Downloaded from rnajournal.cship.org on September 22, 2009 - Published by Cold Spring Harbor Laboratory Press

@ RNA

A PUBLICATION OF THE RNA SOCIETY

The PIWI proteins SMEDWI-2 and SMEDWI-3 are required for stem
cell function and piRNA expression in planarians

Dasaradhi Palakodeti, Magda Smielewska, Yi-Chien Lu, et al.

RNA 2008 14: 1174-1186
Access the most recent version at doi:10.1261/rna.1085008

Supplemental http://rnajournal.cshlp.org/content/suppl/2008/05/02/rna.1085008.DC1.html
Material

References This article cites 47 articles, 24 of which can be accessed free at:
http://rnajournal.cshlp.org/content/14/6/1174.full.html#ref-list-1

Article cited in:
http://rnajournal.cshlp.org/content/14/6/1174.full.html#related-urls

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

To subscribe to RNA go to:
http://rnajournal.cshlp.org/subscriptions

Copyright © 2008 RNA Society


http://rnajournal.cshlp.org/lookup/doi/10.1261/rna.1085008
http://rnajournal.cshlp.org/content/suppl/2008/05/02/rna.1085008.DC1.html
http://rnajournal.cshlp.org/content/14/6/1174.full.html#ref-list-1
http://rnajournal.cshlp.org/content/14/6/1174.full.html#related-urls
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=rna;14/6/1174&return_type=article&return_url=http://rnajournal.cshlp.org/content/14/6/1174.full.pdf
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on September 22, 2009 - Published by Cold Spring Harbor Laboratory Press

The PIWI proteins SMEDWI-2 and SMEDWI-3 are required
for stem cell function and piRNA expression in planarians

DASARADHI PALAKODETI," MAGDA SMIELEWSKA," YI-CHIEN LU," GENE W. YEO,?
and BRENTON R. GRAVELEY"

'Department of Genetics and Developmental Biology, University of Connecticut Stem Cell Institute, University of Connecticut Health Center,
Farmington, Connecticut 06030-3301, USA
2Crick-Jacobs Center for Theoretical and Computational Biology, Salk Institute, La Jolla, California 92037, USA

ABSTRACT

PIWI proteins are expressed in germ cells in a wide variety of metazoans, where they participate in the synthesis and function of
a novel class of small RNAs called PIWI associated RNAs (piRNAs). One function of piRNAs is to preserve the integrity of the
germline genome by silencing transposons, though they also participate in epigenetic and post-transcriptional gene regulation.
In the planarian Schmidtea mediterranea, the PIWI proteins SMEDWI-1 and SMEDWI-2 are expressed in neoblasts and
SMEDWI-2 is required for regeneration and homeostasis. Here, we identify a diverse population of ~32-nucleotide small RNAs
that strongly resemble vertebrate and insect piRNAs and map to hundreds of thousands of loci in the S. mediterranea genome.
The expression of these RNAs occurs predominantly in neoblasts and is not restricted to the germline. RNAi knockdown of
either SMEDWI-2 or a newly identified PIWI protein, SMEDWI-3, impairs regeneration and homeostasis and decreases the
levels of both piRNAs and neoblasts. Therefore, SMEDWI-2 and SMEDWI-3 are required for piRNA expression, regeneration,

and neoblast function in S. mediterranea.
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INTRODUCTION

Planarians are an excellent model system for studying the
biology of totipotent stem cells (Newmark and Sanchez
Alvarado 2002). Planarians possess a population of stem
cells called neoblasts that comprise ~30% of the cells in an
adult planarian and have the ability to give rise to all
somatic cells and germ cells (Baguna et al. 1989; Wang et al.
2007). In addition to their role in regeneration, neoblasts
are required for homeostasis in intact animals, where they
serve to replace damaged or nonfunctional cells (Newmark
and Sanchez Alvarado 2002).

Many genes have been identified that are required for
regeneration and/or neoblast maintenance in the planarian
Schmidtea mediterranea. A large-scale RNAI screen found
that 240 of the 1065 targeted genes display some type of
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regeneration phenotype (Reddien et al. 2005a). One of the
best characterized genes that is required for regeneration is
smedwi-2 (Reddien et al. 2005b). Smedwi-1 and smedwi-2
encode proteins that belong to the PIWI/Argonaute family
of proteins, and both are expressed in neoblasts (Reddien
et al. 2005b). RNAi-mediated knockdown of SMEDWI-2,
but not SMEDWI-1, blocks regeneration by reducing the
ability of neoblasts to replace lost tissue during regeneration
and maintain homeostasis (Reddien et al. 2005b). However,
the molecular mechanism by which SMEDWI-2 functions
in planarians is unknown.

Metazoan germ cells have recently been shown to express
a novel class of small RNA molecules called piRNAs that
are bound by members of the PIWI subclass of the
Argonaute superfamily of proteins (Lin 2007; O’Donnell
and Boeke 2007; Zamore 2007). In Drosophila, the PIWI
subclass of proteins are encoded by three genes—Piwi,
Aubergine (Aub), and Argonaute 3 (Ago3)—that collaborate
in the synthesis of piRNAs that are frequently derived from
transposon-containing genomic loci (Vagin et al. 2006;
Brennecke et al. 2007). Specifically, PIWI and/or AUB form
complexes with antisense piRNAs that direct the slicing of
sense strand transposon transcripts (Brennecke et al. 2007;
Gunawardane et al. 2007). The sliced sense strands are then
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bound by AGO3, and this complex directs the slicing of
antisense transposon transcripts (Brennecke et al. 2007).
This amplification loop is thought to generate large quan-
tity of piRNA:PIWI complexes that serve to silence trans-
posons and, thus, prevent these mobile DNA elements from
destroying the germline genome (Girard et al. 2006; Lau
et al. 2006; Vagin et al. 2006; Aravin et al. 2007; Brennecke
et al. 2007; Carmell et al. 2007; Houwing et al. 2007).

