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ABSTRACT

RNA silencing is a common term for mechanisms where small RNAs guide repression of other RNAs (mRNAs, 
retrotransposon	RNAs,	viral	RNAs)	in	a	sequence-specific	manner.	RNA	silencing	exists	among	eukaryotic	or-
ganisms	where	the	core	mechanisms	evolved	into	many	variants	with	different	biological	functions.	The	two	
most common RNA silencing pathways are microRNA (miRNA) and RNA interference (RNAi). While the miR-
NA pathway serves for negative regulation of endogenous genes, RNAi pathway usually functions as a form of 
protection against parasitic sequences although it also targets endogenous genes in some cases. Notably, RNA 
silencing does not often operate in a cell-autonomous manner. In a number of cases, small RNAs were detected in 
extracellular environment and were observed to pass through cells and even to be transferred between organisms. 
This	review	provides	an	overview	of	“mobile”	small	RNAs,	with	a	particular	focus	on	miRNAs	and	short	interfer-
ing RNAs (siRNA) of the RNAi pathways, which exert their effects in different species than they originate from.

Introduction

RNA	silencing	utilizes	small	RNAs	as	sequence-specific	guides	for	repression	of	cognate	
RNAs.	The	two	most	common	small	RNA	pathways	are	microRNA	(miRNA)	and	RNA	
interference (RNAi) pathways (Fig. 1). miRNA and RNAi are typically presented in a cell 
autonomous manner, i.e. repression remains restricted to cells directly exposed to dsRNA. 
However,	small	RNA-mediated	repression	can	propagate	across	cell	boundaries.	There	are	
two distinct modes of non-cell autonomous RNAi (Fig. 2, (Whangbo and Hunter, 2008)): (1) 
systemic RNAi includes processes where a silencing signal spreads from a cell across cellular 
boundaries into other cells and (2) environmental RNAi, which involves processes where 
dsRNA is taken up by a cell from the environment. Both modes can be combined in different 
ways. For example, gene silencing by soaking C. elegans in dsRNA solution is a combination 
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of	environmental	and	systemic	RNAi	(Tabara	et	al.,	1998).	Non-cell	autonomous	RNAi	has	
been discovered also in parasitic nematodes (Geldhof et al., 2007), hydra (Chera et al., 2006), 
planaria	(Newmark	et	al.,	2003;	Orii	et	al.,	2003),	insects	(Tomoyasu	et	al.,	2008;	Xu	and	
Han, 2008), or plants (Himber et al., 2003). An extreme case would be trans-species (or even 
trans-kingdom) effect where dsRNA or small RNAs (miRNA or siRNA) produced in one 
organism (e.g. plant) would induce silencing in another organism (e.g. insect pest).

Horizontal transfer of small RNAs and its possible consequences

Plant-pathogen transfer & artifi cial plant resistance to pathogens

RNA silencing can spread out of a plant as demonstrated by RNAi-inducing transgenes, 
which can extend their effects into nematodes (Huang et al., 2006), insects (Baum et al., 

Figure 1 Schematic overview of miRNA and RNAi pathways. miRNA pathway is shown from the 
moment of miRNA precursor (pre-miRNA) processing by Dicer. miRNAs are genome-encoded and 
pre-miRNAs are produced from long primary transcripts with local small hairpin structures, which are 
processed to give rise to pre-miRNA. While both pathways show distinct modes of repression, miR-
NAs cully complementary to cognate mRNAs, which are common in plants but rare in mammals, can 
also induce RNAi-like cleavage. At the same time, siRNAs with partial complementarity can induce 
miRNA-like translational repression in mammalian cells. RdRP component of RNAi is present in some 
taxons (plants, nematodes) but some species execute RNAi without it (vertebrates, insects).
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2007; Mao et al., 2007), parasitic fungi (Nowara et al., 2010) or another plant through 
a	parasitic	plant	intermediate	(Melnyk	et	al.,	2011).	Thus,	trans-kingdom	RNAi	combining	
systemic & environmental RNAi has biotechnological implications as it allows for pro-
ducing	a	genetically	engineered	plant,	which	can	be	resistant	to	a	specifi	c	virus	or	even	
induce	an	RNAi	effect	in	a	selected	recipient	(Mansoor	et	al.,	2006).	This	can	be	explored,	
for example, for producing plants expressing dsRNA and selectively targeting RNAi-sen-
sitive pests with an outcome of choice, e.g. repelling the pest, immobilizing it, steriliz-
ing it (Bhatia et al., 2012), or killing it (Baum et al., 2007; Kola et al., 2016). Given the 
genome	sequence	diversity	and	relatively	high	sequence-specifi	city	of	RNAi,	RNAi	offers	
an adjustable selectivity for pest control. At the same time, this new technology might 
raise safety concerns. If the small RNAs can spread, could an RNAi-inducing transgene in 
a plant affect also non-targeted organisms?
The	issue	is	essentially	equivalent	to	off-targeting	effects	of	RNAi	brought	to	a	spe-

