'.\' frontiers
in Plant Science

REVIEW
published: 23 April 2020
doi: 10.3389/fpls.2020.00407

OPEN ACCESS

Edited by:

Hailing Jin,

University of California, Riverside,
United States

Reviewed by:

Basavaprabhu L. Patil,

Indiian Institute of Horticultural
Research (ICAR), India
Oswaldo Valdes-Lopez,
National Autonomous University
of Mexico, Mexico

*Correspondence:
Jay S. Petrick
jay.petrick@bayer.com

Specialty section:

This article was submitted to
Plant Microbe Interactions,
a section of the journal
Frontiers in Plant Science

Received: 24 October 2019
Accepted: 20 March 2020
Published: 23 April 2020

Citation:

Rodrigues TB and Petrick JS

(2020) Safety Considerations

for Humans and Other Vertebrates
Regarding Agricultural Uses

of Externally Applied RNA Molecules.
Front. Plant Sci. 11:407.

doi: 10.3389/fpls.2020.00407

Check for
updates

Safety Considerations for Humans
and Other Vertebrates Regarding
Agricultural Uses of Externally
Applied RNA Molecules

Thais B. Rodrigues’ and Jay S. Petrick?*

! GreenLight Biosciences, Inc., Medford, NC, United States, 2 Bayer Crop Science, Chesterfield, MO, United States

The potential of double-stranded RNAs (dsRNAs) for use as topical biopesticides in
agriculture was recently discussed during an OECD (Organisation for Economic Co-
operation and Development) Conference on RNA interference (RNAI)-based pesticides.
Several topics were presented and these covered different aspects of RNAI technology,
its application, and its potential effects on target and non-target organisms (including
both mammals and non-mammals). This review presents information relating to RNAI
mechanisms in vertebrates, the history of safe RNA consumption, the biclogical barriers
that contribute to the safety of its consumption, and effects related to humans and
other vertebrates as discussed during the conference. We also review literature related
to vertebrates exposed to RNA molecules and further consider human health safety
assessments of RNAIi-based biopesticides. This includes possible routes of exposure
other than the ingestion of potential residual material in food and water (such as dermal
and inhalation exposures during application in the field), the implications of different
types of formulations and RNA structures, and the possibility of non-specific effects
such as the activation of the innate immune system or saturation of the RNAIi machinery.
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INTRODUCTION AND PURPOSE OF THIS REVIEW
PUBLICATION

The OECD (Organisation for Economic Co-operation and Development) Conference on RNA
interference (RNAi)-based pesticides provided an overview of the current state of the art related
to externally applied double-stranded RNA (dsRNA)-based products, also called exogenously
or topically applied dsRNA. The purpose of the meeting was to facilitate exchanges between
policymakers, academia, and industry on the implications of these products in health, the
environment, and regulation, and to solicit inputs and recommendations based on these
discussions'. The Conference was divided into three sessions. The first session provided a summary
of the state-of-the-art of this technology: molecular mechanism and relevant RNAi pathways,
current understanding of RNAI in different organisms, specificity level and its potential impact
on non-target species, as well as the challenges associated with achieving RNAI efficacy in insects.

'https://www.oecd.org/chemicalsafety/pesticides-biocides/conference-on-rnai- based- pesticides.htm
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The second session dealt with factors related to variation in insect
responsiveness to environmental dsRNA, the environmental
dissipation of dsSRNA molecules in soil, water and plants, and the
aspects of RNA-seq (RNA-sequencing) to validate RNAi data. It
also presented an overview of available literature on the possible
effects of exogenous dsRNA in humans and other vertebrates and
addressed the regulatory experience with dsRNA applications in
human therapeutics.

The third and final session summarized regulatory and
risk assessment experiences whereby presenters identified
“problem formulation” as a regulatory pathway similar to
that for other biologically based active ingredients, explored
better decision making ideas, and considered a case-by-case
approach to assess ecological risks. It also reviewed the use
of formulations to overcome hurdles for controlling insects
that are recalcitrant to dsRNA and the experience of experts
on the regulation of RNAi-based genetically engineered (GE)
crops. To date, there is no precedent of externally applied
RNAi-based products approved by regulatory agencies, even
though the technology has already been developed and approved
for genetically engineered (GE) crops. Although there are
substantial differences between RNAi-based GE crops and
biopesticides that impact the risk assessment of both products
differently (such as dsRNA exposure duration, route, and dose),
the experience of experts on regulation of RNAi-based GE
crops provides helpful information on the safety of this new
technology, guides interpretations of new studies, and supports
regulatory requirements.

This report focuses on the third OECD meeting session that
presented the possible effects of RNAi-based biopesticides in
humans and other vertebrates. To introduce RNAi technology
and its mode of action, the RNAi mechanism and main gene
silencing pathways are described. RNAi technology comes as
an alternative crop protection solution that enables a more
specific, safer, and environmentally friendly tool for agricultural
production (Bachman et al, 2013, 2016; Dubelman et al,
2014; Petrick et al., 2015; Parker et al., 2019). Even though
RNAi technology has been studied for more than a decade
and has been developed for use in GE crops (Baum et al,
2007; Bolognesi et al., 2012) and biopesticide products (Joga
et al., 2016; McLoughlin et al,, 2018), most of the available
data concerning mammalian risk assessment comes from
learnings within therapeutic research and studies developed
to support the safety of GE crops. Because of its relevance
to the topic and the ability to translate the data to RNAi-
based biopesticides, this review presents and discusses key
RNA studies in the GE crop literature and the history of
safe consumption of dsRNA by humans and animals as well
as describes the biological barriers responsible for the lack of
response to exogenous RNA in these organisms. Additional
considerations for human health specifically important for RNAi-
based products were also discussed during the OECD Conference
and are further discussed herein. The session included the
implications of different types of formulations or forms of
RNA structures, considered the other routes of exposure of a
sprayable product during the product application (dermal and
inhalation) and discussed the possibility of non-specific effects

such as the activation of the innate immune system or RNAi
machinery saturation.

OVERVIEW OF RNAi MECHANISMS IN
VERTEBRATES

RNAI is a post-transcriptional process ubiquitous in eukaryotes
that results in degradation or translational suppression of specific
messenger RNA (mRNA) molecules, leading to a reduction in
protein production. Suppression of the gene product occurs
inside the cells and is initiated from either exogenous dsRNA or
RNA molecules originating internally from the nucleus (reviewed
by Carthew and Sontheimer, 2009). Herein, we discuss two
key RNAi pathways that can be leveraged for gene expression
regulation in an agricultural setting, small interfering RNA
(siRNA) and microRNA (miRNA).

The siRNAs are short duplex sequences of ~21-23 nucleotides
(nt) (Elbashir et al,, 2001) derived from the cleavage of both
endogenous and exogenous dsRNAs. The dsRNA is specifically
processed in the cellular cytoplasm by Dicer and Dicer-like
proteins, which are members of the RNase III family of nucleases
(Macrae et al., 2006). The duplex siRNAs are unwound by a
helicase (yet to be identified) separating both sense and antisense
strands (reviewed by Bartel, 2004). The siRNA strand with the
less stable base pair at its 5’ end in the duplex, called the antisense
strand, is loaded into a multiprotein complex called RISC (RNAi-
Induced Silencing Complex) and the sense strand is degraded
(reviewed by Winter et al., 2009). The antisense strand acts as
a guide that recognizes the target mRNA by complementary
base-pairing and Argonaute, a component of RISC, degrades the
mRNA, leading to gene product suppression (Martinez et al.,
2002; Khvorova et al., 2003; Winter et al., 2009).

The miRNAs are processed from their long dsRNA precursors
into short ssRNA molecules that feed into an analogous
pathway to that described above for siRNAs, leading to gene
product suppression of complementary mRNA targets. This
can occur through both translational suppression (Olsen and
Ambros, 1999; Hutvagner and Zamore, 2002; Georgantas et al.,
2007) and mRNA cleavage (Mansfield et al, 2004; Yekta
et al, 2004). In animals, the miRNA precursors, termed
primary miRNAs (pri-miRNAs) have a complex structure
consisting of self-complementary sequences separated by a
short non-complementary sequence. These molecules fold into
intramolecular hairpins and often contain a small number of
mismatched bases that create bubble-like structures (Cullen,
2004). The pri-miRNA is processed in the nucleus by Drosha,
another enzyme member of the RNase III family, generating
~65 nt stem-loop intermediate known as miRNA precursor (pre-
miRNA) (Lee et al., 2003). The pre-miRNAs are transported to
the cytoplasm through the nuclear export receptor Exportin-5
(Expo-5) and processed by Dicer, generating a ~20 nt mature
miRNA which is similar in both structure and function to the
siRNA duplexes (Hutvagner and Zamore, 2002). Despite the
similarity with siRNA duplexes, each miRNA hairpin precursor
molecule produces a single miRNA duplex, whereas each long
dsRNA produces multiple siRNAs. As with processed siRNAs,
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miRNAs are unwound by helicases, the sense strand degraded,
and the antisense strand incorporated into RISC (Khvorova
et al, 2003). The miRNA guides RISC to the mRNA target
and the complex and its component Argonaute induces mRNA
degradation or translational repression (Meister and Tuschl,
2004). Different than the siRNA mechanism where all bases
generally contribute to its target specificity, complementarity
between a miRNA and its target is usually partial, meaning it
can regulate transcripts with limited complementarity to the
antisense strand of the miRNA duplex (Lam et al., 2015).
However, the high complementarity with a contiguous stretch of
at least six nucleotides beginning at position two of the 5 end
of the miRNA, the seed region, has shown to be important for
miRNA induced gene regulation (Jackson et al., 2006). Pairing
exclusively with the seed region is not enough to induce the
target mRNA cleavage but may result in translational pause
(Mullany et al., 2016).

HISTORY OF SAFE RNA CONSUMPTION

As presented above, RNAI is a highly conserved mechanism in
eukaryotes for gene expression regulation. Small RNAs such as
siRNAs and miRNAs are ubiquitous in commonly consumed
plant and animal-derived foods. A number of small RNAs with
perfect complementarity to human and animal genomes and
transcriptomes have been identified in crops widely consumed
globally, such as soybean, corn, and rice (Ivashuta et al., 2009).
Corn specifically contains endogenous small RNAs that match
approximately 450-2300 unique protein coding RNA transcripts
in rat, mouse, and human (Petrick et al., 2016a). Fresh market
fruits and vegetables also contain small RNAs with sequence
complementarity to human genes. Most of these RNAs are
likely derived from their genome, but a portion may also
originate from plant viruses, which is an exogenous source (Frizzi
et al., 2014). The established history of safe consumption of
both exogenous and endogenous RNA molecules in food and
feed that have 100% sequence complementarity to human and
animal transcripts suggests that there is no negative biological
effect of ingested RNAs, and supports safety of these molecules
for use as agricultural active ingredients (Petrick et al., 2013;
Frizzi et al., 2014).

