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SUMMARY

Injury induces systemic responses, but their functions remain elusive. Mechanisms that can rapidly synchro-
nize wound responses through long distances are also mostly unknown. Using planarian flatworms capable
of whole-body regeneration, we report that injury induces extracellular signal-regulated kinase (Erk) activity
waves to travel at a speed 10-100 times faster than those in other multicellular tissues. This ultrafast propa-
gation requires longitudinal body-wall muscles, elongated cells forming dense parallel tracks running the
length of the organism. The morphological properties of muscles allow them to act as superhighways for
propagating and disseminating wound signals. Inhibiting Erk propagation prevents tissues distant to the
wound from responding and blocks regeneration, which can be rescued by a second injury to distal tissues
shortly after the first injury. Our findings provide a mechanism for long-range signal propagation in large,
complex tissues to coordinate responses across cell types and highlight the function of feedback between

spatially separated tissues during whole-body regeneration.

INTRODUCTION

It has long been noted that injury can induce responses in unin-
jured tissues far from wounds.'™ In many invertebrates, injury
triggers proliferation in cells both nearby and millimeters to cen-
timeters away,>°® suggesting that wound signals can spread
across long distances even though these organisms lack a circu-
latory system. In mouse, injury to muscles in one leg causes stem
cells in the contralateral leg to switch from quiescence to an alert
state, which may prepare tissues for future injuries.”® Similar ef-
fects have been observed after axolotl limb amputation, impli-
cating that long-range induction of wound responses may be a
broadly conserved phenomenon.®'® More recently, cardiac
injury in zebrafish was shown to induce coordinated gene
expression changes in distant organs including the brain and
kidney controlled by a single permissive enhancer, but attempts
to eliminate the distal (DS) responses did not alter the heart
regeneration outcome.’’ Thus, although systemic wound re-
sponses appear to be widespread, it remains unclear whether
they contribute to the current round of regeneration or simply
represent byproducts of injury-induced signaling cascades.

In order to participate in regeneration, DS wound responses
need to turn on shortly after injury within the right time window
as the regeneration proceeds. This timescale should be deter-
mined by the rate at which wound signals are communicated be-
tween injury and distant sites. However, besides circulatory fac-
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tors,®'>"® mechanisms that can rapidly transmit molecular

signals over millimeter-to-centimeter distances in nonvascular-
ized tissues are largely unknown.

Although wound signals may spread in the form of diffusive
cues,'*'® a long-standing puzzle is that diffusion is often too
short-ranged in densely packed tissues.'” It has been recently
shown that coupling diffusion with biochemical positive feed-
backs can induce trigger waves and help to overcome some lim-
itations of simple diffusion.’®>° However, due to slow intercel-
lular communication in multicellular tissues, the observed
propagation speeds of these waves, ~10-100 pm/h, %9 are still
incompatible with the fast, long-range communication required
by regeneration programs that need to rapidly progress in time.

To study the coordination and function of systemic wound re-
sponses, we investigate the planarian flatworm Schmidtea med-
iterranea, which has a remarkable ability to regenerate essen-
tially any missing body parts.?'*® They can regrow into normal
healthy organisms from minute tissue remnants on a timescale
of days. Injury induces broad transcriptional changes throughout
the animal.>* Accompanying these global molecular responses
is elevated stem cell proliferation,® followed by the re-establish-
ment of body polarity via position-control genes?® and the induc-
tion of transient regeneration-activated cell states in various tis-
sues.’® These wound responses and their downstream
processes are essential to drive the differentiation of new tissues
and initiate the remodeling of existing tissues.
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We sought to understand how this long-range coordination
arises and whether the wound responses in uninjured tissues
are required for regeneration. We found the wound signal to
propagate in the form of an extracellular signal-regulated ki-
nase (Erk) wave that travels at an unexpected speed
(~1 mm/h) 10-100 times faster than those reported in other
multicellular tissues.'®'® The ultrafast propagation of Erk activ-
ity requires the longitudinal body-wall muscles, which act as
superhighways for signal transduction and relay the wound
signal to other cell types instructing responses therein.
Combining experiments and a theoretical model, we proposed
that the morphological properties of muscle cells, i.e., close
packing of parallel elongated cell bodies, provide the cellular
basis needed for rapid long-range communication. Inhibiting
Erk activity propagation and thereby DS wound responses
blocked the planarian regeneration, which can be rescued by
inducing wound responses through a second amputation of
DS tissues within a narrow time window after the first injury.
These findings suggest that proximal (PR) responses alone
are insufficient to drive regeneration, and timely long-range
feedback between spatially separated tissues is essential for
whole-body regeneration.

RESULTS

Rapid spatial coordination of wound responses is
mediated by ultrafast Erk activity wave

To better characterize the spatial coordination of planarian
wound responses at the systems level, we performed RNA
sequencing (RNA-seq) on tails after amputating tail and head
regions respectively (Figure 1A). This experiment allowed us to
quantitatively compare responses PR and DS to wounds within
the same tissue. Although the PR responses were more
pronounced initially, we observed a strong correlation between
the PR and DS responses at 6 h post amputation (hpa)
(Figures 1B, 1C, and S1A), except for a focal set of genes specif-
ically induced at wounds (Figure 1C). Such global correlation was
maintained at 24 hpa even though the upregulated genes were
different, highlighting the highly dynamic transcriptional changes
during regeneration (Figures S1B and S1C). These results sug-
gest that although wound signal takes time to reach DS tissues,
upon arrival, it elicits responses that largely resemble those at
the injury site.

Planarian wound responses depend upon the activation of Erk
(Figures S1D and S1E),?”*?® via a highly conserved wound repair
pathway.”®*? This raises the possibility that Erk signaling is
responsible for coordinating planarian wound responses in
space and time. Indeed, in mouse skin'® and zebrafish scales, '’
Erk activity can be relayed between cells in the form of trigger
waves after injury (Figure S1F). Trigger waves are self-regenerat-
ing fronts of activity produced in signaling systems with positive
feedback, and they spread without losing speed or amplitude,
making them suitable for long-range signaling.>**® However,
the reported wave speeds (~10-100 um/h) are orders of magni-
tude too slow to explain the rapid activation of DS wound re-
sponses in the planarian. It would take days or even weeks for
the signal to travel across the planarian body, which is typically
5-20 mm long.

¢ CellP’ress

In addition, previous studies of Erk waves in multicellular sys-
tems have focused on tissues comprising uniform cell popula-
tions.'®2937:38 By contrast, planarian wound responses need
to be coordinated across various cell types that may have
different sensing mechanisms, activation kinetics, and compe-
tency in transmitting the signal. Indeed, using single-cell RNA-
seq (scRNA-seq) on tissues at 3 hpa in the presence or absence
of the Erk kinase (Mek) inhibitor U0126 (Figure S2), we found that,
along with cell type-specific responses (e.g., activation of mecm7
in neoblasts, mkpA in muscles and neurons), generic wound re-
sponses (e.g., activation of tnf-1, jun 1) were induced in most cell
types after injury (Figures 1D, 1E, and S3). These responses were
abolished after inhibiting Erk, suggesting that their induction is
Erk dependent.

These reservations notwithstanding, we examined whether
Erk signal propagates in a wave-like manner in planarian tissues
after injury. We quantified Erk activity (defined by the ratio
between phosphorylated Erk, pErk, and total Erk) in tissue
pieces evenly spaced ~1 mm apart using western blotting
(Figures 2A, S4A, and S4B). In line with the timing of the tran-
scriptional changes (Figures 1B and 1C), Erk activity peaked
around 0.5 hpa in tissues PR to wounds and propagated distally
with ~1 h delay in peak time between adjacent positions
(Figures 2A, 2B, and S4C). The linear relationship between
peak time and distance from wounds is consistent with wave
propagation. In addition, the signal did not dampen with distance
traveled (Figures 2A, 2B, and S4D). This can account for the high
correlation between PR and DS transcriptional wound responses
(Figure 1B).

From the time and distance relationship, we measured the
wave speed to be ~1 mm/h (Figure 2C), which is 1-2 orders of
magnitude faster than reported values in other multicellular tis-
sues'®?% but comparable to the speed of some intracellular
trigger waves in large cells.>**“° This speed was independent
of propagation direction—that is, Erk activity could spread either
from head to tail or from tail to head, depending on where the
wound was located (Figures 2D, S4E, and S4F)—and was
independent of animal size (Figures 2E, S4G, and S4H). These
findings suggest that wave speed is controlled by the intrinsic
properties of a bidirectional signaling system.