PIWI proteins and piRNAs appear to have functions in
addition to repressing transposition. Whereas only ~20%
of mammalian piRNAs are derived from repetitive se-
quences, transposons, or retrotransposons (Kim 2006),
most mammalian piRNAs actually map to unique genomic
locations including intronic and exonic sequences. The
existence of piRNAs that map to exonic sequences suggests
that piRNAs, like miRNAs, potentially regulate gene
expression post-transcriptionally. In fact, Drosophila PIWI
and AUB and mouse MIWI have been shown to positively
regulate mRNA stability and translation (Wilson et al.
1996; Deng and Lin 2002; Grivna et al. 2006; Megosh et al.
2006). Moreover, PIWI plays an important role in the epige-
netic control of gene expression in Drosophila (Pal-Bhadra
et al. 2004; Grimaud et al. 2006; Brower-Toland et al.
2007; Yin and Lin 2007). Thus, in addition to transposon
silencing, piRNAs and PIWIs appear to be involved in the
epigenetic control of gene expression, the control of mRNA
stability and translation regulation.

Here, we have identified a diverse population of ~32-
nucleotide (nt) small RNAs that strongly resemble piRNAs.
The S. mediterranea piRNAs map to hundreds of thousands
of locations within the genome that correspond to a wide
variety of sequences, including repetitive elements, introns
and exons of both known and predicted genes, and
sequences of unknown function. In contrast to other meta-
zoans, the expression of planarian piRNAs is not restricted
to germ cells but rather predominantly occurs in the plu-
ripotent neoblasts. We also identified SMEDWI-3—a new
member of the PIWI/Argonaute family—and demonstrate
that both smedwi-2 and smedwi-3 are required for normal
neoblast function and that piRNA levels decrease upon
smedwi-2 or smedwi-3 RNAi. These results establish that
smedwi-2 and -3 play a key role in maintaining the ability of
pluripotent stem cells to regenerate lost or aged tissue in
planarians and in piRNA synthesis and/or expression.

RESULTS

Small RNA sequencing and mapping

To explore the role of small RNAs in regeneration and
neoblast function, we sequenced small RNA libraries from
intact and regenerating sexually mature planarians. Specif-
ically, total RNA was isolated from 20 intact animals and 20
regenerating animals 3 d after amputation. Next, the RNA
from each group of animals was resolved on a denaturing

gel and size selected to enrich for RNAs ~15 to ~30 nt in
length. Linkers were ligated to the 5" and 3’ ends of the
RNAs, and each population was amplified by RT-PCR and
subjected to high-throughput pyrosequencing (Margulies
et al. 2005). After filtering to remove low quality sequences
and size markers, we obtained 14,449 and 39,491 sequences
(a total of 53,940 reads) from the intact and regenerating
samples, respectively. This comprised a set of 23,106 unique
reads, of which 8669 were from intact animals and 15,684
were obtained from regenerating animals; 1247 sequences
were present in both samples.

We observed two distinct size populations of RNAs with
peaks at ~20 nt and ~32 nt (Fig. 1A). The ~20-nt RNAs
contained all of the previously characterized miRNAs
(Palakodeti et al. 2006) as well as a number of previously
uncharacterized miRNAs and will be described in detail
elsewhere. The population of ~32-nt small RNAs (between
25 and 35 nt) represented a remarkably diverse collection of
8448 total reads comprising 6909 unique sequences that
were typically obtained only once or twice (Fig. 1A,B; Supple-
mental Table 1). Only 97 of these sequences (1.4%) were
present in both the intact and regenerating samples (Fig.
1C), most likely due to low sampling of this extraordinarily
diverse RNA population, rather than regeneration-specific
expression (see below). The size and diversity of this
population, as well as their characteristics described below,
are reminiscent of the PIWI-associated RNAs identified in
other organisms (Girard et al. 2006; Grivna et al. 2006; Lau
et al. 2006; Vagin et al. 2006; Aravin et al. 2007; Brennecke et
al. 2007; Houwing et al. 2007; Klattenhoff et al. 2007), and
we will therefore refer to them as piRNAs, though we have
not yet demonstrated a direct physical interaction between
these RNAs and any of the S. mediterranea PIWI proteins.

Of the 6909 piRNA sequences, 4254 map perfectly to
171,925 locations in the draft assembly of the S. mediterra-
nea genome. Of the 4254 perfectly matching piRNAs, 1930
map to only a single location in the unannotated draft
assembly (Fig. 1D). In contrast, 1321, 727, 250, and 26
piRNAs map to 2-10, 11-100, 101-1000, and more than
1000 locations, respectively. Thus, 2324 of the 4254 per-
fectly matching piRNAs map to more than one location (an
average of 73 locations) in the draft genome assembly.
Despite the fact that most piRNAs map to multiple
genomic locations, only 35 and 277 of the small RNAs
mapped directly to or within 1000 nt, respectively, of
regions annotated by Repeatmasker as a putative repeat
(excluding ribosomal RNAs, tRNAs, simple repeats, and
regions of low complexity), suggesting that the S. medi-
terranea genome contains many previously uncharacterized
repetitive elements. Figure 1E illustrates the classes of
known repeats with which the piRNAs are associated.

We also examined whether any of the piRNAs mapped
to genes. To do this we generated a preliminary annotation
of known and predicted genes in the draft assembly of
the genome (see Materials and Methods). Based on our
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FIGURE 1. The small RNA repertoire of Schmidtea mediterranea. The frequency of small
RNAs sequenced from intact and regenerating animals was calculated for all small RNAs
together (A) and for the 25-35-nt size class (piRNAs) alone (B). (C) Venn diagram indicating
the number of unique piRNAs sequenced from intact and regenerating animals and the overlap
between the samples. (D) Distribution of piRNAs that perfectly match the S. mediterranea draft
genome assembly among predicted intergenic and intragenic regions. (E) The distribution of
piRNAs among known classes of repetitive elements. (F) Distribution of the intragenic piRNAs
that map to predicted exons and introns. (G) Distribution of the exonic and intronic piRNAs

that map in the sense and antisense orientations.

preliminary gene annotation, ~60% and 40% of the
piRNAs map to intergenic and intragenic sequences,
respectively (Fig. 1D). Moreover, we find that 1761 of the
intragenic piRNAs map to predicted introns while 1097 of
the intragenic piRNAs map to predicted exons (Fig. 1F).
Strikingly, whereas the intronic piRNAs are evenly distrib-
uted to both the sense and antisense orientation, 73% of
the exonic piRNAs map in the antisense orientation (Fig.
1G). These results suggest that piRNAs have the potential
to post-transcriptionally regulate gene expression by bind-
ing directly to mRNAs.

