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SUMMARY
PIWI proteins are known as mediators of transposon silencing in animal germlines but are also found in adult
pluripotent stem cells of highly regenerative animals, where they are essential for regeneration. Study of the
nuclear PIWI protein SMEDWI-2 in the planarian somatic stem cell system reveals an intricate interplay be-
tween transposons and cell differentiation in which a subset of transposons is inevitably activated during cell
differentiation, and the PIWI protein is required to regain control. Absence of SMEDWI-2 leads to tissue-spe-
cific transposon derepression related to cell-type-specific chromatin remodeling events and in addition
causes reduced accessibility of lineage-specific genes and defective cell differentiation, resulting in fatal tis-
sue dysfunction. Finally, we show that additional PIWI proteins provide a stem-cell-specific second layer of
protection in planarian neoblasts. These findings reveal a far-reaching role of PIWI proteins and PIWI-inter-
acting RNAs (piRNAs) in stem cell biology and cell differentiation.
INTRODUCTION

PIWI-interacting RNAs (piRNAs) underlie a highly conserved reg-

ulatory mechanism with profound effects on animal fertility and

protect the animal germline against the mutagenic conse-

quences of transposon activity (Aravin et al., 2006; Girard

et al., 2006; Grivna et al., 2006; Aravin et al., 2007; Brennecke

et al., 2007; Carmell et al., 2007). They rely strictly on a family

of small RNA-binding proteins, the PIWI proteins, for their

biogenesis and their mechanism of action (Cox et al., 1998;

Luteijn and Ketting 2013), which can include both a post-tran-

scriptional component, by cleavage of target mRNAs, and a

transcriptional component, by affecting chromatin at target loci

(Pal-Bhadra et al., 2004; Kuramochi-Miyagawa et al., 2008; Sien-

ski et al., 2012, 2015; Huang et al., 2013; Le Thomas et al., 2013;

Manakov et al., 2015; Yu et al., 2015). Loss of piRNAs or PIWI

proteins leads to elevated levels of transposon transcripts,

increased double-strand breaks, meiotic arrest, and apoptosis

of germ cells (Carmell et al., 2007; Houwing et al., 2007; Klattenh-

off et al., 2007).

Even before the discovery of the piRNAs, PIWI proteins (for

P-element Induced Wimpy testis) were known to have an impor-

tant role in the stem cell biology of the Drosophila germline (Cox

et al., 1998, 2000; Gonzalez et al., 2015). More recently, PIWI

proteins have been reported outside of the gonads in various

other stem cell systems and somatic tissues, including neuronal

tissue, lung epithelium, intestine, fat body, the hematopoietic

system, cardiac progenitors, and cancer cells (Sharma et al.,

2001; Li et al., 2009a; Malone et al., 2009; Lee et al., 2011;
This is an open access article under the CC BY-N
Rajasethupathy et al., 2012; Perrat et al., 2013; Ortogero et al.,

2014; Ross et al., 2014; Jones et al., 2016; Nandi et al., 2016;

Vella et al., 2016; Sousa-Victor et al., 2017; Wasserman et al.,

2017) and were detected broadly in somatic tissues of mollusks

and arthropods (Jehn et al., 2018; Lewis et al., 2018), suggesting

that in their ancestral state PIWI proteins were probably widely

expressed and had functions independent of germline mainte-

nance. However, reports on the presence of piRNAs and the

relevance of PIWI in these tissues are at times conflicting (Nolde

et al., 2013; Tosar et al., 2018; Genzor et al., 2019), and thus the

biological role of the piRNA pathway in extra-gonadal tissues has

remained ambiguous.

Somatic stem cells of highly regenerative animals, such as cni-

darians, sponges, acoels, and planarians, contain high levels of

PIWI protein (Reddien et al., 2005; De Mulder et al., 2009; Fried-

länder et al., 2009; Funayama et al., 2010; Shibata et al., 2010;

Juliano et al., 2014; Lim et al., 2014; Praher et al., 2017), and

loss of piRNAs or PIWI proteins from these somatic stem cells

invariably leads to loss of the regenerative potential of the animal

(Reddien et al., 2005; De Mulder et al., 2009; Rinkevich et al.,

2010; Srivastava et al., 2014; van Wolfswinkel 2014; Shibata

et al., 2016), indicating that they have an important function in

stem cell biology. Regenerative organisms therefore form attrac-

tive and accessible models to delineate the somatic functions of

the piRNA pathway.

The planarian Schmidtea mediterranea encodes three PIWI

proteins (Reddien et al., 2005; Palakodeti et al., 2008).

SMEDWI-3 is a putative homolog of Drosophila Ago-3, whereas

SMEDWI-1 and SMEDWI-2 are more similar to each other than
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to the two primary PIWI clades (Figure 1A). All three planarian

piwi genes are expressed in the stem cells (neoblasts) with little

expression outside of this cell population (Figure S1A) (Reddien

et al., 2005; Palakodeti et al., 2008), and RNAi-mediated knock-

down of smedwi-2 or smedwi-3 leads to complete animal

lethality preceded by a decline of the neoblast population (Fig-

ures S1C and S1D) (Reddien et al., 2005; Palakodeti et al.,

2008). Intriguing results in two planarian systems suggested

that PIWI proteins might affect cell differentiation (Reddien

et al., 2005; Shibata et al., 2016); however, the mechanism

behind this has remained unknown.

To examine the impact of the piRNA pathway in stem cell

biology, we studied the role of the PIWI protein SMEDWI-2 in

planarian stem cells and stem cell function. Remarkably, we find

that the loss of SMEDWI-2 protein expression from the stem cells

leads to different outcomes depending on the lineage into which

the cells differentiate. We find that SMEDWI-2 is directly targeted

to repetitive regions in the genome, and loss of SMEDWI-2 results

in decreased H3K9 methylation at these loci. Once the affected

cells exit the stem cell state and progress through cell differentia-

tion, chromatin defects compromise the cell differentiation

process: the resulting differentiated cells showan increase in tran-

scription of tissue-specific transposable elements, as well as a

decrease in the transcription of typical cell-type-specific markers.

Moreover, we find that the lineage-specific changes in chromatin

accessibility that take place during wild-type cell differentiation

similarly cause the desilencing of lineage-specific subsets of

transposons, and that these are actively restrained by SMEDWI-

2. Differentiating cells thus inevitably incur the risk for deregulation

unless surveillance by SMEDWI-2 brings their chromatin back un-

der control.Weconclude that althoughSMEDWI-2 directly targets

transposable elements, the implications of its regulatory function

extend well beyond repetitive sequences, and that SMEDWI-2 is

essential to escort cells through their chromatin transitions during

the process of cell differentiation.

RESULTS

Transposon deregulation in smedwi-2(RNAi) animals is
tissue specific
smedwi-2 is primarily expressed in the neoblasts (Reddien et al.,

2005) (Figure S1A), but its protein product localizes to the nuclei
Figure 1. Loss of nuclear PIWI protein SMEDWI-2 leads to tissue-spec

(A) Maximum likelihood tree of Argonaute family proteins. Bootstrap values are s

(B) Western blot of nuclear and cytoplasmic fractions, showing SMEDWI-2 prote

(C) Western blot of FACS-isolated neoblasts and differentiated cells (left) and of a

showing persistent presence of SMEDWI-2 protein in differentiated cells.

(D) Heatmap showing log2 fold changes of neoblast genes (left) or transposons (

total cells at different time points of smedwi-2(RNAi). The expression levels rema

(E) FISH staining of transposon transcripts BURRO1, GLT2, and Gypsy8 showin

(F) Double FISH of transposons BURRO1 (magenta) and GLT2 or Gypsy8 (green

(G) Immunofluorescence for SMEDWI-2 protein (green) with FISH against BUR

upregulation of transposon expression in many smedwi-2(RNAi) epidermal cells.

(H) Schematics of isolated tissues and heatmap showing log2 fold changes in R

compared with controls.

(I) Venn diagram of transposon copies with significantly upregulated RNA expres

Bm, Bombyx mori; Ct, Capitella teleta; Dm, Drosophila melanogaster; Dr, Danio

Platynereis dumerilii; Sm, Schmidtea mediterranea.
of most planarian cells (Figures 1B and 1C; Figure S1B) (Zeng

et al., 2013; Kim et al., 2019). We detected similar levels of

SMEDWI-2 protein across all tissues and cell stages tested (Fig-

ure 1C; Figure S1B), indicating that although the bulk of

SMEDWI-2 protein synthesis likely takes place in the neoblasts,

planarian cells of all cell types retain this protein in their nucleus

throughout their lifespan.

Previous work had suggested that although loss of SMEDWI-2

protein is lethal, the neoblasts of smedwi-2(RNAi) animals ap-

peared to be unaffected (Reddien et al., 2005). Indeed, we

confirmed that neoblasts remained mitotically active upon loss

of SMEDWI-2 (Figures S1C–S1F). Gene expression in the neo-

blast population also remained largely unchanged, andderepres-

sion of transposons was minimal in the neoblasts (Figure 1D),

whereas differentiated cells showed stronger increases in trans-

poson levels.

Interestingly, fluorescent in situ hybridization (FISH) using

several transposon probes revealed that each transposon

showed a unique but highly reproducible spatial pattern in

smedwi-2(RNAi) animals that appeared to be reminiscent of

a tissue type (Figure 1E; Figure S1G) and did not significantly

overlap in individual cells (Figure 1F). We further noticed

that the expression of transposable elements was cell auton-

omous, and that within a tissue, only cells that lacked

SMEDWI-2 protein expressed their specific transposons (Fig-

ure 1G; Figure S1H).

RNA sequencing (RNA-seq) of isolated tissues confirmed the

tissue specificity of transposon desilencing (Figure 1H). Some

transposons had larger fold changes in neoblasts than in differ-

entiated cells but still had very low read counts, and highly ex-

pressed transposons were detected only outside the neoblast

population. Gypsy-related long terminal repeat (LTR) transpo-

sons were particularly prone to activation, and many Gypsy-

related transposon copies were uniquely deregulated in a

specific tissue (Figures 1H and 1I; Figures S1J and S1K).

These findings are remarkable, as we had expected loss of

SMEDWI-2 to lead to global loss of transposon repression.

Even if only a subset of planarian cells or a subset of transposons

would be affected, we had expected the same set of transpo-

sons to be expressed in each deregulated cell. Instead, we found

expression of cell-type-specific subsets of transposable ele-

ments, revealing unexpected heterogeneity.
ific desilencing of transposons

hown at tree branches.

in in the nucleus.

nimals in which new cell production has been eliminated for 3 or 12 days (right),

right) in G2/M phase neoblasts (X1 cells), G0/G1 phase neoblasts (X2 cells), or

in largely unchanged in the neoblasts.

g different anatomical patterns. Scale bar, 200 mm.

), showing little overlap in individual cells. Scale bars, 100 mm.

RO1 (magenta) in smedwi-2(RNAi) animals, showing loss of SMEDWI-2 and

Scale bars, 100 mm. Right: enlarged. Scale bar, 10 mm.

