2 Susann Patschan,737 Cam Patterson,738 Sophie Pattingre,371
John M. Pawelek,739 Jianxin Peng,740 David H. Perlmutter,741 Ida Perrotta,742 George Perry,743 Shazib Pervaiz,596,744 Matthias Peter,745
Godefridus J. Peters,746 Morten Petersen,747 Goran Petrovski,748 James M. Phang,611 Mauro Piacentini,141 Philippe Pierre,352
Valérie Pierrefite-Carle,749 Gérard Pierron,750 Ronit Pinkas-Kramarski,751 Antonio Piras,752 Natik Piri,753 Leonidas C. Platanias,754
Stefanie Pöggeler,755 Marc Poirot,32,756 Angelo Poletti,757 Christian Poüs,758 Mercedes Pozuelo-Rubio,759 Mette Prætorius-Ibba,760
Anil Prasad,761 Mark Prescott,248 Muriel Priault,118 Nathalie Produit-Zengaffinen,762 Ann Progulske-Fox,763
Tassula Proikas-Cezanne,764 Serge Przedborski,252,364,765 Karin Przyklenk,766 Rosa Puertollano,767 Julien Puyal,199 Shu-Bing Qian,768
Liang Qin,769 Zheng-Hong Qin,770 Susan E. Quaggin,771 Nina Raben,772 Hannah Rabinowich,188 Simon W. Rabkin,773
Irfan Rahman,774 Abdelhaq Rami,775 Georg Ramm,248,776 Glenn Randall,777 Felix Randow,778 V. Ashutosh Rao,779
Jeffrey C. Rathmell,405,780 Brinda Ravikumar,781 Swapan K. Ray,782 Bruce H. Reed,783 John C. Reed,256 Fulvio Reggiori,138
Anne Régnier-Vigouroux,784 Andreas S. Reichert,785 John J. Reiners, Jr.,786 Russel J. Reiter,409 Jun Ren,787 José L. Revuelta,462
Christopher J. Rhodes,788 Konstantinos Ritis,673 Elizete Rizzo,789 Jeffrey Robbins,790 Michel Roberge,791 Hernan Roca,792
Maria C. Roccheri,10 Stephane Rocchi,46,793 H. Peter Rodemann,143 Santiago Rodríguez de Córdoba,794 Bärbel Rohrer,795
Igor B. Roninson,796 Kirill Rosen,655 Magdalena M. Rost-Roszkowska,797 Mustapha Rouis,798 Kasper M.A. Rouschop,799
Francesca Rovetta,23 Brian P. Rubin,800 David C. Rubinsztein,663 Klaus Ruckdeschel,801 Edmund B. Rucker, III,354 Assaf Rudich,802
Emil Rudolf,803 Nelson Ruiz-Opazo,804 Rossella Russo,805 Tor Erik Rusten,93 Kevin M. Ryan,516 Stefan W. Ryter,181
David M. Sabatini,806,807 Junichi Sadoshima,808 Tapas Saha,200 Tatsuya Saitoh,16 Hiroshi Sakagami,809 Yasuyoshi Sakai,810
Ghasem Hoseini Salekdeh,811 Paolo Salomoni,812 Paul M. Salvaterra,813 Guy Salvesen,256 Rosa Salvioli,814 Anthony M.J. Sanchez,75
José A. Sánchez-Alcázar,815 Ricardo Sánchez-Prieto,816 Marco Sandri,83,817,818 Uma Sankar,819 Poonam Sansanwal,820
Laura Santambrogio,619,821 Shweta Saran,822 Sovan Sarkar,807 Minnie Sarwal,820,823 Chihiro Sasakawa,718 Ausra Sasnauskiene,824
Miklós Sass,470 Ken Sato,825 Miyuki Sato,825 Anthony H.V. Schapira,355 Michael Scharl,826 Hermann M. Schätzl,827 Wiep Scheper,828
Stefano Schiaffino,818 Claudio Schneider,240 Marion E. Schneider,829 Regine Schneider-Stock,830 Patricia V. Schoenlein,831
Daniel F. Schorderet,762,832 Christoph Schüller,833 Gary K. Schwartz,834 Luca Scorrano,817,835 Linda Sealy,836 Per O. Seglen,837
Juan Segura-Aguilar,838 Iban Seiliez,839 Oleksandr Seleverstov,840 Christian Sell,841 Jong Bok Seo,842 Duska Separovic,843
Vijayasaradhi Setaluri,844 Takao Setoguchi,845 Carmine Settembre,56,57 John J. Shacka,846 Mala Shanmugam,754 Irving M. Shapiro,847

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

447

Eitan Shaulian,848 Reuben J. Shaw,849 James H. Shelhamer,850 Han-Ming Shen,851 Wei-Chiang Shen,852 Zu-Hang Sheng,853
Yang Shi,854 Kenichi Shibuya,855 Yoshihiro Shidoji,856 Jeng-Jer Shieh,857 Chwen-Ming Shih,858 Yohta Shimada,719
Shigeomi Shimizu,859 Takahiro Shintani,860 Orian S. Shirihai,861 Gordon C. Shore,862 Andriy A. Sibirny,863 Stan B. Sidhu,864
Beata Sikorska,594 Elaine C.M. Silva-Zacarin,4 Alison Simmons,865 Anna Katharina Simon,866 Hans-Uwe Simon,867
Cristiano Simone,868 Anne Simonsen,869 David A. Sinclair,870 Rajat Singh,871 Debasish Sinha,872 Frank A. Sinicrope,427,873
Agnieszka Sirko,546 Parco M. Siu,874 Efthimios Sivridis,362 Vojtech Skop,875 Vladimir P. Skulachev,876 Ruth S. Slack,357
Soraya S. Smaili,877 Duncan R. Smith,878 Maria S. Soengas,879 Thierry Soldati,880 Xueqin Song,881 Anil K. Sood,882 Tuck Wah Soong,596
Federica Sotgia,116 Stephen A. Spector,553,883 Claudia D. Spies,884 Wolfdieter Springer,885 Srinivasa M. Srinivasula,886
Leonidas Stefanis,887 Joan S. Steffan,888 Ruediger Stendel,889 Harald Stenmark,93 Anastasis Stephanou,890 Stephan T. Stern,891
Cinthya Sternberg,892 Björn Stork,893 Peter Strålfors,677 Carlos S. Subauste,261,894 Xinbing Sui,895 David Sulzer,364,896 Jiaren Sun,897
Shi-Yong Sun,82 Zhi-Jun Sun,898 Joseph J.Y. Sung,899 Kuninori Suzuki,900 Toshihiko Suzuki,901 Michele S. Swanson,902
Charles Swanton,563 Sean T. Sweeney,903 Lai-King Sy,149 Gyorgy Szabadkai,904 Ira Tabas,366 Heinrich Taegtmeyer,905 Marco Tafani,906
Krisztina Takács-Vellai,907 Yoshitaka Takano,908 Kaoru Takegawa,909 Genzou Takemura,480 Fumihiko Takeshita,910
Nicholas J. Talbot,911 Kevin S.W. Tan,912 Keiji Tanaka,530 Kozo Tanaka,913 Daolin Tang,484 Dingzhong Tang,914,915 Isei Tanida,916
Bakhos A. Tannous,538,917 Nektarios Tavernarakis,639a,639b Graham S. Taylor,918 Gregory A. Taylor,405,919 J. Paul Taylor,920
Lance S. Terada,404 Alexei Terman,921 Gianluca Tettamanti,922 Karin Thevissen,923 Craig B. Thompson,169 Andrew Thorburn,924
Michael Thumm,925 FengFeng Tian,926 Yuan Tian,323 Glauco Tocchini-Valentini,253 Aviva M. Tolkovsky,927 Yasuhiko Tomino,41
Lars Tönges,527 Sharon A. Tooze,928 Cathy Tournier,929 John Tower,930 Roberto Towns,162 Vladimir Trajkovic,931
Leonardo H. Travassos,932 Ting-Fen Tsai,933 Mario P. Tschan,934 Takeshi Tsubata,935 Allan Tsung,936 Boris Turk,937
Lorianne S. Turner,938 Suresh C. Tyagi,939 Yasuo Uchiyama,529 Takashi Ueno,531 Midori Umekawa,1 Rika Umemiya-Shirafuji,334
Vivek K. Unni,940 Maria I. Vaccaro,372 Enza Maria Valente,941 Greet Van den Berghe,387 Ida J. van der Klei,497 Wouter G. van Doorn,942
Linda F. van Dyk,943 Marjolein van Egmond,944 Leo A. van Grunsven,945 Peter Vandenabeele,946 Wim P. Vandenberghe,947
Ilse Vanhorebeek,387 Eva C. Vaquero,948 Guillermo Velasco,949 Tibor Vellai,907 Jose Miguel Vicencio,904 Richard D. Vierstra,584
Miquel Vila,643,950 Cécile Vindis,33,951 Giampietro Viola,952 Maria Teresa Viscomi,953 Olga V. Voitsekhovskaja,954
Clarissa von Haefen,884 Marcela Votruba,955 Keiji Wada,475 Richard Wade-Martins,22 Cheryl L. Walker,956 Craig M. Walsh,957
Jochen Walter,958 Xiang-Bo Wan,959 Aimin Wang,960 Chenguang Wang,961 Dawei Wang,456 Fan Wang,962 Fen Wang,609
Guanghui Wang,770 Haichao Wang,963 Hong-Gang Wang,167,168 Horng-Dar Wang,964 Jin Wang,153 Ke Wang,1,2 Mei Wang,744
Richard C. Wang,965 Xinglong Wang,263 Xuejun Wang,966 Ying-Jan Wang,967 Yipeng Wang,628 Zhen Wang,968
Zhigang Charles Wang,969 Zhinong Wang,970 Derick G. Wansink,971 Diane M. Ward,972 Hirotaka Watada,973 Sarah L. Waters,634,728,974
Paul Webster,975 Lixin Wei,976 Conrad C. Weihl,977 William A. Weiss,300 Scott M. Welford,722 Long-Ping Wen,978
Caroline A. Whitehouse,634 J. Lindsay Whitton,24 Alexander J. Whitworth,979 Tom Wileman,980 John W. Wiley,162 Simon Wilkinson,981
Dieter Willbold,982 Roger L. Williams,778 Peter R. Williamson,983 Bradly G. Wouters,984 Chenghan Wu,985 Dao-Cheng Wu,986
William K.K. Wu,899 Andreas Wyttenbach,987 Ramnik J. Xavier,988 Zhijun Xi,989 Pu Xia,990 Gengfu Xiao,991 Zhiping Xie,992
Zhonglin Xie,993 Da-zhi Xu,994 Jianzhen Xu,995 Liang Xu,996 Xiaolei Xu,997 Ai Yamamoto,252,364 Akitsugu Yamamoto,998
Shunhei Yamashina,999 Michiaki Yamashita,1000 Xianghua Yan,1001 Mitsuhiro Yanagida,1002 Dun-Sheng Yang,565 Elizabeth Yang,1003
Jin-Ming Yang,167,168 Shi Yu Yang,1004 Wannian Yang,1005 Wei Yuan Yang,151 Zhifen Yang,256 Meng-Chao Yao,1006 Tso-Pang Yao,780
Behzad Yeganeh,359 Wei-Lien Yen,1 Jia-jing Yin,589 Xiao-Ming Yin,1007 Ook-Joon Yoo,1008 Gyesoon Yoon,1009 Seung-Yong Yoon,502
Tomohiro Yorimitsu,1010 Yuko Yoshikawa,1011 Tamotsu Yoshimori,391 Kohki Yoshimoto,1012 Ho Jin You,1013 Richard J. Youle,702
Anas Younes,1014 Li Yu,160 Long Yu,1015 Seong-Woon Yu,503 Wai Haung Yu,251,252 Zhi-Min Yuan,1016 Zhenyu Yue,1017
Cheol-Heui Yun,1018 Michisuke Yuzaki,1019 Olga Zabirnyk,611 Elaine Silva-Zacarin,4 David Zacks,1021 Eldad Zacksenhaus,1022
Nadia Zaffaroni,1023 Zahra Zakeri,613 Herbert J. Zeh, III,1024 Scott O. Zeitlin,1025 Hong Zhang,1026 Hui-Ling Zhang,770,1027
Jianhua Zhang,846 Jing-Pu Zhang,968 Lin Zhang,1028 Long Zhang,1029 Ming-Yong Zhang,1030 Xu Dong Zhang,1031 Mantong Zhao,1,2
Yi-Fang Zhao,898 Ying Zhao,1032,1033 Zhizhuang J. Zhao,1034 Xiaoxiang Zheng,1035 Boris Zhivotovsky,479 Qing Zhong,1036
Cong-Zhao Zhou,627 Changlian Zhu,1037 Wei-Guo Zhu,1033 Xiao-Feng Zhu,1038 Xiongwei Zhu,263 Yuangang Zhu,915
Teresa Zoladek,546 Wei-Xing Zong,1039 Antonio Zorzano,1040 Jürgen Zschocke1041 and Brian Zuckerbraun1042

© 2012 Landes Bioscience.
Do not distribute.

1

Life Sciences Institute; University of Michigan; Ann Arbor, MI USA; 2Department of Molecular, Cellular and Developmental Biology; University of Michigan; Ann Arbor, MI USA;
3
Department of Biological Chemistry; University of Michigan; Ann Arbor, MI USA; 4Laboratory of Structural and Functional Biology; Federal University of São Carlos (UFSCar);
Campus Sorocaba; São Paulo State, Brazil; 5Department of Biochemistry and Food Science; Hebrew University; Rehovot, Israel; 6Oncology Research Unit; Pfizer Worldwide Research and
Development; Pearl River, NY USA; 7MRC Mammalian Genetics Unit; Harwell UK; 8Research Institute; The Hospital for Sick Children; University of Toronto; Toronto, ON Canada;
9
Division of Geriatrics; Department of Clinical and Experimental Medicine; Faculty of Health Science; Linköping University; Linköping, Sweden; 10Department of STEMBIO (Cell Biology);
University of Palermo; Palermo, Italy; 11Cell Death Research & Therapy Unit; Department of Cellular and Molecular Medicine; KU Leuven; Leuven, Belgium; 12Department of Medicine and
Department of Otolaryngology; Tisch Cancer Institute at Mount Sinai; Mount Sinai School of Medicine; New York University; New York, NY USA; 13Center for Theragnosis; Biomedical
Research Institute; Korea Institute of Science and Technology; Seoul, South Korea; 14Laboratoire Epigénétique et Destin Cellulaire; UMR7216; Centre National de la Recherche
Scientifique (CNRS); Université Paris Diderot Sorbonne Paris Cité; Paris, France; 15Department of Biology; York University; Toronto, ON Canada; 16Laboratory of Host Defense; WPI
Immunology Frontier Research Center, and Department of Host Defense; Research Institute for Microbial Diseases; Osaka University; Osaka, Japan; 17Department of Biological Sciences;
Faculty of Science; University of Jordan; Amman, Jordan; 18Department of Molecular Biology; Max Planck Institute for Infection Biology; Berlin, Germany; 19Laboratory of Dendritic Cell
Biology; Department of Immunology; Institut Pasteur and INSERM U818; Paris, France; 20Department of Neurology; University of Michigan; Ann Arbor, MI USA;

448

Autophagy

Volume 8 Issue 4

21

Geriatrics Research, Education, and Clinical Center; VAAAHS; Ann Arbor, MI USA; 22Oxford Parkinson’s Disease Centre; Department of Physiology, Anatomy and Genetics; University of
Oxford; Oxford, UK; 23Department of Biomedical Sciences and Biotechnologies; School of Medicine; University of Brescia; Brescia, Italy; 24Department of Immunology and Microbial
Science; Scripps Research Institute; La Jolla, CA USA; 25Department of Cancer Biology; Cleveland Clinic; Cleveland, OH USA; 26Infectomic and Molecular Pathogenesis Departament;
Centro de investigación y de Estudios avanzados del Instituto Politécnico Nacional (CINVESTAV-IPN); México City, México; 27Department of Preventive Dentistry;
Osaka University Graduate School of Dentistry; Osaka, Japan; 28Department of Medicine; Perelman School of Medicine; University of Pennsylvania; Philadelphia, PA USA;
29
Experimental Transplantation and Immunology Branch; National Cancer Institute; National Institutes of Health; Bethesda, MD USA; 30The Department of Microbial Infection and
Immunity; the Department of Internal Medicine; Center for Microbial Interface Biology; The Ohio State University; Columbus, OH USA; 31Davis Heart and Lung Research Institute;
The Ohio State University; Columbus, OH USA; 32INSERM UMR1037; University Paul Sabatier; Toulouse, France; 33University Paul Sabatier; Toulouse, France; 34Department of Biomedical
Science; Iowa Center for Advanced Neurotoxicology; Iowa State University; Ames, IA USA; 35Department of Molecular Pharmacology; Beckman Research Institute; City of Hope; Duarte,
CA USA; 36Griffith Health Institute and School of Pharmacy; Griffith University; Gold Coast, Australia; 37Department of Neurosurgery; Brain Research Institute; Niigata University; Niigata,
Japan; 38Departamento de Farmacologia; Facultad de Medicina; Universitat de Valencia; Valencia, Spain; 39Ultrastructural Methods for Innovative Cancer Therapies Unit; Technology and
Health Department; Italian National Institute of Health; Rome, Italy; 40Department of Anatomy and Cell Biology; University of Florida College of Medicine; Gainesville, FL USA;
41
Division of Nephrology; Department of Internal Medicine; Juntendo University Faculty of Medicine; Tokyo, Japan; 42Department of Chemical Toxicology; Norwegian Institute of Public
Health; Oslo, Norway; 43Graduate School of Biostudies; Kyoto University; Kyoto, Japan; 44Department of Neurology; USC Neuromuscular Center; University of Southern California Keck
School of Medicine; Los Angeles, CA USA; 45Department of Pathology & Laboratory Medicine; University of Cincinnati College of Medicine; Cincinnati, OH USA; 46INSERM U1065;
Centre Mediterraneen de Medecine Moleculaire (C3M); University of Nice Sophia Antipolis; Nice, France; 47University of Nice Sophia Antipolis; Nice, France; 48Collaborative Open
Research Center; Research Institute for Science and Technology; Kogakuin University; Tokyo, Japan; 49Department of Cancer Biology; University of Massachusetts Medical School;
Worcester, MA USA; 50Biotechnology Research and Training Center; William C. Friday Laboratory; University of North Carolina Pembroke; Pembroke, NC USA; 51Department of
Nephrology; State Key Laboratory of Kidney Diseases; Chinese PLA General Hospital; Beijing, China; 52Cytologie et Cytopathologie Neuronales; INCI–CNRS UPR 3212; Université de
Strasbourg; Strasbourg, France; 53Division of Hematology; The Ohio State University, Columbus; OH USA; 54Department of Biochemistry and Molecular Biology; University of Arkansas for
Medical Sciences; Little Rock, AR USA; 55Department of Biomolecular Sciences; University of Urbino “Carlo Bo”; Urbino, Italy; 56Telethon Institute of Genetics and Medicine (TIGEM);
Naples, Italy; Department of Pediatrics; Federico II University; Naples, Italy; 57Jan and Dan Duncan Neurological Research Institute; Baylor College of Medicine; Houston, TX USA;
58
Department of Biological Sciences; University of Toledo; Toledo, OH USA; 59MRC Toxicology Unit; University of Leicester; Lancaster Road; Leicester, UK; 60Semmelweis University;
Department of Medical Chemistry, Molecular Biology and Pathobiochemistry; Budapest, Hungary; 61Department of Genetics, Development and Cell Biology, and Plant Sciences
Institute; Iowa State University; Ames, IA USA; 62Department of Experimental Therapeutics; MD Anderson Cancer Center; Houston, TX USA; 63Catholic University of Louvain; Institute of
Life Sciences; UCL/ISV; Louvain-la-Neuve, Belgium; 64Department of Anatomy; Yong Loo Lin School of Medicine; National University of Singapore; Singapore; 6535 INSERM UMR-S984;
and Université Paris Sud; Châtenay-Malabry, France; 66INRA UMR 1019; Unité de Nutrition Humaine; and CRNH; Université d’Auvergne; Clermont-Ferrand, France; 67College of Nanoscale
Science and Engineering; University at Albany; SUNY; Albany, NY USA; 68Institute for Pathobiochemistry; University Medical Center of the Johannes Gutenberg-University; Mainz,
Germany; 69Institute of Biochemistry II; Medical School Goethe University; Frankfurt, Germany; 70Laboratoire de Biochimie Médicale; Rouen University Hospital and NeoVasc EA 4309;
University of Rouen; Rouen, France; 71Veterinary Microbiology and Preventive Medicine; Iowa State University; Ames, IA USA; 72Westmead Millennium Institute; University of Sydney;
Westmead Institute for Cancer Research; Westmead, NSW, Australia; 73Vaccine Manufacturing Sciences and Commercialization; Merck Manufacturing Division; West Point, PA USA;
74
Department of Health Sciences; Magna Graecia University; Catanzaro, Italy; 75INRA; UMR866 Dynamique Musculaire et Métabolisme; Université Montpellier 1; Montpellier, France;
76
Department of Experimental Medicine and Biochemical Sciences; University of Rome “Tor Vergata”; Rome, Italy; 77DIMNP; UMR5235; CNRS; Université de Montpellier 2; Montpellier,
France; 78Department of Biochemistry; Comenius University; Bratislava, Slovak Republic; 79Basic Medical Sciences; Western University of Health Sciences; Pomona, CA USA;
80
Centre d’études d’agents Pathogènes et Biotechnologies pour la Santé; CNRS UM1; UM2; Montpellier, France; 81Department of Microbiology and Immunology; Indiana University
School of Medicine; Indianapolis, IN USA; 82Department of Hematology and Medical Oncology; Winship Cancer Institute; Emory University School of Medicine; Atlanta, GA USA;
83
Department of Biomedical Sciences; University of Padova; Padova, Italy; 84Department of Medicine; University of Chicago; Chicago, IL USA; 85Department of Oncology; University
Children’s Hospital; University of Zurich; Zurich, Switzerland; 86Department of Biological Sciences and Cellular and Molecular Therapy Center–Universidade Federal de São Paulo;
São Paulo, Brazil; 87Department of Veterinary Medicine; University of Maryland; College Park, MD USA; 88Department of Cell Proliferation and Development; Centro de Investigaciones
Biológicas; CIB-CSIC; Madrid, Spain; 89Université de Franche-Comté; Laboratoire de Biochimie; EA3922; “Estrogènes; Expression Génique et Pathologies du Système Nerveux Central”;
IFR133; U.F.R. Sciences et Techniques; Besançon, France; 90Department of Plant Biology and Forest Genetics; Uppsala BioCentre; Swedish University of Agricultural Sciences;
Uppsala, Sweden; 91Systems Biology of Cell Death Mechanisms; German Cancer Research Center (DKFZ); and Medical Faculty; University of Heidelberg; Heidelberg, Germany;
92
Dipartment Scienze Mediche e Biologiche; Università degli Studi di Udine; Udine, Italy; 93Centre for Cancer Biomedicine; University of Oslo and Department of Biochemistry;
Oslo University Hospital; Oslo, Norway; 94Department of Cell and Developmental Biology; UNC School of Medicine; Chapel Hill, NC USA; 95Research Unit for Tropical Diseases;
de Duve Institute and Laboratory of Biochemistry; Université Catholique de Louvain; Brussels, Belgium; 96Department of Cell and Regenerative Biology; Paul Carbone Cancer Center;
University of Wisconsin School of Medicine and Public Health; Madison, WI USA; 97University of Nice-Sophia Antipolis; Institute of Research on Cancer and Ageing, Nice (IRCAN) UMR
CNRS 7284; INSERM U1081; Nice, France; CHU-Nice; Laboratoire de Pathologie Clinique et Expérimentale; Nice, France; Equipe Labellisée par l’Association pour la Recherche sur le
Cancer (ARC); Villejuif, France; 98Virginia Commonwealth University; Departments of Pharmacology and Toxicology; Massey Cancer Center; Goodwin Research Laboratories; Richmond,
VA USA; 99Department of Anesthesiology; University of Rochester Medical Center; Rochester, NY USA; 100Department of Microbial Pathogenesis; Genentech, Inc.; South San Francisco,
CA USA; 101aCell Biology Program; The Hospital for Sick Children; Toronto, ON Canada; 101bDepartment of Molecular Genetics and Institute of Medical Science; University of Toronto;
Toronto, ON Canada; 102Division of Pharmacology; Faculty of Health Sciences; Linköping University; Linköping, Sweden; 103Regenerative Medicine Program; Ottawa Hospital Research
Institute; Ottawa, ON Canada; 104Department of Genetics; University of North Carolina; Chapel Hill, NC USA; 105Laboratory of Molecular and Cellular Signaling; Department of Cellular and
Molecular Medicine; KU Leuven; Leuven, Belgium; 106Department of Neurodegenerative Diseases; Hertie-Institute for Clinical Brain Research; University of Tuebingen; and DZNE;
German Center for Neurodegenerative Diseases; Tuebingen, Germany; 107Department of Medicine I; Division of Oncology; Institute of Cancer Research; Medical University of Vienna;
Vienna, Austria; 108Department of Internal Medicine; Division of Pulmonary, Allergy, Critical Care & Sleep Medicine; The Ohio State University; Columbus, OH USA;
109
Department of Genetics and Evolution; University of Geneva; Geneva, Switzerland; 110Laboratory of Genetics and Molecular Hematology; University of São Paulo School of Medicine;
São Paulo, Brazil; 111Skirball Institute of Biomolecular Medicine; Department of Microbiology; New York University School of Medicine; New York, NY USA; 112Department of Metabolism
and Diabetes; Institute of Clinical and Experimental Medicine; Prague, Czech Republic; 113Department of Molecular Pharmacology; Albert Einstein College of Medicine; Bronx, NY USA;
114
Vanderbilt Eye Institute; Vanderbilt University; Nashville, TN USA; 115Department of Cell Biology and Neuroscience; Rutgers University; Piscataway, NJ USA; 116Department of Cancer
Biology; Kimmel Cancer Center; Thomas Jefferson University; Philadelphia, PA USA; 117Instituto de Investigaciones Biomédicas “Alberto Sols”; Consejo Superior de Investigaciones
Científicas (CSIC) and Universidad Autónoma de Madrid (UAM); Madrid, Spain; 118Team “Mitochondries, Stress et Morts Cellulaires”; Institut de Biochimie et de Génétique Cellulaires
(IBGC); UMR5095; CNRS & Université Bordeaux-Ségalen; Bordeaux, France; 119Royal Veterinary College; University of London; Consortium for Mitochondrial Research; University College
London; London UK; 120EBRI-Rita Levi Montalcini Foundation; Rome, Italy; 121Institute of Parasitology and Biomedicine “Lopez-Neyra”-CSIC; Department of Cell Biology and Immunology;
Granada, Spain; 122Department of Biochemistry; University of Rome “Tor Vergata”; Rome, Italy; 123Department of Pediatrics; Xiangya Hospital; Central South University; China;
124
Department of Plant, Soil, and Entomological Sciences; University of Idaho; Moscow, ID USA; 125GI Tract Programme, Institute of Food Research; Norwich School of Medicine,
The University of East Anglia; Faculty of Health; Norwich Research Park; Norwich, UK; 126Department of Mucosal Immunology; Norwich School of Medicine; The University of East
Anglia–Faculty of Health; Norwich Research Park; Norwich, UK; 127Faculty of Medicine and Center for Neurosciences and Cell Biology; University of Coimbra; Coimbra, Portugal;

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

449

128

Department of Medicine; Division of Hematology/Oncology; University of Texas Health Science Center at San Antonio; San Antonio, TX USA; 129Department of Molecular Biology and
Microbiology; Case Western Reserve University; Cleveland, OH USA; 130Muscle Biology Unit; Departement of Experimental Medical Science; Lund University; Lund, Sweden;
131
Instituto de Microbiologia; Universidade Federal do Rio de Janeiro; Rio de Janeiro, Brazil; 132Department of Medical Biosciences; University of Modena and Reggio Emilia; Italy;
133
Department of Cell Biology; University Medical Center Groningen; University of Groningen; Groningen, The Netherlands; 134Department of Human Pathology; University of Messina;
Messina, Italy; 135Vita-Salute San Raffaele University & San Raffaele Scientific Institute; Milan, Italy; 136Institute of Neuroscience; Department of Cell Biology, Physiology and Immunology;
Universitat Autònoma de Barcelona; Barcelona, Spain; 137Department of Health Sciences; Università del Piemonte Orientale “A. Avogadro”; Novara, Italy; 138Department of Cell Biology
and Institute of Biomembranes; University Medical Centre Utrecht; Utrecht, The Netherlands; 139Department of Biochemistry and Cell Biology and Institute of Biomembranes; Utrecht
University; Utrecht, The Netherlands; 140IRCCS Santa Lucia Foundation; Rome, Italy; 141Dulbecco Telethon Institute; Department of Biology; University of Rome Tor Vergata; Rome, Italy;
142
Laboratory of Intracellular Parasites; Rocky Mountain Laboratories; National Institute of Allergy and Infectious Diseases; National Institutes of Health; Hamilton, MT USA;
143
Division of Radiation Biology & Molecular Environmental Research; Department of Radiation Oncology; University of Tuebingen; Tuebingen, Germany;
144
Department of Pharmacology and Cardiovascular Research Institute; Medical School; Chonbuk University; Chonbuk, Korea; 145Department of Pathology; Kaohsiung Medical
University Hospital; Kaohsiung, Taiwan; 146Division of Biology; California Institute of Technology; Pasadena, CA USA; 147Strathclyde Institute of Pharmacy and Biomedical Sciences;
University of Strathclyde; Glasgow, Scotland UK; 148Laboratory of Neurodegenerative Diseases; Department of Anatomy; Li Ka Shing Faculty of Medicine; The University of Hong Kong;
Hong Kong, China; 149Department of Chemistry; The University of Hong Kong; Hong Kong, China; 150Department of Pharmacology; College of Medicine; National Taiwan University;
Taipei, Taiwan; 151Institute of Biological Chemistry; Academia Sinica; Taipei, Taiwan; 152Key Laboratory of Cell Differentiation and Apoptosis of Chinese Ministry of Education; Shanghai
Jiao Tong University School of Medicine; Shanghai, China; 153Department of Pathology and Immunology; Baylor College of Medicine; Houston, TX USA; 154State Key Laboratory of
Membrane Biology; Institute of Zoology; Chinese Academy of Sciences; Beijing, China; 155College of Life Sciences; Nankai University; Tianjin, China; 156Institute of Biomedical Sciences;
Academia Sinica; Taipei, Taiwan; 157MOE Key Laboratory of Laser Life Science & Institute of Laser Life Science; South China Normal University; Guangzhou, China;
158
The Children’s Hospital; Zhejiang University School of Medicine; Hangzhou, China; 159Department of Hematology; Xijing Hospital; Fourth Military Medical University; Xi’an, China;
160
School of Life Sciences; Tsinghua University; Beijing, China; 161Department of Immunology; Peking University; Center for Human Disease Genomics; Beijing, China;
162
Department of Internal Medicine; University of Michigan Medical School; Ann Arbor, MI USA; 163Department of Radiation Oncology; Mackay Memorial Hospital; Taipei, Taiwan;
164
Department of Botany and Plant Pathology; Purdue University; West Lafayette, IN USA; 165Department of Biochemistry and Molecular Biology; University of Louisville; Louisville, KY
USA; 166School of Biomedical Sciences; The Chinese University of Hong Kong; Shatin, Hong Kong, China; 167Department of Pharmacology; The Pennsylvania State University College of
Medicine; Penn State Hershey Cancer Institute; Hershey, PA USA; 168Penn State Hershey Cancer Institute; Hershey, PA USA; 169Department of Cancer Biology and Genetics; Memorial
Sloan-Kettering Cancer Center; New York, NY USA; 170Department of Surgery; Yonsei University College of Medicine; Seoul, Korea; 171Department of Microbiology; University of
Pennsylvania; Philadelphia, PA USA; 172Faculty of Health Sciences and Medicine; Bond University; Queensland, Australia; 173Department of Biochemistry; Li Ka Shing Faculty of Medicine;
The University of Hong Kong; Hong Kong, China; 174INSERM U1053; and Université Bordeaux Segalen; Bordeaux, France; 175Department of Cellular and Molecular Physiology; Penn State
University College of Medicine; Hershey, PA USA; 176Graduate School of Life and Environmental Sciences; University of Tsukuba; Ibaraki, Japan; 177Department of Pharmacology;
Emory University School of Medicine; Atlanta, GA USA; 178Institute of Pharmacology; School of Medicine; National Yang-Ming University; Taipei, Taiwan; 179School of Biomedical Sciences;
The Chinese University of Hong Kong; Hong Kong, China; 180Graduate School of East-West Medical Science; Kyung Hee University; Yongin, Korea; 181Division of Pulmonary and Critical
Care Medicine; Brigham & Women’s Hospital; Harvard Medical School; Boston, MA USA; 182Department of Obstetrics and Gynecology; Samsung Medical Center; Sungkyunkwan
University School of Medicine; Seoul, Korea; 183Institute for Medical Sciences; Ajou University School of Medicine; Suwon, Korea; 184Renal Division; Department of Medicine; Brigham and
Women’s Hospital; Harvard Medical School; Boston, MA USA; 185INSERM U753 PR1; Institut Gustave Roussy; Villejuif, France; 186Department of Environmental Health;
University of Cincinnati; Cincinnati, OH USA; 187Department of Pharmacology; Tartu University; Tartu, Estonia; 188Department of Pathology; University of Pittsburgh School of Medicine;
Pittsburgh, PA USA; 189Center for Neuroscience; University of Pittsburgh School of Medicine; Pittsburgh, PA USA; 190Immunology Research Center; National Health Research Institutes;
Miaoli County, Taiwan; 191Department of Biochemistry; National Defense Medical Center; Taipei, Taiwan; 192School of Life Sciences and Biotechnology; Korea University; Seoul, Korea;
193
Department of Microbiology; Ajou University School of Medicine; Suwon, Korea; 194School of Biological Sciences; University of Hong Kong; Pokfulam, Hong Kong, China;
195
Department of Structures, Function and Biological Technologies; University of Naples “Federico II”; Naples, Italy; 196IRCCS San Raffaele; Rome, Italy; 197Physiological Laboratory;
Institute of Translational Medicine; University of Liverpool; Liverpool, UK; 198Safar Center for Resuscitation Research; Pittsburgh, PA USA; 199Département de Biologie Cellulaire et de
Morphologie; Université de Lausanne; Lausanne, Switzerland; 200Department of Oncology; Lombardi Comprehensive Cancer Center; Georgetown University; Washington D.C. USA;
201
INSERM U984; University of Paris-South; Paris, France; 202Department of Molecular Biology; Princeton University; Princeton, NJ USA; 203Laboratorio de Biología Celular y
Molecular-Instituto de Histología y Embriología; Universidad Nacional de Cuyo-CONICET; Mendoza, Argentina; 204Department of Genetics and Microbiology; University of Pavia;
Pavia, Italy; 205Pharmacology; Faculty of Pharmacy; Università del Piemonte Orientale “A. Avogadro”; Novara, Italy; 206Cell Biology and Gene Expression Section;
Laboratory of Neurogenetics; National Institute on Aging; National Institutes of Health; Bethesda, MD USA; 207Department of Molecular Microbiology and Immunology;
Johns Hopkins University; Baltimore, MD USA; 208Departamento Enfermedades Cardiovasculares; Facultad de Medicina; Pontificia Universidad Catolica de Chile; Santiago, Chile;
209
Institut Pasteur; Unité des Interactions Bactéries-Cellules; Paris, France; 210INSERM; U604; INRA; USC2020; Paris, France; 211Department of Experimental Medicine and Oncology;
University of Torino; Torino, Italy; 212Larry Hillblom Islet Research Center; David Geffen School of Medicine; University of California; Los Angeles, CA USA; 213Departamento de Morfología
y Biología Celular; Universidad de Oviedo; Oviedo, Spain; 214Departamento de Biología y Cs Ambientales; Facultad de Ciencias; Universidad de Valparaíso; Valparaíso, Chile;
215
Division of Applied Medicine; University of Aberdeen; Aberdeen, UK; 216Keck Graduate Institute of Applied Sciences; Claremont, CA USA; 217Instituto de Bioquimica Vegetal y
Fotosintesis (CSIC-Universidad de Sevilla); Sevilla, Spain; 218Department of Biochemistry; University of Johannesburg; Johannesburg, South Africa; 219Department of Anatomy and
Structural Biology; Albert Einstein College of Medicine; Bronx, NY USA; 220Department of Developmental and Molecular Biology; Albert Einstein College of Medicine; Bronx, NY USA;
221
Marion Bessin Liver Research Center; Albert Einstein College of Medicine; Bronx, NY USA; 222Department of Surgery; University of Iowa; Iowa City, IA USA; 223Department of Medicine;
Albert Einstein College of Medicine; Bronx, NY USA; 224Experimental Neurology Unit; European Centre for Brain Research; Santa Lucia Foundation; and University Campus—Biomedico;
Rome, Italy; 225Microbes, Intestin, Inflammation and Susceptibility of the Host; USC-INRA 2018; Clermont-Ferrand, France; 226UMR 1071 INSERM/Université Auvergne; Clermont-Ferrand,
France; 228Department of Human Biology; University of Cape Town; Cape Town, South Africa; 229Division of Molecular Pathology; Cancer Therapeutics and Clinical Studies; Institute of
Cancer Research and Royal Marsden Hosptial; Sutton, Surrey UK; 230Department of Public Health and Cell Biology; University of Rome Tor Vergata; Rome, Italy; 231Department of NeuroOncology; MD Anderson Cancer Center; University of Texas; Houston, TX USA; 232Virology Division; Department of Infectious Diseases and Immunology; Utrecht University; Utrecht,
The Netherlands; 233Department of Pathology and Animal Health; University of Naples “Federico II”; Naples, Italy; 234Cancer Center Karolinska; Department of Oncology-Pathology;
Karolinska Institute; Stockholm, Sweden; 235Department of Experimental Pathology; University of Pisa Medical School; Pisa, Italy; 236Department of Pathology; University of California;
San Francisco, CA USA; 237Department of Biochemistry; Tufts University School of Medicine; Boston, MA USA; 238CNRS UMR 5293; Institut des Maladies Neurodégénératives; Université
Bordeaux Segalen; Bordeaux, France; 239Department of Physiology; University of Melbourne; Parkville, Victoria Australia; 240Laboratorio Nazionale Consorzio Interuniversitario
Biotecnologie; Trieste, Italy; 241Fungal Patho-Biology Group; Temasek Life Sciences Laboratory; National University of Singapore; Singapore; 242Freiburg Institute for Advanced Studies
(FRIAS); School of Life Sciences (LifeNet); Freiburg, Germany; 243Department of Neurosurgery; VCU Institute of Moleular Medicine; VCU Massey Cancer Center; Virginia Commonwealth
University; School of Medicine; Richmond, VA USA; 244Centre for Cancer Biology; SA Pathology; Adelaide, SA Australia; 245School of Molecular and Biomedical Science;
University of Adelaide; Adelaide, SA Australia; 246Department of Molecular Genetics and Microbiology; University of New Mexico Health Science Center; Albuquerque, NM USA;
247
Department of Biochemistry and Molecular Biology; Louisiana State University–Health Sciences Center-School of Medicine; New Orleans, LA USA; 248Department of Biochemistry &
Molecular Biology; Monash University; Clayton Campus; Melbourne, Victoria Australia; 249ARC Centre of Excellence in Structural and Functional Microbial Genomics; Monash University;

© 2012 Landes Bioscience.
Do not distribute.

450

Autophagy

Volume 8 Issue 4

Clayton Campus; Melbourne, Victoria Australia; 250Unit of Allergy and Immunotoxicology; Ageing Research Center (Ce.S.I.); Università G. d’Annunzio Foundation; Chieti, Italy;
Taub Institute for Alzheimer’s Disease Research; Columbia University Medical Center; New York, NY USA; 252Department of Pathology and Cell Biology; Columbia University Medical
Center; New York, NY USA; 253Institute of Cell Biology and Neurobiology; EMMA-CNR; Campus “A. Buzzati Traverso”; Rome, Italy; 254Department of Pharmacological and Toxicological
Chemistry; University of Chile; Santiago, Chile; 255Department of Biochemistry and Molecular Biology; School of Medicine; University of Alcalá; Madrid, Spain; 256Sanford-Burnham
Medical Research Institute; La Jolla, CA USA; 257Departamento de Biología Molecular; Centro de Biologia Molecular Severo Ochoa (UAM-CSIC); Universidad Autonoma de Madrid; Madrid,
Spain; 258Molecular Signaling; Frankfurt Institute for Molecular Life Sciences; Frankfurt am Main, Germany; 259Department of Plant Biology and The Genome Center; College of Biological
Sciences; University of California; Davis, CA USA; 260Department of Pharmacology, Toxicology and Therapeutics; The University of Kansas Medical Center; Kansas City, KS USA;
261
Department of Medicine; Case Western Reserve University; University Hospitals of Cleveland; Cleveland, OH USA; 262Department of Pharmacology; Case Western Reserve University;
University Hospitals of Cleveland; Cleveland, OH USA; 263Department of Pathology; Case Western Reserve University; University Hospitals of Cleveland; Cleveland, OH USA;
264
Comprehensive Cancer Center; Case Western Reserve University; University Hospitals of Cleveland; Cleveland, OH USA; 265University Hospitals of Cleveland; Cleveland, OH USA;
266
Center for Cardiovascular Research; Washington University School of Medicine; Saint Louis, MO USA; 267Department of Internal Medicine; Washington University School of Medicine;
Saint Louis, MO USA; 268INSERM U916 VINCO; Université Bordeaux; Bordeaux, France; 269CNRS UMR 8126; Université Paris-Sud 11; Institut Gustave Roussy; Villejuif, France;
270
Department of Cellular Biology and Anatomy; Georgia Health Sciences University; Charlie Norwood VA Medical Center; Augusta, GA USA; 272Lilly Research Laboratories; Eli Lilly and
Company; Indianapolis, IN USA; 273General and Molecular Pathophysiology Department; Bogomoletz Institute of Physiology; Kiev, Ukraine; 274Department of Pediatrics and
Communicable Diseases; University of Michigan Medical School; Ann Arbor, MI USA; 275Department of Cell Biology; University of Massachusetts Medical School; Worcester, MA USA;
276
Department of Human Virology; INSERM U758; Ecole Normale Supèrieure de Lyon; Lyon, France; 277Department of Biochemistry and Molecular Biology; Tongji Medical College;
Huazhong University of Techology and Science; Wuhan, Hubei China; 278Division of Hematology and Central laboratory of Hematology; Lausanne University Hospital; Lausanne,
Switzerland; 279Centre de Recherche des Cordeliers; INSERM; Paris, France; 280Université Pierre et Marie Curie; Paris, France; 281Department of Biochemistry; University of Tuebingen;
Tuebingen, Germany; 282Division of Renal Diseases and Hypertension; University of Colorado at Denver; Aurora, CO USA; 283Department of Developmental and Cell Biology;
University of California; Irvine, CA USA; 284Department of Biología Celular, Inmunología y Neurociencias; Facultad de Medicina; Universidad de Barcelona–IDIBAPS; Barcelona, Spain;
285
Institute of Biochemistry I; Medical Faculty; University of Cologne; Cologne, Germany; 286Department of Medicine; Baylor College of Medicine; Houston, TX USA;
287
Department of Melanoma Medical Oncology; University of Texas; MD Anderson Cancer Center; Houston, TX USA; 288Laboratory of Translational Oncology and Experimental Cancer
Therapeutics; Department of Medicine (Hematology/Oncology); Penn State College of Medicine; Penn State Hershey Medical Center; Hershey PA USA; 289Department of Biological
Chemistry; The Weizmann Institute of Science; Rehovot, Israel; 290European Institute of Oncology, and Department of Biomolecular Sciences and Biotechnologies; University of Milan;
Milan, Italy; 291Buck Institute for Research on Aging; Novato, CA USA; 292Department of Microbiology, Tumor and Cell Biology; Karolinska Institutet; Stockholm, Sweden;
293
Department of Physiological Sciences; University of Stellenbosch; Stellenbosch, South Africa; 294Department of Pharmacology; The B. Rappaport Faculty of Medicine; Technion-Israel
Institute of Technology; Haifa, Israel; 295Latvian Biomedical Research and Study Centre; Riga, Latvia; 296Department of Biosciences; University of Helsinki; Helsinki, Finland;
297
Center for Applied Proteomics and Molecular Medicine; George Mason University; Manassas, VA USA; 298Department of Physiology and Biophysics; University of Medicine and
Dentistry of New Jersey-Robert Wood Johnson Medical School; Piscataway, NJ USA; 299Liver Cancer Institute; Zhongshan Hospital; Fudan University; Shanghai, China;
300
Departments of Neurology, Pediatrics, Neurological Surgery and Brain Tumor Research Center; Helen Diller Family Comprehensive Cancer Center, University of California;
San Francisco, CA USA; 301Center for Biomedical Engineering and Technology (BioMET); University of Maryland, Baltimore; Baltimore, MD USA; 302Department of Physiology;
University of Maryland, Baltimore; Baltimore, MD USA; 303The First Affiliated Hospital of Guangzhou University of Chinese Medicine; Guangzhou, China; 304MRC Centre for Developmental
Neurobiology; King’s College London, UK; 305Cell Death and Metabolism; Danish Cancer Society Research Center; Copenhagen, Denmark; 306Section of Molecular Biology;
Division of Biological Sciences; University of California; San Diego; La Jolla, CA USA; 307INSERM U851; Université de Lyon, and the Université Lyon 1; Lyon, France;
308
Department of Cellular Biology; University of Georgia; Athens, GA USA; 309Immunobiology Section; Laboratory of Parasitic Diseases; National Institute of Allergy and Infectious
Diseases; National Institutes of Health; Bethesda, MD USA; 310Department of Physiology and Biophysics; State University of New York at Buffalo; Buffalo, NY USA;
311
Guangdong Provincial Key Lab of Biotechnology for Plant Development; School of Life Sciences; South China Normal University; Guangzhou, China; 312Department of Obstetrics &
Gynecology; Shanghai First People’s Hospital; Shanghai Jiao Tong University; Shanghai, China; 313Departments of Biochemistry and Molecular Biology, Apoptosis and Genomics
Research Group of the Hungarian Academy of Sciences; Research Center for Molecular Medicine; University of Debrecen; Debrecen, Hungary; 314Cell & Molecular Biology Joint Doctoral
Program; Department of Biology; San Diego State University; San Diego, CA USA; 315Department of Biological Sciences; Hunter College; City University of New York; New York, NY USA;
316
National Institute for Infectious Diseases IRCCS L. Spallanzani; Rome, Italy; 317Department of Cell and Developmental Biology; University of Michigan Medical School; Ann Arbor,
MI USA; 318Gladstone Institutes; Taube-Koret Center for Huntington’s Disease and the Hellman Alzheimer’s Disease Program; University of California; San Francisco, CA USA;
319
Laboratory of Molecular Biology; National Heart, Lung, and Blood Institute; National Institutes of Health; Bethesda, MD USA; 320Bioscience Center; San Diego State University;
San Diego, CA USA; 321Departments of Medicine and Cell Biology; Marc and Ruti Bell Program in Vascular Biology; New York University School of Medicine; New York, NY USA;
322
Department of Human and Molecular Genetics; VCU Institute of Moleular Medicine; VCU Massey Cancer Center; Virginia Commonwealth University; School of Medicine; Richmond,
VA USA; 323Laboratory of Molecular and Cellular Neuroscience; Rockefeller University; New York, NY USA; 324Institute for Behavioral Genetics; University of Colorado; Boulder, CO USA;
325
McGill Parkinson Program; Department of Neurology & Neurosurgery; Montreal Neurological Institute; McGill University; Montreal, QB Canada; 326Department of Human Morphology
and Applied Biology; University of Pisa; Pisa, Italy; and IRCCS Neuromed; Pozzilli, Italy; 327University Hospital Heidelberg; Department of Surgery/Research Lab; Heidelberg, Germany;
328
Department of Pharmacology and Experimental Neuroscience; University of Nebraska Medical Center; Omaha, NE USA; 329Redox Biology Center and School of Veterinary Medicine
and Biomedical Sciences; University of Nebraska–Lincoln; Lincoln, NE USA; 330Biotech Research and Innovation Centre; University of Copenhagen; Copenhagen, Denmark;
331
Department of Molecular and Cellular Medicine; University of Leuven; Leuven, Belgium; 332Centro de Investigación Biomédica en Red de Enfermedades Neurodegenerativas
(CIBERNED); Departamento Bioquímica y Biología Molecular y Genética; E.U. Enfermería; Universidad de Extremadura; Cáceres, Spain; 333Department of Bacteriology; Graduate school of
Medical Sciences; Kyushu University; Kagoshima, Japan; 334Laboratory of Emerging Infectious Diseases; Department of Frontier Veterinary Medicine; Kagoshima University; Kagoshima,
Japan; 335Department of Pediatrics; Jichi Medical Universtiy; Tochigi, Japan; 336Department of Developmental Biology and Neurosciences; Graduate School of Life Sciences; Tohoku
University; Miyagi, Japan; 337Institute of Physiological Chemistry; Hannover Medical School; Hannover, Germany; 338Laboratory of Cell Physiology; University of Louvain; Brussels,
Belgium; 339Department of Physiological Sciences; Faculty of Veterinary Medicine; Warsaw University of Life Sciences; Warsaw, Poland; 340UMR CNRS 7622; Biologie du Développement;
Université Pierre et Marie Curie; Paris, France; 341Department of Biological Sciences & Bioengineering; Indian Institute of Technology; Kanpur, India; 342Laboratory of Genetics;
University of Wisconsin; Madison, WI USA; 343MRC Protein Phosphorylation Unit; College of Life Sciences; University of Dundee; Dundee, Scotland UK; 344Department of Neurology;
University of Massachusetts Medical School; Worcester, MA USA; 345CAS Key Laboratory of Pathogenic Microbiology and Immunology; Institute of Microbiology; Chinese Academy of
Sciences (CAS); Beijing, China; 346Oncology and Pharmacology; UT Southwestern Medical Center; Dallas, TX USA; 347Centro Estudios Moleculares de la Celula; Facultad Ciencias Quimicas
y Farmaceuticas & Facultad Medicina; Universidad de Chile; Santiago, Chile; 348Department of Leukemia; University of Texas; MD Anderson Cancer Center; Houston, TX USA;
349
Department of Biochemistry; School of Medicine; Boston University; Boston, MA USA; 350Laboratory of Dermatology; Department of Oncology; University of Leuven; Leuven, Belgium;
351
Department of Medicine; University of Illinois at Chicago; Chicago, IL USA; 352Centre d’Immunologie de Marseille-Luminy; Aix-Marseille Univ UM2; INSERM U1104; and CNRS UMR7280;
Marseille, France; 353Randall Division for Cell and Molecular Biophysics and Cardiovascular Division; Kings College London; London UK; 354Department of Biology; University of Kentucky;
Lexington, KY USA; 355Department of Clinical Neurosciences; Institute of Neurology; University College London; London UK; 356Department of Cell Biology; Harvard Medical School;
Boston, MA USA; 357Department of Cellular Molecular Medicine; University of Ottawa; Ottawa, ON Canada; 358Department of Pathology; University of Michigan; Ann Arbor, MI USA;
359
Department of Physiology; Manitoba Institute of Child Health; University of Manitoba; MB Canada; 360Department of Medicine; University of California San Diego School of Medicine;
251

