
RESEARCH ARTICLE STEM CELLS AND REGENERATION

JNK signalling is necessary for a Wnt- and stem cell-dependent
regeneration programme
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ABSTRACT
Regeneration involves the integration of new and old tissues in the
context of an adult life history. It is clear that the core conserved
signalling pathways that orchestrate development also play central
roles in regeneration, and further study of conserved signalling
pathways is required. Here we have studied the role of the conserved
JNK signalling cascade during planarian regeneration. Abrogation of
JNK signalling by RNAi or pharmacological inhibition blocks posterior
regeneration and animals fail to express posterior markers. While the
early injury-induced expression of polarity markers is unaffected, the
later stem cell-dependent phase of posterior Wnt expression is not
established. This defect can be rescued by overactivation of the Hh or
Wnt signalling pathway to promote posterior Wnt activity. Together,
our data suggest that JNK signalling is required to establish stem cell-
dependent Wnt expression after posterior injury. Given that Jun is
known to be required in vertebrates for the expression ofWnt andWnt
target genes, we propose that this interaction may be conserved and
is an instructive part of planarian posterior regeneration.
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INTRODUCTION
Regenerative phenomena are widespread across the animal
kingdom, although our understanding of how they work, whether
they are conserved and how they evolve is still sparse. A number of
model systems have been used to expand our understanding of
the cellular and molecular mechanisms underpinning regeneration
(reviewed by Poss, 2010; Tanaka and Reddien, 2011). This work
has established that conserved signalling cascades with central
roles in the embryogenesis of all animals are also active
during regeneration, with roles that are also anatomically and
physiologically reminiscent of their functions during development.
This is particularly the case in the planarian flatworm model

system. For example, planarians use Wnt and Hedgehog (Hh)
signalling for anterior-posterior patterning and BMP signalling for
dorsal-ventral patterning in line with the widely conserved roles of
these pathways in specifying fates during the embryogenesis of
many animal phyla (reviewed by Aboobaker, 2011; Almuedo-
Castillo et al., 2012; Reddien, 2011; Rink, 2013). In addition toWnt
and Hh, a number of other conserved signalling molecules and
transcription factors have recently been shown to be involved in
different aspects of regeneration, in some cases providing entirely
novel insights into the developmental and physiological roles of
conserved genes (Almuedo-Castillo et al., 2014; Cebrià et al.,

2002a; Cowles et al., 2013; Fraguas et al., 2014; González-Estévez
et al., 2012; Molina et al., 2011; Solana et al., 2013; Vogg et al.,
2014).

Planarian regeneration and the planarian life history allow the
roles of genes and pathways essential to embryogenesis in other
animals to be studied in an adult context, easily circumventing the
problem of embryonic lethality masking later life history functions.
Many genes are likely to have pleiotropic roles in adult animals but
the ability to study specific regenerative scenarios coupled with
RNAi-mediated studies of gene function can allow these roles to be
picked apart. We have exploited this particular feature to study the
role of the broadly conserved c-Jun N-terminal protein kinase (JNK)
pathway and uncover an undescribed role in controlling posterior
regeneration.

JNK, also referred to as stress-activated protein kinase, is a
member of the large mitogen-activated protein kinase family. The
JNK pathway is implicated in multiple physiological processes,
including cell proliferation, programmed cell death, nervous system
development and T-cell-mediated immunity (reviewed by Davis,
2000; Weston and Davis, 2002, 2007). It has recently been
suggested that JNK-dependent compensatory proliferation is itself
induced by JNK-mediated apoptosis. This finding might explain
how JNK appears to have both protective and inductive roles in
different types of cancer (Chen, 2012). Many of the functions of
JNK signalling are obviously of high relevance to the processes of
regeneration, such as organismal and local responses to wounding
and the control of growth for tissue remodelling. In planarians,
potential downstream components of the JNK signalling cascade
have been implicated in controlling the clonal expansion of stem
cells and are upregulated upon wounding (Wagner et al., 2012;
Wenemoser et al., 2012). Two previous studies describe that the
signalling pathway and the planarian orthologue of JNK itself are
required for wound healing, for driving stem cell mitosis and for
correctly activating cell death during regeneration (Almuedo-
Castillo et al., 2014; Tasaki et al., 2011).

Here, we have elucidated another role for the JNK signalling
cascade and, in particular, for the transcriptional effector Jun in
driving axial polarity. Pharmacological or RNAi-mediated
abrogation of JNK signalling leads to a failure in posterior
regeneration. JNK signalling is required for extension of posterior
tissues and establishment of the posterior pole of Wnt-expressing
cells, possibly through the involvement of Jun in activating the
expression of Wnts in stem cell progeny. In junl-1(RNAi) animals,
we also uncover an anterior midline regeneration defect that is
caused by expansion of slit expression as correct wnt5 expression
fails to re-establish during regeneration.

These data suggest a model in which JNK signalling is required
downstream of initial wound-induced Wnt activity to drive the
formation of a posterior Wnt-expressing pole from differentiating
stem cells at the posterior regeneration blastema. Similar
interactions between the JNK and Wnt signalling pathways haveReceived 7 July 2014; Accepted 3 June 2015
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been described previously in mammals and other vertebrates,
suggesting that this might be a conserved signalling pathway
interaction within the Bilateria that is important for posterior
identity (Gan et al., 2008; Nateri et al., 2005; Saadeddin et al.,
2009).

RESULTS
JNK signalling components are required for tail regeneration
We used informatics searches of the planarian genome and
consolidated transcriptome data sets to identify orthologues of
Hemipterous/Map kinase kinase 7 (hem), JNK ( jnk) and two
potential orthologues of the Jun transcription factor. One of these,
previously called junl-1 (Wagner et al., 2012), appears to be closely
related to other platyhelminth and protostome Jun genes. The other,
jun-1 (Wenemoser et al., 2012), does not have a clear orthologue
in extant parasitic platyhelminth data or other protostomes and

appears to have undergone relatively rapid sequence evolution
(supplementary material Fig. S1).

In order to investigate the role of the JNK signalling pathway
during regeneration we used RNA interference (RNAi) to knock
down the expression of the core JNK signalling components (see
supplementary material Fig. S2A for RNAi protocol). After two
rounds of injections we amputated animals in front of and behind
the pharynx and followed regeneration (supplementary material
Fig. S2B). Whereas anterior regeneration proceeded normally, in
nearly all animals we observed a clear impairment in tail
regeneration, with all head fragments and most trunk fragments
failing to regenerate a tail (Fig. 1A; supplementary material Fig. S3).
A small proportion of tail fragments failed to regenerate their eyes
appropriately, displaying smaller eyes than controls (see below).