DS wound responses are essential for regeneration

One prediction of trigger wave models is that the speed of Erk
wave should be reduced by partially inhibiting the intracellular
Erk cascade.®**” Consistent with this prediction, Erk activation
in DS tissues was significantly delayed with increasing Mek in-
hibitor (U0126) concentrations and was eventually blocked
when the U0126 concentration exceeded a critical threshold
(~8 uM), whereas Erk activity was only slightly reduced at
wounds through a broad range of inhibitor concentrations
(Figures 3A and 3B). This allowed us to evaluate regeneration
phenotypes while tuning the rate of Erk activity propagation
and to separate the contributions of PR and DS wound re-
sponses during regeneration.

We found that blocking Erk propagation inhibited stem cell
mitosis only in DS tissues post amputation, but left proliferation
at wounds unaffected (Figures 3C and S4l). This result
establishes a direct link between Erk activation and stem cell
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Figure 1. Coordination of planarian wound responses across long distances and cell types

(A) Strategy to measure proximal and distal wound responses in the same tissue.

(B) Comparison of gene upregulation proximal and distal to wounds. Genes plotted have p value < 0.001 (two-sided Welch’s t test) and log,(fold change) > 0.5 in
either proximal or distal samples, measured from three biological replicates each containing five ~5 mm long animals.

(C) Heatmap showing example upregulated genes. Proximal responses (PR) include genes activated in proximal tissues (p value < 0.01, two-sided Welch’s t test,
three biological replicates each containing five ~5 mm long animals) but not activated in distal tissues (DS, p value > 0.05, two-sided Welch'’s t test). Global

responses include genes activated in both proximal and distal responses.

(D) Violin plots showing expression distribution of representative wound response genes, measured in animals treated by DMSO (DM, blue) or 25 uM U0126 (U0,
orange) to completely block Erk activation. Points: data of individual cells. Genes shown are downregulated in U0126 treated samples (p value < 0.01, two-sided

Mann-Whitney-Wilcoxon test) in cell types specified.

(E) Expression fold changes of Erk-dependent wound response genes in individual cell types. Genes shown are downregulated by U0126 treatment (p
value < 0.01, two-sided Mann-Whitney-Wilcoxon test) in specific cell types according to the scRNA-seq data. These genes are also upregulated at 6 hpa globally
measured by bulk RNA-seq (p value < 0.001, two-sided Welch’s t test, Figure S1D). In (D) and (E), control and U0126-treated groups contain cells dissociated

from thirty animals each, which were pooled to sequence in one batch.
See also Figures S1, S2, and S3 and Tables S2 and S3.

proliferation. The expression of position-control genes, including
notum, secreted frizzled related protein 1 (sFRP-1), and nou-dar-
ake/FGF receptor-like 3 (ndl-3),>® which reestablishes the body
plan during regeneration, was strongly perturbed in the absence
of Erk propagation (Figures 3D and S4J-S4L). Accordingly,
regeneration of anterior tissues such as opsin* photoreceptors
after decapitation was delayed with slower Erk propagation
and absent when Erk activation was blocked in DS tissues,
though the epidermis (NB.22.71E*) eventually closed over
wounds at a much later time (Figure 3D). To quantify the rate of
regeneration, we counted cintillo* chemosensory neurons re-
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generated at 7 days post amputation (dpa) and found that their
numbers decreased with reduced Erk propagation until dropping
to zero in animals treated with U0126 above the critical concen-
tration (Figure 3E).

We noticed that Erk activity propagation was most critical to
regeneration when wound responses needed to be activated
across long distances. When we sliced planarians such that
the majority of the remaining tissues had been exposed to injury,
regeneration was less sensitive to U0126 treatment, as the PR
wound responses were mostly unaffected around the critical in-
hibitor concentration (Figure 4A).
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Figure 2. Ultrafast propagation of Erk activity after injury

(A) (Left) Schematic showing the strategy to measure spatiotemporal propagation of Erk activity in planarian tissues. At specified time points after amputation,
animals were fixed and cut into four pieces (P1-4 from proximal to distal) along anterior-posterior (A-P) axis. (Right) Representative western blot images of pErk,
total Erk, and actin (loading control) on tissues at different positions (P1-4) throughout the first 4 hpa from three replicates of ten tissue fragments at each A-P

position. Dashed boxes: maximum Erk activity at each position.

(B) Quantification of Erk activity from western blotting, using the ratio between pErk and total Erk intensities. Dashed lines: least squares polynomial fit. R%:
coefficients of determination. *p < 0.05; **p < 0.01; NS, no significant difference; one-sided Welch'’s t test using the hypothesis that the peak activity is higher than

those at compared time points.

(C-E) Erk activity peak times vs. proximal-to-distal position. Insets: planarians of the asexual biotype of ~5 mm in length are amputated anteriorly (C) and
posteriorly (D), and the animals of the sexual biotype of ~1 cm in length are amputated posteriorly (E). Each data point represents a biological replicate using
tissue fragments from ten animals. Dashed line: linear fit. *p < 0.05; **p < 0.01; ***p < 0.001, two-sided Welch’s t test. Error bars: standard derivation (SD).

See also Figure S4.

Motivated by this surprising result and given that DS and PR
wound responses are largely correlated, we reasoned that
inducing responses in DS tissues through the second injury
may compensate for the lack of long-range coordination of
wound responses. Whereas the delay time between PR and
DS responses under natural conditions should be defined by
the speed of wound signals propagation, using two amputations
separated in time (Figure 4B), we can tune the delay between the
first and second injury to investigate the effects of temporal co-
ordination of wound responses.

To test this hypothesis, we decapitated the planarians treated
with U0126 at 8 uM, which eliminated the DS wound responses,
waited for various amounts of time, and then amputated in tail.
Strikingly, the second amputation within a few hours after the first
amputation was sufficient to rescue the regeneration in a large

fraction of animals, whereas the planarians amputated a day after
failed to regenerate either head or tail (Figures 4B and 4C). The
regeneration was stalled at an early stage before the reset of
body polarity, manifested by the lack of notum expression and
blastema formation. Surprisingly, not only did the first amputation
in the heads require the second injury in the tails to regenerate,
but tail regeneration from the second amputation also relied on
the first injury, which must have occurred not too long before.
Altogether, our findings demonstrate that wound responses in
tissues distant to wounds rely on the propagation of Erk activ-
ity —delayed or missing DS Erk activation can cause regeneration
deficiencies, implying that DS tissues may provide feedback to
cells at wounds to license regeneration. This feedback needs to
occur early on during regeneration, stressing the necessity of ul-
trafast propagation of Erk activity.
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Figure 3. Erk activity propagation is essential to planarian regeneration

(A) Dependence of Erk activity, in tissues proximal (P1, left) and distal (P3, right) to wounds, on U0126 concentration. Asterisks: peak activities in distal responses.
Each data point represents three biological replicates containing tissue fragments collected from ten animals.

(B) Fitted Erk activity wave speed vs. U0126 concentration. Each data point represents a biological replicate using ten animals to measure peak time vs. distance
from wounds.

(C) (Left) Anti-H3P (phospho-histone H3) labels mitotic cells at 6 hpa in animals treated with DMSO or 8 uM U0126. (Right) Number of H3P* cells per area in
proximal (PR) and distal (DS) regions (boxes in images).

(D) FISH using two sets of pooled probes, red targeting opsin (photoreceptor, arrows) and cintillo (chemosensory neuron, insets), green targeting NB.22.1E
(epidermis), and notum (anterior pole, asterisks), showing that regeneration of anterior tissues is delayed by increasing concentrations of U0126 and eventually
blocked when the U0126 concentration exceeds 8 uM.

(E) Quantification of regeneration progress using the number of regenerated cintillo* neurons at 7 dpa (eight animals per condition, pooled from two independent
experiments) and fraction of regenerated animals (three replicates each containing twenty animals) vs. U0126 concentration. In schematics, dashed lines:
amputation planes; box: imaging area.

