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PIWI proteins utilize small RNAs called piRNAs to silence transposable elements, thereby protecting germline
integrity. In planarian flatworms, PIWI proteins are essential for regeneration, which requires adult stem cells
termed neoblasts. Here, we characterize planarian piRNAs and examine the roles of PIWI proteins in neoblast
biology. We find that the planarian PIWI proteins SMEDWI-2 and SMEDWI-3 cooperate to degrade active trans-
posons via the ping-pong cycle. Unexpectedly, we discover that SMEDWI-3 plays an additional role in planarian
mRNA surveillance. While SMEDWI-3 degrades numerous neoblast mRNAs in a homotypic ping-pong cycle, it is
also guided to another subset of neoblast mRNAs by antisense piRNAs and binds these without degrading them.
Mechanistically, the distinct activities of SMEDWI-3 are primarily dictated by the degree of complementarity
between target mRNAs and antisense piRNAs. Thus, PIWI proteins enable planarians to repurpose piRNAs for
potentially critical roles in neoblast mRNA turnover.
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Small non-coding RNAs direct cell differentiation, ensure
genome integrity, and orchestrate developmental timing
in metazoans. In contrast to microRNAs that are ubiqui-
tously expressed and bound by Argonaute proteins to di-
rect post-transcriptional gene regulation (Bartel 2018),
piRNAs are mainly found in the germline (Aravin et al.
2006; Vagin et al. 2006). There, they bind to PIWI proteins
(Cox et al. 1998), a subclass of the Argonaute protein fam-
ily, whose major function is to degrade transposable ele-
ments. Because transposons are highly active in germ
cells, loss of PIWI activity often leads to impaired germ
cell function and sterility (Ku and Lin 2014). PIWI proteins
degrade active transposons post-transcriptionally via the
so-called ping-pong cycle (Brennecke et al. 2007; Guna-
wardane et al. 2007). The ping-pong cycle consists of
sequential nucleolytic cleavages by two different PIWI
proteins (heterotypic ping-pong) or twice by the same
PIWI protein (homotypic ping-pong) during the degrada-
tion of transposable elements with the help of antisense
piRNAs. The sequential cleavages thereby result in a
characteristic 10-nt overlap of mature piRNAs, a signa-
ture indicative of an active ping-pong cycle. Furthermore,

piRNAs suppress transposon activity in the nucleus by di-
recting heterochromatin formation and thus preventing
their transcription (Sienski et al. 2012 Le Thomas et al.
2013). In addition to transposon control, piRNAs also
have transposon-independent functions. For instance,
the murine PIWI protein Miwi was found to inhibit the
precocious translation of mRNAs not needed until later
stages of spermiogenesis (Vourekas et al. 2012). In
D. melanogaster, piRNAs were found to direct the degra-
dation of certain maternal mRNAs in the early embryo
(Rouget et al. 2010). Finally, in the C. elegans germline
piRNAs were demonstrated to establish a transgenera-
tional epigenetic memory of self and non-self transcripts
(Ashe et al. 2012; Shirayama et al. 2012).
Intriguingly, all three PIWI proteins present in the

planarian flatworm Schmidtea mediterranea, termed
SMEDWI-1, SMEDWI -2, and SMEDWI -3, are highly ex-
pressed in neoblasts, adult stem cells that constitute
∼20% of all cells in adult worms (Kang and Sánchez Alva-
rado 2009). The abundance of neoblasts equips planarians
with remarkable regenerative abilities, making them an
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excellentmodel for studying whole-organ and body regen-
eration (Elliott and Sánchez Alvarado 2013). SMEDWI-2
and SMEDWI-3 are essential for planarian regeneration
and tissue homeostasis (Reddien et al. 2005; Palakodeti
et al. 2008;). Their knockdown abolishes the regenerative
capacity of planarians and causes a characteristic pheno-
type that resembles that of irradiated animals, leading
to the lysis of the animals on day 12 or day 22 for
SMEDWI-2 and SMEDWI-3, respectively. Since an earlier
report found that many planarian piRNAs map to exons
(Friedländer et al. 2009), we set out to characterize the
piRNA pathway in S. mediterranea. We were guided by
our interest in deciphering the role of PIWI proteins in
stem cell differentiation and development in an organism,
where piRNA function can be studied in adult stem cells
that give rise to all other tissues (Hayashi et al. 2006).

To unravel why PIWI proteins are essential for planarian
stem cell function, we established immunoprecipitation
protocols for all planarian PIWI proteins.Deep-sequencing
of cobound piRNAs in conjunction with a sequenced
genome (Grohme et al. 2018) allowed us to describe the
principles of piRNA biogenesis in planarians. Our results
provide strong evidence that active transposons are de-
graded via the ping-pong cycle by SMEDWI-2 and
SMEDWI-3. Unexpectedly, a combination of HITS-CLIP,
CLASH, small RNA-seq, Degradome-seq and RNA-seq
also uncovered additional roles of SMEDWI-3 in mRNA
turnover in planarians. By focusing on SMEDWI-3 targets,
we found that two distinct modes of PIWI-mediated
mRNA regulation are at play in planarian neoblasts. Spe-
cifically, one class of mRNAs is overwhelmingly degraded
by SMEDWI-3 via a homotypic ping-pong cycle, in analo-
gy to the degradation of transposable elements. In con-
trast, SMEDWI-3 binds another class of targets in at least
partially unstructured regions without degrading them.
It is guided to these transcripts by antisense piRNAs
that bind their targets with non-perfect complementarity.
Our results establish that planarians have repurposed
parts of their abundant and complex piRNA reservoir to
perform critical functions in mRNA turnover, which
may contribute to the stem cell dysfunction phenotypes
associated with SMEDWI-2 and -3 knockdowns.

Results

Immunoprecipitation of SMEDWI-bound planarian
piRNAs

To unravel the role of PIWI proteins in planarians,
we developed immunoprecipitation protocols for all
three planarian PIWI proteins (Fig. 1A). Whereas the
anti-SMEDWI-1 antibody used here was previously de-
scribed (Guo et al. 2006), we raised polyclonal antibodies
against SMEDWI-2 and SMEDWI-3 and confirmed their
specificity for each PIWI protein (Supplemental Fig.
S1A). Whole-mount immunofluorescence confirmed
that SMEDWI-2 is enriched in the nuclei of neoblasts
and differentiated cells (Zeng et al. 2013), while
SMEDWI-1 and SMEDWI-3 are predominantly cytoplas-
mic and enriched in neoblasts (Supplemental Figs.

S1B,C). SMEDWI-3 signal also overlapped with Y12 anti-
body staining, a marker of planarian chromatoid bodies,
as shown previously (Rouhana et al. 2012). Despite the
abundance of piRNAs in planarians (Supplemental Fig.
S2A), the low osmolality of planarian tissues renders pla-
narian PIWI proteins highly sensitive to ionic strength. As
a result, we found that only HEPES in its hemisodium
form sufficiently stabilizes planarian PIWI proteins in ly-
sates (Supplemental Fig. S2B). In exploiting this finding,
we successfully immunoprecipitated each individual
PIWI proteinwith co-bound piRNAs, allowing for the con-
struction and deep sequencing of small RNA libraries.

