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Summary
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Regeneration starts with injury. Yet how injuries affect gene expression in different cell types, and
how distinct injuries differ in gene expression remains unclear. We defined the transcriptomes of
major cell types of planarians – flatworms that regenerate from nearly any injury – and identified
1,214 tissue-specific markers across 13 cell types. RNA sequencing on 619 single cells revealed
that wound-induced genes were either expressed in nearly all cell types or specifically in one of
three cell types (stem cells, muscle, or epidermis). Time-course experiments following different
injuries indicated a generic wound response is activated with any injury regardless of the
regenerative outcome. Only one gene, notum, was differentially expressed early between anteriorand posterior-facing wounds. Injury-specific transcriptional responses emerged 30 hours after
injury, involving context-dependent patterning and stem-cell-specialization genes. The
regenerative requirement of every injury is different; however, our work demonstrates that all
injuries start with a common transcriptional response.
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Introduction
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Wounding leads to a series of complex responses that are necessary for recovery (Gurtner et
al., 2008). Recent studies in regenerative organisms, including planarians (Wenemoser et al.,
2012), sea anemones (DuBuc et al., 2014), hydra (Lengfeld et al., 2009), and axolotls
(Knapp et al., 2013) have demonstrated that wounding broadly impacts gene expression,
including the activation of stress-response genes, tissue-patterning factors, matrix
metalloproteinases, and growth factors. However, the functions of the vast majority of genes
that are induced following injury remain unknown (DuBuc et al., 2014; Wenemoser et al.,
2012).

Author Manuscript

Planarians are free-living flatworms with a remarkable regenerative capacity that is mediated
by tissue-resident proliferative cells (neoblasts) that include pluripotent cells (Reddien and
Sanchez Alvarado, 2004; Wagner et al., 2011). Following wounding, rapid gene expression
changes are observed in both neoblasts and differentiated tissues (Wenemoser et al., 2012).
A number of genes were shown to be activated at different wound types (Adell et al., 2009;
Petersen and Reddien, 2009; Wenemoser et al., 2012), raising the possibility that a common
transcriptional wound response precedes regeneration (Wenemoser et al., 2012). By contrast,
it has been recently proposed that different injuries activate distinct transcriptional programs
that subsequently converge to similar transcriptional programs later in regeneration (Kao et
al., 2013). Determining whether wounds that will regenerate different anatomy begin with
similar, identical, or very different transcriptional responses remains a central problem in
understanding regeneration.
Some wound-induced genes, such as HSP90 and HSP70, are associated with general stress
response; but others, such as follistatin, are critical for initiating regeneration (Gavino et al.,
2013). By contrast, some wound-induced genes have known functions only in particular
injuries. For example, wound-induced wnt1 expression has a known role in tail but not head
regeneration (Adell et al., 2009; Petersen and Reddien, 2009), despite its induction at both
wound types (Petersen and Reddien, 2009).
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Multiple key questions about wound responses and how they associate with regeneration of
different body parts remain unresolved. First, how does the transcriptional response to
wounding map onto the different cell types at the site of injury? Second, how does the
transcriptional response to injury differ depending on the injury type and the eventual
regenerative outcome? Finally, which transcriptional changes are specific to the regeneration
of particular anatomical structures and when do these changes appear?
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We addressed these key questions by combining multiple experimental and computational
approaches. We applied single-cell RNA sequencing (SCS) to 619 individual planarian cells
and determined the transcriptomes of 13 distinct cell types, including all major planarian
tissues, leading to the identification of 1,214 unique tissue markers. SCS from injured
animals associated 49 wound-induced genes with the cell types that expressed them,
revealing that major wound-induced gene classes were either expressed in nearly all cell
types at the wound or specifically in one of three cell types (neoblast, muscle, and
epidermis). Time-course experiments on bulk RNA from injuries leading to distinct
regenerative outcomes determined that a single conserved transcriptional program was
activated at essentially all wounds, except for the differential activation of a single gene,
notum. Over 24 hours following the peak of this generic wound response, specialized
transcriptional programs emerged, specific for the body parts requiring regeneration. Our
results define a generic and conserved response to wounding, identify the cell types that
drive it, and describe the subsequent transcriptional changes leading to regeneration.

Results
Single-cell sequencing of planarian cells

Author Manuscript

To dissect how different cell types transcriptionally respond to injuries, we used single-cell
RNA sequencing (SCS), because it profiles the transcriptional responses of a cell and allows
its cell type classification (Jaitin et al., 2014; Shalek et al., 2014). We isolated cells by
fluorescent activated cell sorting (FACS; Fig 1A) from postpharyngeal wound sites that were
collected from animals immediately following amputation or after a recovery period (4 or 12
hours post injury; hpi; Methods). In total, we sequenced RNA from 214 dividing neoblasts
and 405 non-dividing cells (Table S1), and measured their gene expression by mapping the
sequencing reads to the planarian transcriptome (Liu et al., 2013). On average, we detected
the expression of 4,401 genes per cell (Fig S1A), with more than 91% of the cells expressing
over 1,000 genes (Extended experimental procedures).

Author Manuscript

We assessed the SCS data quality by comparing the expression of canonical neoblast
markers (Guo et al., 2006; Reddien et al., 2005; Shibata et al., 1999) between sorted
neoblasts and non-dividing cells. Neoblasts had a striking enrichment for these transcripts
(Fig S1B; p < 1E-75). For example, smedwi-1 and bruli were overexpressed in neoblasts
217- and 140-fold, respectively, highlighting the expression data specificity.
Unbiased assignment of planarian cells to putative cell types
To define the cell types present at wounds, cells were clustered and analyzed according to
their gene expression (Fig S1C). Initially, genes with high variance across cells were
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selected (Fig S1D-F; dispersion ≥ 1.5; Methods), because their expression levels can
partition cells to groups (Jaitin et al., 2014; Shalek et al., 2013). Next, we used these genes
as input for the recently published Seurat algorithm (Macosko et al., 2015; Satija et al.,
2015) that extends the list of genes used for clustering by finding genes with significant
expression structure across principal components (Extended experimental procedures; Fig
S1G). Then, cells were embedded and visualized in a 2-dimensional space by applying tDistributed Stochastic Neighbor Embedding on the genes selected by Seurat (t-SNE; Fig 1B;
Methods). Finally, clusters were defined by applying density clustering (Ester et al., 1996)
on the 2-dimensional embedded cells. Importantly, the time point at which cells were
isolated did not affect cluster assignments (Table S1), indicating that the identity of a cell
had a stronger impact on cluster assignment than did transcriptional responses to wounding.
This process revealed 13 cell clusters (Fig 1B), which likely represented different major
planarian cell types.

