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ABSTRACT Planarians are bilaterally symmetrical fresh water organisms capable of regenerating
body parts from smallfragments following bodily injury. Planarians possess a specialized population
of pluripotent cells called neoblasts, which are responsible for their unique regenerative ability.The
study of planarian stem cell biology and regeneration has traditionally focused on the transcription
factors and proteins that regulate signal transduction pathways. New evidence shows that small
RNA molecules are important players in stem cell function and regeneration, yet little is known
about the exact nature of their regulatory roles during the regenerative process. In this review, we
discuss biogenesis of microRNAs and piwiRNAs and their functional role in key developmental
pathways in vertebrates and invertebrates with an emphasis on recent studies on planarian small

RNA pathways.
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Introduction

Planarians have emerged as a robust model organism for study-
ing regeneration and stem cell biology, because of specialized adult
stem cells called neoblasts, which are pluripotent (Wagner et al.,
2011) in nature. Neoblasts are 5-10um in length and constitute 25-
30% of the total cell population. They are also characterized by a
large nucleus and scant cytoplasm and are extremely sensitive to
irradiation. The advent of moleculartoolsincluding RNAinterference,
in-situ hybridization and next generation sequencing has greatly
enhanced our understanding of the molecular pathways involved
in regeneration and neoblast function in planarians. Several key
proteins involved in various signaling pathways have been shown
to play roles in planarian stem cell proliferation, differentiation and
pattern formation (Adell et al., 2010; Gentile et al., 2011; Pearson
and Sanchez 2010). For instance, knockdown of p-catenin-1, a
major component of the Wnt signaling pathway, results in head
formation on both anterior and posterior ends of the planarian,
suggesting that a potential gradient of 3-Catenin with increased
levels of p-Catenin at the posterior end, leads to inhibition of head
formation at the posterior side of the animal (Peterson and Reddien
2008; Gurley et al., 2008).

In recent years, small RNA pathways have gained prominence
because of their diverse role in controlling various cellular pro-
cesses such as cell cycle regulation, apoptosis and development
(Thatcher and Patton 2010). Among various small RNA pathways,
the microRNA pathway is well studied and regulates gene expres-

sion primarily through translational repression of targetmRNAs (Liu
and Paroo 2010). Other small RNA molecules such as piwiRNAs
(piRNAs) and endosiRNAs are mostly involved in transposon regu-
lation, with the exception of pachytene piRNAs, whose functions
are not clear. Recent studies in planarians have identified genes
that encode proteins involved in small RNA biogenesis that are
important for neoblast function and planarian regeneration. These
studies provide indirect evidence for the involvement of small RNAs
in planarian regeneration and neoblast function, but additional stud-
ies are needed to determine the exact roles of small non-coding
RNAs in planarian stem cell function. In the present review, we
focus on two classes of small RNAs, microRNAs (miRNAs) and
piwiRNAs (piRNAs), and their regulatory roles in planarian stem
cell function and regeneration.

miRNA processing

MicroRNAs represent an abundant class of small RNAs that
repress gene expression post-transcriptionally by binding to comple-
mentary regions of 3’ untranslated regions (3’'UTR) and coding
sequence (CDS) in target messenger RNA (mRNA) sequences.
MicroRNA encoding genes are transcribed by RNA polymerase Il
as long primary-miRNA (pri-miRNA) transcripts (Lee et al., 2004),
and in some cases, human miRNAs located within Alu repeat ele-
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ments are transcribed by RNA pollll (Borchert et al., 2006). Drosha
and its partner DGCR8/PASHA process pri-miRNA transcripts into
precursor miRNA (pre-miRNA). Pre-miRNA is then exported from
the nucleus to the cytoplasm by Exportin 5, where it is processed
into 21nt double-stranded miRNA by Dicer and R3D1/Loquacious.
The mature miRNA is loaded onto the Argonaute protein, which is
part of a huge protein complex called the RNA induced silencing
complex (RISC). The mature strand acts like a guide and recruits
RISC tothe 3'UTR of the target mRNA leading to either translational
repression or mRNA degradation (Fig. 1). The mRNA bound by
miRNA and RISC is processed in specialized components called P
bodies and stress granules, which are the functional equivalent of
chromatoid bodies presentingermlinetissues (Liu and Paroo 2010).

