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ABSTRACT

MicroRNAs are short non-protein coding RNA molecules involved in the epigenetic regulation of gene
expression. Recently, extracellular microRNAs have been described in body fluids that might enable
epigenetic communication between distant tissues. Being highly conserved molecules, exogenous xeno-
microRNAs from different species could affect gene expression in the host even in a cross-kingdom
fashion. Several data underline the relevance of microRNA-mediated communication between virus and
host, and there are some experimental data showing that plant- or animal-derived dietary microRNAs
might have gene expression modulating activity in humans. Milk-derived microRNAs might be involved in
the “epigenetic priming” of the baby. Exogenous microRNAs might be hypothesized to be implicated in
disease pathogenesis, e.g. in tumors. Major questions remain to be addressed including the amount of
xeno-microRNAs needed for biological action or routes for microRNA delivery. In this brief review,
experimental data and hypotheses on the potential pathogenic inter-species relevance of microRNA are
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Introduction

MicroRNAs (miRNA, miR) are short non-protein coding RNA
molecules that are involved both in the nuclear and the post-
transcriptional regulation of gene expression. miRNAs are the
endogenous mediators of RNA-interference forming part of
the epigenetic machinery.' In this regard, the concept epige-
netic means post-transcriptional influence on gene expression
without affecting the DNA sequence.”” miRNAs are predicted
to regulate 30-60 % of all genes in humans.’ Their genes are
located mostly in non-coding genomic regions (often termed
the dark matter of the genome), or less frequently in exonic or
intronic regions of protein-coding genes.* Most miRNA genes
are transcribed to primary miRNAs (pri-miRNA) by RNA
polymerase 11> miRNAs undergo a complex maturation pro-
cess comprising the most typical and best described canonical
pathway and other alternative routes. In the canonical pathway,
pri-miRNAs are cleaved by the so-called microprocessor com-
plex in the nucleus. The complex includes Drosha and DGCRS8
(Di-George syndrome critical/chromosomal region 8).° The
nascent precursor miRNA (pre-miRNA) is delivered by Expor-
tin-5 and Ran GTP-ase proteins from the nucleus to the cyto-
plasm.” The mature single-stranded, 19-25 nucleotide long

miRNA is generated by the endoribonuclease Dicer. RISC
(RNA-induced silencing complex) is composed of the mature
miRNA, the transactivation-responsive RNA-binding protein
(TRBP) and Argonaute-2 protein (AGO2).*

miRNAs are highly conserved molecules showing high
degrees of complementarity even between evolutionarily distant
species such as worms, insects and mammals.” miRNAs arose
independently in plants, but their basic mechanism of action in
post-transcriptional regulation is similar in all eukaryotes.”"
miRNAs are also very stable that is exemplified by the fact that
miRNAs can be effectively retrieved and analyzed from
archived tissue samples."'

The most typical and best-described action of miRNAs is the
post-transcriptional modulation of gene expression, whereby
the mature single-stranded miRNA in RISC binds the 3
untranslated region (3’ UTR) of its target mRNA (mRNA).
Depending on the degree of complementarity between the
miRNA and target mRNA sequences, translational inhibition
or mRNA degradation follows. Partial complementarity result-
ing in translational inhibition is characteristic for animals,
whereas perfect complementarity and subsequent mRNA
degradation is typical for plants.'* On the other hand, there are
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also findings showing that miRNAs can have positive effects on
gene expression, as well, further expanding the biological rele-
vance of miRNAs."

