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Abstract
Although regeneration is widespread among metazoa, the molecular mechanisms have been
studied in only a handful of taxa. Of these taxa, fewer still are amenable to studies of
embryogenesis. Our understanding of the evolution of regeneration, and its relation to
embryogenesis, therefore remains limited. Using β-catenin as a marker, we investigated the role of
canonical Wnt signaling during both regeneration and embryogenesis in the cnidarian
Nematostella vectensis. The canonical Wnt signaling pathway is known to play a conserved role in
primary axis patterning in triploblasts. Induction of Wnt signaling with alsterpaullone results in
ectopic oral tissue during both regeneration and embryogenesis by specifically upregulating β-
catenin expression, as measured by qRTPCR. Our data indicate that canonical Wnt signaling is
sufficient for oral patterning during Nematostella regeneration and embryogenesis. These data also
contribute to a growing body of literature indicating a conserved role for patterning mechanisms
across various developmental modes of metazoans.
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INTRODUCTION
Regeneration has captivated biologists for over 250 years, and yet remains one of the least
understood developmental processes. Our understanding of regeneration has grown rapidly
over the past decade, due in part to technological enhancements and utilization of model
organisms (e.g., planarians, hydra, and select vertebrates) tractable for studying
regeneration. Yet, as is the case with embryogenesis, studying a limited number of taxa can
obscure the true variety of developmental mechanisms employed across diverse animal
lineages. Therefore, to gain a better understanding of the fundamental aspects of
regeneration shared across metazoa with this capacity, it will be fruitful to broaden the
number of taxa in which regeneration is studied. Moreover, the relationship between the
developmental processes underlying embryogenesis and regeneration is poorly understood,
primarily because model systems for one mode of development offer significant hurdles to
investigating the other mode.
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The sea anemone Nematostella vectensis is a member of the phylum Cnidaria (Class:
Anthozoa). Nematostella has two body axes. The primary (oralaboral or O-A) axis extends
from the mouth to the aboral pole of the adult. A secondary axis extends perpendicular to the
primary axis. This secondary axis is apparent from both anatomical structures (by the
presence of a siphonoglyph, a ciliated feeding structure, within the pharynx; Stephenson,
1926) and gene expression patterns (for instance, asymmetric expression of a number of
developmental regulatory genes including Nv-dpp along this secondary axis) (Finnerty et al.,
2004; Matus et al., 2006). Nematostella has a relatively simple body plan consisting of
several major structures (Fig. 1). The main body column terminates at the oral pole with the
mouth.

Immediately aboral to the mouth is the pharynx. Mesenteries, which contain the digestive
and reproductive cells, extend from the pharynx along the body column terminating at the
physa, which constitutes the aboral end of the anemone. Tentacles extend from the oral pole
and function in prey capture. Nematostella is capable of both sexual and asexual
reproduction as well as regeneration of the primary axis. Investigation into Nematostella
development has led to important insights into the evolution of a variety of developmental
processes, conserved regulatory genes, and signaling pathways during both embryogenesis
(e.g., Finnerty, 2003; Wikramanayake et al., 2003; Lee et al., 2007; Wijesena et al., 2011)
and regeneration (Burton and Finnerty, 2009). Thus, Nematostella is an excellent model for
investigating regeneration and its relationship to embryogenesis.

