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Abstract

The notion of uptake of active diet-derived small RNAs (sRNAs) in recipient organisms could have significant implications
for our understanding of oral therapeutics and nutrition, for the safe use of RNA interference (RNAI) in agricultural
biotechnology, and for ecological relationships. Yet, the transfer and subsequent regulation of gene activity by
diet-derived sRNAs in ingesting mammals are still heavily debated. Here, we synthesize current information based
on multiple independent studies of mammals, invertebrates, and plants. Rigorous assessment of these data
emphasize that uptake of active dietary sSRNAs is neither a robust nor a prevalent mechanism to maintain steady-state
levels in higher organisms. While disagreement still continues regarding whether such transfer may occur in specialized
contexts, concerns about technical difficulties and a lack of consensus on appropriate methods have led to questions
regarding the reproducibility and biologic significance of some seemingly positive results. For any continuing
investigations, concerted efforts should be made to establish a strong mechanistic basis for potential effects of
dietary sRNAs and to agree on methodological guidelines for realizing such proof. Such processes would ensure

application in therapeutics and agriculture.

miRNA, Plant

proper interpretation of studies aiming to prove dietary sSRNA activity in mammals and inform potential for
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Background

There is ongoing debate about the putative transfer and
ensuing regulation of gene activity by diet-derived small
RNAs (sRNAs) in ingesting mammals. Proof of active
and reproducible uptake of diet-derived sRNA could
profoundly guide our understanding of oral therapeutics
and nutrition, the safe use of RNA interference (RNAi)
in crop biotechnology, and ecological relationships of or-
ganisms. In this review, we make the case that insuffi-
cient evidence currently exists to support a biologically
relevant impact of sSRNAs in dietary material on gene ex-
pression of ingesting organisms, specifically mammals.
sRNAs are RNA molecules of <200 nucleotides in length
that are typically involved in regulating other cellular
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processes. SRNAs include microRNAs (miRNAs), short-
interfering RNA (siRNAs), and longer double-stranded
RNAs (dsRNAs) from which siRNAs can be derived. Spe-
cifically, siRNAs and miRNAs are involved in the post-
transcriptional regulation of gene expression in animals
through a process known as RNA interference (RNAi)
(reviewed in [1]). While these two RNA biotypes are proc-
essed and act similarly via RNAi-mediated mechanisms
throughout the plant and animal kingdoms, their origin is
distinct. miRNAs are encoded by endogenous genes, while
siRNAs are usually generated from double-stranded RNAs
(dsRNAs) that are introduced to the cell from an exogen-
ous source or from less well-characterized endogenous
sources. After processing, both miRNAs and siRNAs bind
specific complimentary sequences in messenger RNA
transcripts and regulate gene expression through the re-
pression of translation and/or degradation of the targeted
mRNA (reviewed in [2]).
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Uptake of diet-derived sRNAs with resulting actions
on gene expression of an ingesting organism was first
described in Caenorhabditis elegans [3, 4]. Here, when
dsRNAs were added to the diet or expressed in bacteria
that make up the diet of this organism, these RNAs
were found to silence multiple genes after serving as
the template for siRNA formation. Since those reports,
studies of oral exposure of various invertebrate organ-
isms to dietary material containing in vitro synthesized
dsRNAs or artificially expressing dsRNAs have demon-
strated that various invertebrate organisms take up
sRNAs from diverse dietary sources. Notably, failure of
many invertebrate species to take up dietary sSRNA effi-
ciently has been described in both artificial [5-7] and nat-
ural ([8-13] and reviewed in [14]) contexts, underscoring
the species-dependent variability in this process.

Historically, multiple studies confirmed that artificial
sRNAs, such as siRNAs, had little capacity to translocate
through the mammalian gut when naked and unmodified
[15]. When considering the variable uptake of dietary
sRNAs in invertebrates as well as the more complex ana-
tomic barriers in the mammalian gut, it was thought that
transfer of naturally occurring sSRNAs from dietary mater-
ial to ingesting mammals would be minimal. Therefore,
when transfer of diet-derived small RNAs in ingesting or-
ganisms in a natural context was first reported by C-Y
Zhang and colleagues [16], it generated substantial inter-
est. Concurrently, the presence of sRNAs from exogenous
sources was detected in human plasma [17], and the hy-
pothesis of transfer of SRNAs between organisms gained
significant attention [18-20]. While these studies sug-
gested the possibility of cross-kingdom communication
mediated through the diet [21-24], other subsequent
studies provided considerable evidence that systemic up-
take of ingested miRNAs from a different species is negli-
gible in mammals [9, 10, 25, 26] and below levels required
to be biologically relevant when acting through canonical
sequence-specific miRNA-mediated mechanisms. Contro-
versy remains, with a number of groups offering data and
interpretations in support or in opposition of this
phenomenon [27-68].

Biologic and technical reasons may both be at play in
leading to differing results and interpretations [38, 48].
Ongoing disagreement primarily centers on the preva-
lence, magnitude, and, most importantly, the activity of
sRNAs from dietary sources. In this review, we integrate
information garnered from studies using dietary delivery
of sSRNA in mammals as well as studies of sSRNA func-
tion in mammals, invertebrates, and plants. We offer
our viewpoint of what is known in this controversial
field. We also highlight the challenges of demonstrating
uptake and activity of sSRNAs in recipient mammals, par-
ticularly in light of substantial biologic obstacles that
likely inhibit transfer of intact dietary sSRNAs and our
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collective lack of mechanistic insight into how sRNAs
might overcome these obstacles during normal inges-
tion. Furthermore, concerns about technical challenges
and the absence of consensus on appropriate methods
have led to reservations regarding the robustness, repro-
ducibility, and biologic significance of some findings. In
light of those issues, for any continuing investigation to
impact this field, concerted efforts should be made to
develop a strong mechanistic model as well as a consen-
sus for methodologic guidelines for ultimate proof or
dismissal for this controversial hypothesis.

Implications

The biologic activity of diet-derived sSRNAs in ingesting
vertebrate species could have significant implications for
a number of fields. First, there is substantial interest in
using circulating sRNAs derived from the diet as bio-
markers [69] and the potential to harness uptake of diet-
derived sRNA by mammals could represent a powerful
new therapeutic strategy for the treatment of disease
[70]. The ability to enhance existing systems for natural
uptake of diet-derived sSRNA by mammals would provide
an attractive starting point for such endeavors. Yet, even
if natural uptake only occurs at levels too low to be bio-
logically meaningful, it is likely that some obstacle to
therapeutic uptake could be overcome, as the following
examples illustrate. Some evidence suggests that artificial
“exosome” lipoplexes [71] or plant nanoparticles [72]
can protect SRNA from degradation in the digestive tract
[73]. Modifying nanoparticles with antibodies to specific
surface proteins on recipient cells can enhance targeting
and uptake of sSRNA [74]. In addition, passage across the
digestive tract barrier might be increased through the
use of pharmacologic enhancers of intestinal permeabil-
ity [75] or engineered bacteria [76]. Recently, it was
shown that plant nanoparticles [77] and modified lipo-
philic siRNA molecules [78] can be engineered to allow
“homing” to distal sites and siRNA-mediated activation
of immune pattern recognition receptors can be inhib-
ited by 2’ modification of nucleic acid moieties [79].
Second, agriculture could potentially be transformed in
the coming years by RNAi-based technologies which
take advantage of cross-kingdom sRNA transfer, includ-
ing genetically engineered (GE) plants and topical sprays
[80, 81]. However, if systems indeed exist in mammals for
natural uptake of diet-derived sRNAs, it would alter as-
sumptions upon which these new technologies have been
built and tested [82, 83]; the most important being the
minimal risk to mammals due to negligible uptake and
transfer [84, 85]. Third, the existence of robust cross-
kingdom regulation of gene expression via ingested
sRNAs could carry substantial ecologic significance. In
fact, a fundamental implication of this hypothesis is that
some type of co-evolution has driven this relationship
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between diet and ingesting organisms. Cross-kingdom
interactions might be expected to impact predator-prey
interactions [86] or zoopharmacognosy, defined as self-
medication by animals [87], with implications for
ethnobotany and the use of traditional medicine in hu-
man societies [88]. Thus, natural uptake of diet-derived
sRNA by mammals could expose an exciting new layer
of communication in these relationships.

Current state of the field

While the potential impacts described above are excit-
ing, definitive proof that dietary sRNAs are routinely
taken up by the ingesting mammal, are transported, and
have biologic action on gene expression is wanting. The
initial report by C-Y Zhang and colleagues [16] reporting
that miRNAs from rice were taken up by ingesting mice
with subsequent modulation of gene expression prompted
a number of key questions [22, 23]. First, could the exist-
ence of exogenous, diet-derived, sSRNAs in mammalian
tissues be a common phenomenon and were the amounts
observed biologically relevant? Second, what systems must
exist for efficient uptake and function of exogenous, diet-
derived, SRNAs?

Two studies immediately addressed the prevalence of
diet-derived sRNAs by using RNA-sequence datasets
from diverse mammalian organisms. While both found
sequences corresponding to plant miRNAs in these data-
sets, the conclusions were dramatically different. One
group suggested that the results provided considerable
support for the natural uptake of sSRNAs from the diet
[17], while the other suggested that observation of diet-
derived sSRNAs was due to artifact [9]. Similarly, groups
attempting to confirm the findings of Zhang et al [16]
through feeding experiments did detect diet-derived
sRNAs, but concluded that the levels in the tissue and
even in the diet were well below the levels required to
be biologically relevant [10, 25, 26]. While the studies
above have largely focused on miRNAs from a different
species (xenomiRs), it is worth noting that a number of
groups have also been interested in whether sRNAs
found in milk [89] might be passed on to the offspring
through the diet.

Subsequent studies, using dataset analysis of animal
tissues and fluids or feeding experiments, have largely
agreed that sRNAs from dietary sources (both within
and between species) can be observed in mammalian
tissues and dietary material. However, contributing
groups have fallen into two distinct camps when drawing
conclusions regarding whether the level detected can be
construed as biologically significant [9, 17, 27, 29, 30, 33,
34, 43, 45, 46, 51, 54-56, 58, 59, 66, 68, 90] or artifactual
[9, 10, 25, 26, 28, 37, 39, 41, 42, 44, 49, 50, 65, 67].

