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A wound-induced Wnt expression program controls
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Regeneration requires specification of the identity of new tissues
to be made. Whether this process relies only on intrinsic regulative
properties of regenerating tissues or whether wound signaling
provides input into tissue repatterning is not known. The head-
versus-tail regeneration polarity decision in planarians, which
requires Wnt signaling, provides a paradigm to study the process
of tissue identity specification during regeneration. The Smed-
wntP-1 gene is required for regeneration polarity and is expressed
at the posterior pole of intact animals. Surprisingly, wntP-1 was
expressed at both anterior- and posterior-facing wounds rapidly
after wounding. wntP-1 expression was induced by all types of
wounds examined, regardless of whether wounding prompted tail
regeneration. Regeneration polarity was found to require new
expression of wntP-1. Inhibition of the wntP-2 gene enhanced the
polarity phenotype due to wntP-1 inhibition, with new expression
of wntP-2 in regeneration occurring subsequent to expression of
wntP-1 and localized only to posterior-facing wounds. New ex-
pression of wntP-2 required wound-induced wntP-1. Finally,
wntP-1 and wntP-2 expression changes occurred even in the
absence of neoblast stem cells, which are required for regenera-
tion, suggesting that the role of these genes in polarity is inde-
pendent of and instructive for tail formation. These data indicate
that wound-induced input is involved in resetting the normal
polarized features of the body axis during regeneration.
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Regeneration is widespread in the animal kingdom but poorly
understood (1). Regeneration requires not only new cell for-
mation but also information to specify the identity of tissues to be
generated. For example, salamanders and some insects can regen-
erate missing limbs, which requires proper restoration of a complete
proximal-distal axis starting from an injured limb that lacks distal
regions (1). Freshwater Hydra can undergo whole-body regenera-
tion of missing structures, which requires that any tissue fragment
possess information to replace missing parts (1). Similar properties
can be seen in the context of embryonic regulative development.
For example, removal of half of the field of cells that become part
of the vertebrate limb results in regulative compensation such that
a normal limb develops rather than half of a limb (2). The
identification of secreted proteins with morphogenic activity in a
variety of regenerating systems supports the notion that cell-cell
communication influences tissue patterning during regeneration
(3-8). Theoretical models have suggested that intrinsic properties
of morphogen gradients might be sufficient to account for the
reestablishment of complete pattern from tissue fragments during
embryonic development or in regeneration (9-12). However, few
experimental systems have enabled the study of this problem in
regenerating animals.

The phenomenon of regeneration polarity in freshwater planar-
ians provides a paradigm for analyzing in detail the problem of how
to specify the identity of missing tissues. Planarians are tribloblastic
and a free-living, freshwater member of the phylum Platyhel-
minthes (13, 14). Planarians can regenerate any type of missing
tissue, requiring a pool of adult stem cells called neoblasts and a
robust mechanism to specify missing tissue types (15). Regenera-
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tion in planarians is accomplished by formation of a regeneration
blastema at the wound site and by changes made within preexisting
tissues (15). Efficient molecular methods, including RNAI screens,
have contributed to the emergence of the planarian Schmidtea
mediterranea as a model system for the systematic molecular
investigation of regenerative processes (16—19).

When planarians are transected, anterior-facing wounds regen-
erate a head, and posterior-facing wounds regenerate a tail. This
property is known as “regeneration polarity.” Early experiments on
polarity performed by T.H. Morgan revealed that thin transverse
fragments sometimes incorrectly regenerated a posterior-facing
head (20). To explain these data, Morgan proposed that regener-
ation polarity is controlled by a “gradient of materials” distributed
along the anteroposterior axis such that in a thin transverse piece
the gradient cannot be interpreted properly (21). How cells located
anywhere along the main axis, and therefore possessing existing
anteroposterior regional identity, become involved in making either
a head or a tail is still a mystery. Recently, RNAI studies have
demonstrated that regeneration polarity requires components of
canonical Wnt signaling. Inhibition of Smed-B-catenin-1, Smed-
Dvli1/2, Smed-Whtless, and Smed-wntP-1 caused animals to regen-
erate a head rather than a tail at posterior-facing wounds (22-25).
Furthermore, knockdown of Smed-APC, which encodes an intra-
cellular inhibitor of B-catenin, caused animals to regenerate a tail
from anterior-facing wounds (23). Taken together, these results
suggest that regeneration polarity involves a head-versus-tail deci-
sion made through some unknown mechanism involving differ-
ences in Wnt signaling at anterior- and posterior-facing wounds.