Subsequent analysis of piRNA sequences revealed
that SMEDWI-1 binds piRNAs with a distribution maxi-
mum of 32 nt (Fig. 1B). In contrast, the length distribution
of SMEDWI-2- and SMEDWI-3-bound piRNAs lies within
a range of 32–33 and 31–32 nt, respectively. Sequence
conservation analyses revealed that SMEDWI-1 and
SMEDWI-2 bind piRNAs with a strong preference for a
5′-terminal uridine (78% and 67%, respectively) (Fig.
1C). In contrast, SMEDWI-3 binds piRNAs that show a
+10 A bias (63%) and a slight conservation of a 5′-terminal
uridine (41%). To assess the complexity of planarian piR-
NAs and to visualize potential sequence overlap between
different PIWI proteins, we analyzed unique piRNAs
bound by all three PIWI proteins that appeared in at least
two replicates (Fig. 1D). Intriguingly, while SMEDWI-1
and SMEDWI-2 showed significant overlap in uniquely
mapped piRNAs, SMEDWI-3 binds a distinct pool of piR-
NAs. Moreover, we detected 71% of SMEDWI-3-bound
piRNAs only once, indicating that this piRNA pool is
even more complex than we could resolve with our se-
quencing depth (Supplemental Fig. S2C). Altogether, our
findings suggest that SMEDWI-3 has a distinct role in pla-
narians that sets it apart from the two other PIWI proteins.

To examine how planarians are able to produce a highly
complex and highly abundant piRNA repertoire, we deter-
mined the genomic location of planarian piRNA clusters
using proTRAC (Rosenkranz and Zischler 2012). We
were able to assign 270 piRNA clusters and found 268 of
them to be unidirectional (Supplemental Table S1). More-
over, 14% of planarian piRNA clusters carry histone
H3K4me3 marks, suggesting their euchromatic localiza-
tion (Fig. 1E; Supplemental Fig. S2D). This confirms an
earlier report (Friedländer et al. 2009) and resembles mu-
rine pachytene clusters and piRNA clusters in ovarian fol-
licle cells in Drosophila. In both cases piRNA clusters
show a strong strand bias (Aravin et al. 2006; Czech and
Hannon 2016).

SMEDWI-2 and SMEDWI-3 cooperate to degrade
planarian transposons

The recognition of an active transposon by antisense
piRNAs can initiate the amplification of transposon si-
lencing in the ping-pong cycle (Brennecke et al. 2007;
Gunawardane et al. 2007). When analyzing planarian piR-
NAs for the presence of such signatures, we found that
SMEDWI-2 and SMEDWI-3 are the major ping-pong play-
ers in planarians, accounting for themajority of ping-pong
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Figure 1. Characterization of piRNAs bound to different SMEDWI proteins. (A) piRNAs were immunoprecipitated by use of anti-
SMEDWI-1, anti-SMEDWI-2, and anti-SMEDWI-3 antibodies from total worm lysate, labeled with [γ-32P]-ATP and separated on a
10% Urea PAGE. Pre-immune serum served as negative control. (B) Size distribution of piRNAs bound to different planarian PIWI
proteins. (C ) Nucleotide composition of immunoprecipitated piRNAs plotted in the form of a position weight matrix with seqLogo.
(D) Percentage of unique sequences bound by different SMEDWI proteins. Only genome-mapped piRNAs that appeared in at least two
replicates were counted. (E) Coverage profile of H3K4me3 CHIP-seq, RNA-seq, and total piRNAs on unidirectional piRNA clusters
158 and 159. (F ) Local Z-score for the occurrence of homotypic and heterotypic ping-pong pairs. (G) piRNAs coimmunoprecipitated
from whole-worm lysates of control (unc-22 RNAi) or knockdown (smedwi-1,-2,-3 RNAi) animals using antibodies against SMEDWI-2
or -3. (Below) Western blot showing SMEDWI-2, SMEDWI-3 protein levels in different RNAi knockdown backgrounds. (H) Differen-
tially expressed transposable element families upon RNAi knockdown of smedwi-2 or smedwi-3 (in red). The dashed horizontal red
line represents the P-value threshold (P-value <0.01). The two dashed vertical lines illustrate the threshold of log2 fold changes >1 or <
−1. (I ) Numbers of up- and down-regulated H3K4me3 peaks mapping to transposable elements upon smedwi-2(RNAi) and smedwi-3
(RNAi).
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pairs detected in our piRNA libraries (Fig. 1F). We also
observed a less pronounced ping-pong signature for
SMEDWI-1 and SMEDWI-3, indicating that those two
PIWI proteins also work together in degrading transpos-
able elements. Additionally, SMEDWI-3-bound piRNAs
show a homotypic ping-pong signature, whereas piRNAs
bound to the other PIWI proteins do not (Fig. 1F).

Since the degradation of transposable elements is
the primary function of PIWI proteins in other organisms,
we set out to study transposon levels in planarians
upon loss of SMEDWI-2 and SMEDWI-3. As both PIWI
proteins are essential for planarian homeostasis, we de-
vised an RNA interference (RNAi) knockdown strategy
for SMEDWI-2 and SMEDWI-3 without depleting neo-
blasts. Optimal time points for RNAi knockdown experi-
ments were defined by achieving the maximum possible
depletion of SMEDWI-2 or SMEDWI-3 protein levels
with only minor accompanying effects on SMEDWI-1, a
marker of neoblast maintenance (Supplemental Fig.
S2E). Whereas we observed a significant reduction in
SMEDWI-3 protein levels upon smedwi-3(RNAi) on day
11 post feeding without affecting SMEDWI-1 expression
(Fig. 1G, Supplemental Figs. S2F,G, S3), SMEDWI-2 large-
ly persisted in both neoblasts and differentiated cells on
day 7 post feeding. However, as the amount of coimmuno-
precipitated piRNAs after SMEDWI-2 immunoprecipita-
tion was drastically reduced upon smedwi-2(RNAi) (Fig.
1G), we speculate that at least part of the persisting pool
of SMEDWI-2 is not loaded with piRNAs. Overall, we
found the levels of piRNAs coimmunoprecipitated with
SMEDWI-3 not altered under smedwi-2(RNAi) conditions
and vice versa.

Following RNAi, wormswere dissociated and separated
by FACS into neoblasts (X1) and differentiated cells (Xins).
In the asexual S. mediterranea, neoblasts are the only di-
viding cells and hence can be separated fromdifferentiated
cells by sorting for DNA content (Reddien et al. 2005;
Hayashi et al. 2006). Total RNA from 100,000 FACS-iso-
lated neoblasts was prepared and subjected to a custom ri-
bosomal RNA (rRNA) depletion procedure. We developed
this procedure to retain noncoding transcripts and those
lacking long poly(A) tails (Supplemental Fig. S4A). Our
protocol is robust and removes nearly 99% of the rRNA
(Supplemental Fig. S4B). Following ribodepletion, we pre-
pared strand-specific libraries for knockdown and control
conditions as described (Zhang et al. 2012). Transposon
levels after both SMEDWI-2 and SMEDWI-3 knockdown
were analyzed bymeasuring the abundance of 316 consen-
sus transposon families (Bao et al. 2015). Upon SMEDWI-2
knockdown, 109 transposon families were up-regulated,
whereas the SMEDWI-3 knockdown increased the expres-
sion of only 38 families (Fig. 1H; Supplemental Fig. S4C).

