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Food stories and food facts 
 



Why GM crops? 
Why the strong interest of the US 

EPA, EFSA, other regulators? 



We Will Need to Grow as Much Food in the Next 50 
Years as in the Past 10,000 Years Combined 

1990 2012 1980 2050 TODAY 

4.4B 

7.1B 
9.6B+ 

1 ACRE 
per person in 

1961 

less than 
1/3 ACRE 

per person in 
2050 DIETARY PERCENTAGE OF MEAT 

9% 
in 1965 

14% 
in 2030 

CHANGING 
economies & diets  

CHANGING 
climate 

RISING 
population 

DECLINING 
arable land 

Source: The World Bank, Food and Agriculture Organization of the United Nations (FAO-STAT), Monsanto Internal Calculations 



History Shows Us that Advancements in 
Technology Have a Huge Impact on Agriculture 

The rate of population increase exceeds the rate of increase in 
food production 

 -Dr. Normal Borlaug 
Source: United Nations, The Danforth Center, USDA 



BIOTECHNOLOGY IN AGRICULTURE HAS BEEN RESEARCHED FOR 
OVER 30 YEARS AND GROWN COMMERCIALLY FOR 18 YEARS 

CROP BIOTECHNOLOGY 
is an extension of plant breeding 

Farmers and Scientists 
cross-bred plants for new 
traits 
 Researchers used 
mutagenesis to alter the 
genetic makeup of seeds.  
 

Scientists begin to use 
molecular techniques to 
precisely modify plants.  

Source:  http://www.nature.com/scitable/knowledge/library/history-of-agricultural-biotechnology-how-crop-development-25885295  

1700’s 

1940’s 

1970’s 

http://www.nature.com/scitable/knowledge/library/history-of-agricultural-biotechnology-how-crop-development-25885295


Crop Biotechnology is an Extension of 
Traditional Plant Breeding 

TRADITIONAL PLANT BREEDING 

Desired Gene Many genes are transferred 

Desired Gene 

PLANT BIOTECHNOLOGY 

Desired 
Gene 

Only selected  
gene is transferred 



Biotechnology is Used in Many Common Products 

 Most insulin used by diabetics is 
produced using the human DNA 

sequence of insulin through 
biotechnology, rather than 
extracting insulin from the 
pancreas of pigs or cows. 

 

Unique flavors are created 
through biotechnology 

engineering of yeast varieties, 
for use in beer brewing and 

bread making. 

 Nearly all cheese is 
produced using rennin 

produced through 
biotechnology, instead of 

naturally occurring rennin, 
extracted from calf 

stomachs. 

 

CHEESE YEAST MEDICINE 

Source:  http://www.nature.com/scitable/knowledge/library/history-of-agricultural-biotechnology-how-crop-development-25885295  
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Genetic biotechnology 

• Mutation of an existing gene 
• Removal of a gene 
• Introduction of a new gene 

• From a different strain or close relative 
• From a distant organism 

• Use of noncoding RNA regulation 



“Rainbow” Papaya: RNAi-based GM 

• Papaya ringspot virus a 
major economic problem 

• 1992: field trials started 
in Hawaii 

• 1998: licensure, 
cultivation 

• Pathogen-derived 
resistance—coat protein 
gene 
• Actually RNAi 



Plum pox virus (PPV) 

Source: Ralph Scorza 



Ralph Scorza 



Ralph Scorza 



Ralph Scorza 



Corn and corn rootworm: RNAi 



What is RNA interference? 





Hibio et al , Sci Reports, 2012 
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Ralph Scorza 



Why would a virologist care about 
small noncoding RNAs? 



The Johns Hopkins University 
Molecular and Comparative 

Pathobiology Retrovirus Laboratory 

Director: J.E. Clements 
Lentiviruses and animal models  

of HIV disease 



Gonda, et al. Science, 1985 

+ 
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HIV/AIDS: progress…and cure? 

