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1st Editorial Decision 16th Apr 2020

Dear Dr. Pearson

Thank you for the submission of your research manuscript to our journal. | apologize for the delay in
handling your manuscript. We have only recently received the full set of referee reports (copied
below) and I have also discussed the reports further with the referees.

As you will see, the referees' opinion on your study are divided, although they actually raise very
similar concerns. Neither referee 1 nor referee 3 are convinced that the identified cells are truly
qguiescent since these cells show sensitivity to radiation. The referees point out that these cells
might rather represent a subpool of slowly cycling G1 cells. Referee 2 supports this view in his/her
further feedback and referee 3 again emphasized that the conclusions on quiescence need to be
toned down. Referee 1 further noted during the discussion that these smaller cells might have to
grow in G1 before entering S phase, which would fit with the dependence on TOR signalling and
suggested to critically revisit the data and consider alternative explanations. Regardless of whether
these cells are truly quiescent or slowly cycling, both referee 2 and 3 consider the description of
piwi+ cells capable of retaining BrdU after a long chase interesting and important for the field. On
balance, |would therefore like to give you the chance to revise your study for EMBO reports. lam
also happy to discuss the revision further.

Should you decide to embark on such a revision, please address all referee concerns in a complete
point-by-point response. Acceptance of the manuscript will depend on a positive outcome of a
second round of review. It is EMBO reports policy to allow a single round of revision only and
acceptance or rejection of the manuscript will therefore depend on the completeness of your
responses included in the next, final version of the manuscript.

We invite you to submit your manuscript within three months of a request for revision. T his would
be July 16th in your case. Yet, given the current COVID-19 related lockdowns of laboratories, we
have extended the revision time for all research manuscripts under our scooping protection to allow
for the extra time required to address essential experimental issues. Please contact us to discuss
the time needed and the revisions further.

IMPORTANT NOTE: we perform an initial quality control of all revised manuscripts before re-review.
Your manuscript will FAIL this control and the handling will be DELAYED if the following APPLIES:

1) A data availability section is missing.
2) Your manuscript contains error bars based on n=2. Please use scatter blots showing the
individual datapoints in these cases. The use of statistical tests needs to be justified.

When submitting your revised manuscript, we will require:

1) a .docx formatted version of the manuscript text (including legends for main figures, EV figures
and tables). Please make sure that the changes are highlighted to be clearly visible.

2) individual production quality figure files as .eps, tif, jpg (one file per figure).

Please download our Figure Preparation Guidelines (figure preparation pdf) from our Author
Guidelines pages

https//www.embopress.org/page/journal/14693178/authorguide for more info on how to prepare



your figures.

3) a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point
responses to their comments. As part of the EMBO Press transparent editorial process, the point-
by-point response is part of the Review Process File (RPF), which will be published alongside your
paper.

4) a complete author checklist, which you can download from our author guidelines (). Please insert
information in the checklist that is also reflected in the manuscript. The completed author checklist
will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name
upon submission of a revised manuscript (). Please find instructions on how to link your ORCID ID to
your account in our manuscript tracking system in our Author guidelines

0

6) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are
collapsible/expandable online. A maximum of 5 EV Figures can be typeset. EV Figures should be
cited as 'Figure EV1, Figure EV2" etc...in the text and their respective legends should be included in
the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be
bundled together with their legends in a single PDF file called *Appendix*, which should start with a
short Table of Content. Appendix figures should be referred to in the main text as: "Appendix Figure
S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here:

- Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV1, etc.
Legends have to be provided in a separate tab in case of xIs files. Alternatively, the legend can be
supplied as a separate text file (README) and zipped together with the Table/Dataset file.

7) Please add a formal "Data Availability” section (placed after Materials & Method) that follows the
model below (see also <
https/iwww.embopress.org/page/journal/14693178/authorguide#dataavailability>).

The Data availability section is used to provide access to primary datasets deposited in a public
database. In case no such data have been generated, the Data Availability section is still required
but it can state: "No primary datasets have been generated and deposited" (or similar).

# Data availability

The datasets (and computer code) produced in this study are available in the following databases:
- RNA-Seq data: Gene Expression Omnibus GSE4684 3
(https/www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE4684 3)

- [data type]: [name of the resource] [accession number/identifier/doi] ((URL or

identifiers.org/DAT ABASE:ACCESSION])

*** Note - All links should resolve to a page where the data can be accessed. ***

8) We would also encourage you to include the source data for figure panels that show essential



data. Numerical data should be provided as individual xIs or .csv files (including a tab describing the
data). For blots or microscopy, uncropped images should be submitted (using a zip archive if
multiple images need to be supplied for one panel). Additional information on source data and
instruction on how to label the files are available .

9) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets
that were re-used and obtained from public databases. Data citations in the article text are distinct
from normal bibliographical citations and should directly link to the database records from which the
data can be accessed. In the main text, data citations are formatted as follows: "Data ref: Smith et
al, 2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database
name, accession number/identifiers and a resolvable link to the landing page from which the data
can be accessed at the end of the reference. Further instructions are available at .

10) Regarding data quantification:

- Please ensure to specify the name of the statistical test used to generate error bars and P values,
the number (n) of independent experiments underlying each data point (not replicate measures of
one sample), and the test used to calculate p-values in each figure legend. Discussion of statistical
methodology can be reported in the materials and methods section, but figure legends should
contain a basic description of n, P and the test applied.

IMPORTANT : Please note that error bars and statistical comparisons may only be applied to data
obtained from at least three independent biological replicates. If the data rely on a smaller number
of replicates, scatter blots showing individual data points are recommended.

- Graphs must include a description of the bars and the error bars (s.d., s.em.).

- Please also include scale bars in all microscopy images.

11) As part of the EMBO publication's Transparent Editorial Process, EMBO reports publishes
online a Review Process File to accompany accepted manuscripts. This File will be published in
conjunction with your paper and will include the referee reports, your point-by-point response and
all pertinent correspondence relating to the manuscript.

You are able to opt out of this by letting the editorial office know (emboreports@embo.org). if you
do opt out, the Review Process File link will point to the following statement: "No Review Process
File is available with this article, as the authors have chosen not to make the review process public
in this case."

We would also welcome the submission of cover suggestions, or motifs to be used by our Graphics
llustrator in designing a cover.

Ilook forward to seeing a revised version of your manuscript when it is ready. Please let me know if
you have questions or comments regarding the revision.

Yours sincerely
Martina Rembold, PhD

Editor
EMBO reports
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Referee #1:

This piece of work attempts to establish another new definition within the neoblast field, this time
of GO or quiescent neoblasts. Previous work from multiple sources argues strongly against
qguiescence, or even any population of stem cells that cycle slowly enough so as to potentially
represent a distinct population in planarians. None of the data in this paper provides any evidence
in support of a slow cycling population. Instead the data fits very well with TOR dependent control
of G1 stem cell "growth", which is actually very interesting and the authors might want to pursue
this.

1. While label retention in this case is evidence that a particular stem cell has undergone less
division than most other cells, it is not clear evidence that it is quiescent, on the contrary without
measuring and modelling the dilution of BrdU signal with cell divisions overtime it is not accurate to
use phrases such as slow cycling in this context. Instead the authors first need to perform
experiments that measure the relationship between label retention and the cell cycle. This could be
done by pulsing and transplanting stem cells of a known number into irradiated hosts, and then
measuring the expansion of the renewing population alongside label retention overtime. It could
simply be, for example, that based on their detection assay and methods the authors are observing
cells that underwent 5 cycles (BrdU+ve) or 6 or more cycles of cell division (BrdU-ve). This is not
quiescence or evidence for a GO population.

2. These experiments (suggested above) would indicate how many divisions of BrdU can still be
detected in the average labelled neoblast and the distribution of divisions vs positive BrdU
detection in this assay would be known. This would allow them see if two distributions of cell cycle
behavior were required to explain the data, or rather one broader function described all the data.