miRNAs in stem cells

MicroRNAs are emerging as key regulators of gene expression
and are implicated in many biological processes including stem cell
biology (Bartel 2004). MicroRNAs down-regulate large numbers
of transcripts resulting in wide spread changes in protein levels
in metazoans (Baek et al., 2008; Selbach et al., 2008). Dicer-1
knockout studies in mouse embryonic stem (ES) cells showed that
these cells fail to differentiate upon induction, indicating a role for
Dicer-dependent factors in cellular differentiation. However, this
study did not establish the specific role of the miRNA pathway in
ES cells because Dicer-1in mammals is also involved in the siRNA
pathway (Kanellopoulou et al., 2005). On the other hand, DGCR8
knockout ES cells specifically inhibited microRNA biogenesis, but
notsiRNAbiogenesis. Wheninduced, these knockout ES cells failed
to down-regulate pluripotency markers and retained the capacity to
form ES cell colonies. These studies established a role for microR-
NAs in differentiation of embryonic stem cells (Wang et al., 2007).
In another study, the Lin-28 RNA binding protein was shown to be
essential for maintenance of ES cells by blocking the processing of
pre-let-7 by Dicer-1 (Viswanathan et al., 2008). Interestingly, most
of these studies suggest that miRNAs are primarily involved in ES
cell differentiation, but not maintenance. Recent studies have ad-
dressed this question. Hanina and co-authors demonstrated that
miRNA cluster mir290-295 promotes pluripotency by up-regulating
pluripotency associated genes such as /in-28 (Hanina et al., 2010).
In an independent study, Subramanyam and co-authors demon-
strated that hsa-mir302b and hsa-mir-372 miRNAs are sufficient
to reprogram mouse embryonic fibroblasts to induced pluripotent
stem (iPS) cells, emphasizing a key role for miRNAs in the mainte-
nance of ES cells (Subramanyam et al., 2011). In addition, mir-335
expressed in human mesenchymal stem (MS) cells is essential for
cell proliferation and is up-regulated by the canonical Wnt signaling
pathway and down-regulated by interferon gamma. Western blot
analysis and 3'UTR reporter assays confirmed RUNX2, akey protein
for the reparative phenotype of MS cells, which involves migration
and differentiation, as a direct target for mir-335. This suggests
that down-regulation of mir-335is essential for the upregulation of
RUNX2, which mediates migration and differentiation of MS cells
(Tomé et al., 2011). Experimental findings also show that miRNAs
are involved in adult stem cell function in neural stem cells, hema-
topoietic stem cells, and others (Yi and Fuchs 2011). Most studies
that investigate miRNA function in stem cells have been carried
out in vitro, therefore it is unclear how miRNAs regulate the stem
cell niche. Thus, there is great need for a tractable in vivo system

for studying stem cell function and the niche that regulates stem
cells. In this regard, planarians serve as an excellent in vivo model
for examining the expression patterns and regulatory functions of
miRNAs. Further, the study of miRNAs essential for stem cell func-
tion in invertebrate species like planarians and Hydra will enable
comparative studies between invertebrates and vertebrates, and
thus increase our understanding of the evolutionary aspects of
miRNA function with respect to stem cell biology.

Planarian miRNAs

Planarian regeneration is facilitated by a population of special-
ized cells called neoblasts, which contain a dense nucleus and
reduced cytoplasm compared with non-neoblast cell types. The

neoblastcytoplasmis further characterized by the presence of dense
cytoplasmic RNP granules called chromatoid bodies. Chromatoid
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Fig. 1. MicroRNA biogenesis. MicroRNAs (miRNAs) are small RNA mol-
ecules that regulate post-transcriptional silencing of gene expression by
binding to the complementary 3'UTR of target mRNA. The miRNA gene
is transcribed by RNA Polymerase Il into primary-miRNA (pri-miRNA),
which is processed by Drosha along with its partner Pasha to generate
precursormiRNA (pre-miRNA). The precursor miRNA is exported from the
nucleus to the cytoplasm by Exportin 5, where it is processed by Dicer
and R3D1 to generate small RNAs 21-22 nt in length. The double stranded
small RNA is unwound and the mature miRNA is loaded onto Argonaute,
which is part of the RNA induced silencing complex (RISC). The mature
small RNA acts as a guide strand and recruits RISC to the 3'UTR of the
target mMRNA. The target mRNA is either translationally repressed if the
seed region of miRNA lacks perfect complementarity with the 3" UTR, or
cleaved if the seed region has perfect complementarity.