To further characterise the tailless phenotype, WISH was
performed using a gut marker (Smed-porcn1) and a nervous

Fig. 1. RNAi of JNK signalling pathway members disrupts tail formation. (A) Posterior blastemas of control animals [gfp(RNAi)] regenerated tails, whereas
the tails did not regenerate after Smed-junl-1(RNAi). Anterior blastemas appeared normal after Smed-junl-1(RNAi). (B) WISH with the gut marker Smed-porcn1
(gfp n=4/4, junl-1 a=7/7) and the nervous system marker Smed-h.10.2f (gfp n=6/6, junl-1 a=9/9) showed that the tails do not extend after Smed-junl-1(RNAi). All
stains were performed on heads at 7 days of regeneration (dR). (C) Immunohistochemistry of the nervous system with anti-Synapsin revealed that the ventral
nerve chords (VNCs) at 14 dR do not fuse at the posterior after Smed-junl-1(RNAi) (gfp n=7/7, junl-1 a=6/7; in a separate experiment, animals that were fixed at
7 dR: gfp n=26/26, junl-1 a=24/29). (D) FISH with the pharynx marker Smed-laminin demonstrates a failure of regeneration posterior to the pharynx (green) in the
regenerating head at 14 dR stained with Hoechst 33342 (blue) (gfp n=10/10, junl-1 a=10/10). (E) The tail lengths of Smed-hem(RNAi), Smed-jnk(RNAi) and
Smed-junl-1(RNAi) in regenerating head pieces were significantly shorter than in gfp controls. Tail length was measured from the tip of the pharynx to the end of
the animal and normalised to total length. A minimum of 60 animals was measured with the Measure tool in Fiji, using bright-field pictures. The bar chart shows
mean±s.e.m.; ***P<0.001 (two-tailed t-test) compared with gfp(RNAi) animals. (F) The average total length (mean±s.e.m.) of the animals from E is not
significantly different to controls, suggesting a specific failure in tail regeneration and potential compensatory changes elsewhere. Counts are for normal (n) or
abnormal (a) animals as described per condition. Scale bars: 500 μm.
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system marker (Smed-h.10.2f ) at 7 days of regeneration (dR).
Although the gut and the nervous system clearly regenerate, the
ventral nerve chords (VNCs) do not join at the posterior, and the
posterior gut branches appeared closer to the posterior tip of all
knockdown animals (Fig. 1B). At 14 dR, gfp(RNAi) controls fully
regenerated the VNCs, which joined at the posterior tip, whereas
junl-1(RNAi) tails had truncated VNCs and the posterior tip failed to
regenerate correctly (Fig. 1C). FISHwith the pharynx marker Smed-
laminin revealed that this organ does regenerate in junl-1(RNAi)
knockdowns, albeit in a relatively more posterior position than in
controls (Fig. 1D).
jnk(RNAi) animals shared the same tailless phenotype and hem

(RNAi) animals displayed a milder defect with respect to VNC
regeneration (supplementary material Figs S3 and S4). Trunk and tail
pieces regenerate the anterior normally without any effect on eye
regeneration after both jnk(RNAi) and hem(RNAi) (supplementary
material Fig. S3).However, byperformingdouble-RNAiexperiments
with pathway components, more severe tailless phenotypes could
be generated in hem/jnk(RNAi) animals and more severe effects
on regeneration were observed in jnk/junl-1(RNAi) animals
(supplementary material Fig. S3). Measurement of Smed-jnk
transcript levels (supplementary material Fig. S5) remaining after
jnk(RNAi) revealed that levels were similar to those reported in an
earlier study (Almuedo-Castillo et al., 2014). Given the likely
pleiotropic roles of JNK signalling, the posterior regeneration defect
caused by our RNAi knockdown schedule of all three JNK pathway
components presented a focused opportunity to study a particular role
of JNK signalling during planarian regeneration.
In order to quantify and confirm our phenotypic observations, the

distance between the posterior tip of the pharynx and the end of each
animal was measured and normalised to the total length of each
animal to provide a measure of tail length. Tail length was analysed
at 14 dR on head fragments, with more than 60 animals for each
RNAi condition. JNK pathway RNAi animals had significantly
shorter tails than the controls, junl-1(RNAi) having the largest effect
(Fig. 1E). Conversely, the length from the anterior to the tip of the
pharynx increased in all three RNAi phenotypes (supplementary
material Fig. S2C). In line with these two findings, the overall total
length of animals was not affected (Fig. 1F). This confirms that the
observed phenotype is a failure in posterior regeneration and also
results in the relative position of the pharynx being more to the
posterior. Taken together, these data suggest that our RNAi
experiments reveal a role of JNK signalling that is specific to
posterior regeneration and does not reflect a general growth defect.

The tailless phenotype can be phenocopied by chemical
inhibition of JNK signalling
To further investigate the role of JNK signalling the JNK inhibitor
SP600125 (Bennett et al., 2001) was used to treat animals during
regeneration. We found that the high dose of this inhibitor (25 µM)
previously used for planarians (Tasaki et al., 2011) was lethal to
S. mediterraneawithin 30 min to 1 h of exposure. At this high dose
it is also likely to have off-target effects on other kinases (Bain et al.,
2007; Tanemura et al., 2009). A dose curve was established to
find a concentration at which S. mediterranea animals could be
cultured without any general toxic effects (supplementary material
Fig. S6A). Treatment with doses up to 5 µM did not have any
apparent immediate adverse effects but these animals could not
perform wound healing and died between 2 and 3 days after
amputation. A 5 µM dose applied after wound healing allowed 70%
survival until 5 dR, and these survivors had no posterior blastema, a
reduced anterior and all died over the following 5 days.

At 1 µM SP600125 over 95% of animals survived for the whole
regenerative timecourse. At this concentration, tailless regeneration
phenotypes were observed that phenocopied JNK signalling RNAi
(Fig. 2A; supplementary material Fig. S6B), including a failure of
the VNCs to join (Fig. 2A). At 1 µM no effect on anterior
regeneration was observed (Fig. 2B). These data provide a second
line of evidence that JNK signalling is required for posterior
regeneration.

The efficacy of SP600125 presented the opportunity to study the
time at which the posterior phenotype takes effect and to ascertain
whether the effect on tail formation is reversible. To examine the time
window at which JNK signalling is required for tail specification, we
performed timed exposure experiments during posterior regeneration.
First, we performed ‘wash-in’ assays, amputating animals and adding
1 µM SP600125 after 1, 2, 3 or 4 dR, and observing tail regeneration
at 10dR.We found that if the inhibitorwas addedwithin the first 3 dR,
although tails could regenerate to a greater extent than in animals
under maintained exposure, they were significantly shorter than
control animals exposed to vehicle alone. The greatest effects on tail
length were observed after adding the inhibitor after 1 or 3 dR
(Fig. 2C). Adding the inhibitor at 4 dR had no effect on tail length at
10 dR, even though the majority of elongation occurs in this time
window. In wash-in experiments between 2 and 4 days after
amputation, VNC regeneration was more complete than in animals
subjected to constant SP600125 exposure or in RNAi animals. When
1 µMSP600125 was added after just 1 dR, VNC regeneration defects
were similar to those observed upon constant exposure to the inhibitor
or in RNAi animals (Fig. 2B).

