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As siRNAs derive from such long
double-stranded RNAs, one could
expect siRNA precursors to
constitutively activate the interferon
response. except that the whole
pathway seems to be inactive in mouse
oocytes [15]. Identifying the mouse
tissues devoid of an interferon
response could prove helpful in the
search for endogenous siRNA function.

It can be expected, at least, that one
particular feature of siRNAs will not
make that task easy: endogenous
siRNAs are expressed at very low
levels — much lower than typical
miRNAs. This may be linked to
the activity of siRNAs: as guides
for the endonucleolytic cleavage of
their targets, they act catalytically,
whereas most animal miRNAs
act stoichiometrically (the target
needs to be bound by the miRNA to
be repressed, until it is degraded).

These observations suggest an
impressive, almost scary, possibility.
After the miRNA era (where so many
functions have been ascribed to
miRNAs, in so many physiological
processes), we may be entering the
‘siRNA era’. How many biological
pathways will involve siRNAs? As
siRNAs can act catalytically, minute
amounts of these novel regulators
could have tremendous effects;
undetected small RNAs may lie behind
unexplained phenomena. Clearly, the
exploration of small regulatory RNAs is
not over.
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Short RNAs: How Big Is This Iceberg?
Recent studies have reported the identification of piwi-associated RNAs
(piRNAs) in Drosophila somatic cells. Interestingly, these piRNAs derive from
the 30 untranslated regions of a subset of transcribed protein-coding genes
and, experimentation suggests, might control the expression of other
protein-coding transcripts. Studies of additional organisms support the new
pathway’s presence across animals.
Isidore Rigoutsos

The RNA revolution is upon us. The
last decade and a half has witnessed
a flurry of research activity revolving
around RNA, a molecule that for many
years was thought to play only ancillary
roles in the workings of a cell. Aided by
technological and scientific advances,
the repertoire of non-coding RNAs, i.e.
RNAs that do not code for proteins, has
been expanding steadily [1].

A particular class of short RNAs,
microRNAs, has so far commanded the
lion’s share of researchers’ attention.
Approximately 22 nucleotides long,
microRNAs have been shown to
post-transcriptionally regulate their
targets in a sequence-dependent
manner [2]. Originally believed to
act through the 30 untranslated region
(30UTR) of the targeted mRNAs,
microRNAs were recently shown to
target the mRNA’s amino-acid coding
sequence (CDS) as well [3,4]. Recently,
piwi-associated RNAs (piRNAs),
another intriguing class of short RNAs
with lengths between 23 and 30
nucleotides, burst onto the stage [5–8].
To date, piRNAs have been reported
in Drosophila, human, mouse, rat,
Xenopus, zebrafish and the worm,
and their known numbers are in the
hundreds of thousands.

Drosophila piRNAs deriving from
heterochromatic loci that are rich in
nested, truncated, or damaged
repeat elements, termed piRNA
‘clusters’, have been among the
better studied. Such piRNAs
participate in the ‘ping-pong’ cycle,
an auto-amplification loop that is
conserved in many metazoans and
constitutes an adaptive immune
response that maintains genomic
integrity by suppressing the expression
of transposons and other repetitive
sequences [9,10].

In addition to piRNAs generated via
the ping-pong cycle, other piRNAs that
do not depend on auto-amplification
have also been reported. The specifics
of their generation had remained
elusive for a while, but recent studies
by the laboratories of Mikiko and
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Figure 1. Summary depiction of the findings described in [11–13].

Among the transcribed genes, a subset (e.g. tj, brat, hypothetical gene y and others) gives rise
to piRNAs through the 30UTRs of their mRNAs. Abundant transcription does not appear to be
a prerequisite, and not every transcribed gene’s 30UTR will generate piRNAs (e.g., hypothetical
gene x). The generation of these piRNAs that are sense to the source 30UTR occurs in parallel
with the translation of the mRNA. Among the piRNA-producing genes in the OSS cell line, tj
and brat are the two most prolific ones. Once made, the TJ protein appears to facilitate/initiate
transcription of piwi and the production of Piwi. The generated piRNAs are subsequently
loaded on Piwi in the cytoplasm. Preliminary indirect evidence suggests that the complex
carrying some of the tj-piRNAs may target the primary fasIII transcript within its first intron.
Given the high number of the generated distinct piRNAs, it is reasonable to assume that there
is an abundance of targets that remain to be elucidated. Color convention: blue, 50UTR; red,
CDS; yellow, 30UTR; cyan, intronic sequence; gray, intergenic sequence.
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Haruhiko Siomi, and Eric Lai, have
broken new ground, revealing
surprising results with potentially very
important ramifications [11–13].

