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PERSPECTIVES
sion and settlement. More broadly, marine
isotope 5–calibrated dates in the range of
85,000 to 130,000 yr B.P. suggest that modern humans were on the move between tropical and subtropical zones during the periods when climate oscillated in the temperate regions they would later successfully
reinvade, leaving us as their legacy.
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ulations, both Neandertal and Denisovan,
by modern humans has been put forward to
account for discordancy in tool traditions
from archaeological research at sites in
central India (13), where microblade technology had been in use only since 45,000
years ago, as compared to sites in Africa,
China, and Malaysia. In these latter locations, the hominin populations appeared
to be culturally modern (in terms of the
tools they were making) and well adapted
to the emerging localities, suggesting that
the time frames implied by a short Y chronology allows insufficient time for inva-
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The idea that RNA can be transferred between
organisms and function in communication and
environmental sensing is discussed.
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ur understanding of the forms, of functional RNA to and from cells. This
functions, and movement of RNA extends the RNAi response outside of the
continues to expand. Not only cell and possibly even outside of the organcan RNA control gene expression by mul- ism. The functional importance of either for
tiple mechanisms within a cell, it appears C. elegans in the wild is still unknown. Howto travel outside the cell within an organism ever, successfully investigating such roles
as well. This raises the interesting question could be achieved by analyzing nematodes
of whether the RNA world extends beyond in their natural habitat, for which ecological
the boundaries of the organism. Can RNA characterization is more advanced than for
trafﬁc integrate an organism into its envi- the laboratory workhorse C. elegans.
ronment—is there “social RNA”? ExamOne of the most remarkable features of
ining the mechanism of RNA interference RNAi in C. elegans is that feeding these
(RNAi) may be a good route for seeking the animals dsRNA can silence endogenous
answer.
genes. This response differs from nonspeIn many eukaryotic cells, exposure to ciﬁc inﬂammatory responses to dsRNA in
double-stranded RNA (dsRNA) can initi- mammalian cells because only genes with
ate an RNAi response that generates small matching sequence to the ingested dsRNA
interfering RNA (siRNA). These are potent will be silenced (5, 6). A speciﬁc pathway
silencing molecules that use
that takes up long dsRNA (~200
base-pairing to recognize genes
to 500 base pairs) from the gut
with sequence similarity to the
lumen involves the channel prooriginal double-stranded trigger sciencemag.org
tein SID-2 (7, 8). Inside the cell,
Podcast interview dsRNA is cleaved by the endori(1, 2). Moreover, many organwith author Eric
isms, including mustard cress Miska (http://scim.ag/
bonuclease Dicer (DCR-1) to
and roundworms, possess mech- ed_6145).
generate ~23-nucleotide RNAs,
anisms to move siRNAs between
known as siRNAs. siRNAs are
tissues (3, 4). So far, research into the func- bound by Argonaute proteins, and the resulttions of RNAi has focused on its role within ing complex targets messenger RNA for
an organism—in antiviral defense or in degradation. In addition, RNA-dependent
silencing repetitive DNA sequences in the RNA polymerase enzymes amplify the triggenome, for example. In the model nema- ger, thereby bolstering its silencing effect
tode Caenorhabditis elegans, however, on target genes (9). Another dsRNA-selecmolecular mechanisms facilitate trafﬁcking tive channel, SID-1, subsequently allows the
silencing RNA signal to spread throughout
the animal (10). The signal can even reach
Gurdon Institute and Department of Biochemistry, University of Cambridge, Cambridge CB2 1QN, UK. E-mail: the germ line, thus instigating a transgenerae.miska@gurdon.cam.ac.uk
tional response (11–13).
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Exploiting the SID pathway enables the
function of almost any gene to be examined
simply by making a bacterial strain expressing dsRNA that matches the gene of interest
—a great tool. But the broad implications of
the response that this pathway elicits have
not resonated widely, in part because its
function in the normal C. elegans life cycle
is mysterious. What possible use could there
be for a pathway that takes up RNA from the
environment and uses it to silence endogenous genes?
An attractively simple idea is that C. elegans might respond to dsRNA that is naturally produced by the bacteria it consumes.
This would allow C. elegans to mount an
RNAi response against bacterial RNAs that
enter the gut. siRNAs produced by cleavage of a bacterial dsRNA trigger could target endogenous genes, redirecting gene
expression programs in response to different diets. Although a plausible model, there
is no clear evidence yet that this occurs. A
noncoding RNA produced by certain Escherichia coli strains might cause gene expression changes via RNAi in C. elegans (14).
However, mutations in SID pathway genes
do not obviously compromise ﬁtness under
laboratory conditions, which suggests that
“environmental RNAi” is not important for
growth on E. coli in general. In the wild, C.
elegans probably feeds on bacteria growing
on rotting fruit (15) and therefore encounters multiple species of microbes, so deeper
sampling of ecologically relevant bacteria
might provide insight into the role of SIDencoding genes. Our understanding of the
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mobility occurs within C. elegans—the precise species that moves, as well as its mechanism of secretion and uptake—is unknown.