In addition to the safe consumption of conventional crops,
fruits, and vegetables, RNAi-mediated plant phenotypes have
been found in many domesticated crops and have been used
in approved biotech crop traits for more than two decades
(reviewed by Petrick et al., 2013; Sherman et al., 2015). Some
examples of RNAi-based traits include RNAi-mediated resistance
to the ipomovirus CBSUV in cassava (Yadav et al., 2011),
Innate™ potatoes with reduced acrylamide production potential
and blackspot bruise resistance (Simplot, 2014) and recently
approved by US EPA, MON 87411, a corn plant expressing the
DvSnf7 RNA PIP (plant-incorporated protectant), encoding a
dsRNA that confers RNAi-mediated control of corn rootworms
(Bachman et al., 2016). In support of the human and mammalian
safety assessment of MON 87411, Petrick et al. (2016a,b)
performed a 28-day repeat dose toxicity study in mice with

DvSnf7 RNA and did not observe any effects on body weights,
food consumption, clinical observations, clinical chemistry,
hematology, gross pathology, or histopathology endpoints. They
concluded there are no adverse health effects in mammals
administered an insect active RNA molecule at doses millions
to billions of times higher than anticipated human exposures
(Petrick et al., 2016a,b).

BIOLOGICAL BARRIERS

Vertebrates consume RNA molecules with every meal through
foods of plant, animal, or fungal origin. This includes dsRNAs
of various lengths that, based on sequence, would be capable of
initiating the RNAi pathway if they were to reach a target cell.
As presented previously, there are many such dietary dsRNAs
that have sequence identity to genes in consuming vertebrates
(Heisel et al., 2008; Ivashuta et al., 2009; Jensen et al., 2013; Frizzi
et al., 2014; Petrick et al., 2016a) and without biological barriers
protecting such organisms from these RNAs, every bite of every
meal would present a potential source of regulation of protein
production. Biological barriers faced by ingested RNAs (reviewed
by O’Neill et al., 2011; Petrick et al., 2013) ensure homeostasis
after RNA ingestion rather than a potential for these RNAs to
impact gene expression in the consuming organism.

Following ingestion, food is chewed, and during this process,
dietary RNA molecules are presented with nucleases in the saliva
(Park et al., 2006) that begin to break down ingested RNA.
As food passes the “oral phase” of digestion and is swallowed,
dietary RNAs reach the stomach, which presents a digestive
environment that results in extensive digestion of ingested
nucleic acids (Petrick et al, 2013; Huang et al., 2018). This
digestion occurs through a low pH environment in the stomach
and leads to denaturation and depurination of nucleic acids
followed by hydrolytic fragmentation (O'Neill et al., 2011). From
the stomach, RNAs in partially digested food reach the small
intestine, containing a digestive milieu that includes nucleases
and degradative enzymes secreted from the pancreas that degrade
nucleic acids, further digesting ingested RNA molecules into
shorter nucleotides (O’Neill et al., 2011). From the small intestine,
RNAs can transit through the gastrointestinal tract and be
eliminated in the feces or in some cases smaller nucleic acids may
be absorbed into the gastrointestinal epithelium and undergo
further distribution throughout the body.

For an exogenous RNA to undergo absorption from the
lumen of the intestinal tract, the RNA must cross a series
of cellular membrane barriers. This includes the apical and
distal membranes of the gastrointestinal (GI) epithelial cells
that a given RNA must transverse and if such an RNA is
to reach the bloodstream, both apical and distal membranes
of the vascular endothelium. This must also occur for an
RNA to cross into a distal tissue, e.g., the RNA would have
to again leave the vasculature through the endothelium and
cross the epithelium of another tissue to have the potential to
regulate gene expression in that tissue. Each of these cellular
membrane layers is a lipid bilayer that is highly impermeable
to polar macromolecules such as RNA (Gilmore et al., 2004;
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Petrick et al., 2013). Any RNA reaching the interior of a cell must
also escape endosomes, cellular compartments that sequester
a majority of RNA molecules that enter a cell (e.g., 98-99%),
posing a significant barrier to efficacy of RNA therapeutics
(White, 2008; Gilleron et al., 2013). This would also present a
significant barrier to any ingested RNAs that undergo cellular
uptake. To further complicate the transit of dietary RNA through
the systemic circulation, nucleases in the blood serve to degrade
RNA molecules (Houck, 1958; Layzer et al., 2004; White,
2008; Christensen et al., 2013). In addition, RNA is cleared
rapidly from the bloodstream via renal elimination (White, 2008;
Molitoris et al., 2009; Thompson et al., 2012). These barriers
are reviewed and pictorially represented in the peer reviewed
scientific literature (Petrick et al., 2013). The collective series of
barriers described above and summarized in Table 1 presents
a formidable challenge to therapeutic developers, necessitating
chemical stabilization of RNA therapeutics and their formulation
in lipid and other delivery systems to enable escape from these
barriers and to increase their resistance to degradation (O'Neill
etal,, 2011; Forbes and Peppas, 2012).

The efficacy of these barriers can be observed in therapeutic
studies in which injected RNA drugs that are unformulated
are both readily degraded and rapidly excreted (Tillman et al,
2008; White, 2008; Molitoris et al., 2009; Thompson et al., 2012;
Christensen et al., 2013). Observations of limited RNA uptake
due to biological barriers have been made with ingested/orally
administered RNA molecules in both dietary and therapeutic
settings (Tillman et al., 2008; Dickinson et al., 2013; Snow et al,,
2013; Huang et al, 2018), a subject that will be discussed in
greater detail within this manuscript.

PUBLISHED MAMMALIAN STUDIES

The above discussion on biological barriers to exogenous RNA
molecules emphasizes the oral route of exposure as the relevant
route of exposure to RNAs in foods, including those that confer
traits to GE crops. The oral route is also of key importance
to the potential impact of any RNA residues in foods resulting
from topical uses of nucleic acids in an agricultural setting.
Based on the history of safe consumption of RNA molecules
in the diet (including dsRNAs with sequence identity to the
consuming organism) and the biological barriers detailed above,

TABLE 1 | List of significant biological barriers to ingested RNAs in humans.

Biological Barriers

Gastrointestinal Systemic Cellular
Saliva Vascular Cellular and nuclear

endothelium membrane barriers
Stomach Endosomes and
acids/Digestive Serum nucleases lysosomes
enzymes

Renal filtration and
elimination

Pancreatic nucleases Sufficient sequence
identity

Gl epithelium and tight
junctions

Gene target

Tissue epithelium accessibllity

the weight of the evidence suggests that ingested nucleic acids are
neither absorbed to a significant extent nor capable of triggering
a biological response in a consuming organism. This is largely
due to the collective impact of each of the individual biological
barriers discussed above, leading to a significant reduction in
dsRNA levels in terms of the amount available for possible
functional activity relative to the amount ingested; these barriers
result in insufficient copies being available within a given cell
to mediate biological function (White, 2008; Snow et al., 2013;
Witwer, 2016). Plant miRNA uptake in mice is quite limited
(i.e., less than one copy per ten cells) and more importantly,
is insufficient for mediating RNAi in the ingesting organism,
which requires at least 100 copies of RNA per cell (Snow et al.,
2013). The number of RNA copies per cell needed to mediate
biologically meaningful RNAi may be as many as 1,000-10,000
copies (Title et al., 2015). Plant small RNAs are also bound tightly
to Argonaute proteins within the RISC complex as necessary for
their function and they are not known to either freely dissociate
from these complexes or undergo uptake and exchange (either
free or complexed) into functional host Argonautes in order
to engage targets in a consuming organism (Witwer, 2016).
Therefore, these barriers and limited uptake along with the
inability of exogenous plant RNAs to function in a consuming
organism severely limit the possibility of diet-derived small RNAs
having activity in the ingesting organism.

The concept of potential uptake and activity of dietary small
RNAs was evaluated in the context of rice miRNAs. In a 2012
peer-reviewed publication, it was suggested that a specific miRNA
in rice (miR168a) was absorbed into the bloodstream of ingesting
mice and into systemic tissues where it reduced levels of a
targeted protein (LDL Receptor Adaptor Protein 1, LDLRAP1)
and mediated downstream physiological impacts on cholesterol
levels (Zhang et al., 2012). Possible explanations for the findings
of Zhang et al. (2012) include laboratory contamination and very
low level detection, leading to false positives within PCR-based
measurements of RNA uptake (Witwer et al., 2013; Lusk, 2014;
Tosar et al., 2014) and from issues surrounding the experimental
design of the feeding studies, e.g., diets were not nutritionally
balanced (Dickinson et al, 2013). After a 12-h fast, Zhang
et al. (2012) fed mice a carbohydrate rich diet of 100% raw
rice (contains miR168a) for several days prior to observing
dysregulation of a cholesterol related protein and serum LDL
cholesterol levels. When diets abundant in miR168a were fed
to mice following a 2-week washout period of feeding on a
synthetic diet (no plant material or rice-derived miR168a), the
same serum cholesterol impacts of diet feeding were observed
as those of Zhang et al. (2012), but only when nutritional
equivalence of the test and control feeding regimen was not
maintained (e.g., only when a diet of mostly rice was given)
(Dickinson et al., 2013). Such differences in cholesterol were not
observed when a miR168a-rich but nutritionally balanced diet
was administered following the washout period. No apparent
absorption of miR168a was observed in the blood or tissues
of mice in this feeding study (Dickinson et al., 2013). No
modification of the LDLRAPI1 target protein expression levels
were observed by Dickinson et al. (2013) under any experimental
conditions using a mouse-specific ELISA assay run at several
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dilutions, indicating that Western blotting conducted by Zhang
et al. (2012) may not have accurately reflected impacts of dietary
miRNAs on protein levels. Therefore, dietary miR168a does not
undergo absorption to a biologically meaningful extent following
rice feeding and any levels of absorption are insufficient to
modulate gene expression levels in the consuming mammal.
When droplet digital PCR was leveraged to evaluate miRNA
uptake from feeding experiments in rhesus monkeys, uptake
from the diet was not evident over a time course (Witwer et al.,
2013). This PCR method allows for many PCR reactions that
collectively result in identification of false-positive amplifications.
Subsequent publications have demonstrated that contamination
of PCR reactions can lead to false-positive amplifications within
biological samples (Tosar et al., 2014). An elegant study using
knockout mice for specific miRNAs demonstrated that mice do
not take up dietary miRNAs in sufficient quantities to mediate
gene suppression (e.g., less than one copy per cell detected),
as evaluated through feeding these same miRNAs to knockout
mice (Snow et al, 2013). This study by Snow and colleagues
also conducted fruit feeding studies in healthy humans and were
unable to detect fruit-derived miRNAs after measuring them
in fruit and looking for them in blood following consumption.
This calls into question the detection of exogenous RNAs in the
bloodstream of humans and other mammals in laboratory and
sequencing studies (Wang et al., 2012; Zhang et al., 2012; Tosar
et al., 2014; Bagci and Allmer, 2016; Kang et al., 2017) and the
role of contamination in these analyses, as detected miRNAs
have included sequences derived from microbes, yeast, insects,
worms, rodents, and foods for which plausibility of exposure is
not apparent (i.e., rat miRNAs in human samples; carrot, cabbage,
and sorghum miRNAs in mouse samples). Microbial sequences in
the bloodstream could indicate sepsis and the presence of exotic
RNAs in the bloodstream from the diet seems implausible with
both being indicative of contamination. This has been extensively
evaluated in 800 human data sets (Kang et al., 2017), supporting
the conclusion that contamination and not dietary uptake is
the most plausible explanation for widespread and/or abundant
detection of exogenous miRNAs in mammalian blood samples.
Despite substantial evidence from well-controlled feeding
studies in rodents and humans that calls into question the ability
for RNA from the diet to undergo significant uptake and have
putative activity in mammals (Dickinson et al., 2013; Snow et al.,
2013; Witwer et al., 2013), the dietary RNA uptake hypothesis
has continued to be explored. This research has resulted in a
number of feeding studies claiming RNA absorption from the
diet through various plant sources (Liang et al, 2015; Yang
et al., 2015a, 2016, 2017) and potential physiological impacts
including papers claiming the ability of dietary RNAs to treat
highly infectious viruses (Zhou et al., 2015), regulate intestinal
growth (Li et al,, 2019), and treat cancer (Mlotshwa et al., 2015).
Some experimental issues with these studies (as described in
detail by Petrick et al., 2016a) call into question whether these
papers indeed indicate the ability of typical dietary RNAs (e.g.,
miRNAs) to impact gene expression in a consumer (Petrick
et al., 2016a). For example, Zhou et al. (2015) and several of the
above papers by Yang and colleagues evaluated putative biological
impacts of a highly thermostable and GC-rich (85% GC content)