cies level. RNAi-off-targeting is a manifestation of the fact that partial base pairing can 
also induce RNA silencing. Consequently, some level of off-targeting in RNA silencing is 
inevitable. However, off-target effects can be suppressed to the point that they are not phe-
notypically	manifested.	The	key	factors	reducing	RNAi	off-targeting	effects	in	trans-king-
dom RNAi are (i) the composition of the small RNA population (Fig. 3) and (ii) amount 

Figure 2 Cell autonomous and cell non-autonomous RNAi
RNAi can either act in a cell autonomous manner, i.e. affecting only cells where RNA silencing was 
initiated. Cell non-autonomous RNA silencing types include systemic, where the RNAi effects propa-
gates across cellular boundaries (e.g. mediated by transport of small RNAs) or environmental where 
the silencing RNA (e.g. dsRNA substrate) can be absorbed from the environment. Systemic and envi-
ronmental RNAi can coexist and contribute to trans-species silencing where, for example, small RNAs 
produced in one species induce silencing in another one.
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of small RNAs loaded on effector complexes, which would exhibit miRNA-like reduced 
sequence-specificity	(i.e.	seed	match).	It	can	be	inferred	directly	from	the	molecular	mech-
anism of RNAi and miRNA pathways that a homogeneous small RNA population where all 
small	RNAs	have	the	same	sequence	(e.g.	represented	by	a	single	specific	siRNA	delivery)	
has a higher off-target risk than a mixture of small RNAs with different sequences (e.g. 
produced from a long dsRNA). 

In transmission of RNA silencing from one species to another, the amount of small RNAs 
loaded	on	effector	complexes	in	the	recipient	species	will	be	influenced	by	(i)	the	nature	of	
the	transferred	silencing	molecule	(small	RNA,	long	dsRNA),	(ii)	efficiency	of	the	transfer,	
and	(iii)	efficiency	of	effector	complex	formation	in	the	recipient	species.	Thus,	species,	
which can absorb long dsRNA and have systemic RNAi like C. elegans	(Tabara	et	al.,	
1998)	are	more	prone	to	exhibit	specific	silencing	effects	as	well	as	off-target	effects.	At	the	
same	time,	significant	off-target	effects	require	specific	conditions	in	terms	of	stoichiometry	
between small RNAs and their targets, which are unlikely to be met upon RNAi induction 
with long dsRNA. 

Extracellular miRNAs in mammals and their transfer

Release of miRNAs from mammalian cells is a well-known phenomenon. Here, I will high-
light features of circulating miRNAs, which are important in the context of this review.

Extracellular circulating mammalian miRNAs were reported in 2008 when they were 
found in serum of lymphoma patients; they were immediately recognized as potential 
non-invasive biomarkers for cancer diagnostics and treatment (Lawrie et al., 2008). In fact, 
the bulk of the circulating RNA literature concerns biomarker potential of circulating miR-
NAs, which is of high clinical relevance but outside the scope of this report. Extracellular 
miRNAs	were	identified	in	a	broad	range	of	biological	fluids	(Baglio	et	al.,	2015;	Dismuke	
et al., 2015; Huang et al., 2013; Izumi et al., 2015; Kropp et al., 2014; Pegtel et al., 2011; 
Wu et al., 2015). Apart from plasma, circulating miRNAs in milk are also intensely studied 
(Alsaweed et al., 2016a, b, c; Benmoussa et al., 2016; Izumi et al., 2012; Izumi et al., 2015; 
Kuruppath et al., 2013; Sun et al., 2013; Xi et al., 2016).
miRNAs	were	identified	in	the	cargo	of	exosomes,	membranous	vesicles	40	to	100	nm	