In other organisms, piRNAs have been shown to overlap
one another for 10 nt at their 5" ends and have a preference

1176 RNA, Vol. 14, No. 6

with the proposed ping-pong model
for piRNA synthesis in which a PIWI
protein complexed with a piRNA con-
taining a U at +1 binds to and cleaves
a complementary RNA 10 nt from the
5’ end of the piRNA (Brennecke et al.
2007; Gunawardane et al. 2007).

The overlapping piRNA duplexes
map to between 4 and nearly 1500
different locations in the genome. For
each genomic region that perfectly
matched a piRNA duplex, we identified
other piRNAs that map within 500 base
pairs (bp) on either side of the piRNA
duplex. This allowed us to derive a
composite view of the piRNA distribu-
tion for the loci defined by these piRNA
duplexes. For example, Figure 2C
depicts the number, location, and ori-
entations of all piRNAs that map to the
genomic segments defined by the
PiRNA-17155/piRNA-14586 duplex. This analysis shows
that the sequences flanking the regions defined by the
piRNA duplexes we identified are rich in piRNAs derived
from both strands. The large number of loci to which these
piRNA duplexes map, and the large number of piRNAs
these loci contain, suggest that they may correspond to
unknown repetitive and possibly transposable elements.

Exonic piRNAs

B Sense
B Antisense

PiRNAs are expressed in neoblasts

In all other organisms examined to date, piRNAs have been
shown to be expressed only in germ cells (Girard et al.
2006; Vagin et al. 2006; Brennecke et al. 2007; Carmell et al.
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FIGURE 2. Characteristics of the S. mediterranea piRNAs. (A) Pictograms of the nucleotide frequency among all sequenced RNAs of each size
class. The height of the letters indicates the nucleotide frequency at that position. (B) Plot of the frequency of the size of the overlap among all
identified piRNA duplexes. (C) The distribution of piRNA sequences for the novel repeat characterized by the piRNA-17155/piRNA-14586 duplex.
The number of piRNAs mapping to all genomic loci defined by the piRNA-17155/piRNA-14586 duplex are plotted as a function of distance (1000
bp are shown). The piRNA duplex is located in the middle of the X axis and 500 bp on either side are shown. The green line indicates the number
of piRNAs mapping to the sense strand while the red line indicates the number of piRNAs mapping to the antisense strand.

2007; Houwing et al. 2007; Lin 2007; O’Donnell and Boeke
2007; Zamore 2007). To test whether the S. mediterranea
piRNAs are expressed in germ cells, we compared piRNA
levels in total RNA isolated from sexually mature planar-
ians, which contain testes and ovaries, with that of asexual
planarians, which contain a limited number of presumptive
germ cells (Wang et al. 2007), but completely lack testes
and ovaries. Surprisingly, we observed no difference in the
relative abundance of the piRNAs between sexual and
asexual animals by Northern blotting for three distinct

piRNAs (Fig. 3A), or by SYBR gold staining (Fig. 3B) or 5’
end labeling (data not shown) to examine the entire pop-
ulation of piRNAs. As asexual planarians lack testes and
ovaries, these results strongly suggest that the majority of
piRNAs are expressed in cells other than germ cells.
Asexual planarians do, however, contain a limited
number of presumptive germ cells that, while unable to
generate testes or ovaries, could potentially express the
majority of the planarian piRNAs. Smed-nanos is expressed
in the presumptive germ cells and is required for their

www.rnajournal.org 1177
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FIGURE 3. S. mediterranea piRNAs are predominantly expressed in neoblasts. Total RNA was isolated from sexual and asexual animals that were
either untreated or were -y-irradiated and analyzed by Northern blotting to detect piRNA-17155, piRNA-57335, piRNA-57528, or U6 snRNA as a
control (A) or SYBR gold staining to examine bulk piRNAs (B). (C) Animals were fed RNAi food containing either no insert (control(RNAi)) or
the Smed-nanos insert (Smed-nanos(RNAi)). RNA was isolated from the animals 14 d after the initial feeding, and the mRNA levels of Smed-nanos
and Actin were monitored by RT-PCR (top). In addition, piRNA levels were monitored by Northern blotting to detect piRNA-17155 (bottom). (D)
FACS analysis to monitor the neoblast population in untreated or +y-irradiated animals. (E) Quantitation of the data in D to depict the fold
change in the Xins, X1, and X2 cell populations.

viability (Wang et al. 2007). We therefore tested whether
the piRNAs are specifically expressed in these presumptive
germ cells by analyzing piRNA expression in asexual

(Reddien et al. 2005b). As previously reported (Reddien
et al. 2005b), irradiated animals displayed a curling
phenotype and lysed 15-18 d after irradiation (data not

animals depleted of Smed-nanos by RNAI, which destroys
the presumptive germ cells (Wang et al. 2007). While the
level of Smed-nanos mRNA is significantly lower in the
Smed-nanos(RNAi) animals than in the control(RNAi)
animals, we found that piRNA levels are unaffected (Fig.
3C). These results further support the conclusion that the
bulk of the piRNAs are expressed in cells other than the
germ cells.