ribosomal RNA fragment termed “MIR2911” (other RNAs in the
fed fraction were degraded by heat during preparation), which
is not a miRNA and its properties are not reflective of a typical
dietary miRNA. Furthermore, this RNA was reported by Zhou
and colleagues to have potent antiviral activity (reduction in
viral titer, reduction in body weight loss, and increased survival)
despite its low level in the diet. These data contradict years of
pharmaceutical research regarding lack of oral RNA efficacy and
claims of biological activity of orally administered/ingested RNAs
have been presented in only a small number of papers to date
(Zhang et al., 2012; Mlotshwa et al., 2015; Zhou et al., 2015; Li
etal., 2019), with these reports remaining unconfirmed.

Li et al. (2019) noted that after feeding corn containing
diets to mice, an RNAi-mediated mechanism impacts several
genes and their targeted proteins. However, the in vivo data
demonstrate modest changes in relative protein levels of
approximately 1-3 fold (by Western blot with anti-human
antibodies) in a small sample size (n = 4) at a single time point
(7 days). Without a deeper understanding of the comparative
nutritional components of the fed diets (e.g., comparison of fat,
protein, carbohydrates, and key nutrients across the diets) and
evaluation of the normal range of expression variability of the
evaluated target proteins, along with thorough histopathological
assessment of these animal intestines, the physiological relevance
of the slight changes in mRNA and protein levels and
the noted changes in morphology following corn feeding is
difficult to assess. Furthermore, the results of this paper are
inconsistent with results demonstrating no uptake of corn
miRNAs into the bloodstream of mice after 2 weeks of oral dosing
(Huang et al., 2018).

The hypothesis that “you are what you eat” and that nutrition
may serve as a therapeutic modality is an attractive one. This
may explain in part why there have been many reviews on the
topic of dietary miRNA uptake and/or activity in mammals, often
with a theme of dietary miRNAs being potential mediators of our
responses to foods and also reviews that challenge this concept
(Cottrill and Chan, 2014; Witwer and Hirschi, 2014; Hirschi
et al., 2015; Yang et al., 2015b,c). The result of these reviews has
been a great deal of interest in the subject, however, the primary
literature leveraged in these reviews lacks robust evidence that
any of the reported uptake and activity of dietary miRNAs results
in physiologically meaningful impact to the consuming organism
or adverse impact to animals following consumption.

There have been two published 28-day repeated-dose oral
toxicology studies looking at high doses of insecticidal double-
stranded RNA sequences fed to mice (Petrick et al., 2015,
2016a,b). Following 28-days of repeat oral dosing of mice at
doses of >48 mg/kg body weight with siRNAs or a long dsRNA
with 100% sequence complementarity to mouse vacuolar ATPase
(gene target provides corn rootworm control when rootworm
sequence is expressed in corn), no treatment-related toxicity or
target gene suppression was observed. When a corn rootworm
active RNA sequence (240 base pair active dsRNA embedded in a
968 nucleotide RNA) was fed to mice at doses of up to 100 mg/kg
body weight, no treatment-related effects were observed (Petrick
et al., 2016a). Therefore, the no-observed adverse effect level was
100 mg/kg body weight (the highest dose tested), a dose that
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is estimated to be at least 2.5 billion times higher than mean
per capita maize consumption in Europe and the United States
(Petrick et al., 2016a,b). Based on the weight of the evidence from
mammalian toxicology studies, ingested RNA molecules do not
undergo physiologically meaningful uptake and do not present a
hazard to humans following ingestion.

Potential for uptake and impacts of exogenous dsRNAs
following ingestion have been considered by regulatory
authorities. The European Food Safety Authority (EFSA) noted
that, “Based on the current knowledge, gained in pharmaceutical
research and development, RNAi molecules show limited
bioavailability, quick turn-over (for further reading please refer,
for example, to Ballarin-Gonzalez et al., 2013) and no adverse
effects following oral gavage (even for formulations specifically
designed to maximize their effects).” (Ballarin-Gonzalez et al,
2013; EFSA, 2014). A Scientific Advisory Panel held by the US
EPA (USEPA, 2016) noted that, “there are no reliable evidence
[sic] that exogenous dsRNAs are taken up from the gut into
mammalian circulation to exert its functions in the ingesting
organism.” Furthermore, the panel considered such impacts
unlikely due to arguments concerning stoichiometry, noting
the low levels of blood concentration relative to those needed
to induce regulation of gene expression. Food Safety Australia
New Zealand considered this topic and concluded that, “A
history of safe human consumption of RNAi mediators exists,
including those with homology to human genes. The evidence
published to date also does not indicate that dietary uptake of
these RNAs from plant food is a widespread phenomenon in
vertebrates (including humans) or, if it occurs, that sufficient
quantities are taken up to exert a biologically relevant effect
(FSANZ, 2015).” Based on the weight of the evidence from
mammalian studies and regulatory considerations, ingestion
of RNA molecules does not present a hazard to humans
or other mammals.

PUBLISHED STUDIES IN
NON-MAMMALIAN VERTEBRATES

It still remains unknown whether all the factors required to
initiate RNAi from ingestion of exogenous dsRNAs exist in non-
mammalian vertebrates. Sifuentes-Romero et al. (2011) reviewed
several studies of the RNAi response in a variety of animals,
including frogs (Xenopus laevis), fish (Danio rerio, Oncorhynchus
mykiss, Cyprinus carpio), chicken (Gallus gallus), and turtle
(Trachemys scripta) and concluded that there is enough evidence
to support an effective, potent, and reproducible RNAi response
in these organisms using invasive delivery techniques, such as
microinjections and electroporation. Similar responses could also
be observed in birds (Zonotrichia leucophrys gambelli) when
siRNAs were directly administrated into their brains (Ubuka
et al, 2012). In Sea lampreys (Petromyzon marinus), gene
suppression and phenotype effects were observed via injection
of siRNA into embryos. Larvae of lampreys also showed gene
suppression after feeding on a siRNA with a liposome-based
formulation as the transfection reagent, however, feeding naked
siRNA (without transfection reagents) failed to induce a response

(Heath et al., 2014). These data all confirm the feasibility of
RNAI technology as a tool for conducting fundamental biological
process studies and loss-of-function experiments in a variety of
organisms and not only model systems. However, to date, there
is a lack of evidence of RNAi effects in vertebrates orally exposed
to naked dsRNA. Bachman et al. (2016) carried out an extensive
study on the effects of dSRNA on several organisms as part of
the ecological risk assessment for DvSnf7, a dsSRNA-based PIP
(Bachman et al,, 2016). Included in the study, a corn rootworm
active dsRNA (1000 g dsDvSnf7/kg diet) was incorporated into
the diet of Bobwhite quail (Colinus virginianus) and the animals
were observed for 14 days. Body weights, signs of toxicity,
abnormal behavior, and mortality were recorded, and no adverse
effects were observed, indicating an absence of non-specific RNAi
responses (Bachman et al., 2016).

HUMAN HEALTH RISK
CONSIDERATIONS FOR RNA-BASED
BIOPESTICIDES

Pesticides are an indispensable tool for farmers and are used as an
efficient and beneficial tool for pest management in most sectors
of agricultural production. However, there are always hazards and
associated risks associated with the exposure of farmers and/or
professional applicators when mixing and applying the product
or working in treated fields (Damalas and Koutroubas, 2016),
and for the general public in the case of residues in food and
drinking water (Damalas and Eleftherohorinos, 2011). The risk
of a pesticide to any living organism is assessed by estimating its
associated hazards or potential to cause harm (due to the inherent
toxicity of a particular substance) and the possibility of exposure
(Damalas and Koutroubas, 2016). When exposure occurs, both
the exposure amount (dose) and duration (length and frequency)
are important in understanding potential risks associated with
pesticide toxicity (Frank and Ottoboni, 2011). Therefore, risk
assessment is a comprehensive evaluation of the pesticide toxicity
profile and an assessment of exposure. Pesticide labels contain not
only information regarding the potential hazards of the product
but also use requirements that reduce potential exposures. When
agricultural chemical products are used in accordance with the
label instructions, even toxic substances can be applied with
relatively low risk.

Other Routes of Exposure

Exposure is required in order for any risk to exist. For humans,
there are several different possible routes of exposure to dsRNA-
biopesticides. Accidental oral exposure or residues in food and
water represent two possible scenarios for ingestion and the
potential risks associated with these exposures has been discussed
above. Other possible exposure routes to consider are through
dermal absorption and inhalation, potentially relevant routes for
occupational exposure (Maroni et al., 1999).

Dermal Absorption
It is appropriate to consider potential dermal exposure to
agricultural products that may be deployed in or applied to the
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field. In the case of dsRNA molecules, the scientific literature
demonstrates that they undergo limited dermal uptake. Nucleic
acids are potential therapeutics for various diseases due to their
specificity, and delivery through the topical route would be
desirable for drug developers. However, there are well known
delivery challenges for these therapeutics due to biological
barriers such as nuclease degradation, rapid clearance from
the bloodstream, and poor bioavailability- barriers that remain
challenges for systemically delivered nucleic acid therapeutics
(Rayburn and Zhang, 2008; Pecot et al., 2011). Several challenges
exist for topical delivery of nucleic acids despite advantages
over intravenous and oral delivery. For example, topical
delivery avoids enzymatic degradation in the bloodstream, lowers
systemic toxicity potential and provides sustained and controlled
delivery (Brown et al., 2006). A formidable barrier to absorption
is posed by the stratum corneum, a thin layer of anucleated
corneocytes held tightly together by a lipid matrix that forms
the outermost layer of skin, and serves primarily as a barrier to
foreign materials (Zakrewsky et al., 2015). If foreign materials
are to cross the stratum corneum, this must occur either through
diffusion via lipid channels and/or transcellular passage through
corneocytes, or via entry through sweat ducts or hair follicles
(Zakrewsky et al., 2015). Transport within the lipid bilayers is
the most common of these routes; however, this route excludes
most foreign materials. Large hydrophilic molecules (short
dsRNAs are >10 kD) undergo negligible transport across the
skin without transport enhancers or various cellular membrane
disruption techniques (e.g., microporation or electroporation)
(Zakrewsky et al., 2015). Even in the very unlikely scenario of
significant dsSRNA absorption and systemic distribution following
topical exposure, such RNAs would be expected to undergo
rapid metabolism and clearance and would be subjected to the
numerous biological barriers discussed above. Therefore, rapid
breakdown and clearance, along with various dermal barriers
to macromolecules (e.g., exogenous dsRNAs) greatly limit the
potential for dermal toxicity of dsSRNA molecules.