When elucidated, the process should inform
whether small RNAs can survive outside of
the parent organism.
Small RNAs, in particular microRNAs
(miRNAs), can be secreted from mammalian cells ( 21). Different body fluids,
including blood, tears, and saliva, contain miRNAs, either free or contained
within vesicles (exosomes) (22). Because
miRNAs are functionally very similar to
siRNAs, and indeed may have evolved from
the siRNA pathway, it is plausible that comparable mechanisms of small RNA secretion might be used for siRNAs. Determining whether nematodes incorporate small
RNAs into exosomes would help to clarify
the range of RNA mobility, as well as the
evolution of the mammalian miRNA secretion pathway.
A highly debated issue that is not yet
resolved convincingly is whether secreted
miRNAs from mammalian cells have an
effect in recipient cells. One crucial point
is that mammals do not possess ampliﬁcation pathways to allow small amounts of an
RNA taken up from the environment to trigger a larger response within the organism.
Therefore, the miRNA itself would have to
be taken up in sufﬁcient amounts to have
an effect, either with an Argonaute protein
from the donor or through incorporation into
the recipient cell’s Argonaute complexes.
Indeed, secreted miRNAs in conditioned
medium from cells overexpressing miRNAs
can down-regulate target genes in recipient
cells. This secretion depends on GW182
proteins, which interact with Argonaute pro-
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teins (23). GW182 proteins could thus move
with miRNAs to facilitate their effect.
There is a high degree of sequence conservation between miRNAs of different
organisms. This could be important in hostparasite interactions, for example, such that
miRNAs secreted from a parasite could
manipulate host gene expression programs.
Such cross-species traffic of miRNA has
been observed. miRNAs from edible plants
are found in human bodily fluids, which
suggests that miRNAs might be assimilated
into mammalian miRNA pathways (24).
However, such studies suffer greatly from
potential contamination artifacts and have
thus proved controversial (25). Lab model
systems such as C. elegans are crucial
for rigorously establishing the transfer of
small RNAs between organisms and for
addressing mechanistic details of small
RNA secretion.
Is there an extensive life for RNA molecules outside of the cell, and even outside of the organism that produced them?
Investigating possible examples of “social
RNA” presents an exciting avenue for future
research, as the implications of such a phenomenon would be far-reaching indeed.
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natural environment of C. elegans is limited,
making this difﬁcult.
An analysis of related nematodes with
ecology that is better understood may provide some hints. Many parasitic nematodes
undergo well-characterized life cycles
involving two different hosts ( 16) (e.g.,
Brugia malayi, the causative agent of lymphatic filariasis, is transmitted between
humans by mosquitoes) or both free-living
and parasitic stages (e.g., the hookworm
Nippostrongylus brasiliensis goes through
two larval molts, feeding on rat fecal matter
before reinfecting a rat host). RNAi has been
demonstrated experimentally in parasitic
nematodes of plants and animals (including
human) (17). It is conceivable that parasitic
nematodes could use host RNA as a trigger
to regulate endogenous genes in response to
life cycle cues.
If a parasitic strategy exists, perhaps hosts
exploit it by producing dsRNA to attack parasites. Indeed, resistance to root-knot nematodes can be engineered by making transgenic plants that express dsRNA against an
essential nematode gene (18). This points
to the exciting possibility of an “RNA arms
race” between host and parasite. In support
of this, the genes involved in taking up RNA
from the environment in C. elegans appear
to be evolving rapidly. For example, the
closely related nematode C. briggsae has
lost the gene sid-2 and is insensitive to feeding with dsRNA-expressing bacteria (7).
However, expressing C. elegans sid-2 allows
C. briggsae to take up dsRNA from its environment. Perhaps the ancestor of C. briggsae was exposed to bacteria that exploited
the C. elegans uptake pathway, resulting in
selective pressure to lose the RNA uptake
mechanism. But sid-2 homologs may not be
the only way by which RNA is taken up from
the environment. One example is the nematode Meloidogyne incognita, which, despite
responding to dsRNA administered through
feeding, has no sid-2 homolog. Thus, environmental RNAi is likely to occur in nematodes without obvious sid-2 homologs (19).
In addition to the uptake of long dsRNA,
siRNAs (downstream of DCR-1 activity) can
move within C. elegans and can be ampliﬁed
to generate abundant secondary siRNAs in
the recipient tissues (20). This means that if
the animal were exposed directly to small
RNAs from its environment, these might
generate an RNAi response in the absence
of a dsRNA trigger. Such a process could
have interesting consequences. For example,
C. elegans could spread an antiviral RNAi
response within a population to generate
herd immunity. Exactly how small RNA

