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SUMMARY

Proliferating cells known as neoblasts include plurip-
otent stem cells (PSCs) that sustain tissue homeo-
stasis and regeneration of lost body parts in planar-
ians. However, the lack of markers to prospectively
identify and isolate these adult PSCs has significantly
hampered their characterization. We used single-
cell RNA sequencing (scRNA-seq) and single-cell
transplantation to address this long-standing issue.
Large-scale scRNA-seq of sorted neoblasts unveiled
a novel subtype of neoblast (Nb2) characterized by
high levels of PIWI-1 mRNA and protein and marked
by a conserved cell-surface protein-coding gene,
tetraspanin 1 (tspan-1). tspan-1-positive cells sur-
vived sub-lethal irradiation, underwent clonal expan-
sion to repopulate whole animals, and when purified
with an anti-TSPAN-1 antibody, rescued the viability
of lethally irradiated animals after single-cell trans-
plantation. The first prospective isolation of an adult
PSC bridges a conceptual dichotomy between func-
tionally and molecularly defined neoblasts, shedding
light on mechanisms governing in vivo pluripotency
and a source of regeneration in animals.

INTRODUCTION

Pluripotent stem cells (PSCs) are normally embryonic cells
essential for the generation of all three embryonic germ layers
and resulting mature cell types. However, planarians are among
the few known organisms capable of indefinitely maintaining
PSCs beyond embryogenesis. First described in the late
1800s, these adult undifferentiated cells are known today as
neoblasts (Newmark and Sanchez Alvarado, 2002 and refer-
ences therein), originate from early embryonic blastomeres (Da-
vies et al., 2017), persist throughout adult life, and collectively

produce all cell types found in the planarian body plan,
including the germline in sexually reproducing animals (Rob-
erts-Galbraith and Newmark, 2015). Planarians are renowned
for their ability to restore damaged body parts to full function
and to regenerate complete animals even from tiny tissue frag-
ments. For over a century, neoblasts have been known to play
an essential role in the regenerative capabilities of planarians,
and detailed morphological studies have helped identify these
cells in the planarian body plan (Newmark and Sanchez Alvar-
ado, 2002 and references therein). Molecular studies have
uncovered specific markers for neoblasts, particularly the
expression of piwi-1 (Reddien et al., 2005; Sanchez Alvarado
et al., 2002), while fluorescence-activated cell sorting (FACS)
of cells derived from wild-type and lethally irradiated animals
have helped identify and purify cell fractions (X1 and X2)
enriched in neoblasts and progenitors (Hayashi et al., 2006;
Reddien et al., 2005).

More recent work involving partial irradiation and transplanta-
tion methods (Guedelhoefer and Sanchez Alvarado, 2012 and
references therein) showed neoblast repopulation and migration
are additional properties associated with pluripotency. A series
of experiments involving single-cell transplantations demon-
strated that a single neoblast is capable of rescuing lethally irra-
diated hosts by reconstituting all cell types in the animal’s body,
albeit at very low frequencies (Wagner et al., 2011). Only 7 out of
120 injected neoblasts resulted in successful restoration of host
viability, suggesting extensive functional heterogeneity in the
neoblast population. To differentiate neoblasts capable of
rescuing lethally irradiated animals from those that failed to do
so, the cells were named clonogenic neoblasts (cNeoblasts).
Additionally, single-cell gene expression analyses in the related
species Dugesia japonica (Hayashi et al., 2010) and the detection
of expression of 96 genes in 176 individual neoblasts isolated by
FACS (van Wolfswinkel et al., 2014) demonstrated that neoblasts
also display significant molecular heterogeneity. Three classes
of neoblasts (o, v, {) were defined on the basis of relatively
limited expression profiles and functional assays. For instance,
the o-class neoblasts that proliferate in response to injury,
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Figure 1. Piwi-1 mRNA and Protein Measurements in Neoblast Populations

(A) Super resolution images of FISH staining of piwi-1 transcripts on single X1 cells from control or piwi-1(RNAi) animals. Representative cells shown. n > 10 for
each condition. Scale bar, 10 um.

(B) piwi-1 transcript distribution by ImageStream flow cytometric analysis. piwi-1 high cells, high; piwi-1 low cells, low; piwi-1 negative cells, neg. Positive cell
population determined by distribution of negative control probe stained cells shown in Figure S1A. Representative of 3 independent experiments shown.

(C) PIWI-1 antibody intracellular staining followed by flow cytometric analyses. PIWI-1 high cells, high; PIWI-1 low cells, low; PIWI-1 negative cells, neg.
Representative of more than 3 independent experiments shown.

(legend continued on next page)
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possess broad lineage capacity, and give rise to the {-neoblasts,
suggesting that pluripotency and cNeoblasts are likely associ-
ated with this neoblast class. However, because o-class neo-
blasts are defined empirically and thus cannot be isolated pro-
spectively, it has not been possible to determine via single-cell
transplantation if all neoblasts in this class are pluripotent. While
previous studies provided important insights into key aspects of
neoblast biology, the present dichotomy between the functional
(cNeoblast) and molecular definitions (o, v, {) of neoblasts con-
tinues to significantly hinder our understanding of pluripotency
regulation in adult animals. Hence, it remains difficult to precisely
define: (1) how many functional types or states of neoblasts exist
in the large proliferative cell population of adult planarians, (2) the
properties and expressed genetic programs of cNeoblasts, and
(3) how pluripotent neoblasts respond specifically to regenera-
tion signals to produce all the cell types needed to restore
form and function.

Prospective cell sorting followed by transplantation has been
the gold standard to assess functional properties of stem cells
in multiple systems (Reya et al., 2001), but this technique has
lacked adequate molecular markers and reagents for specif-
ically labeling and isolating unique planarian cell types.
Although gene expression profiles of multiple stem cell popula-
tions have been described (Molinaro and Pearson, 2016; van
Wolfswinkel et al., 2014; Wurtzel et al., 2015), no single family
of cell-surface proteins has yet been found in which members
are differentially expressed in a way that correlate with pluripo-
tency. We show for the first time the identification and prospec-
tive isolation of adult PSCs. By enriching for cells high in both
transcript and protein levels of the neoblast-specific marker
PIWI-1, followed by single-cell RNA-seq (scRNA-seq) of 7,088
of these cells, we uncovered a novel PIWI-1"9" neoblast sub-
type (Nb2) characterized by expression of a tetraspanin family
member homolog we termed tspan-1. RNAI of tspan-1 affected
both neoblast repopulation and neoblast mobilization. Impor-
tantly, tspan-1-positive cells survive sub-lethal irradiation and
undergo clonal expansion to repopulate whole animals, fulfilling
the operational criteria defining cNeoblasts. Moreover, an anti-
body developed against TSPAN-1 allowed us to prospectively
isolate adult PSCs: a single transplanted TSPAN-1* neoblast
into lethally irradiated hosts restored viability and fully reconsti-
tuted regenerative capacities with high efficiency. Thus, scRNA-
seq coupled with new prospective cell sorting assays has
opened the door for a detailed dissection of the underlying
molecular and cellular mechanisms regulating in vivo pluripo-
tency and whole-body regeneration.

RESULTS

Simultaneous Detection of piwi-1 Expression and PIWI-1
Protein Levels in Single Cells Define a Functional
Spectrum of Neoblast States In Vivo
Different levels of PIWI-1 protein and transcript occur in neo-
blasts and their progeny (Molinaro and Pearson, 2016). Using
super-resolution microscopy, we noted piwi-1* cells displayed
a heterogeneous number of piwi-1 transcripts (Figure 1A) and
sought to test this observation by quantifying piwi-1 expression
in cell populations via image-based flow cytometry (Porichis
et al., 2014). A piwi-1"9" subpopulation encompassing 41% of
the total number of cells, and a piwi-1"°" subpopulation repre-
senting 6% of the total cells were observed (Figures 1B and
S1A). Signal specificity and observed cell subpopulations were
confirmed via Imagestream (Figure S1B). An anti-PIWI-1 anti-
body also revealed two PIWI-1-positive cell subpopulations (Fig-
ures 1C, S1C, and S1D), and Hoechst co-staining indicated that
68.4% of PIWI-1M9" cells were in S/G2/M phase (X1 gate), while
81.6% of all PIWI-1"°" cells were in GO/G1 phase (X2, Xins gates)
(Figure S1E). Therefore, high levels of PIWI-1 protein appear pri-
marily associated with actively dividing cells, whereas low levels
of PIWI-1 protein are associated with interphase cells (G0/G1)
(Guo et al., 2006).

piwi-1 RNA and PIWI-1 protein co-staining followed by flow
cytometry defined a spectrum of cells that broadly binned into
4 subpopulations (Figures 1D and S1F). Cells possessing higher
PIWI-1-protein and piwi-1 RNA levels (Piwi-1PoVRNA high) 5.0
designated as Piwi-1"9". Two subpopulations displaying
either low (Piwi-1ProVRNA lowy or ndetectable piwi-7 RNA levels
(Piwi-1Prot low/RNA neg) arg referred to as Piwi-1'%. And a final
Piwi-1"°9 subset retained undetectable levels of either protein
or RNA (Piwi-1Prot nea/RNA neg) = piyyi_qhish sells were mainly
cycling cells. Piwi-1'" cells are homogeneous in size and found
mostly in GO/G1 phase of the cell cycle. We propose that these
cells represent both the non-cycling stem cells readying for cell
cycle re-entry and fate-determined progenitor cells. Lastly, Pi-
wi-1"%9 cells were heterogeneous in size, likely representing cells
that have exited the cell cycle (Figure S1E).

Piwi-1"9" Cells Are Enriched in Stem Cell Activity yet
Are Transcriptionally Distinct from X1 Cells

Sublethal (1,250 rads) or lethal (6,000 rads) irradiation caused
little alteration or a mild reduction (~10% loss for lethal) of
Piwi-1'°" cells, respectively (Figure 1E). Yet, Piwi-1"9" cells
were almost entirely eliminated 1 day post irradiation (DPI) at

(D) Representative FACS plot and frequency of pre-sorted cells after co-staining with piwi-1 probe and PIWI-1 antibody. Positive cell population determined by
distribution of negative control probe or isotype antibody stained cells shown in Figure S1F. Representative of 3 independent experiments shown.
(E) Comparison of PIWI-1 signal levels in cells from planarian 1-day after treatment with different irradiation dosages. Each column represents percent of indicated

cells on total nucleated cells. Error bars, SD. **p value < 0.001, *p value < 0.05.

(F) Differential expression heatmap of signature genes for Piwi-1"9", Piwi-1'°", and Piwi-1"°? populations. Shown are log,FPKM with row scaled (Z score) based
on RNA-seq data of cell populations shown in (C). Shown are 142 genes enriched for each cell population (Table S1).

(G) Principal component analysis (PCA) of all regeneration time points profiled. Data were from time-course of small tissue fragments undergoing a full cycle of
whole-body regeneration. Each dot represents the average of 4 replicates. Scale bar, 100 pm.

(H) Dynamic changes of signature genes specifically expressed in each of the three PIWI-1 groups (shown in F) over the RNA-seq of whole-body regeneration time

courses.
See also Figures S1 and S2 and Table S1.
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lethal dosages, with ~20% of cells surviving sublethal dosages.
Because PIWI-1" residual cells retained a similar pre-irradiation
distribution (Figure S1G), changes in PIWI-1 levels caused by
irradiation are likely not caused by a reduction of protein levels
inindividual cells, but rather by elimination of Piwi-1"9" cells (Fig-
ure S1H). Sublethally irradiated animals eventually recover,
showing a requirement for a small number of Piwi-1"9" cells
for maintaining pluripotency. While consistent with observations
of residual cNeoblasts (Wagner et al., 2011), the data indicated
that not all Piwi-1M9" cells have an equal response to irradiation,
and a cohort of Piwi-1"9" cells that are better at surviving irradi-
ation may exist. Transcriptional differences between Piwi-1"",
Piwi-1'°%, Piwi-1"%9, and Hoechst-sorted X1, X2, and Xins cell
fractions support this conclusion (Figures S2A-S2D; STAR
Methods). We found Piwi-1"9" cells to be similar to X1 cells,
while Piwi-1'°" cells were more akin to X2 and Xins cells (Fig-
ure S2E). Although expression profiles of Piwi-1"9" and X1 cells
were highly similar (Figure S2E), Piwi-1"9" cells remained tran-
scriptionally distinct from X1 cells (Figure S2F) and cannot be
readily resolved using o, v, and ¢ neoblast class markers (Fig-
ure S2G), suggesting that Piwi-1"9" cells are distinct from previ-
ously reported X1 cells and may be a specific subset of
stem cells.