Can intrinsic properties of protein gradients within intact pla-
narians alone account for regeneration polarity? For example, it is
possible that properties of Wnt signaling in intact animals endow it
with scalable attributes; in this scenario, restoration of the head-
to-tail pattern after injury would be due entirely to changes in
existing Wnt and Wnt inhibitor gradients as they rescale to accom-
modate an anteroposterior axis shortened by amputation. We
examined the expression and function of Smed-wntP-1 and Smed-
wntP-2 in regeneration polarity to determine the mechanism by
which Wnt signaling is involved in polarity. Our results indicate that
wounding participates directly in the regeneration polarity process
by inducing wntP-1 expression.

Results

wntP-1 Is Expressed at Both Anterior- and Posterior-Facing Wounds.
To explore the mechanism by which Wnt signaling controls regen-
eration polarity, we examined in detail the expression of critical Wnt
genes during regeneration. Two transverse amputations were per-
formed to generate three fragments (heads, trunks, and tails), and
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Fig. 1. wntP-1 is expressed at both anterior- and posterior-facing wounds
during regeneration. (A-E) wntP-1 in situ hybridizations in intact animals (4) and
regenerating head (B), trunk (C and D), and tail fragments (E) at time points (h)
after surgery. Brackets, magnified regions at posterior- (B and D) or anterior- (C
and E) facing wounds. (F-J) Diagrams depict surgeries. In situ hybridizations with
wntP-1 riboprobe at time points after tissue slice (F), hole puncture (G), tissue
triangle removal and tail amputation (H), oblique amputation (/), and lateral
amputation (J). Anterior, top (A) or left (B-J). (A-E) Dorsal view (A and D, 48 h;
B-D, 72 h); other panels, ventral view. (F-J) D, dorsal view; V, ventral view; arrows,
regeneration-specific wntP-1 expression. (Scale bars: B-E, 100; A, F-J, 200 um.)
Panels represent =4 of 5 animals probed.

expression of wntP-1 was examined with in situ hybridizations
during regeneration (Fig. 1 A-E). In intact animals, expression
of wntP-1, a gene required for regeneration polarity (25), is
observed in a small number of cells along the dorsal midline near
the posterior pole (Fig. 14 and ref. 22). Surprisingly, wntP-1
expression was observed near both anterior- (Fig. 1 C and E) and
posterior-facing wounds (Fig. 1 B and D) at early time points
after wounding (6-24 h) in heads, trunks, and tail fragments.
This expression was observed in disperse subepidermal cells
(Fig. S1) located near both the dorsal and the ventral sides.
Between 24 and 48 h of regeneration, the behavior of wntP-1
expression near anterior- and posterior-facing wounds diverged.
At posterior-facing wounds, wntP-1 expression persisted and
became focused in cells located dorsomedially at the posterior
pole (Fig. 1 B and D). In contrast, expression of wntP-1 near
anterior-facing wounds was no longer apparent after 48 h of
regeneration (Fig. 1 C and E).

wntP-1 Expression Is Induced by General Wounding. Because initial
expression of wntP-1 occurred at both anterior- and posterior-facing
wounds, we reasoned that wntP-1 might be induced to be expressed
near any wound. To test this hypothesis, we examined wntP-1
expression after numerous types of injuries. wntP-1 expression was
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detected within 18 h after each of a variety of injuries: tissue slice
(Fig. 1F), hole puncture (Fig. 1G), tissue wedge excision and tail
amputation (Fig. 1H), oblique amputation (Fig. 1/), and longitu-
dinal amputation (Fig. 1J). Because these paradigms involve dif-
ferent types of regeneration rather than replacement of the anterior
or posterior pole, these data suggest that wntP-1 expression is
wound-induced. wntP-1 is one of the first identified planarian genes
for which general wounding elicits expression. For each type of
wounding paradigm, wntP-1 expression was detected only at the
posterior pole by 65 h (Fig. 1 F=J). These results indicate that
general wounding triggered rapid expression of wntP-I near the
wound site and that at later times in regeneration wntP-1 expression
was only present near the prospective posterior pole of the regen-
erating animal.