TABLE 1

COMPARISON OF GENES THAT ENCODE PROTEINS ESSENTIAL
FOR SMALL RNA BIOGENESIS IN THE PLANARIAN SCHMIDTEA
MEDITERRANEA, DROSOPHILA MELANOGASTER,

MUS MUSCULUS AND HOMO SAPIENS

Proteins involved

in small RNA biogénesis S. mediterranea D. gasti M. H. sap
microRNA and siRNA pathway
Drosha + + + +
Pasha (DGCR8) + + + +
Dicer DICER1 DICER1 + +
DICER2 DICER2
R3D1 (Loquacious/TRBP2) + + + +
R2D2 - + + +
Argonaute AGO1 AGO1 AGO1 AGO1
AGO2 AGO2 AGO2 AGO2
AGO3 AGO3
AGO4
AGO5
piRNA pathway
Piwi SMEDWI-1 AGO3 MiLI HILI
SMEDWI-2 AUB MIWI HIWI1
SMEDWI-3 PIWI MIwWI2 HIwI2
HIWI3

The accession numbers for Mus musculus (mouse), Homo sapiens (human), Drosophila melano-
gaster (fly) and Schmidtea mediterranea (planarian) proteins are as follows: Mouse (Mmu): DICER1
(AAH61198), DROSHA (NP_001123621), DGCR8 (NP_201581), TRBP2 (NP_033345), AGO1
(NP_700452), AGO2 (NP_694818), AGO3 (NP_700451), AGO4 (NP_694817), AGO5 (AN75582);
Human (Hs): DROSHA (NP_037367), DGCR8 (NP_073557), DICER1 (NP_001182502), TRBP2
(NP_004169),AGO1 (NP_036331),AGO2 (NP_036286),AGO3 (NP_079128), AGO4 (NP_060099),
HILI (NP_060538), HIWI (NP_004755) HIWI2 (NP_689644), HIWI3 (NP_001008496); Drosophila
(Dm):DROSHA (NP_477436), PASHA(NP_651879), DICER1 (NP_524453), DICER2 (NP_523778),
R3D1 (NP_001188796), AGO1 (NP_725341), AGO2 (NP_730054), AGO3 (ABO27430), Aubergine
(CAAB4320), PIWI(NP_476875); Planarian (Sme):SMEDWI-1 (Q2Q5Y9), SMEDWI-2 (ABB77338),
SMEDWI-3 (ACC97187), AGO2 (ADY05336.1).

bodies in mammals are associated with germ cells and exist as
huge RNA-protein complexes that include small RNAs and RNA
binding proteins essential for translational repression and small
RNA biogenesis (Kotaja et al., 2007). Recent studies in planarians
identified several genes that encode RNA binding proteins such as
TIA-1,LSm, elF-4A, elF-4G, TRDR-1, SMN, CBC-1, TUD-1, PIWI,
DICER-1, FMRP-1 and Ago-2. These genes are expressed in neo-
blasts and some of them were shown to be essential for neoblast
function and regeneration (Rouhana et al., 2010). In C. elegans,
Drosophila and mammals, most of these proteins are associated
with various RNP granules such as P-bodies, stress granules and
chromatoid bodies (Kotaja et al., 2007). In contrast, the cellular
localization of most of these RNA binding proteins expressed in
planarian neoblasts is unknown. Three recent reports showed that
the planarian proteins DjCBC-1 (Yoshida-Kashikawa et al., 2007),
Smed-SmB (Fernandez-Taboada et al., 2010) and SPOLTUD-1
(Solano et al., 2009) are localized to chromatoid bodies, raising
the possibility that other neoblast enriched RNA binding proteins
may exhibit similar patterns of localization. The study of RNA bind-
ing protein localization patterns in neoblasts will provide valuable
insight about the types of RNAmolecules that localize to chromatoid
bodies and thus the function of chromatoid bodies in neoblast cells.