A common element in the work by
both teams is their use of a Drosophila
ovarian somatic cell line (OSS),
a homogeneous and stable cell
line derived from a parental cell line
(fGS/OSS) comprising a mix of female
germline stem cells and sheets of
somatic cells. This was a very
important design choice in that it
removed one confounding factor of
previous piRNA studies, namely the
use of systems comprising
heterogeneous cell types.

A combination of qRT-PCR and
Western blot analysis by the two teams
established the presence of Piwi in
OSS, and the absence of both
Aubergine (Aub) and Argonaute 3
(AGO3), the latter two being required
for the production of piRNAs through
the ping-pong cycle. Immunostaining
of OSS revealed Piwi’s nuclear
localization but left open the question
as to whether such localization was
required for the production and loading
of piRNAs. The Siomi team [13]
designed and studied three mutants:
a Piwi mutant lacking its nuclear
localization signal expectedly localized
to the cytoplasm but could still load
piRNAs, just like the wild type;
a second Piwi mutant that was
deprived of its Slicing faculty through
mutations in its PIWI domain also
maintained the ability to load piRNAs;
and finally, a double mutant that was
Slicer-deficient and also lacked its
nuclear localization signal continued to
load piRNAs even when endogenous
Piwi was depleted. These findings
suggest that the process at hand,
unlike the ping-pong cycle, does not
depend on Piwi’s Slicing ability and
that piRNA production and loading on
Piwi occur in the cytoplasm. In parallel
work, the Lai team [12] analyzed newly
generated and previously published
deep sequencing data and found no
evidence of the sequence biases that
are the hallmarks of the ping-pong
cycle, namely a preponderance of
uridine in the first piRNA position and
adenine in the tenth, and the
existence of piRNA pairs containing
complementary sequences in the first
ten positions from their 50 end.
Combined, these results indicate
that the piRNAs present in the OSS
cells are generated independently of
Aub/AGO3 and the auto-amplification
loop. But where do these piRNAs
come from?

Mapping of the piRNAs on the
Drosophila genome by both teams
revealed the flamenco locus as one
of the sources [12,13]. In addition to
flamenco, and rather unexpectedly,
the two teams discovered that many
of the sequenced piRNAs were sense
to, and derived from, the 30UTRs of
Drosophila mRNAs (Figure 1). The
deeper sequencing carried out by Lai’s
team [11], as reported in a recent issue
of Current Biology, allowed them to
identify many tens of genes generating
greater than 1,000 piRNAs from their
30UTRs. In fact, these mRNA-derived
piRNAs were comparable in
abundance to microRNAs in OSS. It is
worth emphasizing here that despite
using different platforms, sequencing
at different depths, and employing
different thresholds, the two teams’
lists of top-ranking mRNAs, vis-à-vis
the piRNAs that the mRNAs
generated, were in agreement. The
highest-ranking mRNA in both lists
corresponded to traffic jam (tj), a gene
encoding a Maf-bZIP transcription
factor that is necessary for controlling
gonad morphogenesis in the fruit
fly. Another high-ranking
piRNA-generating mRNA was brat.

Given that tj’s mRNA apparently
serves two purposes, namely protein
synthesis and piRNA production, is the
mRNA pre-processed in any way prior
to entering the primary piRNA
pathway? The answer appears to be
negative. Indeed, Northern blot
analysis by the Siomi team [13] using
probes targeting, respectively, tj’s
CDS and 30UTR revealed a single band
of the same length, suggesting no
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separation of the primary mRNA into
segments.

Further analysis of data from recent
studies of Drosophila mutants [14,15],
and of newly generated data [11] in
conjunction with RNAi studies [13],
allowed the two teams to establish that
zucchini is involved in the 30UTR-piRNA
pathway. Also, study of larval ovaries of
tj mutants by the Siomi team [13]
showed TJ to be required for piwi
activation in Drosophila gonadal
somatic cells. Notably, there are
several potential Maf binding sites near
piwi’s putative transcription start site:
for some of them, chromatin
immunoprecipitation experiments
indicated a direct association with TJ
(Figure 1).