NA expression of top 100 altered transposons in each smedwi-2(RNAi) tissue

sion in smedwi-2(RNAi) brain, epidermis, and/or intestine.

rerio; Hv, Hydra vulgaris; Mm, Mus musculus; Nv, Nematostella vectensis; Pd,
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Tissue-specific gene expression is deregulated in
smedwi-2(RNAi)

Loss of SMEDWI-2 leads to widespread tissue failure (Figure 2A;

Figure S2A), and we noticed that although RNA levels of many

transposons were increased in each of the isolated tissues in

smedwi-2(RNAi) samples, coding genes characteristic for each

tissue were generally reduced in expression (Figure 2B). Using

double FISH to inspect the relation between transposon expres-

sion and tissue identity, we found that cells expressing the

intestinally enriched transposon BURRO1 that were clearly

embedded in the intestinal lining nevertheless no longer ex-

pressed the intestinal marker madt-1 (Figure 2C), or other intes-

tine-specific transcripts (Figure S2B), indicating that they are

unlikely to be functional intestinal cells. We detected a similar

lack of neuronal markers from cephalic ganglion cells expressing

the neuronally enriched transposonGLT2 in smedwi-2(RNAi) an-

imals (Figure 2D).

A possible explanation for the finding that transposon-ex-

pressing cells no longer express tissue-specific markers is that

these cells are damaged by the high levels of transposon activity.

To address this, we first applied live/dead staining using propi-

dium iodide (PI) and calcein on macerated smedwi-2(RNAi)

animals to isolate only viable cells. Using FISH, we found that

transposon-expressing cells remained present among the iso-

lated live differentiated cells (Figure 2E). Next, we used staining

for the DNA damage marker poly-ADP ribose to evaluate the

state of the genomic DNA, and we found that the smedwi-

2(RNAi) cells showed no signs of increased DNA damage relative

to control cells (Figure 2F). Further, we saw no improvement of

the smedwi-2(RNAi) phenotype upon treatment with RNAi

against the highly abundant and active retrotransposon

BURRO1 or with reverse transcriptase inhibitors (Figures S2C

and S2D), indicating that transposon activity and resulting DNA

breaks are most likely not the cause of the observed defects in

cell regulation.

Together this shows that differentiated cells that lack

SMEDWI-2 protein show major defects in tissue-specific gene

expression.
Figure 2. Tissue-specific gene expression is progressively deregulate

(A) Top: FISH of intestinal marker dd75 shows degenerated intestine in day (d) 10

staining shows disorganized ventral epidermis with reduced cell density, deform

endpoint. Scale bars, 20 mm.

(B) Schematic of the isolated tissues and heatmap showing the summarized e

indicated tissue types.

(C and D) Double FISH of BURRO1 (magenta) with intestinal marker madt-1 (gre

smedwi-2(RNAi) animals. Transposon-expressing cells are found in the differen

20 mm.

(E) FISH of BURRO1 (magenta) in FACS-isolated neoblasts (X1) or differentiated

regulation in live, differentiated cells. Scale bars, 10 mm.

(F) Immunostaining of poly-ADP ribose (PAR) in control, smedwi-2(RNAi), and 1 m

experiments showing no increase of DNA damage in smedwi-2(RNAi) cells. Righ

(G) Principal-component analysis (PCA) of time-course RNA-seq data from sme

from controls starting at d4.

(H) Log2 fold change of lineage-specific genes showing progressive loss of expr

(I) Right: proportion of BrdU+ cells expressing GLT2 after different chase peri

representative image showing BrdU+ cells with GLT2 expression (white arrowhe

(J) Log2 fold change of lineagemarkers in EdU-labeled control and smedwi-2(RNA

after EdU feed. Gene expression was measured by qPCR and normalized to the
Smedwi-2(RNAi) cell deregulation develops during cell
differentiation
To determine what causes this transcriptional deregulation of

smedwi-2(RNAi) cells, we first determined the temporal develop-

ment of the phenotype. A time course of mRNA expression re-

vealed that smedwi-2(RNAi) animals were already distinct from

controls at day 4 after the start of treatment and progressively

diverged from the controls (Figure 2G). Changes in gene expres-

sion affected genes characteristic of multiple tissues and exacer-

batedover time (Figure2H).Genesignaturesofearlydifferentiating

cell types were particularly strongly reduced, suggesting the

phenotype may start in these cells.

We next determined the delay between cell division and trans-

poson expression by labeling newly dividing cells with bromo-

deoxyuridine (BrdU) and probing for co-expression with the trans-

poson GLT2 at different time points after labeling (Figure 2I;

Figure S2E). The delay between S-phase and M-phase in the

planarian cell cycle is estimated to be around 8 h (Newmark and

Sánchez Alvarado, 2000); however, no overlap between BrdU-

labeled cells and transposon expression was detected at 4 h or

at 24 h after labeling. Only at 72 h after BrdU incorporation was

GLT2 expression detected in BrdU-labeled cells. This shows that

deregulation of transposon expression happens not in cells that

are actively cycling but rather in the early days after cell-cycle exit.

We further tracked the deregulation of smedwi-2(RNAi) cells

by qPCR analysis of EdU pulse-labeled cells at different time

points after their last division (Figure 2J). At 1 day after labeling,

cells have started their differentiation trajectories, and early dif-

ferentiation markers are highly expressed. Early epidermal

markers p53, prog-1, and prog-2 (Eisenhoffer et al., 2008; van

Wolfswinkel et al., 2014) decreased rapidly after day 1 in both

control and smedwi-2(RNAi) cells. In smedwi-2(RNAi) samples,

however, expression of intermediate epidermal genes agat-1,

agat-2, and agat-3 was delayed, indicating that these cells

proceed along an altered epidermal-like differentiation path.

Similarly, early intestinal markers nkx-2.2 and hnf-4 (Forsthoefel

et al., 2012; van Wolfswinkel et al., 2014) dropped rapidly in

smedwi-2(RNAi) cells after 1 day of cell-cycle exit, but the
d in smedwi-2(RNAi)

smedwi-2(RNAi) animals. Scale bars, 200 mm. Bottom: concanavalin A (Con A)

ed nuclei, and small lesions (yellow arrowhead) in smedwi-2(RNAi) animals at

xpression changes upon smedwi-2(RNAi) of genes expressed in each of the

en) (C) or GLT2 (magenta) with neuronal marker PC2 (green) (D) in control and

tiated tissues but fail to express the appropriate tissue markers. Scale bars,

cells (Xins) from control or smedwi-2(RNAi) animals showing transposon up-

M H2O2-treated differentiated cells (Xins). Left: quantification of four separate

t: representative images. Scale bars, 10 mm.

dwi-2(RNAi) total cells. PC1 increasingly separates smedwi-2(RNAi) samples

ession of epidermal and intestinal lineage markers in smedwi-2(RNAi) animals.

ods. Transposon upregulation is observed 3 days after cell-cycle exit. Left:

ads). Scale bar, 10 mm.

i) differentiating cells. EdU+ cells were isolated by FACS at corresponding days

d1 cells.
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Figure 3. SMEDWI-2 targets transposon-rich regions on the chromatin level

(A) Mapping composition of b-eliminated SMEDWI-2-bound small RNA.

(B) Log10 reads per million (RPM) of uniquely perfectly mapped SMEDWI-2-bound piRNAs over a 2.5-Mb region of the genome. Note that many transposon

regions are repetitive and contain few uniquely mapped reads.

(C) piRNA abundance normalized to transcript abundance. Only transposons have high numbers of piRNAs relative to transcript abundance.

(legend continued on next page)
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increase in gata-4/5/6 was delayed (Figure 2J). Whereas the late

intestinal marker madt-1 could just be detected toward the end

of the time course in control cells, this stage was not reached

in the smedwi-2(RNAi) differentiating cells. Importantly, we found

no significant shift in the fraction of cells entering the epidermal

lineage (Figure S2F), indicating that the detected RNA changes

are due to expression changes in individual cells rather than

changes in the number of cells in the lineages.

Taken together, these data indicate that smedwi-2(RNAi)

affects the overall differentiation trajectories of newly differenti-

ating cells resulting in altered gene expression and defective

cell differentiation.

SMEDWI-2 targets genomic regions rich in transposon
sequence
Although transposons are typical piRNA targets, studies across

model systems have found large fractions of piRNAs that do not

correspond to repetitive elements (Aravin et al., 2007; Houwing

et al., 2007; Palakodeti et al., 2008; Friedländer et al., 2009;

Kim et al., 2019), and several have suggested direct regulation

of coding genes by PIWI proteins (Wu and Zamore 2021).

Thus, the developmental defects in smedwi-2(RNAi) cells could

be caused by the deregulation of targeted mRNAs.

To identify SMEDWI-2 targets, we immunoprecipitated

SMEDWI-2 protein and analyzed the bound small RNAs (Figures

S3A–S3C). The isolated RNAs had the length (31–35 nt) and 30

methylation characteristic of piRNAs, indicating that the isolated

small RNAs are genuine piRNAmolecules. 49% of the SMEDWI-

2-bound piRNAs mapped to annotated transposons (Figure 3A),

a further 2.5% mapped to the non-repetitive transcriptome, and

43%mapped to the planarian genome, but not to any annotated

elements. These genomic piRNAs were overwhelmingly derived

from the same genomic regions as the transposon-related piR-

NAs (Figure 3B), indicating that their classification is most likely

the result of incomplete annotation of planarian transposable el-

ements.We therefore conclude that over 90%of the SMEDWI-2-

bound piRNAs match repetitive regions.

Protein-coding genes made up only a minor fraction of

SMEDWI-2 piRNAs, and several lines of evidence suggest that

they are likely aspecific degradation remnants of mRNAs rather

than regulatory RNAs: the majority of coding genes had very

few matching piRNA reads (Figure 3C; Figure S3D); reads

matching to coding genes were depleted from the SMEDWI-2

immunoprecipitation (IP) compared with the total small RNA

pool (Figure 3D), and whereas transposon-related piRNAs

were mostly antisense and therefore could target such se-

quences by base pairing, genic piRNAs were primarily in the

sense orientation, which does not allow for any such effect (Fig-
(D) piRNA enrichment in SMEDWI-2 IP versus input. Only transposon mapping p

(E) Correlation of transposon piRNA abundance and expression changes upon s

between piRNA abundance and expression upregulation, suggesting that they a

(F–H) Log2 fold change in smedwi-2(RNAi) of ATAC (F), H3K4me3 (G), or H3K9m

lapping transposons or gene promoters are shown in magenta and green, respe

increased H3K4me3, and/or decreased H3K9me3 signal upon smedwi-2(RNAi)

accessibility, decreased H3K4me3, or increased H3K9me3 modifications.

(I and J) Genome browser view showing piRNA targeted transposon copy BURR

31A3 downregulated upon smedwi-2(RNAi) (J).