In (C) and (E), **p < 0.001; NS, no significant difference, two-sided Welch’s t test; error bars: standard derivation (SD) in (A) and (B), 95% confidence interval (Cl) in
(C) and (E); n: number of samples consistent with the image out of the total number of samples analyzed, pooled from two independent experiments. Scale bars:
500 um in (C) and 100 um in (D).

See also Figure S4 and Table S2.

3610 Cell 786, 3606-3618, August 17, 2023



A B
4] @
Q| Q.
© ©
™ ™

o ]

(D) 2]

Eg Eg

D'c D-o
|- RN

N N

N N
g|E =
Q| (DQ

© . .

SN = S| =

- S - s

o = o =

= IS - 2

=g =g

3 5 RS

0 o 0 o

N N

¢ CellP’ress

C
1{ e = 2 = = =
0.51 DMSO
S
0
g 1 NS * kkk  kkk  kkk
< O —
S
= &
0.5 1 1 8 uM U0126
$ T =

Oh 4h 8h 1d 2d NA
Time delay between amputations

Figure 4. Distal wound responses are essential for planarian regeneration

(A) FISH using pooled probes targeting notum (asterisks) and NB.22.71E and bright-field images on animals after single amputation (left) or double amputation
(right) at 3 and 20 dpa. Animals are treated with either DMSO (top) or 8 uM U0126 (bottom). Anterior regeneration is fully blocked by 8 uM U0126 treatment after
single amputation but partially rescued after double amputation. Dashed lines: amputation planes.

(B) FISH images showing notum and NB.22.1E expression at 3 days after the first amputation and bright-field images of animals at 20 days after the first
amputation with second amputation applied at different time points after first amputation. Animals are treated with DMSO (top) or 8 uM U0126 (bottom). Numbers
in yellow represent the number of animals with anterior pole regenerated at 3 dpa out of all animal analyzed, pooled from two independent experiments. Scale
bars in (A) and (B): 100 um in fluorescence images and 1 mm in bright-field images.

(C) Fraction of regenerated animals from three replicates each containing thirty animals treated by DMSO (top, blue) or 8 uM U0126 (bottom, orange) vs. time
delays between the first and second amputations. NA: no second amputation. *p < 0.05; **p < 0.001; NS, no significant difference, two-sided Welch'’s t test
comparing against the fraction of regenerated animals in the 0 h delay group; error bars: standard derivation (SD).

Longitudinal body-wall muscles are required for Erk
activity propagation and activation of DS wound
responses

The observations above raise the question of how Erk activation
can propagate so quickly. Studies over decades have shown that
in animal cells with typical dimensions—a few pL in volume, with
sizes of ~10 um—stimulation of receptor tyrosine kinases (RTKs)
or other upstream Erk regulators results in Erk activation within
~5-10 min in various systems.*'*? This activation induces the
release of activators into the extracellular space to propagate sig-
nals between cells (Figure S1F).**** The effective extracellular
diffusion coefficient of Erk activator can be estimated on the or-
der of 0.1 pm?/s (see STAR Methods).'® "%’ This slow diffusion
aligns with the fact that Erk activators can bind to the abundant
extracellular co-receptors like proteoglycan chains*>*® but limits
the speed of Erk activity wave to be at least one order of magni-
tude slower than what we observed here. By contrast, multiple
mechanisms have been reported to rapidly spread the activation
signal intracellularly (see STAR Methods).*”~*° Therefore, we hy-
pothesized that long cell bodies can act as superhighways by
minimizing the intercellular components during the relay of Erk
signal and might significantly speed up wave propagation (see
Figure S5A and STAR Methods for our working model).

This hypothesis can be further formalized using a wave model
with cells packed in a one-dimensional space (Figure S5B; STAR
Methods), inspired by the classic analysis of the Fisher wave.*”
The key assumption here is that a cell is activated once the acti-
vator concentration in a local region of the cell body near its up-
stream neighbor exceeds a threshold. The rapid intracellular

signal propagation then allows the cell to release activator on
the other end of its cell body and relay the signal to its down-
stream neighbor (Figure S5B). This is plausible as previous
studies showed that a 0.8 um sized bead with immobilized
epidermal growth factor (EGF) was sufficient to stimulate a cell
with EGF receptors on all parts of the cell rapidly activated within
105s.*” Our analytical analysis estimated the wave speed to scale
with (L /d)v/aD, which should increase linearly with the cell body
length L, normalized by the size of signal sensing region d, and
depend on the mean field effective activator release rate, a,
and the extracellular diffusion coefficient, D, of the activator.
This analysis suggested that cell types with long cell bodies
could provide preferred routes for signal propagation in hetero-
geneous tissues containing cells of a broad range of sizes.

Although most planarian cells are small (~5-10 um in diam-
eter), the body-wall muscles are mononucleate cells over
100 um long and assemble into a dense, continuous network
covering the whole animal body, with sub-micron spacing be-
tween muscle fibers®>°"? (Figure 5A). Given that the Erk wave
speed is measured to be ~ 1 mm/h in planarian, if propagating
cells are of ~100 um in length, the total time to travel across a
long cell should be less than 6 min, matching roughly what is
needed for propagating Erk activation signal intracellularly (Fig-
ure S5A; STAR Methods).

Indeed, we found that Erk was phosphorylated in most muscle
cells after injury (Figures 5A, S5C, and S5D). Ablation of the lon-
gitudinal muscles through RNAi-mediated silencing of myoD
(Figures S5E and S5F), a muscle-specific transcription factor
required for longitudinal muscle specification in the planarian,®
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led to a marked reduction of Erk activation at wounds, which is
consistent with the idea that longitudinal muscles are early re-
sponders to injury. myoD knockdown also fully blocked injury-
induced Erk activation in DS tissues, lending support to our hy-
pothesis (Figures 5B and S5G). Concordantly, >80% of the
global wound response genes lost the ability to respond to injury
in DS tissues after myoD RNAI, though they maintained their re-
sponses at PR sites (Figures 5C, 5D, and S5H). As the myoD-
dependent wound response genes had significant overlap with
Erk-dependent genes (Figure 5E), our results suggest that
myoD RNAI affects wound responses mainly through Erk
signaling.

Within the overlap between Erk and myoD-dependent wound
response genes, many of them were activated only in cell types
other than muscles, including mcm?7 in neoblasts, duf-1 in
epidermis, and dd_7553 in intestine, as revealed by the
scRNA-seq analysis (Figures 5C and S1D). Using double fluores-
cence in situ hybridization (FISH), we validated that the activation
of these genes in non-muscle cells within DS tissues was
blocked after myoD RNAi (Figures 5F and S5H). These observa-
tions highlight the non-autonomous role of muscle cells, which
may function as “pioneers” in transmitting the wound signal
and disseminating it to other cell types. At the functional level,
stem cell mitotic response in DS tissues was significantly
reduced after myoD knockdown, whereas proliferation at the
wound site was unchanged (Figure 5G), indicating that stem
cell activation requires instructions from the muscle cells.
Although the planarian longitudinal muscles are already known
to provide polarity cues for body plan reset during regenera-
tion,>°" our data reveal another essential, more upstream func-
tion of the planarian muscles in facilitating the propagation of Erk
waves and thereby coordinating wound responses across space
and cell types.

A diffusive signaling relay model identifies key cell
morphological properties required to accelerate signal
propagation

We used a signaling relay model (Figures S6A-S6C)°* to investi-
gate morphological properties that may grant muscle cells spe-
cial capacities in propagating Erk activity. Consistent with our
intuition and analytical estimation (see STAR Methods), the nu-
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merical simulation showed that when intracellular propagation
is much faster than extracellular propagation, wave speed in-
creases with propagating cell size (Figure S6D). We then
extended the model to consider heterogeneous tissues contain-
ing both long cells, the major cell type propagating the signal,
and small round cells. We systematically tuned the length, vol-
ume density, and orientation of long cells, as well as the fraction
of small cells that also can participate in the signal relay, to deter-
mine their effects on the speed of Erk activity waves (Figure S6E).

Through simulation, we found that the wave speed multiplied
with increasing length of the long cells even in heterogeneous tis-
sues (Figures 6A and S6E). This trend was robust to changes of
other model parameters such as long cell density and molecular
kinetics of Erk signaling (Figures S6F-S6H). Indeed, the wave
speed v ~ Lv/aD, consistent with the prediction made by our
analytical model omitting small non-propagating cells (see
STAR Methods).