Many of the genes that encode proteins essential for small RNA
biogenesis in other animal species have recently been identified
in the planarian Schmidtea mediterranea (Table 1)(Reddien et
al., 2004; Palakodeti et al., 2008; Li et al., 2011). Knock downs
of some of these genes led to defects in regeneration, suggest-
ing that planarian small RNAs are important for regeneration and
neoblast function. For example, knock down of ago-2 expression
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by RNAiI in the planarians Dugesia japonia (Rouhana et al., 2010)
and Schmidtea mediterranea (Li et al., 2011) resulted in defects
in regeneration and the loss of neoblast cell populations. It is not
clear whether the observed defects in regeneration are due to loss
of miRNA function, since ago-2 knockdowns could lead to loss of
both miRNAs and endogenous siRNAs. Knocking down either
DGCR8 orDrosha, both of which are involved in miRNAbiogenesis,
will be helpful in establishing the exact nature of miRNA function
in the regeneration process. Several microRNAs were recently
identified in Schmidtea mediterranea; many of these are highly
conserved across the animal kingdom and a few are planarian
specific (Palakodeti et al., 2006; Lu et al., 2009; Friedlander et
al., 2009). In addition, many miRNA clusters were identified in
Schmidtea mediterranea. Of these, the mir-71 and mir-2 clusters
are conserved in Schistosoma, a parasitic worm that belongs to the
phylum Platyhelminthes, which also includes Schmidtea (Huang et
al., 2009; Simoes et al., 2011). These observations suggest that
evolutionarily conserved clusters might share similar functions and
similar modes of regulation. It was recently shown that planarian
miRNAs are expressed in strain-specific and neoblast-specific
fashion. Deep sequencing of small RNA libraries from irradiated
and non-irradiated sexual and asexual strains and adult neoblast
cell populations from Schmidtea mediterranearevealed numerous
examples of strain-specific and neoblast-specific mMiRNA expres-
sion (Lu et al., 2009; Friedlander et al., 2009).

Strain specific miRNAs

Schmidtea mediterranea exist in nature as sexual and asexual
strains. Sexual strains are hermaphroditic with mature testis and
ovaries. In contrast, asexual strains lack mature germ line tissue,
but still contain nanos mRNA expressing cells with a distribution
similar to that of presumptive testes primordia in the sexual worm
(Wang et al., 2007). Further, asexual strains undergo asexual
reproduction by fission, which is not observed in sexual strains.
Karyotyping experiments performed on both strains revealed a
chromosomal translocation in asexual animals, which might explain
the absence of well-developed germ line tissues and the ability
of the asexual strain to reproduce through fission (Newmark and
Sanchez 2002). Identifying differences in gene expression between
sexual and asexual strains will help to identify factors involved in
germ line development and fission. Deep sequencing of small RNA
libraries from sexual and asexual strains revealed several cases
of strain-specific miRNA expression. Interestingly, the majority of
asexual specific miRNAs are planarian specific, except for mir-76,
which has been identified in other species (Lu et al., 2009). This
raises the possibility that miRNAs enriched in the asexual strain
may have evolved independently in planarians; itis unclear whether
asexual-specific miRNA expression is linked to the chromosomal
translocation, but it may contribute to the reproductive mode of
asexuals and their inability to form germ line tissues. In contrast,
sexual-specific miRNAs might be involved in sexual reproduction
and the development of germline tissue.

Neoblast specific miRNAs
The regeneration process in planarians starts with wound healing

