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Hydra’s almost unlimited regenerative potential is based on Wnt signaling, but so far it
is unknown how the injury stimulus is transmitted to discrete patterning fates in head
and foot regenerates. We previously identified mitogen-activated protein kinases
(MAPKs) among the earliest injury response molecules in Hydra head regeneration.
Here, we show that three MAPKs—p38, c-Jun N-terminal kinases (JNKs), and extra-
cellular signal-regulated kinases (ERKs)—are essential to initiate regeneration in Hydra,
independent of the wound position. Their activation occurs in response to any injury
and requires calcium and reactive oxygen species (ROS) signaling. Phosphorylated
MAPKs hereby exhibit cross talk with mutual antagonism between the ERK pathway
and stress-induced MAPKs, orchestrating a balance between cell survival and apoptosis.
Importantly,Wnt3 andWnt9/10c, which are induced by MAPK signaling, can partially
rescue regeneration in tissues treated with MAPK inhibitors. Also, foot regenerates can
be reverted to form head tissue by a pharmacological increase of β-catenin signaling or
the application of recombinant Wnts. We propose a model in which a β-catenin-based
stable gradient of head-forming capacity along the primary body axis, by differentially
integrating an indiscriminate injury response, determines the fate of the regenerating
tissue. Hereby, Wnt signaling acquires sustained activation in the head regenerate,
while it is transient in the presumptive foot tissue. Given the high level of evolutionary
conservation of MAPKs and Wnts, we assume that this mechanism is deeply embedded
in our genome.
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The ability to regenerate varies widely across species. Basal animals, like cnidarians and
planarians, can regenerate their whole body, while most vertebrates and mammals have
only limited regeneration capacity (1, 2). There are some notable examples for the
regeneration of entire body parts in vertebrates, e.g., limb regeneration in salamanders
(3, 4). In all cases, following an injury, regeneration starts with wound healing, after
which cells at the site of injury begin to proliferate and form a blastema, from which
the missing structures are repatterned (5, 6). Intriguingly, embryonal signaling
pathways and gene regulatory networks (GRNs) are often reactivated during this
injury-triggered regeneration process (7–13). Although several studies have advanced
our knowledge about how the initial injury activates pattern formation, resulting in the
faithful replacement of lost structures (14–17), this important question is still not fully
understood. Thus, a deep understanding of the molecular interactions between wound-
ing and pattern formation may shed light not only on the field of regenerative and
developmental biology but likewise on the formation of solid tumors, in which mecha-
nisms acting during regeneration may have been coopted (6).
Here, we investigated the linkage between injury signals and pattern formation in

the freshwater polyp Hydra, in which the phenomenon of regeneration was initially dis-
covered when Trembley (in 1744) cut polyps into two halves (18). Even today, we do
not understand why, at the cutting interface and virtually from the same gastric tissue,
in the lower half of a polyp a head and in the upper half a foot are regenerated
(18–20). At the molecular level, one of the best-established facts is our initial finding
that Wnt/β-catenin signaling is a key player in Hydra head regeneration (21–27),
which was also confirmed in a number of further studies (25, 28–31). However, recent
works have shown that a transient up-regulation of β-catenin also occurs during foot
regeneration in Hydra (32). This finding calls into question an exclusive role in
position-specific patterning but opens up the intriguing perspective that differential Wnt
codes might instruct the discrete patterning processes in head and foot regenerates.
There is strong evidence that the injury signal contains molecular cues essential for

Hydra’s regeneration. When cutting is replaced by a careful ligature with a hair, it is
possible to remove the polyp’s head without injury (33, 34). Such animals failed to
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regenerate a new head, indicating that signals released upon injury
are essential to initiate this process. Studies with a regeneration-
deficient strain (Hydra magnipapillata reg-16) showed that after
repeated wounding of the tissue, the animals were able to regen-
erate again (35, 36). Remarkably, a similar effect was obtained
when decapitated reg-16 polyps were exposed to recombinant
Wnt3 (27). This indicates a linkage between injury and Wnt
expression during Hydra regeneration, although it is unclear
which signals activate Wnt signaling.
Recently, we identified several mitogen-activated protein kin-

ases (MAPKs) that showed a sharp increase in phosphorylation
upon wounding and are thus assumed to play an important
role during the injury response (37). We therefore decided to
investigate the roles of extracellular signal-regulated kinase
(ERK), p38 MAPK (p38), and c-Jun N-terminal kinase (JNK)
in Hydra injury and regeneration. Among the MAPKs acting in
Hydra regeneration, previous studies have identified mainly
ERK as implicated (38–41). Here a large body of work from
the Galliot laboratory (40, 42, 43) has focused on the ERK tar-
gets RSK and CREB. RSK is a phosphorylation target of ERK,
and RSK’s target CREB has been shown to be also phosphory-
lated downstream of MEK activity in head regenerates (42) and
in proapoptotic cells of head regenerates (40). This work dem-
onstrated that MEK activity is required for head regeneration
(42). However, it is hitherto unknown whether and how
MAPK pathways are linked with Wnt-regulated patterning pro-
cesses. In planarian regeneration, it was shown that ERK and
Wnt/β-catenin signaling pathways interact in a position-specific
manner (44) and JNK is involved in control of apoptosis and
mitosis during regeneration (45). In Hydra, apoptotic interstitial
cells are claimed to release Wnt3 at the wound sites of head, but
not foot, regenerates via a yet-unknown mechanism (29).
Here, we show that bisecting the animal triggers a cascade

of wounding signals, including Ca2+, reactive oxygen species
(ROS), and MAPK signaling, that induces apoptosis and finally
Wnt expression at both wound sites. Recombinant Wnt3 or
Wnt9/10 was able to rescue impaired MAPK signaling, suggesting
that the MAPK-dependent activation of Wnts is part of a generic
wound response that leads to pattern formation in the regenerate.
Our data also demonstrate that the injury signal can trigger the
patterning system through activation of Wnt genes by MAPK
signaling-responsive Activating Transcription Factors (ATFs). The
capacity for head formation by injury-activated Wnt genes strongly
depends on the signaling context of the injured tissue. A pharma-
cological increase of β-catenin activity or treatment with recombi-
nant Wnts induces head formation in a tissue that normally
would regenerate a foot, indicating that a high level of β-catenin
activity favors head regeneration. We propose a model in which
β-catenin and the basal oral-aboral source density gradient of Hyd-
ra’s body, after an initial phase of indiscriminate injury response,
determine the fate of the regenerating tissue.

Results

MAPK activation is a general response to injury in Hydra and
required for regeneration. Our previous phosphoproteome analysis
revealed rapid changes in protein phosphorylation and dephos-
phorylation in response to injury (37). Among other factors, sev-
eral MAPKs showed rapid phosphopeptide enrichment upon
wounding, indicating an important role for the injury response.
Because of their sharp increase in phosphorylation, we selected
ERK, p38, and JNK for biochemical analysis to evaluate their
phosphorylation dynamics upon injury. Moreover, to test whether
MAPK activation is directly dependent on the wound signal, we

took advantage of previous observations that tissue separation by
simple ligation leads to a massive decrease in regenerative capacity
(33, 34), most likely due to the absence of an injury stimulus, by
preserving epithelial integrity, as evidenced by propidium-iodide
staining (Fig. 1A).