Inhalation

Most RNAi-based biopesticide products will be applied
using similar methods as traditional chemical pesticides (e.g.,
spray applications), therefore, respiratory exposure should
be considered as another potential exposure route. During a
pesticide spray application, a significant portion of the product
may not reach the intended target and may be transported
to other areas through spray drift (van den Berg et al., 1999;
Degrendele et al., 2016), which can potentially be inhaled
and deposited in the human respiratory system. However, the
pulmonary deposition of particles in the lung is dependent on
the aerodynamic diameter of the inhaled droplets (Hinds, 1982).
Most agricultural particles are large enough that they are not
deposited in the lung, but rather, are cleared from the upper
respiratory tract, resulting in a secondary oral exposure rather
than pulmonary exposure (Sherman et al., 2015).

Challenges with the development of inhaled RNA therapeutics
demonstrate how challenging it is to use this route to
effectively deliver RNA molecules in humans. Some recent
inhaled RNA therapeutic studies have shown advances in

the delivery of RNAi-based drugs to the lungs (reviewed by
Youngren-Ortiz et al., 2017; Thanki et al., 2018). However, a
common conclusion across these studies is the requirement
of the design and development of specifically engineered
formulations to safely and effectively deliver the RNAi-based
drug. The engineered molecules must overcome the existing
biological barriers, such as degradation by RNase, mucociliary
clearance, clearance by impaction and coughing, and alveolar
macrophage clearance (Youngren-Ortiz et al., 2017). Adding to
that, there is the challenge of developing suitable devices for
pulmonary administration of inhalable RNAi-based therapeutic
formulations (Thanki et al., 2018).

As with any pesticide, when spraying, one must take routine
precautions to prevent inhalation of dsRNAs by applicators,
for example, through the use of appropriate personal protective
equipment (PPE). At present, there seems to be an absence of
published data concerning the potential biological impact of
inhalation of RNA molecules. Given that these can potentially
be immunostimulatory molecules (via non-oral routes) per the
literature, a non-sequence specific inflammatory response may
occur upon significant exposures, hence the recommendation to
use the appropriate PPE to limit inhalation exposures for spray
applications as with any other sprayed crop protection product.

Different RNA Structures and

Formulations

It is widely known that different species respond differently
to environmental dsRNA (Rodrigues and Figueira, 2016; Wang
et al., 2016; Christiaens et al., 2018a). In insects, for instance,
lepidopterans are considered recalcitrant to naked dsRNA via
oral delivery (Terenius et al., 2011; Shukla et al., 2016; Guan
et al,, 2018). In order to apply RNAi technology to manage
non-responsive pests, several companies have developed different
RNA structures as carriers to improve the delivery of dsRNA.
In addition, because of its intrinsic structure, RNA forms can
also be naturally modified to form several structures, such as
supercoiled or in a hairpin. However, all forms of RNA structures,
whether modified to increase the responsiveness of the target
pest or occurring naturally, are likely to be degraded through the
digestive process by the combination of RNases and acids found
in the human digestive system (USEPA, 2014).

Another approach to enhance RNAi response in some pests
is the development of formulations (Christiaens et al., 2018b;
Dhandapani et al., 2019) aiming to improve delivery and
availability of the dsRNA to the target. However, considering
the complexity and the multiple biological barriers present
in mammals (already discussed herein), it is unlikely that
formulated RNAi-based products developed for agricultural
uses will efficiently deliver dsRNA into human cells following
ingestion. In support of this, researchers have developed several
formulations to address the delivery and biostability of RNAi
inside the human body and clinically relevant responses have
been limited to injected drugs, such as vaccines and cancer
therapy drugs (Ji et al, 2011; Kang et al, 2011; Lin et al,
2013; Cavallaro et al., 2017). O’Driscoll et al. (2019) reviewed
the progress and feasibility of oral delivery of RNA-based drugs
and have observed a lack of clinical trial data; indicating,
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“while progress has been made through innovative formulation
strategies to date clinical translation of oral products has not been
realized” (O’Driscoll et al., 2019).

The wide variety of substances and technologies that can be
developed and optimized into a cost-effective formulation to
enhance dsRNA delivery and stability in the field can be a reality
in the future. The recommendation raised during the OECD
meeting to mitigate this risk is to consider each new formulation
individually in a case-by-case assessment.

Non-specific Effects (Innate Immune
System or RNAi Machinery Saturation)

Exogenous dsRNAs are known to stimulate the innate immune
response (e.g., the interferon pathway) under experimental
conditions permitting high levels of RNA exposure (Judge et al.,
2005; Robbins et al, 2009; Jackson and Linsley, 2010). As
reviewed by Petrick et al. (2013), such induction of the innate
immune system has been characterized using in vitro systems
that leverage transfection reagents and high RNA concentrations,
and in some cases, in animal models. These responses are
mediated via receptors that interact with dsRNA such as the Toll-
like receptors (TLR3, TLR7, TLR8), and enzymes including the
dsRNA binding protein kinase PKR, and the RIG-I and MDA-5
RNA helicases (Robbins et al., 2009). In animals, this induction
of the innate immune response appears to be constrained to
injection/systemic exposure to RNAs (Robbins et al., 2009) and
there is no apparent evidence in the literature indicating that
this occurs following oral exposure, the most relevant human
exposure route for risk assessment considerations of agricultural
uses of externally applied dsRNA.

In a set of mouse and blood cell studies from the
pharmaceutical industry, sequence-dependent stimulation of the
innate immune response in mice was demonstrated following
intravenous delivery of dsRNAs (siRNAs) encapsulated in
liposomes (Judge et al, 2005). However, this response did
not occur with naked RNAs. Judge and colleagues note
that delivery vehicles were required for immunostimulation
and that encapsulated RNA formulations are protected from
nucleases yielding extended circulation times relative to those
not encapsulated. This dependency on delivery vehicles may stem
from their ability to deliver RNA to the endosomal compartment
of the cell that houses RNA-sensing pattern recognition receptors
that facilitate an immune response (Robbins et al., 2009; Jackson
and Linsley, 2010). Induction of the innate immune system was
not observed with the injection of unmodified naked siRNAs
(Heidel et al., 2004; Judge et al.,, 2005). An oral siRNA study
using a specialized delivery vehicle to promote absorption did
not show evidence of immunostimulation even in the presence
of target gene suppression (Aouadi et al., 2009). Therefore, it is
apparent that immunostimulation by dsRNAs appears to require
specific delivery routes (e.g., injection), delivery vehicles, specific
sequence motifs, stabilizing modifications, and significant
exposures, all of which have limited or no relevance to dietary
exposures that may occur from agricultural uses of dsSRNA.

Although a review article has indicated immunostimulation as
a possible hazard from oral exposure to dsRNAs in agriculture (in
this case, from GE crops; Lundgren and Duan, 2013), exposure

scenarios required for observation of immunostimulation (e.g.,
injection of high doses of nucleic acids) are not relevant to
environmental or dietary exposures that could be encountered by
humans or non-target mammals through exposure to exogenous
RNAs. This is because immunostimulation from an ingested
RNA would require absorption of a sufficient concentration for
induction of the response, a phenomenon that is improbable
given the multitude of biological barriers to the attainment of
significant levels of systemic RNA after dietary consumption.
DvSnf7 RNA, a corn rootworm active RNA molecule when
expressed in corn plants (includes a 240 bp insect active
dsRNA) was safely administered to mice via oral gavage for
28 days without any apparent clinical or toxicological signs
of immunostimulation or immune response at a dose of up
to 100 mg/kg (Petrick et al.,, 2016a). This dose is 2000 times
higher than the 0.05 mg/kg cited as capable of inducing potent
cytokine responses following dsRNA injection into the mouse
(Judge et al., 2005). Furthermore, this 100 mg/kg dose is 50 times
higher than the 2 mg/kg experimental intravenous siRNA dose
used by Judge and colleagues that produced immunostimulation
for formulated siRNAs but not naked siRNAs. The lack of
oral immunostimulation by dsRNAs is further evidenced by the
extensive history of safe consumption of RNAs in the diet from
food, be they short or long dsRNAs (Fukuhara et al., 2006;
Ivashuta et al., 2009; Jensen et al., 2013; Petrick et al., 2013;
Frizzi et al.,, 2014), owing to the lack of appreciable absorption
or systemic tissue exposures following ingestion.

Another putative risk from dsRNA in GE crops mentioned
by Lundgren and Duan (2013) is the saturation of the
RNAi machinery. In one of the seminal papers on RNAi
machinery saturation, this phenomenon occurs in vitro in a
dose-dependent manner after transfection of relatively high
doses of small RNAs into cultured cells (Khan et al., 2009),
exposure conditions that are not relevant to environmental
or dietary exposures to exogenous dsRNAs. This phenomenon
occurs as a result of a limited number of RISC complexes being
overwhelmed by the amount of externally applied small RNA,
under supraphysiological conditions. As reviewed by Jackson
and Linsley (2010), other papers demonstrating RNA machinery
saturation relied on “sustained high-level expression of [short
hairpin] shRNAs in the liver of adult mice,” a transgenic approach
relying on over-expression of a short RNA hairpin in a mouse.
This phenomenon was also reviewed by Grimm (2011). In
contrast to these saturating doses, another study looking at in vivo
delivery of exogenous RNAs achieved about 80% silencing of
targeted transcript without affecting cellular miRNA biogenesis
or function, e.g., this silencing did not result in saturation of
the RNA machinery (John et al., 2007). Indeed, Lundgren and
Duan do not seem convinced of the biological relevance of
RNAi machinery saturation as their review stated that, “it is
unclear how dsRNAs produced by plants could affect the RNAi
machinery used by both target and non-target organisms and
whether there will be sufficient small RNA produced by GM
plants to saturate an organism’s cellular machinery (Lundgren
and Duan, 2013).” Questions on sufficiency of exposure are
equally applicable to externally applied “topical dsSRNA” due to
limited levels of application in the field (i.e., applications to be
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limited by cost of goods) and extensive barriers to exogenous
dsRNAs in non-target mammals. Therefore, the plausibility
of systemic dsRNA exposure from agricultural applications at
levels capable of initiating RNAi machinery saturation is highly
questionable. Toxicological studies in mammals (discussed
above) exhibited no adverse findings at oral dose levels up to
billions of times anticipated human dietary exposure, providing
strong support for the implausibility of RNAi machinery
saturation as a potential source of adverse effects from exogenous
dsRNA exposures in mammals.