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

451

La Jolla, CA USA; 361Department of Therapeutic Research and Medicine Evaluation; Istituto Superiore di Sanita; Rome, Italy; 362Department of Pathology; Democritus University of Thrace
and University General Hospital of Alexandroupolis; Alexandroupolis, Greece; 363Biochemistry and Medical Genetics; Manitoba Institute of Cell Biology; University of Manitoba;
Winnipeg, MB Canada; 364Department of Neurology; Columbia University Medical Center; New York, NY USA; 365School of Health and Medicine; Lancaster University; Lancaster UK;
366
Department of Medicine; Columbia University College of Physicians and Surgeons; New York, NY USA; 367Department of Immunology; Medical University of Warsaw; Warsaw, Poland;
368
Renal Research Institute; New York Medical College; Valhalla, NY USA; 369Department of Genetics; University of Texas MD Anderson Cancer Center; Houston, TX USA;
370
Biology Department; Faculty of Science; Ege University; Bornova, Izmir Turkey; 371Institut de Recherche en Cancérologie de Montpellier; INSERM U896; Université Montpellier1;
Montpellier, France; 372Department of Pathophysiology; School of Pharmacy and Biochemistry; University of Buenos Aires; Buenos Aires, Argentina; 373Instituto de Ciencias de la Vid y del
Vino; CSIC-UR-CAR; Logroño, Spain; 374Department of Developmental Genetics and Gene Control; Centre for Genetics and Genomics; The University of Nottingham; Queen’s Medical
Centre; Nottingham UK; 375The Henry M. Jackson Foundation for the Advancement of Military Medicine; Uniformed Services University of the Health Sciences; Bethesda, MD USA;
376
Genome Sciences Center; BC Cancer Agency; Vancouver, BC Canada; 377Molecular Cardiology Research Institute; Tufts Medical Center and Department of Medicine; Tufts University
School of Medicine; Boston, MA USA; 378Biological Sciences and Bioengineering Program; Sabanci University; Orhanli-Tuzla, Istanbul Turkey; 379Department of Neurobiology and
Behavior; University of California; Irvine, CA USA; 380Agricultural Institute of Slovenia; Ljubljana, Slovenia; 381University of Strasbourg; Immunologie et Chimie Thérapeutiques; CNRS;
Strasbourg, France; 382Department of Pediatrics; Children’s Hospital; University of Iowa; Iowa City, IA USA; 383Signaling Networks Program; Division of Oncology; Department of Medicine
I; Comprehensive Cancer Center; Medical University Vienna & Ludwig Boltzmann Cluster Oncology; Vienna, Austria; 384Department of Pharmacology and Moores Cancer Center;
University of California San Diego; La Jolla, CA USA; 385AstraZeneca; Cancer & Infection Research Area; Cheshire UK; 386Department of Medicine; the David Geffen School of Medicine;
University of California; Los Angeles, CA USA; 387Department and Laboratory of Intensive Care Medicine; Katholieke Universiteit Leuven; Leuven, Belgium; 388Skaggs School of Pharmacy
and Pharmaceutical Sciences; University of California San Diego; San Diego, CA USA; 389Department of Internal Medicine; Manitoba Institute of Child Health; University of Manitoba;
Winnipeg, MB Canada; 390Department of Microbiology; Montana State University; Bozeman, MT USA; 391Department of Genetics; Osaka University Graduate School of Medicine; Osaka,
Japan; 392Institute of Pharmacology, Toxicology and Biochemical Pharmaceutics; Zhejiang University; Hangzhou, China; 393Discovery & ADMET-TOX Systems; Life Technologies; Madison,
WI USA; 394Department of Oral and Craniofacial Molecular Biology; Massey Cancer Center; Virginia Commonwealth University; Richmond, VA USA; 395Third Department of Internal
Medicine; School of Medicine; University of Occupational and Environmental Health; Kitakyushu, Japan; 396Department of Cardiology; Angiology and Pulmology; University of
Heidelberg; Heidelberg, Germany; 397Molecular Oncology Laboratories; Oxford University Department of Oncology; Weatherall Institute of Molecular Medicine; John Radcliffe Hospital;
Oxford UK; 398Immunology Research Centre; School of Biochemistry & Immunology; Trinity College Dublin; Dublin, Ireland; 399Center for Plant Science Innovation; University of
Nebraska-Lincoln; Lincoln, NE USA; 400Division of Sensory and Motor Systems; Tokyo Metropolitan Institute of Medical Science; Tokyo, Japan; 401VA Boston Healthcare System; Boston,
MA USA; 402Divison of Hypertension and Nephrology; National Cerebral and Cardiovascular Center; Osaka, Japan; and Department of Cell Signaling; Gifu University Graduate School of
Medicine; Gifu, Japan; 403Molecular Oncology; Moffitt Cancer Center; Tampa, FL USA; 404Department of Internal Medicine and Howard Hughes Medical Institute; University of Texas
Southwestern Medical Center; Dallas, TX USA; 405Department of Immunology; Duke University Medical Center; Durham, NC USA; 406Department of Nephrology; CRCHUM; Montréal,
QB Canada; 407Department of Pharmacology; University of Colorado School of Medicine; Aurora, CO USA; 408College of Medical, Veterinary & Life Sciences; Institute of Cancer Sciences;
University of Glasgow; Glasgow UK; 409Department of Cellular and Structural Biology; University of Texas Health Science Center at San Antonio; San Antonio, TX USA;
410
Department of Molecular Genetics; The Ohio State University; Columbus, OH USA; 411Biomedical Neuroscience Institute; ICBM; Faculty of Medicine; University of Chile; Santiago, Chile;
412
Department of Molecular Biology; Institute of Parasitology and Biomedicine “López-Neyra”; IPBLN-CSIC; Granada, Spain; 413Division of Cardiology; University of Texas Southwestern
Medical Center; Dallas, TX USA; 415Cellular Senescence Group A210; German Cancer Research Center; DKFZ-ZMBH Alliance; Heidelberg, Germany; 416Molecular Cell Biology; Institute for
Cell Biology; University Bonn; Bonn, Germany; 417GCP center; Cancer Center of Sun Yat-sen University; Guangzhou, China; 418School of Kinesiology and Health Science; York University;
Toronto; ON Canada; 419Harvard University; School of Public Health; Boston, MA USA; 420Department of Internal Medicine; University Medical Center Groningen; Groningen,
The Netherlands; 421Department of Molecular Biomedicine; LEO Pharma A/S; Ballerup, Denmark; 422Neurology and Anesthesiology; Shock Trauma & Anesthesiology Research Center;
University of Maryland School of Medicine; Baltimore, MD USA; 423Department of Biochemistry and Molecular Biology; University of New Mexico School of Medicine; Albuquerque,
NM USA; 424Laboratory of Cancer Immunobiology; Earle A. Chiles Research Institute; Providence Portland Medical Center; Portland, OR USA; 425Department of Neurosurgery;
University of Michigan; Ann Arbor, MI USA; 426The State Key Laboratory of Biotherapy; West China Hospital; Sichuan University; Chengdu, China; 427Department of Medicine; Mayo Clinic
and Mayo Cancer Center; Rochester, MN USA; 428Department of Life Science and Institute of Zoology; National Taiwan University; Taipei, Taiwan; 429Renal Division; University Hospital
Freiburg; and BIOSS Centre for Biological Signalling Studies; Albert-Ludwigs-University; Freiburg, Germany; 430School of Biological Sciences and Research Center for Functional
Cellulomics; Seoul National University; Seoul, Korea; 431Department of Obstetrics and Gynecology; Chang Gung Memorial Hospital at Taipei; Taipei, Taiwan;
432
Department of Experimental Cancer Research; University of Edinburgh; Institute of Genetics and Molecular Medicine; Cell Signalling Unit; Edinburgh UK;
433
Department of Pharmacology; Infection Signaling Network; Research Center; College of Medicine; Chungnam National University; Daejeon, Korea; 434Department of Biochemistry;
University of Washington; Seattle, WA USA; 435Critical Care Department; McGill University; Montreal, QB Canada; 436School of Biological and Biomedical Sciences; University of Durham;
Durham UK; 437Institute for Innovative Cancer Research; University of Ulsan College of Medicine; and Asan Medical Center; Seoul, Korea; 438Department of Pathology and Immunology;
Washington University School of Medicine; St. Louis, MO USA; 439Department of Medicine II; Endocrinology and Hypertension; Tokyo Women’s Medical University; Tokyo, Japan;
440
Department of Molecular and Integrative Physiology, and the Division of Nephrology; Department of Internal Medicine; University of Michigan Medical School; Ann Arbor, MI USA;
441
Department of Oral Microbiology; Division of Oral Infections and Health Sciences; Asahi University School of Dentistry; Mizuho, Japan; 442INSERM U624 and University of
Méditerranée; Marseille, France; 443Division of Life Science and State Key Laboratory of Molecular Neuroscience; The Hong Kong University of Science and Technology; Hong Kong,
China; 444Department of Geriatric Medicine and Nephrology; Osaka University Graduate School of Medicine; Suita, Japan; 445Department of Applied Plant Science; Graduate School of
Agricultural Sciences; Tohoku University; Miyagi, Japan; 446Department of Immunology; Nagoya University Graduate School of Medicine; Nagoya University; Nagoya, Japan;
447
Department of Immunobiology; Yale University School of Medicine; New Haven, CT USA; 448Division of General Thoracic Surgery; School of Medicine; Keio University; Tokyo, Japan;
449
Centre for Biotechnology; University of Turku; Turku, Finland; 450Department of Neurology; University of Texas Medical Branch; Galveston, TX USA; 451Department of Microbiology and
Molecular Genetics; Medical College of Wisconsin; Milwaukee, WI USA; 452Laboratory of Experimental-Hemato-Oncology; Department of Oncology; Public Research Center for Health
(CRP-Santé); Luxembourg City, Luxembourg; 453Department of Neurology; University Medical School; Goethe University; Frankfurt/Main, Germany; 454Department of Physiology; Seoul
National University College of Medicine; Seoul, Korea; 455Laboratory of Veterinary Biochemistry and Molecular Biology; College of Veterinary Medicine; Chungbuk National University;
Cheongju, Korea; 456Key Laboratory of Hepatosplenic Surgery; Department of General Surgery; the First Affiliated Hospital of Harbin Medical University; Harbin, China;
457
Department of Biochemistry; University of Texas Health Science Center; San Antonio, TX USA; 458Department of Urologic Surgery; Vanderbilt University Medical Center;
Nashville TN USA; 459Department of Nutrition Science; Purdue University; West Lafayette, IN USA; 460Department of Cell Biology; Memorial Sloan-Kettering Cancer Center; New York,
NY USA; 461State Key Laboratory of Mycology; Institute of Microbiology; Chinese Academy of Sciences; Beijing, China; 462Departamento de Microbiología y Genética; Universidad de
Salamanca; Salamanca, Spain; 463Department of Pharmacology; University of Medicine and Dentistry of New Jersey-Robert Wood Johnson Medical School; Piscataway, New Jersey USA;
464
Department of Biological Sciences; Korea Advanced Institute of Science and Technology; Daejeon, South Korea; 465Biochemistry Department; Institute of Medical Biology; University
of Tromsø; Tromsø, Norway; 466Department of Medicine; University of Pittsburgh; Pittsburgh, PA USA; 467Cell Biology Program; SickKids; Departments of Paediatrics and Physiology;
University of Toronto; Toronto, ON Canada; 468Department of Pathology and Cell Biology; Thomas Jefferson University; Philadelphia, PA USA; 469Department of Physiology;
University of Pretoria; Pretoria, South Africa; 470Department of Anatomy, Cell and Developmental Biology; Eötvös Loránd University; Budapest, Hungary;
471
University Institute of Pathology; CHUV–University of Lausanne; Lausanne, Switzerland; 472Functional Food Technology Research Group; Korea Food Research Institute; Korea;
473
Department of Biological Science; Seoul National University; Seoul, Korea; 474Department of Ophthalmology; University of Eastern Finland and Kuopio University Hospital;

© 2012 Landes Bioscience.
Do not distribute.

452

Autophagy

Volume 8 Issue 4

Kuopio, Finland; 475Department of Degenerative Neurological Diseases; National Institute of Neuroscience; National Center of Neurology and Psychiatry (NCNP); Tokyo, Japan;
Department of Applied Biological Chemistry; Niigata University; Niigata, Japan; 477Experimental Pathology; Department of Clinical and Experimental Medicine; Faculty of Health
Science; Linköping University; Linköping, Sweden; 478Laboratory of Biological Diversity; National Institute for Basic Biology; Okazaki, Japan; 479Institute of Environmental Medicine;
Karolinska Institutet; Stockholm, Sweden; 480Gifu University Graduate School of Medicine; Division of Cardiology; Gifu, Japan; 481Howard Hughes Medical Institute; Division of Genetics;
Brigham and Women’s Hospital; Department of Genetics; Harvard Medical School; Boston, MA USA; 482Division of Medical Sciences; Humphrey Oei Institute of Cancer Research;
National Cancer Centre Singapore; Singapore; 483Department of Chemistry and Biology; Korea Science Academy of KAIST; Busan, Korea; 484The DAMP Laboratory;
Department of Surgery; Hillman Cancer Center; University of Pittsburgh Cancer Institute; University of Pittsburgh; Pittsburgh, PA USA; 485Department of Clinical Chemistry and
Laboratory Medicine; Kyushu University Graduate School of Medical Sciences; Fukuoka, Japan; 486Department of Immunology; St. Jude Children’s Research Hospital; Memphis, TN USA;
487
Department of Orthopaedic Surgery; Tohoku University School of Medicine; Miyagi, Japan; 488Division of Medical Oncology; Department of Internal Medicine; University of Medicine
and Dentistry of New Jersey; Robert Wood Johnson Medical School; Piscataway; and The Cancer Institute of New Jersey; New Brunswick, NJ USA; 489Central Arkansas Veterans
Healthcare System and Department of Medicine; University of Arkansas for Medical Sciences; Little Rock, AR USA; 490Division of Biochemistry; Institute for Chemical Research;
Kyoto University; Kyoto, Japan; 491Department of Biochemistry and Molecular Biology; College of Medicine; Chang Gung University; Taoyuan, Taiwan; 492B cell Molecular Immunology
Section; Laboratory of Immunoregulation; NIAID; National Institutes of Health; Bethesda, MD USA; 493Department of Laboratory Medicine and Pathology; University of Minnesota Cancer
Center; Minneapolis, MN USA; 494Fraunhofer Group “Extracorporeal Immune Modulation (EXIM)”; Division of Nephrology; Department of Internal Medicine; Rostock, Germany;
495
Department of Pharmacology; Wayne State University School of Medicine; Detroit, MI USA; 496Department of Molecular Biology; Genetic Engineering and Biotechnology Research
Institute; Menoufiya University; El-Sadat City, Egypt; 497Molecular Cell Biology; Groningen Biomolecular Sciences and Biotechnology Institute (GBB) & Kluyver Centre for Genomics of
Industrial Fermentation; University of Groningen; Haren, The Netherlands; 498Section of Cell and Developmental Biology; University of California, San Diego; La Jolla, CA USA;
499
Faculty of Pharmaceutical Sciences; Hokkaido University; Sapporo, Japan; 500Department of Biochemistry and Institute of Health Sciences; Gyeongsang National University School of
Medicine; JinJu, Korea; 501Department of Biochemistry, Molecular Biology & Biophysics; University of Minnesota; Minneapolis, MN USA; 502Cell Dysfunction Research Center (CDRC);
Department of Anatomy and Cell Biology; University of Ulsan College of Medicine; Seoul, Korea; 503Department of Brain Science; Daegu Gyeongbuk Institute of Science and Technology;
Daegu, Korea; 504Department of Dental Pharmacology; College of Dentistry; Wonkwang University; Chonbuk, South Korea; 505Department of Surgery; University of Florida; Gainesville,
FL USA; 506Fight against Angiogenesis-Related Blindness (FARB) Laboratory; Clinical Research Institute; Seoul National University & Department of Ophthalmology;
Seoul National University College of Medicine; Seoul, Korea; 507Department of Surgery; University of Ulsan College of Medicine and Asan Medical Center; Seoul, Korea;
508
Department of Human Genetics; University of Michigan; Ann Arbor, MI USA; 509Department of Biochemistry; University of Toronto; Toronto ON Canada;
510
Department of Biochemistry and Molecular Biology; University of Ulsan College of Medicine; Seoul, Korea; 511Ilsong Institute of Life Science; College of Medicine; Hallym University;
Chuncheon, Korea; 512Department of Microbiology; College of Medicine; Hallym University; Chuncheon, Korea; 513Department of Chemical Biochemical and Environmental Engineering;
University of Maryland, Baltimore County; Baltimore, MD USA; 514Department of Molecular Genetics; Weizmann Institute of Science; Rehovot, Israel; 515Division of Genomic Stability and
DNA Repair; Department of Radiation Oncology; Dana-Farber Cancer Institute; Harvard Medical School; Boston, MA USA; 516Tumour Cell Death Laboratory; Beatson Institute for Cancer
Research; Glasgow UK; 517Brown University; Department of Radiation Oncology; Warren Alpert Medical School and Rhode Island Hospital; Providence, RI USA; 518Merck Serono;
Merck KGaA; Darmstadt, Germany; 519University of Manitoba; Department of Pharmacology & Therapeutics; Institute of Cardiovascular Sciences; St. Boniface General Hospital Research
Centre; Winnipeg, MB Canada; 520Department of Biotechnology; University of Tokyo; Tokyo, Japan; 521Department of Molecular Miocrobiology and Immunology; Graduate School of
Biomedical Sciences; Nagasaki University; Nagasaki, Japan; 522Institute for Immunology; University of Munich; Munich, Germany; 523Department of Pharmacology and Toxicology;
University of Arizona; Tucson, AZ USA; 524Division of Molecular Neurology; University Hospital; Erlangen, Germany; 525Department of Cell Biology; Centro de Investigación Príncipe
Felipe; Valencia, Spain; 526Department of Anatomical and Cellular Pathology; The State Key Laboratory in Oncology in Southern China; The Chinese University of Hong Kong; Hong Kong,
China; 527Department of Neurology; University Medicine Göttingen; Göttingen, Germany; 528Department of Neurology; University of Ulsan College of Medicine; Seoul, Korea;
529
Department of Cell Biology and Neuroscience; Juntendo University School of Medicine; Tokyo, Japan; 530Protein Metabolism Project; Tokyo Metropolitan Institute of Medical Science;
Tokyo, Japan; 531Department of Biochemistry; Juntendo University School of Medicine; Tokyo, Japan; 532Biotechnology Research Division; National Fisheries Research and
Development Institute (NFRDI); Busan, Korea; 533Department of Otorhinolaryngology; Union Hospital of Tongji Medical College; Huazhong Science and Technology University;
Wuhan, China; 534Institute for Ageing and Health; Newcastle University; Newcastle upon Tyne UK; 535Graduate School of Biomedical Sciences; Hiroshima University; Hiroshima, Japan;
536
Department of Radiotherapy–Oncology; Democritus University of Thrace; Alexandroupolis, Greece; 537Max F. Perutz Laboratories; University of Vienna; Vienna, Austria;
538
Massachusetts General Hospital; Harvard Medical School; Department of Neurology; MassGeneral Institute for Neurodegenerative Disease; Charlestown, MA USA;
539
Departments of Neuroscience and Cell Biology; University of Texas Southwesten Medical Center; Dallas, TX USA; 540Centre de Génétique et de Physiologie Moléculaire et Cellulaire;
CNRS-UMR5534; Université Lyon I; Villeurbanne; Université de Lyon; Lyon, France; 541Department of Neurology; Brigham and Women’s Hospital; Harvard Medical School; Boston,
MA USA; 542Faculty of Medicine of the University of Paris Descartes; Paris, France; 543Institute for Medical Microbiology, Immunology and Hygiene; University of Cologne; Cologne,
Germany; 544Signaling Program; Babraham Institute; Cambridge UK; 545Division of Developmental Biology; Cincinnati Children’s Hospital Research Foundation; Cincinnati, OH USA;
546
Institute of Biochemistry and Biophysics; Polish Academy of Sciences; Warsaw, Poland; 547Department of Anatomical Sciences and Neurobiology; University of Louisville School of
Medicine; Louisville, KY USA; 548Department of Basic Sciences; The Commonwealth Medical College; Scranton, PA USA; 549Department of Pathology; St. Jude Children’s Research
Hospital; Memphis, TN USA; 550Department of Biochemistry & Molecular Medicine; University of California, Davis Cancer Center; Sacramento, CA USA; 551Department of Biotechnology;
Yonsei University; College of Life Science & Biotechnology; Seoul, Korea; 552Departments of Pediatrics, Cellular & Molecular Medicine, and Neurosciences; and the Institute for Genomic
Medicine; University of California, San Diego; La Jolla, CA USA; 553Rady Children’s Hospital; San Diego, CA USA; 554Center for Infection and Immunity of Lille; Institut Pasteur de Lille;
CNRS UMR8204; INSERM U1019; University Lille Nord de France; Lille, France; 555Laval Universtity Cancer Research Center; QB Canada; 556School of Biochemistry; University of Bristol;
University Walk; Bristol UK; 557Nuclear Organisation and Oncogenesis Unit; INSERM U993; Institut Pasteur; Paris, France; 558Department of Translational Medecine; Institut de Génétique
et de Biologie Moléculaire et Cellulaire (IGBMC); INSERM U964; CNRS UMR7104; Université de Strasbourg; Illkirch, France; 559School of Biomedical Sciences; The University of
Nottingham; Queen’s Medical Centre; Nottingham UK; 560Instituto de Biología Molecular y Celular del Cáncer; Consejo Superior de Investigaciones Científicas (CSIC);
Universidad de Salamanca; Salamanca, Spain; 561Institute of Health Sciences; Shanghai Jiao Tong University School of Medicine; Chinese Academy of Sciences; Shanghai, China;
562
Shanghai Institutes for Biological Sciences; Chinese Academy of Sciences; Shanghai, China; 563Translational Cancer Therapeutics Laboratory; Cancer Research UK London Research
Institute; London, England UK; 564Department of Internal Medicine; Yonsei University College of Medicine; Seoul, Korea; 565Department of Psychiatry; Nathan Kline Institute for
Psychiatric Research; New York University School of Medicine; Orangeburg, NY USA; 566Division of Life Sciences; University of Incheon; Incheon, Korea; 567Department of Medicine;
Samsung Medical Center; Seoul, Korea; 568Department of Pathology; College of Medicine; The Catholic University of Korea; Seoul, South Korea; 569 Department of Aging and Geriatrics;
Division of Biology of Aging; University of Florida; Gainesville, FL USA; 570University of Rennes-1; IRSET; INSERM U1085; Team DRaTE; Rennes, France; 571Centre de Génétique Moléculaire;
CNRS UPR3404 Université Paris Sud; Gif-sur-Yvette, France; 572Department of Biological Sciences; University of Arkansas; Fayetteville, AR USA; 573Department of Microbiology and
Immunology; College of Medicine; National Cheng Kung University; Tainan, Taiwan; 574Biomedical Sciences Institute; and Departments of Biochemistry and Molecular Biology; Shanghai
Medical College; Fudan University; Shanghai, China; 575Department of Microbiology and Immunology; Dartmouth Medical School; Lebanon, NH USA; 576Universidad de Santiago de
Compostela; Laboratorio de Parasitología; Instituto de Investigación y Análisis Alimentarios; La Coruña, Spain; 577Departments of Pharmaceutical & Biomedical Sciences and
Biochemistry & Molecular Biology; Medical University of South Carolina; Charleston, SC USA; 578Department of Biochemistry and Molecular Biology; APHP; University of Paris 11;
Inserm U1004; Villejuif, France; 579Department of Surgery and Cancer Biology; The University of Chicago; Chicago, IL USA; 580Department of Cancer Biology; University of Texas;
MD Anderson Cancer Center; Houston, TX USA; 581Department of Radiation Oncology; Rush University Medical Center; Chicago, IL USA; 583Department of Pharmacology;
476

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

453

Nathan Kline Institute for Psychiatric Research; New York University School of Medicine; Orangeburg, NY USA; 584Department of Genetics; University of Wisconsin; Madison, WI USA;
585
Department of General Surgery; The Central Hospital of Yongzhou City; Hunan, China; 586Key Laboratory of Insect Developmental and Evolutionary Biology; Institute of Plant
Physiology and Ecology; Shanghai, China; 587Department of Chemistry; Hanshan Normal University; Chaozhou, China; 588Department of Pharmacology; School of Basic Medical Sciences;
Peking University; Beijing, China; 589Department of Endocrinology; The First Affiliated Hospital of Harbin Medical University; Harbin, China; 590Department of Integrative Biology and
Pharmacology; University of Texas Health Science Center at Houston; Houston, TX USA; 591Department of Molecular Microbiology & Immunology; University of Southern California;
Keck School of Medicine; Los Angeles, CA USA; 592Cardiovascular Health Research Center; Sanford Research; University of South Dakota; and University of South Dakota Sanford School
of Medicine; Sioux Falls, SD USA; 593Institute of Cellular and Organismic Biology; Academia Sinica; Taipei, Taiwan; 594 Department of Molecular Pathololgy and Neuropathology;
Medical University Lodz; Lodz, Poland; 595Department of Biomedical Science & Technology; Konkuk University; Seoul, Korea; 596Department of Physiology; Yong Loo Lin School of
Medicine; National University of Singapore; Singapore; 597Department of Biochemistry; Cancer Research Institute and Infection Signaling Network Research Center; College of Medicine;
Chungnam National University; Daejeon, Korea; 598Institute of Clinical Medicine; College of Medicine; National Cheng Kung University; Tainan, Taiwan; 599Biotechnology Institute;
Zhejiang University; Hangzhou, China; 600Beijing NMR Center; College of Chemistry and Molecular Engineering; Peking University; Beijing, China; 601Department of Cancer Signaling;
Genentech; South San Francisco, CA USA; 602Department of Molecular and Cellular Biology; Baylor College of Medicine; Houston, TX USA; 603Institute of Biophysics; Federal University of
Rio de Janeiro; Rio de Janeiro, Brazil; 604The Eunice Kennedy Shriver National Institute of Child Health and Development; National Institutes of Health; Bethesda, MD USA;
605
Department of Stem Cell Biology; Kimmel Cancer Center; Thomas Jefferson University; Philadelphia, PA USA; and Breakthrough Breast Cancer Research Unit;
University of Manchester; Manchester UK; 606Department of Ophthalmology; Duke University; Durham, NC USA; 607Department of Neurology; Second Affiliated Hospital;
and Institute of Neuroscience; Soochow University; Suzhou, China; 608College of Life Science; Central China Normal University; Wuhan, China; 609Center for Cancer and Stem Cell Biology;
Institute of Biosciences and Technology; Texas A&M Health Science Center; Houston, TX USA; 610Department of Biochemistry and Cell Biology; Stony Brook University; Stony Brook,
NY USA; 611Metabolism & Cancer Susceptibility Section; Basic Research Laboratory; Center for Cancer Research; NCI–Frederick; Frederick, MD USA; 612Division of Natural Science;
College of Liberal Education; Shu-Te University; Taiwan; 613Department of Biology; Queens College and Graduate Center of CUNY; Flushing, NY USA; 614Departamento de Bioquímica y
Biología Molecular; Instituto Universitario de Oncología; Universidad de Oviedo; Oviedo, Spain; 615University of Turin; Turin, Italy; 616Department of Immunology; University of Pittsburgh;
Pittsburgh, PA USA; 617Department of Pathology; Stanford University School of Medicine; Stanford, CA USA; 618Department of Radiation Oncology; Thomas Jefferson University &
Hospitals; Philadelphia, PA USA; 619Department of Pathology; Albert Einstein College of Medicine; Bronx, NY USA; 620Laboratory of Systems Biology; Van Andel Research Institute; Grand
Rapids, MI USA; 621Ben May Department for Cancer Research; University of Chicago; Gordon Center for Integrative Sciences; Chicago, IL USA; 622Institute for Molecular Biosciences;
University of Graz; Graz, Austria; 623European Institute for Research in Cystic Fibrosis; San Raffaele Scientific Institute; Milan, Italy; 624Department of Biology; University of Modena and
Reggio Emilia; Modena, Italy; 625Medical Genetics Branch and UDP Translational Medicine; National Human Genome Research Institute; National Institutes of Health; Bethesda, MD USA;
626
San Raffaele Sulmona Institute; L’Aquila, Italy; 627Hefei National Laboratory for Physical Sciences at Microscale; and School of Life Sciences; University of Science & Technology of
China; Hefei, Anhui China; 628DZNE (German Center for Neurodegenerative Diseases); and CAESAR Research Center; Bonn, Germany; 629Pediatric Research and Electron Microscopy Unit;
Ruth and Bruce Rappaport Faculty of Medicine; Technion-Israel Institute of Technology; Haifa, Israel; 630Nanjing Agricultural University; College of Veterinary Medicine; Nanjing, China;
631
Department of Neurology; Emory University School of Medicine; Atlanta, GA USA; 632The Feinstein Institute for Medical Research; Manhasset, NY USA; 633University of Ottawa Heart
Institute; Ottawa, ON Canada; 634Department of Medical and Molecular Genetics; Kings College London; London UK; 635Department of Endocrinology and Metabolism; University of Pisa;
Pisa, Italy; 636School of Clinical Medicine; Cambridge Institute for Medical Research (CIMR); University of Cambridge; Cambridge, UK; 637Department of Genomics;
Agricultural Biotechnology Research Institute of Iran; Karaj, Iran; 638INSERM; U848; Institut Gustave Roussy; Villejuif (Paris), France; 639aInstitute of Molecular Biology and Biotechnology;
Foundation for Research and Technology–Hellas; Heraklion, Crete Greece; and 639bMedical School–University of Crete; Heraklion, Crete Greece; 640Department of Genetics;
The Smurfit Institute; Trinity College; Dublin, Ireland; 641University Montpellier 2; Institut des Sciences de l’Evolution; Montpellier, France; 642Department of Pharmacology;
University of Antwerp; Antwerp, Belgium; 643Neurodegenerative Diseases Research Group; Vall d’Hebron Research Institute-CIBERNED; Barcelona, Spain; 644Department of General
Pathology; University of Pisa; Pisa, Italy; 645National Institute of Health; Department of Therapeutic Research and Medicine Evaluation; Section of Cell Aging and Degeneration; Rome,
Italy; 646Laboratory of Toxicology; Osaka Prefecture University Graduate School of Life and Environmental Biosciences; Izumisano, Japan; 647Department de Biochimie; Université de
Lausanne; Lausanne, Switzerland; 648Institute of Developmental Biology and Cancer Research; University of Nice; CNRS-UMR 6543; Centre Antoine Lacassagne; Nice, France;
649
Departments of Urology and Cancer Biology; University of Texas MD Anderson Cancer Center; Houston, TX USA; 650Malaghan Institute of Medical Research; Wellington, New Zealand;
651
Department of Biomedical Science; Bond University; Robina, Queensland Australia; 652Department of Pathobiology; Lerner Research Institute; Cleveland Clinic; Cleveland, OH USA;
653
Cork Cancer Research Centre; University College, Cork; Cork, Ireland; 654Department of Neurology; Vanderbilt University; Nashville, TN USA; 655Departments of Pediatrics and
Biochemistry & Molecular Biology; The Atlantic Research Centre; Dalhousie University; Halifax, NS Canada; 656Department of Medical Biochemistry; Academic Medical Center;
Amsterdam, The Netherlands; 657The Graduate Center of the City University of New York; New York, NY USA; 658Department of Cell Biology; Yale University; New Haven, CT USA;
659
IDI-IRCCS Laboratory; University Tor Vergata; Rome, Italy; 660Department of Neurobiology; Hospital Ramon y Cajal; Madrid, Spain; 661Catalan Institute of Oncology (ICO);
Girona Biomedical Research Institute (IDIBGi); Catalonia, Spain; 662Laboratório de Biologia Celular; Instituto Oswaldo Cruz–FIOCRUZ; Rio de Janeiro, RJ Brasil; 663Department of Medical
Genetics; Cambridge Institute for Medical Research; University of Cambridge; Cambridge UK; 664Department of Hematology/Oncology; University of Cincinnati; Cincinnati, OH USA;
665
Department of Biochemistry and Molecular Biology; Thomas Jefferson University; Philadelphia, PA USA; 666Bernhard-Nocht-Institut für Tropenmedizin; Tropenmedizinische
Grundlagenforschung; Hamburg, Germany; 667Department of Pharmacology; Second Military Medical University; Shanghai, China; 668Institute of Developmental Biology; School of Life
Science; Shandong University; Jinan, China; 669URBC-NARILIS; University of Namur–FUNDP; Namur, Belgium; 670Department of Molecular Immunology and Gene Therapy;
Max-Delbrück-Center for Molecular Medicine; Berlin, Germany; 671Department of Human Pathology and Oncology; Section of Pathological Anatomy; University of Siena; Siena, Italy;
672
Lab of Integrin Signaling; Van Andel Research Institute; Grand Rapids, MI USA; 673First Department of Internal Medicine; Democritus University of Thrace; Alexandroupolis, Greece;
674
Department of Biochemistry; Tokyo Medical University; Tokyo, Japan; 675Department of Physiology and Cell Biology; Tokyo Medical and Dental University; Tokyo, Japan;
677
Department of Clinical and Experimental Medicine; Division of Cell Biology; Linköping University; Linköping, Sweden; 678Grup de Recerca en Patologia Pancreatica; Institut de Recerca
Hospital Universitari Vall d’Hebron; Barcelona, Spain; 679Ecole Normale Supérieure de Lyon; Laboratory of Molecular Biology of the Cell; CNRS UMR 5239; Lyon; France;
680
Center for Medical Science; International University of Health and Welfare; Tochigi, Japan; 681Department of Internal Medicine; University of Iowa; Iowa City, IA USA;
682
Department of Anatomy and Neurobiology; University of Maryland; Baltimore, MD USA; 683Plymouth Marine Laboratory; Plymouth UK; 684Systems Biology of Personalized Therapy;
Virology Department; Faculty of Microbiology and Centro de Investigación en Estructuras Microscópicas CIEMIC; University of Costa Rica; Costa Rica; 685Department of Regulatory
Biology; Graduate School of Science and Engineering; Saitama University; Saitama, Japan; 686Section of Microbiology; Centre for Molecular Microbiology and Infection; Imperial College
London; London UK; 687Wellcome Trust Centre for Molecular Parasitology; Institute of Infection; Immunity and Inflammation; College of Medical, Veterinary and Life Sciences;
University of Glasgow; Glasgow UK; 688Department of Neuroscience; Georgetown University Medical Center; Washington D.C. USA; 689Division of Infectious Diseases; Brigham and
Women’s Hospital; and Department of Medicine; Harvard Medical School; Boston, MA USA; 690Viral Immunobiology; Institute of Experimental Immunology; University of Zürich;
Zürich, Switzerland; 691Novartis Institutes for Biomedical Research; Cambridge, MA USA; 692Molecular and Cellular Oncogenesis; The Wistar Institute; Philadelphia, PA USA;
693
DAHFMO-Unit of Histology and Medical Embryology; Sapienza University of Rome; Rome, Italy; 694Department of Obstetrics and Gynecology; Washington University School of
Medicine; St. Louis, MO USA; 695Department of Neurology; Tokai University School of Medicine; Kanagawa, Japan; 696Laboratory of Molecular and Cellular Biology; Faculty of Life
Sciences; Kyoto Sangyo University; Kyoto, Japan; 697Central Laboratory of Hematology; University Hospital of Lausanne; Lausanne, Switzerland; 698Department of Neurobiology;
Gifu University Graduate School of Medicine; Gifu, Japan; 699Department of Immunology; Juntendo University School of Medicine; Tokyo, Japan; 700Frontier Research Center;
Tokyo Institute of Technology; Yokohama, Japan; 701Department of Cell Biology, Microbiology, and Molecular Biology; University of South Florida; Tampa, FL USA;

© 2012 Landes Bioscience.
Do not distribute.

454

Autophagy

Volume 8 Issue 4

702

Biochemistry Section; Surgical Neurology Branch; National Institute of Neurological Disorders and Stroke; National Institutes of Health; Bethesda, MD USA; 703Cancer Research UK;
Cambridge Research Institute; Li Ka Shing Centre; Cambridge UK; 704Department of Medicine; Radboud University Nijmegen Medical Centre; Nijmegen, The Netherlands;
705
Department of Genetics, Cell Biology & Development; University of Minnesota; Minneapolis, MN USA; 706Department of Cell & Molecular Biology; Lindsley F. Kimball Research
Institute; New York Blood Center; New York, NY USA; 707Department of Medical Genetics; University of Tuebingen; Tuebingen, Germany; 708Department of Medical Microbiology,
Immunology, and Cell Biology; Southern Illinois University School of Medicine; Simmons Cancer Institute; Springfield, IL USA; 709Department of Neuromuscular Research;
National Institute of Neuroscience; National Center of Neurology and Psychiatry (NCNP); Kodaira, Tokyo Japan; 710Donnelly Centre; Banting and Best Department of Medical Research
and the Department of Molecular Genetics; University of Toronto; Toronto, ON Canada; 711Department of Neuroscience; College of Medicine; McKnight Brain Institute of the University
of Florida; Gainesville, FL USA; 712School of Medicine; University of Split; Split, Croatia; 713Department of Parasitology; National Institute of Infectious Diseases; Tokyo, Japan;
and University of Tsukuba; Ibaraki, Japan; 714Laboratory for Structural Neuropathology; RIKEN Brain Science Institute; Wako, Saitama Japan; 715Center for Plant Molecular Biology;
Eberhard-Karls-University; Tübingen, Germany; 716Departments of Pathology & Laboratory Medicine; University of Wisconsin; Madison; WI USA; 717Department of Physiology;
South Texas Research Facility; University of Texas Health Science Center; San Antonio, TX USA; 718Department of Microbiology and Immunology; Institute of Medical Science; University
of Tokyo; Tokyo, Japan; 719Department of Gene Therapy; Institute of DNA Medicine; The Jikei University School of Medicine; Tokyo, Japan; 720Department of Pediatrics;
The Jikei University School of Medicine; Tokyo, Japan; 721Laboratory of Mitochondrial Dynamics; Graduate School of Frontier Biosciences; Osaka University; Osaka, Japan;
722
Department of Radiation Oncology; Case Western Reserve University; Cleveland, OH USA; 723Department of Biochemistry; and Environmental Health Sciences; Case Western Reserve
University; Cleveland, OH USA; 724University of Copenhagen; Department of Agriculture and Ecology; Frederiksberg C, Denmark; 725Ecole Polytechnique Fédérale de Lausanne;
School of Life Sciences; Global Health Institute; Lausanne, Switzerland; 726Sanford-Burnham Medical Research Institute at Lake Nona; Orlando FL USA; 727Pacific Biosciences Research
Center; University of Hawaii; Honolulu, HI USA; 728Cardiovascular Division; King’s College London; London UK; 729AC Immune SA; Ecole Polytechnique Fédérale de Lausanne (EPFL);
Lausanne, Switzerland; 730INSERM U775; Université Paris Descartes; Paris, France; 731Department of Microbiology, Immunology and Parasitology; Louisiana State University Health
Sciences Center; School of Medicine; New Orleans, LA USA; 732Department of Neurology; Baylor College of Medicine; Houston, TX USA; 733Department of Genetics; Louisiana State
University Health Sciences Center; New Orleans, LA USA; 734Department of Cell Biology and Biophysics; University of Athens; Panepistimiopolis Zografou, Athens Greece;
735
Molecular & Clinical Pharmacology; Faculty of Medicine; University of Chile; Santiago, Chile; and Santo Tomas University; Viña del Mar, Chile; 736Division of Biological Science and
Technology; Yonsei University; Wonju, Korea; 737Departmenet of Internal Medicine; University of Goettingen; Göttingen, Niedersachsen Germany; 738UNC Mcallister Heart Institute;
University of North Carolina at Chapel Hill; Chapel Hill, NC USA; 739Department of Dermatology and the Yale Cancer Center; Yale School of Medicine; New Haven, CT USA;
740
Institute of Entomology; Central China Normal University; Wuhan, China; 741Department of Pediatrics; University of Pittsburgh School of Medicine and Children’s Hospital of
Pittsburgh; Pittsburgh, PA USA; 742Department of Ecology; University of Calabria; Rende, CS Italy; 743Department of Biology; College of Sciences; University of Texas at San Antonio;
San Antonio, TX USA; 744Cancer and Stem Cell Biology Program; Duke-NUS Graduate Medical School; Singapore; 745Institute of Biochemistry; ETH Zurich; Zurich, Switzerland;
746
Department of Medical Oncology; VU University Medical Center; Amsterdam, The Netherlands; 747Department of Biology; University of Copenhagen; Copenhagen, Denmark;
748
Departments of Ophthalmology and Biochemistry and Molecular Biology; University of Debrecen; Medical and Health Science Center; Debrecen, Hungary;
749
GéPITOs UMR 6235 CNRS; Faculté de Médecine; Université de Nice Sophia Antipolis; Nice, France; 750CNRS; UMR 8122; Institut Gustave Roussy; Villejuif, France;
751
Department of Neurobiology; Tel-Aviv University; Ramat-Aviv, Tel-Aviv Israel; 752Neuroscience Institute Cavalieri-Ottolenghi (NICO); University of Turin; Orbassano, TO Italy;
753
Jules Stein Eye Institute; University of California Los Angeles; Los Angeles, CA USA; 754Robert H. Lurie Comprehensive Cancer Center and Division of Hematology/Oncology;
Northwestern University Medical School; Chicago, IL USA; 755Institute of Microbiology and Genetics; Department Genetics of Eukaryotic Microorganisms; Georg-August-University;
Goettingen, Germany; 756Institut Claudius Regaud; Toulouse, France; 757Universita’ degli Studi di Milano; Dipartimento di Endocrinologia; Fisiopatologia e Biologia Applicata; Centro di
Eccellenza sulle Malattie Neurodegenerative; Universita’ degli Studi di Milano; Milano, Italy; 758EA4530; Dynamique des microtubules en physiopathologie;
Université Paris-Sud 11; Chatenay-Malabry, France; 759Centro Andaluz de Biología Molecular y Medicina Regenerativa; CSIC; Sevilla, Spain; 760Department of Molecular and Cellular
Biochemistry; The Ohio State University; Columbus, OH USA; 761Division of Experimental Medicine; Beth Israel Deaconess Medical Center; Harvard Medical School; Boston, MA USA;
762
Institute for Research in Ophthalmology (IRO); Sion, Switzerland; 763Center for Molecular Microbiology and Department of Oral Biology; University of Florida; Gainesville, FL USA;
764
Department of Molecular Biology; University of Tuebingen; Tuebingen, Germany; 765Center for Motor Neuron Biology and Disease; Columbia University; New York, NY USA;
766
Cardiovascular Research Institute and Departments of Physiology & Emergency Medicine; Wayne State University School of Medicine; Detroit, MI USA; 767Laboratory of Cell Biology;
National Heart, Lung, and Blood Institute; National Institutes of Health; Bethesda, MD USA; 768Division of Nutritional Sciences; Cornell University; Ithaca, NY USA;
769
Institute of Basic Medical Sciences & School of Basic Medicine; Chinese Academy of Medical Sciences and Peking Union Medical College; Departments of Physiology & Pathology;
Beijing, China; 770Department of Pharmacology; Soochow University School of Pharmaceutical Science; Suzhou, China; 771The Samuel Lunenfeld Research Institute;
University of Toronto; Toronto, ON Canada; 772Arthritis and Rheumatism Branch; National Institute of Arthritis and Musculoskeletal and Skin Diseases; National Institutes of Health;
Bethesda, MD USA; 773Department of Medicine; University of British Columbia; Vancouver, BC Canada; 774Department of Environmental Medicine; Lung Biology and Disease Program;
University of Rochester Medical Center; Rochester, NY USA; 775Institute of Cellular and Molecular Anatomy; Clinics of the JWG-University; Frankfurt, Germany; 776Monash Micro Imaging;
Monash University; Clayton Campus; Melbourne, Victoria; Australia; 777Department of Microbiology; The University of Chicago; Chicago, IL USA; 778MRC Laboratory of Molecular Biology;
Cambridge UK; 779Laboratory of Biochemistry; Center for Drug Evaluation and Research; Food and Drug Administration; Bethesda, MD USA; 780Department of Pharmacology and Cancer
Biology; Duke University Medical Center; Durham, NC USA; 781Neurodegenerative Disease Research; EMD Serono Research Institute, Inc.; Billerica, MA USA; 782Department of Pathology,
Microbiology, and Immunology; University of South Carolina School of Medicine; Columbia, SC USA; 783Department of Biology; University of Waterloo; Waterloo, ON Canada;
784
Division of Tumor Virology; German Cancer Research Center; Heidelberg and Department of Biology; University of Mainz; Mainz, Germany; 785Mitochondrial Biology;
Buchmann Institute for Molecular Life Sciences; and Mitochondriale Biologie; Zentrum für Molekulare Medizin; Goethe Universität Frankfurt am Main; Frankfurt am Main, Germany;
786
Institute of Environmental Health Sciences; Wayne State University; Detroit, MI USA; 787Pharmacology; University of Wyoming College of Health Sciences; Laramie, WY USA;
788
Kovler Diabetes Center; University of Chicago; Chicago, IL USA; 789Departamento de Morfologia; Universidade Federal de Minas Gerais; Minas Gerais, Brasil;
790
Department of Pediatrics; Cincinnati Children’s Hospital; Cincinnati, OH USA; 791Department of Biochemistry and Molecular Biology; University of British Columbia; Vancouver,
BC Canada; 792Department of Urology; Comprehensive Cancer Center; University of Michigan; Ann Arbor, MI USA; 793Service de Dermatologie; Hôpital Archet II; CHU Nice, France;
794
Centro de Investigaciones Biológicas (CSIC) and Ciber de Enfermedades Raras; Madrid, Spain; 795Ophthalmology, and Neurosciences Division; Medical University of South Carolina;
Charleston, SC USA; 796Department of Pharmaceutical and Biomedical Sciences; South Carolina College of Pharmacy; University of South Carolina; Columbia, SC USA;
797
Department of Animal Histology and Embryology; University of Silesia; Katowice, Poland; 798Unité de Recherche 04; Vieillissement; Stress et Inflammation; Université Pierre et Marie
Curie (UPMC); Paris, France; 799Department of Radiation Oncology (Maastro Lab); GROW School for Oncology & Developmental Biology; Maastricht University; Maastricht,
The Netherlands; 800Departments of Molecular Genetics and Anatomic Pathology; Cleveland Clinic; Lerner Research Institute; Taussig Cancer Center; Cleveland, OH USA;
801
Institute for Medical Microbiology, Virology and Hygiene; University Medical Center Eppendorf; Hamburg, Germany; 802Dearptment of Clinical Biochemisty and National Institute of
Biotechnology Negev; Ben-Gurion University; Beer-Sheva, Israel; 803Department of Medical Biology and Genetics; Faculty of Medicine in Hradec Králové; Charles University;
Hradec Králové, Czech Republic; 804Boston University; School of Medicine; Section of Molecular Medicine; Boston, MA USA; 805Department of Pharmacobiology; University of Calabria;
Arcavacata di Rende; Italy; 806Department of Biology; Massachusetts Institute of Technology; Whitehead Institute; Cambridge, MA USA; 807Whitehead Institute; Cambridge, MA USA;
808
Department of Cell Biology and Molecular Medicine; Cardiovascular Research Institute; University of Medicine and Dentistry of New Jersey–New Jersey Medical School; Newark, NJ USA;
809
Department of Diagnostic and Therapeutic Sciences; Meikai University School of Dentistry; Sakado, Japan; 810Division of Applied Life Sciences; Graduate School of Agriculture;
and Research Unit for Physiological Chemistry; the Center for the Promotion of Interdisciplinary Education and Research; Kyoto University; Kyoto, Japan;