First, we analyzed how the phosphorylated (and thus activated)
levels of ERK, p38, and JNK changed in response to injury and
regeneration of head and foot tissue. We used commercially avail-
able antibodies specific for the phosphorylated epitopes in the
given MAPKs that were fully conserved in the respective Hydra
orthologs (SI Appendix, Fig. S1), as also evidenced by the match-
ing molecular masses of the detected western blot bands (SI
Appendix, Fig. S2A). We bisected polyps and prepared tissue
lysates from entire polyp fragments at various time points after
injury. All MAPKs tested showed a similar increase in phosphory-
lation within the first minutes postinjury (pi), with a maximum at
30 to 60 min pi, while total protein levels remained unaffected
(Fig. 1 B and C and SI Appendix, Fig. S2 B and C). Interestingly,
while the phosphorylated JNK (pJNK) and phosphorylated p38
(pp38) levels started to decrease after 60 min, phosphorylated
ERK (pERK) was still detectable until 6 h pi (SI Appendix, Fig.
S2B). Of note, the increase of activated MAPKs was less pro-
nounced in tied animals, indicating that phosphorylation occurs
in response to the wound stimulus (Fig. 1B). Moreover, the
increase of pERK, pp38, and pJNK was similar in regenerating
head and foot pieces, suggesting that the injury-induced activa-
tion occurs independent of wound position (Fig. 1C).

Next, we used immunofluorescence (IF) analysis to deter-
mine the localization of pERK, pJNK, and pp38 relative to the
wound site (Fig. 1 D and E and SI Appendix, Fig. S3 A–D).
MAPKs localized to epithelial cells, where pERK and pJNK
showed a cytoplasmic and pp38 showed a nuclear distribution
(Fig. 1D and SI Appendix, Fig. S3 A–C). To our surprise, acti-
vated MAPKs were not restricted to the wound site but instead
dispersed in a gradient emanating from the wound edge (Fig. 1
E, cut). This occurred at a similar level in head and foot regen-
erates, indicating a position-independent response to injury.
We also found a similarly strong induction of MAPK activity
when making an incision in the body—which is a nonregenera-
tive injury—indicating MAPK activation as a general response
to tissue injury (Fig. 1 E, incision). Interestingly, in agreement
with our western blot data, the IF signals of pERK, pp38, and
pJNK in tied polyps were strongly diminished compared to
those of animals cut with a scalpel (Fig. 1 E, tied).

We next tested if MAPKs that were activated upon injury
are required for head and foot regeneration using inhibitors
specific for ERK (U1026), p38 (SB203580), and JNK
(SP600125). U0126 is a direct noncompetitive inhibitor of the
MAPK family members MEK-1 and MEK-2, which are the
upstream kinases of ERK (46). Thus, the use of U0126 pre-
vents the phosphorylation of ERK, and because of its specific-
ity, we refer to it as ERK inhibitor for simplicity. In contrast,
the inhibitors SB203580 and SP600126 directly bind to the
Adenosine triphosphate (ATP) binding pocket of p38 and
JNK, respectively, in a competitive manner, thereby prohibiting
the phosphorylation of p38’s and JNK’s downstream targets
but not phosphorylation of the kinases themselves (42, 47, 48).

To test the effect of these inhibitors on head regeneration,
heads were removed by cutting at a 70% distance from the
aboral end, and the fraction of properly regenerated heads at
72 h postamputation (hpa) was determined (Fig. 1 F and G).
The majority of control regenerates (92%) exhibited a fully
regenerated head with a hypostome and a ring of tentacles. By
contrast, all regenerates treated with MAPK inhibitors showed
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regeneration deficiencies. Although the wound was closed, head
regeneration was significantly impaired in animals treated with
ERK, p38, and JNK inhibitors. To test the function of MAPKs
during foot regeneration, we dissected animals at 30% of the
body length and used the peroxidase assay to visualize differenti-
ated foot tissue (49). In untreated controls, 98% of Hydra were
positive for peroxidase activity at the aboral end at 72 hpa, which
indicates full regeneration of the basal disk. In contrast, the
majority of inhibitor-treated animals did not show peroxidase
activity, although wound healing was normal, as in the head
regenerates (Fig. 1G). The inhibitory effect of U0126 on head
regeneration was shown to be dose dependent (10 to 20 μM)
(42), and our data indicate that a higher dose (25 μM) is required
to inhibit foot regeneration (Discussion). Taken together, these
findings demonstrate that MAPK phosphorylation occurs as a
general response to an injury stimulus in a position-independent
manner and is essential for the onset of regeneration in Hydra.

p38 and JNK Activation Depends on ROS Signaling. Given the
importance of MAPK signaling in regeneration, we next set out
to determine how MAPKs are activated in response to injury.
We considered ROS because recent work in zebrafish and
Drosophila showed the importance of ROS for regeneration and
cell proliferation, probably by either activating or modulating
different signaling pathways such as JNK or Hedgehog signal-
ing (50, 51). To test whether ROS is produced at the site of
injury, animals were incubated with CellRox prior to amputa-
tion (SI Appendix, Fig. S4). Indeed, bisected animals incubated
with this dye showed a fluorescent signal at the wounded edge,
indicating ROS production (SI Appendix, Fig. S4A). Incubation
with the oxidizing reagent hydrogen peroxide (H2O2) increased
the signal intensity at the injury site. Conversely, the signal was
abolished when animals were incubated with reduced glutathi-
one (GSH) or bisected without injury by tying (SI Appendix,
Fig. S4). To test whether the redox state has an impact on the
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Fig. 1. MAPK activation is injury dependent and
required for the initiation of regeneration. (A)
Experimental scheme showing decapitation by
cutting (wounding) or careful ligation (without
wounding). Ligated animals cannot regenerate
properly due to preserved epithelial integrity, as
indicated by propidium staining 30 min after
injury/ligation. (B) Phosphorylation of MAPKs is
reduced in ligated polyps. Regenerates from cut
or tied animals were analyzed by western blot
after the indicated time points using phospho-
specific MAPK antibodies and A-tubulin specific
antibody (A-tub as control (Materials and Methods).
(C) Equal activation of MAPKs in head and foot
regenerates as detected by phospho-specific anti-
bodies, as in B. (D and E) Confocal images of
regenerating and injured polyps with phospho-
specific antibodies for ERK, p38, and JNK 30 min
after amputation/injury/ligation. (D) Lateral view
on the wound site (asterisk) of regenerating pol-
yps postamputation shows a cytoplasmic distribu-
tion for activated ERK and JNK, while p38 localizes
to nuclei. Scale bar: 50 μm. (E) IF analysis of MAPK
activation at the injury site in lateral views 30 min
after injury; the column with the oral top view
additionally shows the direct view of the
wound site. Phospho-specific antibodies revealed
gradient-like activation MAPKs peaking at the site
of amputation or incision as indicated. Note that
the tissue completely lacked MAPK activation in
tied polyps. Nuclei were stained using DAPI (blue).
Scale bars: 250 μm each. (F and G) Inhibition of
MAPK activity prevents head and foot regenera-
tion. Polyps were bisected and the proximal and
distal parts were allowed to regenerate in the
presence of inhibitors specific for ERK, p38, and
JNK. Foot regenerates were evaluated by peroxi-
dase staining, as shown in G. Error bars indicate
the mean of three independent experiments with
SD. Head regeneration (head reg.): n (control
[ctrl]) = 108, n (ΔERK) = 61, n (Δp38) = 58, n
(ΔJNK) = 72. Foot regeneration (foot reg.): n = 45
per condition. (G) Representative pictures from
the experiment described in F. The white arrow
indicates the basal disk stained with peroxidase.
Scale bars: 500 μm.
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activation levels of MAPKs, animals were incubated in Hydra
medium (HM) or in HM supplemented with either H2O2 or
GSH to produce an oxidizing or reducing environment, respec-
tively. The exposure to H2O2 resulted in elevated activation
levels for all MAPKs tested (Fig. 2A). Incubation with reduced
GSH resulted in decreased activation of p38 and JNK after
wounding, while the effect was less pronounced for pERK (Fig.
2A). These findings were further supported by IF analyses using
the same experimental setup. In the presence of H2O2, the sig-
nal intensity of activated ERK, p38, and JNK was increased
and their distribution along the tissue was expanded (Fig. 2B
and SI Appendix, Fig. S4C). Treatment with GSH reduced lev-
els of p38 and JNK activation throughout the tissue, while
effects on pERK were not evident (Fig. 2B), which is in line
with our western blot analysis.
We next tested if manipulating the redox state has an effect