We next tested whether the piRNAs were expressed in
the neoblasts. Sexual and asexual worms were subjected to
y-irradiation, which selectively eliminates the neoblasts

1178 RNA, Vol. 14, No. 6

shown). We also performed FACS analysis (Reddien et al.
2005b; Hayashi et al. 2006) to verify that this phenotype
was due to the depletion of neoblasts. We observed a
population of vy-irradiation insensitive cells (Xins) corre-
sponding to differentiated cells and two other cell pop-
ulations (X1 and X2) that are both highly sensitive to
v-irradiation and correspond to proliferating and non-
proliferating neoblasts, respectively (Fig. 3D,E; Reddien
et al. 2005b; Hayashi et al. 2006). Strikingly, the irradiated
animals have significantly lower levels of neoblasts than the
unirradiated animals, while the differentiated cells were
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relatively unaffected (Fig. 3D,E). Concomitantly, we
observed a significant decrease in the levels of piRNAs in
both sexual and asexual worms upon irradiation. This was
observed by Northern blotting (Fig. 3A), SYBR gold
staining (Fig. 3B), and 5’ end labeling (data not shown).
Together, our observations that the piRNA levels are iden-
tical between sexual and asexual animals, are not impacted
upon depletion of Smed-nanos, but decrease significantly
upon elimination of the neoblasts by vy-irradiation suggest
that planarian piRNAs are predominantly expressed in
neoblasts. Nonetheless, as residual piRNA expression is ob-
served in irradiated animals the expression of piRNAs in
other cell types cannot be ruled out.

SMEDWI-3: A new member of the PIWI protein
family expressed in neoblasts

The smedwi-1 and smedwi-2 genes encode PIWI protein ho-
mologs that are specifically expressed in neoblasts (Reddien
et al. 2005b). Depletion of smedwi-2 by RNAI results in
regeneration and homeostasis defects because neoblasts fail
to generate progeny that can replace lost tissue (Reddien et al.
2005b). The observations that PIWI proteins are key players
in piRNA synthesis and function in organisms such as
Drosophila, mice, and zebrafish (Girard et al. 2006; Grivna
et al. 2006; Lau et al. 2006; Vagin et al. 2006; Aravin et al.
2007; Brennecke et al. 2007; Houwing et al. 2007; Klattenhoft
et al. 2007) and that the piRNAs and smedwi-1 and smedwi-2
genes are expressed in neoblasts in S. mediterranea suggested
that smedwi-1 and smedwi-2 may play a role in piRNA syn-
thesis and/or function in planarians.

A search of the draft assembly of the S. mediterranea
genome revealed seven additional genes encoding members
of the PIWI/Argonaute family of proteins that clearly belong
to the PIWI subfamily (Fig. 4A,B). Six of these genes
(smedwi-2b, ¢, d, e, f, and g) are highly similar to smedwi-
2 at the nucleotide level (Fig. 4A), and it is therefore difficult
to determine whether or not these are pseudogenes or are
recently duplicated genes that are in fact expressed. How-
ever, we have detected smedwi-2c and smedwi-2d transcripts
by RT-PCR and sequencing (data not shown).

The seventh additional PIWI encoding gene is clearly
distinct from smedwi-1 and smedwi-2 and will be referred
to as smedwi-3. The smedwi-3 gene contains six exons,
spans 3205 nt of genomic DNA, and expresses an mRNA of
~3,000 nt (data not shown). SMEDWI-3 is most similar to
human HIWTI (34% identity/54% similarity) and Drosoph-
ila Ago3 (32% identity/51% similarity) (Fig. 4A). All of the
SMEDWI proteins except for SMEDWI-2e and SMEDWI-
2f possess the catalytic residues within the PIWI domain
that are required for slicer activity (Liu et al. 2004; Song
et al. 2004; Tolia and Joshua-Tor 2007; Fig. 4B) and are
therefore good candidates for participating in piRNA
synthesis. Whole-mount in situ hybridization in sexual
animals revealed that smedwi-3 is broadly expressed, but is

expressed at lower levels in the pharynx and anterior of the
photoreceptors than in the remainder of the animal (Fig.
4C). This pattern of expression differs somewhat from the
expression pattern of smedwi-2 previously reported in
asexual animals (Reddien et al. 2005b) but is nearly iden-
tical to the expression pattern observed in sexual ani-
mals (Wang et al. 2007). Importantly, the expression of
smedwi-3 is dramatically reduced in irradiated sexual
animals while the expression of H.1.3b, which is not
expressed in neoblasts (Sanchez Alvarado et al. 2002), is
unaffected (Fig. 4C). Additionally, RT-PCR experiments
revealed that the levels of smedwi-1, -2, and -3 mRNAs are
significantly decreased in both sexual and asexual animals
that were y-irradiated (Fig. 4D). These results demonstrate
that smedwi-3 encodes a newly identified PIWI protein that
is expressed in neoblasts.

smedwi-2 and smedwi-3 are required for neoblast
function, regeneration, homeostasis,
and piRNA synthesis

To test whether smedwi-3 is required for neoblast function,
regeneration, or homeostasis, we performed RNAi on
smedwi-1, -2, and -3 (Fig. 5A; Newmark et al. 2003;
Reddien et al. 2005a). Briefly, the experiment was initiated
by feeding groups of animals each type of RNAi food. The
animals were fed again on day 5, amputated into three
pieces, and allowed to regenerate for 10 d. The animals that
successfully regenerated were fed again and amputated into
two pieces and allowed to regenerate for another 10 d.
Additionally, a few animals were removed at various times
to analyze the neoblast populations by FACS. Finally,
RT-PCR was performed to demonstrate that the RNAi
treatments were both effective and specific (Fig. 5B).