Piwi-1"9" Cells Encompass Spectrum of Neoblast Types
that Likely Include cNeoblasts

We identified specific markers for Piwi-1"9", Piwi-1'°¥, and Pi-
wi-1"%9 cells and defined their expression under irradiation and
regeneration (Figure 1F; Table S1). Consistent with flow
cytometry data (Figure 1E), sub-lethal irradiation drastically
reduced the expression of Piwi-1"9" signature genes, leaving
Piwi-1'°" and Piwi-1"¢ gene expression signatures unaltered
by 1 DPI (Figure S2H). Irradiation sensitivity and recovery of
Piwi-1"9" but not of Piwi-1'°" cells after 4 DPI (Figure S2H), indi-
cated that Piwi-1"9" cells were likely major contributors to neo-
blast repopulation after sublethal irradiation. As expected, lethal
irradiation diminished high and low signature gene expressions
(Figure S2l) and led to animal demise. We then followed the
expression of Piwi-1"9" Piwi-1°% and Piwi-1"*¢ signature
markers throughout the full RNA sequencing (RNA-seq) regener-
ation cycle of complete animals from minute body fragments
(Figures 1G and 1H). Piwi-1"9" markers increased dramatically
after amputation, reached a peak 2 days after amputation, and
decreased afterward, consistent with PSC responses to ampu-

tation (van Wolfswinkel et al., 2014; Wenemoser and Reddien,
2010). However, Piwi-1'°" and Piwi-1"®9 markers were all down-
regulated by 4 to 7 days and gradually recovered accompanied
by downregulation of Piwi-1"9" gene signatures (Figures 1G and
1H). Our data indicate that Piwi-1"9" cells are key players in the
initial regeneration response and that cNeoblast activity likely
resides with Piwi-1"9" cells.

We determined how Piwi-1"9" and Piwi-1'% cells may relate to
cells obtained via X1(FS) flow cytometric gates used to detect
cNeoblasts (Wagner et al., 2011). Because Piwi-1M9" cells are
slightly bigger in size (FSC parameter, Figure 1C), we devised
a sorting strategy to isolate Piwi-1"9" and Piwi-1'"" enriched
subpopulations (Figure S2J). Immunofluorescence staining for
PIWI-1 showed Piwi-1"9" cells populating the X1(FS)-L gate,
while the X2(FS)-R gate was populated with Piwi-1°% cells (Fig-
ures S2J and S2K). We measured their respective proliferative
capacities via F-ara-EdU labeling followed by sorting X1(FS)-L
and X2(FS)-R subpopulations and co-staining with PIWI-1. We
found that F-ara-EdU signal was mainly found in X1(FS)-L gate
Piwi-1"9" cells (Figures S2K and S2L). We conclude that high
levels of both piwi-1 gene expression and PIWI-1 protein posi-
tively correlate with a neoblast subpopulation encompassing a
defined spectrum of functional states, including cNeoblasts.

Single-Cell RNA-Seq Resolves Cellular Diversity of Piwi-
1Mot Cells

Intrigued by the properties of Piwi-1"9" cells, we isolated X1 cells
enriched in high piwi-1 expression (Figures S3A and S3B), and
profiled ~7,614 individual cells via scRNA-seq (Figure 2). Unsu-
pervised analyses that did not rely on known markers of neoblast
subtypes uncovered 12 distinct classes from 7,088 high-quality
cells after QC filter (STAR Methods). We designated these clas-
ses Nb1 to Nb12 and ordered them based on high (Nb1) to low
(Nb12) piwi-1 expression levels (Figures 2A and S3C). We further
defined groups of genes that best classified the cells parsed into
12 distinct cell clusters to generate a scaled expression heatmap
of discriminative gene sets for each cluster (Figure 2B; see Table
S2 for alist of markers; STAR Methods). Expression of each clus-
ter’s gene signatures was validated using multiplex fluorescence
in situ hybridization (FISH) co-stained with piwi-7 (Figures 2C and
2D) and largely confirmed the cell clusters revealed by scRNA-
seq (Figures 2E and 2F). We also systematically compared the
differentially expressed markers of each major cell type to
gene signatures extracted from existing scRNA-seq datasets

Figure 2. Single-Cell RNA-Seq Resolves the Cellular Complexity of Piwi-1"¢" Cells

(A) t-SNE plot shows two-dimensional representation of global gene expression relationships among all neoblasts (n = 7,088 after filter). Cluster identity was
assigned based on the top 10 marker genes of each cluster (Table S2), followed by inspection of RNA in situ hybridization patterns. Neoblast groups, Nb.

(B) Scaled expression heatmap of discriminative gene sets for each cluster defined in (A). Color scheme shows Z score distribution from —2.5 (Blue) to 2.5 (Red).

Right margin color bars highlight gene sets specific to respective Nb cluster.

(C and D) Neoblast cluster marker expression in the t-SNE clustered cells (C). Representative images of whole-mount in situ hybridization (WISH) (left) and
multiplex FISH (right) for common neoblast marker (piwi-1) and five major Nb cluster markers (D). White-dashed shapes outline piwi-1* cells that co-express

different cell cluster markers. Scale bar, 10 um.
(E) Percentage of each neoblast cluster (C) by single-cell RNA-seq.

(F) Percentage quantification of co-FISH of indicated marker gene with piwi-1 shown in (D) for each Nb cluster. Error bar, SD; n > 3 animals for each cell cluster

marker.

(G) Neoblast and progenitor cell cluster visualization using first three components of diffusion map. Cells colored by t-SNE clusters. 4 main branches are indicated
with solid arrows, and two sets of clusters at root are circled with dashed lines. Nb10 through Nb12 were not included due to low cell number.

See also Figure S3, Table S2, and Video S1.
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(Table S2) (Molinaro and Pearson, 2016; Wurtzel et al., 2015). We
found 7 of the 12 clusters identified were readily characterized by
post hoc expression overlap of previously characterized cell-
type-specific markers, suggesting that they are progenitors.
For instance, clusters with high piwi-1 expression (Figure S3C)
such as Nb1 and Nb5 map to ¢- and y-class neoblasts, respec-
tively, while clusters Nb4 and Nb6 were enriched in muscle gene
expression (e.g., collagen, foxd, myosin light chain) (Witchley
et al., 2013). Although the expression of known ¢ and y class
markers (p53 and hnf-4) readily segregated into distinct clusters
(e.g., Nb1 and Nb5, respectively), expression of the o-class
marker soxP-1 did not (Figures S3D and S3E). Instead, soxP-1
was found highly expressed in at least 6 neoblast cell clusters,
albeit at different levels (Figures S3D and S3E), suggesting
soxP-1 expression might be akin to piwi-1 in showing quantita-
tive differences across cells. The observed soxP-1 expression
dispersion across the population of cells sampled is consistent
with past observations (Molinaro and Pearson, 2016), suggest-
ing soxP-1 is expressed in multiple lineage progenitors
and PSCs.

Clusters with lower piwi-1 expression (Figure S3C) could be
likewise characterized. Nb10 and Nb12 were found to be
enriched in parapharyngeal (ascl-4) and mature gut (gst-7)
markers, respectively (Figures S3F and S3H). We also recovered
a proposed new class of neoblasts (v-neoblasts) previously
defined by the expression of ston-2 and the neuronal marker
ChAT (Molinaro and Pearson, 2016; Wenemoser and Reddien,
2010) in cluster Nb11 (Figure S3G). The remaining 3 clusters
(Nb2, Nb3, and Nb8) could not be readily assigned to previously
described neoblast classes. Examples are the Piwi-1M9" Nb2
cluster defined by the expression of a poorly characterized
member of the tetraspanin gene family (tspan-1) and cluster
Nb8, which is closely associated to the pharyngeal progenitor
cluster Nb7 (Figures 2C, 2D, and S3l).

Nb2 Is a Novel Piwi-1"9" Neoblast Group Possessing
Pluripotent Cell Properties

To assess the significance of the identified neoblast clusters
(Figure 2A), we defined the potential developmental trajectories
of the thousands of cells sampled using statistical methods,
followed by comparative analyses of the expression behaviors

of the identified signature genes for each of the clusters (Nb1
to Nb12) during regeneration, sublethal irradiation, and lethal
irradiation. Statistically, we applied a computational approach
for dimensional reduction based on the concept of diffusion
pseudotime (DPT) (Haghverdi et al., 2016). DPT analyses uncov-
ered 4 differentiation paths (Figure 2G; Video S1). Projecting
known markers onto each path revealed 4 branches represent-
ing ectodermal (neuronal and epidermal), mesodermal (muscle),
and endodermal (gut) lineages (Figure S3l). Interestingly, the
novel cell clusters Nb2 and Nb3 were located to the root of the
trajectory. We then parsed all the scRNA-seq-defined clusters
(Nb1 to Nb12) using 4 criteria to identify which one(s) may
contain PSC activity.

First, we reasoned cNeoblasts should be in the Piwi-1"9" cell
population and express markers of c-class cells under homeo-
static conditions. cNeoblasts should also express high levels
of bruli, ezh, and sz12-1 self-renewal regulators (Wagner et al.,
2012). These conditions specified clusters Nb1 through Nb9
(Figure S4A). Second, we removed defined progenitor cell clas-
ses from clusters Nb1 through Nb9 to avoid potential overlap of
self-renewal genes with cNeoblasts. Two cell clusters express-
ing high levels of epidermal and gut progenitor markers, zfp-1
(Nb1) and hnf4 (Nb5) (Figure 2C) (van Wolfswinkel et al., 2014),
were readily recovered. Four other clusters were likewise singled
out: muscle progenitor and anterior pole markers were
expressed in clusters Nb4 (myoD*) (Cowles et al., 2013) and
Nb6 (zic-1*) (Vasquez-Doorman and Petersen, 2014; Vogg
et al., 2014), respectively; pharynx progenitors (foxA1*) were
detected in clusters Nb7 and Nb8 (Adler et al., 2014; Scimone
et al., 2014); and protonephridia markers (pou2-3* and egfr5¥)
in cluster Nb9 (Figures 2C, 2D, and S3I) (Rink et al., 2011; Sci-
mone et al., 2011). Subtraction of these six cell clusters identified
Nb2 and Nb3 clusters as potentially encompassing pluripotent
neoblasts (Figure 3A).

Third, because PSC numbers increase after injury, changes in
PSCs should be reflected by discrete alterations in gene expres-
sion. We analyzed RNA-seq data from regeneration datasets
(Figure 1G) and asked which cell clusters responded during
regeneration. After amputation, only Nb2 marker genes showed
increased expression within hours after amputation, while
changes in Nb3 marker expression could only be detected

Figure 3. Nb2 Is a Novel Piwi-1"9" Neoblast Group Possessing Pluripotent Cell Properties

(
(
(
(

D) Expression of tgs-1 in t-SNE clustered cells.

A) Criteria for identifying cell cluster(s) associated with pluripotency properties.
B) Nb2 and Nb3 signature gene expression is dynamic during RNA-seq regeneration time course shown in Figure 1G.
C) Violin plots show distribution of expression levels for two Nb2 marker genes in cells (dots) of each of the 12 neoblast clusters.