The canonical Wnt signaling pathway plays a conserved role in patterning the primary axis
(Anterior-Posterior or A-P) of a variety of triploblasts during both regeneration (Gurley et
al., 2008) and embryogenesis (Huelsken et al., 2000). Despite no clear homology between
the A-P axis of triploblasts and the O-A axis of cnidarians, canonical Wnt signaling also
appears to play a similarly fundamental role in establishing the primary body axis in
cnidarians. Indeed, the role of canonical Wnt signaling in patterning the cnidarian primary
axis is supported by studies in both major cnidarian branches, the anthozoa and medusozoa.
In medusozoans, β-catenin (a downstream component of the canonical Wnt pathway) has
been implicated in O-A patterning during embryogenesis and/or regeneration in Hydra
(Hobmayer et al., 2000; Broun et al., 2005; Gee et al., 2010), Hydractinia (Duffy et al.,
2010), and Clytia (Momose et al., 2008). In anthozoans, our understanding of the role of
Wnt signaling comes primarily from studies on embryogenesis in Nematostella, in which it
plays a role in establishing axial polarity and germ layer specification. Specifically, in
Nematostella, β-catenin proteins are differentially stabilized along the O-A axis leading to
selective degradation of Nv-β-catenin at one pole, and stabilization and nuclear localization
at the other pole (Wikramanayake et al., 2003). Nuclear localization of Nv-β-catenin occurs
at the site of gastrulation, which marks the future oral end of the animal, and is observed in
cells that form the entoderm. Induction of Nv-β-catenin nuclear localization with lithium
chloride results in elongated planulae defective for the ability to make the ectodermal
components of the pharynx and tentacles. LiCl-treated planulae, therefore, exhibit
overproliferation of entodermal tissue (Wikramanayake et al., 2003).

We investigated the role of the canonical Wnt pathway during anthozoan regeneration by
exposing regenerating adult Nematostella to alsterpaullone, a potent inhibitor of the Wnt
pathway component Glycogen Synthase Kinase-3-β (GSK3β) across taxa (Leost et al.,
2000). Thus, alsterpaullone acts on the canonical Wnt signaling pathway through inhibiting
the cytosolic degradation of β-catenin. Our results indicate that β-catenin is sufficient to
generate an ectopic oral pole in regenerating tissue. We also observed a similar effect during
embryogenesis. In contrast, uninjured adults showed no response to alsterpaullone. These
results indicate that the canonical Wnt signaling pathway plays a consistent role in oral
entodermal patterning across Nematostella developmental modes. Our results also
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demonstrate the tractability of performing functional assays using a small molecule inhibitor
across developmental modes in Nematostella.

RESULTS AND DISCUSSION
Nv-β-Catenin Induces Oral Fates During Cnidarian Regeneration

To determine the effect of alsterpaullone on regeneration of the physa, we bisected adult
polyps midway along the primary axis and incubated the oral half in either 5 µM
alsterpaullone or DMSO controls. Rather than regenerating the physa as observed in controls
(Fig. 2g–k), polyps incubated in alsterpaullone developed ectopic oral poles at the site of
bisection (Fig. 2a–e). A mouth and pharynx were visible as early as 2 days post-amputation
(dpa) (Fig. 2b) with tentacle buds apparent 3–4 dpa (Fig. 2c,d, see insets). Tentacle buds
continued to grow throughout the experiment, but failed to elongate properly and instead
increased in width (Fig. 2d–f, see insets).

The abnormal tentacle development described above could be the result of either
alsterpaullone exposure, or a retardation of cell re-specification due to the ectopic location
of these tentacles. To distinguish between these hypotheses, we investigated the effect of
alsterpaullone on the aboral halves of polyps following bisection. These individuals would
normally regenerate oral structures in the absence of alsterpaullone. While such individuals
regenerated normally in DMSO (Fig. 2l), the tentacle buds failed to elongate in samples
continually incubated in alsterpaullone (Fig. 2f), similar to those above (Fig. 2e), indicating
that the alsterpaullone is the cause of abnormal tentacle development rather than the ectopic
location.

To confirm that alsterpaullone was repressing tentacle elongation through continual
exposure, we induced secondary oral pole development by incubation in alsterpaullone for 2
days, then allowed further development to occur in its absence. Polyps developing in this
fashion formed complete secondary oral poles with morphologically normal tentacles within
9 days (not shown, but see Fig. 5a). Thus, alsterpaullone promotes mouth, pharynx, and
tentacle bud formation but represses tentacle elongation during regeneration.