Major features of miRNAs are related to their pleiotropic
and synergistic actions, whereby a single miRNA can have sev-
eral potential mRNA targets, moreover, a mRNA usually also
has multiple miRNA binding sites. miRNAs binding to a single
mRNA often act in a synergistic fashion. The expression of
miRNAs is tissue specific, i.e. the miRNA expression patterns
between different tissues are quite different. Furthermore, the
target pattern of a given miRNA and thus its action on gene
expression is also tissue specific, as miRNA targets can be very
different in different tissues.'* The outstanding biological rele-
vance of miRNAs is confirmed among others in the regulation
of cell proliferation, differentiation, apoptosis, immune
response, as well as in numerous pathological conditions such
as tumorigenesis and infections." In tumors, miRNAs are clas-
sified as oncogenes and tumor suppressors following the classi-
cal oncogene-tumor suppressor dichotomy.'®

Novel data have revealed that beside their tissue counter-
parts, miRNAs are found and stable in different body fluids, as
well.'” According to our current knowledge, miRNA release
from the cell can occur through 3 major pathways: i. passive
outflow due to cellular damage (e.g., inflammation or necrosis),
and active secretion in ii. extracellular vesicles (apoptotic bod-
ies, exosomes and microvesicles), or iii. in macromolecular
complexes with AGO proteins (mostly AGO2) and high den-
sity lipoprotein (HDL)."® Extracellular miRNAs in membrane
vesicles and macromolecular complexes are very stable in the
blood." The miRNA content of exosomes has been shown to
be quite different from that of secreting cells suggesting selec-
tive packaging.’>***** Unfortunately, the molecular mecha-
nism for selective packaging is still unclear.

Experimental data support that miRNAs in membrane-
bound vesicles®* and complexed with HDL*> might enter
cells and influence gene expression. Several findings support
that exosomal miRNAs secreted from tumors are involved
in intratumoral epigenetic communication by influencing
nearby tumor cells, but non-tumorous cells (e.g., interstitial,
immune or endothelial cells) are also modulated. These
interactions might be implicated in tumor invasion, metas-
tasis formation etc.'>***”*® Considering their potential to
modulate gene expression even in distant cells and tissues,
circulating miRNA might be regarded as hormones convey-
ing epigenetic information.”” This is, however, only a
hypothesis at present, whose biological relevance is rather
difficult to test.**?°

In contrast with this paradigm of cell-to-cell communica-
tion,” a conflicting hypothesis (“trash theory” or “hypothesis
of cellular byproducts”) argues that AGO-associated extracellu-
lar miRNAs should be regarded as molecular debris.***' More-
over, it is debated whether miRNAs are really included in
membrane vesicles, as this might also be related to analytic
problems.*® In very recent studies, most exosomes have turned
out to lack miRNA,****** and the miRNA copy number in
individual exosomes appears to be very low.”” These findings
argue against the biological activity of extracellular miRNA.
From a diagnostic point of view, however, even if only repre-
senting cellular debris, extracellular miRNAs are relevant as

they can be exploited as minimally invasive biomarkers in dif-
ferent pathological conditions.”

As often observed with conflicting theories, the truth proba-
bly lies in between the two. Recent findings have shown that
AGO-bound miRNAs might cross gap junctions and modulate
gene expression in recipient cells.’® The low miRNA content of
individual exosomes does not exclude their biological activity
either, and exosomes that are relatively rich in miRNAs might
also exist.”>*¢

A further mechanism for the biological activity of extracellu-
lar miRNA via Toll-like receptors (TLR) has been recently
reported: tumor-cell secreted microRNAs have been found to
bind TLRs in immune cells and to induce a prometastatic
inflammatory response facilitating tumor growth.>”

Based on these findings, we can conclude that the biological
relevance of extracellular miRNAs is controversial at present,
but extracellular miRNA cannot be regarded as fully inert and
they might have some biological activity. This is a very intrigu-
ing hypothesis.