Ctrl, control; s2KD, smedwi-2(RNAi).
ure S3E). Furthermore, we found a general correlation between

mRNA abundance and genic piRNA read count, supporting the

idea that the identified genic small RNAs could be remnants of

regular mRNA metabolism. Finally, transposable elements, in

particular LTR retrotransposons and polintons, showed clear

evidence of piRNA-guided silencing by SMEDWI-2 (Figure 3E):

elements with more piRNAs tended to show stronger de-repres-

sion upon smedwi-2 knockdown (r = 0.63), whereas SMEDWI-2-

bound genic piRNAs showed no correlation (r = 0.06) with effects

of smedwi-2(RNAi) on genic transcript levels (Figure S3F), even

when releasing the stringency of mapping to allow for base pair-

ing limited to the ‘‘seed’’ region of the piRNA. Together this

suggests that SMEDWI-2-bound piRNAs are unlikely to target

protein-coding genes. Occasional genes that were nevertheless

upregulated upon smedwi-2 knockdown, and therefore could

potentially be direct targets of SMEDWI-2-mediated repression,

tended to have large amounts of transposon sequence in their

surrounding non-coding regions (Figures S3G and S3H), sug-

gesting that some of the observed genic changes are likely

due to co-regulation with their genomic environment rather

than to direct genic targeting by piRNAs, similar to what has

been proposed before in Drosophila (Sienski et al., 2012). How-

ever, the majority of altered coding genes were downregulated

upon loss of SMEDWI-2, suggesting a different mechanism of

regulation. These genes did not show proximity of transposon

sequences or coverage of piRNAs but tended to cluster together

in genomic regions (see below).

Together these findings indicate that repetitive elements are

the primary targets of SMEDWI-2-mediated regulation, and

that direct targeting of coding genes is unlikely.

SMEDWI-2 controls chromatin accessibility at its
targeted regions
PIWI proteins can exert their effect on the transcriptional or on

the posttranscriptional level, and the nuclear localization of

SMEDWI-2 suggests that it may well regulate gene expression

at the transcriptional level.

To evaluate this, we performed the assay for transposase-

accessible chromatin with sequencing (ATAC-seq) on neoblasts

and differentiated cells from both wild-type animals and

smedwi-2(RNAi) animals, and compared changes in chromatin

accessibility with the genomic density of the cloned piRNA se-

quences (Figure 3F). We found that in both cell types, chromatin

at loci with high levels of piRNAs became generally more acces-

sible (higher ATAC-seq read coverage, p < 2.2e�16) upon

smedwi-2 knockdown, suggesting that SMEDWI-2 has a gener-

ally repressive effect on chromatin at its target loci. These loci

overwhelmingly corresponded to transposon-rich regions. In
iRNAs are enriched in SMEDWI-2 IP.

medwi-2(RNAi). LTR retrotransposons and Polintons show a clear correlation

re directly repressed by SMEDWI-2.

e3 (H) peaks in relation to piRNA density. Significantly changed peaks over-

ctively. Transposon overlapping peaks tend to show increased accessibility,

, while some gene promoter peaks not targeted by piRNAs show decreased

O4 upregulated upon smedwi-2(RNAi) (I) and non-targeted coding gene cyp-

Cell Reports 37, 109776, October 5, 2021 7
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contrast, loci with low piRNA density, largely corresponding to

genes, tended to show reduced accessibility in the smedwi-

2(RNAi) animals.

To further investigate the chromatin organization in smedwi-2

knockdown animals, we analyzed changes in activating

(H3K4me3) (Kim et al., 2019) (Figure 3G) and repressive

(H3K9me3) (Figure 3H) histone modifications in response to loss

of SMEDWI-2 and related them to piRNA density. More than

90% of the altered H3K4me3 peaks at piRNA-targeted regions

gained H3K4me3 signal, whereas more than 60% of the altered

H3K9me3 peaks lost H3K9me3 signal, indicating that both marks

contribute to the increased chromatin accessibility at the piRNA-

targeted regions in smedwi-2 knockdown animals. Moreover,

peaks overlapping transposons were more likely to gain

H3K4me3 and lose H3K9me3 signals, consistent with our obser-

vations that primarily transposon transcripts are upregulated

upon smedwi-2(RNAi).

Not all transposon families were affected equally. Transpo-

sons belonging to the LTR retrotransposons and Polintons,

which had shown a clear correlation between piRNA density

and the magnitude of transcript deregulation in smedwi-

2(RNAi) animals (Figure 3E), also showed stronger effects at

the chromatin level (Figures S3I–S3J).

Overall, we observed clear and consistent changes in the

chromatin state of regions targeted by SMEDWI-2-bound piR-

NAs, indicating that SMEDWI-2 mediates repression of its direct

targets (at least in part) at the chromatin level.

Transposons are reactivated by the cell differentiation
process
But why is the desilencing of transposon regions upon loss of

SMEDWI-2 tissue specific? This heterogeneity in outcome could

either be caused by tissue-specific changes in SMEDWI-2 tar-

geting or by tissue-specific differences in the activation potential

of the transposons.

SMEDWI-2 remains present in the nuclei of differentiated cells

(Figure 1C; Figure S1C) and remains loaded with piRNAs (Fig-

ure 4A), so differences in piRNA populations could explain differ-
Figure 4. Changes in chromatin accessibility during differentiation sen

(A) Autoradiogram of piRNAs precipitated with the same amount of SMEDWI-2 f

piRNAs in differentiated cells. Normalized quantification of signal is shown unde

(B) Correlation of epidermal and intestinal piRNA density on transposon copies w

(C) Changes in transposon-overlapping ATAC peaks in smedwi-2(RNAi) neoblast

(D) Chromatin changes during wild-type differentiation from neoblast to brain or e

loses (dark) H3K4me3 during differentiation. Bottom right: fraction of activating t

(E) Heatmap of log2 RPM of top 100 abundant transposons in the indicated tis

specific.

(F) Violin plots showing H3K4me3 increase in different classes of transposons dur

retroelements and Polintons are desilenced during normal differentiation.

(G) Venn diagrams of activated genomic regions during wild-type cell differentiatio

in brain.

(H) Venn diagrams representing activation of genomic regions because of loss

specific.

(I) Horizontal arrows indicate the percentage of transposon copies located in sig

entiation from control neoblasts to brain or epidermis. Vertical arrows represent t

chromatin state changes upon smedwi-2(RNAi). Transposons that decondense up

open during normal differentiation (**** p < 0.0001).

(J) Top: H3K4me3 profile of control neoblasts (blue) and brain (orange) over a

chromatin and increasing gene expression during normal differentiation and furt
ences in targeting. However,we found that theSMEDWI-2 piRNA

populations in neoblasts, brain, epidermis, and intestine were

highly similar (Figure 4B; Figure S4A). Even transposons with

clear tissue-specific RNA expression upon smedwi-2(RNAi)

showed no significant differences in piRNA levels, indicating

that the tissue-specific effects are not due to tissue-specific tar-

geting of SMEDWI-2.

We next focused on the chromatin state of the different cell

types. Cell differentiation is accompanied by tissue-specific

changes in chromatin organization, and we had noticed that

the effects of SMEDWI-2 on chromatin state were more pro-

nounced in differentiated cells than in neoblasts (Figure 4C).

We therefore asked whether tissue-specific chromatin changes

that take place during cell differentiation could underlie the tis-

sue-specific transposon derepression upon loss of SMEDWI-2.

We isolated wild-type neoblasts, brain, and epidermis to deter-

mine the changes that occur during normal cell differentiation. The

extent of chromatin change varied strongly between tissues (Fig-

ure4D): changes inaccessible chromatin in theepidermis involved

as much as 27.2% of the total genome, but shifts in the neuronal

lineages were much more modest (7.1%). Further, the wild-type

tissues already showed tissue specificity in transposon levels (Fig-

ure 4E), and the larger chromatin changes in epidermal differenti-

ation correlated with higher increases in transposon activation in

this lineage (Figure 4G). Furthermore, although the significantly

activated chromatin regions (>4-fold increase in H3K4me3)

covered only small fractions of the total genome (5% of the

genome in brain and 9.8% of the genome in epidermis), these re-

gions contained themajority of all the activated transposons (53%

of activated transposons in brain and 74% in epidermis)

(Figure 4D), indicating a close correlation between cell differentia-

tion-related chromatin changes and transposon activation. Inter-

estingly, the same transposon classes that are most heavily

targeted by piRNAs (LTR retrotransposons, Polintons, and to a

lesser extent, non-LTR retrotransposons) demonstrated higher

levels of H3K4me3 and RNA increases during normal differentia-

tion (Figure 4F; Figure S4B), indicating that they are actively

repressed by SMEDWI-2-dependent regulation. Together, this
sitize regions in a tissue-specific manner

rom different cell populations, showing that SMEDWI-2 protein is loaded with

r each lane.

ith tissue-specific RNA upregulation in smedwi-2(RNAi).

s and differentiated cells showing stronger deregulation in differentiated cells.

pidermis. Left: schematic. Top right: fraction of the genome that gains (light) or

ransposon copies located in each of these genomic regions.

sues of control animals. Baseline expression of transposons is already tissue

ing differentiation from control neoblasts to neuronal or epidermal lineage. LTR

n. Activated regions are tissue specific. Changes are stronger in epidermis than

of SMEDWI-2. Activated regions and transposon copies are strongly tissue

nificantly opening, closing, or unchanged chromatin regions during the differ-

he percentage of transposon copies within each category that show significant

on smedwi-2(RNAi) are significantly enriched in chromatin regions that already

2.5-Mb genome region. Bottom: genome browser views of loci with opening

her opening of transposon copies (dashed boxes) upon smedwi-2(RNAi).
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shows that even in the wild-type situation, transposons are a

persistent sleeping threat to the cells that can be awakened by

the chromatin remodeling events during cell differentiation.

Next, we determined which regions changed in chromatin

state in response to smedwi-2(RNAi).We found that the genomic

locations of the smedwi-2-dependent transposon changes

differed significantly between tissues (Figure 4H) and correlated

with the tissue-specific regions that increase in accessibility dur-

ing normal cell differentiation (Figure 4I): transposons located in

regions that increased in H3K4me3 during differentiation were

over four times more likely to show further increases in

H3K4me3 upon loss of SMEDWI-2 than transposons located in

other regions of the genome (Figures 4I and 4J; Figure S4C).

Together, these data suggest that the chromatin changes dur-

ing cell differentiation create an environment in which specific

transposons can become expressed, and that SMEDWI-2 func-

tions to actively maintain silencing of these transposons during

fate transitions.

Loss of SMEDWI-2 results in incompletely differentiated
cells that negatively affect animal health
We previously showed that genes are not direct targets of

SMEDWI-2-bound piRNAs, but tissue-specific gene expression

is clearly affected in smedwi-2(RNAi) animals (Figure 2). This was

alsodetectedat thechromatin level: genes that shouldgainacces-

sibility during wild-type cell differentiation remained less acces-

sible in smedwi-2(RNAi), whereas genes that should be

condensed were likely to remain accessible (Figures 5A and 5B),

suggesting that cells do not reach their fully differentiated state.

It is important tonote that thesefindingsarebasedoncells isolated

by their tissue-specific localization or function, requiring that they

have taken on a major portion of their tissue-specific features.

Cells that would not have progressed this far in their differentiation

are not included in this analysis, and therefore the detectedeffects

are likely an underestimation of the actual differentiation defects.

