®NAbiology = (&) Tayior & Francis
= RNA Biology

@===  ISSN: 1547-6286 (Print) 1555-8584 (Online) Journal homepage: http://www.tandfonline.com/loi/krnb20

RNA-mediated communication between helminths
and their hosts: The missing links

Julie Claycomb, Cei Abreu-Goodger & Amy H. Buck

To cite this article: Julie Claycomb, Cei Abreu-Goodger & Amy H. Buck (2017) RNA-mediated
communication between helminths and their hosts: The missing links, RNA Biology, 14:4, 436-441,
DOI: 10.1080/15476286.2016.1274852

To link to this article: http://dx.doi.org/10.1080/15476286.2016.1274852

ﬁ Accepted author version posted online: 26
Jan 2017.
Published online: 26 Jan 2017.

N
[:J/ Submit your article to this journal &

||I| Article views: 116

A
h View related articles &'

P

() view Crossmark data &

CrossMark

@ Citing articles: 1 View citing articles (&

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=krnb20

(Download by: [The University of Edinburgh] Date: 30 May 2017, At: 07:08 )



http://www.tandfonline.com/action/journalInformation?journalCode=krnb20
http://www.tandfonline.com/loi/krnb20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/15476286.2016.1274852
http://dx.doi.org/10.1080/15476286.2016.1274852
http://www.tandfonline.com/action/authorSubmission?journalCode=krnb20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=krnb20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/15476286.2016.1274852
http://www.tandfonline.com/doi/mlt/10.1080/15476286.2016.1274852
http://crossmark.crossref.org/dialog/?doi=10.1080/15476286.2016.1274852&domain=pdf&date_stamp=2017-01-26
http://crossmark.crossref.org/dialog/?doi=10.1080/15476286.2016.1274852&domain=pdf&date_stamp=2017-01-26
http://www.tandfonline.com/doi/citedby/10.1080/15476286.2016.1274852#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/15476286.2016.1274852#tabModule

RNA BIOLOGY
2017, VOL. 14, NO. 4, 436-441
http://dx.doi.org/10.1080/15476286.2016.1274852

Taylor & Francis
Taylor & Francis Group

POINT OF VIEW
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ABSTRACT

Small RNAs have been discovered in a wide variety of extracellular environments and are now thought to
participate in communication between cells and even between different organisms and species.
Helminths are parasitic worms that generally reside in extracellular niches in their hosts and can establish
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chronic infection through the release of immunomodulatory factors. Recent work has demonstrated that
Extracellular RNA (exRNA) may be another class of immunomodulator secreted by helminths. Here we will
detail what is known about small RNA pathways in helminth pathogens (focusing on nematodes) and
mammalian hosts. We will then explore the computational challenges with identifying RNA-RNA
interactions between 2 different species and the paradigm of RNA-RNA co-evolution that accompanies
this. Finally we explore the lingering questions that require further investigation to understand the
properties of exRNA that would enable it to function as an immunomodulator.

Mobile RNA: Big implications, missing mechanisms

Extracellular RNA (exRNA) is now a term used across many
biologic and medical disciplines to refer to all RNA that is
present outside of cells, encompassing small and large RNAs,
including those that encode for proteins and those that do
not. The explosion of interest in exRNA in the last decade is
generally attributed to seminal papers in 2007 and 2008
detailing the movement of microRNAs and mRNAs between
cells in vitro' and the existence of microRNAs in body flu-
ids.” Since then, large initiatives have aimed to categorize
“what is there” in different sample types and to try to stan-
dardize how it is assessed,’ in parallel with extensive litera-
ture touting the biomarker potential of exRNA in disease.
There are fewer reports detailing exRNA functions, but a
handful provide convincing evidence that RNA is function-
ally transported between cells in an organism. In particular,
CRE/loxP tracking systems in mice demonstrated functional
mRNA transfer between blood and brain’ and further pro-
posed this as an important mechanism of cellular transfor-
mation in cancer.®” It is more challenging to track and test
the functional transfer of non-coding RNA, but some studies
using microRNA knockout mice and reporter assays make a
convincing case, reviewed in.'’

