
DEVELOPMENTAL B IOLOGY

Chromatin analysis of adult pluripotent stem cells
reveals a unique stemness maintenance strategy
Axel Poulet1†, Arcadia J. Kratkiewicz1†, Danyan Li1‡, Josien C. van Wolfswinkel1,2,3*

Many highly regenerative organisms maintain adult pluripotent stem cells throughout their life, but how the
long-term maintenance of pluripotency is accomplished is unclear. To decipher the regulatory logic of adult
pluripotent stem cells, we analyzed the chromatin organization of stem cell genes in the planarian Schmidtea
mediterranea. We identify a special chromatin state of stem cell genes, which is distinct from that of tissue-
specific genes and resembles constitutive genes. Where tissue-specific promoters have detectable transcription
factor binding sites, the promoters of stem cell–specific genes instead have sequence features that broadly de-
crease nucleosome binding affinity. This genic organization makes pluripotency-related gene expression the
default state in these cells, which is maintained by the activity of chromatin remodelers ISWI and SNF2 in the
stem cells.
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INTRODUCTION
Pluripotent stem cells are present in all metazoans. In many
animals, and in particular in the most common animal model
systems, such stem cells are restricted to the early stages of embry-
onic development. Most of our understanding of pluripotency thus
relies on studies of embryonic (or induced) pluripotent cells from
vertebrate models that naturally maintain these cells only for a brief
period of time and in a closely protected environment. The image
that has emerged from such studies is that of a genomically and epi-
genetically fragile cell state that strictly depends on a regulatory
network of transcription factors (TFs) including OCT4 and SOX2
(1–4). In contrast to these common vertebrate models, many highly
regenerative invertebrate animals retain pluripotent cells through-
out adulthood. The ability to maintain stable pluripotent cells
long-term would be highly beneficial for therapeutic applications,
and it thus would be enlightening to learn from these animals
that have long-lived pluripotent cells and investigate how they
achieve this feat.

Planarians have emerged as a powerful model for stem cell
biology. Planarian adult stem cells, known as neoblasts, have the
ability to generate any cell type of the planarian body and are col-
lectively and individually pluripotent (5). This capacity is used
during regeneration to regrow any missing body parts, as well as
during homeostasis to replace aged and damaged cells, giving
these animals a possibly indefinite health span. The neoblasts
thus are essential for planarian viability, and the lifelong mainte-
nance of this pluripotent cell population is crucial to animal health.

Planarians encode a large set of genes that are highly enriched in
expression in the stem cells and have been associated with the plu-
ripotent state of these cells (6–9). In addition to the shared expres-
sion of these common neoblast genes, notable heterogeneity in gene
expression was found to divide the neoblasts into multiple

subclasses (10). Around 80% of neoblasts express sets of tissue-spe-
cific TFs in addition to the common neoblast genes (10–13), which
is interpreted to mean that these cells are specified toward the re-
spective tissue lineage. Single-cell sequencing studies and clustering
approaches have provided increasing detail on such specified sub-
classes and their transcriptional markers (13–15). The undifferenti-
ated pluripotent cells, however, appear to be largely characterized by
the absence of tissue-specific gene expression. This indicates that
the genes shared by all neoblast subpopulations are largely the
same as the genes that are required for maintaining pluripotency.
In particular, no TFs specific to the undifferentiated pluripotent
state or to the neoblast population as a whole have yet been identi-
fied. Several factors that had initially been associated with the plu-
ripotent neoblasts have since been found to be more sporadically
expressed among pluripotent cells and to be enriched in the neuro-
nal precursors instead (11). These studies therefore have not been
able to resolve the question of how the pluripotent neoblast state
is maintained.

Here, we took a complimentary approach to these earlier studies
that analyzed neoblast-specific regulation. Instead of focusing on
the TFs that are enriched in the stem cell population, we asked
what regulatory elements are enriched in the stem cell genes. We
analyzed the chromatin and genome organization of neoblasts
and several isolated tissues to compare the chromatin and sequence
context of neoblast-enriched genes to that of tissue-specific genes.
For tissue-specific genes, we find clear evidence of regulation by a
few master TFs that can activate large sets of tissue-specific genes.
To our surprise, we find that neoblast genes do not show any signs
of regulation by master TFs. Rather, we find that they contain signs
of more global regulation by chromatin remodelers. Our analyses
thus offer a new perspective on how the neoblast fate is maintained
in these cells.

RESULTS
Tissue isolations identify stem cell genes, tissue-specific
genes, and constitutive genes
To obtain robust transcriptomic and epigenomic data from differ-
ent cell types, we isolated pools of neoblasts and pools of cells from
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brain, epidermis, and intestine through various sorting and dissec-
tion strategies (Fig. 1A; see Materials and Methods for details). We
first generated RNA sequencing (RNAseq) libraries for each of the
cell isolations. Analysis of differential gene expression confirmed
that known markers of each tissue were highly enriched in the
matching RNA sample, indicating the correct isolation of the in-
tended specific cell populations (Fig. 1B). A further global analysis
of the RNA content of the tissues identified clear clusters of neo-
blast- and tissue-specific genes (Fig. 1C; see Materials and
Methods for details). Gene Ontology (GO) term analysis of each
of the clusters of isolate-specific genes found enrichment of expect-
ed gene categories for each tissue and thereby confirmed the validity
of the isolation methods (table S1).

In addition to the isolate-specific gene expression clusters, we
also identified a set of genes that had similar expression levels in
each of the isolates and we classified these as constitutive genes
(fig. S1, A to C). We used publicly available single-cell RNAseq
data to confirm the ubiquitous transcription of these genes includ-
ing in cell types not isolated during our study (fig. S1D) (16). Fur-
thermore, GO term analysis revealed an abundance of factors
involved in essential cellular processes, including genes related to
mitochondria, protein translation, proteostasis, and RNA process-
ing (table S1). Together, these findings support their classification
as constitutive genes, which we here define as genes that are ex-
pressed at similar levels in all planarian cells.

Next, we applied CUT&Tag (Cleavage Under Targets and Tag-
mentation) to determine the localization of the histone modifica-
tion H3K4me3, which marks active promoters (Fig. 1D).
CUT&Tag was recently developed as a more rapid and sensitive al-
ternative to chromatin immunoprecipitation sequencing (ChIPseq)
(17). To benchmark this method for detection of H3K4me3 in pla-
narian cells, we compared our CUT&Tag data to publicly available
ChIPseq data (18) and found strong correlation between the shapes
of the peaks and the locations of the peaks across the planarian
genome (fig. S1E). We expected that genes identified as having en-
riched expression in a specific cell isolation would also tend to show
increased H3K4me3 signal in that same cell isolation compared to
the other samples. It is important to note that this correlation is not
expected to be perfect, as there are many more aspects involved in
the activation of a gene than solely the H3K4 methylation state. We
nevertheless inspected individual genes (fig. S2) and plotted the
H3K4me3 signal for the gene clusters found in the isolate-specific
RNAseq (Fig. 1D) and found that the expected trend is detected.
Furthermore, a quantitative comparison of the RNA expression
bins of genes and the strength of the H3K4me3 signal showed
that there also is a quantitative correlation between these features.
To further verify our data, we inspected where our identified
H3K4me3 peaks were located on the genome. Previous reports
had shown that in planarian genes, the H3K4me3 signal is elevated
on both the active promoter and the early parts of the gene (18, 19).
In agreement with this, we found that most of the H3K4me3 peaks
are located in promoters and exons (Fig. 1F and fig. S1F).

