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Abstract
miRNAs, the smallest nucleotide molecules able to regulate gene expression at post transcriptional level, are found in
both animals and plants being involved in fundamental processes for growth and development of living organisms.
The number of miRNAs has been hypothesized to increase when some organisms specialized the process of mastication and grinding of food. Further to the vertical transmission, miRNAs can undergo horizontal transmission among
different species, in particular between plants and animals. In the last years, an increasing number of studies reported
that miRNA passage occurs through feeding, and that in animals, plant miRNAs can survive the gastro intestinal
digestion and transferred by blood into host cells, where they can exert their functions modulating gene expression.
The present review reports studies on miRNAs during evolution, with particular focus on biogenesis and mechanisms
regulating their stability in plants and animals. The different biogenesis and post biogenesis modifications allow to
discriminate miRNAs of plant origin from those of animal origin, and make it possible to better clarify the controversial
question on whether a possible cross-kingdom miRNA transfer through food does exist. The majority of human medicines and supplements derive from plants and a regular consumption of plant food is suggested for their beneficial
effects in the prevention of metabolic diseases, cancers, and dietary related disorders. So far, these beneficial effects
have been generally attributed to the content of secondary metabolites, whereas mechanisms regarding other components remain unclear. Therefore, in light of the above reported studies miRNAs could result another component
for the medical properties of plants. miRNAs have been mainly studied in mammals characterizing their sequences
and molecular targets as available in public databases. The herein presented studies provide evidences that miRNA
situation is much more complex than the static situation reported in databases. Indeed, miRNAs may have redundant
activities, variable sequences, different methods of biogenesis, and may be differently influenced by external and
environmental factors. In-depth knowledge of mechanisms of synthesis, regulation and transfer of plant miRNAs to
other species can open new frontiers in the therapy of many human diseases, including cancer.
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Background
Non-coding RNAs (ncRNAs) are RNAs that do not
encode proteins; however, such RNAs contain biological
information controlling various levels of gene expression,
including chromatin architecture, epigenetics, transcription, splicing, editing, and translation [1–3]. More and
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more evidences indicate that the majority of mammalian
and other complex organism genomes are transcribed
into ncRNAs.
ncRNAs include long ncRNAs formed by more than
200 nt, small ncRNAs (sncRNAs) formed by less than 200
nt, and a variety of other transcripts most of which with
unknown function [4]. Among sncRNAs it is possible to
distinguish microRNAs (miRNAs) and short interfering RNAs (siRNAs) [5], miRNAs and siRNAs are singlestranded molecules about 18–22 nt and 20–24 nt long,
respectively, both deriving from cutting of long dsRNA

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Ledda et al. Cell Biosci

(2020) 10:1

stem loop precursors. However, small RNAs other than
miRNAs have been identified and characterized as not
deriving from stem loop precursors [6–8]. sncRNAs act
directing specifically the binding of effector proteins
on the target nucleic acid through base pairing interaction. miRNAs and siRNAs with function of endogenous
gene regulation and genome protection from exogenous
nucleic acid attack, respectively, are widely present in
eukaryotic cells [9]. miRNAs and siRNAs are very similar to each other and it was thought that the main difference between them was in the origin: miRNAs being
endogenous and siRNAs being exogenous; however, it is
currently known that there are also many endogenous
siRNAs. Indeed, the main differences between them are
the precursor structure, the pathway of biogenesis and
the mechanism of action [10]. Both miRNAs and siRNAs bind to complementary sites in their target mRNA,
regulating post-transcriptionally gene expression in both
plants and animals. Typically, miRNAs negatively regulate targets by mRNA cleavage in trans, inhibiting translation. Plants also use miRNAs and siRNAs to regulate
target genes in response to abiotic and biotic stress [11].
sncRNAs have been found in different species, both in
animals and in plants, and several studies reported that
they are strongly preserved from plants to metazoa.
The present review concerns the role of sncRNAs during evolution, with particular focus on miRNA biogenesis and mechanisms regulating their stability in plants
and animals. The different biogenesis and post biogenesis
modification is one of the ways to discriminate miRNAs
of plant origin from those of animal origin, and make
it possible to better clarify the studies on the possible
flow of miRNAs from plants to animals. The hypothesis
on whether a possible cross-kingdom miRNA transfer
through food does exist, and on whether human gene
expression could be influenced by dietary uptake of plant
miRNAs gave rise to a controversial question, today still
unresolved. Then, the deepening aimed at shedding light
on the molecular mechanisms performed in different
species could improve sncRNA translatability in humans
from bench to bedside for their potential application
prospects in nutrition and medicine, making it possible
the therapeutic exploitation of these molecules in treating human diseases.

sncRNAs in animals and plants
Only one-fifth of transcription across the human
genome is associated with protein-coding genes by producing protein coding RNAs. However, it is increasingly accepted that other small RNAs, not directly
involved in these functions, do exist. Among sncRNAs,
miRNAs and siRNAs play a fundamental role as master
regulators of gene transcription at post-transcriptional
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level. They are the transcription products of genes
whose number changes in different species, and guide a
complex of proteins to complementary mRNA targets,
a process resulting in mRNA disruption. The processing and effector silencing proteins for miRNAs and
siRNAs are proteins belonging to Argonaute (AGO)
and Dicer (DCR) family [12–14]. The biogenesis and
activity of miRNAs are strongly related to those of siRNAs that mediate RNA interference, the latter being an
ancestral mechanism selected to achieve gene silencing
[15]. siRNAs were firstly described in plants since 1990
[16] and it is thought they are much more effective than
in mammals due to longer evolution time and to the
need of plants to fight invasion from foreign organisms
in the absence of a developed immune system [17, 18].
In both animals and plants miRNAs and siRNAs
regulate gene expression cleaving mRNA or repressing translation. siRNAs can guide nuclease complexes
to cognate mRNAs, which they cleave. siRNAs are
derived from either mRNAs of protein-coding genes
or long ncRNAs. miRNAs mainly operate through two
different mechanisms: miRNAs with high complementarity use cleavage mechanism, while miRNAs with
partial or minor complementarity use translational
repression [19]. Furthermore, AGO proteins can form
RNA-Induced Silencing Complex (RISC) with miRNA
precursor single stranded RNA (pre-miRNA), DNA
and long unstructured single-stranded RNA [20, 21].
Both animals and plants use a combination of these two
methods, alternating cleavage and translational repression, without any cell or tissue specificity, although the
former mechanism is mainly adopted in plants and the
latter is preferentially adopted in animals.
The majority of plant miRNAs interact with the
internal regions of target mRNAs through perfect
or near perfect base-pairing to cleave mRNAs; however, some exceptions do exist. For example, miR172,
although having a perfect or near-perfect target mRNA
sequence complementarity, inhibits the expression
of target genes by binding to a unique site [22]. Some
miRNAs are preferentially expressed in specific tissues
and regulated by developmental switching, including those produced in tissues in response to phytohormons and other environmental-stress related
elicitors [23]. Biotic or abiotic stressors may function
as signals to control and regulate miRNA genes, thus
inducing stress-response signals, which in turn phosphorylate transcriptional factors, triggering down or
over-expressing the targeted miRNA genes [24]. miRNAs are more strongly expressed in flowers and leaves
suggesting the importance of their role in plant growth
[22]. Differences and similarity between plant and animal miRNAs have been underlined by several authors,
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and recently reviewed [25, 26]. Table 1 highlights the
main different features of plant and animal miRNAs.