We further found that the wave speed was independent of long
cell volume density in the low-density regime, but above the crit-
ical density (~0.2) where the long cells begin to form large
continuous clusters (Figures S6l and S6J), the wave speed
increased quickly with long cell density (Figure 6B). This transi-
tion implies that signal transmission via continuous paths formed
by long cells connecting to each other and clustering in space is
the major mode of wave propagation. In addition, the more cells
that aligned with the direction of signal propagation, the faster
the wave propagation was (Figures 6C and S6K). By contrast,
the wave speed was only weakly dependent on the fraction of
small cells that can also participate in the signal relay when the
long cell density is low, and this dependence diminished with
increasing long cell density (Figures 6D and S6L).

Whereas previous modeling efforts mostly focus on the effects
of varying kinetics that control activation within individual cells
and communication between adjacent cells,®”****>>* our model
reveals the contribution of large-scale structures formed by clus-
ters of cells that collectively enhance the rate of signal propaga-
tion. Conceptually, our model conveys three important mes-
sages. First, to function as signaling superhighways, the
propagating cells not only need to be long but also should
form dense parallel tracks, which are exactly the obvious attri-
butes of the planarian longitudinal body-wall muscles.?® Second,

(B) Erk activity, measured by western blotting, vs. time post amputation in proximal (left) and distal (right) tissues from control RNAI (orange) and myoD RNAi (blue)
animals. Each data point represents three biological replicates containing tissue fragments collected from ten animals.

(C) Heatmap showing the expression of example global response genes in proximal (PR) and distal (DS) tissues of control RNAi (left) and myoD RNAi (right)
animals, measured from three biological replicates of five ~5 mm long animals. Upregulation of these genes after injury requires Erk activation (Figure S1D). Erk-
dependence in muscle cells was determined using the scRNA-seq data.

(D) Fold change of wound response genes at 6 hpa (p value < 0.001, two-sided Welch’s t test, compared with 0 hpa, three biological replicates each containing
five ~5 mm long animals) in distal tissues of control RNAi and myoD RNAi animals. n.g., number of genes.

(E) Overlap of Erk-dependent (magenta) and myoD-dependent (blue) wound response genes in distal tissues. Numbers are percentage of genes within each
sector.

(F) Double FISH showing wound response gene expression (magenta) in cells expressing cell-type-specific markers (green), i.e., piwi-1, neoblasts; zpuf-6, late
epidermal progenitors; and porcupine, intestine, in distal regions (box in schematic) at 6 hpa, which is ablated by myoD RNA..

(G) (Left) Representative images of anti-H3P staining showing that cell proliferation is reduced only in distal tissues after myoD RNAI. (Right) Number of H3P* cells
counted in proximal (PR) and distal (DS) regions. Animals are pooled from two independent experiments. ***p < 0.001; NS: no significant difference, two-sided
Welch’s t test.

Error bars: standard derivation (SD) in (B), 95% confidence interval in (G); nin (F) and (G): number of samples consistent with the image out of the total number of
samples analyzed. Scale bars: 20 pm in (A) and (F) and 500 pm in (G).

See also Figure S5 and Table S2.
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Figure 6. A diffusive relay model identifies cell morphological properties influencing signal propagation in heterogeneous tissues
(A) The speed of signal propagation increases with the length of relay cells.
(B) Signal propagation speed increases with long cell volume density.

(C) Signal propagation speed increases with the orientation factor of long cells, which is defined by the fraction of long cells extending along the wave direction
whereas other long cells are perpendicular.
(D) Signal propagation speed is weakly dependent on the fraction of small cells that can relay the signal. Except for simulations in (C), long cells are assumed to be
aligned with the wave propagation direction. In (A)—(C), small cells can only receive signal. In (C) and (D), long cells are 50 pm in length. In schematics, yellow: relay
cells, blue: receiving cells. Error bars: standard derivation (SD) calculated from five simulations with long cells randomly positioned in the two-dimensional

(2D) space.

(E) Model of the muscle cell function in propagating wound signals through Erk wave.

See also Figures S5 and S6.

in the presence of long cells, smaller cells may contribute mini-
mally to signal propagation and get activated by signals from
long cells. Strictly speaking, these small cells are activated in a

“phase wave,”**

which is distinct from but driven by the trigger

wave traveling through the long cells. This mixed mode of prop-
agation may be a signature of signaling in heterogeneous tis-
sues. Finally, as our model has no architecture specific to the
planarian tissues, its major conclusions may be generalizable
to other complex and heterogeneous multicellular systems to
predict the effects of cell morphology in determining signal prop-

agation dynamics.

DISCUSSION

In this study, we revealed a mechanism for wound signals to tra-
verse distances of several millimeters within just hours. We pro-
posed the notion of pioneer cells—cells that lead in signal trans-
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duction (at least over long distances) and then relay the signal to
other cell types. We argued that these pioneer cells need to have
special morphological properties to act as superhighways for rapid
signal propagation in heterogeneous tissues. In planarians, the
longitudinal body-wall muscles play this role and are required to
propagate the wound signal in the form of Erk waves and to acti-
vate responses in tissues distant to wounds (Figure 6E). To draw
an analogy, these muscle cells function much like a circulatory
system for disseminating wound signals across long distances’*%;
however, no fluid flow is involved, instead, the biochemical signals
propagate as a trigger wave through a diffusion-reaction-based
mechanism.**°® The wave speed is unexpectedly fast for a multi-
cellular system and roughly matches some intracellular waves
in large cells.***° In a way, the planarians respond to injury so
rapidly as if they are gigantic unicellular organisms, though the
signal propagation involves both intracellular and extracellular

components.
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during regeneration

(Top) Model I: wound signal (blue) travels from proximal to distal. Then the
distal tissue produces a secondary, activating signal (red) to the tissue at
wounds to license regeneration. Yellow color indicates a pro-regeneration
state. (Bottom) Model II: uninjured tissues produce inhibitory signals to block
over-growth during homeostasis (blue and red). Inhibition is released when the
wound signal travel through the body and the tissue enters a pro-regeneration
state (yellow). When Erk activity propagation is inhibited, the distal tissue re-
mains in an inhibitory state (red) causing regeneration to stall. A second
amputation removes the inhibitory signal allowing the remaining tissue to enter
the pro-regeneration state. Our data favors model II.

By perturbing Erk activity propagation, we provided strong ev-
idence suggesting that DS wound responses are necessary for
the current round of regeneration. Regeneration stalls without
DS wound responses before the re-specification of anterior
poles, an early event during regeneration.®” In animals with Erk
signal propagation blocked, amputating the DS tissues within
the first few hours after the first injury is sufficient to rescue the
regeneration deficiencies. Collectively, these observations reveal
that the PR and DS wound responses should have distinct func-
tions and must interact with each other to enable regeneration.

At PR sites, the injury-induced upregulation of a few previ-
ously characterized key regulators of the planarian regenera-
tion, including follistatin (fst),°°°® notum,®® and runt-1,>* is
indeed Erk dependent.”® Intriguingly, the injury-induced
expression of fst and notum has been noted to be mostly in
myoD* muscles facing wounds,?® implicating a direct regulation
of fst and notum transcription through the Erk pathway as a
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part of the PR wound responses. However, the function of
DS wound responses may be independent of these known reg-
ulators, as their activation in DS tissues is not observed in our
data. Although we showed that neoblast proliferation in DS tis-
sues requires Erk activation, it is unlikely that regeneration re-
lies on these cells as the source of new tissues. Removing
the DS tissues, and the neoblasts therein, does not inhibit
regeneration. Consistently, neoblast proliferation is sustained
at wounds for up to a week during the planarian regeneration
but is only transiently elevated in DS tissues.® The planarian
regeneration also involves apoptosis®® and remodeling of pre-
existing tissues,”® but these processes occur only at much later
time points, i.e., a few days after injury.

We propose a model in which the DS wound responses act
through providing feedback to the PR responses at wounds (Fig-
ure 7). It is possible that the planarian regeneration requires a
secondary, activating signal provided by the DS tissues. Alterna-
tively, uninjured tissues may produce inhibitory signals to block
over-growth during homeostasis, but this inhibition is released
when the wound signal arrives at DS tissues. This process trig-
gers cells to switch from the homeostatic state to a pro-regener-
ation state and licenses the growth of new tissues. Our data favor
the second scenario. The existence of activating signals in DS
wound responses would imply that we have to supplement the
specific cues to rescue the regeneration deficiencies caused
by missing DS responses. This is not what we observed. Instead,
amputating the DS tissues, which induces the PR wound re-
sponses, is sufficient to rescue the regeneration. Identifying
the molecular basis of this feedback will be an important avenue
of future research.