Finally, we identified the accessible chromatin regions in each of
the cell isolations using assay for transposase accessible chromatin
sequencing (ATACseq), which isolates open chromatin by its acces-
sibility to the transposase Tn5 (20). Similar to what was explained
above for the H3K4me3, we inspected the chromatin accessibility
for the gene clusters found in the isolate-specific RNAseq data
(Fig. 1, E and H, and fig. S2). This demonstrated that the expected

correlation between chromatin accessibility and gene expression
can be detected from our data. Further, we expected the accessible
chromatin to locate primarily to genes and their promoters. We
found little chromatin accessibility in regions that encode transpos-
able elements (TEs) or in regions that were not closely associated
with genes (Fig. 1G and fig. S1G). The limited number of peaks
that were detected at distant loci could well relate to gene enhancer
regions, but associating these with the correct gene is complex as
linear proximity does not always correlate with regulatory relation-
ships between a gene and an enhancer. Somewhat surprisingly, we
also found many peaks in intronic regions of genes, primarily in the
intestinal and epidermal samples. To investigate the basis for this
finding, we asked which genes were marked by chromatin accessi-
bility on their introns. We found that intron accessibility within a
gene strongly correlated with increased chromatin accessibility at its
promoter region (fig. S1, H and I). An intriguing possibility there-
fore is that these accessible intron regions can function as enhancer
elements to the genes in which they are located and thereby enhance
the effect of the promoter opening at these genes. To investigate the
higher abundance of intron peaks in intestinal and epidermal
samples compared to other cell isolations, we further inspected
the intron content of the genes that are part of the isolation-specific
gene sets (fig. S1, J to M). We found that in general, weakly ex-
pressed genes [1 to 10 transcripts per million (TPM)] had a
higher intron content than highly expressed genes, but that, in ad-
dition to that trend, intestinal and epidermal genes tended to be
larger and contain more and longer introns than neoblast- or
brain-specific genes. The higher abundance of intron-localized
ATAC peaks in intestine- and epidermis-enriched genes therefore
may well be related to the higher amounts of intronic sequence in
these gene sets.

Together, we find that the obtained datasets of RNA and chro-
matin features show the overall characteristics that would be expect-
ed based on prior knowledge of planarian tissues and of gene
regulation in general. We therefore conclude that the obtained data-
sets are of sufficient enrichment and quality to use for analyzing the
regulation of gene expression.

Chromatin organization of constitutive genes is notably
distinct from that of tissue-specific genes
While H3K4me3 and ATAC levels globally correlated with RNA ex-
pression levels in each of the tissues (Fig. 1H and fig. S2), we noticed
a pronounced distinction between tissue-specific genes and consti-
tutive genes (Fig. 2A). In each of the isolated tissues, the ATACseq
signal on tissue-specific genes showed a strong peak, which was
located just 50 of the transcriptional start site (TSS), at the site of
the putative promoter region. In contrast, the constitutive genes
showed only mildly elevated accessibility that overlapped with the
TSS, and lacked the strong upstream peak of the tissue-specific
genes. The tissue-specific genes showed a notable increase in
H3K4me3 around the TSS, which peaked some distance into the
genic region before returning to baseline level. The constitutive
genes showed a similar distribution of H3K4me3 signal, although
they reached a substantially higher intensity even when transcrip-
tional output was comparable (Fig. 2A and fig. S3, A and B). The
distribution of the ratios between H3K4me3 signal and ATAC
signal for each individual gene confirmed this trend and showed
that this reflects a widespread distinction between these two types
of promoters (Fig. 2B).
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Fig. 1. Tissue isolations identify tissue-specific and constitutive genes. (A) Schematic of the experimental design. (B and C) Heatmaps displaying normalized RNAseq
data (B) of known tissue markers and (C) of all genes belonging to the specific clusters defined for each cell isolation. Z scores based on the transcripts per million (TPM),
representing the relative expression levels of each gene across the different cell isolations normalized to themean expression of the gene, are shown. (D and E) Heatmaps
displaying (D) H3K4me3 CUT&Tag and (E) ATACseq. Z scores based on the reads per kilobase per million (RPKM) of the genes of the different tissue-specific clusters
defined by RNAseq are shown. The gene order for (C) to (E) is identical. The RPKM for (D) and (E) was computed over a 2-kb region centered on the TSS. (F) Location of the
H3K4me3 CUT&Tag peaks detected in each tissue. (G) Location of the ATACseq peaks detected in each tissue. Exons and introns are determined based on themapping of
poly-adenylated transcripts. The promoter is defined as the 2 kb upstream of the TSS. Transposable elements (TEs) were identified by RepeatMasker. (H) Analysis of the
chromatin read coverage relative to the gene expression level. For each tissue, three gene categories were defined: highly expressed (>30 TPM), expressed (>10 TPM and
<30 TPM), and weakly expressed (<10 TPM). Boxplots for the RNAseq (in TPM, in green), H3K4me3 CUT&Tag (in RPKM over the 2 kb centered on the TSS, in red), and
ATACseq (in RPKM over the 2 kb centered on the TSS, in blue) are shown from left to right. Statistical significance was determined using a Wilcoxon test (P value with
Bonferroni correction: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Poulet et al., Sci. Adv. 9, eadh4887 (2023) 6 October 2023 3 of 17



Fig. 2. Chromatin organization of constitutive genes is notably distinct from that of tissue-specific genes. (A) Metaplots showing distribution of ATAC and
H3K4me3 reads over the TSS (±1 kb) region of tissue-specific and constitutive genes in brain, epidermis, intestine, and neoblast (in RPKM). Gene counts used for this
analysis are listed in table S5. (B) Boxplots comparing the distribution of log2(ATAC/H3K4me3) for tissue-specific and constitutive genes in brain, epidermis, intestine, and
neoblast. Statistical significance was determined using a Wilcoxon test. P values are as indicated in the panel. (C) Schematic of the nucleosome occupancy. (D to F)
Metaplots depicting nucleosome occupancy signal computed with nucleoATAC (83) centered on TSSs of the tissue-specific (colored lines) or constitutive (black lines)
genes. (G) Putative Initiator (Inr) consensus sequence detected over the TSS (±40 nt). (H) Percentage of genes containing this putative Inr motif and TATA box over the TSS
(±40 nt) in the different gene clusters (as determined by HOMER).
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Comparison of the TSS between tissue-specific genes and con-
stitutive genes provided further evidence of distinct chromatin or-
ganization. The TSS of an active gene is typically depleted of
nucleosomes to allow entry of RNA polymerase II. This nucleo-
some-free region is then flanked by two well-positioned nucleo-
somes (Fig. 2C) (21–23). We identified such nucleosome
positioning at the constitutive genes in each of the tissues (Fig. 2,
D and E). The tissue-specific genes, however, showed much
weaker positioning of the −1 and +1 nucleosomes. Exploring the
sequence composition around the TSS, we also found a difference
in the prevalence of the core sequence motifs at the promoters.
TATA boxes were detected in only 5% of planarian promoters,
which is comparable to what is found in other metazoans (24),
and this frequency was consistent across constitutive and tissue-spe-
cific promoters. We, however, identified a new motif that is en-
riched right at the TSS, suggesting that this is the planarian
version of the Initiator motif (Fig. 2G and table S3). This motif
was found in around 10% of tissue-specific promoters, but in
almost 30% of constitutive promoters (Fig. 2H), reinforcing the
notion that the organization of constitutive promoters is distinct
from that of tissue-specific promoters.