The opposite ‘wash-out’ experiment, in which 1 µM SP600125
was removed after 1, 2, 3 or 4 dR, revealed that the longer the
animals were exposed to the inhibitor the shorter the tails became,
until they were indistinguishable from controls exposed to the
inhibitor for the whole 10 dR (Fig. 2D). Removing the inhibitor
after 4 dR did not result in a restoration of tail length.

Taken together, these data suggest that knocking down or
inhibiting members of the JNK signalling cascade leads to defects in
planarian tail regeneration and that JNK signalling is necessary to
allow posterior regeneration during the first 4 dR, but not thereafter.

Smed-junl1 is required for correct anterior midline
specification
Close observation of anterior regeneration of Smed-junl-1(RNAi)
animals revealed a low penetrance effect on eye formation (smaller
or misplaced) in 12/81 regenerating tails and 7/85 regenerating
trunks (Fig. 3A). Further structural characterisation revealed that
there were some underlying defects in anterior regeneration that
were likely to be responsible for causing the mild effects on eye size
and placement. Immunostaining for the neuronal marker Synapsin
revealed that, although the brain and nervous system regenerated,
they were patterned incorrectly (Fig. 3A). This was also apparent
from staining for other neuronal markers, such as Smed-eye-53 and
Smed-cintillo (Fig. 3A). The brain lobes were laterally spread
compared with controls and failed to connect. Ectopic cintillo+ cells
were observed away from their normal position at the lateral anterior
margins (Fig. 3A). The anterior polarity marker Smed-sFRP had
reduced lateral expression compared with controls at 14 dR. Early
anterior polarity marker expression (Smed-notum and Smed-sFRP)
was indistinguishable from that of controls (Fig. 3B), confirming
that there was not a defect in setting anterior polarity per se, but with
later patterning events.

The defects observed in anterior regeneration suggested a potential
midline expansion defect. This possibility was investigated with the

2415

RESEARCH ARTICLE Development (2015) 142, 2413-2424 doi:10.1242/dev.115139

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1


midline marker Smed-slit. We found this marker to have an expanded
domain of expression at the anterior regeneration tip of junl-1(RNAi)
animals (Fig. 3C). This provides a plausible explanation for the
phenotype that we observe and the position of the brain lobes, which
in wild-type animals regenerate around the midline. We did not
observe expansion of Smed-slit expression in animals treated with
1 µM SP600125 (supplementary material Fig. S7A).
The expansion in slit expression we observe is reminiscent of that

seen after Smed-wnt5(RNAi) (Gurley et al., 2010). The mediolateral
expression of Smed-wnt5 in junl-1(RNAi) animals was indeed
reduced compared with controls. These data indicate that the effects
of junl-1(RNAi) on anterior regeneration might be the result of a
reduction in Smed-wnt5 expression leading to an expansion in
Smed-slit expression and thus midline specification (Fig. 3C). We
did not see a loss of wnt5 expression in 1 µM SP600125-treated
animals (supplementary material Fig. S7B) or in Smed-hem(RNAi)
or Smed-jnk(RNAi) animals (supplementary material Fig. S7C),
suggesting that a specific effect of junl-1(RNAi) leads to this subtle
anterior phenotype.

JNK signalling is required for the stem cell-dependent phase
of Wnt gene expression
Given the high penetrance of the junl-1(RNAi) posterior phenotype,
it seemed pertinent to focus on this transcription factor as a terminal
effector of JNK signalling activity. Previous knowledge of JNK
signalling and its described roles in planarians (Almuedo-Castillo
et al., 2014; Tasaki et al., 2011; Wagner et al., 2012) led to the
consideration of three initial plausible roles for junl-1 in posterior
regeneration: (1) a requirement to drive regeneration by facilitating
new tissue growth; (2) a requirement specifically for new tissue
growth at posterior-facing wounds; (3) a role in establishing
posterior identity, which then leads to correct tail growth.

To test whether growth was affected in a way that could plausibly
cause a defect in posterior regeneration the proliferative response of
stem cells after junl-1(RNAi) was measured by counting mitotic
cells. Although all animals were tailless, no negative effects on stem
cell proliferation during the first 72 h of regeneration were observed,
arguing against an effect on growth, as reflected in stem cell
proliferation, during the time window that JNK signalling is

Fig. 2. Pharmacological inhibition of JNK signalling phenocopies the tailless phenotype. (A) Treatment with 1 μM SP600125 JNK inhibitor (JNKi)
results in tailless animals after 10 dR, as compared with controls (0.05% DMSO control n=40/40, JNKi a=37/40, across three experiments). (B) Anterior
regeneration was normal in both DMSO controls (n=40/40) and JNKi (n=40/40) across three experiments. Immunohistochemistry with anti-Synapsin shows that
the VNCs do not extend or join at the tip (a=10/10). (C) Wash-in experiment. Animals were amputated pre-pharyngeally and placed in planarian water
supplemented with 0.05%DMSO. Thewater was replacedwith 1 μMJNKi after 1, 2, 3 or 4 dR (wash-in day,WI d), and the animals were left to regenerate until day
10, when they were scored, measured, fixed and stained with anti-Synapsin. Adding JNKi during the first 3 dR results in reduced tail length, whereas adding JNKi
after 4 dR has no effect (WI 1 d a=8/10,WI 2 d a=8/10 andWI 3 d a=11/11 show reduced tail length and VNCs that join at the tip; WI 4 d n=11/11 have normal tails
and VNCs). (D) Wash-out experiment. Animals were cut pre-pharyngeally and immediately placed in JNKi solution. The solution was replaced with planarian
water containing 0.05% DMSO after 1, 2, 3 or 4 dR (wash-out day, WO d), after which the animals were left to regenerate. Imaging, fixing and staining was
performed at 10 dR. Addition of the inhibitor for just 1 day resulted in reduced tail length, with the most pronounced effect occurring after exposure for 4 days, after
which the phenotype was not reversible (WO 1 d a=8/9, WO 2 d a=8/10 and WO 3 d a=11/11 have reduced tail lengths compared with controls and VNCs that
joined at the tip; WO 4 d a=9/11 were indistinguishable from JNKi controls, had very small or no posterior blastema and the VNCs did not join at the posterior).
Bar charts show mean±s.e.m.; ***P<0.001, **P<0.01 (one-tailed t-test). Both wash-in and wash-out experiments had matched controls for 0.05% DMSO and
1 μM JNKi for 10 dR (A). Counts are for normal (n) or abnormal (a) animals as described per condition. Scale bars: 500 μm.
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required for posterior regeneration (supplementary material
Fig. S8A). We also measured the absolute number of stem cells at
posterior-facing wounds after 4 dR to see whether a decrease in
neoblast numbers could explain the posterior defects, but we
observed no difference between junl-1(RNAi) and control animals
(supplementary material Fig. S8B). Given that, in the vast majority
of animals, the anterior regeneration of trunks and tail fragments
appears normal, the finding that global proliferation is not affected
argues against a general effect on growth in our experimental
paradigm. A previous report highlighted effects of jnk(RNAi) in
reducing apoptosis levels during tissue remodelling (Almuedo-
Castillo et al., 2014). We used whole-mount terminal uridine nick-
end labelling (TUNEL) to look at apoptosis at 4 h and 72 h post
amputation, but observed no difference between junl-1(RNAi) and
control animals. We also investigated the effect of 1 µM SP600125
treatment on apoptosis (supplementary material Fig. S9A,B) at 4 h
and 72 h post amputation, and observed no difference between
SP600125 treatment and control animals.
In order to determine whether the effect of junl-1(RNAi) was