Number of new infections AIDS deaths 
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The “Berlin patient” 
Source: POZ magazine 

Eradication on the horizon? 
• Stem cell transplant: Timothy Ray 

Brown 
• Shock and kill: activate latent 

reservoir, immune system does 
the rest 

• Early treatment or treatment 
intensification 
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• L Wagschal, et al., Cell 
• Z Klase, et al., BMC Mol Biol 

Nuclear HIV sRNA 

Stoichiometry largely unknown 



Does CRISPR/Cas offer a specific 
activation option? 

Credit: Origene 

Non-specific activators are: 
 
1) inefficient (activate only a small 

proportion of the latent 
reservoir  

2) Potentially counterproductive 
(may promote new infection) 

 
CRISPR/Cas has been reported to 
excise latent HIV in several models 
 
How would this be done in vivo? 
Even a small percentage of off-target 
cleavage could result in catastrophic 
problems. 



Another strategy:   
transcriptional activation 
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Increase in HIV-1 p24 relative to Cas9-
activator alone, 48 hr 

Procedure: 
 
• ACH-2 latency model 
• Introduce Cas9-fusion and 

gRNA sequence(s) 
• Measure levels of released 

HIV-1 p24 protein 

Mears, Kim, Witwer, unpublished 



Small RNA-based therapy passes Phase 2 

From: Janssen, et al., NEJM, 2013 

Note persistence of effects following injections 
Bonus: significant reduction in cholesterol levels 



• MRX34: liver cancers 
• 1st, 2nd, 3rd gen oligonucleotides 
• Backbone modifications 

– phosphorothioate 

• Other mods and tags 

Delivery to liver 



Other exposure routes? 
Alnylam anti-RSV drug 

• Alnylam RSV01 and RSV02 
• Delivery of aerosolized naked RNA (siRNA)  

– Inhalation 
– Intranasal 

• Promising data, but failed Phase IIb trial, 
partner backed out 

• Claimed evidence of RNAi mechanism was 
doubted by some (innate immune response?) 



Can we exploit oral RNA therapeutically in 
mammals? 

Will mammals be harmed by off-target effects 
of ingested RNA? 



“Holy grail”: oral delivery of small RNA therapeutics? 

TNFα siRNA in a glucan shell 
Proposed mechanism: uptake through Peyer’s patches M cells 
Phagocytosis by macrophagesacidificationsiRNA release 
Observed decline in circulating TNFα, macrophage RNA 



Pharmaceutical industry has had little 
or no success with oral delivery of 

RNA—to the point that the oral route 
is often used as a negative control 



 

ISEV 2015 
Washington, DC 

April 23-26 
at the Bethesda North Marriott hotel 



Nurturing innovative science at US NIH 

Francis Collins, April, 2015: International Society for Extracellular Vesicles 



Report: Dietary miRNAs in bloodstream 
Cell Research, 2012 

Chinese population 
Dietary staple: rice 
10 pool sera 
50 mL each 
10-11 samples/pool 
RNA-seq 



Report: Dietary miRNAs in tissue 

Organism: mouse 

From: Zhang, et al, Cell Research, 2012 



LDLRAP1: Dietary MIR168 affects an mRNA in liver 

Dose-dependent effect on a  
predicted target RNA 

From: Zhang, et al, Cell Research, 2012 

Organism: mouse 



• NIH commitment to extracellular RNA research 
• Desire to foster innovation 
• Need to balance novelty and sound-bite 

excitement with solid science 
• Need for reproducibility and replication studies 
• Cloud of controversy 

Why did Francis Collins mention this? 



Witwer, analysis of supplementary data 
From Zhang, et al, Cell Research, 2012 

Dietary plant miRNAs enter the bloodstream of human donors 
…? 