As epigenetic silencing of transposable elements by
PIWI proteins has been reported in other organisms (Sien-
ski et al. 2012; Yang et al. 2016), we asked whether this is
also the case in planarians.We performedCHIP-seq exper-
iments for trimethylated histoneH3 Lysine 4 (H3K4me3),
a chromatin mark associated with active transcription
(Howe et al. 2017). We found a considerable increase of
H3K4me3 peaks at transposable elements upon smedwi-

2(RNAi) and smedwi-3(RNAi) (Supplemental Fig. S4D).
Out of 515 up-regulated peaks overlapping with transpos-
able elements upon smedwi-2(RNAi), 40% were located
at DNA transposons and 28% at long terminal repeat
elements (LTRs) (Fig. 1I). Smedwi-3(RNAi) also led to an
increase in the active transcription mark at DNA trans-
posons (115 out of 367 up-regulated peaks mapped to
transposable elements) and LTRs (156 peaks) (Fig. 1I). Al-
together, the enrichment of SMEDWI-2 in the nucleus
(Supplemental Fig. S1B) and the observed increase in the
expression of transposable elements upon SMEDWI-2
and SMEDWI-3 knockdown (Supplemental Fig. S4C),
indicate that SMEDWI-2 is likely directly involved in epi-
genetic silencing of transposable elements. Why a knock-
down of SMEDWI-3 also leads to an increase in H3K4me3
peaks remains to be investigated.

Genic piRNAs bound to SMEDWI-3 are degradation
products of planarian mRNAs

To decipher which genomic targets apart from transpos-
able elements are subjected to piRNA-mediated regu-
lation, we mapped all immunoprecipitated piRNAs to
the planarian genome (Supplemental Methods). By allow-
ing no mismatches and retaining multiple alignments
we achieved mapping rates of 52%, 56%, and 43% for
SMEDWI-1, -2, and -3-bound piRNAs, respectively. The
mapping rates we obtained are rather low, likely due to
the high degree of genome heterozygosity in planarians
(Nishimura et al. 2015; Guo et al. 2017). Nonetheless,
the alignment of SMEDWI-1, -2, and -3-bound piRNAs re-
sulted in 2.8, 3.0, and 9.9 million uniquely mapped se-
quences, respectively. As expected, we found that the
majority of planarian piRNAs mapped to unannotated
regions and repetitive loci associated with transposable
elements (Fig. 2A). However, a significant fraction of
SMEDWI-3-bound piRNAs mapped to genic features, es-
pecially to coding regions, also displaying a strong sense
bias and comparatively little multimapping (Fig. 2A,B;
Supplemental Fig. S5A,B). What is more, SMEDWI-3-
bound genic piRNAs do not map to annotated transpos-
able elements, further strengthening our conclusion that
these piRNAs are directly derived frommRNA transcripts
(Supplemental Fig. S5C).

We then focused our attention on mRNAs to which
SMEDWI-3-bound piRNAs mapped with an average of
10 reads per million (RPM) in all three immunoprecipi-
tation replicates. Using this cutoff, we identified 925 tran-
scripts that are processed into SMEDWI-3 bound piRNAs
(Supplemental Table S2). Figure 2C and Supplemental
Figure S5D show two representative genes, traf-6
(SMESG000000371.1) and npk1-like (SMESG0000172
61.1), both of which are degraded into great numbers of
SMEDWI-3 bound piRNAs. The resulting genic piRNAs
map in a sense orientation exclusively to coding regions
of the targeted genes. In contrast, we only detected negli-
gible amounts of traf-6 and npk1-like piRNAs bound to
SMEDWI-1 and SMEDWI-2. Neither of the two proteins
showed the strong sense bias of mapped piRNAs that we
find to be characteristic for SMEDWI-3. Furthermore,
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transposon-related elements near genes are not degraded
into strand-specific SMEDWI-3-bound piRNAs, yet can
be detected bound by all three PIWI proteins (Fig. 2C).
We also detected significant ping-pong signatures and
the characteristic 5′ 1U and 10A nucleotide biases that ac-
company ping-pong amplification for our list of genic
SMEDWI-3 bound piRNAs (Fig. 2D). These data strongly
suggest that the piRNA-mediatedmRNA turnover results
in genic piRNAs specifically bound to SMEDWI-3. Nota-
bly, the large number of targeted mRNAs contains
ankyrin-repeat-containing domain, zinc-finger TRAF-
type domain, histone fold, etc. (Fig. 2E), suggesting the
possibility that piRNAsmight regulate the expression lev-
els of entire protein domain families.

Crosslinking immunoprecipitation confirms that
SMEDWI-3 targets hundreds of planarian transcripts

To gain direct evidence for the involvement of SMEDWI-3
in planarian mRNA decay, we established a crosslinking
immunoprecipitation (CLIP) protocol for SMEDWI-3 in
planarians (Vourekas and Mourelatos 2014). Since UV ir-
radiation does not penetrate tissues efficiently, we first
rapidly dissociated planarians into a single cell suspension
and then crosslinked the dissociated cells on ice at λ = 254
nm (Fig. 3A). Crosslinked protein–RNA complexes were
isolated using the anti-SMEDWI-3 antibody and resolved

by PAGE. The average size of RNAs crosslinked to
SMEDWI-3 was below 200 nt, hinting at strong nucleo-
lytic activity in planarian lysates (Supplemental Fig.
S6A,B). We also used a modified CLASH (cross-linking li-
gation and sequencing hybrids) protocol to capture chime-
ric piRNA-mRNAs reads to gain direct experimental
evidence of piRNA-target interactions (Fig. 3B,C; Helwak
et al. 2013; Shen et al. 2018). Both HITS-CLIP and CLASH
libraries were prepared from two crosslinked RNA species
that were separately isolated: a shorter, very prominent
species crosslinked to SMEDWI-3 (labeled “down”), and
a smear of longer RNA fragments (labeled “up”) (Fig. 3B,
C; Supplemental Fig. S6C).
In total, we analyzed nine CLIP replicates. After remov-

al of PCR duplicates and rRNA filtering (Supplemental
Fig. S6D), fragments from “up” and “down” libraries
were pooled and jointly analyzed. CLIP reads were
mapped to the planarian genome, resulting in a mapping
rate of 55%–65%. This corresponds to between 0.4 and
6.6 million uniquely assigned reads per replicate (Supple-
mental Fig. S7A). Next, we applied crosslinking induced
mutation site analysis (CIMS) to define CLIP sites in pla-
narian mRNAs (Zhang and Darnell 2011; Shah et al.
2017). As reported for human Argonaute-2 and others,
mutation-induced base substitutions were most frequent
in our data (present in 56% of CLIP tags), while deletions
accounted only for 13% of all mutations (Supplemental

E

BA
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Figure 2. SMEDWI-3 binds a diverse class of genic piRNAs. (A) Mapping of immunoprecipitated piRNAs to the planarian genome un-
covers a distinct class of genic piRNAs bound to SMEDWI-3. piRNA counts weighted by the number of places they map to were used for
the genomic annotation of piRNAs. (B) SMEDWI-3-bound piRNAsmapped to gene-coding regions show a strong sense bias. (C ) Coverage
profile of RNA-seq and immunoprecipitated piRNAs for traf-6 (SMESG000000371.1). The gene loci are highlighted in blue. A neighboring
transposable element is highlighted in gray. (D) Ping-pong analysis of transcripts producing sense piRNAs. Nucleotide composition anal-
ysis of total piRNAsmapped to processed transcripts confirms the involvement of the ping-pong cycle. (E) Heatmap showing the enrich-
ment of predicted InterPro protein domains in transcripts with mapped genic piRNAs.
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Figs. S7B,C;Moore et al. 2014).We focused our analysis on
CLIP tags that carry both deletions (FDR≤ 0.001) and sub-
stitutions (FDR≤ 0.001) and that appear in at least two
replicates, since both types of mutations were evenly dis-
tributed throughout the length of the CLIP read (Supple-
mental Fig. S7D). We detected 745 deletions in 366
mRNAs and 1629 substitutions in 788 mRNAs. All final
CLIP tags comprise >30 unique reads in at least two
replicates per site of mutation. Using the CLIP-chimaeric
pipeline, our data also revealed thousands of chimeric
piRNA-mRNA reads (Supplemental Fig. S7A; Vourekas
et al. 2016; Alexiou et al. 2018). The piRNA parts of these

chimeric reads weremapped on the extendedmRNA frag-
ments, and chimeric reads with alignments of piRNA
parts within ±20 bp around the midpoint of the mRNA
fragments were kept for the subsequent analysis (Fig.
3D; Supplemental Fig. S7E). In total, we discovered chime-
ric reads for 280 planarian mRNAs (Supplemental Table
S3). ThemRNAs carrying chimeric readswere also detect-
ed by our CIMS analysis (Fig. 3E).