As previously indicated, alsterpaullone is a potent inhibitor of GSK3β, and therefore an
activator of the canonical Wnt pathway (Leost et al., 2000). Since a hallmark of canonical
Wnt signaling is nuclear translocation of β-catenin, we attempted to confirm that this
molecular effect is conserved in Nematostella upon exposure to alsterpaullone. We
attempted to visualize Nv-β-Catenin localization during regeneration and embryogenesis.
Unfortunately, privately developed antibodies previously employed in cnidarians
(Wikramanayake, 2003; Broun et al., 2005) were not available and a commercial antibody
proved non-specific in both Western and whole mount application (data not shown).
However, the expression of several components of the Wnt signaling pathway has been
shown to be autoregulated (e.g., fz, Muller et al., 1999; arrow, Wehrli et al., 2001; tcf1,
Roose et al., 1999; gsk3, Zhang et al., 2003). Therefore, we assessed Nv-β-catenin
expression levels as a proxy for measuring Wnt activity. Beginning 2dpa, Nv-β-catenin
expression levels were at least two-fold higher in regenerating polyps exposed to
alsterpaullone as compared to controls (Fig. 3a). These results were consistent across three
independent experiments (data not shown). Likewise, expression of the aboral marker Nv-
anthox1 (Finnerty et al., 2004) was repressed in alsterpaullone treated samples 3–4dpa (Fig.
3a), consistent with a transition from an aboral to oral pole in the presence of alsterpaullone.

The role of canonical Wnt signaling as an inducer of oral fates is conserved across non-
embryonic developmental modes in cnidarians. Canonical Wnt signaling is involved in oral
tissue formation during asexual budding in Hydra (Hobmayer et al., 2000; Lengfeld et al.,
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2009), and is sufficient to induce oral tissue formation during regeneration (Lengfeld et al.,
2009). Additionally, activation of Wnt downstream events is sufficient to induce oral tissue
development and repress aboral structures during metamorphosis and regeneration in
Hydractinia (Duffy et al., 2010). Taken together, these results indicate that the ectopic oral
tissue development during regeneration in Nematostella, Hydractinia and Hydra is due to
canonical Wnt signaling that is activated through alsterpaullone-induced inhibition of
GSK3β. Therefore, these data support a conserved role for the canonical Wnt signaling
pathway in oral patterning of adult developmental modes (regeneration and asexual
reproduction) across Cnidaria.

Nv-β-Catenin Induces Oral Fates During Embryogenesis
The effects of canonical Wnt signaling during Nematostella embryogenesis have been
previously reported (Wikramanayake et al., 2003). The authors used LiCl (a semi-specific
inhibitor of GSK3β) to promote Nv-β-catenin function. They found that LiCl-treated
planulae exhibit overproliferation of entodermal tissue (Wikramanayake et al., 2003). We
confirmed that alsterpaullone has similar effects by exposing zygotes for the first 48 hr of
development. Relative to controls, these embryos developed enlarged tentacle buds and
delayed metamorphosis (Table 1, Fig. 4a,c). Thus, embryos exposed to GSK3β inhibitors
during cleavage exhibit overproliferation of entodermal tissue at the expense of ectoderm,
similar to regeneration.

Although the embryos above exhibited increased entoderm, this initial experiment did not
induce ectopic tentacles as predicted. We wondered whether this was related to the timing of
Nv-β-catenin nuclear localization, which normally occurs during early cleavage
(Wikramanayake et al., 2003). To test this, we exposed embryos to alsterpaullone beginning
24 hr post-fertilization, which is later than published reports of asymmetric nuclear
localization (Wikramanayake et al., 2003). In contrast to embryos exposed immediately
following fertilization, 60% of embryos exposed to alsterpaullone 24 hr after fertilization
developed an ectopic oral pole (Table 1, Fig. 4b). These results are consistent with
regeneration, where ectopic poles are observed in the aboral portion of the regenerating
polyp, a region where Nv-β-catenin nuclear localization would not normally occur.