This identification of distinct promoter types for constitutive
and tissue-specific genes is in line with findings in several other
models. In yeast, early studies on nucleosome positioning had iden-
tified promoters with large nucleosome-free regions and clearly po-
sitioned nucleosomes further upstream, which typically
corresponded to low-plasticity (“housekeeping”) genes, whereas
promoters with more evenly positioned nucleosomes corresponded
to more dynamically regulated genes (25, 26). Further, while some
metazoan promoters have a single localized TSS, others were found
to have multiple alternative TSSs spread over a larger region, which
was associated with low-plasticity genes (27, 28). A recent study of
Caenorhabditis elegans promoter regions found that constitutive
genes have well-positioned nucleosomes around their TSS, and
that this coincides with a 10-nucleotide (nt) periodicity of AT
motifs in their sequence (29). We here find that constitutive genes
in planarians have the same well-positioned nucleosomes, but do
not show a 10-nt periodicity, indicating that they use a different
mechanism to achieve a similar outcome.

In summary, we find that the chromatin accessibility of tissue-
specific and constitutive gene promoters is very differently orga-
nized, and that while both promoter types are marked by
H3K4me3, only tissue-specific promoters have upstream peaks in
accessibility that are reminiscent of TF binding sites.

Chromatin organization of neoblast-specific genes
resembles that of constitutive genes
We were interested to find how the stem cell–specific genes com-
pared to these two types of promoter organization. Given that the
stem cells are a specific cell type, we expected to find an arrange-
ment similar to the tissue-specific genes. In contrast, when we an-
alyzed the H3K4me3 profile and the ATAC profile of the neoblast-
enriched genes, we found no increase in chromatin accessibility 50
of the TSS. Instead, we found a mild increase in accessibility cen-
tered on the TSS, similar to what we had identified for constitutive
genes (Fig. 2A). The ratio of H3K4me3 over ATAC signal in the neo-
blasts was also similar between neoblast-specific genes and consti-
tutive genes (Fig. 2B), indicating that this constitutive-like
chromatin arrangement is present at a major fraction of the

neoblast-specific genes. The nucleosome positioning around the
TSS similarly mirrored that of constitutive genes, showing firmly
positioned −1 and +1 nucleosomes (Fig. 2F), which differs from
what tissue-specific genes had shown. Motif analysis around the
TSS revealed a high prevalence (40%) of the putative Initiator
motif, similar to the situation in constitutive promoters (Fig. 2H).
These findings show that the chromatin organization of the neoblast
genes resembles that of constitutive genes rather than that of the dy-
namically regulated tissue-specific genes.

To ensure that our findings concerning the accessibility profiles
across the promoter regions of tissue- and stem cell–specific genes
are not caused by technical artifacts, we ran several control experi-
ments (fig. S4). First, to exclude the effect of sample preparation, we
applied the same processing steps and incubation times on isolated
epidermal cells as are used for the isolation of stem cells. This did
not alter the accessibility profiles of the epidermal-specific promot-
ers, and an upstream peak in accessibility corresponding to a puta-
tive TF binding site was clearly detected (fig. S4, D and E). Second,
to exclude cell cycle–related effects, we repeated the analysis with
stem cells in G1-G0 phase of the cell cycle (fig. S4, F and G). This
cell population contains early differentiating cells in addition to the
stem cells, and thus, accessibility peaks related to the various differ-
entiated tissues can now be detected in this dataset. However, this
isolation strategy did not change the accessibility profile of the neo-
blast-specific genes, and still no accessible region upstream of the
TSS was identified. Third, we retrieved publicly available planarian
ATACseq datasets and analyzed them using our pipeline to deter-
mine the accessibility profiles of tissue- and neoblast-specific genes
(fig. S5) (30–32). Although these datasets were mostly derived from
mixed cell populations, in all datasets we recovered the similarity of
neoblast genes and constitutive genes, whereas tissue-specific genes
continue to follow a different profile, thus confirming our findings
(fig. S5). The fact that our main findings are reproduced in various
other datasets that were generated by different methods and differ-
ent laboratories strongly suggests that they reflect true biological
findings.

We were interested to find whether this distinct organization of
stem cell–specific genes is unique to the adult pluripotent stem cells
of Schmidtea mediterranea or whether this could be a more general
property of adult pluripotent stem cells. While tissue-specific data
are not available in other highly regenerative model systems, single-
cell RNAseq and whole-animal ATACseq data are available from the
evolutionarily distant acoel Hofstenia miamia, which also has adult
pluripotent cells (32, 33). Analysis of these data revealed that in this
animal the promoter organization of stem cell genes is also different
from that of tissue-specific genes, and instead is similar to that of
constitutive genes (fig. S6). This indicates that the arrangement
we found is not unique to planarians, and it suggests that this phe-
nomenon may be widespread among adult pluripotent stem cells.

Stem cell genes and constitutive genes lack enriched TF
binding sites
The promoter regions of the tissue-specific genes showed peaks in
chromatin accessibility, which are expected to correspond to
regions of TF binding. Previous studies identified several conserved
tissue-specific TFs, and we confirmed the specific enrichment of
several of these factors in the transcriptional data of our tissue iso-
lations (Fig. 1B and fig. S7A). On the basis of their enriched expres-
sion levels, these TFs are expected to regulate gene expression in
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their respective tissues. We therefore explored whether binding
motifs for the tissue-enriched TFs would be enriched in the pro-
moters of the tissue-specific gene sets that we had identified. To
evaluate this, we predicted binding motifs for several conserved,
tissue-specific TFs (table S2) and scanned the general promoter
regions (2 kb of sequence upstream of the TSS) of the tissue-specific
genes for these motifs. Remarkably, we found no good correlation
between the tissue of enrichment for a TF and the prevalence of the
putative TF motifs in the general promoter regions of matching
tissue-specific genes (Fig. 3A), reinforcing previous notions that
the mere presence of a TF-binding motif upstream of a gene is
not indicative of a regulatory interaction (34, 35). We next used
our tissue-specific ATACseq data to analyze the accessibility of
the predicted TF-binding motifs in the promoter regions of the
gene clusters (Fig. 3B and fig. S7B). This analysis showed increased
accessibility of the putative matching motifs for several TFs specif-
ically in the tissue in which they are expressed. For example, al-
though motifs predicted to match the epidermal TF soxP-3 were
most prominent in the promoters of intestinal genes, we detected
an increased accessibility of these motifs only in the epidermal
tissue. Similarly, we found increased accessibility of putative EGR-
1 motifs in epidermis, EGR-4 motifs in brain, and putative GATA-
4/5/6 and NKX-2.2 binding sites in the intestine. The specific acces-
sibility of the intestinal TF HNF-4 was particularly clear. Further-
more, RNA interference (RNAi)–mediated knockdown of hnf-4
confirmed the down-regulation of several predicted target genes
as well as other intestinal genes (fig. S7C). Together, these findings
indicate that our tissue-specific ATACseq data are able to identify
regulatory motifs, and that motif accessibility is an essential
feature in the consideration of regulatory interactions.

For some of the previously identified tissue-specific TFs, we did
not detect tissue-specific enrichment of accessible binding motifs.
As planarian TF-binding motifs have not been experimentally ver-
ified, we reasoned that this absence of detectable regulatory interac-
tions could be due to the incorrect prediction of their binding
motifs. Therefore, in an independent approach, we used HOMER
for the de novo identification of any enriched motifs in the accessi-
ble areas of the isolation-specific genes, independent of TF annota-
tion (Fig. 3C), and we subsequently annotated motifs based on the
most similar motif as annotated in the HOMER database. We again
recovered the putative HNF-4 binding motif and the NKX-2
binding motif in the intestinal samples, indicating that these
binding sites are present and accessible in the promoters of a signif-
icant fraction of the intestinal genes, consistent with earlier reports
proposing these genes as intestinal regulators (10, 36). Other motifs
that were enriched in intestinal genes include the CCAAT box,
which is a common motif bound by NF-Y TFs, and motifs that
are assigned to two additional TFs that have not previously been as-
sociated with the intestinal lineage (Fig. 3C).