miRNA biogenesis
In the last years many progresses have been made to
understand miRNA biosynthesis pathway in both animals and plants. Accordingly, a canonical and a noncanonical miRNA biogenesis mechanism have been
proposed [27–29]. Canonical biogenesis leads to primary
miRNAs (pri-miRNAs), transcribed by RNA polymerase II [30], a miRNA subset is also produced by RNA
polymerase III [31]. In animals pri-miRNAs capped by
a 7-methylguanosine at 5′ end, and polyadenilated at 3′
end, contain a stem-loop structure that is cleaved by Drosha RNase III, in the nucleus. The resulting pre-miRNAs
are exported from nucleus to cytoplasm by Exportin 5,
then cleaved by DCR enzyme operating in combination
with dsRNA-binding partners. This process results in
the production of miRNA–miRNA* duplexes, miRNA*
indicating the strand that will be eliminated (Fig. 1, left
panel). Subsequent maturation steps expel miRNA*, producing a mature RISC, an effector complex targeting and
silencing mRNA transcripts. Drosha enzyme is absent
in plants, where its function is carried out by the plant
DCR-like (DCL) 1 RNase-III, located in the nucleus.
DCL1 catalyses both pri-miRNA to pre-miRNA and premiRNA to miRNA:miRNA* duplex processes, occurring
in specialized sub-nuclear regions termed D-bodies [32,
33] (Fig. 1, right panel). This mechanism is quite different
from that adopted by animals, which complete miRNA/
miRNA* biogenesis in the cytoplasm. The 3′ nucleotides
of the initial miRNA/miRNA* duplex are 2′-O-methylated by the nuclear Hua Enhancer-1 protein [34]. This
modification prevents non-templated 3′-polymerization that accelerates miRNA turnover [35]. HASTY, the
plant homolog of Exportin 5, exports miRNA/miRNA*
duplexes to cytoplasm for loading onto AGO proteins
[32], acting as a ‘slicer’ to direct the endonucleolytic
cleavage of target mRNAs [36, 37]. In both animals and

plants there are several alternative miRNA biogenesis,
referred as non-canonical, giving rise to a subset of miRNAs having different origins. In animals, the major noncanonical mechanism is represented by mirtrons [38, 39].
On the contrary, plants can process long inverted repeat
transcripts into small RNAs, and plant hairpins are generally processed by DCL proteins [40, 41]. Binding of
AGO-miRNA complex to mRNA targets regulates gene
expression, but also alters the stability of miRNA itself
[42, 43]. Binding to RNA targets can stabilize miRNAs
by recruiting miRNA protective factors or translocating
miRNAs to a subcellular location that lacks small RNAdegrading nucleases. Alternatively, targeted RNAs may
protect miRNAs from a release factor that would expel
them from RISC and expose them to subsequent destruction [44, 45]. Some authors suggested that in vivo many
expressed miRNAs reside in an inactive reserve, which
allow resting cells to employ miRNAs to regulate translation in their environment [46]. In plants, high complementarity of miRNAs with their targets triggers miRNA
cleavage; however, at least some miRNAs can block
translation. By contrast, just a few miRNA–target pairs in
mammals have sufficient complementarity to direct AGO
protein to cleave the target. miRNA-mediated control in
animals occurs in a combinatorial way, with a number of
multiple binding sites in mRNA, reflecting the degree of
potential repression [25, 47, 48].
Plants, lacking a specific immunosystem, adopted miRNAs to defend against invasion from foreign genomes of
infective and weed agents [49].

miRNAs and evolution
miRNA machinery was pivotal in all evolutionary steps
of eukaryotes since the appearance of the first common
ancestor of both plants and animals in very early evolution [50–52]. Several miRNAs differ each other for
only one nucleotide; this allowed to divide them into
families whose number is in continuous progress. miRNAs are evolutionary ancient small RNAs developed in

Table 1 Plant and animal miRNAs
Characteristics

Plant miRNAs

Animal miRNA

Complementarity

Almost perfect base-pairing

Usually non-perfect

Gene Targeting

Coding region in the open reading frame

3′ untranslated region

mRNA targeting

Single

Multiple

Major mechanisms of action

Cleavage of mRNA target or inhibition of transcription

Inhibition of translation

Grouping

Often belong to large miRNA gene families

Association in large families is uncommon

Length

Short

Long

RNA Polymerases involved

RNA Pol II e III

RNA Pol II

Preservation during evolution

Often conserved among species

Conservation between species is less
common than plants
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Fig. 1 Canonical and non-canonical miRNA biogenesis pathway in animals (left) and plants (right)

plants 400 million years ago, and only subsequently in
animals [53–55]. The appearance of miRNAs has been
essential for the evolution of complex organisms. New
gene sequencing techniques allowed identifying the
miRNA genes conserved during the evolution among
the different species. The use of these techniques makes
it possible to establish the existence of a direct correlation between the number of miRNAs and the morphological complexity of organisms. This statement arises
from the hypothesis that the number of miRNAs has
started to increase when some organisms specialized
the process of mastication and grinding of food, thus
starting a precise process of morphological evolution,
and during early bilateral evolution [56, 57].
miRBase (http://www.mirbase.org), the reference miRNA data base, catalogues miRNAs as single
sequence only; however, sequence data of small RNAs
in various organisms, tissues and cell types show that
miRNAs comprise multiple isoforms, also known as
isomirs [58, 59]. Such sequence heterogeneity may arise
from imprecise precursor cropping or dicing, terminal
trimming or the addition of non-templated nucleotides.
The 5′ end of a miRNA defines its seed sequence and a

single nucleotide shift at this site radically alter its target repertoire.
Tables 2, 3 and 4 show miRNA number of organisms
belonging to different groups. The hairpin precursors and
the mature miRNA number in plants, different animal
phyla and viruses are reported, as provided by the public
miRBase. Table 2 reports data related to different divisions of plant kingdom. The highest levels of miRNAs are
found for Magnoliophyta and Pinophyta with an average
miRNA number of about 543. These two divisions belong
to Spermatophyta superdivision, a group including plants
developing through seeds, known to be more evolved
than other divisions that have an average miRNA number
of about 269 (Fig. 2a).
Table 3 reports data related to different phyla of animal kingdom. Chordata possess the highest number of
miRNAs in animal kingdom as shown in Fig. 2b, while
Mammalia possess the highest number of miRNAs
among Chordata (Fig. 2c). This is in agreement with the
observation that Mammalia are the most complex phylum from evolutionary and body complex point of view.
Among Insects, D. melanogaster possesses the highest
number of miRNAs (362), while miRNA number average in Nematodes (522) results almost double than the
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Table 2 Hairpin precursor and mature miRNA number in different plant divisions
ID

Superdivision

mtr

Spermatophyta

gma

Division

Class

Species

Hairpin
precursor

Mature miRNA

Magnoliophyta

Magnoliopsida

Medicago truncatula

710

790

Magnoliophyta

Magnoliopsida

Glicine max

685

756

osa

Magnoliophyta

Liliopsida

Oryza sativa (Asian rice)