Given their stability and presence in body fluids, in addition
to their potential intraindividual actions, miRNAs can be
hypothesized to be involved in inter-individual epigenetic com-
munication, whereby miRNAs released by an individual could
have actions in others having contact with their body fluids.
Certainly, effective miRNA transfer and uptake mechanisms
should be present to ensure their biological activity in another
organism. An even more intriguing hypothesis is related to
their conserved structure and way of action that might form
basis for a potential inter-species miRNA activity that could
even exist in a cross-kingdom fashion mostly via the ingestion
of dietary miRNAs. miRNAs derived from other species are
termed xeno-miRNAs. In the following, we will present experi-
mental data and hypotheses on the potential inter-individual
and inter-species activity of miRNAs in an attempt to highlight
this fascinating, but still controversial field of contemporary sci-
ence. Several data underline the relevance of miRNA-mediated
communication between virus and host, but this topic will be
covered in detail in another article of this issue.

miRNAs in interindividual communication
Dietary milk-derived miRNAs

Among different body fluids, breast milk contains the highest
amount of miRNA."”** Milk miRNAs are secreted in exosomes
and they are extremely stable under different conditions such
as very low and high pH, repeated cycles of freezing and thaw-
ing or even extended storage.’>** The largest amount of milk
miRNAs is derived from the lactating mammary epithelium.*'
If miRNAs in the milk can be absorbed, these could have
epigenetic regulatory roles in the offspring, i.e., miRNAs might
be involved in the “epigenetic priming” of the baby (so-called
functional hypothesis).*>*’ The functional activity of milk-
derived miRNAs is not universally accepted, and the other,
nutritional hypothesis argues that miRNAs are not absorbed
into the circulation, but they are degraded to nucleotides, which
merely serve as nutrients.*” The nutritional hypothesis is based
on 3 mouse models** (i. transgenic mice overexpressing miR-
30b,** and ii. miR-375 and iii. miR-200c¢/141 knockout mice*®).



These models have not revealed major associations between
changes in milk miRNA concentrations and in tissues or
plasma of the offspring, however, all these 3 models have limi-
tations.*” In the first model, transgenic mice overexpressing
miRNA-30b have been investigated. miR-30b is involved in the
regulation in lactation,** and it inhibits phagocytosis in myeloid
inflammatory cells, as well.*>*® Significantly increased concen-
tration of miR-30b was observed in the milk of transgenic mice,
but no alteration in its concentration in milk-fed pup tissues
was found.*” A major weakness of this study is that the authors
have not evaluated miR-30b concentration in exosomes, and
overexpressed miR-30b might interfere with the formation of
exosomes due to defects in mammary epithelium of transgenic
mice.*” In the other 2 models, miR-375 and miR-200c/141
knockout mice fed by wild-type wet nurse mice were
explored.*>*> Only a modest increment in the plasma concen-
tration of these 2 miRNAs was noted, and the authors con-
cluded that milk miRNAs serve just as a dietetic source.
However, both miR-375 and miR-200c might also affect exo-
some formation via exocytotic/endocytotic pathways,*>*>**
and the required amount of miRNAs for biological activity is
also intensively debated.”>*° It would be necessary to develop
models that are more physiological, e.g. by studying the transfer
of labeled milk miRNAs in healthy animals.*?

There are epidemiological findings showing that breastfeed-
ing is a preventing factor against allergy,” and milk-derived
miRNAs might be relevant in this phenomenon. miR-155,
which does not belong to the most prevalent miRNAs in
milk,"” but plays an essential role in the development of
immune system might exert regulatory functions on thymus-
derived T-cells. Furthermore, there are hypotheses that milk-
derived miR-155 could prevent allergy by increasing forkhead
box P3 (FOXP3) expression and consequently the efficiency of
regulatory T-cells (Treg).”>>* It is well-known that decreased
Treg functioning is accompanied by the increased prevalence
of T helper 2 cells which are crucial in the emergence of
atopy.” (Fig. 1)
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Figure 1. Biological relevance of miRNAs in human and bovine milk affecting vari-
ous pathways. miR-155 in breast milk might affect thymic T-cell maturation,
whereas miRNAs in bovine milk could be relevant in obesity, diabetes mellitus,
bone metabolism and maybe in tumor progression. Upward and downward arrows
represent increase or decrease, respectively.
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According to the functional hypothesis, milk is not only
important as a source of nutrients and immunoglobulins, but
also miRNAs from milk exosomes could serve as epigenetic
modulators.> It can be hypothesized that similar to the transfer
of immunoglobulins, miRNA might be more -effectively
absorbed in babies than in adults.

