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to dsRNA. Alternatively, it is certainly conceivable at this point that the virus-
protective role of RNAi has been lost in mammals.

One exciting development over the last several years has been the appear-
ance in the literature of detailed structures of components parts of the RNA
interference machinery [e.g., 129,130]. These structures have, both individu-
ally and in aggregate, led to an understanding of aspects of the mechanism 
would have only been dreams about during the early phases of the analysis 
of the system. With the emerging structural wisdom come a large number 
of thermodynamic and kinetic questions. For the less technically inclined 
reader, these challenge us to understand the contributions of energy and 
equilibrium to the natural system and to add the dimension of time to the 
static pictures such as those in Figures 9 and 11. Already it is clear that kinetic 
competition between different potential effectors at each stage of the RNAi
mechanism is a key determinant of how the RNA-based surveillance system 
is used [e.g., 131,132]. Likewise, kinetic competition between the RNAi ma-
chinery and other protein: RNA interactions (RNA synthesis and processing 
machinery, RNA storage and turnover machinery, and the translation ma-
chinery) will undoubtedly determine the spectrum of RNAi events that can 
actually occur during the life of a cell [e.g., 133].

At the same time as detailed biochemical and structural studies are likely 
to illuminate the forefront of RNAi, there is still much to be learned from 
genetic analysis. The original screens of Tabara et al. [85] found just two 
C. elegans genes with the idealized property that they eliminated almost all 
RNA interference with little or no effect on the organism. Similarly, limit-
ed sets of comparable genes (although different individual components) 
were identified in the early genetic screens of plant and fungal systems 
[e.g., 93,94]. Vertebrate cells that lack the major Argonaute component 
involved in dsRNA-based surveillance are intriguingly alive (and capable of 
growth in a Petri dish) but incapable of forming a viable organism [134].  

Figure 13. Some open questions on RNAi and immunity.

Some open questions on RNAi and Immunity

Does RNAi in animals function as an anti-pathogen response?

What physiological factors modulate RNAi to allow maximal
response to pathogen RNAs?

Do small endogenous RNAs act as a layer of innate immunity?

Can RNAi be manipulated to provide protective immunization?

Are RNAi-related mechanisms responsible for a subset of the
gene silencing events that occur during tumorogenesis?
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Correspondingly, some mutants in other systems that may have superficially 
appeared specific to the dsRNA response also exhibit intriguing variations 
in growth and/or physiology even in the absence of known pathogenic chal-
lenges [e.g., 135,136]. In addition to these observations, several biological 
forces which were limiting the original genetic screens are now clear. In
some cases, the failure to recover mutants affecting a given stage in the pro-
cess reflected a degree of genomic redundancy, with several different gene 
products each sufficient (at least partially) to execute a single reaction step 
[e.g., 85]. Conversely, some RNAi components were not identified in the 
early screens due to their shared involvement in RNAi-related (but distinct) 
processes which use similar molecular machineries and which are essential 
for organismal viability. In addition to the well characterized micro RNA reg-
ulatory system [128,137], the portfolio of RNAi-related processes will almost 
certainly include surveillance and regulatory roles within cells which we have 
yet to understand [e.g., 128]. As the expanding toolkit for analyzing essential 
and redundant genes in genetic model systems is applied, we should be able 
to open more than a few doors toward illumination of both the natural roles 
of RNAi and of numerous yet-to-be-elucidated cellular regulatory and surveil-
lance functions.

RNA INTERFERENCE AS A TOOL IN MEDICINE?

A question that has generated considerable excitement beyond the research 
lab is whether effector dsRNAs might be used as a direct intervention to treat 
human disease. Indirect applications of RNAi in medicine have certainly 
jumped forward: RNAi takes its place among many different tools to under-
stand gene regulation, assign functions to individual genes, and facilitate the 
discovery of potential therapeutic targets in disease systems.  