We also confirmed the molecular effect of alterpaullone in embryos. Despite lower overall
gene expression, embryos exposed to alsterpaullone showed increased Nv-β-catenin
expression levels after 2 days relative to controls (Fig. 3c), as was the case for regenerating
adults.

These data are consistent with previous reports of components of the canonical Wnt pathway
patterning the O-A axis in cnidarian embryogenesis. Wnt and Tcf are asymmetrically
localized in Hydractinia oocytes (Plickert et al., 2006), as are CheFz1, CheFz3, and
CheWnt3 in Clytia embryos (Momose and Houliston, 2007; Momose et al., 2008). In
Nematostella, multiple Wnts are expressed in overlapping domains along the oral-aboral
axis of the embryo in a tissue layer–specific manner (Kusserow et al., 2005).

Wnt Signaling and Nematostella Life History
Based on the above results, we hypothesized that promoting canonical Wnt signaling is
sufficient to induce oral fates at any point during Nematostella life history. We, therefore,
examined the morphological response to alsterpaullone during two additional developmental
stages: wound healing and adult growth. Consistent with this hypothesis, adults wounded
midway along their primary axis and exposed to alsterpaullone for 48 hr developed ectopic
oral poles at the site of wound healing (Fig. 5a,b). In contrast, Nematostella undergoing
homeostatic adult growth failed to respond morphologically, even after 8 days of continuous
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alsterpaullone exposure (Fig. 5c). Unlike Hydra, adult Nematostella do not contain a growth
zone and are, therefore, not in a constant state of body patterning (Burton, unpublished
data). It is possible that uninjured adult Nematostella do not possess cells of the appropriate
developmental identity to respond to canonical Wnt pathway signals. We hypothesize that
such Wnt-competent cells are generated during the initial response to injury.

Evolution of Wnt Signaling Across Developmental Modes
The molecular mechanisms underlying primary axis patterning during embryogenesis and,
more recently, regeneration are well known. However, the model systems used for
embryogenesis (e.g., mice, flies, nematodes) and regeneration (e.g., Hydra, planarians) are
generally refractory to studies of the alternate developmental mode. Thus, comparisons of
the molecular mechanisms underlying axial patterning across developmental modes rely on
interspecies comparisons, which are complicated by evolutionary divergence in morphology
and genome content (e.g., no clear relationship between the primary axis of triploblasts and
cnidarians has been established).

Within species comparisons of Wnt signaling across non-embryonic developmental modes
have occurred in at least three species. During planarian regeneration and adult growth,
canonical Wnt signaling promotes posterior development (Gurley et al., 2008). In the acoel
genus Convolutriloba, inhibition of Wnt signaling is essential in establishing primary axis
polarity during regeneration, asexual fission, and adult growth (Sikes and Bely, 2010). In
Hydra, Wnt signaling promotes oral fates during regeneration, budding, and adult growth
(Hobmayer et al., 2000; Broun et al., 2005; Guder et al., 2006; Lengfeld et al., 2009; Gee et
al., 2010). Unfortunately, embryonic mechanisms of axial patterning have not been
investigated in any of these taxa.

The data presented here are the first comparing the role of canonical Wnt signaling between
regeneration and embryogenesis within a single species. These data support a role for
canonical Wnt signaling in primary axis patterning across regeneration and embryogenesis
in the cnidarian common ancestor. Wnt signaling is implicated in embryonic primary axis
patterning in triploblasts (Petersen and Reddien, 2009), as well as a variety of non-
triploblastic taxa including sponges (Adamska et al., 2007), cnidarians (Wikramanayake et
al., 2003; Plickert et al., 2006; Lee et al., 2007; Momose et al., 2008; Wijesena et al., 2011),
and ctenophores (Pang et al., 2010). This is also true for non-embryonic developmental
modes (Hobmayer et al., 2000; Broun et al., 2005; Duffy et al., 2010). The role of the
canonical Wnt pathway across developmental modes and phyla is consistent with the
hypothesis of an ancestral role in primary axis patterning in the common ancestor of
Metazoa.