Recent studies supporting biologically relevant uptake
have focused on the plant-derived small SRNA MIR2911
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[54-56, 59, 90]. Two of these studies also measured
levels of MIR2911 in body fluids and found 1189 fM in
plasma [90] or 207 fM in serum [59] after feeding. As-
suming 1.46 ml of total blood, 52.2% of which is plasma
(and slightly less is serum), these levels are equal to
3.7 x 10* or 6.4 x 10" per mouse or 0.0026 or 0.00045
copies per cell in this mouse. These values, which are in
line with our own findings and those of others groups
[10, 25, 26], suggest that unless some unknown mecha-
nisms are involved, insufficient levels are present to be
pervasively active by canonical mechanisms. It is import-
ant to note that the circulatory levels of miRNAs may
not be the most precise gauge of whole-body miRNA
content, especially given the possibility of localized en-
richment of miRNAs in specific tissues or cell types. In
the most recent study in this field, Kang and colleagues
came to similar conclusions after combining exhaustive
dataset analysis with carefully controlled feeding experi-
ments [65]. Examination of sSRNAs in >800 datasets from
human tissues and body fluids revealed that although diet-
ary sSRNAs were commonly detected, they were present at
levels of ~5 copies per cell [65], far below the levels shown
for their endogenous counterparts, which may reach
50,000 copies per cell for some miRNA entities [91]. Feed-
ing experiments using different plant diets in rats and dif-
ferent milk diets in pigs did not find any evidence of
substantial uptake of dietary sRNA. This newest report
represents the most rigorous assessment of diet-derived
miRNAs to date. Accompanied by prior data from inde-
pendent groups [10, 25, 26], this collective body of work
concludes that uptake and canonical activity of dietary
miRNAs are neither a prevalent nor robust mechanism in
mammals. However, whether such transfer may occur in
specialized contexts is still debated. To prove that point, a
much more solid mechanistic framework and consensus
on methodologic guidelines for proof are essential.

Defining a more solid mechanistic gramework for
investigation
Significant biologic hurdles exist for dietary sSRNAs to en-
gage recipient mRNA transcripts and affect gene expres-
sion directly in ingesting organisms. Furthermore, we have
a nearly complete absence of mechanistic insight into how
these barriers could be overcome. A number of discrete
steps must be considered and explained if a given sRNA
in the diet indeed has the potential to alter the gene ex-
pression in an ingesting mammal (Figs. 1 and 2).

We can address these considerations separately as five
questions.

(1) Are there sufficient levels of bio-available sSRNAs in
the diet?

(2)Do sRNAs cross the digestive tract barrier?

(3)Are sRNAs disseminated systemically?
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Fig. 1 Model for uptake of dietary sRNA from the digestive tract. To carry RNAi regulatory activity on gene expression in an ingesting organism,
a sRNAs from the diet (potentially packaged in (7) ribonucleoprotein (RNP) complexes or (2) in vesicles) should cross the epithelial cell (white)
barrier via transcellular or paracellular mechanisms or via conveyance by immune cells (gray). They should then be taken up by proximal cells,
such as stromal cells (brown) or must gain access to the circulatory (red) or lymphatic system (light gray) for systemic dissemination. b Subsequently,
after exit from the circulatory system (red), uptake of SRNAs would ensue by cells of various tissues and organs (gray, brown, and yellow). None of these

putative steps are understood at the level of molecular mechanism

J

(4)Is there cellular uptake of SRNAs?
(5)Can delivered sRNAs alter the post-transcriptional
expression of specific target genes?

Are there sufficient levels of bio-available sSRNAs in the
diet?
Theoretically, three conditions must be met for sufficient
bio-available sRNAs to be consumed in the diet by an
ingesting organism to impact gene expression. First, an
animal must be likely, and physically able, to consume
enough of the diet to ingest a biologically relevant amount
of a given sRNA. Second, this SRNA must be able to
endure the harsh environment of the digestive tract.
Third, a surviving sSRNA must retain biologic activity.

The first condition, whether an animal can consume
sufficient amounts of a given sRNA in a normal diet, is
affected by a number of variables. The amounts of

specific SRNA types found in different dietary material
are quite divergent, as exemplified by wide variation of
plant miRNA levels in a relatively small set of plant spe-
cies examined [53]. For example, plant MIR156a exists
at 5x 10 [6] copies per milligram of cantaloupe tissue,
but 1000 copies per milligram of apple tissue [10]. In
addition, SRNA expression is known to vary significantly
even among different plant tissues in a given species and
are highly sensitive to environmental conditions [92], such
as in fruit during ripening [93, 94]. Plants also possess a
number of other sSRNAs, which are generated from longer
dsRNA precursors, including hairpin-derived siRNAs,
natural antisense siRNAs, secondary siRNAs, and hetero-
chromatic siRNAs [92, 95]. In addition, rRNA or tRNAs
and their degradative fragments can exist in at high levels
and it is possible that these RNA species may have bio-
logical activity [64]. In the few species for which these
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Fig. 2 Critical steps for successful alteration gene expression of an ingesting organism by dietary sRNA (adapted from [64]). (7) Sufficient levels of

bio-available sSRNA in the diet (potentially packaged (a) in ribonucleoprotein (RNP) complexes or (b) in vesicles); (2) crossing the digestive tract
barrier; (3) systemic dissemination; (4) cellular uptake; and (5) alteration of post-transcriptional expression of specific target genes by the RNA-

other sRNA types have been extensively examined, the
levels also appear to be present over a wide range. Perhaps
a more illuminating fact highlighting the challenge of
ingesting the appropriate amount of dietary RNAs for ca-
nonical activity is the limiting levels of dietary SRNAs con-
sumed by any animal [96]. For example, recent estimates
of fruit and vegetable intake in Europeans range from 103
to 454 g per day [97]. Based on the 6x10° copies of
MIR156a found per milligram of cantaloupe, a person
would need to consume an untenable 1670 kg of canta-
loupe in order to reach the minimum of 100 copies per
cell (assuming 100% uptake and uniform transfer to cells)
[10]. The amount of SRNA required to achieve biologically
relevant effects on gene expression is currently thought to
be 100-10,000 copies per target cell, dependent on the
amount of target transcript [98—100]. While a number of
other factors, such as the rate of consumption and the
half-life of ingested sRNA, are likely to impact actual per
cell amounts, measurement of sRNA in tissues supports
the contention that dietary amounts are typically too low
to be relevant. However, cases do exist where the diet may
theoretically contain enough sRNAs to be biologically
meaningful. For example, MIR2911 species was found at
5000 fm/g in honey suckle [56, 90] and ~228 fm/g in

spinach [59], corresponding to 3 x 10'* and 1.3 x 10" cop-
ies per gram, respectively. Using a calculated estimate of
the number of cells in a 25 g mouse of 142 x 10™ cells
(adapted from [101] where a 70 kg human = 40 x 10"?
cells), this mouse, with a typical diet of 4-5 g per day,
could theoretically consume the 4.7 g of honeysuckle, but
not the 109 g of spinach required to provide 100 copies
per cell assuming 100% transfer. Yet, MIR2911 appears
atypical in its high amounts in plant tissue and stability
characteristics relative to other MIRNA.

Thus, current data suggest that in the vast majority of
cases, dietary material does not contain enough sRNA to
feasibly enable uptake of biologically meaningful levels.
This view could be changed if cellular systems for spe-
cific transport, amplification, or concentration existed.
While some invertebrate species possess a system that
amplifies a primary siRNA to more numerous progeny
siRNAs [102], no evidence for such an amplification sys-
tem has been found in mammals [18].

Second, ingested sSRNAs must be able to withstand
harsh extracellular environments, particularly the mam-
malian digestive tract, where oral bio-availability of in-
tact macromolecules is typically very low. Various types
of processing of dietary material, such as cooking, could
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also impact the survival and activity of sSRNAs in food.
Such processing has been found to result in RNA break-
down in some instances, but not in others. For example,
miRNAs found in olives [103] are not detected in olive
oil [52]. In addition, although levels of miRNAs con-
tained in milk are relatively stable [104], they are re-
duced by processing and storage [49]. Such principles
vary based on context, as dietary miRNAs from bovine
meat appears less sensitive to multiple processing
methods [51]. Perhaps more importantly, independent of
food processing before ingestion, the highly proteolytic
context of the mammalian digestive tract itself allows
only 1-2% of proteins, whether packaged in lipids or
not, to remain intact and bio-available after digestion
[105]. With regards to sRNA, pancreatic ribonucleases,
which are a major enzyme in the digestive tract [106],
are very efficient at degrading dsRNA [107]. Interest-
ingly, there is some evidence that this enzyme exists to
degrade dsRNA for defense against the biological effects
of these molecules [108]. Yet, our understanding of the
rate and mechanisms of sRNA degradation is incom-
plete, both intracellularly [109] and extracellularly. Some
studies have begun to directly assay sRNA stability in
simulated digestive environments [110, 111] or in vivo
[56] in mammals. Thus far, these reports suggest great
complexity in determinants of sRNA degradation, based
on both digestive tract tissue architecture and specific
environments that have evolved in mammals in a diet-
dependent manner [112].

Any resistance to degradation of dietary sSRNAs in the
extracellular space relies greatly on specialized packaging
and modifications. In theory, packaging of sSRNAs could
occur in a manner that has been selected for cross-
kingdom communication. If so, this should have arisen
due to evolutionary pressure based on an ecological rela-
tionship between the ingested and ingesting organisms.
While the understanding of extracellular transport of
sRNAs in plants is still incomplete (reviewed in [113]),
preliminary evidence suggests that packaging strategies
appear similar to those described in mammals, where
extracellular sSRNA is transported after incorporation in
exosomes/microvesicles or inclusion in ribonucleopro-
tein complexes (reviewed in [64]). Exosomes or microve-
sicles are a heterogeneous group of membrane-bound
vesicles that can be released from the cell as part of a
regulated process to allow delivery of diverse macromol-
ecules to other cells within an organism [114]. Plants
may possess exosome-like particles, known as nanoparti-
cles [72], which can contain sRNAs, lipids, and proteins.
First described in grapefruit [115], these exosome-like
particles have been theorized to provide a mechanism
for communication between plants and animals [116].
However, while these can carry sRNAs [72], as of yet,
they have not been shown to deliver bioactive SRNA to
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cells. In addition, since these nanoparticles are produced
artificially during destructive mechanical processing of
plant material and then concentrated, it is unclear
whether they are present in the native plant or whether
they could be naturally released in amounts that would
protect and deliver meaningful levels of sSRNAs assum-
ing 100% uptake and uniform transfer to cells. In
addition to nanoparticles, SRNAs complexed with pro-
teins have been found in the vascular systems of plants
[117] and animals [64] and appear to provide stability to
sRNAs in an extracellular environment. Additional
mechanisms, such as the covalent modifications found
on many sRNA molecules [92, 118], may also protect
sRNAs. There is some evidence that stability differs
among sRNA species. For example, MIR2911 appears
unique among sRNAs examined in its ability to with-
stand degradation in vitro and within the mouse digest-
ive tract [59]. This sRNA species is extra-exosomal,
associated with a ribonucleoprotein complex, and rich in
GC sequences. Some or all of these principles may con-
tribute to stability [59].