CONCLUSION

The data available indicate that significant systemic absorption
of intact dsRNA following dietary exposure of RNAi-based
biopesticides is highly improbable in humans and other
vertebrates. The longstanding history of safe consumption of
dsRNAs naturally found in all foods and feeds, including those
with complementarity to human and vertebrate transcripts,
supports the safety of these molecules for use as biopesticides. The
principal reason for the lack of biological response to exogenous
dsRNAs is the presence of multiple biological barriers at the
gastrointestinal, bloodstream, and cellular levels in mammals.
Even in the very unlikely scenario of significant dsRNA
absorption and systemic distribution following exogenous
exposure during the product application, such RNAs would be
expected to undergo rapid metabolism and clearance. Owing in
part to the history of safe consumption and the favorable toxicity
profile of exogenous dsRNA molecules in mammals (including
insecticidal sequences), biological barriers, and their fate in vivo,
these biological macromolecules should not be presumed to
be inherently more risky than conventional small molecule

REFERENCES

Aouadi, M., Tesz, G. J., Nicoloro, S. M., Wang, M., Chouinard, M., Soto,
E., et al. (2009). Orally delivered siRNA targeting macrophage Map4k4
suppresses systemic inflammation. Nature 458, 1180-1184. doi: 10.1038/nature
07774

Bachman, P. M., Bolognesi, R., Moar, W. J., Mueller, G. M., Paradise, M. S.,
Ramaseshadri, P., et al. (2013). Characterization of the spectrum of insecticidal
activity of a double-stranded RNA with targeted activity against Western
Corn Rootworm (Diabrotica virgifera virgifera LeConte). Transgenic Res. 22,
1207-1222. doi: 10.1007/s11248-013-9716-5

Bachman, P. M., Huizinga, K. M., Jensen, P. D., Mueller, G., Tan, J., Uffman, J. P.,
et al. (2016). Ecological risk assessment for DvSnf7 RNA: a plant-incorporated
protectant with targeted activity against western corn rootworm. Regul. Toxicol.
Pharmacol. 81, 77-88. doi: 10.1016/j.yrtph.2016.08.001

Bagci, C., and Allmer, J. (2016). One step forward, two steps back; xeno-microRNAs
reported in breast milk are artifacts. PLoS One 11:€0145065. doi: 10.1371/
journal.pone.0145065

Ballarin-Gonzalez, B., Dagnaes-Hansen, F., Fenton, R. A., Gao, S., Hein, S., Dong,
M., et al. (2013). Protection and systemic translocation of siRNA following oral
administration of chitosan/siRNA nanoparticles. Mol. Ther. Nucleic Acids 2,
e76. doi: 10.1038/mtna.2013.2

Bartel, D. P. (2004). MicroRNAs: genomics. Biogenesis, Mechanism, and Function.
Cell 116, 281-297.

Baum, J. A, Bogaert, T., Clinton, W., Heck, G. R., Feldmann, P., Ilagan, O., et al.
(2007). Control of coleopteran insect pests through RNA interference. Nat.
Biotechnol. 25, 1322-1326. doi: 10.1038/nbt1359

agrochemicals. Regulatory authorities have not yet established
standard procedures for assessing dsRNA-based agricultural
products. The safety assessment of each of these products is
currently considered on a case-by-case basis by these authorities.
However, the existing robust regulatory framework for small
molecule agrochemicals is applicable as a general framework
for conducting risk assessment of dsRNA-based agricultural
products. As with any emerging technology, the regulatory
framework will continue to evolve; however, the experience
with the review of dsRNA-based GE crops has demonstrated
that the existing regulatory paradigm for biologically based
crop protection products is adequate for this mode of action.
The OECD Conference, along with this paper, increase clarity
on both hazard identification and potential risks of RNAi-
based biopesticides while also promoting important dialogues
among different stakeholders to help facilitate the exchange of
ideas between them.

AUTHOR CONTRIBUTIONS

TR and JP contributed equally to draft the work and revised it
critically for important intellectual content.

ACKNOWLEDGMENTS

&) OECD

BETTER POLICIES FOR BETTER LIVES

Bolognesi, R., Ramaseshadri, P., Anderson, J., Bachman, P., Clinton, W.,
Flannagan, R., et al. (2012). Characterizing the mechanism of action of
double-stranded RNA activity against western corn rootworm (Diabrotica
virgifera virgifera LeConte). PLoS One 7:47534. doi: 10.1371/journal.pone.
0047534

Brown, M. B., Martin, G. P., Jones, S. A., and Akomeah, F. K. (2006). Dermal and
transdermal drug delivery systems: current and future prospects. Drug Deliv.
13, 175-187. doi: 10.1080/10717540500455975

Carthew, R. W., and Sontheimer, E. J. (2009). Origins and mechanisms of miRNAs
and siRNAs. Cell 136, 642-655. doi: 10.1016/j.cell.2009.01.035

Cavallaro, G., Sardo, C., Craparo, E. F., Porsio, B., and Giammona, G. (2017).
Polymeric nanoparticles for siRNA delivery: production and applications. Int.
J. Pharm. 525, 313-333. doi: 10.1016/j.ijpharm.2017.04.008

Christensen, J., Litherland, K., Faller, T., van de Kerkhof, E., Natt, F., Hunziker, J.,
et al. (2013). Metabolism studies of unformulated internally [3H]-labeled short
interfering RNAs in mice. Drug Metab. Dispos. 41, 1211-1219. doi: 10.1124/
dmd.112.050666

Christiaens, O., Dzhambazova, T., Kostov, K., Arpaia, S., Joga, M. R, Urru, I,
et al. (2018a). Literature Review of Baseline Information on RNAi to Support
the Environmental Risk Assessment of RNAi-based GM Plants. Parma: EFSA.
doi: 10.2903/sp.efsa.2018.EN- 1424

Christiaens, O., Tardajos, M. G., Martinez Reyna, Z. L., Dash, M., Dubruel, P.,
and Smagghe, G. (2018b). Increased RNAi Efficacy in Spodoptera exigua via
the Formulation of dsRNA With Guanylated Polymers. Front. Physiol. 9:316.
doi: 10.3389/fphys.2018.00316

Cottrill, K. A., and Chan, S. Y. (2014). Diet-derived MicroRNAs: separating the
Dream from Reality. microRNA Diagn. Ther. 1, 46-57.

Frontiers in Plant Science | www.frontiersin.org

April 2020 | Volume 11 | Article 407


https://doi.org/10.1038/nature07774
https://doi.org/10.1038/nature07774
https://doi.org/10.1007/s11248-013-9716-5
https://doi.org/10.1016/j.yrtph.2016.08.001
https://doi.org/10.1371/journal.pone.0145065
https://doi.org/10.1371/journal.pone.0145065
https://doi.org/10.1038/mtna.2013.2
https://doi.org/10.1038/nbt1359
https://doi.org/10.1371/journal.pone.0047534
https://doi.org/10.1371/journal.pone.0047534
https://doi.org/10.1080/10717540500455975
https://doi.org/10.1016/j.cell.2009.01.035
https://doi.org/10.1016/j.ijpharm.2017.04.008
https://doi.org/10.1124/dmd.112.050666
https://doi.org/10.1124/dmd.112.050666
https://doi.org/10.2903/sp.efsa.2018.EN-1424
https://doi.org/10.3389/fphys.2018.00316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Rodrigues and Petrick

Safety RNAI Biopesticides in Vertebrates

Cullen, B. R. (2004). Transcription and processing of human microRNA
precursors. Mol. Cell 16, 861-865. doi: 10.1016/j.molcel.2004.12.002

Damalas, C. A., and Eleftherohorinos, I. G. (2011). Pesticide exposure, safety issues,
and risk assessment indicators. Int. J. Environ. Res. Public Health 8, 1402-1419.
doi: 10.3390/ijerph8051402

Damalas, C. A., and Koutroubas, S. D. (2016). Farmers™ exposure to pesticides:
toxicity types and ways of prevention. Toxics 4:1. doi: 10.3390/toxics
4010001

Degrendele, C., Okonski, K., Melymuk, L., Landlovd4, L., Kukucka, P., Audy,
O., et al. (2016). Pesticides in the atmosphere: a comparison of gas-particle
partitioning and particle size distribution of legacy and current-use pesticides.
Atmos. Chem. Phys. 16, 1531-1544. doi: 10.5194/acp-16-1531-2016

Dhandapani, R. K., Gurusamy, D., Howell, J. L, and Palli, S. R. (2019).
Development of CS-TPP-dsRNA nanoparticles to enhance RNAI efficiency in
the yellow fever mosquito, Aedes aegypti. Sci. Rep. 9:8775. doi: 10.1038/s41598-
019-45019-z

Dickinson, B., Zhang, Y., Petrick, J. S., Heck, G., Ivashuta, S., and Marshall, W. S.
(2013). Lack of detectable oral bioavailability of plant microRNAs after feeding
in mice. Nat. Biotechnol. 31, 965-967. doi: 10.1038/nbt.2737

Dubelman, S., Fischer, J., Zapata, F., Huizinga, K., Jiang, C., Uffman, J., et al. (2014).
Environmental Fate of Double-Stranded RNA in Agricultural Soils. PLoS One
9:¢93155. doi: 10.1371/journal.pone.0093155

EFSA (2014). Event Report: International Scientific Workshop Risk Assessment
Considerations for RNAi-Based GM Plants’. Brussels: EFSA supporting
publication.

Elbashir, S. M., Lendeckel, W., and Tuschl, T. (2001). RNA interference is mediated
by 21- and 22-nucleotide RNAs. Genes Dev. 15, 188-200. doi: 10.1101/gad.
862301

Forbes, D. C., and Peppas, N. A. (2012). Oral delivery of small RNA and DNA.
J. Control. Release 162, 438-445. doi: 10.1016/j.jconrel.2012.06.037

Frank, P., and Ottoboni, M. A. (2011). The Dose Makes the Poison: A Plain-
Language Guide to Toxicology, 3rd Edn. Hoboken, NJ: John Wiley and Sons Inc.

Frizzi, A., Zhang, Y., Kao, J., Hagen, C., and Huang, S. (2014). Small RNA Profiles
from Virus-Infected Fresh Market Vegetables. Journal of Agricultural and Food
Chemistry 62, 12067-12074. doi: 10.1021/jf503756v

FSANZ (2015). Supporting Document 1, Safety Assessment Report (at Approval) -
Application A1097: Food derived from Herbicide-tolerant & Insect-protected
Corn Line MONS87411. Avaialble online at: http://www.foodstandards.
gov.au/code/applications/Documents/A1097- AppR-SD1.pdf (accessed July 30,
2019).