Other potential routes of inter-individual miRNA-mediated
communication

A further potential inter-individual way of miRNA transfer
could be represented by blood transfusion,” but there are no
data at present showing that transferred miRNA would have
pathogenic relevance. The biological relevance of miRNAs in
other body fluids as inter-individual mediators is fairly hypo-
thetical, as there are no experimental findings to support these
either. Sperm- and saliva-derived miRNAs might easily affect
other individuals in close relationships.®® It can even be
hypothesized that miRNAs derived from urine and stool might
influence gene expression in others, but in areas with developed
sewage systems the concentration of these miRNAs would be so
low that their biological effects are hardly conceivable.”

Dietary xeno-miRNA in inter-species communication

Beside the potential intraspecies inter-individual activity of
milk-derived miRNAs, a further question could be raised
regarding the relevance of animal-derived milk. Considering
the high-degree of homology between animal and human miR-
NAs, milk-derived miRNAs could also be relevant in an inter-
species epigenetic communication.

Recent findings suggest that bovine miRNAs are bioavailable
for humans as a result of the absorption of milk exosomes to
the human circulation.”® Not only human macrophages can
annex bovine milk exosomes™ but vascular endothelial cells,
t00.%° Furthermore, milk exosomes appear even in peripheral
tissues such as liver, spleen and lungs.*’

miRNA concentrations significantly decrease during milk
pasteurization and production.®’ Similarly to human breast
feeding, the consumption of raw bovine milk is also associated
with decreased risk of allergy and asthma,®” and it cannot be
excluded that bovine miRNAs are implicated in these phenom-
ena. A recent study proved that bovine milk- derived miRNAs
can be absorbed and appear in human blood after milk con-
sumption,63 but this finding is also debated.®*®> The bovine
milk-derived xeno-miRNA, miR-29b which is identical to its
human counterpart,®® has been shown to raise the expression
of the runt related transcription factor 2 (RUNX2) in human
blood peripheral mononuclear cells.”> As RUNX2 is involved
in the regulation of bone homeostasis by inducing osteoblasts
and inhibiting the osteoclast differentiation in the host, the
ingested bovine miR-29b xeno-miRNA might be hypothesized
to induce bone mineralization.”””*® Milk consumption might
thus promote bone mineralization not only as a classical source
of dietary calcium, but even via its miRNA content.

Moreover bovine milk exosomal miR-21 and miR-29b could
be relevant in obesity, insulin resistance and type 2 diabetes
mellitus via the nutrient sensitive mechanistic target of rapamy-
cin complex 1 (mTORC1)**° and other pathways such as the
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inhibition of forkhead box class O1A (FoxO1) transcription
factor having a key role in B-cell homeostasis by miR-21.”"
miR-29b might activate mTORCI by increasing the amount of
intracellular branched-chain amino acids via inhibiting the
enzyme responsible for their catabolism.” (Fig. 1)

Another bovine derived miRNA, miR-200c which is also iden-
tical to its human counterpart® targets zinc finger E-box binding
homeobox 1 and 2 (ZEB1 and ZEB2) proteins that are transcrip-
tional repressors of E-cadherin,”® and thus acts as a tumor sup-
pressor in different models.”>”* Bovine milk miR-200c has also
been shown to be absorbed in humans, but no effect on ZEB1
expression has been noted.®’ It has to be mentioned, however,
that another study could not confirm these results on milk-
derived miRNA despite working with the same samples.”

The hypothetical cancer-preventing activity of a bovine milk
miRNA is intriguing, and there are some available data suggest-
ing that milk consumption might reduce cancer risk,”*’” but
the relevance of miRNA in these observations is only hypothet-
ical at present.