Will direct administration of interfering RNA be a useful clinical tool? If a 
person has a virus infection, why not use double stranded RNA correspond-
ing to that viral sequence as a drug to treat the person? If a person has a tu-
mor, why not take a gene that’s essential for that tumor and administer dou-
ble stranded RNA corresponding to that gene to shut down growth of that 
tumor? If a person has a disease caused by an altered or out-of-control gene, 
why not try double stranded RNA corresponding to that gene as a potential 
therapeutic? There are many challenges and many conceivable benefits to 
this approach. There are scores of potential applications, all of which will 
require negotiating the thicket of delivery, safety, and efficacy in the complex 
circumstance of a genetically diverse target population and with the need to 
understand and anticipate host (and in some cases pathogen) responses to 
the specific dsRNA. Maybe the time frame in testing these approaches will 
be years, maybe tens of years, and maybe more. With all of the trepidation 
and caution that goes into such an enterprise, I still look forward to seeing 
research in this area progress as a future endeavor in both the public and the 
private sector.
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I expect that there will be additional areas (beyond the gene discovery 
and therapeutic RNAi applications discussed above) in which understand-
ing of RNA-triggered gene silencing will provide therapeutic opportunities 
and augment to our capacity to mitigate disease. Any potent and specific 
biological process (even if it is generally beneficial to the organism) comes 
with consequences to the organism if abnormalities in specificity or regula-
tion occur. Aberrations in genetic silencing (both positive and negative) 
are certainly a major component of many human diseases, including most 
prominently cancer. Intensive investigations of dysregulation in cancer and 
other disease have turned up cases of defects in virtually every known cellular 
regulatory pathway. Regulation by small RNAs has rapidly joined this group 
[e.g., 139,140], with currently available data likely accounting for only a small 
fraction of such effects. As the potential contributions of RNA-triggered ge-
netic silencing processes to both disease and the human response to disease 
continue to be characterized, it is conceivable that there will be clear cases in 
which manipulation of the RNAi machinery itself, either in a global manner 
or in a small subset of cells or effector functions, will become an attractive 
therapeutic strategy. As such situations arise, the availability of therapeutic 
interventions to manipulate aspects of the RNAi machinery such as small 
molecule drugs [e.g., 141] and biologically-based modulatory strategies [e.g., 
using viral anti-silencing components] will certainly provide worthy leads for 
potential treatment.

SCIENCE DOESN’T GROW ON TREES, EVEN IN SANTA CLARA
COUNTY...

I want to finish with a few thanks. I have been fortunate to be associated with 
a family, a group of friends, a set of co-workers, and a number of institutions 
for which scientific inquiry and humanity have been equally highly valued.  
This has made it a joy to do science.

Since this article focuses most directly on experiments from the 1990s 
on the structural trigger for RNAi, I want to first specifically acknowledge 
the members of my lab and some of our collaborators that were directly 
involved in this work. The crew in my lab that were involved most directly 
in this particular effort were SiQun Xu, Mary Montgomery, Steve Kostas, 
Lisa Timmons, Susan White-Harrison, Jamie Fleenor, and Susan Parrish.  
Collaborations with Craig Mello and his group, particularly Sam Driver and 
Hiroaki Tabara likewise drove of the effort in wonderful ways, as did collabo-
rations with Natasha Caplen and Rick Morgan at NIH, Farhad Imani at Johns 
Hopkins, and Titia Sijen, Femke Simmer, Karen Thijsen, and Ronald Plasterk 
at Utrecht. I hope you realize that even this rather substantial scientific con-
sortium was just a piece of a very large puzzle that involves also many other 
scientists and groups around the world.

Two institutions deserve particular attribution for any contributions from 
myself and my lab. The Carnegie Institution of Washington’s Department of 
Embryology is where we did our work on the structural characterization of 
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the trigger, and the National Institutes of Health (in addition to supporting 
all of our colleagues and collaborators) funded all of the work that has gone 
on in my lab on this question.

For anybody to make their way in the world, there need to be inputs and 
contributions... and a lot of influences. When I sat down to put a few names 
down of people that at one point or another have had a positive influence, 
Figure 14 emerged. I apologize in advance for any inadvertent omissions 
(and numerous spelling errors)... you know who you are.

Figure 14. A few of the people and groups that the author would like to acknowledge for 
their help, support, encouragement. The list is in computationally randomized order with 
a few omissions (apologies) and misspellings (apologies).