684

757

bdi

Magnoliophyta

Liliopsida

Brachypodium distachyon

328

536

ptc

Magnoliophyta

Magnoliopsida

Populus trichocarpa

364

401

ath

Magnoliophyta

Magnoliopsida

Arabidopsis thaliana

329

430

lja

Magnoliophyta

Magnoliopsida

Lotus japonicus

299

365

gra

Magnoliophyta

Magnoliopsida

Gossypium raimondii

296

296

aly

Magnoliophyta

Magnoliopsida

Arabidopsis lyrata

206

385

stu

Magnoliophyta

Magnoliopsida

Solanum tuberosum

224

343

zma

Magnoliophyta

Liliopsida

Zea mays

174

325

sbi

Magnoliophyta

Liliopsida

Sorghum bicolor

211

241

nta

Magnoliophyta

Magnoliopsida

Nicotiana tabacum

207

224

vvi

Magnoliophyta

Magnoliopsida

Vitis vinifera

168

186

sly

Magnoliophyta

Magnoliopsida

Solanum lycopersicum

112

147

atr

Magnoliophyta

Magnoliopsida

Amborella trichopoda

124

129

cpa

Magnoliophyta

Magnoliopsida

Carica papaya

79

81

rco

Magnoliophyta

Magnoliopsida

Ricinus communis

63

63

rgl

Magnoliophyta

Magnoliopsida

Rehmannia glutinosa

32

37

sof

Magnoliophyta

Liliopsida

Saccharum officinarum

16

16

aau

Magnoliophyta

Magnoliopsida

Acacia auriculiformis

7

7

ama

Magnoliophyta

Magnoliopsida

Acacia mangium

2

3

594

600

pab

Pinophyta

Pinopsida

Picea abies

cln

Pinophyta

Pinopsida

Cunninghamia lanceolata

ppt

Bryophyta

Bryopsida

Physcomitrella patens

5

4

250

298

cre

Chlorophyta

Chlorophyceae

Chlamydomonas reinhardtii

51

86

smo

Lycopodiophyta

Selaginellopsida

Selaginella moellendorfii

58

64

one in Platyhelminthes (243). In Cnidaria the existence of
miRNA system silencing genes through DCR and AGO
activation is well demonstrated. Cnidaria miRNAs act
on the basis of a perfect miRNA/mRNA complementarity, as reported for plants [60]. This mechanism was
already present in UrEumetazoa, the common ancestor
of Cnidaria and Metazoa, [61]. The evidence that miRNA
machinery has been maintained during evolution in different divisions and phyla supports the idea that miRNAs
have been a fundamental key in evolutionary steps [62].
miRNA database also reports miRNA number in subcellular organisms including viruses. Table 4 shows
miRNA number in ssRNA and dsDNA virus groups.
miRNA number average in dsDNA group (56) is higher
than the one in ssRNA group (9).
From the analysis of miRNA number in various organisms we can conclude that miRNA number identified
and catalogued for each animal group decreased from
complex multicellular organisms (Chordata) to less complex organisms such as Cnidaria, according with studies

reporting a relationship between the increase in number of miRNAs and body evolution of organisms [63].
As expected, viruses showed the lowest miRNA number
(Fig. 2c).
Knowledge on the origin and divergence of miRNAs
paves the way for a better understanding of the complexity of the regulatory network that they participate in.

miRNA flow from plants to animals
miRNAs are widespread and highly conserved in plant
species. Initially, they have been identified in arabidopsis, rice, tobacco and maize suggesting that miRNAs may
have the same ancestor in very early evolution. However,
the expression of different miRNAs and their copy number in plant genome may differ, and therefore there is a
very high rate of divergence occurring for some miRNAs,
even if some are highly conserved. As reported above,
miRNAs derive from dsRNA precursors processed by
DCR. If the processing is followed by methylation, as
in plant miRNA biogenesis, an inheritable epigenetic
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Table 3 Hairpin precursor and mature miRNA number in different animal phyla
ID

Phylum

hsa

Chordata

mmu

Class

Species

Hairpin precursor

Mature miRNA

Mammalia

Homo sapiens

1984

2693

Mammalia

Mus musculus

1303

2013

gga

Aves

Gallus gallus

bta

Mammalia

Bos taurus

907

1238

1085

1045
1139

mdo

Mammalia

Monodelphis domestica

681

ptr

Mammalia

Pan troglodytes

685

690

ppy

Mammalia

Pongo pygmaeus

655

673

rno

Mammalia

Rattus norvegicus

501

769

oan

Mammalia

Ornithorhyncus anatinus

396

640

cfa

Mammalia

Canis familiaris

504

455

ocu

Mammalia

Oryctolayus cuniculus

306

579

ssu

Mammalia

Sus scrofa

414

461

cgr

Mammalia

Cricetus griseus

245

353

sha

Mammalia

Sarchophilus harrisii

67

65

meu

Mammalia

Macropus eugenii

gga

Aves

Gallus gallus

3

3

907

1238

cli

Aves

Columba livia

248

420

tgu

Aves

Taenopygia guttata

247

334

apl

Aves

Anas platyrhynchos

aca

Reptilia

Anolis carolinensis

4

8

303

449

cpi

Reptilia

Chrysemys picta

268

405

ami

Reptilia

Alligator mississipinensis

242

373

oha

Reptilia

Ophiophagus hannah

198

343

pbv

Reptilia

Python bivittatus

212

307

xtr
dvi

Arthropoda

dsi

Amphibia

Xenopus tropicalis

196

182

Insecta

Drosophila virilis

181

330

Insecta

Drosophila simulans

149

213

sfr

Insecta

Spodoptera frugiperda

122

221

aae

Insecta

Aedes aegypti

156

165

dse

Insecta

Drosophila sechellia

103

120

der

Insecta

Drosophila erecta

101

120
103

dya

Insecta

Drosophila yakuba

93

hme

Insecta

Heliconius melpomene

92

97

pte

Arachnida

Parasteatoda tepidariorum

148

257

tur

Arachnida

Tetranychus urticae

52

92

rmi

Arachnida

Rhipicephalus microplus

24

24

Secernentea

Heligmosomoides polygyrus

246

486

hpo

Nematoda

cel

Secernentea

Caenorhabditis elegans

261

439

cbr

Secernentea

Caenorhabditis briggsae

178

164

str
sme

Platyhelmintes

Secernentea

Strongyloides ratti

106

208

Rhabditophora

Schmidtea mediterranea

148

257

egr

Cestoda

Echinococcus granulosus

111

218

sja

Trematoda

Schistosoma japonicum

56

79

emu

Cestoda

Echinococcus multilocularis

36

68

Anthozoa

Nematostella vectensis

141

142

Hydrozoa

Hydra magnipapillata

17

20

nve
hma

Cnidaria
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Table 4 Hairpin precursor and mature miRNA number in different virus family
ID

Group

Family

Name

Hairpin precursor

Mature
miRNA

bfv

Group VI (ssRNA)

Retroviridae

Bovine foamy virus

2

4

blv

Group VI (ssRNA)

Retroviridae

Bovine leukemia virus

5

10

ebv

Group I (dsDNA)

Herpesviridae

Epstein barr virus

25

44

hcmv

Group I (dsDNA)

Herpesviridae

Human cytomegalovirus

15

26

hiv

Group VI (ssRNA)

Retroviridae

Human immunodeficiency virus 1

hsv

Group I (dsDNA)

Herpesviridae

Herpes simplex virus

3

4

37

51

kshv

Group I (dsDNA)

Herpesviridae

Kaposi sarcoma associated herpesvirus

13

25

mcmv

Group I (dsDNA)

Herpesviridae

Mouse cytomegalovirus

18

29

mdv

Group I (dsDNA)

Herpesviridae

Mareks disease virus type 1

32

62

mghv

Group I (dsDNA)

Herpesviridae

Mouse gammaherpes virus

15

28

prv

Group I (dsDNA)