After combining chimeric reads and CIMS-analyzed
CLIP tags we were able to define 1116 transcripts as
SMEDWI-3 targets (Fig. 3E; Supplemental Table S4). To
compare the distribution of the reads mapping to genes
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Figure 3. Identification of SMEDWI-3-targeted transcripts by HITS-CLIP. (A) Schematic representation of HITS-CLIP in planarians.
(B) Immunoprecipitated crosslinked SMEDWI-3–RNA complexes were radioactively labeled, separated on an 8% Bis-Tris gel, and blotted
onto a nitrocellulose membrane. CLIP libraries were prepared from RNA extracted separately from the upper and lower bands. Pre-
immune serum served as negative control. (C ) Length distribution of CLIP reads from the upper and lower bands. (D) Alignment of the
piRNAs parts of chimeric reads onto the ±100-nt extended midpoint of mRNA fragments. An alignment of piRNAs to random mRNA
fragments was used as a negative control. (E) Venn diagram representing the identified SMEDWI-3 CLIP targets carrying deletions, sub-
stitutions, and chimeric reads. (F ) Scatter plot comparing log2 normalized CPM (counts per million) of mapped reads for CLIP-seq and
RNA-seq data. Transcripts carrying chimeric reads are highlighted in blue. The Spearman’s correlation coefficient is indicated.
(G) The annotation of CLIP fragments to the planarian genome confirms the involvement of SMEDWI-3 in the posttranscriptional regu-
lation of transposable elements and coding transcripts. (H) Density of the CLIP fragments mapping to 5′-UTRs, coding regions, and
3′-UTRs of coding genes. Each feature was divided into 30 bins. The mean density of CLIP fragments was calculated over the correspond-
ing features. Error bars represent SE.
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in CLIP-seq and RNA-seq experiments, we calculated the
Spearman correlation coefficient between both types of
experiments. It revealed that the correlation between
the gene expression and CLIP tag abundance is low (R =
0.29, P< 2.2 × 10−16) strengthening the specificity of our
CLIP experiment (Fig. 3F). Moreover, we note that about
50% of all chimeric reads are derived from the top 25%
of highly abundant transcripts in the CLIP libraries (Sup-
plemental Fig. S7F). As expected, a significant fraction of
CLIP reads (10%) could be traced back to coding regions
of genes and not UTRs (Fig. 3G,H; Supplemental Fig.
S7G). They preferentially map in sense orientation, con-
firming that SMEDWI-3 indeed targets coding transcripts
(Supplemental Fig. S7G). In addition, 28% of our CLIP
reads are derived from transposable elements, a fact that
supports SMEDWI-3’s central role in the ping-pong cycle
(Figs. 1F, 3G).

SMEDWI-3 degrades planarian mRNAs using the ping-
pong cycle and binds other mRNAs without degrading
them

To dissect how planarian mRNAs are converted into
piRNAs, we analyzed the abundance of SMEDWI-3-
bound genic piRNAs in the identified CLIP regions.
piRNAs were mapped to CLIP regions allowing one mis-
match to account for planarianheterozygosity (Nishimura
et al. 2015; Guo et al. 2017). Next, we computed the
piRNA density per bp in all CLIP regions by normalizing
weighted piRNAcounts to the length of the corresponding
CLIP regions. Unexpectedly, not all CLIP regions were
densely covered with genic piRNAs. In contrast, our anal-
ysis revealed two distinct modes of SMEDWI-3 transcript
targeting. A first class of transcripts displayed significant
CLIP peaks across their coding regions and showed
SMEDWI-3-bound piRNA coverage in the sense direction
(Fig. 4A; Supplemental Fig. S8A). A second class of tran-
scripts showed CLIP signals, yet hardly any piRNA cover-
age (<0.5 piRNA counts per bp of CLIP region) (Fig. 4B;
Supplemental Fig. S8B).
The presence of genic piRNAs in CLIP regions suggest-

ed that these targets might be cleaved and processed into
piRNAs. To confirm that the degradation of SMEDWI-3
CLIP targets is indeed piRNA-dependent, we performed
5′-monophosphate-dependent cloning of mRNA frag-
ments (Degradome-seq) in sorted planarian neoblasts (X1
cells). We focused on X1 cells since SMEDWI-3 is predom-
inantly present in these cells (Supplemental Fig. S1C).
Degradome-seq allows the capture of RNA cleavage prod-
ucts that result from piRNA targeting (Reuter et al. 2011;
Wang et al. 2014). In total, we were able to map
10,230,560, 10,346,869, and 10,372,010 unique degra-
dome reads to the planarian genome for three biological
replicates, respectively. Approximately 9% of all degra-
dome reads mapped to gene coding regions, with 1% pos-
sessing a 5′-5′ 10-nt overlap with immunoprecipitated
piRNAs (Fig. 4C; Supplemental Fig. S8C). We noticed
that the vast majority of ping-pong pairs between degra-
dome reads and PIWI-bound piRNAs are formed with
piRNAs bound by SMEDWI-3 (Z-score = 5.36). This sug-

gests that SMEDWI-3 plays a leading role in degrading pla-
narian transcripts that are not transposable elements.
Next, we intersected the list of genes showing piRNA-

dependent degradation with our list of 1116 CLIP targets
(Supplemental Fig. S8D). Using at least five unique ping-
pong pairs per transcript as cutoff, we identified 232
SMEDWI-3 CLIP targets to be processed into genic
piRNAs (Fig. 4D; Supplemental Table S5). CLIP targets
with stronger degradation signal were slightly less abun-
dant in our CLIP-seq libraries (R =−0.28, P = 2 × 10−5), a
fact likely attributed to their efficient degradation into
genic piRNAs. In agreement with the latter, the majority
of degraded transcripts showed a high density of genic piR-
NAs across their CLIP sites (Fig. 4E). We therefore com-
bined these SMEDWI-3 targets into a first group of
targets (group 1). Subsequently, we assigned 621 tran-
scripts to a second group of SMEDWI-3 targets (group 2).
Group 2 targets exhibit substantial density of genic piR-
NAs (>0.5 piRNAs/bp of CLIP region); however, we did
not detect any ping-pong degradation pairs for these tran-
scripts in our degradome data (Fig. 4E). Most likely, group
2 transcripts are degraded in the ping-pong cycle as well;
however, their degradation might be triggered by piRNAs
that exhibit non-perfect base-pairing for target recogni-
tion. As we only considered piRNAs mapping to the ge-
nome with a single mismatch, we have no means to
detect these cases. Combining all SMEDWI-3 CLIP tar-
gets with significant genic piRNA density (0.5 piRNAs/
CLIP bp) left 263 transcripts. For these group 3 tran-
scripts we detected significant SMEDWI-3 binding, yet
very little piRNA mapping (<0.5 piRNAs/CLIP bp) (Fig.
4E; Supplemental Table S6). The correlation coefficients
for the three groups of transcripts support our classifica-
tion, as the positive correlation between the number of
CLIP reads and the density of genic piRNAs decreases
from group 1 through group 3. We therefore conclude
that SMEDWI-3 binds group 3 transcripts, but does not
trigger their degradation into significant numbers of gen-
ic piRNAs.

