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Complex organisms are associations of different cells that coexist and collaborate creating a living consortium, the
holobiont. The relationships between the holobiont members are essential for a proper homeostasis of all the
organisms and they are founded on the establishment of complex inter-connections between all the cells. Non-
coding RNAs are transcriptional products of the genomic output with regulatory function and they can act as
communication signals between cells, being involved either in homeostasis or dysbiosis of the holobiont.
Eukaryotic and prokaryotic cells can transmit signals via non-coding RNAs using specific extracellular conveyors
that will travel to reach the target cell and will be translated into a regulatory response by a dedicated molecular
machinery. Within holobionts, non-coding RNA regulatory signaling is involved in symbiotic and pathogenic
relationships among cells. This review analyzes the current knowledge about the role of non-coding RNAs in cell-

to-cell communication, with a special focus in the signaling between cells in multi-organism consortia.

ncRNA holobiont communication

| 1. Diversity of RNA Species in Transcriptomic Output

In 1968, Francis Crick published a paper describing the role of the dynamics of genetic information in the evolution
and the fundaments of the origins of the genetic code in living cells. This paper is considered to be the embryonic
core of the “RNA world” theoryl. The RNA world stands on the idea that RNA was the first “living molecule”, being
in the origin of the evolution of all biological macromolecules and, consequently, acting as a biological platform
from which other more complex biomolecules will arisel2. RNA was favored in pre-biotic molecular evolution due to
its intrinsic versatility and adaptability, and because it can carry sequence and structure information. In
consequence RNA must be placed at the root of the molecular tree of lifel2l. In most cases proteins have become
more efficient to perform the same catalytic tasks, and they have been delegated to those functions along
evolution, despite the existence of catalytic RNA molecules, as represented by ribozymes and the rRNAs. This fact
denotes a clear Darwinian pattern of molecular evolution events, where a function is acquired and further improved

and radiated into new ones by environmental pressurel2l.

The dynamics of genomic output either in eukaryotic or in prokaryotic cells is largely determined by the pervasive
transcription phenomenonl4/2l. Genome-wide transcription in all living cells is responsible for the biosynthesis of
two main classes of RNA molecules: The coding RNAs will be translated to produce proteins, and the non-coding
RNAs (ncRNAs) constituted by transcripts with reduced coding potential will not be translated®. ncRNAs are
regulatory molecules that are generated either from specific transcriptional units or by the processing of already

existing RNAs with alternative functions. In complex eukaryotic organisms, ncRNAs comprise most of the
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transcriptome, which suggests the importance of this second evolutionary tier of genetic output that might enable
the integration and coordination of sophisticated suites of gene expression required for differentiation and
developmentl.

The non-coding transcriptome of eukaryotic cells includes several families of molecular species that are typically
classified by their size, biogenesis pathways, and regulatory functions. The most widely used ncRNA classification
criteria divides them in two families: short ncRNAs, comprised by molecules less than 200 nt in length, and long
ncRNAs, a very diverse group of high-molecular weight ncRNAs, with more than 200 nt. The short ncRNAs
include the well-known groups of ncRNA involved in protein translation (the 5.8S and 5S rRNAs, and tRNAs) and
RNA splicing and modification (snoRNAS), together with other regulatory ncRNAs, such as microRNAs (miRNAS),
PIWI-interacting RNAs (piRNAs), and small interfering RNAs (siRNAs). miRNAs are one of the most versatile
families of small eukaryotic ncRNAs composed by single-stranded short RNA molecules (19-23 nt) generated from
the transcription and further processing of selected transcriptional units that act as negative regulators of the
genomic output at the post-transcriptional levell® | Ineukaryotic cells, the family of long ncRNAs can be also
divided in two subgroups: long non-coding RNAs (IncRNAs), transcriptional products of genomic loci with very
limited coding potential that can regulate the genomic output at many levels from transcription to translation:l!, and
circular RNAs (circRNAs), covalently closed ncRNAs that result from non-canonical back splicing events of coding
or non-coding transcriptional units that typically act as molecular sponges interacting with proteins or other
ncRNAs2, The abundance and expansion of the repertoire of ncRNAs in higher eukaryotic organisms
characterize them as a molecular players of evolution, because the organisms could not be dependent on a limited
number of proteins or protein isoforms, but on a much larger set of genomic instructions that are embedded in
trans-acting RNAs3l. |t is also very likely that dynamic ncRNA-regulatory networks can contribute much of the
phenotypic variation that is observed between individuals and species and it can be involved in the response to
internal and external stimulil22,