3. The authors present double labeling of cells showing that cycling can occur to incorporate a
second label, and therefore the BrdU label is in fact retained after at least one division. Rather than
supporting their supposition this provides evidence against positive BrdU labelling being indicative
of slow cycling as these cells have clearly divided at least once between analogue exposures. This
data also demonstrates the stochastic nature of label retention that must be modelled. They do
not attempt to model the nature of BrdU label loss/retention that would be required to provide more
than anecdotal/potential evidence of truly slow cycling cells that could be a separate quiescent
population.

4. There is no evidence double labelled cells are still neoblasts, in fact by the relative peripheral
position they are likely progeny. The authors need to prove they are neoblasts not just say they
are. This could be done by co-labelling with a stem cell marker, otherwise these double labelled cells
should be referred to at the very least as "post-mitotic progeny cells or potentially still stem cells)
5.The data in Figure 1b is important. The authors should present all raw data points across the
different animals indicating how many cells were counted in each animal. Additionally, the toxicity of
BrdU needs to be assessed, so we need to know if these animals now have proportionally less piwi
cells compared to untreated animals. It is also entirely possible that BrdU just slows cycling (not
preventing it). The authors have the means to test this by measuring the difference between single
and dual labelled animals.

6. A crucial point about these data is that at no stage is a relationship between the 2N RNA low
cells and the BrdU label retaining cells established. As FACs and then BrdU detection of cells after
pulse labeling is possible in planarians | can't understand why the authors didn't attempt this to
establish their claims? T

7. Despite being allegedly slow cycling/quiescent these cells are in fact also radiosensitive like the
fast cycling neoblast population, this does not fit with any understanding for how radiation works to
target cycling cells, and in one of the main reasons why potentially slow cycling cancer cells are not



targeted by radiation.

8. The work on the smaller stem cells and the relationship with TOR is logical and interesting and
the authors might wish to pursue this angle rather than try to introduce the concept of quiescent
cells without proper data.

9. The work using the TSPAN+ antibody is unclear and picking just some of the number from this
analysis doesn't help anyone to understand what is going. Clearly this reagent (not surprisingly) is
not the goldilocks marker of pluripotent stem cells that it was originally presented as. The cell cycle
kinetics of TSPAN protein detection are interesting, but to then make statements about
pluripotency based of this makes no sense. The summary Figure 5 is wrong with respect to the
author own data in the panels above.

Referee #2:

In this manuscript, Molinaro and colleagues present a novel analysis of planarian stem cells using
BrdU/Edu and RNA-binding dyes to characterize quiescent progenitor subpopulations in planarians.
They find evidence for label-retaining cells within the neoblast population and propose these slow-
cycling cells are kept in reserve and activated for regeneration through Tor signaling activation.
First, they track BrdU retention over time in a pulse chase experiment to find long-term label
retaining piwil+ cells that themselves are still capable of division as determined by double labeling
with EdU. They reasoned that such relatively quiescent cells might have lower RNA content, and
FACS purification of cells with this characteristic express factors related to quiescence. Further,
they find that severe injuries like amputation cause a time-dependent increase in the size of the
GO/RNA(low) cells as well as length and number of cell projections. Using nocodazole, they could
chase GO cells into G2/M arrested cells after amputation, arguing the injury-induced activation is
functionally relevant for regenerative proliferation. They find that Tor inhibition prevented the cell
size increase of GO/RNA(low) cells in regeneration and also the depletion of the GO/RNA(low) pool
in the nocodazole chase assay. Finally, the TSPAN expressing cells GO population after injury is
enriched for TSPAN

Neoblasts are an intriguing cell type underlying the robust regeneration in planarians. Altogether,
the experiments are of high quality and the message will be of considerable interest to regeneration
researchers. | have only a few minor comments below for the authors to consider.

Minor comments:

Does the retained BrdU label have an approximately typical nuclear size? It looks a bit smaller in
some images but might just be the

How is the RNA(low) gate set? I might be missing it, but it's not clear to me from the methods and
seems to be important for the interpretation of the experiments. In some cases this RNA(low)
selected region appears as a complete "branch" shape (as in Fig EV1.E) but in others looks like the
bottom half of a population (as in Fig 2A). Perhaps a relief plot or plot without the gate markings


Martina Rembold


would make this more clear, but in any case more description of the method would be ideal.

Line 247: Wenemoser and Reddien 2010 also implicated Tor in proliferative activation (see
supplement of that paper).

Is the cell size measurement influenced by abundance of RNA as measured by the dye staining?

At authors discretion, | would suggest modifying the title of Figure 5 and perhaps the model as well.
It is very interesting that TSPAN+ cells are among the GO cells, raising the possibility that a source
of self-renewing pluripotent TSPAN+ cells are these GO cells described here. Many of the total
TSPAN+ cells are in G1, however, which could be the progeny of slow-cycling GO TSPAN+ cells.
Alternatively, it seems equally possible that most neoblast populations have a GO cohort. Also, it is
not yet clear from the literature whether the only pluripotent neoblasts are TSPAN+.

Referee #3:

This manuscript from Molinaro et al sets out to characterize subpopulations of neoblasts in
planarians. Planarians have a heterogeneous stem cell population that contains pluripotent cells
and organ progenitor cells. In a long sought-after result, the authors demonstrate that some piwi-
1+ stem cells are capable of retaining BrdU signal after a 5-week long chase. This result is great,
and confirms that not all stem cells are cycling constantly, as was suggested in an early paper from
Newmark and Sanchez Alvarado.

The authors also characterize the dynamics of these cells by implementing Pyronin Y staining,
which labels double-stranded RNA and can distinguish GO from G1 cells based on RNA content,
finding that Pyronin Y defines a distinct cell population of 2N cells with low RNA content. Profiling of
these cells with either bulk or single-cell RNA seq revealed that they have enriched levels of cyclin
G2, and decreased levels of genes required for replication and cell cycle advancement. Based on
these characteristics, the authors define these cells as GO, suggesting that they are quiescent.

Functional experiments with nocodazole show that the GO cells, while small in number as compared
to the rest of the population, shift into the S/G2/M population when cell cycle progression is
inhibited. T his progression appears to require the activity of the TORC1 complex, which is shown
very clearly with the cell size measurements used in the manuscript. Additionally, the authors
attempt to correlate injury-induced cell cycle progression by measuring levels of TSPAN-1 protein, a
marker for pluripotent cells. To my knowledge, the behavior of these TSPAN-1-positive cells has not
been previously examined during regeneration, and unfortunately the characterization here results
in an unsatisfying conclusion to the manuscript.

Overall, this manuscript beautifully identifies slow-cycling stem cells in planarians, and applies new
methods that improve and refine our resolution of the cell cycle profile of this complex stem cell
population. Combining these experiments with RNA-seq data is potentially a very powerful
approach. However, whether this newly identified GO population is in fact quiescent remains poorly
supported by the data in the paper, mostly because these cells are lost so rapidly after radiation.

Major comments:
1. Normally, non-cycling, quiescent cells (e.g. +4 cells in the intestine) possess some degree of
radioresistance because they do not divide frequently. If this newly characterized GO population



indeed represents a "quiescent” or slowly cycling population, then it should be at least somewhat
resistant to radiation at early timepoints. Instead, Figure 2A shows a rapid decline in this population,
suggesting that they are rapidly susceptible to radiation induced cell death. This calls into question
whether this population is truly quiescent, and suggests that it may be a subset of G1 cells. One
way of resolving this could be to remove the language of "quiescence" from the description of these
cells. However, analysis of other characteristics of these cells would help too. For example,
demonstrating that long-term labeling with BrdU localizes to this quiescent population. Or, further
characterization of cyclin G2. This could be done either with gene expression in vivo, or in FACS, or
with knockdown to demonstrate the function of these "G0" cells.

2. The molecular characterization in Figure EV4, where single cells express genes that normally
define specific fates, is presented very briefly. To someone not entirely familiar with how
representative this data might be, it seems like a very small number of cells is used to support this
claim. This data is used to support the notion that these GO cells have unspecified fates, but it may
also be possible that this signal is noise from a few selected cells in a larger data set.

3. The attempt to correlate TSPAN-1 dynamics with the GO population is unclear. Partly this is
because the numbers don't correspond between the text and the figure. But also, in Figure 5B,
there is an overall 5% increase in TSPAN-1+ cells after amputation that is not replicated in Figure
5C, making it difficult to interpret how representative this data might be. Also, the molecular
characterization in Figure 5D and 5E is confusing and does not illuminate a clear trend in the data.