Dietary xeno-miRNA acting in a cross-kingdom fashion

In a revolutionary report published in 2012, exogenous rice-
derived miRNAs were claimed to be found in the human circu-
lation and one of these plant-derived miRNAs (rice-derived
miR-168a) modified gene expression in the host.”® It was earlier
known that exogenous miRNA could be detected in the blood
of healthy individuals,””*’ but this was the first report to show
that a xeno-miRNA could affect gene expression in the recipi-
ent. As plant miRNAs have a different chemical structure com-
pared to animal miRNAs (the terminal nucleotide is modified
by 2'-O methylation in plant miRNAs),*" plant miRNAs can be
clearly identified. Rice-derived miR-168a was shown to target
the low-density lipoprotein receptor adapter protein 1
(LDLRAPI), which plays a crucial role in cholesterol metabo-
lism in mammals.*” Functional in vitro and in vivo studies on
mice demonstrated that the binding of miR-168a to LDLRAP1
mRNA causes inhibition of its expression, and this leads to
decreasing low density lipoprotein (LDL) removal from plasma
and consequently increased LDL serum concentration.”®
Despite findings showing that down-regulation of LDLRAP1
raises LDL concentration,® the current clinical experience has
not provided any evidence that rice-based diet would result in
increased serum LDL concentration and potentially higher car-
diovascular morbidity.***

Following an initial upheaval implying that diet should be
now regarded not only as a source of nutrients but also as a
potential source for epigenetic, gene expression modulating
miRNAs,* several data appear to weaken this “dietary xeno-
miRNA” hypothesis.*’” First, the biological relevance was
argued, suggesting that the presence of the exogenous miR-
168a was just an artifact as a result of sequencing methods.*®

On the other hand, the available data are controversial on
the efficiency of gastrointestinal absorption for xeno-miRNAs.
While the animal-derived miRNAs might be absorbed in signif-
icant quantity and might have biological relevance,” the
amount of absorbed plant-derived miRNAs did not reach
meaningful quantity in some investigations.”” First, only minor
expression changes have been observed in the plasma concen-
tration of 3 plant miRNAs (miR-156a, miR-159a, miR-169a) in

healthy athletes after oral administration.”” Moreover, when
miR-21 knock-out mice were fed with miR-21 rich nutrition no
significant alteration either in the plasma or in the tissues of
the recipient could be observed.”

A further interesting observation claimed that plant-derived
miRNAs can be detected in human and porcine milk exo-
somes.*” Moreover human targets of these miRNAs have been
raised supposing a potential cross-kingdom regulatory effect in
the host.*” However, a recent study debates these findings,
claiming that the detected miRNAs are just contaminants.”
Nevertheless, if plant-derived miRNAs would be present in the
milk, this would imply that the diet of the mother might affect
gene expression in the offspring via the ingested xeno-miRNA.

The biological relevance of diet-derived miRNA is thus
rather controversial,”” but given the available positive findings,
the field warrants further investigations.*””!

Major questions to be addressed related miRNA acting
among individuals or inter-species

Two major questions have to be addressed for establishing the
biological relevance of miRNA in inter-individual or inter-
species regulation of gene expression:

Required amount of miRNAs for biological activity

The concentration of individual miRNA in the circulation is in
the femtomolar range.”” It is difficult to determine what is the
minimal amount of miRNA that is sufficient for biological
activity, and whether such an amount can be efficiently deliv-
ered to the host via e.g., the gastrointestinal tract. It has been
suggested that miRNA copy number of about one hundred to
one thousand per cell would be needed to affect gene expres-
sion.”"”*”* Regarding the nuclear regulation by miRNAs, it can
be imaginable that even fewer copies per cell is enough.®”
Recent findings showing that individual exosomes contain very
low copy numbers of miRNA would argue against a major bio-
logical role for extracellular miRNAs,*” but the copy number of
their targets and their affinity to mRNAs might also be rele-
vant.*»** For inhibiting the transformation of a single cell,
much fewer miRNA would be necessary than for influencing a
macroscopic tumor. It is difficult to predict whether the ques-
tion for the required amount of miRNA can be answered in
general at all, as the gene expression modulating activity of dif-
ferent miRNAs and their intra- and extracellular half-lives
might be different, and even the presence of miRNA inhibitors
cannot be excluded. Even the existence of a miRNA receptor
has been proposed” that would bypass the question of low
individual miRNA concentrations, but there are no experimen-
tal findings to date supporting this hypothesis.