Herpesviridae

Pseudorabies virus

14

18

modification occurs. Indeed, plant methylated miRNAs
are resistant to periodate, while animal miRNAs are sensitive to periodate [35]. Then, exploiting this peculiarity
it is possible to distinguish between plant and animal
miRNAs. Several studies have been carried out in animals undergoing different diets with the aim of clarifying
the intriguing question whether plant miRNAs can enter
into animal cells, exerting physiological functions. In
particular, the characterization of small RNAs in healthy
Chinese donors showed that plant miRNAs represented
about 5% of mammalian miRNAs; miRNAs cloned from
donor serum were resistant to periodate, suggesting they
were plant miRNAs, probably coming from food intake.
As a confirmation of this hypothesis, the concentration
of plant miRNAs was found to be higher in the serum of
rice-fed mice compared with chow diet-fed mice [64].
However, despite variations of diet components, this percentage was never above 10%; moreover, no differences
in miRNA content were observed comparing diets composed of raw or cooked food, indicating that miRNAs
are heat resistant. It is also suggested by different authors
that plant derived miRNAs can survive the animal digestion system, absorbed and transferred into blood, circulate through animal body, regulating animal gene
expression as endogenous miRNAs [65–67].
Zhang group firstly reported that food-derived miRNAs are accumulated in human plasma micro-vesicles
(exosomes) that can transport them throughout the
body, thus being widespread in various organs and tissues with the consequent inhibition of specific gene
expression. In particular, rice miR168a has been suggested to target the mRNA of the low-density lipoprotein receptor adaptor protein 1, and rice-fed mice
showed a reduction in receptor expression in blood
and liver. Evidences also indicated that the integration of exogenous miR168 from plants can contribute

to modulate dyslipidemia in mammals [64, 68]. The
presence of rice miRNAs in human plasma was further supported by Wang, who using next generation
small RNA sequencing datasets of human serum samples, identified several exogenous small RNA species
from gut microbiota and plant species [69]. Hence, the
plant specific miR172 has been found in the stomach,
intestine and serum of mouse fed with RNA extracted
from brassicaceae, suggesting that plant miRNA can
survive in the circulation and gastrointestinal tract in
mice [65]. An in silico study, aimed at evaluating the
presence of plant food derived miRNAs in mammalian
breast milk, showed that 35 plant miRNAs were found
in human exosome samples [70]. Analysing breast milk
from healthy donors by PCR, several plant miRNAs
were found in human milk, hypothesising that these
miRNAs may potentially influence the biological pathway in infants [71]. Several other studies confirmed
the finding of plant miRNAs in tissue of different species such as pig [67], panda [72] and silkworm [73].
Plant miRNA relevance in the prevention or treatment
of human diseases, including cardiovascular diseases
[74], tumors [75, 76], chronic-inflammation [77], influenza [78], and pulmonary fibrosis [79] was proposed.
In particular, a study by Zhou, provided evidence that
the highly stable plant miR2911 could be taken up via
gastrointestinal tract and directly target multiple viral
genes of various influenza A viruses, and thus counteract viral infections [78]. miR2911 is an atypical miRNA
deriving from 26S ribosomal RNA encoded by honeysuckle (Lonicera japonica), a traditional Chinese herb
widely used to effectively treat influenza and other
pathogen infections. Honeysuckle decoction has been
shown to suppress the replication of influenza virus,
to exert an anti-viral effect against influenza in human
body through the uptake of miR2911 [80]. Employing

Ledda et al. Cell Biosci

(2020) 10:1

Fig. 2 miRNA in plants and animals. Comparison of miRNA number
in: plants with seeds and without seeds (a); different animal phyla and
viruses (b); and different Chordata classes (c)

the mouse model, the delivery and accumulation of
miR2911 in various organs has also been demonstrated.
Moreover, higher levels of miR168 was found in mice
fed with miR168 combined with honeysuckle diet than
in mice feed with miR168 alone, suggesting that dietary
habit may influence the absorption of miRNAs [81]. In
the recent years, several studies revealed that human,
bovine, pig and rat milk, as well as other biological
fluids, contained miRNAs [82, 83]. In particular, the
miRNA microarray analyses of bovine milk revealed the
presence of 79 and 91 miRNAs in the exosomes milk
and in the supernatant whey derivatives, respectively
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[84]. Exosomes are naturally 30–100 nm nanovescicles
containing different biomolecules including nucleic
acids such as miRNAs and other ncRNAs, secreted
into the extracellular liquids by different types of cells
[85]. Exosomes play an important role in cellular trafficking and intercellular communication in multicellular organisms; these physiological stable nanovescicles
might exert their trans-species modulation by acting
as cargo for various RNA types, despite RNAase activity [86]. The cell-to-cell communication mediated by
exosomes transferring genetic information was first
addressed by Valadi, and later confirmed by other
authors reporting that commercial milk contained stable exosomes that remained intact in the gastrointestinal tract and exerted an immunoregulatory effect [87,
88]. Exosomes from human or animal cells can be harvested from cell culture liquid, blood, urine, and other
body fluids. Analogous fluids in plants are not so easily collected. However, some authors suggested that
exosomes may have originally evolved in plants as a
mean of cell–cell communication between plants, regulating innate immune defences in response to pathogen invasion [89]. The same authors also speculate that
exosomes liberated from digested edible plants may be
a way of cross-species communication. Recently, plant
derived exosome-like nanovescicles, having a structure similar to those of mammalian exosomes, have
been characterized in different edible plant [90]. These
nanovescicles can be absorbed in the mammalian gastrointestinal tract and have the potential to mediate
plant–animal intercellular communication [91, 92]. For
example, nanoparticles from four edible plants (grape,
grapefruit, ginger, and carrot) have been shown to possess anti-inflammatory properties. One recent study
demonstrated that plant derived exosome-like particles
are taken up by the gut microbiota of mice, protecting
them from symptoms of colitis [93].
However, the hypothesis that diet derived exogenous
miRNAs can exert any influence on human gene regulation has yielded a lot of controversies. Indeed, several
sources of DNA contamination, artefacts and false positive results have been suggested by different authors [94,
95]. In particular, little or low measurable uptake of plant
miRNAs by PCR in human and primates after feeding
studies have been found [96, 97]. Moreover, Dickinson
attempted to validate Zhang results, but found little evidence of dietary uptake of miR168 after rice feeding [98].
The different points of view on the possible cross-kingdom exchange between plants and animals are discussed
in a recent publication where Zhang and Witwer share
their realities of dietary miRNAs by answering five questions related to this controversial field [99].
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The influence of miRNAs contained in food
on development: the case of honeybee