All of the control(RNAi) (n = 66) and smedwi-1(RNAi)
(n = 72) animals (Reddien et al. 2005b) fully regenerated
and displayed no apparent phenotype during the first or
second round of regeneration (Fig. 5A). As previously
reported (Reddien et al. 2005b), nearly all of the smedwi-
2(RNAi) animals (n = 42/46) displayed profound regener-
ation defects at the end of the first round of regeneration
(day 14) reminiscent of the phenotype induced by +y-
irradiation, including curling, blastema regression, and
the inability to regenerate (Reddien et al. 2005b), and by
day 17 all (n = 46/46) of the smedwi-2(RNAi) worms had
lysed (Fig. 5A). In contrast, only 30% (n = 14/46) of the
smedwi-3(RNAi) animals displayed regeneration defects
after the first round of regeneration (day 14), and these
were less severe than those observed for the smedwi-
2(RNAi) animals. On day 16—1 d following the third
RNAi feeding and amputation—all of the smedwi-3(RNAi)
animals (n = 71), including those that had displayed re-
generation defects at day 14, had formed initial blastemas.
However, regeneration defects such as curling and regres-
sion of the head and tail blastemas began to become
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FIGURE 4. Smedwi-3 encodes a PIWI protein that is expressed in neoblasts. (A) A phylogenetic tree depicting the relationship between the PIWI
proteins encoded in the S. mediterranea, D. melanogaster, and H. sapiens genomes. The tree was derived from a multiple sequence alignment of the
PIWI domains of each protein and was rooted with the PIWI domain of H. sapiens Ago2. (B) Alignment of the regions of the PIWI domains from
the S. mediterranea, D. melanogaster, and H. sapiens PIWI proteins that contain the catalytic residues required for slicer activity. (C) Whole-
mount in situ hybridizations depicting the expression pattern of smedwi-3 and H.1.3b (which is expressed in marginal adhesive gland cells, but not
neoblasts) in sexual animals (# = 24). Animals on the left were not irradiated while animals on the right were y-irradiated (scale bars, 0.2 mm).
(D) The expression levels of smedwi-1, -2, and -3 and 16S rRNA were examined by RT-PCR using RNA isolated from untreated or vy-irradiated

sexual and asexual animals.

apparent on day 17 (n = 5/71), were prevalent by day 20
(n = 55/63), and all of the smedwi-3(RNAi) animals had
lysed by day 24 (Fig. 5A). Though the onset of the pheno-
types exhibited by the smedwi-3(RNAi) animals was delayed
with respect to the smedwi-2(RNAi) animals, the nature of
the phenotypes were quite similar. Accordingly, the pheno-
types of animals that were codepleted of both smedwi-2 and
smedwi-3 (smedwi-2,-3(RNAi)) were nearly indistinguish-
able, though slightly more severe, than those displayed by
animals depleted of only smedwi-2(RNAi) (Fig. 5A).

We also used FACS to examine the impact of deplet-
ing smedwi-1, -2, and -3 on the neoblast populations at
different time points during regeneration. As reported
previously (Reddien et al. 2005b), the smedwi-2(RNAi)
animals showed a significant decrease in the X1 and X2
neoblast populations and an increase in the Xins popula-
tion on day 14 (Fig. 5A). In contrast, smedwi-3(RNAi)
animals displayed little change in the cell population until
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day 20, at which point there was a significant decrease in
the X1 and X2 populations and an increase in the Xins
population (Fig. 5A). However, the effect of smedwi-3
depletion on the neoblast population was less dramatic
than that observed in the smedwi-2(RNAi) animals. The
impact of depleting both smedwi-2 and smedwi-3 on the
neoblast populations was even more dramatic than when
smedwi-2 was depleted alone (Fig. 5A). Importantly, the
neoblast populations did not change in either the con-
trol(RNAi) nor the smedwi-1(RNAi) animals (Fig. 5A).
Together, these results confirm previous reports that
smedwi-2, but not smedwi-1, is required for regeneration
and neoblast function (Reddien et al. 2005b) and demon-
strate that smedwi-3 also plays an important role in neo-
blasts to facilitate regeneration.

We also studied the roles of smedwi-3 in homeostasis
by RNAi feeding in the absence of amputation (Fig. 6).
As reported previously (Reddien et al. 2005b), although
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FIGURE 5. smedwi-2 and smedwi-3 are required for regeneration, neoblast function, and piRNA
synthesis. (A) Phenotypes of animals depleted of smedwi-1 (n = 72), -2 (n = 46), and -3 (n = 63)
alone or smedwi-2 and -3 together (n = 24) by RNAI (right) (scale bars, 0.2 mm). Quantitation of
FACS analysis of the X1, X2, and Xins populations in the animals depleted of smedwi-1, -2, and -3
alone or smedwi-2 and -3 together at the days indicated following the initial RNAi feeding. Each
data point represents the average of individual measurements taken from two animals. (B) The
levels of smedwi-1, -2, and -3 mRNAs were monitored by RT-PCR in each of the RNAI treated
animals. (C) Northern blot analysis to examine the levels of piRNA-17115, piRNA-14586, and
sme-miR-71 in the control, smedwi-1, -2, -3, and -2,-3 (RNAi) animals.

control(RNAi) and smedwi-1(RNAi) animals showed no
effects on homeostasis throughout the entire experiment,
by day 13 the animals depleted of smedwi-2 (n = 5/6)
displayed tissue regression anterior of the photoreceptors
(data not shown). Moreover, by day 15 all of the smedwi-
2(RNAi) animals had curled and lysed. In contrast, all
animals depleted of smedwi-3 (n = 12/12) developed lesions
in the anterior region by day 15 (Fig. 6B), followed by head
regression by day 16 and lysis by day 21. The formation of
lesions has been attributed to a possible dysfunction of
differentiated cells (Reddien et al. 2005a). Thus, the
appearance of lesions in the smedwi-3(RNAi) animals indi-
cates that smedwi-3 may play a critical role in differentiated
cells in addition to that in neoblasts.

Finally, we examined piRNA expression in animals
depleted of smedwi-1, -2, and -3. The piRNA levels were
significantly reduced in the smedwi-2(RNAi), smedwi-

plays a role in the differentiation of
neoblast progeny. This is based on the
fact that, while smedwi-3 is expressed in
neoblasts and required for regeneration,
lesions appear in the smedwi-3(RNAi)
animals during homeostasis. It has been
suggested that the appearance of le-
sions is due to defects in differentiated
cells (Reddien et al. 2005a). Thus it
is possible that smedwi-3 is transcribed
in neoblasts but that the SMEDWI-3
protein persists and functions in differentiating neoblast
progeny. Interestingly, a similar role has been suggested for
smedwi-1 (Guo et al. 2006). Though smedwi-1 mRNA is
expressed in neoblasts (Reddien et al. 2005b), SMEDWI-1
protein is present in neoblasts that have exited the cell cycle
and no longer express smedwi-1 mRNA (Guo et al. 2006).
Although more work will be required to determine the role
of smedwi-3 in detail, our results clearly demonstrate that at
least two PIWI proteins, SMEDWI-2 and -3, are required
for neoblast function, regeneration, and homeostasis.