Interestingly, downregulated genes tended to be concentrated

in the genome. Although only 0.2%of the genomewas decreased

in accessibility upon loss of SMEDWI-2, 73% of genes with

reduced H3K4me3 were located in these regions (Figure 5C).

Genes with reduced expression also tended to occur in clusters,

indicating that their genomic location is relevant for their altered

expression (Figure5D).Because thesegenesarenot direct targets

of piRNAs, this is suggestive of long-range chromatin effects,

changing the expression of all genes located in particular genomic

regions.

Among the genes with significantly altered chromatin were

several lineage-specific transcription factors. For example,

nkx2.2 and hnf4, major transcription factors in the intestinal line-

age (Forsthoefel et al., 2012; vanWolfswinkel et al., 2014), showed

significantly reduced promoter accessibility upon smedwi-

2(RNAi) (Figure 5E). In accordance, the mRNA levels of these fac-

tors were significantly decreased. Similarly, epidermal transcrip-

tion factors p53 and zfp-1 (van Wolfswinkel et al., 2014) were

downregulated in smedwi-2(RNAi) animals (Figure S5A). A reduc-

tion of such transcription factors will result in downstream effects

on gene expression unrelated to direct SMEDWI-2 targeting.

We thus propose that the losses in tissue-specific gene

expression in smedwi2(RNAi) animals likely originate at the chro-
10 Cell Reports 37, 109776, October 5, 2021
matin level, and that the lack of activation of major transcription

factors results in further deregulation of gene expression and cell

differentiation.

smedwi2(RNAi) animals have a remarkably short lifespan

(Reddien et al., 2005). In fact, we found that lethality of

smedwi-2(RNAi) animals occurred well before that of animals

without any stem cells as induced by irradiation (Figure S5B; Fig-

ure 5F) or RNAi-mediated knockdown of histones (Figure S5C),

suggesting that the complete absence of novel cell differentia-

tion is less detrimental to the animal than aberrantly differenti-

ating smedwi-2(RNAi) cells. Indeed, reducing cell differentiation

by RNAi against themaster transcription factormex-3 (Zhu et al.,

2015) led to a delay in transposon upregulation, as well as a sig-

nificant delay in organismal mortality (Figures 5G and 5H, p <

0.0001) compared with smedwi-2 alone.

Together, these data indicate that the loss of SMEDWI-2 leads

to altered and incomplete cell differentiation in several lineages,

and that the accumulation of such poorly differentiated cells

likely leads to the observed lethality in smedwi-2(RNAi) animals.

Neoblasts have a double layer of protection against
transposon activation
Our data demonstrate an important role for SMEDWI-2 in main-

taining chromatin integrity in differentiating planarian cells.

Remarkably, the neoblasts appear to be spared and do not

showmajordefects in functionorgeneexpression (Figure1D;Fig-

ure S1), even though SMEDWI-2 is present in these cells. In

contrast with differentiated cells, neoblasts also contain cyto-

plasmic PIWI proteins SMEDWI-1 and SMEDWI-3, which could

form a second layer of transposon control at the post-transcrip-

tional level. Indeed, neither single RNAi of smedwi-2 nor

smedwi-1/3 double RNAi resulted in detectable expression of

transposons within the neoblasts, but smedwi-1/2/3 triple RNAi

neoblasts showedsignificant transposonupregulation (Figure 6A;

Figure S6A).Of note, this functional redundancy is independent of

ping-pong amplification of piRNAs, which would fail as soon as

either of the PIWI proteins involved is depleted.

We found that transposon sequences in smedwi-2(RNAi) neo-

blasts already had reduced levels of H3K9me3 marks (Figures

6B and 6D), indicating that their silencing is indeed compro-

mised. In differentiated tissues such as the brain, where

SMEDWI-1 and SMEDWI-3 are no longer present, opened trans-

posons showed significantly higher RNA fold changes in

smedwi-2(RNAi) compared with unchanged loci (Figure 6C).

However, in neoblasts due to the presence of a backup mecha-

nism, RNA levels of transposons were independent of their chro-

matin changes (Figures 6C and 6D).

Our data thus indicate that the neoblasts have two layers of

protection against activation of transposons: SMEDWI-2 coordi-

nates silencing at the transcriptional level by increasing H3K9

methylation at transposon loci, and SMEDWI-1 and SMEDWI-3

eliminate leak-through transposon transcripts at the post-tran-

scriptional level.

DISCUSSION

Planarians have impressive regenerative and homeostatic abili-

ties that rely on the long-termmaintenance of somatic pluripotent
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Figure 5. SMEDWI-2 knockdown leads to deregulated cells that have a detrimental effect on animal health
(A) Violin plots showing genes with altered promoter accessibility during normal differentiation from neoblasts to epidermis and their changes upon smedwi-

2(RNAi). ****p < 0.0001, by Mann-Whitney U test. Genes with increased accessibility during normal differentiation tend to be less upregulated upon smedwi-

2(RNAi) and vice versa.

(B) Horizontal arrows indicate the percentage of genes upregulated or downregulated during the differentiation from control neoblasts to epidermis or intestine.

Vertical arrows represent the percentage of genes within each category that show significant changes upon smedwi-2(RNAi). Asterisks indicate the significance

of enrichment. Genes that are downregulated upon smedwi-2(RNAi) are significantly enriched among genes that are normally upregulated during differentiation.

(C) Although only minor regions of the genome gain (blue) or lose (red) H3K4me3 (left) in smedwi-2(RNAi); genes that decrease (right) in H3K4me3 are clustered in

those regions.

(D) 1-Mb genome window showing several domains of clustered genes with reduced expression upon smedwi-2(RNAi).

(E) Genome browser view showing downregulation of intestinal transcription factors nkx2.2 and hnf-4 in smedwi-2(RNAi) neoblasts.

(F) Schematic of the timeline of animal survival and neoblast loss in smedwi-2(RNAi) compared with g-irradiated animals. Blue brackets: time span between

neoblast loss and animal lethality.

(G andH) Inhibition of cell differentiation bymex-3 knockdown results in partial rescue of the smedwi-2(RNAi) phenotype. (G) Log2 fold change of gene expression

in mex-3(RNAi), smedwi-2(RNAi), and mex-3 smedwi-2(double RNAi) animals relative to control, measured by qPCR. Mex-3(RNAi) shows a decrease in cell

differentiation marker prog-1 and an increase in neoblast marker tgs-1. (H) Survival curve ofmex-3(RNAi), smedwi-2(RNAi), andmex-3 smedwi-2(dRNAi) animals.

Mex-3 smedwi-2(dRNAi) animals show delayed transposon upregulation and significantly longer lifespan than smedwi-2(RNAi) animals (p < 0.0001 by log rank

test; n = 20; 3 replicates).
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stem cells and the tight control of cell fate. This poses a unique

opportunity to identify the regulatory strategies that are essential

for effective regeneration and stem cell health.
Previous studies had shown that the planarian PIWI protein

SMEDWI-2 is essential for regeneration and homeostasis and

had proposed that its role is in neoblast descendants,
Cell Reports 37, 109776, October 5, 2021 11
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Figure 6. Neoblasts have a double layer of protection against transposon activation

(A) Double FISH against GLT2 or BURRO1 (magenta) and neoblast marker bruli (green) in control, smedwi-2(RNAi), smedwi-1/2/3(triple RNAi), and smedwi-1/

3(double RNAi) animals. Arrowheads indicate transposon-expressing neoblasts in the triple RNAi animals. Scale bars, 20 mm.

(B) Scatter plot showing H3K9me3 and RNA changes of transposons in smedwi-2(RNAi) neoblasts. Many transposons with decreased H3K9me3 modification

remain unchanged at the RNA level.

(C) Violin plots showing log2 RNA fold change of transposons with opened or unchanged chromatin states in smedwi-2(RNAi) neoblasts and brain. Opened

transposons show RNA upregulation in smedwi-2(RNAi) brain, but not in neoblasts.**** p<0.0001, by Mann-Whitney U test.

(D) Genome browser view of a transposon copyGypsy-31Bwith decreasedH3K9me3modification and unchangedRNAexpression in smedwi-2(RNAi) neoblasts

but upregulated expression in smedwi-2(RNAi) brain.
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because little effect could be detected in the functioning of the

neoblasts themselves (Reddien et al., 2005; Palakodeti et al.,

2008; Shibata et al., 2016). However, how and when this effect

might be brought about and what the implications of

SMEDWI-2-mediated regulation might be had remained un-
12 Cell Reports 37, 109776, October 5, 2021
clear because affected cells appeared apoptotic and could

not be analyzed further (Shibata et al., 2016), and the majority

of the piRNAs that determine targeting of SMEDWI-2 could

not be annotated (Kim et al., 2019). Furthermore, the

SMEDWI-2 protein is found in neoblasts and other cells



Figure 7. Model of SMEDWI-2 function in planarian stem cell biology

See main text.
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(Shibata et al., 2016; Kim et al., 2019), so why the phenotype

would reveal itself only after exit from the stem cell compart-

ment remained unclear.

In this study, we make the remarkable finding that the

cellular deregulation associated with loss of SMEDWI-2 is tis-

sue specific. Previous studies on the piRNA pathway have

largely focused on regulation of the germ cells where only a

single differentiation trajectory is present and thus no line-

age-specific effects could be discerned. In planarians, where

the neoblasts can differentiate into any of the organism’s

cell types, the lineage-specific aspect of SMEDWI-2 becomes

apparent upon its loss: different transposons were desilenced

in each tissue, and tissue-specific alterations in the expression

of coding genes were detected. These differences between

tissues were not caused by differences in SMEDWI-2 piRNAs,

but rather by differences in the accessible chromatin regions

in the cells, revealing a complex interplay between PIWI-medi-

ated regulation of transposon regions and cell differentiation.

This dimension of piRNA-mediated regulation is highly rele-

vant for stem cell function. We find that even during normal

cell differentiation, the expression of transposons increases

in a cell-type-specific way, and that this is correlated with

the extent of the chromatin changes. SMEDWI-2 then func-

tions to regain control of these regions (Figure 7). In the

absence of SMEDWI-2, transposons located in genomic re-

gions that gain accessibility during normal differentiation are

further unleashed at the chromatin level. This leads to wide-

spread effects on chromatin organization and interferes with
the normal cell differentiation process. The differentiating

smedwi-2(RNAi) cells do enter the cell differentiation trajectory

but are unable to complete the chromatin transitions that

accompany regular cell differentiation and do not activate

cell-type-specific genes, including several transcription fac-

tors, leading to incompletely differentiated cells.