mediated by the migration of epidermis adjacent to the wound region
(Pascolini etal., 1984). Later stepsinvolve neoblast migration to the site
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ofinjury followed by rapid proliferation and differentiation into various cell
typesandtissues (Handberg-Thorsager etal.,2008). Deep sequencing
of small RNA libraries from non-irradiated and irradiated animals and
neoblast cellsidentified several miRNAs that were irradiation-sensitive
and expressed in the neoblast cell population. In planarians, let-7a
miRNA expression showed a marked decrease upon irradiation (Lu
et al., 2009, Friedlander et al., 2009). In contrast, let-7a expression
in mammals is suppressed in mammalian embryonic stem (ES) cells
and expressed upon differentiation. Interestingly, /in-28, a suppres-
sor of pre-let-7a processing, was expressed in mammalian ES cells,
whereas in planarians /in-28 was expressed in differentiated tissues,
indicating a reversal in function and expression for let-7a and lin-28
during evolution. Deep sequencing of small RNAlibraries alsorevealed
that miRNAs belonging to the major miRNA cluster mir71a/2d/13/752
were sensitive to irradiation and expressed in the neoblast popula-
tion, suggesting that miRNAs belonging to the same cluster may be
co—regulated (Lu et al., 2009, Friedlander et al., 2009). Nonetheless,
it is important to consider the expression of individual miRNAs from
the same cluster within different neoblast populations (i.e. proliferating
neoblasts and neoblast progeny) in order to understand how individual
miRNAs from the same cluster are processed. Whole mount in-situ
hybridization of 41 miRNAs revealed that the majority of miRNAs in
this cluster are expressed in the central nervous system and in mes-
enchymal tissue where the neoblast resides (Gonzalez-Estévez et al.,
2009). In this study, probes were designed to identify the expression
pattern of pri-miRNA rather than the mature miRNA, which might not
reflect the actual expression pattern of mature miRNA. For instance,
mammalian pre-let-7miRNAis expressed in ES cells, whereas mature
let-7is presentin differentiated cells. Diverse patterns of expression for
several pri-miRNAs were also observed along the anterior posterior
axis, indicating a potential role for miRNAs in maintaining AP polar-
ity (Gonzélez-Estévez et al., 2009). Zebrafish mir-133, which is also
conserved in planarians, was recently shown to be down-regulated
during fin regeneration. Wnt and Fgf appear to be major targets of
zebrafish mir-133 and these genes are essential for wound healing,
neoblast proliferation and AP polarity in planarians (Thatcher and
Patton 2010). Furthermore, Gonzalez-Estévez et al., showed that
pri-miRNAs are expressed in cephalic ganglion, a complex network of
neuronsinthe central nervous system (CNS) (Gonzalez-Estévez etal.,
2009). Planarians exhibit continuous remodeling of their bodies, which
is prominent in the CNS and requires precise regulation of synaptic
development. Planarian miRNAs are likely to play an important role
in CNS development, but additional studies are required to determine
the mechanism by which CNS-specific miRNAs regulate regeneration
and neural wiring. Another area of interest is to identify the targets of
miRNAsthatare expressed during CNS regeneration; this willenhance
our understanding of the specific regulatory roles that miRNAs play
during neural development and regeneration.

Piwi RNA biogenesis

Piwi RNAs (piRNAs) are a relatively new class of small RNA
molecules that range from 24-32 nt in length. Cloning studies in
Drosophila identified small RNAs that mapped primarily to trans-
posable elements and were called repeat associated small RNAs
(rasiRNAs) (Aravin et al., 2003). Later studies revealed that these
small RNAs were processed by a Dicer independent pathway
and associated with one of the Argonaute class of proteins called
PIWI’s, hence the name piwiRNAs or piRNAs (Vagin et al., 2006).

Piwi proteins are identified by the presence of two domains: a PAZ
(Piwi/Argonaute/Zwille) domain thatinteracts with 3’end of the small
RNA and a Piwi domain that carries out endonuclease activity
(Hutvagner et al., 2008). These proteins are primarily expressed in
the germ line tissues of vertebrates and invertebrates. Knockdown
of PIWI’s in Drosophila and mice led to failure in oogenesis and
spermatogenesis (Thomson and Lin 2009). In Drosophila, there
are three different Piwi proteins: AGO3, Aubergine (AUB) and PIWI,
which are mostly expressed in the ovaries. Aubergine and AGO3
expression is restricted to germline stem cells, whereas PIWI is
expressed in germline stem cells and somatic follicular cells. Cross
linked immuno-precipitation using antibodies against different Piwi
proteinsin Drosophila, followed by deep sequencing of small RNAs
associated with Piwis, revealed that different Piwi proteins interact
with different sizes of small RNAs that range in length from 24-30nt.
Most piRNAs that associate with different Drosophila Piwi proteins
map to specific loci near centromeric regions enriched with transpos-
able elements. The same study showed that Piwi proteins exhibit
strand specificity in their interactions with piRNAs. For example,
AGO3 interacts with the sense strand while PIWI and AUB interact
with the antisense strand. It was also shown that sense piRNAs
associated with AGO3 and antisense associated with AUB show
partial complementarity of 10 nts at their 5’ ends. These observa-
tions form the basis of the ping-pong model that describes piRNA
biogenesis in Drosophila. According to the ping-pong model, a
long precursor RNA is transcribed from the master loci, which is
antisense to transposable elements enriched at the loci. Sense
piRNAs bound by AGO3 base pairs with the precursor RNA, and
then AGOS3 cleaves the precursor to generate antisense piRNAs.
AGOS3 processed antisense piRNAs share partial complementarity
with the sense piRNAs. The antisense piRNA generated from the
precursor RNA binds to AUB and base pairs with active transpos-
able elements to generate secondary sense piRNAs, which in
turn bind to AGO3 and generate antisense piRNAs, resulting in a
feed forward loop amplification of piRNA (Brennecke et al., 2007)
(Fig. 2A). A ping-pong independent pathway was also identified in
Drosophila, and is mediated by Piwi proteins bound to antisense
piRNAs (Fig. 2B). The ping-pong pathway appears to be prevalent
in germline stem cells (GSC), while the ping-pong independent
pathway is mostly observed in somatic follicular cells, which is
consistent with expression patterns for AUB, AGO3 and PIWI
(Malone et al., 2009; Li et al., 2009).