We also identified six additional PIWI encoding loci in
the S. mediterranea genome and have named these smedwi-
2b, -2c, -2d, -2e, -2f, and -2g¢, as they are all highly related to
smedwi-2 but located on different contigs in the draft
genome assembly (Fig. 3A). Thus, the smedwi-2 gene family
appears to have undergone several recent duplications,
underscoring the importance of the SMEDWTI proteins in
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FIGURE 6. The roles of the smedwi genes during homeostasis. (A) Survival curve for control(RNAi), smedwi-2(RNAi), and smedwi-3(RNAi)
animals (n = 12) during homeostasis. (B) Phenotypes of the smedwi-3(RNAi) animals during homeostasis (n = 12) at the days indicated following
the initial RNAi feeding. The arrows in the upper left panel indicate the lesions that appear in these animals (scale bars, 0.5 mm).

neoblast function. Though we have not studied the
smedwi-2 gene family members in much detail, and it is
possible that some of them are pseudogenes, RT-PCR and
sequencing has revealed that at least smedwi-2c and
smedwi-2d are transcribed (data not shown). Given the
extraordinarily high degree of nucleotide sequence simi-
larity between the smedwi-2 gene family members, it is
possible that the smedwi-2(RNAi) phenotype is due to the
codepletion of multiple smedwi-2 gene family members
(Supplemental Fig. 1). While determining this will require
additional work, if true, it would suggest that some or all
members of the smedwi-2 gene family are functionally
redundant, which may be a safeguard to ensure the
integrity of the neoblast genome. It will be intriguing to
explore the specific functions of these additional smedwi-2
related genes.

Evidence that the ~32 nt RNAs are piRNAs

Though we have not yet shown that the ~32 nt RNA
population we have identified physically interact with any
of the SMEDWI proteins, our data strongly suggest that
these RNAs are in fact piRNAs, as they share many of the
characteristics of piRNAs identified in other organisms
(Girard et al. 2006; Grivna et al. 2006; Lau et al. 2006; Vagin
et al. 2006; Aravin et al. 2007; Brennecke et al. 2007;
Houwing et al. 2007; Klattenhoff et al. 2007). First, this
RNA population is extraordinarily diverse (see below).
Second, these RNAs are larger in size than the miRNAs
(Palakodeti et al. 2006). Third, these RNAs map to hun-
dreds of thousands of repetitive sequences located through-
out the genome. Fourth, we have identified several cases of
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piRNA duplexes that overlap for 10 bp at their 5" end and
the RNAs have a strong preference for U at +1. Fifth,
PiRNA levels significantly decrease upon RNAI depletion of
either smedwi-2 or smedwi-3. Finally, piRNAs have been
shown to contain a 2’-O-methyl group on the 3’ terminal
nucleotide in several species (Horwich et al. 2007; Houwing
et al. 2007; Kirino and Mourelatos 2007; Ohara et al. 2007;
Saito et al. 2007) and we have obtained evidence that the
32-nt RNAs are modified at their 3’ ends, though we have
not yet determined the nature of this modification. Thus,
while we have not formally proven that these RNAs
physically interact with the SMEDWI proteins, these RNAs
have all other characteristics that have been attributed to
PiRNAs in other species.

The diversity of planarian piRNAs

Though we identified nearly 7000 distinct piRNAs species,
they were actually contaminants of the small RNA libraries
we made for deep sequencing of the planarian miRNAs. We
size selected the RNAs to enrich for molecules between ~15
and ~30 nt. Accordingly, of the 53,940 individual sequence
reads we obtained, only ~10% were larger than 30 nt.
While the piRNAs are the minority of the RNAs we
sequenced, the fact that the piRNAs, but not the miRNAs,
are clearly visible on SYBR gold stained agarose gels (Fig.
3B) suggests that most of the small RNAs in planarians are
actually piRNAs, not miRNAs. This is further underscored
by the negligible overlap in the piRNAs sequenced from
intact and regenerating animals. Thus, the overall popula-
tion of piRNAs is significantly more diverse than our
sequencing results indicate. Deeper sequencing of the
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piRNA population will provide additional insight into their
diversity, distribution, biogenesis, and function.

Mechanism of piRNA synthesis

We identified a number of piRNA pairs that overlap by
10 bp, as has been observed in other species (Brennecke
et al. 2007; Gunawardane et al. 2007; Houwing et al. 2007).
Moreover, as in other organisms, the planarian piRNAs
have a strong preference for U at +1 and a weak but
detectable preference for A at +10. Though we lack evi-
dence that SMEDWI-2 and SMEDWI-3 directly interact
with the planarian piRNAs, the observations that
SMEDWI-2 and SMEDWI-3 contain the catalytic residues
required for slicer activity and that depletion of SMEDWI-2
or SMEDWI-3 results in a significant reduction in the levels
of piRNAs suggest that planarian piRNAs synthesis is
mediated by SMEDWI-2 and -3. It will be interesting to
determine whether SMEDWI-2 and SMEDWI-3, as well as
the other SMEDWI proteins, are involved in the synthesis
of or interact with specific classes of piRNAs.

Potential roles for planarian piRNAs

A large fraction of the piRNAs we identified map to
repetitive elements distributed throughout the genome, as
was described for other organisms, in particular Drosophila
melanogaster (Brennecke et al. 2007; Gunawardane et al.
2007). This strongly suggests that piRNAs and PIWI
proteins play an important role in transposon silencing in
planarians. Unfortunately, we have not yet identified trans-
poson-derived transcripts that increase in the smedwi-
2(RNAi) or smedwi-3(RNAi) animals. However, because
the characterization of the S. mediterranea genome is just
beginning, it is not yet known which of the hundreds to
thousands of transposons the piRNAs map to are actually
transcribed. Moreover, this experiment is technically chal-
lenging because the transposon transcripts should increase
in the neoblasts, the very cells that are affected upon
depleting SMEDWI-2 and SMEDWI-3. Thus, while our
data suggest that piRNAs and PIWI proteins likely play a
role in transposon silencing in planarians, confirmation of
this will require a more thorough knowledge of the
landscape and activity of the genome.

piRNAs have also been shown to play a role in the
epigenetic and post-transcriptional control of gene expres-
sion in Drosophila. Although a large fraction of the piRNAs
we identified map to repetitive elements, the sequences of
many of these elements do not correspond to any known
transoposable elements. Some of these sequences may
represent heterochromatic regions of the genome that
could be involved in epigenetic regulation. Unfortunately,
this is difficult to assess yet given our current understand-
ing of the landscape of the planarian genome.