on regeneration by incubating bisected Hydra in the presence
of either H2O2 or GSH (Fig. 2 C and D). Animals regenerated
normally under oxidative conditions. By contrast, on average,
65% of Hydra head regenerates and 60% of Hydra foot regen-
erates did not proceed under reducing conditions (Fig. 2 C and
D). These data support a model according to which the activa-
tion of MAPKs and the initiation of regeneration are stimu-
lated by ROS production after injury.

MAPK Activation Depends on Ca2+ Signaling. Calcium signal-
ing is one of the fastest transduction pathways across cells and
is involved in many processes, including wound closure and
regeneration (52, 53). Given the fast kinetics of MAPK phos-
phorylation in response to wounding (Fig. 1B), we hypothe-
sized that Ca2+ signaling is responsible for the gradient-like
transmission of the injury signal. To test this, we performed
live cell imaging of transgenic strains in which polyps express a
genetically encoded Ca2+ indicator (GCaMP) in ectodermal or
endodermal epithelial muscle cells. This allowed us to analyze
the Ca2+ dynamics in intact and sectioned animals by measuring
the fluorescence signal over time (Fig. 3 A and B). When intact
animals were stimulated to contract by a short poke with twee-
zers, but without injury, we found a slight and transient Ca2+

release in both germ layers (Movies S1–S9). In contrast, the
amplitude of the fluorescence signal was increased threefold in

cut animals in both germ layers and at both section sites. Also,
the duration of the increase lasted significantly longer in cut
animals than in intact animals, with the exception of the oral sec-
tion site in the endodermal strain. This tendency was, although
less pronounced, also observable in polyps cut in calcium-free
medium, indicating that the calcium signal is generated in part
by intracellular release (SI Appendix, Fig. S5A).

To test whether intracellular Ca2+ levels affect MAPK activa-
tion, we either increased the intracellular calcium levels by
treating polyps with the Ca2+ ionophore A23187 or reduced
them by incubation with the Ca2+ chelator 1,2-bis(o-amino-
phenoxy)ethane-N,N,N0,N0-tetraacetic acid (BAPTA). SI
Appendix, Fig. S5B shows that in bisected animals, exposure to
BAPTA resulted in reduced and delayed Ca2+ release upon
amputation, whereas treatment with A23187 resulted in ele-
vated levels for more than 4 min (Movies S10 and S11). When
polyps were exposed to BAPTA after injury, they showed
decreased phosphorylation levels of p38, ERK, and JNK in
both western blot analysis and IF staining (Fig. 3 C and D).
Conversely, treatment with A23187 led to an increase of
MAPK activation (Fig. 3C). Interestingly, exposure to A23187
did not necessarily result in enhanced staining signals at the
wounded edge but rather resulted in uniform distribution of
activated MAPKs along the entire body column (Fig. 3D).

Because MAPK inhibition abrogated the initiation of regenera-
tion, we tested whether reduction of Ca2+ levels and thus MAPK
phosphorylation also affects the regenerative capacity in Hydra.
We found that reduction of Ca2+ levels by BAPTA treatment
resulted in a decrease of head regeneration capacity to 60% during
the first 3 h after wounding and cotreatment with ethylene glycol-
bis(β-aminoethyl ether)-N,N,N0,N0-tetraacetic acid) (EGTA)
caused a further reduction to 32% (Fig. 3 E and F). Likewise,
regeneration of the foot decreased to 65% in the presence of
BAPTA and to 45% when a combination of BAPTA and EGTA
was used. Taken together, injury promotes the release of both
ROS and Ca2+ that in turn acts positively on the activation of
MAPK-induced regeneration. We therefore next searched for the
putative targets of MAPK activation.

Wnt Expression Is Generically Initiated upon Injury. Wnt
signaling is an essential pathway for head regeneration and

A

B

C

D

Fig. 2. MAPK activation acts downstream of
redox signaling. (A and B) Analysis of ROS in
regenerating tissue within the first 30 min post-
amputation. Polyps were bisected at 50% body
length and allowed to regenerate in the presence
of HM (ctrl) or HM supplied with either H2O2

or GSH. Asterisks indicate decreased staining
intensity upon GSH treatment. Specimens were
analyzed by western blot (A) or IF (B) using
phospho-specific antibodies as indicated. (A)
Exposure to H2O2 increased activated MAPKs
levels as compared with untreated ctrl, while
regenerates in reduced GSH showed less MAPK
activation. (B) IF analysis of polyps fixed at 30 min
postamputation showed an increase in MAPK acti-
vation after H2O2 treatment and a decrease after
reduced GSH treatment. Scale bars: 250 μm. (C)
Quantitative analysis of polyps bisected at 50%
body length. 72 h after the onset of regeneration,
ctrl polyps and H2O2-treated animals regenerated
normally, whereas GSH exposure inhibited both
head and foot regenerates. Error bars indicate
the mean of three independent experiments with
SD. n = 45 per condition. (D) Representative
images of the experiment described in C. Regen-
eration of a head or foot was evaluated as before
(Fig. 1E). Scale bars: 500 μm.
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patterning in Hydra (23). Upon decapitation, multiple Wnt
ligands are transcriptionally activated in the head regenerate in a
temporal sequence (27). However, only little attention has been
paid to factors governing foot regeneration. Recent results
showed that expression of β-catenin is crucial for both head and
foot regeneration—a novelty, as β-catenin had been assumed to
act solely on head regeneration (32). We therefore asked
whether Wnt signaling is likewise activated in response to injury
in a position-independent manner, as observed for MAPKs in
this study and as reported for β-catenin elsewhere.
For this, tissue of head and foot regenerating tips was col-

lected at different time points to examine the expression levels
of Wnt3, Wnt9/10c, and Wnt7 by qRT-PCR analysis (Fig. 4A).
The selection was based on our previous in situ hybridisation
and transcriptome studies, which revealed that Hydra Wnt9/10c
and Wnt3 were expressed within the first 3 h of head removal,
making them the earliest Wnt genes, while Wnt7 expression
started much later, at 12 h (27, 37). In line with this, our
qRT-PCR analysis showed an up-regulation of Wnt9/10c and
Wnt3 after 3 hpa, while the response of Wnt7 was minimal
during the first 6 hpa (Fig. 4B). This up-regulation was detect-
able in both head and foot regenerates, although it was less pro-
nounced in the regenerating foot tissue. While Wnt3 and
Wnt9/10c expression was sustained in regenerating head tissue
at 6 hpa, it started to significantly drop in foot regenerates, sug-
gesting that positional specification occurs as early as 6 hpa
(Fig. 4B and SI Appendix, Table S1A).
We next wanted to clarify whether these diverging kinetics of