In contrast to Drosophila, mouse piRNAs are mostly expressed
inthe testis and are importantin spermatogenesis. The mouse Piwi
proteins, MIWI, MIWI-2 and MILI are expressed during different
stages of spermatogenesis. MIWI is expressed from the meiotic-1
pachytene stage to the elongated spermatid stage, where MIWI-2
expression occurs during early spermatogenesis. Interestingly, MILI
expression overlaps with both MIWI-2 and MIWI, and is detected
from early spermatogenesis until the formation of round spermatids.
Knock down of mili and miwi-2 results in spermatogenic stem cell
arrest during early spermatogenesis in pre-natal mice. In addition,
miwi-2 deficient mice showed rapid degeneration of spermatogo-
nia, suggesting a possible role for MIWI-2 in the maintenance of
germline stem cells. Miwi deficient mice result in male sterility,
which is characterized by the inhibition of spermatogenesis at the
early spermatid stage (Thomson and Lin 2009). Deep sequencing
of small RNAs in mouse revealed two different classes of piRNAs.
The first class of mouse piRNAs are called pre-pachytene piRNAs
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Fig. 2. Piwi RNA biogenesis and expression. (A) Piwi RNA biogenesis in Drosophila. Piwi RNAs (piRNAs) are small RNA molecules 24-32 nt in length
that mostly map to transposable elements. Long primary RNA precursors are transcribed from intergenic repetitive elements localized to centromeric
regions. Primary RNA precursors are antisense to transposable elements and are processed by Ago3 bound to sense piRNAs to generate antisense
primary piRNAs. Antisense primary piRNAs interact with Aubergine (Aub) and the methyltransferase Hen1, which methylates the 3" end as a protective
measure against exonucleases. Aub bound antisense piRNAs bind active transposons in the cell and process them to generate secondary sense piRNAs.
Three-prime (3°) ends of secondary sense piRNAs are methylated in the same way as antisense primary piRNAs. The secondary sense piRNAs interact
with Ago3 to process the long antisense RNA precursors and generate antisense piRNAs, resulting in the ping-pong mode of piRNA amplification. In
Drosophila, the ping-pong mode of piRNA amplification is largely restricted to germ line stem cells. (B) The ping-pong independent pathway is mediated
by antisense piRNAs bound to Piwi protein; this complex processes sense transposons to generate secondary sense piRNAs, which participate in ping-
pong mediated biogenesis of piRNAs. The ping-pong independent pathway is restricted to somatic follicular cells in Drosophila ovaries. * Figure 2A and
Figure 2B are adapted from Liet al., 2009. (C) The expression of mouse PIWI proteins MILI, MIWI-2 and MIWI, pre-pachytene piRNAs and pachytene
pPIRNAs during mouse spermatogenesis. Mili expression is seen from day 12.5 dpc, when cells are classified as mitotically arrested prenatal germline
stem cells, until the formation of round spermatids at day 20 dpp. Miwi-2 is expressed from day 15.5 dpc to day 3 dpp, where cells are classified as
mitotically arrested prenatal germ line stem cells. Miwi expression is seen from day 14 dpp, where cells are classified as meiotic spermatocytes, until
the formation of elongated spermatids. Pre-pachytene piRNAs enriched for sequences that map to transposable elements are expressed from day 15.5
dpc to day 14 dpp of meiosis. Pachytene piRNAs that map to unique regions of the genome are expressed from the pachytene stage of meiosis until
the formation of elongated spermatids at day 27 dpp. * Figure 2C is adapted from Thomson and Lin 2009.
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and map to transposable elements. These piRNAs participate in the
ping-pong model and are primarily associated with MILI and MIWI-
2, where antisense strands bind to MILI and sense strands bind to
MIWI-2 (Aravin et al., 2008; Thomson and Lin 2009). The second
class of mouse piRNAs is expressed during the meiotic-1 pachytene
stage of spermatogenesis and cluster to uniquely mapped non-
coding regions of the mouse genome. These piRNAs are referred
to as pachytene piRNAs and represent the most abundant class
of piRNAs in male germ line tissues. Pachytene piRNAs associate
with the MIWI protein and are mostly derived from a single strand
of genomic DNA. The role of pachytene piRNAs in meiosis is
not clear, but it was shown that the MIWI protein associates with
polysomes and binds to several mRNAs through the cap binding
complex. This suggests that pachytene piRNAs are capable of
silencing the mRNA transcripts they target (Grivna et al., 2006;
Aravin et al., 2006). In contrast, pre-pachytene piRNAs might be
involved in transposon silencing given the fact that mili deficient
mice show an increase in transposon activity (Aravin et al., 2007).