The implications of functional exRNA are huge: RNA
moves between cells, and even between different organisms,
to directly communicate information! This has been hard to
fathom because we do not have a general framework for
how RNA trafficking is programmed and our models for
the levels of RNAs inside of cells do not account for its

export and import. There are even less data to document
what is required to function in the recipient cell: how do
RNAs get to the right place and what concentrations have
to be delivered? In the case of microRNAs (miRNAs), for
example, there is not a consensus on whether these move
with an Argonaute protein, or get loaded onto an Argo-
naute in the recipient cell'® (Fig. 1). If the latter occurs, this
is hard to understand because our model for Argonaute
loading involves double stranded RNA bound to Dicer: how
would a single stranded small RNA get loaded? All of these
missing links have kept exRNA out of the mainstream of
RNA biology. Yet reports on exRNA are increasing, and
RNA-binding proteins associated with exRNA are beginning
to be documented, offering evidence of specificity determi-
nants that make these processes seem more tractable.'' >
Interestingly, the concept of mobile RNA is generally
accepted in other organisms, including worms and plants,
despite gaps in the knowledge of how these processes work.'*
In plants mobile RNA was first described as a mechanism for
spreading an antiviral response. A recent report illustrates a
twist on this concept: fungal pathogens infecting plants pro-
duce mobile RNA that directly regulate plant innate immunity
genes."> Mechanistic details are lacking, but this illustrates the
intriguing concept that RNA, like proteins, could be a class of
immunomodulator used by extracellular pathogens. Indeed,
viruses have evolved a wide range of non-coding RNA to inter-
act with and manipulate host gene expression toward condi-
tions that are favorable to their survival. Why wouldn’t
extracellular pathogens similarly use RNA for this purpose?
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Figure 1. Summary of exRNA communication in a parasitic nematode model. Top:
H. polygyrus is a parasitic nematode that resides in the mouse small intestine. It
releases an AGO protein and various types of small RNAs in its secreted product.
Some of these AGO/small RNA complexes are found within vesicles. Bottom: Extra-
cellular vesicles and/or AGO reach the epithelial cells of the mouse intestine, or
other cell types, where they may have a variety of outcomes. Left: The H. polygyrus
AGO/small RNA complexes could regulate gene expression in the host (in the
nucleus or cytoplasm). Middle: Small RNAs from H.polygyrus could be incorporated
into host AGO/RNAi pathways, where they can be used to influence host gene
expression in the nucleus or cytoplasm. Right: Over time, small RNAs and target
transcripts could co-evolve, leading to optimal manipulation of host gene expres-
sion by the parasite’s exRNAs. In this example, the blue transcript is capable of
being recognized by the blue exRNA, but not the red exRNA because they have
co-evolved.

Helminths provide an interesting system for study in this
regard; these are parasitic worms (nematodes, trematodes and
cestodes) that generally reside in extracellular niches in their
hosts and have co-evolved with the host immune system for
hundreds of millions of years. They establish chronic infections
requiring parasite-encoded suppression of the immune system
and this has been shown to involve active secretion of parasite
factors, reviewed in.'® Research in the last 3 years has demon-
strated that RNAs are present in the secretion products of
diverse helminths and these are expected to be internalized by
host cells through transport in extracellular vesicles'’ ' (Fig. 1).
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So which RNAs get secreted, in what quantities, and what do
these interact with in host cells? As a framework for thinking
about these questions, we detail briefly the origin and evolution
of small RNAs inside of the nematode, in relation to the mam-
malian host, and explore the computational challenges associ-
ated with identifying RNA-RNA interactions between
2 different species.

Small RNA pathways inside nematodes and mammals

Most of what we know about the mechanisms of small RNA
pathways in parasitic nematodes is inferred from extensive
studies of small RNA biology in the model nematode Caeno-
rhabditis elegans.*> Both C. elegans and mammals have the
same general 3 classes of small RNA, including miRNAs,
piRNAs, and endogenously produced siRNAs, but there are
some striking differences in small RNA biogenesis, overall dis-
tribution, and function among these classes.”® Because piRNAs
largely function in the germline and were not identified in the
secretion/excretion product of the gastrointestinal nematode
Heligmosomoides polygyrus'” we will not discuss them in detail
here, although according to recent studies they may be present
in human body fluids.?* In nematodes and mammals, miRNAs
are the most abundant form of small RNA in the soma, and
there is strong conservation in the miRNA pathway in terms of
both biogenesis and function of the miRNAs. miRNAs are
involved in cellular activities regarding development, differenti-
ation, and disease,”® and because of their conservation and
ubiquity among organisms, they are the most commonly stud-
ied for roles in extracellular communication.