Negative feeding studies 
• Snow, et al., RNA Biology, 2013 

– Negligible or no detected uptake in bees, mice, humans 
with diets replete with microRNA 

• Witwer, et al. RNA Biology, 2013 
– Nonhuman primates: no increase in response to dietary 

intake; low-level detection was non-specific 

• Dickinson, et al., Nature Biotechnology, 2013 
– Negligible uptake in mice with rice diets (more 

MIR168a than in Zhang, et al.) 
– No LDLRAP1 response to feeding 
– Mouse LDL increase was due to nutritional insufficiency 

 
 



Negative feeding studies 
• Petrick, et al., Regul Toxicol Pharmacol, 2015 

– Feeding small RNAs or a long dsRNA against an 
essential gene had no affect on mice 

– 28-day study 
– No evidence of uptake or function of the dietary 

RNA 
 

 



Pilot design: mammalian uptake 

0 1 4 12 

Pigtailed macaques 
Gavage: ~5% of estimated 
blood volume 

Blood draws: hours post-gavage 
 
Immediate processing to platelet-poor plasma 
Initial RNA extraction by Ambion mirVana protocol 

Witwer, et al, RNA Biology, 2013 



Henrich, et al., J Virol Methods, 2012 

Droplet digital PCR (ddPCR) 

Add PCR curve again 



Traditional hydrolysis 
probe qPCR 

Emulsion “Droplet 
Digital” PCR 



Expected Observed 

256 261 

128 134 

64 62 

32 31 

16 17 

8 8 

4 4 

2 2 

1 1 

0.5 0.8 

0 0 

ddPCR Perspective: sensitivity 



miR168: one of the most abundant 
miRNAs in the original study 

Single predominant 
product in highly diluted 
plant material = specific 

Droplet digital  
PCR results 

Plant dilutions 

Macaque plasma 

Non-specific amplification 

Adapted from: Witwer, et al, RNA Biology, 2013 



Unpublished feeding study: 
multiple time points pre to post 

prandial 



Standards for 
comparison 

MIR156a 
Intensity plots (not necessarily in order 

by donor #) 
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MIR156a 
Raw counts/ul 

Bars: max and min 
of Poisson confidence 
interval 



Standards for 
comparison 

MIR168a 
Intensity plots (not necessarily in order 

by donor #) 
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MIR168a 
Raw counts/ul 

Bars: max and min 
of Poisson confidence 
interval 
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Method and glycogen (+/-) 

McAlexander, et al, Trends in Genetics, 2013 

Method optimization needed? 

Biofluids RNA method 
from Exiqon 
(12/2012) 
 
Improved recovery, 
inhibitor removal 
 
Verified performance 

Problem with plant RNA modification(s), e.g. 2’-O-methyl? 
 --No; very sensitive detection of plant miRNAs 
 
Low abundance RNAs missing from recovered sample? 
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Co-factor needed? 
Low sensitivity because specific 
reverse transcriptases work best in 
presence of excess miR-16. 
We pre-incubated synthetic miR-16 at 
several concentrations before RT of 
osa-MIR168a standard curve. 
No effect of miR-16 addition 



• Zhang, et al., BMC Genomics, 2012 
– Public dataset analysis 
– Few plant miRNAs detected, at low copy numbers 
– MIR168a consistent with artifact 

• Wang, et al., PLOS One, 2012 
– human study; low read numbers of MIR168a only 
– No increased uptake with colitis, colon cancer 
– Improved analytic pipeline: no more mapping to 

MIR168a! 
• Wang, et al., Toxicol Sci, 2013 

– mouse liver toxicity study; low MIR168a only 
• Tosar, et al., RNA, 2014 

– Sequencing reads consistent with contamination 

Additional negative findings 



Tosar et al. explore contamination 

• Turtle RNA found in human sperm? 
• Food story vs. food fact: clearly 

a contaminant 
• Due to work on turtles in lab 
• Eliminated with stringent anti-

contam. protocols 
• Review of Zhang et al. (rice) and 

chordate  
• No chordate exposure to plants 
• Almost identical plant miRNA 

“uptake” with humans 
•  Contamination a widespread 

problem in RNA-seq…especially for 
endogenous RNA? 