in diameter, which are constitutively released by almost all cell types and are found essen-
tially	in	every	biological	fluid	(reviewed,	for	example,	in	Rak,	2013;	Yoon	et	al.,	2014).	
Exosomal vesicles can carry miRNAs as well as siRNAs (reviewed in Lasser, 2012) – in 
the latter case, exosomes were adapted as a delivery tool for siRNAs (reviewed in Kumar 
et al., 2015). However, most individual exosomes in standard preparations do not seem to 
contain	biologically	significant	numbers	of	miRNAs	(Chevillet	et	al.,	2014)	and	95–99%	
of circulating miRNA were reported to be associated with AGO proteins and not in extra-
cellular	vesicles	(Arroyo	et	al.,	2011;	Turchinovich	et	al.,	2011).
The	molecular	mechanism	of	miRNA	release,	whether	as	a	cargo	in	a	vesicle	or	not,	is	

unclear	and	so	is	the	function	of	circulating	miRNAs,	if	there	is	any.	Two	distinct	hypoth-
eses were formulated concerning existence of circulating miRNAs (for a detailed review, 
see	(Turchinovich	et	al.,	2016)):
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Cell-to-cell communication hypothesis: According to this hypothesis, miRNAs can 
mediate cell-to-cell signalling. While the hypothesis is supported by circumstantial and cor-
relative	evidence	(reviewed	in	Turchinovich	et	al.,	2016),	a	mechanism	for	sorting,	mobili-
ty, and targeting by mobile miRNAs and their function in vivo	are	unclear.	This	hypothesis	
has to face existing kinetic data (Wee et al., 2012) either by providing reliable evidence that 
suffi	cient	quantities	of	miRNAs	reach	recipient	cells	or	by	identifying	some	non-canonical	
signaling function.

Cellular by-product hypothesis:	This	hypothesis	states	that	circulating	miRNAs	are	
a	non-specifi	c	noise	resulting	from	cell	physiology	and	turnover	of	biological	material	in	
the	organism.	As	such,	circulating	miRNAs	do	not	have	a	specifi	c	cell-to-cell	communica-
tion function and their role in regulating gene expression in other cells is negligible or even 
non-existent. While this hypothesis might be consistent with the kinetic data (Wee et al., 
2012),	one	cannot	exclude	a	possibility	that	the	“noise”	of	circulating	miRNAs	could	yield	
specifi	c	biological	roles	during	evolution.	In	fact,	emergence	of	such	an	adaptation	could	
be expected.
The	scenario	where	the	bulk	of	circulating	miRNAs	would	represent	a	consequence	

of cell physiology while a limited number of circulating miRNAs would represent func-
tionally	relevant	adaptations	might	refl	ect	the	real	situation.	In	any	case,	extensive	and	

Figure 3 Different structures of small RNA populations from different precursors.
Two distinct types of small RNA populations exist: Highly homogeneous small RNAs, exemplifi ed by 
miRNAs, which are present in cells in many (e.g. 103–104) identical copies, i.e. having the same se-
quence, which is “annotateable”. Their biological effect on gene expression is partially predictable even 
if there is only a partial sequence complementarity (typically 6–7 nucleotides at the 5’ end). The second 
type, exemplifi ed by siRNAs derived from various dsRNA, is characterized by existence of populations 
of small RNAs with many different sequences, which originate from a longer dsRNA. Although such 
a population can be sequenced to identify individual sequences, their individual annotation is pointless 
and target prediction is restricted to high complementarity of the substrate dsRNA sequence.
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rigorous	research	is	needed	to	address	the	problem.	This	means	in	particular	designing	
experiments aimed at proving either hypothesis wrong by deciphering underlying molec-
ular mechanisms.

Finally, extracellular mammalian miRNAs can be transmitted from one animal to another 
or even between species. For example, placental miRNAs were found circulating in mater-
nal plasma (Chim et al., 2008). It has also been reported that food-borne plant miRNAs are 
able	to	regulate	gene	expression	in	the	liver	(Zhang	et	al.,	2012a)	or	miRNAs	from	con-
sumed milk might contribute to circulating miRNAs in plasma (Baier et al., 2014) or that 
exosomes secreted by nematode parasites transfer small RNAs to mammalian cells (Buck 
et	al.,	2014).	The	issue	of	xenogenic	miRNAs	is	addressed	in	detail	next.