Third, any ingested sSRNA must retain biologic activity.
Yet, contemporary studies have relied on quantitations of
total amounts of ingested sRNAs without any measure-
ment of remaining activity (i.e, direct binding to target
mRNAs with consequent effects on translation or mRNA
degradation). As such, this may have led to erroneous
conclusions about the impact of a given process on the
subsequent biologic potential of any given dietary SRNA.

Do sRNAs cross the digestive tract barrier?

The highly selective barrier of healthy gut epithelial tis-
sue [119], which in mammals is comprised of mucus in
addition to the epithelial cells themselves, provides a
severe impediment to uptake of environmental SRNA
(Fig. 1a). Our current understanding defines two pos-
sible modes of transport across the digestive tract epi-
thelium, either transcellular or paracellular [119].
Epithelial cells themselves regulate transcellular perme-
ability via transport pathways through their cytoplasm,
including transcytosis and via protein transporters.
Microvesicles or exosomes could also fuse with the epi-
thelial cell membrane. On the other hand, paracellular
permeability requires transport between the epithelial
cells and is strictly regulated by tight junctions under
normal circumstances, rendering this path unlikely.

The majority of our information about the mechanism
for dietary uptake of sRNA is derived from invertebrates.
C. elegans utilizes a system involving the SID-1 dsRNA
channel as well as a number of additional proteins in-
volved in endocytosis, including the gut-specific SID-2
and the SID-5 endosomal factor (reviewed in [120]).
Other data in invertebrates suggest that endocytosis may
be a common mechanism for sSRNA uptake by the cells
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of the digestive tract (reviewed in [14]). Passage of mole-
cules across the gut epithelium is also mediated by
transcellular and paracellular transport in mammals.
However, there are limited data in support of either
mechanism for sRNA uptake. Some studies have sug-
gested that milk exosomes are endocytosed by mamma-
lian cell lines, perhaps as the first stage for transcytosis
[121-123], but there are currently no compelling data in
support of paracellullar transport of sSRNAs under normal
conditions. There is potentially illuminating research in
the field of microbiology, where the transfer of sRNA
between an infectious agent and host may be common
[20]. A recent report demonstrated that exosomes con-
taining sRNA released by the gastrointestinal nematode
Heligmosomoides polygyrus were targeted to intestinal
cells in mice [124]. In addition to intestinal epithelial cells
[119], the mammalian digestive tract is colonized by a var-
iety of immune cells, including M cells, B cells, T cells,
macrophages, and dendritic cells [125], and these could
play a role in the uptake of SRNA from dietary sources.
Plant nanoparticles described above [115] can target intes-
tinal macrophages [116, 126]. While these particles do
seem to have effects on local tissue, these mechanisms do
not appear to be sRNA-dependent, and no evidence to
date has demonstrated immune delivery of sRNA in such
nanoparticles to other recipient cells in vivo.

sRNA uptake in mammals could be influenced by both
normal and pathogenic changes in the barrier properties
of the digestive tract. For example, barrier function in
humans has been shown to decrease with age likely due
to increased paracellular permeability [127]. Pathogenic
changes in barrier function, such as those caused by
xenotoxicity [128], inflammation [129], or infection
[130], could also change the efficiency of SRNA passage
across the digestive tract. For example, the Cholera toxin
released by Vibrio cholerae during infection results in
cell junction dysfunction and a significant increase in
paracellular permeability [131]. Correspondingly, dietary
uptake of some sRNA that occurs in healthy individuals
[56] has been reported to be enhanced by intestinal in-
jury, possibly via increased paracellular permeability
[55]. While all of these scenarios are possible, there has
been no conclusive proof that putative uptake is bio-
logically relevant or happening at high enough levels
under any circumstances. Taken together, no mecha-
nisms for the transfer of SRNA across the epithelium of
the digestive tract of vertebrates have been described at
the molecular level. Such understanding is essential to
advance the field beyond descriptive phenomenology.
First, uptake of diet-derived sRNA in the epithelial tis-
sues and cells of ingesting organisms should be pursued
using methods that do not require amplification for detec-
tion, such as labeled molecules [132], in situ hybridization,
and engineered cellular detectors (reviewed in [133]).
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Second, through rigorous genetic and pharmacologic
gain- and loss-of-function experiments, it is critical to de-
termine if any sRNA transport system exists that could
mediate proposed transport across this formidable barrier.

Are sRNAs disseminated systemically?

Once across the barrier of the digestive tract epithelia,
sRNAs must be able to survive the internal environment
and either be taken up by cells that are proximal to the
digestive tract (Fig. 1a) or be spread systemically (Fig. 1b).
In the context of mammals, systemic spread would be
very complex and require multiple rounds of uptake and
dispersal by intermediate cells or crossing of cellular bar-
riers to reach the distal tissues (Fig. 1b).

In vertebrates, extracellular sSRNAs have been exten-
sively characterized. Specifically, miRNAs can be secreted
to regulate gene expression in a non-cell-autonomous
manner and are relatively stable due in part to special pro-
cessing [134]. miRNAs have been shown to be incorpo-
rated into a variety of ribonucleoprotein complexes,
including those containing ARGONAUTE family mem-
bers [135-137], HDL [138, 139], and HuR [140], which
provide stability and potentially aid uptake in specific tar-
get cells. In addition, miRNAs can be delivered by a di-
verse cohort of lipid-bound vesicles, including exosomes,
in a wide range of biologic processes [141-148]. Sorting of
miRNAs into exosomes can be influenced by a number of
factors (reviewed in [149]). For example, genetic or
pharmacologic manipulation of the sphingolipid metabol-
ism enzyme, nSMase2, can impact the efficiency of
miRNA incorporation into exosomes [143]. The function
of extracellular vesicles in intercellular communication is
still not fully understood [133], and controversy still ex-
ists regarding the exact contribution of exosomes in the
intercellular spread of sRNAs [150]. For example, one
study found that there was far less than one molecule
of a given miRNA per exosome [151], making it diffi-
cult to envision delivery of meaningful amounts. How-
ever, other recent studies provide more convincing
evidence supporting biological relevance of exosomal
miRNA delivery (e.g., [152]). Furthermore, the contin-
ued emergence of studies showing transfer of active
miRNAs via exosomes from tissue to tissue in vivo sup-
ports a more significant role [133]. Even less well under-
stood, two other modes of sRNA spread have been
documented in vertebrates, including via gap junctions
[153-155] and cell bridges [156].

These mechanisms of intercellular communication by
endogenous sRNAs appear well suited to link cells that
are relatively close together, similar to the manner of a
paracrine hormone. It seems less likely that sRNAs are
efficient in communicating with cells at a considerable
distance, but studies in that regard are still in progress.
For dietary sRNAs to function in the same way, the
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obstacles are considerable. To reach the distal tissue
from the digestive tract, SRNA would have to travel
through one of two dissemination systems, the circula-
tory system or the lymphatic system, both of which are
encapsulated in selective cellular barriers. Thus, trans-
port across these cellular barriers would require multiple
rounds of paracellular and/or transcellular transport
[157]. Furthermore, such transport would need to avoid
known endogenous mechanisms that clear proteins-
complexes, exosomes, and cellular debris from circula-
tion. For example, the RNAsel, a pancreatic RNase with
potent activity against dsRNA, is secreted by endothelial
cells [158], likely contributing to destruction of dsRNA
in circulation. Finally, how such sRNAs would target
specific cells for delivery has not been described. In
terms of extracellular vesicles in vivo, distribution is de-
termined by cell source [159], suggesting that some fac-
tor in the originating cell contributes. Surface receptors
involved in homing have been demonstrated in cancer-
derived vesicles [160] but not in normal cells (reviewed
in [133]). Work studying the transfer of sRNA from
parasite to mammalian host may be able to provide
some insight [161]. For example, the Trypanosoma cruzi
parasite has been reported to shed sRNA in extracellular
vesicles that can transfer these sRNA species to mam-
malian cells [162]. Alternatively, since the mammalian
digestive tract is colonized by a variety of immune cells
[125], these cells could be involved in both uptake and
systemic dissemination through their migration through
the lymph system. However, as immune cells from the
periphery, such as the digestive tract, typically home to
lymphoid organs to communicate with other immune
cells, this mechanism is less likely to facilitate wide-
spread delivery to non-immune cells.

In total, if existent, systemic spread of SRNA in mam-
mals would have to rely on complex and repeated
rounds of uptake and dispersal by intermediate cells or
crossing of cellular barriers. For example, one recent
study reported the existence of plant miRNAs in mam-
malian breast milk exosomes [66], suggesting that plant
sRNAs undergoes a minimum of four rounds of trans-
port through cellular barriers from plant diet to breast
milk. Yet, another group reported that these plant miR-
NAs in breast milk merely represent technical artifacts
and contamination [67]. Thus, without further delinea-
tion of a putative underlying mechanism for transport,
currently available data do not rule out the possibility of
sRNA dissemination in specific contexts yet offer no
conclusive proof of such transport and are persistently
questioned regarding the possibility of technical artifact.

Is there cellular uptake of sRNAs?
Our knowledge about the mechanisms responsible for
mediating sSRNA uptake by cells in distal parts of the
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organism is also largely derived from invertebrates, with
little data reported in mammals. In invertebrates, entry
into cells outside of the digestive tract occurs via a
dsRNA channel as in C. elegans SID-1 or through
clathrin-mediated endocytosis as in Drosophila melano-
gaster [163, 164]. Notably, a SID-1 homolog exists in
vertebrates, and it may be involved sRNA uptake in
humans [165, 166]. Receptors that interact with ribonu-
cleoprotein complexes containing sSRNAs may facilitate
uptake via endocytosis. For example, miRNAs com-
plexed with HDL can be endocytosed after interaction
with the receptor SRBI [138]; although, the biologic sig-
nificance of this event has been questioned [139]. Cellu-
lar machinery involved in the uptake of sRNAs in
extracellular vesicles is still not fully defined, with both
clathrin-mediated and calveolin-dependent mechanisms
being implicated [167].

Cells of different tissues within an organism may also
have different potential for uptake. For example, lipid dyes
used to label milk-derived exosomes are preferentially
taken up by the liver and spleen after intravenous injection
[123, 168]. However, escape of extracellular sSRNAs from
the endosome to the cytoplasm may, in fact, be the most
limiting factor [169, 170]. Once endocytosed, sRNAs can
be recycled back to the extracellular space, be degraded in
the lysosome, or exit the endosome via incompletely
understood mechanisms [171, 172]. Further studies to
define the processes governing sorting for endogenous
extracellular RNAs would provide a better understanding
of the feasibility of the proposed handling of diet-derived
sRNA. In addition, recent evidence suggests that
exosome-delivered miRNA is specifically targeted for deg-
radation by the XRN1 nuclease [173].