EXPERIMENTAL PROCEDURES
Animal Husbandry

Anemones were cultured in non-circulating 1/3 strength artificial sea water (ASW) at room
temperature with weekly water changes. Adults were fed frozen sea scallops daily. Embryos
were acquired following observed spawning events.

Phenotypic Response Experiments
Adult Nematostella vary in size from 0.5 cm to well over 10 cm in length. Because we
wanted to use the same size polyps for both observation of morphology and molecular
studies, we used only polyps of 1.0 cm in relaxed length or less. Thus, regenerating tissue
comprised approximately half of each resulting fragment.
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For induction of oral fates, individuals were placed in 1/3× ASW containing 5 µM
alsterpaullone dissolved in DMSO. Control samples were incubated in equal concentrations
of DMSO only. Development was allowed to proceed for up to 2 weeks. Solutions were
changed every 72 hr. Samples were observed daily for up to 2 weeks and photographed with
a Zeiss Axiocam ICc 1 mounted on a Zeiss Axioskop 40 and Zeiss Discovery.V8 (Zeiss,
Thornwood, NY).

To observe regeneration, each polyp was bisected at the body column/physa boundary along
the O-A axis. The oral and aboral fragments were separated and randomly assigned to
control or experimental treatments. In each experiment, five polyps were used for each
treatment. Observational experiments were independently performed three times, with
identical results.

To observe wound healing, equally sized polyps were partially (~ 50%) bisected midway
along the primary axis. Wound healing experiments were performed as above, but repeated
only once.

Embryogenesis
Embryos were acquired following induced spawning events as described (Fritzenwanker and
Technau, 2002). Embryos were divided into control or experimental treatments and
observed for 10 days (see Table 1).

Unfertilized eggs and/or dead embryos were removed from the culture medium at the time
of transition from alsterpaullone exposure to normal 1/3 ASW.

qPCR
Molecular experiments on regenerating adults were performed using the equally sized
polyps bisected in the same manner as above. Individuals were allowed to regenerate for 1–5
days. For each time point, three polyps were used for each treatment. RNA was isolated
from whole individuals (of which approximately 50% consisted of regenerating tissue) and
pooled together to ensure adequate amounts of RNA. This experiment was independently
performed three times, with consistent results. We also repeated this experiment twice, using
only the regenerating tissue of the polyps. These results were consistent with whole polyp
experiments, though expression levels of all genes showed more variance presumably due to
a rapid molecular response to injury associated with the dissection to isolate regenerating
tissue (data not shown).

Total RNA was isolated from three pooled polyps using the standard PureZOL (Bio-Rad,
Hercules, CA) extraction protocol with the following exceptions. Prior to processing,
samples were placed in 250 µl of PureZOL for 1 hr at 4°C, then homogenized via
centrifugation through a BioMasher (Cartagen, San Carlos, CA) column. RNA precipitation
was performed overnight at −20°C using 250 µl of ice-cold isopropanol, 125 µl of 1.2M
NaCl, and 125 µl of 0.8M Na citrate. RNA was stored at −80°C.

Two-step qRT-PCR was performed as follows. One hundred and fifty nanograms of total
RNA was reverse transcribed using the ImProm-II Reverse Transcription System (Promega,
Madison, WI). The resulting cDNA was amplified using iTaq Fast SYBR Green Supermix
with ROX (Bio-Rad) in a CFX96 Real-Time System (Bio-Rad). Individual reactions
contained 0.04 pmol of each primer and were performed in triplicate. Injury and subsequent
regeneration result in variation in overall gene expression, requiring normalization to
compare samples across time. Standard reference genes (e.g., gapdh and actin) proved
unreliable, as previously reported (Reitzel and Tarrant, personal communication). Results
were, therefore, normalized by comparing the level of target gene expression (Nv-β-catenin,
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Nv-anthox1) to the level of Nv-hsp70 expression for each sample, as previously performed
(Reitzel et al., 2010). We also confirmed that Nv-hsp70 expression was not affected by
alsterpaullone (data not shown). Each complete experiment was performed in triplicate.
Primers: Nv-β-catenin, forward GCCCTGGTTAAGCTGCTTGG, reverse AGC
AAGCCGAACAGCCATCT; Nv-Hsp70, forward TCGATGATCCTGGGGTAAAG,
reverse CCTGCCTCGTTCACTACCTC; Nv-anthox1, forward
AGGCGTCGTGGAGTTGTTCATA, reserve GCCCTGACAAAAACCTCCAAGT.