wntP-11s Involved in Both Polarity and Anteroposterior Patterning. Is
wound-induced expression of wntP-1 functionally relevant for po-
larity in regeneration? To begin to address this question, we
examined the phenotype of wntP-1(RNAP) animals after multiple
types of amputations. wntP-1(RNAiP) head fragments regenerated
posterior heads with a modest and reproducible penetrance (20 of
77 animals) (Fig. 24 and ref. 25). dsSRNA against Caenorhabditis
elegans unc-22, a sequence not present in the S. mediterranea
genome, served as the negative control. wntP-1(RNAI) animals with
apparent posterior heads expressed an anterior marker in the
posterior blastema and lacked posterior marker expression (Fig.
2A). Therefore, wntP-1 is required for posterior identity and
regeneration polarity. However, because the observed posterior
blastema polarity transformation in wntP-1(RNAi) animals occurs
near the site of both wound-induced and posterior-specific wntP-1
expression, it is not clear from this information alone which phase
of wntP-1 expression contributes to regeneration polarity.

Wound-specific and posterior-specific wntP-1 expression can be
decoupled spatially in a lateral regeneration assay in which wound-
specific wntP-1 expression can be detected along the entire antero-
posterior axis (Fig. 1J). Sagittally amputated B-catenin-1(RNAi)
animals regenerate an anteriorized blastema with multiple heads
(22, 23). Similarly, wntP-1(RNAi) animals regenerated extra pho-
toreceptors (17 of 42 animals) and possessed expanded anterior
marker expression compared with that of the non-regenerated half
(Fig. 2B). Thus, wntP-1 activity also is required to prevent anteri-
orization in a context in which tissue along an entire anteroposterior
axis must be formed. Therefore, wntP-1 can be required for tissue
patterning at a location distant from its site of expression in the
intact animal at the posterior pole. This observation suggests that
the wound-induced phase of wntP-1 expression has an anteropos-
terior patterning role in the context of lateral regeneration but does
not exclude the possibility of action at a large distance of the late,
posterior-pole-localized expression.

Regeneration Polarity Requires Expression of wntP-1 After Wounding.
To understand the mechanism by which wntP-1 promotes polarity,
it is important to determine whether regeneration polarity requires
only preexisting WNTP-1 protein or whether new production of
WNTP-1is required after wounding. A requirement for -catenin-1
in polarity specifically during regeneration has been demonstrated
previously by injection of B-catenin-1 dsRNA only after amputation
(22). To determine whether there is a requirement for wntP-1
specifically during regeneration, freshly amputated head fragments
were administered wntP-1 dsRNA by injection. These fragments
regenerated posterior heads (21 of 89 animals, three experiments)
(Fig. 2C). In contrast, control RNAi animals never regenerated
posterior heads (81 of 81 animals). Therefore, wntP-1 is required
during regeneration for polarity in head fragments, indicating the
importance of newly expressed WNTP-1 in regeneration.