Limitations of the study

The lack of advanced transgenic and live imaging tools in planar-
ians limits our ability to resolve the spatiotemporal dynamics of
Erk activation. Although our western blotting protocol is quanti-
tative and highly specific, it is tedious, requires large amounts
of tissue as input, and only provides information at specific
time snapshots. In these experiments, we used tissue fragments
of ~1 mm in length, each should already take ~1 h for the Erk
wave to travel through, even assuming an infinitely narrow
wave front. This limitation in the spatial resolution led to the
broadening of the measured Erk activity peaks in time. As
planarian transgenic tools develop,®® we expect that live imaging
using genetically encoded Erk activity reporters should help to
visualize the propagation of Erk waves with higher resolution
and enable the precise measurement of kinetic parameters of
the signaling pathway. This will allow us to validate the model
predictions quantitatively. Finally, in addition to longitudinal mus-
cles, planarian muscle cells also organize into a layer of circular
fibers running along the medial-lateral (M-L) axis® and dorsal-
ventral (D-V) fibers.®' These muscle populations are specified
through distinct pathways and play different functional roles in
regeneration. As planarian bodies are narrow and flat, wound
signal does not need to propagate through long distances along
M-L or D-V axes. Whether Erk signals travel preferentially along
longitudinal muscles and how these muscle populations
respond to injury to adapt to the different functional needs
remain to be determined.
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Preparation Kit
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Deposited data
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Experimental models: organisms/strains
Asexual S. mediterranea (strain CIW4) Newmark and N/A

Sanchez Alvarado®”
Sexual S2F8b planarian strain Guo et al.®® N/A
Oligonucleotides
Forward and reverse primers for riboprobe This paper, Table S1 N/A
and dsRNA synthesis
Vector pJC53.2 Collins et al.* Addgene 26536

Software and algorithms

Bowtie2 Langmead and Salzberg® https://bowtie-bio.sourceforge.net

DESeq?2 Love et al.®® https://bioconductor.org/

UMI-Tools Smith et al.®” https://github.com/CGATOxford/UMI-tools

Cutadapt Martin et al.®® https://cutadapt.readthedocs.io

BBKNN Polariski et al.®® https://github.com/Teichlab/bbknn

SAM Tarashansky et al.”® https://github.com/atarashansky/
self-assembling-manifold

Fiji N/A http://fiji.sc/

Python 3 N/A http://www.python.org

RESOURCE AVAILABILITY

Lead contact

Further information and requests for all resources and reagents in this study should be directed to and will be fulfilled by the lead
contact, Bo Wang (wangbo@stanford.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® Raw and processed bulk and single-cell RNAseq datasets generated for this study are available from NCBI BioProject with
accession numbers PRINA894230 (bulk RNAseq) and PRJNA894242 (single-cell RNAseq). Contig numbers for all mentioned
genes are listed in Table S2.

® The diffusive signaling relay model is implemented in Python (version 3.7.12) and the code is available at https://github.com/
fyh1221/Erk_wave_2022.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Asexual S. mediterranea (CIW4) were maintained in the dark at 20 °C in 0.5 g/L Instant Ocean Sea Salts supplemented with 0.1 g/L
sodium bicarbonate. Sexual planarians were maintained in 0.75x Montjuic salts. They were fed calf liver paste once or twice a week
and starved for 7 days before all experiments. Asexual animals of ~5 mm in length or sexuals of ~1 cm in length were used for west-
ern blotting experiments.

METHOD DETAILS

Bulk RNAseq and data analysis
We performed RNAseq on animals amputated at 1, 6 and 24 hpa. These time points were chosen based on previous studies showing
that, at 1 hpa, wound responses should be already activated, at least in proximal tissues®*; by 6 hpa, injury induced stem cell pro-
liferation should occur in distal tissues®; and starting at 24 hpa, expression of position-control genes should be reestablished.?®

In this experiment, tissue pieces were immediately frozen in Trizol at specific time points. Total RNA was then extracted from five
pooled planarian fragments for each sample. Three biological replicates for each condition were processed in parallel. Libraries were
prepared using the Universal Plus mRNA-seq Library Preparation Kit (TECAN), and sequenced on an lllumina NextSeq platform.
Reads were mapped to the dd_Smed_v6 transcriptome (http://planmine.mpi-cbg.de)”" using bowtie2 with —sensitive flag.®® The
raw read counts from different isoforms of the same gene were lumped for downstream analysis. Pairwise differential expression
analysis was performed using DESeq2.%® Heatmaps were generated using seaborn library with default parameters by calculating
z-scores of normalized read counts generated by DESeq2.

Single-cell RNAseq and data analysis

Planarians were treated with either 0.25% DMSO or 25 uM U0126 in Instant Ocean for 24 h to fully block Erk activation (Figure S4A).®
To enrich for wound-responding cells, animals were cut into three pieces 3 h before dissociation. To dissociate animals, planarians
were finely minced with a razor blade. The minced tissues were then suspended in 3 mL of CMF (Ca/Mg-Free media: NaH,PO,
480 mg/L, NaCl 960 mg/L, KCI 1.44 g/L, NaHCO3; 960 mg/L, HEPES 3.57 g/L, D-glucose 0.24 g/L, BSA 1 g/L, pH 7.4 in MillQ
H>0) supplemented with equal volumes of DMSO or 25 uM U0126 in DMSO for the control and Erk-inhibited groups respectively,
and rocked for a total of 10 min, with gentle pipetting every 3 min. The cell suspension was serially filtered through 100, 70, 40,
30-um mesh strainers to remove undissociated tissue chunks and cell aggregates. The filtered cell suspensions were centrifuged
at 400 g for 5 min, and resuspended in 2 mL of CMF supplemented with DMSO or U0126. The cells were then incubated in Hoechst
(10 pg/mL) for 30 min in the dark and propidium iodide (2 ug/mL) afterwards. Cells were sorted on a SONY SH800S based on live-
dead gating into CMF containing 1% BSA.

Sorted cells were spun down at 500 g for 5 min and resuspended in CMF with 1% BSA to a final density of ~1,000 cells per pL. Cells
were then processed using 10x Genomics Chromium Controller and Chromium single cell v3.1 library/Gel Bead Kit. Amplified cDNA
libraries were quantified using a bioanalyzer, and sequenced using lllumina Novaseq S4, generating in mean coverage of ~ 34,000
and ~31,000 read pairs per cell for the DMSO and U0126 treated cells, respectively. Sequenced reads were tagged with cell and
molecular specific barcodes using UMI-tools,®’” trimmed of primer and polyA sequences using cutadapt,®® and aligned to
dd_Smed_v6"" using bowtie2 —sensitive parameter.©®

Downstream preprocessing and analysis were performed using UMI counts, for which we lumped raw counts from different iso-
forms of the same gene. Cells with fewer than 600 genes detected were filtered out, resulting in a final count of 13,276 and 14,793
cells for DMSO and U0126 treated samples. For each cell, we detected 2,252 genes and 6,483 UMI on average for the DMSO-treated
sample and 2,275 genes and 6,043 UMI for the U0126-treated sample.

We normalized raw counts for sequencing coverage such that each cell has a total count equal to that of the median library size for
all cells. The resulting counts were then added with a pseudo count of 1 and log-2 transformed. Integration of the control and Erk-
inhibitor treated samples were performed using ridge regression on both technical effect and biological condition via BBKNN.®® 2D
embedding was performed using the SAM algorithm’® with default parameters. Cells were annotated using cell-type specific
markers from previously published RNAseq cell type atlas (Figure S2).”? All annotations are provided in Table S3. p-values on
gene expression differences in cells treated with DMSO and U1026 were performed on each cell type separately via Mann-
Whitney-Wilcoxon test in sciPy library with default parameters.