specific to regenerating any new tissue in posterior regions,

reflecting a specific effect on growth at posterior-facing
amputations, double beta-catenin1/junl-1(RNAi) was performed.
It has previously been demonstrated that beta-catenin1(RNAi) leads
to anterior structures regenerating at all wounds and, when used in
double-RNAi experiments, has proven to be a useful test of
epistastic relationships and pleiotropic roles during planarian
regeneration (Blassberg et al., 2013; Felix and Aboobaker, 2010;
Gurley et al., 2008; Iglesias et al., 2008; Petersen and Reddien,
2008). In contrast to junl-1/gfp(RNAi) animals, which were all
tailless, beta-catenin1/junl-1(RNAi) animals were able to regenerate
anterior structures at posterior-facing wounds to a similar extent as
beta-catenin1/gfp(RNAi)worms (supplementary material Fig. S8C),
with similarly sized blastemas. The neural marker Smed-h.10.2f, the
anterior polarity marker Smed-sFRP and the brain-specific marker
Smed-GPAS were all expressed at posterior-facing wounds,
confirming ectopic anterior regeneration in both beta-catenin1/gfp
(RNAi) and beta-catenin1/junl-1(RNAi) animals (supplementary
material Fig. S8D). Together, these data suggest that the posterior
phenotype observed in junl-1(RNAi) animals is unlikely to be due
to a failure to regenerate new tissue by stem cells at posterior

Fig. 3. Smed-junl1 is required for correct anterior midline specification. (A) After 10 dR, tail pieces regenerated an anterior blastema with eyes as scored by
bright-field (bf ) (gfp n=80/80, junl-1 n=78/85). However, cephalic ganglia (CG) did not connect and were spread laterally in Smed-junl-1(RNAi) animals as
revealed by staining of the brain with anti-Synapsin (gfp n=29/29, junl-1 a=25/27, in three separate experiments at 10 dR) and staining with Smed-eye-53 at 7 dR
(gfp n=25/25, junl-1 a=18/25). The lateral expression of anterior marker Smed-sFRP was reduced at 14 dR (gfp n=6/6, junl-1 a=10/12), and there were ectopic
cintillo+ cells in Smed-junl-1(RNAi) animals by 10 dR (gfp n=4/4, junl-1 a=4/4). (B) Early anterior polarity appeared unaffected in junl-1(RNAi) animals. The
markers used were Smed-notum at 12 hours of regeneration (hR) (gfp n=27/27, junl-1 n=24/24), 24 hR (gfp n=10/10, junl-1 n=11/11) and 3 dR (gfp n=5/5, junl-1
n=5/5) and Smed-sFRP (gfp n=6/6, junl-1 n=7/7) at 3 dR. (C) The expression of midline marker Smed-slit appeared expanded at the anterior blastema in junl-1
(RNAi) regenerating tails at 7 dR, consistent with a midline phenotype (gfp n=12/12, junl-1 a=6/8). Additionally, the expression of medial tissue patterning
gene Smed-wnt5 is reduced after junl-1(RNAi) (gfp n=6/7, junl-1 a=10/11). Counts are for normal (n) or abnormal (a) animals as described per condition.
Scale bars: 500 μm.
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wounds, but is instead a specific failure to regenerate posterior
tissues.
Previous work has shown that posterior regeneration requires a

defined programme of Wnt signalling activity in response to
wounding. Wounding results in stem cell-independent Smed-wnt1
expression in muscle cells at all wound sites (Petersen and Reddien,
2009b;Witchley et al., 2013). This earlywnt1 expression is required
for stem cells at the posterior wound site to differentiate to form a
Wnt gene-expressing pole in the regenerating blastema (Petersen
and Reddien, 2009b). Active Hh signalling is required for early
wound-induced Wnt gene expression and a number of other genes
have now been shown to be required for the formation of the stem
cell-dependent phase of later Wnt gene expression (Blassberg et al.,
2013; Chen et al., 2013; Currie and Pearson, 2013; Hayashi et al.,
2011; Marz et al., 2013; Rink et al., 2009; Yazawa et al., 2009). In
junl-1(RNAi) worms, the early phase of wound-induced wnt1
expression was not affected and was equivalent to that observed for
control animals at both anterior and posterior wounds (Fig. 4A;
supplementary material Fig. S10A). Additionally, early wnt1
expression was unaffected by 1 µM SP600125 treatment
(supplementary material Fig. S10B). At 4 dR the stem cell-
dependent Smed-wnt1 expression that is normally established at
the posterior pole failed to appear in junl-1(RNAi)worms (Fig. 4A).
This loss of later Smed-wnt1 was also observed for SP600125-
treated animals (Fig. 4B) and for jnk(RNAi) animals (supplementary
material Fig. S10C). Other posterior determinants and markers,
including Smed-wnt11-2, Smed-wnt11-5 and Smed-fzl4, were all
absent in junl-1(RNAi) animals (Fig. 4C).
Taken together, these data suggest that JNK signalling is not

required for early wound-induced expression of wnt1 but is required
for later establishment of the stem cell-dependent posterior domain
of expression of multiple Wnt genes and for posterior regeneration.
These data explain the failure in posterior regeneration caused by
abrogation of JNK signalling.

Constitutive Hh and Wnt signalling rescue posterior
regeneration defects and junl-1 is required for islet expression
at the posterior pole
These results led to the possibility that junl-1 could play a role in the
regulation of posterior cell fate by regulating the ability of
differentiating cells entering the blastema to react to the wound-
induced Wnt signal and to subsequently express appropriate
posterior effectors and markers. One prediction of this hypothesis

is that overactivating Wnt signalling should rescue the junl-1(RNAi)
phenotype.