In prokaryotic organisms, genome size and structure limit the heterogeneity of the transcriptional output when
compared with eukaryotic cells. However, several ncRNA families have been characterized as relevant players in
bacterial physiology and homeostasis. For instance, small bacterial ncRNA (sRNAs) are typically 50 to 400
nucleotides in length and, despite their lower abundance and diversity when compared with eukaryotic cells, they
are important regulators of gene expression in specific conditions, like stress response, quorum sensing, and
virulencell4ll13l. Coleman and coworkers described the first evidence of a functional SRNA of bacterial origin with
the characterization of micF, a non-coding RNA complementary to the Shine-Dalgarno sequence of the E. coli Ipp
mRNA that was able to silence its expressionl€l. Bacterial SRNAs belong to two functional families: the cisRNAs
originated by antisense transcription of coding genes that act over the parental coding frames by complementary
base pairing and they are generally involved in processes, such as the maintenance of the copy number in
plasmids or the regulation of operons? and the trans-encoded sRNAs that are generated by specific
transcriptional units and involved in the post-transcriptional regulation of mRNAs[&. Moreover, the recent
developments of next-generation sequencing approaches for transcriptomic analysis allowed for the

characterization of new populations of bacterial SRNAs derived from the post-transcriptional processing of other
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RNAs3. Because of their smaller size (16—25 nt), this family of bacterial SRNAs is often referred as “miRNA-like”

and they have been characterized as co-adjuvant virulence factors in some pathogenic bacteria2.

The importance of RNA molecules makes RNA an ideal player for the interchange of information between cells.
There is a common ancient language encoded in RNA molecules, independent of their origins, which can be
understood by cells and translated into metabolic actions. The putative roles of an RNA-based language are
particularly interesting when the relationships between different species are analyzed. The role of RNA molecules,
more specifically ncRNAs, in the interchange of information between cells is starting to be unveiled with the
characterization of RNA-based communication mechanisms in binary systems, but more knowledge is required in

order to understand the detailed functions of ncRNA regulatory networks in the context of holobionts[22[21],

| 2. Conveyors for ncRNA Transport between Cells

Valadi and coworkers observed RNA transfer between cells under physiological conditions and without involving
the destruction of the cell structure for the first time in mouse and human cell lines in 200722, This functional
transfer was mediated by extracellular vesicles, namely exosomes, containing diverse coding and non-coding
RNAs. Exosome-mediated RNA transfer from mouse into human cells was sufficient to release coding RNA
molecules that were translated to human proteins in the mouse cell line, but the exosomes were also loaded with
numerous miRNAs that could have functional effects in the recipient cell28l. Functional ncRNA transfer between
tissues at the organism level was further demonstrated in animal models, showing the specific release of exosome-
encapsulated miRNAs from niches, such as the adipose tissue, their transport across the animal body by

circulating fluids, and their final regulatory action over distant cells22,

Extracellular vesicles (EVs), which are the major conveyors of ncRNAs in their cell-to-cell journey, can be classified
according to their diameter and their biogenesis pathways/2ll. EVs that are generated by the exocytic pathway in
eukaryotic cells are designated as exosomes and are 30-150 nm in diameter. Ectosomes or shedding
microvesicles are generated by the outward budding of cell membranes and they are typically larger than
exosomes with a diameter between 100-1000 nm. Later stages of apoptosis are responsible for the generation of
a third family of EVs, the apoptotic bodies, which are a very heterogeneous family of vesicles that present
diameters that ranged from 50-5000 nm(22!. Bacteria are also able to generate nano-sized EVs either constitutively
or as a response to environmental stimuli24, EVs of bacterial origin were initially described in Gram negative
microorganisms as the result of the shedding of the outer-membrane and they were consequently designated as
outer membrane vesicles (OMV). Recent evidence also showed that Gram positive bacteria can produce EVs, but

the mechanism for the biogenesis and release of those microvesicles are still not completely characterized31123],

Independent of their biological origin, there are still many open issues regarding the functions of EVs as carriers of
ncRNAs, namely those that were related with the mechanisms used by the cells to select and process ncRNAs as
vesicle cargo (Figure 1). The current accumulated knowledge about the mechanisms of ncRNAs sorting into
secretory vesicles is focused on miRNAs in human and mammalian cells. Experimental evidence showed that the

mMiRNA sorting into exosomes and other vesicles is mediated by RNA-binding and cytoskeleton proteins, following
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patterns that appear to be cell specificl2827128] |nterestingly, in human cells, the external perturbation of the
expression of individual miRNAs or their cognate targets promotes bidirectional miRNA relocation from the
cytoplasm to multivesicular bodies, controlling the miRNA sorting to exosomes22., The mechanisms of sorting

ncRNA into vesicles remain unknown in lower eukaryotes and bacteria.