Can delivered sRNAs alter the post-transcriptional expres-
sion of specific target genes?

Even if a dietary sSRNA could traverse the above condi-
tions intact, three additional points would have to be
met to initiate canonical post-transcriptional regulation
of specific target genes (Fig. 2). First, the RNAi machin-
ery of the cell must recognize foreign sRNA molecules.
Evidence suggests that inclusion of sRNAs in active
RISC complexes is highly regulated and may be coupled
to processing [1]. Although studies have shown that
transfected or overexpressed xenomiRs can engage
mammalian mRNA targets in cell culture, it is not clear
that SRNA molecules from other species possess the
requisite characteristics for recognition and efficient use
by the RNAi machinery in ingesting organisms naturally.
In addition, mammalian cells possess a number of
pattern-recognition receptors that recognizes dsRNAs
associated with viral infection [174]. These pathways
may immunologically activate a recipient cell leading to
cellular changes independent of canonical RNAi action.
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In addition, such stimulation may inhibit the inclusion
of exogenous sRNAs into the RNAi pathway by making
them targets of antiviral defenses [175]. For example,
siRNAs can activate the TLR7 receptor in plasmacytoid
dendritic cells [176].

Second, there must be appropriate target mRNA se-
quences to be regulated via antisense sequence-specific
mechanisms. Prediction and validation of intended and
actual messenger RNA transcripts that are bound and
regulated by a specific SRNA molecule in vivo have
been challenging (reviewed in [2]). It is apparent that a
combination of the techniques is required to provide
convincing evidence of a regulatory relationship. How-
ever, groups often rely solely upon one or two of the
methods described below, thus leading to inconclusive
findings. Bioinformatics methods are most often
employed to predict such putative targets. Algorithms
exist that take into account the challenges of different
kingdom-specific rules for RNAi function [46, 177, 178].
However, in silico approaches are notorious for false posi-
tives and missed targets and cannot provide compelling
evidence alone [179, 180]. Alternatively, a change in the
expression of selected putative targets by a candidate
approach can be used after in vivo feeding experiments.
However, alone, observed changes in transcript levels
do not confirm a direct regulatory interaction. The
common practice to demonstrate that a given sRNA
directly regulates a target transcript is to use highly
engineered reporter constructs that are then exogen-
ously expressed in cell lines with SRNA mimics and in-
hibitors. To provide more rigorous evidence that an
sRNA molecule is both necessary and sufficient to en-
gage a mammalian target mRNA and affect expression,
sRNA mimics and inhibitors should be utilized on en-
dogenous targets in whole organisms. An additional
approach, not commonly used in this field, uses bio-
chemical methods to identify binding of a given tran-
script with a given sSRNA molecule [181]. Transcriptomics
and proteomics would provide a more unbiased approach
to discover alterations in post-transcriptional gene expres-
sion and should be used when possible. In addition, the
use of network biology to find regulatory relationships can
provide another unbiased approach for discovery of
sRNA-target interactions [182]. Yet, even beyond such
bioinformatics, binding experiments, and experiments
using heterologous constructs in cell lines, additional
experimentation would be required to demonstrate defini-
tively the in vivo function of a putative nucleotide regula-
tory element [183]. In vivo genetic modification of
putative target genes via traditional knock-in tech-
niques or novel ones, such as CRISPR/Cas9, may be
required to provide final definitive evidence of a regula-
tory relationship between a given sRNA and a specific
transcript [184].
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Third, as previously discussed, functional post-
transcriptional gene regulation of mRNA by sRNA re-
quires that a minimum amount of a given sSRNA species
be taken up by a recipient cell. While dependent on the
amount of targeted transcript present, the amount of
sRNA required to effect biologically relevant effects on
gene expression is currently thought to be 100-10,000
copies per target cell [98—100].

Technical difficulties and absence of
methodological consensus

There is general agreement that sRNAs from dietary
sources are observed consistently in mammalian tissues.
However, concerns about technical difficulties and a lack
of consensus on appropriate methods have led to differ-
ences of opinion regarding the robustness, reproducibil-
ity, and biologic significance of results [47, 48].

In general, studies to date quantifying dietary sRNAs
have relied on an amplification step prior to or associ-
ated with measurement. Whether using reverse tran-
scription and quantitative PCR or RNA-sequencing,
such data is prone to false positives and bias. Clearly de-
fined limits of detection are critical to excluding the
technical “noise” inherent in such assays [185]. The oc-
casional (and possibly non-specific) amplification of a
plant sequence at high threshold cycle (Ct) or fractional
or single-digit high throughput sequencing (HTS) reads
per million of a plant miRNA do not likely represent sig-
nal above background.

Variation in the methods used for library preparation,
alignment, and analysis can lead to problems of reprodu-
cibility in RNA-sequencing, often called “batch effects.”
Library preparation methods, particularly biases in amp-
lification [186, 187], can have dramatic impacts on the
data and conclusions drawn from them. For example,
two recent studies demonstrated that the choice of li-
brary preparation kit could influence amounts of a given
sRNA detected in matched samples [188, 189]. The out-
put of data from sequence alignment is also heavily
dependent on the tools used, with one study finding a
threefold difference in miRNAs identified in a given
dataset depending on the algorithm used [190].

There is also a disagreement about the correct
normalization protocols to use [191]. Many groups
favor unrelated sRNA spike-in controls for technical
normalization, but endogenous mRNA and sRNA
controls for biologic normalization are also important
[192], and, although not often employed, a panel of
endogenous genes is preferred for this purpose.

A related issue is the reliance on population-based
studies, resulting in the amounts of a specific SRNA
molecule in an individual cell being mathematically
derived instead of empirically determined. Mathematical
derivation of a per cell copy number has been very
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useful in demonstrating the limited feasibility of mean-
ingful uptake of dietary sSRNA at the population level as
described in previous sections. However, it is conceivable
that subpopulations of cells have specialized concentrating
mechanisms, which would be obscured at the population
level. Yet, only empirical demonstration that levels of a
given sRNA are above a 100-copy threshold per cell in a
given subpopulation would be able to provide compelling
evidence against the current mathematical estimates.

Another key problem is potential contamination, espe-
cially associated with ultra-sensitive assays that utilize
amplification steps prior to quantification. Widespread
contamination has been reported in high throughput
sequencing datasets [44] and evidence implicates this
issue in the dietary sRNA field since its inception [193].
For example, one group found that sequences corre-
sponding to the monocot sSRNA MIR168a were routinely
found in datasets [37]. However, the authors pointed out
that no realistic biologic rationale existed for the pres-
ence of monocot source material in the samples exam-
ined. In another example, reexamination of data sets
from the Liang et al. study [43] revealed that the sSRNA
molecule most efficiently taken up was of monocot
origin, despite the fact that human subjects in the study
had only been fed dicot material. Recently, another
group found that over 80% of xenomiRs found in 432
human body fluid sample datasets matched sequences
from rodents [65], providing further evidence that the
presence of sRNAs from exogenous sources was
artifactual rather than diet-derived.

An additional limitation of current approaches is the
experimental decoupling of assays that measure the
amount of a given sRNA and its activity. sSRNA amounts
are detected using amplification-dependent methods. Sub-
sequently, the activity of a given sSRNA on a given target is
demonstrated in a separate system where the sRNA is
transfected or expressed at supra-physiologic levels.

A final issue includes the consideration of potential
sRNA-independent effects of any diet that could con-
found interpretation of sSRNA activity. Most diets are a
complex mixture of macromolecules and micronutrients
and ascribing an effect to one component is often quite
difficult. For example, Dickinson et al. [26] provided evi-
dence that nutritional intake, not diet-derived sRNAs,
were ultimately responsible for the reported alterations
in LDL found in the original findings of Zhang et al. [16].
In order to fully address such concerns, comparisons
using dietary material from wild-type organisms with mu-
tants engineered to lack a specific sSRNA molecule via gen-
etic modification will be required.

A concerted effort to discuss these issues and coalesce
around guidelines for future work could bolster any fu-
ture work in the field of dietary SRNA. Generation of an
expert consensus guideline, written by diverse leaders
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and stakeholders in the field, to define methods to
address these technological issues and to provide regula-
tions of experimental design and interpretation for
future studies to follow, would be invaluable. Using such
a guideline, a consortium and agreement could be estab-
lished such that any major scientific finding of dietary
sRNA uptake discovered by one group would have to be
repeated independently by a blinded second group prior
to publication. Such an endeavor could dramatically
strengthen the reputation and notoriety of the discover-
ies and elevate the significance of this fledging field, in
general. Additionally, such endeavors, which have been
quite successful in advancing other fields stalled by con-
troversy [194], could serve as a means to bolster related
fields that face similar technological challenges, such as
those focused on the physiologic roles of endogenous
extracellular sRNAs.

Conclusions

While the potential impacts of dietary SRNA uptake are
exciting, the weight of evidence thus far has demon-
strated that generalized dietary sRNA transfer and gene
regulation in mammals are neither prevalent nor robust
events. While it is possible that more specialized circum-
stances may allow for such transfer, there is a clear
absence of decisive proof. Furthermore, a close examin-
ation of current data reported as “supportive” of dietary
sRNA uptake typically reveals descriptive phenomen-
ology where multiple interpretations, including technical
artifact, could explain the results. Otherwise, a number
of follow-up studies have more clearly demonstrated
technical artifact and a lack of reproducibility as key
confounders. As a result, such issues have substantially
and adversely affected general scientific enthusiasm for
this field of study.

We propose potential strategies to rectify the absence
of consensus on technical issues and our limited mech-
anistic understanding of the putative steps required for
successful modulation of the gene expression by dietary
sRNAs. First, the presence of diet-derived sSRNAs should
be confirmed in tissues and cells of ingesting organisms
using methods that do not require amplification for de-
tection. Second, the ability to use sSRNAs isolated from
the diet directly in assays that measure their RNAi activ-
ity should be established. Third, putative sSRNA trans-
port, amplification, and concentration systems should be
characterized at the molecular level, and rigorous gen-
etic and pharmacologic gain- and loss-of-function exper-
iments should be utilized to demonstrate function.
Finally, further progress and enthusiasm in this field will
absolutely depend on general and public agreement on
methods and controls used in experimental proof as well
as blinded and independent replication of any key find-
ings in the future.



Chan and Snow Genes & Nutrition (2017) 12:13

Abbreviations
dsRNA: Double-stranded RNA; GE: Genetically engineered; miRNA: MicroRNA;
SIRNA: Short-interfering RNA; sRNA: Small RNA

Acknowledgements

The authors acknowledge Kenneth Witwer for the helpful comments and
critical review of the manuscript. The authors acknowledge the influence of
many additional references that were not cited in this review due to length
limitations and apologize for their omission.