Fukuhara, T., Koga, R., Aoki, N., Yuki, C., Yamamoto, N., Oyama, N., et al. (2006).
The wide distribution of endornaviruses, large double-stranded RNA replicons
with plasmid-like properties. Arch. Virol. 151, 995-1002. doi: 10.1007/s00705-
005-0688-5

Georgantas, R. W., Hildreth, R., Morisot, S., Alder, J., Liu, C.-G., Heimfeld, S.,
et al. (2007). CD34+ hematopoietic stem-progenitor cell microRNA expression
and function: a circuit diagram of differentiation control. Proc. Natl. Acad. Sci.
U.S.A. 104, 2750-2755. doi: 10.1073/pnas.0610983104

Gilleron, J., Querbes, W., Zeigerer, A., Borodovsky, A., Marsico, G., Schubert,
U, et al. (2013). Image-based analysis of lipid nanoparticle-mediated siRNA
delivery, intracellular trafficking and endosomal escape. Nat. Biotechnol. 31,
638-646. doi: 10.1038/nbt.2612

Gilmore, I. R., Fox, S. P., Hollins, A. J., Sohail, M., and Akhtar, S. (2004). The design
and exogenous delivery of siRNA for post-transcriptional gene silencing. J. Drug
Target. 12, 315-340. doi: 10.1080/10611860400006257

Grimm, D. (2011). The dose can make the poison: lessons learned from adverse
in vivo toxicities caused by RNAi overexpression. Silence 2:8. doi: 10.1186/1758-
907X-2-8

Guan, R.-B,, Li, H.-C,, Fan, Y.-],, Hu, S.-R., Christiaens, O., Smagghe, G., et al.
(2018). A nuclease specific to lepidopteran insects suppresses RNAi. J. Biol.
Chem. 293, 6011-6021. doi: 10.1074/jbc.ral17.001553

Heath, G., Childs, D., Docker, M. F., McCauley, D. W., and Whyard, S. (2014). RNA
interference technology to control pest sea lampreys - a proof-of-concept. PLoS
One 9:e88387. doi: 10.1371/journal.pone.0088387

Heidel, J. D., Hu, S., Liu, X. F., Triche, T. J., and Davis, M. E. (2004). Lack of
interferon response in animals to naked siRNAs. Nat. Biotechnol. 22, 1579-1582.
doi: 10.1038/nbt1038

Heisel, S. E., Zhang, Y., Allen, E., Guo, L., Reynolds, T. L., Yang, X, et al. (2008).
Characterization of unique small RNA populations from rice grain. PLoS One
3:¢2871. doi: 10.1371/journal.pone.0002871

Hinds, W. C. (1982). Aerosol Technology. Hoboken, NJ: John Wiley & Sons.

Hirschi, K. D, Pruss, G. J., and Vance, V. (2015). Dietary delivery: a new avenue for
microRNA therapeutics? Trends Biotechnol. 33, 431-432. doi: 10.1016/j.tibtech.
2015.06.003

Houck, J. C. (1958). The microdetermination of ribonuclease. Arch. Biochem.
Biophys. 73, 384-390. doi: 10.1016/0003-9861(58)90283-2

Huang, H., Davis, C. D., and Wang, T. T. Y. (2018). Extensive degradation and
low bioavailability of orally consumed corn miRNAs in mice. Nutrients 10:215.
doi: 10.3390/nu10020215

Hutvégner, G., and Zamore, P. D. (2002). A microRNA in a multiple-turnover
RNAIi enzyme complex. Science 297, 2056-2060. doi: 10.1126/science.1073827

Ivashuta, S. I, Petrick, J. S., Heisel, S. E., Zhang, Y., Guo, L., Reynolds, T. L., et al.
(2009). Endogenous small RNAs in grain: semi-quantification and sequence
homology to human and animal genes. Food Chem. Toxicol. 47, 353-360. doi:
10.1016/j.£ct.2008.11.025

Jackson, A. L., Burchard, J., Schelter, J., Chau, B. N., Cleary, M., Lim, L,
et al. (2006). Widespread siRNA "off-target" transcript silencing mediated by
seed region sequence complementarity. RNA 12, 1179-1187. doi: 10.1261/rna.
25706

Jackson, A. L., and Linsley, P. S. (2010). Recognizing and avoiding siRNA off
target effects of target identification and therapeutic application. Nat. Rev. Drug
Discov. 9, 57-67. doi: 10.1038/nrd3010

Jensen, P. D., Zhang, Y., Wiggins, B. E., Petrick, J. S., Zhu, J., Kerstetter, R. A,,
et al. (2013). Computational sequence analysis of predicted long dsRNA
transcriptomes of major crops reveals sequence complementarity with human
genes. GM Crops Food 4, 90-97. doi: 10.4161/gmcr.25285

Ji, W., Panus, D., Palumbo, R. N., Tang, R., and Wang, C. (2011). Poly(2-
aminoethyl methacrylate) with well-defined chain length for DNA vaccine
delivery to dendritic cells. Biomacromolecules 12, 4373-4385. doi: 10.1021/
bm201360v

Joga, M. R, Zotti, M. ]., Smagghe, G., and Christiaens, O. (2016). RNAi efficiency,
systemic properties, and novel delivery methods for pest insect control: what we
know so far. Front. Physiol. 7:553. doi: 10.3389/fphys.2016.00553

John, M., Constien, R., Akinc, A., Goldberg, M., Moon, Y. A., Spranger, M.,
et al. (2007). Effective RNAi-mediated gene silencing without interruption
of the endogenous microRNA pathway. Nature 449, 745-747. doi: 10.1038/
nature06179

Judge, A. D., Sood, V., Shaw, J. R., Fang, D., McClintock, K., and MacLachlan,
L. (2005). Sequence-dependent stimulation of the mammalian innate immune
response by synthetic siRNA. Nat. Biotechnol. 23, 457-462. doi: 10.1038/
nbt1081

Kang, S. H., Cho, H.-]., Shim, G,, Lee, S., Kim, S.-H., Choi, H.-G,, et al. (2011).
Cationic liposomal co-delivery of small interfering RNA and a MEK inhibitor
for enhanced anticancer efficacy. Pharm. Res. 28, 3069-3078. doi: 10.1007/
§11095-011-0569-4

Kang, W., Bang-Berthelsen, C. H., Holm, A., Houben, A. J., Miiller, A. H.,
Thymann, T., et al. (2017). Survey of 800+ data sets from human tissue and
body fluid reveals xenomiRs are likely artifacts. RNA 23, 433-445. doi: 10.1261/
rna.059725.116

Khan, A. A, Betel, D., Miller, M. L., Sander, C., Leslie, C. S., and Marks, D. S. (2009).
Transfection of small RNAs globally perturbs gene regulation by endogenous
microRNAs. Nat. Biotechnol. 27, 549-555. doi: 10.1038/nbt.1543

Khvorova, A., Reynolds, A., and Jayasena, S. D. (2003). Functional siRNAs and
miRNAs exhibit strand bias. Cell 115, 209-216. doi: 10.1016/s0092-8674(03)
00801-8

Lam, J. K. W.,, Chow, M. Y. T., Zhang, Y., and Leung, S. W. S. (2015). siRNA versus
miRNA as therapeutics for gene silencing. Mol. Ther. Nucleic Acids 4:e252.
doi: 10.1038/mtna.2015.23

Layzer, J. M., McCaffery, A. P., Tanner, A. K., Huang, Z., Kay, M. A., and Sullenger,
B. A. (2004). In vivo activity of nuclease-resistant siRNAs. RNA 10, 766-771.
doi: 10.1261/rna.5239604

Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., et al. (2003). The nuclear
RNase III Drosha initiates microRNA processing. Nature 425, 415-419. doi:
10.1038/nature01957

Frontiers in Plant Science | www.frontiersin.org

April 2020 | Volume 11 | Article 407


https://doi.org/10.1016/j.molcel.2004.12.002
https://doi.org/10.3390/ijerph8051402
https://doi.org/10.3390/toxics4010001
https://doi.org/10.3390/toxics4010001
https://doi.org/10.5194/acp-16-1531-2016
https://doi.org/10.1038/s41598-019-45019-z
https://doi.org/10.1038/s41598-019-45019-z
https://doi.org/10.1038/nbt.2737
https://doi.org/10.1371/journal.pone.0093155
https://doi.org/10.1101/gad.862301
https://doi.org/10.1101/gad.862301
https://doi.org/10.1016/j.jconrel.2012.06.037
https://doi.org/10.1021/jf503756v
http://www.foodstandards.gov.au/code/applications/Documents/A1097-AppR-SD1.pdf
http://www.foodstandards.gov.au/code/applications/Documents/A1097-AppR-SD1.pdf
https://doi.org/10.1007/s00705-005-0688-5
https://doi.org/10.1007/s00705-005-0688-5
https://doi.org/10.1073/pnas.0610983104
https://doi.org/10.1038/nbt.2612
https://doi.org/10.1080/10611860400006257
https://doi.org/10.1186/1758-907X-2-8
https://doi.org/10.1186/1758-907X-2-8
https://doi.org/10.1074/jbc.ra117.001553
https://doi.org/10.1371/journal.pone.0088387
https://doi.org/10.1038/nbt1038
https://doi.org/10.1371/journal.pone.0002871
https://doi.org/10.1016/j.tibtech.2015.06.003
https://doi.org/10.1016/j.tibtech.2015.06.003
https://doi.org/10.1016/0003-9861(58)90283-2
https://doi.org/10.3390/nu10020215
https://doi.org/10.1126/science.1073827
https://doi.org/10.1016/j.fct.2008.11.025
https://doi.org/10.1016/j.fct.2008.11.025
https://doi.org/10.1261/rna.25706
https://doi.org/10.1261/rna.25706
https://doi.org/10.1038/nrd3010
https://doi.org/10.4161/gmcr.25285
https://doi.org/10.1021/bm201360v
https://doi.org/10.1021/bm201360v
https://doi.org/10.3389/fphys.2016.00553
https://doi.org/10.1038/nature06179
https://doi.org/10.1038/nature06179
https://doi.org/10.1038/nbt1081
https://doi.org/10.1038/nbt1081
https://doi.org/10.1007/s11095-011-0569-4
https://doi.org/10.1007/s11095-011-0569-4
https://doi.org/10.1261/rna.059725.116
https://doi.org/10.1261/rna.059725.116
https://doi.org/10.1038/nbt.1543
https://doi.org/10.1016/s0092-8674(03)00801-8
https://doi.org/10.1016/s0092-8674(03)00801-8
https://doi.org/10.1038/mtna.2015.23
https://doi.org/10.1261/rna.5239604
https://doi.org/10.1038/nature01957
https://doi.org/10.1038/nature01957
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Rodrigues and Petrick

Safety RNAI Biopesticides in Vertebrates

Li, M., Chen, T., Wang, R,, Luo, ]. Y., He, J. ]., Ye, R. S,, et al. (2019). Plant MIR156
Regulates Intestinal Growth in Mammals by Targeting the Wnt/beta-catenin
Pathway. Am. J. Physiol. Cell Physiol. 317, C434-C448. doi: 10.1152/ajpcell.
00030.2019

Liang, H., Zhang, S., Fu, Z., Wang, Y., Wang, N,, Liu, Y, et al. (2015). Effective
detection and quantification of dietetically absorbed plant microRNAs in
human plasma. J. Nutr. Biochem. 26, 505-512. doi: 10.1016/j.jnutbio.2014.
12.002