(E) Representative WISH of tgs-1 in response to irradiation (top) and double-labeled FISH for tgs-1 and piwi-7 mRNA expression (bottom). White arrowheads
highlight subset of tgs-1* and piwi-1* cells. Representative animals shown, n > 6 for each condition. Scale bars, 250 um for WISH data (top row), and 10 um for
FISH data (bottom row).

(F) tgs-1 and piwi-1 mRNA co-expression heatmap. Color scale indicates percentage of piwi-17 cells that are also tgs-1" across whole body. Scale bar, 250 pm.
(G) tgs-17 cell quantification in (F) indicates enrichment proximal to gut branches but removed from pharyngeal region.

(H) Triple FISH of piwi-1, tgs-1, and known neoblast-class markers, soxP-1 (¢ neoblast), p53, and zfp-1 ({ neoblasts) and hnf4 (y neoblasts). Orange-dashed
shapes outline two neighboring piwi-1* cells each expressing different level of tgs-7 and known neoblast markers. Scale bar, 10 um.

(I) pks-1 with piwi-1 coexpression time-course after sublethal (1,250 rads) irradiation. Scale bar, 10 um.

(J and K) Quantification of tgs-1 and piwi-1 coexpression during regeneration time-courses of either whole tail fragments (J) or whole side fragments (K) as shown
inillustrations (dashed rectangle insets). Approximately 48.5 K to 1 million cells from 4-8 animals were quantified for (J); and 14 K to 68.3 K cells from 2-4 animals
were quantified for (K).

See also Figure S4.
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~2 days later (Figures 3B and S4B). Fourth, cNeoblasts previ-
ously characterized by surviving sub-lethal irradiation have
been proposed to be PSCs (Wagner et al., 2011). To distinguish
the cell group most likely to represent cNeoblasts, we followed
all Nb cluster signatures across a published whole-animal tran-
scriptional profile defined after sublethal irradiation (Lei et al.,
2016) and found the Nb2 cluster signature gene expression
profile to behave according to the following expectations:
decline in expression up to 6 DPI with a marked increased and
sustained expression from 6 DPI onward (Figure S4C), and a
sharp decline in expression of the Nb2 cluster signature genes
in transcriptomic analyses of whole animals subjected to lethal
irradiation (Figure S4D). In contrast, the Nb3 group signature
genes, including an epidermal cell marker Imo-1 (Cheng et al.,
2018), did not show differences between two irradiation doses
(Figures S4C and S4D). Out of all cells transcriptionally sampled,
only the Nb2 cluster satisfied all four selection criteria (Fig-
ure S4E). Therefore, the Nb2 cluster likely included pluripotent
neoblasts prompting us to investigate this cluster of cells in vivo.

Piwi-1"9" Nb2 Neoblasts Are Broadly Distributed in the
Planarian Body Plan, Are Sensitive to Irradiation, and
Respond to Sublethal Irradiation and Wounding
We cloned Nb2 signature genes (Table S2) to visualize the
distribution of these cells in animals by FISH. Even though
the Piwi-1"9" Nb2 cluster is characterized by transcripts of
the gene coding for the cell-surface protein tetraspanin-1
(tspan-1), its expression was difficult to detect by whole-mount
in situ hybridization under homeostatic conditions. However,
we readily detected the expression of two other genes in this
cluster: a homolog of the polyketide synthase gene (pks-1)
(Figure 3C) and a novel gene we refer to as tetraspanin group
specific gene 1 (tgs-1) (Figure 3D). Consistent with scRNA-
seq data, tgs-1 is sensitive to irradiation treatment (Figure 3E)
and is expressed in ~25% of total piwi-1* cells (Figure 3F).
The distribution of tgs-7 expression resembles the known
location of neoblasts (Figures 3E and S4F) but is restricted to
neoblasts found in close proximity to gut branches, but away
from the pharyngeal region (Figures 3F and 3G). Interestingly,
co-staining with either ¢ (zfp-1, p53), v (hnf-4), or ¢ (soxP-1)
class and tgs-1 probes revealed tgs-1 co-expression in a
subset of soxP-1* (o) neoblasts, but not in neighboring cells
that were either ¢ (zfp-1* or p537) or vy (hnf-4*) neoblasts
(Figure 3H). While supporting a restricted expression of tgs-1
in ¢ neoblasts, these data also suggest that tgs-1* cells may
have the potential to produce ¢ or yy neoblast via asymmetric
divisions.

cNeoblasts undergo clonal expansion to repopulate suble-
thally irradiated animals (Wagner et al., 2011, 2012). Most
neoblast colonies analyzed at an early stage of expansion
(4 DPI) expressed high levels of the Nb2 marker pks-1 (Figure 3l).
Colony size increased dramatically afterward, yielding dozens
of piwi-1* cells at 14 DPI with some of cells at the colony
edge becoming pks-1~ (Figure 3l). These data suggested that
Nb2 neoblasts survived and recovered after sublethal irradia-
tion, consistent with the behaviors of Nb2 markers in whole-an-
imal transcriptional profile following sublethal irradiation
(Figure S4C).
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tspan-1 Promotes Neoblast Repopulation and Migration
after Sublethal Irradiation

We sought to functionally characterize Nb2 cell markers, partic-
ularly putative membrane-associated proteins. We identified at
least 5 potential membrane-associated protein candidates (Fig-
ure 4A), but focused on tspan-1 (Figure S5A) as it appeared
highly specific to Nb2 cells (Figure 4A). As stated previously,
tspan-1 was difficult to detect under homeostatic conditions;
however, its expression became readily apparent soon after
amputation (Figure 4B) and was only found in cells expressing
high piwi-1 (Figures 4C and S5B). Multiplex FISH analyses
further demonstrated an increase of tspan-1* cells during regen-
eration, with the expanded tspan-1* cells predominantly co-ex-
pressing the o neoblast marker soxP-1 (Figure S5C). Because
tspan-1 knockdown showed no discernable defect in animals,
we interrogated its function via RNAI in both sublethal and partial
irradiation conditions. Importantly, tspan-1 knockdown signifi-
cantly reduced the efficiency of repopulation of piwi-1* cells
(Figures 4D, 4E, and S5D), and particularly soxP-1* neoblasts
(Figure 4H, 1) in sub-lethally irradiated animals compared to
those treated with control RNAIi. Because tetraspanin family
members have been implicated in cell migration (Hemler,
2005), we also tested the ability of neoblasts to mobilize to
wounds after partial irradiation (Guedelhoefer and Sanchez
Alvarado, 2012) and found that cells in tspan-1(RNA/) animals
failed to migrate to the wound site at comparable rates to control
animals (Figures 4F, 4G and S5E). We conclude from these
experiments that tspan-1 expression is modulated in response
to injury and that it plays a role in wound-induced stem cell repo-
pulation and mobilization.

Single-Cell Transplantation of TSPAN-1* Neoblasts
Rescues Lethally Irradiated Animals

To determine if single TSPAN-1* Nb2 cells are pluripotent, we
developed a specific polyclonal antibody against the EC2 region
of TSPAN-1 (Figures S6A-S6C) to prospectively isolate these
cells. TSPAN-1-labeled cells clustered as a clear population dur-
ing flow cytometry, representing ~7% of total cells (Figure 5A).
By co-staining with TSPAN-1 and Hoechst, we observed
~23% of the TSPAN-1 signal was from the X1 gating window
(proliferative state), while ~41.2% was from X2 (Figure S6D).
After sorting cells into wells, we confirmed cell surface localiza-
tion of the fluorescent signal and noted a morphological resem-
blance to putative cNeoblasts (Figure 5B) (Wagner et al., 2012).
Strikingly, live TSPAN-1* cells displayed very active protrusions
(Video S2).

Next, we tested whether TSPAN-1" cells were also positive for
piwi-1 and tspan-1 expression. We similarly tested purified
X1(FS) cells, a fraction previously shown to contain rare
cNeoblasts (Wagner et al.,, 2011) (Figures 5C and S6E).
89.2% + 2% of TSPAN-1* cells were also piwi-1*, whereas
only 22% =+ 1.3% of X1(FS) cells were piwi-1*. Further, only
13.9% + 1.2% of TSPAN-1" cells displayed piwi-1 expression,
suggesting that the TSPAN-1 antibody does not enrich for
piwi-1* cells, but a subset of piwi-17 cells (Figures 5C, 5D and
S6E). We then performed cell sorting followed by single-cell
transplantation of TSPAN-1*, TSPAN-1~, and X1(FS) cells into
lethally irradiated planarians (Figure 5E). Because the TSPAN-1*
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Figure 4. RNAi Depletion of Nb2 Marker Genes Affects Nb2 Cell Repopulation and Mobilization after Sublethal and Partial Irradiation

(A) Violin plots show distribution of expression levels for each of top five predicted cell-surface protein coding genes enriched in Nb2 group.

(B) tspan-1 temporal expression assessed by in situ hybridization in tail fragments post amputation. Representative animals shown, n > 5 for each condition. Scale
bar, 100 um.

(C) Double-labeled FISH using RNAscope for piwi-1 and tspan-1 mRNA in tail fragments fixed 7 hr (7hrs), 1-day, and 2-day post-amputation (dpa). Representative
areas shown. n > 5 animals per condition. Scale bar, 10 um.

(D and E) Quantification of piwi-1* cells (D) and mitotic index (E) in control/(RNAI/) and tspan-1(RNA/) animals at indicated time points after sub-lethal irradiation.
Error bar, SD.

(F and G) Cell dispersion assessed by piwi-1 staining (F) and quantified at anterior boundaries in decapitated animals at 9 DPI, corresponding to 5 dpa (G).
Representative animals shown. n > 5 animals per condition. Error bar, SD. Scale bar, 100 pm.

(H and I) tspan-1(RNAJ) knockdown impairs a-class cell repopulation after 7 dpi (H) and 14 dpi (I) sub-lethal irradiation. Representative areas shown. n > 5 animals
per condition. Scale bar, 10 um.

See also Figure S5.
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cells were still decorated with the fluorescent antibody (Fig-
ure 5F), we could readily follow and confirm their injection into
hosts (Figure 5G; Video S3). We also used piwi-1 expression
soon after transplantation to confirm single-cell injections of
TSPAN-1*, TSPAN-1-, and X1(FS) cells (Figure S6F) and
throughout the duration of the rescue experiments as an indica-
tor of expansion. TSPAN-1* cells were mitotically active 2 days
post-transplantation (DPT) and formed robust colonies by 14
DPT (Figure 5H). Of the combined 224 animals from three
different replicates receiving TSPAN-1* single-cell transplants,
a total of 52 animals survived lethal irradiation for half a year
(i.e., a rescue rate of ~23.2%) (Figures 51 and 5J). In marked
contrast, only 5 out of a total of 232 animals injected with
X1(FS) cells survived, corresponding to a rescue rate of ~2.0%
(Figure 5J). None of the non-injected control animals (n = 82)
(Wagner et al., 2011), nor the TSPAN-1" injected (n = 194) irradi-
ated hosts survived beyond 50 days.

To compare the different cell preparations (Figures 5D and 5E),
and given the low numbers of piwi-1* cells in the X1(FS) cells (Fig-
ure 5D), we normalized the single-cell rescue data to the number
of piwi-1* cells per injected cell by dividing rescue efficiency (Fig-
ure 5J) by piwi-1* percentage as assessed by FISH (Figure 5D). If
there is no difference between TSPAN1* sorted piwi-1" cells and
randomly picked piwi-1* cells from the X1(FS) sort gate, an
improved rescue efficiency following normalization should not
occur. The Welch two sample t test, yielded a p value of
0.007407 after normalization, therefore rejecting the null
hypothesis and suggesting TSPAN-1* cells are statistically
enriched for pluripotent piwi-1* cells, rather than piwi-1* cells in
general (Figure 5K). As such, injections of TSPAN-1* isolated cells
result in a remarkable 14-fold rescue improvement over X1(FS)
cell injections. Therefore, the raised TSPAN-1 antibody can be
used to prospectively isolate functional, pluripotent neoblasts.