Interestingly, many of the piRNAs that map to unique
sequences map within exons of predicted genes. Moreover,
whereas the intronic piRNAs are evenly distributed between
the sense and antisense orientations of the genes they reside
within, the majority of the exonic piRNAs map in the anti-
sense orientation. This strongly suggests that piRNAs may
also play a role in the post-transcriptional control of gene
expression in planarians, in particular the control of trans-
lation or mRNA stability.

Distinctions between piRNAs and PIWI proteins
in planarians and other metazoans

In other metazoans, piRNAs and PIWI proteins are
expressed in germ cells and some adult stem cells (Girard
et al. 2006; Grivna et al. 2006; Lau et al. 2006; Vagin et al.
2006; Brennecke et al. 2007; Carmell et al. 2007; Houwing
et al. 2007). In planarians, however, piRNAs and PIWI
proteins are primarily expressed in neoblasts, and smedwi-2
(Reddien et al. 2005b) and smedwi-3 are required for
proper neoblast function. This suggests that the piRNAs
themselves play a key role in neoblast function, which is
distinct from the findings in other eukaryotes, as planarian
neoblasts are truly totipotent stem cells that have the ability
to give rise to all cell types in the entire organism, including
germ cells (Baguna et al. 1989). Future studies aimed at
determining the precise functions of these molecules in
planarians should provide significant new insight into the
biology of neoblasts and regeneration.

MATERIALS AND METHODS

Planarian cultures

Hermaphroditic sexual (Zayas et al. 2005) and asexual (Sanchez
Alvarado et al. 2002) strains of S. mediterranea used for these
experiments were kind gifts from P. Newmark (University of
Illinois) and A. Sanchez Alvarado (University of Utah/HHMI).
The animals were maintained essentially as described (Cebria and
Newmark 2005) at 22°C in ddH,O supplemented with 1.6 mM
NaCl, 1.0 mM CaCl,, 1.0 mM MgSO,, 0.1 mM MgCl,, 0.1 mM
KCl, 1.2 mM NaHCOj; and fed homogenized organic beef liver.
All the animals were starved 1 wk prior to any experiments.

Small RNA cloning and sequencing

Two groups of 20 sexual S. mediterranea animals were either kept
intact or were amputated into small fragments and allowed to
regenerate for 3 d. Total RNA was isolated from each group using
Trizol (Invitrogen) as described by the manufacturer. Trace
amounts of [**P]-labeled RNA markers of 18 (AGCGUGUAGG
GAUCCAAA) and 30 (TAGGTTGCTAAGCTATTCCTGTGCCT
GTCC) nt were added to each RNA sample and subsequently
resolved on a 15% denaturing polyacrylamide gel. RNAs in the
size range of ~16-30 were excised from the gel, eluted, and ligated
to cloning linkers and amplified by RT-PCR as described pre-
viously (Palakodeti et al. 2006). The resulting RT-PCR products
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were reamplified with the 454 cloning primers A (5'-GCCTCC
CTCGCGCCATCAGATCGTAGGCACCTGAAA) and B (5'-GC
CTTGCCAGCCCGCTCAGATTGATGGTGCCTACA). The PCR
products were gel extracted using Qiagen gel extraction columns
and subjected to pyrosequencing (454 Life Sciences).

Analysis of the piRNA distribution in the Schmidtea
mediterranea genome

A preliminary annotation of the draft genome assembly (version
3.1) of the S. mediterranea genome (http://genome.wustl.edu/
pub/organism/Invertebrates/Schmidtea_mediterannea/assembly/
Schmidtea_mediterranea-3.1) was performed to facilitate map-
ping of the piRNAs. We first generated a set of S. mediterranea
peptide sequences by assembling 27,164 S. mediterranea ESTs
(Sanchez Alvarado et al. 2002; Zayas et al. 2005) into 9849 EST
clusters with CAP3 (Huang and Madan 1999) and selecting the
largest possible open reading frame for each cluster. Peptide
sequences for Saccharomyces cerevisiae, Caenorhabditis elegans,
D. melanogaster, Mus musculus, and Homo sapiens were obtained
from Ensembl (http://www.ensembl.org), and all sequences were
combined to generate a single peptide database. Repeatmasker
(http://repeatmasker.org) was used to mask repetitive sequences
and low complexity regions in the genome assembly. BLAST
(Altschul et al. 1997) was then used to map the repeat masked
genome assembly to the combined peptide database and the
output reformatted for analysis with Genomescan. Genomescan
(Yeh et al. 2001) used orthologous peptide information from the
combined peptide library to predict exonic and intronic regions in
the genome assembly. A total of 107,389 genic loci were predicted.
This overestimate of the number of genes is due to a variety of
factors such as imperfect prediction and gaps and duplications in
the draft assembly. Megablast was used to map the piRNAs to the
draft S. mediterranea genome assembly.

v-Irridiation

Animals were vy-irradiated with a cesium source essentially as
described (Guo et al. 2006) except that we found that two 30 Gy
treatments were required to observe the phenotypes previously
reported (Reddien et al. 2005b; Guo et al. 2006). FACS analysis
was performed 2 d after the second irradiation dose.