wntP-2 Acts with wntP-1 to Control Regeneration Polarity. To inves-
tigate further the requirements of the wound-induced phase of
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Fig.2. wntP-1isrequired for regeneration polarity and
anteroposterior patterning. (A) Freshly amputated head
fragments (amputation 1) were injected with control or
wntP-1 dsRNA for 3 days, amputated again posteriorly
on the third day (amputation 2), and allowed to regen-
erate for 12 days. (Upper) Control head fragments re-
generated normally (100%, n = 35), whereas wntP-
1(RNAJ) animals regenerated a posterior-facing head
(26%, n = 77, three experiments). (Lower) In situ hybrid-
izations of control or wntP-1(RNAJ) animals at 12 days of
regeneration probed with sFRP-1 and frizzled-4 ribo-
probes. Images are representatives: sFRP-1-stained
wntP-1(RNAJ), 6 of 24 animals; other panels =7 of 7
animals. (B) Intact animals were injected for 2 days and
amputated sagittally the following day. (Upper) Unin-
jected lateral fragments regenerated normally (100%,
n = 46), whereas wntP-1(RNAJ) fragments regenerated
with supernumerary photoreceptors (40%, n = 42) by 10
days. (Lower) in situ hybridizations of laterally regener-
ating control and wntP-1(RNAJ) fragments using a pros-
taglandin-D synthetase (PDS) riboprobe. Black arrows,
newly regenerated side. Extent of PDS in situ hybridiza-
tion signal was greater on the regenerated side in wntP-

SFRP-1
-

frizzled-4

wngl:i1 @MAIE

control

2

PDS

RNAI after wounding

@ =

control wP-1 RNAI)

1(RNAIJ) (3 of 5 animals with extra photoreceptors), but not in control animals (7 of 7 animals). Red line, approximate old/new tissue boundary. (C) Day 13
regenerating head fragments that were injected with indicated dsRNAs 1 h after decapitation. Diagrams: RNAi and surgical strategies. PR, photoreceptor.

Anterior, left (A, B Upper, C) or top (B Lower). (Scale bars: 200 um.)

wntP-1 expression in polarity, identifying functionally relevant
target genes was necessary. Several of the nine planarian Wnt
genes are expressed in domains along the anteroposterior axis,
making them candidates to be such targets (22). To identify
Wnt genes that act with wntP-1 to control polarity, we devel-
oped an enhancement assay, which took advantage of the fact
that wntP-1 inhibition causes only weakly penetrant polarity
defects in fragments lacking both heads and tails (“trunks”).
An optimized gene inhibition and surgical strategy was devel-

oped (Fig. 34) that revealed a role for the wntP-2 gene in
regeneration polarity. Trunk fragments from animals deliv-
ered control dsRNA, wntP-1 + control dsSRNA, and wntP-2 +
control dsRNA all regenerated tails from posterior-facing
wounds (40 of 40, 21 of 21, and 32 of 32, respectively) (Fig. 34).
In contrast, wntP-1(RNAi); wntP-2(RNAi) doubly inhibited
animals regenerated posterior heads with high penetrance
(81%, n = 55) (Fig. 34). Posterior regeneration blastemas of
doubly inhibited animals expressed an anterior marker,

A control wntP-1(RNAI)
0
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Fig.3. wntP-2 acts with wntP-1 to control regeneration polarity. (A) Diagram depicts RNAi and surgical strategy. Freshly amputated trunk fragments were injected
with indicated dsRNA for three consecutive days, amputated near the anterior and posterior wound sites again on the third day, and allowed to regenerate 14 days.
wntP-1 and wntP-2 individual injections were mixed with equal amounts of control dsRNA. (Upper) Percentage of animals that regenerated a posterior head. (Lower)
Insitu hybridizations of regenerating trunk fragments with PDS riboprobe. Red arrow, anterior marker expression in posterior blastema of wntP-1(RNAi); wntP-2(RNAI)
double RNAi animals. (B) wntP-2 in situ hybridizations of intact animals and regenerating head and tail fragments at time points (h) after amputation. (B) wntP-2 was
detected in an apparent posterior-to-anterior gradient, internally at the anterior pharynx end. New expression of wntP-2 was detected at posterior wounds in
regenerating head fragments from 24 h and at progressively anterior locations as regeneration proceeded (p, expression at the new pharynx in a tail fragment). Black
arrows, new wntP-2 expression during regeneration (heads) or anterior limit of wntP-2 expression (tails). (C) wntP-2 expression was detected in the posterior of head
fragments (solid arrow) but not in the anterior of decapitated fragments at 65 h (empty arrow). PR, photoreceptor. Anterior, left (A) or top (B and C). (Scale bars: 200
pm.)
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whereas singly inhibited and control animals lacked expression
of anterior markers in the posterior (Fig. 34). In an additional
test for enhancement, animals delivered wntP-1 + wntP-2
dsRNA had a higher frequency of posterior head regeneration
than animals delivered wntP-1 dsRNA + water after a single
amputation (11 of 16 versus 1 of 19 animals). Wnt signaling can
control polarized aspects of the primary axis in other organ-
isms (8, 26-28); therefore, these data suggest that Wnt sig-
naling in the posterior is a conserved and ancestral feature of
bilaterians. We conclude that both wntP-1 and wntP-2 are
involved in the polarity decision at posterior wounds.