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

455

811
Department of Systems Biology; Agricultural Biotechnology Research Institute of Iran; Karaj, Iran; 812Samantha Dickson Brain Cancer Unit; UCL Cancer Institute; London UK;
Division of Neuroscience; Beckman Research Institute of the City of Hope; Duarte, CA USA; 814Department of Hematology, Oncology and Molecular Medicine; Istituto Superiore di
Sanità; Rome, Italy; 815Centro Andaluz de Biología del Desarrollo (CABD); Universidad Pablo de Olavide-Consejo Superior de Investigaciones Científicas-Junta de Andalucía; Sevilla, Spain;
816
Laboratorio de Oncologia Molecular; CRIB-PcyTA; Universidad de Castilla la Mancha; Albacete, Spain; 817Dulbecco Telethon Institute; 818Venetian Institute of Molecular Medicine;
Padova, Italy; 819Department of Pharmacology and Toxicology; James Graham Brown Cancer Center and Owensboro Cancer Research Program; University of Louisville; Louisville, KY USA;
820
Department of Pediatrics; Stanford University; Stanford, CA USA; 821Department of Immunology and Microbiology; Albert Einstein College of Medicine; Bronx, NY USA;
822
Jawaharlal Nehru University; School of Life Sciences; New Delhi, India; 823Departments of Immunology and Surgery; Stanford University; Stanford, CA USA;
824
Department of Biochemistry and Biophysics; Vilnius University; Vilnius, Lithuania; 825Laboratory of Molecular Traffic; Institute for Molecular and Cellular Regulation; Gunma University;
Maebashi, Gunma Japan; 826Division of Gastroenterology and Hepatology; University Hospital Zürich; Zürich, Switzerland; 827Departments of Veterinary Sciences and Molecular Biology;
University of Wyoming; Laramie, WY USA; 828Departments of Genome Analysis and Neurology; Academic Medical Center; Amsterdam, The Netherlands;
829
Sektion Experimentelle Anästhesiologie; Universitätsklinikum Ulm; Ulm, Germany; 830Experimental Tumor Patholology; Institute of Pathology; University of Erlangen-Nürnberg;
Erlangen, Germany; 831Department of Cellular Biology and Anatomy; Medical College of Georgia; Augusta, GA USA; 832Ecole Polytechnique Fédérale de Lausanne (EPFL); Lausane,
Switzerland; 833DAGZ; Department of Applied Genetics and Cell Biology; University of Natural Resources and Life Sciences Vienna (BOKU); Vienna, Austria;
834
Memorial Hospital Research Laboratories; Memorial Sloan-Kettering Cancer Center; Medicine; New York, NY USA; 835Department of Cell Physiology and Medicine; University of Geneva;
Geneva, Switzerland; 836Department of Molecular Physiology and Biophysics; and Department of Cancer Biology; Vanderbilt University School of Medicine; Nashville, TN USA;
837
Department of Cell Biology; Institute for Cancer Research; Rikshospitalet-Radiumhospitalet HF; Montebello, Oslo Norway; 838Molecular & Clinical Pharmacology; Faculty of Medicine;
University of Chile; Santiago, Chile; 839INRA; UR1067 Nutrition Métabolisme et Aquaculture; Saint-Pée-sur-Nivelle, France; 840Department of Surgery; St. Jude Children’s Research Hospital;
Memphis, TN USA; 841Department of Pathology; Drexel University College of Medicine; Philadelphia, PA, USA; 842Integrating Proteomics & Metabolomics Research Team; Korea Basic
Science Institute; Seoul, Korea; 843Department of Pharmaceutical Sciences; Wayne State University College of Pharmacy; Detroit, MI USA; 844Department of Dermatology; University of
Wisconsin School of Medicine & Public Health; Madison, WI USA; 845The Near-Future Locomoter Organ Medicine Creation Course (Kusunoki Kai); Graduate School of Medical
and Dental Science; Kagoshima University; Kagoshima, Japan; 846Department of Pathology; University of Alabama at Birmingham, and Birmingham VAMC; Birmingham, AL USA;
847
Department of Orthopaedic Surgery; Jefferson Medical College; Thomas Jefferson University; Philadelphia, PA USA; 848Department of Biochemistry and Molecular Biology; IMRIC;
The Hebrew University-Hadassah Medical School; Jerusalem, Israel; 849Howard Hughes Medical Institute; Molecular and Cell Biology Laboratory; The Salk Institute for Biological Studies;
La Jolla, CA USA; 850Critical Care Medicine Department; Clinical Center; National Institutes of Health; Bethesda, MD USA; 851Department of Epidemiology and Public Health; Yong Loo Lin
School of Medicine; National University of Singapore; Singapore; 852University of Southern California School of Pharmacy; Los Angeles, CA USA; 853Synaptic Function Section;
National Institute of Neurological Disorders and Stroke; National Institutes of Health; Bethesda, MD USA; 854Division of Pediatric Surgery; Department of Surgery; Medical College of
Wisconsin; Milwaukee, WI USA; 855National Institute of Floricultural Science; National Agriculture and Food Research Organization (NARO); Tsukuba, Japan; 856Laboratory of Molecular and
Cellular Biology; Graduate School of Human Health Science; University of Nagasaki; Nagayo, Nagasaki Japan; 857Institute of Biomedical Sciences; College of Life Sciences; National Chung
Hsing University; Taichung, Taiwan; 858Department of Biochemistry; School of Medicine; Taipei Medical University; Taipei, Taiwan; 859Department of Pathological Cell Biology;
Tokyo Medical and Dental University; Tokyo, Japan; 860Laboratory of Bioindustrial Genomics; Graduate School of Agricultural Science; Tohoku University; Miyagi, Japan;
861
Department of Pharmacology and Experimental Therapeutics; Tufts University School of Medicine; Boston, MA USA; 862Department of Biochemistry and Goodman Cancer Center;
McGill University; Montreal, QB Canada; 863Institute of Cell Biology; National Academy of Sciences of Ukraine; Lviv, Ukraine; and University of Rzeszow; Rzeszow, Poland;
864
Cancer Genetics; Kolling Institute of Medical Research; University of Sydney and Royal North Shore Hospital; New South Wales, Australia; 865MRC Human Immunology Unit;
Weatherall Institute of Molecular Medicine; University of Oxford; Oxford UK; 866Nuffield Department of Medicine; Oxford, UK; 867Institute of Pharmacology; University of Bern; Bern,
Switzerland; 868Laboratory of Signal-Dependent Transcription; DTP; Consorzio Mario Negri Sud; Santa Maria Imbaro (Ch); Italy; and IRCCS “Saverio de Bellis”; Castellana Grotte (Ba), Italy;
869
Department of Biochemistry; Institute of Basic Medical Sciences; University of Oslo; Oslo, Norway; 870Department of Genetics; Harvard Medical School; Boston, MA USA;
871
Department of Medicine and Diabetes Research Center; Albert Einstein College of Medicine; Bronx, NY USA; 872Wilmer Eye Institute; Johns Hopkins University School of Medicine;
Baltimore, MD USA; 873Division of Oncology; Mayo Clinic and Mayo Cancer Center; Rochester, MN USA; 874Department of Health Technology and Informatics; Hong Kong Polytechnic
University; Hung Hom; Kowloon, Hong Kong China; 875Department of Biochemistry and Microbiology; Institute of Chemical Technology; Prague, Czech Republic;
876
A.N. Belozersky Institute of Physico-Chemical Biology; Moscow State University; Moscow, Russia; 877Department of Pharmacology; Federal University of São Paulo; School of Medicine;
São Paulo, Brazil; 878Institute of Molecular Biosciences and Center for Emerging and Neglected Infectious Diseases; Mahidol University; Thailand; 879Melanoma Laboratory;
Spanish Cancer Research Centre; Madrid, Spain; 880Department of Biochemistry; University of Geneva; Geneva, Switzerland; 881Department of Neurology; The Second Hospital of Hebei
Medical University; Institute of Cardiocerebrovascular Disease; and Neurological Laboratory of Hebei Province; Shijiazhuang, Hebei China; 882Departments of Gynecologic Oncology and
Cancer Biology; Center for RNA Interference and Non-Coding RNA; MD Anderson Cancer Center; Houston, TX USA; 883Pediatric Infectious Disease; University of California, San Diego;
La Jolla, CA USA; and Rady Children’s Hospital; San Diego, CA USA; 884Department of Anaesthesiology and Intensive Care Medicine; Campus Virchow-Klinikum and Campus Charité Mitte;
Charité-Universitaetsmedizin Berlin; Berlin, Germany; 885Department of Neuroscience; Mayo Clinic; Jacksonville, FL USA; 886Department of Biology; Indian Institute of Science Education
and Research; Trivandrum, Kerala India; 887Laboratory of Neurodegenerative Diseases; Biomedical Research Foundation of the Academy of Athens; Athens, Greece;
888
Department of Psychiatry and Human Behavior; University of California, Irvine; Irvine, CA USA; 889Department of Neurosurgery; Charité–University Medicine Berlin; Berlin, Germany;
890
Division of Medicine; University College London; UK; 891Nanotechnology Characterization Laboratory; Advanced Technology Program; SAIC-Frederick, Inc.; NCI–Frederick; Frederick,
MD USA; 892Laboratory of Translational Research; Clinical Research; National Cancer Institute of Brazil; Rio de Janeiro, Brazil; 893Institute of Molecular Medicine; Heinrich-Heine-University;
Düsseldorf, Germany; 894Departments of Ophthalmology and Medicine; Case Western Reserve University School of Medicine; Institute of Pathology; Cleveland, OH USA; 895Department of
Colorectal Surgery and Key Laboratory of Biotherapy of Zhejiang Province; Sir Run Run Shaw Hospital; Zhejiang University; Hangzhou, Zhejiang China; 896Department of Psychiatry;
Columbia University Medical Center; New York, NY USA; 897Department of Microbiology and Immunology; University of Texas Medical Branch; Galveston, TX USA; 898The State Key
Laboratory Breeding Base of Basic Science of Stomatology (Hubei-MOST); Key Laboratory of Oral Biomedicine Ministry of Education; School & Hospital of Stomatology; Wuhan University;
Wuhan, China; 899Institute of Digestive Diseases; Li Ka Shing Institute of Health Science and Department of Medicine & Therapeutics; The Chinese University of Hong Kong;
Hong Kong, China; 900Bioimaging Center; Graduate School of Frontier Sciences; University of Tokyo; Chiba, Japan; 901Department of Molecular Bacteriology and Immunology;
Graduate School of Medicine; University of the Ryukyus; Okinawa, Japan; 902Department of Microbiology and Immunology; University of Michigan; Ann Arbor, MI USA;
903
Department of Biology; University of York; Heslington, York UK; 904Department of Cell & Developmental Biology; Consortium for Mitochondrial Research; University College London;
London UK; 905Division of Cardiology; Department of Medicine; The University of Texas Medical School at Houston; Houston, TX USA; 906Department of Experimental Medicine;
University of Rome “Sapienza”; Rome, Italy; 907Department of Genetics; Eötvös Loránd University; Budapest, Hungary; 908Laboratory of Plant Pathology; Graduate School of Agriculture;
Kyoto University; Kyoto, Japan; 909Department of Bioscience & Biotechnology; Kyushu University; Kyushu, Japan; 910Department of Molecular Biodefense Research; Yokohama City
University Graduate School of Medicine; Yokohama, Japan; 911School of Biosciences; University of Exeter; Exeter UK; 912Department of Microbiology; Yong Loo Lin School of Medicine;
National University of Singapore; Singapore; 913Department of Molecular Oncology; Institute of Development, Aging and Cancer; Tohoku University; Miyagi, Japan;
914
State Key Laboratory of Plant Cell and Chromosome Engineering; Chinese Academy of Sciences; Beijing, China; 915Institute of Genetics and Developmental Biology;
Chinese Academy of Sciences; Beijing, China; 916Laboratory of Biomembranes; Department of Biochemistry and Cell Biology; National Institute of Infectious Diseases; Tokyo, Japan;
917
Laboratory of Experimental Therapeutics and Molecular Imaging; Neuroscience Center; Massachusetts General Hospital and Harvard Medical School; Charlestown, MA USA;
918
CRUK Institute for Cancer Studies; University of Birmingham; Birmingham UK; 919Departments of Medicine; Molecular Genetics and Microbiology; Division of Geriatrics;
813

© 2012 Landes Bioscience.
Do not distribute.

456

Autophagy

Volume 8 Issue 4

and Center for the Study of Aging and Human Development; Duke University Medical Center; Durham, NC USA; and GRECC; VA Medical Center; Durham, NC USA;
Developmental Neurobiology; St. Jude Children’s Research Hospital; Memphis, TN USA; 921Department of Clinical Pathology and Cytology; Karolinska University Hospital in Huddinge;
Stockholm, Sweden; 922Department of Biotechnology and Life Sciences; University of Insubria; Varese, Italy; 923Centre of Microbial and Plant Genetics (CMPG); Katholieke Universiteit
Leuven; Leuven, Belgium; 924Department of Pharmacology; University of Colorado School of Medicine; Denver, CO USA; 925Department Biochemistry II; Georg-August-Universitaet;
Goettingen, Germany; 926Department of Neurology; Okayama University Medical School; Okayama City, Japan; 927Department of Biochemistry; University of Cambridge; Cambridge UK;
928
Secretory Pathways Laboratory; Cancer Research UK London Research Institute; London UK; 929Faculty of Life Sciences; University of Manchester; Manchester, Lancashire UK;
930
Molecular and Computational Biology Program; University of Southern California; Los Angeles, CA USA; 931Institute of Microbiology and Immunology; School of Medicine;
University of Belgrade; Belgrade, Serbia; 932Laboratory of Respiration Physiology; Carlos Chagas Filho Biophysics Institute; Federal University of Rio de Janeiro; Rio de Janeiro, Brasil;
933
Department of Life Sciences and Institute of Genome Sciences; National Yang-Ming University; Taipei, Taiwan; 934Experimental Oncology/Hematology; Departments of Clinical Research
and Medical Oncology; Inselspital; Bern University Hospital; Bern, Switzerland; 935Laboratory of Immunology; Graduate School of Biomedical Sciences; Tokyo Medical and Dental
University; Tokyo, Japan; 936Division of Transplantation and Division of Surgical Oncology; University of Pittsburgh Medical Center; Pittsburgh, PA USA; 937Department of Biochemistry and
Molecular and Structural Biology; J. Stefan Institute; Ljubljana, Slovenia; 938Department of Biology; Francis Marion University; Florence, SC USA; 939Department of Physiology and Biophysics
School of Medicine; University of Louisville; Louisville, KY USA; 940Department of Neurology; Jungers Center for Neurosciences Research; Oregon Health & Science University; Portland,
OR USA; 941IRCCS Casa Sollievo della Sofferenza; CSS–Mendel Laboratory; San Giovanni Rotondo; and University of Messina; Messina, Italy; 942Mann Laboratory; Department of Plant
Sciences; University of California; Davis, CA USA; 943Microbiology and Immunology Departments; University of Colorado School of Medicine; Aurora, CO USA; 944Departments of Molecular
and Cell Biololgy and Immunology/Surgery; VU University Medical Center; Amsterdam, The Netherlands; 945Liver Cell Biology Laboratory; Department of Cell Biology; Vrije Universiteit
Brussel; Brussels, Belgium; 946Molecular Signalling and Cell Death Unit; Department for Molecular Biomedical Research; VIB; Ghent University; Ghent, Belgium; 947Department of Neurology;
University Hospitals Leuven; Leuven, Belgium; 948Hospital Clínic; Division of Gastroenterology; CiberEHD; Barcelona; Catalonia Spain; 949Department of Biochemistry and Molecular Biology
I; Complutense University; School of Biology; Madrid, Spain; 950Department of Biochemistry and Molecular Biology; Autonomous University of Barcelona (UAB); and Catalan Institution for
Research and Advanced Studies (ICREA); Barcelona, Spain; 951INSERM U1048; Toulouse, France; 952Department of Pediatrics; Laboratory of Oncohematology; University of Padova; Padova,
Italy; 953Experimental Neurorehabilitation Lab; IRCSS Santa Lucia Foundation; Rome, Italy; 954Laboratory of Plant Ecological Physiology; Komarov Botanical Institute; Russian Academy of
Sciences; St. Petersburg, Russia; 955Visual Neuroscience & Molecular Biology Group; School of Optometry & Vision Sciences; Cardiff University; Cardiff UK;
956
Texas A&M Institute for Biosciences and Technology; Houston, TX USA; 957Molecular Biology & Biochemistry; University of California, Irvine; Irvine, CA USA; 958Department of Neurology;
University of Bonn; Bonn, Germany; 959Department of Medical Oncology; the 3rd Affiliated Hospital of Sun Yat-sen University; Guangzhou, China; 960The Cleveland Clinic Foundation;
Biomedical Engineering; Cleveland; OH USA; 961Department of Stem Cell Biology & Regenerative Medicine; Thomas Jefferson University; Philadelphia, PA USA;
962
Department of Cell Biology; Duke University Medical Center; Durham, NC USA; 963Department of Emergency Medicine; North Shore University Hospital; Manhasset, NY USA;
964
Institute of Biotechnology and Department of Life Science; National Tsing Hua University; HsinChu, Taiwan; 965Department of Dermatology; University of Texas Southwestern Medical
Center; Dallas, TX USA; 966Protein Quality Control and Degradation Research Center; Division of Basic Biomedical Sciences; Sanford School of Medicine of the University of South Dakota;
Vermillion, SD USA; 967Department of Environmental and Occupational Health; National Cheng Kung University; Medical College; Tainan, Taiwan; 968Institute of Medicinal Biotechnology;
Chinese Academy of Medical Sciences & Peking Union Medical College; Beijing, China; 969Department of Cancer Biology; Dana-Farber Cancer Institute; Harvard Medical School; Boston,
MA USA; 970Department of Cardiothoracic Surgery; Changzheng Hospital; The Second Military Medical University; Shanghai, China; 971Department of Cell Biology; Nijmegen Centre for
Molecular Life Sciences Radboud University Nijmegen Medical Centre; Nijmegen, The Netherlands; 972Department of Pathology; University of Utah; School of Medicine; Salt Lake City,
UT USA; 973Juntendo University Graduate School of Medicine; Department of Metabolism and Endocrinology; Tokyo, Japan; 974Randall Division for Cell and Molecular Biophysics;
Kings College; London UK; 975House Research Institute; Los Angeles, CA USA; 976Tumor Immunology and Gene Therapy Center; Eastern Hepatobiliary Hospital; Second Military Medical
University; Shanghai, China; 977Department of Neurology; Washington University School of Medicine; Saint Louis, MO USA; 978School of Life Science; University of Science & Technology of
China; Hefei, Anhui China; 979MRC Centre for Developmental and Biomedical Genetics; Department of Biomedical Science; University of Sheffield; Sheffield UK; 980University of East Anglia;
Faculty of Health; Biomedical Research Centre; Norwich, East Anglia UK; 981Edinburgh CRUK Research Centre; Institute of Genetics and Molecular Medicine; University of Edinburgh;
Edinburgh UK; 982Institute of Physical Biology; Heinrich-Heine-Universität; Düsseldorf, Germany; and Institute of Complex Systems; ICS-6; Research Centre Jülich; Jülich, Germany;
983
Laboratory of Clinical Infectious Diseases; National Institute of Allergy and Infectious Diseases; National Institutes of Health; Bethesda, MD USA;
984
Hypoxia and Microenvironment Program; Ontario Cancer Institute/Princess Margaret Hospital; University Health Network; Departments of Radiation Oncology and Medical Biophysics;
University of Toronto; Toronto, ON Canada; 985The Second Affiliated Clinical College of Fujian University of Traditional Chinese Medicine; Fuzhou, China;
986
Key Laboratory of Biomedical Information Engineering of Ministry of Education; School of Life Science and Technology; Xi’an Jiaotong University; Xi’an, China;
987
School of Biological Sciences; Life Sciences Building; Highfield Campus; University of Southampton; Southampton UK; 988Center for Computational and Integrative Biology and
Gastrointestinal Unit; Massachusetts General Hospital; Harvard Medical School; Boston, MA USA; 989Department of Urology; Peking University First Hospital; Beijing, China;
990
Centenary Institute and Sydney Medical School University of Sydney; Sydney, Australia; 991State Key Laboratory of Virology; Wuhan Institute of Virology; Chinese Academy of Sciences;
Wuhan, China; 992School of Medicine; Nankai University; Tianjin, China; 993Section of Molecular Medicine; Department of Medicine; University of Oklahoma Health Sciences Center;
Oklahoma City, OK US; 994State Key Laboratory of Oncology in South China; Department of Gastric and Pancreatic Surgery; Cancer Center; Sun Yat-sen University; Guangzhou, China;
995
College of Bioengineering; Henan University of Technology; Zhengzhou, China; 996Departments of Molecular Biosciences, Urology and Radiation Oncology; University of Kansas;
Lawrence, KS USA; 997Department of Biochemistry and Molecular Biology; Mayo Clinic College of Medicine; Rochester, MN USA; 998Department of Cell Biology;
Nagahama Institute of Bio-Science and Technology; Nagahama, Japan; 999Department of Gastroenterology; Juntendo University School of Medicine; Tokyo, Japan;
1000
National Research Institute of Fisheries Science; Yokohama, Japan; 1001College of Animal Sciences and Technology; Huazhong Agricultural University; Wuhan, China;
1002
OIST Graduate University; Okinawa, Japan; 1003Department of Pediatrics; Vanderbilt Ingram Cancer Center; Vanderbilt University School of Medicine; Nashville, TN USA;
1004
Division of Surgery & Interventional Science; University College London; London UK; 1005Weis Center for Research; Geisinger Clinic; Danville, PA USA; 1006Institute of Molecular Biology;
Academia Sinica; Taipei, Taiwan; 1007Department of Pathology and Laboratory Medicine; Indiana University School of Medicine; Indianapolis, IN USA; 1008BioMedical Research Center;
Graduate School of Medical Science and Engineering; Korea Advanced Institute of Science and Technology; Daejeon, Korea; 1009Department of Biochemistry; Ajou University School of
Medicine; Suwon, Korea; 1010Department of Life Sciences; Graduate School of Arts and Sciences; University of Tokyo; Tokyo, Japan; 1011School of Food and Nutritional Sciences;
University of Shizuoka; Shizuoka, Japan; 1012INRA; UMR1318; Institut Jean-Pierre Bourgin; Versailles, France; AgroParisTech; Institut Jean-Pierre Bourgin; Versailles, France; and RIKEN;
Plant Science Center; Tsurumi-ku, Yokohama Japan; 1013Department of Pharmacology; DNA Repair Research Center; Chosun University School of Medicine; Gwangju, Korea;
1014
Department of Lymphoma/Myeloma; MD Anderson Cancer Center; Houston, TX USA; 1015State Key Laboratory of Genetics Engineering; School of Life Sciences; Fudan University;
Shanghai, China; 1016Department of Radiation Oncology; University of Texas Health Science Center San Antonio; San Antonio, TX USA; 1017Department of Neurology & Neuroscience;
Friedman Brain Institute; Mount Sinai School of Medicine; New York, NY USA; 1018Protein Engineering and Comparative Immunology; Graduate School of Agricultural Biotechnology;
Seoul National University; Seoul, Korea; 1019Department of Neurophysiology; Keio University School of Medicine; Tokyo, Japan; 1020Metabolism and Cancer Susceptibility Section;
Laboratory of Comparative Carcinogenesis; Center for Cancer Research; NCI–Frederick; National Institutes of Health; Frederick, MD USA; 1021Department of Ophthalmology and Visual
Sciences; University of Michigan School of Medicine; Ann Arbor, MI USA; 1022Division of Cell & Molecular Biology; Toronto General Research Institute–University Health Network; Toronto,
ON Canada; 1023Department of Experimental Oncology and Molecular Medicine; Fondazione IRCCS Istituto Nazionale Tumori; Milan, Italy; 1024Department of Surgery;
University of Pittsburgh; Pittsburgh, PA USA; 1025Department of Neuroscience; University of Virginia; Charlottesville, VA USA; 1026National Institute of Biological Sciences; Beijing, China;
1027
Laboratory of Cerebrovascular Pharmacology; College of Pharmaceutical Science; Soochow University; Suzhou, China; 1028Department of Pharmacology and Chemical Biology;
920

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

457

University of Pittsburgh School of Medicine; Pittsburgh, PA USA; 1029Department of Molecular Cell Biology; Leiden University Medical Center; Leiden, The Netherlands;
1030
Key Laboratory of Plant Resources Conservation and Sustainable Utilization; South China Botanical Garden; Chinese Academy of Sciences; Guangzhou, China;
1031
School of Medicine and Public Health; University of Newcastle; New South Wales, Australia; 1032Key Laboratory of Carcinogenesis and Translational Research (Ministry of Education);
Peking University Health Science Center; Beijing, China; 1033Department of Biochemistry and Molecular Biology; Peking University Health Science Center; Beijing, China;
1034
Department of Pathology; University of Oklahoma Health Sciences Center; Oklahoma City, OK USA; 1035Qiushi Academy for Advanced Studies; Zhejiang University; Hangzhou, China;
1036
Department of Molecular and Cell Biology; University of California; Berkeley, CA USA; 1037Center for Brain Repair and Rehabilitation; Institute of Neuroscience and Physiology;
University of Gothenburg; Gothenburg, Sweden; 1038State Key Laboratory of Oncology in South China; Department of Medical Oncology; Cancer Center; Sun Yat-sen University;
Guangzhou, China; 1039Department of Molecular Genetics & Microbiology; Stony Brook University; Stony Brook, NY USA; 1040Institute for Research in Biomedicine; CIBERDEM;
and Universitat de Barcelona; Barcelona, Spain; 1041Max Planck Institute of Psychiatry; Munich, Germany; 1042Department of General Surgery; University of Pittsburgh Medical Center and
VA Pittsburgh Healthcare System; Pittsburgh, PA USA

Keywords: autolysosome, autophagosome, flux, LC3, lysosome, phagophore, stress, vacuole
Abbreviations: 3-MA, 3-methyladenine; AMPK, AMP-activated protein kinase; Ape1, aminopeptidase I; Atg, autophagy-related;
AV, autophagic vacuole; CLEAR, coordinated lysosomal enhancement and regulation; CLEM, correlative light and electron
microscopy; CMA, chaperone-mediated autophagy; Cvt, cytoplasm-to-vacuole targeting; DQ-BSA, dequenched bovine serum
albumin; e-MI, endosomal microautophagy; EBSS, Earle’s balanced salt solution; FACS, fluorescence-activated cell sorter;
GFP, green fluorescent protein; IMP, intramembrane particle; LAMP2, lysosome-associated membrane protein 2; LAP, LC3-associated
phagocytosis; LC3, microtubule-associated protein 1 light chain 3 (MAP1LC3); MDC, monodansylcadaverine; mRFP, monomeric red
fluorescent protein; MTOR, mechanistic target of rapamycin; NVJ, nucleus-vacuole junction; RPS6KB, ribosomal protein S6 kinase,
70kDa, polypeptide 2; PAS, phagophore assembly site; PE, phosphatidylethanolamine; PMN, piecemeal microautophagy of the
nucleus; PtdIns3K, phosphatidylinositol 3-kinase; PtdIns3KC3, PtdIns3K class III; Rluc, Renilla reniformis luciferase;
SD, standard deviation; SOD, superoxide dismutase; TEM, transmission electron microscopy; tfLC3, tandem fluorescent LC3;
TORC1, TOR complex I; TR-FRET, time-resolved fluorescence resonance energy transfer; UPR, unfolded protein response

© 2012 Landes Bioscience.
In 2008 we published the first set of guidelines for standardizing 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 technologies have also been
expanding. Accordingly, it is important to update these guidelines for monitoring autophagy in different 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. A key point that needs to be emphasized is that there is a
difference between measurements that monitor the numbers or volume of autophagic elements (e.g., autophagosomes or
autolysosomes) at any stage of the autophagic process vs. those that measure flux through the autophagy pathway (i.e., the complete
process); thus, a block in macroautophagy that results in autophagosome accumulation needs to be differentiated from stimuli that result
in increased autophagic activity, defined as increased autophagy induction coupled with increased delivery to, and degradation within,
lysosomes (in most higher eukaryotes and some protists 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.
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 appropriate assays depend in part
on the question being asked and the system being used. In addition, we emphasize that no individual assay is guaranteed to be the most
appropriate one in every situation, and we strongly recommend the use of multiple assays to monitor autophagy. In these guidelines, we
consider 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 autophagy 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.1 This is 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,2 and this can be
extremely frustrating for researchers who may think they have met
those criteria, only to find out that the reviewers of their paper
have different ideas. Conversely, as a reviewer, it is tiresome to
raise the same objections 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 modulate autophagy are increasingly being used in
clinical trials, and screens are being performed for new drugs that
can modulate autophagy for therapeutic purposes. Clearly it is
important to determine whether these drugs are truly affecting
autophagy 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 autophagymodulating 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.1 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 particular cells, tissues or organisms.3-6 In addition, these guidelines
are likely to evolve as new methodologies are developed and
current assays are superseded. Nonetheless, it is useful to establish guidelines for acceptable assays that can reliably monitor
autophagy in many experimental systems. It is important to

note that in this set of guidelines the term “autophagy” generally
refers to macroautophagy; other autophagy-related processes are
specifically designated when appropriate.
For the purposes of this review, the autophagic compartments
(Fig. 1) are referred to as the sequestering (pre-autophagosomal)
phagophore (previously called the isolation or sequestration
membrane7,8),9 the autophagosome,10 the amphisome (generated
by the fusion of autophagosomes with endosomes, also referred to
as an acidic late autophagosome11),12 the autolysosome (generated
by fusion of autophagosomes or amphisomes with a lysosome),
and the autophagic body (generated by fusion and release of the
internal autophagosomal compartment into the vacuole in fungi
and plants; autophagic bodies are not formed within lysosomes/
autolysosomes because these lytic organelles are typically smaller
than autophagosomes13).8,10 One critical point is that autophagy
is a highly dynamic, multi-step process. Like other cellular
pathways, it can be modulated at several steps, both positively and
negatively. An accumulation of autophagosomes [measured by
transmission electron microscopy (TEM) image analysis, as
fluorescent GFP-MAP1LC3 (GFP-LC3) dots, or as LC3 lipidation on a western blot], could, for example, reflect induction of
autophagy, reduction in autophagosome turnover,14-16 or the
inability of turnover to keep pace with increased autophagosome
formation (Fig. 1).17 For example, inefficient fusion with endosomes and/or lysosomes, respectively, or perturbation of the
transport machinery,18 would inhibit autophagosome maturation
to amphisomes or autolysosomes, whereas decreased flux could
also be due to inefficient degradation of the cargo once fusion has
occurred.19
Accordingly, the use of autophagy markers such as LC3-II
needs to be complemented by assays to estimate overall autophagic flux, or flow, to permit a correct interpretation of the
results. That is, autophagic activity includes not just the increased
synthesis or lipidation of Atg8/LC3 (LC3 is a mammalian
homolog of yeast Atg8), or an increase in the formation of autophagosomes, but, most importantly, flux through the entire

Do not distribute.

460

Autophagy

Volume 8 Issue 4

Figure 1. Schematic model demonstrating the induction
of autophagosome formation when turnover is blocked
vs. normal autophagic flux, and illustrating the
morphological intermediates of macroautophagy. (A) The
initiation of autophagy includes the formation of the
phagophore, the initial sequestering compartment, 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 autophagy, but a defect in
autophagosome turnover due, for example, to a block
in fusion with lysosomes or disruption of lysosomal
functions will result in an increased number of
autophagosomes. In this scenario, autophagy has been
induced, but there is no or limited autophagic flux. (C) An
autophagosome can fuse with an endosome to generate
an amphisome, prior to fusion with the lysosome.
(D) Schematic drawing showing the formation of an
autophagic body in plants and fungi. The large size of the
plant and 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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system, including lysosomes or the vacuole, and the
subsequent release of the breakdown products.
Therefore, autophagic substrates need to be monitored dynamically over time to verify that they have
reached the lysosome/vacuole, and, when appropriate, are degraded. By responding to perturbations in
the extracellular environment, cells tune autophagic
flux to meet intracellular metabolic demands. The
impact of autophagic flux on cell death and human
pathologies therefore demands accurate tools to
measure not only the current flux of the system,
but also its capacity,20 and its response time, when
exposed to a defined insult.21
One approach is to measure the rate of general
protein breakdown by autophagy.8,22 Alternatively, it
is possible to arrest the autophagic flux at a given
point, and then record the time-dependent accumulation of an organelle, an organelle marker, a
cargo marker or the entire cargo at the point of
blockage; however, the latter assumes there is no
feedback of the accumulating structure on its own
rate of formation.23 Along the same lines, one can
follow the time-dependent decrease of an autophagydegradable marker (with the caveat that the potential
contribution of other proteolytic systems needs to be
experimentally addressed). In theory, this can be
achieved by blocking autophagic sequestration at
specific steps of the pathway (e.g., blocking further
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induction or nucleation of new phagophores) and by measuring
the decrease of markers distal to the block point.14,16,24 The key
issue is to differentiate between the often transient accumulation
of autophagosomes due to increased induction, from accumulation due to inefficient completion of autophagy, by measuring
both the levels of autophagosomes at static time points and
by addressing changes in the rates of autophagic degradation of
cellular components.19 Both processes have been used to estimate
“autophagy,” but unless the experiments can relate changes in
autophagosome numbers to a direct or indirect measurement for
autophagic flux, they may be difficult to interpret.25 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
perturbations that increase or decrease that flux.
Autophagic flux refers to the entire process of autophagy
including the delivery of cargo to lysosomes (via fusion of the
latter with autophagosomes or amphisomes) and its subsequent
breakdown and release of the resulting macromolecules back
into the cytosol (this may be referred to as productive 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; indeed, it may be possible
to execute “self-eating” in the absence of LC3-II.26 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.”
In contrast, it is appropriate to indicate that the average number
of GFP-Atg8/LC3 puncta per cell is increased or a certain
percentage of cells display punctate GFP-Atg8/LC3 that exceeds
a particular threshold (and this threshold should be clearly
defined in the methods), or that there is a particular increase
or decrease in the rate of degradation of long-lived proteins, as
these are the actual measurements being quantified.
In the previous version of these guidelines,1 the methods were
separated into two main sections—steady-state and flux. In some
instances, a lack of clear distinction between the actual methodologies and their potential uses made such a separation somewhat
artificial. For example, fluorescence microscopy was 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 microfluidics. Furthermore, the use of multiple time points
and/or lysosomal fusion/degradation inhibitors can turn even a
typically static method such as TEM into one that monitors flux.

Therefore, although we maintain the importance of monitoring
autophagic flux and not just induction, this revised set of
guidelines does not separate the methods based on this criterion.
Readers should be aware that this article is not meant to present
protocols, but rather guidelines, including information that is
typically not presented in protocol papers. For detailed information on experimental procedures we refer readers to various
protocols that have been published elsewhere.27-42
Collectively, we propose the following guidelines for measuring 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. 8). The focal
degradation of cytoplasmic areas sequestered by the phagophore,
which matures into the autophagosome, is the morphological
hallmark of autophagy. TEM can be used to monitor both
selective and nonselective autophagy. In the case of selective
autophagy, the cargo should correspond to the specific substrate
being targeted for sequestration—bulk cytoplasm is essentially
excluded. In contrast, during nonselective autophagy, the content
of the autophagosome is morphologically identical to the
cytoplasm, containing similar densities of ribosomes, and intact
sequestered organelles are clearly identifiable. Therefore, the use of
TEM is a valid and important method both for the qualitative and
quantitative analysis of changes in various autophagic structures
that sequentially form the phagophore, autophagosome, amphisome, autolysosome and autophagic body (Fig. 1).43 The
maturation from the phagophore through the autolysosome is a
dynamic and continuous process,44 and, thus, the classification
of compartments into discrete morphological subsets can be
problematic; however, some basic guidelines can be offered.
Autophagosomes (also referred to as initial autophagic
vacuoles, AVi) have a double membrane that is usually at least
partly visible as two parallel membrane bilayers separated by
an electron-lucent cleft (Fig. 2A).45,46 Autophagosomes contain
cytosol and/or organelles that look morphologically intact, i.e.,
similar to the cytosol and organelles elsewhere in the cell.43,47
Amphisomes48 can sometimes be identified by the presence
of small internal vesicles inside the autophagosome/autophagic
vacuole (AV).49 These internal vesicles are delivered into the
lumen by fusion with multivesicular endosomes. Late/degradative
autophagic vacuoles and autolysosomes (AVd) usually have only
one limiting membrane, and contain cytoplasmic material and/or
organelles at various stages of degradation (Fig. 2A and B).43,47 It
should be emphasized that not all vesicles containing electrondense amorphous material are autolysosomes. The cytoplasmic
origin of the contents must still be morphologically identifiable,
if morphology is the only criterion that is being used for the
identification of autolysosomes. For many biological and pathological situations, examination of both early and late autophagic
structures yields valuable data regarding the overall autophagy/
lysosomal status in the cells.17 Along these lines, it is possible to
use immunocytochemistry to follow particular cytosolic proteins
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such as CuZn superoxide dismutase (SOD) and carbonic anhydrase to determine the stage of autophagy; the former is much
more resistant to lysosomal degradation.50 In some autophagyinducing conditions it is possible to observe multi-lamellar
membrane structures in addition to the conventional doublemembrane autophagosomes. The nature of these structures is not
fully understood. They may indeed be multiple double layers of
phagophores51 and positive for LC3,52 or mere artifacts of fixation.
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 hydrophobic 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 performed using this technique on yeast,53 as well as on
mammalian cells or tissue, first on mouse exocrine pancreas,54
then on mouse and rat liver,55,56 mouse seminal vesicle epithelium24,51 or cancer cell lines (e.g., breast cancer MDA-MB-231)57
to investigate the various phases of autophagosome maturation,
and to reveal useful details about the origin and evolution of their
limiting membranes.2,8,58-60
The phagophore and the limiting membranes of autophagosomes contain few, or no detectable, IMPs (Fig. 3A and B),
when compared with 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. 3C).8,24,53-56,61,62 Autolysosomes are generally
delimited by a single membrane because, in addition to the
engulfed material, the inner membrane is degraded by the lytic
enzymes. Similarly, the limiting membrane of autophagic bodies
in yeast and plants is also quickly broken down under normal
conditions. Autophagic bodies can be stabilized, however, by the
addition of phenylmethylsulphonylfluoride (PMSF) or genetically
by the deletion of the yeast PEP4 gene. Thus, another method
to consider for monitoring autophagy in plants and yeast is to
count autophagic bodies by TEM using at least two time points.
The advantage of this approach is that it can provide accurate
information on flux even when the autophagosomes are abnormally small.63,64 Thus, although a high frequency of “abnormal”
structures presents a challenge, TEM is still very helpful in
analyzing autophagy.
Cautionary notes: Although TEM is one of the most widely
used methodologies to monitor autophagy, it is also one of the
most problematic due to misinterpretations mostly deriving
from methodological artifacts.45,46,65,66 Care in the choice of
sample to be analyzed is critical to the success of TEM studies
for autophagy. Whereas fixation of in vitro samples is relatively
straightforward, fixation of excised tissues requires care to avoid
sampling a nonrepresentative or uninformative section of 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
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Figure 2. TEM images of autophagic vacuoles in isolated mouse
hepatocytes. (A) One autophagosome or early autophagic vacuole (AVi)
and one degradative autophagic vacuole (AVd) are shown. The AVi can
be identified by its contents (morphologically intact cytoplasm,
inlcuding ribosomes, and rough endoplasmic reticulum), and the limiting
membrane that is partially visible as two bilayers separated by a narrow
electron-lucent cleft, i. e., as a double membrane (arrow). The AVd can
be identified by its contents, partially degraded, electron-dense rough
endoplasmic reticulum. The vesicle next to the AVd is an endosomal/
lysosomal structure containing 5-nm gold particles that were added
to the culture medium to trace the endocytic pathway. (B) One AVi,
containing rough endoplasmic reticulum and a mitochondrion,
and one AVd, containing partially degraded rough endoplasmic
reticulum, are shown. Note that the limiting membrane of the AVi is
not clearly visible, possibly because it is tangentially sectioned.
However, the electron-lucent cleft between the two limiting membranes
is visible and helps in the identification of the AVi. The AVd contains
a region filled by small internal vesicles (asterisk), indicating that the AVd
has fused with a multivesicular endosome. mi, mitochondrion. Image
provided by E.-L. Eskelinen.
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Figure 3. Different autophagic vesicles observed after freeze fracturing in cultured osteosarcoma cells after treatment with the autophagy inducer
voacamine.59 (A) Early autophagosome delimited by a double membrane. (B) Inner monolayer of an autophagosome membrane lacking 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.
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from the viable rim, this needs to be specified when reported.
Ex vivo tissue should be fixed immediately and systematically
across samples to avoid changes in autophagy that may occur
simply due to elapsed time ex vivo. It is recommended that for
tissue samples, 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
temperature) may be particularly useful.
Due to the high potential for sampling artifacts, careful
selection of appropriate nonbiased methods of quantification
and morphometric/stereological analyses is essential.67-69 Data
obtained simply by scoring for the presence or absence of autophagic vacuoles (autophagosomes, autolysosomes) in the section
of a cell leads to unreliable results due to variability in cell areas,
and autophagic vacuole profiles in the sections. It is more reliable
to quantify autophagosome (and/or autolysosome) profiles per
total cytoplasmic or cellular area in sections, which still includes
an unaccounted variability in the profile size of the autophagic
element. The best approach is to estimate the volume occupied
by autophagic structures (as percent of cytoplasmic or cellular
volume, using volumetric morphometry/stereology) in at least 20
cell profiles per sample (the number needed should be dictated
by some form of power analysis, which indicates that the data are
significant).20,65,68,70,71 During quantification it is important to
make sure that each imaged cell profile is captured and scored at
the same magnification, and that every cell profile in the thin
section has an equal probability to be included in the counting.
The accurate identification of the autophagosome is a prerequisite for a valid analysis. An additional complication, however, is that maturation of metazoan autophagosomes involves
a transition from a double-membrane compartment to singlemembrane structures (i.e., amphisomes and autolysosomes).72 In
addition, not all double-membrane structures are autophagosomes. Thus, double membranes cannot be relied upon as the
sole means for the ultrastructural identification of autophagyrelated structures, and it is important to employ expert analysis
to avoid misinterpretation of micrographs.46,65,66 In some cases,

it may be prudent to employ tomographic reconstructions of the
TEM images to confirm that the autophagic compartments are
spherical and are not being confused with endomembrane
cisternae or damaged mitochondria with similar appearance in
thin-sections (e.g., see ref. 73), but this is obviously a timeconsuming 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 cytoplasm. Such processes include
selective peroxisome or mitochondria degradation (pexophagy or
mitophagy, respectively),74,75 targeted degradation of pathogenic
microbes (xenophagy),76-81 as well as the yeast biosynthetic
cytoplasm-to-vacuole targeting (Cvt) pathway.82 Furthermore,
some pathogenic microbes express membrane-disrupting factors
during infection (e.g., phospholipases) that disrupt the normal
double-membrane architecture of autophagosomes.83 It is not
even clear if the sequestering compartments used for specific
organelle degradation or xenophagy should be termed autophagosomes or if alternate terms such as pexophagosome,84 mitophagosome and xenophagosome should be used, even though the
membrane and mechanisms involved in their formation may
be identical to those for starvation-induced autophagosomes; for
example, the double-membrane vesicle of the Cvt pathway is
referred to as a Cvt vesicle.
It can also be difficult to determine whether material present
within a phagosomal structure reflects self-eating, or is from a
heterophagic (consumption of components from outside the cell)
process. A prominent example is related to apoptosis. Apoptotic
bodies from neighboring cells are readily phagocytosed by surviving cells of the same tissue.85,86 Immediately after phagocytic
uptake of apoptotic bodies, phagosomes have double limiting
membranes. The inner one is from 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
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appear similar to an autophagosome or, in a later stage, an early
autolysosome in that it contains recognizable cytoplasmic
material. A major difference, however, is that the surrounding
membranes are the thicker (plasma membrane type), rather than
the thinner sequestration membrane type (9–10 nm, vs. 7–8 nm,
respectively).66 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 autophagosomes) between the two membranes of the phagocytic vacuoles. In addition, engulfed apoptotic
bodies usually have a larger average size than autophagosomes.87
The problem of heterophagic elements interfering with the
identification of autophagic ones is most prominent in cell types
with particularly intense heterophagic activity (such as macrophages, and amoeboid or ciliate protists). Special attention has
to be paid to this problem in cell cultures or in vivo treatments
(e.g., with toxic or chemotherapeutic agents) causing extensive
apoptosis.
To decide about the lytic nature of a vacuolar compartment,
demonstration of the presence of lysosomal enzymes by traditional
(enzyme) cytochemistry or immunocytochemistry is also feasible
for identifying post-fusion autophagic compartments. However,
when heterophagy and autophagy are going on in parallel, the
fusion of secondary lysosomes from both sources happens without
distinction. The result will be a mixture of degradative products
that may be derived both from heterophagy and autophagy,
making it impossible to determine the proportion derived from
a single process.
There are numerous structures in cells that resemble, or can be
confused with, autophagic vesicles. The most common organelles
are mitochondria, and ER, and also (depending on their structure) plastids in plants. Due to the cisternal structure of the ER,
double membrane-like structures surrounding mitochondria or
other organelles are often observed after sectioning,88 but these
can also correspond to cisternae of the ER coming into and out of
the section plane.45 If there are ribosomes associated with these
membranes they can help distinguish them from the ribosomefree double-membrane of the phagophore and autophagosome.
Observation of a mixture of early and late autophagosomes that
is modulated by time point of collection and/or brief pulses of
bafilomycin A1 (a V-ATPase inhibitor) to trap the cargo in a
recognizable early state41 increases the confidence that an
autophagic process is being observed. Criteria for distinguishing
specialized structures such as melanosomes containing electron
dense pigment from autophagosomes should be specified prior
to scoring and included in a methods section when reporting
the results. Considering that swollen mitochondria can encompass most of the internal structure of small autophagosomes, the
possibility exists for scoring errors in every study. To minimize
the impact of such errors, exact specification of autophagic
elements must be applied. Efforts should be made to clarify the
nature of questionable structures by extensive preliminary comparison in many test areas. Elements that still remain questionable should be categorized into special groups and measured
separately. Should their later identification become possible, they
can be added to the proper category or, if not, kept separate.