Endogenous siRNAs are a broad category of small RNA that
varies dramatically among organisms, both in terms of abun-
dance and function. In mammals, siRNAs are produced by 3
predominant mechanisms: bidirectional transcription of a
locus; extended hairpin molecules (distinct from miRNA); and
the interaction of distinct transcripts throughout the genome
that form dsRNA. Although siRNAs are not the dominant
small RNA based gene regulatory pathways in mammals, they
have been shown to silence protein-coding genes, pseudogenes,
and transposable elements,”*?® reviewed in.*’ Their general
abundance is less than miRNAs across tissues, and to date, their
secretion has not been reported. In nematodes, endogenous
siRNAs are much more abundant than in mammals, and are
found at comparable levels to miRNAs in the worm, depending
on the small RNA sequencing library preparation used.’® The
22G-RNAs (named for their average length and predominant
5" nucleotide) are synthesized by the RdRPs discretely as 22
nucleotide products, without the need for Dicer processing.
Notably, while nematodes, plants and fungi generally possess
orthologs of RdRPs, mammals do not. RARP enzymes, along
with the expanded and diversified set of Argonaute proteins in
nematodes leads to a vast array of functional possibilities for
nematode small RNA pathways and a mechanism for amplify-
ing the silencing signal.’® These regulatory outputs include a
variety of mechanisms, including transcriptional regulation via
chromatin modulation, and post-transcriptional regulation via
transcript degradation, translational inhibition, and transcript
sequestration in RNA granules. Many of the small RNA-
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directed mechanisms present in nematodes are not known to
exist in mammals, raising the question of whether they could
operate if transferred to the host, and the minimal number of
components that would be required to do so.

In terms of thinking about a host pathogen system between
nematodes and mammals, which classes of small RNA might we
expect to be used for extracellular communication, and how do
these classes differ between organisms? The movement of RNA
inside of nematodes is thought to involve endogenous small
RNAs, including the 22G-RNAs. Studies of exogenously intro-
duced double stranded RNA (dsRNA) in C. elegans clearly dem-
onstrate that 22G-RNAs produced in the primary tissue of
uptake, the gut, can be transported to other parts of the worm,
where they are capable of silencing gene expression in a tissue-
specific manner.”’ Do we expect the classes of RNA that are
involved in the spread of RNA interference-based silencing
within an organism to be similar to those that are mobile
between organisms? Possibly, but there is no precedent for what
the targets of the 22G-RNAs would be (detailed further below).

Furthermore, even inside the nematode it is not clear how
22G-RNA production is programmed: how are target tran-
scripts selected for the synthesis of 22G-RNAs, as some tran-
scripts are selected to serve as templates for RARP activity,
while others are largely ignored.’® Second, how are these small
RNAs (be they 22G-RNAs or miRNAs), and their cognate
Argonautes, selected within parasitic cells and packaged to
become exRNA-containing vesicles? Without understanding
how small RNA subsets are programmed for secretion, and the
quantities and mechanisms that are required for their functions
inside the recipient cell, it is hard to believe that this is naturally
occurring and functionally relevant. Yet identical questions
exist when considering how exRNA functions in cell-to-cell
communication within a single organism and mechanisms are
now beginning to emerge. It seems relevant therefore to push
forward similar investigations of RNA-mediated communica-
tion between different species. The added benefit, at least from
a computational perspective, is that with differences at the
sequence level between species, it is easier to tell which RNAs
were imported. Probing RNA-RNA interactions between 2 spe-
cies therefore brings with it both advantages and disadvantages
compared with similar studies within just one organism.