4. The slight but reproducible increase in GO cell size after amputation, as monitored by plasma
membrane staining with CellMask, signals a cell state transition that likely correlates with cell cycle
progression. The authors find that amputation also induces an overall increase in process length.
The significance of these morphological characteristics is unclear because their dynamics have not
been previously described during regeneration (to my knowledge). T his should be acknowledged in
the text.

5. For sorting experiments, throughout the paper, only one experiment is shown and there is no
indication of how many experiments have been done to determine the reproducibility of the
findings. This information needs to be included.



1st Authors' Response to Reviewers 18th Sep 2020

We would like to begin by thanking the reviewers for their constructive comments. We have made
substantial changes to the manuscript to address their concerns. A summary of the major changes is
provided below, followed by point-by-point responses to the reviewers’ comments.

Summary of major changes:

e We now refer to our cells of interest as “RNA°"” neoblasts rather than “G0” neoblasts and have
toned down the language of quiescence throughout the manuscript.

e We have extended the EdU timecourse in Figure 2C to address concerns about the relatively
slow cycling nature of RNA®" cells.

e We have re-organized the figures to increase the clarity of data presentation. This includes
demoting ancillary data to the Appendix, as well as the following major changes:

o Additional sublethal irradiation data is provided to show gate depletion (Figure EV2).
o Simplification of and decreased emphasis on the data relating to TSPAN-1 and lineage
potential. These data have been demoted to an Extended View figure (Figure EV3).

e We have added a new Results section, “Lrig-1 is required to restrict RNA™" neoblast growth at
homeostasis”, to present newly generated data characterizing the function of the tumour
suppressor Lrig-1, which is enriched in RNA™" neoblasts. Here we demonstrate that Lrig-1 is
required to prevent RNA"" neoblast growth at homeostasis and for sustained regeneration
(Figure 6). We have also added a new figure to the appendix providing negative data on cyclin
G2 (Appendix Figure S5), and a new Extended View figure showing that differentiation is not
affected by Lrig-1 or cyclin G2 knockdown (Figure EV5).

e We have updated our model figure to reflect these changes.

Below, the reviewers’ comments are shown in blue bold font followed by our responses in black.

Referee #1:

This piece of work attempts to establish another new definition within the neoblast field, this time of
GO or quiescent neoblasts. Previous work from multiple sources argues strongly against quiescence, or
even any population of stem cells that cycle slowly enough so as to potentially represent a distinct
population in planarians. None of the data in this paper provides any evidence in support of a slow
cycling population. Instead the data fits very well with TOR dependent control of G1 stem cell
"growth", which is actually very interesting and the authors might want to pursue this.

Before addressing the specific points below, we would like to begin by addressing the reviewer’s general
comments above.

First, it should be stated that heterogeneity in neoblast division rates has been previously observed in
other planarian species (e.g. Girardia tigrina in work by Salé & Bagufia, 1984) and Platyhelminthes (e.g.
Macrostomum in work by Nimeth et al, 2004).

Second, to our knowledge, the only study in the molecular era to directly test the hypothesis that some
planarian neoblasts may cycle slower than others was that of Newmark and Sanchez Alvarado in 2000.
This foundational work, which introduced the use of BrdU to planarians, was instrumental in propelling
the study of neoblasts into the molecular era, providing the first method for tracing neoblast progeny



and interrogating neoblast cell cycle dynamics. In what was the first molecular experiment to test the
idea of slow cycling neoblasts in planarians, continuous labeling of neoblasts with BrdU led to the
conclusion that a slow cycling neoblast population was unlikely to be a prominent population in the
flatworm, as 99% of neoblasts were BrdU" after 3 days of repetitive BrdU injections. In the 20 years since
this seminal work, several groups have continued to build upon this foundation by carrying the study of
neoblasts through rounds of technological advancements, leading to many key discoveries including the
identification of molecular markers for neoblasts (piwi-1) (Reddien et al, 2005) and the detailed
description of the robust proliferative response undergone by neoblasts in response to various injury
contexts (Wenemoser & Reddien, 2010). In light of this growing body of knowledge, we recognize two
important caveats with respect to the interpretation of the continuous BrdU labeling experiment by
Newmark and Sanchez Alvarado. First, administration of BrdU was performed by injecting animals
several times per day for 3 consecutive days. This repetitive injuring and persistent presence of BrdU, a
cytotoxic compound, could conceivably result in some amount of neoblast apoptosis or otherwise
negatively impact the health of the neoblast compartment, which may be sufficient to activate the slow
cycling population. Indeed, we find that RNA"" neoblasts respond very rapidly to injury (Figure 3),
especially when the neoblast compartment is specifically depleted (Figure 3D). The second caveat is that
molecular markers for planarian neoblasts had not been described at the time of the original work, and
so neoblast identity was deduced solely by morphology. From more recent work on neoblast
heterogeneity (Wagner et al, 2011) we can appreciate that the neoblast population marked by
expression of piwi-1 is morphologically heterogeneous. Thus, it is possible that some neoblasts may
have been excluded due to their variable morphology.

In revisiting the hypothesis that some neoblasts are slow cycling, we first looked to build on the work of
Newmark and Sanchez Alvarado by using BrdU to assess neoblast division rates, but in a way that would
also take into consideration work from the subsequent two decades. Thus, we administered BrdU by
feeding to avoid any confounding effects of injury and assessed the kinetics of BrdU label dilution
specifically within neoblasts by using piwi-1 as a marker. The fact that we detected a small number of
BrdU*piwi-1" cells even 5 weeks after administration indicated that some neoblasts dilute the label, and
thus cycle, more slowly than others.

From there, we took a systematic approach to confidently identify slow-cycling neoblasts by considering
conserved features of quiescent stem cells in other systems. We began by using a common FACS
strategy used in other systems for isolating cells in the GO phase to try to further resolve putative GO
neoblasts, which we now refer to as RNA" neoblasts in consideration of comments from all three
reviewers. These RNA™" neoblasts fulfilled all morphological and functional criteria typical of quiescent
stem cells that we assayed. These include:

1) low transcriptional activity (Darzynkiewicz et al, 1980; Eddaoudi et al, 2018; Kim & Sederstrom, 2015).
Notably, backgating revealed that these RNA"Y cells reside in the Hoechst side population (X2 gate). This
draws interesting parallels to other systems, in which quiescent multipotent adult stem cells can also be
isolated from the Hoechst side population (for example, quiescent HSCs) (Golebiewska et al, 2011,
Weksberg et al, 2008). Please see Figures 2A and EV1A.

2) low proliferative activity in homeostasis (assayed by both EdU label retention and expression of cell
cycle genes) (Conboy et al, 2007; Shinin et al, 2006; Buczacki et al, 2013; Cotsarelis et al, 1990). Please
see Figures 2C and EV1B and C.



3) classic morphology of quiescent stem cells: small size and high nucleus:cytoplasm ratio (Rumman et
al, 2015; Li et al, 2015). Notably, we have added additional data (Figure 6) demonstrating that this small
size is maintained by the tumour suppressor Lrig-1, which has known roles in maintaining quiescence in
other systems (Powell et al, 2012; Jensen & Watt, 2006; Jensen et al, 2009; Simion et al, 2014; Nam &
Capecchi, 2020). Please see Figures 2B and 6C.

4) response following depletion of the rapidly cycling stem cell pool (Daynac et al, 2013; Yamamoto et
al, 2013). Please see Figures 3D and EV2.

5) characteristic TOR-dependent growth phenotype in response to injury (Conlon & Raff, 1999; Gan &
DePinho, 2009; Rodgers et al, 2014). Please see Figure 5C-F.

6) cell cycle entry during regeneration (Cheung & Rando, 2013; Cho et al, 2019; Rumman et al, 2015).
Please see Figure 5B and F.

We believe these data strongly support the presence of a relatively slow-cycling neoblast population in
planarians. However, we acknowledge that we cannot formally exclude the possibility that the RNA""
gate represents a population of small G1 neoblasts. Thus, we have replaced the term “G0 neoblast” with
“RNA"" neoblast”, substantially weakened our language with respect to quiescence in the text, and
explicitly stated this caveat in the Discussion section (line 419).