Lin, D., Jiang, Q., Cheng, Q. Huang, Y., Huang, P, Han, S, et al
(2013).  Polycation-detachable ~ nanoparticles  self-assembled  from
mPEG-PCL-g-SS-PDMAEMA  for in vitro and in vivo siRNA
delivery. Acta  Biomater. 9, 7746-7757. doi: 10.1016/j.actbio.2013.
04.031

Lundgren, J. G, and Duan, J. J. (2013). RNAi based insecticidal crops:
potential effects on nontarget species. Bioscience 63, 657-665.
doi: 10.1525/bi0.2013.63.8.8

Lusk, R. W. (2014). Diverse and widespread contamination evident in the
unmapped depths of high throughput sequencing data. PLoS One 9:e110808.
doi: 10.1371/journal.pone.0110808

Macrae, 1. J., Zhou, K., Li, F., Repic, A., Brooks, A. N., Cande, W. Z., et al. (2006).
Structural basis for double-stranded RNA processing by Dicer. Science 311,
195-198. doi: 10.1126/science.1121638

Mansfield, J. H., Harfe, B. D., Nissen, R., Obenauer, J., Srineel, J., Chaudhuri, A.,
et al. (2004). MicroRNA-responsive ‘sensor’ transgenes uncover Hox-like and
other developmentally regulated patterns of vertebrate microRNA expression.
Nat. Genet. 36, 1079-1083. doi: 10.1038/ng1421

Maroni, M., Fait, A., and Colosio, C. (1999). Risk assessment and management of
occupational exposure to pesticides. Toxicol. Lett. 107, 145-153. doi: 10.1016/
s0378-4274(99)00041-7

Martinez, J., Patkaniowska, A., Urlaub, H., Liihrmann, R., and Tuschl, T. (2002).
Single-stranded antisense siRNAs guide target RNA cleavage in RNAI. Cell 110,
563-574. doi: 10.1016/50092-8674(02)00908-X

McLoughlin, A. G., Walker, P. L., Wytinck, N., Sullivan, D. S., Whyard, S., and
Belmonte, M. F. (2018). Developing new RNA interference technologies to
control fungal pathogens. Can. J. Plant Pathol. 40, 325-335. doi: 10.1080/
07060661.2018.1495268

Meister, G., and Tuschl, T. (2004). Mechanisms of gene silencing by double-
stranded RNA. Nature 431, 343-349. doi: 10.1038/nature02873

Mlotshwa, S., Pruss, G. J., MacArthur, J. L., Endres, M. W., Davis, C., Hofseth,
L. J., et al. (2015). A novel chemopreventive strategy based on therapeutic
microRNAs produced in plants. Cell Res. 25, 521-524. doi: 10.1038/cr.2015.25

Molitoris, B. A., Dagher, P. C., Sandoval, R. M., Campos, S. B., Ashush, H.,
Fridman, E., et al. (2009). siRNA targeted to p53 attenuates ischemic and
cisplatin-induced acute kidney injury. J. Am. Soc. Nephrol. 20, 1754-1764.
doi: 10.1681/asn.2008111204

Mullany, L. E., Herrick, J. S., Wolff, R. K., and Slattery, M. L. (2016). MicroRNA
seed region length impact on target messenger RNA expression and survival in
colorectal cancer. PLoS One 11:¢0154177. doi: 10.1371/journal.pone.0154177

O’Driscoll, C. M., Bernkop-Schniirch, A., Friedl, J. D., Préat, V., and Jannin, V.
(2019). Oral delivery of non-viral nucleic acid-based therapeutics - do we have
the guts for this? Eur. J. Pharm. Sci. 133, 190-204. doi: 10.1016/j.ejps.2019.03.
027

Olsen, P. H., and Ambros, V. (1999). The lin-4 Regulatory RNA controls
developmental timing in caenorhabditis elegans by blocking LIN-14 protein
synthesis after the initiation of translation. Dev. Biol. 216, 671-680. doi: 10.1006/
dbi0.1999.9523

O’Neill, M. J., Bourre, L., Melgar, S., and O’Driscoll, C. M. (2011). Intestinal
delivery of non-viral gene therapeutics: physiological barriers and preclinical
models. Drug Discov. Today 16, 203-218. doi: 10.1016/j.drudis.2011.01.003

Park, N. J,, Li, Y., Yu, T., Brinkman, B. M. N., and Wong, D. T. (2006).
Characterization of RNA in Saliva. Clin. Chem. 52, 988-994. doi: 10.1373/
clinchem.2005.063206

Parker, K. M., Barragin Borrero, V., van Leeuwen, D. M., Lever, M. A,
Mateescu, B., and Sander, M. (2019). Environmental fate of RNA interference
pesticides: adsorption and degradation of double-stranded RNA molecules in
agricultural soils. Environ. Sci. Technol. 53, 3027-3036. doi: 10.1021/acs.est.
8b05576

Pecot, C. V., Calin, G. A., Coleman, R. L., Lopez-Berestein, G., and Sood, A. K.
(2011). RNA interference in the clinic: challenges and future directions. Nat.
Rev. Cancer 11, 59-67. doi: 10.1038/nrc2966

Petrick, J. S., Brower-Toland, B., Jackson, A. L., and Kier, L. D. (2013). Safety
assessment of food and feed from biotechnology-derived crops employing
RNA-mediated gene regulation to achieve desired traits: a scientific review.
Regul. Toxicol. Pharmacol. 66, 167-176. doi: 10.1016/j.yrtph.2013.03.008

Petrick, J. S., Frierdich, G. E., Carleton, S. M., Kessenich, C. R., Silvanovich, A.,
Zhang, Y., et al. (2016a). Corn rootworm-active RNA DvSnf7: repeat dose
oral toxicology assessment in support of human and mammalian safety. Regul.
Toxicol. Pharmacol. 81, 57-68. doi: 10.1016/j.yrtph.2016.07.009

Petrick, J. S., Frierdich, G. E., Carleton, S. M., Kessenich, C. R., Silvanovich,
A., Zhang, Y., et al. (2016b). Corrigendum to “Corn rootworm-active RNA
DvSnf7: repeat dose oral toxicology assessment in support of human and
mammalian safety” [Regul. Toxicol. Pharmacol. 81 (2016) 57-68]. Regul.
Toxicol. Pharmacol. 82:191. doi: 10.1016/.yrtph.2016.09.001

Petrick, J. S., Moore, W. M., Heydens, W. F., Koch, M. S., Sherman, J. H.,
and Lemke, S. L. (2015). A 28-day oral toxicity evaluation of small
interfering RNAs and a long double-stranded RNA targeting vacuolar ATPase
in mice. Regul. Toxicol. Pharmacol. 71, 8-23. doi: 10.1016/j.yrtph.2014.
10.016

Rayburn, E. R, and Zhang, R. W. (2008). Antisense, RNAi, and gene silencing
strategies for therapy: Mission possible or impossible? Drug Discov. Today 13,
513-521. doi: 10.1016/j.drudis.2008.03.014

Robbins, M., Judge, A., and MacLachlan, I. (2009). siRNA and innate immunity.
Oligonucleotides 19, 89-101. doi: 10.1089/0li.2009.0180

Rodrigues, T. B., and Figueira, A. (2016). “Management of Insect Pest by RNAi: a
new tool for crop protection,” in RNA interference, ed. 1. Y. Abdurakhmonov
(Rijeka: InTech Open).

Sherman, J. H., Munyikwa, T., Chan, S. Y., Petrick, J. S., Witwer, K. W., and
Choudhuri, S. (2015). RNAi technologies in agricultural biotechnology: the
Toxicology Forum 40th Annual Summer Meeting. Regul. Toxicol. Pharmacol.
73, 671-680. doi: 10.1016/j.yrtph.2015.09.001

Shukla, J. N., Kalsi, M., Sethi, A., Narva, K. E., Fishilevich, E., Singh, S., et al. (2016).
Reduced stability and intracellular transport of dsSRNA contribute to poor RNAi
response in lepidopteran insects. RNA Biol. 13, 656-669. doi: 10.1080/15476286.
2016.1191728

Sifuentes-Romero, I, Milton, S. L., and Garcia-Gasca, A. (2011). Post-
transcriptional gene silencing by RNA interference in non-mammalian
vertebrate systems: Where do we stand? Mutat. Res. Rev. Mutat. Res. 728,
158-171. doi: 10.1016/j.mrrev.2011.09.001

Simplot (2014). Introducing a Better Potato. Available: http://www.innatepotatoes.
com/ (accessed October 17, 2019).

Snow, J. W., Hale, A. E., Isaacs, S. K., Baggish, A. L., and Chan, S. Y. (2013).
Ineffective delivery of diet-derived microRNAs to recipient animal organisms.
RNA Biol. 10, 1107-1116. doi: 10.4161/rna.24909

Terenius, O., Papanicolaou, A., Garbutt, J. S., Eleftherianos, 1., Huvenne, H.,
Kanginakudru, S., et al. (2011). RNA interference in Lepidoptera: an overview
of successful and unsuccessful studies and implications for experimental design.
J. Insect Physiol. 57, 231-245. doi: 10.1016/j.jinsphys.2010.11.006

Thanki, K., Blum, K. G., Thakur, A., Rose, F., and Foged, C. (2018). Formulation
of RNA interference-based drugs for pulmonary delivery: challenges and
opportunities. Ther. Deliv. 9, 731-749. doi: 10.4155/tde-2018-0029

Thompson, J. D., Kornbrust, D. J., Foy, J. W.-D., Solano, E. C. R., Schneider,
D. J., Feinstein, E., et al. (2012). Toxicological and pharmacokinetic properties
of chemically modified siRNAs targeting p53 RNA following intravenous
administration. Nucleic Acid Ther. 22, 255-264. doi: 10.1089/nat.2012.0371

Tillman, L. G., Geary, R. S., and Hardee, G. E. (2008). Oral delivery of
antisense oligonucleotides in man. J. Pharm. Sci. 97, 225-236. doi: 10.1002/jps.
21084

Title, A. C., Denzler, R., and Stoffel, M. (2015). Uptake and function studies of
maternal milk-derived microRNAs. J. Biol. Chem. 290, 23680-23691. doi: 10.
1074/jbc.M115.676734

Tosar, J. P., Rovira, C., Naya, H., and Cayota, A. (2014). Mining of public
sequencing databases suports a non-dietary origin for putative foreign miRNAs:
underestimated effects of contamination in NGS. RNA 20, 1-4. doi: 10.1261/
rna.044263.114