Computational challenges of investigating
RNA-mediated extracellular communication

The evidence for RNA transfer between different species ulti-
mately comes from some form of high throughput sequencing.
For example, several studies have identified nematode RNA in
mammalian body fluids, reviewed in,” and it would be
expected that future studies will examine nematode RNA inside
of host cells. From a computational perspective, as a starting
point one needs to decide the size of RNA to be examined and
the method for confidently assigning its origin. Most studies
have focused on miRNAs although recent reports suggest that
other classes of RNA are also there that should not be ignored:
fragments from tRNAs, rRNAs, and Y RNAs in particular have
been reported and postulated to be functional in some
cases.'”***> Next, simply aligning all the sequences to the
pathogen’s genome to predict the exRNAs presents some major

drawbacks. Many sequences are expected to be highly con-
served across large phylogenetic distances, including fragments
from rRNA and tRNAs. Some miRNAs, such as miR-1, miR-
124 and let-7, are 100% identical between nematodes and
mammals. Thus, even a perfect hit to the pathogen’s genome is
not sufficient proof of a foreign origin. In addition, some
sequences simply by being so small, can by chance map to a
genome. So, how can we confidently decide if a certain small
RNA sequence was produced by one of the 2 interacting
genomes? One conservative approach consists of mapping the
sequences to a combination of genomes, including the 2 inter-
actors, but also adding potential contamination sources, such
as phage ¢X174 or E. coli, such that criteria can be used where
only sequences that map better to one genome than the rest are
kept. The next step is to think about function, and the advan-
tage of dealing with RNA sequences is that this usually depends
on RNA-RNA binding events, which in principle can be
predicted.

What host molecules do pathogenic small RNAs interact
with upon entering the host cells? Of all types of endogenous
small RNA, more is known about how miRNAs function: in
animals, they generally require perfectly complementary
matches between the 6-8 nt “seed” region at their 5" end and
the 3'untranslated region (UTR) of target transcripts.’® This is
likely another reason why most studies have focused on
miRNAs: there are many easy-to-use tools for miRNA target
prediction. But computational prediction of targets is far from
perfect, and most methods show high proportions of false posi-
tives and false negatives.”” An important criterion that can
improve prediction of functional miRNA targets is binding-site
conservation. For endogenous miRNAs, which are important
for development this makes sense, but for miRNAs coming
from a pathogen it is debatable. Nevertheless, a Karposi’
s-sarcoma-associated herpesvirus miRNA (miR-K12-11) was
shown to bind to the same sites of an endogenous miRNA
(miR-155), suggesting that hijacking these sites can be a good
strategy for pathogens.”® Many of the miRNAs secreted by
H.polygyrus also share conserved seed sites, and in many cases
share a common ancestry with those in their mammalian
hosts.'” Regulating conserved endogenous sites could be effec-
tive for 2 reasons: the context of these sites already permits
functional repression, and these sites cannot readily mutate to
avoid pathogen regulation without disrupting the host’s physi-
ology. Nematodes could be using a similar strategy to impair
host defense mechanisms.

Nevertheless, having a list of predicted targets is not equiva-
lent to understanding the function of a miRNA. Even for a sin-
gle miRNA the list can include hundreds or thousands of
genes, although filtering or ranking based on which genes are
expressed in the host cell-type of interest can be helpful.”® But
if multiple miRNAs are considered, as is the norm when deal-
ing with exRNA, the problem can quickly become unmanage-
able. The most commonly used strategy in this case is to focus
on genes that are targeted by 2 (or more) miRNAs, and overlap
this list with functional categories such as Gene Ontology (GO)
terms, in search of functional terms that are enriched among
the targets. Unfortunately, miRNA target prediction can be
quite biased, due to inherent biases in the 3'UTR of genes
regarding length, conservation and nucleotide composition.



Thus, when overlapping targets even for randomly selected
miRNAs, GO terms can appear to be significantly enriched.*’
Caution should be taken before assuming that a table of
enriched GO terms accurately reflects function; further valida-
tion is always desirable. In particular, biochemical approaches
for identifying RNA-RNA interactions are continuing to
advance,*’™* and the application of these for studying cross-
species interactions is intriguing, though will likely require
optimisation for low input material.