The mechanism and efficiency of xeno-miRNA transfer via
the gastrointestinal barrier

The investigation of C. elegans provided clue findings for the
gastrointestinal transfer of double stranded RNA (dsRNA)
mediating RNA interference.”**” The proteins Sid-1 and Sid-
2 are major effectors in this phenomenon. Sid-1 is a conserved
multipass transmembrane protein and has homologs even in



mammals. It is supposed to operate as a dsRNA channel.”””®
Sid-2 is a single-pass transmembrane protein which is located
at the luminal membrane of the intestine,” and is also involved
in the absorption of ingested ds RNA.'® According to the cur-
rent working hypothesis, Sid-2 binds long dsRNA first for
endocytosis then the dsRNA is presented to Sid-1. For an effi-
cient uptake of dsRNA to the intestinal cell cytoplasm, the acti-
vation of Sid-1 by Sid-2 is inevitable.

The mechanism of RNA uptake in vertebrates including
humans has not been clarified, yet.*” A potential effector could
be the transmembrane protein Sidt-1 that is the human ortho-
log of sid-1.""" There are data that Sidt-1 is able to transfer
small interfering RNA (siRNA) and miR-21.">'"*> Moreover, as
discussed previously, TLRs are able to recognize dsRNA'** and
stimulation of specific TLRs via miRNAs have been described,
as well.”

Furthermore, there are hypotheses suggesting that the trans-
fer of RNA could take place via the uptake of extracellular
vesicles containing RNAs, by transcytosis from the lumen to
the cytoplasm or across transmembrane RNA channels.®’”

It is largely unknown, however, how efficient the gastroin-
testinal uptake of small molecular RNA molecules might be’®**
and further investigations are needed to answer this crucial
question.

To complicate the complexity of this question even further,
diseases which increase the permeability of the gastrointestinal
tract (e.g. inflammatory bowel diseases, ischemic bowel lesions,
even gastrointestinal tumors) might significantly affect the
absorption of miRNAs, and dietary miRNAs could have more
pronounced biological activity under these conditions.

Hypotheses relating xeno-miRNA and diseases

The major disease entity where xeno-miRNA might be of rele-
vance could be tumors. We have recently presented 2 hypothe-
ses on the potential regulatory role of circulating miRNA in
tumor development that could also be extended to xeno-
miRNA.

By studying the circulating miRNA expression profiles in
healthy individuals, we have noted that miRNAs with predomi-
nant tumor suppressor activity appear to be overrepresented in
the human blood.'”> We hypothesized that this tumor suppres-
sor potential of circulating miRNAs could be relevant in pre-
venting tumor formation, by inhibiting the early stages of
tumorigenesis. In contrast with cancer immunosurveillance
that is a rather slow process, such miRNA-mediated tumor
suppressing activity could be very rapid and thus might com-
plement the immune activity for tumor prevention. This is cer-
tainly a hypothesis and major counter arguments could be
deployed against it including the very low concentration of
individual miRNA in the circulation (femtomolar range),”” the
dual nature of miRNA (the same miRNA can be oncogenic in
one, and tumor suppressor in another tissue), their tissue speci-
ficity etc.'”®

By extending this hypothesis, it cannot be excluded that
absorbed exogenous miRNA might interfere with tumor forma-
tion, as well. Unilateral diets including some miRNA in rela-
tively high quantity and excluding others might lead to the
relative overrepresentation of some miRNA. If these have
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predominant tumor suppressor or oncogenic potential, such
diet-induced mechanisms might be relevant for tumor forma-
tion that might have a role among the well-known diet-related
tumorigenic factors. This hypothetic tumor-related activity of
dietary xeno-miRNA would be most easily realized in gastroin-
testinal tumors, as the tumor-related breakdown of the gastro-
intestinal barrier might facilitate the access of miRNA.