The base-pairing pattern between SMEDWI-3-bound
piRNAs and target mRNAs determines whether
SMEDWI-3 degrades or merely binds its targets

To investigate whether piRNAs are responsible for guid-
ing SMEDWI-3 to group 3 transcripts, we examined the
presence of chimeric reads mapping to this group of tran-
scripts. In total, we identified 259 chimeric readsmapping
to 75 group 3 transcripts. In addition, our data revealed
752 chimeric reads for 88 group 1 transcripts and 556 for
117 group 2 transcripts. To determine the base-pairing
patterns underlying the interaction of SMEDWI-3-bound
piRNAswith all three groups of transcripts, the unweight-
ed local read aligner as implemented in the CLIP-chimeric
pipeline was used (Vourekas et al. 2016; Alexiou et al.
2018). After subtraction of a randomized control, we ob-
served continuous base pairing over the whole length of
antisense piRNAs for group 1 targets (Fig. 5A). This obser-
vation confirms that antisense piRNAs need to recognize
their targetswith perfect or near-perfect complementarity
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to initiate target cleavage. It also confirms prior knowl-
edge on cleavage-competent Argonaute proteins, which
require continuous base-pairing across the scissile phos-
phate between target nucleotides 10 and 11 (Schirle
et al. 2014). Meanwhile, piRNAs that target group 3
transcripts show a significant drop in base-pairing at nu-
cleotides 10 and 11 and a general lack of base-pairing be-
tween nucleotide positions 16 and 26 (Fig. 5B). These
data argue that group 3 transcripts are recognized by
SMEDWI-3 with piRNAs as guides. However, target
cleavage by SMEDWI-3 is likely precluded due to themul-
titude of mismatches between piRNA and mRNA target.
In support of this notion, group 3 transcripts show a low

density of genic piRNAs across their CLIP sites. Last,
when analyzing the base-pairing patterns of group 2 chi-
meras we noticed almost continuous piRNA-mRNA
base-pairing apart from a significant drop thereof between
nucleotide positions 10 and 13 (Fig. 5C). Because we de-
tected significant genic piRNAs for this group of tran-
scripts, yet no degradome signal (Fig. 4E), we speculate
that this drop may illustrate that efficient target cleavage
is impaired for these transcripts due to a lack of base-pair-
ing over the scissile phosphate group. Alternatively, due
to limitations of our classification of group 2 transcripts,
this group might include transcripts from both group 1
and group 3. Taken together, our results are in agreement

E

BA

C D

Figure 4. The dual role of SMEDWI-3 in
neoblast mRNA surveillance. (A) RNA-seq,
piRNA-seq, and HITS-CLIP coverage profiles
for traf-6 (SMESG000000371.1). The pres-
ence of both genic SMEDWI-3-bound
piRNAs and CLIP fragments suggests their
piRNA-mediated degradation by SMEDWI-
3. (B) The presence of CLIP fragments along
with the simultaneous absence of sense
piRNAs for dgcr-6 (SMESG000021088.1) in-
dicates that those transcripts are regulated
by SMEDWI-3 in a cleavage-independent
manner. (C ) Number of unique pairs with 5′

to 5′ 10-nt overlaps between degradome se-
quences and piRNAs immunoprecipitated
with anti-SMEDWI antibodies. (D) Correla-
tion of normalized CPMs of CLIP-seq and
Degradome-seq data. Each dot represents a
transcript with ping-pong degradation signa-
ture. Spearman’s correlation coefficient is in-
dicated. (E, left) Boxplots of three groups of
CLIP transcripts that are defined based on
SMEDWI-3-bound genic piRNA density per
bp of CLIP site and the presence of a
piRNA-dependent degradation signature.
The unpaired t-test was applied to estimate
significant differences between groups.P-val-
ue ≤0.0001 is marked with (∗∗∗∗). (Right)
Scatter plot showing the cumulative density
of genic piRNAs across the CLIP sites of
SMEDWI-3 targets and the corresponding
abundance of CLIP counts assigned to the
transcript. Group 1 includes transcripts that
display a ping-pong degradation pattern along
with high genic piRNAs density. Group 2
comprises transcripts with piRNAs density
≥0.5/bp CLIP and without a piRNA-depen-
dent degradation signature. Transcripts
with a piRNA density <0.5/bp CLIP are sort-
ed in group 3. Spearman’s correlation coeffi-
cients for all three groups are indicated in
different colors.
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Figure 5. The base-pairing patterns between SMEDWI-3-bound piRNAs and target mRNAs. (A) Average density of base-pairing events
per nucleotide position of the piRNA parts of chimeric reads. Chimeric piRNA parts weremapped onto targeted mRNA fragments in the
vicinity of ±20 nt from themRNA fragmentmidpoint. Only unique chimeric reads mapping to transcripts of Group 1 were included from
all nine replicates. Random piRNAmapping densities were subtracted as negative control. (Below) An illustration of one exemplary chi-
meric read from group 1 transcripts is shown. The extendedmRNA part of the chimeric read is shown in gray. (B) Same as inA for group 3
SMEDWI-3 targets. (C ) Same as inA for group 2 SMEDWI-3 targets. (D) SMEDWI-3 degrades a set of mRNAs in a homotypical ping-pong
cycle. It recognizes these transcriptswith a high degree of complementarity between the SMEDWI-3-bound piRNA and the targetmRNA.
(E) Plot showing the correlation between experimentally determined median SHAPE reactivity (in black) and the mapping profile of
unique predicted antisense piRNAs (in cyan) for histone H2B (SMESG000052758.1). For piRNA mapping, one mismatch was allowed
aside from a mandatory seed match for nucleotides 2–8. Exemplary regions from the SHAPE reactivity-constrained secondary structure
model are shown above the plots. Double-stranded regions with base-pairing probabilities >0.95 are colored in red. piRNAs (green) are
drawn along the structures. (F ) Plot showing the correlation between median SHAPE reactivity (in black) and median Shannon entropy
(in red). Transcript regions with median SHAPE reactivity <0.3 and a Shannon entropy of <0.04 were considered structured.
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with the previously described piRNA targeting rules in
C. elegans (Shen et al. 2018; Zhang et al. 2018). Moreover,
they are also in line with the rules established for Argo-
naute targeting and underline the importance of continu-
ous base-pairing over the scissile phosphate bond to
initiate target cleavage (Fig. 5D; Schirle et al. 2014).

piRNAs guide SMEDWI-3 to at least partially
unstructured regions in its targets

Our results indicate that for all instances of target recogni-
tion, SMEDWI-3 is guided by a cobound piRNA. This
necessitates that the piRNA target sites on SMEDWI-3-
targeted mRNAs are available to base-pairing interac-
tions. To characterize the piRNA-target interactions we
therefore determined the structures of three SMEDWI-3
CLIP targets using ex vivo SHAPE-MaP (selective 2′-hy-
droxyl acylation analyzed by primer extension and muta-
tional profiling), a powerful technique for RNA secondary
structure probing (Smola et al. 2015b). In total, we collect-
ed sufficiently deep sequencing data for three SMEDWI-3
CLIP targets: one group 1 target (histone H2B) (SMESG
000052758.1), one group 2 target (smedwi-3) (SMESG0000
81970.1), and one group 3 target (MYH15) (SMESG0000
56451.1). We used the computed SHAPE reactivities to
constrain secondary structure modeling as implemented
in RNAstructure (Fig. 5E, Extended Supplemental Data;
Reuter and Mathews 2010).