1. While label retention in this case is evidence that a particular stem cell has undergone less division
than most other cells, it is not clear evidence that it is quiescent, on the contrary without measuring
and modelling the dilution of BrdU signal with cell divisions overtime it is not accurate to use phrases
such as slow cycling in this context. Instead the authors first need to perform experiments that
measure the relationship between label retention and the cell cycle. This could be done by pulsing
and transplanting stem cells of a known number into irradiated hosts, and then measuring the
expansion of the renewing population alongside label retention overtime. It could simply be, for
example, that based on their detection assay and methods the authors are observing cells that
underwent 5 cycles (BrdU+ve) or 6 or more cycles of cell division (BrdU-ve). This is not quiescence or
evidence for a GO population.

We agree with the reviewer that the BrdU label retention data presented in Figure 1, in and of itself, is
not clear evidence for a quiescent neoblast population. We would like to emphasize that the point of
this experiment was to test the hypothesis that neoblast division rate is uniform. From the finding that
some piwi-1" neoblasts retain the BrdU label even at 5 weeks post-pulse, we rejected this hypothesis
and concluded that division rates within the neoblast population are actually variable (and much more
so than previously thought). We apologize that this hypothesis was not clearly stated in our original
manuscript and have added this clarification to the revised text.

To further illustrate this point, based on the example provided by the reviewer above, if all neoblasts
cycled at the same rate the fraction of BrdU" cells would drop very quickly from its peak (after the 5t
division in this example) down to zero after the 6™ division. Instead, however, we see a very gradual loss
of BrdU signal within the neoblast population, indicating that the division rate is variable. Within the
same time period, some neoblasts have diluted the label beyond detection while others have not; that is
to say the rate of division in some neoblasts is slower. To the reviewer’s point, we are not, with these
data, claiming that the neoblasts that remain BrdU" at 5 weeks post-pulse make up a discreet cell



population; rather, we are simply highlighting that there is a variable rate of division within the
population.

2. These experiments (suggested above) would indicate how many divisions of BrdU can still be
detected in the average labelled neoblast and the distribution of divisions vs positive BrdU detection
in this assay would be known. This would allow them see if two distributions of cell cycle behavior
were required to explain the data, or rather one broader function described all the data.

We thank the reviewer for this suggestion. For the purposes of our study, we were interested in the
BrdU dilution kinetics at the population level, rather than at the level of individual neoblasts. We agree
that the number of divisions required to dilute the BrdU label would be interesting to know; however,
the suggested experiments are non-trivial and are outside the scope of this manuscript.

3. The authors present double labeling of cells showing that cycling can occur to incorporate a second
label, and therefore the BrdU label is in fact retained after at least one division. Rather than
supporting their supposition this provides evidence against positive BrdU labelling being indicative of
slow cycling as these cells have clearly divided at least once between analogue exposures. This data
also demonstrates the stochastic nature of label retention that must be modelled. They do not
attempt to model the nature of BrdU label loss/retention that would be required to provide more
than anecdotal/potential evidence of truly slow cycling cells that could be a separate quiescent
population.

The purpose of our double-pulse experiment was not to show that the BrdU label is retained after at
least one division, which is already known. The point, as stated in the text, was to demonstrate that the
presence of BrdU does not prevent future division, i.e. the long-term retention of BrdU that we observe
is likely not due to cell cycle arrest. From the work of Newmark & Sanchez Alvarado (2000), the current
assumption in the planarian field is that 99% of neoblasts cycle every 3 days; in our experiment, we
made a point to separate administration of BrdU and EdU by a much longer period (14 days) to
specifically demonstrate that cells with relatively slower cell cycle rates are not arrested.

4. There is no evidence double labelled cells are still neoblasts, in fact by the relative peripheral
position they are likely progeny. The authors need to prove they are neoblasts not just say they are.
This could be done by co-labelling with a stem cell marker, otherwise these double labelled cells
should be referred to at the very least as "post-mitotic progeny cells or potentially still stem cells)

The presence of two thymidine analogs within the same cell is definitive evidence in and of itself that
the double labelled cells were, at the time of incorporation, still neoblasts. Whether these cells were still
neoblasts at the time of fixation is irrelevant to our hypothesis and the interpretation thereof.

To explain further, neoblasts are known to be the only cycling cells in planarians; thus, in order for a cell
to be positive for both BrdU and EdU, it must have been a neoblast at the time of BrdU administration
and must have remained a neoblast at the time of EdAU administration. Whether this double positive cell
then goes on to differentiate is irrelevant to the point we are making from this experiment. Still, from
numerous previous reports using thymidine analogs to label neoblasts in planarians (Newmark &



Sédnchez Alvarado, 2000; Reddien et al, 2005; Eisenhoffer et al, 2008), it is known that the vast majority
(>90%) of the analog signal is present within neoblasts at 1 day post-administration. The pattern of EdU
signal in Figure 1C is consistent with detection within neoblasts. Thus, as we clearly state in the text, we
concluded from this experiment that “BrdU" neoblasts are still able to proliferate at least 14 days from
the initial labeling”.

5. The data in Figure 1b is important. The authors should present all raw data points across the
different animals indicating how many cells were counted in each animal. Additionally, the toxicity of
BrdU needs to be assessed, so we need to know if these animals now have proportionally less piwi
cells compared to untreated animals. It is also entirely possible that BrdU just slows cycling (not
preventing it). The authors have the means to test this by measuring the difference between single
and dual labelled animals.

At the reviewer’s request, we have provided the source data for Figure 1B as a supplemental file (Source
data — Figure 1B.xIsx). While it is possible that the incorporation of BrdU may have cytotoxic effects on
neoblasts, BrdU has been used extensively in planarians and many previous reports (Eisenhoffer et al,
2008; Zhu & Pearson, 2018; Zhu et al, 2015; van Wolfswinkel et al, 2014; Currie et al, 2016; and many
others, including this manuscript) have demonstrated that BrdU" neoblasts are capable of proliferating
and differentiating. Nonetheless, if the BrdU was toxic, some BrdU" cells would die. Thus, if anything, the
proportion of BrdU-retaining neoblasts may be underrepresented in our data.

With regards to the concern that BrdU slows cycling, our data in Figure 1B speak against this hypothesis,
as we observed a sharp decline in the proportion piwi-1" cells that are BrdU" at early timepoints
following administration, indicating that most BrdU" cells divide rapidly to dilute the label. Additionally,
the label retention experiments in Figure 2C were performed using EdU instead of BrdU and we
observed nearly identical dilution kinetics between the S/G2/M gate and the data in Figure 1B.

6. A crucial point about these data is that at no stage is a relationship between the 2N RNA low cells
and the BrdU label retaining cells established. As FACs and then BrdU detection of cells after pulse
labeling is possible in planarians | can't understand why the authors didn't attempt this to establish
their claims? T

We agree with the reviewer that establishing a relationship between BrdU label retaining neoblasts and
RNA"" neoblasts would increase the cohesiveness of the data in Figure 1 with the subsequent figures.
Unfortunately, while BrdU immunostaining on dissociated cells is possible in planarians, coupling this
with our FACS strategy is problematic, as the incorporation of BrdU results in quenching of the Hoechst
fluorescence (Mozdziak et al, 2000). Thus, to address this concern we have doubled the length of the
EdU label retention timecourse presented in Figure 2C, demonstrating that RNA"" neoblasts do not
exhibit significant label dilution for at least 14 dpp.

7. Despite being allegedly slow cycling/quiescent these cells are in fact also radiosensitive like the fast
cycling neoblast population, this does not fit with any understanding for how radiation works to
target cycling cells, and in one of the main reasons why potentially slow cycling cancer cells are not
targeted by radiation.