Funding

This work was supported by the National Institutes of Health (HL096834,
HL124021 to SYC) and the American Heart Association (T4GRNT19600012 to
SYQ).

Availability of data and materials
Not applicable

Authors’ contributions
All authors contributed to the drafting and revision of the article. Both
authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 4 February 2017 Accepted: 19 April 2017
Published online: 07 July 2017

References

1. Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and
SiRNAs. Cell. 2009;136:642-55.

2. Bartel DP. MicroRNAs:target recognition and regulatory functions. Cell. 2009;
136:215-33.

3. Timmons L, Fire A. Specific interference by ingested dsRNA. Nature.
1998;395:854.

4. Timmons L, Fire A. Ingestion of bacterially expressed dsRNAs can produce
specific and potent genetic interference in Caenorhabditis elegans. Gene.
2001;263:103-12.

5. Baum JA, Roberts JK. Progress towards RNAi-mediated insect pest
management. Adv Insect Physiol. 2014;47:249-95.

6. Dutta TK, Banakar P, Rao U. The status of RNAi-based transgenic research in
plant nematology. Front Microbiol. 2014;5:1-7.

7. Sagi A, Manor R, Ventura T. Gene silencing in crustaceans: from basic
research to biotechnologies. Genes. 2013;4:620-45.

8. LiuH, Wang X, Wang H-D, Wu J, Ren J, Meng L, Wu Q, Dong H, Wu J, Kao
T-Y, et al. Escherichia coli noncoding RNAs can affect gene expression and
physiology of Caenorhabditis elegans. Nat Commun. 2012;3:1073-11.

9. Zhang Y, Wiggins BE, Lawrence C, Petrick J, Ivashuta S, Heck G. Analysis
of plant-derived miRNAs in animal small RNA datasets. BMC Genomics.
2012;13:1-1.

10.  Snow JW, Hale AE, Isaacs SK, Baggish AL, Chan SY. Ineffective delivery
of diet-derived microRNAs to recipient animal organisms. RNA Biol.
2013;10:1107-16.

11, Akay A, Sarkies P, Miska EA. E. coli OxyS non-coding RNA does not trigger
RNAi in C. elegans. Sci Rep. 2015;5:1-4.

12. Ivashuta S, Zhang Y, Wiggins BE, Ramaseshadri P, Segers GC, Johnson S,
Meyer SE, Kerstetter RA, McNulty BC, Bolognesi R, et al. Environmental RNAi
in herbivorous insects. RNA. 2015;21:840-50.

13. Masood M, Everett CP, Chan SY, Snow JW. Negligible uptake and transfer of
diet-derived pollen microRNAs in adult honey bees. RNA Biol. 2016;13:109-18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Page 11 of 15

Chan SY, Snow JW. Uptake and impact of natural diet-derived small RNA in
invertebrates: Implications for ecology and agriculture. RNA Biol. 2017;14(4):
402-414.

Petrick JS, Brower-Toland B, Jackson AL, Kier LD. 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. 2013;66:167-76.

Zhang L, Hou D, Chen X, Li D, Zhu L, Zhang Y, Li J, Bian Z, Liang X, Cai X, et al.
Exogenous plant MIR168a specifically targets mammalian LDLRAP1: evidence
of cross-kingdom regulation by microRNA. Cell Res. 2011;22:107-26.

Wang K, Li H, Yuan Y, Etheridge A, Zhou Y, Huang D, Wilmes P, Galas D. The
complex exogenous RNA spectra in human plasma: an interface with
human gut biota? PLoS ONE. 2012;7:¢51009.

Sarkies P, Miska EA. Molecular biology. Is there social RNA? Science. 2013;
341:467-8.

Knip M, Constantin ME, Thordal-Christensen H. Trans-kingdom cross-talk:
small RNAs on the move. PLoS Genet. 2014;10:1004602.

Weiberg A, Bellinger M, Jin H. Conversations between kingdoms: small
RNAs. Curr Opin Biotechnol. 2015;32:207-15.

Vaucheret H, Chupeau Y. Ingested plant miRNAs regulate gene expression
in animals. Cell Res. 2011;22:3-5.

Hirschi KD. New foods for thought. Trends Plant Sci. 2012;17:123-5.

Witwer KW. XenomiRs and miRNA homeostasis in health and disease:
evidence that diet and dietary miRNAs directly and indirectly influence
circulating miRNA profiles. RNA Biol. 2012,9:1147-54.

Chen X, Liang H, Zhang J, Zen K, Zhang C-Y. Horizontal transfer of microRNAs:
molecular mechanisms and clinical applications. Protein Cell. 2012;3:28-37.
Witwer KW, McAlexander MA, Queen SE, Adams RJ. 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. 2013;10:1080-6.
Dickinson B, Zhang Y, Petrick JS, Heck G, Ivashuta S, Marshall WS.
Correspondence. Nat Biotechnol. 2013;31:965-7.

Baier SR, Nguyen C, Xie F, Wood JR, Zempleni J. MicroRNAs are absorbed in
biologically meaningful amounts from nutritionally relevant doses of cow
milk and affect gene expression in peripheral blood mononuclear cells,
HEK-293 kidney cell cultures, and mouse livers. J Nutr. 2014;144:1495-500.
Witwer KW. Diet-responsive mammalian miRNAs are likely endogenous.

J Nutr. 2014;144:1880-1.

Baier SR, Xie F, Zempleni J. Reply to Witwer. J Nutr. 2014;144:1882.

Chen X, Zen K, Zhang C-Y. Reply to Lack of detectable oral bicavailability of
plant microRNAs after feeding in mice. Nat Biotechnol. 2013;31:967-9.
Cottrill KA, Chan SY. Diet-derived microRNAs: separating the dream from
reality. microRNA Diagn Ther. 2014;1:46-57.

Jiang M, Sang X, Hong Z. Beyond nutrients: food-derived microRNAs
provide cross-kingdom regulation. Bioessays. 2012;34:280-4.

Liang G, Zhu Y, Sun B, Shao Y, Jing A, Wang J, Xiao Z. Assessing the survival
of exogenous plant microRNA in mice. Food Sci Nutr. 2014;2:380-8.

Beatty M, Guduric-Fuchs J, Brown E, Bridgett S, Chakravarthy U, Hogg RE,
Simpson DA. Small RNAs from plants, bacteria and fungi within the
order Hypocreales are ubiquitous in human plasma. BMC Genomics.
2014,15:1-12.

Witwer KW, Hirschi KD. 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. 2014;36:394-406.

Nolte-'t Hoen ENM, van Rooij E, Bushell M, Zhang CY, Dashwood RH, James
WPT, Harris C, Baltimore D. The role of microRNA in nutritional control.

J Intern Med. 2015;278:99-109.

Tosar JP, Rovira C, Naya H, Cayota A. Mining of public sequencing databases
supports a non-dietary origin for putative foreign miRNAs: underestimated
effects of contamination in NGS. RNA. 2014;20:754-7.

Hirschi KD, Pruss GJ, Vance V. Dietary delivery: a new avenue for microRNA
therapeutics? Trends Biotechnol. 2015,33:431-2.

Title AC, Denzler R, Stoffel M. Uptake and function studies of maternal milk-
derived microRNAs. J Biol Chem. 2015;290:23680-91.

Zempleni J, Baier SR, Hirschi K. Diet-responsive microRNAs are likely
exogenous. J Biol Chem. 2015;290:25197.

Title A, Denzler R, Stoffel M. Reply to diet-responsive microRNAs are likely
exogenous. J Biol Chem. 2015;290:25198.



Chan and Snow Genes & Nutrition (2017) 12:13

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Laubier J, Castille J, Le Guillou S, Le Provost F. No effect of an elevated miR-
30b level in mouse milk on its level in pup tissues. RNA Biol. 2015;12:26-9.
Liang H, Zhang S, Fu Z, Wang Y, Wang N, Liu Y, Zhao C, Wu J, Hu Y, Zhang
J, et al. Effective detection and quantification of dietetically absorbed plant
microRNAs in human plasma. J Nutr Biochem. 2015;26:505-12.

Lusk RW. Diverse and widespread contamination evident in the unmapped
depths of high throughput sequencing data. PLoS ONE. 2014;9:e110808.
Chin AR, Fong MY, Somlo G, Wu J, Swiderski P, Wu X, Wang SE. Cross-kingdom
inhibition of breast cancer growth by plant miR159. Cell Res. 2016;26(2):217-228.
Sharma A, Sahu S, Kumari P, Gopi SR, Malhotra R, Biswas S. Genome-wide
identification and functional annotation of miRNAs in anti-inflammatory
plant and their cross-kingdom regulation in Homo sapiens. J Biomol Struct
Dyn. 2016;35(7):1389-1400.

Witwer KW, Halushka MK. Toward the promise of microRNAs—enhancing
reproducibility and rigor in microRNA research. RNA Biol. 2016;13:1103-16.
Witwer KW. Hypothetical plant-mammal small RNA Communication: Packaging
and Stoichiometry. In: Non-coding RNAs Inter-Kingdom Communication, Leitdo
AL, Enguita JF, editors. Cham: Springer International Publishing; 2016. p. 161-76.
Howard KM, Jati Kusuma R, Baier SR, Friemel T, Markham L, Vanamala J,
Zempleni J. Loss of miRNAs during processing and storage of cow’s (Bos
taurus) milk. J Agric Food Chem. 2015,63:588-92.

Auerbach A, Vyas G, Li A, Halushka M, Witwer K. Uptake of dietary milk
miRNAs by adult humans: a validation study. F1000Res. 2016;5:1-14.

Dever JT, Kemp MQ, Thompson AL, Keller HGK, Waksmonski JC, Scholl CD,
Barnes DM. Survival and diversity of human homologous dietary microRNAs
in conventionally cooked top sirloin and dried bovine tissue extracts. PLoS
ONE. 2015;10:e0138275.

Mico V, Martin R, Lasuncion MA, Ordovas JM, Daimiel L. Unsuccessful detection
of plant microRNAs in beer, extra virgin olive oil and human plasma after an
acute ingestion of extra virgin olive oil. Plant Foods Hum Nutr. 2016;71:102-8.
Wagner AE, Piegholdt S, Ferraro M, Pallauf K, Rimbach G. Food derived
microRNAs. Food Funct. 2015,6:714-8.

Mlotshwa S, Pruss GJ, MacArthur JL, Endres MW, Davis C, Hofseth LJ, Pefa
MM, Vance V. A novel chemopreventive strategy based on therapeutic
microRNAs produced in plants. Cell Res. 2015;25:521-4.