A major support for the relevance of a cross-kingdom acting
xeno-miRNA in human cancer has been published recently.'*®
This was the first study to report that a plant-derived miRNA
might affect tumor formation in humans. An inverse correla-
tion between the incidence and progression of breast cancer
and the quantity of plant-derived miR-159 in human sera has
been established. Moreover, a dose-dependent growth reduc-
tion of breast tumor xenografts has been observed after oral
administration of a miR-159 mimic in mice. The biological
background of this phenomenon might be related to a link
between plant miR-159 and its validated human target tran-
scription factor 7 (TCF7). TCF7 plays a crucial role in the pro-
gression of breast cancer'’”'% via the up-regulation of the Wnt
signaling pathway (Fig. 2A).'” Inhibition of TCF7 by plant
miR-159 could result in the reduced expression of the c-MYC
oncoprotein (Fig. 2B). If confirmed, this phenomenon would
expand the relevance of dietary plant-derived miRNAs to
tumor prevention. Furthermore, a non-gastrointestinal tumor
appears to be affected by dietary plant-derived xeno-miRNAs
that would argue for the systemic relevance of these epigenetic
modulators.

In another hypothesis, we supposed that the tissue specific
action of miRNA might actually present a defense mechanism
against the tumor-modulating role of circulating miRNA. As
tumors are known to secrete various miRNA that are able to
modulate various nearby and even distant cells, the tissue spe-
cific action of miRNA would prevent that a certain miRNA set
would exert the same gene expression modulating activity in
various tissues.' '

Among further diseases where miRNA might be relevant, we
could highlight cardiovascular diseases. As presented in the
first, ground-breaking study on dietary miRNA, rice miR-168a
affected the expression of a cholesterol-modulating enzyme.
Although this finding is intensively debated, the modulation of
lipid homeostasis by miRNA remains a major research ques-
tion. Is it possible that ingested miRNA affect lipid homeostasis
and thus cardiovascular morbidity? We could even hypothesize
that dietary miRNA might be involved in the background of
the French-paradox, as well.''! The French-paradox relates to
the epidemiological observation that cardiovascular morbidity
and mortality rates are much better in Southern France com-
pared to other industrialized countries such as the UK or
USA.'""*'"*> Consumption of red wine and its antioxidant activ-
ity is most widely accepted as a dietary explanation for this phe-
nomenon, but we cannot exclude that grape-derived miRNA
might also have a role.

miRNAs as epigenetic mediators acting in cross-kingdom
fashion, “epigenetic linkers”

Regarding the potential relevance of miRNAs in the inter-
individual and inter-species epigenetic communications, we
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have hypothesized that as most miRNA genes are found in the
non-coding part of the genome, one of the functions of this
functionally obscure “dark matter of the genome” might be
related to the regulation of epigenetic communication.*

If plant miRNA would really have relevant biological activity
in animals, miRNAs could be regarded as general mediators
acting as “epigenetic linkers” between species. It cannot even be
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Figure 2. Schematic representation of the antitumor activity of plant miR-159
based on the results of Chin et al.” (A) relevance of Wnt-signaling, TCF7 and
c-myc in breast tumor progression, (B) plant-derived miR-159 might inhibit tumor
progression by inhibiting TCF7
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excluded that animal miRNA might affect plants, as well, i.e.
miRNA excreted in stool or urine might affect plants if these
could be absorbed from soil. There are, however, no experi-
mental findings whatsoever to support such interactions at
present, but the potential of miRNAs acting in a cross-kingdom
fashion is rather intriguing, and if valid, this hypothesis could
be somewhat analogous to the former “Gaia-hypothesis."'**
The intensively debated Gaia-hypothesis claimed that organ-
isms interact with each other and the inorganic world to form a
complex self-regulating system that is important for earth hab-
itability.""> Whereas the Gaia-hypothesis also assumed interac-
tions between the living and non-living world, miRNAs would
only act among living creatures. miRNAs could wander via the
food chain from plants to animals, and we hypothesized that
“master regulatory” miRNAs having targets in various species
might also exist.” (Fig. 3)