Exogenic (nutritional, xenogenic) miRNAs in mammals

In	2012,	the	article	by	Zhang	et	al.	proposed	that	miRNAs	from	ingested	plants	could	trav-
erse	into	the	bloodstream	and	suppress	genes	in	the	liver	(Zhang	et	al.,	2012a).	The	report	
sparked an ongoing debate because of potential implications these data could have. 

It should be pointed out that, while the article reported unexpected and surprising results, 
it	was	not	breaking	any	conceptual	dogma.	The	idea	that	information	could	be	transmitted	
from food in a form of a large organic molecule that would traverse into the human organ-
ism has been an integral part of the prion hypothesis, which brought a concept of food-
borne infectious particles made only of proteins (prions, reviewed, for example in Peggion 
et	al.,	2016)).	The	prion	hypothesis,	for	which	Stanley	Prusiner	received	a	Nobel	Prize	in	
1997, is nowadays a biology textbook knowledge. Furthermore, cross-kingdom regulation 
by	small	RNAs	was	discovered	in	RNA	silencing	field	already	in	its	early	years	–	long	
dsRNA expressed in bacteria could induce repression of worm genes with complementary 
sequences	when	worms	were	fed	with	such	bacteria	(Timmons	and	Fire,	1998).	Further-
more, it was already well known in 2012 that feeding on a plant carrying an RNAi-inducing 
transgene can induce RNAi in nematodes, insects, or fungi (Baum et al., 2007; Huang et al., 
2006;	Mao	et	al.,	2007;	Nowara	et	al.,	2010).	Thus,	the	article	by	Zhang	et	al.	was	not	bring-
ing a major shift in existing paradigms but was rather extending knowledge by reporting an 
example of a miRNA activity transferred from plants to mammals through feeding.

The critical issues

The	main	controversy	of	the	field	of	mammalian	nutritional	miRNAs	is	that	its	claims	are	
inconsistent with the molecular mechanism of the mammalian miRNA pathway. Namely, 
there are three areas, which need to be further investigated and receive solid experimental 
support:
(i) Mechanism of the transport. It is unknown how plant miRNAs would be transported 

from the intestinal lumen into liver cells across cell membranes. Mammals have no 
systemic RNAi. miRNA pathway mobility is also limited. It is known that miRNAs 
can be released from cells and be detected in blood plasma (discussed above). While 
circulating	miRNAs	offer	interesting	biomarkers,	their	functional	significance	is	still	
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unclear and the mechanism of their sorting and release is also not understood. What is 
missing is the molecular mechanism transporting miRNAs from the intestinal lumen 
into the blood and into target cells. 

(ii) Effector complex structure. It is unknown how plant miRNAs could regulate mam-
malian genes in mammalian cells. miRNA-mediated repression requires miRNAs to 
be	loaded	on	AGO	proteins.	Thus,	a	plant	miRNA	operating	in	mammalian	cells	must	
either remain with its plant AGO protein, which would have to be compatible with 
mammalian components required for miRNA function, or be unloaded and reloaded 
onto a mammalian Argonaute protein. Importantly, plant miRNAs are methylated at 
their	3’	end	while	mammalian	miRNAs	are	not.	Data	by	Zhang	et	al.	suggest	that	plant	
miRNAs	detected	in	mammalian	serum	are	indeed	methylated	(Figure	1	in	(Zhang	
et al., 2012a)). However, mammalian 3’ small RNA methylation concerns only piR-
NAs, a distinct class of small RNAs produced from sense and antisense RNAs. piR-
NAs are longer (24–30 nt) than siRNAs or miRNAs and are loaded onto a distinct 
subfamily of Argonaute proteins named PIWI (reviewed in Peters and Meister, 2007). 
PIWI proteins are expressed in the germline but not in mammalian somatic cells. In 
contrast, miRNA and siRNA-binding Argonaute proteins (AGO subfamily) do not 
bind	small	RNAs	methylated	at	the	3’	end.	(Tian	et	al.,	2011).	Yet,	it	has	been	reported	
that MIR168 is bound by murine AGO2. 