Yang J, Farmer LM, Agyekum AAA, Hirschi KD. Detection of dietary plant-
based small RNAs in animals. Cell Res. 2015;25:517-20.

Yang J, Farmer LM, Agyekum AAA, Elbaz-Younes |, Hirschi KD. Detection of
an abundant plant-based small RNA in healthy consumers. PLoS ONE. 2015;
10:e0137516.

Yang J, Hirschi KD, Farmer LM. Dietary RNAs: new stories regarding oral
delivery. Nutrients. 2015;7:3184-99.

Li J, Zhang Y, Li D, Liu Y, Chu D, Jiang X, Hou D, Zen K, Zhang C-Y. Small
non-coding RNAs transfer through mammalian placenta and directly
regulate fetal gene expression. Protein Cell. 2015;6:391-6.

Yang J, Hotz T, Broadnax L, Yarmarkovich M, Elbaz-Younes |, Hirschi KD.
Anomalous uptake and circulatory characteristics of the plant-based small
RNA MIR2911. Sci Rep. 2016,6:26834.

Pastrello C, Tsay M, McQuaid R, Abovsky M, Pasini E, Shirdel E, Angeli M,
Tokar T, Jamnik J, Kotlyar M, et al. Circulating plant miRNAs can regulate
human gene expression in vitro. Sci Rep. 2016,6:1-14.

Zempleni J, Aguilar-Lozano A, Sadri M, Sukreet S, Manca S, Wu D, Zhou F, Mutai
E. Biological activities of extracellular vesicles and their cargos from bovine and
human milk in humans and implications for infants. J Nutr. 2017;147:3-10.
Yarmarkovich M, Hirschi KD. Digesting dietary miRNA therapeutics.
Oncotarget. 2015,6:13848-9.

Wang K Yuan Y, Li H, Cho J-H, Huang D, Gray L, Qin S, Galas D.J. The spectrum of
circulating RNA: a window into systems toxicology. Toxicol Sci. 2013;132:478-92.
Fritz JV, Heintz-Buschart A, Ghosal A, Wampach L, Etheridge A, Galas D,
Wilmes P. Sources and functions of extracellular small RNAs in human
circulation. Annu Rev Nutr. 2016;36:301-36.

Kang W, Bang-Berthelsen CH, Holm A, Houben AJS, Muller AH, Thymann T,
Pociot F, Estivill X, Friedldnder MR. Survey of 800+ data sets from human tissue
and body fluid reveals xenomiRs are likely artifacts. RNA. 2017,23:433-45.
Lukasik A, Zielenkiewicz P. In silico identification of plant miRNAs in mammalian
breast milk exosomes—a small step forward? PLoS ONE. 2014;9:99963.

Bagci C, Allmer J. One step forward, two steps back; xeno-microRNAs
reported in breast milk are artifacts. PLoS ONE. 2016;11:e0145065.

Chen X, Dai G-H, Ren Z-M, Tong Y-L, Yang F, Zhu Y-Q. Identification of
dietetically absorbed rapeseed (Brassica campestris L.) bee pollen
microRNAs in serum of mice. Biomed Res Int. 2016;2016:1-5.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

Page 12 of 15

Byron SA, Van Keuren-Jensen KR, Engelthaler DM, Carpten JD, Craig DW.
Translating RNA sequencing intoclinical diagnostics: opportunitiesand
challenges. Nat Rev Genet. 2016;17:257-71.

Wittrup A, Lieberman J. Knocking down disease: a progress report on sikRNA
therapeutics. Nat Rev Genet. 2015;16:543-52.

Wilson DS, Dalmasso G, Wang L, Sitaraman SV. Orally delivered thioketal
nanoparticles loaded with TNF-a-siRNA target inflammation and inhibit
gene expression in the intestines. Nat Mater. 2010;9:923-8.

Zhang M, Viennois E, Xu C, Merlin D. Plant derived edible nanoparticles as a
new therapeutic approach against diseases. Tissue Barriers. 2016;4:e1134415.
Soltani F, Parhiz H, Mokhtarzadeh A, Ramezani M. Synthetic and biological
vesicular nano-carriers designed for gene delivery. Curr Pharm Des. 2015;21:
6214-35.

Xiao B, Laroui H, Viennois E, Ayyadurai S, Charania MA, Zhang Y, Zhang Z,
Baker MT, Zhang B, Gewirtz AT, et al. Nanoparticles with surface antibody
against CD98 and carrying CD98 small interfering RNA reduce colitis in
mice. Gastroenterology. 2014;146:1289-300. e1-19.

Salama NN, Eddington ND, Fasano A. Tight junction modulation and its
relationship to drug delivery. Adv Drug Deliv Rev. 2006;58:15-28.

Xiang S, Fruehauf J, Li CJ. Short hairpin RNA-expressing bacteria elicit RNA
interference in mammals. Nat Biotechnol. 2006;24:697-702.

Wang Q, Ren Y, Mu J, Egilmez NK, Zhuang X, Deng Z, Zhang L, Yan J, Miller
D, Zhang HG. Grapefruit-derived nanovectors use an activated leukocyte
trafficking pathway to deliver therapeutic agents to inflammatory tumor
sites. Cancer Res. 2015;75:2520-9.

Wolfrum C, Shi S, Jayaprakash KN, Jayaraman M, Wang G, Pandey RK, Rajeev
KG, Nakayama T, Charrise K, Ndungo EM, et al. Mechanisms and optimization
of in vivo delivery of lipophilic siRNAs. Nat Biotechnol. 2007,25:1149-57.
Morrissey DV, Lockridge JA, Shaw L, Blanchard K, Jensen K, Breen W,
Hartsough K, Machemer L, Radka S, Jadhav V, et al. Potent and persistent

in vivo anti-HBV activity of chemically modified siRNAs. Nat Biotechnol.
2005;23:1002-7.

Zhou M, Luo H. MicroRNA-mediated gene regulation: potential applications
for plant genetic engineering. Plant Mol Biol. 2013,83:59-75.

Palli SR. RNA interference in Colorado potato beetle: steps toward development
of dsRNA as a commercial insecticide. Curr Opin Insect Sci. 2014;6:1-8.

Petrick JS, Moore WM, Heydens WF, Koch MS, Sherman JH, Lemke SL. A 28-
day oral toxicity evaluation of small interfering RNAs and a long double-
stranded RNA targeting vacuolar ATPase in mice. Regul Toxicol Pharmacol.
2015;71:8-23.

Petrick JS, Frierdich GE, Carleton SM, Kessenich CR, Silvanovich A, Zhang Y,
Koch MS. Corn rootworm-active RNA DvSnf7: repeat dose oral toxicology
assessment in support of human and mammalian safety. Regul Toxicol
Pharmacol. 2016,81:57-68.

Roberts AF, Devos Y, Lemgo GNY, Zhou X. Biosafety research for non-target
organism risk assessment of RNAi-based GE plants. Front Plant Sci. 2015,6:1-9.
Sherman JH, Munyikwa T, Chan SY, Petrick JS, Witwer KW, Choudhuri S.
RNAi technologies in agricultural biotechnology: The Toxicology Forum
40th Annual Summer Meeting. 2015. p. 671-80.

Dawkins R, Krebs JR. Arms races between and within species. Proc R Soc
Lond Ser B Biol Sci. 1979;,205:489-511.

de Roode JC, Lefevre T, Hunter MD. Self-medication in animals. Science.
2013,340:150-1.

Huffman MA. Animal self-medication and ethno-medicine: exploration
and exploitation of the medicinal properties of plants. Proc Nutr Soc.
2003;62:371-81.

Kosaka N, lzumi H, Sekine K, Ochiya T. microRNA as a new immune-regulatory
agent in breast milk. Silence. 2010;1:1-8.

Zhou Z, Li X, Liu J, Dong L, Chen Q, Liu J, Kong H, Zhang Q, Qi X, Hou D,
et al. Honeysuckle-encoded atypical microRNA2911 directly targets
influenza A viruses. Cell Res. 2015;25:39-49.

Lappalainen T, Sammeth M, Friedlander MR, Hoen PACT, Monlong J,
Rivas MA, Gonzalez-Porta M, Kurbatova N, Griebel T, Ferreira PG, et al.
Transcriptome and genome sequencing uncovers functional variation in
humans. Nature. 2014;501:506-11.

Borges F, Martienssen RA. The expanding world of small RNAsin plants.
Nat Rev Mol Cell Biol. 2015;16:727-41.

Moxon S, Jing R, Szittya G, Schwach F, Rusholme Pilcher RL, Moulton
V, Dalmay T. Deep sequencing of tomato short RNAs identifies
microRNAs targeting genes involved in fruit ripening. Genome Res.
2008;18:1602-9.



Chan and Snow Genes & Nutrition (2017) 12:13

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

109.

110.

112

113.

114.

116.

117.

Zuo J, Zhu B, Fu D, Zhu Y, Ma Y, Chi L, Ju Z, Wang Y, Zhai B, Luo Y.
Sculpting the maturation, softening and ethylene pathway: the influences
of microRNAs on tomato fruits. BMC Genomics. 2012;13:1-12.

Axtell MJ. Classification and comparison of small RNAs from plants. Annu
Rev Plant Biol. 2013;64:137-59.

Maino JL, Kearney MR. Ontogenetic and interspecific scaling of
consumption in insects. Oikos. 2015;124:1564-70.

Boeing H, Bechthold A, Bub A, Ellinger S, Haller D, Kroke A, Leschik-Bonnet
E, Muller MJ, Oberritter H, Schulze M, et al. Critical review: vegetables and
fruit in the prevention of chronic diseases. Eur J Nutr. 2012,51:637-63.
Brown BD, Naldini L. Exploiting and antagonizing microRNA regulation for
therapeutic and experimental applications. Nat Rev Genet. 2009;10:578-85.
Mullokandov G, Baccarini A, Ruzo A, Jayaprakash AD, Tung N, Israelow B,
Evans MJ, Sachidanandam R, Brown BD. High-throughput assessment of
microRNA activity and function using microRNA sensor and decoy libraries.
Nat Methods. 2012,9:840-6.

Denzler R, Agarwal V, Stefano J, Bartel DP, Stoffel M. Assessing the ceRNA
hypothesis with quantitative measurements of miRNA and target
abundance. Mol Cell. 2014;54:766-76.

. Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti F, Vitale L,

Pelleri MC, Tassani S, Piva F, et al. An estimation of the number of cells in
the human body. Ann Hum Biol. 2013;40:463-71.

Huvenne H, Smagghe G. Mechanisms of dsRNA uptake in insects and
potential of RNAI for pest control: a review. J Insect Physiol. 2010;56:227-35.
Donaire L, Pedrola L, de la Rosa R, Llave C. High-throughput sequencing of
RNA silencing-associated small RNAs in olive (Olea europaea L.). PLoS ONE.
2011;,6:€27916.