When “positive” studies prove the opposite 

• Nine humans drank 3 liters of watermelon juice 
• Blood draw: before, several time points after 

ingestion 
• >20 miRNAs measured, including 16 plant miRNAs 



Watermelon…or not? 
• Best response: MIR528 

• Doubling of concentration 
• Rise and fall with time 
• 1.3% uptake: more than all 

other plant miRNA 
• Unfortunately, MIR528 is a 

miRNA of monocots 
• Watermelon is a dicot: no 

similar seq. in genome 
• Contamination? 
• “Positive” studies underscore 

negative findings (see also no 
template controls!) 



Positive mammalian studies:  
in common 

• Ambiguous or nonsensical results and 
statistics issues 

• Lack of controls 
• Mechanistic studies lacking 
• Wide-reaching claims not supported by 

evidence 



Principles: uptake and function 



Small RNA “vehicles” carry and protect 

EV HDL LDL Protein 
complex 

Witwer & Hirschi, BioEssays, 2014 



RNases: the piranhas of the body  



© Ballarin Gonzalez et al 2013 



Spreading interference: SID-1 

RNAi amplification 

Uptake from the environment: SID-2 

RNAi mechanisms not observed in mammals 

Witwer and Hirschi, BioEssays 2014 



• RNases: are dietary RNAs protected by 
Argonaute? In “vesicles”? 

• Across the mucus layer 
• Across the intestine and through the blood 
• The next barrier: cell membrane, endosome 
• Could a plant Argonaute-complexed plant small 

RNA function in a mammalian cell? 
• How many copies of a functional RNA needed? 
• What is the effect of an off-target interaction? 

A long road 



In vivo, most miRNAs are NOT in active complexes 



In vivo, most miRNAs are not in an active complex 

La Rocca et al, 2014 



siRNA effects 

Off-target “miRNA-
like” effects 

Stimulation of the 
innate immune system 

Saturation of RNAi 
machinery 

Off-target effects 



• 6-well plates: approximately one million cells 
• RNA added at 100 nM 

– 100 pmol, 750 ng; 1 mL transfection volume 
– Or 60 trillion molecules of RNA 

• 60 million molecules of miRNA per cell 
• Almost all off-target effects disappeared at 

0.16 nM, i.e. at 100,000 copies/cell 

Off-target “miRNA-
like” effects 



Off-target “miRNA-
like” effects 



• Off-target miRNA effects 
• Saturation  of machinery >1E5 
• Immune stimulation (some RNA 

lengths/sequences) 6E6 + 
• Typical treatment for 3’ UTR luciferase assays 1E7 + 
• In vivo dose based on highest, unconfirmed 

reported circulating dietary RNA concentration < 1 

Cellular exposure comparison 



• US EPA FIFRA-SAP: public comments 
– PIP dsRNA is at nanogram/gram levels in planta 
Assuming same level in edible parts, a 70 kg human 

might ingest up to several micrograms RNAi agent 
Assuming 100% uptake, ~40 nanograms/kilogram 
= 1 millionth the therapeutic dose for injected RNAi 

• Biological barriers 
• No known mechanism for uptake of dsRNA by 

mammals…or processing of plant dsRNA into ss 
effectors…or uptake of small RNA effectors 

• Homeopathy? 
 

Exposure comparisons 



“Without exposure, there is no risk” 
 

“The dose makes the poison” 
 

“Gene technology has not been shown to introduce any new or 
altered hazards into the food supply, therefore the potential for 
long term risks associated with GM foods is considered to be no 

different to that for conventional foods already in the food 
supply” -FSANZ 



Evidence of harm? 