In relation to the acquirement of plant miRNAs through
food intake, we report the example of honeybee (Apis
mellifera). Honeybee is a paradigm of miRNA-related
epigenetic control of phenotype expression. Honeybee
is an eusocial insect living in a social system rigorously
divided into castes, where each bee has its own welldefined role. The caste division and fate determination
are important for understanding the epigenetic control
in organism development. How castes evolve has at
present not fully answered. At this regard, the relationship between miRNA and fate determination of larvae
has been highlighted. All the bees develop from one
type of egg, thus having the same genome, female being
diployd and male being aployd. Female honeybees are
divided further into two castes, queens and workers,
which differ in morphology, physiology and social function. Larvae receive a series of specific food stimuli
including the administration of different miRNA sets,
leading to morphological and structural changes [100].
In particular, during the 4th to 6th day of larval development honeybees are fed with two types of mush: (a)
royal jelly, a glandular secretion of nurse bees, causing the stimulation of differentiation to queen bee
and drones, the latter differing from queen because of
their aployd genome; (b) beebread, composed of a fermented mixture of plant nectar and pollen, leading to
the worker phenotype [101, 102]. Several components
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of the larval diet have been suggested to influence caste
development, even if the influence of food on the developmental fate of honeybees is not fully understood.
Recently, evidences have been provided for a previously
uncharacterized regulatory mechanism of worker bee
development, which can be partially attributed to the
plant miRNAs contained in beebread feeding young
larvae. At the initial stage, the larvae fed with the same
food expressed basal miRNAs that are mainly aimed at
the control of neuronal non-physio-metabolic genes.
At the 4–6th day of larval development the administration of royal jelly is related to the expression of physiometabolic genes in queen bee [103] (Fig. 3). It is worth
to underline that the amount of miRNAs in beebread
is 7–215 fold higher than in royal jelly, and that miRNAs are prevalently of plant origin. Studies aimed at
characterizing miRNA expression in bees, indicated
that miR162, a typical plant miRNA, is highly express
in worker bees [102]. Beebread alimentary choice
involves greater gene expression enrichment as compared to royal jelly, whose consequence is the development of the neuronal system in the worker bees at the
expenses of the physio-metabolic pathways [104]. This
is in agreement with the fact that miRNAs are differentially expressed during the caste development of bees.
For example, among workers miR210, associated with
memory and learning, is higher expressed than in queen
bee [105]. Moreover, queen larvae expressed ame-let-7
twice than worker bee larvae, whereas the expression of

Fig. 3 Apis mellifera life cycle and the influence of food on caste development
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ame-miR-263 in queen larvae was only one fifth of that
in worker bee larvae [101]. These data are supported by
studies showing that miRNAs contained in beebread
used for feeding the larvae of prospective queens were
capable of direct adult differentiation towards worker
bees. The addition of miR184, abundant in beebread,
to food of queen larvae influenced the morphology of
adult bees in the direction of the worker phenotype.

miRNAs in clinical trials
miRNAs are small molecules that have the ability to
regulate the expression of several mRNAs, and their
aberrant expression has been linked to the development of multiple diseases. One only miRNA has the
potential capability to regulate biological pathways that
are disrupted in patients, indeed they act as intracellular mediators and can potentially modify the expression
of thousands genes. This is why miRNAs are considered
one of the most promising therapeutic approach to be
developed for the future clinical researches [106, 107].
Indeed, their use as drugs could be particular advantageous for the therapy of diseases that are provoked by
multifactorial events, such as cancer. In patients the
level of downregulated tumour suppressed miRNAs
could be normalized by their re-expression using synthetic miRNAs, while the upregulated oncogenic miRNAs could be silenced by antisense mediated inhibition
[108, 109]. Several miRNAs have been proposed as
therapeutics. miRNA targeted therapeutics that have
reached clinical development, and related diseases for
which they can be used are reported in Table 5 [110,
111].

Conclusions
miRNAs are the smallest nucleotide molecules able to
regulate gene expression at post transcriptional level
found in both animals and plants thus their origin, by
the evolutionary point of view, is by far much older
than the appearance of human on Earth. Indeed, they
were conserved in different species, because they are
involved in fundamental processes for life, growth and
development of living organisms. Plants have developed
mechanisms of growth and defense much more efficient than animals because they need to respond more
quickly and effectively to environmental stress and
external attacks, lacking an efficient immunosystem.
This could explain why plant miRNAs are often more
effective in their biological functions than the animal
ones. miRNAs are generally transmitted to the progeny in a quite stable manner. However, further to the
vertical transmission, miRNAs can undergo horizontal transmission among different species, in particular
between plant and animals through food. Furthermore,
the transmission of miRNAs to plant feeding animals
such as bees makes the study of plant miRNAs fundamental to shed light on the biological role of these molecules across kingdoms.
In the last years, an increasing number of both in vitro
and in vivo studies reported that miRNA passage can
occur through feeding and that in mammals, plant miRNAs survive the gastro intestinal digestion, absorbed,
and transferred by blood into host cells where they exert
they functions modulating gene expression. Adaptation
of miRNAs into the new organisms, where exogenous
miRNAs have been maintained and integrated due to the
positive changes on the metabolism, has been suggested.

Table 5 miRNAs in clinical trials
miRNA

Drug name

Disease

miR-34

MRX34

Multiple cancers

miR-92

MRG110
MGN-6114

Heart failure/wound healing

miR-16

mesomiR-1

Mesothelioma, lung cancer

miR-122

Miravirsen
RG101

Hepatitis C virus

miR-29

MRG201
MGN4220

Keloid, fibrous scar tissue formation

miR-21

RG012

Alport syndrome

miR-155

Cobomarsen (MRG-106)

T-cell lymphoma/mycosis fungoides

miR-143/145

MGN2677

Vascular disease

miR-451

MGN-4893

Polycythemia vera

miR-378

MGN5804

Cardiometabolic disease

miR-15/miR-195

MGN-1374

Post-myocardial infarction remodelling

miR-208

MGN9103

Heart failure
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The majority of human medicines and supplements
derive from plants and a regular consumption of plant
food is suggested for their beneficial effects in the prevention of metabolic diseases, cancers and age related
functional disorders. So far, these beneficial effects have
been generally attributed to the content of secondary
metabolites, whereas mechanisms regarding other components remain unclear. Therefore, in light of the above
reported studies miRNA could result another component
for the medical properties of plants. However, the question on how plant miRNAs can be transferred to animals,
including humans, and how they are able to effectively
regulate gene expression in a cross-kingdom manner is
still under debate.
sncRNAs have been mainly studied in mammals characterizing their sequences and molecular targets as available in public databases. The herein presented studies
provide evidence that miRNA situation is much more
complex than the static situation reported in databases.
Indeed, miRNAs may have redundant activities, variable
sequences, different methods of biogenesis, and may be
differently influenced by external and environmental factors. In-depth knowledge of mechanisms of synthesis,
regulation and transfer of plant sncRNAs, such as miRNAs and siRNAs, to other species can open new frontiers
in the treatment and therapy of many human diseases,
including cancer.
Abbreviations
AGO: argonaute; DCR: dicer; DCL: dicer-like; miRNAs: microRNAs; pre-miRNAs:
miRNA precursors; ncRNAs: non-coding RNAs; pri-miRNAs: primary miRNAs;
RISC: RNA-induced silencing complex; sncRNAs: small ncRNAs; siRNAs: short
interfering RNAs.
Acknowledgements
Not applicable.
Authors’ contributions
This manuscript was drafted by BL, LO, AI, SS and MM. All authors read and
approved the final manuscript.
Funding
This study was partially supported by AIRC: IG-20699.
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Health Sciences, University of Genoa, Via A. Pastore 1,
16132 Genoa, Italy. 2 Mutagenesis and Cancer Prevention Unit, IRCCS
Ospedale Policlinico San Martino, L.Go R. Benzi, 10, Genoa, Italy. 3 UOD Dietetic

Page 11 of 13

and Clinical Nutrition, IRCCS Ospedale Policlinico San Martino, L.Go R. Benzi,
10, Genoa, Italy.
Received: 23 August 2019 Accepted: 23 December 2019