This is an interesting point raised by both reviewer 1 and reviewer 3. It is true that cycling cells exhibit
higher sensitivity to irradiation than quiescent cells, and although all neoblasts are ablated following a
lethal dose of irradiation (60 Gy), previous work has established that following a sublethal dose (12.5
Gy), some neoblasts survive and go on to repopulate the neoblast compartment (Lei et al, 2016). In our
study, we found that RNA™" neoblasts exhibited a growth response following sublethal irradiation,
similar to the response following amputation. In light of the reviewers’ comments on this topic, we took
a closer look at the kinetics of gate depletion following sublethal irradiation (data are provided in the
new Figure EV2). Although the differences in the rate of depletion were not statistically significant
between the RNA" and other gates, there is a clear trend in the data which suggests that the RNA
gate is depleted more slowly than the S/G2/M gate. The G1 gate is depleted the slowest, which is
consistent with the presence of progeny cells and is in agreement with the data in Figure 2. As we now
note in the Discussion, due to the rapid response by RNA"" neoblasts to sublethal irradiation (1 day), it
is difficult to confidently assess the radio-sensitivity of this population, as both cell death and cell cycle
entry are possible explanations for the observed gate depletion, and it will be interesting to pursue this
topic further in future work. At present, these data are not sufficient to reject the hypothesis that RNA"Y

low

low

neoblasts are less sensitive to irradiation, and taken together with the other characteristics of RNA
neoblasts that we have described in this study and summarized above (especially EdU label retention),
we are confident in our description of these cells as relatively slow-cycling neoblasts.

8. The work on the smaller stem cells and the relationship with TOR is logical and interesting and the
authors might wish to pursue this angle rather than try to introduce the concept of quiescent cells
without proper data.

low

We thank the reviewer for their positive view of our data on TOR signaling as it related to RNA
neoblasts.

9. The work using the TSPAN+ antibody is unclear and picking just some of the number from this
analysis doesn't help anyone to understand what is going. Clearly this reagent (not surprisingly) is not
the goldilocks marker of pluripotent stem cells that it was originally presented as. The cell cycle
kinetics of TSPAN protein detection are interesting, but to then make statements about pluripotency



based of this makes no sense. The summary Figure 5 is wrong with respect to the author own data in
the panels above.

We agree with the reviewer that the presentation of the TSPAN-1 data was confusing and apologize for
the lack of clarity. Currently, very little is known about the expression profiles or markers of pluripotent
neoblasts, and the recent paper by Zeng et al (2018) is currently the best available resource for
interrogating this cell population. As such, we feel it is important to build on this report. However, due
to its recent nature, there are still many open questions regarding the specificity of TSPAN-1 as a marker
for pluripotency, as we have noted. Thus, we have greatly simplified our data and interpretations
regarding TSPAN-1 expression. These data are now limited to providing a description of homeostatic
TSPAN-1 expression within the FACS gates described in our study. These data have been moved to
Figure EV3.

Referee #2:

In this manuscript, Molinaro and colleagues present a novel analysis of planarian stem cells using
BrdU/Edu and RNA-binding dyes to characterize quiescent progenitor subpopulations in planarians.
They find evidence for label-retaining cells within the neoblast population and propose these slow-
cycling cells are kept in reserve and activated for regeneration through Tor signaling activation. First,
they track BrdU retention over time in a pulse chase experiment to find long-term label retaining
piwil+ cells that themselves are still capable of division as determined by double labeling with EdU.
They reasoned that such relatively quiescent cells might have lower RNA content, and FACS
purification of cells with this characteristic express factors related to quiescence. Further, they find
that severe injuries like amputation cause a time-dependent increase in the size of the GO/RNA(low)
cells as well as length and number of cell projections. Using nocodazole, they could chase GO cells into
G2/M arrested cells after amputation, arguing the injury-induced activation is functionally relevant for
regenerative proliferation. They find that Tor inhibition prevented the cell size increase of
GO/RNA(low) cells in regeneration and also the depletion of the GO/RNA(low) pool in the nocodazole
chase assay. Finally, the TSPAN expressing cells GO population after injury is enriched for TSPAN

Neoblasts are an intriguing cell type underlying the robust regeneration in planarians. Altogether, the

experiments are of high quality and the message will be of considerable interest to regeneration
researchers. | have only a few minor comments below for the authors to consider.

We thank the reviewer for seeing the merit of our study and for the constructive comments below.

Minor comments:

Does the retained BrdU label have an approximately typical nuclear size? It looks a bit smaller in some
images but might just be the



The size of the BrdU label ranges from filling the nucleus to occupying only a small nuclear area. In
general, at early chase periods (e.g. 1 day), the vast majority of BrdU" cells have a BrdU signal that fills
the nucleus. At later time points we observe a larger range of BrdU signal sizes, likely reflecting signal
dilution due to cell division. This is the case for the EdU signal as well.

To illustrate this more clearly, we have now included example images in Figure 2D of EdU detection in
dissociated cells at 1 and 14 dpp.

How is the RNA(low) gate set? | might be missing it, but it's not clear to me from the methods and
seems to be important for the interpretation of the experiments. In some cases this RNA(low)
selected region appears as a complete "branch" shape (as in Fig EV1.E) but in others looks like the
bottom half of a population (as in Fig 2A). Perhaps a relief plot or plot without the gate markings
would make this more clear, but in any case more description of the method would be ideal.

We thank the reviewer for bringing this to our attention. We have now added the following description
for setting the FACS gates to the Methods section FACS isolation of RNAlow neoblasts, TSPAN-1 staining
and irradiation:

low

“For all experiments, the RNA
upper boundary of the RNA"Y
Additionally, lethally irradiated controls were used to confirm the boundary between the RNA
(depleted by 1 dpi) and the G1 gate (largely still present at 1 dpi).”

gate was set using samples from uninjured animals. Generally, the
gate corresponded with the lower boundary of the S/G2/M gate.

low

gate

Line 247: Wenemoser and Reddien 2010 also implicated Tor in proliferative activation (see
supplement of that paper).

We thank the reviewer for catching this and have added the citation.

Is the cell size measurement influenced by abundance of RNA as measured by the dye staining?

No, our cell size measurements are not directly influenced by RNA abundance. For example, when
comparing RNA"Y cells from intact and regenerating animals, the same gated area (which is set based on
the intact animals) is used for both samples, and yet the cell size measurements in the regenerating
sample are larger.

At authors discretion, | would suggest modifying the title of Figure 5 and perhaps the model as well. It
is very interesting that TSPAN+ cells are among the GO cells, raising the possibility that a source of
self-renewing pluripotent TSPAN+ cells are these GO cells described here. Many of the total TSPAN+
cells are in G1, however, which could be the progeny of slow-cycling GO TSPAN+ cells. Alternatively, it
seems equally possible that most neoblast populations have a GO cohort. Also, it is not yet clear from
the literature whether the only pluripotent neoblasts are TSPAN+.

We agree with this assessment and in response to this suggestion, as well as comments from the other
reviewers, we have decided to remove TSPAN-1 from our model and have greatly simplified the TSPAN-
1 figure (now Figure EV5) to serve as a simple description of homeostatic TSPAN-1 expression in the



different FACS populations.

Referee #3:

This manuscript from Molinaro et al sets out to characterize subpopulations of neoblasts in
planarians. Planarians have a heterogeneous stem cell population that contains pluripotent cells and
organ progenitor cells. In a long sought-after result, the authors demonstrate that some piwi-1+ stem
cells are capable of retaining BrdU signal after a 5-week long chase. This result is great, and confirms
that not all stem cells are cycling constantly, as was suggested in an early paper from Newmark and
Sanchez Alvarado.

The authors also characterize the dynamics of these cells by implementing Pyronin Y staining, which
labels double-stranded RNA and can distinguish GO from G1 cells based on RNA content, finding that
Pyronin Y defines a distinct cell population of 2N cells with low RNA content. Profiling of these cells
with either bulk or single-cell RNA seq revealed that they have enriched levels of cyclin G2, and
decreased levels of genes required for replication and cell cycle advancement. Based on these
characteristics, the authors define these cells as GO, suggesting that they are quiescent.