To overactivate Wnt signalling we performed double RNAi with
Smed-patched ( ptc) and Smed-apc (apc). The phenotypes of ptc and
apc have been extensively characterised previously (Evans et al.,
2011; Gurley et al., 2008; Rink et al., 2009; Yazawa et al., 2009).
Loss of ptc leads to constitutive Hh signalling, which in turn
overactivates Wnt signalling and thus posterior fate and tail
formation at every wound. Similarly, loss of apc leads to
constitutive Wnt signalling and thus posterior fate and tail
formation at every wound. Overactivation of Hh and Wnt
signalling by double ptc/junl-1(RNAi) or apc/junl-1(RNAi) was
sufficient to rescue the junl-1 RNAi tailless phenotype. This was
confirmed by bright-field microscopy (Fig. 5A), by staining with
anti-Synapsin at 14 dR (Fig. 5B), and by staining for the neural
marker Smed-h.10.2f and gut marker Smed-porcn1 at 7 dR
(Fig. 5C). We measured junl-1 transcript levels in the different
double-RNAi conditions and found no indication that rescue was
due to reduced efficacy of junl-1 knockdown (supplementary
material Fig. S5).

Taken together, these results demonstrate that stem cell-
dependent wnt1 expression, but not wound-induced wnt1
expression, is affected by junl-1(RNAi) and that rescue of this
phenotype by ectopic activation of Wnt/Hh signalling supports the
finding that the effect of junl-1 is mediated through an effect onWnt
signalling.

Although Wnt and Hh signalling are clearly central players in
controlling anterior-posterior polarity in planarians, a number of
other genes have also been shown to be required for this process by
potentially interacting with these pathways. In particular, Smed-islet
(Hayashi et al., 2011), Smed-pitx (Currie and Pearson, 2013; Marz
et al., 2013) and Smed-pbx (Blassberg et al., 2013; Chen et al.,
2013) have all been shown to be required for correct posterior
regeneration. In all cases these genes are necessary for the stem cell-
dependent phase of wnt1 expression and the subsequent activation
of Smed-wnt11-2 and Smed-wnt11-5. Furthermore, it is known that
Smed-islet and Smed-pitx are co-expressed in wnt1-expressing
(wnt1+) cells during regeneration, suggesting the potential for
transcriptional regulation by these genes. Following junl-1(RNAi),
the expression of Smed-islet and Smed-pitx at the posterior pole was
absent (supplementary material Fig. S11A-D).

As an independent test of these results we combined both apc
(RNAi) and ptc(RNAi) with 1 µM SP600125 treatment. Treatment

Fig. 4. JNK-signalling is required for stem cell-dependentwnt1 expression. (A) The wound-induced expression of wnt1 (24 hR) was not affected after
Smed-junl-1(RNAi) (gfpn=40/40, junl-1n=40/43, over threeexperiments).However, stemcell-dependentwnt1 is not expressedat 4 dR (gfpn=14/14, junl-1a=13/16,
over two separate experiments). (B) Stem cell-dependentwnt1 expression is also reduced after incubationwith JNKi as comparedwith the controls (control n=13/14,
JNKi a=7/13). (C)PosteriormarkersSmed-wnt11-2 (gfpn=5/5, junl-1a=5/5),Smed-wnt11-5 (gfp n=6/6, junl-1a=5/5) andSmed-fzl4 (gfp n=7/7, junl-1 a=14/15)were
also absent at 4 dR following Smed-junl-1(RNAi). Counts are for normal (n) or abnormal (a) animals as described per condition. Scale bars: 500 μm.

2418

RESEARCH ARTICLE Development (2015) 142, 2413-2424 doi:10.1242/dev.115139

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.115139/-/DC1


with 1 µM SP600125 alone leads to a failure in tail regeneration, but
this was clearly rescued by combining the treatment with apc(RNAi)
and ptc(RNAi) (supplementary material Fig. S12A-E), including the
posterior (and anterior) pole expression of wnt1 (supplementary
material Fig. S12C,E).

junl-1 is expressed in both stem cells and Smed-wnt1+ cells
during regeneration
A possible mechanism by which JNK signalling might regulate the
formation of the posterior Wnt signalling centre is through activated
junl-1 driving the transcription of stem cell-dependent wnt1
expression. A prerequisite for this to occur is the expression of
junl-1 in wnt1+ cells in the stem cell-dependent phase of Wnt
expression.
FISH experiments confirmed the previously described stem cell-

enriched expression of junl-1 (Wagner et al., 2012) by showing that
Smed-H2B+ cells are junl-1+ (Fig. 6A). In addition, 24 h after
amputation junl-1 was upregulated at wound sites (Fig. 6B), and at
these wound sites there were some junl-1+ cells that were no longer
H2B+ in the region of the newly developing blastema (Fig. 6C). This
represents a potential population of cells in which stem cell-
dependent wnt1 expression might be induced.
At 24 h of regeneration no wnt1/junl-1 double-positive cells

were observed. wnt1+ and junl-1+ cells were in different dorsal-
ventral planes, consistent with expression in muscle cells (Witchley
et al., 2013) and newly forming differentiating cells/stem
cells, respectively. This suggests that early wound-induced wnt1

expression is indeed independent of any influence from junl-1.
However, at later stages of stem cell-dependent wnt1 expression
(2-4 days), wnt1+ cells in the regenerative blastema were also
junl-1+ (Fig. 7). Taken together, these data support the contention
that JNK signalling and junl-1 act to promote wnt1 expression and
posterior fate directly at the posterior regeneration blastema.

DISCUSSION
In this work a major new role for JNK signalling in planarian
regeneration is presented. Employing both RNAi-mediated and
pharmacological abrogation of JNK signalling leads to a block of
posterior regeneration as the stem cell-dependent phase of Wnt
expression fails to establish at the posterior pole. In addition, we
describe a less penetrant anterior phenotype in junl-1(RNAi)
animals caused by an expansion of the midline, which we suggest
results from a reduction of Smed-wnt-5 expression.