Beyond canonical miRNAs, other classes of small RNA have
been identified in helminth-derived excretion-secretion prod-
ucts, including tRNA and Y RNA fragments,'””'® and 22G-
RNAs (A. Buck, unpublished). This suggests a diverse array of
pathogen-encoded molecules for which we know very little
about their potential functional consequences within the host.
The easiest assumption, following what we know about miR-
NAs and how fragments from other ncRNA can sometimes
enter the miRNA pathway,**** is that they could be post-
transcriptional silencers of gene expression. However, given the
possible functions of 22G-RNAs in the nucleus in nematodes,
this assumption may be false. For instance, several 22G-RNA
pathways in C. elegans, including the HRDE-1, NRDE-1, and
CSR-1 AGO/small RNA pathways, regulate gene expression
co-transcriptionally, by influencing RNA Polymerase II activity
and modulating chromatin in favor of (CSR-1) or to antagonize
(HRDE-1, NRDE-1) transcription.>**

Coevolution of small RNA/mRNA

If small RNAs are in fact part of a pathogen’s arsenal, selection
could act upon them, leading to detectable signals in their
sequences at the population level. Although in general most
mutations in a population are expected to be neutral, negative
(or purifying) selection helps filter out disadvantageous muta-
tions, while positive (or Darwinian) selection is responsible for
novel advantageous mutations taking hold in the population.
Thinking about pathogenic small RNAs, there are many possi-
ble scenarios, with different expectations. From the pathogen’s
perspective, for its own miRNAs that are important for endoge-
nous physiology but also used as exRNA, negative selection
could still be the dominant force. Positive selection could gen-
erate novel weapons for a pathogen’s arsenal, and this could be
more frequent among small RNAs derived from repetitive or
non-coding regions in the genome. In fact, in a fungi-plant
model (Botrytis cinerea and Arabidopsis thaliana) of RNA-
based communication, the majority of sequences that were pre-
dicted to target host genes came from retrotransposons and
intergenic regions in the fungal genome."

Regarding the host, we have already mentioned the case of a
viral miRNA potentially hijacking the sites of an important endog-
enous miRNA.*® If this occurs, selection is less likely to be able to
act against the invading miRNA at the level of the target sites, so
these would likely remain under negative selection. On the other
hand, if the exRNAs bind to novel sites, hosts with otherwise neu-
tral mutations at these sites that disrupt exRNA-binding would
have an advantage over other individuals in the population, lead-
ing toward positive selection of these mutations and a potential
arms-race scenario between the exRNA and its sites.
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It will be intriguing to examine sequence variability within
and surrounding the exRNA-producing loci in helminth popu-
lations. Selective signatures could then be calculated for differ-
ent types of pathogen RNA, with a focus on those that are
known to be transmitted to the host.

Outlook

Although the helminth extracellular RNA field is moving for-
ward quickly,”” with diverse disciplines interested in its utility
to understand, treat, and diagnose infection, ultimately, large
gaps in our understanding remain, particularly from a basic
RNA biology standpoint. In particular, there must be effective
transport mechanisms to package and move sufficient quanti-
ties of RNA from the pathogen to the host and there must be
mechanisms for internalization of the foreign RNA, and incor-
poration into a functional pathway. The discovery of exRNA-
containing extracellular vesicles in helminths and the
documentation of their internalization into host cells provide
evidence of a transport mechanism. Yet the quantities secreted,
in relation to the quantities required for function, and the
mechanism(s) by which these RNAs integrate into a functional
pathway in the host cell are completely unknown. Even the
localization of the imported RNA has not been well studied, in
any system, nor do we understand the kinetics of the exRNA
signal and when it is turned over.

Although the research to date has focused largely on
secreted miRNAs, the small RNA world is continually expand-
ing. Many of the small RNA fragments that are documented to
exist have not been well characterized in terms of their function
inside of cells (tRNA fragments, Y RNA fragments); the mean-
ing of their extracellular existence is therefore all the more
daunting. While it has been suggested that much of the exRNA
population could be degraded cellular RNA, the extracellular
environment is riddled with RNases that could effectively
destroy unprotected exRNA, and some of these RNases play
enigmatic roles in innate immunity and defense.*® The persis-
tence of specific stable exRNA fragments is intriguing, and the
task of identifying those that might be important from those
that are not is formidable. As we continue to identify the RNA-
binding proteins in extracellular environments, this may
advance our ability to interrogate exRNA function and under-
stand its regulation. Finding clear answers to these and more
questions related to exRNA will require multifaceted molecular
and cell biology approaches along with integrated studies in
both genetically tractable systems and in more natural “envi-
ronmental” contexts.
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