Western blotting

At specified time points after amputation, animals were incubated in zinc fixative (100 nM ZnCl, in ethanol) for 45 min at 4 °C, then
cut into four pieces along anterior-posterior axis, each measuring ~1 mm in length, on cool packs (Figure S4B). The most anterior
tissue piece (P1) around the wound and the distal tissue piece (P3) between the pharynx and tail were used in U0126-treatment
and myoD RNAI experiments because they exhibited largest dynamic ranges of Erk activity post amputation (Figure 2B). From the
same proximal-distal position, ten tissue pieces were pooled per experiment and lysed by mechanical pestle homogenization in
urea lysis buffer (6 M urea, 2% SDS, 130 mM DTT, 3.5 U/ml Benzonase, 1 X protease inhibitor cocktail, 1x phosphatase inhibitor)
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per experiment as described before.”® Protein concentrations were determined by a Nanodrop spectrophotometer based on
absorbance at 280 nm.

Western blotting was performed following an established protocol.’” Briefly, samples were run in NUPAGE 4 to 12% Bis-Tris gels in
NuPAGE MOPS running buffer, transferred onto nitrocellulose membranes in NUPAGE transfer buffer, blocked in Western blocking
buffer for 1 h at room temperature and then incubated with primary antibodies overnight at 4 °C. Membranes were washed three
times with washing buffer (PBS with 0.1% Tween 20) and then incubated with secondary antibodies for 1 h at room temperature.
Membranes were washed again for three times with washing buffer, followed by washes with PBS, then dried and imaged on a
LI-COR Odyssey imager.

Anti-pErk (1:1000), anti-Erk (1:250), and anti-actin (1:7500) were used as primary antibodies. The specificity of these Erk antibodies
was validated by U0126 treatment and erk RNAI (Figure S4A). Goat anti-mouse IgG2a (1:10000), Goat anti-rabbit IgG (1:20000), and
Goat anti-mouse IgM (1:10000) were used as secondary antibodies.

|.73

Cloning, in situ hybridization and immunostaining

Gene fragments were amplified from cDNA using oligonucleotide primers listed in Table S1 and cloned into the vector pJC53.2
(Addgene Plasmid ID: 26536).°* RNA probes containing either Digoxigenin-11-UTP or Dinitrophenyl-11-UTP were synthesized using
in vitro transcription. The products were treated with RNase-free DNase for 20 min at 37 °C, and precipitated in 400 mM ammonium
acetate with 88% ethanol.

Whole-mount and fluorescence in situ hybridization (WISH and FISH) followed the established protocols.”* Briefly, planarians were
killed in 5% N-Acetyl-L-cysteine in PBS for 10 min, fixed in 4% formaldehyde with 1% NP-40 in PBS for 2 h, dehydrated in methanol,
and stored at -20 °C for up to 1 month. Samples were rehydrated in PBST (0.3% Triton X-100 in PBS), bleached in bleaching solution
(1.2% hydrogen peroxide, 5% formamide, and 0.5x SSC) under bright light for 2 h, permeabilized with 10 pg/mL proteinase K for
10 min, and post fixed with 4% formaldehyde for 10 min. The hybridization was performed with RNA probes overnight at 56 °C.
The detection was through either alkaline phosphatase-catalyzed NBT/BCIP reaction (for WISH) or peroxidase-based tyramide
signal amplification (for FISH).”*

For immunostaining, planarians were killed, fixed, dehydrated, rehydrated, and bleached as described above. Subsequently, an-
imals were blocked in 2% BSA in PBST for 2 h at room temperature and incubated with primary antibodies overnight at 4 °C. Animals
were then washed 6 times with PBST, blocked again, and incubated with Peroxidase goat anti-mouse IgG+IgM antibody (1:1000) or
Peroxidase goat anti-rabbit IgG (H+L) (1:1000) overnight at 4 °C. The signal was detected through peroxidase-based tyramide signal
amplification.

Anti-phospho-Histone H3 (1:300) was used for H3P staining. Antibody 2G3-3D7 (1:200) was used for planarian muscle fiber stain-
ing. For single muscle cell FISH/immunostaining, animals were amputated to induce Erk activation and then dissociated at 3 hpa in
CMF supplemented with a 1:10 dilution of Liberase TH into single cells®' and processed as described above.

RNAIi and drug treatment
dsRNA was prepared from in vitro transcription reactions using PCR-generated templates with flanking T7 promoters, followed by
ethanol precipitation, and annealed after resuspension.®* dsRNA was mixed with liver paste at a concentration of 100 ng/ul and fed to
animals every 4 d for 10 times. The RNAi animals were starved for 7 d before experiments. In all RNAi experiments, dsRNA matching
the ccdB and camR-containing insert of pJC53.2° was used as the negative control.

The irreversible Mek inhibitor, U0126, was first dissolved in DMSO to 10 mM and diluted in Instant Ocean to desired final concen-
trations. Animals were treated for 4 h before amputations, and Instant Ocean containing U0126 was refreshed daily throughout
regeneration.

Experimental design

The single-cell sequencing data presented in the study was collected by pooling 30 animals into a single batch. All other experiments
were repeated at least in three independent experiments using different samples to confirm results. This information is extensively
described in figure legends. Animals were randomly selected from a large collection of clonal animals for all experiments. When eval-
uating phenotypes induced by drug or RNAi treatments, researchers were blind to sample allocation during experiments. No statis-
tical method was used to predetermine sample size. No data was excluded from all analysis in this work.

Working model and alternative hypotheses

Our biological working model (Figure S5A) is as follows: First, a stimulus, such as a RTK ligand, is released from an upstream cell and
binds to receptors at the proximal end of a muscle cell. We reasoned that a cell only needs to sense the signal in a small domain to
activate the intracellular cascade. Indeed, Bastiaens and co-workers showed that a 0.8 um sized bead with immobilized EGF was
sufficient to stimulate a cell with EGF receptors on all parts of the cell rapidly activated within 10 s.*” This suggests that the activation
domain can be as small as 1 um, and the time for two cells to communicate can be estimated by the time needed for ligands to diffuse
across 1 um. Assuming a slow extracellular diffusion coefficient, 0.1 umz/s,w9 this implies that the time needed for the signal to diffuse
from one cell to the next should be on the order of ~10 s or longer.
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Next, we suppose that one of two mechanisms rapidly spreads the activation of membrane-associated signaling molecules to the
rest of the muscle cell. The Bastiaens group has presented evidence that there is double-negative feedback between the EGF re-
ceptor and a phosphotyrosine phosphatase, resulting in a trigger wave of EGF receptor activation spreading in the plane of the
membrane.*”*® In addition, Roose, Weiss, Chakraborty and co-workers have shown that active Ras can allosterically activate its up-
stream activator Sos, resulting in positive feedback and bistability in Ras activation in some cells.*° This could lead to trigger waves of
Ras activation. Either or both of these mechanisms could result in the rapid propagation of Ras activity down the full length of the
muscle cell.

Then, the activation of membrane-bound Ras brings about the activation of the Raf-Mek-Erk cascade proteins in the cytoplasm.
Studies over decades have shown that in animal cells with typical dimensions— cells a few pL in volume, with length scales of
~10 pm— stimulation of RTKs or other upstream Erk regulators results in Erk activation within ~5-10 min in various systems. This
is most convincingly demonstrated in live cell imaging studies with fluorescent Erk reporters.*'**> But even in the earliest studies
of Erk activation, when 2D gels and western blots were the available tools, it was clear that Erk activation needs this amount of
time. On the length scale of a typical cell (~10 pum), the transport time is negligible, a few seconds. The same should be true for
planarian muscle cells, since they are only ~5 pum in diameter. Thus this suggests a model where, within the time as dictated by
the reaction kinetics of the Ras-Raf-Mek-Erk system, Erk should be activated everywhere within the muscle cell.

Finally, the release of intercellular activators from the distal end of this muscle cell activates the downstream cell. Two mechanisms
have been proposed for how active Erk might then generate an intercellular signal.** One possibility is that it induces transcription,
and the newly translated proteins are then transported throughout the cell, causing the release of RTK ligands.”® This mechanism
would be too slow to account for the rapid spread of Erk activation seen in the planarian. A second possibility, suggested by Matsuda
and co-workers for the propagation of Erk activity in mammalian cells, is that active Erk molecules throughout the cytoplasm phos-
phorylate proteases, which in turn facilitate the secretion of activators into the extracellular space.*®> We suppose the second mech-
anism likely takes place in the planarian. This is followed by diffusion of this extracellular activator to the next muscle cell, on a time
scale (as mentioned above) of ~10 s.