wntP-2 Is Expressed Subsequently to wntP-1 and at Posterior- Rather
Than Anterior-Facing Wounds. Given the functional requirement of
wntP-2 in regeneration polarity, we assessed wntP-2 expression
characteristics during regeneration. In intact animals, wntP-2 is
expressed broadly in the posterior in an apparent posterior-to-
anterior gradient in subepidermal cells located ventrally and dor-
sally (Fig. 3B and ref. 22). During regeneration, wntP-2 gradually
became expressed in the posterior of head fragments in subepider-
mal cells (Fig. 3B and Fig. S1). Expression was detected as early as
24 h after wounding and expanded with time (Fig. 3B). In tail
fragments, wntP-2 expression was initially uniform but became
depleted from the anterior with time (Fig. 3B). Because planarian
regeneration blastemas alone do not replace all missing tissues
during regeneration, planarian regeneration is expected to involve
the reestablishment of positional identity along the anteroposterior
axis in preexisting tissue (15, 29). Therefore, the progressive loss of
wntP-2 in regenerating tail fragments could reflect or instruct axial
changes that existing tissues undergo during regeneration. wntP-2
expression was not detected in anterior wounds of decapitated
fragments at 24 h (6 of 6 animals) or 65 h (7 of 7 animals) of
regeneration (Fig. 3C). Therefore, in contrast to the case for watP-1,
wntP-2 expression does not appear to be induced at all wounds.
Furthermore, new expression of wntP-2 at posterior-facing wounds
(after 18 h) occurs subsequent to new expression of wntP-1 (before
6 h). Taken together, wntP-2 expression occurs only at posterior-
facing wounds and reflects the reestablishment of anteroposterior
positional identity that accompanies regeneration from transverse
wounds.

Wound-Induced wntP-1 Expression Is B-catenin-1-Independent. To
understand the functional relationship among the genes required
for polarity, we began by asking whether B-catenin-1 was required
for wound- or posterior-specific wntP-1 expression in regeneration.
Because p-catenin can transduce Wnt signals (30), this experiment
can help to clarify whether wound signals that induce early wntP-1
expression involve Wnt signaling. Animals were administered ei-
ther control or B-catenin-1 dsSRNA 4 days before surgical removal
of heads and tails and then probed for wntP-1 expression by in situ
hybridization. wntP-1 expression was detected at anterior and
posterior wounds in 18, 36, and 42-h fragments in both control and
B-catenin-1(RNAi) animals (Fig. 44). In contrast, expression of
wntP-1 was not detected in posterior blastemas from 72-h B-catenin-
1(RNAi) head and trunk fragments (Fig. 44 and Fig. S2). Together,
these results indicate that some wound signal, other than Wnts
acting through B-catenin-1, induces initial expression of wntP-1 in
regeneration.