In randomized order: Lilly Lerner, Maria Esquela, Lynne Corboy, Yixian Zheng, Jenny Pang, Jim Manley, Robert Weinberg, Guy Rudin, Steven Siegel, Claire Craddock, John Hennessey, Andrew Godbey, Josh
Glassman, Kevin O'Connell, Mark Lorell, Jim Kiessling, Benjamin Glass-Siegel, Ziva Reuveny, Gesine Dingkuhn, Vivian Hou, MarketBiology Students, Joe Robertson, Patrick Masson, Massachusetts Institute of
Technology, Gabriel Chaen, Harold Smith, Caroline Mararah, Dina Goren,Sharon Long, Grace Fagalde, Rose Sherak, Mike Leong, Arend Sidow, Joan Miller, Metav Arusha, Peter Okkema, Elliott Meyrowitz,
Aviva Richman, Robert Schleif, David Postman, Ursula Vogel, Ann Thompson, Barry Levine, Nathan Krantz-Fire, Michael Jantsch, David Remondini, Ed Hedgecock, Fred Tan, Mehrangiz Kamyab, Shira Lander,
Sondra Lazarowitz, Gilbert Chu, John Gage, Karen Rosenfeld, Allie Liu, Min Kim,Ann Crowden, Richard Meserve, Mike Cleary, Sonya Palmer, Art Barnes, Mike Krause, Ashley Chi, Ann Corsi, Nipam Patel,
Parmjit Jat, Mark Eaton, Michael Shen, Ben Hwang, Lucy Sherill, Linda Breeden, David Finkel, Gregory Fisher, Irv Weissman, Judith Greenberg, Kerstin Arusha, Lisa Steiner, Peter Sarnow, David Baillie, Lisa
Weymouth, Toshi Oyama, Ann Halvorsen, Richard Durbin, Naomi Richman, Helen Sherak, Helen Reichel, Claudia Lipschultz, Terence Murphy, Jade Li, Won Kyu Pak, Ruth Rose, Poornima Parameswaran, Susan
Michaelis, Chip Ferguson, Ed Ziff, Donald Moerman, Miriam Goodman, Bill Tiefenwerth, Kathy Meyrowitz, Chris Halvorsen, Mary Montgomery, Paul Chernoff, Josianne Eid, David Housman, Ben Hole, Cliff
Tabin, Sarina Schwartz, The Fremont Chess Club, Betty Dyer, Garfield Moore, Julia Kay, Robin Kulakow, Kevin VanDoren, William Hurlbut, Charles Long, Daniel Blanchard, Sudha Mitra, Brittany Little, Peter
Waterhouse, Casey Inman, Sara Eisenberg, Bill Fixen, Rachel Krantz, Mark Samuels, Maria Jasin, Geraldine Seydoux, Victor Ambros, Inder Verma, Chang Zhang Chen, Titia Sijen, Barbara Elspas, Jorge
Mancillas, Elana Lubit, Steve Johnson, David Schwartz, Barbara Levine, Joyce Rosenfeld, Blake Hill, Hollenbeck Elementary School, Ruth Shinn, Phillip Sharp, Paul Englund, John Burke, Scott Oliver, Yvonne
Pon, Peter Hahn, Amy Locks, Ben Stern,Marvin Sherak, Paul Kokulis, Clifford Locks, Robert Tjian, Siva Ophir, Beth Johnston, John Gearhart, HeeYoung Kim, Denise Montell, Tory Prestera, Susan White-
Harrison, Adi Ophir, Phil Beachy, Sam Halvorsen, Julia Pak, Alan Klotz, Hugh Rienhoff, Robert Waterston, Stuart Kim, Barbara Postman, Mary Dasso, Gina Fisher, Maurice Fox, Sarah Katz, Anita Finkel, Morgan
Park, Maxine Singer, Gerry Crabtree, Mitch Kostich, Rick Myers, Carol Alberts, Peter Jackson, Ira Dyer, Levana Ruthschild, Daniel Nathans, Cynthia Kenyon, The National Institute of Child Health and
Development, Joe Heilig, Sylvia O'Neill, The Balzano Family, Gary Otto, Ellen Zucker, The Medical Research Council, Yvette Goren, Simon Xu, Nancy Paiva, Andy Golden, Nancy Craig, Philip Anderson, Ellie
Krantz, Mary Beth Shinn, Donna Rae Machado, Nina Federoff, Ann Sharp, Genevieve Fire-Halvorsen, Eleanor Maine, John Etchemendy, Richard Henderson, Gary Ruvkun, Ichi Maruyama, Kamiko Cangelosi,
Shou Wei Ding, Mel Goudy, Hank Greely, Randall Kaufman, Geeta Narlikar, Haifan Lin, Victor Corces, Matt Kowitt, Alyssa Zucker, Alan Wolffe, Arielle Goren, Lynne Spencer, Joey Finkel, Christine Norman,