Transcriptional Response of Pluripotent Neoblasts
Differs between Homeostasis, Repopulation, and
Amputation Conditions

The response of pluripotent neoblasts to irradiation and amputa-
tion plays key roles in promoting regeneration. Yet, the precise
transcriptional response of the pluripotent subset of neoblasts
to these perturbations remains poorly defined. Having transcrip-
tionally and functionally defined a specific PSC population
encompassed by the Nb2 cells (Figures 2, 3, 4, and 5), we

reasoned that the Nb2 markers may help inform the transcrip-
tional dynamics of PSCs under different experimental conditions
(Figure 6A). First, we tested sub-lethal irradiation exposure. To
profile rare PSCs and avoid interference from immediate progen-
itor cells, we determined a time point after sub-lethal irradiation
(7 DPI) with minimal piwi-1* cells (Figure S7A), followed by isola-
tion and single-cell RNA-seq of 1,200 individual cells derived
from X1 (Piwi-1"9") and X2 (Piwi-1"°") cell populations
(Figure S7B).

Unsupervised clustering and t-distributed stochastic neighbor
embedding (t-SNE) analyses identified 10 sub-lethal (SL) cell
clusters (Figure 6B). Cross-referencing their respective signature
genes to known marker genes resolved defined clusters with
distinct cell types, e.g., SL1 to muscle cell types (troponin 1*
and collagen™) (Witchley et al., 2013), and SL2 to neural cell types
(pc2*, spp-4*, and npp-2) (Collins et al., 2010) (Figures 6B and
6C; Table S3). A single cell cluster (SL6) was found with both cell-
cycle and piwi-1 expression signatures (Figure S7C). Inspection
of SL6 revealed extensive transcriptional similarity to Nb2 cells
(Figure 6D), including the Nb2 marker genes tgs-1, pks-1 (Fig-
ure S7D), and tspan-1 (Figure S7E), further confirming that Nb2
cells encompass cNeoblasts. Moreover, pseudo-temporal dif-
ferentiation trajectories generated from the SL cell clusters by
diffusion maps (Figure 6E) revealed a general topology similar
to the trajectories defined for homeostasis (Figure 2G), with
SL6 (like Nb2) at the root of the trajectory models, and the re-
maining groups projecting into branches (Figures 6E and S7F;
Video S4). Transcriptional profiling defined the SL6 cluster as a
discrete cell group, yet the t-SNE plot distributed this cluster
into two subsets we termed SL6a and SL6b (Figure 6B). SL6a
is characterized by higher piwi-1 expression than SL6b (Figures
6D and S7C). When SL6a and SL6b are compared to Piwi-1M9"
and Piwi-1"°" RNA-seq profiles, we noted that SL6a is transcrip-
tionally similar to Piwi-1"9" and SL6b most similar to Piwi-1'%
cells (Figure S7G), indicating the spectrum of piwi-1 expression
is maintained during repopulation. Moreover, the expression of
most of the Nb2 marker genes is also enriched in the SL6a sub-
set, but not in the SL6b subset (Figures 6D and S7D), suggesting
SL6a is likely the major cell cluster responsible for repopulation.

Next, we profiled the pluripotent state during regeneration.
Because Nb2 cells undergo clonal expansion after amputation
at 3 days post amputation (dpa) (Figures 3J, 3K and 4C), we iso-
lated cells at this time point from small, regenerating tissue

Figure 5. Single-Cell Transplantation of Single TSPAN-1-Positive Cell Rescues Lethally Irradiated Animals

(A) Flow cytometric analyses showing staining of TSPAN-1 antibody. Shown is a representative of more than 3 independent experiments.

(B) Representative freshly sorted TSPAN-1~ (left) and TSPAN-17 (right) cells bright-field and fluorescence images. Scale bar, 10 um.

(C and D) Representative double FISH of piwi-1 and tspan-1 probes on sorted TSPAN-1* cells (C). Scale bar, 10 um. Comparison of percentage of piwi-1* cells in

the indicated isolated cell populations (D).

(E) Single-cell transplantation assay. Sexual hosts were irradiated to eliminate all stem cells 2 days before transplantation. Individual cell was transplanted to

assess repopulation/rescue efficiency.

(F) Freshly sorted single TSPAN-1* cell live imaging verified membrane localization of antibody signal. Cell shows obvious cytoplasmic processes. Shown are

maximal projections of Video S2. Scale bar, 10 pm.

(G) Single transplanted cell live imaging immediately after single cell transplantation. Scale bar, 10 um.

(H) Colony formation assayed by mitotic marker H3S10P (red) and neoblast marker piwi-1 (green) at indicated time point after transplantation. Anterior, up. Ventral
shown. Colonies of dividing piwi-1* cells (arrowhead). px, pharynx. Scale bar, 100 um.

(I) Representative images of transplanted hosts at time points after single cell transplantation. Different animals shown in each panel. Scale bar, 1 mm.

(J and K) Rescue efficiency quantification (J) and piwi-1* percentage normalized efficiency (K). piwi-1* percentage obtained from (D).

See also Figure S6 and Videos S2 and S3.
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Figure 6. Response of Pluripotent Stem Cells to Regeneration and Repopulation Signals

(A) Comparison strategy of single-cell transcriptomic data from homeostatic, repopulation, and regeneration conditions. Droplet-based 3’ or plate-based full-
length scRNA-seq were used.

(B) t-SNE plot of surviving X1 and X2 cells (n = 1,039 after QC filter) after sub-lethal irradiation. Colors indicate unbiased cell classification via graph-based
clustering. SL, sub-lethal irradiated cell groups.

(C) Scaled expression heatmap of discriminative gene sets for each cluster defined in (B) Color scheme based on Z score distribution from —2.5 (Blue) to 2.5 (Red).
Left margin color bars highlight gene sets (right side) specific to respective cell subsets.

(D) Spearman rank correlation heatmap for all pairwise comparisons of indicated cell types. Spearman correlations were calculated using normalized read counts
across the entire transcriptome (n = 31,253 genes) for all RNA-seq experiments.

(legend continued on next page)
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fragments for scRNA-seq (Figure 6A). Given the expansion of
PSCs and the complexity of whole-body regeneration, we pro-
filed ~160 cells at higher sequencing coverage per cell in order
to capture broader single-cell transcriptional variations (Fig-
ure 6A). We identified a cohort of Piwi-1"9", tspan-1* cells and
defined discriminative Nb2 markers for repopulation (7 DPI,
SL6a cells) and regeneration (3 dpa, tspan-1* cells). We
compared them by taking the average expression of each gene
for a given cell population and performed quantile normalization
to minimize possible technical variation across different plat-
forms (Bullard et al., 2010). The analysis uncovered differential
expression of Nb2 markers for all three conditions (Figure 6F), a
variation reflected by the discrete quantitative responses of
PSC-associated genes induced by each of the conditions inves-
tigated (Table S3).

DISCUSSION

Neoblasts are the cellular source of planarian regeneration, but
their composition and behaviors in response to injury and
physiological homeostasis have been under constant debate.
Neoblasts share common attributes but remain a complex
mixture of both PSCs and lineage progenitors. Even after the
unequivocal demonstration that neoblasts contain pluripotent
stem cells (Wagner et al., 2011), the complexity of this cell
type has impeded the development of prospective stem cell
isolation methods to enrich for neoblast sub-classes, a pre-
requisite to carefully study their properties. By simultaneously
and quantitatively detecting both PIWI-1 protein and piwi-1
mRNA levels, we were able to both distinguish PSC (Piwi-1"9")
and lineage progenitor cells (Piwi-1'°") from each other, and to
systematically resolve some of the heterogeneity of the
neoblast compartment. scRNA-seq demonstrated Piwi-1"9"
cells encompassed no fewer than 12 discrete subpopulations
of neoblasts. One of these, the novel tspan-expressing Nb2
group, recapitulated several pluripotent cell properties. A new
TSPAN-1 antibody facilitated the prospective isolation of these
cells, and transplanted TSPAN-1* single cells rescued lethally
irradiated animals with higher efficacy than previously tested
dissociated cell populations. Our work refines the existing
classification of neoblasts and demonstrates that pluripotent
stem cells can be identified prospectively and efficiently puri-
fied from complex tissues.

PIWI-1 Levels Define a Continuum of Pluripotent Stem
Cells and Lineage Progenitors in the Neoblast
Compartment

To date, the use of piwi-1 expression to identify neoblasts has
been qualitative in nature, with neoblasts remaining heteroge-
neous, such that certain subpopulations were largely character-
ized through retrospective analysis of reconstitution patterns in
irradiated planarians (Eisenhoffer et al., 2008; van Wolfswinkel

et al.,, 2014; Wagner et al., 2012). By developing quantitative
methods to measure both piwi-17 mRNA and protein, we found
that piwi-1 is differentially expressed across neoblasts in a way
that readily distinguished two functionally distinct piwi-17
subpopulations (Figure 1). Both Piwi-1"9" and Piwi-1'"% cells re-
sponded differently to lethal and sublethal irradiation, displayed
specific gene expression profiles, and behaved differently during
key periods of regeneration (Figures 1E, 1F, and 1H). The corre-
lation between piwi-1 expression levels (transcript and protein)
and cellular properties indicate neoblasts exist in dynamic undif-
ferentiated and lineage transition states, and this characteristic
coexistence of pluripotent stem cells and lineage progenitors
may be a property required for maintaining robust homeostasis
and regenerative capabilities (Figure 7). The quantitative
methods reported here open the door for mechanistic studies
to dissect a dynamic state of pluripotency in which a population
of cells perpetuates itself through diverse biological and environ-
mental demands.

Self-Renewal and Modulation of Lineage Progenitor
Composition in the Neoblast Compartment

The expression of tissue-associated transcription factors
involved in specifying progenitors in neoblasts has been attrib-
uted to neoblast specification during regeneration (Scimone
et al., 2014). Interestingly, scRNA-seq analysis revealed that
even under homeostatic conditions, Piwi-1"9" cells encompass
not only pluripotent stem cells but also subsets of cells express-
ing lineage-specific progenitor genes representing all 3 germ
layers (Figure 2). Because tissue-specific injuries can lead to
the upregulation of tissue-specific transcription factors in
neoblasts (Adler et al., 2014), the cell class composition of the
neoblast compartment must be tightly regulated. It opens the
question as to how regeneration signals instruct PSCs to pro-
duce the appropriate number and type of progenitor neoblasts
in response to different regeneration requirements. Such signals
may involve multi-lineage communication, such as feedback
from lineage-primed progenitors or post-mitotic cells (Tu et al.,
2015) to initiate exit from pluripotency and to restrict cells to spe-
cific differentiation paths. This question can now be addressed
by measuring gene expression profiles specifying the Piwi-1"9"
neoblast classes Nb1 through Nb12 under dynamic experi-
mental conditions.

Nb2 Cells Encompass Pluripotent, Self-Renewing Stem
Cells that Can Be Prospectively Isolated Using the
Membrane Associate Protein TSPAN-1

By systematically interrogating the properties of scRNA-seq-
defined neoblast clusters Nb1 through Nb12, we discovered
that cluster Nb2 featured a rare population of pluripotent stem
cells marked by tspan-1 expression (Figures 2, 3, and S4A).
The tetraspanins were first cloned in leukocytes to characterize
cell-membrane associated antigens to purify cells from complex

(E) Neoblast and progenitor cell cluster visualization using diffusion map. Five main branches are indicated with solid arrows, with one cluster (SL6) sitting at the

root (dashed lines).