Wound-Induced wntP-1 Activates wntP-2 at Posterior-Facing Wounds.
The expression order of wntP-1 and wntP-2 at posterior-facing
wounds raised the possibility that wntP-2 could be a functionally
relevant wntP-1 target. Significantly, the identification of such a
target could allow the investigation of whether the wound-induced
phase of wntP-1 expression is required for polarity. Knockdown of
B-catenin-1 or wntP-1 caused a failure in wntP-2 expression in head
fragments at 36, 42, and 72 h of regeneration (Fig. 4B). wntP-
1(RNAi) head fragments failed to express abundant wntP-2 at days
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Fig. 4. wntP-2 expression at posterior-facing wounds requires wntP-1. In situ
hybridizations with wntP-1 (A) or wntP-2 (B) riboprobes of regenerating head
fragments at time points (h), which received control, wntP-1, or B-catenin-1
dsRNA before decapitation. For the 36-h time point, freshly amputated head
fragments were injected with dsRNA on two consecutive days, amputated pos-
teriorly the following day, and fixed 36 h later. This strategy resulted in 26%
penetrance of posterior head regeneration for wntP-1 inhibition (Fig. 2 A). For 0,
18,42, and 72 h time points, intact animals were injected with dsRNA 48 and 24 h
before decapitation, and fixation occurred at the indicated times. This RNAi
strategy did not result in regeneration of posterior heads for wntP-1 inhibition
(10 of 10 animals) but was sufficient to perturb wntP-2 expression (B). (B) (Left) 0 h
control, 0 h wntP-1(RNA/), and 18 h B-catenin-1(RNAIJ). (Lower Left) Scoring
(number similar to that shown in the panel versus total number of animals).
wntP-2 expression was absent (3 of 5, 36 h; 4 of 742 h; 5 of 7 72 h) or much less
abundant than control RNAI (2 of 5, 36 h; 3 of 7, 42 h; 2 of 7, 72 h) after wntP-1
RNAI. Arrows indicate new wntP-1 or wntP-2 expression due to regeneration.
Anterior, left. Dorsal view (4, 72 h; B, 0, 18, 72 h); all other panels, ventral view.
(Scale bars: 200 um.)

5 and 8 of regeneration as well (100% of animals, n = 6), suggesting
that wntP-1(RNAi) does not simply cause a delay in wntP-2 expres-
sion. A failure to detect wntP-2 expression in wntP-1(RNAi) head
fragments is unlikely due to a secondary effect of blastema polarity
reversal, because wntP-1(RNAi) head fragments that did not re-
generate posterior-facing heads also failed to express wntP-2 (Fig.
4B). Because wntP-1 or B-catenin-1 (beta)-catenin-1 RNAI results in
failure to express wntP-2, these data indicate that Wnt signaling
activates wntP-2 at posterior-facing wounds. Additionally, ectopic
B-catenin activity generated by inhibition of the Wnt-inhibitory
APC gene resulted in ectopic wntP-2 expression near anterior-
facing wounds (Fig. S3). In contrast, a requirement for newly
expressed wntP-2 could not be detected for either wound- or
posterior-specific wntP-1 expression (Fig. S4). These data suggest
that wntP-1 acts through B-catenin-1 to activate wntP-2 expression
in regenerating head fragments. Whether this reflects direct or
indirect regulation of the wntP-2 gene is unknown. The fact that
detectable wntP-2 expression was not always fully eliminated in
wntP-1(RNA?) head fragments, but sometimes only reduced, could
explain why RNAI of wntP-2 enhances the two-headed regenera-
tion phenotype caused by RNAi of wntP-1. Alternatively, there
could be some redundancy in the function of wntP-1 and wntP-2, or
a role for preexisting WNTP-1 or WNTP-2 proteins, that explains
the enhancement observed after inhibition of both genes. Because
wntP-2 expression requires wntP-1 and B-catenin-1 during the
wound-induced phase of wntP-1 expression (Fig. 44), we conclude
that wound-induced wntP-1 activates wntP-2 at posterior-facing
wounds.
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Fig.5. Dynamic Wnt expression is stem-cell-independent. (A) In situ hybridiza-
tions of wntP-1 and wntP-2 in normal animals ("“wild type”) or animals treated
with 6,000 rads of vy irradiation 4 days (“irradiated"’) before surgical removal of
heads, trunks, and tails and fixation at time points (h, hours) after amputation.
(Upper) wntP-1 expression was detected at posterior-facing wounds in irradiated
head fragments at 18 h but not at 96 h. (Lower) wntP-2 expression was detected
in the posterior of 96-h heads. Anterior, top. Arrows, new expression of wntP-1
or wntP-2. Panels represent =4 of 5 animals. (Scale bars: 200 um.) (B) Model of
regeneration polarity in head fragments. wntP-1 is induced at any wound.
Posterior wntP-1 activates wntP-2 through B-catenin-1, possibly acting in parallel
with other genes or resulting in activation of other genes that contribute to the
polarity decision (gray arrows). The polarity decision is stem-cell-independent,
but tail formation subsequently requires neoblast stem cells. Purple spots, wntP-1
expression. Green gradient, wntP-2 expression.