For embryonic gene expression analysis, embryos from a single spawning event were
divided equally into two groups (5 µM alsterpaullone and DMSO controls) of approximately
60 embryos immediately following fertilization. For each treatment, RNA was isolated from
half of the embryos at 24 hr and the remaining at 48 hr of development. All subsequent steps
were performed as described above.
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Fig. 1.
Nematostella body plan.
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Fig. 2.
Canonical Wnt signaling induces oral fates during regeneration. Adult polyps were bisected
and placed in 1/3× artificial sea water containing either 5 µM alsterpaullone (A–E: oral
halves; F: aboral) or DMSO (G–K: oral halves; L: aboral) for 1–9 days. A–E: Polyps
undergoing aboral regeneration in the presence of alsterpaullone developed an ectopic oral
pole complete with a mouth, pharynx (arrows), and tentacle buds (arrowheads) rather than a
physa (G–K). The tentacle buds fail to elongate (compare to L). F: Polyps undergoing oral
regeneration in the presence of alsterpaullone formed an oral pole similar to controls (L) but
also failed to elongate their tentacles. Aboral regeneration refers to regeneration of lost
aboral structures. Scale bar = ≈ 1 mm.
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Fig. 3.
Alsterpaullone specifically promotes Nv-β-catenin expression. A: Regenerating polyps
exposed to alsterpaullone express Nv-β-catenin at levels at least two-fold higher than
DMSO controls after 2 days of regeneration. B: Regenerating polyps exposed to
alsterpaullone show decreased expression of the aboral marker Nv-anthox1 after 3–4 days of
regeneration. C: Similar to regenerating adults, embryos exposed to alsterpaullone also
display increased Nv-β-catenin expression after 2 days of development. For all experiments,
expression levels are normalized to Nv-hsp70 expression. Individual bars represent mean
expression across three qRTPCR reactions. Error bars are one standard error. Results were
consistent across three independent experiments.
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Fig. 4.
Canonical Wnt signaling induces oral, entodermal structures. A: Embryos exposed to
alsterpaullone for the first 48 hr of embryogenesis develop excess entoderm after 10 days of
development, including increased tentacle bud size as well as delayed metamorphosis
relative to controls (C). B: Sixty percent of embryos exposed to alsterpaullone for one day,
beginning 24 hr post-fertilization, develop an ectopic oral pole with a continuous physa by
the tenth day of development (see also Table 1). All embryos are 10 days old. Times listed
indicate initial treatment. Scale bar = ≈ 50 µm.
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Fig. 5.
Effects of alsterpaullone during wound healing and adult growth. A,B: Adults Nematostella
exposed to alsterpaullone for 48 hr following injury midway along their primary axis
develop ectopic oral poles at the site(s) of injury (A, one injury; B, two injuries). C:
Uninjured adults exposed to alsterpaullone show no morphological response. Scale bar = ≈ 1
mm.
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TABLE 1

Effects of Alsterpaullone (Als.) on Nematostella Embryogenesis

Initial treatment

2 days, Als.
(n = 22)

1 day DMSO,
1 day ALS
(n = 102)

2 days, DMSO
(n = 97)

% Metamorphosis 50 40 83

% Ectopic oral pole 5 60 0
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