We find that SMEDWI-2 has a cell-autonomous function in

the regulation of cell differentiation that is mediated through

the establishment and maintenance of H3K9 methylation at re-

petitive elements (Figure 7). This proposed role of SMEDWI-2

in maintaining the repressed chromatin state of its target re-

gions is in agreement with previous findings on the activities

of nuclear PIWI proteins in mouse and Drosophila (Klenov

et al., 2007; Wang and Elgin 2011; Sienski et al., 2012; Le

Thomas et al., 2013; Rozhkov et al., 2013; Iwasaki et al.,

2016). The nuclear PIWI proteins are not a monophyletic group

(Figure 1A) (Lewis et al., 2016), and the only two well-charac-

terized nuclear PIWIs (mouse and Drosophila) show significant

divergence in the interacting proteins involved. Methylation of

H3K9 is part of the silencing mechanism in both systems, and

our findings now indicate further conservation of this aspect of

PIWI-mediated regulation in planarians. In fact, in the neo-

blasts, the only detectable defect upon smedwi-2(RNAi) was

at the chromatin of repetitive regions, providing strong indica-

tion that this lies at the basis of the later defects in these an-

imals. Further analyses will reveal the direct effectors of this

modification and may identify additional points of conserva-

tion between nuclear PIWI pathways.
Cell Reports 37, 109776, October 5, 2021 13
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Loss of PIWI proteins has been associated with upregulation

of transposon transcripts, transposon jumping (Kalmykova

et al., 2005; Jones et al., 2016), endoviral activity (Sarot et al.,

2004; Shibata et al., 2016), meiotic arrest (Deng and Lin 2002;

Kuramochi-Miyagawa et al., 2004), DNA damage (Klattenhoff

et al., 2007; Khurana et al., 2010), chromatin changes (Brower-

Toland et al., 2007; Klenov et al., 2007, 2011; Wang and Elgin

2011; Sienski et al., 2012), and apoptosis (Carmell et al., 2007;

Houwing et al., 2007). It has been difficult to untangle the causal

relationships between these effects in other model systems, but

several lines of evidence argue that the cellular deregulation in

planarian smedwi-2(RNAi) cells is caused by chromatin defects

rather than other causes.

First, we did not find any evidence of infectious properties of

smedwi-2(RNAi) animals (data not shown), and we found that

effects of SMEDWI-2 loss were cell autonomous, arguing

against viral intermediates. Second, treatment with broad

reverse-transcriptase inhibitors did not improve the lifespan

or phenotypic progression of the smedwi-2(RNAi) animals,

arguing against the involvement of retrotransposon activity.

Third, although in situ staining methods showed that loss of

SMEDWI-2 leads to highly elevated expression of specific

transposons in individual cells, RNAi-mediated knockdown of

abundant transposons did not alter the phenotype or the pro-

gression of the smedwi-2(RNAi) animals, arguing against

toxicity caused by abundant RNA intermediates. Moreover,

we already detected alterations in chromatin accessibility in

the neoblasts, where no RNA-related phenotypes have yet

developed. Fourth, no increase in DNA damage was detected

in the affected cells, and cells with high levels of DNA damage,

such as induced by irradiation or reactive oxygen species, do

not show any of the cellular phenotypes of smedwi-2(RNAi)

animals.

Together these findings support the altered chromatin state of

the cells as the fundamental defect in the smedwi-2(RNAi)

phenotype.

The role of PIWI in safeguarding chromatin transitions may

hold relevance for many systems aside from planarian neo-

blasts. The progression from germline stem cell through meiosis

to mature germ cell involves major shifts in chromatin organiza-

tion, and rather than transposon activation, it may well be the

misregulation of these chromatin changes that causes the

observed developmental phenotypes (Zamudio et al., 2015).

Furthermore, PIWI proteins have been reported in many so-

matic tissues, in particular in many types of cycling cell. Find-

ings in several systems (Zhu et al., 2012; Jones et al., 2016;

Sousa-Victor et al., 2017; Wasserman et al., 2017) are sugges-

tive of a defect in cell differentiation, which could be caused by

large-scale misregulation of chromatin, similar to what we found

in this study.

Although chromatin changes were already detectable in the

neoblasts, alterations in RNA levels were evident only in cells

that had exited the neoblast state. We propose that there are

two separate factors involved in this dichotomy. First, the transi-

tions in cell fate coincide with tissue-specific changes in chro-

matin organization and thereby expose new transposons to a

transcriptionally permissive environment. We found that trans-

posons in newly opened regions of the genome had a high prob-
14 Cell Reports 37, 109776, October 5, 2021
ability of becoming even more accessible in smedwi-2(RNAi)

tissues, indicating that SMEDWI-2 functions to re-instate repres-

sion of transposons during and/or after the process of chromatin

reorganization.

Second, our analysis revealed a backup mechanism

composed of the cytoplasmic PIWI proteins SMEDWI-1 and

SMEDWI-3, which are present only in the neoblasts (Figure 7).

In the neoblasts, the loss of H3K9 methylation on transposon

sequences does not lead to significant changes in transposon

RNA levels because of the post-transcriptional control of

these transcripts by the cytoplasmic PIWIs. Once that second

protective layer is removed, either during normal cell differen-

tiation or by smedwi-1/3(RNAi) in the neoblasts, transposon

transcripts start to accumulate. This finding further shows

that even though no obvious neoblast phenotype is detected

at the level of cell function or RNA levels, SMEDWI-2 does

confer protection against transposon expression in the

neoblasts.

In conclusion, our findings provide a distinct perspective on

the role of piRNAs in somatic cells and highlight the ongoing bat-

tle between repetitive elements and their host. Although transpo-

sons are often regarded as a threat to genetic integrity, our data

show that during cell fate transitions transposons can also

imperil the epigenetic integrity of the cell. PIWI proteins and piR-

NAs play a crucial role chaperoning the chromatin of planarian

cells, and we expect that similar mechanisms will be in place in

other multipotent stem cell systems to allow for their continued

maintenance and control.
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Sharma, P.P., Cordaux, R., Gilbert, C., Giraud, I., et al. (2018). Pan-arthropod

analysis reveals somatic piRNAs as an ancestral defence against transposable

elements. Nat. Ecol. Evol. 2, 174–181.

Li, C., Vagin, V.V., Lee, S., Xu, J., Ma, S., Xi, H., Seitz, H., Horwich, M.D., Syr-

zycka, M., Honda, B.M., et al. (2009a). Collapse of germline piRNAs in the

absence of Argonaute3 reveals somatic piRNAs in flies. Cell 137, 509–521.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,

Abecasis, G., and Durbin, R.; 1000 Genome Project Data Processing Sub-

group (2009b). The Sequence Alignment/Map format and SAMtools. Bioinfor-

matics 25, 2078–2079.

Lim, R.S., Anand, A., Nishimiya-Fujisawa, C., Kobayashi, S., and Kai, T. (2014).

Analysis of Hydra PIWI proteins and piRNAs uncover early evolutionary origins

of the piRNA pathway. Dev. Biol. 386, 237–251.

Liu, S.Y., Selck, C., Friedrich, B., Lutz, R., Vila-Farré, M., Dahl, A., Brandl, H.,
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Oligonucleotides

Sequences used for all FISH probes and

dsRNA, as well as primers used for cloning

and qRT-PCR are provided in Table S1

N/A N/A

30 adaptor for small RNA library generation:

rAppTGGAATTCTCGGGTGCCAAGG/ddC/

(Shore et al., 2016) N/A

50 adaptor for small RNA library generation:

GUUCAGAGUUCUACAGUCCGACGAUC

(Shore et al., 2016) N/A

RT primer for small RNA library generation:

GCCTTGGCACCCGAGAATTCCA

(Shore et al., 2016) N/A

Recombinant DNA

pET28-SMEDWI-2(1-166)-PP-GST This paper N/A

pTXB1-Tn5 (Picelli et al., 2014) RRID:Addgene_60240

Software and algorithms

ZEN Digital Imaging for Light Microscopy Zeiss RRID:SCR_013672; https://www.zeiss.
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microscope-software/zen.html
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graphpad.com/scientific-software/prism/
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bioinformatics.babraham.ac.uk/projects/

fastqc/
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readthedocs.io/en/stable/

Bowtie (Langmead, 2010) RRID:SCR_005476; http://bowtie-bio.

sourceforge.net/index.shtml

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/

manual.shtml

Samtools (Li et al., 2009b) RRID:SCR_002105; http://samtools.

sourceforge.net

STAR (Dobin et al., 2013) RRID:SCR_015899; https://github.com/

alexdobin/STAR

RepeatMasker (Smit et al., 2013) RRID:SCR_012954; http://repeatmasker.

org/

Telescope (Bendsall et al., 2019) https://github.com/mlbendall/telescope

DESeq2 (Love et al., 2014)l RRID:SCR_015687; https://bioconductor.

org/packages/release/bioc/html/DESeq2.

html

Picard Broad Institute RRID:SCR_006525; http://broadinstitute.

github.io/picard/

Genrich Gaspar, 2018 https://github.com/jsh58/Genrich

MACS2 (Gaspar, 2018) RRID:SCR_013291; http://liulab.dfci.

harvard.edu/MACS/

BEDTool (Quinlan, 2014) RRID:SCR_006646; https://github.com/

arq5x/bedtools2

DiffBind (Stark and Brown, 2011; Ross-Innes et al.,

2012)
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org/packages/release/bioc/html/

DiffBind.html
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RESOURCE AVAILABILITY

Lead contact
Requests for further information, resources, and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Josien

van Wolfswinkel (Josien.van.wolfswinkel@yale.edu).

Materials availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability
All next generation sequencing data have been deposited at the SRA under the accession number PRJNA633618 and are publicly

available as of the date of publication. Original western blot images and microscopy data will be shared by the lead contact upon

request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Schmidtea mediterranea asexual clonal strain ClW4 was maintained as previously described (Newmark and Sánchez Alvarado,

2000). Briefly, animals were cultured in 1x Montjuic salts at 20�C, fed homogenized beef liver paste every 1–2 weeks, and expanded

through continuous cycles of amputation or fissioning and regeneration. Animals were starved 1-2 weeks prior to experiments. For

some RNAi experiments, water was supplemented with 50ug/ml Gentamicin sulfate (VWR) to prevent bacterial growth.

METHOD DETAILS

RNAi and transposon inhibition
Regions of planarian genes 0.5-2kb in length were amplified from complementary DNA (cDNA) using sequence specific primers

(Table S1) with adaptor sequences. The PCR product was cloned into the pGEM-T vector (Promega) and verified by Sanger

sequencing. Both RNA strands were synthesized in vitro from PCR-generated forward and reverse templates with flanking T7 pro-

moters (TAATACGACTCACTATAGG), and annealed by incubation at 37�C for 30min. The transcribed ssRNA as well as the final

dsRNA product were verified by gel electrophoresis.

Animals were starved 1-2 weeks prior to RNAi experiments. RNAi food was prepared by mixing 2ul of generic food coloring, 2ul of

dsRNA and 50ul of homogenized beef liver (Rouhana et al., 2013) and fed to animals in 3-day intervals. smedwi-2(RNAi), smedwi-1

smedwi-2 smedwi-3(triple RNAi), smedwi-2 h2b (double RNAi) or smedwi-2 mex-3(double RNAi) animals were fed twice (on day

0 and day 3), while smedwi-1(RNAi), smedwi-3(RNAi), smedwi-1 smedwi-3(double RNAi) animals were fed three times (on day 0,

day 3 and day 6), unless noted otherwise. DsRNA matching C. elegans gene unc-22 was used as a negative control. smedwi-

2(RNAi) animals for RNA-seq, ATAC-seq, CUTnTAG and small RNA-seq are collected on day 7 unless noted otherwise. smedwi-

2(RNAi) animals used for FISH and concanavalin-A stainings in Figures 1, 2, and 6 were collected at the end point of their survival

curve. End points were defined as the first day when epidermal lesions were observed in some of the animals in the batch. At this

time, animals that had not yet developed epidermal lesions were collected for FISH. If left undisturbed, 100% of smedwi-2(RNAi)

the animals will reach lethality within 2 days of the end point.