wntP-1and wntP-2 Expression Occurs Independently of Neoblast Stem
Cells. Are wntP-1 and wntP-2 involved in promoting the decision to
regenerate a tail or are they reexpressed as a consequence of tail
formation and only involved in implementing the tail formation
process? Regeneration of heads and tails completely requires stem
cells termed neoblasts (15, 16). We therefore sought to determine
whether expression of watP-1 and wntP-2 in regeneration occurs in
animals lacking stem cells that cannot regenerate tails. Irradiation
largely specifically eliminates neoblasts (16, 31-33) and therefore
can be used to ask whether a process of interest requires neoblasts.

Early, wound-induced expression of wntP-1 in head, trunk, and
tail fragments was unaffected by irradiation (Fig. 54 and Fig. S5).
Similarly, wntP-2 was expressed in the posterior of irradiated head
fragments, and the wntP-2 expression domain contracted posteri-
orly in irradiated tail fragments (Fig. 54 and Fig. S5). In contrast,
wntP-1 expression at late time points could not be detected near the
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posterior pole of irradiated fragments, indicating that late wntP-1
expression in regeneration requires neoblasts or regenerative out-
growth (Fig. 54 and Fig. S5). Control experiments verified that
irradiated animals used in these experiments lacked mitotic cells
(Fig. S5). We conclude that wound-induced wntP-1 expression and
wntP-2 expression during regeneration occur in cells that are not
neoblasts and occur independently of neoblasts and tail formation.
Therefore, early wntP-1 and wntP-2 expression changes in regen-
eration likely instruct tail formation by neoblasts, as opposed to
expression occurring as a consequence of tail formation. Tissue
patterning during Hydra regeneration (34) or in dorsoventral
planarian regeneration (3) does not require proliferation, raising
the possibility that mechanisms used to control axial or regional
identity in development and regeneration might in general occur
independently of proliferation or growth.

Discussion

A central issue in understanding patterning during regenera-
tion is whether intrinsic properties of morphogen gradients are
sufficient to account for pattern restoration or whether tissue
patterning requires wound-induced input. Self-regulation dur-
ing size scaling, regeneration, or regulative development is a
widespread but poorly understood phenomenon. During reg-
ulative development, missing tissues can be replaced by neigh-
boring tissues. For example, sea urchin blastomeres isolated at
the four-cell stage can give rise to an intact sea urchin larva
(35), and transplantations of fragments of the vertebrate
embryonic limb field can induce the formation of complete
limbs rather than partial limbs (2). In another dramatic
example, dorsal, but not ventral, halves of amphibian embryos
can undergo regulative development to form a normal embryo
(36). In Xenopus, this attribute involves rescaling of a signaling
network with ventrally expressed BMP2/4/7 and dorsally ex-
pressed ADMP ligands (37). Theoretical models of regulative
development in Xenopus embryos (10) and other systems (9,
12) suggest that intrinsic properties of the diffusion, degrada-
tion, shuttling, and interaction of protein gradients could be
sufficient to account for self-regulation to restore missing
pattern elements or tissue. However, the molecular mecha-
nisms controlling the property of self-regulation in regenera-
tion are not well understood.

Our data suggest a molecular model of regeneration blastema
polarity determination in planarians (Fig. 5B). A wound signal
induces wntP-1 expression. wntP-1 acts in the posterior, through
B-catenin-1, to induce wntP-2 expression in a stem-cell-independent
manner. Because wntP-1 is expressed at anterior- and posterior-
facing wounds but promotes wntP-2 expression only at posterior-
facing wounds, we suggest that additional factors will be involved in
making posterior- rather than anterior-facing wounds a permissive
environment for WNTP-1 activity. Because neoblasts are required
to make tails but are not required for wntP-1 or wntP-2 expression
at wound sites, we propose that neoblasts act after the Wnt-
mediated polarity specification process to implement tail formation
(Fig. 5B). It is surprising that wntP-1 expression is induced by any
wound type because this expression would be unanticipated if
resetting of gradients that control body positions was explained
solely by properties of the gradients themselves.