Wnt expression upon amputation were associated with specific
functions in head patterning. To this end, small interfering

RNA (siRNA) mediated knockdowns of Wnt3, Wnt9/10c, and
Wnt7 were performed in order to examine the role in head and
foot regeneration upon bisection (Fig. 4 C–E and SI Appendix,
Fig. S6 and Table S1B). The capacity to form a head or foot
dropped to about 50% after knockdown of Wnt3-, Wnt9/10c-,
and siWnt7-treated animals in both head and foot regenerates.
While foot regeneration was completely abrogated independent
of the targeted Wnt gene, silencing of Wnt9/10c in head regener-
ation resembled the phenotype observed upon MAPK inhibi-
tion; i.e., animals showed normal wound healing but no signs of
regeneration (Fig. 4E). By comparison, siWnt3-treated animals
appeared initially to regenerate but then exhibited a peculiar phe-
notype without mouth and tentacles; instead, they formed a large
monotentacle (Fig. 4E). Knockdown of Wnt7 showed a less severe
phenotype characterized by mispositioned tentacles along the
hypostome. These data clearly indicate that early Wnt genes, par-
ticularly Wnt9/10c and Wnt3, are required for the onset of regen-
eration and head patterning, while later Wnts, such as Wnt7, are
more involved in fine-tuned, small-scale patterning. The fact that
the phenotype for Wnt3 knockdown is not a complete absence of
regeneration, as observed for Wnt9/10c, suggests that Wnt9/10c is
required for the onset of regeneration immediately after wound
healing, while Wnt3 is involved in the initial specification of head
identity. In contrast, expression of Wnt genes in foot regenerates
seems to be essential to initiate the onset of regeneration, while
later patterning and specification are accomplished by further
factors.

MAPKs Enable Wnt Signaling. Given our results that MAPK
activation occurs in a position-independent manner in response

A

C D

B

E

F

Fig. 3. MAPK activation is calcium dependent. (A)
Injury causes increased and prolonged calcium
release. Using transgenic ectodermal and endo-
dermal GCaMP reporter strains, Ca2+ release was
measured in vivo by fluorescence increase (arbi-
trary units [AU], i.e. fold change increase of basic
reporter activity) after cutting (injury) or touch-
induced contraction (noninjury). The time point of
the poke or cut is indicated by an arrowhead.
Mechanically stimulated ctrl polyps show a brief
increase in fluorescence in both germ layers,
whereas cut polyps show a prolonged increase in
signal activity. Note that this increase occurs at
both the oral and the aboral sites of section.
(B) Representative pictures of transgenic Ca2+

reporter strains at 5 s postamputation. Dashed
boxes indicate regions used for measurements
shown in A. Scale bars: 500 μm. (C and D) Changes
in intracellular Ca2+ levels affect MAPK activation,
as analyzed by western blots (C) or by IF (D).
(C) Animals were sectioned in the presence of the
intracellular calcium chelator BAPTA, the iono-
phore A23187, or DMSO (ctrl). Whole-body lysa-
tes were prepared at 30 min pi and subjected
to western blot analysis using phospho-specific
MAPK antibodies. A decrease of Ca2+ (BAPTA)
resulted in a decrease in activated MAPK levels,
while an increase of Ca2+ (A23187) resulted in ele-
vated phosphorylation events of all MAPKs. (D) IF
analysis of whole-mount polyps after exposure to
DMSO (ctrl), A23187, or BAPTA. Animals were
fixed 30 min after amputation and stained with
antibodies specific for pERK, pp38, and pJNK.
Increasing cytoplasmic calcium levels transformed
the gradient-like distribution of activated MAPKs
(ctrl) into a homogenous staining throughout
the tissue (A23187). Calcium capture by BAPTA

resulted in a reduction of signal intensity upon injury. Scale bars: 250 μm. (E and F) Calcium release is essential for regeneration. Bisected polyps were
exposed to DMSO, BAPTA, or BAPTA/EGTA for 3 h after cutting, and the regeneration capacity was evaluated at 72 hpa. The transient repression of Ca2+

signaling by BAPTA inhibited head and foot regeneration significantly (n = 40 each; error bars indicate the mean of three independent experiments with SD).
Note that regeneration was further reduced when BAPTA was used in combination with EGTA. (F) Representative images of the experiment described in
E. Scale bars: 500 μm.
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to injury, we asked whether ERK, p38, or JNK affects early
expression of Wnt3 and Wnt9/10c. To this end, animals were
bisected at 50% body length and evaluated by qRT-PCR in
controls and upon MAPK inhibition at different time points
postamputation. We decided to investigate the expression levels
of Wnt3 and Wnt9/10c genes only, since they were most impli-
cated in the onset of regeneration (Fig. 4). Upon inhibition
of the p38 or JNK pathways (i.e., the stress-induced MAPK
pathways), Wnt3 was strongly up-regulated in a position-
independent manner in head and foot regenerates (Fig. 5 A
and B, Left and SI Appendix, Table S1 C and D). This up-
regulation of Wnt3 was, however, accompanied by strong
down-regulation of Wnt9/10c in head and foot regenerates
(Fig. 5 A and B, Right). Thus, p38 and JNK have opposing
effects on early Wnt9/10c and Wnt3 gene regulation. By com-
parison, ERK inhibition had only a mild repressive effect on
Wnt3 in head regenerates, while foot regenerates were unaf-
fected. Also, there was a discernible difference in the repression
of Wnt9/10c in foot and head regenerates, suggesting a different
responsiveness of the tissues for ERK-induced Wnt activation
(Fig. 5 A and B and SI Appendix, Table S1). Because animals
that were inhibited for p38 or JNK do not show any signs of
regeneration despite the increased expression levels of Wnt3, we
conclude that Wnt9/10c acts as the primary Wnt gene in the
transcriptional cascade during regeneration. This is also con-
firmed by the more pronounced phenotype of the Wnt9/10c
knockdown as compared to the other Wnts (Fig. 4 C–E).
To test whether the regeneration deficiency upon MAPK

inhibition, as shown in Fig. 1F, is a direct consequence of aber-
rant Wnt signaling, we repeated the regeneration assay in the
presence of MAPK inhibitors and examined whether recombi-
nant Hydra Wnt3 or Wnt9/10c protein is able to restore the
regeneration capacity (Fig. 5C and SI Appendix, Fig. S7). Our
previous work has shown that treatment of a regeneration-
deficient strain with recombinant Wnt3 can rescue regenera-
tion, likely by the activation autocatalytic Wnt activation loop
in regenerates (26, 27). In Dimethyl sulfoxide (DMSO) treated
control polyps, neither Wnt3 nor Wnt9/10c treatment showed

any effect on the progression of regeneration. In ERK- and
p38-inhibited polyps, we found an increase of regenerating ani-
mals after Wnt treatment, with Wnt9/10c consistently having a
stronger effect than Wnt3 (SI Appendix, Fig. S7). This is line
with our previous finding that Wnt9/10c is more strongly
repressed by p38/ERK inhibition than Wnt3. Neither Wnt3
nor Wnt9/10c was able to restore regeneration upon JNK inhi-
bition (Fig. 5C and SI Appendix, Fig. S7 and Table S1E). This
might be due to JNK’s pleiotropic functions in noncanonical
Wnt signaling, e.g., during tentacle morphogenesis (17).