Author Manuscript

Detection of the major planarian cell types
Multiple approaches were used to assign cell type identity to the clusters, and to test whether
cells in a cluster were of the same type. First, we plotted the expression of published celltype-specific markers on the t-SNE plots (Fig 1C) and found that canonical tissue markers
for major cell types were found exclusively in distinct clusters. This was highly suggestive
of cluster identity for cell types, such as neoblast (Reddien et al., 2005), muscle (Witchley et
al., 2013), neurons (Sanchez Alvarado et al., 2002), and epidermis (van Wolfswinkel et al.,
2014).
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Second, we identified cluster-specific genes by using a binary classifier (Sing et al., 2005)
that quantified the ability of individual genes to partition cells assigned to one cluster from
all other clusters by measuring the area under the curve (AUC) in a receiver operating
characteristic curve (ROCC; Fig S1H; Methods). Similarly, we searched for markers that
were expressed in multiple clusters displaying expression of the same canonical markers
(e.g., smedwi-1 or synapsin; Fig 1C; Methods).
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In total, 1,214 genes (false discovery rate; FDR < 0.1) were highly specific for a cluster or
shared between cluster groups (Table S2). We used the multiple published anatomical
markers found in this gene set to determine cluster identity for the following cell types:
muscle (Witchley et al., 2013); gut (Forsthoefel et al., 2011); epidermis (van Wolfswinkel et
al., 2014); early epidermal progenitors (prog-1) (Pearson and Sanchez Alvarado, 2010); late
epidermal progenitors (agat-1) (Eisenhoffer et al., 2008; van Wolfswinkel et al., 2014);
neoblasts including specialized neoblasts (Scimone et al., 2014; van Wolfswinkel et al.,
2014), protonephridia (Scimone et al., 2011); and two neuronal types (Cowles et al., 2013;
Sanchez Alvarado et al., 2002) (Fig 1B-E, S2; Table S2).
Finally, a single cluster was unique in lacking enriched expression of genes with published
expression patterns. Whole-mount in situ hybridizations using RNA probes (WISH) on four
of its top cluster-specific genes (Rab-11B, myoferlin, ESRP-1, and anoctamin) revealed
strong parapharyngeal (pp) expression with a ventral anatomical bias (Fig S2A; Methods).
Double fluorescent ISH (dFISH; Fig S2B) validated that single cells in the parapharyngeal
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region co-expressed these genes, indicating that this was indeed a cell type lacking prior
molecular definition.
The clustering analysis we performed allowed detection of subpopulations of cells that
appeared largely homogenous when examined only with canonical markers. For example,
two adjacent clusters (Fig 1B) were determined to be neural based on specific expression of
canonical neural markers, including synapsin, synaptotagmin, and prohormone convertase 2
(PC2; Fig 1C, S2D). However, one of these clusters co-expressed genes encoding known
cilia components, such as bbs1, bbs9 (Fig S2D), ift88, and iguana (Glazer et al., 2010),
suggesting that these might be neurons with sensory cilia (Louvi and Grove, 2011). The only
other cell-type expressing these cilia genes was the epidermis (Fig S2D).

Author Manuscript

In the neoblast compartment, we detected three subpopulations representing the recently
described σ-, ζ-, and γ- type neoblasts (van Wolfswinkel et al., 2014) (Fig 1D-E), and
revealing multiple putative markers unique to each subpopulation (Table S2; Fig 1E), such
as znf91, a previously undescribed gene encoding a zinc finger protein showing the highest
specificity to the σ-Neoblasts (AUC=0.81, FDR=2.6E-5; Fig 1E; Table S2).
Importantly, the dissection of planarian cell types and their associated gene expression
generated an extensive repository of cell-type-specific markers for every major cell type,
including signaling molecules, receptors and transcription factors (TFs), as well as profiles
of their co-expression (available at https://radiant.wi.mit.edu/app/).
Identification of cell-type-specific wound-induced genes

Author Manuscript

Knowing which cell types express particular wound-induced genes is important for
understanding how the wound response differs across injuries with different anatomy.
However, the cell-type specificity of only a small number of wound-induced genes is known
(Wenemoser et al., 2012; Witchley et al., 2013).
Since SCS data is often noisy and incomplete (Jaitin et al., 2014), we first defined a
comprehensive list of wound-induced genes by RNA sequencing of bulk samples from two
different injury types. We profiled the expression of anterior-facing (head removal) and
posterior-facing (trunk and tail removal) wounds in the prepharyngeal region (Fig 2A) by
isolating RNA, in triplicate, at four time-points (0, 3, 6, and 12 hpi; Fig 2A; Methods).
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The bulk sequencing data revealed that 128 genes were overexpressed in at least one time
point compared to the 0 hpi (uninjured) samples, in at least one of the two wound types
(fold-change ≥ 2; FC; FDR ≤ 0.05; Fig 2A; Table S3; Methods). To determine what cell
types participated in the wound response, we compared the SCS expression of the 128
wound-induced genes (i) between cells isolated from uninjured animals and injured animals;
and (ii) between different cell types using only cells isolated following wounding (Fig 2B-C;
Methods). In total, we detected the cell-type-specificity of 49 of the 128 genes (38%). Ten of
these genes were wound-induced in nearly all cell types (Fig 2), with six of them annotated
as general stress response factors, including heat-shock protein 90 (HSP90), HSP70, and
HSP40 (Methods). Only one of the genes encoded a transcription factor, egr-2 (Fig 2B-C).
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Strikingly, most of the cell-type-specific genes (35/49; 71%; Fig 2D) were wound-induced
in one of three cell types. 16 genes were enriched in neoblasts, including genes related to
proliferation (e.g., H2B, topbp1, rrm2b) and neural regeneration (runt-1, known to be
induced in neoblasts) (Sandmann et al., 2011; Wenemoser et al., 2012). In muscle cells, we
found enrichment for 14 wound-induced genes, including five genes that were implicated in
major signaling pathways, including Wnt, BMP, and TGF-β, which are essential for proper
patterning of planarian tissues (Reddien, 2011; Witchley et al., 2013). Importantly, as the
number of muscle cells sequenced was smaller than many other cell types (e.g., the number
of gut cells was almost twice the number of muscle cells), these results cannot be explained
by an increased statistical power resulting from larger sample size. Finally, five genes were
enriched in epidermal lineage cells, including Smed-jun-1 (Wenemoser et al., 2012). In
addition, a small number of genes (1-2) were wound-induced in three other cell types: gut,
parapharyngeal (Fig S3A), and neural cells.