Functional experiments with nocodazole show that the GO cells, while small in number as compared
to the rest of the population, shift into the S/G2/M population when cell cycle progression is
inhibited. This progression appears to require the activity of the TORC1 complex, which is shown very
clearly with the cell size measurements used in the manuscript. Additionally, the authors attempt to
correlate injury-induced cell cycle progression by measuring levels of TSPAN-1 protein, a marker for
pluripotent cells. To my knowledge, the behavior of these TSPAN-1-positive cells has not been
previously examined during regeneration, and unfortunately the characterization here results in an
unsatisfying conclusion to the manuscript.

Overall, this manuscript beautifully identifies slow-cycling stem cells in planarians, and applies new
methods that improve and refine our resolution of the cell cycle profile of this complex stem cell
population. Combining these experiments with RNA-seq data is potentially a very powerful approach.
However, whether this newly identified GO population is in fact quiescent remains poorly supported
by the data in the paper, mostly because these cells are lost so rapidly after radiation.

We thank the reviewer for seeing the merit of our study. The concerns raised by the reviewer are
legitimate and highly constructive, and in addressing them we feel they have greatly strengthened our
manuscript.

Major comments:

1. Normally, non-cycling, quiescent cells (e.g. +4 cells in the intestine) possess some degree of
radioresistance because they do not divide frequently. If this newly characterized GO population
indeed represents a "quiescent" or slowly cycling population, then it should be at least somewhat



resistant to radiation at early timepoints. Instead, Figure 2A shows a rapid decline in this population,
suggesting that they are rapidly susceptible to radiation induced cell death. This calls into question
whether this population is truly quiescent, and suggests that it may be a subset of G1 cells. One way
of resolving this could be to remove the language of "quiescence" from the description of these cells.
However, analysis of other characteristics of these cells would help too. For example, demonstrating
that long-term labeling with BrdU localizes to this quiescent population. Or, further characterization
of cyclin G2. This could be done either with gene expression in vivo, or in FACS, or with knockdown to
demonstrate the function of these "G0" cells.

The reviewer makes several interesting points in this comment and we thank them for their thoughtful
suggestions. We have taken several steps to address these concerns, beginning with replacing the “G0
neoblast” name with “RNA"™" neoblast” and weakening the language of quiescence throughout the
manuscript.

With regards to the radioresistance concern, we direct the reviewer to our response to reviewer 1’s
comment #7. As we explain there, we see that RNA”" neoblasts undergo a growth response following
sublethal irradiation, similar to the response following amputation. We have also added new data to
Figure EV2, which suggest that the RNA"Y gate is depleted more slowly than the S/G2/M gate following
sublethal irradiation. Because it is difficult to say with certainty why the RNA" gate becomes depleted
following irradiation, we have also extended our EdU label retention timecourse in Figure 2C out to 14
days and have found that, while S/G2/M cells have significantly diluted the label during this time, RNA"
cells have not. Taken together, we are confident in our description of RNA" cells as relatively slow-
cycling neoblasts.

We also took the reviewer’s suggestion to follow up on cyclin G2 (ccng2) as a potential regulator of the
RNA"Y population. We also tested Lrig-1 in these experiments, as Lrig-1 is a known regulator of
quiescent stem cells in other systems and was highly enriched in our bulk RNA-seq data from the RNA
gate. While we did not observe a homeostatic phenotype following ccng2 knockdown (Appendix Figure
S5), we found that Lrig-1 knockdown resulted in robust growth of RNA"" neoblasts at homeostasis
(Figure 6). We also observed hyperproliferation in these animals. Interestingly, upon amputation, Lrig-1
knockdown animals exhibited delayed regeneration. We speculate in the Discussion that these
phenotypes are consistent with a failure to reserve RNA®" neoblasts for regeneration, and it will be
interesting to test this hypothesis in future work.

low

2. The molecular characterization in Figure EV4, where single cells express genes that normally define
specific fates, is presented very briefly. To someone not entirely familiar with how representative this
data might be, it seems like a very small number of cells is used to support this claim. This data is used
to support the notion that these GO cells have unspecified fates, but it may also be possible that this
signal is noise from a few selected cells in a larger data set.

We apologize for the brevity and in light of the reviewer’s concerns (with this and comment #3 below)
we have lessened our emphasis on the potency of RNA®" neoblasts. For this analysis, we used a
published dataset comprised of 96 single X1 cells (i.e. cells with >2N DNA content). We chose this
dataset because it was generated using the same protocol as our scRNAseq data of RNA"" cells.
Although this dataset is quite small, we found that known markers of different lineages were largely
mutually exclusive in their expression — if an X1 cell expressed markers of the neural lineage, it likely did



not also express markers of the epithelial lineage. This marker specificity has also been observed in high-
throughput sequencing of neoblasts (Fincher et al, 2018; Zeng et al, 2018). However, this does not seem
to be the case in RNA®" neoblasts, as we often observe co-expression of markers of different lineage
within the same cell. Of course, due to our rather crude FACS strategy, we suspect that there is
heterogeneity within the RNA"Y gate that we have yet to appreciate, and high-throughput scRNAseq of
RNA"" neoblasts would make for an interesting future direction.

3. The attempt to correlate TSPAN-1 dynamics with the GO population is unclear. Partly this is because
the numbers don't correspond between the text and the figure. But also, in Figure 5B, there is an
overall 5% increase in TSPAN-1+ cells after amputation that is not replicated in Figure 5C, making it
difficult to interpret how representative this data might be. Also, the molecular characterization in
Figure 5D and 5E is confusing and does not illuminate a clear trend in the data.

We apologize for the lack of clarity and the confusion with regards to data presentation. This confusion
was caused by our decision to exclude data on TSPAN-1 expression in the PM gate from the main figure
and place it in the supporting EV figure. We have now ensured that all data for each experiment are
presented together in the same figure to avoid similar confusion in our revised manuscript.

Overall, we agree with the reviewer that the TSPAN-1 data were confusing and difficult to interpret. As
such, we have greatly simplified these data, now including only a description of homeostatic TSPAN-1
expression in Figure EV3.

4. The slight but reproducible increase in GO cell size after amputation, as monitored by plasma
membrane staining with CellMask, signals a cell state transition that likely correlates with cell cycle
progression. The authors find that amputation also induces an overall increase in process length. The
significance of these morphological characteristics is unclear because their dynamics have not been
previously described during regeneration (to my knowledge). This should be acknowledged in the
text.

To our knowledge, the reviewer is correct in saying that the extension of projections is not a common
morphological response of slow cycling stem cells to injury. We have taken the reviewer’s suggestion

and have added a statement in the Discussion to acknowledge this point, and speculate on a potential
role for these projections in cell migration (see paragraph 3 of the Discussion).

5. For sorting experiments, throughout the paper, only one experiment is shown and there is no
indication of how many experiments have been done to determine the reproducibility of the findings.
This information needs to be included.

We thank the reviewer for bringing this to our attention and have added statements of n values to each
figure legend.
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1st Revision - Editorial Decision 26th Oct 2020

Dear Dr. Pearson

Thank you for the submission of your revised manuscript to EMBO reports. It was sent back to
referee #1 and #3 and we have now received their reports (copied below).

As you can see, the referees find that the study has been significantly improved during revision and
support publication after some remaining issues have been addressed. It might be advisable to
focus and rewrite the manuscript to provide a clearer message and maybe a focus on TOR and to
discuss the Lrigl RNAi data in a more extensive manner. All statements on quiescence should be
avoided. Please also provide point-by-point response to the remaining concerns.

From the editorial side, there are also a few things that we need before we can proceed with the
official acceptance of your study.

- Please add callouts to Figure 6D and to the panels of Figs EV2,4+5 panels in the text.

- Figure 4A:you have now stated that the images from the intact animals have been duplicated
from Figure 2B. Please also add a statement whether the intact and amputated animals/images are
from the same experiment.

- Figure S4A: please define the size of the scale bar in the legend
- Figure S4B: please define the number of animals or cells (n)
- Figure S5B, C: Please define the nature of the error bars and the statistical test used

- Table 1: Please note that we can only typeset black and white tables. Please replace the red color
in Table 1 for another highlight.

- Data references: You cite Molinaro & Pearson 2016 and Fincher et al 2018 as "normal” and as
"Data reference"”. This is in principle fine but please note that you need two different reference

types in your reference list: the "Data reference" needs to refer directly to the Dataset and the

standard reference refers the reader to the published manuscript.