Uncertainties of identification and special features of the
autophagic process may be clarified by immuno-TEM with goldlabeling,89,90 using antibodies, for example, to cargo proteins of
cytoplasmic origin and to LC3 to verify the autophagic nature
of the compartment. Although labeling of LC3 can be difficult,
good antibodies exist to visualize the GFP moiety of GFP-LC3
reporter constructs.91 Antibodies against an abundant cytosolic
protein will result in high background labeling; however, organelle
markers work well. Because there are very few characterized
proteins that remain associated with the completed structure, 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 antibodies and also on the TEM
preparation and fixation procedures utilized. With immunoTEM, authors should provide controls showing that labeling
is specific. This may require a quantification of staining over
different cellular compartments.
In addition, statistical information should be provided due to
the necessity of showing only a selective number of sections.
Again, we note that for quantitative data it is preferable 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 performed 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.14,20,92,93 For example, if the turnover of
autolysosomes is very rapid, a low number/volume will not
necessarily be an accurate reflection of low autophagic activity.
On the other hand, quantitative analyses indicate that autophagosome volume in many cases does correlate with the rates of
protein degradation.94-96 One potential compromise is to perform
whole cell quantification of autophagosomes using fluorescence
methods, with qualitative verification by TEM,97 to show that
the changes in fluorescent puncta reflect increases in autophagic
structures.
One additional caveat with TEM, and to some extent with
confocal fluorescence microscopy, is that the analysis of a single
plane within a cell can be misleading and may make the
identification of autophagic structures difficult. Confocal microscopy and fluorescence microscopy with deconvolution software
(or with much more work, 3-dimensional TEM) can be used
to generate multiple/serial sections of the same cell to reduce
this concern; however, in some cases where there is sufficient
structural resolution, analysis of a single plane with multiple cells
can suffice given practical limitations. Newer EM technologies,
including focused ion beam dual-beam EM, should make it
much easier to apply three-dimensional analyses. An additional
methodology to assess autophagosome accumulation is correlative light and electron microscopy, CLEM, which is helpful in
confirming that fluorescent structures are autophagosomes.98,99
Along these lines, the new mini Singlet Oxygen Generator
(miniSOG) fluorescent flavoprotein, which is less than half 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 vesicle-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 phagophore-like membranes (B). Image published previously104 and
provided by M. Schneider and P. Walter.
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size of GFP, provides an additional means to genetically tag
proteins for CLEM analysis under conditions that are particularly suited to subsequent TEM analysis.100 Combinatorial
assays using tandem mRFP-GFP-LC3 (see Tandem mRFP/
mCherry-GFP fluorescence microscopy) along with static TEM
images should help in the analysis of flux and the visualization
of cargo structures.101 Another technique that has proven quite
useful for analyzing the complex membrane structures that
participate in autophagy is three-dimensional electron tomography,102,103 and cryoelectron microscopy (Fig. 4). Finally,
although an indirect measurement, a comparison of the ratio of
autophagosomes to autolysosomes by TEM can support alterations in autophagy identified by other procedures.105 In this case
it is important to always compare samples to the control of the
same cell type and in the same growth phase, as the ratio of
autophagosome/autolysosome varies in a cell context-dependent
fashion, depending on their clearance activity. 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 and are also referred to as residual
bodies; see Tissue fractionation) because lysosome numbers
generally increase when autophagy is induced.
With regard to immunohistochemistry using SOD1 as a
marker to follow autophagy, it should be noted that a portion of
the CuZn superoxide dismutase is also associated with various
organelles, including the ER, mitochondria and peroxisomes. In
addition, the wild-type SOD1 protein can be oxidized, and this
form (SODox) is associated with sporadic cases of amyotrophic
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lateral sclerosis.106 Thus, the oxidized form of SOD1 might
interfere with autophagy, and, if so, it may not be a good choice
for a marker to monitor steady-state autophagic flux.
Conclusion: EM can be an extremely informative method for
monitoring autophagy; however, it must be performed with
extreme caution and rigor to avoid bias, and to ensure correct
identification and quantification of autophagic compartments.
With TEM, immunogold labeling is strongly recommended as
it generally provides the most unequivocal results. Whenever
possible, EM should not be the sole method used to monitor
autophagy, but rather should be complemented by additional
assays as described in this article.
2. Atg8/LC3 detection and quantification. Atg8/LC3 is the
most widely monitored autophagy-related protein. 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 phosphatidylserine107). In yeast
and several other organisms, the conjugated form is referred to
as Atg8–PE. The mammalian homologs of Atg8 constitute
a family of proteins subdivided in two subfamilies: LC3
(microtubule-associated protein 1 light chain 3) and GABARAP
(GABAA receptor-associated protein). The former is comprised
of LC3A, B, B2 and C, whereas the latter family includes
GABARAP, GABARAPL1/Atg8L/GEC1 (GABAA receptorassociated protein like 1/Glandular Epithelial Cell 1),
GABARAPL2/GATE-16/GEF2 (GABAA receptor-associated protein like 2/Golgi-associated ATPase enhancer of 16 kDa/ganglioside
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expression factor 2) and GABARAPL3 (GABAA receptorassociated protein like 3).108 The nonlipidated and lipidated
forms are usually referred to as LC3-I and LC3-II, or
GABARAP and GABARAP–PE, etc. The positions of both
Atg8/LC3-I (approximately 18 kDa) and Atg8–PE/LC3-II
(approximately 16 kDa) should be indicated on western blots
whenever both are detectable.
The mammalian Atg8 homologs share from 29% to 94%
sequence identity and have all, apart from GABARAPL3, been
demonstrated to be involved in autophagosome biogenesis.109
The LC3 proteins are involved in phagophore formation, with
participation of GABARAP subfamily members in later stages of
autophagosome formation, in particular phagophore elongation
and closure.110 Nevertheless, 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, making this factor the most relevant for this
discussion (note that although this protein is referred to as “Atg8”
in many other systems, for simplicity we primarily refer to it here
as LC3 to distinguish it from the yeast protein). LC3, like the
other Atg8 homologs, is initially synthesized in an unprocessed
form, proLC3, which is converted into a proteolytically processed
form lacking amino acids from the C terminus, LC3-I, and is
finally modified into the PE-conjugated form, LC3-II (Fig. 5).
Atg8–PE/LC3-II is the only protein 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.113 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. 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 common
finding.114 For instance, SH-SY5Y neuroblastoma cell lines
display only a slight increase of LC3-II after nutrient deprivation,
whereas LC3-I is clearly reduced. This is likely related to a high
basal autophagic flux, as suggested by the higher increase in
LC3-II when cells are treated with NH4Cl,115,116 although cellspecific differences in transcriptional regulation of LC3 may also
play a role. 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, the same SH-SY5Y cells
display a strong increase of LC3-II when treated with the
mitochondrial uncoupler CCCP, a well-known inducer of
mitophagy. Thus, neither assessment of LC3-I consumption nor
the evaluation of LC3-II levels would necessarily reveal a slight
induction of autophagy (e.g., by rapamycin). Also, there is not
always a clear precursor/product relationship between LC3-I and
LC3-II, because the conversion of the former to the latter is cell
type-specific and dependent on the treatment used to induce
autophagy. Accumulation of LC3-II can be obtained by interrupting the autophagosome-lysosome fusion step (e.g., by depolymerizing acetylated microtubules with vinblastine, or by raising
the lysosomal pH with the lysosomal proton pump inhibitor

bafilomycin A1) or by inhibiting lysosome-mediated proteolysis
(e.g., with the cysteine protease inhibitor E-64d, the aspartic
protease inhibitor pepstatin A, or chloroquine117). Western
blotting can be used to monitor changes in LC3 amounts
(Fig. 5);25,118 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 without induction of autophagy in mammalian
cells,119 these proteins might be more suitable than LC3 to study
and quantify subtle changes in the autophagic flux.
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 monitor
Atg4 activity. For example, when GFP is fused at the C terminus
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.120 It is also possible to use assays
with an artificial fluorogenic substrate, or a fusion of LC3B to
phospholipase A(2) that allows the release of the active phospholipase for a subsequent fluorogenic assay,121 and there is a FRETbased assay utilizing CFP and YFP tagged versions of LC3B and
GABARAPL2 that can be used for high-throughput screening.122
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.123 Note that there are four Atg4 homologs in mammals,
and they have different activities with regard to the Atg8
subfamilies of proteins.124 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 Cterminal fusion will be cleaved immediately by Atg4, researchers
should be careful to correctly specify whether they are using GFPAtg8/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).125
Cautionary notes: There are several important caveats to
using Atg8/LC3-II or GABARAP-PE to visualize fluctuations in
autophagy. First, changes in LC3-II amounts are tissue- and cell
context-dependent.112,126 Indeed, in some cases, autophagosome
accumulation detected by TEM does not correlate well with the
amount of LC3-II (Tallóczy Z, de Vries RLA, Sulzer D,
unpublished results; Eskelinen E-L, unpublished results). This is
particularly evident in those cells that show low levels of LC3-II
(based on western blotting) because of an intense autophagy flux
that consumes this protein,127 or in cell lines having high levels of
LC3-II that are tumor-derived, such as MDA-MB-231.112
Conversely, the detectable formation of LC3-II is not sufficient
evidence for autophagy, without careful quantification. For
example, homozygous deletion of Becn1 does not prevent the
formation of LC3-II in embryonic stem cells even though
autophagy is substantially reduced, whereas deletion of Atg5
results in the complete absence of LC3-II (see Fig. 5A and
Supplemental Data in ref. 128). The same is true for the
generation of Atg8–PE in yeast in the absence of ATG6
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Figure 5. LC3-I conversion and LC3-II turnover.
(A) Expression levels of LC3-I and LC3-II during
starvation. Atg5+/+ (wild-type) and Atg52/2 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 mg/ml) and pepstatin A (10 mg/ml)
were added to the medium where indicated.
Positions of LC3-I and LC3-II are indicated. The
inclusion of lysosomal protease inhibitors
reveals that the apparent decrease in LC3-II is
due to lysosomal degradation as easily seen by
comparing samples with and without inhibitors
at the same time points (the overall decrease
seen in the presence of inhibitors may reflect
decreasing effectiveness of the inhibitors over
time). Monitoring autophagy by following
steady-state amounts of LC3-II 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 reference 25 and is
reproduced by permission of Landes Bioscience,
copyright 2007. (B) Lysates of 4 human adipose
tissue biopsies were resolved on two 12%
polyacrylamide gels, as described previously.111
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 HRPconjugated anti-rabbit IgG antibody, followed
by ECL. The LC3-II/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
containing10% FCS) or incubated for 4 h in
starvation conditions (Krebs-Ringer medium) in
the absence (-) or presence (+) of E-64d and
pepstatin at 10 mg/ml each (Inhibitors). Cells
were then lysed and the proteins resolved by
SDS-PAGE. Endogenous LC3 was detected by
immunoblotting. Positions of LC3-I and LC3-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-II.
The use of inhibitors reveals that this apparent
decrease is due to lysosome-dependent
degradation. This figure was modified from data
previously published in reference 112 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-I, which is still a soluble form of the protein.
Conjugation to PE generates the membraneassociated LC3-II (equivalent to Atg8–PE).
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(see Fig. 7 in ref. 129). Thus, it is important to remember that not all of the autophagyrelated proteins are required for Atg8/LC3 processing, including lipidation.129 Vagaries in the detection and amounts of LC3-I vs. LC3-II present technical
problems. For example, LC3-I is very abundant in brain tissue, and the intensity of the
LC3-I band may obscure detection of LC3-II, unless the polyacrylamide crosslinking
density is optimized. Conversely, certain cell lines have much less visible LC3-I
compared with LC3-II. In addition, tissues may have asynchronous and heterogeneous
cell populations, and this may present challenges when analyzing LC3 by western
blotting.
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Second, LC3-II also associates with the membranes of nonautophagic structures. For example, some members of the
c-protocadherin family undergo clustering to form intracellular
tubules that emanate from lysosomes.130 LC3-II is recruited to
these tubules, and appears to promote or stabilize membrane
expansion. Furthermore, LC3 can be recruited directly to
bacteria-containing phagosome membranes under certain
immune activating conditions, for example, TLR-mediated
stimulation, in a process designated LC3-associated phagocytosis
(LAP)131,132 and also to apoptotic cell-containing phagosome
membranes,133,134 macropinosomes,133 and to single-membrane
entotic vacuoles.133 TEM analysis of murine macrophage-like
RAW 264.7 cells infected with Burkholderia pseudomallei reveals
that intracellular bacteria colocalize with GFP-LC3 puncta.
However, the TEM analysis further shows that bacteria are
either free in the cytosol, or sequestered in single-membrane
phagosomes rather than within canonical double-membrane
autophagosomes.135 Therefore, in studies of infection of mammalian cells by bacterial pathogens the identity of the LC3-IIlabeled compartment as an autophagosome should be confirmed
by a second method, such as TEM. It is also worth noting that
autophagy induced in response to bacterial infection is not
directed solely against the bacteria but can also be a response
to remnants of the phagocytic membrane.136 Similar cautions
apply with regard to viral infection, as coronaviruses induce
the formation of double-membrane vesicles that are coated with
LC3-I, and this nonlipidated form of LC3 plays an autophagyindependent role in viral replication.137 Along these lines, with
herpes simplex virus infection, an LC3+ autophagosome-like
organelle derived from nuclear membranes is observed that
contains viral proteins.138
Third, caution must be exercised in general when evaluating
LC3 by western blotting, and appropriate standardization controls 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 freezingthawing and to degradation in SDS sample buffer, so fresh
samples should be heated and assessed as soon as possible and
should not be subjected to repeated freeze-thaw cycles. 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
transfected. Thus, if transfection efficiency is too low, it may
be necessary to use methods, such as fluorescence microscopy,
that allow autophagy to be monitored in single cells. 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
readily transfected cells.139
When dealing with animal tissues, western blotting of LC3
should be performed on frozen biopsy samples homogenized in
the presence of general protease inhibitors (Isidoro C, personal
communication; see also Human).140 Caveats regarding detection
of LC3 by western blotting have been covered in a review.25
For example, PVDF membranes may result in a stronger LC3-II
retention than nitrocellulose membranes, possibly due to a higher
affinity for hydrophobic proteins (Fig. 5B; Kovsan J, Rudich A,

personal communication), and Triton X-100 may not efficiently
solubilize LC3-II in some systems.141 Heating in the presence of
1% SDS, or analysis of membrane fractions,142 may assist in the
detection of this protein.
Another important issue concerns the quantification of changes
in LC3-II. The previous version of these guidelines specifically
stated that the levels of LC3-II should be compared with actin
(and here we would modify this to include other appropriate
“housekeeping” proteins) and not to that of LC3-I. As a general
rule, this still holds true, but there are some exceptions. For
example, in some cases actin levels decrease when autophagy is
induced, so that it may be more appropriate to determine the
ratio of LC3-II to LC3-I. Either method has its potential
advantages and disadvantages. For example, if the amount of
LC3-I is high relative to LC3-II (as in brain tissues, where the
LC3-I signal can be overwhelming), it can be difficult to quantify
the change in LC3-II relative to LC3-I. Conversely, by ignoring
the level of LC3-I in favor of LC3-II the researcher may miss part
of the overall picture of the cellular autophagic response.
Fourth, LC3 is expressed as four isoforms in mammalian cells,
LC3A, LC3B, LC3B2 and LC3C,143,144 which exhibit different
tissue distributions, and it may be necessary to use different
antisera or antibodies that distinguish among these isoforms. A
point of caution along these lines is that the increase in LC3AII vs. 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.145
This supports the important notion that the LC3 isoforms display different functions, but these are yet to be fully elucidated.
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 possesses in its primary
amino acid sequence the DYKD motif that is recognized with a
high affinity by anti-FLAG antibodies. Thus, the standard antiFLAG M2 antibody can detect and immunoprecipitate overexpressed LC3C, and caution has to be taken in experiments
using FLAG-tagged proteins (Biard-Piechaczyk M, Espert L,
personal communication).
In addition, it is important to keep in mind the presence of
the other subfamily of Atg8 proteins, the GABARAP subfamily
(see above).109,146 Certain types of mitophagy induced by
BNIP3L/NIX are highly dependent on GABARAP and less
dependent on LC3 proteins.147 Furthermore, commercial antibodies for GABARAPL1 also recognize GABARAP,108 which
might lead to misinterpretation of experiments, in particular
those using immunohistochemical techniques. The problem with
cross-reactivity of the anti-GABARAPL1 antibody can be overcome when analyzing these proteins by western blot because
they can be resolved during SDS-PAGE using high concentration
(15%) gels, with GABARAP migrating faster than GABARAPL1
(Boyer-Guittaut M, personal communication). We therefore
advise caution in choosing antibodies for western blotting and
immunofluorescence experiments and in interpreting results
based on stated affinities of antibodies unless these have been
clearly determined. As with any western blot, proper methods of
quantification must be used, which are, unfortunately, often not
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well disseminated, and the readers are referred to an excellent
paper on this subject (see ref. 148). Unlike the other members of
the GABARAP family, almost no information is available on
GABARAPL3, perhaps because it is not yet possible to differentiate between GABARAPL1 and GABARAPL3 proteins, which
have 94% identity. As stated by the laboratory that described the
cloning of the human GABARAPL1 and GABARAPL3 genes,146
their expression 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.146 GABARAPL3
might therefore be considered as a pseudogene without an intron
that is derived from GABARAPL1. Hence, until new data are
published, 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,149
or by using a 15% resolving gel without urea (Reggiori F,
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 ATG8 species
in plants.150,151 It is also possible to label cells with radioactive
ethanolamine, followed by autoradiography to identify Atg8–PE,
and a C-terminal peptide can be analyzed by mass spectrometry
to identify the lipid modification at the terminal glycine residue.
Furthermore, Atg8–PE aberrantly migrates faster than unconjugated Atg8 during SDS-PAGE, even though the former has a
larger molecular mass. Special treatments are not needed for the
separation of mammalian LC3-I from LC3-II.
Finally, we would like to point out that one general issue with
regard to any assay is that it 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.152 This point is not
intended to limit the use of any specific methodology, but rather
to note that there are no perfect assays; special care should be
taken with cells in suspension, however, as the stress resulting
from centrifugation can induce autophagy. Therefore, it is
important to verify that the positive (e.g., treatment with
rapamycin, torin1 or other inducers) and negative (e.g., inhibitor
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 degradation). In some cell types, the
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 (Levine B,
personal communication). This effect is generally not observed
with siRNA transfection; however, it is an issue for plasmid
shRNA transfection and for plasmid expression constructs. The
use of endotoxin-free DNA reduces, but does not eliminate, this
problem. Finally, the precise composition of media components

can have profound effects on basal autophagy levels and may
need to be modified empirically depending on the cell lines
being used.
Conclusion: Atg8/LC3 is often an excellent marker for autophagy; however, it must be kept in mind that there are multiple
LC3 isoforms, there is a second family of mammalian Atg8-like
proteins (GABARAPs), and antibody affinity (for LC3-I vs. LC3II) and specificity (for example, for LC3A vs. LC3B) must be
considered and/or determined.
b. Turnover of LC3-II/Atg8–PE. Autophagic flux can be
measured by inferring LC3-II/Atg8–PE turnover by western
blot (Fig. 5C)112 in the presence and absence of lysosomal, or
vacuolar, degradation. The relevant parameter in this assay is the
difference in the amount of LC3-II in the presence and absence
of saturating levels 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.112 Lysosomal degradation can be prevented
through the use of protease inhibitors (e.g., pepstatin A and
E-64d), compounds such as bafilomycin A1, chloroquine or
NH4Cl that neutralize the lysosomal pH,18,114,153,154 or by treatment with agents that block fusion of autophagosomes with
lysosomes (note that bafilomycin A1 will ultimately cause a fusion
block as well as neutralize the pH155).156 Alternatively, knocking
down or knocking out lysosomal-associated membrane protein 2
(LAMP2) represents a genetic approach to block the fusion
of autophagosomes and lysosomes [for example, inhibiting
LAMP2 in myeloid leukemic cells results in a marked increase
of GFP-LC3 dot formation and endogenous LC3-II protein
compared with control cells upon autophagy induction during
myeloid differentiation (Tschan MP, unpublished data)].157 This
approach, however, may be complicated by the compensatory
upregulation of macroautophagy that occurs when chaperonemediated autophagy is blocked,158 unless the LAMP2B isoform is
specifically knocked down.159
Generally, an increase in the levels of LC3-II observed with a
particular treatment condition in the presence of bafilomycin
A1, compared with the treatment alone, is indicative of some
degree of flux through the system (i.e., compound/drug treatment plus bafilomycin A1 should result in a higher amount of
LC3-II than compound/drug treatment alone); however, a treatment condition increasing LC3-II on its own that has no
difference in LC3-II in the presence of bafilomycin A1 compared with treatment alone may suggest a block in autophagy
at the terminal stages.6 This procedure has been validated with
several autophagy modulators.160 With each of these techniques,
it is essential to avoid assay saturation. The duration of the
bafilomycin A1 treatment needs to be relatively short (1–2 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. Positive control experiments
using treatment with known autophagy inducers, along with
bafilomycin A1 vs. 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
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present in a wild-type vs. a pep4D strain following autophagy
induction.161
An additional methodology for monitoring autophagy relies
on the observation that a subpopulation of LC3-II exists in a
cytosolic form (LC3-IIs) in some cell types.162 The amount of
cytosolic LC3-IIs and the ratio between LC3-I and LC3-IIs
appears to correlate with changes in autophagy and may provide
a more accurate measure of autophagic flux than ratios based
on the total level of LC3-II.162 The validity of this method has
been demonstrated by comparing autophagic proteolytic flux
in rat hepatocytes and hepatoma cells. One advantage of this
approach is that it does not require the presence of autophagic
or lysosomal inhibitors to block the degradation of LC3-II.
Finally, autophagic flux can be monitored based on the
turnover 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.163 In this assay,
Rluc is fused N-terminally to either wild-type LC3 (LC3wt) or a
lipidation-deficient mutant of LC3 (G120A). Since Rluc-LC3wt,
in contrast to Rluc-LC3-G120A, specifically associates with the
autophagosomal membranes, Rluc-LC3wt is more sensitive to
autophagic degradation. A change in autophagy-dependent LC3turnover can thus be estimated by monitoring the change in
the ratio of luciferase activities between the two cell populations expressing either Rluc-LC3wt or Rluc-LC3-G120A. 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 monitor changes in autophagic
activity in living cells in real time. This method has been
successfully used to identify positive and negative regulators of
autophagy from cells treated with microRNA, siRNA and small
molecule libraries.163-166
Cautionary notes: The main caveat regarding the measurement
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
known whether it is generally applicable to other cell types,
and 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 caveats
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 provides an
alternative to lysosomal protease inhibitors,113 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 A1) will still result in an increase in
LC3-II, which may be interpreted as the complete absence of a
block resulting from the mutant or compound being tested. Thus,
care is needed in interpretation. Furthermore, 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 calcium phosphate precipitates, a
compound may increase or decrease flux at these two timepoints, respectively.167 Finally, many of the chemicals used to
inhibit autophagy, such as bafilomycin A1, NH4Cl (see Autophagy
inhibitors and inducers below) or chloroquine, also directly inhibit
the endocytosis/uncoating of viruses (Smith DR, personal
communication), and other endocytic events requiring low pH, as well as exit from the Golgi (Tooze S, personal
communication) and as such 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 autophagyspecific) removal of an autophagic substrate (such as an
organelle168,169) that is not a good proteasomal substrate provides
an independent assessment of autophagic flux. However, due to
the fact that LC3 might be coupled to endosomal membranes and
not just autophagosomes, and the levels of well-characterized
autophagosome substrates such as SQSTM1 can also be affected
by proteasome inhibitors,170 it is probably prudent to monitor
both turnover of LC3-II and an autophagosome substrate in
parallel.
Another issue relates to the use of protease inhibitors (see
Autophagy inhibitors and inducers below). 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.
In this respect, 1 h of pre-incubation with 10 mg/ml E-64d
is sufficient in most cases, since this inhibitor is membrane
permeable and rapidly accumulates within lysosomes. On the
other hand, 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 mg/ml) to fully inhibit lysosomal cathepsin D
(Fig. 6). An incubation of this duration, however, can be problematic due to indirect effects (see GFP-Atg8/LC3 lysosomal
delivery and proteolysis). Also, note that the relative amount of
lysosomal cathepsins B and D is cell-specific and changes with
culture conditions. In contrast to the protease inhibitors,
chloroquine (10 mM) or bafilomycin A1 (1–100 nM) can be
added to cells immediately prior to autophagy induction.
Conclusion: It is important to be aware of the difference
between monitoring the steady-state level of Atg8/LC3 and
autophagic flux; the latter can be determined by following Atg8/
LC3 in the absence and presence of autophagy inhibitors, and/or
by examining the autophagy-dependent degradation of appropriate
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Figure 6. Effect of different inhibitors on LC3-II 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 mM, 4 h or
(B) 10 mM, 4 h; E-64d, final concentration 10 mg/ml from a 1 mg/ml
stock in ethanol (ETOH); NH4Cl (NH4+), final concentration 10 mM
from a 1 M stock in water; pepstatin A (Pst), final concentration
10 mg/ml from a 1 mg/ml stock in ethanol, or 68.6 mg/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
NH4Cl (or 30 mM chloroquine, not shown) were the most effective
compounds for demonstrating the accumulation of LC3-II. E-64d
was also effective in preventing the degradation of LC3-II, with or
without a preincubation, but ammomium chloride (or chloroquine)
may be more effective. Pepstatin A at 10 mg/ml with a 1 h
pre-incubation was not effective at blocking degradation, whereas
a 100 mM concentration with 4 h pre-incubation had a partial effect.
Thus, alkalinizing compounds are more effective in blocking LC3-II
degradation, and pepstatin A must be used at saturating conditions
to have any noticeable effect. Images provided by C. Isidoro. Note
that the band running just below LC3-I at approximately 17.5 kDa
may be a processing intermediate of LC3-I; it is detectable in freshly
prepared homogenates, but is less visible after the sample is
subjected to a freeze-thaw cycle.
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appearance of free GFP on western blots can be used to
monitor lysis of the inner autophagosome membrane and
breakdown of the cargo in metazoans (Fig. 7A),161,171,173
or the delivery of autophagosomes to, and the breakdown
of autophagic bodies within, the yeast and plant
vacuole.151,161,174 Reports on Dictyostelium and mammalian
cells highlight the importance of lysosomal pH as a critical
factor in the detection of free GFP that results from the
degradation of fused proteins. In these cell types, free GFP
fragments are only detectable in the presence of nonsaturating
levels of lysosomotropic compounds (NH4Cl or chloroquine)
or under conditions that attenuate lysosomal acidity;
otherwise, the autophagic/degradative machinery appears to
be too efficient to allow the accumulation of the proteolytic
fragment (Fig. 7B and C).36,172 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 treatment times of compounds that
inhibit autophagy can be useful in distinguishing between
these possibilities.175 Since the pH in the yeast vacuole is
higher than that in mammalian or Dictyostelium lysosomes,
the levels of free GFP fragments are detectable in yeast without
the necessity of using lysosomotropic compounds.29 Additionally,
in yeast the diffuse fluorescent haze from the released GFP moiety
within the vacuole lumen can be observed by fluorescence
microscopy.
The movement of GFP-LC3 to lysosomes also can be
monitored by fluorescence microscopy, although, as mentioned
above, the GFP fluorescent signal is more sensitive to acidic pH
than other fluorophores (see GFP-Atg8/LC3 fluorescence microscopy). A time-course evaluation of the cell population showing
GFP-LC3 puncta can serve to monitor the autophagy flux, since
a constant increase in the number of cells accumulating GFPLC3 puncta is suggestive of defective fusion of autophagosomes
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substrates. In particular, if there is any evidence of an increase in
LC3-II (or autophagosomes), it is essential to determine whether
this represents increased flux, or a block in fusion or degradation
through the use of inhibitors such as chloroquine or bafilomycin
A1.
c. GFP-Atg8/LC3 lysosomal delivery and proteolysis. GFP-LC3B
(hereafter referred to as GFP-LC3) has also been used to follow
flux. First, 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 fluorescence microscopy). Therefore, the
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fluorescence by adding lysosomal protease or fusion
inhibitors to cells expressing GFP-LC3 and monitoring
changes in the number of puncta. In this case, the
presence of lysosomal inhibitors should increase the
number of GFP-LC3-positive structures, and the absence
of an effect on the total number of GFP-LC3 puncta or
on the percentage of cells displaying numerous puncta is
indicative of a defect(s) in autophagic flux.177 The
combination of protease inhibitors (to prevent the
degradation of GFP) or compounds that modify lysosomal pH such as NH4Cl or chloroquine, or compounds
such as bafilomycin A1 or others that block fusion of
autophagosomes with lysosomes (e.g., vinblastine) may
be most effective in preventing lysosome-dependent
decreases in GFP-LC3 puncta. However, because the
stability of GFP is affected by lysosomal pH, we advise the
use of protease inhibitors whether or not lysosomotropic
compounds or fusion inhibitors are included (although
lysosomotropic compounds should help stabilize GFP by
neutralizing the pH in the lysosome, they do not have an
immediate effect on lysosomal hydrolase activity).
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 performed in a
quantitative manner (for example, western blot exposures
need to be in the linear range). Accordingly, an enzymatic
assay such as the Pho8D60 assay may be preferred (see
Autophagic protein degradation),178,179 especially when the
differences in autophagic activity need to be precisely
Figure 7. GFP-LC3 processing can be used to monitor delivery of autophagosomal
determined; however, appropriate caution must be used
membranes. (A) Atg52/2 MEFs engineered to express Atg5 under the control
as with any enzyme assay regarding, for example, substrate
of the Tet-off promoter were grown in the presence of doxycyline (10 ng/ml)
concentrations and linearity (note that an equivalent
for one week to suppress autophagy. Cells were then cultured in the absence
of drug for the indicated times, with or without a final 2 h starvation. Protein
assay has not been developed for higher eukaryotic cells).
lysates were analyzed by western blot using anti-LC3 and anti-GFP antibodies.
The main limitation of the GFP-LC3 processing assay
The positions of untagged and GFP-tagged LC3-I and LC3-II, and free GFP are
in
mammalian cells is that it seems to depend on cell type
indicated. This figure was modified from data previously published in reference
and
culture conditions (Hosokawa N, Mizushima N,
171, FEBS Letters, 580, Hosokawa N, Hara Y, Mizushima N, Generation of cell lines
unpublished
data). Apparently, GFP is more sensitive to
with tetracycline-regulated autophagy and a role for autophagy in controlling cell
size, pp. 2623–2629, copyright 2006, with permission from Elsevier. (B) Differential
mammalian lysosomal hydrolases than to the degradative
role of unsaturating and saturating concentrations of lysosomal inhibitors on GFPmilieu of the yeast vacuole. Alternatively, the lower pH
LC3 cleavage. HeLa cells stably transfected with GFP-LC3 were treated with
of lysosomes relative to that of the vacuole may contribute
various concentrations of chloroquine (CQ) for 6 h. Total lysates were prepared
to differences in detecting free GFP. Under certain
and subjected to immunoblot analysis. (C) CQ-induced free GFP fragments require
conditions [such as Earle’s balanced salt solution (EBSS)classical autophagy machinery. Wild-type and Atg52/2 MEFs were first infected
with adenovirus GFP-LC3 (100 viral particles per cell) for 24 h. The cells were
induced starvation] in some cell lines, when the lysosomal
then either cultured in regular culture medium with or without CQ (10 mM),
pH becomes particularly low, free GFP is undetectable
or subjected to starvation in EBSS buffer in the absence or presence of CQ for 6 h.
because both the LC3-II and free GFP fragments are
Total lysates were prepared and subjected to immunoblot analysis. (B and C) are
quickly degraded.172 Therefore, if this method is used it
modified from the data previously published in reference 172.
should be accompanied by immunoblotting including
controls to address the stability of nonlysosomal GFP such
with lysosomes, and conversely a decline implies that GFP-LC3 is as GFP-LC3-I. It should also be noted that free GFP can be
consumed within newly formed autolysosomes. In either case, it detected when cells are treated with nonsaturating doses of
can be problematic to use GFP fluorescence to follow flux, as new lysosomal inihibitors such as chloroquine, E-64d and bafilomycin
GFP-LC3 is continuously being synthesized. A potential solution A1. The saturating concentrations of these lysosomal inhibitors
to this problem for following fluorescence is to use a vary in different cell lines, and it would be better to use a
photoactivatable version of the fluorescent protein,176 which saturating concentration of lysosomal inhibitors when performing
allows this assay to be performed essentially as a pulse/chase an autophagic flux assay.172 Therefore, caution must be exercised
analysis. Another alternative is to follow flux using GFP-LC3 in interpreting the data using this assay; it would be helpful to
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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,180 so that its
signal may diminish 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 (Kleinman M, Reiners JJ, personal communication).
Alternatively, it may be preferable to use a different fluorophore
such as monomeric red fluorescent protein (mRFP) or mCherry,
which retain fluorescence even at acidic pH.181 On the one hand,
a putative advantage of mCherry over mRFP is its enhanced
photostability and intensity, which are an order of magnitude
higher (and comparable to GFP), enabling acquisition of images
at similar exposure settings as are used for GFP, thus minimizing
potential bias in interpretation.182 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 nonspecific autophagy of
the cytoplasm, especially at higher expression levels. In addition,
red fluorescent proteins (even the monomeric forms) can be toxic
due to aggregation.183 Dendra2 is an improved version of the
green-to-red photoswitchable fluorescent protein Dendra, which
is derived from the octocoral Dendronephthya sp.184 Dendra2 is
capable of irreversible photoconversion from a green to a red
fluorescent form, but can be used also as a normal GFP or RFP
vector. This modified version of the fluorophore has certain
properties including a monomeric state, low phototoxic activation
and efficient chromophore maturation, which make it suitable
for real-time tracking of LC3 and SQSTM1 (Fig. 8; Kaarniranta
K, 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.186
The pH optimum of EGFP is important to consider when
using GFP-LC3 constructs, as the original GFP-LC3 marker187
uses the EGFP variant, which may result in a reduced signal upon
the formation of amphisomes or autolysosomes. An additional
caveat when using the photoactivatable construct PA-GFP180 is
that the process of activation by photons may induce DNA
damage, which could, in turn, elicit induction of autophagy. Also,
GFP is relatively resistant to denaturation, and boiling for 5 min
may be needed to prevent the folded protein from being trapped
in the stacking gel during SDS-PAGE.
As noted above (see Western blotting and ubiquitin-like protein
conjugation systems), Atg4 cleaves the residue(s) that follow the
C-terminal glycine of Atg8/LC3 that will be conjugated to PE.
Accordingly, it is critical that any chimeras be constructed with
the fluorescent tag at the N terminus of Atg8/LC3.
Finally, lysosomal inhibition needs to be carefully controlled.
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 autophagy flux,

Figure 8. Movement of activated pDendra2-hp62 (orange) from the
nucleus (middle) to the aggregate in ARPE-19 cells, revealed by confocal
microscopy. Cells were exposed to 5 mM MG132 for 24 h to induce the
formation of perinuclear aggregates.185 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/p62 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 mm. Image
provided by K. Kaarniranta.

© 2012 Landes Bioscience.
making it appear more vigorous than it would in the absence of
the lysosomal inhibitors.
Conclusion: The GFP-Atg8/LC3 processing assay (the generation of free GFP within the vacuole/lysosome) is a convenient
way to monitor autophagy, but it does not work in all cell types,
and is not as easy to quantify as enzyme-based assays.
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 fluorescence microscopy
(Fig. 9), measured as an increase in punctate LC3 or GFPLC3.187,188 The detection of GFP-LC3/Atg8 is also useful for in
vivo studies using transgenic organisms such as Caenorhabditis
elegans,189 Dictyostelium discoideum,190 filamentous ascomycetes,191-195 Ciona intestinalis,196 Drosophila melanogaster,197-199
Arabidopsis thaliana,200 Leishmania major202,203 and mice.126 It is
also possible to use anti-LC3/Atg8 antibodies for immunocytochemistry or immunohistochemistry,140,204-209 procedures
that have the advantages of detecting 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), but we
note that it is not always possible to detect endogenous Atg8/LC3.
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. 142 and 210). In this
respect, the alternative use of an automated counting system may
be helpful for obtaining an objective number of puncta per cell.
For this purpose, the WatershedCounting3D plug-in for ImageJ
may be useful.211,212
Monitoring the endogenous protein, however, obviously
depends on the ability to detect it in the system of interest. If
the endogenous amount is below the level of detection, the use of
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Figure 9. 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 mm. This figure was modified from Figure 6 published in 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 2011, 13:1213–24, by permission
of Oxford University Press.

an exogenous construct is warranted. In this case, it is important
to consider the use of stable transformants vs. transient transfections. On the one hand, stable transformants may have reduced
background resulting from the lower gene expression, and there is
also the advantage of eliminating artifacts resulting from recent
exposure to transfection reagents (see below). Furthermore, with
stable transformants more cells can be easily analyzed because
nearly 100% of the population will express tagged LC3. On the
other hand, one disadvantage of stable transfectants is that the
integration sites cannot always be predicted, and expression levels
may not be optimal. Therefore, it is worth considering the use of
stable episomal plasmids that avoid the problem of unsuitable
integration.181 An important advantage of transient transfection is
that this approach is better for examining the immediate effects
of the transfected protein on autophagy, although it 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). 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. In conclusion, there is no simple rule for the use
of stable vs. transient transfections. When stable transfections are
utilized, it is worthwhile screening for clones that give the best
signal-to-noise ratio, and when transient transfections are used, it
is worthwhile optimizing the GFP-LC3 DNA concentration to
give the best signal-to-noise ratio. In clones, the uniformity of
expression of GFP-LC3 also makes “thresholding” when scoring
puncta-positive cells (see below) much easier. However, there is
also a need to beware of the frequent unrepresentative behavior of
mammalian cell lines when selecting a single cell clone from a
parental pool; therefore, it may be better to use a pool of multiple
selected clones to avoid possible 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). Optimization, together
with including the appropriate controls, will help overcome the
effects of the inherent variability in these analyses.
An additional use of GFP-LC3 is to monitor colocalization
with a target during autophagy-related processes such as organelle

degradation or the sequestration of pathogenic microbes.213-215
Preincubation of cells stably expressing GFP-LC3 with leupeptin
can help stabilize the GFP-LC3 signal during fluorescence microscopy, especially under conditions of induced autophagic flux.
Leupeptin is an inhibitor of lysosomal cysteine and serine
proteases and will therefore inhibit degradation of membraneconjugated GFP-LC3 that is present within autolysosomes.
Cautionary notes: Quantification of autophagy by measuring
GFP-LC3 puncta (or LC3 by immunofluorescence) can be more
tedious, depending on the method used (e.g., high-throughput
image analysis can obviously be rapid and efficient), than
monitoring 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 two sets of results. In
addition, if GFP-LC3 is being quantified, it is better to determine the number of puncta corresponding to GFP-LC3 on a per
cell basis (or per cell area basis if the cell population is in culture
or the cell composition of the tissue is not homogenous, as well
as in the case of plant cells, which tend to grow) rather than
simply the total number of cells displaying puncta. This latter
point is critical because even in nutrient-rich conditions, cells
display some basal level of GFP-LC3 puncta, unless they are
lacking autophagy-related genes (and even in the latter case it is
possible to get puncta of GFP-LC3 depending on the specific
conditions). There are, however, practical issues with counting
puncta manually and reliably, especially if there are large numbers
per cell [although this may be more accurate than relying on
a software program, in which case it is important to ensure that
only appropriate dots are being counted; applicable programs
include ImageJ, Imaris, which may be more accurate (Ktistakis
NT, personal communication), and the open-source software
CellProfiler216]. Moreover, when autophagosome-lysosome fusion
is blocked, larger autophagosomes are detected, possibly due to
autophagosome-autophagosome fusion. 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 fluorescence microscopy unless
careful standardization is performed,217 and size estimation is not
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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.218
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 and by the exposure
time of the microscope, if using widefield microscopy. In many
cell types it may be possible to establish a cut-off value for the
number of puncta per cell in conditions of “low” and “high”
autophagy.219 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 cut-off in perturbation conditions
compared with the control cells could provide quantitative
evidence of altered autophagy. It is then possible to score the
population 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 (probably on the
order of 50 or more, preferably in at least three different trials,
depending on the particular system and experiment, but the
critical point is that this determination should be based on
statistical power analysis). Accordingly, high-content imaging
analysis methods are extremely applicable to provide reliable
values. Such methods enable quantification of GFP-LC3 puncta
(or overall fluorescence intensity) in thousands of cells per sample
(e.g., see refs. 164, 175 and 220). When using automated analysis
methods, care must be taken to manually evaluate parameters
used to establish background cutoff values for different treatment conditions and cell types. Another note of caution is that
treatments affecting cell morphology, leading to the “roundingup” 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.
To allow comparisons by other researchers attempting to repeat
these experiments, it is critical that the authors also specify the
baseline number of puncta that are used to define “normal” or
“low” autophagy. Furthermore, the cells should also 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).221 This method can also be used
for endogenous LC3, and, therefore, is useful for non-transfected
primary cells.222 Multispectral imaging flow cytometry allows
characterization of single cells within a population by assessing a
combination of morphology and immunofluorescence patterns,
thereby providing statistically meaningful data.223 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 vs. after isolation is an important control.
An important caveat in the use of GFP-LC3 is that this chimera
can associate with aggregates, especially when expressed at high
levels in the presence of aggregate-prone proteins, which can
lead to a misinterpretation of the results.224 Of note, GFP-LC3
can associate with ubiquitinated protein aggregates;225 however,
this does not occur if the GFP-LC3 is expressed at low levels
(Rubinsztein DC, unpublished observations). These aggregates
have been described in many systems, and are also referred to as
Aggresome-Like Induced Structures or ALIS,225-227 dendritic cell
ALIS,228 p62 bodies/sequestosomes229 and inclusions. Inhibition
of autophagy in vitro and in vivo leads to the accumulation of
these aggregates, suggesting a role for autophagy in mediating
their clearance.225,226,230-232 One way to control for background
levels of puncta is to determine fluorescence from untagged GFP.
The adaptor protein SQSTM1/p62 is required for the
formation of ubiquitinated protein aggregates in vitro (see
SQSTM1/p62 and related LC3 binding protein turnover assays).229
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.233,234 Many cellular stresses can induce
the formation of aggregates, including transfection reagents,225 or
the introduction of foreign DNA (especially if the DNA is not
extracted endotoxin free). SQSTM1-positive aggregates are also
formed by proteasome inhibition or puromycin treatment.
Calcium phosphate transfection of COS7 cells or lipofectamine
transfection of MEFs (Pinkas-Kramarski R, personal communication), primary neurons (La Spada AR, personal communication) or
neuronal cells (Chu CT, personal communication) transiently
increases basal levels of GFP-LC3 puncta and/or the amount of
LC3-II. One solution 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, and cells
subjected to a mock time-matched transfection as background
(negative) controls. 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) and as a result this mutant can serve as
another valuable control.225 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 (Colombo MI, personal communication).
Similarly, when using an mCherry-GFP-SQSTM1 double tag (see
Tandem mRFP/mCherry-GFP fluorescence microscopy) in transient
transfections it is best to wait 48 h after transfection to reduce the
level of aggregate formation and potential inhibition of autophagy
(Johansen T, personal communication). Another 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.235
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Ubiquitinated protein aggregate formation and clearance
appear to represent a cellular recycling process. Aggregate
formation can occur when autophagy is either inhibited or when
its capacity for degradation is exceeded by the formation of
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-positive
ubiquitinated protein aggregates does not directly reflect either
the induction of autophagy (or autophagosome formation), or
flux through the system. Indeed, formation of ubiquitinated
protein aggregates that are GFP-LC3 positive can occur in
autophagy-deficient cells.225 Therefore, it should be remembered
that GFP-LC3 puncta likely represent a mix of ubiquitinated
protein aggregates in the cytosol, ubiquitinated protein aggregates
within autophagosomes and more “conventional” phagophores
and autophagosomes bearing other cytoplasmic cargo (this is one
example where CLEM could help in resolving 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 size of the aggregates and the
typical presence of only one structure per cell make them easily
distinguishable from autophagosomes. Saponin treatment has
been used to reduce background fluorescence under conditions
where no aggregation of GFP-LC3 is detected in hepatocytes,
GFP-LC3 stably-transfected HEK 293235 and human osteosarcoma cells, and in nontransfected cells;236 however, treatment
with saponin and other detergents can provoke artifactual GFPLC3 puncta formation,237 and controls need to be included in
such experiments in light of these findings. 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 inhibitors (Table 1). For example,
3-MA is commonly used to inhibit starvation- or rapamycininduced autophagy,256 but some data indicate that this compound
can also have stimulatory effects (see Autophagy inhibitors and
inducers).257
Another general limitation of the GFP-LC3 assay is that it
requires a system amenable to the introduction of an exogenous
gene. Accordingly, the use of GFP-LC3 in primary non-transgenic
cells is more challenging. Here again, controls need to be included
to verify that the transfection protocol itself does not artifactually
induce GFP-LC3 puncta or cause LC3 aggregation. Furthermore,
transfection should be performed with low levels of constructs,
and the transfected cells should be followed to determine (1)
when sufficient 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 adenovirus,258 and subsequent differentiation into the cell type of interest, is a powerful alternative to
transfection of the already differentiated cell type.91

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 software
to calculate the standard deviation (SD) of pixel intensity within
the fluorescence image and divide this by the mean intensity of
the pixels within the area of analysis. This will provide a ratio
useful for establishing differences in the degree of autophagy
between cells. Cells with increased levels of autophagic activity,
and hence a greater number of autophagosomes in their cytosol,
are associated with a greater variability in pixel intensity (i.e., a
high SD). Conversely, in cells where autophagy is not occurring,
GFP-LC3 is uniformly distributed throughout the cytosol and
a variation in pixel intensity is not observed (i.e., a low SD)
(Campanella M, personal communication).
Although LC3-II is primarily membrane-associated, it is not
necessarily associated with autophagosomes as is often assumed;
the protein is also found on phagophores, the precursors to
autophagosomes, as well as on amphisomes and phagosomes
(see Western blotting and ubiquitin-like protein conjugation
systems).132,259,260 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.261 Thus, the use of additional markers is necessary
to specify the identity of an LC3-positive structure; for example,
ATG12–ATG5-ATG16L1 would be present on a phagophore,
but not an autophagosome. 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 autophagosomes.262 One method that can be used to
examine LC3-II membrane association is differential extraction
in Triton X-114, which can be used with mammalian cells,258 or
western blot analysis of total membrane fractions following
solubilization with Triton X-100, which is helpful in plants.150,151
Another approach is to examine colocalization of LC3 with
ATG5 (or other ATG proteins); the ATG12–ATG5 conjugate
does not typically remain associated with autophagosomes,
meaning that colocalized structures would correspond to
phagophores. Importantly, we stress again that numbers of
GFP-LC3 puncta, similar to steady-state LC3-II levels, reflect
only a snapshot of the numbers of autophagy-related structures
(e.g., autophagosomes) in a cell, and 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 degradation, 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
polyubiquitination263 and may cause defects in other cellular
processes. Fifth, not all LC3 puncta represent LC3-II and
correspond to autophagosomes.137,264,265 Accordingly it would be
prudent to complement any assays that rely on GFP fusions
(to Atg8/LC3 or any protein) with additional methods that
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Table 1. Genetic and pharmacological regulation of autophagy†
Method

Comments

1. 3-methyladenine
(3-MA)

A PtdIns3K inhibitor that effectively blocks an early stage of autophagy by inhibiting the class III PtdIns3K, but is not a
specific autophagy inhibitor. 3-MA also inhibits the class I PtdIns3K and can thus, at suboptimal concentrations in longterm experiments, promote autophagy in some systems, as well as affect cell survival through AKT1 and other kinases.

2. 10-NCP

10-(4’-N-diethylamino)butyl)-2-chlorophenoxazine; an AKT1 inhibitor that induces autophagy in neurons.238

3. 17-AAG

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 ULK1.239

4. ATG4C74A

An active site mutant of ATG4 that is defective for autophagy.240

5. Bafilomycin A1
(or concanamycin A)

A V-ATPase inhibitor that causes an increase in lysosomal/vacuolar pH, and ultimately blocks fusion of autophagosomes
with the vacuole.

6. Calcium

An autophagy activator that can be released from ER or lysosomal stores under stress conditions; however, calcium can
also inhibit autophagy.241

7. Chloroquine, NH4Cl

Lysosomotropic compounds that elevate/neutralize the lysosomal/vacuolar pH.

8. Deletion

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

9. E-64d

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 for inhibiting lysosomal protein degradation.

10. Knockdown

This method 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 indirect effects.

11. KU-0063794

An MTOR inhibitor that binds the catalytic site and activates autophagy.242,243

12. Leupeptin

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.

© 2012 Landes Bioscience.
13. microRNA
14. NAADP-AM
15. NED-19
16. NVP-BEZ235

Do not distribute.
Can be used to reduce the levels of target mRNA(s) or block translation.
Activates the lysosomal two pore channel and induces autophagy.244

Inhibits the lysosomal two-pore channel and NAADP-induced autophagy.244

A dual inhibitor of PIK3CD/p110 and the MTOR catalytic site that activates autophagy.245,246

17. Pathogen-derived

ICP34.5, vBCL2, vCFLAR/vFLIP, influenza M2, and HIV Nef autophagy inhibitor transfection.

18. Pepstatin A

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.

19. Protease inhibitors

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.

20. Rapamycin

Inhibits MTOR by binding to RPTOR, thus inducing autophagy, but only provides partial inhibition.

21. Resveratrol

A natural polyphenol that induces autophagy via activation of AMPK.247,248

22. RNAi

Can be used to inhibit gene expression.

23. RSVAs

Synthetic small-molecule analogs of resveratrol that potently activate AMPK and induce autophagy.249

24. Thapsigargin

An inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) that inhibits autophagic sequestration
through the depletion of intracellular Ca2+ stores;250 however, thapsigargin may also block fusion of autophagosomes with
endosomes by interfering with recruitment of RAB7, resulting in autophagosome accumulation.251 Long-term
thapsigargin treatment may induce ER stress and a secondary stimulation of autophagy.

25. Torin1

A catalytic MTOR inhibitor that induces autophagy and provides more complete inhibition than rapamycin (it inhibits all
forms of MTOR).252

26. Trehalose

An inducer of autophagy that may be relevant for the treatment of different neurodegenerative diseases.253,254

27. Tunicamycin

A glycosylation inhibitor that induces autophagy due to ER stress.255

28. Vinblastine

A depolymerizer of both normal and acetylated microbtubles that interferes with autophagosome-lysosome fusion.156

29. Wortmannin

An inhibitor of PtdIns 3-kinase that blocks autophagy, but is not a specific inhibitor (see 3-MA above).

†

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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avoid the use of this fluorophore. Similarly, 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.266
Conclusion: GFP-LC3 provides a marker that is relatively
easy to use for monitoring autophagy induction (based on the
appearance of puncta), or colocalization; however, it is not a
preferred method for determining flux. In addition, it is
recommended to use additional assays along with GFP-LC3
fluorescence microscopy to monitor autophagy.
e. Tandem mRFP/mCherry-GFP fluorescence microscopy. A
fluorescence assay that is particularly designed to monitor flux
relies on the use of a tandem monomeric RFP-GFP-tagged LC3
(tfLC3; Fig. 10).181 The GFP signal is sensitive to the acidic
and/or proteolytic conditions of the lysosome lumen, whereas
mRFP is more stable. Therefore, colocalization of both GFP and
mRFP fluorescence indicates a compartment that has not fused
with a lysosome, such as the phagophore or an autophagosome.
In contrast, an mRFP signal without GFP corresponds to an
amphisome or autolysosome. Other fluorophores such as
mCherry are also suitable instead of mRFP,229 and an imagerecognition algorithm has been developed to quantify flux of
the reporter to acidified compartments.242,267 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 in
essentially native conditions, without requiring any drug treatment. 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.268 In addition, this method can be used to monitor
autophagy in high-throughput drug screening studies.242 The
quantification of “yellow only” and “red only” dots in a stable
tandem-fluorescent 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. This can give rise to more accurate data
than can be achieved by manual assessment of a few selected
cells.167,269
An alternative dual fluorescence assay involves the Rosella
biosensor. This assay monitors the uptake of material to the
lysosome/vacuole and complements the use of the tandem mRFP/
mCherry-GFP reporter. The assay is based upon the genetically
encoded dual color-emission biosensor Rosella, a fusion between
a relatively pH-stable fast-maturing RFP variant, and a pHsensitive 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 vacuole/lysosome for degradation. Importantly, the pH-sensitive dual color fluorescence emission provides
information about the environment of the biosensor during
autophagy of various cellular components. In yeast, Rosella has
been successfully used to monitor autophagy of cytosol, mitochondria (mitophagy) and the nucleus (nucleophagy).270,271
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Figure 10. The GFP and mRFP signals of tandem fluorescent LC3 (tfLC3,
mRFP-GFP-LC3) show different localization patterns. HeLa cells were
cotransfected with plasmids expressing either tfLC3 or LAMP1-CFP.
Twenty-four hours after the transfection, the cells were starved in Hanks’
solution for 2 h, fixed and analyzed by microscopy. The lower panels are
a higher magnification of the upper panels. Bar, 10 mm in the upper
panels and 2 mm 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 reference 181 and is reproduced
by permission of Landes Bioscience, copyright 2007.