Epidermal promoter regions also contained the CCAAT box.
However, the primary motif enriched in epidermal promoters was
predicted to correspond to a zinc finger protein. While it is not pos-
sible to predict which of the many planarian zinc finger proteins
interacts with this motif, it is interesting to note that one of the
primary epidermal TFs is the zinc finger protein ZFP-1 (10). The
motif analysis also revealed a motif corresponding to SOX9 (or
soxP-3), a TF that also was previously found to regulate the epider-
mal lineage in planarians (10, 37).

The constitutive genes and stem cell genes did not have upstream
ATAC peaks in their promoters, and the peaks at the TSS did not
recover any enriched motifs other than the putative Initiator motif.
As an additional strategy for these genes, we searched the accessible
sequence within 2 kb upstream of the TSS, but neither of the strat-
egies recovered significantly enriched motifs. We also inspected the
nearby putative enhancer regions of stem cell genes for enriched TF
motifs (fig. S8), and while this uncovered some mildly enriched
motifs, they did not have a very well-defined signature, were not
specific to the gene set, and were present only in a low fraction of
regions. Together, this implies that there is no TF that drives expres-
sion of a significant proportion of neoblast-specific or constitu-
tive genes.

Promoters of stem cell genes and constitutive genes
contain homopolymeric AT stretches
It is plausible that constitutive genes are not regulated by specific
TFs, as they are expressed at similar levels at all times. Stem cell
genes, however, were defined based on the fact that they are ex-
pressed at much higher levels in the stem cells than in any of the
differentiated cell types, suggesting specific regulation. The
absence of clear TF motifs was thus highly surprising. We therefore
further inspected the promoter sequences to look for indications of
regulation of the neoblast-specific genes. While no specific motifs
were uncovered, we did detect an elevated AT content in these
regions. The planarian genome has an overall AT content of
around 70%, which is consistent with the overall AT level in the
various promoter sequences (Fig. 3D). In the 500-nt upstream of
tissue-specific TSSs, this AT content increases mildly (Fig. 3, E to
G), but in the promoter regions of constitutive genes and stem
cell genes, the AT content reaches levels of over 90% (Fig. 3, H
and I). In addition, there is a notable bias for T over A in the
region leading up to the TSS. No specific enriched patterns were
found in these AT-rich regions, except for repeated instances of
T-stretches of variable length and at variable position (Fig. 3, J
and K, and fig. S9). Such homopolymeric dA:dT stretches were
first reported in the promoter regions of several constitutive genes
in yeast (38, 39) and are generally enriched in eukaryotic genomes
(40). While the mechanism of their effect on transcription has still
not been fully resolved, they tend to have a positive effect on gene
expression, reduce transcriptional noise, and increase accessibility
(25, 41).

Remarkably, we did identify enriched k-mers in the general AT-
rich regions upstream of the TSS in the tissue-specific genes: Trinu-
cleotide repeats consisting of A and T in various permutations were
overrepresented in these promoters and were absent from constitu-
tive promoters and stem cell promoters (Fig. 3J). This indicates that
in contrast to the constitutive genes and stem cell genes, the pro-
moters of planarian tissue-specific genes are rich in short tandem
repeats. These motifs are not enriched in the accessible regions of
these promoters and thus are unlikely to be related to TF binding. A
recent C. elegans study also found certain dinucleotide repeats in the
promoter regions of tissue-specific genes (29), and we found similar
dinucleotide repeats in the putative enhancer regions of tissue-spe-
cific genes (fig. S8). The role of such nucleotide repeats is unclear,
but in general, short tandem repeats have mutation rates that are
orders of magnitude higher than other genomic sequences (42).
They may thus contribute to the evolutionary dynamics of such reg-
ulated genes by altering the distance between TF binding sites and
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Fig. 3. ATAC peaks reveal transcription factor motifs for tissue-specific genes, but not for neoblast genes. (A) Z score of the frequency of transcription factor (TF)
motifs (see table S2) within the region 2 kb upstream the TSS as identified by FIMO (92). (B) Metaplots depicting chromatin accessibility over several motifs of interest from
(A) (±500 b) in each of the tissues. (C) Enriched motifs in ATACseq peaks localized in the promoter regions of intestinal and epidermal genes. No significantly enriched
motifs were found for neoblasts or constitutive genes. (D) Aggregated A, T, C, and G content of the region around the TSS (±500 b) in the different gene clusters. (E to I)
Metaplots of the A, T, C, and G content in the region around the TSS (±500 b) in the genes specific to brain (E), epidermis (F), intestine (G), neoblast (H), or constitutive
genes (I). (J) Analysis of nonamer enrichment in the 500 nt upstream the TSS. (K) Analysis of T stretch frequency in the 500 nt upstream the TSS. Statistical significance is
shown for the neoblast and constitutive sets relative to the tissue-specific sets as determined byWilcoxon test (P valuewith Bonferroni correction: ns: not significant, **P≤
0.01, ***P ≤ 0.001).
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the TSS, thereby subtly altering the regulation of gene expression
(43–45). We find that the most essential genes in the genome, the
constitutive genes and the stem cell genes, were depleted of these
mutagenic motifs.

Together, this shows that, also on the level of the genomic se-
quence, neoblast promoters resemble constitutive promoters and
that these promoters have sequence features that may increase
general accessibility without the action of TFs.

Genomic A compartment is not enriched in promoters of
stem cell or constitutive genes
In the absence of clear TF-mediated regulation, we wondered
whether the spatial organization of the genome might direct the ex-
pression of stem cell genes. The planarian genome is rich in TEs,
which make up over 50% of the genomic sequence (46) and are
largely marked by histone modifications that are associated with
heterochromatin (30). In the three-dimensional (3D) organization
of the genome, such heterochromatic regions typically cluster to-
gether in certain domains of the nucleus, forming a heterochromat-
ic compartment, or B compartment (47, 48), whereas the active
regions form nuclear domains of transcriptional activity, also re-
ferred to as A compartments (48, 49). We asked whether the differ-
ential distribution of stem cell genes, constitutive genes, and tissue-
specific genes across these compartments might explain the ob-
served differences in their regulatory requirements.

We used publicly available Hi-C data to investigate the organi-
zation of such compartments in the planarian genome at 50-kb res-
olution. We found stable segregation of the genome into two
compartments (Fig. 4A and fig. S10) (50). The A compartment
showed higher accessibility than the B compartment, as reflected
by higher levels of H3K4me3 and higher ATACseq read coverage,
but we did not detect a difference in overall gene content, stem
cell–specific gene content, constitutive gene content, or gene ex-
pression levels (Fig. 4, B and C, and fig. S10). Even when comparing
these features between the two compartments within each chromo-
some (to avoid any potential chromosome-specific effects), we
found no significant differences between the regions belonging to
the two compartments (figs. S11 and S12). This finding was surpris-
ing, as studies in other model organisms have consistently found
clear distinctions in genic content between the two main nuclear
compartments. Many of these studies have been performed in
mammalian systems, which tend to have larger genes than planar-
ians, and thus may have larger linear sections of DNA segregating
into the same compartment. It therefore cannot be excluded that
planarian Hi-C analysis at higher resolution may reveal compart-
mentalization into domains that better correspond to gene expres-
sion. This is what was recently found in Drosophila, which has genes
that are smaller than those of Schmidtea: Topologically associated
domains (TADs) as resolved by high-resolution Hi-C data correlate
much better with gene expression than the more global compart-
ments (51). However, even Drosophila compartments called at
low resolution did correlate with genic content (48). Therefore,
our analysis suggests that the planarian compartmentsmay function
differently from the typical A and B compartments described in
other model systems.