Treatment potential for xeno-miRNAs

The dysregulation of miRNAs is implicated in several patholog-
ical conditions''® and restoration of the normal miRNA
homeostasis can be regarded as a major treatment goal. In can-
cer therapy, reducing the activity of oncogenic miRNAs by
miRNA antagonists (anti-miRs) or enhancing tumor suppres-
sor miRNAs is intensively investigated.''” There are promising
results for both approaches.!'®!'>'** Apart from the treatment-
oriented intraspecies modulation of miRNAs, the potential for
xeno-miRNA in treatment might also be raised.

In addition to the aforementioned study reporting on the
potential anti-tumor effect of plant-derived miR-159 in breast
cancer,'% there are other findings suggesting the potential util-
ity of xeno-miRNAs in medical therapy.””'** A recent study
revealed that the long-known beneficial effect of honeysuckle
decoction (Lonicera japonica) traditionally used in Chinese
medicine against flu might imply miRNA. A rRNA-derived-
atypical miRNA, miR-2911 has been identified that is resistant
to boiling and can reach an adequate amount in the honey-
suckle decoction. miR-2911 targets some types of influenza A
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Figure 3. miRNAs as epigenetic linkers between different species wandering via
the food chain. There are experimental data on the transfer pf xeno-miRNAs
between plants and animals, and among animals, but there are no data yet of ani-
mal miRNAs affecting plants. This purely hypothetic connection between animals
and plants potentially via stool miRNAs released to the soil is represented by a
dashed arrow.



viruses and is able to obstruct the replication of the virus'*®
causing a significantly lower mortality in an influenza infected
mice model. miR-2911 and its synthetic variant have been
shown to accumulate in the lung of mice via microvesicles, sug-
gesting that miR-2911 can be absorbed and encapsulated in
microvesicles by intestinal epithelial cells.'**'**

In another very recent study,'> 3 known tumor suppressor
miRNAs (miR-34a, miR-143 and miR-145) acting as tumor
suppressor in colon cancer, and biotechnologically engineered
to be methylated in a plant miRNA fashion have been investi-
gated.®"'**'*” The plant mimic miRNAs resulted in a massive
reduction of tumor progression, moreover, this study has also
provided evidence for the active uptake of plant-structured
miRNAs in mammals.”*'*

These findings could be even more intriguing by considering
the fact that more than half of the world’s population consumes
plants as primarily nutrients and one-sixth of them suffer from
gastrointestinal or chronic kidney diseases that might further
affect the absorption and distribution of miRNA."**

Biotechnologically engineered plants producing miRNAs
able to recognize human gene sequences might thus represent a
novel direction in therapy, but a very intensive experimental
and biotechnological work-up will be needed for this to be
realized.

Conclusions

The potential of inter-species gene expression modulating
activity of miRNA represents one of the most exciting and
intriguing fields of contemporary biology and medicine. The
notion that xeno-miRNA from evolutionarily distant species,
such as plants, viruses, other animals might affect gene expres-
sion in the host might expand the range of factors able to inter-
fere with endogenous gene expression, and thus disease
pathogenesis. Although there are no clear, irrefutable findings
at present, and several controversial findings have been pro-
duced, the potential for these interactions warrants further
investigations, and also might open novel perspectives in other
developing fields, such as xenotransplantation.'*’ Beside their
potential pathogenic relevance, xeno-miRNA might even open
new perspectives in medical therapy, as well.
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