In addition to mammals and Drosophila, the piRNA pathway is
well studied in Zebrafish. Piwi proteins in zebrafish are essential
for spermatogenesis and associate with small RNAs that are
derived mostly from transposable elements (Thomson and Lin
2009). Recent studies have identified piRNA pathways in basal
metazoans including Nematostella and Porifera, indicating that
piRNA pathways were present in the earliest stages of metazoan
evolution. Basal metazoan piRNAs are most similar to pachytene
piRNAs and are derived from one strand of DNA. Nonetheless, a
few piRNAs are derived from transposable elements, indicating
a potential role in transposon silencing (Grimson et al., 2008). In
summary, metazoan piRNAs can be broadly divided into two groups:
1) pre-pachytene like piRNAs, which may play an essential role in
maintaining genome stability by suppressing transposons, and 2)
pachytene piRNA-like piRNAs, whose specific expression at the
pachytene stage of meiosis indicates a potential role in meiotic
recombination.

Planarian Piwi proteins

Most studies that examine piRNA and Piwi protein expression
in model organisms show that piRNA pathways are primarily
expressed in germ line tissues and involved in spematogenesis
and oogenesis. Planarian studies have identified three major Piwi
proteins: SMEDWI-1, 2 and -3 in Schmidtea mediterranea (Red-
dien et al., 2004; Palakodeti et al., 2008) and DJPIWI A, B and
C in Dugesia Japonica (Rossi et al., 2007). Whole mount in-situ
hybridizations showed that all planarian Piwi’s are expressed in
neoblast cell populations and RNAi experiments revealed that
SMEDWI-2 and -3 are essential for neoblast function. Although
smedwi-1 is expressed in proliferating neoblasts, knockdown of
this gene does not effect the neoblast population, suggesting that
smedwi-1 is dispensable for planarian regeneration. Extensive
computational analysis of the Schmidtea mediterranea genome
identified several smedwi-2homologs, which are 95-98% identical
to the smedwi-2 gene. Transcript analysis showed that a few of
the smedwi-2homologs are expressed in Schmidtea mediterranea
(Reddien et al., 2004; Palakodeti et al., 2008), raising the possibil-
ity that some smedwi-2 homologs may function as pseudo genes
with regulatory roles. Phylogenetic analysis of SMEDWI proteins
showed that SMEDWI-3 is most similar to human HIWI (34%

identity and 54% similarity) and Drosophila AGO3 (32% identity
and 51% similarity), whereas SMEDWI-1 and 2 form a separate
phylogenetic group and show weak homology with PIWI proteins
in other species (Palakodeti et al., 2008). Additional studies are
needed to determine the sub-cellular localization patterns of dif-
ferent SMEDWI proteins as a first step toward understanding the
regulatory roles of each protein in the neoblast cell population.