The fact that Wnt3 and Wnt9/10c are both required to initiate
regeneration raised the question of whether Wnt3 and Wnt9/10c
solely act on the onset of regeneration or also fulfill instructive func-
tions in the patterning process, as initially postulated for Wnt3
(23). We tested this assumption by treating gastric pieces with the
recombinant Hydra Wnts. To do so, we cut out the middle gastric
pieces without head and peduncle and incubated them with
recombinant Hydra Wnt3, Wnt9/10c, a 1:1 combination of
both, or Bovine serum albumin (BSA) as a control (Fig. 5D).
While BSA-treated pieces regenerated normally, 35% of the
regenerates that were treated with recombinant Wnt formed
heads at both ends of the body column (Fig. 5 E and F and SI
Appendix, Table S1F). Of those regenerates, 32% showed ectopic
tentacles or double heads. The fact that at the aboral end a head
instead of the presumptive foot was formed suggests a change in
the axial identity of the regenerating tissue similar to a polarity
reversal induced by parabiosis with head tissue in transplantation
experiments (54). This effect was stronger with Wnt3 than
with Wnt9/10c and strongest with the combination of both
(Fig. 5E). The foot was formed centrally and thus most distally
in relation to the heads, an effect that likely corresponds to pro-
portion regulation (55–57).

When we blocked β-catenin signaling by (5Z)-5-f[2,5-
Dimethyl-1-(3-pyridinyl)-1H-pyrrol-3-yl]methyleneg-3-phenyl-1,3-
thiazolidine-2,4-dione (iCRT14) treatment at various stages after
amputation in order to elucidate early and late Wnt/β-catenin
effects of head and foot regenerates, we found strong dependence
of late head regeneration on Wnt-dependent transcription and

A

C

D

E

B Fig. 4. Wound- and patterning-specific functions
of Wnts. (A) Activation of Wnt expression in head
and foot regenerates of bisected polyps. RNA was
isolated from tissue of bisected polyps at the indi-
cated time points and used for qPCR analysis with
specific primers for HyWnt9/10c, HyWnt3, and
HyWnt7. Values obtained were normalized to the
GAPDH ctrl, and fold changes were calculated. (B)
Expression levels of HyWnt3 and HyWnt9/10c
increased about 20-fold within the first 6 h in both
head and foot regenerates upon injury, while the
HyWnt7 increase was only twofold. Note that the
foot-specific decrease of Wnt expression is already
initiated at 6 hpa. Significance was tested using Stu-
dent’s t test. **P < 0.005. Error bars without aster-
isks did not pass the significance threshold. (C–E)
siRNA-mediated knockdown of Wnt3, Wnt9/10c, and
Wnt7 results in decreased regeneration capacity. (C)
Silenced polyps were bisected, and head regenera-
tion was evaluated at 72 hpa. The regeneration
capacity of polyps dropped to about 50%, with
siWnt3 and siWnt9/10c treatment affecting the onset
of regeneration, while siWnt7 caused patterning
defects. (D) Regeneration capacity upon Wnt3,
Wnt9/10c, or Wnt7 knockdown equally decreased
to less than 50% in foot regenerates determined
by peroxidase assay (perox-). Error bars indicate the

mean of five independent experiments with SD. Head regeneration: n (siGFP) = 163, n (siWnt3) = 153, n (siWnt7) = 140, n (siWnt9/10c) = 154. Foot
regeneration: n (siGFP) = 95, n (siWnt3) = 92, n (siWnt7) = 92, n (siWnt9/10c) = 90. Significance of regeneration capacity was tested using logistic regression
analysis, ***P < 0.001. (E) Representative pictures of C and D are shown. siWnt9/10c blocked regeneration completely, while siWnt3-treated head regenerates
formed a characteristic monotentacle and siWnt7 treatment resulted in misaligned tentacles. Foot regeneration was abrogated in all Wnt-silenced polyps, as
determined by peroxidase assay. Scale bars: 500 μm.
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dependence of early head and early foot regeneration (SI
Appendix, Fig. S6 B and C). In line with these data, it was also
shown that Wnt3, Wnt9/10c, and Wnt7 decrease in expression
in foot regenerates by 8 to 12 hpa (31). Thus, late patterning
of regenerating feet must be accomplished by factors other than
Wnts. These data clearly suggest that Wnt3 and Wnt9/10c
possess stage-specific dual functions that comprise the position-
independent onset of regeneration and the instructive function
for head patterning. The latter was also evident from previous
work linking Wnt signaling and oral pattern formation in
Hydra (26–28).

Antagonistic Function of ERK and Stress-Induced MAPKs
in Apoptosis. Our finding that ERK and the stress-induced
MAPK pathways exhibit complementary effects on Wnt expres-
sion suggests that these pathways are integrated by positive and
negative feedback mechanisms during Hydra regeneration. We
therefore tested such putative feedback interactions by using
pathway-specific inhibitors. For this purpose, animals were incu-
bated with one of the inhibitors for 1 h and bisected. At different
time points after sectioning, the regenerates were then tested for
the levels of activated MAPKs by IF and western blot analyses.
Our data indicate positive feedback between the stress-activated
p38 and JNK pathways and antagonism between stress-activated
MAPKs and the ERK pathway, as summarized in Fig. 6A. IF
analysis reveals that ERK phosphorylation was inhibited by pre-
treatment with the MEK/ERK inhibitor; however, pERK was acti-
vated in response to treatment with the p38 inhibitor or, to a
lesser extent, the JNK inhibitor (SI Appendix, Fig. S8A). The
stress-activated MAPKs, i.e., p38 and JNK, showed increased

activation levels upon ERK inhibition, whereas a reduction was
obtained for pJNK in the presence of the p38 inhibitor and
likewise for pp38 upon exposure to the JNK inhibitor.
IF-based inhibitor analysis was fully confirmed by the corre-
sponding western blot data (SI Appendix, Fig. S8B).