Journal of Animal Science, 2014 



Less than 1% of livestock in the 
US are on “organic” farms 
 
Trillions of meals of GM plant 
material during a period of 
improving health for livestock 
 
Journal of Animal Science, 2014 
 



Genetically Modified Crops  
Produce Food as Safe and Nutritious as Conventional 

USED FOR GMO CROPS  SINCE 1996 

ACRES OF  
FARMLAND 3.95 Billion 

SUPPORT THAT GMO CROPS ARE JUST AS SAFE AS  
THOSE DEVELOPED THROUGH TRADITIONAL BREEDING 

ACADEMIC 
STUDIES 1000+ 

THAT GMO CROPS HAVE BEEN RESEARCHED AND DEVELOPED 

YEARS 30 

ON AVERAGE TO DEVELOP AND TEST GM SEEDS 
BEFORE THEY’RE GROWN COMMERCIALLY IN THE U.S. 
 

YEARS 13 

WHERE GM CROPS HAVE BEEN APPROVED FOR  
CULTIVATION OR IMPORT 

COUNTRIES 63 

Sources: ISAAA.org, biofortified.org, croplife.org/PhillipsMcDougalstudy 



• RNA-based therapeutic strategies can be exploited 
in mammals—especially injectables, liver-targeted 

• Oral delivery is difficult and unlikely to succeed 
• Weight of the evidence: little uptake of dietary 

RNA in any form 
• Studies claiming uptake and function are 

overshadowed by serious doubts, up to the level of 
the director of NIH 

• Off-target effects of dietary, environmental RNA 
exposure are highly unlikely 

Conclusions 



Sasha Vlassov, Life Technologies 

Thank you! 



4-fold 

2.5-fold 

1.6-fold 

Off-target “miRNA-
like” effects 



Saturation of the RNAi 
machinery 

• One of several studies examining shRNA (i.e., 
does not bypass Exportin 5) 

• shRNA-expressing adeno-associated virus 
introduced at 100 billion to 1 trillion particles 

• Liver toxicity strongest at the highest dose 
• Shorter shRNAs (19 nt) were not toxic 



• Synthetic siRNA in liposomal formulation 
• High dose: 5 mg/kg; low dose: 2 mg/kg 
• 25 g mouse: ~10 quadrillion siRNA molecules 
• Specific targets effectively silenced 
• Neither toxicity nor reduction in liver miR-122 

were found 

Saturation of the RNAi 
machinery 



• Examined numerous published datasets 
• In vitro studies  
• Targets of (other) endogenous miRNAs were 

significantly upregulated at RNA level 
• Low fold changes 
• Low dose was 100,000 copies per cell 

Saturation of the RNAi 
machinery 



Stimulation of the innate 
immune system 



By the numbers: Hornung, et al. 

• Cultured 50,000 pDCs per well 
• Added 25 to 200 ng siRNA per well 
• 2 trillion to 16 trillion copies of siRNA per well 
• =40 million to 320 million copies per cell 

Stimulation of the 
innate immune system 



By the numbers: Judge, et al. 

• 50 ug injections; 2 mg/kg > 4 quadrillion 
molecules/mouse 

• Low dose for effect in vitro: 10 nM w/ 
transfection 
– No stimulation without transfection! 
– PBMC, 200,000/well 
– 6 million copies/cell 

 

Stimulation of the 
innate immune system 



 
Federal Insecticide Act of 1910 
Federal Insecticide, Fungicide, and  
   Rodenticide Act (FIFRA): 1947 



Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA): 1947 

• Prompted by widespread use of potentially 
dangerous synthetic organic pesticides 

• Included herbicides 
• All new products to be registered with USDA 

• Labeling: contact info, 
ingredients, warnings, 
directions 

• Little enforcement 
mechanism 



FIFRA amendments: 1959, 1964 

• 1959 
– Nematicides 
– Additional plant controls: desiccants, defoliants 

• 1964 
– Federal ID number intro’d 
– Mandate of toxicity-related 

keywords 
– Authority to stop sale of 

hazardous pesticides: 
Secretary of Agriculture 



1970s 
• EPA formed (1970)—for FIFRA 
• 1972 Environmental Pesticide Control Act 

– General use 
– Restricted use (certification required) 
– EPA could deny registration if adverse effects 