(iii) Targeting stoichiometry.	The	canonical	miRNA-mediated	post-transcriptional	regu-
lation requires appropriate stoichiometry between miRNAs and their targets. However, 
the evidence that plant miRNAs would reach such physiologically active levels in liver 
cells is questionable. Plant miRNAs were detected in the serum at femtomolar concen-
trations (~3–16 fM), which was one order of magnitude less than the serum level of 
endogenous	miRNAs	(Zhang	et	al.,	2012a).	Total	circulating	miRNA	concentration	in	
human plasma ranges were estimated to be 68–250 fM (Williams et al., 2013). At this 
concentration, human circulating miRNAs are considered unlikely to regulate gene 
expression by canonical miRNA activity as miRNAs are thought to require intracellu-
lar levels greater than 1000 copies per cell to exert measurable activity (Brown et al., 
2007; Hafner et al., 2011). In fact, miR-122, a highly abundant miRNA regulating 
gene expression in the liver, has been estimated to be expressed at 120,000 molecules/
hepatocyte (one of the highest miRNA amounts/cell) while less expressed miR-33 and 
miR-16 were estimated to be expressed at 1,200 and 11,000 copies/hepatocyte, respec-
tively	(Bissels	et	al.,	2009;	Denzler	et	al.,	2014).	These	numbers	contrasts	with	esti-
mates for xenogenic miRNAs. As 10 femtomoles of miRNAs are approximately 6x109 
molecules, an extracellular concentration of 10 fM corresponds to 6 molecules per 
nanoliter	of	serum.	A	somatic	cell	volume	is	up	to	several	picoliters.	Thus,	unless	there	
is a yet unknown active transport of circulating miRNAs into hepatocytes, xenogenic 
miRNAs entering the circulatory system have no capacity to regulate gene expression 
by	canonical	miRNA	activity	in	the	liver.	However,	Zhang	et	al.	argue	that	MIR168a	
abundance	in	the	liver	tissue	is	equivalent	to	853	copies	per	cell.	The	ongoing	debate	on	
stoichiometry, which is discussed later, has been inconclusive. Furthermore, a critical 
review of the results is compromised by the fact that some of the critical NGS datasets 
were not publicly released; hence, their analysis cannot be independently validated.
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Exogenic miRNA transfer literature

As of December 2016 when the EFSA report was being written (Paces et al., 2017), there 
were 227 citations of the original article, which I were reviewed. Among the 227, 51 origi-
nal	research	articles	were	identified,	which	were	related	to	xenogenic	and	circulating	miR-
NAs. From these, I focus here on those directly relevant to the concept of plant-mammal 
miRNA transmission. Literature concerning the existence and function of xenogenic miR-
NAs includes:
•	 The	original	study	(Zhang	et	al.,	2012a).	using	NGS,	they	identified	plant	miRNAs	in	
mammalian	sera.	unfortunately,	the	information	provided	was	only	partial.	The	entire	
data normalization was described as: For normalization, the sequencing frequency of 
each plant miRNA was normalized to the total amount of mammalian miRNAs.	(Zhang	
et al., 2012a) while the availability of original sequencing data in a public repository 
was not indicated, thus not allowing for an independent assessment of sequence anal-
ysis	and	quantification.	Different	quantification	strategy	could	be	a	potential	source	of	
discordance with other published data, which emerged in the literature (Chen et al., 
2013).

•	 The	patent:	WO	2012135820A2	Edible	transgenic	plants	as	oral	delivery	vehicles	for	
RNA-based	therapeutics	filled	by	Eric	Lam,	Rutgers	university.	The	claim	is	based	on	
an experiment where feeding rabbits or mice with transgenic tomato producing siRNA 
against	HCV	yielded	detectable	HCV	siRNAs	and	tomato	RNAs	in	mammalian	blood	
and	tissues.	This	work	was	not	published	in	a	peer	review	journal,	the	patent	documenta-
tion	contains	a	small	RNA	northern	blot	with	a	faint	signal,	RT-PCR	detection	of	tomato	
RNAs in mammalian samples and analysis of RNAi-mediated repression in cultured 
HepG2 cells.

• A survey of human plasma for microRNA biomarkers in NGS datasets from human plas-
ma revealed circulating RNAs appearing to originate from exogenous species including 
bacteria, fungi, and other species (Wang et al., 2012). Interestingly, authors could detect 
RNA fragments from common food where American samples exhibited higher abun-
dance of corn over rice sequences while a control Chinese sample (SRR332232) showed 
a reversed trend (Wang et al., 2012). Authors also report detection of minuscule amounts 
of plant miRNAs in human samples 6–16 reads of MIR168 per sample were observed 
at total sequencing depths of 18–28 million reads; public availability of raw data was 
not indicated. Notably, authors also indicate low fraction of mapable sequences – they 
observed less than 1.5% of processed reads mapping to human miRNAs (Wang et al., 
2012).	Thus,	calculating	miRNA	RPM	values	(reads	per	million)	from	the	mapped	reads	
or miRNA reads could yield two orders of magnitude differences.