Here is the example we listed on our Guide to Authors (see also
https//www.embopress.org/page/journal/14693178/authorguide#referencesformat)
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Hornberg E, Ylitalo EB, Crnalic S, Antti H, Stattin P, Widmark A, Bergh A, Wikstrom P (2011) Gene
Expression Omnibus GSE29650 (https://www .ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE29650).
[DATASET]

Hornberg E, Ylitalo EB, Crnalic S, Antti H, Stattin P, Widmark A, Bergh A, Wikstrom P (2011)
Expression of androgen receptor splice variants in prostate cancer bone metastases is associated
with castration-resistance and short survival. PLoS One 6:e19059

- Finally, EMBO reports papers are accompanied online by A) a short (1-2 sentences) summary of
the findings and their significance, B) 2-3 bullet points highlighting key results. Please send us a



draft of this text along with the revised manuscript.
We look forward to seeing a final version of your manuscript as soon as possible.
With kind regards,

Martina Rembold

Martina Rembold, PhD
Senior Editor
EMBO reports
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Referee #1:

By focusing on interpreting the interesting experiments they have performed and by bringing them
together more coherently the paper is much improved by the relatively simple adjustments made.
The addition of new data certainly adds to the scope and broader interest. | appreciate the authors
explaining the double labelling experiments more clearly in there response, which Ithink, along with
the radiation data, demonstrates that the smaller slower cycling cells nonetheless behave as part
of the whole population of stem cells. They do not have distinct slower cycling properties, rather
they need to grow a little before they join the larger G1 population and, crossing the experimenter
defined FACS gate, and dthen divide again as appropriate. The fact they respond to the extra
demands of regeneration is good to know, but not surprising. | am glad that there is no need to
evoke the GO quiescence concept.

A few minor comments the authors could address in a final version.

1) Should they consider the logical argument that all stem cells require TOR for division not just the
smaller ones? | am unclear why TOR signaling wouldn't drive division of the whole population?

2) Do small cells require TOR signalling to allow them to grow in G1? Could this explain the
phenotypes presented more clearly?

3) They mention a link between projections, TSPAN-1 and stem cell migration. What is known
about planarian stem cell migration in planarians? Do migrating cells have similar projections and are
these cells small?

Referee #3:

Characterization of the activity, molecular composition, and biology of neoblasts will help to
illuminate the nature of this heterogeneous cell type and hopefully attribute specific functions to
subsets of these stem cells. This paper adopts a new approach to describe and characterize a
newly identified subset of neoblasts. The changes made in this revised version (simplifying TSPAN,
EdU time course) are helpful. However, the biological significance and possible function of this
subset of neoblasts still remains somewhat unresolved. Even though the authors have removed
statements claiming that RNAlow cells are quiescent, this theme is still present in the writing, and is



distracting, considering that the data supporting these cell cycle transitions are not fully supported
and carried through all of the figures. Together, the message of this manuscript still comes across
as fragmented, especially with the addition of the Lrigl RNAi data, which is somewhat unsatisfying.
One option would be to eliminate this data to make the emphasis on TOR more clear, and limit the
scope and assumptions made in the paper (see comments below).

Fate of RNAlow cells.

The assumption the authors make is that RNAlow cells, 48 hours after injury, progress into the cell
cycle. However, as the authors state, they may also be dying. If this is the case, it undermines the
assumption about the cell size changes and what they mean. The authors should resolve this
(either by lineage tracing) or labeling for apoptosis within the RNAlow gate.

Cell area changes.

This morphological characteristic is noted 48 hours after amputation, 1 day after sublethal
radiation, and in Lrigl(RNAI) knockdowns. Although it's clear that the functional significance of this
cell growth remains unknown, the expansion seen in Lrig1(RNAI) animals is an opportunity to
connect it with some downstream biology. Including cell area quantification 48hrs after amputation
would help to clarify and simplify the interpretation of the regeneration results.



2nd Authors' Response to Reviewers 19th Nov 2020

Below, the reviewers’ comments are shown in blue bold font followed by our responses in black.

Referee #1:

By focusing on interpreting the interesting experiments they have performed and by bringing them
together more coherently the paper is much improved by the relatively simple adjustments made. The
addition of new data certainly adds to the scope and broader interest. | appreciate the authors
explaining the double labelling experiments more clearly in there response, which | think, along with
the radiation data, demonstrates that the smaller slower cycling cells nonetheless behave as part of
the whole population of stem cells. They do not have distinct slower cycling properties, rather they
need to grow a little before they join the larger G1 population and, crossing the experimenter defined
FACS gate, and dthen divide again as appropriate. The fact they respond to the extra demands of
regeneration is good to know, but not surprising. | am glad that there is no need to evoke the GO
quiescence concept.

We would like to thank the reviewer for their helpful feedback throughout the revision process and for
their positive comments toward our new data.

A few minor comments the authors could address in a final version.

1) Should they consider the logical argument that all stem cells require TOR for division not just the
smaller ones? | am unclear why TOR signaling wouldn't drive division of the whole population?

Based on previous work on TOR signaling in planarians as well as the long list of roles for TOR signaling in
other systems (Meng et al, 2018; Hine 2018; Iglesias et al, 2019; Iglesias et al, 2019; Gonzalez-Estévez et
al, 2012; Peiris et al, 2012; Wenemoser & Reddien, 2010; Tu et al, 2012), it is certainly likely that TOR
signaling is involved in many aspects of planarian stem cell regulation. For the purpose of our study we
chose to focus on the RNA®" population specifically, but we do not at any point speak against a role for
TOR signaling outside of this neoblast subset; indeed, the whole worm proliferation observed following
TOR knockdown suggests a broad effect across all stem cells in planarians. To clarify this point in the
manuscript, we have added the following to the Discussion:

“Thus, in addition to its known regulatory functions on the neoblast compartment as a whole,
we propose that TORC1 plays a similar role in planarians and promotes regeneration in part by
facilitating the “activation” of RNA"™" neoblasts.”

2) Do small cells require TOR signalling to allow them to grow in G1? Could this explain the
phenotypes presented more clearly?

low

This is indeed what we have described in our study — the small, RNA™" cells require TOR signaling in
order to grow, and subsequently enter the cell cycle. This idea is consistent with the morphological
changes associated with the previously described “G,,;” transition phase undergone by quiescent stem
cells in various mouse tissues in response to injury (Rodgers et al, 2014). Additionally, we do not believe



that RNA"" cells are simply G1 cells that happen to be small and require TOR to get up to size, because
their small size appears to be actively maintained by Lrig-1 at homeostasis.

3) They mention a link between projections, TSPAN-1 and stem cell migration. What is known about
planarian stem cell migration in planarians? Do migrating cells have similar projections and are these
cells small?

We thank the reviewer for this interesting question and have adjusted the text to add more about this
interesting topic. From recent work using a partial irradiation approach, planarian neoblasts from
shielded regions of the animal were found to extend projections and migrate into adjacent lethally
irradiated regions to repopulate the stem cell compartment. This migration was associated with the
extension of projections in a seminal paper by Abnave et al, 2017. We have added more about this work
to our Discussion paragraph on migration.

Referee #3:

Characterization of the activity, molecular composition, and biology of neoblasts will help to
illuminate the nature of this heterogeneous cell type and hopefully attribute specific functions to
subsets of these stem cells. This paper adopts a new approach to describe and characterize a newly
identified subset of neoblasts. The changes made in this revised version (simplifying TSPAN, EdU time
course) are helpful. However, the biological significance and possible function of this subset of
neoblasts still remains somewhat unresolved. Even though the authors have removed statements
claiming that RNAlow cells are quiescent, this theme is still present in the writing, and is distracting,
considering that the data supporting these cell cycle transitions are not fully supported and carried
through all of the figures. Together, the message of this manuscript still comes across as fragmented,
especially with the addition of the Lrigl RNAi data, which is somewhat unsatisfying. One option would
be to eliminate this data to make the emphasis on TOR more clear, and limit the scope and
assumptions made in the paper (see comments below).