Author Manuscript

Our results are supported by two recent studies that examined the co-expression of several
wound-induced genes with cell-type-specific markers. nlg1, inhibin-1, and wntless were
found to be specifically wound-induced in muscle cells of injured animals (Witchley et al.,
2013), whereas jun-1, TRAF-1, ston, and hadrian were found to be localized to the
epidermis (Wenemoser et al., 2012).

Author Manuscript

We used multiple approaches to validate our results. First, we examined the co-localization
of three candidates (svopl, dd_9519, Tob2) with published cell-type markers. dFISH analysis
found, in all cases, high specificity of expression to the identified cell type in the single-cell
analysis (Fig 3A). Furthermore, we tested whether egr-2 was indeed wound-induced in
multiple cell types (Fig 2), and found that it was co-localized with markers for neoblasts
(smedwi-1), epidermal progenitors (agat-1), neural cells (PC2, synapsin, and
synaptotagmin), and with differentiated epidermis (outermost epidermal layer; Fig 3B).
Next, we tested whether different neoblast subpopulations (van Wolfswinkel et al., 2014)
responded differently to wounding (Fig 3C). We compared the gene expression of neoblasts
representing the general neoblast pool (σ), the epidermal progenitors (ζ), and the putative gut
progenitors (γ) between uninjured and injured animals. Interestingly, while some woundinduced genes were overexpressed in specific populations (e.g., runt-1 in the σNeoblasts),
most genes changed similarly across neoblast subtypes (Fig 3C).

Author Manuscript

This analysis demonstrates that the cell-type architecture of the wound response involves: (i)
genes induced broadly in most or all cell types; (ii) multiple genes induced in a cell-typespecific manner in one of three types of cells: neoblast, muscle, or epidermis; and (iii) rare
individual genes expressed in a specific cell type (gut, parapharyngeal, or neural cells).
A single gene, notum, detectably differentiates between anterior and posterior wound
responses
How similar are the transcriptional responses to distinct injuries? The cell types that express
wound-induced genes are widespread across the planarian body, and in principle, could
mount a similar transcriptional response at injuries requiring regeneration of distinct tissues.
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However, the extent of similarity in wound responses between distinct injuries is yet to be
resolved. To address this question we searched for wound-induced genes that were enriched
at anterior- over posterior-facing wounds, or vice versa, at any of the three time-points (3, 6,
and 12 hpi; Methods; Fig 2A, 4A; Table S3). Importantly, these two wound types had very
similar tissue composition, but required distinct regenerative outcomes (Fig 4A).

Author Manuscript

Out of the 128 wound-induced genes, only one gene (notum) had a biased expression of
more than two-fold in one of the amputations compared to the other, in at least one time
point (Fig 4A). Even with relaxed thresholds (FC ≥ 1.5; FDR ≤0.1) we found that only seven
genes were overexpressed at one of the injuries compared to the other (Fig 4A). We tested
the expression data predictions by WISH, and strikingly, only notum displayed asymmetric
expression, with the six other genes having no robust differential expression in anterior and
posterior wound sites (Fig 4B). The one true-positive gene, notum, is known to be activated
at all wounds but to have stronger expression at anterior-facing compared to posterior-facing
wounds (Petersen and Reddien, 2011). Importantly, notum is essential for establishing
correct head-tail regeneration in planarians (Petersen and Reddien, 2011).
We extended this analysis by screening 218 additional genes by WISH; these genes
represented a diversity of fold changes for wound induction and genes that were below
threshold for significant difference between wound types. All wound-induced genes had
similar expression at anterior and posterior-facing injuries (Fig S3B; Table S3-4). These data
strongly indicate that following anterior or posterior amputations, the same transcriptional
response to wounding is immediately activated, except for higher expression of a single
gene, notum, at anterior-facing wounds.
Comparison of responses to diverse injuries through extended time-course experiments

Author Manuscript

The striking similarity in the wound response following two amputations types is consistent
with the possibility that a generic wound response would be activated following any injury,
even when regeneration is not required (Wenemoser et al., 2012). To test this hypothesis, we
studied distinct injuries requiring regeneration of different body parts in time courses that
span the wound response and extended to subsequent regenerative phases (0-120 hpi; Fig
5A, S4A; Table S5).