(F) Scaled expression heatmap of discriminative gene sets upregulated (log2 fold change > 2) in regeneration (3 dpa, tspan-1" cells), repopulation (7 DPI, SL6a

cells) or both when compared to homeostatic Nb2 group.
See also Figure S7, Table S3, and Video S4.
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mixtures (Boucheix and Rubinstein, 2001). These proteins are
expressed by all metazoans, with 33 members in mammals, 37
in Drosophila melanogaster, 20 in Caenorhabditis elegans
(Huang et al., 2005), and 48 in S. mediterranea (Figure S5A).
Members of this family of proteins have received special atten-
tion due to their involvement in regulating the migration and
invasion of cancer cells (Hemler, 2014; Zoller, 2009). Interest-
ingly, knockdown of tspan-1 in S. mediterranea resulted in an in-
hibition of mobilization of neoblasts to sites of amputation in
partially irradiated animals (Figures 4F and 4G). The cells isolated
using anti-TSPAN-1 antibodies displayed numerous and active
protrusions (Video S3) supporting a role for this family of
proteins in membrane folding (Hemler, 2005). Importantly, pro-
spective sorting of TSPAN-1"* cells, followed by single-cell trans-
plantation, demonstrated that these cells actively divide to form
colonies and rescue stem cell-depleted animals (Figure 5).
Therefore, these data not only provide a framework for charac-
terizing rare stem cell populations, but may also shed light on
the function of the deeply evolutionary conserved tetraspanin
family of proteins in stem cell-mediated regeneration.

scRNA-Seq and Lineage Reconstruction of an Adult
Pluripotent Stem Cell Compartment in Different
Biological and Experimental Contexts

By combining single-cell sequencing experiments post hoc, we
can make predictions regarding the possible relationships and
dynamics that may exist between different cell classes identified
under different conditions. For example, the signature gene ex-
pressions of Nb cells can be used to discriminate cell groups in
the Piwi-1'"% SL cells that survived sublethal irradiation treatment
(Figure S7H); however, the converse is not possible as the signa-
tures from Piwi-1'"" SL cells fail to project back to the Piwi-1M9"
Nb cells (Figure S7l). Because the projection is unidirectional
(i.e., from Piwi-1"9" to Piwi-1'°%), it is likely that Piwi-1'°" cells
are descendants of Piwi-1"9" cells. The failure of Piwi-1'°% cell
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Figure 7. Proposed Lineage Composition
Model of Planarian piwi-1* Cells

12 major classes representing 6 cell lineages of all 3
germ layers were found in the neoblast compart-
ment of adult Planaria. Nb2 and SL6a can self-
renew and collectively give rise to a wide range of
tissue types in single-cell transplantation and re-
population, respectively. As differentiation ensues,
piwi-1 expression is downregulated and tissue-
associated transcription factors upregulated.
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expression signatures to project back
to Piwi-1"9" cells likely reflects the acqui-
sition of expression profiles associated
with new cell types arising from either line-
age bifurcation or differentiation. There-
fore, we propose a model in which
TSPAN-1* Nb2 cells generate all the line-
age branches associated with maintaining
homeostasis, restoring viability after lethal
and sublethal irradiation and regenerating
missing body parts lost to amputation
(Figure 7). Lineage tracing, as well as simultaneous localization
ofthese cell types within tissues, will be needed to test this model.

Pharyngeal

Gastrovascular| Endoderm

Implications for Understanding the Source of
Regenerative Ability in Animals

Although the neoblast concept has been around since the late
19™ century, the nature and identity of the pluripotent cells
capable of maintaining the remarkable regenerative capacities
of planarians have remained unclear. By being able to pro-
spectively identify and purify pluripotent neoblasts, we have
shown these cells to be remarkably dynamic, constantly occu-
pying diverse states of continuous fate determination and
capable of specifically adapting their genomic output to
different injuries, such as irradiation or amputation (Figure 6F).
Because pluripotent stem cells are generally assumed to
be only present transiently in early embryogenesis, and can
only be perpetuated artificially in vitro, our findings that plurip-
otent stem cells can be maintained in adult animals despite
showing distinct transcriptional changes dictated by either
physiological homeostasis and/or injury, are all the more
provocative.

Identifying specific cell-surface markers for neoblast sub-
types (e.g., tspan-1 for Nb2 and fgfr-1 for epidermal lineage)
enables the purification of desired neoblast subtypes to inves-
tigate their biological properties or for developing cell culture
techniques. Moreover, tetraspanin surface markers are pre-
sent in multiple mammalian stem cells (Karlsson et al., 2013;
Kwon et al., 2015), indicating potential developmental conser-
vation. Indeed, the tetraspanins are an important family of
proteins that recruit other proteins at the cell membrane
including integrins and cell adhesion molecules, thus initiating
important cell decisions (Hemler, 2005). Hence, we postulate
that TSPAN-1 and the other proteins associated with the
neoblast classes reported here likely play key roles in inter-
preting environmental changes to guide the genomic output



and functions of neoblasts and their progenitors. As such, our
findings demarcate a dynamic biological context where the
identities and behaviors of self-renewing adult PSCs respon-
sible for homeostasis and tissue regeneration can be both
quantitatively measured in the context of changing windows
of developmental competence and studied in greater mecha-
nistic detail.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 421 Donkey anti-rabbit IgG BIOLEGEND INC 406410

Goat Anti-Rabbit IgG H&L (Alexa Fluor 555) Abcam ab150086

preadsorbed

Fluorescein (FITC) AffiniPure Goat Anti-Rabbit JACKSON IMMUNORESEARCH LABS 111-095-144

1gG (H+L) (min X Hu, Ms, Rat Sr Prot)

PIWI-1 antibody produced in Rabbit Dr. Qing Jing (Shanghai Institutes for #6116
Biological Sciences)

TSPAN-1 antibody This paper N/A

Rabbit anti-H3S10P antibody Abcam ab32107

4,6-diamidino-2-phenylindole (DAPI) THERMO FISHER SCIENTIFIC LLC Product#62248

Propidium iodide (PI) SIGMA-ALDRICH P4864

Hoechst 33342 THERMO FISHER SCIENTIFIC LLC H3570

Anti-Fluorescein-POD Roche 11426346910

Anti-Digoxigenin-POD Roche 11207733910

Anti-Digoxigenin-AP Roche 11093274910

Rabbit IgG Isotype Control antibody THERMO FISHER SCIENTIFIC LLC 02-6102

Monoclonal Anti-a-Tubulin antibody SIGMA-ALDRICH T5168

produced in mouse

Goat anti-Mouse IgG (H+L) Secondary THERMO FISHER SCIENTIFIC LLC 31430

Antibody, HRP

Polyclonal Swine Anti-Rabbit Dako P0399

Immunoglobulins HRP

Chemicals, Peptides, and Recombinant Proteins

(2'S)-2'-Deoxy-2'-fluoro-5-ethynyluridine Sigma Aldrich T511293 ALDRICH

Sigmacote Sigma Aldrich SL2-25ml

TRIzol reagent THERMO FISHER SCIENTIFIC LLC 15596018

TRIzol LS Reagent THERMO FISHER SCIENTIFIC LLC 10296010

RNasin Ribonuclease Inhibitors Promega N2511

ALEXA FLUOR 488 AZIDE LIFE TECHNOLOGIES A10266

BSA DNASE FREE POWDER FISHER SCIENTIFIC LLC BP9706100

Gentamicin sulfate GEMINI bio-products 400-100P

(+)-Sodium-L-Ascorbic Sigma Aldrich A4034

1,4-Diazabicyclo[2.2.2]octane (DABCO) Sigma Aldrich D27802

N-Acetyl-L-cysteine (NAC) Sigma Aldrich A7250

Sodium azide (NaN3) Acros Organics AC447811000

Hydrogen peroxide 30% Sigma Aldrich Cat# H1009

Western Blocking Reagent, Solution Roche 11921681001

RIPA lysis buffer system Santa Cruz Biotechnology sC-24948

Proteinase K Solution Ambion/ THERMO FISHER SCIENTIFIC AM2546

Critical Commercial Assays

RNeasy Mini Kit QIAGEN 74106

PrimeFlow RNA Assay kit

THERMO FISHER SCIENTIFIC LLC

88-18005-204
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
RNAscope v2 multiplex fluorescent Advanced Cell Diagnostics 323110
detection kit

RecoverAll Total Nucleic Acid Isolation kit THERMO FISHER SCIENTIFIC LLC AM1975
NEBNext Ultra DNA Library Prep Kit NEB E7370S
Nextera XT DNA Sample Preparation Kit lllumina FC-131-1096
(96 samples)

TruSeq Stranded mRNA Preparation Kit lllumina RS-122-2101
SMART-Seq v4 Ultra Low Input RNA Kit Clontech, Takara 634889
Quant-IT DNA High-Sensitivity Assay Kit THERMO FISHER SCIENTIFIC LLC Q33120

Chromium Single Cell 3' Gel Bead and
Library Kit
Pierce BCA protein assay kit

10x Genomics

THERMO FISHER SCIENTIFIC LLC

P/N 120236;120237;120262

23225

Deposited Data

Raw and analyzed bulk RNA-seq data This paper GSE107874, GSE107875
Raw and analyzed single cell RNA-seq data This paper GSE107873
Smed-tspan-1 This paper MG551539

Smed-tgs-1 This paper MG551540

Smed-pks-1 This paper MG551541

Experimental Models: Organisms/Strains

Asexual S. mediterranea (strain CIW4) Newmark and Sanchez Alvarado, 2000 N/A

animals

Sexual S2F8b planarian strain Guo et al., 2016 N/A

Software and Algorithms

Bowtie2

Samtools
Imaged
Fiji
SoftWoRx

Imaris
Amnis IDEAS software
GraphPad Prism 6.0

FlowdJo version 10.2
Cell Ranger R Kit_v1.3
destiny

Seurat_v1.4
edgeR

maSigPro

trimAl
MUSCLE

RAXML
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Johns Hopkins University

N/A
NIH
N/A
GE Healthcare (Applied Precision)

Bitplane
Amnis Corporation
Graphpad

TreeStar
10x Genomics
R package

R package
R package

R package

N/A
N/A

The Exelixis Lab

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

http://samtools.sourceforge.net/
https://imagej.nih.gov/ij/
http://fiji.sc/
http://www.directindustry.com/

prod/applied-precision/
product-20760-405308.html

http://www.bitplane.com/imaris/imaris
http://www.emdmillipore.com/

https://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/solutions/flowjo
https://support.10xgenomics.com/

https://bioconductor.org/packages/
release/bioc/html/destiny.html

https://satijalab.org/seurat/

http://bioconductor.org/packages/release/
bioc/html/edgeR.html

https://www.bioconductor.org/packages/
release/bioc/html/maSigPro.html

http://trimal.cgenomics.org/downloads

http://www.drive5.com/muscle/
downloads.htm

https://sco.h-its.org/exelixis/web/software/
raxml/index.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

ITOL N/A https://itol.embl.de

HMMER EMBL-EBI http://hmmer.org/download.html
TMHMM DTU Bioinformatics http://www.cbs.dtu.dk/services/TMHMM/
Other

Borosilicate glass needles Sutter Instrument Co. #B100-75-15

Flaming/brown micropipette puller Sutter Instrument Co. Model P-97

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the Lead Contact,
Alejandro Sanchez Alvarado (asa@stowers.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Planarian culture and irradiation treatment

Asexual S. mediterranea (strain CIW4) animals were maintained at 20°C without antibiotics as previously described (Newmark and
Sanchez Alvarado, 2000). For sexual S2F8b strain used for transplantation (Guo et al., 2016), animals were maintained in a recirculat-
ing water system without antibiotics. Animals were transferred to static culture one day before irradiation, and maintained in static
culture thereafter supplemented with gentamicin (100 pg/mL gentamicin sulfate). For all experiments, animals were starved for at
least 7 days. A GammaCell 40 Exactor irradiator was used to expose animals to either 1,250 or 6,000 rads for sublethal and lethal
irradiations, respectively.