In this model, we consider an intracellular cascade as the main route for transducing the signal from one end of a muscle cell to the
other. This is because the extracellular diffusion of Erk activators is expected to be very slow, on the order of ~0.1 pm?/s,18:19:37:45:46
Consider the alternative model that extracellularly diffusing activators can bind to more RTKs and induce the release of more acti-
vators, forming an extracellularly driven positive feedback,**® the Luther relationship, v ~ 2(D/7)"/2,°>77 where v is the Erk wave
speed, D is the extracellular diffusion coefficient, and 7 is the doubling time of RTK activation, i.e., ~5 min in this case as the release
of activators requires Erk activation, implies that the propagation speed of Erk activity should be ~ 130 um/h. This is an order of
magnitude slower than what we have observed in the planarian but roughly matches the speed observed in mouse skin epidermis.'®
This extracellular positive feedback model also predicts that the signal propagation speed should be independent of the geometry of
propagating cells, which is inconsistent with our experimental observation that long muscles cells are the major cell type to propagate
the signal. Finally, even assuming the fastest possible extracellular diffusion, which is ~20 pm?/s for EGF/FGF molecules diffusing in
water, the propagation speed for extracellular positive feedback should be on the order of ~0.5 um/s based on Luther’s formula. In
comparison, the intracellular propagation through the lateral RTK activation wave,*”**® can have a speed of ~2 um/s, assuming that
the diffusion coefficient of EGFR within the plasma membrane is ~1 um?/s and 7 is ~1 s for typical enzymatic reactions. Intracellular
propagation still provides a faster route, and should be the dominant mechanism.

Mathematical modeling

To analytically estimate the cell size effect on trigger wave propagation, we consider the simplest case in which cells are densely

packed in one dimension. In our model (Figure S5B), an upstream cell can produce activators that diffuse extracellularly to the target

cell. Given the large length of the cell, we propose that only a fraction of cell body needs to sense the signal in order to activate the

intracellular phosphorylation cascade in the entire cell body, which is a process much faster than the extracellular signal propagation.
Once activated, this cell then can release more activators into the extracellular space throughout its cell body to relay the signal to

downstream cells. The partial differential equation that describes the normalized extracellular activator concentration c(x, t) follows:

%i = DV?c+aH(Cipear — Cin)(1 — ©). (Equation 1)

Here D is the effective diffusion coefficient of the extracellular activator. The second term is a mean-field activation step function
with activation threshold Cy,. a is the effective release rate of the activator. H is the Heaviside step function. cjyc4 is the local activator
concentration near the upstream cell that the target cell senses. Term (1 — c¢) sets the upper bound of activation. As the propagation
of RTK activation and/or Ras activation across the length of a muscle cell should be much faster than the reaction kinetics of Erk
activation, and thereby should not be the rate limiting step in propagating the signal, we chose not to model the intracellular transport
process explicitly. Instead, we assume once the local activator concentration within a fraction of the cell exceeds Cy,, the whole cell is
activated and starts to produce the activator with an effective activator release rate to describe the intracellular reaction kinetics. The
fact that the rate of production of activator is positively regulated by the activator concentration provides the system with the positive
feedback required for trigger waves.
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Given that activators are initially produced at a source (i.e., the wound), c(x, t) should be a monotonic decreasing function of x, and
therefore the fraction of cell body near the upstream cell should always sense the increase of activator concentration first. Assuming
that a critical fraction of cell body (which has a length of d) needs to sense the activator before the cell gets activated (Figure S5B), the
ansatz of the normalized signal concentration c(x, t) is:

c(x,t) = c(r X _l Vt), (Equation 2)

where r is the distance from the wave front,”*° v is the wave speed, and / = L/d, which is the dimensionless cell length factor.
Inthe regime where D < rv, i.e., the displacement of signal front contributed by simple diffusion is negligible, the sensed activator

concentration, ¢*(r), can be regarded as uniform across the entire cell body, and satisfies:

9%c* v oc

or? +l or

We treat Equation 3 as an ordinary differential equation.
For positions behind the wave front, r <0, we have:

D +aH(c* — Cy)(1 —c") = 0. (Equation 3)

0%c* v oc* . ,
D a2 T o +a(l—-c") =0. (Equation 4)
For positions in front of the wave front, r >0, we have:
’c* v oct .
D a2 T o T (Equation 5)
Assuming that the production of activators at the source remains constant during the whole process, we should haver— — o,

c*—1. To satisfy this boundary condition, we solve Equation 4 and have:

2
- <%> +4aD

Also, from the boundary condition r— o, c*—0, i.e., the normalized concentration of activator diminishes in regions where the
wave front has not yet arrived, we solve Equation 5 and have:

c'(r) =1 — bie ( (Equation 6)

ci(r) = bye 8. (Equation 7)

With the assumption that c is continuous and has a continuous first derivative at the wave front, r = 0, comparing Equations 6 and
7atr=0forc(r = 0) = 0.5, we have:

1 1% v\ 2 v )
5 ( - <7> +4aD> = o (Equation 8)

v = l\/%. (Equation 9)

Altogether, the wave propagation speed v ~ Lv/aD. The important result here is that the speed scales with the cell length, as its
dependence on D and a is consistent with previous studies.’*>® This scaling relationship is also observed in our numerical simula-
tions using the signaling relay model (Figures 6A and S6F-S6H).

Solving Equation 8 we have:

Numerical simulation
To systematically investigate the effects of cell length, density, orientation, and diversity, we numerically simulate Erk activity prop-
agation on a 2D plane where each cell occupies a specified space in a 2D lattice, using a recently developed diffusive signaling relay
model.”® Cells are activated when the concentration of activator within any lattice unit occupied by the cell exceeds a certain
threshold (Figure S6A). The unit size is 10 um by 10 pm and the smallest cells occupy one unit on the lattice.
In our simulation, for cells around the wound, the normalized concentration of the extracellular activator molecule c(z, t) is set to be
ac

i DV2c+é(z)a(1 — c¢), (Equation 10)

where D is the effective diffusion coefficient of the extracellular activator, the Dirac function §(z) accounts for space occupation of the
cell, and a(1 —c) is the source function accounting for the rate at which the signaling molecule is produced at the wound site. For
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relay cells that are away from wounds, we assume c(z, t) satisfies Equation 1. Here cjco in Equation 1 is the local concentration of
activator within a lattice unit that the cell occupies. For receiving cells that only receive the signal without amplifying it:
%(; = DVZc. (Equation 11)
To simulate wave propagation, D was varied around 0.1 um?/s based on previously inferred effective diffusion coefficients for
extracellular Erk activators in a different biological context, regenerating fish scales.'®*” This slow effective diffusion is justified by
the narrow Erk wave width (< 1 mm) observed in our system, as fast diffusion would significantly broaden the wave front. Cell width
was defaulted to be 10 um and length was fixed at 10 um for small cells but varied between 10-100 pum for long cells. Density of long
cells was defined by the fraction of the 2D plane occupied by long cells. Orientation factor of long cells was defined by the fraction of
long cells extending along the direction of wave propagation whereas other long cells are perpendicular to the wave direction.
Boundary conditions were set to be zero-flux for all simulations. Unless otherwise specified, signal release rate a was setto 12 s
and Cy, was set to 0.1 in order to match the observed Erk wave speed. All simulations were performed on a 1 mm by 0.2 mm plane
with 10 um grid size. The simulation time step was 0.01 min. ¢ was set to be 0 everywhere on the plane as the initial condition. Our
simulation validated that this model can capture the essential dynamics of trigger waves (Figures S6B and S6C). Signal propagation
speed was calculated through the mean displacement of the wave front, position at which average signal activity exceeds 0.1 (Fig-
ure S6C), per unit time.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blotting images were quantified using ImagedJ Fiji software. Erk activation was measured by the ratio between pErk and total
Erk and normalized to the 0 hpa activity in each group. The peak time of Erk activation was determined by fitting the activation vs. time
with polynomials. Coefficient of determination (R®) of polynomial fit was calculated using sklearn library with default parameters.