Author Manuscript

At every time point we isolated wound sites from the following injuries: (1) postpharyngeal
anterior-facing; (2) postpharyngeal posterior-facing; (3) sagittal-anterior; (4) sagittalposterior; and (5) a lateral incision, which did not require regeneration (Fig 5A, S4A;
Methods). Gene expression was measured by RNA-seq and compared to uninjured
equivalent anatomical regions. In addition, a recently published head regeneration RNA-seq
data set was incorporated (Liu et al., 2013).
To test if the same transcriptional response was activated in every injury, a comprehensive
collection of wound-induced genes was required. We therefore determined whether the 128
gene list (described above) included the majority of wound-induced genes without detecting
an abundance of false positives. WISH was performed on 225 genes (Table S4), which
covered a wide range of fold changes and FDR following wounding. We found that a
threshold of FC > 2 balanced sensitivity (57%) with precision (88%). This analysis estimates
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that the total number of wound-induced genes, detectable with utilized methods, is
approximately 224 (s.d.=27), an appreciably small (~1%) fraction of all planarian genes (Fig
S4B-E; Table S4; Methods).
A common response to wounding activated following diverse injuries

Author Manuscript

To test whether a generic transcriptional program is activated at every injury, we evaluated
how many of the 128 wound-induced genes were induced within 16 hours following the
injuries described above. 85% of the genes were overexpressed in at least 5 time-courses
(FC > 1.5; Table S5; Methods); fold-changes in time courses that did not meet this threshold
were often (43%) just below it. We tested by WISH whether the wound-induced genes that
did not appear to be overexpressed by RNA-seq in a given time course were indeed not
induced by that injury type. In all cases, the genes were actually expressed at the tested
injury site (9/9 incisions; Table S5). Furthermore, we tested 10 additional of the 128 woundinduced genes that appeared to be lowly induced in incisions (2 > FC > 1.5) and eight genes
that appeared to be lowly induced in posterior amputations (2 > FC > 1.5), and found that
they were in fact induced in all cases (Table S5). By contrast, tissues far from the injury
(Online Methods) showed upregulation of a fraction of the wound-induced genes (15%; Fig
S4G), with many of these genes (9/23) associated with stress responses.
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To further validate that tissue removal was not required for activating the wound-response
program, we compared the expression of 35 randomly selected wound-induced genes by
WISH in intact, amputated, or incised animals at their time of peak expression (Fig 5B;
Table S5; Methods). All 35 genes were induced following amputations, and strikingly, 34/35
(97%) of the genes were detectably overexpressed following incisions, corroborating the
time-course experiments (Fig 5A; Table S5). sulfotransferase, which was not detectably
overexpressed by WISH, was at least two-fold overexpressed in all RNA-seq time courses.
Collectively, these results strongly suggest that a single generic transcriptional program was
activated at every injury. This response might include genes that are insignificant for many
types of injuries, but essential for the recovery from others. Consistent with this possibility,
RNAi of only 8 of 62 wound-induced genes displayed a detectable phenotype (Table S3),
further suggesting that many wound-induced genes are not essential for survival and
recovery after injury.
The response to wounding terminates earlier when regeneration is not required

Author Manuscript

Whereas different injuries activated essentially the same genes, the dynamics of their
expression across injuries could be different. We therefore fit the gene expression data to a
quantitative model (impulse) (Chechik and Koller, 2009; Sivriver et al., 2011) that extracted
transcriptional parameters for every wound-induced gene (Fig 5A, C; Methods), including
their onset and offset times (time to reach half maximal expression and time to return to half
baseline expression, respectively; Methods). Wound-induced genes were then clustered
based on their fitted expression into three groups with significantly different onset and offset
parameters (Figure 5A, B-D). Based on these parameters, wound-induced clusters were
labeled as: early (n=44), late (n=53), and sustained (n=31). Most of the wound-induced
stress-response genes, such as HSP70, HSP90, and HSP40, were part of the early cluster,
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rapidly induced and fast to decay (Table S5), and our SCS data showed that they are induced
in nearly all cell types (Fig 2A-B).
The late cluster included many cell-type-specific wound-induced genes, such as patterning
factors overexpressed selectively in muscle cells following wounding (Fig 2A-D; Table S5)
(Witchley et al., 2013). Strikingly, in every injury, patterning factors were overexpressed
with a median onset of less than 4h even without any tissue loss. Such a rapid induction for
these genes is remarkable considering that the time-scale of regeneration and its associated
patterning is days to over a week (Reddien and Sanchez Alvarado, 2004).
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Next, we compared the onset and offset times of wound-induced gene clusters across
injuries (Fig 5C). The onset (~1 hpi) and offset (~12 hpi) of the early cluster did not differ
significantly between injuries (ks-test p > 0.05; following Bonferroni correction). Similarly,
the late cluster was already induced at ~3 hpi in each injury; however, the offset time,
following an incision, was almost 20 hours earlier compared to anterior and posterior
regeneration (Fig 5C; p < 0.05). Finally, the onset and offset of the sustained cluster were
significantly earlier in the incision (p < 0.05), suggesting that lack of tissue was required for
the response to sustain, or alternatively, that tissue fusion was sufficient to terminate it.
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We tested these results by selecting candidates from each wound-induced gene cluster and
performing WISH time courses (Fig 5D-E) on animals that suffered different injuries.
Comparison between the fitted data (Fig 5D) and the in situ gene expression (Fig 5E, S4F)
further validated that (i) early cluster genes (e.g. egr-l 1) displayed similar onset and offset
times across injuries; and that (ii) late and sustained cluster genes (e.g. runt-1 and inhibin-1)
had similar expression across injuries in early time points but their expression returned to
baseline earlier at incisions. Together, these results indicated that while the same set of genes
is activated at every injury, the duration of their activation is shorter when regeneration is not
required.
The generic wound response is conserved in a related planarian species
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To assess if the generic wound-response program described above in Schmidtea
mediterranea is conserved in other species, we used a second planarian model, Girardia
dorotocephala (Flickinger and Coward, 1962). We sequenced and assembled its
transcriptome and found high-confidence orthologs for 95/128 (74%) of the wound-induced
genes (Extended experimental methods; File S1; Table S6). RNA sequencing on anteriorfacing wounds revealed strong and significant correlation between the fold changes of
wound-induced genes in both organisms (Pearson r=0.56; p = 5.1e-09), with genes from all
three clusters of wound induction (i.e, early, late, and sustained) being up-regulated. The
overexpressed genes included cell-type-specific wound-induced S. mediterranea genes
expressed in muscle (wntless, notum), neoblasts (runt-1, Tob2, inx-13), and epidermis
(jun-1, ston). Furthermore, both a gut- and a parapharyngeal-specific gene were induced
following injury. In total, 61% (58/95) of the S. mediterranea wound-induced genes were
detectably overexpressed following wounding in G. dorotocephala (Table S6). The activation
of orthologous stress-response, patterning, and proliferation-related genes, further highlights
key conserved components of the generic wound response.
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The response to wounding was nearly identical in different injuries, despite preceding
regeneration of very different anatomy. We therefore used our extended time course data to
search for the onset of injury-specific gene expression. We compared the expression of
known head-enriched genes (n=43) (Gurley et al., 2010; Reddien, 2011; Scimone et al.,
2014; van Wolfswinkel et al., 2014; Vogg et al., 2014) between tail fragments that regrew
heads and incisions that did not require regeneration (Fig 6A-B). Fitting the gene expression
of regenerating animals (Fig 6; Methods) revealed that they had a wide range (>90 hours) of
onset values, which was significantly later than the wound-induced genes (ks-test
p=9.2E-11).
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Genes were categorized based on previously suggested functions to three groups: (i) tissue
patterning factors, which were previously associated with expression in muscle (Witchley et
al., 2013); (ii) genes associated with specialized neoblasts (Scimone et al., 2014; van
Wolfswinkel et al., 2014); and (iii) markers of differentiated anterior tissues. All three
groups were highly upregulated during anterior regeneration, but they were separable into
two distinct phases (Fig 6A). During the first phase, genes enriched in specializing neoblasts
(34 hpi) and anteriorly expressed patterning genes (39 hpi) were upregulated. Subsequently,
almost 40 hours later, genes enriched in differentiated head cell types were upregulated (Fig
6A; ks-test p = 4.4E-4; 77 hpi). Similar phases were found for orthologous genes in G.
dorotocephala (Fig 6C). Importantly, both regenerative phases were separable from the
generic wound-response onset by over 24 hours (Fig 6D; ks-test p=9.2E-11). By contrast, in
animals suffering incisions we could not detect significant expression changes in any of the
genes associated with regeneration (Fig 6B), which prohibited fitting to the impulse model,
indicating that these were indeed part of a specific regenerative response.
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Hierarchal clustering of samples from the anterior regeneration and incision time courses,
using wound-induced gene expression, further supported the conclusion that gene expression
changes are sustained only when tissue is missing (Fig 6E). Samples from early time points
(0, 1, and 4 hpi) from incisions and anterior amputations formed a cluster, because of
similarities in early wound response. However, starting at 12 hpi, the wound-induced gene
expression at incisions was largely eliminated (Fig 5A-C) and these samples clustered with
72 and 120 hpi samples from anterior-regenerating fragments.
Our results support a model of a sequentially activated regenerative program starting with
the generic wound-response (0-24 hpi), followed by expression of injury-specific patterning
factors and specialized neoblast genes (~30 hpi), and finally with the appearance of
differentiated tissues (~70 hpi).