Once produced and loaded on Piwi,
the tj-derived piRNAs have the ability to
suppress targets. By searching for
targets with (near) complementarity to
tj’s 30UTR piRNAs, the Siomi team [13]
was able to identify fasIII as one such
candidate target gene. Interestingly, all
three putative sites of interaction with
the sequenced piRNAs were in fasIII
introns (Figure 1). Quantitative RT-PCR
analysis showed that fasIII is
upregulated in piwi- and tj-mutants,
supporting the conjecture that fasIII is
a piRNA target.

However, are the above results a
tj-specific or, perhaps, a
Drosophila-specific peculiarity?
A wide-ranging investigation by Lai’s
team [11] provides the answer. Analysis
of public data and additional primary
data that they generated revealed
strong 30UTR piRNA production in
mouse testis as well. These mouse
piRNAs were proportionally highest in
pre-pachytene testis (10 days
postpartum) wherein Mili was found
to be the predominant carrier of
30UTR-piRNAs, in agreement with
earlier observations [16]. Notably,
despite the difference in the carrier
molecule, the identities of the gene
sources of the Mili- and Miwi-loaded
30UTR-piRNAs were relatively similar.
Further analysis also allowed Lai’s
team to reclassify previously published
piRNA clusters as 30UTR-derived ones.
The team also analyzed piRNAs from
X. tropicalis eggs that associated with
the Y12 monoclonal antibody and
identified numerous 30UTR-piRNAs
there as well, albeit they were not as
abundant as in the mouse and in
Drosophila. The findings of the Lai
group [11] together with corroborating
results by the Siomi team [13] (obtained
by studying piwi expression in mouse
tj-mutant testis) suggest conservation
of the identified pathway across
animals.

Do all 30UTRs give rise to piRNAs?
Interestingly, by studying sequenced
reads in conjunction with gene
expression data in OSS, Lai’s team
showed that high-expression is not
a sufficient condition for the generation
of piRNAs. Instead, they found
preference for mRNA substrates
belonging to select gene ontology (GO)
categories such as post-transcriptional
gene regulation, regulation of structure
and organ development,
morphogenesis, cell differentiation,
and others. A similar analysis of mouse
testis data revealed analogous GO
biases.

These above results provide
evidence in support of a previously
reported, computationally derived
framework that linked intergenic/
intronic regions with exons through
short motifs termed pyknons [17].
Pyknons are organism-specific,
variable-length, statistically significant
nucleotide motifs that were arrived at
using purely computational means.
By definition, the pyknons of a given
genome occur multiple times in
intergenic and/or intronic regions, as
well as at least once in an exon. Despite
a pyknon’s multiple occurrences
in a genome, not all instances of the
motif necessarily coincide with
retroelements [17]. They were originally
a genomic curiosity [18] but after
piRNAs identified by deep sequencing
became available [5–8], it was apparent
that pyknons had computationally
presaged the existence of piRNAs,
both in terms of length and sequence.
At the same time pyknons predicted
putative regulatory connections
between exonic and non-exonic
sequences, similar to that reported
by the Siomi group [13]. Notably,
several of the GO categories that were
found enriched in the original pyknon
analysis [17] agree with those identified
by Lai’s team [11] as associated with
30UTR-piRNAs. Subsequent analysis
showed that human and mouse
pyknons are over-represented in the
introns of genes belonging to specific
GO categories, and that the categories
are the same in the two genomes
despite the absence of conservation
of the underlying intronic sequences
[19]. Additionally, several examples
of pyknons and published piRNAs
that are antisense to introns have
been reported [19], underscoring
the connection between pyknons
and piRNAs and in accordance with
the putative fasIII findings by Siomi’s
team [13].

The pyknon framework anticipates
that each mRNA region (50UTR,
CDS, 30UTR) is associated
(as source, target, or perhaps both)
to distinguishable-by-sequence
collections of short RNAs with each
region being linked to distinct GO
categories: glimpses of this are
evident in the results generated by Lai’s
team [11]. If we now combine this
multitude of connections with
a previous report on the differential
expression of a human pyknon
containing genomic region in a disease
context [20], it becomes increasingly
likely that these findings by the Siomi
and Lai teams [11–13] represent further
evidence that the community may have
stumbled upon the tip of a regulatory
iceberg of potentially staggering
proportions.
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