To better understand this lack of genic distinction between the
compartments, we inspected the arrangement of genetic elements
in the S. mediterranea genome (Fig. 4A). We find that the planarian
genome is very dense in genetic elements, with relatively little

noncoding space in between (median distance between elements
is 1.08 kb). Further, genes and repetitive elements are intermingled
throughout the entire genome, and we do not find extended regions
that are depleted of genes or of repetitive elements. The neoblast
genes and the constitutive genes are also not concentrated in specif-
ic regions of the genome, but rather are dispersed. Given this ar-
rangement, it is likely that although some 50-kb bins are more
accessible than others, most 50-kb regions will contain some
genic as well as some repetitive elements. This indicates that no sig-
nificant enrichment of genic elements in these compartments can
be expected.

The only significant distinction in the sequence content of the
compartments was found in the distribution of the TEs (Fig. 4D).
The planarian genome contains over a dozen prominent families of
TEs, and transposon copies of each family are distributed through-
out the genome. We previously found that some families of TEs are
actively repressed by Piwi-interacting RNA (piRNA)–mediated si-
lencing and heterochromatin formation, whereas other families do
not become active even in the absence of these silencing mecha-
nisms (30). We found that the actively repressed transposons, in-
cluding the retrotransposon families Burro and Gypsy as well as
the replicative DNA transposon family of Polintons, were overrep-
resented in the B compartment on each of the chromosomes
(Fig. 4D). Contrarily, the DNA transposons that do not require
constant repression through piRNAs, such as Mariners and hATs,
were enriched in A. This differential distribution of TEs supports
the classification of the two compartments as functionally distinct
and suggests that transposon content rather than genic content may
drive the compartmentalization in Schmidtea.

Together, we detect interpretable compartmentalization of the
planarian genome into A and B compartments. This large-scale
compartmental organization, however, does not explain the differ-
ence in the regulation of the stem cell genes compared to the tissue-
specific genes.

Chromatin remodelers ISWI and SNF2 regulate stem cell
gene expression
Classic in vitro studies proposed that poly(dA:dT) regions are rigid
and free of nucleosomes (52–56), but amore recent study found that
AT-rich DNA rather allows for the easy removal of nucleosomes by
chromatin remodelers without affecting neighboring nucleosomes
(57). We reasoned that in the absence of clear regulation by TFs or
chromatin compartments, chromatin remodelers may play an im-
portant role in accomplishing the cell-specific activation of stem
cell genes.

Of the four main types of chromatin remodelers, SWI/SNF,
ISWI, and INO80 have been associated with altering accessibility
at the TSS, whereas CHD-type remodelers typically modify accessi-
bility in the gene body (58). Furthermore, previous studies proposed
involvement of SWI/SNF-related complexes with planarian stem
cell function, whereas a CHD remodeler was associated rather
with cell differentiation (59, 60). We identified one planarian
homolog of INO80 and two homologs of each ISWI and SNF2
(fig. S13). In agreement with a previous characterization, we
found that one of the SNF2 genes had very low expression (59),
but expression of the remaining four genes was enriched in the
stem cells (Fig. 5A). We used RNAi to knock down each of these
genes and determined the effect on tissue-specific, stem cell–specif-
ic, and constitutive gene expression by quantitative polymerase
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Fig. 4. Genomic A compartment is not enriched in promoters of stem cell or constitutive genes. (A) Circos plot of the S. mediterranea genome organized per
chromosome, showing A/B compartments (A in blue; B in red), gene density (light green for low, and dark green for high gene density), TE density (light purple for
low, and dark purple for high TE density), and positions of the constitutive genes. (B) Comparison of the chromatin organization between the A and B compartment (A in
blue; B in red). (C) Distribution of neoblast-specific genes and constitutive genes between the A and B compartments. (D) Enrichment in TE annotation per family over A/B
compartment compared to the whole-genome percentage (set to 1.0). TE families are separated into retrotransposons and DNA transposons. Shading indicates the
primary compartment for each family. Statistical significance is determined by Wilcoxon test (P value with Bonferroni correction: ns: not significant, *P ≤ 0.05).
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Fig. 5. Chromatin remodelers ISWI and SNF2 regulate stem cell gene expression. (A) Heatmap of RNA expression levels of planarian chromatin remodeler genes. (B
and C) Gene expression changes (qPCR) in neoblast genes and constitutive genes upon knockdown of chromatin remodelers snf2a (B) and iswib (C). Statistical signifi-
cance is determined using a Student’s t test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005). (D) Fluorescent in situ hybridization of smedwi-1 transcript, showing the number of
neoblasts upon control RNAi treatment, or knockdown of snf2a or iswib. Scale bar, 50 μm. (E) Quantification of (D). (F) Illustration of the automated quantification of
colony size. Different colonies as identified by the image analysis are marked in different colors. (G and H) Number of cells per expanding neoblast colony (G) and total
neoblast density per animal (H) at 7 days (7d) after irradiation [snf2a(RNAi)] or 10 days (10d) after irradiation [iswia(RNAi) and iswib(RNAi)] compared to controls. Statistical
significance is determined by Wilcoxon test (P value with Bonferroni correction: ns: not significant, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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chain reaction (qPCR) (Fig. 5, B and C, and fig. S14). iswia(RNAi)
did not show any detectable effect on gene expression, and
ino80(RNAi) mildly reduced RNA levels of stem cell and constitu-
tive RNAs to the same extent. iswib(RNAi) and snf2a(RNAi) clearly
resulted in a reduction of stem cell gene transcripts without signifi-
cant effects on the constitutive genes (Fig. 5, B and C). To determine
whether the reduction in stem cell gene expression could be due to a
reduction in stem cell number, we quantified the percentage of total
cells that were positive for the neoblast marker smedwi-1 using
quantitative analysis of whole-mount stainings (Fig. 5, D and E,
and fig. S15A). We found no significant change in the neoblast
abundance in any of our RNAi conditions, which is in agreement
with a previous study that had found no reduction in stem cell
number in the absence of SNF2a (59). Together, this indicates
that the change in stem cell gene expression as detected upon reduc-
tion of ISWIb and SNF2a is due to a reduction in the level of stem
cell transcripts per cell rather than to a change in cell composition of
the animals.

One of the crucial tasks of planarian stem cells is to maintain the
overall stem cell population and to repopulate the animal when stem
cell numbers have been reduced. To test whether the detected re-
duction in stem cell gene expression is relevant for stem cell func-
tion, we tested the ability of the neoblasts to expand.We exposed the
animals to a dose of radiation that significantly reduces stem cell
number, and allowed the few remaining stem cells to divide and
form colonies of neoblasts, which were detected by staining. To
avoid any biases in the image analysis, we used an automated
script (61) to determine the colony assignment of each neoblast
and the number of cells per colony (Fig. 5, F and G, and fig.
S15B). We found that knockdown of iswib and snf2a resulted in sig-
nificantly smaller colonies than those found in control animals, in-
dicating that in the absence of ISWIb or SNF2a neoblasts have a
reduced activity and/or a reduced ability to maintain the neoblast
fate (Fig. 5G and fig. S15B).

In summary, our data indicate that ISWIb and SNF2a maintain
expression from stem cell genes in the absence of stem cell–specific
TFs, and that their maintenance of stem cell gene expression is es-
sential for stem cell function.