•	 The	same	group,	which	published	the	original	xenomiR	study,	recently	published	another	
article proposing that a plant miRNA MIR2911 from honeysuckle (Lonicera japonica), 
a	traditional	Chinese	medicine	herb,	can	traverse	into	mouse	lungs	and	inhibit	Influenza	
A	(Zhou	et	al.,	2015).	In	this	case,	MIR2911	concentration	was	estimated	to	reach	1	pM	
in plasma after feeding mice honeysuckle decoction, which is the range of endogenous 
circulating miRNAs. MIR2911 was detected in the mouse by NGS (acc. no. GSE55268), 
qPCR,	and	in	situ	hybridization.	The	estimated	amount	of	MIR2911	in	lung	cell	was	
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300–400, suggesting that MIR2911 operates within the physiological range of the canon-
ical	miRNA	pathway	(Zhou	et	al.,	2015).

•	 Vicki	Vance’s	group	reported	that	oral	administration	of	2’-O-methylated	mammalian	
miRNAs, which have tumor suppressor properties (miR-34a, miR-143, and miR145) 
results	in	reduced	intestinal	tumor	burden	in	mice	(Mlotshwa	et	al.,	2015).	This	work	is	
also	linked	to	two	issues	patents	and	one	pending	patent	application,	all	entitled	“Com-
positions and Methods for the Modulation of Gene Expression in Plants”: US patent 
application no. 13/282,680, Canadian patent no. 2,276,233 and Australian patent no. AU 
2003/254052 B2.

• A third report of xenogenic miRNA regulation suggests that plant miRNA MIR159 is 
present in human plasma and its level inversely correlates with breast cancer incidence. 
MIR159	was	identified	in	the	serum	by	NGS	(GSE55268).	A	synthetic	mimic	of	MIR159	
was capable of inhibiting cell proliferation in breast cancer cells but not non-cancerous 
mammary	epithelial	cells	(Chin	et	al.,	2016).	Authors	claim,	“These	results	demonstrate	
for	the	first	time	that	a	plant	miRNA	can	inhibit	cancer	growth	in	mammals.”

•	 Work	by	Zhang	et	al.	used	miRNA	target	prediction	in	Arabidopsis and humans to assem-
ble	a	hypothetical	cross-species	regulatory	network,	which	they	further	analyzed.	They	
proposed that the cross-species regulatory network contains three core module function-
ally	linked	to	ion	transport,	metabolic	process	and	stress	response	(Zhang	et	al.,	2016).	
However, this study provides a strategy to explore possible cross-species miRNA regu-
lations rather than providing evidence that such regulations exist.
Against these publications stands a number of reports, which question the idea of func-

tional xenogenic miRNAs. For example:
•	 Analysis	of	83	NGS	datasets	(identified	in	the	report)	revealed	presence	of	plant-derived	

MIRNAs among which dominated MIR168 from monocot plants. However, the highest 
observed ratio of plant miRNAs/animal miRNAs is 0.456%, which is 10 times lower 
than	a	figure	of	~5%	reported	by	Zhang	et	al.	(Zhang	et	al.,	2012a).	These	data	suggests	
that the observed plant miRNAs in animal small RNA datasets can originate in the pro-
cess of sequencing, and that accumulation of plant miRNAs via dietary exposure is not 
universal	in	animals	(Zhang	et	al.,	2012b).

• Snow et al. analyzed miRNA content in diets of humans, mice, and honeybees and exam-
ined transfer of several different miRNAs into the recipient organism: conserved and 
highly-expressed plant miRNAs (MIR156a, MIR159a and MIR169a) and conserved, 
abundant, and ubiquitous animal miRNA miR-21. Healthy human subjects routinely 
eating fruits replete in MIR156a, MIR159a and MIR169a had undetectable levels of 
plant-derived miRNAs in their plasma (as measured by qPCR). Similarly, miR-21 levels 
were negligible in plasma or tissues of miR-21-/- mice after oral diets containing miR-21. 
The	same	was	observed	for	MIR156a,	MIR159a	and	MIR169a	in	mice	and	honeybee	
tissues.	This	study	concludes	that:	“	horizontal delivery of microRNAs via typical dietary 
ingestion is neither a robust nor a frequent mechanism to maintain steady-state microR-
NA levels in a variety of model animal organisms, thus defining the biological limits of 
these molecules in vivo.” (Snow et al., 2013)

• Importantly, an attempt to replicate the claims in the original xenogenic miRNA paper 
failed	(Dickinson	et	al.,	2013).	This	article	prompted	a	comment	by	authors	of	the	original	
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xenogenic paper pointing out several discrepancies in data and that experimental design 
used by Dickinson et al. for NGS analysis was suboptimal and could produce artifacts 
(Chen et al., 2013). Unfortunately, one cannot reanalyze both datasets because only the 
one from Dickinson et al. was made available (SRP028401).