Author Manuscript

Discussion
The ability of planarians to regenerate from almost any injury, combined with the wide array
of methods established for their study, make them a unique system for studying regeneration
initiation. Here, we took a single cell RNA sequencing approach, combined with bulk tissue
sequencing from multiple distinct wound types to characterize the transcriptional responses
associated with planarian regeneration initiation. Our data supports a model in which a
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generic transcriptional program is activated by wounding to accommodate the regeneration
of diverse tissue types depending on the nature of the injury (7A). How can a generically
activated transcriptional program be activated, if every injury involves different
combinations of cell types at unpredictable wound sites? We found that the generic wound
response includes stress-related responses in all cell types and cell-specific responses in
neoblasts, muscle, and epidermis that are distributed throughout the planarian body (7B).
Finally, following the generic wound response, injury-specific transcription is activated,
including patterning and stem cell specialization genes, that precedes the appearance of
differentiated tissue markers by ~40 hr (7C). Together, these results link a common
transcriptional wound response with divergent regenerative outcomes.
Wound-response polarity is likely determined by a single gene, notum

Author Manuscript
Author Manuscript

To find genes activated at wounds associated with different regenerative outcomes, we
performed RNA sequencing on two wound types that regenerate different tissues, heads or
tails. Strikingly, only one gene, notum, a Wnt-pathway inhibitor (Gerlitz and Basler, 2002),
demonstrated a strong bias in expression (over two fold) to one of the two injuries. notum
was previously shown to be preferentially expressed at anterior-facing wounds over
posterior-facing wounds and to be required for the head-versus-tail regeneration decision
(Petersen and Reddien, 2011). However, whether other genes showed similar expression
asymmetry was unknown. We tested over 200 additional genes that appeared to show any
expression bias to one of the two injuries, but found none that were clearly preferentially
induced at one wound type over the other. Other subtle transcriptional differences could exist
between these wounds, but were undetectable by RNA-seq and WISH. Therefore, our
analyses suggest that notum is the only gene with a transcriptional response distinguishing
anterior and posterior-facing wounds up to 24 hpi, which is striking given these wounds will
initiate completely different regenerative programs.
A generic, conserved, response to wounding precedes regeneration

Author Manuscript

Several planarian genes were previously shown to be induced following wounding, even
without tissue loss, suggesting that they are generically induced by the injury (Petersen and
Reddien, 2011; Wenemoser et al., 2012). Interestingly, a few of these genes, such as wnt1,
are important planarian patterning genes (Petersen and Reddien, 2009). Through the usage
of time-course experiments from different anatomical positions, we rigorously tested the
hypothesis that a common transcriptional program is activated at every type of wound. We
found that indeed all wound responses start the same, regardless of the eventual regenerative
outcome. We estimated that the generic response involves the upregulation of 224 genes in
the first 12 hours following injury. When there was no missing tissue to regenerate, the
wound-response initiated largely normally, but decayed earlier.
We propose that the generic wound response acts as a funnel between the varied injuries an
organism might suffer and subsequent varied regenerative outcomes (Fig 7). As such, the
generic response includes all the necessary components for promoting survival and allowing
regeneration of any tissue. The generic response is modified with time to achieve the
necessary regenerative outcome. In parallel to the transcriptional wound-response, massive
neoblast proliferation (Wenemoser and Reddien, 2010) and apoptosis (Pellettieri et al., 2010)
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take place following any injury – even at injuries that will not require substantial
regeneration, such as following needle puncture. Strikingly, these processes appear to be
interconnected: following the initial generic wound response a sequence of events involving
the activation of context-dependent transcriptional programs (Lapan and Reddien, 2012;
Scimone et al., 2011), mitosis (Wenemoser and Reddien, 2010), and apoptotic (Pellettieri et
al., 2010) responses are observed only when the injury requires regeneration.
Cell-type specific wound-response genes
How could activation of the same transcriptional program be accommodated by diverse
wound locations (injuries through the brain versus tail, for instance), where different cell
types juxtapose the wound?