DISCUSSION
Studies on embryonic pluripotent cells have shown that the plurip-
otent state is tightly regulated by a distinct TF network. Our findings
here show that in contrast to that situation, planarian adult plurip-
otent stem cells are regulated in a manner that de-emphasizes the
role of individual TFs (Fig. 6) and we find evidence that this orga-
nization is conserved in other adult pluripotent stem cells (fig. S6).
The absence of clear TF binding peaks in the promoter regions of
stem cell genes could mean that no TFs are bound, or alternatively,
it couldmean that many TFs can bind redundantly in various places
and that their effects on the accessibility even out and no individual
motifs are enriched. In either case, this means that the importance
of individual TFs for the expression of stem cell genes is likely
very limited.

At first glance, our findings put the adult pluripotent stem cells
at odds with studies on mammalian embryonic pluripotent cells.
Mammalian embryonic stem cells (ESCs) are tightly regulated by
a core group of TFs, and the central role of the master regulator
OCT4(pou5f1) in their maintenance is well established. The pou5

branch of TFs that includes OCT4 arose from a gene duplication
event that occurred within vertebrates (62, 63), and it is therefore
plausible that its pluripotency-related function is absent in inverte-
brate systems. One of the major functions of OCT4, however, is to
recruit chromatin remodelers to stem cell genes to promote their
expression (64, 65). Remarkably, our data show that—even in the
absence of OCT4—planarians recruit chromatin remodeling activ-
ity to promote pluripotency-related gene expression. Our findings
thus emphasize the importance of chromatin remodelers in the reg-
ulation of pluripotent cells.

The finding that chromatin remodeling rather than the binding
of a specific set of TFs activates the expression of the core stem cell
genes is highly surprising given our understanding of gene regula-
tion in general, but it does fit with other observations on stem cell
RNA expression and fate specification in planarians. Single-cell
studies on planarian neoblasts have identified sets of lineage-specif-
ic TFs in specified subsets of the neoblasts, but no specific TFs have
been identified for the unspecified pluripotent neoblast cells, or for
the neoblast population as a whole (10, 13–15, 66). On the basis of
these single-cell analyses, it appears that the pluripotent state of the
neoblast is mostly characterized by the lack of expression of tissue-
specific TFs. Our finding that the core stem cell genes do not have
clear TF binding sites supports the notion that there may not be any
specific TFs to be found for the pluripotent state. The implication of
our findings is that the expression of the core stem cell genes can be
considered the default state of the neoblasts, and as long as chroma-
tin remodelers are available to move the unstably bound nucleo-
somes out of the stem cell promoter regions, this expression state
will be maintained (Fig. 6). A recent study described that planarian
stem cells start to express tissue-specific TFs during S phase but
revert to an unspecified state after mitosis when the tissue-specific
transcripts have all been segregated into the differentiating daughter
cell (11). Our data support the implication that the absence of
tissue-specific TFs may be sufficient to default back to the pluripo-
tent neoblast state.

Gene activation through chromatin remodelers seems rather as-
pecific, and our data cannot fully explain how stem cell–specific
genes are switched off upon cell differentiation.We found that tran-
scripts for several chromatin remodelers are more abundantly ex-
pressed in the stem cells than in differentiated cells. It is possible
that the chromatin remodelers are actively retained at higher
levels in the stem cell daughter cells or that they are regulated by
other means. It is also possible that stem cell genes are actively si-
lenced in differentiated cells by specific mechanisms, such as
histone modifications, histone variants, or changes in 3D organiza-
tion. Future exploration of these and other regulatory features will
give insights into how planarian neoblasts exit the stem cell state.

MATERIALS AND METHODS
Experimental design
The primary objective of this study was to identify factors or mech-
anisms regulating the expression of stem cell genes in planarian
neoblasts. As TF binding to promoter regions is a well-known
mechanism of gene expression regulation, we generated several se-
quencing datasets to identify a set of genes with stem cell–specific
expression and determine the chromatin organization of the pro-
moter regions of these genes, with the goal of identifying TF
binding sites. For comparison, we generated similar data for
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several differentiated tissues. We tested methods for the identifica-
tion of TF binding sites from our datasets using the tissue-specific
data and found that chromatin accessibility is an essential consider-
ation in these analyses. We further implemented de novo motif en-
richment analysis of tissue-specific accessible promoter regions to
allow for the identification of binding sites for yet-uncharacterized
TFs. When none of these strategies revealed TF binding sites for
stem cell genes, we analyzed other sequence characteristics of the
stem cell–specific promoters, as well as the role of 3D organization
and of chromatin remodelers in stem cell gene expression.

Experimental model and husbandry
S. mediterranea asexual clonal strain ClW4 was maintained as pre-
viously described (67). Briefly, animals were cultured in 1× Mon-
tjuic salts at 20°C, fed homogenized beef liver paste every 1 to 2
weeks, and expanded through continuous cycles of amputation or
fissioning and regeneration. Animals were starved 1 to 2 weeks
before experiments.

RNAi was used to accomplish knockdown of specific transcripts
in planarian cells. For RNAi experiments, regions of planarian
genes 0.5 to 2 kb in length were amplified from complementary
DNA (cDNA) using sequence-specific primers (table S4) 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 promoters (TAATACGACTCAC
TATAGG) and annealed by incubation at 37°C for 30 min. The

transcribed single-stranded RNA (ssRNA) as well as the final
double-stranded RNA (dsRNA) product were verified by gel elec-
trophoresis. Animals were fed twice a week on liver containing in
vitro synthesized dsRNA for 2 weeks, followed by starvation for 5
days before harvesting. In each experiment, the effectiveness of
the gene knockdown was verified by qPCR.

Sublethal irradiation was used to strongly reduce the number of
neoblasts per animal and study the expansion of the remaining neo-
blasts to obtain a more sensitive readout of their health. For suble-
thal irradiation experiments, animals were fed for three RNAi feeds
over a course of 10 days and exposed to 1250 rads of irradiation on
day 14. This reduces the number of neoblasts to only a few cells per
animal. Surviving neoblasts were allowed to expand into colonies
for 7 or 10 days before fixation and analysis.

Genome and genome annotation
The chromosome-based assembly of the S. mediterranea genome
(50) was annotated with merged transcriptome annotations (10,
68, 69). Transposons were annotated using RepeatMasker (http://
www.repeatmasker.org).

Fixation and whole-mount staining
Whole-mount staining of RNAi-treated animals was applied to
detect neoblasts, to quantify the effect of chromatin remodelers
on neoblast function. Fixations and whole-mount in situ hybridiza-
tions (ISHs) were performed as previously described (70), with al-
terations described in (71). Briefly, formaldehyde-fixed animals

Fig. 6. Model of neoblast gene regulation. Tissue-specific genes (bottom, green) are transcribed in differentiated cells (right) where they are marked by trimethylation
of H3K4 (red). These genes are regulated by binding of tissue-specific TFs at a region of increased chromatin accessibility just upstream of the transcriptional start site
(TSS). In the neoblasts (adult pluripotent stem cells, left), tissue-specific TFs are not present and the tissue-specific genes therefore remain silent. Neoblasts express a set of
stem cell–specific genes (middle, yellow), and these are againmarked bymethylation of H3K4me3 (red). In contrast to the tissue-specific genes, activation of the neoblast
genes does not depend on specific TFs, and no accessible regions upstream of the TSS are detected. Instead, the stem cell–specific promoters contain increased numbers
of T-tracts, which decrease the affinity for nucleosomes. In the presence of chromatin remodelers ISWI and SNF2, this allows for the dynamic removal of weakly bound
nucleosomes (blue) to provide access for polymerase II (Pol II) and activation of transcription. In the differentiated cells (right), the levels of these chromatin remodelers
are much reduced and the neoblast genes remain silent. Constitutive genes (top, gray) are expressed in all cell types. These genes show promoter features similar to the
neoblast genes but do not rely on the same chromatin remodelers for their expression.
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were bleached using formamide bleach solution and treated with
proteinase K (2 μg/ml) in PBSTx (PBS with 0.1% TX-100). Probes
were synthesized by in vitro transcription as digoxigenin (DIG) or
fluorescein-labeled RNAs from constructs similar to the dsRNA
constructs described above (see table S4 for primer sequences)
and dissolved in formamide. Samples were hybridized with the
probes overnight at 56°C. Subsequently, samples were washed se-
quentially in pre-hyb solution, 1:1 pre-hyb:2× SSC, 2× SSC, and
0.2× SSC at 56°C. Probes were detected with anti-DIG–POD
(Roche) or anti-Fl–POD (Roche). After tyramide development
(71), peroxidase was inactivated by incubation in 1% sodium azide.