• A feeding study on Macaca nemestrina failed to provide support for xenogenic miRNAs 
in blood plasma in response to dietary intake of a plant miRNA-rich food source. Puta-
tive xenogenic miRNAs were detected real-time quantitative PCR and droplet digital 
PCR	(Witwer	et	al.,	2013).	Detected	levels	of	miRNAs	were	minimal	and/or	amplifi	-
cation	was	non-specifi	c.	Detection	was	largely	unreliable	for	plant	miRNAs	156,	160,	
166, 167, 168 and 172 despite the relative abundance of all but miR172 in a soy- and 
fruit-substance that was administered to the macaque subjects (Witwer et al., 2013).

• Bioinformatic analysis of NGS data for diet-derived miRNAs in deep-sequencing librar-
ies	also	did	not	provide	a	support	for	the	“xenomiR	hypothesis”.	Authors	provide	evi-
dence that cross-contamination during library preparation can be a source of exoge-
nous	RNAs	and	that	such	a	cross-contamination	could	be	identifi	ed	in	an	NGS	study	of	
Amphioxus	performed	by	the	group,	which	published	the	fi	rst	xenogenic	miRNA	article	

Figure 4 Mobile RNA silencing 
The scheme depicts confi rmed trans-species/trans-kingdom silencing where silencing of parasitic nem-
atodes or insect pests can be induced by RNA produced in plants. Transmission of miRNAs and induc-
tion of silencing into other species remains controversial although existence of circulating miRNAs in 
humans and mice is well documented.
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in	2012	(Tosar	et	al.,	2014).	The	original	data	from	the	Zhang	et	al.	2012	article	could	
not	be	examined	for	cross-contamination.	Tossar	et	al.	conclude	that	cross-contamination	
between samples from the same organism can go completely unnoticed, possibly affect-
ing	conclusions	derived	from	NGS	transcriptomics	(Tosar	et	al.,	2014).
Taken	together,	the	field	remains	split	since	the	original	report	(Zhang	et	al.,	2012a).	The	

essential questions concerning the existence of the proposed mechanism emerged already 
in 2012. Further research is necessary to clarify the basis of the aforementioned contradic-
tory	observations.	At	the	moment,	there	is	no	consensus	regarding	specific	aspects	of	the	
xenomiR hypothesis, i.e.:
• the mechanism of transport of a plant miRNAs from food into the blood.
• amounts of plant miRNAs reaching the mammalian circulation system and tissues
• the nature of the ribonucleoprotein complexes, in which they exist in the plasma
• the mechanism of entrance (accumulation?) of xenomiRs into cells
• the nature of the ribonucleoprotein complexes, in which xenomiRs exist in the cell

Remarkably, the simplicity of the xenomiR hypothesis where an oral uptake of miRNAs 
in food results in post-transcriptional repression in tissues contrasts with more than a dec-
ade	of	development	of	small	RNA-based	therapeutics,	which	still	struggles	with	efficiency	
of uptake, distribution, and targeting. However, the current stage of (incomplete) knowl-
edge precludes strong conclusions regarding the future of the xenomiR hypothesis.

Conclusions

Mobile RNA silencing exists in plants and some animals (Fig. 4). RNA silencing, and RNAi 
in particular, operates with unique (though not absolute) selectivity and is being explored 
in many different ways in biomedicine and biotechnology. In some cases, RNA silencing 
can spread across cellular boundaries, which can extend into systemic silencing. Systemic 
silencing	is	restricted	to	specific	taxons	and	RNA	silencing	pathways.	While	the	framework	
for understanding the molecular basis of systemic silencing in different model systems was 
established, the knowledge is still fragmented and far from complete. Even less clear is the 
horizontal transmission of RNA silencing, especially into species, where primarily cell-au-
tonomous silencing is expected.
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