Strikingly, the mutual antagonism between the p38 and
ERK pathways exhibited the strongest regeneration phenotypes
upon inhibition (Fig. 1 F and G). Although MAPKs control
many cellular processes, one major antagonistic function is their
role in cell survival and apoptosis (58). We therefore next ana-
lyzed whether there is a link between MAPK activation and the
induction of apoptosis. We studied apoptosis by using a stan-
dard Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining protocol, thereby avoiding a heat-
ing step to increase signal intensity, which in our hands led to
staining artifacts (Materials and Methods and Fig. 6B). Apopto-
tic cells were located close to the amputation site, whereas the
remaining tissue was virtually free of apoptotic cells (Fig. 6C).
In bisected animals, apoptotic cells were found in tissue regen-
erating a head and foot, i.e., at both sites of cutting. This find-
ing is consistent with recent work of the Juliano laboratory
(31), which used acridine orange staining to detect apoptotic
events in regenerates. We detected apoptosis as early as 60 min
after amputation, reaching its maximum at 1 to 2 hpa and
dropping again by 3 hpa (Fig. 6C). The number of TUNEL-
positive cells increased strongly upon inhibition of the JNK
pathway but was completely diminished after ERK inhibition,
while no significant change was detectable after inhibition of
p38. This indicates an early antiapoptotic function of JNK and
a proapoptotic function of ERK (Fig. 6D).

A C

B

D E F

Fig. 5. MAPKs influence Wnt expression levels in
head and foot regenerates. (A) Activation of Wnt
expression in head and foot regenerates of
bisected polyps. RNA was isolated from tissue of
bisected polyps at the indicated time points and
used for qPCR analysis with specific primers for
HyWnt3 and HyWnt9/10c. Head (A) and foot (B)
regenerating polyps were incubated with inhibi-
tors specific to each MAPK, and log2 fold change
was calculated. While inhibition of ERK activity
resulted in reduced Wnt expression, inhibition of
stress-induced MAPKs yielded higher expression
levels for Wnt3 but down-regulation for Wnt9/10c.
Error bars indicate the mean of three indepen-
dent experiments with SD. Significance was tested
using Student’s t test. *P < 0.05; **P < 0.005.
Error bars without asterisks did not pass the sig-
nificance threshold. (C) HyWnt9/10c partially res-
cues regeneration defects after MAPK inhibition.
Polyps were bisected and regenerated in the
presence of inhibitors specific to either ERK, p38,
or JNK. During the first 24 h, regenerates were
incubated with recombinant HyWnt3, HyWnt9/
10c, or BSA (ctrl). At 72 hpa, an increased regener-
ation capacity was found after HyWnt9/10c treat-
ment for ERK- and p38-inhibited polyps, whereas
the effect of HyWnt3 treatment was smaller. Error
bars indicate the mean of three independent
experiments with SD. Significance of regeneration
restoration was tested using logistic regression
analysis. *P < 0.05; **P < 0.005; ***P < 0.001.

Absolute numbers and representative pictures of animals used are shown in SI Appendix, Fig. S7. (D) Schematic representation of the polarity reversal experi-
ment performed in E and F. A central piece of gastral tissue was excised from budless animals at 30% and 70% body length, exposed to recombinant Wnt
protein for 24 h, and afterward allowed to regenerate in HM for 6 days. (E) Polyps were scored at 7 days postamputation. Pieces incubated with BSA regener-
ated animals with the original oral-aboral polarity. Pieces incubated with HyWnt3 and/or HyWnt9/10c regenerated animals with morphological defects (e.g.,
ectopic tentacles) and animals in which a head formed at the original oral and aboral pole, indicating a transformation of positional identity (polarity reversal)
at the aboral end. Pieces with polarity reversal form foot structures between the two heads, as visualized by peroxidase assay. Note that polarity reversal is
less pronounced in polyps exposed to HyWnt9/10c only. Error bars indicate the mean of three independent experiments with SD. Significance was deter-
mined by binomial regression model. *P < 0.05; **P < 0.005; ***P < 0.001. n (BSA) = 61, n (Wnt3) = 72, n (Wnt9/10c) = 78, n (Wnt3/Wnt9/10c) = 79. (F) Repre-
sentative pictures of the experiment described in E. Regenerates incubated with BSA (ctrl) show a correct oral-aboral axis, while regenerates treated with Wnt
proteins show polarity reversal. Scale bars: 500 μm.
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The antagonistic role of the stress-inducible MAPKs and
ERK in apoptosis is part of a general injury response during
Hydra regeneration. This is reminiscent of signal integration by
MAPKs in development and cancer formation of vertebrates
(58–60). We assume that the antagonism between ERK and
JNK/p38 pathways in apoptosis and Wnt signaling has a bal-
ancing function in regulating cell fitness and survival to ensure
tissue health at the onset of regeneration (Fig. 6A).

Discussion

Wnt signaling is an animal-specific pathway with multiple
functions in cell proliferation, stem cell maintenance, tissue
polarity, and development (61–63). Wnts have been associated
with wound healing already in early studies, where an

up-regulation of Wnt4 upon injury was discovered in the
murine epidermis (64). This assumption was confirmed by fur-
ther discoveries in different model systems reporting an initial
up-regulation of Wnt expression in response to injury, as in
Hydra (23), planarians (65), and vertebrates (66–68). Yet the
mechanism by which Wnt expression is initiated upon injury
remained largely elusive. In this study, we demonstrate that
Wnt is activated in an early injury response downstream of
MAPKs that are initiated by ROS and calcium release within
minutes after wounding. Our findings are in line with previous
findings demonstrating that injury releases signals indispensable
for regeneration in intact (33, 34) and regeneration-deficient
Hydra (35). The importance of the injury signal is likely due
the default activation of Wnt/β-catenin signaling, as presented
in this study and in Gufler et al. (32).

A C D

B

Fig. 6. MAPK cross talk balances apoptosis. (A) Scheme showing the relationships between MAPK pathways based on data shown below and in SI Appendix,
Fig. S8. While stress-activated MAPKs (p38 and JNK) activate the respective pathway, the ERK pathway inhibits stress-activated MAPKs. Antagonism between
ERK and JNK pathways is reflected on the level of apoptosis. (B) Comparison of protocols provided by the manufacturer and as published in Vogg et al. (25)
and Chera et al. (29). Specificity of the TUNEL reaction was tested by comparing polyps that had been fixed overnight, followed by amputation to animals
that had been first bisected and subsequently fixed. Upper: Incubation step at 70 °C yielded the same rate of TUNEL-positive cells in animals fixed before
and after amputation. Therefore, the signal was considered to be unspecific, and incubation of polyps in citrate buffer was executed exclusively at room
temperature to prevent an unspecific stain despite the decreased signal intensity (Lower). Scale bars: 250 μm. (C) Time lapse of apoptosis visualized by
TUNEL assay from bisected polyps fixed at the indicated time points. The maximum of apoptotic cells is detectable between 1 and 2 hpa in both head and
foot regenerates. Scale bars: 250 μm. (D) Visualization of apoptotic cells by TUNEL assay analysis in bisected polyps upon inhibition of MAPKs at 1.5 hpa.
While p38 inhibition has no effect on apoptotic events, the frequency clearly increased upon JNK inhibition and was diminished in the presence of the ERK
inhibitor. Note that there is no difference between head and foot regenerates. Scale bars: 250 μm. Nuclei were stained with DAPI (blue) in all shown images.
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Signaling Architecture of the Hydra’s Generic Wound Response.
Our data show that injuries quickly lead to phosphorylation of
MAPKs in ectodermal and endodermal epithelial cells. We
were able to demonstrate that the injury signal is composed of
Ca2+ and the production of ROS, which has not been studied
in early Hydra regenerates so far (32). Both signals transmit
information about tissue damage intracellularly by activating
ERK, JNK, and p38. The activation by ROS is likely achieved
by inactivation of counteracting protein tyrosine phosphatases
via oxidation of regulatory cysteines, while calcium has been
frequently reported to activate MAPK via calmodulin-dependent
kinases, Protein kinase C (PKC), and Ras activation (69–72).
Although there is increasing evidence for the importance of
either ROS or calcium signaling upon injury, it is unclear
whether ROS production is Ca2+ mediated or whether both
messengers act independently in the regenerative context, as was
shown for zebrafish fin regeneration (53).
MAPK phosphorylation was among the earliest regeneration