Next, we extracted predicted piRNA-binding events
across all threeCLIP targets using a custom script (Supple-
mentalMethods).We had to rely on predictions here since
our CLASH data only comprised very few chimeric reads
for the three mRNAs. Figure 5D shows the median
SHAPE reactivity for histone H2B in conjunction with
predicted piRNA binding events across the entire
mRNA sequence. To analyze a possible correlation be-
tween mRNA structure and piRNA binding, we defined
structured regions as having a median SHAPE reactivity
<0.3 and a Shannon entropy of <0.04 (Mustoe et al.
2018). Using this definition, we found that for histone
H2B 77% of piRNA binding sites fall in unstructured re-
gions, whereas the entire histone H2B mRNA is to 74%
unstructured (Fig. 5F). Clearly, our data does not support
that all piRNA binding sites are obligatory single-strand-
ed. However, in conjunction with the results for
smedwi-3 and MYH15 mRNA (Extended Supplemental
Data), our data suggest that piRNA target sites need to
be at least partially unstructured. This is conceivable
because guide RNA-target interactions by Argonaute pro-
teins propagate after stable association of the seed region
and thereby might be able to unfold loosely folded struc-
tures (Chandradoss et al. 2015). Our data also confirm an
earlier report using a synthetic piRNA sensor in C. ele-
gans (Zhang et al. 2018). There, as in our case, piRNA
binding sites were at times found in structured regions.
Therefore, we propose that only experimentally deter-
mined RNA structures in combination with sufficiently
deep CLASH data will enable us to fully correlate
mRNA structure and piRNAs binding sites.

Transcripts degraded by SMEDWI-3 reveal a piRNA
pathway in the planarian epidermis

To decipher the impact of SMEDWI-3 on its target
mRNAs, we examined the expression levels of transcripts
in all three previously defined groups after smedwi-3
(RNAi) knockdown. A gene set enrichment analysis
(Luo et al. 2009) revealed that the expression of ping-
pong degraded group 1 targets increased significantly in
both smedwi-3(RNAi) neoblasts and differentiated cells
(Fig. 6A). However, we also observed a significant up-reg-
ulation of group 1 targets upon smedwi-2(RNAi) (Supple-
mental Fig. S9A). We therefore speculate that piRNA
pathway-dependent factors contribute to the degradation
of thesemRNAs or that SMEDWI-2 is involved in piRNAs
precursor transcription and processing. Alternatively, a
knockdown of either PIWI proteinmight disturb neoblasts
fate and lead to the up-regulation of SMEDWI-3 ping-pong
targets (group 1). We note here that group 1 targets are en-
riched in transcripts involved in protein ubiquitination
and immune response (Fig. 6B). Overall, group 2 and group
3 targets do not show significant expression changes upon
SMEDWI-2 and SMEDWI-3 knockdown. This suggests
that SMEDWI-3 binding to these mRNAs does not have
an immediate impact on their stability. However, their in-
teraction with SMEDWI-3 might still be important by ei-
ther licensing these transcripts in a type of surveillance
pathway or by regulating their translation (Vourekas
et al. 2012; Seth et al. 2018).

Given the significant up-regulation of SMEDWI-3 group
1 targets in neoblasts and differentiated cells, we asked
where these targets are expressed in planarians. We car-
ried out whole-mount fluorescent in situ hybridization
(WISH) of four group 1 transcripts that we found targeted
by the ping-pong cycle [histone H2B (SMESG0000527
58.1), ank1 (SMESG000076223.1), dapk1 (SMESG000043
474.1), traf-6 (SMESG000000294.1)]. Staining for histone
H2B confirmed an earlier report that found histone
mRNAs to be enriched in chromatoid bodies of neoblasts
(Supplemental Fig. S9B; Rouhana et al. 2014). However,
we were unable to detect the other three transcripts in
neoblasts, a fact likely owed to their low expression levels
(average expression level 23 TPM) when compared with
histone H2B mRNA (22,677 TPM). Instead, we detected
strong punctuated staining for all three transcripts in the
epidermal cell layer in planarians (Fig. 6C). This finding
was unexpected, since the expression levels of these tran-
scripts in differentiated cells (Xins) is low (ank1= 2.3
TPM, traf6= 37 TPM, dapk 1 = 97.7 TPM). To understand
the nature of the foci, we quantified their exact localiza-
tion and found them to be predominantly nuclear. More
precisely, they were enriched in the nuclear periphery
(Supplemental Fig. S9C). Moreover, using immunostain-
ing on sectioned animals, we could demonstrate that
SMEDWI-2 is present in the epidermis, whereas the
amount of SMEDWI-3 is negligible (Fig. 6D; Supplemental
Fig. S9D). We found the observed nuclear foci to be remi-
niscent of the accumulation of piRNA precursors in Dot
COM structures in somatic cells in Drosophila (Dennis
et al. 2013). Thus, we suspect that the three tested
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transcripts might actually be processed just like piRNA
precursors in the epidermis. Taken together, our in situ
data on group 1 SMEDWI-3 targets demonstrates that pla-
narians possess an epidermal somatic piRNA pathway in-
volving likely only a single PIWI protein, SMEDWI-2.
That is in addition to the piRNA pathway, which operates
in neoblasts and requires the presence of at least
SMEDWI-2 and SMEDWI-3 (Reddien et al. 2005; Palako-
deti et al. 2008).

Discussion

The piRNA pathway was discovered in the germline,
where it orchestrates germline development and ensures

genome integrity by silencing of transposable elements
(Cox et al. 1998; Aravin et al. 2006; Girard et al. 2006;
Grivna et al. 2006). However, piRNAswere recently found
to also have important roles in somatic cells such as neu-
rons, cancer cells, embryonic stem cells, and adult
somatic stem cells (van Wolfswinkel 2014; Rojas-Ríos
and Simonelig 2018). Somatic piRNAs are widely ex-
pressed across arthropods, where they target both trans-
posable elements and protein-coding transcripts. Yet the
best-studied arthropod, D. melanogaster, only expresses
piRNAs in the germline, thus representing an evolution-
ary exception in its phylum (Lewis et al. 2018). Therefore,
much remains to be understood about the role of piRNAs
in somatic tissues of animals. In this study, we developed
an arsenal of biochemical tools that will now make it
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Figure 6. SMEDWI-3 group 1 ping-pong targets form nuclear foci in the planarian epidermis. (A) Boxplots showing the log2 fold differ-
ential expression changes of the three distinct SMEDWI-3 target groups upon smedwi-3 knockdown in neoblasts (X1) and differentiated
cells (Xins). Statistical significance of differential expression of the gene sets was assessed using generally applicable gene-set enrichment
(GAGE) analysis with a two-sample t-test (ns, not significant). (B) GO term enrichment analysis of ping-pong degraded group 1 SMEDWI-3
targets. (C ) Expression and localization pattern of three exemplary ping-pong targets of SMEDWI-3 [dapk1 (SMESG000043474.1), traf6
(SMESG000000294.1), ank1 (SMESG000076223.1)] in the planarian epidermis analyzed with whole-mount in situ hybridization
(WISH). Nuclei stained with Hoechst are in blue, mRNAs are in yellow. (D) Coimmunostaining of SMEDWI-1, -2, and -3 in the epidermis
on a cross-section through the planarian pharynx. SMEDWI-1 is in green, SMEDWI-2 and -3 are in red. Nuclei stained with DAPI are
in blue.
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possible to further dissect piRNA function in the planari-
an S. mediterranea—an organism that neither senesces
nor develops stem cell-based diseases like cancer (Pearson
and Sanchez Alvarado 2008; Sahu et al. 2017).