All statistical analyses were performed using Python (version 3.7.12) with sciPy library (version 1.9.3). Statistical methods used in
each figure are reported in the figure legends. No method was used to determine whether the data met assumptions of the statistical
approaches.
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Figure S1. Systemic wound responses in planarian regeneration, related to Figure 1
(A) Whole-mount in situ hybridization (WISH) images showing activation of wound responses first in proximal and then in distal tissues. Induction of ras-10
expression is specific in the tail only at 6 hpa. Dashed lines: amputation plane. Scale bars, 1 mm.

(legend continued on next page)



¢ CelPress Cell

(B) Comparison of gene upregulation at 24 hpa in proximal and distal tissues. Fold changes were calculated from three biological replicates each containing five
animals of ~5 mm in length. Each gene plotted has p value < 0.001 (two-sided Welch’s t test) and log(fold change) > 0.5 in either proximal or distal group. Note
that the top upregulated genes are different from those observed at 6 hpa.

(C) Heatmap showing examples of upregulated wound response genes at 24 hpa.

(D) Heatmap showing examples of globally upregulated wound response genes at 6 hpa blocked by 25 pM U0126 treatment. PR, proximal; DS, distal.

(E) Fold changes of wound response genes at 6 hpa in distal tissues. U0126 treatment (25 uM) blocks the upregulation of ~80% of genes in distal tissues; n.g.,
number of genes.

(F) Schematic of Erk activity propagation. Activator (red) induces Erk phosphorylation. Activated Erk triggers transcriptional activation of wound responses and
induces the release of more activators to extracellular space, which can induce positive feedback in the same cell, or diffuse to cells adjacent in space and trigger
Erk activation therein.
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Figure S2. scRNA-seq captures cell-type-specific Erk-dependent wound responses, related to Figure 1

(A) Schematic showing the strategy to measure cell type-specific wound responses using scRNA-seq.

(B) UMAP projections of all cell clusters containing cells from both conditions: DMSO-treated (blue, 13,276 cells) and 25 uM U0125-treated (orange, 14,793 cells).
(C) Annotation of major cell types and example marker gene expression overlaid on the UMAP projection.
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Figure S3. scRNA-seq identifies cell-type-specific Erk-dependent wound response genes, related to Figure 1
Violin plots showing the expression distribution of representative wound response genes in major cell types in animals. Blue/DM, DMSO-treated; orange/U0,
25 uM U0126-treated. Points: data of individual cells. **p < 0.01, two-sided Mann-Whitney-Wilcoxon test.
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Figure S4. Erk activity propagation and its downstream effects, related to Figures 2 and 3

(A) Western blot images showing that 25 pM U0126 treatment eliminates pErk signal (left) and that erk RNAi decreases total Erk signal (right), validating the
specificity of the antibodies.

(B) A representative image showing that a fixed worm is cut into pieces of ~1 mm in length for protein extraction.

(C) Coefficients of determination (R?) for polynomial fit at each tissue position shown in Figure 2B. Each of P1-4 fits is determined on corresponding tissue pieces
and then used to calculate R? for all other pieces. Each polynomial fit exhibits evident goodness specifically at its corresponding tissue position.

(D) Peak Erk activities in tissues with matched positions after anterior (orange) and posterior (blue) amputations. Peak activities at the same tissue position show
no statistically significant difference after different amputations (NS, two-sided Welch’s t test), suggesting that Erk signal does not dampen with distance traveled.
(E-H) Erk activity after posterior amputation on animals of ~5 mm in length (E) and anterior amputation on a sexual biotype with a longer body length of ~1 cm (G).
Dashed lines: polynomial fit. Data were collected from three replicates using tissue fragments from ten animals. Coefficients of determination (R?) of polynomial fit
(P1-4 fit) are provided in (F) for (E) and (H) for (G).

(I) (Top) Anti-H3P labels mitotic cells at 6 hpa in animals treated with DMSO or 25 uM U0126. (Bottom) Number of H3P* cells counted in the proximal (PR) and
distal (DS) regions (boxes in images). Animals are pooled from two independent experiments.

(J) Schematics showing the expression of position-control genes (sFRP-1 and ndl-3) along anterior-posterior axis.

(K) The re-establishment of anterior sFRP-1 expression is blocked by 8 uM U0126 treatment. Animals are fixed at 7 days post amputation (dpa) and pooled from
two independent experiments.

(L) (Left) FISH images showing that ndl-3 expression spreads posteriorly during regeneration, which is blocked by 8 uM U0126 treatment. Animals are fixed at 7
dpa and pooled from two independent experiments. (Right) Quantification of ndl-3 expression range, normalized by the animal body length.

*p < 0.05; **p < 0.01; ***p < 0.001; NS, no significant difference; one-sided Welch’s t test in (E) and (G); two-sided Welch’s t test in (D), (l), and (L). Error bars:
standard derivation (SD) in (D), (E), (G), and (L), 95% confidence interval in (I); n: number of samples consistent with the image out of the total number of samples
analyzed. Scale bars: 1 mm in (B) and (L); 500 um in (I); and 100 um in (K).
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Figure S5. Muscles are essential for Erk activity propagation, related to Figures 5 and 6

(A) Schematic showing the biological processes involved in the signal relay between long cells (STAR Methods).

(B) Schematic showing the model used for analytical estimation (1D) and simulation (2D) (STAR Methods).

(C) Bright-field and double FISH images of isolated muscle cells (troponin*, red) expressing erk (top, green) and mkpA (bottom, green), a conserved Erk-
responsive dual-specificity phosphatases.”>”"® %, erk* and mkpA* fractions of muscle cells.

(D) Bright-field and pErk immunostaining images of isolated cells to show cell types other than muscles can activate Erk pathway as well. Arrows: pErk* cells.
(E) Normalized myoD expression measured by bulk RNA-seq, showing the efficiency of myoD knockdown. ***p < 0.001; NS, no significant difference, two-sided
Welch'’s t test; error bars: standard derivation (SD).

(F) Immunofluorescence showing the loss of longitudinal muscle fibers in myoD RNAi animals.

(G) Representative images of western blotting against pErk, total Erk, and actin (loading control) showing Erk is not activated in tissues distal to wounds after
myoD RNA..

(H) WISH images showing activation of wound responses in control RNAi animals throughout the body (top) but restricted to injury site after myoD RNAi (bottom)
at 6 hpa.

Scale bars: 20 um in (C) and (D); 10 um in (F); and 1 mm in (H).
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Figure S6. A diffusive signaling relay model to simulate biochemical activity propagation in heterogeneous tissues, related to Figure 6

(A) Single-cell signaling activation dynamics during wave propagation. The times of activation are defined by when activator concentration in the lattice unit close
to the upstream neighbor exceeds the threshold, Cy.
(B) Simulated wave propagation at a speed of ~150 um/h.
(C) Mean signal activity vs. position. Wave fronts are defined at the position where mean signal activity exceeds 0.1. Wave speed is calculated by the
displacement of wave fronts per unit time.

(legend continued on next page)
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(D) Erk activity propagates faster through longer cells. These simulations contain densely packed cells with uniform lengths.

(E) Spatial distributions of signal relay cells (white, top) and signal activity (bottom) in heterogeneous tissues with varying long cell lengths and volume densities.
Note that cells that do not relay signal also can be activated.

(F) Heatmap showing the speed of signal propagation increases with relay cell length and volume density.

(G) The trend that signal propagation speed increases with relay cell length is robust to varying ligand diffusion coefficient. Long cell volume density is fixed at 0.9.
(H) Signal propagation speed scales with (aD)”2 (dashed lines), regardless of relay cell length. Circles: a=12s~", D varies from 0.016 to 0.4 um?/s; triangles, D =
0.1 um?/s, a varies from 1.92 to 48 s~ . Long cell volume density is fixed at 0.9.

(I) Length of the largest long cell cluster along the direction of wave propagation, normalized by the simulation plane length, vs. relay cell volume density.

(J) Replotting the data in (I) to show that the signal propagation speed increases with the length of the largest long cell cluster.

(K) Signal propagation speed increases with relay cell density in simulations varying long cell orientation factors.

(L) Signal propagation speed increases with long cell volume density in simulations varying fractions of small cells that can relay the signal.

Error bars: standard derivation (SD) calculated from five simulations with long cells randomly positioned in 2D space. In all simulations shown in (E)~(K), small cells
only can receive but cannot relay signal. Orientation factor is fixed at 1 except for (K). In (K)-(L), long cells are 50 um in length.
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