We would like to thank the reviewer for their constructive feedback throughout the revision process. In
response to the first round of reviewer comments, we greatly weakened the language of quiescence
throughout the manuscript. It is important to note, however, that the rationale behind many of the
experiments we performed was based heavily on testing the hypothesis that the RNA™" neoblasts may
be a relatively quiescent population in planarians that utilize the conserved quiescence regulators TOR
and Lrig-1. As such, it is not possible to outright remove all mentions of quiescence in the manuscript,
though we have made every effort to present the data with unbiased language and clearly state that,
while these cells have many conserved characteristics of quiescent stem cells, much work will be
required to test this hypothesis in detail and uncover the mechanisms of their regulation. As this is a first
report on this population of RNA"" neoblasts, we agree with the reviewer that many interesting
questions regarding the specific functions of these cells in planarian regeneration remain to be
answered, and we look forward to doing so in the future.

Fate of RNAlow cells.



The assumption the authors make is that RNAlow cells, 48 hours after injury, progress into the cell
cycle. However, as the authors state, they may also be dying. If this is the case, it undermines the
assumption about the cell size changes and what they mean. The authors should resolve this (either
by lineage tracing) or labeling for apoptosis within the RNAlow gate.

To clarify, our comment that these cells may be dying was made specifically in reference to experiments
involving irradiation. As we present in Figure 2A, the RNA"Y gate is sensitive to a lethal dose of
irradiation (60 Gy), as are all neoblasts. Following a sub-lethal dose of irradiation (12.5 Gy), we observed
a slower depletion of the RNA" gate (Figure EV2), and we also found that RNA®" neoblasts underwent
a cell growth response in this context (Figure 3D). This growth response is analogous to that observed
following amputation. Using NDZ cell cycle arrest experiments, we showed that the RNA" cell growth
response observed during regeneration is correlated with cell cycle entry (Figure 5B). Thus, one
explanation for the depletion of the RNA" gate following sub-lethal irradiation is that these cells have
entered the cell cycle (thus moving into the G1 or S/G2/M gates). However, given the very rapid
depletion of the RNA"Y gate following lethal irradiation, presumably by cell death, it remains equally
possible that RNA" neoblasts are radio-sensitive at sub-lethal doses as well.

low

Outside of these irradiation experiments, we have not observed any evidence that RNA®" cells (or any
large subset of neoblasts) die during homeostasis or regeneration. Indeed, the response of the neoblast
population to injury has been extensively studied, and mass apoptosis specifically within this population
has not been reported. Our NDZ experiment in TOR(RNAI) animals also supports that the response by
RNA"Y neoblasts at 48 hpa is not a result of cell death, as the RNA"" gate does not become depleted in
this condition (Figure 5F). We have added a sentence to the Results section RNA™ neoblasts enter
mitosis in a TOR-dependent manner to highlight this point.

Cell area changes.

This morphological characteristic is noted 48 hours after amputation, 1 day after sublethal radiation,
and in Lrigl(RNAI) knockdowns. Although it's clear that the functional significance of this cell growth
remains unknown, the expansion seen in Lrigl(RNAIi) animals is an opportunity to connect it with
some downstream biology. Including cell area quantification 48hrs after amputation would help to
clarify and simplify the interpretation of the regeneration results.

We agree that following up on the Lrig-1(RNAi) phenotype is an interesting area of study and we are
excited to do so in future work. Thus far, the data we provide implicates Lrig-1 in actively maintaining
the small size of RNA™" neoblasts at homeostasis and demonstrates a role for Lrig-1 in regeneration;
however, numerous questions remain. For example, what is the mechanism by which Lrig-1 restricts
RNA"" neoblast size? Does Lrig-1 act exclusively on RNA"" neoblasts or does it function more broadly?
Is the Lrig-1(RNAI) regeneration phenotype a direct consequence of Lrig-1’s function within RNA"
neoblasts? Does the regeneration phenotype continue to worsen with additional rounds of
regeneration? Could this be a result of stem cell aging in Lrig-1(RNAI) planarians? For the current study,
we included the Lrig-1 data to demonstrate the utility of our FACS approach and RNAseq datasets for
discovering interesting candidates involved in neoblast regulation; however, a more detailed study of
the mechanisms of Lrig-1’s role in RNA®" neoblast regulation and regeneration is outside the scope of
this manuscript.
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2nd Revision - Editorial Decision 14th Dec 2020

Dr. Bret Pearson

The Hospital for Sick Children, Toronto
Developmental and Stem Cell Biology
686 Bay St.

Room 18-9-712

Toronto, ON M5G0A4

Canada

Dear Bret,

Thank you for your patience while we have editorially checked the final version of your manuscript. |
am now very pleased to accept your manuscript for publication in the next available issue of EMBO
reports. Thank you for your contribution to our journal.

At the end of this email I include important information about how to proceed. Please ensure that
you take the time to read the information and complete and return the necessary forms to allow us
to publish your manuscript as quickly as possible.

As part of the EMBO publication's Transparent Editorial Process, EMBO reports publishes online a
Review Process File to accompany accepted manuscripts. As you are aware, this File will be
published in conjunction with your paper and will include the referee reports, your point-by-point
response and all pertinent correspondence relating to the manuscript.

If you do NOT want this File to be published, please inform the editorial office within 2 days, if you
have not done so already, otherwise the File will be published by default [contact:
emboreports@embo.org]. If you do opt out, the Review Process File link will point to the following
statement: "No Review Process File is available with this article, as the authors have chosen not to
make the review process public in this case."

Should you be planning a Press Release on your article, please get in contact with
emboreports@wiley.com as early as possible, in order to coordinate publication and release dates.

Thank you again for your contribution to EMBO reports and congratulations on a successful
publication. Please consider us again in the future for your most exciting work.

Kind regards,
Martina

Martina Rembold, PhD

Senior Editor
EMBO reports
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THINGS TO DO NOW:



You will receive proofs by e-mail approximately 2-3 weeks after all relevant files have been sent to
our Production Office; you should return your corrections within 2 days of receiving the proofs.

Please inform us if there is likely to be any difficulty in reaching you at the above address at that
time. Failure to meet our deadlines may result in a delay of publication, or publication without your
corrections.

All further communications concerning your paper should quote reference number EMBOR-2020-
50292V3 and be addressed to emboreports@wiley.com.

Should you be planning a Press Release on your article, please get in contact with
emboreports@wiley.com as early as possible, in order to coordinate publication and release dates.
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a specification of the experimental system investigated (eg cell line, species name). http:, iochem.sun.ac.za
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an explicit mention of the biological and chemical entity(ies) that are being measured. http://www.selectagents.gov,

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.
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Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human
subjects.

B- Statistics and general methods Please fill

these boxes W (Do not worry if you cannot see all your text once you press retur

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? For whole-mount staining & regeneration experiments the number of animals was chosen based
on what is standard practise in the field. For cell size measurements, n >24 was used for each
sample and results were independently reproduced at least twice. FACS plots are representative of

at least 2 independent experiments.
1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. NA

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- NA
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. NA
randomization procedure)? If yes, please describe.

For animal studies, include a statement about randomization even if no randomization was used. Wildtype animals were randomly divided into the different conditions for each experiment.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results |There was no blinding.
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done Blinding was not done.
5. For every figure, are statistical tests justified as appropriate? Yes
Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. Yes

Is there an estimate of variation within each group of data? The standard deviation (sd) was used to represent variance.




Is the variance similar between the groups that are being statistically compared? Yes

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog |All antibodies used are commercially available and widely used in the planarian field, except for
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g., anti-TSPAN-1 which was a kind gift from Dr. Alejandro Sanchez Alvarado (Zeng et al, 2018).
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for NA
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |Asexual Schmidtea mediterranea, strain CIW4
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |NA
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure [NA
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

E- Human Subjects

11. Identify the committee(s) approving the study protocol. NA

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments NA
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. NA
14. Report any restrictions on the availability (and/or on the use) of human data or samples. NA
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. NA

16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) [NA
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [NA
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data Data availability statement is included.
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the Data have been deposited.
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting|NA
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

21. Computational models that are central and integral to a study should be shared without restrictions and provided ina |NA
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized format
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited
in a public repository or included in supplementary information.

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top NA
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.
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