Planarian tissue and neoblast isolations
To compare the gene expression and chromatin organization
between neoblasts and various differentiated tissue types, we isolat-
ed several cell populations.

Neoblasts in G2-M phase (X1) or G0-G1 phase (X2) and differ-
entiated cells (Xins) were isolated by fluorescence-activated cell
sorting (FACS) based on DNA content (Hoechst fluorescence)
using gating as originally described by Hayashi et al. (72). Cells
were prepared for FACS following the procedures described previ-
ously (10). Briefly, animals were dissociated in CalciumMagnesium
Free buffer (CMF) supplemented with 1% bovine serum albumin
and collagenase (1 mg/ml). Cells were passed through a 40-μm
strainer and stained with Hoechst (0.4 mg/ml) and calcein (1 μg/
ml) for 40 min at 20°C in the dark. No additional treatment was
applied for RNAseq or for chromatin analysis.

Planarian brains used for RNAseq were isolated by fixation in
0.33 N HCl and manual dissection as described by (73). Brains
used for CUT&Tag and ATACseq were dissected from animals
fixed in 2% formaldehyde to better preserve the chromatin and
avoid disruption of histones.

Planarian intestinal cells were isolated using a protocol adapted
from (36). Briefly, 125 μl of basic MACS beads (Miltenyi Biotec)
were fed to large animals. After 48 hours, animals were dissociated
as described previously and above (10), with the addition of 2 mM
EDTA to the dissociation buffer (CMFB-E). The cell suspension was
flowed through a MACS LS column (Miltenyi Biotec) and washed
with CMFB-E three times. After removal from the magnet, intesti-
nal cells were eluted using 3 × 3 ml ice-cold CMFB-E. Cells were
inspected and counted using a hemocytometer.

Planarian epidermis used for RNAseq was isolated as described
by (74), with the alteration that 7.8% ammonium thiocyanate
(Sigma-Aldrich) in PBS was used. Epidermal cells used for
ATACseq and CUT&Tag were isolated from dissociated cells
based on the adhesive nature of these cells using MACS LS
columns at low EDTA concentration (0.5 mM).

The purity of all isolated tissues was confirmed by qPCR for es-
tablished planarian tissue markers (for primers, see table S5).

RNAseq library preparation
RNAseq of tissue isolations was applied to determine the gene tran-
scripts enriched in each of the tissues. RNAseq libraries were pre-
pared using the Illumina TruSeq system according to the
manufacturer’s instructions and were sequenced on an Illumina
NovaSeq platform. Library preparation for each sample type was ex-
ecuted in triplicate.

ATACseq library preparation
To identify which genomic regions are accessible in the cell of each
of the tissue isolations, we performed ATACseq as described previ-
ously in (30). Tn5 transposase was purified using the construct
pTXB1-Tn5 (Addgene #60240) (75). Transposase activity was ver-
ified by cleavage assay using linearized plasmid. ATACseq libraries
were prepared according to the OMNI-ATAC protocol as described
in (76). Briefly, samples consisting of 100,000 neoblasts, epidermal
cells, intestinal cells, or cells from four brains were permeabilized in
resuspension buffer (10 mM tris-HCl, 10 mM NaCl, 3 mMMgCl2)
with detergents (0.1% NP-40, 0.1% Tween 20, 0.01% digitonin),
washed, and incubated in resuspension buffer with Tn5 for 30
min at 37°C. Tagmented DNAwas purified, amplified, and submit-
ted for sequencing. Library preparation for each sample type was
executed in triplicate.

CUT&Tag library preparation
We used CUT&Tag (17) in each of the tissue isolations to identify
which regions of the genome are marked by trimethylation of
histone 3 on lysine 4 (H3K4me3), which correlates with promoter
activity. Libraries were prepared as previously described in (30).
Briefly, samples consisting of 100,000 neoblasts, epidermal cells, in-
testinal cells, or cells from four brains were permeabilized in NE1
buffer (20 mM Hepes-KOH, pH 7.9, 10 mM KCl, 0.5 mM spermi-
dine, 0.1% Triton X-100, and 20% glycerol) and fixed in 0.1% form-
aldehyde for 2 min at 20°C. Samples were incubated with primary
antibody rabbit anti-H3K4me3 (Millipore, 07-473) at 4°C over-
night. After washing, samples were incubated with secondary anti-
body guinea pig anti-rabbit (Novusbio) for 1 hour at 20°C, followed
by binding of pA-Tn5 for 1 hour at 20°C, and tagmentation in the
presence of 10 mMMgCl2 for 1 hour at 37°C. Tagmented DNAwas
purified, amplified, and submitted for sequencing. Library prepara-
tion for each sample type was executed in triplicate.

ATACseq and CUT&Tag data processing
In addition to new datasets generated for this study, we reanalyzed
our previously published datasets from neoblasts, epidermis, and
brain (30). Paired-end reads were filtered and trimmed using
fastp (version 0.21.0 with --length_required 20 --average_qual 20)
(77). Sequencing datasets were aligned against the S. mediterranea
genome using bowtie2 (-X 2000 --very-sensitive) (78). The mapped
reads were filtered based on mapping quality using samtools (-q 20)
(79), and duplicates were removed using Picard. CUT&Tag and
ATACseq peaks are called using MACS2 (80), using the following
parameters: -g 7.63e8 --nomodel --extsize 200 --shift -100 --no-
lambda --call-summits. Peaks between replicates were considered
conserved if the peak was present in all three replicates and if
−log(P value) > 4. Peaks were then assigned to genomic features
using BEDTools (81). deepTools (version 3.3) was used to obtain
bw files and make profile plots (82).

To detect the region of maximum signal intensity of the
ATACseq over the TSS (2 kb upstream of the TSS), BEDTools was
used to overlap TSS and ATAC signal, and the region with
maximum value was selected [>10 reads per kilobase per
million (RPKM)].

Nucleosome occupancy analysis was carried out using NucleoA-
TAC (version 0.3.4, default parameters) (83) over the TSS region ±1
kb. This script makes use of the fact that Tn5 insertions are unlikely
to occur in the sequence that is bound by a nucleosome, but can
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occur on either side of it. It thus uses the lack of Tn5 cuts in com-
bination with the fragment size of ATACseq reads to determine nu-
cleosome enrichment relative to the TSS. Metaplots of the
occ.bedgraph file (containing the nucleosome occupancy scores ob-
tained from nucleoATAC) were plotted using deepTools.

In addition to data generated in this study, we reprocessed S.
mediterranea ATACseq data (fig. S5, PRJNA633618) and H.
miamia ATACseq data from previous studies (PRJNA512373,
PRJNA832235, PRJNA515075) (30, 32), which confirmed our find-
ings (fig. S6). Our H3K4me3 CUT&Tag data were benchmarked
against published S. mediterranea ChIPseq data (fig. S1E,
GSE74169) (18). H3K4me3 ChIPseq was also previously performed
in (19) with similar results.