Furthermore, the Rosella biosensor can be used as a reporter
under various conditions including nitrogen depletion-dependent
induction of autophagy.270,271 The Rosella biosensor can also be
expressed in mammalian cells to follow nonselective autophagy
(cytoplasmic turnover), or mitophagy.271
Cautionary notes: The use of tandem mRFP/mCherry-GFPLC3/Atg8 reporters in live imaging experiments can be complicated by the motion of LC3/Atg8 puncta. As a consequence,
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conventional confocal microscopy may not allow visualization
of colocalized mRFP/mCherry-GFP puncta. In this case, GFP or
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
chimera,272a as mTagRFP is brighter than mRFP1 and mCherry,
and mWasabi is brighter than EGFP.272b Another possibility is to
use fixed cells; however, this presents an additional 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. 11), which would cause an underestimation of
the amount of signal that corresponds only to RFP (i.e., in the
autolysosome). Thus, the tissue or cell samples must be properly
processed to avoid losing the acidic environment of the
autolysosomes. In addition, there may be weak fluorescence of
EGFP even in an acidic environment (pH between 4 and 5).180,258
Therefore, it may be desirable to choose a monomeric green
fluorescent protein that is more acid sensitive than EGFP for
assaying autophagic flux.
Another caution in the interpretation of the tandem fluorescent
marker is that colocalization of GFP and mRFP/mCherry might also
be seen in the case of impaired proteolytic degradation 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 (Choi KS, personal communication). The
cytotoxicity of DsRed and its variants such as mRFP1 is associated
with downregulation of BCL2L1/Bcl-xL.273 In contrast to mRFPGFP-LC3, overexpression of mTagRFP-mWasabi-LC3 does not
appear to be toxic to HeLa cells (Lin J, personal communication).
The Rosella assay has not been tested in a wide range of
mammalian cell types. Accordingly, the sensitivity and the
specificity of the assay must be verified independently until this
method has been tested more extensively and used more widely.
Finally, it is ideal to capture the dynamic behavior of autophagy in real time, in order to generate data revealing the rate
of formation and clearance of autophagosomes over time, rather
than single data points. For example, by acquiring signals from
two fluorescent constructs in real time, the rate of change in
colocalization signal as a measure of the fusion rate and recycling
rate between autophagosomes and lysosomes can be assessed.
Importantly, due to the integral dynamic relationship of autophagic flux with the onset of apoptosis and necrosis it is
advantageous to monitor cell death and autophagic flux parameters concomitantly over time, which FRET-based reporter
constructs make possible.274
Conclusion: The use of tandem fluorescent constructs, which
display different emission signals depending on the environment
(in particular, GFP fluorescence is particularly sensitive to an
acidic pH), provides a convenient way to monitor autophagy 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 autophagic flux, automation for allowing mediumto high-throughput analysis has been challenging. A number of
methods have been developed that allow the determination of
autophagic flux using the fluorescence-activated cell sorter
(FACS),154,223,236,275-277 and commercial kits are now available
for monitoring autophagy by flow cytometry. These approaches
make it possible to capture high-content images of cells in flow
(up to 1,000 cells/sec), 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 situations that
might perturb normal processes (e.g., microbial infection).277,278
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.275 When autophagy is
induced, the decrease in total cellular 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. 12A).235,236 Since EGFP-LC3 transfection typically results
in high relative levels of EGFP-LC3-I, this treatment significantly
reduces the background fluorescence due to non-autophagosomeassociated reporter protein. By comparing treatments in the
presence or absence of lysosomal degradation inhibitors, subtle
changes in the flux rate of the GFP-LC3 reporter construct can
be detected. If it is not desirable to treat cells with lysosomal
inhibitors to determine rates of autophagic flux, a tandem mRFP/
mCherry-EGFP-LC3 (or similar) construct can also be used for
autophagic flux measurements in FACS experiments (see Tandem
mRFP/mCherry-GFP fluorescence microscopy).276
These methods, however, require the cells of interest to be
transfected with reporter constructs. Since the saponin extraction
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. 12B). This enables investigations of autophagic flux in a
wide variety of cell types and tissues.
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 in order 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
non-autophagic aggregation of LC3,237 which should be controlled for in these assays (see GFP-Atg8/LC3 fluorescence
microscopy).
Cell membrane permeabilization with digitonin and extraction
of the nonmembrane-bound form of LC3 allows combined
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Figure 11. GFP fluorescence in the autolysosome can be recovered upon neutralization of the pH. (A) GFP-LC3 emits green fluorescence in the
autolysosomes of post-mortem processed heart sections. Cryosections of 3.8% paraformaldehyde fixed ventricular myocardium from 3-week old
GFP-LC3 transgenic mice at the baseline (control) or starved for 24 h (starved) were processed for immunostaining using a standard protocol (buffered
at pH 7.4). Most of the GFP-LC3 puncta are positive for LAMP1, suggesting that the autolysosomes had recovered GFP fluorescence. (B) Colocalization
between GFP-LC3 direct fluorescence (green) and indirect immunostaining for GFP (red). Sections processed as in (A) were immunostained for GFP using
a red fluorescence-tagged secondary antibody, and the colocalization with GFP fluorescence was examined by confocal microscopy. Almost all of the red
puncta emit green fluorescence. Images provided by Xuejun Wang.

staining of membrane-associated LC3-II protein and any markers
for detection of autophagy in relation to other cellular events/
processes. Based on this approach a method for monitoring
autophagy in different stages of the cell cycle was developed.279
Thus, the presence of basal or starvation-induced autophagy is
detected in G1, S and G2/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
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might also be used for the detection of autophagic flux in different
stages of the cell cycle or subG1 apoptotic 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-NBR1 (NBR1 is a
selective autophagic substrate with structural similarity to
SQSTM1280); GFP-SQSTM1 displays the largest magnitude
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Figure 12. Saponin extraction allows quantification of LC3-II 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-II-containing autophagosomes. This figure was previously published in reference 236 (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 mM) treatment. Cells were then washed with PBS containing 0.05% saponin and processed
for FACS analysis for endogenous LC3. These data are provided by K.E. Eng and G.M. McInerney.
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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 stably expressing GFP-SQSTM1;
Valente EM, personal communication).281 However, SQSTM1
changes can be cell type and context specific. In some cell types,
there is no change in overall SQSTM1 levels despite strong levels of
autophagy induction, verified by the tandem mRFP/mCherryGFP-LC3 reporter as well as Atg7- and lysosome-dependent
turnover of cargo proteins (Chu CT, personal observation). In
other contexts, a robust loss of SQSTM1 does not correlate with
increased autophagic flux as assessed by a luciferase-based measure of
flux.166 Thus, appropriate positive and negative controls, and
assessment of SQSTM1 mRNA levels, may be needed prior to the
use of SQSTM1 as a flux indicator in a particular cellular context.
Conclusion: Medium- to high-throughput analysis of autophagy is possible using flow and multispectral imaging cytometry
(Fig. 13). The advantage of this approach is that larger numbers
of cells can be analyzed with regard to GFP-LC3 puncta, cell
morphology and/or autophagic flux, and concomitant detection
of surface markers can be included, potentially providing more
robust data than is achieved with other methods.
g. Immunohistochemistry. Immunodetection of ATG proteins
(particularly LC3 and BECN1) has been reported as a prognostic
factor in various human carcinomas, including lymphoma,140,282
breast carcinoma,283 endometrial adenocarcinoma,284,285 head and
neck squamous cell carcinoma,286,287 hepatocellular carcinoma,288,289
gliomas,290 non-small cell lung carcinomas,291 pancreatic292 and
colon adenocarcinomas,293-295 as well as in cutaneous and uveal
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melanomas.296,297 Importantly, this kind of assay should be
performed as recommended by the Reporting Recommendations
for Tumor Marker Prognostic Studies (REMARK).298 As we
identify new drugs for modulating autophagy in clinical
applications, this type of information may prove useful in the
identification of subgroups of patients for targeted therapy.299-301
In mouse and rat tissues, endogenous LC3, ATG4B, and
ATG9A have been detected by immnohistochemical analyses
using both paraffin sections and cryosections.208,302-304 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 cathepsin D- or cathepsins B- and
L-deficient mouse brains.208 In developing retinal tissue in
chicken, BECN1 and AMBRA1 are detected by immunofluorescence.305,306 Finally, in non-mammalian vertebrates, BECN1 was
detected during follicular atresia in the ovary of three fish species
using paraffin sections; a punctate immunostaining for BECN1
was scattered throughout the cytoplasm of the follicular cells when
they were in intense phagocytic activity for yolk removal (Rizzo E,
unpublished results).
Cautionary notes: One problem with immunohistochemistry
for LC3 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.307 In neurons in ATG7-deficient mice, LC3
is accumulated in ubiquitin- and SQSTM1-positive aggregates.308
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Figure 14. Regulation of the SQSTM1
protein during autophagy. (A) The
level of SQSTM1 during starvation.
Atg5+/+ and Atg52/2 MEFs were cultured in DMEM without amino acids
and serum for the indicated times,
and then subjected to immunoblot
analysis using anti-SQSTM1/p62
antibody (Progen Biotechnik). This
figure was previously published in
reference 25 and is reproduced by
permission of Landes Bioscience,
copyright 2007. (B) The level of
SQSTM1 in the brain of neural cellspecific Atg5 knockout mice. This
image was generously provided by
Dr. Taichi Hara (Tokyo Medical and
Dental University).
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Figure 13. Assessing autophagy with multispectral imaging cytometry. (A) Bright Detail Intensity (BDI)
measures the foreground intensity of bright puncta (that are three pixels or less) within the cell image. For
each cell, the local background around the spots is removed before intensity calculation. Thus, autophagic
cells with puncta have higher BDI values. (B) Media control (untreated wild type), rapamycin-treated wildtype and Atg52/2 MEFs were gated based on BDI. Representative images of cells with high or low BDI values.
Scale bar, 10 mm. Images provided by M.L. Albert.

Thus, immunodetection of LC3 in cytoplasmic granules is not
sufficient to monitor autophagy in vivo.
Conclusion: It has not been clearly demonstrated that
immunohistochemistry 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/p62 and related LC3 binding protein turnover
assays. In addition to LC3, SQSTM1/p62, or other receptors
such as NBR1, can also be used as a protein marker, at least in
certain settings.25,309 The SQSTM1 protein serves as a link
between LC3 and ubiquitinated substrates.98 SQSTM1 and
SQSTM1-bound polyubiquitinated proteins become incorporated into the completed autophagosome and are degraded in
autolysosomes, thus serving as a readout of autophagic degradation (Fig. 14). Inhibition of autophagy correlates with increased
levels of SQSTM1 in mammals and Drosophila, suggesting
that steady-state levels of this protein reflect the autophagic
status.304,310-315 Similarly, decreased SQSTM1 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-SQSTM1/p62 antibodies can be used to detect the modified form of the protein.234
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Cautionary notes: SQSTM1 contains an LC3 interacting motif
as well as a ubiquitin binding domain, and appears to act by
linking ubiquitinated substrates with the autophagic machinery.
Nonetheless, it would be prudent to keep in mind that SQSTM1
contains domains that interact with several signaling molecules,316
and SQSTM1 may be part of the mechanistic target of rapamycin
(MTOR) complex 1 (TORC1).317 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 is
underscored by its capacity to modulate the NFE2L2/NRF2
anti-oxidant response pathway through a KEAP1 binding
domain.318 In fact, SQSTM1 may, itself, be transcriptionally
induced by NFE2L2.319 Furthermore, it is necessary to examine
endogenous SQSTM1 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 degradation
is inhibited; thus, results with this protein are often contextdependent. In addition, SQSTM1 participates in proteasomal
degradation, and its level may also increase when the proteasome
is inhibited.320 Accordingly, the SQSTM1 degradation rate should
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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).321 SQSTM1 is also a substrate for CASP6/caspase 6
and CASP8/caspase 8 (as well as CAPN1/calpain 1), which may
confound its use in examining cell death and autophagy.322
Another issue is that some phosphatidylinositol 3-kinase
(PtdIns3K) inhibitors such as LY294002, and to a lesser extent
wortmannin (but apparently not 3-MA)256 can inhibit protein
synthesis;323 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 autophagy flux or
aggresome-like induced structures (ALIS) formation. Accordingly,
it may be advisable to measure protein 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 monitored through a nonradioactive method.324
Finally, SQSTM1 may be transcriptionally upregulated under
certain conditions,227,325 further complicating the interpretation of
results. For example, SQSTM1 upregulation, and at least transient
increases in the amount of SQSTM1, is seen in some situations
where there is an increase in autophagic flux.326-328 Of interest,
SQSTM1 hyperexpression at both gene and protein levels can be
observed in muscle atrophy induced by cancer, though not by
glucocorticoids, suggesting that the stimulus inducing autophagy
may also be relevant to the differential regulation of autophagyrelated proteins (Penna F, Costelli P, unpublished observations).
One solution to problems relating to variations in SQSTM1
synthesis is to use a HaloTag1-SQSTM1/p62 chimera.329 The
chimeric protein can be covalently labeled with HaloTag1
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 in 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).281 Yet another solution is to
employ a radioactive pulse-chase assay to measure the rates of
SQSTM1 degradation.330
Western blot analysis using NP40 or Triton X-100 lysis in
autophagic conditions typically shows a reduction in SQSTM1
levels. However, this does not necessarily indicate that SQSTM1
is degraded, because SQSTM1 aggregates are insoluble in these
detergent lysis conditions.227,331 Moreover, in some instances
SQSTM1 levels do not change in the soluble fractions despite
autophagic degradation, a finding that might be explained by
simultaneous transcriptional induction of the gene encoding
SQSTM1, since the soluble fraction accounts only for the diffuse
or free form of SQSTM1. Accumulation of SQSTM1 in the
Triton X-100-insoluble fraction can be observed when autophagymediated degradation is inhibited. Under conditions of higher
autophagic flux, accumulation of SQSTM1 in Triton X-100insoluble fractions may not be observed and SQSTM1 levels may
be reduced or maintained. The simplest approach to circumvent
many of these problems is by using lysis buffer that allows
identification of the entire cellular pool of SQSTM1 (e.g.,

containing 1% SDS); however, additional assessment of both
Triton X-100-soluble and -insoluble fractions will provide further
information regarding the extent of SQSTM1 oligomerization.308
To conclusively establish SQSTM1 degradation by autophagy,
SQSTM1 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 degradation steps (e.g., protease
inhibitors, chloroquine or bafilomycin A1, or genetically by
knocking out or knocking down LAMP2). Additionally, an
alteration in the levels of SQSTM1 may not be immediately
evident with changes observed in autophagic flux upon certain
chemical perturbations (Sarkar S, 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 levels
can be tested not only at the same time points, but also at later
time points (24 h or 48 h) for determining the maximal impact on
substrate clearance. An alternative method is immunostaining for
SQSTM1 with and without autophagy inhibitors, which will
appear as either a diffuse or punctate pattern. Experiments with
autophagy inducers and inhibitors, 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 speciesspecificity of antibodies for detecting SQSTM1 must be taken
into account. For example, some commercial antibodies recognize
both human and mouse SQSTM1, whereas others detect the
human, but not the mouse protein (see the Autophagy Forum
at https://www.landesbioscience.com/journals/autophagy/forum/
for information pertaining to anti-SQSTM1/p62 antibodies).332
Another issue with detecting SQSTM1 in the context of human
diseases is that it can be mutated (e.g., in Paget disease of bone).333
Thus, care should be taken to ensure that potential mutations
are not affecting the epitopes that are recognized by antiSQSTM1 antibodies when using western blotting to detect this
protein.
Conclusion: There is not always a clear correlation between
increases in LC3-II and decreases in SQSTM1. Thus, although
analysis of SQSTM1 can assist in assessing the impairment of
autophagy or autophagy flux, we recommend using SQSTM1
only in combination with other methods such as LC3-II turnover
to monitor flux.
4. TOR, AMPK and Atg1/ULK1. Atg1/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 STK36.334
ULK3 is a positive regulator of the Hedgehog signaling
pathway,335 and its overexpression induces both autophagy and
senescence.336 Along these lines, ectopic ULK3 displays a punctate
pattern upon starvation-induced autophagy induction.336 ULK3,
ULK4 and STK36, however, lack the domain present on ULK1
and ULK2 that bind ATG13 and RB1CC1/FIP200.337 Thus,
ULK3 may play a role that is restricted to senescence, and that is
independent of the core autophagy machinery. ULK2 has a higher
degree of identity with ULK1 than any of the other homologs,
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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
ATG9.338 The stability and activation of ULK1, but not ULK2, is
dependent on its interaction with the HSP90-CDC37 chaperone
complex. Pharmacological or genetic inhibition of the chaperone
complex increases proteasome-mediated turnover of ULK1,
impairing its kinase activity and ability to promote both
starvation-induced autophagy and mitophagy.239
AMP-activated protein kinase (AMPK) is a multimeric serine/
threonine protein kinase comprising a- (catalytic), β- (scaffold),
and c- (regulatory) subunits. The enzyme activity of AMPK is
absolutely dependent on phosphorylation of the a-subunit on
Thr172,339,340 and can, therefore, be conveniently monitored by
western blotting with a phosphospecific antibody against this site.
In some cells, Thr172 is phosphorylated by the Ca2+-activated
protein kinase CAMKK2/CaMKKβ; in other cells by the
constitutively active kinase STK11/LKB1, regulation of AMPK
activity being performed primarily by Thr172-dephosphorylating
protein phosphatases such as protein phosphatase 1 and PPP2CB/
PP2A.341 Thr172 dephosphorylation is modulated by adenine
nucleotides that bind competitively to regulatory sites in the
c-subunit. AMP and ADP inhibit dephosphorylation and
promote AMPK activity, whereas Mg2+-ATP has the opposite
effect.340 AMPK thus acts as a fine-tuned sensor of the overall
cellular energy charge that regulates cellular metabolism to
maintain energy homeostasis. Activation of AMPK is also associated with the phosphorylation of downstream enzymes involved
in ATP-consuming processes, such as fatty acid (acetyl-CoA
carboxylase) and cholesterol (hydroxymethylglutaryl-CoA dehydrogenase) biosynthesis.
The role of AMPK in autophagy is complex, and highly
dependent on both cell type and metabolic conditions. 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.342-351 Autophagy-promoting
effects of AMPK are most evident in cells cultured in a complete
medium with serum and amino acids, where cargo sequestration
is otherwise largely suppressed.348 Presumably, AMPK antagonizes
the autophagy-inhibitory effect of amino acids (at the level of
phagophore assembly) by phosphorylating proteins involved in
TORC1 signaling, such as TSC2352 and RPTOR/RAPTOR353 as
well the TORC1 target ULK1 (see below).354-356
Compound C is an effective and widely used inhibitor of
activated (phosphorylated) AMPK.357 However, being a nonspecific inhibitor of oxidative phosphorylation,358,359 this drug has
been observed to inhibit autophagy under conditions where
AMPK is already inactive or knocked out,360 and has even been
shown to stimulate autophagy by an AMP-independent mechanism.359,361 Compound C thus cannot be used as a stand-alone
indicator of AMPK involvement.
TORC1 is an autophagy-suppressive regulator that integrates
growth factor, nutrient and energy signals. In most systems,
inhibition of MTOR leads to induction of autophagy, and

AMPK activity is generally antagonistic toward MTOR function.
TORC1 mediates the autophagy-inhibitory effect of amino
acids, which stimulate the MTOR protein kinase through a
RRAG/RAG GTPase dimer. Insulin and growth factors activate
TORC1 through upstream kinases including AKT1 (protein
kinase B), and extracellular signal regulated kinase (MAPK3MAPK1, or ERK) when the energy supply is sufficient, whereas
energy depletion may induce AMPK-mediated TORC1 inhibition and autophagy stimulation, for example, during glucose
starvation. Amino acid starvation, on the other hand, can strongly
induce autophagy even in cells completely lacking AMPK catalytic
activity.362
AMPK and TORC1 regulate autophagy through coordinated
phosphorylation of ULK1; under glucose starvation, AMPK
promotes autophagy by directly activating ULK1 through
phosphorylation, although the exact AMPK-mediated ULK1
phosphorylation site(s) remains unclear.351,354-356 Under conditions of nutrient sufficiency, high TORC1 activity prevents
ULK1 activation by phosphorylating alternate ULK1 residues and
disrupting the interaction between ULK1 and AMPK. There are
commercially available phospho-specific antibodies that recognize
different forms of ULK1. 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 phosphorylation, for example, at the inhibitory site Ser638.363 AMPK
inhibits MTOR by phosphorylating and activating TSC2.364
Therefore, AMPK is involved in processes that synergize to
activate autophagy, by directly activating ULK1, and indirectly
impairing MTOR-dependent inhibition of ULK1. The identification of ULK1 as a direct target of TORC1 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 AMBRA1,365 and the MYLK/MLCK-like protein Sqa,366 as
well as ATG13 and RB1CC1/FIP200.367-370 In addition, ULK1
binds to, and phosphorylates, RPTOR, leading to inhibition of
TORC1.371 Furthermore, ULK1 itself appears to be able to
mediate inhibitory AMPK phosphorylation to generate a negative
feedback loop.372
TORC1 activity can be monitored by following the phosphorylation of its substrates, such as EIF4EBP1 (4E-BP1/PHAS-I)
and RPS6KB1 (p70S6 kinase) or the latter’s downstream target,
the ribosomal protein S6 (RPS6), for which good commercial
antibodies are available.373-375 In mammalian cells, the analysis
should focus on the phosphorylation of RPS6KB1 at Thr389, and
EIF4EBP1 at Thr37 and Thr46, which are directly phosphorylated by TORC1.376 The TORC1-dependent phosphorylation of
EIF4EBP1 can be detected as a molecular mass shift by western
blot.375 Examining the phosphorylation status of RPS6KB1 and
EIF4EBP1 may be a better method for monitoring TORC1
activity than following the phosphorylation of proteins such as
RPS6, because the latter is not a direct substrate of TORC1
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(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 TORC1 for its substrates seem to be
dependent on the integrity and configuration of TORC1. For
example, rapamycin strongly reduces RPS6KB1 phosphorylation,
whereas its effect on EIF4EBP1 is more variable. In the case of
rapamycin treatment, EIF4EBP1 can be phosphorylated by
TORC1 until rapamycin disrupts TORC1 dimerization and its
integrity, whereas RPS6KB1 phosphorylation is quickly reduced
when rapamycin simply interacts with MTOR in TORC1 (see
Autophagy inhibitors and inducers for information on catalytic
MTOR inhibitors such as torin1).376 Since it is likely that other
inhibitors, stress, and stimuli may also affect the integrity of
TORC1, a decrease or increase in the phosphorylation status of
one TORC1 substrate does not necessarily correlate with changes
in others, including ULK1. Therefore, reliable antiphosphoULK1 antibodies should be used to directly examine the
phosphorylation state of ULK1, along with additional experimental approaches to analyze the role of the MTOR complex in
regulating autophagy.
Activation/assembly of the Atg1 complex in yeast (composed
of at least Atg1-Atg13-Atg17-Atg29-Atg31) or the ULK1 complex in mammals (ULK1-RB1CC1-ATG13-C12orf44/ATG101)
is one of the first steps of autophagy induction. Therefore,
activation of this complex can be assessed to monitor autophagy
induction. In yeast, dephosphorylation of Atg13 is associated with
activation/assembly of the core complex, which can be followed
by immunoprecipitation or western blotting.377-380 In addition,
the autophosphorylation of Atg1 at Thr226 is required for its
kinase activity and for autophagy induction; this can be detected
using phospho-specific antibodies, by immunoprecipitation or
western blotting (Fig. 15).381,382 In mammalian cells, the
phosphorylation status of ULK1 at the activating sites (Ser317,
467, 555, 637, 777, or Thr574) or dephosphorylation at
inactivating sites (Ser638, 757) can be determined using
phospho-specific antibodies,355,356 or by western blotting.383 In
general, the core complex is stable in mammalian cells, although,
as noted above, upstream inhibitors (MTOR) or activators
(AMPK) may interact dynamically with it, thereby determining
the status of autophagy.

One additional topic that bears on ULK1 concerns the process
of LC3-associated phagocytosis. LAP is a type of phagocytosis in
macrophages that involves the conjugation of LC3 to singlemembrane pathogen-containing phagosomes, a process that
promotes phagosome acidification and fusion with lysosomes.131
Most of the core autophagy components are required for LAP,
but the two processes can be distinguished by the presence or
absence, respectively, of a double-membrane sequestering vesicle.
ULK1 is not needed for LAP, which provides a more convenient
means for distinguishing between the two processes.134
Cautionary notes: A decrease in TORC1 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.384-387
Along these lines, whereas in most systems inhibition of MTOR
leads to the induction of autophagy, there are instances in
commonly used cancer cell lines in which MTOR appears to
be a positive effector.388 Furthermore, in adult skeletal muscle,
autophagy gene upregulation and autophagosome formation is
independent of TORC1 but partially dependent on MTOR
complex 2 (TORC2), as shown by the finding that autophagosome formation is increased by knockdown of RICTOR, a
component of TORC2, but not TORC1.346 In addition, TORC1
is downstream of AKT1; however, oxidative stress inhibits
MTOR, thus allowing autophagy, despite the concomitant
activation of AKT1.115 Also, persistent autophagy induction can
cause negative feedback that results in the reactivation of MTOR
under conditions of ongoing starvation.389 Thus, it is necessary to
be cautious in deciding how to monitor the MTOR pathway, and
to verify that the pathway being analyzed displays MTORdependent inhibition.
One problem in monitoring assembly of the ULK1 complex is
the low abundance of endogenous ULK1 in many systems, which
makes it difficult to detect phospho-ULK1 by western blot
analysis. In addition, Atg1/ULK1 is phosphorylated by multiple
kinases, and the amount of phosphorylation at different sites
can increase or decrease during autophagy induction. Thus,
although there is an increase in 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 phosphorylation/dephosphorylation events are expected to occur relatively early (1–2 h) in the
signaling cascade of autophagy. Therefore, it is necessary to
optimize treatment time conditions. Finally, in Arabidopsis and
possibly other eukaryotes, the ATG1 and ATG13 proteins are
targets of autophagy, which means that their levels may drop
substantially under conditions that induce autophagic turnover.174
At present, the use of Atg1/ULK1 kinase activity as a tool to
monitor autophagy is limited because only a few physiological
substrates have been identified, and the importance of the Atg1/
ULK1-dependent phosphorylation has not been determined.
Nonetheless, Atg1/ULK1 kinase activity appears to increase when
autophagy is induced, irrespective of the pathway leading to
induction. As additional physiological substrates of Atg1/ULK1
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Figure 15. S. cerevisiae 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).
Immunoblotting was done with anti-HA antibody. The upper band
corresponds to autophosphorylation of Atg1. This figure was modified
from data previously published in reference 381 and is reproduced
by permission of the American Society for Cell Biology, copyright 2011.
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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 Atg1/
ULK1 is not a direct assay for autophagy, although such changes
may correlate with autophagy activity. Furthermore, in some cells
ULK1 has functions in addition to autophagy, such as in axonal
transport and outgrowth, and its activity state may thus reflect
its role in these processes.390-395 Accordingly, other methods as
described throughout these guidelines should also be used to
follow autophagy directly.
Finally, there is not a complete consensus on the specific
residues of ULK1 that are targeted by AMPK or MTOR.
Similarly, apparently contradictory data have been published
regarding the association of AMPK and MTOR with the ULK1
kinase complex under different conditions. Therefore, caution
should be used in monitoring ULK1 phosphorylation or the
status of ULK1 association with AMPK until these issues are
resolved.
Conclusion: Assays for Atg1/ULK1 can provide detailed
insight into the induction of autophagy, but are not a direct
measurement of the process. Similarly, analysis of MTOR
substrates such as RPS6KB1 and EIF4EBP1 are not recommended readouts for autophagy, and need to be combined with
other assays that directly monitor autophagy activity.
5. Additional autophagy-related 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 bettercharacterized possibilities.
a. ATG9. ATG9/Atg9 is the only integral membrane ATG
protein that is essential for autophagosome formation. ATG9
displays partial colocalization with GFP-LC3.396 Perhaps the most
unique feature of ATG9/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;397 the latter correspond to
tubulovesicular clusters that are precursors to the phagophore.398

Anterograde movement to the PAS is dependent on Atg11,
Atg23, Atg27 and actin. Retrograde movement requires Atg1Atg13, Atg2-Atg18 and the PtdIns3K complex I.399 Mutants such
as atg1D accumulate Atg9 exclusively at the PAS, and this
phenotype forms the basis of the transport of Atg9 after knocking
out ATG1 (TAKA) assay.63 In brief, this is an epistasis analysis in
which a double-mutant strain is constructed (one of the mutations
being atg1D) that expresses Atg9-GFP. If the second mutated
gene encodes a protein that is needed for Atg9 anterograde
transport, the double mutant will display multiple Atg9-GFP
puncta. In contrast, if the protein acts along with or after Atg1, all
of the Atg9-GFP will be confined to the PAS. Monitoring the
localization of ATG9 has not been used extensively in higher
eukaryotes, but this protein displays the same type of dependence
on Atg1/ULK1 for cycling as seen in yeast,396,399 suggesting that it
is possible to follow this protein as an indication of ULK1 and
ATG13 function.370
b. ATG12–ATG5. ATG5, ATG12, and ATG16L1, associate
with the phagophore and have been detected by fluorescence or
immunofluorescence (Fig. 16).400,401 Endogenous ATG5, ATG12
or ATG16L1 puncta formation can be followed to monitor
autophagy upregulation. Under physiological conditions, the
endogenous proteins are predominantly diffusely distributed
throughout the cytoplasm. Upon induction of autophagy, for
example during starvation, there is a marked increase in the
proportion of cells with punctate ATG5, ATG12 and ATG16L1.
Furthermore, inhibitors of autophagosome formation result in
a block in this starvation-induced puncta formation, and this
assay is very robust in mammalian cells.
ATG12–ATG5 conjugation has been used in some studies to
measure autophagy. In Arabidopsis and some mammalian cells
it appears that essentially all of the ATG5 and ATG12 proteins
exist in the conjugated form and the expression levels do not
change, at least during short-term starvation.150,400-402 Therefore,
monitoring ATG12–ATG5 conjugation per se may not be a
useful method for following the induction of autophagy. It is
worth noting, however, that in some cell lines free ATG5 can be
detected,403 suggesting that the amount of free ATG5 may be
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Figure 16. Confocal microscopy image of HCT116 cells immunostained with human-specific antibody to ATG12. Cells were starved for 8 h or treated with
chloroquine (50 mM) for 3 h. Scale bar, 10 mm. Image provided by M. Llanos Valero, M.A. de la Cruz and R. Sanchez-Prieto.
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cell line-dependent. One final parameter that may be considered
is that the total amount of the ATG12–ATG5 conjugate may
increase following prolonged starvation as has been observed in
hepatocytes and both mouse and human fibroblasts (Cuervo AM,
personal communication; Sarkar S, personal communication).
c. ATG14. Yeast Atg14 is the autophagy-specific subunit of
the Vps34 complex I,404 and a human homolog, named ATG14
(ATG14L/BARKOR), has been identified.405-408 ATG14 localizes
primarily to phagophores. The C-terminal fragment of the protein
is named the BATS domain (BARKOR/ATG14(L) autophagosome targeting sequence), and is able to direct GFP and BECN1
to autophagosomes in the context of a chimeric protein.409
Currently, a good antibody that can be used to detect the
endogenous ATG14 does not exist. ATG14-GFP or BATS-GFP
detected by fluorescence microscopy or TEM can be used as a
phagophore marker; however, ATG14 is not localized exclusively
to phagophores, as it can also be detected on mature autophagosomes as well as the ER.409,410 Accordingly, detection of
ATG14 should be performed in combination with other phagophore and autophagosome markers.
d. ATG16L1. ATG16L1 has been used to monitor the movement of plasma membrane as a donor for autophagy, and thus
an early step in the process; ATG16L1 is located on phagophores, but not on completed autophagosomes.269,411 ATG16L1
can be detected by immuno-TEM, by immunostaining of Flag
epitope-tagged ATG16L1, and/or by the use of GFP-tagged
ATG16L1.
e. Atg18/WIPI family. Yeast Atg18412,413 and Atg21262 (or the
mammalian WIPI homologs414) are required for both macroautophagy (i.e., nonspecific sequestration of cytoplasm) and
autophagy-related processes (e.g., the Cvt pathway,415,416 specific
organelle degradation,74 and autophagic elimination of invasive
microbes77,78,80,81,417).412 These proteins bind phosphatidylinositol
3-phosphate (PtdIns3P) that is present at the phagophore and
autophagosome418,419 and also PtdIns(3,5)P2. Human WIPI1 and
WIPI2 function downstream of the phosphatidylinositol 3-kinase
class III (PtdIns3KC3) complex I [PIK3C3, BECN1, PIK3R4/
VPS15, ATG14] and upstream of both the ATG12 and LC3
ubiquitin-like conjugation systems.418,420,421 Upon the initiation of
the autophagic pathway, WIPI1 and WIPI2 bind PtdIns3P and
accumulate at limiting membranes, such as those of the
endoplasmic reticulum, 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.419 Using either endogenous WIPI1 or WIPI2,
detected by indirect fluorescence microscopy or EM, or
transiently or stably expressed tagged fusions of GFP to WIPI1
or WIPI2, basal autophagy can be detected in cells that display
WIPI puncta at autophagosomal membranes. In circumstances of
increased autophagic activity, such as nutrient starvation or
rapamycin administration, the induction of autophagy is reflected
by the elevated number of cells that display WIPI puncta when
compared with the control setting. Also, in circumstances of
reduced autophagic 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 correlate with both the protein level of
LC3-II and the formation of GFP-LC3 puncta.419,421 Accordingly,
WIPI puncta can be assessed as an alternative to LC3. Automated
imaging and analysis of fluorescent WIPI1 (Fig. 17) or WIPI2
puncta represents an efficient and reliable opportunity to combine
the detection of WIPI proteins with other parameters. It should
be noted that there are two isoforms of WIPI2 (2B and 2D),421
and in C. elegans WIPI4 (EPG-6) has been identified as the WIPI
homolog required for autophagy.422 Thus, these proteins, along
with the currently uncharacterized WDR45L/WIPI3, provide
additional possibilities for monitoring phagophore and
autophagosome formation.
Cautionary notes: With regard to detection of the WIPI
proteins, endogenous WIPI1 puncta cannot be detected in many
cell types,418 and the level of transiently expressed GFP-WIPI1
puncta is cell context-dependent;418,419 however, it has been used
in human and mouse cell systems348,419 and mCherry-Atg18 also
works in transgenic Drosophila (Juhász G, personal communication), although one caution with regard to the latter is that GFPAtg18 expression can induce autophagy in the fat body of fed
larvae (Kiger A, unpublished observation). GFP-WIPI1 and GFPWIPI2 have been detected on the completed (mature) autophagosome by freeze-fracture analysis,60 but endogenous WIPI2
has not been detected on mRFP-LC3- or LAMP2-positive
autophagosomes or autolysosomes using immunolabeling.418
Accordingly, it may be possible to follow the formation 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 formation
of aggregates, which are stable in the presence of PtdIns3K
inhibitors.
f. BECN1/Atg6. BECN1/Atg6 and PIK3C3/VPS34 are
essential partners in the autophagy interactome that signals the
onset of autophagy,404,423,424 and many researchers use BECN1 as
a way to monitor autophagy. BECN1 is inhibited by its binding
to the anti-apoptotic protein BCL2.425 Autophagy is induced
by the release of BECN1 from BCL2 by pro-apoptotic BH3
proteins, phosphorylation of BECN1 by DAPK (at Thr119,
located in the BH3 domain),426 or phosphorylation of BCL2
by MAPK8/JNK1 (at Thr69, Ser70 and Ser87).427,428 The
relationship between BECN1 and BCL2 is more complex in
developing cerebellar neurons as it appears that the cellular levels
of BCL2 are, in turn, post-translationally regulated by an
autophagic mechanism linked to a switch from immaturity to
maturity.429,430 It is important to be aware, however, that certain
forms of macroautophagy are induced in a BECN1-independent
manner, and are not blocked by PtdIns3K inhibitors.97,431
Interestingly, caspase-mediated cleavage of BECN1 inactivates
BECN1-induced autophagy and enhances apoptosis in several cell
types,432 emphasizing that the crosstalk between apoptosis and
autophagy is complex.
Although a population of BECN1 may localize in proximity
to the trans-Golgi network,433 it is also present at the ER and
mitochondria.425 In keeping with these observations, in cerebellar
organotypic cultures BECN1 co-immunoprecipitates with BCL2
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Figure 17. Automated WIPI1 puncta image acquisition and analysis monitors the induction and inhibition of autophagy. Stable U2OS clones expressing
GFP-WIPI1 were selected using 0.6 mg/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 mg/ml in PBS).
An automated imaging and analysis platform was used to determine the number of both GFP-WIPI1 puncta-positive cells and the number of GFP-WIPI1
puncta per individual cell.348 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). Bars, 20 mm. These images
were provided by S. Pfisterer and T. Proikas-Cezanne.

that is primarily localized at the mitochondria and ER, and in
a mouse model of neurodegeneration autophagic vacuoles in
Purkinje neurons contain partially digested organelles that are
immunoreactive for BCL2.430,434 In addition, BECN1 and
PIK3C3 can be present in multiple complexes, so caution must
be exercised when monitoring localization. On induction of autophagy by various stimuli the presence of BECN1- and PIK3C3positive macroaggregates can be detected in the region of the
Golgi complex by immunofluorescence.115,435 Thus, BECN1GFP puncta detected by fluorescence microscopy or TEM may
serve as an additional marker for autophagy induction;436
however, as with any GFP chimeras there is a concern that the
GFP moiety interferes with correct localization of BECN1. To
demonstrate that BECN1 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 BECN1-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) (Isidoro C, personal communication).
g. DRAM1. DRAM1 (damage-regulated autophagic modulator
1) is a gene induced by activated TP53/p53 in response to
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different types of cellular stress, including DNA damage.438,439
DRAM1 is a small hydrophobic protein with six 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 LAMP2.439 The elimination of
DRAM1 by siRNA blocks autophagy,439,440 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 DRAM1 activation
can be monitored following the disappearance of the VRK1
protein, a direct target of this process, by immunoblot.439
Detection of DRAM1 RNA is very easy by qRT-PCR during
autophagy;438,439 however, detection of the DRAM1 protein is
very difficult because of its small size and hydrophobicity, which
makes generation of specific antibodies a complicated process, and
in general these have very low sensitivity.
h. ZFYVE1/DFCP1. ZFYVE1/DFCP1 (double FYVEcontaining protein 1) binds PtdIns3P that localizes to the ER and
Golgi. The ER population of ZFYVE1 is involved in formation of
the omegasome.437 Starvation induces the translocation of ZFYVE1
to punctate structures on the ER. ZFYVE1 partially colocalizes with
WIPI1 upon nutrient starvation,421 and also with WIPI2.418

Autophagy

489

Conclusion: Proteins other than Atg8/LC3 can be monitored
to follow autophagy, and 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 inhibitors. Analysis of
WIPI puncta should be combined with other assays because
individual members of the WIPI family might also participate in
additional, uncharacterized functions apart from their role in
autophagy. At present, we caution against the use of changes
in BECN1 localization as a marker of autophagy induction.
6. Transcriptional and translational regulation. The induction
of autophagy in certain scenarios is accompanied by an increase in
the mRNA levels of certain autophagy genes, such as ATG8/
Lc3441,442 and Atg12,443 and an autophagy-dedicated microarray
was developed as a high-throughput tool to simultaneously
monitor the transcriptional regulation of all genes involved in,
and related to, autophagy.444 The 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 including Gabarapl1, Bnip3 and, to a
minor extent, Lc3B (Lin JD, personal communication). In several
mouse and human cancer cell lines, ER stress and hypoxia
increase the transcription of LC3, ATG5 and ATG12 by a
mechanism involving the unfolded protein response (UPR).
Similarly, a stimulus-dependent increase in LC3B expression is
detected in neutrophils undergoing autophagy induction.445
Increased expression of Atg5 in vivo after optic nerve axotomy
in mice446 and increased expression of Atg7, Becn1 and Lc3a
during neurogenesis at different embryonic stages in the mouse
olfactory bulb are also seen.447 LC3 and ATG5 are not required
for the initiation of autophagy, but mediate phagophore expansion and autophagosome formation. In this regard, the transcriptional induction of LC3 may be necessary to replenish the
LC3 protein that is turned over during extensive ER stress- and
hypoxia-induced autophagy.443,448 Thus, assessing the mRNA
levels of LC3 and other autophagy-related genes by northern
blot or qRT-PCR may provide correlative data relating to the
induction of autophagy. It is not clear if these changes are
sufficient to induce autophagy, however, and therefore these are
not direct measurements.
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 in Atg2, Atg4, Atg5 and Atg7,
whereas there is no significant change in Atg8a or Atg8b.449,450
Autophagy is critical for Drosophila midgut cell death, which is
accompanied by transcriptional upregulation of all of the Atg
genes tested, including Atg8a (Fig. 18).199,451 Similarly, in the
silkworm (B. mori) larval midgut the occurrence of autophagy is
accompanied by an upregulation of Atg5, Atg6 and Atg8 mRNA
levels.452 Transcriptional upregulation of Drosophila Atg8a and
Atg8b is also observed in the fat body following induction of
autophagy at the end of larval development,453 Atg5, Atg6, Atg8a
and Atg18 are upregulated in the ovary of starved flies,454 and an
increase in Drosophila Atg8b is observed in cultured Drosophila
l(2)mbn cells following starvation (Gorski S, personal communication). An upregulation of plant ATG8 may be needed during
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Figure 18. pGFP-Atg8a can be used to monitor autophagy in Drosophila
melanogaster. The autophagosome marker pGFP-Atg8a, results
in expression of Atg8a fused to GFP from the endogenous Atg8a
promoter.199 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 mm.
Figure provided by D. Denton and S. Kumar.

the adaptation to reproductive growth; a T-DNA inserted
mutation of rice ATG8b blocked the change from vegetative
growth to reproductive growth in both homozygous and
heterozygous plant lines (Zhang M-Y, unpublished results).
Similarly, the upregulation of autophagy-related genes (Lc3,
Gabarapl1, Bnip3, Atg4b, Atg12l) has been documented at the
transcriptional and translational level in several other species (e.g.,
mouse, rat, trout, Arabidopsis and maize) under conditions of
ER stress,443 and diverse types of prolonged (several days)
catabolic situations including cancer cachexia, diabetes mellitus,
uremia and fasting.151,346,455-457 Along these lines, ATG9 and
ATG16L1 are transcriptionally upregulated upon influenza virus
infection (Khalil H, personal communication), and in C. elegans,
the FOXA transcription factor PHA-4 regulates the expression
of several autophagy-related genes.458 Such prolonged induction
of the expression of ATG genes has been thought to allow the
replenishment of critical proteins (e.g., LC3 and GABARAP)
that are destroyed during autophagosome fusion with the lysosome.459 The polyamine spermidine increases life span and
induces autophagy in cultured yeast and mammalian cells, as well
as in nematodes and flies; in aging yeast, spermidine treatment
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triggers epigenetic deacetylation of histone H3 through inhibition
of histone acetyltransferases, leading to significant upregulation of
various autophagy-related transcripts.460
In addition to the ATG genes, transcriptional upregulation of
VMP1 (a protein that is involved in autophagy regulation and that
remains associated with the completed autophagosome) can be
detected in mammalian cells subjected to rapamycin treatment
or starvation, and in tissues undergoing disease-induced autophagy.461 VMP1 is an essential autophagy gene that is conserved
from Dictyostelium to mammals,232,462 and the VMP1 protein
regulates early steps of the autophagic pathway.420 VMP1 is poorly
expressed in mammalian cells under nutrient-normal conditions,
but is highly upregulated in cells undergoing autophagy, and the
expression of VMP1 induces autophagosome formation.
A gene regulatory network, named CLEAR (coordinated lysosomal enhancement and regulation) that controls both lysosome
and autophagosome biogenesis was identified using a systemsbiology approach.463-465 The basic helix-loop-helix transcription
factor EB (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 two distinct types
of cellular compartments that cooperate in the autophagic
pathway. TFEB activity is regulated by starvation,463 and can
thus serve as a new tool for monitoring transcriptional regulation
connected with autophagy. Along these lines, the erythroid
transcription factor GATA1 and its coregulator Friend of GATA1
induce the transcription of multiple genes encoding autophagy
components; this developmentally regulated transcriptional
response is coupled to increases in autophagosome number as
well as the percent of cells that contain autophagosomes.466
Finally, CEBPB/C/EBPβ is a transcription factor that regulates
autophagy in response to the circadian cycle.467
Although less work has been done on post-transcriptional
regulation, several studies implicate microRNAs in controlling
the expression of proteins associated with autophagy.164,468-470
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.471 In addition, it is generally
better to follow protein levels because that is the ultimate readout
that is significant with regard to the initiation and completion of
autophagy, although ATG protein amounts do not always change
significantly and the extent of increase is again cell type- and
tissue-dependent. In some cases (e.g., yeast ATG14), increased
transcription is not accompanied by increased protein levels,
apparently due to changes in translation efficiency under starvation conditions (Abeliovich H, unpublished data). Finally,
changes in autophagy protein levels are not sufficient evidence
of autophagy induction, and must be accompanied by additional
assays as described herein. Thus, monitoring changes in mRNA
levels for either ATG genes or autophagy regulators may provide
some evidence for autophagy induction, but should be used along
with other methods.
Another general caution pertains to the fact that in any cell
culture system different types 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 cardiomyocytes with and without signs
of autophagy revealed that the transcription of MTOR markedly
and significantly increased in autophagic cells in intact cultures
(spontaneously undergoing autophagy) as well as in cultures
treated with proteasome inhibitors to induce autophagy
(Dosenko V, 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, autophagy, 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.
7. Autophagic protein degradation. Protein degradation assays
represent a well-established methodology for measuring autophagic flux, and they allow good quantification. The general
strategy is first to label cellular proteins by incorporation of a
radioactive amino acid (e.g., [14C]-leucine, [14C]-valine or [35S]methionine; although valine may be preferred over leucine due
to the strong inhibitory effects of the latter on autophagy), preferably for a long time to achieve sufficient labeling of the longlived proteins that best represent autophagic substrates, and then
to follow this with a long cold-chase so that the assay starts well
after labeled short-lived proteins are degraded (which occurs
predominantly via the proteasome). Next, the time-dependent
release of acid-soluble radioactivity from the labeled protein in
intact cells or perfused organs is measured.3,472,473 Note that the
inclusion of the appropriate unlabeled amino acid (i.e., valine,
leucine or methionine) in the starvation medium at a concentration equivalent to that of other amino acids in the chase
medium is necessary; otherwise, the released [14C]-amino acid is
effectively re-incorporated into cellular proteins, which results
in a significant underestimation of protein degradation. The
turnover of specific proteins can also be measured in a pulse-chase
regimen using the Tet-ON/OFF system and subsequent western
blot analysis.474,475
In this type of assay a considerable fraction of the measured
degradation will be non-autophagic, and thus it is important to
also measure, in parallel, cell samples treated with autophagysuppressive concentrations of 3-MA or amino acids, or obtained
from mutants missing central ATG components (however, the
latter assumes that non-autophagic proteolytic activity remains
unchanged, which is unlikely); these values are then subtracted
from the total. The complementary approach of using compounds that block other degradative pathways, such as proteasome
inhibitors, may cause unexpected results and should generally
be avoided due to crosstalk among the degradative systems.
For example, blocking proteasome function may activate
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autophagy.476-479 Thus, when using inhibitors it is critical to know
whether the inhibitors 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 NH4Cl or leupeptin).
The use of stable isotopes, such as 13C and 15N, in quantitative
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.480,481 SILAC (stable isotope
labeling with amino acids in cell culture) 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 betaine homocysteine methyltransferase (BHMT)
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.482-485 Accumulation of
these fragments is time-dependent and is blocked by treatment
with autophagy inhibitors. A modified version of this marker,
GST-BHMT, can be expressed in other cell lines where it behaves
similar to the wild-type protein.486 Other substrates may be
considered for similar types of assays. For example, the neomycin
phosphotransferase II-GFP (NeoR-GFP) fusion protein is a target
of autophagy.487 Transfection of lymphoblastoid cells with a
plasmid encoding NeoR-GFP followed by incubation in the
presence of 3-MA leads to an accumulation of the NeoR-GFP
protein as measured by flow cytometry.488
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-PgkA and GFP-Tkt-1
(phosphoglycerate kinase and transketolase, respectively). In this
case the relative amount of the free GFP and 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.29,36 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.
One of the most useful methods for monitoring autophagy in
S. cerevisiae is the Pho8D60 assay. PHO8 encodes the vacuolar
alkaline phosphatase, which is synthesized as a zymogen before
finally being transported to and activated in the vacuole.489 A
molecular genetic modification that eliminates the first 60 amino
acids prevents the mutant (Pho8D60) from entering the endoplasmic reticulum, leaving the zymogen in the cytosol. When
autophagy is induced, the mutant zymogen is delivered to the
vacuole nonselectively inside autophagosomes along with other

cytoplasmic material. The resulting activation of the zymogen can
be easily measured by assays for alkaline phosphatase.178 To
minimize background activity, it is preferable to have the gene
encoding cytosolic alkaline phosphatase (PHO13) additionally
deleted (although this is not necessary when assaying certain
substrates).
Cautionary notes: Measuring the degradation of long-lived
proteins requires prior radiolabeling of the cells, and subsequent
separation of acid-soluble from acid-insoluble radioactivity. The
labeling can be done with relative ease both in cultured cells,
and in live animals.3 In cells, it is also possible to measure the
release of an unlabeled amino acid by chromatographic methods,
thereby obviating the need for prelabeling;490 however, it is
important to keep in mind that amino acid release is also regulated by protein synthesis, which in turn is modulated by many
different factors. In either case, one potential problem is that the
released amino acid may be further metabolized. For example,
branched chain amino acids are good indicators of proteolysis in
hepatocytes, but not in muscle cells where they are further
oxidized (Meijer AJ, personal communication). In addition, the
amino acid can be reincorporated into protein; for this reason,
such experiments can be performed in the presence 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.491,492 The perfused organ system also allows for
testing the reversibility of effects on proteolysis and the use of
autophagy-specific inhibitors in the same experimental preparation, which are crucial controls for proper assessment.
If the autophagic protein degradation is low (as it will be in
cells in replete medium), it may be difficult to measure it reliably
above the relatively high background of non-autophagic degradation. It should also be noted that the usual practice of incubating the cells under “degradation conditions,” that is, in a saline
buffer, indicates the potential autophagic capacity (maximal
attainable activity) of the cells rather than the autophagic activity
that prevails in vivo or under rich culture conditions. Finally,
inhibition of a particular degradative pathway is typically accompanied by an increase in a separate pathway as the cell attempts
to compensate for the loss of degradative capacity.158,478,493 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.
The Pho8D60 assay requires standard positive and negative
controls (such as an atg1D 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.
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Conclusion: Measuring the turnover of long-lived proteins is a
good method for determining autophagic flux.
8. Selective types of autophagy. Although autophagy can be
nonspecific, in particular during starvation, there are many
examples of selective types of autophagy.
a. The Cvt pathway, mitophagy, pexophagy and piecemeal
microautophagy of the nucleus in yeast. The precursor form of
aminopeptidase I (prApe1) is the major cargo of the Cvt pathway
in yeast, a biosynthetic autophagy-related pathway.82 The propeptide of prApe1 is proteolytically cleaved upon vacuolar
delivery, and the resulting shift in molecular mass can be
monitored by western blot. Under starvation conditions, prApe1
can enter the vacuole through nonspecific autophagy, and thus
has been used as a marker for both the Cvt pathway and
autophagy. The yeast Cvt pathway is unique in that it is a
biosynthetic route that utilizes the autophagy-related protein
machinery, whereas other types of selective autophagy are
degradative. The latter include pexophagy, mitophagy, reticulophagy, ribophagy and xenophagy, and each process has its own
marker proteins, although these are typically variations of other
assays used to monitor the Cvt pathway or autophagy. One
common type of assay involves the processing of a GFP chimera
similar to the GFP-Atg8/LC3 processing assay (see GFP-Atg8/LC3
lysosomal delivery and proteolysis). For example, yeast pexophagy
utilizes the processing of Pex14-GFP and Pot1 (thiolase)GFP,494,495 whereas mitophagy can be monitored by the generation of free GFP from Om45-GFP, Idh1-GFP, Idp1-GFP or
mito-DHFR-GFP.496-500 Localization of these mitochondriallytargeted proteins (or specific MitoTracker dyes) or similar
organelle markers such as those for the peroxisome [e.g., GFPSKL with Ser-Lys-Leu at the C terminus that acts as a peroxisomal targeting signal, acyl-CoA oxidase 3 (Aox3-EYFP) that
allows simultaneous observation of peroxisome-vacuole dynamics
with the single FITC filter set, or GFP-catalase] can also be
followed by fluorescence microscopy.412,495,501-503 In addition,
yeast mitophagy requires both the Slt2 and Hog1 signaling