For transposon RNA inhibition, animals were fed control or smedwi-2 dsRNA on day 0 and day 3. DsRNA matching transposon

BURRO1 was added into the same feed on day 3. For retrovirus inhibition, reverse transcriptase inhibitors azidothymidine (AZT,

Cayman Chemical), lamivudine (3TC, Cayman Chemical) and stavudine (d4T, Cayman Chemical) were added to the same feed on

day 3, at a final concentration of 1.6mM each.

Neoblast tracing using thymidine homologs
For BrdU pulse chase, control or smedwi-2(RNAi) animals were first fed with corresponding dsRNA in liver on day 0. On day 4, an-

imals were treated with 0.06% N-acetyl cystine (NAC, Sigma) dissolved in 1x Montjuic salts for 1min, then soaked in 25mg/ml

5-bromo-20-deoxyuridine (BrdU, Sigma) dissolved in 1x Montjuic salts containing 3% DMSO for 16h. Following BrdU pulse, animals
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were washed and chased in 5g/L Instant Ocean for 4h, 26h, or 76h. BrdU was detected by whole-mount immunofluorescence (see

below).

For EdU labeling, control or smedwi-2(RNAi) animalswere fedwith liver containing correspondingdsRNAonday 0, andwith liver con-

tainingdsRNAand0.5mg/ml20S-20-Deoxy-20-fluoro-5-ethynylurie (F-ara-EdU,Sigma)onday5.EdUwasdissolvedas10x stock in10%

DMSO.At20h, 44h, 68hand92hafter EdU feed,animalsweresacrificed, andEdU labeleddifferentiatingcellsweredetectedusingclick-

it reaction and isolated using FACS.Cell suspensionwas prepared following the FACSprocedures described previously (vanWolfswin-

kel et al., 2014), fixed in 0.5% formaldehyde and stained with click-it solution (2mM CuSO4, 2mM Sulfo-Cyanine3 azide (Lumiprobe,

C1330), 20mg/ml Ascorbic Acid in PBS) for 30min at room temperature in dark. Following PBSB wash, cells were stained with DAPI,

and the EdU positive population at G0/G1 phase was isolated by FACS. Cells were decrosslinked by incubating in 10mM EDTA,

0.1% SDS at 65�C for 2h, followed by proteaseK incubation at 55�C for 30min. RNA was extracted using TrizolLS (Invitrogen), treated

with RQ1 DNase (Promega), reverse-transcribed using random hexamer (Invitrogen), and gene expression was assayed by qPCR.

Whole-mount fluorescent in situ hybridization
Fixations and whole-mount in situ hybridizations (ISH) were performed as previously described (Pearson et al., 2009), with alterations

described in (King and Newmark 2013). Briefly, formaldehyde fixed animals were bleached using formamide bleach solution and

treated with proteinase K (2 ug/ml) in PBSTx. Following overnight hybridization at 56�C, samples were washed sequentially in

pre-hyb solution, 1:1 pre-hyb-2x SSC, 2x SSC and 0.2x SSC at 56�C. Probes were detected with anti-DIG-POD (Roche

11207733910), anti-Fl-POD (Roche 11426346910), or anti-DNP-HRP (Perkin Elmer PF1129). After tyramide development (King

and Newmark 2013), peroxidase was inactivated by incubation in 1% sodium azide. Specimens were counterstained with DAPI

(Sigma).

Expression and purification of SMEDWI-2 protein
The N-terminal domain of SMEDWI-2 protein (aa 1-166) was cloned into pET28 in front of a GST tag. Constructs were verified by

Sanger sequencing, and transformed into E. coli strain BL21 for expression. SMEDWI-GST protein was purified using Pierce

Glutathione Agarose (Thermo Scientific) following manufacturer’s instruction. The GST tag was cleaved using PreScission Protease

(GE Healthcare), and removed by passage over the glutathione column.

SMEDWI antibody generation
Protein antibody against SMEDWI-2 was generated by Cocalico Biologicals (Stevens, PA). The serum was purified using antigens

immobilized on CNBr columns, as described by (Kavran and Leahy 2014). To eliminate cross-reactivity, antibody was negatively

selected on column with in vitro expressed SMEDWI-1 N-terminal domain.

As a separate approach, peptide antibody was generated by immunization of rabbits with a peptide derived from the PAZ domain

of SMEDWI-2, followed by affinity purification of the antibody from serum. All western blots and immunofluorescent stainings of

SMEDWI-2 have been verified with both antibodies.

SDS-PAGE and western blotting
Individual 1-3mm sized animals were homogenized in protein loading buffer (60mM Tris-Cl pH6.8, 5% Glycerol, 1% SDS and 2.5%

b-mercaptoethanol) and separated on 8% denaturing polyacrylamide gel. Samples were transferred to PVDF membrane, blocked,

and incubated with the primary antibody in PBSTw containing 1.5% milk. The following commercial antibodies were used: mouse

anti-a-tubulin (Millipore) at 1:10000; rabbit anti-GAPDH (Proteintech) at 1:3000, rabbit anti-Histone3 (Abcam) at 1:2000. Secondary

antibodies goat anti-Rabbit IgG HRP Conjugate or goat anti-Mouse IgG HRP Conjugate (Life Technologies) were used at 1:10000 in

PBSTw containing 1.5% milk.

Cell fractionation
10 1cm sized animals were dissociated as described previously (vanWolfswinkel et al., 2014). Single cell suspension of 1million cells

were dounced. Nuclei were precipitated by centrifuging at 1000 g for 10min, and the cytoplasmic and nuclear fractions were analyzed

by western blot.

Whole-mount immunofluorescence
Animals were fixed as described above for FISH, bleached with methanol bleach solution, and permeabilized using with proteinase K

(2 ug/ml) in PBSTx. Animals were blocked and incubated with primary antibody overnight, followed by incubation with goat anti-Rab-

bit IgG HRPConjugate (Life Technologies) or goat anti-Mouse IgG HRPConjugate (Life Technologies). Primary antibodies used were

rabbit anti-phospho-Histone3[Ser10] (Millipore, clone 63-1C-8) 1:750, and mouse anti-BrdU (BD Biosciences) diluted 1:300. For

BrdU labeling, samples were pretreated by incubation in 2N HCl (+0.5% Triton X-100) for 45 minutes followed by brief neutralization

in 0.1M sodium borate. Signals were developed using Tyramide SuperBoost Kits (Invitrogen). Lectin stains were performed overnight

at 4�C with fluorescein-conjugated lectin Concanavalin-A (Vector Labs). poly-ADP-ribose stains were performed on isolated cells as

described previously (Tartier et al., 2003).
e4 Cell Reports 37, 109776, October 5, 2021
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Planarian tissue isolations
Neoblasts in G2/M phase (X1), or G0/G1 phase (X2), and differentiated cells (Xins) were isolated by Fluorescence-Activated Cell Sort-

ing based on DNA content (Hoechst fluorescence) as reported by (Hayashi et al., 2006), following the procedures described previ-

ously (van Wolfswinkel et al., 2014).

Planarian brains used for RNA-seq and small RNA pull down were isolated by fixation in 0.33N HCl and dissection as described by

(Wang et al., 2016). Brains used for CUTnTAG were dissected from animals fixed in 2% formaldehyde in order to better preserve the

chromatin.

Planarian pharynxes were isolated by treating the animals with 100mM NaAz, as described in (Shiroor et al., 2018).

Planarian intestinal cells were isolated using a protocol adapted from (Forsthoefel et al., 2012). Briefly, 125 ul of basic MACS beads

(Miltenyi Biotech) were fed to large animals. After 48h, animals were dissociated as described previously (van Wolfswinkel et al.,

2014), with the addition of 2mM EDTA to the dissociation buffer (CMFB-E). The cell suspension was flowed through a MACS LS col-

umn (Miltenyi Biotech), washed with CMFB-E for 3 times, and after removal from the magnet intestinal cells were eluted using 3x3ml

ice cold CMFB-E. Cells were inspected and counted using a hemocytometer.

Planarian epidermis used for RNA-seq was isolated as described by (Wurtzel et al., 2017), with the alteration that 7.8%Ammonium

Thiocyanate (Sigma-Aldrich) in PBSwas used. Epidermal cells used for ATAC-seq, CUTnTAG and small RNA pull downwere isolated

based on the adhesive nature of these cells using MACS LS columns at low EDTA concentration (0.5mM).

The purity of all isolated tissues is confirmed by qPCR.

RNA-seq library generation
For mRNA-seq time course of neoblasts and total cells, 1000 neoblasts or 5000 total live cells were isolated by FACS from control or

smedwi(RNAi) animals at corresponding time points. Libraries were generated by the SMARTseq2 protocol (Picelli et al., 2014).

For mRNA-seq libraries of bulk neoblasts and differentiated tissues, large animals were fed control unc-22 or smedwi-2 dsRNA in

liver on day 0 and day 3, and sacrificed on day 6 (for epidermis isolation) or day 7 (for brain, pharynx, or intestinal isolation). Three

biological replicates were analyzed for each tissue/treatment. RNA was extracted from isolated tissues using TRIzol Reagent

(Invitrogen), and libraries were generated using TruSeq RNA Library Prep Kit v2 (Illumina) following manufacturer’s instructions.

ATAC-seq library generation
For ATAC-seq libraries of G2/M phase neoblasts (X1), differentiated cells (Xins), epidermis, or intestine, large animals 1cm in length

were fed with control unc-22 or smedwi-2 dsRNA in liver on day 0 and day 3, and sacrificed on day7. 100,000 neoblasts or differen-

tiated cells, or 50,000 epidermal or intestinal cells were used for library generation. Three biological replicates were analyzed for each

tissue/treatment.

Tn5 transposasewas purified using the construct pTXB1-Tn5 (Addgene #60240) (Picelli et al., 2014). Transposase activity was veri-

fied by cleavage assay using linearized plasmid. ATAC-seq libraries were prepared as described in (Corces et al., 2017).

CUTnTAG library generation
For CUTnTAG libraries of G2/Mphase neoblasts (X1), epidermal cells, or brain, large animals 1cm in lengthwere fed control unc-22 or

smedwi-2 dsRNA in liver on day 0 and day 3, and sacrificed on day7. Three biological replicates were analyzed for each tissue/

treatment.

100,000 neoblasts or epidermal cells, or cells from 4 brains were permeabilized in NE1 buffer (20mM HEPS-KOH pH7.9, 10mM

KCl, 0.5mM spermidine, 0.1% Triton X-100, and 20% glycerol) and fixed in 0.1% formaldehyde. Libraries were prepared as

described in (Kaya-Okur et al., 2019). Primary antibodies rabbit anti-H3K4me3 (Millipore, 07-473) and rabbit anti-H3K9me3 (Abcam,

AB8898) were used to detect histone modifications. Rabbit anti-GAPDH (Proteintech 10494-1-AP) was used as negative control.