METHOD DETAILS

Gene identification and phylogenetic tree

To comprehensively identify planarian Tetraspanin proteins, we followed four steps to profile planarian Tetraspanin family members
(Hemler, 2005): 1) we translated S. mediterranea transcriptome smed_20140614 (accession number GEO:GSE72389), and use
hmmscan (HMMER) to find Tetraspanin domains (Pfam hit: PFO0335) with an e-value of 0.001 as cutoff; 2) we selected candidates
based on the presence of exactly 4 transmembrane domains (TMHMM); 3) we searched for the presence of CCG and at least 4 total
cysteines; and 4) we searched genome using blastn, verifying the presence in genome assembly (Robb et al., 2015). To generate a
phylogenetic tree, all identified sequences were multi-aligned with MUSCLE. The alignment was trimmed with trimAl. The tree was
calculated using RAXML, and was further visualized by ITOL. The SMART sequence analysis tool was used to identify conserved
domains in SMED homologs and for comparison with the Mus musculus (mm), Drosophila melanogaster (dm), Schistosoma mansoni
(Smp), and Schmidtea mediterranea (SMED) proteins (http://smart.embl-heidelberg.de/).

Gene cloning and gene knockdown by RNAI feeding

Genes were cloned from a CIW4 whole-animal cDNA library into the pPR-T4P vector as previously described (Adler et al., 2014). RNAI
was performed by feeding as previously described (Reddien et al., 2005) with modifications. Briefly, cloned gene vectors were trans-
formed into bacterial strain HT115, cultured in 2XYT to O.D. = 0.6-0.8, induced to express dsRNA for 2 hours with 1ImM IPTG at 37°C
shaking at 250 rpm. Bacterial pellets were mixed with a weight ratio of 4:1 to beef liver paste. dsRNA food was given to the animals
every 3 days for 3-6 feedings as needed.

Generation of TSPAN-1 antibody

The second extracellular loop (AA104-196) of TSPAN-1 was cloned into the pET21a vector for recombinant protein induction in
E. coli. Two New Zealand Rabbits were immunized with peptide conjugated to KLH (GeneScript). Rabbit polyclonal antibodies titers
against peptide were determined by indirect ELISA. After three immunizations, the anti-peptide antibody was purified from antiserum
by protein A column (GeneScript). Antibody was preserved in Phosphate Buffered Saline (PBS, pH 7.4) with 0.02% Sodium Azide,
and the concentration was measured by A280nm. The specificity of the antibody was confirmed using western blots (used at 1:1000)
or immunofluorescence (used at 1:250) using RNAi sample as control. Diluted antibody (1:250-300) was used for FACS analyses. For
western blots, total protein was extracted using modified RIPA lysis buffer (Santa Cruz Biotechnology), and protein concentration
was determined by BCA Protein Assay Kit (Pierce). After denaturing by boiling for 5 minutes in sample buffer, 30 ug of proteins
were analyzed by immunoblotting, and immunoblot signals were detected by enhanced chemiluminescence as previously described
(Zeng et al., 2013).

Cell 173, 1593-1608.e1-e7, June 14,2018 e3


mailto:asa@stowers.org
http://smart.embl-heidelberg.de/
https://itol.embl.de
http://hmmer.org/download.html
http://www.cbs.dtu.dk/services/TMHMM/

FACS by Hoechst 33342 and cell-surface marker expression

Flow cytometry of Hoechst stained cells was conducted largely as previously described (Hayashi et al., 2006; Reddien et al., 2005).
Planarians were diced and dissociated using CMFB (CMF+0.5% BSA) on a cold plate (4°C). Cells were washed off the plate with
CMFB buffer, and pelleted by centrifugation (290 g for 5 minutes at 4°C). To reduce clumping at downstream steps, dissociated cells
were strained through a 40 um filter prior to pelleting, and stained with Hoechst 33342 (ThermoFisher) for 45 minutes at room tem-
perature. Before loading onto Influx sorter, cells were strained again and then Propidium iodide (Pl) was added to discriminate dead
cells. For TSPAN-1 antibody-mediated cell sorting, cell pellets were prepared as described above, and were directly re-suspended in
CMFB buffer containing pre-diluted either primary antibody (1:300) or isotype control antibody (Resource Table), thoroughly tritu-
rated to ensure a single cell suspension, and primary antibody staining was conducted for 30 minutes to 1 hour at room temperature.
Afterward, cells were washed with an excess of CMFB buffer and pelleted again, and this was conducted one more time. Cells were
then stained with fluorescent-labeled secondary antibody (1:300) for 30 minutes. Finally, washed cell pellets were re-suspended in
CMFB buffer containing Propidium iodide (PI), and were strained through a 30 pm filter. Flow cytometry and sorting was conducted
on a BD Influx cell sorter (Stowers FACS Core).

Intracellular flow cytometry and cell sorting for RNA extraction

To quantitatively analyze the presence of PIWI-1 in neoblast cells, intracellular flow cytometry was conducted using a custom PIWI-1
antibody (Clone#6116, kind gift from Qing Jing) generated using the same peptide sequence described before (Guo et al., 2006). After
dissociation, cells were collected by centrifugation (300 g for 5 minutes at 4°C) the supernatant aspirated, followed by fixation in 4%
PFA on ice. Subsequently, cells were washed, and permeabilized in ice-cold 90% methanol. After wash by centrifugation, cells were
re-suspended in 300 ul of primary antibody (prepared in incubation buffer at 1:300 with the addition of Ribonuclease inhibitors) for 1
hour at room temperature. Cells were washed by centrifugation in 2-3 mL incubation buffer and re-suspended in fluorochrome-con-
jugated secondary antibody in incubation buffer at the recommended dilution. Diluted DAPI solution (ThermoFisher, 1:500) was used
to stain nuclear DNA and incubated for 30 min at room temperature. Cells were washed twice by centrifugation in 2-3 mL incubation
buffer, and finally re-suspended in CMFB buffer before straining through a 40 um cell strainer (BD). Flow cytometry was conducted on
a BD Influx cell sorter (Stowers FACS Core).

PrimeFlow analysis of RNA/protein expression

Cells prepared under the same conditions as the FACS samples were processed with the PrimeFlow RNA Assay kit (ThermoFisher)
following the manufacturers protocol, with minor modifications. Briefly, 1 million presorted nucleated (Hoechst 33342%) planarian
cells were fixed, permeabilized, and intracellularly stained for detection of the PIWI-1 protein first when required (1 hour at 4°C). After
an additional fixation step, cells were ready for 3-6 h of hybridization at 40 + 1°C with a high-sensitivity target-specific set of probes
(below). The cells were then subjected to two amplification steps (sequential 2-h incubations at 40°C with the PreAmp mix and Amp
Mix solutions). After proper wash, diluted label probes were hybridized with the specific amplifiers for 1 h at 40°C. Negative controls
were included in all experiments with the Bacterial DapB gene. Custom designed piwi-1 (Type 1 Alexa Fluor 647 or Type 6 Alexa Fluor
750), agat-1(Type 1 Alexa Fluor 647), tspan-1(Type 1 Alexa Fluor 647), and soxP-1 (Type 4 Alexa Fluor 488) probes were synthesized
by Affymetrix (eBioscience). High throughput image acquisition at 60x magnification with an ImagestreamX Mark Il allows for analysis
of high-resolution images of single-cells. Genes of interest were targeted by different fluorophore-conjugated probes, and nuclei
were stained with DAPI. Single cells were selected based on cell properties like area, aspect ratio (bright-field images) and nuclear
staining. As a negative control, we used the Bacterial DapB gene (Type 1 probe), in addition to piwi-1, tspan-1 and soxP-1. Isotype
antibody rabbit IgG was used to set the negative gate for PIWI-1 antibody staining. Spot counting was performed with the Amnis
IDEAS software to obtain the expression distributions.

In situ hybridizations and antibody staining

Whole mount in situ hybridizations were performed as previously described (King and Newmark, 2013; Pearson et al., 2009) with
some modifications. Animals were killed in 5% NAC in PBS, and fixed for 45 min in 4% formaldehyde in PBSTx (PBS+0.5% Triton
X-100). Formamide bleach was performed for multiplex FISH, followed by proteinase K (Ambion) treatment for 10 min, post-fixation
and pre-hybridization for 2 hours. Hybridization was done at 56°C in the probe (1:1000) containing Hyb buffer for > 16 hours, followed
by extensive wash and antibody development using tyramide signal amplification system. For double/triple-color fluorescence in situ
hybridization (FISH), HRP inactivation was performed between labelings in 100mM NaN3 for 90min. To improve optical clarity after
signal development, we used ScaleA2 with 80% glycerol and 4 M urea for colorimetric WISH, and glycerol (20%), DABCO (2.5%)
(Sigma-Aldrich), and 4 M urea ScaleA2 for FISH (Adler et al., 2014). Anti-phospho-histone H3 (Ser10) (H3P) antibody (1:1,000; Abcam,
ab32107) and Alexa Fluor 555-conjugated goat anti-rabbit secondary antibodies (1:1,000; Abcam, ab150086) were used to stain
proliferating cells at the G2/M phase of cell cycle. For FISH on single cell, cells were dissociated and macerated in CMFB media
and labeled with Hoechst 33342 or antibodies, sorted as described above. Cells were then sorted into Microplate 96-Well F-Bottom
Plates with Coverglass Base (Greiner Bio-One) in CMF buffer, followed by fixation in 4% paraformaldehyde in CMF. Cell FISH was
performed as described above, with slight modifications: all hybridization washes were limited to alternating 20 minute intervals, and
all other washes were limited to 10 minutes. Western blocking reagent (Roche; 5% in MABT) or 5% horse serum was used as a block-
ing agent before antibody development. Only robust expression of transcription factors or markers was counted as positive cells
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using Fiji on maximal intensity projections. Fluorescent images were taken with a Zeiss LSM700 Confocal Microscope or a Perkin
Elmer Ultraview spinning disk. Images were adjusted for brightness and contrast using Fiji.

F-ara-EdU labeling followed by X1(FS)-L and X2(FS)-R sorting

F-ara-EdU (Sigma) was fed to animals in calf liver paste at a concentration of 0.5mg/ml for a 10-hour chase. Animals were then diced
and dissociated using CMFB (CMF+0.5% BSA) on a cold plate (4°C). Cells were sorted as described above, and FACS gates were set
as indicated in Figure S2J. Cells were fixed in 4%PFA for 2 hours at 4°C and were permeabilized in PBSTx(0.5%) solution for 20
minutes at room temperature. After wash, cells were incubated in freshly prepared 10uM Azide development buffer (ALEXA FLUOR
488 AZIDE 10 uM, CuSO4 1 mM, (+)-Sodium-L-Ascorbic 100 mM, in 1xPBS) 20 minutes at room temperature in the dark while gently
shaking, followed by washing and further FISH staining as described above.

Single-molecule FISH by RNAscope

Flatworms were fixed with 4% PFA (in PBSTx) at room temperature (25 + 2°C) for 4 hours, followed by tissue processing in a Pathos
Delta processor (Milestone Medical, MI, USA) and paraffin embedding. tissue sections in 10-um thickness were cut for RNA in situ
hybridization using the RNAscope v2 multiplex fluorescent detection kit (Advanced Cell Diagnostics) with a couple of modifications:
Antigen retrieval was done at 100°C for eight minutes and digestion was performed with proteinase plus for 15 minutes at 40°C in a
HybEZ hybridization oven (Advanced Cell Diagnostics), followed by probe hybridization for 2-3 hours at 40°C, signal amplification
steps, and DAPI counterstaining. Probes used for single-molecule RNAscope (Advanced Cell Diagnostics) were: tspan-1 (C1 and
C2, 11ZZ probe targeting 56-656 of provided sequence), tgs-1 (C2, 20ZZ probe targeting 302-1391 of provided sequence), and
piwi-1 (C1, 19ZZ probe named targeting 4-2458 of DQ186985.1 deposited in NCBI). The scrambled probe provided with the
RNAscope kit was used as a negative control, and 1day lethally irradiated animals were used as experimental negative control of
neoblast expression.