responses in our previously shown proteomic/transcriptomic
profile of Hydra head regeneration (37). In the present study,
we show that the activation of ERK, p38, and JNK is essential
for both head and foot regeneration, with ERK showing the
most sustained activation kinetics (SI Appendix, Fig. S2). Since
MAPK phosphorylation was observed upon both incision and
amputation, irrespective of localization, it implicates MAPKs as
part of a generic wound response. This term was initially
brought up by Reddien and colleagues (11, 73), who showed
that both forms of injury promote a position-independent
up-regulation of the same set of genes in planarians. The find-
ing was further specified by studies showing a sustained increase
in pERK in response to incision and amputation, which was
required for Wnt activation (74). In contrast, the role of stress-
induced MAPK pathways in regeneration is only poorly investi-
gated. Joint activation of both stress-inducible MAPK pathways
was so far only reported for axonal regeneration in Caenorhabditis
and imaginal disk regeneration in Drosophila (75, 76). While
most studies focus on either ERK activation during regeneration
(74, 77–79) or p38/JNK (9, 80), our data indicate that these
pathways do not work independently of one another but are
based on extensive cross talk. Inhibitor experiments revealed that
p38/JNK interacts with ERK as a potential antagonist.
This antagonism of p38/JNK and ERK was also reflected on

the level of apoptosis induction. Surprisingly, JNK exhibited anti-
apoptotic and ERK exhibited proapoptotic properties (Fig. 6).
While the two-sided face of JNK in apoptosis has been extensively
described in various systems, the proapoptotic role of ERK has
only started to raise awareness. It has been suggested that the anti-
apoptotic role of JNK is based on the phosphorylation of the
proapoptotic Bcl-2, which leads to its sequestration and thus inac-
tivation (81). Interestingly, this family has been recently identified
in Hydra and demonstrated to execute similar functions (82).
Conversely, although ERK has been frequently associated with

antiapoptotic functions, a constantly growing number of studies
have demonstrated ERK promotes proapoptotic processes as well
(59). This phenomenon was observed in particular after ROS
release, which leads to sustained ERK activation (83), as was also
observed in this study. A sharp decrease in the number of
apoptotic cells was also described by Chera et al. (40) for Hydra
head regeneration. However, our data differ in that ERK-
mediated apoptosis is not restricted to head regenerates but also
occurs in foot regenerates (Fig. 6). The fact that ERK-mediated
apoptosis occurs in response to injury, regardless of the ampu-
tated axial position, also challenges the earlier report by Chera
et al. (29), in which apoptotic cells were described to occur

exclusively at the oral-facing wound sites. We show that applying
a standard protocol that omits a high-temperature incubation
step, as used by Chera et al. (29), is not prone to yield unspecific
signals, as shown for fixed samples (Fig. 4B). Our findings are
also in full accordance with recent results by Cazet et al. (31),
showing that the response to amputation is identical at both
wounds and includes widespread apoptosis. Thus ERK-mediated
apoptosis must be considered as an essential part of the generic
wound response in Hydra.

Wnt9/10c and Wnt3 Are MAPK-Linked Members of the
Generic Wound Response. Our previous data have revealed not
only unexpected complexity between the early proteomic
responses and the first transcriptional activation of the pattern-
ing GRNs (37) but also dominance of Wnt signaling in the for-
mation of the early Hydra head organizer (21, 23, 24, 27, 37).
It was therefore striking that two of the earliest and one of the
latest Wnt genes (27) were activated in both head and foot
regenerates. This is consistent with recent findings in Hydra
(31, 32) indicating position-independent activation of Wnt
signaling during regeneration, and it challenges the concept of
an initial asymmetry of canonical Wnt signaling (29). As in
planarians (11), it also raises the general questions of how the
positional information is established and what function early
Wnt genes have.

The fact that MAPKs are essential for Hydra regeneration
(Fig. 1) and the discovery in planarians that Wnt1 expression
decreases with attenuated ERK activity (74) led us to systemati-
cally investigate the relationship between MAPKs and Wnts.
When we tested the influence of ERK, p38, or JNK activation
on the expression of the early regeneration genes Wnt3 and
Wnt910c, we found strong evidence that early Wnt expression
is highly dependent on MAPK activation and largely indepen-
dent of the axial position, i.e., the regeneration of a head or
foot (Fig. 5 A and B). Consequently, MAPKs and early Wnts
are part of a generic wound response that only becomes head
organizer specific at about 6 hpa (Fig. 5). This is also supported
by recent RNA sequencing (RNA-seq) data demonstrating that
early gene expression is indistinguishable in presumptive head
and foot tissue and only becomes position specific at 8 hpa (31).
It also coincides with less pronounced effects of MAPK inhibi-
tion on Wnt expression at later stages (SI Appendix, Table S1 and
Fig. 5 A and B).

Because prominent downstream effectors of MAPK signaling
are transcription factors (TFs), we performed an in silico pro-
motor analysis of Wnt3, Wnt9/10c, and Wnt7 for TF binding
sites associated with MAPK signaling (SI Appendix, Fig. S9A).
All Wnt promotors showed high probability scores for the bZIP
family of TFs such as cFos and different other CREB/ATF
members (SI Appendix, Fig. S9A and Table S2). While cFos is
a downstream target of the ERK pathway, ATFs can be acti-
vated by the JNK or p38 pathway (84–86). This hypothesis is
further supported by recent assays for transposase accesible
chromatin sequencing (ATAC-seq) studies in Hydra demon-
strating that early stages of injury-induced Wnt expression likely
depend on bZIP TFs such as cFos and ATFs (31). In silico
analysis revealed that ATF2/CREB can bind mainly to the
Wnt9/10c promotor and ATF3 can bind mainly to the Wnt3
and Wnt7 promoters (SI Appendix, Table S2). ATF3 is acti-
vated in response to stress stimuli (87–90) but has not been
described in cnidarians (SI Appendix, Fig. S10) (91). In electro-
mobility shift assays (EMSAs), we found that recombinant
human ATF3 binds to the putative ATF3 binding sites of the
HyWnt3 promoter (SI Appendix, Fig. S9B). Although we
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cannot rule out the possibility that ATF2/CREB also binds to
the putative ATF3 sites, differential binding of ATF2/CREB
and ATF3 to the promoter region of Wnt9/10c and Wnt3 could
explain the antagonistic effects of MAPKs on Wnt expression.
We therefore propose a model in which differential binding of
ATFs promotes the expression of Wnt9/10c to initiate regenera-
tion and prevent premature up-regulation of patterning Wnts
such as Wnt3 and Wnt7. To our knowledge, there are currently
only two reports of ATF2-driven expression of Wnts, i.e., in
colon cancer cells (92) and in hematopoietic tumor cells (93),
and none on ATF3. For us, they represent a level of Wnt regu-
lation that has received little attention but is important for inte-
grating Wnts in the generic wound response.