A specific requirement for JNK signalling in posterior
regeneration
Although Wnt and Hh signalling are clearly central players in
controlling anterior-posterior polarity in planarians, a number of
other genes have also been shown to be required for this process, by
potentially interacting with these pathways (Blassberg et al., 2013;
Chen et al., 2013; Currie and Pearson, 2013; Hayashi et al., 2011;
Marz et al., 2013), and to be required for the stem cell-dependent
phase ofwnt1 expression and subsequent activation of Smed-wnt11-
2 and Smed-wnt11-5. In this report it has been shown that JNK

Fig. 5. Overactivation of Wnt signalling
rescues the tailless phenotype.
(A) Double Smed-ptc/junl-1(RNAi) and
Smed-apc/junl-1(RNAi) resulted in tails
forming at every wound site (xt),
compared with the tailless animals (a)
that result after Smed-junl-1/gfp(RNAi)
(ptc/gfp xt=53/66, ptc/junl-1 xt=67/69,
apc/gfp xt=40/40, apc/junl-1 xt=40/40,
gfp/gfp n=86/86, junl-1/gfp a=95/101,
as scored for tails at both ends for the
ptc knockdowns and tails at the posterior
for gfp and junl-1). (B) The restoration
of the tail was confirmed with the
pan-neuronal marker anti-Synapsin on
heads at 14 dR (ptc/gfp xt=25/25, ptc/
junl-1 xt=30/33, apc/gfp xt=6/6, apc/junl-
1 xt=9/9, gfp/gfp n=26/27, junl-1/gfp
a=20/23, over three experiments).
(C) The rescue of the tail is also apparent
in head pieces by 7 dR (ptc/gfp xt=40/40,
ptc/junl-1 xt=40/40, apc/gfp xt=40/40,
apc/junl-1 xt=40/40). Nervous system
and gut markers Smed-h.10.2f (ptc/gfp
xt=16/16, ptc/junl-1 xt=15/17, apc/gfp
xt=14/14, apc/junl-1 xt=5/9) and
Smed-porcn1 (ptc/gfp xt=11/11, ptc/junl-1
xt=7/7, apc/gfp xt=10/10, apc/junl-1 xt=4/4)
further confirmed the rescue of the tail.
Counts indicate the number of animals
showing normal (n), extra tails (xt) or
absence of tail (a) per condition. Scale
bars: 500 μm.
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signalling is also required for posterior regeneration and that junl-1
is expressed in stem cell-dependent wnt1+ cells within 48 h of
regeneration. At 24 h of regeneration, junl-1 is expressed at wound
sites in stem cells but also in some cells that do not express the stem
cell marker H2B. It is in a subset of medially located junl-1+/H2B–

blastema cells thatwnt1 also begins to be expressed by 2 dR, and the
posterior Wnt-expressing pole can be detected. RNAi of junl-1 or
abrogation of JNK activity by SP600125 blocks the formation of
these Wnt gene-expressing cells. Our data support previous studies
reporting that normal wnt1 expression is required for posterior
regeneration (Petersen and Reddien, 2009b; Blassberg et al., 2013;
Chen et al., 2013; Currie and Pearson, 2013; Hayashi et al., 2011;
Marz et al., 2013; Rink et al., 2009; Yazawa et al., 2009). The fact
that we observe pharynx regeneration and that the overall size of
animals is unaffected suggests that overall patterning of regions
other than the tail is unaffected. Furthermore, we show that
Smed-islet and Smed-pitx, which are also normally co-expressed in

wnt1+ cells during regeneration, are not correctly expressed after
junl-1(RNAi), suggesting that JNK signalling might also be
required. The formation of the posterior Wnt-expressing pole is
very similar at the cellular level to the emerging description of
mechanisms that control the formation of the anterior pole, although
the molecular players are distinct (Vásquez-Doorman and Petersen,
2014; Vogg et al., 2014; Scimone et al., 2014).

Additional support for the proposal that the JNK signalling
phenotype is a result of loss of the stem cell-dependent phase of
wnt1 expression comes from rescue of the tailless phenotype by
overactivating the Hh and Wnt pathways using combinatorial RNAi
of ptc. Inducing constitutively active Hh, and thereby activating
Wnt, by performing double junl-1/ptc(RNAi) rescued the tailless
phenotype caused by abrogation of JNK signalling. These data
suggest that one role of JNK signalling in posterior regeneration is to
promote Wnt expression in stem cell progeny entering the posterior
regenerative blastema.

Fig. 6. Smed-junl-1 is expressed in the stem cells and regenerating blastemas. (A) Smed-junl-1 colocalised with stem cell marker Smed-H2B in intact
animals. (B) Smed-junl-1 is upregulated at the regenerating wounds after amputation (10/10 animals). (C) At the posterior blastema, Smed-junl-1 and Smed-H2B
colocalise. 135/135Smed-H2B+ cells are also junl-1+ (yellowarrowhead), but 22/157 junl-1+cells closest to thewound are negative forSmed-H2B expression (red
arrowhead) (counts across six animals). One confocal plane is shown. Scale bars: 1 mm in A; 500 μm in B; 50 μm in C.

Fig. 7. Thestemcell-dependentSmed-wnt1-expressingcells alsoexpressSmed-junl-1.Smed-junl-1doesnot colocalisewithSmed-wnt1 in thewound-induced
phase of wnt1 expression (24 hR) (nc=43/43 wnt1+ cells in four animals), but becomes colocalised from 2 dR onwards (2 dR co=17/20 wnt1+ cells in four
animals; 3 dRco=87/87 in 16 animals over four experiments; 4 dRco=21/21 in four animals). Arrowheads indicate cells with co-expression ofwnt1 and junl-1, except
at 24 hR where the arrowhead highlights a single junl-1-expressing cell. Shown are posterior blastemas from regenerating head pieces. One plane, as obtained by
confocal microscopy, is shown. Counts indicate the number of cells showing colocalised junl-1/wnt1 expression (co) or no colocalisation (nc). Scale bars: 50 μm.
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These findings differ from those previously described for other
genes required for the stem cell-dependent phase of posterior Wnt
expression. First, loss of JNK signalling has no other polarity or
position effects on other body regions, such as the pharynx, as
reported for Smed-pbx (Blassberg et al., 2013; Chen et al., 2013).
Second, both Smed-islet and Smed-pitx appear to be expressed
specifically in wnt1+ cells or in a localised medial region in
regenerating blastemas (Currie and Pearson, 2013; Hayashi et al.,
2011;Marz et al., 2013), whereas junl-1 is expressedmore broadly in
the regenerative blastema. Although these data suggest that junl-1
might be directly involved in switching onWnt gene expression at the
posterior, other potential direct or indirect cross-regulatory
interactions between JNKandWnt signalling have not been ruled out.