Izumi H, Kosaka N, Shimizu T, Sekine K, Ochiya T, Takase M. Bovine milk
contains microRNA and messenger RNA that are stable under degradative
conditions. J Dairy Sci. 2012;95:4831-41.

Pauletti GM, Gangwar S, Knipp GT, Nerurkar MM, Okumu FW, Tamura K,
Siahaan TJ, Borchardt RT. Structural requirements for intestinal absorption of
peptide drugs. J Control Release. 1996;41:3-17.

Sorrentino S. The eight human canonical ribonucleases: molecular diversity,
catalytic properties, and special biological actions of the enzyme proteins.
FEBS Lett. 2010;584:2194-200.

Sorrentino S, Naddeo M, Russo A, D'Alessio G. Degradation of double-
stranded RNA by human pancreatic ribonuclease: crucial role of
noncatalytic basic amino acid residues. Biochemistry. 2003;42:10182-90.

. Koczera P, Martin L, Marx G, Schuerholz T. The ribonuclease a superfamily in

humans: canonical RNases as the buttress of innate immunity. Int J Mol Sci.
2016;17:1278.

Zhang Z, Qin Y-W, Brewer G, Jing Q. MicroRNA degradation and turnover:
regulating the regulators. Wiley Interdiscip Rev RNA. 2012;3:593-600.

Philip A, Ferro VA, Tate RJ. Determination of the potential bioavailability of
plant microRNAs using a simulated human digestion process. Mol Nutr
Food Res. 2015,59:1962-72.

. Benmoussa A, Lee CHC, Laffont B, Savard P, Laugier J, Boilard E, Gilbert C,

Fliss 1, Provost P. Commercial dairy cow milk microRNAs resist digestion
under simulated gastrointestinal tract conditions. J Nutr. 2016;146:2206-15.
Karasov WH, Martinez del Rio C, Caviedes-Vidal E. Ecological physiology of
diet and digestive systems. Annu Rev Physiol. 2011;73:69-93.

Pyott DE, Molnar A. Going mobile: non-cell-autonomous small RNAs shape
the genetic landscape of plants. Plant Biotechnol J. 2015;13:306-18.
Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev
Biol. 2014;30:255-89.

. Wang Q, Zhuang X, Mu J, Deng Z-B, Jiang H, Zhang L, Xiang X, Wang B,

Yan J, Miller D, et al. Delivery of therapeutic agents by nanoparticles made
of grapefruit-derived lipids. Nat Commun. 2013;4:1867-78.

Mu J, Zhuang X, Wang Q, Jiang H, Deng Z-B, Wang B, Zhang L, Kakar S, Jun
Y, Miller D, et al. Interspecies communication between plant and mouse gut
host cells through edible plant derived exosome-like nanoparticles. Mol
Nutr Food Res. 2014;58:1561-73.

Yoo B-C, Kragler F, Varkonyi-Gasic E, Haywood V, Archer-Evans S, Lee YM,
Lough TJ, Lucas WJ. A systemic small RNA signaling system in plants. Plant
Cell. 2004;16:1979-2000.

. Kim Y-K, Heo |, Kim VN. Modifications of small RNAs and their associated

proteins. Cell. 2010;143:703-9.

. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function

and immune homeostasis. Nat Rev Immunol. 2014;14:141-53.

120.

121.

123.

125.

126.

127.

128.

129.
130.

132.

141.

143.

Page 13 of 15

Jose AM. Movement of regulatory RNA between animal cells. Genesis. 2015;
53:395-416.

Wolf T, Baier SR, Zempleni J. The intestinal transport of bovine milk
exosomes is mediated by endocytosis in human colon carcinoma caco-2
cells and rat small intestinal IEC-6 cells. J Nutr. 2015;145:2201-6.

. lzumi H, Tsuda M, Sato Y, Kosaka N, Ochiya T, Iwamoto H, Namba K, Takeda

Y. Bovine milk exosomes contain microRNA and mRNA and are taken up by
human macrophages. J Dairy Sci. 2015;98:2920-33.

Kusuma RJ, Manca S, Friemel T, Sukreet S, Nguyen C, Zempleni J. Human
vascular endothelial cells transport foreign exosomes from cow's milk by
endocytosis. Am J Physiol Cell Physiol. 2016;310:C800-7.

. Buck AH, Coakley G, Simbari F, McSorley HJ, Quintana JF, Le Bihan T, Kumar

S, Abreu-Goodger C, Lear M, Harcus Y, et al. Exosomes secreted by
nematode parasites transfer small RNAs to mammalian cells and modulate
innate immunity. Nat Commun. 2014;5:5488-99.

Mowat AM, Agace WW. Regional specialization within the intestinal
immune system. Nat Rev Immunol. 2014;14:667-85.

Wang B, Zhuang X, Deng Z-B, Jiang H, Mu J, Wang Q, Xiang X, Guo H, Zhang
L, Dryden G, et al. Targeted drug delivery to intestinal macrophages by
biocactive nanovesicles released from grapefruit. Mol Ther. 2013,22:522-34.
Nicoletti C. Age-associated changes of the intestinal epithelial barrier: local
and systemic implications. Expert Rev Gastroenterol Hepatol. 2015;9:1467-9.
Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke J-D, Serino M,
Tilg H, Watson A, Wells JM. Intestinal permeability—a new target for disease
prevention and therapy. BMC Gastroenterol. 2014;14:1-25.

Thorburn AN, Macia L, Mackay CR. Perspective. Immunity. 2014,40:833-42.
Barreau F, Hugot JP. Intestinal barrier dysfunction triggered by invasive
bacteria. Curr Opin Microbiol. 2014;17:91-8.

. Guichard A, Cruz-Moreno B, Cruz-Moreno BC, Aguilar B, van Sorge NM,

Kuang J, Kurkciyan AA, Wang Z, Hang S, Pineton de Chambrun GP, et al.
Cholera toxin disrupts barrier function by inhibiting exocyst-mediated
trafficking of host proteins to intestinal cell junctions. Cell Host Microbe.
2013;14:294-305.

Lai CP, Kim EY, Badr CE, Weissleder R, Mempel TR, Tannous BA, Breakefield
XO. Visualization and tracking of tumour extracellular vesicle delivery and
RNA translation using multiplexed reporters. Nat Commun. 2015;6:7029-41.

. Tkach M, Théry C. Communication by extracellular vesicles: where we are

and where we need to go. Cell. 2016;164:1226-32.

. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol.

2014;15:509-24.

. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, Mitchell PS,

Bennett CF, Pogosova-Agadjanyan EL, Stirewalt DL, et al. Argonaute2
complexes carry a population of circulating microRNAs independent of
vesicles in human plasma. Proc Natl Acad Sci U S A. 2011;108:5003-8.

. Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of

extracellular circulating microRNA. Nucleic Acids Res. 2011;39:7223-33.

. Turchinovich A, Burwinkel B. Distinct AGO1 and AGO2 associated miRNA

profiles in human cells and blood plasma. RNA Biol. 2012,9:1066-75.

. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.

MicroRNAs are transported in plasma and delivered to recipient cells by
high-density lipoproteins. Nat Cell Biol. 2011;13:423-33.

. Wagner J, Riwanto M, Besler C, Knau A, Fichtlscherer S, Roxe T, Zeiher AM,

Landmesser U, Dimmeler S. Characterization of levels and cellular transfer of
circulating lipoprotein-bound microRNAs. Arterioscler Thromb Vasc Biol.
2013;33:1392-400.

. Mukherjee K, Ghoshal B, Ghosh S, Chakrabarty Y, Shwetha S, Das S,

Bhattacharyya SN. Reversible HuR-microRNA binding controls extracellular
export of miR-122 and augments stress response. EMBO Rep. 2016;17:1184-203.
Valadi H, Ekstrom K, Bossios A, Sjéstrand M, Lee JJ, Létvall JO. Exosome-
mediated transfer of mMRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol. 2007,9:654-9.

. Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, Sun F, Lu J, Yin Y, Cai X, et al.

Secreted monocytic miR-150 enhances targeted endothelial cell migration.
Mol Cell. 2010;39:133-44.

Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory
mechanisms and intercellular transfer of microRNAs in living cells. J Biol
Chem. 2010;285:17442-52.

. Pegtel DM, Cosmopoulos K, Thorley-Lawson DA, van Eijndhoven MAJ,

Hopmans ES, Lindenberg JL, de Gruijl TD, Wurdinger T, Middeldorp JM.
Functional delivery of viral miRNAs via exosomes. Proc Natl Acad Sci U S A.
2010;107:6328-33.



Chan and Snow Genes & Nutrition (2017) 12:13

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

161.

162.

164.

165.

166.

Mittelbrunn M, Gutiérrez-Vazquez C, Villarroya-Beltri C, Gonzélez S, Sénchez-
Cabo F, Gonzéalez MA, Bernad A, Sanchez-Madrid F. Unidirectional transfer of
microRNA-loaded exosomes from T cells to antigen-presenting cells. Nat
Commun. 2011;2:1-10.

Hergenreider E, Heydt S, Tréguer K, Boettger T, Horrevoets AJG, Zeiher AM,
Scheffer MP, Frangakis AS, Yin X, Mayr M, et al. Atheroprotective
communication between endothelial cells and smooth muscle cells
through miRNAs. Nat Cell Biol. 2012;14:249-56.

Zhuang G, Wu X, Jiang Z, Kasman |, Yao J, Guan Y, Oeh J, Modrusan Z, Bais
C, Sampath D, et al. Tumour-secreted miR-9 promotes endothelial cell
migration and angiogenesis by activating the JAK-STAT pathway. EMBO J.
2012;31:3513-23.

Montecalvo A, Larregina AT, Shufesky WJ, Stolz DB, Sullivan MLG, Karlsson
JM, Baty CJ, Gibson GA, Erdos G, Wang Z, et al. Mechanism of transfer of
functional microRNAs between mouse dendritic cells via exosomes. Blood.
2012;119:756-66.

Janas T, Janas MM, Sapon K, Janas T. Mechanisms of RNA loading into
exosomes. FEBS Lett. 2015,589:1391-8.

Turchinovich A, Tonevitsky AG, Cho WC, Burwinkel B. Check and mate to
exosomal extracellular miRNA: new lesson from a new approach. Front Mol
Biosci. 2015;2:11-4.

Chevillet JR, Kang Q, Ruf IK, Briggs HA, Vojtech LN, Hughes SM, Cheng HH,
Arroyo JD, Meredith EK, Gallichotte EN, et al. Quantitative and stoichiometric
analysis of the microRNA content of exosomes. Proc Natl Acad Sci U S A.
2014;111:14888-93.