RNAseq analysis and identification of specific gene sets
Reads were filtered and trimmed using fastp (version 0.21.0 with
--length_required 20 --average_qual 20) (77). Datasets were
aligned against the S. mediterranea genome using STAR (version
2.7.2a) (--outFilterMismatchNmax 2 --alignIntronMax 15000
--alignMatesGapMax 15000 --outFilterMultimapNmax 100 --wi-
nAnchorMultimapNmax 100) (84). featureCounts (version 1.6.4,
parameters: -M -C -O) (85) was used to count the reads/fragments
over the gene annotations. Differential expression analysis was per-
formed using DESeq2 version 1.26 (86) on raw read counts to
obtain normalized fold changes (FCs) and Padj values for each
gene using the statistical models included in the DESeq2 package.
Heatmaps were drawn with python and seaborn.

Pairwise comparisons were made between all the tissues (epider-
mis, brain, intestine, pharynx) and the neoblasts to define the spe-
cifically enriched gene clusters. Genes were considered differentially
expressed only if they showed log2FC > 1 or log2FC < −1 and Padj <
0.05. TPM values were also calculated for annotated transcripts. If a
gene was identified as up-regulated in the neoblast isolations (more
than twofold higher expression with an adjusted P value of less than
0.05) compared to each of the tissue isolations, it was defined as
neoblast specific. If a gene was up-regulated in one specific tissue
isolation compared to each of the other tissues and the neoblasts,
it was defined as tissue specific. If the gene was expressed in all
the samples and all Padj < 0.05, the gene was classified as constitu-
tive. The remaining genes were excluded from further analysis.
Genes with TPM > 10 were classified as expressed; genes with
TPM < 10 were marked as weakly expressed.

Single-cell RNAseq analysis
To verify the various tissue isolations, we reprocessed single-cell
RNAseq data available from Wurtzel et al. (16) to compare expres-
sion profiles of the tissues to the cell types identified from single-cell
analysis. Reads were filtered and trimmed using fastp (version 0.21.0
with --length_required 20 --average_qual 20) (77). Datasets were
aligned against the S. mediterranea genome using Salmon (87),
using the Unigene annotation (69), followed by Seurat for cluster
detection (88). Samples expressing less than 1000 or more than
20,000 genes were removed. The remaining cells were clustered
into 14 distinct major clusters using a graph-based clustering ap-
proach and were visualized by applying the embedded t-distributed
stochastic neighbor embedding (t-SNE) capabilities of Seurat. The
same processing was used for H. miamia data (PRJNA889328),
using the published Hofstenia transcriptome (32).

GO term analysis
To verify the tissue isolations and the identification procedure for
the specific gene sets, we used GO analysis to assess whether the
identified enriched transcripts in each isolation matched expecta-
tions for that tissue. Analysis of GO terms in nonannotated
model systems is problematic, and this analysis was therefore only
used to verify global gene enrichment patterns and is not used to
draw any conclusions about the presence or absence of individual
genes or gene classes. GO terms were associated with each transcript
by adopting the terms from the best human homolog as determined
by blastx if the e value was below 1 × 10−10. Transcripts that did not
meet the e-value threshold were excluded from further analysis. For
each tissue, the best human homologs of the transcripts enriched in
the tissue were compared to the total set of best human homologs of
the planarian transcriptome using DAVID (89) for enrichment
analysis.

Hi-C analysis
Data from Guo et al. (50) (SRR14597012) were mapped to the most
recent S. mediterranea genome assembly and further cleaned up to
remove duplicates and self-ligations using the Juicer (v1.6) pipeline
with the default parameters (90). The current assembly of the pla-
narian genome contains regions that are not covered by Hi-C reads.
To avoid artifacts in the computation of eigenvectors introduced by
these uncovered regions, we followed a strategy previously intro-
duced by Rowley et al. (91). We generated a custom script that
removed the rows and columns with low coverage (“white
strips”), then recomputed the eigenvector from the Pearson corre-
lation matrix of Hi-C data, and finally reallocated the correct coor-
dinates to the values obtained. Compartments were called at 50-kb
resolution using the KR normalized reads (49) and were visualized
using Juicebox (90).

Motif analysis
To analyze enrichment of known TF motifs (table S2), FIMO (92)
was used to scan the region 2 kb upstream of the TSS for each gene.
To identify de novo motif enrichment in tissue-specific, neoblast-
specific, and constitutive ATACseq peaks, HOMER (93) findMo-
tifs.pl was applied. We used regions of 100 nt centered on the
ATAC peak center including 412 regions for intestine, 362 for epi-
dermis, 169 regions for neoblast, and 106 regions for constitutive
genes that were accessible in at least one of our tissues of interest
and located over the promoter of the constitutive genes. The back-
ground data were determined using the HOMER script scramble-
Fasta.pl for each cluster of genes. Similar results were obtained
using the MEME software suite (94, 95).

The putative planarian Initiator sequence (table S3) was discov-
ered over the TSS (±40 nt) by HOMER findMotifs.pl as well as by
STREME (95). The presence of this motif and the presence of the
TATA box at the TSS of different gene clusters were analyzed by
HOMER findMotifs.pl (-find parameter). Periodicity of dinucleo-
tides over the regions surrounding the TSS was scanned using the
periodicDNA R package (96), but none was detected.

Image acquisition and analysis
To assure unbiased and consistent quantification of labeled cells,
the acquired images were analyzed automatically using a method
adapted from the previously published ImageJ plugin NODeJ
(61). Briefly, we performed a Laplacian convolution of size n on
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the images to enhance the contrast of the objects of interest and
allow their detection using a threshold computed by a factor f on
the image. The values for parameters n and f need to be adjusted
for each staining type due to differences in the distribution of the
signal intensity. Identified objects were then extracted for further
automated analysis as described below.

For the analysis of homeostatic animals, images were acquired
on a Zeiss LSM800 confocal microscope. Control and experimental
RNAi-treated animals were imaged at ×20 magnification (voxel cal-
ibration: x: 1.38 μm, y: 1.38 μm, and z: 7 μm), at comparable ana-
tomical position (around the pharynx). Objects were detected by
automated segmentation in 2D using the following values for pa-
rameters n and f : 40,6-diamidino-2-phenylindole (DAPI) (n = 2
and f = 1) and smedwi-1 fluorescence in situ hybridization (FISH)
(n = 3 and f = 2). Detected smedwi-1 objects were counted and nor-
malized to the number of DAPI-positive nuclei per image to control
for differences in cell number between images.

For the analysis of neoblast expansion after irradiation, images
were taken on a Zeiss LSM800 confocal microscope at ×10 magni-
fication (voxel calibration: x: 2.76 μm, y: 2.76 μm, z: 7 μm). Objects
were analyzed in 3D with parameter settings n = 3 and f = 1.5. Cen-
troids were computed for each detected object, and the Euclidean
distance was computed between all the centroids. If two centroids
were at a distance less than 50 μm, those two cells were defined as
part of the same cluster.

Statistical analysis
Levels of significance as shown in Figs. 1H, 2B, 3K, 4D, and 5 (G and
H) were calculated using aWilcoxon test as implemented in ggpubR
in the R software environment (version 4.1.2). Statistical analysis of
qPCR data shown in Fig. 5 (B and C) and figs. S7C and S14 was
calculated with a two-tailed Student’s t test using the Prism software
package. Correlation coefficients shown in fig. S4 were determined
by Pearson correlation performed with deepTools (version 3.5.1).
Analysis of genome-wide data was carried out as described above.

Supplementary Materials
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Figs. S1 to S15
Legends for tables S1 to S3, S6 and S7
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