β-Catenin and Wnt Levels Determine the Patterning Fate in
Regenerates. While the differential activation of Wnts by ATFs
is still part of the injury-induced cascade, the question remains
how the transition from a generic wound response to position-
specific gene expression is achieved on the cellular level. Previous
work in Hydra (23, 94, 95) and Nematostella (22, 96), as well as
related studies in planarians (65, 97, 98), has convincingly shown
that β-catenin is crucial for the overall polarity of the body (99).
We thus assume that β-catenin is intimately linked to the long-
term storage of the body axis gradient, as already postulated
(100, 101). This gradient is known as head-forming competence
and shown to be different at various axial levels along the oral-
aboral body axis in Hydra (95). It was introduced as the source
density in the mathematical model by Gierer and Meinhardt
(102) and is proposed to be essential for establishing the previous
positional identity. Since the source density seems to encode a
distinct responsiveness/competence along the body axis, we
hypothesize that the specification of head and foot tissue occurs
by the interplay of the injury signal with the source density.
We tested the role of injury-induced self-amplification of

Wnt/β-catenin signaling in the context of bud formation. Since

this process requires high levels of β-catenin (94), we placed an
incision in the budding region at a fluorescently labeled side
to examine whether we are able to artificially induce budding
(Fig. 7A). Compared to a noncut control, the frequency of bud
development at the site of incision increased from 20 to 60%
(Fig. 7A and SI Appendix, Table S1G). This is in line with
recent findings by Cazet et al. (31), who were able to induce
ectopic head organizers by puncture wounds.

We also attempted to override a presumed existing positional
gradient of the source density by incubating gastric pieces with
the GSK3 inhibitor azakenpaullone, which generates high
levels of β-catenin throughout the whole tissue (28, 33, 103).
Strikingly, these regenerates formed heads at both ends of the
body column to about 85% (Fig. 7B), which is twice as high
compared to gastric tissue treated with recombinant Wnts
(Fig. 5 E and F). This is strikingly similar to alsterpaullone- or
azakenpaullone-treated embryos of the sea anemone Nematostella,
which also form polyps with a head at both ends of the body axis
(22), an approach that has also recently been used to identify
β-catenin downstream targets patterning the oral-aboral axis in
these animals (96).

These experiments demonstrate that Wnt/β-catenin signaling
is intimately linked to the level of the source density, which in
turn determines the fate of the regenerating Hydra tissue as ini-
tially shown for planarian regeneration (Fig. 7C). Recently
proposed mathematical models support the importance of
an initial injury signal and β-catenin for robust patterning in
Hydra and animal regeneration (104–106). Given that injury-
induced Wnt expression has already been described for the
regeneration of fish fins, amphibian limbs, and mammalian
intestine and heart, this activation loop seems to be a common
strategy across metazoan phyla to overcome tissue damage in
both regeneration-competent and regeneration-noncompetent
organisms (107). We thus conclude that the injury response is
essential to promote both wound healing and regeneration,
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Fig. 7. Injury triggers default Wnt expression to initiate patterning. (A) Polyps were labeled with green fluorescent latex beads and subsequently incised in
the budding region at the side of the label at 2 h postlabeling (cut), while the uncut population remained unaffected (ctrl). After 3 days, the number (ctrl/cut)
and position of new buds were determined, as depicted by schematic representation. While noncut polyps exhibited random bud development, incised ani-
mals showed positional bias of budding at the labeled side. Significance of biased budding from three independent experiments was tested using logistic
regression analysis with a P value of 0.0001. n (ctrl) = 48, n (cut) = 55. (B) Gastric pieces were excised and exposed to DMSO (ctrl) or to azakenpaullone
(AZP). Stabilization of β-catenin yields 85% of animals showing head structures at both extremities upon AZP treatment, while ctrl polyps preserve the
original polarity. Right Lower Corner: Numbers indicate the frequency of normal morphology/morphology defects/polarity reversal. Scale bars: 500 μm.
n (ctrl) = 96, n (AZP) = 95. (C) Schematic representation of how source density is related to Wnt/β-catenin signaling and how it finally yields head and foot
regeneration upon injury. Injury causes initial up-regulation of Wnt/β-catenin at either end that induces the tissue to regenerate. The positional specification
of the regenerating tissue is dependent on the relative value of the source density along the body column. While high source density commits the tissue to
head regeneration, lower values of the source density yield foot regeneration.

10 of 12 https://doi.org/10.1073/pnas.2204122119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204122119/-/DCSupplemental


while the decision to regenerate or simply heal the tissue is
determined by its competence. The nature of the source den-
sity, which encodes this competence, is still elusive, but our data
stress the importance of identifying the molecular cues that con-
stitute the source density and determine whether wound healing
or regenerative pathways are activated upon injury.

Materials and Methods

Hydra Culture. Polyps were kept in HM (1 mM NaHCO3, 0.1 mM KCl, 0.1 mM
MgCl2, 1 mM CaCl2, and 1 mM Tris, pH 6.9) at 18 °C. Animals were fed three
times a week with Artemia salina nauplii. The medium was exchanged daily. The
strain Hydra vulgaris AEP was used for all experiments if not otherwise indicated.
Animals were starved for 24 h prior to experiments.

Inhibitor Treatments. Animals were pretreated with inhibitors for 1 h prior to
the start of the respective experiment. 25 μM U0126 (MEK/ERK inhibition),
50 μM SB 203580 (p38 inhibition) (SI Appendix, Fig. S11), and 1 μM SP600125
(JNK inhibition) (21) were diluted in HM. All reagents were purchased from Cell
Signaling Technology. All inhibitors were dissolved in DMSO as 20 mM stock sol-
utions. For calcium experiments, 2 μM A23187 (Sigma-Aldrich) in HM was used
if not otherwise indicated. 50 μM BAPTA and 0.5 mM EGTA were used in
calcium-free HM. Both reagents were purchased from Sigma-Aldrich. BAPTA
and A23187 were dissolved in DMSO as 50 mM stock solutions. For redox

experiments, 100 μM freshly purchased GSH (Merck Millipore) and 500 μM
H2O2 (Sigma-Aldrich) were diluted in HM. As shown before for U0126 (42), the
effects of inhibitors are dose dependent and require activity control for long-term
treatment of head and foot regenerates. Inhibitors and GSH were exchanged
every 12 h. For reagents dissolved in DMSO, the solvent only served as control by
diluting an equal volume of DMSO in HM. For multiple inhibitor experiments,
the highest volume of the inhibitor solution was used as reference for the control.

Full details of methods are given in SI Appendix, SI Material and Methods.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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