Bulk RNA-seq of live cells and fixed cells

For untreated and 1-day irradiated animals, total RNA was purified using TRIzol as described (Zeng et al., 2013). For sorted X1, X2
and Xins populations based on Hoechst staining, 1x10° cells were sorted into 800 pL Trizol LS, and RNA was extracted according to
the manufacturer’s manual. RNA from whole worms was treated with RNase-free DNase on QIAGEN RNAeasy columns and was
eluted in nuclease-free water (Ambion). For each replicate, 1 ng RNA from five worms or 100 ng RNA from 1x10° sorted cells
were used to generate RNA-Seq libraries using the lllumina TruSeq Stranded mRNA LT Kit. Libraries were sequenced in 50bp single
reads using the lllumina HiSeq 2500 sequencer. RNA-Seq analysis was carried out by mapping reads to the transcriptome as pre-
viously described (version: smed_20140614) (Cheng et al., 2018), and was further processed using the in-house RNA analysis pipe-
line. For anti-PIWI-1 antibody sorted fixed cells, RNA was extracted using the RecoverAll Total Nucleic Acid Isolation kit (Ambion) with
some modifications. Briefly, after sorting, cells were pelleted by centrifugation at 3000 g for 5’ at 4°C. The supernatant was discarded.
Total RNA was isolated from the pellet using the RecoverAll Total Nucleic Acid Isolation kit, starting at the protease digestion stage of
manufacturer-recommended protocol. The following modification to the isolation procedure was made: instead of incubating cells in
digestion buffer for 15 minutes at 50°C and 15 minutes at 80°C, we carried out the incubation for 1 hour at 50°C. Cell lysates were
frozen at —80°C overnight before continuing the RNA isolation. The RNA quality is assessed using Agilent 2100 bioanalyzer on a RNA
specific chip.

Bioinformatic analyses of bulk RNA-seq data

RNaseq reads were aligned to the Schmidtea mediterranea transcriptome smed_20140614 (GEO accession number: GSE72389) us-
ing Bowtie2 v2.2.9 default parameters. Counts were the sum of reads of each transcript. FPKM values were generated using the rpkm
function from R package ‘edgeR’. R package ‘edgeR’ was used for differentially expressed gene test. For the regeneration time-
courses study, genes were selected as significantly changed genes during time course study by R package ‘maSigPro’ with first
step fitting selection only, q < 1e-30. For the RNA-seq of time-course of wild-type sublethal irradiated animals, raw data containing
prefix “Unc22_SR” from GSE84025 (sublethal irradiation treatment) were downloaded, and were processed in the same way as
described above. For the public data deposited in NCBI, processed data table from GSE80540 (lethal irradiation treatment) was
downloaded for the downstream analysis.

Single-cell RNA-seq library construction

For single cell RNA-seq from 10x Chromium platform, Hoechst stained X1 neoblasts (200,000 cells) from wild-type animals, and from
X1 plus X2 cells from 7-day sublethally irradiated animals were collected on ice using Influx sorter. Approximately 5200 counted cells
were loaded per channel. The libraries were made using the Chromium platform and Chromium Single Cell 3’ v2 chemistry. Briefly,
cellular suspensions were loaded on a Chromium Single Cell Instrument (10x Genomics, Pleasanton, CA) to generate single cell
GEMs. Single cell RNA-Seq libraries were prepared using the Chromium Single Cell 3’ Gel Bead and Library Kit (P/N 120236,
120237, 120262, 10x Genomics). Sequencing libraries were loaded on an lllumina HiSeq 2500 Rapid flowcell with two 50bp
paired-end kits using the following read length: 26 bp Read1, 8 bp 17 Index and 98 bp Read2. On average, 73,824 reads and
284,823 reads were obtained for neoblasts and sublethal irradiated cells, respectively. For plate-based single cell RNA-seq assay,
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cells were harvested into 96-well plate directly, and cDNA libraries were prepared using SMART-Seq v4 Ultra Low Input RNA Kit
(Takara) as per manufacturer’s recommendations using 18 cycles of amplification. Specifically, reactions were run at the recommen-
ded volume. Libraries were made using the Nextera XT kit (Illumina). After the PCR step, the libraries were individually cleaned with
0.8x AMPure XP SPRI beads (Beckman Coulter), and eluted in Resuspension Buffer. The libraries were quantified using Quant-IT
DNA High-Sensitivity Assay Kit (Invitrogen) and examined using a high sensitivity DNA chip (Agilent). All libraries were then combined
to one pool at equimolar concentrations for sequencing. Finally, deep sequencing of samples (2-4 million reads per cell) was
performed using a HiSeq 2500 sequencer.

Single cell RNA-seq data analysis

Sequence reads are aligned to Schmidtea mediterranea transcriptome smed_20140614 (GEO accession number: GSE72389) using
bowtie2 with default parameters. Read counts for each transcript are generated using Samtools idxstats (version 1.3). For plate
based deep single cell RNA-seq data, only samples that have the total mapped reads more than 1.5millions and the number of
detected genes larger than 1,000 but less than 10,000 were kept for further analysis. All mitochondria and ribosomal RNA related
genes were excluded. Read counts were then normalized using TMM method for read depth and CPM (counts per million) were
calculated (R package edge). For single-cell RNA-seq data generated using 10x Genomics, data were processed using Cell Ranger
pipeline (version 1.3) and aligned to the same S. mediterranea transcriptome smed_20140614. Filtered UMI counts were further
normalized using Seurat (v1.4) to generate normalized expression values. The diffusion maps were generated by R package ‘destiny’.
Cluster enriched marker genes with p value < 1e-20 in the single cell analysis were used for diffusion map. Only the first 9 clusters
were analyzed for the neoblast dataset. We also identified 2,141 genes with high expression variability across single cells, reduced
the dimensionality of these data with PCA, and identified 14 significant PCs using a permutation test (Satija et al., 2015). The PCs were
used as input for t-distributed stochastic neighbor embedding (t-SNE) analyses (van der Maaten and Hinton, 2008) and for visuali-
zation and clustering of cells using a graph-based approach (Satija et al., 2015; Wurtzel et al., 2015). We further identified 116 genes
that best classified the cells parsed into 12 distinct cell clusters (see Table S2 for a list of markers).

Microscopy

Colorimetric WISH images were captured using a Leica M205A stereomicroscope (Leica, Wetzlar, Germany). Confocal images (e.g.,
cells and sections) were generally captured using either a Zeiss LSM-700 Falcon or a Perkin Elmer Ultraview spinning disk. For whole-
animal quantitative imaging, full slide with 4-6 worm tiled image sets were acquired on a Nikon Eclipse Ti equipped with a Yokogawa
W1 spinning disk head and a Prior PLW20 Well Plate loader. Images were captured using a Plan Apo 20X 0.8NA air objective, and
were stitched in Fidi. Tiled images of individual worms were stitched using stitching plugins in FiJi with customized batch processing
macros or wrapper plugins where necessary.

Structured illumination microscopy

SIM images were acquired at OMX Blaze V4 (GE Healthcare) with a 60x 1.42 NA Olympus Plan Apo oil objective. Alexa647 was
excited using a 640-nm laser, and emission was collected by a PCO Edge sCMOS. SIM reconstruction was done with softWoRx
software (GE Healthcare), with a Wiener filter of 0.001. SIM images shown in the figure were maximum projections of selected
z sections.

Single cell transplantation

Single cell transplantation experiment was essentially adapted from previous reports with modifications (Davies et al., 2017; Wagner
etal., 2011). Host animals (8-12 mm in length, > 7 day starved) were selected from the clonally derived Smed sexual strains based on
a careful comparisons of resistance to irradiation in the lab (unpublished), S2F8b (Guo et al., 2016) animals were selected. After opti-
mizing the culture condition, we found that a recirculation system could maintain better health of the irradiated animals, so we nor-
mally culture S2F8b in the recirculation culture system in 1x Montjuic water without antibiotics before transplantation. Animals were
starved for at least one week before pulling out from recirculating water for irradiation treatment. The host neoblast population was
ablated by exposure to 6,000 rads on a GammaCell 40 Exactor irradiator; cohorts of un-irradiated animals were reserved to verify
complete elimination of the neoblast population by WISH with riboprobes against piwi-1. The irradiated host were then transferred
into static culture supplemented with gentamicin (100 ng/mL gentamicin sulfate) until transplantation. Cell sorting was performed as
described above, except for only tail fragments were dissociated for the transplantation experiment, and all the sorting was done
using Influx sorter. About 10,000 cells were sorted into CMFB at 4°C, and cells were then further washed briefly to remove debris
and potential non-nucleated cells (vesicles), and were further concentrated and titrated into ~500 cells per microliter. Coverslip
(24x50) was pre-treated with Sigmacote (Sigma, SL2), and air-dried in the hood. One droplet of cell containing medium was loaded
on coverslip under 20x, and single cell was loaded by mouth pipetting into borosilicate glass needles (Sutter Instrument Co., #B100-
75-15) pulled using a flaming/brown micropipette puller (Sutter Instrument Co., Model P-97). Individual cell was injected using an
Eppendorf Femtodet at 0.9-1.5 psi, as described (Davies et al., 2017; Wagner et al., 2011). Hosts were immobilized on a cold peltier
plate, ventral side up, and cell were injected into the tail stripe (i.e., the medial, post-pharyngeal parenchymal space between the two
posterior branches of the intestine). Hosts were injected at 2-day post-irradiation (dpi) for rescue experiments. Transplanted animals
and uninjected, 6,000-Rad-irradiated hosts for rescue experiments were maintained individually in 6-well plates at 20°C in the dark
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supplemented with gentamicin containing water, with water exchanges and visual inspection of animals performed every 2-3 days.
Animals slated for fixation were reared in 10 cm Petri dishes after transplantation, with 10 or fewer animals per dish, with water
exchanges every 2-3 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data in figure panels reflect several independent experiments performed on different days. An estimate of variation within each group
of data is indicated using standard deviation (SD). For statistical analysis GraphPad Prism (V6) was used.

Quantification of PIWI-1 and F-ara-EdU signal intensity

All fluorescence intensity quantification was done with FIJI. For quantitative analysis of PIWI-1 and F-ara-EdU intensity (Figures S2K
and S2L), only PIWI-1* cells were examined. To find PIWI-1* cells, background was substracted with a rolling filter of 50, and images
were threshold with “Huang Dark” to find the edge of individual cells and a list of ROIs (Region of interest) was generated by
“analyzing particles.” For measuring fluorescence intensities of the PIWI-1 and F-ara-EdU, the summed z sections were used. Inte-
grated intensity was calculated from both channel within ROls. A similar procedure was applied to quantify PIWI-1 intensity alone on
sorted cells (Figure S1G).

Quantification of co-expression on whole animals

For quantification of FISH co-expression, spots counted as described previously (Adler et al., 2014). Custom plugins were used to
segment the DAPI labeled worms and the ‘Find Maxima’ function was used to count spots, both wrapped in batch processing
macros. For whole-animal quantitative imaging, prepared slides were loaded on a Nikon Eclipse Ti equipped with a Yokogawa
W1 spinning disk head and a Prior PLW20 Well Plate loader. Custom routines written in Nikon Elements Jobs and FiJi were used
to automatically find worms with a lower magnification objective and take tiled images using a Plan Apo 20X 0.8NA air objective.
Images were stitched in Fidi. Background subtraction and depth attenuation were performed, and individual nuclei were found using
a combination of Laplacian of Gaussian and three dimensional find maximum. Three dimensional spheres were centered on each
detected nucleus and integrated over in multiple channels to provide co-localization data for piwi-1*/tgs-1*. For markers where signal
was weaker or for where there was poor DAPI signal, individual piwi-7+ cells were manually annotated by an independent researcher
and quantified in other channels. All quantification macros and plugins can be found at https://github.com/jouyun.