Secondary antibody Guinea pig anti-rabbit (novusbio, NBP1-72763) was used for all libraries.

Immunoprecipitation (IP) of SMEDWI-2
Starting material consisted of 10 million total cells, 1 million neoblasts (X1), 2 million mixed lineage differentiated cells (Xins), 400,000

epidermal cells, 800,000 intestinal cells, or 40 dissected brains fromWT animals. Cells were lysed in RIPA lysis buffer supplemented

with 5% glycerol, 0.3%Western Blot Buffer (Roche), and protease inhibitor (Roche)). 5% of the lysate was taken as input. Depending

on the lysate, 0.25 �1.25 ug of anti-SMEDWI-2 protein antibody and 5-25ul of Protein A magnetic beads (NEB) were added to the

sample. Immunoprecipitation was performed following the NEB protocol. Small RNA was extracted using TRIzol.

Small RNA library generation
Following TRIzol extraction, IP or input small RNAs were further cleaned up either by eliminating longer RNAs using AmPure (Beck-

manCoulter), or by selecting for piRNAswith 30 modifications using NaIO4mediated oxidation (Vagin et al., 2006). Small RNA libraries

were generated following a protocol adapted from the Zamore lab. Briefly, end-blocked, 50 adenylated 30 adaptor was ligated using

T4 RNA Ligase 2, truncated KQ (NEB). Excess RT primer was added to anneal with the remaining 30 adaptor, and 50 adaptor was

ligated using T4 RNA Ligase 1 (NEB). Reverse transcription was performed using AMV reverse transcriptase (NEB). PCR amplified

libraries 144-158bp in size were selected by PAGE.
Cell Reports 37, 109776, October 5, 2021 e5
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Microscopy and image analysis
Images were taken on a Zeiss LSM800 Confocal Microscope. Control and RNAi animals were imaged with the same magnification,

laser intensity and gain, at comparable anatomical position. Images from representative single confocal planes are displayed in fig-

ures. Cell density quantification (Figure S2A) and colocalization analysis (Figures 2F, S1E, S1F, S1H, and S2D) were performed using

the cell counter tool in Fiji (Schindelin et al., 2012). Cells were quantified across a 300umx300um field of view and z stack of 9 to 12

planes taken with 3um steps.

Processing of mRNA-seq data
mRNA libraries were sequenced on HiSeq 2500 or NovaSeq (Illumina). Reads were mapped against Schmidtea mediterranea tran-

scriptomes WIX1 (van Wolfswinkel et al., 2014), dd_Smed_v6 (Liu et al., 2013) or unigene (Robb et al., 2015) using Bowtie2 (Lang-

mead and Salzberg 2012), and further processed with SAMtools (Li et al., 2009b). For transposon expression analysis, reads

weremapped against theSchmidteamediterranea SMESG.1 genome (Grohme et al., 2018) using STAR (Dobin et al., 2013). Genomic

locations of transposon fragments were identified using RepeatMasker (Smit et al., 2013), based on consensus sequences in

Repbase libraries (Bao et al., 2015).

To investigate tissue-specific expression and upregulation of transposons, RNaseq reads were mapped to individual transposon

copies and ambiguously mapped reads were assigned to the most probable source using Telescope (Bendall et al., 2019). Trans-

poson copies with a minimum average expression of 1 RPM per sample were filtered for differential expression analysis using

DESeq2 (Love et al., 2014). Heatmap of the top 100 upregulated transposon copies per tissue upon smedwi-2(RNAi) (Figure 1H),

or of all significantly upregulated transposon copies (Figure S1J) were plotted.

To investigate expression of tissue-specific genes, top 40 genes specific to each cell lineages were selected (Fincher et al., 2018;

Plass et al., 2018) and their expression changes upon smedwi-2(RNAi) were plotted (Figure 2H). To obtain an overview of the gene

expression changes in lineages (Figure 2B), a weighted vector of gene expressionwas calculated for each lineage based on data from

(Fincher et al., 2018). Expression changes for each lineage were calculated by comparing total lineage expression in smedwi-2(RNAi)

tissues to the control.

Processing of small RNA-seq data
Small RNA libraries were sequenced on NovaSeq, and 10-25M reads were generated for each sample. Following adaptor trimming

by Cutadapt (Martin 2011), reads were mapped against the Schmidtea mediterranea SMESG.1 genome using Bowtie (Langmead

2010), allowing for 2 mismatches and up to 20 mapping locations. The reads are then counted strand-sensitively toward exons of

transcripts or transposon copies using BEDTools.

To investigate targets of SMEDWI-2 associated piRNAs, adaptor trimmed reads were mapped sequentially against the following

genomic sequences:Schmidteamediterranea rRNA, tRNA, structural RNA,miRNA, transposons, the transcriptome and the genome.

At each category, mapping with up to 2 mismatches allowed was attempted using Bowtie, mapped reads were excluded, and the

rest of the library was used for mapping in the next category. Reads that were not accepted in any of the categories are marked as

mapping to ‘‘none.’’

To investigate the genomic origin of SMEDWI-2 associated piRNAs, log10 RPM of piRNAs mapped perfectly and uniquely to the

genome is plotted, along with transposon coverage per 10kb window (Figure 3B).

To investigate the density and directionality of SMEDWI-2 associated piRNAs over individual transcripts and transposon copies,

piRNAs were mapped allowing for 2 mismatches and up to 20 possible locations. Among transcripts or transposon copies with at

least 10 piRNAs mapped, those with forward piRNA bias are defined as ones with more than 4 folds of forward-mapping piRNAs

than reverse-mapping piRNAs. Those with strong forward piRNA bias are defines as ones with more than 10-folds of forward-map-

ping piRNAs than reverse-mapping piRNAs.

To investigate enrichment of SMEDWI-2 associated piRNAs over input, piRNAs from input or pull down libraries were mapped to

individual transcripts and transposon copies, and the ratio between input and pull down piRNAs was calculated per transcript.

To investigate the relationship between piRNA count and transposon/transcript expression, piRNA were mapped to transposon

consensus or transcripts, allowing up to 2 mismatches and randomly assigning multi-mappers to one of their best matching loca-

tions. Change of transposon/transcript expression in relationship to count of SMEDWI-2 associated piRNAs were plotted (Figures

3E and S3F).

Processing of ATAC-seq and CUTnTAG data
ATAC-seq and CUTnTAG libraries were sequenced on NovaSeq. We obtained at least 60M reads for each ATAC-seq sample and 3-

10M reads for each CUTnTAG sample, as Kaya-Okur et al. (2019) has demonstrated that 3M reads are sufficient to capture the in-

formation in the low-background CUTnTAG libraries. Following adaptor trimming by Cutadapt (Martin 2011), reads were mapped

against the concatenated sequence of the Schmidtea mediterranea chromosomal and mitochondrial genomes using Bowtie2,

and further processed using SAMtools. PCR duplications were removed by Picard (https://broadinstitute.github.io/picard/). ATAC

peaks were called using Genrich in ATAC-seq mode (https://github.com/jsh58/Genrich), and CUTnTAG peaks are called using

MACS2 (Zhang et al., 2008; Gaspar 2018). Peaks were assigned to genomic features using BEDTools (Quinlan 2014). WIX1 tran-

scripts with open reading frames that span > 50%of the transcript length and that blast to protein homologs inC.elegans,Drosophila,
e6 Cell Reports 37, 109776, October 5, 2021
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mice or humanwere defined as coding genes. Promoters were defined as 1 kb upstream and downstream of transcription start sites.

Transposon loci were identified using RepeatMasker. Differential analysis of ATAC-seq or CUTnTAG peaks were performed using

DiffBind (Stark and Brown, 2011) (Ross-Innes et al., 2012). Log2 fold change of ATAC-seq or CUTnTAG peaks upon smedwi-

2(RNAi) in relationship to piRNA density over these peaks were plotted using ggplot2 (Wickham 2016) (Figures 3F–3H).

Chromatin state and expression profile analysis of transposons and coding genes
ATAC-seq, CUTnTAG, RNA-seq and small RNA-seq reads were mapped to the genome, and read counts over the exons of coding

genes or transposon copies were obtained using HTseq (Anders et al., 2015), or BEDTools (Quinlan 2014). For small RNA reads, up to

2 mismatches and 10 possible genome locations were allowed. For other sequencing libraries, multi-mapping reads were randomly

assigned to one of their best matching locations. Differential analysis of profile was performed using DESeq2. Changes of epigenetic

profiles upon smedwi-2 deficiency were analyzed by comparing smedwi-2(RNAi) samples to control ones (Figures 4D, 4H, 4I, and

5C). Changes during differentiation were analyzed by comparing control tissues with control neoblasts (Figures 4F, 4G, and 5A).

Transposons and genes with chromatin state changes were defined as those with significant changes (p < 0.1) in one or more of

the chromatin profiles (H3K4me3, H3K9me3 and ATAC).

Epigenetic profiles of specific genomic loci were visualized on IGV (Robinson et al., 2017), using reads combined from three rep-

licates and normalized against the total millions of reads. Broad genomic view of epigenetic profiles (Figures 3B and 5D) was gener-

ated by summing up normalized reads over 10kb sliding genomic windows. Regions that open during differentiation (Figures 4D, 4I,

5B, and S4C) are identified as genomic windows that demonstrate 4 folds or higher normalized H3K4me3 profile in control differen-

tiated tissue than control neoblasts. Regions that open upon smedwi-2(RNAi) (Figure 5C) are identified as genomic windows that

demonstrate 2 folds or higher normalized H3K4me3 profile in smedwi-2(RNAi) sample than control. Transposon copies and genes

within opening regions are identified using GRanges.

QUANTIFICATION AND STATISTICAL ANALYSIS

Levels of significance (Figures S1E, S1F, S2A, and S2F) were calculated with two-tailed Student’s t test, using the Prism software

package. Levels of significance for paired staining of control and treated cells (Figure 2F) were calculated using one-way ANOVA

for matched measurements. Levels of significance for survival curves were calculated with Log-rank (Mantel-Cox) test, using the

Prism software package. Analysis of genome-wide data was carried out as described above. The correlation coefficients were deter-

mined by Spearman’s correlation, the fold enrichments were calculated using binomial test, the levels of significance for violin plots

were calculated with Mann-Whitney U test, in the R software environment.
Cell Reports 37, 109776, October 5, 2021 e7
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Supp Figure 1: Transposon deregulation in smedwi-2(RNAi) animals is tissue-specific 

Related to Figure 1. 

A: mRNA level of planarian PIWIs in total cells, differentiated cells and neoblasts, based on RNAseq data. Bars 
indicate standard deviation. All three transcripts are highly enriched in the neoblasts. 

B: Immunofluorescence of SMEDWI-2 (magenta) combined with FISH of neoblast or tissue markers (green) shows 
SMEDWI-2 protein expression in the nuclei of both neoblasts and differentiated cells.  