pathways; the activation and phosphorylation of Slt2 and Hog1
can be monitored with commercially available phospho-specific
antibodies (Fig. 19).381 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,504 or permeabilized cell suspensions. Catalase
activity, however, is a useful marker only when peroxisomal
catalases are the only such enzymes present. In S. cereviseae
there are two genes encoding catalase activity, and only one of
these gene products is localized in peroxisomes. Plate assays
for monitoring the activity of peroxisomal oxidases in yeast
colonies are also available.501,505 The decrease in the level of
endogenous proteins such as alcohol oxidase or Pot1 can be
followed by western blotting,412,506-509 TEM,510 fluorescence
microscopy412,511,512 or laser confocal scanning microscopy of
GFP-labeled peroxisomes.513,514
In yeast, nonspecific 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, to induce a substantial level
of mitophagy, cells need to be precultured in a nonfermentable
carbon source such as lactate or glycerol to stimulate the proliferation of mitochondria. After sufficient mitochondria proliferation, shifting the cells back to a fermentable carbon source
such as glucose will cause the autophagic degradation of superfluous mitochondria.497 It should be noted that in addition to
carbon source change, simultaneous nitrogen starvation is also
required for efficient mitophagy induction. This is possibly
because excessive mitochondria can be segregated into daughter
cells by cell division if growth continues.478A similar carbon
source change from oleic acid or methanol to ethanol or glucose
(with or without nitrogen starvation) can be used to assay for
pexophagy.515 In addition, mitophagy can also be induced by
culturing the cells in a nonfermentable carbon source to postlog 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.75,516,517 It has been suggested by
several workers in the field that this type of mitophagy, also
known as “stationary phase mitophagy,” reflects a quality-control
function that culls defective mitochondria that accumulate in
nondividing, respiring cells.518 Similar, pexophagy can be induced
by culturing the cells in a peroxisome proliferation medium to
post-log phase (Farré J-C, unpublished 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 peroxisomes have a finite life span and
are turned over at a slow rate by autophagy-related pathways.519
Piecemeal microautophagy of the nucleus (PMN, also micronucleophagy) is another selective autophagic subtype, which
targets portions of the nucleus for degradation.520-522 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 (NVJs) are generated
by interaction of the outer nuclear membrane protein Nvj1 with
the vacuolar protein Vac8.523 Nvj1 further recruits the ERmembrane protein Tsc13, which is involved in the synthesis of
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Figure 19. S. cerevisiae cells were cultured to mid-log phase and shifted
to SD-N for the indicated times. Samples were taken before (+) and
at the indicated times after (–) nitrogen starvation. Immunoblotting
was done with anti-phospho-Slt2 and anti-phospho-Hog1 antibody.
This figure was modified from data previously published in reference 381
and is reproduced by permission of the American Society for Cell
Biology, copyright 2011.
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very-long-chain fatty acids (VLCFAs) and Osh1, a member of a
family of oxysterol-binding proteins. Upon starvation the NVJs
bulge into the vacuole and subsequently a PMN-vesicle pinches
off into the vacuole. PMN vesicles thus contain nuclear material
and are limited by three membranes with the outermost derived
from the vacuole, and the two inner ones from the nuclear ER.
It is not clear which nuclear components are removed by PMN,
but since PMN is not a cell death mechanism per se, most likely
superfluous material is recycled. During PMN the NVJs are
selectively incorporated into the PMN vesicles and degraded.
Accordingly, PMN can be monitored using the proteins that are
associated with the NVJs as markers. To quantitatively follow
PMN, an assay analogous to the above-described GFP-Atg8/LC3
processing assay has been established using either GFP-Osh1 or
Nvj1-GFP. These GFP chimeras are, together with the PMNvesicles, 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 reference 524.
b. Reticulophagy and ribophagy. Activation of the UPR in
the ER in yeast induces a type of selective macroautophagy of the
ER.525-527 This process is termed reticulophagy to be consistent
with the terms pexophagy and mitophagy.527 Reticulophagyassociated autophagosomes are lamellar-membraned structures
that contain ER proteins. In theory, since reticulophagy is
selective, it should be able to sequester parts of the ER that are
damaged, and eliminate protein aggregates that cannot be
removed in other ways. Reticulophagy may also serve to limit
the UPR, by reducing the ER to a normal level after a particular
stress condition has ended. Some of the mutated dysferlin protein,
LGMB2B/Miyoshi type muscle dystrophy, which accumulates in
the ER, is degraded by ER-stress mediated reticulophagy.528 In
addition to activation of the UPR, PtdIns3P and its binding
proteins could be good markers for reticulophagy.437 Autophagy is
also used for the selective removal of ribosomes.529 This process
can be monitored by western blot, following the generation of
free GFP from Rpl25-GFP or the disappearance of ribosomal
subunits such as Rps3. Vacuolar localization of Rpl25-GFP can
also be seen by fluorescence microscopy.
Cautionary notes: The Cvt pathway has been demonstrated to
occur only in yeast. In addition, the sequestration of prApe1 is
specific, even under starvation conditions, as it involves the
recognition of the propeptide by a receptor, Atg19, which in
turn interacts with the scaffold protein Atg11.530,531 Thus, unless
the propeptide is removed, prApe1 is recognized as a selective
substrate. Overexpression of prApe1 saturates import by the
Cvt pathway, and the precursor form accumulates, but is rapidly
matured upon autophagy induction.218 In addition, mutants such
as vac8D and tlg2D accumulate prApe1 under rich conditions,
but not during autophagy.380,532Accordingly, it is possible to
monitor the processing of prApe1 when overexpressed, or in

certain mutant strains to follow autophagy induction. However,
even the latter conditions may be misleading, as they do not
indicate the size of the autophagosome. The Cvt complex (prApe1
bound to Atg19) is smaller than typical peroxisomes or mitochondrial fragments that are subject to autophagic degradation.
Accordingly, particular mutants may display complete maturation
of prApe1 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 nonspecific autophagy.63 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 vacuole, allowing for an increased
sample size. It is best to use a strain background that is pep4D
vps4D to prevent the breakdown of the autophagic bodies, and
to eliminate confounding vesicles from the multivesicular body
pathway. One caveat to the detection of autophagic bodies,
however, is that they may coalesce in the vacuole lumen, making
it difficult to obtain an accurate quantification.
In general, when working with yeast it is preferable to use
strains that have the marker proteins integrated into the chromosome rather than relying on plasmid-based expression, because
plasmid numbers can vary from cell to cell. The GFP-Atg8, or
similar, processing assay is easy to perform and is suitable for
analysis by microscopy as well as western blotting; however,
particular care is needed to obtain quantitative data for GFPAtg8, Pex14-GFP or Om45-GFP, etc. processing assays (see
cautionary notes for GFP-Atg8/LC3 lysosomal delivery and
proteolysis). An alternative is an organelle targeted Pho8D60
assay. For example, mitoPho8D60 can be used to quantitatively
measure mitophagy.498 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 d before a free GFP band is observed.
c. Vacuole import and degradation pathway. In yeast, gluconeogenic enzymes such as fructose-1,6-bisphosphatase (Fbp1,
also called FBPase), malate dehydrogenase (Mdh2), isocitrate
lyase (Icl1) and phosphoenolpyruvate carboxykinase (Pck1) constitute the cargo of the vacuole import and degradation (Vid)
pathway.533 These enzymes are induced when yeast cells are
glucose starved (grown in a medium containing 0.5% glucose
and potassium acetate). Upon replenishing these cells with fresh
glucose (a medium containing 2% glucose), these enzymes are
degraded in either the proteasome534-536 or the vacuole533,537
depending on the duration of starvation. Following glucose
replenishment after 3 d glucose starvation, the gluconeogenic
enzymes are delivered to the vacuole for degradation.538 These
enzymes are sequestered in specialized 30- to 50-nm vesicles
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called Vid vesicles.539 Vid vesicles can be purified by fractionation and gradient centrifugation; western blotting analysis using
antibodies against organelle markers and Fbp1, and the subsequent verification of fractions by EM facilitate their identification.539 Furthermore, the amount of marker proteins in the
cytosol compared with the Vid vesicles can be examined by
differential centrifugation. In this case, yeast cells are lysed and
subjected to differential centrifugation. The Vid vesicle-enriched
pellet fraction and the cytosolic supernatant fraction are examined
with antibodies against Vid24, Vid30, Sec28 and Fbp1.540-542
Vid/endosomes containing their cargo aggregate around endocytic vesicles forming on the plasma membrane and are released
into the cytoplasm. The Vid/endosomes can be purified by
fractionation and density gradient centrifugation.543 The fractions
containing purified Vid/endosomes can be identified by western
blot analysis using antibodies against Vid24, Fbp1 and the
endosomal marker Pep12. The distribution of Vid vesicles
containing cargo destined for endosomes, and finally for the
vacuole, can be examined using FM 4–64, a lipophilic dye that
stains endocytic compartments and the vacuole limiting membrane.544 In these experiments, starved yeast cells are replenished
with fresh glucose and FM 4–64, and cells are collected at
appropriate time points for examination by fluorescence microscopy.541 The site of degradation of the cargo in the vacuole can
be determined by studying the distribution of Fbp1-GFP, or
other Vid cargo markers in wild-type and pep4D cells.545 Cells
can also be examined for the distribution of Fbp1 at the ultrastructural level by immuno-TEM.543
As actin patch polymerization is required for the delivery of
cargo to the vacuole in the Vid pathway, distribution of Vid
vesicles containing cargo and actin patches can be examined by
actin staining (with phalloidin conjugated to rhodamine) using
fluorescence microscopy.543 The distribution of GFP tagged
protein and actin is examined by fluorescence microscopy. GFPVid24, Vid30-GFP and Sec28-GFP colocalize with actin during
prolonged glucose starvation and for up to 30 min following

glucose replenishment in wild-type cells; however, colocalization
is less obvious by the 60 min time point.540,543
d. Mammalian mitophagy and peroxisome degradation. There is
no consensus at the present time with regard to the best
method for monitoring mammalian mitophagy. As with any
organelle-specific form of autophagy, it is necessary to demonstrate: (1) increased levels of autophagosomes containing mitochondria, (2) maturation of these autophagosomes to culminate
with mitochondrial degradation, which can be blocked by
specific inhibitors of autophagy or of lysosomal degradation,
and (3) whether the changes are due to selective mitophagy
or increased mitochondrial degradation during generalized
autophagy. Techniques to address each of these points have
been reviewed.41
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. 20). Depending on the use of specific imaging
techniques, dyes for living cells or antibodies for fixed cells have
to be chosen. In any case, transfection of the autophagosomal
marker GFP-LC3 and visualization of mitochondria (independent
of their mitochondrial membrane potential) makes it possible
to determine the association of these two cellular components.
This may appear as fluorescence colocalization or as rings of
GFP-LC3 surrounding mitochondria in higher resolution images.
For live cell imaging microscopy, a method that marks mitochondria independently of mitochondrial membrane potential,
such as MitoTracker1 Green FM or transfection with a matrixtargeted fluorescent protein, should be used to detect mitochondrial structures. Antibodies that specifically recognize mitochondrial proteins such as VDAC1, TOMM20/TOM20 or complex IV
subunit I may be used to visualize mitochondria in immunohistochemical experimental procedures.546,547 Colocalization analyses of mitochondria and autophagosomes provide an indication
of the degree of sequestration. TEM can be used to demonstrate
the presence of mitochondria within autophagosomes (referred
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Figure 20. Autophagosomes with recognizable cargo are rare in cells. (A) To assess relative rates of autophagosome formation, the fusion inhibitor
bafilomycin A1 (10 nM) was applied for 2 h prior to fixation with 2% glutaraldehyde in order to trap newly formed autophagosomes. Two different PINK1
shRNA lines exhibit increased AV formation over 2 h compared with the control shRNA line. *p . 0.05 vs. Control. (B) Autophagosomes in bafilomycin
A1-treated control cells contain a variety of cytoplasmic structures (left, arrow), while mitochondria comprise a prominent component of autophagosomes
in A14 bafilomycin A1-treated (PINK1 shRNA) cells (right, arrow). Scale bar, 500 nm. These data indicate induction of selective mitophagy in PINK1-deficient
cells. This figure was modified from Figure 2 published in Chu CT. A pivotal role for PINK1 and autophagy in mitochondrial quality control: implications
for Parkinson disease. Hum Mol Genet 2010; 19:R28–37.
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Figure 21. 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% CO2 atmosphere using the ApoTome1 technique. LysoTracker1
Red DND-99 staining was applied to mark lysosomal structures (red), and MitoTracker1 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 LysoTracker1 Red and MitoTracker1
Green staining (white arrows). Scale bar, 10 mm. Statistical evaluation is performed by calculating the Pearson’s coefficient for colocalizing pixels.
Image provided by L. Burbulla and R. Krüger.

to as mitophagosomes during mitophagy), and this can be
coupled with bafilomycin A1 treatment to prevent fusion with
the lysosome.41
The fusion process of mitophagosomes with hydrolasecontaining lysosomes represents the next step in the degradation
process. To monitor the amount of fused organelles via live cell
imaging microscopy, MitoTracker1 Green FM, as a mitochondrial marker without significant membrane potential dependence
and LysoTracker1 Red DND-99 may be used to visualize the
fusion process (Fig. 21). Independent of the cell-type specific
concentration used for both dyes, we recommend exchanging
MitoTracker1 Green FM with normal medium after incubation
with the dye, whereas it is best to maintain the LysoTracker1
Red staining in the incubation medium during the acquisition of
images. For immuncytochemical experiments, antibodies specific
for mitochondrial proteins and an antibody against the lysosomalassociated membrane protein 1 (LAMP1) 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.548 To measure the correlation
between two variables by imaging techniques, such as the

colocalization of two 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, ImageJ
software, or other colocalization scores that can be derived from
consideration not only of pixel colocalization, but also from a
determination that the structures have the appropriate shape.
During live-cell imaging, the two structures should move together
in more than one frame. Mitophagy can also be quantitatively
monitored using a mitochondria-targeted version of the pHdependent Keima protein.549 The peak of the excitation spectrum
of the protein shifts from 440 nm to 586 nm when mitochondria
are delivered to acidic lysosomes, which allows easy quantification
of mitophagy (Fig. 22). However, it should be noted that long
exposure times of the specimen to intense laser light lead to a
similar spectral change.
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. Mitochondrial mass can
either be measured by a FACS technique using MitoTracker1
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Figure 22. 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 mm.
(C) Quantification of red dots suggests increased mitophagy in wild-type PINK1 but not in the kinase dead PINK1K219M-overexpressing neurons.
Figure provided by V. Choubey and A. Kaasik.
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Green FM or, on a single cell basis, by either live cell imaging or
immuncytochemistry with use of MitoTracker1 Green FM or
MitoTracker1 Red FM for the former, and antibodies specifically
raised against different mitochondrial proteins for the latter.
Immunoblot analysis of the levels of mitochondrial proteins
from different mitochondrial subcompartments is valuable for
validating the data from FACS or microscopy studies. EM can
also be used to verify loss of entire mitochondria, and PCR (or
fluorescence microscopy) to quantify mitochondrial DNA.
In addition to monitoring the steady-state levels of different
steps of mitophagy, investigation of the mitophagic flux is needed
to decipher which steps within this process potentially fail to
result in efficient mitochondrial degradation. Therefore, appropriate treatment may be applied to prevent mitochondrial
degradation at distinct steps of the process.
Certain cellular models require stress conditions to measure
the mitochondrial degradation capacity, as basal levels are too
low to reliably assess organelle clearance. Hence, 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 mitochondrial degradation, this
treatment is not physiological. Another method to induce
mitophagy is by expressing and activating a mitochondriallylocalized fluorescent protein photosensitizer such as Killer Red.550
The excitation of Killer Red results in an acute increase of
superoxide that causes mitochondrial damage resulting in mitophagy (Kim PK, unpublished results). The advantage of using a
genetically encoded photosensitizer is that it allows for both
spatial and temporal control in inducing mitophagy.
Relatively little work has been done in the area of mammalian
peroxisome degradation by autophagy, and at present it is not
known if this is a selective process. Typically, peroxisomes are
induced by treatment with hypolipidemic drugs such as clofibrate
or dioctyl phthalate, and degradation is induced by drug
withdrawal, although starvation without prior proliferation can
also be used. Loss of peroxisomes can be followed enzymatically
or by immunoblot, monitoring enzymes such as 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 catalase, and
also by EM.551,552 Finally, a HaloTag1-PTS1 marker that is
targeted to peroxisomes has been used to fluorescently label the
organelle.553
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). 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 membrane protein because
these can be degraded independently of mitophagy. Although
the localization of PARK2/PARKIN to mitochondria as monitored by fluorescence microscopy is associated with the early
stages of protonophore uncoupler (CCCP)-driven mitochondria
degradation,169 this by itself cannot be used as a marker for
mitophagy, as these events can be dissociated.554 PARK2

translocates to damaged mitochondria and ubiquitinates a wide
range of outer membrane proteins including VDAC1, MFN1/2
and TOMM20.547,555-557 This results in the preferential degradation of mitochondrial outer membrane proteins by the proteasome, while inner membrane proteins and mitochondrial DNA558
remain intact. Monitoring loss of a single protein such
as TOMM20 by western blot or fluorescence microscopy to
follow mitophagy may thus be misleading.555 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 certain MitoTracker dyes depends on
mitochondrial activity and membrane potential, so that damaged,
or sequestered nonfunctional mitochondria may not be stained.
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 disappearance of
mitochondrial markers. These include proteasomal degradation of
outer membrane proteins and/or proteins that fail to correctly
translocate into the mitochondria, degradation due to proteases
within the mitochondria, and reduced biosynthesis or import
of proteins. In addition to mitophagy, mitochondria can be
eliminated by extrusion from the cell (mitoptosis).559 Thus, it is
advisable to use a variety of complementary methods to monitor
mitochondria loss including TEM, single cell analysis of LC3
fluorescent puncta, and western blot, in conjunction with flux
inhibitors and specific inhibitors of autophagy induction compared with inhibitors of the other major degradation systems
(see cautions in Autophagy inhibitors and inducers).
Likewise, although the mechanism(s) of peroxisome degradation in mammals awaits further elucidation, it can occur by both
autophagic and proteasome-dependent mechanisms.560 Thus,
controls are needed to determine the extent of degradation that
is due to the proteasome. Moreover, two additional degradation
mechanisms have been suggested: the action of the peroxisomespecific Lon protease and the membrane disruption effect of
15-lipoxygenase.561
e. Aggrephagy. Aggrephagy is the selective removal of aggregates
by macroautophagy.562 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 (a-synuclein).
Levels are quantified by immunofluorescence or traditional
immunoblot. Similarly, fluorescently tagged aggregated proteins
such as polyQ80-CFP can be monitored via immunoblot and
immunofluorescence. A polyQ80-luciferase reporter, which forms
aggregates, can also be used to follow aggrephagy.563 A nonaggregating polyQ19-luciferase or untagged full-length luciferase
serves as a control. The ratio of luciferase activity from these two
constructs can be calculated to determine autophagic flux.
Autophagic degradation of endogenous aggregates such as
lipofuscin can in some cell types be monitored by fluorescence
microscopy, utilizing the autofluorescence of lipofuscin particles.
The amount of lipofuscin in primary human adipocytes can be
reduced by activation of autophagy, and the amount of lipofuscin
is dramatically reduced in adipocytes from patients with type 2
diabetes and chronically enhanced autophagy.209
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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 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.564 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.
f. Xenophagy. The macroautophagy pathway has emerged
as an important cellular factor in both innate and adaptive
immunity. Many in vitro and in vivo studies have demonstrated
that genes encoding macroautophagy components are required
for host defense against infection by bacteria, parasites and
viruses. Macroautophagy may be defective in human diseases
such as inflammatory bowel disease, since genes encoding essential
macroautophagy components have been linked to the disease.
Xenophagy is often used as a term to describe autophagy of
microbial pathogens, mediating their capture and delivery to
lysosomes for degradation. Since xenophagy presents an immune
defense, it is not surprising that microbial pathogens have
evolved strategies to overcome it. The interactions of such
pathogens with the autophagy system of host cells are complex
and have been the subject of several excellent reviews.76-81,565-570
Here we will make note of a few key considerations when
studying interactions of microbial pathogens with the autophagy
system.
LC3 is commonly used as a marker of macroautophagy.
However, studies have established that LC3 can promote phagosome maturation independently of macroautophagy through
LC3-associated phagocytosis (see cautionary notes in Atg8/LC3
detection and quantification). Other studies show that macroautophagy of Salmonella Typhimurium is dependent on ATG9,
an essential macroautophagy protein, whereas LC3 recruitment to
bacteria does not require ATG9.571 In contrast, macroautophagy
of these bacteria requires ubiquitination of target proteins (not yet
identified) and recruitment of three ubiquitin-binding adaptor
proteins, SQSTM1,572 CALCOCO2/NDP52573 and OPTN.574
Therefore, the currently available criteria to differentiate LAP
from macroautophagy include: (1) LAP involves LC3 recruitment
to bacteria in a manner that requires reactive oxygen species
production by an NADPH oxidase. It should be noted that most
cells express at least one member of the NADPH oxidase (also
known as NOX) family. Targeting expression of the common
CYBA/p22phox subunit is an effective way to disrupt the NOX
NADPH oxidases. Scavenging of reactive oxygen species by
antioxidants such as resveratrol and a-tocopherol is also an
effective way to inhibit LAP. In contrast, N-acetylcysteine, which
raises cellular glutathione levels, does not inhibit LAP.575
(2) Macroautophagy of bacteria requires ATG9, while LAP
apparently does not.571 (3) LAP involves single-membrane
structures. For LAP, CLEM (with LC3 as a marker) is expected
to show single-membrane structures that are LC3+ LAP.131 In

contrast, macroautophagy is expected to generate doublemembrane structures surrounding cargo (which may include
single membrane phagosomes, giving rise to triple-membrane
structures571). (4) Macroautophagy of bacteria requires protein
ubiquitination and ubiquitin-binding adaptors (SQSTM1,
CALCOCO2, OPTN, and possibly others), whereas LAP does
not. It is anticipated that more specific markers of LAP will be
identified as these phagosomes are further characterized.
Nonmotile Listeria monocytogenes can be targeted to doublemembrane autophagosomes upon antibiotic treatment,576 which
indicates that macroautophagy serves as a cellular defense against
microbes in the cytosol. However, subsequent studies have
revealed that macroautophagy can also target pathogens within
phagosomes, damaged phagosomes or the cytosol. Therefore,
when studying microbial interactions by EM, many structures can
be visualized, with any number of membranes encompassing
microbes, all of which may be LC3+.577 As discussed above, singlemembrane structures that are LC3+ may arise through LAP, and
we cannot rule out the possibility that both LAP and macroautophagy may operate at the same time to target the same
phagosome.
Viruses can also be targeted by autophagy, and in turn can
act to inhibit autophagy. For example, infection of a cell by
influenza and dengue viruses578 or enforced expression of the
hepatitis B virus C protein579 have profound consequences for
autophagy, as viral proteins such as NS4A stimulate autophagy
and protect the infected cell against apoptosis, thus extending
the time in which the virus can replicate. Conversely, the herpes
simplex virus ICP34.5 protein inhibits autophagy by targeting
BECN1.580 While the impact of ICP34.5's targeting of BECN1
on virus replication in cultured permissive cells is minimal, it
has a significant impact upon pathogenesis in vivo, most likely
through interfering with activation of CD4+ T cells.581,582 Care
must be taken in determining the role of autophagy in virus
replication, as some viruses such as vaccinia use doublemembrane structures that form independently of the autophagy
machinery.583 Similarly, dengue virus replication, which appears
to involve a double-membrane compartment, requires the ER
rather than autophagosomes,584 whereas coronaviruses use a nonlipidated version of LC3 (see Atg8/LC3 detection and quantification).137 Yet another type of variation is seen with hepatitis C
virus, which requires BECN1, ATG4B, ATG5 and ATG12 for
initiating replication, but does not require these proteins once an
infection is established.585
Finally, it is important to realize that there may be other
macroautophagy-like pathways that have yet to be characterized.
For example, in response to cytotoxic stress (treatment with
etoposide), autophagosomes are formed in an ATG5- and ATG7independent manner.26 While this does not rule out involvement of other macroautophagy regulators/components in the
formation of these autophagosomes, it does establish that
the canonical macroautophagy pathway involving LC3 conjugation is not involved. In contrast, RAB9 is required for
this alternative pathway, potentially providing a useful marker
for analysis of these structures. Returning to xenophagy,
Mycobacterium tuberculosis can be targeted to autophagosomes in
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an ATG5-independent manner.586 Furthermore, up to 25% of
intracellular Salmonella typhimurium are observed in multilamellar membrane structures resembling autophagosomes in
Atg52/2 MEFs.572 These findings indicate that an alternate
macroautophagy pathway is relevant to host-pathogen interactions. Moreover, differences are observed that depend on
the cell type being studied. Yersinia pseudotuberculosis is
targeted to autophagosomes where they can replicate in bone
marrow-derived macrophages,587 whereas in RAW264.7 and
J774 cells, bacteria are targeted both to autophagosomes, and
LC3-negative, single-membrane vacuoles (Lafont F, personal
communication).
g. Lipophagy. The specific macroautophagic degradation of lipid
droplets represents another type of selective autophagy.588
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, or
ideally label-free techniques such as CARS or SRS microscopy.
TEM can also be used to monitor lipid droplet size and number.
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.
h. Zymophagy. Zymophagy is a protective mechanism induced
during pancreatitis that results in the selective degradation of
activated zymogen granules, which are deleterious for the pancreatic acinar cells.589 This process can be monitored by TEM,
identifying autophagosomes containing secretory granules, by
following SQSTM1 degradation by western blot, and by
examining the subcellular localization of VMP1-EGFP, which
relocates to granular areas of the cell upon zymophagy induction.
Colocalization of trypsinogen (which is packaged within zymogen
granules) and LC3, or of GFP-ubiquitin (which is recruited to the
activated granules) with RFP-LC3 can also be observed by
indirect or direct immunofluorescence microscopy, respectively.
i. Allophagy. In metazoans, mitochondria, and hence mitochondrial DNA, from the sperm is eliminated by an autophagic
process. This process of allogeneic (nonself) organelle autophagy is
termed “allophagy.”590,591 During allophagy in C. elegans, both
paternal mitochondria and membranous organelles (a spermspecific membrane compartment) are eliminated by the 16-cell
stage (100–120 min post-fertilization).592,593 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 homologs),
which appear next to the sperm DNA, membranous organelles
and mitochondria (labeled with CMXRos or mitochondriatargeted 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 mitochondria within
autophagosomes in the early embryo.
Conclusion: 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). 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.
9. Autophagic sequestration assays. Autophagic activity can
also be monitored by the sequestration of autophagic cargo, using
either an (electro)injected, inert cytosolic marker such as [3H]
raffinose,594 or an endogenous cytosolic protein such as lactate
dehydrogenase (LDH),595 in the latter case along with treatment
with a protease inhibitor (e.g., leupeptin) to prevent intralysosomal degradation of the protein marker. The assay simply measures
the transfer of cargo from the soluble (cytosol) to the insoluble
(sedimentable) cell fraction (which includes autophagic compartments), with no need for a sophisticated subcellular fractionation
(a filtration assay would presumably work just as well as
centrifugation, although it would be necessary to verify that the
filtration membrane does not destroy the integrity of the
postnuclear supernatant compartments). The cargo marker can
be quantified by an enzymatic assay, or by western blotting. In
principle, any intracellular component can be used as a cargo
marker, but cytosolic enzymes having low sedimentable backgrounds are preferable. Membrane-associated markers are less
suitable, and proteins such as LC3, which are part of the
sequestering system itself, will have a much more complex
relationship to the autophagic flux than a pure cargo marker such
as LDH.
In yeast, sequestration assays are typically done by monitoring
protease protection of an autophagosome marker or a cargo
protein. For example, prApe1, and GFP-Atg8 have been used to
follow completion of the autophagosome.596 The relative resistance or sensitivity to an exogenous protease in the absence
of detergent is an indication of whether the autophagosome (or
other sequestering vesicle) is complete or incomplete, respectively. Thus, this method also distinguishes between a block in
autophagosome formation vs. fusion with the vacuole. The critical
issues to keep in mind involve the use of appropriate control
strains and/or proteins, and deciding on the correct reporter protein.
In addition to protease protection assays, sequestration can be
monitored by fluorescence microscopy during pexophagy of
methanol-induced peroxisomes, using GFP-Atg8 as a pexophagosome marker, and BFP-SKL to label the peroxisomes. The vacuolar
sequestration process during micropexophagy can also be monitored
by formation of the vacuolar sequestration membrane (VSM)
stained with FM 4–64.501,507
Sequestration assays can be designed to measure flux through
individual steps of the autophagy pathway. For example,
intralysosomally degraded sequestration probes such as [14C]lactate or LDH will mark prelysosomal compartments in the
absence of degradation inhibitors. Hence, their accumulation
in such compartments can be observed when fusion with
lysosomes is suppressed, for example, by a microtubule
inhibitor such as vinblastine.597 Furthermore, lactate hydrolysis
can be used to monitor the overall autophagic pathway
(autophagic lactolysis).598 One caveat, however, is that inhibitors may affect sequestration indirectly, for example, by
modifying the uptake and metabolism (including protein
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synthesis) of autophagy-suppressive amino acids (see Autophagy
inhibitors and inducers).
A variation of this approach applicable to mammalian cells
includes live cell imaging. Autophagy induction is monitored as
the movement of cargo, such as mitochondria, to GFP-LC3colocalizing compartments, and then fusion/flux is measured by
delivery of cargo to lysosomal compartments.258,599 In addition,
sequestration of fluorescently tagged cytosolic proteins into
membranous compartments can be measured, as fluorescent
puncta become resistant to the detergent digitonin.600 Use of
multiple time points and monitoring colocalization of a particular
cargo with GFP-LC3 and lysosomes can also be used to assess
sequestration of cargo with autophagosomes as well as delivery to
lysosomes.601
Cautionary notes: The electro-injection of radiolabeled probes
is technically demanding, but the use of an endogenous cytosolic
protein probe is very simple and requires no pretreatment of the
cells other than with a protease inhibitor. Another concern with
electro-injection is that it can affect cellular physiology, so it is
necessary to verify that the cells behave properly under control
situations such as amino acid deprivation. An alternate approach
for incorporating exogenous proteins into mammalian cell cytosol
is to use “scrape-loading,” a method that works for cells that are
adherent to tissue culture plates.602 Finally, these assays work well
with hepatocytes but may be problematic with other cell types,
and it can be difficult to load the cell while retaining the integrity
of the compartments in the post-nuclear supernatant (Tooze S,
unpublished results). General points of caution to be addressed
with regard to live cell imaging relate to photobleaching of the
fluorophore, cell injury due to repetitive imaging, autofluorescence in tissues containing lipofuscin, and the pH sensitivity of
the fluorophore.
There are several issues to keep in mind when monitoring
sequestration by the protease protection assay in yeast.596 First, as
discussed in Selective types of autophagy, prApe1 is not an accurate
marker for nonspecific autophagy; import of prApe1 utilizes a
receptor (Atg19) and a scaffold (Atg11) that make the process
specific. In addition, vesicles that are substantially smaller than
autophagosomes can effectively sequester the Cvt complex.
Another problem is that prApe1 cannot be used as an autophagy
reporter for mutants that are not defective in the Cvt pathway,
although this can be bypassed by using a vac8D background.603
At present, the prApe1 assay cannot be used in any system other
than yeast. The GFP-Atg8 protease protection assay avoids these
problems, but the signal-to-noise ratio is typically substantially
higher. In theory, it should be possible to use this assay in other
cell types, but at present no publications report its use other than
in yeast.
Conclusion: Sequestration assays present another valid method
for monitoring autophagy, and in particular for discriminating
between conditions where the autophagosome is complete (but
not fused with the lysosome/vacuole) or open (i.e., a phagophore).
These assays can also be modified to measure autophagic flux.
10. Turnover of autophagic compartments. Inhibitors of autophagic sequestration (e.g., amino acids, 3-MA or wortmannin)
can be used to monitor the disappearance of autophagic elements

(phagophores, autophagosomes, autolysosomes) to estimate their
half-life by TEM morphometry/stereology. The turnover of the
autophagosome or the autolysosome will be differentially affected
if fusion or intralysosomal degradation is inhibited.14,16,24,604
The duration of such experiments is usually only a few hours;
therefore, long-term side effects or declining effectiveness of the
inhibitors can be avoided. It should be noted that fluorescence
microscopy has also been used to monitor the half-life of autophagosomes, monitoring GFP-LC3 in the presence and absence
of bafilomycin A1 or following GFP-LC3 after starvation and
recovery in amino acid-rich medium (see Atg8/LC3 detection and
quantification).18,605
Cautionary notes: The inhibitory effect must be strong and
the efficiency of the inhibitor needs to be tested under the
experimental conditions to be employed. Cycloheximide is
sometimes used as an autophagy inhibitor, but this is problematic
because of the many potential indirect effects. Cycloheximide
inhibits translational elongation, and therefore protein synthesis.
In addition, it decreases the efficiency of protein degradation in
several cell types (Cuervo AM, personal communication) including hematopoietic cells (Edinger A, personal communication).
Treatment with cycloheximide causes a potent increase in
TORC1 activity, which can decrease autophagy, in part as a
result of the increase in the amino acid pool resulting from
suppressed protein synthesis (Shen H-M, personal communication).606,607 In addition, at high concentrations (in the millimolar
range) cycloheximide inhibits complex I of the mitochondrial
respiratory chain,608,609 but this is not a problem, at least
in hepatocytes, at low concentrations (10 -20 mM) that are
sufficient to prevent protein synthesis (Meijer AJ, personal
communication).
Conclusion: The turnover of autophagic compartments is a
valid, but less preferred method, for monitoring flux, and cycloheximide must be used in these experiments with caution.
11. Autophagosome-lysosome colocalization and dequenching assay. Another method to demonstrate the convergence of the
autophagic pathway with a functional degradative compartment
is to incubate cells with the bovine serum albumin derivative
dequenched (DQ)-BSA that has been labeled with the redfluorescent BODIPY TR-X dye; this conjugate will accumulate
in lysosomes. The labeling of DQ-BSA is so extensive that the
fluorophore is self-quenched. Proteolysis of this compound results
in dequenching and the release of brightly fluorescent fragments.
Thus, DQ-BSA is useful for detecting intracellular proteolytic
activity as a measure of a functional lysosome.610
Furthermore, DQ-BSA labeling can be combined with GFPLC3 to monitor colocalization, and thus visualize the convergence, of amphisomes with a functional degradative compartment
(DQ-BSA is internalized by endocytosis). This method can also
be used to visualize fusion events in real-time experiments
by confocal microscopy (live cell imaging). Along similar lines,
other approaches for monitoring convergence are to follow the
colocalization of RFP-LC3 and LysoSensor Green (Bains M,
Heidenreich KA, personal communication), mCherry-LC3 and
LysoSensor Blue,259 or tagged versions of LC3 and LAMP1
(Macleod K, personal communication) or CD63258 as a measure

© 2012 Landes Bioscience.
Do not distribute.

500

Autophagy

Volume 8 Issue 4

of the fusion of autophagosomes with lysosomes. It is also possible
to trace autophagic events by visualizing the pH-dependent
excitation changes of the coral protein Keima.549 This quantitative technique is capable of monitoring the fusion of autophagosomes with lysosomes, that is, the formation of an autolysosome,
and the assay does not depend on the analysis of LC3.
Cautionary notes: Some experiments require the use of inhibitors (e.g., 3-MA or wortmannin) or overexpression of proteins
(e.g., RAB7 dominant negative mutants) that may also affect the
endocytic pathway or the delivery of DQ-BSA to lysosomes (e.g.,
wortmannin causes the swelling of late endosomes611). In this
case, the lysosomal compartment can be labeled with DQ-BSA
overnight before treating the cells with the drugs, or prior to the
transfection.
Conclusion: DQ-BSA provides a relatively convenient means
for monitoring lysosomal protease function, and to follow the
fusion of amphisomes with the lysosome. Colocalization of
autophagosomes (fluorescently tagged LC3) with lysosomal
proteins or dyes can also be monitored.
12. Tissue fractionation. The study of autophagy in the organs
of larger animals, in large numbers of organisms with very
similar characteristics, or in tissue culture cells provides an
opportunity to use tissue fractionation techniques as has been
possible with autophagy in rat liver.34,48,612-617 Because of their sizes
[smaller than nuclei but larger than membrane fragments (microsomes)], differential centrifugation can be used to obtain
a subcellular fraction enriched in mitochondria and organelles
of the autophagic-lysosomal system, which can then be subjected to
density gradient centrifugation to enrich autophagosomes, amphisomes, autolysosomes and lysosomes.34,48,617-621 Any part of such a
fraction can be considered to be a representative sample of tissue
constituents and used in quantitative biochemical, centrifugational
and morphological studies of autophagic particle populations.
The simplest studies of the autophagic process take advantage
of sequestered marker enzymes, changes in location of these
enzymes, differences in particle/compartment size and differential sensitivity of particles of different sizes to mechanical and
osmotic stress (for example, acid hydrolases are found primarily
in membrane-bound compartments and their latent activities
cannot be measured unless these membranes are lysed). Such a
change in enzyme accessibility can be used to follow the time
course of an exogenously induced, or naturally occurring,
autophagic process.612,614,616
Quantitative localization of enzymatic activity (or any other
marker) to specific cytoplasmic particle populations and changes
in the location of such markers during autophagy can be performed using rate sedimentation ultracentrifugation (see Autophagic sequestration assays).618 Similar results can be obtained with
isopycnic centrifugation where particles enter a density gradient
(sometimes made with sucrose but iso-osmotic media such as
iodixanol, metrizamide and Nycodenz may be preferred as
discussed below under Cautionary notes) and are centrifuged until
they reach locations in the gradient where their densities are equal
to those of the gradient.618
The fractionation of organelles can also be evaluated by proteincorrelation-profiling (PCP), a quantitative mass spectrometry-based

proteomics approach. Similar to the biochemical assays described
above, gradient profiles of marker proteins can be recorded and
compared with proteins of interest.278 Compared with classical
biochemical approaches, PCP allows the proteome-wide recording of protein gradient profiles.
Particle populations in subcellular fractions evaluated with
quantitative biochemical and centrifugational approaches can
also be studied with quantitative morphological methods.
Detailed morphological study of the particle populations involved
in the autophagic process usually requires the use of EM. The
thin sections required for such studies pose major sampling
problems in both intact cells622 and subcellular fractions.618
With the latter, 2,000,000 sections can be obtained from each
0.1 ml of pellet volume, so any practical sample size is an
infinitesimally small subsample of the total sample.618 However,
through homogenization and resuspension, complex and heterogeneous components of subcellular fractions become randomly
distributed throughout the fraction volume. Therefore, any
aliquot of that volume can be considered a random sample of
the whole volume. What is necessary is to conserve this property
of subcellular fractions in the generation of a specimen that
can be examined with the electron microscope. This can be done
with the use of a pressure filtration procedure.618,623 Because of
the thinness of the sections, multiple sections of individual
particles are possible so morphometric/stereological methods622
must be used to determine the volume occupied by a given
class of particles, as well as the size distribution and average size
of the particle class. From this information the number of particles
in a specific particle class can be calculated.624 Examination of
individual profiles gives information on the contents of different
types of particles and their degree of degradation, as well as their
enclosing membranes.612,614
Cautionary notes: When isolating organelles from tissues and
cells in culture it is essential to use disruption methods that do
not alter the membrane of lysosomes and autophagosomes,
compartments that are particularly sensitive to some of those
procedures. For example teflon/glass motor homogenization is
suitable for tissues with abundant connective tissue, such as liver,
but for circulating cells or cells in culture, disruption by nitrogen
cavitation is a good method to preserve lysosomal membrane
stability;625 however, this method is not suitable for small samples
and may not be readily available. Other methods, including
“Balch” or “Dounce” homogenizers also work well.626,627 During
the isolation procedure it is essential to always use iso-osmotic
solutions to avoid hypotonic or hypertonic disruption of the
organelles. In that respect, because lysosomes are able to take up
sucrose if it is present at high concentrations, the use of sucrose
gradients for the isolation of intact lysosome-related organelles is
strongly discouraged.
As with the isolation of any other intracellular organelle, it
is essential to assess the purity of each preparation, as there is
often considerable variability from experiment to experiment
due to the many steps involved in the process. Correction for
purity can be done through calculation of recovery (percentage
of the total activity present in the homogenate) and enrichment (dividing by the specific activity in the homogenate)
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of enzymes or protein markers for those compartments (e.g.,
β-hexosaminidase is routinely used to assess lysosomal purity, but
enzymes such as CTSB/cathepsin B may also be used and may
provide more accurate readouts).625 Because of the timeconsuming nature of quantitative morphological studies, such
studies should not be performed until simpler biochemical
procedures have established the circumstances most likely to give
meaningful morphometric/stereological results.
Finally, it is worthwhile noting that not all lysosomes are alike.
For example, there are differences among primary lysosomes,
autolysosomes and telolysosomes. Furthermore, what we refer to
as “lysosomes” are actually a very heterogeneous pool of organelles
that simply fulfill five classical criteria, having a pH , 5.6, mature
cathepsins, the presence of LAMP proteins, a single membrane,
and the absence of endosomal and recycling compartment
markers (e.g., the mannose-6-phosphate receptor or RAB5).
But even applying those criteria we can separate lysosomes
with clear differences in their proteome and other properties,
and these distinct populations of lysosomes are likely to
participate in different functions in the cell (see Chaperonemediated autophagy).628
Conclusion: Considering the limited methods available for in
vivo analysis of autophagy, tissue fractionation is a valid, although
relatively laborious, method for monitoring this process. Care
must be taken to ensure that sample analysis is representative.
13. Analyses in vivo. Monitoring autophagic flux in vivo or in
organs is one of the least developed areas at present, and ideal
methods relative to the techniques possible with cell culture may
not exist. Importantly, the level of basal autophagy, time course
of autophagic induction, and the bioavailabilty of autophagystimulating and -inhibiting drugs is likely tissue specific. Moreover, basal autophagy or sensitivity to autophagic induction may
vary with animal age, sex or strain background. Therefore
methods may need to be optimized for the tissue of interest.
One method for in vivo studies is the analysis of GFP-LC3/Atg8
(see GFP-Atg8/LC3 fluorescence microscopy above). Autophagy
can be monitored in tissue (e.g., skeletal muscle, liver and retina)
in vivo in transgenic mice systemically expressing GFP-LC3,126,446
or in other models by transfection with GFP-LC3 plasmids.346
In addition, tissue-specific GFP-LC3 mice have been generated
for monitoring cardiac myocytes.629,630 In these settings, GFP
fluorescent puncta are indicative of autophagic structures. In
addition, cleavage of GFP-LC3 to generate free GFP can be
evaluated. This has been successfully performed in mouse
liver,172,631 suggesting the GFP-LC3 cleavage assay may also be
applied to in vivo studies. Alternatively, confocal laser scanning
microscopy, which makes it possible to obtain numerous sections
and substantial data about spatial localization features, can be
a suitable system for studying autophagic structures (especially
for whole mount embryo in vivo analysis).632 In addition, this
method can be used to obtain quantitative data through
densitometric analysis of fluorescent signals.633
Another possibility is immunohistochemical staining, an
important procedure that may be applicable to human studies
as well, considering the role of autophagy in neurodegeneration,
myopathies and cardiac disease where samples may be limited

to biopsy/autopsy tissue. Immunodetection of LC3 as definite
puncta is possible in paraffin-embedded tissue sections and fresh
frozen tissue, by either immunohistochemistry or immunofluorescence;140,634-637 however, this methodology has not received
extensive evaluation, and does not lend itself well to dynamic
assays. Other autophagic substrates can be evaluated via
immunohistochemistry and include SQSTM1, NBR1, ubiquitinated inclusions and protein aggregates. Similarly, autophagy can
be evaluated by measuring levels of these autophagic substrates via
traditional immunoblot; however, their presence or absence needs
to be cautiously interpreted as some of these substrates can
accumulate with either an increase or a decrease in autophagic
flux (see SQSTM1/p62 and related LC3 binding protein turnover
assays). Bone marrow transfer has been used to document in vivo
the role of autophagy in the reverse cholesterol transport pathway
from peripheral tissues or cells (e.g., macrophages) to the liver for
secretion in bile and for excretion,638 and a study shows that
transglutaminase type 2 protein levels decrease in mouse liver in
vivo upon starvation in an autophagy-dependent manner (and
in human cell lines in vitro in response to various stimuli;
Piacentini M, personal communication), presenting additional
possible methods for following autophagy activity.
It is also possible to analyze tissues ex vivo, and these studies
can be particularly helpful in assessing autophagic flux as they
avoid the risks of toxicity and bioavailabilty of compounds such
as bafilomycin A1 or other autophagy inhibitors. Along these
lines, autophagic flux can be determined by western blot in
retinas placed in culture for 4 h with protease inhibitors. This
method could be used in tissues that can remain “alive” for several
hours in culture such as the retina (Boya P, unpublished
observations) and brain slices (Desai S, unpublished observations).
Several studies have demonstrated the feasibility of monitoring
autophagic flux in vivo in skeletal muscle. Starvation is one of
the easiest and most rapid methods for stimulating the autophagic machinery in skeletal muscles. Twelve h of fasting in mice
may be sufficient to trigger autophagy in muscle,639,640 but the
appropriate time should be determined empirically. Data about
the autophagic flux can be obtained by treating mice with, for
example, chloroquine,640 leupeptin641 or colchicine153 and then
monitoring the change in accumulation of LC3 (see cautionary
notes). This type of analysis can also be done with liver, by
comparing the LC3-II level in untreated liver (obtained by a
partial hepatectomy) to that following subsequent exposure to
chloroquine (Skop V, Papackova Z, Cahová M, personal communication). Additional reporter assays to monitor autophagy
flux in vivo need to be developed, including tandem fluorescentLC3 transgenic mice, or viral vectors to express this construct in
vivo in localized areas.
Some biochemical assays may be used to at least provide
indirect correlative data relating to autophagy, in particular when
examining the role of autophagy in cell death. For example,
cellular viability is related to high CTSB activity and low CTSD/
cathepsin D activities.642 Therefore, the appearance of the opposite levels of activities may be one indication of the initiation
of autophagy (lysosome)-dependent cell death. The question of
“high” vs. “low” activities can be determined by comparison to
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the same tissue under control conditions, or to a different tissue
in the same organism, depending on the specific question.
With regard to living mammals, a minimally invasive method
that may be used even in humans is to measure the arterio-venous
amino acid exchange rate in the peripheral tissues as a measure
of postabsorptive protein catabolism. In humans, the insulin- and
amino acid-sensitive postabsorptive (autophagic) net protein
catabolism in the peripheral (mostly skeletal muscle) tissue can
be measured by determining the amino acid exchange rate across
the lower extremities, as defined by the difference between the
plasma amino acid concentrations in the femoral artery and
femoral vein multiplied by the blood flow.643-645 Amino acid
exchange studies show that the peripheral tissues take up amino
acids during the post-prandial (fed) state and release amino acids
in the postabsorptive (fasted) state, i.e., in a state with relatively
low plasma insulin and amino acid levels. This post-absorptive
release of amino acids is strongly inhibited by infusion of insulin
or by exogenous supply of amino acids, suggesting that it is
mainly mediated by a lysosomal/autophagic mechanism of protein
catabolism.643-650 However, the relative contribution of autophagy
to the post-absorptive release of amino acids may be changed in
disease states (see cautionary notes).
Cautionary notes: The major hurdle with in vivo analyses is
the identification of autophagy-specific substrates and the ability
to “block” autophagosome degradation with a compound such as
bafilomycin A1. Regardless, it is still essential to adapt the same
rigors for measuring autophagic flux in vitro to measurements
made with in vivo systems. Moreover, as with cell culture, in order
to substantiate a change in autophagic flux it is not adequate to
rely solely on the analysis of static levels or changes in LC3-II
protein levels on western blot using tissue samples. To truly
measure in vivo autophagic flux using LC3-II as a biomarker, it is
necessary to block lysosomal degradation of the protein. Several
studies have successfully done this in select tissues in vivo. Certain
general principles need to be kept in mind: (a) Any autophagic
blocker, whether leupeptin, bafilomycin A1, chloroquine or
microtubule depolarizing agents such as colchicine or vinblastine
must significantly increase basal LC3-II levels. The turnover of
LC3-II or rate of basal autophagic flux is not known for tissues in
vivo, and therefore short treatments (e.g., 4 h) may not be as
effective as blocking for longer times (e.g., 12 to 24 h). (b) The
toxicity of the blocking agent needs to be considered (e.g., treating
animals with bafilomycin A1 for 2 h can be quite toxic) and food
intake must be monitored. If long-term treatment is needed to
see a change in LC3-II levels, then confirmation that the animals
have not lost weight may be needed. Mice may lose a substantial
portion of their body weight when deprived of food for 24 h, and
starvation is a potent stimulus for the activation of autophagy.
(c) The bioavailability of the agent needs to be considered. For
example, many inhibitors such as bafilomycin A1 or chloroquine
have relatively poor bioavailability to the central nervous system.
To overcome this problem, intracerebroventricular injection can
be performed.
When analyzing autophagic flux in vivo, one major limitation
is the variability between animals. Different animals do not always
activate autophagy at the same time. To improve the statistical

relevance and avoid unclear results, these experiments should be
repeated more than once and each experiment should include
several animals. Induction of autophagy in a time-dependent
manner by fasting mice for different times requires appropriate
caution. Mice are nocturnal animals, so they preferentially move
and eat during the night, while they mostly rest during daylight.
Therefore, in such experiments it is better to start food
deprivation early in the morning, in order to avoid the possibility
that the animals have already been fasting for several hours. The
use of chloroquine is technically easier, since it only needs one
intraperitoneal injection per day, but the main concern is that
chloroquine has some toxicity. Chloroquine suppresses the
immunological response in a manner that is not due to its pHdependent lysosomotropic accumulation (chloroquine interferes
with lipopolysaccharide-induced TNF/TNFa gene expression by
a nonlysosmotropic mechanism),651 as well as through its pHdependent inhibition of antigen presentation.652 Therefore,
chloroquine treatment should be used for short times and at
doses that do not induce severe collateral effects, which may
invalidate the measurement of the autophagic flux, and care must
be exercised in using chloroquine for studies on autophagy that
involve immunological aspects. It is also important to have timematched controls for in vivo analyses. That is, having only a zero
hour time point control is not sufficient because there may be
substantial diurnal changes in basal autophagy.467 For example,
variations in basal flux in the liver associated with circadian
rhythm may be several fold, which can equal or exceed the
changes due to starvation. Along these lines, in order to allow
comparisons of a single time-point it is important to specify what
time of day the measurement is taken, and the lighting conditions
under which the animals are housed. It is also important that the
replicate experiments are conducted at the same time of day.
Controlling for circadian effects can greatly reduce the mouse-tomouse variability in autophagy markers and flux (Haspel JA, Choi
AMK, personal communication).
The amino acid exchange rate, which has been suggested as a
minimal invasive marker for measuring autophagic flux in vivo
should be used with special caution. Postprandial suppression of
amino acid release by peripheral tissues is strongly mediated by
insulin and amino acids and is therefore thought to be mediated
by autophagy (see above). However, the ubiquitin-proteasome
system likely confounds this investigation, as this pathway can
also be inhibited by insulin and amino acids.653 In addition,
multiple disease states have been associated with an altered activity
of the ubiquitin-proteasome system, further complicating the use
of the amino acid exchange rate as a marker of autophagy.654
When analyzing basal autophagic level in vivo using GFPLC3 transgenic mice,126 one pitfall is that GFP-LC3 expression
is driven by the cytomegalovirus enhancer and β-actin (CAG)
promoter, so that the intensity of the GFP signal may not always
represent the actual autophagic activity, but rather the CAG
promoter activity in individual cells. For example, GFP-LC3
transgenic mice exhibit prominent fluorescence in podocytes,
but rarely in tubular epithelial cells in the kidney,126 but a similar
GFP pattern is observed in transgenic mice carrying CAG
promoter-driven non-tagged GFP.655 Furthermore, proximal
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tubule-specific ATG5-deficient mice656 display a degeneration
phenotype earlier than podocyte-specific ATG5-deficient mice,657
suggesting that autophagy, and hence LC3 levels, might actually
be more prominent in the former.
One caution in using approaches that monitor ubiquitinated
aggregates is that the accumulation of ubiquitin may indicate
a block in autophagy, inhibition of proteasomal degradation, or
may correspond to structural changes in the substrate proteins
that hinder their degradation. In addition, only cytosolic and not
nuclear ubiquitin is subject to autophagic degeneration. It is
helpful to analyze aggregate degradation in an autophagy-deficient
control strain, such as an autophagy mutant mouse, whenever
possible to determine whether an aggregate is being degraded by
an autophagic mechanism. This type of control will be impractical
for some tissues such as those of the central nervous system
because the absence of autophagy leads to rapid degeneration.
Accordingly, the use of Atg16l1 hypomorphs or Becn1+/heterozygotes may help circumvent this problem.
Conclusion: Although the techniques for analyzing autophagy
in vivo are not as advanced as those for cell culture, it is still
possible to follow this process (including flux) by monitoring, for
example, GFP-LC3 by fluorescence microscopy, and SQSTM1
and NBR1 by immunohistochemistry and/or western blotting.
14. Cell death. In a limited number of cases, autophagy has
been established as the cause of cell death;97,199,658-664 although
opposite results have been reported using analogous experimental
settings.665 Furthermore, many of the papers claiming a causative
role of autophagy in cell death fail to provide adequate
evidence.666 Other papers suffer from ambiguous use of the term
“autophagic cell death,” which was coined in the 1970s667 in a
purely morphological context to refer to cell death with autophagic features (especially the presence of numerous secondary
lysosomes); this was sometimes taken to suggest a role of autophagy in the cell death mechanism, but death-mediation was not
part of the definition.668 Unfortunately, the term “autophagic cell
death” is now used in at least three different ways: (a) autophagyassociated cell death (the original meaning); (b) autophagymediated cell death (which could involve a standard mechanism
of cell death such as apoptosis, but triggered by autophagy); (c) a
distinct mechanism of cell death, independent of apoptosis or
necrosis. Clearly claim (b) is stronger than claim (a), and needs to
be justified by proof that inhibiting autophagy, through either
genetic or chemical means, prevents cell death.669 Claim (c) is still
stronger, because, even if the cell death is blocked by autophagy
inhibition, proof needs to be provided that the cell death
mechanism is not apoptosis or necrosis.670 In view of the current
confusion it may be preferable to replace the term “autophagic cell
death” by other terms such as “autophagy-associated cell death” or
“autophagy-mediated cell death,” unless the criteria in claim (c)
above have been satisfied. Along these lines, it is preferable to use
the term “autophagy-dependent cell death” instead of “autophagymediated cell death” when it is proven that autophagy is a prerequisite for the occurrence of cell death, but it is not proven
that autophagy mechanistically mediates the switch to cell death.
A special caution should also be taken when describing developmental programmed cell death in plants, which is in most

cases executed by the growing lytic vacuoles and therefore is
referred to as “vacuolar cell death.”671 Although the morphology
of vacuolar cell death resembles a combination of macro- and
microautophagy, there is no genetic evidence yet that this death
requires the core autophagic machinery. Finally, the relationship
between autophagy and cell death may significantly differ as a
function of the model system being studied. For example, upon
induction by starvation of multicellular development in the
protist Dictyostelium, autophagy (or at least Atg1) is required to
protect against starvation-induced cell death, allowing vacuolar
developmental cell death to take place instead.672,673 Autophagy
may be involved not only in allowing this death to occur, but also
in the vacuolization process itself.674
Cautionary notes: In brief, rigorous criteria must be met in
order to establish a death-mediating role of autophagy, as this
process typically promotes cell survival. These include a clear
demonstration of autophagic flux as described in this article, as
well as verification that inhibition of autophagy prevents cell
death [claim (b) above; if using a knockdown approach, at least
two ATG genes should be targeted], and that other mechanisms
of cell death are not responsible [claim (c) above]. As part of this
analysis, it is necessary to examine the effect of the specific
treatment, conditions or mutation on cell viability using several
methods.675 In the case of postmitotic cells such as neurons or
retinal cells, cell death—and cell rescue by autophagy inhibition—can usually be established in vivo by morphological
analysis,676 and in culture by cell counts and/or measurement of
the release of an enzyme such as LDH into the medium at early
and late time points; however, a substantial amount of neuronal
cell death occurs during neurogenesis, making it problematic to
carry out a correct analysis in vivo or ex vivo.677,678 In populations
of rapidly dividing cells, the problems may be greater. A
commonly used method is the 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay, or a related assay
using a similar, or a water-soluble, tetrazolium salt. The main
concern with the MTT assay is that it measures mitochondrial
activity, but does not allow a precise determination of cellular
viability or cell death, whereas methods that show cell death
directly (e.g., trypan blue exclusion) fail to establish the viability
of the remaining cell population.679 Accordingly, a preferred
alternative is to accurately quantify cell death by appropriate
cytofluorometric or microscopy assays.675 Moreover, long-term
clonogenic assays should be employed when possible to measure
the effective functional survival of cells.
Conclusion: In most systems, ascribing death to autophagy
based solely on morphological criteria is insufficient; autophagic
cell death can only be demonstrated as death that is suppressed
by the inhibition of autophagy, through either genetic or chemical means.669 In addition, more than one assay should be used to
measure cell death.
15. Chaperone-mediated autophagy. The primary characteristic that makes chaperone-mediated autophagy (CMA) different
from the other autophagic variants described in these guidelines is
that it does not require formation of intermediate vesicular
compartments (autophagosomes or microvesicles) for the import
of cargo into lysosomes.680,681 Instead, the CMA substrates are
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translocated across the lysosomal membrane through the action of
HSPA8/HSC70 located in the cytosol and lysosome lumen, and
the lysosome membrane protein LAMP2A. To date, CMA has
only been identified in mammalian cells, and accordingly this
section refers only to studies in mammals.
The following methods are commonly utilized to determine
if a protein is a CMA substrate (see ref. 682 for experimental
details): (a) Analysis of the amino acid sequence of the protein to
identify the presence of a KFERQ-related motif that is an absolute
requirement for all CMA substrates.683 (b) Colocalization studies
with lysosomal markers (typically LAMP2A and/or LysoTracker)
to identify a fraction of the protein associated with lysosomes. The
increase in association of the putative substrate under conditions
that upregulate CMA (such as prolonged starvation) or upon
blockage of lysosomal proteases (to prevent the degradation of the
protein) helps support the hypothesis that the protein of interest
is a CMA substrate. However, association with lysosomes is
necessary but not sufficient to consider a protein an authentic
CMA substrate, because proteins delivered by other pathways to
lysosomes will also behave in a similar manner. A higher degree of
confidence can be attained if the association is preferentially with
the subset of lysosomes active for CMA (i.e., those containing
HSPA8 in their lumen), which can be separated from other
lysosomes following published procedures.628 (c) Co-immunoprecipitation of the protein of interest with cytosolic HSPA8. Due
to the large number of proteins that interact with this chaperone,
it is usually better to perform affinity isolation with the protein
of interest and then analyze the isolated proteins for the presence
of HSPA8 rather than vice versa. (d) Co-immunoprecipitation of
the protein of interest with LAMP2A.684 Due to the fact that the
only antibodies specific for the LAMP2A variant (the only one of
the three LAMP2 variants involved in CMA105,685) are generated
against the cytosolic tail of LAMP2A, where the substrate also
binds, it is necessary to affinity isolate the protein of interest and
then analyze for the presence of LAMP2A. Immunoblot for
LAMP2A in the precipitate can only be done with the antibodies
specific for LAMP2A and not just those that recognize the
lumenal portion of the protein that is identical in the other
LAMP2 variants. If the protein of interest is abundant inside
cells, co-immunoprecipitations with LAMP2A can be done in
total cellular lysates, but for low abundance cellular proteins,
preparation of a membrane fraction (enriched in lysosomes) by
differential centrifugation may facilitate the detection of the
population of the protein bound to LAMP2A. (e) Selective
upregulation and blockage of CMA to demonstrate that
degradation of the protein of interest changes with these
manipulations. Selective chemical inhibitors for CMA are not
currently available. Note that general inhibitors of lysosomal
proteases (e.g., bafilomycin A1, NH4Cl, leupeptin) also block the
degradation of proteins delivered to lysosomes by other autophagic and endosomal pathways. The most selective way to block
CMA is by knockdown of LAMP2A, which causes this protein
to become a limiting factor.105 The other components involved
in CMA, including HSPA8, HSP90, GFAP, and EEF1A1/eF1a
are all multifunctional cellular proteins, making it difficult to
interpret the effects of knockdowns. Overexpression of