References
1. Frith M, Bailey T, Kasukawa T, Mignone F, Kummerfeld S, Madera M, et al.
Discrimination of non-protein-coding transcripts from protein-coding
mRNA. RNA Biol. 2006;3:40–8.
2. Mattick J, Makunin I. Non-coding RNA. Hum Mol Genet. 2006;15
Spec(1):R17–R29.
3. Dinger M, Pang K, Mercer T, Mattick J. Differentiating protein-coding
and noncoding RNA: challenges and ambiguities. PLoS Comput Biol.
2008. https://doi.org/10.1371/journal.pcbi.1000176.
4. Tomari Y, Zamore P. Perspective: machines for RNAi. Genes Dev.
2005;19:517–29.
5. Grimson A, Srivastava M, Fahey B, Woodcroft BJ, Chiang HR, King N,
et al. Early origins and evolution of microRNAs and Piwi-interacting
RNAs in animals. Nature. 2008;455:1193–7.
6. Ambros V, Lee R, Lavanway A, Williams P, Jewell D. MicroRNAs and other
tiny endogenous RNAs in C. elegans. Curr Biol. 2003;13:807–18.
7. Aravin A, Lagos-Quintana M, Yalcin A, Zavolan M, Marks D, Snyder B,
et al. The small RNA profile during Drosophila melanogaster development. Dev Cell. 2003;5:337–50.
8. Xie Z, Johansen L, Gustafson A, Kasschau K, Lellis A, Zilberman D, et al.
Genetic and functional diversification of small RNA pathways in plants.
PLoS Biol. 2004. https://doi.org/10.1371/journal.pbio.0020104.
9. Carthew R, Sontheimer E. Origins and mechanisms of miRNAs and
siRNAs. Cell. 2009;136:642–55.
10. Sontheimer E, Carthew R. Silence from within: endogenous siRNAs and
miRNAs. Cell. 2005;122:9–12.
11. Khraiwesh B, Zhu JK, Zhu J. Role of miRNAs and siRNAs in biotic
and abiotic stress responses of plants. Biochim Biophys Acta.
2012;1819:137–48.
12. Vaucheret H, Vazquez F, Crété P, Bartel D. The action of ARGONAUTE1
in the miRNA pathway and its regulation by the miRNA pathway are
crucial for plant development. Genes Dev. 2004;18:1187–97.
13. Diederichs S, Haber D. Dual role for argonautes in microRNA processing and posttranscriptional regulation of microRNA expression. Cell.
2007;131:1097–108.
14. O’Carroll D, Mecklenbrauker I, Das P, Santana A, Koenig U, Enright A,
et al. A Slicer-independent role for Argonaute 2 in hematopoiesis and
the microRNA pathway. Genes Dev. 2007;21:1999–2004.
15. Kim V, Han J, Siomi M. Biogenesis of small RNAs in animals. Nat Rev Mol
Cell Biol. 2009;10:126–39.
16. Napoli C, Lemieux C, Jorgensen R. Introduction of a chalcone synthase
gene into Petunia results in reversible co-suppression of homologous
genes in trans. Plant Cell. 1990;2:279–89.
17. Waterhouse P, Graham M, Wang M. Virus resistance and gene silencing
in plants can be induced by simultaneous expression of sense and
antisense RNA. Proc Natl Acad Sci USA. 1998;95:13959–64.
18. Baulcombe D. RNA silencing in plants. Nature. 2004;431:356–63.
19. Tan G, Garchow B, Liu X, Yeung J, Morris J 4th, Cuellar TL, et al. Expanded
RNA-binding activities of mammalian Argonaute 2. Nucleic Acids Res.
2009;37:7533–45.
20. Wang Y, Juranek S, Li H, Sheng G, Tuschl T, Patel D. Structure of an argonaute silencing complex with a seed-containing guide DNA and target
RNA duplex. Nature. 2008;456:921–6.
21. Janas M, Wang B, Harris A, Aguiar M, Shaffer J, Subrahmanyam Y, et al.
Alternative RISC assembly: Binding and repression of microRNA–mRNA
duplexes by human Ago proteins. RNA. 2012;18:2041–55.
22. Zhang B, Pan X, Wang Q, Cobb G, Anderson T. Identification and
characterization of new plant microRNAs using EST analysis. Cell Res.
2005;15:336–60.
23. Wang D, Pajerowska-Mukhtar K, Hendrickson Culler A, Dong X. Salicylic
acid inhibits pathogen growth in plants through repression of the
auxin signaling pathway. Curr Biol. 2007;17:1784–90.

Ledda et al. Cell Biosci

(2020) 10:1

24. Schommer C, Palatnik J, Aggarwal P, Chételat A, Cubas P, Farmer E, et al.
Control of jasmonate biosynthesis and senescence by miR319 targets.
Plos Biol. 2008. https://doi.org/10.1371/journal.pbio.0060230.
25. Millar A, Waterhouse P. Plant and animal microRNAs: similarities and
differences. Funct Integr Genomics. 2005;5:129–35.
26. Zhang Y, Yun Z, Gong L, Qu H, Duan X, Jiang Y, et al. Comparison of
miRNA evolution and function in plants and animals. MicroRNA. 2018.
https://doi.org/10.2174/2211536607666180126163031.
27. Rogers K, Chen X. Biogenesis, turnover, and mode of action of plant
microRNAs. Plant Cell. 2013;25:2383–99.
28. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell
Biol. 2014;15:509–24.
29. Budak H, Akpinar BA. Plant miRNAs: biogenesis, organization and
origins. Funct Integr Genomic. 2015;15:523–31.
30. Xie Z, Allen E, Fahlgren N, Calamar A, Givan S, Carrington J. Expression
of Arabidopsis MIRNA genes. Plant Physiol. 2005;138:2145–54.
31. Borchert G, Lanier W, Davidson B. RNA polymerase III transcribes human
microRNAs. Nat Struct Mol Biol. 2006;13:1097–101.
32. Park M, Wu G, Gonzalez-Sulser A, Vaucheret H, Poethig R. Nuclear processing and export of microRNAs in Arabidopsis. Proc Natl Acad Sci USA.
2005;102:3691–6.
33. Song L, Han M, Lesicka J, Fedoroff N. Arabidopsis primary microRNA
processing proteins HYL1 and DCL1 define a nuclear body distinct from
the Cajal body. Proc Natl Acad Sci USA. 2007;104:5437–42.
34. Yu B, Yang Z, Li J, Minakhina S, Yang M, Padgett R, et al. Methylation as a
crucial step in plant microRNA biogenesis. Science. 2005;307:932–5.
35. Li J, Yang Z, Yu B, Liu J, Chen X. Methylation protects miRNAs and
siRNAs from a 3′-end uridylation activity in Arabidopsis. Curr Biol.
2005;15:1501–7.
36. Baumberger N, Baulcombe D. Arabidopsis ARGONAUTE1 is an RNA
Slicer that selectively recruits microRNAs and short interfering RNAs.
Proc Natl Acad Sci USA. 2005;102:11928–33.
37. Qi Y, Denli A, Hannon G. Biochemical specialization within Arabidopsis
RNA silencing pathways. Mol Cell. 2005;19:421–8.
38. Okamura K, Hagen J, Duan H, Tyler D, Lai E. The mirtron pathway
generates microRNA-class regulatory RNAs in Drosophila. Cell.
2007;130:89–100.
39. Ruby J, Stark A, Johnston W, Kellis M, Bartel D, Lai E. Evolution, biogenesis, expression, and target predictions of a substantially expanded set
of Drosophila microRNAs. Genome Res. 2007;17:1850–64.
40. Rajagopalan R, Vaucheret H, Trejo J, Bartel D. A diverse and evolutionarily fluid set of microRNAs in Arabidopsis thaliana. Genes Dev.
2006;20:3407–25.
41. Dunoyer P, Brosnan C, Schott G, Wang Y, Jay F, Alioua A, et al. An endogenous, systemic RNAi pathway in plants. EMBO J. 2010;29:1699–712.
42. Ameres S, Horwich M, Hung J, Xu J, Ghildiyal M, Weng Z, et al. Target
RNA-directed trimming and tailing of small silencing RNAs. Science.
2010;328:1534–9.
43. Xie J, Ameres S, Friedline R, Hung J, Zhang Y, Xie Q, et al. Long-term,
efficient inhibition of microRNA function in mice using rAAV vectors.
Nat Methods. 2012;9:403–9.
44. Chatterjee S, Grosshans H. Active turnover modulates mature microRNA
activity in Caenorhabditis elegans. Nature. 2009;461:546–9.
45. Chatterjee S, Fasler M, Bussing I, Grosshans H. Target-mediated protection of endogenous microRNAs in C. elegans. Dev Cell. 2011;20:388–96.
46. La Rocca G, Olejniczak SH, González AJ, Briskin D, Vidigal JA, Spraggon
L, et al. In vivo, Argonaute-bound microRNAs exist predominantly in
a reservoir of low molecular weight complexes not associated with
mRNA. Proc Natl Acad Sci USA. 2015;112:767–72.
47. Enright A, John B, Gaul U, Tuschl T, Sander C, Marks D. MicroRNA
targets in Drosophila. Genome Biol. 2003; https://genomebiology.
com/2003/5/1/R1
48. Stark A, Brennecke J, Russell R, Cohen S. Identification of Drosophila
microRNA targets. PLOS Biol. 2003. https://doi.org/10.1371/journ
al.pbio.0000060.
49. Wang MB, Metzlaff M. RNA silencing and antiviral defense in plants. Curr
Opin Plant Biol. 2005;8:216–22.
50. Palatnik J, Allen E, Wu X, Schommer C, Schwab R, Carrington J, et al.
Control of leaf morphogenesis by microRNAs. Nature. 2003;425:257–63.