Potentially conserved cross-regulatory interactions between
JNK and Wnt mediate posterior identity
Studies of JNK signalling in a number of other systems suggest that
cross-regulatory interactions between JNK and both canonical and
non-canonical Wnt signalling are involved in a variety of processes,
including both the inhibition and activation of Wnt activity. As well
as the well-characterised interactions between JNK signalling and
the PCP pathway in a non-canonical fashion (Boutros et al., 1998),
direct interactions between beta-catenin and Jun have been reported,
which in turn mediate the transcription of both Wnt and JNK
signalling pathway members (Saadeddin et al., 2009).
Many interactions between the JNK and the canonical Wnt

signalling pathways have been reported. Previously described roles
of JNK signalling promoting canonical Wnt signalling include
recent studies in mammalian cell lines and in zebrafish embryos,
which have highlighted extensive crosstalk between JNK and Wnt
signalling, including the direct interaction of Jun with beta-catenin,
TCF4 and Dishevelled (Gan et al., 2008; Nateri et al., 2005; Toualbi
et al., 2007). c-Jun has been suggested to mediate the association of
this complex by stabilising its formation at Wnt target gene
promoters, and phosphorylated c-Jun protein has been shown to
colocalise with TCF4 and with beta-catenin in the nuclei of human
adenocarcinomas (Takeda et al., 2008). Given that in planarians
wound-induced wnt1 activates later stem cell-dependent Wnt
expression in a beta-catenin-dependent manner (Petersen and
Reddien, 2009b), it is tempting to speculate that the role of Jun in
stabilising this complex might be conserved during posterior
planarian regeneration. There is a previous report that suggests a
role for JNK in specifying posterior tissues in animals. The majority
of zebrafish embryos injected with a c-jun morpholino (MO)
exhibited an enlarged anterior and a reduced or absent posterior; this
phenotype is very similar to that observed after wnt8 MO injection
(Gan et al., 2008). These data are consistent both with our
phenotypic observations of tailless animals after knockdown of Jnk
pathway members, as well as our finding that junl-1 and wnt1 are
expressed in the same cells during posterior specification. Clearly,
the role of Wnt in promoting posterior regeneration mirrors its role
in controlling posterior fate during the embryogenesis of many
bilaterians (Niehrs, 2010; Petersen and Reddien, 2009a).
From an evolutionary perspective, our findings highlight the

possibility that regulatory interactions between JNK and Wnt in
specifying posterior regions may be conserved across bilaterians.
More broadly, there is growing evidence that JNK signalling can
regulate the outputs of Wnt signalling andWnt target genes through
direct interaction of Jun with TCF/LEF, beta-catenin and
Dishevelled and target promoters (Gan et al., 2008; Nateri et al.,
2005; Saadeddin et al., 2009). Our data suggest the possibility that
this particular crosstalk between these two pathways described in

vertebrates might be more widely conserved and may have been
present in the ancestral bilaterian.

Uncovering pleiotropic roles for JNK signalling during
planarian regeneration
JNK signalling will be deployed multiple times during an animal’s
life history in a number of different roles. Previous genetic studies of
the JNK pathway in S. mediterranea have focused on the study of
the two Jun family members jun1 and junl-1, and the planarian
orthologue of jnk. jun-1 has been previously described as a wound-
induced gene whose early expression is dependent on active
translation (Wenemoser et al., 2012), while junl-1 has been shown
to be required for the clonal expansion of stem cells in a sublethal
irradiation paradigm along with genes such as vasa and Setd8-like
protein (Wagner et al., 2012). The breadth of genes implicated as
having roles in clonal expansion suggests it is unlikely that there is a
link between this role of junl-1 and the role we describe here. In
addition, jnk has recently been shown to be required for limiting
stem cell entry into mitosis after wounding and for activating
apoptosis, such that knockdown leads to early overproliferation of
stem cells after wounding and reduced apoptosis causing defects in
regeneration and remodelling (Almuedo-Castillo et al., 2014).

We did not investigate jun-1 but instead focused on junl-1, along
with hem and jnk, as our phylogenetic analysis indicated this gene
was closer to other animal Jun proteins. Our RNAi knockdown
results for hem, jnk and junl-1 reveal a clear role for JNK signalling
in promoting posterior regeneration, without global effects on
regeneration or effects on stem cell proliferation or stem cell
numbers. The previous report of junl-1 being required for the clonal
expansion of stem cells after non-lethal regeneration (Wagner et al.,
2012) is clearly a very different regenerative context to that tested
here. A recently published study of jnk (Almuedo-Castillo et al.,
2014) combined three rounds of RNAi injection and two rounds of
full regeneration compared with just a single round of regeneration
in our study. It is possible that the different experimental paradigms
led to different levels of jnk transcript knockdown by RNAi, but we
observed broadly similar transcript levels after RNAi as in the
previous study. Thus, other differences in experimental set-up
between our work and previous work are likely to explain the less
severe effects on regeneration that we observe, allowing us to
unmask and study the effect of JNK signalling on posterior
regeneration outside of its more fundamental cellular roles. We did
observe more severe phenotypes in our experimental paradigm
when performing double junl-1/jnk(RNAi) (supplementary material
Fig. S3), which might reflect the broader effects reported upon use
of multiple rounds of regeneration (Almuedo-Castillo et al., 2014).

Our data from using the JNK inhibitor SP600125 is in agreement
with our RNAi-based approaches. A previous study used SP600125
in the planarian Dugesia japonica (Tasaki et al., 2011) and found
that treatment with a 25 µM dose blocked wound healing,
regeneration and stem cell division. Since this concentration of
the inhibitor rapidly killed S. mediterranea, this suggests the
response to SP600125 differs significantly between the two species.
However, we observed a failure of wound healing at a dose of 5 µM,
which prevented regeneration and led to death within 3 dR. A lower
concentration of 1 µM, shown to minimise potential effects on other
kinase families (Bennett et al., 2001; Cui et al., 2007; Valesio et al.,
2013), phenocopied the posterior regeneration defect caused by
RNAi of JNK signalling pathway members. This provides support
for our model whereby JNK signalling is required for posterior
regeneration and correlates with our RNAi data, with stronger
effects at higher doses of inhibitor. Finally, junl-1 is also required to
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re-establish correct wnt5 expression during anterior regeneration,
which normally acts to limit midline slit expression, to ensure
correct mediolateral patterning of the nervous system.
Taken together, extant data not surprisingly delineate multiple

roles for JNK signalling during regeneration that can be separated
out using different experimental paradigms and by focusing on
different aspects of phenotypes revealed by RNAi experiments. The
many pleiotropic functions of conserved signalling pathways can be
revealed in an adult whole organism context using different
experimental paradigms and regenerative challenges in planarians.
This represents a significant strength of the planarian model system
that can be exploited to understand the complex molecular control
mechanisms of regeneration.

MATERIALS AND METHODS
Planarian culture
Asexual Schmidtea mediterranea were cultured as previously described
(Felix and Aboobaker, 2010). Animals were starved for 7 days before and
during the experiments.

Identification and cloning of Smed-junl-1, Smed-jnk and Smed-
hem
We used reciprocal BLAST searches of available S. mediterranea genome
and transcriptome data (Blythe et al., 2010; Kao et al., 2013) and genome
data from Washington University, St Louis, USA (Robb et al., 2008) and
subsequently confirmed full open reading frames for each gene by RT-PCR
experiments and sequencing. During this research the sequence of Smed-
junl-1 ( junl-1) was described in another study and submitted to GenBank
with accession number AFD29623. The Smed-hemipterous (hem) and
Smed-jnk ( jnk) sequences have been submitted to GenBank with accession
numbers KM095500 and KM095499.