Dimensionality reduction and clustering of single cell RNA-seq

Dimensionality reduction and clustering Single-cell RNA-seq yields high dimensional gene expression data. To visualize and interpret
these data, we obtained two-dimensional projections of the cell population by first reducing the dimensionality of the gene
expression matrix using principal component analysis (PCA), then further reducing the dimensionality of these components using
t-distributed Stochastic Neighbor Embedding (tSNE). We performed PCA on a reduced gene expression matrix composed of the
2141 over-dispersed genes (as described below). To identify significant principal components (PCs), we examined the distribution
of eigenvalues obtained by performing PCA after shuffling the gene expression matrix (with 100 replicates). A PC was considered
significant if the magnitude of its associated eigenvalue exceeded the maximum magnitude of eigenvalues observed in the shuffled
data. Significant components (14 PCs) were used for further analysis. We further reduced these components using tSNE to project
them into a two-dimensional space. To measure the global transcriptional response of pluripotent neoblasts in response to different
treatments, we took the average expression of each gene for a given cell population, and did quantile normalization to minimize the
possible technical variation across different platforms (Bullard et al., 2010).

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the bulk RNA-seq data of the sorted cells or whole animals and the single-cell RNA-seq analyses reported
in this paper are NCBI GEO: GSE107875, GSE107874, and GSE107873. The accession numbers for the full-length sequences of
genes cloned for this paper are GenBank: MG551539 (tspan-1), MG551540 (tgs-1), and MG551541 (pks-1). Original data underlying
this manuscript can be accessed from the Stowers Original Data Repository (ODR) at: http://www.stowers.org/research/
publications/libpb-1288.
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Figure S1. Simultaneous Detection of piwi-1 Expression and PIWI-1 Protein Levels in Single Cells, Related to Figure 1

(A) Expression distributions by RNA Flow-FISH of planarian cells stained with negative control bacterial DapB gene probe.

(B) Bright-field and fluorescence images of RNA Flow-FISH on piwi-1 negative (left), piwi-1 low (middle) and piwi-1 high (right) cells by ImageStream flow
cytometric analysis.

(C) Representative density plot diagrams of PIWI-1 negative cells for isotype antibody stained planarian cells.

(D) Images of representative PIWI-1 low cells (left) and PIWI-1 high cells (right). Shown is a representative of > 3 independent experiments. Scale bar, 10 um.
(E) Representative cell cycle profiles determined by FACS analysis of Hoechst staining. Graphs illustrate cell counts in different phases of cell cycle, which
correlate to Hoechst intensity. Cell cycle profile of PIWI-1"9" cells: 15.7% found in GO/G1, 24.7% in S and 42.2% in G2/M. Cell cycle profile of PIWI-1°" cells:
86.6% found in GO/G1, 3.75% in S and 5.41% in G2/M.

(legend continued on next page)



(F) Expression distributions by RNA Flow-FISH using either single probes or negative probes. Negative control against bacterial DapB gene showed similar level
of background staining as no probe control. Probes against piwi-1 and agat-1 showed distinct staining patterns, further indicating probe specificity.

(G) Signal intensity quantification reveals PIWI-1 distribution in untreated and 1-day irradiated animals. Each dot represents an individual cell.

(H) Representative contour plots of FACS analyses show irradiation mainly eliminated PIWI-1 hish/G2/M phase cells. Shown is a representative of > 3 independent
experiments.
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Figure S2. Gene Expression Profiling of PIWI-1* Populations, Related to Figure 1

(A) Quality of RNA extracted from sorted cell populations after fixation assessed by virtual gel images using Agilent RNA Pico chip. RNA extracted from live cells
was used for side-by-side comparison.

(B-D) Quality control of RNA-seq. Read level alignment statistics (B), and whole transcriptome-wide gene expression correlation before (C) and after (D) removing
batch effects for each sample.

(E) Spearman correlation heatmap of mRNA profiles generated from anti-PIWI-1 antibody sorted cell populations, and Hoechst stained X1, X2 and Xins cell
populations.

(F) Volcano plot of differentially expressed mRNAs in PIWI-1"9" cells versus X1 cells. Vertical lines indicate threshold for a relative expression fold change of 4-
or —4-fold compared to X1 cells. 2,368 genes showing differential expression in these two samples were highlighted in red.

(G) Heatmap of scaled expression of markers of known neoblast classes. Left margin color bars highlight gene sets specific to the respective known neoblast
classes.

(H) Whole-mount in situ hybridization (WISH) of piwi-1 on planarians exposed to sublethal irradiation (1,250 rads) at indicated days post irradiation (dpi) (top).
Expression of signature genes for each PIWI-1 subgroup were plotted at indicated time points after sub-lethal (1,250 rads) irradiation. Scale bar, 250 um.

(I) piwi-1 WISH of planarians exposed to lethal irradiation (6,000 rads) at indicated days post irradiation (dpi) (top). Expression of signature genes for each PIWI-1
subgroup were plotted at indicated time points after lethal (6,000 rads) irradiation. Scale bar, 250 um.

(J) Flow cytometry gating strategy for X1(FS)-L and X2(FS)-R cells. X1 and X2 cells were identified by Hoechst 33342 staining (upper left) and back-gated to set the
X1(FS) and X2(FS) gate based on size (FS) and complexity(SS) parameters (upper right). Since Piwi-1"9" cells are bigger in size (Figure 1C), we set X1(FS)-L and
X2(FS)-R gates to avoid the overlay of X1(FS) and X2(FS). Shown is a representative of 3 independent experiments.

(K and L) Representative images of F-ara-EdU and PIWI-1 co-staining on sorted cell populations. Small starved animals were fed with F-ara-EdU, and cells were
isolated 10 hours later for fixation followed by F-ara-EdU/PIWI-1 antibody detection. Quantification of signal intensity of each channel was done on PIWI-1* cells
(L) (n=239).
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Figure S3. Verification of Single-Cell RNA-Seq of Neoblasts, Related to Figure 2

(A) Gating strategy of neoblast purification for single cell RNA-seq. By sorting Hoechst stained X1 and X2 cells, piwi-1"%" and piwi-
enriched. Only X1 cells were subjected to scRNA-seq.

(B) Representative images of FISH on sorted cells showing the signal intensity of piwi-1 transcript in sorted X1 (left) and X2 cells (right). Scale bar, 10 um.
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(C) The distribution of expression levels for known neoblast marker piwi-1 in cells (points) in each of 12 neoblast clusters displayed in FeaturePlot (left) and Violin
plots (right).

(D) Heatmap reports scaled expression of markers associated with three known neoblast-classes. Dashed rectangles represent the only two Nb clusters that
could be unambiguously distinguished by known neoblast class markers (Nb1 and Nb5 by ¢ and y markers, respectively).

(E) Violin plots show distribution of expression levels for three known neoblast-class markers in the cells (points) of each of the 12 neoblast clusters.

(F and G) Violin plots show distribution of expression levels for the Nb10 (asc/4) and Nb11 (ston-2 and chat) markers in the cells (points) of each of the 12 neoblast
clusters.

(H) Violin plots (top) and in situ hybridization (bottom) show expression pattern for gst-1 (Nb12 marker). Scale bar, 100 pm.

(I) Visualization of expression of five lineage progenitor markers in diffusion maps.
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Figure S4. Characterization of Nb2 Group Signature Genes, Related to Figure 3

(A) Violin plots show distribution of expression levels for each previously reported self-renewal genes in the cells (points) of each of the 12 neoblast clusters.
(B-D) Expression of signature genes for each neoblast subgroup at specific time points of regeneration (B), sub-lethal irradiation treatment (C) and lethal irra-

diation treatment (D). Top-ten signature genes for each Nb clusters were used to generate the plots.
(E) Diagram describing the five-step screen that identified Nb2 as a cNeoblast containing candidate cell group in the single cell transcriptome.

(F) Representative images of co-expression of tgs-1 with piwi-1 across the whole animal from dorsal to ventral side. The percentage of tgs-1* cells in piwi-1*

population was shown in color scale. Scale bar, 250 pm.
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Figure S5. Characterization of tspan-1 Gene, Related to Figure 4

(A) Circular phylogenetic tree of TSPAN-1 proteins from Mus musculus (mm), Drosophila melanogaster (dm), Schistosoma mansoni (Smp), and Schmidtea
mediterranea (SMED). The tree was generated with RAXML and viewed in ITOL.

(B) Co-expression of piwi-1 and tspan-1 assessed by Flow-FISH after amputation. Representative images from ImageStream flow cytometric analysis shown.
Scale bar, 10 um.

(legend continued on next page)



(C) Representative images of double-labeled FISH for tspan-1 and soxP-1 mRNA expression in regenerating planarians. Representative animals shown, n > 6 per
condition. Scale bar, 100 pm unless otherwise indicated.

(D) control(RNAI) and tspan-1(RNAI) planarians at 7 and 14 dpi stained for piwi-1 probe. Representative animals shown, n = 5 per condition. Scale bar, 100 pm.
(E) Dispersion was assessed at anterior boundaries in anteriorly amputated animals at 9 dpi, corresponding to 5 dpa. Representative animals shown, n = 5 per
condition. Scale bar, Tmm.
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Figure S6. Developing Antibody against TSPAN-1, Related to Figure 5

(A) Schematic of the SMED-TSPAN-1 protein. TSPAN-1 contains 4 transmembrane (TM) domains and two extracellular loops (EC1 and EC2). The second
extracellular loop contains a highly conserved CCG motif and two conserved cysteine residues. The proline and two glycine residues located in second
extracellular loop are also conserved. The EC2 loop (AA104-196) was used for antigen design.

(B) IF analysis showing TSPAN-1 localization in whole-mount control animals (left) or in tspan-1(RNAJ) animals (right). Nuclear regions were counterstained with
DAPI. Representative areas shown. At least 6 animals for each condition were assayed. Scale bar, 10 um.

(C) Western blot results show changes of TSPAN1 protein in response to RNAI.

(D) Hoechst staining of TSPAN-1" cell population shows cell cycle status.

(E) Representative images of piwi-1 and tspan-1 FISH staining on sorted cell populations. Representative areas shown. At least 5 animals for each condition were
assayed. Scale bar, 10 um.

(F) Representative ISH of piwi-1 after bulk cell transplantation. Representative animals shown, n > 6 per condition. Scale bar, 500 pm.
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Figure S7. Resolving cNeoblast Complexity by Single-Cell RNA-Seq, Related to Figure 6

(A) Quantification of number of piwi-1* cells in whole animals at different time points after sub-lethal (1,250 rads) irradiation. Each square in each time-point
represents an individual worm.

(B) To be inclusive for cNeoblast cells, the combination of X1 (enriched for piwi-1"9") and X2 (enriched for piwi-1'°") cells were collected by sorting Hoechst-
stained cells in 7-day post-sub-lethally irradiated animals.

(C and D) Expression of proliferative marker (pcna), neoblast marker piwi-1 and Nb2 markers (e.g., tgs-71 and pks-1) in the t-SNE clustered cells sub-lethally
irradiated X1 and X2 cells from (B).

(E) Representative images of FISH co-staining of Nb2 marker tspan-1, and neoblast marker piwi-7 in the sorted X1 cell population at 7-day (7dpi) and 11-day
(11dpi) post irradiation (1,250 rads). Representative cells shown, n > 100 cells per condition. Scale bar, 10 pm.

(legend continued on next page)



(F) Diffusion map visualization of lineage markers in the 10 SL clusters identified by single-cell RNaseq.

(G) Correlation matrix between indicated cell groups and PIWI-1 populations. Heatmap displaying spearman rank correlations between indicated pairwise
comparisons. Spearman correlations were calculated using normalized read counts across the entire transcriptome identified for all RNA-seq experiments
(n = 31,253 genes).

(H) Heatmap of scaled expression of Nb discriminative gene sets against each cluster that survived sublethal irradiation. Color scheme is based on z-score
distribution from —2.5 (Blue) to 2.5 (Red). Left margin color bars highlight gene sets specific to the respective subset of Nb populations.

() Heatmap of scaled expression of SL discriminative gene sets against each cluster of neoblast cells. Color scheme is based on z-score distribution
from —2.5 (Blue) to 2.5 (Red). Left margin color bars highlight gene sets specific to the respective subset of sublethal (SL) survived populations.
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