Page 12 of 13

51. Jones-Rhoades M, Bartel D. Computational identification of plant
MicroRNAs and their targets, including a stress-induced miRNA. Mol
Cell. 2004;14:787–99.
52. Wang JW, Wang LJ, Mao YB, Cai WJ, Xue HW, Chen XY. Control of root
cap formation by MicroRNA-targeted auxin response factors in Arabidopsis. Plant Cell. 2005;17:2204–16.
53. Bartel B, Bartel D. MicroRNAs: at the root of plant development? Plant
Physiol. 2003;132:709–17.
54. Floyd SK, Bowman JL. Gene regulation: ancient microRNA target
sequences in plants. Nature. 2004;428:485–6.
55. Voinnet O. Origin, biogenesis and activity of plant microRNAs. Cell.
2009;136:669–87.
56. Heimberg AM, Sempere LF, Moy VN, Donoghue PC, Peterson KJ. MicroRNAs and the advent of vertebrate morphological complexity. Proc Natl
Acad Sci USA. 2008;105:2946–50.
57. Guerra-Assunção JA, Enright AJ. Large-scale analysis of microRNA
evolution. BMC Genomics. 2012;13:218.
58. Chang HR, Schoenfeld LW, Ruby JG, Auyeung VC, Spies N, Baek D, et al.
Mammalian microRNAs: experimental evaluation of novel and previously annotated genes. Genes Dev. 2010;24:992–1009.
59. Berezikov E, Robine N, Samsonova A, Westholm JO, Naqvi A, Hung JH,
et al. Deep annotation of Drosophila melanogaster microRNAs yields
insights into their processing, modification, and emergence. Genome
Res. 2011;21:203–15.
60. Moran Y, Fredman D, Praher D, Li X, Wee L, Rentzsch F, et al. Cnidarian microRNAs frequently regulate targets by cleavage. Genome Res.
2014;24:651–63.
61. Boero F, Schierwater B, Piraino S. Cnidarian milestones in metazoan
evolution. Integr Comp Biol. 2007;47:693–700.
62. Mauri M, Kirchner M, Aharoni R, Ciolli Mattioli C, van den Bruck D,
Gutkovitch N, et al. Conservation of miRNA-mediated silencing mechanisms across 600 million years of animal evolution. Nucleic Acids Res.
2017;45:938–50.
63. Guerra-Assunção JA, Enright AJ. MapMi: automated mapping of microRNA loci. BMC Bioinformatics. 2010;11:133.
64. Zhang L, Hou D, Chen X, Li D, Zhu L, Zhang Y, et al. Exogenous plant
MIR168a specifically targets mammalian LDLRAP1: evidence of crosskingdom regulation by microRNA. Cell Res. 2012;22:107–26.
65. Liang H, Zhang S, Fu Z, Wang Y, Wang N, Liu Y, et al. Effective detection
and quantification of dietetically absorbed plant microRNAs in human
plasma. J Nutr Biochem. 2014;26:505–12.
66. Liang H, Zhang S, Fu Z, Wang Y, Wang N, Liu Y, et al. Effective detection
and quantification of dietetically absorbed plant microRNAs in human
plasma. J Nutr Biochem. 2015;26:505–12.
67. Luo Y, Wang P, Wang X, Wang Y, Mu Z, Li Q, et al. Detection of dietetically
absorbed maize-derived microRNAs in pigs. Sci Rep. 2017. https://doi.
org/10.1038/s41598-017-00488-y.
68. Lukasik A, Zielenkiewicz P. Plant MicroRNAs-novel players in natural
medicine? Int J Mol Sci. 2016. https://doi.org/10.3390/ijms18010009.
69. Wang K, Li H, Yuan Y, Etheridge A, Zhou Y, Huang D, et al. The complex
exogenous RNA spectra in human plasma: an interface with human
gut biota? PLoS ONE. 2012. https://doi.org/10.1371/journal.pone.00510
09.
70. Lukasik A, Zielenkiewicz P. In silico identification of plant miRNAs in
mammalian breast milk exosomes—a small step forward? PLoS ONE.
2014. https://doi.org/10.1371/journal.pone.0099963.62.
71. Lukasik A, Brzozowska I, Zielenkiewicz U, Zielenkiewicz P. Detection
of plant miRNAs abundance in human breast milk. Int J Mol Sci. 2017.
https://doi.org/10.3390/ijms19010037.
72. Ma J, Wang C, Long K, Zhang H, Zhang J, Jin L, et al. Exosomal microRNAs in giant panda (Ailuropoda melanoleuca) breast milk: potential
maternal regulators for the development of newborn cubs. Sci Rep.
2017. https://doi.org/10.1038/s41598-017-03707-8.
73. Jia L, Zhang DY, Xiang ZH, He NJ. Nonfunctional ingestion of plant
miRNAs in silkworm revealed by digital droplet PCR and transcriptome
analysis. Sci Rep. 2015;5:12290.
74. Hou D, He F, Ma L, Cao M, Zhou Z, Wei Z, et al. The potential atheroprotective role of plant MIR156a as a repressor of monocyte recruitment
on inflamed human endothelial cells. J Nutr Biochem. 2018;57:197–205.