LAMP2A684 is also a better approach to upregulate CMA than
the use of chemical modulators. The two compounds demonstrated to affect degradation of long-lived proteins in lysosomes,686
6-aminonicotinamide and geldanamycin, lack selectivity, as they
affect many other cellular processes. In addition, in the case of
geldanamycin, the effect on CMA can be the opposite (inhibition
rather than stimulation) depending on the cell type (this is due to
the fact that the observed stimulation of CMA is actually a
compensatory response to the blockage of HSP90 in lysosomes,
and different cells activate different compensatory responses).687
(f) The most conclusive way to prove that a protein is a CMA
substrate is by reconstituting its direct translocation into
lysosomes using a cell-free system.682 This method is only
possible when the protein of interest can be purified, and it
requires the isolation of the population of lysosomes active for
CMA. Internalization of the protein of interest inside lysosomes
upon incubation with the isolated organelle can be monitored
using protease protection assays (in which addition of an
exogenous protease removes the protein bound to the cytosolic
side of lysosomes, whereas it is inaccessible to the protein that
has reached the lysosomal lumen; note that pre-incubation of
lysosomes with lysosomal protease inhibitors before adding
the substrate is required to prevent the degradation of the
translocated substrate inside lysosomes).688 The use of exogenous
protease requires numerous controls (see ref. 682) to guarantee
that the amount of protease is sufficient to remove all the substrate outside lysosomes, but will not penetrate inside the
lysosomal lumen upon breaking the lysosomal membrane. The
difficulties in the adjustment of the amount of protease, has led
to the development of a second method that is more suitable
for laboratories that have no previous experience with these
procedures. In this case, the substrate is incubated with lysosomes
untreated or previously incubated with inhibitors of lysosomal
proteases, and uptake is determined as the difference of protein
associated with lysosomes not incubated with inhibitors (in which
the only remaining protein will be the one associated with the
cytosolic side of the lysosomal membrane) and those incubated
with the protease inhibitors (which contain both the protein
bound to the membrane and that translocated into the lumen).689
Confidence that the lysosomal internalization is by CMA
increases if the uptake of the substrate can be competed with
proteins previously identified as substrates for CMA (e.g.,
GAPDH/glyceraldehyde-3-phosphate dehydrogenase or ribonuclease A, both commercially available as purified proteins), but is
not affected by the presence of similar amounts of nonsubstrate
proteins (such as ovalbumin or PPIA/cyclophilin A). Blockage of
uptake by pre-incubation of the lysosomes with antibodies against
the cytosolic tail of LAMP2A also reinforces the hypothesis that
the protein is a CMA substrate.
In other instances, rather than determining if a particular
protein is a CMA substrate, the interest may be to analyze possible changes in CMA activity under different conditions or in
response to different modifications. We enumerate here the
methods, from lower to higher complexity that can be utilized to
measure CMA in cultured cells and in tissues (see ref. 682 for
detailed experimental procedures). (a) Measurement of changes
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in the intracellular rates of degradation of long-lived proteins,
when combined with inhibitors of other autophagic pathways,
can provide a first demonstration in support of changes that
are due to CMA. For example, CMA is defined as lysosomal
degradation upregulated in response to serum removal but
insensitive to PtdIns3K inhibitors. (b) Measurement of levels of
CMA components is insufficient to conclude changes in CMA
because this does not provide functional information, and changes
in CMA components can also occur under other conditions.
However, analysis of the levels of LAMP2A can be used to
support changes in CMA detected by other procedures. Cytosolic
levels of HSPA8 remain constant and are not limiting for CMA,
thus providing no information about this pathway. Likewise,
changes in total cellular levels of LAMP2A do not have an impact
on this pathway unless they also affect their lysosomal levels (i.e.,
conditions in which LAMP2A is massively overexpressed lead to
its targeting to the plasma membrane where it cannot function
in CMA). It is advisable that changes in the levels of these two
CMA components are confirmed to occur in lysosomes, either by
colocalization with lysosomal markers when using image-based
procedures or by performing immunoblot of a lysosomal enriched
fraction (purification of this fraction does not require the large
amounts of cells/tissue necessary for the isolation of the subset of
lysosomes active for CMA). (c) Tracking changes in the subset of
lysosomes active for CMA. This group of lysosomes is defined as
those containing HSPA8 in their lumen (note that LAMP2A is
present in both lysosomes that are active and inactive for CMA,
and it is the presence of HSPA8 that confers CMA capability).
Immunogold or immunofluorescence against these two proteins
(LAMP2A and HSPA8) makes it possible to quantify changes in
the levels of these lysosomes present at a given time, which
correlates well with CMA activity.628 (d) Analysis of lysosomal
association of fluorescent artificial CMA substrates. Two different
fluorescent probes have been generated to track changes in CMA
activity in cultured cells using immunofluorescence or FACS
analysis.628 These probes contain the KFERQ and context
sequences in frame with photoswitchable or photoactivated
fluorescent proteins. Activation of CMA results in the mobilization of a fraction of the cytosolic probe to lysosomes and the
subsequent change from a diffuse to a punctate pattern. CMA
activity can be quantified as the number of fluorescent puncta per
cell or as the decay in fluorescence activity over time because
of degradation of the artificial substrate. Because the assay does
not allow measuring accumulation of the substrate (which
must unfold for translocation), it is advisable to perform a timecourse analysis to determine gradual changes in CMA activity.
Antibodies against the fluorescent protein in combination with
inhibitors of lysosomal proteases can be used to monitor
accumulation of the probe in lysosomes over a period of time,
but both the photoswitchable and the unmodified probe will be
detected by this procedure.690 As for any other fluorescence probe
based on analysis of intracellular “puncta” it is essential to include
controls to confirm that the puncta are indeed lysosomes
(colocalization with LysoTracker or LAMPs and lack of colocalization with markers of cytosolic aggregation such as ubiquitin),
and do not reach the lysosomes through other autophagic

pathways (insensitivity to PtdIns3K inhibitors and sensitivity to
LAMP2A knockdown are good controls in this respect). (e) Direct
measurement of CMA using in vitro cell free assays. Although the
introduction of the fluorescent probes should facilitate measurement of CMA in many instances, they are not applicable for
tissue samples. In addition, because the probes measure binding
of substrate to lysosomal membranes it is important to confirm
that enhanced binding does not result from defective translocation. Lastly, the in vitro uptake assays are also the most efficient
way to determine primary changes in CMA independently of
changes in other proteolytic systems in the cells. These in vitro
assays are the same ones described in the previous section on the
identification of proteins as substrates of CMA, but are performed
in this case with purified proteins previously characterized to be
substrates for CMA. In this case the substrate protein is always
the same and what changes is the source of lysosomes (from the
different tissues or cells that are to be compared). As described
in the previous section, binding and uptake can be analyzed
separately using lysosomes previously treated or not with protease
inhibitors. The analysis of the purity of the lysosomal fractions
prior to performing functional analysis is essential to conclude
that changes in the efficiency to take up the substrates results from
changes in CMA rather than from different levels of lysosomes
in the isolated fractions. Control of the integrity of the lysosomal
membrane and sufficiency of the proteases are also essential to
discard the possibility that degradation is occurring outside
lysosomes because of leakage, or that accumulation of substrates
inside lysosomes is due to enhanced uptake rather than to
decreased degradation.
Cautionary notes: The discovery of a new selective form of
protein degradation in mammals named endosomal-microautophagy (e-MI)691 has made it necessary to reconsider some of the
criteria that applied in the past for the definition of a protein as a
CMA substrate. The KFERQ-like motif, previously considered to
be exclusive for CMA, is also used to mediate selective targeting of
cytosolic proteins to the surface of late endosomes. Once there,
substrates can be internalized in microvesicules that form from
the surface of these organelles in an ESCRT-dependent manner.
HSPA8 has been identified as the chaperone that binds this
subset of substrates and directly interacts with lipids in the late
endosomal membrane, acting thus as a receptor for cytosolic
substrates in this compartment. At a practical level, to determine if
a KFERQ-containing protein is being degraded by CMA or e-MI
the following criteria can be applied: (a) Inhibition of lysosomal
proteolysis (for example with NH4Cl and leupeptin) blocks
degradation by both pathways. (b) Knockdown of LAMP2A
inhibits CMA but not e-MI. (c) Knockdown of components of
ESCRTI and II (e.g., VPS4 and TSG101) inhibits e-MI but not
CMA. (d) Interfering with the capability to unfold the substrate
protein blocks its degradation by CMA, but does not affect e-MI
of the protein. In this respect soluble proteins, oligomers and
protein aggregates can undergo e-MI, but only soluble proteins
can be CMA substrates. (e) In vitro uptake of e-MI substrates
can be reconstituted using isolated late endosomes whereas in
vitro uptake of CMA substrates can only be reconstituted using
lysosomes.
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Another pathway that needs to be considered relative to
CMA is chaperone-assisted selective autophagy (CASA).692
CASA is dependent on HSPA8 and LAMP2 (although it is
not yet known if it is dependent solely on the LAMP2A
isoform). Thus, a requirement for these two proteins is not
sufficient to conclude that a protein is degraded by CMA.
Conclusion: One of the key issues with the analysis of
CMA is verifying that the protein of interest is an authentic
susbstrate. Methods for monitoring CMA that utilize
fluorescent probes are available that eliminate the need for
the isolation of CMA-competent lysosomes, one of the most
difficult aspects of assaying this process.
B. Comments on Additional Methods
1. Acidotropic dyes. Among the older methods for following
autophagy is staining with acidotropic dyes such as monoFigure 23. LysoTracker Red stains lysosomes and can be used to monitor
dansylcadaverine (MDC),693 acridine orange,694 Neutral
autophagy in Drosophila. Live fat body tissues from Drosophila were stained
with LysoTracker Red (red) and Hoechst 33342 (blue) to stain the nucleus.
Red,632 LysoSensor Blue695 and LysoTracker Red.198,696
Tissues were isolated from fed (left) or 3 h starved (right) animals. Bar, 25 mm.
Cautionary notes: Although MDC was first described as a
This figure was modified from data presented in reference 198, Scott RC,
697
specific marker of autophagic vacuoles subsequent studies
Schuldiner O, Neufeld TP, Role and regulation of starvation-induced autophagy
have suggested that this, and other acidotropic dyes, are not
in the Drosophila fat body, Dev Cell 2004; 7:167–78, copyright 2004, with
specific markers for early autophagosomes,258 but rather label
permission from Elsevier.
later stages in the degradation process. For example, autophagosomes are not acidic, and MDC staining can be seen
in autophagy-defective mutants401 and in the absence of photoconversion of the LysoTracker, which can otherwise result
autophagy activation.698 MDC may also show confounding levels in an incorrect interpretation of colocalization.701
Some of the confusion regarding the interpretation of results
of background labeling unless narrow bandpass filters are used.
However, in the presence of vinblastine, which blocks fusion with with these dyes stems in part from the nomenclature in this
lysosomes, MDC labeling increases, suggesting that under these field. Indeed, the discussion of acidotropic dyes points out why it
conditions MDC can label late-stage autophagosomes.699 Along is advisable to differentiate between the terms “autophagosome”
these lines, cells that overexpress a dominant negative version of and “autophagic vacuole,” although they are occasionally, and
RAB7 (the T22N mutant) show colocalization of this protein incorrectly, used interchangeably. The autophagosome is the
with MDC; in this case fusion with lysosomes is also blocked700 sequestering compartment generated by the phagophore. The
indicating that MDC does not just label lysosomes. Finally, MDC fusion of an autophagosome with an endosome or a lysosome
labeling could be considered to be an indicator of autophagy when generates an amphisome or an autolysosome, respectively. The
the increased labeling of cellular compartments by this dye early autophagosome is not an acidic compartment, whereas
is prevented by treatment with autophagy inhibitors such as amphisomes and autolysosomes are acidic. Earlier names for these
wortmannin or 3-MA.
compartments are “initial autophagic vacuole (AVi),” “intermediOverall, staining with MDC or its derivative monodansylamyl- ate autophagic vacuole (AVi/d)” and “degradative autophagic
amine (MDH)693 is not, by itself, a sufficient method for vacuole (AVd),” respectively. Thus, acidotropic dyes can stain late
monitoring autophagy. Similarly, LysoTracker Red, Neutral Red autophagic vacuoles (in particular autolysosomes), but not the
and acridine orange are not ideal markers for autophagy because initial autophagic vacuole, the early autophagosome. With the
they primarily detect lysosomes. These markers are, however, above caveats in mind, the combined use of early and late
useful for monitoring selective autophagy when used in conjunc- markers of autophagy is highly encouraged, and when quantifying
tion with protein markers or other dyes. For example, increased mammalian lysosomes, it is important to keep in mind that
colocalization of mitochondria with both GFP-LC3 and increases in both lysosome size and number are frequently
LysoTracker can be used as evidence of autophagic cargo delivery observed. Finally, in order to avoid confusion with the plant and
to lysosomes. Moreover, LysoTracker Red has been used to fungal vacuole, the equivalent organelle to the lysosome, we
provide correlative data on autophagy in Drosophila melanogaster recommend the use of the term “autophagosome” instead of
fat body cells (Fig. 23).197,198 However, additional assays, such as “autophagic vacuole,” and the use of “autophagic compartment”
GFP-Atg8/LC3 fluorescence or EM, should be used to sub- when the specific nature of the structure is not known.
stantiate results obtained with acidotropic dyes whenever possible.
Conclusion: Given the development of better techniques that
One important caution when co-imaging with LysoTracker Red are indicators of autophagy, the use of acidotropic dyes to study
and a green-fluorescing marker (e.g., GFP-LC3 or MitoTracker this process is discouraged, and relying entirely on such dyes is
Green) is that it is necessary to control for rapid red-to-green not acceptable.
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2. Autophagy inhibitors and inducers. In many situations it is
important to demonstrate an effect resulting from inhibition or
stimulation of autophagy (see ref. 702 for a partial listing of
regulatory compounds), and a few words of caution are worthwhile in this regard. Most chemical inhibitors of autophagy are
not entirely specific, and it is important to consider possible doseand time-dependent effects. Accordingly, it is generally preferable
to analyze specific loss-of-function Atg mutants. However, it must
be kept in mind that some apparently specific Atg gene products may have autophagy-independent roles (e.g., ATG5 in
cell death, and the PIK3C3-containing complexes—including
BECN1—in apoptosis, endosomal function and protein trafficking).403,432,703-706 Therefore, the experimental conditions of
inhibitor application and their side effects must be carefully
considered. In addition, it must be emphasized once again that
autophagy, as a multistep process, can be inhibited at different
stages. Sequestration inhibitors, including 3-MA, LY294002 and
wortmannin, inhibit class I as well as class III PtdIns3Ks.134,257,707
The class I enzymes generate products [PtdIns(3,4,5)P3] that
inhibit autophagic sequestration, whereas the class III product
(PtdIns3P) generally stimulates autophagic sequestration. The
overall effect of these inhibitors is typically to block autophagy
because the class III enzymes that are required to activate
autophagy act downstream of the negative regulatory class I
enzymes, although cell death may ensue in cell types that are
dependent upon high levels of AKT1 for survival. The effect of
3-MA (but not that of wortmannin) is further complicated by
the fact that it has different temporal patterns of inhibition,
causing a long-term suppression of the class I PtdIns3K, but
only a transient inhibition of the class III enzyme. In cells
incubated in a complete medium for extended periods of time,
3-MA may, therefore (particularly at suboptimal concentrations),
promote autophagy by inhibition of the class I enzyme.257 Thus,
wortmannin may be considered as an alternative to 3-MA for
autophagy inhibition.257 However, wortmannin can induce the
formation of vacuoles that may have the appearance of autophagosomes, although they are swollen late endocytic compartments.611 Furthermore, studies have demonstrated that inhibition
of autophagy with 3-MA or wortmannin can have effects on
cytokine transcription, processing and secretion, particularly IL1
family members,708-710 but 3-MA also inhibits the secretion of
some cytokines (e.g., TNF, IL6) in an autophagy-independent
manner (Harris J, unpublished observations). Thus, in studies
where the effect of autophagy inhibition on specific cellular
processes is being investigated, is is important to confirm results
using other methods, such as RNA silencing. Due to these issues,
it is of great interest that inhibitors with specificity for the class
III PtdIns3Ks, and their consequent effects on autophagy, have
been described.165
Cycloheximide, a commonly used protein synthesis inhibitor
in mammals, is also an inhibitor of sequestration in
vivo,14-16,92,604,711-715 and in various cell types in vitro,344,716 and
it has been utilized to investigate the dynamic nature of the
regression of various autophagic elements.14-16,24,92,712,713 The
mechanism of action of cycloheximide in short-term experiments
is not clear, but it has no direct relation to the inhibition of

protein synthesis.344 This latter activity, however, may complicate
certain types of analysis when using this drug.
A significant challenge for a more detailed analysis of the
dynamic role of autophagy in physiological and pathophysiological processes, for instance with regard to cancer and cancer
therapy, is to find more specific inhibitors of autophagy signaling
which do not affect other signaling cascades. For example, in the
context of cellular radiation responses it is well known that
PtdIns3Ks (e.g., ATM, PRKDC/DNA-PKcs), in addition to
signaling through the PtdIns3K-AKT1 pathway, have a major role
in the regulation of DNA-damage repair.717 However, 3-MA,
which is a nonspecific inhibitor of class 3 PtdIns3Ks, can alter the
function of other classes of this enzyme, which are involved in the
DNA-damage repair response. This is of particular importance for
investigations into the role of radiation-induced autophagy in
cellular radiation sensitivity or resistance.718,719
Most other inhibitory drugs act at post-sequestration steps.
These types of agents have been used in many experiments to
both inhibit endogenous protein degradation and to increase the
number of autophagic compartments. They cause the accumulation of sequestered material in either autophagosomes or autolysosomes, or both, because they allow autophagic sequestration
to proceed. The main categories of these types of inhibitors
include the vinca alkaloids (e.g., vinblastine) and other microtubule poisons that inhibit fusion, inhibitors of lysosomal
enzymes (e.g., leupeptin, pepstatin A and E-64d), and compounds
that elevate lysosomal pH (e.g., inhibitors of vacuolar-type
ATPases such as bafilomycin A1 and concanamycin A (another
V-ATPase inhibitor), and weak base amines including methyl- or
propylamine, chloroquine, and Neutral Red, some of which slow
down fusion). Ammonia is a very useful agent for the elevation of
lysosomal pH in short-term experiments, but has been reported
to cause a stimulation of autophagy during long-term incubation
of cells in a full medium,720 under which conditions a good
alternative might be methylamine or propylamine.721 Along these
lines, it should be noted that the half-life of glutamine in cell
culture media is approximately two weeks due to chemical
decomposition, which results in media with lowered glutamine
and elevated ammonia concentrations that can affect the autophagic flux (either inhibiting or stimulating autophagy, depending on the concentration722). Thus, the use of freshly prepared
cell culture media with glutamine is advised, to help reduce
experimental variation. A special note of caution is also warranted
in regard to chloroquine. Although this chemical is commonly
used as an autophagy inhibitor, chloroquine may initially
stimulate autophagy (Dorsey FC, personal communication;
Franco R, personal communication).
Some data suggest that some nanomaterials may also be novel
inhibitors of autophagy, by as yet unidentified mechanisms.723 It
is worth noting that lysosomal proteases fall into three general
groups, cysteine, aspartic acid and serine proteases. Therefore, the
fact that leupeptin, a serine and cysteine protease inhibitor, has
little or no effect does not necessarily indicate that lysosomal
degradation is not taking place; a combination of leupeptin,
pepstatin A and E-64d may be a more effective treatment.
However, it should also be pointed out that these protease
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inhibitors can exert inhibitory effects not only on lysosomal
proteases, but also on cytosolic proteases; that is, degradation of
proteins might be blocked through inhibition of cytosolic instead
of lysosomal proteases. Conversely, it should be noted that
MG132 (Z-leu-leu-leu-al) and its related peptide aldehydes are
commonly used as proteasomal inhibitors, but they can also
inhibit certain lysosomal hydrolases such as cathepsins and
calpains.724 Thus, any positive results using MG132 do not rule
out the possibility of involvement of the autophagy-lysosome
system. Therefore, even if MG132 is effective, it is important
to confirm the result using more specific proteasomal inhibitors
such as lactacystin or epoxomicin. Finally, there are significant
differences in cell permeability among protease inhibitors. For
example, E-64d is membrane permeable, whereas leupeptin and
pepstatin A are not (although there are derivatives that display
greater permeability such as pepstatin A methyl ester).725 Thus,
when analyzing whether a protein is an autophagy substrate,
caution should be taken in utilizing these protease inhibitors to
block autophagy.
As with the PtdIns3K inhibitors, many autophagy-suppressive
compounds are not specific. For example, okadaic acid726 is a
powerful general inhibitor of both type 1 (protein phosphatase 1)
and type 2A (PPP2CB/PP2A) protein phosphatases.727
Bafilomycin A1 and other compounds that raise the lysosomal
pH may have indirect effects on any acidified compartments.
Moreover, treatment with bafilomycin A1 for extended periods
(18 h) can cause significant disruption of the mitochondrial
network in cultured cells (Gegg ME, personal communication),
and either bafilomycin A1 or concanamycin A cause swelling of
the Golgi in plants,728 and increase cell death by apoptosis in
cancer cells (Rao VA, personal communication). Bafilomycin A1 is
often used at a final concentration of 100 nM, but much lower
concentrations such as 1 nM may be sufficient to inhibit
autophagic-lysosomal degradation and are less likely to cause
indirect effects;154,729,730 however, appropriate inhibitory concentrations should be empirically determined for each cell type.6 One
final caution with regard to bafilomycin A1 is that activation of
lysosomally localized TORC1 depends on an active V-ATPase.364
This means that treatment with bafilomycin A1 could elevate the
autophagic flux through MTOR inhibition, while simultaneously
interfering with flux by inhibiting fusion. Accordingly, other
compounds may be preferred for flux measurements. Thus,
although these various agents can inhibit different steps of the
autophagic pathway, their potential side effects must be
considered in interpretation of the secondary consequences of
autophagy inhibition, especially in long-term studies. For
example, lysosomotropic compounds can increase the rate of
autophagosome formation by inhibiting TORC1.731 Along these
lines, chloroquine treatment may cause an apparent increase in
the formation of autophagosomes possibly by blocking fusion
with the lysosome (Dorsey FC, Cleveland JL, personal communication). This conclusion is supported by the finding that
chloroquine reduces the colocalization of LC3 and LysoTracker
despite the presence of autophagosomes and lysosomes (Simon
AK, personal communication). Concanamycin A blocks sorting of
vacuolar proteins in plant cells in addition to inhibiting vacuolar

acidification.732 Furthermore, in addition to causing the accumulation of autophagic compartments, many of these drugs seem
to be stimulators of sequestration in many cell types, especially in
vivo.93,235,604,712,716,733-737 Although it is clear why these drugs cause
the accumulation of autophagic compartments, it is not known
why they stimulate sequestration. One possibility, at least for
hepatocytes, is that the inhibition of protein degradation reduces
the intracellular amino acid pool, which in turn upregulates
sequestration. A time-course study of the changes in both the
intra- and extracellular fractions may provide accurate information regarding amino acid metabolism. For these various reasons,
it is important to include appropriate controls; along these lines,
MTOR inhibitors such as rapamycin or amino acid deprivation can be utilized as positive controls for inducing autophagy.
In many cell types, however, the induction of autophagy by
rapamycin is relatively slow, or transient, allowing more time for
indirect effects; thus, rapamycin may fail to activate autophagy
in cultured primary neurons, despite its potent stimulation of
autophagy in some cancer cell lines,238,738,739 and, similarly, it does
not induce autophagy in human neuroblastoma SH-SY5Y cells,
which can differentiate into neuron-like cells (Diaz-Nido J,
personal communication). Thus, glucose depletion may be much
more efficient at inducing autophagy than rapamycin or amino
acid starvation in neurons in culture (Germain M, Slack R,
personal communication); although a number of compounds can
also be quite efficient autophagy inducers in neurons including
the calpain inhibitor calpeptin.238,740,741 Several small molecule
inhibitors, including torin1, PP242, KU-0063794, PtdIns-103
and NVP-BEZ235, have been developed that target the catalytic
domain of MTOR in an ATP-competitive manner.154,252,742-745 In
comparison to rapamycin, these catalytic MTOR inhibitors are
more potent, and hence are stronger autophagy agonists in most
cell lines.242,252,746 The use of these second-generation MTOR
inhibitors may reveal that some reports of mTOR-independent
autophagy may actually reflect the use of the relatively weak
inhibitor rapamycin. Furthermore, the use of these compounds
has revealed a role for TORC1 and TORC2 as independent
regulators of autophagy.747 Finally, a specialized class of
compounds with a,β-unsaturated ketone structure tends to
induce autophagic cell death, accompanied by changes in
mitochondrial morphology; since the cytotoxic action of these
compounds is efficiently blocked by N-acetyl-L-cysteine, the βposition in the structure may interact with an SH group of the
targeted molecules.748 Due to the potential pleiotropic effects of
various drug treatments, it is incumbent upon the researcher
to demonstrate that autophagy is indeed inhibited, by using the
methodologies described herein. Accordingly, it is critical to verify
the effect of a particular biochemical treatment with regard to
its effects on autophagy induction or inhibition when using a cell
line that was previously uncharacterized for the chemical being
used. Similarly, cytotoxicity of the relevant chemical should be
assessed.
The use of gene deletions/inactivations (e.g., in primary or
immortalized Atg2/2 MEFs,401 plant T-DNA or transposon
insertion mutants,200,749 or in vivo using transgenic knockout
models750,751 including Cre-lox based “conditional” knockouts230,231)
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or functional knockdowns (e.g., with RNAi against ATG genes)
is the preferred approach when possible because these methods
allow a more direct assessment of the resulting phenotype;
however, different floxed genes are deleted with varying
efficiency, and the proportion deleted must be carefully
quantified (Hwang S, Virgin IV HW, personal communication).
Studies also suggest that microRNAs may be used for blocking
gene expression.164,468,469,752 In certain contexts, it is advisable
when using a knockout or knockdown approach to examine
multiple autophagy-related genes to exclude the possibility that
the phenotype observed is due to effects on a non-autophagic
function(s) of the corresponding protein, especially when
examining the possibility of autophagic cell death (in contrast,
if examining whether perturbation induces clearance of a
substrate via autophagy, a single ATG gene knockout is
probably sufficient). This is particularly the case in evaluating
BECN1, which interacts with anti-apoptotic BCL2 family
proteins,425 or when low levels of a target protein are sufficient
for maintaining autophagy as is the case with ATG5.171 With
regard to ATG5, a better approach may be to use a dominant
negative (K130R) version.706,753,754 Along these lines, and as
stated above for the use of inhibitors, when employing a
knockout or especially a knockdown approach, it is again
incumbent upon the researcher to demonstrate that autophagy is
actually inhibited, by using the methodologies described herein.
Finally, we note that the long-term secondary consequences of
gene knockouts or knockdowns are likely much more complex
than the immediate effects of the actual autophagy inhibition.
To overcome this concern, inducible knockout systems might be
useful.171,315 One additional caveat to knockdown experiments is
that pathogen-associated molecular pattern (PAMP) recognition
pathways can be triggered by double-stranded RNAs (dsRNA),
like siRNA probes, or the viral vector systems that deliver
shRNA.755 Some of these, like TLR-mediated RNA recognition,756 can influence autophagy by either masking any
inhibitory effect or compromising autophagy independent of
the knockdown probe. Therefore, nontargeting (scrambled)
siRNA or shRNA controls should be used with the respective
transfection or transduction methods in the experiments that
employ ATG knockdown. Another strategy to specifically
interfere with autophagy is to use dominant negative inhibitors.
Delivery of these agents by transient transfection, adenovirus, or
TAT-mediated protein transduction offers the possibility of their
use in cell culture or in vivo.753 However, since autophagy is an
essential metabolic process for many cell types and tissues, loss
of viability due to autophagy inhibition always has to be a
concern when analyzing cell death-unrelated questions. In this
respect it is noteworthy that some cell-types of the immune
system such as dendritic cells260 seem to tolerate loss of
autophagy fairly well, whereas others such as T and B cells are
compromised in their development and function after autophagy
inhibition.757,758
In addition to pharmacological inhibition, RNA silencing, gene
knockout and dominant negative RAB and ATG protein
expression, pathogen-derived autophagy inhibitors can also be
considered to manipulate autophagy. Along these lines ICP34.5,

viral BCL2 homologs and viral CFLAR/FLIP of herpesviruses
block autophagosome formation,425,580,759 whereas M2 of influenza virus and HIV Nef block autophagosome degradation.278,760
However, as with other tools discussed in this section, transfection
or transduction of viral autophagy inhibitors should be used in
parallel with other means of autophagy manipulation, because
these proteins are used for the regulation of usually more than one
cellular pathway by the respective pathogens.
There are fewer compounds that act as inducers of autophagy,
but the initial characterization of this process was due in large part
to the inducing effects of glucagon, which appears to act through
indirect inhibition of MTOR via the activation of STK11/LKB1AMPK.615,616,761 Currently, the most commonly used inducer of
autophagy is rapamycin, an allosteric inhibitor of TORC1,
although one caution is that MTOR is a major regulatory protein
that is part of the insulin signaling pathway, and it controls
processes other than autophagy, so that rapamycin will ultimately
affect many metabolic pathways.379,762-764 In particular, the strong
effects of MTOR on protein synthesis may be a confounding
factor when analyzing the effects of rapamycin. MTORindependent regulation can be achieved through lithium, sodium
valproate and carbamazepine, compounds that lower the myoinositol-1,4,5-triphosphate levels.765 In vivo treatment of embryos
with cadmium results in an increase in autophagy, probably to
counter the stress, allowing cell survival through the elimination/
recycling of damaged structures.632 Autophagy may also be
regulated by the release of calcium from the endoplasmic
reticulum under stress conditions;212,726,766 however, additional
calcium signals from other stores such as the mitochondria and
lysosomes could also play an important role in autophagy
induction. The activation of the lysosomal two pore channel
(TPC), by nicotinic acid adenine dinucleotide phosphate
(NAADP) induces autophagy, which can selectively be inhibited
by the TPC blocker NED-19, or by pre-incubation with BAPTA,
showing that lysosomal calcium also modulates autophagy.244
Another way to induce autophagy, both in cultured cells and in
vivo, is through transcriptional control. For example, this can be
achieved either through overexpression or post-translational
activation of the gene encoding TFEB (see Transcriptional and
translational regulation), a transcriptional regulator of the
biogenesis of both lysosomes and autophagosomes.463,464
Similarly, adenoviral-mediated expression of the transcription
factor CEBPB/C/EBPβ induces autophagy in hepatocytes.467
Relatively little is known about direct regulation via the ATG
proteins, but there is some indication that tamoxifen acts to
induce autophagy by increasing the expression of BECN1 in
MCF7 cells.767 However, in U87MG cells treated with tamoxifen
BECN1 does not appear to be upregulated, whereas the levels of
LC3-II and SQSTM1 are increased, while LAMP2B is downregulated and CTSD and CTSL1 activities are almost completely
blocked (Choi KS, personal communication). Thus, the effect of
tamoxifen may differ depending on the cell type. Other data
suggest that tamoxifen acts by blocking cholesterol biosynthesis,
and that the sterol balance may determine whether autophagy acts
in a protective vs. cytotoxic manner.768,769 Finally, screens have
identified small molecules that induce autophagy independently
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of rapamycin, and allow the removal of misfolded or aggregateprone proteins,770,771 suggesting that they may prove useful in
therapeutic applications. However, caution should be taken
because of the crosstalk between autophagy and the proteasomal
system. For example, trehalose, an MTOR-independent autophagy inducer,253 can compromise proteasomal activity in
cultured primary neurons.739
Conclusion: Rapamycin is much less effective at inhibiting
MTOR and inducing autophagy than catalytic inhibitors, and the
latter should therefore be considered for use instead of rapamycin;
however, it must be kept in mind that catalytic inhibitors also
affect MTORC2. The main concern with pharmacological
manipulations is pleiotropic effects of the compound being used.
Accordingly, genetic confirmation is preferred whenever possible.
3. Basal autophagy. Basal levels of LC3-II or GFP-LC3 puncta
may change according to the time after addition of fresh medium
to cells, and this can lead to misinterpretations of what basal
autophagy means. This is particularly important when comparing
the levels of basal autophagy between different cell populations
(such as knockout vs. wild-type clones). If cells are very sensitive
to nutrient supply and display a high variability of basal autophagy, the best experimental condition is to monitor the levels
of basal autophagy at different times after the addition of fresh
medium. One example is the chicken lymphoma DT40 cells
(see Chicken B-lymphoid DT40 cells below) and their knockout
variant for all three inositol 1,4,5-trisphosphate receptor isoforms.241,772,773 In these cells, no differences in basal levels of
LC3-II can be observed up to 4 h after addition of fresh medium,
but differences can be observed after longer times (Vicencio JM,
Szabadkai G, personal communication). This concept should also
be applied to experiments in which the effect of a drug upon
autophagy is the subject of study. If the drugs are added after a
time in which basal autophagy is already high, then the effects of
the drug can be masked by the cell’s basal autophagy, and wrong
conclusions may be drawn. To avoid this, fresh medium should
be added first in order to reduce and equilibrate basal autophagy
in cells under all conditions, and then the drugs can be added.
The basal autophagy levels of the cell under study must be
identified beforehand in order to know the time needed to reduce
basal autophagy.
A similar caution must be exercised with regard to cell culture
density and hypoxia. When cells are grown in normoxic conditions at high cell density, HIF1A/HIF-1a is stabilized at levels
similar to that obtained with low-density cultures under hypoxic
conditions.774 This results in the induction of BNIP3 and
BNIP3L/NIX and “hypoxia”-induced autophagy, even though
the conditions are theoretically normoxic.775 Therefore, researchers need to be careful about cell density in order to avoid
accidental induction of autophagy.
It should be realized that also in yeast species, medium changes
can trigger a higher “basal” level of autophagy in the cells. In the
methylotrophic yeast species Pichia pastoris and Hansenula polymorpha a shift of cells grown in batch from glucose to methanol
results in stimulation of autophagy.776,777 A shift to a new medium
can be considered a stress situation. Thus, it appears to be
essential to cultivate the yeast cells for a number of hours to

stabilize the level of basal autophagy, before performing experiments intended to study levels of (selective) autophagy (e.g.,
pexophagy). Finally, plant root tips cultured in nutrient-sufficient
medium display constitutive autophagic flux (i.e., a basal level),
which is enhanced in nutrient-deprived medium.696,778,779
Conclusion: The levels of basal autophagy can vary substantially and can mask the effects of the experimental parameters
being tested. Changes in media and growth conditions need to be
examined empirically to determine affects on basal autophagy and
the appropriate times for subsequent manipulations.
4. Experimental systems. Throughout these guidelines we have
noted that it is not possible to state explicit rules that can be
applied to all experimental systems. For example, some techniques
may not work in particular cell types or organisms. In each case,
the efficacy of autophagy promotors, inhibitors and measurement
technique must be empirically determined, which is why it is
important to include appropriate controls. Differences may also
be seen between in vivo or perfused organ studies and cell culture
analyses. For example, insulin has no effect on proteolysis in
suspended rat hepatocytes, in contrast to the result with perfused
rat liver. The insulin effect reappears, however, when isolated
hepatocytes are incubated in stationary dishes780,781 or are allowed
to settle down on the matrix (Häussinger D, personal communication). The reason for this might be that autophagy
regulation by insulin and some amino acids requires volume
sensing via integrin-matrix interactions and also intact microtubules.782-784 Along these lines, the use of whole embryos makes
it possible to investigate autophagy in multipotent cells, which
interact among themselves in their natural environment, bypassing the disadvantages of isolated cells that are deprived of their
normal network of interactions.632 In general, it is important to
keep in mind that results from one particular system may not be
generally applicable to others.
Conclusion: Although autophagy is conserved from yeast to
human, there may be tremendous differences in the specific
details among systems. Thus, results based on one system should
not be assumed to be applicable to another.
5. Nomenclature. In order to minimize confusion regarding
nomenclature, we make the following notes: In general, we follow
the conventions established by the nomenclature committees
for each model organism whenever appropriate guidelines are
available, and briefly summarize the information here using
“ATG1” as an example for yeast and mammals. The standard
nomenclature of autophagy-related genes, mutants and proteins for
yeast is ATG1, atg1 (or atg1D in the case of deletions) and Atg1,
respectively, according to the guidelines adopted by the
Saccharomyces Genome Database (http://www.yeastgenome.org/
gene_guidelines.shtml). For mammals we follow the recommendations of the International Committee on Standardized Genetic
Nomenclature for Mice (www.informatics.jax.org/mgihome/
nomen/), which dictates the gene and protein designations Atg1
and ATG1 (for all rodents), respectively, and the guidelines for
human genes established by the HUGO Nomenclature Committee
(http://www.genenames.org/guidelines.html), which states that
human gene symbols are in the form ULK1, and recommends that
proteins use the same designation without italics, as with ULK1.
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C. Methods and Challenges
of Specialized Model Systems
There are now a large number of model systems being used to
study autophagy. These guidelines cannot cover every detail, and
this article is not meant to provide detailed protocols. Nonetheless, we think it is useful to briefly discuss what techniques can be
used in these systems, and to highlight some of the specific
concerns and/or challenges. We also refer readers to the three
volumes of Methods in Enzymology that provide additional
information for “nonstandard” model systems.38-40
1. C. elegans. C. elegans has a single ortholog of most yeast Atg
proteins; however, two nematode homologs exist for Atg4 and
Atg8.785 Multiple studies have established C. elegans as a useful
multicellular genetic model to delineate the autophagy pathway and
associated functions (see for example refs. 189, 462, 592, 593 and
786). The LGG-1/Atg8/LC3 reporter is the most commonly used
tool to detect autophagy in C. elegans. Similar to Atg8, which is
incorporated into the double membrane of autophagic vesicles
during autophagy,113,187,442 the C. elegans LGG-1 localizes into
cytoplasmic puncta under conditions known to induce autophagy.
Fluorescent reporter fusions of LGG-1/Atg8 with GFP, DsRED or
mCherry have been used to monitor autophagosome formation in
vivo, in the nematode. These reporters can be expressed either in
specific cells and tissues or throughout the animal.189,593,787,788 LGG2 is the second LC3 homolog and is also a convenient marker for
autophagy either fused to GFP,789 especially when expressed from an
integrated transgene to prevent its germline silencing,592 or using
specific antibodies.592 The exact function of LGG-1 vs. LGG-2
remains to be addressed.
For observing autophagy by GFP-LC3 fluorescence in
C. elegans, it is best to use integrated versions of GFPLC3592,593,790 (GFP::LGG-1 and GFP::LGG-2; Fig. 24) rather
than extrachromosomal transgenic strains189,789 because the latter
show variable expression among different animals or mosaic
expression (Kang C, personal communication; Galy V, personal
communication). It is also possible to carry out indirect
immunofluorescence microscopy using antibodies against endogenous LGG-1,462,593 or LGG-2.592 In addition, with the
integrated version, or with antibodies directed against endogenous
LGG-1, it is possible to perform a western blot analysis for
lipidation, at least in embryos,790 and in the whole animal,593
respectively. Finally, we point out the increasing availability of
instruments that are capable of “super-resolution” fluorescence
microscopy, which will further enhance the value and possibilities
afforded by this technology.791,792
2. Chicken B-lymphoid DT40 cells and retina. The chicken
B-lymphoid DT40 cell line represents a suitable tool for the
analysis of autophagic processes in a nonmammalian vertebrate
system. In DT40 cells, foreign DNA integrates with a very high
frequency by homologous recombination compared with random
integration. This makes the cell line a very valuable tool for the
generation of cellular gene knockouts. Generally, the complete
knockout of autophagy-regulatory proteins is preferable compared
with RNAi-mediated knockdown, since in some cases these
proteins function normally when expressed at reduced levels.171