Stevanato L, Thanabalasundaram L, Viysokov N, Sinden JD. Investigation of
content, stoichiometry and transfer of miRNA from human neural stem cell
line derived exosomes. PLoS ONE. 2016;11:20146353.

Valiunas V, Polosina YY, Miller H, Potapova IA, Valiuniene L, Doronin S,
Mathias RT, Robinson RB, Rosen MR, Cohen IS, et al. Connexin-specific cell-
to-cell transfer of short interfering RNA by gap junctions. J Physiol. 2005;568:
459-68.

Kizana E, Cingolani £, Marban E. Non-cell-autonomous effects of vector-expressed
regulatory RNAs in mammalian heart cells. Gene Ther. 2009;16:1163-8.

Zong L, Zhu Y, Liang R, Zhao H-B. Gap junction mediated miRNA intercellular
transfer and gene regulation: a novel mechanism for intercellular genetic
communication. Sci Rep. 2016;6:1-9.

Mittelbrunn M, Sanchez-Madrid F. Intercellular communication: diverse
structures for exchange of genetic information. Nat Rev Mol Cell Biol. 2012;
13:328-35.

Komarova Y, Malik AB. Regulation of endothelial permeability via
paracellular and transcellular transport pathways. Annu Rev Physiol. 2010;72:
463-93.

Fischer S, Cabrera-Fuentes HA, Noll T, Preissner KT. Impact of extracellular
RNA on endothelial barrier function. Cell Tissue Res. 2014;355:635-45.
Wiklander OPB, Nordin JZ, O'Loughlin A, Gustafsson Y, Corso G, Mager |,
Vader P, Lee Y, Sork H, Seow Y, et al. Extracellular vesicle in vivo
biodistribution is determined by cell source, route of administration and
targeting. J Extracell Vesicles. 2015;4:26316-3629.

. Hoshino A, Costa-Silva B, Shen T-L, Rodrigues G, Hashimoto A, Tesic Mark M,

Molina H, Kohsaka S, Di Giannatale A, Ceder S, et al. Tumour exosome
integrins determine organotropic metastasis. Nature. 2015;527:329-35.
Szempruch AJ, Dennison L, Kieft R, Harrington JM, Hajduk SL. Sending a
message: extracellular vesicles of pathogenic protozoan parasites. Nat Rev
Microbiol. 2016;14:669-75.

Garcia-Silva MR, RFC N d, Cabrera-Cabrera F, Sanguinetti J, Medeiros LC,
Robello C, Naya H, Fernandez-Calero T, Souto-Padron T, de Souza W, et al.
Extracellular vesicles shed by Trypanosoma cruzi are linked to small RNA
pathways, life cycle regulation, and susceptibility to infection of mammalian
cells. Parasitol Res. 2014;113:285-304.

. Saleh M-C, van Rij RP, Hekele A, Gillis A, Foley E, Ofarrell PH, Andino R. The

endocytic pathway mediates cell entry of dsRNA to induce RNAi silencing.
Nat Cell Biol. 2006;8:793-802.

Ulvila J, Parikka M, Kleino A, Sormunen R, Ezekowitz RA, Kocks C, Rdmet M.
Double-stranded RNA is internalized by scavenger receptor-mediated
endocytosis in Drosophila S2 cells. J Biol Chem. 2006;281:14370-5.
Duxbury MS, Ashley SW, Whang EE. RNA interference: a mammalian SID-1
homologue enhances siRNA uptake and gene silencing efficacy in human
cells. Biochem Biophys Res Commun. 2005;331:459-63.

Elhassan MO, Christie J, Duxbury MS. Homo sapiens systemic RNA
interference-defective-1 transmembrane family member 1 (SIDT1) protein

167.

168.

169.

170.
171.

172.

173.

174.

175.

178.

181.

182.

188.

Page 14 of 15

mediates contact-dependent small RNA transfer and microRNA-21-driven
chemoresistance. J Biol Chem. 2012;287:5267-77.

Mulcahy LA, Pink RC, Carter DRF. Routes and mechanisms of extracellular
vesicle uptake. J Extracell Vesicles. 2014;3:1-14.

Munagala R, Aqil F, Jeyabalan J, Gupta RC. Bovine milk-derived exosomes
for drug delivery. Cancer Lett. 2016,371:48-61.

Dominska M, Dykxhoorn DM. Breaking down the barriers: siRNA delivery
and endosome escape. J Cell Sci. 2010;123:1183-9.

Wang Y, Huang L. A window onto siRNA delivery. Nat Biotechnol. 2013;31:611-2.
Gilleron J, Querbes W, Zeigerer A, Borodovsky A, Marsico G, Schubert U,
Manygoats K, Seifert S, Andree C, Stéter M, et al. Image-based analysis of
lipid nanoparticle-mediated siRNA delivery, intracellular trafficking and
endosomal escape. Nat Biotechnol. 2013;31:638-46.

Sahay G, Querbes W, Alabi C, Eltoukhy A. Efficiency of siRNA delivery by lipid
nanoparticles is limited by endocytic recycling. Nature. 2013;31(7):653-658.
Zangari J, llie M, Rouaud F, Signetti L, Ohanna M, Didier R, Roméo B,
Goldoni D, Nottet N, Staedel C, et al. Rapid decay of engulfed extracellular
miRNA by XRN1 exonuclease promotes transient epithelial-mesenchymal
transition. Nucleic Acids Res. 2017,45(7):4131-4141.

Wu J, Chen ZJ. Innate immune sensing and signaling of cytosolic nucleic
acids. Annu Rev Immunol. 2014;32:461-88.

Whitehead KA, Dahlman JE, Langer RS, Anderson DG. Silencing or
stimulation? siRNA delivery and the immune system. Annu Rev Chem
Biomol Eng. 2011;2:77-96.

. Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M, Uematsu

S, Noronha A, Manoharan M, Akira S, de Fougerolles A, et al. Sequence-
specific potent induction of IFN-alpha by short interfering RNA in
plasmacytoid dendritic cells through TLR7. Nat Med. 2005;11:263-70.

. Pirro S, Minutolo A, Galgani A, Potesta M, Colizzi V, Montesano C.

Bioinformatics prediction and experimental validation of microRNAs
involved in cross-kingdom interaction. J Comput Biol. 2016;23:976-89.
Pirro S, Zanella L, Kenzo M, Montesano C, Minutolo A, et al. MicroRNA from
Moringa oleifera: Identification by High Throughput Sequencing and Their
Potential Contribution to Plant Medicinal Value. PLoS ONE. 2016;11:€0149495.

. Ritchie W, Flamant S, Rasko JEJ. Predicting microRNA targets and functions:

traps for the unwary. Nat Methods. 2009,6:397-8.

. Pinzon N, Li B, Martinez L, Sergeeva A, Presumey J, Apparailly F, Seitz H.

microRNA target prediction programs predict many false positives. Genome
Res. 2017,27:234-45.

Hausser J, Zavolan M. Identification and consequences of miRNA-target
interactions-beyond repression of gene expression. Nat Rev Genet. 2014;15:
599-612.

Bertero T, Lu Y, Annis S, Hale A, Bhat B, Saggar R, Saggar R, Wallace WD,
Ross DJ, Vargas SO, et al. Systems-level regulation of microRNA networks by
miR-130/301 promotes pulmonary hypertension. J Clin Invest. 2014;124:
3514-28.

. Hewitt KJ, Johnson KD, Gao X, Keles S, Bresnick EH. The hematopoietic stem

and progenitor cell cistrome: GATA factor-dependent cis-regulatory
mechanisms. Curr Top Dev Biol. 2016;118:45-76.

. Bassett AR, Azzam G, Wheatley L, Tibbit C, Rajakumar T, McGowan S,

Stanger N, Ewels PA, Taylor S, Ponting CP, et al. Understanding functional
miRNA-target interactions in vivo by site-specific genome engineering. Nat
Commun. 2014:5:4640-51.

. Nolan T, Hands R, Bustin S. Quantification of mRNA using real-time RT-PCR.

Nat Protoc. 2006;1:1559-82.

. Raabe CA, Tang TH, Brosius J, Rozhdestvensky TS. Biases in small RNA deep

sequencing data. Nucleic Acids Res. 2014;42:1414-26.

. Fuchs RT, Sun Z, Zhuang F, Robb GB. Bias in ligation-based small RNA

sequencing library construction is determined by adaptor and RNA
structure. PLoS ONE. 2015;10:e0126049.

Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du M, Liang M, Dittmar RL,
Liu'Y, Liang M, et al. Characterization of human plasma-derived exosomal
RNAs by deep sequencing. BMC Genomics. 2013;14:1-14.

. Baran-Gale J, Kurtz CL, Erdos MR, Sison C, Young A, Fannin EE, Chines PS,

Sethupathy P. Addressing bias in small RNA library preparation for
sequencing: a new protocol recovers microRNAs that evade capture by
current methods. Front Genet. 2015:6:1-9.

. Baras AS, Mitchell CJ, Myers JR, Gupta S, Weng L-C, Ashton JM, Cornish

TC, Pandey A, Halushka MK. miRge—a multiplexed method of
processing small RNA-seq data to determine microrna entropy. PLoS
ONE. 2015;10:0143066.



Chan and Snow Genes & Nutrition (2017) 12:13

191.

192.

193.

194.

Locati MD, Terpstra |, de Leeuw WC, Kuzak M, Rauwerda H, Ensink WA, van
Leeuwen S, Nehrdich U, Spaink HP, Jonker MJ, et al. Improving small RNA-
seq by using a synthetic spike-in set for size-range quality control together
with a set for data normalization. Nucleic Acids Res. 2015:43:1-10.
Schwarzenbach H, da Silva AM, Calin G, Pantel K. Data normalization
strategies for microRNA quantification. Clin Chem. 2015,61:1333-42.
Witwer KW. Contamination or artifacts may explain reports of plant miRNAs
in humans. J Nutr Biochem. 2015;26:1685.

Simmons G, Glynn SA, Komaroff AL, Mikovits JA, Tobler LH, Hackett J, Tang
N, Switzer WM, Heneine W, Hewlett IK, et al. Failure to confirm XMRV/MLVs
in the blood of patients with chronic fatigue syndrome: a multi-laboratory
study. Science. 2011,334:814-7.

Page 15 of 15

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Implications
	Current state of the field
	Defining a more solid mechanistic gramework for investigation
	Are there sufficient levels of bio-available sRNAs in the diet?
	Do sRNAs cross the digestive tract barrier?
	Are sRNAs disseminated systemically?
	Is there cellular uptake of sRNAs?
	Can delivered sRNAs alter the post-transcriptional expression of specific target genes?

	Technical difficulties and absence of methodological consensus
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