Planarian piRNAs may function in cell cycle regulation
and immune defense

Embryonic stem cells are transcriptionally hyperactive.
This allows for the expression of repetitive sequences
and mobile elements as well as the expression of lineage-
and tissue-specific genes at low levels (Efroni et al. 2008).
In addition to their role as a counteracting force to detri-
mental transposon activity (Fig. 1H,I), we show that the
planarian PIWI protein SMEDWI-3 utilizes a diverse set
of piRNAs to degrade, among others, a multitude of traf
mRNAs, histone mRNAs, mRNAs coding for E3 ubiqui-
tin ligases, and transcripts containing ankyrin repeats
(Supplemental Table S5). These results suggest that piR-
NA-mediated degradation of SMEDWI-3 group 1 targets
might be important for planarian regeneration and neo-
blasts cell cycle control. In addition, a modulation of the
histone mRNA metabolism has the potential to directly
control cell cycle progression and cell division (Marzluff
and Duronio 2002). Moreover, E2- and E3-ubiquitin ligas-
es are known to regulate the proteolysis of key cell cycle-
regulatory proteins, chromosome separation, cytokinesis,
and cell differentiation (Teixeira and Reed 2013). As in
other organisms, secondary piRNA production operates
in chromatoid bodies or the nuage (Lim and Kai 2007);
we envision that SMEDWI-3 needs to be localized to chro-
matoid bodies for the degradation of transposons and
mRNAs in the ping-pong cycle (Supplemental Figs. S1B,
S9B; Lim and Kai 2007; Rouhana et al. 2014; Kashima
et al. 2016).

In addition to the piRNA pathway in neoblasts, we also
found an active piRNA pathway in epidermal cells operat-
ing with the use of SMEDWI-2 only (Fig. 6C,D). As epider-
mal cells do not divide and rapidly turn over, we
hypothesize that the function of the epidermal piRNA
pathway goes beyond the maintenance of genome integri-
ty. We propose that piRNAs in the planarian epidermis
might play a role in innate immunity along with the
role of the epidermis in phagocytic cell responses, the
secretion of antimicrobial mucus (Peiris et al. 2014), and
the response to bacterial infection (Arnold et al. 2016).
The piRNA pathway also plays an important role in epi-
thelium cell metabolism and development. In support,
planarian myb-1, whose mouse homolog initiates pachy-
tene piRNA production in testes (Li et al. 2013), was re-
cently shown to be responsible for the progression of the
epidermal lineage, in particular for the specification of
the early progeny cell state (prog-1) (Zhu and Pearson
2018). Moreover, we note that smedwi-3(RNAi) treat-
ment leads to skin lesions in planarians on days 13–14
post RNAi, well before the animal lyses (21 d post-
RNAi) (Palakodeti et al. 2008). This might be due to re-
duced SMEDWI-2 protein levels in the epidermis of
smedwi-3(RNAi) animals (Supplemental Figs. S3, S9D).

The potential role of SMEDWI-3 in determining neoblast
mRNA fate

SMEDWI-3, apart from degrading planarian mRNAs by
targeting their coding sequences in the ping-pong cycle,
specifically binds numerous planarian mRNAs, including
its own. The key to these seemingly opposed SMEDWI-3
activities might lie in the presence or absence of antisense
piRNAs that exhibit distinct base-pairing patterns when
recognizing their mRNA targets (Fig. 5A–C). We suspect
that the piRNA-targeted regions in these transcripts
need to be devoid of stably folded structures for efficient
targeting (Fig. 5E,F). Moreover, piRNAs render it unneces-
sary to evolve conserved nucleotide binding motifs for
each mRNA to be targeted.

We hypothesize that the degradation-independent in-
teraction of SMEDWI-3 with group 3 transcripts might
be a sign of transcript binding by SMEDWI-3, analogous
to mRNA surveillance in the C. elegans germline. There,
PRG-1 and CSR-1 act out a functional rivalry to achieve
the degradation of transcripts that are rated foreign and
to establish an epigenetic memory of this distinction
(Ashe et al. 2012; Lee et al. 2012; Shirayama et al. 2012;
Seth et al. 2013). However, at this point we are not certain
whether SMEDWI-3-mediated piRNA–mRNA interac-
tions that do not trigger mRNA degradation persist long
enough to have a biological function in planarians.
Whether SMEDWI-3 is involved in recognizing and licens-
ing neoblastmRNAs in the planarian S.mediterraneawill
thus require a thorough study of the piRNA pathway re-
sponse to the invasion of foreign nucleic acids. Further-
more, to dissect the molecular mechanism of piRNA-
mediated mRNA turnover biochemical studies address-
ing the function and composition of planarian chromatoid
bodies as well as a thorough investigation of the role of the
planarian epidermis in immune defense are necessary.

Materials and methods

Antibodies

The SMEDWI-2 antibody was generated by immunizing rabbits
with the peptide KKDEEGVEKEK. For the production of a poly-
clonal anti-SMEDWI-3 antibody, theN-terminal 200 amino acids
of SMEDWI-3 were fused to GST, expressed in E. coli, and then
used for immunization. Obtained SMEDWI-3 antiserumwas fur-
ther purified against the antigen coupled to NHS-activated
sepharose.

Immunoprecipitation of SMEDWI proteins

Approximately 150 worms (7–10 mm) were collected, snap-fro-
zen in liquid nitrogen, and homogenized in 4 mL lysis buffer (30
mM HEPES, pH 7.7 [Sigma, H989], 150 mM NaCl, 10 mM KCl,
4 mM MgCl2, 1 mM DTT, 0.5% Triton X-100, Complete
EDTA-free protease inhibitor [Roche]) with aDounce homogeniz-
er. The lysate was cleared by centrifugation at 50,000g for 30 min
at 4°C, followed by filtering it through a 0.20-µmcellulose acetate
syringe filter. For each immunoprecipitation experiment 1 mL of
cleared lysate (protein concentration 3 mg/mL) was incubated
with 10 µg purified antibody for 2 h at 4°C with gentle rotation.
Pre-immune serum was used as negative control. Next, 50 µL
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pre-equilibrated Dynabeads Protein A (Invitrogen) were added to
each sample and incubationwas continued for an additional 2 h at
4°C with gentle rotation. Beads were washed twice with low-salt
buffer (30 mMHEPES, pH 7.7, 150mMNaCl, 10 mMKCl, 4 mM
MgCl2, 5 mM EDTA, 1 mM DTT, 0.1% Triton X-100) and twice
with high-salt buffer (30 mM HEPES, pH 7.7, 300 mM NaCl, 10
mM KCl, 4 mM MgCl2, 5 mM EDTA, 1 mM DTT, 0.1% Triton
X-100).Next, beadswere transferred to a new tube and resuspend-
ed in 200 µL Proteinase K buffer (200 mM Tris, pH 7.5, 300 mM
NaCl, 25 mM EDTA, 1.5% SDS) containing 120 µg/mL Protein-
ase K (Roche). To extract piRNAs that coimmunoprecipitated
with SMEDWI proteins, beads were incubated with Proteinase
K for 20 min at 42°C and 1000 rpm, followed by phenol-chloro-
form extraction and ethanol precipitation of all isolated nucleic
acids.