Author Manuscript
Author Manuscript

Analysis of some genes activated by wounding showed that multiple tissues are involved,
including the epidermis (Wenemoser et al., 2012) and muscle (Witchley et al., 2013),
although it remained unclear, to what extent these results are generalizable. We compiled a
list of wound-induced genes through time-course experiments, and assessed their expression
in single cells from wounds. Our results demonstrated that the response to wounding has
three components (Fig 7B): (i) A non-specific component, with genes expressed in nearly all
cell types following wounding, including multiple stress-response genes. (ii) A specific
component, including 71% of the cell-type-specific genes, with preferential expression in
one of three cell types: neoblast, muscle, or epidermis. This component included multiple
patterning factors (Witchley et al., 2013), transcription factors, and genes associated with
proliferation. (iii) Finally, individual wound-induced genes were expressed in gut,
parapharyngeal cells, and neurons, reflecting unique physiological responses in these tissues
following wounding. The architecture of the wound response - comprised of genes activated
in any cell type at the wound and cell-type specific genes activated in cells widespread in the
body – enables the same genes to be activated at essentially all wounds.
Several lines of evidence support the accuracy of wound-induced expression cell type
assignments: First, wound-induced expression was much lower before injuries (RNA-seq
and WISH); therefore, cells with strongest SCS expression are the best candidates to explain
wound-induced expression. Second, in most cases, SCS expression was mostly limited to a
single cell type. Third, dFISH validated cell type assignments for a set of tested genes.
Finally, direct comparison of neoblasts isolated from intact and injured animals was in
agreement with the SCS analysis.
The onset of regeneration and the pruning of the wound response

Author Manuscript

Through extended time-course experiments, we found that 24 hours following the peak of
wound response, patterning genes associated with regeneration (Reddien, 2011; Witchley et
al., 2013) were overexpressed, hand-in-hand, with transcription factors associated with
neoblast specialization (Scimone et al., 2014). Upregulation of these genes emerged almost
40 hours before the upregulation of differentiated tissue markers. We therefore suggest that
regeneration can be modeled by three components of gene-expression changes (Fig 7C): (i)
activation of a generic wound-response (~224 genes), which allows the animal to mount a
regenerative response to essentially any injury (0-16 hpi). (ii) Expression of patterning
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factors and neoblast specialization genes, specific to the identity of tissues being regenerated
(~36 hpi). (iii) Expression of differentiated tissue markers associated with functional new
tissue (Fig 7C; 72 hpi).
A unique repository of cell-type specific expression
This work presents the first application of SCS to planarians. Therefore, many of the
profiled cell types were not previously studied at the molecular level in detail. This analysis
therefore generated a unique repository, including 1,214 unique cell-type-specific markers,
including signaling molecules, receptors, and transcription factors. We developed an online
resource that allows accessing the transcriptome of every cell from all identified cell types,
available at https://radiant.wi.mit.edu/app/.

Author Manuscript

Previous studies profiled the gene expression of several planarian cell types through the
application of specially developed cell-isolation techniques (Forsthoefel et al., 2012). While
successful in studying the targeted tissue, such approaches are not readily applicable to
every cell type. Furthermore, as these methods are applied to cell populations, they do not
reveal cell-to-cell heterogeneity or gene co-expression in individual cells (Shalek et al.,
2013). By contrast, the single-cell expression data allowed us to generate comprehensive coexpression profiles in every profiled cell type, as well as their cell-type expression
heterogeneity (online resource).

Concluding remarks

Author Manuscript

Our analysis suggests a simple and unifying model for the planarian wound response. SCS
data indicate that a large component of this response is driven specifically by three abundant
tissues (Fig 7B) that allow the response to take place regardless of the anatomy and location
of the wound site. Instead of tailoring the response for the desired outcome, the response
logic operates in an “act-first” mechanism: activating a program that is sufficient for
recovery from any injury. This program is subsequently replaced with an injury-specific
response appropriate for regeneration from a specific injury (Fig 7).

Experimental procedures
Planarian culture
Clonal lines of asexual Schmidtea mediterranea (CIW4) and G. dorotocephala were
maintained as previously described (van Wolfswinkel et al., 2014).
Single cell library construction

Author Manuscript

Libraries were prepared using the SmartSeq2 method, as previously described (Picelli et al.,
2013; Picelli et al., 2014). Briefly, RNA from single-cells was reverse transcribed with a
poly-dT anchored oligo and a template-switching oligo. cDNA was then amplified.
Sequencing libraries were prepared using the Nextera XT kit (Illumina).
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Sequencing reads were mapped to the S. mediterranea dd_Smed_v4 assembly (http://
planmine.mpi-cbg.de/; (Liu et al., 2013)) using Novoalign v2.08.02 with parameters [-o
SAM -r Random] and were converted to BAM using samtools v1.1 (Li et al., 2009). Read
count, for every sample, was calculated with bedtools v2.20.1 (Quinlan and Hall, 2010).
Read counts were normalized by edgeR (Robinson et al., 2010). G. dorotocephala libraries
were similarly mapped to a de novo transcriptome assembly (File S1).
Single-cell data clustering