Several lines of evidence suggest that it is the wound-induced
phase of wntP-1 as opposed to only the later phase of wntP-1
expression that acts in regeneration polarity. First, polarity
requires expression of wntP-1 during regeneration. Second,
wntP-2 expression in the posterior is activated in a wntP-1-
dependent manner at a time (36—42 h) when wntP-1 is expressed
dispersely near posterior wounds and before wntP-1 expression
coalesces to the posterior pole. wntP-1 expression is also B-cate-
nin-1-independent at this stage. Third, inhibition of wntP-1
caused anteriorization during lateral regeneration, and wntP-1
expression was detected at lateral wounds only at early times
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during the wound-specific phase of wntP-1 expression. Finally, y
irradiation causes a defect in late but not early wntP-1 expression;
under these circumstances, wntP-2 is still activated in the pos-
terior, suggesting that late wntP-1 expression is not responsible
for wntP-2 expression. The simplest interpretation of these data
is that a B-catenin-I1-independent wound signal induces wntP-1
expression near any wound and wntP-1 subsequently controls
regeneration polarity. Therefore, these data suggest that pattern
formation in planarian regeneration depends on wound-induced
cues rather than entirely on intrinsic self-organizing properties of
morphogen gradients.

Specific responses to wounding could in principle be an
important difference between embryonic regulative develop-
ment and adult regeneration. Wounding is known to trigger the
expression of secreted proteins during appendage regeneration
that are important for proliferation, but whether wound-induced
cues participate in the control of tissue identity determination
during regeneration is not known. For example, fgf20a, wntl0a,
and wntSa expression is induced after amputation of the ze-
brafish caudal fin (5, 38). Our data suggest that wntP-1, wntP-2,
and B-catenin-1 function in polarity independently of the pro-
liferative neoblast stem cells. First, the wound signal that acti-
vates early expression of wntP-1 is neoblast-independent. Sec-
ond, wntP-1 and B-catenin-1 activate wntP-2 near posterior-
facing wounds, and wntP-2 activation is also neoblast-
independent. It is possible that WNTP-1 and WNTP-2 have
multiple roles in regeneration. However, our data indicate that
a primary role for newly produced WNTP-1 protein at wounds
is in tissue identity determination. How animals can regenerate
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missing tissue of an appropriate type is a great mystery of
biology. Our data from planarians indicate that wound-induced
Wnt signaling can act in the specification of the identity of
missing parts.

Materials and Methods

Gene Sequences. Complete sequences for Smed-wntP-1 and Smed-wntP-2
were described previously (EU296630 and EU29663) (22). PDS and sFRP-1
riboprobes (22) and the frizzled-4 riboprobe (23) were described previously.
Unless otherwise noted, dsRNA and riboprobes were made from a fragment
of wntP-1 (nucleotides 175-1233) and a fragment of wntP-2 (nucleotides
68-1266). For Fig. 4 (42 h), wntP-1 dsRNA was used comprising nucleotides
8-1507 of wntP-1 mRNA.

Fixations, In Situ Hybridizations, and Immunostainings. Animals were treated in
9% N-acetylcysteine and fixed in Carnoy’s solution, as described in ref. 22.
Digoxigenin-labeled riboprobes were synthesized as described in ref. 16. In situ
hybridizations using were performed as described in ref. 22 using a nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate colorimetric assay. Immunos-
tainings were performed as described in ref. 16. See S/ Materials and Methods for
details.

RNAi. RNAI by injection of dsRNA was performed as described in ref. 22. See S/
Materials and Methods for details. In situ hybridizations confirmed that wntP-1
and wntP-2 knockdown was efficient (Fig. S6).
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