Planarian piRNAs

Deep sequencing of small RNA libraries from Schmidtea
mediterranea identified a new class of small RNAs that range
from 31-33nt in size. Computational analysis showed that 20-
30% of these small RNA molecules map to transposable ele-
ments. Knockdown of smedwi’s followed by Northern blots using
probes against 31-33nt small RNAs revealed that these small
RNAs are regulated by SMEDWI-2 and-3, but not SMEDWI-1
(Palakodeti et al., 2008). These findings are supported by the
fact that smedwi-2 and -3 RNAi show regeneration defects while
smedwi-1 RNAi does not. These results indicate that 31-33nt
small RNA species could be piRNAs, but pull down studies us-
ing SMEDWI-2 and -3 specific antibodies are needed to confirm
this hypothesis. Another clue that these sequences represent
authentic piRNAs stems from the observation that small RNAs
that map to transposable elements follow the ping-pong model
of biogenesis, with the sense strand encoding an ‘A’ residue
at the 10nt position from the 5’ end and the antisense strand
showing a strong ‘U’ preference at the 5’ end. Intriguingly, unlike
Drosophila, planarian piRNAs that map to transposable elements
are not enriched in specific regions and lack detectable master
loci. As with mammals, planarian piRNAs that map uniquely to
the planarian genome show a similar distribution to pachytene
piRNAs and are highly abundant compared to the piRNAs that map
to the transposable elements. These piRNAs might have similar
functional roles and it will be interesting to identify the targets that
are regulated by these small RNA molecules (Palakdoeti et al.,
2008; Friedlander et al., 2009). The fact that planarian and other
basal metazoan piRNAs are abundant in adult stem cells, unlike
mammalian piRNAs, indicates that piRNA pathways may have
initially evolved in adult stem cells and subsequently localized
to germ line tissues as complex metazoans evolved. It is worth
noting that planarian neoblasts are essential for regeneration and
homeostasis, indicating that tight regulation of neoblast function
and maintenance of genome integrity are key factors in planarian
survival, for which piRNAs and piwi proteins may play a crucial
role. Piwi proteins are essential for regeneration and stem cell
function in planarians, however the direct interaction of different
Piwi proteins with piRNAs has not been established. Moreover,
it is not clear if there are targets that are regulated by piRNAs
that map to non-coding regions of the genome. Additional stud-
ies on piRNA cellular localization for ping—pong dependent and
independent pathways are needed to clarify the functional roles
of piRNA pathways in planarian neoblasts.

Conclusions and future prospects
Small RNA-mediated post-transcriptional regulation has

emerged as an important regulatory mechanism of gene expres-
sioninvarious cellular processes. Small RNAs have beenidentified



in several metozoan species and functional analysis of certain
subclasses of small RNAs indicates that these sequences are
evolutionarily conserved.

The presence of RNP granules (chromatoid bodies) in the adult
neoblast population emphasizes the importance of small RNAme-
diated regulation of stem cell function in planarians. Two different
classes of small RNAs (miRNAs and piRNAs) were recently identi-
fied in planarian neoblasts and knockdowns of miRNA and piRNA
pathway genes established roles for small RNAs in regeneration
and stem cell function. Compared to other small RNA pathways,
the piRNA pathway is poorly understood because of its primary
expression in germ line tissues. In this regard, planarians provide
a useful tool for studying the biogenesis and function of piRNAs,
because of their expression in neoblasts, which constitutes 30%
of the total cell population. Studies have also established a role for
small RNA pathways in epigenetic modulation of the genome, buta
role for planarian small RNAs in, for example, de-novo methylation
during planarian regeneration, has yet to be established.

Future experiments in planarian small RNAresearch will rely on
next generation sequencing to identify small RNA molecules that
are expressed during different stages of regeneration and in differ-
ent cells and tissue types. The next major goal of this research is
to identify the targets of small RNAs, in hopes of identifying small
RNA-mediated regulatory networks that control stem cell function
and regeneration. In addition, expression profiles for non-coding
RNA molecules such as small nucleolar RNAs (snoRNAs) and
long non-coding RNAs (IncRNAs) should be analyzed; these RNA
species have been shown to regulate developmental pathways
in mammalian species and may play similar roles in planarians.
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