Frontiers in Plant Science | www.frontiersin.org

April 2020 | Volume 11 | Article 407


https://doi.org/10.1152/ajpcell.00030.2019
https://doi.org/10.1152/ajpcell.00030.2019
https://doi.org/10.1016/j.jnutbio.2014.12.002
https://doi.org/10.1016/j.jnutbio.2014.12.002
https://doi.org/10.1016/j.actbio.2013.04.031
https://doi.org/10.1016/j.actbio.2013.04.031
https://doi.org/10.1525/bio.2013.63.8.8
https://doi.org/10.1371/journal.pone.0110808
https://doi.org/10.1126/science.1121638
https://doi.org/10.1038/ng1421
https://doi.org/10.1016/s0378-4274(99)00041-7
https://doi.org/10.1016/s0378-4274(99)00041-7
https://doi.org/10.1016/S0092-8674(02)00908-X
https://doi.org/10.1080/07060661.2018.1495268
https://doi.org/10.1080/07060661.2018.1495268
https://doi.org/10.1038/nature02873
https://doi.org/10.1038/cr.2015.25
https://doi.org/10.1681/asn.2008111204
https://doi.org/10.1371/journal.pone.0154177
https://doi.org/10.1016/j.ejps.2019.03.027
https://doi.org/10.1016/j.ejps.2019.03.027
https://doi.org/10.1006/dbio.1999.9523
https://doi.org/10.1006/dbio.1999.9523
https://doi.org/10.1016/j.drudis.2011.01.003
https://doi.org/10.1373/clinchem.2005.063206
https://doi.org/10.1373/clinchem.2005.063206
https://doi.org/10.1021/acs.est.8b05576
https://doi.org/10.1021/acs.est.8b05576
https://doi.org/10.1038/nrc2966
https://doi.org/10.1016/j.yrtph.2013.03.008
https://doi.org/10.1016/j.yrtph.2016.07.009
https://doi.org/10.1016/j.yrtph.2016.09.001
https://doi.org/10.1016/j.yrtph.2014.10.016
https://doi.org/10.1016/j.yrtph.2014.10.016
https://doi.org/10.1016/j.drudis.2008.03.014
https://doi.org/10.1089/oli.2009.0180
https://doi.org/10.1016/j.yrtph.2015.09.001
https://doi.org/10.1080/15476286.2016.1191728
https://doi.org/10.1080/15476286.2016.1191728
https://doi.org/10.1016/j.mrrev.2011.09.001
http://www.innatepotatoes.com/
http://www.innatepotatoes.com/
https://doi.org/10.4161/rna.24909
https://doi.org/10.1016/j.jinsphys.2010.11.006
https://doi.org/10.4155/tde-2018-0029
https://doi.org/10.1089/nat.2012.0371
https://doi.org/10.1002/jps.21084
https://doi.org/10.1002/jps.21084
https://doi.org/10.1074/jbc.M115.676734
https://doi.org/10.1074/jbc.M115.676734
https://doi.org/10.1261/rna.044263.114
https://doi.org/10.1261/rna.044263.114
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Rodrigues and Petrick

Safety RNAI Biopesticides in Vertebrates

Ubuka, T., Mukai, M., Wolfe, J., Beverly, R,, Clegg, S., Wang, A. et al. (2012).
RNA interference of gonadotropin-inhibitory hormone gene induces arousal
in songbirds. PLoS One 7:€30202. doi: 0.1371/journal.pone.0030202

USEPA (2014). “A Set of Scientific Issues Being Considered by the Environmental
Protection Agency Regarding: RNAi Technology: Program Formulation for
Human Health and Ecological Risk Assessment”. (Scientific Advisory Panel
Minute No. 2014-02. Arlington, VA: USEPA.

USEPA (2016). "A Set of Scientific Issues Being Considered by the Environmental
Protection Agency Regarding: RNAi Technology: Human Health and Ecological
Risk Assessments for SmartStax PRO". (Scientific Advisory Panel Minutes No.
2016-02. Arlington, VA: USEPA.

van den Berg, F., Kubiak, R., Benjey, W. G., Majewski, M. S., Yates, S. R., Reeves,
G. L., et al. (1999). Emission of Pesticides into the Air. Water Air Soil Pollut.
115, 195-218. doi: 10.1023/A:1005234329622

Wang, K., Li, H., Yuan, Y., Etheridge, A., Zhou, Y., Huang, D, et al. (2012). The
complex exogenous RNA spectra in human plasma: an interface with human
gut biota? PLoS One 7:¢51009. doi: 10.1371/journal.pone.0051009

Wang, K., Peng, Y., Pu, J., Fu, W., Wang, J., and Han, Z. (2016). Variation in RNAi
efficacy among insect species is attributable to dsRNA degradation in vivo.
Insect Biochem. Mol. Biol. 77, 1-9. doi: 10.1016/j.ibmb.2016.07.007

White, P. J. (2008). Barriers to successful delivery of short interfering RNA after
systemic administration. Clin. Exp. Pharmacol. Physiol. 35, 1371-1376. doi:
10.1111/j.1440-1681.2008.04992.x

Winter, J., Jung, S., Keller, S., Gregory, R. L, and Diederichs, S. (2009). Many roads
to maturity: microRNA biogenesis pathways and their regulation. Nat. Cell Biol.
11:228. doi: 10.1038/ncb0309-228

Witwer, K. W. (2016). “Hypothetical plant-mammal RNA communication:
packaging and stoichiometry,” in Non-Coding RNAs and INTER-KINgdom
Communication, eds A. L. Leitao and F. J. Enguita (Berlin: Springer), 161-176.
doi: 10.1007/978-3-319-39496-1_10

Witwer, K. W, and Hirschi, K. D. (2014). Transfer and functional consequences of
dietary microRNAs in vertebrates: concepts in search of corroboration: negative
results challenge the hypothesis that dietary xenomiRs cross the gut and regulate
genes in ingesting vertebrates, but important questions persist. Bioessays 36,
394-406. doi: 10.1002/bies.201300150

Witwer, K. W., McAlexander, M. A., Queen, S. E., and Adams, R. J. (2013).
Real-time quantitative PCR and droplet digital PCR for plant miRNAs in
mammalian blood provide little evidence for general uptake of dietary miRNAs:
limited evidence for general uptake of dietary plant xenomiRs. RNA Biol. 10,
1080-1086. doi: 10.4161/rna.25246

Yadav, J. S., Ogwok, E., Wagaba, H., Patil, B. L., Bagewadi, B., Alicai, T,, et al. (2011).
RNAi-mediated resistance to Cassava brown streak Uganda virus in transgenic
cassava. Mol. Plant Pathol. 12, 677-687. doi: 10.1111/j.1364-3703.2010.00700.x

Yang, J., Farmer, L. M., Agyekum, A. A., Elbaz-Younes, I, and Hirschi,
K. D. (2015a). Detection of an abundant plant-based small RNA in healthy
consumers. PLoS One 10:e0137516. doi: 10.1371/journal.pone.0137516

Yang, J., Farmer, L. M., Agyekum, A. A., and Hirschi, K. D. (2015b). Detection of
dietary plant-based small RNAs in animals. Cell Res. 25, 517-520. doi: 10.1038/
cr.2015.26

Yang, J., Hirschi, K. D., and Farmer, L. M. (2015c). Dietary RNAs: new
stories regarding oral delivery. Nutrients 7, 3184-3199. doi: 10.3390/nu705
3184

Yang, J., Hotz, T., Broadnax, L. Yarmarkovich, M., Elbaz-Younes, I, and
Hirschi, K. D. (2016). Anomalous uptake and circulatory characteristics of
the plant-based small RNA MIR2911. Sci. Rep. 6:26834. doi: 10.1038/srep
26834

Yang, J., Primo, C., Elbaz-Younes, I., and Hirschi, K. D. (2017). Bioavailability of
transgenic microRNAs in genetically modified plants. Genes Nutr. 12:17.

Yekta, S., Shih, I. H.,, and Bartel, D. P. (2004). MicroRNA-directed cleavage of
HOXB8 mRNA. Science 304, 594-596. doi: 10.1126/science.1097434

Youngren-Ortiz, S. R., Gandhi, N. S., Espana-Serrano, L., and Chougule, M. B.
(2017). Aerosol Delivery of siRNA to the Lungs. Part 2: nanocarrier-
based Delivery Systems. 34, 44-69. doi: 10.14356/kona.201
7005

Zakrewsky, M., Kumar, S., and Mitragotri, S. (2015). Nucleic acid delivery into
skin for the treatment of skin disease: proofs-of-concept, potential impact, and
remaining challenges. J. Control. Release 219, 445-456. doi: 10.1016/j.jconrel.
2015.09.017

Zhang, L., Hou, D., Chen, X,, Li, D., Zhy, L., Zhang, Y., et al. (2012). Exogenous
plant MIR168a specifically targets mammalian LDLRAP1: evidence of cross-
kingdom regulation by microRNA. Cell Res. 22, 107-126. doi: 10.1038/cr.2011.
158

Zhou, Z., Li, X,, Liu, J., Dong, L., Chen, Q., Liu, J., et al. (2015). Honeysuckle-
encoded atypical microRNA2911 directly targets influenza A viruses. Cell Res.
25, 39-49. doi: 10.1038/cr.2014.130

Kona

Conflict of Interest: The authors of this publication work for GreenLight
Biosciences, Inc. and Bayer Crop Science and conduct research in developing
products based on topical RNAi.

Copyright © 2020 Rodrigues and Petrick. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

12

April 2020 | Volume 11 | Article 407


https://doi.org/0.1371/journal.pone.0030202
https://doi.org/10.1023/A:1005234329622
https://doi.org/10.1371/journal.pone.0051009
https://doi.org/10.1016/j.ibmb.2016.07.007
https://doi.org/10.1111/j.1440-1681.2008.04992.x
https://doi.org/10.1111/j.1440-1681.2008.04992.x
https://doi.org/10.1038/ncb0309-228
https://doi.org/10.1007/978-3-319-39496-1_10
https://doi.org/10.1002/bies.201300150
https://doi.org/10.4161/rna.25246
https://doi.org/10.1111/j.1364-3703.2010.00700.x
https://doi.org/10.1371/journal.pone.0137516
https://doi.org/10.1038/cr.2015.26
https://doi.org/10.1038/cr.2015.26
https://doi.org/10.3390/nu7053184
https://doi.org/10.3390/nu7053184
https://doi.org/10.1038/srep26834
https://doi.org/10.1038/srep26834
https://doi.org/10.1126/science.1097434
https://doi.org/10.14356/kona.2017005
https://doi.org/10.14356/kona.2017005
https://doi.org/10.1016/j.jconrel.2015.09.017
https://doi.org/10.1016/j.jconrel.2015.09.017
https://doi.org/10.1038/cr.2011.158
https://doi.org/10.1038/cr.2011.158
https://doi.org/10.1038/cr.2014.130
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Safety Considerations for Humans and Other Vertebrates Regarding Agricultural Uses of Externally Applied RNA Molecules
	Introduction and Purpose of This Review Publication
	Overview of Rnai Mechanisms in Vertebrates
	History of Safe Rna Consumption
	Biological Barriers
	Published Mammalian Studies
	Published Studies in Non-Mammalian Vertebrates
	Human Health Risk Considerations for Rna-Based Biopesticides
	Other Routes of Exposure
	Dermal Absorption
	Inhalation

	Different RNA Structures and Formulations
	Non-specific Effects (Innate Immune System or RNAi Machinery Saturation)

	Conclusion
	Author Contributions
	Acknowledgments
	References