• 1975 Amendment 
– Scientific Advisory Panel 

mandated for review of 
regulations 

– Secretary of Agriculture 
and economic impact 



Today: EPA 
• “…regulate the use and sale of pesticides to 

protect human health and preserve the 
environment” 

1. Put the burden of proof on the manufacturer 
for suitability, lack of adverse effects 

2. Enforce decisions re: 
banned products 

3. Establish regulatory 
framework 



FIFRA SAP per 1972 Federal Advisory 
Committee Act and following… 

 
• Public deliberation 
• Public participation 
• Minutes within 90 days 
• 5-7 meetings per year 
• Process for each 
    is shepherded by a designated federal official 
• 7 NIH, NSF permanent members + ad hoc 

Image: Sharlene Matten, EPA 



Purposes of the FIFRA-SAP 

Source: EPA 



Most common topics for FIFRA meetings 

Source: EPA 



2012-2014 

Source: EPA 



Human Health Considerations 

Question 3. To what extent does the specific structure of dsRNA, 
if it is super coiled or in a hairpin structure, make it more likely 
to survive degradation in the gut and lead to possible mammalian 
effects with oral exposure? 
 

Question 2. Based on data indicating degradation of the majority 
of dsRNA in the digestive system, please discuss the strengths 
and limitations in concluding there will not be significant 
absorption of dsRNA with possible mammalian effects on oral 
exposure? 
 

Question 1. Please discuss the nature and extent of uncertainty 
in the specificity of long sequences of dsRNA targeted at pest 
species, if bioinformatic analysis shows no significant similarity 
to mammalian genes? 
 



Environmental Considerations 

Question 4. Environmental fate of dsRNA and tests needed 
 

Question 6. Off-target effects in non-target organisms; 
information needed to reduce uncertainty 
 

Question 5. Routes of exposure and non-target taxa 
 

Question 7. Current Framework 
Non-target organism and off-target effects testing;  
role of bioinformatics;  
other information needed 
 



Delclos McManaman Klaine Cobb Gregory Lundgren Oppert Smagghe Witwer 

Permanent members Ad hoc members 



To keep in mind… 

• Guidance, not policy 
• Unanimity not required 

– “a panel member suggested that…” 

• Separation between the Charge Questions 
required and enforced before and after the 
meeting 

• The FIFRA SAP meetings usually last two days;  
– RNAi meeting: one day 



EFSA workshop 
Risk assessment considerations for 

RNAi-based GM plants 
June 4-5, 2014 

Brussels, Belgium 

• Molecular biology of RNAi 
– Fire, Vaucheret, Meister, Bellés 

• RNAi-based GM plant applications 
• Risk assessment considerations 



EFSA Day 2: Three Workshops 

• Molecular characterization 
• Food/feed risk assessment 
• Environmental risk assessment 

– Different emphases, but each break-out session 
included deliberation on off-target effects 

• Participants 
– Regulatory officials; citizens’ groups; academic 

scientists; industry scientists and representatives; 
consultants 



Science and other considerations… 

EPA and EFSA: an outcome? 



EPA            and          EFSA 
• Significant uptake? No.  
• Functional consequences 

unlikely…but PiP-specific 
studies needed (?) 

• Degradation in the 
mammalian gut…but in 
the sick? Spray 
applications?  And are 
dermal/inhalation tests 
needed? 

• Other questions: 
Microbiome? 

• Significant uptake? 
Unknown. 

• Function: no consensus 
on off-target effects 

• Saturation of the 
endogenous machinery 
unlikely 

• Immune stimulation (?) 
• RNA in the air, breathed 

by workers or public? 
• Other questions: 

Microbiome? 
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