C: Survival curve of smedwi(RNAi) animals. Knockdown of smedwi-2 or smedwi-3 was fully lethal, whereas 
smedwi-1 or control knockdown had no effect on animal viability. n = 20. Results have been replicated more than 3 
times.  

D: Percentage of dividing cells measured by FACS during smedwi(RNAi) timecourse. At each timepoint, 3 pools of 
5 animals each were dissociated into single cells, stained with Hoechst, and subject to FACS analysis to determine 
the percentage of cells in G2 and M phases of the cell cycle (4C cells) relative to total cells. 

E and F: Quantification of the mitotic activity of smedwi-2(RNAi) animals using two criteria. E: fraction of 
neoblasts (h2b+ cells) with BrdU incorporation immediately after a 16h BrdU pulse on Day 5 of smedwi-2 RNAi. 
F: percentage of neoblast (smedwi-1+ cells) labeled by mitosis marker H3P on Day 8. Bars indicate standard 
deviation. Asterisks indicate p<0.001 by student t-test. 

G: Related to Figure 1E. Additional channels of the images in Figure 1E to evaluate tissue patterns. Double FISH 
of transposon GLT2 (magenta) and neuronal marker pc2 (green), transposon BURRO1 (magenta) and intestine 
marker cathepsinL1 (green), or transposon Gypsy8 (magenta) and early epidermal progenitor marker prog-1 
(green). All three transposons show upregulation in smedwi-2(RNAi) animals, but each demonstrates different 
anatomical patterns: GLT2 in the brain, pharynx and subepidermal areas, BURRO1 in the intestine and 
subepidermal areas, and Gypsy8 only in a few cells in the subepidermal area. Meanwhile, the transposon expressing 
cells fail to express the appropriate tissue markers, suggesting that these smedwi-2 deficient cells have distinct 
transcriptional profile than normal differentiated cells, even though they have migrated to their designated tissues 
and taken on similar cell morphologies. Finally, degenerated epidermal and the intestinal tissues are observed in 
smedwi-2(RNAi) animals. These defects likely caused the eventual lethality in these animals. Scale bars, 200um.  

H: Related to Figure 1G. Quantification of transposon BURRO1 and GLT2 expression in smedwi-2(RNAi) 
differentiated cells (Xins) with high (unaltered) or low (depleted) SMEDWI-2 protein level. Only cells with 
depleted SMEDWI-2 level demonstrate transposon upregulation, suggesting that such upregulation is cell-
autonomous, and likely not due to viral particles generated by activated transposons. Bars indicate standard 
deviation. 

I: Heatmap showing log2 fold changes of expression of all expressed transposon copies, in smedwi-2(RNAi) tissues 
compared to controls. Order of the copies is determined by hierarchical clustering based on their expression pattern 
in tissues. In general, the differentiated tissues demonstrate strong up-regulation of certain Gypsy-related LTR 
Retrotransposon copies. But individual transposon copies also demonstrate different extent of upregulation in 
different tissues. 

J: Genome browser view of transposon copies with tissue specific RNA upregulation upon smedwi-2(RNAi). 
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Supp Figure 2: Tissue-specific gene expression is progressively deregulated in smedwi-2(RNAi) 

Related to Figure 2. 

A: Related to Figure 2B. Quantification of ventral epidermal cell density in smedwi-2(RNAi) animals, showing 
significantly reduced cell density on smedwi-2(RNAi) epidermis at end point. Bars indicate standard deviation. 
Asterisk indicatea p<0.05 by student t-test. 

B: Double FISH of transposon BURRO1 (magenta) with intestine marker cathepsinL1 (green) in control and 
smedwi-2(RNAi) animals. Merged images exclude the DAPI channel for clarity. Scale bars, 20um. 

C and D: Survival curve (C) and intestinal morphology (D) of control unc-22(RNAi) and smedwi-2(RNAi) animals 
treated with reverse transcriptase (RT) inhibitors or BURRO-1(RNAi). Suppressing retrovirus replication by RT 
inhibitors or reducing BURRO-1 RNA level by RNAi did not improve the survival or tissue disorganization of 
smedwi-2(RNAi) animals. n=20. Results have been replicated 3 times. Scale bars, 200um.

E: Related to Figure 2I. BrdU pulse chase (green) combined with FISH for the transposon GLT2 (magenta) and 
neoblast marker smedwi-1 (yellow) in smedwi-2(RNAi) animals. Animals were given a 16h BrdU pulse on day 4 of 
smedwi-2 RNAi, and chased for 4h, 26h or 76h before fixation. Representative images of the brain regions are 
shown. White arrow heads indicate BrdU+ cells with GLT2 expression. GLT2 expression is only observed in BrdU
+ cells after 76h of chase, suggesting that transposon up-regulation occurs several days after cell cycle exit. Note
that these transposon-expressing cells are not positive for smedwi-1, suggesting that they have exited the neoblast
fate. Scale bars, 200um.

F: Quantification of cell cycle exit and epidermal lineage entry of smedwi-2(RNAi) and smedwi-3(RNAi) animals. 
Left: ratio between the number of neoblast early progeny (marked by presence of SMEDWI-1 protein in the 
absence of h2b mRNA) and the neoblasts. Right: proportion of late epidermal progenitors (agat-1+ cells) in BrdU 
labeled cells after a 16h BrdU pulse and 3 day chase administered at day 5 of RNAi.  Bars indicate standard 
deviation. Asterisk indicates p<0.05 by student t-test. 
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Supp Figure 3: SMEDWI-2 targets genomic regions rich in transposon sequence 

Related to Figure 3. 

A. Silver staining of input and anti-SMEDWI-2 pull-down protein samples, showing specific pull-down of the
SMEDWI-2 protein. Black arrowhead: SMEDWI-2 protein at the expected size of 96kD. White arrowhead:
immunoglobulin at the expected size of around 50kD.

B. 5' end labeling using 32P, and electrophoresis of input and anti-SMEDWI-2 pull-down RNA samples, showing
enrichment of piRNAs at the expected size of 32nt.

C. Related to Figure 3A. Length profiles and mapping composition of total small RNA and SMEDWI-2-bound
small RNA from WT animals. Two populations of small RNAs with lengths around 22 and 33 nucleotides are
observed in WT total small RNA libraries, while only the 33nt population is retrieved in SMEDWI-2 pull down
libraries. 44% of the 22nt population corresponds to known miRNAs, while less than 0.001% of the 33nt
population maps to miRNAs. The piRNA population remains largely unchanged upon β-elimination.

D and E: Distribution of piRNA counts (D) and directionality bias (E) over coding mRNAs, non-coding mRNAs 
and transposons. mRNAs show low levels of piRNAs that primarily map in the forward direction.  

F. Scatter plot of mRNA expression changes upon smedwi-2(RNAi) in relation to the number of antisense
SMEDWI-2 associated piRNAs across the mature transcripts. Coding genes are labeled in green. Size of the data
points is relative to the significance of their expression change.

G: Genome browser view of genes with transposons in its environment. Magenta dashed square: piRNA targeted 
transposon copies showing upregulated expression upon smedwi-2(RNAi). Green dashed square: nearby genes not 
directly targeted by piRNAs showing upregulated expression.  

H: Genes with intronic transposons are more likely to be upregulated upon smedwi-2(RNAi). Genes are categorized 
by the length of transposon sequences contained in their introns and promoter region, and their expression changes 
upon smedwi-2(RNAi) are plotted. 

I: Correlation of the baseline levels of transposon H3K4me3 and H3K9me3 modifications in control neoblasts. 
LTR retrotransposons, Polintons, and some DNA transposons demonstrate relatively higher intensity of H3K9me3 
signal, suggesting that they are heavily repressed in control tissue. 

J: Correlation of transposon H3K4me3 and H3K9me3 changes in smedwi-2(RNAi) neoblasts. LTR retrotransposons 
Polintons and some DNA transposons demonstrate increased H3K4me3 and decreased H3K9me3 modifications 
upon smedwi-2(RNAi), while some non-LTR transposons demonstrate increased H3K9me3. Overall, the high 
piRNA coverage, high H3K9me3 baseline and strong chromatin state changes of LTR retrotransposons and 
Polintons suggest that they are being heavily repressed by SMEDWI-2. Accordingly, these transposons 
demonstrate strong upregulation on the RNA level upon smedwi-2(RNAi). In contrast, several non-LTR 
retrotransposons with low piRNA coverage levels, increased their H3K9me3 levels in smedwi-2(RNAi). In 
agreement with this, these elements did not give rise to increased levels of transposon transcript. DNA transposons, 
which have some of the lowest levels of piRNA coverage and baseline H3K9me3 signal, did show reduction in 
H3K9me3 levels upon smedwi-2(RNAi), but this did not always correlate with changes in transcript levels. This 
could indicate that some of these elements are no longer active, or that they remain repressed by other mechanisms. 
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Supp Figure 4: Changes in chromatin accessibility during differentiation sensitizes regions in a tissue-
specific manner

Related to Figure 4. 

A: Related to Figure 4B. Correlation matrix of transposon piRNA density in neoblasts and differentiated 
tissues, showing highly similar SMEDWI-2 bound piRNA populations between tissues. 

B: Related to Figure 4F. Violin plots of the RNA expression changes of different classes of transposons during 
normal differentiation from neoblast to brain or epidermis, showing that LTR retroelements and polintons are 
more strongly desilenced. 

C: Related to Figure 4D, 4I. Distribution of transposons in genomic regions with altered chromatin states during 
differentiation. Transposons that gain H3K4me3 upon smedwi-2(RNAi) are significantly enriched in chromatin 
regions that open during differentiation. Four asterisks indicate p < 0.0001, by binomial test. 
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Supp Figure 5: SMEDWI-2 knockdown results in incompletely differentiated cells that have a detrimental 
effect on animal health 

Related to Figure 5. 

A: Related to Figure 5C. Genome browser view showing downregulation of zfp-1 and p53, major transcription 
factors for the epidermal lineage, in smedwi-2(RNAi) neoblasts. H3K4 methylation and chromatin accessibility of 
these genes are mildly reduced in smedwi-2(RNAi) samples, correlated with reduced RNA expression. 

B: Related to Figure 5F. Total and dividing neoblasts labeled by FISH and IF using the neoblast marker smedwi-1 
(green) and the mitosis marker phosphorylated Histone3 (H3P, magenta). smedwi-2(RNAi) animals are shown at 
day 6 and at the end point of their survival curves. γ-irradiated animals at day 3 after irradiation are shown for 
comparison. Smedwi-2(RNAi) animals retain large numbers of mitotically active neoblasts even at the end point. 
Scale bar, 50um. 

C: Survival curve of smedwi-2(RNAi) and h2b(RNAi) animals. (n=20. Results have been replicated 3 times). 
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Supp Figure 6: Neoblasts have a double layer of protection against transposon activation 

Related to Figure 6. 

A: Related to Figure 6A. Survival curve of control unc-22(RNAi), smedwi-2(RNAi), smedwi-1/2/3(RNAi) and 
smedwi-1/3(RNAi) animals. Experiment was ended on Day15, before the lethality of smedwi-1/3(RNAi) animals. 
n=15.  
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