Different Atg-deficient DT40 cell lines already exist, including
atg132/2, ulk12/2, ulk22/2, ulk1/22/2,793 becn12/2 and rb1cc1/
fip2002/2 (Stork B, personal communication). Many additional
non-autophagy-related gene knockout DT40 cell lines have been
generated and are commercially available.794
DT40 cells are highly proliferative (the generation time is
approximately 10 h) and knockout cells can be easily reconstituted with cDNAs by retroviral gene transfer for the mutational
analysis of signaling pathways. DT40 cells mount an autophagic
response upon starvation in EBSS,793 and autophagy can be
analyzed by a variety of assays in this cell line. Steady-state
methods that can be used include TEM, LC3 western blotting
and fluorescence microscopy; flux measurements include
monitoring LC3-II turnover and tandem mRFP/mCherry-GFPLC3 fluorescence microscopy. Using atg132/2 and ulk1/22/2
DT40 cells, it was shown that ATG13 and its binding capacity
for RB1CC1 are mandatory for both basal and starvation-induced
autophagy in this cell line, whereas ULK1/2 and in vitro-mapped
ULK1-dependent phosphorylation sites of ATG13 appear to be
dispensable for these processes.793
Another useful system is chick retina, which can be used for
monitoring autophagy at different stages of development. For
example, lipidation of LC3 is observed during starvation, and can
be blocked with a short-term incubation with 3-MA.305,306 LEP100 antibody is commercially available for the detection of this
lysosomal protein.
Cautionary notes: Since the DT40 cell line derives from a
chicken bursal lymphoma, not all ATG proteins and autophagyregulatory proteins are detected by the commercially available
antibodies produced against their mammalian orthologs. The
chicken genome is almost completely assembled, which facilitates
the design of targeting constructs. However, in the May 2006
chicken (Gallus gallus) v2.1 assembly, 5% of the sequence has not
been anchored to specific chromosomes, and this might also
include autophagy regulatory genes. It is possible that there is
some divergence within the signaling pathways between mammalian and nonmammalian model systems. One example might
be the role of ULK1/2 in starvation-induced autophagy described
above. Additionally, neither rapamycin nor torin1 seem to be
potent inducers of autophagy in DT40 cells, although MTOR
activity is completely repressed as detected by phosphorylated
RPS6KB western blotting.793 Finally, DT40 cells represent a
transformed cell line, being derived from an avian leukosis virus
(ALV)-induced bursal lymphoma. Thus, DT40 cells release ALV
into the medium, and the 3'-long-terminal repeat has integrated
upstream of the c-myc gene, leading to an increased c-myc
expression.795 Both circumstances might influence basal and
starvation-induced autophagy.
3. Chlamydomonas. It is possible to detect Atg8 modification
as well as an increase in the amount of the protein by western
blotting in response to autophagy activation.207 Detection of
Atg8 by immunofluorescence microscopy assays is also a reliable
method to study autophagy, although it is recommended that this
be combined with western blot analysis.
4. Drosophila. Drosophila provides an excellent system for
in vivo analysis of autophagy. In this case, the problem of
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Figure 24. GFP::LGG-1 and GFP::LGG-2 are autophagy
markers in C. elegans. (A–F) Animals were generated
that carry an integrated transgene expressing
a GFP-tagged version of lgg-1, the C. elegans ortholog
of mammalian MAP1LC3. Representative green fluorescence images in the pharyngeal muscles
of (A) control RNAi animals without starvation,
(B) control RNAi animals after 9 d of starvation,
(C) atg-7 RNAi animals after 9 d of starvation,
(D) starvation-hypersensitive gpb-2 mutants without
leucine after 3 d of starvation, and (E) gpb-2 mutants
with leucine after 3 d of starvation. The arrows show
representative GFP::LGG-1-positive punctate areas
that label pre-autophagosomal and autophagosomal
structures. (F) The relative levels of PE-conjugated and
unconjugated GFP::LGG-1 were determined
by western blotting. These figures were modified
from data previously published in Kang C, You YJ,
Avery L, Dual roles of autophagy in the survival of
Caenorhabditis elegans during starvation. Genes Dev
2007, 21:2161–71, Copyright G 2007, Genes &
Development by Cold Spring Harbor Laboratory Press
and Kang C, Avery L, Systemic regulation of starvation
response in Caenorhabditis elegans. Genes Dev 2009,
23:12–7, Copyright G 2011, Genes & Development by
Cold Spring Harbor Laboratory Press, www.genesdev.
org. (G and H) GFP:LGG-2 serves as a marker for
autophagosomes in early C. elegans embryos.
(G) GFP::LGG-2 expressed in the germline from an
integrated transgene reveals the formation of
autophagosomes (green) around sperm-inherited
membranous organelles (red). DNA of the two
pronuclei is stained (blue). (H) Later during
development, GFP::LGG-2-positive structures are
present in all cells of the embryo. Scale bar, 10 mm.
Images provided by V. Galy.
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animal-to-animal variability can be circumvented by the use of
clonal mutant cell analysis, a major advantage of this model
system. In this scenario, somatic clones of cells are induced that

www.landesbioscience.com

either overexpress the gene of interest, or silence
the gene through expression of a transgenic RNA
interference construct, or homozygous mutant
cells are generated. These gain- or loss-offunction clones are surrounded by wild-type
cells, which serve as an internal control for
autophagy induction. In such an analysis,
autophagy in these genetically distinct cells is
always compared with neighboring cells of the
same tissue, thus eliminating most of the
variability and also ruling out potential noncell-autonomous effects that may arise in mutant
animals. Along these lines, clonal analysis should
be an integral part of in vivo Drosophila studies
when possible.
LC3-II western blotting using antibodies
against mammalian proteins does not work in
Drosophila (Baehrecke E, Denton D, Kumar S,
Neufeld T, unpublished results). Western blotting has been used successfully in Drosophila
by monitoring flies expressing human GFP-LC3101,197 or using an
antibody directed against the endogenous Atg8 protein.454,796 In
addition, cultured Drosophila (S2) cells can be stably transfected
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with GFP fused to Drosophila Atg8a, which generates easily
resolvable GFP-Atg8a and GFP-Atg8a–PE forms that respond to
autophagic stimuli (Wilkinson S, personal communication).
Similarly, cultured Drosophila cells (l(2)mbn or S2) stably
transfected with EGFP-humanLC3B respond to autophagy
stimuli (nutrient deprivation) and inhibitors (3-MA, bafilomycin
A1) as expected, and can be used to quantify GFP-LC3 puncta,
which works best using fixed cells with the aid of an anti-GFP
antibody.797a However, in the Drosophila eye, overexpression of
GFP-Atg8 results in a significant increase in Atg8–PE by western
blot, and this occurs even in control flies in which punctate
GFP-Atg8 is not detected by immunofluorescence (Fanto M,
unpublished results), and in transfected Drosophila Kc167 cells,
uninducible but persistent GFP-Atg8 puncta are detected
(Kiger A, unpublished results). In contrast, expression of GFPLC3 under the control of the rh1 promoter in wild-type flies did
not result in the formation of LC3-II detectable by western blot,
nor the formation of punctate staining; however, increased GFPLC3 puncta by immunofluorescence or LC3-II by western blot
were observed upon activation of autophagy.797b Autophagy can
also be monitored with mCherry-Atg18, which is displayed in
punctate patterns that are very similar to mCherry-Atg8a (Juhász
G, personal communication). Tandem fluorescence reporters have
been established in Drosophila in vivo, where GFP-mCherryAtg8a is expressed in the nurse cells of the developing egg
chamber.662 A Drosophila transgenic line (Ref(2)P-GFP) and a
specific antibody against Ref(2)P, the Drosophila SQSTM1
homolog, are available to follow SQSTM1 expression and
localization.312,368
5. Filamentous fungi. As in yeast, autophagy is involved
in nutrient recycling during starvation.193,194,798-801 In addition,
macroautophagy seems to be involved in many normal developmental processes such as sexual and asexual reproduction,
where there is a need for reallocation of nutrients from one part
of the mycelium to another to supply the developing spores and
spore-bearing structures.194,798,799,801,802 Similarly, autophagy also
affects conidial germination under nitrogen-limiting conditions.194 In Podospora anserina, autophagy has been studied in
relation to incompatibility reactions between mating strains where
it seems to play a prosurvival role.192,802 Of special interest to
many researchers of autophagy in filamentous fungi has been the
possible involvement of autophagy in plant pathogen infection
and growth inside the host.193,798,799,803-805 Autophagy also appears
to be necessary for the development of aerial hyphae,194,798,802,804
and for appresorium function in Magnaporthe oryzae and
Colletotrichum orbiculare.193,803,804 Some of these effects could be
caused by the absence of autophagic processing of storage lipids
(lipophagy) to generate glycerol for increasing turgor.798,804,805
Methods for functional analysis of autophagy have been
covered in a review article.806 Most studies on autophagy in
filamentous fungi have involved deleting some of the key genes
necessary for autophagy, followed by an investigation of what
effects this has on the biology of the fungus. Most commonly,
ATG1 and/or ATG8 has been deleted.193,798,799,801,802,804 To
confirm that the deletion(s) affects autophagy, the formation
of autophagic bodies in the wild type and the mutant can be

compared. In filamentous fungi the presence of autophagic bodies
can be detected using MDC staining,193,798 TEM193,799 or fluorescence microscopy to monitor Atg8 tagged with a fluorescent
protein.194,801,802 This type of analysis is most effective after
increasing the number of autophagic bodies by starvation,
in combination with decreasing the degradation of the autophagic bodies through the use of the protease inhibitor
PMSF,193,799,801,802 or alternatively by adding the autophagyinducing drug rapamycin.194,798 In filamentous fungi it might also
be possible to detect the accumulation of autophagic bodies in the
vacuoles using differential interference contrast (DIC) microscopy.801,802 Additional information regarding the timing of
autophagy induction can be gained by monitoring transcript
accumulation of ATG1 and/or ATG8 using qRT-PCR.799
6. Honeybee. The reproductive system of bees, or insects with
meroistic polytrophic ovaries, with regard to the ovary developmental cycle can be a very useful tool to analyze and monitor
physiological autophagy. Both queen and worker ovaries of
Africanized A. mellifera display time-regulated features of cell
death that are, however, linked to external stimuli.807 Features
of apoptosis and autophagy are frequently associated with the
degeneration process in bee organs, but only more recently has the
role of autophagy been highlighted in degenerating bee tissues.
TEM is the primary method currently being used to monitor
autophagy by following the formation of autophagosomes and
autolysosomes. This can be combined with cytochemical and
immunohistochemical detection of acid phosphatase as a marker
for autolysosomes.808,809 Acidotropic dyes can also be used to
follow autophagy in bee organs, as long as the cautions noted in
this article are followed. The honeybee genome has been
sequenced, and differential gene expression has been used to
monitor Atg18 in bees parasitized by Varroa destructor.810
7. Human. Considering that much of the research conducted
today is directed at understanding the functioning of the human
body, in both normal and disease states, it is pertinent to include
humans and primary human tissues and cells as important models
for the investigation of autophagy. Although clinical studies are
not readily amenable to these types of analyses, it should be kept
in mind that the TORC1 inhibitor rapamycin is available as a
clinically approved drug (e.g., sirolimus). Furthermore, fresh
biopsies of some human tissues are possible to obtain. Blood, in
particular, as well as samples of adipose and muscle tissues, can
be obtained from needle biopsies or from elective surgery. For
example, in a large study, adipocytes were isolated from pieces
of adipose tissue (obtained during surgery) and examined for
insulin signaling and autophagy. It was demonstrated that autophagy was strongly upregulated (based on LC3 flux, EM, and
lipofuscin degradation) in adipocytes obtained from obese patients
with type 2 diabetes compared with nondiabetic subjects.209
The major caveat of the work concerning autophagy on human
tissue is the problem of postmortem times and fixation. Postmortem times are typically longer in autopsy material than when
surgical biopsies are obtained. For tumors, careful sampling to avoid
necrosis, hemorrhagic areas and non-neoplastic tissue is required.
The problem of fixation is that it can diminish the antibody binding
capability; in addition, especially in autopsies, material is not

© 2012 Landes Bioscience.
Do not distribute.

514

Autophagy

Volume 8 Issue 4

obtained immediately after death.811,812 The possibilities of
postmortem autolysis and fixation artifacts must always be
taken into consideration when interpreting changes attributed
to autophagy.813 Analyses of these types of samples require not
only special antigen retrieval techniques, but also histopathological experience to interpret autophagy studies by immunohistochemistry, immunofluorescence or TEM.
The situation is even worse with TEM, where postmortem
delays can cause vacuolization. Researchers experienced in
the analysis of TEM images corresponding to autophagy
should be able to identify these potential artifacts because
autophagic vacuoles should contain cytoplasm. While brain
biopsies may be usable for high quality TEM (Figs. 25 and
26), this depends upon proper handling at the intraoperative
consultation stage, and such biopsies are performed infrequently except for brain tumor diagnostic studies. An
Figure 25. A large dystrophic neurite from a brain biopsy of a patient
analysis that examined liver and skeletal muscle from
with Gerstmann-Sträussler-Scheinker (GSS) disease not unlike those reported
critically ill patients utilized tissue biopsies that were taken
for Alzheimer disease.814 This structure is filled with innumerable autophagic
within 30 ± 20 min after death and were flash-frozen in
vacuoles, some of which are covered by a double membrane. Electron dense
lysosomal-like structures are also visible. The red arrow points to a doubleliquid nitrogen followed by storage at -80°C.815 Samples
membrane autophagic compartment. Scale bar, 200 nm. Image provided
could subsequently be used for EM and western blot
by P. Liberski.
analysis.
A major limitation of studying patient biopsies is that
only static measurements can be performed. This limitation
does not apply, however, for dynamic experiments on tissue
biopsies or cells derived from biopsies, as described above.209
Multiple measurements over time, especially when deep (vital)
organs are involved, are impossible and ethically not justifiable.
Hence, quantitative flux measurements are virtually impossible
in patients. To overcome these problems to the extent possible
and to gain a more robust picture of the autophagic status,
observational studies need to include two different aspects.
First, a static marker for phagophore or autophagosome
formation needs to be measured. This can be done by assessing
ultrastructural changes with TEM and/or on the molecular
level by measuring LC3-II protein levels. Second, accumulation of autophagy substrates, such as SQSTM1 and (poly)
ubiquitinated proteins can provide information on the overall
efficacy of the pathway and can be a surrogate marker of the
consequences of altered autophagic flux, especially when
autophagy is insufficient, although these changes can also be
Figure 26. A high-power electron micrograph from a brain biopsy showing
affected by the ubiquitin-proteasome system as mentioned
autophagic vacuoles in a case of ganglioglioma. Scale bar, 200 nm.
above. In addition, and even more so when problems with
Image provided by P. Liberski.
specific pathways are suspected (e.g., mitophagy), specific
substrates of these pathways should be determined. Again,
none of these measurements on its own provides enough
The amino acid exchange rate, which has been suggested as a
information on (the efficacy of) autophagy, because other processes
may confound every single parameter. However, the combination of minimal invasive marker for measuring autophagic flux in vivo
multiple analyses should be informative. Although still in its infancy should be used with special caution, as its utility is debatable in
with regard to autophagy, it is worth pointing out that mathematical disease models (see Analyses in vivo).
Finally, a stepwise process can be proposed for linking changes
modeling has the power to bridge whole body in vivo data with
in vitro data from tissues and cells. The usefulness of so-called in the autophagic pathway to changes in disease outcome. First, in
hierarchical or multilevel modeling has thus been demonstrated an observational study, the changes in the autophagic pathway
when examining the relevance of insulin signaling to glucose uptake (see above) should be quantified and linked to changes in disease
in primary human adipocytes compared with whole-body glucose outcome. To prove causality, a subsequent autophagy-modifying
intervention should be tested in a randomized study. Before an
homeostasis.816
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intervention study is performed in human patients, the phenotype
of (in)active autophagy contributing to poor outcome should be
established in a validated animal model of the disease. For the
validation of the hypothesis in an animal model, a similar two-step
process is suggested, with the assessment of the phenotype in a
first stage, followed by a proof-of-concept intervention study (see
Large animals).
8. Hydra. Hydra is a freshwater cnidarian animal that provides
a unique model system to test autophagy either in the context of
nutrient deprivation, as these animals easily survive several weeks
of starvation,817,818 or in the context of regeneration, because in
the absence of protease inhibitors, bisection of the animals leads
to an uncontrolled wave of autophagy; in the latter case, an excess
of autophagy in the regenerating tip immediately after amputation is deleterious.819-821 Most components of the autophagy and
MTOR pathways are evolutionarily conserved in Hydra.818 For
steady-state measurements, autophagy can be monitored by
western blot for ATG8/LC3, by immunofluorescence (using
antibodies to ATG8/LC3, LBPA or RSK), or with dyes such as
MitoFluor Red 589 and LysoTracker Red. Flux measurements
can be made by following ATG8/LC3 turnover using lysosomal
protease inhibitors (leupeptin and pepstatin A), or in vivo labeling
using LysoTracker Red. It is also possible to monitor MTOR
activity with phosphospecific antibodies to RPS6KB kinase and
EIF4EBP1, or to examine gene expression by semiquantitative
RT-PCR, using primers that are designed for Hydra. Autophagy
can be induced by RNAi-mediated knockdown of Kazal1,819,820 or
with rapamycin treatment, and can be inhibited with wortmannin
or bafilomycin A1.817,818
9. Large animals. Assessment of autophagy (and, in particular,
autophagic flux) in clinically relevant large animal models is
critical in establishing its (patho)physiological role in multiple
disease states. For example, evidence obtained in swine suggests
that upregulation of autophagy may protect the heart against
damage caused by acute myocardial infarction or “heart attack.”822
Autophagy also plays an important role in the development and
remodeling of the bovine mammary gland. In vitro studies with
the use of a three-dimensional culture model of bovine mammary
epithelial cells (MECs) have shown that this process is involved in
the formation of fully developed alveoli-like structures.823 Earlier
studies show that intensified autophagy is observed in bovine
MECs at the end of lactation and during the dry period, when
there is a decrease in the levels of lactogenic hormones, increased
expression of auto/paracrine apoptogenic peptides, increased
influence of sex steroids and enhanced competition between the
intensively developing fetus and the mother organism for nutritional and bioactive compounds.824,825 These studies were based
on some of the methods described elsewhere in these guidelines,
including GFP-Atg8/LC3 fluorescence microscopy, TEM, and
western blotting of LC3 and BECN1. Creation of a specific GFPLC3 construct by insertion of cDNA encoding bovine LC3 into
the pEGFP-C1 vector makes it possible to observe induction of
autophagy in bovine MECs in a more specific manner than can be
achieved by immunofluoresce techniques, in which the antibodies
do not show specific reactivity to bovine cells and tissues.823,825
However, it is important to remember that definitive confirmation

of cause-and-effect is challenging for studies on large animals,
given the lack or poor availability of specific antibodies and
other molecular tools, the frequent inability to utilize genetic
approaches, and the often prohibitive costs of administering
pharmacological inhibitors in these translational preparations.
In contrast with cell culture experiments, precise monitoring
of autophagic flux is practically impossible in large animals.
Theoretically, repetitive analyses of small tissue biopsies should
be performed to study ultrastructural and molecular alterations
over time in the presence or absence of an autophagy inhibitor
(e.g., chloroquine). However, several practical problems impede
applicability of this approach. First, repetitive sampling of small
needle biopsies in the same animal (a major challenge by itself)
could be assumed to induce artifacts following repetitive tissue
destruction, especially when deep (vital) organs are involved. In
addition, chemical inhibitors of autophagy have considerable side
effects and toxicity, hampering their usage. Also, the general
physical condition of an animal may confound results obtained
with administration of a certain compound, for instance altered
uptake of the compound when perfusion is worse.
Therefore, in contrast to cells, where it is more practical to
accurately document autophagic flux, we suggest the use of a
stepwise approach in animal models to provide a proof-of-concept
with an initial evaluation of sequellae of (in)active autophagy
and the relation to the outcome of interest.
First, prior to an intervention, the static ultrastructural and
molecular changes in the autophagic pathway should be
documented and linked to the outcome of interest (organ
function, muscle mass or strength, survival, etc.). These changes
can be evaluated by light microscopy, EM and/or by molecular
markers such as LC3-II. In addition, the cellular content of
specific substrates normally cleared by autophagy should be
quantified, as such measurement, despite the static nature, could
provide a clue about the results of altered autophagic flux in vivo.
These autophagic substrates can include SQSTM1 and (poly)
ubiquitinated substrates or aggregates, but also specific substrates
such as damaged mitochondria. As noted above, measurement of
these autophagic substrates is mainly informative when autophagic flux is prohibited/insufficient, and, individually, all have
specific limitations for interpretation. As mentioned several times
in these guidelines, no single measurement provides enough
information on its own to reliably assess autophagy, and all
measurements should be interpreted in view of the whole picture.
In every case, both static measurements reflecting the number of
autophagosomes (ultrastructural and/or molecular) and measurements of autophagic substrates as surrogate markers of autophagic
flux need to be combined. Depending on the study hypothesis,
essential molecular markers can further be studied to pinpoint at
which stage of the process autophagy may be disrupted.
After having identified a potential role of autophagy in
mediating an outcome in a clinically relevant animal model, an
autophagy-modifying intervention should be tested. For this
purpose, an adequately designed, randomized controlled study of
sufficient size on the effect of a certain intervention on the
phenotype and outcome can be performed in a large animal
model. Alternatively, the effect of a genetic intervention can be
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studied in a small animal model with clinical relevance to the
studied disease.
As mentioned above, exact assessment of autophagic flux
requires multiple time points, which cannot be done in the same
animal. Alternatively, different animals can be studied for
different periods of time. Due to the high variability between
animals, however, it is important to include a sufficiently high
number of animals per time point. This thus limits feasibility and
the number of time points that can be investigated. The right
approach to studying autophagy in large animals likely differs
depending on the question that is being addressed. Several
shortcomings regarding the methodology, inherent to working
with large animals, can be overcome by an adequate study design.
As for every study question, the use of an appropriate control
group with a sufficient number of animals is crucial in this regard.
10. Lepidoptera. Some of the earliest work in the autophagy
field was performed in the area of insect metamorphosis.667
Microscopy and biochemical research revealed autophagy during
the metamorphosis of American silkmoths and the tobacco
hornworm, Manduca sexta, and included studies of the intersegmental muscles, but they did not include molecular analysis of
autophagy. Overall, these tissues cannot be easily maintained in
culture, and antibodies against mammalian proteins do not often
work. Accordingly, these studies were confined to biochemical
measurements and electron micrographs. During metamorphosis,
the bulk of the larval tissue is removed by autophagy and other
forms of proteolysis.826 Bombyx mori is now used as a representative
model among Lepidoptera, for studying not only the regulation of
autophagy in a developmental setting, but also the relations
between autophagy and apoptosis. The advantages of this model are
the large amount of information gathered on its developmental
biology, physiology and endocrinology, the availability of numerous genetic and molecular biology tools, and a completely
sequenced genome.827 The basic studies of B. mori autophagy have
been performed in four main larval systems: the silk gland, the fat
body, the midgut and the ovary. The methods used for these studies
are comparatively similar, starting from EM, which is the most
widely used method to follow the changes of various autophagic
structures and other features of the cytosol and organelles that are
degraded during autophagy.452,828-831 Immuno-TEM also can be
used, when specific antibodies for autophagic markers are available.
Acidotropic dyes such as MDC and LysoTracker Red staining have
been used as markers for autophagy in silk moth egg chambers
combined always with additional assays.828,829 Acidic phosphatase
also can be used as a marker for autolysosomal participation in these
tissues.452,830,832 Systematic cloning and analysis revealed that
homologs of most of the Atg genes identified in other insect
species such as Drosophila are present in B. mori, and 11 Atg genes
have now been identified in the silkworm genome, as well as other
genes involved in the MTOR signal transduction pathway.833,834
Variations in the expression of several of these genes have been
monitored not only in silkworm larval organs, where autophagy is
associated with development,452,833-835 but also in the fat body of
larvae undergoing starvation.833
In the IPLB-LdFB cell line, derived from the fat body of
the caterpillar of the gypsy moth Lymantria dispar, indirect

immunofluorescence experiments have demonstrated an increased
number of Atg8-positive dots in cells with increased autophagic
activity; however, western blotting did not reveal the conversion
of Atg8 into Atg8–PE. Instead, a single band with an approximate
molecular mass of 42 kDa was observed that was independent of
the percentage of cells displaying punctate Atg8 (Malagoli D,
unpublished results). In contrast, with B. mori midgut, the use of
an antibody specific for BmAtg8 makes it possible to monitor
BmAtg8 processing to BmAtg8–PE by western blotting.452 Thus,
the utility of monitoring Atg8 in insects may depend on the
particular organism and antibody.
11. Neotropical teleosts. In tropical environments, fish have
developed different reproductive strategies, and many species have
the potential for use as biological model in cell and molecular
biology, especially for studying the mechanisms that regulate
gametogenesis and embryo development. In these fish, the ovary
is a suitable experimental model system for studying autophagy
and its interplay with cell death programs due to the presence of
postovulatory follicles (POFs) and atretic follicles (AFs), which
follow different routes during ovarian remodeling after spawning.836 In the fish reproductive biology, POFs are excellent
morphological indicators of spawning, whereas AFs are relevant
biomarkers of environmental stress. In addition, many freshwater
teleosts of commercial value do not spawn spontaneously in
captivity, providing a suitable model for studying the mechanisms
of follicular atresia under controlled conditions.837 When these
species are subjected to induced spawning, the final oocyte
maturation (resumption of meiosis) occurs, and POFs are formed
and quickly reabsorbed in ovaries after spawning.838 Assessment of
autophagy in fish has been primarily made using TEM at different
times of ovarian regression.839 Due to the difficulty of obtaining
antibodies specific for each fish species, immunodetection of
ATG-proteins (mainly LC3 and BECN1) by immunohistochemistry associated with analyses by western blotting can be
performed using antibodies that are commercially available for
other vertebrates. Such studies suggest dual roles for autophagy in
follicular cells;836 however, evaluation of the autophagic flux in
different conditions is critical for establishing its physiological role
during follicular regression and ovarian remodeling after spawning. Given the ease of obtaining samples and monitoring them
during development, embryos of these fish are also suitable
models for studying autophagy that is activated in response to
different environmental stressors, particularly in studies in vivo.
12. Odontoblasts. Odontoblasts are long-lived dentin-forming
postmitotic cells, which evolved from neural crest cells early
during vertebrate evolution. These cells are aligned at the periphery of the dental pulp and are maintained during the entire
healthy life of a tooth. As opposed to other permanent postmitotic
cells such as cardiac myocytes or central nervous system neurons,
odontoblasts are significantly less protected from environmental
insult, such as dental caries and trauma. Mature odontoblasts
develop a well-characterized autophagic-lysosomal system, including a conspicuous autophagic vacuole that ensures turnover and
degradation of cell components. Immunocytochemical and TEM
studies make it possible to monitor age-related changes in
autophagic activity in human odontoblasts.840

© 2012 Landes Bioscience.
Do not distribute.

www.landesbioscience.com

Autophagy

517

13. Planarians. Planarians are one of the favorite model bodies, respectively.151,174 Thus, as with other systems, autosystems in which to study regeneration and stem cell biology, and phagosome formation in plants can be monitored through the
represent a unique model where it is possible to investigate use of fluorescent protein fusions to ATG8, and by TEM (Fig. 27).
autophagy in the context of regeneration, stem cells and growth. A tandem fluorescence reporter system is also available in
Currently the method used to detect autophagy is TEM. A Arabidopsis.844
Furthermore, it is possible to use plant homologs of SQSTM1
detailed protocol adapted to planarians has been described.841,842
However, complementary methods to detect autophagy are also and NBR1 (JOKA2 in tobacco845 and NBR1 in Arabidopsis844) as
needed, since TEM cannot easily distinguish between activation markers for autophagy when constructed as fluorescent chimeras.
and blockage of autophagy, which would both be observed as an It is worth noting that in some plant models including
accumulation of autophagosomes. Detection of autophagy by Arabidopsis200,402 and somatic embryos of Picea abies (Norway
other methods are being developed (González-Estévez C, personal spruce) (Minina A, Bozhkov PV, personal communication), the
communication), including immunohistochemistry and western high turnover rate of Atg8-decorated autophagosomes precludes
blotting approaches for the planarian homolog of LC3. Several their detection in untreated cells using fluorescent markers (GFP/
commercial antibodies against human LC3 have been tried for RFP-Atg8, MDC or LysoTracker) and necessitates pretreatment
cross-reactivity without success (see the Autophagy Forum for with concanamycin A. However, the latter treatment will increase
details) and three planarian-specific antibodies have been gener- vacuolar pH, which may subsequently interfere with its detection
ated. Some preliminary results show that LysoTracker Red can be by MDC and LysoTracker.
In some systems, including fungi and plants, the size of the
a useful technique on whole-mount planarians. Interestingly,
most of the components of the autophagy and MTOR signaling vacuole is sufficiently large such that fusion of the autophagosome
machinery are evolutionarily conserved in planarians, and an RNA results in the release of the inner vesicle into the organelle lumen;
interference screen is being performed. Whether autophagy genes the resulting single-membrane vesicle is termed an autophagic
vary at the mRNA level during starvation and after depletion of body (Fig. 1).200,846 The accumulation of autophagic bodies can
MTOR signaling components is also currently being investigated be detected by light microscopy in cells that lack vacuolar
hydrolase activity (e.g., the pep4D yeast mutant) or in the presence
(González-Estévez C, personal communication).
14. Plants. The fluorophore of the red fluorescent protein of inhibitors that interfere with hydrolase activity (e.g., PMSF or
shows a relatively high stability under acidic pH conditions. Thus, concanamycin A). Using Nomarski optics (differential interferchimeric RFP fusion proteins that are sequestered within ence contrast) it is easy to distinguish and quantify yeast vacuoles
autophagosomes and delivered to the plant vacuole can be easily that lack autophagic bodies from those that have accumulated
detected by fluorescence microscopy. Furthermore, fusion them, and the same is true for plants.
Other methods described throughout these guidelines can also
proteins with some versions of RFP tend to form intracellular
aggregates, allowing the development of a visible autophagic be used in plants. For example, in tobacco cells cultured in sucrose
assay for plant cells.843 For example, fusion of cytochrome b5 starvation medium, the net degradation of cellular proteins can
and the original (tetrameric) RFP generate an aggregated cargo be measured by a standard protein assay; this degradation is
protein that displays cytosolic puncta of red fluorescence and, inhibited by 3-MA and E-64c (an analog of E-64d), and is thus
following vacuolar delivery, diffuse staining throughout the presumed to be due to autophagy.847 In addition, the cytoplasm
vacuolar lumen. This system allows autophagy to be monitored in tobacco cells that is present in transvacuolar strands that cross
through fluorescence microscopy with minimum damage to intact the large central vacuole can be seen by TEM to disappear during
plant cells. In addition, the size difference between the intact and starvation-induced autophagy.847
processed cargo protein allows the quantification of autophagic degradation
through the detection of RFP after separation of total protein by gel electrophoresis,
similar to the GFP-Atg8/LC3 processing
assay described for yeast and mammals.
Arabidopsis cells can be stably transfected with GFP fused to plant ATG8,
and the lipidated and nonlipidated forms
can be separated by SDS-PAGE.150
Furthermore, the GFP-ATG8 processing
assay is particularly robust in Arabidopsis
Figure 27. Detection of macroautophagy in tobacco BY-2 cells. (A) Induction of autophagosomes in
and can be observed not only by western
tobacco BY-2 cells expressing YFP-NtAtg8 (shown in green for ease of visualization) under conditions
blotting but also by a diffuse fluorescent
of nitrogen limitation (Induced). Arrowheads indicate autophagosomes that can be seen as a bright
haze that appears in vacuoles together with
green dot. No such structure was found in cells grown in normal culture medium (Control). Bar, 10
mm. N, nucleus; V, vacuole. (B) Ultrastructure of an autophagosome in a tobacco BY-2 cell cultured for
punctate GFP fluorescence, which is pre24 h without a nitrogen source. Bar, 200 mm. AP, autophagosome; P, plastid; CW, cell wall. This image
sumed to represent free soluble GFP and
was provided by K. Toyooka (RIKEN Plant Science Center).
GFP-ATG8–PE still bound to autophagic
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Cautionary notes: Although the detection of vacuolar RFP can
be applied to both plant cell lines and to intact plants, it is not
practical to measure RFP fluorescence in intact plant leaves, due
to the very high red fluorescence of chloroplasts. Furthermore,
different autophagic induction conditions cause differences in
protein synthesis rates; thus, special care should be taken to
monitor the efficiency of autophagy by quantifying the intact
and processed cargo proteins. With regard to autophagic body
accumulation, it is difficult to quantify their number and/or
volume, although their presence or absence can be examined by
light microscopy or TEM. In addition, the accumulation of
autophagic bodies requires the inhibition of vacuolar hydrolase
activity. Therefore, to demonstrate turnover, the assay must be
performed either in the absence and presence of appropriate
inhibitors, or in both a wild-type strain and a strain with a
mutation/deletion in a gene encoding a vacuolar hydrolase(s)
(see Selective types of autophagy). Otherwise, accumulation of
autophagic bodies could instead indicate a defect in the lysis/
degradation step of autophagy. Finally, this method is not well
suited for systems other than plants or fungi because lysosomes
are too small for detection by standard (i.e., nonfluorescence)
light microscopy, and fusion with autophagosomes does not
generate autophagic bodies (Fig. 1).
15. Protists. An essential role of autophagy during the differentiation of parasitic protists (formerly called protozoa) is clearly
emerging. Only a few of the known ATG genes are present in
these organisms, which raises the question about the minimal
system that is necessary for the normal functioning of autophagy.
The reduced complexity of the autophagic machinery in many
protists provides a simplified model to investigate the core
mechanisms of autophagosome formation necessary for selective
proteolysis, and will open a completely new area in autophagy
research. Some of the standard techniques used in other systems
can be applied to protists including indirect immunofluorescence
using antibodies generated against ATG8, the generation of
stable lines expressing mCherry- or GFP-fused ATG8 for live
microscopy, and immuno-TEM analyses. Extrachromosomal
constructs of GFP-ATG8 also work well with lower eukaryotes,201-203 as do other fluorescently-tagged ATG proteins including
ATG5 and ATG12.
The unicellular amoeba Dictyostelium discoideum provides
another useful system for monitoring autophagy.848 The primary
advantage of Dictyostelium is that it has a unique life cycle that
involves a transition from a unicellular to a multicellular form.
Upon starvation, up to 100,000 single cells aggregate by chemotaxis and form a multicellular structure that undergoes morphogenesis and cell-type differentiation. Development proceeds via
the mound stage, the tipped aggregate and a motile slug and
culminates with the formation of a fruiting body that is composed of a ball of spores supported by a thin, long stalk made of
vacuolized dead cells. Development is dependent on autophagy
and, at present, all of the generated mutants in Dictyostelium
autophagy genes display developmental phenotypes of varying
severity.848,849 D. discoideum is also a versatile model to study
infection with human pathogens and the role of autophagy in the
infection process. The susceptibility of D. discoideum to microbial

infection and its strategies to counteract pathogens are similar to
those in higher eukaryotes.850 Along these lines, Dictyostelium
utilizes some of the proteins involved in autophagy that are not
present in S. cerevisiae including C12orf44/Atg101, Uvrag and
Vmp1, in addition to the core Atg proteins. Autophagy can be
monitored in Dictyostelium by fluorescence microscopy of GFPAtg8 or GFP-Atg18, by TEM and by western blot to detect free
GFP or the loss of SQSTM1.36,152,848
One cautionary note with regard to the use of GFP-ATG8 in
protists is that these organisms display some “nonclassical” variations in their ATG proteins. For example, Leishmania contains
many apparent ATG8-like proteins (the number varying per
species; e.g., up to 25 in L. major) grouped in four families, but
only one labels true autophagosomes even though the others
form puncta,202 and ATG12 requires truncation to provide the
C-terminal glycine before it functions in the canonical way.
Unusual variants in protein structures also exist in other protists,
including the malaria parasite Plasmodium falciparum, which
expresses ATG8 with a terminal glycine not requiring cleavage to
become functional in autophagy.851 Thus, in each case care needs
to be applied and the use of the protein to monitor autophagy
validated. In addition, due to possible divergence in the upstream
signaling kinases, classical inhibitors such as 3-MA, or inducers
like rapamycin, which are not as potent for trypanosomes852 or
apicomplexan parasites as in mammalian cells or yeast, must
be used with caution (Coppens I, personal communication);201
however, RNAi knockdown of TORC1 (e.g., TOR1 or RPTOR)
is effective in inducing autophagy.
The scuticociliate Philasterides dicentrarchi has proven to be a
good experimental organism for identifying autophagy-inducing
drugs or for autophagy initiation by starvation-like conditions,
since this process can be easily induced and visualized in this
ciliate.853 In scuticociliates, the presence of autophagic vacuoles
can be detected by TEM, fluorescence microscopy or confocal
laser scanning microscopy by using dyes such as MitoTracker
Deep Red FM and MDC.
Finally, a novel autophagy event has been found in Tetrahymena thermophila, which is a free-living ciliated protist. A
remarkable, virtually unique feature of the ciliates is that they
maintain spatially differentiated germline and somatic nuclear
genomes within a single cell. The germline genome is housed in
the micronucleus, while the somatic genome is housed in the
macronucleus. These nuclei are produced during sexual reproduction (conjugation), which involves not only meiosis and
mitosis of the micronucleus and its products, but also degradation of some of these nuclei as well as the parental old macronucleus. Hence, there should be a mechanism governing the
degradation of these nuclei. The inhibition of PtdIns3Ks with
wortmannin or LY294002 results in the accumulation of additional nuclei during conjugation.854 During degradation of the
parental old macronucleus, the envelope of the nucleus becomes
MDC- and LysoTracker Red-stainable without sequestration of
the nucleus by a double membrane and with the exposure of
certain sugars and phosphatidylserine on the envelope.855 Subsequently, lysosomes fuse only to the old parental macronucleus,
but other co-existing nuclei such as developing new macro- and
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micronuclei are unaffected.855 This evidence suggests that selective
autophagy may be involved in the regulation of the degradation
of nuclei during conjugation, but its mechanism apparently differs
from the classical pathway. Indeed, no ATG genes homologous to
those in yeast are characterized in this organism to date.
16. Rainbow trout. Salmonids (e.g., salmon, rainbow trout)
experience long periods of fasting often associated with seasonal
reductions in water temperature and prey availability or spawning migrations. As such, they represent an interesting model
system for studying and monitoring the long-term induction of
autophagy. Moreover, the rainbow trout (Oncorhynchus mykiss)
displays unusual metabolic features that may allow us to gain
a better understanding of the nutritional regulation of this
degradative system (i.e., a high dietary protein requirement, an
important use of amino acids as energy sources, and an apparent
inability to metabolize dietary carbohydrates). It is also probably
one of the most deeply studied fish species with a long history of
research performed in physiology, nutrition, ecology, genetics,
pathology, carcinogenesis and toxicology.856 Its relatively large size
compared with model fish such as zebrafish or medaka, makes
rainbow trout a particularly well-suited alternative model to carry
out biochemical and molecular studies on specific tissues or cells
that are impossible to decipher in small fish models. The genomic
resources in rainbow trout are now being extensively developed; a
high-throughput DNA sequencing program of EST has been
initiated associated with numerous transcriptomics studies,857-860
and the full genome sequence is now available.
Most components of the autophagy and associated signaling
pathways (AKT1, TOR, AMPK, FOXO) are evolutionarily conserved in rainbow trout;457,861-863 however, not all ATG proteins
and autophagy-regulatory proteins are detected by the commercially available antibodies produced against their mammalian
orthologs. Nonetheless, the expressed sequence transcript databases facilitate the design of targeting constructs. For steady-state
measurement, autophagy can be monitored by western blot or
by immunofluorescence using antibodies to ATG8/LC3.863 Flux
measurements can be made in a trout cell culture model (e.g., in
primary culture of trout myocytes) by following ATG8/LC3
turnover in the absence and presence of bafilomycin A1. It is also
possible to monitor the mRNA levels of ATG genes by real-time
PCR using primer sequences chosen from trout sequences
available in the above-mentioned expressed sequence transcript
database. A major challenge in the near future will be to develop
for this model the use of RNAi-mediated gene silencing in order
to analyze the role of some signaling proteins in the control of
autophagy, and also the function of autophagy-related genes in
this species.
17. Sea urchin. Sea urchin embryo is an appropriate model
system for studying and monitoring autophagy and other defense
mechanisms activated during physiological development and in
response to stress.632 This experimental model offers the possibility of detecting LC3 through both protein gel blot and immunofluorescence in situ analysis. Furthermore, in vivo staining of
autolysosomes with acidotropic dyes can also be performed.
Studies on whole embryos make it possible to obtain qualitative
and quantitative data for autophagy and also to get information

about spatial localization aspects in cells that interact among
themselves in their natural environment. Cautionary notes
include the standard recommendation that it is always preferable
to combine molecular and morphological parameters to support
the validity of the data.
18. Ticks. In the hard tick Haemaphysalis longicornis, endogenous autophagy-related proteins (Atg6 and Atg12) can be
detected by western blotting and/or by immunohistochemical
analysis of midgut sections.864,865 It is also possible to detect
endogenous Atg3 and Atg8 by western blotting using antibodies
produced against the H. longicornis proteins (Umemiya-Shirafuji
R, unpublished results). Commercial antibodies against mammalian ATG orthologs (ATG3, ATG5, and BECN1) can also be
used for western blotting; however, when the tick samples include
blood of a host animal, the animal species immunized with
autophagy-related proteins should be checked before use to avoid
nonspecific background cross-reactivity. In addition to these
methods, TEM is recommended to detect autophagosomes and
autolysosomes. Although acidotropic dyes can be useful as a
marker for autolysosomes in some animals, careful attention
should be taken when using the dyes in ticks. Since the midgut
epithelial cells contain acidic organelles (e.g., lysosomes) that are
related to blood digestion during blood feeding, this method may
cause confusion. It is difficult to distinguish between autophagy
(autolysosomes) and blood digestion (lysosomes) with acidotropic
dyes. Another available monitoring method is to assess the mRNA
levels of tick ATG genes by real-time PCR.866 However, this
method should be used along with other approaches such as
western blotting, immunostaining, and TEM as described in this
article. Unlike model insects, such as Drosophila, powerful
genetic tools to assess autophagy are still not established in ticks.
However, RNAi-mediated gene silencing is currently being developed to analyze the function of autophagy-related genes in ticks
during nonfeeding periods (Umemiya-Shirafuji R, unpublished
results).
19. Zebrafish. Zebrafish have many characteristics that make
them a valuable vertebrate model organism for the analysis of
autophagy. For example, taking advantage of the transparency
of embryos, autophagosome formation can be visualized in vivo
during development using transgenic GFP-Lc3 and GFP-Gabarap
fish. The addition of 1-phenyl-2-thiourea (PTU) to media
inhibits melanogenesis allowing visualization of later-stage
embryos. Lysosomes can also be readily detected in vivo by the
addition of LysoTracker Red to fish media prior to visualization.
Additionally, protocols have been developed to monitor Lc3
protein levels and conjugation to PE by western blot analysis
using commercially available Lc3 antibodies.35,879
Because of their translucent character and external fertilization
and development, this vertebrate has proven to be an exceptional
choice for developmental research. In situ hydridization of whole
embryos can be performed to determine expression patterns.
Knockdown of gene function is performed by treatment with
morpholinos; the core autophagy machinery protein Gabarap,880
and regulatory proteins such as the phosphoinositide phosphatase
Mtmr14,881 Rptor and Mtor,882 have all been successfully
knocked down by morpholino treatment. However, research is
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currently somewhat hampered by the deficiency of efficient
methods for targeted gene mutations and deletions.
Zebrafish are ideal organisms for in vivo drug discovery and/or
verification because of their relatively small size and aqueous
habitat, and several chemicals have been identified that modulate
zebrafish autophagy activity.879 Many chemicals can be added to
the media and are absorbed directly through the skin. Because of
simple drug delivery and the onset of neurodegenerative disease
phenotypes at the larval stage, zebrafish are a promising organism
for the study of autophagy’s role in neurodegenative disease.
Along these lines, a zebrafish model of Huntington disease has
been developed.740
20. Food biotechnology. Required for yeast cell survival under
a variety of stress conditions, autophagy has the potential to
contribute to the outcome of many food fermentation processes.
For example, autophagy induction is observed during the primary
fermentation of synthetic grape must,867 and during sparkling
wine production (secondary fermentation).868 A number of
genome-wide studies have identified vacuolar functions and
autophagy as relevant processes during primary wine fermentation
or for ethanol tolerance, based on gene expression data or cell

viability of knockout yeast strains;867,869-873 however, understanding the actual relevance of autophagy in yeast-driven food
fermentation processes would require addressing this issue
experimentally using some of the methods available for
S. cerevisiae as described in these guidelines.
Autophagy is a target for some widespread food preservatives
used to prevent yeast-dependent spoilage. For example, the effect
of benzoic acid is exacerbated when concurrent with nitrogen
starvation.874 This opened the way to devise strategies to improve
the usefulness of sorbic and benzoic acid, taking advantage of their
combination with stress conditions that would require functional
autophagy for yeast cell survival.875 Practical application of these
findings would also require extending this research to other
relevant food spoilage yeast species, which would be of obvious
practical interest.
In the food/health interface, the effect of some food bioactive
compounds on autophagy in different human cell types has
already attracted some attention.876,877 Interpreting the results of
this type of research, however, warrants two cautionary notes.878
First, the relationship between health status and autophagic
activity is obviously far from being direct. Second, experimental
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Table 2. Recommended methods for monitoring autophagy
Method
1. Electron microscopy

Description
Quantitative electron microscopy, immuno-TEM; monitor autophagosome number, volume
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2. Atg8/LC3 western blotting

Western blot. The analysis is performed in the absence and presence of lysosomal protease or fusion
inhibitors to monitor flux; an increase in the LC3-II amount in the presence of the inhibitor is usually
indicative of flux

3. GFP-Atg8/LC3 lysosomal delivery
and proteolysis

Western blot ± lysosomal fusion or degradation inhibitors; the generation of free GFP indicates
lysosomal/vacuolar delivery

4. GFP-Atg8/LC3 fluorescence
microscopy

Fluorescence microscopy, FACS to monitor vacuolar/lysosomal localization. Also, increase in punctate
GFP-Atg8/LC3 or Atg18/WIPI

5. Tandem mRFP/mCherry-GFP
fluorescence microscopy, Rosella

Flux can be monitored as a decrease in green/red (yellow) fluorescence (phagophores, autophagosomes)
and an increase in red fluorescence (autolysosomes)

6. SQSTM1/p62 and related LC3
binding protein turnover

The amount of SQSTM1 increases when autophagy is inhibited and decreases when autophagy is induced

7. MTOR, AMPK and Atg1/ULK1
kinase activity

Western blot, immunoprecipitation or kinase assays

8. WIPI fluorescence microscopy

Quantitative fluorescence analysis using endogenous WIPI proteins, or GFP- or Myc-tagged versions.
Suitable for high-throughput imaging procedures.

9. Transcriptional and translational
regulation

Northern blot, or qRT-PCR, autophagy-dedicated microarray

10. Autophagic protein degradation

Turnover of long-lived proteins to monitor flux

11. Pex14-GFP, GFP-Atg8, Om45-GFP,
mitoPho8D60

A range of assays can be used to monitor selective types of autophagy. These typically involve proteolytic
maturation of a resident enzyme or degradation of a chimera, which can be followed enzymatically
or by western blot

12. Autophagic sequestration assays

Lysosomal accumulation by biochemical or multilabel fluorescence techniques, and TEM with
a maturation inhibitor

13. Turnover of autophagic compartments Electron microscopy with morphometry/stereology
14. Autophagosome-lysosome
colocalization and dequenching assay

Fluorescence microscopy

15. Sequestration and processing
assays in plants

Chimeric RFP fluorescence and processing, and light and electron microscopy

16. Tissue fractionation

Centrifugation, western blot and electron microscopy

17. Degradation of endogenous lipofuscin Fluorescence microscopy
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design in this field must take into account the actual levels of
these molecules in the target organs after ingestion, as well as
exposure time and their transformations in the human body.
In addition, attention must be paid to the fact that several
mechanisms might contribute to the observed biological effects.
Thus, relevant conclusions about the actual involvement of
autophagy on the health-related effect of food bioactive compounds would only be possible by assaying the correct molecules
in the correct concentrations.
Conclusions and Future Perspectives
There is no question that research on the topic of autophagy has
expanded dramatically since the publication of the first set of
guidelines.1 To help keep track of the field we have published a
glossary of autophagy-related molecules and processes,883,884 and
there are now databases that are specifically dedicated to autophagy including the Human Autophagy-dedicated Database
(HADb; www.autophagy.lu) and the Autophagy Database
(http://tp-apg.genes.nig.ac.jp/autophagy/).
With this continued influx of new researchers we think it is
critical to try to define standards for the field. Accordingly, we
have highlighted the uses and caveats of an expanding set of
recommended methods for monitoring macroautophagy in a
wide range of systems (Table 2). Importantly, investigators need
to determine whether they are evaluating levels of early or late
autophagic compartments, or autophagic flux. If the question
being asked is whether a particular condition changes autophagic
flux (i.e., the rate of delivery of autophagy substrates to lysosomes
or the vacuole, followed by degradation), then assessment of
steady-state levels of autophagosomes (e.g., by counting GFP-LC3
puncta, monitoring the amount of LC3-II without examining
turnover, or by single time point electron micrographs) is not

sufficient as an isolated approach. In this case it is also necessary
to directly measure the flux of autophagosomes and/or autophagy cargo (e.g., in wild-type cells compared with autophagydeficient cells, the latter generated by treatment with an
autophagy inhibitor or resulting from ATG gene knockdowns).
Collectively, we strongly recommend the use of multiple assays
whenever possible, rather than relying on the results from a
single method.
As a final reminder, we stated at the beginning of this article
that this set of guidelines is not meant to be a formulaic
compilation of rules, because the appropriate assays depend in
part on the question being asked and the system being used.
Rather, these guidelines are presented primarily to emphasize
key issues that need to be addressed such as the difference
between measuring autophagy components, and flux or substrate clearance; they are not meant to constrain imaginative
approaches to monitoring autophagy. Indeed, it is hoped
that new methods for monitoring autophagy will continue
to be developed, and new findings may alter our view of the
current assays. Similar to the process of autophagy, this is a
dynamic field, and we need to remain flexible in the standards
we apply.
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Glossary
For a more complete listing of autophagy-related terms and
definitions we refer readers to Klionsky DJ, Baehrecke EH,
Brumell JH, Chu CT, Codogno P, Cuervo AM, etal. A
comprehensive glossary of autophagy-related molecules and
processes (2nd edition). Autophagy 2011; 7:1273–94.
Amphisome: Intermediate compartment formed by the fusion
of an autophagosome with an endosome; this compartment has
not yet fused with a lysosome (also referred to as an acidic late
autophagosome).
Autolysosome: A degradative compartment formed by the
fusion of an autophagosome or amphisome with a primary
lysosome or telolysosome. Upon completion of degradation, or
when degradation has reached an end point, this compartment
(again) becomes a telolysosome (also referred to as a residual
body).
Autophagosome: A cytosolic membrane-bound compartment
typically denoted by a limiting double membrane. The early
autophagosome in particular contains cytoplasmic components
and organelles that are morphologically unchanged because the
compartment has not fused with a lysosome and lacks proteolytic
enzymes.
Autophagy: A collection of processes typically involving
degradative delivery of a portion of the cytoplasm to lysosomes
or the plant or fungal vacuole that does not involve direct transport
through the endocytic or vacuolar protein sorting, Vps, pathways.
Chaperone-mediated autophagy (CMA): Import and degradation of soluble cytosolic proteins by chaperone-dependent, direct
translocation across the lysosomal membrane.
Cytoplasm-to-vacuole targeting (Cvt): A biosynthetic pathway
in fungi that transports resident hydrolases to the vacuole through
a selective autophagy-related process.
Lysosome: A degradative organelle in higher eukaryotes that
compartmentalizes a range of hydrolytic enzymes and maintains a
highly acidic pH. A primary lysosome is a relatively small
compartment that has not yet participated in a degradation
process, whereas secondary lysosomes are sites of present or past
digestive activity. The secondary lysosomes include autolysosomes
and telolysosomes. Autolysosomes/early secondary lysosomes are
larger compartments actively engaged in digestion, whereas
telolysosomes/late secondary lysosomes do not have significant
digestive activity and contain residues of previous digestions. Both
may contain material of either autophagic or heterophagic origin.

884. Klionsky DJ, Codogno P, Cuervo AM, Deretic V,
Elazar Z, Fueyo-Margareto J, et al. A comprehensive
glossary of autophagy-related molecules and processes.
Autophagy 2010; 6:438-48; http://dx.doi.org/10.
4161/auto.6.4.12244

Macroautophagy: The largely nonspecific autophagic sequestration of cytoplasm into a double- or multiple-membranedelimited compartment (an autophagosome) of nonlysosomal/
vacuolar origin and its subsequent degradation by the lysosomal
system. Note that certain proteins and organelles may be
selectively degraded via a macroautophagy-related process, and
conversely, some cytosolic components such as cytoskeletal
elements are selectively excluded.
Microautophagy: Uptake and degradation of cytoplasm by
protrusion, invagination or septation of the lysosome or vacuole
membrane.
Mitophagy: The selective autophagic sequestration and
degradation of mitochondria.
Nucleophagy: The selective autophagic degradation of the nucleus.
Pexophagy: A selective type of autophagy involving the
sequestration and degradation of peroxisomes; can occur by a
micro- or macroautophagic process.
Phagophore: Membrane cisterna that has been implicated in an
initial event during formation of the autophagosome. Previously
referred to as the “isolation membrane.”
Phagophore assembly site (PAS): A perivacuolar compartment
or location that is involved in the formation of Cvt vesicles and
autophagosomes in yeast. The PAS may supply membranes
during the formation process or may be an organizing center
where most of the autophagic machinery resides, at least
transiently.
Phosphatidylinositol 3-kinase (PtdIns3K): A family of enzymes
that add a phosphate group to the 3' hydroxyls on the inositol ring
of phosphoinositides. The class III phosphatidylinositol 3-kinases
are stimulatory for autophagy, whereas class I enzymes are
inhibitory.
Reticulophagy: A type of selective macroautophagy of the ER.
Autophagy counterbalances endoplasmic reticulum expansion
during the unfolded protein response. Activation of the UPR in
yeast induces reticulophagy.
Ribophagy: The selective autophagic sequestration and
degradation of ribosomes.
Vacuole: The fungal and plant counterpart of the lysosome;
this organelle also carries out storage and osmoregulatory
functions. The plants’ bona fide equivalent of the lysosome is
the lytic vacuole.
Xenophagy: The selective degradation of microbes (e.g.,
bacteria, fungi, parasites and/or viruses) through an autophagyrelated mechanism.
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