Ledda et al. Cell Biosci

(2020) 10:1

75. Chin AR, Fong MY, Somlo G, Wu J, Swiderski P, Wu X, et al. Crosskingdom inhibition of breast cancer growth by plant miR159. Cell Res.
2016;26:217–28.
76. Mlotshwa S, Pruss G, MacArthur J, Endres M, Davis C, Hofseth L, et al.
Novel chemopreventive strategy based on therapeutic microRNAs
produced in plants. Cell Res. 2015;25:521–4.
77. Cavalieri D, Rizzetto L, Tocci N, Rivero D, Asquini E, Siammour A,
et al. Plant microRNAs as novel immunomodulatory agents. Sci Rep.
2016;6:25761.
78. Zhou Z, Li X, Liu J, Dong L, Chen Q, Liu J, et al. Honeysuckle-encoded
atypical microRNA2911 directly targets influenza A viruses. Cell Res.
2015;25:39–49.
79. Du J, Liang Z, Xu J, Zhao Y, Li X, Zhang Y, et al. Plant-derived phosphocholine facilitates cellular uptake of anti-pulmonary fibrotic HJT-sRNAm7. Sci China Life Sci. 2019;62:309–20.
80. Yang J, Farmer LM, Agyekum AAA, Elbaz-Younes I, Hirschi KD. Detection
of an abundant plant-based small RNA in healthy consumers. PLoS
ONE. 2015. https://doi.org/10.1371/journal.pone.0137516.
81. Yang LM, Farmer AAA, Agyekum KD, Hirschi K. Detection of dietary
plant-based small RNAs in animals. Cell Res. 2015;5:517–20. https://doi.
org/10.1038/cr.2015.26.
82. Munch EM, Harris RA, Mohammad M, Benham AL, Pejerrey SM,
Showalter L, et al. Transcriptome profiling of microRNA by Next Gen
deep sequencing reveals known and novel miRNA species in the lipid
fraction of human breast milk. PLoS ONE. 2013;8:e50564.
83. Izumi H, Kosaka N, Shimizu T, Sekine K, Ochiya T, Takase M. Timedependent expression profiles of microRNAs and mRNAs in rat milk
whey. PLoS ONE. 2014;9:e88843.
84. Sedykh SE, Purvinish LV, Monogarova AS, Burkova EE, Grigor’eva AE,
Bulgakov DV, et al. Purified horse milk exosomes contain an unpredictable small number of major proteins. Biochimie Open. 2017;4:61–72.
85. Vlassov AV, Magdaleno S, Setterquist R, Conrad R. Exosomes: current
knowledge of their composition, biological functions, and diagnostic
and therapeutic potentials. Biochim Biophys Acta. 2012;1820:940–8.
86. Izumi H, Tsuda M, Sato Y, Kosaka N, Ochiya T, Iwamoto H, et al. Bovine
milk exosomes contain microRNA and mRNA and are taken up by
human macrophages. J Dairy Sci. 2015;98:2920–33.
87. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosomemediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol. 2007;9:654–9.
88. Pieters BC, Arntz OJ, Bennink MB, Broeren M, van Caam A, Koenders M,
et al. Commercial cow milk contains physically stable extracellular vesicles expressing immunoregulatory TGF-β. PLoS ONE. 2015;10:e0121123.
89. Ju S, Mu J, Dokland T, Zhuang X, Wang Q, Jiang H, et al. Grape exosomelike nanoparticles induce intestinal stem cells and protect mice from
DSS-induced colitis. Mol Ther. 2013;21:1345–57.
90. Xiao J, Feng S, Wang S, Long K, Luo Y, Wang Y, et al. Identification of
exosome-like nanoparticle-derived microRNAs from 11 edible fruits
and vegetables. Peer J. 2018;6:e5186.
91. Mu J, Zhuang X, Wang Q, Jiang H, Deng Z, Wang B, 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.
92. Zhuang X, Deng ZB, Mu J, Zhang L, Yan J, Miller D, et al. Ginger-derived
nanoparticles protect against alcohol-induced liver damage. J Extracell
Vesi. 2015;4:28713.
93. Teng Y, Ren R, Sayed M, Hu X, Lei C, Kumar A, et al. Plant-derived
exosomal microRNAs shape the gut microbiota. Cell Host Microbe.
2018;24:637–52.

Page 13 of 13

94. Kang W, Bang-Bertelsen CH, Holm A, Houben AJ, Müller AH, Thymann
T, et al. Survey of 800+ data sets from human tissue and body fluid
reveals xenomiRs are likely artifacts. RNA. 2017;23:433–45.
95. Heintz-Buschart A, Yusuf D, Kaysen A, Etheridge A, Fritz JV, May P, et al.
Small RNA profiling of low biomass samples: identification and removal
of contaminants. BMC Biol. 2018. https://doi.org/10.1186/s1291
5-018-0522-7.
96. 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.
97. 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.
98. Dickinson B, Zhang Y, Petrick JS, Heck G, Ivashuta S, Marshall WS. Lack of
detectable oral bioavailability of plant microRNAs after feeding in mice.
Nat Biotechnol. 2013;31:965–7.
99. Witwer KW, Zhang CY. Diet-derived microRNAs: unicorn or silver bullet?
Genes Nutr. 2017;22:12–5.
100. Guo X, Su S, Geir S, Li W, Li Z, Zhang S, et al. Differential expression of
miRNAs related to caste differentiation in the honey bee, Apis mellifera.
Apidologie. 2016;47:495–508.
101. Guo X, Su S, Skogerboe G, Dai S, Li W, Li Z, et al. Recipe for a busy
bee: MicroRNAs in honey bee caste determination. PLoS ONE.
2013;8:e81661.
102. Zhu K, Liu M, Fu Z, Zhou Z, Kong Y, Liang H, et al. Plant microRNAs
in larval food regulate honeybee caste development. PLoS Genet.
2017;13:e1006946. https://doi.org/10.1371/journal.pgen.1006946.
103. Ashby R, Foret S, Searle I, Maleszka R. MicroRNAs in honey bee caste
determination. Sci Rep. 2016. https://doi.org/10.1038/srep18794.
104. Liu F, Peng W, Li Z, Li W, Li L, Pan J, Zhang S, et al. Next generation small
RNA sequencing for microRNAs profiling in Apis mellifera: comparison
between nurses and foragers. Insect Mol Biol. 2012;21:297–303.
105. Olena A, Patton J. Genomic organization of microRNAs. J Cell Physiol.
2010;222:540–5.
106. Schmidt MF. Drug target miRNAs: chances and challenges. Trends Biotechnol. 2014;32:578–85. https://doi.org/10.1016/j.tibtech.2014.09.002.
107. Van Rooij E, Kauppinen S. Development of microRNA therapeutics is coming of age. EMBO Mol Med. 2014;6:851–64. https://doi.
org/10.15252/emmm.201100899.
108. Henry JC, Azevedo-Pouly AC, Schmittgen TD. microRNA replacement
therapy for cancer. Pharm Res. 2011;28:3030–42.
109. Lennox KA, Behlke MA. Chemical modification and design of antimiRNA oligonucleotides. Gene Ther. 2011;18:1111–20.
110. Chakraborty C, Sharma AR, Sharma G, Doss CGP, Lee SS. Therapeutic
miRNA and siRNA: moving from bench to clinic as next generation
medicine. Mol Ther Nucleic Acids. 2017;8:132–43.
111. Hanna J, Hossain GS, Kocerha J. The potential for microRNA. Ther Clin
Res Front Genet. 2019;10:478. https://doi.org/10.3389/fgene.2019.00478
.

Publisher’s Note

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