RNAi experiments
dsRNA was synthesized by in vitro transcription using T7 and SP6
polymerases (Roche and NEB, respectively) from a plasmid PCR template.
In single RNAi experiments, 96 nl 2 µg/µl dsRNA was injected on 3
consecutive days 1 week and on 3 consecutive days the following week, prior
to amputation on the next day (supplementary material Fig. S1A). Transverse
amputations were performed pre- and post-pharyngeally (supplementary
material Fig. S1B). Double-RNAi experiments were performed with the
same injection schedule, but the dsRNA concentrations were adjusted so that
the final concentration for each gene was 2 µg/µl. An exception to the
injection schedule was the amputation of animals for the study of wound-
induced expression patterns, where the samples were cut 2 days after the
last injection. The primers used to amplify and clone gene products
for dsRNA synthesis were as follows (5′-3′, forward and reverse): Smed-junl-
1, ACCATCTCCAATAACACCGAAT and GCACCGAAACTACTCTCA-
TTCC; Smed-jnk, GCACAAGGATACGTTGTAGCTG and TTCGTTGA-
AGTGGATCAATGAC; Smed-hem, TGGTCACTTGGGATGAGTTTAGT
and CGACGAATTGAGGAGTCTTAGAA; Smed-ptc, ACTGTGATACT-
AGTAACGCTTCT and TTTGCTTGGAGTGAAATTATCAA; Smed-bcat,
TCAGGGATTGCAGATTCTCATTCG and GGCTAATGATCAATTCC-
AGTCC; Smed-apc, TATCTACGGGATCTGCTGCTAG and TATCATA-
GTCATCAGGATACG.

Measurement of animal lengths
For all length measurements, bright-field images were taken with a Zeiss
Axiovision stereomicroscope and an Axiocam MRc or an EOS600D
camera. The distance from the tip of the pharynx to the tail end was
measured and normalised to total length, as were measurements of the head
to the tip of the pharynx. Measurements were made using Fiji software
(Schindelin et al., 2012).

Immunohistochemistry
Animals were fixed and treated as described previously (Cebrià and
Newmark, 2005). Primary antibodies: anti-Synapsin (3C11; Developmental

Studies Hybridoma Bank), 1:100; anti-phosphorylated (serine 10) Histone
H3 (Millipore, 06-570), 1:1000. Secondary antibodies: Alexa Fluor 488
goat anti-mouse IgG (Life Technologies, A-11070), 1:1000; Alexa Fluor
568 goat anti-rabbit IgG (Life Technologies, A-11036), 1:400. Fluorescent
images were taken with a Leica MZ16F fluorescence stereomicroscope and
DFC300Fx camera (Leica) or with an Olympus Fluoview FV1000 confocal
microscope.

In situ hybridisation
Wholemount in situ hybridisation (WISH) was performed as previously
described (Gonzalez-Estevez et al., 2009), except that for fluorescent in situ
hybridisation (FISH) the development steps and the peroxidase quenching
were performed as described elsewhere (King and Newmark, 2013). The
efficacy of quenching reactions was confirmed by performing tyramide
reactions in another colour for single probes and imaging to ensure that no
signal was present. The following probes were used as previously described:
Smed-laminin (Cebria and Newmark, 2007), Smed-sFRP (Gurley et al.,
2008), Smed-fzl4 (Gurley et al., 2008), Smed-cintillo (Oviedo et al., 2003),
Smed-GPAS (Cebrià et al., 2002b; Iglesias et al., 2011), Smed-porcn1
(Gurley et al., 2008), Smed-wnt1 (Adell et al., 2009; Petersen and Reddien,
2009b), Smed-wnt11-2 (Adell et al., 2009; Gurley et al., 2010; Petersen and
Reddien, 2009b), Smed-wnt11-5 (Petersen and Reddien, 2009b), Smed-
notum (Petersen and Reddien, 2011), Smed-h10.2f (Cebria and Newmark,
2007; Sánchez Alvarado et al., 2002), Smed-wnt5 (Adell et al., 2009; Gurley
et al., 2010), Smed-slit (Cebrià et al., 2007), Smed-H2B (Solana et al., 2012)
and Smed-eye53 (Cebrià et al., 2002b; Inoue et al., 2004; Zayas et al., 2005).
For Smed-pitx the following primers were used to generate a probe for
FISH: PitxF, GTCATTCTCCATCGGCTCA; PitxR, TGACAACATTGG-
CTGTCGAT. For Smed-islet the following primers were used to generate a
probe for WISH: IsletF, ACAAGTTTGTGCTGCCTGC; IsletR, TTAGC-
CCTACTGATATTTCCGC. For FISH of Smed-junl-1, the following primer
pairs were used: Smed-junl-1F, ACCATCTCCAATAACACCGAAT;
Smed-junl-1R, GCACCGAAACTACTCTCATTCC; and Smed-junl-1F1,
AATCGGAATTCGGTATTTTGG; Smed-junl-1 R1, CCAAATTCGCTT-
GTTTTTCAA [from Wagner et al. (2012), with equivalent results].

Quantitative (q) RT-qPCR
Total RNA from samples of five regenerating trunk pieces at 72 h of
regeneration were extracted with Trizol reagent (Invitrogen) according to the
manufacturer’s instructions for each biological replicate. RNA was treated
with TURBO DNase (Ambion). First-strand cDNAs were synthesized with
SuperScript III reverse transcriptase (Invitrogen) and qRT-PCR experiments
used the Absolute qPCR SYBR Green Master Mix (Thermo Scientific).
Experiments were performed on three biological replicates per RNAi
condition. Each of the three biological replicates was technically replicated
three times, with each technical replicate consisting of three replicate
reactions. Smed-ef-2 was used for normalisation using primers described
previously (Solana et al., 2013). The primers for Smed-jnk were the same as
those used previously (Almuedo-Castillo et al., 2014). The primers for
Smed-junl-1 were: junl-1 Fq, TGTTGATCAACAGCGTAGAT; junl-1 Rq,
TATTAGTTCTTTTTCCACAG. Statistical significance was measured
using Student’s t-test, comparing values from each sample to gfp(RNAi)
control samples.

Whole-mount TUNEL
Animals were fixed and stained for TUNEL as previously described
(Pellettieri et al., 2010), with the modifications described in another recent
study (Almuedo-Castillo., 2014).

Use of pharmacological inhibitors
The inhibitor of JNK SP600125 (Sigma-Aldrich) was dissolved in DMSO
and applied to the animals at concentrations between 0.1 µM and 25 µM in
0.05% DMSO. Controls were incubated in 0.05% DMSO alone. Animals
were cut and immediately transferred to planarian water containing the
inhibitor or a control amount of DMSO. Solutions were changed every 24 h
for the duration of the experiment. In wash-out or wash-in experiments
animals were gently rinsed in 0.05% DMSO or 1 µM SP600125 in 0.05%
DMSO several times over the first hour of incubation.
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