Eukaryotic cells

Figure 1. Proposed model for inter-regulatory networks mediated by non-coding RNAs (ncRNAS) secreted within
membrane-containing vesicles in a binary system composed by a eukaryotic epithelium and an associated
bacterial community. Small regulatory ncRNAs produced by eukaryotic cells (miRNAs and siRNAs) and bacteria
(sRNAs) are selected, sorted and secreted by vesicles acting as regulators of the genomic output crossing cell
boundaries. The specificity and detailed mechanisms involved in ncRNA selection and sorting by the cells are
largely unknown. The widespread regulatory language transported and exerted by ncRNA molecules allow a cross-
kingdom communication and an efficient interaction between different cell types. Metabolic flow from genomic

information is depicted by continuous arrows and regulatory events controlled by ncRNAs by dotted arrows.
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3. Molecular Machinery for Understanding the External
NncRNA Message

Once the extracellular signals that were transported by ncRNA reach the target cell, they need to be translated into
functional actions to generate a physiological response. Within the holobiont context, the ncRNA-mediated signals
need to be efficiently understood by the target cell and ideally by different target cells. The efficient communication
by ncRNAs is ensured by the plasticity of RNA molecules, their presence in all living cells, and shared mechanisms
of action among distinct organisms. The small RNAs produced by eukaryotic (miRNAs and siRNAs)EEL and
prokaryotic cells (sRNAs) illustrate the inter-cell communication that is mediated by ncRNAsB2E8l, The regulatory

roles of other ncRNA families in cross-species communication, such as circRNAs or IncRNAs, remain unknown.

In eukaryotic cells, external small RNAs that are transported by EVs are internalized either by vesicle endocytosis
or by membrane fusion and posterior release of vesicle cargo into the cytoplasm. The mechanisms of a
hypothetical targeting of ncRNA-containing vesicles to specific cells remain unknown. Signals that are transported
by small ncRNAs (miRNAs, siRNAs or bacterial SRNAs) and targeting eukaryotic cells are expected to function by
the insertion of these external molecules into the canonical regulatory pathways that are mediated by ncRNAs in
the cell. Experimental evidence suggests that foreign regulatory small ncRNAs would function by base pairing to
their molecular targets, which are usually mRNAs as well as ncRNAs[24. |t is important to note that the regulatory
action of any small ncRNA is strictly dependent on the presence of the corresponding cognate target in the
recipient cell. The same small ncRNA could have different regulatory effects, depending not only on the targeted
cell, but also on its physiological state. Moreover, small ncRNAs would also need the help of specific RNA binding

proteins that will be responsible for the final regulatory action.

In eukaryotes, small ncRNAs are recognized by conserved RNA-binding proteins that belong to the argonaute
family (Ago)E2l. Canonical and Ago-like proteins are encoded by the vast majority of eukaryotic genomes from
fungi28lB7 to plantsiB8EA and animals®Y, ensuring a molecular background for the action of internal or external
small ncRNAs142 |n the cytoplasm of animal cells, a member of the argonaute protein family Ago2 is a key
component of the RNA-induced silencing complex (RISC), which the base complementarity between the small
RNA and its target will guide. If the complementarity between the small ncRNA and the target is close to 100%,
then the endonuclease activity of Ago2 will be responsible for the targeted cleavage of the target transcript that will
be further degraded by RNases. In the case of partial complementarity, the canonical miRNA pathway will induce a
RISC-mediated translational repression by a mechanism that often involves transcript deadenylation and further
decay29#3l |n plants, Agol and Ago2 proteins are generally involved in sRNA-mediated gene silencing, which
occurs by target RNA degradation due to the high degree of complementarity between the RNA molecules#4!. Solid
experimental evidence supported the function of externally-originated small RNAs in order to regulate gene

expression within different eukaryotic hosts431(48],

Bacteria also have regulatory networks that are centered on small ncRNA molecules. The first evidence for the
characterization of the protein players of these RNA regulatory networks pointed to the importance of the Hfq

protein, a small RNA chaperone that was detected in association with small ncRNAs and mRNA transcripts4748],
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Further experimental data described the additional existence of ribonucleoprotein complexes that were integrated
by the Hfq chaperone together with RNase E that were responsible for the post-transcriptional silencing and
degradation of target mMRNAs by the action of specific families of complementary sRNAs42EA. Hfg-dependent
RNA regulatory networks have been involved in virulence and pathogenesis processes in several bacterial2l(52],
but they are also expected to be involved in the regulatory action of exogenously acquired ncRNAsEBE3], |n
contrast to eukaryotic cells, the effect of bacterial ncRNAs over mRNA transcripts is different from canonical

miRNA/siRNA regulation and it could also include an enhancement in the stability and expression of the targeted
transcriptsE2B53],
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