Small RNA library preparation

Small RNA libraries were constructed as described (Hauptmann
et al. 2015) with some modifications. Briefly, RNA coimmu-
noprecipitated by anti-SMEDWI-1, anti-SMEDWI-2, or anti-
SMEDWI-3 antibodies was used for small RNA cloning.
Pre-adenylated 3′-adapters were ligated to the 3′-end of all
RNAs by a truncated T4 RNA Ligase 2 in the presence of 10%
PEG-8000 at 16°C overnight (PEG-8000 considerably improved
the ligation reaction due to the modified piRNA 3′-end). In a sec-
ond ligation step, T4 RNA Ligase 1 was used to add an RNA
adapter to the 5′-end of all RNAs at 37°C for 1 h. Deep sequencing
was performed on Illumina HiSeq1000 (single-end 50 nt) or Illu-
mina NextSeq 500 (single-end 75 nt) platforms.

rRNA depletion

To deplete planarian rRNA a pool of 88 3′-biotin-labeled DNA
probes with a length of 40 nt were synthesized (siTOOLs Biotech,
Martinsried, Germany). Total planarian RNA from 100,000
FACS-sorted cells was extracted with Trizol. Next, DNA probes
were hybridized to planarian rRNA in hybridization buffer (10
mM Tris-HCl, pH 7.5, 500 mM NaCl, 1 mM EDTA). The RNA-
probe hybrids were then separated twice from total RNA by use
of Dynabeads MyOne Streptavidin C1 (invitrogen) according to
themanufacturer’s protocol. Finally, the supernatantwas collect-
ed, concentrated with Zymo-spin IC columns with size selection
≥200 nt and treated with DNaseI.

SMEDWI-3 HITS-CLIP

SMEDWI-3 HITS-CLIP libraries were prepared as described
(Vourekas and Mourelatos 2014) with the following modifica-
tions: Approximately 50 worms (7–10 mm) were dissociated in
cold calcium- and magnesium-free buffer with 1% BSA (CMFB).
Next, cells were irradiated at 254 nm using a Stratalinker 1800
(Stratagene) once with 400 mJ/cm2 and then again after 30 sec
at 200 mJ/cm2 (Moore et al. 2014). Then cells were pelleted,
snap-frozen in liquid nitrogen, and resuspended in lysis buffer
(30 mM HEPES, pH 7.7, 150 mM NaCl, 10 mM KCl, 4 mM
MgCl2, 1 mM DTT, 0.5% Triton X-100, 0.8 units/µL RNasin
[Promega], Complete EDTA-free protease inhibitors). After treat-
ment with DNase I the whole-cell extract was centrifuged at
50,000g for 30 min at 4°C. It was then incubated with 18 µg of
anti-SMEDWI-3 antibody for 2 h at 4°C with gentle rotation, fol-
lowed by incubation with 150 µL Dynabeads Protein A slurry
(Invitrogen) for another 2 h at 4°C with gentle rotation. Next,
beads were washed twice with low-salt buffer (30 mM HEPES,
pH 7.7, 150 mM NaCl, 10 mM KCl, 4 mM MgCl2, 5 mM

EDTA, 1mMDTT, 0.1%TritonX-100), twicewith high-salt buff-
er (30 mM HEPES, pH 7.7, 500 mM NaCl, 10 mM KCl, 4 mM
MgCl2, 5 mM EDTA, 1 mMDTT, 0.1% Triton X-100), and twice
with 1x PNK buffer (70 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 5
mMDTT, 0.1% Triton). Adapter ligation and library preparation
was conducted as previously described (Vourekas andMourelatos
2014). The resulting libraries were sequenced on an Illumina
NextSeq 500 platform (single-end 75 nt).

SMEDWI-3 CLASH

CLASH libraries were prepared as described for SMEDWI-3HITS-
CLIP with slight modifications (Shen et al. 2018). After immuno-
precipitation of crosslinked RNA-SMEDWI-3 complexes, sam-
ples were treated with RNase T1 (0.1 units in 500 µL of lysis
buffer) for 5 min at 20°C. Next, samples were washed once with
low-salt buffer, once with high-salt buffer and three times with
1x PNK buffer. To phosphorylate the mRNA 5′-ends for chimera
formation and discard possible DNA contaminants, samples
were treated with DNase I and PNK 3′-phosphatase minus. Chi-
mera ligation was conducted overnight in the presence of T4
RNA ligase1 (1 unit/µL) and 10% PEG 8,000. Next, 3′-ends of
crosslinked transcripts were dephosphorylated with Antarctic
phosphatase. Adapter ligation, library preparation, and sequenc-
ing were carried out as described for SMEDWI-3 HITS-CLIP.

Degradome-seq library preparation

Degradome libraries (5′-monophosphate-dependent cloning of
mRNA fragments) were prepared from 2.5 µg of X1 FACS sorted
total RNA as previously described (Wang et al. 2014). Next gener-
ation sequencing was carried out on an Illumina Next-Seq 500
platform (single-end 75-nt mode).

CHIP-seq library preparation

CHIP-seq libraries were prepared from X1 FACS-sorted cells as
previously described (Duncan et al. 2015).

Ex vivo SHAPE-map

Total RNAwas extracted fromworms under non-denaturing con-
ditions as described previously (Smola et al. 2015a) with the fol-
lowing modifications: 50 worms (7–10 mm) were dissociated in
cold calcium- and magnesium-free buffer with 1% BSA (CMFB).
Cells were pelleted and resuspended in 200 µL Proteinase K buffer
(40 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1.5% SDS). DNase I
(150 units, Roche) was added to the cell suspension to degrade ge-
nomic DNA followed by Proteinase K (500 µg/mL) digestion
for 30 min at 37°C, 1000 rpm. Next, RNA was purified by
phenol-chloroform extraction and treated with 1M7 (1-methyl-
7-nitroisatoic anhydride) in DMSO or in DMSO only (negative
control). The final concentration of 1M7 in the reaction after
both treatments was 20 mM. DNaseI treatment, reverse tran-
scription, and SHAPE-MaP library construction were performed
according to the amplicon workflow (Smola et al. 2015b) with
the following modifications: For each target mRNA specific
RT-primers were used. The size of the reverse-transcribed se-
quences did not exceed 1 kb. Reverse transcriptionwas performed
with SuperScript II in the presence of Mn2+ ions followed by
RNA–cDNA hybrid purification with AMPure magnetic beads
(Beckman). Deep-sequencing libraries were constructed using
the Nextera XT Kit (Illumina) and sequenced on an Illumina
NextSeq 500 platform (paired-end 150 nt).
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Data availability

All sequencing data have been deposited in the Gene Expression
Omnibus (GEO), series GSE122199.
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