Joe Adler, Sam Fire, Nichol Thompson, Kathy Sherak-Chen, Kam Ophir, Richard Calendar, Judith Geller, Ken Kemphues, Mark Benvenuto, Judith Kimble, Nancy Hopkins, Susan Strome, Michael McCaffery,
Kathy Berkner, Rich Breyer, Ann Brunet, Kirsten Crossgrove, Richard Jorgensen, Greg Wiederrecht, Ellen Cammon, Allan Shearn, 7_03 Students, Wendy Locks, Jim Darnell, Rebecca Raitzig, Kwok Han Lian,
William Pavao, Baltimore-Washington Worm Club, Karla Kirkegaard, Ihor Lemischka, Miriam Fire, Ron Millar, Laura Loveland, Linda Henry, Lewis Chodosh, Mr. Steffen, Harold Weintraub, Path_218 Students,
Joe Vokroy, Lois Edgar, Bill Reichel, Natasha Caplen, Ms. Escolar, the Fremont Math Club, Ms. Wilson, Nancy Blachman, Andy Hopkins, Jim McGhee, Hung Hsi Wu, Charles Yanofsky, Felix Khuner, De Anza
College, Craig Mello, Steven Leong, Ken Lorell, Tim Schedl, Marcus Thompson, Robert Herman, Ilil Carmi, Heather McCullough, Gideon Eisenberg, Frederica Postman, Anne Villeneuve, Don Doering, Dan
Donoghue, Margalit Krantz-Fire, Sarah Shaeffer, The Shapiro Family, Elias Speliotes, Peter Sklar, Ms. Beaufenkamp, Jim Kent, Nelson Blachman, Allan Spradling, Scott Hammond, Gail Shokat, David
Baulcombe, Helen Hart, Jerry Fox, Menachem Ophir, Karen Lamarco, Michel Goedert, Ken Fisher, Zeke Gluzband, Molly Marcus, Don Riddle, Matt vanderRijn, The Helen Hay Whitney Foundation, Sim Esquela,
The National Science Foundation, Chaen Chaen, Tamir Ophir, Elizabeth Lincoln, Gavi Swerling, Jay Maniar, Lisa Sklar, Cori Bargmann, Sarah Barker, Mark Edgley, David Botstein, Jonathan Khuner, James Duc,
Jim Lewis, Al Rosenfeld, Rachel Grossman, Doris Lorell, Richard Sutch, Jeff Shamma, Hannes Vogel, Bernie Elspas, Bruce Hoover, Jeff Yuan, Ky Sha, Suzy Halvorsen, Gloria Brienza, Chris Walsh, Forrest Foor,
Sydney Brenner, Mike Finney, Georgia Rosenblatt, Marvin Rosenfeld, Shrage Ophir, Micah Glass-Siegel, Rainer Sachs, Mark Kay, Greg Robinson, Connie Clay, Andrea Swerling, Greg Hannon, Tom Leong,
Femke Simmer, Shin Lin, Dan Riordan, Tom Lee, Samantha Glassman, Mark Bretscher, Doug Vollrath, Steve Galli, Louise Pape, Nadia Rosenfeld, Megan Jacoby, Florence Locks, Mary Lou Pardue, Jeff Levinsky,
The National Institute of General Medical Sciences, Ms. Benevides, Dan Stinchcomb, Steve Carr, David Baltimore, Aaron Mitchell, Frank Solomon, Aurora Kerscher, Saul Roseman, Arash Aryana, Timothy Bach,
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Jocelyn Shaw, Dennis Dixon, William Rossi, Peter Lawrence, Steve Kostas, Al Scott, The Rita Allen Foundation, Rick Irvin, Silas Xu, David Nelson, Kathy Wilson, Peter Kulakow, Tom Tullius, Jenny Hsieh,
Uttam Rajbhandary, Susan Dymecki, Chelsea Glassman, Iva Greenwald, Judith Yanowitz, William Wood, Steve Wasserman, Ann Rose, Clarissa Cangelosi, Ann-Marie Macdonald, Weng Onn Lui, Tim Hunt,
Michael Sklar, Genetics 235 Students, Mark Palm, Spice Kleinman, Mia Horowitz, Ellen Henderson, Michael Shokat, Eric Kostlan, Ann Marie Murphy, Jeff Axelrod, John Pringle, Alejandro Sanchez, Ulla Hansen,
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Lee, Kiyoshi Nagai, Verena Jantsch, Jonathan Adler, Nigel Crawford, Sam Ward, HsuTze Lee, Bruce Vogel, Robert Ely, David Miller, Joe Gall, Jonathan Gent, Jonathan Hodgkin, Susan Blachman, Miriam Fox,
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