Author Manuscript

An expression matrix for all cells was prepared for analysis in R v3.1.1. Samples expressing
less than 1000 or more than 9000 genes were discarded from further analysis. Genes that
were used for t-SNE representation and density-based clustering (Ester et al., 1996) were
selected by identifying principal components that contribute to the variance using the Seurat
method (Macosko et al., 2015; Satija et al., 2015) (Extended experimental procedures).
Detection of cluster-specific genes
Cluster-specific genes were detected by enrichment analysis (McDavid et al., 2013) on
genes displaying at least 2-fold enrichment in a cluster compared to all other clusters.
Controlled p-value, for each gene, were calculated using the Seurat package (Satija et al.,
2015). Then, a binary classifier was used on every cell-type-specific gene (FDR < 0.1; (Sing
et al., 2005)). The classifier quantified, for each of the genes tested, its ability to partition the
cells it was enriched in from all other cells. For every gene the true positive rate (TPR;
sensitivity) and false positive rate (FPR; 1 - specificity) were calculated, and a receiver
operating characteristic curve (ROCC) was generated (Fig S1H).

Author Manuscript

WISH using RNA probes
WISH was performed as previously described (Pearson et al., 2009).
Gene cloning
Genes were amplified from planarian cDNA using gene-specific primers (Extended
experimental procedures) and cloned into a pGEM vector (Promega).
Gene annotation

Author Manuscript

Previously undescribed genes were annotated by best-BLAST hit [e<1E-5) against a
sequence database including planarian, human, mouse, fly, and C. elegans sequences. If
BLAST hits were not found, the contig id from the transcriptome assembly (Liu et al., 2013)
was used. See extended experimental methods for a list of all annotations used in the figures
and their corresponding contig id in the assembly.
Double-stranded RNA synthesis
Double stranded RNA (dsRNA) was synthesized as previously described (Petersen and
Reddien, 2008). RNA was quantified by Nanodrop (Thermo Fisher Scientific Inc.) to have at
least 5 ug/ul.
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Prepharyngeal fragments were isolated in biological triplicates and placed in TRIzol
Reagent (0 hpi). Anterior-facing or posterior-facing wounds were amputated as
prepharyngeal fragments at 3, 6, and 12 hpi in biological triplicates. RNA was purified
according to manufacturer's instructions (Life Technologies) and sequencing libraries were
prepared with a TruSeq RNA sample prep kit V2 (Illumina).
Illumina library preparations for extended time courses
Wound tissues were isolated and put in TRIzol. Tissues were lysed with Qiagen TissueLyser
II, and RNA was extracted according to the manufacturer's instructions. Libraries were
prepared as previously described (Engreitz et al., 2014; Schwartz et al., 2014) (extended
experimental procedures).

Author Manuscript

Detection of differentially expressed genes and genes and with putative asymmetric
wound expression
Wound-induced genes were called using triplicate time course experiments by using the
edgeR exactTest function to compare expression at every wounding time point to 0 h. Genes
called as wound induced met the following thresholds in at least one time point (FDR ≤
0.05; fold-change ≥ 2; minimal expression of RPKM 6 in at least 2 of 21 libraries). Putative
asymmetric expression was detected by comparing anterior and posterior wound-induced
gene expression from matched time points using exactTest. All genes with FDR ≤ 0.05 and
fold-change ≥ 1.5 were tested by WISH analysis, as well as 218 other genes not meeting
these thresholds (Table S4).

Author Manuscript

Single cell isolation and FACS
Cells from postpharyngeal wound-sites were isolated and sorted (Hayashi et al., 2006) into
96-well microplates containing 5 ul Buffer TCL (Qiagen) + 1% 2-mercaptoethanol.
Detection of onset and offset of wound-induction
To extract onset and offset parameters of genes, expression data from each time course were
used for fitting by the impulse model (Chechik and Koller, 2009; Chechik et al., 2008) using
a Matlab implementation (Sivriver et al., 2011) with constraint parameters [retries = 100; t1
≥ 0; t2 ≥ 0; h0 ≥ 0; h1 ≥ 0; h2 ≥ 0; β1 ≥ 0; β2 ≤ 0].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Unbiased detection of major planarian cell types by SCS

(A) Illustration of SCS data generation and analysis. Animals were cut postpharyngeally
(red line) and wound sites (red box) were isolated at 3 time points. Wound tissue was
macerated, and dividing (4C) or non-dividing (2C) cells were isolated by FACS (Methods;
dashed line shows gates). Sequencing libraries were prepared by cDNA-amplification and
shearing, and libraries were sequenced and analyzed. (B) t-SNE plot of single cells. Cells
(colored dots) are grouped by density clustering and labeled based on marker analysis. Cells
shown are from the 2C (wounded and unwounded) and 4C (wounded) fractions. (C)
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Expression of canonical cell-type markers overlaid on t-SNE plots of the single-cells (dots);
low and high ranked expression are colored by a gradient of blue, yellow, and red. (D)
Analysis of the neoblast compartment. Shown are neoblasts (dots) from uninjured animals.
Clusters are annotated based on multiple neoblast markers. (E) Expression of class-specific
neoblast markers. See also Figure S1-2.
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Figure 2. Cell-type-specific expression of wound-induced genes