Fluorescence-activated cell sorting analysis

FACS analysis of the neoblast populations was carried out based
on protocols that had previously been described (Reddien et al.
2005b; Hayashi et al. 2006). Planarians were cut into small pieces
with a sterile scalpel on ice in cold calcium, magnesium-free
medium (CMF) (15 mM HEPES, 400 mg/L NaH,PO,, 800 mg/L
NaCl, 1200 mg/L KCI, 800 mg/L NaHCOs3, 240 mg/L glucose at
pH 7.3) and then washed twice with CMF. The fragments were
then soaked in CMF containing 0.25% (w/v) Trypsin (GIBCO)
and 1% BSA (Fisher Scientific) at 4°C for ~18 h to maximize
penetration of the enzyme with little trypsin activity. The frag-
ments were then rocked for 20 min at 20°C and completely
dissociated into single cells by gentle pipetting. The cell mixture
was then sequentially filtered through 40-pm and 20-pm nylon
filters (Millipore). Cells were collected by centrifugation, resus-
pended in fresh CMF supplemented with 1% BSA and 0.5 pg/mL
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Calcein AM (Sigma), and incubated at room temperature for 20
min. Cells were collected and resuspended in CMF supplemented
with 1% BSA, 18 wg/mL Hoechst 3342 (Sigma), and 2 pg/mL
propidium iodide (Sigma). The samples were then analyzed with a
LSR II flow cytometer (Becton-Dickinson).

Northern blotting

Thirty micrograms of total RNA were resolved on a denaturing
polyacrylamide gel, transfered to nitrocellulose, and hybridized as
described previously (Palakodeti et al. 2006). Three 10-min post-
hybridization washes were performed at room temperature in 2X
SSC and 0.1% SDS. The membranes were then visualized with a
Cyclone PhosphorImager (Perkin Elmer).

Identification and cloning of smedwi-3

Putative PIWI protein encoding genes were identified by perform-
ing tblastn searches of the version 3.1 assembly of the S.
mediterranea genome with PIWT proteins from other organisms
and with SMEDWI-1 and SMEDWI-2. The smedwi-3 cDNA was
obtained by RT-PCR cloning of an internal fragment, followed by
5" and 3" RACE using the FirstChoice RLM-RACE kit (Ambion,
Inc.). A cDNA containing the entire coding region was isolated by
RT-PCR with primers at the 5" and 3" ends of the RACE products.
The accession number for the smedwi-3 cDNA is EU586258.

Whole-mount in situ hybridization

In situ hybridization was performed essentially as described
(Umesono et al. 1999; Oviedo and Levin 2007) by treating animals
with 2% HCl made in 5/8 Holtfreters solution (2.188 g NaCl,
0.031g KCl, 0.063 g CaCl,-2H,0, 0.125 g NaHCO; in 1 L of
ddH,0). Animals were then fixed in Carnoy’s fixative (6:3:1
ethanol:chloroform:acetic acid) for 2 h at 4°C. Rehydration was
done with an ethanol:PBST (PBS, 0.1% Triton X-100) dilution
series followed by two PBST washes of 15 min each at 4°C.
Animals were treated with proteinase K (20 pg/mL) for 5-6 min
at 37°C, followed by fixation and rehydration as described above.
Prehybridization was done at 50°C for 3 h in prehybridization
solution (50% formamide, 5X SSC at pH 7.0, 100 wg/mL heparin,
0.05% Tween-20, 0.05% Triton X-100, 5 mM DTT, 1 mg/mL
yeast RNA, 1X Denhardt’s). Hybridization was performed at 50°C
for 16-18 h with digoxigenin (DIG)-conjugated riboprobes in
prehybridization solution supplemented with 5% dextran sulfate.
Animals were washed 5 times in 50% formamide, 5X SSC, and
0.1% Tween-20 for 1 h each at 50°C, followed by two washes with
MABT (100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20 at
pH 7.5). Animals were blocked in MABT supplemented with 1%
blocking reagent (Roche) for 1 h at room temperature and then
incubated with a sheep anti-DIG antibody conjugated to alkaline
phosphatase (Roche) at 1:2000 in the blocking solution for 4 h at
room temperature. Animals were washed 8 times with MABT and
the signal was developed using BM purple (Roche).

Semiquantitative RT-PCR

First strand cDNA was synthesized from 500 ng of total RNA
using SuperScriptll (Invitrogen). PCR amplification was per-
formed for 20, 25, and 30 cycles and the samples resolved on
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agarose gels stained with ethidium bromide. The primers used
were as follows:

smedwi-1 forward, GGAACCGTATTGAAACGTGAGC;
smedwi-1 reverse, CCCCAAACTTCCAATCATCAGG;
smedwi-2 forward, GTCATCGTAAAGAAAAGAGTCGGC;
smedwi-2 reverse, CCACAACAGTTCCAGGATTTGG;
smedwi-3 forward, TTGGAGCCGTAGTTGGTTGC;
smedwi-3 reverse, AACTGAACCTGATGCGGAG;

rRNA forward, TCTTAGTTGGTGGAGCGATTTGTC;
rRNA reverse, TGGATTCTTTAGCAGGTTACCCG;
Smed-nanos forward, CCTGAATCATTGAAGATGGC; and
Smed-nanos reverse, CCAAGAGTGGATTGTGACATGC.

RNA interference

RNAI experiments were performed essentially as described pre-
viously (Reddien et al. 2005a). cDNA fragments for the targeted
genes were cloned into pDONRAT7 (Reddien et al. 2005a) using a
BP reaction (Invitrogen) and the resulting clones transformed into
Escherichia coli strain HT115 (Timmons et al. 2001). Overnight
cultures grown in 2XYT media containing kanamycin (25 pg/mL)
and tetracycline (12.5 pg/mL) were diluted 1:100 in fresh media,
grown to ODy 4 at 37°C, and induced with 1 mM IPTG for 2 h.
We pelleted 2.5 mL of bacterial culture and resuspended it in
25 L of 1:1 homogenized beef liver and water, mixed with 1 pL
of red food coloring and 10.4 pL of 2% ultra-low gelling agarose
(Sigma) to form pellets that were fed to 10 animals. After 1 h of
feeding, the animals were transferred to a new container contain-
ing fresh media. After 4 d, the animals were fed RNAi food again
and were amputated anterior and posterior of the pharynx to
generate three pieces. After 9 d of regeneration, animals were fed
RNAi food again and were amputated as described above.
Phenotypes were only scored if the majority of animals in each
population displayed similar effects.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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