(A) The expression of wound-induced genes, as detected by bulk RNA-sequencing, is shown
at different time points (0, 3, 6, and 12 hpi). Shown is the average expression of the anteriorand posterior-facing time courses. Rows and columns represent genes and time points,
respectively. Gene expression is colored according to the z-transformed expression (z-score
range is −3 to 3). Shown are wound-induced genes for which cell-type specificity was
determined. (B) The corresponding cell-type-specific gene expression is shown in a dot-plot
map. Dot size represents the proportion of cells expressing the gene (see key; 0-1), and the
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color represents normalized expression in cells expressing the gene (blue-to-red, low-to-high
expression). Gray background represents statistically significant enrichment in a cell type
(FDR ≤ 0.01; Extended experimental procedures). Genes are ordered according to their
controlled enrichment p-value. Genes assigned to the All cells were overexpressed following
wounding in multiple cell types (Methods). Cell-type acronym labels: NB, Neoblasts; Epi,
epidermal lineage; Early prog, early epidermal progenitors; PP, para- pharyngeal; PN,
protonephridia). (C) Left panels: Representative genes with wound-induced expression in
different cell types. Expression across cell types is shown in violin plots with corresponding
dot-plots beneath. Right panels: violin plots comparing the expression in cells of the cell
type the gene was found to be enriched in between uninjured and injured animals. (D)
Summary of the detected cell-type-specific wound-induced genes.
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Figure 3. Analysis of Cell-Type-Specific Expression After Injury
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(A) Validations of tissue-specific wound-induced genes. Upper panel: dFISH analysis (scale
= 5μm) of cell-type-specific wound-induced gene (magenta) and a cell-type marker (green),
or imaging of the outermost layer (epidermis). Nuclei labeled with DAPI (gray). White
arrows point to co-expressing cells. Lower panel: WISH analysis comparing gene expression
in intact and amputated animals (scale = 100μm). (B) dFISH analysis of egr-2 (magenta)
with markers of multiple tissues in animals 12 hpi (green; smedwi-1 – neoblasts; agat-1 –
epidermal progenitors; Neuro (pooled RNA probes for PC2, synapsin, synaptotagmin) –
Neural tissue; epidermal cells were imaged by the outermost layer of the animals). WISH/
FISH analysis was done on at least 15 fragments for each gene. (C) Gene expression
comparison of uninjured and injured neoblasts. Shown are dot plots of neoblast-specific
wound-induced genes (top panel) and genes found to be wound-induced in most or all cell
types (bottom panel) in the different neoblast classes. Dot size represents the fraction of
expressing cells (0-1); color represents the expression levels (z-score) in the fraction of
expressing cells.
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(A) The gene expression profiles of injuries with different wound orientation (anterior and
posterior; left panel) are compared in time-course experiments of tissues isolated from the
same location. Plotted is the log2 ratio of differentially expressed genes between the two
wound types (FDR ≤ 0.05; fold-change ≥ 1.5). Dashed lines represent genes that could not
be validated by WISH, and that are likely false-positives. (B) WISH validations of woundinduced genes shown in panel A (performed on at least 10 animals). Top panel shows gene
expression in intact animals compared to the expression in amputated trunks (bottom panel).
Amputated animals were fixed at the time point showing peak asymmetry in expression.
Only notum showed asymmetrical expression following wounding (black arrow). Scale=100
μm. See also Figure S3.
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Figure 5. Time-course analysis reveals a generic response to wounding

(A) Expression of wound-induced genes at different planarian injuries. A core set of 128
wound-induced genes is plotted in different extended time courses. Worm illustrations show
the injury site and isolated tissue location (red block line). Top panel: the expression of
different wound-induced clusters from 0 to 24 hpi (lines are loess fit of wound-induced gene
expression in each cluster; the same genes were used in all panels). Bottom panel: The
expression of the wound-induced genes from 0 to 120 hpi is shown according to fitting of
individual genes to a constrained impulse model (Chechik and Koller, 2009) (shown is row
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z-score; blue-to-red, low-to-high expression, respectively). Right-most column:
Conservation of the wound response in anteriorly regenerating G. dorotocephala. Gene order
follows orthology assignment between G. dorotocephala and S. mediterranea (Methods;
white lines represent genes with no ortholog assigned). (B) WISH analysis of woundinduced genes. Shown are representative animals 4 or 12 hours following incision (scale =
100 μm; ** denote genes for which WISH analysis of incision was previously published).
(C) Analysis of onset and offset times in different wound-induced genes clusters and
injuries, as computed using the impulse model (ks-test). (D) Expression of representative
genes from the early (egr-l 1), late (runt-1), and sustained (inhibin-1) clusters (0-120 hpi) is
shown in time course data. Gene expression data points (black dots) are plotted with the
impulse fit function (gray line). Onset and offset times, blue and red dashed lines,
respectively. (E) WISH validation of onset and decay times for the genes shown in panel D.
Gene expression is shown for the three types of injuries tested (anterior, posterior, and
incision). Scale = 100 μm. See also Figure S4.
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Figure 6. Injury-specific regeneration occurs in a temporally defined order

(A) Summary panel: shown is a fit of the normalized median expression of neoblast
specialization-associated genes, injury-specific patterning factors, and terminally
differentiated tissue markers (blue, green and red, respectively). Matching colored vertical
lines mark the onset times of the corresponding group of genes. Gray box highlights the
wound-response phase. Other panels: bold lines represent impulse model fit of the genes
used for modeling the dynamics of the group; thin lines represent individual genes. Onset
time is marked by a vertical dashed line. (B) The genes used for panel A were plotted with
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the incision time-course data in which there was no missing tissue. Shown is a loess fit (bold
lines) and confidence interval of the z-scores for each class of genes (lightly colored area) as
the data could not be fit to the impulse model. Individual panels show a non-specific
response following wounding. (C) A similar analysis performed on anteriorly regenerating
G. dorotocephala revealed a similar order of events to amputation in S. mediterranea. (D)
Box plot showing the onset time of different groups of genes following amputation. Boxes
represent the interquartile range, thick lines are the median. Statistical significance was
tested by a ks-test. (E) Dendrogram illustrating the similarity of gene expression of woundinduced genes in samples from the anterior regeneration and the incision time courses. Each
node represents a sample (0-120 hpi; green and black nodes, incision and anterior samples,
respectively). Annotations on the tree represent the interpretation of samples in clade.
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Figure 7. Model for planarian wound-response and initiation of regeneration

(A) Planarians regenerate from almost any injury through a single transcriptional response.
(B) Transcriptional changes following the wound response are divided into three cellular
components. (C) A temporal model of planarian regeneration. Every injury triggers a
prototypical generic response (red box; red line). If regeneration is not required following
the injury, the response will decline. Otherwise, the expression of an injury-specific response
emerges (yellow box; yellow line). These responses involve patterning molecules and
neoblast-associated fate specialization genes. About three days following the injury,
expression of differentiated tissue markers appears in association with the emergence of the
newly regenerated structures (green box; green line).
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